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ABSTRACT
This research focused on engineering the electron density distribution and 
structural characteristics of CuO, including stacking fault probability, lattice 
strain, crystallite size, and dislocation density, through calcination to enhance the 
electrochemical performance of lithium-ion batteries (LIBs) when used as anode 
electrodes. The CuO material was synthesized by the simple and convenient 
chemically precipitated technique. Techniques such as laboratory X-ray 
diffraction (XRD), synchrotron X-ray diffraction (SXRD), Raman spectroscopy, 
and X-ray photoelectron spectroscopy (XPS) confirmed the formation of CuO. 
The electron density distribution and structural properties were analyzed via 
and XRD and SXRD Rietveld refinement. The results indicated that the optimal 
electrochemical performance was achieved with CuO calcined at 400  °C. 
In situ SXRD characterization of this CuO was performed to investigate its 
crystallographic parameters and stability over temperature range from − 100 
to 600 °C. The crystal structure contracted and expanded for lower and higher 
temperatures, respectively, in comparison with room temperature. The CuO-
400 anode exhibited better electrochemical performance, achieving a specific 
discharge capacity of 2751.7 mA h g−1 at a rate of 1.0 C, approximately a 50% 
improvement over the as-synthesized CuO anode. After 100 cycles, CuO-400 
electrode at 400 °C delivered a specific discharge capacity of 364.2 mA h g−1 and 
a Coulombic efficiency of 98%. This enhanced electrochemical performance is 
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attributed to the optimized electron density distribution and structural properties 
of CuO, which improve its effectiveness as an anode material.

Introduction

Currently, lithium-ion batteries (LIBs) have become 
the advanced energy  storage devices for portable 
electronic appliances, including electric vehicles 
(EVs) [1]. To date, graphite (both synthetic and 
natural) is considered the leading commercial anode 
material for LIBs [2, 3]. However, the graphite anode 
shows some limitations, such as a low theoretical 
capacity of 372 mA h g−1 [4]. Additionally, it requires 
detrimental process to produce battery grade graphite 
[5]. Therefore, the use of graphite anodes limits the 
development of LIBs.

In 2000, Tarascon et al. introduced transition metal 
oxides (TMOs)-based innovative anode materials 
to overcome the above-mentioned limitations of 
graphite anodes [6]. Lately, TMOs have gained 
considerable interest as anode materials due to their 
superior theoretical specific capacities compared to 
conventional graphite anode [6, 7]. Among these, 
CuO is recognized as a significant semiconductor 
with diverse applications, including solar cells 
[8], supercapacitors [9], catalysts [10], gas sensors 
[11], and LIBs [12]. Particularly, CuO is regarded 
as a promising anode material for LIBs because 
of its prominent advantages of a high theoretical 
capacity of 674 mA h g−1, affordability, availability, 
safety, non-toxicity, high purity, environmental 
friendliness, ease of production, chemical stability, 
and storage convenience [4, 12, 13]. Li et al. reported 
an initial specific discharge capacity of 910 mA h g−1 
at a current density of 50 mA g−1 [14]. In 2020, Wei 
et al. showed an initial specific discharge capacity of 
609.5 mA h g−1 at a rate of 0.5 C [15]. In 2015, Zhang 
et  al. demonstrated  impressive electrochemical 
performance of a full cell of LIB using CuO as 
the anode and LiNi0.5Mn1.5O4 as the cathode [16]. 
Additionally a full cell of LIB with CuO as the anode 
and LiMn2O4 as the cathode exhibited excellent 
electrochemical performance in 2020, as reported 
by Jose et  al. [17]. All these previous literature 
intensify  the potential of using CuO as an anode 
electrode for LIBs.

The synthesis process, including chemical 
precipitation, hydrothermal technique, is important 
for the structural properties of CuO. Ali et al. reported 

the structural and optical properties of CuO variation 
with different concentration of NaOH via chemical 
precipitation method [18]. Chauhan et al. have shown 
the depending on the structural and optical properties 
of CuO via the techniques such as microwave 
irradiation, co-precipitation, and hydrothermal 
[19]. Electrochemical performance of LIBs strongly 
depends on morphological interfacial properties of 
CuO/electrolyte and structural properties of CuO, 
including crystallographic parameter of CuO, electron 
density distribution, stacking fault probability, 
lattice strain, crystallite size, dislocation density, 
and CuO/Cu interfacial properties. To date, different 
morphological modifications have been investigated 
to enhance the CuO/electrolyte interfacial properties 
to boost electrochemical performance. Under that, 
different morphological modifications have been 
obtained by different synthesizing techniques. 
Octahedral CuO micro/nanocrystals [20], hierarchical 
nanostructured CuO [21], and three-dimensional 
clusters of peony-shaped CuO nanosheets [22] have 
been obtained via the chemical precipitate method. 
CuO microspheres [23], CuO nanoparticles [24], 
and sheaf-like CuO [25] have been reported by the 
hydrothermal method. In addition, calcination is a 
significant technique for obtaining morphologically 
modified CuO, such as CuO hierarchical structures 
[12] flower-like CuO [23], thorn-like CuO [23], 
and porous CuO nanoleaves [26]. Waser et  al. 
reported CuO particles with diameters of 6–50 nm 
by spray pyrolysis to improve the electrochemical 
performance of LIBs [27]. In 2025, Fernando et al. 
have discussed the importance of CuO/Cu electronic 
interfacial via the optical properties and electrical 
properties for the electrochemical performance of 
CuO anode in addition to microstructured sponge-
like morphology [28]. Electron density distribution, 
stacking fault probability, lattice strain, crystallite 
size, and dislocation density in electrode materials 
are critical characteristics  for the conversion 
mechanism, and optimizing those properties for 
CuO anode materials for balancing ionic transport to 
enhance electrochemical performance. In 2012, Ren 
et al. studied the strain effect on the electrochemical 
properties of Li2MnO3 cathode material [29]. Stein 
et al. and his group studied the effect of crystallite 
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size of LiNi1/3Co1/3Mn1/3O2 cathode electrodes for LIBs 
in 2016. In 2018, Yue et al. investigated the optimum 
crystallite size for Li4Ti5O12 anode electrodes [30]. Of 
the present study, the objective was to investigate 
the influence of crystallographic parameter of 
CuO, electron density distribution, stacking fault 
probability, lattice strain, crystallite size, dislocation 
density, and CuO/Cu interfacial properties on the 
electrochemical performance of CuO prepared by 
calcination at various temperatures of the particles 
initially synthesized by chemical precipitated 
technique. To the best of our knowledge, such an 
account of information relating to effect of structural 
properties for the electrochemical performance of 
LIBs has not been published before. In addition, 
the thermal stability of electrode material is a vital 
characteristic for the electrochemical performance 
of LIBs. Many authors have reported the importance 
of thermal stability of electrode material for the 
electrochemical performance of LIBs [31–33]. The 
existence  of crystallographic phases in  anode 
materials, which undergo a low-temperature to high-
temperature variation, confirms the enhanced safety 
of LIBs. Hence, in situ synchrotron X-ray diffraction 
is performed on the optimum anode material to 
investigate its thermal stability under sudden changes 
in in situ temperatures from − 100 to 600 °C. As far 
as, we are aware, no previous studies have reported 
this type of investigation on CuO anode electrode 
material for LIB applications. Along with that, the 
present study was based on the synthesis of CuO by 
chemical precipitation, which is a simple, affordable, 
non-toxic, high-safety, and more environmentally 
benign method. The main objective of this study was 
to engineer the electron density, structural properties, 
and thermal stability of CuO anode material through 
calcination, aiming to achieve the best electrochemical 
performance in LIB applications.

