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Abstract: The development of state-of-the-art gas sensors based on metal oxide semi-
conductors (MOS) to monitor hazardous and greenhouse gas (e.g., methane, CHy, and
carbon dioxide, CO;) has been significantly advanced. Moreover, the morphological and
topographical structures of MOSs have significantly influenced the gas sensors by means
of surface catalytic activities. This work examines the impact of morphological and topo-
logical networked assembly of zinc oxide (ZnO) nanostructures, including microparticles
and nanoparticles (0D), nanowires and nanorods (1D), nanodisks (2D), and hierarchical
networks of tetrapods (3D). Gas sensors consisting of vertically aligned ZnO nanorods
(ZnO-NR) and topologically interconnected tetrapods (T-ZnO) of varying diameter and
arm thickness synthesized using aqueous phase deposition and flame transport method
on interdigitated Pt electrodes are evaluated for methane detection. Smaller-diameter
nanorods and tetrapod arms (nanowire-like), having higher surface-to-volume ratios with
reasonable porosity, exhibit improved sensing behavior. Interestingly, when the nanorods’
diameter and interconnected tetrapod arm thickness were comparable to the width of
the depletion layer, a significant increase in sensitivity (from 2 to 30) and reduction in
response/recovery time (from 58 s to 5.9 s) resulted, ascribed to rapid desorption of analyte
species. Additionally, nanoparticles surface-catalyzed with Pd (~50 nm) accelerated gas
sensing and lowered operating temperature (from 200 °C to 50 °C) when combined with
UV photoactivation. We modeled the experimental findings using a modified general
formula for ZnO methane sensors derived from the catalytic chemical reaction between
methane molecules and oxygen ions and considered the structural surface-to-volume ra-
tios (S/V) and electronic depletion region width (Ly) applicable to other gas sensors (e.g.,
5n0O,, TiO;, MoOs, and WOs). Finally, the effects of UV light excitation reducing detection
temperature help to break through the bottleneck of ZnO-based materials as energy-saving
chemiresistors and promote applications relevant to environmental and industrial harmful
gas detection.

Keywords: nanostructured ZnO; gas sensing; surface-catalyzed; selectivity; analytical modeling

1. Introduction

The development of various gas sensors to monitor toxic, hazardous, and greenhouse
gas emissions (GHG), including carbon dioxide (CO,), as well as carbon monoxide (CO),
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has been intensive [1-3]. Methane (CHy) is an equally potent GHG that has more than
eighty times the warming power of CO, over the first 20 years after it reaches the Earth’s
atmosphere. Even though CO; and CO have a longer-lasting effect, CHy sets the pace for
warming in the short term. Cutting methane gas emissions to slow down global warming as
we decarbonize energy systems is critical. About 30% of today’s global warming driven by
methane emissions is from agricultural livestock, in general, and specifically from ruminant
animals, which produce CHy as a byproduct of digestion and microbial fermentation [4-6].
Toxic gases released routinely in environments other than CHy (CO, NH3, etc.), as well
as volatile organic compounds (VOCs), are degrading to humans and animals alike. The
alarming rise in environmental health and safety issues caused by rapid urbanization,
industrialization, vehicle exhaust gases, and agricultural sectors has led to modernizing
chemical sensing technologies to continuously monitor the atmosphere, enabled by engi-
neered materials, to combat the quality-of-life issues and deleterious work environment [7].
Accordingly, various health agencies recommend short-time exposure limits for both toxic
gases and VOC. Therefore, the performance of reliable gas sensors such as an “electronic
nose” must be improved, with key attributes of high sensitivity (limit of detection, LOD),
response magnitude, selectivity, faster response/recovery times, and stability [8,9], with an
optimal operating temperature (energy-saving), not just by tailoring the morphology and
structure of sensing materials, but also by supplementing the experimental design with
analytical modeling. Figure la provides a gas concentration sensing range depending on
the sensor type and corresponding morphological dimensions [10,11]. Among many gas
sensing materials, metal oxide semiconductors (MOSs) exhibit a superior performance over
other sensors due to their excellent physical and chemical properties and unique structure.
These materials have a reasonable wide band gap, allowing them to have a full spectrum of
electronic properties (insulating = semiconducting) [10,11]. Additionally, the properties
of MOSs are often greatly affected by the material size at the nanoscale, showing unique
properties due to the nano effect. For example, the electrical properties undergo significant
changes, creating a good gas sensing material. Thus, nanostructured MOS gas sensors have
enormous potential in achieving the required performance, attributed to their versatility
arising from the diverse morphological surfaces, hierarchical topologies, rich catalytic
surface chemistry related to interconnected grains, higher surface area (higher porosity),
large surface-to-volume (S/V) ratio, shorter diffusion lengths, and ease of fabrication us-
ing low-cost manufacturing (screen printing), along with their ability to detect multiple
gases desirably and discernably [12,13]. The ubiquitous porosity of MOSs enhances gas
diffusion through improved accessibility to nanograins and nanocrystallites and increased
catalytically active sites, resulting in enhanced performance [14-19].

