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Abstract

Measurements of the gas sensing performance of nanomaterials
typically involve the use of interdigitated electrodes (IDEs). A
separate heater is often integrated to provide elevated temperature
for improved sensing performance. However, the use of IDEs and
separate heaters increases fabrication complexity. Here, a novel gas
sensing platform based on a highly porous laser-induced graphene
(LIG) pattern is reported. The LIG gas sensing platform consists of a
sensing region and a serpentine interconnect region. A thin film of
metal (e.g., Ag) coated in the serpentine interconnect region
significantly reduces its resistance, thereby providing a localized
Joule healing in the sensing region (i.e., self-heating) during typical
measurements of chemoresistive gas sensors. Dispersing
nanomaterials with different selectivity in the sensing region results
in an array to potentially deconvolute various gaseous components
in the mixture. The self-heating of the LIG gas sensing platform is
first studied as a function of the applied voltage during resistance
measurement and LIG geometric parameters (e.g., linewidth from

120 to 240 um) to achieve an operating temperature from 20 to 80
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°C. Systematic investigations of various nanomaterials demonstrate
the feasibility of the LIG gas sensing performance. Taken together
with the stretchable design layout in the serpentine interconnect
region to provide mechanical robustness over a tensile strain of 20
%, the gas sensor with a significant response (6.6 %o/ppm), fast
response/recovery processes, excellent selectivity, and an ultralow
limit of detection (1.5 parts per billion) at a modest temperature
from self-heating opens new opportunities in epidermal electronic
devices.

Introduction

The recent development of wearable electronics has drawn
considerable attention from both academia and industry. Because
wearable electronic devices can conform to and follow the
deformation of the skin, they are capable of capturing various
essential mechanical,! thermal,2 chemical,? electrical,* and biological
signals,> demonstrating an excellent potential for future healthcare
monitoring applications. Though continuous recording and analysis
of gaseous compounds bear significantimportance in healthcare, the
study of wearable gas sensors for toxic gas detection,® environmental
air quality monitoring,” and breath analysis® has only commenced
recently. As one representative example, nitrogen dioxide (NO,) is
one of the most prominent toxic air pollutants from the combustion
of fossil fuel. Inhaling at low concentration can cause symptoms such
as asthma, bronchitis, and emphysema.? 10 Long-term exposure can
lead to heart failure and dysrhythmia.l? Therefore, there is an
increasing demand for the development of wearable gas sensors to
provide accurate and continuous recording of NO,. Wearable gas
sensors can also enable the direct monitoring of the odours released
from the human body to help inform the health conditions.
Compared to their industrial counterparts, the development of
wearable gas sensors needs to address additional challenging
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requirements, including lightweight and small form factor, low
operating temperature, low energy consumption, and mechanical
robustness upon various skin deformations.

Realizing the full potential to detect ultralow gas
concentrations hinges on the effective use of nanomaterials because
of their significantly increased surface to volume ratios. Previous
studies of nanomaterials in the development of various gas sensors
include metal oxide nanoparticles and nanowires,2 quantum dot,13
and two-dimensional (2D) materials such as graphene-based4 and
graphene-like layered nanomaterials’>17. Though graphene-based
sensors exhibit high electrical conductivity, high mechanical
strength, and low noise,18-22 they are often associated with low
sensitivity and poor selectivity.16:17.23-26 Because of their rich active
sites, selective molecular adsorption, semiconducting behaviours,
and high vyield preparation,?’-22 other graphene-like 2D materials
such as molybdenum disulfide (MoS;) have been explored as a
promising material in the field of gas sensors. As the pristine MoS;
poor conductivity, 3D MaoS,/graphene hybrid
structures3® or rGO/MoS; composites3! have been investigated to

has electrical
overcome the limitation. More importantly, the possible formation
of the p-n junction between p-type rGO and n-type MoS; leads to
enhanced sensitivity, selectivity, and signal-to-noise ratio (SNR) for
the detection of target gas specious at an ultralow concentration.32

Most of the highly sensitive gas sensors often suffer from a
small response and slow response/recovery processes (or even no
recovery) when operated at room temperature.33-35 Elevated
temperature from the integrated heating element is commonly used
to expedite the desorption process of the adsorbed gas molecules.
Though the heating elements can be conveniently fabricated with
silicon (Si) micromachining technologies,3® 37 their performance
suffers at high operating temperatures because of the instability
from electromigration.  The

degradation38 also hinders their practical use. In a separate effort,

limited lifetime from chemical
the use of metal nanowires (NWs) such as silver or copper has
produced transparent heaters.3 40 However, metal nanowires are
prone to oxidation, leading to a degraded heating performance over
time. Though gold (Au) coating can be used to prevent oxidation and
improve biocompatibility, the increase in material costs poses a
Additionally, the
integration of a separate heating element complicates the
fabrication process to construct a gas sensing system.

substantial obstacle for commercialization.*!

Among different configurations of gas sensors that explore
field-effect transistor (FET),*2 surface work function (SWF),*3 and
(SAW),44 the
chemiresistor4> are the most promising modality for the wearable

surface acoustic wave the ones based on
gas sensors because of their simple design, relatively easy fabrication
methods, and simplified data acquisition system from the
straightforward measurement. Upon surface binding or adsorption
of target gas molecules, the chemiresistor changes its electrical
resistance due to the variation in the carrier concentration. Though
simple in the design of the conventional chemiresistive sensor, noble

metal or carbon-based interdigitated electrodes (IDEs) are still
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required to achieve an improved signal quality in the sensitive
nanomaterials. However, the fabrication of IDEs often relies on a
shadow mask deposition, screen printing, or inkjet printing. Because
reducing the spacing between the fingers in IDEs increases the SNR
of the resulting gas sensor,32 photolithographic processes are used
to create the intricate IDEs designs, which complicates the
fabrication process and increases the cost.

