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Abstract 

Semiconducting metal oxide - based gas sensors exhibit outstanding sensitivity, although humidity 

in the analyte typically hampers precise measurements. In this work, it was shown that a 5-6 nm 

thin Al2O3 nano-layer is particularly beneficial in reducing the interference due to humidity of p-

type conductivity copper oxide-based gas sensors. An effective approach from chemical solutions 

at 75 C and thermal annealing at 600 C was used to grow copper oxide nano-crystallite layers. 

mailto:ollu@tf.uni-kiel.de
mailto:ra@tf.uni-kiel.de
mailto:n.h.deleeuw@leeds.ac.uk
mailto:sn@tf.uni-kiel.de


2 
 

The Al2O3 nano-layers were subsequently deposited on top of the copper oxide by atomic layer 

deposition in a high-aspect-ratio regime at 75 C. The morphological, structural, chemical, 

vibrational, electronical and sensor characteristics of the heterostructured nano-crystallite layers 

have been studied. The final nano-Al2O3/CuO heterostructure showed an increase in the response 

to H2 gas by 140 %, while long-term stability at low and high relative humidity was observed. The 

initial sensing response varied by only 10% for an Al2O3 layer of 5-6 nm/CuO with a post-thermal 

annealing at 600 °C acting as an effective barrier for water vapor and oxygen. A comparison with 

CuO nano-crystallite layers covered with 6 nm and 15 nm of Al2O3 ALD ultra-thin films on top 

demonstrates the exceptional stability of the hydrogen gas response at high relative humidity (84 

% RH). Density functional theory-based calculations show that the H2 molecule spontaneously 

dissociates over the formed Al2O3/CuO heterostructure, interacting strongly with the surface Al 

atoms, showing different behavior compared to the pristine CuO (111) surface, where H2 gas 

molecules are known to form water over the surface. The present study demonstrates that a 

thorough optimization of technology and surface properties due to coverage and formation of 

heterostructured nano-materials improves the humidity stability during H2 gas sensing applications 

which is important for real-world applications, e.g. portable battery analysis, H2 breath tests, along 

with environmental, medicine, security, and food safety diagnostic tests. 

  

1. Introduction 

A variety of semiconductor metal oxides (SMO) of different compositions are fabricated as 

nano-crystallite thin films for either gas sensing devices or as active layers for chemi-resistor based 

sensing applications. A significant amount of data has been published on the characteristics, 

structure and performance of sensor structures composed of different SMO materials [1–4]. 

However, the sensitivity of almost all conductometric sensors to water vapor [5,6] is one of the 
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major challenges for their practical application. The water in the analyte or tested ambience leads 

to a decrease or disappearance of the response, as well as fatal errors in the SMO sensors [7].  

To reduce the effect of humidity and water in the analyte or tested ambience on the sensor 

performance, additional, co-deposited materials on the sensor surface can be employed, e.g. ultra-

thin films, organometallic films [8], metal-organic compounds based on zeolitic imidazolate 

frameworks [9], or tin dioxide powder by spark discharge [10]. Konvalina and Haick have reported 

the influence of the relative humidity on micro- and nano-particle-based chemical sensors for real-

world purposes and the importance of humidity compensation [11]. Garg et al. have reported that 

the long-term drift of chemi-resistor characteristics based on Au metal mono-layer-capped nano-

particles (NPs) can be decreased by capping them with tri-thiols rather than mono-thiols, thus 

slowing down the oxidation process of the surface thiolates [12]. Javey et. al. have reported an 

approach to eliminate effects of response/sensitivity to relative humidity (RH) for chemical-

sensitive field-effect transistors (FET) by employing micro-heaters [13]. 

The continuous monitoring of various biological and gaseous species that contain humidity 

in their surroundings is of high importance due to hazardous emissions, breath tests, and 

environmental pollution, but implementation remains challenging. For example, hydrogen gas 

breath tests are developed to investigate pathophysiology of gastrointestinal diseases or intestinal 

disorders [14]. It is well known that intestinal bacteria in the bowel yield H2 gas on fermentation 

of carbohydrates, most commonly lactulose, in patients with suspicious small intestinal bacterial 

overgrowth [15,16]. Bacteria in the bowel can do so only if dietary carbohydrates are not absorbed 

in the small intestine and remain as undigested material as they transit along the digestive tract to 

the large intestine. Thus, glucose H2 gas breath tests that are immune to relative humidity (RH) 

from the exhaled atmosphere can help significantly to overcome current challenges in diagnosis 

and to develop new portable devices for biomedical applications, since existing breath test 

structures pose several challenges due to the effect of RH on the signal. Appropriate and 
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convenient appraisals of diagnostic tests can reduce healthcare costs and increase the specificity 

of care to patient [17]. The quality of the real information received from diagnostic tests can be 

enhanced if the methodology and approach of the test development meets all standards related to 

quality [17]. In this context, the most important qualities of semiconductor metal oxide-based 

hydrogen gas sensors are the gas sensitivity, gas response, response and recovery times, operating 

temperature, temperature stability, and especially the selectivity. All these characteristics are 

extensively investigated and improved in the development of new materials [18–21]. For example, 

it is known that adsorption of H2O molecules on oxide surfaces of SMOs will decrease the H2 gas 

response [19,20,22–24]. In our previous work [5], the effect of relative humidity on the response 

of nanostructured films on Zn-doped copper oxide was demonstrated. Moreover, Hübner et al. [6] 

demonstrated the effect of humidity on CO detection based on thick CuO films. However, further 

investigation is essential to increase the stability and to reduce the interference of relative humidity 

and enhance reliable long-term operation, since RH significantly affects sensor performances. For 

example, it is important to note, that relative humidity is the main cause of the lack in performance 

of SMO sensors. Even at very low values of RH, most SMO sensors are strongly affected, as 

reported by Wicker et al., where the sensor resistance was already affected at low RH of 0.1 % 

[25], and with increasing RH, the sensor response is affected even more [25,26]. Thus, many 

efforts are made worldwide to reduce the influence of RH in the test environment as a major factor 

to improve the quality of hydrogen sensing in breath tests, especially by semiconductor oxide-

based sensors [19,20].  

The surface reaction among the adsorbed oxygen species and the H2O will reduce the 

baseline electrical resistance of the sensing material, thus lowering the gas response value [19,20]. 

