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The reversible transformation between a multiphase and single-phase state has been 
used as a hallmark for entropy stabilization in the system (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O. it 
was shown that cations are fully random and homogeneous in this single-phase 
material, providing a way to estimate its configurational entropy. The deliberate variation 
of this entropy led to the conclusion that (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O is primarily 
stabilized by this configurational entropy. Here, we show that this phase transformation 
observed in (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O could originate from a Jahn-Teller distortion 
rather than entropy stabilization. We further demonstrate through composition variation 
that the consolute temperature depends on the nature of the components rather than 
the number of components. In addition, we show that there is significant cation ordering 
in these systems, further casting doubts on the role of configurational entropy as the 
main stabilizing term. Finally, we demonstrate that this compositional variation can be 
used to tune the voltage of these complex metal oxides to improve their reactivity in a 
sodium-ion cell.       

 

I. 

The concept of “high entropy alloys” (HEA) has generated considerable excitement in the 
materials community over the past several years1-3. HEA is loosely defined as a multi-
component alloy with a minimum of five components in an equimolar amount with a 
calculated configurational entropy of 1.609R or more1-3. “R” here is the ideal gas constant. 
To be more accurate, entropy stabilization is observed when the enthalpy of formation 
(ΔHf) is positive, and the entropy of formation (ΔSf) is large enough to make the Gibbs 
free energy of formation (ΔGf) negative at a given temperature. The formed material may 
thus be said to be entropy stabilized at the consolute temperature and may become 
unstable below this temperature. This concept has been expanded to the realm of 
complex ceramics4 and oxides5-8.  

 The first multi-component oxide system claimed to be stabilized by configurational 
entropy was first published in 2015 by Rost et al. [ref.9]. They claim to demonstrate 
unambiguously that configurational entropy is the primary stabilizing term in forming the 
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complex single-phase rock salt (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O material. Starting from the 
MgO, CoO, NiO, CuO, and ZnO binary metal mix, they showed the formation of the single-
phase (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O compound at about 900 oC. As dictated by the 
equation ΔG = ΔH + TΔS, they showed that the single-phase (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O 
material undergoes a phase transition to a multiphase system at low temperature (750 
oC) and back to a single phase at higher annealing temperature. The claim was that this 
simple phase transition experiment demonstrated that the single-phase material was 
stabilized by entropy. However, the idea of entropy stabilization in metal oxide systems is 
not a new concept. Entropy stabilized two component oxide systems with positive 
enthalpies of formation have been confirmed by calorimetry. They include certain 
spinels10-13 such as CuAl2O4, CuCr2O4, CuF2O4, CuGa2O4, and CuMn2O4. Furthermore, 
Rost et al.[ref.9] claim through the use of extended X-ray absorption fine structure 
(EXAFS) that the cations are randomly distributed in the single-phase rock salt 
(Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O material at low temperature after quenching. This allowed 
them to assume that the mixing of the binary metal oxides to form the single-phase 
material is ideal. They then calculated the configurational entropy of the single-phase 
material to be 1.61R using equation S1 of the supplementary information, allowing them 
to classify the material as “high entropy”, borrowing from the field of HEA. The quaternary 
metal oxides (Co0.25Ni0.25Cu0.25Zn0.25)O, (Mg0.25Ni0.25Cu0.25Zn0.25)O, 
(Mg0.25Co0.25Cu0.25Zn0.25)O, (Mg0.25Co0.25Ni0.25Zn0.25)O, (Mg0.25Co0.25Ni0.25Cu0.25)O that 
could be prepared by omitting a corresponding binary metal component from 
(Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O  all have the same configurational entropy of 1.39R, which is 
lower than 1.61R and were therefore classified as “medium entropy”. Rost et al. [ref.9] 
claim that these “medium entropy” compounds could not transition from a multi-
component mixture to a single-phase material at the same temperature as the “high 
entropy” counterpart. Their rationale was that these quaternary oxide system consolute 
temperatures are higher since they have lower configurational entropy. These 
observations led them to conclude that (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O  was stabilized to a 
single-phase by the configurational entropy.    

 Since Sakar et al.[ref.7] demonstrated that micrometer-size particles of the “high 
entropy” oxide (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O show outstanding electrochemical 
performance in lithium-ion battery application, several related structures have been 
investigated, such as the spinel (Co0.2Mn0.2V0.2Fe0.2Zn0.2)3O4[ref.14], 
(Mg0.2Cr0.2Mn0.2Fe0.2Co0.2)O (ref.15), (Cr0.2Mn0.2Fe0.2Co0.2Ni0.2)O (ref.15), 
(FeCoNiCrMnXLi)3O4 (X = Cu, Mg, Zn) (ref.16), (TiFeCoNiZn)3O4 (ref.17), and 
(Mg0.2Ti0.2Zn0.2Cu0.2Fe0.2)O (ref.18) with similar electrochemical performance. However, to 
our knowledge, no one has reported a successful application of these complex oxides as 
anode material for sodium ion application. Sodium-ion batteries have been considered a 
good alternative to lithium-ion batteries, particularly in large-scale energy storage, due to 
the abundance and low cost of sodium sources19-21. Ghigna et al.[ref.22] reported that 
(Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O is inactive as an anode material in sodium-ion battery 
applications. To explain their findings, they investigated the lithium storage mechanism in 
this compound. They suggested it involves the formation (during lithiation) and removal 
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(during delithiation) of LixZn and LixMg intermetallic phases after the reduction of the 
parent oxide in the first discharge cycle. Since sodium does not form any intermetallic 
phases with Zn and Mg, they concluded it was the primary reason for the inactivity.  

 In the first part of this work, we show that the quaternary metal oxides  
(Co0.25Ni0.25Cu0.25Zn0.25)O, (Mg0.25Ni0.25Cu0.25Zn0.25)O, (Mg0.25Co0.25Cu0.25Zn0.25)O, 
(Mg0.25Co0.25Ni0.25Zn0.25)O, (Mg0.25Co0.25Ni0.25Cu0.25)O with “medium entropy” have 
transition temperature that depends on the nature of components rather than the number 
of components. This throws significant doubt on configurational entropy as the primary 
stabilizing term. We also show that the phase transition observed during the temperature 
cycle (high and low temperature phase change) may be due to the strain introduced in 
these systems by the Jahn-Teller distortion initiated by the Cu2+ in the octahedral 
environment. This suggests that only with sufficient thermodynamic characterization to 
show that the entropy of formation dominates over the enthalpy of formation can an oxide 
be rigorously classified as a high entropy oxide. In addition, we show that significant cation 
ordering occurs in these systems, which can significantly reduce the configurational 
entropy. We show that this cation order is not related to the difference in the oxidation 
state of the cations.  