As a simple alternative to IDEs for integrating gas-sensitive
nanomaterials, the highly porous laser-induced graphene (LIG)
pattern46-48 js systematically investigated as a novel gas sensing
platform in this study. In a fast, cost-effective, and environmentally
friendly process to fabricate the LIG, a transient CO; laser heating
converts sp3-hybridized carbon in the substrate such as polyimide
into porous sp2-hybridized carbon that is the carbon allotrope
commonly found in graphene.*® Though the LIG has been explored
in numerous sensing applications,>0-53 the exploitation of the highly
porous and p-type semiconducting LIG for gas sensing has seldom
been reported until recently.> However, the LIG is only used as a gas
sensing material to detect oxygen, nitrogen, and carbon dioxide.>3-55
Additionally, the testing of the LIG and many other gas sensors was
mostly carried out in a vacuum background rather than an ambient
environment, posing a challenge for practical applications.

Leveraging the Joule heating or resistive heating (i.e., self-
heating) of the LIG as in the previous study,>* 3¢ 57 we describe the
approach to fabricate the LIG gas sensing platform with self-heating
capabilities to characterize the gas sensing performance of various
nanomaterials in this report. Eliminating the need for IDEs and
separate heaters, the novel LIG gas sensing platform demonstrates
its utility for characterizing various gas-sensitive nanomaterials (e.g.,
MoS,, rGO/MoS,, or ZnO/CuO core/shell nanomaterials). Dispersing
nanomaterials with different selectivity in the sensing region easily
results in a high-density gas sensor array, which could potentially be
used to deconvolute various gaseous components in the mixture
relevant to the environmental or healthcare applications in the
future studies. As a representative example to demonstrate the
unique advantages of the LIG gas sensing platform, we systematically
investigated the gas sensing performance of the LIG decorated with
rGO/MoS; nanomaterials in various self-heating conditions. At a
proper self-heating condition to 60 °C, the rGO/MoS,-LIG gas sensor
exhibits fast response/recovery and ultrasensitive detection of NO,,
with a limit of detection of 1.5 parts per billion (ppb) at low power.
When designed in a stretchable pattern, the LIG gas sensing platform
can withstand a uniaxial tensile strain of 20 % that is comparable to
the level of maximum deformation on the skin surface to open new
opportunities for the epidermal electronic devices.

Results and Discussion

The LIG gas sensing platform is designed to consist of a straight
sensing region and a serpentine interconnect region where the wavy
LIG pattern is coated with a thin metal (e.g., Ag) layer. The self-
heating of the LIG results from the Joule heating (or resistive heating)
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during the resistance measurement of the chemoresistive LIG gas
sensors upon the externally applied voltage. As the thin metal layer
coated on the wavy LIG significantly reduces the resistance in the
serpentine interconnect region when compared to that of the
sensing region, the Joule heating leads to localized heating in the LIG
sensing region. The stretchable, highly porous LIG gas sensing
platform is created by using a simple laser scribing process with a
selective coating of metal layer in the serpentine interconnect region
(Fig. 1a). In brief, computer-designed layouts of porous LIG patterns
on polyimide (P1) films rapidly formed with high precision in an
ambient environment by using a laser system (Fig. 1a-i), with the
remaining Pl underneath the LIG to ensure its mechanical integrity.
Transferring the LIG pattern onto a soft elastomeric substrate (Fig.
1a-ii) was followed by drop casting Ag ink (Novacentrix AJ-191) in the
serpentine interconnect region to yield a stretchable LIG gas sensing
platform (Fig. 1a-iii). As the Ag coating significantly reduces the
resistance in the serpentine interconnect region to result in localized
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heating in the sensing region, the power consumption is minimized.
While it is possible to separately fabricate the LIG sensing region and
the Ag wavy serpentine interconnect region, the creation of the Ag
pattern would involve more complicated fabrication processes.
Additionally, the significantly reduced contact area and quality at the
Ag/LIG interface would lead to poor mechanical robustness,
especially upon mechanical perturbations such as various skin
deformations. Drop-casting various highly sensitive nanomaterials
(e.g., rGO, MoS,, rGO/MoS,, or ZnO/CuO core/shell nanomaterials)
in the LIG sensing region (Fig. 1a-iv) of the individual gas sensor in
the array completed the fabrication of the stretchable gas sensing
platform. In a representative demonstration, four different sensing
units (S1-S4) arranged in an array of two by two were prepared (Fig.
1b-i). The array conformed to the wrist even upon the skin

deformation from holding the fist (Fig. 1b-ii). Each sensing unit is
capable of bending to a cylinder (Fig. S1) and following various
deformations applied to it (Fig. 1b-iii, iv).

Figure 1. Schematic illustration of the fabrication process and demonstration of the wearable gas sensing platform. (a) Schematic illustration of the steps to
prepare the stretchable LIG gas sensing platform: (i) porous LIG pattern on a PI film created by a laser scribing process, (ii) LIG/PI pattern transferred onto a
soft elastomeric substrate, (iii) serpentine regions coated with conductive metal such as the Ag ink, (iv) gas-sensitive nanomaterials drop cast at the sensing
region. (b) Optical images of the LIG gas sensing platform and its demonstration to follow various deformations applied to it. Various sensitive nanomaterials
dispersed at the LIG sensing region could be designed with high selectivity to detect a specific component or with different selectivity to various components
in the gaseous mixture upon various self-heating conditions. Collectively, the sensing response from the sensor array enables combinatorial sensing of multiple
gas components in the mixture. Images of (i) a representative sensing platform with four sensing units arranged in an array of two by two on a soft substrate,
(ii) sensing platform that followed the skin deformation from holding the fist, and deformations of a single sensing unit (iii) on the human wrist and (iv) in
bending.

The laser scribing process yielded continuous, porous LIG
structures (Fig. 2a). Raman spectrum of the LIG (Fig. 2b) also
exhibited the D peak (~ 1350 cm'?), G peak (~ 1572 cm?), and 2D peak
(~ 2697 cm), with a relative large ratio of lg/l,p to indicate the
presence of few-layered porous graphene, consistent with the
literature reports.>® The sensitive nanomaterial with high selectivity
will be chosen to detect a specific gaseous component in the mixture.

