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Abstract 

The gas sensing properties of a ternary mixed-metal oxide (CuO/ZnO/Al2O3, CZA) are here reported. 
The CZA-based powder was prepared by co-precipitation synthesis technique. Then, the sensing 
material was screen-printed onto alumina substrates with interdigitated platinum electrodes and 
calcined at 350 °C for 1 h. The sensors were first tested under 25 ppm NO2 at different temperatures, 
ranging between 24 up to 200 °C. The best compromise between the sensor response and the recovery 
times was achieved at 100 °C. Then, the investigated concentration range was varied from 250 ppb 
up to 25 ppm and a maximum response of about 95% was measured under 25 ppm of the target gas. 
Response times were reasonably fast while, on the contrary, recovery times were quite long. In 
addition, the CZA sensor was also able to detect from 3 up to 300 ppm of NH3 at a working 
temperature of 200 °C. Interferences were also studied with NO2-humid air and in the presence of 
CO2-dried gas. 

Keywords: CuZnAl-oxide, p-n heterojunction, NO2 detection, NH3 detection 

1. Introduction 

Nitric oxide (NO) is a reactive gas that influences the oxidizing capacity of the atmosphere. The major 
sources of that gas are combustion processes in vehicle engines, fossil-fueled power plants, soils, and 
natural fires. It can also be formed in the troposphere from flashes of lightning [1]. The presence of 
NO in the troposphere (the region of the Earth's atmosphere in which we live) from natural and 
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anthropogenic sources leads to the formation of nitrogen dioxide (NO2) and nitrate (NO3) radicals 
when reacting with ozone O3 (see Eqs. 1 and 2). Then, because of daylight photolysis, nitrate radicals 
are rapidly converted to NO2.  

       NO + O3 → NO2 + O2 (1) 

      NO2 + O3 → NO3 + O2 (2) 

In addition, NO and NO2 react with other atmospheric pollutants and form particulate matter and 
ozone. All these compounds are harmful when inhaled: air with a high concentration of NO2 irritates 
the human respiratory system. Moreover, longer exposures to high NO2 concentrations may 
contribute to the development of asthma and increase susceptibility to respiratory infections [2]. 
Finally, NO and NO2 (NOx) interact with water, oxygen and other chemicals in the atmosphere to 
form acid rains that harm ecosystems such as lakes and forests. Thus, NO2 is considered as one of the 
most dangerous and toxic gases that must be monitored in the atmosphere and workplaces. To this 
aim, the Clean Air Act requires the Environmental Protection Agency (EPA) to set National Ambient 
Air Quality Standards (NAAQS) for NO2 as low as 0.1 ppm (parts per million; 98th percentile of 1 h 
daily maximum concentrations, averaged over 3 years) [3]. 

Pristine ZnO, In2O3, CuO, WO3, NiO or TeO2 or composites of ZnO, CuO, WO3, NiO or SnO2, with 
various microstructures, have already been investigated as different n-type/p-type semiconductor 
metal oxides for NO2 detection [4,5]. 

CuxO (x = 1, 2) are p-type semiconductors and visible light absorbers with band gaps from 1.2 to 2.1 
eV, which are known in the literature to detect NO2, either pure or as CuO-based composites: for 
instance, Shishiyanu et al. prepared Cu2O thin films with a limit of detection (LoD) of only 0.5 ppm 
[6]. Hoa et al. made CuO nanowire sensors from oxidized copper wires that could detect NO2 at 250 
°C with a LoD of 0.5 ppm [7]. Hu et al. prepared hierarchical Cu2O/CuO mesocrystal nanoflowers 
by etching, which showed a sensor response (SR) of 73.162 under 10 ppm of NO2. When the 
concentration of NO2 dropped down to 1 part per billion (ppb), these sensors showed a high response 
too (SR = 13.5) [8]. Li et al. synthesized CuO plates and particles by hydrothermal and thermal 
decomposition methods, obtaining NO2 sensors with a LoD of 3.8 and 2.3 ppm, respectively [9]. 
Wang et al. made Cu2O-CuO octahedrons by thermal decomposition of Cu-based metal–organic 
framework (MOF) precursors. These sensing materials showed a response of 8.25 under 500 ppb at 
room temperature [10]. Navale et al. manufactured CuO nanocubes by a thermal evaporation 
technique with a LoD of 1 ppm at 150 °C [11]. The same LoD value was measured by Xu et al. on 
NiO-CuO nanocomposites made by a reflux and hydrothermal method [12]. Park et al. prepared 
TeO2/CuO core-shell nanorods sensors by thermal evaporation of Te powder followed by sputter 
deposition of CuO. These sensors gave a response of 142% under 0.5 ppm NO2 at 150 °C, and the 
LoD was 0.5 ppm [5]. Wang et al. synthesized hierarchical Cu2O-CuO microflowers assembled with 
well-organized nanorods by a hydrothermal method from cupric acetate monohydrate, NaOH and 
potassium citrate monohydrate. The obtained sensors showed a LoD of 5 ppb with a response of 1.37 
at 187 °C due to p-p heterojunctions [13]. Pd nanoparticle-functionalized, rGO-modified CuO (Pd–
CuO/rGO) with a nanowire hierarchical structure gave an ultra-high response of 64.2 towards 100 
ppm NO gas at 23 °C. Moreover, a response time of 10.7 s and a recovery time of 9.2 s under 10 ppm 
NO gas were reported together with a low LoD of 50 ppb [14]. Finally, Bai et al. prepared 
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CuO/reduced graphene oxide-based sensors with a response of approximately 400.8% towards 5 ppm 
NO2 and with a response time of 6.8 s at 23 °C and a limit of detection of 50 ppb (SR = 20.6%) [15]. 

