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A new spinel high-entropy oxide
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It is well known that transition metal oxides (TMOs) have attracted extensive attention as promising anodes
for next-generation lithium ion batteries (LIBs) owing to their low cost and high theoretical capacities.
However, the huge volume changes upon lithiation/delithiation cycling gradually cause drastic particle
pulverization in the electrodes, thus leading to fast capacity fading and limiting their practical
applications. High-entropy oxides with enhanced electronic conductivity and multiple electrochemically
active elements display stepwise lithium storage behaviors, thus efficiently alleviating the volume change
induced electrode pulverization problem. Herein, we report the synthesis of a new kind of spinel
(Mgp.2Tip.2ZNng 2Cug xFep 2)304 material via a facile one-step solid state reaction method and subsequent
high-energy When LIBs, the
(Mgo 2 Tip2ZNno »Cug 2Fep 2)304 particles exhibit superior lithium storage properties, delivering a large
reversible capacity of 504 mA h g™t at a current density of 100 mA g~ after 300 cycles, and notably an
exceptional rate capacity of 272 mA h gt at 2000 mA g~* Our work highlights that rational design of
high-entropy oxides with different electrochemically active elements and novel structures might be

ball-milling. used as anodes for submicrometer-sized
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1. Introduction

Due to the ever-increasing energy demands and concern around
global warming, advanced renewable energy technologies such
as portable electronics, electric vehicles and green grid energy
storage, have received much attention.'” To satisfy the growing
demand of advanced rechargeable lithium-ion batteries (LIBs),
tremendous efforts have been devoted to explore the electrode
materials with long cycle lives, high rates and reversible specific
capacities.®® Graphite is a commonly used anode material in
current commercial LIBs.® Nevertheless, its low theoretical
capacity (372 mA h g ') and the problem of Li dendrite
formation limits the large-scale application in future LIBs
system.'®'* Therefore, developing suitable anode materials with
higher lithium storage capacities and superior cycle stability is
urgently demanded.”>™* As promising anodes for LIBs, transi-
tion metal oxides (TMOs, such as Co030,," ZnO,'* CuO,"”
Fe;0,4,22>° Fe,0; (ref. 25-27)) have attracted extensive attention
owing to their low-cost and high theoretical capacities.

Key Laboratory of Radiation Physics and Technology, Ministry of Education, Institute
of Nuclear Science and Technology, Sichuan University, Chengdu 610064, People's
Republic of China. E-mail: qiun@scu.edu.cn; wyuan@scu.edu.cn

(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/d0ra00255k

9736 | RSC Adv, 2020, 10, 9736-9744

However, the large volume changes upon the lithiation/
delithiation process gradually causes drastic electrode pulveri-
zation, thus leading to fast capacity fading.>?*>°

In order to solve the pulverization problem and to achieve
enhanced cycling stability, it is reported that introducing
foreign atoms into the single metal oxides could be a predomi-
nant effective method. A wide variety of ternary oxides have
been studied as prospective anode materials for Li-ion batteries
which undergo Li-cycling via the “conversion reaction,” and
those have been recently reviewed by Reddy et al'>****%” In
particular, iron-based spinel oxides, such as ferrites with
general formula AFe,O, (A = Zn, Ni, Co, Cu, Cd)*®** and
(Ni;_,Zn,)Fe,0, (x = 0, 0.2, 0.25, 0.4, 0.5, 0.6, 0.75, 0.8, 1)**
have been extensively studied for their Li-cyclability. Specifi-
cally, Zhao and Luo et al.**™* suggested that the in situ formed
Cu nanoclusters from CuFe,0,4 not only promoted the reversible
formation and decomposition of Li,O but also functioned as an
excellent buffer matrix for the Fe,O; electrode, preventing the
aggregation of Fe nanograins and buffering volume changes
and structural stress of the electrode during cycling. Thus,
excellent electrochemical performance was achieved in the
composite CuFe,O, electrode. Meanwhile, another effective
method was complexing with electrochemically inactive mate-
rials such as MgO and CaO, which can cause a “spectator effect”
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to restrain the agglomeration of active nanograins.***> There-
fore, more efforts and rational design strategies must be done to
exploit suitable TMO anode materials with good cycling stability
and high specific capacity, which will satisfy practical
applications.

