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Abstract
The development of safe, fast charging, and long-lasting Li-ion batteries has been taking major steps forward through 
novel combinations of nanomaterials. Here, using a co-precipitation technique, we embed CuO–Fe2O3 nanoparticles onto 
reduced graphene oxide (RGO) nanosheets for being employed as a Li-ion battery anode. The resultant CuO–Fe2O3/RGO 
nanocomposite (NC) shows an initial discharge capacity of 1339 mAh/g under a current density of 100 mA/g, together with 
coulombic efficiency of 84%. After 100 cycles, the respective discharge and charge capacities of the NC are found to be 
859 and 850 mAh/g, indicating its high efficiency and durable cyclic performance. We also fabricate and characterize other 
RGO-based NCs such as CuO/RGO and  Fe2O3/RGO in order to understand the improved electrochemical performance of 
the combined constituents.

Keywords RGO nanosheets · CuO–Fe2O3 nanoparticles · Nanocomposite · Cyclic stability · Cyclic voltammetry · Li-ion 
anode

Introduction

As the necessary tools to the world today, lithium (Li) bat-
teries play important roles in a wide variety of devices such 
as mobile phones, laptops, tablets, electric vehicles, walking 
robots, drones [1–3]. For the past few years, the fabrication 
of high-energy batteries with durable cyclic performance 
has invigorated the scientific community to make them one 
step closer to practical applications [4, 5]. In this direc-
tion, designing miniature and lightweight batteries with 
high efficiency and long-term cycling stability for use as 
power sources in the next generation devices has presented 
challenges. These involve poor cyclability, low current effi-
ciency, and short device longevity of the currently used 
materials for Li battery electrodes [6–8].

To improve electrochemical properties of the batteries, 
it is necessary to functionalize their different components, 
including the cathode electrode, electrolyte, separator, and 
anode electrode [9]. In this respect, new electrode materials 
have been introduced with the help of nanoscience. Among 
materials at the nanoscale, a large volumetric energy den-
sity and high theoretical capacity along with fast charge/
discharge rates have been envisioned for transition-metal 
oxides  (MxOy; where M represents the elements Fe, Cu, 
Ni, Ti, Co, Sn, etc.), outperforming the traditional graphite 
for Li-ion storage [10–16]. The large specific capacity, low 
cost, and high environmental benignity and availability of 
CuO and  Fe2O3 compounds have made them ideal choices 
for use as efficient anode electrode materials [17–19]. Nev-
ertheless, some flaws (e.g., low coulombic efficiency and 
rate performance) have been identified for these compounds 
due to their small conductivity for the lithiation/delithiation 
mechanism as well as their large volume expansion during 
the cycling process, thereby casting doubt on their utiliza-
tion [20–22].

To eliminate these flaws, several approaches have been 
proposed in recent research studies. Notably, porous materi-
als with hierarchical structures such as hollow spheres [23], 
core–shell [24], nanoflowers [25], pillar arrays [26], and 
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nanotubes [27] have been able to enhance electrochemical 
properties of the battery anodes because of their integrated 
functionality at the nanoscale.

Alternatively, nanocomposites (NCs) with hierarchi-
cal structures, comprising the transition-metal oxides and 
carbon materials, have been employed as efficient battery 
anodes by forming highly conductive network materials, 
while also avoiding the large volume expansions. Examples 
of such NCs are given as follows: hollow carbon spheres/
reduced graphene oxide (RGO) [28], three-dimensional (3D) 
sandwich-structured  NiMn2O4@rGO [29], 3D-structured 
carbon-coated MnO/graphene [30], hollow C@MoS2@PPy 
[31],  Cu2O/CuO/Cu/carbon-polymer composite fibers [32], 
α-Fe2O3@C [33], and hierarchical CuO@  MnO2 core–shell 
nanosheet arrays [34]. In fact, the carbon contents of the NCs 
facilitate the network conductivity and improve the anode 
longevity and rate performance of the resultant batteries 
for the lithium storage. Among the carbon materials, RGO 
sheets have extremely large surface areas, which can in turn 
induce large electrical conductivity and high cycle stability 
in the NC structures [35, 36]. However, no reports could be 
found in the literature on the combination of RGO with the 
CuO–Fe2O3 compound in order to fabricate an RGO-based 
NC for being employed as the Li storage electrode.

