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ABSTRACT  

Superparamagnetic iron oxide nanoparticles (SPIONs) supported on high surface area mesoporous 

SiO2 are advanced materials of great interest in catalysis, adsorption and biomedicine. Here we 

present a new process to prepare SPION/SiO2 materials by the impregnation and insitu 

decomposition of Fe(NO3)3.9H2O on mesoporous SiO2 supports in a 25-50% mol ethanol + CO2 

mixture at 523 K and 25.0 MPa. g-Fe2O3 nanoparticles (NPs) of average size between 6-9 nm were 

distributed homogeneously on the supports. NPs deposited into the SBA-15 mesopores but mostly 

on the external surface of MCM-41. Materials prepared with the highest ethanol content were very 

homogeneous. Magnetic measurements confirmed the superparamagnetic nature of the materials 

at room temperature. The process proposed is sustainable and scalable, avoids tedious preparations 

and the additional high temperature treatment under a controlled atmosphere, as the metal 

decomposition is performed insitu in the CO2-expanded liquid mixture.  

 

KEYWORDS:  SPION, Supercritical CO2, Maghemite, Mesoporous Materials, CO2-expanded 

liquids.  
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1. Introduction  

Magnetic iron oxide nanoparticles (NPs) have great potential as magnetic recyclable nano-

catalysts[1, 2], information storage materials[3], in adsorption/separation processes[4], and in 

biomedical applications[5, 6]. From the different iron oxides, maghemite (g-Fe2O3) and magnetite 

(Fe3O4) present an inverse spinel structure and exhibit ferrimagnetic behaviour at room 

temperature with a net magnetic moment in absence of magnetic field, whilst hematite (a-Fe2O3) 

presents a corundum structure being weakly ferromagnetic. Magnetic NPs smaller than 20 nm 

have single magnetic domains and normally show superparamagnetic behaviour at room 

temperature (superparamagnetic magnetic iron oxide nanoparticles, SPIONs) with no remnant 

magnetization that could lead to agglomeration. 

Magnetic NPs supported on high surface area mesoporous SiO2 materials do not aggregate, their 

stability to oxidation is enhanced and they are much easier to handle. The high surface and pore 

volume of ordered mesoporous SiO2 materials such as SBA-15 and MCM-41, their tunable 

periodic structures, uniform pore sizes and biocompatibility, turn them into ideal supports for 

catalysts, absorbents for pollutants or even excipients for drugs, expanding their applicability [7,8]. 

Furthermore, silica can be easily functionalized imparting new properties to the materials.  

Supported iron oxide NPs have proved to be very active catalysts in the oxidation of alcohols, 

sulphides and thiols[9,10]. Similarly, surface modified mesoporous silica materials containing 

magnetic iron oxide NPs are efficient metal adsorbers[11]. These materials can be easily recovered 

by application of magnetic fields. Modern drug delivery formulations incorporating SPIONs and 

mesoporous SiO2 have been also proposed[12, 13]. These systems can be monitored in the 

organism by Magnetic Resonance Imaging (MRI) and directed by magnetic fields to the target 
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organs. Because magnetic fields are weakly absorbed by life tissues, they can be applied to internal 

regions of the body. Local heating and hyperthermia can be also induced by application of an 

alternating magnetic field.  

There are numerous publications on the preparation of SPION/mesoporous SiO2 composite 

materials by the wet impregnation of SiO2 supports followed by heat treatment[14-17]. In this 

method, uptake of the liquid metal precursor solution into the pores occurs thanks to the capillary 

pressure and for wetting liquids it happens spontaneously[18]. However, the relatively high surface 

tension and viscosity of most liquid solvents oftentimes hinders wetting of the support surface[19] 

and makes difficult the penetration of the metal precursor into the pores leading to non-

homogenous materials, making the process non-scalable. Drying of the impregnated support is 

also critical and can influence adversely the precursor distribution. Surface modification of the 

supports has been also performed prior to the impregnation to favour wetting and therefore 

precursor penetration[20]. Better results have been obtained using the two solvent approach[21]. 