This journal is © The Royal Society of Chemistry 20xx

Collectively, the sensing response from different sensors in the high-
density array enables deconvolution of multiple gaseous
relevant to the healthcare or
environmental applications. As the first step toward this goal, here

in this study, we will first demonstrate the design rationale of the LIG

components in the mixture

gas sensing platform and systematic investigations of an

ultrasensitive NO, gas sensor to highlight the feasibility of the LIG
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sensing platform. The design example of the NO, gas sensor includes
the use of low-dimensional nanomaterials such as MoS, and
rGO/MoS; with controlled surface morphologies. Considering the
intrinsic p-type semiconducting LIG>4, introducing n-type MoS;
nanomaterials®® on LIG could form p-n junctions to enhance the
sensing performance.>%%0 |n the next step, we will demonstrate the
versatility of the LIG gas sensing platform by exploring it to
characterize heterostructure metal oxides. As a representative
heterostructure metal oxide, ZnO/CuO core/shell nanomaterials
prepared by calcination of a Cu-Zn bimetallic metal-oxide framework
(MOF) will be explored. We will specifically focus on the selectivity
of this class of nanomaterials, which will help illustrate the feasibility
to deconvolute the gaseous components in a mixture with the LIG
gas sensing platform.

The preparation of the rGO/MoS, composite solution followed
the previously reported procedure.32 In brief, as received NaCl
crystal fillers were added to a mixture of precursors (i.e.,
molybdenum oxide, thioacetamide, urea, and GO). The NaCl crystal
fillers created the confined space among them, allowing the
rGO/MoS; to synthesize only within such a confined space. The
morphology of the rGO/MoS, was also regulated by the size of the
confined space, as in the previous report.6% In the following study,
two different rGO/MoS; samples were synthesized without or with
as-bought NaCl crystal fillers. As characterized by the scanning
electron microscopy (SEM), the rGO/MoS, composites exhibit
hierarchical flower-like structures consisting of a large number of
petals (Fig. 2¢c-d). The resulting rGO/MoS, nanoflower is associated
with large specific surface area, consistent with the previous
literature report.6? The rGO/MoS; nanoflower synthesized with as-
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bought NaCl crystal fillers exhibit smaller sample size and higher
specific surface area (Fig. 2d, “small petal”) than that synthesized
without salt (Fig. 2c, “big petal”). As the literature report 3! indicates
an optimized gas sensing performance when the rGO concentration
is over 0.5 mg/ml and the MoS, concentration is in the range from
0.64 to 1.28 mg/ml. A proper ratio of rGO to MoS; is also desired,
because too much rGO will shield gas sorption sites on MoS; and too
little rGO will reduce the conducting pathway. While the optimized
rGO/MoS; ratio is not investigated in this study, both of the
rGO/MoS; samples have a MoS; concentration of 1.33 mg/ml and an
rGO concentration of 0.7 mg/ml, to be consistent with the above
report. The rGO/MoS; composite solutions were then drop cast in
The
successful integration of rGO/MoS, nanoflowers on the porous LIG
sensing region was confirmed by the SEM (Fig. 2e-f). The formed

the LIG sensing region to yield the stretchable gas sensor.

interconnected network has a small contact resistance, which is
beneficial for gas sensing performance. The elemental compositions
of the LIG gas sensors before and after dispersing rGO/MoS, were
also examined by X-ray photoelectron spectra (XPS) (Fig. S2).
Ascribing the Si 2s, Si 2p, and O 1s peaks to the siloxane of the PDMS
substrate, the survey spectrum of bare LIG samples (Fig. S2a)
indicates the presence of the LIG on PDMS. Compared with survey
spectrum of bare LIG samples (Fig. S2a), the survey spectrum of LIG
with rGO/MoS; synthesized using NaCl crystals (Fig. S2b) informs the
presence of MoS; on the LIG. The characteristic features of MoS;
have been observed: Mo 3d doublet centered at the binding energy
of 232 eV and 228 eV (Fig. S2c) and the S 2p peak centered at 162 eV
(Fig. S2d).31 It should be noted that it is difficult to control and
calculate the ratio of rGO/MoS; over LIG though the volume of the
rGO/MoS; solution could be accurately controlled in drop casting.

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. Characterization of the LIG gas sensing platform. (a) SEM image and (b) Raman spectrum of porous LIG electrode. SEM images of rGO/MoS:
nanoflowers synthesized (c) without (“large petal”) and (d) with (“small petal”) the as-bought NaCl salt crystals. SEM images of rGO/MoS: nanoflowers with
(e) “large petal” and (f) “small petal” structure dispersed on the porous LIG electrodes.
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Though room temperature gas sensors eliminated the adverse
thermal effect, moderate heating in gas sensing materials (e.g.,
still
response/recovery and enhanced reversibility.3° As the Joule heating
of the LIG material itself has been reported,>* 56 57 we will first

graphene/MoS;) would be favourable to enable fast

investigate the localized self-heating effect of the LIG gas sensing
platform with a LIG sensing region and an Ag/LIG serpentine
interconnect region. Different from the other gas sensors (even
including LIG gas sensors) that integrate additional heaters,>¢ the
self-heating effect of the LIG gas sensing platform could be exploited
to reduce the device complexity for characterizing various gas-

sensitive nanomaterials.

The self-heating effect of the LIG gas sensing platform hinges on
its geometric parameters and location-dependent conductivity (i.e.,
Ag coated LIG in the serpentine interconnect region). A strong self-
heating effect requires the resistance of the LIG sensing region to be
significantly larger than that of the serpentine region. Similar to the
conventional design of heaters, a smaller linewidth and a longer
length in the LIG sensing region increased its relative resistance to
the serpentine interconnect region. However, the Ag ink coating in
the serpentine interconnect region drastically reduced its resistance,
obviating the need for a significantly reduced linewidth and
increased length in the LIG heating region. While the laser processing
parameters change the sheet resistance of the LIG, the additional
change in the linewidth and length of the LIG sensing region further
provides ways to tune the resistance of the LIG sensing region. Given
the same laser processing parameters, the resistance of the LIG
sensing region was found to be proportional to its length (Fig. S3a),
yielding a sheet resistance of 78 Q/sq. Though the resistance
decreased as the width increased (Fig. S3a), the inverse proportional
relationship was not observed, because of the change in the sheet
resistance (ranging from 110 Q/sq to 60 Q/sq with the increasing
width from 150 um to 292 um) from creating the LIG pattern of
different widths.

