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A B S T R A C T

The present study explores a new mixed hydro-solvothermal protocol for the synthesis of iron oxide-based 
materials at relatively mild conditions (150 ◦C), by selecting different water/2-propanol mixtures as reaction 
environments, and NaOH as a precipitating agent. Syntheses were performed in the absence of any structure 
directing agents and reducing agents, employing directly a mixture of Fe(II) and Fe(III) salts as iron oxide 
precursors. Morphological, structural, and magnetic variations of the resulting materials were monitored by 
means of scanning electron microscopy (SEM), X-ray powder diffraction (XRPD), and vibrating sample magne
tometry (VSM) characterizations. Experimental results demonstrated the influence of the composition of the 
reaction medium on the crystal phase composition, morphology, and magnetic response. In particular, syntheses 
carried out at a high water/2-propanol volume ratio observed the predominant formation of the magnetite 
(Fe3O4)/maghemite (γ-Fe2O3) crystal phase, whereas the low water/2-propanol volume ratio favored the for
mation of the hematite (α-Fe2O3) crystal phase, thus outlining the important role played by the solvent mixture 
composition in directing the particles’ nucleation, growth, and agglomeration. Furthermore, magnetic mea
surements demonstrated a direct correlation existing between the synthesis conditions (and consequently the 
crystal phase compositions) and the observed magnetic properties, recording an increase of the magnetization 
along with the content of the magnetite/maghemite crystal phase. These results demonstrated that with this 
mixed hydro-solvothermal protocol it is possible to finely tailor both structural and functional properties of iron 
oxide-based materials by simply varying the synthesis conditions, thus providing valuable insights for the 
rational design of mixed phase materials.

1. Introduction

Currently, iron oxide-based materials have gained significant inter
est due to their low cost, natural availability, exceptional magnetic 
properties, chemical stability, and versatility in numerous technological 
applications, such as in environmental remediation [1–5], (photo) 
catalysis [6–8], sensing [9], biomedicine [10–12], magnetic resonance 
imaging [13,14], and drug-delivery systems [15,16]. Among this class of 
materials, magnetite (i.e., the mixed ferrous-ferric oxide crystal phase, 
Fe3O4), maghemite (i.e., the ferrous-deficient magnetite isometric 

crystal form, γ-Fe2O3), and hematite (i.e., the most thermodynamically 
stable iron oxide crystal form, α-Fe2O3) are the main relevant crystal 
forms [17]. These materials exhibit a range of magnetic behaviors, such 
as either ferrimagnetism (Fe3O4/γ-Fe2O3), antiferromagnetism 
(α-Fe2O3), superparamagnetism (depending on the particles’ size), or 
paramagnetism (depending on the operational temperature), making 
them ideal candidates in many emerging technologies.

The magnetic properties of these iron oxide-based materials can be 
significantly influenced by morphological (e.g., particles’ size, shape, 
anisotropy, aspect ratio) [18] and compositional (e.g., purity, doping) 
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[19] features, which are strongly influenced by the different synthesis 
conditions [20]. Among the different chemical strategies to prepare 
them, soft chemistry approaches, and in particular hydrothermal and 
solvothermal routes, are very appealing synthesis methods for their 
ability to pursue a high morphology-control in the production of inor
ganic materials at relatively mild conditions (below 200 ◦C) [21]. In this 
context, both hydrothermal and solvothermal routes are synthesis stra
tegies that involve the use of solvents (either water or organic solvents, 
respectively) above their boiling points in a sealed vessel, with the 
development of autogenous pressure, which depends on the filling ratio 
of the vessel. Under these experimental conditions, even whenever the 
reaction mixture does not reach the supercritical point, the changes in 
the solvent properties in response to the increased temperature and 
pressure (with decrease of the dielectric constant, viscosity, and density) 
increase the solvating power of the dispersing phase, allowing for the 
solubilization of compounds that would normally be insoluble, but also 
disclose unusual crystallization pathways with respect to the ones 
occurring under normal conditions, with the possibility of directly 
obtaining metastable crystalline phases, without the necessity of per
forming a further annealing treatment [22,23].

