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ABSTRACT

The demand for portable power sources with higher energy density and longer
lifespan has prompted researchers to focus on developing better electrode materi-
als for lithium-ion batteries (LIBs). Metal oxide nanoparticles have potential due
to their low cost, high surface-area-to-volume ratio, strong reactivity, excellent
size distribution, high theoretical capacities, and eco-friendly synthesis meth-
ods. However, there is still room for improvement in capacity retention and rate
performance. To cope with this entail, the cycle performance of LIBs has been
initially investigated utilizing single metal oxide anode materials including NiO,
CuO, and ZnO nanostructures. Subsequently, binary oxides of Ni-Cu, Ni-Zn, and
Cu-Zn have been synthesized to examine whether the binary structures boost
the battery performance. NiCuO is the optimum anode material combining the
benefits of NiO with the highest initial discharge capacity of 691 mAh g~!and
the highest retention rate of CuO (49% after 30 cycles).
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1 Introduction takes ages [1]. On the other hand, renewable energy

sources are one of the most significant alternative

Global energy consumption continues to rise, simul-
taneously with population and economic growth. The
generation and storage of clean, safe, and green energy
are technological and social issues that civilizations
face as they grow and progress. As consumer demands
increase, the trend toward more energy-dense sources
increases, raising concerns about energy security.
Natural gas, coal, oil, and other non-renewable fossil
fuels are limited on the earth, and their replenishment

energy sources because they can be produced repeat-
edly. To fulfill current energy demands and require-
ments, numerous research groups have been working
diligently to build cutting-edge energy storage technol-
ogy [2—4]. Batteries are particularly significant for con-
tinuous energy demands because of the high degree
of uncertainty and irregular distribution of energy in
other renewable energy sources found in nature. As a
result, several battery types have been manufactured

Address correspondence to E-mail: nesrin.horzum.polat@ikc.edu.tr; ahmet.atac@cbu.edu.tr

https://doi.org/10.1007/s10854-023-11838-0
Published online: 17 January 2024

@ Springer


http://orcid.org/0000-0002-2782-0581
http://crossmark.crossref.org/dialog/?doi=10.1007/s10854-023-11838-0&domain=pdf

164 Page 2 of 14

and continue to be developed to meet the expanding
need for energy.

Lithium-ion batteries (LIBs) are an attractive energy
storage option for a variety of applications, including
portable devices, electric automobiles, and hybrid
electric vehicles. Even though LIBs have shown their
commercial viability, several issues remain in terms
of energy storage density, cycle life, and safety. In this
regard, each component of LIBs should be improved
tediously to meet desired characteristics. Graphite,
commonly utilized as an anode material in battery
technologies, has a theoretical specific capacity of 372
mAh g1, several safety concerns, and poor speed per-
formance [5]. Interest in the use of transition metal
oxides (MOx, M: Co, Ni, Cu, Fe) as a possible anode
material for improving the performance of LIBs has
developed significantly [6]. By substituting transition
metal oxides for the conventional lithium-ion progres-
sion mechanism, the specific capacity and high-rate
performance of LIBs are increased during the charge/
discharge process. Thus, utilizing the conversion reac-
tions of metal oxides, high energy density, and capac-
ity can be obtained. Among metal oxides, ZnO has
a higher theoretical specific capacity (978 mAh g~')
compared to NiO (718 mmAh g~!) and CuO (670 mAh
g~1) [7]. Contrary to the theoretical capacity, due to the
fast volume expansion associated with the decrease
in electrical conductivity, ZnO materials exhibit poor
cycle stability and rate capability during lithium-ion
transfer between the anode and cathode. In addition,
the drastic volume change during the lithiation/del-
ithiation process leads to rapid capacity reduction and
low cycle stability. Because the inactive state of Li,O
leads to a decrease in electrical conductivity and struc-
tural stability during the process [8].

