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crystallite size and atomic structure of cobalt iron
oxide nanoparticles †
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We here investigate how the synthesis method affects the crystallite size and atomic structure of cobalt iron

oxide nanoparticles. By using a simple solvothermal method, we first synthesized cobalt ferrite

nanoparticles of ca. 2 and 7 nm, characterized by Transmission Electron Microscopy (TEM), Small Angle

X-ray scattering (SAXS), X-ray and neutron total scattering. The smallest particle size corresponds to only

a few spinel unit cells. Nevertheless, Pair Distribution Function (PDF) analysis of X-ray and neutron total

scattering data shows that the atomic structure, even in the smallest nanoparticles, is well described by

the spinel structure, although with significant disorder and a contraction of the unit cell parameter.

These effects can be explained by the surface oxidation of the small nanoparticles, which is confirmed

by X-ray near edge absorption spectroscopy (XANES). Neutron total scattering data and PDF analysis

reveal a higher degree of inversion in the spinel structure of the smallest nanoparticles. Neutron total

scattering data also allow magnetic PDF (mPDF) analysis, which shows that the ferrimagnetic domains

correspond to ca. 80% of the crystallite size in the larger particles. A similar but less well-defined

magnetic ordering was observed for the smallest nanoparticles. Finally, we used a co-precipitation

synthesis method at room temperature to synthesize ferrite nanoparticles similar in size to the smallest

crystallites synthesized by the solvothermal method. Structural analysis with PDF demonstrates that the

ferrite nanoparticles synthesized via this method exhibit a significantly more defective structure

compared to those synthesized via a solvothermal method.
Introduction

Ferrite nanoparticles with the spinel structure have been
extensively studied over the past decades. Their magnetic
properties are exploited for several applications including
medical imaging,1–4 while their surface structure provides
a high adsorption capacity, which can be used for water treat-
ment.5,6 Moreover, the good electronic conductivity of some
spinel metal oxides enables their use as electrocatalysts for the
oxygen evolution reaction (OER) in alkaline media, and
numerous studies have investigated the relationship between
material composition, particle size and catalytic activity.7–9
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Recently, increased interest has been directed towards
exploring ‘amorphous’ and nanostructured ferrites, as
improved activities can be achieved in amorphous materials
compared to their crystalline counterparts, e.g., in OER
electrocatalysis.10–13

It is well established that in general, the properties of spinel-
structured ferrites are size dependent.14–16 Such size-dependent
changes in material properties are oen attributed to the
increased surface-to-volume ratio at the nanoscale. However,
the small size may also impact the atomic structure of the
material, as it has been observed for several other oxide
materials.17–19 Nevertheless, the challenges of characterizing the
atomic structure in nanostructured materials mean that these
effects are not well understood.20,21 Here, we investigate how the
solvent used in a solvothermal method inuences the resulting
crystallite size and the atomic structure in spinel-type CoFe2O4

and reveal local structural features. The solvothermal method,
which has also been widely used for ferrites, is simple, low-cost,
scalable and highly tuneable, allowing for the attainment of
different particle characteristics.22,23

The spinel structure, with the general formula AB2O4 is
presented in Fig. 1. The oxygens are arranged in a cubic closed
Nanoscale Adv., 2024, 6, 5939–5948 | 5939
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Fig. 1 Structural representation of a normal spinel in the space group
Fd�3m,24 where MOh cations are shown in blue, while MTd cations are
shown in purple (M = Co/Fe). Oxygens are represented in red.
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packed structure, while 8 metal ions occupy tetrahedral sites,
and 16 metal atoms occupy the octahedral sites.25 In the normal
spinel structure, the available tetrahedral sites are occupied by
A2+ ions, while the octahedral sites are occupied by B3+ ions,
resulting in a [A2+]Td[B3+]2

OhO4 structure. However, spinels can
also be inverse or partially inverse. The inverse spinel has all A2+

ions in the octahedral sites, while B3+ are distributed between
the tetrahedral and octahedral sites, resulting in the formula
[B3+]Td[A2+B3+]2

OhO4. The partially inverse spinel has an empir-
ical formula of [A1−x

2+Bx
3+]Td[Ax

2+B2−x
3+]2

OhO4, where x is the
inversion degree and represents the fraction of A2+ occupying
the octahedral sites.15,16,26–28 Cobalt iron oxide is known to
crystallize as an inverse spinel in the bulk state. However,
nanosized particles synthesized via solvothermal or microwave
synthesis procedures can adopt a partially inverse spinel
structure.15,26–28 Previous studies of spinel iron oxide nano-
particles have also shown a large effect of crystallite size on the
atomic structure,29–31 where vacancies are observed in the
tetrahedral sites in the atomic structure, which inuences their
surface structure and reactivity.29 It has not yet been uncovered
whether similar effects are seen for other spinel ferrites
including CoFe2O4. The inversion degree is well known to affect
the magnetic properties of the material.15,32–34 It has also been
suggested that the cation distribution affects the catalytic
properties of cobalt ferrite,35–37 and structural characterization
is thus essential for being able to elucidate structure/property
relationships.

