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A B S T R A C T   

Synergistic effects of mixed oxides have the potential to improve sensing performances of environmental, do
mestic and industrial monitoring devices. However, mixed oxides often come in the form of separate particles 
and are thus addressed separately by the environment, instead of capitalizing on the interface between the metal 
oxides. This paper describes a new core@shell gas sensing material of tetrapodal zinc oxide with a surface 
coating of crystalline copper oxide(t-ZnO@CuO). The special surface conversion strategy yields a unique, self- 
assembled and pinhole-free coating of CuO nanoplatelets. The morphologies, structural, chemical and gas 
sensing properties of the heterostructure were investigated. To evaluate the sensing properties of the hetero
structure, t-ZnO@CuO was fabricated as nanosensors, consisting of one core-shell rod of CuO-coated crystalline 
ZnO. The single core@shell rod showed high selectivity towards hydrogen already at comparatively low oper
ation temperatures of 150 ◦C. Computational calculations based on the density functional theory (DFT) have 
been carried out to understand the interaction of the H2 gas molecule with the surface of the CuO nanostructures. 
The surface conversion was done wet chemically and is a novel method for generating heterostructures that can 
be potentially transferred to heterojunctions with unique properties for chemosensors.   

1. Introduction 

Gas sensors made of metal oxides have attracted attention in society 
for monitoring gases in fields like medicine, industry, food, automotive, 
agriculture, and household applications [1–3]. The modern trend of 
developing small, solid state gas detectors with low power consumption 
has led to the development of semiconducting oxides as excellent can
didates to fabricate highly sensitive and miniaturized gas sensors [4]. 

Furthermore, to increase the sensitivity of metal oxide gas sensors, they 
can be interfaced with each other to form heterojunctions [5,6]. In this 
regard, the highly efficient and unique morphology of 3D networks of 
interconnected tetrapodal ZnO (t-ZnO) with excellent optical properties 
[7] and fast response was fabricated [8,9]. However, due to the large 
dimensions of tetrapodal networks (~1–10 μm) low sensitivity was 
observed in gas sensing performance [8]. 

Hydrogen is an environmental component that requires monitoring 
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in household and energy applications [10,11]. Hydrogen detection has 
become of vital importance, especially after the Industrial Revolution 
due to its diverse applications in fields like fertilizer production [12], 
petrochemical industries [13], electricity production [14], and metal 
galvanization [15]. For example, battery rooms should be cautiously 
ventilated to limit the hydrogen concentration to < 4 % to maintain its 
Lower Explosive Limit (LEL), in accordance with European standards as 
per CENELEC BS EN 50272-1:2010 [16]. Nowadays, hydrogen attracts 
even more attention as a promising renewable energy fuel and will 
therefore likely be used in more applications in the near future [17,18]. 
There are lot of studies reported on hydrogen sensors [19], but the 
current work shows good selectivity and long term stability which can 
be applied in a wide range of industries and environments where 
hydrogen monitoring is critical, including hydrogen fuel production, 
storage, transportation, and utilization, as well as industrial processes, 
environmental monitoring, and safety applications [20,21]. 

Therefore, more effective and sensitive detection of hydrogen in the 
environment is highly important for the safe production, storage and 
utilization of hydrogen. Metal oxide semiconductor sensors change their 
conductivity upon exposure to reducing or oxidizing gases but they are 
typically not capable of selecting which gases are being measured. The 
electrical characteristics of a sensing material can be analyzed based on 
the electron transfer and interactions occurring between the surface and 
adsorbed gas molecules [22]. The adsorption capacity of gas sensors 
varies as a function of temperature, and the resistance is typically 
recorded when voltage/current changes occur. There are many methods 
to improve sensory properties such as doping, fusing or polymer depo
sition [23]. An effective fabrication of p-n heterojunctions leads to 
charge transfer through an interface to attain Fermi level equilibrium on 
both sides, which results in modulation of conductive channels on the 
sensing surface [23,24]. Shell layer as in CuO plays another important 
role through its catalytic action for decomposition of certain gases which 
contributes to improvement in sensing performance [25]. Copper oxides 
are known for p-type semiconducting behavior [26–28] since they are 
metal-ion-deficient, and the majority of charge carriers are holes (h+) 
[29,30]. From another side, zinc oxide possesses n-type conductivity 
behavior since they have oxygen-vacancy (VO) donors obliged for n-type 
conductivity, and the majority of charge carriers are electrons (e− ) [26, 
31]. 