According to the literature, both solvents’ nature and composition (i. 
e., volume ratio) are among the main parameters influencing the 
composition, crystal phase, morphology, and, consequently, the mag
netic response of the final products [24]. Indeed, in the case of mixtures 
of solvents, by adjusting the volume ratios of the solvents’ mixture, it is 
possible to tune the formation of particles with uniform size distribution, 
optimal magnetic properties, and enhanced surface reactivity. However, 
even if it is well-known that mixtures of solvents affect both the viscosity 
and the dielectric constant of the reaction medium, leading to the 
nucleation and growth of completely different materials, only a few 
studies investigated the possibility of using mixed hydro-solvothermal 
routes [23,25–27]. In particular, in our previous study [23], we inves
tigated the role of compositional parameters on the synthesis of different 
anisotropic magnetic materials following a mixed hydro-solvothermal 
route in the presence of a water/2-propanol mixture, employing poly 
(ethylene glycol) as a structure-directing agent, sodium thiosulfate as a 
reducing agent, and NaOH as a precipitating agent, finding a correlation 
between the reaction medium composition and the final materials’ 
crystal phase, morphology, and magnetic response. The obtained results 
indicated that syntheses performed in water/PEG and 2-propanol/PEG 
environments favor the formation of magnetite phases (with nanorods 
in the case of water/PEG environment and polyhedral morphologies in 
the case of the 2-propanol/PEG environment) with only traces of he
matite (in lamellar shape), whereas syntheses performed in mixed 
water/2-propanol/PEG environments favor the growth of the hematite 
phase. In all cases, magnetic characterization evidenced a super
paramagnetic behavior, with higher saturation values in the case of 
samples predominantly made by the magnetite phase (ca. 41–52 emu 
g− 1) compared to the ones predominantly made by hematite (ca. 4–14 
emu g− 1), which results being very weak magnetic.

In this context, the possibility of modulating the magnetic response 
of iron oxides mixtures by simply varying the phase composition 
through the aprioristic selection of the reaction environment is of great 
interest for the design of always novel, environmental benign and en
ergy efficient synthesis processes.

Hence, in the present study, a new mixed hydro-solvothermal pro
tocol for the synthesis of iron oxide-based materials was explored, 
working at mild conditions (150 ◦C), using a mixed water/2-propanol 
reaction medium (varying the volume ratio between the two solvents), 
and using NaOH as a precipitating agent. In particular, the term “mixed 
hydro-solvothermal synthesis” refers to the combination of aqueous (hy
drothermal) and organic (solvothermal) environments achieved by 
employing a mixture of miscible solvents (i.e., water and 2-propanol) 
able to generate a reaction environment with intermediate properties 
respect to the two pure solvents (e.g., different polarity and redox 
character). Compared to our previous study [23], in this case, syntheses 

were performed in the absence of any structure directing agents and 
reducing agents, employing directly a mixture of Fe(II) and Fe(III) salts 
as iron oxide precursors. Since the proposed synthesis operates at 
moderate temperature, avoid the use of toxic reagents, as requires only 
water and 2-propanol as solvents, and abundant Fe(II) and Fe(III) salts as 
iron oxides’ precursors, without the need of any external reducing agent, 
the mixed hydro-solvothermal route here proposed is fully compliant 
with the principles of green chemistry. Morphological, structural, and 
magnetic variations of the resulting materials were monitored by means 
of scanning electron microscopy (SEM), X-ray powder diffraction 
(XRPD), and vibrating sample magnetometry (VSM). Correlations be
tween the different operational conditions and the samples’ morpho
logical, chemical, and magnetic characteristics are presented, and trends 
are critically discussed.

2. Experimental

2.1. Chemicals

Fe(II) chloride tetrahydrate (FeCl2•4H2O, CAS 13478-10-9, Merck), 
Fe(III) chloride hexahydrate (FeCl3•6H2O, CAS 10025-77-1, Merck), 
and sodium hydroxide pellets (NaOH, CAS 1310-73-2, ACS reagent, 
≥98 %, Merck), 2-propanol (C3H8O, anhydrous, CAS 67-63-0, 99.5 %, 
Sigma-Aldrich), acetone (C3H6O, CAS 67-64-1, Sigma-Aldrich). 
Furthermore, deionized Milli-Q water with a resistivity of 18.2 MΩ cm 
was used. All chemicals were employed as received, without further 
purification.

