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ABSTRACT: Miniaturized low-cost sensors for volatile organic compounds (VOCs) have
the potentiality to become a fundamental tool for indoor and outdoor air quality
monitoring, to signi�cantly improve everyday life. Layered double hydroxides (LDHs)
belong to the class of anionic clays and are largely employed for NOx detection, while few
results are reported on VOCs. In this work, a novel LDH coprecipitation method is
proposed. For the �rst time, a study comparing four LDHs (ZnAl�Cl, ZnFe�Cl, ZnAl�
NO3, and MgAl�NO3) is carried out to investigate the sensing performances. As explored
through several microscopy and spectroscopy analyses, LDHs show a morphology
characterized by a large surface area and a three-dimensional hierarchical �owerlike
architecture with micro- and nanopores that induce a fast di�usion and highly e�ective
surface interaction of the target gases. The fabricated sensors, operating at room
temperature, are able to reversibly and selectively detect acetone, ethanol, ammonia, and
chlorine vapors, reaching signi�cant sensing response values up to 6% at 21 °C. The results
demonstrate that by changing the LDHs’ composition, it is possible to modulate the sensitivity and selectivity of the sensor, helping
the discrimination of di�erent analytes, and the consequent integration on a sensor array paves the way for electronic nose
development.

1. INTRODUCTION
Natural formation of layered double hydroxide (LDH)
minerals was discovered by Hochstetter et al. 18 decades
ago,1 but only 100 years later Feitknecht et al. and other
researchers were able to synthesize them.2�9 Since then LDHs
have garnered enormous interest on the scienti�c scene due to
their unique tailoring properties and simple synthesis, which
make them suitable for a variety of di�erent applications.
LDHs are two dimensional (2D) ionic lamellar materials
belonging to the class of anionic clays.10 Also widely known as
hydrotalcite-like compounds due to their molecular structures,
LDHs are characterized by a lattice, which is constituted by the
stacking of charged brucite-shaped layers made of divalent
metal ions M2+ (e.g., Ca2+, Zn2+, Mg2+, Co2+, and Ni2+)
occupying the centers of edge-sharing octahedra, surrounded
by six OH� hydroxyl groups.11�13 Some of the divalent cations
are substituted by trivalent metal ions M3+ (e.g., Al3+, Fe3+,
Cr3+, Ga3+, and In3+), leading to the formation of positively
charged lamellas. To maintain the global electrostatic neutral-
ity, the positive charge sheets need to be balanced by the
presence of exchangeable anions An� (e.g., CO3

2�, Cl�, SO4
2�,

OH�, and NO3
�) located in the interlayer spaces along with

water molecules, which establish a network of hydrogen bonds
providing additional active sites for external molecules.11

Synthetically, the chemical structure may be written as (eq 1)

[ ] •[ ] •�
+ + � mM M (OH) A H Ox x x n

n
1
2 3

2 2 / 2 (1)

These materials possess interesting physical and chemical
properties related to those of clays due to their unique
structural amenability and high compositional �exibility. What
makes them of paramount importance is the great number of
possible chemical compositions that can be synthesized by
slightly changing the nature of the two cations and their molar
ratios and by freely inserting di�erent molecular anions in the
interlayer spacing. In general, LDHs display a large speci�c
surface area, good electrical conductivity, high stability and
permeability, anion exchangeability, biocompatibility, low cost,
and excellent processability.14�18 Accordingly, the aforemen-
tioned properties have increased their popularity in many
di�erent research �elds and applications ranging from
electrochemistry,19 biosensors,5,20,21 and photochemistry22 to
catalysis,23,24 medicine as drug delivery media,25�27 analytical
chemistry as adsorbents for wastewater treatment,14,28 and
environmental monitoring for the development of electronic
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noses.29,30 In this framework, currently, with the development
of industry and technology, environmental pollution has
become a global issue and the demand for air quality control
is becoming increasingly important. Among all of the
contaminants in air, volatile organic compounds (VOCs)
such as acetone, ethanol, and ammonia vapors are the most
common and hazardous. Even at very low concentrations these
molecules not only pollute the environment, but also directly
a�ect human health and climate change.18,31,32 Commercial gas
sensors are based on di�erent transduction mechanisms and
materials, which include polymers,33�36 metal oxides,37�39 or
nanocomposites.16,17,40�48 The most common are the ones
based on metal oxide semiconductors, which require high
working temperatures to obtain good sensitivities, fast
response, and selectivity.39,49,50 Morandi et al. fabricated a
CH4 sensor using Pt/Zn/Al-LDH operating at 450 °C.37 This
entails an increase in power consumption and device
complexities, and it is unfavorable for device stability and
�ammable or explosive environments. For this reason, research
activities are concentrated toward the development of new gas
sensors that operate at room temperature and are able to
ensure an accurate, reliable, and fast response for human health
protection and air quality monitoring. Within this context, to
the best of our knowledge, LDHs have been successfully used
as chemiresistive gas sensors especially for the detection of
NOx,

17,18,42�44,47,50�54 but most of them are insensitive to
VOCs.17,18,42,43,46,48,53,54 Therefore, the possibility of employ-
ing miniaturized sensors based on LDHs for the detection of
traces of VOCs represents a great advantage in many aspects,
owing to their versatility in both chemical composition and
structural morphology. In addition, the high porosity allows

LDHs to show adjustable interlayer gallery pathways for atoms
and molecules, enabling a fast di�usion and carrier trans-
portation through the entire particle bulk45 and, at the same
time, the short-range order allows a fast hole-trapping process
where electrons can transfer within unit sheets freely and
su�ciently until reaching the sheet edges, improving
sensitivity, selectivity, stability, response, and recovery time.50

The present work aims to provide an accurate investigation
of the gas-sensing behaviors of these materials. To this end,
among all LDH systems, four di�erent compositions ZnAl�Cl,
ZnFe�Cl, ZnAl�NO3, and MgAl�NO3 were synthesized via a
simple coprecipitation method in aqueous solution and four
di�erent types of resistive gas sensors were fabricated by
cleanroom technologies and drop casting (Figure 1a�c). The
di�erent LDHs were investigated through �eld emission
scanning electron microscopy (FESEM), Fourier transform
infrared spectroscopy (FTIR), X-ray photoelectron spectros-
copy (XPS), energy-dispersive X-ray analysis (EDX), and X-ray
di�raction (XRD). Finally, the sensing response at room
temperature toward a low concentration range of four di�erent
VOC vapors up to 10% of the saturated vapor pressure was
evaluated by acquiring the real-time variation of the electrical
resistance as a function of time by means of a proper
characterization system (Figure 1d,e). The selected composi-
tions were chosen since a comparison between LDHs with a
wide variety of metal ions and intercalated anions allows
investigation of sensing properties in view of selectivity
tunability. The obtained results provide a wide range of
potentialities to be explored related to the sensing perform-
ances and show that this class of materials is able to detect and
discriminate the target gases at di�erent concentrations at

Figure 1. (a) Sketch of the fabrication steps used to produce LDH gas sensors. (b) Layout of the device with contact pads and interdigitated
electrodes. (c) Fabrication of the device through a drop-cast technique with the help of a PDMS mold, (d) Scheme of the experimental sensing
setup used to perform real-time gas-sensing measurements. (e) Interior of the gas detection chamber.
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