To improve the gas sensing characteristics of 3D t-ZnO networks [8], 
in this study, a novel interface is created by directly reacting the surface 
of the t-ZnO particles with a copper salt solution by a novel approach. 
This creates core@shell structures of t-ZnO@Cu(OH)2 which can be 
subsequently dehydrated to t-ZnO@CuO. In these particles, the interface 
or heterojunction is sandwiched between the inner ZnO core and the 
outer CuO layer. This type of interface sensor was tested for its sensi
tivity towards hydrogen, ethanol, methane, n-butanol, 2-propanol, 
acetone, carbon monoxide, hydrogen sulfide and ammonia. It was 
shown that the t-ZnO@CuO interface improves hydrogen sensing per
formance due to potential barrier modulation at the heterojunction 
interface and low dimension (~800 nm CuO layer) over the t-ZnO 
surface. 

2. Materials and methods 

2.1. t-ZnO synthesis 

The tetrapodal zinc oxide (t-ZnO) particles in this study were syn
thesized utilizing a flame transport synthesis as described in our previ
ous works [8,32]. For this process zinc particles with a size of 5 µm were 
added to polyvinyl butyral (PVB) powder (Kuraray Europe GmbH, 
Germany), at a weight ratio of 1:2. The mixture was then heated in an 
alumina crucible using a preheated oven set to 900 ◦C. This increase in 
temperature started a reaction of the PVB with the surrounding oxygen 
protecting the zinc particles from oxidation until their evaporation 
occurred. In the gaseous phase, the zinc started to form nuclei which 

subsequently developed into tetrapodal-shaped microcrystals. After 
30 min the crucible was taken out of the oven and the t-ZnO could be 
collected as white fluffy powder. 

2.2. t-ZnO@CuO synthesis 

The t-ZnO was coated with a metal derivative to form a core@shell 
structure of ZnO@Cu(OH)2 by wet chemical synthesis at room temper
ature. A concentration of 0.1 M solution of CuSO4 acts as the precursor. 
T-ZnO is added to the precursor at a concentration of 1 mg/mL for 
approximately 2 h, which produces a uniform coating of Cu(OH)2 in a 
self-organized pattern on ZnO which is very stable over time. The so
lution is then washed with water and dried in the vacuum oven at 70 ◦C. 
The next step involves the treatment of t-ZnO@Cu(OH)2 with H2O2 over 
1 h at room temperature to obtain t-ZnO@CuO. The conversion can be 
marked easily by the change in color from bluish-green to black. The 
solution is also further rinsed with water and dried. 

2.3. Electron microscopy 

The morphology and geometry of the sample were investigated by 
scanning electron microscopy (SEM) REM- ZEISS (7 kV, 10 µA). The 
prepared powdered sample was directly attached in minute quantity 
with the help of carbon tape on the SEM stab for measurements. 
Transmission energy microscopy (TEM) was performed using the Tecnai 
F30 microscope. The samples for TEM analysis were prepared by 
grinding them and having a pinch of the sample of Ni grid. Cu grid was 
avoided as the sample already contained CuO in it. 

2.4. Raman characterization 

In order to further determine the formation of CuO on ZnO structure, 
chemical analysis of the prepared samples was conducted using micro- 
Raman spectroscopy in ambient conditions. A WITec Alpha300 RA 
system (WITec GmbH, Ulm, Germany) equipped with a triple grating 
spectrometer and a CCD detector was used, where the grating parame
ters were set at 600 g/mm with a blaze wavelength of 500 nm. The 
excitation source was a green laser with a wavelength of 532 nm. Prior 
to the investigations, the spectrometer was calibrated using a Si wafer. 

2.5. XRD structure analysis 

A primary structural characterization was performed by Rigaku 
Smartlab X-ray powder diffraction (XRD) operating at 40 kV and 40 mA, 
with CuKα1 radiation (λ= 1.54 Å) over a range of 20–80◦. The signals 
obtained proved the crystalline nature of the samples. The measurement 
was performed on a non- metallic holder in order to avoid noise from the 
holder. 

2.6. The gas sensors fabrication and measurement 

The nanosensors were made in a FIB/SEM dual beam set-up as re
ported in our previous works [33]. In summary, the individual rods of 
t-ZnO@CuO were placed on a silicon oxide/silicon wafer with deposited 
gold contacts of 180 nm. Then, the rods were contacted by depositing 
the platinum complex with a focused ion beam FIB/SEM dual beam. 
These contacts were nano-welded to both the gold substrate and the tip 
of the t-ZnO@CuO rods. 

