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Abstract 

This work reports the tailored design of novel mixed ferrite nanoparticles, CoxMn1-

xFe2O4 (x = 0, 0.3, 0.7, 1) through an optimized one-pot aqueous coprecipitation 

process. The influence of the substitution between Mn(II) and Co(II) and of the alkaline 

agent, isopropanolamine (MIPA) or NaOH, on the morphological, chemical and 

magnetic properties of the nanomaterials was investigated. The joint action between 

chemical substitution and type of alkaline agent allowed a precise tuning of the particle 

size, magnetic properties and inversion degree of the spinel structure. A wide range of 

particle dimensions (from 3 to 30 nm) and saturation magnetization (from 57 to 71 emu 

g-1) was achieved. The increase of Co(II) content from x = 0 to x = 1 led to a systematic 

decrease of the particle size, regardless of the base type, which could be modelled by an 

exponential decay function. For each Co:Mn composition, the use of MIPA instead of 

the traditional NaOH promoted a three times reduction of the particle size and 

simultaneously switched the magnetic state of the CoxMn1-xFe2O4 nanomaterials from 

ferromagnetic to superparamagnetic. These results constitute a step forward in the 

challenging quest for high-performance magnetic nanoprobes by an eco-friendly 

synthesis route. 

 

 

 

Keywords: coprecipitation, magnetic nanoparticles, isopropanolamine, cobalt ferrite, 

manganese ferrite, mixed ferrites 
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1.  Introduction 

Spinel-type ferrite nanoparticles (MFe2O4, where M(II) is a d-block transition 

metal) are promising building blocks for the development of new technologies owing to 

their remarkable magnetic, electrical and optical properties.1–3 The possibility of 

changing the identity of the M(II) cation within the ferrite is a keystone feature to 

modulate the magnetic configuration, revolutionizing the world of modern technologies 

and fundamental science.4,5 The ability to tailor their surface chemistry is another key 

parameter that allows engineering their characteristics en route to the target 

application.1,6,7 In this context, this family of nanomaterials has been fostering 

innovation in a myriad of research areas especially in biomedicine,1,8,9 catalysis,10,11 

environmental remediation,12 magnetic refrigeration13 and microwave technologies.14  

Among the different spinel-type ferrite systems, special attention has been 

devoted to nanosized manganese(II) ferrite (MnFe2O4) and cobalt(II) ferrite (CoFe2O4) 

as alternatives to magnetite (Fe3O4) due to their higher chemical resistance to oxidation 

and intrinsic magnetic features.15 MnFe2O4 has been gaining increased importance for 

biomedical applications (magnetic resonance imaging, biomolecule detection, magnetic 

hyperthermia) owing to its enhanced saturation magnetization when compared to other 

nanoferrites.16–20 On the other hand, CoFe2O4 is among the preferred materials for high-

density information storage and stress sensing applications due to its high coercivity and 

magnetocrystalline anisotropy.18,21–23
 

Nevertheless, the design of superparamagnetic Co(II)- and Mn(II)-based ferrite 

nanoparticles with structural, magnetic and electrical properties optimized to each type 

of application continues to be a challenging milestone for scientists and engineers. The 

rational design of nanoferrites with predictable, controllable and reproducible properties 

has been highlighted in several works, especially for industrial-scale production.4,24–29 
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Li et al. reported the synthesis of MnFe2O4 and CoFe2O4 nanomaterials with tunable 

size ranging from 3 to 20 nm prepared through the variation of the reaction conditions 

or by seed-mediated growth during the thermal decomposition process.4 Zhang and co-

authors developed a statistical method of factorial design to quantitatively correlate the 

size of CoFe2O4 nanoparticles with the experimental conditions used in the 

microemulsion process.24 This chemometric model allowed the synthesis of spinel 

ferrite particles with predictable particle size over the range of 5 to 35 nm with a 

deviation of 1–3 nm. Systematic studies on the dependency of the magnetic properties 

of these spinel ferrite nanoparticles with size,25 shape,26 surface chemistry27,28 and 

interparticle interactions29 were also reported, namely their relation with the blocking 

temperature, saturation magnetization and coercivity of the nanomaterials.  

More recently, the partial M(II) chemical substitution within these nanoferrites 

(CoxMn1-xFe2O4 with x ranging from 0 to 1) emerged as a promising strategy to improve 

their performance. In fact, the potentialities of this strategy to improve the structure, 

surface disorder and/or magnetic properties have been highlighted for the synthesis of 

other mixed spinel systems such as ZnxMn1-xFe2O4, ZnxFe1-xFe2O4,
30 Ni1-xZnxFe2O4,

31 

etc. Various methods have been reported for the synthesis of CoxMn1-xFe2O4 mixed 

ferrites such as ceramic method,32,33 calcination of layered double hydroxide 

precursors,34 thermal decomposition,35 sol-gel combustion,36 chemical 

autocombustion,37,38 polyol method,39–43  hydrothermal route,44,45 solid-state reactions46 

and nonhydrolysis/seed-mediated growth method.22 However, most of these routes 

required harsh conditions (high temperatures, organic solvents, post-treatments) or 

originated Co-Mn ferrites featuring large particle size (typically ranging from 20 nm to 

large grain sizes) and/or ferromagnetic properties. In this context, the quest for more 

sustainable and less time-consuming methods for the synthesis of CoxMn1-xFe2O4 is still 
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being pursued. The coprecipitation stands up as a greener alternative since it requires 

low-cost reagents, aqueous conditions and can be easily scalable to industrial 

applications.1,8,47 

To the best of our knowledge, scarce studies on CoxMn1-xFe2O4 mixed ferrites 

prepared by coprecipitation have been reported,48,49 with the particle dimensions still 

being a major limitation (28 nm–56 nm for x = 0.25–1 or 80 nm for x = 0.7). 

