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1 Abstract 

In situ neutron powder diffraction (NPD) was employed for investigating gram-scale reduction of 

hard magnetic CoFe2O4 (spinel) nanoparticles into CoFe2O4/CoFe2 exchange-spring 

nanocomposites via H2 partial reduction. Time-resolved structural information was extracted from 

Rietveld refinements of the NPD data, revealing significant changes in the reduction kinetics based 

on the applied temperature and H2 available. The nanocomposite formation was found to take place 

via the following two-step reduction process: CoxFe3-xO4 → CoyFe1-yO → CozFe2-z. The refined 

lattice parameters and site occupation fractions indicate that the reduced phases, i.e. CoyFe1-yO and 

CozFe2-z, initially form as Co-rich compounds (i.e. y > 0.33 and z > 1 ), which gradually incorporate 

more Fe as the reduction proceeds. The reduction depletes the Co-content in the parent spinel, 

which may end up becoming magnetically soft Fe3O4 at high temperature (T = 542 C), while at 

lower temperatures there may be a co-existence of Fe3O4 and γ-Fe2O3 or CoxFe3-xO4. The 

macroscopic magnetic properties of the products were measured by vibrating sample magnetometry 

(VSM) and revealed the hard and soft magnetic domains in the nanocomposites to be effectively 

exchange-coupled. An increase of approximately 70% in specific saturation magnetisation, 

remanence magnetisation, and coercivity compared to the parent CoFe2O4 material was achieved 

for the best sample. 
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3 Introduction 

Magnetic materials are indispensable in today’s society as they constitute key components in a 

staggering number of modern technological devices, such as smartphones, electrical motors, 

loudspeakers, hard disc drives, etc. 1-6 More often than not hinges the performance of the given 

device directly on the performance of the integrated magnetic component(s). Consequently, 

optimising the constituent materials’ magnetic strength, magnetisation stability, design versatility 

and mechanical/structural stability, while limiting the associated material/production costs, are key 

objectives for the continued improvement and miniaturisation of increasingly complex functional 

devices. 

In this context, nanostructuring of magnetic materials as a means to tune or enhance their 

magnetic properties has gained a lot of attention.7-14 For example, varying the size of magnetic 

nanoparticles can greatly affect their magnetic behaviour.15 Large crystallites tend to lower their 

stray field energy by forming multiple magnetic domains, which in turn allow spin reversal to take 

place via domain wall movement, thereby causing a reduction in their coercive fields, Hc.
16 Smaller 

nanoparticles tend to exhibit a reduced magnetisation capacity as a result of their non-negligible 

amount of surface defects and lower density. Furthermore, ultrafine superparamagnetic crystallites 

(<10 nm) completely lose their coercivity due to random thermally-induced flipping of the 

magnetic moments. However, crystallites with sizes in the intermediate region can sustain a stable 

single domain (SSD) and an optimal crystallite size, DSSD, exists at which Hc is at a maximum.16 

Another potent nanostructuring method relies on compaction of shape-controlled anisotropic 



magnetic crystallites, which self-assemble into easy-axis aligned compacts during hot pressing.9, 10, 

17, 18 Notably, this approach was recently used to prepare bulk magnets with record-high magnetic 

strength for the commercially important Sr-hexaferrite material.19 

An even more promising nanostructuring method, yet with a somewhat unfulfilled potential, is 

based on the so-called exchange-spring nanocomposite concept, coined by Kneller and Hawig in 

1991.20 The idea relies on the effective inter-grain exchange-coupling between a magnetically hard 

phase having a large magnetic anisotropy (high Hc) and a magnetically soft phase (low Hc) with 

high specific mass saturation magnetisation, σs. As long as the dimensions of the soft phase is kept 

below a certain threshold, the nanocomposite may attain a remanence magnetisation which is 

greater than the sum of its uncoupled parts.21, 22 The approach is currently being studied for a large 

number of different hard-soft nanostructures, including Nd2Fe14B/α-Fe,23 Co3C/Co0.35Fe0.65,
24 

Co3C/NiCo,25 BaFe12O19/Ni0.5Zn0.5Fe2O4,
8 CoFe2O4/CoFe2,

26, 27 and other systems. The main 

challenge for the preparation of effectively exchange-coupled hard-soft domains lies in ensuring 

intimate contact between the phases. The required degree of contact is very difficult to achieve by 

mechanical mixing of the individual powders, instead, various approaches such as ball milling24, 28 

or preparation through sol-gel auto combustion have been used.8 

The ferrite-based CoFe2O4 (hard)/CoFe2 (soft) nanocomposite system has particularly received 

attention,27, 29-34 as it is based on highly available, widely-used, rare-earth free materials.35 Several 

studies of the CoFe2O4/CoFe2 system have demonstrated enhanced single-phase hysteresis 

behaviour and a particularly intimate exchange-coupling has been obtainable through controlled 

partial reduction of CoFe2O4 using hydrogen gas7, 36 or activated charcoal37 at temperatures as low 

as 300 °C.38 Interestingly, Quesada et al. demonstrated how the degree of exchange-coupling 

obtained via this method can even cause a collapse in coercivity when the soft material is above the 

