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Li-doped high-entropy oxides (Li-HEO) are prom-
ising electrode materials for Li-ion batteries. However, their
electrical conduction in a wide range of temperatures and/or at
high pressure is unknown, hindering their applications under
extreme conditions. Especially, a clear understanding of the
conduction mechanism is needed. In this work, we determined
the carrier type of several Li-doped (MgCoNiCuZn)O semi-
conductor compounds and measured their electrical conduction at
temperatures 79—773 K and/or at pressures up to 50 GPa. Three T
optical band gaps were uncovered from the UV—vis—NIR T T 260 0 0 dda s LY
absorption measurements, unveiling the existence of defect energy Temperature (°C)
levels near the valence band of p-type semiconductors. The
Arrhenius-like plot of the electrical conductivity data revealed the electronic conduction in three temperature regions, ie., the
ionization region from 79 to 170 K, the extrinsic region from ~170 to 300 K, and the intrinsic region at >300 K. The closeness of
the determined electronic band gap and the second optical band gap suggests that the conduction electrons in the intrinsic region
originate from a thermal excitation from the defect energy levels to the conduction band, which determines the electronic
conductivity. It was also found that at or above room temperature, ionic conduction coexists with electronic conduction with a
comparable magnitude at ambient pressure and that the intrinsic conduction mechanism also operates at high pressures. These
findings provide us a fundamental understanding of the band structure and conduction mechanism of Li-HEO, which would be
indispensable to their applications in new technical areas.
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has a reversible conversion and long-term cycling stability
during lithiation/delithiation cycles."”” Thus, Li-doped HEO
compounds are new and promising materials for Li-ion
batteries and supercapacitors.

Usually, batteries are operated in a mild range of
temperatures (e.g., ca. 20—60 °C'°) and at or near atmospheric
pressure. However, in some circumstances, such as for
explorations of the deep sea, the South Pole of the earth,
and other planets such as Mars, high pressure and/or low
temperature may be encountered.'”'® In other cases, such as in
oil and gas explorations, batteries may be exposed to

To cope with global warming and the imminent energy crisis, it
is imperative to develop large-capacity and high-efficiency
rechargeable batteries and/or supercapacitors in order to store
and make eflicient use of renewable energies sourced from
hydraulic, solar, wind, geothermal, and other sustainable
powers.' > For this, researchers are developing high-energy-
density electrode/electrolyte materials that are cost-effective
and well-functioning, and large capacitor materials that have
excellent dielectric properties.”® The emerging high-entropy
oxides (HEO)’ can improve the ionic conductivities of
lithium-ion batteries through vacancy formation'® and lattice

distortions."" Prior studies showed that the lithium-doped November 8, 2023
high-entropy oxide (MgCoNiCuZn),_,Li,O (denoted Li, December 14, 2023
HEO hereafter) is structurally stable at temperatures up to January 2, 2024
~450 °C and pressures up to ~50 GPa,'” and it possesses January 17, 2024

superionic conductivity and good dielectric properties even at
room temperature.'”'* It was also shown that Li-doped HEO
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Figure 1. (a) XRD patterns of the synthesized Li,-HEO samples (x = 0, 0.065, 0.117, and 0.200) at ambient pressure (X-ray wavelength 1.5406 A).
(b) SEM image and (c) EDS elemental mapping of the sample of Li-HEO.

temperatures as high as ca. 60—120 °C."” Thus, a
comprehensive understanding of the structural stability and
electrical conduction of the electrode materials (such as Li-
doped HEO materials) under extreme conditions is required.

In 2016, Bérardan et al. found that the Li-doped
(MgCoNiCuZn)O possesses a colossal dielectric property
and a superionic c:onductivi‘cy.13’14 For instance, at a Li content
of x = 0.29, the ionic conductivity of the Li,-HEO exceeds 1073
S/cm even at room temperature.14 In 2021, Mozdzierz et al.
found that the Li-HEO is a mixed ionic and electronic
conductor at room temperature.”’ In these prior works, the
electrical conductivities were measured at ambient pressure
and at room temperature or in a relatively narrow temperature
range (e.g., —40 to 100 °C). Recently, we studied the electrical
conductivity of undoped (MgCoNiCuZn)O at pressures up to
~45 GPa at room temperature.”' It was found that above ~22
GPa, the electrical conductivity could be significantly increased
by external compression. Nevertheless, there is still a need for
an essential understanding of the temperature and pressure
dependence of the electrical conductivity of Li-doped
(MgCoNiCuZn)O in a wider temperature range and/or at
high pressure. In particular, the underlying conduction
mechanism under these conditions is still unknown. Thus, in
this work, we prepared four Li,-HEO samples (x = 0, 0.06S,
0.117, and 0.200) and studied comprehensively their electrical
conductivities in a wide range of temperatures (from 79 up to
773 K) or at high pressures (up to ~50 GPa). On the basis of
the acquired data and analysis, we uncovered the semi-
conductor band structure and the conduction mechanism of
Li,-HEO, which will have important significance to the design
and development of advanced Li-ion batteries that are operable
in extreme conditions.
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A detailed description of the experimental procedures is documented
in the Supporting Information. Briefly, four samples of undoped and
Li-doped HEO with the nominal formula (MgCoNiCuZn),_,Li,O (x
= 0, 0.065, 0.117, and 0.200) were synthesized from solid-state
reactions at 1000 °C (hereafter, the samples are denoted Li,-HEO).
The samples were characterized by X-ray diffraction (XRD) for the
phases and crystal structures, scanning electron microscope (SEM)
for morphologies, energy-dispersive X-ray spectroscopy (EDS) for
elemental distributions and contents, inductively coupled plasma
atomic emission spectrometry (ICP-AES) for Li contents, ultra-
violet—visible(—near) infrared (UV—vis—NIR) spectroscopy for
optical band gaps, X-ray photoelectron spectroscopy (XPS) for
element valence states, electron paramagnetic resonance (EPR)
spectroscopy for oxygen vacancy, and thermoelectric open-circuit
voltage (OCV) for the carrier type of a semiconductor HEO sample.