Additionally, the fine control of their magnetic properties through this route is still 

lacking.  

In view of these challenges, in this work a new set of magnetic CoxMn1-xFe2O4 (x 

= 0, 0.3, 0.7, 1) ferrite nanoparticles has been fabricated through an innovative one-pot 

aqueous coprecipitation route recently designed for the synthesis of simple MFe2O4 

ferrites.50 Through the progressive variation of the M(II) cation composition combined 

with the new coprecipitation agent isopropanolamine (MIPA), we endeavor to fine tune 

the particle size, saturation magnetization and inversion degree of the nanoferrites. 

MIPA has been recently reported as a potential alternative to traditional coprecipitation 

agents (NaOH, NH3, tetraalkylammonium hydroxides, etc.) for the production of simple 

MFe2O4 nanoferrites,50 since it can drastically reduce their particle size while improving 

their spin surface rearrangement thus enhancing the saturation magnetization and 

leading to superparamagnetic state at room temperature. The influence of the alkaline 

agent on the resulting properties of CoxMn1-xFe2O4 is also addressed through their 

fabrication with NaOH. The architectured design of magnetic nanoparticles (MNPs) 

through this dual combination between chemical substitution and coprecipitation agent 

allows a systematic optimization of the morphological, structural and magnetic 

properties for each specific application. These are key parameters for the design of high-
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performance magnetic nanoprobes for theranostics and imaging applications as well as 

for the miniaturization of modern electronic devices. 

 

2.  Experimental section 

2.1 Reagents and solvents 

Cobalt(II) chloride hexahydrate (≥99%), manganese(II) chloride tetrahydrate 

(≥99%), iron(III) chloride hexahydrate (≥98%) and sodium hydroxide (pellets, 

analytical grade) were purchased from Merck. Hydrochloric acid (37%, analytical 

grade) was from Panreac, aqueous tetramethylammonium hydroxide solution (TMAOH, 

25%), 1-amino-2-propanol (MIPA, 93%) and potassium bromide (99%, spectroscopic 

grade) were purchased from Aldrich. Ultrapure water (Millipore, specific resistivity: 18 

MΩ cm) was used throughout the experiments. All reagents and solvents were used 

without complementary purification. 

 

2.2  Synthesis of CoxMn1-xFe2O4 magnetic nanomaterials 

The CoxMn1-xFe2O4 nanoferrites containing different Co(II) and Mn(II) contents 

(x = nCo(II) / [nCo(II) + nMn(II)] = 0, 0.3, 0.7, 1), were prepared by a new coprecipitation 

method developed by our group, which in this work was extended to the fabrication of 

novel mixed nanoferrites.50
 

Briefly, stoichiometric quantities of CoCl2·6H2O and MnCl2·4H2O were 

separately dissolved in two solutions of 1 cm3 of HCl (37%) in 4 cm3 of water. In 

parallel, 20 mmol of FeCl3·6H2O were dissolved in 40 cm3 of water. All solutions were 

heated at 50 ºC, mixed and then quickly added to 200 cm3 of 3.0 M aqueous solution of 

MIPA at 90 ºC under vigorous mechanical stirring.  

Page 6 of 43Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



7 
 

A black precipitate formed immediately and stirring was continued for 2 h at that 

temperature. Afterwards, the reaction mixture was cooled to room temperature and the 

precipitate was magnetically separated, washed several times with ultrapure water and 

dispersed in 0.1 M TMAOH aqueous solution. For comparison, the nanomaterials were 

also prepared using NaOH aqueous solution as alkaline agent. 

For simplicity the samples are labelled as CoxMn1-x_M and CoxMn1-x_Na, where x 

= 0, 0.3, 0.7, 1, M stands for MIPA base and Na stands for NaOH base. 

 

2.3  Physicochemical characterization 

The metal contents were determined by atomic absorption spectroscopy (AAS) 

using a Philips PU 9200X device with a hollow cathode lamp of S & J Juniper & Co. 

Transmission electron microscopy (TEM) was performed at the Advanced 

Microscopy Laboratory (LMA), Instituto Universitario de Nanociencia de Aragon 

(INA), Zaragoza, Spain, with T20 FEI TECNAI microscope operating at an accelerating 

voltage of 200 kV. A small amount of sample was dispersed in high purity ethanol 

under sonication. Afterwards, several drops of the resulting suspension were deposited 

on a holey carbon-film 400 mesh Cu grid and left to dry. After the evaluation of several 

TEM images, the diameter of ~270 particles was measured to generate histograms and 

calculate the average particle size and size distribution. 

Powder X-ray diffraction (XRD) measurements were performed at Departamento 

de Química, CQ-VR, Universidade de Trás-os-Montes e Alto Douro (UTAD), Portugal, 

at room temperature using a PW 3040/60 X'Pert Pro Röntgen diffractometer with Cu Kα 

radiation (λ = 1.5418 Å) and θ/2θ Bragg-Brentano configuration, over the 2θ range of  

20–80º. The system includes the ultrafast PW3015/20 X´Celerator detector and a 

secondary monochromator. 
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Raman spectra were recorded at room temperature on a Jobin-Yvon LabRaman 

spectrometer equipped with a CCD camera using a He−Ne laser at an excitation 

wavelength of 632.8 nm and a power of 20 mW. An Olympus optical microscope with a 

50× objective lens was used to focus the laser beam on the sample and collect the 

scattered radiation. The laser power was reduced 50% with a neutral density filter to 

avoid thermal decomposition of the samples. The Raman spectra were fitted using the 

NGS LabSpec software, after a linear-type background subtraction. 

