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spinel cobalt ferrites: Fe and Co
chemical state, cation distribution and size effects
by X-ray photoelectron spectroscopy†
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Carla Cannas ab and Antonella Rossi ab

Nanostructured spinel cobalt ferrite samples having crystallite size ranging between 5.6 and 14.1 nm were

characterized by X-ray photoelectron spectroscopy and X-ray induced Auger electron spectroscopy in

order to determine the chemical state of the elements, the iron/cobalt ratio and the cation distribution

within tetrahedral and octahedral sites. The presence of size-dependent trends in the binding energy of

the main photoelectron peaks and in the kinetic energy of the X-ray induced O KLL signal was also

investigated. The results showed that iron is present as FeIII and cobalt is present as CoII. The iron/cobalt

ratio determined by XPS ranges between 1.8 and 1.9 and it is in very good agreement, within

experimental uncertainty, with the expected 2 : 1 ratio. The percentage of Fe in octahedral sites ranges

between 62% and 64% for all samples. The kinetic energy of the O KLL signals increases with crystallite

size. These results are explained in terms of changes in the ionicity of the metal–oxygen bonds. The

results of this investigation highlight how the XPS technique represents a powerful tool to investigate the

composition, the chemical state and inversion degree of cobalt spinel ferrites, contributing to the

comprehension of their properties.
Introduction

Nanostructured spinel cobalt ferrite (CoFe2O4), because of its
unique properties, has received great attention in a wide range
of applications,1,2 which include magnetic recording,3,4 catal-
ysis,5,6 biomedicine7–11 and sensors.12,13 Among the cubic
ferrites, CoFe2O4 is the material with the highest magneto-
crystalline anisotropy and reasonably high magnetization14 and
it shows excellent chemical and thermal stabilities, good
mechanical properties and is also easily synthesized by different
approaches.15–18 In the spinel structure, oxygen ions are close-
packed in a cubic arrangement in which metallic cations ll
one out of the eight tetrahedral interstices (commonly identi-
ed as Td or with round brackets) and half of the octahedral
ones (Oh or square brackets). Tetrahedral sites are occupied by
divalent cations in a direct or normal spinel (MII)[MIII]2O4,
whereas trivalent cations replace them in an inverse spinel
(MIII)[MII;MIII]2O4.19

The chemical and physical properties are directly correlated
to the composition and to the structure. Bulk cobalt ferrite
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shows an inverse spinel structure: all CoII cations occupy the
octahedral sites, and the FeIII cations are equally distributed in
Td and Oh sites (g¼ 1, g is the inversion degree or the fraction of
divalent cations in octahedral sites). The coupling of the
magnetic moments associated with the ions in Td and Oh sites
justies the ferrimagnetic behavior of the cobalt ferrite below
860 K.19 Conversely, when prepared in form of nanostructured
material CoII and FeIII are randomly distributed (g ¼ 0.66). In
the literature, different techniques (57Fe-Mössbauer spectros-
copy, EXAFS, neutron diffraction) have been applied in order to
determine the inversion degree of nanostructured CoFe2O4

synthesized with various approaches and the values fall in the
0.68–0.76 range.10,20–22

It is clear that among all the factors that mainly inuence the
properties of the ferrites, besides the size and the shape of the
particles, the stoichiometry and the cation distribution play
a crucial role. Therefore, the knowledge of the chemical
composition, of the structure and of the properties is the key to
design a material for a specic application.

In this context, X-ray photoelectron spectroscopy is
acknowledged to be a state-of-art tool for providing elemental,
chemical state and quantitative information also when inves-
tigating nanostructured materials.23 Due to the above
mentioned features it is oen used as a complementary tech-
nique in papers dealing with nanostructured ferrites.24–26

The chemical state analysis of XPS data usually starts with
the curve tting of the most intense photoelectron signal. For
RSC Adv., 2019, 9, 19171–19179 | 19171

http://crossmark.crossref.org/dialog/?doi=10.1039/c9ra03488a&domain=pdf&date_stamp=2019-06-17
http://orcid.org/0000-0003-2648-2215
http://orcid.org/0000-0003-1593-5872
http://orcid.org/0000-0003-2908-7739
http://orcid.org/0000-0002-5151-2634
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra03488a
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA009033


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

0/
25

/2
02

5 
12

:0
0:

00
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
the transition metals this procedure is not straightforward
being the line shapes of the 2p peaks complicated by peak
asymmetry, multiplet splitting, by the presence of shake-up
satellites and plasmon loss structures. Furthermore, if iron
and cobalt are simultaneously present in a sample, as in
CoFe2O4, the photoelectron Fe 2p and Co 2p peaks overlap the
Auger Co L3M45M45 and Fe L3M45M45 respectively, when the Al
Ka X-ray source is used.

