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 ABSTRACT 

Crystalline and nanostructured cobalt (CoFe2O4), nickel (NiFe2O4), zinc (ZnFe2O4)

and manganese (MnFe2O4) spinel ferrites are synthesized with high yields, cry-

stallinity and purity through an easy, quick, reproducible and low-temperature

hydrothermal assisted route starting from an aqueous suspension of coprecipitated

metal oxalates. The use of water as a reaction medium is a further advantage of

the chosen protocol. Additionally, the zinc spinel is also prepared through an

alternative route combining coprecipitation of oxalates from an aqueous solution

with thermal decomposition under reflux conditions. The nanocrystalline powders

are obtained as a pure crystalline phase already at the extremely low tem-

perature of 75 °C and no further thermal treatment is needed. The structure

and microstructure of the prepared materials is investigated by means of X-ray 

powder diffraction (XRPD), while X-ray photoelectron spectroscopy (XPS) and 

inductively coupled plasma–atomic emission spectroscopy (ICP–AES) analyses 

are used to gain information about the surface and bulk composition of the 

samples, respectively, confirming the expected stoichiometry. To investigate

the effect of the synthesis protocol on the morphology of the obtained ferrites,

transmission electron microscopy (TEM) observations are performed on selected

samples. The magnetic properties of the cobalt and manganese spinels are also

investigated using a superconducting quantum device magnetometer (SQUID)

revealing hard and soft ferrimagnetic behavior, respectively. 

 
 

1 Introduction 

Green chemistry synthesis routes are currently highly 

attractive due to the ever growing concern about 

long-term sustainability [1–4]. In particular, low 

temperature and water-based preparation methods 
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are a subject of great interest within context of the 

synthesis of inorganic compounds. 

Among inorganic materials, ferrites (described by 

the general chemical formulae M2+Fe2
3+O4, M2+Fe4+O3 

or M3+Fe3+O3, where M = metal ion) are gaining 

increasing attention: Thanks to their high thermal, 

mechanical and chemical stability [5–9], coupled with 

numerous functional properties (catalytic, electric, 

magnetic, etc.), they find applications in a large 

number of different fields such as magnetism and 

electronics [10, 11], sensor design [12], catalysis (e.g., 

water splitting) [13–15], and medicine [16]. 

In particular, spinel ferrites, the topic of the present 

work, find numerous applications in disparate areas 

of interest, ranging from electronics, to ferrofluid 

technologies and diagnostic medicine [17, 18], where 

their magnetic properties — depending on both the 

crystal structure of the compound and on the nature 

of the metal M [5, 19–21] — make them invaluable 

functional materials. 

In the synthesis of ferrites, and in view of their 

potential functional applications, it is mandatory to 

gain a fine control over the final features of the material 

of choice. In this regard, it is particularly relevant   

to employ preparative methods allowing products 

with a specific composition and microstructure to be 

achieved. The commonly used solid state synthetic 

routes, besides being highly energy-consuming [22, 23], 

do not allow a fine control over the reaction pathways 

during the process. Wet chemistry routes instead 

appear a suitable alternative, also due to the fact that 

at low temperatures they yield products with smaller 

particle sizes. 

Among wet-synthesis routes, the most commonly 

explored procedures for ferrite synthesis are thermal 

decomposition of suitable precursors [24], solvo- and 

hydrothermal synthesis [25, 26], reverse micelle 

synthesis [27, 28], polyol assisted synthesis [29], 

nonaqueous sol–gel [30] and coprecipitation [31]. 

Specifically, coprecipitation of oxalates (followed by 

calcination in air at high temperatures) [32] has been 

used to synthesize a number of spinel ferrites [33–36]. 

Recently we used this route, coupled with annealing 

at high temperatures (T = 900 °C), for the synthesis of 

strontium perovskite (SrFeO3–δ) [37] and manganese 

perovskite (MnFeO3) [38] as well as of cobalt, nickel, 

zinc and magnesium spinels (CoFe2O4, ZnFe2O4, 

MgFe2O4, NiFe2O4) [38]. However, to the best of our 

knowledge, this procedure has never been combined 

with hydrothermal treatment in order to synthesize 

nanosized ferrites. 

The main advantage of hydrothermal synthesis over 

conventional wet-chemistry methods is that it occurs 

under non-standard conditions and that non-classical 

crystallization pathways can be explored [39, 40]. By 

operating at relatively high autogenous pressures 

(generated by heating the reaction mixture within a 

closed vessel) several properties which are relevant 

for solubilization (such as ionic products, density, 

viscosity and dielectric constant) dramatically change, 

thus allowing for the dissolution of compounds which 

are not normally soluble under standard conditions 

[23, 39].  

In this paper we report on the synthesis of nanosized 

crystalline cobalt, nickel, zinc and manganese spinel 

ferrites CoFe2O4, NiFe2O4, ZnFe2O4 and MnFe2O4 

through a hydrothermal low-temperature route, 

starting from an aqueous suspension of the different 

metal oxalates. This method, in addition to being 

carried out at low temperatures, has the advantage of 

not requiring toxic or hard to manage reagents, and 

not necessitating complex purification steps. Moreover, 

and more importantly, the process takes place in an 

aqueous environment, thus making the method 

greener than other routes. In the literature, a study 

by Zhou et al. [41] has been reported concerning the 

synthesis of NiFe2O4 at 60 °C using a similar protocol. 

