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High-entropy materials have received notable attention concern on account of their unique structure,
tunable properties, and unprecedented potential applications in many fields. In this work, for the first
time a NiCoMnZnMg-containing high-entropy glycerolate (HE-Gly) particles has been synthesized using
a scalable solvothermal method. The HE-Gly particles were used as a precursor in design of porous high-
entropy oxide (HEO) microparticles. The morphological and structural characterizations demonstrate
that the temperature of the annealing process, and the composition of the metal ions in the HE-Gly pre-
cursors play important roles in determining porosity, crystallinity, and phase separation in HEOs. In fact,
HE-Gly exhibited a porous structure of spinel HEOs with secreted MgO phase after annealing process at
800 �C, while the annealing process at 400 �C led to a low-crystallinity spinel phase without phase seg-
regation. Overall, this work describes HE-Gly as a new precursor for altering the composition, crys-
tallinity, and porosity of HEOs. This strategy is scalable for potential high mass productions, paving a
new path toward industrial application of high-entropy materials.

� 2023 Elsevier Inc. All rights reserved.
1. Introduction

Recently, high-entropy materials (HEMs) attracted significant
attention in relation to different applications, such as coating [1],
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refractory materials [2], healthcare items [3], sensors [4], electro-
catalysis [5], and especially as electrode materials for energy con-
version and storage [6]. In fact, the concept of HEMs is based on
entropy stabilization of crystal structure resulting in random dis-
tribution of elements in a solid solution phase [7]. It has been sug-
gested that five or more different elements are essential to
overcome the enthalpy of intermetallic formations or phase sepa-
ration [8]. There is significant interest in HEMs due to their novel
and often unexpected and unprecedented properties [9].

In a few years, a variety of HEMs were reported in literature,
such as high-entropy alloys (HEAs), high-entropy oxides (HEOs),
high-entropy hydroxides (HEHs), and many others, which have
been utilized in a broad range of applications. More recently, the
library of HEMs was further expanded, and the concept of high
entropy was introduced into some coordination compounds such
Prussian blue analogues (PBAs) [10] and other metal–organic
frameworks (MOFs) [11], as well as metal-glycerate/metal-glycero
lates which may facilitate new opportunities in electrochemical
applications [12]. For instance, Ma et al. [10] have demonstrated
that high-entropy versions of PBA (HE-PBA) cathode materials
may reveal a substantially improvement in the electrochemical
performance for sodium storage. According to the authors, the
key to such improvement lies in the high entropy and associated
effects, as well as the presence of several active redox centers.

Interestingly, amorphous high-entropy glycerolates (HE-Glys)
have been synthesized using a scalable solvothermal method
[13]. The noble metal-free HE-Gly containing five different metals
(Fe, Ni, Co, Cr, and Mn) was found to be more active than its sub-
systems of quadri-, tri-, and bimetallic glycerolates [13]. In fact,
the synergistic interactions among the metal elements with pecu-
liar electronic structure and coordination environment result in
excellent catalytic activity, while the electrochemical stability is
ascribed to the high-entropy configuration effect [13]. However,
it should be emphasized that these multimetallic coordination
compounds have a high-entropy configuration, albeit are generally
not entropy-stabilized.

Despite the attractive properties of HE-Gly (and HE-MOFs), HE-
Gly materials only partially meet the requirements as advanced
materials for electrochemical application [12]. In fact, realistic
applications of HE-Gly in electrode materials are strongly depen-
dent on such essential features as the electrical conductivity and
design of redox-active sites for satisfactory performance [12,14].
In this context, and aiming to circumvent this problem, the use
of metal-glycerolate (or MOFs) as sacrificial templates/precursors
for design of micro/nanomaterials holds great promise [14],
exhibiting exceptional conductivity, electrochemical activity, sta-
bility, a desired composition and porous structure. Currently,
metal-glycerolate-derived materials were reported as excellent
precursors/templates for preparation of many mono- and bimetal-
lic versatile and multifunctional porous metal oxides, metal
hydroxides, metal sulfides, metal phosphides and metal phos-
phates with homogeneous structures [12,15]. In fact, compared
with MOFs, the proportion of metal ions in metal-glycerolate
spheres is much higher, which can result in nanocrystalline
metal-glycerolate-derived materials with much higher metal con-
centration and more stable structures that can resist oxidation
without any structural deterioration [12]. In addition, it is impor-
tant to highlight that there is a great interest for the development
of new products derived from glycerol, which is a biobased, widely
available, being a coproduct from the biodiesel industry [12].

