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FORMULATIONS FOR ENHANCED CHEMIRESISTIVE SENSING
Cross reference to related application

[0001] This application claims priority to U.S. Patent Application 62/024,924 filed on
July 15, 2014, which 1s hereby incorporated by reference in 1ts entirety.

Incorporation by Reference

[0002] All patents, patent applications and publications cited herein are hereby
incorporated by reference 1n their entirety in order to more fully describe the state of the art

as known to those skilled therein as of the date of the invention described herein.
Background

[0003] Gas sensing technology 1s being used 1n a wide variety of applications such as
safety, security, process monitoring or air quality control. Additional applications such as
cthylene or biogenic amine sensing 1n the food industry could benefit from gas sensors;

however, current sensor technology cannot meet the necessary requirements.

[0004] Current methods for detecting ethylene, biogenic amines, or ammonia 1n particular
include gas chromatography, photoacoustic spectroscopy, as well as electrochemical and
colorimetric methods. Each of these methods has disadvantages and trade-offs, including
being cumbersome, expensive, complex, bulky, limited in sensitivity and selectivity, lacking
in accuracy, and requiring significant power for operation and/or highly trained technicians to

carry out analysis.

[0005] Chemiresistive sensors have the potential of overcoming many of these limitations
and lead to sensing technology that 1s scalable, multiplexed, low-cost, low-power, portable,
highly selective, and highly sensitive. In order to become a feasible technology for real-world
applications, these sensors need to be sufficiently selective and have a sufficiently large

response to the desired analyte.

[0006] The formation of a paste of SWCNTs and 10nic¢ liquids without including detector

molecules and without mentioning the use 1n sensing was previously described by Fukushima

et al. (Fukushima et al., Science, 300, 2072-2074 and US 7,531,114 B2).
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Summary

[0007] One method to improve the sensing response 1s disclosed. A sensor material
including a plurality of conductive carbonaceous nanomaterial particles; a detector capable of
interaction with an analyte of interest; and an 1onic liquid, wherein the plurality of conductive
carbonaccous nanomaterial particles, the detector and the 1onic liquid are combined to form a
paste 1s described. The 10onic liquid 1s selected to facilitate analyte interaction with the paste

resulting in a change of the conductivity of the paste.

[0008] In some embodiments, the carbonaceous nanomaterial particles are carbon
nanotubes. In some other embodiments, the carbonaceous nanomaterial particles are selected
from a group consisting of graphite powder, single-layer graphene, double-layer graphene,

multi-layer graphene, reduced graphite oxide, and carbon black powder.

[0009] In any of the preceding embodiments, the 1onic liquid includes cations selected
from the group consisting of imidazolium cations, pyridinium cations, pyrrolidinium cations,
phosphonitum cations, and combinations thercof. In some other embodiments, the 1onic liquid
includes an anion selected from the group consisting of bis(trifluoromethanesulfonyl)imide
(TFSI-) anions, bis(fluorosulfonyl)imide (FSI—) anions, halide anions, nitrate anions,
tetratfluoroborate anions, hexafluorophosphate anions, bistriflimide anions, triflate anions,
tosylate anions and combinations thereof. In some other embodiments, the 1onic liquid
includes non-halogenated organic anions selected from a group consisting of formate,
alkylsulfate, alkylphosphate, glycolate and combinations thercof. In some other
embodiments, the 1onic liquid 1s 1-butyl-3-methylimidazolium tetrafluoroborate, 1-butyl-3-
methylimidazolium hexafluorophosphate, 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, 1-Butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, or 1-hexyl-3-methylimidazolium

bis(trifluormethylsulfonyl)imide.

[0010] In any of the preceding embodiments, the detector 1s covalently bonded to the
carbonaceous nanomaterial particle. In some other embodiments,, wherein the detector 18
non-covalently bonded to the carbonaceous nanomaterial particle. In some other

embodiments, the detector 1s constricted inside the carbonaceous nanomaterial particles.
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[0011] In any of the preceding embodiments, the detector 1s a small molecule, a polymer,

or a biological species. In some other embodiments, the biological species comprises a

peptide, protein, DNA, RNA or PNA.

[0012] In any of the preceding embodiments, the detector comprise a functional group
capable of binding an analyte of mterest 1n a solution, vapor phase, or solid phase. In some of
the embodiments, the functional group 1s sclected from a group consisting of a thiol, an

aldehyde, an ester, a carboxylic acid, a hydroxyl group or combinations thereof.

[0013] In any of the preceding embodiments, the detector 1s electron-rich or electron-poor
moicty; wheremn interaction between an analyte of interest and the detector comprises an

electrostatic interaction.