Among the scientic literature on ferrites, only few papers
provide details on the curve tting procedure.27,28 Some of the
papers report XPS spectra, tables listing the binding energy
values and the quantitative composition without details on the
spectra processing.29–31 The present work focuses on the use of
XPS for the characterization of nanostructured cobalt ferrites
samples with crystallite size ranging between 5.6 and 14.1 nm.

In order to determine the iron and cobalt chemical states,
their most intense photoelectron signals were resolved in
components following two different approaches. The rst one is
based on the results of the calculation of the multiplet structure
expected for 2p core levels of iron and cobalt free ions, proposed
by Gupta and Sen32 and the strategy developed in ref. 25 for rst
row transition metals oxides and hydroxides. This model was
successfully applied for curve tting the iron signals in various
applications ranging from the environmental33 to the biological
ones.34 According to the curve tting strategy proposed in
literature27 the iron of a nickel ferrite is composed of four
components that were chosen as starting point for curve tting
the spectra in this paper.

The magnetic properties of the ferrites are inuenced by
disorder in the cation distribution between octahedral and
tetrahedral sites, which can inuence saturationmagnetization,
exchange couplings, and ferrimagnetic ordering tempera-
tures;35 in order to determine the spinel inversion degree of the
cobalt ferrite, a second curve tting strategy, based on that
proposed by Aghavniana and co-workers,36 has been adopted in
this paper.

Since it is known that the binding energy of photoelectron
lines is a size dependent parameter,37–40 in this paper it is also
evaluated if a systematic chemical shi of the binding energy of
iron Fe 2p3/2, cobalt Co 2p3/2, oxygen O 1s and of the kinetic
energy of the X-ray induced O KLL signal is observable,
changing the cobalt ferrite crystallite size. Since initial and nal
state effects inuence the chemical shi of both photoelectron
and Auger lines, an explanation of the observed trends is
provided.

Experimental

Cobalt ferrite samples (labelled as Co1-5 in Table S1†) with
different crystallite size have been synthesized following a sol-
vothermal procedure similar to the one described elsewhere.41,42

In order to tune the crystallite size, the amount of the mixed
CoII–FeIII oleate precursor, the solvents as well as the tempera-
ture were properly modied. In details: the amount of precursor
for the 5.6 nm nanoparticles (NPs) was 3 mmol in 20 cm3 of 1-
pentanol and 10 cm3 of distilled water. The synthesis was con-
ducted at 180 �C for 10 h. The same temperature and reaction
19172 | RSC Adv., 2019, 9, 19171–19179
time were used for the synthesis of the 6.7 nm NPs: in this case
6mmol of precursor were added to 10 cm3 of 1-pentanol, 10 cm3

of octanol, and 5 cm3 of distilled water. With the same amount
of precursor and solvents, but at 220 �C for 10 h, 8.8 nm NPs
were obtained. 11.2 nm NPs were synthetized starting with
2.5 mmol of precursor, 10 cm3 of 1-pentanol, 10 cm3 of toluene
and 5 cm3 of distilled water at 230 �C for 10 h. The largest
nanoparticles (14.1 nm) were obtained by a seed-mediated
approach using a solvothermal procedure set up for core–shell
nanoparticles having a CoFe2O4 core and MnFe2O4 or Fe3O4/g-
Fe2O3 shell.42

Table S1† summarises the synthesis conditions adopted in
this work. The rst column reports the sample notation.