 In the last part of this work, we show that the voltage of (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O 
can be tuned through a composition variation revealing the source of the Na inactivity 
with this material. We demonstrate that the origin of this inactivity is related to the voltage 
change when switching from a lithium-ion cell to a sodium-ion cell. 

 

II. Methods 

Synthesis of quenched samples. The precursors MgO (Sigma Aldrich, 99.9%), CoO 
(Alfa Aesar, 99.99%), NiO (Sigma Aldrich, 99.9%), CuO (Sigma Aldrich, 99.9%), and ZnO 
(Alfa Aesar, 99.9%) were massed and thoroughly mixed in an agate mortar. The mixed 
sample was separated into 1.00 g samples and pressed into 14.85 mm diameter pellets 
using a uniaxial hydraulic press (Carver) at 8 metric tons. The pellets were heated in air 
using a Lindberg Tube Furnace in a quartz glass boat for 20 h. The red-hot pellets were 
quenched in air by rapidly transferring them onto a copper plate.  

Powder X-ray diffraction measurements. Powder X-ray diffraction (XRD) patterns were 
collected using a Bruker D8 Advanced diffractometer with a copper Kα radiation source 
and an LYNXEYE detector having a fixed divergence slit (0.3o). The counting time was 
set to 1 s per point at 0.02o 2θ increment.  

 In situ data were collected with Bruker D8 Advanced diffractometer with Bagg-
Brentano optics. The counting time was set to 1s per point at 0.02o 2θ increment. The 
mixed sample was placed in an alumina sample holder with a diameter of 17 mm and 
resistively heated using an Anton Paar TCU-1000N hot stage in air. The sample was 

https://doi.org/10.26434/chemrxiv-2024-0kztt ORCID: https://orcid.org/0000-0002-4275-1860 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-0kztt
https://orcid.org/0000-0002-4275-1860
https://creativecommons.org/licenses/by-nc-nd/4.0/


ramped at a constant rate of 30 oC min-1 to a specified temperature and equilibrated for 3 
h. XRD patterns were collected at the end of the 3 h equilibration time. 

X-ray photoelectron spectroscopy (XPS) measurements. Samples were analyzed 
using X-ray photoelectron spectroscopy (XPS) to gain insight into the varying oxidation 
states of the metals in the materials. All samples were collected on the NEXSA G2 
(Thermo Scientific) with an Al Kα source (1486.6 eV). Survey spectra were collected for 
all samples (Pass Energy 100, Step Size 1.0 eV, and dwell time 10 ms for 2 scans). High-
resolution spectra for Mg 1s, Co 2p, Ni 2p, Cu 2p, Zn 2p, C 1s, and O 1s were also 
obtained (Pass Energy 50, Step Size 0.1, and dwell time 50 ms for 8 scans each). Due 
to the insulating nature of the samples, all spectra were collected with the charge 
compensation flood gun (200 µA). All spectra are calibrated to the aliphatic carbon feature 
(284.6 eV). Casa XPS software (Version 2.3.25) was used for the data analysis with either 
Shirley or Linear background subtraction.  

X-ray absorption spectroscopy (XAS) measurements. X-ray absorption fine structure 
(XAFS) was measured at 8C nano-probe XAFS beamline (BL8C) of Pohang Light Source 
(PLS-II) in the 3.0 GeV storage ring, with a ring current of 250 mA. The X-ray beam was 
monochromated by a Si(111) double crystal, where the beam intensity was reduced by 
30% to eliminate the higher-order harmonics. The X-ray beam was then delivered to a 
secondary source aperture where the beam size was adjusted to be 0.5 mm (v) × 1 mm 
(h). XAFS spectra were collected in transmission mode. The obtained spectra were 
processed using Athena software.  

Electrode preparation. The synthesized single-phase materials were ground in an agate 
mortar and ball-milled for 3 h using a Deco-PBM-V-0.4L vertical lab planetary ball miller 
(Hanchen Instrument), with alumina as the milling media and a 3:1 ball (3 mm diameter) 
to powder ratio. Slurries composed of 65%, 25%, and 10% by weight of the ball-milled 
active material, carbon black (Carbon Vulcan Black XC-72R), and polyvinylidene fluoride 
(PVDF, MTI Corp.), respectively, were prepared using N-methyl-2-pyrrolidone (NMP, MTI 
Corp.) as a solvent. The slurry was cast onto a thin copper foil (9 μm, MTI Corp.) current 
collector using an adjustable doctor blade (MSK-AFA I, MTI CORP.).  The coated foil was 
then dried at 65 oC in air for 4 h, followed by overnight drying at 100 oC under vacuum to 
completely remove any residual solvent. 12.7 mm diameter electrodes were cut out, each 
with a loading of about 1.5 mg cm-2. A 1 M solution of sodium hexafluorophosphate 
(NaPF6) in a 1:1 volume ratio of ethylene carbonate (EC) and dimethyl carbonate (DMC) 
was used as the electrolyte (MSE Supplies). Coin-type cells were assembled with 400 
μm thick Na metal foil (Alfa Aesar, 99.9%) and glass microfiber separator (Sigma Aldrich, 
Whatman GF/A) inside an argon-filled glovebox (mBraun, [O2] < 0.5 ppm, [H2O] < 0.5 
ppm). 

 The electrodes used for the XAS measurements were free-standing electrodes. 
The slurry comprised 75%, 15%, and 10% by weight of the ball-milled active material, 
carbon black, and PVDF, respectively. The slurry was cast onto a thin aluminum foil and 
dried at 65 oC in air for 8 h, followed by overnight drying at 100 oC under vacuum. The 
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aluminum foil was peeled off, and a free-standing electrode was obtained. 12.7 mm 
diameter electrodes were cut out, each with a loading of about 10.14 mg cm-2. Coin-type 
cells were made. The cell was assembled as described above using a Celgard® 2400 
separator, and the cycled electrodes were sandwiched between 2 Kapton tapes in an 
argon-filled glovebox for XAS measurements.  

Electrochemical Characterization. Galvanostatic charge/discharge measurements 
were performed at room temperature using a battery testing system 8.0 (Neware).  Cyclic 
voltammogram (CV) measurements were conducted at room temperature using a VMP3 
multichannel potentiostat (BioLogic).  All capacity measurements were normalized to the 
mass of the active material.    