The electrical resistance/resistivity of a sample was measured at
chosen temperature and pressure values. At room temperature and
above, a direct current (DC) Ohmmeter with two probes was used to
measure the electrical resistance based on Ohm’s law. A DC van der
Pauw method”* with four probes was used to measure the electrical
resistivity of a sample loaded in a diamond anvil cell (DAC) at high
pressures (see Figures SI and S2a). The DC methods could only
measure the electronic resistance (conductivity) in a material because
the movement of ions (e.g, Li* ions) into the measuring circuit is
prohibited by the sample/probe interface. In order to measure the
ionic conductivity, an electrochemical impedance spectroscopy (EIS)
was used, which can measure both the ionic and electronic
conductivities of a material. At low temperatures (77—300 K), a
commercial Hall effect measurement system (HEMS) was used to
measure the electrical resistivity (see Figure S2b,c).

Transmission electron microscopy (TEM) was used to observe the
microstructures of chosen samples quenched from a high pressure. In
situ high-pressure UV—vis spectra (or Raman spectra) of samples in
compression and decompression were collected for derivation of the
optical band gaps (or for identifying any possible phase changes).
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Figure 2. (a) Electrical resistivity of Li,-HEO as a function of temperature. (b) In ¢ of Li,-HEO as a function of 1000/T. Lines are the fitting

curves.

The XRD patterns (Figure la) of the synthesized Li,-HEO
samples (x = 0, 0.065, 0.117, and 0.200) revealed that they are
all in the rock salt structures (space group Fm3m). The SEM
images (Figures 1b and S3) and the EDS elemental mapping
(Figures 1c and S3) show that the sample elements are evenly
distributed in the sample grains. The total cation contents
(Table S1) determined by the EDS analysis are ~10% higher
than those given by the chemical stoichiometry calculated from
the raw material masses, while the content of oxygen is ~10%
less than that given by the chemical stoichiometry (Table S1).
These deviations are due to the low accuracy of the EDS in
quantitative determinations of concentrations of light elements
(e.g, 0).”® However, the contents of each cation by the EDS
analysis are close to each other (which would be ~10%
according to the calculated stoichiometry). Accordingly, we
assume that the cations have equal molar numbers in a sample.
With this assumption and based on the principle of mass and
charge balances, the nominal formulas of the synthesized
samples were derived using the Li content determined by the
more accurate ICP-AES (Table S1).

Figure 1a (inset) also reveals that with the increase in the Li
content, the XRD (111) peak shifts to a higher 26 angle. This
indicates that there is an increasing contraction of the unit cell,
probably due to the increasing content of oxygen vacancies
caused by doping of more Li* into the HEO cation lattice. The
higher the Li content, the more the oxygen vacancy, the higher
the lattice strain, and hence the more the lattice contraction.
The decrease of the lattice parameter (a) derived from the
Rietveld fitting (Figure S4a—d) with the increase of the Li
content is shown in Figure S4e, which agrees quite well with
the data by Mozdzierz et al.*’

In our previous work,'” the structural stability of an undoped
and two Li-doped HEO (Li content x = 0.05 and 0.07) were
studied. It was found that these compounds are structurally
stable (i.e., no phase transitions) at pressures up to ~50 GPa,
and at temperatures as high as ~450 °C. On the basis of the
prior finding, we infer that the Li,-HEO compounds
synthesized in the present work are also structurally stable at
pressures up to ~50 GPa at room temperature. To test this, we
used high-pressure Raman spectra (Figure SS5) and TEM
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(Figure S6) to study the structural stabilities of three chosen
Li,-HEO samples (x = 0, 0.06S, and 0.117) at high pressure.
The results show that at a pressure up to ca. 40—45 GPa, the
two characteristic Raman peaks of Li,-HEO (shown in Figure
SSb,d,f) shift almost linearly with the pressure. This indicates
that no phase transitions had occurred in the Li-HEO at the
high pressure applied.

Selected area electron diffraction (SAED) pattern of the
undoped HEO quenched from ~43 GPa (Figure S6a) and that
of Liyees-HEO (Figure S6b) quenched from ~22 GPa show
that the patterns can all be indexed with a single phase in the
Fm3m space group. The SAED of Liy,,,-HEO quenched from
~41 GPa (Figure S6¢) exhibits some polycrystalline rings,
arising from partial nanosizing at high pressure. However, the
SAED rings can still be indexed by the Fm3m space group.
These SAED and the high-pressure Raman data (Figure SS)
show that the Li,-HEO compounds under study would remain
the rock salt structure in our high-pressure electrical
conductivity measurements.

The electrical conductivities of the four Li,-HEO samples (x =
0, 0.06S, 0.117, and 0.200) in the temperature range of ca. 20—
500 °C were measured in two heating/cooling cycles. The
obtained resistivities (Figure S7) are quite consistent
irrespective of the cycling number and direction. The data
averaged from the two heating stages were documented in
Table S2 and illustrated in Figure 2a. It is seen that at room
temperature, the resistivity drops nearly 6 orders of magnitude
as the Li content increases from x = 0 to 0.200, i.e., from ~3.8
X 10° to ~6.2 X 10 Q-cm. From ~20 to 500 °C, the resistivity
of the Li,-HEO samples decreases by about 7, 6, S, and 3
orders of magnitude, respectively, for the Li content of x = 0,
0.065, 0.117, and 0.200 (Figure 2a). It is noteworthy that the
resistivities of the Li-doped samples (x > 0) drop to become
only a few Ohms at the highest temperature of ca. 400—500 °C
(Figure 2a and Table S2). All of the data demonstrate the
semiconductor behavior of the Li,-HEO sample and the great
effect of lithium doping on improving the electrical
conductivity of the (MgCoNiCuZn)O high-entropy oxide.