Here, we synthesize spinel cobalt iron oxide nanocrystallites
using a simple solvothermal synthesis approach and demon-
strate that the spinel crystallite size can be tuned by changing
the solvent from water to tert-butanol. We characterize the
particles using small-angle X-ray scattering (SAXS), trans-
mission electron microscopy (TEM), and Pair Distribution
Function (PDF) analysis of X-ray and neutron total scattering
data, which show that the atomic structure in even the smallest
nanoparticles can be well described by the spinel structure,
albeit with signicant disorder. These effects can be explained
by surface oxidation of the small nanoparticles, which is
conrmed by X-ray near edge absorption spectroscopy (XANES).
From the neutron total scattering data, we also use magnetic
PDF (mPDF) to analyse the magnetic structure in the nano-
particles.38 We furthermore analyse the structure of cobalt
5940 | Nanoscale Adv., 2024, 6, 5939–5948
ferrites synthesized by coprecipitation at room temperature.
This synthesis leads to particles in the same size range as the
small solvothermally synthesized particles; however their
structure differs signicantly due to the different synthesis
method. Here, the PDF shows signicant defects, including
vacancies in the tetrahedral sites, as previously observed in pure
iron oxide nanoparticles.29 The analysis using complementary
structure characterization techniques thus provides insight into
the structure–synthesis–size relationship of cobalt iron oxide
nanocrystallites.
Methods
Solvothermal synthesis

Cobalt iron oxide nanoparticles were synthesized using
a heterogenous solvothermal synthesis approach.10 The
synthesis approach is illustrated in Fig. S1 in ESI.† 0.5 mmol of
CoCl2$6H2O (ACS reagent, 98%) and 1.0 mmol of Fe(NO3)3-
$9H2O (ACS reagent, $98%) were added to 20 mL of solvent.
Subsequently, 1.0 mmol of KOH (ACS reagent, $85%) was
added. The solvents used herein are water and tert-butanol (ACS
reagent, $99%). Prior to synthesis, the tert-butanol was dried
over sodium sulfate (anhydrous, ACS, ISO, $99%). The solu-
tions were sonicated for 30 min, and then heated for 2 hours in
an autoclave at 60 °C, followed by 1 hour at 160 °C. The auto-
clave was cooled down, and the formed nanoparticles were
washed, rst in pure hexane and then in a mixture of hexane
and ethanol (1 : 3 volume ratio), and nally dried overnight
under ambient conditions.
Room temperature synthesis

Besides the two samples prepared with a solvothermal
approach, we investigated a sample prepared in water at room
temperature (∼22 °C). In water, the addition of KOH to the clear
solution of metal precursors resulted in the immediate precip-
itation of a black powder. Both metal salts and KOH remain
insoluble in tert-butanol at room temperature.
Characterization

X-ray total scattering. X-ray total scattering data were
collected using a Panalytical Empyrean Series 2 diffractometer
with an Ag-source (X-ray wavelength of 0.56 Å) and a GaliPIX
detector. The samples were loaded in 0.6 mm thick borosilicate
glass capillaries, and the data were collected in transmission
geometry. Additional total scattering data were collected at the
Diamond Light Source, UK beamline beamline I15, at a wave-
length of l = 0.1619 Å in Kapton 1.0 mm diameter capillaries.

The scattering data were processed using PDFgetX3 soware
to obtain the PDFs.39 Reciprocal-space Rietveld renement of
the total scattering data was performed using FullProf so-
ware.40 Real-space Rietveld renements of the PDFs were per-
formed using PDFgui.41 The cubic Fe3O4 structure in space
group Fd�3m was used in the renements for simplication,
since Fe and Co scatter X-rays almost equally.42 g-Fe2O3 in
space-group P43212 was furthermore investigated.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Neutron total scattering. Neutron total scattering data were
collected at the Spallation Neutron Source (SNS) Oak Ridge
National Laboratory, USA, using the NOMAD diffractometer.
The samples were loaded in 2.0 mm diameter quartz capillaries
and total scattering data were measured at 100 K in the Time-of-
Flight (TOF) conguration in the wavelength range of 0.1 to 3 Å.

Rietveld renement was performed using FullProf so-
ware,43 including both an atomic structural model of CoFe2O4 in
the Fd�3m space group and magnetic structure in the F�1 space
group with antiparallel magnetic moment components on the
tetrahedral and octahedral sites. The scattering patterns
collected at each of the four detector banks were rened
simultaneously.

PDFgetN3 was used for data reduction to obtain the PDFs.44

The experimentally obtained PDFs contain information on both
the atomic andmagnetic conguration, as the neutrons interact
with both nuclei and magnetic moments of the unpaired elec-
trons. Therefore, the atomic PDFs were rst modelled using
PDFgui soware,45 and the residual was treated as the mPDF,
which was modelled with the diffpy.mpdf package in DiffPy-
CMI.46

Small Angle X-ray scattering. Small Angle X-ray scattering
(SAXS) was measured using a SAXSLab instrument (JJ-XRay)
with an X-ray wavelength of 1.54 Å and a Dectris 2D 300 K
Pilatus detector. Using Saxsgui, the 2D scattering patterns were
azimuthally averaged, normalized for sample transmission and
primary beam intensity and corrected for detector inhomoge-
neities. The powder was loaded in a sandwich holder with mica
windows. SASVIEW was used for renements, where the poly-
dispersity was described with a lognormal size distribution.47 A
sphere model together with a power law was used to describe
the SAXS features.