In this study, it is proven that a chosen composition and heat-
treatment temperature can play an important role in design of
new HEOs derived from unprecedented HE-Gly. The temperature
of the annealing process plays an important role in development
of porosity and crystallinity of the prepared HEOs, which is demon-
strated by morphological and structural characterization. The pres-
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ence of Mg2+ is used here for the first time in the form of high-
entropy NiCoMnZnMg-glycerolate. This strategy can be key in the
development of strategic and desirable HEOs compositions for dif-
ferent future applications, opening a new path toward synthesizing
high-entropy materials.
2. Experimental

2.1. Chemicals

All the chemicals were directly used as received without further
purification. Glycerin, isopropyl alcohol, and nickel acetate
tetrahydrate (Ni(CH3COO)2�4H2O) were purchased from Sigma–
Aldrich. Anhydrous ethyl alcohol was purchased from KOPTEC.
Cobalt acetate tetrahydrate (Co(CH3COO)2�4H2O), magnesium
acetate tetrahydrate (Mg(CH3COO)2�4H2O) and zinc acetate dihy-
drate (Zn(CH3COO)2�2H2O) ware obtained from Synth, whereas
manganese acetate tetrahydrate (Mn(CH3COO)2�4H2O) was pur-
chased from Carlo Erba.
2.2. Materials synthesis

HE-Gly microspheres were obtained by a facile one-step
solvothermal method [16,17] (Scheme 1). Typically, equimolar Ni
(CH3COO)2�4H2O, Co(CH3COO)2�4H2O, Mn(CH3COO)2�4H2O, Mg
(CH3COO)2�4H2O and Zn(CH3COO)2�2H2O (0.5 mmol each) were
dissolved in 40 mL isopropanol under continuous stirring for 2 h.
Then, 8 mL of glycerol was added to the mixture forming a trans-
parent pink solution after stirring for 30 min. The mixture solution
was then transferred to a Teflon-lined stainless-steel autoclave and
kept at 180 �C for 10 h. The product (named HE-Gly) was separated
by centrifugation, washed with ethanol twice and dried at 60 �C for
10 h. In order to obtain HEO-400 porous microspheres, the as-
synthesized HE-Gly was annealed at 400 �C in air for 2 h with a
heating rate of 2 �C min�1 in a tubular furnace OFT-1200X. On
the other hand, HEO-800 was annealed at 800 �C in air for 3 h with
a heating rate of 4 �C min�1.
2.3. Characterization

The specimens were characterized by X-ray diffractometry
(XRD) in a Bruker D8 Phaser diffractometer using Cu Ka source
(k = 1.5418 Å, 40 kV, 40 mA, step = 0.05� with time steps of 1 s),
in the 2h range from 5� to 90�. Infrared spectra were recorded in
a Bruker ALPHA FTIR spectrophotometer. The relative amounts of
metals were measured by ICP-OES (Arcos/Spectro) using concen-
trated dispersions of HE-Gly. Thermogravimetric analysis (TGA)
was performed on a Shimadzu TGA Q500 instrument using syn-
thetic air (80% N2, 20% O2) flux of 50 mL min�1. Briefly, a specimen
was placed in a platinum pan and equilibrated to 35 �C in the TGA
prior to the application of a heating ramp of 4 �C min�1 up to
900 �C.

Morphological and high-resolution transmission electron
microscopy images were obtained by a JEOL ARM200CF. Energy
dispersive spectroscopy (EDS) was performed using an
aberration-corrected JEOL ARM200CF with a cold field emission
gun operated at 200 kV, equipped with an Oxford X-max 100TLE
windowless X-ray detector. Selected area electron diffraction
(SAED) analysis of porous HEOmicroparticles was performed using
the same microscope in the TEM diffraction mode with a camera
length of 25 cm. For TEM analysis, the synthesized HEMs were dis-
persed in isopropanol and drop-cast on a lacey carbon copper grid.
Scanning electron microscope (SEM) measurements were per-
formed on a 30-kV JEOL JSM-IT500HR. The synthesized HE-Gly



Scheme 1. Schematic of the formation process of HE-Gly and HEO microspheres.
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and HEOs with 10 nm platinum/palladium coating were performed
using an accelerating voltage of usually 5.0 kV and working dis-
tance of 10 mm.

