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The article presents methods for synthesising nanocomposites of Cu and Zn with various
crystalline structures, ranging from metallic oxides to solid solutions. Using physical vapour
deposition and thermal oxidation, two types of nanocomposites were obtained:
(I) Cu0.76Zn0.24 nanobrass covered with a porous ZnO nanofoam, and (II) CuO nanowires
with a ZnO forming a core—shell nanostructure. The morphological and structural properties
of the nanocomposites were analysed using scanning electron microscopy (SEM),
transmission electron microscopy (TEM, HRTEM), and X-ray diffraction (XRD). The
nanobrass with ZnO nanofoam composite exhibited strong gas-sensing activity. Its electrical
resistance increased significantly when exposed to gases, showing responses of 158% for
methane, 131% for hydrogen, and 91% for ammonia at 200 °C, with full reversibility upon
air flushing. The CuO-ZnO nanowire composite demonstrated high photocatalytic
efficiency. These findings highlight the potential of the developed nanocomposites for

applications in gas sensing and photocatalytic environmental treatment.

1. Introduction

With the rapid development of industrialisation, a large
number of gases such as nitrogen oxides (NOx), carbon
monoxide (CO), sulphur dioxide (SO.), and various volatile
organic compounds are released into the atmosphere. These
pollutants seriously affect human life and the natural
environment; therefore, it is important to develop highly
sensitive methods for their detection. Gas sensors, based on
nanomaterials composed of copper oxide (CuO) and zinc
oxide (ZnO) offer synergistic properties that can signifi-
cantly improve the efficiency of gas sensors. ZnQO, as an n-
type semiconductor with a wide band gap (E;=3.4 eV [1]),
has sensing properties for various gases (CO [2], NO» [3],
NH; [4], Ha [5]). On the other hand, CuO, being a p-type
semiconductor with a narrow band gap (around Eg=1.9 eV
[6]), is characterised by its exceptional electrical and
thermal conductivity and a high degree of stability. Thanks
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to these properties, CuO is used in gas sensors based on
electrical transduction.

The gas-sensing mechanism of CuO-ZnO nanocompo-
sites is complex and influenced by the intrinsic properties
of both oxides and the nature of the target gas [7].
Adsorption of gases on the nanocomposite surface occurs
when a gas molecule comes into contact with its surface.
This is a type of weak absorption, based on van der Waals
forces, but it can pre-concentrate gas near active surface
sites, leading to chemical reactions that change the
concentration of charge carriers and the electrical
conductivity of the material. Additionally, the combination
of CuO and ZnO in a single composite creates a p-n
heterojunction, which also affects the material response to
gas presence [8]. The heterojunction creates a potential
barrier at the CuO-ZnO interface. Reactions of gases with
the material can affect the height of this barrier, which
introduces an additional mechanism for regulating conduc-
tivity. On the other hand, this type of heterojunction can
help separate charge carriers, reducing electron-hole
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recombination and increasing the material sensitivity. The
sorption properties of CuO-ZnO nanocomposites also
strongly depend on their surface development, as well as
parameters such as specific surface area, pore volume, and
pore size distribution.

CuO-ZnO nanocomposites, combining n-type and
p-type wide band gap semiconductors [9, 10], demonstrate
both structural stability and sensing performance under
varying thermal and environmental conditions. These
qualities make them well-suited for extreme-temperature
electronics, integrated optoelectronic microsystems, and
renewable energy-harvesting platforms. Their tunable
properties and straightforward synthesis also open
pathways for applications in emerging thin-film sensors
and biomedical diagnostics, enabling the development of
compact, functional sensing components for next-
generation electronics.

