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Supporting Information Text S1
The surface properties of the binary and ternary heteroepitaxial interfaces were simulated using
spin-polarised density functional theory (DFT) calculations as implemented within the Vienna ab-
initio simulation package (VASP) '*. We have used the generalised gradient approximation
(GGA) functional of Perdew, Burke and Ernzerhof (PBE) for the exchange-correlation energy °.
The projector augmented wave (PAW) method was employed to model the atomic frozen core
electrons and their interaction with the valence states . The core electrons included [Ne] 3s? for
Cu; [Ne] for Ti; and [He] for O, C and N. For the H atom, the electron was treated as valence. The
kinetic energy cut-off was set at 400 eV for the expansion of the periodic plane wave basis set.
Long-range dispersion interactions were considered using the semi-empirical method of Grimme,
with the Becke-Johnson damping [D3-(BJ)] 3°, which is important to describe properly the bulk
and surface properties of a range of materials '8, The optimization of the structures was
conducted via an efficient force-based conjugate-gradients method that uses a Newton’s line

optimizer '**

, which stopped when the Hellmann-Feynman forces on all atoms were smaller than
0.01 eV-A™!. We have used the Dudarev et al.>! approach within the DFT+U framework > to
describe the d electrons in the metal oxide phases. The values for the on-site Coulomb interaction
term in this study were Uer = 4.0 eV for Cu and 4.4 eV for Ti »*’. These criteria allowed
convergence of the total electronic energy to within 1 meV atom .

The electronic integrations of the bulk phases were performed in the reciprocal space using their
primitive unit cells and a I-centred Monkhorst-Pack sampling grid *® containing 11 X 11 X 11 k-
points for Cuz0O as well as TiO», and 14 X 14 X 8 k-points for CuO. This choice of mesh density
was found to be enough to predict correctly the insulating electronic properties of the metal oxide
phases 233, The heteroepitaxial interfaces were modelled using the commensurate 5 X 5 X 1 k-

points mesh, whereas the isolated molecules were simulated in a cell with broken symmetry and a

volume of 9240 A3, sampling only the I point of the Brillouin zone. For the isolated molecules,
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the electronic partial occupancies were determined using the Gaussian smearing method with a
width of the smearing of 0.05 eV. We tested several values for the width of the smearing, to ensure
that the electronic entropy was negligible, which is the variational quantity of these partial

> was used for

occupancies methods 34 However, the tetrahedron method with Blochl corrections >
the oxides and for the calculation of the electronic and magnetic properties and to obtain very
accurate total energies.

The adsorption energy of the molecule is calculated as follows:
Eads = Esurfsmol = (Esurf + Emol), (S1)

where Esufrmol 1S the total energy of the adsorbate—substrate system, Esuif s the energy of the naked

surface slab, and Enor is the energy of the isolated molecule.
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Figure S1. Cross-section view of set #1 devices made from CuO/Cu>O nanolayers (Device 1), and

set #2 based on TiO2/CuO/Cu;0 heterolayers (Device 2).
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Figure S2. Micro-Raman spectra of thin nanocrystalline films of (a) CuO/Cu2O and (b)

TiO2/CuO/Cu0. All samples were thermally annealed under air conditions at 420°C for 30 min

for samples with thicknesses of 20 nm (Cu20), 30 nm (Cu30) and 40 nm (Cu40) and for 60 min

for samples with thicknesses of 50 nm (Cu50 ) and 60 nm (Cu60).
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Figure S3. Micro-Raman spectra of CuO/CuzO and TiO2/CuO/Cu;0O with 20 nm thickness

thermally treated under air conditions at 420°C for 30 min.
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Supporting Information Text S2
Cuprite or cuprous oxide (Cu20) has a simple cubic unit cell given its translational symmetry. This
material which has cubic symmetry at the centre of the zone, where exists direct exciton transitions,
has isomorphous point groups k and O;. The cuprite cubic structure can be described as two sub-
lattices, a face-center cubic (fcc) one of copper cations and a body-center cubic (bcc) one of oxygen