The qualitative chemical analysis of HEO was performed with
the help of X-ray photoelectron spectroscopy (XPS). The XPS anal-
ysis was performed using a Thermo Scientific ESCALAB 250Xi
instrument. The source gun type Al K-alpha at 500 lm spot size
in the standard mode was utilized to acquire XPS spectra for indi-
vidual (Ni, Co, Mn, Mg, Zn, C and O) elements with 0.1 eV energy
step resolution.

The specific surface area, pore sizes, and the adsorbed gas vol-
ume were determined by nitrogen (N2) physical adsorption–des-
orption isotherms using an Adsorption Analyzer Autosorb IQ
(Quantachrome Instruments). Before adsorption measurements,
specimens were outgassed for 16 h at 150 �C. The specific surface
area (SSA) was calculated by using the Brunauer-Emmett-Teller
(BET) method, and the pore size distribution was determined by
means of nonlinear density functional theory (NLDFT).
3. Results and discussion

To confirm formation of the molecular structure of the precur-
sor high-entropy coordination compound, named HE-Gly, and for
its further investigation, the Fourier transform infrared spec-
troscopy (FTIR) analysis was employed (Figure S1). As expected,
the HE-Gly exhibits FTIR spectra with many characteristic bands
of organic compounds due to their inherent glycerol moiety [13].
The most intensive and broad band centering at 3440 cm�1 is
attributed to the stretching vibrations of hydroxyl groups (OAH)
of the glycerolate anions and possible adsorbed glycerol molecules,
indicating the presence of non-deprotonated groups. The bands in
2922 and 2851 cm�1, respectively, are assigned to methylene (–
CH2) groups antisymmetric and symmetric CAH stretching modes
[18], while the low-intensity IR absorption shoulder at 1350 cm�1 -
is assigned to the CAH bending vibrations. Several bands appearing
between 950 and 1150 cm�1 are assigned to the CAO stretching
vibrations [19], and the one at 810 cm�1 is assigned to the out-
of-plane CAH bending vibrations [13]. Besides, another prominent
IR band centering at 590 cm�1 is associated with metal–oxygen
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bond (M�O, M = Ni, Co, Mn, Mg and Zn) stretching vibrations,
which indicate formation of HE-Gly coordination compound. How-
ever, it is also important to note that during the solvothermal reac-
tion, the glycerol can also be oxidized, resulting in formation of
compounds containing carboxylate ions, as reported in some previ-
ous works [13] and confirmed by the bands (and shoulder) cen-
tered at 1430 and 1570 cm�1, which were assigned to the
OACAO stretching vibration modes [20].

As mentioned above, the main characteristics of HEMs is forma-
tion of the same phase with random distribution of five or more
elements. In this sense, the crystalline structures were first studied
using XRD measurements. As expected, HE-Gly presented diffrac-
tion peaks at 10.45�, 20.4� (shoulder), 34.7�, and 60�, characteristic
of metal-glycerolate that consists of stacked metal–oxygen sheets
separated by bonded glycerolate ions [13]. The HEO spheres were
obtained by calcination at 400 �C for 2 h (HEO-400) or at 800 �C
for 3 h (HEO-800) in air in a tube furnace. After thermal treatment,
the diffractogram of the HEO-400 powder reveals broad and low
intensity diffraction peaks at 36.2, 43.6, 58.2 and 63.7� indexed
as (311), (400), (511) and (440) crystal planes, respectively, cor-
responding to a product which can be indexed as the spinel
(MgMnCoNiZn)3O4 crystals (Fd-3 m space group) [21,22] (Fig. 1a).
No other phases are present, indicating that the HE-Gly precursor
is completely converted to HEO spinel phase after the annealing
process. On the other hand, HEO-800 exhibited much better
defined and intense diffraction peaks characteristic of (111),
(220), (311), (222), (400), (422), (511), (440), (620), (533),
(622) and (444) diffraction planes representative of the spinel
structure at 2h values of 18.5�, 30.4�, 35.9�, 37.6�, 43.6�, 54.2�,
57.8�, 63.5�, 72.1�, 74.7�, 75.2� and 80.4� [21], respectively, as
expected for a composite material containing much larger spinel
(MgMnCoNiZn)3O4 crystals (Fd-3m space group) [21,22]. However,
a few other peaks also observed in the diffractogram of HEO-800
specimen, can be attributed to the formation of a second phase
based on MgO, as confirmed by the peaks at a 2h of 36.8�, 42.8�,
62.2�, 74.6�, and 78.5� corresponding to (111), (200), (220),
(311), and (222) crystallographic planes, respectively, (JCPDS Card
No. 45–0946) with a space group of Fm-3 m [23] (Fig. 1a). In fact,
Mg ions possess poor compatibility with other transition metals
and should be kept at a lower concentration [24].