Fourier transform infrared (FTIR) spectra were collected with a Jasco FT/IR-460 

Plus spectrophotometer in the 4000–400 cm-1 range, using a resolution of 4 cm-1 and 32 

scans. The spectra of the dried samples were obtained in KBr pellets containing 1 wt% 

of MNPs. 

Thermogravimetric analysis (TGA) was carried out at LSRE/LCM, Departamento 

de Engenharia Química, Faculdade de Engenharia da Universidade do Porto, Portugal, 

on a Netzsch STA 409 PC/PG thermobalance, from 50 to 700 ºC, at a heating rate of 10 

ºC min-1 under a nitrogen flow (50 cm3 min-1). 

The isothermal magnetization (M) as a function of applied magnetic field (H) and 

zero-field-cooled/field-cooled (ZFC/FC) measurements were performed over the 

temperature range 5−370 K using a commercial Quantum Design superconducting 

quantum interference device (SQUID) magnetometer, with H up to 50 kOe. 

 

3.  Results and discussion 

3.1  Tuning of the particle size and chemical composition 

The stoichiometric composition of the magnetic nanoferrites was determined by 

AAS and the results are summarized in Table 1. For all CoxMn1-xFe2O4 nanoferrites, the 

Co(II)/M(II) and M(II)/Fe(III) molar ratios (where nM(II) = nCo(II) + nMn(II)) are close to 
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the theoretical values, confirming the synthesis of the nanoferrites with the expected 

degree of cobalt substitution.  

 

Table 1 

 

The analysis of TEM micrographs (see representative images in Figure 1) clearly 

indicates that the aqueous coprecipitation using MIPA as alkaline agent leads to the 

formation of small-size quasi-spherical MNPs. The particle size distributions could be 

fitted by a log-normal function (Figure S1 in the Supplementary Information), leading 

to average particle sizes of 8.9, 6.7, 4.6 and 4.3 nm for Mn_M, Co0.3Mn0.7_M, 

Co0.7Mn0.3_M and Co_M samples, respectively (Table 1). In this context, the average 

particle size of CoxMn1-x_M MNPs decreases with the increase of Co(II) loading and 

the particle size distribution becomes narrower, especially for x up to 0.7.  

Furthermore, the mixed Co-Mn nanoferrites prepared with MIPA present 

significantly smaller dimensions than those of the corresponding nanoferrites 

synthesized with NaOH (Table 1 and refs. 48 and 49).  To the best of our knowledge, 

the particle sizes are even smaller than those of nanoferrites with similar Co(II):M(II) 

stoichiometry (x = 0.3 or 0.7) prepared by other methods reported in 

literature.22,32,36,41,42,46 These results are in accordance with those recently reported for 

simple MFe2O4 MNPs prepared by coprecipitation using alkanolamine bases,50 

confirming the potential role of MIPA in the reduction of the particle size not only of 

simple but also of mixed nanoferrites. 

Figure 1 

 

Page 9 of 43 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



10 
 

The powder XRD patterns of all the nanomaterials were acquired in the 2θ range 

of 20–80º (Figure S2 in the Supplementary Information), in order to study their 

crystallographic structure and estimate their mean crystallite size.  

The Bragg reflections match well with those of bulk ferrite standards, both in 

peaks position and relative intensities,32,37,44,50 confirming the expected cubic spinel 

structure (Fd m). Additionally, no secondary peaks are detected in the XRD 

diffractograms of both single and mixed ferrites, indicating the formation of single 

phase nanomaterials during the one-step coprecipitation process. Therefore, neither the 

substitution of Mn(II) by Co(II) nor the alkaline coprecipitation agent (MIPA or NaOH) 

changes the expected crystallographic symmetry of CoxMn1-xFe2O4 MNPs. 

The mean crystallite diameter, DXRD, was also calculated by XRD, using the 

Williamson-Hall relation in order to take into account the eventual contribution from 

internal strains:50 

θη
θ

λ
βββ tan4

cosXRD

+=+=
d

K
strainsizetotal

   
(1) 

where βtotal is the full width at half-maximum of the XRD peak, K is the Debye-Scherrer 

constant (~0.94 for spherical NPs), λ is the incident X-ray wavelength, θ is the 

diffraction angle and η is the microstrain parameter. In the case of the internal 

microstrain, the values obtained from the Williamson-Hall plots (Figure S3 in the 

Supplementary Information) for all the samples were lower than 1%, indicating that the 

nanomaterials can be considered strain-free.51,52 

The DXRD values are in accordance with those determined by TEM (Table 1 and 

Figure 2), confirming that the CoxMn1-xFe2O4 particle size decreases from x = 0 to x = 

0.7 and then becomes practically constant. 

Figure 2 

Page 10 of 43Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



11 
 

 

For both MIPA- and NaOH-based materials, the particle size reduction ongoing 

from MnFe2O4 to CoFe2O4 follows a similar profile, suggesting an exponential decay.  