Among the numerous inorganic MOS materials explored, zinc oxide (ZnO) has had
much attention in microscale devices for gas sensing, in addition to optical emitters, piezo-
electric transduction and actuation, two-dimensional electron gases, and neuromorphic
computing from extended and oriented nanostructures. ZnO is a II-VI semiconductor
with a wurtzite crystal structure possessing 13 fast growth directions, [0001], <0110>, and
<2110>; 12 lower-energy facets, {0110} and {2110}; and a pair of polar surfaces, {0001},
facilitating the formation of unique micro/nanostructure ensembles with functional mor-
phological versatility (see Figure 1b) [20,21]. Moreover, ZnO has a wide electronic bandgap
of 3.37 eV, and it is an n-type semiconductor due to having abundant point defects (oxy-
gen vacancies, Vo) and interstitial Zn (Iz,) [22,23], useful for a range of optoelectronic
devices [24], namely photocatalytic energy conversion [25], physical (UV) and chemical
detection sensors at a molecular level [26,27], decomposition of VOC [28], single-photon
emitters for quantum information science, secure communications [29,30], and UV astron-
omy. The diverse morphologies of ZnO include zero-dimensional (0D) quantum dots,
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microparticles, nanoparticles [31], one-dimensional (1D) nanowires, nanofibers, nanorods,
two-dimensional (2D) nanosprings, nanodisks, nanosheets, nanoribbons, nanowhiskers,
three-dimensional (3D) hierarchical nanobrushes, and tetrapod assemblies, as illustrated
in Figure 1b. The advancement of facile, cost-effective, and direct fabrication methods
has promoted a significant boom in complex nanostructures with controlled morphology,
orientation, and appealing physical (optical, electronic, and mechanical) and chemical
(photo/catalytical) properties for designing reproducible gas sensors [32]. Nevertheless,
diverse and controlled ZnO hierarchical structures (nanoflowers, nanocages, tetrapods,
etc.) have been synthesized through ambient solvothermal, hydrothermal, sol-gel, flame
transport, low-temperature aqueous phase, and chemical bath deposition methods [33-39].
Vast literature reports, including this work, have claimed that the aggregate morphology,
size/dimension, role of exposed polar facets, and topology of ZnO nanostructures have a
strong impact on sensing performance (response magnitude, sensitivity, and selectivity)
characteristics [40-42]. For instance, Yamazoe et. al. [43] found an inverse correlation
between the response and its grain size, which may influence the width of the space-charge
region and Schottky contacts while aiding the chemisorption of gas molecules and the
sensing process. Later, Seiyama et. al., reported the performance of ZnO films with good
response magnitude and enhanced sensitivity by the addition of noble metals (Pt and
Pd) [44,45]. Yamazoe et. al. [45] also proposed a chemical sensitization mechanism to im-
prove gas sensing, where surface functionalization with metal nanoparticles (e.g., Pt-SnO,
and Pd-5n0O,) facilitated the chemical reaction between the target gas and the MOS surface
through the spill-over phenomenon [17,46—49]. Fundamentally, different conceptual and
analytical models have been employed to describe sensing mechanistic pathways, and it is
still a subject of intense research discussion. The proposed contact-controlled [5,50-53] and
surface-depletion [15,54] models are widely accepted to explain the enhanced gas sensing
properties of ZnO nanostructures. Chen et. al. [55] and Gupta et. al. [17,46] have used the
space-charge region (SCR) model to explain the ultrasensitive ethanol and methane gas
sensing performance of ZnO nanoflowers or nanowhiskers consisting of 15-20 nm thick
nanowires, 100 nm thick nanorods, and 50 nm nanoneedle arms of tetrapods, respectively.
Additionally, density functional theory (DFT) calculations and molecular dynamics (MD)
were also employed to understand the sensing mechanism of ZnO nanostructures by gain-
ing insights into the interaction between surface species with the target gas molecules and
their orientation [56-59]. Moreover, while most of the articles discuss sensor characteristics
operating at higher temperatures (200-350 °C), limiting their practical applicability, few
reports have attempted to reduce the operating temperature in combination with photoac-
tivation alongside thermal activation and pn junction devices operating in reverse bias,
enabling depletion-assisted enhanced sensitivity [17,46]. Despite these significant efforts,
a deeper understanding is still needed to design efficient chemical gas sensors that can
operate at reduced or room temperature [39-41].

The main accent of this work is to examine the controlled morphology-promoted
methane gas sensor response complemented with an analytical model to gain further
insights into the mechanism. Briefly, the ZnO-based sensors possess a response magnitude
(sensitivity) of exponential form, presented empirically as (RM) Sg =a C g(b), where Cg is
the target gas partial pressure in direct proportion to its concentration, and the response
magnitude is characterized by pre-factor a and exponent b parameters. The b value is
usually equal to 1 or rational (=0.5), depending upon the charge of surface oxygen species.
Based on such empirical formulation, Hongsith and coworkers attempted to generalize the
formula for ZnO-based sensors implemented in this study [60,61]. However, there is still
no general model or analytical formula to explain all circumstances or factors influencing
methane sensors based on nanoscale ZnO structures. Thus, it is interesting to utilize
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the existing simplified model considering morphology, size, dimension, and electronic
properties to describe the response characteristics of ZnO sensors developed here in this
work. We focused on two different morphologies, including aggregated, vertical-standing
1D nanorod (ZnO-NR) arrays synthesized using liquid-phase deposition on seeded p-Si
(100) substrates and a 3D tetrapod (T-ZnO) network with interconnected arms fabricated
using flame transport synthesis as thin film sensors on prefabricated Pt IDE that are
also surface-catalyzed with Pd nanoparticles (~40-60 nm) [Pdcat/ZnO-NR and Pdcat/T-
ZnQ0] [17,46,62]. In addition to achieving a good response from these sensors, they showed
faster recovery characteristics, a lower limit of detection, and good moisture tolerance. The
response formula helped to explain signal enhancement controlled by nanorod diameter,
tetrapod arm thickness, and interconnectedness, thereby determining the level of porosity
enhancing the surface-to-volume ratio and decreased surface depletion layer.

