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Spinel ferrites ("[M;_,Fe J°[MFe,_,JO, with 0 < x < 1, where M is a bivalent metal ion and the
superscripts denote tetrahedral and octahedral sites) are materials commonly used in electronics due to
their outstanding magnetic properties. Thus, the effect of the degree of inversion, x, on these properties
is well known. However, its effect on other properties of these materials has rarely been investigated in
detail. Since ferrites gained much attention during the last decade as visible light active photocatalysts
and photoelectrocatalysts, understanding the effect of the degree of inversion on the optical properties
became necessary. Among photocatalytically and photoelectrocatalytically active spinel ferrites, zinc
ferrite (ZnFe,O4, ZFO) is one of the most widely studied materials. In this work, five ZFO samples with
degrees of inversion varying from 0.07 to 0.20 were prepared by a solid-state reaction employing
different annealing temperatures and subsequent quenching. Raman and UV-Vis-NIR spectra were
measured and analyzed together with theoretical results obtained from ab initio calculations. Changes in
the UV-Vis-NIR spectra associated with electronic transitions of tetrahedrally and octahedrally coordinated
Fe’* ions are distinguished. However, the optical band gap of the material remains unchanged as the
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degree of inversion varies. Based on the experimental and theoretical results, a new assignment for the
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1. Introduction

Spinel ferrites are versatile materials with several applications
in the fields of information storage,' magnetic fluids,” micro-
wave devices,® and catalysis.” Undoubtedly, their outstanding
magnetic properties make spinel ferrites such interesting
materials for these purposes.® However, other properties, such
as semiconductivity, are nowadays scientifically explored.
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Raman active internal modes and the electronic transitions of ZFO is proposed.

Recently, semiconducting spinel ferrites (MFe,O4, M = metal
ion) have attracted attention in the fields of photocatalysis
and photoelectrocatalysis.*” Applications of spinel ferrites in
these research areas include artificial photosynthesis,” carbon
dioxide conversion,® hydrogen and oxygen generation via water
splitting,”™* and water treatment.'” Properties such as narrow
band gaps (&2 eV), high chemical stability, abundance,
and low cost make spinel ferrites promising materials for the
applications mentioned above.*”

MFe,0, crystallizes in a face-centered cubic structure like
the mineral spinel (MgAl,0,), after which this class of materials
is named. In the so-called normal structure, M>* and Fe** ions
occupy 1/8 of the tetrahedral sites and 1/2 of the octahedral
sites available in the O®~ lattice, respectively. However, when
all the M*" ions at the tetrahedral sites are exchanged by Fe**
ions from the octahedral sites, the material adopts a so-called
inverse structure. The parameter commonly employed to char-
acterize the cation disorder is the degree of inversion, x,
defined as the fraction of M** ions occupying octahedral sites,
according to "[M;_,Fe,]°[M,Fe,_,]O,.

Among photocatalytically and photoelectrocatalytically active
spinel ferrites, zinc ferrite (ZnFe,O,4, ZFO) is one of the most
widely studied materials."*'* At standard conditions (273.15 K
and 100 kPa), the normal structure is the thermodynamically
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most stable configuration for bulk ZFO." Nevertheless, it is
known that ZFO does not usually exhibit a normal structure
and the degree of inversion closely depends on the synthetic
conditions.’>° This effect is especially pronounced when
nanoparticulate ZFO samples are synthesized. Akhtar et al.'®
reported the sol-gel synthesis of ZFO nanoparticles having
degrees of inversion of 0.5 or 0.25 when urea or citric acid,
respectively, are used as precursors. Kamiyama et al.'® reported
the co-precipitation synthesis of ZFO nanoparticles with a
degree of inversion of 0.142 and Nakashima et al.*° prepared
nanoparticulate ZFO with a degree of inversion of 0.6 by radio-
frequency sputtering. ZFO nanoparticles having a high degree
of inversion have been prepared by Kurian and Mathew®" using
a solvothermal technique. They reported a degree of inversion
of 0.54.%' Sepeldk et al.*? investigated the effect of high-energy
ball-milling in the cation distribution of nanoscaled ZFO. The
authors showed an increase in the degree of inversion from 0
to 0.94, i.e., from normal spinel to almost completely inversed
spinel by increasing the milling time.

Mozaffari et al*® and Yuan et al.>* reported that the magneti-
zation of ZFO increases as the degree of inversion becomes larger.
Harris et al.>® reviewed the effect of the degree of inversion of
mechanochemically processed ZFO nanoparticles not only on the
magnetization but also on the Néel temperature and the nuclear
magnetic properties, including hyperfine field distributions, iso-
mer shifts, and quadrupole interactions. ZFO samples prepared
by mechanochemical methods show degrees of inversion close
to 2/3.>° As a consequence, a ferrimagnetic behavior is observed
at room temperature for the highly disordered ZFO samples.
Conversely, an antiferromagnetic behavior with a Néel tempera-
ture of 10.5 K is observed for normal ZFO.>

