Nano Energy 109 (2023) 108301

Contents lists available at ScienceDirect

Nano Energy

o %

ELSEVIER journal homepage: www.elsevier.com/locate/nanoen

Check for

Al;03/Zn0O composite-based sensors for battery safety applications: An ol
experimental and theoretical investigation

David Santos-Carballal >, Oleg Lupan >“ ", Nicolae Magariu ‘, Nicolai Ababii °, Helge Kriiger b
Mani Teja Bodduluri 4 Nora H. de Leeuw *¢, Sandra Hansen ™, Rainer Adelung b,

& School of Chemistry, University of Leeds, Leeds LS2 9JT, United Kingdom

b Department of Materials Science, Chair for Functional Nanomaterials, Faculty of Engineering, Kiel University, Kaiserstrae 2, D-24143 Kiel, Germany

¢ Center for Nanotechnology and Nanosensors, Department of Microelectronics and Biomedical Engineering, Faculty CIM, Technical University of Moldova, 168 Stefan cel
Mare str., MD-2004 Chisinau, Republic of Moldova

9 Fraunhofer Institute for Silicon Technology (ISIT), Itzehoe, Germany

€ Department of Earth Sciences, Utrecht University, Princetonlaan 8a, 3584 CB Utrecht, the Netherlands

ARTICLE INFO ABSTRACT

Keywords: Lithium-ion batteries are vital in one of the key nanotechnologies required for the transition to a carbon-free
ZnO society. As such, they are under constant investigation to improve their performance in terms of energy and
Al,03

power densities. At the same time, safety monitoring is crucial, as defects in the battery cell can lead to serious
safety risks such as fires and explosions as a result of the enormous heat generated in the electrolyte, causing the
release of toxic and flammable gases in the so-called thermal runaway. Therefore, early and rapid detection of
the gases that form before thermal runaway is of particular interest. To this end, solid-state sensors based on new
heterostructured materials have gained interest owing to their high stability and versatility when used in the
harsh battery environment. In this work, heterostructures based on semiconductor oxides are employed as
sensors for typical components of battery electrolytes and their decomposition products. The sensors showed a
significant response to vapors produced by battery solvents or degassing products, making them perfect candi-
dates for the development of successful new prototypes for safety monitoring. Here, we have used a simple and
versatile method to fabricate the Al;O3/ZnO heterostructure, consisting of atomic layer deposition (ALD) and
thermal annealing steps. These AloO3/ZnO heterostructures have shown a response to the vapours of 1,3-dioxo-
lane (DOL, C3HgO3), 1,2-dimethoxyethane (DME, C4H;1(005), LiPFg, ethylene carbonate (EC) and dimethyl car-
bonate (DMC), which are typically used as components of the electrolytes in LIBs. The sensors showed a
significant response to vapors produced by battery solvents or degassing products, significantly increasing the
chances of developing new successful prototypes for safety monitoring. Density functional theory (DFT) calcu-
lations were employed to systematically compare the surface reactivity of the a-Al,03(0001) and the ZnO(1010)
facets, as well as the Al;03/Zn0O(1010) interface, towards C3HgO2, C4H100o, nitrogen dioxide (NO») and phos-
phorous pentafluoride (PFs), in addition to H»O to assess the impact of relative humidity on the performance of
the gas detector. The scanning tunnelling microscopy (STM) images and molecular binding energies compare
well with our experiments. The energies of molecular adsorption at the heterostructure suggest that humidity
will not affect the detection of the volatile organic compounds. The results presented here show that the potential
to detect vapors of the components used in the electrolytes of LIBs, combined with the size control provided by
the synthesis method, makes these heterostructures extremely attractive in devices to monitor battery safety.
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1. Introduction

Rechargeable lithium-ion batteries (LIBs) have impacted on sundry
portable electronic devices, including cellular phones and laptops [1-4].
They also have transformed modern society by enabling and underpin-
ning the increasingly wide use of electric vehicles. Additionally, LIBs
have now started to gain a presence in the utility sector, due to their
eco-friendliness and efficient storage of energy [5-7]. Their continuous
development in terms of energy and power density is aimed at reducing
the size and weight of the devices. In particular, the next generation of
battery systems are being designed with the lowest environmental
impact and highest possible theoretical energy density. For example, the
widely discussed lithium-sulfur battery system, which has an energy
density several times larger than current state-of-the-art lithium-ion
batteries [8,9], uses elemental sulfur in the cathode and metallic lithium
in the anode [4,8]. However, the use of metallic lithium presents a major
challenge, as it is highly reactive and tends to form dendrites, which
poses a major fire safety risk for practical applications [10]. Therefore,
battery safety, which is a key aspect during the lifetime of any energy
storage device, especially as energy density and thus hazard increases
[9,11], cannot be determined or evaluated only by measuring changes in
temperature, pressure distribution, or impedance. These properties have
limitations in terms of early warning of thermal runaway of the battery.
For example, early changes in temperature and pressure caused by
thermal runaway in the galvanic cells in the battery are usually too small
to be monitored effectively using the currently available sensors. Since
the initial self-generated heat of the battery decreases quickly over time,
the alarm level needs to be adjusted dynamically according to the
practical condition of the health of the battery. On the other hand, it is
difficult for the pressure sensors to monitor the occurrence of thermal
runaway in a faulty battery, as the value of the electric voltage does not
vanish completely [12]. Safety itself must be a priority at every step,
from the selection of the materials, to the cell design, electronic controls,
safety devices, and module design [9,11]. Amongst catastrophic thermal
runaway risks are mechanical, electrical, and thermal abuse of LIBs,
which can lead to destruction of the battery and in extreme cases also to
fire [5]. Strategies to enhance the safety of LIBs include electrical pro-
tection and protection against the generation of heat and gases [5]. For
example, after a cell is damaged, a stream of hot mixed gases with
temperatures between 470 and 720 K can be released [13], which are a
sign of thermal runaway and can finally lead to the occurrence of fire or
explosion [14]. Koch et al. [13] compared differente types of sensors for
the detection of changes in temperature, voltage, pressure, smoke, creep
distance, force and gas during thermal runaway, concluding that gas
sensors show the fastest and strongest response of all the sensors. Thus,
novel gas sensors are crucial to detect the typical decomposition prod-
ucts of the electrolyte from this process under harsh conditions.
Solid-state materials are considered as the most promising candidates
for these sensing applications, as they operate within the same range of
temperatures and provide the highest level of response. A number of
investigations have been carried out in the field of monitoring and early
detection of the battery thermal discharge through the use of gas sen-
sors, resulting in different concepts of the battery management system
(BMS) and different approaches to the installation of these sensors as
efficiently as possible [12]. The use of gas sensors based on semi-
conducting metal oxides also requires resistance to temperature changes
during the thermal runaway process [12]. In this context, safety devices
or detectors based on semiconducting metal oxide heterostructures are
highly promising, especially owing to their stability in conditions of high
relative humidity or through changes of relative humidity [15],
although it does require resistance to high temperatures during the
thermal runaway process.