The reported procedure is however based on sulphate 

precursors, which cannot be easily eliminated during 

purification, unlike oxalates which decompose cleanly. 

Furthermore, no other compounds were obtained at 

such low temperatures and no data are available in 

the cited paper concerning sample purity and yields. 

Other syntheses have been reported in the literature 

regarding the combined use of metal oxalate precursors 

and hydrothermal treatment for the synthesis of titania 

[42], ceria [43], or hyperbranched cross-linked copper 

dendrites [44]. Nevertheless the synthesis of ferrites 

was never mentioned, nor were any of the above 

mentioned compounds obtained at temperatures lower 

than 160 °C.  

In addition to this main protocol, in order to explore 
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the effect of pressure during the synthetic process, an 

alternative route (involving coprecipitation of oxalates 

from an aqueous solution followed by thermal 

decomposition under reflux conditions at 75 °C) was 

adopted.  

To investigate the effect of different parameters 

(chemical nature of the precursors, nominal molar 

ratio between the metals and oxalic acid, treatment 

time, treatment temperature) on the final features of 

the samples in terms of composition, purity, crystallinity 

degree and crystallite size, a wide range of syntheses 

was performed, as reported in Table 1. 

Table 1 Synthesis parameters, yields and calculated average crystallite sizes for the various experiments (H- indicates hydrothermal 
syntheses while R- indicates reflux syntheses) 

Sample 
Expected  
formula 

Nominal 
Fe/M/acid ratio

Treatment 
temperature and time 

Found structure Yield (%) 
Crystallite  

average size (nm)

H-Co001 CoFe2O4 2/1/4.5 135 °C; 24 h CoFe2O4 90 12 ± 3 

H-Co007 CoFe2O4 2/1/4 135 °C; 24 h CoFe2O4 99 17 ± 2 

H-Co018-1 CoFe2O4 2/1/4 135 °C; 1 h CoFe2O4 90 — 

H-Co018-2 CoFe2O4 2/1/4 135 °C; 2 h CoFe2O4 98 18 ± 3 

H-Co018-4 CoFe2O4 2/1/4 135 °C; 4 h CoFe2O4 98 18 ± 1 

H-Co019 CoFe2O4 2/1/4 100 °C; 24 h CoFe2O4 65 — 

H-Co020 CoFe2O4 2/1/4 75 °C; 24 h CoFe2O4 88 — 

H-Mn002 MnFe2O4 2/1/4.5 135 °C; 24 h MnFe2O4 100 20 ± 4 

H-Mn007 MnFe2O4 2/1/4 135 °C; 24 h MnFe2O4 100 49 ± 4 

H-Mn012-1 MnFe2O4 2/1/4 135 °C; 1 h MnFe2O4 91 25 ± 1 

H-Mn012-2 MnFe2O4 2/1/4 135 °C; 2 h MnFe2O4 90 33 ± 1 

H-Mn012-4 MnFe2O4 2/1/4 135 °C; 4 h MnFe2O4 100 24 ± 1 

H-Mn013 MnFe2O4 2/1/4 100 °C; 24 h MnFe2O4 91 36 ± 2 

H-Mn014 MnFe2O4 2/1/4 75 °C; 24 h MnFe2O4 95 35 ± 2 

H-Mn015-4 MnFe2O4 2/1/4 75 °C; 4 h MnFe2O4 86 35 ± 10 

H-Ni001 NiFeO3 1/1/3 135 °C; 24 h Ni1.43Fe1.7O4, NiO 
and NiFe2O4 

— 20 ± 5 

H-Ni002 NiFe2O4 2/1/4.5 135 °C; 24 h Mixed product — Not calculated 

H-Ni007 NiFe2O4 2/1/4 135 °C; 24 h NiFe2O4 95 47 ± 2 

H-Ni011-1 NiFe2O4 2/1/4 135 °C; 1 h — — — 

H-Ni011-2 NiFe2O4 2/1/4 135 °C; 2 h NiFe2O4 90 10 ± 1 

H-Ni011-4 NiFe2O4 2/1/4 135 °C; 4 h NiFe2O4 90 34 ± 1 

H-Ni012 NiFe2O4 2/1/4 100 °C; 24 h NiFe2O4 65 20 ± 1 

H-Ni013 NiFe2O4 2/1/4 75 °C; 24 h NiFe2O4 91 8 ± 5 

H-Zn001 ZnFe2O4 2/1/4 100 °C; 24 h ZnFe2O4 64 5 ± 1 

H-Zn002 ZnFe2O4 2/1/4 75 °C; 24 h ZnFe2O4 80 4 ± 1 

H-Zn003-4 ZnFe2O4 2/1/4 75 °C; 4 h ZnFe2O4 64 4 ± 1 

H-Zn004 ZnFe2O4 2/1/4 135 °C; 24 h ZnFe2O4 92 6 ± 1 

R-Zn001-24 ZnFe2O4 2/1/4 75 °C; 24 h ZnFe2O4 60 4 ± 1 

R-Zn002-4 ZnFe2O4 2/1/4 75 °C; 4 h ZnFe2O4 57 3 ± 1 

R-Zn002-2 ZnFe2O4 2/1/4 75 °C; 2 h ZnFe2O4 54 4 ± 1 
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2 Experimental section 

2.1 Chemicals 

Nickel(II) chloride hexahydrate, tetraethylammonium 

hydroxide (20% w/w in water) (TENOH), zinc chloride, 

sodium hydroxide and iron(III) chloride hexahydrate 

were purchased from Sigma Aldrich (Milan, Italy). 