Contemporary studies report that nanostructuring —
particularly through the formation of core-shell architec-
tures, nanofoams, nanosheets, and decorated nanowires —
substantially improves sensing performance by increasing
the active surface area and optimising p-n junction
behaviour. For example, CuO-ZnO nanowires grown by
the wet-chemical method have demonstrated hydrogen
response values exceeding 320% at 100 ppm Hz at 175 °C,
with response times below 20 s [11]. Similarly, ammonia
sensors based on Al-ZnO/CuO nanoparticles have shown
sensitivities of 50-500 ppm at room temperature, with a
response time of 14 s [12]. These enhancements arise from
modulation of the depletion layer at the CuO-ZnO
interface, leading to strong variations in resistance upon
exposure to reducing gases. Furthermore, recent research
indicates that ZnO porous materials, especially in 3D
structures, can increase gas adsorption rates, significantly
enhancing sensor response and stability during long-term
operation [13, 14].

Parallel progress has been made in the application of
CuO-ZnO materials for the photocatalytic degradation of
pollutants in water systems. The structure of the CuO-ZnO
heterojunction facilitates efficient charge separation,
suppresses electron-hole recombination, and promotes the
formation of highly reactive oxygen species such as
hydroxyl radicals (*OH) and superoxide radicals (¢O>")
[15]. This mechanism effectively accelerates the
decomposition of organic contaminants. Recent reports
indicate that CuO-ZnO photocatalysts can achieve more
than 90% degradation of methylene blue (MB) [16] or
rhodamine B [17] within 60—240 min of solar illumination.
In addition, advanced composites based on CuO-ZnO
coupled with graphene oxide [18, 19], graphitic carbon
nitride [20], or noble metal nanoparticles [21-23] have
extended photocatalytic activity into the visible region,
increasing overall efficiency under natural sunlight by up
to 40-60%. Beyond dye degradation, promising results
have also been obtained in the reduction of Cr(VI) [18, 24]
and in the decomposition of pharmaceutical residues [25],
indicating the broad applicability of CuO-ZnO materials
for water purification technologies.

These recent achievements demonstrate that fine
control over morphology, porosity, and oxide interface
structure is critical for optimising the functional

performance of CuO-ZnO nanocomposites. Consequently,
the development of nanostructures fabrication methods,
such as the porous ZnO nanofoam on Cu(.76Zn0.24
nanobrass, and the CuO nanowires coated with ZnO
presented in this work, directly addresses the need for
materials that combine high surface reactivity with efficient
charge transport.

2.  Materials and methods
2.1. Preparation of nanocomposites

The nanocomposites, based on Cu and Zn, were
synthesised using classical methods, including physical
vapour deposition and thermal oxidation.

The first type of nanocomposite, nanobrass with a ZnO
nanofoam, was prepared by depositing a 1 pm-thick copper
layer on Al,O3 substrates and then applying a Zn layer. The
thickness of Zn layers was 300 nm. Both layers were
thermally evaporated from high-purity Cu and Zn rods,
under a dynamic vacuum of 107 Pa. Afterwards, the
samples were subjected to thermal oxidation at 500 °C for
60 min.

The second type of the nanocomposite consists of CuO
nanowires with a ZnO nanostructure. It was obtained by
depositing a 1 um Cu layer on a substrate and then
oxidising it at 400 °C for 60 min. A 50 nm Zn layer was
deposited on the resulting CuO nanowires, which
enveloped the entire wires. The resulting samples were then
annealed at 400 °C for 60 min.

2.2. Characterisation methods

The topography and morphology of the nanocomposites
were tested by a JEOL JSM-7600F scanning electron
microscope (SEM).

X-ray diffraction (XRD) was used to characterise the
crystal structure of the nanocomposites. XRD data were
obtained with a Rigaku SmartLab 3kW diffractometer.
Diffraction measurements were performed in a grazing-
incidence primary-beam geometry (GIXD).

Electron microscopic studies were conducted using
a Talos F200X transmission microscope equipped with
an energy dispersive X-ray spectroscope — a Super EDS by
Bruker and a high-angle annular dark field (HAADF)
detector. The research was carried out in classical
transmission electron microscopy (TEM) and high-
resolution transmission electron microscopy (HRTEM)
modes, with crystal structure analysis performed.

