RESONANT GAS SENSOR

RELATED APPLICATIONS
[001] The application claims priority to U.S. Non-Provisional Patent
Application No. 16/239,423 filed on January 3, 2019, and entitled “RESONANT
GAS SENSOR”; which claims the benefit of U.S. Provisional Patent Application No.
62/613,716 filed on January 4, 2018, and entitled “RESONANT GAS SENSOR”; all

of which are incorporated by reference for all purposes.

BACKGROUND

[002] Chemical sensors operate by generating a signal in response to the
presence of a particular analyte. Graphene-based sensors are one type of chemical
sensor that have been increasing in development recently. FIG. 1 illustrates a plan
view of a conventional graphene-based sensor for chemical vapor or gas sensing,
illustrated as a chemiresistor 100. A sensing material 120 bridges two electrodes 110
and 111. When vapors pass through the sensing material 120 in parts per billion
(ppb) range, a change in resistance of the graphene sensing material is observed and a
resistance measurement 160 can be taken.

[003] FIG. 2 is a perspective view of a conventional graphene-based sensor
200 configured as a field effect transistor (FET), where a first metal electrode 210
serves as the source, a second metal electrode 211 serves as the drain, and a
functionalized graphene channel 220 forms the gate. The electrodes 210 and 211 and
the channel 220 are mounted on a dielectric material 230. The sensor 200 shows that
graphene-based chemical sensors can be configured as field effect transistors (FETs)
to identify specific species and quantify the concentration of the species in a sample.

[004] FIG. 3 is a table listing examples of conventional gas sensors based on
graphene. Various graphene hybrids such as epitaxial-G, G-ozone treated, G-
exfoliated, G-nanomesh, rGO, G-microfiber and graphene sheets can be used to make
chemiresistors, FETs, optical sensors, and conductivity sensors. The table in FIG. 3
lists the target gases, temperatures, detection range, limit of detection (LOD),
response sensitivity, response time, and recovery time for the various conventional

graphene sensors.



[005] Conventional gas sensors, however, require high power energy sources
to sense low levels of chemistry, and the high cost of such equipment has made
widespread adoption impractical for many applications. Many conventional systems
also rely on adding energy (e.g., using elevated temperatures) to drive the sensing
reactions within the sensor and improve the sensitivity. The equipment required for
conventional gas sensors is also not readily miniaturized, which limits their use in

mobile applications.

SUMMARY

[006] In some embodiments, a method for detecting an analyte comprises
providing a first carbon-based material comprising reactive chemistry additives,
providing conductive electrodes connected to the first carbon-based material,
exposing the first carbon-based material to an analyte material, applying a plurality of
alternating currents having a range of frequencies across the conductive electrodes,
and measuring the complex impedance of the first carbon-based material using the
plurality of alternating currents. In some embodiments of the above method, the
providing the first carbon-based material comprises using a microwave plasma to
produce carbon particles, and printing the carbon particles to form the first carbon-
based material. In some cases, the reactive chemistry additives are tuned to the
analyte materials.

[007] In some embodiments, a sensor for detecting an analyte comprises a
flexible substrate, a resonant gas sensor circuit, and a microprocessor arranged on the
flexible substrate and electrically coupled to a second terminal of the transducer and
to the ground electrode. The resonant gas sensor circuit can comprise a transducer
arranged on the flexible substrate, a sensing material arranged on the flexible
substrate, wherein the sensing material is coupled to the transducer, and comprises a
first particulate carbon and a reactive chemistry additive, and a ground electrode
electrically coupled to a first terminal of the transducer. The microprocessor can
comprise an alternating current (AC) source configured to supply a plurality of AC
signals to the transducer, the plurality of AC signals comprising a range of
frequencies, and a detection circuit that measures a plurality of AC signals reflected
from the transducer. The sensing material can comprise a plurality of carbon
aggregates each comprising a plurality of carbon nanoparticles. Each carbon

nanoparticle can comprise graphene, the graphene in the plurality of carbon
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nanoparticles comprises up to 15 layers, a percentage of carbon to other elements,
except hydrogen, in the carbon aggregates is greater than 99%, a median size of the
carbon aggregates comprising the carbon nanoparticles is from 0.1 microns to 50
microns, a surface area of the carbon aggregates is from 10 m*/g to 300 m%/g, when
measured via a Brunauer—-Emmett—Teller (BET) method with nitrogen as the
adsorbate, and the carbon aggregates, when compressed, have an electrical

conductivity from 500 S/m to 20,000 S/m.

BRIEF DESCRIPTION OF DRAWINGS

[008] FIG. 1 (Prior Art) is a plan view of a conventional graphene-based
sensor for chemical vapor or gas sensing.

[009] FIG. 2 (Prior Art) is a perspective view of a conventional graphene-
based sensor 200 configured as a field effect transistor (FET).

[0010] FIG. 3 (Prior Art) is a table listing examples of conventional gas
sensors based on graphene.

[0011] FIG. 4 shows a Raman spectrum from particulate carbon containing
graphene, in accordance with some embodiments.

[0012] FIGs. 5A and 5B show scanning electron microscope (SEM) images
from particulate carbon containing graphene, in accordance with some embodiments.

[0013] FIGs. 6A and 6B show transmission electron microscope (TEM)
images from particulate carbon containing graphene, in accordance with some
embodiments.

[0014] FIG. 7 is a plan view schematic of an electrochemical gas sensor, in
accordance with some embodiments.

[0015] FIG. 8 is a table that lists examples of possible redox mediators that
may be used, in accordance with some embodiments.

[0016] FIG. 9 shows an example of an electrochemical sensor where a first
electrode and a second electrode are configured as interdigitated fingers, in
accordance with some embodiments.

[0017] FIG. 10 shows an example of a chemical sensor in which high
frequency spectroscopy is used as the detection method, in accordance with some
embodiments.

[0018] FIG. 11A shows a non-limiting example of a resonant gas sensor in

side view and plan view, in accordance with some embodiments.
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[0019] FIG. 11B shows an example of a response from a resonant gas sensor
in the presence of an analyte of interest, in accordance with some embodiments.

[0020] FIGs. 11C and 11D show non-limiting examples of resonant gas
sensors in side view and plan view, in accordance with some embodiments.

[0021] FIG. 11E shows a non-limiting example of a resonant gas sensor with a
sensing material containing particulate carbon, in accordance with some
embodiments.

[0022] FIG. 11F shows a non-limiting example of a resonant gas sensor in
side view and plan view, in accordance with some embodiments.

[0023] FIGs. 12A-12C show a time evolution of example spectra produced
when an analyte is detected by a resonant gas sensor, in accordance with some
embodiments.

[0024] FIG. 13 shows a non-limiting example of a chemiluminescent gas
sensor, in accordance with some embodiments.

[0025] FIG. 14 shows a non-limiting example of a sensor system in which
multiple individual chemical sensors are used for detecting an analyte, in accordance

with some embodiments.

DETAILED DESCRIPTION

[0026] In the present embodiments, devices incorporating carbon-based
materials and material composites are described that can be used for chemical sensing
of analytes (e.g., one or more volatile gases or vapors). In some embodiments, a gas
sensor contains a reactive chemistry additive that is incorporated into a sensing
material. Upon exposure to an analyte, the reactive chemistry additive reacts with the
analyte and changes the electrical properties of the sensing material. The electrical
properties of the sensing material are interrogated by circuitry in the gas sensor, and
the change in electrical properties due to analyte exposure can be detected. The
properties of the present carbon-based materials coupled with the device architectures
described herein can improve the sensitivity and power consumption for such gas
sensors used to detect an analyte. Additionally, the present embodiments are
compatible with miniature gas sensors, which enables a myriad of applications not
available to non-portable gas sensors.

[0027] The present gas sensors used for detecting chemical substances have

many applications. Some non-limiting examples include environmental monitoring
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(e.g., indoor air quality, water testing, waste water treatment, chemical manufacturing,
and total ion counts), industrial safety (e.g., toxic compound detection), food and
beverage industry applications (e.g., monitoring of food fermentation process,
freshness/ripeness and spoilage), defense and first response applications (e.g.,
chemical warfare agents, chemical threat agents, and explosives), and biomedical
applications (e.g., infection monitoring, antioxidant level monitoring, and
biospecimen monitoring).

[0028] In some embodiments, analytes (e.g., volatile gases or vapors) are
sensed using impedance spectroscopy-based electrochemical sensors. The present
embodiments use low cost materials and methods for printing electrical components
on backing materials (e.g., labels, smart cards, and packaging materials) which can be
integrated with other hardware components on a substrate (e.g., a flexible substrate) to
create electro-active devices.

[0029] In some embodiments, sensors for detecting chemical substances in a
vapor phase are made using printed, carbon-based electrical components. In some
embodiments, the carbon materials are tailored to sense a specific chemical targeted
by a particular sensor. The present sensors can operate under low power requirements
and at room temperature, while providing a high sensitivity to detect airborne
chemicals. The printed sensors can be configured as, for example, labels that can be
affixed to containers such as shipping boxes, to monitor the contents within the
container. In some embodiments, more than one sensor can be printed on a single
label, where each sensor is configured to detect a different chemical. In this manner,
the combination of the chemicals detected by the different sensors on the label can
indicate the presence of a compound that is unstable or difficult to detect.

[0030] Sensors for detecting target chemical moieties in some embodiments
include a first electrode made of a first conductive ink, the first conductive ink
comprising a first carbon allotrope; a second electrode made of a second conductive
ink, the second conductive ink comprising a second carbon allotrope; and a substrate
on which the first electrode, the second electrode, and the sensing material are
printed. At least one of the first electrode, the second electrode, or the sensing
material can also comprise a redox mediator. In some embodiments, a printed
chemiluminescent sensor is made of a composite material that includes a luminescent

dye tethered to a graphene-based material.



[0031] In some embodiments, the use of unique carbon materials and carbon
material composites made by novel microwave plasma and thermal cracking
equipment and methods make it possible in the present embodiments to provide low
power solutions to many devices and applications of an electronic nature. For
example, sensors, electronics and displays can be printed with the present materials,
realizing many different types of application scenarios. Energy harvesting
technologies are also realized through the use of these materials to provide viable
power to microprocessor devices in real world applications with sophisticated
microprocessor controls.

[0032] CARBON MATERIALS FOR GAS SENSORS

[0033] The present gas sensors for detecting analytes (e.g., volatile
compounds) can incorporate unique carbon materials (e.g., produced using
microwave plasma or thermal cracking equipment), as described further below.

[0034] In some embodiments, 3-dimensionally structured (e.g., microporous,
mesoporous and/or hierarchical structures) carbon (e.g., graphene) particles are used
in gas sensors. The porosity, surface area, and surface philicity/polarity of the carbon
particles can be tuned to change the properties of the particles (e.g., their complex
impedance). The carbon acts as an electrically conductive scaffold supporting a
second phase of material (e.g., a dielectric polymer), such that the properties of the
combined particle (e.g., the electrical resistivity and/or the complex impedance) can
change when exposed to one or more analytes. The properties of the carbon and the
second phase of material can each be tuned to produce a combined material that is
electrically conducting, molecular sieving, and an efficient gas adsorption framework,
and is capable of detecting a wide range of analytes (e.g., volatile gases or vapors) for
numerous applications. In some embodiments, the particulate carbon described
herein is used to form frequency selective materials, which can be used in resonant
circuits within the present gas sensors.