Additionally, H2O molecules adsorbed on the semiconducting oxide surface will block active 

surface sites, thereby lowering the gas response even further. In addition to these considerations, 

the RH influences the sensing performance of oxide materials in terms of sensor stability and 

reliability [27], since it affects repeatability of the sensing performance.  
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Another important aspect to consider are the “necks” between crystal grains, their sizes, and 

boundaries along with surface defects that can change during long-term operation at high 

temperatures, leading to a variation of H2 responses under the same conditions and decreased 

sensor stability [19,28]. Therefore, the protection of the sensing film with an additional thin oxide 

layer using high aspect ratio deposition, e.g. by atomic layer deposition (ALD) of another oxide 

as ultra-thin layer on top, would contribute to solving this issue. In ALD, alternating pulses of 

chemical precursor vapors are injected onto the sample surface to form a single atomic layer each 

cycle. Furthermore, this method allows the accurate control of the film thickness at the nanometer 

scale. Consequently, a pinhole-free and uniform film is grown, which acts as a barrier to water 

vapor and oxygen. Moreover, the long-term stability, which is a key factor for gas sensors from 

polycrystalline materials, can be improved as well. Thus, the influence of humidity on the H2 gas 

response should be eliminated, either through the design of the materials (surface structure and 

facet control) [29], by exploring different device structures, or by inducing humidity compensation 

to the response/sensitivity in the driving circuit, which otherwise deteriorate the practical 

applications of the oxide-based sensors. 

In this work CuO nano-crystallite layers covered with 6 nm and 15 nm of Al2O3 ALD ultra-

thin films are presented with exceptional stability and a hydrogen gas response at high relative 

humidity (84% RH). Heterostructure oxide-based H2 gas sensors that show extraordinary 

selectivity over other gaseous molecules and stability in the presence of humidity are reported. 

The sensing characteristics of such heterostructures are drastically improved by the heterojunction 

formed with the top Al2O3 layer on CuO polycrystalline films. This enhancement is linked to the 

exploitation of the electronic sensitization and surface structuring, which will be discussed in 

detail. 
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2. Experimental methods 

 

2.1 Sample synthesis 

Sample synthesis from chemical solutions (SCS) followed by thermal treatment/annealing 

(TA) were used to prepare copper oxide nanocrystalline layers on a glass substrate [30]. The 

copper-complex aqueous solution, as cation bath, was made by a 0.9 M CuSO4·6H2O and 0.9 M 

Na2S2O3·6H2O. Deposition cycles of copper oxide film consist of consecutive steps: (a) substrate 

holding in the alkali bath (81 C) for the adsorption of the ions OH– on the microscope specimen; 

(b) substrate holding in the Na2S2O3·5H2O for reaction of the Cu+ with adsorbed OH–. 

2𝐶𝑢+ + 2𝑂𝐻− → 2𝐶𝑢𝑂𝐻 → 𝐶𝑢2𝑂 + 𝐻2𝑂       (1) 

Conventional thermal treatment in a furnace at 600 °C for 30 min was used for post-deposition 

thermal annealing (TA), which approach significantly improves the crystallinity of the SCS grown 

copper oxide layers.  

Al2O3 ultra-thin film growth via thermal ALD was realized using Picosun’s R200 with the 

deposition temperature during the process adjusted to 75 °C. Additionally, PicoflowTM technology 

was utilized to achieve conform and uniform nano-layers with high aspect ratio (HAR). 

Trimethylaluminum (TMA) was used as the aluminum source and H2O to oxidize chemisorbed 

TMA. Alternating pulses of the aforementioned precursors were pulsed into the reactor chamber 

for 0.1 s per pulse to grow monolayers of Al2O3. Nitrogen gas was used to transport the precursor 

vapors into the reaction chamber and to purge byproducts from the reactor. 

2.2 Sample characterization 

The morphology of the hetero-structured specimens was investigated by Carl Zeiss SEM (6 

kV, 8 µA). The analysis of composition was performed by EDX, in connection with Carl Zeiss 

SEM. Crystallographic spectra were measured with diffractometer X-ray (XRD) using a unit 

Seifert3000TT, at 35 mA and 40 kV, with CuKα1 iradiation (=1.540598 Å). A microRaman 
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study was executed using a WITec Raman spectrometer, with a 532 nm Nd-YAG laser, a Peltier-

cooled detector. 

Additional data on the stoichiometry and chemical composition of the 6 nm Al2O3/CuO hetero-

structures were measured by XPS (OmicronNanoTechnology with Al-anode, 240 W). After 

collecting the spectra, potential charging of the sample was corrected by setting the C1s line of 

aliphatic carbon to the reference value of 284.5 eV [31]. For the evaluation, the software CasaXPS 

(version 2.3.16) was employed. The sensing performances to test gas were using a heterostructure 

detector connected to gold electrodes (see Fig. 1(e-g)). The measuring apparatus is linked to a set-

up with gas flow as described in previous works [20,27,32]. The responses (R) to gases were 

defined according to the expression ((Rgas – Rair)/Rair)·100, having Rair and Rgas as the electrical 

resistances of the heterostructure when placed under atmosphere (Rair) and exposed to test gas or 

vapors (Rgas), respectively. While varying the operating temperature (OPT), volatile organic 

compounds (VOCs) and hydrogen were used as test gas or vapors with a flow of 500 sccm 

(ml/min) set using pre-calibrated mass flow controllers [32] and the required concentrations were 

obtained using the following equations to obtain the sensor performances of the specimen [33,34]: 

𝐶 (𝑝𝑝𝑚) = 𝐶1 ∙𝐹𝑔𝑎𝑠𝐹𝑡𝑜𝑡           (2) 

where C is the required concentration of gas; C1 is the initial concentration of the test gas; Fgas is 

the gas flow; and Ftot is the total flow of the gas-air mixture. 𝑉𝑥 = (𝑉𝑜𝑙 ∙ 𝐶 ∙ 𝑀)/(22.4 ∙ 𝑑 ∙ 𝑝) ∙ [(273 + 𝑇𝑟)/(273 + 𝑇𝑐)] ∙ 10−9    (3) 

where Vx is the volume of VOC injected; Vol is the test chamber volume; C is the required VOC 

concentration (ppm); M is the molar mass; d the density (g/cm3); p the purity; Tr the room 

temperature; and Tc is the test chamber temperature (operating temperature). 