(a)
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| | | | | | | | [ [ | | [
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Figure 1. Gas sensor development based on various ZnO morphologies. (a) Gas concentration sensing
ranges depending upon the type of gas sensor. (b) Preferential growth direction of hexagonal ZnO
wurtzite crystal shown with crystal facets and structures in dimensions from 3D to 0D typically grown
along [0001] direction. Also shown are examples, diameter (D), and thickness (L) of nanostructures.

2. Materials and Methods

The detailed preparation of ZnO nanorods and tetrapod sensors as chemiresistors on
interdigitated Pt electrodes (Pt IDE) deposited via a dry etch process is reported elsewhere
(see Figure 2A schematic) [17,46,62]. Zinc oxide nanorod (ZnO-NR) assembly was synthe-
sized using an aqueous phase deposition method on seeded p-5i (100) substrates. Briefly, a
25 mM zinc acetate in ethanol seed solution was prepared with 40 wt.% Au nanoparticles
and spin-coated, followed by annealing at 350 °C for 30 min, to prepare an effective seed
layer. The ZnO-NR growth solution was prepared by mixing equal volumes of 50 mM
hexamethylenetetramine (HMTA) and 50 mM zinc nitrate solutions, which were stirred
for 15 min before growth. The seeded substrates were placed vertically in sealed contain-
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ers containing 25 mL growth solution in a box furnace at 86 °C for 8 h. After removing
from the furnace, they were washed with isopropyl alcohol (IPA), rinsed with deionized
(DI) water, and dried. As for tetrapod ZnO (T-ZnO) assembly, it was carried out via the
direct flame transport synthesis (FTS) method utilizing zinc nanoparticles with an average
particle size of 40-60 nm and polyvinyl butyral (PVB) precursors [5,46]. The solution was
drop-casted onto cleaned p-Si (001) substrates (1 x 1.5 cm?) with Pt IDE. The samples
were dried at 60 °C for 8 h to evaporate the excess solution. The diameter of the nanorods
varied between 50 nm, 150 nm, and 300 nm by deposition time (4-12 h), and tetrapod arm
thickness ranged between 50 nm, 300 nm, and 500 nm, controlled by thermal treatment
in a box furnace (~1100 °C for 4-8 h). The catalytic Pd nanoparticles were synthesized
from a solution containing palladium chloride (PdCl,) and polyvinylpyrrolidone (PVP)
in methanol with a molar ratio of 0.25 mM Pd: 0.01 mM PVP. A small quantity of the
solution (40-60 pL) was used to coat the sample area onto the ZnO-NR (Pdcat/ZnO-NR)
and T-ZnO (Pdcat/ T-ZnO) films, cured under UV A light (A = 365 nm), and annealed at
400 °C for 30 min for the removal of polymeric residue and Pd nanoparticle crystallization.
All the chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA), and they
were used without further purification.

The samples were characterized using field emission scanning electron microscopy
(FESEM, Model Apreo S, Thermo Scientific, Waltham, MA, USA) to reveal the surface
morphology. XRD was performed with a CuK« radiation source (A = 1.5405 A) in the
206 range of 20-60° operating at 40 kV and 40 mA. Photoluminescence (PL) spectroscopy
(Edinburgh Instruments FLS1000, Livingston, UK) was utilized to investigate the optical
properties at room temperature. The ZnO-NR and T-ZnO films were evaluated for CHy4 gas
sensing performance as a function of methane concentration mixed with synthetic dry air
with contacts fabricated on Pt IDE electrodes in a custom-made sensing chamber attached to
a Keithley 2401 electrometer and KickStart Instrument Control software ver. 2.11.2 (Keithley,
A Tektronix Company, Cleveland, OH, USA) to measure the current-voltage-temperature (I-
V-T) response with a constant voltage of 10 V during sensing operation (see refs. [17,46] for
details and schematic of the experimental test system). Briefly, it consisted of a cylindrical
stainless steel vacuum chamber with an inlet and outlet for gases placed horizontally and
coaxially inside a power supply, which was calibrated (5.4 °C/V for SiO, /Si substrates) for
a resistively heated ceramic heater witha 5 x 5 cm? constant temperature zone, as well as
the sensor response in the dark and under UV A illumination in the gas sensing chamber.
Industrial grade dry synthetic air (20% O, and 80% N;) was used as the carrier gas for
ultrapure methane (Air Products, Allentown, PA, USA), which was mixed in proportion.
Each gas cylinder was connected to a mass flow controller (MFC) (Omega Engineering
Inc., Norwalk, CT, USA) to control the gas flow and mixing ratio of the two gases, and
the resulting concentration of methane into the chamber was precisely controlled. The
estimated flow of the analyte in the ambient atmosphere varied from 100 ppm (0.01%)
to 10,000 ppm (1%), with a relative humidity of 20-22%, the latter of which is too low to
affect the sensing response. Also, during the testing, the gas pressure of the sensor was
approximately 0.5 atm. Each experiment was repeated at least three times or with at least
three samples of the same dimension, and the maximum variation from the optimized
result of about +5% was recorded, indicating 95% reproducibility. The response magnitude
(RM), limit of detection/sensitivity, and response and recovery times of the films were
determined from resistance measurements with the target gas mixed with synthetic air.
The response magnitude was calculated using RM = Ra/Rg, where Ra resistance in air, Ry
resistance in methane, and the response percentage/percentile can also be determined as
follows: R (%) = (R; — R¢)/Ry x 100. As for the sensitivity, it is typically derived from the
slope of the calibration curve, that is, sensor response versus target gas concentration, Cg.
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Figure 2. Surface morphology of various nanoscale ZnO, crystal structure, and optical properties.
(A) Schematic of semiconducting metal oxide (MOS) gas sensor as chemiresistor along with ZnO
crystal structure with oxygen vacancy (Vo) and interstitial Zn (Iz,) point defects. (B) FESEM images
of ZnO structures: (a) Nanoparticles, NP; (b) Microparticles, MP; (c¢) Nanowires; (d) Nanorods
(ZnO-NR); (e,f) Pdcat/ZnO-NR; (g) hierarchical tetrapods (T-ZnO); and (h) Pdcat/T-ZnO, thin film
assembly. (C) (Top panels) X-ray diffractograms of ZnO-NR, Pdcat/ZnO-NR, T-ZnO, Pdcat/T-ZnO,
showing characteristic peaks of ZnO. (D) (Bottom panels) Room temperature photoluminescence
(PL) spectra of ZnO-NR, Pdcat/ZnO-NR, T-ZnO, and Pdcat/T-ZnO, showing light emission peaks
related to surface oxygen vacancies and other intrinsic defects.

