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A B S T R A C T   

Single Atom catalyst (SAC), a new frontier in heterogeneous catalyst design has evolved as a novel strategy to 
resolve the cost puzzle hindering the commercial scale applications of benchmark noble metal catalysts in 
various technologies. Downsizing expensive noble metal catalyst to atomically active centers have simulta
neously reduced cost via enhanced atom utilization and maximized their catalytic activity and selectivity. 
However, taking full advantages of this novelty requires stabilization on appropriate support materials that 
provide adequate anchoring sites, promote strong metal support-interaction, ensure adequate stabilities to 
withstand extreme chemical or thermal reaction conditions, and favorably modulate their electronic structures 
for optimal performance. High entropy oxides (HEOs), characterized by unusual synergistic effects, highly 
reducible surface lattice oxygen, and high thermal and chemical stabilities, have recently emerged as a new type 
of support for SACs with superior performances. Despite their immense potential to reinvent the heterogenous 
catalyst design, single atoms supported on HEOs have not received adequate attention. Herein fundamental 
aspects regarding HEOs such as their discovery, design rules, stabilization criteria, computater aided design, and 
emerging synthesis approaches suitable for catalytic applications have been presented in this review. We also 
provide a detailed perspective of the SACs/HEO domains, highlighting their synthesis, entropy-driven properties, 
catalytic performance, and stabilities during thermochemical processes at elevated temperatures. Although high 
entropy materials have been highlighted in a few recent reviews, this review is the first strictly exclusive to single 
atoms supported on HEOs.   

1. Introduction 

Depletion of fossil-based energy sources and environmental pollu
tion accompanying their usage are two major motivations behind the 
resilient interest in developing clean energy conversion and storage 
technologies [1–3]. Based on the Representative Concentration Path
ways (RCP8.5 under the business-as-usual scenario) projections, 
end-of-century CO2 emission is expected to reach 105.6 Gt/year with a 
resultant average global temperature rise of 4.5 ºC [4]. This increase in 
temperature holds a great potential for substantial deleterious effects 
across all sectors of the United States economy as only 1 ºC increase in 
average global temperature is associated with 1.2% decrease in Gross 

domestic product (GDP), with an anticipated decrease in agricultural 
yields by 9.1%, increase property crime by 0.88%, energy demand rises 
by 5.4%, mortality rates increase by 5.4% for every 100,000 deaths, 
0.11% and 0.53% decline in total labor hours for low and high-risk 
workers respectively in the United States [5]. If not mitigated, this 
escalating warming trend could result in a 23% decrease in average 
global income by the end of the century, further exacerbating global 
income inequality. The adverse effect of this climate change has 
demonstrated an unusual distribution pattern with developing nations 
in the global south experiencing more severe repercussions compared to 
the more industrialized countries which contribute more to the global 
CO2 emission [6]. This emphasizes the urgent need for collective action 
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to reduce CO2 emissions in all sectors and locations. 
A long-standing strategy for decarbonization has been the applica

tion of energy harvesting and storage technologies to electrify the en
ergy sector. These technologies rely on various chemical 
transformations that require energy input in the form of heat, light, or 
electrical potential [2,3,7–9]. This makes catalysts highly indispensable 
for minimizing such energy barriers while maximizing speed and 
selectivity towards the desired reactions [9–17], Hence, there has been a 
growing interest in developing highly efficient catalyst systems tailored 
to specific chemical reactions [8,18–20]. 

Generally, catalysts can be categorized as homogenous or heterog
enous, depending on the catalyst phase relative to the reactants. Cata
lysts are regarded as homogenous when the catalyst, reactants, and 
sometimes the products are in the same phase [21]. These catalysts 
feature metal active centres stabilized by coordinating with ligands. The 
well-defined active sites and flexible coordination environment in the 
catalysts make them highly active and selective for a specific reaction. 
Such activity and selectivity could be enhanced by modulating the metal 
active centres or their coordination environments [22,23]. Despite their 
high reactivity and selectivity, industrial scale applications of homoge
nous catalysts are hindered due to poor stabilities and extreme difficulty 
to recover at the end of the reactions [24]. On the other hand, hetero
geneous catalysts feature metals or ionic compounds which could 
directly serve as catalysts or as supports for clusters or nanoparticles 
(NPs) [25]. Because such catalysts exist in different phase from the re
actants, they are easily recovered at the end of the reaction. Also, 
heterogenous catalysts are relatively stable under harsh chemical or 
thermal environments thus are desirable for industrial scale applications 
[25]. Heterogeneous catalytic reactions occur at the interface between 
the solid catalyst surface and the reactants, where the exposed surface 
atoms play a crucial role in catalytic activity [25,26]. Therefore, the 
amount of exposed surface atoms becomes particularly important to the 
catalytic activity [27]. The size of particles is associated with the 
exposed surface atoms [28] and the electronic state [29] thus is strongly 
correlated to its resultant catalytic activity and selectivity [30]. 
Smaller-sized catalyst particles with a higher proportion of exposed 
surface atoms exhibit improved catalytic activity and selectivity, making 
downsizing the catalyst a promising approach [31]. 

Stabilizing isolated metal atoms on suitable substrates has emerged 
as an effective strategy to create highly active and selective catalysts for 
various important chemical transformations [15,32]. This approach, 
first introduced by Zhang et al. for CO oxidation, aims to reduce metal 
catalysts to atomically active units, increasing atom utilization and 
reducing costs, particularly for rare and expensive noble metals [33]. 
The superior performance of these catalyst systems has led to extensive 
research efforts to stabilize single atoms of main group, transition 
metals, and noble metals on suitable support materials [3,10,11,13, 
32–38]. Many such catalyst systems have been synthesized and explored 
for thermocatalytic, electrocatalytic, and photocatalytic processes, and 
their exceptional performance results from their unique geometric fea
tures and electronic structures [31]. Stabilizing mononuclear metal 
active centres on suitable substrates has effectively bridged the gap 
between homogeneous and heterogeneous catalysts [1,33,38-41], 
leading to the development of single-atom catalysts (SACs) [45]. SACs 
have attracted attention due to their superior catalytic activity and 
selectivity, with recent advances in atomically resolved characterization 
and computational techniques providing insights into their 
structure-activity relationships and reaction mechanisms. 

The increased atom utilization and construction of unique geometric 
and electronic sites that arise from stabilizing mononuclear metal active 
centres on suitable substrates have significantly bridged the gap be
tween homogenous and heterogeneous catalysts [1,33,39-41]. Such 
catalyst design, popularly regarded as SACs featuring an isolated metal 
M1 on substrates represented by M1/Support (e.g., Pt1/FeOx), has 
significantly attracted attention due to their superior catalytic activity 
and selectivity. Recent advances in atomically resolved characterization 

and computational techniques have allowed for a deeper probing of the 
structure-activity relationships as well as elucidation of reaction mech
anisms at various active centres. Such information is particularly 
beneficial towards the rational construction of strong coordination 
bonds that ensure strong covalent or ionic interactions between the 
metal centres and the support. This is particularly important as 
metal-support interaction significantly affects the catalytic performance 
and stability [17,39,42]. Therefore, careful selection of appropriate 
support materials becomes increasingly important. Fig. 1 below illus
trates the motivation for the exploration of SACs, which stems from the 
fundamental limitations associated with heterogenous and homogenous 
catalysts. 

Unfortunately, leaching of metal active sites in SACs due to unstable 
metal-support bonding and low metal loadings affects the space-time 
yields of SACs, while high loadings may lead to sintering or aggrega
tion [39]. Therefore, recent design strategies have focused on achieving 
SACs with higher stability against sintering while featuring dense and 
uniform distribution of active sites with tailored electronic configura
tion [11] or geometric structures by local coordination [21] for targeted 
applications. To achieve the goals, the synthetic techniques and types of 
support need to be carefully optimized respectively. To date, several 
synthetic techniques have been used to stabilize SACs on different ma
terials with various underlying geometries and chemistries as exten
sively discussed in these recommended review articles [1,41]. For 
example, partially oxidized single nickel atoms stabilized on polymeric 
carbon nitride demonstrate remarkable activity and selectivity toward 
photocatalytic hydrogen evolution reaction [11]. Similarly, single Cu 
atoms stabilized on TiO2 supports exhibit high photocatalytic hydrogen 
gas production with a quantum efficiency of 56% [43]. Oxides of 
reducible metals such as Fe2O3, CeO2, and Al2O3 have been shown to 
stabilize single metal (M) centres by bonding to oxygen atoms of the 
support to form an M-On motif (n=2–4) [25,41]. Experimental and 
theoretical studies have established carbon materials doped with het
eroatoms such as N or S as good anchoring sites for single metal atoms. 
The single metals are stabilized through the formation of M-N-C or 
M-S-C bonds. In addition, the basic chemistry of other materials, such as 
graphene, metals, metal-organic frameworks (MOFs) etc., have been 
explored to stabilize the single atom metal centres [17]. 

HEO systems which leverage high configurational entropy to stabi
lize up to five different cations in the same sub-lattice have currently 
evolved as robust multi-metallic catalyst systems. The immense 
compositional and structural tunability of metal active sites [44] with 
highly reducible lattice and surface oxygen species [45] makes HEOs 
highly suitable for catalytic applications. Fundamentally, oxygen va
cancies, M-O bonds, and metal centres in HEOs can serve as active sites 
for various catalytic transformations. Furthermore, entropic stabiliza
tion affords these materials with high thermal and chemical stabilities 
which make them useful as supports for different catalyst systems 
spanning single atoms, clusters, or NPs. Such high thermal and chemical 
stabilities may therefore be leveraged to prevent sintering problems 
associated with SACs. 

Also, HEOs have demonstrated synthesizability via different methods 
that could naturally be used to stabilize SACs [41,46]. Therefore, 
anchoring SACs on HEOs would not require any additional synthetic 
steps or protocols. The ability to tailor their properties through delib
erate modulation of composition provides avenues to tailoring geo
metric and coordination environments of SACs. Since its discovery in 
2015 by Rost et al. [47], HEOs have continuously gained considerable 
attention as advanced functional catalyst systems with performances 
superior to conventional metal oxide systems. Design and application of 
SACs and HEOs catalysts have turned out to be very hot research areas in 
the field of advanced catalytic materials, therefore, stabilizing single 
atoms on HEOs has undoubtedly emerged as one of the most recent 
advances in catalyst design, combining the two emergent catalyst design 
approaches. Although several independent review papers have dis
cussed SACs and the catalytic features of HEOs, far less attention has 
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been given to the possibilities that lie in HEO-supported SACs. With the 
growing interest toward utilizing HEOs as supports for SACs, a 
comprehensive review that emphasizes such novelty is timely. 

This review article seeks to discuss recent advances in the application 
of HEOs as support materials for SACs and other catalyst systems. It is 
structured to highlight the following fundamental aspects. Firstly, we 
give an overview of HEOs, from discovery through thermodynamics and 
criteria for single-phase formation and emergent synthetic protocols 
well-suited for catalytic applications. Then, we discuss immobilization 
techniques for SACs and other catalyst dimensions on HEO substrates 
while focusing on loading capacity and stability under harsh conditions. 
This aspect is extremely important as differences in maximum loading 
capacities have been achieved from various methods. In the end, the 
catalytic performance and behaviours of reported HEO-supported SACs 
are elaborated and a prospective outlook for the field is highlighted. 