SSD threshold.27 The parent CoFe2O4 nanoparticles can be easily prepared via solvothermal 



synthesis with a high degree of control over particle size.15, 39, 40 Notably, CoFe2O4 nanoparticles 

with a coercivity as high as Hc = 9.5 kOe (756 kA/m) at room temperature have been reported,41 

and the optimal SSD size for CoFe2O4 particles has been experimentally determined to be 

approximately 40 nm at room temperature.42 The soft CoFe2 phase exhibits a record-high specific 

saturation magnetisation of σs = 240 Am2/kg (emu/g).43 

Previous studies of CoFe2O4/CoFe2 nanocomposites prepared via the reduction method have 

shown unfavourable monoxide (CoyFe1-yO) impurities, which is an intermediate in the reduction 

process CoFe2O4 → Co0.33Fe0.67O → CoFe2.
27, 33, 34 Considering the huge parameter space available 

(size, composition, temperature, gas flow, etc.), the insight provided by in situ studies are very 

valuable for the optimisation of the preparation process. To the best of our knowledge, only one in 

situ study following CoFe2O4 reduction exists in the literature. The study by Granados-Miralles et. 

al.38 employs in situ synchrotron powder X-ray diffraction (PXRD) to examine the compositional 

and structural evolution of CoFe2O4 nanoparticles during reduction in a hydrogen-containing 

atmosphere at elevated temperature. The study suggests the reduction to take place by a non-trivial 

two-step mechanism, where a Co-rich CoyFe1-yO (y > 0.33) monoxide intermediate is initially 

formed and subsequently reduced into a Co-rich CozFe2-z alloy (z > 1). Subsequently, the Fe-content 

gradually equilibrates with time until the sample is fully reduced into CoFe2. The paper mentions 

the that the Co-depletion of the parent CoFe2O4 spinel phase possibly leads to a reconfiguration into 

either Fe3O4 or γ-Fe2O3. However, this question is near impossible to answer based on X-ray 

diffraction data due to the very similar scattering powers of Co2+ and Fe3+ and the isostructural 

nature of the three spinel phases: CoFe2O4, Fe3O4 and γ-Fe2O3. The crystal structures of the 

compounds are illustrated in Figure 1. The difference between the compounds originates from the 

occupation on the octahedral (Oh) and tetrahedral (Td) sites. Nanocrystalline CoFe2O4 have been 

shown to have a disordered spinel structure, where both Oh and Td sites are occupied by 



approximately 1/3 of Co and 2/3 of Fe.44 For the Fe3O4 both sites are fully occupied by Fe (one Fe2+ 

and two Fe3+), and finally for the γ-Fe2O3 the Td site is fully occupied by Fe3+, while the Oh site has 

1/6 of vacancies.45 Since the coherent scattering length, b, of neutrons vary in an erratic manner 

between elements, neutron scattering can provide contrast between neighbouring elements in the 

periodic table, such as Co (bCo = 2.49 fm) and Fe (bFe = 9.45 fm), which are near-indistinguishable 

using X-ray diffraction.  

In the present work, we conduct an in situ neutron powder diffraction (NPD) study following the 

gram-scale preparation of CoFe2O4/CoFe2 nanocomposites through the partial reduction of 

CoFe2O4. We explore the reduction kinetics by varying both the gas-flow of 5% H2/Ar and reaction 

temperature. The experiments have been carried out using our recently developed single crystal 

Sapphire, Airgun Heater, Setup (SAHS), specially designed and built for studying solid-gas 

reactions.46 Time-resolved quantitative structural information has been extracted from the NPD data 

by sequential Rietveld refinement and it is used to elucidate the reduction mechanism. Finally, the 

magnetic properties of the synthesised nanocomposite samples are characterised using a vibrating 

sample magnetometer (VSM) and related to the structural and microstructural observations. The 

insights provided by the in situ NPD are key to designing improved nanocomposite exchange-

spring magnets. 

 



 
Figure 1: Spinel structure of CoFe2O4, described in the space group Fd-3m. Octahedral and tetrahedral sites are represented in grey 

and green, respectively. Fe3O4 and γ-Fe2O3 are isostructural to CoFe2O4 but the sites are occupied differently. The occupancies of 

each site are marked for Fe (brown), Co (blue) and vacancies (blank). Figure generated in Vesta.47 

4 Experimental 

4.1 Synthesis of CoFe2O4 nanoparticles 

Pure CoFe2O4 nanopowders were prepared hydrothermally using the method described by Stingaciu 

et. al.40 Aqueous solutions of 3.0 M Co(NO3)2∙6H2O and 2.3 M Fe(NO3)3∙9H2O (reagent grade, 

Sigma-Aldrich) were mixed in a Teflon-lined steel autoclave using a Co:Fe molar ratio of 1:2. 