6 | J. Name., 2012, 00, 1-3

The transient Joule heating was characterized for the LIG sensing
region with a length of 2.5 mm and width of 120 um (an initial
resistance of ~ 2.3 kQ) (Fig. 4a).
increased to equilibrium for an applied voltage in the range from 0.5
Vto 12 V (Fig. 4a). The time to equilibrium of less than 20 s is much

The peak temperature rapidly

shorter than the other heaters based on graphene or nanowires of
50-300 5.62-64 As the Joule heating induced temperature rise linearly
scales with the input power applied on the LIG sensing region, a
higher applied voltage in this range induced a higher temperature
(Fig. S4). The infrared thermal images of the LIG surface also
confirmed the localized heating and temperature rise from Joule
heating in the LIG sensing region due to its relatively high resistance
in comparison with the Ag/LIG serpentine interconnect region (Fig.
S5). The temperature of the gas sensing region was controlled to
20.1 °C, 39.8 °C, 60.4 °C, and 80.1 °C, by applying a voltage of 0.5V,
7V, 10V, and 12V, respectively.

The steady-state characteristics of the LIG gas sensing
platforms were analyzed by measuring their current-voltage (I-V)
curves with different sizes in the LIG sensing region (Fig. 3b). In the
I-V curve measurement, the voltage was ramped up from0Vto 11V
in a step-wise manner (i.e., step increase of 1 V per 20 s). Though
the I-V curves were relatively linear despite the temperature rise
from self-heating, there was still a small change in the resistance of
the LIG gas sensing platform. Taking the LIG sensing region with a
length of 2.5 mm and width of 120 um as an example, its resistance
was shown to decrease (Fig. 3¢) because of the negative temperature
coefficient in the graphitic materials.6> However, the resistance
reduction was small to be negligible, as the resistance of the LIG gas
sensing platform only gradually decreased from 2.331 kQ to 2.220
kQ by 4.7 % in the voltage range from 0 V to 11 V. By considering the
small variation in the electrical resistance of the LIG gas sensing
platform, an improved agreement was observed between the
temperature rise and the input power (Fig. S3). Because of the
relatively stable resistance, the current in the LIG gas sensing
platform was observed to ramp up in a stepwise manner from 0 mA

to 5.44 mA (Fig. 3c).

This journal is © The Royal Society of Chemistry 20xx
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Figure 3. Characterization of the LIG electrode with self-heating capabilities. (a) The time-dependent temperature profile of the LIG electrode when different
input voltages were applied during the resistance measurement of the chemiresistor. The inset shows the zoom-in of the measurement in the first 10 s. (b)
Current-voltage (I-V) curves of three LIG electrodes with different sizes. (c) The change in resistance of and current in the LIG electrode with a length of 2.5

mm and width of 120 pm as a function of the time.

The sensing mechanism of the chemiresistive gas sensor relies on
the direct charge transfer between the target gas molecules (e.g.,
NO;) and sensitive nanomaterials (e.g.,, MoS;, rGO/MoS,, or
Zn0O/CuO core/shell nanomaterials). In the rGO/MoS; nanoflowers,
while the p-type rGO sheets provide the overall conductivity, the n-
type MoS; on the rGO sheets has multiple active sites with selective
affinity to NO, gas molecules for sensing. The adsorption of NO, on
the surface of rGO/MoS, nanoflowers continuously withdrew

7 | J. Name., 2012, 00, 1-3

electrons from rGO/MoS,, which extended both of the electron
depletion and hole accumulation regions at the interface of the p-n
junction. The accumulation of holes increases the major carrier
concentration of the gas sensor, thereby decreasing the overall

resistance.

It should be pointed out that the carrier concentration of the
LIG changes upon NO; adsorption is evidenced by its response to NO;

This journal is © The Royal Society of Chemistry 20xx
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gas molecules (Fig. $S6). The gas sensor response was defined as the
ratio of its electrical resistance R in the presence of target gas to that
Ro in the air. The gas sensing response of pristine porous LIG sensing
regions to NO, was observed to depend on the laser scribing
parameters. When a power of 16 % and a speed of 10 % were used
in the CO; laser scribing process, the resulting LIG sensing regions
showed poor sensitivity (~ 0.3 %) and apparent baseline shift when
exposed to 1 ppm NO; at 20 °C (Fig. S6a). Reducing both the power
and speed in the laser scribing process (power of 3 % and speed of
0.8 %) yielded pristine porous LIG sensing regions with significantly
improved performance (i.e., response of 12 %o and SNR of 434) (Fig.
S6b). It should be pointed out that the obtained SNR is significantly
larger than those of the previous studies based on 2D material®¢ due
to the significantly reduced noise levels though the response may be
small. Meanwhile, the excellent selectivity of the sensor to NO, over
a wide range of other inferencing gas species (e.g., acetone, ethanol,
ammonia, SO,, CO, and NO) was also confirmed (Fig. Séc). In addition
to the change in laser scribing parameters, dispersing highly sensitive
materials such as MoS; (Fig. S7) or rGO/MoS, (Fig. 4a) in the LIG
sensing regions also improved the gas sensing performance to NO,.
For instance, the response of the porous LIG line (power of 16 %,
speed of 10 %) coated with rGO/MoS, (or MoS,) exhibited significant
increase to 7 %o (or 5 %), corresponding to ca. 20-fold increase when
compared to the pristine porous LIG sensing regions without
nanomaterial coating. Upon NO; exposure of 6 min, a high SNR of
482 (or 285) was also observed in the LIG sensing region coated with
rGO/MoS; (or MoS;,).
sensors with and without the highly sensitive nanomaterials, the
response of the gas sensor should be mainly contributed by the

Considering the vast difference between

nanomaterials, which demonstrates that the LIG gas sensing
platform enables the characterization of sensitive nanomaterials.

