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Abstract: The nanoporous copper (NPC)-copper oxides (Cu2O/CuO)/reduced graphene oxide
(rGO) composite structure was synthesized by combining the dealloying process of Cu48Zr47Al5
amorphous ribbons with a microwave-assisted hydrothermal technique at a temperature of 200 ◦C.
The main advantage of the microwave-assisted hydrothermal process is the oxidation of nanoporous
copper together with the in situ reduction of graphene oxide to form rGO. The integration of rGO
with NPC improves electrical conductivity and streamlines the process of electron transfer. This
composite exhibit considerable potential in electrochemical catalysis application, due to the combined
catalytic activity of NPC and the chemical reactivity of rGO. Our study relates the transition to
n-type rGO in microwave-assisted hydrothermal reactions, and also the development of an electrode
material suitable for electrochemical applications based on the p-p-n junction NPC-Cu2O/CuO/rGO
heterostructure. To confirm the formation of the composite structure, structural, morphological, and
optical techniques as XRD, SEM/EDX, UV-Vis and Raman spectroscopy were used. The composite’s
electrochemical properties were measured by EIS and Mott-Schottky analyses, showing a charge
transfer resistance (Rp) of 250 Ω and indicating the type of the semiconductor properties. The
calculated carrier densities of 4.2 × 1018 cm−3 confirms n-type semiconductor characteristic for rGO,
and 7.22 × 1018 cm−3 for Cu2O/CuO indicating p-type characteristic.

Keywords: reduced graphene oxide; dealloying; nanoporous copper; microwave-assisted
hydrothermal method

1. Introduction

A great interest in the scientific community was gained recently on the topic of
nanostructured semiconductors applied in supercapacitors, chemical sensors, lithium-ion
batteries, light emitting diodes, and photocatalysts [1]. Metal oxides could be an ideal
material to enhance the performance of graphene-based sensors [2], offering multiple bene-
fits, which comprise the ability to expedite the development of a three-dimensional (3D)
conductive porous network to enhance the charge transfer pathway and electrical perfor-
mance, as well as the ability to modify the surface properties of materials. Compared with
the expensive noble metal or other metal oxide nanoparticles, CuO is a cheap alternative
with a broad potential application. Copper (Cu) and copper oxide (Cu2O) nanoparticles are
readily available and have attracted considerable attention because they are one of the most
important in modern technologies. There is increasing interest in copper nanoparticles due
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to their optical, catalytic, mechanical, and electrical properties [3]. Copper oxide shows
two oxidation states, namely, cuprous oxide (Cu2+) and cupric oxide (Cu+) [4]. Different
CuO morphologies, known as p-type semiconductors [5], have been tested as sensors, i.e.,
urchins [6], spherically arranged nano-bricks [7], nanoseeds [8], microspheres [9], cotton
flower-like [10], nanoparticles [11], faceted, and non-faceted nanoribbons [12]. In the case
of graphene-copper oxide (CuO and Cu2O) composites, the morphology of the copper
oxide plays an important role in the functionalization of the composite material. Various
copper oxide morphologies wrapped in graphene based material, such as nanocubes [13],
porous nano-spheres [14], microspheres [15], hollow cubes [16], nanoparticles [17–19] and
so on [20], have been reported in the literature due to their ability to enhance critical
characteristics. Different chemical synthesis techniques were followed to develop hybrid
materials based on metal oxide and graphite oxide, such as self-assembly, solvothermal,
solution mixing method, combustion method, hydrothermal, microwave irradiation, CVD
and sol–gel methods [21]. Among these methods, the hydrothermal in the microwave field
method is a simple, fast, and environmentally friendly route to obtain hybrid materials.

Graphene has garnered significant attention from researchers because the major draw-
back of using pristine metal oxide is agglomeration and chemical stabilization, enhancing
physical properties [22]. Furthermore, 2D-graphene materials offer interesting electronic,
thermal, and mechanical properties and have a large surface area with various functional
groups, which provides for chemical modifications, making it an important candidate in
many studies (energy storage [23], field effect transistors [24], water desalination [25], gas
purification [26], supercapacitors [27], molecular sieving [28], sensors [29], and nucleic acid
sequencing [30]).

