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Instant-in-Air Liquid Metal Printed Ultrathin Tin Oxide for

High-Performance Ammonia Sensors

Chung Kim Nguyen, Patrick D. Taylor, Ali Zavabeti, Hamidah Alluhaybi, Samira Almalki,
Xiangyang Guo, Mehmood Irfan, Mohammad Al Kobaisi, Samuel |. Ippolito,
Michelle J.S. Spencer, Sivacarendran Balendhran, Ann Roberts, Torben Daeneke,

Kenneth B. Crozier,* Ylias Sabri,* and Nitu Syed*

Liquid metal-based printing techniques are emerging as an exemplary
platform for harvesting non-layered 2D materials with a thickness down to a
few nanometres, leading to an ultra-large surface-area-to-volume ratio that is
ideal for sensing applications. In this work, the synthesis of 2D tin dioxide
(Sn0,) by exfoliating the surface oxide of molten tin is reported which
highlights the enhanced sensing capability of the obtained materials to
ammonia (NH;) gas is reported. It is demonstrated that amperometric gas
sensors based on liquid metal-derived 2D SnO, nanosheets can achieve
excellent NH; sensing performance at low temperature (150 °C) with and
without UV light assistance. Detection over a wide range of NH;
concentrations (5-500 ppm) is observed, revealing a limit of detection at the
parts per billion (ppb) level. The 2D SnO, nanosheets also feature excellent
cross-interference performance toward different organic and inorganic gas
species, showcasing a high selectivity. Further, ab initio DFT calculations
reveal the NH; adsorption mechanism is dominated by chemisorption with a
charge transfer into 2D SnO, nanosheets. In addition, a proof of concept for
prototype flexible ammonia sensors is demonstrated by depositing 2D SnO,
on a polyimide substrate, signifying the high potential of employing liquid

1. Introduction

Electronic gas sensors are an integral part
of our technological landscape, allowing us
to detect pollutants, monitor processes, and
ensure the safe operation of infrastructure
and chemical production facilities.[!) With
the continuous move toward a renewable
economy, new challenges in the area of gas
sensing are emerging. As society is mov-
ing away from fossil fuels, other molecules
such as hydrogen (H,) and ammonia (NH,)
are gaining significant importance as en-
ergy storage media and fuels.l> The use
of green ammonia is predicted to play a
central role in the energy transition since
it has a high volumetric energy density,
can be decomposed into H, and N, with
ease, and is thus touted as a promising
energy carrier that can overcome the stor-
age and transport challenges of hydrogen.[!
While ammonia is already used on vast

metal printed SnO, for realizing wearable gas sensors.

scales, it is a highly toxic substance,l®®]
and introducing it into the transportation
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Scheme 1. A schematic comparing conventional methods with the LM printing process for realizing SnO, nanostructures. The approach is simple,
holds promise for industrial-scale application, and will inspire further research in the community.

sector will require the deployment of robust monitoring equip-
ment to ensure safe operation. Furthermore, from a medical per-
spective, monitoring ammonia levels in human breath has the
potential for non-invasive diagnosis of various diseases.>'?l Due
to these compelling applications, ammonia detection at ppm and
sub-ppm levels has become a topic of significant research inter-
est, and the development of robust, low-cost and yet highly sen-
sitive, and selective NH; sensors is paramount.
Two-dimensional (2D) materials have been considered as a
powerful class of materials in a variety of gas-sensing applications
due to their intriguing optical and electronic properties originat-
ing from their atomically thin tenuity and ultrahigh surface-to-
volume areas.['*] Nanosheets derived from materials with non-
layered crystal structures are of particular interest, since they
form covalent bonds in all three dimensions and unsaturated
dangling bonds on the surface, making the interface chemi-
cally active and thus highly suitable for sensing applications.!!*1]
The synthesis of various 2D metal oxides utilizing liquid met-
als (LMs) as reaction platforms has been introduced relatively re-
cently and is gaining considerable attention due to the straight-
forward deposition process and its ability to produce large and
ultra-thin materials with both layered and non-layered struc-
tures which is challenging when using conventional exfoliation
processes.!'18 The surface oxide growth on low-temperature
LMs is often self-terminating and follows the Cabrera-Mott oxida-
tion process,[1®171% and thereby facilitates the formation of oxide
nanosheets with a highly reproducible thickness which typically
isin the 1-3 nm range. Due to the liquid nature of the underlying
metal, the interfacial oxide is found to delaminate with ease, en-
abling liquid metal printing routes that are straightforward and
yet have been demonstrated to reliably produce 2D materials at
wafer scales and may have profound possibilities in various con-
ductometric sensing applications. This work reports on the fabri-
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cation of liquid metal printed SnO, nanosheets which have been
employed as active channels in conductometric gas sensing de-
vices.

Tin dioxide (SnO,) is considered a wide bandgap and n-type
transparent metal oxide (MOX) of technological importance.[221]
SnO, is a promising candidate for gas sensing owing to its ex-
cellent chemical stability and high electrical conductivity.?223]
However, the performance of pure SnO, for NH; sensing ap-
plications is often poor!?*?’] and hence doping and compos-
ing SnO, with some enhancers had been used to specifically
improve its sensitivity.?6?’ So far, the NH, gas sensing be-
havior of LM-derived 2D SnO, films has not been reported
yet.