X-ray diffraction, using a PANalytical X'Pert PRO with Cu Ka
radiation (1.5418 Å), secondary monochromator, and a PIXcel
position-sensitive detector was used for characterizing the
crystalline phases. Calibration of the peak position and
instrumental width was carried out using powder LaB6 from
NIST. The hexane dispersions were dried on a glass plate and
measured in the angular range of 10–90� with a step of 0.039�.
The XRD patterns aiming to the identication of the crystalline
phase, aer background subtraction, were processed using
PANalytical X'Pert HighScore soware. The most intense X-ray
peaks [(220), (311), (400), (422), (511), (440)] were tted with
Origin Soware by PseudoVoigt function, using a 1 : 1
Gaussian/Lorentzian ratio. In reciprocal space for the cubic
system, the reciprocal of the interplanar distance q is dened as

q ¼ 1

dhkl
¼ 2 sin qhkl

l
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

h2 þ k2 þ l2
p

a

where dhkl is the interplanar distance of the (hkl) planes, l is the
wavelength of the X-ray beam, qhkl is the angle of diffraction for
the (hkl) planes, h, k, l are the Miller's indexes and a is the lattice
parameter. The crystallite size (diameter) was obtained from full
width at half maximum of q (denoted as Gq) by Repko et al.41

DXRD ¼ 1:10

Gq

where Gq ¼ cos q
l

G2q

In this equation, the value 1.10 takes into account the
information on size distribution and shape of the particles and
the model derived from Repko et al.41 based on the tting of the
peak of Fourier-transformed solid spheres with volume-
weighted log-normal size distribution with s ¼ 0.18, which
are almost Gaussian. For each sample, the crystallite size is
given as average of the values calculated on the most intense
peak and the associated error is the standard deviation.

AFM analysis was performed on spin-coated silicon wafer-
samples to observe the changes occurring on their surfaces
when varying the spin-coating conditions.

To obtain a uniform layer, the ideal suspension concentra-
tion was 4 mg cm�3. 100 mL of each solution were deposited on
each silicon wafer and the spin-coating conditions were
4000 rpm for one minute.

AFM images were acquired using an Icon Dimension
(Bruker, Camarillo, California, USA) with a silicon cantilever
This journal is © The Royal Society of Chemistry 2019
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(BudgetSensors, Bulgaria) with a spring constant of about 26 N
m�1 (manufacturer's value).

XPS measurements were carried out using a Sigma2 XPS and
a Thetaprobe manufactured by ThermoFisher Scientic Inc.,
East Grinstead, UK. Sigma 2 is equipped with an Al/Mg Ka twin
source. A non-monochromatic Mg Ka source (1253.6 eV) oper-
ated at 200 W was used in order to eliminate the overlap
between Fe 2p and Co LMM peaks and between Co 2p and Fe
LMM peaks, which is observed if an Al Ka source is used. The
residual pressure during the analysis was always lower than
10�6 to 10�7 Pa. The emitted electrons are collected by an Alpha
110 hemispherical analyzer, and a multichannel detector con-
sisting of seven channeltrons is used. The analyzer was operated
in xed-analyzer transmission mode setting the pass energy at
25 eV for collecting the high-resolution spectra and at 50 eV for
the survey spectra; a step size of 0.05 eV and 1 eV was respec-
tively used. The instrument was used in large-area mode
(diameter of the analyzed area: 8 mm). The energy resolution in
large-area XPS mode, expressed as the full width at half
maximum (FWHM) of the Ag 3d5/2 signal was 1.1 eV; the
intensity was 3.7 Mcps using an Al window less than 1 mm thick
to limit the contribution of backscattered electrons and to
reduce the contribution of Bremsstrahlung radiation.

The Thetaprobe spectrometer is equipped with a mono-
chromatic Al Ka X-ray source; the residual pressure during the
analysis was always lower than 10�7 Pa. Spectra were collected
using a monochromatic beam (Al Ka1,2 E ¼ 1486.6 eV) operated
at 4.7 mA and 15 kV (70 W), with a nominal spot size of 300 mm.
The analyzer was operated in xed analyzer transmission mode
at 100 eV pass energy for collecting narrow scan spectra and at
200 eV for the survey spectra with a step size of 0.05 eV and 1 eV,
respectively. The linearity of the binding energy scale of both
spectrometers was monthly checked according to the litera-
ture43 and to ISO 15472:2010, using Cu, Au and Ag reference
samples. Data were acquired under computer control. Binding
energy values were corrected by referencing to the aliphatic
carbon at 285.0 eV. Thetaprobe was used to acquire the O 1s and
O KLL spectra since the lower FWHM allowed obtaining
a better-resolved O KLL signal.