Previous studies, combining experiments with detailed computa-
tional analyses, have confirmed that semiconducting metal oxide het-
erostructures are appropriate for sensor applications [15,16], including
battery safety systems. Moreover, these results suggest that there is an
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unexploited potential for developing new sensors for safety applications
by exploring the gas sensing properties of layered solid-state materials,
such as Al,O3 and ZnO and their combinations. Alumina is highly
important as an ionic-covalent material, because possesses low thermal
conductivity, high melting point, and high hardness, that makes it a
perfect top nano-layer option for protecting sensors from dirt and
corrosion in harsh battery environments.

Despite several theoretical studies focusing on the bulk structure of
amorphous Al;O3 [17-19], the surfaces of several crystalline poly-
morphs have been used to model the catalytic properties of this material
[20-22], since they are non-polar and stable [23]. In addition, the gas
detection properties of the functionalised ZnO(1010) surface have been
evaluated by experiments complemented by density functional theory
(DFT) computations [24-26].

In this study, heterostructures based on semiconductor oxides are
employed as sensors for typical components of battery electrolytes and
their decomposition products. The sensors showed a significant response
to vapors produced by battery solvents or degassing products, signifi-
cantly increasing the chances of developing successful new prototypes
for safety monitoring. To understand the sensing mechanism in the
synthesized sensors, ab initio calculations have been performed to
simulate the a-Al03(0001) and ZnO(1010) surfaces, as well as the
Aly03/Zn0(1010) heterostructure, and their interaction with 1,3-dioxo-
lane (C3HgO2), 1,2-dimethoxyethane (C4H;002), nitrogen dioxide
(NOy), and phosphorous pentafluoride (PFs), in addition to HoO to
evaluate the effect of humidity on the performance of the gas sensor. The
binding energies and geometries of the adsorbates at the surfaces as well
as charge transfers are reported. The computational results compared
well with the gas sensing data from our experiments.

2. Material and methods
2.1. Experimental detail

The Al;03/Zn0O heterostructures were grown using a synthesis from
chemical solutions (SCS) technology [27,28], followed by additional
atomic layer deposition (ALD) and thermal annealing steps [15], before
being investigated for battery safety applications. An aqueous zinc
complex solution consisting of zinc sulfate [Zn(SO4)— 7 H20] and so-
dium hydroxide was used for the SCS. The ready-made solutions were
diluted with deionized H»O for the synthesis procedure. Additional in-
formation about the growth from aqueous solutions (SCS) approach has
been reported previously [27,28]. The aluminum oxide layers were
grown using thermal ALD (Picosun R200) at a temperature of 300 °C,
while the Picoflow™ nanotechnology was employed to achieve uniform
high aspect ratio (HAR) nano-layers [15]. Trimethylaluminum (TMA),
which was used as the aluminum source, and water, which was
employed for the oxidation of the TMA chemisorbed on the surface,
were used as precursors of AlOy and throbbed into the reaction cavity for
0.1 s per pulse to form the nanolayers. Ny was employed to carry the
precursors in vapor phase into the reactor and to remove the byproducts
[15]. Thermal annealing (TA) in a furnace at 600 °C for 30 min, which
was applied as a post-growth treatment, was an important procedure to
enhance the crystal quality of the alumina-grown SCS films. Raman
scattering experiments were carried out at room temperature with a
WITec system in a backscattering configuration. The Nd: YAG laser line
at 532 nm was employed with less than 10 mW power for off-resonance
excitation with of the specimen. The Nd: YAG laser spot was focused
10 pm below the surface of the specimen. The instrument was calibrated
to the same accuracy using a silicon standard. Sensor and electrical
studies were performed as described elsewhere [15]. The gas response
was measured for different components of battery electrolytes and their
solvents. A commonly used ether-based electrolyte, hereafter referred to
as E1, was prepared as follows: 1 M LiTFSI and 0.25 LiNO3 were dis-
solved in a 1:1vol ratio with 1,3-dioxolane (C3HgO2) and
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dimethoxyethane (C4H;¢02). A commercial carbonate-based electrolyte,
LP30, consisting of 1.0 M LiPF6 in EC/DMC= 50/50 (v/v), was also
tested and used as received. In addition, the pure solvents 1,3-dioxolane
(C3HgO2) and dimethoxyethane (C4H1902) were also tested. All chem-
icals employed, which were of analytical grade, were acquired from
Merck and used without additional preparation or treatment. The
concept of testing and using sensors inside the battery pack module for
detection and early warning of battery thermal runaway is represented
in Fig. 1. The presented design assumes that the battery module is placed
in a hermetically sealed case, and the sensors covered in the protecting
alumina layer are placed over the connection bars inside the case. That’s
why alumina top layer is needed to protect sensor surface.