To overcome these issues, porous and/or nanosized
metal oxides with various structures such as nanorods,
nanosheets, nanotubes, and nanofibers have been
developed for improving electrochemical performance
[9-11]. Nanostructured metal oxide anode materials
can be divided mainly into (i) insertion/intercalation
(e.g., Li4TisO,, NiVO3), (ii) conversion (e.g., MOx (M=
Cr, Mn, Fe, Co, Ni, Cu, Zn, Mo, Ru)), and (iii) alloying-
type (e.g.,SiO,, SnO,, GeO,, SbO) [12, 13].

A representative example was reported by Hernan
and co-workers [14], who described the electrochem-
ical characteristics of two-dimensional nanostruc-
tured NiO produced by calcination of f-Ni(OH),. The
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specific capacity of NiO nanoplatelets due to their
mesoporous texture and microstructural properties
was found to be higher than the theoretical capacity
at moderate rates. On the other hand, Song et al. [7]
stated that the microstructural changes caused by
the amorphization of the crystalline surface oxide
layer and the increase of the lattice defect density in
the Ni struts during the lithiation process not signifi-
cantly affect the good electrochemical performance
of the material. The enhanced electrical conductiv-
ity and faster kinetics of Ni nanoparticle decorated
ZnO nanorod anode had been reported by Park and
co-workers [15]. Wang et al. [16] emphasized the syn-
ergistic effect of CuO nanowires (well-aligned core)
and Co30,4 nanosheets (highly porous shell) as an
anode material with good cycle performance, high
reversible capacity, and excellent rate capability.

The electrodes produced from nanostructured
metal oxides showed much higher capacities com-
pared to graphite carbon [12]. However, the aggre-
gation properties of nanoscale materials during the
repeated discharge-charge process degrade the elec-
trochemical properties (reversible capacity, cycle life,
etc.) of nanomaterial electrodes. Moreover, the tra-
ditional electrode preparation procedure in which
active materials and electronic conductive substances
(usually carbon black) are embedded in the non-elec-
troactive polymer matrix limit the kinetic process of
nanomaterials. Consequently, the electrochemical
performance of nanomaterials is highly depend-
ent on fabrication methods [17]. To date, a variety
of methods have been used including ball milling,
wet chemical, pyrolysis, precipitation, atomic layer
deposition, and electrospinning [18].

In this work, metal oxide nanoparticles were syn-
thesized by the thermal decomposition of milled
nickel, copper, and zinc salts. The anode perfor-
mances of the single and binary metal oxide nan-
oparticles (NiO, CuO, ZnO, NiCuO, NiZnO, and
CuZnO) for LIBs have been systematically investi-
gated for the first time and associated with EIS and
CV measurements. The optimum metal oxides are
CuO and NiCuO which have capacity retention of
49% and 24% after 30 cycles, respectively. There is a
strong correlation between the charge transfer resist-
ance and the capacity of the battery. On the other
hand, ZnO has rapid capacity fading, which is attrib-
uted to the irreversible electrochemical reaction.
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2 Experimental

2.1 Synthesis of single and binary metal oxide
nanoparticles

Single and binary metal oxide nanoparticles
were synthesized by the direct thermal decom-
position method. Nickel (II) acetate tetrahydrate
(Ni(CH3COOQO), -4H,0, 299%), copper(ll) nitrate
hemi(pentahydrate) (Cu(NOy), - 2v2H, 0, 98%), and
zinc(Il) acetate dihydrate (Zn(CH;COO), -2H,0, >
98%) were purchased from Sigma-Aldrich and Riel-
de Haén. The particle size of the metal precursors
was reduced by a disc milling (Retsch-RS 200, Ger-
many) at 1000 rpm for about 4 min. A 5 g of each
metal salt or different combinations of mixed metal
salts in a mol ratio of 1:1 were separately placed into
the alumina crucibles and subsequently calcinated
in a muffle oven (Protherm furnaces, PLF/20/27,
Turkey). Based on the results of our previous study
[19], the calcination parameter was selected as 400
°C and 5 h with a heating rate of 10 °C min~!, and
the mixtures were allowed to cool down to room
temperature.

