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Fast and continuous synthesis of nanostructured iron spinel in supercritical water: influence of 

cations and citrates 

L. Maurizi,a†, F. Bouyer,a M. Ariane,a R. Chassagnona and N. Millota* 

 

Spinel iron oxide nanoparticles were obtained under supercritical water conditions in a 
continuous and fast (less than 10s) way by modifying the initial stoichiometric FeII/FeIII 
molar ratio from (1/2) to (3/0), without base solution, and using citrates directly with iron 
precursors. This result opens the way of an economical and environmentally benign 
approach to synthesize superparamagnetic iron oxide nanoparticles (SPIONs) in important 
yields. 

Introduction 

Metallic oxide nanoparticles are more and more used as-synthesized for different applications such as 

catalysis 1,2, pollution treatments, or with biocompatible coatings 3–6 for bio-applications such as Magnetic 

Resonance Imaging (MRI) 7–10 or hyperthermia 11–13. Nowadays, adapting their laboratory’s fabrication to 

a more industrial production is a huge challenge 14. Hydrothermal syntheses may be an appropriate route 

to solve this problem either by batch 15–18 or continuous way 19–24. In parallel, a derivative method was 

developed using the supercritical properties of water. Above critical temperature and pressure values (P > 

22 MPa and T > 647 K), the properties of water drastically change 25. The dissociation constant of water 

is much smaller (roughly 3 times) in supercritical conditions than in normal conditions 26,27 leading to a 

higher dissolution power for organic compounds which is ideal for organic pollutants extraction 28. The 

small dielectric constant of supercritical water allows synthesis of metallic oxide nanoparticles without 

any base 29–33 and in a very short reaction time 23. However, in the case of iron oxide nanoparticles the 

hematite phase is usually obtained 23,29,34 because of the oxidative properties of supercritical water. The 

same trend was also observed with hydrothermal conditions. In a recent paper, it was shown that citrate 

ions, due to their anti-oxidative properties, prevented the oxidation of iron oxide and stabilized the 

magnetite (Fe3O4) phase 35. In addition, citrates allowed the control of the crystallite growth 35,36. 

In this paper, iron oxide nanoparticles were synthesized in a continuous supercritical water process 

without base solution. By tuning the molar ratio of FeII/FeIII and by adding citrates to the precursor 

solution, the iron oxide phase shifted from hematite phase (α-Fe2O3) to exclusive spinel phase (Fe3(1-δ)O4) 

opening the way of a production of superparamagnetic iron oxide nanoparticles (SPIONs) in supercritical 

water, in a continuous way and so with important yields. 

Material & Methods 

The hydrothermal continuous process working in supercritical water conditions was described 

elsewhere 21,29,37,38. In order to investigate the influence of the oxidation degree of iron cations, three 

different conditions of reaction were set up. First of all, a molar ratio FeII/FeIII (1/2) was prepared by 

dissolution of sulfate iron precursors in water (8.10-3 M / 16.10-3 M). The second iron cations solution 

was prepared with only FeII (3/0) at a concentration of 24.10-3M. The last solution was prepared with FeII 

too (3/0) plus citrates in a molar ratio (1/1) (24.10-3 M of FeII / 24.10-3 M of citrates). All syntheses were 

realized in the absence of base. The pressure of the system was fixed at 25 MPa.  

The supercritical water process (shown in Figure 1) has three lines which mixed in the in the reactor at 

set-up pressure and temperature. The first line was loaded with the reactants (FeII FeIII and/or citrates) the 



 

 

second one with water (no basic reaction’s initiator) and a third line where water was preheated at 623K 
39. The mixing point in the reactor was set up in supercritical water conditions (P = 25 MPa, T = 673K). 

