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A B S T R A C T

High-entropy oxides (HEOs) are promising for energy and structural applications, yet conventional synthesis 
routes yield powders that require multiple post-processing steps before use. This study demonstrates single-step 
fabrication of a transition-metal HEO coating via axial-fed solution precursor plasma spraying (SPPS) using 
equimolar Co-Cu-Mg-Ni-Zn nitrate hydrates. The resulting coatings are dense, adherent, and phase-pure, 
exhibiting a rock-salt structure confirmed by XRD, uniform cation distribution by SEM/EDS, and oxidized cat
ions with oxygen-vacancy signatures by XPS. Comparative analysis of different spray conditions shows that phase 
purity and microstructure are governed by atomization and in-flight residence time, rather than plasma energy 
alone. The findings establish that suitable parameter control enables complete cation mixing and rapid in-flight 
phase formation without post-processing. This single-step route from solution to functional coatings provides a 
scalable pathway for HEO manufacture, with potential applications ranging from battery electrodes to high- 
temperature thermal and environmental barrier coatings (TBCs/EBCs) across different HEO families.

1. Introduction

The concept of high-entropy materials, originally developed for 
metallic alloys, was extended to oxide systems by Rost et al. [1] in 2015, 
leading to the emergence of high-entropy oxides (HEOs) [1–3]. Analo
gous to high-entropy alloys (HEAs), HEOs typically contain five or more 
metal cations in near-equimolar ratios, forming a single-phase crystal 
structure stabilized by high configurational entropy. The inherent 
thermodynamic and structural stability of oxides at elevated tempera
tures makes HEOs attractive for high-temperature applications such as 
thermal barrier coatings (TBCs) and environmental barrier coatings 
(EBCs) [4,5]. In addition, their rich defect chemistry including high 
oxygen vacancy concentrations and multivalent redox behavior offers 
potential in functional applications such as lithium-ion batteries (LIBs), 
all-solid-state batteries (ASSBs), and electrocatalysis [6,7]. HEOs can be 
classified by cation type (transition-metal (TM), rare-earth (RE), or 
mixed TM-RE systems) or by crystal structure, such as rock-salt, spinel, 
perovskite, fluorite, pyrochlore, and rutile [3]. A wide variety of syn
thesis routes have been explored for producing HEOs, including me
chanical alloying [1], co-precipitation [8], hydrothermal processing [9], 
sol-gel routes [10], and solution-combustion methods [11], along with 

broader methodological reviews that summarize their advantages and 
limitations [12,13]. While these wet-chemical approaches enable good 
compositional control, they remain multi-step processes requiring 
calcination, grinding, and powder conditioning, and are therefore not 
readily scalable for coating fabrication or for electrode architectures in 
emerging energy devices. Specifically for LIB/ASSB electrodes as an 
example, this entails additional slurry preparation, casting, drying, and 
sintering, while for TBC/EBC coatings, powders within a defined parti
cle size range must subsequently be thermal-sprayed. In both cases, 
strict particle size requirements further limit the yield of a synthesis 
route that is already time-consuming and costly. These challenges 
highlight the need for alternative, application-dependent direct HEO 
fabrication methods wherever relevant.

To address this need, plasma spraying has emerged as a promising 
route for scalable, high-throughput manufacturing of functional oxides. 
Beyond its established use in protective coatings, recent work has 
demonstrated its potential for directly fabricating battery electrodes 
[14–17]. While TM-HEOs such as (Co-Cu-Mg-Ni-Zn)O have shown 
promise as battery electrodes, prior studies have relied on 
pre-synthesized powders and conventional electrode fabrication [18]. 
Recent work has demonstrated the feasibility of producing HEO powders 

* Corresponding author.
E-mail address: vinay.gidla@utu.fi (G. Vinay). 