           

III. Results and Discussion 

 

A. The role of configurational entropy in stabilizing the single-phase 
(Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O compound 
  

(Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O composition variation and their transition temperatures. 
(Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O, (Co0.25Ni0.25Cu0.25Zn0.25)O, (Mg0.25Ni0.25Cu0.25Zn0.25)O, 
(Mg0.25Co0.25Cu0.25Zn0.25)O, (Mg0.25Co0.25Ni0.25Zn0.25)O, and (Mg0.25Co0.25Ni0.25Cu0.25)O 
were prepared in this work via a solid-state synthesis method, and is coded as TM-HEO, 
TM-MEO(-Mg), TM-MEO(-Co), TM-MEO(-Ni), TM-MEO(-Cu), and TM-MEO(-Zn) 
respectively henceforth. As noted, the compositions TM-MEO(-X), where “X” denotes the 
element removed, were prepared by omitting the binary oxide of that element from the 
composition used to prepare TM-HEO. The pellets of these materials were equilibrated 
for 20 hours at each temperature in an air tube furnace and quenched to room 
temperature. These materials were heated in 50 oC increments, and the temperature 
range is specific to each composition (Fig. 1). X-ray diffraction (XRD) measurements were 
used to monitor the phase evolution in these compounds and the results are depicted in 
Figure 1. Figure 1A shows the transition temperature of TM-HEO from a multiphase 
composition to a single-phase material (indexed to a rock salt phase) between 850 oC 
and 900 oC, corroborating Rost et al. [ref.9] findings. TM-MEO(-Mg) (Fig. 1B) transition 
from a multiphase mixture to a single-phase material at the same temperature interval as 
TM-HEO. TM-MEO(-Co) has a transition temperature between 1000 oC and 1050 oC (Fig. 
1C), and the compositions TM-MEO(-Ni) (Fig. 1D and Fig. S2A), TM-MEO(-Cu) (Fig. 1E), 
and TM-MEO(-Zn) (Fig. 1F) all show the same transition temperature between 900 oC to 
950 oC.  
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Figure 1. XRD patterns of the as-prepared materials at various temperatures for (A) 
(Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O (TM-HEO), (B) (Co0.25Ni0.25Cu0.25Zn0.25)O (TM-MEO(-Mg)), 
(C) (Mg0.25Ni0.25Cu0.25Zn0.25)O (TM-MEO(-Co)), (D) (Mg0.25Co0.25Cu0.25Zn0.25)O (TM-
MEO(-Ni)), (E) (Mg0.25Co0.25Ni0.25Zn0.25)O (TM-MEO(-Cu)), (F) (Mg0.25Co0.25Ni0.25Cu0.25)O 
(TM-MEO(-Zn)). The bottom XRD patterns labeled 750 oC’ in all these figure panels were 
obtained by heating the single-phase materials at 750 oC. The arrows in this figure denote 
the ternary compound Cu2MgO3, and the asterisks (*) denote peaks from a 
superstructure. X-ray intensity is plotted on a logarithmic scale. 
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 The chemical equation below depicts the reaction from the binary metal oxides to 
the single-phase TM-HEO. The characteristics of these binary metal oxides are shown in 
Table S1. The “RS,” “T,” and “W” indices in this chemical equation stand for rock salt, 
tenorite, and wurtzite, respectively. Rost et al. [ref.9] claimed that the transition of TM-
HEO from a multiphase composition to a single-phase material was driven by 
configurational entropy. Their argument relied on equation 1 below.  

MgO(RS) + CoO(RS)  + NiO(RS)  + CuO(T)  + ZnO(W) = (Mg, Co, Ni, Cu, Zn)O(RS) 

                          𝛥𝐺 =  𝛥𝐻 − 𝑇𝛥𝑆 … … … … … … … … 1               

Where ΔG is the reaction Gibbs free energy, ΔH is the heat of reaction (enthalpy), T is 
the temperature, and ΔS is the entropy change with respect to the individual binary 
oxides. Employing an ideal mixing assumption, they proposed that the change in entropy 
is dominated by the configurational entropy (that is, ΔS = ΔS(conf.)). Using equation S1 
(supplementary information), they calculated ΔS(conf.) for TM-HEO to be 1.61R (R is the 
gas constant) and 1.39R for the rest of the quaternary metal oxides presented above. On 
the other hand, ΔH is referred to as the enthalpy of mixing, and it is generally expressed 
as shown in equation 2 [ref.23].  

𝛥𝐻(௠௜௫௜௡௚) = 𝑥𝛥𝐻௧௥௔௡௦ + 𝑥(1 − 𝑥)𝑓(𝑥) … … … … … … … … 2   

Where ΔH(trans) in this case, is the enthalpy of transformation of non-rock salt phases such 
as CuO(T) and ZnO(W) to their rock salt phases CuO(RS) and ZnO(RS) (that is ΔHtrans = ΔH 

(W to RS) + ΔH(T to RS)). The second term is the generalized enthalpy of mixing, and x is the 
number of moles of the non-rock salt phase. In an ideal mixing assumption, the second 
term becomes zero, and equation 1 becomes: 

𝛥𝐺(௠௜௫௜௡௚) = 𝑥(𝛥𝐻(ௐ ௧௢ ோௌ) + 𝛥𝐻(் ௧௢ ோௌ)) − 𝑇𝛥𝑆(௖௢௡௙௜௚.) … … … … … … … … … … . .3   

McCormack and Navrotsky24 have reported the ΔGtrans of ZnO and CuO to be about 24.26 
kJ/mol and 22.20 kJ/mol, respectively. These are relatively large positive values, which is 
why Rost et al. [ref.9] claimed that the formation of TM-HEO is driven by entropy. They 
claimed that at the temperature where TM-HEO transforms into a single phase, none of 
the quaternary metal oxides could be prepared as a single phase due to their lower 
ΔS(conf.). However, Fig. 1B shows that the quaternary metal oxide TM-MEO(-Mg) 
transitions at the same temperature as TM-HEO. The equilibration time they used in their 
work is 2 hours compared to the 40 hours (Fig. S1B) we used for TM-MEO(-Mg). We can 
thus conclude that the equilibration time was not long enough in their work to reach the 
thermodynamic equilibrium. Not only does the ΔS(conf.) decrease from 1.61R in TM-HEO 
to 1.39R in TM-MEO(-Mg), but the “xΔH(trans)” term also increases due to a 25% 
increase in the number of moles of CuO and ZnO going from TM-HEO to TM-MEO(-Mg). 
This means that if the terms in equation 3 are all that is needed to describe the energetic 
landscape of these materials, TM-MEO(-Mg) composition should only be able to transition 
from a multiphase system to a single-phase material at a temperature higher than the 
transition temperature of TM-HEO. So, the simple fact that TM-HEO transitions to a 
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single-phase at the same temperature as TM-MEO(-Mg) indicates a much more complex 
energy landscape in these materials. In addition, TM-MEO(-Mg), TM-MEO(-Co), and TM-
MEO(-Ni) all transition to single-phase materials at different temperatures, which hints at 
an energy landscape that is dependent on the nature of the individual binary oxide 
component rather than the number of components. What is even more telling is that TM-
MEO(-Cu) and TM-MEO(-Zn) transition to single-phase materials at a higher temperature 
than TM-MEO(-Mg) and at the same temperature as TM-MEO(-Ni). This is surprising 
because about a 50% decrease in “xΔH(trans)” is expected as one removes either CuO or 
ZnO, which should lead to a lower transition temperature for TM-MEO(-Cu) and TM-
MEO(-Zn) relative to the remaining quaternary oxides.  

