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ABSTRACT: Laser-induced graphene (LIG) has received much
attention since it enables simple and rapid synthesis of porous graphene.
This work presents a robust direct-write LIG-based gas sensor, which
senses gases based on thermal conductivity, similar to a katharometer
sensor. The gas sensors are fabricated by lasing polyimide substrates
with a 10.6 gm CO, laser to synthesize LIG. This enables the formation
of flexible gas sensors which could be incorporated on a variety of
surfaces. High surface area and thermal conductivity of the LIG results
in rapid response times for all studied gases. The gas sensors are also
embedded in cement to form a refractory composite material. These
sensors are used to determine composition of various gas mixtures, such
as N, and CO,, which are the most abundant gaseous species in flue gas.
Thus, LIG based embeddable sensors could be incorporated in
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composites to enable electronically functional construction materials.
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raphene is a two-dimensional (2D) material which is
composed of sp*hybridized carbon."”” Impressive
materials properties have been demonstrated, such

as extremely high charége mobility,” mechanical strength,”” and
thermal conductivity.” However, difficulty in large-area syn-
thesis and the requisite transfer of the graphene to device
surfaces has slowed the incorporation of graphene into device
embodiments. Recently, 3D porous graphene has been
synthesized in a direct-write manner simply by lasing various
carbon sources with an infrared laser that is part of commercial
systems found in most machine shops.” This material is
referred to as laser-induced graphene (LIG). By controlling
atmospheric conditions during synthesis, LIG can be tuned
from superhydrophilic to superhydrophobic.® Microstructures
ranging from networks of graphene sheets to networks of
graphene fibers and even nanodiamond formation can also be
achieved by controlling lasing conditions.”'’ LIG has been
used in applications such as supercapacitors,'' ™" strain and
wearable body-condition sensors,”'* and electrocatalysis'®~"*
to name a few, and we have recently reviewed the topic.
Two-dimensional graphene has demonstrated potential as a
gas sensing material.”’ Owing to the high surface area to
volume ratio and its ballistic transport, the electronic
properties of graphene can be significantly altered by gas
chemisorption or even physisorption. This has enabled
graphene to detect gases with a high degree of precision, and
these gases include NH,,**** §0,°* H,” and NO,.°
Conveniently, LIG possesses high surface area (~350 m*
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g™")” due its 3D porous structure, which supplies many
surface sites for gas—solid interactions, and it is conveniently
prepared on flexible commercial polyimide (PI) films.
Therefore, LIG is a promising candidate for many gas sensing
applications. Applicable to this work, thermal conductivity
detectors (TCDs) are gas sensors that detect changes in
thermal conductivity and hence composition of a gas species.
TCDs use a hot filament that is exposed to gas. Composition-
induced fluctuations in thermal conductivity of the surround-
ing medium influences the temperature and consequently the
resistivity of the hot filament. Monitoring the filament
resistance provides means to detect the presence of an analyte.
To date, TCDs have been used in apglications such as a gas
sensor in gas chromatography systems 7 as well as monitoring
coolant gases for gas-cooled turbo generators.

In this work, LIG was synthesized on a PI substrate to
rapidly fabricate flexible arrays of gas sensors that detect a
broad range of gases based on their thermal conductivity,
similar to a TCD or katharometer.”® The resistive gas sensors
exhibit fast response times of 7—8 s, limited here by the gas
introduction time into the test chamber, for all tested gases.
The fast response time is attributed to the large surface area of
the LIG as well as high thermal conductivity in comparison to
common filament materials. LIG/cement composites were also

Received: December 20, 2018
Accepted: March 4, 2019

DOI: 10.1021/acsnano.8b09622
ACS Nano XXXX, XXX, XXX—XXX


www.acsnano.org
http://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.8b09622
http://dx.doi.org/10.1021/acsnano.8b09622
http://pubs.acs.org/action/showImage?doi=10.1021/acsnano.8b09622&iName=master.img-000.jpg&w=186&h=134