Oxalic acid dihydrate (99.8%), cobalt(II) chloride 

hexahydrate and manganese(II) acetylacetonate 

dihydrate were purchased from Carlo Erba (Rodano, 

Milan, Italy). All reagents were used without further 

purification. 

2.2 Synthesis protocol 

For the hydrothermal synthesis of a generic spinel 

ferrite, a suspension of metal oxalates, prepared from 

an aqueous mixture of metal salts and oxalic acid, 

was charged in an autoclave which was then heated   

at a set temperature for a set time span (see Table 1). 

The reaction scheme is shown in Scheme 1. 

In detail, for a typical synthesis of a spinel MFe2O4 

(M = Co, Mn, Ni, Zn), the defined amounts of metal 

M and iron precursors were dissolved in deionized 

water (10 mL) in a 23 mL A255AC PTFE cup (Parr 

Instrument Company) with constant stirring. Oxalic 

acid was then added as a chelating precipitant to the 

solution. Typically, 0.52 mmol of M precursor, 1.05 mmol 

of Fe precursor and 2.09 mmol of oxalic acid were 

used (M:Fe:acid = 1:2:4) (Table 1). A 20% w/w aqueous 

tetraethylammonium hydroxide solution (0.2 mL) 

was added as a peptizing agent [45], and the pH of 

the resulting solution was raised to 10 with a 10 M 

sodium hydroxide solution at room temperature in 

order to deprotonate the oxalic acid and cause    

the coprecipitation of metal oxalates. The resulting 

suspension was sealed in the PTFE cup and placed in 

a stainless steel 4745 General Purpose Acid-Digestion 

Bomb (Parr Instrument Company), heated at a set 

temperature for the desired time and then allowed to 

cool down to room temperature. The resulting solid 

powders were isolated by centrifugation, washed four 

times with deionized water and dried in an open air 

oven at 60 °C. The prepared specimens, the synthesis 

parameters and obtained yields are summarized in 

Table 1.  

The synthesis of the zinc spinel ZnFe2O4 was also 

carried out through the alternative reflux method by 

dissolving ZnCl2 97% (0.073 g, 0.522 mmol), FeCl3·6H2O 

(0.287 g, 1.05 mmol) and oxalic acid dihydrate (0.296 g, 

2.35 mmol) in 10 mL deionized water (within a 25 mL 

round-bottom flask). Following this, 0.2 mL of TENOH 

and 1 mL of NaOH (10 M in water) were poured into 

the resulting suspension under vigorous stirring. The 

flask was fitted with a condenser and kept for 24 h at 

75 °C. After cooling to room temperature, the resulting 

 

Scheme 1 Synthesis scheme. 
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dark red powder was isolated by centrifugation 

followed by washing four times with deionized water. 

The final product was dried in an open air oven at 

60 °C. The prepared specimens, the synthesis parameters 

and obtained yields are summarized in Table 1. 

2.3 Characterization methods 

2.3.1 XPS analysis 

Samples were investigated by XPS with a Φ 5600ci 

Perkin-Elmer spectrometer, using a standard aluminium 

(Al Kα) source, with an energy of 1,486.6 eV operating 

at 200 W. Compounds containing cobalt were inves-

tigated using a standard magnesium (Mg Kα) source 

with an energy of 1,253.6 eV operating at 220 W. The 

choice to employ a standard Mg source to analyze 

the cobalt samples (rather than the standard Al source 

employed for all other samples) was made in order to 

avoid the overlap of Co2p and FeL3M45M45 peaks 

(both sets falling in the 775–795 eV interval with an 

Al source) and of the Fe2p and CoL2M23M45 (1P) 

peaks (all falling in the 710–720 eV region) [46]. 

The X-ray source employed was located at 54.7° 

relative to the analyzer axis. The working pressure 

was < 5 × 10–8 Pa (~10–11 Torr). The calibration was based 

on the binding energy (B.E.) of the Au4f7/2 line at 

83.9 eV with respect to the Fermi level. The standard 

deviation for the B.E. values was 0.15 eV. The reported 

B.E. values were corrected for the B.E. charging effects, 

assigning the B.E. value of 284.6 eV to the C1s line  

of carbon [46–49]. Survey scans were obtained in the 

0–1,350 eV range (Al source), or 0–1,200 eV range (Mg 

source) (pass energy 58.7 eV, 0.5 eV/step, 25 ms/step). 

Detailed scans (11.75–29.35 eV pass energy, 0.1 eV/step, 

50–150 ms/step) were recorded for relevant regions 

(O1s, C1s, Fe2p, M2p) depending on the sample. The 

atomic composition, after a Shirley-type background 

subtraction [50], was evaluated using sensitivity factors 

supplied by Perkin-Elmer [46]. Assignment of the 

peaks was carried out according to literature data. 

The spectra were analyzed using the IGOR Pro v. 4.01 

program, whereas quantitative analysis was performed 

using the freeware HTIS Lab XPS_AES v. 4.7 program 

[51]. Fitting of the peaks was performed with the 

XPSPEAK 4.1 freeware program [52]. 