2. High-entropy oxides (HEOs) 

2.1. From multicomponent alloys to HEOs: a brief chronology 

Over the years, tremendous efforts have been channelled toward 
developing structural complexities with tailored properties [48–50]. 
This has been demonstrated in the chronological advancement from 
traditional alloys and alloying techniques to more structurally complex 
and compositionally diverse structures. In 2004, research reported by 
Yeh et al. introduced the concept of high entropy alloys (HEAs) [48]. 
Almost simultaneously, Cantor et al. also demonstrated that it was 
possible to stabilize up to five different cations in equimolar or near 
equimolar quantities within a single-phase system which they referred 
to as ‘multi-component alloy’ without any reference to ‘high entropy’ 
[51]. Fundamentally, HEAs may be defined in terms of composition or 

configurational entropy [52,53] The composition-based definition as
sumes that HEAs are alloys derived from five or more principal elements, 
where each principal element may assume a concentration (ci) from 5% 
to 35% while that (cj) of the minor elements does not exceed 5% (Eqs. 
(1),(2)) [54]. This definition derives its roots from the early motivation 
to explore the compositional space of multicomponent alloy phases only, 
without any consideration of single phase stability or high entropy [51]. 

nmajor ≥ 5, 5 at% ≤ ci ≤ 35 at% (1)  

nminor ≥ 0, cj ≤ 5 at%. (2) 

Conversely, HEAs may be defined in terms of the value of configu
rational entropy of the alloy. Contributions to the total entropy result 
from configurational (ΔSconf

mix ), vibrational (ΔSvib
mix), electronic (ΔSelec

mix), and 
magnetic dipole (ΔSmag

mix ) entropies. However, the contribution from 
configurational entropy is dominant during mixing. This definition 
distinctively classifies entropy stabilized alloys into low 
(Sconf < 1R)(where R is the universal gas constant), medium (1.5R >

Sconf ≥ 1R) and high entropy (Sconf ≥ 1.5R) alloys [48,49,55]. Synergis
tic effects among the different metals and associated entropy driven 
behaviours within the crystal structure [56] provide HEAs with superior 
mechanical properties such as ductility [57], resistance to corrosion 
[58], and wear [59]. These unprecedented properties observed in HEAs 
as re-emphasized by several review articles [60,61] and have motivated 
further exploitation of the concept of entropy stabilization, which led to 
the discovery of a plethora of other entropy stabilized systems such as 
high entropy ceramics (HECs) [62,63], glasses [64], thermoelectrics 
[65], dichalcogenides [66], metal-organic-frameworks [67], polymers 
[68], sulphides [69], hydroxides [70] and recently exhibited in the as
sembly of high entropy Mxenes [71]. In 2015, Rost et al. reported the 
first entropy stabilized oxide system consisting of up to five different 

Fig. 1. A diagram shows a comparison of (A) heterogenous catalysts, (B) homogenous catalysts and (C) single atom catalysts (SACs) with their respective advantages 
and disadvantages. 
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cations in equiatomic ratios [47]. Analogous to HEAs, these entropy 
stabilized oxide systems were assigned the name HEOs [72,73]. How
ever, as discovered by Rost et al. and further highlighted in several re
view papers, HEAs and HEOs are distinct in terms of cation arrangement 
and interactions within the crystal lattice [47,74]. While HEOs are often 
confused with entropy stabilized oxides (ESO), HEOs entail only having 
high configurational entropy, irrespective of the direction of enthalpy 
changes. However, true entropy stabilization entails having high 
configurational entropy that overcomes positive mixing enthalpy (ΔH >
0). In this case, the high entropy is established as the driving force for 
phase stability at a specific temperature (T) [75] and the material ex
hibits entropy driven properties such as phase reversibility [47]. To 
stabilize a single-phase HEO system, the configurational entropy (Sconf) 
must be maximized to be greater in terms of TSconf than the change in 
enthalpy of mixing (ΔHmix) and consequently dominate the thermody
namic landscape of the reaction [76]. Such Sconf can be maximized by 
increasing the number of elements randomly distributed within the 
crystal structure [47,77]. The compositional diversity and the potential 
to modulate structural deformations in these compounds for optimal 
disorder provide infinite avenues to control and tailor its properties. 
These possibilities had obviously led to the development of HEOs with 
remarkable properties such as colossal dielectric constant [73], revers
ible energy storage [55,78,79], superionic conductivity at room tem
perature [78,79], photocatalytic [80,81], magnetic [82], etc. Evidence 
of the general interest in HEOs is the numerous review articles recently 
published [46,49,60,61,74] that attempts to uncover fundamental as
pects such as advances in synthesis, compositional and structural di
versities, state-of-the-art characterization techniques, applications, 
computational methods for structure and property probing, future 
prospects and possible problems to be addressed. 

2.2. Thermodynamic criteria and descriptor-based models for single- 
phase formation in HEOs 

Over the years, the Humme Rothery rules have been instrumental in 
predicting phases in a solid solution of binary alloys [83] as emphasized 
by various reports [84–86]. These rules basically rely on atomic size 
differences, and electronegativity differences between the participating 
atoms to predict favourable phases. They posit that if the atomic size 
difference between the components is greater than 15%, then the 
chances of forming a substituted solid solution become small. Also, a 
large electronegativity difference between the components or a more 
negative enthalpy of mixing favours a compound formation of not being 
solid solutions. Since these rules were formulated while considering 
simple two-component alloys, integration of up to five different atoms 
(in the case of multicomponent HEAs) with uniform probabilities of 
occupying the lattice sites, coupled with lattice distortions caused by a 
large atomic size difference of the components, induces fundamental 
structural deviations from the traditional alloys [84]. This suggests a 
fundamental limitation of the classical Humme Rothery rules in deter
mining solid solution formation in HEAs. To evaluate the impact of 
atomic size difference (Delta) while considering such structural de
viations from traditional alloys, Eq. (3) is used to estimate the Delta 
value [84]. 

Delta =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑N

i=1
ci (1 − ri /r)2

√
√
√
√ (3)  

where N denotes the number of components within a HEA system, Ci is 

the atomic percentage of the ith component, r ( =
∑N

i=1
ciri) is the average 

atomic radius, such that atomic radius is ri [86]. Furthermore, electro
negativity difference (Δx) is another important factor for assessing the 
suitability of solid solution in a multi-component system and can be 
calculated from Eq. (4) [84]. In principle, there should be some 

difference in the electronegativity of the cations [47]. 

Δx =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
Ci(xi − x)2

√

(4)  

in which n represents the number of components within the alloy sys
tem, xi is the Pauling electronegativity of the element i which can be 
found in [84], Ci is the atomic percentage of each element i in the alloy, 
while x represents the average electronegativity of the alloy system and 
can be evaluated from Eq. (5) [84]. 

x =
∑n

i=1
Cixi (5) 

Mixing enthalpy ΔHmix is another parameter used to evaluate the 
chemical compatibility of atoms in high entropy multicomponent atoms, 
expressed in KJ/mol. Also, as aforementioned, the high configurational 
entropy Sconf (> 1.5 R) in entropy stabilized multicomponent alloy sys
tems plays a significant role in single phase formation of solid solutions 
at equimolar ratios [48]. 

Fig. 2 presents a summary of different HEO structures reported in the 
literature (A), and an HEO example using (MgNiCuZnCo)O to demon
strate entropy driven phase stabilization (B), the entropy distributions 
with increasing number of cations (C), the interplay between mixing 
entropy Smix, atomic size difference (Delta) and mixing enthalpy ΔHmix, 
and how such influences phase formation (D), and its phase evolution at 
different temperature. As shown in Fig. 2E, a single-phase is achieved 
only at temperatures exceeding 850 ◦C. As an entropy stabilized system, 
it shows reversible phase transformation with temperature cycling from 
1000 ◦C (single-phase) to 750 ◦C (multi-phase) and back to 1000 ◦C 
(single-phase) [47]. 

Another important factor that affects solid solution formation in 
multicomponent systems is the valence electron concentration (VEC), 
which has been proven instrumental in determining the phase stability 
of intermetallic compounds, expressed as [85]: 

VEC =
∑n

i=1
ci(VEC)i (6)  

where (VEC)i represents the valence electron concentration of the ith 
component and ci is the atomic percentage of each element i in the alloy. 

The studies in [84–86] have thoroughly examined the Hume-Rothery 
rules for solid solution formation and have identified the limitations and 
conclusively outlined various parameters which truly determine solid 
solution formation in multicomponent HEAs. Cumulative results from 
these studies as reported in [85] assert that high entropy alone is not 
sufficient to determine solid solution formation in multicomponent al
loys in equiatomic ratios. For a solid solution to form in such a system, 
enthalpy of mixing, ΔHmix (KJ/mol), atomic size difference (Delta) and 
mixing entropy (Smix) must simultaneously satisfy; − 22 ≤

ΔHmix ≤ 7kJ/mol), 0 ≤ Delta ≤ 8.5, and 11 ≤ ΔSmix ≤ 19.5J/(Kmol) 
[85]. At Delta ≥ 9, the formation of bulk metallic glasses is favoured 
over solid solution formation. This makes atomic size difference a crit
ical factor in designing a HEA solid solution. These constraints mean 
that, until such chemical and physical compatibility rules are obeyed, 
the formation of a solid solution is not favoured. All three conditions as 
stated by the Humme-Rothery rules agree with the popular Potential 
Energy Fluctuation model (PEF) [87]. Within the context of the PEF 
model, all three criteria as stated in the Hume Rothery rules can be 
summed up that low potential energy fluctuations favours solid solution 
formation [87,88]. 

Since this paper is primarily interested in HEOs and not the HEAs, 
discussion and data provided on HEAs will be limited. The information 
presented on HEAs is intended to serve as a reference starting point to 
the concept of entropy stabilization within a multicomponent system 
which extends to the HEOs system. 

The feasibility of chemical reactions depends on the direction of free 
energy changes, and the Gibbs free energy change denoted by ΔG [60]. 
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Within the context of HEOs, single phase stabilization is achieved only 
when mixing results in a reduction in Gibb’s free energy ΔGmix (j/mol) 
[89], given by Eq. (7) [52]. 

ΔGmix = ΔHmix − TΔSmix (7)  

where ΔHmix represents the mixing enthalpy, ΔSmix is mixing entropy 
and T is the temperature of the reaction. when ΔHmix is extremely large, 
a high temperature is required to maximize the entropic term (TΔSmix).

Contrary to intuition, very negative ΔHmix does not favour the formation 
of entropy stabilized single phase; instead, it favours the formation of 
intermetallic compounds. Generally, ΔHmix close to zero favours the 
formation of single-phase entropy stabilized mixed metal oxides [76]. 

As defined by Sarkar et al., HEOs are single-phase oxide systems 
formed by combining up to five different cations such that the config
urational entropy is greater than 1.5 R [49], Such high configurational 
entropy results from the random substitution of up to five cations in the 
same sublattice. As the configurational entropy associated with such 
mixing is key to achieving a single phase, it becomes important that its 
value be properly estimated. Several equations have been used to esti
mate the configurational entropy of various HEO structures. For 
example, for HEOs having the unit formula AxByOz as in high entropy 
perovskite oxides (HEPOs), Sconf can be calculated using Eq. (8) [90]. 

Sconf = − R

[

x

(
∑M

a=1
xalnxa

)

+ y

(
∑N

b=1
yblnyb

)

+ z

(
∑P

0=1
zolnzo

)]

(8)  

where xa, yb, and zo represent mole fractions of elements located at the 
A-site, B-site, and O2- site of the perovskite structure respectively. The M, 
N and P represent the number of elements at the A, B, and O2- sites 
respectively. Contributions towards the configurational entropy are 
largely dominated by cations. If only oxygen is found at the O2- site, then 
the contribution of the anions to total configurational entropy becomes 

negligible. The configurational entropy of HEOs having a single cation 
sublattice (e.g., Rocksalt or fluorite oxides) could be simplified as shown 
in Eq. (9) [90]. 

Sconf = − R

[

x

(
∑M

a=1
xalnxa

)

cation Site

]

(9) 

Unfortunately, estimations from these equations are based on ideal 
mixing assumptions, which is not the case in HEOs. Also, Eq. 6 suggests 
that the configurational entropy in HEOs is the same with HEAs having 
the same number of cations in equimolar ratios, however, this is not 
always the case as the total entropy associated with a single cation in 
HEOs is less than that in HEAs due to the regular arrangement of oxygen 
atoms in the oxygen sublattice. Fortunately, it provides reasonable ap
proximations that have proven to be usable for HEO design. An effective 
way to predict solid solution formation in such mixed oxides from the 
perspective of thermodynamic rules of mixing is to consider the changes 

in chemical potential 
(

∂G
∂ni

= μi

)
that accompanies the introduction of a 

new component i, to an already existing solid solution having n com
ponents [76]. To do this, McCormack et al. outline that the activity of 
component of i(ai) in solution, having both ideal and non-ideal contri
butions to mixing (see Eq. (10)) [76], is very important. 

