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Lattice Strain of Zn-Mn Mixed Ferrite Nanocrystals in a Core-Shell Morpho-Chemical 
Structure

F. H. Martinsa, b* , V. Pilatia, c, F.L.O. Paulaa, b, R.C. Gomesd, R. Perzynskib, J. Depeyrota

aUniversidade de Brasília (UnB), Instituto de Física, Grupo de Fluidos Complexos, 70919-970, 
Brasília, DF, Brasil.

bSorbonne Université CNRS, Laboratoire PHENIX, UMR 8432, 4, Place Jussieu, 75005, Paris, France.
cUniversidade de Brasília (UnB), Laboratório de Nanociência Ambiental e Aplicada,  

Brasília, DF, Brasil.
dUniversidade Federal de Santa Catarina (UFSC), Departamento de Física, 88040-900,  

Florianópolis, SC, Brasil.

Received: November 23, 2021; Revised: January 31, 2022; Accepted: February 03, 2022

In this work, the crystalline structure, chemical composition, size, and morphology of core@shell 
nanoparticles based on Zn-Mn ferrite nanocrystals were investigated. These materials have been proposed 
as promising candidates for multifunctional applications in biomedicine, catalysis, environmental 
remediation, among others. Those properties were probed by using several experimental techniques 
such as Synchrotron X-Ray Diffraction, Energy-Dispersive X-ray Spectroscopy, Transmission Electron 
Microscopy and Selected Area Electron Diffraction. Results show that all synthesized nanoparticles 
present a single crystalline spinel phase without the appearance of undesirable byproducts. The 
nanoparticles present a non-stoichiometric Zn-Mn ferrite core, due to a Fe enrichment and a Zn loss 
with respect to the synthesis medium. The surface treatment of the nanoparticles induces a greater 
iron enrichment, which occurs at the nanoparticles surface without changing the crystalline structure. 
Finally, modifications in lattice parameters and strain suggest a contribution of the Mn2+ cations, 
mainly related to their easy oxidation in the synthesis route, which increases the structural vacancies 
of Mn-richer ferrites.
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1. Introduction
Nanoparticles (NPs) based on iron-oxides nanocrystals have 

been probed as multifunctional tools for several applications 
in the biomedical field1-5, agriculture6-8, environmental 
remediation9-12, catalysis13-15, among others. These applications 
are conceived through the design of physical properties, 
which can be achieved by performing adjustments on the 
chemical composition of the ferrites, modifying physical 
properties such as the size of the nanocrystals, crystalline 
structure, and cation distribution.

Doped ferrites NPs have been prepared and investigated 
by many authors due to opportunity of modulating their size 
and morphology16-18, structural13,14,19-22, dielectric23,24 and 
magnetic properties25-29 by chemical composition of the NPs 
and the synthetic route. They have been prepared by several 
techniques including hydrothermal coprecipitation17,18,30, 
polyol synthesis13, thermal decomposition26,31, combustion 
method19, sol-gel auto-combustion method25,32, among others.

Ferrite nanocrystals doped with Zn are a good example 
of multifunctional nanomaterials, with highly adjustable 
properties through the Zn content incorporated into the 
crystalline structure33. For instance, the introduction of 
non-magnetic Zn2+ ions into the crystalline structure of Mn 

and Co ferrites leads to modifications in thermomagnetic 
properties18, with a reduction of Curie temperature18,34-36. This 
feature is promising to achieve a temperature self-regulating 
approach in magnetic hyperthermia applications18,37,38.