For a semiconductor with electrons (e) and holes (h) as the
charge carriers, its electrical conductivity (o) is proportional to
the sum of their carrier mobilities (u, + u;,) and the carrier
concentration (n;),”*
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Figure 3. (a) Electrical resistivity as a function of temperature and (b) In ¢ as a function of 1000/ T for the Lij,0-HEO sample.

o= qn(u, + u) (1)
where g, is the charge of an electron. The carrier concentration
is a function of temperature T and band gap Egzz5

n = T3/ 2(~Eg/2kT) @)
where kg is the Boltzmann constant and ¢’ is a proportional
coefficient. The carrier mobility is governed by lattice
scattering and ionized impurity scattering. The former
dominates at high temperatures (e.g., tens to hundreds °C),
while the latter at low temperatures (e.g., lower than room
temperature). According to the first-order scattering theory,
the carrier mobility is proportional to T7*? at high
temperatures.”> With this in consideration and by inserting
eq 2 into eq 1, we obtain

o= C”qee(_Eg/ZkBT)

(3)
where ¢” is another proportional coeflicient. Equation 3 can be
written as an Arrhenius equation-like form (with ¢ = ¢”-q,)

E
Ino=Inc— ——
2kpT 4)
Using the data in Figure 2a, In(conductivity) was plotted as
a function of 1000/ T for all of the samples (Figure 2b), which
shows a good linear relationship and proves the applicability of
eq 4. This indicates that in the temperature range of 20—500
°C, Li,-HEO behaves as an intrinsic semiconductor, i.e., the
electrical conduction is dominated by the electron hopping
from the valence band (VB) to the conduction band (CB).***°
The electronic band gaps of the four Li,-HEO samples were
derived from linear regressions based on eq 4. These are,
respectively, 1.49, 1.32, 1.03, and 0.76 eV for x = 0, 0.065,
0.117, and 0.200. The decrease of the electronic band gap with
the increasing Li content is likely due to the effect of the
doping-induced lattice contraction on the band gap and/or the
introduction of a middle band consisting of many defect
energy levels in the semiconductor electronic band, which
allows the electrons in the valence band maximum (VBM) to
jump to the conduction band minimum (CBM) using the
middle band as the springboard (see below).
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As a representative, the low-temperature resistivity of the
Lig00-HEO sample was measured from 79 to 300 K using a
HEMS (Figures 3a and S8ab). Figure 3a shows that the
resistivities measured by the commercial HEMS (in 79—300
K) and those measured in a lab furnace (the sample in a quartz
tube) in ca. 300—700 K (Figure 2a) form a continuous
resistivity curve in the whole temperature range of 79—700 K.
In this temperature range, the resistivity decreases monotoni-
cally with the increasing temperature, showing the semi-
conductor behavior of the Lij,-HEO sample.

A plot of Ino vs 1000/T of the sample in the whole
temperature range reveals three sections with different slopes
(Figure 3b). This is in line with the theory on the electrical
properties of semiconductors,” based on which the variation
of the electrical conductivity of Lij,-HEO with the
temperature can be divided into three regions with different
conducting mechanisms: the low-temperature ionization
region from 79 to 170 K; the middle-temperature extrinsic
region from ~170 to 300 K; and the high-temperature intrinsic
region above ~300 K. The followinog equations pertinent to
different conduction mechanisms”**° can be used to fit the
conductivity data measured at different temperature ranges.

o = ce(7Fe/2kT) (for the intrinsic region) (5)
6 = cT% AE/2kT) (for the extrinsic region) (6)
o =cT" (forthe ionization region) (7)

In these equations, o, E, AE, @, ¢, and kg represent,
respectively, the electrical conductivity, electronic band gap,
energy difference between the CBM and the defect energy
maximum, an exponent number, a proportional coeflicient, and
the Boltzmann constant. Equation § is virtually equivalent to
eq 4.

The fittings of the resistivity data to the relevant equation
are shown in Figures 3b and S8a—c. The fitting results show
that eqs 5—7 can describe the electrical conductivity of Lij 5o,-
HEO quite well in the whole temperature range of 79—700 K.
Figure S8d shows the variation of the HEMS-measured carrier
concentration and mobility as a function of 1/T from 79 to
300 K. It is seen that with increasing 1/T (decreasing
temperature), the carrier concentration decreases, while the

https://doi.org/10.1021/jacsau.3c00693
JACS Au 2024, 4, 592—-606


https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00693/suppl_file/au3c00693_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00693/suppl_file/au3c00693_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacsau.3c00693/suppl_file/au3c00693_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00693?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00693?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00693?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.3c00693?fig=fig3&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.3c00693?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

a b
102 + Li -HEO —@— Compression Li -HEO —@— Compression
0.065 8.4 0.117 ! —@— Decompression
3 —@— Decompression QM p
10.0 - /\ o %
099, 9, 8.2 &
.8 | e 9 9 200
8 o poae2o _ g 0® “33’
~~ g/ | 0‘8\ G 8.0 / .° \
C 96 / 2 % ~ 0‘ o
~— : 'Y 2 d 9 \ m P oC ' d‘\
o 94| 9%g / \8\\9 a5 Pl %
0 I d \ =) 1 9 1 @
S 92p | / ' ‘\ = 16H\, @& '
— 1 | Q / 1
! g’o | \ 9 P " ] !
9.0H ° b 9 |
o /o"l | 74 \0%%.5" !
| 1
88f @ : l 1
PR NS SR ST ST NN S S S 7.2 I WU U S N NN ST S ST NI "
0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 55 60
Pressure (GPa) Pressure (GPa)
' d Temperature (°C)
c - 30 40 S0 60 70 8 90 100 110 120
Li _HEO —— ompression _I AL L L L L L L)
12  0.200 Decompression 18 s @ 68GPa @ 1790Pa
—9-_Decomp Lig 500-HEO
F 9 16l @ 97GPa @ 23.1GPa
° @ 13.7GPa @ 285GPa
Ell Zab e
:'\0.84 -
4 §uf "s d
- ) 0.82
,«C: 8 S 1wl ° g _1 /I{J\@/\
=) q o L} ° = 080
— ! 2 8 (@ o %o s
~ P 1 ~ %9 =078 L
Q | a 6 O o 29
| % Y =Y °0 5 10 15 20 25 30
| 41 Yo, e 9 Y Pressure (GPa)
! % e %0 25 o9
4 5 ! 2+ P 9,9 289
1 293 @49 3
1 | NI (W (NS ST N ST SN NN S N T S 0 [ P T 1&;31&.&
0 5 10 20 25 30 35 40 45 S0 300 310 320 330 340 350 360 370 380 390
Pressure (GPa) Temperature (K)