By measuring continuously, the output voltage across the heterostructure-based specimen, using a 

source meter (Keithley 2400) connected to a PC with suitable LabView (National Instruments) 

interface, the electrical conductivity was recorded under ambient atmosphere and exposed to test 
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gas or vapors (VOCs and hydrogen). During the measurements the relative humidity was set using 

a bubbling system and was measured using a standard hygrometer [35]. 

 

2.3 Calculation details 

Electronic structure calculations were carried out within a plane wave pseudopotential 

implementation of the density functional theory (DFT), using the projector augmented wave 

(PAW) method [36,37] within the Vienna ab-initio simulation package (VASP) [38–41]. Exchange 

correlations were treated by the generalized gradient approximation (GGA) using PBE functionals 

[42]. The Hubbard model was applied to improve the localisation of the Cu 3d electrons, through 

the formulation of Dudarev et. al. [43], where an effective correction of Ueff =7 Ev (Ueff = U - J, 

i.e. the difference between the Coulomb U and exchange J parameters) was used to accurately 

describe the strong correlations in CuO. This value of the U parameter effectively reproduces the 

correct structural, magnetic and electronic properties of tenorite (CuO crystal)  [44,45]. Other 

details of the calculations are the same as in previous work [44].  

The (111) surface is the most stable surface of tenorite and was modelled using 3× 3 × 1 

Monkhorst−Pack grid points (atomic structures were relaxed using the tetrahedron method) [46]. 

The locations of the atoms in the cell were fully relaxed until the atomic forces on each ion were 

less than 0.01 eV/ Å. The electronic densities of states were computed using a dense 5× 5 × 1 

Monkhorst-Pack grid point matrix, whereas a truncation kinetic energy of 450 eV for the plane 

waves provides an accurate description of properties that are affected by sharp features in the 

density of states. We used our previous slab model of four atomic layers, where the bottom two 

layers of atoms were fixed at their relaxed bulk positions to simulate the bulk phase of the crystal, 

while the atoms in the top two layers of the surface were permitted to change their atomic 

coordinates freely during geometry optimization [44]. A vacuum region of more than 15 Å was 



9 
 

used between surface slabs to avoid interactions between the periodic images while modelling the 

molecule-surface interactions.  

For the investigations of the interactions of the gas molecules with the surface, we have 

incorporated long-range dispersion forces using the DFT-D2 approach by Grimme [47]. The 

adsorption energies of the gas molecule were calculated using the relation: 

𝐸𝑎𝑑𝑠 = 𝐸𝑐𝑜𝑚𝑝𝑙𝑒𝑥 − (𝐸𝑠𝑢𝑟𝑓𝑎𝑐𝑒 + 𝐸𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒 ),       (4) 

where Ecomplex is the total energy of the surface slab with adsorbed molecule, Esurface is the energy 

of the surface slab without molecule, and Emolecule is the energy of the isolated molecule. Emolecule 

was calculated by modelling the isolated molecule in the centre of a broken symmetry cell with 

lattice constants of 20 Å, sampling only the gamma-point of the Brillouin zone with the same set 

of parameters as described for the surfaces. Bader charge analyses were performed using the code 

developed by Henkelman and co-workers [48,49] to investigate the charge transfer between the 

surface and molecule. 

 

3. Results and discussions 

 

3.1 Morphological Investigations of Al2O3/CuO 

Morphology and SEM images of Al2O3/CuO heterostructures with a 6 nm top layer of Al2O3 

after thermal treatment at 600 °C for 30 min are shown in Fig. 1(a-d). The investigated samples 

are formed of densely packed CuO grains that homogenously cover the specimen. Agglomerates 

or gaps were not found, even at lower magnification (see Fig. S1). The diameter of the crystalline 

CuO grains fluctuates in a diapason from 100 nm to 450 nm (Fig. 1(b,c) and Fig. S2). At higher 

magnification (see Fig. 1(b,c) and Fig. S2(b,c)), a nanodot-like structure is observed for 6 nm-

Al2O3/CuO heterostructures after TA at 600 °C for 30 min in comparison with as-grown samples 

with 6 nm-Al2O3/CuO (see Fig. S2(a)). These nanodot-like structures appear only for samples 
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after thermal annealing at about 600 °C for 30 min, probably due to phase transitions at the 

interface or surface of the 6 nm-Al2O3/CuO. This process leads to the formation of nano-

agglomerations of CuAl2O4 (see Fig. 1(g)), following the energy stress that occurs in this specific 

thermal annealing temperature range [50–52]. 

 

3.2 XRD, Raman and XPS studies 

X-ray diffraction was selected to obtain the crystal structure of the Al2O3/CuO heterostructures 

after TA at 600 °C for 30 min. Fig. 2(a) shows that, for 6 nm-Al2O3/CuO heterostructures after 

TA at 600 °C for 30 min, the two phases of CuO and CuAl2O4 can be identified. As reported in 

our previous work [30], at temperatures above 550 °C, only monoclinic CuO is present with 

highest XRD reflections detected for (-111)/(002) and (111) at 2θ angles of 35.45° and 38.7°, 

respectively. The shape of the diffraction peaks indicates the high crystallinity of the investigated 

samples. The tenorite structure has space group C2/c [53] with crystal lattice parameters of 

c = 5.1321 Å, a = 4.6851 Å, b = 3.4231 Å, and β = 99.52° [54]. The copper in tenorite is in the 

Cu2+ oxidation state showing antiferromagnetic ordering [54] and antiferromagnetic insulating 

ground states [55,56]. For 15 nm-Al2O3/CuO heterostructures after TA at 620 °C for 40 min the 

two phases of CuO and CuAl2O4 were also identified (see Fig. S3). 

The crystalline phase of CuAl2O4 was identified from Card PDF #01-1153 (copper aluminum 

oxide) to be a cubic system with the precise lattice parameter of a = 8.064 Å [50,57]. 

