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ABSTRACT: TiO2/Cu2O/CuO multi-nanolayers highly sensitive toward
volatile organic compounds (VOCs) and H2 have been grown in various
thicknesses by a cost-effective and reproducible combined spray−sputtering−
annealing approach. The ultrathin TiO2 films were deposited by spray pyrolysis
on top of sputtered−annealed Cu2O/CuO nanolayers to enhance their gas
sensing performance and improve their protection against corrosion at high
operating temperatures. The prepared heterostructures were investigated using
scanning electron microscopy (SEM), X-ray diffraction (XRD), and ultraviolet
visible (UV−vis) and micro-Raman spectroscopy. The gas sensing properties
were measured at several operating temperatures, where the nanolayered
sensors with oxide thicknesses between 20 and 30 nm (Cu2O/CuO
nanolayers) exhibited a high response and an excellent selectivity to ethanol
vapor after thermal annealing the samples at 420 °C. The results obtained at an
operating temperature of 350 °C demonstrate that the CuO/Cu2O nanolayers
with thicknesses between 20 and 30 nm are sensitive mainly to ethanol vapor, with a response of ∼150. The response changes from
ethanol vapors to hydrogen gas as the thickness of the CuO/Cu2O nanolayers changes from 50 to 20 nm. Density functional theory-
based calculations were carried out for the geometries of the CuO(1̅11)/Cu2O(111) and TiO2(111)/CuO(1̅11)/Cu2O(111)
heterostructures and their sensing mechanism toward alcohols of different chain lengths and molecular hydrogen. The reconstructed
hexagonal Cu2O(111) surface and the reconstructed monoclinic CuO(1̅11) and TiO2(111) facets, all of which terminate in an O
layer, lead to the lowest surface energies for each isolated material. We studied the formation of the binary and ternary
heteroepitaxial interfaces for the surface planes with the best-matching lattices. Despite the impact of the Cu2O(111) substrate in
lowering the atomic charges of the CuO(1̅11) adlayer in the binary sensor, we found that it is the different surface structures of the
CuO(1̅11)/Cu2O(111) and TiO2(111)/CuO(1̅11)/Cu2O(111) devices that are fundamental in driving the change in the sensitivity
response observed experimentally. The experimental data, supported by the computational results, are important in understanding
the use of the multi-nanolayered films tested in this work as reliable, accurate, and selective sensor structures for the tracking of gases
at low concentrations.
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1. INTRODUCTION

Functional nanomaterials, including semiconducting oxide
heterostructures with tunable performances, are an essential
part of powered-semiconductor devices. However, synthesizing
such nanocomposites has to be highly specific with respect to
phase control at the nanoscopic level. Heterojunctions between
different semiconducting oxide nanocrystals, especially those
based on ultrathin films with mixed phases, improve the gas
sensing properties with respect to the isolated phases due to
their unique detection mechanism.1−4 The specific features of
the heterojunctions in nanocrystalline multilayered composites
are crucial to control their gas sensing characteristics, i.e., the
selectivity and gas response of the sensor, as a result of the
exposed surface and interface phenomena.1,5,6 A seminal work

by Brattain and Bardeen7 reported that gas adsorption on
semiconducting surfaces produces a change in their electrical
conductance,7 which has contributed to the further develop-
ment of the sensor industry based on solid state materials.
From the nanotechnology point of view, metallic copper (Cu)

and its oxides have received much attention due to their variety
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of real applications, particularly in the field of new nano-
technology components for microelectronics.4,8,9 Copper oxides
are p-type semiconducting oxides and can be obtained in forms
such as cuprite (Cu2O) and cupric oxide (CuO) depending on
the oxygen availability. The cuprous oxide cuprite (Cu2O) is
among the earliest semiconducting oxides used in solid-state
electronics.6,10,11 Although cuprite has been the focus of
numerous experimental and theoretical studies1,7,12−14 aimed
at understanding its vibrational and optical properties, the
electronic properties of Cu2O continue to puzzle the scientific
community. As applications of Cu2O in nanoelectronics,
photovoltaics, solid-state electronics, biosensing, and spin-
tronics emerge,4,9,15 including the light-driven purification of
wastewater,8 understanding the electronic structure of Cu2O at
the atomic level is important for the control of its properties and
the identification of future applications in devices or nano-
devices.
CuO has a band gap in the range of 1.2−2.1 eV and p-type

semiconducting properties12 that offer a significant advantage
for sensing applications, especially in mixed CuO/Cu2O
phases.6,11 A summary of gas sensor structures based on copper
oxide nanomaterials can be found in several reviews.16−20

The (111) surface has been found, both in simulations13,21

and experimentally,22 to be the most stable cuprite (Cu2O)
plane under a range of different conditions. Furthermore, the
almost complementary (1̅11) facet was observed to be highly
prominent in the crystals of the more oxidized tenorite (CuO)
phase.23 Although less stable than other planes, the anatase
TiO2(111) surface has been reported as one of the most reactive
for photocatalytic applications24 and H2 evolution.

25

Inorganic ultraviolet (UV) absorbers such as titania (TiO2),
ZnO, and CeO2 are generally employed in shielding applications
for the UV protection of different surfaces,26,27 where effective
physical nanocoating barriers are needed for high-temperature
applications.28 Titania (TiO2) nanocoatings are used extensively
to increase the surface hardness and adhesive strength, provide
long-term and high-temperature protection against corrosion,
enhance tribological properties, and improve the design of the
transparent coatings for self-cleaning surfaces.27−30

The detection and discrimination of volatile organic
compounds (VOCs), which are classified as hazard vapors
with adverse short- and long-term consequences on the
environment and human health,31 are important in the
continuous monitoring of indoor air quality and therefore
require reliable sensors. Moreover, exhaled VOCs can serve as
biomarkers to assist in the noninvasive identification of various
diseases. For example, acetone indicates diabetes14,32−35 and
isoprene, toluene, and acetic acid are signals of lung
cancer,31,36−38 making breath testing a highly promising
approach for noninvasive cancer screening.39 VOC analysis in
patient breath offers insights into the anatomical and
physiological metabolic processes that are altered by underlying
diseases,40,41 although a detailed mechanistic pathway of the
metabolic routes leading to these molecules is still under
investigation.39

This study reports the fabrication of stable ethanol sensors
using multi-nanolayered films consisting of titania/cuprite/
cupric oxide (TiO2/CuO/Cu2O/glass). The cuprite/cupric
oxide structures are produced by a method based on sputtering
combined with thermal annealing, before titania is sprayed on
the surface of the CuO/Cu2O/glass substrate. Interdigitated Au
electrodes are deposited on the top surface of the specimens to
connect the heterostructures and perform the gas sensing tests.

The morphology, composition, and the structural, electrical
transport, and gas sensing properties of the materials are also
studied. Moreover, a theoretical analysis based on density
functional theory (DFT) calculations of the binary hetero-
junction CuO(1̅11)/Cu2O(111) and the ternary heterostruc-
ture TiO2(111)/CuO(1̅11)/Cu2O(111) have been carried out.
First, we investigated the structures and relative stabilities of the
hexagonal and monoclinic surfaces for each isolated material
before elucidating the arrangement of the heteroepitaxial
junctions and reporting their work function values and scanning
tunnelling microscopy (STM) images. The calculated values of
the work function rationalize the reactivity trends of the binary
and ternary heterojunctions, whereas their computed STM
images compare well with the experimental SEM images. The
adsorption energies were computed for molecular hydrogen
(H2), ethanol (C2H5OH), and n-butanol (n-C4H9OH), and we
plotted the electron charge density flow after the interaction
with the heterojunctions in order to interrogate their selectivity
changes.

2. EXPERIMENTAL SECTION
Glass slides from Thermo Scientific (2.5 × 7.5 cm) were employed as
the substrates for the development of the devices. The glass substrates
were cleaned by dipping them in HCl (11%) and then rinsed with
distilled H2O and acetone for 11 min, followed by an ultrasonic bath in
ethanol for 11 min and rinsing in deionized H2O.