In every method, the impregnated precursor must be further decomposed. Thus a strict control of 

the decomposition conditions and relatively high temperatures are employed in order to yield 

magnetic iron oxide, being difficult to get single phase materials[16]. Alternatively, aerogels 

generated by the simultaneous sol gel reaction of Si and Fe precursors have been also prepared[22-

24]. However, the saturation magnetization values of these materials in some cases can be quite 

low[25]. If structure directing agents are used, the presence of the Fe precursor may interfere with 

the silica formation and, at the same time, it may be difficult to reach single phase materials. 

Magnetic aerogels showing good properties have been also prepared incorporating preformed 

magnetic nanoparticles [26, 27]. Summarizing, most of these processes are multi-steps and require 
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the use of relatively high temperatures as well as a strict control of the heating atmosphere, which 

turn the process complicated, difficult to scale-up and not sustainable. 

In contrast, supercritical fluids have emerged as sustainable media in the preparation and 

processing of materials[28, 29]. Their tuneable density, lower viscosity and much higher 

diffusivity in comparison to liquids allow the preparation of advanced materials in a more 

sustainable way[30-32]. In particular supercritical CO2 is considered a sustainable solvent because 

it is non-toxic, inert, cheap and abundant (residue of the chemical industry), it can be recycled and 

it has low critical pressure and temperature (304.2 K, 7.38 MPa)[33]. Supercritical water, ethanol 

and methanol are other supercritical fluids frequently used.  

Iron oxide NPs have been processed using different supercritical fluids[34]. Magnetic iron oxide 

NPs were successfully synthesized from different Fe salts using supercritical water[35-37] and 

alcohols[38-40] at temperatures from 523-673 K and pressures above 20 MPa. With respect to the 

preparation of iron oxide composite materials using supercritical CO2, Crowley et al. reported the 

preparation of Fe3O4/silica materials from the decomposition of Fe carbonyl in CO2 + methanol 

mixtures at 773 K[41]. Carbon–Fe3O4 coaxial nanofibres were also prepared by the thermal 

decomposition of ferrocene in supercritical CO2 at 673 K[42]. Other authors have used hydrated 

metal nitrate precursors. These compounds are insoluble in pure CO2 but are soluble in mixtures 

of ethanol + CO2[43, 44]. Sun et al. prepared α-Fe2O3 nanotubes by impregnation of 

Fe(NO3)3.9H2O on carbon nanotubes in a mixture of CO2 and ethanol at 398 K followed by 

calcination in air at 773 K[45]. The same precursor was also employed to anchor Fe3O4 NPs on 

graphene foams[46] and on porous carbon[47,48].  
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Here we report the one-step preparation of mesoporous SPION/SiO2 composite materials from the 

simultaneous impregnation and decomposition of Fe(NO3)3.9H2O in a mixture of CO2 and ethanol 

at 523 K and 25.0 MPa. The solubility of the precursor in ethanol + CO2 was also studied. The 

precursor used is cheap and the reaction conditions are mild, making the process sustainable. 

Furthermore, the materials obtained are very homogeneous and superparamagnetic. 

2. Materials and methods 

2.1 Materials  

Tetraethylorthosilicate (TEOS, 99+%), poly(ethyleneglycol)–block–poly(propylene glycol)–

block–poly(ethylenegly-col) (Mw =5800) (PEO–PPO–PEO), hexadecyltrimethylammonium 

bromide (98+%) or CTAB and (Fe(NO3)3·9H2O) (99+%) were obtained from Sigma–Aldrich and 

used as received. CO2 (purity > 99.99%) was supplied by Air Liquide. Two different mesoporous 

SiO2 supports were used: SBA-15 and spherical MCM-41. 

Mesoporous silica SBA-15 was prepared following a procedure similar to that described by Zhao 

et al.[49, 50]. This material was composed of large micron size particles with an ordered hexagonal 

cylindrical mesopore distribution. BET surface area and pore size were 730 m2/g and 7.2 nm, 

respectively.  