In the present study, we fabricate CuO–Fe2O3/RGO NC 
for the Li anode material purposes using a facile chemical 
precipitation technique. We also characterize and investigate 
electrochemical properties of the resultant NC by evaluating 
the morphology, composition, crystal structure, Li storage 
capability, rate capability, and reversible capacity. To better 
understand the influence of the combined NC structure, we 
also fabricate and investigate the electrochemical properties 
of the constituent components separately (i.e., CuO/RGO 
and  Fe2O3/RGO NCs). It is found that the electrochemi-
cal performance of the CuO–Fe2O3/RGO NC considerably 
outperforms that of other RGO-based NCs investigated in 
previous works.

Experimental details

Preparation of RGO nanosheets

All the chemicals and solvents (purchased from Merck) 
employed in this study were used without further purifica-
tion. RGO nanosheets were prepared through a two-step 
synthesis technique. We initially oxidized and exfoliated 
natural graphite powders chemically by using an improved 
Hummers’ method [37] and then carried out a chemical 
reduction process. In a typical synthesis, a quantity of 1 g 
of GO nanosheets was well dispersed in 200 ml of deionized 
water (DIW) under sonication for 30 min, and then 10 ml of 
hydrazine was added into it. The solution was magnetically 

stirred for 12 h in an oil bath at 90 °C under a reflux condi-
tion. Ultimately, we filtered and rinsed the resulting solution, 
followed by drying the precipitate at room temperature (RT).

Preparation of RGO‑based NCs

To prepare CuO/RGO NC, a co-precipitation technique was 
employed as described elsewhere [38]. For the fabrication of 
CuO–Fe2O3/RGO NC, an amount of 0.6 g of the CuO/RGO 
NC prepared previously was dispersed in 100 ml of DIW 
under sonication for 30 min; 1.4 g of  FeCl3.6H2O was then 
added to the mixture and stirred at RT for 2 h. Ammonia 
solution (1 M) was added dropwise to the resulting solution 
(until the pH reached about 10), while also continuing the 
stirring at 80 °C for 1 h. The precipitate was filtered, rinsed 
with DIW, dried in an oven at 80 °C, and calcined at 500 °C 
for 2 h. For better clarity, Fig. 1 shows a schematic represen-
tation of the synthesis process of CuO–Fe2O3/RGO NC. It 
should be noted, in terms of electrochemical performance, 
the optimum molar ratio of CuO:  Fe2O3 in the resulting 
CuO–Fe2O3/RGO NC was 1:1. We also fabricated the other 
RGO-based NC  (Fe2O3/RGO) using the same conditions as 
described above, except adding the CuO/RGO powder to 
the solution.

Electrochemical characterization

We evaluated electrochemical properties of the RGO-based 
NCs (as anode materials) by assembling coin-type (CR-
2032) testing cells with pure lithium foil, acting as both the 
counter and reference electrodes. The working electrode was 
fabricated by dispersing of the active material, carbon black 
(as the conductive agent), and polyvinylidene fluoride (as a 
binder) at a mass ratio of 8: 1: 1 in N-methyl-2-pyrrolidone 
solvent. We then coated the resulting slurry onto a thin Cu 
foil current collector and dried it at 120 °C overnight in a 
vacuum oven in order to remove the solvent. The electrodes 
were pressed and punched into circular disks with a diameter 
of 10 mm, followed by measuring the weight of their active 
materials. We finally assembled the cells in an Ar-filled 
glove box using a non-aqueous electrolyte, consisting of 1 M 
 LiPF6 dissolved in ethylene carbonate and diethyl carbon-
ate (1:1 in vol%). A microporous polypropylene membrane 
was also employed as the separator. All cyclic voltammetry 
(CV) measurements were recorded using an Autolab electro-
chemistry workstation. In this regard, the voltage range and 
scanning rate were 0.01‒3.0 V and 0.1 mV/s, respectively. 
Electrochemical impedance spectroscopy was examined over 
a frequency range from 100 kHz to 0.01 Hz by applying an 
AC voltage of 5 mV. At RT, galvanostatic discharge/charge 
tests were carried out on a battery tester (NEWARE) for dif-
ferent current densities (ranging from 0.1 to 1 A/g).
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Instrumentation