Although the effect of the degree of inversion on the magnetic
properties is well known, some other physicochemical properties
have not been until now investigated in detail. Among these, the
optical properties are of utmost importance for the characteriza-
tion of a material with applications in optoelectronics, photo-
catalysis, and photoelectrocatalysis. On the one hand, the UV and
visible light absorptivity of a material is directly related with the
maximum photonic efficiency that can be expected under defined
experimental conditions. On the other hand, Raman spectro-
scopy is a commonly employed technique for the characterization
of ZFO. Wang et al.*® reported a first order Raman spectrum of a
ZFO sample having a degree of inversion of 0.10. The authors
correlated the observed signals with the five Raman active inter-
nal modes predicted by the factor group analysis.® The experi-
mental data presented in the current study demonstrate that
some of the signals detected by Wang et al. are originated due to
a symmetry perturbation because of the cation disordering and,
thus, are not active internal modes. Regarding the absorptivity of
ZFO, Pailhé et al.”’ reported a diffuse reflectance Vis-NIR spectrum
of a sample with a degree of inversion of 0.140. For the interpreta-
tion of some of the electronic transitions, the authors considered
the splitting of the Fe(3d) orbitals on the basis of the Russell-
Saunders coupling.>” However, they also assigned some transitions
on the basis of a simple splitting of the Fe(3d) orbitals (into t,,
and e, orbitals), thus presenting ambiguous results.
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To the best of our knowledge, the effect of the degree of
inversion on the Raman scattering and UV-Vis-NIR absorptivity
of ZFO has not been studied in detail before. For the first time,
Raman spectra of normal and inverted ZFO were calculated,
obtaining an excellent agreement with the experimental results.
The combination of ab initio calculations and experimental data
allowed to describe how the optical properties of ZFO evolve as
the degree of inversion increases from x = 0.07 to x ~ 0.20.
Furthermore, fundamental properties such as the assignment
of the Raman active internal modes and the electronic transi-
tions were analyzed. The experimental and theoretical evidence
presented in this work supports a new interpretation for both,
the Raman active internal modes and the electronic transitions
of spinel ZFO.

2. Materials and methods

Polycrystalline ZFO samples were synthesized by means of a
solid-state reaction. Stoichiometric amounts of ZnO (Sigma
Aldrich, >99.0%) and Fe,O; (Sigma Aldrich, >99.0%) powders
were mixed together using an agate mortar. The mixture was
calcined in air at 1073 K with a heating rate of 350 K h™". After
12 hours, the sample was cooled to room temperature and
grinded again in an agate mortar. Aliquots of 0.500 g were
pressed into 13 mm diameter pellets applying a pressure of
55 MPa. The pellets were calcined at 1273 K with a heating rate
of 150 K h™'. After 2 hours at this temperature, the samples
were cooled to 1073 K with a cooling rate of 100 K h™*,
then kept at 1073 K for 12 hours, cooled to 773 K at a rate of
100 K h™ ", kept at 773 K for 50 hours, and finally quenched in
cold water. Some of the pellets (referred from now as ZFO_773)
were retained for further characterization. The rest were
divided into four sets of samples. The samples were heated
up with a rate of 300 K h™* and calcined at 873, 973, 1073, and
1173 K for 25, 20, 12, and 10 hours, respectively. After this
period of time, the calcined pellets were immediately quenched
in cold water. These samples will be referred as ZFO_873,
ZFO_973, ZFO_1073, and ZFO_1173.

Powder X-ray diffraction data were collected with an StadiMP
diffractometer (Stoe & Cie., Darmstadt, Germany) using mono-
chromatized MoK, radiation (4 = 70.9300 pm) and a Mythen2
1K detector (Dectris, Baden-Daettwil, Switzerland). Flat samples
for transmission measurements were prepared by placing the
sample between two thin mylar foils and fixing these with a
metal ring providing a 3 mm hole. The diffraction pattern were
recorded in transmission geometry in the 20 range from 2° to
92°, collecting 5977 data points with a step width of 0.015° 20
and 270 s measurement time per step. Rietveld refinements
were carried out using the Bruker DIFFRACP'™ TOPAS V4.2
software (Bruker AXS Inc., Madison, Wisconsin, USA). The space
group Fd3m, with the zinc and iron ions placed in tetrahedral
and octahedral sites, respectively, was assumed as starting point
for the refinement. The scale factors, lattice parameters, oxygen
positional parameters, inversion parameters, the three isotropic
displacement parameters, and the zero point were optimized

This journal is © the Owner Societies 2018
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during the refinements. The standard instrumental parameters
were determined with a LaBe standard (SRM 660c, NIST).

Mossbauer measurements were performed in transmission
mode using a Miniaturized Mossbauer Spectrometer MIMOS 11
with the sample perpendicular to the *’Co/Rh source. The
samples were placed into a spherical sample holder and the
cap was subsequently rotated to align the crystals in the xy-plane.
All isomer shifts are given relative to a-Fe at room temperature.
The data were fitted by least-squares method using Lorentzian
line shapes with the Recoil 1.05 Méssbauer Analysis software.”®

Raman measurements were made employing a confocal
Bruker Senterra micro-Raman spectrometer. Depolarized spectra
were collected at ambient conditions in backscattering geometry
using an Olympus BX 51 microscope that allows the incident
785 nm, 633 nm, or 532 nm laser beam to be focused on the
sample as a spot of about 2 pm in diameter. An integration time
of 5 s, 20 co-additions, and a power of 50 mW, 2 mW, and 2 mW
for the 785 nm, 633 nm, and 532 nm lasers, respectively, were
used. The instrumental precision was within +3 cm ™.