2.2. Computational details

We have employed the Vienna Ab Initio Simulation Package (VASP)
[29-32] to carry out wunrestricced DFT calculations of the
Al;03/Zn0(1010) heterojunction and the surfaces of its parent materials
a-Al,03(0001) and ZnO(lOTO). Next, we investigated the interactions of
the surfaces and interface with C3HgO2, C4H1002, NOo, and PFs, as well
as Hy0 to elucidate the effect of moisture on the operation of the gas
sensor. The Perdew, Burke and Ernzerhof (PBE) [33,34] functional,
which is a gradient-corrected or semilocal approximation of the
exchange-correlation energy, was employed to simulate all structures
and energies. Van der Waals forces were added using the semiempirical
method proposed by Grimme, with the damping of Becke-Johnson
[D3-(BJ)] [35,36], which is important for a correct simulation of the
molecular adsorptions [25,37-41]. The core electrons, which were
defined up to and including the 3p states of Zn, 2p of Al and P and 1 s of
O, C, N and F, were treated as frozen levels, but the 1 s state of the H
atom was considered as valence. The interaction between the core and
the valence electrons was estimated employing the projected augmented
wave method (PAW) [42,43]. The Kohn-Sham one-electron valence
orbitals were obtained using a periodic and delocalized plane-wave basis
set with a maximum allowed kinetic energy of 400 eV. The electron
density was optimized self-consistently until the energy reached 107>
eV. A fast inertial relaxation engine (FIRE) method [44,45], which is
based on a variable time step method and does not directly depend on
the curvature, was used for the geometry optimizations. The structural
minimizations were considered converged when the
Hellmann-Feynman forces on all atoms became smaller than

Battery
Enclosure

Mounting

/ Separator
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Positioning
Space

Battery
Connecting Bus-bars Cell

Fig. 1. The concept of using sensors for detection and early warning of battery
thermal runaway.
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0.01 eV-A™L. The description of the d states of Zn was enhanced using the
Dudarev approach [46] to the so-called DFT + U method [47], where we
have chosen a Ugs = 6.0 eV [16,24-26]. These settings allowed the
computation of total electronic energies differing by less than
1 meV-atom .

I'-centered Monkhorst—Pack (MP) grids [48] of 5 x 3 x 1 k-points
were employed for the simulations in the reciprocal space of the
Aly03/Zn0(1010) interface and the ZnO(1010) support [49], whereas
the Al,O3 (0001) surface was simulated using the I'-centered MP [48]
5 x 5 x 1 mesh [21]. The calculations of the isolated adsorbate species
were performed considering only the I" point of the Brillouin zone (BZ),
employing a cell of broken symmetry large enough to avoid spurious
interactions. To enhance the efficiency of the computations in the
reciprocal space, we applied the Gaussian smearing [50,51], with a
width value of 0.1 eV, to obtain the electronic partial occupancies.
Furthermore, the tetrahedron method with Blochl corrections [52-56]
was employed in final single point calculations to obtain accurate
electronic properties and energies.

3. Results and Discussion
3.1. Morphology and composition analyses

The surface morphology and composition of the synthesized heter-
ostructures are analyzed in this section. Fig. 2 and Fig. S1 show the SEM
images of the surface structure and morphology of the Al;03/ZnO het-
erostructure, indicating a dense film of interpenetrating columnar
grains. Increasing the deposition time of the ALD led to an increased
thickness of the formed Al,O3 layer, which can be observed as a surface
structuring on top of the formed columnar grains (Fig. 2a-c and Fig. Sla-
). It is worth noting, that for a thickness of the Al,O3 layer of 7 nm,
almost no polycrystals appear on the surface (see Fig. 2a and Fig. S1),
while with increasing thickness of this overlayer the polycrystallites
become more pronounced (cf. Fig. 2b,c and Fig. S1b,c).

3.2. X-ray diffraction and Micro-Raman characterization

To study the crystallinity of the formed Al,03/ZnO heterostructured
layers, XRD characterization was carried out. Fig. 3a shows the XRD
pattern of the Al03/ZnO heterojunctions with a thickness of 10 nm for
the Al;O3 layer, whereas the XRD of the Al;03/ZnO heterojunctions
with thicknesses of 7 and 12 nm of the Al;O3 layer are shown in Fig. S2.
Regardless of the thickness of the AlyOg layer, the diffraction peaks
detected for all Al,03/Zn0O heterojunctions are indicatives of the ZnO
(1010), (0002), (1011), (1012), (1120), (1013), (1122), (2021), and
(0004) planes. The most prominent peaks were obtained for the (1010),
(0002), (1011) and (1013) planes at values for 20 of 31.77, 34.46, 36.26
and 62.85°, respectively, with the (0002) being the preferential peak.
Peaks assigned to Al,O3 phases were not identified, which is explained
by the fact that the aluminum oxide layer can be considered as amor-
phous or very finely particulate after thermal annealing at 600 °C [57].