The crystalline properties of RGO nanosheets and RGO-
based NCs were evaluated on a Philips-X’pert Pro X-ray 
diffractometer (XRD, Cu-Kα radiation, λ = 0.15418 Å) in the 
2θ range from 10 to 80° at RT. Fourier transform infrared 
(FTIR) spectroscopy was examined on a Nicolet Magna-550 
spectrophotometer using the KBr pellet method in the range 
of 400–4000  cm−1. Raman spectroscopy was recorded using 
a micro-Raman spectrometer (TakRam N1-541-Teksan) 
equipped with excitation of the 1064-nm line. The specific 
surface area and porosity of the NCs were determined by 
 N2 adsorption using Brunauer–Emmett–Teller (BET, Bel-
sorp mini II, Microtrac Bel Corp) method. The morphology 
of the RGO nanosheets and RGO-based NCs was charac-
terized using field-emission scanning electron microscopy 
(FESEM, ZEISS SUPRA 40VP, Germany) and transmission 
electron microscopy (TEM, Philips, CM120, Netherlands). 
Typically, elemental analysis was evaluated with an energy-
dispersive X-ray (EDX, VEGA\\TESCAN-XMU) mapping 
spectroscope.

Results and discussion

Structural, morphological, and compositional 
results

The crystal phase of the as-prepared RGO nanosheets and 
RGO-based NCs was investigated by XRD analysis, and 

the results are illustrated in Fig. 2. According to the XRD 
pattern of RGO, two broader peaks (2θ ~ 24.9° and 45.5°) 
appear, which can be indexed to (002) and (100) planes. The 
lattice spacing of 0.36 nm is also obtained, indicating the 
elimination of most of the oxygen functional groups during 
the chemical reduction [39]. The diffraction pattern of the 
CuO/RGO NC could be indexed to the monoclinic phase of 
CuO (JCPDS, card no. 80–1916), having two intensive peaks 
centered at 2θ ~ 35.7° and 38.8° corresponding to (− 111) 
and (111) planes, respectively. The typical diffraction peaks 
revealed in the XRD pattern of  Fe2O3/RGO NC at 2θ = 34.3° 

Fig. 1  The schematic represen-
tation of the synthesis process 
of CuO–Fe2O3/RGO NC

Fig. 2  XRD patterns of as-prepared RGO nanosheets and RGO-based 
NCs

2543Journal of Solid State Electrochemistry (2022) 26:2541–2553



1 3

and 36.1° can be related to (104) and (110) planes, respec-
tively, confirming the formation of the hexagonal structure 
of α-Fe2O3.

In the case of CuO–Fe2O3/RGO NC, all the observed 
peaks confirm the formation of both the hexagonal structure 
of α-Fe2O3 and monoclinic structure of CuO. Note that, for 
all the RGO-based NCs, the appearance of (002) diffraction 
peak around 2θ = 25° can be attributed to RGO nanosheets 
with less agglomeration. Also, the absence of impurity peaks 
evidences that the resultant NCs are pure and have high qual-
ity. To evaluate crystallite size of the NCs, we used Scherrer’s 
formula as follows:

where  � is the crystallite size value, β is the full width at 
half maximum of the peak, K is the shape factor (K = 0.94), 
θ is the diffraction angle (in radians), and λ is the wavelength 
of the X-ray (λ = 0.154 nm). In this respect, the crystallite 
sizes were obtained to be about 38 nm, 32 nm, and 35 nm 
for CuO,  Fe2O3, and CuO–Fe2O3 nanoparticles, respectively. 
It appears that the crystallite size of the CuO–Fe2O3 nano-
particles is equal to the average value of the crystallite sizes 
of CuO and  Fe2O3 nanoparticles, indicating the formation 
of uniform NC.

