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ABSTRACT

We report a study of the cation arrangement in CoFe;04 nanoparticles synthesized using a co-precipitation method followed by high-temperature sintering in the
range of 500-1000 °C. Analysis of the samples by Raman, infrared, and X-ray photoelectron spectroscopy (Fe 2ps/2 and Co 2ps/,) revealed that the sintering
temperature influences the distribution of cations in the spinel lattice. Specifically, increasing the sintering temperature leads to an increase in the inversion degree
parameter (y), which represents the fraction of Co ions residing in octahedral sites, driving the structure toward a fully inverted spinel. These results are in good
agreement with those previously obtained by %’Fe Mossbauer spectroscopy, X-ray diffraction, and X-ray absorption experiments on the same set of samples.
Additionally, as shown by the UV-visible spectra, the cationic distribution in the samples clearly affects the band gap value (2.5-2.8 eV).

1. Introduction

CoFe;04 (CFO), a spinel-structured oxide, is part of a large family of
AB504 -compounds that include more than eighty different oxides. It has
a crystal structure that belongs to the Fd 3 m space group [1,2]. The
cubic spinel structure can be viewed as a cubic close packing of oxygen
atoms with Fe and Co cations. The distinguishing feature of this member
of the ferrite family is that both Fe®>' and Co?" cations are located in the
A and B sites, respectively, and both sites have significantly different
geometry in terms of their surrounding oxygen atoms. The four oxygen
atoms are arranged tetrahedrally around the A position, while the six
oxygen atoms are arranged octahedrally around the B position.

The distribution of cations across the two (A and B) sublattices of the
spinel structure is strongly influenced by the fabrication method and
synthesis conditions. Some of the most widely used methods include
chemical co-precipitation [3], high-energy ball milling [4], solid-state
reaction [5], hydrothermal synthesis [6], combustion [7], and micro-
emulsion [8]. More recent techniques such as spark plasma [9] and flash
sintering techniques [10] can also be applicable. The distribution of the
cations across the lattice naturally affects the magnetic properties of the
ferrimagnetic species. According to the theory of ferrimagnetism pro-
posed by Néel, the net magnetization is due to the unbalanced magnetic
moment between the A and B sites, M = Mg - My, where M and Mg are
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the total sum of all magnetic cations on the A and B sublattices,
respectively. Not surprisingly, the magnetic properties of CFO vary ac-
cording to different configurations of the cations on the two sublattices
[11]. Therefore, understanding the cation distribution is critical when
designing CFO particles for specific applications. Applications of
CoFep04 are numerous and include gas sensors, electronic devices,
magnetic recording, medical resonance imaging, to name a few [11].
CFO can also be used as a photocatalyst in water splitting based
hydrogen generation or water purification [12-15].

In general, the cationic configuration of cobalt ferrite spinel is
described by the following formula: (Col_yFey)A [CoyFez_y]B, where vy is
the degree of inversion of the spinel. A value of y = 0 corresponds to a
normal spinel with all Co atoms in the tetrahedral A site and y = 1
corresponds to an inverse spinel with all Co atoms in the octahedral B
site. The degree of inversion is strongly dependent on the synthesis
method, and values ranging from 0.20 to 0.96 have been reported in the
literature [16-18]. Typically, the degree of inversion is calculated using
a limited number of techniques in a given publication, usually one or
two [19]. This approach could lead to overestimated or underestimated
information, as different techniques have varying sensitivity thresholds.
Therefore, it may be beneficial to increase the number of techniques
used in a given publication to examine how this parameter is viewed
from each technique’s perspective. Very rarely, the number of
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techniques in the analysis of parameter y exceeds two [20].

One of the most important aspects of any material during its manu-
facture is the ability to tune its properties by altering the synthesis
conditions. CoFe;O4 exhibits interesting magnetic properties that can be
naturally exploited. The magnetic properties of the material discussed in
this paper have been previously reported [21]. This paper primarily
focuses on analyzing the impact of synthesis conditions on the structural
properties of the synthesized materials. We have thoroughly examined
the impact of synthesis conditions on the formation of CoFe;04 nano-
particles tailored for specific applications that require the highest
possible coercive field. We have considered at least two main factors that
can significantly affect the final magnetic properties of the synthesized
materials: (i) particle size and (ii) the amount of Co on the octahedral
site. The first factor (temperature-dependent) is critical for obtaining a
system in the single-domain regime, since the multidomain regime leads
to a decrease in the coercive field [22]. The second factor has been re-
ported to be responsible for coercivity hardening [23]. On the other
hand, as mentioned above, the amount of Co on the octahedral side
defines the parameter of the degree of inversion in cobalt ferrite. In a
single-domain magnetic regime of nanoparticles along with the
maximum value of y, this should lead to the formation of a CoFey04
nanoparticles with the maximum coercive field.