Fig. 1. X-ray diffractograms of (a) HE-Gly, HEO-400 and HEO-800; and (b) HEO-800 prepared by calcination of the HE-Gly precursor with different proportions of Mg2+ ions.
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Interestingly, that even by means of XRD it is possible to con-
firm a decrease in the amount of MgO secreted achieved by regu-
lating the amount of Mg in the precursor (HE-Gly) synthesis. For
this aim, the amount of all other elements (NiCoMnZn) was main-
tained, while the amount of magnesium acetate was reduced to
one half (named HEO-400-Mg/2) or a quarter (named HEO-400-
Mg/4) of the original value. As shown in Fig. 1b, even observing a
proportional decrease in the intensities of the peaks attributed to
MgO, it is still possible to visualize them when the amount of Mg
is four times smaller, indicating an easy segregation of MgO. In fact,
MgO is used exclusively in rocksalt and spinel type HEOs to stabi-
lize the structure and thus, ensure the anode electrode cycling sta-
bility [25]. For instance, inactive nano-sized MgO particles cause a
‘‘spectator effect” to restrain the agglomeration of active nano-
grains [26]. However, MgO is usually formed after an initial dis-
charge process in the HEO anodes [26]. In this sense, it is
important to highlight that in this work, HE-Gly is used as a precur-
sor of spinel oxide phase in a single ex-situ calcination process with
the possibility of controlling the amount of MgO present in the
HEO, is important in structural stabilization [25], and/or for the
implementation [27] and modulation [28] of catalytic sites.

The formation of HEO was also confirmed by TGA, using HE-Gly
as a starting material (Figure S2). Usually, the metal coordination
compounds (ex. MOF and M�Gly) are thermally unstable and
decompose at a temperature below 300 �C to convert to metal
oxide in the air. Based on the TGA curve of the HE-Gly precursor
in air, four main weight (wt) loss processes can be distinguished.
The first step should be related to the gradual removal of the
absorbed water and partial oxidative decomposition of the
oxygen-enriched organic groups [29] in the inorganic–organic
HE-Gly particles with a weight loss of around 27.1%. Between
240 and 275 �C a fast mass loss occurs due to decomposition of
glycerolate ligands resulting in a weight loss of �24.4 wt%. The
third stage of mass loss occurs between 275 and 410 very
mildly. The slight mass increase from 43.3 to 48.5% between 500
and 900 �C, is probably due to the oxidation process. In fact, the
curve is ascending during the oxidation of metal elements in air,
which is relatively common for thermal decomposition of coordi-
nation compounds, in addition to the presence of carbon residues,
even after heating at temperatures as high as 800 �C [30].

The morphology of the as-synthesized HE-Gly particles was
examined by TEM (Fig. 2) and SEM (Fig. 3) imaging aiming elucida-
tion of changes in the HEMs morphology induced at the different
calcination temperatures. As expected, and in agreement with the
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XRD data, the TEM images for the HE-Gly (Fig. 3a) demonstrate
microspheres with a relatively low crystallinity, as confirmed by
the FFT images and wavy surface (Fig. 3a). Interestingly, HEO-400
has a surface with high porosity, but with still low crystallinity
(Fig. 2d-2f and Fig. 3b). It should be emphasized that it is not obvi-
ous to visualize the porosity of HEO-400 in Fig. 3b, which is rela-
tively impaired by coating the sample with a 10 nm Pt/Pd film
(used to increase conductivity of microparticles). However, in the
TEM images (Fig. 2e), it is possible to clearly observe the presence
of pores in the HEO-400 sample. On the other hand, the material
prepared at 800 �C presented simultaneously high crystallinity
(demonstrated in the FFT images, as in Fig. 2i) and microporous
structure (displayed in Fig. 2g and Fig. 3c-3f). In fact, the analysis
of the selected area electron diffraction (SAED) pattern from the
large region of HEO-800 particles supports the results of XRD. It
reveals six major diffraction rings indexed as (111), (220),
(311), (422), (620), and (444) lattice planes corresponding to
the spinel crystal structure (Fig. 4a-4b). Besides, distinct spots
could be identified as (200), (220) and (311) planes of MgO in
Fig. 4b.Fig. 5..