[0035] In some embodiments, the carbon particles are formed into a film
using a polymer as a binder. In some cases, the surface area and porosity of the
carbon particles, and the polymer binder to carbon particle ratio can be tuned to
provide molecular sieving (i.e., effecting rate of analyte (e.g., volatile organic
compound) diffusion (or mass transport) and separation) for enhanced molecular size

and shape selectivity.



[0036] In some embodiments, the carbon (e.g., graphene) surfaces can be
modified (e.g., functionalized) to affect adsorption behavior and the dielectric
properties of the material. Such surface modification of the sensing material can
increase the dielectric changes (from both the graphene and polymer materials) upon
interaction with an analyte and therefore improve the sensitivity and analyte
selectivity of the sensor.

[0037] In some embodiments, the carbon surface can be functionalized to tune
the philicity/polar nature of the surface and as a result, a sensing material can be
created with an engineered response to humidity. For example, sensors can be
fabricated with non-wetting hydrophobic graphene surfaces to minimize effect of
moisture/humidity. Alternatively, sensors with a 2-element sensor array containing
hydrophilic and hydrophobic specific graphene detectors (e.g., multiples of each type
of sensor in an array configuration) can provide greater sensitivity and selectivity by
accounting for (e.g., subtracting out) background effects from humidity. This
approach can be extended to arrays of sensors with differently tuned sensing materials
to enable various materials (e.g., impurities) to be accounted for through signal
processing methods (e.g., high/low response of a 2-level (or higher order) detector
array).

[0038] In some embodiments, the unique carbon material is a particulate
carbon with improved properties compared to conventional carbon materials. For
example, the particulate carbon can have high compositional purity, high electrical
conductivity, and a high surface area compared to conventional carbon materials. The
high surface area, for example, provides a large concentration of gas sensing sites
(e.g., bonding sites for reactive chemistry additives used to detect target chemical
species), which improves the lower detection limit of the sensor. Additionally, the
high electrical conductivity is beneficial to gas sensors because less power is lost due
to parasitic resistive heating of the electrical components of the gas sensors (e.g., the
electrodes, or the sensing material of the gas sensors).

[0039] In some embodiments, the particulate carbon also has a structure that is
beneficial for gas sensor performance, such as small pore sizes and/or a mesoporous
structure. In some cases, a mesoporous structure can be characterized by a structure
with a wide distribution of pore sizes (e.g., with a multimodal distribution of pore
sizes). For example, a multimodal distribution of pore sizes can be indicative of

structures with high surface areas and a large quantity of small pores that are



efficiently connected to a substrate supporting the material and/or current collector via
material in the structure with larger feature sizes (i.e., that provide more conductive
pathways through the structure). Some non-limiting examples of such structures are
fractal structures, dendritic structures, branching structures, and aggregate structures
with different sized interconnected channels (e.g., composed of pores and/or particles
that are roughly cylindrical and/or spherical). A mesoporous structure can be
particularly beneficial to gas sensors. Not to be limited by theory, the mesoporous
structure can provide a framework with low resistance electrical pathways through the
material, while simultaneously providing high surface area structures beneficial to the
detection limit.

[0040] In some embodiments, the particulate carbon materials used in the gas
sensors described herein are produced using microwave plasma reactors and methods,
such as any appropriate microwave reactor and/or method described in U.S. Patent
No. 9,812,295, entitled “Microwave Chemical Processing,” or in U.S. Patent No.
9,767,992, entitled ‘“Microwave Chemical Processing Reactor,” which are assigned to
the same assignee as the present application, and are incorporated herein by reference
as if fully set forth herein for all purposes. Additional information and embodiments
for microwave plasma gas processing system methods and apparatuses to produce the
carbon nanoparticles and aggregates described herein are also described in the related
U.S. Patents and Patent Applications mentioned in this disclosure.

[0041] In some embodiments, the gas sensors described herein contains one or
more particulate carbon materials. In some embodiments, the particulate carbon
materials used in the gas sensors described herein are described in U.S. Patent No.
9,997,334, entitled “Seedless Particles with Carbon Allotropes,” which is assigned to
the same assignee as the present application, and is incorporated herein by reference
as if fully set forth herein for all purposes. In some embodiments, the particulate
carbon materials contain graphene-based carbon materials that comprise a plurality of
carbon aggregates, each carbon aggregate having a plurality of carbon nanoparticles,
each carbon nanoparticle including graphene, optionally including multi-walled
spherical fullerenes, and optionally with no seed particles (i.e., with no nucleation
particle). In some cases, the particulate carbon materials are also produced without
using a catalyst. The graphene in the graphene-based carbon material has up to 15
layers. A ratio (i.e., percentage) of carbon to other elements, except hydrogen, in the

carbon aggregates is greater than 99%. A median size of the carbon aggregates is



from 1 micron to 50 microns, or from 0.1 microns to 50 microns. A surface area of
the carbon aggregates is at least 10 m?/g, or is at least 50 m%/g, or is from 10 m?/g to
300 m%/g, or is from 50 m?*/g to 300 m*/g, when measured using a Brunauer-Emmett—
Teller (BET) method with nitrogen as the adsorbate. The carbon aggregates, when
compressed, have an electrical conductivity greater than 500 S/m, or greater than
5000 S/m, or from 500 S/m to 20,000 S/m.

[0042] In some embodiments, the particulate carbon materials used in the gas
sensors described herein are described in U.S. Patent No. 9,862,606 entitled “Carbon
Allotropes,” which is assigned to the same assignee as the present application, and is
incorporated herein by reference as if fully set forth herein for all purposes. In some
embodiments, the particulate carbon materials contain carbon nanoparticles
comprising at least two connected multi-walled spherical fullerenes, and layers of
graphene coating the connected multi-walled spherical fullerenes. Additionally, the
carbon allotropes within the carbon nanoparticles can be well ordered. For example, a
Raman spectrum of the carbon nanoparticle using 532 nm incident light can have a
first Raman peak at approximately 1350 cm™ and a second Raman peak at
approximately 1580 cm™!, and a ratio of an intensity of the first Raman peak to an
intensity of the second Raman peak is from 0.9 to 1.1. In some cases, the atomic ratio
of graphene to multi-walled spherical fullerenes is from 10% to 80% within the
carbon nanoparticles.

[0043] In some embodiments, the particulate carbon materials described
herein are produced using thermal cracking apparatuses and methods, such as any
appropriate thermal apparatus and/or method described in U.S. Patent Application No.
9,862,602, entitled “Cracking of a Process Gas,” which is assigned to the same
assignee as the present application, and is incorporated herein by reference as if fully
set forth herein for all purposes. Additional information and embodiments for thermal
cracking methods and apparatuses to produce the carbon nanoparticles and aggregates
described herein are also described in the related U.S. Patents and Patent Applications
mentioned in this disclosure.

[0044] In some embodiments, the particulate carbon used in the present gas
sensors contains more than one type of carbon allotrope. For example, the particulate
carbon can contain graphene, spherical fullerenes, carbon nanotubes, amorphous
carbon, and/or other carbon allotropes. Some of these carbon allotropes are further

described in the related U.S. Patents and Patent Applications mentioned in this
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disclosure. Additionally, the different carbon allotropes in the particulate carbon can
have different morphologies, such as mixtures of low and high aspect ratios, low and
high surface areas, and/or mesoporous and non-mesoporous structures. The use of
particulate carbon with combinations of different allotropes (and in some cases
different morphologies) can enhance the electrical and mechanical properties of
different components of the present gas sensors (e.g., electrodes, or sensing
materials). The mass ratio of a first carbon allotrope (e.g., with high electrical
conductivity and/or a mesoporous structure) to a second carbon allotrope (e.g., a long
chain carbon allotrope) in the particulate carbon can be from 70:30 to 99:1, or from
80:20 to 90:10, or from 85:15 to 95:5, or is about 85:15, or is about 90:10, or is about
95:5. For example, mesoporous carbon allotropes in the particulate carbon can
provide high surface area and/or high electrical conductivity, and the addition of long
chain (i.e., high aspect ratio) carbon allotropes in the particulate carbon can improve
the mechanical strength, adhesion and/or durability of the present gas sensor
components.

[0045] In some embodiments, the particulate carbon used in the present gas
sensors contains particles containing graphene (e.g., with one or more of the
properties described herein), and particles containing long chain carbon allotropes
(e.g., spherical fullerenes connected in a string-like arrangement, or carbon nanotube
bundles). In some embodiments, the long chain carbon allotropes have aspect ratios
greater than 10:1, or from 10:1 to 100:1, or about 10:1, or about 20:1, or about 50:1,
or about 100:1. In some embodiments, the long chain carbon allotropes have
dimensions from 50 nm to 200 nm wide by up to 10 microns in length, or from 10 nm
to 200 nm wide by from 2 microns to 10 microns in length. Additional particles
containing long chain carbon allotropes are described in the related U.S. Patents and
Patent Applications mentioned in this disclosure. The mass ratio of a graphene-
containing carbon allotrope to a long chain carbon allotrope in the particulate carbon
can be about 85:15, or about 90:10, or about 95:5. In some embodiments, the long
chain carbon allotropes can interlock with other conductive (and in some cases
structured, or mesoporous) carbon allotropes in the particulate carbon and can form an
interlocked hybrid composite allotrope gas sensor component (e.g., electrode or
sensing material) with improved mechanical properties compared to components
without long chain carbon allotropes. In some embodiments, the addition of long

chain (e.g., fibrous like) carbon increases the medium range (e.g., 1 micron to 10
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microns) conductivity, and the distribution of the other carbon allotrope (e.g.,
prevents agglomeration of the other carbon allotrope, such as mesoporous graphene
particles), while improving mechanical stability. Furthermore, the addition of long
chain carbon allotropes can provide additional porosity around the carbon chain,
which increases ion conductivity and mobility in the gas sensor component. In one
embodiment, these long chain fibers enable reduced calendaring pressure during
fabrication (leading to components with increased local voidage or porosity), while
maintaining the same (or better) mechanical stability (i.e., tolerance to delamination
and/or cracking) as components without long chain carbons that are calendared at
higher pressures. Reduced calendaring pressure can be advantageous because the
higher porosity achieved using a lower pressure leads to increase ion conductivity
and/or mobility. Additionally, in some embodiments, the addition of long chain
carbon (e.g., fibers) can improve the elongation/strain tolerance over conventional
slurry cast components. In some cases, the elongation/strain tolerance (e.g., the
maximum strain to failure, or the amount of performance degradation for a given
strain) can be increased by as much as 50% over conventional slurry cast components.
In some embodiments, the addition of long chain carbon allotropes to the particulate
carbon in a gas sensor component enables the use of less binder, or the elimination of
the binder, in the component.

[0046] In a non-limiting example, a mechanically robust, hybrid composite
electrode or sensing material film can contain particulate carbon with a combination
of lower density (e.g., mesoporous), hierarchical graphene-containing particles (e.g.,
with particle sizes from 15 to 40 microns in diameter) and higher density particles
containing long chains of connected spherical fullerenes (e.g., with sizes 50 to 200 nm
wide by up to 10 microns in length). The mass ratio of graphene carbon allotropes to
the long chain allotropes in this example is about 85:15. The particulate carbon in
this example has high electrical conductivity (due to the high electrical conductivity
of the graphene and/or spherical fullerenes), and the long chain allotropes provide
mechanical reinforcement.