2.2 Characterization of the metal oxide
nanoparticles

Thermogravimetric analysis (TGA) was performed
using a TA Instruments SDT-Q600 under an oxygen
atmosphere and heating rate of 10 °C min~!. X-ray
Diffractometer (XRD, Philips X'Pert Pro CuKa) was
used to determine the crystal structure of the sam-
ples. The sizes of the crystallites were estimated
by the Scherrer equation [20]. The morphological
characterization of the metal oxide nanoparticles
was carried out by scanning electron microscopy
(SEM) at accelerating voltages of 5-15 kV and work-
ing distances of 5-10 mm in a Carl Zeiss 300 VP.
Energy-dispersive X-ray (EDX) analysis was also
performed to determine the chemical composition of
the nanoparticles. The diameter of the nanoparticles
was statistically estimated from SEM micrographs
by using the software Fiji/Image]. Brunauer-Emmet-
Teller methodology (BET, Micrometrics 3Flex) was
used to calculate the N, adsorption isotherm of the
nanoparticles.
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2.3 Electrochemical measurements

The materials containing hybrid and single nano-
structures were used as active powders for electrode
construction. The anode electrode was obtained by
mixing the active powders, carbon black as a conduc-
tive material, and polyvinylidene difluoride (PVDF)
binder in N-methyl-2-pyrrolidone (NMP) solvent in
a ratio of 90:5:5 with a mixer mill. The slurry from
the mixture was coated by a doctor blade on an alu-
minum foil current collector with a coating thick-
ness of 200 pm. Then, the slurries covered on alu-
minum foil were kept on the hot plate for 2 h at 120
°C for pre-drying and cut into 18 mm diameter discs.
They were dried under vacuum at 120 °C for 12 h to
remove the solvent and moisture. Approximately, 13
mg cm™! of active residual material was loaded on
the electrode. In the next step, cells were formed in
an argon-filled glove box using lithium foil as the
counter electrode, 1 M LiPFg in (50:50) ethylene car-
bonate and diethyl carbonate (EC: DEC) solution as
the electrolyte, and glass microfiber paper were used
as a separator. Galvanostatic cycling with potential
limitation (GCPL), cyclic voltammetry (CV), and
electrochemical impedance spectroscopy (EIS) meas-
urements were performed by a potentiostat/galva-
nostat (Bio-Logic Science Instruments, VMP-300).
Galvanostatic cycling was carried out at different
current densities (100, 200, and 400 mA g~!) in the
potential range of 0.001-3.0 V over 10 cycles. Cyclic
voltammograms were recorded at the same poten-
tial ranges and at a scanning rate of 1 mV s~!. EIS
measurements were performed at room temperature
with an amplitude of + 10 mV AC and a frequency
range of 100 kHz to 10 mHz. Equivalent circuit fit-
ting of EIS data was obtained using EC-Lab Software
V11.33.

3 Result and discussion

The preparation of single and binary metal oxide
nanoparticles by milling and subsequent controlled
thermal treatment using the precursors of environ-
mentally friendly, cost-effective, and earth-abundant
elements, namely Ni, Cu, and Zn is presented. Ther-
mal, structural, and morphological characterizations
of the NiO, CuO, ZnO, NiCuO, NiZnO, and CuZnO
nanoparticles were performed and their performances
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as anode electrodes in lithium-ion batteries were com-
paratively evaluated.