ZnO is a wide band gap (≈ 3.37 eV) n-type semiconductor highly used as a sensing material for NO2 
detection: a maximum gas response of 23.3 towards 100 ppm NO2 was measured at an operating 
temperature of 180 °C in [16]. A 3 at% Co-doped ZnO sensor showed a high response (286%) with 
fast response and recovery times (3 and 319 s, respectively) under 100 ppm NO2 gas at 200 °C 
working temperature [17]. Au-doped ZnO nanowires gave a response of 2.3 to 1 ppm of NO2 at room 
temperature under ultraviolet (UV) light [18]. ZnO/rGO heterostructure showed a response of 33.1 
towards 2.5 ppm NO2 at 110 °C, with a response time of 182 s and a recovery time of 234 s [19]. Ni-
doped ZnO thin-films evidenced a 108% response under 100 ppm NO2 at 200 °C, while the response 
time and the recovery time were 11 and 123 s, respectively [20]. ZnO powders doped with europium 
and praseodymium showed a maximum response of 18.8 to 100 ppm NO2 in the temperature range 
of 125 to 150 °C. Moreover, when doped with europium, the sensors showed a reduced sensitivity to 
humidity. In addition, under additional UV-irradiation the response time to NO2 gas decreased by 3 
to 4 times [21]. 

Both the band structure and the different charge carriers in CuO and ZnO match well to form a stable 
p-n heterojunction [22,23]. It is known from the literature that ZnO/CuO (ZC) heterostructures show 
better sensing performances because of the formation of a p-n heterojunction [22,23]. Heterojunctions 
first lead to more efficient active sites on the surface of ZC sensing materials by an improved charge 
transfer and create an electron depletion region between the surface of CuO and ZnO grains, in 
addition to the layer formed by oxygen species on the surface of ZnO grains [24]. Secondly, adsorbed 
oxygen molecules can rapidly decompose at lower temperatures through the synergistic effect of ZnO 
and CuO. Thus, in the last years, ZC heterostructures were studied as ethanol [25–31], n-butanol [32], 
formaldehyde [33,34], H2S [25,35–42], H2 [43,44], dimethyl methylphosphonate (DMMP) [45], 
triethylamine [46], NH3 [47], CO2 [48–50], NO [51,52] and NO2 [53–56] sensors. 

This work aims to analyze the gas-sensing properties of a low-cost and novel pyramidal mesoporous 
structure composed of three oxides: copper oxide (CuO), zinc oxide (ZnO) and aluminium oxide 
(Al2O3). Thus, the nanostructured CZA thick films were studied for NO2 and NH3 detection. The 
original performance of those nanocrystalline particles, which were synthesized by the co-
precipitation method, was successfully demonstrated for the electrocatalytic and thermocatalytic 
conversion of CO2 to methanol and for the CO2 electrocatalytic reduction to syngas under ambient 
conditions [57]. 

 

2. Experimental section 

2.1. Materials and Methods 

2.1.1. Sensing material preparation 

The ternary oxide CuO/ZnO/Al2O3 was prepared by a co-precipitation method as described by 
Guzmán et al. [57], following a procedure similar to that described in literature [58]. Briefly, the 
Cu/Zn/Al used molar ratio was 60:30:10. Specifically, a solution of metal nitrates [(Cu(NO3)2 (0.6 
mol/L), Zn(NO3)2 (0.3 mol/L), Al(NO3)3 (0.1 mol/L))] and a solution of Na2CO3 (1 mol/L) were 
injected at a constant flow rate (5 mL/min) in a heated reactor with an initial volume of 200 mL of 
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demineralized water under continuous stirring. The sodium carbonate solution was used as a 
precipitating agent and to keep pH constant (± 0.1 unit). During the precipitation steps, pH, 
temperature and ageing time were controlled. After ageing for 1 h, the precipitates were filtered, 
washed with demineralized water, and dried overnight at 60 °C. After grinding, the dried powder was 
calcined at 350 °C under static air for 3 h (with a heating ramp of 2 °C/min). 

2.1.2. Sensor preparation 

The sensors were prepared by the screen-printing technique. First, platinum (Ferro 5545-LS, USA) 
interdigitated electrodes (IDEs, 400 μm-thick and with a distance of 450 μm between each finger of 
the comb) were screen-printed onto commercial alumina substrates (Coors Tek, USA, ADS-96, 96% 
alumina, 0.85 × 1.70 cm2) using an automatic machine and a 270-mesh steel screen. After drying 
overnight, the electrodes were fired at 980 °C (2 °C/min heating and cooling ramps) for 18 min to 
improve the adhesion on ceramic substrates and to optimize their electrical conductivity, as per the 
recommendations of the ink's manufacturer. Then, an ink was produced by dispersing 1.5 g of CZA 
powder and 0.032 g of polyvinyl butyral (PVB) in 0.7 mL of a mixture of terpinols (Emflow from 
Emca Remex, USA). The solids were first added to the solvent, then the mix was sonicated for 2 h in 
an ultrasonic bath to disperse the powder and completely dissolve the PVB, which acts as a temporary 
binder after the evaporation of the solvent. The films were finally screen-printed with a 270-mesh 
steel screen and dried in air for 24 h before calcination at 350 °C for 1 h. A scotch tape (3M Magic 
tape, USA) test was performed to assess the quality of the film adhesion to the ceramic substrate. 

