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A B S T R A C T   

This work reports the preparation of (Mn,Co,Fe,Ni,Cr)3O4 high-entropy spinel oxide in the form of a ~ 500 nm 
thin film utilising a facile spray pyrolysis technique. The structural and electrical properties of the layers were 
characterised after exposure to temperatures in the range of 400–900 ◦C. The as-deposited layers were amor
phous, and crystallised upon heat treatment at 500 ◦C. Microstructural analyses proved a homogeneous 
elemental distribution and the desired Fd-3 m cubic spinel structure. Electrical conductivity measurements 
indicated a dependence on the processing temperature, with the highest electrical conductivity values (~3 S 
cm− 1 at 700 ◦C) obtained for layers heat-treated at 700 ◦C. The spray pyrolysis technique seems to be well suited 
to fabricating and exploring spinel-based high-entropy oxides synthesized as thin films, and to studying new 
compositions containing transition metal cations.   

1. Introduction 

The idea of high-entropy stabilised materials was initiated by Huang 
and Yeh in 1995 [1] by developing the high-entropy alloys (HEA) 
concept and was more recently extended to oxide materials (HEO) by 
Rost et al. [2]: single-phase multi-element oxide consisted of randomly 
distributed Co, Cu, Mg, Ni, Zn cations crystallised in a rock salt structure 
(Fm-3 m). The presence of several cations that can occupy the same 
crystallographic positions can lead to interesting physicochemical 
properties, and open up new possibilities for tailor-made functional 
materials [3]. High-entropy oxide materials with a spinel structure have 
been first studied by Dąbrowa et al. [4]. So far, several compositions, 
mainly based on transition metals, have been confirmed as single-phase 
high-entropy spinel oxides. Since the seminal work of Dąbrowa et al., 
following spinel compositions have been studied: (Co,Cu,Fe,Mn,Ni)3O4 
[5], (Cr,Fe,Mn,Ni,Zn,)3O4 [6], (Cr,Fe,Mn,Co,Ni,)3O4 [4,6,7], (Cr,Fe,Mn, 
Co,Zn)3O4, (Cr,Fe,Mg,Mn,Ni)3O4, (Co,Cr,Fe,Mg,Mn)3O4 [8], (Ni,Co,Mn, 
Fe,Ti)3O4 [9], (Mg,Ti,Zn,Cu,Fe)3O4 [10]. 

The HEO research mainly focused on bulk materials (i.e. thick pellets 
obtained via high temperature solid state reaction methods), whereas 

the properties of the materials in the form of layers were only briefly 
reported [11]. Among the HEO spinel compounds discovered so far, (Cr, 
Fe,Mn,Co,Ni,)3O4 is one of the most studied compositions [12,13]. It is 
mainly produced by solid-state synthesis, however, there are several 
reports in the literature indicating the possibility of producing this 
material by chemical methods such as sol-gel [14] or solution combus
tion synthesis (SCS) [15]. The main disadvantage of conventional high- 
temperature methods is the high sintering temperature (900–1100 ◦C) 
and long isothermal holding (up to 24 h) required to obtain single-phase 
spinel oxide. 

The selection of alternative synthesis methods can reduce time and 
annealing temperature. One such method is the spray pyrolysis depo
sition technique, which is widely used for the fabrication of thin films 
[16]. So far, spray-pyrolysis has been employed for the fabrication of 
stabilised zirconias [17,18], cerias [19,20], and spinels [21,22], but it 
has not been reported for the fabrication of multicomponent oxides 
described as high-entropy oxides. This technique involves atomizing 
precursor solutions into a fine mist or aerosol, which is then directed 
onto a heated substrate using a gas stream. The precursor solution is 
prepared by dissolving the desired materials, such as metal salts or 
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organic compounds, in an appropriate solvent [23]. Given the wide 
availability of metal salts, this method offers a flexible fabrication 
platform, where multi-cation compositions can be readily fabricated. 
Atomization of the precursor solution can be achieved using various 
techniques, including pneumatic or ultrasonic nebulizers, pressure 
nozzles, or electrostatic sprayers [24]. The atomization process ensures 
the formation of a uniform and well-dispersed aerosol. Upon contact 
with the hot surface, the droplets undergo rapid thermal decomposition 
and chemical reactions. Volatile components evaporate, leaving behind 
solid particles that form, droplet by droplet, a thin film on the substrate. 
The temperature is carefully controlled to enable the desired chemical 
reactions and evaporation of the solvent, providing desired micro
structure, while avoiding substrate damage or excessive thermal 
decomposition [25]. The deposition process is performed at low sub
strate temperatures (300–400 ◦C), at which either amorphous or partly 
crystalline materials can be deposited. By applying controlled post- 
deposition heat treatment, layers with different crystallinity and grain 
size can be obtained [26]. 