This work, which continues the previous study by some of the pre-
sent authors [21], investigates how the temperature factor affects the
arrangement of cations in the lattice of ferrimagnetic CoFe;O4. The
material is synthesized through co-precipitation followed by
temperature-dependent sintering. Using X-ray diffraction (XRD), trans-
mission >’ Fe Mossbauer spectroscopy (MS), and X-ray absorption (XAS)
measurements, it was previously shown that the degree of inversion, v,
decreases as sintering temperature decreases for a specific set of
CoFey04 nanoparticles [21]. The present study aims to complement the
previous one by using a different set of experimental techniques, namely
X-ray photoelectron spectroscopy (XPS), Raman scattering spectroscopy
(RS), and infrared spectroscopy (IR) measurements, to evaluate their
potential in providing results consistent with those previously obtained.
The question we seek to answer here is whether the chosen techniques
are suitable for estimating the parameter y.

In this work, we confirm a tendency for Co?' ions to occupy octa-
hedral sites as the sintering temperature increases. Our results based on
XPS, RS, and IR measurements are qualitatively consistent with those
previously obtained using MS, XRD, and XAS techniques, thereby vali-
dating the systematics of our earlier findings. The possible origin of the
quantitative discrepancies between all the techniques (the scatter of the
results) in the degree of inversion is briefly discussed.

2. Experimental

CoFe04 (CFO) powders were synthesized by the co-precipitation
method, the details are given elsewhere [21]. Aqueous solutions of
FeCl3.6H20 and CoCl,.6H20 were used as ferrite precursors. NaOH was
used as the precipitation medium. Co-precipitation was performed by
slowly dropping the precursor salts into the base solution while stirring.
The formed precipitate was centrifuged to pH = 7 and dried at 90 °C.
The control of the nanoparticle size was carried out by post-synthesis
controlled sintering. The resulting product was divided into fractions,
and heat treatments were carried out at 500, 600, 700, 800, 900 and
1000 °C for 5 h in air at a heating rate of 5 °C/min each time for a fresh
fraction of powder. It is worth mentioning that after the heat treatment,
the natural cooling of the samples took place in the furnace.

The XPS analyses were carried out in a PHI VersaProbell Scanning
XPS system using monochromatic Al Ka (1486.6 eV) X-rays focused to a
100 pm spot and scanned over the area of 400 pm x 400 pm. The
photoelectron take-off angle was 45° and the pass energy in the analyzer
was set to 46.95 eV (0.1 eV step) to obtain high energy resolution spectra
of Co 2p3/2, Fe 2p3/2. A dual beam charge compensation with 7 eV Ar
+ ions and 1 eV electrons was used to maintain a constant sample
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surface potential regardless of the sample conductivity. All XPS spectra
were charge referenced to the unfunctionalized, saturated carbon (C-C)
C1s peak at 285.0 eV. The operating pressure in the analytical chamber
was less than 3 x 10~° mbar. Deconvolution of spectra was carried out
using PHI MultiPak software (v.9.9.3). Spectrum background was sub-
tracted using the Shirley method.

Room-temperature unpolarized Raman scattering measurements
were performed with a Horiba Jobin Yvon LabRAM HR UV spectrometer
equipped with a thermoelectrically cooled multichannel CCD detector.
The Raman signal was excited with the 632.8-nm line of a HeNe laser
operating at a 10-mW power to avoid sample damage. The use of an
ultra-low frequency filter allowed measurements down to 10 cm™*. The
spectral resolution was smaller than 2 cm ™.

FT-IR (Fourier Transform Infrared) measurements were performed in
the middle (MIR) and far (FIR) infrared range using a Bruker Vertex 70v
vacuum spectrometer. MIR measurements were carried out using the
standard KBr pellet method. 256 scans in the 4000-400 cm ™! were ac-
quired with 2 ecm™' resolution. For the FIR measurements, the PE
(polyethylene) pellet method was employed. 512 scans, in the 500-100
cm ™! range were collected and resolution was set to 2 cm™'. Spectra
were subjected to mathematical treatment — cut to specific regions,
baseline correction, and normalization using Bruker OPUS 7.2 software.