Recently, various synthesis procedures have been used to obtain Cu2O and
graphene/carbon nanocomposites, such as ultrasonication reduction of graphene oxide
(GO) in the Cu2O precursor solution [31], a layer deposition on Cu2O by immersion of
anodized copper foil in GO solution [32] or by immersion of Cu foil in a glucose solution
obtaining a thin carbon layer on Cu2O nanowires [33]. Recently, Zhao et al. has syn-
thesized CuO–graphene nanostructures using a hydrothermal method in the presence of
ammonia solution for use in supercapacitors [34]. Chen et al. described a strategy for the
synthesis of nanoporous graphene/Cu2O composite materials by combustion of graphene
oxide and copper chloride in an oven at 450 ◦C for only one minute. Furthermore, the
nanocomposite was used as a new chemiluminescence sensing strategy to determine the
nicotinamide adenine dinucleotide in a buffer solution and complex biological matrix with
a detection limit of 3.5 nM [35]. Tian et al. successfully synthesized three-dimensional
NP-Cu with rich porosity by using a one-step approach to combine controlled alloy refining
and facile chemical dealloying. The resulting NP-Cu shows a bicontinuous nanoporous
structure with ligaments of ~20 nm. Due to the intrinsic superior electrocatalytic activ-
ity of NP-Cu, the team developed an electrochemical sensor based on the composite of
NP-Cu and the functionalized RGO for the sensitive determination of carbendazim [36].
The conductivity type of rGO depends on the synthesis conditions, while it is typically a
p-type semiconductor, over the years different researchers have synthesized n-type rGO
by doping procedures [37], controlling the synthesis temperature range [38,39], by laser
irradiation [40], or employing hydrothermal methods [41]. Ma et al. reported a one-step
hydrothermal method to prepare a p-n heterojunction of 3D rGO/In2O3 nanocomposites
with excellent gas sensing properties, gaining a good sensitivity (9.3% at room temperature)
for 100 ppm of trimethylamine [42]. Seo Yun Park et al. obtained a fast-responding humid-
ity sensor, a p-n junction between rGO and MoS2, synthesized through a hydrothermal
method. The authors obtained a good response to various gasses such as 10 ppm NO2,
1000 ppm NH3, 50 ppm H2, and 50 ppm C2H5OH that was four times higher compared
to pristine rGO [43]. Zhang et al. prepared a n–p heterojunction of SnO2–rGO hybrid
composite by a facile hydrothermal synthesis and constructed a ppm-level NO2 gas sensor
on a PCB substrate using a low-cost fabrication method. They obtained a rapid response
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and good repeatability at room temperature by exposing the hybrid composite to a wide
concentration ranging from 1 to 2000 ppm toward NO2 gas [44].

Copper primarily exhibits two oxidation states, +1 and +2, which can be achieved by
various oxidation methods, including thermal and chemical processes. Recently, hydrother-
mal oxidation (HTO) has emerged as an advanced and environmentally friendly approach
for material synthesis, offering efficient and sustainable solutions for copper oxidation [45].
Depending on the oxidation process parameters, both CuO and Cu2O semiconductors
can be synthesized with different morphologies. Numerous studies demonstrate that
Cu2O/CuO composites exhibit superior chemical and electrochemical performance across
various applications. This enhanced functionality is primarily attributed to the mixed-
valence Cu+/Cu2+ system, which accelerates certain redox reactions [46]. D. S. Zimbovskii
and A. N. Baranov conducted a study on the nucleation and growth of a copper oxide layer
during hydrothermal treatment, using metallic copper as a precursor and an alkaline solu-
tion for reduction, to synthesize only Cu2O semiconductor. They demonstrate that alkaline
concentration and the amount of oxygen in the system are key parameters influencing
the formation of Cu2O. Furthermore, they present the thermodynamic principles govern-
ing the formation of Cu2O and CuO, detailing the synthesis mechanism involved [47].
The use of Cu2O/CuO-carbon-based composites provides notable benefits in improving
electrochemical and photocatalytic performance. Carbon materials, especially graphene
oxide, enhance electron transport, which improves charge separation and allows for better
light absorption. This results in higher photocatalytic activity because the electrons in
graphene oxide play an active role in optical reactions, leading to better adsorption of
pollutants and light absorption compared to pure metal oxides. Moreover, incorporating
Cu2O and CuO in multicomponent systems further enhances efficiency because graphene
helps prevent particle aggregation and promotes rapid ion diffusion and electron mobility,
ultimately leading to greater stability and durability in energy storage and environmental
applications [48,49]. Although the hydrothermal method has been intensively studied for
the synthesis of various composite structures based on CuO and Cu2O, our study focuses
on obtaining an NPC-Cu2O/CuO/rGO composite structure by the microwave-assisted
hydrothermal method, a simple and low-cost process in which nanoporous metallic copper
was oxidized in situ together with the reduction of graphene oxide. The microwave-assisted
hydrothermal method has recently been proven to be an effective technique for producing
pure rGO without using of any reducing agents [50]. The mechanism of doped-rGO forma-
tion through the hydrothermal method has been explained by Liguo et al., showing that
this reduction process involves the removal of small oxygen-containing molecules, such as
H2O and CO, or the removal of NH2 groups [41]. D. Muthu Gnana Theresa Nathan et al.
prepared copper oxides/reduced graphene oxide (Cu2O-CuO/rGO) nanocomposites with
the hydrothermal method. Electrochemical measurements of the nanocomposite demon-
strated a high specific capacitance of 436.6 F g−1 at 1 A g−1 and excellent cyclic stability
even after 1000 cycles [48]. Zhao et al. developed an electrode with structures CuO/rGO,
rGO/Cu2O and Cu2O/Cu by deposition in situ on copper foil using the hydrothermal
method. The electrodes were used for achieved a sensor for amperometry detection of
glucose and hydrogen peroxide [51]. Wang et al. achieved an nanocomposite based on
Cu2O/CuO/rGO structure by hydrothermal method, and the good electrochemical per-
formance can recommend this nanocomposite material for supercapacitors application,
especially due to the fact that the capacitance remained at 98.2% of the initial specific
capacitance after 100,000 cycles at 10 Ag−1 [52].