2.2. Hydro-solvothermal synthesis

Iron oxides were prepared following a properly modified procedure 
taken from the literature [28]. In a typical synthesis, Fe(II) chloride 
tetrahydrate (0.05 M) and Fe(III) chloride hexahydrate (0.10 M) were 
dissolved in a mixture of water and 2-propanol (considering a total 
volume of 40 mL), maintaining constant the Fe2+:Fe3+ 1:2 molar ratio 
and varying the water:2-propanol volume ratio, namely: 100/0, 75/25, 
50/50, 25/75, 0/100 v/v. The aqueous component was not deoxygen
ated prior to synthesis, thus allowing dissolved oxygen to remain in the 
reaction medium. Subsequently, an alkaline solution (2 M NaOH, 10 mL) 
was added dropwise under magnetic stirring, thus reaching the final 
volume of 50 mL. The final solution was transferred into a 150 mL PTFE 
vessel, which was then sealed in a Berghof stainless steel Acid-Digestion 
Bomb (reaching a filling ratio of 33.3 %) and heated at 150 ◦C for 24 h. 
Afterwards, the reactor was left to cool down naturally to room tem
perature (RT). The iron oxide particles were collected by centrifugation 
(12,000 rpm, 3 min) and washed (three times with deionized water and 
one time with acetone) to remove impurities. Lastly, samples were 
oven-dried under air atmosphere at 70 ◦C overnight and grinded before 
storing. The synthesized samples were labeled as WXPY (where X and Y 
refer to the % volume ratio of both water and 2-propanol, respectively). 
A schematic representation of the mixed hydro-solvothermal route here 
investigated is reported in Fig. 1.

2.3. Characterization

Scanning Electron Microscopy (SEM) micrographs were collected by 
means of a Zeiss Gemini 500 microscope equipped with a traditional 
secondary electron detector (5 kV). Samples were deposited onto SEM 
stubs using a double-adhesive carbon tape, then they were covered with 
Au coating to prevent charging effects using a VPI SD-900C sputter 
coater.

X-Ray Powder Diffraction (XRPD) patterns were collected by means 
of a Rigaku Miniflex 600 with a Cu source working at 40 kV and 15 mA, 
scanning in a range of 10–80◦ 2θ with a size step of 0.02◦, and an angular 
velocity 5.0◦ per minute. XRD patterns were indexed according to the 
ICDD database using the instrumental PDXL-2 software.
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The crystallite average size was estimated by means of the Scherrer 
equation (Eq. (1)): 

τ = Kλ
β cos θ

(1) 

where τ is the average size of the crystalline domains (expressed in nm), 
K is the shape factor (typically 0.9), λ is the X-ray wavelength (0.154 nm 
for a Cu source), β is the line broadening at half the maximum intensity 
(FWHM) of the selected Bragg angle after subtracting the instrumental 
line broadening (expressed in radians), and θ is the Bragg angle 
(expressed in radians). For the magnetite/maghemite (Fe3O4/γ-Fe2O3) 
crystal phase, the Bragg angle selected is the crystal reflection at 30.4◦

2θ (corresponding to the Miller index (220)), whereas for the hematite 
(α-Fe2O3) crystal phase, the Bragg angle selected is the crystal reflection 
at 33.2◦ 2θ (corresponding to the Miller index (104)).

The lattice parameters were calculated using the instrumental PDXL- 
2 software.

The quantitative analysis of the content in magnetite/maghemite 
and hematite within the samples was calculated by means of the 
following equation (Eq. (2)), analogously as in Mahadevan et al. [29]: 

Wm =
Im

Im + Ih
(2) 

where Wm is the weight percentage of magnetite/maghemite, Im is the 
intensity of the magnetite/maghemite phase, and Ih is the intensity of 
the hematite phase. Since the intensity of a Bragg peak is directly pro
portional to the area under the curve representing the diffraction in
tensity, it is possible to calculate the percentage of each phase by using 
the area under the curve. Therefore, a higher area under a Bragg peak 
indicates a greater corresponding phase present in the sample [30,31].

Vibrating Sample Magnetometry (VSM) magnetization curves were 
obtained by using an EZ-9 MicroSense Magnetometer, with a resolution 
of 1 μemu and maximum field of 2.25 T. Measurements were performed 

at RT, using quartz cuvettes as sample holders. The magnetic contribu
tion from the cuvettes was measured separately by running baseline 
correction, placing an empty cuvette, and being automatically sub
tracted as a diamagnetic background by the instrumental software. The 
absence of any spurious ferromagnetic contribution from the cuvettes 
was verified before any measurements.