The rGO/MoS; nanoflowers with the small petal structure was
selected to investigate the width effect on the gas sensor
performance, because it demonstrated a more substantial response
of 4.0 %o than that with the big petal structure of 1.8 %o to NO, of 1
ppm at 60 °C from self-heating (10 V applied on the LIG with a
linewidth of 120 um and length of 2.5 mm) (Fig. 4a). The more
significant response in the LIG with the small petal structure than
that with the big petal structure was also observed at other
temperature values, i.e., 6.6 %o vs. 2.8 %o at 20 °C, 5.1 %o vs. 2.0 %o
at 40 °C, and 2.0 %o vs. 0.4 %o at 80 °C (Fig. S8). The LIG with the
small petal structure is associated with the reduced feature size and
more uniform distribution of the nanomaterials. The increased
specific surface area and the possibly formed p-n junction lead to a
more substantial response and faster response/recovery processes.
the previous reports that the
response/recovery processes have only been qualitatively described,

In  contrast to literature
we have introduced the angle of the plateau (defined as the tangent
angle of the response/recovery the
adsorption/desorption) to quantitatively capture these processes.
The the the
response/recovery processes. With such a new definition, the
response process in the LIG with the small petal structure (angle of

curves at end of

smaller angle of the plateau, the faster

8 | J. Name., 2012, 00, 1-3

the plateau of 2°) was indeed faster than that with the big petal
structure (slope of the plateau of 3°).

Different voltage inputs were first applied to the LIG sensing
region with various linewidths to ensure their temperatures
remained the same such as at 60 °C. In particular, a voltage of 20 V,
15V, 12V, and 11 V was applied on the LIG with a linewidth of 120
pum, 160 pm, 200 um, and 240 um, all with the same length of 6 mm.
Next, dispersing rGO/MoS; nanoflowers with small petal structure on
the LIG
chemiresistive gas sensors. The electrical resistance of the resulting
gas sensors decreased upon exposure to NO, of 1 ppm and recovered

sensing region with various linewidths prepared

in the air due to the desorption of NO; (Fig. 4b). The magnitude of
the response to NO; of 1 ppm at 60 °C increased from 3 %o to 8 %o as
the linewidth of LIG sensing region increased from 120 um to 240 um
(Fig. 4b). Consisting of the electrical resistance Rsensing in the sensing
region, Rserpentine IN the serpentine region, and the contact resistance
Reontact between nanomaterials (e.g., rGO/MoS;) and LIG, the total
resistance Rotal Of the resulting gas sensor would be the sum of the
three. Forming a parallel connection between the LIG and the
nanomaterial such as rGO/MoS, would indicate a more significant
response in the LIG with a smaller linewidth, which cannot explain
the trend in the experiment. The increased response with the
increasing linewidth could be likely attributed to the non-uniform
temperature distribution in the LIG sensing region (Fig. S4).
Consistent with the literature reports on ohmic microheaters,%” non-
uniform temperature distribution resulted in a lower temperature at
the edge than that at the central region of the LIG sensing region.
Because the rGO/MoS; sensing material showed a more substantial
response at a lower temperature (Fig. 4c-d), the lower temperature
at the edge region of the LIG sensing region with a larger linewidth
Additionally, the
incomplete recovery to NO; observed in the LIG with a larger
linewidth could be explained by the limited recovery at a lower

gave rise to the more significant response.

temperature (Fig. 4c-d) at the edge region from the non-uniform
temperature distribution as well.

After uncovering the width effect, we further investigated the
temperature effect on the gas sensor performance. By leveraging
the self-heating effect in the LIG sensing region, the gas sensing
behaviours of the rGO/MoS,-LIG sensor to NO, of 1 ppm were
compared at various operating temperatures from 20 °C to 80 °C (Fig.
4c-d). The operating temperature was selected to be below 100 °C
because of the stability consideration of the ionosorption of gas
species in the charge transfer involving MoS,.58 While a complete
recovery was observed in the LIG gas sensing platform with
rGO/MoS; nanoflowers of the small petal structure, the recovery
time of 2830 s to 1 pm NO; at 20 °C was significantly larger than that
at 80 °C (580 s) (Fig. S9). Also, it is crucial to sensitively detect low
concentrations of NO, (~ 53 ppb) in the envisioned applications, as
this level of exposure can cause chronic bronchitis, emphysema, and
respiratory irritation.30 The repeatability test indicates that the
response of the gas sensor to the same target gas concentration is
independent of whether the gas sensor is fully recovered. Thus, the

This journal is © The Royal Society of Chemistry 20xx
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gas sensor does not necessarily need to fully recover when used for
the long-term monitoring of low-level exposures. Considering a
recovery time of 720 s is sufficient to capture the gas sensor
characteristics, this value is used in the subsequent tests for rapid
testing (as in literature studies) unless otherwise specified. As the
operating temperature was increased from 20 °C to 80 °C, the
response of the sensor with the big petal structure gradually
decreased from 2.8 %o to 0.4 %o upon exposure to NO, for 6 min (Fig.
4c).
operating temperature for many low-dimensional and metal oxide

As the maximum response is often observed at optimum

nanomaterials, the reduced response at the elevated temperature is
consistent with the previous study on MoS,/graphene hybrid
structure.3® While the temperature-dependent response is related
to the equilibrium of the NO, adsorption, further experiments are
still needed to directly uncover the underlying mechanism.
However, the elevated operating temperature led to improvements
in the response/recovery processes of the gas sensor. The decreased
slope of the plateau from 11° to 0.7° indicated the significantly
improved response process (Fig. S$10a). Defining the recovery ratio
as the ratio of responses at the end to the start of desorption in given
time duration, the recovery rate also increased from 20 % to 200 %
for desorption of 12 min as the operating temperature was increased
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from 20 °C to 80 °C. The improved desorption was enabled by
thermal activation at elevated operating temperatures.3°

A balance has to be struck as the significant response and fast
response/recovery cannot be achieved simultaneously by tuning the
operating temperature alone. This observation also held for the LIG
with the small petal structure. While the response of the sensor
decreased from 6.6 %o to 2.0 %o as the operating temperature was
increased from 20 °C to 80 °C, the angle of plateau decreased from
8° to 0.6° (Fig. S10b), and the recovery rate increased from 58 % to
113 % (Fig. 4d). Considering the balance between the significant
response and fast response/recovery processes, the operating
temperature of 60 °C was selected in the subsequent studies unless
specified otherwise. The room or low temperature sensing capability
was particularly attractive for wearable gas sensing applications due
to low energy consumption and the elimination of the adverse
thermal effect on the skin surface. Though the operating
temperature of 60 °C seems to be slightly higher than the desired
temperature in the epidermal applications, incorporating a heat sink
or combining the thermal isolation layer in the gas sensor could
readily reduce the temperature at the sensor/skin interface to avoid
the adverse thermal effect on the skin surface.