[0047] In conventional films (or patterned traces) containing conductive
and/or active materials particles, a binder is often used to improve the mechanical
properties. In some embodiments, the present gas sensor components are
mechanically reinforced by long chain carbon allotropes, which enables the reduction

or the elimination of a binder in the components. For example, an interlocked hybrid
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composite allotrope film (or patterned trace) containing mesoporous graphene and
long chain carbon allotropes can be formed with suitable mechanical properties
without the use of a binder. Such components with no binder can also be free-
standing components (i.e., are mechanically stable without being attached to a
substrate).

[0048] In some embodiments, an interlocked hybrid composite allotrope gas
sensor component can be formed by sintering the particulate carbon after component
formation (e.g., after printing, or slurry casting). This process can be used to
consolidate and strengthen the composite component structure.

[0049] In a non-limiting example, carbon particles and aggregates containing
graphite and graphene were generated using a microwave plasma reactor system,
described in U.S. Patent No. 9,767,992, entitled “Microwave Chemical Processing
Reactor.” The microwave plasma reactor in this example had a main body made from
stainless steel with a quartz inner wall material. However, the quartz inner wall
material is not needed in all cases, and similar carbon materials can be produced in
reactors without quartz in or adjacent to the reaction zone. In some embodiments, it is
beneficial to produce the particulate carbon in a reactor that does not have quartz in or
adjacent to the reaction zone, because materials, such as oxygen, can decompose out
of the quartz and become incorporated as unwanted impurities in the produced carbon
materials. The reaction zone volume was approximately 45 cm®. The precursor
material was methane and was optionally mixed with a supply gas (e.g., argon). The
flow rate of methane was from 1 to 20 L/min, the flow rate of the supply gas was
from O to 70 L/min. With those flow rates and the tool geometry, the residence time
of the gas in the reaction chamber was from approximately 0.001 second to
approximately 2.0 seconds, and the carbon particle production rate was from
approximately 0.1 g/hr to approximately 15 g/hr. After the aggregates were
synthesized and collected, they were post-processed by annealing at a temperature
from 1000 to 2200 °C in an inert atmosphere for a duration of approximately 60 to
approximately 600 minutes.

[0050] The particles produced in this example contained carbon aggregates
containing a plurality of carbon nanoparticles, where each carbon nanoparticle
contained graphite and graphene and did not contain seed particles. The particles in
this example had a ratio of carbon to other elements (other than hydrogen) of

approximately 99.97% or greater.
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[0051] FIG. 4 shows a Raman spectrum of the particulate carbon of this
example, taken using 532 nm incident light. The particles in FIG. 4 were produced
using precursors containing argon. The spectrum has a 2D-mode peak 310 at
approximately 2690 cm™!, a G-mode peak 320 at approximately 1580 cm™!, and a D-
mode peak 330 at approximately 1350 cm™!, and the 2D/G intensity ratio is greater
than 0.5. The 2D/G intensity ratio for the particles produced in FIG. 4 is
approximately 0.7.

[0052] The size of the aggregates in this example have a median of
approximately 11.2 microns as-synthesized, and approximately 11.6 microns after
annealing. The size distribution of the as-synthesized aggregates had a 10™ percentile
of approximately 2.7 microns, and a 90" percentile of approximately 18.3 microns.
The annealed aggregates size distribution had a 10" percentile of approximately 4.2
microns, and a 90" percentile of approximately 25.5 microns.

[0053] The electrical conductivity of the aggregates was measured after being
compressed into pellets. The as-synthesized (i.e., before annealing) material had a
conductivity of 800 S/m when compressed using 2000 psi of pressure, and a
conductivity of 1200 S/m when compressed using 12,000 psi of pressure. The
annealed material had a conductivity of 1600 S/m when compressed using 2000 psi of
pressure, and a conductivity of 3600 S/m when compressed using 12,000 psi of
pressure.

[0054] FIGs. 5A and 5B show SEM images, and FIGs. 6A and 6B show TEM
images, of the carbon aggregates of the particulate carbon of this example showing
graphite and graphene allotropes. The layered graphene is clearly shown within the
distortion (wrinkles) of the carbon. The 3D structure of the carbon allotropes is also
visible. The carbon allotropes in this example have a 3D structure with a hierarchical
mesoporous, few layer, graphene structure with a specific edge-to-basal plane ratio.
In some embodiments, the edge-to-basal plane ratio for the graphene in the present
particulate carbon is about 1:10, or about 1:100, or from 1:10 to 1:100.

[0055] The surface area of the aggregates in this example were measured
using the nitrogen BET method and the density functional theory (DFT) method. The
surface area of the aggregates as determined by the BET method was approximately
85.9 m?/g. The surface area of the aggregates as determined by the DFT method was

approximately 93.5 m?/g.
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[0056] In contrast to conventionally produced carbon materials, the
microwave plasma reactor produced carbon particles and aggregates in this example
contained graphite and graphene had high purity, high electrical conductivities, and
large surface areas. Additionally, these particles had Raman signatures indicating a
high degree of order, and contained no seed particles.

[0057] In some embodiments, the particulate carbon in the present gas sensors
contains doped carbon materials (e.g., carbon doped with H, O, N, S, Li, Cl, F, Si, Se,
Sb, Sn, Ga, As, and/or other metals), undoped carbon materials, or combinations
thereof. Doped carbon can also include carbon with a matrix allotrope doped with
carbon atoms (not in the matrix structure) and/or doped with other types of carbon
allotropes. Doped carbon materials can also be doped with functional groups, such as
amine (NH3) groups. In some embodiments, doped carbon materials are formed using
a dopant material, where the dopant material is introduced within a gas, liquid, or
colloidal dispersion and fed into a reactor that is used to produce the doped particulate
carbon. For example, dopant materials can be combined with a hydrocarbon
precursor material and cracked in a reactor (e.g., a microwave plasma reactor or a
thermal reactor) to produce a doped particulate carbon.

[0058] In some embodiments, the particulate carbon in the present gas sensors
contains nano-mixed particulate carbon. In some embodiments, the surface area,
structure, and/or surface activity of the present particulate carbon materials are tuned
by nano-mixing the carbon particles within the carbon materials with particles of
other materials. In some embodiments, particles of nano-mix additive materials can
be beneficially integrated with particles of the graphene-based carbon on a particle
level, which shall be referred to as nano-mixing in this disclosure. The average
diameter of the particles of the nano-mix additive material and the graphene-based
carbon materials in the nano-mixed particulate carbon can be from 1 nm to 1 micron,
or from 1 nm to 500 nm, or from 1 nm to 100 nm, or can be as small as 0.1 nm. In
some embodiments, the nano-mix additive material and the graphene-based carbon
material are chemically bound, or are physically bound, together in the nano-mixed
particulate carbon. In some embodiments, the nano-mixing involves introducing
nano-mix additives during particulate formation (e.g., during a hydrocarbon cracking
process in a microwave plasma reactor or in a thermal reactor) such that the nano-mix
additive material is integrated into the graphene-based carbon material as the carbon

material is produced, rather than combining a carbon raw material with an additive in
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a later process as in certain conventional methods. In some embodiments, the nano-
mix additive material can be introduced as a gas, liquid, or colloidal dispersion into a
reactor that is used to produce the nano-mixed particulate carbon. As an example,
silicon can be input into a reactor along with a hydrocarbon process gas (or other
carbon-containing process material such as a liquid alcohol) to produce silicon nano-
mixed with graphene, graphene-based carbon materials, and/or other carbon
allotropes. In other examples, the resulting nano-mixed particulate carbon of the
present embodiments can contain particles of O, S, LixSy (where x=0-2 and y=1-8),
Si, Li2sSis, Lizo-xSis.y (Where x=0-21.9, and y=1-4.9), and Li22-xSis.y-,M, (where x=0-
21.9,y=1-4.9,z=1-4.9. and M is S, Se, Sb, Sn, Ga, or As), and/or other metals.

[0059] In some embodiments, the particulate carbon to be used in the present
gas sensors are produced and collected, and no post-processing is done. In other
embodiments, the particulate carbon is produced and collected, and some post-
processing is done. Some examples of post-processing include mechanical
processing, such as ball milling, grinding, attrition milling, micro-fluidizing, jet
milling, and other techniques to reduce the particle size without damaging the carbon
allotropes contained within. Some examples of post-processing include exfoliation
processes such as shear mixing, chemical etching, oxidizing (e.g., Hummer method),
thermal annealing, doping by adding elements during annealing (e.g., O, S, Li, Si, Se,
Sb, Sn, Ga, As, and/or other metals), steaming, filtering, and lypolizing, among
others. Some examples of post-processing include sintering processes such as SPS
(Spark Plasma Sintering, i.e., Direct Current Sintering), Microwave, and UV (Ultra-
Violet), which can be conducted at high pressure and temperature in an inert gas. In
some embodiments, multiple post-processing methods can be used together or in
series. In some embodiments, the post-processing can produce the functionalized
carbon nanoparticles or aggregates described herein.

[0060] The particulate carbon described herein can be combined with a
second phase of material to create composite films. These composite films can be
fabricated utilizing different methods to create specific detector responses.

[0061] In an example, solid carbon particles (e.g., particle size from 0.3
microns to 40 microns) and polymer beads (e.g., ball mixed for size reduction and
improved aggregation) can be mixed in a ratio of 90:10 respectively (or in ratios from
95:10 to 5:95). This mixture can then be cast onto a substrate (e.g., one containing

pre-fabricated electrodes, or an antenna platform), and then treated (e.g., using a low
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temperature, post treatment in an inert gas oven, a reactive gas oven, or a vacuum
oven).

[0062] In another example, the mixing of the solid carbon particles and
polymer beads described in the example above can be further combined with a solvent
to form an ink, which can then be deposited onto a substrate (e.g., cast using doctor
blade, or printed). After deposition, the film can then be treated at a low temperature
to remove the solvent and consolidate the film.

[0063] In another example, particulate carbon can be encapsulated with a
polymer to form colloidal core-shell structures that can be printed onto antenna
platform using various techniques including inkjet printing, aerosol spray coating,
spin coating and roll coating.

[0064] In another example, the particulate carbon can be combined with a
soluble polymer to form jettable inks for printing. In such applications, conductive
binders, such as silver flakes/particles, can also be added to tune the dielectric
properties (e.g., at particle-particle contact points).

[0065] ELECTROCHEMICAL SENSORS

[0066] FIG. 7 is a plan view schematic of an electrochemical gas sensor 400,
in accordance with some embodiments. The gas sensor 400 has a circuit containing a
first electrode 410 printed from a conductive ink, a second electrode 411 printed from
a conductive ink, a non-volatile electrolyte 420 that electrically couples the first
electrode 410 to the second electrode 411, a signal generator 460 (shown as a voltage
source), and a measurement (or detection) circuit element 470 (shown as a mega-Ohm
resistance measurement in the figure, but could also be a capacitance, impedance or
other electrical measurement in other embodiments). The presence of a target
chemical produces a detectable signal between the two electrodes 410 and 411. For
example, the change in the resistance of the circuit, the capacitance of the circuit,
and/or the impedance of the circuit can be used as a detection signal. One of the
electrodes 410 or 411 serves as the sensing electrode, and the other is the counter
electrode. In some embodiments, one or both of the electrodes 410 and 411 contain
particulate carbon (e.g., the particulate carbon described herein), silver particles,
metal particles, conductive oxide particles (e.g., indium tin oxide and/or fluorine-
doped tin oxide particles), or other conductive particulate materials (including any
aspect ratio particulates, such as those shaped as spheroids, rods, and wires). In other

embodiments, one or both of the electrodes 410 and 411 contain carbon allotropes
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such as, but not limited to, graphene, graphenes (graphene-based materials), graphene
oxide, reduced graphene oxide, graphite oxide, graphite intercalation compounds,
graphite, graphane, carbon nano-onions, diamond, p-type diamond, n-type diamond,
glassy carbon, amorphous carbon, activated carbon, carbon black and/or carbon nano-
tubes. The carbon materials in the first electrode 410 may be the same as or different
from the carbon materials in the second electrode 411. In one embodiment, the first
electrode 410 includes a high surface area, highly conductive carbon allotrope
combined with a redox mediator such as from the class of metallocenes (e.g.,
ferrocene), while the second electrode 411 includes a conductive ink with a low
surface area carbon allotrope with no redox mediator. In various embodiments, the
first electrode 410, second electrode 411, and electrolyte 420 are all printed on a
substrate 450, such as by ink-jet printing. In some embodiments, the substrate 450 is
arigid or flexible material, such as paper, such as paper used in a label material.
Some other non-limiting examples of substrate materials are polymers (e.g.,
polyethylene terephthalate, or polypropylene), and cardboard. One benefit of the
present gas sensors is that they can be printed on many different substrates, in
accordance with some embodiments.