1,42 Afterward, the
CuO/Cu2O ultrathin layers with thicknesses of 20, 30, 40, 50, and 60
nm were prepared on top of the clean glass by sputtering metallic
copper under vacuum conditions. The Cu sputtering was carried out
using a custom-built RF-magnetron system at 25 °C, a pressure of 3.6×
10−3 mbar, an argon gas flux of 22 sccm, and a power of 51W. Evochem
GmbH, Germany supplied the copper metal with a high purity of
99.999% and a radius of 2.5 cm. The deposition rate of 6 nmmin−1 was
determined experimentally using a profilometer. Then, the metallic
copper layers deposited on the glass substrates were thermally treated at
420 °C under normal atmospheric conditions for 30 or 60 min. The
temperature for the thermal treatment was in accordance with our
previous work on the ultrathin mixed CuO-Cu2O oxide film.6,43 Five
different sample sets were produced with thicknesses of 20, 30, 40, 50,
and 60 nm for the CuO/Cu2O layer on the microscopic glass substrate.
Next, titania (TiO2) films were spray pyrolysis-deposited on top of the
mixed copper oxide phase layers to prepare another five sample sets.
Afterward, all materials were mounted on a thermal heating plate, which
was kept at a temperature at 420 °C for 25 min prior to starting the
spray pyrolysis process, as published previously by Pauporte ́ et al.27,42,44
For the spray pyrolysis, the precursor was delivered as a mixture of 7.1
mL of isopropanol, 0.62 mL of titanium(IV) tetra-isopropoxide
(TTIP), and 0.41 mL of acetylacetone. The carrier gas used, which
was selected as previously reported,42,44 was an oxygen flow in order to
blow the mixed aerosol through a valve with a diameter of 10 mm
directly onto the surface of CuO/Cu2O/glass composite, which
remained on the heated hot plate at 420 °C for the entire spray
process. The CuO/Cu2O samples were grown with different
thicknesses of 20, 30, 40, 50, and 60 nm and labeled as Cu20, Cu30,
Cu40, Cu50 and Cu60, respectively. Afterward, the TiO2/CuO/Cu2O
heterostructures were treated under air at 420 °C for another 30 min
(Cu20, Cu30, and Cu40) or 60 min (Cu50 and Cu60), depending on
their thickness, then allowed to cool spontaneously. The thickness of
the TiO2 layer was monitored throughout the volume of the spray
solution, as reported previously.42,44

After the preparation of the materials, Au electrodes were grown on
top of the nanolayered TiO2/CuO/Cu2O samples through an Al
meander-shapedmask.6,43 The Au top contacts had a thickness of∼180
nm and a separation of 1mmbetween the interdigitated electrodes. The
Au target (purity of 99.99% and radius of 2.5 cm), which was produced
by Evochem GmbH, Germany, was mounted on the magnetron (DC).
The chamber pressure during Au sputtering was 3.55 × 10−3 mbar, the
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flow rate of Ar was about 16 sccm, and the sputtering power was set at
51 W, enabling a deposition rate of about 47 nm min−1.42 The
morphological, structural, chemical, and micro-Raman (MR) measure-
ments as well as X-ray photoelectron spectroscopy (XPS) investigations
were carried out as published previously.1,45 MR experiments were
done using a Raman WITec Alpha300 RA spectrometer at 22 °C, as
reported previously.46 Graphite monochromatized Cu Kα radiation
(1.5405 Å) at 40 kV and 40 mA was used for the X−ray diffraction
(XRD) experiments, which were carried out using a Seifert 3000 TT
instrument.33 X-ray photoelectron spectroscopy (XPS) was used to
measure the thickness of the TiO2/CuO thin films via an Omicron
Nano-Technology GmbH, Al anode, P = 240 W, as reported
previously.42 We charge calibrated the spectra with respect to the
signal at 284.5 eV, corresponding to the aliphatic carbon C-1s, using the
“CasaXPS” software ver. 2.3.16. We employed a Varian Cary 5000
spectrophotometer to carry out the characterization of the optical
properties of the samples, where we used the integrating sphere
supplied in the wavelength values between 300 and 2500 nm as
described previously.47 The gas detection characteristics were obtained
using the setup and protocol described previously6,43,48,49 at 30%

relative humidity (RH). A computer-controlled Keithley 2400
sourcemeter at a 0.25 V applied bias voltage was used to continuously
record the electrical measurements, which were processed through the
LabView software (from National Instruments). The responses to gas

and VOCs were defined as the ratio( )100%
R R

R
g a

a
·

−
, where Rg and Ra

are the electrical resistances of the specimens exposed to the gas or
VOC and air under normal environmental conditions, respectively.6,43

The surface properties of the binary and ternary heteroepitaxial
interfaces were simulated using unrestricted density functional theory
(DFT) simulations, which are described in Text S1 (Supporting
Information).

Figure 1 shows the technological flow for the manufacture of the
mixed-phase (a) CuO/Cu2O (final device set #1) and (b) TiO2/CuO/
Cu2O (final device set #2) nanofilm devices. The general process can be
described as follows: step 1, a precleaned glass substrate is sputtered
with copper nanoparticles with a radius of about 2−5 nm to obtain
ultrathin films of copper with thicknesses between 20 and 60 nm. Step
2, samples were thermally annealed in a furnace at a temperature of 420
°C for either 30 min (for sample sets Cu20, Cu30, and Cu40) or 60 min

Figure 1. Technological flowchart for the manufacture of the (a) CuO/Cu2O (final device #1) and (b) TiO2/CuO/Cu2O (final device set #2)
nanostructured layered films sensor devices.
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(for sample sets Cu50 and Cu60) in air to develop the CuO/Cu2O
nanolayer heterojunctions. Steps 3 and 4 in Figure 1a are the deposition
of the Au contacts by shading ametallic meandermask with a 1mm gap.
In step 5, we obtain device set #1 based on the CuO/Cu2O nanolayers.
Following steps 3 and 4 in Figure 1b, where the thin films of TiO2 are
deposited with a thickness of 20 nm and then thermally treated in a
furnace at a temperature of 420 °C for either 30 min (for sample sets
Cu20, Cu30, and Cu40) or 60 min (for sample sets Cu50 and Cu60) in
air, we obtained the sensitive multi-nanolayered TiO2/CuO/Cu2O
heterojunction film. Steps 5 and 6 in Figure 1b are the deposition of the
Au contacts as in Figure 1a. Finally, step 7 represents the final device set
#2, i.e., the TiO2/CuO/Cu2O heterostructure. It is important to
mention that the layers are drawn as straight lines in Figure S1 but in
reality are rough polycrystalline layers (Figure 2). Figure S1 displays the
cross-section view of the devices from device set #1, which is made of
CuO/Cu2O nanolayers (device 1), and device set #2, which is based on
heterolayers of TiO2/CuO/Cu2O heterolayer films (device 2).

3. RESULTS AND DISCUSSION

3.1. Morphology and Composition Analyses.The insets
of Figure 2a−f present the low- and high-magnification SEM
images of the nanocrystallite CuO/Cu2O samples, which were
grown using a reproducible spraying−sputtering−annealing
approach due to the possibility of controlling the speed of the
sputtering growth. Thus, we simultaneously obtained five
sample sets from a single substrate before thermally annealing
them at 420 °C for either 30 min (for sample sets Cu20, Cu30,
and Cu40) or 60 min (for sample sets Cu50 and Cu60) in air. It
can be clearly observed that the volume of the nanoparticles
essentially changes with the film thickness, which also affects the
sensing properties. For the CuO nanoparticles, their larger
electrical conductivity leads to some bright dots in the areas
exposed to the electron beam of the SEM, which can be seen in
Figure 2a−c43. The nanoparticles, which appear much smaller in
size in the SEM images due to the thinner films, oxidize
completely during the 30 min of annealing time. The ultrathin
films possess very good adhesion to the microscopic glass
substrates, as we have not seen signs of delamination during the
three years that we have been investigating these types of
samples.1,12

3.2. X-ray Photoelectron Spectroscopy and Micro-
Raman Characterization. For the TiO2/CuO/Cu2O-layered
thin-film sensor, the X-ray photoelectron spectra (XPS) are
presented in Figure 3, where the overview spectrum shown in
Figure 3a attests to the presence of the Cu, O, Ti, Na, and C
elements. Cu, O, and Ti originate from the TiO2/CuO layers,
whereas the signal from carbon is as reported previously.1,48 The

Figure 2. SEM images at (a) 20, (b) 30, (c) 40, (d) 50, and (e) 60 nm of the nanocrystallite CuO/Cu2O samples that were grown using the sputtering−
annealing approach and were thermally treated at 420 °C for 30 min. The inset shows a higher magnification of the SEM images.

