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Abstract: To be able to regulate the anionic oxygen position in ferrites, an original compositing
method is developed by introducing a porous p-type phase in the n-type matrix of ferrite spinel
semiconductors. A result of this method is the synergetic effect of the enhanced mass and charge
transport that impacted the morphology and anionic oxygen position within the MgFe,0O, structure.
Our hypothesis is that fine tuning of the anionic oxygen position in ferrites allows us to regulate their
physicochemical properties significantly, with the implications for diverse applications. The electron
exchange interaction (J) between O-centered and octahedral-occupying iron (Fe)-centered orbitals
affected both the electrical and magnetic properties of the matrix significantly, supporting our
hypothesis. The three-dimensional variable range electron hopping is one such effect.
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1 Introduction

Spinels are formed in natural reserves [1,2], and have
been developed in the laboratories for a diverse range
of applications [3-12]. Although challenging,
understanding the mechanism of electron transport in
both monophase and multiphase semiconductor spinels
is important for the applications such as sensors
reported recently for the MgFe,0,—Mn;04 composite
[13] and for biomedical applications [14,15]. Developing
such an understanding of ferrite spinels, such as
MgFe,0s, is the purpose of this study. Our hypothesis
is that by fine tuning of anionic oxygen position in ferrites,
their properties would be controlled significantly. We
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developed a novel compositing method to allow us to
develop such fine control of anionic oxygen position
aiming at the enhanced mass and charge transport.

MgFe,0; is known as a typically mixed ferrite spinel
with the structural formula of (Mg,-Fe,)[Mg.Fe;—4]Oa,
where () and [] represent the tetrahedral and
octahedral sites, respectively, and a represents the
degree of inversion describing cation distribution
[16-22]. a ranges from O for the normal (Mg)[Fe,]O4
structure to 1 for the inversed (Fe)[Mg,Fe]O4 structure.
Any value in this range is considered as a mixed cation
distribution [23].

Magnesium cation (Mg2+) is an inactive component
of MgFe,O, electrically and magnetically, which is
why it is selected to reduce the number of the parameters
affecting the physical properties. A stoichiometric
magnesium ferrite spinel with the average iron (Fe)
valance state of +3 is an electrically insulator [24-26].
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Enhanced electrical conductivity (o) and electrocatalytic
activity of spinel ferrites via oxygen deficiency (x and
x"), also called vacant or defected oxygen, have been
reported through harsh chemical treatment at low
temperatures (7) or thermal treatment in a reductive
environment at temperatures typically above 500 C
[27-31]. Removing molecular oxygen from AB,O4
spinels, where A and B are denoted as +2 and +3
cations, respectively, is accompanied by the formation
of defective sites (Reaction (1)):

AB,0, =20, + A" +2B;" + 8¢~ (@))

where dots are designated as the oxidation state, and i
is the interstitial defect site. The electrons depicted in
Reaction (1) can reduce the interstitial cations, as
previously observed in NiFe,O4 and CuFe,O4 [32,33].
In this work, we study the effects of defects and
distortions on charge carrier transport through the
ferrite spinel structure. For this purpose, a novel
semiconductor compositing method is developed.

2 Method

The co-precipitation method was used to form the
MgFe,0y spinel [34]. The details are described in Figs.
S1-S3 in the Electronic Supplementary Material (ESM)
and briefly outlined here. Mg(NO;),'6H,O (Sigma-
Aldrich, ACS reagent, 99%) and Fe(NOs);'9H,0
(Sigma-Aldrich, ACS reagent, > 98%) were added to
deionized water to form a slurry. NaOH (Sigma-
Aldrich, > 98%), dissolved in deionized water, was
added dropwise to the well-stirred slurry to adjust the
pH to 9 at 60 °C. After repeated filtration to wash
away the remaining sodium, the precipitate was dried
at 110 ‘C. To prepare the Mn;O4/MgFe,O, composite
containing 10 mol% of Mn304, an appropriate amount
of MnO, (Sigma-Aldrich, 10 um, = 90%) was dry
mixed thoroughly with the finely powdered prepared
precipitate. The powders were pressed to pellets with
15 mm in diameter and 2 mm in thickness followed by
heating in a quartz tube at 850 °‘C for 3 h under an
ultra-high purity nitrogen to form the spinel structure
with a dispersed Mn;04 phase. These conditions were
selected based on the known phase diagram of Mn-O,
which shows that Mn;O4 is the most stable phase at
850 ‘C wunder nitrogen or low partial pressures of
oxygen [35-37].