 A clear sign of non-ideal mixing contributions in these materials is the formation of 
the Guggenite phase (MgCu2O3) [ref.25,26], indicated in Figure 1 by the arrows. This phase 
is stabilized at 850 oC for TM-MEO(-Ni) (Fig. 1D and Fig. S2A) and at 900 oC for TM-
MEO(-Co) (Fig. 1C and Fig. S2B). A CALPHAD assessment, which takes into account 
non-ideal mixing interactions, has predicted the formation of this ternary metal oxide 
phase at a copper mole fraction of about 0.22 and at a temperature of about 877 oC in 
the system MgO-CuO [ref.26-28]. This CALPHAD assessment in the MgO-CuO system 
matches well with our experiments, suggesting complex non-ideal mixing interactions in 
these compounds. In addition, the lack of formation of this Guggenite phase in the TM-
MEO(-Zn) system further suggests a complex interaction of cations in these compounds.                

 Annealing the single-phase materials at 750 oC (XRD patterns labeled 750 oC’ in 
Fig. 1) for 20 hours led to the transition from single-phase to multiphase compositions. 
There is no doubt that reheating each of the multiphase compositions back to their 
transition temperature would have led to them transitioning again to single-phase 
materials since the XRDs of the 750 oC’ look very similar to that of 750 oC. This phase 
reversibility, linked to the temperature cycle, was used by Rost et al. [ref.9] to justify that 
TM-HEO is entropy stabilized (see equation 3). However, Figure 1 shows that all 
quaternary metal oxides also demonstrate the same behavior except TM-MEO(-Cu) (Fig. 
1E). TM-MEO(-Cu) remains a single-phase material after annealing at 750 oC for 20 
hours. We thus hypothesize that the transformation from single phase to multiphase in 
these systems is due to the strain introduced in these materials by the presence of copper 
in the octahedral environment. If we presuppose that copper in these materials is in a +2-
oxidation state (d9) and in an octahedral environment, then to lift its large electronic 
degeneracy, a distortion of its local coordination environment is necessary (Jahn-Teller 
effect)29. This will lead to an axial elongation or compression of the oxygen octahedron 
around the copper cation, causing this octahedron to become distorted. This distortion 
may introduce high strain in these materials to cause the observed phase transition below 
the consolute temperature. This is also likely why XRD patterns of all quaternary metal 
oxides single-phase materials with a high mole fraction of copper (0.25) show significant 
deviation from an ideal rock salt structure except TM-MEO(-Cu). This deviation from the 
ideal rock salt structure reveals itself in the XRD patterns of the copper-containing 
quaternary metal oxides through the significant broadening and lower intensity of the 

https://doi.org/10.26434/chemrxiv-2024-0kztt ORCID: https://orcid.org/0000-0002-4275-1860 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-0kztt
https://orcid.org/0000-0002-4275-1860
https://creativecommons.org/licenses/by-nc-nd/4.0/


(200) lattice plane relative to the (111) lattice plane. This selective peak broadening in the 
XRD pattern has also been observed in the TM-HEO system by gradually increasing the 
copper content30.  

Origin of peak broadening in the XRD patterns. Figure 2 shows the powder XRD 
patterns of all the materials. The 2θ range is expanded to 82o to include more peaks from 
these rack salt materials. To be clear, the “intensity” of a diffraction peak in this whole 
study refers for simplicity to its maximum value after background subtraction rather than 
the more accurate integrated intensity. Although the ratios I(111)/I(200) are slightly different 
with the second definition, the conclusions that can be obtained from the diffraction 
patterns are exactly the same. With this definition, the ideal ratio should be 0.67. In the 
current study, this ratio changes depending on the composition of the material, as 
depicted in Figure 2. All quaternary metal oxides show significant deviation from the ideal 
ratio except TM-MEO(-Cu) (I(111)/I(200) = 0.57). TH-HEO has a ratio of 0.84, which is close 
to the ideal ratio. However, after ball-milling (bottom panel of Fig. S3), a significant 
increase in this ratio is observed (1.19). This behavior has also been observed by slowly 
cooling this material from above its consolute temperature30. This indicates that the 
quenched TM-HEO is kinetically trapped at room temperature, giving the illusion of a 
thermodynamically stable material. The quenched form of TM-MEO(-Cu)                     
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Figure 2. Powder XRD patterns of all the materials quenched in air above their consolute 
temperature. The 2θ range is expanded to 82o to include more lattice planes. The 
I(111)/I(200) are the intensity ratios of the (111) and (200) lattice planes. The lattice parameter 
of all the samples is shown in Table S3.        