Diffuse reflectance spectra (DRS) were recorded using a PerkinElmer
UV-Vis-NIR Lambda 750 spectrometer equipped with a 100 mm-inte-
grating sphere and an InGaAs detector (PerkinElmer, USA). Spectra
were recorded in the wavelength range from 200 to 2400 nm. BaSO4
powder sample was used as a reference. Powder samples were prepared
by grinding the mixture containing 15 mg of CoFeyO4 sintered at
different temperatures and BaSO4 (10 wt % of CFO).

3. Results and discussion

Fig. 1 shows a selection of Raman spectra measured in samples
prepared by sintering at different temperatures. For each sample, we
measured six Raman spectra mapping different parts of the samples. The
similar results obtained in different parts of the same sample indicate
that our samples were homogeneous. According to group theory, the
cubic normal spinel phase has five Raman active modes with symme-
tries: I' = Ajg + Eg + 3 T1g [21]. These modes are identified in Fig. 2.
However, there are two additional modes in the figure that are due to
cation inversion [24]. It is known that the highest frequency A;; mode
splits into two modes due to cation inversion [24], with the second mode
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Fig. 1. Room temperature Raman spectra of CFO powders obtained after sin-

tering at different temperatures. The different modes are labelled with their
symmetry. Modes at different temperatures are connected by dashed lines.
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Fig. 2. Raman spectra recorded for samples annealed at different temperatures (indicated in the figure), showing the Lorentzian multipeak fit in red and individual
Lorentzian functions in colours. The coefficient of determination R? of each fit is given in the plots. All spectra were collected for 120 s. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

labelled as Ajg* in the literature. Both A;g and Ajg* modes involve
symmetric stretching of oxygen atoms concerning Co and Fe in tetra-
hedral positions, respectively. We have also observed the splitting of the
Eg mode due to cation inversion. In this work, this second mode has been
labelled as Eg*. Both E; and Eg* modes correspond to a symmetric
bending motion of the oxygen anions concerning Co and Fe ions within
tetrahedral units. Therefore, the splitting of both Ay and E; modes
supports cation inversion. The more intense the Ajg* and Eg* modes
compared to Ajg and Eg, the higher the degree of cation inversion, i.e.
the higher the value of the y parameter. As for the rest of the Raman

modes, the T14(2) and T14(3) modes correspond to the vibrations of the
octahedral group. T14(2) is associated with asymmetric stretching vi-
brations and T14(3) is due to asymmetric bending vibrations of oxygen
atoms [25]. Finally, the lowest frequency mode Ti4(1) is related to a
translational motion of the whole tetrahedron as a rigid mode [25].

It can be seen in Fig. 1 that the peaks become broader as the sintering
temperature decreases, which is a consequence of the decrease in the
particle size [17]. The change in peak width is caused by the inhomo-
geneous strain broadening associated with the reduction of particle size
and by phonon confinement [26,27]. Due to the phonon broadening
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only five peaks can be distinguished in the samples thermally treated at
500, 600, and 700 °C. At these temperatures, the Eg* and T14(1) modes
are barely distinguishable. The disappearance of the Eg* mode with
decreasing sintering temperature suggests less cation inversion at lower
sintering temperatures. This conclusion is also supported by a systematic
comparison of the areas under peaks A;¢* and A1g, which we will present
after reporting a multipeak fit analysis of the Raman spectra.

Fig. 1 also shows that, except for the lowest frequency T14(1) mode,
all Raman modes shift to higher frequencies with increasing particle size
(increasing sintering temperature). Thus, the sintering temperature in
CoFey04 plays a role analogous to that of hydrostatic compression. This
phenomenon has been observed in other nanoparticles, where reducing
the particle size (reducing the sintering temperature in our study) in-
duces a negative pressure in the nanoparticles [28]. As mentioned
above, the lowest frequency mode T14(1) follows an opposite behaviour
to the other modes, as also observed in high-pressure experiments. The
frequency of this mode decreases slightly with increasing sintering
temperature (see Fig. 1). As described above, the T14(1) mode is related
to a rigid translation of the tetrahedra, indicating that the tetrahedral
units are distorted as the particle size decreases. Such a decrease in the
frequency of a translational mode has been observed in other oxides
[29] and is associated with the existence of phase transitions. The
behaviour of the T14(1) mode seems to indicate that, probably by
applying a sintering temperature higher than 1000 °C, but lower than
the melting temperature (1570 °C) [30] CoFe,0O4 nanoparticles could
crystallize in the tetragonal spinel structure of this compound [31].