The scanning electron microscopy (SEM) images

were taken using FEI Quanta FEG 250 equipped with
an InLens detector (Zeiss, Germany). The room-
temperature Mossbauer spectra were collected on a
conventional  constant-acceleration  spectrometer
(Wissenschaftliche Elektronik GmbH, Germany) that
was calibrated using a thin iron—metal foil. A velocity
of zero was set as the centroid of the calibration
spectrum. The samples were hand ground to fine
powders and mixed with boron nitride to make a
uniform absorber.

A custom-built 6-6 diffractometer equipped with
pyrolytic graphite monochromator and analyzer
crystals (grade ZYA, Advanced Ceramics, Ohio) was
utilized to carry out the X-ray diffraction (XRD)
measurements with the Cu-Ko radiation at the
wavelength of 0.15406 nm. Background scattering was
avoided by placing samples on a Si 511 crystal. The
evacuation of the sample environment avoided air
scattering. The Rietveld refinement of the XRD
patterns were done by Materials Analysis Using
Diffraction (MAUD) software (version 2.992 written
in Java by Luca Lutterotti, Italy), and the least-square
parameter (R,,) was used to evaluate the refinement.
Both the Williamson—Hall and Scherrer methods are
utilized to evaluate the crystallite size [38].

The Fourier transform infrared (FTIR) spectra were
collected from 400 to 4000 cm ' by an FITR
spectrometer (ALPHA 1II, Bruker, Germany). A
correlation between the Rietveld-refined XRD pattern
and FTIR spectra allowed us to establish the structural
details. The oxidation kinetics was studied via our
in-house developed instrument (Fig. 1) to measure the
electrical conductivity in situ. A custom-built setup
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Fig. 1 Sealed conductivity measurement cell equipped
with gas inlet and outlet (top) and pellet adjacent to heater
and thermocouple (down) for measuring -electrical
properties.
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with the gas—solid interface and an in situ surface
conductivity probe (Fig. S2 in the ESM) were utilized
for this purpose. The polished square-shaped pellets
were reduced in ultra-high purity grade nitrogen at
250 C for two weeks prior to evaluating the oxidation
kinetics.

The X-ray photoelectron spectroscopy (XPS; Figs.
S6-S8 in the ESM) measurements are done under
ultra-vacuum by an X-ray photoelectron spectrometer
(Argus CU, Scienta Omicron) using a monochromatic
Al Ka source (16 mA, 12 kV). The survey scans with a
pass energy of 200 eV were deconvoluted by CasaXPS
software (Casa Software version 2.3.24PR1.0 Ltd.,
UK). The magnetic susceptibility (y) in emu/(g-Oe)
was collected via the physical property measurement
system (PPMS; Quantum Design, USA).

3 Results and discussion

The SEM images are shown in Figs. 2(a)-2(c). The
SEM images of the Mn;04/MgFe,O4 composite
confirm the formation of the isolated porous Mn;O4
particles dispersed in a matrix of the MgFe,O,4 spinel
(Fig. 2(a)). During calcination, MnQO; is first reduced
to Mn,Os, and then further to Mn;O,4. These reduction
steps are consistent with the observations for pure
MnO, by Terayama and lkeda [37]. There are two
types of pores that can be seen in Fig. 2. Some are the
pores between particles (interparticle pores) and some
are within the particles (intraparticle pores). The
intraparticle pores in the Mn;O4 phase with pore

10 (keV)

dimeters in the range of 5-10 um (Fig. 2(c)) are
obvious. Their formation is assumed to be due to the
releasing oxygen in the calcination process based on
our designed synthetic process. Such intraparticle
pores were not observed in the bare MgFe,0, particles
(Fig. S4 in the ESM).