Magnetic nanoparticles dispersed and dried on silicon wafer
can be characterized by XPS taking care of checking the shape of
the survey spectrum at the low kinetic energy side i.e. below
200 eV. This part of the spectrum is reported to be affected in
the presence of stray magnetic elds.44 No changes at the low
kinetic energy values were observed during this investigation.
Fe/Co ratios were calculated correcting the experimental areas
for the relative sensitivity factors. The details are reported in the
ESI.†

Results

For all the samples XRD results indicated the presence of
a spinel cobalt ferrite nanophase, as conrmed by the
comparison with the CoFe2O4 PDF-Card 0221086 (Fig. S1†).42

The absence of other XRD peaks is a clear indication of the
presence of a unique spinel phase, within the detection limit of
the technique. The crystallites size determined by XRD is shown
This journal is © The Royal Society of Chemistry 2019
in Table S1.† Cobalt ferrite samples were dispersed in hexane
and deposited on silicon wafer by spin coating, dried, and
analyzed by XPS. To check the homogeneity of the covering of
the silicon wafer substrate, atomic force microscopy was used.
The optimum concentration for achieving the best coverage of
the silicon wafer was found to be 4 mg of ferrites in 1 cm3 of
hexane. At lower concentration of the dispersion (1–2 mg cm�3)
disordered and not homogeneous depositions were obtained
(Fig. S2†). Together with the signals due to the presence of iron
and cobalt, the survey spectra (Fig. S3†) showed the signals due
to oxygen from both the ferrite and the capping agent, and the
peaks due to carbon deriving from both the capping agent and
a possible organic contamination due to the exposure of the
samples to the laboratory environment. The absence of signals
at about 100 eV and 150 eV allowed excluding the presence of
the silicon contribution from the wafer, conrming a proper
coverage.

Fe 2p peaks (Fig. 1a) exhibit a doublet separated by 13.5 eV
due to spin–orbit coupling. For the curve-tting purpose only
the Fe 2p3/2 peak was taken into account.

Fe 2p3/2 peaks were resolved in four components due to
multiplet splitting phenomena, following what is reported in
literature27 for NiFe2O4. The binding energy of the four
components are listed in Table 1.

The curve-tting parameters are shown in the ESI (Table
S2†): the full width at half-maximum of the peak height and the
area ratios were kept constant during curve synthesis, while the
position of the components was let free to change. Despite this
degree of freedom, the binding energy difference between the
rst peak (Fe 2p I) and the other peaks was reproducible, and it
is reported in Table S2.† The binding energy of the signals
(Table 1) is typical for FeIII 27 and no evidence of FeII is observed.
Fig. 1a and Table 1 show a small binding energy shi of the Fe
2p3/2 components with the crystallite size: the smaller the cobalt
ferrites particles size, the higher the binding energy of the peak.

Co 2p peak is a doublet due to spin–orbit coupling (Fig. 1b);
the binding energy separation between Co 2p3/2 and Co 2p1/2
was 16 eV and it allowed us to exclude the presence of CoIII, thus
the experimental lines were curve-tted starting from the tting
parameters of CoO reported in Biesinger et al.27 Also in this
case, for curve-tting purposes, only the Co 2p3/2 was taken into
account (Fig. 1b). The shape of the Co 2p3/2 signal, which shows
an intense satellite separated by 6.5 eV from the main most
intense peak, is typical of CoII.27 No signicant shis were
observed for the different samples (Table 1). The curve-tting
parameters are listed in Table S3† of the ESI.†

O 1s is a multicomponent peak (Fig. 2a): the most intense
component is found at about 530 eV (Table 2) and it is ascribed
to oxygen in the oxide lattice.27 The component at about
531.5 eV can be ascribed to both hydroxides and defective
oxygen.27 The peak at the highest binding energy value might be
due to water and/or to the oleic acid used as capping agent.27

O KLL spectrum showed the presence of two prominent
peaks, assigned to O KL23L23 and O KL1L23 (Fig. 2b),45 together
with a component at about 477 eV assigned to the KL1L1 Auger
transition45 and a small peak at 501 eV (peak s in Fig. 2b) that
RSC Adv., 2019, 9, 19171–19179 | 19173
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Fig. 1 (a) Fe 2p and (b) Co 2p peaks of the cobalt ferrite samples following the curve-fitting procedure based on the multiplet splitting
approach.27 The crystallite size is reported in the graph. X-ray source: Mg Ka.
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may be due to shake-up and shake-off contribution to the Auger
peak.45