Figure 3 shows Raman spectra of the RGO nanosheets and 
RGO-based NCs. The two peaks appearing around ~ 1365 
and ~ 1592  cm−1 are attributable to D and G bands of the 
disordered and graphitic carbon, respectively, being con-
sistent with previous observations [40]. The G band can be 
ascribed to the  E2g mode in the basal plane of  sp2 carbon 
atoms, which in fact indicates the existence of highly ordered 
pyrolytic graphite. Alternatively, the D band can be associ-
ated with disordered hybridization and lack of long-range 
order in carbon atoms with amorphous and quasi-crystalline 

(1)� =
K�

� cos �

structures. For the CuO/RGO NC, the Raman spectrum 
shows a peak in the 283  cm−1 regions, corresponding to the 
Ag mode. Moreover, the induced dipole moment is located 
along the b-axis. The peaks in the 325 and 615  cm−1 regions 
are related to the Bg mode (being perpendicular to it), which 
can be associated to the monoclinic structure of CuO. Also, 
we see peaks of the Fe–O stretching vibration located around 
220  cm−1 in the Raman spectrum of  Fe2O3/RGO NC, cor-
responding to the  A1g mode. The peaks at 293 and 399  cm−1 
arise from the Eg mode, indicating the successful fabrication 
of the  Fe2O3/RGO NC. The Raman spectrum of CuO–Fe2O3/
RGO NC indicates peaks in the same or close wavenumbers 
to the ones stated in the Raman spectra of CuO/RGO and 
 Fe2O3/RGO NCs. However, we also observe slight shifts of 
the Raman peaks when both oxides are present in the NC, 
likely arising from surface strain changes and the presence of 
defects induced by the interaction between CuO and  Fe2O3 
phases in the NC structure [41].

As a complementary technique to Raman spectroscopy, 
we used FTIR spectroscopy in order to study the type of 
functional groups of the RGO nanosheets and RGO-based 
NCs, and the results are given in Fig. 4. We can clearly 
observe typical adsorption signals for all the compounds, 
comprising the wide band in the 3430  cm−1 region (belong-
ing to the O–H stretching vibration of carboxyl groups) and 
intense bands centered at 1395 and 1115  cm−1 (being attrib-
utable to C = O antisymmetric bridge stretching vibration 
of the carbonyl or carboxyl groups and the epoxy groups, 
respectively). In the case of  Fe2O3/RGO NC, the broad peak 
in the 575  cm−1 region is related to the stretching vibration 
of the Fe–O bond in the NC structure, and the characteristic 
peak at 1625  cm−1 is indicative of the vibration of hydroxyl 
groups on the surface of  Fe2O3 nanoparticles. The FTIR 

Fig. 3  Raman spectra of RGO nanosheets and RGO-based NCs Fig. 4  FTIR spectra of RGO nanosheets and RGO-based NCs
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spectrum of the CuO–Fe2O3/RGO NC reveals the charac-
teristic peak in the 525  cm−1 regions, and the appearance 
of two weak peaks around 475 and 610  cm−1, which can be 
attributed to the presence of Fe–O bands and vibrations of 
the Cu–O bonds in the CuO structure. Note that the intensity 
of the vibration of hydroxyl groups of CuO–Fe2O3/RGO NC 
decreases due to interaction between CuO and  Fe2O3.

The specific surface area and porous structure of the RGO-
based NCs were determined by  N2 adsorption–desorption 
isotherms, and the results obtained are depicted in Fig. 5. 
From Fig. 5a, the three isotherms exhibit characteristic type II 
and type IV isotherms, together with obvious hysteresis loops 
which indicate the existence of macropores (> 50 nm) and 
mesopores (2–50 nm). The existence of macropores can be 
related to the stacked layer structure of RGO in the NC [42]. 
It is found that CuO/RGO,  Fe2O3/RGO, and CuO–Fe2O3/
RGO NCs possess specific surface areas of 117.28, 123.25, 
and 127.39  m2/g, respectively. Additionally, the pore size dis-
tribution curves of the RGO-based NCs are shown in Fig. 5b, 
which further confirm the existence of the mesoporous struc-
ture. As inferred, the average pore diameters of CuO–Fe2O3/
RGO,  Fe2O3/RGO, and CuO/RGO NCs mainly are found to 
be 6.4, 4.7, and 5.4 nm, respectively. Accordingly, the forma-
tion of mesoporous structure with high specific surface area 
provides fast ion diffusion pathways and improves electronic/
ionic conductivity of the composite [43].