Nanoparticles can be coated/functionalized by using 
different compounds, including biocompatible polymeric 
molecules4,39-41, as well as additional layers of inorganic 
materials, such as metallic oxides18,42,43, both aiming to 
enhance their properties and applications42,44,45. Besides its 
functionalization, the coating of magnetic nanoparticles with 
polymers and/or a surface charge density makes it possible 
to obtain magnetic fluids with colloidal stability, preventing 
NPs from aggregation. For instance, the strategy of covering 
MFe2O4 ferrite nanoparticles (M being a divalent d-block 
metal, such as Mn2+, Fe2+, Co2+, Ni2+, Cu2+, Zn2+) with a 
maghemite shell (γ-Fe2O3) has been used to achieve greater 
chemical stability of NPs in acidic medium, preventing the 
NPs chemical dissolution due to the acidic attack46. This 
approach makes it possible to disperse NPs in aqueous media 
with acidic pH, leading to electric double-layer magnetic 
fluids (EDL-MF)46-48, and also modifies the magnetic and 
structural properties of the nanoparticles. In fact, such NPs 
are usually described in a core@shell framework18,49, where 
the physical properties are resulting from both core and shell 
structures, as well as the interface between them. In the case *e-mail: nandofisunb@gmail.com
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of bi-magnetic core@shell nanoparticles (CS-NPs), it is 
possible to combine different magnetic phases in order to 
emphasize their global magnetic behavior43,45,50,51. Hence, a 
profound knowledge of their structural properties is imperative 
and has raised a lot of interest in the nanotechnology field 
in the past years.

In this paper, we investigate the structure and morphological 
properties of colloidal NPs based on Zn-doped Mn ferrites 
covered by a thin maghemite shell. Such NPs are known 
as promising nano-heaters in magnetic hyperthermia18. 
The colloidal stability in such aqueous dispersions is 
obtained thanks to an electrostatic potential induced by a 
NP charge density which is shielded by counterions in the 
medium52,53. However, the resulting core@shell structure leads 
to modifications in structural, morphological, and physical 
properties of the NPs. Then, we investigate such colloidal 
nanocrystals by using several electronic microscopy and 
synchrotron radiation techniques, such as local energy-dispersive 
X-ray spectroscopy, X-ray diffraction, transmission electron 
microscopy, and electron diffraction.

Hereafter we first present the materials and methods 
used in the present work, before to describe and discuss 
the obtained results and analyze the structural evolution 
of the bare and of the core@shell NPs with the introduced 
Zn content.

2. Materials and Methods

2.1. Chemical synthesis and chemical analysis
In this work we consider bi-magnetic core@shell 

nanoparticles (CS-NPs) based on Zn-doped Mn ferrites 
cores covered by a maghemite shell, presenting a chemical 
composition portrayed as ZnyMn(1-y)Fe2O4@γ-Fe2O3 (where 
y is the Zn content). Such NPs are obtained by a two-step 
synthesis procedure, which consists in an hydrothermal 
co-precipitation route followed by a surface treatment, that 
can be described as follows:

•  First, ZnyMn(1-y)Fe2O4 nanocrystals are obtained 
from the polycondensation reaction of a mixture 
of Fe3+, Zn2+, and Mn2+ cations (0.5 mol/L aqueous 
solutions) in a sodium hydroxide (NaOH - 2 mol/L) 
at boiling point (~ 100 ºC) and constant stirring. The 
imposed cations Zn:Mn:Fe volume proportion was 
y:(1-y):2 where y is the zinc content and it varies 
from 0.1 to 0.9, leading to samples named as ZM1 
to ZM9, respectively.

•  The core@shell structure arises from the surface 
treatment procedure, which is divided into two 
other steps. First, the magnetic precipitate is washed 
with nitric acid (HNO3 – 2 mol/L) to inverse the 
surface charge of the NPs. Then, a hydrothermal 
surface treatment is carried out with ferric nitrate 
(Fe(NO3)3 – 0.5 mol/L) to incorporate Fe3+ ions 
into the NPs surface. Such procedure induces a 
thin maghemite shell that covers the mixed-ferrite 
core. After the surface treatment, the NPs were 
dispersed in aqueous media with pH ~ 2 after a 
fine adjustment of ionic strength and pH, leading 
to EDL-MF with long-term colloidal stability52.

All chemicals we used in this study were of analytical 
grade and were used without further purification. They 
were: iron(III) chloride hexahydrate (FeCl3·6H2O ≥ 98%), 
iron(III) nitrate nonahydrate (Fe(NO3)3·9H2O ≥ 98%), 
manganese(II) chloride tetrahydrate (MnCl2·4H2O ≥ 98%), 
zinc(II) chloride anhydrous (ZnCl2 ≥ 98%), sodium hydroxide 
(NaOH ≥ 97%), and nitric acid (HNO3 > 65%), both purchased 
from Sigma-Aldrich. All solutions were prepared by using 
deionized type I water.