Gas detection characteristics were obtained using the Keithley 2400 
as the source and measurement device. The characteristics of this device 
are to apply and measure voltage and current with very high accuracy. It 
was connected to a personal computer for data transfer. The acquisition 
and storage of experimental data were done using LabView software 
(from National Instruments) [28]. The sensor chamber consists of a 
heater as a substrate connected to the power supply, the probes for 
connecting the sensor surface to the Keithley 2400 sourcemeter, and the 
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gas pipe connected to a system of pumps and valves connected to the gas 
tank with different concentrations in this case 50 ppm, 100 ppm, 
500 ppm at the time of the experiment the atmospheric humidity was 
about 10 %. 

2.7. Computational details 

Our calculations are based on Density Functional Theory (DFT) 
methods, employing the plane-wave approach [34–36] as implemented 
in the Vienna Ab-initio Simulation Package (VASP) [37]. We used the 
projector augmented wave (PAW) method to describe the interactions 
between ions and electrons [38], and the Perdew− Burke− Ernzerhof 
functional [39] was used for the non-local exchange-correlation energy. 
The tetrahedron method with Blöchl correction [40] was used to opti
mize the atomic structures and the optimized structures were obtained 
by fully relaxing the positions of all the atoms until the atomic forces on 
each ion were less than 0.01 eV/Å. We used a 5 × 5 × 1 Mon
khorst− Pack [41] k-point mesh to simulate the heterostructures. Other 
details are the same as in our earlier works [42–44]. In order to incor
porate the long-range dispersion forces between molecules and surfaces, 
we employed the DFT-D3 approach as described by Grimme [45]. 
Atomic charges were obtained through the Bader analysis [46]. Through 
DFT calculations, as reported in Section 2.4, the heterostructure 2, 
consisting of two Cu atoms on the ZnO surface shows better interaction 
with the H2 gas molecule compared to Heterostructure 1 where we had 
only 1 Cu atom. This is also reflected in our charge transfer plots rep
resenting the increase in sensitivity for gas molecules with an increase in 
Cu-O bonds over the ZnO surface. 

3. Results and discussion 

3.1. t-ZnO@CuO core@shell particles 

3.1.1. Morphological, structural and chemical analysis of t-ZnO@CuO 
The t-ZnO@CuO sensors are made by directly reacting the surface of 

t-ZnO with copper sulfate solution. This treatment leads to the formation 
of copper hydroxide (Cu(OH)2), which can be subsequently transformed 
to copper oxide by thermal annealing, thus creating one joint interface. 
In Fig. 1, SEM images of both t-ZnO@Cu(OH)2 and t-ZnO@CuO particles 
based on a tetrapodal morphology are presented. It was observed that on 
the surface of the t-ZnO, Cu(OH)2 nanostructures have been deposited 
evenly, as shown in Fig. 1b-d. The size of the layers of Cu(OH)2 around 
ZnO is approximately 800 nm. The layers are self-organized and tightly 
bound to the surface of t-ZnO. However, when dehydrated to CuO form, 
the flake structures become larger. The difference in the texture of the 
outer layers can be seen from the SEM images. The study of the 
morphology via TEM yielded the presence of CuO nanoplatelets on the t- 
ZnO. 

The novelty of this experiment lies in the unique surface conversion 
strategy, the resulting superior hydrogen sensing performance, and the 
comprehensive understanding achieved through both experimental and 
computational methods. This paves the way for further development 
and optimization of highly sensitive and selective hydrogen sensors [24] 
based on individual core@shell structures, like microrods or hetero
junctions p-n. We showed a self-organized growth of nanostructures of 
copper hydroxide and its subsequent conversion to copper oxide on 
single-crystalline ZnO microrods and their application as ultra-selective 
H2 gas sensors. The selectivity of these structures for H2 gas sensors is 
unique due to p-n type heterojunction between copper oxide and zinc 
oxide [42,47]. The initial self-organized growth method and the 
resulting, pinhole-free and homogeneous thickness of the Cu(OH)2 
platelets on top is unique as well and opens up the field for a novel class 
of composites with core@shell structures of two semiconducting 