Mesoporous silica MCM-41 nanoparticles were also prepared according to literature 

procedures[51]. The sample was composed of 50-100 nm spherical particles with hexagonally 

ordered cylindrical mesopores. BET surface area was 830 m2/g for MCM-41. Pore size was 2.3 

nm, smaller than that for SBA-15. 
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2.2 View Cell experiments 

The solubility of Fe(NO3)3·9H2O in the CO2 + ethanol mixture was assessed using a custom made 

high-pressure variable volume view cell (maximum volume ca. 10 mL) following the procedure 

previously described[44].  Briefly, ca. 50 mg of Fe(NO3)3·9H2O was dissolved in 3.5-7 mL of 

ethanol and introduced into the view cell using a syringe. Then the cell was closed and liquid CO2 

was introduced into the reactor from a 20 mL high-pressure sample cylinder by pressure drop. 

Composition was determined gravimetrically. Mole fraction of Fe(NO3)3·9H2O in the mixture was 

kept at 3.3-4.3 x 10-4 and ethanol content varied between 22 and 34% mol. The cell was heated up 

to 333 K by means of a heating tape connected to a PID controller. Then the sample was 

compressed by a movable piston to a single phase. Contents of the cell were continuously stirred 

by a magnetic flea to assure homogeneity. Solubilisation of the solid was established visually. 

Pressure and temperature conditions were above the bubble points of the system CO2 + ethanol at 

333 K [52, 53] in the CO2-expanded liquid region. The solubilisation of the precursor in the 

reaction mixture is essential in order to achieve the homogeneous impregnation of the SiO2 

supports. 

2.3. Composite preparation 

The materials were synthesized using a 100 mL stirred high-pressure Bolted Closure reactor 

(Autoclave Eng.). A high pressure syringe pump (ISCO 260D), thermostated at 333 K, was used 

to introduced CO2 into the reactor. A given amount of the SiO2 support (typically 100 mg) was 

placed in contact into the reactor with a volume of 0.18% mol solution of Fe(NO3)3·9H2O (between 

5 and 20 mL) in ethanol. An extra amount of ethanol (up to 20 mL) was added in some experiments 

to reach a concentration 50% mol in ethanol, while keeping constant the metal concentration. The 
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reactor was then closed, heated up to 333 K and filled with CO2 from the syringe pump up to 12.0 

MPa.  

The mixture was kept at these conditions under constant stirring for 2 hours. The precursor 

dissolved in the CO2 + ethanol mixture and adsorbed onto the support. Afterwards, the reactor 

temperature was increased up to 523 K to produce the insitu decomposition of the precursor. To 

avoid exceeding the reactor pressure rating (27.0 MPa), a small amount of fluid was vented from 

the reactor during heating. Materials were kept at these conditions for 2 hours. Then the heater was 

turn off and the reactor was slowly depressurized. After cooling, the reactor was opened and the 

dark brown/grey solid material was collected, washed several times with small amounts of ethanol 

and dried at room temperature. Experiments at 473-500 K led to weakly magnetic light 

brown/orange samples. Then the choice of experimental conditions was based on the solubility of 

the precursor in the CO2 + ethanol mixtures, their magnetic behaviour and the temperature and 

pressure ratings of the stirred high-pressure reactor (573 K and 27.0 MPa)  

For comparative purposes an SBA-15 sample was first impregnated with Fe(NO3)3·9H2O at 333 

K and 12.0 MPa in the 25% mol ethanol + CO2 solution for 2 hours under stirring and slowly 

depressurized in 0.5 hours. The sample was then heated in a tubular furnace under N2 or N2/H2 at 

10 K/min up to different temperatures (523, 673, 773, 873 and 973 K) and kept at these conditions 

for 1 hour. A reducing atmosphere was employed in an effort to promote formation of the highly 

magnetic iron oxide phases (Fe3O4 and g-Fe2O3) and avoid formation of the low magnetic phase 

a-Fe2O3[16]. 
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2.4 Materials characterization 

The materials were characterized by Transmission Electron Microscopy (TEM) and X-Ray 

Diffraction (XRD). Metal content was measured by Energy Dispersive X-ray Spectroscopy (EDX) 

and Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES).  

N2 adsorption-desorption experiments of the SiO2 supports at 77 K were also performed using a 

Micromeritics ASAP-2020. SiO2 samples were out-gassed at 383 K for 6 h before the 

measurement. The BET equation and the BJH method were used for the specific surface area and 

pore size distributions calculation[54, 55]. 

TEM was carried out using a JEOL JEM 2100 electron microscope working at 200 kV equipped 

with a double tilting Be sample holder (±25º) and EDX (Oxford INCA). Samples were dispersed 

in 1-butanol over copper grids and dried in air.  