Figure 3. XPS of a TiO2−CuO (red line) thin film sensor, show (a) an
overview spectrum (b) high-resolution spectra of the Cu-2p and Ti-2p
lines.
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Na peak corresponds to the glass substrates42 used for the
deposition of the sensor structures, which were cut for the XPS
experiments.
High-resolution Cu-2p and Ti-2p lines are depicted in Figure

3b. A closer look at the Cu-2p line reveals clear Cu-2p1/2 and Cu-
2p3/2 satellite lines, which are shifted to higher binding energies.
The observed satellite peaks in the spectrum are commonly
regarded as signatures for the presence of CuO,43,50 which is
found in the base layer of our samples.
The signals between 459.6−458.0 eV are due to Ti-2p3/2,

which is usually assigned to Ti in TiO2. The evaluation of the
high-resolution Ti-2p XPS spectra reveals that the line at 458.3
eV corresponds to Ti-2p3/2. The separation of 5.6 eV between
the Ti-2p3/2 and Ti-2p1/2 peaks and the position of the Ti-2p3/2
signal illustrate the presence of Ti as TiO2 in the base layer,
according to the literature.51,52

The Raman scattering method is a useful spectroscopic
technique to measure the vibrational modes and phase of
ultrathin layers, heterostructures, and nanomaterials.11,45 Micro-
Raman spectroscopy was employed to investigate the character-
istics at the nanoscale, namely, the lattice dynamics (electron−
phonon interaction) of the CuO/Cu2O and TiO2/CuO/Cu2O
nanomaterials. The micro-Raman spectra in the range 100−
1000 cm−1 were obtained at room temperature for the CuO/
Cu2O and TiO2/CuO/Cu2O nanomaterials, as shown in
Figures S2 and S3.

The Raman studies clearly indicate the formation of themixed
copper oxide phases, namely CuO/Cu2O, following thermal
annealing at 420 °C under ambient conditions as well as the
TiO2/CuO/Cu2O heterostructure after spraying a TiO2 nano-
layer on top of the binary films, which show the existence of
heterostructured mixed-phase films. A detailed description of
the aforementioned results is given in Text S2 (Supporting
Information).

3.3. Ultraviolet, Visible, and Near-Infrared spectros-
copy. Ultraviolet, visible, and near-infrared (UV−vis-NIR)
absorption spectroscopy is a characterization method used to
study the energy level and optical properties of transparent
semiconducting oxide materials. The room temperature spectra
of the CuO/Cu2O and TiO2/CuO/Cu2O heterostructures
allowed the detection of the optical absorption and excitonic
transitions characteristic of the nanolayers. The transmission
and absorption spectra are presented in Figure S4, and the plots
of (αhν)2 versus the photon energy (hν) for the CuO/Cu2O and
TiO2/CuO/Cu2O heterostructures are shown in Figures S5 and
S6. More details of the UV−vis-NIR characterization are
provided in Text S3 (Supporting Information).

3.4. Gas Sensing Properties. First, we will focus on the
CuO/Cu2O samples and their gas sensing performances. Then,
we will discuss the gas sensing performances of the TiO2/CuO/
Cu2O nanolayered materials, which we will compare to those of
the base layer.

Figure 4. (a) Hydrogen and ethanol response of the CuO/Cu2O samples with different thicknesses of 20 (Cu20), 30 (Cu30), 40 (Cu40), 50 (Cu50),
and 60 nm (Cu60) at an operating temperature of 350 °C. (b) The I−V current−voltage characteristics of the CuO/Cu2O Cu20, Cu40, Cu50, and
Cu60 samples, which were measured at room temperature. (c) Response to different gases (hydrogen, n-butanol, 2-propanol, ethanol, acetone, and
ammonia) versus the operating temperature of the CuO/Cu2O Cu20 samples. (d) Dynamic response of the CuO/Cu2O Cu20 sample to ethanol.
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Gas Sensing Results of CuO/Cu2O. The CuO/Cu2O-based
Cu20, Cu30, Cu40, Cu50, and Cu60 nanolayer samples were
connected in the sensor structures, as indicated schematically in
Figure S1.
Figure 4a represents the responses to hydrogen and ethanol at

the standard deviations between multiple measurements of the
CuO/Cu2O samples at an operating temperature of 350 °C,
from which it is clear that the Cu20 and Cu30 samples show the
highest response to ethanol. From Figure 4a, we observe that, for
all thicknesses, the CuO/Cu2O specimens are more selective to
ethanol compared to the other tested gases (hydrogen, ethanol,
2-propanol, n-butanol, acetone, and ammonia). However, the
response, selectivity, and electrical resistance of the sensors
decrease as the thickness of the layers increases (more than 30−
40 nm), which is in accordance with previously reported data.6

The optimum thickness is therefore in the range of 20−30 nm
(sample sets Cu20 and Cu30). The response values of CuO/
Cu2O nanolayers to different analytes depend on their thickness,
specifically when it is in the order of the Debye length.43,53 The
sensing mechanism proposed for these results for the binary
heterostructure is explained in Text S4 (Supporting Informa-
tion).
Figure 4b represents the current−voltage (I−V) curves of the

prepared structures, and it can be seen from Figure S7a that the
plots are linear at room temperature for all samples. According
to the data in Figure 4b and Figure S7a, the I−V plots for all the
CuO/Cu2O samples of different thicknesses show an Ohmic

contact behavior between the CuO/Cu2O nanolayers and the
Au top contact at room temperature. However, at the operating
temperature of 350 °C (Figure S8a), the current−voltage
characteristics are nonlinear and can be attributed to a
conductivity effect driven by the energy barrier. The variation
of the electrical current with temperature (see Figure 4c)
indicates that the heterostructure is also convenient for
temperature measurement. We used eq 1 to express the
electrical resistivity of our p-type semiconducting oxides as
follows:54
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where ρ is the electrical resistivity, σ is the electrical conductivity,
q is the charge of the electron, μp is the mobility of the holes, p is
the concentration of the holes, NV is the concentration of the
acceptors, EF is the Fermi energy, EV is the maximum energy of
the valence band, T is the absolute temperature, and k is the
Boltzmann constant.
The response variation of the structures to 100 ppmof ethanol

as a function of the operating temperature was studied to find
the optimal working conditions. Figure 4c shows the response of
Cu20 (CuO/Cu2O sample) to different gas molecules (hydro-
gen, n-butanol, 2-propanol, ethanol, acetone, and ammonia) at
operating temperatures between 250 and 350 °C. The standard
deviation between multiple measurements of the same sample

Figure 5. (a) Hydrogen and ethanol responses of the TiO2/CuO/Cu2O samples with different thicknesses of 20 (Cu20), 30 (Cu30), 40 (Cu40), 50
(Cu50), and 60 nm (Cu60), which were measured at 350 °C. (b) Current−voltage characteristic at room temperature. (c) Response to different
compounds (hydrogen, n-butanol, 2-propanol, ethanol, acetone, and ammonia) versus the operating temperature of the TiO2/CuO/Cu2O Cu20
sample. (d) Dynamic response of the TiO2/CuO/Cu2O Cu20 sample to ethanol.
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set is indicated with error bars. For ethanol vapors, the response
of the sensor at 350 °C is larger compared to those for the other
gases. Sample sets tested at 250, 300, and 350 °C have the
highest response to ethanol with values of ∼24%, ∼121%, and
∼140%, respectively, whereas Figure 4c also shows that the
hydrogen response improved with the operating temperature.
The sensing response of the CuO/Cu2O heterostructure with a
thickness of between 20 and 30 nm demonstrates the p-type
behavior of this material. The operating-temperature depend-
ence of the response variation of the structure to 100 ppm of
ethanol was investigated to find the optimal working conditions,
Figure 4d indicates the dynamic response of the Cu20 sample to
100 ppm of ethanol. We observe that the response time (tr) and
the recovery time (td) are relatively small under the operating
temperatures of 250, 300, and 350 °C (tr = 18.8, 13, and 18.5 s,
respectively, and td = 43.3, 46.4, and 49.6 s, respectively). Then,
we prepared more complex structures based on TiO2/CuO/
Cu2O and studied their sensing properties toward H2 and
ethanol, allowing us to explain the effect of each layer in detail.
Gas Sensing Performances of TiO2/CuO/Cu2O. The hydro-

gen and ethanol responses of the samples consisting of the
TiO2/Cu2O/CuO multi-nanolayered films with different
thicknesses were studied to determine the impact of adding
TiO2 to the top layer. The ternary heterojunction can also act
either as a self-cleaning surface or to enhance the gas detection
and improve the protection against corrosion at high temper-
atures.27−30,55,56

Figure 5a shows the responses of the TiO2/CuO/Cu2O
Cu20, Cu30, Cu40, Cu50, and Cu60 samples to hydrogen and
ethanol, measured at the operating temperature of 350 °C. From