As depicted in Scheme 1, various SnO, nanostructures have
been realized via wet chemical synthesis methods with the use of
solvents and precursors. These conventional synthesis methods
require a synthesis process that can extend to several hours or a
few days. Hence, an economical, simple, faster, and reproducible
process for making high-performance gas-sensitive layers is long
overdue and much needed in the chemical sensor community. In
this work, we utilize the LM printing method to harvest ~2 nm
thick SnO, nanosheets from the surface of molten tin without
the use of any toxic solvents and hazardous chemicals. The whole
printing process only takes less than a minute in an ambient en-
vironment. As such, the LM printing technique enables a sim-
ple and low-cost approach to realize ultrathin SnO, nanosheets
with highly reproducible quality and areas approaching ~1 cm?
Resistive devices are fabricated on 2D SnO, nanosheets and op-
erated in amperometric mode to detect NH, gas.?®] The amper-
ometric gas sensors (AGSs) are tuned via different external bi-
ases to enhance their gas sensing performance. Furthermore, the
utilization of optical excitation notably improves the sensitivity
and selectivity of the fabricated AGS, boosting the interaction
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Figure 1. Characterizations of ultrathin 2D tin oxide (SnO,) obtained using the van der Waal touch printing technique and post-annealing at 450 °C for
15 min in air. a) Schematic illustrating the touch printing technique for isolating 2D tin oxide. Right: optical microscope image of continuous 2D SnO,
sheet prepared on 300 nm SiO, /Si substrate, with area of several square millimeters. b) Centimeter-scale 2D films (on 300 nm SiO, /Si) were frequently
obtained, highlighting the consistency of the synthesis process. c) AFM micrograph of 2D SnO, nanosheets. d) Height profile along the yellow line of
panel c. Thickness analysis at 12 edge locations collected from multiple nanosheets results in an average thickness of 1.9 + 0.4 nm (standard deviation).
f) TEM micrograph of the SnO, films, the right top inset indicates lattice fringes of the 2D SnO, films and the bottom inset represents the FFT pattern.
The red dashed line is used to indicate the edge of 2D SnO, on TEM grids. g) Raman spectra of tin oxide printed on SiO,/Si substrates. h,i) Fitted XPS
spectra of the 2D SnO, nanosheets for h) Sn 3d core level and i) O 1s core level. j) UV-Vis absorbance spectra and the inset display the constructed band
diagram of the 2D SnO,. The n-type nature of the SnO, is evidenced by the measured Fermi level (E;) being closer to the conduction band minimum

(Ecgm) than the valence band maximum (Eygy)-

between the sensing layers and gas analytes, as well as lower-
ing the required operating temperature of the sensor to 150 °C.
Our liquid metal-derived SnO,-based gas sensors are found to
be highly selective toward ammonia molecules over many poten-
tial interferential gases while having a very low Limit of Detec-
tion (LoD) at parts per billion (ppb) range. The developed sen-
sors exhibited excellent stability even when stored in air over the
course of several weeks and also showed reproducible sensing
responses for different batches of samples. We have also bench-
marked the performance of our novel 2D SnO, nanosheets am-
monia sensors against commercially available SnO, nanopar-
ticles. Moreover, we demonstrate the realization of a proto-
type flexible NH,-gas-sensing platform utilizing liquid metal-
derived 2D SnO, providing opportunities for future wearable gas
Sensors.
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2. Results and Discussion

The synthesis of wafer-scale 2D tin oxide (SnO,) nanosheets was
carried out using a vacuum-free liquid metal-based van der Waal
(vdW) transfer techniquel'’] as illustrated in Figure 1a. This is
a single-step liquid metal printing route that enables the direct
transfer of atomically thin oxides onto suitable substrates.['72%30]
The exfoliation of 2D SnO, was performed immediately from
the freshly preconditioned tin melted at 280 °C in the ambi-
ent atmosphere (see Experimental section). It has been reported
that liquid metal-derived SnO, consists of both tin monoxide
(SnO) and tin dioxide (SnO,) when printing under atmospheric
conditions.[?*3! Hence, the 2D SnO, nanosheets were subjected
to post-thermal annealing at 450 °C for 15 min in ambient air
in order to obtain the dominant SnO, phase which has been
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validated via various characterizations (as described below). In
addition, annealing at a temperature greater than 400 °C is
known to enhance the crystalline quality of tin oxide films by min-
imizing local lattice disorders and decreasing the density of the
vacant lattice sites within each crystal, leading to a steady lattice
constant of the unit cell.[3233]

It can be seen from Figure 1b that large-area 2D SnO, films
are consistently achieved using the LM touch printing process,
confirming the reproducibility of this technique. Moreover, later-
ally large 2D SnO, nanosheets with minimal cracks and folds can
be deposited on various substrates (e.g., Si;N,, glass, PDMS, Ni,
GaAs, InP, etc, see Figure S1, Supporting Information), indicat-
ing the relative substrate independence of the printing process
as well as presenting opportunities for the fabrication of flexible
and transparent devices. Atomic force microscopy (AFM) images
in Figure 1c and Figures S2 and S3 (Supporting Information)
reveal that the 2D SnO, sheets are atomically flat and uniform
over large areas. From AFM data, no obvious changes in film
thickness were observed after annealing. Analysis of sheet thick-
ness at 12 edge locations of 4 different samples indicates that
liquid metal printing results in highly reproducible nanosheets
with an average thickness of 1.9 + 0.4 nm for annealed 2D
SnO, (Figure 1d,e) which is nearly similar to the thickness of as-
exfoliated nanosheets with an average thickness of 2.1 + 0.3 nm
(Figure S2a,b, Supporting Information). The root-mean-squared
(RMS) and average surface roughness of the annealed 2D SnO,
nanosheets were found to be 0.78 nm and 0.62 nm, respectively
(Figure S3c, Supporting Information). The morphological and
crystalline structure of the 2D SnO, samples was further char-
acterized by transmission electron microscopy (TEM). The TEM
analysis confirms the presence of translucent SnO, nanosheets
(Figure 1f). The high-resolution TEM (HR-TEM) micrograph
and corresponding fast Fourier transform (FFT) reveal a lattice
spacing of 0.34 nm, corresponding to (110) plane of the SnO,
(Figure 1f, insets).>* This interatomic spacing was frequently ob-
served in TEM analysis of LM-derived 2D SnO,. Both atomic ar-
rangement and FFT analysis confirm the tetragonal crystal struc-
ture of 2D Sn0,.** Additional TEM and HRTEM images of 2D
SnO, have been provided in Figure S3d—g (Supporting Informa-
tion).

The as-deposited unannealed thin film shows strong Raman
modes for both SnO and SnO, phases. The SnO modes disappear
after annealing, indicating a phase transition to SnO, (Figure
S4a, Supporting Information). The strong Raman peak observed
at ~617 cm™' (A, mode) confirms that the SnO, has a tetrago-
nal rutile structure with the existence of bridging oxygen vacan-
cies (Figure 1g).1*®! X-ray diffraction (XRD) was also conducted
to characterize the annealed 2D SnO,. However, characterizing
very thin films with XRD is challenging and hence a multiple-
touch printed 2D SnO, sample was prepared on glass substrates
to increase the XRD signal intensity (Figure S4b, Supporting In-
formation).