Fig. 1. SEM images of t-ZnO@CuO nanosensors based on coated t-ZnO: (a) individual t-ZnO@CuO, (b,c,d) the surface of t-ZnO@Cu(OH)2 at different magnification. 
(e,f) Cu(OH)2 layer deposited uniformly on t-ZnO and leaving the core of ZnO intact. (g,h) CuO layer on t-ZnO after treatment with H2O2 at different magnifications. 
(i, j, k) TEM bright field images of ZnO@CuO microparticles at varying magnifications showing the crystal planes and a polycrystalline structure. 
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materials in a rod-like arrangement. 
In Fig. 2, the structural and vibrational studies are presented. In the 

structural analysis, the crystalline t-ZnO core reflects the hexagonal 
crystal structure with space group P63mc. Diffractions obtained at a 2Θ 
value of 31.6◦, 34.5◦, 47◦, 56.95◦, 63.4◦, 66.3◦ stands for (010), (002), 
(012), (110), (013), (020) planes respectively (Reference File: 
98–000–9340). As part of the shell or outer layer to nucleate on ZnO an 
attempt to prepare copper oxide gave two phases of the latter. CuO was 
deposited as Monoclinic crystal system with space group C2/c. Dif
fractions were obtained indicating CuO at 2Θ values of 32.5◦, 35.65◦, 
45.9◦, 48.7◦, 67.6◦ which correspond to the (110), (11− 1), (11− 2), 
(20− 2), (113) planes, respectively (Reference File: 98–000–5750). 
Additionally, another phase of Cu2O is also observed. Diffractions ob
tained corresponding to Cu2O at 29.9◦, 37.05◦, 62.35◦ reflects the (110), 
(111), (220) planes, respectively. The broader diffractions of t-ZnO@
CuO indicate a certain degree of amorphization of the CuO platelets. 

Fig. 2b presents the Raman spectrum of the t-ZnO@CuO sample, 
where the measuring point is indicated in the inserted microscopic 
image. The sample exhibits the typical peaks for CuO (Bg) and ZnO (E2 
and 2A1(LO)) reported in the literature [48–50], which indicates suc
cessful deposition of CuO on t- ZnO. An additional peak for Cu2O was 
found, corroborating the finding of the corresponding diffractions in 
XRD. 

3.1.2. Sensor fabrication of t-ZnO@CuO 
In Fig. 3 SEM images of nanosensors made from individual arms of 

the CuO-covered t-ZnO shell@core are presented. The microwires/rods 
were obtained by crushing the tetrapodal crystals on SiO2/Si substrates. 
It is important to mention that CuO is a p-type semiconductor oxide and 
ZnO is with a n-type, thus forming a p-n junction at their interface or 
heterojunction [26–28,42,47]. They are placed between the gold con
tacts which makes connection and subsequent testing possible. The 
microwires have different lengths, but similar diameters of ~3–4 μm. 
Fig. 3c depicts a nanosensor based on two t-ZnO@CuO microwires of 
different lengths. Similar to the tetrapod morphology, it was observed 
that CuO was evenly deposited on the microwire’s surface. 

3.1.3. Sensor characterization of t-ZnO@CuO core@shell 
The response to case S was calculated using the values of the currents 

and voltage measured when the nanostructures were exposed to air and 
gas, respectively. Thus, the formula was used to determine the gas 
response in percent [51]: 

S =
Ggas − Gair

Gair
∗ 100% (1)  

where Ggas is the electrical conductance of the sensor measured when 
exposed to gas and Gair is the electrical conductance measured when 
exposed to air [43,52]. 

Fig. 4 represents the dynamic response of t-ZnO@CuO nanosensors 
to 50 ppm, 100 ppm and 500 ppm hydrogen at the operating tempera
tures of 150 ◦C and 175 ◦C. The maximum response value obtained was S 
=520 at the operating temperature of 175 ◦C and the concentration of 
500 ppm. The response time is the time interval in which the increase of 
the S value from 10 % to 90 % takes place, being approximately 17 s, 
and the recovery time, i.e. the time interval in which the decrease of the 
S value from 90 % to 10 % takes place, is approximately 89 s. A voltage 
of 25 V was applied for 20 s then the gas flow impinges on the nano
sensor surface which leads to the enhancement in electrical current flow. 
Higher sensing response at 175 ◦C over 150 ◦C can be ascribed to 
Langmuir adsorption theory, which suggests that the adsorption rate is 
better at the former temperature than the latter. The given sensors were 
measured at an operating temperature of up to 175 ◦C due to the device 
limit. This increase in recovery time with increasing operating temper
ature is ascribed to the dominance of the Arrhenius expression for 
electrical conductivity [11] over oxygen site reduction which clearly 
depicts an increase in electrical conductivity with an increase in oper
ating temperature. The comparative study with all the other reported 
studies is as shown in Table 1. 