Transmission electron microscopy. Transmission Electron
Microscopy (TEM) micrographs were collected on a JEOL 2100
operating at 200 kV. The samples were prepared by dispersing
them in ethanol, followed by drop-casting on 300mesh Cu-grids
with lacey carbon. The TEM images were further analyzed using
Fiji soware.48

X-ray absorption spectroscopy. X-ray near edges spectros-
copy (XANES) data were collected in transmission mode on an
in-house easyXES150 instrument, equipped with a Varex
Imaging Pd-Source (VF-80JM-PD) and KETEK SDD (AXAS-M1).
The powder samples were diluted with boron nitride (hBN)
obtained from Sigma Aldrich (255 475). Both the Fe K-edge
(7112 eV) and Co K-edge (7708 eV) were investigated using
a Ge620 analyzing crystal with a Rowland diameter of 500 mm,
and a Ge444 analyzing crystal with a Rowland diameter of 505
mm. We acquired Fe K-edge data in the scan range of 7.08 keV
to 7.25 keV and Co K-edge data in the scan range of 7.65 keV to
7.95 keV. For both edges, a step size of 0.5 eV and an acquisition
time of 2 s per point were used. While the Fe K-edge data were
averaged over 15 individual scans, the Co K-edge data were
averaged over 20 individual scans. The Demeter soware
package was used for XAS analysis.49

Scanning electron microscopy-energy dispersive X-ray spec-
troscopy (SEM-EDS). The atomic composition of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
synthesized samples was determined by SEM-EDS using a Zeiss
GeminiSEM 450 which was operated with SmartSEM 6.05 so-
ware and equipped with an EDS photodetector Ultim max 65
(Oxford Instruments). AZTec 5.0 was used for data analysis. EDS
spectra were recorded using an acceleration voltage of 25 kV at
a probing current of 600 pA. For each sample, 13 spectra were
recorded to determine the elemental homogeneity and nd
their overall composition with standard deviation.

Results and discussion
Phase identication and data collection strategies

The solvothermal synthesis approach is adapted from a previ-
ously reported synthesis method, which showed that nano-
particle size can be tuned by selecting different solvents.10 Here,
we applied water and tert-butanol as solvents for the synthesis.
Fig. 2A and B show the diffraction patterns obtained for the two
samples, using different data acquisition conditions. When
compared with a spinel reference pattern (Fd�3m),24 the XRD
patterns obtained with Ag Ka radiation, shown in black in
Fig. 2A and B, show that spinel ferrite nanoparticles are formed
in both cases. A broader peak prole is observed for the parti-
cles synthesized in tert-butanol, indicating smaller crystallite
domain sizes.

Previous studies of this synthesis approach have indicated
that the product from the tert-butanol synthesis may be amor-
phous, which would manifest in the diffraction prole as very
broad features.10 To further investigate this hypothesis, and to
highlight the impact of different acquisition conditions on the
quality of the collected diffraction patterns, both samples were
investigated with X-rays under three different conditions: with
Ag Ka radiation (l= 0.56 Å), with Cu Ka radiation (l= 1.54 Å) as
is used in most laboratory diffractometers, and with Cu Ka
radiation applying energy discrimination on the detector to
suppress uorescence. For diffraction using Cu Ka radiation,
the standard voltage range of the detector discriminator is
0.110–0.250 V. To suppress uorescence, the voltage range used
is instead set to 0.190–0.270 V based on recommendations by
the manufacturer.

The data obtained with standard Cu Ka settings, Fig. 2A and
B, are dominated by a large background signal arising from
uorescence. Cu Ka radiation causes signicant uorescence
from Co and Fe and is thus not well suited for the analysis of
cobalt ferrites. Our data show almost at diffraction proles,
which may lead to the wrong interpretation that completely
disordered or amorphous nanoparticles have formed. A clear
improvement in the data quality is observed when using energy
discrimination on the detector. The best data are obtained
using Ag Ka radiation, whose energy (l = 0.56 Å) does not result
in signicant uorescence from Co and Fe. The results
emphasize the importance of selecting appropriate instruments
for data collection from the samples in question. Special
attention should be given when investigating disordered or
nanocrystalline materials, as the Bragg peak prole may
become smeared and uorescence can dominate the patterns.