3. Results and discussion

3.1. Morphological and structural characterizations

The effect of the reaction environment on the final morphology of the 
synthesized nanomaterials was studied by means of SEM analysis. As 
shown in Fig. 2A, when pure water was used as the reaction environ
ment (W100P0), the resulting sample exhibited a bimodal distribution 
of particles, characterized by the presence of both small, irregular sha
ped flake particles (average size: ca. 46 ± 11 nm) organized into large 
agglomerates and the presence of long anisotropic structures (average 
thickness: ca. 2.28 ± 0.98 μm). According to the literature, the occur
rence of agglomerated nanoparticles can be attributed to the growth of 
the magnetite/maghemite phase (vide infra) [32,33], whereas the 
occurrence of large anisotropic structures might be associated with the 
formation of the hematite phase (vide infra) [34,35]. In contrast, as 
shown in Fig. 2B, when pure 2-propanol was used as reaction environ
ment (W0P100), the resulting sample presented the formation of less 
defined structures with an overall morphology appearing more irregular 
and fragmented (average size: ca. 27 ± 4 nm), thus indicating that water 
and 2-propanol promoted a different crystallization pathway [36]. In 
particular, it is well known that water and 2-propanol have a different 
polarity and different dielectric constants (with the relative dielectric 
constant equal to 80.1 for water and 17.9 for 2-propanol at 20 ◦C), and 
that solvent polarity plays a crucial role in driving the growth of specific 
anisotropic structures as well as specific crystal phases [37,38]. As re
ported by Pawar et al. [38], and according to Modeshia et al. [39], 

Fig. 1. Schematic representation of the mixed hydro-solvothermal route employed for the synthesis of iron oxide-based materials.

Fig. 2. SEM micrographs of iron oxide-based samples obtained in pure water environment, W100P0 (A, left), and pure 2-propanol environment, W0P100 (B, right). 
Micrographs were collected at 75k × magnifications.
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typically hydro/solvothermal growth processes involve a dis
solution/precipitation two-step mechanism, with: (i) in situ trans
formation (step 1) in which the precursor ions are dissolved in the 
reaction mixture from nanoparticles to tiny quantities of the target 
compound (as solutes) in the liquid phase, followed by (ii) diffusion, 
precipitation, and growth (step 2) due to the low solubility of the final 
compound, even at high pressure and temperature, with consequent 
occurrence of crystal growth. In particular, under hydrothermal condi
tions, the rapid dissolution of both precursors and precipitating agents 
(with increment of alkalinity) is facilitated by the polar nature of the 
reaction medium. Moreover, the polarity of water also promotes the 
formation of large particles [40]. On the contrary, in the case of the 
solvothermal synthesis performed in pure 2-propanol, the solubility of 
both precursors and the precipitating agent is reduced, thus decreasing 
the hydrolysis of Fe ions in the medium during the growth process and 
consequently favoring the formation of a large number of tiny 
nanostructures.

Interestingly, by performing the synthesis in mixed hydro- 
solvothermal environments and by varying the water/2-propanol 
ratio, significant changes in terms of final morphology were observed. 
In particular, in the case of the synthesis carried out in a mixed water/2- 
propanol reaction environment, with the high water/2-propanol volume 
ratio (W75P25), the resulting sample was primarily constituted by the 
co-presence of large lamellar systems (average thickness: ca. 1.70 ±
0.51 μm) and large agglomerates composed of small irregular shaped 
flake particles (average size: ca. 29 ± 7 nm; Fig. 3A). In the case of an 
equal volume ratio between water and 2-propanol (W50P50), a more 
uniform distribution of the particles seemed to be favored, thus leading 
to a more isotropic shape of the small nanoparticles (average size: ca. 38 
± 10 nm; Fig. 3B). Lastly, in the case of the synthesis performed in a 
mixed water/2-propanol reaction environment with a low water/2- 
propanol volume ratio (W25P75), the resulting sample exhibited a 
lower agglomeration degree, with the formation of large platelets 
(average size: ca. 128 ± 60 nm) together with the agglomerates 
composed of small irregular shaped flake particles (average size: ca. 37 
± 4 nm; Fig. 3C).

These results demonstrated that performing the synthesis in a mixed 
water/2-propanol environment affected the morphology of the resulting 
iron oxide-based materials, thus indicating different nucleation and 
growth processes. In particular, Pawar et al. [38] reported that working 
in a mixed environment can favor moderate growth kinetics during the 
hydro/solvothermal process. Again, the hydrolysis of Fe ions initiates 
the nucleation process, and the formation of large particles (as in 
W75P25 and in W25P75) is usually obtained by Ostwald ripening pro
cesses [41].