High-entropy oxides (HEOs), as a new kind of multicompo-
nent and single-phase solid solution TMOs, have greater elec-
tronic conductivity and multiple electrochemically active
components as compared with single metal oxides.>** They
display stepwise lithium storage behaviors, thus efficiently
alleviating the volume change and then solving induced elec-
trode pulverization problem to some extent. Herein, we have
successfully synthesized a new spinel-structured (Mgy,Tig.,-
Zn, ,Cuy ,Fe, )30, materials via a facile one-step solid state
reaction method and subsequently high-energy ball-milling.
When used as anodes for LIBs, the (Mg »Tio.2Zno,Cuo 2Feg.2)3-
O, electrode exhibits superior lithium storage properties,
delivering a large reversible capacity of 504 mA h g ' at
a current density of 100 mA g~ " after 300 cycles, and notably an
exceptional rate capacity of 272 mA h g~ ' at 2000 mA g~ .
Meanwhile, a high capacity retention of 96.2% after 800 cycles
at 2000 mA g~ was obtained.

2. Experimental section

2.1. Materials synthesis

All chemical reagents (purchased from Alfa Aesar Chemical
Reagent Co., Ltd) were of analytical purity and used without
any further purification. Equimolar amounts of the oxides,
MgO (0.01 mol, 0.4030 g, 99.99%), TiO, (0.01 mol, 0.7987 g,
99%), FeO (0.01 mol, 0.7184 g, 99%), ZnO (0.01 mol, 0.8139 g,
99.9%) and CuO (0.01 mol, 0.7954 g, 99.9%) were mixed as pre-
alloyed powder by a planetary ball mill. To ensure adequate
mixing, all pre-alloyed powder was milled for at least 2 hours.
The mixed powder was then separated into several samples
with a weight of 0.500 g per sample, and then pressed into
pellets with 1.50 cm diameter using a uniaxial hydraulic press
at 31 000 N. The pre-alloyed pellets were sintered at 1000 °C for
24 hours by using a Protherm PC442 tube furnace. Then
checked via X-ray diffraction to ensure phase purity and that
peaks remain narrow and intense. The geometrical density of
the as-prepared pellets was in the 75-80% range. These pellets
were then mixed into an isopropyl alcohol slurry and milled
again into powder with yttrium-stabilized balls for 10 hours,
then all the powder samples were dried in a fume hood at
room temperature.

2.2. Materials characterization

The phase structure was characterized by the X-ray diffraction (XRD,
Bruker D8 Advance X-ray diffractometer) at voltage of 40 kv and
current of 50 mA under Cu Ko radiation (A = 1.54178 A), with
a 1.5° min~ " of scan speed and a range taken as 26 = 10-90°.
Transmission electron microscopy (TEM) and scanning electron
microscopy (SEM) images were acquired on JEM-1011 with the
accelerating voltage of 200 kV and JEOL JSM-6700 M with the
accelerating voltage of 10 kV, respectively. The sample for SEM

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

characterization was sputtered a thin layer of gold prior to the
measurements. X-ray photoemission spectroscopy (XPS) was per-
formed to determine the compositions and chemical states by using
a Thermo Fisher X-ray photoelectron spectrometer ESCALAB 250Xi
(non-monochromated Mg Ko X-ray radiation as the excitation
source). The high-resolution transmission electron microscopy
(HRTEM) images, selected area electron diffraction (SAED) pattern,
and EDS elemental mapping images were obtained by using a JEM-
ARM200F (Schottky FEG Cs corrected TEM). EDX analysis was
carried out in the STEM mode using a Tecnai G2 F20 transmission
electron microscope. The sample for TEM measurements was
prepared by dispersing the (Mg ,Tij,Zny,Cug,Fe;,);04 nano-
particles into petroleum ether followed by dropping onto a gold
grid. A Tristar IT 3020 physisorption system (Micromeritics Instru-
ment Corporation, USA) was used to measure nitrogen adsorption-
desorption isotherms at the liquid nitrogen temperature (77 K). The
Brunauer-Emmett-Teller (BET) method was used to calculate the
specific surface areas of the samples from the adsorption branches.
The Barrett-Joyner-Halenda (BJH) model was employed to compute
pore size distribution curves from the desorption branches.