Contents lists available at ScienceDirect

Journal of the European Ceramic Society

journal homepage: www.elsevier.com/locate/jeurceramsoc

https://doi.org/10.1016/j.jeurceramsoc.2026.118150
Received 5 November 2025; Received in revised form 12 January 2026; Accepted 15 January 2026  

Journal of the European Ceramic Society 46 (2026) 118150 

Available online 16 January 2026 
0955-2219/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 

mailto:vinay.gidla@utu.fi
www.sciencedirect.com/science/journal/09552219
https://www.elsevier.com/locate/jeurceramsoc
https://doi.org/10.1016/j.jeurceramsoc.2026.118150
https://doi.org/10.1016/j.jeurceramsoc.2026.118150
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jeurceramsoc.2026.118150&domain=pdf
http://creativecommons.org/licenses/by/4.0/


by SPPS [19]. Amarnath et al. [20] reported HEO coatings in a 
Ni-Fe-Mn-Cu-Co system for water splitting, while Lin et al. [21]
demonstrated coatings in a Fe-Co-Ni-Cu-Zn-Mg system. These studies 
highlight the feasibility of HEO coating fabrication by SPPS but provide 
limited insights into processing windows. In earlier work, precursors 
were injected into legacy radial-feed plasma torches, which are gener
ally associated with lower deposition efficiencies and limited coating 
throughput [22]. Here, we demonstrate for the first time the in-flight 
synthesis and direct deposition of (Co-Cu-Mg-Ni-Zn) HEO coatings via 
SPPS, emphasizing the role of process parameters. The choice of 
(Co-Cu-Mg-Ni-Zn) HEO was motivated by it being one of the most 
widely studied HEO systems and by its promise as an anode material for 
LIBs and ASSBs. This is also the first report of using axial feeding (Fig. 1) 
of precursor solution rather than radial injection. Axial feeding provides 
more effective utilization of thermal energy in the plasma torch and a 
more uniform energy distribution to the droplets, enabling higher 
output. In SPPS, the precursor droplet undergoes atomization, sol
vent/hydrate evaporation, decomposition to oxides (pyrolysis), and 
melting/semi-melting before deposition (Fig. 1). This sequence becomes 
more complex in multi-constituent systems such as HEOs, making 
appropriate process parameter control essential to achieve single-phase 
coatings during the short in-flight residence time. This study demon
strates that such control is indeed possible. By varying process param
eters that influence enthalpy input, we establish a framework showing 
that SPPS is amenable to controlled, rapid one-step conversion of pre
cursor solutions into functional coatings. In this context, SPPS can be 
regarded as a plasma-assisted spray pyrolysis process, but unlike con
ventional flame spray pyrolysis (FSP) and nebulized spray pyrolysis 
(NSP) routes, it directly yields coatings rather than powders, thereby 
bypassing multiple post-processing steps. This approach not only dem
onstrates easily scalable pathways for HEO-based energy storage elec
trodes but also provides guidelines for extending SPPS to other HEO 
families for diverse applications.

2. Materials and methodology

Analytical-grade metal nitrate hydrates Co(NO3)2⋅6 H2O 
(291.03 g⋅mol− 1), Cu(NO3)2⋅2.5 H2O (232.59 g⋅mol− 1), Mg 
(NO3)2⋅6 H2O (256.40 g⋅mol− 1), Ni(NO3)2⋅6 H2O (290.80 g⋅mol− 1), and 
Zn(NO3)2⋅6 H2O (297.48 g⋅mol− 1) obtained from Sigma Aldrich were 
used. The salts were dissolved in distilled water and then mixed in 