In Fig. 2(b), the Raman spectrum of 6 nm-Al2O3/CuO heterostructures at room temperature of 

20 °C enclosed by 70 and 1000 cm-1 is shown. From the spectrum, the mode peaks observed at 

about (i) 281, 326 and 617 cm-1, assigned to the tenorite [5,30], and (ii) 481, 512, 608, 703 and 

788 cm-1, which are assigned to the CuAl2O4 (copper aluminium oxide), confirm the existence of 

the two phases, also indicated by XRD [50]. Raman mapping image of the Ag mode (281 cm-1) for 
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the 6 nm Al2O3/CuO heterostructures and TA at 600 °C in air for 30 min is shown in Fig. S4. The 

CuO structure has 12 phonon branches due to its primitive cell, so the modes are [5,55]: 

𝑣𝑖𝑏𝑟 = 𝐴𝑔 + 2𝐵𝑔 + 4𝐴𝑢 + 5𝐵𝑢         (5) 

where 𝐴𝑢 + 2𝐵𝑢  are three accoustic modes; 𝐴𝑔 + 2𝐵𝑔 are nine Raman-active optical modes; and 3𝐴𝑢 + 3𝐵𝑢 are six IR-active modes [5,58]. The IR modes implicate the motion of Cu and O atoms 

and the induced dipole moment is onward of axis b for 𝐴𝑢 modes and vertical to axis b for the 𝐵𝑢 

modes [5]. In the Bg and Ag Raman modes, the O atoms move perpendicular to the b-axis for Bg 

modes and in the b-direction for Ag [5,58]. 

The structure of CuAl2O4 is an inverse cubic spinel with space group Oh–Fd3m. The lattice 

vibrations which are active optically in different symmetry species are [50,59]: 

Г = 𝐴1𝑔 + 𝐸𝑔 + 3𝐹2𝑔 + 5𝐹1𝑢 + 𝐹1𝑔 + 2𝐴2𝑢 + 2𝐸𝑢 + 2𝐹2𝑢     (6) 

where A1g, 3F2g and Eg are Raman-active modes; and F1u are infrared-active modes. In the 5F1u 

modes, one mode with zero frequency corresponds to a translation mode, but the other four modes 

are detected in the infra-red region. There is a single micro-Raman mode which is inactive, F1g, 

while 2Eu, 2A2u and 2F2u are inactive infrared modes. The band at ~788 cm-1 has been attributed 

to A1g, showing the vibrations of Mt–O4 tetrahedra (Mt, tetrahedral cation), bands at ~608, 512 and 

703 cm-1 have been attributed to the F2g mode, due to Cu–O vibrations, and the sluggish mode at 

481 cm-1 has been assigned to the Eg mode, conforming to the curving mode of Al–O tetrahedral 

[50,51,59,60].  

The XPS investigation of 6 nm-Al2O3/CuO heterostructures indicates the presence of Na, O, 

Cu, C and Al, which can be identified in the XPS survey spectrum, shown in Fig. 2(c). The signal 

corresponding to C stems from surface contaminations by atmospheric carbon and occurs as a 

result of the ALD layer, where TMA organic material, i.e. Al(CH3)3, was used as the aluminum 

precursor. The signal corresponding to Na, Cu and Al is attributed to the Al2O3/CuO 
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heterostructures. The signal of O is partially related to atmospheric contaminations but mainly to 

oxidation of Na, Cu and Al from the sample. The occurrence of a Na signal can be assigned to the 

uncovered surfaces or the migration/transfer of sodium ions from the substrate made of microscope 

glass to the 6 nm-Al2O3/CuO heterostructures [61–63]. 

A closer look at the high-resolution spectrum of the Al-2p lines, shown in Fig. 2(d), reveals 

that the main peak of the Al-2p line is located around 73.9 eV. Due to the limitations of the 

measurement set-up, it is not possible to resolve the peak splitting between Al-2p3/2 and Al-2p1/2. 

The peak location around 73.9 eV agrees well with Al3+ in Al2O3, which is commonly reported 

between 73.7 eV and 74.8 eV [31,64]. The occurrence of an additional shoulder, ranging from the 

main peak towards higher binding energies is on the one hand due to an overlap with the Cu-3p 

lines (typically located around 76 eV) [31] and on the other hand potentially due to the presence 

of a different chemical environment, e.g. in Al2CuO4 (typically reported between 74.2 eV and 74.7 

eV) or the Al-OH bonds in for example Al(OH)3 (typically reported between 74.0 eV and 75.7 

eV) [31,64]. 

As observed in the high resolution spectrum of the Cu-2p lines in Fig. 2(d), the peak position 

of the Cu2p3/2 line is centred at ~934.8 eV, which is an indication of the presence of Cu2+ in CuO 

(typically located between 933.2 eV and 934.4 eV) rather than Cu+ in Cu2O (commonly reported 

between 932.0 eV and 932.7 eV) or metallic Cu (between 932.2 eV and 933.0 eV) [31,64–66]. 

Also, the occurrence of satellite peaks to the Cu-2p3/2 line around 942.6 eV and 944.9 eV supports 

the assignment to Cu2+ in CuO.   

However, based on the high sensitivity of the surface for XPS, the presence of Cu and Al in 

different oxidation states within the bulk of the 5 nm-Al2O3/CuO may not be ruled out here. 

3.3 Gas sensing properties 

Fig. 3(a) presents the response to various gases (hydrogen, n-butanol, ethanol, 2-propanol, 

acetone, carbon dioxide, methane and ammonia) with concentrations of 100 ppm by the 6 nm-



13 
 

Al2O3/CuO heterostructures at different working temperatures. The gas response shows p-type 

conductivity behaviour for all tested gases, since the electrical resistance increased after the 

introduction of the gases. Furthermore, a high and selective response to H2 at all working 

temperatures was observed. The responses are 50%, 86%, 140%, 131% and 109% at 

working temperatures of 250 °C, 275 °C, 300 °C, 325 °C and 350 °C, respectively, and the optimal 

operating temperature was 300 °C. For comparison, Fig. S5(a) shows the data for CuO 

nanostructures without an additional Al2O3 top layer (TA 600 °C for 30 min) with 

response/selectivity to ethanol vapors at OPT of 250 °C and to H2 gas at higher working 

temperatures. Fig. 3(b) illustrates the characteristic current-voltage curves of 6 nm-Al2O3/CuO 

heterostructures after TA at 600 °C for 30 min at various working temperatures, i.e. an increase of 

the electrical current with operating temperature and proven Ohmic behavior with a linear 

characteristic. Fig. 3(c) shows the dynamic hydrogen response of 6 nm-Al2O3/CuO 

heterostructures with TA at 600 °C at various working temperatures. Response and recovery times 

are τr = 14.5 s, 21.2 s, 18.7 s, 22.7 s and 22.8 s and td = 56.1 s, 48.1 s, 56.3 s, 55.8 s, 47.1 s at 

working temperatures of 250 °C, 275 °C, 300 °C, 325 °C and 350 °C, respectively. Fig. 3(d) 

presents the dynamic response to different concentrations of hydrogen (1, 5, 10, 50, 100, 500 and 

1000 ppm) at a working temperature of 300 °C for the 6 nm-Al2O3/CuO heterostructures after 

thermal annealing at 600 °C for 30 min under low relative humidity (16 % RH, curve 1) and high 

relative humidity (84 % RH curve 2). For example, a response of 27 % is measured at 1 ppm H2. 