The use of Ag Ka radiation also allows data collection over
a wide Q-range. Here, we acquired data up to a Qmax of 17 Å−1.
Nanoscale Adv., 2024, 6, 5939–5948 | 5941
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Fig. 2 XRD patterns of the (A) water and (B) tert-butanol-synthesized
nanoparticles obtained using three different data collection strategies:
Cu Ka radiation (l = 1.54 Å) as is used in most laboratory diffractom-
eters, with Cu Ka radiation applying energy discrimination on the
detector to suppress fluorescence, and with Ag Ka radiation (l = 0.56
Å). (C) PDFs for the water- and tert-butanol-synthesized nanoparticles.
The inset shows the local range of the PDF. The first three interatomic
correlations, M–O (2.0 Å), MOh–MOh (3.0 Å), and MOh–MTd (3.5 Å), are
highlighted.
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PDFs from the samples are shown in Fig. 2C, which demon-
strate that the water-synthesized nanoparticles exhibit extended
structural order compared to the tert-butanol-synthesized
nanoparticles. However, as visible in the inset of Fig. 2C, the
two PDFs are locally quite similar, differing only in a slight shi
of the PDF peaks towards lower r-values for the PDF of the tert-
butanol-synthesized sample. In the inset of Fig. 2C, the rst
inter-atomic correlations are highlighted. The closest metal-to-
oxygen distance (M–O, with M = Fe and Co) appears in the PDF
at 2.0 Å. The edge-sharing octahedra give rise to a metal-to-
metal (MOh–MOh) PDF-peak at 3.0 Å, while the corner-sharing
octahedra–tetrahedra metal-to-metal distance (MOh–MTd) is
evident in a peak at 3.5 Å.
5942 | Nanoscale Adv., 2024, 6, 5939–5948
PDF and XANES analysis of the atomic structure and
oxidation state

Having identied the structural models for the two samples, we
now move on to quantitative analysis. Real-space Rietveld
renements of the PDFs are shown in Fig. 3A and B. The spinel
model24 can describe the PDFs of both the water- and the tert-
butanol-synthesized nanoparticles, providing agreement
factors (Rw-values) of 0.17 and 0.27, respectively. Rened
parameters are listed in Table S1 in ESI.† A similar PDF analysis
of synchrotron total scattering data was also conducted (Fig. S4
in ESI† and rened parameters can be found in Table S2†),
providing similar results.

The data thus show that even the smallest particles retain the
spinel structure. However, the renement parameters presented
in Fig. 3A and B show a contraction of the unit cell parameters,
a, when exchanging water with tert-butanol. It is also observed
that the atomic displacement parameters, (ADPs) Uiso, for the
tetrahedral and octahedral metal sites are more than twice as
large for the tert-butanol-synthesized nanoparticles compared
with the water-synthesized nanoparticles. Similar results were
obtained for Rietveld renements of the XRD patterns in Q-
space (Table S3 and Fig. S7 in ESI†). Besides describing the
thermal vibrations of the atoms in the samples, the ADP-values
also account for displacements resulting from static
disorder.51,52 This points towards the formation of ultra-small
spinel cobalt iron oxide nanoparticles with some structural
disorder compared to the larger, more ordered nanoparticles
formed in water. We note that the structural parameters of the
particles formed in water are consistent with earlier studies on
similar cobalt iron oxide materials.15,53

Previous in situ formation studies of CoFe2O4 and the closely
related maghemite g-Fe3O4 nanoparticles have shown an
expansion of the unit cell for small nanoparticles compared to
the bulk value.53–55 This effect has been explained by surface-
restructuring in small nanoparticles, which results in an
expansion of the crystallographic unit cell size. However, we
observe the opposite trend here, as the rened unit cell
parameter for the 2 nm particles is smaller than that of the 9 nm
particles (8.30 Å vs. 8.40 Å). This effect could be related to the
amount of cobalt in the sample. The smaller ionic radius of Co
compared with Fe means that the unit cell parameter, a, of
Co3O4 spinel is smaller than that for CoFe2O4.56 However, from
SEM-EDS measurements, presented in Fig. S8–S9 and Tables S4
and S5,† we obtain a Co : Fe atomic ratio of 1 : 2 for both
samples, ruling out the rst possible explanation. Another
explanation might be that the larger relative surface area of the
smallest crystallites leads to more oxidized nanoparticles,
which effectively decreases the ionic radii and therefore, results
in a smaller rened unit cell for the smallest particles.

To further conrm this, we use X-ray absorption spectros-
copy, XAS, to investigate the electronic state of the samples.
Fig. 3C and D show the Fe K-edge XAS spectra from the samples,
along with two reference spectra from g-Fe2O3 (maghemite)50

and Fe3O4 (magnetite).24 Both iron oxide references have the
spinel structure; however maghemite has vacancies in the
octahedral sites to achieve charge balance.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Real-space Rietveld refinement of the (A) water and (B) tert-butanol-synthesized nanoparticles. In both cases, the spinel structure in
space-group Fd�3m was used as the structural starting model.24 (C) Fe K-edge XAS spectra of the water and tert-butanol synthesized nano-
particles with references g-Fe2O3 (maghemite)50 and Fe3O4 (magnetite)24 reference spectra. (D) A Zoomed-in image of the absorption edge of
the Fe K-edge XAS spectra shown in (C). (E) Co K-edge XAS spectra of the water and tert-butanol synthesized nanoparticles. (F) A Zoomed-in
image of the absorption edge of the Co K-edge XAS spectra shown in (E).
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The Fe K-edge XANES spectra of the nanoparticles synthe-
sized in water align with the magnetite reference spectra. The
XANES spectra of nanoparticles synthesized in tert-butanol
exhibit a 1 eV shi of the white line to higher energies, indi-
cating an increase in the Fe oxidation state of Fe3+, consistent
with the reference spectra of maghemite. The derivatives of the
normalized m(E) are presented in Fig. S10 in the ESI.† The two
samples exhibit a similar Co K-edge shape, as shown in their
XAS spectra in Fig. 3E; however, an absorption edge shi for the
tert-butanol-synthesized nanoparticles to higher energies also
suggests a more oxidized state of Co, Fig. 3F. The observations
from our XAS analysis thus indicate that more oxidized nano-
particles form in tert-butanol, which means that vacancies are
most likely present in the small spinel nanoparticles to
accommodate charge compensation. We investigate this
explanation further below.
Crystallite size analysis