The chemical composition and oxidation states of the annealed
2D SnO, were analyzed by X-ray photoelectron spectroscopy
(XPS), and the spectra of Sn 3d and O 1s are shown in Figure 1h,i.
For Sn 3d (Figure 1h), the characteristic doublet peaks located at
binding energies of 486.8 and 495.3 eV can be ascribed to Sn
3ds), and Sn 3d;),, respectively. It is seen that the peak-to-peak
separation between Sn 3ds;, and Sn 3d;, is 8.5 eV, which can
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be attributed to Sn** states of SnO, based on earlier reports.3%!
No evidence of the contribution of metallic Sn at ~485 eV can be
observed. Figure 1i displays the deconvoluted O 1s spectra with
various oxygen species. The O 1s spectrum observed after anneal-
ing showed a peak at #530.6 eV which can be assigned to oxy-
gen bound to tin (O—Sn),**! whilst the remainder are attributed
to either the SiO, layer on Si substrate (x~532.2 eV) or airborne
contaminants (~531.7 and ~#533.3 eV for C=0 and C—O, respec-
tively). The O/Sn ratio was calculated to be 1.3-1.5, implying the
oxygen-deficient structure of the produced 2D SnO, nanosheets.
However, it is important to note that XPS spectra by themselves,
when performed ex-situ, do not provide accurate oxygen vacancy
identity, nor the precise stoichiometry of binary metal oxides on
material surfaces due to the complexity of O 1s deconvolution.!>’]
Nevertheless, the combination of Raman and XPS studies indi-
cates that the 2D SnO, nanosheets feature oxygen-related defects,
which have been employed in many sensing applications.

The UV-Vis absorption spectrum of our 2D SnO, sample
shows pronounced absorption in UV, from which we estimate
an optical bandgap of ~4 eV (~310 nm, Figure 1j). The inset of
Figure 1j elucidates the simplified band diagram based on UV-
Vis spectroscopy, valence band XPS (VB-XPS), and photoemis-
sion spectroscopy in air (PESA) analysis. PESA revealed that the
Fermi level (Eg) of 2D SnO, is situated at —4.94 eV (with respect
to vacuum) which is consistent with previous literature (Figure
S5, Supporting Information).*] VBXPS indicates the difference
of valence band maximum (Ey,,) and E; is ~ 3.3 eV resulting in
the location of the valence band edge at Ey ), = —8.24 eV with re-
spect to the vacuum (Figure S5b, Supporting Information). Based
on the measured direct optical bandgap of E, ~ 4 eV (Figure S5a,
Supporting Information) for the SnO,, we expect the conduction
band minimum (Egy) to be situated at E.gy = —4.24 eV indi-
cating the n-type semiconducting nature of the synthesized 2D
SnO, nanosheets.

2.1. Gas Sensing Performance

Previous works have demonstrated different gas-sensing
behavior of SnO, nanostructures in different shapes and
morphologies,[?)] but not with ultrathin 2D SnO,. Hence, we
are motivated to use the as-synthesized 2D SnO, for gas sens-
ing applications because of its ultra-large surface-to-volume
ratio which could greatly enhance the sensor’s sensitivity.*!
Its ease of synthesis and reproducibility are also favorable
attributes. Furthermore, with MOX-based AGSs, the surface
electrical properties of the sensitive layer can be potentially
tuned by applying an external bias, which could modify the
gas adsorption/detection properties, thereby permitting higher
sensitivity.[*’] In addition, given the homogeneity over large areas
as well as the wide bandgap nature of 2D SnO, nanosheets, im-
provement in gas sensing performance can further be achieved
by introducing UV light illumination as an external stimulus to
enhance surface reactions. Hence, AGSs based on 2D SnO, were
developed with and without UV light illumination to enhance
the sensitivity and the selectivity performance toward NH; gas
at relatively lower temperatures (i.e., < 200 °C).

Figure 2a provides a schematic diagram of the device,
which has interdigitated electrodes (IDEs) (see Figure S6a,b,
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Figure 2. a) The schematic structure of the NH; gas sensor utilizing large area SnO, film. The inset shows the optical image of the IDE device prepared
on 300 nm SiO,/Si substrate; b) Calibration curves with (red) and without (black) UV illumination obtained from response profiles which show the
coefficient of determination (R?) of 0.994 and 0.942, respectively. c) Sensitivity of 2D SnO, gas sensor to different NH; concentrations under 9 V applied
bias with (red) and without (black) UV illumination. d) Response profiles of light-assisted gas sensing toward different concentrations of NH; at an
operating temperature of 150 °C under different bias conditions. The break in the time scale is due to a certified cylinder changeover for experiments
involving the higher concentration range. e) The sensor response and recovery time under 5 ppm NH; concentration with and without UV light. f) The
observed response and recovery time of the sensor to 5 ppm and 500 ppm NH3 under UV illumination.

Supporting Information and Experimental section for more de-
tails). The NH; sensing performance of SnO, thin films was
tested using a computer-controlled gas delivery calibration setup.
This setup supplied NH, gas balanced with air using controlled
on—off periods in order to pulse the sensor with different NH,
concentrations (Figure S6c, Supporting Information). The room
temperature gas sensing performance was first evaluated by mea-
suring the sensor response with a constant bias under dark
and light-illuminated conditions (Figure S7, Supporting Infor-
mation). For the latter, UV light with a wavelength of 365 nm and
an intensity of 2024 uW cm~? was used. As ultrathin metal ox-
ides often exhibit persistent photoconductivity (PPC) effects.[*!]
Hence any possible PPC effect after introducing UV illumination
in our 2D SnO,-based gas sensor was minimized by stabilizing
the baseline current in dry air for at least 3 hours before conduct-

Adv. Funct. Mater. 2023, 2309342 2309342 (5 of 12)

ing any experiments under NH, exposure (Figure S8, Supporting
Information). Under UV illumination, the sensor response (i.e.,
the change in current when the device was exposed to 50 parts
per million (ppm) NH;) was enhanced ~7 times, with other op-
erating conditions being identical. This can be attributed to ad-
ditional photocarrier generation facilitated by UV excitation in
the wide bandgap SnO, nanosheets which therefore increases
the density of electrons and active sites throughout the surface
that can participate in the sensing reaction.[*?]