This work presents low-temperature spray-pyrolysis fabrication of 
HEO thin film and the determination of its basic properties. We report 
results concerning the structural and electrical properties of the (Mn,Co, 
Fe,Ni,Cr)3O4 composition on single-crystal sapphire Al2O3 and amor
phous SiO2 substrates. 

2. Materials and methods 

Fabrication of thin films was performed by an in-house-developed 
spray pyrolysis technique [27–29], which is based on the methodology 
developed by Prof. Gauckler’s group [30]. Briefly, a liquid solution 
containing dissolved metal salts is atomised into droplets that are 
deposited on a heated substrate forming a deposit. A continuous layer is 
built drop-by-drop. The liquid precursor for the deposition process was 
prepared by mixing water-based solutions of the transition metal ni
trates. Each nitrate was dissolved in distilled water (>12 MΩ cm− 1) to 
prepare individual solutions, which were then thermogravimetrically 
calibrated to determine the cation content. The calculated amounts and 
concentrations of cations per gram of nitrate aqueous solutions are 
provided below. The volume of the precursor solution was 50 ml and the 
total concentration of cations in the precursor solution was fixed at 0.2 
mol L− 1. The composition of cations in the precursor solution was 
adjusted to achieve a final stoichiometry like (Mn0.2Co0.2Fe0.2Ni0.2

Cr0.2)3O4. Following nitrate solutions were used: 13611 g of 1.469 
mmol/g Cr(NO3)3•9H2O solution (Chempur, 97%), 14,554 g of 1374 
mmol/g Mn(NO3)2• 4H2O solution (Chempur, 98%), 12,922 g of 
15,477 mmol/g Co(NO3)2 • 6H2O solution (Chempur, 99%), 13,253 g of 
15,091 mmol/g Fe(NO3)3 • 9H2O solution (Chempur, 99%), and 13,162 
g of 15,195 mmol/g Ni(NO3)2 • 6H2O solution (Chempur, 98%). In the 
next step, an equimolar mixture of these nitrates dissolved in water was 
mixed with 50,625 g of tetraethylene glycol (Sigma-Aldrich, 99% pu
rity) at a volume ratio of 1:9, respectively. Amorphous-SiO2 (both sides 
polished, 10 × 10 × 0.2 mm3, Continental Trade, Poland) and C-plane 
Sapphire (one side polished, 10 × 10 × 0.3 mm3, CrysTec, Germany) 
substrates were placed on a hotplate and heated to 390 ◦C (controlled by 
a thermocouple placed below the sample). Deposition of a layer of ~500 
nm thickness was achieved by using 5 ml of precursor fed at a rate of 2.5 
ml min− 1, air atomised by an airbrush nozzle (Paasche VLS, USA). Post 
fabrication, the layers were thermally treated in a box furnace in the 
temperature range of 500–900 ◦C (ramping rate of 3 ◦C/min) for 20 h to 
evaluate the structural and microstructural features. 

The microstructure of the samples was analysed by X-ray diffraction 
(XRD) using a Bruker D2 Phaser diffractometer with a Lynxeye XE-T 
detector with CuKα radiation (λ = 0.15406 nm) at room temperature. 

The morphology of the samples on sapphire was investigated by 
scanning electron microscopy (FEI Quanta FEG 250) with an ET (Ever
hart–Thornley) secondary electron detector at an acceleration voltage of 
20 kV. For elemental analysis, energy-dispersive x-ray spectroscopy 

(EDX) was performed by the EDAX Genesis APEX 2i software with an 
ApolloX SDD spectrometer. 