anions. The cuprite structure also has dichotomy 3¢

, characterized by O atoms located in
tetrahedral interstitial positions relative to the copper sublattice, allowing a tetrahedral
coordination environment for the O ions, whereas Cu is linearly coordinated by two neighbouring
oxygen anions. Note that these low coordination numbers are unconventional for metal oxides *’.
The short copper-oxygen bond length in Cu,O is also unusual *’, as it is not compatible with the
sum of the ionic radii for Cu* and O*" reported in the literature *%. The symmetries of the phonons
and bands are readily collect by the method of Moskalenko *. The space group is Pn3m or Oy
(point symmetry Oh, or m3m) for the Cu2O crystal with a simple cubic Bravais lattice 364041 |
containing two formula units in the unit cell, which explains that optical phonons exist at 15 zone

centres. The symmetry of the zone centre normal modes are given by *>~#:

FCMZO = A2u + Eu + 3T

lu

+T,, +T,, (S2)

CuO crystallizes in the monoclinic crystal system (space group symmetry Cs, [C 2/ c]) 42

45 Thus, this material has 12 vibrational modes, which are optically active phonon modes, at the
zone centre. The two copper atoms in the primitive cell are on sites with the C1(2) symmetry and
the oxygen atoms are on sites with the C2(2) symmetry *>*. The site symmetries as well as the

factor group allow the following zone centre normal modes 4>

['=4A,+5B,+A, +2B, (S3)
The three Ag + 2B, modes are Raman active and the three acoustic modes are represented
by Ax + 2B, whereas the remaining six modes are infrared active ***#. The lattice dynamics of

Cu20 and CuO have been previously investigated in different works “0~°,
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The micro-Raman spectra investigated at room temperature for the CuO/Cu>O and
TiO/CuO/Cu20 nano-materials in the range 100-1000 cm™ is shown in Figure S2. The presence
of Cu metal, could not be ascertained from these measurements due to instrumental limitations
and because materials possessing negative real and imaginary positive dielectric constants, such
as metals, exhibit surface plasmon resonance (SPR) **>!. The micro-Raman spectrum investigated
at room-temperature for the six samples contain three main peaks at ~144, 212 and 628 cm™, which
are attributed to the CuxO crystalline phase. Co-existence of the CuO and CuO phases for
specimens thermally annealed at 420°C for 1 h was confirmed by the data presented in Figure S2a
and S2b, which displays strong peaks at 298, 345, and 632 cm™! 32, Based on the high sensitivity
of the micro-Raman spectroscopy for the investigations of the surface regions of the samples >3,
the stronger peaks attributed to the CuO phase (curve (2) in Figure S3) indicate the formation of
CuO above the surface of the Cu2O nano-crystals substrate. At temperatures higher than 420°C
for thermally annealed samples, the peaks ascribed to the CuzO crystalline phase vanish in the
micro-Raman spectra (not shown), which can be attributed to the formation of a thicker layer of
CuO on top of Cu0 . The micro-Raman spectra of the TiO> films covering the ultra-thin
CuO/Cuz0 layers with different thicknesses (20, 30, 40, 50, and 60 nm) thermally annealed at
420°C for 0.5 or 1 h are reported in Figure S2b. In the case of the TiO>/CuO/Cu>0O samples, the
results demonstrate the same trend and are not discussed here to avoid repetition. The MR results
obtained are in good agreement with our XPS data, confirming that the Cu,0 phase transform into
the CuO crystalline phase after the thermal annealing treatment.

The anatase phase has the D;; (I14/amd) space group °** formula units in the primitive
unit cell (see Figure S3). The modes at the /" point belong to the following representation >+
Topt = 1414 + 143y + 2By 4 + 1By, + 3E; + 2E,, (S4)
The Aig, Big and E; modes are Raman active, whereas the A2y and the two Ey modes are infrared

active. The peaks at about ~144, ~197, ~326, ~400, ~13-517, and ~635 cm! from Figure S2b
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(curve 7) can be attributed to the Eg, Ey, Big, Big, A1g+ Big, and E; modes of anatase, respectively

