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Rare-earth doping has been proven to be an effective strategy for tailoring the magnetic properties of
ferrites. In this study, we report a direct experimental observation of the precise occupation of cations in
Ce-doped spinel ZnFe,O,4 ferrites. We demonstrate that divalent Zn?* cations and trivalent Fe3* cations
respectively occupy all tetrahedral A sites and all octahedral B sites in ZnFe,O4 nanofibers, which aligns
well with the normal spinel structure. Rare-earth Ce®* ions preferentially occupy the octahedral sites of
the ZnFe,O, lattice, while the excess Fe3* ions are displaced to the tetrahedral sites. The observed
behavior is possibly due to the greater bond energy of Ce3*—0%" relative to Fe**-0%~, requiring
additional energy for Ce®' to substitute into the B-sites. This cation redistribution leading to the
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temperature. With increasing Ce®' doping concentration, the saturation magnetization (M) first
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1. Introduction

Magnetic spinel ferrites, as strongly correlated electronic
systems, have found extensive applications in new spintronic
devices, microwave devices, biomedical, catalytic, and magnetic
memory technologies."” The magnetic performance of spinel
ferrites is highly dependent on specific ion occupancy and
distribution. The structural changes with tunability of cation
inversion can result in the modification of intrinsic magnetic
properties of spinel ferrites, including Néel temperature,
magnetization and other local magnetic properties. The cation
occupancy can be influenced by the material preparation
process, annealing temperature, and doping with magnetic or
non-magnetic ions.*® Rare-earth doping has been found to be
a particularly effective strategy for significantly tailoring the
magnetic properties of spinel ferrites. After rare-earth doping,
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0.05 mmol Ce®* exhibit the highest M, value due to the enhanced A—O-B super-exchange interaction.

the 4f orbitals totally screened by 5s and 5p orbitals of rare-earth
elements couple with the 3d orbitals of transition group
elements in ferrite, inducing more pronounced and complex
correlations between electronic charges, spins, orbitals, lattices,
magnetic moments, and magnetic domains. Previous studies
have shown that the magnetic properties of ferrite nano-
materials can be modified by the incorporation of rare earth
elements.’® When high-spin transition metal ions were
partially replaced by rare earth ions in ferrites, they exhibit
enhanced spin-orbital (3d-4f) coupling and a systematic
change in magnetic moments. This coupling stems from the
progressive filling of electrons in the 4f shells, which not only
modifies the structure but also alters the magnetic properties,
such as magnetoelectric, magneto-optical, and other novel
physical effects.’*” However, obtaining direct imaging
evidence of rare-earth dopant sites and ion occupancy in ferrites
has remained scarce.

Zinc ferrite (ZnFe,0,4, ZFO), as an important member of the
spinel family, has many potential applications as adsorbents,®
catalysts,™ gas sensors.” It exhibits a typical spinel structure
(Fig. 1a and b), where 32 oxygen ions are closely packed, and 24
metallic cations are distributed across two crystallographic
sites: the tetrahedral sites (A sites) and the octahedral sites (B
sites). This distribution results in an antiparallel arrangement
of magnetic moments in the two sub-lattices, with the net
magnetic moments between these sub-lattices ultimately
determining the unique magnetic properties of spinel
ferrites.”"?* It is well known that the structural, electrical, and
magnetic properties of spinel ferrites are influenced by factors

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The crystal structure and chemical composition of normal
spinel ZFO and ZCFO ferries. (a) Ball-and-stick mode of normal spinel
ZFO unit cell. The pink and blue spheres represent Zn cations and Fe
cations, respectively, and O anions are in yellow. (b) Polyhedral model.
Zn cations are located in tetrahedral A sites marked in pink. Fe cations
are located in octahedral B sites marked in blue.