Experimental details

Materials preparation

Analytically graded Cu(NO3)2·3H2O (VWR) and 
NaOH (VWR) were utilized as the initial materials. 
Previous studies of this investigation show that CuO 
was synthesized via facile chemical precipitation 
technique for different concentrations of Cu(NO3)2 in 
a range from 0.001 to 0.1 M, the best electrochemical 

performance for sponge-like microstructured CuO 
that synthesized 0.03 M concentration of Cu(NO3)2 
[28]. It was futher continued via calcination process to 
enhance the electrochemical performance. Analytically 
graded Cu(NO3)2·3H2O (VWR) and NaOH (VWR) 
were utilized as the initial materials. First, 1.91 g of 
Cu(NO3)2·3H2O was dissolved in 200 mL of deionized 
water while stirring magnetically at room temperature. 
Then, the solution was heated to 50 °C for 1 h with 
vigorous stirring. Pellet form of solid NaOH (0.05 g) 
was added gradually to the solution until a black 
precipitate formed. The mixture was kept at 50 °C for 
an additional 30 min. The black precipitated product 
was washed multiple times with deionized water 
to eliminate any residuals, continuing until the pH 
reached 7. The precipitate was then dried at 80 °C. 
Then, an initial calcination study was conducted to 
identify the optimum calcination temperature for 
achieving the best electrochemical performance. For 
this, the dried powder was separated into several 
batches, with each batch being calcined at different 
temperatures up to 600 °C. Separated powder batches 
were named as CuO-25 for as-synthesized CuO, 
CuO-200, CuO-400, and CuO-600 for the calcination 
temperatures of 200, 400, and 600 °C, respectively. 
Then the as-synthesized  CuO and calcined CuO 
powder samples from each batch were subjected to 
the electrochemical performance analysis, through the 
procedure explained below under  electrochemical 
characterization. It was found that the improved 
electrochemical performance was shown for the all 
calcined CuO, while showing notable electrochemical 
performances for the CuO-400, calcined at 400 °C for 
2 h.

Material characterization

The phase analysis of the synthesized CuO samples 
were conducted using laboratory X-ray diffraction 
(XRD) with a Rigaku Ultima IV X-ray diffractometer, 
employing Cu Kα radiation (λ = 1.5406  Å) over 
a range of 10°–80°, at a scan rate of 1°  s−1 and a 
step size of 0.20°. To gain deeper insights into the 
formation of CuxO phases during synthesis and the 
crystallographic properties of synthesized CuO, 
synchrotron X-ray diffraction (SXRD) was also utilized 
for characterization. The SXRD characterizations were 
performed at the BL19B2 beamline of the SPring-8 
synchrotron facility in Hyogo, Japan, using a Si 
(111) monochromator to direct 30 keV X-rays with a 
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wavelength of 0.413269 Å. The intensity of the incident 
X-ray beam was measured in an ionization chamber 
filled with 99.99% pure nitrogen gas. Powder samples 
were placed in a 0.3mm inner diameter Lindermann 
capillary tube, and the diffracted X-rays were collected 
by a two-dimensional PILATUS-300K detector 
(DECTRIS AG, Baden-Daettwil, Switzerland) situated 
approximately 270.23 mm from the sample. In situ 
SXRD experiments on CuO-400 were conducted to 
examine its crystallographic parameters under rapid 
in situ temperatures of − 100, 0, 25, 100, 200, 300, 400, 
500, 600 °C. In situ SXRD data of CuO-400 powdered 
sample were obtained using X-rays of wavelength 
approximately 0.495939 Å (X-ray energy ≈ 25 keV) 
in the scattering angle range from 2° to 85° using 
MYTHEN detectors installed in the high-throughput 
Polaris diffractometer at BL19B2. Additionally, 
laser Raman spectroscopy (LRS) was performed on 
powdered samples using a Renishaw Invia Raman 
spectrometer, scanning from 100 to 1000  cm−1 at 
room temperature. X-ray Photoelectron Spectroscopy 
(XPS) was performed on powdered samples with a 
Thermo Scientific™ ESCALAB Xi+ (Thermo Fisher 
Scientific, Waltham, MS, USA) using Mg Kα radiation 
(hν = 1253.6 eV). Thermo gravimetric analysis (TGA) of 
as-synthesized CuO-25 was performed on a NETZSCH 
STA 2500 Regulus thermal analyzer. The optical 
properties of the powdered samples were analyzed 
using a UV–Vis–NIR spectrometer (Shimadzu 
UV–Vis. 2450, Shimadzu Corporation, Tokyo, Japan) 
in reflectance mode over a wavelength range of 
300–900 nm, with spectral-grade BaSO4 serving as the 
reference material.

Electrochemical characterization CuO 
electrodes

CuO electrodes were fabricated by tape casting 
a mixture that included the synthesized CuO 
powder (70  wt%), acetylene black (20  wt%), and 
polyvinylidene fluoride (PVDF) as a binder (10 wt%) 
in N-methyl pyrrolidinone (NMP) as the solvent 
[28]. This slurry was evenly applied onto the Cu foil 
current collector using the doctor blade method. It 
was then dried in a vacuum oven at 80 °C for 12 h. 
The current–voltage characteristics of the fabricated 
CuO anode were performed using an electrochemical 
workstation (Biologic Science Instruments SAS–VMP3) 
within a voltage range of − 0.5 to + 0.5 V, with a scan 
rate of 0.1 mV  s−1. Coin cells (type CR-2032) were 

assembled in an argon-filled glove box (< 1  ppm 
O2 and H2O) using the prepared anode electrodes, 
Li-foil (Sigma-Aldrich) as the reference and counter 
electrodes, Cellgard 2600 as the separator, and a 
non-aqueous electrolyte composed of 1 M LiPF6 in 
ethylene carbonate and dimethyl carbonate (1:1 wt%). 
Galvanostatic charge–discharge tests were conducted 
using a battery testing system (Model-CT2001A, Landt 
Instruments, USA) at a rate of C/5 within a voltage 
range of 0.01–3.0 V (versus Li/Li+) at room temperature 
(25 °C). Cyclic voltammetry (CV) was performed using 
a VMP3-based Biologic electrochemical workstation, 
between the potentials of 0.01 and 3.0 V at a scan rate 
of 0.1 mV s−1.