2.3.2 X-ray diffraction  

XRPD patterns were collected with a Bruker D8 

Advance diffractometer equipped with a Göbel mirror 

and employing the Cu Kα radiation. The angular 

accuracy was 0.001° and the angular resolution was 

better than 0.01°. All patterns were recorded in the 

range 10°–80° with a 0.03° (2θ) scan step and a 7 s per 

step acquisition time. Patterns were analyzed through 

the use of the MAUD [53] program, to obtain (through 

Rietveld refinement) the crystallite size of the powders 

and data about the crystalline phases in the samples.  

2.3.3 ICP–AES analysis 

Metal composition was determined by using a Spec-

troflame Modula sequential and simultaneous ICP– 

AES spectrometer equipped with a capillary cross- 

flow nebulizer was used (Spectro Analytical, Kleve, 

Germany). Analytical determinations were performed 

using a plasma power of 1.2 kW, a radiofrequency 

generator of 27.12 MHz and an argon gas flow with 

nebulizer and a coolant set at 1, 0.5 and 14 L·min–1, 

respectively. The material was mineralized by treating 

proper amount of the samples (on the order of 

50–100 mg) with 2 mL of a solution consisting of  

70% HNO3 (54 vol.%), 37% HCl (31 vol.%) and H2O 

(15 vol.%). The solution obtained was diluted to 25 mL 

using 1% HCl. 

2.3.4 Electron microscopy 

Powder samples were prepared for transmission 

electron microscopy (TEM) observations. A small 

amount of each sample was suspended in ethanol 

using an ultrasonic bath to eliminate agglomeration. 

A drop of this suspension was deposited onto a carbon 

coated gold grid. Images of the microstructure and 

the relevant selected area electron diffraction (SAED) 

patterns were acquired using an analytical electron 

microscope, Philips CM12, operated at 120 keV and 

equipped with an energy dispersive X-ray spectroscopy 

(EDXS) analyzer (EDAX Falcon, with a C/U detector). 

2.3.5 Magnetic measurements 

The magnetic properties of the oxides were investigated 

by measuring the hysteresis loops at room temperature 

using a Cryogenic S600 superconducting quantum 
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device magnetometer (SQUID) that allows magnetic 

fields up to 50 kOe to be employed. 

2.3.6 Microanalysis 

Samples were introduced in a quartz tube which was 

kept at 1,020 °C and through which a constant flow of 

oxygen-enriched helium was maintained. The gases 

resulting from combustion passing through layers of 

WO3 and metallic copper in the primary column were 

separated by frontal gas-chromatography through the 

use of a 2 m Porapak QS chromatographic column kept 

at 190 °C. The separated gas components were then ana-

lyzed with a Frisons EA 1108 analyzer. Analyses were 

carried out at the Department of Chemical Sciences 

Microanalysis Laboratory of the University of Padova. 

2.3.7 Micro-Raman spectroscopy 

Compositional and structural investigations throughout 

the sample were performed through micro-Raman 

measurements, which were carried out with a Thermo 

Scientific® DXR Raman Microscope using a 532 nm 

laser as an excitation source. Spectra were obtained 

with a DXR Raman Microscope (Thermo Scientific, MA, 

USA) equipped with an automatic stage for mapping 

capability as well as a 532 nm laser with a maximum 

laser power at sample of 10 mW. Spectra were recorded 

in the 3,500–50 cm–1 range using a full range grating 

with 900 lines/mm, allowing a 5 cm–1 FWHM resolution, 

and a 50× objective; an exposure time of 1.5 s averaging 

40 exposures and a laser power of 1 mW were used. 

3 Results and discussion 

3.1 Structural, morphological and chemico-physical 

characterization 

While, in most cases, temperatures in the range 400– 

1,000 °C are employed to obtain crystalline ferrites 

[54–60], in this work we observed the formation of 

crystals in hydrothermal conditions at temperatures 

as low as 75 °C. In fact, using the synthetic protocol 

described in the Experimental section, the formation 

of cobalt, manganese, nickel and zinc spinel oxides  

as a pure nanosized phase at temperatures as low  

as 75 °C and in as short reaction times as 2 h was 

evidenced. The resulting compounds were obtained 

in high yields, crystallinity degree and purity. This is, 

to the best of our knowledge, an unprecedented and 

very exciting result. Moreover, by employing a sealed 

glass vial as a reactor, it was evidenced that ferrite 

formation took place rapidly at 135 °C, as the brown 

precursor suspensions rapidly changed into a dark 

precipitate. The process however, requires a high 

pressure environment, since simple thermal treatment 

of the precursors turned out to be insufficient even 

for the removal of crystallization water. Furthermore, 

the role of the aqueous medium was also highlighted, 

since the temperature observed is much lower than 

temperatures reported in literature for the decomposi-

tion of metal oxalates [61–65] which, in solid state, 

takes place at over 200 °C. 

In order to evaluate the influence of a closed system 

on the synthetic procedure in general and on the 

crystallinity of the final product in particular, attempts 

were carried out by heating the Zn and Fe oxalate 

suspension at 75 °C for 24, 4 and 2 h under reflux 

conditions (Table 1). In all cases, the crystalline spinel 

phase was successfully obtained. Samples synthesized 

with this method however had, compared to their 

counterparts prepared through the hydrothermal 

route, a lower yield and displayed a higher carbon 

and hydrogen content (0.81% and 1.22% respectively, 

compared to 0.24% and 0.37% for sample H-Zn002, 

see Table 2), showing that a larger amount of organic 

precursors remained adsorbed on the final powder.  