To determine the optimum operating temperature, gas sens-
ing experiments were performed at temperatures ranging from
room temperature (RT) to 220 °C. It is clear that the NH, sens-
ing behavior is strongly dependent on temperature, with higher
output currents at elevated operating temperatures (Figure S9,
Supporting Information). Increasing the temperature facilitates
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the adsorption of oxygen radicals and NH; molecules on the
active sites of 2D SnO, which in turn augments the electron
transfer process during gas sensing.*>*}l However, if the tem-
perature increases beyond a certain limit, progressive desorption
of the oxygen ionic species arises, hence decreasing the sensor
sensitivity.[**] From Figure S9 (Supporting Information), it can
be seen that among the temperatures tested, the current takes
its highest value when the temperature is ~220 °C. However, the
sensor response saturates for NH; concentrations > 300 ppm at
an operating temperature 220 °C. This suggests that for applica-
tions where a broad range of concentrations need to be detected, a
lower operating temperature than 220 °C should be used. We find
that an operating temperature of 150 °C provides an appropriate
balance between sensitivity and operating range. In addition, re-
duced operating temperature (i.e., at 150 °C) also decreases the
probability of additional catalytic activity that could occur in the
presence of other gas species.[*"]

In Figure 2b, we show plots of the normalized response ver-
sus NH, concentration (log scale) for our SnO, sensors, with and
without UV excitation at an operating temperature of 150 °C and
under a 9 V bias. Here, we performed sensing experiments with
NH, varying from 5 to 500 ppm. From the data, the limits of de-
tections (LoDs) were calculated to be 9.4 parts per billion (ppb)
and 646.1 ppb under illuminated and dark conditions, respec-
tively. The LoD was calculated using the equation LOD = (3 X
STDy,)/ S, where STD,, ., is the standard deviation of the base-
line in the absence of the analyte gas and S is the slope of the cali-
bration curve.l***] Our low LoDs are the result of very high sensi-
tivities of the developed sensor toward NH; gas which is greatly
enhanced by the UV light excitation. Indeed, the sensor shows
high sensitivity to NH; concentrations down to 5 ppm, which is
well below the concentration of 50 ppm that is designated as the
“Permissible Exposure Limit (PEL)” by the Occupational Safety
and Health Administration (OSHA) and orders of magnitude be-
low the concentration of 300 ppm that is designated as “Immedi-
ately Dangerous to Life or Health (IDLH)” by the U.S. National
Institute for Occupational Safety and Health (NIOSH).[*546] Tt is
also worth noting that the permissible exposure limit of NH, to
humans is 25 ppm (for 8 hours) and 35 ppm (for 10 minutes)

as per the OSHA.I*®I The sensitivityl*’! (S = %—" ) of the fabri-

cated device for 5 ppm NH, concentration are Calculated to be
~7.3 and ~4.3, with and without UV illumination, respectively
(Figure 2c). The best NH;-gas sensing performance of 2D SnO,
was achieved at 500 ppm with a sensitivity of 60 under UV light
(Figure 2c). The ability to detect such low NH, concentrations at
low temperatures enables the tuning of the developed sensors for
environmental/emission monitoring, safety leak tests, and hand-
held non-invasive diagnostic applications.

The dynamic response-recovery curves of NH; gas sensing at
different operating biases (0.1, 3, 6, and 9 V DC) with and with-
out light were determined at the operating temperature of 150 °C
(Figure 2d and Figure S10, Supporting Information). These were
assessed by cycling different concentrations of NH; gas with
300 sec on and 300 sec off pulses. The SnO, sensor demonstrated
reversible and reproducible responses at different bias voltages.
A small response current was obtained at 0.1 V bias voltage and
later the sensor response increased with applied voltages. The
largest signal was observed for 500 ppm NH; pulse while using
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an applied bias of 9 V. The SnO, sensor also showed a significant
response to detect NH; over the different concentrations (5 ppm
to 50 ppm) under dark conditions (Figure S10b, Supporting In-
formation), with promising current signal outputs for operating
at relatively lower power consumption. This mode of operation
also has the advantage of not requiring a light source.

The response-recovery characteristics to different concentra-
tions of NH; are presented in Figure 2e,f. Response and recov-
ery times were measured as the time required for the sensor
to reach 90% of its maximum response magnitude and 10% of
its baseline value during the recovery period, respectively.*’] No
significant improvement in the response and recovery time has
been observed under UV illumination (Figure 2e) in compari-
son to the dark condition due to a higher kinetic energy barrier
for reducing gas molecules like NH, as observed in the previous
report.[*8] Next, the response changes of the gas sensor to maxi-
mum and minimum ammonia gas concentrations (5 ppm, and
500 ppm) under UV illumination are shown in Figure 2f. The
observed response time for the 5 ppm ammonia concentration is
~204 s and decreases with increasing ammonia concentration,
reaching a value of ~#187s for 500 ppm. The trend of lowering re-
sponse time and changing kinetics observed from the response
profiles indicate that the NH, reaction kinetics are mass trans-
port (diffusion) limited at the electrode surface at low concentra-
tions and approaches reaction limited at higher concentrations
where the analyte supply is much faster than its consumption
and similar analyte concentration exist at the electrode surface
and bulk air.[?® The sensor recovery time does not show a sig-
nificant change with higher NH; concentration. The response
and recovery times with different applied biases are provided in
Table S1 (Supporting Information), which demonstrates im-
proved response and recovery time at lower biases. In addition,
it is worth noting that there was a constant drift in the sensor re-
sponse over time due to reaction kinetics (Figure 2d), in which
the drift was observed to reduce with increasing time as the sen-
sor was stabilized. For applications where even faster response
and recovery times are desired, short pulses (40 sec on and 40 sec
off) of NH, gas have been introduced into the gas chamber to ob-
tain fast preliminary gas concentration readings with and with-
out UV light illumination at 9 V applied bias. Figure S11 (Sup-
porting Information) demonstrates a rapid rise and fall of the re-
sponse currents under short NH; exposure signifying practical
response-recovery times of less than 30 s.