Result and discussion

Material characterization

Crystallographic properties

The synthesized all these CuO powder samples 
were calcined at different temperatures in the range 
from 200 to 600 °C. The obtained XRD for CuO-25, 
CuO-200, CuO-400, and CuO-600 is shown in Fig. 1a. 
The well-defined diffraction peaks indicate the for-
mation of a highly crystalline product. The diffrac-
tion peaks are observed at 2θ = 32.47°, 35.52°, 38.72°, 
48.71°, 53.39°, 58.12°, 61.48°, 66.20°, 68.02°, 72.47°, 
and 75.20°, corresponding to (110), (002), (111), (210), 
(020), (202), (121), (301), (113), (311), and (203) planes, 
for CuO-25, CuO-200, CuO-400, and CuO-600 anode 
materials, respectively [12]. All these diffraction peaks 
in Fig. 1a are identical to the monoclinic symmetry of 
CuO (space group C2/c, JCPDS Card No. 48-1548) [32]. 
Furthermore, there is no evidence for the existence of 
residual or secondary phases such as Cu2O, Cu(OH)2, 
and Cu. It confirms the successful formation of high-
purity CuO. However, with an increase in the calci-
nation temperature, the intensity of the XRD peaks 
increases and the peaks become sharper, accompanied 
by a decrease in the FWHM (full width at half maxi-
mum), indicating an improvement in the crystallinity 
of the CuO anode material.

CuO is a conversion-type anode material. 
Therefore, it undergoes a reversible conversion 
reaction during its cycling process as follows, 
CuO + 2Li+ + 2e− ↔  Cu + Li2O. According to the 
above reversible conversion reaction, CuO is 
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reduced to metallic Cu during the discharging 
process, and Cu is reoxidized, reforming CuO 
during the charging process. Both conduction and 
valence band electron density in the CuO crystal 
structure are more important for the productive 
reversible conversion reaction of CuO anode 
due to the governing of electronic properties. 
Hence, both of the valence and conduction band 
electron density of CuO have a critical impact on 
its electrochemical performance when it is used 
as an anode electrode [34]. The distribution and 
availability of electrons in the valence band influence 
the conversion mechanism, affecting the cycling 
process and its overall electrochemical performance. 
A higher value of valence band electron density, 
particularly near the  Fermi level,  indicates a 
greater availability of electrons for the conversion 
mechanism at the anode electrode. Furthermore, 
the conduction band electron density is vital for 
enhancing electrochemical performance. A higher 
conduction band electron density in CuO facilitates 

electron transport faster within the material, 
resulting in improved electrochemical performance 
[35]. Therefore, investigating the electron density 
distribution in CuO is essential for its use as an 
anode in LIBs. Figure 1b–f shows 2D views of the 
electron density distribution of as-synthesized CuO-
25 and calcined CuO-400 anode material crystal 
structures, derived from XRD Rietveld refinement 
(utilizing GFourier-FullProf). The Fourier program 
evaluates the scattering density within the unit cell 
of a crystal, regardless of its symmetry. GFourier-
FullProf employs a Fast Fourier Transform (FFT) 
subroutine to advance the computation of the 
following expression [36]:

In this context, V denotes the volume of the unit 
cell, H denotes a reciprocal lattice vector, and r 
indicates a vector position within the unit cell. F(H) 

�(r) =
1

V

∑

H

F(H) exp {2�i(H ⋅ r)}

Figure 1   a Laboratory XRD pattern obtained for CuO-25, CuO-
200, CuO-400, and CuO-600 anode materials. b 2D view of 
electron density distribution CuO-25 anode materials. c 2D view 
of electron density distribution CuO-200 anode materials. d 2D 

view of electron density distribution CuO-400 anode materials. e 
2D view of electron density distribution CuO-600 anode materi-
als. f Maximum electron density value variation for the CuO-25, 
CuO-200, CuO-400, and CuO-600 anode materials
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denotes complex Fourier coefficients used to perform 
different types of Fourier syntheses. The unit of ρ(r) 
is derived by dividing the units of F(H) by those of 
V. For example, if F(H) is expressed in electron units 
(the standard absolute units for X-ray diffraction) 
and V in Å3, then ρ(r) is computed as Number-of 
Electrons/Å3. GFourier–FullProf calculates the 
total electron density, encompassing both valence 
and conduction band electron densities, based on 
the structural model refined through the Rietveld 
method [37]. Figure  1f shows the peak electron 
density distribution with different calcination 
temperatures. Altogether, from Fig.  1, it reveals 
that higher electron density distributions are 
concentrated around Cu atoms across all samples. 
Furthermore, the overall improved electron 
density distribution observed in CuO-400 confirms 
the improvement  of both the conduction band 
and valence band electron density distribution. 
Therefore, the CuO-400 anode holds a high potential 
for improved electrochemical performance.

For the electrochemical performance of anode 
materials, ionic conductivity and structural stability 
are decisive and critical characteristics, particularly 
for conversion-type electrodes, for enhancing battery 
performance mainly capacity, cycle life, and rate 
capability [38]. Ionic conductivity and structural 
stability of anode materials significantly depend 
on stacking fault probability (SFP), lattice strain, 
crystallite size, and dislocation [39]. Too high or 
low values of SFP, lattice strain, crystallite size, and 
dislocation can be beneficial by enhancing ionic 
conductivity while showing the lower structural 
stability during cycling [30, 36, 37, 39]. The optimal 
value of SFP lattice strain, crystallite size, and 
dislocation depends on the type of material and 
desired battery performance characteristics. Therefore, 
it is important to investigate the influence of the 
above-mentioned structural properties of CuO with 
calcination on its electrochemical performance.

Stacking fault probability (SFP), denoted by α, is 
a measure of the disorder in the regular stacking of 
atomic layers in a crystal. It is determined from the 
shifts and broadening of peaks in X-ray diffraction 
(XRD) patterns that arise from these faults. The SF 
probability (α) is related to the peak shift, (∆2θ), 
following equation [40]:

� =
�

2�2∕45
√

3 tan �
�

⋅ 2�

where θ is Bragg angle of the diffraction peak. A 
higher value of α indicates a greater density of faults 
in the material`s crystal structure. Figure 2a shows the 
stacking fault probability (SFP) variation of the crystal-
lographic reflection planes of (002), (111), (210), (202), 
and (301) for CuO-25, CuO-200, CuO-400, and CuO-
600 anodes with calcination temperature. According 
to this study, higher value of SFP has been shown 
along the <002> crystallographic direction for the CuO-
400 anode material. SFP has been decreased along 
the <111> , <210> , <202> , and <301> crystallographic 
directions for the calcination temperature.