2457 which correlate well with the anatase phase in the TiO> film 8
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Figure S4. (a) Transmission spectra and (b) plot of absorption near the UV edge vs. wavelength

of the TiO2/CuO/Cuz0 heterostructure with a thickness of 20 nm thermally treated at 420°C for

0.5 h.
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Figure S5. Plot of (ahv)® vs. photon energy hv for the CuO/CuxOand TiO2/CuO/CuO

heterostructures, with a thickness of 60 nm (Cu60) and 20 nm (Cu20), respectively.
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Supporting Information Text S3
The absorption versus wavelength spectra shows only one absorption peak centered at around 400
- 500 nm (Figure S4b). The optical characteristics of the prepared heterostructure and the
estimation of its optical bandgap energy mean value are extremely important for the development
of sensor applications. According to the Tauc method, the optical band gap of the CuO

nanomaterial follows the equations >%;

ahv = k[hv — E ; aE, = k(E, — E,)" (S5)
where, o is the optical absorption edge, which is proportional to the absorbance (the absorption
coefficient of the material), E, = hv —is the energy of the incident photon, & is a proportionality
constant dependent on the material structure, E, is the optical band gap, and 4 is the Planck
constant. Since the value of the exponent n depends on the nature of the optical transition , it can
take the values 1/2, 3/2, 2 or 3 for direct allowed, direct forbidden, indirect allowed or indirect
forbidden transitions, respectively ®'%2. The value of % is therefore used for CuO as both
semiconducting oxides CuO and Cu,O are direct-band-gap semiconductors 2, while E; can be
obtained from Eq. (S5). The absorption (o > 10* cm™) is related to direct band transitions ®*%*. The
optical bandgap E, was found by extrapolating the linear portion (straight line) tangent of the
(ahv)? vs. hv graph that intercepts the photon energy axis (i.e., &v, the abscissa) at ahv = 0, as
shown in Figure S5. We found that the bandgap energy is 2.3 eV for the as-grown CuO
nanomaterials, which is larger than the value published for the CuO bulk material (E; = 1.855eV)
65, The optical band gap increases for the CuO nanolayers when we decrease their thickness and
particle size, which can be assigned to quantum confinement effects .

Experimental data show only direct transition-related absorption peaks without indication
of indirect transition absorption (Figure S4b). The large band gap detected could be associated to
the existence of intra-gap states and quantum confinement effect ¢’. It is known that the E, of Cu20

bulk material ranges from 2.0 to 2.5 eV. Thus, we believe that the difference of Eg between of the

S-13



Cu20 ultra-thin films investigated in this study and in the values reported the literature is mainly
caused by the quantum size effect in our samples.

Figure S4a shows the transmission spectra of the CuO/Cu>O and TiO»/CuO/Cu20
heterostructures with a thicknesses of 20 nm treated at 420°C for 0.5 h. We can see that all samples
possess good transmission over 70% beyond a wavelength of 600 nm. We also found that the
TiO»/CuO/Cu20 sample (curve 2) have a higher transmittance than CuO/Cu>0O since the main
mechanism of light trapping in the small absorbent TiO> films involves the scattering of light .
Figure S4b presents a plot of the absorption near the UV edge vs. wavelength for the same
heterostructures shown in Figure S4a, clearly indicating two regions for the optical band gaps of
each crystalline phase.

As calculated from the results in Figure Séa, the E; of the CuO thin films is about 1.9 eV.
The best linear fit was found when n=1/2, i.e. for a direct allowed optical transition in the copper
oxide nanoparticles) ®7°. The Tauc plots reported in Figure S6 confirm a rise in the bandgap from
~2.03 eV to ~2.87 eV with a decrease in the nanoparticle size from 30 nm to 10 nm. The absorption

edge of ~2.03 eV for the 30 nm specimen is similar to the published value for bulk Cu20 %72,
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Table S1. Responses to ethanol of the CuO/Cu20 and TiO2/CuO/Cuz0 samples with thickness of

20 nm (Cu20) and 30 nm (Cu30) at the operating temperature of 350°C.