The surface morphology and particle size of RGO nanosheets 
and RGO-based NCs were investigated by FESEM and TEM 
experiments, and the corresponding images are depicted in 

Fig. 6. From Fig. 6a, RGO nanosheets form 2D multilayers 
with randomly distributed structure, having relatively large sur-
faces with folded edges. In Fig. 6b–d, FESEM images show that 
nanoparticles formed in the NC structure have spherical-like 
morphology with approximately uniform sizes, decorating the 
surface of the RGO nanosheets. The respective mean particle 
sizes of CuO,  Fe2O3, and CuO–Fe2O3 nanoparticles, evaluated 
from the FESEM images using Digimizer software, are found 
to be about 50, 43 and 45 nm. Figure 6e, f shows TEM images 
obtained from the CuO–Fe2O3/RGO NC. As can be seen, the 
CuO–Fe2O3 nanoparticles located on the transparent sheets of 
RGO form a sandwich-like structure.

On the other hand, SEM–EDX color mapping was carried 
out to characterize elemental composition of the CuO–Fe2O3/
RGO NC, and the results are presented in Fig. 7. As observed, 
the elemental mapping results indicate that the elements C, O, 
Cu, and Fe are uniformly distributed on the RGO nanosheets.

Electrochemical characteristics

We investigated electrochemical performance of the RGO-
based NCs by employing the Li sheet as both counter and 
reference electrodes. We initially assessed the Li-ion storage 
behavior using CV curves with a voltage range of 0.01–3 V 
and a scan rate of 0.1 mV/s, as can be seen in Fig. 8. From 
Fig. 8a, we observe three cathodic peaks at 1.9, 1, and 0.7 V 
(vs  Li+/Li) during the first discharge process. The first two 
peaks correspond to the multistep reversible electrochemi-
cal reaction, forming an intermediate solid solution (induced 

Fig. 5  (a)  N2 adsorption–desorption isotherms and (b) pore size distributions of RGO-based NCs
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by the intercalation of Li-ions in the CuO phase) and  Cu2O 
phase. The third peak results from the further decomposition 
of  Cu2O into metallic Cu and amorphous  Li2O phases due to 
the conversion reaction. These observations are in well agree-
ment with previous reports [10]. One can express the reactions 
involved in the discharge process as follows [44]:

(2)
CuO + xLi+ + xe− → CuII

1−x
CuI

x
O

1−x∕2 +
x

2
Li

2
O(0 ≤ x ≤ 0.4)

(3)
CuII

1−x
CuI

x
O

1−x∕2 + (1 − x)Li+ + (1 − x)e− →

1

2
Cu

2
O +

1 − x

2
Li

2
O

Additionally, we see three anodic peaks at the voltages 
of 1.5 V and 2.5 V and 2.7 V during the anodic scan of the 
CuO/RGO NC electrode. The first two peaks may arise from 
the partial decomposition of the solid-electrolyte interphase 
layer and the re-oxidation of the metallic phase of Cu to 
 Cu2O. We ascribe the third peak to the re-oxidation of the 
metallic phase of Cu to CuO. Note that the 2nd and 3rd CV 
curves nearly overlap with each other, making the electrode 
be highly reversible.

(4)
1

2
Cu

2
O + Li+ + e− → Cu +

1

2
Li

2
O

Fig. 6  FESEM images of RGO nanosheets and RGO-based NCs: (a) 
RGO nanosheets, (b) CuO/RGO NC, (c)  Fe2O3/RGO NC, and (d) 
CuO–Fe2O3/RGO NC. The insets in panels (a)–(d) show the corre-

sponding high magnification images. (e) and (f) TEM images of the 
CuO–Fe2O3/RGO NC
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From Fig. 8b, we observe two well-defined reduction 
peaks in the first discharge process of the  Fe2O3/RGO NC 
electrode, corresponding to the different reaction stages. The 
minor reduction peak appearing around 1.5 V may be caused 
by the initial Li-ion insertion into the  Fe2O3 structure, 
thereby forming  LixFe2O3 without changing the structure. 
As well, formation of an irreversible solid-electrolyte inter-
phase film on the surface of the active materials is indicated.