Based on this tendency, for both sets of nanomaterials the DXRD versus x data were 

modeled using an exponential decay function given by: 

cx
ADD

x

exp'
−

+=      (2) 

From Figure 2, a good accordance between the fitted curves and the experimental 

data can be observed. From the fitted values (see Figure 2) we can unveil the physical 

meaning of the different parameters. D’ represents the minimum particle size which can 

be reached during the coprecipitation reaction (3.2 and 9.7 nm for MIPA and NaOH, 

respectively). The decay profile of the curves is expressed by the magnitude of the xc 

parameter. For both sets of nanomaterials synthesized with MIPA and NaOH, the decay 

profiles are almost similar (xc ~ 0.19), which is an evidence that this behavior is 

independent of the alkaline agent. In this context, xc represents the influence of the 

Co(II):M(II) molar ratio on the size of CoxMn1-xFe2O4 MNPs prepared by 

coprecipitation. This finding allows us to conclude that, in the present case, the 

Co(II):M(II) molar ratio is intrinsically responsible for the similar variation of the 

particle size, being independent of the synthesis conditions namely of the type of 

coprecipitation agent. In contrast, the A parameter presents distinct values for both 

MIPA and NaOH sets (6.9 and 21.3 nm, respectively), thus depending on the type of 

coprecipitation agent and, consequently, on the coprecipitation mechanism when using 

distinct alkaline agents.  

Hence, a major breakthrough is that the determination of the D(D’, A, xc) 

dependence as a function of x for a specific base allows a precise control of the particle 
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size experimentally, by selecting the adequate Co(II):M(II) ratio during the 

coprecipitation procedure. 

Finally, it is noteworthy that the ratios between D’MIPA: D’NaOH and AMIPA:ANaOH, 

are ~1:3, revealing that for all CoxMn1-xFe2O4 compositions (x values), the addition of 

MIPA instead of NaOH leads to a 3 times particle size reduction. This outcome can be 

explained by the complexing properties of MIPA combined with its lower basicity (pH 

10−11 versus pH 14 for NaOH aqueous solution). In fact, it has been recently reported 

that the dimensions of simple MFe2O4 MNPs prepared by coprecipitation could be 

greatly reduced when MIPA was employed instead of the inorganic NaOH base or other 

traditional bases reported in literature (e.g. ammonia, tetraalkylammonium 

hydroxides).50,53,54 The alkanolamine not only acts as coprecipitation base but also as 

chelating agent due to its affinity to form coordination compounds with 3d divalent 

cations (coordination of nitrogen and oxygen atoms of MIPA with the subcoordinated 

metal atoms on the MNP surface), restraining the particle growth.50,55  

The lattice parameter of the cubic unit cell, a, was calculated by the Bragg law 

using the (311) reflection (Table 1).56 For both CoxMn1-x_M and CoxMn1-x_Na sets of 

nanomaterials, the a value decreases with the increase of Mn(II) substitution, which is 

in accordance with the tendency reported for their bulk counterparts (8.499 Å for 

MnFe2O4, JCPDS card no. 10-0319 and 8.391 Å for CoFe2O4, JCPDS card no. 22-

1086). This behavior can be directly inferred through the comparison between the 

different diffractograms. All Bragg reflections are shifted towards higher 2θ angles 

ongoing from MnFe2O4 (x = 0) to CoFe2O4 (x = 1), regardless of the base type. This is 

especially noticed for (333) and (440) reflections, as illustrated in Figure 3A for 

CoxMn1-x_M nanomaterials. 

Figure 3 
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When plotting the lattice parameter a as a function of the cobalt content x (Figure 

3B), a linear tendency is observed for both MIPA- and NaOH-based MNPs which 

follows the Vegard’s law.57
 This Vegard-like behavior can be assigned to the 

progressive substitution of Mn(II) ions with larger ionic radii (0.83 Å) by the smaller 

Co(II) cations (0.78 Å), in accordance with literature.37,38,58
 

To provide more insights on the MNPs atomic structure, all the materials were 

characterized by Raman spectroscopy, which is a powerful tool to extract information 

concerning the internal structure and bonding of nanomaterials.59 In particular, Raman 

spectroscopy and/or Mössbauer spectroscopy have been used as complementary 

techniques for the structural characterization of spinel-type nanomaterials, especially 

when the corresponding XRD patterns are similar.59–61 

The Raman spectra of the nanoferrites prepared with MIPA and NaOH are 

presented in Figure 4. As a result of the small particle size, some weak Raman modes 

and peak broadening are observed. Therefore, for a more accurate analysis, all spectra 

were deconvoluted and the obtained results are presented in Table S1 and Figure S4 in 

the Supplementary Information. 

Figure 4 

 

All spectra exhibit the five Raman active phonon modes typical of ferrites with 

spinel-type cubic structure Fd3m: A1g (648–680 cm-1), 3T2g (539–565, 449−471 and 

163−177 cm−1) and Eg (278−293 cm−1).60,62–64 Besides these bands, from the spectra 

deconvolution, two additional Raman active modes are detected around 594–624 cm-1 

and 328–371 cm-1 due to quantum-size effects.60 Since the particles dimensions are 
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significantly smaller than the exciting radiation wavelength, there is a breakdown of the 

momentum conservation law, leading to the appearance of these extra phonon modes. 

For both MIPA and NaOH sets, ongoing from pure MnFe2O4 to pure CoFe2O4, an 

increase of the intensity of the band at ~450 cm-1 relative to those above 600 cm-1 is 

clearly noticed. Additionally, the relative intensity of the band at 649–680 cm-1 versus 

that at 594–624 cm-1 changes, giving rise to a doublet-like shape in Co0.7Mn0.3Fe2O4 and 

CoFe2O4 (Figure 4). 