Figure 5a, we can see that the TiO2/CuO/Cu2O Cu20 and
Cu30 samples are more sensitive toward ethanol than hydrogen
gas. However, increasing the thickness of CuO/Cu2O to Cu50
and Cu60 changes the sensing performance of the TiO2/CuO/
Cu2O structures, and hydrogen becomes the most sensitive gas.
However, the response values of sensors with the thicker layers
of CuO/Cu2O are lower toward hydrogen and ethanol
compared to those of the Cu20 and Cu30 samples. The best
sensing performances to ethanol were obtained for the samples
with a thickness of 30 nm (sample Cu30). Figure 5b illustrates
the electrical current−voltage plot of the TiO2/CuO/Cu2O
samples, and the linear Ohmic behavior at room temperature
can be seen in Figure S7b. However, as already stated, the I-V
current−voltage plots are nonlinear at the operating temper-
ature of 350 °C (Figure S8b) due to a conductivity effect driven
by the energy barrier. Figure 5c presents the responses to
different chemical compounds (hydrogen, ethanol, 2-propanol,
n-butanol, acetone, and ammonia) versus the operating
temperature of the TiO2/CuO/Cu2O Cu20 sample set. At all
operating temperatures, i.e., 250, 300, and 350 °C, we see that
the samples have the highest response to ethanol, with values of
∼38%, ∼115% and ∼121%, respectively. Comparatively (the
data in Figure 4c and Figure 5c), the response value was
enhanced with the increasing operating temperatures for the
TiO2/CuO/Cu2O nanomaterial. Thus, there was no noticeable
response for these sensor structures at operating temperatures
below 250 °C due to surface reactions with different oxygen
species. The maximum response was achieved at an operating
temperature of 350 °C, which is the highest temperature allowed
by our gas test equipment. Figure 5d indicates the dynamic

Figure 6.Dependence of the power consumption and the gas response with respect to the applied voltage for the (a) CuO/CuO2 and (b) TiO2/CuO/
CuO2 samples with a thickness of 20 nm (Cu20). (c) Variation of the gas response to ethanol vapors over time for the CuO/CuO2 and TiO2/CuO/
CuO2 samples with a thickness of 20 nm (Cu20).
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response of the TiO2/CuO/Cu2O samples (prepared based on
the Cu20) to 100 ppm of ethanol. For the working temperatures
of 250, 300, and 350 °C, we observed that the response times
(τr) were 18.9, 16.3, and 13.8 s, whereas recovery times (τd)
were 35.5, 28.3, and 37.3 s, respectively, which are relatively low
values.
Comparison of the Gas Sensing Features of Cu2O/CuO and

TiO2/Cu2O/CuO. Here, we compare the gas response of the
multi-nanolayered Cu2O/CuO and TiO2/Cu2O/CuO hetero-
structured films. Comparing the data in Figure 4c and Figure 5c
indicates that the response to hydrogen increased for the ternary
system with respect to the binary heterojunction at all operating
temperatures. Figure 6a represents the relationship between the
response to 100 ppm of ethanol vapors and the power
consumption versus the applied voltage for the CuO/Cu2O
Cu20 samples. Figure 6a and b shows that when the applied bias
voltage decreases, the response to the ethanol vapors increases,
and the power consumption decreases, which can be attributed
to the nonlinear I−V current−voltage characteristics at an
operating temperature of 350 °C (Figure S8a and S8b). For
applied bias voltages of 0.5, 0.01, and 0.005 V, the power
consumption is about 88,∼0.02 and∼0.004 μW(approximately
4 nW), and the response is about 140%, ∼160%, and ∼300%,
respectively. This power consumption is part of the energy

consumption of the entire sensor, part of which is used to heat
the sample to an operating temperature of 350 °C is not
calculated here.
Figure 6b represents the response to 100 ppm of ethanol

vapors and the dependence of the power consumption
dependence on the applied bias voltage for the TiO2/CuO/
Cu2O Cu20 sample set. This figure shows that when the applied
voltage decreases, the power consumption also decreases. For
example, the power consumption is about 1.5,∼0.33,∼0.05, and
∼0.001 μW (approximately 1 nW) at the applied voltages of
0.25, 0.1, 0.05, and 0.01 V, respectively. However, the gas
response is ∼120% for the applied bias voltage of 0.25 V, which
decreases to ∼97% under 0.1 V of an applied bias voltage and
increases to ∼160% and ∼222% at applied bias voltages of 0.05
and 0.01 V, respectively.
Figure 6c represents the variation of the responses of the

CuO/Cu2O Cu20 (curve 1) and TiO2/CuO/Cu2O Cu20
(curve 2) samples to 100 ppm of ethanol vapor for 105 days.
Figure 6c shows that the response to ethanol vapors decreases
for the CuO/Cu2O (curve 1) samples, whereas it remained
unchanged in the case of the TiO2/CuO/Cu2O (curve 2)
samples. Significant changes were not observed due to the self-
cleaning effect of the ternary heterostructure.55,56

Figure 7. Gas response to various concentrations of ethanol vapor, measured at 350 °C, versus the type of sample for the (a) CuO/Cu2O and (b)
TiO2/CuO/Cu2O samples with different thicknesses of 20 (Cu20), 30 (Cu30), 40 (Cu40), 50 (Cu50), and 60 nm (Cu60).

Figure 8.Dynamic response to 1, 5, and 10 ppm of ethanol vapor for the (a) CuO/Cu2O and (b) TiO2/CuO/Cu2O samples with various thicknesses
of 20 (Cu20) and 30 nm (Cu30).
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According to the results presented in this study, changes in the
conductance of the semiconductor oxide-based chemical
sensors are caused by the interactions of environmental
chemical compounds with the sensor surface, which are strongly
influenced by the operating temperature.2,57 An efficient way to
improve the plots of the sensor is through controlling the
catalytic properties of the oxide surface.2,42

Figure 7 shows the gas response to 1, 5, 10, 50, 100, 500, and
1000 ppm of ethanol versus the type of CuO/Cu2O and TiO2/
CuO/Cu2O samples and their thicknesses (Cu20, Cu30, Cu40,
Cu50 and Cu60); the responses were measured at the working
temperature of 350 °C. Figure 7 suggests that all samples
responded to all concentrations of ethanol.
Figure 8 shows the dynamic response of the CuO/Cu2O

(Figure 8a) and TiO2/CuO/Cu2O (Figure 8b) samples with
thicknesses of 20 (Cu20) and 30 nm (Cu30) to 1, 5, and 10 ppm
of ethanol at 350 °Cworking temperatures. From the plot, it can
be seen that the response of the sensors is relatively high at very
low concentrations of ethanol. The sensing parameters of the
CuO/Cu2O and TiO2/CuO/Cu2O samples with thicknesses of
20 (Cu20) and 30 nm (Cu30) to 1, 5, and 10 ppm of ethanol at
an operating temperature of 350 °C are shown in Table S1. For
the CuO/Cu2O and TiO2/CuO/Cu2O Cu20 and Cu30
samples, the dynamic response to 1 ppm of ethanol is shown
in Figure S9.
The dynamic response by the CuO/Cu2O and TiO2/CuO/

Cu2O Cu20 and Cu30 samples to various concentrations of
ethanol (1, 5, 10, 50, 100, 500, and 1000 ppm) is shown in
Figure S10. The gas response is presented in Figure S11, which
shows the effect of different concentrations of hydrogen (100,
500, and 1000 ppm) versus the type and thickness of the CuO/
Cu2O and TiO2/CuO/Cu2O Cu20, Cu30, Cu40, Cu50, and
Cu60 sample sets measured at a 350 °C working temperature.
Figure S11 displays that the response of the samples increases
strongly at high concentrations of hydrogen.
Overall, the chemical detection mechanism proposed for

CuO/Cu2O relies on surface physicochemical reactions, which
strongly depend on the operating temperature. More details of
the gas detection mechanism are described in Text S4
(Supporting Information), and the energy band diagrams of
heterostructures TiO2/CuO/Cu2O in both air and ethanol
vapors are represented in Figure S12.