Micro-Raman studies provide detailed information about the quality
and phase of the crystalline material, which is very important to un-
derstand the transport performances and phonon interaction with the
free carriers. Micro-Raman spectra of the ALD/SCS-grown Al,03/ZnO
nano- and micro-structures, which were collected using the Nd: YAG
laser line at 532 nm are presented in Fig. 3b within the range between
70-900 cm’!. The micro-Raman spectrum of the Al,03/ZnO hetero-
structured layers with a thickness of 10 nm for the Al,O3 layer after
thermal annealing/treatment at 600 °C for 30 min is shown in Fig. 3b. It
can be seen that the highest intensity peaks are at the wavelengths of
100 and 437 cm'l, which can be assigned to the nonpolar Es(low) and
E>(high) modes of ZnO, respectively [58,59]. It is known that ZnO with a
wurtzite structure belongs to the space group Cg, (P63mc). ZnO has 12
phonon modes, and at the I" point of the Brillouin zone, the group theory
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Fig. 2. Scanning electron microscopy (SEM) images of the Al;03/ZnO heterostructured layers after thermal annealing at 600 °C for 30 min containing a nano-layer

of Al,O3 with a thickness of: (a) 7 nm; (b) 10 nm; and (c) 12 nm.
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Fig. 3. (a) X-ray diffraction (XRD) pattern; and (b) micro-Raman spectrum of the 10 nm-Al,03/Zn0O heterostructured layers thermally annealed (TA)- treated at

600 °C for 30 min.

predicts the existence of the following modes: I' = A; +2B; +E; +2E;
[58]. The peak at about 204 cm? is attributed to the 2E5(low)
second-order mode [60], with the one at 330 cm! attributed to the
E5(high)-E>(low) multi-phonon scattering [61], whereas the peaks at
385 and 410 cm™! are attributed to the A; (TO) and E; (TO) transverse
optical modes, respectively. The other two peaks at 578 and 590 cm™
are ascribed to the A;(LO) and E;(LO) superposition modes of ZnO,
respectively [59,61,62]. a-Al,O3 belongs to space group D3q and has two
formula units per primitive unit cell, which leads to the optical modes I"
= 2A14 +2A1, +3A242A9, +5E; +4E, at the I point of the Brillouin zone.
Thus, the Raman active peaks at 418 and 578 cm™ are assigned to the
Aj ¢ and E, optical modes, respectively, of the a-Al;03 phase [63].

3.3. Gas sensing properties

Since resistive gas sensors present superior properties for environ-
ment detection and early warning of battery thermal runaway compared

Top view
Au/Cr Contacts

SR

AL,0,/ZnO
Heterostructured layers

Glass
Substrate

to catalytic combustion sensors, thermal conductive sensors, QCM sen-
sors (quartz crystal and its surface selective coating), electrochemical
sensors or infrared sensors [12], we decided to investigate the gas
detection performances of the synthesized heterojunctions with
different thicknesses as resistive sensors in the presence of various
components of the battery electrolytes [5,14]. At the same time, these
heterostructures can also be used as a temperature sensor, as they can
determine the temperature based on the electric resistance of the het-
erostructure. Thus, our 2-in-1 sensor operates as a temperature sensor at
low temperatures, and as a gas sensor at relatively high temperatures.

Fig. 4 shows the schematic structure of the investigated sensor based
on Aly03/Zn0 heterostructures on a glass substrate and Au/Cr contacts
in the form of a meander (Top view) and of the heater placed on the
opposite side (Bottom view) to obtain the required operating
temperatures.

In order to use these heterostructures as a temperature sensor, the
change in electrical resistance was studied as a function of the operating

Bottom view
Heater contacts

INT

Heater elements

Fig. 4. Top and bottom view of the investigated sensor structure based on Al,03/ZnO.
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temperature (see Fig. S3). Fig. S3 displays the ideal characteristic (red
line) of the electric resistance for semiconductors and the experimental
results of the heterostructure (black line) as a function of the tempera-
ture. From the figure, the relationship was determined using the elec-
trical resistance at the required temperature and the following equation:

T
R:aexp<77> +Ry (@)
0

where R is the calculated resistance, a is the temperature coefficient, T is
the operating temperature, Ty is the initial temperature and Ry is the
initial resistance.

Fig. 5a shows the gas response of the Al;03/ZnO sample to C3HgO2,
C4H1002, E1 and LP30 (100 ppm) for different thicknesses of 5, 7, 10,
12, 15 nm of the Al,03 films at an operating temperature of 350 °C. The
selectivity for C3HgO> is achieved for all thicknesses of the Al,O3 layer,
with the sample containing the 10 nm layer generally showing the
highest response of ~25.19%. The current-voltage characteristics at
different thicknesses of the Al;Os overlayer demonstrate non-linear
behaviour (see Fig. S4a).

Fig. 5b indicates that the operating temperature has a strong impact
on the gas response, which increases with temperature for 100 ppm of
C3HgOg, C4H1902, E1 and LP30. At an operating temperature of 250 °C,
there is only response for C3HgO5 and LP30 vapors with values of ~ 4%
and ~ 2.5%, respectively. However, by raising the operating tempera-
ture to 300 °C, a response occurs for all vapors with evident selectivity
for C3HgO- with a value of ~10.31%, and for C4H1005 with a value of
~6.43%. By elevating the operating temperature by 50 °C, up to the
value of 350 °C, we found that the response to all vapors increases
further, while the selectivity remains the same for the C3HgO2 vapor.
The current-voltage characteristics also demonstrate double non-linear
characteristics, depending on the operating temperatures, see Fig. S4b.

The selectivity and response to C3HgO, vapor was characterized at a
concentration of 100 ppm, which showed the highest response for the
Aly03/Zn0 heterostructured layers with a thickness of 10 nm for the
Al,O3 overlayer. Subsequently, gas response measurements were per-
formed at different concentrations of CgHgO5 vapor (1, 5, 10, 100, 500
and 1000 ppm), which are reported in Fig. 6a. The highest response of
~58% was detected at a vapor concentration of 5 ppm of C3HgOo.
Increasing the concentration of the C3HgOo vapor decreases the gas
response, with a value of only ~24% at the highest concentration of
1000 ppm. This means that the high vapor concentration (i.e.
1000 ppm) accelerates the chemical reactions that take place during the
sensing mechanism, thereby saturating the samples more quickly, see
Fig. S5.