Subsequently, a 16 M NaOH solution was added dropwise under constant stirring to create a gel 

using an OH—:NO3
— molar ratio of 1.25:1. The autoclave was sealed and placed in a preheated 

convection oven at 240 C for 2 h, and subsequently cooled in air. The product was washed five 

times in demineralised water and dried in a vacuum oven at 50 C for 24 h. 

 



4.2 Powder X-ray diffraction 

To investigate the purity and average size of the CoFe2O4 nanopowders prior to reduction, powder 

X-ray diffraction data were collected in Bragg-Brentano geometry on an in-house Rigaku 

Smartlab diffractometer equipped with a Co target (35 kV, 170 mA). The X-ray source produces 

both Co -  and K2 radiation with wavelengths of  = 1.7890 Å and 1.7929 Å, respectively. 

Rietveld analysis of the diffraction data was done using the FullProf suite software.
48 PXRD data 

from a NIST LaB6 660B standard collected under the identical instrumental configuration was used 

to determine the instrument peak broadening. 

 

4.3 In situ neutron powder diffraction experiments  

The in situ NPD experiments following the CoFe2O4 nanoparticle reduction were carried out using 

the custom-designed single-crystal Sapphire, Airgun Heater, Setup (SAHS) described by Ahlburg 

et.al.46 In situ NPD experiments were conducted at the cold neutron powder diffractometer DMC at 

SINQ, Paul Scherrer Institute (PSI), Switzerland.49 Approximately 2.4 g of as-synthesised CoFe2O4 

nanopowders were loaded into the single crystal sapphire tube, one-end-sealed. A fused silica tube 

and a thermocouple were submerged into the powder. The system was sealed using Swagelok 

fittings and the gas-flow was increased to the desired value. The sapphire tube was introduced into a 

quartz dome heat shield and heated using an airgun heater. 

A high statistics diffraction pattern was acquired of the pristine sample at room temperature. The 

in situ data collection was initiated simultaneously with the heating, at time t = 0 min. A stable 

sample temperature (measured using the inserted thermocouple) was reached in less than 5 min. Six 

in situ reduction studies of CoFe2O4 were carried out using NPD to evaluate the influence of gas-

flow (20, 50, and 100 ml/min at 486 C) and temperature (360, 420, 486 and 542 C at 50 ml/min). 

Subsequently, the sample was actively cooled using the airgun with a Tset = 20 C, under a 



continued flow of reduction gas. Within approx. 10 min the temperature was below 50 C. A high 

statistics diffraction pattern was acquired of the final product. 

A neutron wavelength of � = 2.4621 Å was selected and a 2-range of 12.8 - 92.9 (Q-range = 

0.57 Å-1 – 3.70 Å-1) was covered with an angular resolution of 0.1 using a banana-shaped detector, 

the background was suppressed with an oscillating radial collimator. The neutron beam size was 

fixed to 10 x 60 mm (width x height) in order to probe the entire sample volume. Each in situ 

pattern was collected with a total neutron monitor count of 50400, which was equivalent to 8 

min/pattern in steady-state operation of the neutron source. 

 

4.4 Sequential refinements of in situ data 

Sequential Rietveld refinements of the NPD patterns were performed using the software FullProf 

suite.48 An instrumental resolution file (.irf) describing the instrumental contribution to the peak 

profile was obtained by refining Na2Ca3Al2F14 data collected under similar conditions. The sample 

contribution to the profile was modelled using a Thompson-Cox-Hastings pseudo-Voigt function.50 

Due to the limited Q-range covered, all contributions to peak broadening other than apparent 

crystallite size were neglected, and only the Lorentzian size-dependent profile shape was refined. 

The limited Q-range available also imposed limitations on the number of structural parameters, 

which could be reliably refined. Thus, the overall thermal parameter (Bov) and magnetic moment 

( were fixed in the refinement. The value of Bov and used in the refinement were obtained 

from data collected at the time-of-flight diffractometer GEM at ISIS.51 In this experiment, NPD 

data was collected as function temperature for the 420 C sample, reduced with 50 ml/min (See 

supporting information and Figure ESI 1). Knowing Bov and  gives access to reliable refinements 

of the Co/Fe occupancies in the spinel structure. 