The kinetic energy values of the O KL23L23 components are
reported in Table 2, together with KEO KL23L23 � KEO KL1L23

difference, which is related to the ionicity of the oxides, in
agreement with literature.46 The identication of the three
different oxygen species (oxide, hydroxides or defective oxygen,
and water or oleic acid) by curve-tting of the O KLL signals was
not attempted since it was beyond the scope of this work. The O
KLL signals were resolved in their main components in order to
calculate the modied Auger parameter (a0) and to evaluate any
possible size effect in the kinetic energy values of the peak
maxima. The values of the modied Auger parameter47 a0 ¼
BEO1s + KEOKL23L23 are also reported in Table 2.

Iron/cobalt ratios of the CoFe2O4 samples are found to be
close to 2 : 1 (Table 1) for all the samples, in agreement with the
ICP-OES (inductively coupled plasma–optical emission spec-
trometry) results obtained on CoFe2O4 samples synthesized by
an identical synthesis route.42 To evaluate the ratio by XPS data,
Table 1 Fe/Co ratios determined by XPS and binding energies (eV) of th
curve-fitting.27 X-ray source: Mg Ka. Standard deviations on three indep

Crystallite size
(nm) Fe/Co ratio Fe 2p I Fe 2p II Fe 2p III

5.6 (2) 1.8 710.3 (1) 711.3 (1) 712.5 (1)
6.7 (1) 1.9 710.2 (1) 711.2 (1) 712.4 (1)
8.8 (2) 1.9 710.1 (1) 711.1 (1) 712.4 (1)
11.2 (6) 1.9 710.1 (1) 711.1 (1) 712.4 (1)
14.1 (8) 1.9 710.0 (1) 711.0 (1) 712.2 (1)

19174 | RSC Adv., 2019, 9, 19171–19179
the Tougaard's background-subtracted Fe 2p and Co 2p peaks
(both 2p3/2 and 2p1/2 components) were considered. Tougaard's
background was chosen since it is less sensitive to the choice of
the minimum and maximum of the selected energy range than
the Shirley background, especially if large energy ranges are
taken into account.48 In the present case the energy range was
35 eV for Co 2p and 25 eV for Fe 2p.
Discussion

The curve-tting approach adopted for Fe 2p3/2 and for Co 2p3/2
(Fig. 1), following the calculated components and their intensity
ratio presented by Gupta and Sen32 and in agreement with the
curve-tting reported in literature27 provided the evidence of the
presence of FeIII and of CoII. Gupta and Sen32 calculated the
multiplet structure of core p vacancy levels for the 3d-transition
metal ions. McIntyre and coworkers,49 since 1977, adopted
Gupta and Sen32 prediction for resolving Fe 2p and, later, Co 2p
spectra of bulk powder.27 The curve-tting showed in this work
e components of Fe 2p3/2 and Co 2p3/2 peaks after multiplet splitting
endent measurements are reported in brackets

Fe 2p IV Co 2p I Co 2p II Co 2p III Co 2p IV

713.9 (1) 780.5 (1) 782.6 (1) 786.0 (1) 787.0 (1)
713.8 (1) 780.5 (1) 782.6 (1) 786.0 (1) 787.0 (1)
713.8 (1) 780.5 (1) 782.6 (1) 786.0 (1) 787.0 (1)
713.8 (1) 780.5 (1) 782.6 (1) 786.0 (1) 787.0 (1)
713.6 (1) 780.4 (1) 782.5 (1) 785.9 (1) 786.9 (1)

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) O 1s spectra and (b) O KLL spectra of the cobalt ferrite nanoparticles samples. The particle size is reported in the graph. X-ray source:
monochromatic Al Ka.
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is in agreement not only with Gupta and Sen32 but also with
successive publications by McIntyre and co-workers.49 Thus in
this paper it is demonstrated that the t predicted for the iso-
lated ions,32 tested on bulk powders,27,49,50 can be successfully
used also for nanostructured cobalt ferrites. The multiplet
splitting of Fe 2p3/2 signals from different iron oxides was
investigated by Grosvenor and coworkers50 and it was shown
that the FeIII octahedrally-coordinated (a-Fe2O3) can be distin-
guished from the same signal in g-Fe2O3, in which 75% of FeIII

cations are octahedrally-coordinated and 25% of the cations are
tetrahedrally coordinated. The main differences between the
two Fe 2p3/2 signals are the different area ratios between the
multiplet splitting components for a-Fe2O3 and g-Fe2O3 and
their binding energy (BE) separation. However, the proposed
curve-tting did not allow distinguishing, in the case of g-Fe2O3,
between octahedral and tetrahedral iron.50 The results obtained
Table 2 Binding energy (eV) of the O1s signals, kinetic energy (eV) of the
ferrites. Standard deviations on three independent measurements are re