SEM analysis confirmed that the as-synthesized HE-Gly speci-
mens after calcination treatments possess rough and porous sur-
faces. Thus, to estimate the specific surface area (SSA), BET
analysis was performed, while the non-local density functional
theory (NLDFT) was used to determine the size distribution and
pore shapes, as well as volume of the adsorbed gas. The SSA and
the total pore volume (the latter in given in parentheses) values
measured were 342 m2 g�1 (0.164 cm3 g�1), 126 m2 g�1

(0.097 cm3 g�1), and 6.7 m2 g�1 (0.038 cm3 g�1), for the specimens
HE-Gly, HEO-400, and HEO-800, respectively. The shape of the hys-
teresis is dependent on the nature of the material analyzed, as well
as the pore sizes present in the structure [31]. In accordance with
the N2 adsorption hysteresis models as reported by IUPAC [32], the
HE-Gly specimen possesses the type-I isotherms characteristics of
materials with micropores with an average diameter close to 2 nm
(Fig. S3a-S3b), while the HEO-400 specimen possesses the type-IV
isotherms characteristic of the presence of micro and mesopores
(Fig. S3c-S3d). Although the HEO-800 specimen does not present
a specific hysteresis, it is possible to observe that the isotherm is
no longer almost horizontal behavior near the region p/p0 > 0.95,
which is characteristic of the quasi-exclusive absorption in macro-
pores (Fig. S3e-S3f) [32]. The large volume of macropores for the
HEO-800 specimen was also clearly revealed by SEM, as discussed
earlier. In fact, different rates of adsorption of N2 in the low pres-



Fig. 2. (a, d, g) Low-magnification TEMmicrograph, (b, e, g) high-magnification TEMmicrograph and (c, f, i) their respective FFT images of (a-c) HE-Gly, (d-f) HEO-400 and (g-
i) HEO-800.

Fig. 3. SEM images, which show microspheres of (a) HE-Gly, (b) HEO-400, and (c) HEO-800. (Scale bar corresponds to 500 nm). SEM images, which reveal microspheres of
HEO-800 at different magnification: (d) � 10.000, (e) � 25.000, and (f) � 50.000.
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Fig. 4. (a) TEM image of HEO specimens synthesized at 800 �C, and (b) SAED analysis confirming the spinel crystal structure.

Fig. 5. SEM-EDS analysis of HE-Gly particles. (a) EDS overlap mapping of HE-Gly particles (scale bar is 500 nm). EDS elemental mapping of individual elements constituting
HE-Gly particles indicating the high mixing entropy. All scale bars correspond to 500 nm. (b) carbon (blue), (c) oxygen (magenta), (d) nickel (green), (e) cobalt (red), (f)
manganese (light blue), (g) magnesium (yellow), and (h) zinc (orange). (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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sure region (p/p0 < 0.01, Figure S4) for each sample, are character-
istic of the presence of micropores [33]. According to the results
obtained by BET/NLDFT, the specimens revealed a hierarchical por-
ous structure, which is dependent on their calcination tempera-
ture. For instance, the high SSA of the HE-Gly specimen can be
attributed to the significant amount of micropores, as highlighted
in Fig. S3b, as well as to its rough surface (in this case, revealed
by SEM images). The HEO-400 specimen reveals a significant
decrease in the amount of micropores. However, mesopores with
an average size of � 3.5 nm are revealed (Fig. S3d), which can be
attributed to the beginning of the ordering of the material at the
calcination temperature of 400 �C.

The SEM-EDS analysis demonstrates that the cations are dis-
tributed homogeneously across the HE-Gly particles (Fig. 2d),
which confirms formation of a high-entropy coordination com-
pound. The elemental concentrations are 20.10, 20.53, 19.70,
19.63, and 20.04% for Ni, Co, Mn, Mg and Zn; respectively, as
obtained from the EDS analysis (Figure S5). Furthermore, to
confirm the nearly equimolar metal concentrations of HE-Gly
precursor, an ICP-OES measurement was performed, which
648
revealed 20.06, 21.80, 21.22, 18.87, and 18.05% for Ni, Co, Mn,
Mg and Zn; respectively.