equimolar proportions to a prepare a 1.0 M total cation solution. The 
solution was stirred until homogeneous to ensure stable feeding to the 
plasma torch. Coatings were deposited using a Mettech Axial III high- 
power plasma torch (Northwest Mettech Corp., Vancouver, Canada) 
equipped with a Nanofeed 350 feeding system. The spray parameters for 
each sample are summarized in Table 1. Disks of aluminum (25 mm 
diameter, 2 mm thickness) served as substrates and were grit-blasted 
prior to deposition for improved adhesion. The choice of Al substrate 
is due to its widespread use as a current collector in lithium-ion battery 
systems, which represents one of the targeted application areas for the 
present HEO coatings. Phase analysis was performed on a Panalytical 
Empyrean diffractometer using Cu Kα radiation (λ = 1.5406 Å). Scans 
were collected over the 2θ range 20–100◦ with a step size of 0.02◦ and 
0.008 s per step. Phases were identified using X’Pert HighScore soft
ware. Surface and cross-sectional microstructures were examined with a 
ThermoFisher Apreo FE-SEM equipped with energy-dispersive X-ray 
spectroscopy (EDS), which was also used to acquire elemental maps. X- 
ray photoelectron spectroscopy (XPS) was carried out using a Thermo
Fisher Nexsa (ESCA) system. Survey scans employed a step size of 1 eV 
across the 0–1350 eV range, while core-level scans used a step size of 
0.1 eV. Data were processed using Avantage software, with charge 
correction performed using the C-C peak in C1s as the reference. Sam
ples were Ar⁺ etched prior to XPS data acquisition.

3. Results

The surface morphologies of the three coatings (S1, S2, S3) are 
shown in Fig. 2a-c, with corresponding higher-magnification images in 
Fig. 2d-f. Coatings S2 (Fig. 2b) and S3 (Fig. 2c) display broadly similar 
morphologies, whereas S1 (Fig. 2a) exhibits a distinctly rougher surface. 
In S2, numerous micro-cracks are visible on the surface, while these 
features are markedly reduced in S3. At higher magnification, S2 
(Fig. 2e) reveals distinct micro-cracks along surface features, whereas S3 
(Fig. 2f) shows more consolidated well-bonded regions with minimal 
separation. These cracks are most likely associated with thermal 
contraction during rapid solidification, leading to local separation 
within the deposit. Elemental distribution maps from EDS analyses 
(Fig. 2g-i) show detectable aluminum on the S1 surface, indicating 
incomplete coating coverage and substrate exposure. In contrast, S2 and 
S3 contain only the intended transition-metal cations (Cu, Mg, Ni, Co, 
Zn), which are uniformly distributed without detectable aluminum. 

Fig. 1. Schematic of the axial-injection SPPS process. The precursor solution is injected along the torch axis into the plasma plume, where droplets undergo at
omization, solvent and hydrate evaporation, thermal decomposition of nitrates to oxides (pyrolysis), melting/semi-melting, and finally impact and solidification to 
form a high-entropy oxide coating.
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Cross-sectional SEM images (Fig. 2j-l) further differentiate the coatings. 
The S1 (Fig. 2j) exhibits a “flower-like” and feathery morphology typical 
of poorly adhered deposits, with isolated flakes and minimal substrate 
coverage. In comparison, S2 (Fig. 2k) and S3 (Fig. 2l) form continuous 
coatings. S2 exhibits greater thickness but contains a network of vertical 
and lateral cracks, consistent with the surface morphology observations, 
whereas S3 forms a relatively denser, well-adhered layer.

The XRD patterns of the three coatings are shown in Fig. 3, with the 
raw data presented in Supplementary Fig. S1a-c. In the raw patterns, 
peaks from the aluminum substrate are visible due to the limited coating 
thickness observed in Fig. 2, resulting in partial X-ray penetration into 
the substrate. The patterns in Fig. 3 were processed to remove the sub
strate contributions, allowing clearer identification of the coating pha
ses. For the S3 sample, the diffraction peaks at 2θ ~ 36◦, 43◦, 63◦, and 

Table 1 
SPPS process parameters used for coating generation.

Sample Nozzle dia 
(Inches)

Current 
(A)

Power 
(kW)

Gas flow 
(l⋅min− 1)

Gas mixture 
composition 
(Ar/N2/H2)

Enthalpy 
(kJ⋅g− 1)

S1 coating 5/16 200 130 300 44/28/28 12.5
S2 coating 5/16 180 88 300 80/10/10 6.9
S3 coating 5/16 200 107 200 70/20/10 9.0