To gain further insight into the gas sensing performance, the
developed SnO, sensor was exposed to different concentrations
of NHj; gas in order to test the influence of the previous sens-
ing event on the stability of the next sensing event, known as
the sensor memory effect.**] The memory test sequence was de-
veloped with five different NH, gas concentrations (labeled as
a, b, ¢, d, and ¢) and each concentration was repeated a min-
imum of three times, where a = 50 ppm, b = 100 ppm, ¢ =
200 ppm, d = 400 ppm, and e = 500 ppm. Figure 3a,b shows
the sensor response profiles during the memory test with and
without light illumination at optimum operating conditions and
9 V bias. The bar graphs (Figure 3c) represent the average re-
sponse magnitudes with standard errors. It can be seen that
the sensor response magnitude was reproducible for every NH,
gas concentration examined, regardless of the pre-exposed NH,
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Figure 3. a,b) Dynamic response profile of the 2D SnO, gas sensor during memory test conducted at 150 °C at an applied bias of 9 V with and without
light illumination. The memory test was conducted at five different NH; gas concentrations (labeled as g, b, ¢, d, and €) and each concentration was
repeated a minimum of four times. c) The bar graphs represent the average response magnitudes during memory tests where the response magnitude is
defined as the difference between the output current under the NH; gas exposure and that in air. d) Dynamic response—recovery cycles toward 500 ppm
of ammonia show stable performance. €) Normalized sensor response toward NH; (500 ppm) showing long-term stability over six weeks. f) Different
sensors demonstrated excellent reproducibility resulting in similar responses between each fabricated device. g) Normalized response profiles of the gas
sensor to different industrially relevant gas species and concentrations under UV light (365 nm, 2024 uW-cm™~2) illumination. h,i) Schematic diagram of
the sensing mechanism of AGS based on 2D SnO, with and without UV illumination.

concentration to the sensor, indicating negligible memory effects
on the developed NH; gas sensors.

Figure 3d shows the repeatability of the fabricated sensor
which was studied via repeated exposure to 20 cycles for 500 ppm
NH,; concentration at optimized conditions of 150 °C and 9 V
bias. The sensor shows minimum baseline drift once it is sta-
bilized. The coefficient of variance (CoV) and repeatability (R%)
are the figures of merits for the stability analysis of a gas sensor.
The CoV and R% are determined by CoV (%) = % x 100% and
R% = 100(%)-CoV (%), where ¢ is the standard deviation of the
sensor response and y is the average sensor response magnitude
for a particular gas concentration.*"! The calculated CoV for the
SnO, sensor toward 500 ppm NH; was calculated to be 3.95%,
and therefore results in a repeatability of >96.0%, demonstrat-
ing excellent reproducibility of sensor response. The sensor also
exhibited excellent repeatability for a lower NH; concentration
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(50 ppm) with an R of #95% (Figure S12, Supporting Informa-
tion). Environmental stability is also one of the important param-
eters of sensors. We therefore tested the response of our sensor
(stored in an ambient environment) over the course of six weeks
and minor variations in sensor response were observed over the
trial periods (Figure 3e), indicating excellent long-term stability.
In addition, we have fabricated a number of identical sensors lo-
cated on different spatial positions of 2D SnO,. The NH; sensing
was conducted at optimized conditions (150 °C with an operating
bias of 9 V) with and without UV illumination. Different sen-
sors demonstrated excellent reproducibility resulting in repro-
ducible response between each fabricated device (Figure 3f and
Figure S13, Supporting Information). Therefore, the consistent
deposition of tin oxide offers the opportunity for mass production
with a similar response between each fabricated sensor. For com-
parison, the performance of our novel 2D SnO,-based ammonia
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sensors was benchmarked against commercially available SnO,
nanoparticles (particle size < 100 nm) which were subjected to
the same gas sensing test by drop-casting the nanomaterials on
identical IDEs. The material characterizations and the ammo-
nia sensing behavior of commercial SnO, have been detailed
in Figure S14 (Supporting Information). Although commercial
SnO, nanoparticles exhibited capacity for ammonia sensing, the
conventional drop-casting method led to the non-uniform depo-
sition of materials onto the sensor electrodes and hence incon-
sistent and unreliable performances.

2D SnO,-based gas sensor was found to be highly selective
to NH;, producing a substantially larger response than for any
other contaminant gas species tested. Figure 3g shows the nor-
malized response profiles of the SnO,-based gas sensor to 5 ppm
NH,; and other possible interferent gases that are commonly used
in industry. The cross-interferent gas species that were tested
comprised carbon dioxide (CO, at 500 ppm), methyl ethyl ke-
tone/MEK (C,H3O, at 40.1 ppm), ethyl mercaptan (C,HS at
2.61 ppm), methane (CH, at 10 000 ppm), dimethyl disulfide
/DMDS (C,H,S, at 5 ppm). In these tests, the sensor was main-
tained at a temperature of 150 °C with a bias of 9 V under UV
light illumination. The concentrations of the interferant gases
used in the tests were chosen to be the maximum concentrations
expected in the environment and/or industrial processes. Itis ob-
served that the sensor response for NH, is much greater than for
the other gas species tested, indicating minimal cross-sensitivity
(Figure S15, Supporting Information). Understanding the effect
of moisture on the performance of 2D SnO,-based sensors is also
essential to determine the full potential of these devices. The role
of moisture in detecting different target gases has been displayed
in Figure S16 (Supporting Information). This was studied by in-
jecting controlled humidity content in the test chamber while
keeping the other parameters constant. The normalized sensor
response was found to be #20% in the presence of ~#18% relative
humidity at 25 °C.

To further highlight the novelty of liquid metal printed 2D
SnO,, a prototype flexible NH; sensor on polyimide Kapton sub-
strate was fabricated (Figure S17, Supporting Information). The
sensor was then subjected to different concentrations of ammo-
nia (5-50 ppm) with UV excitation at an operating temperature
of 150 °C and under a 9 V bias. The sensor featured a promis-
ing sensing performance with a LoD of ~ 0.2 ppm and a high
repeatability via repeated exposure to 10 cycles of 50 ppm NH,.
This demonstration highlights the potential of LM-printing for
realizing wearable sensors. However, further experimental anal-
ysis and optimization of the 2D SnO,-based flexible NH, sensor
should be considered in future work.