Lattice strain is an important material property. 
Electronic band structure and chemical reactivity of 
materials strongly depend on lattice strain, which 
is commonly analyzed using the Williamson–Hall 
uniform deformation model (WH-UDM), applied to 
X-ray diffraction patterns. The XRD peak broadening 
is attributed to two main factors: finite crystallite size 
and lattice strain. The peak broadening ( �

D
) due to 

crystallite size (D) is given by the Scherrer equation 
[41–43]:

Here, K is a constant equal to 0.90, � is the wave 
length of the incident X-ray, D is the crystallite 
size, and � is the Bragg angle. The broadening from 
lattice strain ( �) arises from crystal imperfection and 
distortions, such as the displacements of atoms from 
ideal positions [43]. It is expressed as a function of the 
lattice strain by the following relationship [44, 45]:

The total peak broadening is a sum of these two 
contributions [41, 46],

By substituting the individual components, the 
equation becomes:

This expression is rearranged into the linear form 
of the Williamson–Hall equation:

�
D
=

K�

D cos �

�� = 4� tan �

�
hkl

= �� + �
D

�
hkl

=
K�

D cos �
+ 4� tan �

�
hkl

cos � = 4� sin � +
K�

D
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Both lattice strain and crystallite size are obtained 
using the slope and the y-intercept of the linear plot 
of the data. In this study, we have discussed the influ-
ence of lattice strain of CuO due to the calcination of 
chemical precipitated CuO on the electrochemical 
performance of the CuO anode. As know, no one has 
reported this kind of study for CuO anode in LIBs. Fig-
ure 2b shows the William–Hall plot for CuO due to the 
calcination temperature. It can be observed that the lat-
tice strain of CuO has been reduced with the calcina-
tion temperature. Reducing the lattice strain in anode 
materials can better accommodate volume changes 
during the cycling process by minimizing the forma-
tion of cracks and other structural defects that lead to 
degradation. In contrast, over-reducing lattice strain 
in anode material during a conversion reaction can 
be disadvantageous to battery performance, including 

capacity loss, reduced cycle life, and increased internal 
resistance. Figure 2c shows the lattice strain variation 
for CuO-25, CuO-200, CuO-400, and CuO-600 anode 
materials according to this study. It can be observed 
that lattice strain decreases with the increasing of cal-
cination temperature.

Crystallite size is  the mean size of the well-
arranged crystalline areas within a material and is 
often determined using XRD, which measures peak 
broadening to calculate crystallite size.

Figure 2d shows the crystallite size variation of 
CuO with calcination temperature. It appears that 
the crystallite size has increased with calcination 
temperature, with CuO-400 anode material showing 

D =
K�

Intercept

Figure  2   a Stacking fault probability (SFP) variation of the 
crystallographic reflection planes of (002), (111), (210), (202), 
and (301) for the CuO-25, CuO-200, CuO-400, CuO-600 anode 
materials. b William–Hall plot for the CuO-25, CuO-200, CuO-
400, and CuO-600 anode materials. c Lattice strain variation for 

CuO-25, CuO-200, CuO-400, and CuO-600 anode materials. d 
Crystallite size variation for CuO-25, CuO-200, CuO-400, and 
CuO-600 anode materials. e Dislocation density variation for 
CuO-25, CuO-200, CuO-400, and CuO-600 anode materials vari-
ation with calcined temperatures
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the highest value. Crystallite size is an influential 
characteristic parameter for the electrochemical 
performance. A higher crystallite size generally 
improves faster cycling performance, though can 
negatively impact cycle life [30, 47]. Conversely, 
smaller crystallite sizes can enhance cycle life; 
nevertheless, they hinder faster cycling performance 
[48]. Dislocation density represents the concentration 
of line defects within a crystal structure. Dislocation 
density (�) was determined by the following equation 
� = 1∕D2 [49] where D is the crystallite size.  A 
higher value of dislocation density implies more 
dislocations are present in the material. It directly 
impacts the mechanical and electronic properties of 
the material. Figure 2e shows the dislocation density 
variation of CuO with calcination temperature. 
Linear defects in the crystal structure can act as 
additional active sites for lithium ions to store and 
create new pathways for ions and electrons to move 
during cycling performance. In anode for LIBs, a 
high or low dislocation density can be beneficial. 
An excessively  high or low value of linear defect 
density can negatively impact for the electrochemical 
performance by increasing resistance or causing 
degradation. According to the present investigation 
of structural analysis, all calcined CuO materials 
have shown significant, promising electrochemical 
performance. However, the CuO-400 anode material 
reported the best electrochemical performance. It 
could be ascribed due to a lower value of stacking fault 
probability, leads to better mechanical stability.

SXRD technique can provide more accurate 
structural information in comparison with laboratory 
XRD. Figure 3a displays the SXRD profile, obtained for 
the CuO-25 and CuO-400 anode materials. It exhibited 
reflection peaks at 10.34°, 11.28°, 12.26°, 14.53°, 
15.26°, 16.04°, 16.66°, 18.02°, 18.96°, 20.26°, 20.77°, 
21.93o, and 22.62o due to (110), (002), (111), (112), 
(210), (020), (202), (121), (301), (220), (311), and (004), 
respectively. Further, the SXRD analysis excluded the 
presence of any residual or secondary phases in the 
prepared CuO, in agreement with the laboratory XRD 
analysis. According to the electron density distribution 
analysis via SXRD Rietveld refinement, the highest 
electron density distribution can be appeared for 
the CuO-400 anode material due to calcination of 
400 °C as discussed in laboratory XRD refinement. In 
addition, SFP variation along the <111>, <210>, <202>, 
and <301> crystallographic directions is lower for 
CuO-400 compared to CuO-25 anode material, in 

agreement with the above discussion using laboratory 
XRD. Values of lattice strain, crystallite sizes, and 
dislocation density are calculated for CuO-25 and 
CuO-400 anode material with the use of SXRD. 
Calculated values are shown in Table 1.

The obtained Raman spectra for the as-synthesized 
CuO-25 and CuO-400 anode materials are presented 
in Fig. 4. The Raman spectra exhibit Ag + 2Bg Raman 
active modes of CuO. Ag associated with the CuO bond 
involves oxygen atoms vibrating along the b-axis. 
This movement is a stretching or phase rotation of the 
bond [50]. The first Bg mode is related to the bending 
of CuO, and the second Bg mode corresponds to the 
symmetrical stretching of oxygen, perpendicular to the 
b-axis [50, 51]. The Raman spectra of as-synthesized 
CuO-25 and CuO-400 anode material show three firm 
peaks at 277.0, 324.0, and 610.0 cm−1, which correspond 
to the Ag, B1g, and B2g characteristic modes of CuO 
with monoclinic crystal symmetry. The B1g mode 
involves the vibration of oxygen atoms perpendicular 
to the b-axis in the crystal. The B2g mode in CuO is a 
vibrational mode that provides information about the 
structural properties of CuO, such as phase transitions 
and strain effects. According to this study, there are no 
active modes related to the existence and formation 
of the secondary phase in as-synthesized  CuO-25 
and calcined CuO-400 anode materials. The peak 
intensity of a Raman spectrum is directly related to the 
concentration of the corresponding vibrational mode. 
CuO-400 anode material shows higher peak intensities 
for Ag, B1g, and B2g for Raman modes compared to 
as-synthesized CuO-25. The formation of additional 
CuO bonds vibrating along and perpendicular 
to the b-axis is attributed  to  the  more crystalline 
structure  resulting from  calcination, as discussed 
in XRD and SXRD. Furthermore, the formation of 
a greater number of CuO bonds in a CuO crystal 
structure generally improves its stability, reactivity, 
and catalytic properties, potentially improving 
applications, including catalysis, energy storage, and 
sensing.