such as grain size, the specific substitution sites of doped ions,
and annealing temperature. Therefore, selecting an appropriate
synthesis method is particularly important. Spinel ferrites are
typically prepared thorough sol-gel, hydrothermal, co-
precipitation, and ball milling methods.”®*** We prepared
ZnFe,0, ferrite nanofibers via electrospinning and regulated
their structural and magnetic properties by doping with rare-
earth elements. Numerous rare-earth ions have been doped
into spinel ferrites to tailor their magnetic magnetoelectric
properties. Mohd. Hashim et al.* reported the doping effects of
Ce** and Dy** co-doped cobalt ferrites and found that the
saturation magnetization M decreased and the coercivity H.
increased with the increase in co-dopant contents. Sagar E.
Shirsath et al.*® studied the structural and magnetic properties
of Ce*" doped NiFe,0, ferrites and found that the saturation
magnetization Mg and the Curie temperature T, decreased with
the increase in Ce*" ions. K. Muthuraman et al.*” investigated
Ce**-doped MgFe,0, ferrites prepared via sol-gel method. It
revealed enhanced saturation magnetization (M) and coercivity
with increasing Ce®" content. In order to tailor the magnetic
properties of ZnFe,O, and diversify its applications, the rare-
earth element Ce®" is anticipated to be an effective method
for tuning the magnetic properties of ZnFe,O, spinel ferrites,
owing to its large ionic radius (Ce*" 1.03 A, Ce** 0.92 A), diverse
electron configurations (Ce*" and Ce*'), and high magnetic
moment (2.54 ug).?**° However, there is a notable absence of
a comprehensive and accurate explanation regarding the
precise occupation of rare-earth Ce atoms and the relationship
between the preferred site of dopant Ce** ions and the magnetic
properties of Ce-doped ZnFe,O, ferrites. Consequently, it is
essential to directly obtain accurate ion occupancy and long-
range ordered distribution. Aberration-corrected transmission
electron microscopy (Cs-corrected STEM) has been proven to
enable direct observation of atomic structure and specific
substitution positions of doped atoms due to its ultra-high
spatial resolution.?*

In this study, we performed direct observation of the
preferred atomic sites of dopants and the occupation sites in
Ce-doped ZnFe,0, using aberration-corrected STEM (Cs-STEM).
We systematically investigated the influences of doping Ce** on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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the morphology, cation distributions, and magnetic properties.
Our work significantly contributes to tailoring the magnetic
properties of rare-earth Ce-doped ZnFe,O, ferrites, providing
guiding principles for further improving their performance.

2. Experimental
2.1 Nanofiber synthesis

ZnCe,Fe, ,O, (x =0, 0.05, 0.1) nanofibers were synthesized via
electrospinning. The preparation of a typical precursor solution
involved two steps. In the first step, solution A was prepared,
which included 1 mmol zinc nitrate, x mmol (x = 0, 0.05, 0.1)
cerium nitrate, and (1 — x) mmol iron nitrite nonahydrate,
2 mmol iron nitrite nonahydrate (A.R., Alfa-Aesar Inc., Ward
Hill, NJ, USA), and 5 mL N,N-dimethyl formamide (DMF, A.R.,
Tianjin Chemical Corp., Tianjin, China). In the second step,
1 mL of solution A, 1 mL of ethanol, and 0.157 g of poly-
vinylpyrrolidone (PVP, M,, = 1300000, Alfa-Aesar Inc., Ward
Hill, NJ, USA) were mixed in a 5 mL vessel and stirred for 6-8
hours. The electrospinning process was conducted at 18 kV DC
voltage, with a 15 cm gap from the needle tip to the collector,
and a feed rate of 0.4 mL h™'. The annealing process consisted
of initial heating at 200 °C for 2 hours, followed by heating at
850 °C for 3 hours, and cooling to room temperature at a rate of
1 °C min~" in air.

2.2 Nanofiber characterization

The morphology, atomic-level crystal structure, and chemical
composition of the individual single-particle-chain ZnFe,O,
(zFO) and Ce-doped ZnFe,0, (ZCFO) nanofibers were charac-
terized using an aberration-corrected scanning transmission
electron microscope (FEI Titan Cubed Themis G2 300, FEI,
USA), which was equipped with an energy-dispersive X-ray
(EDX) spectrometer (Bruker EDX, Bruker, USA) and operated
at 300 kV. X-ray diffraction (XRD) analysis was performed using
a Philips X'Pert Pro MPD instrument (Netherlands). The
element states were detected by X-ray photoelectron spectros-
copy (XPS, ESCALAB Xi+, Thermo Scientific). Magnetic proper-
ties were measured with a magnetic property measurement
system (MPMS, SQUID-VSM, Quantum Design) and a super-
conducting quantum interference device (SQUID) magnetom-
eter (MPMS XL-7, UK).