2.1.3. Material characterization 

2.1.3.1. Powder 

A Panalytical X'Pert PRO diffractometer (Panalytical, The Netherlands) working in the Bragg-
Brentano configuration with a Cu anticathode (λKα1 = 0.154056 nm) was used to investigate the 
crystallinity of the CZA powder. The crystallite size was calculated using the Scherrer formula (Eq. 
3): 

D = kλ/β cos θ  (3) 

where D is the average crystallite size (nm), λ is the wavelength of X-ray radiation (0.154056 nm), k 
is the shape factor (0.9), β is the full width at half-maximum corrected for instrumental broadening. 

Specific surface area (SSA) was determined employing N2 adsorption/desorption at 77 K (Brunauer–
Emmett–Teller (BET) technique, Micromeritics TriStar II 3020, USA). The powder was previously 
degassed at 200 °C for 2 h. The pore size distribution was assessed through the method of Barrett, 
Joyner, and Halenda (BJH) using the Kelvin model of pore filling from experimental isotherms. 

Field emission-scanning electron microscopy (FE-SEM, Zeiss Merlin, Germany), equipped with an 
energy dispersive X-ray spectroscopy system (EDS) operated at 3 kV, was used for morphological 
observations and for determining the contents of the relative elements of the prepared powder. The 
sample was initially dispersed in isopropanol by sonication in an ultrasonic bath for 30 min, and then, 
a drop of the dispersion was deposited on a copper grid coated with an amorphous layer of carbon. 
Finally, the sample was dried at room temperature before FE-SEM observations. 
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Transmission electron microscopy (TEM) observations were performed on a FEI Tecnai G2 F20 S-
Twin (USA) instrument. The powder was first dispersed in high-purity ethanol, then sonicated for 30 
min, and finally drop-casted on Au holey carbon TEM grids. 

The X-ray photoelectron spectroscopy (XPS) measurements were carried out using a PHI 5000 Versa 
Probe (Physical Electronics, USA) system. The instrument is equipped with a monochromatic X-ray 
source of 1486.6 eV (Al K-alpha) to determine the surface composition of the prepared powder. All 
the core-level peak energies were referenced to the C1s peak at 284.5 V, and the background signal, 
in high resolution (HR) spectra, was subtracted with a Shirley function. The fitting procedure was 
performed utilizing the Multipak 9.7 dedicated software. 

Field emission-scanning electron microscopy (FE-SEM, Hitachi S4000, Japan) was used to observe 
the screen-printed films after platinum sputtering. 

2.1.3.2. Gas sensing assessment 

Figure 1 shows a scheme of the modular laboratory gas system used, made of a flow controller 
(PowerPod400, Teledyne Hasting Instruments, USA) able to manage four independent mass flow 
controllers (MFCs, model HFC 302, Teledyne Hasting Instruments, USA). The gas bottles (NO2, 
NH3 and CO2, all research grade, SIAD, Italy) were connected before the flowmeters to control the 
right amount of analyte gas (pure or diluted) in function of the desired concentration. Humidity, when 
required, was introduced as an interfering gas in the system by bubbling through water bubblers; 
humidity was assessed at room temperature by a portable thermometer-hygrometer (DO9406, Delta 
Ohm, Italy). 

 

     Fig. 1. Scheme of the laboratory system used to test the gas sensor. 

 

During measurements, the sensors were placed in a temperature-controlled stage chamber (LTS 420, 
Linkam Scientific Instruments, UK) with an inlet and an outlet for the gas and internal electrical 
contacts connecting the sensor with an LCR meter (Hioki IM3533, Hioki E.E. Corporation, Japan) to 
measure impedance values and phase under alternating current (AC) at 1 kHz and 1 V (Fig. 1). The 
frequency of 1 kHz was chosen to limit any electric perturbation during the measurements as it is 
much higher than the network frequency (50-60 Hz). While the applied tension (1 V) was selected to 
avoid water electrolysis during the measurements with water vapor. The temperature-controlled stage 
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(T96, Linkam Scientific Instruments, UK) is programmable by a software (LINK software). The 
investigated temperature range was from 24 up to 200 °C. 

A first screening test was performed under dry NO2, NH3 and CO2 at constant fixed temperatures (24, 
50, 100 and 200 °C) and relatively high analyte concentrations (25, 300 and 500 ppm, respectively) 
to assess any sensor response and the eventual optimal CZA sensor working temperature. 

Then, an analyte gas was selected to perform a deeper investigation, thus, the sensor response was 
determined at different gas concentrations in synthetic dry air (0% relative humidity, RH) as well as 
in humid ((50 ± 5)% RH) conditions. In this case, the temperature of the room, measured by means 
of the thermometer-hygrometer, was 23 °C. Once the targeted concentration was reached by dilution 
of the analyte gas in synthetic air, the air flow was first sent to the water bubblers and the relative 
humidity was determined by means of the thermometer-hygrometer before the combined gas flow 
(air + target gas) entered the Linkam cell (Fig. 1). 

All the measurements started after the impedance value of the sensor was almost constant under a 
flow rate of 380 mL/min of dry synthetic air. Variations of the sensor's impedance (Z) were monitored 
during the continuous gas flow for 15 min. 