Cyclic and long-term stability were also investigated. Fig. 5 shows 
the cyclic stability, where 3 pulses were applied in a row, and a small 
increase of the response was observed between the pulses. This is due to 
the fact that the nanostructures did not recover after the pulse, the de
cision was to give a longer time for recovery of the signal, but the 
amplitude of the pulses is the same, i.e. the same response value, which 
demonstrates the cyclic stability. 

In Fig. 6, it shows the hydrogen response at 100 ppm concentration 
at 10 % and 50 % humidity for comparison. It shows the decrease in 
hydrogen response by increasing relative humidity from 10 % to 50 %. 
One explanation is the quadrupling of H2O molecules on the surface of 
the nanostructures by occupying ionic oxygen adsorption sites [53–55] 
and the subsequent blocking of the hydrogen molecules. 

Fig. 7 shows the good selectivity toward H2 gas and its excellent 
sensing performance which is ascribed to the p-n heterojunction effect of 
the core@shell structure, which leads to better charge separation and 
therefore to the excellent sensing performance. Fig. 7 shows the 

Fig. 2. (a) Two X-ray diffraction patterns of copper hydroxide-coated t-ZnO and copper oxide-coated t-ZnO, converted from copper hydroxide. (b) The Raman 
spectrum of the t-ZnO@CuO tetrapod. 
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Fig. 3. SEM images of t-ZnO@CuO nanosensors: (a,b) single microwire, (c) two microwires at lower magnification, (d) two microwires at higher magnification.  

Fig. 4. Dynamic response to hydrogen with a concentration of 50 ppm, 100 ppm and 500 ppm at operating temperature of (a) 150 ◦C and (b)175 ◦C.  

Table 1 
Table for comparative reported study with current work.  

Sensing structure and morphology Preparation method Target gas concentration 
(ppm) 

Operating temperature 
(℃) 

Hydrogen 
response 
(%) 

Response/recovery 
time (s) 

ZnO/CuO bi-layer heterostructures 
[57] 

Chemical solution  100  200 ~138 - 

Single ZnO nanorod [72] Hydrothermal  200  25 ~4 30/90 
Single ZnO nanowire [73] Chemical vapour phase 

growth  
100  25 ~35 64/11 

CuO:Zn/Cu2O:Zn [28] Chemical synthesis from 
solutions  

100  200 ~95 - 

CuO/ZnO heterojunctions [74] Subsequent thermal 
annealing  

1000  25 ~4 ~92/2 

TiO2/CuO:Zn [75] Synthesis from chemical 
solution  

100  200 ~110 - 

t-ZnO@CuO core shell (single or two 
microrods) (This work) 

Wet chemical  100  175 ~320 ~17 /89  
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influence of operating temperature on the sensitivity of sensing 
response. By increasing temperature, hydrogen sensing response in
creases due to the availability of sufficient adsorbed ionic species of 
oxygen on the surface which will react much more efficiently with 
hydrogen molecules at higher temperature [56,57]. However, recovery 
time increases as we move from and operating temperature of 150 ◦C to 
175 ◦C which shows the desorption rate deteriorating at higher 
temperatures. 

Fig. 8 shows long-term stability, in total 3 measurements per each 
experiment were performed with a difference between them of 120 and 
240 days. From the obtained graph it can be observed a decrease in the 
sensitivity over time, one of the supposed causes would be the degra
dation of the copper oxide nanostructures on the surface due to their 
heating at each measurement. These results clearly indicate the direc
tion to continue research in this field with the aim of improving the 
stability over time as well as sensor performances by control of t- 
ZnO@CuO interface and nanoscale p-n heterojunctions. 

3.2. Gas sensing mechanism 

In the general sensing mechanism, oxygen molecules adsorb on the 
surface of semiconducting metal oxides and transform into ionic species 
(O2

- , O-, and O2-) at different operating temperatures by capturing 

Fig. 5. Dynamic response to hydrogen with a concentration of 500 ppm at 
operating temperature of 150 ◦C. 