Here, the differences in response for low and high relative humidities for 1, 5, 10, 50, 100, 500 

and 1000 ppm H2 can also be observed, indicating changes of 10%, 11%, 13%, 17%, 16%, 

7% and 28%, respectively, from the maximum response for each concentration. For a better 

understanding of the effect of working temperature and relative humidity on the sensors, they are 

plotted in Fig. S6(a,b) using the real values of the sensor resistance. Comparing the data obtained 

for 6 nm-Al2O3/CuO heterostructures with the CuO nanostructures in Fig. 4(c), the high RH leads 

to a reduction in the H2 response by on average 35-40% for CuO. Furthermore, the response to 
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ethanol vapor (Fig. S5(b)) is drastically decreased at high RH, resulting in an approximately zero 

response. In contrast, the 6 nm-Al2O3/CuO heterostructures demonstrate excellent response at the 

high relative humidity.   

The error bars express the maximum and minimum values of the response measured from four 

tested sensor sets of each heterostructure at given concentrations of vapors exposed to 16% and 

84% RH (see Fig. 3(f)). Fig. 3(e) exhibits the dynamic gas response to 5 ppm of hydrogen for 6 

nm-Al2O3/CuO heterostructures at an OPT of 300 oC. Here, the effect of the relative humidity on 

the sensing of low concentrations of hydrogen gas is negligible. Fig. 3(f) displays the gas response 

versus concentration of hydrogen gas from 1 ppm to 1000 ppm at an OPT of 300 C. At lower 

concentrations of test gases, the response is high and increases with higher concentration; in 

addition, at high relative humidity an increased stability is observable. This might be explained by 

the high aspect ratio and conformal coverage of the deposited nano-layer (5-6 nm) of Al2O3 on p-

type CuO grains compared to the unprotected structure, which does not affect the surface-area-to-

volume-ratio, but the surface chemistry. 

The dynamic response to multiple types of vapors at a working temperature of 300 C of the 6 

nm-Al2O3/CuO heterostructures is displayed in Fig. S7(a), indicating high selectivity to hydrogen 

gas. The dynamic response with three consecutive pulses to hydrogen with 100 ppm gas 

concentration at a working temperature of 300 °C of 6 nm-Al2O3/CuO heterostructures after 

thermal treatment at 600 °C during 30 min is presented in Fig. S7(b). Here, the superior sensing 

performances, with excellent repeatability, make this system highly useful for practical 

applications and for the development of real devices. 

Figures 4(a,b) show the long-term stability of 6 nm-Al2O3/CuO heterostructures under low 

(16%) and high (84%) relative humidity and the response over 70 days to H2 gas at a working 

temperature of 300 °C with concentrations of 1 ppm (Fig. 4(a)) and 100 ppm (Fig. 4(b)). We note, 

that after 70 days the gas response is approximately constant, varying by only 10-15%, 
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demonstrating the long-term stability of the sensors. The long-term stability toward H2 gas with 

concentrations of 5 ppm from Fig. S8 shows approximately the same stability within 10%. Fig. 

4(c) shows the response to H2 gas versus various working temperatures for low and high relative 

humidity of CuO nanostructures after thermal annealing at 600 oC for 30 min. Here, the high RH 

leads to a reduction in the H2 response by 35-40 %. 

Fig. 5(a) shows the gas response to various gases (hydrogen, n-butanol, 2-propanol, ethanol, 

acetone and ammonia) with a concentration of 100 ppm for 15 nm Al2O3/CuO heterostructures 

after thermal annealing at 620 oC for 40 min. Fig. 5(a) shows that, independent of the working 

temperatures (275 oC, 300 oC, 325 oC and 350 oC), the sample is selective to hydrogen gas with 

response values of ~51 %, ~54 %, ~61 % and ~75 %, respectively. Fig. 5(b) shows the current-

voltage characteristic of 15 nm Al2O3/CuO heterostructures after TA 620 °C during 40 min at 

different operating temperatures. The samples show Ohmic behavior with a linear characteristic 

and the current decreases with the operating temperature compared to the 6 nm Al2O3/CuO sample 

(Fig. 3(b)), possibly due to the thicker layer (15 nm) of Al2O3. Fig. 5(c) shows the dynamic 

response to hydrogen of 15 nm Al2O3/CuO heterostructures after TA at 620 °C for 40 min at 

different operating temperatures, with values of τr = 17.4 s, 18.3 s, 19.7 s, 20.8 s and td = 61.3 s, 

63.2 s, 60.1 s, 59.9 s for the response and recovery times at working temperatures of 275 °C, 300 

°C, 325 °C and 350 °C, respectively. 

Fig. 5(d) presents the dynamic response to multiple concentrations of hydrogen (1, 5, 10, 50, 

100, 500 and 1000 ppm) at a working temperature of 350 °C of 15 nm Al2O3/CuO heterostructures 

after thermal annealing at 620 °C for 40 min for low RH (curve 1) and high RH (curve 2). It can 

be observed that the high RH does not affect the sensor even at low hydrogen concentrations (1 

ppm), where a 9% response was obtained (see Fig. 5(e)). Whereas for the 6 nm Al2O3/CuO sample 

(Fig. 3(d)) at high relative humidity the response is still affected by 10-15%, the 15 nm Al2O3/CuO 

sample shows no change in the response. Fig. 5(f) shows the gas response versus concentration of 

hydrogen gas from 1 ppm to 1000 ppm at an OPT of 350 oC. At relatively low concentrations, the 



16 
 

response is high and increases with higher concentrations. In addition, at high relative humidity 

the increased stability is observable, which might be explained by the high aspect ratio conformal 

coverage of the deposited thicker nano-layer (15 nm) of Al2O3 on p-type CuO grains. 