3.5. Simulation of Bulk Phases. We first investigate the
optimized bulk structures of the materials used to build the
heteroepitaxial structures, which will later be used to simulate
the molecular adsorption to compare with our experiments. Our
starting point for the substrate is Cu2O, which is characterized
by the space group Pn3̅m (no. 224) and the cuprite structure
with Cu in the lowest oxidation state of 1+.58 Figure 9a presents
the conventional cubic unit cell of Cu2O with two formula units
(f.u.). The O atoms are distributed in a body-centered cubic
(bcc) sublattice, whereas the Cu ions are arranged in a face-
centered cubic ( fcc) sublattice. The twofold Cu atoms occupy
the 4bWyckoff linear positions with coordinates at the origin of
the unit cell, while the fourfold O ions occupy the 2a tetrahedral
crystallographic sites at (1/4, 1/4, 1/4). CuO, thematerial in the
middle of the ternary heterostructure with Cu in the higher
oxidation state of 2+, crystallizes in the tenorite structure with
space group C2/c (no. 15).59 Figure 9b shows the conventional
monoclinic unit cell of CuO with four f.u. In this structure, the
fourfold Cu atoms are located at the 4c Wyckoff square planar
positions with coordinates (1/4, 1/4, 0), whereas the fourfold O
counterions fill the 4e distorted tetrahedral holes at (0, y, 1/4).
CuO forms two sets of ∞

1 [CuO4/2] chains that are perfectly
aligned along the [110] and [11̅0] directions.60 The deviation of
the y value from 1/2, in fractional coordinates, represents the
staggering of the ∞

1 [CuO4/2] chains along the [001] direction.
The crystal structure of anatase TiO2, the topmost material in
the ternary heterojunctions, is tetragonal with space group I41/
amd (no. 141).61 The conventional unit cell contains four f.u. of
TiO2, as depicted in Figure 9c. The distorted octahedral Ti2+

cations are in the 4b crystallographic positions with coordinates
(0, 1/4, 3/8), and the O anions are in the 8a distorted trigonal
planar sites at (0, 1/4, 1/6). The anatase TiO2 structure displays
channels in the [100] and [010] directions and dual chains of
∞
1 [TiO6/2] along the [2, 2, 13] direction.
Table S2 shows the optimized and experimental lattice

parameters for the cubic unit cell of Cu2O, the monoclinic unit
cell of CuO, and the tetragonal unit cell of TiO2. Our
calculations indicate that the lattice parameters were over-
estimated by 0.41% for CuO59 and 1.59% for TiO2,

61 while they
were underestimated by 0.28% for Cu2O.

58 The internal
coordinates of the three materials were allowed to relax, with
all ions showing a large preference for staying in their perfect
Wyckoff crystallographic positions. The value calculated for

Figure 9. (a) Conventional cubic unit cell containing two formula units (f.u.) of cuprite Cu2O. Solid lines represent the face-centered cubic ( fcc)
sublattice of Cu ions, and dashed lines indicate the body-centered cubic (bcc) sublattice of O atoms. (b) Conventional monoclinic unit cell containing
4 f.u. of tenorite CuO. The ∞

1 [CuO4/2] chains are shown along the [110] and [11̅0] directions, while the ideal staggering parameter y is represented in
the direct coordinates. (c) Conventional tetragonal unit cell containing 4 f.u. of anatase TiO2. The channels along the [100] and [010] directions are
shown. Crystallographic directions are indicated for all structures. O atoms are shown in red, Cu atoms are shown in dark blue, and Ti atoms are shown
in light blue. Polyhedral representations are used for the square planar Co atoms and the distorted octahedral Ti atoms.
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parameter y is 0.004 larger than that in the experiments,
indicating that we can predict a smaller staggering for the
∞
1 [CuO4/2] chains along the [001] direction in the simulated cell
of CuO. The shapes of the conventional unit cells were fully
optimized, but Cu2O, CuO, and TiO2 remained in the ideal
cubic, monoclinic, and tetragonal structures, respectively. The
perfect match between the simulated and experimental angle β
further supports the undistorted monoclinic shape of CuO.
More details and a description of the atomic Bader charges,
atomic magnetic moments, and band gaps are provided in Text
S5 (Supporting Information).
3.6. Simulation of Isolated Surfaces. We also simulated

the pristine Cu2O(111) surfaces with a hexagonal symmetry and
the CuO(1̅11) and TiO2(111) facets with a monoclinic
symmetry, which were used to construct the binary and ternary
heterojunctions, respectively. The surface slabs were con-
structed using METADISE62 to cut the geometry optimized
bulks. A vacuum gap of 20 Å was added above the surfaces to
avoid spurious interactions between the periodic supercells. The
two bottommost layers were kept at their relaxed atomic bulk
positions to simulate the bulk phase, while the rest of the slab
was allowed relax explicitly. We have applied dipole corrections
in the direction perpendicular to the surface63,64 to improve the
description of the total energy of our single-surface models.65−69

According to this formalism, a planar dipole sheet was
introduced in the center of the vacuum region, and its strength
was calculated self-consistently to compensate the artificial
adsorbate-induced dipole.
The Cu2O(111) and CuO(1̅11) surface slabs have the

smallest surface areas of 31.378 and 32.438 Å2, respectively. The
surface cell of Cu2O contains 24 atoms, whereas that of CuO
comprises 32 atoms distributed in four stacking sequences that
consist of either 2 or 4 f.u.. The TiO2(111) surface was modeled
using a slab with an area of 54.580 Å2 and 36 atoms that
occupied 12 stacking sequences of a single stoichiometric unit
each. With this setup, we ensured that all surfaces were
symmetric along the z-axis, and their widths were between 7.4
and 10.1 Å. The vacuum thickness and the total and relaxed
number of surface layers were carefully tested until a
convergence within 1 meV per atom was reached.
The stacking of the atomic layers is (O)−(Cu4)−(O) for the

Cu2O surfaces in the (111) direction, where the atoms within
parentheses lie in approximately the same plane as that shown in
Figure S13. Termination A is a type 2 Tasker surface,70 with a
top surface layer that has a bulk-like structure that terminates in
threefold under-coordinated O atoms and 0.25 monolayers
(MLs) of monocoordinated Cu atoms with a single dangling
bond. Termination B is a reconstructed type 3 Tasker surface,70

where the dipole moment was quenched by shifting half the
monocoordinated Cu atoms from the topmost stoichiometric
stacking sequence at the relaxed side of the slab to the unrelaxed
side of the slab, which created twofold O anions. Following the
relaxation of termination A, both the exposed threefold and
subsurface fourfold O atoms moved outward by an average of
0.052 Å, while the cations migrated toward the bulk by only 42%
of the displacement of the anions. We found that for termination
B the displacement of the atomic layers is larger than for
termination A. For the monocoordinated Cu atoms, 0.5 MLs
shifted their position horizontally by 0.689 Å, with half of them
even coordinating the twofold O atoms that only moved 0.141 Å
toward the vacuum. This surface reconstruction and the atomic
displacements effectively increased the coordination number of
both the exposed O and Cu atoms for the relaxed termination B.

Despite their different crystal structures, the stacking of the
atomic layers for CuO in the (1̅11) direction is similar to that for
Cu2O in the (111) direction except for their different
stoichiometric ratios, as illustrated in Figure S14. Unsurpris-
ingly, both terminations A and B of the CuO(1̅11) surface
display many of the same characteristics as its Cu2O(111)
counterpart. For example, termination A is a type 2 Tasker70

surface that presents bulk-like structured threefold O and Cu
atoms, of which the 0.5 MLs is threefold. Similar to the reduced
copper oxide phase, the exposed atoms exhibit the lowest
coordination numbers in termination B of CuO(1̅11), which is
also a reconstructed type 3 Tasker surface.70 Due to the surface
construction, 0.5 MLs of the Cu atoms left exposed are twofold,
whereas 0.25 MLs of the counteranions are twofold, 0.50 MLs
are threefold, and the remaining keep the distorted tetrahedral
configuration of the bulk. After relaxation, the exposed O atoms
of both terminations moved outward by an average distance of
∼0.2 Å, whereas the cations shifted their locations horizontally
by 0.164 Å toward the vacuum in termination A and 0.518 Å
inward in termination B, where they also became threefold.
TiO2(111) is a type 2 Tasker surface70 composed of thin

(O)−(Ti)−(O) planes with a width of 0.220 Å and a separation
of 0.434 Å from the neighboring stoichiometric units, which
explains why only one termination is possible for this facet, as
displayed in Figure S15. Cutting the bulk of TiO2 reduces the
coordination number of the exposed atoms, i.e., 0.5 MLs of Ti
become fourfold, whereas the other half are surrounded just by
three O ions compared to the octahedral coordination
environment in the bulk. Moreover, 0.75 MLs of the anions
are twofold, and 0.25 MLs are monocoordinated in the freshly
created surface. During relaxation, the least-coordinated Ti ions
moved 0.235 Å inward. The fourfold Ti remained approximately
at the same position, and the Ti of the third stoichiometric unit
migrated 0.511 Å toward the surface, becoming completely
penta-coordinated and appearing roughly at the same layer.
Moreover, all the O atoms have a coordination number of two
after surface relaxation, with the largest average inward
displacement of 0.442 Å observed for the topmost stoichio-
metric unit. The anions of the third stoichiometric unit also
experienced notable outward shifts of 0.708 Å.
We have calculated the surface energies before (γu) and after

(γr) relaxation as

E n E
A2u

u bulk bulkγ =
− ·

(2)