The prepared HEOs were also characterized by SEM-EDS (Fig. 6).
Similarly, the representative EDS mapping images for both types of
HEO demonstrate almost uniform distribution of Ni, Co, Mn, Mg
and Zn, indicating that the chemical homogeneity at this degree
of magnification is very close to equimolar composition used in
the HE-Gly precursors. Moreover, the EDS results displayed in Ta-
ble 1 reveal a slight deviation especially for the percentages of
Mg, which may be due to the presence of secreted MgO nanoparti-
cles (Figure S6 and S7). In fact, in the EDS-TEM overlap mapping at
higher magnification it is possible to visualize regions with differ-
ent shades which manifest different concentrations of the metallic
components (Fig. 7), as expected for a material with phase segrega-
tion (Figure S8).

The XPS measurement was also carried out to investigate the
surface elemental composition and chemical state of HE-Gly and
HEOs specimens. The precursor material, HE-Gly, reveals At%
surface of carbon approximately 6 times higher than that for HEOs
(Table 2 and Figure S9) and a superior oxygen At%, as expected for



Fig. 6. SEM-EDS analysis of (i) HEO-400 (scale bar corresponds to 1 lm), and (ii) HEO-800 particles (scale bar corresponds to 1 lm). (a) EDS overlap mapping of HEO particles.
EDS elemental mapping of individual elements constituting HEO particles indicating the high mixing entropy. (b) carbon (blue), (c) oxygen (magenta), (d) nickel (green), (e)
cobalt (red), (f) manganese (light blue), (g) magnesium (yellow), and (h) zinc (orange). (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

Table 1
Chemical composition (atomic %) obtained from the energy dispersive spectroscopy (EDS).

Specimens Ni (At%) Co (At%) Mn (At%) Mg (At%) Zn (At%)

HE-Gly 20.10 20.53 19.70 19.63 20.04
HEO-400 19.02 19.60 19.78 22.38 19.22
HEO-800 21.19 21.07 21.57 15.84 20.33

Fig. 7. TEM-EDS overlap mapping of HEO-800 particle (scale bar corresponds to
250 nm). Carbon (blue), oxygen (magenta), nickel (green), cobalt (red), manganese
(light blue), magnesium (yellow) and zinc (orange). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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a coordination compound containing organic ligands. Another
important information obtained from the survey spectra is the
higher At% of Mg2+ ions at the microsphere surface after the
annealing process. In fact, during the annealing process in air, the
oxidation of glycerolate and/or metal ions would happen first at
the surface of the HE-Gly precursor with the thermodynamically
favorable formation of MgO at this initial stage, especially due to
the low value of DGo

f (-569.43 kJ mol�1) compared to other metal
monoxides (Table S1), as also confirmed by the XRD results. At
the next step at high temperature there is formation of spinel
HEO phase and crystallization of the secreted phase of MgO. Then,
with continuous evacuation of the core HE-Gly material to the sur-
face for reaction with oxygen in air, inner cavities would eventually
form and result in formation of hollow microspheres [34].

To obtain the valence states of different elements in a HE-
compound, the high resolution XPS spectra were obtained, as
shown in Fig. 8. Fig. 8a depicts the high-resolution XPS Ni 2p spec-
trum of HE-Gly which reveals two valence states of Ni2+ and Ni3+.
The peaks of Ni 2p3/2 and Ni 2p1/2 are located at 854.6 and
649



Table 2
Chemical composition (atomic %) obtained from X-ray photoelectron spectroscopy (XPS).

Specimens Ni (At%) Co (At%) Mn (At%) Mg (At%) Zn (At%) O (At%) C (At%) O/M

HE-Gly 3.62 4.65 3.21 6.08 7.61 41.14 33.7 1.63
HEO-400 7.55 10.12 14.51 15.59 14.55 32.57 5.11 0.52
HEO-800 6.74 7.27 12.53 18.15 11.10 38.29 5.92 0.69