To the best of our knowledge, there are no reported works on the in situ synthe-
sis of NPC-Cu2O/CuO/rGO composite structures in microwave-assisted hydrothermal
conditions, the novelty aspects being related to the transition to n-type rGO in microwave-
assisted hydrothermal reaction and the development of an electrode material suitable for
electrochemical applications based on p-p-n NPC-Cu2O/CuO/rGO heterostructure junction.
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2. Materials and Methods
2.1. Chemicals

Graphene oxide (4 mg mL−1) dispersed in H2O, hydrofluoric acid (HF) solution
(1.5 M), copper (Cu), zirconium (Zr) and aluminum (Al) powders, were purchased from
Sigma-Aldrich Company (St. Louis, MO, USA). All reagents were of pure analytical grade
and were used without purification.

2.2. Synthesis of the NPC-Cu2O/CuO/rGO Composite Structure

Obtaining of the NPC-Cu2O/CuO/rGO composite structures involve using both the
dealloying process and the microwave-assisted hydrothermal process, the experimental
protocol being presented below:

2.2.1. Synthesis of Amorphous Cu48Zr47Al5
Amorphous ribbon with a nominal composition of Cu48Zr47Al5 was produced by

electric arc melting of high-purity (99.9%) materials such as copper (Cu), zirconium (Zr)
and aluminum (Al) in a 99% Argon atmosphere. The amorphous structure of the ribbons
with a thickness of 20 µm and a width of 2 mm, was produced by melting the alloy by
induction process and afterward rapidly supercooled on a copper roll using the “melt
spinning” method.

2.2.2. Synthesis of Amorphous NPC

Nanoporous copper (NPC) was obtained by dealloying amorphous ribbons from the
Cu48Zr47Al5 alloy. The dealloying process presumes immersion of 0.1 g amorphous ribbons
into 10 mL of 1.5 M HF aqueous solution at room temperature for 60 min. To remove any
residual HF solution at the end, the materials were rigorously washed with distilled water
several times. The as-synthesized NPC was kept in a distilled water suspension at room
temperature to avoid natural oxidation.

2.2.3. Preparation of NPC-Cu2O/CuO/rGO Composite Structure

To study the influence of graphene oxide contents on the formation of NPC-Cu2O/CuO/
rGO composites, a number of samples were obtained by microwave-assisted hydrothermal
method using 1.5, 2, 2.5, and 3 mL of GO solution and labeled as NPC-rGO1.5, NPC-
rGO2, NPC-rGO2.5, and NPC-rGO3, respectively. Before treatment, the GO solutions were
stirred and ultrasound for 2 hours at room temperature for a good dispersion. The GO
and NPC were hydrothermally reacted in a Teflon autoclave with a degree of fullness of
10%, placed in a microwave oven at a heating temperature of 200 ◦ C for 60 min (with a
15 min gradient temperature increase), with the oven power set to 1000 W (Anton Paar,
Multiwave 3000 Microwave Digestion Oven, Graz, Austria). Finally, after the process was
completed, the autoclaves were cooled to room temperature and the as-obtained NPC-
Cu2O/CuO/rGO composite solutions were stored. The advantage of this process is the
oxidation of nanoporous copper at the same time as the in situ reduction of GO to form rGO.
The advantages of the microwave-assisted hydrothermal method are related to several
aspects, as microwave energy accelerates the processes ensuring higher efficiency, time
saving, and precise temperature control [53].