Figure 4. Electrical resistance of Liys-HEO (a) and Lig,,,-HEO (b), and resistivity of Lij,00-HEO (c) measured at different pressures and at
room temperature. Measured resistivity of Lij,0-HEO as a function of temperature at given pressures (d). The inset shows the fitting-derived band

gaps of Lig,0-HEO using Arrhenius-like equation, eq 4.

carrier mobility increases. The shape of the carrier concen-
tration curve (Figure S8d) is similar to that of Ino in Figure 3b
in 79-300 K. From the changes of the slopes of the carrier
concentration and mobility curves, the low-temperature range
can also be divided into the extrinsic and ionization regions
(Figure S8d), which are basically consistent with those shown
in Figure 3b.

In a prior work, we determined the electrical resistance of an
undoped HEO from ~2 to 43 GPa.*' It was found that the
resistance remains almost unchanged below ~20 GPa, while it
drops markedly above ~20 GPa. In the present work, the
resistances and/or resistivities of the Li,-HEO compounds (x =
0.065, 0.117, and 0.200) at different pressures were determined
(Figure 4a—c). It is seen that for all of the three compounds
under compression, the resistance/resistivity decreases from
the initial pressure (~0 GPa) to ~5 GPa, then increases from
~5 to ~25 or 30 GPa, and then decreases from ~25 or 30 GPa
to the highest pressure of ~50 or 57 GPa. In ca. 0—5 GPa, the
quick drop of the resistance/resistivity is likely due to a
combined effect of the sample grain compaction,”” which
reduces the grain contact resistance, and the decrease of the
band gap due to a lattice contraction that overweighs an
electronic repulsion in this pressure range (see Figure 9b), and
the nonmonotonic change of the resistance/resistivity with the
pressure above ~5 GPa is likely due to a shift of the pressure
dependence of the carrier concentration and/or carrier
mobility above ~25 or 30 GPa.”” In decompression, the
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pressure dependence of the resistance/resistivity is basically
reversed with respect to that in compression, although they do
not fully overlap due to the hysteresis in the structural
relaxation.

The resistance of the undoped HEO decreases by ~3 orders
of magnitude upon compression from ~0 to 43 GPa.”' By
comparison, the resistance/resistivity of the Li HEO (x
0.065, 0.117, and 0.200) drops only by ~1 order of magnitude
upon compression from ~0 to S0 GPa (Figure 4a—c). This is
likely due to an enhanced carrier concentration due to a
decrease in the band gap after Li doping (Figure 2b), which
makes the electrical conduction in a Li,-HEO less sensitive to
pressure than that in an undoped HEO.

In order to examine the influence of temperature on the
electrical conduction of a Li-doped HEO at a given high
pressure, the electrical resistivity of Lij ,-HEO was measured
using the van der Pauw method at temperatures ranging from
~30 to 120 °C and the pressure was set to a value in the range
of ~7 to ~29 GPa (Figure 4d). It is seen that increasing the
temperature markedly reduces the resistivity. From linear least-
squares fitting of the conductivity data to the Arrhenius-like
equation, eq 4 for the intrinsic conduction region, we obtained
the electronic band gaps of Liy,0-HEO at different pressures
(Figure 4d, inset). Results show that the high-pressure
electronic band gaps fluctuate around 0.81 eV, which is
~0.05 eV higher than the electronic band gap of 0.76 eV at
ambient pressure (Figure 3b). This indicates that the pressure
has a minor suppression effect on generating electron—hole
pairs in the Liy,0,-HEO.
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In all of the DC measurements of the electrical conductivities
of the Li,-HEO (above), ionic conduction is prohibited due to
the blockage of the ionic motion at the detecting probe-
(electrode)/HEQ interfaces. In order to determine both the
electronic and ionic conductivities in Li,-HEO, EIS measure-
ments are needed. EIS is a modern technique widely used to
study the ionic conductance in solid electrolyte and electrode
materials /14202834
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Figure Sa,b (inset) shows, respectively, the schematics of the
EIS setup and its equivalent circuit used to do the numerical
fitting from which both the ionic and electronic conductivities
of a mixed electronic/ionic conductor can be deduced.******
Typically, Ag>>~> or Au electrodes® are used as the ion-
blocking electrodes in the EIS measurements. To examine the
influence of different ion-blocking electrodes, we conducted a
comparative study of the EIS (and the linear sweeping
voltammetry (LSV)) measurements of Liy;;,-HEO using
either Ag paste or Au thin films as the ion-blocking electrodes.
The EIS results (Figure S9a) show that the derived electronic
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and ionic resistances (transference numbers) are quite close
when using either the Ag or Au ion-blocking electrodes. The
EIS-derived electronic resistances are also consistent with
those derived from the DC LSV measurements (Figure S9b).
These indicate that EIS can effectively separate the ionic and
electronic resistances and that the Ag and Au ion-blocking
electrodes function equivalently. Thus, in our subsequent EIS
measurements, we used Ag pastes as the ion-blocking
electrodes due to their easier preparations.