https://doi.org/10.26434/chemrxiv-2024-0kztt ORCID: https://orcid.org/0000-0002-4275-1860 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-0kztt
https://orcid.org/0000-0002-4275-1860
https://creativecommons.org/licenses/by-nc-nd/4.0/


is thus truly thermodynamically stable at room temperature since its XRD pattern does 
not change even after annealing at 750 oC for 20 hours (Fig. 1E). There is a clear (hkl)-
dependent peak broadening on the XRD pattern of all materials except for TM-MEO(-Cu). 
While the <111> family of planes remains sharp, the (200), (220), and (311) planes are 
significantly broad. This has been attributed to a tetragonal distortion of the rock salt 
phase23,30. Bularzik et al. [ref.23] also observed this (hkl)-dependent peak broadening in 
the system NiO-CuO at a 0.35-mole fraction of copper and suggested that this tetragonal 
distortion was due to cation order. However, Berardan et al. [ref.30] claimed that this 
tetragonal distortion could not be attributed to cation ordering in TM-HEO since secondary 
peaks indicating the presence of a superstructure were not observed on the XRD pattern. 
The peaks labeled with black asterisks (*) in Figure 1B, 1D, and Figure S2 represent 
broad secondary peaks that first appear for TM-MEO(-Mg) at about 850 oC (Fig. 1B) and 
for TM-MEO-(Ni) at about 900 oC (Fig. S2A). The peaks become significantly intense for 
TM-MEO(-Ni) at about 950 oC and decrease with increased annealing temperature (Fig. 
S2A). We believe these diffuse peaks are part of a superstructure formed due to cation 
order31,32. This would explain why Berardan et al. [ref.30] were not able to simulate the 
powder XRD pattern of the slowly cooled TM-HEO with broad (200), (220), and (311) 
peaks by simply assuming a tetragonal or rhombohedral distortion. TM-MEO(-Co) and 
TM-MEO(-Zn) also show significant deviation from the ideal rock salt structure, but no 
diffuse secondary peaks were observed on their XRD patterns (Fig. 2). However, because 
they all show similar (hkl)-dependent broadening pattern, cation order must also be at the 
origin of this effect. This broadening effect due to cation ordering should disappear at high 
temperatures where cation disorder dominates.  

 Figure 3A, B, C, and D show the in situ XRD measurements of TM-HEO, TM-
MEO(-Mg), TM-MEO(-Co), and TM-MEO(-Ni), respectively. The red asterisks (*) denote 
instrument artifacts and do not belong to any of the starting materials. The arrows are 
peaks from the Guggenite phase (MgCu2O3), already discussed earlier. Each spectrum 
was collected after a three hours rest at the specified temperature. TM-HEO and TM-
MEO(-Mg) transition to a single phase at the same temperature, which matches the 
earlier experiments. This observation indicates that the twenty hours anneal time used for 
the quenched experiments is long enough to reach thermodynamic equilibrium. TM-
MEO(-Ni) transitions to a single phase at 1000 oC, which is 50 oC higher than in the earlier 
experiment. This likely indicates slower kinetics in this system. TM-MEO(-Co) also shows 
slow kinetics and does not transition to a single phase at 1050 oC. The peak intensity 
patterns in these in situ measurements significantly change from what was observed with 
the quenched samples. The peak intensity ratios (I(111)/I(200)) in these in situ measurements 
approach that of the ideal rock salt. For example, I(111)/I(200) changes from 1.47 in Fig. 2 to 
0.61 for TM-MEO(-Ni). TM-MEO(-Mg) also changes from 2.70 to 0.69, and TM-HEO goes 
from 0.84 to 0.71. Although TM-MEO(-Co) does not transition to a single phase (Fig. 3C), 
it is evident that the (200) peak is not as broad as it is in Fig. 1C. It is important to note 
that the broad secondary peaks earlier identified as part of a superlattice for TM-MEO(-
Mg) (Fig. 1B) and TM-MEO(-Ni) (Fig. 1D) are entirely absent from these in situ data. 
These results indicate that cations become highly disordered at high temperatures in 
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these systems as expected and highly ordered at room temperature to minimize the 
energy of these systems.    

 Figure 3E shows a series of samples prepared by substituting Mg in TM-HEO with 
Ca. The samples were heated at 1000 oC for twenty hours in air. The XRD patterns are 
for the quenched room-temperature samples. Ca residues are observed for samples with 
a Ca content of 0.2 and 0.16. At the same time, a single-phase material is obtained for 
the sample with a Ca content of 0.1 (Fig. 3E). The intensity ratio (I(111)/I(200)) = 0.67, which 
is precisely the ratio for an ideal rock salt structure. Ball milling the sample yields the XRD 
pattern in Figure S3 (top panel) with the I(111)/I(200) = 0.91. This ratio is still close to the 
ideal rock salt ratio, unlike the case with TM-HEO. This result is quite surprising because 
Berardan et al. [ref.29] showed that significant peak broadening is observed on the XRD 
pattern of TM-HEO with similar copper content (0.22). Ca, with its large crystal radius 
(Table S1), seems to mitigate cation ordering in the (Ca0.1Co0.225Ni0.225Cu0.225Zn0.225)O 
system similar to TM-MEO(-Cu). However, annealing at 750 oC for twenty hours leads to 
the transition from a single-phase material to a multiphase composition (Fig. 3E), unlike 
the TM-MEO(-Cu) material. All materials presented so far appear to show this phase 
transition from single-phase material to multiphase composition except the sample 
without copper (TM-MEO(-Cu)). This is further evidence that copper, via the Jahn-Teller 
effect, is mainly responsible for this phase transition rather than entropy.                                     
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Figure 3. In situ powder XRD pattern of (A) TM-HEO, (B) TM-MEO(-Mg), (C) TM-MEO(-
Co), and (D) TM-MEO(-Ni). These XRD patterns were measured at the specified 
temperatures. The arrows in these figures indicate the MgCu2O3 phase, and the asterisks 
(*) represent peaks that do not belong to any starting materials. (E) 
(Co0.25Ni0.25Cu0.25Zn0.25)1-xCaxO samples heated at 1000 oC for 20 hours and quenched 
in air. The arrow shows the transition of the composition with x = 0.1 from the single phase 
to the multiphase after annealing at 750 oC for 20 hours. The asterisks (*) denote the 
residual peaks of CaO.     

 