Fig. 2. SEM surface images of the three generated coatings: (a) S1 Coating, (b) S2 coating, (c) S3 coating, and their respective high-magnification images high
lighting: (d) flower-like protrusions in S1 coating, (e) micro-cracks in S2 coating, (f) well-bonded regions in S3 coating; Surface EDS overlay image of all elements 
present in: (g) S1 coating, (h) S2 coating, (i) S3 coating; Cross section SEM images of the coatings highlighting: (j) flower-like structure with discontinuous coating in 
S1, (k) thick coating with cracks and poor adhesion in S2, (l) dense coating with minimal cracks and good substrate adhesion in S3.
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74◦ correspond to a single-phase rock-salt structure, consistent with 
literature reports for (Co-Cu-Mg-Ni-Zn)O based HEOs [1,23]. The ex
pected peak at ~80◦ coincides with a strong aluminum substrate 
reflection and was therefore removed during filtering. The S2 coating, 

which exhibits the greatest thickness, also shows dominant rock-salt 
reflections but with additional minor peaks attributable to secondary 
oxide phases [1,24]. These weak secondary reflections are assigned to 
non-rock-salt oxides that are not yet fully incorporated into the 
high-entropy solid solution during deposition, indicating incomplete 
in-flight homogenization. In contrast, S1 shows rock-salt peaks accom
panied by a few sharp secondary peaks. We attribute these to 
low-temperature re-segregation from a formed rock-salt HEO during 
rapid cooling and/or insufficient residence near the stabilizing tem
perature, consistent with prior reports that rock-salt (Co-Cu-Mg-Ni-Zn)O 
reversibly develops tenorite and spinel peaks when equilibrated below 
~850–900 ◦C and returns to single-phase rock-salt on reheating [1,25, 
26]. Overall, these results show that S3 achieves a phase-pure rock-salt 
HEO structure, S2 contains a predominantly rock-salt phase with re
sidual secondary oxides (precursor-derived oxides persisting), and S1 
exhibits post-formation re-segregation from the HEO during/after 
impact.

High-magnification SEM imaging of the S3 surface (Fig. 4a) reveals 
fine, nanometer-scale crystalline grains. Corresponding elemental dis
tribution maps (Fig. 4b-h) confirm that all major constituent elements 
(Cu, Mg, Ni, Co, Zn) are uniformly distributed across both the surface 
and within individual grains. Quantitative EDS analysis from multiple 
areas (Table 2) shows that Mg is present at a slightly higher atomic 
percentage compared with the other cations, while the remaining ele
ments are close to equimolar ratios. This enrichment may be due to the 
high melting point and lower volatility of MgO relative to the other 
oxides, which requires further analysis. Cross-sectional EDS mapping of 
the S3 coating (Supplementary Fig. S2 and S3) further confirms uniform 

Fig. 3. XRD comparison of S1, S2 and S3 coatings highlighting the different 
phases present. Substrate (Al) contributions visible in raw data were removed 
for clarity (see Fig. S1).

Fig. 4. Surface microstructure and chemistry of S3: (a) SEM shows fine, nanocrystalline grains, (b) EDS overlay confirms the presence and uniform distribution of Cu, 
Mg, Ni, Co, Zn, and O, (c-h) Element specific EDS maps (O, Ni, Co, Mg, Zn, Cu) demonstrate uniformity at the grain scale. Quantitative EDS at two surface sites is 
reported in Table 2.
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elemental distribution through the coating thickness and good interfa
cial integrity with the substrate. While the deviation from the ideal 
equimolar composition may slightly reduce the configurational entropy 
from the theoretical value of 1.609 R, literature reports indicate that 
single-phase rock-salt HEO structures can still form under such condi
tions [27]. This compositional variation could also explain the observed 
change in relative XRD peak intensities (Fig. 3). In the ideal equimolar 
case the (111) reflection at ~36◦ is the most intense, whereas in S3, the 
intensities of the ~36◦ and ~43◦ peaks are altered, consistent with 

previous studies on non-equimolar variants of (Co-Cu-Mg-Ni-Zn)O sys
tems [27].