The PDF modelling results indicate a crystallite domain size of
2 nm for the particles synthesized in tert-butanol, while the
crystalline domain size of the water-synthesized nanoparticles
is determined to be ca. 9 nm. However, further inspection of the
renement of the water-synthesized particles (Fig. S3 in ESI†)
shows that the single spinel nanoparticle model does not
describe the PDF peaks in the high r-range (60–80 Å) well.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Therefore, we introduced a second phase with the same spinel
structure in the model, as shown in the t presented in Fig. 3A.
Only the scale factors are rened individually for the two pha-
ses, and the second phase was included as a bulk structure. This
phase describes the presence of nanocrystallites of sizes larger
than what can reliably be quantied from the total scattering
measurements, which are optimized for r-resolution rather than
Q-resolution. The crystallite size was rened to ca. 7 nm. The
rened values are listed in Table S1 in the ESI.† A similar
analysis approach was applied to the data collected for the
nanoparticles synthesized in tert-butanol, as it is apparent that
some structural peaks are not fully described in the r-range 15–
25 Å using the one-phase model (Fig. 3B). Two two-phase
models were tested: one where a bulk spinel was introduced,
where only the scale factors are rened individually, and
another where the lattice parameter for the bulk spinel is also
rened, to account for potentially changes in lattice parameters
with crystallite size. Both renements are shown in Fig. S4† and
parameters are listed in Table S1 in the ESI.† Although the t
quality is slightly improved with Rw-value decreasing from 0.27
to 0.24, the two-phase models do not account for the additional
peaks at higher r-values, and thus the simple two-phase model
does not account well for the size distribution present in the
sample. Therefore, we choose to show the simplest one-phase
model in Fig. 3B.
Nanoscale Adv., 2024, 6, 5939–5948 | 5943
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We note here that data collection strategies should again be
carefully considered regarding characterization of nanoscale
materials and the information that can be extracted from PDF
data. As mentioned above, X-ray total scattering data for PDF
analysis were also collected using synchrotron radiation in the
RA-PDF set-up,57 where a wide Q-range is obtained by using high
energy X-rays (here l = 0.1619 Å) and positioning the detector
close to the sample (here 283 mm). This results in lower Q-
resolution than in the Ag Ka diffractometer, and thus a lower
limit for which crystallite sizes can reliably be quantied from
PDF renements. The renement is shown in Fig. S6† and
rened parameters are listed in Table S2 in the ESI.† PDF
modelling of the synchrotron data shows an average crystallite
size of only 4 nm for the water-synthesized nanoparticles (ob-
tained using the one phase model). The crystallite size is thus
clearly underestimated, again illustrating the need for a critical
approach in data collection methods. The different Q-resolu-
tions for the two data collection strategies are expressed in the
Qdamp parameters, which describe instrumental broadening.
While this parameter renes to 0.011 Å−1 for the Ag Ka
diffractometer, it is 0.034 Å−1 for the synchrotron data.

TEMmicrographs from the samples are shown in Fig. 4A and
B. These conrm that close-to-spherical particles on the nano-
meter scale have been synthesized. A high level of polydispersity
is observed for the water-synthesized nanoparticles, consistent
with the ndings of the PDF renements. The high degree of
agglomeration in the sample challenges the size determination
from TEM; however, the nanoparticles synthesized in water
have size in the range of 4–20 nm, comparable to the crystallite
size of 7 nm obtained from PDF analysis. For the tert-butanol-
synthesized sample, size estimation is difficult from the TEM
Fig. 4 TEM micrographs of the (A) water-synthesized and (B) tert-
butanol synthesized nanoparticles. SAXS refinements of the (C) water-
synthesized and (D) tert-butanol synthesized nanoparticles.

5944 | Nanoscale Adv., 2024, 6, 5939–5948
images due to the agglomeration of the small nanoparticles.
Additional TEM data are shown in Fig. S11 and S12 in the ESI.†

Complementary SAXS measurements were also conducted.
The SAXS data were modelled with a polydisperse sphere model.
The results from the SAXS renements shown in Fig. 4C and D,
reveal sizes of 7.7 and 4.1 nm for the water and tert-butanol
synthesized nanoparticles, respectively. Our renements reveal
a wide size distribution for both samples as seen from the
lognormal distribution presented in the insets of Fig. 4C and D.
The rened SAXS parameters are listed in Table S6 in the ESI.†
The full Q-range of the data collected is also presented in
Fig. S13 in the ESI.†

Together, PDF, TEM and SAXS thus show that signicantly
larger particles are formed in water compared to tert-butanol. A
broad size distribution is observed especially for the water
synthesized samples, and particles in the size range of ca. 4 to
20 nm are obtained. The nanoparticles synthesized in tert-
butanol falls in the size range of around 2 nm.
Cation site occupancies and magnetic structure – neutron
scattering analysis