3. Results and Discussion
3.1. Structural, Optical, and Electrical Properties

Both ZnO nanorods and tetrapods have significantly different morphologies and
structures with exposed facets, which allow them to have distinctive chemical and physical
properties (see Figure 2). The nanorod is a 1D structure with nonpolar exposed facets, and
tetrapods are a complex network of arms interconnected to a core forming 3D morphology
exposing polar facets and a curved surface, as seen in the FE-SEM images in Figure 2B(a)—(h),
as well as ZnO microparticles, nanoparticles, nanowires, and Pd-catalyzed sensor materials
revealing surface morphology. The ZnO-NR had well-defined hexagonal-shaped rods of
150 nm diameter [17]. The tetrapod ZnO (T-ZnO) also exhibited hexagonal-rod-shaped
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arms of 200 nm thickness connected with a well-defined core forming a reasonable porous
network. The Pd nanoparticles were uniformly distributed with minimal agglomeration
observed along each facet of ZnO sensing materials. The majority of the Pd nanoparticles
on the ZnO-NR films were observed on the hexagonal top facets of the nanorods, while the
Pd nanoparticles were evenly dispersed along the arms and core in the case of T-ZnO. The
XRD spectra shown in Figure 2C exhibit a polycrystalline structure in the sensor materials
investigated. The reflection peaks identified are at 26 = 31.7°, 34.4°, 36.2°, and 47.6°, which
correspond to lattice planes of (100), (002), (101), and (102), respectively, indexed to the
hexagonal wurtzite ZnO structure (JCPDS Card No. 79-0206) [63]. The peaks at 26 = 39.86°
and 46.6° are due to Pt interdigitated electrodes (IDE) indexed to (111) and Pd nanoparticles
indexed to (200) phases. The corresponding lattice parameters are ¢ = 5.196 A and a = 3.00 A
for ZnO-NRy5 films and ¢ = 5.20 A and a = 3.02 A for T-ZnO»s films. For the Pdcat/ZnO-
NR and Pdcat/T-ZnO films, the lattice parameters are ¢ = 5.20 A and a = 3.03 A. The lattice
parameter ¢ value is consistent with the bulk values, while lattice parameter a and the c/a
hexagonality ratio (1.715 £ 0.05) were within 7-9% of the bulk wurtzite (ca. ¢ = 5.206 A,
a=3249 A, oa = 1.602). Likewise, Figure 2D shows room temperature PL spectra for
ZnO-NRj5p and T-ZnOys thin films. ZnO possesses two emission peaks. One occurs at
375 nm in the UV region and the other band occurs between 480-560 nm in the visible
region, which is typically broader due to defects (see Figure 2B schematic). The PL spectra
for ZnO-NR and T-ZnO show a sharp peak in the UV region at 388 nm (Epy, = 3.20 eV),
ascribed to near-band-edge emission of ZnO (ca. 3.37 eV) and free exciton recombination,
as well as showing multiple smaller peaks in the 430-500 nm range and a broad peak
at 600 nm [18,64,65]. The intensity of broad-band luminescence due to surface oxygen
vacancies is greater for T-ZnO than that of ZnO-NR. Thus, T-ZnO can be more catalytically
(re)active than vertically standing ZnO-NR of comparable size dimensions and have a
higher propensity toward oxygen adsorption, gas reactivity, and desorption affecting the
sensing performance demonstrated in this work. This difference also shows that they
have a specific optimal detection temperature of 175 °C for ZnO-NR (Pdcat/ZnO-NR) and
200 °C for T-ZnO (Pdcat/ T-Zn0O), as revealed in Figure 3a, through electrical conductivity
variation with temperature. This leads to a change in the electrical conductivity properties,
which increases as the operating temperature is elevated because of the increase in electron
density caused by thermal excitation in a semiconductor, followed by an increase due to
oxygen adsorption on the nanostructured surface. Moreover, the operating temperature
along with topological curvature is significant in the adsorption/desorption of methane
(CH4) gas molecules, since the adsorbed oxygen species at elevated temperatures and
positive curvature of ZnO morphologies (cylindrical nanorod or nanoarm) are more reactive
than those generated at lower temperatures and planar surfaces. We also investigated the
electrical conductivity under UV excitation at lower temperatures (40-100 °C) and deduced
the activation energy (E) following the Arrhenius formula summarized in Figure 3b. A
thickness dependent study on ZnO films under UV illumination conducted by Su et al.
demonstrated the highest sensitivity at ambient temperature and found that response to the
target gas (NO;) increased with increasing thickness to a maximum of 1500 nm, after which
the response decreased [41]. They suggested that the thicker films possess higher levels of
porosity, which had a larger penetration depth for UV light to create more photogenerated
carriers and efficient diffusion of gas molecules.
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Figure 3. Optimization of operating temperature and activation energy. (a) Representative semilog
plot of dc conductivity with temperature in the dark and with UV A excitation (365 nm) for ZnO-
NR1 and 2, Pdcat/ZnO-NR1 apq 2, T-ZnO, and Pdcat/T-ZnO sensor films measured in synthetic air.
(b) Corresponding activation energy summary table. The short, dotted lines in (a) are the linear fits.