[0067] In some embodiments, the electrolyte 420 can be ink-jet printed and
contain materials such as polymer electrolytes, ceramics, or monomers that solidify
into a suitable solid electrolyte. Examples of liquid electrolyte materials include
ionic liquids, such as 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide,
1-butyl-3-methylimidazolium hexafluorophosphate, 1-butyl-3-methylimidazolium
tetrafluoroborate, 1-hexyl-3-methylimidazolium
tris(pentafluoroethyl)trifluorophosphate, 1-butyl-1-methylpyrrolidinium
bis(trifluoromethylsulfonyl)imide, ethylammonium nitrate, and
tetrabutylmethylammonium bis(trifluoromethylsulfonyl)imide. Ionic liquid
monomers with acrylate functional groups can be in-situ polymerized to make
polymer ionic liquids, such as poly(tetrabutylphosphonium3-sulfopropylacrylate) or
poly(tributylhexylphosphonium 3-sulfopropylacrylate). Alternatively, solid polymer
electrolytes could be used, which include a copolymer of poly(tetrafluoroethylene)
with poly(sulphonylfluoride vinyl ether) (commercial example includes Nafion 117
from DuPont), poly(dimethyldiallyammoniuim chloride), plasticized
poly(vinylchloride) containing tetrabuylammonium hexafluorophosphate, and

poly(ethylene oxide) complex with silver trifluoromethane sulfonate. In some
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embodiments, the electrolyte 420 contains a reactive chemistry additive and serves as
a sensing material (e.g., and neither of the electrodes contains a reactive chemistry
additive). In such cases, the presence of the target chemical is detected by measuring
a change in a signal (e.g., the capacitance of the circuit) in the sensor 400 due to the
change in the electrical properties of the electrolyte. Not to be limited by theory, in
some cases, charge arising from electron transfer from a reactive chemistry additive
(e.g., a redox mediator material) compound to a target molecule (e.g., the compound
of interest (i.e., analyte or target chemical), or products arising from the compound of
interest) affects the electrical properties of the electrolyte, thereby affecting the signal
in the gas sensor 400. The electrolyte 420 can have as a solvent: water, polar organic
solvents, ionic liquids, or polymer electrolytes, for instance. In some embodiments,
the electrolyte can be printed from a class of polymer electrolytes or ionic liquids. In
some cases, the sensing reactions (i.e., the interaction of the sensing material with the
analyte) in any of the gas sensors described herein occur at room temperature and
ambient pressure, or at elevated temperatures (e.g., from 30 °C to 80 °C). In some
cases, photons (e.g., visible light, or UV light) are introduced to the sensing material
of any of the gas sensors described herein to increase the rate of the sensing reactions.

[0068] In other embodiments, one or both of the first and second electrodes
410 and 411 serves as a sensing material, and includes a redox mediator, where the
redox mediator may be in the form of a polymer or a solution. That is, in some
embodiments, at least one of the first electrode, the second electrode, or the
electrolyte material contains a redox mediator.

[0069] The one or both of the first and second electrodes 410 and 411, or the
electrolyte 420 can include a redox mediator, which is a compound that donates or
receives a proton or an electron from an electrode and performs reduction or oxidation
of a substance in bulk solution away from the electrode by transferring this electron or
proton to/away from the substance. FIG. 8 is a table that lists non-limiting examples
of possible redox mediators that may be used in the present embodiments. In some
embodiments, the redox mediator is an organometallic material, such as a metallocene
(e.g., ferrocene). In various embodiments, the redox mediator is a polymer or a
solution in which there is non-covalent tethering of the redox mediator to the carbon
one or more of the gas sensor components (e.g., the first or second electrodes 410 and
411, and/or the electrolyte 420), covalent tethering, or the redox mediator is

untethered to the carbon. Tethering — whether covalent or non-covalent — causes the
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redox mediator to be immobilized by binding it to a component of the sensor (e.g., the
positive electrode). Covalent tethering of the mediator refers to chemically bonding a
material that has redox activity to a carbon (e.g., using organic chains comprised of,
for instance, combinations of carbon, oxygen, nitrogen, silicon, sulfur, and/or
hydrogen).

[0070] FIG. 9 shows an example of an electrochemical gas sensor 600 in
another embodiment of an electrochemical sensor, where a first electrode 610 and a
second electrode 611 are configured as interdigitated fingers to increase the area for
electrical interaction between the electrodes, which can be beneficial for example in
cases where the electrolyte contains the sensing material (e.g., reactive chemistry
additives). Additionally, such an interdigitated electrode geometry can be used to
tune the capacitance of the sensor element to allow it to be integrated with other
circuit elements more advantageously. In some embodiments, the first and second
electrodes 610 and 611 are printed using carbon-based conductive inks (optionally
containing one or more redox mediators), as described in relation to the sensor 400 of
FIG. 7. An electrolyte 620, which can include a redox mediator (as described in
relation to FIGs. 7 and 8), can be printed as a layer over the electrodes 610 and 611.
In the illustrated embodiment, the electrolyte 620 is configured as a circular layer
(e.g., by applying a droplet of the electrolyte during fabrication of the sensor).
However, in other embodiments the electrolyte 620 can be formed (e.g., ink-jet
printed or cast) in other geometries, such as a rectangular layer, or other patterned
shape to impact the electrical properties of the sensor circuit. Some non-limiting
examples of materials for the electrolyte are polymers(e.g., poly (ether urethane)
(PEUT), polyepichlorohydrin (PECH), polyisobutylene (PIB), and alkyl cellulose) ,
ceramics, or monomers that solidify into a suitable solid electrolyte. The first
electrode 610, second electrode 611, and electrolyte 620 can all be printed on a
flexible or rigid substrate 650, where the substrate 650 may be, for example, an SiO»-
coated paper or polymeric material.

[0071] In some embodiments, the electrodes and electrolytes of the present
embodiments contain the particulate carbon described herein, and are tuned to sense
the target chemical. In some embodiments, tuning the particulate carbon materials
includes functionalizing the particulate carbon to be sensitive to certain materials. For
example, the particulate carbon can contain one or more reactive chemistry additives

which react with a target chemical to be detected. Some non-limiting examples of
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target chemicals moieties that can be detected by the sensors of the present disclosure
include, but are not limited to, acetone, ammonia, carbon monoxide, ethanol,
hydrogen peroxide (H202), nitro (NOz) groups, oxygen, and water (i.e., to detect
humidity levels). Characteristic interactions between these chemicals and reactive
chemistry additives of one or more of the gas sensor components are used to detect
the presence of these chemicals. For example, NO; groups withdraw electrons, NH3
gas is an electron donor, CO> gas is an electron donor, acetone is a neutral molecule,
H>20: is an oxidizer, and ethanol is an electron donor. When a gas species interacts
with a reactive chemistry additive in the sensing material, these types of interactions
change the electrical properties (e.g., the conductivity, or the complex impedance) of
the sensing material, which causes a change in the measured response from the gas
sensor indicating the presence of the species.

[0072] In an example, a sensing material in a gas sensor contains particulate
carbon containing p-type doped graphene semiconductors, which have a response
towards NO2, CO,, or NH3 gases. NO- gas or NO> containing molecules
adsorb/desorb on a graphene surface via three possible adsorption configurations:
nitro, nitrite and cycloadditions. During these configurations, there is a charge
transfer between NO>z molecules and the p-type graphene molecules. The electron
withdrawing effect of NO> increases the hole-density which leads to a decrease in
resistance (or a change in the complex impedance spectrum). CO; and NH3 are
donors, so the resistance of the p-type doped graphene semiconductors increase (or
the complex impedance spectrum changes) due to a depletion in hole density.

[0073] In another example, a sensing material in a gas sensor contains
particulate carbon containing n-type graphene composites, which can be used for
acetone sensing. In graphene-zinc-ferrite composites, surface oxygen sp hybrid
orbitals interact with acetone to form CO; and H>O, and release free electrons which
decreases the resistance (or change the complex impedance) of the sensing material.
In a further example, a graphene composite with iron (II) reacts with H>O» to produce
Oz and Fe (IIT). Either Oz can be detected, or UV can be used to check the
wavelength of the Fe (II) complex.

[0074] In some embodiments, the carbon allotropes within the particulate
carbon in the present sensors can be tuned to detect the desired chemical by utilizing a
certain microstructure, such as the porosity or curvature (e.g., curved graphene) of the

carbon. The carbons can contain sp3, sp2 and/or sp hybrid orbitals, or a combination
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of these. In other embodiments, tuning can be achieved by adding reactive chemistry
additives in the form of functional groups to the carbon, such as oxygen, ketones, or
carboxyl. The tuning in the various embodiments may be achieved during initial
production of the carbon, and/or by post-processing after the carbon has been made.
The post-processing, as described herein, can include steps such as changing the
surface area of the carbon material (e.g., by ball milling), changing the conductivity,
adding functional groups, or a combination of these.

[0075] In an experimental run, a sensor similar to that of FIG. 9 was used to
test for the presence of hydrogen peroxide. The interdigitated fingers in this example
contained the particulate carbon described herein. The redox mediator solution was
10 uL of 5 mM bis(pentamethylcyclopentadienyl) iron (II), 100 mM
tetraecthylammonium tetrafluoroborate, and 25 mM KOH in butylmethylimidazolium
tetrafluoroborate. The sensor was activated by applying a voltage of 1.0 V in the
absence of peroxide and then allowed to equilibrate for 5 minutes to establish a
baseline current. The sensor was then put into an atmosphere containing peroxide
(single digit parts per million to parts per billion) for 1.0 hr, after whicha 1.0 V
voltage was applied and the current was measured. The results are shown in Table 1
below.

Table 1: Sample experimental results for electrochemical sensor

No peroxide Peroxide vapor present
Test cycle 1 Test cycle 2
Current 2.63 uA 19.7 uA 20.5 uA
E we 311 nWh 1912 nWh 1973 nWh

As can be seen from Table 1, the baseline currents increased approximately 650% —
from 2.63 pA to 19.7 pA — and remained constant (20.5 uA) for the second hold/test
cycle. Thus, the electrochemical sensor demonstrated the ability to detect peroxide
with high sensitivity using low amounts of electrical power.