The gas detection studies of nano-Al2O3/CuO heterostructures, showing the high selectivity 

for H2 gas, the stability in long-term usage, stability under humidity, as well as the detection of 

very low concentrations of only 1 ppm, suggest that an important application field could be the 

monitoring of thermal runaway in Li-ion-batteries (LIBs). LIBs with a critical failure (short circuit, 

damage, etc.) can trigger a chain of exothermic reactions that leads to a rapid rise in temperature 

and consequent catastrophic self-accelerated degradation (thermal runaway) of the LIB, with the 

elimination of hydrogen and hydrocarbons [67]. Moreover, hydrogen is one of the most common 

gases found in LIB after long-term cycling and/or storage at elevated/high temperatures [68]. H2 

gas production in LIBs is assigned to residual moisture, due to insufficient drying of the electrodes, 

separators and other cell components. Even small amounts of H2O contamination inside the 

electrolyte can lead to multiple electrolyte degradation and corrosion reactions at the 

electrode/electrolyte interfaces [68–70]. Applying nano-Al2O3/CuO heterostructure sensors close 

to individual battery cells could identify units that are failing from the H2 gas eliminated, thus 

indicating probable thermal runaway that can heat LIBs to over 200 °C by ensuring the appropriate 

working temperature for the sensor.  

The selective detection of hydrogen, moisture stability and detection of low hydrogen 

concentrations by sensors based on nano-Al2O3/CuO heterostructures, makes their integration in 

the vicinity of the individual battery cells an attractive prospect, i.e. over the connecting busbars 

of battery cells [71], or above the battery cell [72]. Thus, a possible route to an efficient and rapid 

sensing of the very early phase of thermal runaway could be achieved, thereby avoiding the 

degradation of other parallel connected cell units. 
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3.4 Proposed gas detection mechanism 

The mechanism for gas detection of heterostructure-based nanomaterials is still under debate. 

The main gas and vapor sensing models for p-type conductometric devices are explained as 

molecular adsorption, followed by a charge transfer directly between the gaseous molecules and 

heterostructure-based nanomaterials to produce modulation of the Fermi level, i.e. variation in the 

electrical conductivity. The basic gas sensing-detection mechanism of our heterojunctions can be 

discussed following the existing models of ionosorption [73–78]. 

(Co, Ni, Cu, Zn) aluminate is known as a catalytic material with a low acidity for surfaces, but 

high thermal and chemical stabilities for growth, hydrogenation, dehydrogenation, dehydration, 

isomerization and combustion processes [79–82]. As such, the response enhancement for H2 could 

be interpreted as depending on the free electron and hole transfer and the charge separation owing 

to the CuAl2O4/CuO nano-hetrostructure. The creation of n-p and n-n nano-heterojunctions is 

known to be highly valuable in improving detection characteristics [2,73–77,83]. 

Fig. 6 presents a schematic of the H2 detection suggested for a CuAl2O4/CuO structure. A flow 

of electrons will leak from CuAl2O4 nanodots to the CuO nanostructure that is formed following 

the thermal annealing of Al2O3 at a temperature of 600 °C (see Fig. 1(a-d)), thereby producing an 

increase in the hole concentration in the CuAl2O4 surrounding nanodots. This situation will lead 

to a higher coverage of oxygen species on the CuAl2O4 nano-island-dot surfaces in air (Fig. 6(a)), 

provoking higher hole concentrations in that region, thus improving reactions on the surface, e.g. 

the absorption of a test gas if the heterostructure was exposed to gas. Upon application of hydrogen 

gas (Fig. 6(b)), adsorption and reaction with oxygen will take place, enhancing the response, based 

on a smaller charge transfer value on the top surface [2,73,80,84]. 

The detection steps suggested here illustrate that the existence of CuAl2O4 will enhance the 

adsorption of species on the CuAl2O4 surface, because transfer of free charge carriers from CuO 

to CuAl2O4 will speed up the oxidation processes. The improvement of surface reactions such as 
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adsorption, dissociation, and the ionization of oxygen through the presence of different nano-

particles of metal oxides, for example NiO and In2O3, has been recognized previously [85,86]. 

At operating temperatures of 250 – 350 °C in ambient air (the ranges of temperature involved 

for current investigation), the adsorbed species on the surface of metal oxides is principally 

molecular oxygen (O2), which takes a free hole in a top surface state, (see Fig. 6(a)) according to 

the equation [73,78,80,87]:  

𝑂2(𝑔𝑎𝑠) → 𝑂2(𝑎𝑑𝑠) + ℎ+ → 𝑂2(𝑎𝑑𝑠)−         (7) 

For hetero-structures, this process will contribute to the appearance of a depletion region at the 

top of the surface. 

Next, upon exposure to hydrogen gas the following reaction takes place [21,83,88,89]: 

2𝐻2(𝑔𝑎𝑠) + 𝑂2(𝑎𝑑𝑠)− + ℎ+ → 2𝐻2𝑂 + 𝑁𝑢𝑙𝑙        (8) 

Two H2O molecules are formed and the holes in the depleted region will recombine with the 

released electrons forming Null (h+ + e- → Null). Next occurs a narrowing of the depletion region 

and a decrease in the electrical current or an increase in the resistance of the heterostructure. 

 

3.5 Breath test sensing  

Fig. 7(a) illustrates schematically the principle of a hydrogen and/or methane breath test. 

Initially, bacterial fermentation of a badly absorbed sugar takes place in the intestines, where 

hydrogen and/or methane gas is produced. Thus, hydrogen and/or methane gas is absorbed into 

the bloodstream and transported to the lungs (see Fig. 7(a), step 1). Upon these gases from the 

blood flow reaching the lungs, they are transported by exhalation (see Fig. 7(a), step 2). The breath 

can be analyzed, representing a very useful non-invasive investigation method. In our case, the 

breath tests were performed as follows: at the working temperature of 300 °C, first a flow of H2 

gas with a concentration of 75 ppm was applied to the sample; at the same time as the H2 gas, an 
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expiration of air from a person was applied for 10 seconds to obtain the second pulse in Fig. 7(b); 

whereas the third pulse in this figure is obtained solely from the expiration of air from a person to 

see the influence of the response on breath dependence. Fig. 7(b) shows the effect of breath on the 

hydrogen response. It can be seen that the first pulse, where only hydrogen gas is applied with a 

concentration of 75 ppm at a working temperature of 300 °C, leads to a response of 112%. A 

second pulse, applied for 10 seconds and composed of 75 ppm of hydrogen gas and a test-breath, 

leads to a maximum response of 121%. Here, the test-breath showed no effect on the response, 

which proves the excellent stability of the sensor. Only in the third pulse, upon application of the 

test-breath only, a negligible response of about 5% is shown, explaining the high response to the 

second pulse of 121%. For comparison, Fig. S9 shows the effect of breath on the hydrogen 

response under longer exposure of 25 seconds, when 75 ppm of hydrogen gas is applied in the 

second pulse. This also had low impact on the sensing performance. 