XPS was used to determine the oxidation states of the constituent 
elements in the coatings. The survey spectrum of S3 (Fig. 5a) shows all 
major elements (Cu, Mg, Ni, Co, Zn, O) without any residual salt-related 
signals, confirming complete decomposition of the nitrate precursors 
during plasma spraying. The carbon spectrum is shown in Fig. 5b after 
the charge correction to C-C reference at 284.8 eV. The C1s shows 
predominantly three peaks at 284.87 eV, 287.13 eV and 288.72 eV 
correspond to C-C, C-O and C––O respectively. The Ni 2p spectrum 
(Fig. 5c) displays peaks corresponding to Ni2+ and Ni3+ at binding en
ergies of 854.66 eV and 856.64 eV, respectively, along with shake-up 
satellite peaks at 861.08 eV and 865.02 eV, indicating the presence of 
nickel oxides. Similar results were obtained for the other cations: Co 2p 
(Fig. 5d) shows Co2+ and Co3+ states at 779.79 eV and 782.06 eV, Zn is 
present as ZnO as observed at 1020.5 eV (Fig. 5e), and Cu exhibits Cu2+

and Cu1+ peaks at 932.42 eV and 934.09 eV respectively along with 
characteristic shake-up satellites at 940.42 and 942.98 eV (Fig. 5f). The 
Cu LMM Auger feature in (Fig. S4a) further confirms this oxidized state. 
The Mg 1 s peak appears at 1303.16 eV (Fig. 5g), which usually 

Table2 
EDS atomic percentages at two surface sites of S3 (locations marked in Fig. 4a). 
Cation ratios are close to equimolar with slight Mg enrichment.

Element Site1 (at%) Site2 (at%)

O 46.7 44.7
Mg 14.9 13.2
Ni 8.8 9.5
Co 9.9 10.8
Cu 9.8 10.8
Zn 9.9 11

Fig. 5. XPS spectra of the S3 coating: (a) Survey spectrum highlighting no residual nitrate signals, Individual element core level spectrum highlighting different 
chemical states present in (b) C 1 s (charge reference at 284.8 eV), (c) Ni 2p, (d) Co 2p, (e) Zn 2p, (f) Cu 2p, (g) Mg 1 s, (h) O1s; (i) O 1 s in S2 coating highlighting the 
increase in OV compared with S3 coating.
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corresponds to metallic Mg. Given Mg’s high reactivity with oxygen at 
elevated temperatures, the formation of metallic Mg during deposition is 
highly unlikely. The observed signal is more plausibly due to partial 
reduction during the Ar+ ion etching step performed prior to data 
collection. The shift in the Mg peak during with the Ar+ ion beam 
etching obtained from the survey spectrum is shown in the Fig. S4b
further confirms this claim. The O 1 s spectrum for S3 (Fig. 5h) shows a 
main peak at 529.7 eV associated with metal oxygen bonds and a sec
ondary peak at 531.28 eV corresponding to oxygen vacancy defects 
[27]. These defect sites are known to play a significant role in electro
chemical energy storage [28]. Comparison with the O 1 s spectrum of S2 
(Fig. 5i) reveals a higher relative intensity of the defect-related peak in 
S2. This is likely due to the increased grain boundary area associated 
with secondary phases, as observed in XRD, which can act as preferential 
sites for oxygen vacancy formation [29,30]. Alternatively, it could also 
be related to hydroxyl adsorption on secondary oxides or complex 
phases, which are often misinterpreted as oxygen vacancies [31]. It 
would be interesting to investigate how these defects affect electro
chemical performance, particularly if they indeed originate from oxygen 
vacancies at grain boundaries, which requires further study.