The Mossbauer spectra (Fig.3) consisted of
broadened magnetic patterns which are likely the
results of disordered and random iron distributions
between the tetrahedral and octahedral sites,
respectively. The similarity of both patterns confirms
that the inversion degree of MgFe,O4 was not affected
by introducing Mn;Oy as a secondary phase. We found
that a simple sum of sharp magnetic sextets would not
yield satisfactory fits, so we used sextets that were
convoluted with an asymmetric Gaussian distribution
of hyperfine fields (broader on the low-field side of the
distribution, as is typical of disordered systems).
Typical peak fields were in the range of 45—48T, with
widths of about 1T (high side) and 3T (low side). As
many as four broadened sextets were needed to
provide adequate fits, however, as none of them was
clearly resolved, we hesitate to attribute any fitting
component to a specific feature of a material. Hence,
complementary methods such as the XPS, XRD, and
magnetic measurements were applied.

The volume fraction of the Mn3;O4 phase is
5.7%+0.1% based on the refined XRD patterns (Fig. 4),
consistent with the 7.4% area obtained by the
SEM-EDX data (Fig. 2(a)). This further supports that
there is negligible diffusion of Mn in MgFe,O4. The
volume shrinkage, water absorption, and porosity are

W% o
Fe 547 03
0 316 03
Mg 13.7 0.2

10 (kev) 10 (keV)

Fig. 2 (a) Energy dispersive X-ray (EDX) spectral mapping and SEM image of Mn;O,/MgFe,0, composite; high-resolution SEM
images of (b) MgFe,0, matrix and (c) Mn;O,4 phase with intraparticle pores; and (d—f) corresponding EDX quantitative analysis.
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Fig. 3 Mdssbauer spectra of bare MgFe,O, (red) and
Mn;04/MgFe,04 composite (blue).
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Fig. 4 Rietveld-refined XRD patterns of bare MgFe,O4
and Mn;04/MgFe,0, composite.

calculated (Egs. (S1)—~(S3) in the ESM) and reported
(Table S1 in the ESM). The introduction of Mn3;04
increased the porosity by almost 5% in the form of
intraparticle pores based on the observed density and
X-ray density extracted from the XRD.

The calcination temperature of 850 C under a
nitrogen environment was the best condition to obtain
the nanoscale crystallites with negligible solid solution.
A nanocrystalline texture with the sizes of 13.76+0.67
and 12.09+0.94 nm was obtained for bare MgFe,O4
and Mn;O04/MgFe,0, composite, respectively. These
values are extracted based on the Williamson—Hall
equation (Fig. S9 in the ESM). These values are about
1/6 of the average particle size (77 nm) from the SEM

images. This observation confirms the nature of
polycrystallinity. The negative slope (~—0.002) of the
plot S cosf vs. 4sinf (Fig. S9 in the ESM) indicates
that the negative strain generated most probably due to
oxygen deficiency. Based on the Scherer method and
using the full width at half maximum (FWHM) values
of the (311) peak (Fig. S3 in the ESM), the crystallite
size doubles in air at 850 ‘C and increases by 5-fold
at 1300 'C while getting Mn dissolved in the MgFe,O4
matrix. The absence of Fe,O; as a secondary phase
supports a high rate of spinel formation at 850 ‘C
under nitrogen. This is most probably due to the
increasing oxygen vacancy concentration and cationic
diffusion rate [39].

The lattice constant of MgFe,O4 is 8.383(1) A
(standard range: 8.38-8.40 A [9,40,41]), denoting the
high a [42,43]. This is also confirmed by the calculated
o. value of 0.83 referring to the peak ratio of I400/l422
being ~1.6 based on the Bertaute method for
MgFe,0,4 [44]. Introducing Mn3;O, as the secondary
phase did not alter the lattice constant, the crystallite
size, and the cation distribution, confirming negligible
solid solution for the materials that is formed at 850 C
under nitrogen and suggesting the minimized Jahn—
Teller distortion effect of Mn cation on the symmetric
cubic structure of MgFe,O4. In such a binary phase
composite, the dissimilarity of Mn;O4 and MgFe,0,4 in
tetragonal and cubic symmetry settings, respectively,
makes the refined parameters recognizable from each
other. The lattice parameters of Mn;O, fraction are
a=b=5762(1) A and c = 9.486(1) A, and the lattice
parameters of MgFe,O4 phase are a = b = ¢ =
8.383(1) A.