Finally, a summary of the sensing performance reported for
various SnO,-based gas sensors toward ammonia is provided in
Table S2 (Supporting Information). As shown, the performance
of gas sensors employing pure SnO, toward ammonia is inad-
equate and in most cases, the sensitivity was enhanced by uti-
lizing composites and noble metals making the sensing pro-
cess more complex. Table S3 (Supporting Information) shows
the comparison of NH; sensing performance between our SnO,-
based devices and other 2D material-based sensors. It is ob-
served that the reported sensors in the literature lack at least
one of the features in terms of production cost, scalability, repro-
ducibility, material thickness, sensor sensitivity, or stability. On
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the other hand, the printing process of our large area 2D SnO,
takes less than a minute and is conducted in an ambient envi-
ronment. The ease of synthesis and reproducibility of the ultra-
thin metal oxide nanosheets enable large-scale sensor fabrica-
tion with identical device performance between different batches
which could be easily adoptable for industrial-scale production.
Moreover, the printing route also enables depositing 2D SnO,
on flexible substrates, highlighting the opportunity to realize
wearable gas sensors that can find applications in human health
monitoring.

2.2. Gas Sensing Mechanism

Figure 3h-i shows the proposed mechanism for the SnO,-based
gas sensors in ammonia exposure with and without UV illu-
mination. The [-V characteristics suggest Ohmic contacts be-
tween the metal-semiconductor junction of the fabricated de-
vices (Figure S18, Supporting Information). The experiment was
carried out in the in-house built chamber with air as the car-
rier gas, and hence the reaction process involves oxygen and
ammonia.l*’! The adsorption and oxidation of ammonia on the
surface of metal oxides have been studied thoroughly in previ-
ous reports.l?”°%33] The sensing behavior could be attributed to
the effects of the interactions between NH;, chemisorbed oxy-
gen ions along with electro- and optoelectro-migration in 2D
Sn0,.1*#%1 The sensing begins with the adsorption of oxygen
molecules from the atmosphere onto the surface of 2D SnO,.
The adsorbed oxygens act as electron acceptors and capture the
electrons from the conduction band of Sn0,.[””*)] Meanwhile,
the temperature can improve the speed of the gas adsorption
and further enhance the charge transfer.*}] Next, highly reac-
tive ionized adsorbed oxygen ions (O;), such as O~, O;and 207,
are generated depending on the gas sensor operating tempera-
ture and lead to a decrease in the electron density in the con-
duction band, hence increasing the surface resistance (i.e., re-
duction in current output).***?) When NH; gas is injected in,
the adsorbed ammonia molecules interact with the negatively
charged surface oxygen species. Previous literature has shown
oxidation of ammonia leads to the formation of dinitrogen (N,)
with the possible formation of NO and N, O as side-products.[>13]
However, the temperature dependence of Gibbs free energy and
equilibrium constant for reactions of ammonia oxidation leads
to the production of N, which is much more thermodynami-
cally favorable than generating NO or N,0.52] In addition, the
production of very stable gas phase molecule of N, by the in-
teraction of reducing gas NH, with SnO, is a low energy de-
manding exothermic process and thus they are likely to occur
at standard experimental conditions.*6°15354] During the oxida-
tion of NH;, the electrons are released back into the conduction
band of SnO, which thereby increases the conductivity of the film
(Figure 3h). Further, the magnitude of the response current is
magnified with larger bias voltages (from 0.1 to 9 V) which results
in a decrease in the space charge region and an increased signal
output.[*0->3]

When the device is subjected to UV illumination, additional
photogenerated electron-hole pairs are formed in the n-type SnO,
(Figure 3i).1*% These photo-generated electrons react with the

adsorbed oxygen in the air and thus generate more ionized Oy
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Figure 4. DFT calculated structures of NH; adsorption on the 2D SnO, surface. Top and side views of the optimized a) pristine SnO, (110) and non-
stochiometric b) SnO, (110)-V, surfaces. c—f) Top and side views of the most stable configurations of NH; absorbed on the SnO, (110)-V surface.

which ultimately improves the sensing process by reacting with
more NH; molecules.[#0:4%:57-57]

0,(gas) — O, (ads) i)
W - b te @)
Oz(ads)+e}*IV — O (ads) (3)
NH;(gas) — NH,(ads) 4
2NH, (ads) + 30, < N, (g) + 3H,0(g) + 6e (5)

To help understand the sensing mechanism of NH; on the
2D SnO, surface, density functional theory (DFT) calculations
and ab initio molecular dynamics (AIMD) simulations were
performed for the interaction of NH; with defect surfaces of
Sn0,(110)-V, (Figure 4). The (110) facet was selected as it is
the most thermodynamically stable surfacel®*¢!l and is consis-
tent with our HRTEM observations (details are provided in the
Experimental section).

The preferred binding orientations on the non-stochiometric
surface have been presented in Table S4 (Supporting Informa-
tion) with the binding energy (E,4,, €V) and key bond distances
(d, A) of the four stable orientations of NH, adsorbed on the
SnO, surface. Both chemisorption and physisorption approaches
were considered to investigate the nature of adsorption. Gener-
ally, chemisorption is adsorption with bonding while physisorp-
tion is adsorption without bonding. For three of the orientations
(Figure 4c—e), NH; chemisorbs on the surface with E, 4 values
of —1.49 eV (d,), —1.41 eV (d,) and —0.98 eV (d,). The negative
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adsorption energy indicates thermodynamic stability and E, 4, <
0 infers that the adsorption occurred spontaneously. In terms of
energy, the d, model is the most stable and probable adsorption
structure where NH, adsorbs to a surface Sn atom via the N atom;
the binding is stabilized via the formation of a H-bond between
the H of NH; and a surface O atom that is adjacent to the defect
site. This adsorption geometry of d, is similar, except the hydro-
gen bond is formed with a surface O that is further away from the
defect site but there is no H-bond formed. For d;, the NH; bonds
to a surface Sn atom in the defect site and results in relatively
weaker E, .. For structure d,, NH; is physisorbed on the surface
with a BE of —0.21 eV (Figure 4f). In this case, NH, is physisorbed
on the surface, forming a hydrogen bond between one of the H
atoms and an outermost surface O atom. The DFT signifies that
there is transfer of charge from the adsorbate to the surface, in-
dicating that NH; acts as a charge donor. This charge transfer
is stronger when the E,;, is greater. Overall, the DFT confirms
that the NH, adsorption mechanism on the surface of 2D SnO,
is thermodynamically favorable and dominated by chemisorp-
tion. Furthermore, the adsorption of NH, molecules induced the
charge density redistribution where NH, donates electrons in the
SnO, surface which is consistent with our proposed mechanism.