The effect of the reaction environment on the crystal structure and 
iron oxide crystal phase distribution was monitored by means of XRPD 
analysis. In particular, the XRPD patterns displayed in Fig. 4 revealed in 
all samples the co-presence of the main crystal reflection planes attrib
utable to both the magnetite/maghemite phase (cubic structure, space 
group Fd3m) at 2θ = 30.36◦ (220), 35.77◦ (311), 43.47◦ (400), 53.95◦

(422), 57.51◦ (333), 63.17◦ (440), and 66.42◦ (531) (JSPDS card no. 01- 

074-0748), and the hematite phase (trigonal structure, space group R3c) 
at 2θ = 24.14◦ (012), 33.15◦ (104), 35.61◦ (110), 40.86◦ (113), 49.48◦

(024), 54.09◦ (116), 57.43 (122), 62.45 (214), and 63.99◦ (300) (JSPDS 
card no. 01-089-8104). Furthermore, since both magnetite and maghe
mite phases have similar crystal structures, it is difficult to distinguish 
them by applying XRPD technique. On the other hand, it is well known 
that magnetite can easily transform into maghemite through a topotactic 
oxidation process, in which the original crystal orientation is preserved 
[23].

Table 1 reports the quantitative analysis relative to the two recog
nized crystal phases (i.e., magnetite/maghemite and hematite), the lat
tice parameters, and the crystallite size calculated by employing the 
Debye-Scherrer equation. The results indicated a preferential forma
tion of either magnetite/maghemite or hematite phases depending on 
the solvent of the reaction and, in particular, related to the water/2- 
propanol volume ratio. In the case of pure water environment 
(W100P0 sample), a prevalence of the magnetite/maghemite phase was 
observed (ca. 70 wt%) with respect to hematite (ca. 30 wt%), whereas 
opposite behavior was observed for the synthesis with pure 2-propanol 
environment (W0P100 sample), with a higher presence of hematite (ca. 
56 wt%) with respect to the magnetite/maghemite crystal phase (ca. 44 
wt%). Furthermore, by working under mixed solvents environment, and 

Fig. 3. SEM micrographs of samples obtained in mixed water/2-propanol environment, varying the water/2-propanol volume ratio, namely: W75P25 (A, left), 
W50P50 (B, middle), and W25P75 (C, right). Micrographs were collected at 75k × magnifications. Inset in Panel A was collected at 10k × magnification.

Fig. 4. XRPD patterns of samples obtained in pure water environment, pure 2- 
propanol environment, and mixed water/2-propanol environment, varying the 
water/2-propanol volume ratio, namely: W100P0 (black), W75P25 (blue), 
W50P50 (green), W25P75 (grey), W0P100 (red). XRPD reference patterns: 
magnetite (01–074–0748, Fe3O4, black), and hematite (01–089–8104, α-Fe2O3, 
red). (For interpretation of the references to colour in this figure legend, the 
reader is referred to the Web version of this article.)
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in particular by gradually reducing the water/2-propanol volume ratio, 
a progressive increment of the hematite phase content was observed (as 
quantified in Table 1). Explaining this behavior is challenging, as there 
are several factors that influence both the preferential crystal phase 
formation as well as the particles’ morphology and aggregation level.

However, the collected experimental results summarized in Table 1
demonstrated that in the mixed hydro-solvothermal conditions, both 
solvents’ nature and volume ratio played a key role in the preferential 
formation of one crystal phase over the other one. In particular, this 
trend can be explained by considering some distinctive properties of the 
solvent mixture and the interaction with the metal ion precursors. As 
previously discussed, water is a highly polar solvent (Rohrschneider’s 
polarity parameter, P’ = 10.2) compared to 2-propanol (P’ = 3.9) [42], 
and polarity plays a crucial role in these interactions. Lu et al. [43] 
demonstrated that in the solvothermal synthesis of titania nanoparticles, 
the solvent polarity index of the reaction medium plays a crucial role not 
only in tuning size and shape but also in determining nanomaterials’ 
crystal phase. Polar solvents (e.g., ethanol) tend to favor the formation of 
the anatase crystal phase, whereas solvents with moderate-low polarity 
favor the formation of the rutile crystal phase.