Fig. 6. Dynamic response to hydrogen with a concentration of 100 ppm at operating temperature of 175 ◦C and humidity of (a) 10 % and (b) 50 %.  

Fig. 7. Response to gases with a concentration of 100 ppm and different 
operating temperature of t-ZnO@CuO single microrod-based sensors. 

Fig. 8. Long term stability response to hydrogen with a concentration of 
100 ppm at operating temperature of 175 ◦C. 
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electrons from the semiconductor’s surface [58–60]. The transformed 
ionic species depend upon the operating temperature, e.g. for < 200 ◦C 
mono-ionized molecular oxygen ions (O2

- ) may exist; in the temperature 
range 200 ◦C - 550 ◦C, mono-ionized oxygen atoms (O-) may exist, and at 
temperatures > 550 ◦C, double ionized oxygen atom mays exist [61,62]. 
These charged species lead to band bending at the surface of the semi
conductor oxide and form a space charge region with either a hole 
accumulation layer (p-type semiconductor) or an electron depletion 
layer (n-type semiconductors) [24]. The former becomes more conduc
tive, p-type, the latter (n-type) less conductive when oxygen ions adsorb 
on the surface. 

Next, reducing gases react with the oxygen ions on the surface of the 
metal. The ionic oxygen species release the trapped electrons back into 
the conduction bands of the metal oxide (i.e. ZnO, an n-type semi
conductor) and the device’s electrical resistance decreases [63]. The 
hydrogen detection mechanism at temperatures < 200 ◦C can be un
derstood well with the help of the following equations [64]: 

O2(ads.) + e− →O−
2(ads.) (2) 

The higher the temperature, the more easily the oxygen can be 
ionized [65]. Therefore, at temperatures over 400 ◦C, oxygen species 
like O2- are adsorbed on the sensing surface, which will be different from 
the O2

- oxygen species produced at 150 ◦C or 175 ◦C operating temper
atures. The hydrogen detection mechanism at a temperature of 150 ◦C or 
175 ◦C can be understood well with the help of the following equations 
for p-type and n-type semiconducting oxides [66]: 

2H2(gas) +4h+ ↔ 4H+
(ads), (3)  

4H+
(ads) +O−

2 ↔ 2H2O (4) 

So, new p-n heterojunctions really help to eliminate the disadvan
tages of semiconducting oxide nano-micro-structures such as the poor 
selectivity between gases, which is a serious disadvantage of semi
conducting oxide based nanosensors, since a single nanomaterial based 
nanosensor cannot identify properly a specific gas species. Due to the 
interface effect of the heterojunction [24], the sensing performance of 
developed is improved even more, namely for a mixed oxide of ZnO and 
CuO (e.g. t-ZnO@CuO), the electrical resistance at grain interfaces is 
reduced to half its value, irrespective of the nature of the target gas [24, 
67] The main point, however, is that the target gas can reach the reac
tive interface and vary the surface charge density at the interface [67], 
which then leads to the sensing response activity. Increasing the amount 
of CuO typically leads to an increase in sensitivity to H2 gas [24,68,69]. 
This is because a higher concentration of CuO provides more active sites 
for the interaction between H2 molecules and the sensor surface [24]. As 
a result, there is a greater probability of H2 molecules reacting with the 
surface, leading to a more pronounced change in electrical conductivity 
and thus a higher sensitivity of the sensor to H2 [24,69]. For this 
structure, the complete coverage of CuO on the t-ZnO arm may prevent 
the diffusion of larger molecules like methane or propane to the inter
face. Hydrogen, however, is so small, that it is the only diffusible species 
and can therefore penetrate shell of t-ZnO@CuO heterostructure and 
react at the interface. Another explanation may be that the macromol
ecules like ethanol, acetone, etc. generally do not show a high gas 
response at these low temperatures [70,71]. Therefore, an excellent 
sensitivity of t-ZnO@CuO towards H2 over other VOCs like acetone, 
ethanol, propanol, carbon monoxide and hydrogen sulfide or n-butanol 
can be ascribed to both the moderate sensing temperature (175 ◦C), and 
the high hydrogen gas diffusivity. 