ACS Nano

air air

w

Current (uA)

vacuum
f 300

250 - i /-_
200 A |
150 4 ( —
100 4 :

50 4 L <
i p—

ARIR (%)

0

Raman Shift cm™)

T T —r———
1000 1500 2000 2500 3000 O 25 50 75 100 125 150 0 2 4 6 8 10 12 14 16 18
Time (s)

Time (min)

Figure 1. (a) Optical image of LIG-based Type 1 gas sensor on PI substrate. (b,c) SEM image of ~20 gm channel in LIG device. LIG
filaments, denoted by the white arrow, span between the LIG electrodes. (d) Raman spectra of LIG confirm graphene formation. (e) Device
current after applying a voltage source (5 V) that then results in Joule heating. (f) Response (change is resistance) of the gas sensor when

exposed to air. Sensor voltage (V,) = 5 V.

formed, which enables sensors to be embedded within
construction or refractory materials. The flexible and embed-
dable gas sensors demonstrate the capability to determine gas
compositions and represent a step toward realizing “smart”
composite construction materials.

RESULTS AND DISCUSSION

Figure la shows an example of a flexible gas sensor (Type 1)
that has been synthesized by irradiating a PI substrate with the
10.6 um laser to generate LIG. This device consists of LIG
electrodes (~200 pm in width) that span between two larger
pads, which are used as contacts that are also composed of LIG
(Figure 1b). A gap of ~20 ym was intentionally left between
the electrodes, however, small filaments of LIG (denoted by
the inset white arrow) overlap the gap and provide a path for
electrical transport. A high-resolution SEM image of the region
where nanoscale filaments overlap is reported in Figure 1c. The
LIG is also highly porous, which results in an extremely high
surface area. A Raman spectrum shown in Figure 1d shows a
sharp single 2D peak centered ~2697 cm™, which confirms
that the LIG is indeed composed of graphene. The peak is
distinct from that of graphite which is composed of the 2D,
and 2D, peaks which are typically upshifted in comparison to
graphene (~2725 cm™).”

The operating mechanism for gas sensors relies on Joule
heating of the LIG particles spanning the device gap, which
subsequently transfers heat to its surroundings via convective
heat loss by Newton’s law of cooling in eq 1:

q = hA(T, — T,) (1)

where g is the heat transferred,  is the heat transfer coeflicient,
A is the surface area of the LIG, and T, and T, are the
temperature of gas molecules and LIG filament, respectively.*’
The heat transfer coefficient, &, is dependent upon the material
parameters, such as thermal conductivity (x), viscosity (u), and

heat capacity (c,). When a voltage is applied across the LIG
device, Joule heating, which is proportional to the power (P)
dissipated in the material (P o I’R, where I is current and R is
resistance), is localized around the filament region due to its
large resistance. Therefore, the Joule heating of the gas sensor
is almost completely localized at the microgap between the two
LIG electrodes, where small particles of LIG span the two
electrodes. Thermogravimetric analysis (TGA) of LIG reveals
that it decomposes in air at a temperature of ~850 K (Figure
S1), hence the gas sensor should be operated below this
temperature. To confirm the presence of Joule heating under
applied voltage, the current of the gas sensor was monitored as
a function of time and reported in Figure le in vacuum.
Immediately after the potential was applied, the device
resistance decreased by approximately 800%. The temper-
ature-dependent transport properties of the LIG (Figure S2a)
show that the resistivity of the LIG decreases with increasing
temperature over the relevant temperatures. This correlation
confirms that the LIG filament is increasing in temperature due
to Joule heating. When exposed to air, the temperature of the
LIG filament is reduced due to convective heat transfer. This
results in increased resistance in the sensor when exposed to
gas molecules. It is worth noting that the PI is a high
temperature polymer which is stable up to ~820 K; thus, the
PI substrate does not experience significant degradation during
sensor operation. Figure 1f shows the device sensitivity
(change in resistance) when exposed to air after being held
in vacuum. Resistivity of the sensor increases by >250% when
exposed to air due to convective cooling of the LIG filament.
Multiple cycles of exposure to air and vacuum are shown in
Figure 1f.