The sensor relative response in percentage (SR%), was calculated according to Eq. 4: 

 

SR% = 100 × (Za-Zg)/Za (4) 

where SR% is the percentage relative response, Za is the sensor impedance under dry air flow, Zg is 
the sensor impedance under analyte gas flow. 

The response and recovery times of the sensor were calculated as the time required to reach 90% of 
the maximum resistance change after target gas exposition and the time required to reach 90% of the 
initial baseline resistance after target gas evacuation, respectively. 

 

3. Results and discussion 

3.1. Powder and sensor characterization 

All the information concerning the physical-chemical characterization (BET surface area, XRD, FE-
SEM, TEM and XPS measurements) of the CuZnAl-based oxide was meticulously detailed in a 
previous work by some of us [57]. To sum up, the CZA powder exhibited a specific surface area of 
101.6 m2/g, as evidenced by N2 adsorption/desorption technique. In addition, the powder showed a 
total pore volume of 0.37 cm3/g and a bimodal pore size distribution centered at 7 and 15 nm. 

The XRD analysis demonstrated that the catalyst was mainly composed of monoclinic CuO (Joint 
Committee on Powder Diffraction Standards, JCPDS, card number 048-1548) and hexagonal ZnO 
(JCPDS card number 036-1451) crystalline phases and that most probably, Al2O3 was an amorphous 
phase, because of the low-temperature calcination. An average crystallite size of 8.5 nm was 
determined for CuO grains. 
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FE-SEM observations evidenced that the CZA powder was mainly composed of porous nanopyramid 
structures with common nucleation, along with small nanoparticles at the surface and agglomerates 
of small snowflake-shaped crystals, as displayed in Fig. 2a, and became porous after the high-
temperature treatment (Fig. 2b). On the other hand, high-resolution TEM (HR-TEM) images and 
corresponding Fast Fourier Transform (FFT) show simultaneous monoclinic CuO and hexagonal 
ZnO crystallites at the nanopyramid edges, along with an amorphous layer likely attributed to alumina 
(Fig. 2c-e). Small crystalline domains (<5 nm) are identified in the aggregated nanoparticles, mainly 
ascribed to hexagonal ZnO. However, these nanoparticles are predominantly amorphous, as proven 
by HR-TEM imaging (Fig. 2f-h). 

 

Fig. 2. FE-SEM: nanopyramids and nanoparticles co-precipitated (a) and after calcination (b). 
TEM: nanopyramids (c). Besides, FFT is provided: (d) and (e) for the highlighted ZnO and CuO 

regions, respectively, in (c), confirming hexagonal ZnO crystallites at the edge of the 
nanopyramids. TEM: nanoparticles (f). High-resolution TEM (HRTEM) (g) and FFT (h) images of 

a ZnO crystalline domain in nanoparticles (f). Reproduced with modifications from ref. [57], 
Copyright 2021 MDPI and used under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 
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Besides, XPS measurements showed, in the work cited above, that CuO was mainly made of Cu2+ 
species at 95%, the difference being Cu0 and Cu1+. The fitting of the O1s spectrum revealed that the 
O species were divided into lattice oxygen (529.2 eV binding energy), non-lattice oxygen (530.3 eV), 
and oxygen due to adsorbed molecules at 531.6 and 532.9 eV, see Fig. S1 in the Supporting 
Information. The latter peaks were assigned to weak basic sites on the surface: OH and H*OH, 
respectively. The presence of oxygen deficient regions brings free electrons that could enhance the 
conductivity of CuO. Meanwhile, the binding energy of the Zn2p3/2 peak at around 1021.2 eV 
indicated that Zn was present as ZnO. In comparison, the peak at 1022.5 eV confirmed the presence 
of Zn(OH)2 species, which corroborated the alkalinity of the surface of the CZA powder. All these 
features are favorable for the gas detection sensitivity of CZA material. On the contrary, the Al2s 
peak was not found in the XPS analysis (data not shown), indicating the absence/low concentration 
of Al oxide on the surface material. Nevertheless, the EDS spectrum (Fig. 3a) and the EDS map 
analysis (Fig. 3b) support the successful inclusion of desired elements (Cu, Zn, Al) in CZA sample. 
Notably, Fe and Co peaks are attributed to the objective lens, Au peaks to the Au grid, and there is a 
Si peak from the Si(Li) detector. The reported results confirm the incorporation of Cu, Zn and Al 
elements in both nanopyramids and nanoparticles, with higher concentrations of Zn and Al in the 
latter, as shown by EDS map contrasts. 

 

Fig. 3. (a) The average EDS spectrum obtained over the whole region. (b) High-angle annular dark 
field (HAADF) scanning transmission electron microscopy image (left) with corresponding EDS 
elemental maps (right) for Cu, Zn, Al, O elements. Reproduced with modifications from ref. [57], 
Copyright 2021 MDPI and used under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

 

The scotch tape test conducted on a sensor heat treated at 350 °C for 1 h revealed an excellent 
adhesion of the sensing film on the alumina substrate (Fig. 4): most of the detachments were observed 
in correspondence with the Pt lines of the IDEs. Then, this temperature was used for firing all the 
prepared sensors. 
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Fig. 4. Scotch tape test result on the 350 °C, 1 h-fired sensor. 

 

FE-SEM observations (Fig. 5) of the 350 °C-fired sensor showed a porous film with some cracks due 
to the evaporation of the solvent. Some agglomerates were also visible, but these were made of fine 
grains, as seen at higher magnification. Lateral observations of the sample evidenced a film thickness 
of about (10 ± 2) µm (average of 8 measurements). 