Crystallite size
(nm) O1s oxide

O1s hydroxide or
defective oxygen O1s water O KL23L23

5.6 (2) 530.0 (1) 531.5 (1) 532.4 (1) 511.2 (1)
6.7 (1) 530.0 (1) 531.6 (1) 532.6 (1) 511.4 (1)
8.8 (2) 530.1 (1) 531.5 (1) 532.4 (1) 511.5 (1)
11.2 (6) 530.1 (1) 531.6 (1) 532.3 (1) 511.7 (1)
14.1 (8) 530.1 (1) 531.5 (1) 532.5 (1) 511.9 (1)

a a0 ¼ (BEO 1s + KEO KL23L23).
b Da0¼ (a0

CoFe2O4 NPs � a0
Fe2O3

taken at 1042

This journal is © The Royal Society of Chemistry 2019
in this work for Fe 2p are comparable with those obtained for
NiFe2O4:27 the presence of Fe

II can be ruled out since no peaks at
about 708 eV and 709 eV 27,50 are observed but nothing can be
said about cation distribution.

The curve-tting strategy of Co 2p peaks proposed by other
authors36 was thus followed in order to estimate the spinel
inversion parameter from XPS data. The estimation strategy
starts with distinguishing between CoII in octahedral sites (Oh)
and CoII in tetrahedral (Td) sites on Co 2p peaks (Fig. 3). Both Co
2p3/2 and Co 2p1/2 are taken into account aer Shirley back-
ground subtraction, in agreement with literature.36 Co 2p3/2 was
curve-tted with a peak located at 780.5 eV, which is ascribed to
cobalt in Oh sites, with a peak at 782.9 eV due to CoII in Td sites,
and with a satellite at 786.3 eV for all the samples (Table 3 and
Fig. 3).
O KL23L23 component and Auger parameter values (eV) for the various
ported in brackets

O KL1L23 DKEOKLL IKL23L23/IKL1L23 a0a Da0b DReac

490.5 (1) 20.7 (1) 1.75 1041.2 (2) �0.8 �0.4
490.8 (1) 20.6 (1) 1.78 1041.4 (2) �0.6 �0.3
491.0 (1) 20.5 (1) 1.80 1041.6 (2) �0.4 �0.2
491.3 (1) 20.4 (1) 1.89 1041.8 (2) �0.2 �0.1
491.3 (1) 20.4 (1) 2.04 1042.0 (2) 0 0

eV). c DRea ¼ Da0.
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Fig. 3 Octahedral and tetrahedral CoII from XPS.

Fig. 4 Oxygen chemical state plot. Data from this work are reported
(black dots) together with data from literature55 (colored squares).
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Despite the larger number of oxygen atoms near the CoII in
octahedral sites, its BE is lower than the BE of CoII in tetrahedral
sites. This is explained in terms of effective charge on the cobalt
atoms and of oxygen polarizability.51 The BE separation between
CoII in Oh and Td sites is xed.36 The area ratio between CoII in
Oh and Td in Co 2p1/2 was constrained to be equal to their ratio
in Co 2p3/2. Assuming a general formula:
(FeyCo1�y)Td

[Fe2�yCoy]OhO4 the percentages of area of the CoII

components in Oh and Td sites allow the estimation of y, thus
the fraction of cobalt in Oh sites. The percentage of iron in
octahedral sites is thus calculated with the formula %Fe (Oh) ¼
Table 3 Binding energy (BE, eV), full width at half maximum (FWHM, eV),
octahedral sites (g) and percentage of iron in octahedral sites determine

Crystallite size
(nm)

Co 2p3/2 (Oh) Co 2p3/2 (Td)

BE (eV) FWHM (eV) BE (eV) FWHM (eV)