Al,0,/Zn0O, OPT 350°C, 100 ppm

5 7 10 12 15
Thickness of Al,O; (nm)
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Fig. 6b illustrates the dynamic response to C3HgO5 vapor of different
concentrations from which the times of response and times of recovery
were calculated. The response times 7, are 21.74, 21.91 and 10.29 s, and
the recovery times tq are > 50.20, > 50, and 23.83 s for the vapor
concentrations of 5, 10 and 100 ppm, respectively. Fig. 6b also shows
that at the concentrations of 5 and 10 ppm, there is a partial recovery,
but at the concentration of 100 ppm there is a total recovery after the
supply of the target vapors has been stopped. Fig. 6¢ shows the variation
of the response to 5 ppm of C3HgO, vapor over time for the sample
containing the 10 nm overlayer of AloO3, where we can observe that the
response remains essentially constant.

3.4. Sensing mechanism

Heterojunctions based on metal oxides can lead to new properties,
such as improved sensitivity and selectivity, as reported in previous
studies [64,65]. The use of the ALD method allowed the possibility to
obtain different types of heterostructures, namely p-n, n-n, and n-p [66].
As a result, different sensors can be obtained that can detect different
types of gases, from hydrogen to volatile organic compounds (2-prop-
anol, n-butanol, acetone) [66-68]. Different oxides can be deposited by
the ALD method, e.g. NiO [68], Al,O3 [15,69,70], TiO2 [71] and many
other types of materials. Aluminum oxide (Al,O3) has different a, y, 7, 6,
6 and y phases, which, due to their properties, have different band gap
lengths [72]. It is also known that the amorphous Al,O3 coating can
increase the number of catalytic reactions that can take place at the
surface of the sensor. A more detailed description of the given process is
presented in the work of Zou et al. [73]. One of the main reasons for the
improved sensitivity or selectivity is the interface or junction between
two semiconducting metal oxides, which plays an important part in gas
detection, owing to the adsorption of atmospheric oxygen at the surface
of the heterojunction. In the case of zinc oxide (ZnO) structures, it leads
to electron transfer from the oxide surfaces to form a specific oxygen
species (03, O, 0%) at the surface [65,74], according to the equation:

OZ(gas) +e _’OZ(ads) + ei_)ozi(ads)‘ (2)

In the case of aluminum oxide (AlyOs3), dissociation [75,76] can
occur according to the equation:

2AL,0;—4A1 +40 + 0, + 12¢~ 3)

It has been suggested that different heterostructures based on Al,O3
can be used as insulators, owing to their p-type behavior [77], which can
increase the number of catalytic reactions [77-79] and serve as ab-
sorption centers [80-82].

10 nm-Al,0,/Zn0O

TA600, 30 min
100 ppm

250 300 350
Operating Temperature (°C)

Fig. 5. (a) Gas response versus different thickness of 5, 7, 10, 12, 15 nm of the Al,O3 overlayer. (b) Gas response versus operating temperatures of the Al;03/ZnO
sample set containing the 10 nm overlayer of Al,O3 after thermally annealing (TA) at 600 °C for 30 min.
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Fig. 6. (a) Response to different concentrations of C3HgO- of the Al,03/Zn0O samples set with a thickness of 10 nm of the Al,O3 overlayer thermally annealled (TA) at
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thermally annealed (TA) at 600 °C for 30 min (c) Variation of the gas response to 5 ppm of C3HgO, vapors over time for the sample containing the 10 nm overlayer

of Al;Os.

A Schottky contact was formed at the Al;03/ZnO interface, due to
electron transfer facilitated by the different lengths of the energy bands
of aluminium oxide and zinc oxide [77]. We observed that the
current-voltage characteristics are typical of the Schottky contact, which
bends upward the ZnO energy band, most prominently in the case of the
Aly03/Zn0 heterostructure with the aluminum oxide layer thickness of
10 nm.

1,3-Dioxolane, C3HgOy, which is an electrolyte component
commonly used in Li-S batteries [83], is a cyclic molecule of five
members whose positions number 1 and 3 are occupied by oxygen atoms
[84]. Cutler et al. [85] have suggested that high concentrations of the 1,
3-dioxolane vapor lead to the formation of larger amounts of CO at
temperatures over 1000 K. However, at low operating temperatures and
low concentrations, 1,3-dioxolane decomposes into water and CO5 [85].

Thus, upon exposure to 1,3-dioxolane gas of the AloO3/ZnO heter-
ojunction, a low-conductivity depletion region is formed at the surface,
due to the presence of various oxygen species on the surface, and as a
result the junction channels are narrowed and a change in the Fermi
level of the Aly;03/ZnO heterostructure occurs. Thus, 1,3-dioxolane
molecules can interact with surface oxygen ions according to Fig. S6.
From Fig. S6, it can be seen that initially the 1,3-dioxolane molecule
interacts with the adsorbed oxygen from the surface (step 1). Following
the oxidation of the 1,3-dioxolaene molecule by 7 absorbed oxygens, we
obtain 3 molecules of CO5 and H20 and 7 electrons (step 2).

The process represented in Fig. S6 can be described using the
following chemical reaction [5,85]:

C3Hs0; + 707y ~3H,0 + 3C0, + Te” )

Reaction (3) shows that a rise in the number of electrons leads to an
increase in the electric current flowing through the heterojunction,
explaining the large sensitivity obtained for C3HeO2 vapor.

The high selectivity towards 1,3-dioxolane of the Al;03/ZnO heter-
ostructure with 10 nm aluminium oxide thickness can also be explained
by the Debye length effect for ZnO [86-88], which is calculated as:

ekT
in=1[5 ®)
q nC

where ¢, k, T, g, and n, are the static dielectric constant, Boltzmann
constant, absolute temperature, electric charge, and charge carrier
concentration, respectively.