The flow rate was fixed at 30 mL.min-1 to lead to a residential time of 8 seconds. At the exit of the 

reactor, the suspensions were rapidly cooled-down in water bath, collected and dialyzed for 48 hours 

against HNO3 10 mM by changing the dialyzed water every 12 hours. Then suspensions were freeze-

dried to be characterized by X-Ray Diffraction (XRD Siemens D5000, λKβCu = 1.39222 Å) which gives 

lattice parameters and crystallite’s mean size (dXRD) using Halder and Wagner or Williamson and Hall 

fitting methods 40–42; Transmission Electron Microscopy (TEM: JEOL JEM-2100 LaB6 microscope) 

leading to TEM diameters (dTEM) obtained by counting around one hundred of particles on TEM pictures 

and Specific Surface Areas (SSA: Autosorb 1C from Quantachrome) which can lead to a mean diameter 

(dBET) equal to 6000/(ρ*SSA) where ρ is the density of the particle in g.cm-3 and SSA is in m2.g-1. 

 

 
Figure 1 : Scheme of the hydrothermal process working in continuous and a supercritical water 
conditions (P > 22MPa and T >  647 K); NP: nanoparticles 

Results and discussion 

XRD patterns in Figure 2-a firstly show, that the powders obtained following the 3 different conditions 

are crystalline iron oxide nanoparticles even without using base. With classical a FeII/FeIII ratio (1/2), the 

final phase was the rhombohedral hematite (α-Fe2O3) which is the most stable iron oxide phase at high 

temperature 43.  

With only FeII cations precursors, two phases were observed: hematite and spinel Fe3(1-δ)O4 phase. 

Following a previous work 43 about the comparison of the intensity of the (104) diffraction peak of 

hematite and the intensity of the (220) magnetite peak, it was possible to estimate the α-Fe2O3 phase 

proportion. In the case of the synthesis without citrates, 41% of hematite was present. On this X-ray 

pattern, the peaks observed around 25° (blue star in Figure 2-a) are due to polluting elements coming 

from the reactor used during this study. When FeII cations were previously mixed with citrates in a molar 

ratio (1/1), the phase observed is almost exclusively the spinel one with less than 0.5% of hematite. The 

diffraction peaks of the powder obtained with citrates (Figure 2-b) consist of two phases corresponding to 

a phase with sharp peaks and a lattice parameter of (8.397 ± 0.001 Å) and a phase with broad peaks and a 

lattice parameter of (8.350 ± 0.002 Å). It reveals the simultaneous presence of large mean diameter 

crystallites of magnetite (Fe3O4), stoichiometric spinel, and of smaller crystallites of maghemite (γ-

Fe2O3), lacunary spinel. 35,44 
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Figure 2: a) XRD patterns (arbitrary units: a.u.) of iron oxide nanoparticles obtained under 
continuous supercritical water conditions, without addition of base and with different iron and 
citrates mass ratios. International Centre for Diffraction Data (ICDD) files used were indicated; b) 
Zoom section of the splitting of the diffraction peak of spinel particles obtained with only Fe II 
precursor mixed with citrates molecules in a molar ratio (1/1). Blue star: polluting elements 
coming from the reactor 

TEM observations (Figure 3) of the three powders confirmed the previous observations. With FeII/FeIII 

molar ratio (1/2), the particles look like hexagonal or spherical hematite nanoparticles (see Figure 3-a) 

and the TEM size (dTEM = 72 ± 6 nm) reported in Table 1 is close to the size calculated from the XRD 

patterns (dXRD = 69 ± 1 nm). The insert zoom section in the Figure 3-a, HRTEM image showing (012) 

planes, proved also the presence of the crystalline hematite phase. The hematite specific surface area 

(SSA) is around 12 m2.g-1 leading to a mean diameter (dBET) of 94 ± 15 nm within the same range as the 

TEM and XRD diameter measurements. With FeII only, TEM pictures show nanoparticles around 100 

nm, from hematite phase, correlated with XRD diameter of -Fe2O3. These hematite particles are 

surrounded by very small elongated spinel crystalline particles (zoom section Figure 3-b) around 4 to 6 

nm. This hypothesis is verified with HRTEM imaging of one of this elongated crystallites showing the 

(220) plans of spinel iron oxide phase. Furthermore selected area diffractions were done on these particles 

during TEM imaging and analyses (Figure SI given in ESI); these analyses also proved the spinel 

structures of these small particles. No attempt of statistical analysis of the diameter was undertaken 

because of the large agglomeration of those small particles. This second phase was also observed in XRD 

(Figure 2-a). However, regarding the XRD pattern, it was too complicated to dessumate the contribution 

of the two iron oxide phases present and then to obtain XRD diameters. Nevertheless the high value of the 

average specific area of this powder, 157 ± 1 m2.g-1 proves the presence of very small nanoparticles 

(around 8 nm), here spinel ones, because hematite is the thermodynamically stable iron oxide phase at 

high temperature for grain sizes larger than 20 nm 45. With FeII and citrates in a (1/1) molar ratio, the 

particles observed in TEM are poly-dispersed from few nanometers to half a micron (Figure 3-c). 