Metal loading of all the samples was quantified by ICP-OES. Samples were dissolved in mixtures 

of HNO3 and HF. Wide angle XRD patterns of the composite materials were collected using a 

X´PERT MPD diffractometer with Cu Kα radiation at 2θ values between 20 and 70º. The Scherrer 

equation was employed to estimate the crystallite size.  

A confocal Raman microscope (NT-MDT Ntegra Spectra) with an excitation source of 532 nm 

was used to collect Raman spectra. Samples were focused with an Olympus BXFM microscope 

equipped with a 50 x objective and were measured in 4 independent points. Spectra were base line 

corrected, normalized and averaged. 

Magnetic measurements were performed using a Superconducting Quantum Interference Device 

XL-SQUID magnetometer in the temperature range of 4−300 K. Magnetic susceptibility (c) was 
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measured after cooling the sample at 5 K in zero-field cooling (ZFC), whereas in the case of field-

cooling measurements (FC), the sample was cooled in the presence of a 500 Oe field down to 5 K. 

c was measured as a function of temperature up to 300 K. Magnetization cycles were also 

measured at 5 and 250 K, from -5T to 5T.  

3. Results and discussion 

3.1. Solubility measurements 

Fe(NO3)3·9H2O is soluble in mixtures of ethanol + CO2[43]. Figure 1 shows images of the view 

cell containing Fe(NO3)3·9H2O in a 22 and 34 % mol ethanol + CO2 mixtures. Fe(NO3)3.9H2O 

mole fraction was 3.3-4.3 x 10-4. At 295 K and 6 MPa two different phases were clearly observed 

(Fig. 1b), whilst at 333 K and 12 MPa (impregnation conditions), the ethanol + CO2 mixtures 

formed a single fluid phase (Fig. 1a and c). The colour of the solutions turned orange/light brown 

due to the solubilisation of the Fe salt, although some solid particles were observed at the lower 

ethanol concentration (Fig. 1a). Increasing the ethanol concentration, the solubility of 

Fe(NO3)3·9H2O increased. 

 

Figure 1. Fe(NO3)3.9H2O in ethanol + CO2 mixtures: (a) 22 % mol ethanol and (b and c) 34 % 

mol ethanol at different pressure and temperature conditions. 
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3.2 Structural characterization 

Samples prepared by the insitu decomposition of Fe(NO3)3·9H2O in the CO2 + ethanol mixture at 

523 K were dark brown/grey and magnetic. Table 1 summarizes the successful experiments 

performed and the characteristics of the materials produced.  

Table 1. Samples prepared by the insitu decomposition of Fe(NO3)3·9H2O in CO2 + ethanol 

at 523 K and 25 MPa. 

Sample # 
SiO2 

support 

% mol 

EtOH 

%mass Fe 

(ICP) 

% mass Fe2O3
a 

(ICP) 

Size/nm 

(XRD) 

Size/nmb 

(TEM) 

1 SBA-15 25 3.7±0.2 10.6 7.5 9.3 

2 SBA-15 50 6.3±0.6 18.0 7.1 6.9 

3 MCM-41 50 3.0±0.5 8.6 5.0 6.5 

a Maximum load 35% mass Fe2O3. 

b Average from TEM images. 

 

XRD patterns of the different samples prepared insitu in the CO2 + ethanol mixture are compared 

in Figure 2. XRD patterns fit those of the magnetic phases g-Fe2O3 and Fe3O4. (PDF-040755 and 

190629, respectively). XRD peaks were quite broad due to the small particle size. Because a Fe3+ 

precursor was used, we assumed that the phase present was g-Fe2O3. Particle sizes obtained from 

the fit of the XRD pattern to the Scherrer equation are given in Table 1. For the samples deposited 

on SBA-15, the estimated NPs size varied between 7.1-7.5 nm and was very similar to the support 

pore size (7.2 nm), which suggested that NPs were deposited into the support pores. However, for 

the sample deposited on the MCM-41 support (pore size 2.3 nm), the particle size evaluated using 

the Scherrer equation was 5.0 nm. This estimate was much larger than the pore size, which 

indicated NPs formation outside the mesopores. 
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TEM images of the SPION/SBA-15 samples are shown in Figure 3. Images showed clearly the 

SiO2 mesopores along with the presence of darker nanoparticles corresponding to the metal oxide. 