Δμi = RTlnγi +RTlnXi (10)  

where RTlnXi is the partial molar entropy that results from the addition 
of components into the system (contributions to ideal mixing) while 
RTlnγi comprises the non-ideal component which is related to the partial 
enthalpy and partial excess entropy. This rule of mixing is particularly 
important in pushing the compositional domains of already synthesized 
single phase HEOs as it allows us to add components to an already 
existing single phase HEOs system. 

Although the above thermodynamic rule of mixing has been sug

Fig. 2. (A) A summary of different HEO structures reported. (B) Differential scanning colometry conducted on high entropy (MgNiCuZnCo)O to demonstrate entropy 
driven phase stabilization [47]. (C) Calculated configurational entropy in an N-component solid solutions as a function of mol% of the Nth component where cations 
are present in equiatomic ratio [47]. (D) illustrates the interplay between mixing entropy Smix, atomic size difference (Delta) and mixing enthalpy ΔHmix, and how 
such influences phase formation [84,85]. The symbol ○ represents equiatomic amorphous phase forming alloys; represents non-equiatomic amorphous phase 
forming alloys; □ represents solid solution phases and △ represents intermetallic phases. The region delineated by the dash-dotted lines indicates the requirements 
for solid solution phases. (E) Phase evolution of (MgNiCuZnCo)O with varying temperatures. 
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gested for the addition of more components into an existing single-phase 
HEOs system, the criteria for single phase stability widely vary among 
different structures. For example, the initial construction of the divalent 
rock-salt (NiMgCuZnCo)Ox HEO system by Rost et al. was guided by four 
major criteria: (i) there must be a difference in the crystal structure, 
electronegativity and cation coordination between the component bi
nary oxides, (ii) the binary oxides are selected in pairs such that at least 
one pair does not exhibit excessive miscibility, for example, MgO-ZnO, 
CuO-NiO, and (iii) the entire collection should be isovalent [45]. Even 
though such rationale was not complete according to the most favour
able conditions for solid solution formation under ideal mixing as
sumptions, it was adopted to clearly show the impact of configurational 
entropy on single-phase stabilization [47]. While this selection rationale 
is not in keeping with the classical Hume-Rothery selection rules as they 
included non-isostructural CuO (tenorite) and ZnO (Wurzite), such 
rationale was effective in forming the single-phase HEOs. From a ther
modynamic point of view, structural transformations of CuOtenorite 

→rocksalt and ZnOwurzite→rocksalt induce a positive enthalpy penalty lead
ing to a higher temperature for single-phase formation [76]. Unfortu
nately, selection rules based on isovalent cation combination only limit 
the choice of metals and consequently limit the compositional space of 
these materials. By carefully selecting element compositions that satisfy 
the geometric compatibility and electrical balance requirements in pe
rovskites, Tang et al. successfully synthesized single phase high entropy 
perovskite oxides (HEPOs) with diverse elemental compositions having 
considerable size and valency differences [91]. Ideally, combining iso
structural components having minimal size differences and valences is 
likely to favour solid solution formation. For perovskites, the Gold
schmid structural tolerance factor (t) is given by Eq. (11) [92]. 

t =
RA + RB
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
2 (RB + RO)

√ (11)  

where RA, RB, and RO represent the radii of A cation, B cation, and ox
ygen anion respectively [92]. To effectively carry out this study, 
substituted cations are first partitioned into different subsystems that 
ensure electrical stoichiometry. From those systems, another subsystem 
is formed by considering geometric compatibility. Generally, cations are 
selected such that their combinations are in accord with Pauling’s first 
rule and Goldschimdt’s tolerance factor. Based on these selection 
criteria, 12 subsystems were formed (cation valency is restricted to +2 
to +6), 10 of which formed a single-phase cubic structure. Findings from 
their studies reveal that single-phase is formed when 0.97 ≤ t ≤ 1.03; 
however, multi-phase is formed at t ≥ 1.03. Conversely, the formation of 
partial ordering is controlled by cation valence mismatch δ(VB) esti
mated from Eq. (12) [91]. 

δ(VB) =

̅̅̅̅̅̅̅̅̅̅̅̅̅

∑5

i=1
Ci

√
√
√
√ (1 −

Vi
∑5

i=1
Ci Vi

)
2 (12)  

where Ci and Vi represent the mole fraction and valence of the ith cation. 
These results agree closely with previously reported results where 
phases produced are dependent on the values of t such that a cubic phase 
is obtained when 0.97 ≤ t ≤ 1, a tetragonal of hexagonal phase when t >
1.0, and orthorhombic or rhombohedral phase is observed when t < 0.9 
[94]. On the other hand, the electrical balance requires that the cation 
valence combination favours stoichiometry in the HEO formed [91]. 

HEPOs have recently emerged as a desirable system due to their 
unique properties and versatile areas of application. To that end, various 
attempts have been made to synthesize different HEPOs with different 
A-site, B-site, or both metal combinations. Predominantly, cations of 
similar valence in equimolar amounts have been used for the construc
tion of these systems. Ma et al. [93] suggest that an opportunity for 
obtaining high performance HEPOs of the form A(5B0.2)O3 exists by 
exploring aliovalent substitutions having non-equimolar amounts of 

cations. First, cations of appropriate valency are selected to achieve 
electrical balance followed by subsequent selection based on geometric 
compatibility in accord to Pauling’s first rule and Goldschmid tolerance 
factors. Careful consideration of the vast data available on the con
struction of HEOs reveals that the criteria for achieving single phase 
synthesizability is rather unique for different structures [47,91,94]. 
Generally, HEOs design through aliovalent substitution of cations hav
ing different stable oxidation states, with ionic size differences 
exceeding the amount stipulated by the Humme Rothery rules, is yet to 
be fully explored. 

Specifically, Usharani et al.’s work [95] on the synthesis of nano
crystalline (CoCuMgNaNiZn)Ox (hereafter regarded as Na-TMO) in near 
equimolar ratios clearly demonstrates the possibility of stabilizing cat
ions with different valency and cationic size, highlighting the unique 
role of aliovalency and non-stoichiometry. Herein, the sodium ions 
having an ionic size of ~ 47.8% relative to Ni2+ (which is the smallest 
ion in the system) were successfully incorporated into the rocksalt lattice 
of (CoCuMgNiZn)Ox (hereafter regarded as ME-TMO) to form a stable 
single-phase HEO. Surprisingly, Ca2+ having the same stable oxidation 
state (+2) as the other cations and with a smaller ionic size difference 
(44.9% relative to Ni2+) shows partial lattice solubility with the evolu
tion of CaO secondary phases. This clearly demonstrates that the addi
tion of cations with lower ionic size difference and valence mismatch 
will not automatically guarantee single phase formation. To further 
understand the most important parameters for single-phase formation in 
Na-TMO, X-ray photoelectron spectroscopy (XPS) was used to gain 
insight into the electronic structure and defects within the crystal lattice. 
XPS results reveal that the introduction of Na+ induces some 
non-stoichiometry leading to an excess negative charge of 5.83. To 
compensate for this and regain charge neutrality, about 2.91% oxygen 
vacancies were created. However, 10.17% of the 50% cations assumed a 
lower oxidation state (Na+ and Cu+) which created a non-stoichiometric 
system that could not be fully compensated for by the creation of 2.91% 
oxygen vacancies. To fully ensure charge neutrality, cations such as Ni 
and Co assumed higher oxidation states and provided compensations of 
0.80% and 3.55% respectively, indicating the significant role of Co in 
stabilizing the system. Furthermore, the addition of +3 oxidation state 
cations did not result in single phase HEOs. These studies suggest that 
multivalency is crucial in accommodating differences in ionic sizes to
ward single-phase stability [95]. 

A dependence of single-phase on elemental composition was studied 
by Djenadic et al. [96]. Rules of mixing like that for the divalent rocksalt 
were reported by Rost et al. [45], but slight modification was employed 
to synthesize several single-phase multicomponent rear earth oxides. 
Respective cations were selected such that at least one cation differs in 
crystal structure, coordination number, and valency, with minimal ionic 
size differences. However, XRD studies reveal that a single-phase 
CaF2-type (Fm-3m) structure is only achieved with the inclusion of 
Ce4+ highlighting the unusual dependence on certain cation. Careful 
investigation of the rules employed to synthesize different HEO struc
tures suggests that there is no one fix all rule for designing single-phase 
systems, but different rules should be explored to design different sys
tems depending on the composition, structure, and interactions between 
the cations. For instance, combined experimental and computational 
studies by Li et al. [77] reveal that temperature, entropy, and oxidation 
environment (oxygen partial pressure) can be appropriately modulated 
to overcome the size difference constraints while achieving single phase 
multicomponent systems. 

Based on above discussion, Fig. 3 summarizes major factors that 
control single-phase formation in HEOs. Firstly, the synthetic strategy 
adopted may interfere with the process to obtain single-phase HEOs 
(Fig. 3A). Specifically, Fig. 3B describes the perovskite oxide structure 
(ABO3), clearly identifying the A and B site cations and an equation 
illustrating the limits of the tolerance factor (t) within which a stable 
perovskite structure is formed, thus guiding the selection of cations for 
the formation of single-phase HEPOs. Fig. 3C presents the factors 
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including geometrical compatibility and thermodynamic factors such as 
entropy, temperature, oxygen partial pressure to impact the single- 
phase formation of HEOs. 

2.3. HEOs synthesis: emerging synthetic strategies for catalysis 

Since the discovery of the first rock-salt entropy stabilized oxides 
(ESO) in [47], several HEO systems with diverse compositions and 
structures have been reported (see Fig. 2). The interest and success in 
this class of materials could be attributed to their unconventional 
properties as well as diversity in synthesis techniques. To date, a variety 
of synthetic methods spanning solid state techniques from ball-milling to 
wet-chemistry, such as nebulized spray pyrolysis, co-precipitation [95, 
96], sonochemical [97,98], solvo/hydrothermal [99], solution com
bustion [100], molecular beam epitaxy and flame spray pyrolysis [101] 
and flame spray pyrolysis [102], have been successfully employed to 
synthesize HEOs. Regardless of the synthesis method adopted, the for
mation of a single phase in HEO systems relies on the entropic term 
(TΔS), which needs to be maximized above the enthalpy (ΔH) to 
dominate the thermodynamic landscape and compensate for enthalpic 
penalties associated with phase transformation [76]. Subsequently, 
most methods for HEOs synthesis mentioned above require thermal 
treatments under extreme conditions (900 ◦C-1200 ◦C) [47,91,93,95, 
103]. Such high temperature treatments lead to uncontrollable crystal 
growth and pore collapse leading to HEOs with extremely low surface 
areas which are generally not desirable for catalytic applications [104]. 

2.3.1. Template-assisted synthesis of porous HEOs 
Recently, novel synthesis techniques that either find a way to pre

serve pores during high temperature calcination (e.g., template-assisted 
synthesis) or totally circumvent the calcination process (such as sono
chemical routes) have been reported. Template-assisted synthesis has 
over the years evolved as a very versatile method for synthesizing 
porous metal NPs. In this technique, templates such as mesoporous sil
ica, mesoporous polystyrene, metal-organic framework, etc are used as 
hosts or molds for NPs. Subsequent removal of the template yields 
porous NPs. These techniques previously used for simple metal oxide 

NPs have been extended to synthesize porous HEOs. Figs. 4 & 5 present 
representative emerging template-assisted synthetic strategies for HEOs 
targeting at evolving structures with well-defined porous surfaces suit
able for catalytic applications. Conventional methods of HEO synthesis 
occurring at elevated temperatures yield structures of low surface areas 
due to excessive particle growth under extreme thermal environments. 
To achieve surfaces with high porosity and site availabilities, several 
template-assisted methodologies ranging from mechanochemical to wet 
chemistry have been developed. 