The CoxFe3-xO4 spinel was described using the crystallographic space group Fd-3m (#227) and a 

magnetic structure with an antiparallel ordering of the magnetic moments on the tetrahedral (Td) 

and octahedral (Oh) sites. The magnitudes of the magnetic moments of Co2+ (3d7) and Fe3+ (3d5) 

were constrained with respect to the number of unpaired electrons, i.e. 3 for Co2+ and 5 for Fe3+ 

(assuming high-spin configuration). In all diffraction patterns, the refined parameters for the 

structure were: scale factor (S), unit cell parameter (a), the isotropic Lorentzian size broadening (Y), 

the oxygen position (xO), and the Co2+ and Fe3+ site occupancy ratio of the Td and Oh sites (occ). 

Both sites were constrained to be fully occupied, and the parameter x was calculated based on the 

refined occupancies. 

The monoxide (CoyFe1-yO) was described using the space group Fm-3m (#225) only the 

crystallographic structure is considered, since all experiments were conducted above the Néel 

temperature of Co0.33Fe0.67O (TN = 293 K for CoO52 and TN = 198 K for FeO53). The refined 

parameters for the structure were: scale factor (S), unit cell parameter (a), and isotropic Lorentzian 

size broadening (Y).  

The alloy (CozFe2-z) orders with the CsCl structure and was described using the crystallographic 

space group Pm-3m (#221) and a magnetic structure with a parallel ordering of the magnetic 

moments on the two metallic sites Me1 and Me2. The refined parameters for the structure were: 

scale factor (S), unit cell parameter (a), the isotropic Lorentzian size broadening (Y). 

Due to the limited Q-range available, the description of the monoxide and the alloy does not allow 

for refinement of the occupancies of Co and Fe and they have been fixed to match a Co:Fe 

stoichiometry of 1:2 (i.e. Co0.33Fe0.67O and CoFe2). Details on the structures can be found in the 

supporting information. In frames where the Co0.33Fe0.67O and CoFe2 peaks are not well described, 

the refined parameters were fixed. For each experiment, a zero-shift offset and a Chebyshev 

polynomial background with six parameters were refined for a dataset, where all three phases were 



clearly present. These values were fixed and used throughout the sequential refinement, refining 

only a scale parameter for the background. 

 

4.5 Vibrating Sample Magnetometry (VSM) 

Approximately 20 mg of sample was cold-pressed into a ⌀ = 3 mm, ~1 mm thick, cylindrical pellet 

using a hand-held press. The thickness and mass of the pellets were measured with a precision of 

0.01 mm and 0.002 mg, respectively. The field-dependent magnetisation curves of the pellets were 

measured in a field scan of ±2 T at 300 K using a Quantum Design Physical Property Measuring 

System (PPMS) with the Vibrating Sample Magnetometer (VSM) option. The measurements were 

conducted using an averaging time of 2 seconds and a frequency of 40 Hz. 

5 Results and discussion 

The Rietveld refinement of the as-prepared PXRD pattern revealed phase pure CoFe2O4 with an 

average crystallite size of 13.2(3) nm (see, Figure ESI 1). Figure 2 shows two representative in situ 

neutron diffraction experiments performed at 420 and 542 C, the other experiments are shown in 

Figure ESI 2. The heating starts at t = 0 min and immediately the NPD pattern shifts to lower Q-

values, due to thermal expansion, while the background decreases due to evaporation of adsorbed 

water. After a short time (~16 min), CoFe2O4 spinel in both samples starts reducing into the CoyFe1-

yO monoxide and subsequently into the CozFe2-z alloy. The formation of the monoxide intermediate 

phase was observed for all experiments, albeit at different reaction speeds depending on the specific 

experimental temperature and gas flow. At low reduction temperatures (Tsample < 480 C) the 

monoxide almost completely disappears with time, while at higher temperatures the amount of 

monoxide stabilises as the peak shifts to a lower Q-value. A full reduction was not achieved in any 



of the presented experiments but has been achieved ex situ using a longer timer (not presented 

here). 

 
Figure 2: Contour plots of time-resolved NPD obtained during reduction at (a) 420 C and (b) 542 C and a gas-flow of 50 ml/min. 

Three phases have been identified and the expected Bragg positions are identified at the top of the figure. Dark colours correspond to 

low intensities and bright colours to high intensities.  

All data were sequentially Rietveld refined using the model described in the experimental section 

(See supporting information for reliability factors RF, Figure ESI 3-8). Representative refinements 

for the experiment performed at 542 C and 50 ml/min can be seen in Figure 3 for t = 0 min, 16 

min, 64 min, and 240 min. The first temperature-stable measurement is taken at t = 16 min and is 

seen in Figure 3b. The temperature dependence of the magnetic moment, causes the magnetic spinel 

peaks to decrease rapidly with increasing temperature. A peak described by the monoxide phase is 

visible at Q = 2.912 Å-1. At t = 64 min (see Figure 3c) the relative peak intensity of monoxide 

increases compared with the spinel, the monoxide peak position is shifted to Q = 2.904 Å-1 and the 

alloy becomes visible at Q = 3.097 Å-1. At t = 240 min (Figure 3d) the relative peak intensity of 

monoxide is decreased compared with the spinel and the monoxide peak position has shifts to Q = 

2.874 Å-1. The alloy peak is the most intense and it has shifted to Q = 3.093 Å-1.  