The Debey length for n-type semiconductors can be controlled by the
concentration of donors within the lattice. The Al** ions obtained in Eq.
(3) allow the control of the Debye length for ZnO [89]. We found that
10 nm of thickness of aluminum oxide (AlxO3) is equal to the Debye
length, leading to an electron-depleted region with a strong change in
resistance when the gas mixture is applied, resulting in a high response.

For thicknesses of aluminum oxide larger than 10 nm, the Debye length
changes, which reduces the region depleted in electrons, the electrical
resistance and the response to the gases.

The high selectivity of the Al;03/ZnO heterostructure for 1,3-diox-
olanes can be explained as follows:

1) A Schottky contact was obtained, and the most pronounced charac-
teristic was found for a thickness of 10 nm of the aluminium oxide.
The application of the gas moves the Fermi level closer to the con-
duction band.

2) The Debye length only becomes equal to the thickness of AlyOs,
when the latter has 10 nm, which allows the formation of a large
electron depletion region, resulting in a high selectivity towards1,3-
dioxolanes.

3.5. Surfaces

Our starting point for the simulations of the surface reactions is the
pristine a-Al,03(0001) surface with hexagonal symmetry, the
Zn0(1010) facet and the Al;03/Zn0O(1010) interface with orthorhombic
symmetry. The stable non-polar, symmetric and stoichiometric slabs
[23] used to represent the a-Al,O3 (0001) and ZnO(lOTO) facets were
created from the bulk phase with optimised lattice parameters and in-
ternal coordinates, using the minimum energy techniques applied to
dislocation, interface and surface energies (METADISE) code [90]. We
introduced a void region of 20 A between the surface slabs, to ensure
negligible interactions with neighbouring cells. The ions in the bottom
layers of the simulation cell, comprising two stacking sequences, were
kept frozen at their optimised positions in the bulk to mimic the
extended material, whereas the ions in the remaining layers were
permitted to move unconstrainedly. We included dipole corrections in
the direction orthogonal to the surface [91,92], which is required to
quench any dipole generated by the adsorbed molecular species [16,21,
37,40,93-98], even though the actual surface slabs are non-dipolar.

The a-Al;03 (0001) facet was simulated employing a cell with a large
surface area of 78.16 10\2, whereas the ZnO (1010) facet and the Al,O3/
Zn0(1010) heterojunction were represented by simulation cells with an
area of 68.22 A% The computational slab of the a-Al;03 (0001) surface
consists of 100 atoms distributed in five stacking sequences comprising 4
formula units (f.u.) each. The simulation slabs of the ZnO(lOTO) facet
and the Aly03/Zn0(1010) interface contain 96 and 95 atoms respec-
tively, occupying 6 double stacking sequences of 8 f.u. each. The con-
structed surface slabs were characterised by a minimum thickness of
9.9 A for the a-Al,03 (0001) facet and a maximum width of 14.8 A for
the ZnO(1010) and Aly03/Zn0O(1010) systems. We have rigorously
tested the number of relaxed and total layers as well as the size of the
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vacuum gap until we achieved an energy convergence below 1 meV per
atom.

The stacking of the ionic planes is (Al)— (O3)—(Al) for the most stable
termination of the a-Al,O3 (0001) surface [21], with the ions within
parentheses located roughly in the same layer, as illustrated in Fig. 7a.

The Al termination of the a-Al,03(0001) surface is a Tasker type 2
surface [23], whose exposed planes display a bulk-like structure con-
sisting of 3-fold under-coordinated O anions decorated by 1/3 mono-
layer (ML) of 3-coordinated Al cations with 3 dangling bonds. Following
relaxation of the Al-termination, we found that the protruding 3-fold Al
ions moved inwards by 0.66 A. The cations in the double sub-surface
layers became closer by 0.23 A, with the Al-4 layer moving outwards
by 0.21 A and the Al-3 plane migrating towards the bulk, showing 10%
displacement of the deepest atoms. The under-coordinated O and the
sub-surface O-5 layer moved towards the surface by 0.05 and 0.04 A,
respectively, as they prefer to lie as close as possible to the cations.

ZnO (1010) is a Tasker type 1 surface [23], composed of double
stoichiometric stacking planes, which are separated by 0.94 and 1.88 A,
as displayed in Fig. 7b. Creating the surface from the bulk of ZnO leads to
areduction in the coordination number of the exposed ions, i.e. Zn and O
become 3-fold, compared to their 5-fold distorted square pyramidal
coordination environment in the bulk [25,26]. Our calculations suggest
that the surface and sub-surface atoms move towards the bulk during
geometry optimisation, with the largest shift of position of 0.55 A ob-
tained for the under-coordinated Zn. We found that the 3-fold O atoms
moved by 49% of the shift observed for the cations of the same stoi-
chiometric layer. However, the Zn atoms of the Zn—0-2 layer migrated
by only 36% of the distance covered by the counteranions of the same
stoichiometric unit, which was a modest 0.14 A. Although less pro-
nounced, the relaxation of the stoichiometric layers Zn—O-3 and
Zn—0-4 showed similar behaviour to the Zn—0-1 and Zn—0-2, respec-
tively. The Zn ions in the Zn—O0-3 and Zn—0-4 layers moved towards the
bulk by 0.16 and 0.02 A, respectively, whereas the corresponding O
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anions migrated by 0.14 and 0.04 A, respectively.