3.2. Conceptual Analytical Model for Methane Gas Sensing Mechanism

This section provides mathematical formulation of an analytical model based on the
key concept behind the working principle of MOS-based gas sensors. The gas sensing
response is a process caused by the interaction between analyte gas molecules and ex-
posed faces of complex ZnO morphologies related to the chemisorbed oxygen on the
ZnO surface. Briefly, at a low temperature (~100 °C), only molecular oxygen (O,) is ad-
sorbed on the semiconductor ZnO surface holding electrons from the conduction band,
ie, Oy + e~ < O z. However, at higher temperatures, >100-400 °C, the ionized molec-

ular O, [1/207 + e_k;y O; ] and atomic oxygen Os~, 042~ [1/20, + 26_k;y oi—] can
coexist [61]. Therefore, for ZnO-based methane sensors operating around 175-225 °C, the
interaction between oxygen ions and gas molecule surface of n-type ZnO is used. When
methane (CHy, Meth) molecules interact with oxygen ions, the electrons are liberated
and sent to the conduction band, which contributes to an increase in the electrical con-
ductivity (i.e., decrease in resistance), also known as ‘chemiresistors’ and described by
Equations (1) and (2) for Os~ and Og2~, respectively, as follows:

k
CHy+0O; ™" COp+ HyO+1e” (1)

CH, + 02 ™8 CO, 4 HyO + 2¢~ ?)
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The rate equations for the electron density can be written as follows:
dn 11 1
= kuen(T)[0 ] [CHy ®
dn _11/2
= kuen(1)[ 02| [CHA)2 @
or collectively,
dn ion?b
o = kuen ()| OF" ] [CHy)' ©)

where 7 is the electron density, b = 1 for singly charged oxygen or % for doubly charged
oxygen’ kyeth(T) represents the reaction rate coefficient, which follows the Arrhenius
behavior = A exp (—Ea./kgT), Ea is the activation energy of reaction, kg is the Boltzmann
constant, and T is the absolute temperature. Solving Equation (5), with n under methane
gas, can be represented as follows:

, b
1 = kngern(T) [o;‘m] [CHy)'t + g ©6)

ng is the electron density in the air, and both carrier densities (n and 7) are independent or
constant of time at equilibrium. Thus, Equation (6) becomes the following:

. 1b
n =T kyen(T) [ O] [CHA)" + 0 7)
where 7, is time constant and the carrier concentration n = %, which is in inverse relation
with the resistance, R, and o is a proportionality factor. Substituting this behavior in
Equation (6) gives Equation (8), as follows:

ia1b
i _ Tr kMeth(T) [O;on] [CH4]b + i (8)
Ry x Ra

The response magnitude is defined by Sg = R, /Rg (or I /Ia), where R, (I,) is the sensor
resistance (current) in the air and Rg (Ig) is the resistance (current) under methane gas
exposure. Note that the same approach can be used for the pn-junction or FET-type devices
developed for gas sensors, as they measure current (I) instead of resistance (R). Thus,

ion1b
_ Re _ T ke (T) [0F"]” [CHy)®
Rg no

Se +1 )
Equation (10) can be rewritten in composite form relating to methane concentration

[CHy], Cg, as follows:
Sg=aCy+1 (10)

where ‘a’ is a fitting parameter. Equation (11) can be rewritten as follows:
log(S, — 1) — log a + blog Cg (11)

From this, a linear relation is apparent relating log (Sg — 1) versus log Cg with slope b,
the value of which represents the oxygen ion species type on the surface of ZnO.

Typically, we attribute the enhancement of the physical properties of nanostructures
to a higher surface-to-volume (S/V) ratio as one of the key factors, and especially when
these nanomaterials are used as sensors that are related to porosity, enabling the diffusion
of target gas molecules. In fact, the density of adsorbed oxygen ions is controlled by the
S/V ratio of the nanostructures and, therefore, it should be included in Equation (10). The
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following equation shows the direct dependence of adsorbed oxygen ion density on the
S/V ratio: ( )
ion] _ 00 (S/V)Viy
jopr] = (12)
where 0 is the oxygen ion density, S/V is the surface-to-volume ratio of the material (Vp,),
and Vs is the system volume. The substitution of Equation (12) into Equation (9) gives Sg,

as follows:
S
. oo\ v V
S
@ (§)Vn]’
R, Tr kvtetn (T) Vv ,

It is worth mentioning that the electrical property is changed through the redox
state of the promoter and by donor (or acceptor) charges from gas molecules, which
works on the principle of change in resistance upon exposure to analyte gas, known as
‘chemiresistor” (see Figure 2A schematic). In other words, the decrease (or increase) in
resistance of the MOS films depends upon the type of majority carriers (receptor function)
in the semiconducting film and the nature of the gas molecules (reducing or oxidizing) in
the synthetic atmosphere (air). For example, for n-type semiconducting materials, reducing
gases (donor; CHy, Hp, H,S, CO, NH3, VOC) decrease the resistance, while oxidizing gases
(acceptor; NO;, NO, SO,) increase, and, correspondingly, converse behavior is observed for
p-type semiconducting materials (transducer function) [66,67]. Thus, the receptor function
(RED/OX) works together with the transduction function. Consequently, the adsorbed
gas molecules interacting with molecular and atomic oxygen ionic sites on MOS surfaces
regulate the response magnitude of the electrical signal induced by charge transfer from
the surface to the bulk, which is proportional to the gas concentration (Cg) discussed in the
analytical model.