The structure of the hydrothermally synthesized 

ferrites (Fig. 1) and the ferrites prepared through 

reflux synthesis (Fig. S1 in the Electronic Supplementary 

Material (ESM)) was thoroughly investigated by XRPD 

allowing also an estimation of the average crystallite 

size (Table 1). From the crystallinity point of view, no 

relevant differences were observed between com-

pounds synthesized by the two different routes, as  

Table 2 Microanalysis results for different spinel samples 

Sample Content Found C (%) Found H (%)

H-Co007 CoFe2O4 0.25 0.35 

H-Mn007 MnFe2O4 0.13 0.20 

H-Ni007 NiFe2O4 0.70 0.43 

H-Zn002 ZnFe2O4 0.24 0.37 

R-Zn002-4 ZnFe2O4 0.81 1.22 
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Figure 1 XRPD patterns of (a) H-Co007, (b) H-Mn007,     
(c) H-Ni007, (d) H-Zn001 and (e) H-Zn004. 

evidenced by the comparison between XRPD patterns 

relative to ZnFe2O4 synthesized through the two 

protocols and reported in Fig. S2 (in the ESM). XRPD 

patterns were fitted basing the initial calculations on 

information available in the literature [66–71] in 

order to perform Rietveld refinement. Patterns were 

interpolated using the Le Bail algorithm [72] together 

with the least weighed squares method. In the case of 

the cobalt spinel, the Maximum Entropy Electron 

Maps (MEEM) algorithm was employed in addition 

to the above mentioned methods. The resulting plot 

was used as a starting point to estimate the atomic 

position within the unit cell (Fig. S3 in the ESM). 

In general, the characteristics of the obtained com-

pounds did not significantly change with temperature, 

treatment time and synthesis protocol, showing that 

in all cases the reaction occurs rapidly and does not 

require intense heat. Crystallite size was however 

shown to be slightly influenced by the temperature 

parameter as, at lower temperature, marginally smaller 

crystallites were obtained, an aspect particularly evident 

in the Zn based materials. These observations are 

consistent with a nucleation process prevailing over 

crystal growth at lower temperatures. Manganese 

spinel is an exception to this trend, as the crystallite size 

did not display significant changes with temperature 

(Fig. S4 in the ESM). Cobalt samples treated at  

lower temperatures (75–100 °C) yielded patterns with 

reflections which were too broad to estimate the 

crystallite size: Although the reflections were visible, 

the high background caused by X-ray fluorescence, 

which is considerable in samples containing cobalt 

and iron [73], effectively masked a large part of them, 

making an accurate estimate impossible.  

The picture emerging from the XRPD analyses  

was substantially confirmed by TEM observations. 

The Zn ferrites (Figs. 2(d)–2(f)), all processed at com-

paratively low temperatures, display (both in the 

case of hydrothermal and reflux synthesis) a homo-

geneous microstructure, featuring crystallites with an 

average size below 10 nm, in good agreement with 

the results obtained from Rietveld refinement. The 

corresponding SAED patterns (insets in the relevant 

TEM micrographs and Figs. S5–S10 in the ESM) confirm 

this finding, as a uniform distribution of the diffracted 

intensities is observed, indicating that a large number of 

randomly oriented crystallites is present in the imaged 

field of view. Coherently, a coarser microstructure  

is displayed by materials processed at higher tem-

peratures, e.g., 135 °C (Figs. 2(a)–2(c)). In agreement 

with the XRPD data, crystallites are, in this case, of 

20–50 nm in size, with a broader dimension range. 

Actually, sample H-Ni007 has a properly bimodal 

crystallite size distribution and at least two markedly  

 

Figure 2 TEM micrographs (with SAED patterns) of (a) H-Co007, 
(b) H-Mn007, (c) H-Ni007, (d) H-Zn001, (e) R-Zn002-2 and   
(f) R-Zn002-4 (for enlargements of SAED patterns, see Figs. 
S5–S10 in the ESM). 



 

 | www.editorialmanager.com/nare/default.asp 

1034 Nano Res. 2014, 7(7): 1027–1042

different grain morphologies, the larger one corres-

ponding to well crystallized particles, with platelike 

aspect; the other one with rounded, significantly 

smaller domains. 

Micro-Raman spectroscopy was employed to gain 

insight into the vibrational energy states within the 

compounds, as well as to assess the compositional 

uniformity throughout the powders [74]. Measure-

ments were carried out on samples yielded spectra 

(Fig. 3) which display all the peaks characteristic of 

cobalt [75, 76], manganese [77], nickel [78, 79] and 

zinc [77, 80] spinel ferrites, with all main documented 

Raman-active phonon modes present [81, 82]. Given 

that all three compounds show a very similar crystal 

structure (cubic cell, Fd3
—

m space group, Z equal to 8) 

[66–68, 70], they display the same phonon modes 

(A1g + Eg + 3T2g) [75–77] though, due to peak overlap, 

not all modes are readily distinguishable in the figure. 