The conditions used to prepare metal oxides have a
significant impact on their properties, such as specific
surface area, porosity, crystallinity, phase composi-
tion, particle size, and thus performances in various
fields of application. Important criteria include the
type of precursor materials, heat treatment (tempera-
ture, time, and heating/cooling rate), and the nature of
the surrounding atmosphere. Metal acetate and nitrate
hydrates are often preferred as precursors to metal
oxides, as they can be readily converted to their oxide
form by thermal or oxidative degradation [21, 22]. In
the first instance, TGA was performed to determine
the metal oxide content in the resulting material. Fig-
ure 1 shows the TGA curves of both single and binary
metal oxide nanoparticles. The rapid weight loss at the
temperature of 100 °C resulted from the evaporation
of physically adsorbed hydrated water molecules of
the metal precursors. The weight loss in the range of
250 to 400 °C is due to the decomposition of metal salts
into metal oxides. The single metal precursors showed
total weight losses of 76, 70, and 79% for Ni, Cu, and
Zn salts, respectively (Fig. 1a). The observed weight
losses from the TGA curve are lower than the calcu-
lated theoretical value, assuming all the metal salts
are converted to oxide forms. The decrement might be
explained by the sublimation of metal acetate/nitrate
species, hydrolysis of surface acetate groups, and for-
mation of acetic acid/nitric acid to the gas phase or the
formation of other volatile metal-organic compositions
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Fig.1 TGA curve of the metal precursors a Ni(CH,COO), “4H,
0O(i), Cu(NOy), 2.5H,0(ii), Zn(CH;C0OO0), -2H,0(iii), b Ni(CH,
C00), -4H,0/Cu(NO;), -2.5H,0(i/ii), Ni(CH,COO), -4H,0O/
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[23-25]. The order of increasing thermal stability of the
single oxides is ZnO < CuO < NiO. Furthermore, the
stability of the single oxides was enhanced when using
two metal precursors (Fig. 1b). Zn and Cu precursors
showed improvement in their thermal properties
when mixed with other precursors. On the other hand,
while the addition of Cu to Ni improved its thermal
properties, Zn did not change its thermal stability. The
correlation between the thermal stability and melting
points of transition metal oxides has been attributed
to the electronic structure of the elements [26]. After
400 °C, no further weight loss has been observed up to
700 °C, indicating the formation of CuO/NiO (~26%),
NiO/ZnO (~32%), and CuO/ZnO (~35%) composite
nanoparticles.

The XRD patterns of metal oxide nanoparticles
are depicted in Fig. 2. For the single metal oxides,
the reflections can be indexed to cubic NiO, mono-
clinic CuO, and hexagonal ZnO with 79, 82, and 70%
agreement, respectively, in Fig. 2(left). The patterns in
Fig. 2(right) correspond to the cubic NiCuO, hexagonal
NiZnO and CuZnO for the binary metal oxides with
62, 76, and 70% agreement, respectively. Although
more than 50% belongs to binary metal oxides, they
contain small amounts of single metal oxides form-
ing the binary compound. A lesser amount of single
oxides was observed for NiZnO and CuZnO compared
to NiCuO. The radius of Zn?* ions is similar to that of
Cu?*, however they have higher ionic radii than Ni?*
ions, indicating that Ni ions have successfully filled
the ZnO or CuO lattice [27].
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Fig. 2 XRD patterns of the
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Table 1 Average particle size and crystallite size of the metal
oxide nanoparticles

Metal oxide Crystallite Particle
nanoparticles Size* (nm) Size** (nm)
NiO 15.04 850 +80
CuO 16.21 The nanosheets (~300 nm
in length and ~80 nm in
width)
On the inner structure of the
Microparticles (2.0 + 0.3
pm)
ZnO 30.36 145+ 12
NiCuO 32.18 96 + 6
NiZnO 18.33 248 + 17
CuZnO 17.32 63 +7

*Obtained from XRD patterns using Scherrer equation

** From SEM images using Image J software

The average crystallite size and particle size of the
metal oxide nanoparticles are listed in Table 1. Using
the Scherrer equation, the crystallite sizes calculated
are in the range of 15-18 nm, except ZnO and NiCuO
(30-32 nm). Although the crystal structures of NiZnO
and CuZnO are identical to that of ZnQO, their crystal-
lite sizes were reduced.

The morphology of the single and binary metal
oxide nanoparticles was characterized by SEM. Fig-
ure 3a—c displays the micrographs and diameter dis-
tributions of the single metal salts after calcination.