The performance of a nanocomposite sensor was
measured using a specially designed gas chamber system.
A schematic diagram of the gas-sensor measurement
system is shown in Fig. 1. To measure the change in the
nanocomposite resistance under the influence of gas, silver
electrodes were placed on the sample surface at a distance
of 13.5 mm. The sample was mounted in a sealed measure-
ment chamber connected to a controlled gas-delivery
station. Test gases (CHa, H», and NH; diluted in N») and
synthetic air were supplied via calibrated mass-flow
controllers, enabling precise control of gas composition
and flow conditions.
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Fig. 1. Schematic diagram of the gas-sensor measurement system.

During all sensing experiments, the sensor temperature
was maintained at 200 °C using a Shinko temperature
controller. The temperature was maintained at a constant
level throughout the entire measurement cycle, including
baseline stabilisation, gas exposure, and air-flushing stages.
Before gas introduction, the sensor was thermally stabilised
in air until a constant baseline resistance was achieved.

The total gas flow rate during all measurements was
kept constant at 50 mL/min for both target gases and
synthetic air. The sensor resistance was continuously
monitored with an Agilent digital multimeter and recorded
over time. Gas exposure experiments were conducted in
repeated cycles of alternating target gas and air flows,
enabling evaluation of sensor response, recovery, and
repeatability.

The photocatalytic properties of the nanocomposite
were examined by monitoring UV-Vis absorbance in a MB
solution using a Thermo Scientific UV-Vis Evolution 300
spectrometer.

3. Results and discussion

3.1. 1type of nanocomposite: the nanobrass with ZnO
nanofoam

In Fig. 2, the SEM images show a sequential transfor-
mation from the individual base Cu and Zn layers to the
final composite morphology. The initial Cu layer exhibited
dense and uniform surface coverage [Fig. 2(a)]. The use of
the thermal vapour deposition method for Cu resulted in
a layer of grains with diameters of several nanometres,
evenly covering the entire sample surface. Figure 2(b)
shows a Zn layer deposited on a Cu layer. During thermal
deposition, the Zn formed a layer consisting of regularly
shaped platelets. As a result of annealing in air, a composite
with a porous, three-dimensional nanofoam structure was
formed.

The topography of the obtained nanomaterial in differ-
ent magnifications is presented in Figs. 2(c) and (d).

The crystalline structure of the nanocomposite was
examined using XRD. In the X-ray diffraction spectrum
shown in Fig. 3, the main characteristic peaks located at 20
angles of 42.757°, 49.785°, and 73.063° correspond to the
(111), (200), and (320) planes of Cu0.76Zn0.24 nanobrass,
respectively (JCPDS card number 04-004-8062). In
addition to the distinct peaks originating from the Cu-Zn
alloy, ZnO peaks at the following 26 angles are also clearly
visible: 31.77° (100), 34.42° (002), 36.25° (101), 47.54°
(102), 56.60° (110), and 62.86° (103) (JCPDS card number
1314-13-2). Additionally, Cu peaks and very weak CuO
peaks are apparent in the spectrum.

Fig. 2. SEM images of (a) Cu layer, (b) Zn layer, (c) and (d) the
nanobrass with the ZnO nanofoam.
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Fig. 3. X-ray diffraction spectrum of the I type of nanocompo-

site — the nanobrass with the ZnO nanofoam.

These results confirmed the formation of a multiphase
system comprising Cu, ZnO, and intermediate brass
phases, demonstrating that thermal oxidation facilitated
interdiffusion and alloying between the Cu and Zn
components. During the process, the Zn layer was fully
oxidised, forming a porous, hexagonal wurtzite ZnO layer
on the nanocomposite surface.

Figure 4(a) presents the TEM results of the I type of the
nanocomposite and Figure 4(b) shows the enlargement of
a fragment of the nanostructure with the area of analysis
performed using the high-resolution method marked
[Fig. 4(c)]. The distance between the crystallographic
planes of the structure taken from the top layer of the
nanocomposite was measured to be 0.24 nm, which is
consistent with the distance between the (101) planes of
ZnO. It can be concluded that the porous foam visible on
the surface is crystalline ZnO.