The difference in cation oxidation states is not responsible for cation order in these 
systems. It is well known that the difference in cation oxidation states can lead to cation 
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ordering in oxide compounds24,33. The compound, CoO, containing the redox-sensitive 
Co2+ species, can easily be oxidized to the more stable spinel Co3O4, generating the Co3+ 
cation in the process. On the other hand, the Cu2+ center in CuO can also be reduced to 
Cu1+ at elevated temperatures. For these reasons, X-ray photoelectron spectroscopy 
(XPS) measurements were performed on TM-HEO (Fig. 4A), TM-MEO(-Co) (Fig. 4B), 
and TM-MEO(-Mg) (Fig. 4C) to investigate the oxidation states of cations in these 
compounds. The O 1s spectra (Fig. S4 and Table S4,5 and 6) were deconvoluted into a 
metal-oxygen peak at 529.4 eV, 529.1 eV, 529.4 eV, a metal-hydroxide peak at 531.4 eV, 
531.2 eV, 531.3 eV, and an adsorbed water peak at 533.0 eV, 533.6 eV, none for TM-
HEO, TM-MEO(-Co), and TM-MEO(-Mg) respectively. The Mg 1s peak at about 1303.6 
eV and 1303.4 eV for TM-HOE (Fig. 4A) and TM-MEO(-Co) (Fig. 4C), respectively, fit a 
single peak corresponding to Mg2+. The Co 2p1/2 and 2p3/2 at 796.1 and 780.3 eV, 796.0 
and 780.1 eV for TM-HEO (Fig. 4A) and TM-MEO(-Mg) (Fig. 4A), respectively, and their 
corresponding satellite peaks are fit to a single Co2+ oxidation state. The Ni 2p3/2 and 2p1/2 
peaks at 855.2 and 872.8 eV for TM-HEO, 855.1 and 872.8 eV for TM-MEO(-Co), and 
855.1 and 872.7 eV for TM-MEO(-Mg), with their corresponding satellite peaks fit to a 
single peak corresponding to the Ni2+ oxidation state (Fig. 4). The Cu 2p3/2 and 2p1/2 peaks 
at 933.7 and 953.3 eV for TM-HEO, 933.2 and 953.0 eV for TM-MEO(-Co), and 933.5 
and 953.2 eV for TM-MEO(-Mg), with their corresponding satellite peaks fit to a single 
peak corresponding to the Cu2+ oxidation state (Fig. 4). Finally, the peak fit for the Zn 2p3/2 
and 2p1/2 peaks at 1021.3 and 1044.4 eV for TM-HEO, 1021.2 and 1044.3 eV for TM-
MEO(-Co), and 1021.2 and 1044.3 eV for TM-MEO(-Mg), with their satellite peaks 
indicate that Zn is in a +2 oxidation state (Fig. 4). The fitting parameters for these XPS 
data can be found in Table S4, 5, and 6 of the supplementary information. This surface 
analysis indicates that all metal cations are in their +2 oxidate state. X-ray absorption near 
edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) data were 
collected to gain more insight into the cation oxidation states in the bulk and their local 
coordination environment.  
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Figure 4. X-ray photoelectron spectroscopy (XPS) of (A) TM-HEO, (B) TM-MEO(-Co), 
and (C) TM-MEO(-Mg). 

 

 X-ray absorption spectroscopy (XAS) results, including XANES and extended X-
ray absorption fine structure Fourier transforms (EXAFS-FT) of the K-edge of Co, Ni, Cu, 
and Zn, are shown in Figure 5 (also see the XANES derivative plots in Fig. S5). The K-
edges of Co, Ni, and Cu in these prepared materials look very similar to their reference 
compounds, indicating that their oxidation states remain +2, corroborating the XPS 
results. On the other hand, the K-edge of Zn appears shifted to higher energies in these 
materials relative to its reference compound. This shift might indicate an increase in the 
oxidation state of Zn cation in these prepared samples. However, one must consider that 
Zn in ZnO is in a tetragonal environment compared to the octahedral environment it 
occupies in these multimetal oxides. This change in the coordination environment is more 
likely responsible for the observed energy shift rather than an increase in oxidation 
number. The Zn 2p XPS date corroborates this hypothesis. Both surface analysis (XPS) 
and bulk material analysis (XANES) techniques provide clear evidence that all cations in 
TM-HEO, TM-MEO(-Co), and TM-MEO(-Mg) are in the same oxidation station. We can 
thus conclude that a difference in the oxidation state of cations is not responsible for the 
ordering of cations in these materials.                  
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Figure 5. Valence state and atomic coordination analysis. (A), (C), (E), (G) XANES 
K-edge data for Co, Ni, Cu, and Zn. (B), (D), (F), (H) corresponding EXAFS-FT. The binary 
oxides data in these figures are for reference samples provided by the beamline. 

 

Local coordination analysis reveals cation order. EXAFS-FT data were collected for 
Co, Ni, Cu, and Zn; the results are shown in Figure 5B, D, F, and H, respectively. Tables 
S7 and 8 present a global summary of these EXAFS-FT results. The Cu pre-edge peak 
observed for CuO completely disappears in the K-edge spectra of TM-HEO, TM-MEO(-
Co), and TM-MEO(-Mg). This disappearance clearly indicates a switch in Cu's 
coordination environment. Similarly, the average bond distance for the Zn-to-metal 
second-near-neighbor in ZnO changes from 3.072 Å in ZnO to 2.571 Å in TM-HEO, 2.624 
Å in TM-MEO(-Mg), and 2.571 Å in TM-MEO(-Co). This significant bond distance change 
and the Zn K-edge shift discussed earlier indicate a change in Zn's coordination 
environment. The signal pattern between 3 to 6 Å for the NiO and CoO reference can 
indicate the octahedral environment of these cations in a rock salt structure. Since these 
same features are observed for the EXAFS-FT data of Zn and Cu (Fig. 5F and H, 
respectively) in TM-HEO, TM-MEO(-Co), and TM-MEO(-Mg), we conclude that Cu and 
Zn are in an octahedral environment in these materials. The cation-to-anion (M-O) first-
near-neighbor average distances in TM-HEO are 1.456, 1.611, 1.356, and 1.611 Å for Co-
O, Ni-O, Cu-O, and Zn-O, respectively. Similarly, the average distances for the cation-to-
cation (M-M) second-near-neighbor are 2.571, 2.545, 2.571, and 2.545 Å for Zn-M, Cu-
M, Ni-M, and Co-M, respectively. Clearly, these average bond distances for the first and 
second-near-neighbors are not identical. Similar results are obtained with TM-MEO(-Co) 
and TM-MEO(-Mg), which unambiguously indicates that cations are not randomly 
distributed in these materials as opposed to the conclusion by Rost et al. [ref.9]. This 
observed cation order effectively decreases the configurational entropy contribution 
compared to ideal mixing. These conclusions stress the need to include non-ideal mixing 
terms in equation 3 to describe the energy landscape in these complex materials fully.        