In order to controllably tune the resistivity of Type 1 gas
sensors and increase the sensitivity, the device was exposed to
oxygen plasma to etch away the LIG and finely tune the size of
the LIG filaments (Figure S4). This enables tuning of the
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Figure 2. (a) Schematic of the Type 2 gas sensor with a LIG filament. All black portions represent LIG. The active region is out of scale to
increase visibility in this schematic. (b) Optical image of the LIG filament that is 57 gm in width. (c,d) SEM images of the porous LIG which

is composed of nanofilaments.
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Figure 3. (a, b) Responses of the Type 2 sensor at 12 V to a variety of gases, showing repeatability. Shaded regions indicate when the sensor
was exposed to the various gases. (c) Response of the gas sensor to >50 cycles of He and vacuum. (d) Magnitude of response of gas sensor to
air after bending it with a radius of curvature of 7 mm. Inset figure shows the response of the gas sensor to air after 0 and 1000 bending

cycles.

device resistance by increasing the extent of Joule heating in
the LIG filaments. Device properties as a function of the
plasma exposure time and SEM images can be found in Figure
S4. Due to the low operating current of this device, power
consumption is only ~20 yW. However, there was a significant
degree of variation in the sensitivity of the Type 1 devices

fabricated under identical conditions (+90% sensor sensitiv-
ity), and only ~20% of devices were functional. This is because
Type 1 sensors rely on the pseudorandom formation of
nanoscale LIG filaments to span the channel between LIG
electrodes. Subtle changes in the amount and orientation of
the LIG filaments which span the gap between electrodes can
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result in significant variation in Joule heating and hence device
sensitivity. It is worth noting that mechanical activation of
nonfunctioning devices could be achieved by scratching across
the polyimide channel with a scalpel (Figure S5); however, this
process is likely unreliable.

Since the Type 1 sensors exhibit a large degree of variation
in device sensitivity, a more robust design (Figure 2a) was
subsequently adapted for LIG gas sensors that made the extent
of Joule heating more controllable (Type 2 sensor), although
sacrificing some of the device sensitivity. Namely, device
sensitivities compared to vacuum of greater than 250% in air
were achieved with Type 1 sensors, compared to an average
sensitivity of ~ 3.9% for Type 2 sensors. However, device
repeatability was improved from Type 1 to Type 2 sensors
from ~ 20% to 100%, respectively. Additional statistics on
device repeatability can be found in the Supporting
Information.

The Type 2 sensor consists of LIG electrodes that are
connected by a ~60 ym wide LIG channel (Figure 2a and b).
The Type 2 design thereby does not depend on random
filament formation, such as the Type 1 sensor, which accounts
for the 100% device yield during fabrication of the Type 2
device. Similar to the working mechanism of the Type 1 device
reported in Figure 1, the majority of the power dissipation
occurs across the narrow LIG channel. The temperature of the
LIG filament during gas sensor operation was estimated to be
~500 K, based on the temperature-dependent transport
characteristics of LIG (Figure S2), well below the decom-
position temperature for LIG in air. Additionally, thermal
images were collected for Joule heated LIG and reported in
Figure S3ab, to provide further support that the LIG
experiences Joule heating over the relevant power dissipation
regime. The ultimate temperature, and sensor sensitivity, of the
LIG filament is dependent upon the geometry of the filament.
This is because the channel aspect ratio influences the
resistance, power dissipation, and hence Joule heating.
Additional electrical power can be supplied to increase the
sensor sensitivity. An SEM image from the channel region of
the Type 2 gas sensor is shown in Figure 2c. The LIG is highly
porous and contains a 3D percolating network of nanoscale
LIG fibers (Figure 2d). Hence, the high surface area of the LIG
fibers enables rapid sensor response to gas molecules.