For example, Hou et al. [105] employed mechanochemical method 
using NaCl as a template to synthesize Zr0.5(NiFeCuMnCo)0.5Ox with 
high surface area of 84 m2g− 1. This strategy leveraged the ion-sharing 
ability of NaCl and its solubility in water. In this approach, a requisite 
amount of metal precursors and 2 g of NaCl were charged milling jar and 
milled for an hour. After that, a stoichiometric amount of NaOH was 
added to induce the formation of respective metal-hydroxides which is 
milled for an additional hour. The resulting HEO was recovered after 
sintering at 550 ◦C, washing off the NaCl in water, and vacuum drying at 
70 ◦C (Fig. 4A). Fig. 4B presents synthesized porous Pd/(CeZrHfTiLa)Ox 
featuring a high surface area of 162.1 m2g− 1 using template-assisted 
mechanochemical strategy [45]. To achieve the porous structure, an 
appropriate amount of metal precursors and fumed silica were milled 
followed by high temperature calcination at 900 ◦C to produce the 
corresponding HEO-SiO2 template. The sacrificial silica was later etched 
out by washing with 2.5 M NaOH multiple times to obtain the corre
sponding porous structure. 

Wang et al. [106] synthesized spherical mesoporous (NiCoCrFeMn) 
Ox HEO with a single-phase spinel structure, featuring a surface area of 
up to 143 m2g− 1 and pore size up to 8.3 nm. To achieve this, wet 
chemistry sol-gel strategy was employed using a polyphenol as a poly
merizable ligand to form a metal/polyphenol-formaldehyde metal-
organic system. Calcination of the obtained metal-chelated spherical 
resin at 600 ◦C evolved the single-phase HEO (Fig. 5A). Single-phase 
(FeNiCoCrCu)3O4 with a surface area of 206 m2g− 1 was synthesized 
via a solvothermal method using metal-organic framework as a sacrifi
cial template [99] (Fig. 5B). Similarly, as shown in Fig. 5C, mesoporous 
high entropy (MgNiCuZnCo)Ox with holey lamellar structure 

Fig. 3. Summary of controllable factors that affects single phase formation in HEOs. (A) Synthesis method adopted. (B) Goldsmith tolerance factor for perovskite 
oxide formation, which translates to high entropy perovskites. (C) Thermodynamic factors influencing single-phase formation in HEOs. 
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synthesized via anchoring and merging GO as a template [107]. In 
Fig. 5D, a soft template-assisted strategy has also been adopted for 
synthesis of the mesoporous HEO thin films using block co-polymer 
Pluronic F-127 as a self-directing agent [108]. 

2.3.2. Ultrasound-assisted synthesis of porous HEOs 
Pioneering work from Dai’s group established the sonochemical 

technique as a facile method to synthesizing HEOs while circumventing 
the traditional annealing step [97,98]. This technique relies on cavita
tion energy released from high intensity ultrasound that produces local 

extreme environments, with temperatures exceeding 5000 ◦C and 
pressures above 2000 atmospheres in a times scale of 10− 9 s. Essentially, 
the cavitation energy provides the necessary energy to induce crystal
lization and singe phase formation. Using this technique, they synthe
sized several HEPOs of the type ABO3 with varying degrees of A and 
B-site substitution, with tremendous catalytic activity towards CO 
oxidation [97]. Similarly, they synthesized highly crystalline nano
porous high entropy (CeHfZrSnEr)Ox with a cubic structure [98]. This 
technique holds great potential for low cost, easy, and facile synthesis of 
HEOs with good surface properties for catalytic applications [98]. To the 

Fig. 4. Template Assisted strategies for synthesis of porous HEOs via mechanochemistry. (A) mechanochemical synthesis of porous Zr0.5(NiFeCuMnCo)0.5Ox using 
NaCl as template [105]. (B) Template assisted synthesis of porous Pd/(CeZrHfTiLa)Ox using fumed silica as sacrificial template [45]. 
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best of our knowledge, only these two papers reported the synthesis of 
HEOs via sonochemical means, indicating a vast opportunity for 
research therein. 

Fig. 6 represents the synthesis approach for HEOs via ultrasound 
treatment. This method becomes particularly beneficial as it circum
vents both the need for templates and thermal treatments altogether and 
produce materials with optimal surface areas within a short reaction 
time. Fig. 6A shows a typical synthesis protocol during ultrasound 
synthesis of HEOs. Using such technique, single phase (CeHfZrSnEr)Ox 
was successfully synthesized [98]. The single-phase cubic structure 
along with its microstructural properties are shown in Fig. 6B-C. This 
method is highly desirable as it evolves single-phase HEOs with 
adequate surface porosity in a very short time. 

2.4. Computational methods for HEO design and property studies 

Density Functional Theory (DFT) has emerged as a powerful tool for 
investigating the properties of materials of varying complexities, 
ranging from single atoms to high entropy oxides [109,110]. DFT cal
culations afford the direct prediction of a range of material properties 
such as thermodynamic stabilities, electronic structures, defect forma
tion energies etc. with appreciable degrees of accuracy [111]. With such 
capabilities, DFT permits the facile screening of a large configuration 
space, enabling the discovery of a new materials with desired properties. 

Within the scope of HEOs, DFT is employed for a range of predictions 
ranging from phase stability, electronic structure, defect formation and 
reaction free energies at active sites. Utilizing DFT is particularly 
beneficial for systems like HEOs due to their vast compositional space 
and structural diversity, making predictions based on intuition or trial 
and error non-sustainable and inefficient. Several studies have reported 
the use DFT to make important predictions about the parameters related 
to thermodynamics of phase stability or catalytic properties of synthe
sized HEOs. 

2.4.1. Density functional theory (DFT) and beyond for structural and 
electronic elucidation 

Drawing foundations from thermodynamic rules of mixing where the 
type and number of components within a system of HEOs significantly 
affect solid solution formation under non-ideal scenarios [47,75,76,108] 
Anand et al. [112] applied classical potential simulation to investigate 
the impact of decreasing the number of components and also varying the 
type of component in (NiMgCoCuZn)O on the configurational entropy 
and enthalpy, which shows a direct bearing on phase stability. Such 
simulation was conducted using a GULP-code geometrically optimized 
rocksalt lattice, consisting of 1000 cations and 1000 anions. In their 
studies, they employed random, systematic, ordered, swapping as well 
as genetic algorithm sampling strategies to generate the various con
figurations. Findings from their studies revealed that phase stability is 

Fig. 5. Soft-templating strategy for HEO synthesis. (A) sol-gel route for synthesizing mesoporous (NiFeCrCuCo)Ox [106]. Metal precursors are stabilized into a 
polyphenol-formaldehyde ligand to form a spherical metal-polyphenol-formaldehyde resin. Calcination at high 600 ◦C removes the organic ligand and the corre
sponding mesoporous HEO is obtained. (B) Porous high entropy (NiCuCrFeCu)3O4 obtained through solvo/hydrothermal route, using metal-organic formworks as 
sacrificial agent [99]. (C) Mesoporous high entropy (MgNiCuZnCo)O with holey lamellar structure synthesized via anchoring and merging using GO as template 
[107]. (D) Soft-template assisted strategy for synthesis of mesoporous HEO thin films using block co polymer Pluronic F-127 as self-directing agent [108]. 
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achieved with high configurational entropy which is maximized by 
increasing the number of components. Also, the enthalpic penalty 
associated with phase transformations of ZnO and CuO leads to a higher 
temperature at which free energy is minimized to zero. Bond distance 
analysis reveals Jahn Teller type distortions around Cu2+. As expected, 
the enthalpic penalty associated with the addition of cations reduces as 
the configurational entropy rises [76]. Entropy stabilization is achieved 
at temperatures where the free energy is minimized to zero. A similar 
study using DFT predictions combined with experimentation to explore 
compositional changes in formation energies and the resultant crystal
line structure of HEO was reported [113]. Its DFT predictions showed 
results to agree with experimental results. 

Fig. 7 shows some key findings pertinent to HEO design and prop
erties that are derived through computational approaches. Fig. 7(A-B) 
presents mixing enthalpy because of the number of cations and 
composition, and also temperatures at which change in Gibbs free en
ergy for each combination becomes zero. These results demonstrate the 
power of computational tools in probing the nature of these classes of 
materials. 

Since cations are carefully selected to ensure charge neutrality 
within the HEOs [91], Rak et al. [114] conducted a DFT study to probe 
the possible impact of electroneutrality and electronic state changes as a 
function of composition on the structure and properties of HEOs and to 
check if an expression for predicting phase stability could be constructed 
from such relationships. In their studies, three HEO systems were used: 
(Mg0.1Co0.1Cu0.1Ni0.1Zn0.1)O0.5 (termed J14), J14 + Li, J14 + Sc, and 
the DFT simulation was executed using the Projector Augmented wave 
(PAW) method. Such predictions suggest that the average lattice con
stant of the ternary structures provided good approximations to that of 
random structures. Also, such studies reveal that in J14, the Bader 
charges are transferable between the binary, ternary and random 

structures, while those of J14 + Li and J14 + Sc could be estimated from 
the average values of ternary compositions only. The findings create an 
avenue to develop an expression for ionic bonding in such a disordered 
structure. After numerous DFT probing into electronic state trans
formations that accompany each modification of the J14 system, the 
authors claim that empirical stability parameters for HEOs might be 
more complicated than those of HEA. Also, similar to results reported by 
Usharani et al. [95] where introduction of the monovalent Na+ having 
larger ionic radius was accompanied by the oxidation of cobalt and 
nickel to Co3+ and Ni3+, the DFT studies suggest that incorporation of 
the differently sized Sc3+ and Li+ into J14 is accompanied by the 
reduction of Cu and oxidation of Ni, Cu, and Co. As expected, average 
distortion of individual elements from the ideal rocksalt lattice sites was 
higher in J14+Sc than in J14+Li. This was attributed to the fact that the 
addition of Sc enhances the reduction of Cu atoms as 8 out of 40 Cu 
atoms in the J14+Sc system show displacement of more than 0.5 Å 
(Fig. 7C), a highly disordered local M-site structure. However, distortion 
of the TiO2 octahedron and chemical short-range ordering of Ti is 
observed in Nd2(Ta0.2Sc0.2Sn0.2Hf0.2Zr0.2)2O7. Their calculations indi
cate that such ordering is energetically favoured and not due to sample 
processing. 

Additionally, Rak et al. [116] confirmed Jahn-Teller type distortions 
associated with Cu2+ within the CuO6 polyhedra. Such structural and 
electronic assessment was carried out within DFT using the plane waver 
PAW pseudopotential method. Calculated Cu-O bond length and density 
of states analysis indicate that approximately 10% of the Cu2+ un
dergoes such distortion. Such structural compression was ascribed to 
fundamental lattice constrains where competition exists between the 
elongated configuration preferred by Cu2+ centres and the normal 
octahedral configuration preferred by other cations. Their studies pro
vided significant insights into the electronic structure and 

Fig. 6. A ultrasound synthesis method for HEOs. (A) Sonochemical approach for synthesis of high entropy (CeHfZrSnEr)Ox. (B) XRD pattern showing formation 
single phase (CeHfZrSnEr)Ox, exhibiting similar diffraction pattern with single-phase cubic CeO2. (C) HR-TEM image of synthesized (CeHfZrSnEr)Ox, showing highly 
crystallized structure with well-defined lattice fringes corresponding to (200) and (111) planes of the cubic structure (a), SAED pattern of (CeHfZrSnEr)Ox with 
diffuse rings indicating polycrystallinity (b), and HAADF with EDS elemental maps showing well dispersed cations within the (CeHfZrSnEr)Ox system (c) [98]. 
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crystallographic environments of the Cu2+ within entropy stabilized 
oxides. Another study by Rost et al. [117] conducted a complementary 
X-ray absorption fine structure (XAFS) and DFT to investigate the local 
environment of the cations and to examine how the disorder within the 
cation polyhedron is accommodated by the oxygen sublattice while 
focusing on the Jahn-Teller distortions around Cu. Generally, data from 
XAFS and DFT agree with the fact that oxygen is displaced from their 
original configurations to accommodate such disorder arising from 
cation-oxygen bond length. 