TEM investigations were performed on high resolution on a Titan 
Cubed G2 60–300 (FEI) Probe Cs corrected (S)TEM equipped with a 
ChemiSTEM EDX detector system based on four windowless Silicon Drift 
Detectors (Super X). Visualisation of the extended crystal structure was 
performed in the VESTA software [31]. For TEM imaging, a HEO layer 
deposited on α-SiO2 was annealed at 700 ◦C for 10 h and scraped off to 
obtain powder for analysis. A small amount of the powder was then 
diluted in high purity demineralised water. Next, the water containing 
the powder was put into an ultrasonic bath for about 5 min, then a drop 
of the water was transferred to a sample holder – a copper grid with a 
very thin carbon coating. In the following step, the sample was vacuum 
dried, and was then ready for TEM observation. 

A sample deposited on the sapphire substrate was used for electrical 
characterisation by a four-wire van der Pauw method. The measurement 
was performed utilising a custom-built rig based on a Keithley 2400 
SourceMeter and a multiplexer. The sample was contacted at the corners 
by Pt wires attached by silver paste. The multiplexer changes the elec
trodes as required by the van der Pauw technique. The temperature was 
controlled by a PID controller contacted with the thermocouple placed 
directly above the sample surface. The measurement was performed in 
sequential temperature ramps. After each longer dwell (2 h), starting 
from 500 ◦C, the temperature was lowered in steps by 50 ◦C (3 ◦C/min) 
and held for 30 min at each temperature. After reaching 300 ◦C, the 
temperature was increased to reach temperature 100 ◦C higher than the 
previous maximum temperature. 

3. Results and discussion 

The deposited layers were measured after deposition and after post- 
annealing for 20 h at 500, 600, 700, 800, and 900 ◦C. Fig. 1 presents the 
XRD patterns of layers deposited on α-SiO2 (A) and SEM surface images 
of an as-deposited layer (B). Irrespective of the substrate type, both as- 
deposited layers were crack-free and the surface looks as presented in 
Fig. 1B. Rings due to splashed droplets, typical for the spray deposition 
method, are visible on the surface. 

No peaks related to crystal structure could be noticed in the XRD 
pattern for the as-deposited layer (~400 ◦C). The diffraction spectrum 
shows only the background signal of the amorphous silica (α-SiO2) 
substrate with a characteristic bump in the low angle range. The 
diffraction peaks were revealed after annealing layers at 500 ◦C, indi
cating crystallisation of the layer upon heat treatment. All of the 
observed peaks can be attributed to a face-centred cubic single-phase 
spinel structure (Fd-3 m) described by space group no. 227 (ICDD PDF 
no. 01–077-0008). For the 500 and 600 ◦C annealing temperatures, 
reflections were quite broad with low intensity. The less intense peaks 
corresponding to the (111), (222), and (422) planes were not visible, 
indicating low crystallisation. Layers annealed above 600 ◦C showed 
spectra of a well-crystallised material. We have previously shown that 
the spray pyrolysis layers contain leftover C–O groups after deposition 
and annealing up to 600 ◦C, and after their removal full crystallisation of 
the deposited films occurs [32]. Le Bail refinement was used to calculate 
the lattice parameter of the produced layers, as well as the crystallite 
size, which was calculated according to the Scherrer equation (k taken as 
0.89) [33]. Comparison of the temperature dependence on the structural 
features is summarised in Table 1, and detailed refinement data is 
attached in the supplementary section in Tables S1–S5. The heat treat
ment did not induce a significant change of the lattice constant. The 
obtained values of the lattice constant are comparable with the results of 
Mao et al. [15]. Other groups using the conventional solid-state syn
thesis route report a higher lattice parameter of 8.33–8.35 [8,34,35]. 
Depending on the thermal history, spinels can show different oxidation 
states of the transition metal elements, thus influencing the lattice 
parameter [36,37]. The crystallite dimensions increased from ~26 nm 
to ~109 nm with the increasing annealing temperature, which is typical 
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for thin films processed via spray-pyrolysis [32]. The nanocrystalline 
(crystallite size <100 nm) state of the layer could be retained for tem
peratures below 900 ◦C. 