Raman spectra were calculated using the CRYSTAL14 program
package,*® employing triple< basis sets. The frequencies were
calculated using the range separated functional HSE06,° while
the intensities were calculated with B3LYP.>" A well-converged
Monkhorst-Pack grid of 8 x 8 x 8 was sufficient. The atomic
positions of normal and inverse ZFO were optimized using an
experimental lattice parameter of a = 844.32 pm.**

UV-Vis-NIR spectroscopy was carried out with an Agilent
Carry 5000 device equipped with an external DRA-2500 Diffuse
Reflectance Accessory. The spectra were collected in the range
of 200 nm to 2000 nm with a data acquisition interval of 1 nm,
an averaging time of 0.1 s, a scan rate of 600 nm min~*, and a
spectral bandwidth of 2 nm. The instrumental precision was
within £0.5 nm. The optical band gaps were determined by the
derivation of absorption spectrum fitting method (DASF).**

Optical spectra of normal and inverse ZFO were calculated
using the Vienna ab initio Simulation Package (VASP)** version
5.4.4. A carefully converged quasi-particle GW0>® algorithm was
employed and to gain insight about the optical properties, the
Bethe-Salpeter-Equations (BSE)*® were solved afterwards. For
normal ZFO, an experimental structure®® was used, while for
inverse ZFO, an optimization of atomic positions was performed.

The composition of the samples was determined analytically
by means of inductively coupled plasma optical emission
spectrometry (ICP-OES) using a Spectroflame and Spectro Arcos
from Spectro Analytical Instruments. Fe and Zn were quantified
by measuring the optical emission at 259.941 nm and 213.856 nm,
respectively, and comparing with the calibration curve prepared
using the respective ICP standards (Carl Roth). Prior to the analysis,
the samples were dissolved in freshly distilled 16% HCI (Carl
Roth) at 473 K using an ultraWAVE microwave digestion system
from MLS GmbH.

The structural and morphological properties of the samples
were analyzed using a JEOL JSM-6700F scanning electron
microscope provided with a lower secondary electron image
detector. An acceleration voltage of 2.0 kv and a 25000 times
magnification were employed.

This journal is © the Owner Societies 2018
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3. Results and discussions

ZFO samples with degree of inversion of approximately 0.07,
0.10, 0.13, 0.16, and 0.20 were synthesized by means of a solid-
state reaction. An initial calcination at 1273 K was carried out
for all the samples in order to ensure the homogeneity of the
crystallinity and the crystallite size between them. The degree of
inversion was modified by further calcination steps at tempera-
tures ranging from 773 K to 1173 K and subsequent quenching
of the samples in cold water. The samples were characterized
employing XRD and Rietveld refinement (Fig. S1, ESIt), Moss-
bauer spectroscopy (Table S1 and Fig. S2, ESIt), Raman spectro-
scopy (Fig. 2 and Fig. S5, ESIt), and elemental analysis. The
elemental analysis revealed a Fe to Zn ratio close, within the
experimental error, to 2:1 as expected for ZFO. This ratio will
also hold in the case that a mixture of equal amounts of Fe,0;
and ZnO is present. However, XDR (Fig. S1, ESIt) and Raman
(Fig. 2) data give no indication of the presence of ZnO or
hematite (a-Fe,053). Maghemite (y-Fe,O3), having a spinel struc-
ture, might not be distinguished from ZFO in an XRD diffracto-
gram. However, the presence of y-Fe,O; is excluded based on
the Raman (Fig. S6, ESIT) and Mossbauer data (Fig. S3, ESIT).
The strongest Raman scattering signal of y-Fe,Os, located at
670 cm ™', might not be differentiated from the broad ZFO band
at ca. 647 cm™ ">’ However, the next strongest and character-
istic band of y-Fe,0j, located at 718 ecm™*',*” is not observed in
the Raman spectra of ZFO (Fig. S6, ESIf). A more conclusive
evidence of the absence of y-Fe,O; comes from the Mdssbauer
data. A sextet is observed in the Mdssbauer spectrum of y-Fe,0;
(Fig. S3, ESI{) due to its room temperature ferrimagnetism.>”
However, only two duplets (due to the Fe®" cations present in
tetrahedral and octahedral sites) are observed in the Mgssbauer
spectra of the ZFO samples (Fig. S2, ESIt). This is because of
the room temperature paramagnetism of the ZFO samples.
Therefore, the presence of y-Fe,O; as secondary phase in the
ZFO samples is excluded.

The values deduced from Rietveld refinement and Mdssbauer
spectroscopy together with the structural parameters and the
iron to zinc molar ratios obtained from the elemental analysis
of the different quenched ZFO samples are given in Table 1.
Neither secondary phases nor impurities could be detected from
the XRD patterns. Furthermore, none of the samples showed
Mossbauer signals attributable to Fe>*. Hence, the absence of
Fe’* and, therefore, of oxygen vacancies has been confirmed by
Mbssbauer spectroscopy.

As becomes obvious from Fig. 1A, the degree of inversion
increases linearly with the calcination temperature from
0.074 + 0.011 at 773 K to 0.203 £ 0.017 at 1173 K. A similar
behavior was reported by O’Neill'® using powder XRD structure
refinements, and by Pavese et al.'® from in situ high-temperature
neutron powder diffraction data evaluation (Fig. 1B). The
results from O’Neill show a monotonic increase in the degree
of inversion from 0.019 at 773 K to 0.149 at 1073 K, and then a
plateau. The author suggested that this plateau results from the
re-ordering kinetics at temperatures higher than 1173 K being
too fast to allow a quenching of the sample.'® This effect was

Phys. Chem. Chem. Phys., 2018, 20, 28267-28278 | 28269


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8cp05061a

Open Access Article. Published on 29 October 2018. Downloaded on 12/9/2025 8:21:25 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

PCCP

Table 1 Refined structural parameters, degree of inversion deduced from Mdssbauer spectroscopy, and Fe to Zn molar ratios of the different
temperature annealed ZFO samples. nge/nz, is the Fe to Zn molar ratio, x is the degree of inversion, a is the lattice parameter, x(O) is the oxygen positional
parameter on 32e: x,x,x in Fd3m, Ly (IB) is the average crystallite size, and By, Bre, and By, are the isotropic displacement parameters concerning the