For a deeper understanding of the site occupancies in the spinel
structure, neutron total scattering data for nPDF analysis were
collected. The different neutron scattering lengths of iron (9.45
fm) and cobalt (2.49 fm) allow differentiation between these two
elements, enabling us to investigate the distribution of cobalt
and iron in the spinel structure of the nanocrystalline
particles.58

We use [Co1−xFex]
tet[CoxFe2−x]

octO4 in space group Fd�3m as
the structural starting model for the renements, constraining
the Co : Fe atomic ratio to 1 : 2 as determined by SEM-EDS
analysis (Fig. S7, S8, Tables S4 and S5 in ESI†). The nPDF ts
are shown in Fig. 5, and rened parameters are given in Table
S7 in ESI.† The full tting range (1.5–60 Å) of the water
synthesized sample is presented in Fig. S15 in the ESI.† From
the nPDF renements, we obtain inversion degrees of 0.57 and
0.46 for the spinel structures of the water- and tert-butanol-
synthesized particles, respectively. This gives the formulas
[Co0.43Fe0.57]

Td[Co0.57Fe1.43]
OhO4 for the water-synthesized

nanoparticles, and [Co0.54Fe0.46]
Td[Co0.46Fe1.54]

OhO4 for the
tert-butanol synthesized particles. Bulk CoFe2O4 has an inver-
sion degree of 1, and our data thus conrm that nanoparticles
have a more mixed character than bulk materials, as it has been
demonstrated in related studies.28,53 Possibly, a decreasing size
results in more mixing; however, analysis of data from a wider
range of different sizes and data points would be needed to
conrm this trend.

The nPDF renements presented in Fig. 5A and B show
a wave-like feature in the t-residual shown in green. This
underlying systematic feature in the t-residual appears too
regular to be mere noise and can be attributed to a contribution
from the magnetic structure.38,59 Magnetic PDF (mPDF) analysis
were therefore performed on the residuals of the nuclear PDF
analysis and the ts are shown in brown. The rened parame-
ters are listed in Table S8 in the ESI.†
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Neutron PDF (nPDF) and refinements using the CoFe2O4 spinel
structure in space-group Fd�3m. (A) Refinement of the nPDF of the
water-synthesized nanoparticles. Here the magnetic PDF is further-
more refined as the difference curve using a collinear model. (B)
Refinement of the nPDF of the tert-butanol-synthesized
nanoparticles.

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

/2
3/

20
25

 6
:1

2:
09

 A
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 magnetic structure is described with a collinear model,
where the magnetic moments on the tetrahedral and octahedral
sites are oriented antiparallel. This has been described before
for CoFe2O4 by Andersen et al.15,60 The magnetic model was
constructed from the rened nuclear structure by adding
magnetic species with antiparallel alignment on the tetrahedral
and octahedral sites. The spin direction was 100 in the coordi-
nate system of the cubic structure. The average magnetic
moment size and the ratio of the moment size on the octahedral
site to the moment on the tetrahedral site were rened, together
with a parameter representing a spherical magnetic domain
size. The average ordered moment for the water-synthesized
sample was 3.83(13) mB, consistent with the expectations for
mixed Co and Fe moments. The magnetic correlation length for
the water-synthesized sample was determined to be 6.5 nm
from renements, which is 80% of the crystallite size rened
from the neutron scattering data. The data thus reveal that the
magnetic coherence is smaller than the crystallite size itself.
This nding is consistent with a study of the magnetic structure
of non-stoichiometric spinel iron oxide nanocrystallites, where
the magnetic domain size was found to be 60–70% of the
© 2024 The Author(s). Published by the Royal Society of Chemistry
nanocrystallites.61 Q-space Rietveld renement is shown in
Fig. S16† and rened parameters are listed in Table S9 in the
ESI† for the water-synthesized nanoparticles. Here we obtain
similar results, which are comparable to the rened values from
the PDF-analysis. Hence, the lattice parameter was rened to
8.38 Å and an inversion degree of 0.63 was obtained.

We use the same approach to describe the contribution from
a magnetic structure in the t-residual of the nuclear nPDF
renement for tert-butanol synthesized nanoparticle, Fig. 5B.
Here, the magnetic correlations length was determined to be
2.0 nm, which is close to the average crystallite domain size.
Synthesis of ultra-small defect-rich nanoparticles

Despite the small size achieved, the tert-butanol synthesis
resulted in spinel-structured nanoparticles. While some struc-
tural disorder was observed, this is likely induced primarily by
surface oxidation. Another approach for the synthesis of ultra-
small cobalt iron oxide nanoparticles is to simply collect the
precipitate that forms at room temperature (RT) when KOH is
added to the metal precursor solution in water, described in
detail in Fig. S1 in ESI.† Similar co-precipitation methods have
previously been used to prepare iron-based nanoparticles for
magnetic properties studies.62,63 To further explore size/
structure relations for ferrite-based materials, we here
perform structure analysis of the precipitate.