3. Conclusion

We have demonstrated an efficient gas sensor based on 2D SnO,
nanosheets with enhanced sensitivity and strong selectivity to-
ward NH; gas. The ultra-thin 2D SnO, nanosheets were synthe-
sized using a facile liquid metal-based synthesis route with a lat-
eral area of over 1 cm? in a highly repeatable and reproducible
manner consistent with wafer-scale production scalability. The
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large area 2D SnO, planes consisting of a few unit-cell-thick lay-
ers offer plenty of room for the adsorption of NH; molecules on
the surface. The reproducible deposition of tin oxide offers the
opportunity for mass production of sensing devices with highly
reproducible responses between each fabricated sensor. The de-
veloped sensors were systematically studied with a combination
of external bias, optical (UV) excitation, and temperature as ex-
ternal sensor stimuli to improve the sensitivity and the selectivity
of the device toward NH; gas. The unique surface properties of
2D SnO, enable the detection of NH; gas down to 5 ppm with a
LoD of less than 10 ppb. The sensors featured high repeatability,
large dynamic range, low detection limits, insignificant drift, and
memory effects. Liquid metal-derived ultrathin SnO, nanosheets
also demonstrated a high cross-selectivity to different gases, in-
cluding both organic and inorganic species. The sensing devices
exhibited good stability under both ambient storage and repeti-
tive sensing activity over several months, rendering a promising
technique for stable and reliable detection of NH;. Ab initio DFT
calculations demonstrated that the NH; adsorption mechanism
is dominated by chemisorption with a charge transfer occurring
into the 2D SnO, nanosheets, even at room temperature. In ad-
dition, we also provided a proof of concept for flexible ammonia
sensors by fabricating a prototype gas-sensing device on a poly-
imide (Kapton) substrate, signposting opportunities for future
work. Overall, the results support the realization of an econom-
ical and efficient NH;-gas-sensing approach which could invite
further investigation of liquid metal-based synthesis platforms
for next-generation sensing applications.

4. Experimental Section

Materials:  Elemental tin (99.9%) was purchased from Roto Metal. All
solvents and SnO, nanopowder (<100 nm) were obtained from Sigma-
Aldrich and used as received. Flexible polyimide Kapton films were ob-
tained from Premier Lab Supply. All gas cylinders were purchased from
BOC. Two cylinders of 0.01% and 0.1% NH; (balanced in nitrogen) were
used in the experiments.

Liquid Metal Printing Process of 2D Tin Oxide Nanosheets: A van der
Waal (vdW) touch printing technique was used to synthesize ultrathin tin
oxide nanosheets by adapting previous reports.['’:?°] The synthesis pro-
cess was performed under ambient conditions. Bulk tin metal was melted
at 280 °C and squeezed between two glass slides to remove pre-existing ox-
ide layers with possible air-borne contaminants.[2°! After preconditioning
steps, the freshly formed oxide skins were exfoliated by gently touching
the surface with a desired substrate pre-heated at 280 °C. Next, the ob-
tained nanosheets were subjected to post-annealing at 450 °C for 15 min
in ambient air.

Characterizations of 2D Tin Oxide Nanosheets: A Thermo Scientific
monochromatic Al K, XPS spectrometer (hv ~1486.6 eV) equipped with
a concentric hemispherical analyzer was utilized to conduct the XPS anal-
ysis. The XPS data was processed with CasaXPS software. Optical images
were obtained using a Leica DM2500 optical microscope. The thickness
analysis and surface morphology of 2D tin oxide nanosheets were acquired
with a Bruker Dimension Icon AFM operating under ScanAsyst-air mode.
The AFM images were then analyzed with Gwyddion 2.55 software. TEM
images were taken from a JEOL JEM-2100F TEM operating at an acceler-
ation voltage of 200 kV equipped with a Gatan OneView camera. Gatan
Microscopy suite software was utilized to analyze the data. TEM samples
were prepared by directly printing the tin oxide sheets onto thermally and
mechanically robust silicon nitride membrane window grids (Si; N, grids,
Ted Pella, 21587-10). SEM images were taken from a Nova Nano SEM
with an accelerating voltage of 5 kV. SEM samples were prepared on sil-
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icon substrates. XRD was carried out using a Bruker D4 diffractometer
with Cu Ka radiation (1.5418 A). XRD samples were prepared on glass
substrates. UV-Vis measurements were acquired from 2D SnO, samples
prepared on quartz utilizing a Cary 60 UV-vis spectrophotometer. PESA
(Riken Keiki AC-2) was utilized to study the VB energy levels at a power
of 500 nW. Raman spectra of the synthesized and annealed 2D SnO, were
carried out using a Raman spectrometer (Horiba Scientific LabRAM HR
Evolution) equipped with a 532 nm laser source and 1800 mm~! grating.

Device Fabrication:  300-nm-thick SiO, /Si substrates were sequentially
cleaned with acetone, 2-propanol, and Mili-Q water, and blow-dried with
compressed air. Then, 2D SnO, nanosheets were printed on the SiO,/Si
substrates utilizing the method discussed above. Interdigital electrodes
(IDEs) were fabricated on 2D SnO, nanosheets with 45 pairs of elec-
trodes with 5 um gaps between them. The overall area of IDEs was 850 um
% 850 pum. The devices were fabricated via a photolithography process.
First, the AZ 5214-E photoresist was spin-coated on samples prior to the
electrode patterning using a Maskless Aligner — Heildberg MLA150. An
e-beam evaporator (PVD75 — Kurt . Lesker) was then employed to de-
posit Cr(10 nm)/Au (100 nm) electrodes, followed by a lift-off process in
acetone to remove the photoresist residue. Similar IDEs were deposited
on bare SiO,/Si substrates for fabricating SnO, nanoparticle-based gas
sensors. 0.1 g commercial SnO, nanopowders (Sigma) were suspended
in 20 mL ethanol and the mixture was sonicated for 1 h. Subsequently,
10 pL of this suspension was drop-casted on IDEs preheated at 50 °C and
the sensors were then mildly annealed at 150 °C for 30 min to improve
the contact between electrodes and SnO, particles. Shadow mask tech-
nique was used to fabricate flexible gas sensors. DCT Laser Micromachin-
ing was employed to cut out the pre-designed masks with IDE electrodes
with 300 um gaps between them. 2D tin oxide nanosheets were prepared
on flexible Kapton films by utilizing the touch printing method and sub-
jected to post-annealing at 300 °C for 15 min in ambient air. Metal contact
deposition was then carried out using an e-beam evaporator (PVD75 —
Kurt ). Lesker).