To perform a quantitative analysis of the Raman spectra, we have
performed a Lorentzian multipeak analysis (see the results of the fits in
Fig. 2 and Table 1). The fitting procedure was performed using Origin
software. Lorentzian functions are characterized by peak intensity, peak
centre position, and peak width, which is half of the full width at half
maximum. The three parameters for each Lorentzian function were
taken as fitting parameters, so that a total of 21(15) parameters were
used in the fits for samples sintered at 800, 900, and 1000 °C (500, 600,
and 700 °C), with no restriction on peak width. The initial values of the
fitting parameters were determined manually using the Peak Analyzer
tool of the software used. The Raman spectra were then fitted iteratively
until the total residuals were minimized and no further improvements

Table 1
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could be achieved. The frequencies in Table 1 confirm that the phonon
frequency of the T14(1) mode decreases with increasing sintering tem-
perature and that the opposite behavior is observed for the other modes.
The peak widths in Table 1 confirm the broadening of the peaks with
decreasing sintering temperature. Finally, the intensity and peak width
information in Table 1 allows us to calculate the area under the peaks,
which will be used later to analyze the cation inversion after comparing
the phonon frequencies with previous studies. It should be noted that the
Alg* peak is much broader than the other peaks (see Fig. 2 and the
FWHM in Table 1) and that the weakness of the peak increases with
increasing sintering temperature. This is related to the fact that the
presence of this peak is a consequence of cationic inversion, which we
have found to increase with increasing sintering temperature. Cationic
inversion could cause a local disorder of the crystal structure, which
would broaden the peaks of the associated Raman modes, as observed
here.

In Table 2, we compare the Raman frequencies determined in this
work with those previously reported in the literature [24,32,33]. The
frequencies of all modes, except for the T14(1) mode, are slightly smaller
than in bulk CoFe;04 [32] and agree well with a previous study on
10-20 nm nanoparticles of CoFe;O4 [24]. On the other hand, the fre-
quency of the T14(1) mode is 20 cm ™! smaller than in Refs. 16 and 28.
The reason could be related to the different synthesis methods or the use
of different laser excitation lines [34]. A detailed analysis of this dif-
ference is beyond the scope of this study. It is noteworthy that the fre-
quency we measured for the T1¢(1) mode is similar to that reported in
Ref. 30 for CoFe;O4 nanoparticles of unknown particle size. The fre-
quencies of the remaining modes reported in that study [32] are more
similar to the frequencies we determined for the sample with a sintering
temperature of 500 °C.

As mentioned above, the frequencies reported in Table 2 are
important for estimating the degree of cation inversion. In this sense, it is
important to explain why the A;; mode is assigned to CoO4 tetrahedral
units and the A;g* mode is assigned to FeO4 tetrahedral units. This mode
assignment is not based only on previous studies [24] but also on the
different frequencies of the A1§ mode in spinel Co304 (690 em ™) [35]
and in spinel Fe3O4 (640 cm™ °) [36]. Therefore, it is quite reasonable
that in (Co;.xFey)(Fea.xCox)Oy4 spinel, the Ajg mode is split into a higher

Information obtained from the multipeak fit of Raman spectra measured in CFO powders. The frequency (») and full with at half maximum (w) of each mode are

reported, along with the area under the peak associated with each mode.

Mode T15(1) Eg Eg* T1g(2) T1g(3) Arg* Axg
Sintering temperature 1000 °C

o (em™) 177(1) 304.3(8) 351(2) 468.9(1) 559.9(7) 620.8(8) 689.6(2)
w (em™ 1) 43(5) 41(3) 29(7) 42.7(3) 36(3) 88(4) 37.6(9)
A (au) 3.8(3) 8.2(4) 1.8(49) 54.5(4) 7.1(1) 43(2) 24.8(8)
Sintering temperature 900 °C

o (em™h) 178(1) 304(1) 347(2) 469(1) 562(7) 619.9(7) 688.2(2)
w (ecm™Y) 38(4) 38(3) 20(7) 40.2(4) 26(3) 90(3) 38.2(8)
A (au) 4.7(4) 5.7(4) 1.0(3) 48.7(4) 3.9(6) 47.2(9) 29.2(8)
Sintering temperature 800 °C