 

B. Voltage tuning via compositional variation of the (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O 
material and the benefits in sodium ion battery  

Thermodynamics explains the Na inactivity with (Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O. The 
electrochemical performance of TM-HEO, TM-MEO(-Mg), and 
(Ca0.1Co0.225Ni0.225Cu0.225Zn0.225)O in sodium ion battery was evaluated in a CR2032 coin-
type battery geometry with Na-metal as the counter electrode using galvanostatic cycling. 
A typical loading in this work was about 1.5 mg of active material per cm2 except otherwise 
specified. The specific capacity versus cycle number at various current densities are 
shown in Figure 6A, B, and C for TM-HEO, TM-MEO(-Mg), and 
(Ca0.1Co0.225Ni0.225Cu0.225Zn0.225)O, respectively. TM-HEO demonstrates poor 
electrochemical performance relative to TM-MEO(-Mg) and 

https://doi.org/10.26434/chemrxiv-2024-0kztt ORCID: https://orcid.org/0000-0002-4275-1860 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-0kztt
https://orcid.org/0000-0002-4275-1860
https://creativecommons.org/licenses/by-nc-nd/4.0/


(Ca0.1Co0.225Ni0.225Cu0.225Zn0.225)O. TM-MEO(-Mg) and (Ca0.1Co0.225Ni0.225Cu0.225Zn0.225)O 
show similar electrochemical performance data. TM-HEO has previously demonstrated 
outstanding electrochemical performance in lithium-ion battery application7,22,34. Ghigna 
et al. [ref.22] attempted to provide a plausible explanation for this outstanding 
electrochemical performance by investigating the lithium storage mechanism in this 
material. They concluded that TM-HEO stores lithium via the reversible formation and 
removal of the LixZn and LixMg intermetallic phases after the first discharge cycle. In 
addition, they also suggested that the failure of TM-HEO material to store Na ions 
originates from the fact that Na does not form any intermetallic phases with Zn and Mg. 
This argument cannot be valid as TM-MEO(-Mg) shows some electrochemical activity 
with Na, albeit with poor long-term electrochemical performance. A likely explanation was 
proposed by Klein et al. [ref.35] using first principle thermodynamic calculations in the 
binary metal chalcogenide and halide systems. They concluded that replacing Li with Na 
leads to a constant shift in cell potential ΔEo(Li-Na), depending on the material class for a 
given conversion electrode material. This shift in cell potential was evaluated to be about 
0.96 V for the metal oxides class. Figure 6G shows the voltage profiles versus Li/Li+ of 
TM-HEO, TM-MEO(-Mg), TM-MEO(-Co), and (Ca0.1Co0.225Ni0.225Cu0.225Zn0.225)O. This 
voltage profile shows two plateau series at about 0.70 V for TM-HEO and TM-MEO(-Co) 
and another at about 1.00 V for TM-MEO(-Mg) and (Ca0.1Co0.225Ni0.225Cu0.225Zn0.225)O. 
TM-HEO and TM-MEO (-Co) (Fig. S6) show no activity with Na, while TM-MEO(-Mg) and 
(Ca0.1Co0.225Ni0.225Cu0.225Zn0.225)O show some electrochemical activity. Figure 6H shows 
the voltage profile of TM-MEO(-Mg) and (Ca0.1Co0.225Ni0.225Cu0.225Zn0.225)O versus 
Na/Na+. This voltage profile shows a sloping voltage region from about 0-200 mAh g-1 
and a plateau at about 0.04 V. We assign this sloping region to the conductive carbon 
black (Fig. S6) and the plateau to the electrochemical activity of TM-MEO(-Mg) and 
(Ca0.1Co0.225Ni0.225Cu0.225Zn0.225)O with Na. These results provide a ΔEo(Li-Na) value of 
exactly 0.96 V, as calculated by Klein et al. [ref.35]. So, from these results, TM-HEO and 
TM-MEO(-Co) should show some activity in a Na-ion cell at about -0.26 V versus Na/Na+. 
However, even if one were to shift the lower voltage limit to below -0.26 V versus Na/Na+, 
Na plating, which is kinetically favorable, would occur. This is why TM-HEO and TM-
MEO(-Co) remain electrochemically inactive in a sodium-ion cell while TM-MEO(-Mg) and 
(Ca0.1Co0.225Ni0.225Cu0.225Zn0.225)O show some activity. As presented above, this ability to 
tune the voltage profile is a significant advantage of these complex multimetal 
compounds.       

Figure 6D, E, and F show the differential capacity plots for TM-HEO, TM-MEO(-
Mg), and (Ca0.1Co0.225Ni0.225Cu0.225Zn0.225)O, respectively. As expected, TM-HEO shows 
no electrochemical activity, while TM-MEO(-Mg) and (Ca0.1Co0.225Ni0.225Cu0.225Zn0.225)O 
show similar electrochemical profiles. This implies that the (de)sodiation mechanism in 
TM-MEO(-Mg) is the same as in (Ca0.1Co0.225Ni0.225Cu0.225Zn0.225)O.                                     
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Figure 6. Electrochemical characterization of TM-HEO, TM-MEO(-Mg), and 
(Ca0.1Co0.225Ni0.225Cu0.225Zn0.225)O. (A-C) Specific capacity plots at various current 
densities for TM-HEO (A), TM-MEO(-Mg) (B), and (Ca0.1Co0.225Ni0.225Cu0.225Zn0.225)O (C). 
(D-F) Differential capacity plots for TM-HEO (D), TM-MEO(-Mg) (E), and 
(Ca0.1Co0.225Ni0.225Cu0.225Zn0.225)O (F). These dQ/dE plots were obtained at a current 
density of 0.05 A g-1. (G, H) Voltage profiles of specified materials versus Li/Li+ half cell 
(G) and Na/Na+ half cell (H). All the data collected here were within a 0.01-3.00 V voltage 
window. Typical loading was 1.5 mg cm-2 except otherwise specified.     

 