4. Discussion

The phase stability of high-entropy oxides (HEOs) is governed by the 
Gibbs free energy relation: 

ΔG = ΔH − TΔS (1) 

where ΔH represents the enthalpy cost of bond breaking and reformation 
into a single-phase lattice, and TΔS is the stabilizing energy from 
configurational entropy. For the (Co-Cu-Mg-Ni-Zn)O system, the 
configurational entropy is reported as ΔSConfig.~ 1.609 R, Rost et al. [1]
suggested ΔHmix = ~+ 10 kJ⋅mol− 1 of cation sites, with an entropy 
stabilization temperature of TC > 875◦C. It is proposed that above these 
temperatures the entropy dominates the enthalpy mix and results in 
stabilization of the system in rock-salt solid solution [1,23]. Process 
temperatures in plasma spray typically exceed this range [32], melting 
the material and followed by rapid solidification, thereby defining the 
practical processing window. Since the feedstock is supplied in the form 
of precursor mix of all cations, the overall energy in the plasma spray 
should be enough to decompose all the cation precursors then achieve 
the enthalpy mix, melt the material and then deposit on the substrate 
followed by rapid solidification, which kinetically locks the structure. In 
this regard the total enthalpy requirement for this to happen could be 
expressed as below. 

ΔHreq. = ΔHdecomp. +ΔHcrystal water. + ΔHsolvent evap. +ΔHmix (2) 

In Eq.2., ΔHdecomp., corresponds to the energy required to decompose 
the metal nitrates into their respective oxides in-flight, ΔHcrystal water.

represents the enthalpy for the removal of crystal-bound water in the 
hydrates, while ΔHsolvent evap. accounts for the evaporation of additional 
solvent water used for precursor dissolution. Finally, ΔHmix denoted the 
enthalpy associated with cation mixing to form single-phase HEO lattice. 
It is well reported that processes such as nebulized spray pyrolysis (NSP) 
[33] and flame spray pyrolysis (FSP) [23] can exceed TC during droplet 
flight, enabling in-flight rock-salt phase formation that is then kineti
cally locked by rapid quenching. SPPS also falls into this category and 
can achieve even higher in-flight temperatures; however, the effective 
energy available to each droplet depends on plasma precursor interac
tion efficiency, droplet trajectory, and plume energy losses. 

ΔHdecomp = ΣΔH◦f(oxides) − ΣΔH◦f(nitrates) (3) 

The decomposition enthalpies for each nitrate are well documented, 
and using Hess’s law the decomposition enthalpy for each oxide can be 
calculated [34]. For an equimolar Co/Ni/Mg/Zn/Cu nitrate feed, the 
nitrate-to-oxide decomposition at 298 K sums to 1159.01 kJ for one 

mole of each salt, corresponding to 1.301 kJ⋅g− 1 on an anhydrous basis 
(total anhydrous mass = 890.876 g). On the hydrate basis actually fed 
(total mass = 1368.3 g as described in the methodology), the same 
decomposition term is 0.847 kJ⋅g− 1. Removal of crystal-bound water 
(25–100 ◦C including vaporization) adds ~0.899 kJ⋅g− 1 [35], while a 
modest cation mixing enthalpy of ~10 kJ⋅mol− 1 per cation contributes 
~0.04 kJ⋅g− 1. In addition, the evaporation of extra solvent water used 
for precursor dissolution contributes ~2.57 kJ⋅g− 1 per gram of water. 
On a per-solution basis, considering the hydrate-to-solvent mass frac
tions (0.493:0.507), the total enthalpy requirement is ~2.18 kJ⋅g− 1 

(detailed calculation provided in the Supplementary File). These values 
are much smaller than the measured SPPS process enthalpies which are 
12.5, 6.9, and 9 kJ⋅g− 1 for the S1, S2, and S3 coatings respectively as 
reported in Table1. These measured enthalpies already include system 
losses. This confirms that the plasma provides more than enough ther
mal energy to drive the required chemistry even for a five-cation 
mixture. However, as observed in Fig. 3, the presence of secondary 
phases in S1 and S2 shows that energy availability alone does not 
guarantee single-phase retention. The decisive factors are how effec
tively this energy is coupled to the droplets, their residence time in the 
hot zone, and their trajectories within the plasma plume. Thus, 
exceeding ΔHreq. is necessary but not sufficient to ensure complete 
single-phase formation.