 

Fig. 5. FE-SEM micrographs of the screen-printed film after firing at 350 °C, 1 h: (a) 250×, (b) 
2000×, (c) 20,000×, (d) 50,000×. 

 

3.2. Preliminary sensing tests 

Screening tests conducted with NO2, NH3 and CO2 gasses at selected concentrations (25, 300 and 500 
ppm, respectively) and at different temperatures (24, 50, 100 and 200 °C) highlighted an excellent 
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response of the CZA thick film to the NO2 gas even at room temperature. Figs. 6 and 7, as well as 
Table 1, sum up these preliminary results. The measured phase was always below 15°, thus only the 
modulus of the impedance (|Z|) was considered. |Z| of the sensor decreased under NO2 (Fig. 6) while 
it increased when exposed to NH3, as shown in Fig. 7. This behavior is typical of a p-type 
semiconductor. Considering that ZnO is a n-type semiconductor and CuO is a p-type one, it can be 
stated that CuO is the dominant phase. This result was expected, considering that Cu atoms constitute 
60 at% of the sensing material and that ZnO nanoparticles don’t fully cover the surface of CuO. 

The maximum response under CO2 (Fig. S2) was about 6% at an operating temperature of 100 °C. 
The initial |Z| values under CO2 with dry synthetic air were equal to 38.4 MΩ, 12.3 MΩ, 1.85 MΩ 
and 33.1 kΩ when the working temperature was 24, 50, 100 and 200 °C, respectively. 

Based on these screening tests, a deeper investigation was conducted using NO2 gas. 

 

Fig. 6. Variation of the impedance module value of CZA sensor fired at 350 °C for 1 h under 25 
ppm NO2 in function of the operating temperature (logarithmic scale on the ordinates). 
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Fig. 7. Variation of the impedance module of CZA sensor fired at 350 °C for 1 h under 300 ppm 
NH3 in function of the operating temperature (logarithmic scale on the ordinates). 

 

Table 1. Sensor response under 25 ppm of NO2 and 300 ppm of NH3 at different temperatures. 

Temperature 
[°C] 

Sensor response, 
SR [%] 

Sensor response, 
SR [%] 

NO2 25 ppm NH3 300 ppm 

24 97.7 n.d. 

50 93.8 n.d. 

100 94.9 21.1 

200 60.7 126.0 

Note: n.d. = not determined 

 

3.3. NO2 gas sensing assessment 

The sensor detected 25 ppm of NO2 analyte gas from room temperature up to 200 °C. However, in 
view of a possible industrial application, a good compromise among the sensor response, the response 
time and the recovery time was achieved at a working temperature of 100 °C. Thus, deeper tests were 
conducted at 100 °C to assess the NO2 gas detection limits of the studied sensing material. 
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To this aim, the sensor response of the CZA thick films was determined in dry air at 100 °C, under 
different NO2 concentrations: 0.25, 0.5, 1, 5, 7, 15 and 25 ppm. Figure 8 shows the calibration curve 
of the CZA sensor: responses higher than 80% were already achieved when flowing 1 ppm of nitrogen 
dioxide. In the range of 1 to 25 ppm of gas, the response was almost linear (coefficient of correlation 
of about 0.95), and the sensor response is described by Eq. 5: 

SR% = 0.635 [NO2] + 79.665  (5) 

where SR% is the percentage relative response, [NO2] is the gas concentration, the sensitivity is equal 
to 0.635 1/ppm (the slope of the calibration curve). 

In the concentration range from 0 to 1 ppm of gas, the response was also almost linear (coefficient of 
correlation of about 0.98), and the sensor response is described by Eq. 6: 

SR% = 86.7 [NO2]   (6) 

In this case, the sensitivity was very high and equal to 86.7 1/ppm (the slope of the calibration curve). 

Under 0.25 ppm of NO2, the sensor response was 20.9% (Fig. 8). Thus, the LoD is below this 
concentration value. 

 

Fig. 8. Calibration curve of the CZA sensor fired at 350 °C for 1 h at an operating temperature of 
100 °C. 

 

Figure 9 shows the acquired curves for all the selected gas concentrations. 
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Fig. 9. Sensor response of the CZA sensor fired at 350 °C for 1 h at an operating temperature of 100 

°C under different NO2 concentrations. 

Table 2 reports the sensor response, the response time and the recovery time at each investigated NO2 
concentrations at 100 °C; it is evident that the response time of the sensor was reasonably fast above 
1 ppm of NO2. On the contrary, the desorption time determined under 25 ppm of target gas was quite 
long, probably because adsorbed NO2 molecules must compete with oxygen ones for the 𝑒𝑒−. These 
results could be also due to the tortuous path followed by the gas molecules when entering/leaving 
the pores of the film. A more open structure could lead to shorter response/recovery times. The 
operating temperature is also quite low (100 °C) and makes a limited contribution to the desorption 
process. 

Table 2. Sensor response, response and recovery time at different NO2 concentrations at 100 °C. 

[NO2] 

[ppm] 

Sensor response 

[%] 

Response time 

[s] 

Recovery time 

[s] 

0.25 20.9 n.d. n.d. 

0.5 57.1 512.4 n.d. 

1 80.0 210.0 n.d. 

5 81.1 94.2 n.d. 

7 86.0 146.7 n.d. 