The chemical composition of the NPs is investigated 
by the determination of Zn, Mn, and Fe fractions in each 
synthesis step, by using energy-dispersive X-ray spectroscopy 
(EDX). Measurements are obtained with a Shimadzu EDX 
720HS Spectrometer. In addition, magnetic fluids are also 
investigated with Flame Atomic Absorption Spectroscopy 
(AAS) using a Thermo Scientific Spectrometer model S series 
AA. In this case, specific lines are chosen for each metal 
to avoid any interference effects: Fe (248.3 nm/372.0 nm), 
Mn (279.5 nm), and Zn (213.9 nm). Both measurements are 
performed at Universidade de Brasília (UnB).

2.2. X-ray powder diffraction measurements
All samples, bare-core NPs and CS-NPs, are probed by 

X-ray diffraction (XRD) to follow the structural modifications 
resulting from the substitution of Mn cations to Zn ones. 
The measurements are carried out in powder form, which is 
obtained after the evaporation of the liquid phase (solvent) 
of magnetic fluids. The experimental data are collected at 
D12A-XRD1 beamline of Brazilian Synchrotron Light Source, 
with a monochromatic beam with 6.99 keV (λ = 1.77155 Å) 
in the 2θ range of 15°−120°, at room temperature, with an 
approximate area of 3 mm2. Diffraction patterns are obtained 
typically within intervals scanned with an angle step of 0.1º. 
In addition, in the case of ZM2, ZM5, and ZM8 samples, 
XRD is also performed right after the coprecipitation step 
(before the surface treatment). In this case, measurements 
are performed using a D8 Focus (Bruker) diffractometer 
(Cu-Kαav radiation with λ = 1.54184 Å) in the 2θ range of 
20°−80°, installed at UnB.

The lattice parameter ⟨a⟩, and the interplanar distances 
are obtained from Bragg’s law and compared with the 
bulk standard data presented by the International Centre 
for Diffraction Data (ICDD no. 98-002-8512 to -8516). 
The crystalline diameter Sch

rxD  of the CS-NPs is estimated 
by applying Scherrer’s formula 0.9 / cosSch

xrD λ β θ=  to the 
most intense peak, λ being the X-ray wavelength and β 
the full width at half of the maximum intensity (FWHM) 
of the most intense diffraction peak (311) - the intrinsic 
width is discounted using a Si standard. In addition, the 
volume-weighted crystallite size WH

xrD  is also determined 
using the method proposed by Williamson & Hall (WH)54, 
applying the formula cos 0.9 /  4 sinWH

hkl hkl xr hklDβ θ λ ε θ= + , 
hklβ  being the line broadening for each Bragg plane and 

ε  the deformation induced in powders due to the crystal’s 
imperfection and distortions, so-called strain. Diffraction 
lines are then fitted by using a Pseudo-Voigt function55,56 and 
therefore the broadening is corrected by using the equation 

( ) ( )
1/2

2 2
0 0i iβ β β β β

 
= − − 
 

, with iβ  and 0β  the instrumental 

and the measured contributions, respectively. The determination 



3Lattice Strain of Zn-Mn Mixed Ferrite Nanocrystals in a Core-Shell Morpho-Chemical Structure

of the mean size of the nanoparticles by using WH method 
was also adopted by other authors57.