Following Ref. [45], we employed the generalized
anion position parameter (1) to define the oxygen
position in the structure, which is 0.2500 for an ideal
Fd3m structure (Egs. (S4) and (S5) in the ESM) [46].
Based on the Rietveld refinement parameters (Table 1),
the [Fe]-O distance in the bare MgFe,0, is less than
that in the Mn;04/MgFe,O4 composite. This is due to
the displacement of the anionic oxygen by
approximately 1% of its radius (126 pm) in the bare
MgFe,04. This seemingly slight change shifts the
electron density from the oxygen anion to iron cation
significantly [20]. Hence, the anion—cation interaction
at the octahedral site in a Mn;04/MgFe,O4 composite
is expected to be smaller than that for bare MgFe,0,.
Therefore, the only physicochemical effect of introducing
Mn;04 on MgFe,O4 (other than intraparticle pores) is

@) i#F27ue | Sci®@pen

Tsinghua |



1616

J Adv Ceram 2023, 12(8): 1612-1624

the slight shift of anionic oxygen away from cation.
The shift in the position of oxygen affects the electron
transport via the electron exchange interaction (J)
between two adjacent iron cations. This phenomenon
occurs between the two adjacent orbitals of Fe** and
Fe’* either occupying edge sharing octahedral sites
shown as [Fe]-O—[Fe] or corner sharing octahedral and
tetrahedral sites shown as [Fe]-O—(Fe). The two
oxygen sharing sites and the electronic configurations
associated with the electron transport are illustrated in
Fig. 5. Due to a shorter hopping length and the higher
abundancy of the octahedral sites, the electron hopping
occurs most probably between iron cations occupying
octahedral sites. The electron exchange interaction via
(Fe)-O—(Fe) is unlikely to happen because of the long
hopping length and the missing shared oxygen.

Table 1 Rietveld refinement parameters of MgFe,0,
phase based on the XRD patterns

MgFe,04 Mn;0,/MgFe,04

a 0.83 0.83

Ryp 0.24 0.17

R, 0.17 0.11
Lattice constant (A) 8.383(1) 8.383(1)
(Fe)—~(Fe) bond length (A) 3.629(1) 3.628(1)
[Fe]-[Fe] bond length (A) 2.963(1) 2.963(1)
(Fe)-[Fe] bond length (&) 3.473(2) 3.474(2)
(Fe)-O bond length (A) 1.979(1) 1.885(1)
[Fe]-O bond length (A) 2.005(1) 2.056(2)
U 0.2613(1) 0.2548(1)

Note: Ry: residual of least-square refinement; R,,,: weighted residual of
least-square refinement.

£ rrer
Vi
Mﬁﬁwe}

Fig. 5 (a) Iron at octahedral sites [Fe] and tetrahedral site
(Fe) with edge and corner sharing oxygen, respectively;
(b) electron hopping from [Fe?'] to either adjacent [Fe*']
or (Fe™), where the excess electron in 3d° orbital contributing
to the electron transfer is shown in the red colour.
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The FTIR spectra (Fig. 6) further supports our
conclusion about the change in the position of oxygen.
The absence of stretching vibrations of nitrate,
hydroxide, and carbonate species and the appearance
of two absorption bands in the range of 400-600 cm '
confirm the complete decomposition of precursors to
the spinel structure. The bands at higher and lower
wavenumbers are attributed to the oxygen—cation
bonds in the tetrahedral and octahedral sites,
respectively. The absorption band shifts to higher
wavenumbers by decreasing the cation—anion distance,
therefore increasing the force constants [47,48] of
bonds at the octahedral (Kp) and tetrahedral sites (Kt)
(Egs. (S6)—~(S8) in the ESM). Accordingly, the
observed band shift of the tetrahedral vibration mode
from 543 to 562 cm ' corresponds to the change of the
force constant from 210.83 to 225.84 N-m . A smaller
force constant at the tetrahedral sites supports the
oxygen shift from the tetrahedral site toward the
octahedral site.

The pre-reduced samples under nitrogen at 250 ‘C
for two weeks were oxidized through exposure to a
continuous ultra-pure grade air flow of 20 mL/min at
250 C while monitoring the electrical conductivity.
The o as a function of time (¢) during oxidization by
purified air decreases exponentially (Fig. 7).