15 89.9 38.7 n.d. 

25 94.9 34.2 675.6 

Note: n.d. = not determined 
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The sensor was also tested in the presence of (50 ± 5)% RH, at 100 °C working temperature and a 
concentration of 25 ppm of NO2. Figure 10 shows that the impedance module of the sensor is only 
slightly influenced by the presence of humidity when NO2 was introduced first and then, water vapor. 
While Fig. 11 illustrates the impedance module change when water vapor comes first into contact 
with the sensor and then, NO2. In both cases, the sensor was able to selectively detect NO2. This result 
could be due to Al doping [59] and demonstrates that the Al amount present in the material was able 
to enhance the sensing properties without affecting its behavior in humid environment. 

 

Fig. 10. Sensor response of the CZA sensor fired at 350 °C for 1 h, exposed to 25 ppm of NO2 and 
in presence and absence of humidity. Operating temperature of 100 °C. 

 

 

Fig. 11. Sensor response of the CZA sensor fired at 350 °C for 1 h, exposed to 25 ppm of NO2 and 
in presence and absence of water vapor. Operating temperature of 100 °C. 
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In conclusion, the CZA thick film could detect NO2 concentrations from 0.5 up to 25 ppm at 100 °C. 
In addition, in humid air (50% RH), no significant interference was observed with 25 ppm of NO2. 

Figure 12 illustrates the repeatability (checked on a different sensor from the one previously tested) 
on three consecutive measurements under dry air for 1 h 15 min and then flushing 25 ppm of NO2 for 
15 min. The sensor response was 93.2, 92.3 and 91.7% for the first, second and third cycles, 
respectively. Thus, the repeatability was reasonably good. However, a baseline drift was observed, 
probably because of an incomplete desorption of the adsorbed NO2 molecules. 

 

Fig. 12. Repeatability of the sensor under cycles of dry air and air + 25 ppm NO2. 

 

The reproducibility of the production process was also demonstrated as the sensor used for the 
repeatability tests showed similar features to the one previously tested. 

 

3.4. NO2 sensing mechanism 

The prepared CZA gas sensor is a p-n semiconductor, as shown from TEM micrographs (Fig. 2) and 
gas sensing measurements (Figs. 6 and 7). The band gap of ZnO is 3.2-3.4 eV, and its electron affinity 
(Ea) is 4.20-4.35 eV, while the band gap of CuO is 1.35-1.51 eV, and its Ea is 4.07 eV [60,61]. The 
electron affinity indicates the barrier height (ΔEC) of the conduction band (CB) at the interface 
between the two semiconductors. The low value of ΔEC (0.13-0.28 eV) makes possible electrons 
transfer between CuO and ZnO [24]. Due to the lower values of electron affinity and band gap of 
CuO with respect to ZnO, the band alignment will lead to a staggered heterojunction between CuO 
and ZnO [61]. 

Oxygen molecule in air has a positive Ea of about 0.45 eV. Thus, at room temperature, when free 
electrons are available, O2

- ions form immediately (Eq. 7): 
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O2 + e- → O2
-  (7) 

Above 150 °C and below 250 °C, O- is formed (Eq. 8): 

O2 + 2e- → 2O- (8) 

The work functions of ZnO and CuO nanoparticles are 4.55-5.17 and 5.12 eV, respectively. While 
the reported values of the CB for CuO and ZnO are approximately −0.92 and −0.27 eV, respectively. 
In addition, the valence band potentials of ZnO and CuO are located at 2.78 and 0.28 eV, respectively. 
As represented in Fig. 13, the CB of CuO is higher than the one of ZnO. When ZnO enters in contact 
with CuO, electrons move from ZnO to CuO, creating a negative charge on the CuO side and a 
positive charge on the ZnO side. At the same time, holes near the interface of the heterojunction move 
from CuO to ZnO grains, creating a negative charge area. Thus, a depletion layer is formed at the 
interface, according to Anderson’s model [62]. At the same time, the Fermi levels of ZnO and CuO 
bend upward and downward until they are equalized [63]. When exposed to air, oxygen molecules 
adsorb on the surface of the sensor and capture the free electrons from the CB (Eq. 7). 

 

 

Fig. 13. Scheme of the gas sensing mechanism of CZA. Reprinted from ref. [61], Copyright 2021 
Elsevier and used under CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/). 

 

When NO2 molecules adsorb on CZA, free electrons or O2
- are trapped and generate NO2- and NO3- 

(Eqs. 9 and 10) because of the high electron affinity (2.28 eV) and increase the depletion layer in ZnO 
[54]. NO2 molecules also adsorb onto the active sites of CuO (Eq. 11), releasing holes and forming 
NO2

-. The adsorbed NO2
- can then react with oxygen species (Eq. 12) and release more holes to CuO. 

These reactions widen the accumulating layer on CuO and decrease the resistance of the sensor, as 
observed in Fig. 6. 
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NO2 + O2
- → NO2

- + O2 (9) 

NO2 + e- → NO3
-  (10) 

NO2(g) → NO2
-(ad) + h+ (11) 

NO2
-(ad) + O-(ad) → NO(g) + 2 O2

- (ad) + 2 h+ (12) 

Concerning alumina, which is not a semiconductor, Al3+ can replace Zn2+ in ZnO and this is a known 
effective n-type dopant of ZnO by introducing electrons in doped films [64]. However, according to 
Hume-Rothery rules, Al3+ can only partially replace Zn2+ in ZnO because the ionic radii are 0.74 and 
0.535 Å, respectively for Zn2+ and Al3+, both VI coordinated [65] and the crystal structures are 
different (CuO is monoclinic, while ZnO is hexagonal). In addition, at the interface between ZnO and 
CuO grains, lattice mismatches are created, and these defects also favor gas molecule adsorption. 
Finally, Al role in the synthesis process is to drive the formation of the nanopyramidal structure with 
well-defined interfaces between CuO and ZnO, and to reduce their crystallites, enhance their 
dispersion and surface area, and consequently, the number of active sites. As a result, gas sensing 
properties are further improved. 