Fig. 4. TEM images of (a) the nanobrass with the ZnO
nanofoam, (b) nanostructure with the marked area of
analysis, (c) HRTEM with the measurement of the
interplanar distance of the ZnO nanostructure.
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TEM imaging provided further evidence of the nano-
composite hierarchical structure. Electron diffraction
patterns [Fig. 5(a)] confirmed crystalline ZnO formation
and HAADF imaging [Fig. 5(b)] showed compositional
contrast consistent with Cu—Zn—O domains. EDS elemental
mapping [Fig. 5(c)] demonstrated a uniform distribution of
Cu, Zn, and O throughout the material, supporting the
formation of composite rather than isolated phase regions.

m _—
//? )Cuo 76Zn0.24

/////

m——5.00 1/nm

Fig. 5. (a) Electron diffraction pattern of the I type of
nanocomposite, (b) TEM images of the nanobrass with
the ZnO nanofoam with material Z contrast in the
HAADF mode, (c) EDS maps showing the distribution
of Cu, Zn, and O.

3.2. Il type of nanocomposite: CuO nanowires with
a ZnO nanostructure

Topographic analysis of the second type of nanocomposite
was performed after each synthesis step and is presented in
Fig. 6. SEM imaging showed that thermal oxidation of the
Cu layer deposited on the Al,O; substrate resulted in the
growth of CuO nanowires that covered the entire sample
surface [Fig. 6(a)]. The nanowires ranged in length from
a few nanometres to 3 pm and in a diameter from 20 to
100 nm. The topography of CuO with a Zn layer is shown
in Fig. 6(b). The deposition of a Zn layer and reannealing
in oxygen resulted in a noticeable surface modification.
The final result [Figs. 6(c) and (d)] was a stable structure
consisting of nanowires uniformly decorated with a ZnO
nanostructure, forming a large-area core-shell morphology.

The XRD analysis revealed that thermal oxidation of the
sample resulted in the formation of a crystalline phase of

Fig. 6. SEM images of (a) CuO nanowires, (b) Zn on CuO
nanowires, (c¢), (d) CuO-ZnO nanowires.
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Fig. 7. X-ray diffraction spectrum of the II type of nanocompo-
site: CuO nanowires with ZnO nanostructure.

copper(I) oxide and a wurtzite ZnO structure. In the XRD
spectrum, presented in Fig. 7, the major characteristic
peaks situated at 20 angles of 32.54°, 35.53°, 38.73°,
38.92°, 48.70°, 58.55°, 60.96°, 65.99°, 67.96°, and 72.82°
corresponded to the (110), (002), (111), (200), (—202),
(202), (—113), (022), (113), and (311) planes, respectively,
indicating the formation of CuO (JCPDS card number 03-
065-2309). The diffraction peaks visible at 31.77°, 34.39°,
36.17°, 47.55°, 56.61°, 62.80°, 76.85° correspond to the
(100), (002), (101), (102), (110), (103), and (202) planes of
the hexagonal wurtzite ZnO structure, respectively (JCPDS
card number 1314-13-2). The spectrum also shows peaks
from Cu and CuyO. This indicates that oxidation did not
occur throughout the entire volume.

TEM analysis provided a nanoscale insight into the
composite structure. The ZnO nanostructures were clearly
observed on the CuO nanowires, and HRTEM images
enabled measurement of the interplanar spacings of both
ZnO and CuO, confirming their crystallinity and phase
identity. Figure 8(a) presents TEM images of a CuO
nanowire with a ZnO nanostructure, with the marked area
of the analysis. The spacing measured in Fig. 8(b) is
0.25 nm, consistent with the (101) planes of ZnO, while the
values of 0.27 nm and 0.25 nm in Fig. 8(c) correspond to
the (110) and (111) planes of CuO, respectively.
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Fig. 8. TEM images of (a) CuO nanowire with ZnO
nanostructure with the marked area of the analysis, (b)
HRTEM with the measurement of the interplanar
distance of ZnO, and (c) CuO.