Zn?*, Fe®*, and O?~ ions, respectively

Degree of inversion x

Calcination Rietveld Mossbauer XRR + XMs .
temperature/K nge/nzn refinement (RR) spectroscopy (MS) ( B ) a/pm x(0) Lyoi(IB)/nm By /A>  Bgpo/A*>  B./A”
773 1.98 & 0.04 0.073(7) 0.074 %+ 0.015 0.074 + 0.011 844.285(5) 0.26025(13) 306(6) 0.38(1) 0.37(1) 0.39(3)
873 1.98 £ 0.05 0.106(6) 0.102 £ 0.020 0.104 & 0.013 844.433(5) 0.26001(11) 293(5) 0.48(1) 0.37(1) 0.50(2)
973 1.97 4+ 0.04 0.131(6) 0.136 + 0.010 0.134 4 0.008 844. 374( ) 0.26001(11) 302(5) 0.53(1) 0. 52( ) 0 56(2)
1073 1.98 & 0.03 0.161(7) 0.156 %+ 0.012 0.159 + 0.010 844.432(5) 0.25996(12) 327(6) 0.50(1) 0.53(1) 0.53(2)
1173 1.98 + 0.07 0.196(7) 0.210 + 0.028 0.203 4 0.017 844.427(5) 0.25954(13) 283(6) 0.34(1) 0.36(1) 0.41(3)
0.25
(A) °=+(B) a
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Fig. 1 (A) Degree of inversion, x, versus the annealing temperature. (B) Comparison of the present result with values obtained by O'Neill*® and Pavese et al.*

not observed by Pavese et al. because their measurements were
done in situ.*®

A comprehensible work regarding the thermodynamics of the
cation disorder and the dependence of the degree of inversion
with the temperature have been done by Callen et al.,*® Navrotsky
and Kleppa,®® O'Neill and Navrotsky,’®"! and O’'Neill."”® The
cation distribution in ZFO can be treated as a dynamic equili-
brium according to the following interchange reaction between
ions being present in tetrahedral (subscript “T”’) and octahedral
sites (subscript “O”):

"Zn + °Fe 2 “Zn + "Fe

A summary reviewing the thermodynamic analysis of the
temperature effect on the degree of inversion is presented
in the ESIt (Fig. S4).

The Raman spectra of the different ZFO samples are shown
in Fig. 2. In agreement with the XRD data, no signals attributed
to impurities or secondary phases are identified. The ZFO sample
with the lowest degree of inversion (ZFO_773, x = 0.074 £ 0.011)
shows five bands at 176.5 + 3 cm™ %, 251 + 3 cm ' (weak),
3524+ 3cm™Y, 447 + 3em ™Y, and 647 4+ 3 ecm ™! and one minor
signal at 155 + 3 cm™". The sharp signal at 352 + 3 cm™"
exhibits a broad shoulder at smaller wavenumbers while the band
at 447 + 3 cm™ " presents a broad shoulder at higher wavenumbers.

28270 | Phys. Chem. Chem. Phys., 2018, 20, 28267-28278

The broad signal at 647 + 3 cm™ " can be deconvoluted into two
Gaussian-shape signals at ca. 644 cm ™" and 675 cm ™" (Fig. S7,
ESIt). Comparing with the Raman spectra measured with
532 nm and 633 nm laser excitations (Fig. S5, ESIT), the relative
intensities of the bands change markedly. Interestingly, a
signal not present in the spectra obtained with 785 nm laser
excitation is observed at 573.5 + 3 cm™ " for the samples having
a low degree of inversion. This signal decreases rapidly as
the degree of inversion of the samples increases. A group-
theoretical analysis of the vibrational spectrum for the spinel
structure made by White and DeAngelis** predicted five Raman
active internal modes: Ay, Eg, and three ng.“ Because normal
and inverse spinel crystallize in the same space group, no
change is expected in the number of active internal Raman
modes. Nevertheless, when the degree of inversion is neither
Onor1 (0 < x < 1), the symmetry is perturbed and the number
of normal modes increases.*’ The five predicted Raman active
internal modes for the normal structure can be attributed to the
signals at 176.5 =3 cm™ ', 352 £ 3cm ', 447 +3cm™ *,573.5 &
3cem ™Y, and 647 + 3 cm ™', The weak band at 251 + 3 em ™', and
the shoulders and broadening observed for most of the signals
are direct consequences of the non-zero degree of inversion, as
will be discussed below. Even the sample with a degree of
inversion close to 0 (ZFO_773, x = 0.074 £ 0.011) shows all the
mentioned deviations.

This journal is © the Owner Societies 2018
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Fig. 2 Normalized Raman spectra of the ZFO samples with increasing degree of inversion (— ZFO_773, x = 0.074 4+ 0.011;, — ZFO_873, x = 0.104 £+ 0.013;
— ZFO_973, x = 0.134 + 0.008; — ZFO_1073, x = 0.159 + 0.010; — ZFO_1173, x = 0.203 + 0.017) obtained using a 785 nm laser as the excitation source.