2.3. Electrochemical measurements

The working electrodes for LIBs were first fabricated by mixing
active materials (submicrometer-sized (Mg ,Tig.2Zng,Cugo-
Fey )30, particles), Super P acetylene black (20 wt%) and pol-
y(vinylidene fluoride) (M,: 534000 g mol ', Sigma-Aldrich)
(10 wt%) using N-methyl pyrrolidone (NMP) as solvent to form
a slurry with a weight ratio of 70 : 20 : 10. Then, the slurry was
coated on Cu foil as current collector with a loading of 1.0 £
0.2 mg cm >, dried in a vacuum oven at 80 °C overnight, and
then roll-pressed at 10 MPa for 2 minutes. After that, the elec-
trochemical properties were investigated using coin-type cells
(CR2025), and the assembly process was operated in the Ar-
filled glovebox with H,O and O, contents less than 1.0 ppm.
The electrolyte was adopted by dissolving 1.0 M LiPFg in
ethylene carbonate/dimethyl carbonate (1/1 in volume), the
counter electrode was lithium foil, and the separator was
a Celgard 2400 microporous membrane. Cyclic voltammetry
(CV) tests were carried out on the Autolab PGSTAT 302 N elec-
trochemical station with a potential window of 0.01-3.0 V (vs. Li/
Li") at various scan rates from 0.1 to 1.0 mV s~ . Galvanostatic
discharge/charge test (the mass loading of (Mg ,Ti,Zng -
Cuyp,Fe )30, is about 1.2 mg) was conducted on a LAND
CT2001A multichannel battery test system (LAND Technology
Co., Ltd., China) at room temperature. The electrochemical
workstation was also used to measure the electrochemical
impedance spectroscopy (EIS) with the frequency range from
10° Hz to 0.01 Hz with alternating current signal amplitude of
10 mV.

3. Results and discussion

3.1. Structure characterization of the
(Mg, Tig 2Zn, ,Cuy ,Fe, 5);0,4 particles

Fig. 1(a) and (b) show the SEM and TEM images of the (Mg .-
Tig,Zny,CugFey )30, particles, which display irregular
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(@) SEM image and (b) TEM image of the synthesized irregular (Mgp 2 Tig 2ZNnp 2Cug 2Feq 2)304 particles; (c) SAED pattern, (d) HR-TEM image,

(e) XRD pattern and (f) elemental mapping images of the (Mgg 2Tig.2ZNng 2Cug 2Feq 2)304 particles.

spherical morphology with size in the ranges of 51-345 nm
(average size 143 nm). The XRD patterns of the (Mg ,Tig,Zng »-
Cu,,Fe( )30, particles are shown in Fig. 1(e) to investigate the
crystal structure. The diffraction peaks at 26 values of 18.21,
29.89, 35.26, 36.95, 42.79, 53.25, 56.64, 62.18, 73.56, and 89.09°
correspond to the reflections of the (111), (220), (311), (222),
(400), (422), (511), (440), (533), and (731) planes of a Fd3m spinel
structure. Besides, no impurity peaks are detected, indicating the
high purity of the spinel-structured materials. The polycrystalline
diffraction rings of SAED pattern (as shown in Fig. 1(c)) present
the microstructural characteristics of a typical face-centered-
cubic (FCC) structure. The interplanar spacings (ring 1: dy1; =
0.485 nm, ring 2: dy,o = 0.297 nm, ring 3: d31; = 0.253 nm, ring 4:
d400 = 0.209 nm, ring 5: ds;; = 0.162 nm, and ring 6: d,, = 0.148
nm) are all assignable to the FCC structure. HRTEM image taken
from an individual nanosheet (Fig. 1(d)) shows the well-defined
lattice fringes with d spacing of 0.297 and 0.253 nm, which are
in good agreement with the (220) and (311) planes of (Mgo.,-
Tiy»Zn, ,Cug,Fey )30, phase, respectively. It is clear that the
corresponding interplanar spacing values agreed well with the
SAED data. In order to confirm the element distribution of
(Mgo »Tig»Zng »,Cug ,Feq 2)30, particles, EDS elemental mapping
was performed (Fig. 1(f) and S17), revealing that the Mg, Ti, Fe,
Zn, Cu and O elements are homogeneously distributed within the
region of a single particle with good overlapping.