3. Results and discussion

Single-particle-chain ZnFe,0, (ZFO) and Ce-doped ZnFe,0,
(ZCFO) nanofibers were successfully synthesized by electro-
spinning. Fig. 1a and b illustrate the theoretical unit-cell
structure of a normal spinel ZFO ferrite, which contains
a total of 56 ions. 8 divalent Zn>" ions and 16 trivalent Fe** ions
can be respectively distributed in the tetrahedral A sites and
octahedral B sites (corresponding polyhedral sites shown in
Fig. 1b). The Zn cations are marked as pink balls (atomic radius
of 1.39 A), and the Fe cations as blue balls (atomic radius of 1.27
A), as shown in Fig. 1a. 32 O anions are closely packed to form
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a cubic structure. Fig. 1b shows the corresponding polyhedral-
shaped sites where the two types of atoms are located.

High-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) images confirm that individual
ZFO and ZCFO are composed of single particles stacked along
the nanofiber axis. All nanofibers exhibit a continuous structure
with an almost uniform size of single particles, with an average
diameter of approximately 85 nm, ranging from 75 nm to 95 nm
(ESI Fig. S17). The Zn, Fe, and O elements are evenly distributed
throughout the nanofiber, indicating a uniform chemical phase
(ESI Fig. S27). Fig. 2 presents representative Rietveld refined
XRD pattern of spinel ZnCe,Fe, ,O, nanofibers (x = 0, 0.05,
0.1). The diffraction peaks indexed to (220), (311), (400), (422),
(511), (440), (620), (533), (444), (642) and (553) planes verified
the cubic FCC structure (space group: Fd3m) of the ZnCe,-
Fe, O, nanofibers. The structural parameters such as lattice
parameters (A), cell volume (A%) and cell density (g cm ™) are
tabulated in Table 1. As the doping amount increases, all
diffraction peaks shift to lower angles. This shift suggests
successful doping of Ce®" cations into the interstitial sites by
replacing some Fe®" cations on the octahedral B sites, leading to
an increase in the lattice constant, the volume and density of
the unit cell as shown in Table 1. From the XRD refinement
data, a small amount of secondary phases CeO, will be gener-
ated with increasing Ce®* ions concentration. When the doping
amount is 0.05 mmol and 0.1 mmol, the weight fraction of the
CeO, impurity phase is 2.33% and 3.15%, respectively. Since
Ce** has a larger ionic radius (1.03 A) compared to Fe*" (0.645
A), the replacement is energetically unfavorable, leading to
a distortion in the crystal symmetry. Additionally, excess Ce®*
ions that do not incorporate into the lattice accumulate at the
grain boundaries, promoting the formation of CeO,. The
substitution process requires significant energy due to the
longer Ce*"-0°" bond length relative to Fe**-O>~, further
driving the segregation of CeO, at the grain boundaries.

The atomic-level cation distributions of individual ZnFe,O,
(ZFO) nanoparticles were directly captured by Cs-STEM. Fig. 3a-
c display experimental images of a ZFO particle projected from
[001], [011], and [111] orientations, respectively. It should be
noted that the contrast in HAADF-STEM images is sensitive to
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Table 1 Structural parameters of ZnCe,Fe,_,O4 (x = 0, 0.05, 0.1)
ferrites after Rietveld refinement

Ce content Density (g

x a(A) Volume (%)  em™) R, Rup
0.00 8.44549  602.382 5.3228 7.05% 9.83%
0.05 8.45018  603.390 5.3432 10.31%  14.79%
0.1 8.45018 603.390 5.3432 8.96% 11.53%

the atomic number Z (approximately proportional to Z'7).
When atomic columns have a similar number of atoms, those
with a higher atomic number Z exhibit greater contrast.
However, if the atomic columns vary significantly in length, the
contrast depends on the average atomic number and the
number of atoms within the column. Fig. 1a demonstrates that
Fe atomic columns in octahedral sites are distinctly brighter
than the surrounding Zn atomic columns in tetrahedral sites,
despite having the same length along the [001] orientation.
Although Zn (Z = 30) has a slightly higher atomic number than
Fe (Z = 26), the Fe atomic columns contain twice as many O
atoms, enhancing the overall contrast of the octahedral sites.
This aligns with the preference of Zn>" ions for tetrahedral sites
due to their sp® covalency. Additionally, Zn atoms, with a larger
radius (1.39 A) compared to Fe atoms (1.27 A), occupy the
tetrahedral A sites (marked by red circle 1), while Fe atoms
occupy the octahedral B sites (marked by red circle 2). This
observation strongly suggests that the ZFO ferrites have an ideal
normal spinel structure, which is further confirmed by [011]
and [111] oriented images.