The thermal stability of crystallographic phases in 
anode materials is significant for the safe and reliable 
continuing operation of rechargeable batteries.  In 
2003, Wu et  al. reported the correlation between 
electrochemical characteristics and thermal stability 
for LIBs [52]. Allcorn et al. have studied the thermal 
behavior of  Cu2Sb anode electrode materials in 
2022 [53]. In this study, the calcined CuO-400 anode 
material at 400 °C exhibited the best electrochemical 
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performance. Consequently, the  thermal stability 
of the crystallographic phase in CuO-400 anode 
material was investigated via taking the in situ SXRD 

characterization for the in situ temperatures of  -100, 
0, 25, 100, 200, 300, 400, 500, and 600 °C as shown in 
Fig. 5a. The atomic plane of (111) is directly related to 

Figure  3   a SXRD pattern obtained for CuO-25 and CuO-400 
anode materials. b 2D view of electron density distribution for as 
synthesized CuO-25 anode material. c 3D view (spatial variation) 
of electron density distribution for as synthesized CuO-25 anode 
material. d 2D view of electron density distribution for CuO-400 
anode material calcined at 400 °C. e 3D view (spatial variation) 

of electron density distribution for CuO-400 calcined at 400 °C. f 
Stacking fault probability (SFP) variation of the crystallographic 
reflection planes of (002), (111), (210), (202), and (301) for the 
as synthesized CuO-25 and CuO-400 anode materials. g Wil-
liam–Hall plot for the CuO-25 and CuO-400 anode materials
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the a, b, and c axes. Hence, stretching or compression 
in the directions a, b, and c axes of the structure is 
determined due to the peak position shift of the atomic 
plane. In this study, the peak position of the atomic 
plane (111) in Fig. 5c has shifted to a lower degree, 
confirming the elongation of the crystal structure in a, 
b, and c directions as the in situ temperature increase 
from  -100 to 600 °C. Figure 5d–g shows the variation 
of lattice parameters along the a, b, and c axes, and 
the volume of the crystal structure, indicating the 
expansion of the crystal structure. CuO crystal 
structure shows lattice parameter values and crystal 
structure volume of 4.6853, 3.4241, 5.1283, and 81.153 
Å3, respectively, for room temperature of 25  °C. 

According to Fig. 5d–g, lattice parameter values and 
crystal structure volume of the crystal structure of 
CuO are 4.6819 Å, 3.4224 Å, 5.1237 Å, and 80.9526 Å3 
for the in situ temperature of -100 °C. These values 
confirmed the contraction of the CuO crystal structure, 
with percentages of 0.07257%, 0.0511%, 0.0897%, 
and 0.24694% along the  a, b, c, axes and volume. 
On the other hand, the crystallographic parameters 
of CuO have been increased due to an increase of 
in  situ temperature, which is higher than room 
temperature. For the in situ temperature of 600 °C, 
lattice parameter values and crystal structure volume 
of crystal structure of CuO are 4.7107, 3.4398, 5.1543, 
and 82.4951 Å3, indicating the expansion of CuO 
crystal structure with the percentages of 0.54212%, 
0.45705%, 0.50699% and 1.65379% along a, b, c, axes 
and volume. Contraction or expansion of anode 
material with temperature affects the electrochemical 
performance and exhibits safety issues. Nonetheless, 
it is important to mention that the existence of CuO 
phases within the in situ temperature range of  -100 
to 600 °C is a considerable advantage of CuO anode 
for LIB applications. The existence of CuO phases at 
higher temperatures has the potential to offer some 
performance benefits, due to the improved kinetics of 

Table 1   Lattice strain, crystallite size, and dislocation density 
values of as-synthesized CuO and calcined CuO at 400 °C

Materials Lattice strain 
(10–3) radian

Crystallite 
size (nm)

Dislocation 
density 
(1013)

As-synthesized CuO 1.36 106.4 8.52
Calcined CuO at 

400 °C
0.49 115.8 7.75

Figure 4   a The obtained Raman spectrum for as-synthesized CuO-25 anode material and CuO-400 anode material calcined at 400 °C. 
b Monoclinic crystal of CuO anode materials
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lithium-ion diffusion and reduced resistance, leading 
to faster cycle performance. They also accelerate 
undesirable side reactions and degrade the electrode 
material stability, shortening the lifespan of the battery 

at high temperatures. In contrast, low temperatures 
lead to slow cycling performance because of slow 
transport of ion. Hence, further research studies are 

Figure 5   a In-situ SXRD characterizations for CuO-400 anode 
material calcined at 400  °C. b Atomic plane of (111) mono-
clinic crystal of CuO. c Magnified region of 111 plane. d Lattice 
parameter variation along a-axis with in-situ temperature. e Lat-
tice parameter variation along the b-axis with in-situ temperature. 

f Lattice parameter variation along the c-axis with in-situ temper-
ature. g Variation of volume of crystal structure variation with in-
situ temperature. h Percentage-wise change of lattice parameters 
with in-situ temperature
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important to investigate the optimal temperature 
range for long-term performance and safety.

Surface chemistry of CuO

The XPS survey spectra for the CuO-25 and CuO-
400 anode materials were obtained to study a 
comparative analysis prior to and after calcination 
at 400 °C, as depicted in Fig. 6a. The survey spectra 
for both samples reveal the presence of Cu, O, and C 
elements, confirming the high purity of the CuO-25 
and CuO-400 anode materials. As shown in Fig. 6b, 
the peak positions of Cu 2p3/2 and Cu 2p1/2 in CuO-
400 have shifted, indicating an increase in binding 
energy. This shift can be attributed to changes in the 
surface chemical composition due to the calcination 

process. The difference in spin–orbit coupling energy 
between the two CuO samples is approximately 
20 eV, which agrees with the characteristic + 2 copper 
oxidation state as reported in the previous literature 
[54]. The Cu 2p core-level spectra for CuO-25 and 
CuO-400 were analyzed using Gaussian curve fitting, 
as depicted in Fig. 6c, d. Prior to calcination, the Cu 
2p3/2 peak is made up of two components: one at 
937.7 eV, which is attributed to the Cu2+ phase and 
indicates the presence of OH− groups on the surface 
of CuO, and another at 934.5 eV, characteristic of 
the CuO phase [55, 56]. Additionally, peaks at 944.4 
and 946.9  eV correspond to Cu2+ satellite peaks, 
indicating the presence of Cu(OH)2 primarily prior 
to calcination. In contrast, as shown in Fig. 6d, the 
Cu 2p3/2 peak after calcination at 400 °C displays a 

Figure  6   a Survey XPS spectra of as-synthesized CuO-25 and 
calcined CuO-400 at 400  °C. b The Cu 2p region of the XPS 
spectra of as-synthesized CuO-25 and calcined CuO-400 at 
400  °C. c Curve-fitting spectrum of Cu 2p3/2 of as-synthesized 
CuO-25 anode materials. d Curve-fitting spectrum of Cu 2p3/2 

of calcined CuO-400 anode materials at 400 °C. e Curve-fitting 
spectrum of O1s of as-synthesized CuO-25 anode materials. f 
Curve-fitting spectrum of O1s of calcined CuO-400 at 400  °C 
anode materials
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single component at 934.3 eV, along with satellite 
peaks at 941.5 and 943.8 eV. This suggests that the 
calcination process is essential for achieving high-
purity CuO. The O1s core-level spectra for the CuO-
25 and CuO-400 anode materials were studied prior 

to and after calcination at 400 °C using a Gaussian 
curve-fitting method, as depicted in Fig.  6f, g. 
Prior to calcination, the primary O1s peak appears 
at 532.9  eV, attributed to Cu(OH)2. Additionally, 
a weaker peak with a lower binding energy of 

Figure 7   a SEM image of CuO-25 anode material. b SEM image of calcined CuO-400 anode material. c The particle size distribution 
of calcined CuO-400 anode material
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529.1 eV is identified, which is associated with the 
presence on the surface of CuO, as noted in earlier 
studies [56]. After calcination, the main peak shifts 
to 529.6 eV, corresponding to the binding energy of 
CuO. Other peaks observed at 531.5 and 533.2 eV are 
due to oxygen and moisture from the air that has 
adsorbed onto the CuO surface [56].