2.4.2. Density functional theory (DFT) for catalytic studies 
The compositional diversity of HEOs makes it challenging to predict 

active sites and reaction mechanisms for catalytic reactions. The 
different local atomic environment within HEOs leads to a distribution 
of binding energies for catalytic intermediates. Svane and Rossmeisl 
[110] recently deployed DFT for the practical determination of binding 
energies at different active sites on the (110) plane of high entropy 
Ru0.2Ti0.2Ir0.2Os0.2Rh0.2O2, using the oxygen evolution reaction (OER) 
at model reaction. To achieve that, they considered two possible path
ways by which intermediates interacts with the active sites: via the 
coordinatively unsaturated sites and via proton transfer to bridging 
oxygens. They found out that the optimal performance varied with the 
reaction pathway considered. While considering adsorbate-surface 
interaction via the coordinatively unsaturated sites, large Ti amounts 
gave optimal performances however, in the bridge pathway, a mixture 
of Ru, Ir and a smaller amount of Rh was optimal. This study provides a 
more conclusive framework for probing and reporting the most 
favourable active sites within HEOs. Similarly Katzbaer et al. [118] 
deployed DFT to describe the origins of band gap narrowing observed in 
high entropy (Fe0.2Co0.2Ni0.2Cu0.2Zn0.2)Al2O4. Such narrowing observed 

in the HEO relative to the parent spinel arise from broadening of the 
energy distribution of the 3d states caused by differences in electro
negativities and crystal field splitting across the 3d transition metal se
ries. Such electronic structure changes within the HEO have been shown 
to directly enhance its OER performance relative to the low entropy 
parent spinel. This approach provides another way to probe synergistic 
interactions within HEOs towards making structure-property correla
tions. In another study, Gu et al. deployed DFT to precisely point out 
metal centers at which the OER process favorably occurs within an 
oxygen-vacancy engineered HEO surface [103]. Similarly, Nguyen et al. 
adopted both experimental and DFT approaches to benchmark various 
La-based high entropy perovskite oxides (HEPOs) for the OER process 
[44]. Among other HEPOs La(NiMn2CoCrFe)Ox showed highest 
intrinsic performance due to higher Co3+/Co2+ ratios. DFT calculations, 
reveals that the OER process on HEPOs surface occurs via the adsorbate 
evolution mechanism (AEM) with formation on M-*OOH as the rate 
determining step. 

However, utilizing DFT for predicting the properties of HEOs may 
suffer some fundamental limitations such as inability of some standard 
exchange-correlation functionals frequently used in DFT to accurately 
capture the intricate electronic interactions between elements in HEOs. 
Also, the computational cost of DFT calculations is prohibitively 
expensive, especially when studying HEOs having relatively large unit 
cells with dynamic compositions [111]. This computational demand 
may limit the exploration of extensive compositional spaces and hinder 
the comprehensive development of high entropy oxides. Fig. 8 sum
marizes the DFT approach as tools used for studying different aspects of 
HEOs. 

Fig. 7. (A) Variation in enthalpy of mixing for different oxide systems. (B) Temperature at which Gibbs free energy of mixing becomes zero [112]. (C) Average 
displacement from the ideal rock salt lattice sites for the three large random systems as a function of element type [114]. (D) Electronic structure of single phase 
orthorhombic (Gd0.2.Nd 0.2La0.2Sm0.2Y0.2)CoCO3) modelled using DFT implemented in Vianna ab initio simulation Package (VASP) while adopting a Pnma symmetry 
(1 ×5×1), a cell which contains 20 cobalt atoms and 60 oxygen atoms was constructed. Density of state analysis reveals that material is semi conducting with an 
estimated band gap of 1.18 eV [115]. (E) is the relaxed elementary cell used in DOS calculations [115]. 
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3. Single-atom catalyst (SACs): origins of superior catalytic 
performance 

3.1. SACs on metal-oxide supports: nature of bonding and electronic 
interactions 

As established in earlier sections of this article, the SACs constitute 
atomically active metal centres which are stabilized on a support ma
terial [119]. Such atomic dispersion of metal active centres significantly 
boosts the atom utilization of the catalysts (higher ratio of participating 
atoms). As a result, SACs have in general demonstrated superior cata
lytic activity, selectivity, and stability when compared to their bulk 
counterparts [120]. Such improved properties have been associated 
with their highly flexible electronic environment, undercoordination 
[121] and metal-support interactions [34,38,122]. Understanding how 
all these factors directly regulates the catalytic performance of SACs are 
highly beneficial towards rational design of SACs with optimal perfor
mances. To illustrate this approach, we focused on SACs stabilized on 
metal oxides, with key emphasis on the nature of metal-support inter
action, coordination environment and electronic structures. 

Metal oxides have emerged as desirable supports for SACs for several 
important reasons such as their intrinsic stability under harsh chemical 
or thermal conditions, surface reducibility and abundant sites for SACs 
stabilization. Fundamentally, SACs may be anchored on the edges, 
corners, steps, vacancies, and surface OH groups available on the metal 
oxide supports. For the sake of understanding, we explain the bonding 
nature and chemical reactivities of SACs by delving into the unique 
chemistries of different SACs stabilized on FeOx, and CeO2 supports as 
follows. 

3.1.1. SACs supported on FeOx 
The first SAC reported features single Pt atoms stabilized on reduc

ible Fe2O3 surface (Pt1/FeOx). The experimental characterizations 
corroborated with thorough density functional theory (DFT) calcula
tions reveal that the Pt atoms preferred the three-fold hollow sites on the 
O3-terminated surface of Fe2O3(001) [33]. DFT calculations reveals that 
Pt atoms favourably coordinated to three surface O atoms and a sub
surface Fe, indicative of the substitution of surface Fe with Pt. Such 
substitution lowered the oxygen vacancy formation energies on the 
Fe3O4 (001). Bader charge analysis shows that the Pt sites were posi
tively charged (+0.45), suggestive of an electron transfer from Pt to the 
Fe2O3 support. The CO adsorption strength follows the order Fe2O3>

Pt10> Pt1/Fe2O3. The high activity of Pt1/Fe2O3 towards CO oxidation 

was accrued to a reduced d-orbital charge density which modulates the 
binding strength of CO to the active sites. Similarly, Du et al. stabilized 
single Pd atoms on Fe2O3 (Pd1/Fe2O3) via co-precipitation, with a Pd 
loading of 0.05 wt%. Extended X-ray adsorption fine structure (EXAFS) 
reveals Pd-O coordination without any Pd-Pd bond, indicative of iso
lated Pd single atoms instead of Pd NPs [120]. Such Pd-O bond is 
associated with single Pd atoms chemically coordinated surface oxygen 
of the support. Strong metal support interaction between single Pd 
atoms stabilized on the Fe2O3 initiates the dynamic carburization of 
Fe2O3 to form a highly active Fe5C2 layer, leading to enhanced reverse 
water-gas shift reaction. On the contrary, Pd NPs stabilized on the same 
support significantly inhibited the carburization process over time. Also, 
Pd stabilization significantly lowers the lattice oxygen activation en
ergy. This suggests the unusual nature of metal-support interaction in 
SACs when compared to their NP counterparts. Previous reports have 
also confirmed the stabilization of single metals atoms of Pd, Pt, within 
the subsurface Fe vacancies of Fe3O4 (001) [123,124]. Such strong 
anchoring within the Fe vacancies is enabled by charge and orbital 
ordering within the subsurface layer [125]. Chen et al. uncovered the 
size effects of Pt single atoms and Pt NPs towards the water gas shift 
reaction (WGS) [126]. From their study, the size effect entirely changes 
the reaction mechanism, with the Pt single atoms having optimal spe
cific reaction rate and turn over frequencies. For the SAC Pt1/FeOx, 
water molecules are first activated by oxygen vacances on the FeOx 
surface to yield H2 and O. The CO molecules moderately bonded to the 
Pt easily react with the O atoms to produce CO2. On the contrary, the 
reaction follows a rather different pathway on Pt NPs stabilized on FeOx. 
The H2O molecules are activated to release OH. Also, the CO is strongly 
bonded to the FeOx therefore reacts with the OH to produce interme
diate, which then decomposes to form CO2 and H2. Fig. 9 depicts the 
features of SACs stabilized on FeOx type supports in water gas shift re
action and a comparison to Pt NPs. The unique geometric and electronic 
nature of SACs alters key components of a chemical reaction such as 
changes in reaction mechanism, lowering of oxygen vacancy formation 
energies and synergistic interaction with the supports for form active 
sites. 

3.1.2. SACs supported on CeO2 
The CeO2 plays an important role in catalysing thermochemical re

actions by acting as supports for a variety of highly active metals such as 
Pt, Au, Pd [127–129]. The unique Ce4+/Ce3+ redox property, high 
defect formation tendency and reversible oxygen vacancy formation of 
CeO2 render it very attractive as support for SACs [130–132]. Although 

Fig. 8. General properties probed in HEOs using DFT.  
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CeO2 supported catalysts are widely deployed for several important 
industrial reactions, there is still debate about the actual active sites 
during reactions. Lei et al. stabilized Au single atoms, clusters, and NPs 
on CeO2 and explored their performances towards alcohol oxidation 
[128]. Experimental results and DFT studies reveal that oxygen va
cancies (Ov) formed at the O-Ov-Ce-O-Au sites adsorb the alcohol mol
ecules with subsequent O-H activation, while the adjacent Au3+/Au2+

catalysed the elimination of ß-hydride in the alkoxide intermediate. 
However, single Au atoms have shown to promote the formation of 
O-Ov-Ce-O-Au sites compared to its cluster or NP counterparts. This 
resulted in higher catalytic responses for the SAC Au1/CeO2. Although 
this result did not solve the active site dilemma, it provides a funda
mental way of tracking activity descriptors when comparing SACs with 
NPs. 

Lee et al. [133] reported that Pt single atoms stabilize on CeO2 sur
face by anchoring to surface oxygen to form Pt-O-Ce. Formation of such 
bond is highly promoted under oxidative conditions and at higher 
temperature. However, exposure to reducing environments during re
actions triggers the elimination of surface oxygen and subsequent for
mation of oxygen vacancies (Ov) on the CeO2. This leads to anchoring of 
the Pt atoms within Ov and elimination of the Pt-O-Ce bond. Such sur
face reconstructions drastically lower the thermal stability of Pt/CeO2, 
revealing the cause of SAC aggregation under thermochemical condi
tions. Fig. 10 below illustrates the dynamic nature of SAC-support 
interface under different chemical environments. 

Similarly, Muravev et al. probed the stability of Pd/CeO2 prepared by 
flame spray pyrolysis (FSP) and the Pd/CeO2 prepared by the impreg
nation of Pd unto hydrothermally synthesized CeO2 nanorods [134]. 
Pd/CeO2 via FSP showed higher catalytic performance towards low 
temperature CO oxidation. Such difference is underpinned by divergent 
nature of Pd-CeO2 interface under testing conditions for both catalysts. 

Pd stabilized on CeO2 nanorods shows high surface reducibility that 
leads to Pd agglomeration. Meanwhile, the Pd2+ in Pd/CeO2 (FSP) is 
preserved under similar conditions. Such enhanced stability has been 
linked to higher surface lattice oxygen mobility in Pd-doped FSP cata
lysts. This reveals the immense contribution of synthesis method adop
ted in redefining the interfacial chemistry of SACs stabilized on CeO2 
supports. 

4. SACs stabilized on HEOs: fundamental aspects and catalytic 
performance 

In addition to the direct utilization of HEOs as catalytic active sites 
for various catalytic transformations, HEOs have been used as robust 
supports for single atoms, clusters, and NPs. The later usage of HEOs is 
motivated by their intrinsic ease for defect formation caused by the 
substitution of differently sized cations within the same lattice [95], the 
presence of oxygen vacancies [103], and high chemical and thermal 
stabilities [45]. The high chemical and thermal stabilities are particu
larly important to ensuring the formation of metal-support bonds that 
are strong enough to withstand sintering or agglomeration under harsh 
chemical or thermal environments [41]. Such high temperature stabil
ities demonstrated by HEOs surpass that of conventional metal-oxides. 
For example, high entropy Zr0.5(NiMnFeCuCo)0.5 exhibits entropy 
driven exsolution–dissolution phenomena to prevent sintering of active 
sites under harsh reducing environments [105]. Such intrinsic stability 
has found tremendous usability especially in synthesizing noble metal 
SACs for catalytic reactions occurring under harsh chemical or thermal 
environments. This informs the reason why majority of HEO supported 
SACs reported so far have been applied for thermocatalytic reactions 
occurring under elevated temperatures and pressure over an extended 
period. 