Another important parameter is the solvation effect, which varies 
with the solvent’s nature. In fact, in water/aqueous environment, the 
solvation through hydrogen bonding with hydroxyl groups partially 
shields hydroxy ions, thus causing a decrease of their activity, whereas 
in 2-propanol environment, the solvation effect is weaker than in water, 
thus inducing a higher hydroxyl ion activity (and consequently making 
the environment more oxidizing) [24,44]. As reported by Demazeau 
[24], the chemical reactivity of hydroxyl ions in a solvothermal alco
holic environment is improved compared to the hydrothermal water 
environment.

Furthermore, the replacement of magnetite/maghemite with the 
hematite crystal phase under mild hydrothermal conditions is a natural 
phenomenon occurring below the terrestrial crust through either redox 
or non-redox processes [45]. In the latter case, mainly through Fe2+

leaching from the magnetite crystal phase via the action of solution 
parameters, it influenced both the solubility of magnetite crystal phase 
and the transport of Fe2+ ions (e.g., pH, concentrations of ligands) [45].

Therefore, by considering all these parameters together, when pure 
2-propanol was used as a reaction medium, the formation of hematite 
crystal phase was consequently favored due to the reaction environment 
tendency to facilitate the nucleation and growth of the fully oxidized 
Fe3+ species [35]. On the other side, in the case of systems synthesized 
under mixed water/2-propanol conditions, the balance between all 
these phenomena drives the crystal phase composition toward the pre
dominance of magnetite/maghemite crystal phase with respect to the 
hematite one.

In this regard, it should be highlighted that Satheesh et al. [46] re
ported the growth of hematite nanoparticles with different morphology 
and size by employing different mixed hydro-solvothermal environ
ments (i.e., methanol, methanol-water, propanol, and propanol-water), 
whereas An et al. [47] reported the template-free synthesis of hema
tite nanoparticles through mixed hydro-solvothermal process by using 
an ethanol:water (9:1, v/v) mixture. Although the exact roles played by 

the organic solvent (ethanol in this case, 2-propanol in our case) was not 
clear, An et al. [47] proposed that ethanol might act both as solvent and 
complexation agent forming an initial iron alkoxide precursor able to 
stabilize Fe3+ ions of hematite crystal phase.

The lattice parameters of the two crystal phases forming in all sam
ples are reported in Table 1, with almost negligible lattice variations 
registered between the different samples. In fact, in the case of the 
trigonal hematite crystal phase, it is not possible to find a well-defined 
correlation attributable to the lattice parameter variations. The 
W100P0 sample exhibited the lowest values in terms of both a and b 
parameters and the largest one in terms of c parameter, and W75P25 
sample exhibited the largest values in terms of both a and b parameters 
and the lowest in terms of the c parameter. By increasing the content of 
2-propanol, all three cell parameters remain almost constant with in
termediate values with respect to the ones highlighted in the previous 
samples. In the case of the cubic magnetite/maghemite crystal phase, 
the largest lattice parameters were registered for W75P25, and the 
lowest were observed with further increase in the 2-propanol content (i. 
e., W50P50 and W25P75).

Regarding the average crystallite sizes of both magnetite/maghemite 
and hematite crystal phases within the iron oxide samples, these values 
were determined by means of applying the Debye-Scherrer equation 
considering the diffraction peaks at 30.4◦ and 33.2◦, respectively. As 
shown in Table 1, the average crystallite sizes calculated for the 
magnetite/maghemite crystal phase followed the previously evidenced 
trend, with the largest value registered for W75P25. However, calcu
lated values are very low (ca. 7–11 nm), thus suggesting a multi- 
crystallinity in the systems. Vice versa, regarding the hematite crystal 
phase, the majority of the samples showed an average crystallite size 
remarkably larger than magnetite/maghemite phase (average size of ca. 
70–85 nm). Interestingly, the only exception observed is the W25P75 
sample, which presents a decrease in the average crystallite size (ca. 60 
nm).