1 ppm 5 ppm 10 ppm
S Gas | Respo | Recov | Gas | Resp | Reco | Gas | Resp | Reco
ample

Heterostructure set respo nse ery respo | onse | very | respo | onse | very
nse, time time nse, | time | time | nse, | time | time
(%) | T (8) | Tay(8) | (%) | Tes(8) | Tar (S) | (%) | Try (S) | T4y (S)

Cu20 ~27 6.1 14.4 ~36 13.4 13.2 ~40 252 | 20.7

Cu0/Cu:0 Cu30 | ~31 | 54 | 143 | ~36 | 163 | 13.6 | ~45 | 96 | 188

) Cu20 ~32 21.9 44.8 ~39 17.2 | 40.6 ~42 22.8 | 463
TiO/CuO/Cu0 = 307130 | 214 | 300 | <33 | 168 | 434 | ~a2 | 232 | 303
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Figure S7. [-V current-voltage characteristics measured at room temperature for the:

(a) CuO/Cuz0 and (b) TiO2/CuO/Cu20 samples, with various thicknesses of 20 nm (Cu20), 30 nm

(Cu30), 40 nm (Cu40), 50 nm (Cu50) and 60 nm (Cu60).
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(b) TiO2/CuO/Cu20 samples with thicknesses of 20 nm (Cu20) and 30 nm (Cu30).
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Supporting Information Text S4
The electrical and chemical properties of the heterostructures’ surfaces are explained as follows
447375 when exposed to oxygen in ambient air at relatively low temperatures, a hole accumulation
layer/zone (HAL) is formed at their surface.
0,(gas) + 2e~ - 20~ (ads). (S6)
At temperatures slightly above 150°C, oxygen species become adsorbed on the copper

oxide surface following the reaction **76:

1 150°C
502(gas) —— 07 (ads) + h*, (S7)
where Ox(gs) are the oxygen molecules in air, O, are the oxygen ions adsorbed on the oxide

surfaces, and /' are the holes released in oxide. Thus, due to the formation of HAL at the oxide
surface, the electrical resistivity of the top layer becomes lower than at the subsurface layers, which

is considered to be an insulating region according to previous works '’ 52,

83,84

Based on previous results , oxygen ions adsorb on the semiconducting oxide surface in

different forms, such as O>~, O™, and O°~ (20°C—500°C), as demonstrated by TPD, ESR, and FTIR.
Molecular O>" and atomic O~ species dominate below 150°C and between 150°C—-500°C,
respectively. At room temperature, the Oz~ molecules species trap electrons from the copper oxide.
Therefore, the conductivity of the heterostructure decreases due to the increasing concentration of
holes at the surfaces produced during the process of trapping electrons %384 However, in the
chemical detection at 300°C, O is frequently chemisorbed and the reaction kinetics are as follows.
Once the sensor is exposed to ethanol vapors, a surface reaction takes place between the ethanol
molecules and the adsorbed oxygen species on the copper oxide. As a result, ethanol C:HsOH
molecules are oxidized to CO2 and H,O and the HAL region is reduced #+77:79:81.82.85,
CoH50H + 60 qq5) = 2C0;(gas) + 3H20(gas) + 6€7. (S8)
Thus, according to the reaction above, a single ethanol molecule interacts with six of the

adsorbed oxygen ions where 6 electrons are released, which recombine with the holes in the HAL
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region, therefore reducing its size. This leads to an increase in the electrical resistance and
decreases the electrical current flow in this region 47985 Based on previous works, the width of
HAL region lies between 5.2 to 16.5 nm for the ultrathin top CuO phase, which is completely
affected by surface reactions. Due to the low upper valence band level of the Cu2O core, holes
flow from it to the surface-CuO layers, which affects the CuO/Cu20 interface and contributes to
the sensing mechanism. The HAL region (with a total width estimated around 20 nm) is the
preferential path for the electrical conduction due to the lower resistance of CuO compared to the
core Cuz0. The small average diameter of the nanocrystals ensures a high surface-to-volume ratio,
allowing more adsorbed oxygen species on the heterostructures’ surface, which enhances the
ethanol sensing and explains the better performances towards ethanol vapor detection. Our
experimental data fully support these reaction mechanisms: when EtOH is introduced in the test
chamber, the current decreases and the resistance increases. The CuO/Cu20 heterostructures
induce a large HAL region due to the ultra-thin top CuO layer and charge diffusion effects at the
interface. Therefore, the change in the electrical resistance will be larger under exposure to ethanol
vapor compared to the single phase material-sensor.