The unit-cell models in Fig. 3g-i, with three crystal orienta-
tions, perfectly match the experimental Cs-STEM images,
showing that all tetrahedral A sites are occupied by Zn cations
and all octahedral B sites by Fe cations. Fig. 2d-f illustrate the
line intensity profiles of ‘1°, 2’, and ‘3’ marked by light blue
frames, indicating pure Zn atomic columns at A sites, Fe atomic
columns at B sites, and Zn-Fe mixed atomic columns, respec-
tively. These profiles correspond well with the ion occupations
in the 3D unit-cell models.

The specific substitution sites of the dopant Ce atoms in the
ZnFe,0, (ZCFO) nanofibers were imaged using Cs-STEM. Fig. 3a
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Fig. 2 Rietveld refined XRD pattern of the spinel ZnCe,Fe,_,O4 nanofibers (x = 0, 0.05, 0.1).
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Fig. 3 Atomic-level ion distributions of normal spinel ZFO. (a—c) The Cs-STEM images of the individual ZFO nanoparticle observed along [001],
[011] and [111] orientations, respectively. (d—f) Line intensity profiles for the atomic columns along blue frames ‘1, ‘2" and ‘3" in (a—c), respectively.
(g—i) Perspective view of unit cells along [001], [011] and [111] orientations, respectively.

presents the Cs-STEM atomic image of the ZCFO nanofibers
along the [001] orientation, revealing that the ZCFO nanofibers
maintain the spinel crystal structure and that dopant Ce
substitutions occur in the Fe atomic columns. Through contrast
feedback in this atomic image, it can be observed that the
brightness of atomic columns at tetrahedral A sites has signif-
icantly increased, and there is slight distortion of atoms at
octahedral B sites, which are not ideal dots. This is attributed to
the atomic number Z (58) of the Ce atom being significantly
greater than the atomic number Z (26) of the Fe atom. Conse-
quently, we infer that dopant Ce atoms randomly replace Fe
atoms at octahedral B sites, causing distortion of atomic
columns at B sites, while the displaced Fe atoms diffuse to
tetrahedral A sites, contributing to the increase in atomic
intensity at tetrahedral A sites. This can be demonstrated by the
line intensity profile obtained from the blue rectangular box ‘1’

© 2025 The Author(s). Published by the Royal Society of Chemistry

as shown in Fig. 4d. If dopant Ce atoms were to replace Zn
atoms in tetrahedral A sites, it would only lead to an increase in
atomic strength in tetrahedral A sites, without causing atomic
distortion in octahedral B sites. Here, our direct experimental
observations have been unambiguously confirmed by Mdssba-
uer spectroscopy measurements (ESI Fig. S31), which provide
definitive evidence that a fraction of Fe’" ions are sterically
driven into tetrahedral A sites. We further performed EDX
atomic elemental mappings to verify the accurate sites of the
substituted Ce ions. As shown in Fig. 4j-n, the images clearly
reveal that the Ce cations only randomly substituted for the Fe
cations at B sites rather than Zn cations. Cs-STEM images taken
along the [011] and [111] orientations further verify our obser-
vations, as shown in Fig. 4b and c. The intensity profiles ob-
tained from the blue rectangular boxes ‘2’ and ‘3’ of atomic
columns further confirm the precise substitution sites of

RSC Adv, 2025, 15, 20908-20915 | 20911
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Fig. 4 Atomic-levelion distributions of Ce-doped normal spinel ZFO. (a—c) The Cs-STEM images of the individual ZCFO nanoparticle observed
along [001], [011] and [111] orientations, respectively. (d—f) Line intensity profiles for the atomic columns along blue frames ‘1, 2" and ‘3" in (a—c),
respectively. (g—i) Perspective view of unit cells along [001], [011] and [111] orientations, respectively. (j—n) Atomic resolution EDX elemental
mappings of ZCq 1FO nanofiber along the [111] orientation, showing the exact distribution of Zn, Fe, Ce and O elements.