2.3. Materials Characterization

The crystallinity of the composite materials was assessed by X-ray diffraction technique
(XRD, PANalytical X’Pert PRO MPD Diffractometer, The Netherlands) with Cu-K radiation
in the range 2theta = 20–80◦. The microstructure of the samples was analyzed by Scanning
electron microscopy (SEM, Quanta FEG 250, FEI, Hillsboro, OR, USA) using secondary
electron detector (SE) and the elemental analysis was performed by energy dispersive X-ray
spectroscopy (EDX with Apolo SSD: detector, EDX with Apolo SSD: detector, EDAX Inc.,
Mahwah, NJ, USA), was used to evaluate the morphology and purity of the materials. A
UV-VIS spectrophotometer (PerkinElmer Lambda 950 UV/Vis, Shelton, WA, USA) with
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a 150 mm integrating sphere in the range of 400–900 nm was used to record the optical
characteristics. In order to identify the vibrational states of the as-synthesized structures,
Raman spectroscopy was used with a Nanonics Imaging (Jerusalem, Israel)—MultiProbe
Imaging—MultiView 1000™Platform (SPM) equipped with a 532 nm laser.

2.4. Electrochemical Measurements

Electrochemical experiments were conducted using a classical three-electrode system
in a 1 M KOH electrolyte solution, using a potentiostat/galvanostat, PGSTAT 302 from
Metrohm Autolab B.V., controlled by Nova 2.1.2 software. The NPC-Cu2O/CuO/rGO
composite samples were deposited on conductive glass with a 0.28 cm2 area, serving as
working electrodes. An Ag/AgCl (saturated KCl) electrode was used as the reference
electrode, and a platinum electrode served as the counter electrode.

3. Results and Discussion

The synthesis process and strategy of NPC-Cu2O/CuO/rGO composite structure are
illustrated in Figure 1. The process consists of two stages. In the first stage, the amorphous
Cu48Zr47Al5 ribbons were manufactured using the melt spinning method, the dealloying
process consisting of immersing 0.1 g amorphous ribbons in 1.5 M HF solution to form
nanoporous copper. In the second stage, NPC-Cu2O/CuO/rGO composite was synthesized
in situ via microwave-assisted hydrothermal treatment. The GO and NPC solutions were
reacted in a Teflon autoclave at 200 ◦C for 60 min by microwave-assisted hydrothermal
reaction in which the nanoporous copper was in situ oxidized together with the obtaining
of n-type rGO forming the NPC-Cu2O/CuO/rGO p-p-n junction.