The larger-sized CuO microparticles with inter-
nal nanostructures from nitrate decomposition,
whereas smaller-sized NiO and ZnO nanoparticles
from acetate decomposition were obtained (Table 1).
This might be explained by the thermal degradation
of Cu nitrate salt at lower temperatures than Ni and
Zn acetate salts. Thus, further increases above the
decomposition temperature resulted in larger par-
ticles. Wang et al. [28] also examined the effect of
copper precursors on the morphology of the CuO
structures. The CuO size was reduced when the cop-
per source changed from copper nitrate to copper
acetate. The decreasing trend was attributed to the
acid radical ions (nitrate is an inorganic strong acid
radical and acetate is an organic weak acid radical)
having an effect on the nucleation and growth of the
copper precursors. On the other hand, NiO and ZnO
spherical nanoparticles revealed smooth surfaces.
Although CuO microparticles are also spherical, the
size and surface morphology are rather different
from NiO and ZnO. The CuO spheres are composed
of nanosheets and the width is approximately a quar-
ter of its length.
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Fig. 3 SEM micrographs of
the metal oxide nanoparti-
cles a NiO, b CuO, ¢ ZnO,
d NiCuO, e NiZnO, and f
CuZnO

Liu and Zeng [29] synthesized CuO microparticles
at 100 °C with similar morphology which they called
dandelion-like. The dandelion-like CuO structures
were formed by the self-assembly and Ostwald rip-
ening mechanism. In addition, the effect of ammonia
amount, source of copper, and reaction time on the
morphology of the CuO structures were verified [28].

Although the hydrothermal method has the advan-
tage of obtaining metal oxide nanostructures at low
temperatures, metal oxide nanostructures can be
obtained in a single step by simply milling the metal
precursors before thermal decomposition. Figure 3d—f
shows the micrographs of binary metal oxide nano-
particles. The binary oxides of Ni had lower particle
sizes compared to their single oxides. Analogously,
Cu reduced the particle size of NiCuO and CuZnO
while changing their shapes into agglomerated shape-
less particles. EDX patterns of the single and binary
metal oxide particles showed only related metal and
oxygen, and the atomic compositions of metals contain
more than 50% of the total components, confirming
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Table 2 Surface area characteristics of the metal oxide nanopar-
ticles

Metal oxide nanopar- BET specific surface area Pore volume

ticles (m? g™ (cm? g™
NiO 60.6025 0.069427
CuO 1.182 0.002384
ZnO 5.7757 0.012834
NiCuO 5.4097 0.01175

NiZnO 20.5334 0.036978
CuZnO 0.2545 0.000517

the formation of metal oxides with oxygen (Figs. S1
and S2). Table 2 gives the values of surface area and
pore volume. The lower specific surface area and
pore volume of synthesized metal oxide nanoparti-
cles are consistent with the formation of aggregated
particles with less accessible surface area. Except for
CuZnO, hysteresis loops in the nitrogen adsorption
and desorption isotherms (Fig. S3) belong to type IV
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Fig. 4 Cyclic specific discharge capacity of the nanoparticles a single metal oxides, b binary metal oxides

as classified by IUPAC [30], which indicates the pres-
ence of mesopores.

Figure 4a shows the cycle performance of the single
NiO, CuO, and ZnO metal oxides nanoparticles anode
electrodes at 100, 200, and 400 mA g~! discharge rates
in the voltage change range of 0.01 - 3 V. The initial
discharge capacities of NiO, CuO, and ZnO nanopar-
ticles were 691, 233, and 441 mAh g~!. The discharge
capacity of NiO dropped to 267 mAh g~! at 100 mA
g7!, to 151 mAh g1 at 200 mA g~!, and 46 mAh g~!
at 400 mA g~ after 10 cycles for each discharge rate.
Although the initial discharge capacity of NiO was the
highest compared to CuO and ZnO, its capacity reten-
tion was poor, which ran into an amount equivalent
to 7%. On the other hand, for CuO nanoparticles, the
initial capacity was lower with a discharge capacity
of 233 mAh g~!. However, capacity retention was the
highest with 49% after 30 cycles.