9738 | RSC Adv, 2020, 10, 9736-9744

It's well-known that the specific surface area, pore diam-
eter, and pore volume all influence the electrochemical
performance of the active electrode materials.*** The specific
surface area and pore size distribution of the synthesized
(Mg 2Tip.2Zng ,Cug o Fey )30, particles were measured via
nitrogen adsorption-desorption isotherm analysis
(Fig. S2(a)t). The isotherm shows that the sample exhibits
typical type-IV characteristics with a type-H1 hysteresis loop at
high pressures, indicating the existence of open mesoporous
characteristics.®* According to the Brunauer-Emmett-Teller
model, it presents a BET specific surface area of 12.31 m* g,
a Langmuir surface area of 78.21 m> g ', and a total pore
volume of 0.037 cm® g~ . Pioneering research work of Fe,O3 by
Reddy et al.*>** suggested that anode materials with a high
BET surface area would be ideal choice (Table S1t). Based on
Barrett-Joyner-Halenda plots, the pore size of the four
samples is similar and mainly in the range of 3-20 nm
(Fig. S2(b and c)t), which is strong evidence that the sample
contain a large number of mesoporous structure. Generally,
the rich mesoporous configuration would benefit for the long
cycle lives and better rate capabilities of LIBs,** because such
mesoporous structure possesses high specific surface area,
which would facilitate charge transfer and reduce ion diffu-
sion path lengths, and provide enough room for accommo-
dating volume changes during cycling. To characterize the

This journal is © The Royal Society of Chemistry 2020
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chemical compositions and oxidation state of the (Mg ,Tiy.»-
Zn, ,Cuy Fe, )30, particles, X-ray photoelectron spectroscopy
(XPS) was performed. The XPS survey spectrum of the sample
confirms the presence of Mg, Ti, Fe, Zn, Cu, and O elements in
the material (Fig. S37). Fig. S4(b)f shows that two main peaks
are located at 231.9 and 235.1 €V in the Ti 2p XPS spectrum,
corresponding to the Ti 2ps,, and Ti 2p4,, with oxidation state
of Ti**.%3 In Fig. S4(c),T the O 1s peak is deconvoluted into two
peaks. The peak around 529.5 eV arises from typical lattice O
in (Mgo.,Tip2Zng,CugFeg,)304,°* while the other peak
centered at 531.5 eV is attributed to defect sites with low O
atom harmonization. As shown in the high-resolution Fe 2p
XPS spectrum of the (Mg ,Tig2Zn,,CugFeq )30, particles
(Fig. S4(d)T), two peaks centered at 710.8 and 724.1 eV are
observed, corresponding to the electronic states of Fe 2pj;,
and Fe 2p,,, respectively. Besides, the presences of two shake-
up satellite peaks belong to the Fe*".°**® Two main peaks
(Fig. S4(e)T) located at 933.3 and 953.5 eV in the Cu 2p XPS
spectrum correspond to the Cu 2p;z, and Cu 2p,, with
oxidation state of Cu®", respectively. In Fig. S4(f), the exis-
tence of Zn>" species is demonstrated by strong peaks of Zn 2p
centered at the binding energies of 1021.3 and 1044.5 eV,
which can be ascribed to Zn 2p;,, and Zn 2p,,, respectively.