(b)

1 ppm
1.000 - o
o 0.996 -
2
small petal
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Figure 4. Effects of the width and operating temperature from self-heating on the gas sensing performance. (a) the typical response curves of rGO/MoS:
nanoflowers with the small petal and big petal structure on the LIG sensing platform at 60 °C to NOz of 1 ppm. (b) Time-dependent response curves of
rGO/MoS: nanoflowers with the small petal on the LIG with various widths at 60 °C. (c) Sensor response of rGO/MoS; nanoflowers with the big petal to 1 ppm
NO; at various temperatures from self-heating. (d) Sensor response of rGO/MoS; nanoflowers with the small petal to 1 ppm NO; at various temperatures from

self-heating.
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In the typical dynamic response test, the rGO/MoS,-LIG sensor
showed a response of 1.80 %o, 2.90 %o, 3.96 %o, 4.70 %o, 5.30 %o,
7.60 %o, and 9.50 %o as the concentration of NO, was progressively
ramped up from 0.2 to 0.4, 0.6, 0.8, 1.0, 2.0, and 5.0 ppm,
respectively (Fig. 5a). The monotonically reversible sensing result
demonstrated a relatively wide detection range for NO; to meet the
requirements of air quality monitoring and exhaled breath
detecting.1° Exposing the gas sensor to NO, of 1 ppm for five
consecutive cycles also indicated excellent repeatability, with a
relatively stable response of 5 %. and fast response/recovery
processes of 360 s/720 s (Fig. 5b). Additionally, the stable response
of 5 %o was observed regardless of the incomplete recovery,
indicating the full recovery is not necessarily needed for the
envisioned applications of long-term monitoring of low-level
exposures.

In addition to the response and response/recovery processes,
the signal-to-noise ratio (SNR) is another critical parameter in the
performance assessment of gas sensors, especially relevant to the
calculation of the limit of detection (LOD). In spite of the relatively
small responses of a few %o, the SNR of the rGO/Mo0S,-LIG with the
small (or big) petal structure to 1 ppm NO, gas was 269/482/213/339
(or 331/421/530/132) at 20/40/60/80 °C (Fig. S11), which is
significantly higher than most of the values in the previous reports
based on 2D material.®¢ The highly porous LIG and the rGO/MoS;
nanoflowers with a high specific area resulted in low contact
resistance, thereby leading to low noise and high SNR.

One parameter to represent the level of noise is its standard
deviation RMSqise in the baseline of the response curve. Calculating
the RMS,oise Value from 100 data points in the response curves (Fig.
$12) of the rGO/MoS,-LIG sensor with the small (or big) petal
structure to NO; in the concentration range from 200 ppb to 600 ppb
yielded 0.0030 %o (or 0.0036 %o). The slope of the simple linear fit in
the linear calibration curves (i.e., between the response and NO,
concentration) was obtained to be 7.49 %o/ppm (or 5.42 %o/ppm) for
the one with the small (or big) petal structure (Fig. 5¢). Defining the
LOD as 3xRMSnoise/slope,’ the theoretical estimation of the LOD
could be extrapolated from the above linear calibration curves and
calculated to be 1.2 ppb (or 2.0 ppb) for the sensor with the small (or
big) petal structure. In the validation experiment, an SNR of 62 was
still measured with fast response and nearly complete recovery in
the sensor with the small petal structure in the presence of 10 ppb
NO; (Fig. 5d). Because the LOD could also be interpreted as the
concentration with a signal to be approximately three times of the
noise, the measured SNR of 62 in Fig. 5d indicated an actual LOD of
less than 1 ppb into the parts per trillion (ppt) range. Though this
actual LOD is challenging to be validated with our current static gas
testing setup, it will be demonstrated with a more precise testing
setup in future studies. The NO; gas sensors with an ultralow LOD
and self-heating capabilities demonstrated with a simple fabrication
method in this study compared favourably to previous studies based
on low-dimensional nanomaterials (Table 1).

Table 1. Comparison between LIG-based gas sensors and recently published NO; gas sensors.

Materials Temperature Resporfse/recovery Lob Electrode fabrication Heater Flexible or Reference
time (s) (ppb) stretchable
MoS,/Graphene 200 21.6/29.4 (0.5 ppm) 14 Pt/Ti electrodes (deposition) Micro-heater No Long 201630
rGO/MoS, 60 - 5.7 AH/TI—lDE External heater No Zhou 201731
(lithography, sputter)
Single-layer rGO electrodes Donarelli
MoS, 200 660/720 (1 ppm) 20 (spin coat, hydrazine vapor) External heater No 50157
Single-layer . - Flexible and Bendable, but not . 2%
graphene 250 26/480 (40 ppm) 500 Cr/Au (single deposition) transparent heater | stretchable Choi 2014
. Au/Gr electrodes (photolithography, Pham

Single-layer MoS, RT 800/1000 (25 ppb) 01 electron-beam metal deposition) N/A No 201969
MoS,/Si0, 100 1500/2500 (50 ppm) 8.84 Pt-IDE External heater No Shim 2018¢8
MoS,-MoO3 - Kumar
microflowers RT 15/182 (10 ppm) - Au/Cr (shadow mask deposition) N/A No 201870
Atomic-layered MoS, RT/100 120/1680 (1.2 ppm) 120 Au/Cr-IDE (deposition) External heater No Cho 20153
3D MoS, aerogel 200 33/107 (0.5 ppm) 28 Pt/Ti electrodes (deposition) Poly-silicon heater |No Long 20177t
Vertical MoS, RT - 100 Pt/Ti electrodes (deposition) N/A No g;;‘;;
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Mixed MoS, Agrawal

flakes 125 4.4/19.6 (10 ppm) - - - No 201873

MoS,/Sn0, RT 408/162 (0.5 ppm) 500 Au (deposition) N/A No Cui 201574

SnS, 120 170/140( 5 ppm) 20-30 Pt- IDE electrodes (deposition) External heater No Ou 2015°