Figure 3a shows the response of the type 2 sensor with
respect to vacuum when exposed to multiple cycles of O, gas,
operating at ~28 mW. The response is highly repeatable with
virtually no variation in the sensitivity. Since the thermal
properties of a gas depends upon the gas composition, the
extent of convective cooling of the LIG gas sensors should vary
with gas composition. Figure 3b shows the sensitivity of the
device when exposed to cycles of Air, He, and O,. Importantly,
the sensors exhibit response sensitivity to each gas species, and
the behavior is repeatable between multiple cycles. However,
the vacuum quality in the measurement chamber in between
each gas cycle depends on the gas history. For example, inert
gas such as Ar will pump more rapidly than air due to the
moisture content of the latter. Therefore, the sensor sensitivity
for the various gases is reported with respect to the He
sensitivity since it is an inert gas with high thermal
conductivity. Device sensitivity is highest for He, which has a
high relative thermal conductivity (~180 mW m™ K™)
compared to the other inert gases, while device sensitivity is
lower for gases such as Ar that have lower relative thermal
conductivity (~25 mW m™" K™'). This indicates that the

extent of cooling of the LIG filament depends upon the
thermal conductivity of the gas species. Thermal conductivity
vs temperature for all studied gas species can be found in
Figure S6. Due to the high porosity of LIG, the response and
recovery characteristics for the sensors are rapid and easily
distinguishable.

The repeatability of the Type 2 gas sensors when exposed to
many cycles of gas is shown in Figure 3¢, and Table S1
provides statistics about device-to-device repeatability. The gas
sensor is exposed to >50 cycles of He gas followed by vacuum
and experienced standard deviation of 0.16% for each He cycle.
This demonstrates that the response of the gas sensor is highly
repeatable, thus enabling reliable detection of gas species.
Additionally, the gas sensor, which is directly lased into a PI
substrate, was subjected to bending to measure flexible sensor
reliability. Specifically, the sensor was bent at a radius of
curvature of 7 mm for 1000 cycles. Figure 3d reports the
sensor sensitivity to air after bending, and the inset shows
example sensor responses to air after 0 and 1000 cycles of
bending. There are only minor variations in device sensitivity
and no discernible degradation of the sensor, thus indicating
robust response as a flexible sensor. It is worth noting that LIG
can be used as a flexible strain sensor since relatively small
displacements can result in a high gauge factor;'* Therefore,
the LIG-based gas sensor will also experience variation in
resistivity during the flexing process which would convolute
the gas sensing. Hence, the gas sensor should remain static
during sensing, or measures should be taken to deconvolute
background noise resulting from flexing.

The average sensitivity of 6—10 Type 2 gas sensors to a
variety of gases is reported in Figure 4a. The sensitivity of these
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Figure 4. (a) Sensitivity of various gas species normalized to the
response of helium gas at maximum operating voltage (12 V). (b)
Response and recovery times for devices exposed to various gas
species. The black circles are the response times of the sensors
when exposed to the various gases. The red circles are the recovery
times of the sensors when exposure to the gases is ceased. The
response and recovery times are defined as the time required for
the sensor to achieve 90% of its sensitivity to a given gas species.

devices is reported with respect to the device sensitivity to He.
This was chosen as a reference as opposed to vacuum since the
device current under vacuum will largely vary with vacuum
quality. Errors bars report the standard error which reflect
device to device variability. These values are reported in the
Supporting Information (Table S1). Much of the device
sensitivity error is attributed to device-to-device variation in
the resistance of the LIG sensing channels. Specifically, the
average channel resistance and standard deviation was 389.7 +
12.4 Q.