3.2. Electrochemical performance studies of the
(Mg »Tip»Zn, ,Cuy sFe, 5);0, particles as anode material for
LIBs

3.2.1. Cyclic voltammetry. Cyclic voltammetry is a tech-
nique that is recognized as an efficient tool to study the redox
reaction couples and structural transformations during Li-
intercalation/deintercalation of both cathode®®® as well as
anode materials.">*>”® Cyclic voltammetry (CV) studies on
(Mg »Tip,Zny ,Cug o Feg )30, electrode were carried out at the
scan rate of 0.2 mV s~ ' in the voltage window of 0.01-3.0 V vs.
Li/Li" at room temperature to study electron transfer kinetics
and transport properties. Pure Li metal was used as the counter
and reference electrode.

Fig. 2(a) shows the CV curves of the first seven cycles. It
represents the first cathodic scan with four reduction peaks for
(Mg »Tip2Zng ,Cug s Feg 5)304, in which the first one is centered
at 1.42 V, the second one at 0.65 V, the third one at 0.35 V, which
can apparently corresponding to the lithiation of Fe**/Fe®, Cu®"/
Ccu®, zn**/Zn° the Li,O matrix formation and crystal structure
destruction followed by Li-alloying of Zn, respectively.””* The
fourth sharp peak at lower voltage (0.03 V) can be ascribed to the
formation of a solid electrolyte interphase (SEI) layer on the
electrode surface because of the reduction of solvents in the
electrolyte.””®

Subsequently, the broad peak centered at around 1.41 V in
the anodic step is identified due to oxidation of metallic Fe, Cu
and Zn to the corresponding metal oxides, followed by the
decomposition of Li,0.'*”® According to Wang et al.,” Li-Zn
alloy formation occurs at 0.35 V and multistep dealloying
process of Li-Zn alloy occurs in the range of 0.5-0.8 V vs. Li. As
expected, three initial reduction peaks (1.42, 0.65 and 0.35 V)
disappear, and the fourth one moves to 0.71 V in the second
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cycle. Commonly, this phenomenon can be observed in tran-
sition metal oxides owing to some side reactions and structural
rearrangements only happen in the first cycle, which indicates
the irreversibility of initial lithiation process and the SEI
formation." In the following cycles, the CV curves are similar to
the second cycle and almost are well-overlapped at 0.71 V and
1.41 V, suggesting the good electrochemical reversibility of the
electrode.

3.2.2. Galvanostatic cycling studies. In order to determine
electrochemical properties of the (Mg ,Tig2Zng >Cug 2Fe,)304
electrode, galvanostatic cycling of the fabricated coin cells was
done between 0.01 and 3.0 V vs. Li/Li*, which was carried out on
coin cells, up to 300 cycles at room temperature. The open-
circuit voltage (OCV) of the fabricated and aged cells is about
2.8-3.0 V.

Fig. 2(b) summarizes the cyclic performance with coulombic
efficiency of the (Mgy,TigZny,Cuy,Fey,)30, electrode at
a current density of 100 mA g~ '. As mentioned above, it is
noticed that rapid capacity decay in the preliminary cycles
because of complicated subsidiary reactions and irreversible
structure transformation. Furthermore, the capacity values
generally increase after specifically completing 50 cycles, which
can be explained by the reversible formation/dissolution of
polymeric gel-like film during the process of activation elec-
trode materials for the transition metal oxide.” It can be
observed in Fig. 2(c) that the (Mg ,Tig2ZngCug Feq,)304
electrode exhibit the first, second, 10th, 100th, 200th, and 300th
charge/discharge curves at a current density of 100 mA g .
During the first cycle, the voltage dropped to a plateau of 1.42 V
from the open circuit potential and then slowly decreased to
0.01 V. The initial discharge and charge capacities were 1261
and 634 mA h g ', corresponding to a low initial coulombic
efficiency of 50.3%. However, the coulombic -efficiency
increased to about 99% after few initial cycles and maintained
at this percentage for the entire test process. Finally, after 300
cycles, a high discharge specific capacity of 504 mA h g~" was
still maintained. The superior electrochemical cycling perfor-
mance could be originated from the unique hierarchically
assembled robust microspheres structure of the electrode after
1st discharge/charge cycle (Fig. S51). On one hand, the well-
connected microspheres can enhance the contact area
between electrode and electrolyte, which facilitates to shorten
the lithium ion diffusion length and accommodate the volume
change during charge/discharge process. On the other hand,
the spherical hierarchical morphology with low surface energy
can alleviate the particle aggregation.”