Black

phosphorus RT 5/not recover( 100 100 Au (deposition) N/A No Cho 201675
ppm)

(BP)

Ag-WS, 100 300/600 (25 ppm) - Au/Cr electrodes (deposition) - No Ko 201676

MoSe; nanosheets RT 250/150 (1 ppm) 10 Au electrodes (deposition) NA Stretchable Guo 20198°

Reduced Au/Cr -IDE electrodes (shadow mask . 77

graphene/zn0 150 28/- (100 ppm) 1000 deposition) External heater No Bhati 2018

Graphene RT ; 650 PU/TI-IDE (photolithography, N/A No Choi 201578

deposition)
rGO/MoS,-LIG, small 1.2 (or |LIG electrodes (laser scribing + metal . Stretchable (tensile .
(or big) petal 60 360/720 (1 ppm) 2.0) coating) Self-heating strain of 20%) This work

The selectivity of the rGO/MoS,-LIG sensor to NO, was confirmed
in comparison to the responses to a wide range of other interfering
gas species that include acetone, ethanol, methanol, ammonia, SO,
CO, and NO (Fig. 5e). While the sensor response to NO; of 1 ppm
was 5.1 %o, its response was only -0.34 %o to ammonia (NH3) of 1
ppm, 2.0/-0.19/-0.11 %o to NO/SO,/CO of 1 ppm, and -0.3/-0.19/-0.5
%o to acetone/ethanol/methanol (CH3COCHs/C,HsOH/CHsOH) of 100
ppm. Though the concentration of the volatile organic compounds
(VOCs) was much higher than that of NO,, the sensor response was
still much smaller because of their weak interaction with the gas
sensing nanomaterials.”® 89 The sensor responses to NHz/S0O,/CO of
1 ppm were small yet considerable, but they were in the opposite
direction because of their reducing characteristics.”? 80 In addition
to the common interfering gas species such as NHs, NO, CO, SO,, and
VOCs in the target application environment, humidity often poses
significant concern on the gas sensors, especially for those operating
at room or low temperatures. Exposing the gas sensor at a high level
of relative humidity (RH) demonstrated the humidity effect. After
being exposed to an RH of 88 % for 6 min, the humidity response was
considerable at 20 °C (i.e., 1.96 %o0). However, the response was
significantly reduced at elevated temperatures (i.e., 0.83/0.45/0.29
%o at 40/60/80 °C) (Fig. S13), indicating a small interfering effect of
RH on NO, response at elevated temperatures. Coating metal-
organic framework (MOF) such as a layer of hydrophobic and
catalytic (ZIF-CoZn,
isostructural with ZIF-8(Zn) or ZIF-67(Co)) thin film on the gas sensor

Zeolitic  Imidazolate = Framework-CoZn
could also drastically improve the sensor performance under
humidity interference.8!  Additionally, the concept from the
electronic nose could be applied to deconvolute the gas response in
the presence of humidity based on the measurements from two
sensors with one subject to both gas and humidity and the other one

subject to humidity alone.82

When used in epidermal applications, the LIG gas sensing
platform also expects to be mechanically robust with minimum
resistance change upon mechanical perturbations such as natural
skin motions. As stretchable structures have been extensively
studied and explored to ensure stretchable properties in the
epidermal devices, they will be exploited to yield a stretchable LIG
gas sensing platform. Leveraging the simple laser scribing process,
the stretchable serpentine interconnect region can be created during

the sensor fabrication in a single step. Because of the serpentine

This journal is © The Royal Society of Chemistry 20xx

interconnect region, the rGO/MoS,-LIG gas sensor on an elastomeric
substrate such as Ecoflex exhibited a robust mechanical property
(Fig. 5f) to withstand a uniaxial tensile strain € of 20 % that is
comparable to the level of the maximum deformation on the skin
surface.®® The mechano-chemiresistive properties of the rGO/MoS;-
LIG gas sensor with the small petal structure to NO; of 1 ppm were
investigated. The static tensile strain was applied from a custom-
built stretcher with a step motor controlled by Arduino Uno, and the
gas sensor was evaluated at both room temperature and 40 °C from
self-heating. In addition to maintaining its mechanical integrity, the
sensor subject to a uniaxial tensile strain of 20 % demonstrated an
increased response and faster recovery when compared to the un-
stretched (i.e., € = 0%) at both room temperature and 40 °C. As the
tensile strain was increased from 0 % to 20 %, the sensor response
increased from 5.5 %o to 6.2 %o (or from 2.8 %o to 4.0 %o) at 20 °C (or
40 °C). The increased response and faster recovery upon mechanical
deformation could be attributed to the deformation-induced
structure change in the highly porous LIG and the strain engineering
of the
straightforward strategy, strain isolation with a stiff material in the

semiconducting nanomaterials. As a simple and
sensing region was explored to demonstrate ways to reduce the
strain interfering. A tensile strain of 20 % was applied from a custom-
built stretcher on the LIG gas sensing platform with three different
strain isolation designs (Fig. S14a). As the existing Pl beneath the LIG
has Young’s modulus much larger than that of the elastomeric
substrate, it naturally served as the stiff material for strain isolation.
Because of the enhanced stiffness in the device region and the
placement of the LIG sensor away from the strain concentration
edge,8-85 the strain in the LIG sensor is significantly reduced when
compared to the applied strain. Progressively increasing the size of
the Pl pattern (i.e., single line, small circle, and large circle) enhanced
the strain isolation effect by moving the LIG gas sensor away from
the strain concentration edge. As a result, the resistance change in
the LIG gas sensing platform reduced from 11.3 %o for the single line
design to 0.47 %o for the large circle design, when a strain of 20% was
applied perpendicular to the sensing region. The resistance
fluctuation was also greatly suppressed for the large circle design
compared with the other two designs (Fig. S14c-d). While the LIG gas
sensing platform could be attached to the skin surface with its
sensing line perpendicular to the major deformation direction, the
strain along the parallel direction of the sensing line may not be
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ignored. In the LIG gas sensing array, the spacing between two
sensors could actually follow most of the strain applied to the array
with different strain isolation designs. When a strain of 20 % parallel
to the LIG sensing line was applied, the resistance change in the LIG
gas sensing platform reduced from 77.8 %o for the single line design
to 4.4 %o for the large circle design. Replacing the spacing with a
much compliant material would certainly improve the strain isolation
effect to result in a much smaller resistance change. Other than the
demonstrated strain isolation strategy, many other stretchable