[0076] HIGH FREQUENCY SENSORS

[0077] Some electrochemical sensors utilize direct current (DC) electrical
signals to detect changes to a sensing material (e.g., changes in charge carrier
concentration causing a change in resistance to indicate chemistry, and/or changes in

molecular structure causing a change in capacitance to indicate chemistry). While
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such DC gas sensors are capable of sensing low levels of chemistry, the detection
range without costly equipment (e.g., utilizing high power energy sources) to drive
chemical reactions makes widespread adoption impractical for most applications. In
the present embodiments, alternating current (AC) signals are used to detect
characteristic, reversible impedance responses of a sensing material. In some such
gas sensors, a multi-frequency AC signal (e.g., RF current with a range of
frequencies) is applied to a sensing material within a sensing circuit and the complex
impedance of the circuit is detected. The frequencies of the AC signals used in such
“high frequency” gas sensors are typically greater than 1 kHz, or are from 1 kHz to 20
GHz, or are from 100 kHz to 20 GHz.

[0078] High frequency gas sensors contain AC circuits with a sensing material
incorporated. The geometries and materials in the AC circuits can be tuned to be
sensitive to certain frequency ranges, and the complex impedance of the AC circuit
changes upon interaction with an analyte that changes the complex impedance of the
sensing material. In general, the complex impedance of a material within the AC
circuit will affect the signals detected from the circuit and can be tuned to tune the
response of the circuit. For example, the sensing material can contain a carbon
material, the properties of the carbon material can affect the complex impedance, and
therefore the complex impedance of a carbon sensing material and a sensing circuit
containing that material can be controlled by specifically tuning the properties of the
carbon materials (e.g., the structure of the carbon materials, the types of allotropes
present, and the concentration of defects in any ordered carbon allotropes present).

[0079] In some embodiments, high frequency gas sensors contain a structured
material within the sensing material. The complex impedance of a structured material
is a result of the inherent materials properties forming the structure as well as the
geometry of the structure, such as the pore size, the pore spacing and the macroscopic
shape of the material. In the case of composite structured materials, the distribution
of the materials with different properties also affects the complex impedance of the
material. For example, electrically conductive materials (e.g., the particulate carbons
described herein) can be structured into a mesoporous structure and be decorated with
other materials such as dielectrics or permeable materials. In some embodiments, the
structure, composition, distribution of materials, and/or the concentration of
impurities and/or defects are changed to tune the complex impedance of a structured

sensing material within a high frequency gas sensor. Such a structured sensing
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material is beneficial in high frequency resonant gas sensors because they contain a
variety of random paths and path lengths available for conduction at many
frequencies, which can provide a sensor with a wide bandwidth of possible
frequencies with which to detect a target analyte. In some embodiments, the
structured materials (e.g., with the particulate carbon described herein) are frequency
selective materials, which are used in high frequency circuits within the present gas
Sensors.

[0080] In some embodiments, dielectric polarization modification impedance
spectroscopy is utilized, which is a low-cost method for detecting low concentrations
of analytes (e.g., volatile gases or vapors) in a gas sensor. In some embodiments, an
impedance spectroscopy measurement can be used to detect the modulation of
properties of a sensing material containing reactive chemistry additives (e.g., a
structured sensing material containing particulate carbon and a redox mediator in the
presence or absence of an analyte). For example, selective frequency interrogations
of S21 (i.e., the transmission of a high frequency signal through an AC circuit or
system) and S11 (i.e., the reflectance of a high frequency signal from an AC circuit or
system) can be used to detect a change in the complex impedance of the sensing
material and/or circuit (or system) as a whole. The operation of the gas sensor relies
on a change in the measured S21 or S11 value upon exposure to an analyte.

[0081] The combination of such high frequency gas sensors (e.g., utilizing
impedance spectroscopy) and the unique properties of the particulate carbon
described herein (e.g., structure, surface area, and conductivity) enables gas sensors
that are able to generate the same results as the more costly counterparts (e.g.,
detecting an analyte with concentrations in the parts per million (ppm) or parts per
billion (ppb) ranges) at a greatly reduced price, and an improved ease of adoption and
portability. The low power requirement of the present embodiments allows for the
system to be powered by battery systems and in some cases using energy harvester
systems. Additionally, the imaginary part of the complex impedance of the sensing
materials described herein have spectral signatures (e.g., peaks in the spectra) that can
discriminate one molecular arrangement from others, enabling the detection of several
molecules with one sensor.

[0082] FIG. 10 shows an example embodiment of a chemical sensor 800 in
which high frequency (e.g., impedance) spectroscopy is used as the detection method.

Sensor 800 includes a first electrode 810, a second electrode 811, and a dielectric 820
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sandwiched between the electrodes 810 and 811, all of which are arranged on
substrate 850. In some embodiments, the electrodes 810 and 811 and/or the dielectric
820 are printed from inks on the substrate 850. Substrate 850 may be rigid or
flexible, for example, a label. In some cases, a device may be formed on both sides of
a substrate. In some embodiments, the electrodes 810 and 811 contain the particulate
carbon described herein, silver particles, metal particles, conductive oxide particles
(e.g., indium tin oxide and/or fluorine-doped tin oxide particles), or other conductive
particulate materials (including any aspect ratio particulates, such as those shaped as
spheroids, rods, and wires). In other embodiments, one or both of the electrodes 810
and 811 contain a carbon allotrope such as, but not limited to, graphene, graphene
oxide, carbon nano-onions, and/or carbon nano-tubes. In some embodiments, one
electrode includes a metal while the other electrode does not. One or both electrodes
810 and 811 and/or dielectric 820 can include a reactive chemistry additive (e.g., a
redox mediator), as described in reference to the electrochemical sensors above,
which is tuned to one or more target analyte (e.g., volatile gas or vapor) species.

[0083] In operation, an AC source 830 applies AC signals having a range of
frequencies (e.g., greater than 1 kHz, or from 10 kHz to 20 GHz, or from 10 kHz to 1
GHz, or from 500 kHz to 20 GHz, or from 500 MHz to 20 GHz) to the sensor 800,
and a detection circuit 860 detects a change in impedance at specified frequencies
when the target substance interacts with (e.g., is absorbed into, or adsorbed onto) the
sensing material. In some embodiments, the sensor 800 uses an impedance
spectroscopy technique, in which specific target analyte chemicals interact with the
sensing material (e.g., containing the particulate carbon described herein) causing a
change in the complex impedance of the sensing material. The change in the complex
impedance can then be measured by the circuitry 860, and the measured change used
for detecting the target substance. In some embodiments, the sensing material
contains tailored carbon and a reactive chemistry additive with electrons that interact
with the target compound and change the resonance frequency.

[0084] HIGH FREQUENCY RESONANT SENSORS

[0085] One type of a high frequency gas sensor is a resonant gas sensor. In
some embodiments, a resonant gas sensor contains one or more sensing materials, and
changes to the resistivity and permittivity of the sensing materials result in changes to
the resonant behavior of the sensor. In some embodiments, such a resonant gas

sensor can be printed and utilize small electronics (e.g., a small IC chip), such that it
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can be miniaturized and produced at low cost. Such low cost miniature resonant gas
sensors have a myriad of applications including product labels on food packaging,
shipping labels on packages, and portable hazardous/toxic gas sensors. In some
embodiments, low cost resonant gas sensors are enabled by the particulate carbon
materials described herein, which improve the resonant gas sensor sensitivity
allowing for low power signals to produce adequate responses. For example, the high
the surface area and mesoporous structure of the particulate carbon allows more
analyte vapors to enter into the structure and increases the changes in the sensing
material resistivity and permittivity for a given analyte concentration. In some
embodiments, the sensing materials or materials making up the other elements (e.g.,
with the particulate carbon described herein) contain frequency selective materials,
which are used to tune the resonant frequencies of the resonant circuits within the
present gas sensors.

[0086] In some embodiments, the resonant gas sensors contain pickup
electrodes to provide AC signal power input to the sensing materials and detect an
output from the sensing materials. The geometries of the constituent elements can be
tuned in order to produce a resonant structure with certain frequency response in the
sensor. In addition, the materials properties (e.g., resistivity and/or complex
permittivity) of the sensing material can also be tuned to form a resonator structure or
composite with a certain spectral frequency response. Tuning the materials properties
and resonant structure geometries can be advantageous to enhance the performance of
the gas sensor to be more sensitive in certain frequency ranges.

[0087] In some embodiments, a resonant gas sensor system includes a
microprocessor, which provides a signal to a transducer (i.e., an antenna) that drives a
sensing material in the resonant gas sensor over a specific frequency range. The
microprocessor can also detect the response (e.g., the complex impedance spectrum of
the sensor). In different cases, the response can be a reflected AC signal (i.e., S11) or
a transmitted AC signal (i.e., S21). The sensing material can be integrated into the
transducer or be a separate element. Different resonant gas sensor architectures are
described below. In some cases, the response is compared to a database (i.e., a
library) of resonance spectra for a variety of molecular chemistries related to certain
molecules of interest (e.g., those in explosives, or rotting foods). In some
embodiments, the functionality of the detector and transducer are integrated into a

single, monolithic, patterned film structure, optionally integrated with other
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electronics such as an integrated microprocessor and/or communication chip (e.g., to
communicate a detection event to another device). The microprocessor (and other
optional integrated electronics) can be powered using an integrated battery or using
energy harvesting structures (e.g., using an antenna that absorbs RF energy or a
photocell that absorbs light, coupled to an integrated capacitor to store the harvested
energy). In some cases, such an integrated sensor can contain a resonant structure
with engineered properties (e.g., conductivity, and geometry) to minimize the antenna
absorption loss at high frequency.

[0088] In some embodiments, a resonant gas sensor contains a set of
electrically conductive elements that form a resonant structure. The resonant
structure itself exhibits resonance or resonant behavior, that is, it naturally oscillates
at some frequencies, called its resonant frequencies, with greater amplitude than at
others. These resonant structures within the sensors are used to select specific
frequencies from a signal (e.g., the signal provided by the microprocessor in the
resonant gas sensor systems described herein). For example, a resonant gas sensor
can contain two conductive electrodes surrounding and/or electrically coupled to a
dielectric or an electrically conductive gas sensing material, all of which form a single
resonant structure (along with other components of the system, in some cases). In
another example, a transducer (i.e., an antenna) can be excited with a signal, and the
sensing material can be arranged adjacent to the transducer such that the complex
impedance of the sensing material impacts a detected response. In some cases, the
electrode(s) and/or the gas sensing material can contain the particulate carbon
described herein. In some cases, the electrode(s) and/or the gas sensing material can
be printed and/or be deposited from a liquid, gas or ink dispersion.

[0089] In some cases, the resonant structures described above can be
incorporated into the resonant gas sensor circuit to form an LC tank circuit. For
example, a coiled antenna can be used as an inductive element, and a sensing material
between two electrodes can be used as a capacitive element, and the inductive and
capacitive elements can be connected in parallel or in series to form a tank circuit in a
resonant gas sensor. In some embodiments, a single transducer structure (e.g., a
coiled antenna) can contain (or be formed from) the sensing material, and also
provide the inductive and capacitive elements of the tank circuit. Such multi-
functional transducers can be driven by a microprocessor, and upon interaction with

an analyte the transducer material properties change, which change the characteristic

26



response of the gas sensor circuit, which in turn can be measured by detection
circuitry to detect the presence of an analyte. In other cases, the transducer does not
contain sensing materials, and the sensing materials change the properties of one or
more elements within the tank circuit (e.g., the capacitance of a capacitive element),
which change the characteristic response of the circuit, which in turn can be measured
by detection circuitry to detect the presence of an analyte.