Several authors assign the T2g mode at 449–471 cm-1 to the local lattice vibrations 

of the ions in the octahedral sites and the bands above 600 cm-1 to A1g(1) and A1g(2) 

modes reflecting the vibrations within tetrahedral sites.65–67 Furthermore, it is stated that 

bulk MnFe2O4 and CoFe2O4, although presenting a spinel structure, differ in the cations 

distribution among octahedral and tetrahedral sites.61 Bulk MnFe2O4 presents a partially 

inverted spinel structure with Mn(II) cations predominantly occupying the tetrahedral 

sites, leading to a low inversion degree (~0.2, i.e. 20% of Mn(II) cations in octahedral 

sites). In contrast, CoFe2O4 presents a significantly higher inversion degree (~0.8), with 

Co(II) cations mainly occupying the octahedral positions and Fe(III) cations distributed 

between the octahedral and tetrahedral ones. 

In this context, the change on the area and intensity of the band related with the 

octahedral sites relative to the bands associated with the tetrahedral A1g modes (A1g(1) 

and A1g(2) bands) ongoing from MnFe2O4 to CoFe2O4 suggests a progressive increase 

of the degree of inversion of the spinel lattice, i.e. a different distribution of the divalent 

and trivalent cations between the tetrahedral and octahedral sites. The A1g splitting also 

suggests the cations migration within both positions.64,68,69 

More remarkably, for the simple nanoferrites, the area ratio between the bands 

associated with the octahedral (AT2g(1)) and tetrahedral sites (AA1g(1)+AA1g(2)), i.e. 
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AT2g(1)/[AA1g(1)+AA1g(2)], is very similar to the corresponding degree of inversion 

predicted for their bulk counterparts, indicating the existence of a relation between these 

two parameters (Figure 5). Consequently, for both MIPA and NaOH series, the 

nanomaterials with x = 0.7 and x = 1 are those that present the highest degree of 

inversion whereas for Mn-enriched MNPs the inversion degree will be lower. 

Figure 5 

 

The importance of Raman spectroscopy to unveil the degree of inversion of 

transition metal ferrites has been highlighted by several authors in the last decade.59,69–71 

However, most of the studies only addressed the case of simple ferrites, whereas 

complete vibrational data for mixed metal oxides is still lacking. Wiglusz and co-

authors prepared a series of simple MFe2O4 (M = Mn(II), Fe(II), Co(II) and Ni(II)) 

nanoferrites and correlated the presence of additional A1g modes in their Raman spectra 

and their relative intensities to the degree of inversion.69 The authors concluded that 

MnFe2O4 presented the lowest site inversion since the secondary A1g mode exhibited 

the lowest intensity. In a similar study, Merino et al. related the multiplicity of the high-

frequency A1g Raman band with the different cation distribution in poly- and single 

crystals of NiAl2O4 spinels.70 The relation between the A1g splitting and the site 

occupancy was recently addressed for the mixed system of zinc-magnesium ferrites, 

ZnxMg1-xFe2O4 (x = 0–1).71  

However, those publications only addressed the inversion degree in terms of the 

differences on the relative intensities of the high-frequency A1g modes. Although the 

changes in the intensity of the T2g mode could be clearly observed in the reported 

Raman spectra, they were neglected. Since the T2g mode at 449–471 cm-1 is assigned to 

vibrations within octahedral sites whereas the A1g modes are associated with vibrations 
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within tetrahedral sites, we highlight that the contribution from the T2g mode should 

also be considered for the analysis of the degree of inversion. In fact, the importance of 

relating both types of vibration modes with the changes in cation occupancy has been 

highlighted by Fuller et al., for the systematic study of the Raman spectra of the 

titanomagnetite series, Fe3–xTixO4 (x = 0.0, 0.2, 0.4, 0.6), which corroborates our 

statements.72 

All the nanomaterials were also characterized by FTIR spectroscopy in order to 

provide additional information concerning their chemical structure and the presence of 

organic groups at their surface. The FTIR spectra of the CoxMn1-xFe2O4 MNPs (Figure 

S5 in the Supplementary Information) exhibit a strong band in the range of 598–578 cm-

1 assigned to MTd–O stretching vibrations of the spinel lattice (MTd = metal ions in 

tetrahedral sites).73–75 The band associated with MOh–O stretching vibrations (MOh = 

metal ions in octahedral sites) could not be detected since it is beyond the detection 

limit of our FTIR equipment (<400 cm-1). Upon the substitution of Mn(II) by Co(II) 

ions (from x = 0 to x = 1), there is a shift of the MTd-O band to higher wavenumbers 

(from 578 to 593 cm-1 for MIPA series, and from 578 to 588 cm-1 for the NaOH 

congeners). This fact is probably related to differences in the metal cations distribution 

between the tetrahedral and octahedral sites of the ferrites lattice,74 in accordance with 

Raman analysis. 

Additionally, all FTIR spectra present a broad band around 3400–3390 cm-1 and a 

shoulder at ~1595 cm-1 due to O–H stretching and bending vibrations, respectively, of 

surface hydroxyl groups and physically adsorbed water.73,75,76
 Besides these features, 

several bands are detected in the ranges of 3018–2926 cm-1 and 1559–850 cm-1, which 

are assigned to the characteristic stretching and bending vibration modes of TMAOH 
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and/or MIPA (for MIPA-based samples),76–78 indicating their adsorption on the 

nanomaterials surface, in accordance with literature.  

 

3.2 Magnetic properties 

To provide information about the magnetic properties, the magnetization of all 

samples was measured at 300 K as a function of applied magnetic field up to 50 kOe 

(Figure 6). 