The strong cathodic peak at 0.7 V is due to the phase 
change from hexagonal α-LixFe2O3 to cubic  Li2Fe2O3, fol-
lowed by the complete reduction to  Fe0 with further for-
mation of  Li2O. The relevant reaction mechanism is given 
below [45]:

In the subsequent cycles, owing to the irreversible phase 
transformation in the first cycle, the main peak intensity 
is reduced perceptibly, and a positive shift of the peaks 
to a higher voltage of 1 V is observed. On the other hand, 
during the first anodic sweep, the two broad overlapped 
anodic peaks are noticeable at voltages of approximately 
1.75 and 2 V, being assignable to the decomposition of the 

(5)
α−Fe

2
O

3
+ xLi+ + xe− → α−LixFe2O3

(hexagonal) 0≤ × ≤ 2

(6)
α−LixFe2O3

(hexagonal) + (2 − x)Li+ + (2−x)e− → Li
2
Fe

2
O

3
(cubic)

(7)Li
2
Fe

2
O

3
+ 4Li+ + 4e− → 2Fe + 3Li

2
O

solid-electrolyte interphase layer, the reversible multistep 
oxidation of Fe to FeO, and further oxidization to  Fe2O3 
accompanied with the Li-ion extraction. During the follow-
ing cycles, these features do not shift, although they gradu-
ally merge with each other. The voltage–current curves are 
nearly overlapping during the following two cycles. This 
is indicative of the redox reactions with high reversibility, 
which is later confirmed by the cycling performance.

According to Fig. 8c, the CV profiles of the CuO–Fe2O3/
RGO NC electrode display two pairs of peaks. During the 
1st cathodic cycle, we observe a small peak around 1.6 V, 
relating to the structural transition induced by insertion of Li 
ions into the CuO–Fe2O3 structure. In addition, the intense 
cathodic peak centered at 0.5 V is attributable to further 
transformation of the  LixFe2O3/LixCuO to the  FeӀӀ/CuӀ, being 
accompanied with the further reduction into both of the Fe 
and Cu metals and the Fe–Cu alloy in the  Li2O matrix. The 
movement of the first reduction peaks in the subsequent 
cycles may result from the formation of the solid-electrolyte 
interphase layer and from the structural modification of Li-
ion transfer mechanism during the lithiation process.

In the subsequent charge process, we observe a broad 
anodic peak in the voltage range of 1.5–1.9 V. One can 
ascribe this peak to the reversible multistep oxidation of 
Fe/Cu to  LixFe2O3/LixCuO and then to  FeII/CuI. The peak 
located around the voltage of 2.3 V represents the oxida-
tion of  FeII/CuI to  FeIII/CuII after being converted back to 

Fig. 7  SEM–EDX color mapping of the CuO–Fe2O3/RGO NC: (a) SEM image; and elements: (b) C, (c) O, (d) Cu, and (e) Fe
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nanograins of CuO–Fe2O3 with the decomposition of  Li2O 
[46]. Furthermore, high reversibility of the electrochemical 
reactions and good stability of the CuO–Fe2O3/RGO NC 
electrode are indicated by the nearly overlapped 2nd and 
3rd CV curves.

The discharge/charge voltage-capacity profiles of the 
RGO-based NC electrodes obtained from the initial three 
cycles at a specific current density of 100 mA/g and the 
voltage range of 0.02–3.0 V (vs. Li/Li+) are shown in Fig. 9. 
For the CuO/RGO NC electrode, we observe two flat dis-
charge plateaus around 1.1‒1.5 and 0.5‒1 V (see Fig. 8a), 
corresponding to the reduction of  Fe2O3/CuO to Fe/Cu 
alloy along with the formation of  Li2O and solid-electro-
lyte interphase layer. In addition, during the charge curve, 
one voltage plateau is found to be located at 2.6 V, being in 

well agreement with the voltage peaks observed in the CV 
curves. During the initial charge/discharge curves, the elec-
trode delivers a specific discharge capacity of 790 mAh/g 
and a subsequent charge capacity of 650 mAh/g, giving rise 
to initial coulombic efficiency of 82.0%. The considerable 
initial capacity loss is most likely due to the irreversible 
formation of a solid-electrolyte interphase layer and the 
incomplete conversion reaction. This behavior is common 
for most anode materials [47].