Concerning the ethanol detection mechanism for the TiO2/CuO/Cu20O heterostructures, the
presence of a p-n heterojunction between TiO2 and CuO/Cu20 leads to bending of the energy
bands in the depletion region (Figure S12) and to an electrical field due to electron transfer in the
p-type CuO/Cuz0 layer and holes in the n-fype TiO2 material, which appear until the system
reaches the equilibrium of Fermi levels (Figure S12b). The electrical field at the interface will
help/enhance the charge transfer efficiency to the adsorbed oxygen molecules at the
semiconducting oxide surface.

Such a type of contact between two different semiconducting oxides forms a non-planar p-
n heterojunction at the interface between CuO/Cu20 and TiO2, which is useful for tuning chemical

sensing properties 5. From these data, we can argue that the p-type CuO/Cu>O layer withdraws
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electrons from donor defects, such as oxygen vacancies from TiO», decreasing the density of

87,88

charge carriers and increasing the resistance of the heterostructure.

44,82 55,89,90
9

When CuO/Cu0, which possess p-type electrical conductivity **°°, and TiOz, n-type
are put in contact forming the heterostructures p-tfype conductivity is measured, demonstrating that
CuO/Cuz0 predominates.

Adsorbed oxygen on surface of TiO: traps conduction electrons following different

reactions depending in operating temperature >>-8+91-93;

O2(gas) © O2(aas) (S9)

O2(aas) + €~ = Ozaas) (S10)
Oz(aas) + €~ © 20045 (S11)
Otaasy + €~ © O%us)- (S12)

When the TiO2/CuO/Cuz0O heterostructures are exposed to ethanol vapors, a chemical
reaction between C2HsOH and the adsorbed oxygen species takes place on the TiO; surface, where
electrons are released in the conduction band of titania . Possible reaction paths are listed below
(Eq. (S13))

CH5CHO + H,0 + e~

— 2— -
C,HsOH + 0~(02~/03) —>{ CO, 4 H0 4+ o (S13)
C,HsOH + h* + 0~(02~/03) » CH;CHO + H,0 (S14)
C,HsOH + h* + 0~(0%~/03) - CO, + H,0 (S15)

At the interface of the TiO2/CuO/CuzO heterostructures, the reduced ethanol molecule will
be combined with the holes in CuO, producing the CH3CHO intermediate that reacts with the
oxygen adsorbed on the n-type TiO» overlayer (Eq. (S14) and (S15)). In general, p-type
semiconducting oxides, such as CuO/Cu;0, allow complete reaction of ethanol, which increases
the sensing performances towards this molecule. This effect has been reported previously by other

authors for CuO-Sn0. %%, SnO» doped with Ni ¥ co-doped ZnO %, respectively.
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When the TiO2/CuO/Cu,0 heterostructures are exposed to H> gas, the hydrogen molecules

are oxidized, which releases electrons that narrow the electron depletion region as follows 99-101.
1,05 +H, » H,0 + e~ (S16)
20™ + 2H, - 2H,0 + 2e~ (S17)

This modifies the conduction channel width 873 which in our case increases the resistance of the

Sensor structure.
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Figure S12. Energy band diagrams for the TiO2/CuO/CuzO heterostructures in: (a) air; and

(b) under ethanol vapor.
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Table S2. Calculated unit cell lattice parameters (a, b and c), atomic charges (g), atomic magnetic
moments (m) and band gap energy (E;) for the cubic cuprite Cu2O, monoclinic tenorite CuO and
tetragonal anatase TiO». Calculated staggering parameter y and angle S are reported for CuO.

Oxidation state (OS) and experimental values for a, b, c, y, , m and E; are indicated for all phases.