As the reduced forms of materials get oxidized with
purified air at 250 °C, the electrical conductivity is
reduced due to trapping quasi-free electrons by oxygen
chemisorption, the behavior of which is consistent with
what we expect from an n-type semiconductor [39,49],
confirming the dominant role of the MgFe,O, matrix
of the composite. The oxidation curve of bare MgFe,04

Mn,0, /MgFe O,

MgFe O,

Intensity (a.u.)

562 |543

423

1000 900 800 700 600 500 400

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)
Fig. 6 FTIR spectra of bare MgFe,0, and Mn;O4/MgFe,0,

composite with Fe—O vibration bands at tetrahedral and
octahedral sites.
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Fig. 7 In situ change in surface direct current (DC) o
due to oxidation of bare MgFe,O, and Mn;0,/MgFe,O4
composite as a function of time and rate of change of
surface electrical conductivity (—do/df) as a function of o
while being treated with ultra-pure air at 250 C.

from point A to point B (Fig. 7) fits simple exponential
first-order reaction with respect to the change of the
charge density with a rate constant of 1.867(7)x107 s '
due to oxygen chemisorption. The two-stage oxidation
curve of the Mn;O04/MgFe,O;, composite fits a
biexponential curve with a fast reaction between A’
and B’ followed by a slow reaction between B’ and C’
with a rate constant of 4.417(2)x10”° s™'. The time
resolution required to measure the rate constant of the
fast stage is beyond the accuracy of our instrument, but
we can provide the lower limit of the rate constant in
the fast stage (10 s'). Such a fast reaction is
remarkable when compared to the other rate constants
we reported above for A to B and B' and C'.

The electron transfer to the chemisorbed oxygen can
occur in any form of O, O, or O, depending on the
temperature. Based on Ref. [29] on other metal oxides,
in the temperature range of 150-250 °C, dissociative
adsorption of O, (Reaction (4)) is the most favorable
mechanism (Reactions (2)—(4)).

0, (gas) = O, (ads.) )
O,(ads.)+e” — O5(ads.) T <100°C 3)

0O,(ads.)+2e” — 207 (ads.) 100°'C<T <300 C (4)

The adsorbed oxygen species thicken the electron
depletion layer via trapping electrons, which increases
the electrical resistance. The oxygen dissociative
adsorption step is the rate limiting step for two reasons.
One reason is the lower oxygen concentration (in the
order of 10" oxygen molecules/cm’) compared to the
electron concentration in a reduced MgFe,O4 (in the

order of 10*'-10% electrons/cm®) [25]. The other
reason is the higher energy barrier of the electron
transport between the solid and the gas compared to
the energy barrier of electron transport in the solid.

The extremely faster oxidation rates by incorporating
Mn;0;4 are due to the enhanced solid—gas interaction at
the p-type intraparticle pores and the formation of the
p—n heterojunction at the interface of the p-type Mn;0O4
phase and the n-type MgFe,O4 matrix. When both
come into electrical contact, the Fermi level (Ef) will
get into equilibrium by the electron transfer from the
n-type side to the p-type side, resulting in charge carrier
separation (Fig. 8). High energy electrons accumulated in
the p-type side are more reactive to reduce the adsorbed
oxygens, which are transported quickly via the
intraparticle pores of Mn;O,. This is observed in the
form of an abrupt drop in the electrical conductivity
within the first 80 s of the oxidation process (A'—B’ in
Fig. 7). Such an abrupt change is not observed in bare
MgFe,0,. This behavior supports the application of the
Mn;04/MgFe,04 heterojunction as a sensor.

The surface o of the reduced and oxidized
composites (Fig. 9) increased exponentially with the
temperature, consistent with a metal-oxide semiconductor
behavior.

The electron hopping activation energy (£,; Eq. (S9) in
the ESM) of the reduced MgFe,0, was increased from
0.286(2) to 0.389(2) eV, and the electron hopping
activation energy of the reduced Mn;04/MgFe,04
composite was increased from 0.303(2) to 0.332(3) eV
when oxidized (Tables 2 and 3). The electron hopping
energy barrier of bare and composited MgFe,04
reported in the current paper is in agreement with the
previously reported range of 0.3-0.4 eV for MgFe,O4

High energy

electrons
‘. + == ==

Fig. 8 (a) Cross-section of SEM-EDX mapping of
Mn;04/MgFe,0, composite, showing intraparticle pores
of Mn;0, phase; (b) an illustration of oxygen dissociative
adsorption over porous p—n heterojunction interface and
formation of anionic oxygen, depicting the electron
depletion layer thickening mechanism. Note: E. is the
conduction edge, and E, is the valance edge.
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Fig. 9 (a) Surface DC o of bare MgFe,0, and Mn;0,/MgFe,04 composite as a function of temperature and (b) corresponding
Ino as a function of 1000/7. The lines are the fits to the experimental data. Note: RSS is the abbreviation of weighted residual

sum of squares for linear fits.