dopant Ce atoms, as can be seen in Fig. 4e and f, where pure Zn
atomic columns have transformed into Zn-Fe mixed atomic
columns, and pure Fe atomic columns have transformed into
Fe-Ce mixed atomic columns. The corresponding atomic unit
cell models shown in Fig. 4g-i, in which the green atoms
represent the doping Ce atoms, match well with the direct
observations of the ZCFO images.

20912 | RSC Adv, 2025, 15, 20908-20915

To validate our direct experimental observations and
confirm the successful incorporation of Ce ions into the ZFO
nanofibers, the elemental states of ZFO and ZCFO nanofibers
were detected by XPS technique as shown in Fig. 5a and b. For
Fe 2p spectrum of ZFO and ZCFO nanofibers, the spin-orbit
split components (2ps/, and 2p;,) can be resolved into distinct
spectral contributions from Fe®" oxidation states. Relative to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS spectra of ZFO and ZCFO nanofibers: (a) Fe 2p; (b) Ce 3d

ZFO nanofibers, the Fe 2p;/, peak in Ce-doped ZFO nanofibres
exhibits a positive binding energy shift of 0.2 eV. Such shift of
binding energy location for Fe 2p;, delivers the reduction
behavior of high-valence Fe®" with the interaction of Ce into
ZnFe,0, ferrites. Fig. 4b displays the Ce 3d XPS spectrum,
where: (i) peaks at 881.85 €V and 904 eV are assigned to Ce*"
3dss, and 3d;), and (ii) Ce*" signal (~917 eV) is detected, con-
firming the coexistence of Ce®" and Ce*" oxidation state. The
tetravalent Ce*" ions predominantly exist as a secondary phase.

To explore the effect of Ce*" doping on ZFO nanofibers and
to deeply study the correlation between micro-structure and
magnetic performance, the magnetic properties of the ZnCe,-
Fe, 0, nanofibers (x = 0, 0.05, 0.1) were measured using
a PPMS and a SQUID magnetometer. External magnetic field
dependences of magnetization for spinel ZnCe,Fe, ,O, nano-
fibers (x = 0, 0.05, 0.1) were obtained in a 7 T magnetic field at
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the temperature of 300 K and 2 K as shown in Fig. 6a and b,
respectively. From the hysteresis loops, it is found that the
saturation magnetization (M;) value and the M/H of the samples
increase and then decrease with the increase of Ce*" doping
concentration in ZFO nanofibers, where ZCe, ,sFO nanofibers
exhibit the largest My and M/H values. Meanwhile, as the Ce
doping content increases, the values of coercivity (H.) and
residual magnetization (M,) approach zero, showing that all
samples exhibit superparamagnetic behavior at 300 K. This is
attributed to the small size of individual particles on the
ZnCe,Fe, ,0, nanofibers, which exhibit a single-domain state.
From the hysteresis loops at 5 K, it is evident that the ZnCe,-
Fe, ,O, nanofibers exhibit ferromagnetic behavior, including
greater coercivity (H.) of ~1250 Oe and residual magnetization
(M,). Fig. 6c—f show the temperature dependence of zero-field-
cooled (ZFC) and field-cooled (FC) magnetization curves of the
spinel ZnCe,Fe, ,O, nanofibers (x = 0, 0.05, 0.1) measured at
temperatures ranging from 2 K to 400 K with an applied
magnetic field of 100 Oe. The ZFC/FC curves demonstrate
a similar variation tendency with the change of temperature. As
the temperature decreases from 400 K to 22 K, the ZFC/FC
magnetization values of all nanofibers increase consistently,
then decrease when the temperature is below the blocking
temperature (T) 22 K. The ZFC and FC curves overlap below
room temperature (300 K), indicating that the Curie tempera-
ture (T.) of all the nanofibers is below 300 K, as shown in the
insets of Fig. 6¢c—f. This suggests that the spinel ZnCe,Fe, ,0,
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Fig. 6 Magnetic properties of the spinel ZnCe,Fe,_,O4 nanofibers (x = 0, 0.05, 0.1). (a) The typical hysteresis loops of ZnCe,Fe,_,O4 nanofibers
(x =0, 0.05, 0.1) measured under an external magnetic field of 7 T and a temperature of 300 K. (b) The typical hysteresis loops of ZnCe,Fe, _,O4
nanofibers (x = 0, 0.05, 0.1) measured under an external magnetic field of 7 T and a temperature of 2 K. (c—e) The typical ZFC/FC curves
measured at a temperature ranging from 2 T to 400 T under an applied magnetic field of 100 Oe. Insets illustrate the magnification of curves near
300 K. (f) Schematic diagram of magnetic moment arrangement in ZCFO unit cell, with arrows representing the direction of magnetic moments,
yellow arrows representing the magnetic moments of octahedral cations, and red arrows representing the magnetic moments of tetrahedral