3.3. Computational analysis 

In our study, we initiated calculations based on a previously simu
lated ZnO (1010) surface structure, which has been identified as the 
most reactive surface for ZnO [42–44]. The top layer of this ZnO 

(10− 10) surface comprises two distinct types of Zn atoms: Zn1 and Zn2. 
Notably, Zn1 atoms are more exposed compared to Zn2 atoms (as 
depicted in Fig. A1). To create t-ZnO@CuO heterostructures, we 
replaced the top surface Zn atoms with Cu atoms. Specifically, we 
introduced a single Cu atom into the ZnO (10− 10) surface, effectively 
substituting it for the most exposed Zn atoms. After performing geom
etry optimization, the Cu atom forms bonds with three O atoms. It binds 
to one of the most exposed O atoms at a distance of 1.852 Å, while the 
other two less exposed O atoms exhibit bond lengths of 1.94 Å. This 
resulting structure is denoted as the Hetero1 structure and is illustrated 
in Fig. 9. 

In our investigation of t-ZnO/CuO heterostructures, we introduced 
Cu atoms by replacing two Zn atoms on the ZnO (10− 10) surface. We 
explored two distinct configurations: 

Configuration 1: We substituted two neighboring exposed Zn atoms 
in the top surface layer. 

Configuration 2: We replaced one Zn atom from the top layer and 
another Zn atom from the sub-surface layer. 

After relaxation, we found that Configuration 1, where we replaced 
two adjacent exposed Zn atoms, exhibited lower energy. Similar to the 
Hetero1 structure, Cu atoms formed bonds with the one of the most 
exposed O atoms (dCu-O = 1.84) and two sub-surface O atoms (dCu-O =
1.869, 2.008 A), as shown in Fig. 9 (Hetero2). 

We next investigated the interaction of an H2 gas molecule with these 
two t-ZnO/CuO heterostructures. First, we investigated the Hetero1 
structure with one substitutional Cu atom by placing the H2 molecule in 
different orientations close to the Cu-O bonds, where we found that the 
H2 molecule interacts with the Cu atom by attaching atomically to the 
surface [Fig. 10]. One of the H atoms binds to Cu with a Cu-H bond of 
1.501 Ǻ and, as a result, the Cu atom moves upwards to cause elongation 
of one of Cu-O surface bonds to 1.966 Ǻ. The second H atom binds to a 
nearby top oxygen atom at a distance of 0.979 Ǻ. The calculated inter
action energy was found to be − 61.63 kJ/mol. 

We further investigated the interaction between an H2 gas molecule 
and the Hetero2 structure, which contains two substitutional Cu atoms. 
Our results reveal that the H2 molecule dissociates atomically upon 
interaction, as illustrated in Fig. 10. Compared to other configurations, 
the interaction with the Hetero2 structure exhibited greater strength, 
characterized by a binding energy of − 114.82 kJ/mol. In this hetero
structure, one of the hydrogen atoms forms bonds with both Cu atoms 
present on the surface. The Cu-H bond lengths were measured at 1.549 Å 
and 1.600 Å. Simultaneously, the second hydrogen atom binds to a 
nearby oxygen atom with a bond length of 0.976 Å. This enhanced 
interaction with the Hetero2 structure suggests that the presence of t- 
ZnO/CuO moieties enhances the structure’s affinity for the H2 molecule. 

To gain deeper insights into the charge distribution during interac
tion, we conducted a Bader charge analysis. The results, presented in  
Fig. 11, indicate that the hydrogen atom binding with both Cu atoms 
acquires a positive Bader charge of +0.66. Conversely, the hydrogen 
atom bonded to the surface oxygen atom displays a negative Bader 
charge of − 0.083. 

4. Conclusions 

In summary, this study investigates gas sensors utilizing mixed ox
ides of tetrapodal t-ZnO and CuO, with CuO deposited as nanoplatelets 
through a surface conversion reaction of t-ZnO. A perfect coating of 
amorphized nanoplatelets of CuO on t-ZnO microrods was obtained. The 
resulting core@shell material, employed in a single microrod sensor 
configuration, exhibits remarkable sensitivity to hydrogen, showcasing 
selectivity. Through DFT calculations, mechanistic insights into the 
formation of t-ZnO@CuO nanostructures and their interaction with H2 
molecules were gained, highlighting the enhancement of interaction due 
to the presence of t-ZnO@CuO moieties. Operating at 175◦C, the sensor 
demonstrates a gas response of approximately 520 % towards 500 ppm 
of H2, with exclusive sensitivity to hydrogen, affirming its high 
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selectivity. Absolute selectivity for Hydrogen (100 ppm) at a maximum 
gas response (~550) was obtained from single microrod t-ZnO@CuO – 
based sensors. Dynamic investigations reveal a response time of ~17 s 
and a recovery time of ~89 s, attributed to the Arrhenius expression for 
conductivity. It’s noteworthy that the sensor’s performance is signifi
cantly influenced by the operating temperature. Overall, these studied 