Selected-area electron diffraction (SAED) further
verified the coexistence of both phases [Fig. 9(a)]. HAADF
imaging provided a strong contrast between the CuO and
ZnO [Fig. 9(b)]. Elemental mapping showed that ZnO
formed a uniform coating across the CuO nanowire surface.
The clear localisation of Cu, Zn, and O in their respective
regions confirmed a core—shell nanocomposite structure

[Fig. 9(c)].

m——5.00 1/nm

Fig. 9. (a) Electron diffraction pattern of the II type of
nanocomposite, b) TEM images of a single CuO
nanowire with ZnO nanostructures with material Z
contrast in the HAADF mode, (c) EDS maps showing the
distribution of Cu, Zn, and O.

3.3. Applications of nanocomposites based on Cu and Zn

The first type of nanocomposite, in the form of a nanobrass
with ZnO nanofoam, demonstrated sensitivity to gases such
as methane, hydrogen, and ammonia. The gas-sensing
performance of the nanocomposite was evaluated by
monitoring changes in its electrical resistance under

controlled gas exposure conditions. For this purpose, silver
contacts were deposited onto the sample surface and the
sensor was placed in a custom-designed measurement
chamber connected to a gas delivery system. During all
gas-sensing experiments, the sensor operating temperature
was maintained at 200°C throughout the entire
measurement process, including both gas exposure and air-
flushing stages. The temperature was actively controlled
using a Shinko temperature controller, ensuring stable
thermal conditions and minimising temperature-induced
resistance fluctuations. Before gas introduction, the sensor
was stabilised at 200 °C in air, and the resistance stabilised
within approximately 250 s, after which a stable baseline
resistance (Ro) was achieved. Gas-sensing measurements
were performed under a constant total gas flow rate of
50 mL/min for both the target gas mixtures and synthetic
air. The gases were introduced into the chamber in a cyclic
sequence of 5 min exposure to the target gas followed by
5 min flushing with air. This procedure ensured reproducible
gas exchange conditions and allowed the evaluation of both
sensor response and recovery behaviour. The percentage
change in resistance due to exposure to a noxious gas was
determined using the equation:

AR _R-R,

- -100%, (1)

0 0

where R is the nanocomposite resistance measured during
gas exposure, and Ry is the stabilised resistance measured
in air.

Figure 10 presents the dynamic resistance response of
the nanobrass/ZnO nanofoam sensor to methane (2%
CH4/N»), hydrogen (2% H2/N3), and ammonia (100 ppm
NH3/N;) at 200 °C. The maximum resistance changes
reached 158% for methane, 131% for ammonia, and 91%
for hydrogen. Upon switching back to air, the resistance
returned close to its initial value, indicating good reversi-
bility and effective sensor detoxification.

180
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ARIR, [%]
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Time [s]
Fig. 10. The electrical resistance change of the I type of the

nanocomposite, the nanobrass with ZnO nanofoam, to
methane, hydrogen, and ammonia at 200 °C.

Importantly, the sensor response was found to be
repeatable over successive gas/air cycles for all tested
gases. Comparable AR/Ry values were obtained during
repeated exposure-recovery sequences (CHa/Air, Ho/Air,
NH3s/Air), with no evidence of irreversible poisoning or
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signal degradation. Minor variations between cycles were
within experimental uncertainty and are typical for
resistive-type metal oxide gas sensors.

It should be noted that during the selected gas exposure
time (5 min), the resistance change shows a clear
increasing or decreasing trend but does not always reach
full saturation. This behaviour is attributed to adsorption—
desorption kinetics and gas diffusion processes within the
porous ZnO nanofoam structure. Longer exposure times
would lead to a complete signal stabilisation, which is
consistent with the behaviour commonly reported for
porous metal oxide-based gas sensors.