Distinctive changes can be observed in the Raman scattering
as the degree of inversion of the ZFO samples increases. Fig. 3
shows the magnification of four different regions of the Raman
spectra presented above. The first interval, from 141.5 cm ™ to
202 cm™" (Fig. 3A), exhibits pronounced changes. As the degree
of inversion increases, a band almost imperceptible for
x = 0.074 % 0.011 becomes higher in intensity at 156 + 3 cm ™"
and the sharp signal observed at 176.5 + 3 cm™ " decreases in
intensity. Interestingly, this decrease is accompanied by a growth
of a shoulder at higher wavenumbers, resulting in a broad band
from 168 cm ™" to 198 cm ™. Supposing that the Raman mode at
176.5 + 3 cm™ ' is due to vibrations of the AO, tetrahedral
groups, the broadening of this band can be explained by the
exchange of Zn atoms by lighter Fe atoms, resulting in a shift in
the vibration frequency to higher wavenumbers.

In the region from 215 cm ' to 415 cm ' (Fig. 3B), an
increase in the intensity of the weak signal at 251 + 3 cm™*
and a broadening of the main band at 352 &+ 3 cm ™" with a
small shift of the maximum to smaller wavenumbers are
observed as the degree of inversion of the samples increases.
The broadening is due to the growth of the shoulder situated
at 315 + 3 ecm ™. This shoulder exhibits a weak intensity for the
sample with x = 0.074 £ 0.011. Supposing that the signals in
this spectral region are predominantly ruled by the vibration of
the AO¢ octahedral groups, the growth of this shoulder at lower
wavenumbers is in concordance with the exchange of Fe atoms
by heavier Zn atoms. Regarding the behavior of the weak signal
at 251 &+ 3 cm™ %, it can be assumed that it arises due to the
perturbation in the symmetry produced by the cation disorder-
ing. Hence, this signal is not one of the five predicted Raman
active internal modes for the normal structure.

This journal is © the Owner Societies 2018

Prominent changes in the Raman spectra are noticed in the
interval from 415 ecm™"' to 570 em ™' (Fig. 3C). As the degree
of inversion increases, the shoulder of the band observed at
447 4+ 3 cm™ ' for the sample with x = 0.074 £ 0.011 grows
markedly. This finally results in a broad band from 415 cm™" to
560 cm " with a maximum at 460 + 3 cm ™" for the sample with
x = 0.203 + 0.017. Supposing that the signal at 447 &+ 3 cm ™'
arises from the vibrations of the AO, tetrahedral groups, the
increase in the intensity of the shoulder at higher wavenumbers
is again a direct consequence of the exchange of Zn atoms by
lighter Fe atoms. As was mentioned above, the Raman active
internal mode at 573.5 & 3 cm ™' is not intense enough to be
detected using a 785 nm excitation source. Despite this signal is
observed in the spectra obtained using 532 nm and 633 nm
laser excitations, the intensity decreases rapidly as the degree
of inversion increases (Fig. S5, ESIt). This suggests that the
vibration of Zn atoms in the tetrahedral sites is also related
to this Raman band. Because the signal decreases in intensity
with the increasing degree of inversion, the weak band becomes
rapidly imperceptible.

A particular change is observed in the region between
575 cm ' and 730 cm ™' (Fig. 3D). As the degree of inversion
increases from 0.074 £+ 0.011 to 0.203 £ 0.017, the intensity of
the broad band at 647 + 3 cm™ " grows markedly. The increase
in the relative intensity of this band in comparison to the main
signal at 352 4+ 3 cm ' can clearly be seen in Fig. 2. In the
Raman spectra measured with 532 nm and 633 nm laser
excitations, the band at 647 & 3 cm™ ' becomes the main signal
for the samples having higher degrees of inversion (Fig. S5,
ESIT). This increase in intensity is accompanied by a shift of the

position of the maximum from 647 &+ 3 cm ™" to 642 4+ 3 cm ™ .
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Fig. 3 Raman spectra (785 nm excitation source) from (A) 141.5 cm™ to 202 cm™, (B) 215 cm™ to 415 cm™2, (C) 415 cm~* to 570 cm™, and (D) 575
cm~tto 730 cm~* of the ZFO samples with increasing degree of inversion (— ZFO_773, x = 0.074 + 0.011; — ZFO_873, x = 0.104 + 0.013; — ZFO_973,
x = 0.134 + 0.008; — ZFO_1073, x = 0.159 + 0.010; — ZFO_1173, x = 0.203 + 0.017).

It should be noticed that the ratio between two Raman
scattering signals seems to depend on the degree of inversion.
The intensity ratio between the Raman shifts at 352 and
647 cm ' vs. the degree of inversion was fitted with an
exponential decay function. The obtained results are shown
in the supporting information (Fig. S8, ESIT).

Fig. 4A shows the calculated Raman spectra of normal and
inverse ZFO. The position and relative intensity of the calculated
frequencies for a degree of inversion of x = 0 show a reasonably
good agreement with the experimental result obtained for
X & 0.073. It is worth mentioning that the FWHM of the Raman
signals cannot be calculated (therefore, an arbitrary value of
8 cm™ ' was used to plot the results) and that vibrational
wavenumbers from DFT calculations are typically larger than
the observed experimentally.** This is not only due to the
harmonic approximation but also to the finite basis sets.**
Furthermore, the computation of vibrational wavenumbers was
shown to be dependent on the method.***> Howard et al.
considered vibrational wavenumbers within 20 ecm™" of the

28272 | Phys. Chem. Chem. Phys., 2018, 20, 28267-28278

reference values as accurate. Thus, the calculated spectrum
for x = 0, with deviations of 15.5 to 48 cm™ " (5.7 to 8.8%,
respectively) from the experimental data obtained for a ZFO
sample with x &~ 0.073, is reasonably good. Scaling factors are
often applied to improve the agreement between the calculated
and experimental results.** Using scaling factors would also
align the calculated spectrum presented in Fig. 4B with the
experimental spectrum obtained for ZFO with x ~ 0.073.
However, this is not scientifically reasonable since the degree
of inversion of the calculated ZFO (x = 0) and the synthesized
ZFO (x ~ 0.073) are not equal. Since the maximal inversion
achieved experimentally is x = 0.203 £+ 0.017, the calculated
spectrum with an inversion of x = 1 cannot be compared directly.
Nevertheless, the trends observed experimentally upon increasing
disorder may be related to the theoretical spectra.