 



 
Figure 3: Rietveld refinements of the reduction performed at 542 C and 50 ml/min at time = 0 min, 16 min, 64 min and 240 min. 

The figures contain data (grey circles), total refined Rietveld model (black), CoxFe3-xO4 spinel nuclear (cyan) and magnetic (red) 

contribution, Co0.33Fe0.67O monoxide contribution (purple), CoFe2 alloy nuclear (green) and magnetic (orange) contribution, and 

residual plot (blue). 

5.1 Variation of H2 gas flow 

To investigate the influence of gas-flow on the reduction mechanism, three experiments were 

performed with a 5% H2/Ar gas-flow of 20, 50, and 100 ml/min using a sample temperature of 486 

C. The Rietveld refined parameters are shown in Figure 4 and reveal the reduction to be flow 

dependent (scale factors are found in Figure ESI 9). 

Weight fractions: The refined weight fractions, shown in Figure 4a-c, reveal all reduction 

experiments from CoFe2O4 to CoFe2 to go through an intermediate monoxide phase and the 

transformation is faster at higher gas-flow. Conclusively, the availability of H2 is a limiting factor 

for the reduction kinetics at the given temperature. In all three experiments, the alloy phase is first 

visible once ~30 wt% of monoxide is present in the sample. At this time the weight fraction of 



monoxide peaks, and the weight fraction of spinel levels out. This can be interpreted as the 

reduction from spinel to alloy happening in two steps, with the monoxide as a necessary 

intermediate. After this point the amount of monoxide decreases until a steady-state is reached at a 

weight fraction of ~5 wt%, while the reduction from spinel to alloy, continues almost linearly with 

time. 

Crystallite size: The volume-weighted apparent crystallite sizes have been calculated using the 

Scherrer equation,54 and are plotted in Figure 4d-e. The spinel crystallites grow to a size of ~50 nm 

and are stable until the weight fraction of spinel becomes lower than ~50 wt%, at which point the 

crystallites shrink slightly. 

The monoxide crystallites grow as the weight fraction increases, peaking in size around 45 nm, just 

prior to the conversion of monoxide into the alloy starts, after which the crystallites become smaller 

and reach an almost stable size of ~15 nm. The alloy crystallites grow to a size of ~60 nm as the 

phase forms and then appear to decrease slowly for the “50 ml/min” and “100 ml/min” experiments. 

For the “20 ml/min” experiment the data quality did not allow refinement of peak broadening 

during the nucleation of the alloy and the alloy size was fixed at a value of 89 nm until t = 104 min. 

The size reduction caused by increased time could be due to segregation into two alloy phases of 

e.g. CoFe and Fe with closely spaced unit cells. This is corroborate with continues expansion of the 

alloy unit cell seen in Figure 4i. 



 
Figure 4: Weight fractions (a-c), apparent crystallite size (d-f), and unit cell parameters (g-i) as a function of time for the three 

reduction experiments performed with varying gas-flow of 20 ml/min (red), 50 ml/min (green) and 100 ml/min (yellow) at a 

temperature of 486 C. Uncertainties are obtained from the refinement. 

Unit cell: The unit cell parameters are plotted in Figure 4g-i. For the spinel, a rapid unit cell 

increase is observed from t = 0 min to t = 16 min due to thermal expansion, and it is followed by a 

rapid contraction. Hereafter, it slowly expands until the end of the experiment for the “20 ml/min” 

and the “100 ml/min” experiments. The unit cell parameter for the monoxide increases as the phase 

is formed and stabilises at ~4.32 Å for a period of time. In all three experiment the unit cell 

parameter expanse an stabilizes at ~4.38 Å, this happens faster for high H2 flow. The unit cell of the 

alloy first expands as the phase is formed, followed by a slight contraction and then a steady and 

almost linear increase. The changes in unit cell parameters can be explained by a change in the Co 

to Fe ratio as will be discussed in the following section. 

Site occupancies: The refined tetrahedral (Td) and octahedral (Oh) site occupancies of the spinel 

are shown in Figure 5. Here, a drastic drop of the Co2+ occupancy is observed for all experiments. 