CuO CuO TiO;
a(A) Calc. 4.256 4.706 3.845
Exp. 4,268 102 4.687 103 3.785 104
b (A) Calc. -- 3.438 -
Exp. -- 3.424 193 --
c(A) Calc. - 5.153 9.663
Exp. - 5.132 103 9.512 104
y Calc. -- 0.422 -
Exp. -- 0.418 1 --
B(°) Calc. - 99.5 -
Exp. -- 99.5 103 --
gcuri (€” atom™) Calc. +0.535 +1.081 +2.391
OSCu/Ti +1 +2 +4
go (e atom™) Calc. -1.070 -1.081 ~1.196
0So -2 -2 -2
mcuri (us atom™) Calc. 0.000 0.682 0.000
Exp. 0.000 0.60—0.68 195-198 | 0.000
mo (ug atom™) Calc. 0.000 0.319 0.000
Exp. 0.000 - 0.000
E, (eV) Calc. 0.737 1.66 2.57
Exp. 2.00-2.40 109110 1.00-1.90 3.00-3.15 113116
105,106,109-112
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Supporting Information Text S5
Table S2 displays the calculated Bader charges U719 \which are +0.535, +1.081 and +2.391 for
Cu in Cu20, Cu in CuO and Ti, respectively. Although the Bader charge is just above 50% of the
formal oxidation state for Cu'*, we noted that their values are slightly larger for Cu** and even
bigger for the Ti** atoms. The underestimation of charges is a known effect of the Bader population

scheme 120-125

, which is based upon the charge density, being independent of the atomic oxidation
states and basis set used, unlike wavefunction based partitioning methodologies 26128, We
observed the same trends for the Bader charges of the O anions than for their counter-cations,
given the equal number of electrons that are transferred between their neutral atoms during

formation of the bulk phases. Cu2O and TiO: are predicted as non-magnetic since the 3d shells of

Cu'* and Ti* are full and empty, respectively. The inferred magnetic moment is mcy = 0.682 ugp

105,106 107,108

atom ! for CuO, in excellent agreement with previous calculations and experiments
The magnetic moment for Cu?*, which is 32% below the value of 1 up atom™ ' expected for an ion
with a single unpaired electron and the electronic distribution [Ar]34”, induces a small magnetic
moment of mo = 0.319 ug atom ™! to the O counter-anions. However, the total magnetic moment is
Ms = 1.000 ug f.u.”! suggesting that CuO has half-metallic properties '**!%132 The band gap
energy calculated for Cu20 is underestimated by 1.3 eV with respect to the value obtained from

109

optical absorption experiments ", and X-ray photoemission and Bremsstrahlung isochromat

spectroscopy ''°. However, we found a much closer agreement for TiO», with a difference of just
0.43 eV between the simulated band gap energy and the range of values reported ''*~116, We also

simulated an exceptionally good band gap energy of Eg = 1.66 ¢V for CuO compared to other

105,106 109-112

simulations and experiments
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Figure S13. Side (top panels) and top (bottom panels) views of the optimised structures for
terminations (a) A and (b) B of the CuxO(111) surface. Crystallographic directions and stacking
sequence of the atomic layers are indicated. Layers with atoms with dangling bonds are highlighted

in the top view. O atoms are in red and Cu atoms are in dark blue.
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Figure S14. Side (top panels) and top (bottom panels) views of the optimised structures for
terminations (a) A and (b) B of the CuO(111) surface. Crystallographic directions and stacking
sequence of the atomic layers are indicated. Layers with atoms with dangling bonds are highlighted

in the top view. O atoms are in red and Cu atoms are in dark blue.
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Figure S15. Side (top panel) and top (bottom panel) views of the optimised structures of the
TiO2(111) surface. Crystallographic directions and stacking sequence of the atomic layers are
indicated. Layers with atoms with dangling bonds are highlighted in the top view. O atoms are in

red and Ti atoms are in light blue.
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Table S3. Surface energies before (y.) and after relaxation (y:) and the percentage of relaxation (R)
for terminations A and B of the pristine Cu2O(111), CuO(111) and TiO2(111) surfaces. The

average atomic charges (g), average magnetic moments (m) and work function (@), are also

indicated for each surface.