o (cm™) 180(1) 303.5(6) 344(2) 466.0(1) 552.9(8) 612.5(4) 683.5(2)
w (em™h) 45(4) 43(2) 25(6) 48 (3) 28(4) 91(2) 45.9(6)
A (a.u) 5.0(3) 9.4(4) 1.5(3) 59.8(4) 3.7(6) 69(2) 45.1(8)
Sintering temperature 700 °C

o (cm™) 182(3) 303(3) 466.0(3) 610.0(4) 681.9(4)
w (em™h) 58(4) 58(4) 45.3(9) 71(1) 63(1)
A(a. u) 6.2(9) 10.4(8) 31.5(5) 68(1) 60(1)
Sintering temperature 600 °C

o (em™) 183(2) 302(1) 465.7(2) 607.8(6) 674.0(3)
w (em ™) 89(8) 82(6) 58.0(9) 86(2) 60(1)
A (au) 11.4(9) 13.8(9) 47.9(6) 67(2) 62(1)
Sintering temperature 500 °C

o (em™) 184(3) 300(2) 463.0(4) 597(2) 668.3(5)
w (em™1) 88(9) 78(9) 86(1) 125(5) 61(2)
A (auw) 17.5(5) 19.8(4) 70(1) 74(5) 69(3)
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Table 2
Comparison of our Raman frequencies (in cm ') in CFO powders with those of previous studies (*Ref. 32, "Ref. 17, and “Ref. 31). The sintering temperatures are given
in the table.

Mode Bulk?® 10-20 nm® Nano® This work

1000 °C 900 °C 800 °C 700 °C 600 °C 500 °C

Tig(1) 210 205(1) 174-183 177(1) 178(1) 180(1) 182(3) 183(2) 184(3)

Eg 312 309(1) 293-297 304.3(8) 304(1) 303.5(6) 303(3) 302(1) 300(2)

Eg* 351(2) 347(2) 344(2)

T1g(2) 470 468(1) 458-462 468.9(1) 469(1) 466.0(1) 466.0(3) 465.7(2) 463.0(4)

T1g(3) 575 563(1) 526-539 559.9(7) 562(7) 552.9(8)

Arg* 624 613(1) 595-601 620.8(8) 619.9(7) 612.5(4) 610.0(4) 607.8(6) 597(2)

Aig 695 688(1) 671-677 689.6(2) 688.2(2) 683.5(2) 681.9(4) 674.0(3) 668.3(5)
frequency A;; mode associated with the stretching vibrations of the
CoOy4 tetrahedron and a lower frequency A;.* mode associated with the V4 Vy V3 V4
stretching vibrations of the FeO4 tetrahedron.

We will now use the results reported in Table 1 to obtain information : m:s 288 2 8
about the cation inversion in our samples. The table shows that the area I
of the Eg* peak is greater than zero only at sintering temperatures of 800, — MIR700 2 - 2 ) \“1\\ 3
900, and 1000 °C. This indicates an increase in the Fe content in the o — MIR 800 RN - I
tetrahedral sites, i.e. an increase in the cation inversion with a conse- e MIR 900 2 2 \q\\ =
quent increase in the occupation of the octahedral sites by Co atoms. 3 MIR 1000 ’ //m\\\\ﬁ o
From the areas (A) under the Ajg and A;g* peaks the degree of cation § — FIR 300 ' 2 ( 8 \\\ 5
inversion can be estimated as y=Aaig+/ (AAlg +AA1gﬁ) [24]. The results 2 |~ FIR600 L T //’/\\\ & | !
are shown in Fig. 3, where they are compared with results obtained ~—FIR700 ] 2 S~ g \ o
previously from XRD and Mossbauer spectroscopy [21] and in this study || FIR 800 L B - &
from XPS measurements (for selected samples). The four techniques FIR900 |~ 2 = 2 N\ 3
show a qualitatively similar trend. According to Raman measurements, y || FIR1000| — 8 In N
increases from 0.51 for a sintering temperature of 500 °C to 0.64 for a // = By 3
sintering temperature of 1000 °C. . —— MIR FIR 1T
. — .