3.2.3. Rate performance. The rate properties of the
(Mgo.2Tip2Zno ,Cug sFeg )30, electrode were displayed in
Fig. 2(d). As the current density changed from 100 to
2000 mA g, the specific capacities of 571, 460, 405, 342, and
268 mA h g~ ! are correspondingly obtained. More significantly,
when the current density is reverted to 100 mA g~ ', the elec-
trode capacity is also regained to 552 mA h g~ ' (Table S27).
Furthermore, the discharge-charge curves of (Mg, ,Tij,Zng »-
Cuy,Fe( )30, at different current densities (Fig. 2(e)) show the
similar and clear potential plateaus revealing the stable and
superior rate properties. As Wang et al. suggested that the rate

RSC Adv, 2020, 10, 9736-9744 | 9739
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Fig. 2 Half-cell electrochemical performances of the (Mgg »Tig2ZNno 2Cug 2Feq 2)30O4 electrode for LIBs. (a) Representative cyclic voltammetry
(CV) curves at a scanning rate of 0.2 mV s~ in the voltage range of 0.01-3.00 V versus Li*/Li; (b) cycling performances and the corresponding
coulombic efficiencies at 100 mA g~ for 300 cycles; (c) discharge—charge voltage profiles for the 1st, 2nd, 10th, 100th, 200th and 300th cycles

in the voltage range of 0.01-3.00 V at a current rate of 100 mA g~%;

(d) rate performance at different current densities ranging from 100 to

2000 mA g% (e) the discharge—charge curves under different current densities; (f) Nyquist plots of the (Mg »Tig 2ZNo 2CUg 2Feg 2304 electrode:
before cycling (at the open circuit voltage, 3.0 V) and after 300 cycles (at the specific charge voltage, 3.0 V) at a current density of 100 mA g~%; (g)
cycling performances and the corresponding coulombic efficiencies at 2000 mA g~ for 800 cycles.

performance of electrode materials is extremely dependent on
the electronic conductivity and diffusion path.** Introducing
foreign atoms into the electrode material will increase the
diffusion coefficient of Li ion (Dy;). Thus, the rational design
and selection of (Mg »Ti¢ ,Zn, ,Cu, Feg »)304 as anode material
will lead to greater electronic conductivity and multiple elec-
trochemically active components as compared with the single
metal oxides. Notably, at the elevated current density long-term
cyclic evaluation under 2000 mA g~ " (Fig. 2(g)), it displays the
robust cyclic stability (no obvious capacity fading and close to
100% coulombic efficiency) and maintains on 279 mA h g~ ' at
the end of 800 cycles. The excellent long-term cycling perfor-
mance would be ascribed to the property of high entropy oxides,
which not only have robust structural stability, but also with
enhanced electronic conductivity.