Sample 1 prepared using the 25% mol ethanol + CO2 mixture showed NPs of sizes between 4-15 

nm (Figure 3a-c). The larger particles seem to be deposited on the external surface of the support. 

In contrast, sample 2 prepared from the 50% mol ethanol + CO2 mixture showed smaller NPs, 

most between 5 and 8 nm within the support pores, very well dispersed, yielding a very 

homogeneous material (Figure 3d-f). TEM images proved that the deposition of SPIONs into the 

SBA-15 mesopores was successful in the ethanol + CO2 mixtures. Metal content by ICP-OES was 

3.7 and 6.3 % mass Fe for samples 1 and 2, respectively.  

The differences in particle size and NPs dispersion of samples 1 and 2 seem to be related to the 

different solubility of the precursor in the reaction mixtures. When the 25% ethanol + CO2 mixture 

was employed, not all the precursor dissolved in the reaction medium and most NPs deposit on the 

external surface of the support. However, in the sample prepared using the 50% ethanol + CO2 

mixture, the precursor fully dissolved, favouring deposition of the NPs within the support pores, 

leading to a larger metal loading. Therefore thanks to the higher solubility of Fe(NO3)3·9H2O in 

the 50% mol ethanol + CO2 mixture, metal oxide deposition was more homogeneous at these 

conditions and a larger metal content was obtained in sample 2. For this sample, metal 

incorporation on the support with respect to the amount loaded into the reactor was close to 40%. 

 



 13 

 

Figure 2- XRD patterns of SPION/SiO2 samples prepared by the insitu decomposition of 

Fe(NO3)3·9H2O at 523 K on the different supports in the ethanol + CO2 mixtures. 
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Figure 3- TEM images and particle size distributions of SPION/SBA-15 samples prepared by the 

insitu decomposition of Fe(NO3)3·9H2O at 523 K in 25% mol ethanol + CO2 (a-c) and 50% mol 

ethanol + CO2 (d-f). 

In view of the previous results, experiments on MCM-41 were only performed using the highest 

ethanol content. TEM images of the SPION/MCM-41 sample are shown in Figure 4. Images 

showed small mesoporous SiO2 particles with sizes ranging from 40-100 nm, along with the darker 

iron oxide NPs of sizes between 3-12 nm (average 6.5 nm). NPs seemed to be attached mostly to 

the external surface of the support and particle size distribution was wide. Particle size controlled 

is only achieved when NPs deposit into the mesopores. Metal content of this sample by ICP-OES 

revealed a Fe contents equal to 6.0% mass, slightly lower than that measured for the SPION/SBA-

15 sample prepared at the same conditions (sample 2).  
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The small pore size of MCM-41 makes difficult the impregnation of the support in the ethanol + 

CO2 mixture. At the concentrations and conditions of these experiments, the ethanol + CO2 mixture 

is in the expanded liquid region. Although the reduction in density and viscosity of the mixture 

and the increased diffusivity of the precursor in this medium in comparison to pure ethanol is high, 

mass transfer limitations seem to preclude the effectively filling of the small MCM-41 mesopores 

in the short times used.  

 

Figure 4- TEM images and particle size distribution of the SPION/MCM-41 sample prepared by 

the insitu decomposition of Fe(NO3)3·9H2O at 523 K in 50% mol ethanol + CO2 (a-e). 

Figure 5 shows XRD patterns of the SPION/SBA-15 samples prepared by the impregnation of 

Fe(NO3)3·9H2O in the 25% mol ethanol + CO2 solution at 333 K and 12.0 MPa and reduced in a 

tubular furnace at different conditions. When the sample was heated in N2 at 523 K (temperature 

used in the insitu experiments), no crystalline phase was observed in the XRD. Furthermore, 

mixtures of phases including Fe and α-Fe2O3 besides g-Fe2O3 were obtained after decomposition 
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in H2/N2 and N2 at higher temperatures. In order to maximize the presence of the magnetic g-Fe2O3 

phase, impregnated samples were treated in N2 at 973 K. At this temperature a small amount of α-