Zn0O had an initial discharge capacity of 441 mAh
g~!, and after the first 10 cycles at 100 mA g~!, the
capacity loss was 99%. The ZnO nanoparticles lost the
electrode activity after 30 cycles. Ultimately, the order
of increasing the initial discharge capacity of the single
oxides is CuO<ZnO<NiO while the retention rate order
after 30 cycles is ZnO<NiO<CuO. Figure 4b shows the
discharge capacity of the binary metal oxide anode
materials over 30 cycles. It can be seen that the initial
discharge capacities of NiCuO, NiZnO, and CuZnO
materials were nearly similar with 567, 604, and 572
mAh g1, respectively. After the ten cycles, the capac-
ity of NiZnO and CuZnO decreases by 76% and 56%
at 100 mA g~1, and at 200 mA g~! discharge rate, the
capacity loss reached 94% and 72%, respectively. There

was no capacity fading after 30 cycles, and the capac-
ity retention was 1% for NiZnO and 14% for CuZnO.
In binary oxides, the initial discharge capacity varies
inversely with the retention rate after 30 cycles, i.e.,
NiCuO with the lowest capacity has the highest reten-
tion rate. The advantage of the binary metal oxides
can be considered as; first, the initial capacity increase
compared to single metal oxides counterparts; second,
an obvious capacity boost in the Li-ion battery. While
the capacity fade was observed for the single nano-
particle ZnO anode material, its binary products with
CuO and NiO provided a capacity increase. However,
CuZnO and NiZnO capacity retentions were lower
than the single nanoparticles of CuO and NiO due to
the low capacity performance of ZnO. In comparison
to ZnO, the NiCuO anode material, which is a binary
product of CuO and NiO, enhanced its capacity after
30 cycles due to the synergistic effect. NiCuO retained
73% of its capacity after the first 10 cycles, 46% after
20 cycles, and 24% after the last 30 cycles. Although
NiCuO has lower capacity retention than CuO, its dis-
charge capacity is 2.5 times greater after 30 cycles. This
demonstrates that the binary products preserve the
capacity features of single metal oxide nanoparticles
and that the synergistic effect of the high-performance
anode materials is achieved.

The limiting factors for the battery capacity are the
particle size and distribution, particle shape, surface
area, crystallinity or amorphous structure. The better
capacity retention of CuO can be attributed to the sec-
ondary nanosheets on the inner structure of micropar-
ticles with interspacing to accommodate and restrain
the volume changes occurring during cycling (see
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Fig. 3b) [31]. Furthermore, the densely linked NiCuO
and CuZnO nanoparticles (see Fig. 3d and f) might
have slow electrolyte diffusion and a lower effective
contact area, after the charge-discharge process [32].
This is mainly due to the more stable structure dur-
ing the cycling of the binary oxides with the coating
layer, which can protect the particle from the side
reactions on the surface [33]. The larger surface area
of the materials affects the battery performance nega-
tively. A fast surface degradation takes place which
potentially may lead to accelerated consumption of
the lithium ions, resulting in rapid impedance growth
[34]. Although NiO nanoparticles have a larger sur-
face area compared to CuO nanoparticles, they have
a high initial capacity but a poor cycling capacity.
On the other hand, the inevitable capacity fading of
ZnO due to its low conductivity hence poor kinetics
and high-volume expansion during electrochemical
charging-discharging is a well-known issue. The pul-
verization and aggregation of the Zn clusters can also
be attributed to the loss of capacity [31, 35]. Therefore,
the binary oxides of Zn, i.e., CuZnO and NiZnO, are
likely to have poor performance.

J Mater Sci: Mater Electron (2024) 35:164

The metal oxide anode cells were charged and dis-
charged at 100, 200, and 400 mA g~! current loads at
room temperature in the voltage window of 0.01-3
V. The specific capacity and current load were calcu-
lated based on the total mass of the anode material.
In Fig. 5, the profiles exhibit non-identical charge-
discharge cycles. CuO anode cell initial discharge
and charge capacities are 224 mAh g~! and 226 mAh
g1, respectively. NiO, the second promising mate-
rial, has the highest initial discharge capacity at 691
mAh g~! and the highest initial charge capacity at
476 mAh g~!. However, according to the results
of the charge/discharge experiments, the capacity
retention of the CuO anode cell is 63%, whereas
the NiO cell only has 16%. In addition, the ZnO cell
had very poor capacity retention; the capacity faded
significantly after being charged with a 100 mA
g~! current load. The capacity retention of CuNiO
and CuZnO has not diminished similarly to that of
NiZnO. CuNiO has a better charge/discharge perfor-
mance than CuZnO, with a capacity retention of 41%.
This result demonstrates that improved capacity per-
formance can be obtained for NiO nanoparticles by
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Fig. 5 Charge-discharge profiles of the a CuO, b NiO, ¢ ZnO, d NiCuO, e CuZnO, and f NiZnO cells at 100, 200, 400 mA g~' over the

voltage range of 0.01-3 V
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fabricating them with CuO nanoparticles in a binary
mixture.