3.2.4. Electrochemical impedance spectroscopy. Electro-
chemical impedance spectroscopy (EIS) is one of the most
informative analytical techniques that can be employed to
understand reaction kinetics of the Li-ion insertion/deinsertion
process in compounds due to its nondestructive nature and
ability to differentiate various phenomena taking place in an
electrode at different time periods.”**"#

9740 | RSC Adv, 2020, 10, 9736-9744

Presently, to investigate the electrical conductivity and Li"
transfer in the (Mg ,Tiy.,Zng »,Cug  Fe( )30, anode, EIS plots of
before cycling (at the open circuit voltage, 3.0 V) and after 300
cycles (at the specific charge voltage, 3.0 V) were evaluated. As
shown in Fig. 2(f), the Nyquist plots show a semicircle in the
high-to middle-frequency region (representing the ohmic
resistance, SEI film resistance, and charge transfer resistance)
and a straight sloping line in the low-frequency region (repre-
senting Li" diffusion resistance).®** It is noted that the semi-
circle diameter of the fresh (Mg ,Tip2Zny,CugFeg )30,
electrode is larger than that measured at the 300th cycle, indi-
cating that the Li" diffusion resistance is reduced after cycling.
The semicircle diameter varies directly with impedance. The
impedance data of all samples are analyzed by fitting the
equivalent circuits inserted in Fig. 3. The equivalent circuits are
composed of ohmic resistance (Rg), SEI film resistance (Rgsg),
charge-transfer resistance (R.), constant-phase element (CPE),
and Warburg impedance (Zw). The parameters of the equivalent
circuit are recorded in Table S3.} In this way, (Mg ,Ti,Zng 5
Cuy,Fe( )30, exhibits excellent electrical conductivity. Fig. 3
shows the relationship between the real resistance (Z') and the
inverse square root of frequency (w~*?) of the (Mgo,Tio,ZNg -
Cug,Fe,);0, electrode before and after 300 cycles. The

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Plots of Z/ against w2 (inset: equivalent circuit) of the fresh

(Mgo_zTiQ_zzn0_2CUO_2Feo_2)304 half-cell and the half-cell Charged to
3.0 V after 300 cycles.

diffusion coefficient values of Li" into the electrodes can be
calculated by the following equations:*>*¢

RT?

Pu = pwrics

7' = Rg + Ry + o™ '?

where R is the gas constant (8.3145 ] mol ' K™ %), T is the test
temperature (298.15 K), A is the surface area of the electrode
(1.76625 cm?), n is the number of electrons per molecule
during oxidization (which, in this case, n = 4.2), F is the
Faraday constant (96 485.33 C mol '), C is the concentration
of lithium ion, and ¢ is the Warburg factor, which is related to
Z'. The (Mg .»Tio.2Zny »Cug sFeg 2)30,4 electrode after 300 cycles
shows the Li* diffusion coefficient of 4.716 x 10~ ** em? s %,
3.15 times higher than that of the fresh cell (1.497 x 10~ ¢cm?
s™"), explaining the good electrochemical performance.
Hence, we believe that the (Mg ,Tip2Zng,Cug Feq2)304
material show higher electrical conductivity because of the five
types of metals in the spinel structure, which reduce the
activation energy for electron transfer relative to that in single-
metal structures.

3.2.5. Investigation on the kinetics origin of the (Mgy -
Tig»Zn, ,Cuy,Fey,);0, electrode. The broad redox peaks
observed and the quasilinear charge curves from the CV and
charge/discharge profiles, respectively, suggest the pseudoca-
pacitive properties of the (Mg ,Tip.»Zne,CugoFe,);0, elec-
trode. It is well-known that the peak current values in CV curves
for the cathodic and anodic reactions would vary with scan rate,
which could imply the kinetics of the lithium insertion/
extraction at the electrode/electrolyte interface. Hence, in
order to better understanding the kinetics mechanism, CV
measurements were conducted at various scan rates from 0.1 to
1.0 mV s~ to investigate the kinetics of lithium uptake within
the (Mgo.2Tip»Zny ,Cug sFeg )30, electrode, as shown in Fig. 4.
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It is presented in Fig. 4(a) that two anodic peaks and one
cathodic peak can be observed at various scan rates. The loga-
rithm of the peak current (i},) is plotted versus the logarithm of
the scan rate (v) (Fig. 4(b)), assuming that 7, and v obey the
power-law relationship as the following two equations:®”*