3.3. Nanorod Diameter and Tetrapod Arm Thickness Dependent Analysis (Surface-to
-Volume Ratios)

The impacts of nanorod diameter and the arm thickness of tetrapods on methane gas
sensing performance are investigated by comparing gas sensors with different diameters
and arm thicknesses, which are controlled by growth time (8-12 h) and high temperature
treatment at 1100 °C for 4-8 h, respectively. The resulting diameters ranged between
50 nm, 150 nm, and 300 nm, and arm thickness between 70 nm, 250 nm, and 400 nm for
the respective gas sensors. All the fabricated sensors have been evaluated at a range of
temperatures (50-275 °C) to find the optimal working temperature discussed above to
correspond to the morphology (see Figure 3). The operating temperature is an important
parameter affecting performance while designing energy-saving chemiresistive sensors
based on MOSs. We observed that the sensitivity toward methane for ZnO sensors in-
creased with the operating temperature up to 175-200 °C, depending upon the morphology,
and then decreased with a further increase in temperature [5,17,46]. This is because the
ZnO sensors reach high enough thermal activation energy for sensing, as opposed to a
low temperature. However, at very high temperatures the sensors are also less active,
which can be attributed to desorption of methane gas molecules without an exchange of
charges, meaning they are less sensitive and, therefore, an optimum working temperature
is essential [5,17,46]. Additionally, in the wake of decreasing working temperature and the
development of energy-saving chemiresistive gas sensors, the other approaches to decrease
operating temperatures are UV photoactivation when combined with low temperature
(~40-60 °C) activation and pn-diode-like junction devices working with depletion-assisted
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enhanced sensitivity operating in reverse bias as opposed to high working temperatures
(ca. 175-200 °C), as elucidated in our previous works [17,46]. Considering the use of the
analytical model presented in this work, the activation methods are intertwined with the
morphology and size and, therefore, it is indirectly related presented below. Nevertheless,
this finding is significant for low power consumption “energy-saving” gas sensing devices
rated at the maximum power of 100 mW /cm? (ca. 80 mW /cm?) for sensors developed in
this study [21].

Figure 4a shows methane sensing characteristics between 175 and 200 °C operating
temperature for different gas concentration levels by showing plots of log (Sg — 1) versus
log Cg for ZnO-NR150, Pdcat/ZnO-NR1509, T-ZnO,50, and Pdcat/T-ZnO,5) sensors, where
a linear relationship described by Equation (10) is observed and slope b value represents
the oxygen ion species (singly versus doubly charged). The values of b = 0.52, 0.62, 0.65,
and 0.53-0.63 for ZnO-NR150, Pdcat/ZnO-NR150, T-ZnO»s5, and Pd,t/ T-ZnOy5g sensors,
respectively, suggest that the O;2~ ions are the dominant adsorbed oxygen species at the
surface of the investigated sensors. However, a marginal increase and decrease in b values
for ZnO-NR and T-ZnO indicate the balance of Os2~ and O~ species shifts, though coexist
for both the sensors. This also suggests that the charged oxygen adsorption species on
the surface is independent of grain size, regardless of bulk micro- or nanostructure. It is
obvious that the diameter and arm thickness of ZnO-NR;59 and T-ZnO;s are greater than
the Debye length L4 of ~5-10 nm. Therefore, the impact of the surface charge region is
limited, and the surface-to-volume ratio (5/V = ®) of these nanostructures is expected to
play a vital role in sensing performance, as represented in Equation (14) [60]. However, the
deviation of b from its ideal value, 0.5—for which the diameter is close to Debye length
(2Lq)—can also arise, because the surface depletion layer has some effect on the oxygen
adsorption species at the ZnO surface. The dependence of sensitivity on the diameter of
the nanorods and arm thickness of T-ZnO can be clarified by the surface-to-volume ratios
and applying them in Equation (14) for the sensitivity ratios [64], as follows:

S¢(ZnO—NRg)—1 _[(5/V)z]"  [Dal"
S¢(ZnO—NRy) —1 [(S/V)ﬂ - {DB] 1

and

Se(T—2Zn0Ox)—1 [(S/V)A]b _ {ThBr (16)

Se(T—ZnOg)—1 [ (S/V)g] ~ |Tha

Table 1 summarizes a list of sensor formulae for methane gas sensors based on ZnO,
which are also applicable to other MOSs. Tables 2 and 3 present the calculated response
magnitude (sensitivity) ratios of each of the sensor morphologies studied with varying
methane gas concentrations ([CHy4] = 100, 200, 300, 500, and 1000 ppm) and their experimen-
tal results, in addition to their Pd nanoparticles” decorated counterparts. Compared with
their surface-to-volume ratios presented in the last row, reasonable agreement is noticed for
the ZnO nanorod sensor. Therefore, it was concluded that the increase in surface-to-volume
ratio enhances performance. Likewise, it is also clear that the increasing S/V ratio of the
tested sensors improves the speed of the response/recovery times. However, the values
for T-ZnO are significantly different by 65-73% for the experimental and calculated results,
which required attention and calls for the modification and improvement of the analytical
model, which is discussed below in relation to space-charge region (depletion layer width).
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Figure 4. Performance of methane sensing from nanostructured ZnO. (a) log (Sg — 1) versus log Cg
plot and (b) response/recovery curves to 1000 ppm concentration of methane [CHy] at 175 °C for
ZnO-NR, Pdcat/ZnO-NR, and at 150 °C for T-ZnO and Pdcat/T-ZnO sensors.