Fig. 9. (A) different reaction pathways for Pt single atoms (Pt-SAC) and a Pt-NP stabilized on FeOx towards water gas shift reaction (WGS) [126].  

Fig. 10. (A) Pt anchored on CeO2 surface via Pt-O-Ce after oxidative treatment. CeO2 surface is oxidized. (B) after reductive treatment, CeO2 is reduced and 
accompanied by formation of oxygen vacancy. Pt atoms are anchored within such oxygen vacancies [133]. 
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To synthesize SACs, several techniques which could be classified as 
wet chemistry, physical and chemical deposition, photochemical, high 
temperature pyrolysis, galvanic replacement, and the more recent 
mechanochemical strategies have been explored to stabilize single 
atoms on various substrates [1]. To date, only a few of these methods 
have been successfully employed to stabilize SACs on HEOs. This is 
because some of these processes do not meet the basic conditions such as 
very high synthesis temperatures necessary to form the single-phase 
HEO support. While it is possible to synthesize metal oxide supports 
with subsequent stabilization of the single atoms in two individual steps 
[40], most SACs stabilized on HEOs are simultaneously synthesized, 
leading to the distribution of the single atoms not only on the surface but 
throughout the bulk of the HEO supports, making them entropy stabi
lized [45,104,135,136]. 

4.1. Characterization techniques for SACs supported on HEOs: an 
overview 

To successfully characterize SACs supported on HEOs, careful char
acterization of the HEOs as well as the stabilized single atoms is essen
tial. The initiative is primarily concerned with confirming the formation 
of HEOs as well as ensuring the homogenous distribution of single atoms 
within HEO systems. Information regarding (i) the formation of corre
sponding single-phase HEO, (ii) the homogenous distribution of con
stituent cations (iii) the molar ratios of constituent cations for 
configurational entropy estimation, and (IV) the electronic or chemical 
state of the atoms should be studied. To effectively investigate the 
mentioned features in SACs/HEOs, several tools such as XRD, High 
-resolution transmission electron microscopy (HR-TEM), scanning 
transmission electron microscopy (STEM), energy dispersive spectros
copy (EDS or EDX), selected area electron diffraction (SAED), high 
annular angular dark field (HAADF) microscopy, inductive couple 
plasma (ICP), X-ray absorption near edge spectroscopy (XANES), EXAFS 
are judiciously used. The elaborate description of the scope and limi
tations of these techniques can be found in these recommended review 
articles [1,41,46,61]. 

Typically, XRD technique is very an important tool to elucidate the 
crystal structure of HEOs and to provide a clear distinction between 
single phase HEOs and multi-phased multielement oxides. Fundamen
tally, different metal oxides that makes up the HEO composition typi
cally have different crystal structures. The goal is to crystallize such 
divergent structures into one crystal lattice. An implication of this is that 
the XRD pattern observed from the HEO must feature a diffraction 
pattern that matches only one crystal structure. Evidence of diffraction 
patterns corresponding to different crystal structures should be regarded 
as a phase segregation and such a compound is not entropy stabilized. 
For example, the first high entropy oxide synthesized consisted of Ni Cu, 
Mg, Zn, Co. Although Cu naturally crystallizes in a tenorite structure and 
Zn has a wurtzite structure, the final (NiCuMgZnCo)Ox crystalizes into a 
single phase rocksalt structure without any tenorite or wurtzite phases 
[47,117]. However, it should be noted that sometimes, the final crystal 
structure of the HEOs would not reflect the structure of any one of the 
elements but crystalizes into a favourable phase to reflect the mixture. 
For an example, Fe, Co, Ni, Cr, Mn crystallizes into a single-phase HEO 
with NiFeOx type spinel structure [137]. 

Similar trend is observed for high entropy perovskite oxides where 
the final single-phase structure crystalizes into a typical perovskite oxide 
structure [93,138]. Furthermore, there are cases where formation of the 
HEO is motivated by the substitution of smaller cations into the crystal 
lattice of a larger cation. In such cases, it is thermodynamically 
favourable for the final HEOs to exhibit similar diffraction pattern with 
the larger individual elements. For example, partial substitution of ZrO2 
with Ni, Fe, Co, Mn and Cu to form Zr0.5(NiMnFeCoCu)Ox crystallizes 
into a Cubic ZrO2 crystal structure. Similarly, high entropy (CeHfZrS
nEr)Ox crystallizes into a cubic CeO2 structure without any other 
diffraction patterns [98]. It should be noted that in such cases where 

larger cations are substituted with smaller ones, shrinkage of the lattice 
may be observed and a resultant shift to higher than 2 theta is evident. 
Also, slight changes in unit cell volume, lattice parameters and even 
strain may evolve. To fully understand all these changes, it is recom
mended to carryout careful analysis of the resultant HEOs relative to an 
initial structural model. For such proposes, a comprehensive analysis 
such as Rietveld and microstrain analysis is required [45,97,105]. 
Complementary to the XRD, HR-TEM, SAED and STEM-EDS are neces
sary to probe deeper into the atomic arrangements (to identify defects), 
crystallization (polycrystallinity or monocrystallinity) and the unform 
distribution of constituent cations within the HEO structure respectively 
[47,97,98,105]. Another important analysis is the elemental ratio which 
is more reliably determined via ICP-MS or ICP-OES. Since equimolar 
ratio of cations within the HEO is a fundamental requirement for most 
HEOs (although nonstoichiometric HEOs exists), it is necessary to know 
the ratio of each cation relative to the other. Generally, for equimolar 
compositions, molar ratio should be close to unity within the limits of 
experimental errors. 

4.2. Catalytic performances of SACs supported on HEOs 

Pioneering efforts by Dai’s group [104] paved a way for this emer
gent field of SACs stabilization on HEOs. In their early work, 0.3 wt% Pt 
single atoms were stabilized on high entropy (NiMgCuZnCo)Ox to form 
the corresponding Pt/(NiMgCuZnCo)Ox via co-precipitation followed by 
calcination at 900 ◦C. Prior to application for CO oxidation, the elec
tronic structure of the Pt was modified from Pt4+ (O-Pt-O-M) to Pt2+

(Pt-O-M) via the reduction in hydrogen. Collectively, the incorporation 
of Pt into the (NiMgCuZnCo)Ox system improved the catalytic perfor
mance. The as-synthesized (NiMgCuZnCo)Ox has an onset temperature 
of about 160 ◦C with complete CO conversion at about 305 ◦C, signifi
cantly higher than the as-synthesized Pt/(NiMgCuZnCo)Ox with an 
onset temperature of about 100 ◦C and complete CO conversion at 245 
◦C. Further reduction of the Pt/(NiMgCuZnCo)Ox dramatically 
improved the catalytic performance. The reduced 0.3 wt% Pt/(NiMg
CuZnCo)Ox has an onset temperature of 60 ◦C with 100% CO conversion 
at 155 ◦C. Based on these conversion temperatures and efficiencies, the 
activation energies for CO oxidation over the (NiMgCuZnCo)Ox, 
as-synthesized 0.3 wt% Pt/(NiMgCuZnCo)Ox and reduced 0.3 wt% 
Pt/(NiMgCuZnCo)Ox were 91.5, 57.2 and 54.8 kJ/mol respectively, 
highlighting the effect of electronic structure and coordination envi
ronment of SACs supported by HEOs on their superior catalytic 
performance. 

In another study, using Ball-milling, Chen et al. [135] stabilized up to 
5 wt% Pt and Ru in the form of single atoms and NPs (2–3 nm) on an 
HEO (NiMgCuZnCo)Ox under ambient conditions and used the system 
for CO2 hydrogenation (Fig. 11). The frictional and centrifugal force 
generated during the milling process was leveraged to create local en
vironments sufficient to induce the formation of Pt/HEO or Ru/HEO 
without further calcination. The evolution of a single-phase HEO shows 
a direct relation with the milling time. Single phase HEO was achieved 
after 2 hours of milling without diffraction peaks corresponding to 
either Pt or Ru. To fully crystallize the matrix, 5 wt% Pt-HEO was sin
tered at 500 ◦C in the air for 2 hours. The 2 wt% and 5 wt% Ru and 
Pt-HEO calcined at 500 ◦C denoted as Ru-500 and Pt-500 were subjected 
to the catalytic reduction of CO2. The 2 wt% Ru-500 and Pt-500 
exhibited CO yields of 33.9% and 36.6% and CO2 conversion of 40.1% 
and 43.4% respectively. Further increment in the Ru and Pt dispersions 
to 5 wt% significantly increased the catalytic performance, demon
strating a CO yield of 45.7% and 46.1% respectively with CO2 conver
sion of 45.4% and 47.8%. The Pt-500 exhibited remarkable stability 
over 12 hours at high temperature [135]. 

Similarly, single Pd atoms were stabilized on an HEO (CeZrHfTiLa) 
Ox (hereafter denoted as Pd@HEFO) via mechanochemical strategy 
[45], and used to catalyse CO oxidation. XANES confirms the presence of 
a Pd-O-M bond only indicating single palladium atoms (Fig. 12A). 
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Furthermore, diffraction patterns obtained from XRD showed a 
single-phase structure without additional diffraction peaks for palla
dium. Interestingly, a shift in 2 theta angle with an increasing amount of 
Pd (0.5 wt%-2wt%) was observed (Fig. 12B). The onset temperature for 
the high entropy (CeZrHfTiLa)O was 230 ◦C. However, upon the 
incorporation of 1 wt% Pd, the catalytic response dramatically 
improved with a lower onset temperature of 80 ◦C and completed CO 
conversion at 170 ◦C. Similar loading of palladium was supported on 
CeO2 to form Pd@CeO2. The catalytic response was less than that of the 
high entropy fluorite oxide (HEFO) (CeZrHfTiLa)Ox without Pd, 
demonstrating an onset temperature of 223 ◦C and complete CO con
version at 253 ◦C. Evidently, Pd@HEFO exhibits lower activation energy 
for CO oxidation when compared to Pd@CeO2 (Fig. 12C). The 
Pd@HEFO shows activity retention when subjected to hydrothermal 
treatment at 750 ◦C for 10 hours while significant activity loss was seen 
in palladium stabilized on CeO2 (Pd@CeO2) (Fig. 12D). This clearly 
demonstrates the superior nature of HEO supports compared to binary 
or low entropy metal oxide supports. This entails that the Pd atoms not 
only adsorb on the surface of (CeZrHfTiLa)Ox but also are randomly 
substituted into the fluorite structure. Interestingly, Pd atoms stabilized 
on HEPO exhibited significantly higher oxygen vacancies (47.1%) than 
conventional CeO2 Supports (24.7%) due to the high surface reducibility 
of HEOs. 

To further highlight the unique role of entropic stabilizing, binary 
metal oxides were individually used as support for the Pd atoms. Un
fortunately, in such binary systems, XRD peaks corresponding to Pd 
were observed at similar metal loadings showing somewhat aggregation 
into NPs and formation of multiphase. SACs stabilized on HEFO could be 
simultaneously anchored on the surface via Pd-O-M bond and within the 

bulk to form a (PdyCeZrTiLa)Ox solid solution. Such solid solution for
mation is thermodynamically favoured, and entropy driven in HEOs. 
Conversely, Pd aggregation is observed when CeO2 is used as the support 
where the thermodynamic landscape for solid solution formation is 
enthalpy controlled. This means that it is much easier to stabilize SACs 
within HEOs than conventional supports. Also, the surface lattice oxy
gen of HEOs is easily reducible compared. This clearly confirms that 
entropy driven effects within the HEO support promotes the stabiliza
tion of Pd atoms. 