2.3. High-Resolution transmission electron 
microscopy and specific area electron 
diffraction measurement

Transmission Electron Microscopy and High-Resolution 
Transmission Electron Microscopy (TEM/HRTEM) images 
of the synthesized NPs are acquired by using a JEOL 
JEM2010© microscope operated at 200 kV with λ = 0.025 Å. 
By performing some optical changes on the device, it is 
possible to obtain high-resolution images highlighting the 
reciprocal plans of the samples. The measurements are 
obtained at the Plateforme de Microscopie Électronique en 
Transmission de la Faculté des Sciences, Campus Pierre et 
Marie Curie, Sorbonne Université - (SU). All samples are 
prepared by using the same standard procedure: a drop of 
diluted ferrofluid is deposited on a small copper grid covered 
by carbon, with a zone of approximately 3mm2. After total 
evaporation of the liquid, a thin layer of NPs (usually less 
than 100 nm thick) is formed over the substrate. Then, 
the sample is subjected to microscopy, and the obtained 
micrographs are analyzed using ImageJ© software. After 
TEM images are collected, we select a specific area of the 
micrograph of each sample to perform the electron diffraction 
measurements, obtaining a bi-dimensional ring pattern. Each 
ring is related to a family of crystallographic plans of the 
sample that scatters the incident beam. We used Diffraction 
Ring Profiler© software58 to investigate the obtained 2D 
patterns. Therefore, we obtain electron diffraction spectra, 
and we determine the inter-planar distances and index the 
rings by comparing the inter-planar distances with ICDD data.

3. Results and Discussion

3.1. Chemical characterization of CS-NPs based 
on mixed ferrites cores

We synthesized CS-NPs based on mixed Zn-Mn ferrites 
cores, with different Zn/Mn proportions, covered by a 
maghemite shell. The NP’s core stoichiometry is determined 

from Zn, Mn, and Fe concentrations, obtained by EDX 
measurements, and by considering the ferrite electroneutrality18. 
As discussed ahead, two mechanisms contribute to an excess 
of positive charges in our ferrite NPs. In brief, a Zn2+ fraction 
being replaced by Fe3+ cations and the oxidation of Mn2+ 
cations in Mn3+ or Mn4+, which commonly occurs during 
synthesis in alkaline medium due to the high concentration 
of oxygen in the medium59-63, both contribute to the ferrite 
oxidation. In a previous paper, we used X-ray absorption 
spectroscopy technique to investigate the local structure of 
Mn-ferrite based core@shell NPs synthesized by using the 
same chemical procedure as the one used here59. We found 
a Mn mean valence of 2.9 in bare NPs instead of 2 as first 
expected. Then, here we determine the stoichiometry of NP’s 
core by using a similar valence value, assuming the chemical 
formula Zn2+

yMn2.9+
zFe3+

(3-y-z)O
2-

4+δ (y and z being the real Zn 
and Mn content, respectively, and δ is an oxidation parameter 
used to balance the extra electropositive charge per formula 
unit - see Table 1 for the denomination of the various ZMi 
samples). However, the oxidation in nanomaterials usually 
occurs in high pressure/temperature pathways64, which is not 
our case here. Thus, the excess oxygen represents cationic 
vacancies randomly distributed in the spinel structure and 
the stoichiometry is therefore renormalized considering a 
close-packed arrangement of 32 oxygen anions18.

By using EDX results we also calculate the fraction of Zn2+ 
and Mn2+ into the ferrite ( ) ( )/M Mn Zn Fe Mn Znχ = + + +                    
at all synthesis steps. The results are depicted in Figure 1. 
Right after the coprecipitation step (bare NPs), we obtain 

Mχ  values lower than that of stoichiometric MFe2O4 ferrite 
(see Figure 1), which is equal to 0.333. This is caused by a 
Zn2+ loss and a Fe3+ enrichment during the coprecipitation. 
This effect is enhanced as the Zn content increases, and is 
resulting from the strong alkaline pH of coprecipitation18. 
After the hydrothermal surface treatment with ferric 
nitrate, Mχ  diminishes even more, emphasizing the Fe3+ 
incorporation into the NPs surface, and therefore leading to 
the core@shell structure. Indeed, in previous studies18,52, the 
core@shell morpho-chemical structure of the ZM5 sample 
has been proven by using Scanning Transmission Electron 
Microscope (STEM) with an EDX analyzer, which quantified 
the chemical composition of both core and shell phases of 
the NPs. In addition, the surface treatment procedure also 

Table 1. Characteristics of the CS-NPs based on mixed Zn-Mn ferrites. stoichiometry of NPs’ core (before surface-treatment), δ is the 
oxidation parameter, /sΦ Φ is the volume ratio of the shell and the whole particle after surface treatment, tsh is the thickness of the 
surface layer (shell), Dxr

WH and ε are the XRD crystalline diameter and lattice strain, both obtained from Williamson-Hall plot, DTEM is 
TEM characteristic diameters, and σ is the polydispersity index.