Figure 6 

 

Since the room temperature M(H) curves present unsaturated behavior due to 

thermal fluctuations, the MS values reported in Table 2 were calculated by extrapolation 

of M vs. 1/H (H→∞). Moreover, absolute MS values arising from the contribution of the 

inorganic magnetic component (MS
inorg) were determined (Table 2), taking into account 

the diamagnetic organic content quantified by TGA (see values in Table 1). 

Table 2 

 

The M(H) curves of the samples synthesized with the alkanolamine (Figure 6A) 

reveal the absence of coercive field (HC) and remanent magnetization (MR), indicating 

that the nanomaterials are superparamagnetic at room temperature. In contrast, the 

CoxMn1-x_Na counterparts are ferromagnetic at the same temperature as revealed by 

non-zero HC and MR values (Figure 6B), which highlights the advantages of MIPA as 

coprecipitation agent to prepare nanomaterials with superparamagnetic properties. 

Since the MIPA-based nanomaterials are superparamagnetic at room temperature, 

they can be interpreted as simplified systems of non-interacting magnetic monodomains 

with uniaxial anisotropy. In this context, it is possible to determine their magnetic core 
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size, size distribution and effective magnetic moment, by fitting the M(H) curves with 

the Langevin law:79 

µµ
µ

µ
µ df

H

Tk

Tk

H
THM )(coth),( B

B
∫ 










−







=     (3) 

where µ is the magnetic moment per particle, T is the temperature, kB is the Boltzmann 

constant and f(µ)dµ represents the log-normal distribution of magnetic moments directly 

arising from the particle size distribution.  

The obtained magnetic monodomain dimensions (DLan) and effective magnetic 

moments (MS
Lan) are summarized in Tables 1 and S2 in the Supplementary Information, 

respectively. The DLan values are in accordance with those estimated by XRD, albeit 

being slightly higher due to the existence of magnetic dipolar interactions and/or 

anisotropy effects.80–82 The saturation magnetization values resulting from Langevin 

analysis are also comparable to those obtained by extrapolation of M vs. 1/H (H→∞). 

For the MIPA-based series, the MS values at 300 K reveal that the nanomaterials 

with higher Mn(II) content present the highest magnetic response (MS
inorg ~ 60.7 and 

67.5 emu g-1 for Mn_M and Co0.3Mn0.7_M, respectively). On the other hand, for 

CoxMn1-x_Na set, Co0.7Mn0.3_Na exhibits the highest MS. However, since the magnetic 

properties are strongly dependent on the particle size and, consequently, on the surface 

area to volume ratio, for a direct comparison between the magnetic properties of the 

nanostructures prepared with the different bases, the MS/DXRD values should be 

compared instead. In particular, this relation between MS (near room temperature) and 

particle size is of tremendous importance for biotechnological applications  to evaluate 

the nanomaterials performance.20,21,83 In this context, the MS/DXRD values as a function 

of x were determined and are plotted in Figure 7. For both CoxM1-x_M and CoxMn1-

x_Na sets, the results follow similar trends, with Co0.7Mn0.3Fe2O4 presenting the highest 
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MS/DXRD values. Interestingly, the AT2g(1)/[AA1g(1)+AA1g(2)] ratio determined from Raman 

analysis (Figure 5) exhibited a similar tendency. This resemblance suggests a relation 

between the magnetic properties and the ferrites cation distribution.  

Figure 7 

 

To provide a thorough understanding of the magnetic properties nature of the 

room temperature superparamagnetism of the nanomaterials prepared with MIPA, M(H) 

measurements at 5 K were performed (Figure 8) in order to neglect the contribution 

from spin wave thermal fluctuations.  

Figure 8 

 

From the M(H) curves at 5 K, it is observed that all the CoxMn1-x_M 

nanomaterials present a large magnetic hysteresis at that temperature typical of 

ferromagnetic nanoparticles in a blocked state. Moreover, the MS values at 5 K decrease 

with the increase of Co content. This progressive reduction arises from the substitution 

of Mn(II) with S = 5/2 by Co(II) with S = 3/2 and and from the contribution of surface 

effects that are intrinsic to the scaling down of the nanomaterials dimensions (from 10 

nm to 4 nm ongoing from x = 0 to x = 1, respectively). More importantly, when 

normalizing the Ms values at 5 K to DXRD we achieve a similar tendency to that 

observed at 300 K, with the Co0.7Mn0.3Fe2O4-based nanomaterials presenting the highest 

MS/DXRD values (Figure 9A). 

Figure 9 

 

For both MIPA and NaOH sets of nanomaterials, the coercive field (HC) values 

measured at 5 K increase ongoing from x = 0 to x = 1 (Figure 9B), which is related with 
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the enhancement of the effective anisotropy constant (Keff) arising from the progressive 

Mn substitution by Co within the nanoferrite (Keff ~104 erg cm-3 and ~106 erg cm-3 for 

bulk MnFe2O4 and CoFe2O4, respectively).79 The particle size also plays an important 

role in Keff adding a surface contribution as expressed by the following equation: 

Keff  = Kbulk + KS/D     (4)  

From Figure 9B, when comparing the HC values of MIPA and NaOH-based 

MNPs, although they follow the same tendency upon Mn substitution by Co, for each x 

composition the MIPA-based nanomaterial presents systematically higher HC than the 

NaOH analog due to its significantly smaller particle size. This is especially highlighted 

in the case of x = 1, where the HC values of Co_M and Co_Na present the highest 

discrepancy, due to the significant difference between their particle size. In this context, 

the particle dimensions have a dominant role on the Keff values, and consequently, on 

the corresponding HC. Since MIPA-based nanomaterials present smaller size than the 

NaOH congeners, the second term of eq. 4 (surface contribution) will dominate Keff. 