[0090] When a gas sensitive material interacts with an analyte, the complex
electrical materials properties of the permittivity € = €’ —j&¢” (where j is the imaginary
unit) and permeability u = u’—ju” change. In a resonant gas sensor, the varying
material properties can lead to a change in the wave propagation of a signal (e.g., a
multi-frequency signal provided by a microprocessor) through a resonant structure
(e.g., an LC tank circuit, an antenna, or a microstrip line). In addition to the materials
properties, the wave propagation of a signal in a resonant gas sensor also depends on
the geometry of the structures formed by the elements of the sensor. In some cases,
the resonant structures in the resonant gas sensor contain one or more waveguides,
and the wave propagation of a signal also depends on the design of the waveguide(s).
Generally, electromagnetic waves are guided to a desired transmission mode by
restricting their expansion in one or two dimensions. One transmission structure for
waves with a transversal electromagnetic mode (TEM) is the planar microstrip line,
consisting of a strip conductor and a ground plane either separated by a dielectric
substrate or separated by a dielectric material on a single side of a substrate. The two-
dimensional structure of microstrips make them well suited for miniaturization and
integration with other components and, because of the planar structure, they can be
fabricated conventionally by thick or thin film technology. In some cases, the circuit
elements (e.g., resonant structures) are formed (e.g., by printing) on one side of a
substrate to create a resonator (e.g., a microstrip line with co-planar electrodes
separated by a dielectric gap), while in other embodiments, the elements are formed
(e.g., by printing) on both sides of a substrate to create a resonator (e.g., a patch
antenna separated from a ground plane electrode by a dielectric substrate containing a
sensing material). The substrate can be many different materials including rigid or
flexible materials, those with suitable dielectric properties, a polymer sheet, or paper.
In some cases, a base layer can be pre-deposited on the substrate to act as an

anchoring layer to absorb part of the deposited (e.g., printed) material and or to create
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a barrier to prevent absorption of the deposited material into the substrate (e.g.,
paper).

[0091] FIG. 11A shows a non-limiting example of a resonant gas sensor 1100
in side view and plan view, including a substrate 1110, a transducer 1120, a
microprocessor 1130, and a ground electrode 1140, in accordance with some
embodiments. A first terminal of the microprocessor 1130 is electrically coupled to a
first terminal of the transducer 1120, and the ground electrode 1140 completes the
circuit from a second terminal of the transducer to a second terminal of the
microprocessor 1130. In this example, the ground electrode is connected to the
second terminal of the transducer 1120 and to the second terminal of the
microprocessor 1130 through vias in the substrate (not shown). The transducer 1120
in this example is a spiral with successive loops with different dimensions. The
microprocessor 1130 provides AC signals at different frequencies to the first terminal
of the transducer 1120, and measures the response (either reflected from the
transducer 1120 or transmitted through the transducer 1120, in different
embodiments). In this example, the transducer 1120 contains a sensing material (e.g.,
a redox mediator), which is sensitive to an analyte, such that when the resonant gas
sensor 1100 is exposed to the analyte, the complex impedance of the transducer 1120
changes, and the response detected at the microprocessor 1130 changes indicating the
detection of the analyte. In other words, the complex permittivity and/or permeability
of the sensing material changes upon exposure to an analyte, which changes the
resonant frequency of the sensor circuit indicating the detection of the analyte.

[0092] FIG. 11B shows an example of a response from a resonant gas sensor
(e.g., 1100 in FIG. 11A) in the presence of an analyte of interest. The x-axis in the
plot in FIG. 11B is frequency (from 1 MHz to 5000 MHz), and the y-axis is the
reflected signal from the transducer (e.g., element 1120 in FIG. 11A) (i.e., S11, which
is the signal reflected back from the first terminal of the transducer) in dB. The
troughs in the plot in FIG. 11B indicate the resonant frequencies of the circuit, where
the AC signals are not reflected (e.g., dissipated) in the resonant circuit. These
troughs can change depending on the type and concentration of an analyte present,
and in some cases can be compared to a library to determine the identity of a detected
analyte species. Since the location of the troughs depends on the resonant frequencies
of the entire gas sensor circuit, in some embodiments, a library of analyte species and

concentrations is created for a specific resonant gas sensor design and materials set.
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[0093] FIG. 11C shows a non-limiting example of a resonant gas sensor 1102
in side view and plan view, including a substrate 1110, a transducer 1120, a
microprocessor 1130, a ground electrode 1140, and a sensing material 1150, in
accordance with some embodiments. The resonant gas sensor 1102 is similar to the
resonant gas sensor 1100, and further includes a separate sensing material 1150
disposed above and in between successive loops of the spiral transducer 1120. In this
example, the sensing material is sensitive to an analyte, such that when the resonant
gas sensor 1102 is exposed to the analyte, the frequency response of the resonant
circuit formed by the transducer 1120 and sensing material 1150 changes, and the
response detected at the microprocessor 1130 changes indicating the detection of the
analyte. The change in frequency response in this example can be caused by a change
in the inductance of the transducer 1120 and/or a change in the capacitance between
successive loops of the transducer 1120, which change the resonant frequencies of a
tank circuit formed by the transducer 1120 and sensing material 1150. In other
words, the complex permittivity and/or permeability of the sensing material changes
upon exposure to an analyte, which changes the resonant frequency of the sensor tank
circuit indicating the detection of the analyte.

[0094] FIG. 11D shows a non-limiting example of a resonant gas sensor 1104
in side view and plan view, including a substrate 1110, a transducer 1120, a
microprocessor 1130, a ground electrode 1140, a second electrical connection 1142, a
sensing material 1150, and a capacitive element 1160, in accordance with some
embodiments. The resonant gas sensor 1104 is similar to the resonant gas sensor
1100, and further includes a capacitive element 1160. The capacitive element 1160 in
this example is formed from interdigitated electrodes 1162 and 1164. In this example,
the capacitive element 1160 has the sensing material 1150 disposed on and between
the interdigitated fingers 1162 and 1164. In this example, the capacitive element
1160 is wired in parallel with the transducer 1120; the ground electrical connection
1140 is electrically coupled to electrode 1162 of the capacitive element 1160, and the
second electrical connection 1142 couples the electrode 1164 of the capacitive
element 1160 to the first terminal of the transducer 1120 (as described in resonant gas
sensor 1100 in FIG. 11A). Therefore, an LC tank circuit (with the inductive element
and capacitive element in parallel) is formed from the transducer 1120 and the
capacitive element 1160 in this example. In this example, the sensing material 1150

(e.g., a redox mediator) is sensitive to an analyte, such that when the resonant gas
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sensor 1104 is exposed to the analyte, the capacitance of the capacitive element 1160
changes, and the response detected at the microprocessor 1130 changes indicating the
detection of the analyte. In other words, the complex permittivity and/or permeability
of the sensing material changes upon exposure to an analyte, which changes
capacitance of the capacitive element 1160 and the resonant frequency of the sensor
tank circuit indicating the detection of the analyte. One advantage of separate
inductive and capacitive elements (e.g., as shown in resonant gas sensor 1104) is that
the resonant frequency of the tank circuit can be tuned. One example of this is
lowering the resonant frequency to a lower frequency range (e.g., from about 20 GHz
to about 1 GHz) to reduce the cost of the electronics required to drive the sensor
circuit.

[0095] FIG. 11E shows a non-limiting example of a resonant gas sensor
containing a substrate 1110, a transducer antenna 1120, and a composite detecting
film 1150 for sorption of an analyte (e.g., volatile organic solvent vapors), in
accordance with some embodiments. The composite detecting film 1150 contains a
structured particulate conducting phase encapsulated with a polymeric binder. Insets
1170 and 1180 show schematics of the particulate conducting phase 1172
encapsulated by the polymer binder 1174. Inset 1180 shows a volatile gas (or more
generally, an analyte) adsorbed by the polymer binder and/or the interior surfaces of
the particulate carbon. In some embodiments, the polymer binder contains one or
more reactive chemistry additives, which interact with an analyte and cause the
electrical properties of the sensing material 1150 to change. In other embodiments, a
reactive chemistry additive (e.g., a dissolved salt) can be deposited on and within the
pores of the particulate carbon. In some cases, the reactive chemistry additives can be
incorporated into the particulate carbon and the polymer binder to further improve the
sensitivity of the sensing material. In some cases, the reactive chemistry additive can
be added to the particulate carbon and the sensing material can contain the particulate
carbon and no polymer binder. Inset 1190 shows schematics of graphene sheets 1192
and the porous 3-dimensional structure 1194 of the particulate carbon in the
composite detecting film 1150. Some non-limiting examples of the structured
particulate conducting phase can contain 3-dimensionally structured microporous or
mesoporous graphene-containing particles, or the particulate carbon described herein.
Some non-limiting examples of polymeric binder include PEUT, PECH, PIB, and

alkyl cellulose. Such structures are beneficial to detect analyte species and
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concentration in resonant gas sensors because they produce characteristic, reversible
impedance responses that can be measured (or transduced) with a high frequency
(resonant) antenna element.

[0096] FIG. 11F shows a non-limiting example of a resonant gas sensor 1106
in side view and plan view, including a substrate 1110, a transducer 1122, a
microprocessor 1130, a ground electrode 1140, and a sensing material 1150, in
accordance with some embodiments. The resonant gas sensor 1106 contains similar
elements to those in resonant gas sensor 1100, however, the transducer 1122 in this
example is a patch antenna in the shape of a circle, which is electrically coupled to a
first terminal of the microprocessor, rather than a spiral antenna. The ground plane is
formed from ground electrode 1140 on the opposite side of substrate 1110, and is
coupled to a second terminal of the microprocessor through a via in the substrate (not
shown in the figure). The substrate 1110 in this example contains the sensing
material. In this example, the sensing material 1150 (e.g., a redox mediator) is
sensitive to an analyte, such that when the resonant gas sensor 1106 is exposed to the
analyte, the frequency response of the resonant circuit formed form the transducer
1122 and the sensing material 1150 changes, and the response detected at the
microprocessor 1130 changes indicating the detection of the analyte. Similar to the
examples shown in FIGs. 11A, 11C and 11D, the response can either be reflected
from the patch antenna transducer 1122 back to the first terminal of the
microprocessor, or be transmitted through the patch antenna transducer 1122 and be
detected at the second terminal of the microprocessor (connected to the ground
electrode 1140), in different embodiments.