The sensor sensitivity scales with the thermal conductivity of
the gas species for all gases measured. This enables the sensors
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Figure S. (a) Response of the LIG-based gas sensor to varying molar concentrations of CO, (top), N, (middle), and O, (bottom) with He
background gas. (b) Response of the LIG-based gas sensor to varying molar concentrations of CO, (top), N, (middle), and O, (bottom)

with Ar background gas.

to be used for gas detection for many gas species. Figure 4b
reports the response and recovery times for the sensors for
each gas species. All response times are on the order of 8 s, and
recovery times range from 25 to 50 s. The limiting factor for
the response and recovery times is likely the speed at which the
gas molecules can be injected and pumped from the test
chamber. For example, the gas sensor exhibits a larger recovery
time for He and H, presumably because of slower pump down
speeds in comparison to the other studied gases. The high
surface area and high thermal conductivity of LIG makes it an
excellent material to achieve fast response times in thermal
conductivity sensing applications, and faster response times are
expected in comparison to standard TCD technology. In fact,
due to the porous nature of LIG, the majority of the material is
suspended as opposed to supported by or contacting the
substrate. Suspended graphene has demonstrated extremely

high thermal conductivity on the order of ~5000 W m~'K~.°
Additionally, the power consumption for these devices (~28
mW) is low in comparison to other micro-TCDs.”'

Figure S reports the response of a LIG-based gas sensor to
varying concentrations of gas mixtures. Specifically, binary gas
mixtures of CO,, N,, and O, are demonstrated with He and Ar
background gases. Clearly, the sensor can effectively differ-
entiate between subtle gas concentration changes and
demonstrates a robust response to a variety of gas mixtures.
The gas composition can be quantified by considering the

thermal conductivity of a binary gas mixture in eqs 2—4:>>
-1 -1
X, 1—x,
Kmix = k|1 + Gp——| +K|1+G——
1—x, X,
)
E DOI: 10.1021/acsnano.8b09622
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k is the thermal conductivity, x is the molar fraction, y is the
viscosity, and M is molecular weight. As the gas concentration
changes, the i, is altered, thus tuning the extent of convective
heat transfer (q) and hence the response of the gas sensor. The
thermal conductivity of the various gas mixtures as a function
of concentration is plotted in Figure S7, and Figure S8 reports
the sensor response for additional gas mixtures. With the
assumption that C, is independent of temperature (or
experiences modest variation over this temperature range),
the change in heat transfer (Aq) is largely dependent upon
and hence gas composition. Therefore, the response of the gas
sensor is directly correlated to change in gas thermal
conductivity, and gas molar composition can be determined
in accordance with eq 2. The variation in resistivity of the LIG
is approximately linear with temperature, while the response of
the gas sensors are not linear with varying concentrations of
the gas mixtures. This is because k.; as a function of
composition is not linear, as reported in eq 2 and Figure S7.
The sensor response for the gas mixtures with He and Ar as
background gases demonstrate opposite polarity. This is
because He and Ar have drastically different thermal
conductivities. Namely, He has relatively high thermal

conductivity, and the LIG filament is cooled effectively. This
means that most gas mixtures with He as the background gas
will result in an increase in the LIG filament temperature. On
the contrary, Ar has a low thermal conductivity. Therefore,
most gas mixtures with Ar as the background gas will result in a
decrease in the LIG filament temperature. Additional details on
the gas concentration calculation can be found in the
Supporting Information. The sensor response often did not
saturate during the 60 s gas cycle. This is because vacuum
conductance in the gas tubing was relatively low and requires
several minutes for the gases to achieve an equilibrium mixture
concentration. Therefore, the concentration was dynamic
during the gas cycle, and the reported concentration represents
the maximum analyte concentration during that cycle. Cycling
data demonstrating the equilibrium time for the gas mixtures is
shown in Figure S9. The detection limits of the gas sensor were
also characterized and are reported in Figure S10. The sensor
was able to distinguish ~3600 ppm Ar in He, and ultimate
detection limits are on the order of 100—1000 ppm based on
the measurement signal-to-noise.