Figure Sb—e shows that the EIS of the four Li-HEO
samples (x = 0, 0.065, 0.117, 0.200) consists of two
superimposed semicircles, indicating that all of the samples
are mixed electronic and ionic conductors (see the Supporting
Information for details). With the increase of the Li content
(Figure Sb—e), the low-frequency semicircle in the EIS
becomes more apparent, indicating an increase in the ionic
conductivity. From the data fitting (Figure Sb—e), the
electronic and ionic conductivities of the four Li-HEO
samples were obtained (Table S3 and Figure Sf). The
electronic and ionic transference numbers (¢, and t,) were
also derived (Table S4). These results show that the electronic
conduction predominates in Liy-HEO (¢, = 0.87). However,
with the increase of the Li dopant content, the ionic
conduction increases (# increases) and it is nearly equal to
the electronic one in the x = 0.200 sample (¢, = 0.49).

Figure S10 shows the EIS of Lijnss-HEO while ascending/
descending the temperatures in two heating/cooling cycles
(25—227 °C). These diagrams show that with increasing
temperature both the real and imaginary parts of the
impedance are decreasing, as revealed by the shrinking of the
two impedance semicircles. This indicates the increase in the
electronic/ionic conductivity with the increasing temperature.
Figure S11 shows the EIS of Liy;,,-HEO at low temperatures
(23 to —192 °C). As the temperature decreases, both the high-
and low-frequency semicircles enlarge, indicating a decrease of
the electronic/ionic conductivity with decreasing temperature.
Moreover, the low-frequency semicircle tends to merge into
the high-frequency semicircle (which is more apparent in
Figure S11f), indicating the ionic conductivity decreases more
than the electronic one. At —192 °C, only half of the high-
frequency semicircle exists (Figure S11g). This indicates that
the conduction is almost fully contributed by the electronic
one (the ionic one is negligible).

Using the equivalent circuit (Figure Sb), the EIS spectra of
Ligos-HEO and Liy,,,-HEO were fitted (Figures S10 and
S11), and their electronic and ionic conductivities were
obtained (Tables SS and S6 and Figure 6). For Liyes-HEO,
in the heating stage of the first heating/cooling cycle, the
electronic conductivity predominates over the ionic one below
~89 °C (Figure 6a), while in the second heating stage (Figure
6b), it predominates over the ionic one in the whole
temperature range (ca. 20—210 °C). The data from the
second heating stage were considered more reliable because
after the structural relaxation in the first heating/cooling cycle,
both the crystal structure and the electrical conductivity of the
sample would be more stabilized. According to the equation
E 36
kT
is the Boltzmann constant, and E, is the activation energy), the
activation energies for the electronic and ionic conduction of
Liy 065-HEO could be derived from the data fitting, which are,
respectively, 0.64 and 0.71 eV. Due to the closeness of the

activation energies, the temperature dependences of the

Inc=InA - (where A is a pre-exponential constant, kg
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Figure 6. Electronic and ionic conductivities of Lijnss-HEO at the
first (a) and second (b) heating cycles; (c) electronic and ionic
conductivities of Liy;;,-HEO at low temperatures.

electronic and ionic conduction are similar, and their
magnitudes are also comparable.

For Liy,;-HEO at low temperatures, both the electronic
and ionic conductivities decrease with the decreasing temper-
ature (Figure 6c). The derived activation energies of the
electronic and ionic conduction are, respectively, 0.31 and 0.37
eV. This explains the faster decrease of the ionic conductivity
than the electronic one, as inferred from the evolution of the
EIS semicircles with temperature (above).

Figures 7 and S12 show the EIS spectra of Lijgss-HEO at
pressures from 1.5 to 10.0 GPa. The shapes of the EIS curves
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Figure 7. (a—e) EIS (points) and the corresponding fitting (curves) of Lijges-HEO at (a) 1.5 GPa, (b) 3.3 GPa, (c) 4.7 GPa, (d) 6.5 GPa, and (e)
8.5 GPa. The insets in (a—e) are the equivalent circuits. (f) Ionic resistance as a function of pressure.

reveal the variation of the ionic/electronic conduction with the
pressure (see the Supporting Information). At 1.5 GPa (Figure
7a), the conduction is dominated by the ionic one since the
EIS exhibits a high-frequency semicircle with a low-frequency
upward-tipped tail. As the pressure increases (Figure 7b—d),
the low-frequency semicircle appears and becomes more
apparent, indicating the gradual suppression of the ionic
conduction and enhancement of the electronic one. At 8.5 and
10.0 GPa (Figures 7e and S12), an inductive semicircle appears
in the EIS (which has negative ordinate values), which can be
attributed to the lattice stretching due to the electrostriction
effect, as seen in CaZrOs,*” LiTa0,,”® and LiNiO5.*® From the
fitting of the EIS data (Figures 7a—e and S12) using the
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equivalent circuits (Figure 7a—e, insets; the inductive semi-
circles in Figures 7e and S12 were not fitted), the ionic
conduction resistance (R;) was obtained as a function of the
pressure (Figure 7f). Using the data in Figure 7f, the activation
volume (AV) of the ionic conduction can be derived from the
following equation™ (see the Supporting Information for
derivation).

Jdln R,
oP

AV = —k;T
? (8)
where R; is the ionic resistance and P is the pressure.
Physically, AV may be interpreted as the volume change for
ionic migration, and it is a measure of the potential barrier for
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migration of the conducting ions through the crystal
lattice.***'

Figure 7f shows that the logarithm of the ionic resistance of
Ligg6s-HEO exhibits a linear relationship with the pressure at
room temperature (23 °C). Thus, using the slope of the linear
regression equation between In R; and P, we obtained the ionic
activation volume of 1.14 cm®/mol according to eq 8.

In Table S7, we compared the ionic activation volume of
Lij g6s-HEO to reported values of some other ionic conductors.
Its magnitude is comparable to those of several fast ionic
conductors such as Lags,Lig35TiO506 (1.6—1.7 cm?/mol).*
Accordingly, Lijoss-HEO can be classified as a fast ionic
conductor even at room temperature due to its relatively small
migration barrier (AV).