3.6 DFT calculations: H2 molecule interaction with Al2O3-CuO (111) surface 

The (111) surface was found to be the dominant plane in the CuO morphology, with the lowest 

surface energy of 0.75 J/m2 [44].  The atomic top layer of the CuO (111) surface contains two 3- 

and two 4-coordinated copper and oxygen atoms. 3-coordinated CuCUS are coordinatively 

unsaturated atoms, and 4-coordinated CuCSA are coordinatively saturated copper atoms, both 

present in the top layer (see Fig. S10). OSUF are the most exposed 3-coordinated oxygen atoms, 

whereas OSUB are 4-coordinated sub-surface oxygen atoms. We first relaxed the surface with the 

optimized geometry shown in Fig. S10. In order to model the Al2O3:CuO (111) surface, we 

replaced 3 Cu atoms with 2 Al atoms to maintain charge neutrality and we considered both the top 

surface layer as well as the second Cu-O layer. Different configurations were investigated by 

substitution of various copper atoms in the first and second layers and we found the lowest energy 

structure to be one, where we had removed one 4-coordinated copper (CuCSA) atom from the top 

layer and substituted one 4-coordinated (CuCSA) and one 3-coordinated (CuCUS) atom with Al 

atoms. After relaxation, we noted that one of the aluminium atoms, Al1, which was substituted for 
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the 4-coordinated copper atom CuCSA, binds to three oxygen atoms in the top surface layer, whereas 

the second Al atom, Al2, which was substituted for a 3-coordinated copper atom CuCUS, forms four 

Al-O bonds in the topmost surface layer, as shown in Fig. 8. As such, we observed formation of 

an Al2O3-CuO heterostructure in the top layer of the surface, with Al-O bond lengths ranging from 

1.711 Å to 1.884 Å. 

We next placed a H2 molecule in various orientations close to different surface sites and noted 

that upon geometry optimisation the molecule dissociates spontaneously, with one H atom binding 

to one of the surface oxygen atoms that is bonded to a surface Al atom and a second layer Cu atom, 

with the other H atom binding to another surface O atom that was shared between the second Al 

atom and a CuCUS atom in the top layer, as shown in Fig. 9. On adsorption, the surface Al-O and 

Cu-O bond lengths increase, with the Al1-O4 bond elongating from 1.73 Å to 1.80 Å, the Al2-O5 

bond length increasing from 1.71 Å to 1.80 Å and CuCUS-O5 increasing to 1.94 Å from its original 

value of 1.81 Å. 

In order to further asses the interaction of the hydrogen molecule with the Al2O3-CuO (111) 

surface, we performed a Bader charge analysis and plotted the charge density difference, as shown 

in Fig. 9(b). We note that as a result of the interaction with surface Al and Cu atoms, both hydrogen 

atoms lose charge density to gain positive charges of 0.68 and 0.70 e- respectively, whereas the 

Bader charges of Al1, Al2 and the surface Cu atom, which bind the hydrogen atoms, change from 

2.37, 2.41 and 1.09 e- to 2.36, 2.43 and 0.526 e-, respectively. In order to further quantify the 

electronic structure changes, we have also calculated the electronic density of states (DOS) and 

the results show that there is considerable shift in the conduction band, as the band gap changes 

from 0.88 eV to 1.09 eV (see Fig. 10). 

The change in electronic states is also reflected in the Fermi energy, which changes from -

1.808 to -1.147 eV as a result of the interaction of the hydrogen gas with the Al2O3:CuO surface. 

The binding energy for the dissociated H2 molecule is calculated to be -2.83 eV. 
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The dissociative adsorption of the H2 molecule on the Al2O3:CuO surface is in contrast to the 

behavior on the pristine CuO (111) top surface, where we have established that the H2 molecule 

forms an adsorbed water molecule through binding to the most exposed O atoms at the CuO (111) 

surface, thereby reducing the CuO (111) surface [90]. We have also investigated the interaction of 

the hydrogen molecule with the tenorite (111) top surface with a lower level of Al doping, where 

we used a 2x2 surface simulation cell of CuO (111), consisting of 64 Cu and 64 O atoms, and 

replaced 3 top layer Cu atoms by 2 Al atoms. Similar to the 1x1 cell, we selected the configuration 

with the lowest energy, i.e. where we had replaced two 4-coordinated copper (CuCSA) atoms and 

one 3-coordinated (CuCUS) atom by Al atoms. We next placed a H2 molecule onto the surface, but 

observed similar dissociative adsorption of the H2 molecule, as presented in Fig. S11. 

To investigate the role of water on the Al2O3-CuO (111) surface, we next studied the 

interaction of an H2O molecule, again by placing the molecule in different orientations close to 

Al-Cu heterostructure formed as a result of Al doping of the CuO (111) surface. We noted that the 

H2O molecule dissociates into H and OH species which bind to the surface (see Fig. 11). The OH 

species binds to one of the aluminum atoms, Al1, with a bond length of 1.768 Å, while the H atom 

binds to one of the surface oxygen atoms, shared between the second Al atom (Al2) and a copper 

CuCUS atom. Again, this behaviour is in contrast to the interaction of a water molecule with the 

pristine CuO (111) surface, where no such dissociation is observed and the molecule binds instead 

to an unsaturated copper atom, CuCUS (dCu-O = 2.08 Å), as show in Fig. S12. 

 

4. Conclusions 

In this work, we have reported the synthesis of nano-Al2O3/CuO heterostructures with 

low sensitivity to humidity and an increased ratio in H2/humidity interference/sensitivity. 

The proposed method allows the elimination of the effects of humidity in the response to 

gases by conductometric chemical-sensitive heterostructures, via the use of an ultra-thin 
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oxide layer formed on top of the surface through high-aspect ratio ALD. A 6 nm Al2O3 

nano-layer was grown on top of the surface of CuO nanostructures thus obtaining a nano-

Al2O3/CuO heterostructure, which resulted in the formation of a heterojunction of CuAl2O4 

and CuO after treatment at 600 oC for 30 min, as shown by XRD and Raman measurements. 