The as-obtained composite structures were structurally characterized by XRD analysis,
the results are presented in Figure 2. The XRD diffraction patterns of the as-spun ribbons
presented in Figure 2a exhibit a broad intensity peak at 2theta = 35–45◦, indicating the
amorphous state of the Cu48Zr47Al5 alloy. After dealloying in a 1.5 M HF solution, the
diffraction peaks corresponding to metallic copper (111), (200), and (220) with a cubic
structure JCPDS No. 00-003-1015 were observed. Furthermore, slight oxidation of copper
occurred during the dealloying process, as indicated by the presence of the (111) plane
of Cu2O. Figure 2b shows the X-ray patterns for the as-obtained NPC-Cu2O/CuO/rGO
composite structures indicating the presence of a cubic structure Cu (JCPDS No. 00-003-
1015), monoclinic CuO (JCPDS No. 01-074-1021), and a cubic structure Cu2O (JCPDS No.
01-074-1230). In particular, the presence of rGO peak in NPC-Cu2O/CuO/rGO composite
structures is confirmed by the slight peak at 2theta = 26◦, proving the reduction of graphene
oxide, this finding also being confirmed by other studies [54] (Figure 2c). All samples
exhibited diffraction peaks near 43.5◦, 50.4◦, and 74◦, corresponding to the (111), (200),
and (220) planes of metallic copper from the initial precursor of nanoporous copper, in
accordance with our previous study about the synthesis of NPC materials [55]. Due to the
oxidation process within the microwave-assisted hydrothermal reaction, the diffraction
peaks at 2theta about 29.6◦, 36.6◦, 42.5◦, 61.6◦, 73.9◦, and 77.7◦ are assigned to the (110),
(111), (200), (220), (311), and (222) crystal planes of Cu2O (cuprite). According to the results
obtained by D. Ursu et al. [56] which synthesized copper oxides using a metallic precursor
within the classical hydrothermal process, together with Cu and Cu2O some diffraction
peaks at 35.7◦, 38.9◦, 49.0◦, 58.6◦, 66.1◦, and 68.3◦ assigned to (002), (111), (-202), (202),
(022), and (113) plans belong to monoclinic CuO, the most intense peak being observed for
the NPC-rGO3 sample. In another study, Zhang et al. [57] demonstrated that during the
classical hydrothermal process, most of the Cu2+ ions were reduced to Cu2O, but in our
case the lack of use of reduction agents together with the microwave-assisted hydrothermal
process and a large surface area of NPC probably facilitated the formation of heterostructure
by oxidation of Cu2O to CuO.
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Figure 1. Schematic illustration for the synthesis of NPC-Cu2O/CuO/rGO composites.

The SEM technique was used to characterize the morphology of the as-synthesized
structures. The morphology of the dealloyed copper-based amorphous ribbons in an acidic
solution (Figure 3a) and the surface morphology of the synthesized NPC-Cu2O/CuO/rGO
composites (Figure 3b–d) are presented. Additionally, the EDX elemental analysis was
performed to confirm the dealloying process and composite synthesis (Figure 3e). Thus,
Figure 3a shows that the NPC sample formed from Cu48Zr47Al5 alloy by the dealloying
process exhibits a bi-continuous nanoporous structure composed of irregular ligaments,
and in some areas, it forms large channels with an average ligament length of 29.31 nm (the
pore size was measured using ImageJ software (Version 1.53t) and defined as the distance
between the ligaments/particles). For NPC-Cu2O/CuO/rGO composites, an obvious
change in the surface morphology can be observed depending on the experimental param-
eters. At a lower magnification, it can be seen that the structure of separate islands with
larger size was obtained for NPC-rGO1.5 and NPC-rGO2. This phenomenon is probably
due to the fact that the volume of graphene in water suspension from the autoclave was
varied, thus at a higher solution volume, a higher pressure was generated in the autoclave,
which together with the microwave-induced cavitation phenomenon can cause breakage
pieces of NPCs at a higher rate when increasing the volume of the graphene oxide solution.
Furthermore, on the surface of the islands, different copper oxide morphologies can be
observed due to the experimental conditions, with an rGO layer that is more prominent
at higher graphene oxide content, appearing as a black shadow covering the metal/oxide
composite. The cubic copper oxide can be observed for sample NPC-rGO1.5, as shown in
Figure 3b, according to XRD analysis. Increasing the content of the graphene oxide solution
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to 2 mL (Figure 3c) results in a mixed copper oxide phase with a higher content of mono-
clinic CuO forming on the Cu2O crystals. In addition, an overall more porous morphology
can be observed. The increase in monoclinic CuO content continues for the NPC-rGO2.5
sample in Figure 3d, where some incompletely formed octahedral crystals can be seen in
elongated shapes. Instead, a more pronounced octahedral structure of the copper oxide can
be observed for the NPC-rGO3 sample (Figure 3e). At higher magnification, it is evident
that these octahedral are made up of smaller nanoparticles assembled in this configuration.
In addition, a possible core–shell structure consisting of a copper core and copper oxide
nanoparticles can be identified. From the elemental analysis of the EDX spectra (Figure 3f)
it was observed that the Al and Zr elements of the precursor alloy are completely removed
following the dealloying process. Therefore, all as-synthesized samples presented only Cu,
O and C elements attributed to Cu2O, CuO, and rGO structures, certifying the purity of
the structures.
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The optical properties of the structures were evaluated based on a UV-Vis analysis
(Figure 4a), and it is evident that the NPC-Cu2O/CuO/rGO heterojunctions exhibit consis-
tent light absorption, with a slight increase observed in the UV and near-UV spectra. This
phenomenon suggests a strong interfacial interaction between rGO and Cu2O/CuO, which
extends the absorption range into the visible-light spectrum [58,59]. The calculated energy
bandgap of the as-obtained structures was determined using the Tauc formula, as shown
in Figure 4b. The bandgap energy (Eg) was evaluated from the UV-Vis absorption results
using Equation (1) [1]:

Eg = 1240/λ (1)
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where λ—optical absorption (nm). The bandgaps of the NPC-Cu2O/CuO/rGO hetero-
junction around 1.4 eV, with slight variations depending on the experimental conditions
compared to the bandgaps of free Cu2O (2.15 eV) and CuO (1.7 eV) suggest that the hy-
bridization of Cu2O and CuO forms an alignment of energy levels, which leads to charge
redistribution at the interface, and which lowers the Fermi level. This phenomenon en-
hances the electronic transfer across phase interfaces, as reported in the literature [60,61].
Raman spectroscopy is one of the most effective methods for investigating the ordered and
disordered crystal structures of carbon—the spectra from 1000 to 2500 cm−1 are presented
in Figure 4c. Two distinct peaks, referred to as the G and D bands, are the significant
vibrational modes in the Raman spectra of the graphitic structures [1]. As shown, the
specific peaks are presented, one about 1350 cm−1 attributed to the D band arises from the
defect’s presence in the hexagonal structure, and another around 1550 cm−1 attributed to
the G band corresponds to the C-C bonds. In the Raman spectra of bare GO, the ratio ID/IG
was about 0.85 while for NPC-Cu2O/CuO/rGO the value increases to 1.10, indicating the
appearance of defects after the reduction process and the successful removal of functional
oxygen groups [62].Therefore, as presented in Figure 4c the intensities of specific peaks
for G and D bands are direct proportional with the amount of GO used in the synthesis of
the composite.

For the electrochemical characterization of the NPC-Cu2O/CuO/rGO composite, the
NPC-rGO3 sample was chosen due to its higher graphene oxide content, which ensures
a more conclusive visualization of junction behavior. Electrochemical impedance spec-
troscopy (EIS) was recorded in the frequency range of 0.1–1000 Hz by applying an AC
voltage with a 10 mV amplitude modulation. The Nyquist plot presented in Figure 5
displays three distinct regions, corresponding to different frequency ranges, and by using
the equivalent circuit (Inset of Figure 5) the electrochemical data were extracted. The
series resistance (Rs) was measured at 40 Ω, which represents the electrolyte resistance
between the working and reference electrodes. The charge transfer resistance (Rp) mea-
sured at 250 Ω reflects the resistance encountered during the charge transfer process of
the as-synthesized NPC-Cu2O/CuO/rGO composite. The relatively high value of charge
transfer resistance observed for the as-obtained composite structure is likely attributed to
the poor conductivity of copper oxides [63].
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To evidence the type of semiconductor, the flat band potential, and the carrier density
of the as-selected NPC-rGO3 structure, Mott–Schottky (M–S) measurements were recorded
(Figure 6) [64]. M–S measurements were performed between −0.5 V and +2 V at a constant
frequency of 1000 Hz.
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The energy band diagram of the NPC-rGO3 was examined using the Mott–Schottky
plot based on Equation (2) [65]:

1
C2 = ± 2

εε0 A2eNC

(
V − VFB − KBT

e

)
(2)

where C—represents the capacitance of the semiconductor, Nc—the carrier density (or
concentration), ε—the dielectric constant of the semiconductor (for Cu2O/CuO is 8.93
and 3.50 for rGO), ε0—the vacuum permittivity (8.854 × 10−14 F cm−1), e—the charge
of electron, KB = 1.381 × 10−23 Boltzmann constant, A—the active surface area of the
photoelectrode (0.28 cm2), T = 298.15 K the room temperature, V—the applied potential
and VFB—the flat band potential [5,40,66]. Mott–Schottky analysis was used to determine
the flat band potential (VFB) which allows to identify of donor or acceptor density for
Cu2O/CuO and rGO. After extrapolating the linear part of the curve when 1/C2 = 0, the
value of VFB was determined about 0.1 V for rGO and 1.83 V for Cu2O/CuO vs NHE, where
E(NHE) = E (Ag/AgCl) + 0.197 V. The calculated carrier densities are 4.2 × 1018 cm−3 for
rGO, which registers a positive slope as shown in Figure 6, indicating that it exhibits n-type
semiconductor characteristics with a conduction band value of −0.09 V. For Cu2O/CuO,
the carrier density is 7.22 × 1018 cm−3 with a valence band value of 1.847 V exhibiting a
negative slope and indicating p-type semiconductor characteristics [67].