[0097] The resonant gas sensors described in FIGs. 11A, 11C, 11D and 11F
are non-limiting examples only, and many other variations exist. For example, the
electrodes, transducers, capacitive elements and/or substrates can contain sensing
material in any of the above examples. In such examples, the sensing material itself
can be patterned to affect the resonant frequencies of the gas sensor circuit.
Additional elements can also be added, for instance, to provide additional sensing
materials that can affect the response from the circuits in the above examples. The
electrodes, transducers, capacitive elements and/or substrates in any of the above
examples can contain the particulate carbon described herein. The electrodes,
transducers, capacitive elements and/or substrates can be formed in many different

shapes as well. For example, the transducers can be rectangular spiral antennas (e.g.,
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as shown in FIGs. 11A, 11C and 11D), square spiral antennas, ovular spiral antennas,
or other types of spiral antennas. The patch antenna transducers can be circular (e.g.,
as shown in FIG. 11F), rectangular, square, ovular, or other patch-like shapes. Other
transducer shapes are also possible, such as patterns that are resonant at particular
frequency ranges. In some cases, more than one transducer can be driven by a single
microprocessor, and multiple signals from the circuits containing the multiple
transducers can also be detected by a single microprocessor. The circuits can also
contain waveguides (e.g., microstrip lines) instead of simple electrical connections
(e.g., as shown in FIGs. 11A, 11C, 11D and 11F) to conduct the AC signals between
elements in the gas sensor circuits. The geometry of the waveguides can be designed
such that there is low loss of the AC signals between elements in the circuits. The
capacitive elements can also be different types than that shown in FIG. 11D. For
example, a 3-dimensional capacitor can be formed with structured electrodes
surrounding a sensing material, to further increase the surface area of the capacitor
and further improve the capacitance change upon exposure to an analyte. The circuits
also can be electrically coupled by direct connections (e.g., as shown in FIGs. 11A,
11C, 11D and 11F), or can be coupled through a dielectric material since the AC
fields can extend outside of a waveguide or other resonant structure.

[0098] In some embodiments, the transducers used in the gas sensors
described herein are one or more of the antennas or transducers described in U.S.
Application No. 15/944,482, entitled “Microwave Chemical Processing,” which is
assigned to the same assignee as the present application, and is incorporated herein by
reference as if fully set forth herein for all purposes.

[0099] FIGs. 12A-12C show a time evolution of example spectra produced
when an analyte was detected by a resonant gas sensor similar to that shown in FIG.
11D, but the system in this example used a separate virtual network analyzer rather
than an integrated microprocessor. The resonant gas sensor in this example contained
a substrate that was paper with a silica layer deposited on the surface, and a printed
spiral transducer and capacitive element connected in parallel. The capacitive
element contained a sensing material with the particulate carbon described herein and
a reactive chemistry additive containing PEUT. The analyte in this example is
isopropyl alcohol mixed with acetone and water. FIGs. 12A, 12B and 12C show the
reflected signal (i.e. S11) from the circuit after about 1-2 seconds, about 15 seconds

and about 30 seconds, respectively. In the absence of any analyte the signal is a flat
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line with no features at 0 dB. FIG. 12A shows some evidence that an analyte is
present after only about 1-2 seconds. Therefore, the design and materials of the
resonant gas sensor in this example enable a fast detection of an analyte. FIG. 12C
shows multiple peaks representative of the analyte detected, and illustrates the
capability of this type of resonant gas sensor to identify a species of analyte (e.g., by
comparing a detected spectrum with those in a stored library).

[00100] The AC signals used by the resonant gas sensors described above
contain a set of frequencies (e.g., in a range from 1 MHz to 20 GHz), and the method
by which the signal is applied can vary. For example, a single frequency sweep can
be performed continuously, or periodically at various intervals (e.g., once every 1
second, 10 seconds, 1 minute, 10 minutes, or once an hour). In some cases, different
sweeps with different resolutions (i.e., frequency spacing between the different
frequencies within a range) can be performed at different intervals.

[00101] In one non-limiting example, a first coarse sweep is performed
followed by targeted sweeps. Other similar methods for supplying different
frequencies to a resonant gas sensor are also possible in different embodiments. In
this example, a first fast/coarse sweep of the frequency range is performed by the
microprocessor, and a peak is detected. After the first coarse sweep, the
microprocessor can drive the resonant sensor to the peak and dither around it to more
accurately ascertain the peak frequency and relative intensity values. Ascertained
peak values can be compared to a library of possible analytes, and in some cases, if
the library indicates a possible match, the microprocessor can be used to sweep to a
second peak in the spectrum of a possible analyte to obtain a second indicator as a
check to reduce the number of false positives. The peak values (and/or other features
of measured spectra) are compared to a library of possible analytes using an
integrated microprocessor (e.g., as shown in FIGs. 11A, 11C, 11D or 11F), or
communicating with a remote processor and/or database. Such a method containing a
first coarse scan followed by targeted subsequent dither scans can be beneficial to
provide high detection accuracy with lower power requirements than performing a
fine scan over a large set of potential analyte resonant frequencies. To further save
power, such a method can be performed periodically (e.g., once every 1 second, 10
seconds, 1 minute, 10 minutes, or once an hour). In some embodiments, the system
requirements can be relaxed to further save cost and power by targeting a +/- 20%

accuracy level for the concentration of a measured analyte. Although such a system
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may not provide highly accurate concentrations, it can have low power requirements
(e.g., less than 1 nW, or less than 1 pW) and have a low production cost (e.g., less
than 1 US dollar per unit, or less than 5 US dollars per unit, depending on the
complexity of the system and the number of analytes capable of being detected), and
therefore still be useful in many applications where indication and detection of an
analyte are needed and an accurate concentration measurement is not required (e.g., to
detect the presence of an explosive inside of a mailed package, or detecting the
occurrence of food spoilage in a packaged food product).

[00102] CHEMILUMINESCENCE SENSORS

[00103] Other embodiments include chemiluminescent sensors as shown in
FIG. 13. The sensor 900 includes a chemiluminescent composite material 910 printed
on a substrate 950. The material 910 includes a luminescent dye material 915
tethered to a graphene-based material 918, where the dye material is chosen based on
being a receptor for a certain target chemical molecule. In some embodiments, the
graphene-based material 918 is contained within the particulate carbon described
herein. Detection of various functional groups of a target chemical is indicated by a
wavelength shift in the absorption spectra of the dye. Due to electron transfer, there
is a change in the structure and excitation energy of the dye. In other words, due to
the presence of electron donating and withdrawing groups, the electronic state of the
dye is changed, causing the change in color and wavelength. Some non-limiting
example compounds for luminescent dyes include, for example, Ru(Bpy)3, or
analogues of it; or Au, Cu or Ag pyrazolytes. For example, peroxidase or chemical
vapors in contact with metallo-organic luminescent material can coordinate, resulting
in a wavelength shift which can be visually observed. In some cases, the dye-
sensitized graphene sheets, such as graphene oxide, are carboxyl-group
functionalized. Due to the high surface area and beneficial structure of the
particulate carbon described herein, the composite material provides a structure that
results in higher sensitivity than conventional chemiluminescent sensors.

[00104] SENSOR SYSTEMS

[00105] FIG. 14 shows a non-limiting example embodiment of a sensor system
701 in which multiple individual gas sensors are used for detecting one or more
chemical compounds (i.e., various analytes). Sensor system 701 includes a first
sensor 700a for detecting a first target chemical, and a second sensor 700b for

detecting a second target chemical. In this embodiment, both first sensor 700a and
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second sensor 700b are electrochemical sensors, but other types of sensors, described
herein, can also be used. For example, the gas sensors of the sensor system may be
electrochemical, high frequency, resonant, chemiluminescent, or a combination of
these. In some cases, first sensor 700a and second sensor 700b are printed on the
same substrate 750, such as a label. Each sensor 700a/b can include a first electrode
710a/b, a second electrode 711a/b, and an electrolyte 720a/b, where the components
include particulate carbon and redox mediators as described in relation to FIG. 7.
Although two sensors 700a and 700b are shown in this example, more than two
sensors can also be included. In some embodiments, an array of sensors can be used
to add functionality, such as the ability to detect multiple gases, subtract a background
level of moisture and/or improve the sensitivity to an analyte. Furthermore, other
non-printed sensors, such as IR sensors, can be included. As one example, an IR
sensor can be included to detect NO» groups.

[00106] An indicator 760 is coupled to sensors 700a and 700b through
electrical circuitry (not shown), where both sensors 700a and 700b must positively
sense detection of their target chemical in order for the indicator 760 to be activated.
The combination of all the individual target substances being present indicates that a
certain compound is present. Types of indicators 760 that may be used include an
optical indicator (e.g., a light emitting diode), an acoustic output, or a visual display
such as a text or graphic read-out. In other embodiments, the indicator 760 may be
part of the sensor devices, such as if the individual sensors themselves can provide a
positive indication of detection through a color change of the sensing material, or
other indicator mechanism. The sensor system 701 represents embodiments in which
the presence of multiple sensors in one device are utilized to detect a combination of
chemicals, in order to characterize an overall compound. The presence of multiple
sensors can also help rule out false positives.

[00107] In the sensor systems for detecting a chemical compound in some
embodiments, the sensor systems include a first sensor configured to detect a first
target chemical, a second sensor configured to detect a second target chemical that is
different from the first target chemical, and a substrate on which the first sensor and
the second sensor are printed. An indicator indicates when both the first sensor
positively detects the first target chemical and the second sensor positively detects the

second target chemical.
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[00108] Additionally, other components can be integrated with the gas sensors
to add functionality to a gas sensors system. Some non-limiting examples of electro-
active labels containing the present gas sensors, that also contain a display-based
human/machine interface are devices that can display telemetry, Q-codes or bar
codes, and/or icons. Example scenarios include telemetry, where information can be
updated, and/or have an image such as a gage; a Q-code (QR code) or bar code, using
digital data or number/text formats; and icons for packages where a color or image
change is displayed. In these various scenarios, a change in the display, such as in the
symbol or color, or a back-and-forth change, can be used to indicate the condition of
the product. These display telemetry devices are a new approach to providing
information about the contents of a package status, using a microprocessor-based
machine and user detection of the conditions within a package. The present devices
can also optionally include low power communications components (e.g., to
communicate directly with other electronic devices).

[00109] In anon-limiting example, a cardboard shipping box was equipped
with an electrochemical sensor similar to that shown in FIG. 9, a resonant sensor
similar to that shown in FIG. 11D, integrated microprocessors to drive the sensors and
detect signals from the sensors, a display to communicate visual information (e.g., a
species of analyte detected) and a wireless communication chip (i.e., a Wi-Fi chip) to
communicate information to other devices. The electronics were powered by an
integrated battery. The sensing material in the electrochemical sensor and the
resonant sensor in this example were both printed and both contained the particulate
carbon described herein. The beneficial properties of the particulate carbon coupled
with the sensor designs enabled them to utilize low power (e.g., with currents from
0.1 microamps to 5 microamps) to detect analyte species. This example illustrates
that gas sensors utilizing the particulate carbon described herein can be produced
using low cost low power driver/detection electronics that can be integrated into a
small package. Furthermore, this example showed that such low cost printed gas
sensors can also be integrated with other system components such as displays and
communication chips.

[00110] PRINTING OF CHEMICAL SENSORS

[00111] In some embodiments, gas sensor components (e.g., electrodes and
sensing materials) are printed from carbon-based inks (e.g., containing the particulate

carbons describe herein). The electrical components of the present gas sensors can be
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printed on backing materials such as labels, and integrated with other hardware
components on a substrate. More than one sensor can be printed on the same
substrate, such as multiple sensors of the same type, or different types of sensors (e.g.,
electrochemical, high frequency, chemiluminescent). Types of substrates — which
also may be referred to as backing materials — include rigid or flexible substrates, card
stock, labels, or other types of materials used for printing.