5.6 (2) 780.4 (1) 2.6 (1) 782.8 (1) 2.6 (1)
6.7 (1) 780.4 (1) 2.6 (1) 782.8 (1) 2.6 (1)
8.8 (2) 780.5 (1) 2.6 (1) 782.9 (1) 2.6 (1)
11.2 (6) 780.5 (1) 2.5(1) 783.0 (1) 2.5(1)
14.1 (8) 780.5(1) 2.6 (1) 782.9(1) 2.6 (1)

19176 | RSC Adv., 2019, 9, 19171–19179
(y � 0.5 + (1 � y) � 1) � 100.36 The percentage of Fe in octa-
hedral sites calculated following this approach for all the
samples ranges between 62 and 64% (Table 3) and it is in very
good agreement with the cation distribution formula obtained
by 57Fe Mössbauer spectroscopy and for nanostructured
CoFe2O4:10,20,21 (Fe

III
0.7Co

II
0.3)[Fe

III
1.3Co

II
0.7]O4.

On the basis of these results it seems that this curve
synthesis based on two symmetric peaks for distinguishing
between differently coordinated iron and cobalt is effective to
estimate the cation distribution.

Due to the presence of the oleic acid shell, which is esti-
mated to be about 1 nm thick in agreement with Shard,52 the
signals from cobalt ferrite are attenuated. The sampling depth
of an electron travelling in a ferrite nanoparticle can be esti-
mated by the formula 3lferritecos q where lferrite is the inelastic
mean free path determined for inorganic compounds, accord-
ing to Seah and Dench,53 and q is the emission angle. For iron Fe
2p, for example, the sampling depth was found to be 4.6 nm for
electrons travelling in pure cobalt ferrite. Due to the presence of
the 1 nm-thick oleic acid layer, the sampling depth is reduced
and it can be estimated by the formula 3lferrite cos qe�t=lC cos q,
energy separation between Co 2p3/2 and Co 2p1/2, fraction of cobalt in
d following literature36

Co 2p3/2 SAT
DBE
2p3/2 � 2p1/2 (eV) g % Fe (Oh)BE (eV) FWHM (eV)

786.2 (1) 4.9 (1) 16.0 (1) 0.76 62
786.2 (1) 4.9 (1) 15.9 (1) 0.75 62
786.4 (1) 5.0 (1) 15.9 (1) 0.76 62
786.6 (1) 4.7 (1) 15.8 (1) 0.75 63
786.3 (1) 5.0 (1) 16.0 (1) 0.72 64

This journal is © The Royal Society of Chemistry 2019
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where t¼ 1 nm is the thickness of the organic layer and lC is the
inelastic mean free path of an electron from Fe 2p travelling in
an organic layer, determined according to Seah and Dench.53

The sampling depth for an Fe 2p electron starting from the
cobalt ferrite nanoparticle and attenuated by the oleic acid layer
is estimated to be 4.0 nm.

The agreement between the results obtained by XPS (cation
distribution and the Fe/Co ratios) on the surface and those
extracted by bulk techniques (57Fe Mössbauer spectroscopy and
ICP-OES)42 supports a compositional and structural homoge-
neity throughout the nanoparticle, also for the larger NPs, for
which only 1/3 of their volume is sampled by XPS.

It is known that the binding energy of photoelectron peaks
can be strongly inuenced by the particle size. In many papers
dealing with metal nanoparticles a positive shi of the binding
energy values is observed with decreasing particle size.38,54 In
other papers a negative shi is observed for metal supported
nanoparticles and it might be attributed to the interaction
between the metal nanoparticles and the support rather than to
an intrinsic particle size effect.37,38 The observed chemical shi,
due to both size effects and to metal/support interactions, has
been explained taking into account both initial- and nal-state
effects. The reduced coordination number of surface atoms,
which is more signicant for small NPs, is an initial-state effect;
the electron exchange between the support and the NPs and the
screening of the core hole on the photo-emitting atom (relaxa-
tion energy) are nal-state effects and are inuenced by particle
size as well.38

Concerning the oxides, a positive shi of Cu 2p3/2 from CuO
with decreasing nanoparticles size was observed and it was
explained on the basis of the quantum-size effect.39 The shi
toward higher BE for smaller NPs was interpreted with the
increase of Cu–O bond ionicity. A study on the effect of particle
size of ZnO showed an opposite trend in the binding energy of
the Zn 2p signal: the smaller the particle the lower the binding
energy.40 The authors explained this shi with a decrease of the
number of oxygen atoms in nanocrystalline ZnO that reduces
the charge transfer from Zn to oxygen and increases the
shielding effect of the valence electrons in Zn ions, resulting in
the decrease of the Zn 2p binding energy. In this paper only
a small positive shi (0.3 eV) of the binding energy of the Fe 2p3/
2 peak was observed, when decreasing the particle size from
14.1 to 5.6 nm (Table 1): these results seem to be in agreement
with the results obtained on CuO.