Fe2O3 was still present. The possible oxidation of Fe3O4 to Fe2O3 under exposure of the samples 

to air cannot be ruled out. XRD peaks were narrower than those obtained for the materials prepared 

insitu. TEM images of some samples reduced in N2 are provided as supporting information. Iron 

oxide NPs were larger than those observed in the samples prepared by the insitu decomposition of 

Fe(NO3)3·9H2O in CO2 + ethanol at 523 K, which is certainly related to the higher temperatures 

employed in the thermal treatment and the different decomposition method. Furthermore, particle 

distribution was also less homogeneous. If the precursor adsorption is not very strong, the 

precursor may migrate with the solvent during depressurization, leading to an inhomogeneous 

metal distribution.  

Raman spectra of selected samples were also measured. Sample 2 did not give any significant 

Raman signal probably due to the small iron content and the good metal dispersion within the SiO2 

support. Spectrum of the sample impregnated in ethanol + CO2 and heated in N2 at 973 K 

confirmed the presence of α-Fe2O3 and g-Fe2O3 (see supporting information). 

Comparison of the SPION/SBA-15 samples prepared by the insitu decomposition of 

Fe(NO3)3·9H2O in ethanol + CO2 with samples previously prepared by wet impregnation of the 

same precursor in liquid ethanol followed by solvent evaporation and thermal treatment [16, 17] 

revealed that our method allows a much easier control of the oxidation state leading to single phase 

magnetic materials at much lower temperatures and shorter times in one single step. 
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Figure 5- XRD patterns of SPION/SBA-15 samples prepared by impregnation of Fe(NO3)3·9H2O 

in a 25% mol ethanol + CO2 solution and reduced in N2 and H2/N2 at different temperatures 

showing the different crystal phases. 

3.3. Reaction mechanism 

The mechanism operating in the deposition of supported nanoparticles by the supercritical fluid 

reactive deposition (SFRD) technique is well known and it has been recently reviewed [56]. Here 

we propose a similar mechanism for the reactive deposition of inorganic salts on mesoporous 

supports using expanded liquid solvents.  
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The precursor Fe(NO3)3·9H2O was dissolved in the ethanol + CO2 mixture at 333 K and 12.0 MPa. 

This expanded liquid mixture was brought into contact with the mesoporous SiO2 support. The 

mixture diffused into the support pores and the metal precursor adsorbed on their surface 

impregnating the support. In contrast to CO2 that adsorbs weakly on SiO2[57], competitive 

adsorption of ethanol on the SiO2 surface is possible. Then the temperature was raised to 523 K in 

order to promote the insitu decomposition of the precursor in the CO2 + ethanol mixture. At these 

conditions g-Fe2O3 NPs were produced within the SiO2 mesopores. Ming at al. have shown that 

the decomposition of hydrous metal nitrates in CO2 expanded ethanol proceeds through an 

intermedium coordinated compound before the corresponding oxide is formed [43]. Then the 

heater was disconnected and the reactor was vented. When the 50% ethanol + CO2 mixture was 

used, the solubility of the precursor was high leading to very homogeneous SPION/SBA-15 

materials. In contrast, the precursor solubility in the 25% ethanol + CO2 mixture was lower and 

some metal NPs may have deposited directly on the external SiO2 surface from the solid phase.  

Because air was not deliberately excluded from the support pores before adding the precursor 

solution and filling the reactor with CO2, an interphase may have been formed at the initial stages 

of the filling process. Mass transfer limitations make difficult the filling of the smaller MCM-41 

mesopores.  