The sensor system demonstrated a high selectivity to H2 gas with a value of 140%, at 

operating temperatures of about 300 °C. Furthermore, the ability to detect small 

concentrations of hydrogen gas was demonstrated, obtaining a response of 27% to a 

concentration of only 1 ppm, as well as a stabilizing effect at high concentrations of relative 

humidity. The response at 84% RH was modified by only 10% from the response value 

at 16% RH, which can be explained on the basis of higher aspect ratio coverage of p-type 

CuO compared to the unprotected material. The present study demonstrates that 

heterostructured nano-materials have enhanced humidity stability for H2 gas sensing 

applications, possibly due to the low surface acidity catalytic properties, and high thermal 

and chemical stability of copper-aluminum oxide for processes that take place on the 

heterostructured nano-material surface.  

The DFT calculations have revealed the fundamentally different behaviour between the 

Al2O3:CuO heretostructure and the pristine CuO (111) surface. The H2 molecule interacts 

strongly with the Al2O3:CuO (111) surfaces by dissociating into atomic hydrogens and 

binding to Al-bound surface oxygen atoms, in contrast with the behaviour of H2 molecules 

on the pristine CuO (111) surfaces, where an adsorbed water molecule is known to form 

surface-bound water, due to the H2 molecule interacting with surface oxygen atoms. 

Furthermore, owing to the more reactive nature of the Al-CuO heterostructure, the 

spontaneous dissociation of water molecules is also observed over the Al2O3:CuO surface, 

again in contrast to the pure CuO (111) surface where water adsorbs molecularly.  

A study into the effect of thermal annealing temperatures and durations, with respect to RH 

and H2 concentrations as well as temperature, is in progress and will be published elsewhere. Our 
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advances in such a competitive field could contribute to the development of a cost-effective, low-

power heterostructure for widespread detection of H2 in portable battery applications, not only for 

gas analysis, but also for security, environmental, breath test and food safety applications. 
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Figure 1. SEM images of 6 nm-Al2O3/CuO heterostructures with thermal annealing at 600 oC for 

30 min at various enlargement: (a) 1 µm; (b) 200 nm; (c) 100 nm; and (d) 40 nm. (e) The schematic 

drawing of the detector made on the nano-Al2O3/CuO heterostructure: (f) as-grown; and (g) TA 

600 oC. 
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Figure 2. (a) XRD patterns; (b) room temperature Raman spectrum; (c) XPS analysis of 6 nm-

Al2O3/CuO heterostructures with thermal treated at 600 oC for 30 min indicates the presence of 

Na, Cu, O, Al and C. (d) The positions for peaks are shown by dashed lines in the survey spectrum. 

In the highresolution spectra, the C1s, O1s, Al2p and Cu2p lines are fitted and dashed lines show 

the peak positions of the respective components. 
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Figure 3. (a) Gas response to various gases (100 ppm) and work temperatures of 6 nm-Al2O3/CuO 

heterostructures with thermal treated at 600 oC for 30 min. (b) I/V-characteristics for Al2O3/CuO 

heterostructures treatment treated at 600 oC for 30 min at multiple work temperatures. (c) Dynamic 

response to 100 ppm of hydrogen gas for 6 nm-Al2O3/CuO heterostructures treatment treated at 

600 oC for 30 min at multiple work temperatures. (d) Dynamic response to multiple concentrations 

of hydrogen (1, 5, 10, 50, 100, 500 and 1000 ppm) and work temperature of 300 °C of 6 nm-

Al2O3/CuO heterostructures treatment annealing at 600 oC for 30 min for low and high relative 

humidity. (e) Dynamic response to 5 ppm of hydrogen gas for 6 nm-Al2O3/CuO heterostructures 

treatment annealing at 600 oC for 30 min at OPT 300 oC. (f) Response to different concentrations 

of hydrogen gas at work temperature of 300 °C for low and high relative humidity. 
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Figure 4. The long-term stability of 6 nm-Al2O3/CuO heterostructures for low and high 

relative humidity at work temperature of 300 °C and the response to H2 gas with concentrations 

of: (a) 1 ppm; and (b) 100 ppm. (c) Response to H2 gas versus operating temperatures for low and 

high relative humidity of CuO nanostructures. 
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Figure 5. (a) Gas response to various gases (100 ppm) and work temperatures of 15 nm-

Al2O3/CuO heterostructures with thermal annealing at 620 oC for 40 min. (b) I/V-characteristics 

for 15 nm-Al2O3/CuO heterostructures with thermal annealing at 620 oC for 40 min at different 

operating temperatures. (c) Dynamic response to 100 ppm of hydrogen gas for 15 nm-Al2O3/CuO 

heterostructures with thermal annealing at 620 oC for 40 min at different operating temperatures. 

(d) Dynamic response to different concentrations of hydrogen (1, 5, 10, 50, 100, 500 and 1000 

ppm) and work temperature of 350 °C of 15 nm-Al2O3/CuO heterostructures with thermal 

annealing at 620 oC for 40 min for low and high relative humidity. (e) Dynamic response to 1 ppm 

of hydrogen gas for 15 nm-Al2O3/CuO heterostructures with thermal annealing at 620 oC for 40 
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min at OPT 300 oC. (f) Response to multiple concentrations of hydrogen gas at work temperature 

of 350 °C for low and high relative humidity. 

 

Figure 6. Schematic illustration of the H2 detecting mechanism for CuAl2O4/CuO heterostructure: 

(a) under ambient atmosphere; and (b) under hydrogen gas. 
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Figure 7. (a) Schematic of principle of hydrogen and/or methane breath test; (b) the influence of 

breath from a healthy person on the hydrogen response. 
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Figure 8. Side (a) and top view (b) of the relaxed structure of the Al2O3-CuO (111) surface, where 

O = red, Al = light blue, and Cu = dark blue. 
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Figure 9. (a) Interaction of Hydrogen molecule with Al2O3-CuO (111) surface. Hydrogen atoms 

are shown in salmon pink, whereas the colour scheme of the other atoms is the same as in Fig. 8; 

(b) Charge density difference plot of H2 molecule interaction on the Al2O3-CuO (111) surface, 

where positive and negative charge densities in (e/Bohr3) are indicated by yellow and blue colours. 

Different numbers indicate bader charges on aroms. Colour scheme for the atoms is the same as 

in (a). 
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Figure 10. Density of states of (a) the Al2O3-CuO(111) surface, and (b) the system of the 

Hydrogen molecule adsorbed on the Al2O3-CuO(111) surface.  
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Figure 11. H2O molecule interaction with Al2O3-CuO (111) surface. Hydrogen atoms are 

represented by salmon pink colour, while other atoms colour sheme is same as in Fig.8. 

 

 