In the case of the superparamagnetic MIPA-based nanomaterials, the blocking 

temperature values (TB) were estimated from the M(T) curves in the range of 5 to 370 K 

in the ZFC and FC regime (Figure 10), through the derivative maximum of the 

difference between the ZFC and FC curves. A progressive decrease of TB can be 

observed from x = 0.3 to x = 1 (Figure 9B), which is opposite to what would be 

expected when considering only the magnetocrystalline anisotropy trend since TB ∝ 

Keff.D
3. Nevertheless, as Song and co-authors recently reported,22 this tendency is only 

valid if the particle dimensions remain constant regardless of the Co-Mn stoichiometry. 

This allows to conclude that it is the mean size of MIPA-based MNPs that is playing the 

major role on the observed TB vs. Co content behavior (Figure 9B). The Mn_M sample 

is an exception to this trend since it presents the lowest TB (estimated by the M(H) at 
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different temperatures, not shown). Still, we remark that among the MIPA series, 

Mn_M is the nanomaterial with the largest diameter (~10 nm) and thus its TB value will 

be constrained by the Keff contribution (which is 2 orders of magnitude lower than that 

of CoFe2O4 for bulk ferrite counterparts). In the case of the NaOH samples, their 

ferromagnetic nature at room temperature only arises from their significantly larger 

particle size (up to 3 times).  

 

Figure 10 

 

Finally, an additional feature – kink – is observed in the low temperature M(H) 

curve of all the Co-containing NaOH-based samples (x = 0.3 to 1, Figure S6 in the 

Supplementary Information), whereas in the case of the MNPs prepared with MIPA 

they were absent except for Co_M (Figure 8D) which presents an almost insignificant 

kink. Similar features were reported by Zeng et al.,84 for a Fe3O4-Fe58Pt42 

nanocomposite, where they were assigned to the spatial segregation of Fe58Pt42 and 

Fe3O4, resulting in the formation of large Fe particles, which was expressed in a two-

phase behavior in the hysteresis loop. In our work, the detailed structural 

characterization of the samples (by XRD, Raman spectroscopy and TEM) revealed that 

both MIPA- and NaOH-based nanomaterials presented similar properties with no 

evidence of core-shell like structure or phase segregation. Therefore, we attribute the 

kinks in the M(H) curves of the NaOH-based materials at 5 K to the larger particle size, 

which leads to clustering, resulting in a two-phase behavior in the hysteresis loop. In 

contrast, in the case of MIPA, this effect is not perceptible, probably due to the particle 

size reduction combined with the existence of MIPA coordinated to the surface of the 

nanoparticles, which prevents the clustering effect. These results thus suggest that the 
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replacement of NaOH by the chelating base not only has an important role on the 

particles size reduction but also on the control of the magnetic anisotropy. 

 

4.  Conclusions 

Novel mixed CoxMn1-xFe2O4 MNPs with tailored particle size, inversion degree 

and saturation magnetization were produced for the first time by a one-pot eco-friendly 

coprecipitation process. Through the joint conjugation between M(II) substitution and 

base type, a fine-tuned control of particle dimensions ranging from 3 to 31 nm and of 

MS from 57 to 71 emu g-1 was achieved at room temperature. Additionally, the use of 

the alkanolamine MIPA agent instead of NaOH boosted a switch of the magnetic nature 

of the nanomaterials from ferromagnetic to superparamagnetic at room temperature. 

Furthermore, at low temperatures the MIPA base promoted the tuning of the magnetic 

coercivity through the enhancement of the surface anisotropy constant contribution to 

Keff as a result of the size reduction.    

Finally, a correlation between MS/D and the Co content was established for both 

MIPA- and NaOH-based nanomaterials, with MIPA promoting an enhancement of 

MS/D up to 2.8 times at room temperature, with Co0.7Mn0.3_M and Co_M presenting the 

highest MS/D values and simultaneously superparamagnetic properties. This 

architectured design is a crucial stepping stone for diversified technological 

applications. In particular, the superparamagnetism combined with optimized MS/D 

values is highly desirable for biomedical purposes such as MRI and magnetic 

hyperthermia since it can reduce the required nanoprobe dosage level while preventing 

the MNPs aggregation in dispersion arising from magnetic dipolar interactions.  
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Captions for Figures 

 

Figure 1. TEM micrographs of (A) Co0.3Mn0.7_M and (B) Co0.7Mn0.3_M. 

Figure 2. Particle size (determined by XRD) as a function of the cobalt content for 

CoxMn1-xFe2O4 synthesized with (�) MIPA and (�) NaOH. The solid 

lines represent the fitting obtained from equation (2). 

Figure 3. (A) XRD patterns of CoxMn1-x_M nanomaterials in the 2θ range of  55–

68º, highlighting the shift of the (333) and (440) Bragg reflections 

towards higher 2θ values upon the increase of Co(II) content. (B) Lattice 

parameter, a, as a function of the cobalt content for CoxMn1-xFe2O4 

MNPs synthesized with (�) MIPA and (�) NaOH. The lattice 

parameters of bulk MnFe2O4 (JCPDS card no. 10-0319) and CoFe2O4 

(JCPDS card no. 22-1086) are also presented for comparison (�). 

Figure 4.   Raman spectra of CoxMn1-xFe2O4 prepared with (A) MIPA and (B) 

NaOH in the 1000–150 cm
-1
 range.  

Figure 5. Area ratio between the bands associated with the octahedral and 

tetrahedral sites AT2g(1)/[AA1g(1)+AA1g(2)] as a function of cobalt content. 