It can be seen in the first discharge curve of the  Fe2O3/
RGO NC electrode that only a broad voltage plateau occurs 
at ~ 0.75 V in conjunction with an inclined profile down to a 
cutoff voltage of 0.01 V. This is likely assignable to the reduc-
tion of  FeIII to Fe, the solid-electrolyte interphase layer forma-
tion, and the decomposition of the electrolyte. Also, the charge 

Fig. 8  CV curves of RGO-based NC electrodes: (a) CuO/RGO, (b)  Fe2O3/RGO, and (c) CuO–Fe2O3/RGO
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curves show a sloped voltage plateau in the range of 1.5–2 V, 
being in accordance with the results of the CV measurements.

We observe that the  Fe2O3/RGO NC anode (Fig. 9b) 
exhibits a lithium storage capacity of 1154 mAh/g during 
the initial discharge process. Nevertheless, a relatively low 
reversible capacity (913 mAh/g) is found for this elec-
trode, leading to initial coulombic efficiency of 80%. We 
ascribe the relatively low initial coulombic efficiency to 
the inevitable formation of the solid-electrolyte interphase 
and decomposition of organic electrolytes, being common 
to most anode materials. Similarly, in the voltage profile 
of the CuO–Fe2O3/RGO NC anode, the initial discharge 
process comprises a flat voltage plateau at 0.75 V, replac-
ing the sloped plateau in the voltage range between 1.5 
and 1 V. The charge curves show a sloped plateau in the 
voltage range between 1.6 and 2.3 V (see Fig. 8c), which 
accord with the CV results [48]. The first three charge/
discharge capacities of the CuO–Fe2O3/RGO NC anode 
are obtained to be approximately 1339/1127, 1131/1091, 

and 1093/1049 mAh/g, respectively, together with initial 
coulombic efficiency of 84%.

Figure 10a shows the cycling performance of the three 
RGO-based NC anodes during cycling at a current den-
sity of 100 mA/g. The CuO–Fe2O3/RGO NC has the best 
cyclic stability and retention capacity among the anode 
materials when increasing the number of cycles. After 
100 cycles, the reversible discharge/charge capacity of 
CuO–Fe2O3/RGO,  Fe2O3/RGO, and CuO/RGO NCs tends 
to be stable, maintaining at 859/850, 717/701, and 467/457 
mAh/g, respectively. The rate performance of the NCs was 
also tested at various current rates ranging from 0.1 to 
1.0 A/g and then back to 0.1 A/g. Based on Fig. 10b, the 
CuO–Fe2O3/RGO NC displays average specific capacities 
of 1083, 905, 781, and 609 mAh/g at cycling rates of 0.1, 
0.2, 0.5, and 1 mAh, respectively.

In this way, by combining RGO nanosheets and CuO–Fe2O3 
nanoparticles, one can acquire appropriate Li storage proper-
ties with reversible specific capacities compared to the other 

Fig. 9  Discharge/charge curves of RGO-based NC electrodes: (a) CuO/RGO, (b)  Fe2O3/RGO, and (c) CuO–Fe2O3/RGO
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RGO-based NCs. The suppression of pulverization and low 
volume expansion of the CuO–Fe2O3 nanoparticles during 
long-term cycles may be responsible for the enhanced storage 
properties.

Li storage performance of the CuO–Fe2O3/RGO NC and 
related  Fe2O3/C anode materials reported in the literature 
is compared with each other in Table 1. As can be inferred, 
the anode NC investigated in this work for Li-ion battery 
possesses higher capacity than most of the reported anodes 
after cycling, likely owing to the combination of the highly 
conductive RGO nanosheets with the transition-metal oxide 
CuO–Fe2O3 nanoparticles.