Table 2 Comparing electron hopping energy barrier
for spinels under investigation

Spinel Elef;;:; }(lgsr;ing Ref.
MgFe,04 0.29-0.40 This work
Mn;0,/MgFe,04 0.30-0.33 This work
XFe,04 0.04-0.20 [51-55,59]
Mn;0, 0.46-0.74 [56-58]

X =Fe?", Co*', Ni?*, Zn*, and Cu*".

(Table 2) [50]. This range is higher than the energy
barrier of 0.12+0.08 eV across XFe,O4, where X is a
transition metal cation (Fe%, C02+,Ni2+, Zn2+, or Cu2+)
and less than 0.60+0.14 eV for Mn;O, (Table 2)
[51-58]. This confirms that the Mg”" at the octahedral
site is increasing the energy barrier, and the dispersed
Mn;04 is a non-active phase of the Mn;O4/MgFe,0,4
composite in terms of electron hopping with negligible
effect on electron transport through the MgFe,O4 matrix.
Electron hopping occurs via adjacent iron cations,
and the significant change in its activation energy is
most probably due to the significant shift of the iron
oxidation state as the only important component of the
ferrite spinel for electron transport across the matrix.

To understand the temperature dependency of electron
hopping activation energy over the temperature range
of 150-250 °C, the thermal excitation [60] and three-
dimensional variable range hopping models [61] were
applied, as illustrated in Fig. 10. The larger values of
the weighted RSS of the linear fit of Inoc vs. 1/T in
the reduced MgFe,O, pellet suggest nonlinearity
(Fig. 10). However, a significant decrease in the RSS
factor of the linear fit of Ino as a function of 1/7"*
supports the three-dimensional variable-range hopping
as the dominant mechanism (Fig. 10). Such a deviation
from constant electron hopping activation energy in the
case of the reduced MgFe,O, is eliminated when it is
oxidized. Introducing porous Mn;Oy particles removed
this behavior as well. Such a significant variation in
the magnitude of the electron hopping rate and the
mechanism of hopping between cations of the spinel
structure at the temperature range of 150-250 C is
not due to cation rearrangement since the o and
hopping length stay constant at this range of
temperature [62].

The XPS data were used to further shed light on the
changes in the electrical conductivity in the reduced
and oxidized forms in the context of changes in the

Table 3 Values of E, and average valances of iron, manganese, and oxygen

Reduced Oxidized
Pellet
E, (eV) RSS Fe* o Mn“ E, (eV) RSS Fe® o’ Mn“
MgFe,04 0.286(2) 23 +2.4 -1.4 — 0.389(2) 1.6 +2.6 -1.7 —
Mn;04/MgFe,04 0.303(2) 0.93 +2.6 -1.5 +2.5 0.332(3) 2.3 +2.7 -1.7 +2.6

“average valence.
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Fig. 10 Linear fits of Ino vs. 1000/T (the dashed lines)
and 1000/7"* (the solid lines); the error bars are smaller
than the symbol size at some temperatures.

oxidation state. The XPS data analysis is illustrated in
Section S4 in the ESM. Based on the XPS and XRD
evaluations and according to high octahedral occupation
preference of Fe', as clarified by the crystal field theory,
the monophase bare magnesium ferrite spinel can be
represented as (Mgo 17Fep 83)[Mg0 83Feo iFel 16104,
and (Mg j7Feg’s; [Mgg s3FeqsoFes 7510, in the
reduced and oxidized MgFe,O,, respectively, as shown
in the A and B points in Fig. 7, respectively. This
indicates that 99% of Fe cations at octahedral sites
were reduced. However, by introducing Mn3;04, 74%
of Fe cations at the octahedral sites of
(Mg 7Fep s )IMgqsFep s Feg g6 104, were reduced
to form (Mgy,;Feps)[Mgys3FepssFeg sy 10, due to
the diminished [Fe]-O electron exchange interaction.
Higher oxygen mobility by introducing intraparticle
pores of the Mn;O4 phase results in a more
homogeneously distributed anionic oxygen vacancies,
hence reducing structural distortion as well as Fe—O
exchange interaction.