A flowchart is provided in the Supporting Information
(Figure S11) that provides a scheme for how the LIG-based
gas sensor can be used to determine composition of a gas
mixture or the identity of an unknown gas. Since the gas sensor
detects thermal conductivity of a gas or gas mixture, it can be
used in sensing applications for virtually any gas; however,
there are enormous combinations of gas compositions that can
result in a specific thermal conductivity. Therefore, the gas
sensor is most useful for determining the identity of a single
gas species or determining the composition of a gas mixture in
which the identities of the gas species are known.
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LIG composites can also be used to generate functional
materials. Here LIG was embedded within cement by the
method shown in Figure 6a. Specifically, LIG was made by
lasing a PI substrate. Portland cement was then cast on top of
the PI substrate and allowed to infiltrate the LIG. After curing,
the PI substrate was peeled off the Portland cement. Cement
intercalation within the large pores in the LIG effectively
anchors the LIG into the cement, and the LIG pattern on the
PI substrate is thereby transferred to the cement. Conven-
iently, this enables the formation of embedded electronics
without the need to incorporate expensive precious metals.
Also, the transfer of LIG into a composite is a simple
mechanical process that does not require high energy cost,
such as vacuum processing or electroplating. Figure 6b shows
the LIG/cement composite-based gas sensor. Embedding LIG
devices and circuits directly in a material such as cement can
be attractive for a variety of reasons in comparison to adhering
a device. For example, the surrounding environment could be
corrosive to materials used to attach a sensor or cause
degradation of adhesive materials. The refractory nature of the
cement is also beneficial for operation of the gas sensor, since
the Joule-heated LIG filament will not degrade the mechanical
integrity of the material over relevant operating temperatures,
and the sensor could withstand high environmental temper-
atures. SEM images of the embedded LIG sensor are shown in
Figure S12.

Figure 6¢ shows the composition-dependent sensor response
when exposed to a gas mixture of He and CO,. This
demonstrates that the LIG/cement composite gas sensor can
be used to determine the composition of a gas mixture. The
CO, sensitivity (in reference to He) of the Type 2 sensor is
reduced from 4.8% to 1.4% in comparison to the devices
reported in Figures 3 and 5. This is because the transfer
process of the LIG to cement can slightly alter the morphology
of the LIG as well as change the thermal mass of the sensor in
comparison to PI; however, the sensor can simply be calibrated
to the response of gases with varying thermal conductivity,
such as in CO, vs He.

The incorporation of electronic devices directly into
construction materials expands the capabilities of smart
composites toward the broader application of the Internet-of-
things. For example, gas sensors embedded directly into
cement could be applied toward monitoring gases produced by
a variety of manufacturing processes. Figure 6d reports the
response of the LIG/cement composite gas sensor to varying
concentrations of CO, and N,, which are the two most
abundant gases in flue gas. Therefore, gas sensors could be
embedded in cement and incorporated in flue gas chimneys to
monitor flue gas concentration in situ. Embeddable LIG
sensors may see other applications in extreme environments.
For example, attaching a sensor to a surface via use of a
polymeric adhesive may not be compatible with elevated
temperatures in which LIG and refractory cement are well-
suited. Also, flue gas from coal burning may produce sulfuric
acid that is corrosive to common sensor materials such as
copper. Embeddable sensors provide a robust alternative.

CONCLUSION

In summary, flexible LIG-based gas sensors were demon-
strated. These gas sensors were fabricated by lasing a PI
substrate with a 10.6 ym CO, laser. During operation, a
potential is applied across the gas sensor that results in heating
of a high resistance LIG channel. The gas sensors effectively