The crucial role in the observed phenomenon of
change in the nanocomposite resistance under the influence
of gases is probably played by the top ZnO layer, which
absorbs them. ZnO is an n-type semiconductor, and its
porous structure provides a large active surface for gas
adsorption. Gases such as CHa4, H,, and NH3 interact with
adsorbed oxygen species on the ZnO surface, decreasing
the concentration of free electrons in the conduction band.
This reduction in the charge-carrier concentration increases
the overall resistance of the ZnO layer. The underlying
nanobrass layer supports electron transport but does not
prevent this surface-controlled sensing effect. As a result,
the combined structure exhibits a noticeable rise in
resistance when exposed to these gases.

The second type of nanocomposite, CuO nanowires
with a ZnO nanostructure, exhibits photocatalytic properties.
This activity was evaluated through the degradation of MB
under natural sunlight. A 0.5 mg/100 mL aqueous MB
solution was prepared, showing major initial absorption
peaks at 613 and 663 nm. After adding the CuO-ZnO
nanocomposite to the quartz reaction cell, UV-Vis spectra
were recorded every few minutes from 500 to 800 nm.
The results of photodegradation of the MB solution under
the influence of sunlight and CuO-ZnO photocatalyst are
shown in Fig. 11. In the spectra, a steady decrease in the
MB absorption bands was observed, and after 120 min,
they nearly disappeared, indicating strong photocatalytic
degradation. A control experiment conducted under
sunlight without the catalyst showed negligible self-
degradation of MB.

2.0
1.8
1.6
141
1.2
1.0
08
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0.2

0.0 = : :
500 550 600 650 700 750 800
Wavelength [nm]

Absorbance [arb.units]

Fig. 11. The UV-Vis spectra of the photodegradation of the MB
solution under the influence of sunlight and the CuO
ZnO photocatalyst.

During the photodegradation of MB under sunlight in

the presence of the CuO-ZnO photocatalyst, several coupled
photochemical processes occur. When exposed to solar
radiation, both ZnO and CuO absorb photons with energies
equal to or greater than their band gaps. This excitation
promotes electrons from the valence band to the conduction
band, leaving behind positively charged holes.
The photogenerated electrons and holes then migrate to the
nanocomposite surface, where they initiate redox reactions.
Electrons react with dissolved oxygen molecules to form
reactive oxygen species such as superoxide radicals (*Oz"),
while holes oxidise water or hydroxide ions to produce
hydroxyl radicals (*OH). These radicals are highly reactive
and capable of breaking down the MB dye molecules.

The CuO-ZnO heterojunction improves charge
separation by facilitating electron transfer between the two
oxides, reducing recombination and increasing the lifetime
of reactive species. As a result, MB molecules adsorbed on
the catalyst surface undergo successive oxidation steps,
leading to the cleavage of their chromophoric structure and
ultimately to mineralisation into CO,, H>O, and simple
inorganic ions.

4. Conclusions

This study presents the synthesis of copper-zinc oxide
nanocomposites with various morphologies via thermal
oxidation and physical vapour deposition.

Both synthesis methods successfully produced well-
defined CuO-ZnO nanocomposites with  distinct
architectures — porous nanofoam in the first case and
nanowire-based hierarchical structures in the second. The
combined SEM, XRD, HRTEM, HAADF, and EDS
analyses confirm that:

o The fabrication processes lead to crystalline multiphase
materials.

e 7ZnO is consistently and uniformly formed in both types
of the nanocomposites.

e The structural differences between the two composites
are method-driven and can be exploited for application-
specific surface area, diffusion, and optical/electronic
properties.

e The nanocomposite consisting of the porous ZnO layer
on the surface and the Cu0.76Zn0.24 nanobrass bottom
layer shows strong reactivity to gases such as methane,
hydrogen, and ammonia.

e The CuO-ZnO photocatalyst enhances sunlight-driven
photodegradation of MB through efficient generation of
reactive oxygen species and improved charge
separation within the composite.

These properties enhance the potential applicability of
the obtained nanocomposites in toxic gas sensor
technologies and photocatalytic applications, making them
promising candidates for environmental monitoring,
detection, and water treatment systems.
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