Figure 6. (A) Room temperature M(H) curves of CoxMn1-x_M samples; solid lines: 

Langevin fits of M(H) curves. (B) Room temperature M(H) curves of 

CoxMn1-x_Na; inset: magnified M(H) curves.  

Figure 7. Room temperature saturation magnetization (MS) normalized by the 

particle size (determined by XRD) as a function of cobalt content for 

CoxMn1-xFe2O4 synthesized with (�) MIPA and (�) NaOH.  

Figure 8. M(H) curves at 5 K for samples (A) Mn_M, (B) Co0.3Mn0.7_M, (C) 

Co0.7Mn0.3_M and (D) Co_M.  
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Figure 9. (A) TB and MS/DXRD values at 5 K as a function of the cobalt content for 

MIPA-based nanomaterials. (B) HC values measured at 5 K as a function 

of the cobalt content for (�)MIPA and (�) NaOH sets of nanomaterials.  

Figure 10.  ZFC and FC curves measured under an applied magnetic field of 100 Oe 

of samples (A) Mn_M, (B) Co0.3Mn0.7_M, (C) Co0.7Mn0.3_M and (D) 

Co_M. The TB values are highlighted by arrows (see text).  

 

 

 

 

 

Page 31 of 43 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



Figure 1 

 

      

 

 

 

A 

20 nm 20 nm 

B 

Page 32 of 43Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



Figure 2 
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Figure 3 

 

 

 

 

 

 

55 60 65

Co
0.7
Mn

0.3
_M

Co
0.3
Mn

0.7
_M

Co_M

Mn_M

 

In
te
n
s
it
y
 (
a
. 
u
.)

2θθθθ  (º)

(3
3
3
)

(4
4
0
)

A  

0.0 0.2 0.4 0.6 0.8 1.0

8.36

8.40

8.44

8.48

8.52

8.56

 

 

MIPA
NaOH
bulk

a
 (
Å
)

x (cobalt content)

B

Page 34 of 43Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



Figure 4 

     

1000 900 800 700 600 500 400 300 200

In
te
n
s
it
y
 (
a
.u
.)

P
1 E

g

T
2
g
(3
)

T
2
g
(2
)

T
2
g
(1
)A
1
g
(1
)

A
1
g
(2
)

 Co_M
 Co

0.7
Mn

0.3
_M

 Co
0.3
Mn

0.7
_M

 Mn_M

 

Raman shift (cm
-1
)

A

1000 900 800 700 600 500 400 300 200

 

Raman shift (cm
-1
)

P
1 E
g

T
2
g
(3
)

T
2
g
(2
)

T
2
g
(1
)A
1
g
(1
)

A
1
g
(2
)

 Co_Na
 Co

0.7
Mn

0.3
_Na

 Co
0.3
Mn

0.7
_Na

 Mn_Na

In
te
n
s
it
y
 (
a
.u
.)

B

Page 35 of 43 Journal of Materials Chemistry C

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
C

A
cc

ep
te

d
M

an
us

cr
ip

t



Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figure 10 
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1 

 

Table 1. Chemical, morphological and structural properties of CoxMn1-xFe2O4 nanoferrites 

Sample 
AASa DTEM 

(nm)b 

σTEM 

(nm)c
 

DXRD 

(nm)d 

a  

(Å)e 

DLan 

(nm)f 

Total weight 

loss (%)g nCo(II)/nM(II) nM(II)/nFe(III) 

Mn_M 0.00 0.38 8.9 0.4 10.0 8.48 11.3 6.4 

Co0.3Mn0.7_M 0.36 0.44 6.7 0.4 5.5 8.46 6.2 10.1 

Co0.7Mn0.3_M 0.73 0.38 4.6 0.3 3.0 8.42 4.5 13.7 

Co_M 1.00 0.41 4.3 0.3 3.6 8.40 4.1 14.9 

Mn_Na 0.00 0.42 n.d.
 

n.d. 31.0 8.51 − 6.3 

Co0.3Mn0.7_Na 0.37 0.43 14.4 0.4 13.8 8.48 − 7.1 

Co0.7Mn0.3_Na 0.75 0.42 9.4 0.5 9.8 8.42 − 5.8 

Co_Na 1.00 0.46 n.d. n.d. 10.0 8.41 − 7.4 

a
 Molar ratios determined by AAS. nM(II) = nCo(II) + nMn(II). 
b
 Average particle size estimated from TEM images, assuming log-normal size distributions; n.d., not determined. 
c Standard deviation values obtained from the analysis of TEM images; n.d., not determined. 
d
 Average crystallite size estimated by XRD, using the Williamson-Hall relation. 
e
 Lattice parameter determined by XRD, using the Bragg law.  
f
 Magnetic core diameter obtained by Langevin fits of the M(H) curves. 
g Total weight loss quatified by TGA. 
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2 

 

Table 2. Room temperature magnetic parameters of CoxMn1-xFe2O4 (x = 0, 

0.3, 0.7, 1) nanoferrites  

Sample 
MS  

(emu g-1)a
 

MS
inorg  

(emu g-1)b 

HC 

(Oe) 

Mn_M 56.8 60.7 

~0 
Co0.3Mn0.7_M 60.6 67.5 

Co0.7Mn0.3_M 49.4 57.3 

Co_M 49.8 58.5 

Mn_Na 62.1 66.3 39 

Co0.3Mn0.7_Na 62.8 67.6 120 

Co0.7Mn0.3_Na 67.3 71.4 170 

Co_Na 59.1 63.8 410 

a 
Saturation magnetization values obtained from 1/H extrapolation. 

b Saturation magnetization values upon TGA correction.  
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