cations.
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nanofibers (x = 0, 0.05, 0.1) exhibit superparamagnetic char-
acteristics at room temperature, which is consistent with the
hysteresis loop results.

The increase in magnetization (M) should be associated
with the substitution of Fe*" cations by Ce®* cations, including
the distribution of cations, canted spin structure, and super-
exchange interactions between cations and O®  anions.
According to the direct observation of ion occupancy, the
specific structural formula of ZCFO can be represented by
(ZnFe)*[CeFe]50,, where the parentheses denote the A sites and
the square brackets indicate the B sites. A schematic diagram of
magnetic moment arrangement in ZCFO unit cell is shown in
Fig. 6f. In this case, the net magnetization in spinel ferrites
requires:*

Mnel = ZMOCL(B) - ZMOCL(A)

where » Myc s and > My () represent the sum of the
magnetic moments of magnetic cations located at the octahe-
dral and tetrahedral sites. Among all cations, Zn ions are non-
magnetic, the magnetic moments of Ce®" and Fe*" ions are
2.54 up and 5 up respectively. The magnetism in spinel ferrites is
controlled by the super-exchange interactions magnetic cations
mediated by O~ ions between A and B sites. Among them, the
interaction A-O-B (Jap) is the strongest, B-O-B (Jgg) is weaker,
and A-O-A (J,4) is the weakest.** In normal spinel ZFO ferrites,
there is only weak B-O-B interaction due to the non-magnetic
Zn*' cations at A sites. Here, due to the Fe>" cations at B sites
are replaced by the rare-earth Ce®" cations and the excess Fe**
cations occupying the A sites resulting in the strengthening of
the magnetic linkages between Fe,**-O-Fez®* and Fe,*'-O-
Ceg’". The super-exchange interaction A-O-B is strengthened,
resulting in an increase in saturation magnetization M; of ZCFO
ferrites. The presence of secondary phases CeO, along with
ZnFe,0, nanofibers when the doping amount is 0.1 mmol may
cause a decrease in saturation magnetization M.

4 Conclusions

In summary, we demonstrated a direct observation of the distri-
butions and occupation sites of the cations in the spinel Ce-doped
ZnFe,0, nanofibers using Cs-STEM. The atomic-level STEM
images revealed that the ZFO nanofibers possess an ideal normal
spinel structure. Combined with atomic-column resolution EDX
elemental mappings, these images further directly proved that the
doping rare-earth Ce®" cations randomly substitute for the Fe**
cations at the octahedral sites, while excessive Fe** cations occupy
the tetrahedral sites. This substitution leads to the varied
magnetization of the Ce-doped ZFO ferrites. Magnetic measure-
ments indicate that the ZnCe,Fe, ,O, nanofibers (x = 0, 0.05, 0.1)
always maintain a superparamagnetic state, and the saturation
magnetization (M;) values first increase and then decrease with
increasing Ce®* content. The substitution of Fe*" ions by rare-
earth Ce** ions in Ce-doped ZFO ferrites results in a system
with improved magnetic characteristics due to the enhanced
A-O-B super-exchange interaction. Our results open the door for
tailoring the magnetic properties of ZnFe,O, ferrites by doping
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the rare-earth Ce®*" ions which may eventually be helpful for
diversifying the applications of ferrite materials.
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