On the other hand, the samples impregnated with Fe(NO3)3·9H2O in ethanol + CO2 but 

decomposed after depressurization in the tubular furnace were less homogeneous. If the precursor 

adsorption is not very strong, the precursor may be transported along with the solvent during 

depressurization, leading to an inhomogeneous metal distribution.  
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3.4. Magnetic characterization 

Figure 6 shows the temperature dependence of ZFC and FC magnetic susceptibility (c) for 

samples 1-3. Due to the small particle size of the g-Fe2O3 NPs, the material turned 

superparamagnetic from the blocking temperature (TB) to ambient temperature. At temperatures 

lower than TB, when the samples were cooled in the presence of a 500 Oe field down to 5K (FC), 

the samples remained magnetized. By contrast, in the ZFC regime c decreased with the 

temperature. The inverse dependence of c with temperature in the FC measurements confirmed 

the ferrimagnetic behaviour of the samples. ZFC and FC curves merged together above TB and c 

decreased with temperature due to thermal fluctuations[58]. The higher c values were measured 

for samples 3 and 1, being much smaller for sample 2. The larger particle size of samples 1 and 3 

would explain the large c values. A similar behaviour is exhibited by nanoparticulated spinel 

ferrites [59-62]. 
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Figure 6- Mass susceptibility measurements up to 300 K of the SPION/SiO2 samples:  Ǐ, sample 

1; o, sample 2 and ∆, sample 3. 

 

Magnetization (M) versus magnetic field (H) curves measured at 5 and 250 K for the different 

samples are shown in Figure 7. M increased with H up to the saturation value (Ms). At 250 K, no 

hysteresis was observed confirming the superparamagnetic nature of the materials. In contrast at 

5 K (below TB) not all the magnetic domains returned to their original orientations at H=O and the 

material exhibited a remnant magnetization (MR), being necessary to apply a coercive field (Hc) 

in the opposite direction to reverse the process. Hysteresis loops at 5K were characterized by low 

MR and HR, whist Ms were high. 
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Figure 7- Magnetic susceptibility versus magnetic field curves measurements of the SPION/SiO2 

samples at 5 and 250 K: Ǐ, sample 1; o, sample 2 and ∆, sample 3. 

 

Table 2 shows the values of Ms, MR, Hc and TB for the different samples. TB was obtained from 

the maxima of the ZFC measurement versus temperature curve and ranged from 56-91 K. Samples 

1 and 2 showed the largest TB values, whilst the smallest TB was obtained for sample 3. TB is 

directly related to the particle volume. Maxima were relatively narrow for sample 2 in agreement 

to their particle size distribution. However, the sample deposited on MCM-41 showed a wider 
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particle size distribution and the maximum was broader. The smallest value of TB obtained for 

sample 3 could indicate the presence of very small magnetic NPs. These values are similar to those 

reported for other SPION/SiO2 composite materials[20]. 

Table 2. Magnetic parameters for SPION/SiO2 samples prepared by the insitu decomposition of 

Fe(NO3)3·9H2O in ethanol + CO2 at 523 K. Parameters reported per gram of g-Fe2O3 based on 

ICP-OES data. 

Sample # 
TB 
(K) 

HC,5K 
(Oe) 

MR,5 K 
(emu/g) 

MS,5 K 
(emu/g) 

MS,250 K 
(emu/g) 

1 91 369 11.4 >54 31 

2 70 322 9.0 30 24 

3 56 250 12.5 39 31 

 

Hc and MR at 5 K were small in all the samples. Ms at 5 and 250 K ranged from 30-55 and 24-31 

(emu/g Fe2O3), respectively. As expected, Ms decreased as the temperature increased. At 5 K, M 

values for sample 1 did not reach saturation at the highest H employed (50k Oe) most likely due 

to interparticle interactions between the surface layer of canted spins[60]. In sample 2 most of the 

particles were inside the pores of the matrix and these interactions were minimized. Similarly, the 

good NP dispersion on the support of sample 3 prevented a strong interparticle interaction. 

However, NPs at the support surface in sample 1 were agglomerated and interparticle surface 

interactions increased the surface anisotropy and the hardness of the material as the Ms values 

indicate. Ms,250 K were lower than those reported for bulk g-Fe2O3 (76 emu/g) [58] related to the 

small particle size and the presence of magnetic anisotropy at the particle surface. These values 
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were however larger than those previously reported for similar g-Fe2O3/SBA-15 materials[20] but 

slightly lower than the values reported by Yiu et al. for Fe3O4/SBA-15 materials[16]. 