The electronic band gap of Li-HEO obtained from the
electrical conductivity measurements (above) is the threshold
energy of creating unbound electron—hole pairs in the
semiconductor under the polarization of an external electric
field. On the other hand, the optical band gap obtained from
UV—vis—NIR measurements is the threshold energy for
exciting the electrons from the VBM (or from a middle
band) to the CBM (or to a middle band) by adsorption of the
supplied photons. The derived optical band gaps may provide
more details about the semiconductor band structure, such as
whether a middle band is formed by enclosing defect energy
levels.

Figure 8a shows the measured UV—vis—NIR spectra of Li,-
HEO at ambient pressure. It is seen that two apparent
absorption humps (peaked at ~800 and 1250 nm,
respectively) are present in the undoped HEO (x = 0),
while the absorption humps of the doped Li,-HEO (x > 0) are
broadening and their intensities are increasing with increasing
Li content. This suggests that more and more defect energy
levels are present in the Li-doped HEO electronic band, which
tend to smear out the adsorption humps.

Figure 8b,c shows the Tauc—Mott plots of the UV—vis—
NIR data in the direct (Figures 8b and S13a,b) or indirect
(Figure 8c) band gap mode for the light adsorption.””*’ In
these plots, A is the absorbance of the light by a sample and E
is the photon energy. Figure 8b shows that when a Li,-HEO is
treated as a direct band gap semiconductor, three band gaps
can be identified in the experimental photon energy range for
all four Li,-HEO samples. These are optical band-I gap: ca.
0.4—0.5 eV, optical band-II gap: ca. 1.1-1.2 eV, and optical
band-III gap: ca. 1.7—1.8 eV. Moreover, the band gap usually
decreases with an increasing Li content. Nonetheless, in the
indirect band gap plot (Figure 8c), only optical band-II and
band-III gaps could be derived because too far extrapolations
would have to be conducted in order to get the band-I gaps,
which make them unreliable.

It is noted that there are a few minor dents in the UV—vis—
NIR curves due to changes of the light source (Figure 8a),
which were also observed in those of some reference
semiconductors (Si, NiO, CuO, and ZnO; see Figure S13).
However, these do not affect the correct determinations of the
band gaps of the materials under study, as shown in Figure S13
and Table S8.
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The high-pressure UV—vis absorption spectra of Liygs-HEO
in compression and decompression were measured (Figure
S14a,b). The spectra at three chosen pressures (4.4, 28.2, and
50.1 GPa) are shown in Figure 9a. Using the Tauc—Mott plots
used while treating Lij o45-HEO as a direct band semiconductor
(Figure Sl4c,d), the optical band gaps at different pressures
were derived (Figure 9b). Note that, in the UV—vis photon
energy range, only one optical band gap was obtained due to
the narrowed energy range compared to the UV—vis—NIR
(above), which is the optical band-III gap (see Figure 8b) as
revealed by the UV—vis—NIR data.
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Figure 9. (a) In situ high-pressure UV—vis absorbance spectra of Lijss-HEO at chosen pressures (silicone oil used as the PTM). (b) Variation of

the optical band gap as a function of pressure.

The variation of the direct band gap of Lijss-HEO with
pressure exhibits a maximum at ~23 GPa in compression
(Figure 9b), similar to the variation of the electrical resistivity
with pressure shown in Figure 4a. The increase of the band gap
with pressure below ~23 GPa is likely due to the increased
electron repulsion at closer ionic distances, while the decrease
of the band gap with pressure above ~23 GPa is likely due to
the band approaching from VBM to CBM at closer ionic
distances.

In order to depict the electronic band structure of the Li,-HEO
materials, first we needed to determine the dominant carrier
type. We tried to determine the carrier type of the Li,-HEO
samples using the Hall effect measurements (see the
Supporting Information). However, due to the small Hall
voltages of the HEO ceramic materials, the determined carrier
type was less conclusive. Thus, we sought another method, the
thermoelectric measurement method, because a negative/
positive Seebeck coeflicient corresponds to an n-/p-type carrier
in the semiconductor.**** Thus, via measuring the sign of the
thermoelectric open-circuit voltage, it is possible to determine
the carrier type (see the Supporting Information). As a
benchmark of this method, the thermoelectric OCV of both an
n-type and a p-type silicon were measured, which gives the
correct carrier type consistent with the used material (Figure
10a; a positive/negative OCV corresponds to an n-/p-type
carrier). Figure 10b shows the OCV of the four Li-HEO
samples, which reveals that all of the Li,-HEO samples are p-
type semiconductors.

Then, we tried to verify the presence of oxygen vacancies in
the samples using both XPS and EPR techniques. The
presence of defects such as oxygen vacancy that can lead to
the defect energy levels is supported by the measured XPS data
of Li,-HEO (Figure S15). Figure S15b—e shows that Mg, Ni,
Cu, and Zn were bivalent, while Co had mixed valences of +2
and +3, as revealed by the XPS curve fitting (Figure S15gh).
The formation of Co** in the undoped HEO is probably due to
the inevitable surface oxidation of Co** at high temperature, *°
while that in the Li,-HEO is probably due to both the Co**
oxidation*® and the requirement of charge compensation
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because of the doping of Li* into the bivalent cation
sublattice.”