In addition to the Raman study, we performed another vibrational
analysis using IR spectroscopy. The CoFe;O4 spinel belongs to the Tq4
point group and has four infrared active modes with symmetry Ty,
which are usually observed as bands labelled v;-v4 (see Fig. 4). The
bands are broader than the Raman modes due to the LO-TO splitting.
The IR band with the highest wavenumber, v;, at about 600-500 cm’l,
is predominantly related to stretching vibrations of the tetrahedra, and
the v, band, at 400-300 cm ™, is predominantly related to stretching
vibrations of the octahedra. On the other hand, the modes with lower
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Fig. 3. Parameter y (degree of cation inversion) versus sintering temperature as
determined by XPS (selected samples) and Raman (RS) measurements. The
results of XRD and Mossbauer (MS) spectroscopy measurements reported in
Ref. 21 for the same samples are also shown for comparison.
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Fig. 4. MIR and FIR spectra of cobalt ferrites.

wavenumbers are more complex vibrations, involving both octahedra
and tetrahedra. The v3, which appears as a shoulder of vy, can be
attributed to the interactions of metals in tetrahedral and octahedral
sites [37-42]. Band wavenumbers and assignments of the different IR
bands are shown in Table 3 and Fig. 4.

As can be seen in Fig. 4, the IR spectrum of cobalt ferrite obtained
after sintering at 500 °C, shows the typical vibrations of cubic ferrites.
The strong v; band at 575 cm™! has a significant shoulder at higher
wavenumbers (about 650 cm ™) and is a typical broadening character-
istic of a disordered structure [37,40]. This indicates that the spinel
structure of our CFO powders is disordered. With increasing tempera-
ture, the shoulder disappears and there is a slight shift of this band to-
wards the higher wavenumbers, from 575 to 579 cm '. The
disappearance of the shoulder is probably due to better crystallization of
the sample with increasing temperature and the wavenumber shift is
probably due to the change in B-site occupancy, as discussed below. The
most significant shift is observed in the v, band. It moves from 363 to
383 cm ™! as the sintering temperature is increased. To understand this

Table 3
Wavenumbers of the four IR bands in CFO powders annealed at different
temperatures.

Temperature (°C) Wavenumber (cm ™)

% V2 V3 V4

500 575(1) 363(1) 285(1) 194(1)
600 575(1) 364(1) 287(1) 194(1)
700 575(1) 365(1) 287(1) 192(1)
800 579(1) 360(1) 285(1) 191(1)
900 579(1) 378(1) 287(1) 188(1)
1000 579(1) 383(1) 289(1) 184(1)
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phenomenon, it is necessary to calculate the “covalency”/bond strength
of the Co-O and Fe-O bonds in the spinel structure in octahedral posi-
tions [43,44]. From the N-V parameter (N — number of unpaired elec-
trons, V — valence state) it is possible to assess the degree of spinel
inversion. The higher the parameter, the lower the covalency and
therefore the lower the bond strength. This in turn implies a shift to-
wards lower wavenumbers. The calculations for octahedral cations are
as follows: Co®™: 3-2 = 1, while Fe®': 5-3 = 2 [43,44]. Therefore, an
increase in the Co occupation of the octahedral sites will lead to an in-
crease in IR phonon wavenumbers. The results for the v, modes (see
Fig. 5) show a shift towards higher wavenumbers, implying that the
octahedral sites become occupied by cobalt ions as the sintering tem-
perature increases. This is further evidenced by the slight shift of the v3
vibration to higher wavenumbers, which is additionally attributed to the
interaction of metals in tetra- and octahedral sites, confirming the
ongoing changes. The opposite behaviour is observed in the v4 band.
With increasing temperature, the vibration of interacting metals in
tetrahedral configuration shifts this band to lower wavenumbers.
Finally, the mode v3 is essentially unaffected by the sintering temper-
ature. This is not surprising since this mode is related to the interaction
between cations, which is not much affected by cation inversion. In
summary, the v, band can be considered as an indicator of the degree of
inversion in spinels. Its position is directly related to the presence of
cobalt in the octahedral positions. As the temperature increases, it is
clearly visible that the position of this band begins to shift, at first
slightly, and then more significantly. Thus, IR spectroscopy qualitatively
confirms the trend obtained more quantitatively by RS spectroscopy.