E n E
Ar

r bulk
uγ γ=

− ·
−

(3)

where nbulk is the number of f.u. contained in the surface cell, Eu is
the energy of the slab with all atoms at their optimized bulk
positions, Ebulk is the energy of the bulk per f.u., Er is the energy of
the half-relaxed slab, and A is the surface area of one side of the
slab. The degree of relaxation (R) was quantified as R = 100 ×
(γu − γr)/γu.
From our simulation of the surface energies, which are listed

in Table S3, we determined that terminations A are the most
stable for Cu2O(111) and CuO(1̅11) both before and after
relaxation. The calculations also reveal that the overall most
stable surface is Cu2O(111) with a relaxed surface energy of γr =
70 meV Å2. TiO2(111) is the least thermodynamically stable
plane in this study, since its surface energy is one order of
magnitude larger than those for any other material. Despite their
similar relaxed surface energies, termination A of Cu2O(111)
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only experiences a small degree of relaxation R = 4.08%, while
termination A of CuO(1̅11) suffers a relaxation approximately
five times larger. Terminations B of both copper oxide surfaces
have the largest degree of relaxation in agreement with the
displacement of their respective atomic layers, while the
TiO2(111) facet shows a modest 9.69% degree of relaxation.
The lower charges of the undercoordinated atoms suggest that
all surfaces are less ionic than their respective bulks. Our
calculations indicate that the increasing order of ionic character
for the surfaces is Cu2O(111) < CuO(1̅11) < TiO2(111), which
is in line with the trend found for the charges in their respective
bulk phases. The surface atoms of both Cu2O(111) and
TiO2(111) are nonmagnetic, as evidenced by their lack of
magnetic moments. The exposed Cu atom in CuO experiences a
reduction of its magnetic moment by ∼0.06 μB atom−1 in
terminations A and B of the (1̅11) surface. However, the
magnetic moment is lower at 0.298 μB atom

−1 and larger at 0.382
μB atom

−1 for the O ions in terminations A and B, respectively,
compared to those in the bulk.
The work function (Φ), which measures the energy required

to move an electron from the Fermi level (EF) to the vacuum,
was calculated as the difference between the potential of the
vacuum (Evac) and EF. Based on this descriptor, themost reactive
system is termination A of the Cu2O(111) surface, since it only
requires 4.831 eV of energy to provide the electron that can
facilitate the detection of an adsorbed chemical species.
However, termination A, which is the most stable plane of the
CuO(1̅11) surface, has the largest work function of any of the
pristine facets reported in this study atΦ = 5.943 eV. Our results
suggest that the different magnetic properties and stoichiome-
tries of the Cu2O(111) and CuO(1̅11) surfaces play major roles
in the different trends observed for the work function values of
terminations A and B for these materials. Moreover, the
difference of the work function values is 0.192 eV for the
least-stable terminations B of the Cu2O(111) and CuO(1̅11)
surfaces. Our simulated work function values suggest that
TiO2(111) has an intermediate reactivity between those of the
terminations A of Cu2O(111) and CuO(1̅11).
3.7. Simulation of the Multi-Nanolayer-Based Hetero-

junctions. Based on the results for the pristine surfaces, we
analyzed the thermodynamic stability, atomic structure, and
electronic properties of the binary CuO(1̅11)/Cu2O(111) and
ternary TiO2(111)/CuO(1̅11)/Cu2O(111) multi-nanolayered
interfaces with hexagonal symmetry. For the binary CuO(1̅11)/
Cu2O(111) heterojunction, we used the 1× 1 surface geometry.
For the ternary heterostructure TiO2(111)/CuO(1̅11)/Cu2O-
(111), we employed the 1× 2 supercell. Since we will investigate
the adsorption properties of the 2 × 2 ternary heterojunction
interfaces in section 3.8, we decided to simulate these structures
using two, one, and four stoichiometric stacking sequences for
Cu2O(111), CuO(1̅11,) and TiO2(111), respectively. This
configuration ensures that we model 2 × 2 ternary
heterojunctions that are approximately 10.63 Å in width and
contain 104 atoms, as bigger systems have a prohibitively larger
computational cost. We report these heterostructures using the
most-stable termination A calculated for CuO(1̅11) and
Cu2O(111) and the only termination of TiO2(111). All surfaces
are comprised of incomplete top layers of O atoms, which are
complementary in a “jigsaw puzzle” fashion and thus allow the
subsurface Cu and Ti ions with dangling bonds to increase their
coordination numbers. For the interface computations, we used
the equilibrium lattice vectors for Cu2O(111) to mimic the
heteroepitaxial growth of CuO(1̅11) and then the TiO2(111)

adlayers. Cu2O(111) is perfectly hexagonal, but CuO(1̅11) and
TiO2(111) have monoclinic symmetries, leading to a mismatch
of their lattice parameters and angles. Figure 10 displays the side

views of the supercell slabs used to simulate the binary and
ternary heteroepitaxial junctions. After the formation of
CuO(1̅11)/Cu2O(111), 50% of the exposed Cu atoms and
25% of the subsurface Cu atoms experience an outward
relaxation of approximately 0.13 Å with respect to the pristine
surfaces. Moreover, 50% of the subsurface anions shift their
positions by ∼0.22 Å toward the surface in the binary device
compared to those of the isolated materials. Our calculations
suggest that the remaining atoms in the binary heterostructure
suffer only a relatively smaller displacement after the deposition
of the CuO(1̅11) layer. Next, we applied a layer of TiO2(111)
and found that all the Ti atoms relaxed toward the bulk to
roughly form a single atomic layer in the ternary heterostructure,
which is similar to the atomic displacements of the pristine
surface.
The scanning tunnelling microscopy images (STM) were

constructed using the basic formulation of the Tersoff−Hamann
approach71 as implemented in the HIVE code,72 which was
successfully employed in previous works to provide images in
agreement with experiments.66,73,74 The sign of the sample bias
applied for the production of the STM images provides
information on the valence of the conduction bands in the
vicinity of the Fermi level (EF). For example, the positive
(negative) bias of V = 1.0 (−0.5) eV applied for the production
of the STM image of the binary (ternary) heterostructure
indicates that the electrons are moving from the probe tip to the
conduction band (from the valence band to the probe tip). The

Figure 10. Top panels show the structure of the (a) binary CuO(1̅11)/
Cu2O(111) and (b) ternary TiO2(111)/CuO(1̅11)/Cu2O(111)
interfaces. Bottom panels display the simulated scanning tunnelling
microscopy (STM) images using a bias of (a) V = 1.0 eV or (b) V =
−0.5 eV, a density of (a) ρ = 0.0025 e Å−3 or (b) ρ = 0.0010 e Å−3, and a
tip distance of: (a) d = 1.21 Å or (b) d = 1.62 Å. Crystallographic
directions are indicated with respect to the Cu2O(111) substrate. O
atoms are shown in red, Cu atoms are shown in dark blue, and Ti atoms
are shown in light blue.
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brightest spots resolved for the surface of the binary CuO(1̅11)/
Cu2O(111) device correspond to the protruding O atoms
located at the ridges along the [21̅1̅] direction, as shown in
Figure 10a. The image also resolves the O atoms situated at the
grooves, whose lowest brightness can be used to evaluate their
relative position with respect to the anions at the tip of the ridge.
Three- and fourfold Cu atoms can be seen, and their different
sizes can also be used to differentiate them. Figure 10b clearly
displays the honeycomb structure of the ternary TiO2(111)/
CuO(1̅11)/Cu2O(111) interface whose corners are defined by
O, which is represented by the brightest spots. Although Ti ions
are the least noticeable ions, they are still well-defined circles
that occupy the trigonal holes created by the O atoms.
Table S4 lists the geometric misfit parameter (ζ) that was

quantified as ζ = 100 · [1 − 2Ω/(A1 + A2)], where Ω is the
overlap area and A1 and A2 are the surface areas of the materials
that form the interface.75,76 The geometric misfit parameter is
just under 1.7% for the binary heterojunction and 6.97% for the
ternary interface. Note that the misfit parameter is typically
below 5% for stable heteroepitaxial junctions, but much larger
values such as 18.6% and 8.3% have been measured for
ZnO(0001)/Al2O3(0001) and MgO(111)/Al2O3(0001), re-
spectively.77 The values of this parameter indicate that the thin-
film CuO(1̅11) suffered a compression smaller than the
expansion experienced by the TiO2-based layer upon deposition
onto the substrate.
The interfacial free energy (σint) was calculated as

E n E E A( )/int r int over over subσ γ= + − − (4)

where Eint and Esub are the energies of the interface and substrate,
respectively, Eover is the energy of 1 formula unit in the bulk of
the overlayer, and nover is the number of f.u. in the overlayer.
The interfacial free energy calculated for both heteroepitaxial

systems is positive, implying that these interfaces are stable with

respect to their isolated bulk components. The difference in
interfacial energy for the binary and ternary heterostructures is
only 21 meV Å−2 despite the large difference in their geometric
misfit parameters. Note that the interfacial free energy of the
interfaces is larger and therefore less stable than the relaxed
surface energy of the substrate Cu2O(111), explaining the
carefully controlled experimental conditions required to prepare
them. The calculated Bader charge is 0.139 e− smaller for the
exposed Cu atoms in CuO(1̅11)/Cu2O(111) than that in the
pristine CuO(1̅11) surface. However, the subsequent deposi-
tion of the thin-film TiO2(111) increases the charge of the Ti
atoms by only 0.024 e− with respect to that of its pure surface.
The formation of the binary heterojunction forces a large
(modest) reduction of the magnetic moment by 0.448 (0.174)
μB atom−1 of the Cu (O) ions compared to the value in the
perfect CuO(1̅11) surface. Our simulations indicate that the
magnetization of the middle CuO(1̅11) thin film induces
magnetic moments one order of magnitude smaller on the atoms
of the TiO2(111) top layer. The DFT modeling indicates that
the deposition of the CuO(1̅11) layer onto the substrate raises
the work function by 1.454 eV with respect to the value of this
descriptor in the pristine Cu2O(111) surface. Likewise, the
formation of the ternary heteroepitaxial junction leads to a
further 1.169 eV increase of the work function of the nanodevice.