From the mechanistic viewpoint, Li et al. [48] investigated the sta
bility of magnetite crystal phase under hydrothermal conditions by 
varying the temperature of treatment in the 120–275 ◦C range in pres
ence of air-derived dissolved oxygen occupying the above part of the 
hydrothermal solution and ammonium hydroxide as alkaline medium. 
Authors evidenced different reaction mechanisms according to the 
temperature conditions. Between 120 and 180 ◦C, they registered the 
formation of maghemite (as intermediate oxidation product) through 
the solid state outward diffusion of ferrous ions (or inward diffusion of 
oxygen) with formation of a core/shell structure made of magnet
ite/maghemite with the oxidation of ferrous ions at the particle surfaces 
by O2 (i.e., with formation of a maghemite layer), along with the 
dissolution of maghemite, formation of aqueous ferric species (e.g., 
ferric hydroxide) and precipitation of hematite. At 275 ◦C, instead, the 
hematite is directly formed on the magnetite uncovered surface [48]. In 
the present study, since we performed the synthesis maintaining con
stant the experimental condition (i.e., temperature at 150 ◦C and reac
tion time 24 h), we can assume that more probably the oxidation 
mechanism involved is the maghemite-mediated route driven by the 
outward diffusion of ferrous ions from magnetite/maghemite within the 

Table 1 
Quantitative analysis estimated by means of Eq. (2), lattice parameter calculation, and average crystallite size dimensions estimated by means of Eq. (1) for the two 
crystal phases present in the samples, namely: magnetite/maghemite, and hematite.

Sample Phase percentage (wt.%) Lattice parameters Average crystallite size (nm)

Magnetite/Maghemite Hematite

Magnetite/Maghemite Hematite a = b = c (Å) a = b (Å) c (Å) Magnetite/Maghemite Hematite

W100P0 70 30 8.35 5.02 13.78 9 70
W75P25 62 38 8.36 5.07 13.67 8 75
W50P50 66 34 8.32 5.04 13.76 7 85
W25P75 57 43 8.32 5.03 13.74 11 60
W0P100 44 56 8.34 5.03 13.74 8 85
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mixed solvent solution with subsequent oxidation of ferrous ions at the 
particle surfaces by means of dissolved O2. In this context, it is expected 
that the different polarity of the mixed environment can favor/disfavor 
the dissolution of the iron oxide crystal phase and the solubility of Fe 
ions and dissolved oxygen in the medium, but further studies are 
necessary to clarify this point.

3.2. Magnetic characterizations

The magnetic properties of all synthesized samples were evaluated 
by means of VSM magnetization curves performed at RT. Magnetic pa
rameters considered in the following are the magnetization curve pro
file, the magnetization value measured at the maximum investigated H 
field range (Mmax), the remnant magnetization (Mr), and the coercivity 
(Hc). Fig. 5 illustrates the magnetization curves of all samples, which 
exhibited a very slight magnetic hysteresis. The maximum magnetiza
tion (Mmax), remnant magnetization (Mr), and coercivity (Hc) values of 
all samples were summarized in Table 2. In particular, the differences 
observed in all samples could be directly correlated to both morpho
logical and compositional variation [36].

According to the literature, at RT both magnetite and maghemite are 
ferrimagnetic substrates, with possibility of presenting a super
paramagnetic behavior depending on particle size (i.e., below ca. 20 nm 
size), whereas hematite crystal phase is either antiferromagnetic or 
strong paramagnetic material, depending on particle size and tempera
ture [23,49–51].

In the case of the W100P0 sample, the magnetic characterization 
evidenced a Mmax value of ca. 12.22 emu g− 1 with a narrow hysteresis 
loop (with negligible Mr, and Hc values). This behavior is probably due 
to the prevalence of magnetite/maghemite crystal phase, which is 
known for being superparamagnetic in the case of small particles 
behaving as a single magnet, below ca. 20 nm in size [52]. By addition of 
2-propanol into the synthesis medium (W75P25), a slight decrease of the 
Mmax value to ca. 11.37 emu g− 1 was registered, and an increase in both 
Mr and Hc values [53]. The highest values in terms of Mmax, Mr, and Hc 
values were observed for the W50P50 sample, characterized by the 
presence of high content of magnetite/maghemite crystal phase (ca. 66 
%). By further increasing the content of hematite, there was a progres
sive reduction of the Mmax values from W25P75 (ca. 9 emu g− 1) to 
W0P100 samples (ca. 8 emu g− 1). These results agreed with the previ
ously discussed data, thus indicating that the reaction environment 
selected for the synthesis played not only a significant role in the phase 
stabilization, but it also influenced the final magnetic properties. 

However, it should be pointed out that other effects can influence the 
magnetic properties such as the products purity, size and shape effects, 
as well as some surface effects, thus making a direct correlation between 
the nanomaterial characteristics and its magnetic response not easy to be 
rationalized.