The same overlap renders it extremely complex to 

distinguish site distribution within the spinel lattice 

directly from the spectra [75]. The fact however that 

Raman spectroscopic data is indicative of a spinel 

structure, further confirms the results gathered through 

XRD and XPS. Moreover, the micro-Raman spectros-

copy allowed several spectra to be collected at different 

points on each sample, all of which yielded similar 

results, confirming the uniformity of the compound 

composition and structure throughout the samples. 

Microanalyses (Table 2) were conducted in order  

to estimate the amount of organic residue from the 

precursor compounds adsorbed on the synthesized  

 

Figure 3 Raman spectra of (a) H-Co007, (b) H-Mn007, 
(c) H-Ni007 and (d) H-Zn002. 

oxides. The investigations show that only a very small 

amount of organic residue from the synthetic process 

is present in the final product, thus proving its 

effectiveness in obtaining pure oxide compounds. 

Despite this, the nominal atomic ratio between the 

metal precursors and oxalic acid was found to have  

a significant impact on the final products: Syntheses 

carried out with a higher oxalic acid nominal ratio 

(M:Fe:acid = 1:2:4.5 rather than 1:2:4) in many cases 

displayed unidentified secondary phases. The nominal 

metal precursor atomic ratio also appears to be a 

critical factor in determining whether single or multiple 

phases are obtained. For example, nickel ferrite sample 

H-Ni001 was prepared with a Fe:Ni atomic ratio of 1, 

rather than the stoichiometric 2 and consequently 

yielded a mixture of phases consisting of the nickel 

spinel NiFe2O4, NiO and the spinel species Ni1.43Fe1.7O4. 

It should be noted that the two impurity phases were 

not initially distinguishable through XRPD (Fig. S11 

in the ESM). This can be ascribed to two different 

factors: Firstly, both spinel compounds (NiFe2O4 and 

the non stoichiometric spinel Ni1.43Fe1.7O4) (Table S1 

in the ESM) have a cubic Fd3
—

m cell with very similar 

parameters; secondly, reflections relative to NiO 

(Fig. S11 in the ESM) can be masked by NiFe2O4 

reflections (provided the nickel oxide is only present in 

small quantities and therefore relevant reflections have 

a very low intensity). For these reasons the presence 

of secondary phases was only inferred by combining 

the diffraction data with ICP–AES results (Table 3), 

enabling an accurate determination of metal content 

in the samples: Only the presence of multiple phases 

would account for the detected Fe:Ni ratio (1:1). 

In this regard, ICP–AES analyses (Table 3) were 

carried out on samples to obtain an unambiguous 

determination of the bulk Fe:M molar ratios. In the 

case of H-Co001 and H-Mn002 (Fe/M = 2.013 and 

2.055 respectively), data in agreement with expected 

stoichiometry (i.e., Fe/M = 2) were obtained. In the 

case of sample H-Ni001, a much lower Fe:Ni atomic 

ratio was detected (Fe/M = 1.027) which was consistent 

with nominal Fe:Ni precursor ratios, but not with the 

desired stoichiometry (NiFe2O4). This was attributed 

to the presence of the above mentioned secondary 

NiO and Ni1.43Fe1.7O4 phases.  

Surface composition (Table 3) obtained through 
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XPS analysis, and in particular surface Fe:M atomic 

ratios, were in agreement with the surface literature 

concentrations for cobalt [83, 84], manganese [83, 84], 

zinc [83, 85] and nickel spinel ferrites [83]. This finding 

proves the purity of the samples (except for some small 

amounts of sodium impurities, as can be seen in the 

XPS surveys) and is consistent throughout the samples 

regardless of the treatment temperature involved. This 

confirms the data gathered through XRPD indicating 

that the compounds were obtained as pure crystalline 

single phases. It should be also noted that surface 

oxygen concentration, though included for the sake of 

completion, was not compared to the data in literature 

as it is highly dependent on sample synthesis and 

preparation prior to XPS analysis. 

High-resolution XPS analyses were performed on 

the O1s, C1s, Fe2p and second metal (Co2p, Mn2p, 

Ni2p, Zn2p) regions for all samples. The C1s peak  

at 284.6 eV (adventitious carbon) was used as reference 

in order to correct the spectra for surface charge 

[46, 48]. The XPS spectra (Fig. 4) showed binding 

energy (B.E.) values (Table 4) in agreement with the  

Table 3 Surface composition (XPS—carbon not reported) and Fe:M (XPS and ICP) atomic ratios measured in selected samples 

Sample Compound M (%) 
(atomic) 

Fe (%) 
(atomic)

O (%) 
(atomic)

O:(Fe+M) atomic 
ratio (from XPS)

Fe:M atomic ratio 
(from XPS) 

Fe:M atomic ratio
(from ICP–AES)

H-Co001 CoFe2O4 1.8 3.7 25.3 4.6 2.1 2.01 

H-Co007 CoFe2O4 4.2 8.3 26.7 2.1 2.0 — 

H-Co020 CoFe2O4 1.9 3.9 34.0 5.9 2.1 — 

H-Mn002 MnFe2O4 4.9 8.7 20.8 1.4 1.8 2.05 

H-Mn007 MnFe2O4 2.7 5.0 18.7 2.5 1.9 — 

H-Mn014 MnFe2O4 4.9 9.8 40.7 2.8 2.0 — 

H-Ni001 Ni1.43Fe1.7O4 + 
NiFe2O4 

6.4 4.4 23.0 2.1 0.7 1.03 

H-Ni007 NiFe2O4 3.5 7.1 24.5 2.5 2.0 2.09 

H-Ni013 NiFe2O4 4.5 8.9 45.8 3.4 2.0 — 

H-Zn002 ZnFe2O4 2.7 7.2 29.4 3.3 2.7 — 

R-Zn002-4 ZnFe2O4 5.9 15.8 49.9 2.5 2.7 — 

 