Via sonochemical strategy, Okejiri et al. [97] homogenously 
dispersed 0.2 wt% Ru into a HEPO (ABO3) to form the corresponding 
high entropy Ru0.13/Ba0.3Sr0.3Bi0.4(Zr0.2Hf0.2Ti0.2Fe0.27)O3 hereafter 
referred to as Ru/HEPO-7, high entropy Ba0.4Sr0.4Bi0.2(Zr0.3Hf0.3

Ti0.2Fe0.2)O3 (hereafter referred to as HEPO-7) and low entropy BaRuO3. 
This work exposes the possibility of obtaining high quality HEOs in a 
cheap and facile way while circumventing the calcination step. The 
catalytic activities of the synthesized systems towards CO oxidation 
were investigated with a central agender of understanding the role of 
entropy stabilization in enhancing catalytic activities. Ru-HEPO-7 con
taining only 0.2 wt% Ru shows 51% CO conversion at 90 ◦C with a 
retention time of one second (1 s). The BaRuO3 having about 53 wt% Ru 
displays inferior catalytic relative to Ru/HEPO-7 with only 50% CO 
conversion at 255 ◦C. Furthermore, complete CO conversion was ach
ieved over Ru/HEPO-7 at 118 ◦C while complete conversion could not 
be realized over the BaRuO3 even at temperatures up to 300 ◦C. This 
trend is particularly interesting as Ru is considered as the main active 
sites for CO conversion. Intuitively, BaRuO3 having more Ru loading 
should have higher catalytic performance. This opposite finding strongly 
supports the idea that entropic stabilization in entropy-oxide supports 

Fig. 11. (A) CO2 hydrogenation activity of synthesized SACs/HEOs; 2 wt% Pt-500, 5 wt% Pt-500, 2 wt% Ru-500, and 5 wt% Ru-500 under 500◦C reaction tem
perature, (B) CO2 hydrogenation stability at 500 ◦Cover 5 wt% Pt-500, and (C) STEM result of 5 wt% Pt-500 after hydrogenation of CO2 at 500 ◦C for 2 h [135]. 
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significantly reduces the activation barrier, leading to enhanced cata
lytic responses. On the other hand, HEPO-7 without any Ru did not 
display appreciable catalytic activity. Like findings by Xu et al. [45], 
noble metals stabilized on HEO supports have higher catalytic activities 
relative to bare HEOs and SACs supported on low entropy supports. 

Furthermore, Chen et al. [139] explored the concept of 
temperature-dependent self-regenerative exsolution-dissolution, a phe
nomenon exclusive to perovskites [140] but now observed in HEOs 
[105], to stabilize 1 wt% Au, Pd, and Ru within HEO (NiMgZnCuCo)Ox. 
The Au/HEO was synthesized via a solid-state route followed by sub
sequent calcination at 900 ◦C. It is worth mentioning that the catalytic 
activities of these catalysts towards CO oxidation are affected by the 

exsolution-dissolution phenomena. The Au-HEO-700 having more sur
face Au particles demonstrated superior catalytic performance. The 
homogenous distribution of Au within the HEO and subsequent exso
lution of Au to the surface at 700 ◦C was corroborated by STEM-EDS and 
XPS, showing increased intensity and agglomeration spots of Au parti
cles. XRD patterns reveal the formation of single-phase Au/HEO without 
any impurity peaks. Upon calcination at a lower temperature (~700 ◦C), 
phase segregation occurs with distinct diffraction peaks corresponding 
to Au particles which reverted to the single-phase Au-HEO upon cyclic 
heating back to 900 ◦C. This interesting behaviour is conceptually 
conceived to prevent the agglomeration or sintering of catalytic active 
sites, especially for noble metals at high temperatures. Fig. 13 depicts 

Fig. 12. (A) XANES spectra of Pd in Pd@HEFO showing the existence of Pd-O-M bond. (B) XRD spectra of Pd@HEFO with varying palladium loadings. Shift in 2 
Theta with increasing palladium loadings. (C) Activation energies of Pd@HEFO and Pd@CeO2 for CO oxidation. (D) Catalytic performance of HEFO, Pd@HEFO, 
Pd@CeO2 under normal catalytic conditions as well as under has hydrothermal treatments at 750 ºC [45]. 

Fig. 13. (A) Regenerative exsolution-dissolution of Au in high entropy (MgNiCoCuZn) for CO oxidation. Adapted from [139].  
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the exsolution-dissolution of Au within HEO at different temperatures to 
form the correspondingAu-HEO-900 and Au-HEO-700. Evidently, 
Au/HEO calcined at 700 ºC demonstrated superior catalytic perfor
mance in CO oxidation due to larger surface concentration of the Au. 

Via precise modulation of synthesis temperature, oxygen partial 
pressure, and configurational entropy, Li et al. [77] reported a new 
strategy to stabilize up to 10 different cations within the same crystal 
lattice, opening new possibilities for creating nanosized multi-element 
oxides (MEO) with rocksalt, fluorite and perovskite structures. This 
strategy has been experimentally and computationally verified in 
generating favourable phases when designing MEO of highly reducible 
metal oxides with low oxidative potential and stabilizing noble metals 
within the MEO matrix. Through this method, the denary high entropy 
metal oxide, (ZrCe)0.6(MgLaYHfTiCrMn)0.3Pd0.1O2-x consisting of 10w% 
Pd was stabilized on electrospun carbon nanofibers. Their findings 
reveal that high configurational entropy is particularly important to 
stabilizing noble metals such as Pd within the MEO matrix while syn
thesis temperature and oxygen partial pressures are more important 
towards stabilizing cations with low oxidative potentials and easily 
reducible cations, respectively. To achieve this type of system, careful 
optimization of temperature, oxygen partial pressure, and number of 

constituent cations is very important. The synthesized denary nano
structure exhibited superior catalytic performance towards methane 
(CH4) combustion compared to PdOx and other quinary MEO synthe
sized via a similar protocol [77]. This presents a potential breakthrough 
over the limited SAC loadings achievable on HEOs. 

Fig. 14(A-B) shows thermodynamic factors that drive single phase 
formation in multielement oxide systems, taking into perspective the 
chemical nature of the elements such as oxidation potentials, reduction 
potentials and noble metal stabilization. [77]. For easily oxidized 
metals, phase segregation occurs at lower temperatures. In addition, 
oxygen partial pressure affects single-phase formation in MEO contain
ing highly reducible metals. Fundamentally, the single phase is driven 
by a highly oxidative environment (air). Similarly, high configurational 
entropy supports incorporation of Pd whereas phase segregation occurs 
at lower configurational entropy. Also, Fig. 10B clearly shows the role of 
high configurational entropy in stabilizing and enhancing the catalytic 
properties and stabilities of noble metals. As shown, PdOx stabilized on 
high entropy oxide consisting of 1 different cation (hereby denoted as 
10-MEO) has the highest performance and stability. This implies the 
guided stabilization of noble metals on high entropy supports. Table 1 
presents a list of representative SACs/HEO systems and their catalytic 

Fig. 14. (A) General design principles for multicomponent metal oxides and noble metal stabilization. Highlighting factors that most significantly affects single phase 
formation in relation to the intrinsic chemistry of cations selected. High oxygen partial pressure is required for easily reducible metals, high temperature for easily 
oxidizable metals, and a high configurational entropy supports the stabilization of noble metals. (B) CH4 conversion performance and stabilities of unsupported PdOx, 
PdOx stabilized on low entropy oxide with 4 metals (4-MEO-PdOx) and PdOx stabilized on a denary HEO (10-MEO-PdOx). Concept adapted from [77]. 

P. Tukur et al.                                                                                                                                                                                                                                   



Next Materials 3 (2024) 100192

18

performance due to entropic sbablizataion. 
From the above case-studies, it can be deduced that a range of factors 

can contribute to the superior catalytic performances of SACs stabilized 
on HEOs. Primarily, entropic stabilization affords these single atoms 
with enhanced thermal and chemical stabilities that delay deactivation 
during reactions occurring under harsh conditions. Also. It has been 

shown that in the case of SACs stabilized on HEOs, the HEO support also 
participates in the chemical reaction therefore transcending perfor
mances exhibited by SACs on conventional binary metal oxides. Addi
tionally, electronic interactions between cations in the support may 
favorability adjust the metal-support interactions between the single 
atoms and the HEO support, resulting in lower adsorbate binding 

Table 1 
A Summary of typical SACs/HEO systems and their catalytic applications and entropy driven behaviors.  

System Synthesis Catalytic Performance Notes Ref 

Pd1/(CeZrTiHfLa)Ox 

(0.5–2 wt% Pd) 
Silica-templated 
mechanochemical 
strategy. 

CO-Oxidation; Pd1/(CeZrTiHfLa)Ox Outperformed Pd1/ 
CeO2 Tonset of ~800 C and 2230 C respectively and T100 of 
1700 C and 2530 C respectively. 

High surface lattice oxygen reducibility, 
anti-sintering properties due to entropic 
stabilization. 

[45] 

Pt/(NiMgCoCuZn)Ox 

(0.3 wt% Pt) 
Co-deposition CO-oxidation: chemical reactivity follows reduced Pt/ 

(NiMgCoCuZn)Ox > as-synthesized Pt/(NiMgCoCuZn)Ox 

> /(NiMgCoCuZn)Ox. T100 of 1550 C, 2450 C and 3050 C 
respectively. 

Anti-sintering property due to entropic 
stabilization, favorable formation of Pt- 
O-M (Pt2+) for CO oxidation. 

[104] 

Pt/(NiMgCuZnCo)Ox 

(2 wt%, 5 wt%) 
Ru//(NiMgCuZnCo)Ox 

(2 wt%, 5 wt%) 

Ball milling CO2 hydrogenation: CO yield of 36.6% and 46.1% and 
CO2 conversion of 43.4% and 47.8% for 2 wt% Pt and 
5 wt% Pt under 5000 C reaction condition respectively. 
CO yield of 33.9% and 45.7% for 2 wt Ru and 5 wt% Ru 
respectively. Also, CO2 conversion was 40.1% and 45.4% 
for 2 wt Ru and 5 wt Ru respectively. Catalysts stable for 
12 h under reaction at 5000 C. 

Anti-sintering with no capacity loss at 
high temperature due to entropic 
stabilization. 

[135] 

Ru/(Ba0.4Sr0.4Bi0.2(Zr0.3Hf0.3Ti0.2Fe0.2) 
O3 (Ru/HEPO-7) 
(0.2 wt% Ru) 

Ultrasonication CO-Oxidation Ru/(Ba0.4Sr0.4Bi0.2(Zr0.3Hf0.3Ti0.2Fe0.2)O3 

(0.2 wt%Ru) (Ru/HEPO-7) outperformed BaRuO3 

(53 wt% Ru) and HEPO (0 wt Ru). Ru/HEPO-7 achieved 
51% CO conversion in ~1 s at 900 C while BaRuO3 

achieved 50% conversion at ~2550 C. T100 was 1180 C 
for Ru/HEPO-7 while BaRuO3 could not achieve 100% 
conversion even at temperatures > 3000 C. 

Excellent dispersion of Ru atoms within 
Ru/HEPO as compared to BaRuO3 

enabled by entropic stabilization of Ru. 

[97] 

Pd/(CeHfZrSnEr)Ox 

(0.5–1 wt% Pd) 
Ultrasonication CO Oxidation: Pd0.5/(CeHfZrSnErO)x and Pd1/ 

(CeHfZrSnErO)x demonstrate higher performance 
compared to Pd/CeO2 or bare (CeHfZrSnErO)x. catalysts 
reactivity follows the trend Pd1/(CeHfZrSnErO)x≥Pd0.5/ 
(CeHfZrSnErO)x >> Pd1/CeO2 > (CeHfZrSnErO)x >

CeO2. Pd0.5/(CeHfZrSnErO)x and Pd1/(CeHfZrSnErO)x 

show the least onset temperature of ~500 C and ~700 C 
respectively with T100 of 1400 C and 1500 C respectively. 