According to the literature, Xu et al. [54] studied the influence of 
morphology variations in hematite nanoparticles with hexagonal 
microdisks, drum-like particles, spindles, and irregular shapes. These 
authors observed that the solvent medium adopted in their synthesis 
protocols (i.e., a mixture of ethylene glycol and water) played a key role 
in both magnetite formation and in the hematite shape evolution, where 
high volume ratio of glycol (i.e., ethylene glycol:water (3:1)) favored the 
formation of the hematite phase over the magnetite phase, probably due 
to the ethylene glycol reductive ability. Furthermore, the authors found 
that even the particle morphology affected the overall magnetic 
behavior of the iron oxide mixture, with the Hc values following the 
order hexagonal microdisks > drum-like particles > irregular particles 
> spindles, and the Mr values following almost the opposite order 
spindles > drum-like particles > irregular particles > hexagonal 
microdisks, respectively. Additionally, in our previous study [23], we 
reported the VSM magnetization curves profile for samples constituted 
by a mixture of magnetite/maghemite and hematite crystal phases with 
comparable composition (but different morphologies) showed analo
gous magnetization curve profiles and comparable magnetic parameters 
as the ones measured in the present study.

Therefore, a comprehensive evaluation of the morphological, struc
tural, and magnetic characterizations indicated that: 

1) W100P0 sample (with the highest content in the magnetite/ 
maghemite crystal phase, ca. 70 %) presented the lowest Hc and Mr 
values (almost negligible) and a high Mmax value compared to the 
other samples.

Fig. 5. Magnetization curves M vs. H of samples obtained in pure water environment, pure 2-propanol environment, and mixed water/2-propanol environment, 
varying the water/2-propanol volume ratio, namely: W100P0 (black), W75P25 (blue), W50P50 (green), W25P75 (grey), W0P100 (red). Panel (A) Magnetization 
curves full scale view. Panel (B) Magnetization curves enlargement area to highlight the middle section of the hysteresis loop. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.)

Table 2 
Magnetic parameters associated to the VSM magnetization curves profile of the 
synthesized samples measured at RT.

Sample Mmax (emu g− 1) Mr (emu g− 1) Hc (Oe)

W100P0 12.22 0.002 0.24
W75P25 11.37 0.007 1.53
W50P50 12.42 0.022 4.20
W25P75 9.28 0.011 2.61
W0P100 8.15 0.009 2.42
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2) By decreasing the water/2-propanol volume ratio during synthesis, 
an enhancement of the hematite formation was observed, leading to 
a decrease in the Mmax value. The only exception was the W50P50 
sample, which showed the highest Mmax (ca. 12.42 emu g− 1), Hc, and 
Mr values.

3) Both W25P75 and W0P100 samples had a comparable phase 
composition and similar magnetic behavior.

4. Conclusions

Noticeable variations in morphology and crystalline phase compo
sition were obtained employing a mixed hydro-solvothermal protocol of 
synthesis for the production of iron oxide materials working at mild 
conditions (150 ◦C), using a mixed water/2-propanol reaction medium, 
and NaOH as precipitating agents.

The experimental results highlighted that, by varying the water/2- 
propanol volume ratio, it was possible to tune the particle shape, size, 
and crystal phase composition. In particular, results indicated that 
syntheses carried out at high water/2-propanol volume ratio promoted 
the predominant formation of the magnetite/maghemite crystal phase, 
whereas low water/2-propanol volume ratio favored the formation of 
the hematite crystal phase. The magnetic characterizations performed 
on the iron oxide-based samples pointed out the occurrence of slight 
magnetic hysteresis, with a gradual decrease in the Mmax values as the 
water/2-propanol volume ratio decreased. Interestingly, the highest 
Mmax, Mr, and Hc values were observed for the W50P50 sample. These 
results, although preliminary, are very promising, as they demonstrated 
the possibility to finely tailor both structural and functional (i.e., mag
netic) properties of iron oxide-based materials by simply varying the 
mixed hydro-solvothermal synthesis conditions, thus providing valuable 
insights for the rational design of mixed phase materials.
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D. Nieciecka, M. Krajewski, M. Pękała, P. Krysinski, Synthesis and characterization 
of Sr2+ and Gd3+ doped magnetite nanoparticles for magnetic hyperthermia and 
drug delivery application, Ceram. Int. 49 (2023) 19851–19860, https://doi.org/ 
10.1016/j.ceramint.2023.03.102.
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