 
Figure 4 XPS survey spectra of (a) R-Zn002-4, (b) H-Zn002, (c) H-Ni007, (d) H-Mn007 and (e) H-Co007 (B.E. values corrected for
charging effects). 
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Table 4 Surface binding energies of studied elements in the 
different prepared compounds (corrected for charging effects) 

Sample Element Peak B.E. (eV) 

H-Co007 O 1s 529.4 

 Fe 2p3/2 and 2p1/2  710.6 and 723.7 

 Co 2p3/2 and 2p1/2  779.4 and 794.8 

H-Mn007 O 1s 529.3 

 Fe 2p3/2 and 2p1/2  710.0 and 723.1 

 Mn 2p3/2 and 2p1/2 641.0 and 652.8 

H-Ni007 O 1s 529.7 

 Fe 2p3/2 and 2p1/2  709.2 and 722.3 

 Ni 2p3/2 and 2p1/2 854.9 and 872.6 

H-Zn002 O 1s 529.5 

 Fe 2p3/2 and 2p1/2  710.7 and 723.8 

 Zn 2p3/2 and 2p1/2 1020.6 and 1043.6

 

literature data for ZnFe2O4 [86], CoFe2O4 [84], MnFe2O4 

[84, 87], NiFe2O4 [88, 89], confirming that pure spinel 

oxides had been formed. 

In all the samples, the Fe2p peak (Fig. S12 in the ESM) 

displayed a satellite (Fe2p3/2) peak at a B.E. value 8 eV  

higher than the main peak, which is consistent with 

compounds containing the FeIII oxidation state, as 

expected [46, 83, 84, 87, 88], while none of the samples 

(Fig. S12 in the ESM) displayed a satellite (Fe2p3/2) 

peak at 6 eV higher than the main peak (which would 

be indicative of the presence of FeII), thus showing 

that all detectable surface iron is present as FeIII [88]. 

This is consistent with the data reported in the 

literature [90, 91] and, despite the inversion of the 

spinel structures, confirms that even in tetrahedral 

sites, iron maintains an oxidation state of FeIII. The 

region is practically identical in all three samples; this 

is in agreement with the fact that all three compounds 

present a similar MFe2O4 structure with similar 

chemical environments. 

Concerning the Mn ferrite, the Mn2p peak (Fig. S13 

in the ESM) displays broad peaks which are indicative 

of the simultaneous presence of multiple chemical 

environments. Due to multiplet splitting typical of 

Mn2p, interpretation is complex [92–94]. Peak positions 

and broadness however are consistent with the 

presence of MnII and MnIV in an oxide environment 

[87, 95]. The co-presence of surface manganese in these 

two oxidation states is consistent with reported data 

on MnFe2O4 [87, 96]. 

As far as the nickel spinel is concerned, the Ni2p 

(Fig. S14 in the ESM) is devoid of the satellite peak at 

1.2 eV (which, if present together with a slightly lower 

binding energy of the main peak, would indicate the 

presence of surface NiO [88, 89]). Peak positions and 

spectral shape are consistent with the presence of NiII 

on the surface [90, 91]. The broad shape of the peaks, 

as well as the presence of asymmetries indicative of 

shoulder peaks suggests that a certain quantity of 

nickel hydroxide might be present on the surface [97] 

(possibly due to surface energies and reaction with 

air humidity). 

In the case of the zinc ferrites, the two peaks in the 

Zn2p region of sample H-Zn002 (Fig. S15 in the ESM) 

are symmetrical, sharp and well defined, showing 

that all surface zinc is present in the same chemical 

environment. Identical results were also obtained for 

sample R-Zn002-4 (Fig. S16 in the ESM). Both these 

data and the B.E. values displayed by the peaks are 

in agreement with data in the literature [86, 98, 99] 

for ZnFe2O4 and ZnO (if we consider the spinel system 

as equivalent to a combination of ZnO and Fe2O3). 

The detection of a single chemical environment is also 

consistent with the zinc ferrite being a normal spinel 

[60], since it implies all zinc atoms occupy the same 

type of site (i.e., tetrahedral). 

3.2 Functional characterization: Magnetic behavior 

As mentioned in the introduction, most spinels display 

ferrimagnetic properties and are widely used as soft 

magnetic materials [100–102]. The cobalt spinel CoFe2O4 

however is an exception to this rule [100, 102], behaving 

as a hard magnetic material. 

To assess the magnetic behavior of two different 

types of synthesized ferrite (i.e., the cobalt and man-

ganese spinels) the compounds were investigated by 

measurement of their hysteresis loops (Figs. 5 and 6). 

The coercive fields of the cobalt and manganese 

ferrite are 780 Oe and 60 Oe, respectively. Moreover, 

while the magnetization of the manganese ferrite 

saturates at low magnetic fields, the two branches of 

the hysteresis loop for the cobalt ferrite close at high 

fields (6 kOe) and larger magnetic fields are required 

to saturate the magnetization. Both the coercive field 

values and the shape of the hysteresis loops confirm  
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Figure 5 Room temperature hysteresis loop for H-Co007. 