The ratio of the concentration of the oxygen defects in
the reduced and oxidized MgFe,O,4 can be estimated as

X _ _
= [O ]reduced / [O
X

]oxidized

_ (10— /102— )reduced [02_ ]reduced

(IO’ /102’ )oxidized [027 ]oxidized

N (107 /102* )reduced
Iy /1

)

0% )oxidized

where [0 ] and [O” ] are the concentrations of oxygen

defects and lattice oxygen, respectively, and /. and
1 o are the corresponding areas under the XPS peaks
(Fig. S8 in the ESM) [63]. Equation (5) is simplified
since the variation of the lattice oxygen concentration
by reduction and oxidation is negligible. The ratio of
electrical conductivity of the reduced and oxidized
magnesium  ferrite  (Grequced/Toxidized = ( 12.7X1076)/
(4.42x10% = 2.87) is in good agreement with the
value calculated by Eq. (5), confirming that the
electrical conductivity is proportional to the oxygen
defect concentration. The ratio of iequced/Toxidized Of the
composite is ~5, supporting its enhanced electrical
response as a sensor.

Based on the combination of many considerations,
including the designed process based on the phase
diagram, comparison of the SEM/EDX and XPS, and
detailed analysis of the XRD results, there is no other
detectable phase other than Mn3;04. This suggests that
our designed preparation method was successful at
least to the degree that the detection limit of the XPS,
EDX and XRD allows us to confirm.

The y in emu~g71-Oef1 in the temperature range of
5-350 K under an external magnetic field (H) of
1000 Oe are plotted in Fig. 11. From the data for the
Mn;04/MgFe,O4 composite, the coexistence of the two
ferrimagnetic fractions with a larger emphasis on
Mn;04 at T < 42 K is recognizable. It is worth noting
that Mn;0y, is ferrimagnetic at low temperatures based
on non-collinear arrangement of moments, and has the
paramagnetic Curie—Weiss-like behavior at 7 > 42 K
[64]. Hence, the dominant effect of ferromagnetic
MgFe,0, matrix with a ~94% volume fraction is
retained in the Mn;04,/MgFe,O4 composite at 7> 42 K.
The M (magnetization)-H (field strength) measurements
of the bare MgFe,O4 and the Mn;04/MgFe,O4
composite at 5 and 300 K (Fig. 12) show the enhanced
magnetization (Ms) of the composite. This observation
is different from the observation in a recently reported
MgFe,04/Mn;304 composite with Mn;O,4 paramagnetic
phase as the main matrix [13].

The H, (Coercivity) values of bare MgFe,04
and Mn;04/MgFe,O, composite are in the ranges of
6—7 and 18-20 Oe, respectively, at 300 K. In addition,
the magnetic susceptibility decreases with the
increasing temperature, showing the same pattern as in
many ferrimagnetic materials show [65,66]. Stronger
magnetization at lower temperatures is attributed to the
frustration effect of the nearest neighbor coupling
[67].
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Fig. 12 M-H curve of bare MgFe,O, and Mn;O4/MgFe,0,
composite at 5 and 300 K.

The magnetic properties also change based on the
small structural changes that we observed. MgFe,04
shows a ferrimagnetic behavior with antiparallel
arrangement of spins of iron at the octahedral [Fe] and
tetrahedral (Fe) sites. Increasing the [Fe’")/[Fe’"] ratio
decreases the magnetization due to the lower number
of unpaired electrons of Fe®’, and thus its
smaller magnetic moment. The experimental magnetic
moment (MG, Eq. (S10) in the ESM) of
(Mg 17Fegss)IMgo ssFep30Feg 75104 is equal to
1.32up at 300 K (where g is the Bohr magneton),