The energy-dispersive x-ray spectroscopy results are presented in 
Fig. 2. The distribution of the elements was uniform throughout the 
sample surface, with no traces of agglomeration. On the EDX maps 
shown in Fig. 2A, slight differences in intensity can be noticed, which are 
associated with the presence of unevenness on the surface of the layer. In 
places where the layer is thinner, the signal of the α-SiO2 substrate is 
more intense than that of the transition metals present in the layer. 
Slight differences result from the existing surface roughness resulting 
from the overlapping of droplets in the deposition process. The liquid 
precursors used for layer preparation, with cations well mixed at a 
molecular level, can facilitate the formation of homogeneous materials. 
Elemental composition (at. %) was calculated from the low magnitude 

SEM surface images (integrated over large area) and summarised in 
Table 1 as well as presented in the form of EDX spectra in Fig. 2B. The 
obtained results proved the equimolar ratio of the cations in the pro
duced samples. A slightly higher concentration of Co and Ni could be 
observed, which is still within the limits of measurement uncertainty. 
Moreover, the sample annealed at 900 ◦C revealed a significant decrease 
in Cr content, which suggests evaporation of volatile chromium com
pounds over 800 ◦C, possibly due to high pO2 (air) and the expected 
level of humidity. 

SEM surface and fracture cross-section images of samples annealed at 
three different temperatures (500, 700, 900 ◦C) are presented in Fig. 3. 
Regardless of the annealing temperature, samples showed a dense, 
uniform microstructure consisting of nano-dimensioned grains with 
thickness in a range of 400–500 nm. According to the crystallite-size 
calculations presented in Table 1, the grain dimensions revealed the 

Fig. 1. A) XRD Patterns of (Cr,Fe,Mn,Co,Ni,)3O4 layers deposited on α-SiO2 substrate and annealed at different temperatures, B) SEM surface image of an as- 
deposited layer on α-SiO2 substrate. 

Table 1 
Crystal structure parameters, calculated grain size from SEM images and EDX chemical composition results.   

Structural parameters Chemical composition [± 2%] 

Annealing temperature (◦C) a lattice parameter (Å) Crystallite size (nm) Grain size (nm) Cr Mn Fe Co Ni 

500 8.280 26 28 18 19 19 21 22 
600 8.285 23 29 19 18 19 21 22 
700 8.295 59 77 18 20 19 21 22 
800 8.286 70 129 18 19 20 21 22 
900 8.283 109 216 15 19 21 22 23  

Fig. 2. A) EDX maps of HEO layer deposited on α-SiO2 and annealed at 700 ◦C in 20 h, B) EDX spectra of samples annealed at different temperatures.  
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same correlation of size change with increasing annealing temperature. 
Differences in surface morphology are visible between samples annealed 
at different temperature ranges. 

Transmission Electron Microscopy (TEM) analysis was performed to 
characterise the crystal structure and determine the elemental distri
bution at the nanoscale. The STEM-EDX maps presented in Fig. 4G 
proved that the composition and distribution of the elements are ho
mogeneous at the level of single particles. There was no agglomeration 
or secondary phase formation detectable during the TEM analysis. The 

HAADF-STEM image in Fig. 4C presents a high-resolution image of the 
spinel, with a particular arrangement of atoms. The arrangement pre
sented in Fig. 4C corresponds to a view along the (Zone axis 112) di
rection, as confirmed by comparison with theoretical prediction, 
confirming a cubic spinel structure. In Fig. 4D and E SAED patterns are 
presented with simulated spinel structure in (112) direction to verify the 
face centered cubic (FCC) structure. These results confirmed the possi
bility of deposition of elementally homogeneous, singe-phase high- 
quality ~500 nm layers of HEO spinels using the spray pyrolysis 

Fig. 3. Surface and cross-section SEM images of HEO layers on α-SiO2 annealed at A) 500 ◦C, B) 700 ◦C, and C) 900 ◦C.  

Fig. 4. A), B) STEM and BF-STEM image of HEO annealed at 700 ◦C, C) HAADF-STEM image with simulated spinel structure in (112) direction D), E) SAED patterns 
with simulated spinel structure in (112) direction, F) Extended crystal structure simulation projected along (112) vector, G) STEM-EDX chemical composition maps of 
the individual components and the combined map. 
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method. 
HEO layers deposited on α-SiO2 start cracking after heat-treatment 