The Q-space data and PDF for the nanoparticles synthesized
at RT are plotted with the data from the particles of the sol-
vothermal synthesis in Fig. S17 in the ESI† for comparison. At
rst glance, the Q-space data show features at positions ex-
pected for the spinel structure. However, the PDFs show
signicant differences. When performing a PDF renement
using the Fe3O4 spinel structural model in space-group Fd�3m
(Fig. 6A), the spinel Fd�3m structure cannot fully describe the
MOh–MOh to MOh–MTd ratio highlighted in purple in Fig. 6A. A
similar effect has previously been observed in PDF analysis of
small nanoparticles of iron oxide,29,55 where it was shown that
vacancies in the tetrahedral sites appear with decreasing
nanoparticle size. In these studies, the particles were found to
adopt the maghemite structure, g-Fe2O3, in space-group
P43212.24,50 As described above, charge-balance in maghemite
is achieved through ordered vacancies on the MOh-site. The
MOh-sites (Fe4) which have occupancies of 0.33 are highlighted
in orange in the structure presented in Fig. 6B. Here, we
perform a similar analysis of the cobalt iron oxide nanoparticles
at room temperature.

Using maghemite g-Fe2O3 as the structural model and
rening theMTd site occupancies, we improve the description of
the experimental PDF, as shown in Fig. 6B. The MTd site occu-
pancy is rened to 0.59, and the spherical crystallite size is
rened to 1.8 nm. All rened parameters are listed in Table S10
in the ESI.† The t quality is further improved if we allow
renement of all metal positions. This t is presented in
Fig. S18 in the ESI.†

We note that when using the g-Fe2O3 structural model to
describe the PDF of the tert-butanol-synthesized nanoparticles
discussed above, no signicant improvement in the t quality is
Nanoscale Adv., 2024, 6, 5939–5948 | 5945
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Fig. 6 PDF analysis of the precipitate in water collected at RT. (A) PDF
refinement using the magnetite model in space-group Fd�3m, (B) PDF
refinement using the maghemite model in space-group P43212.
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achieved compared to the magnetite structure used in Fig. 3B.
The t is shown in Fig. S19 in the ESI.† The MTd site occupancy
is rened to 0.81.

Our analysis thus shows that the ultra-small cobalt ferrite
oxide nanoparticles that form at RT in water are signicantly
more defect-rich compared to the spinel-structured tert-butanol
synthesized particles of similar size. When synthesized in water
at RT, the particles show similarities with spinel nanoparticles
of iron oxide, where a certain size is needed before the ideal
spinel structure can describe the structure.29 The results thus
illustrate a clear effect of the synthesis method and particle size
on the atomic structure of the materials.
Conclusions

Here, a simple solvothermal synthesis that allows tuning the
size of CoFe2O4 nanoparticles has been described. When the
solvent is changed from water to tert-butanol, nanoparticles
with an average size of ca. 2 nm are observed. Even though their
small size corresponds to only 8–12 spinel unit cells, their
atomic structure can be well-described by the spinel structure.
Enlarged ADPs on the metal sites and lattice contraction are
observed from X-ray PDF analysis. We explain these structural
effects by oxidation of the nanoparticles, which is conrmed by
XANES. We also use neutron total scattering to provide insight
into the Co and Fe occupancies in the two distinct sites in the
spinel structure. Our analysis shows that the smaller nano-
particles formed in tert-butanol have a higher Fe concentration
in the tetrahedral sites. Neutron scattering experiments also
5946 | Nanoscale Adv., 2024, 6, 5939–5948
provide information on the magnetic ordering in the nano-
particles. We found that the magnetic ordering in the largest
particles correspond to ca. 80% of the crystallite size, and some
ordering on the 2 nm-scale could be observed for the smallest
nanoparticles.

To further address size/structure/synthesis relationships, we
synthesized ultra-small nanoparticles from co-precipitation at
room temperature in water. Unlike the particles synthesized by
a solvothermal method, we were not able to describe these with
the simple spinel structure due to a high concentration of
vacancies observed on the tetrahedral sites in the structure,
altering the local atomic structure. The observation of vacancies
aligns well with the size-dependent structure observed for iron
oxide nanoparticles.29,55

Our study thus shows that size–structure relationships are
not always specic for a given material, but are also highly
inuenced by the synthesis method. Apart from the structural
analysis, we have provided data showing how appropriate data
collection strategies are required, as the use of Cu Ka radiation
can lead to misleading conclusions regarding the crystal
structure of Co and Fe containing nanomaterials.

Data availability

Data for this article, including XRD, PDF, TEM and SAXS are
available at https://sid.erda.dk/cgi-sid/ls.py?
share_id=arkPjUfdTH.