The Td site goes from ~25 wt% to ~10 wt% within 40 min, subsequently levelling out at around 5 

wt%. The Co2+ occupancy of the Oh site drop as well from ~33 wt% to ~17 wt% for the “20 

ml/min” and the “100 ml/min” experiment. However, for the “50 ml/min” experiment the Oh site 

Co2+ occupancy has a minimum at ~ 300 min after which it increases to ~26 wt%. This deviation 

overlaps in time with the deviation observed for the unit cell parameter of the spinel for this 

experiment (see Figure 4g). The total amount of Co2+ in the spinel phase can be seen in Figure 5c 

and shows an overall drop in Co2+ content for all experiments. 

The depletion of Co2+ from the structure implies that the parent CoFe2O4 transforms into an iron 

oxide, namely -Fe2O3 or Fe3O4. The unit cell parameter could give a hint to determine which phase 

is forming, since the unit cell parameters of the three phases are different: a-Fe2O3 = 8.34 Å < 

aCoFe2O4 = 8.39 Å < aFe3O4 = 8.40 Å (values for bulk phases at room temperature).43 The decrease of 

the unit cell directly after the heat-induced expansion could, therefore, be explained by the 

formation of -Fe2O3 followed by a relaxation into the Fe3O4 over time. A Curie temperature of TC 

= 575 C has been extracted from the GEM data for the spinel phase in the final product of the 

sample reduced at 420 C with a flow of 50 ml/min (See Figure ESI 10). By comparing the Curie 

temperature of the three phases CoFe2O4, Fe3O4 and -Fe2O3 (450,55 577,56 and 645C,57 

respectively), it may be assumed, that the spinel phase present in the sample is Fe3O4. 

As the spinel is depleted in Co2+ and turns into the monoxide, the initially formed monoxide 

must be Co rich. The unit cell parameter found in the literature for CoO and FeO covers a relatively 

broad range, 4.240–4.273 Å58-60 for CoO and 4.280-4.326 Å61-63 for FeO at room temperature. The 

values for CoO are smaller than for FeO, which is in agreement with the unit cell expansion as time 

progresses and the Fe content increases. The unit cell stabilises at ~ 4.38 Å, and the weight fraction 

at ~5 wt%. This indicates that the final Co:Fe stoichiometry must have stabilised in the structure. 



A study done by I. Ohnuma et. al.64 shows that the unit cell parameter of a Co-Fe alloy increases 

with Fe content. Thus, the unit cell expansion of the alloy can be explained as the formation of a 

Co-rich phase which adopts more Fe over time.  

 
Figure 5: Co/Fe site occupancy in CoxFe3-xO4 as a function of time for four reduction experiments performed with varying gas-flow 

of 20 ml/min (red), 50 ml/min (green) and 100 ml/min (yellow) and a temperature of  486 C. The contents describe the occupancy 

of the tetrahedral site (a), octahedral site (b) and as phase total (c) as obtained from Rietveld refinement. Uncertainties are obtained 

from the refinement. 

The result observed in the present study, where the reduction of CoFe2O4 to CoFe2 happens through 

an intermediate of a monoxide and where the monoxide and alloy is initially formed as Co-rich and 

gradually incorporates more Fe, fits well with the X-ray study by Granados-Miralles et. al.38 

 

5.2 Variation of temperature 

The influence of temperature on the reduction mechanism was investigated from four reduction 

experiments performed at 360, 420, 486, and 542 C using a gas-flow of 50 ml/min. The weight 

fractions, apparent crystallite sizes, and unit cell parameters obtain from Rietveld refinement are 

illustrated as function of time in Figure 6.  

Weight fractions: The weight fractions in Figure 6a-c indicates the same reduction mechanism 

as observed in the gas-flow study, where CoFe2O4 reduces to CoFe2 through the intermediate 

monoxide, but with an increased reduction rate for higher temperatures. Also, the maximal amount 

of monoxide present in the sample increases from ~16 wt% to ~42 wt% for the reduction performed 



at 360 and 542 C, respectively. The sample prepared at higher temperature has a larger monoxide 

content, before the reduction to alloy is initiates. At the same time, a significant plateau is observed 

in the spinel weight fraction. Once the fraction of monoxide is below ~10 wt% the reduction of 

spinel proceeds. This corroborate the necessity of the monoxide in preparation of the alloy. The 

formation of the Co-Fe alloy follows an almost linear increase, but the speed of the reduction 

decreases slightly as the monoxide reaches equilibrium. This suggest that the reduction speed is 

limited by the initial reduction into the monoxide and continuous into the alloy as soon as the 

monoxide is formed. 

Crystallite size: In Figure 6d-f the change in apparent crystallite size shows, that higher 

temperatures cause the spinel crystallites to grow larger from ~28 nm to ~80 nm, at 360 and 542 C, 

respectively. For temperatures <542 C, the alloy crystallites grow from smaller to larger, while at 

542 C the crystallites appear as large crystallites and then decrease in size, but in all cases seem to 

stabilise at about 50 nm. The initial frames of 542 C did not allow a reliable extraction of the peak 

broadening. 