above 600 ◦C. The STEM-EDX chemical composition maps presented 
in Fig. 4G did not reveal the presence of Si in the HEO grains, therefore 
the layer cracking is possibly due to a mismatch of the thermal expan
sion coefficient (TEC) as opposed to a reaction with the Si present in the 
substrate. Stygar et al. reported a TEC for (Mn0.2Co0.2Fe0.2Ni0.2Cr0.2)3O4 
of 9.7 • 10− 6 K− 1 [7]. Based on the substrate supplier’s technical data
sheets, the thermal expansion coefficients are 5.5 • 10− 7 K− 1 (@ 
20–320 ◦C) and 5–6.66 • 10− 6 K− 1 (@ 50 ◦C) for α-SiO2 and Sapphire, 
respectively. It shows that the sapphire TEC is closer to the spinel TEC 
value than amorphous silica. Due to the cracking of the layer deposited 
on α-SiO2, the electrical measurement could not be carried out on this 
substrate. Therefore electrical characterisation was performed on the 
HEO layer deposited on Sapphire. Additional characterisation of layers 
deposited on the sapphire substrate was performed and the results are 
plotted and summarised in the supplementary materials. 

The electrical conductivity study was performed on an as-deposited 
sample that was subjected to a measurement procedure that included 
steps with increasing temperature. Five cycles were performed; each 
subsequent cycle was higher by 100 ◦C than the previous one in the 
range of 500–900 ◦C. The conductivity used for the Arrhenius plot 
presented in Fig. 5 was examined during cooling down in temperature 
steps of 50 ◦C. The amorphous samples showed a very low level of 
electrical conductivity, below the measurement limit, thus the results 
from the higher temperatures (after dwell at 500 ◦C) are presented. 
Fig. 5 shows the Arrhenius-type plot of electrical conductivity as a 
function of temperature. The observed temperature behaviour of the 
electrical conductivity indicates thermally activated conductivity. The 
activation energy for the measured sample has a different slope for the 
high temperature (HT) and low temperature (LT) regimes correlated 
with a possible change of the conduction mechanism, caused possibly by 
a change from grain-boundary to grain dominated electrical transport, 
or, alternatively, to thermal oxidation of some of the spinel component. 
The inflection point of the conductivities is below 600 ◦C and is around 
~150 ◦C higher than 394 ◦C previously reported by Stygar et al. for the 
same material composition however, synthesized utilising solid-state 
reaction [7]. Activation energies reported by Stygar group were 0.31 
eV and 0.61 eV at the low and high-temperature range, respectively. 
Values obtained in this research for the same material composition, but 
deposited in form of the nanocrystalline film were lower and equal to 
0.20 eV and 0.27 eV at the low and high-temperature range, 
respectively. 

Fig. S5 presents the measured electrical conductivity as a function of 
the maximum exposure temperature. According to the legend, symbols 
connected with line obtained at the same measurement temperature 
compare results measured after exposing the sample on different 
annealing temperature. The data presented in this way indicates that the 
optimal annealing temperature to maximize the electrical performance 
is 700 ◦C. Obtained values of total conductivity measured at 700 ◦C 
equaled 3; 2.2 and 0.9 S•cm− 1 for sample exposed at 700, 800 and 
900 ◦C, respectively. Annealing the material at higher temperatures 
resulted in a decrease of the maximum total conductivity values for the 
800 and 900 ◦C temperatures, probably due to Cr evaporation what was 
confirmed by EDX. Lower values of electrical conductivity for samples 
annealed below 700 ◦C were caused by insufficient crystallisation of the 
layer, as proven by the structural investigations presented above. 

4. Conclusions 

High-entropy spinel oxide with a composition of (Mn,Co,Fe,Ni, 
Cr)3O4 was successfully deposited as a nanocrystalline, ~500 nm thin 
film using the spray pyrolysis technique. Phase-pure cubic spinels with 
homogeneously distributed elements were obtained at low temperatures 
(crystallisation at 500 ◦C). The electrical conductivity of the spinels was 
studied at high temperatures and showed a maximum value of ~3 S 

cm− 1 at 700 ◦C (for the layer heat-treated at 700 ◦C). Previous work in 
this area is related mainly to the structural properties of bulk materials, 
fabricated by solid-state syntheses and having large particles. The 
research conducted on nanocrystalline thin layers with controlled grain 
size is, therefore, an interesting development of existing research and 
expands the knowledge of the production of HEOs in the form of 
nanomaterials. 
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