The battery impedance measurements have been
performed before and after charge/discharge cycles by
electrochemical impedance spectroscopy (EIS) which
is a highly effective non-destructive in-situ method.
The EIS spectra of the single and binary metal oxide
nanoparticles are shown in Fig. 6. The Nyquist plots
were obtained in the range of 10 mHz-100 kHz before
the charge and discharge process after 10 and 30
charge/discharge cycles for each metal oxide anode
material as seen in Fig. 6a—f. The high- and mid-fre-
quency regions of the EIS curves are detailed in Fig.
54. The data were fitted with EC-Lab software to deter-
mine the equivalent circuit elements by using the two
models in Fig. 7a and b for anode materials before the
cell preparation and after 10 and 30 charge/discharge
cycles of the battery, respectively. The impedance
data can provide information about the cell resistance
of bulk material (R;) in high-frequency regions (100
kHz-10 kHz), the solid interface layer between the
electrode and electrolyte (R,,;), and charge transfer
resistance (R,;) in high- or mid-frequency regions (10
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kHz-1 kHz). The constant phase elements (CPE) are
employed to compensate non-ideal capacitor behavior
of the double layer [36]. Moreover, the lithium diffu-
sion process emerged Warburg diffusion resistance
as a straight line at low-frequency region (1 kHz-10
mHz). In Fig. 6, EIS results showed a single semicircle
prior to the charge and discharge cycles for each of the
six metal oxides anode materials. The values of R, and
R were obtained, but the Warburg impedance in the
low-frequency region was omitted from this evalua-
tion. The fitting results were shown in Fig. 7a—c for R,
R,,;, and R, respectively. CuO exhibited a relatively
low internal resistivity compared to the other single
and binary metal oxide nanoparticles. After 10 and
30 cycles, except for ZnO, the metal oxides showed a
slight increase. This can occur as a result of electrolyte
depletion and the development of microcracks in the
particles [37]. Since there is no electrochemical reaction
between the anode and the cathode before charge-dis-
charge cycles, there is no solid electrolyte interphase
layer (SEI). R, is related to the electrochemical reac-
tion’s kinetics and is affected by the surface coating,
phase transition, bandgap structure, and particle size
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are based on the equivalent circuit model for six different metal
oxide anode materials. Respective equivalent circuits applied

[37]. Before the cycles, the surface area of the parti-
cle has a significant influence in the materials on the
charge resistance property. Because, BET analysis
revealed that NiO and NiZnO with very large particle
sizes had the greatest R, prior to the cell prepara-
tion. Following the charge/discharge cycles, the dis-
charge capacities of the metal oxide anode materials
were compared with the R, values. ZnO, which has
the highest R, suffered from capacity fading after 10
cycles. The total capacity loss values for ZnO, NiZnO,
NiO, CuZnO, and NiCuO were 100, 94, 78, 72, and
54%, respectively, whereas the R values decreased
with the order of ZnO, NiO, NiZnO, CuZnO, and
NiCuO with a good correlation with capacity meas-
urements after 10 and 30 cycles. Due to the chemical
reaction between the electrodes and electrolyte, a pas-
sivation layer forms on the anode surface, resulting in
capacity loss and increased R,,; in the battery [38]. The
change of R,,; between the 10th and 30th cycles was
nearly constant for CuO and CuZnO and increased
slightly for NiCuO. The capacity loss was 51, 85, and
76% for CuO, CuZnO, and NiCuO after 30 cycles,
respectively. However, the R,,; of NiO, ZnO, and
NiZnO were decreased, with a total capacity loss of 93,
100, and 99%, respectively, after 30 cycles. As a result,
a decrease in R,,; can be linked to a greater capacity
loss. Moreover, the reduction in capacitance can be
attributed to the increase in the layer thickness while
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metal oxides nanoparticles d before and e after the charge/dis-
charge cycles (The lines in the figure are guided for the visual
observation)

the resistance decreases for NiO, ZnO, and NiZnO.
Despite the relatively large pore size and surface area,
the low capacity retention properties of NiO, ZnO, and
NiZnO can only be explained by their electronic con-
ductivity properties.