4. Conclusions 

SPION/SiO2 materials were prepared by the impregnation and insitu decomposition of 

Fe(NO3)3·9H2O into mesoporous SiO2 supports at 523 K and 25.0 MPa using ethanol + CO2 

mixtures. Ethanol was required to solubilize the salt in CO2 and helped in the decomposition 

process. At the concentrations and impregnation conditions of these experiments, the ethanol + 

CO2 mixture was in the expanded liquid region. The method was simple and allowed the 

preparation of the composite materials in one step using CO2 as solvent and reaction medium. g-

Fe2O3 nanoparticles of average size between 6-9 nm were deposited on the SiO2 supports with 

loadings up to 18.0% mass. In the 50% ethanol + CO2 mixture, g-Fe2O3 NPs deposited into the 

support pores of SBA-15 but mostly on the external surface of MCM-41. Materials were very 

homogeneous due to the large solubility of the precursor in the ethanol + CO2 mixture. Mass 

transfer limitations seemed to preclude the effectively filling of the small MCM-41 mesopores in 

the short times used. The very small TB obtained for the MCM-41 sample, however, suggest the 

presence of very small magnetic NPs. Larger impregnation times and/or higher impregnation 

temperatures may be required to promote extensive deposition into the smaller mesopores.  

Composite materials were superparamagnetic at room temperature with TB below 91 K for all the 

samples. Hysteresis loops at 5 K were small with high Ms and low HR. The materials prepared 

have many potential technological applications. 
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Appendix A. Supplementary data 

TEM images of SPION/SBA-15 samples obtained by the impregnation of Fe(NO3)3
.9H2O in 

ethanol + CO2 and further decomposed in N2 (Figure S1).  

Raman spectrum of a SiO2 support impregnated with Fe(NO3)3·9H2O in ethanol + CO2 and heated 

in N2 at 973 K (Figure S2). 
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TEM images of the SPION/S samples obtained by impregnation of the SBA-15 support using 

Fe(NO3)3·9H2O in ethanol + CO2 mixtures at 333 K and 12.0 MPa and further decomposed in a 

tubular furnace in N2 are shown in Figure S1. Iron oxide nanoparticles (NPs) are larger than those 

observed in the samples prepared by insitu decomposition of Fe(NO3)3·9H2O in CO2-expanded 

ethanol at 523 K (Figure 3 of the manuscript). Furthermore, NP distribution is also less 

homogeneous. If the precursor adsorption to the support is not very strong, the precursor may be 

transported along with the solvent during depressurization, leading to an inhomogeneous metal 

distribution.  



 33 

 

Figure S1- TEM of iron oxide/SBA-15 samples prepared by impregnation of the support 

with Fe(NO3)3·9H2O in CO2-expanded ethanol at 333 K and 12.0 MPa: (a) 25% mol 

ethanol + CO2 mixture, heated in N2 at 873 K; (b) 50% mol ethanol + CO2 mixture, heated 

in N2 at 973 K 

 

Raman spectra of the SiO2 SBA-15 support and the SPION/SiO2 sample obtained from 

impregnation of the support using Fe(NO3)3·9H2O in a 25% mol ethanol + CO2 mixture at 

333 K and 12.0 MPa and further heated in N2 at 973 K is shown in Figure S2. Spectra were 

base line corrected and normalized. SiO2 support showed broad bands at ca. 500, 585 and 

650 cm-1. Peak assignment for the different iron oxide phases was based on a previous 

report by de Faria et al. [1] Peaks at 221 and 289 cm-1 were assigned to α-Fe2O3. The 

presence of two Raman bands of similar intensity at ca. 670, 715 indicated the presence of 

g-Fe2O3 and not Fe3O4. The band at ca. 715 cm-1 is related to the vibrational modes of local 

Fe-O near the cation vacancies and it is very weak in Fe3O4. The intensity ratio of these 

two bands has been previously used to estimate the g-Fe2O3 content in partially oxidized 

Fe3O4 samples.[2] Broad bands at ca. 350 and 500 cm-1 associated to g-Fe2O3 were also 

expected. Raman spectrum of this sample confirmed the presence of α-Fe2O3 and g-Fe2O3 

in the sample in agreement with the XRD data. 
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Figure S2- Raman spectra of SiO2 SBA-15 (black line) and an iron oxide/SiO2 sample (red 

line) prepared by impregnation of the support with Fe(NO3)3·9H2O in CO2-expanded 

ethanol at 333 K and 12.0 MPa and heated in N2 at 973 K. 
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