The density of carriers was estimated by means of Eqs. 13 and 14 [61]: 

𝑁𝑁𝑎𝑎 = 2 �2𝜋𝜋𝑚𝑚
∗𝑘𝑘𝑘𝑘

ℎ2
�
3
2 𝑒𝑒(

𝛿𝛿𝑝𝑝
𝑘𝑘𝑘𝑘)  (13) 

𝑁𝑁𝑑𝑑 = 2 �2𝜋𝜋𝑚𝑚
∗𝑘𝑘𝑘𝑘

ℎ2
�
3
2 𝑒𝑒(𝛿𝛿𝑛𝑛𝑘𝑘𝑘𝑘)  (14) 

where Na and Nd are the acceptor and the donor concentration, respectively, m* is the effective mass 
of holes (7.9 m0) or of electrons (0.24 m0), k is the Boltzmann’s constant, h is the Planck’s constant, 
T is the temperature in K, δp is equal to 0.46 eV (the Fermi level is above the valence band) and δn is 
equal to 0.35 eV (the Fermi level is below the conduction band). The acceptor concentration was 
estimated to be 4.68 × 1014 cm-3, while the donor concentration was estimated to be 7.6 × 1013 cm-3 
at 373 K. 

Then, the width (w) of the depletion region was also calculated [62] in accordance with Eqs. 15 to 
17: 

𝑥𝑥𝑝𝑝 = �2
𝑞𝑞
𝜖𝜖1𝜖𝜖2

𝑁𝑁𝑑𝑑
𝑁𝑁𝑎𝑎

𝑉𝑉𝑏𝑏𝑏𝑏
(𝜖𝜖1𝑁𝑁𝑎𝑎+𝜖𝜖2𝑁𝑁𝑑𝑑)�

1
2  (15) 

𝑥𝑥𝑛𝑛 = �2
𝑞𝑞
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1
2  (16) 

𝑤𝑤 = 𝑥𝑥𝑝𝑝 +  𝑥𝑥𝑛𝑛  (17) 

where q is the carrier charge, 𝜖𝜖1 and 𝜖𝜖2 are the dielectric constants of the semiconductor with the 
higher and the lower Fermi level (𝜖𝜖1=8.5 for ZnO and 𝜖𝜖2=18.1 for CuO), respectively, and 𝑉𝑉𝑏𝑏𝑏𝑏 is 
equal to 0.57 eV [61]. The calculated width of the depletion layer was about 0.4 nm, which was much 
below the crystallite size of the powder grains estimated by the Scherrer equation (about 8.5 nm for 
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CuO). Thus, band bending can effectively happen, and a p-n heterojunction can form at the interface 
between CuO and ZnO grains. 

Finally, the sensor was stored for 18 months in the laboratory in a standard sample box, not tightly 
sealed and tested again under 25 ppm NO2. The sensor response was almost unchanged (96%), while 
the response time was longer (1 min 56 s), as Fig. 14 shows. The ageing of the sensor was somehow 
limited, which is a good result. 

 

Fig. 14. Sensor response after 18 months of storage in the laboratory. 

 

3.5. NH3 gas sensing assessment 

Figure 7 shows no response of the CZA film at 24 and 50 °C under 300 ppm of ammonia. On the 
contrary, a response of 21.1 and 126.0% was observed for 300 ppm of gas at 100 and 200 °C, 
respectively (Table 1). When operating at 200 °C, a response time of about 257 s and a recovery time 
of about 455 s were measured (Fig. 15). Considering the limits of the experimental system due to the 
MFCs used, the lowest investigated concentration of ammonia was 3 ppm (Fig. S3). Under this 
analyte gas concentration, the sensor showed a response of 21.9%. Then, the lowest detection limit 
can be expected below 1 ppm, probably. 
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Fig. 15. Variation of the impedance value of CZA sensor fired at 350 °C for 1 h, exposed to 300 
ppm of NH3 at an operating temperature of 200 °C. 

 

When oxygen molecules adsorb on CuO at 200 °C, electrons are captured (Eq. 8) and others move 
from ZnO, while holes flow in the opposite direction. 

After adsorption of ionic oxygen species (O-), the reaction of CZA sensor with ammonia gas caused 
the trapped electrons to be released into the material (Eq. 18), leading to an excess of electrons in 
ZnO, consequently reducing the width of the depletion layer. Because of p-n junctions, at the same 
time, holes are consumed in CuO causing the resistance to increase (Eq. 19), as depicted by Fig. 15 
[24]. 

2 NH3 + 3 O- → N2 + 3 H2O + 3 e- (18) 

2 NH3 + 3 h+ + 3 O- → N2 + 3 H2O (19) 

In conclusion, the CZA sensor was also able to detect from 3 to 300 ppm of NH3 at a working 
temperature of 200 °C, which is a much better result than that reported in [24], where the lowest 
investigated concentration was 50 ppm. 