Moreover, the fit of the assymetric diffraction peaks (Figures 2-a and 2-b and Table 1), suggest the 

presence of two populations of nanoparticles: maghemite nanoparticles of 32 ± 6 nm and magnetite 

nanoparticles of 106 ± 19 nm. Finally, the average surface area of this powder around 7 ± 1 m2.g-1 proved 

the presence of bigger particles, than that fitted by XRD, with an average diameter around 170 nm, which 

is confirmed by TEM observations (Figure 3-c). For the particles synthesized from FeII only with or 

without citrates, no mean TEM diameter (dTEM) was calculated because of the difficulty to correctly 

distinguished boundaries and/or quantified very small crystallites. 

In the light of the above results, it is possible to propose a synthesis mechanism of iron oxide 

nanoparticles from iron precursors in supercritical water. The formation of relatively monodispersed 
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hematite nanoparticles with usual stoichiometric molar ratio FeII/FeIII (1/2) can be explained by the quasi 

instantaneously oxidation of FeII to FeIII at high temperature and pressure (T = 673K, P = 25 MPa). Even 

in classical hydrothermal route, using only FeIII cations in aqueous media usually leads to the formation of 

α-Fe2O3 
46,47. In fact, hematite phase is commonly obtained in supercritical water conditions 23,29,34,48 

using FeIII precursors. Moreover, as previously said, hematite phase is the thermodynamically stable iron 

oxide phase at high temperature and when the grains are larger than 20 nm 45 . It can also be obtained by 

heat treatment of iron hydroxides 49 or spinel particles 41. 

To limit the oxidation of FeII and to stabilize the spinel phase, only FeII precursors were used with or 

without citrates addition. In these cases, two phases of iron oxide nanoparticles were obtained. Without 

citrates, a mixture of spinel particles (59% mass proportion) and hematite particles (41% mass proportion) 

were synthesized. Then, with citrates, an exclusive spinel phase (hematite mass ratio < 0.5%) was 

obtained with two types of particles: small maghemite particles (around 30 nm in diameter) and bigger 

magnetite particles (around 100 nm in average but with some at hundreds of nm to half microns). 

The mix of metallic precursors with organic chelates 14,50–52 is the usual method described in literature 

to synthesize spinel particles in supercritical water. In our study, Fe3(1-δ)O4 particles were obtained using 

FeII precursor previously mixed with citrates. It was demonstrated by Takami et al. 51 and in a previous 

work of our group 35 that antioxidant and chelatant properties of citrates avoid formation of α-Fe2O3 and 

crystallite’s growth during hydrothermal syntheses (bellow the critical point). Thanks to this new study, 

we can attest that it is also the case in supercritical water. This method is faster, cheaper and more 

environmental friendly that classical organic chelates syntheses. 



 

 

Table 1: Physicochemical properties of iron oxide nanoparticles obtained under continuous supercritical 

conditions for different iron and citrates mass ratios 

FeII/FeIII 

Molar ratio 

Citrates / 

Fe 

Molar ratio 

Hematite 

(mass %) 
-Fe2O3 

dXRD (nm) 

Fe3(1-)O4 

dXRD (nm) 

dTEM 

(nm) 

SSA 

(m2.g-1) 

1/2 0/1 100% 69 ± 1 np 72 ± 6 12 ± 2 

3/0 0/1 41% nd nd nd 157 ± 2 

3/0 1/1 < 0.5% np 
32 ± 6 & 106 

± 19 
nd 

7 ± 1 

np: not present; nd: not determined; dXRD: mean diameter measured from XRD patterns; 

dTEM: mean diameter measured from TEM pictures; SSA: specific surface area 

 
Figure 3: TEM pictures (with zoom section on top) and TEM diameters distributions of iron oxide 
nanoparticles synthesized under continuous supercritical water conditions with (FeII/FeIII) molar 
ratio: a) (1/2); b) (3/0); c) (3/0) + citrates (molar ratio citrates/Fe = 1/1) 