 



 
Figure 6: Weight fractions (a-c), apparent crystallite size (d-f), and unit cell parameters (g-i) as a function of time for the four 

reduction experiments performed with varying temperatures of 360 C (plotted on the top grey axis), 420 C (purple), 486 C 

(green), and 542 C (light blue) and with a gas-flow of 50 ml/min. Uncertainties are obtained from the refinement. The reduction at 

360 C lasted for 900 min, shown here are only t < 600 min, because t > 600 min show the same trends. 

Unit cell: The unit cell parameters are shown in Figure 6g-i and reveal a change in the reduction 

mechanism between 360 C and the higher temperatures. At 486 - 542 C the unit cell of the spinel 

expands and then slowly contracts, the unit cell of the monoxide is stable for a while before having 

a step like expansion. The unit cell of the alloy expands slowly over time. A similar behaviour was 

observed in the flow series. The monoxide unit cell expansion coincides with the decrease in 

monoxide weight fraction. The spinel and the monoxide unit cell tend to expand towards the end of 

the experiment for 486 and 542 C, while in the 360 C experiment no expansion is observed. The 

unit cell of the alloy steadily increases for all experiments, as was seen for the flow experiments. 

Site occupancies: The site occupancies as function of time are shown in Figure 7, here the 

tetrahedral Co occupancy has the same trend as in the gas-flow study, it decreases rapidly in the 



beginning of the experiment. The octahedral (Oh) site, on the other hand, is highly dependent on the 

temperature. The Oh site contains more Co at lower temperature and for the reduction at 360 C the 

occupancy is stable at approximately 40% Co. 

 
Figure 7: Co/Fe site occupancy in the spinel as a function of time for the four reduction experiments performed with varying 

temperatures of 360 C (grey), 420 C (purple), 486 C (green) and 542 C (light blue) and a gas-flow of 50 ml/min. The contents 

describe the occupancy of the tetrahedral site (a), octahedral site (b), and the phase total (c), as obtained from Rietveld refinement. 

Uncertainties are obtained from the refinement. 

As mentioned earlier, CoFe2O4 can transform into CozFe3-zO4 (z < 1) and finally into (z = 0) either 

Fe3O4 (z) or -Fe2O3. The three phases are isostructural with only slight differences in unit cell 

parameter, but with distinct differences in relative peak intensities in the NPD patterns, see Figure 

ESI 11 for simulated NPD patterns. The relative intensities of the spinel phase are dependent on the 

Oh and Td site-specific scattering lengths, which is determined from the Co:Fe:vacancy ratio. 

Within the refined model it can be difficult to distinguish the following scenarios: 1) Identical 

Co:Fe ratios on the Td and Oh site, resembles Fe3O4. 2) significantly high Co content on the Oh site 

compared with the Td site, resembles -Fe2O3. The large Co depletion on both the Td and Oh site at 

542 C corresponds to Fe3O4, while at lower temperatures, more Co is present on the Oh site, may 

actually correspond to -Fe2O3. The Q-range does not suffice for a unique solution, but it seems 

plausible that the reduction of CoFe2O4 favours the -Fe2O3 at low temperatures and Fe3O4 at high 

temperatures. Zhu et al. found that -Fe2O3 and Fe3O4 co-existed, when reducing -Fe2O3.
65 

 



5.3 Magnetic Properties 

The magnetic properties were measured on the pristine and reduced samples. The specific 

saturation magnetisation was approximated by the law of approach to saturation.16 In Figure 8, the 

hysteresis curve of the pristine CoFe2O4 is compared to the curves of the samples prepared at 360 

and 542 C. For all samples, a smooth curvature is observed without steps, indicating that the 

samples are exchange-coupled and behave magnetically as a single phase at room temperature.20 

This behaviour is observed in all samples (see Figure ESI 12 and ESI 13). 

 
 
Figure 8: Magnetic hysteresis obtained by VSM for the pristine CoFe2O4 (black) and the sample reduced at 360 C (grey) and 542 C 

(light blue) with a gas flow of 50 ml/min. The inset is a zoom of the 2nd quadrant. Uncertainties are too small to be seen in the plot. 

In Table 1, the weight fractions and crystallite sizes from the Rietveld refinements are presented 

together with the magnetic properties for all three samples (data for all samples can be found in 

table ESI 5). Due to the high σs of the alloy, the specific saturation magnetisation, σs, of the samples 

increases, as expected, as a function of the alloy weight fraction from σs = 73.9(1) Am2/kg (emu/g) 

for the pristine CoFe2O4 to 188.4(2) Am2/kg (emu/g) for the sample reduced at 542 C (78(1) wt% 

alloy). The specific remanence magnetisation, σr, is doubled from 16.9(1) Am2/kg (emu/g) for the 



pristine CoFe2O4 to 32.0(2) Am2/kg (emu/g) for 360 C. However, for the sample prepared at 542 

C the high content of soft phase and the phase transformation from hard CoFe2O4 to softer Fe3O4 

causes the remanence to decreased to 10.8(4) Am2/kg (emu/g). While the coercivity is almost 

reduced to a third (21.8(7) kA/m) (273 Oe) of the pristine sample. 