Surface Cu,0(111) CuO(111) TiO(111)
Termination A B A B

7a (meV A72) 73 148 93 188 1156
7 (meV A2 70 88 74 116 1044
R (%) 4.08 40.42 20.44 38.56 9.69
gcuri (¢ atom™) +0.504 +0.512 +1.006 | +1.017 +2.301
go (e atom™) —1.007 -1.011 -1.017 | —1.009 —1.134
mcuri (us atom™) 0.000 0.000 0.626 0.622 0.000
mo (up atom™) 0.000 0.000 0.298 0.382 0.000
® (eV) 4.831 5.037 5.943 5.229 5.461
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Table S4. Geometric misfit parameter ({) and interfacial free energy (oin() for CuO(111) on
CuyO(111) and TiO2(111) on CuO(111)/Cu,O(111). The average atomic charges (g), average

magnetic moments (/) and work function (@), are also indicated for each surface.

Heterojunction Cu0(111)/Cu,O(111) Ti02(111)/Cu0(111)/Cu,0(111)
(%) 1.66 6.97
Gint (MeV A2) 91 112
gcuri (€ atom™) +0.867 +2.325
go (e” atom™) —-0.965 -1.130
Mmcuri (ﬂB atom’l) 0.178 0.017
mo (u atom™) 0.124 0.039
@ (eV) 6.285 7.454
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Table SS. Adsorption energies (Eags) and charge transfers (4q) for Hz, C2HsOH and n-C4sHosOH on
the heterostructures CuO(111)/Cu20(111) and TiO2(111)/CuO(111)/CuxO(111). The adsorption
site of the adsorbate on the surface of the heterostructures is also indicated. A negative value of

Agq denote that the adsorbate loses electronic charge.

Adsorbate Cu0(111)/Cu,0O(111) TiO2(111)/Cu0(111)/Cu,0(111)
Site Eus (eV) | Adg (&) Site Eas (€V) Ag (e)
H, ridge 3-fold O —0.117 —0.119 0 —0.182 0.003

grove 3-fold O —0.171 0.002 -- --

C;Hs;OH 3-fold Cu -1.072 —0.095 Ti —0.820 —0.089
4-fold Cu —0.793 —0.029 - -

n-C4H,OH 3-fold Cu —0.833 —0.062 Ti —0.750 —0.070
4-fold Cu —0.788 —0.023 - -
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Figure S16. Response to 100 ppm of ethanol versus operating temperature for the:

(a) CuO/Cu20; and (b) TiO2/CuO/Cu20 samples with different thicknesses of 20 nm (Cu20),

40 nm (Cu40), 50 nm (Cu50) and 60 nm (Cu60).
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Figure S17. Response to 100 ppm of hydrogen versus operating temperature for the:
(a) CuO/Cu20; and (b) TiO2/CuO/Cu20 samples with different thicknesses of 20 nm (Cu20), 40

nm (Cu40), 50 nm (Cu50) and 60 nm (Cu60).
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Figure S18. (a) Response to different gases (hydrogen, n-butanol, 2-propanol, ethanol, acetone
and ammonia) versus operating temperature for the TiO2/CuO/Cu20 sample set with a thickness
of 30 nm (Cu30); (b) Dynamic response to 2-propanol of the TiO2/CuO/Cu20 sample set with a

thickness of 30 nm (Cu30) at different operating temperature.
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Figure S19. Response to different gases (hydrogen, n-butanol, 2-propanol, ethanol, acetone and
ammonia) versus applied voltage for the TiO2/CuO/Cu20 samples with a thickness of 20 nm

(Cu20).
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Figure S20. Response to different gases (hydrogen, n-butanol, 2-propanol, ethanol, acetone and
ammonia) versus applied voltage for the TiO2/CuO/Cu2O samples with a thickness of 30 nm

(Cu30).
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Figure S21. Dynamic response to n-butanol for the TiO2/CuO/Cu20O sample set with a thickness

of 20 nm (Cu20).
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Figure S22. SEM images of the TiO2/CuO/Cu20 samples at lower magnification with different

thickness of: (a) 20 nm and (b) 40 nm.
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