 

Figure 6 Room temperature hysteresis loop for H-Mn008. 

the soft and hard magnetic properties of the manganese 

and cobalt ferrites, respectively [102, 103]. 

The values of the magnetization of the Mn and Co 

ferrites at the maximum magnetic field of 60 kOe are 

61.0 emu/g and 67.7 emu/g respectively. Considering 

the magnetization values of bulk Mn and Co ferrites 

(80 emu/g and 75 emu/g respectively [104]), the mag-

netization of the synthesized oxides is 25% and 10% 

smaller, respectively. The smaller magnetizations 

could be due to spin disorder at the particle surface 

or to the chemical disorder characteristic of the nano-

crystalline nature of these oxides [105–109]. 

The results show that the manganese ferrite is a 

much softer magnetic material than its cobalt analogue; 

this is consistent with typical spinel ferrite behavior. 

3.3 Crystallization under hydrothermal conditions: 

Mechanistic hypothesis 

This study was devoted to the low temperature 

synthesis under hydrothermal conditions of crystalline 

ferrites and to assess the effect of the different 

experimental parameters (chemical nature of the 

precursors, nominal molar ratio between the metals 

and oxalic acid, treatment time, treatment temperature) 

on the crystallization pathways. Though, as mentioned 

in the Introduction, hydrothermal syntheses of these 

compounds have already been previously reported 

for cobalt [110, 111], zinc [112, 113], nickel [41, 114] 

and manganese [113, 114], the method explored in 

this work is particularly notable due to the high 

quality of the resulting compounds and the very low 

temperatures involved. To account for these very 

surprising results, the particular conditions presented 

by hydrothermal synthesis and the changes occurring 

in the chemical and physical properties of the solvent 

should be considered. It has to be noted that, in order 

for crystallization to take place in an aqueous medium, 

precipitation must occur slowly from a supersaturated 

solution [115]. During hydrothermal synthesis this 

can take place due to the non-standard conditions 

which the system is subjected to, allowing for the 

solubilization of normally insoluble compounds [23, 39]. 

The most widely acknowledged theory regarding 

formation of ceramic oxide particles through hydro-

thermal synthesis [39, 116, 117] involves a two-step 

mechanism. In the first phase (in situ transformation), 

the precursor ions are dissolved in the reaction 

mixture: Given the conditions under which the reaction 

takes place, tiny quantities of the target oxide are able 

to form (as solutes) in the liquid phase. Due to the 

low solubility, even at high pressure and temperature, 

of the final compound, the second phase (precipitation 

and growth) takes place. In this phase, nucleation 

centers are formed throughout the system around 

which crystal growth can occur. Considering the small 

size of the crystallites prepared by this method, it can 

be assumed that these nucleation centers form quite 

rapidly compared to the growth process. This difference 

in kinetics results in the formation of a large number 

of small crystalline nanostructures, as opposed to a 

series of larger particles. It can be hypothesized that a 

similar multi-stage process occurs during the syntheses 

described above: Under the non-standard reaction 

conditions, part of the coprecipitated metal oxalates 

are solubilized and form the target spinel ferrites 
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which then nucleate and undergo particle growth 

resulting in a nanocrystalline precipitate. The possible 

decomposition of oxalate ions to CO2 would cause an 

increase in reaction pressure, which would further 

facilitate the solubilization and successive precipitation 

events. 

4 Conclusions 

Spinel mixed ferrites CoFe2O4, MnFe2O4, NiFe2O4 and 

ZnFe2O4 have been obtained for the first time through 

a fast, easily reproducible, high yield (63%–100%) 

and very low temperature wet-synthesis route, com-

bining coprecipitation of oxalates and hydrothermal 

treatment.  

The chosen methodology allowed for the pre-

paration of pure nanocrystalline ceramic oxides at 

temperatures as low as 75 °C in an aqueous environ-

ment, and neither required special costly equipment, 

nor produced relevant amounts of polluting waste. 

The speed at which the reaction occurs suggests that 

both nucleation and growth processes have very fast 

kinetics. Although it was possible to reproduce the 

syntheses under reflux conditions (i.e., in an open 

system), the resulting products displayed lower purity 

and were obtained with lower yields compared to 

hydrothermal syntheses. This can be likely attributed 

to the lower pressure involved (which is possibly 

further enhanced during hydrothermal synthesis by 

decomposition of the oxalate precursors to CO2). This 

low temperature decomposition is made possible by 

the aqueous environment. Characterizations, through 

X-ray diffraction and TEM, have shown these particles 

to be nanosized with crystallites in the 10–50 nm 

range (for Co, Mn and Ni ferrites) and 5 nm range 

(for the zinc spinels). ICP–AES investigations confirmed 

that this route affords a very good stoichiometric 

control over the products. The ferrimagnetic behavior 

of the prepared manganese and cobalt spinels was 

evidenced by SQUID measurements. Investigation of 

the mechanism of the synthetic route revealed the 

process to be sensitive to the stoichiometric ratio 

between the precipitating agent and the metal salts, 

as an excess of oxalic acid lead to the formation of 

secondary phases. On the other hand, treatment 

temperature in the 75–135 °C range had a limited 

effect on the crystallite size of the final oxides. 
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