The XPS data of Li,-HEO (Figures S15f and 10c) show that
there are two O 1s peaks. Hsieh et al. and Chen et al.*”**
attributed the low binding energy peak to the O ions
surrounded by Zn>* ions in their samples. In reference to this,
we attribute the 529.5 eV peak in the spectra to lattice oxygen
bonded by cations in Li,-HEO, which is denoted as Oy in
Figure 10c. According to ref 47, the higher binding energy of
531.5 €V is associated with O*>” ions that are in an oxygen-
deficient environment. Thus, this peak reflects the presence of
oxygen vacancies and is denoted as Ov in Figure 10c. Then,
the intensity ratio of the Oy to the Oy peaks would scale with
the content of the oxygen vacancy. Figure 10d shows that with
the increase of the Li content, the amount of oxygen vacancy
increases. Even for the undoped HEO, there are still some
oxygen vacancies (Figure 10d), which were also observed in
prior studies.*>*” The lattice distortion arising from the cation
size mismatch can lead to a significant lattice strain, which may
reduce the defect formation energy and promote the
generation of metal and oxygen vacancies in the undoped
HEO.* In the Li-doped HEO, the formation of oxygen
vacancies is probably due to both the lattice-distortion origin
and the requirement for the charge compensation due to the
doping of Li* into the bivalent cation sublattice (as for the
oxidation of Co*" to Co®*).”> The presence of the oxygen
vacancies in the Li-HEO samples was further verified by the
EPR data (Figure 10e) because the EPR response at a g-factor
value of ~2.01 mainly stems from the unpaired electrons of
oxygen vacancies.*®

On the basis of the above experimental results on the carrier
type, defect formation, and optical band gaps, we proposed a
temperature-dependent band structure of Li,-HEO (Figure
10f) to explain the three experimentally deduced electrical
conduction mechanisms of Li,-HEO (x = 0.200; Figure 3b) at
different temperature ranges at ambient pressure.

In the low-temperature range (e.g., 79—170 K in Figure 3a),
the ionization region dominates (Figure 3b). The thermal
energy is not high enough to excite the electrons to hop from
the VBM to the CBM. However, due to the Li doping and the
presence of oxygen vacancies in the HEO, some defect energy
levels form a middle band in the vicinity of the VB and the
thermal energy may suffice to excite some electrons from the
VBM to the defect energy levels, creating holes as the
dominant carrier (i.e., p-type) for electrical conduction (Figure
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10f, left). In this region, even though the carrier concentration
is low, the carrier mobility is relatively high due to the reduced
lattice scattering at low temperatures (Figure S8d). With
increasing temperature, the carrier concentration increases,
while the carrier mobility decreases (Figure S8d). Overall, the
low carrier concentration and the high mobility still create
some low electrical conductivity.

In a middle-temperature range (e.g, ca. 170—300 K in
Figure 3a), the extrinsic region dominates (Figure 3b). The
thermal energy is able to excite many electrons in the VBM to
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the defect energy levels (forming the dominant charge carrier -
holes in the VB). Minor amounts of electrons can also be
excited from the defect energy levels to the CBM, leaving some
holes in the middle band. However, the VBM electrons are
unable to be excited directly to the CBM (Figure 10f, middle).
With an increase in the temperature, the carrier concentration
increases, yet the mobility remains essentially constant (Figure
$8d). The conductivity-derived AE of ~0.27 eV (Figure 3b)
and the optical band-1 gap of ca. 0.4—0.5 eV (Figure 8b) would
correspond to the energy difference (AE;) between the defect
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energy levels and the VBM, and the optical band-II gap of ca.
1.1-1.2 eV (Figure 8b,c) would correspond to the energy
difference (AE,) between the CBM and the defect energy
levels.

In a high-temperature range (>~300 K in Figure 3a), the
intrinsic region dominates (Figure 3b). The thermal energy is
high enough to excite most electrons in the defect energy levels
to the CBM, which can be supplied by exciting the VBM
electrons, and to excite some electrons from the VBM directly
to the CBM (Figure 10f, right). These processes also create
holes in the VB or the middle band. The conductivity-derived
electronic band gap of ca. 0.8—1.5 eV (Figure 2b) is close in
magnitude to the optical band-II gap of ca. 1.1-1.2 eV (Figure
8b,c). Thus, both of them correspond to the energy difference
(AE,) between the CBM and defect energy levels (Figure 10f).
The optical band-III gap of ca. 1.7—1.8 eV (Figure 8b,c) would
correspond to the energy difference (AE;) between the CBM
and VBM (Figure 10a, right), which should equal to the sum
of the optical band-I gap and the band-II gap (i.e., AE; = AE,;
+ AE,).

The closeness of the electronic band gap (E,) to the optical
band-II gap (AE,) suggests that in the intrinsic region, the
electronic conduction is dominated by the electron excitation
from the defect energy levels to the CBM rather than the direct
electron excitation from the VBM to the CBM. This is
reasonable because as long as electrons are readily excited from
the VBM to the defect energy levels (with a smaller energy
difference of AE,), they are subsequently excited to the CBM
(with a bigger energy difference of AE,) for electronic
conduction.

Although the electronic band gap (Figure 2b) of Li-HEO is
close in magnitude to the optical band-II gap (Figure 8b,c),
they are not equal. For x = 0 and 0.065, the former is larger
than the latter, while for x = 0.117 and 0.200, the former is
smaller than the latter. The first case may indicate that the
electron—hole binding energy is high enough that some more
electrical energy is needed to separate them for producing an
actual electrical conduction. The second case may indicate that
the electron excitation for the VBM to the defect energy levels
(Figure 10f, right) may also contribute to the electrical
conduction appreciably, making the overall electronic band gap
appear smaller than the optical-II one.

As discussed above, above room temperature and at ambient
pressure, the electrical conduction of Li,-HEO is mainly
governed by the intrinsic conduction (Figure 3b and Figure
10f, right). At room temperature and high pressure, this
conduction mechanism should still operate. This is supported
by the fact that the measured high-pressure optical band gap
(around ca. 2.02—2.12 eV in Figure 9b) has a magnitude
comparable to the optical band-III gap measured at ambient
pressure (~1.8 eV in Figure 8b,c). The good correlation
between the trend of the direct band gap vs pressure (Figure
9b) and that of the log(resistance) vs pressure (Figure 4a)
suggests the applicability of eq 4, which also supports the
conduction is in the intrinsic region.

Without a phase change, the pressure can produce at least
two effects on the band gap of a Li,-HEO semiconductor. With
increasing the pressure and hence a closer interaction of the
electron clouds, the electron repulsion increases, which may
increase the band gap. On the other hand, with the shortening
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of the atomic bonds at high pressure, the ionic distances are
reduced, which may decrease the band gap. The predominance
of one effect over the other may produce a nonmonotonic
variation of the band gap with pressure, as observed in Figure
9b. This explains the slight difference between the ambient
optical band-11I gap (Figure 8b,c) and the high-pressure band
gap (Figure 9b).