The most stable Al;03/Zn0(1010) interface was constructed by
replacing two Zn ions from the Zn—O-2 layer by Al atoms and by
creating a Zn vacancy in the layer of under-coordinated cations to ensure
that the surface slab remained charge neutral, see Fig. 7c [49]. Our
calculations show that 2/3 of the 3-fold Zn ions migrated 0.03 A inwards
during geometry optimisation, whereas the remaining 1/3 of the
exposed cations migrated outwards by 0.04 A. The large Al atoms were
displaced inwards by 0.17 A with respect to the position originally
occupied by the Zn cations in the relaxed pristine surface, whereas the
remaining small Zn cations in the Zn—0-2 layer moved by 0.07 A to-
wards the surface. This pattern of relaxation led to half of the cations
shifting towards the surface by 0.09 A in the Zn—0-3 layer and the other
half moving in the opposite direction, but only by 0.04 A. This effect was
reduced in the Zn—0-4 layer, where half of the Zn atoms moved inwards
by 0.05 A and the remaining cations migrated outwards by an average of
0.02 A. The DFT calculations show that 75% of the under-coordinated O
atoms moved towards the bulk by an average of 0.20 A, and the other
25% shifted towards the surface by the same distance. However, we
observed that the Zn—0-2, Zn—0-3 and Zn—0-4 layers migrated in
alternating directions by 0.10, 0.04 and 0.02 A, respectively.

The interfacial free energy (oint) was estimated as:

Gine = ¢ + (Einc + 1200Ezo0 — nan0,Eano; ) /4, (6)

where Ejy; is the energy of the heterojunction; Ez,o and Eaj,0, are the
bulk energies of one formula unit (f.u.) of ZnO and AlyO3, respectively;
and nz,o and naj,o, represent the number of f.u.’s of ZnO removed and
Al,0O3 added, respectively, to form the interface.

From our calculations and previous works [21,26], we have deter-
mined that ZnO(1010) is the most stable surface, whereas a-Al,O3
(0001) is the least stable system, as they have the lowest and highest
surface energies (y;), respectively, see Table S1. We have used the Bader

Fig. 7. Top and bottom panels represent the side and top projections of the optimised structures of (a) a-Al,03(0001) surface, (b) ZnO(1010) surface and (c) Al,03/

Zn0(1010) interface. The stacking of the atomic layers are specified. The exposed planes containing ions with dangling bonds are emphasized in the top projection. O

atoms are in red, Zn atoms are in grey and Al atoms are in blue.
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partition scheme [99-101] to calculate the atomic charges (q), which
are slightly larger for the exposed cations of the parent materials and the
interface than for the sub-surface cations. However, we found that the
charge decreases upon formation of the heterojunction for Zn in the Zns
—O04 — 1 sheet and for Al in the Zny —Al, —04 — 2 layer with respect to
the same cations in the pristine surfaces. Our calculations suggest that
this loss of charge is compensated by the increase of positive charge on
Zn in the Zny —Aly —O4 — 2 plane and negative charge of the anions in
both the exposed and sub-surface layers of the interface. The work
function (&), which quantifies the energy needed to transfer the loosest
held electron from the Fermi level (Eg) of the surface into the vacuum,
was obtained by subtracting Er to the potential of the vacuum (Ey,.). Our
simulations show that the formation of the interface reduces the work
function of the sensor to 5.35 eV, which is the lowest value obtained in
this work, thus explaining the larger sensitivity and reactivity of this
system.

The framework of the Tersoff-Hamann methodology [102], as
implemented in the HIVE program [103], was employed to simulate the
scanning tunnelling microscopy images (STM), as used previously in the
simulation of myriad materials [16,21,94,97,104,105]. The value of the
sample bias employed for the calculation of the STM images charac-
terises the surroundings of the Fermi level (Ep), i.e. the valence band
maximum and the conduction band minimum. The negative bias used to
calculate the STM profiles of the bare surfaces and the interface implies
that the electrons located at the valence band move to the tip of the
probe, which helps to resolve the exposed O ions as brighter spots than
the cations. The images also show the exposed Al atoms in the a-Al;03
(0001) surface, whereas the Zn atoms are difficult to identify in the
ZnO(1010) facet, see Fig. 8a,b. However, the creation of the Zn vacancy
in the exposed surface layer as well as the introduction of Al atoms in the
sub-surface layer induces a charge reorganisation in the
Aly03/Zn0(1010) interface that leads to a better resolution of the cat-
ions in the STM image, see Fig. 8c.

3.6. Adsorption of molecules

We now provide a comparative and comprehensive discussion and
analysis of the surface chemistry of the pristine a-Al;03 (0001) and
Zn0(1010) surfaces as well as the Al03/Zn0O(1010) heterojunction,
where we have simulated the interaction with C3HgO5, C4H19002, NO2
and PFs, which are important components of lithium-ion batteries, as
well as HyO to assess the impact of humidity on the sensor. We have
assumed that the battery electrolytes E1 and LP30, which respectively
contain LiNO3 and LiPFg as the main solutes, decompose and release the
inorganic gases NO5 [106] and PFs [107-109], respectively. We have
investigated the binding configurations, where the negatively charged O
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and F atoms of the adsorbates coordinate the positively charged cations
exposed at the surfaces of the sensors. Since the adsorption on the
Zn0(1010) surfaces provides a model of the uncoated sensor, we only
considered the interaction with the Zn site closest to the Al dopant in the
Al;03/Zn0(1010) interface system. The atoms forming the interactions
were initially located at approximately 1.5 A above the surfaces before
allowing the entire systems to relax fully to their thermodynamically
stable adsorption configurations, following the same approach used in
our previous studies [24-26].