In SPPS, a salt solution is injected into the plasma, where droplets 
undergo atomization, rapid solvent/hydrate evaporation, in-flight 
decomposition to oxides, and melting/semi-melting before impacting 
the substrate to form the coating [20,36]. Because solvent evaporation is 
endothermic, liquid-fed spraying often requires higher torch power than 
powder APS. Axial injection offers an additional advantage by providing 
more uniform energy distribution to the droplets and higher effective 
energy transfer compared with radial injection [22,36]. Consequently, 
process parameters that regulate energy transfer and residence time 
such as gas flow, torch power, stand-off distance, injection geometry, 
and precursor feed/concentration become critical. Our S1, S2, and S3 
results illustrate this interplay. S1, processed at the highest enthalpy, did 
not yield a continuous coating. The excessive plume energy combined 
with high total gas flow decreases residence time, causing droplet 
stripping/overspray, and hindered consolidation. XRD confirmed 
rock-salt reflections accompanied by secondary decomposition prod
ucts, consistent with formation followed by decomposition under a 
harsher thermal history [1,25,26]. In contrast, S2, processed at the 
lowest enthalpy, produced a thick coating but retained secondary pha
ses, indicating incomplete in-flight reactions. To further probe this, an 
additional S2 coating was deposited at a higher SOD. Increasing the SOD 
extended the residence time within the plasma plume, which signifi
cantly reduced the secondary phases, as shown in Fig. 6. This effect is 
attributed to the longer residence time allowing more complete 
decomposition and cation mixing prior to solidification on the substrate. 
S3, deposited at an intermediate enthalpy, produced a dense, 
well-adhered coating with a phase-pure rock-salt structure. These results 
highlight that a balanced window of process parameters including 
power, gas flow, SOD and gas mixture rather than enthalpy input alone, 
governs successful HEO phase formation and coating quality in SPPS.

The broader implication is that only a limited number of variables 
such as enthalpy input, stand-off distance, gas mixture and total gas flow 
were varied in this study, yet they already produced significant differ
ences in coating microstructure and phase constitution, including the 
formation of a phase-pure HEO coating. However, the SPPS process is in 
fact governed by many more factors, including precursor feed rate, 
precursor concentration, injection geometry, plasma composition, and 
substrate temperature [20,22,36]. This means there are multiple path
ways for appropriately manipulating spray conditions to achieve tar
geted outcomes in terms of phase purity, microstructure, and defect 
chemistry. While demonstrated here for a transition-metal rock-salt 
HEO, this thermodynamic-kinetic framework can be extended to other 
HEO families, including rare-earth systems for environmental barrier 
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coatings and spinel/perovskite systems for catalytic and functional 
roles. For energy-storage applications HEOs have attracted growing in
terest due to their electrochemical, catalytic, and high-temperature 
performance [37,38]. In particular, transition-metal HEOs such as 
(Co-Cu-Mg-Ni-Zn)O, (Fe-Co-Ni-Cu-Zn)O have already shown promising 
activity as anodes for lithium-ion batteries without lithium incorpora
tion [6,39,40]. A logical next step would be to extend SPPS to 
Li-containing HEOs, which could reduce initial capacity losses and 
enhance Li-ion transport for LIBs, while also opening opportunities for 
all-solid-state batteries where Li-HEOs may serve as both active anodes 
and mixed ionic-electronic conductors.

5. Conclusion

This work demonstrates the single-step direct fabrication of (Co-Cu- 
Mg-Ni-Zn) high-entropy oxide coatings by solution precursor plasma 
spraying using an axial-feed capable torch. By incorporating both 
hydrate-bound and solvent water evaporation into the enthalpy balance, 
we show that the total energy requirement (~2.18 kJ⋅g− 1 of solution) is 
well below the process enthalpies delivered by the plasma. Although 
only a limited set of process parameters was varied, the results reveal 
pronounced differences in coating microstructure and phase constitu
tion, including the possibility of achieving a phase-pure HEO coating. 
This study underscores that, while SPPS provides sufficient thermal 
energy for single-phase formation, phase retention and coating adhesion 
are dictated by effective droplet-plasma interaction and residence time. 
Accordingly, a more comprehensive exploration of process parameters 
such as feed rate, SOD, injection geometry, gas flow distribution, and 
substrate thermal conditions will be essential to fully optimize HEO 
formation and coating quality. The thermodynamic-kinetic framework 
established here offers useful insights for adapting SPPS to varied HEO 
systems. This single-step, scalable route opens opportunities for 
deploying HEO coatings as functional electrodes in energy storage ap
plications, while also providing a basis for extending the approach to 
high-temperature protective coatings such as TBCs and EBCs.
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[32] G. Mauer, R. Vaßen, D. Stöver, Plasma and particle temperature measurements in 
thermal spray: approaches and applications, J. Therm. Spray. Technol. 20 (2011) 
391–406.