ip = a’
log(i,) = b log(v) + log a

where a and b are adjustable values. The value of b offers insight
into the charge-storage mechanism. By plotting log(7,) against
log(v), the b value can be derived from the slope, which gives two
critical conditions: b = 0.5 and b = 1.0. It is suggested by many
references that former indicates a typical faradaic intercalation
process controlled by semi-infinite linear diffusion; the latter
represents surface capacitive charge storage free of diffusion
control.?*® As shown in Fig. 4(b), the slopes (b value) of the
three peaks are calculated to be 0.97, 0.86 and 0.90, respectively,
demonstrating that the behavior of lithium storage in (Mgy.,-
Tig 2Zno ,CUg Fe( )30, electrode is mainly controlled by the
surface redox reaction process.

The total capacitive contribution at a fixed scan rate can be
quantitatively determined according to the following equation:

(V) = kyv + kpv'?

where the k; and k, values are constants at a particular voltage.
k,v stands for the capacitive-controlled contribution and k2
represents the diffusion-controlled contribution, respectively,
where v is the scan rate. For convenient analytical purposes, we
can rearrange this equation slightly to:

l-(V)/vl/Z — k1V1/2 + k2

Thus, by determining k; and k, in Fig. S6,T we are able to
quantify the fraction of the current due to each of these
contributions at specific potentials. It presents that when
increasing the scan rates, the capacitive contribution also
increased (Fig. 4(d)). The blue areas in the CV curve shown in
Fig. 4(c) represent the capacitive-controlled contribution at
a scan rate of 1.0 mV s~ . Fig. S71 shows the CV curves with
separation between the total current and surface capacitive
current at different scan rates of the (Mg ,Tip2Zng,Cugo-
Feo,);0, electrode. At the scan rate of 0.1 mV s~ ', the capacitive
contribution is 62.9%; a high ratio of 93.2% can be obtained
when the scan rate approaches 1.0 mV s '. The dominant
pseudocapacitive contribution indicates the superior rate
capability, and associates with the structure of the (Mg, ,Tig»-
Zn, ,Cuy ,Fe, )30, materials, in which the lithium ions can
directly react with the active material without long distance
diffusion pathways.

4. Conclusions

In this study, we have demonstrated the successful preparation

of a new kind of spinel high-entropy oxide

RSC Adv, 2020, 10, 9736-9744 | 9741
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Fig. 4 Kinetic analysis of the Li* storage behavior. (a) Cyclic voltammetry (CV) curves of the (Mg »Tig 2ZNno 2Cug 2Feq )30, electrode for LIBs at
different scan rates of 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 mV s~*. (b) The corresponding logarithm peak current versus logarithm scan rate plots with
inset showing the calculated b values. (c) Separation of capacitive (blue region) and diffusion (red region) controlled contribution at 1.0 mV s, (d)
The normalized contribution ratio of pseudocapacitive capacities at different scan rates for the (Mgg »Tip.2ZNg 2CuUg 2Feq2)304 electrode, which

indicates that the electrode was mainly controlled by pseudocapacitive electrochemical behavior.

(Mgo.2Tig »,Zng ,Cug s Fey )30, material via a facile one-step solid
state reaction method and subsequently high-energy ball-
milling. When used as anode materials for LIBs, the electrode
exhibited superior lithium storage properties, delivering a large
reversible capacity of 504 mA h g~' at a current density of
100 mA g ' after 300 cycles, and notably an exceptional rate
capacity of 272 mA h g~* at 2000 mA g~ !, respectively. Mean-
while, a high capacity retention of 96.2% after 800 cycles at
2000 mA g~ was obtained. This superior electrochemical
performance could be ascribed to the usage of novel (Mg .-
Tig»Zn, ,Cug,Feg )30, particle structure, which can not only
buffer the volumetric changes upon lithiation/delithiation
processes, but also provide enlarged surface sites for lithium
storage and facilitate the charge/electrolyte reaction. More
importantly, our work highlights that the rational design and
use of high-entropy oxides with different electrochemically
active elements and novel structure as LIB anode materials
might be promising for exploring next-generation energy
storage devices.
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