In the region from 150 cm™ ' to 250 cm ™! it can be seen a
prominent signal shift to higher wavenumbers with increasing
intensity as the inversion increases. In agreement with the
experimental result, the Raman signal observed in this region
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experimental Raman spectrum of ZFO with x = 0.074 + 0.011.

for x = 0 is shifted to higher wavenumbers in the calculated
spectrum for x = 1. Vibrational analysis confirms the assump-
tion that this signal arises from wagging of the tetrahedral ion,
explaining the shift to higher wavenumbers when Zn atoms are
replaced by the lighter Fe atoms.

The Raman signal located at 375 cm™ " for the normal ZFO
shifts to 325 cm ™" and exhibits a shoulder at 310 cm™". This
trend is once more in very good agreement with the experi-
mental results. Vibrations of both, the octahedrally and tetra-
hedrally coordinated ions contribute to this signal.

The double peak obtained at 464 cm ™" and 472 ecm ™" for
x = 0 shifts to slightly smaller wavenumbers (459 cm™ ' and
462 cm™ ") under inversion and increases in intensity, being the
most pronounced signal for x = 1. Although the vibrational analysis
mainly ascribes these signals to the wagging of the tetrahedrally
coordinated ions, as was supposed above, this behavior is not
completely in line with the experimental results shown in Fig. 3C.

The calculated spectrum for x = 0 shows a small signal at
600 cm™', which splits into three signals at 541 cm ',
563 cm™ Y, and 586 cm ™' for x = 1. This effect cannot be
observed in the experimental spectrum obtained with 785 nm
laser excitation since those signals vanish between the rather
broad bands located at higher and lower wavenumbers. Never-
theless, the spectra measured with 532 nm and 633 nm laser
excitations (Fig. S5, ESIT) show a weak signal at 573 + 3 cm ™,
comparable with the calculated signal at 600 cm™*, for the
sample with x = 0.074 £ 0.011. The intensity of this signal
decreases as the degree of inversion increases. This decrease
might be attributed to the split of this signal into three bands at
lower wavenumbers, which contribute to the broadness of the
band observed between 415 cm ™" and 560 cm ™.

The calculated signal at 695 cm™ ' undergoes a slight shift to
699 cm™ " upon inversion, accompanied by a decreased intensity,
which is contradictory to the experimental results (see Fig. 3D).
This signal can mainly be ascribed to a symmetrical stretching

This journal is © the Owner Societies 2018
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of the ZnO,-tetrahedra in the normal ZFO, and FeO,-tetrahedra
in the inverse ZFO.

As becomes clear from the above discussion, the degree of
inversion has a great effect on the Raman scattering properties of
ZFO. It is not surprising to find spectra in the literature showing
different signal positions as well as diverse assignments.***®
Furthermore, most authors presume a normal structure for
the ZFO samples, thus not determining the degree of inversion.
This assumption is not necessarily correct as the ordering of
the sample can be easily modified by the temperature of
preparation. Moreover, there are reports showing low-temperature
synthesized ZFO nanoparticles with high degrees of inversion."*°
Wang et al.>® presented a Raman spectrum of ZFO with x = 0.10
together with an assignment of the bands. The signals at
221 cm™}, 246 em™Y, 355 ecm™?, 451 cm ™, and 647 cm™ ' were
identified as the five Raman active internal modes predicted by
the group-theoretical analysis, having Fy,, Eg, Fag, Faq, and A
symmetry, respectively. The authors attributed the signals
above 600 cm™" to the motion of oxygen in the tetrahedral
AO, groups. The low-frequency modes were attributed to vibra-
tions in the octahedral BOg sites. The distinctive signals at
355 cm ', 451 em ™', and 647 cm ™' agree with the results
presented in this work but a discrepancy is found with the
vibrations at 221 cm ™ * and 246 cm ™ *. As was mentioned above,
the weak band at 251 + 3 cm ™" arises from the disorder of the
sample and is not one of the Raman active internal modes
for the normal structure predicted by the group-theoretical
analysis. The signal at 221 cm ™" was not observed in the present
work neither for the 785 nm nor for the 532 nm and 633 nm laser
excitations (Fig. S5, ESIt). A signal at 176.5 cm™ " appears in the
result presented by Wang et al. but the resolution in this region,
close to the acquisition limit of the spectrum, is poor. Finally, the
internal mode reported in the present work at 573.5 + 3 cm™*
is not observed by Wang et al. because this signal becomes
very weak while using a 785 nm laser excitation. The assignment
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Table 2 Assignment of the Raman active internal modes for normal
ZFO proposed in the present work together with the assignment made
by Wang et al.?®

Frequency/cm ™"

This work

Raman active internal mode Theoretical Experimental Wang et al.

Fag 191 176.5 £ 3 221
Eg 375 352 £ 3 246
Fag 464/472 447 £3 355
Fag 600 573 £3 451
Asg 695 647 £ 3 647

of the Raman active internal modes proposed in this work and
the assignment made by Wang et al. are presented in Table 2.