Sample Core 
Stoichiometry# δ# /sΦ Φ (%) tsh (nm) Dxr

WH (nm) ε (x10-3) DTEM
# (nm) σ#

ZM1 Zn0.10Mn0.81Fe1.82O4 0.40(1) - - 43.6(5) 3.7 16.1(5) 0.46(3)
ZM2 Zn0.17Mn0.681Fe1.90O4 0.37(1) 17.3 0.47(1) 19.3(3) 2.8 9.2(1) 0.30(1)
ZM3 Zn0.23Mn0.61Fe1.93O4 0.34(1) 25.5 0.57(1) 11.3(4) 1.6 8.8(2) 0.39(2)
ZM4 Zn0.31Mn0.52Fe1.95O4 0.30(1) 29.6 0.61(1) 9.9(4) 0.4 6.2(1) 0.38(2)
ZM5 Zn0.31Mn0.47Fe2.01O4 0.31(1) 22.5 0.47(1) 9.3(3) 0.1 7.4(1) 0.35(1)
ZM6 Zn0.42Mn0.37Fe2.04O4 0.24(1) 28.6 0.49(1) 8.1(4) 0.5 5.9(1) 0.38(1)
ZM7 Zn0.39Mn0.30Fe2.13O4 0.26(1) 27.7 0.52(1) 9.7(3) 0.6 4.5(1) 0.36(1)
ZM8 Zn0.64Mn0.18Fe2.07O4 0.15(1) 42.6 0.83(1) 9.8(3) 0.8 4.9(1) 0.32(1)
ZM9 Zn0.62Mn0.10Fe2.16O4 0.17(1) 43.6 0.73(1) 7.5(3) 0.1 5.3(1) 0.41(1)

#see Supporting Information of Pilati et al.18.
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induces the removal of mis-coordinated divalent cations from 
the surface, which also contribute to the reduction of Mχ 49.

From AAS measurements of dispersed CS-NPs in aqueous 
media (EDL-MF) we determined the volume ratio of the 
shell and of the whole CS-NP (Фs⁄Ф) and the thickness of 
the maghemite layer (e). Calculations were made by using 
a core@shell model49 for non-stoichiometric cores and 
considering previously estimated density values for the 
correspondent ferrites18.

3.2. Morphological characterization of CS-NPs
Figure 2 depicts TEM images of representative CS-NPs 

samples (ZM4 and ZM7). A first look at TEM micrographs 
(Figures 2A, 2B, 2C, and 2D) allows us to conclude that most 
of the particles are approximately round and homogeneous, 
i.e., the particles do not present holes or discontinuities. 
In addition, the absence of subproducts from the synthesis 
steps corroborates the results which are obtained from X-ray 
diffractogram analysis, as we discuss in next section. Also, 
we observe that the particles present a strong tendency to 
aggregate, which is due to magnetic dipolar interactions 
between them52,65.

For all samples investigated, we measure the diameter 
of ~ 600 non aggregated NPs to obtain its size distribution. 
The obtained histograms (see Figures 2E and 2F) present a 
size distribution profile well-fitted by a log-normal probability 

function ( ) ( )2
0

2
ln /1 exp

2 2

D D
P D

Dπ σ σ

 − =
 
 

, 0D  and σ  

being the characteristic diameter and the standard deviation 
of the diameter logarithm (polydispersity), respectively. 
The obtained characteristic TEM diameters 0TEMD D=  and 
polydispersity index σ  are presented in Table 1. We find 
that the characteristic diameter of the particles is dependent 
on Zn content in the structure of NPs.

3.3. Crystalline structure of CS-NPs
The X-ray diffractograms of CS-NPs of representative 

samples are shown in Figures 3A and 3B. All samples 

Figure 1. Fraction of Zn and Mn metals into the NPs structure, deduced 
from EDX measurements, as a function of nominal Zn content. 
(I) First, in the dark blue region, right after the coprecipitation, the 
reduction in Mχ  (open square symbols) is related to a Zn loss and 
Fe enrichment into the NP’s core structure, and (II) in the light blue 
region after the surface treatment, the Mχ  reduction (open circle 
symbols) is related to the maghemite shell formation.