Table 1. Summary of sensor response magnitude formulae for methane gas sensors based on ZnO
nanostructures and applicability towards factors considered to be influencing their behavior (adapted
from ref. [58]).

Sensor Response Formulae

Oxygenion  Metal Doping/Schottky Nanostructure when Nanostructure when

Species Behavior D> 2L4 D~2L4
Sg=aCh+1 vV X X X
ionb
So= ane;mT)[Os ] Cb41 Vv Vv X X
S T ke (T) (o CI)(“//—T)) cb 41 V4 V4 v X
%:tb - g g +
_ T koth(T)(VO (I)( Vs DZCZ
Sty = ( o D-2L,)° +1
or v v v v
T ke (T) (g @ Th C}
S = ( m mhaig T1

Note: / = Applicable, X = Not Applicable.
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Table 2. Response magnitude ratios of ZnO-NR (nanorods) of various sizes with methane concentra-
tion compared with the calculated values.

Colr\:ieetnhtigteion Response Magnitude Ratios
S¢(ZnO—NRsp)—1 Sg(ZnO—NRsp)—1 Sg(ZnO—NRsp)—1 Sg(Pdcat / ZnO—NRsg)—1
S¢(ZnO—NRypg)—1 S¢(ZnO—NRy50)—1 S¢(ZnO—NR3p9)—1 Sg(Pdcq ZnO—NRys0)—1
100 ppm 1.239 1.639 2.339 1.659
200 ppm 1.241 1.648 2.368 1.673
300 ppm 1.253 1.673 2423 1.682
500 ppm 1.388 1.718 2.448 1.728
1000 ppm 1.421 1.741 2451 1.731
[D 4/Dg]"? 1.414 1.732 2.449 1.732

Table 3. Response magnitude ratios of T-ZnO (tetrapods) of varying arm thicknesses with methane
gas concentration compared with the calculated values from two models.

Methane Concentration Response Magnitude Ratios

Sg(T—ZnOg79)—1 Sg(T—ZnO7)—1 Sg(T—ZnOss0)—1 Sg(Pdea / T—ZnOyg)—1
Sg(T—ZnOgs0) -1 Sg(T—ZnOy00)—T Sg(T—ZnOy0)—1 Sg(Pdeat /T—ZnOg0) —1

100 ppm 4.320 5.451 4350 4216

200 ppm 4457 5.843 5.124 4.392

300 ppm 5.346 5.964 5.589 4.450

500 ppm 5.852 6.359 5.832 4477

1000 ppm 5.873 6.372 5.945 5.012

[Thy/Thy]'? 1.890 2.390 1.265 2.390

[Thy/Tha)? (Thfhf‘zLd) (%) 5.123 5.267 3.987 4.891

3.4. Depletion Layer Width Dependence (Surface-Charge-Region Model)

According to the SCR model, the surface electronic property is characterized by the
depletion layer width, presented as follows [55]:

W = Ly (eVi/kpT)'/? (17)

W = (2e5(Vii — V — kpT/e)/eNp)'/? (18)

where Ly is the Debye length and V; is band bending induced by adsorbates and Pd
nanoparticles making local Schottky contacts, V the applied bias, and Vy,; is the barrier
voltage. The Debye length is used to scale the depletion region of the nanostructured ZnO.
The following equation is used to calculate the Debye length, Ly:

1/2
L = [seokBT] (19)

where ¢ is the relative dielectric permittivity of the ZnO nanostructure and # is the charge carrier
density. The calculated Debye length obtained by using electron density (ranged 10'7-10'8 cm—3),
T = 573 °K (optimum working temperature), &; = eeg = 7.9 x 8.85 x 10712 Em~! yielding Ly
of about 5.2 nm for n = 8 x 107 ecm~3, which is lower than the values reported in the
literature, with about 30 nm [68-71]. Since the value of 2L4 = 10.4 nm, it is suspected that
the reason behind the observed significant variation is far from the diameter and thickness
of ZnO-NR and T-ZnO. Therefore, a modification is applied to the model considering
the S/V ratio and the width of the depletion layer region. At a distance that is equal to
many times that of the Debye length from the surface of ZnO nanomaterials, the carriers’
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S¢(ZnO — NRg) — 1

density is equal to the bulk value. Therefore, for large enough ZnO sizes (>>2L4), bulk
characteristics can be assumed. It is clear Lq increases with temperature and decays with
growing density of donor defects. When exposed to analyte methane, the molecules react
with surface oxygen ion species and give back electrons to ZnO, resulting in an increased
conductive channel (or decreased depletion layer). The conductive channel is related to the
carrier concentration and can be written in terms of Ly, as follows:

2
' = ng % (20)
o (Th—2Ly)
nl = Nno Td (21)

where ng is the intrinsic carrier concentration and D is the diameter of the ‘cylindrical’
nanorod (or tetrapod arm). The depletion layer effects on sensor response based on
cylindrical ZnO nanostructures with a surface-to-volume ratio parameter () is given

as follows:
v \1? b
R, Tr kMeth(T) {qu)(vyg)} chg
Si, =t = S +1 22)
Re "o (D—2Ly)
or
V; b b
R T kntern(T) [quD(V’:)} ThC
Sy, =2 = s 1 23
MTRg 1o (Th—2L,) @3)

Thus, the final influence of the S/V ratio and depletion region on sensitivity ratios
based on varying diameters and arm thicknesses are presented as follows:

1/2

Se(nO—NRy) — 1

B {((Z“gﬂb(DB?BZL)Z(DAD_AZLd)Z N [gﬂ (leiBZLaJ2 <DAD_A2Ld>2 24

and

Se(T—Zn0Oyx) —1 [(S/V)Ar< Thy )(ThB—ZLd> _ {Thg]l/z( Thy )(ThB—ZLd> 25)