The UV-Vis-NIR diffuse reflectance spectra of the different
ZFO samples are shown in Fig. 5. Three predominant absorp-
tion bands are observed in the regions from 220 nm to 670 nm,
670 nm to 950 nm, and 950 nm to 1600 nm. The bands around
795 nm (ca. 1.56 eV) and 1200 nm (ca. 1.03 eV) present typical
Gaussian shapes, whereas the band with a maximum around
425 nm saturates the detector and then decreases in intensity
from ca. 400 nm. The former band exhibits masked signals
around 451 nm, 532 nm, and 614 nm. The determination and
origin of these signals will be discussed below. Less reflectivity,
namely more absorption, in the region between 500 nm and
700 nm is observed as the degree of inversion of the sample
increases. This explains the darkening of the samples as x
changes from 0.074 + 0.011 to 0.203 £ 0.017 (Fig. S9, ESIT). The
reflectivity of NIR radiation between 1400 nm and 2000 nm also
decreases as the degree of inversion increases.

Three types of electronic transitions are found in Fe*" rich
oxides: ligand field transitions, transitions due to ligand-to-metal

100

View Article Online

PCCP

charge-transfer, and transitions resulting from simultaneous
excitation of magnetically-coupled Fe®* neighboring cations.*”
The latter transitions are expected to be negligible for ZFO since
there are no face-sharing FeOg structures. The ligand field transi-
tions for a Fe** ion occupying an octahedral site are due to the
excitation of electrons from t,, into e, orbitals. These orbitals are
formed by the splitting of the 3d orbitals due to the electrical field
of the surrounding 0>~ anions. Furthermore, both the tye and e,
orbitals are also split because of the exchange energy (Russell-
Saunders coupling) and the resulting energetic states can be
found in the respective Tanabe-Sugano diagram (Fig. S10, ESIT).
According to this diagram, a high spin Fe’" ion exhibits a °A;4
ground state and the first three possible electronic transition
are: “A(G) — “Tig(G) (B2 — (B ("] *AlG) —
"Toel6) [0 — (') and A(G) — 'AifQ)
(8’2 — (580" (ex)’] Although all the transitions from
the ground °A,, state are spin and parity-forbidden, they become
allowed due to the magnetic coupling of electronic spins of
neighboring Fe** cations.**™°

On the basis of the Tanabe-Sugano diagram, an assignment
of the experimentally observed UV-Vis-NIR bands was done
(Table 3). The signals at 1200 nm and 795 nm can be assigned
to the °Ajg > “T14(G) and °A;y — “Ty(G) transitions, respectively.
This corresponds with a value of ca. 14164 cm ' (1.76 eV)
for the energy of the octahedral crystal field, and ca. 624 cm ™"
for the Racah parameter (Fig. S10, ESIt). Additionally, the
energy for the °A;; — *A4(G) and °A;y — "T,,(D) transitions
is estimated to be ca. 20248 cm™' (494 nm, 2.51 eV) and
22300 cm™ ' (448 nm, 2.76 eV), respectively. The latter value
is in good agreement with the signal at 451 nm masked within
the broad band from 220 to 670 nm. Transitions from non-
bonding molecular orbitals localized on the oxygen atoms
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Fig. 5 UV-Vis-NIR diffuse reflectance spectra of the ZFO samples with increasing degree of inversion (— ZFO_773, x = 0.074 £+ 0.011; — ZFO_873,
x = 0.104 £+ 0.013; — ZFO_973, x = 0.134 £ 0.008; — ZFO_1073, x = 0.159 + 0.010; — ZFO_1173, x = 0.203 £+ 0.017).
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Table 3 Assignment of the experimentally observed electronic transitions
of ZFO according to the ligand field theory considering Russell-Saunders
coupling

Wavelength/nm Transition

1200 ZAlg - ;‘Tlg(G)

795 Ay — "Tpy(G)

614 0*” + Fe’" - O™ + Fe*" (indirect)
532 0* +Fe’™ —» O~ + Fe*" (direct)
481 A1y = *A1g(G)

451 A1y = *Tyg(D)

to the antibonding t,, Fe(3d) orbitals are reported in the
literature for a vast variety of iron-based oxides.”’”" Because
this electronic excitation is responsible for the optical band
gap of the semiconducting ZFO, the derivation absorption
spectrum fitting method (DASF)** was applied to get more
insight into the energy and the nature of the transition.
Because the measured diffuse reflectance spectra do not corre-
late directly to the absorption spectra, the Kubelka-Munk
radiative transfer model*® was first applied to determine the
absorption coefficient. Rietveld refinement (Table 1) and SEM
pictures (Fig. S11, ESIt) reveal that the particles have similar
size and shape. Thus, it was assumed that the different ZFO
samples have the same scattering properties. The full mathe-
matical deduction of the DASF model for diffuse reflectance
data is presented in the supporting information. As can be seen
from Fig. 6, three clear bands are observed at 2.02 eV (614 nm),
2.33 eV (532 nm), and 2.75 eV (451 nm), and a weak signal is
observed at 2.58 eV (481 nm). The bands at 2.58 eV and 2.75 eV can
be assigned to the *A;; — *A;4(G) and °A;; — “Tyy(D) transitions,
respectively (Fig. S10, ESIT). Consequently, the signal observed at

View Article Online
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2.02 eV can be attributed to the 0>~ + Fe*" — O~ + Fe*" transition.
Moreover, the DASF analysis shows that this is an allowed and
indirect transition (Fig. S12, ESIT). Finally, the band at 2.33 eV can
be attributed to a direct O*~ + Fe* — O~ + Fe*" transition. Table 3
lists the proposed assignment for the experimentally observed
electronic transitions of ZFO.