measure the thermal conductivity of the surrounding gases.
This device structure results in robust sensing capabilities that
can be used to sense an array of surrounding gas species,
similar to a katharometer. Conveniently, the LIG exhibits a
high surface area of ~350 m? g_l, and high thermal
conductivity characteristic of graphene. Therefore, rapid
response times of 7—8 s were recorded for all test gas species,
and the response times were likely limited by the injection rate
of gas molecules into the test chamber. Due to the high
porosity of LIG, gas sensors could easily be transferred to other
matrices by a transfer process described here. A LIG/cement
composite gas sensor was demonstrated which could be used
to determine compositions of a gas mixture. For data analysis,
it would be most simple to operate in relatively static
conditions. For example, the gas temperature will influence
thermal conductivity and hence the sensor response. However,
temperature dependence on the thermal conductivity of most
gas species are well documented and this can be factored into
the sensor response. Additionally, water vapor will influence
the thermal conductivity of a gas mixture. The thermal
conductivity of water vapor is well documented, so this can be
added to the analysis. Water vapor should not condense on the
LIG filament during operation since it would be operating well
above the water vaporization temperature. Any gas species that
can provide a detectable change in the thermal conductivity of
a gas mixture can be sensed using the gas sensor. However, the
LIG filaments should be guarded from solid particles that
could become embedded within the LIG and affect the thermal
mass. This could alter the sensitivity of the sensor. This
advance will enable the incorporation of carbon-based
electronics in a variety of substrates and expand the capabilities
of smart materials, including for the real-time monitoring of
CO, and gas ratios in flue gas.

METHODS

Synthesis of LIG. LIG was synthesized by lasing commercially
available PI (McMaster-Carr, Kapton Polyimide Film, 0.005” thick)
with a Universal Laser Systems XLSI0MWH laser platform. The laser
system is equipped with a 75 W pulsed CO, laser (10.6 um). A
scanning speed of 18 cm s™' was used with a duty cycle of 1%. An
image density of 1000 pulses per inch (PPI, a standard setting on
commercial systems; 1 in. = 2.54 cm) was applied for all sensors.
These lasing conditions result in superhydrophilic LIG.

Fabrication of Devices. Devices were fabricated with LIG
serving as the electrode materials as well as the gas sensing filament.
Two different device structures are reported in this manuscript. The
first structure (Type 1) relies on patterning LIG electrodes with a <
S0 um PI gap between electrodes. Small LIG flakes generated from
the lasing process span the gap between electrodes. The second device
structure (Type 2) demonstrates increased reliability by incorporating
an intentionally patterned continuous LIG filament. The sensing
filament is patterned with a width of 50 ym and a length of 300 ym.
Due to the need for LIG flakes to span a gap between electrodes, the
yield for fabricating functioning Type 1 devices was ~20% (2 of 10),
whereas the yield for functioning Type 2 devices was 100% across 10
sensors that were made and tested. LIG electrode regions were coated
with silver paint and copper tape to ensure adequate electrical
contacts.

Characterization of Devices. Devices were characterized in a
Desert Cryogenics model CPX-VF vacuum probe station. This probe
station is outfitted with a stage heater as well as roughing and
turbomolecular vacuum pumps. Gas sensing measurements were
recorded after pumping the chamber under vacuum for approximately
30 min. The following gases were plumbed into the probe station to
back-flow into the chamber: H,, He, Air, O,, N,, Ar, and CO,. The
chamber was open to the roughing pump during gas introduction to
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ensure gas flow at room temperature. Thereafter the chamber pressure
was held at approximately 200 mbar during sensor characterization.
Device responses were recorded by applying a constant voltage across
the device and measuring the current when exposed to a variety of gas
species. Change in resistance of the device was determined from the
changes in device current. Electrical characterization was conducted
using an Agilent Semiconductor Parameter Analyzer model B1500A.

LIG/Portland Cement Composite. LIG/Portland cement
composite was fabricated by first lasing PI with the 10.6 um laser
to synthesize LIG. The PI film was then placed in a mold that was
subsequently filled with Portland cement. The composite was allowed
to cure for ~48 h at 90 °C in the presence of water to ensure
hydration of the cement. The PI film was peeled off of the cured
composite, thus leaving the LIG embedded in the Portland cement.
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