Morphological analyses were performed for the 
as-synthesized CuO-25 and calcined CuO-400 anode 
materials using the SEM with a magnification of 
30.0 K. As shown in Fig. 7a, CuO-25 anode material 
consists of tiny CuO clusters with more aggregation 
and conglomeration, and very short, tiny needles 
randomly distributed on the surface. According 
to Fig.  7b, the CuO-400 anode consists of round, 
granular particles of different sizes with distinct edges 
and aggregation. CuO-400 anode material shows 
the enhancement of the crystalline nature of CuO 
after calcination. Figure 7c presents the histogram 
of particle size distribution for the CuO-400 anode 
material. Calculated average particle size was 0.59 µm. 
The round and granular shape of the particles can 
enhance the contact surface area between the CuO/
electrolyte interface, stimulating better reactions 
between the electrode and the electrolyte, and 
reducing the diffusion path for Li-ions. As a result, the 
calcined CuO-400 anode material at 400 °C enhances 
the overall electrochemical performance when utilized 
as an anode for LIBs.

Thermogravimetric analysis (TGA)

The thermogravimetric analysis (TGA) curves for as-
synthesized CuO-25 anode material is shown in Fig. 8. 
To study the thermal properties of the as-synthesized 
CuO-25 anode material, TGA was performed at a heat-
ing rate of 10 °C/min in an inert nitrogen atmosphere. 
TGA continuously measures the weight of samples as 
a function of temperature and time. It covers a temper-
ature range from 25 to 600 °C. The TGA reveals impor-
tant insights into the stability of the synthesized CuO 
at higher temperatures. The thermogravimetric analy-
sis showed that the synthesized CuO exhibits remark-
able thermal stability up to 600 °C. A slight weight loss 
of approximately 5% was observed up to 600 °C. It can 
be ascribed to the evaporation of water molecules that 
were adsorbed on the surface of the CuO particles. 
The significant thermal stability of synthesized CuO in 
this study is important for the cycle performance and 
safety of the CuO anode during cycling.

Optical and electrical properties

The diffuse reflectance UV–visible spectra of CuO-
25 and CuO-400 anode materials were taken to 
investigate the band gap energy, which is crucial 
for LIBs due to the semiconducting properties of 
CuO. Tauc’s plot method was used to determine the 
optical energy band gap of CuO-25 and CuO-400 by 
extrapolating the absorption spectrum measured by 
the spectrophotometer. Tauc’s equation is shown as 
follows [57].

The diffuse reflectance UV–visible spectrum of 
CuO was taken for the CuO-25 and CuO-400 anode 
materials. According to the Kubelka–Munk (K–M) 
theory, reflectance data were transformed into 
absorption data mode.

R∞ =
R
sample

R
standard

 is the reflectance of an infinitely thick 
specimen, while K and S are the absorption and scat-
tering coefficients, respectively. Putting F(R∞) instead 
of α into the Tauc’s equation

(�h�)1∕� = B

(

h� − E
g

)

F
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Figure 8   TGA curve for as-synthesized CuO-25 anode material
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Figure 9   a Plot (F(R)hν)2 as a function of photon energy of as 
synthesized CuO-25 anode material. b Plot (F(R)hν)2 as a func-
tion of photon energy of calcined CuO-400 anode material at 
400 °C. c Band diagram before formation the junction Cu/CuO-
25 interface for as synthesized CuO-25 anode. d Band diagram 
before formation the junction Cu/CuO-400 interface of calcined 

CuO-400 anode at 400  °C. e Band diagram after formation the 
Schottky barriers Cu/CuO-25 interface for as synthesized CuO-
25 anode. f Band diagram after formation the Schottky barriers 
Cu/CuO-400 interface of calcined CuO-400 anode at 400  °C. g 
Current–voltage characterization Cu/CuO-25 for as synthesized 
CuO-25 anode and Cu/CuO-400 anode
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For direct band gap, � =
1

2

Finally, the band gap energy of CuO-25 and CuO-
400 is determined using Tac’s equation through 
extrapolating the straight line of the plot of [F(R) × hυ]2 
versus incident photon energy hυ. Figure  9a, b 
shows the plot of [F(R) × hυ]2 versus incident photon 
energy hυ for CuO-25 and CuO-400, respectively. 
Computed band gaps were 1.52 and 1.42  eV for 
as-synthesized  CuO-25 and calcined CuO-400 at 
400 °C, respectively. A lower band gap value of CuO-
400 can improve electrical conductivity and charge 
transfer kinetics, beneficial for its electrochemical 
performance as an anode in LIBs. Furthermore, 
electronic interfacial properties at Cu/CuO-25 and 
Cu/CuO-400 are important for the electrochemical 
performance of half-cells. The energy diagrams for 
the Cu/CuO-25 and Cu/CuO-400 interfaces are shown 
in Fig. 9c, d. The Schottky contacts are constructed at 
Cu/CuO-25 and Cu/CuO-400 interfaces as shown in 
Fig. 9e, f due to the misalignment of the Fermi level 
position of Cu, CuO-25, and CuO-400. Formation of 
this type of Schottky barrier impedes the transfer of 
electron between the copper current collector and 
the CuO anode material. Consequently, it reduces 
the electrochemical performance of CuO anode 
during cycling. Nonetheless, it can be appeared that 
the valence band offsets (ΔEV, CuO-25/ΔEV, CuO-
400) are 0.84 and 0.74 eV for CuO-25 and CuO-400, 
respectively. Polymer binders and acetylene black as 
conductive additives were added to the CuO anode 
material for the CuO anode preparation. The electronic 
interfacial properties at the Cu/CuO-25 and Cu/CuO-
400 interfaces depend on the mass ratio of active 
material, acetylene black, and polyvinylidene fluoride 
(PVDF) binder. The amount of conductive additive is 
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sufficient to provide electrical conductivity in the CuO 
active material, facilitating, and electron movement 
via Cu/CuO-25 and Cu/CuO-400 interfaces during 
the cycling process by decreasing internal resistance 
and polarization within the anode [35]. The addition 
of a lower amount of acetylene carbon black improves 
the amount of active material content in the anode 
electrode. It leads to a reduction in the number of 
conductive pathways through the Cu/CuO interface, 
decreasing the overall electrochemical performance of 
the anode electrode [57]. In contrast, a high amount 
of acetylene carbon black enhances its electrical 
conductivity; however, it negatively impacts the 
electrochemical performance of the anode electrode 
due to the lower availability of CuO active material 
[57]. As a result, it leads to blocking the Li+ diffusion 
pathways, reducing the electrochemical performance 
of the anode electrode. The initial investigation of 
this study revealed that the CuO anode exhibited the 
best electrochemical performance, composed  of 
polyvinylidene fluoride (PVDF) binder and acetylene 
black in a mass ratio of 70:10:20 [28]. Thus, the CuO 
anode was fabricated for the subsequent studies of the 
current investigation employing the above-mentioned 
optimal mass ratio of 70:10:20. Figure 9g shows the 
obtained current–voltage characterization curves 
for Cu/CuO-25 and Cu/CuO-400 anodes. It shows 
the linear relationship between current and voltage 
without showing diode characteristics at the Cu/CuO-
25 and Cu/CuO-400 interfaces. Hence, it confirms 
the formation of Ohmic contacts at Cu/CuO-25 and 
Cu/CuO-400 interfaces. According to Ohm’s law, 
the lower electrode resistance value of 1.44 Ω shows 
the CuO-400 anode compared to the value of 1.88 Ω 
for the CuO-25 anode. It could be due to the reduced 
valence band offset at Cu/CuO-400 interface.