Author contributions

OA and KMØJ planned the project. OA synthesized the samples,
collected X-ray total scattering data, analyzed the data, and
wrote the original dra along with KMØJ. LK collected the
XANES data and assisted in XANES data analysis under the
supervision of DK. RP assisted in the analysis of XANES data.
ASA collected the SAXS data and assisted in the SAXS data
analysis. JQ performed the TEM analysis. BF assisted in and
supervised the mPDF analysis. KMØJ supervised the project. All
authors contributed to reviewing and editing of the paper.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

We are grateful to the Villum Foundation for nancial support
through a Villum Young Investigator grant (VKR00015416).
Funding from the Danish Ministry of Higher Education and
Science through the SMART Lighthouse is gratefully acknowl-
edged. We acknowledge support from the Danish National
Research Foundation Center for High Entropy Alloy Catalysis
(DNRF 149). This work is part of a project that has received
funding from the European Research Council (ERC) under the
European Union's Horizon 2020 Research and Innovation
Program (grant agreement No. 804066). We are grateful for
funding from the Carlsberg Foundation (CF21-0278). LK and
© 2024 The Author(s). Published by the Royal Society of Chemistry

https://sid.erda.dk/cgi-sid/ls.py?share_id=arkPjUfdTH
https://sid.erda.dk/cgi-sid/ls.py?share_id=arkPjUfdTH
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4na00590b


Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

6 
Se

pt
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 2

/2
3/

20
25

 6
:1

2:
09

 A
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
DK acknowledge support from the European Research Council
(LINCHPIN project, grant no. 818941) and the Deutsche For-
schungsgemeinscha (DFG) through the Graduate School
“Nanohybrid” (funding ID 408076438). This work was carried
out with the support of the Diamond Light Source, instrument
I15-I (proposal CY21791-4). We thank Phil Chater for X-ray total
scattering data collection. A portion of this research used
resources at the Spallation Neutron Source, a DOE Office of the
Science User Facility operated by the Oak Ridge National
Laboratory. The beam time was allocated to NOMAD under
proposal number IPTS-25763. We thank Jue Liu for neutron
total scattering data collection. We are grateful to Nicolas
Schlegel and Beatrice Frey for SEM-EDS data collection and
acknowledge access to the Microcopy Imaging Center (MIC)
facilities at the University of Bern. The magnetic pair distribu-
tion function analysis performed by BAF was supported by the
U.S. Department of Energy, Office of Science, Basic Energy
Sciences through award no. DE-SC0021134.

References

1 J. t. Jang, H. Nah, J. H. Lee, S. H. Moon, M. G. Kim and
J. Cheon, Angew. Chem., Int. Ed., 2009, 48, 1234–1238.

2 J.-H. Lee, Y.-M. Huh, Y.-w. Jun, J.-w. Seo, J.-t. Jang, H.-T. Song,
S. Kim, E.-J. Cho, H.-G. Yoon and J.-S. Suh, Nat. Med., 2007,
13, 95–99.

3 H. B. Na, I. C. Song and T. Hyeon, Adv. Mater., 2009, 21,
2133–2148.

4 Q. A. Pankhurst, J. Connolly, S. K. Jones and J. Dobson, J.
Phys. D: Appl. Phys., 2003, 36, R167–R181.

5 K. K. Kefeni, B. B. Mamba and T. A. M. Msagati, Sep. Purif.
Technol., 2017, 188, 399–422.

6 D. H. K. Reddy and Y. S. Yun, Coord. Chem. Rev., 2016, 315,
90–111.

7 N.-T. Suen, S.-F. Hung, Q. Quan, N. Zhang, Y.-J. Xu and
H. M. Chen, Chem. Soc. Rev., 2017, 46, 337–365.

8 F. Lu, M. Zhou, Y. Zhou and X. Zeng, Small, 2017, 13,
1701931.

9 M. Chatenet, B. G. Pollet, D. R. Dekel, F. Dionigi, J. Deseure,
P. Millet, R. D. Braatz, M. Z. Bazant, M. Eikerling and
I. Staffell, Chem. Soc. Rev., 2022, 51, 4583–4762.

10 A. Indra, P. W. Menezes, N. R. Sahraie, A. Bergmann, C. Das,
M. Tallarida, D. Schmeißer, P. Strasser and M. Driess, J. Am.
Chem. Soc., 2014, 136, 17530–17536.

11 S. Anantharaj and S. Noda, Small, 2020, 16, 1905779.
12 W. Z. Cai, R. Chen, H. B. Yang, H. B. Tao, H. Y. Wang,

J. J. Gao, W. Liu, S. Liu, S. F. Hung and B. Liu, Nano Lett.,
2020, 20, 4278–4285.

13 R. D. Smith, M. S. Prévot, R. D. Fagan, S. Trudel and
C. P. Berlinguette, J. Am. Chem. Soc., 2013, 135, 11580–11586.

14 P. Guardia, A. Labarta and X. Batlle, J. Phys. Chem. C, 2011,
115, 390–396.

15 H. L. Andersen, M. Saura-Múzquiz, C. Granados-Miralles,
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T. Proffen and S. Billinge, J. Phys.: Condens. Matter, 2007,
19, 335219.

42 F. S. Varley, J. Neutron Res., 1992, 3, 29–37.
43 L. Yan, X. Rui, G. Chen, W. Xu, G. Zou and H. Luo, Nanoscale,

2016, 8, 8443–8465.
44 P. Juhás, J. N. Louwen, L. v. Eijck, E. T. Vogt and S. J. Billinge,

J. Appl. Crystallogr., 2018, 51, 1492–1497.
45 C. Farrow, P. Juhás, J. Liu, D. Bryndin, E. Božin, J. Bloch,
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