strategies (e.g., pre-strain,2 self-similar interconnect patterns,” and
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kirigami patterning of the substrate8® can also be applied to further
minimize the strain and reduce the resistance change in the LIG
sensing region. While the strain-induced resistance change cannot
be ignored for the detection of the ultralow concentration of NO,,
the concept from the electronic nose to deconvolute the gas
response in the presence of strain can also be applied here, similar
The
demonstrated stretchable gas sensors could enable the conformal
contact to the hierarchically textured skin surface for applications in

to the proposed strategy to mitigate the humidity effect.

epidermal electronic devices.
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Figure 5. The dynamic response, limit of detection, selectivity, and mechanical robustness of the gas sensor. (a) Dynamic response test of the gas sensor
with the small petal structure in the presence of NO; from 0.2 ppm to 5 ppm at 60 °C from self-heating (applied voltage of 10 V). (b) Demonstration of
repeatability to NO2 of 1 ppm for five consecutive cycles. (c) A linear fit to the calibration curves obtained from the sensor response to NO: of 200 ppb, 400
ppb, and 600 ppb at 60 °C from self-heating. (d) Experimental demonstration of the ultralow limit of detection to NO2 of 10 ppb at 60 °C, where a high SNR of
62 was still measured. (e) The selectivity of the stretchable rGO/MoS,-LIG gas sensor to NO; over a wide range of other inferencing gaseous molecules at 60
°C before stretching. (f) Response of the stretchable gas sensor in (e) to NO2 of 1 ppm before and after a uniaxial tensile strain of 20 % was applied at room
temperature and 40 °C, respectively.
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The deconvolution of multiple gaseous components from a
mixture requires the use of a high-density gas sensor array with each
of the different selectivity. As the first step to demonstrate such a
capability of the LIG gas sensing platform, we will demonstrate the
application of the LIG gas sensing platform goes from
characterization of low-dimensional nanomaterials to a different
class of nanomaterials such as heterostructure metal oxides. As a
representative heterostructure metal oxide, ZnO/CuO core/shell
nanomaterials were first prepared by calcination of a Cu-Zn
bimetallic metal-oxide framework (MOF) (Fig. $15). Dispersing the
Zn0O/Cu0 core/shell nanomaterials in the LIG sensing regions (power
of 16 %, speed of 10 % in the laser scribing process) in a different
sensing unit in the array yielded a gas sensor with a response of 1.5
%o and an SNR 390 of to NO; of 1 ppm (Fig. S16a). In contrast to the
sensing unit with rGO/MoS; (or MoS;), the sensing unit with
ZnO/CuO core/shell nanomaterials exhibited a different selectivity
with significant responses to VOCs (Fig. S16b). Considering the other
nanomaterials with a different selectivity to VOCs (e.g., ZnO based
ammonia gas sensor?%91), an array of sensing units with different
selectivity to the gaseous components in the mixture could be
prepared. As different selectivity in various sensing units of the array
is required to detect gaseous components from a mixture based on
the algorithm from the electronic nose, the result from this study
also paves the ways for applying the novel LIG gas sensing platform
in an array layout to the electronic nose.

Conclusions

In summary, we have developed a novel gas sensing platform
based on porous laser-induced graphene (LIG) with a metal surface
coating. Consisting of an LIG sensing region and an Ag/LIG serpentine
interconnect region, the LIG gas sensing platform as a chemiresistor
provides an alternative to interdigitated electrodes with separate
heaters for integrating and characterizing the performance of gas-
sensitive nanomaterials. The metal surface coating on the LIG in the
interconnect region has induced location-dependent conductivity to
significantly reduce its resistance, which enables highly localized
Joule heating (i.e., self-heating) during the measurement of the
chemiresistor. The fast (to reach equilibrium within 20 s) and well-
controlled (by externally applied voltage) self-heating capability in
the LIG gas sensing platform eliminates the need for a separate
heating element, which significantly reduces the fabrication
complexity. As one demonstration to show the capabilities of this

new gas sensing platform, highly sensitive nanomaterials such as

13 | J. Name., 2012, 00, 1-3

MoS; and rGO/MoS; have been dispersed on the LIG sensing region
to result in an ultrasensitive chemiresistive NO; gas sensor. Due to
the large specific surface area in the nanomaterials and highly porous
LIG, rich yet specific active sites in the MoS,, and possible formation
of p-n heterojunctions in rGO/MoS,, the resulting gas sensor exhibits
relatively large response, fast response/recovery processes, and
excellent selectivity at slightly elevated temperature from self-
heating in a static testing setup. The drastically reduced noise levels
resulted in a significantly increased SNR (e.g., close to 900 to NO; of
1 ppm), which enables the sensor to detect NO; at a concentration
of a few ppb. Based on the experimental demonstration, the actual
limit of detection is believed to be smaller than 1 ppb. The effects of
the LIG sensing region geometric parameters, operating
temperature, and various nanomaterials on the gas sensing
performance have also been systematically investigated.
Configuring the serpentine interconnect region in a stretchable
layout, the resulting LIG gas sensing platform becomes mechanically
robust even under a uniaxial tensile strain of 20 % that is comparable
to the maximum deformation on the skin surface. Considering the
other stretchable strategies, the strain interfering could be further
minimized. When incorporating a heat sink or combining the
thermal isolation layer in the gas sensor to avoid the adverse thermal
effect on the skin surface, the novel LIG gas sensing platform that
could deconvolute multiple gaseous components in a mixture opens

new opportunities for the epidermal electronic devices.
Experimental

Experimental methods are available in the electronic supplementary
information (ESI).
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