CV curves are shown in Fig. 8 for metal oxide nano-
particles at a scan rate of 1 mV/s. To investigate the
electrochemical mechanism, the CV curves were tested
throughout a voltage spectrum ranging from 0 to 3 V
(vs Li/Li*). Figure 8a shows the CV tests for the single
metal oxide nanoparticles. During the cathodic sweep,
the reduction peaks for the NiO nanoparticles elec-
trodes appear at 0.69 and 0.95 V. The strong peak at
0.69 V can be related to the reduction of NiO to Ni
and is caused by the formation of amorphous Li,O as
well as the electrolyte decomposition that leads to the
formation of the SEI layer [39, 40]. The anodic sweep
for NiO nanoparticles includes two reductive peaks
at 1.70 and 2.34 V, which correspond to the deforma-
tion of the SEI and Li,O, and oxidation of Ni to NiZt,
respectively [41]. The broad cathodic peak at 0.7 V for
CuO nanoparticles can be attributed to SEI formation
[42]. During the anodic sweep, two oxidative peaks
appeared at 2.00 and 2.55 V, which can be associated
with the deformation of SEI film, oxidation of Cu to
Cu,0 and CuO [43]. ZnO nanoparticles exhibit two
anodic peaks at 0.64 and 1.63 V. The oxidation peak
can be attributed to the Li* storage in ZnO at 0.64 V,
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Fig. 8 CV curves of the a single metal oxides and b binary metal oxides

and the latter can be attributed to the oxidation to
ZnO [44, 45]. However, there are no corresponding
reduction peaks for those oxidation potential peaks.
Therefore, the rapid capacity fading of the ZnO mate-
rial can be explained due to the irreversible electro-
chemical reaction. Moreover, Pelliccione et al. [46]
proposed two mechanisms to explain the capacity
fading of ZnO anode material. The extended X-ray
absorption fine structure results show that oxygen
atoms are not positioned close to Zn atoms. First, this
result can be explained by the growing size of the
Zn particles within the Li,O matrix after the battery
charge/discharge cycles. Therefore, the results sup-
port that the loss of electrical contact occurs due to
the cracking and fracturing of growing ZnO particles.
The second mechanism is explained by the thickness
of the Li, O layers which form between the nanoparti-
cles. Figure 8b shows the CV tests for the hybrid nano-
particles. The obtained oxidative and reductive peaks
are shifted compared to the single nanoparticles. The
binary mixtures of the particles exhibit reversible oxi-
dation and reduction potential peaks. This feature can
be caused to the enhanced cycle capacity of the metal
oxide anode materials.

4 Conclusion

We have conducted a comprehensive investigation
on the electrochemical anode performance of single
and binary metal oxide nanoparticles in the context
of their application in Li-ion batteries. The utilization
of binary nanostructures has been found to enhance

battery performance, while the combination of these
materials reduces their charge transfer resistance.
Among the single nanoparticles, NiO and CuO
exhibit higher capacity retention, whereas NiCuO
demonstrates the highest capacity performance.
Conversely, the binary compounds containing ZnO
metal oxide nanoparticles exhibit lower battery per-
formance. A comparison between NiO single nano-
particles and NiZnO binary nanoparticles reveals
the detrimental effect of ZnO on performance. The
capacity fading of ZnO material is attributed to irre-
versible electrochemical reactions observed during
cyclic voltammetry (CV) scanning. The performance
of lithium-ion batteries is influenced by various fac-
tors, including chemical composition, crystallinity,
size, shape, and surface characteristics such as sur-
face area, charge, and energy. However, it is evident
that the dominance of charge transport resistance
plays a crucial role in determining the overall per-
formance of batteries.
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