High surface Oxygen reducibility that 
leads to high oxygen vacancy 
concentration. Also, entropic 
stabilization that enhanced thermal and 
chemical stability leading to long term 
cycling performance. 

[98] 

Pt-HEO/Al2O3 Combined sol-gel 
followed by ball 
milling. 

CO oxidation: Pt stabilized on HEO/Al2O3 shows higher 
performance than Pt-HEO or Pt-Al2O3. Pt- HEO/Al2O3 

shows an onset temperature of 500 C and a decreased 
T100 of 1800 C. for the different Pt-based systems, the 
activation energies for CO oxidation follows the trend Pt- 
HEO/Al2O3 (26.93 kJ/mol) < Pt-Al2O3(89.13 kJ/mol) <
Pt-HEO (109.66 kJ/mol). No capacity loss was observed 
for Pt- HEO/Al2O3 up to 540 hours under reaction 
conditions and up to 10 hours with hydrothermal 
treatment at 7500 C. 

Interfacing HEO with Al2O3 led to the 
formation of oxygen vacancies and 
stabilization of isolated Pt species. 
Entropic stabilization affords Pt- HEO/ 
Al2O3 with anti-sintering properties 
under hydrothermal conditions. 

[141] 

Mo/(LaMnNiFeCoCu)Ox (0.35 wt% Mo) Sacrificial Template 
-assisted protocol 

Oxidation desulfurization: Mo dispersed on high entropy 
perovskite oxide (Mo/HEPO-SAC) exhibits better 
performance than Mo dispersed on low entropy 
perovskite oxde (Mo/LMO-SAC). (Mo/HEPO-SAC 
achived 100% oxidative conversion of dibenzothiophene 
in 1 hour. 

Higher Mo dispersion, more oxygen 
vacancy and better redox properties. 
High cycling stability 

[138] 

Rh/(MgNiCoCuZn)Ox (5 wt% Rh) Nitrate-glycine 
combustion 

CO2 dehydrogenation: Rh stabilized on HEO had 99% 
CO selectivity during the CO2 hydrogenation process. 
This is higher than selectivity achieved by Rh stabilized 
on single metal oxides that makes up the HEO. Cu-Zn 
synergy within the HEO promotes Metal-support 
interactions between Rh and HEO supports. 

Formation of strong-metal support 
interaction between Rh and HEO 
support. Synergistic interference in HEO 
support optimizes CO adsorption 
energies. 

[142] 

Au/(MgNiCuCoZn)Ox (1 wt% Au) Ball milling CO Oxidation: Au/(MgNiCuCoZn)Ox calcined at 700 and 
900 exhitied varying activity towards CO. catalysts 
exhited T50 at 2180 C and 2840 C respectively. 

Catalysts exhibit reversible temperature 
dependent phase exsolution, enabled by 
unique entropic stabilization within the 
HEO support. Anti-sintering at elevated 
temperature. 

[139] 

(ZrCe)0.6(MgLaYHfTiCrMn)0.3Pd0.1O2-x 

(10 wt% Pd) 
Joule heating CH4 combustion: Pd stabilized within the denary high 

entropy oxide labelled as 10-MEO-Pd shows the highest 
performance compared to unsupported PdOx or Pd 
stabilized on lower entropy systems. 10.MEO-Pd 
achieved Complete CH4 conversion at 673 K. stability 
test shows 10-MEO-PdOx > 4-MEO-PdO >PdOx. 10- 
MEO-PdOx had no capacity loss for up to 100 h as 
opposed to 4-MEO-PdOx which experienced capacity 
drop from 31% to 20% in just 26 h. Unsupported PdOx 
was deactivated after 22 h. 

High catalytic performance with 
extreme thermal stabilities, due to high 
configurational entropy. 

[77]  
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energies, thus the activation energies. Fig. 15 outlines major attributes 
and advantages demonstrated by HEO supported SACs over SACs sta
bilized on conventional supports. 

5. Summary 

SAC has recently dominated the landscape of heterogenous catalysis 
research. More recent novelties are arising from the concept of entropic 
stabilization to engineer multicomponent metal oxide systems popularly 
known as HEOs. HEOs are multicationic oxide systems, consisting of five 
or more different cations stabilized into a single-phase crystal structure 
and collectively having a configurational entropy equal or greater than 
1.5 R [90]. The compositional flexibility, diverse protocol for synthesis, 
unconventional catalytic activity and most importantly their superior 
chemical and thermal stabilities have motivated their widespread ap
plications within the heterogenous catalyst domain. 

In this review, we present a deliberate effort to emphasize the in
teractions of SACs with HEO supports, highlighting the synthesis pro
tocols, unique stabilities, and unconventional catalytic behaviours 
during thermocatalytic processes such as CO oxidation, CO2 reduction 
and CH4 combustion. These reactions have been chosen to evaluate the 
catalytic behaviours of SACs/HEO because of the extreme conditions 
under which they occur, therefore speaking to the activity, selectivity, 
and stability of SACs/HEO. 

We also discuss how the entropic effect in the HEOs supports induces 
unconventional behaviours and bolsters strong metal-support in
teractions to achieve optimal stabilities under harsh chemical or thermal 
conditions, which is particularly important to the applications of SACs 
on a commercial scale. Comparisons made in this review clearly show 
that SACs stabilized on HEO supports exhibit superior catalytic perfor
mance and stabilities, exceeding bare HEOs, SACs supported on con
ventional binary metal oxides, and unsupported noble metal oxides. We 
have highlighted principles and models, both theoretically derived and 
experimentally validated, that have been proven to be effective in 
achieving single-phase SACs/HEOs. 

6. Future research and outlook 

In the realm of HEOs, research has predominantly focused on 
uncovering the rules and principles governing the formation of single- 
phase structures. However, this emphasis has somewhat over
shadowed a deeper exploration of the fundamental factors that influence 

their catalytic performance. This has led to an "availability-driven 
application scenario", where the research has largely been cantered to 
investigating the catalytic behaviors of already established HEOs for 
various processes. Fortunately, the current trends in HEO design have 
started to consider fundamental aspects that can significantly enhance 
their catalytic activities. These include techniques like defect engi
neering to increase oxygen vacancies, modified synthesis protocols to 
achieve higher surface areas, and the incorporation of highly active 
noble metals as NPs or single atoms. Looking ahead, we anticipate a shift 
towards a more application-driven approach to HEO development, with 
the desired applications guiding the design process. 

Despite the recent progress, we still lack a comprehensive under
standing of the metal-support interaction within HEO-supported SACs. 
This understanding is crucial for achieving a tuneable coordination 
environment and electronic structure for the stabilized SACs. Given the 
complexity of HEO supports, this may prove challenging. Given the early 
stage of this field, it is essential to explore how various fundamental 
aspects of different HEO systems, such as crystal structure, cation 
composition, configurational entropy, oxygen vacancies, charge distor
tion, and valence mismatch, impact the stability, selectivity, and activity 
of stabilized SACs. For example, the choice of cations in the HEO lattice 
can have a profound impact on the catalytic performance. Varying 
cation compositions can affect the electronic structure, charge distri
bution, and binding energy of SACs. It’s important to select cations that 
enhance the interaction between SACs and the HEO support, improving 
stability and catalytic activity. The presence of oxygen vacancies in 
HEOs can promote the adsorption of reactants and the mobility of 
reactant species. Oxygen vacancies can serve as active sites for catalytic 
reactions and play a role in enhancing the catalytic activity of SACs. 
Therefore, careful control of the density and distribution of oxygen va
cancies is critical for optimizing catalytic performance. To impact the 
stability, selectivity, and activity of stabilized SACs, researchers should 
conduct systematic studies to optimize each of these factors in the 
context of their specific catalytic applications. Understanding the 
interplay between these parameters and their effects on SACs’ perfor
mance is essential for designing HEO-supported catalysts with enhanced 
catalytic properties. It may require a combination of theoretical 
modelling, advanced characterization techniques, and tailored synthesis 
methods to achieve the desired results. 

Meanwhile, establishing systematic criteria and principles for 
selecting suitable HEO supports is paramount for tailoring catalytic ac
tivity, maximizing stability, enhancing selectivity, optimizing electronic 

Fig. 15. Highlighted superior properties observed in SACs/HEOs.  
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and surface properties, minimizing side reactions, targeting resource 
efficiency, and standardizing research and development in the field of 
catalysis. By systematically evaluating HEO compositions and struc
tures, researchers can make informed choices, leading to more efficient, 
stable, and selective catalytic systems while considering environmental 
and economic factors, ultimately advancing the practical application of 
HEOs in various industries. 

Finally, there is a need for the development of flexible, cost-effective, 
and straightforward synthesis protocols that allow for reasonable SAC 
loading on HEO supports. The current synthesis protocols for SACs/ 
HEOs primarily rely on a limited set of techniques, including mecha
nochemistry, co-deposition, joule heating, and sonochemistry. While 
these methods have shown promise, there is room for further improve
ment and diversification in the synthesis techniques. Some key consid
erations for expanding the synthesis options can be included but not 
limited to:  

1. Diversification of Synthesis Techniques: In addition to the existing 
methods, researchers should explore and adapt other well- 
established synthesis techniques, such as sol-gel methods, atomic 
layer deposition (ALD), chemical vapor deposition (CVD), and hy
drothermal synthesis. Each of these techniques has its unique ad
vantages and can potentially provide more versatile options for the 
stabilization of SACs on HEO supports.  

2. Optimization for Scalability and Cost-Effectiveness: It’s essential to 
develop synthesis methods that are not only effective on a laboratory 
scale but also scalable for industrial applications. Scalability is 
crucial for the practical implementation of SACs/HEOs in real-world 
catalytic processes. Meanwhile, cost remains a significant concern in 
catalyst development. Research should focus on making the synthesis 
process cost-effective by using readily available, low-cost materials 
and minimizing the use of expensive or rare components.  

3. Multi-scale Analysis Techniques: As new synthesis methods are 
developed; complementary characterization techniques should also 
be advanced. These techniques are essential for monitoring the 
quality and consistency of SAC loading and for understanding the 
resulting catalytic properties. At the nanoscale, HR-TEM and STEM 
reveal the atomic structure of SACs, affirming their single-atom na
ture, and offer insights into their coordination with HEO supports. 
This detailed structural information is crucial for understanding the 
fundamental properties of SACs. Moving to the microscale, X-ray 
Absorption Spectroscopy (XAS) provides insights into the local co
ordination environment of the metal atoms, revealing oxidation 
states and bond distances. Additionally, XPS characterizes the sur
face chemistry of the catalyst, which is vital for understanding its 
reactivity. On a larger scale, techniques such as XRD assess the in
fluence of SACs on the structural properties of HEO supports. This 
information helps confirm the stability of the support material, 
which is critical for long-term catalytic applications. Further up the 
scale, surface area analysis (BET) measures the specific surface area, 
providing a mesoscale view and an indicator of potential catalytic 
activity. Thermal Analysis (TGA/DSC) at the millimeter scale eval
uates the thermal stability of SACs/HEOs, ensuring that the catalysts 
can withstand the temperature conditions encountered during cata
lytic reactions. At the macroscale, electrochemical characterization 
methods like cyclic voltammetry and electrochemical impedance 
spectroscopy test the electrocatalytic performance of the materials, 
which is essential for understanding their behavior in real-world 
applications. In sum, multi-scale analysis allows researchers to 
obtain a deep understanding of the structure, composition, and 
behavior of SACs/HEOs, ultimately leading to the fine-tuning of 
catalyst design and optimization across different scales. This holistic 
approach is pivotal in unlocking the full potential of SACs/HEOs for 
sustainable and efficient catalytic processes, propelling catalysis into 
a new era of innovation and application. 

In summary, the development of flexible, cost-effective, and 
straightforward synthesis protocols for SACs/HEOs is crucial for the 
practical application of these materials in catalysis. Diversifying syn
thesis techniques, optimizing for scalability, controlling loading, 
considering cost and environmental impact, and fostering interdisci
plinary collaboration are all essential steps in advancing this field and 
harnessing the full potential of SACs supported by High Entropy Oxides. 
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