It should be noted that the analysis of XPS measurements is a very
powerful technique to quantitatively determine the chemical composi-
tion at the atomic level down to about 5 nm from a surface. The peak
position (binding energy) identifies the element, while the peak in-
tensity is proportional to the amount of the element in the sample. The
surface concentrations of chemical bonds obtained by fitting XPS data
for the samples (from their survey spectra) are listed in Table 4. The
presence of Na, C and trace amounts of Ca and Pb on the surface is a
consequence of the synthesis route and environmental conditions and
does not affect the magnetic properties of the particles. Additionally, it
does not influence the Co/Fe ratio in the studied region. Figs. 6 and 7
show the XPS spectra of the Co2ps,» Fe2ps/» levels in the (selected) CFO
samples. The detailed cationic distribution of the ions was quantitatively
estimated by calculating the deconvolution of the peak area corre-
sponding to the octahedral and tetrahedral geometries of the cobalt ions.
We discard the existence of Co>" ions in our samples, otherwise it would
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Fig. 5. Wavenumber of the IR v, vibration versus sintering temperature.
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imply the existence of Fe>" ions due to the charge balance. The latter
was discarded by the Mossbauer spectroscopy (MS) measurements in
our previous studies [21]. With increasing sintering temperature, the
Co?* ions tend to occupy the octahedral sites, i.e. the inversion degree
parameter y increases. This trend is opposite to that reported by Liu et al.
[45] who studied the cation distribution in CoFe;O4 nanofibers
annealed in the range of 700-850 °C. However, it is consistent with our
Raman trend discussed above, as well as the XRD and Mossbauer spec-
troscopy results supported by XAS.

The Fe 2p3/2 spectra (Fig. 6) are similar for all samples where iron
was detected. Each spectrum was fitted with up to six lines, with the first
found at 709.5 eV, indicating the presence of the Fe>" oxidation state as
in Fey03. Four lines in the 710-715 eV energy range are due to the
multiplet splitting phenomena. The broadening and shifted shake-up
energy up to 718.2 eV is a characteristic behaviour for Fe>*, providing
additional evidence for Fe>* species in the samples [50,51].

The Co 2ps3/, region for the samples (Fig. 7) was fitted with five
components. The first and third lines at 778.8 eV and 781.4 eV represent
the main photoemission line of the Co?* octahedral site and the multi-
plet splitting (ms) component of the Co?* octahedral site as in Co304
species. The second and fourth lines at 779.9 eV and 782.9 eV are the
pair components (main and ms) attributed to the Co?®" cations in the
octahedral sites, as in CoO species. The last broadening line at 785.6 eV
is the shake-up satellite component associated with the Co?" cations,
corresponding to a high spin-orbital state (S = 3/2) of Co*t [50,52].
Using the quantitative results of the deconvoluted spectra, the param-
eter of the degree of inversion was calculated for each sample, as shown
in Fig. 3.

Diffuse reflectance spectra (Fig. 8) were measured to investigate the
band gap of CoFeyO4 nanoparticles by UV-visible diffuse reflectance
spectroscopy. To identify the band gap energies of all the CFO samples,
[F(R)E]? is plotted against hv, where F(R) is the Kubelka-Munk function
F(R) = (1-R)?/2R, where R is the reflectance in UV-Vis spectra. By
extrapolating [F(R)E]? to zero, as shown in Fig. 8, the value of the direct
band gap energy was estimated. The value of the band gap energy ob-
tained by this method may slightly underestimate the energy of the
fundamental band gap [53]; however, the offset of the band gap energy
is the same for all samples, allowing for a systematic comparison be-
tween samples (same reference as above). The obtained results (2.5-2.8
eV) are consistent with those reported by other researchers [54-57] and
show a clear trend: the value of the band gap energy increases with
increasing particle annealing temperature. Srinivas [57] reported the
dependence of the band gap energy on the cation distribution in
Ni-doped cobalt ferrite. The reported trend is similar to what we observe
in our CFO samples: the greater the occupancy of the octahedral sites by
Co ions, the greater the observed value of the band gap energy. This
dependence was attributed to the different interatomic distances be-
tween the anion and cations due to the size differences of the cations in
tetrahedral and octahedral positions. Sharma and Khare reported the
relationship between Co%* distribution among the
tetrahedral-octahedral positions and the optical band gap energy in
CoFey04 thin films annealed at different temperatures [58]. The authors
observed the opposite effect of the annealing temperature on the band
gap position, manifested by the decrease of the band gap energy with the
increase of the annealing temperature. It should be noted that the au-
thors reported that the direct band gap was located at significantly lower
energies compared to the results reported in this work. Holinsworth
et al. reported that the direct band gap in CoFey0O4 has an energy of
about 2.7 eV, which is in good agreement with our data, while the in-
direct band gap is located at an energy close to 1.2 eV [59].