Gas Testing Setup: The gas sensing experiments were carried out in
a custom-made Teflon chamber with an in-built optically polished quartz
window lid. Fabricated sensors were mounted on a ceramic heating bed.
UV source (365 nm LED, Edmund Optics) with 2024 uW cm~2 incident
power was used for photoactivation. PM16-140 power meter (Thorlabs)
was used for the light intensity calibration.

The sensors were exposed to an environment with different NH; con-
centrations ranging from 5 to 50 ppm (standard cubic centimeters per
minute or mL min~") by using a low-concentration certified cylinder of
NH; (0.01%). Another certified cylinder (0.1% NH,) gas was utilized for
high-concentration sensing experiments (i.e., 50-500 ppm). This allowed
for minimizing dilution errors while maintaining the consistent total flow
rate of 200 sccm. The baseline was stabilized by exposing the sensor to
dry air (200 sccm) for at least 2 h before conducting any new experiments.
Different gas species, including carbon dioxide (CO,), methyl ethyl ke-
tone/MEK (C,HgO), ethyl mercaptan (C,HgS), methane (CH,), dimethyl
disulfide/DMDS (C,HgS,), were used to determine the selectivity (in the
ppm range) of the sensors. The sensors were also tested against 18% rel-
ative humidity at 25 °C.

The gas flow rate and gas concentration in the sensing chamber were
controlled and monitored by exploiting a computer-controlled multichan-
nel mass flow controller (MFC) system. The sensing performances were
conducted at different bias voltages (0.1-9 V) with and without light illu-
mination. The temperature of the sensor was varied from RT to 220 °C to
find the optimum operating temperature. The response magnitude was
defined as the difference between the output current under the NH; gas

exposure period (ly,) and that in the air (Ig;): Al = Iy — I The sensi-

I
tivity (S) was definedas S = 2=

DFT Calculations: The denas"ity functional theory (DFT) was performed
utilizing the Vienna ab initio Simulation Package (VASP).[6263] The SnO,
(170) surface was cleaved from bulk SnO, with cell dimensions of
4.83 x 4.83 x 3.24 A, which agrees with the previous DFT study.[®4]
The generalized-gradient approximation (GGA) was employed with the
Perdew-Burke-Ernzerhof (PBE)®] exchange-correlation functional and
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projector augmented wave (PAW)[%8] method to define the ion-electron
interaction. An energy cutoff of 400 eV was used, with a k-point mesh of 5
X 2 X 1to sample the Brillouin zone. van der Waals forces were accounted
for by the Grimme DFT-D3 approach.[®7]

A [2x2] model of stoichiometric SnO, was used, having lattice parame-
ters ofa=6.49 Aand b= 13.67 A (Figure 4a). A vacuum spacer of 14 Awas
added in the z-direction to minimize interactions between adjacent cells
after the application of periodic boundary conditions. However, due to the
presence of oxygen vacancies in the structure of 2D SnO, (as discussed
in XPS and Raman), a more realistic model to represent the experimental
scenario is considered for DFT where one of the topmost surface O atoms
was removed from the stoichiometric surface, creating the SnO, (110)-Vo
surface (Figure 4b) to observe the effect of oxygen vacancies on ammonia
interaction with SnO,. The NH3; molecule was optimized in a 15 x 15 x15
A sized cell.1%] To model the adsorption of NH; on the surface, the adsor-
bate was initially placed ~3 A above each surface in different adsorption
sites and orientations. The atoms in the bottom surface layer (as shaded
in grey in Figure 4a,b) were fixed while all other atoms were allowed to
relax until the total energy of the system was converged to 1x107¢ eV
and the Hellman—Feynman force on each relaxed atom was less than
—0.01eVA~T.

AIMD simulations were performed at 298 K with a time step of 0.5 fs for
up to 1 ps using the Verlet algorithm to integrate the equations of motion,
with the temperature being controlled by the Nose thermostat. A geometry
optimization was then run on the final structure followed by a vibrational
frequency calculation, performed by diagonalizing a finite difference con-
struction of the Hessian matrix with displacements of 0.015 A, allowing
only the adsorbate atoms to relax.

A geometry optimization was then undertaken on the final structure fol-
lowed by a vibrational frequency calculation, performed by diagonalizing
a finite difference construction of the Hessian matrix with displacements
of 0.015 A, allowing only the adsorbate atoms to relax. The whole system
was first optimized to calculate its physical properties. Then through the
difference between the reconstructed surface and the whole system, the
adsorption energy and contribution from charge transfer were obtained.

When building the model of NH; adsorption on a SnO, (110)-Vq sur-
face, four possible models were developed with the N atom connecting to
the surface. The adsorption energies of the NH; gas molecules on the
SnO, surface were calculated as Eggs = (Egas + surface — Esul,{m — Eg),
where Ego , curfacer Esurfacer and Eggg are the total energies of the adsoried
system, the isolated surface, and the isolated NHj3, respectively. Bader
partial charges on individual atoms were calculated using the method de-
scribed by Henkelman et al.[%8] These partial charges were used to deter-
mine the charge transfer (D), and thus whether the adsorbate behaves
as a charge donor or acceptor. The charge transfer was calculated for each
system using the following formula, Dy = qq.45, Where q,q; is the charge
of the individual atoms in the adsorbate. Positive values of D, indicated
that the adsorbate acts as a charge donor, while negative values suggested
the adsorbate acts as a charge acceptor.
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