Bérardan et al. reported that Li-HEO possesses a colossal
dielectric property at room temperature.”” In another work,
they concluded that Li,-HEO is a pure superionic conductor at
room temperature.'* However, their EIS data (their figures 1
and 3) do not show pure ionic feature of EIS* (a high-
frequency semicircle plus an upward-tipped tail, see the
Supporting Information). In fact, their data show more
features of a pure electronic conductor (one semicircle in
the whole frequency range) or a mixed electronic and ionic
conductor (two superimposing semicircles). Our data (Figure
6) clearly show that the Li-HEO is a mixed electronic and
ionic conductor in a wide range of temperatures.

Although our EIS measurements cannot tell independently
the actual carrier for ion migration, numerous previous works
showed that Li* is the major ionic carrier in lithium superionic
conductors (such as Li,oGeP,S,,,°" LiGa(SeO,),,*" LiAlSO,*
and Li, ;Aly;Ti, ,(PO,);>"), lithium fast ionic conductors
(such as Li;La;Zr,0,,"* and LigALa,Ta,0,, (A = Sr, Ba)>),
and other mixed electronic-ionic conductors (such as
LiC00,, Ligs,LagssMO; 5 (M = Ti, Cr, Mn, Fe, Co),”’
Lio.ssLao.szTioz.%r58 and LiFeqosMosPO, (M = Mg, Ni)sg)-
Results from molecular dynamics simulations also showed that
Li* has a higher self-diffusion coefficient than O*~ in Li,Ogs
and Li; O, and that if no vacancies are generated, there is no
significant atomic self-diffusion for ionic migration.60 Thus, it
is expected that Li* ions play an important role in the ionic
transport in Li,-HEO due to its higher mobility compared to
other ions. On the other hand, O~ may also contribute to the
ionic transport, as found in some complex oxides, such as
Lag4Pro 4S1o,Ing sMg,,0,5 in 160—225 °C.*” Moreover, the
presence of oxygen vacancies in LiHEO should make Li*
and/or O®” migrate easily through the crystal lattice. Pressure
has a suppression effect on the ionic conductivity of Li,-HEO
(Figure 7f), which may be due to the reduction of the ionic
migration space due to the lattice shrinkage under
compression. Nevertheless, Li,-HEO has a small activation
volume (1.41 cm®/mol), making it a fast ionic conductor even
at pressure up to ~10 GPa.

Understanding the conduction mechanism at different temper-
ature and pressure conditions is of ultimate importance for
developing novel applications of Li-doped high-entropy
materials. In this work, we synthesized four (MgCoNi-
CuZn),_,Li,O high-entropy oxide samples (Li,-HEO, where
x =0, 0.065, 0.117, and 0.200) using high-temperature solid-
state reactions. The electrical conductivities of chosen Li,-
HEO samples were measured at temperatures within 79 and
773 K, and/or at pressures from ambient up to ~50 GPa. It
was found that in the temperature range studied, the Li,-HEO
behaves as a semiconductor (p-type in the vicinity of room
temperature). Due to the existence of the oxygen vacancy in
the Li,-HEO, defect energy levels are present in the
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semiconductor band, forming a middle band that has an
important impact on the electrical conductivity. Arrhenius-like
plots of the conductivity data (at ambient pressure) revealed
that in different temperature regions, different electronic
conduction mechanisms operate. In a low-temperature region
(79—170 K), ionization conduction dominates, where the
relatively low electrical conduction is controlled by the weak
thermal excitations of the electrons in the valence band to the
defect energy levels. The excitation energy has a magnitude of
ca. 0.4—0.5 eV, as estimated from the optical band-I gap. In a
middle-temperature region (ca. 170—300 K), the extrinsic
conduction dominates, where the rising electrical conduction is
controlled by the thermal excitations of small amounts of the
electrons in the defect energy levels to the conduction band.
The excitation energy has a magnitude of ca. 1.1-1.2 eV, as
estimated from the optical band-II gap. In a high-temperature
region (>300 K), intrinsic conduction dominates, where the
markedly increased electrical conduction is controlled by the
increased thermal excitations of the electrons in the semi-
conductor valence band to the conduction band via the
springboard of the defect energy levels, as revealed by the
nearly equal electronic band gap (ca. 0.8—1.5 V) and optical
band-II gap (ca. 1.1-1.2 V).

At (or above) room temperature and high pressures (up to
~50 GPa), the intrinsic conduction mechanism still operates.
However, pressure exhibits a nonmonotonic effect on the
electrical conduction, akin to its effect on the optical band gap
(and hence the carrier concentration). This is likely due to the
trade-off between the pressure-enhanced electron repulsion
(which increases the band gap) and the band approaching
(which decreases the band gap) at closer ionic distances.

In addition to the electronic conduction, Li ionic conduction
also exists in the Li-doped HEO. At room temperature, the
ionic conductivity of Li-HEO increases with an increasing
lithium content. At ca. 20—200 °C, Lij46s-HEO has an ionic
activation energy of ~0.7 eV, and at low temperatures, Li, ;-
HEO has an activation energy of ~0.4 eV. Meanwhile, pressure
has a suppression effect on the ionic conductivity, as revealed
by a small ionic activation volume of 1.41 cm?/mol (Ligoss-
HEO), which makes the Li -HEO a fast ionic conductor.

Our work presented a comprehensive study of the electrical
conduction of Li-doped high-entropy oxides (MgCoNi-
CuZn),_Li,O at different temperature and pressure con-
ditions. The semiconductor band structure was revealed, and
the conduction mechanisms were uncovered. This work
provides us with fundamental knowledge for developing new
generations of HEO-based Li-ion electrode materials that
would function in both ambient and extreme conditions.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.3c00693.
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