Figure 2. A and B - TEM micrographs for CS-NPs samples (ZM4 and ZM7, respectively). C and D - HRTEM of a representative NP 
from ZM4 and ZM7 samples. In both C and D figures, the inset depicts the FFT analysis and the correspondent identification of the 
crystallographic plane. E and F figures present the size distribution histograms of ZM4 and ZM7 CS-NPs, both well fitted by a log-normal 
probability function.
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we investigated presented similar spectra. The diffraction 
peaks are broad, which is due to the nanometric size of 
the analyzed materials. Using Bragg’s law and the cubic 
symmetry equation it is possible to index the diffraction 
peaks, and then comparing the results with ICDD data, it is 
possible to conclude that the structure of our nanocrystals 
corresponds to a pure cubic spinel structure. Moreover, 
direct analysis of Figure 3A allows us to conclude that the 
progressive substitution of Mn cations to Zn ones does 
not provoke changes in the structure of the material, and 
there is no occurrence of peaks that do not correspond to 
the Jacobsite structure, i.e., as the Zn cations are added, 
they are incorporated in the structure of the ferrite. Before 
the surface treatment procedure (bare NPs), we observe a 
similar diffraction profile, without the presence of secondary 
crystalline phases (see Figure 3A).

The crystallinity of our CS-NPs is also verified by 
SAED in TEM measurements (see Figure 3C, 3D, and 3E 

for a representative sample). The electronic diffractograms 
(see Figure 3D) resulting from the processing of the two-
dimensional patterns (Figure 3C) present a q dependence 
(wave vector), where the peak positions are related to the 
interplanar distances (dhkl). We observe that peaks are in the 
same positions, suggesting that all samples have similar 
symmetry and structure, which correspond to spinel structure 
following XRD data.

A quantitative analysis of the X-ray diffractograms allows 
us to extract information about the crystalline diameter 
of the nanoparticles and the lattice parameter (results in 
Figures 4). The former is related to the width of the diffraction 
peak, while the latter to the Bragg angle of the reflection 
peak (and therefore, interatomic distances). However, an 
inhomogeneous strain can also lead to an enlargement of 
the powder diffraction lines. Thus, we used WH plots to de-
convolute such contributions (see Figure 4B). The results 
are depicted in Figures 4A, 4B and 4C.

Figure 3. A. X-ray diffractograms of representative CS-NPs based on Zn-Mn mixed ferrite right after the coprecipitation (bare NPs) and 
B. after the surface treatment (CS-NPs). All samples presented similar spectra with a single crystalline phase. C. Selected area to perform 
the electron diffraction measurements of ZM1 sample, D. 2D pattern obtained from electron diffraction measurement of the specific area 
selected at D; and E. resulting electron diffractogram.
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Results show a decrease in crystalline diameter with 
increasing Zn content in the ferrite structure (see Figure 4A). 
This is due to a preference in the nucleation process over 
crystalline growth during the coprecipitation of Zn-richer 
ferrites, which was also reported by other authors34,66. 
Indeed, according to nucleation theory, the different nature 
of divalent-metals synthesis precursors leads to modifications 
in the thermodynamics involved in the condensation of 
nanoparticles67,68. In addition, in the case of Zn- and Zn-doped 
ferrites, even on nanoscale, the strong preference of Zn2+ 
for the tetrahedral sites of the spinel structure due to its 
3d10 electronic configuration may also contribute to reducing 
the crystalline diameter, since the crystalline growth depends 
on the availability of the tetrahedral sites69.