If there is a size-dependent effect on the ionicity of the iron-
involving bonds (Fe–O) the same effect should be observed on
oxygen. For this reason, the effect of the particle size on O 1s
and the O KLL signals was also evaluated (Table 2). The binding
energy of the photoelectron O 1s signal does not show signi-
cant differences with the ferrite particle size, being the chemical
shi between the smallest and the largest particles within the
experimental uncertainty (0.1 eV). On the contrary, a trend in
the kinetic energy of the most intense Auger peak, O KL23L23, is
observed. Auger O KLL lines provide information not only on
the chemical state of oxygen, but also on the ionicity of the
oxygen-involving bonds and on their polarizabilities.46,55 The
DKEOKLL difference between the kinetic energies of O KL23L23
This journal is © The Royal Society of Chemistry 2019
and O KL1L23 and the ratio between their intensity were calcu-
lated (Table 2). Both these parameters are inuenced by the
ionicity of the M–O bond.46,56 A correlation was found between
the DKEOKLL value and the charge on the oxygen atom (q)
calculated aer Pauling's electronegativity scale, following
a previous study.55 The lower was q (lower ionicity) the higher
was DKEOKLL. Similarly, a correlation between the IOKL23L23/
IOKL1L23 intensity ratio and the DKEOKLL value was found, and it
was observed that highly ionic oxides (MgO) showed higher
values of the intensity ratios and lower values of DKEOKLL.46

They proposed a phenomenological model for oxygen Auger
spectra that allows justifying this nding. The authors consid-
ered an oxygen ion having a charge q immersed in a dielectric
oxide and proposed an equation that relates the DKEOKLL shi
to the charge on the oxygen atom.46 In this paper DKEOKLL

decreases with increasing crystallite size (Table 2), thus we can
deduce that the charge on oxygen atom is higher and thus the
ionicity of the M–O bond. Furthermore, the smallest particles
(5.6 � 0.2 nm) showed the lowest IOKL23L23/IOKL1L23 intensity
ratio and the highest DKEOKLL value. This result suggests that
the ionicity of the metal–oxygen bond decreases with the
particle size. Further information can be obtained from the
oxygen Auger parameter shis. It is known that differences in
the Auger parameter values (Da0) reect differences in the extra-
atomic relaxation energies:57

Da0 ¼ DRea

In this work Da0 was calculated referring it to bulk Fe2O3. The
values are reported in Table 2. Da0 increases with the decrease
of the particle size (Fig. 4) and it reaches the maximum value for
the smallest particles (5.6 nm). This results in lower relaxation
energies than those of bulk Fe2O3 (similar results are obtained if
Co3O4 is taken into account). Lower values of relaxation energy
indicate lower polarizabilities of the chemical environment: for
the smallest particles, the polarizability of the electronic cloud
towards the hole is less effective than in bulk oxides.
Conclusions

In this work a surface chemical characterization by X-ray
photoelectron spectroscopy and X-ray induced Auger electron
spectroscopy of nanostructured cobalt ferrite CoFe2O4 synthe-
sized by solvothermal route is presented. The results show that
XPS can provide very useful information about the composition
of nanostructured ferrite samples, highlighting the possibility
not only to univocally determine the cation chemical states and
their ratio but also correlate the peak position with the crys-
tallite size. Furthermore, the cation distribution between the
tetrahedral and octahedral sites was determined by tting the
Co 2p3/2 signals: the results are in very good agreement with
those obtained by 57Fe Mössbauer spectroscopy. It is proposed
that the crystallite size, which likely affects the ionicity of the
metal–oxygen bond, inuences the kinetic energy of the X-ray
induced Auger O KLL signal.
RSC Adv., 2019, 9, 19171–19179 | 19177
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