Table 2   Specific discharge and charge capacities of the CuO-25, CuO-200, CuO-400, and CuO-600 anodes

Electrode Specific discharge capacity 
for the first cycle (mA h g−1)

Specific charge capacity for 
the first cycle (mA h g−1)

Specific discharge capacity for 
the 50th cycle (mA h g−1)

Specific charge capacity for 
the 50th cycle (mA h g−1)

CuO-25 1366.0 451.7 232.3 222.9
CuO-200 2100.7 522.9 342.7 340.3
CuO-400 2751.7 602.1 555.6 552.2
CuO-600 1004.3 244.8 300.8 300.4
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Electrochemical performance

Galvanostatic cycle performance

The synthesized CuO powder samples were calcined 
at different temperatures, including 200, 400, and 
600  °C, each maintained for 2  h, to identify the 
optimal conditions prior to further investigating the 
electrochemical performance of the developed CuO 
anode materials. The electrochemical performances 
reported for the CuO prepared at different 
calcination temperatures are presented in Table 2. 
The electrochemical performance results for the CuO 
prepared at the different calcination temperatures 
are summarized in Table 2. According to preliminary 
investigations, the CuO anode was found to exhibit 
significant electrochemical performance at a 400 °C 
calcination temperature. In contrast, the 200 and 
600  °C calcination temperature showed inferior 
performance, particularly in terms of charge capacities 

during the first cycle and overall cycle life. Further 
investigations were performed on the as-synthesized 
(CuO-25) and calcined CuO (CuO-400) samples at 25 
and 600 °C.

Figure  10a, b shows the charge–discharge 
capacities of the as-synthesized CuO-25 anode and 
calcined CuO-400 anode at 400 °C as a function of 
the number of cycles up to 50 cycles, respectively. 
The charge–discharge capacities of the CuO-25 and 
CuO-400 anodes gradually decrease with increased 
cycle number. CuO-25 and CuO-400 anodes exhibited 
the initial specific discharge capacities of 1366.0 and 
2751.7 mA h g−1, respectively. Initial cycles of CuO-25 
and CuO-400 anodes have shown a significant capacity 
loss of 914.3 and 2149.6 mA h g−1. These irreversible 
capacity losses of both anodes are due to the formation 
of SEI between the anode and the electrolyte interfaces 
as reported in previous literature [58]. Remarkably, 
the initial specific discharge and charge capacities 
that resulted in the present study are higher than 

Figure  10   a Cycle performance versus cycle number of CuO-
25 anode at a rate of 1.0 C up to the 50th cycle. b Cycle perfor-
mance versus cycle number of CuO-400 anode at a rate of 1.0 C 
up to the 50th cycle. c Cycle performance versus cycle number 
of CuO-400 anode at a rate of 1.0 C up to the 100th. d Charge–
discharge potential profiles of CuO-400 anode between the volt-

age range of 0.01 and 3 V at a rate of 1.0 C for the 1st cycle. e 
Charge–discharge potential profiles of CuO-400 anode between 
the voltage range of 0.01 and 3 V at a rate of 1.0 C for the 100th 
cycle. f Cyclic voltammograms of CuO-400 anode from 0.01 to 
3.0  V (versus Li+ /Li) at a scan rate of 0.1  mV  s − 1 after 100th 
cycle
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those of previously reported studies: nanochain 
CuO (1002.9 mA  h  g−1  at 0.1  C) [13], microsphere 
(1063.9  mA  h  g−1  at 0.1  C) [23], CuO nanotube 
(808.0 mA h g−1 at a rate of 0.1 C) [59], CuO nanodisc 
(971.0 mA h g−1 at a rate of 0.2 C) [60], CuO nanoplate 
(966.2 mA h g−1 at a rate of 1.0 C) [61], mulberry-like 
shape CuO (929.4 mA h g−1 at a rate of 1.0 C) [61] and 
pillow-shaped porous CuO (776.3 mA h g−1 at a rate 
of 0.1 C) [62]. Although the electrode exhibited lower 
Coulombic efficiencies of 48.0% and 24% for the CuO-
25 and CuO-400 anodes in the first cycle, respectively, 
higher Coulombic efficiencies were observed in 
subsequent cycles, indicating the proper transfer of 
Li+ and electrons between the anode and cathode.

The theoretical specific capacity of the CuO elec-
trode is regarded as 674 mA h g−1. The resulting spe-
cific capacity of the CuO-400 anode in the present 
study is considerably higher than that of its theo-
retically specific capacity mainly due to the factors 
such as formation of SEI, the reduction of adsorbed 
constituents on active material surfaces, and the ini-
tial formation of Li2O during the first cycle as previ-
ously reported by Fernando et al. and Debbichi et al. 
[28, 50]. Furthermore, as shown in SEM analysis, the 
microstructural morphology of CuO-400 consists of 
granular particles of spherical nature having distinct 
edges in variable sizes. The resultant higher surface 
area could enhance the contact area at the CuO/elec-
trolyte interface. The resultant higher surface area 
could enhance the contact area at the CuO/electrolyte 
interface. Hence, a considerably larger amount of may 
be stored at the interface during the first cycle. Con-
sequently, it may have caused the resultant higher 
discharge capacity for the initial cycle than its theo-
retical value of 674 mA h g−1. A similar behavior of 
higher initial specific discharge capacity than that of 
674 mA h g−1 for CuO anode in LIB also reported in 
the following literature [13, 23, 28, 59–62].