Researchers have spent a considerable effort over the past few years in develop-
ing different structures for electrode materials based on Cu-rGO materials. Within our
research, using the microwave-assisted hydrothermal method for the synthesis of NPC-
Cu2O/CuO/rGO composite structure offers many advantages, such as higher efficiency,
time saving, precise temperature control, environmentally friendly agents, low production
cost, and no use of hazardous chemicals. Table 1 highlights different composite structures
obtained by various methods for electrochemical application.
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Table 1. Different structures of the electrode materials based on composite materials used in different
application fields.

Materials Electrode Type Synthesis Method Application Field Semiconductor
Type References

3D nanoporous
copper/reduced
graphene oxide
(NP-Cu/RGO)

Electrode sensor
(based on glassy

electrode modified
with the composite

NP-Cu and
reduced

graphene oxide

Melt spinning method Sensor develop-
ment/detection - [36]

Reduced graphene
oxide/porous hollow
copper cobalt selenide

(rGO-CCSe)

Electrodes Self-templated method

Hybrid
supercapacitors
used in modern
electronic device

- [68]

Copper oxide
nanoparticles/reduced
graphene oxide/pencil

graphite electrode (CuO
(NP)/

rGO-PGE

Sensor
(non-enzymatic
glucose sensor)

Dip-coating method

To determine the
glucose

concentration in
human

blood serum

- [69]

Copper
oxide/silver/reduced

graphene
(CuO/Ag/rGO)

Composite
electrode materials Hydrothermal method Supercapacitors - [70]

Nanoporous
copper/copper oxide

composite (NPC/Cu2O)

Composite
electrode Dealloying process Capacitors - [71]

Reduced graphene oxide
thin films (rGO)

Material
(Conversion of

p to n)

Pulsed Laser
annealing - n-type [40]

Copper oxide
hetereostructures

(Cu2O/CuO)

Heterostructure
photocathode Thermal annealing Photoelectrochemical

water splitting p-type [5]

Copper
oxides/anchored
reduced graphene

nanosheets
(CuO-Cu2O@

rGO NPC)

Nanocomposite
electrode

Seed-mediated growth
method Supercapacitors p-type [72]

Nanoporous
copper/copper
oxides/reduced

graphene oxide (NPC-
Cu2O/CuO/rGO)

Composite
structure

Dealloying/microwave—
assisted hydrothermal

method
Electrochemical p-p-n type This work

4. Conclusions

Within this study NPC-Cu2O/CuO/rGO composite structures were successfully as-
sessed by the dealloying process of Cu48Zr47Al5 amorphous ribbons and the microwave-
assisted hydrothermal method. A very important aspect of this hydrothermal method is
that both structures, nanoporous metallic copper and graphene oxide, were modified in situ
as follows: oxidation of the NPC surface and obtaining p-type Cu2O/CuO structure, and
the reduction of graphene oxide to form n-type rGO. Moreover, during the hydrothermal
process, rGO deposition occurred on the copper oxide layer, forming the p-p-n NPC-
Cu2O/CuO/rGO composite structure. The XRD spectra shows that incorporating the
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graphene has no effect on the crystalline structure of Cu2O/CuO and the presence of rGO
is slightly observed due to the low amount of graphene in the samples. SEM images clearly
evidenced that the surface morphologies of the composite’s structures have been influ-
enced by the graphene oxide content and the degree of fullness of the autoclaves. Using
electrochemical measurements, the synthesized composite was characterized in terms of
internal resistance, showing a series resistance (Rs) of 40 Ω and a charge transfer resis-
tance (Rp) of 250 Ω. Additionally, M-S measurements revealed the n-rGO/p-Cu2O/CuO
electrochemical junction behavior, with calculated carrier densities of 4.2 × 1018 cm−3

for rGO, and 7.22 × 1018 cm−3 for Cu2O/CuO, respectively. The NPC-Cu2O/CuO/rGO
composite shows significant potential for supercapacitor applications due to the combined
conductivity and active surface area of NPC, along with the high theoretical capacitance of
copper oxides. Furthermore, the synergistic effect of rGO prevents particle agglomeration
and enhances surface ion diffusion efficiency and mobility, further improving stability and
capacity in energy storage.
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