Table S2 displays the interaction energies (E,qs) for the adsorption of
the adsorbates with the a-Al;03 (0001), ZnO(1010) and AlyO3/
ZnO(1010) surfaces. The largest adsorption energies were calculated for
the interactions with the pristine a-Al;03 (0001) surface, whereas the
smallest binding energies were calculated for the ZnO(1010) surface.
The largest energy difference between the parent a-AlyO3 (0001) and
ZnO(1010) surfaces was calculated at 1.44 eV for PFs and the smallest
binding energy difference at 0.16 eV was obtained for HyO. The
adsorption energies of the adsorbates are larger at the Zn than at the Al
sites of the Aly03/ZnO (1010) heterojunction, and this preference in-
creases from PFs to HyO. The decreasing order of simulated adsorption
energies on the most favourable Zn position of the Al;03/Zn0O (1010)
interface is Eaqs(C3HeO2) > Eags(C4H1002) ~ Eags(H20) > Eags(NO2)
> E,qs(PFs). Importantly, the trend of the calculated adsorption energies
suggests that humidity will not affect the detection of the volatile
organic compounds. Our calculations reveal that overall the largest
adsorption energy is released by PF5 on the a-Al,O3 (0001) surface,
whereas the binding energy of PFs is smallest on the ZnO(1010) facet.
The calculated adsorption energies for the components of the battery
electrolyte at the Zn site of the Al,O3/ZnO (1010) interface are in
excellent agreement with our experimental investigation of the gas
response. Our computations also describe the effect of growing the
width of the Al,O3 overlayer leading to a reduction and an increase,
respectively, of the selectivity towards C3HgO2 and LP30, which is
calculated as PFs. The calculated charge transfers indicate that only NOy
and PFs gained electron density upon adsorption at the a-Al;03 (0001)
and ZnO(1010) surfaces, which were 20 times larger on the former than
the latter. However, the largest charge donated by the organic adsor-
bates to the parent materials was observed at the ZnO(1010) surface. All
the gas molecules gained electron charge upon adsorption at the Al sites
of the Al,03/Zn0 (1010) interface, but only the organic adsorbates and
H0 donated electron density to the Zn positions.

We now discuss the geometries of the most stable interactions be-
tween the molecules and the Zn site of the Al,03/Zn0O (1010) interface,
which are displayed in Fig. 9. As mentioned previously, the organic
molecules show a preference for the heterojunction, where we obtained

Fig. 8. Simulated scanning tunnelling microscopy (STM) profiles of (a) a-Al03(0001) facet, (b) ZnO(1010) facet and (c) Al,03/ZnO(1010) interface. The bias used
was (a) V= —-2.5¢eV, (b) V= -2.0 eV and (c) V = —2.0 eV; the density used was (a) p = 0.0036 e A’3, (b) p = 0.0040 e A3 and (c) p=0.0010 e A3 and the tip
distance used was (a) d = 1.50 10\, (b) d = 2.00 A and (c)d =2.40 A. O atoms are in red, Zn atoms are in grey and Al atoms are in blue.
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Fig. 9. Adsorption of (a) C3HgO2, (b) C4H;005, (c) NO,, (d) PFs and (e) H,O on the Zn site of the Al;03/ZnO(1010) surface. Interatomic distances are indicated. O
atoms are in red, H atoms are in white, C atoms are in brown, F atoms are in light blue, P atoms are in pink, Zn atoms are in grey and Al atoms are in blue.

distances between the surface Zn cations and the molecular O atoms of
2.04 and ~2.19 A for the interactions with C4H1002 and C3HgOo,
respectively. We also found evidence that the ring of C3HgO> lies flat
with respect to the surface, to allow its two O atoms to coordinate two
nearby exposed Zn atoms, which explains the large adsorption energy of
this molecule. However, only one of the O atoms of C4H;002 binds the

Al,03/Zn0 (1010) surface, since its other O atom is not in a favourable
position to coordinate another Zn atom. The NO; molecule forms a
bidentate adsorption mode with the surface, where the O atoms of the
adsorbate coordinate to Zn atoms at 2.02 and 2.11 A. The largest dis-
tance of 2.58 A was simulated for the least stable interaction of PFs,
suggesting that this adsorbate remains weakly physiosorbed to the
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surface, with negligible intramolecular changes with regard to the iso-
lated species. Finally, the O atom of HyO coordinates the Zn atom at
2.06 A, whereas one of its H atoms forms a hydrogen bond to a nearby
surface anion [110].

4. Conclusions

We have investigated the effects of the chemical, structural, and
morphological properties of Al,03/Zn0O heterostructures on their sensor
characteristics. Gas detection studies have shown that Al,03 coverage of
ZnO is an effective procedure to enhance sensing for the electrolyte
components of lithium-ion batteries. High CsH401¢ vapor response and
selectivity by the Al;03/ZnO films were observed, with the highest
response shown for the heterostructure with an Al,O3 layer thickness of
10 nm. We have also employed DFT methods to simulate the binding
structures and energetics as well as electron charge transfers for the
adsorption of a number of molecular species onto the pristine a-Al,O3
(0001) and ZnO(1010) surfaces as well as the Al,03/Zn0O(1010) inter-
face, having first compared the structures and properties of the three
systems. We calculated negative binding energies for the adsorption of
all the molecular species with the surfaces and the heterojunction,
suggesting that these are thermodynamically favourable and feasible
processes. a-Al;03 (0001) is the most reactive material, but the molec-
ular adsorptions are more exothermic at the very exothermic Zn sites of
the interface than at the Al sites. The analysis of the adsorption energies
indicates that humidity will not affect the sensing properties towards the
volatile organic compounds. The adsorbates gained electron density
after coordinating the Al atom, but provided electron density for their
interaction with the Zn position, lending support to the coordinate
character of the molecular adsorption with the sensor. The decreasing
order of preference for the interaction of the lithium-ion battery elec-
trolyte species at the Zn site of the Al,03/Zn0 (1010) interface is Eqq.
s(C3Hg02) > Eads(C4H1002) = Eads(H20) > Eags(NO2) > Eags(PFs). Thus,
this novel sensor type is ideal for lithium-sulfur batteries as they are
highly sensitive to the used solvents, compared to other sensor types
available.
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