Table 3 illustrates the performance comparison of CZA sensors reported in this work with other 
NO/NO2 sensors of the literature, mainly based on CuO/ZnO composites. The excellent performance 
of the proposed sensor is highlighted. 

 

Table 3. Performance comparison of the prepared CZA sensors with previous CuO/ZnO sensors. 

Reference Gas Preparation method 
and sensing material 

Sensor response Response and 
Recovery times [s]* 
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[24] NH3 
Al-ZnO/CuO prepared 

by co-precipitation, 
followed by sol-gel 

Ra/Rg = 983.2 under 
300 ppm NH3 at room 
temperature and Ra/Rg 
= 10.01 under 50 ppm 

NH3 

Response time = 14 s 
and Recovery time = 9 
s under 500 ppm NH3 

[50] NO 

ZnO nanorods 
embedded in a CuO 
thin film made by 

hydrothermal 
synthesis and 

sputtering 

170% under 20 ppm 
NO in dry air at 180 °C n.d. 

[51] NO 

ZnO nanorods in CuO 
thin film made by 

combining a 
hydrothermal 

synthesis method and 
a sputtering deposition 

method 

265% under 10 ppm 
NO at 180 °C Response time ≈ 100 s 

[52] NO2 

ZnO nanorods with 
CuO nanoparticles 
made by a solution-
based process from 

metal nitrates 

Ra/Rg ≈ 12.8 under 80 
ppm NO2 at 200 °C  

n.d. 

[53] NO2 

Sol-gel template 
method. CuO/ZnO 
composite with a 

flower-like structure 

Ra/Rg = 11.73 under 
100 ppm NO2 at room 

temperature 
Response time = 11.5 s 

[54] NO2 

Solution of Cu and Zn 
acetates + 

poly(vinylpyrrolidone) 
and NaOH refluxed at 

80 °C. CuO−ZnO 
flakes 

CuO (50%)-ZnO 
(50%) ∆R/Ra = 73% 

under 100 ppm NO2 at 
200 °C 

Response time = 5 s 
and Recovery time = 5 

s 

[55] NO2 

CuO nanowires grown 
by thermal oxidation 

with ZnO 
nanoparticles 

deposited by sol-gel 

CuO/ZnO 0.075 M: 
Ra/Rg = 4.1 under 100 
ppm NO2 at 250 °C 

Response time = 25 s 
and Recovery time = 

180 s 
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[66] NO2 

3D flower-like 
CuZnAl synthesized 

by a one-step 
hydrothermal method 

Ra/Rg = 22.30 under 
100 ppm NO2 at room 

temperature (RH = 
26%) 

Response time = 2.66 s 
and Recovery time = 

57.60 s 

This work NO2 

Co-precipitation 
method from metal 
nitrates; Cu/Zn/Al 

molar ratio = 60:30:10 

∆Z/Za = 94.9% (Za/Zg = 
20.8) under 25 ppm 

NO2 at 100 °C 

Response time = 17.1 s 
and Recovery time = 

675.6 s 

This work NH3 

Co-precipitation 
method from metal 
nitrates; Cu/Zn/Al 

molar ratio = 60:30:10 

∆Z/Za = 126% under 
300 ppm NH3 and 

21.6% under 3 ppm 
NH3 at 200 °C 

Response time = 257 s 
and Recovery time = 
455 s under 300 ppm 

NH3 

Note: Ra = resistance under air, Rg = resistance under target gas; n.d. = not determined; *: if the concentration 
is not mentioned with the response time and the recovery time, it is the same as the one reported in the column 
Sensor response. 

 

4. Conclusions 

A ternary oxide CuO/ZnO/Al2O3 with a Cu/Zn/Al molar ratio equal to 60:30:10 was successfully 
tested as a sensing material. The sensor was manufactured by screen-printing the sensing material 
onto an alumina substrate with platinum-interdigitated electrodes and subsequently firing at 350 °C 
for 1 h in air. The produced sensors could work as a p-n heterojunction for detecting nitrogen dioxide 
in the temperature range from room temperature up to 200 °C. 

After preliminary tests, the best compromise among the sensor response, the response time and the 
recovery times was achieved at 100 °C. Maximum response of about 95% was measured under 25 
ppm of the target gas. The limit of detection was below 0.25 ppm, allowing the target concentration 
set by EPA (0.1 ppm, 1 h daily maximum concentrations, averaged over 3 years) to be reached. 
Response times were reasonably fast while, on the contrary, recovery times were quite long, probably 
because of the tortuous path followed by the gas molecules when entering/leaving the pores of the 
thick film. Nonetheless, the sensors were almost insensitive to humid air (50% RH). This could be 
ascribed to the presence of aluminum, which can partly replace zinc atoms in the lattice of ZnO. The 
Al amount present in the material was enough to enhance its sensing properties, by increasing the 
dispersion and reducing the particles size of CuO and ZnO, without negatively affecting the CZA 
material behavior in humid environment. Besides, good repeatability and sensor response were also 
detected on an 18-month-aged sensor. 

In addition, the CZA sensor was able to detect from 3 to 300 ppm of NH3 at a working temperature 
of 200 °C too. In this case, the limit of detection is probably below 1 ppm. Finally, almost no response 
was observed under 500 ppm of CO2. 

Possible applications of these sensors could be for air quality and environmental monitoring, as well 
as in automotive and industrial fields. 
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