[00112] In some embodiments, printed gas sensor components containing the
particulate carbon described herein are further processed after printing to increase the
conductivity of the printed components. For example, particulate carbon containing
electrodes, transducers, and/or capacitive elements of the resonant gas sensors
described herein can be further processed after initial printing to increase the
conductivity of these printed components. In some embodiments, the transducers
described herein require high conductivities (e.g., greater than 3500 S/m, or greater
than 5000 S/m, or greater than 10000 S/m, in different embodiments) in order to
perform as effective transducers, and in some cases these conductivities cannot be
reached using printed particulate carbon without further processing. Some non-
limiting examples of processes to improve the conductivity of printed particulate
carbon materials are sintering and/or calendaring. For example, sintering can be
performed using a plasma, laser or microwave energy. In some cases, the sintering
process can locally heat the printed material and not substantially affect the substrate
and/or other underlying materials. In other embodiments, calendaring is performed to
increase the conductivity of the printed carbon materials. For example, calendaring
using a heated roller, or a roller equipped with an energy source (e.g., microwave
energy) to sinter and calendar simultaneously can increase the conductivity of the
printed particulate carbon.

[00113] In other embodiments, high conductivity printed gas sensor
components can be formed by printing a mixture of the present particulate carbon
with other conductive particles added to increase the conductivity of the printed
components. For example, the electrodes, transducers, and/or capacitive elements of
the resonant gas sensors described herein can be formed using such mixtures. Some
non-limiting examples of conductive particles that can be mixed with the particulate
carbon described herein are Ag, Sn and/or Sb particles. Printed components for gas
sensors containing the particulate carbon and additional conductive particles can be

advantageous in some embodiments because the particulate carbon provides
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beneficial structure to the printed components (e.g., high surface areas), and the
conductive particles improve the conductivity of the printed components.

[00114] The devices can be designed to operate in low power ranges, such as 0
to 1 volts, or less than 100 pW, or less than 1 uW. In some cases, the low power
consumption is made possible by the high conductivity, the high surface area and
mesoporous structure of the carbon-based materials used in printing the components,
the small size of the devices, the choice of detection methodologies, and optionally
the choice of display technologies. The overall device architecture may also use low
power technology for the various system components (e.g., gas sensor and indicator).

[00115] In some embodiments, the printed components are made from carbon-
based inks and can be electrically coupled to each other and/or to one or more
additional hardware components, which can be mounted on the substrate. The
hardware components can be, for example, one or more of an output display,
microcontroller units (MCU), switches, and capacitors, among others. The hardware
components use information stored in, generated by, and/or communicated from the
printed components, such as by processing or displaying data from the printed
components. The present devices can also optionally include low power printed
communications components.

[00116] In addition to the particulate carbon described herein, types of carbon
materials for the various embodiments of printed components can include, but are not
limited to, graphene, graphenes (graphene-based materials), graphene oxide, reduced
graphene oxide, graphite oxide, graphite intercalation compounds, graphite, graphane,
carbon nano-onions, diamond, p-type diamond, n-type diamond, glassy carbon,
amorphous carbon, activated carbon, carbon black and/or carbon nano-tubes, sulfur-
based carbons (e.g., sulfur melt diffused carbon), and carbons with metal (e.g., nickel-
infused carbon, carbon with silver nanoparticles, graphene with metal). The printed
components can be printed by, for example, screen printing or ink-jet printing.

[00117] Reference has been made to embodiments of the disclosed invention.
Each example has been provided by way of explanation of the present technology, not
as a limitation of the present technology. In fact, while the specification has been
described in detail with respect to specific embodiments of the invention, it will be
appreciated that those skilled in the art, upon attaining an understanding of the
foregoing, may readily conceive of alterations to, variations of, and equivalents to

these embodiments. For instance, features illustrated or described as part of one
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embodiment may be used with another embodiment to yield a still further
embodiment. Thus, it is intended that the present subject matter covers all such
modifications and variations within the scope of the appended claims and their
equivalents. These and other modifications and variations to the present invention
may be practiced by those of ordinary skill in the art, without departing from the
scope of the present invention, which is more particularly set forth in the appended
claims. Furthermore, those of ordinary skill in the art will appreciate that the
foregoing description is by way of example only, and is not intended to limit the
invention.

[00117A] Statements

1. A method for detecting an analyte, comprising:

providing a first carbon-based material comprising reactive chemistry additives;

providing conductive electrodes connected to the first carbon-based material;

exposing the first carbon-based material to the analyte;

applying a plurality of alternating currents having a range of frequencies across

the conductive electrodes; and

measuring a complex impedance of the first carbon-based material using the

plurality of alternating currents;

wherein:

the providing the first carbon-based material comprises using a microwave plasma

to produce carbon particles, and printing the carbon particles to form the first

carbon-based material; and

the reactive chemistry additives are tuned to the analyte.

2. The method of statement 1, wherein, the first carbon-based material
comprises:

carbon aggregates comprising a plurality of carbon nanoparticles, each carbon
nanoparticle comprising graphene;

the graphene in the plurality of carbon nanoparticles comprises up to 15 layers;
a percentage of carbon to other elements, except hydrogen, in the carbon
aggregates is greater than 99%;

a median size of the carbon aggregates comprising the carbon nanoparticles is

from 0.1 microns to 50 microns;
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a surface area of the carbon aggregates is from 10 m2/g to 300 m2/g, when
measured via a Brunauer—-Emmett—Teller (BET) method with nitrogen as the
adsorbate; and

the carbon aggregates, when compressed, have an electrical conductivity from 500

S/m to 20,000 S/m.

3. The method of statement 1, wherein the plurality of alternating

currents are applied across the conductive electrodes using a battery.

4. The method of statement 1, wherein the plurality of alternating
currents are applied in a first coarse sweep over a wider frequency range followed

by one or more finer sweeps over narrower frequency ranges.

5. The method of statement 1, further comprising:

comparing the measured complex impedance to a library of complex impedance
spectra; and

identifying an analyte species when the measured complex impedance matches a

complex impedance spectrum in the library.

6. A sensor for detecting an analyte, comprising:

a flexible substrate;

a resonant gas sensor circuit, comprising:

a transducer arranged on the flexible substrate;

a sensing material arranged on the flexible substrate and electrically coupled to
the transducer, wherein the sensing material comprises a first particulate carbon
and a reactive chemistry additive; and

a ground electrode electrically coupled to a first terminal of the transducer; and
a microprocessor arranged on the flexible substrate and electrically coupled to a
second terminal of the transducer and to the ground electrode, the microprocessor
comprising:

an alternating current (AC) source configured to supply a plurality of AC signals
to the first terminal of the transducer, the plurality of AC signals comprising a

range of frequencies; and
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a detection circuit that measures a plurality of AC signals reflected from the first
terminal of the transducer;

wherein the first particulate carbon in the sensing material comprises:

a plurality of carbon aggregates each comprising a plurality of carbon
nanoparticles, each carbon nanoparticle comprising graphene;

the graphene in the plurality of carbon nanoparticles comprises up to 15 layers;
a percentage of carbon to other elements, except hydrogen, in the carbon
aggregates is greater than 99%;

a median size of the carbon aggregates comprising the carbon nanoparticles is
from 0.1 microns to 50 microns;

a surface area of the carbon aggregates is from 10 m2/g to 300 m2/g, when
measured via a Brunauer—-Emmett—Teller (BET) method with nitrogen as the
adsorbate; and

the carbon aggregates, when compressed, have an electrical conductivity from 500

S/m to 20,000 S/m.

7. The sensor of statement 6, wherein the reactive chemistry additive is a
redox mediator that is covalently tethered, non-covalently tethered, or untethered

to the first particulate carbon.

8. The sensor of statement 6, wherein the flexible substrate comprises

paper or a flexible polymer.

9. The sensor of statement 6, wherein the transducer comprises a spiral
antenna.
10. The sensor of statement 6, wherein the transducer comprises

particulate carbon.

11. The sensor of statement 6, wherein the transducer comprises

particulate carbon and the sensing material.

12. The sensor of statement 6, wherein the sensing material is arranged

adjacent to the transducer.
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13. The sensor of statement 6, wherein the sensing material further
comprises a polymer binder and the sensing material is contained within the

polymer binder.

14. The sensor of statement 6, wherein the range of frequencies in the

plurality of AC signals is from 500 MHz to 20 GHz.

15. The sensor of statement 6, further comprising a capacitive element,
wherein:

the capacitive element comprises electrodes, which are electrically coupled to the
microprocessor and the transducer;

the capacitive element is wired with the transducer in a parallel or series
arrangement;

the transducer comprises an inductance; and

the capacitive element and the transducer form a tank circuit.

16. The sensor of statement 15, wherein the electrodes of the capacitive

element are interdigitated.

17. The sensor of statement 15, wherein the sensing material is arranged

between the electrodes of the capacitive element.

18. The sensor of statement 6, further comprising a battery arranged on the

flexible substrate.

19. The sensor of statement 6, further comprising an energy harvesting

structure arranged on the flexible substrate.
20. The sensor of statement 6, wherein the analyte is selected from the

group consisting of acetone, ammonia, carbon monoxide, ethanol, hydrogen

peroxide, nitro groups, oxygen, and water.
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What is claimed is:

1. A sensor for detecting an analyte, comprising:
a flexible substrate; and
a resonant gas sensor, comprising:

a transducer arranged on the flexible substrate, the transducer including a first
terminal configured to receive a plurality of alternating current (AC) signals from an
external AC source;

a sensing material electrically coupled to the transducer, the sensing material
including a first particulate carbon and a reactive chemistry additive; and

a ground electrode electrically coupled to a second terminal of the transducer.

2. The sensor of claim 1, wherein the first particulate carbon includes one or
more carbon aggregates, each carbon aggregate comprising a plurality of carbon

nanoparticles.

3. The sensor of claim 1, wherein the reactive chemistry additive comprises a

redox mediator.

4. The sensor of claim 1, wherein the flexible substrate comprises paper or a
flexible polymer.
5. The sensor of claim 1, wherein the sensing material is contained within a

polymer binder.

6. The sensor of claim 1, wherein the reactive chemistry additive is tuned to one

or more analytes.

7. The sensor of claim 1, wherein the sensor comprises a printed shipping label

or a printed food-packaging label.

8. The sensor of claim 1, wherein the transducer comprises a spiral antenna.
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9. The sensor of claim 8, wherein at least a portion of the sensing material is

disposed between successive loops of the spiral antenna.

10.  The sensor of claim 1, further comprising a capacitive element coupled to the
transducer.
11. The sensor of claim 10, wherein the capacitive element and the transducer

comprise a tank circuit.

12. The sensor of claim 11, wherein the tank circuit is configured to indicate
exposure of the sensor to the analyte based at least in part on changes in a resonant

frequency of the tank circuit.

13.  The sensor of claim 10, wherein the capacitive element includes a pair of

interdigitated electrodes.

14. The sensor of claim 13, wherein at least a portion of the sensing material is

disposed between one or more fingers of the interdigitated electrodes.

15. The sensor of claim 1, wherein the resonant gas sensor further comprises a
detection component configured to receive one or more AC signals reflected or

transmitted from the transducer.

16. The sensor of claim 15, wherein the detection component is configured to
indicate the exposure of the sensor to the analyte based at least in part on a complex

impedance of the sensing material.

17.  The sensor of claim 15, wherein the detection component is configured to
indicate exposure of the sensor to the analyte based at least in part on the one or more

AC signals reflected or transmitted from the transducer.

18. The sensor of claim 17, wherein the detection component is configured to
indicate the exposure of the sensor to the analyte based at least in part on a resonant

frequency of the one or more AC signals reflected or transmitted from the transducer.
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19.  The sensor of claim 18, wherein the resonant frequency is indicative of a type

of the analyte exposed to the sensor.

20.  The sensor of claim 18, wherein the resonant frequency is indicative of a

concentration of the analyte exposed to the sensor.
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