The sample prepared at 360 C has a hard-to-soft composition of 56(1) wt% to 38.2(7) wt%. 

Despite the high amount of soft phase, an increase in coercivity from 56(1) kA/m (703 Oe) (pristine 

CoFe2O4) to 93(1) kA/m (1169 Oe) (360 C) is observed. The increase in coercivity could be 

explained by the crystallite growth of the spinel from <D> = 13.2(3) to 27.5(4) nm for the 360°C 

sample, thus approaching the optimal SDD size of ~40 nm.42 

 

  Spinel MeO Alloy Magnetic properties 

Sample Id wt% <D>  wt% wt% <D>  σs σr Hc 

    Nm     nm Am2/kg  Am2/kg  kA/m  

Pristine CoFe2O4 100 13.2(3) 0 0 ‐ 73.9(1) 16.9(1) 56(1) 

360 °C reduced 56(1) 27.5(4) 6.1(6) 38.2(7) 35.6(6) 125.0(4) 32.0(2) 93(1) 

542 °C reduced 12(1) 78(8) 9.7(6) 78(1) 52.2(8) 188.4(2) 10.8(4) 21.8(7) 
Table 1: The weight fraction [wt%], crystallite size [<D>], specific saturation magnetisation [σs], specific remanence magnetisation 

[σr] and coercivity [Hc] for the CoxFe3-xO4 spinel, the CoyFe1-yO monoxide (MeO) and the CozFe2-z alloy. The samples presented are 

the pristine CoFe2O4 and the samples prepared at 360 C (grey) and 542 C (light blue) with a gas flow of 50 ml/min. Uncertainties 

on weight-fraction and crystallite size are obtained from the Rietveld refinement. Uncertainties on magnetic properties are obtained 

from the data treatment to obtain the values. 

The results presented here clearly show that by carefully optimising the temperature, gas-flow, and 

reaction time it is possible to produce materials with increased magnetic properties (T = 360 C), 

but too extreme condition (temperature, T = 542 C and long time) causes the sample to become 

softer and useless as a permanent magnet. The explanation can be found in the none trivial 

decomposition of the CoFe2O4. 



6 Conclusion  

The preparation of exchange-spring nanocomposites magnet CoxFe3-xO4/CozFe2-z through the 

reduction of CoFe2O4 using 5% H2/Ar was followed in situ using neutron powder diffraction. The 

reduction kinetics are dependent on both gas-flow and temperature and reveals the H2 availability is 

a limiting factor. The reduction of CoFe2O4 to Co-Fe alloy happens through an intermediate of 

monoxide (CoyFe1-yO) and the new phases initially appear as Co-rich and increase their Fe content 

over time. The refined site occupancies of the spinel phase suggest that Co leaves the CoFe2O4 

spinel, which as a result converts into Fe3O4 at 542 C with a co-existence of different spinel phases 

at lower temperatures. 

Magnetic hysteresis curves for the reduced samples showed single-phase hysteresis behaviour, 

i.e., the hard and soft domains were successfully exchange-coupled. A comparison of the pristine 

CoFe2O4, to the sample prepared at 360 C shows an increase to the specific saturation 

magnetisation from s = 73.9(1) Am2/kg (emu/g) to σs = 125.0(4) Am2/kg (emu/g) due to a hard-to-

soft phase composition of 56 wt% to 38 wt%. The coercivity increased from Hc = 56(1) kA/m (703 

Oe) to Hc = 93.5(4) kA/m (1169 Oe) due to spinel size increase from <D> = 13.2(3) to 27.5(4) nm, 

approaching the critical magnetic single-domain particle size. For the sample prepared at 542 C, a 

specific saturation magnetisation of s = 188.4(2) Am2/kg (emu/g) was achieved due to the large 

weight fraction of the soft alloy 78(1) wt%. But, the sample was softened and had a coercivity of 

only Hc = 21.8(7) kA/m (273 Oe). 

An effective exchange-coupled CoFe2O4/CoFe2 magnet could be made through reduction, but 

the reduction temperature should be kept low. Low temperature ensures limited crystallite growth 

and small quantities of the intermediate monoxide phase. To speed up the reduction process the 

availability of hydrogen can be increased. The present study has clearly shown how neutron powder 



diffraction can give deeper insights into the reduction mechanism of CoFe2O4 in order to produce 

the next generation spring-exchange CoFe2O4/CoFe2 nanocomposite. 
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