The partial sodiation of TM-MEO(-Mg). A free-standing (no current collector) electrode 
of TM-MEO(-Mg) with a thickness of 68.40 μm and a loading of 10.14 mg cm-2 was cycled 
from 3.00 V to 0.01 V at a 0.1 mV s-1 scan rate. The electrode was then held at 0.01 V for 
148 hours to allow the reaction to reach a thermodynamic equilibrium (Fig. S7). Figure 7 
shows the XANES and EXAFS-FT of the K-edge of Co, Ni, Cu, and Zn. All cations in a 
fresh (non-cycled) electrode (denoted TM-MEO(-Mg)_NS in the figure) are in a +2 
oxidation state as previously determined. After the discharge of the electrode to 0.01 V 
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(denoted TM-MEO(-Mg)_S in Fig. 7), the XANES K-edge of Co, Ni, and Zn (Fig. 7A, C, 
and G) does not differ from the non-cycled electrode. The XANES derivative plots (Fig. 
S8) for these elements also do not show any shift in the K-edge. The EXAFS-FT of the 
K-edge of Co, Ni, and Zn (Fig. 7B, D, and H) also shows no change in the valence state 
and coordination environment relative to the non-cycled electrode. These are indications 
that Co, Ni, and Zn do not participate in the electrochemical reaction of TM-MEO(-Mg) 
with Na. On the other hand, the XANES K-edge of Cu (Fig. 7E) for the discharged cell 
shows a pre-edge peak that matches well with the pre-edge of the Cu foil reference. This 
is more prominent on the XANES K-edge derivative plot (Fig. S8C). The EXAFS of the 
Cu K-edge for the cycled electrode (Fig. 7F) shows a shift of the average bond distance 
of Cu-M toward a lower value closer to the Cu-Cu bond distance of the Cu foil reference. 
A slight decrease in the intensity of the Cu-O first coordination shell peak is also observed 
for this cycled electrode, which indicates that oxygen was removed from the coordination 
shell of Cu. These observations imply that the reaction of TM-MEO(-Mg) with Na involves 
the reduction of Cu2+ to Cuo. However, since the Cu-M peak in the EXAFS K-edge of the 
cycled electrode does not match that of the Cu-Cu peak for the Cu foil reference and a 
complete removal of oxygen from the coordination shell of Cu is not observed, we 
conclude that not all the Cu2+ in TM-MEO(-Mg) gets reduced to Cuo. A similar cycled 
electrode was analyzed using XRD to further show the extent of this partial reaction of 
TM-MEO(-Mg) with Na (Fig. S9). One can clearly see that a significant fraction of TM-
MEO(-Mg) is left unreacted after holding the electrode at 0.01 V for 148 hours. This partial 
reaction of Na with metal oxides has been well studied in the NiO system36. It was 
suggested that the thicker Na2O layer formed at the surface of metal oxide particles during 
sodiation compared to lithiation impedes the transport of Na+, thus preventing the full 
sodiation of the oxide particle.                              
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Figure 7. Valence state and atomic coordination analysis of sodiated and non-
sodiated TM-MEO(-Mg) electrode. (A), (C), (E), (G) XANES K-edge data for Co, Ni, Cu, 
and Zn. (B), (D), (F), (H) corresponding EXAFS-FT. The binary oxides and copper foil 
data in these figures are for reference samples provided by the beamline. TM-MEO(-
Mg)_NS is the fresh (non-cycled) electrode of TM-MEO(-Mg), while TM-MEO(-Mg)_S is 
the sodiated electrode.   

 

IV. Summary 

 TM-MEO(-Mg), TM-MEO(-Co), TM-MEO(-Ni), TM-MEO(-Cu), and TM-MEO(-Zn) 
were prepared by omitting the binary oxide of the element in the bracket from the 
composition of TM-HEO. Their consolute temperature was determined to evaluate the 
role of configurational entropy in stabilizing the single-phase TM-HEO. It was 
demonstrated that the consolute temperature of these materials does not depend on the 
number of components but rather on the nature of the components. This highly contradicts 
the ideal mixing of cations assumption proposed in previous research. The transition 
temperature of TM-HEO and TM-MEO(-Mg) was observed to be the same despite the 
25% increase in the mole fraction of the non-isostructural components, CuO and ZnO. 
This implies that the thermodynamic energy landscape cannot simply be described by 
assuming an ideal mixing of cations. Similar observations were made for TM-MEO(-Ni), 
TM-MEO(-Cu), and TM-MEO(-Zn) since these three materials showed the same 
transition temperature despite the decrease in the mole fraction of the non-isostructural 
components Zn or Cu. The fact that TM-MEO(-Mg) transitions to a single phase at a lower 
temperature than TM-MEO(-Cu) and TM-MEO(-Zn) further justified that the mixing of 
cations in these compounds is non-ideal. These non-ideal interactions reveal themselves 
via the (hkl)-dependent peak broadening and the formation of a superstructure, which are 
telltale signs of cation order in a crystalline material. This cation order was shown to 
disappear at high temperatures, as expected, where cation disorder dominates. Using 
XPS and XAS, we showed that this cation order is not caused by the difference in the 
oxidation state of cations but rather by the complex interaction between components to 
minimize the system's overall energy. The detection of cation order in these systems 
highly weakens the conclusion that configurational entropy is the main driving force in 
stabilizing these materials to a single phase at room temperature. The transition from a 
single-phase material to a multi-component mixture below the consolute temperature has 
been used as solid evidence of entropy stabilization in these systems. However, we have 
demonstrated that this transition may be caused by the strain introduced in the material 
by the distorted octahedron around the copper center due to the Jahn-Teller effect. These 
observations stress that only with sufficient thermodynamic characterization to show that 
the entropy of formation dominates over the enthalpy of formation can an oxide be 
rigorously classified as a high entropy oxide.    

          Through thermodynamic calculations, it has been demonstrated that 
replacing Li with Na leads to a constant shift in cell potential ΔEo(Li-Na), depending on the 
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material class for a given conversion electrode material. This shift in cell potential was 
evaluated to be about 0.96 V for the metal oxides class. The voltage profile for the first 
discharge cycle of TM-HEO and TM-MEO(-Co) shows a plateau at about 0.70 V versus 
Li/Li+ and 1.00 V for TM-MEO(-Mg) and (Ca0.1Co0.225Ni0.225Cu0.225Zn0.225)O. This means 
that the shift in cell potential ΔEo(Li-Na) for TM-HEO and TM-MEO(-Co) is -0.26 V versus 
Na/Na+ and 0.04 V for TM-MEO(-Mg) and (Ca0.1Co0.225Ni0.225Cu0.225Zn0.225)O. With our 
cut-off discharge voltage at 0.01 V, these simple calculations explain why TM-HEO and 
TM-MEO(-Co) show no electrochemical activity in a Na cell, while TM-MEO(-Mg) and 
(Ca0.1Co0.225Ni0.225Cu0.225Zn0.225)O do, albeit with lower capacities relative to the Li cell. 
These observations strongly contradict the previous conclusions that the inactivity of TM-
HEO in a Na cell is because Na does not form any intermetallic phases with Zn and Mg. 
We further showed by using TM-MEO(-Mg) that the lower capacity values are due to a 
partial reaction of this material with sodium. XAS showed that only a fraction of Cu2+ in 
TM-MEO(-Mg) gets reduced to Cuo, and the remaining elements did not change their 
oxidation state. This partial reaction has been explained by suggesting that a thick layer 
of Na2O formed on the surface of active material particles impedes the transport of Na+, 
thus preventing the full sodiation of the oxide particle.                                    
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