In summary, qualitatively, all the techniques show the same trend;
however, quantitatively, there is a discrepancy between the results ob-
tained by the techniques applied.

Therefore, it is useful to mention the reasons that could lead to these
quantitative discrepancies. XRD is a technique based on the diffraction
of electrons. Elements with a similar number of electrons, when adjacent
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Table 4
Surface composition (atomic %) of the samples determined by survey XPS measurements. The assignment of chemical bonds was done on the basis of references
[46-49].
Element C (o] Na Ca Fe Co Pb
Energy[eV] 285.0 286.6 288.8 529.7 531.4 5329 1071.5 347.1 709.5 778.8 780.1 785.6 138.2
Groups/Ox.state  C-C C-0-C, C=0  O-Me(latt) O-Me(def) O-C,OH, Na' Ca?* Fe3t Co*" (0n)  Co?' (Tg)  Sat. (Co*")  Pb>"
C-OH 0=C H0 ads.
500 11.2 4.1 2.5 33.2 11.8 2.6 0.8 0.2 20.6 2.7 3.4 6.7 0.1
800 10.1 2.0 1.7 35.2 9.5 2.2 5.0 0.7 18.7 3.9 3.8 7.0 0.2
900 10.3 1.9 1.2 36.5 9.7 2.5 3.4 1.3 19.1 3.7 3.9 6.3 0.3
1000 10.2 2.5 1.7 36.3 11.2 3.6 0.7 2.3 17.1 4.0 3.7 6.5 0.2
8000 14000 11000
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Fig. 6. Fe 2p3,, core-level XPS spectra for (selected) CFO samples annealed at
different temperatures.

in the periodic table, have similar scattering factors. In the case of
conventional XRD, obtaining an accurate cation occupancy can be a
challenge. XPS is a surface-sensitive technique, meaning that the
chemical state of the surface can be different from that of deeper states.
Therefore, XPS cannot provide complete information about the chemical
state of the particles as a whole.

In the case of MS, this technique is extremely sensitive to the atomic
probe (Fe in our case). If the model used to fit the Mossbauer spectra is
properly chosen, the estimation of the degree of inversion can be very
accurate and, therefore, reliable.

As for RS, if we assume that the oscillations of the phonons are
harmonic, the frequency is in principle \/k/m, where k is the force
constant and m is the mass of the atom. Consequently, for two atoms,
that are neighbours in the periodic table, RS is probably not the most
sensitive way to determine the degree of inversion, especially in
nanomaterials.

4. Conclusions

A series of CoFeyO4 nanoparticles synthesized through co-
precipitation followed by temperature-dependent sintering in the

792788784780776
Binding energy [eV]

792788784780776
Binding energy [eV]

Fig. 7. Co 2ps,, core-level XPS spectra for (selected) CFO samples annealed at
different temperatures.

range of 500-1000 °C has been analyzed using Raman, IR and XPS
techniques to track the degree of spinel inversion, defined as the amount
of Co?" ions in the octahedral sites. The results obtained from vibra-
tional techniques (Raman and infrared spectroscopy) are qualitatively
consistent, suggesting that Co ions prefer to occupy the octahedral sites
as the sintering temperature increases. The same trend was observed
using X-ray photoelectron spectroscopy. The different distribution of
Co%" ions in the CFO samples with varying sintering temperatures is also
reflected in changes to the optical band gap. It provides opportunities for
tuning the band structure with respect to the use of synthesized and
thermally treated CFO in photocatalytic water splitting or water puri-
fication processes. All these results align with those previously obtained
using °’Fe Mossbauer spectroscopy, X-ray diffraction, and X-ray ab-
sorption measurements. This allows us to conclude with certainty that
the temperature factor affects the distribution of ions in cobalt ferrite
particles: higher temperatures favor the occupancy of the octahedral
sites by Co?" ions, i.e. CFO spinels tend to become fully inverse spinels as
sintering temperature increases. Although all the techniques involved in
the investigation show the same trend, the quantitative results for
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Fig. 8. UV-visible diffuse reflectance spectra. The point where the straight line intersects the energy axis is taken as the direct band gap.

defining the inversion degree parameter (y) differ somewhat due to the
varying sensitivities of the techniques involved. It can be concluded that,
for a more accurate estimation of y in cases when it truly matters, the use
of more than one technique is highly recommended. Among the tech-
niques discussed in this study, >’ Fe Mossbauer spectroscopy appears to
provide the most reliable results, at least for the Fe-containing samples.
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