We performed electrochemical impedance spectroscopic 
measurements to investigate the electrochemical reaction fea-
tures, kinetics, and diffusion of the RGO-based NC electrodes 

in detail. These measurements were carried out at an open-
circuit voltage and frequency range of 100 kHz–0.01 Hz. Fig-
ure 11 shows the Nyquist plots obtained from the RGO-based 
NCs, comprising a semicircle in the high-frequency range 
referring to the SEI layer resistance (RSEI), dielectric relaxa-
tion capacitance (CPESEI), a semicircle in the medium fre-
quency region associated with the charge transfer resistance 
(Rct), and double-layer capacitance (CPEelectrode) induced 
between the electrode/electrolyte interface. A sloping straight 
line is also observed in the low-frequency region, demonstrat-
ing the Warburg impedance (Zw). This can be attributed to 
the mass transfer of lithium ions within the solid electrode 
material [56]. The inset shows the corresponding equivalent 
circuit model. We find that Rct of the CuO–Fe2O3/RGO NC 
is about 81.8 Ω, being substantially inferior to that of the 

Fig. 10  (a) Cyclic performances of the RGO-based NCs along with coulombic efficiency of the CuO–Fe2O3/RGO NC at a current rate of 0.1 
A/g. (b) The comparison between rate capabilities of the NCs at different current rates (0.1–1.0 A/g)

Table 1  Electrochemical 
performance of different 
 Fe2O3-based materials for 
Li-ion battery anodes reported 
in the literature and this work. 
Note: The electrolytes of the 
comparing nanocomposite are 
the same

Material Current density 
(mA/g)

Reversible 
capacity/cycle 
(mAh/g)

Initial discharge/
charge capacity 
(mAh/g)

Ref

Fe2O3/graphene composite 100 708/300 1350/890 [49]
Fe2O3/graphene aerogel 93 875/50 1254/995 [50]
rGO/Fe2O3 composite 100 1007/100 1468/1251 [51]
Carbon-coated α-Fe2O3@Fe3O4 100 721/100 1697/1203 [52]
NiFe2O4/NiO@Fe2O3 core-shelled 

nanocubes
500 832/150 –/– [53]

Fe2O3/porous gC3N4/graphene 50 980/50 1282/– [54]
3D net-like FeOx/C 200 851/50 1204/854 [55]
CuO–Fe2O3/RGO NC 100 859/100 1339/1127 This work
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CuO/RGO (Rct = 151.9 Ω) and the  Fe2O3/RGO (Rct = 121.9 
Ω) NCs. Therefore, we can state that the specific structure of 
the CuO–Fe2O3/RGO NC (employed as an anode material) 
has more space to adapt to the change of volume, while also 
promoting the lowest diffusion of Li-ion and rapid charge 
transport during the electrochemical lithiation/delithiation 
processes.

Conclusion

We have fabricated RGO nanosheets and RGO-based NCs, 
including CuO/RGO,  Fe2O3/RGO, and CuO–Fe2O3/RGO, and 
characterized their structural, morphological, compositional, 
and electrochemical property by different techniques. The 
CuO,  Fe2O3, and CuO–Fe2O3 nanoparticles were fine in size 
(≤ 50 nm) and uniformly distributed on the 2D nanosheets 
as indicated by XRD, FESEM, TEM, and SEM–EDX inves-
tigations. These spherical-like nanoparticles, in particular 
CuO–Fe2O3 ones, could provide large active surfaces with 
enhanced acceleration of redox reactions involved in the lithi-
ation/delithiation mechanism. The CV experimented showed 
that the discharge/charge capacity of the CuO–Fe2O3/RGO 
NC was considerably higher than that of the other RGO-
based NCs after the 1st (1339/1127 mAh/g) and 100th cycles 
(859/850 mAh/g) when assembled in a Li-ion battery. These 
improved electrochemical properties were attributed to effi-
cient combination of the highly conductive RGO nanosheets 
with the transition-metal oxide CuO–Fe2O3 nanoparticles.
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