Regarding the two biphasic distributions obtained with FeII precursors (with or without citrates), one of 

the hypotheses could be the formation of a sub-stoichiometric molar ratio of FeII/FeIII leading to the 

formation of spinel structured iron oxide particles. A study of Tronc et al. 54 demonstrated that with sub-

stoichiometric iron cations molar ratio, it was possible to obtain spinel structured particles. When 

MetalII/FeIII > 0.2, they obtained metallic hydroxide leading to spinel structured particles. We also 

observed spinel iron oxide confirming this hypothesis of sub-stoichiometric FeII/FeIII molar ratio. 

Moreover no goethite phase (α-FeOOH), which should appear when FeII/FeIII < 0.1, was observed. Jolivet 

et al. 55 also explained that in sub-stoichiometric FeII/FeIII molar ratio conditions (1/6) and 24 hours after 

Ostwald ripening at ambient conditions, two types of particles were synthesized: small particles (few nm) 

of maghemite and large particles (100 to 150 nm) of magnetite. The big particles grew from a dissolution-

reprecipitation process at a quasi-stoichiometric ratio when the small particles are poor in FeII and are 

formed by FeII adsorption on ferric hydroxide. The stoichiometry of the FeII seems to be crucial in the 

formation of spinel structured nanoparticles formation in classical aqueous route. Under supercritical 
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water conditions, the same observations were done but with very short reaction time (8 s). When the FeII 

cations entered the reactor, many of them should be oxidized in FeIII to give a sub-stoichiometric molar 

ratio (FeII/FeIII) leading to the formation of spinel structured Fe3(1-δ)O4 close to maghemite. Under 

supercritical water conditions, the Ostwald ripening was accelerated and led to the formation of two 

populations of spinel particles: small maghemite particles and large magnetite particles. Then, because 

maghemite particles are already at their maximal oxidized state and certainly because of their small size, 

they did not turn into other phase. However, the big magnetite particles either oxidized to hematite 

without citrates or continue to grow larger preventing from oxidizing by citrates molecules as already 

observed in hydrothermal continuous conditions bellow supercritical point 35. Moreover, adding citrates 

should have prevented the oxidation of FeII precursors and increased the sub-stoichiometric FeII/FeIII ratio 

compared to without citrates. This could also explain the absence of hematite phase and the presence of 

bigger magnetite particles. A summarizing mechanism of the synthesis of spinel structured particles under 

supercritical water conditions is given in Figure 4. It was shown that citrates ions played a role in the 

phase transformation or iron oxide nanoparticles but certainly because of the high temperatures conditions 

of supercritical water, part of these ions should have been degraded. It certainly decreased the 

quantity of citrates in the system and did not permit to stabilize the nanoparticles or to decrease 

either their mean diameter or polydispersity as already observed in hydrothermal continuous 

synthesis 35 below the supercritical field.  

 
Figure 4: Summary of the synthesis mechanism proposed for the synthesis of iron oxide 
nanoparticles under continuous supercritical water conditions for different iron and citrates 
precursor’s ratios; SC H2O : supercritical water; ε < 0.5 

Conclusions 

First of all, it was possible to obtain in this work, iron oxide nanoparticles using a continuous 

hydrothermal water synthesis process working under supercritical water conditions without using any 

base solution and in a very short reaction time (8s). By changing the initial FeII/FeIII stoichiometric 

molar ratio from (1/2) to (3/0), the particles structure changed from hematite only to a mixture of 

spinel and hematite phases. Then by adding citrates ions to FeII precursors in a molar ratio of 

(1/1), the phases obtained were exclusively spinel structures with small maghemite (γ-Fe2O3) 

particles and sub-micronic magnetite (Fe3O4) particles. The citrates prevent the oxidation FeII to 

FeIII even in the supercritical field. By increasing the initial molar ratio of citrates / iron, it mays 

allow the stabilization of smaller and monodisperse magnetite nanoparticles in a continuous 

supercritical water process. 
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