Fig. 8. High-resolution XPS spectra for HE-GLy, HEO-400 and HEO-800: (a-c) Ni 2p, (d-f) Co 2p, (g-i) Mn 2p, (j-l) Zn 2p and (m-o) Mg 1s.
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871.9 eV for Ni2+, respectively, while Ni3+ peaks are seen at
856.0 eV (Ni 2p3/2) and 873.9 eV (Ni 2p1/2), respectively. Four-
satellite peaks are also seen in the Ni 2p spectrum. Similarly to
Ni 2p, the spectrum of Co 2p also reveals the oxidation of part of
Co2+ ions. In fact, the Co 2p spectrum shows Co2+(Co 2p3/2) and
Co3+(Co 2p3/2) at 781.4 and 779.7 eV, respectively, and Co2+(Co
2p1/2) and Co3+(Co 2p1/2) at 796.4 and 795.0 eV, respectively. Four
main satellite peaks at 785.5, 787.7, 800.4 and 803.2 eV were
found. Interestingly, the Co 2p spectrum for HE-Gly precursor also
demonstrates the possibility of metallic Co0 formation, as evi-
denced by two low-intensity shoulders at 778.2 and 793.8 eV
[35] and two more satellite peaks at 783.6 and 798.0 eV. At this
point it is important to mention that glycerol has also been used
as a reducing agent in the design of Co or AgCo nanoparticles
[36,37]. The deconvolution of the Mn 2p spectrum reveals a broad
Mn 2p3/2 peak that suggests partial oxidation of Mn2+ ions, as con-
firmed by the contribution of Mn2+, Mn3+, and Mn4+ ions at 640.1,
641.2, and 644.4 eV, respectively. The Mn 2p1/2 peak was also
deconvoluted into three peaks, which are Mn2+ at 651.4 eV, Mn3+ -
at 653.4 eV, and Mn4+ at 655.3 eV. The peaks at 646.5 and 657.7 eV
are satellite peaks. As usual, the Zn 2p spectrum reveals only one
valence state corresponding to Zn2+ with two peaks at 1020.9 eV
and 1044.0 eV belonging to Zn 2p3/2 and Zn 2p1/2, respectively. Fur-
thermore, the broad Mg 1s spectrum was deconvoluted into three
components corresponding to Mg2+ which can be assigned to Mg-
OH, Mg-O and Mg-OR at 1302.6, 1304.3 and 1306.0 eV, respec-
tively. The O 1s spectrum (Figure S10d-S10f) were deconvoluted
into four oxygen components, M�O, OH�, CAO, and physically
absorbed H2O at 529.3, 530.0, 531.4, 533.0 eV, respectively
[13,19]. The partial oxidation of glycerol after the solvothermal
reaction can be also observed in the C 1s spectrum which reveals
peaks at 283.6, 284.4, 285.5, and 287.6 eV attributed to the C@C,
CAC, CAO, and O-C@O bonding, respectively (Figure S10a-S10c).

After the calcination process at 400 or 800 �C, the high-
resolution XPS spectra reveal significant changes for some of the
metal ions. For instance, the Mn 2p spectra for HEO-400 and
HEO-800 reveal total oxidation of Mn2+ ions to Mn3+ and Mn4+.
Another main spectral difference can be observed especially for
Mg2+ ions which clearly demonstrates the absence of the peak at
1306.0 eV as expected by the loss of the lamellar structure of
HE-Gly and formation of the respective HEO. Interestingly, the
amount of Ni3+ decreases in the following order, HE-Gly, HEO-
400 and HEO-800, as the calcination temperature increases, while
the At% of Co3+ increases following the same order of the materials
described above (HE-Gly < HEO-400 < HEO-800).
4. Conclusion

For the first time, we demonstrated a scalable solvothermal
approach for the synthesis of metal glycerolate-based high entropy
microparticles that could be converted into porous HEO micropar-
ticles by the annealing process. The HE-Gly microparticles contain-
ing five metals, such as Ni, Co, Mn, Zn and Mg were synthesized.
The morphological and structural characterizations demonstrate
that the temperature of the annealing process plays an important
role in development of porosity and crystallinity of the prepared
HEOs. The Mg-containing HE-Gly results in porous HEOs with
MgO secreted after the annealing process at 800 �C. The amount
of MgO is controlled by adjusting the salt concentration used in
the solvothermal synthesis. The result demonstrates a viable strat-
egy that leads to development of new HE-Gly, and HEOs materials
with a much higher metal concentration, variable crystallinity and
modulable porous structures, opening a new avenue to explore
novel, outstanding high-entropy materials for various applications.
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