nanostructures hold promise as both selective and sensitive hydrogen 
sensors, offering potential applications in various fields. As per we 
explore, t-ZnO@CuO core-shell microwire (single or two) structure with 
tetrapodal morphology of ZnO is a unique morphology for H2 detection. 
To the best of our knowledge, this is the first time that a single microrod 
ZnO@CuO core-shell structure with better H2 sensing response at 

Fig. 9. Top views of Hetero1 (One Cu atom substituted in the ZnO (1010) surface) (left) and Hetero2 (Two Cu atoms substituted in the ZnO (10− 10) surface) (right) 
heterostructures. Zn and O atoms are shown by grey and red coloured balls, respectively, while blue coloured balls depict Cu atoms. 

Fig. 10. Top views of the interaction of the H2 molecule with the Hetero1 (one substitutional Cu atom on the ZnO (1010) surface) (left) and Hetero 2 (two sub
stitutional Cu atoms on the ZnO (10− 10) surface) (right) heterostructures. Zn, O and Cu atoms are shown by grey, red and blue coloured balls, while small grey 
coloured balls depict H atoms. 

Fig. 11. Charge density difference plot of the H2 molecule on the t-ZnO/CuO Hetero2 structure, where we have shown the Bader charge values of the hydrogen 
atoms (Left panel). 
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moderate temperature (150℃ or 175℃) has been shown. Complete 
coverage of CuO on t-ZnO tetrapod arms prevents large molecules from 
passing through and interacting at the interface which leads to excellent 
selectivity of H2 molecules over VOCs (acetone, ethanol, methanol, or n- 
butanol) and ammonia. Computational analysis confirmed more 
coverage/substitution by Cu atoms (Hetero2 structure) are favourable 
interaction sites for H2 molecules and reconfirmed by Bader charge 
analysis. This work covers experimental and computational aspects with 
special morphology for H2 sensing at moderate temperature (175℃). 
The main novelty of the work is a new technological approach for 
nanoscale p-n heterostructure growing from amorphized nanoplatelets 
of CuO with t-ZnO microrods, which allows to fabricate single microrod 
t-ZnO@CuO – based sensors with absolute selectivity for H2 over other 
VOC and significantly higher sensitivity, that is extremely important for 
green hydrogen industry. 
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Appendix A

Figure A1. . 2×2 Supercell of ZnO(10− 10) surface, where top and bottom images represent side and top views respectively. Zn and O atoms are shown by grey and 
red colored balls, respectively. 
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[40] P.E. Blöchl, O. Jepsen, O.K. Andersen, Improved tetrahedron method for brillouin- 
zone integrations, Phys. Rev. B Condens. Matter Mater. Phys. 49 (1994) 16223. 

[41] H.J. Monkhorst, J.D. Pack, Special points for brillouin-zone integrations, Phys. 
Rev. B 13 (1976) 5188. 

[42] O. Lupan, V. Postica, J. Gröttrup, A.K. Mishra, N.H. de Leeuw, J.F.C. Carreira, 
J. Rodrigues, N. Ben Sedrine, M.R. Correia, T. Monteiro, V. Cretu, I. Tiginyanu, 
D. Smazna, Y.K. Mishra, R. Adelung, Hybridization of zinc oxide tetrapods for 
selective gas sensing applications, ACS Appl. Mater. Interfaces 9 (2017) 
4084–4099, https://doi.org/10.1021/acsami.6b11337. 

[43] O. Lupan, D. Santos-Carballal, N. Magariu, A.K. Mishra, N. Ababii, H. Krüger, 
N. Wolff, A. Vahl, M.T. Bodduluri, N. Kohlmann, L. Kienle, R. Adelung, N.H. de 
Leeuw, S. Hansen, Al2O3/ZnO heterostructure-based sensors for volatile organic 
compounds in safety applications, ACS Appl. Mater. Interfaces 14 (2022) 
29331–29344, https://doi.org/10.1021/acsami.2c03704. 

[44] C. Lupan, A.K. Mishra, N. Wolff, J. Drewes, H. Krüger, A. Vahl, O. Lupan, 
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