which is in good agreement with our calculated magnetic
moment (Eq. (S11) in the ESM), based on the
calculated  magnetization (M = 0.39,u[Fe3+ +
0'78'”[Fe2*] - 22120'83”(%3*) =1.22 5, where u is the
magnetic moment with the values of 4.9ug and 5.9up
for Fe’" and Fe®*, respectively, based on their electron
spin magnetic moments [67,68]. There is also good
agreement between the experimental and theoretical
values of magnetic moment for the reduced bare
MgFe,0,4, which are 0.69ug and 0.83up respectively.
This confirms the inversion degree obtained from the
XRD pattern and iron valance obtained by the XPS. At
T > 42 K, the enhanced magnetization is based on the
effective role of Mn;O4 introduction on the iron
oxidation state. Regardless of the similarity in
magnetic saturation, there is a considerable difference
in the maximum magnetic susceptibility (Ymax) Of
MgFe,0, and Mn;04/MgFe,O, at weak external
magnetic fields (< 110 Oe) (Fig. S5 in the ESM), as
summarized in Table 4, reflecting the lower oxidation
state of iron under strong oxygen—iron interaction
condition and higher oxidation state of iron under poor
oxygen—iron interaction condition. This affects the
charge transport through the spinel structure discussed
by electrical properties under a controlled atmosphere.

Although developing applications such as sensors
based on the Mn;04/MgFe,O4 composite and replacing
non-active Mg”>" with active transition metal cations
such as Zn*" are our future planned studies, one
application is demonstrated in Section 4.

4 Chemical sensing application

To test the sensing application of the material, as
another example to demonstrate that our instrument
can probe the surface reactivity in situ, we evaluated
the electrical response of the composite to ozone (O3).
3400 ppm ozone was purged over the Mn;0,/MgFe,O4
composite using the nitrogen gas as the carrier at
150 'C (Fig. 13). The ozone purging setup is illustrated
in Fig. S10 in the ESM. The fresh composite shows
~200% response (AR/Ry, where AR is the change to the

Table 4 M and y,,,, of bare MgFe,O, and Mn;04-introduced composite

M, (emu-g™), 4 kOe Jmax (emu-g™'+Oe™) H (Oe) ox cal
Sample M P () M"™ (uy)
5K 300K 5K 300K 5K 300K
MgFe,04 53 37 0.197 0.104 75 107 1.32 1.22
Mn;04/MgFe,0,4 54 37 0.254 0.146 63 77 1.34 1.34
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Fig. 13 (a) Changes in electrical response of Mn;O4/MgFe,0, composite to ozone exposure by 4 sequences of 3400 ppm
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ozone purging and one example of electrical response of Mn;0,/MgFe,O4 composite to ozone exposure. R, is the resistance

when the material sis exposed to the gas.

electrical resistance, and Ry is the clectrical resistance
before the ozone exposure). By repeating the ozone
purging up to 4 times, both the resistance and the
electrical response are reduced exponentially as the
composite is getting oxidized and saturated by ozone.
This saturation is reversible and upon reduction, the
resistivity returns to the original value. Increasing the
electrical resistance of the material by exposure to
ozone confirms the n-type behavior of the composite.
Such fast response with considerable change in the
oelectrical resistance was not observed for bare
MgFe,04 and bare Mn;O,.

5 Conclusions

Our results are suggestive of the complete reduction of
[Fe''] to [Fe*"], which causes an increase in the E, of
the electron transport at higher temperatures. Most
probably, as the temperature increases, there is more
electron exchange interaction, which leads to Fe®'-rich
octahedral sites, increasing the hopping length. By
introducing the intraparticle pores of the Mn;O, phase
in the matrix of MgFe,0,, the synergetic effects of the
enhanced mass and charge transport remove the
localized structural distortion, and hence decreases the
iron involvement in the redox process to keep the
average oxidation state of iron high. This leads to the
removal of variable-range electron hopping activation.
In conclusion, we show that using a smart
compositing method, we can control the position of O
in MgFe,O, spinels, which in turn affects the
distribution of oxidation states among the metal ions in

the spinel. Such modification affects the electrical and
magnetic properties of the spinel. In addition, in this
developed a method to tune the
nanocrystalline structure along with the advanced
method to tune the electron transport; it would allow us
to tune the catalytic properties of the MgFe,O4. The
tunability of our process allowed us to provide a deep
understanding of the correlation among many properties,
like electron transport and magnetic, catalytic, and
sensing properties of the novel semiconductor
structures developed by our process.

study, we
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