3.8. Simulation of the Molecular Adsorption Proper-
ties. We next investigated the adsorption properties of the
binary and ternary layered heterojunction devices. We have
considered the interaction of the single molecules probed
experimentally, i.e., H2, C2H5OH, and n-C4H9OH, with the
symmetrically inequivalent adsorption sites. We believe that
these early molecular adsorption processes will determine the
kinetics of the oxidation reactions that are discussed within the
oxygen chemisorption model in the Text S4 (Supporting
Information). The O atoms from the VOC molecules were

Figure 11. Adsorption of (a) H2, (b) C2H5OH, and (c) n-C4H9OH on the CuO(1̅11)/Cu2O(111) heterostructure. Interatomic distances are
indicated in the top panels, while the charge density flow (Δρ) is represented in the bottom panels. Electron density gain and depletion regions are
shown in yellow and green, respectively. Isosurfaces display a value of ±0.005 e Å−3. Crystallographic directions are indicated with respect to the
Cu2O(111) substrate. The binary heterostructures are displayed using the (top panels) space-filling and (bottom panels) ball-and-stick
representations, whereas the adsorbates are shown using the stick representation. O atoms are shown in red, H atoms are shown in white, C atoms are
shown in brown, and Cu atoms are shown in dark blue.
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initially placed 1.5 Å away from the closest transition metal atom
of the sensing device and then subsequently optimized to their
equilibrium configurations and energies. For the pristine
heterostructures, the H2 molecule was introduced to instead
interact with the surface O atoms. Previous studies of
nanosensor devices based on ZnO have shown that interactions
between these atoms of opposite Coulomb charges lead to the
most stable adsorption configurations.78,79

Table S5 lists the adsorption energies for the binding of the
VOCs andmolecular hydrogen onto both the exposed Cu andO
atoms, respectively, of the binary heteroepitaxial structure
CuO(1̅11)/Cu2O(111). The largest adsorption energy Eads =
−1.072 eV was calculated for C2H5OH, which was followed by
Eads = −0.833 eV for n-C4H9OH on the most-reactive under-
coordinated threefold Cu site of the binary layered device. From
a thermodynamic point of view, C2H5OH and n-C4H9OH have
binding strengths toward the under-coordinated threefold Cu
site that are ∼0.3 and ∼0.05 eV larger, respectively, than their
fully coordinated planar fourfold counterpart. Moreover, the
difference is also 0.05 eV for the energy released by the H2
molecule on the two types of O atoms. Our simulations suggest
that H2 shows the lowest preference for the binary
heterostructure, which is in agreement with the low gas response
reported for this gas from the experiments. We found that the
incorporation of the TiO2(111) layer into the sensing device

reduces the number of symmetrically inequivalent adsorption
sites to one type of O atom and one type of Ti atom. The binding
energy of the alcohol with the lowest (largest) molecular weight
is approximately 0.22 (0.08) eV lower on the Ti positions of the
ternary heterostructure with respect to the Cu atom of
CuO(1̅11)/Cu2O(111). However, the energetic preference of
H2 becomes larger by just 0.01 eV on the O site of TiO2(111)/
CuO(1̅11)/Cu2O(111) compared to the exposed anion on the
binary heterojunction. The decreasing order of binding strength
found for the alcohols on the Ti site and H2 on the O position is
Eads(H2) ≫ Eads(n-C4H9OH) > Eads(C2H5OH).
Figures 11 and 12 illustrate the most-favorable molecular

adsorption modes of H2 and the alcohols on the surface of the
binary and ternary heterojunctions, which are in agreement with
previous studies.78,79 The small H2 molecule is adsorbed almost
perpendicularly to the surface on a threefold O site lying in the
ridge along the [21̅1̅] direction. This is the weakest interaction
reported in this study, which is characterized by an interfacial
H−O distance of 2.43 Å. H2 was also initially placed above a
fourfold O atom in the groove along the [21̅1̅] direction but
moved outward during optimization. In the resulting adsorption,
H2 forms a bidentate binuclear mode, since it lies flat to the
surface, spanning the gap between two opposite threefold O
atoms in parallel ridges, as displayed in Figure 11a. The results
from the calculations indicate that the H−O distance between

Figure 12.Adsorption of (a) H2, (b) C2H5OH, and (c) n-C4H9OH on the TiO2(111)/CuO(1̅11)/Cu2O(111) heterostructure. Interatomic distances
are indicated in the top panels, while the charge density flow (Δρ) is represented in the bottom panels. Electron density gain and depletion regions are
shown in yellow and green, respectively. Isosurfaces display a value of ±0.005 e Å−3. Crystallographic directions are indicated with respect to the
Cu2O(111) substrate. The ternary heterostructures are displayed using the (top panels) space-filling and (bottom panels) ball-and-stick
representations, whereas the adsorbates are shown using the stick representation. O atoms are shown in red, H atoms are shown in white, C atoms are
shown in brown, Cu atoms are shown in dark blue, and Ti atoms are shown in light blue.
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H2 and the surface is 0.14 Å larger across the threefold Cu side
than across the fourfold Cu side. Nevertheless, the interaction
with the surface led to a negligible stretching by 0.01 Å of the
intra-atomic H−H distance with respect to that of the isolated
molecule, but only for the adsorption at the groove site. We did
not find evidence of H2 dissociation in our calculations and thus
speculate that this process is unlikely from a thermodynamic
point of view.We found that the O of C2H5OHbinds the surface
three- and four-fold Cu atoms at 2.15 and 2.43 Å, respectively, as
shown in Figure 11a. Given its small size, this molecule is able to
place itself parallel to the surface grooves along the [21̅1̅]
direction by forming hydrogen bonds to the exposed threefoldO
atoms at the top of the ridge. Interestingly, we calculated the
shortest distance of 1.95 Å for the interaction between the
hydroxyl H and the surface O of the [CuO3/2] unit nearest to the
coordinated threefold Cu. However, C2H5OH forms hydrogen
bonds with the O that belongs to the same [CuO4/2] unit of the
coordinated fourfold Cu atom at the largest distance of 2.02 Å.
The shortest distances for the interaction of C2H5OH at the
threefold Cu position explain our strongest calculated DFT
adsorption energy for this site. We observed a difference of just
0.08 Å for the interfacial bond distances between the three- and
fourfold Cu sites and the O atoms for the heavier n-C4H9OH
molecule (see Figure 11c). Moreover, the hydrogen bond
distance between the OH group and the surface threefold O
atoms is 1.92 Å for both adsorption configurations investigated
here. Unlike C2H5OH, the large and nonpolar hydrocarbon
chain of n-C4H9OH prefers to adsorb perpendicular to the
surface plane for the interaction with the three- and fourfold Cu
sites. Thus, this provides n-C4H9OH with the appropriate
orientation and separation from the heterostructure to form its
hydrogen bond to the surface O atom directly bound to the
coordinated Cu atom. We rationalized the trend of the
adsorption energies of the VOCs based on their interatomic
distances to the surface, which are inversely proportional.
We have integrated the Bader charges, which indicate that the