[33] A.H. Phakatkar, M.T. Saray, M.G. Rasul, L.V. Sorokina, T.G. Ritter, T. Shokuhfar, 
R. Shahbazian-Yassar, Surface chemistry of multicationic transition metal oxides in 
electrochemical environments, Langmuir 37 (30) (2021) 9059–9068.

[34] K.H. Stern, High temperature properties and decomposition of inorganic salts Part 
3. Nitrates and nitrites, J. Phys. Chem. Ref. Data 1 (3) (1972) 747–772.

[35] N.S. Osborne, H.F. Stimson, D.C. Ginnings, Measurements of heat capacity and heat 
of vaporization of water in the range of 0◦ to 100 ◦C, J. Res. Natl. Bur. Stand 23 
(1939) 197–260.

[36] G. Mittal, S. Paul, Suspension and solution precursor plasma and HVOF spray: a 
review, J. Therm. Spray. Technol. 31 (2022) 1443–1475.

[37] X. Li, W. Zhang, K. Lv, J. Liu, A. Bayaguud, Research progress on high-entropy 
oxides as advanced anode, cathode, and solid-electrolyte materials for lithium-ion 
batteries, J. Power Sources 620 (2024) 235259.

[38] Y. Wu, M. Liu, A. Zhang, L. Ma, L. Ouyang, High-entropy oxides: a strategy for 
next-generation lithium and sodium-ion battery electrodes, Mater. Today 88 
(2025) 1028–1042.

[39] H. Du, S. Wu, Y. Zhao, Non-equimolar high-entropy oxides with superior 
electrochemical performance: an example of (Mg-Co-Ni-Cu-Zn)O rock-salt oxides. J 
Mater Sci (2025).

[40] Y. Li, Z. Chen, J. Liu, R. Liu, C. Zhang, H. Li, Novel high entropy oxide as anode for 
high performance lithium-ion capacitors, Ceram. Int. 49 (23) (2023) 
38439–38447.

G. Vinay et al.                                                                                                                                                                                                                                   Journal of the European Ceramic Society 46 (2026) 118150 

8 

http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref15
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref15
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref15
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref16
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref16
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref16
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref16
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref17
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref17
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref17
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref18
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref18
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref19
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref19
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref19
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref19
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref20
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref20
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref20
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref20
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref21
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref21
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref21
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref22
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref22
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref22
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref23
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref23
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref23
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref24
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref24
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref24
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref25
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref25
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref26
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref26
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref26
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref27
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref27
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref27
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref27
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref28
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref28
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref28
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref29
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref29
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref29
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref29
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref30
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref30
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref30
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref31
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref31
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref31
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref32
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref32
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref32
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref33
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref33
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref33
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref34
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref34
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref35
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref35
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref35
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref36
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref36
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref37
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref37
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref37
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref38
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref38
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref38
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref39
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref39
http://refhub.elsevier.com/S0955-2219(26)00026-9/sbref39

	Scalable single-step fabrication of high-entropy oxide coatings by axial solution precursor plasma spray
	1 Introduction
	2 Materials and methodology
	3 Results
	4 Discussion
	5 Conclusion
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Acknowledgement
	Appendix A Supporting information
	Data availability
	References