Concerning the lattice strain obtained from the WH plots 
(see Figure 4C), our results showed a decreasing trend with 
increasing Zn content in the crystalline structure. In other 
words, we find that the lower the Mn content and crystallite 
size, the smaller the strain. Since the lattice strain rises from 
lattice imperfections70, one would firstly expect that the size 
reduction would induce an increase in strain, as observed 
in a previous work with core@shell NPs synthesized with 

the same chemical route71. In this latter work, increasing 
shell thickness was leading to an increase in lattice strain71. 
However, we observe here the opposite. Our data suggest 
that for our NPs, the chemical composition of NPs’ core 
plays a major role in the lattice strain. This may be due to 
increasing vacancies in the spinel structure due to oxidation. 
In fact, in Table 1, the samples with Mn-richer ferrite cores 
show higher oxidation parameters δ (see Table 1). It is mainly 
due to the strong tendency of Mn2+ to undergo oxidation in 
our synthesis route. This promotes some vacancies in the 
crystalline structure to maintain the electroneutrality and 
therefore may increase the crystalline imperfections in such 
ferrites. In addition, the strain reduction with increasing 
Zn content may also be related to the Jahn-Teller elastic 
deformation of octahedral sites occupied by Mn3+ cations 
whose proportion is reduced for Zn-richer ferrites.

We obtain that the lattice parameters of the CS-NPs 
exhibit a Zn dependence, which is also described by other 
researchers72-74 and which is commonly attributed to the lower 
ionic radius value of Zn2+ cations as they replace Mn cations 
in the ferrite structure. Moreover, it is possible to infer from 
Figure 4D that the <a> values of our CS-NPs follow the same 
trend of ICDD data for bulk materials, i.e., it decreases as 
Mn ions in the structure are progressively replaced by Zn 
ones. Nonetheless, our CS-NPs present lower values than 
expected. Such differences can be explained by a competition 
between multifactorial aspects. First, the Fe3+ enrichment 
and Zn2+ loss in the hydrothermal synthesis, and also the 
maghemite shell’s existence, induce an overall decrease in 
lattice parameters18. Once the structure of these samples is 
described in a core@shell model, the lattice parameter of the 
NPs depends on the lattice parameter of both core and shell 
structures, and a value of a = 0.834 nm for the maghemite shell 
contributes to the lower values herein reported. Second, the 
oxidation of Mn2+ cations into Mn3+ and Mn4+ ones naturally 
lead to a reduction in the interatomic distances13,59. In fact, the 
oxidation of manganese cations was also reported in other 
works60-63 which investigated mixed ferrite NPs based on 
Zn-Mn synthesized by coprecipitation method. It is important 
to note that both aspects displace the lattice parameter of the 
NPs to values below the expected ones (ICDD data) since 
we are not dealing with stoichiometric samples.

4. Conclusions
In this work we found that the incorporation of Zn atoms 

into the NPs during the coprecipitation induced a reduction 
in both NP diameter and ferrite stoichiometric deviation. 
The former is caused by the nature of Zn2+ cations and the 
latter, is a consequence of the Zn loss for the hydrothermal 
synthesis. The surface treatment step after the coprecipitation 
promoted the coating of NPs with a superficial layer of 
maghemite, without provoking changes in the crystalline 
symmetry of the nanocrystals. After the entire synthetic 
procedure, the NPs are better described by a core@shell 
chemical model.

Concerning crystallinity and structure of the CS-NPs, 
they presented a single phase of spinel-like structure and the 
lattice parameters do not correspond to the ICDD standard 
values. This result may be due to the Fe3+ enrichment in both 
NPs core and shell phases, and may be due the oxidation 

Figure 4. Results from XRD analysis as a function of nominal 
Zn content (y): A: Crystalline diameter of CS-NPs obtained from 
Scherrer equation (dark squares) and Williamson-Hall (WH) plot 
(blue circles); Inset (B): WH plots for some representative CS-NPs 
samples. C: lattice strain obtained from WH plot. D: Lattice parameters 
of CS-NPs with mixed ferrite cores. Blue cross-shaped marks dots 
and dotted lines correspond to ICDD data from stoichiometric 
bulk MnFe2O4 and ZnFe2O4 ferrites and bulk maghemite γ-Fe2O3.
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of manganese cations. Finally, we obtained larger lattice 
strain values for Mn-richer samples, which may be related 
to more vacancies into the ferrite’s structure, thanks to the 
easy oxidation of Mn2+ cations in our chemical route.
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