largest transfer of Δq = −0.119 e− was found for the adsorption
of the electron-rich H2 molecule at the tetrahedral sp3 dangling
bond position of the ridge threefold O atom, as summarized in
Table S5. Based on the large electronegative difference of ΔχHO
= 1.24 (Pauling scale),80 this adsorption geometry promoted an
effective charge transfer mechanism from the adsorbate to the
surface. Surprisingly, the smallest charge transfer takes place
from the surface to the bidentate binuclear H2 in the adsorption
at the groove position, since the adsorbate is not in a
configuration that facilitates appropriate orbital overlap with
the exposed O atoms. Figure 11a illustrates that the interfacial
charge transfer vanishes for this adsorption mode, with the
electron-rich region located between the H atoms similar to the
filled σ1s

b2 bonding molecular orbital and the electron-depleted
regions σ1s*, which represent the empty antibonding molecular
orbital, all lying on the symmetry axis. Moreover, all VOC
molecules lost electronic density upon their adsorption onto the
binary heteroepitaxial junction, with the observed charge flow
values in line with the trend of simulated adsorption energies.
Figure 11a and b displays the charge rearrangements between
the OH group of the VOCs and the surface Cu and O atoms of
the binary heterostructure, which are more noticeable for
C2H5OH than for n-C4H9OH.
The incorporation of TiO2 does not noticeably change the

most stable adsorption geometries for the VOCs with respect to
the binary sensor but instead affects the interaction config-
uration for H2 (see Figure 12a). For the most-stable adsorption,

we found that H2 prefers to sit perpendicularly to the TiO2(111)
layer 2.56 Å above any of the quasi-equivalent O atoms. H2 is
only able to coordinate a single anion since this surface does not
form grooves with under-coordinated O atoms at the top of the
ridges, which allow the flat bidentate binuclear adsorption of the
molecule. Figure 12b illustrates that C2H5OH also coordinates
an exposed Ti ion via its hydroxyl O atom, but the molecule
adsorbs 0.09 Å further from the surface site than it does in the
case of CuO(1̅11)/Cu2O(111). Given the close proximity of the
surface Ti and O atoms, C2H5OH cannot form a strong
interfacial hydrogen bond, with the H···O distance stretched to
the atypical value of 2.30 Å. n-C4H9OH also forms an adsorption
mode on the surface of TiO2(111)/CuO(1̅11)/Cu2O(111) that
is more detached than that in the binary device, which even
prevents the formation of a hydrogen bond with the exposed O
atoms as shown in Figure 12c. We found that the computed
charge transfers between the adsorbates and the ternary device
explain their adsorption energy values (see Table S5). For
example, the charge transfer is almost zero for H2, suggesting
physisorption and agreeing with its lowest adsorption energies,
whereas the VOC molecules donate electron density to the
surface, agreeing with the strength of their adsorptions. The
charge transfers for the VOCs are also smaller for the ternary
device than for the binary heterostructure, which compares well
with and explains their relative adsorption energy values. Figure
12a shows the intramolecular charge redistribution that
resembles the molecular orbitals of H2, with a negligible
influence of the surface of the sensor. The Ti ion that
coordinates the OH group of C2H5OH loses some electronic
density charge, whereas the cation that coordinates the O atom
of n-C4H9OH is the least perturbated for any VOC molecule
(see Figure 12b and c).
We have provided strong evidence that the change in the

sensitivity is the consequence of applying a layer of TiO2(111)
to the CuO(1̅11)/Cu2O(111) sensing device. Our DFT
calculations show that the ternary heteroepitaxial junction
displays smaller adsorption energies toward the VOCs than
toward the binary nanodevice, which agrees with the gas
response experiments discussed in section 3.4. We have
rationalized the different behaviors of the CuO(1̅11)/Cu2O-
(111) and TiO2(111)/CuO(1̅11)/Cu2O(111) heterojunctions
based on their atomic charges and surface structures. The Bader
charges calculated for both qTi = +2.235 e− and qO = −1.130 e−
in the ternary device are larger than those calculated for qCu =
+0.867 e− and qO =−0.965e− in the binary heterostructure. This
supports a Coulombic attraction between an equally spaced OH
group of the VOCs and the surface of TiO2(111)/CuO(1̅11)/
Cu2O(111) that is stronger than the facet of the binary material.
On the other hand, the separation of 3.29 Å between the exposed
Cu and O atoms in neighboring [CuO3/2] units allows the
efficient formation of both coordinate and hydrogen bonds
between the CuO(1̅11)/Cu2O(111) heteroepitaxial material
and the OH group of the VOCs. However, the relative position
and 1.90 Å separation between the surface counterions prevent
the simultaneous formation of the Ti−OH and OH···O bonds
between the adsorbate molecule and the TiO2(111)/CuO-
(1̅11)/Cu2O(111) heterojunction. Our DFT simulations
suggest that the alcohols show a larger preference toward the
formation of the Ti−OH coordinate bond instead of a hydrogen
bond with the ternary heterostructure given the larger
Coulombic attraction of the former type of interaction
compared to the latter one. Moreover, the modeling indicates
that the surface structure and relative position of the atoms plays
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a more important role than the Bader charges in determining the
geometries and adsorption energies of the VOCs. Nonpolar H2
is the only molecule that shows both a physisorbed mode on the
CuO(1̅11)/Cu2O(111) sensor with a larger adsorption energy
than the chemisorbed configuration. Although it is the least
favorable of all adsorbates explored here, H2 is also the only
molecule that displays a slightly larger adsorption energy for its
physisorption mode on the ternary device than on the binary
device. Thus, the calculations that we have carried out offer an
additional and complementary understanding, from a molecular
point of view, into the sensing mechanism of the binary and
ternary heteroepitaxial junctions.

4. CONCLUSIONS
In this paper we have studied the heterostructure of mixed
titania/cuprite/cupric oxide (TiO2/CuO/Cu2O) phases that
were obtained via a facile, cost-effective, simple, and reliable
spray−sputtering−annealing approach. The investigated mixed
oxide semiconductor phases are nanocrystalline and possess
direct optical band gaps that are preferred for sensing
applications, owing to the direct recombination with the release
of energy. We have discussed the properties and enhanced gas
detecting characteristics of the CuO/Cu2O nanolayered
heterojunction device structure that is based on two precise
phases, i.e., CuO and Cu2O. The effect of different thicknesses
on the sensor performances is reported for the CuO/Cu2O
nanolayered crystalline heterojunction as well. The method
presented in this work allows for the preparation of high-quality
nanomaterials with different compositions and crystal phases.
CuO/Cu2O nanolayers with thicknesses between 20 and 30 nm,
which were prepared using conventional thermal annealing at
420 °C for 0.5 h, stand out for having promising sensing
characteristics in terms of a good selectivity and a high response
to volatile organic compounds. The best results, with a response
of about 150% to 100 ppm of ethanol, were achieved at a
working temperature of 350 °C.
The CuO/Cu2O samples show a high selectivity and response

to ethanol, which improved alongside the long-term stability of
the sensor after covering the surface with a thin layer of titania
TiO2. We also noted that even after the deposition of titanium
oxide, the response to ethanol did not change significantly. In
general, p-type semiconducting oxides, such as CuO/Cu2O, will
allow a complete reaction of ethanol, which will result in
increasing sensing performances toward its vapors. We also
found that the response to ethanol vapors decreased for the
CuO/Cu2O samples, whereas it remained unchanged in the case
of the TiO2/CuO/Cu2O samples with respect to the temper-
ature. Significant changes were not observed due to the self-
cleaning effect of the ternary heterostructure.55,56 These results
provide evidence that the deposited thin TiO2 film protects the
sensor, increasing its lifespan. Thus, the titania (TiO2) ultrathin
layers deposited on top of CuO/Cu2O using the spray pyrolysis
method can be used for the long-term stabilization of the
functionalities of the sensors and to provide protection against
corrosion at high temperatures.27−30,55,56

We have used first-principles techniques to simulate the
formation of the binary CuO(1̅11)/Cu2O(111) and ternary
TiO2(111)/CuO(1̅11)/Cu2O(111) heterostructures in addi-
tion to their reactivities toward H2, C2H5OH, and n-C4H9OH.
We have investigated the deposition of the monoclinic
CuO(1̅11) and TiO2(111) thin-film overlayers on the Cu2O-
(111) surface substrate with a hexagonal symmetry and found
that these are thermodynamically stable systems despite the

lattice mismatch. The binary and ternary heterostructures are
thermodynamically stable. The value of the work function rises
with the number of components of the heterojunctions, which is
consistent with their different sensitivities. The study of the
affinity of the VOCs and H2 toward the binary and ternary
heterostructures shows that the adsorbates interact molecularly
with the surface of the sensors. H2 and C2H5OH release the
smallest and largest adsorption energies in their ground-state
interaction configurations, respectively, on the surfaces of both
nanodevices, which is in agreement with their similar
selectivities. The electronic properties of the ground-state
adsorption configurations alongside the surface structure are
important descriptors that explain the trends of the binding
energies.
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