After 50 cycles, CuO-25 and CuO-400 anodes 
delivered specific discharge capacities of 232.3 and 
552.2 mA h g−1 with a Coulombic efficiencies of 98.0 
and 99.4%, respectively. Specific discharge capacity 
of 552.2  mA  h  g−1 with a Coulombic efficiency of 
99.4%  indicates promising cyclic behavior due to 
calcination. Interestingly, it achieved more than 80% 
of the theoretical specific capacity of CuO anode. 
Furthermore, CuO-400 anode delivered better 
performance in the present study in comparison 
with those of previously reported CuO structures: 
nanochain CuO (611.9 mA h g−1 at a rate of 0.1 C after 

30 cycles) [13], microsphere (429.0 mA h g−1 at 0.1 C 
after 50 cycles) [23], CuO nanodisk (290 mA h g−1 at 
a rate of 0.2 C after 20 cycles) [60], pillow-shaped 
Porous CuO (350.0 mA h g−1 at a rate of 0.1 C after 
50 cycles) [62]. According to this present study, 
better cycle performance is shown for the CuO-400 
anode. It could be due to the existence of a higher 
electron density distribution in the crystal structure. 
Moreover, as mentioned in the crystallographic study 
in Sect.  “Crystallographic properties”, structural 
properties such as SFP variation, lattice strain, 
crystallite size, and dislocation density values are 
crucial characteristics for the electrode material 
for their electrochemical performance. There is no 
specific linear relationship between those mentioned 
properties and electrochemical performance. It 
significantly depends on the material. Even though 
the  engineered structural properties of electrode 
material are  beneficial for their electrochemical 
performance, lower or higher values of structural 
properties are an advantage or disadvantage, 
depending on the material. This study reveals the 
values of structural properties that are formed due 
to the calcination at 400  °C is promising for CuO 
as an anode electrode in LIBs. To the best of the 
knowledge, no one have been investigated the effect 
of structural properties of CuO anode material due 
to the calcination process. Furthermore, according 
to the XPS analysis in Sect.”  Surface chemistry of 
CuO”, the existence of Cu(OH)2 was shown for the 
CuO-25 anode material. The CuO anode material 
can be negatively impacted by its instability during 
phase transformation during the cycling process. 
Consequently, the presence of Cu(OH)2 can impede 
the anticipated rate of the  conversion mechanism 
reaction at the CuO anode. Be that as it may, after 
calcination, XPS analysis confirmed the formation of 
high-purity CuO for CuO-400 without the existence 
of Cu(OH)2, which is an advantage for CuO anode 
applications in LIBs.

According to Fig.  10c, a slight fluctuation in 
specific charge–discharge capacities can be observed 
for the  CuO-400 anode. Hence, it is essential to 
conduct further research studies to develop as anode 
electrode for LIBs. Nevertheless, it exhibited better 
electrochemical performance as a novel anode material 
for LIBs. The cycling performance of the CuO-400 
anode was extended to 100 cycles as shown in Fig. 10c. 
After 100 cycles, CuO-400 anode delivered specific 
discharge capacity of 364.2 mA h g−1 with a Coulombic 
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efficiency of 98%. Furthermore, Wang et  al. have 
reported a hierarchical structure of CuO with specific 
discharge capacities of 575.0 mA h g−1 at a rate of 1.0 
C over 100 cycles and 504.0 mA h g−1 at a rate of 2.0 
C over 100 cycles. Their electrochemical performance 
is better than that of the present study. However, 
CuO was synthesized using a simple, inexpensive, 
high-safety, non-toxic, and environmentally friendly 
chemical precipitation technique for this study. This 
was attained without the use of high-toxicity or costly 
chemicals, costly instruments and multistep processes.

Figure 10d displays the discharge–charge potential 
profile of the first cycle for the  CuO-400 anode. 
Accordingly, it showed three sloping potential 
ranges of 0.84–0.75 V, 0.75–0.47 V, and 0.39 –0.01 V. 
These three sloping potential ranges presumptive to 
the reduction of CuO to the intermediate composite 
copper oxide phase, further reduction to Cu2O and 
finally decomposition into Cu fine particles and Li2O, 
respectively, as discussed in previous literature [4, 6]. 
Figure 10e shows charge–discharge potential profiles 
for the CuO-400 anode up to the 100th cycle. It is 
observed that the shapes and continuity of the curves 
do not change significantly in the following cycles, 
implying good reversibility of the electrochemical 
reaction up to the 100th cycle for CuO-400 anode.

Figure  10f shows the cyclic voltammograms of 
the calcined CuO-400 anode recorded at a scan 
rate of 0.1 mV s−1 after the 100th cycle. During the 
cathodic sweep, three cathodic peaks can be seen at 
2.2, 1.1, and 0.7 V. These peaks are associated with a 
multistep of electrochemical reactions, which include 
the formation of an intermediate solid solution phase 
(CuⅡ

1−xCuⅠ
xO1−x/2) (where 0 < x < 0.4), the reduction of 

CuO to Cu2O, and ultimately the further reduction to 
Cu and Li2O [4, 23]. Additionally, oxygen is released 
from the host structure, leading to the formation of 
oxygen ion vacancies. These oxygen ion vacancies 
are then stabilized by lithium ions to create the 
Li2O phase. The anodic peaks reveal two significant 
oxidation peaks at approximately 1.3 and 2.7  V, 
indicating that a multistep electrochemical reaction 
occurs, involving the oxidation of Cu to Cu2O and 
eventually to CuO. In addition, continuity of anodic 
and cathodic sweep of cyclic voltammograms confirms 
the proper working of the kinetic reaction after the 
100th cycles. This study reveals the improvements in 
the electrochemical performance of the calcined anode. 
It is due to the enhancement of the electron density 
distribution in the crystal structure via calcination. 

Furthermore, this study has shown the importance of 
electron density distribution in the crystal structure 
for the CuO-based  anode material. To the best of 
our knowledge, no one have been done this kind of 
investigation for CuO anode for LIBs.

Conclusion

This research focused on synthesizing CuO through a 
simple chemical precipitation method and optimizing 
its structural characteristics and electron density by 
calcination process to improve its electrochemical 
performance as an anode in LIBs. Accordingly, 
the overall enhanced electron density distribution 
observed in CuO-400. Higher value of SFP has been 
shown along the <002> crystallographic direction 
for the CuO-400. Lattice strain decreases with the 
increasing calcination temperature. CuO-400 anode 
material has the highest value of crystallite size, 
115.8 nm, improving conversion mechanism reaction. 
Lower value of dislocation density showed for the 
CuO-400 anode, leading to better mechanical stability. 
Volume of the crystal structure contracted and 
expanded by 0.24694% and 1.65379% for the in situ 
temperature range from − 100 to 600 °C. Additionally, 
in  situ synchrotron XRD confirmed the presence 
of a monoclinic crystal structure of CuO across a 
temperature range from − 100 to 600 °C, indicating 
the thermal stability of CuO phases. According to the 
electrochemical characterization, the CuO-400 anode 
material, calcined at 400 °C, achieved the highest 
initial specific discharge capacity of 2751.7 mA h g−1 
at a rate of 1.0 C, better electrochemical performing 
the as-synthesized CuO as anode. CuO-400 
anode exhibited a specific discharge capacity of 
364.2 mA h g−1 and a Coulombic efficiency of 98% after 
100 cycles. Thus, synthesizing CuO while adjusting the 
electron density structural properties is an effective 
strategy to enhance the electrochemical performance 
of CuO anode for LIBs.
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