Se(T—ZnOg) —1

(S/V)p

The calculated sensitivity ratios and experimental results are presented for the sensors

Thy — 2L, Thyg Thy Thy — 2L, Thy

shown in Table 3. It is evident that after consideration of the depletion region, the calcu-
lated results have much better agreement with the experimental results for all cases. The
subsequent difference between the calculated and experimental measurements is 10-12%.
It is interesting to note that the sensitivity for T-ZnO is significantly enhanced compared
to that of ZnO-NR, since the diameter or the interconnected arm thickness is closer to
50 nm or 70 nm. Figure 4b shows the response/recovery time for the representative sensors
(ZnO-NR150, T-ZnOy59, Pdcat/ZnO-NR;50, and Pdcat/ZnO-NRy5) studied in this work
to 1000 ppm of [CHy4], which is 49.8 5/23.2's,16.55/6.25,13.95/6.25,and 15.25/6.8 s,
respectively. The decrease in response time is explained by the complete coverage of the
sensor surface by methane gas molecules and the mean residence time of the gas molecules.
At low concentrations, the reaction between the target gas molecules and the oxygen ion
species occurs over a relatively long period of time, which shows the response behavior;
moreover, and at a higher concentration, the time needed for the reaction is decreased,
causing the response time to be shorter, especially for T-ZnO compared to ZnO-NR, which
is also influenced by Pd nanoparticles. It is important to note that the initial surface of both
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ZnO-NR and T-ZnO sensors is restored after keeping them in air at 175 °C for 15 min or at
room temperature for 12-20 h, indicative of reproducibility due to faster desorption of the
target gas species and stability.

3.5. Effect of Surface Chemical-Electronic Sensitization (Noble Metal Nanoparticle Decoration)

It is known that doping in semiconductors modifies the electronic properties such that
it affects the sensor response as well [17]. The metal doping effect can be simply explained
in the model by Equation (13). It is seen that the average sensor response is proportional to
the reaction rate constants, kye (T) and koxy(T), through oxygen density. It has also shown
that the reaction rate constant can be affected by noble metal decoration, such that Pd on
the semiconductor oxide sensor promotes a surface catalytic effect and Schottky behavior,
leading to local doping effects. Thus, metal doping causes increased reaction rate constants
elucidated by increasing resistance in the air suggestive of catalytically active dissociation
of molecular oxygen, resulting in increased molecular oxygen adsorption. Therefore, an
electron in the ZnO nanostructure is captured by oxygen adsorption to form an oxygen ion
and, hence, the ZnO nanostructure loses more electrons, which causes increased depletion
layer width and higher resistance, which is overcome by thermal and UV activation keeping
an enhanced sensitivity, as observed here in this study, despite the contrary effect. Moreover,
chemical-electronic sensitization proposed by Yamazoe [66] facilitating Schottky contacts
motivated the need to achieve a lower operating temperature, faster response/recovery
time, effective gas diffusion/adsorption, and photocatalytic oxidation (see also refs. [15,67]).
See also Figure 5, which summarizes the sensing material properties affecting the sensor
response and corresponding gas sensing mechanisms for metal oxide semiconductors with
specifics to ZnO nanostructures.
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Figure 5. Material properties and schematics of gas sensing mechanisms. Receptor function, transducer
function, physicochemical, and material properties of MOS (specifically ZnO) gas sensors listed on the
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right. The detailed sensing process is shown as a space-charge region model related to surface oxygen
ion species describing oxygen adsorption on unsensitized and chemical-electronic sensitized surface
with Pd (or Pd—Ag) nanoparticles and band-bending theory. Also shown is a schematic illustrating
processes limiting (or enhancing) the kinetics of gas diffusion while inducing surface dipoles, as well
as spillover on sensitized ZnO nanorods assembly, nanostructured surface.

4. Conclusions

In summary, gas sensors based on ZnO-aggregated nanostructures with two different
controlled morphologies, including nanorods of different diameters and topology inter-
connected tetrapods with varying arm thicknesses synthesized through low-temperature
chemical solution and flame transport methods, respectively, are investigated. Moreover,
methane gas transduction mechanisms illustrating the relationships between the surface
adsorption phenomenon and the resulting electrical property effects, as well as surface
chemical sensitization, are presented. Methane gas sensors were fabricated as MEMS-like
devices based on sparse ZnO-based nanostructures, and their performance was compared
alongside the implementation of an analytical model for a better understanding of the
mechanistic pathways. Smaller diameter nanorods and thinner tetrapod arm thicknesses,
yet interconnected, having higher surface-to-volume ratios elucidates enhanced sensitiv-
ity, low detection limit, and faster response/recovery characteristics toward methane gas.
Moreover, a tetrapod arm thickness closer to or comparable with the thickness of the ZnO
depletion layer showed significantly increased sensitivity attributed to the semi-complete
depletion layer formed by the nanoarm connectivity. The explanation of the results is based
on the formulation established by considering the chemical reaction between methane gas
molecules and adsorbed oxygen ions contributing to depletion layer thickness. The gener-
alized formula has significant potential for designing sensors with any desired sensitivity,
especially at the ppb (parts per billion) level of concentration and in the development of an
“electronic nose” for environmental and toxic industrial gases. This work can be general-
ized to other metal oxides (SnO,, MoOj3, Cu, O, and WO3) as potential sensing materials
to detect different active gases (CO,, NOy, NHj3, H;S, and VOC). Finally, ultraviolet light
activation in combination with thermal activation promoted the detection of methane gas at
lower temperatures, and the relationship between response and light intensity may further
strengthen the persuasive conclusion.
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