Surprisingly, all the bands can be assigned considering only
electronic transitions in the octahedrally coordinated Fe** ions.
Similar results are known for other iron-based oxides having
Fe** in both tetrahedral and octahedral positions.*” Pailhé et al.””
also assigned the UV-Vis-NIR absorption bands of a ZFO sample
with x = 0.140 to transitions involving Fe*" in octahedral sites.
Nevertheless, despite the authors deduced some of the transitions
considering the orbital splitting due to the Russell-Saunders
coupling, they mixed two different models by assigning transi-
tions on the basis of a simple splitting of the Fe(3d) orbitals (into
t, and e, orbitals) as well.

By comparing the spectra for the ZFO samples with different
degrees of inversion, the presence of transitions involving
tetrahedrally coordinated Fe®* ions can be analyzed. The UV-
Vis-NIR spectra from 0.90 to 6.0 eV and the deconvolution
of the three distinctive reflection bands employing Gaussian
shaped curves are shown in Fig. 7. As the degree of inversion of
the samples increases, the percentage of reflection at ca. 1.5 eV
becomes higher (absorption decreases), and a broadening is
observed for the band at ca. 1.0 eV (absorption increases). The
amount of Fe*" ions in octahedrally coordinated sites has a
considerable effect on the signal around 1.5 eV. As this value
decreases, the absorption in this region becomes smaller.
This effect is consistent with the assignment of this band to
a transition involving Fe*" ions in octahedral sites. On the

10

din[e(W)A Ydx " 7 10°a.u.

Energy hv / eV

Fig. 6 Derivation of absorption spectrum fitting (DASF) method calculated from 670 nm to 400 nm for the ZFO samples with increasing degree of
inversion (— ZFO_773, x = 0.074 + 0.011; — ZFO_873, x = 0.104 £ 0.013; — ZFO_973, x = 0.134 + 0.008; — ZFO_1073, x = 0.159 + 0.010; — ZFO_1173,

x = 0.203 £ 0.017).
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(A) UV-VIS-NIR diffuse reflectance spectra from 0.9 to 6.0 eV of the ZFO samples with increasing degree of inversion. (B) Deconvolution of the

UV-VIS-NIR diffuse reflectance spectra employing Gaussian-shaped curves. The full line, dash line, and pointed line corresponds to the reflection bands
at 1.03 eV, 1.56 eV, and 3.00 eV, respectively. — ZFO_773, x = 0.074 + 0.011; — ZFO_873, x = 0.104 + 0.013; — ZFO_973, x = 0.134 + 0.008; —

ZFO_1073, x = 0.159 4+ 0.010; — ZFO_1173, x = 0.203 £ 0.017.

other hand, an increasing amount of Fe** jons in tetrahedrally
coordinated sites generates a higher absorption in the region
around 1.0 eV. This signal cannot be attributed solely to
transitions involving Fe®" ions in tetrahedral sites because the
intensity is already very high for the sample containing
only 3.8% (x = 0.074 £+ 0.011) of tetrahedrally coordinated
Fe®* ions and does not grow proportionally as the degree of
inversion increases. Nevertheless, considering that the transi-
tions originating from tetrahedrally coordinated Fe’" ions
might not be significantly different in energy than those arising
from the octahedrally coordinated,>” an overlapping of both

types of transitions can be expected at around 1.0 eV. Therefore,
the broadening of the band in the NIR region close to 1.0 eV can
be explained by the contribution of the ligand field transitions
due to Fe*" ions occupying tetrahedral sites.

The imaginary part of the dielectric function, &,, which is
directly related to the probability of photon absorption,>* was
calculated in dependency on the excitation energy for ZFO with
a degree of inversion of x = 0 and x = 1. The resulting spectra are
given in Fig. 8.

Since the used theoretical approach is no multideterminantal
ansatz, intra-atomic transitions cannot be described. The onset of

28276 | Phys. Chem. Chem. Phys., 2018, 20, 28267-28278

hv/eV

Fig. 8 Calculated imaginary part of the dielectric function ¢, for optical spectrum of ZFO for ZFO with x = 0 and x = 1.
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the spectrum for the normal and the inverse ZFO is located at 2.3
and 2.1 eV, respectively. The position of the 0>~ + Fe** — O~ + Fe**
transition is in excellent agreement with the experimental result.
Furthermore, both experiment and theory state that there is no
difference in the band gap energy for different degrees of inversion.
The theoretical spectrum in Fig. 8 shows that, upon inversion, the
intensity of the band gap excitation decreases dramatically. A
similar effect can be seen in Fig. 6 for the signal attributed to the
direct band gap transition. As the degree of inversion increases, the
area of the signal, and thus the absorption coefficient, decreases.

4. Conclusions

The effect of the degree of inversion on the Raman scattering and
the UV-VIS-NIR reflectivity of spinel ZFO is elucidated. Based on the
strong evidence collected, a new assignment for both, the Raman
active internal modes and the electronic transitions is proposed for
normal ZFO. As the degree of inversion increases, a larger contribu-
tion from the ligand field transitions of the tetrahedrally coordinated
Fe’* ions into the visible light absorptivity of the material is
observed, producing a characteristic darkening of the sample.
Conversely, no effect is observed on the energies of the transitions
due to ligand-to-metal charge-transfer between O°~ and Fe*" ions.
Thereby, the band gap energy, with values of 2.02 eV and 2.33 eV for
the indirect and direct transition, respectively, is found to be
independent of the degree of inversion.
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