[0014] In any of the preceding embodiments, the detector includes a metal or metal-
containing compound. In some embodiments, the interaction between an analyte of interest
and the detector includes binding to the metal or metal-containing compound. In some other
embodiments, the metal containing compound is selected from a group consisting of titanium
salts, silver salts, platinum salts, gold salts, aluminum salts, nickel salts, palladium salts, and
copper salts. In some other embodiments, the metal-containing species includes a copper salt.

In some other embodiments, the metal-containing species comprises a palladium salt.

[0015] In some embodiments, the detector 18 selected from the group consisting of PdCl,,
5,10,15,20-tetraphenylporphyrmatocoblat(Ill) perchlorate ([Co(tpp)]ClOy), 3,6-D1-2-pyridyl-

1,2,4,5-tetrazine and combinations thereof.

[0016] In any of the preceding embodiments, the carbonaceous nanomaterial particles are
mixed with the detector 1n a ratio ranging from 3:1 to 1:10 by weight. In some embodiments,
the carbonacecous nanomaterial particles are mixed with the detector 1n a ratio ranging from

1:1to 1:10 by weight.

[0017] In any of the preceding embodiments, about 0.1 to 20 weight% of the
carbonaceous nanomaterial particles are mixed with the 1onic liquid. In some embodiments,
about 0.25 to 10 weight% of the carbonaceous nanomaterial particles are mixed with the

ionic liquid.
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[0018] In any of the preceding embodiments, the sensor material further includes
viscosity modifier additives. In some embodiments, the viscosity modifier additive 1s selected
from a group consisting of low molecular weight solvents, high molecular weight solvents,

plasticizers, ethylene glycol, tetracthylene glycol, thinners, and mineral oils.

[0019] In an aspect a device includes a first electrode and a second electrode; a sensor
material disposed 1n electrical contact with the first and second clectrode; wherein, the sensor
material includes the sensor material in accordance with any of the embodiments disclosed

above.

[0020] In some embodiments, the device turther includes an electrical circuit 1n
connection with an ammeter or voltmeter to detect the change 1n conductivity of the paste

forming the sensor material.

[0021] In some embodiments, the first and second electrodes are located on a rigid
substrate. In some other embodiments, the rigid substrate 1s selected from glass, polymeric

material and printed circuit board

[0022] In some embodiments, the first and second electrodes are located on a flexible
substrate. In some other embodiments, the flexible substrate 1s selected from paper and a

polymeric material.

[0023] In some embodiments, the first electrode and the second electrode are part of a
complex circuit. In some other embodiments, the complex circuit 1s a Near Field

Communication (NFC) chip or radio-frequency 1dentification (RFID) chip.

[0024] In an aspect, a method of detecting an analyte includes providing a sensing device
in accordance with any of the embodiments disclosed above; exposing the sensor material to
an environment, wherein a change in the conductivity of the sensor material indicates the

presence of the analyte; and detecting said change in conductivity of the sensor material.

[0025] In some embodiments, the method further includes transmitting the detected
changes 1n conductivity wirelessly to another device for analysis and storage. In some
embodiments, the method further includes detecting the analyte through a wireless radio
frequency communication. In some embodiments, the method further includes detecting an

output from a radio frequency identification tag including the sensor.
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[0026] In some embodiments, the analyte 18 a vapor.

[0027] In some embodiments, the analyte 18 selected from a group consisting of a thiol,
an e¢ster, an aldehyde, an alcohol, an ether, an alkene, an alkyne, a ketone, an acid, a base, and

a combination thereof.
[0028] In some embodiments, the analyte 15 a mold.

[0029] In some embodiments, the analyte 1s ethylene, a nitrogen-containing gas, or an

amine.
[0030] In some embodiments, the analyte 1s putrescine or cadaverine.

[0031] In some embodiments, the concentration of the analyte 1s 1n the range of 0 to 10%,
0 to 5%, 0 to 1%, 0 to 1000 ppm, 0 to 100 ppm, 0 to 80 ppm, 0 to 50 ppm, 0 to 10 ppm, 0 to
Sppm, 0 to 1 ppm, 0 to 0.5 ppm, 0 to 100 ppb, 0 to 50 ppb, or 0 to 10 ppb.

[0032] In some embodiments, the sensor material further undergoes a volumetric change
upon interaction with the analyte; and the method includes detecting the volumetric change

and deriving information regarding the analyte from said volumetric change.

[0033] In some embodiments, the sensor material further undergoes a color change upon
interaction with the analyte; and the method includes detecting the color change and deriving

information regarding the analyte from said color change.

[0034] In some embodiments, the analyte interacts with the detector to form a Van der

Waals interaction, a covalent bond, 1onic bond, hydrogen bond, or dative bond.

[0035] In some embodiments, the analyte interacts with the detector via a binding event
between pairs of biological molecules, wherein the biological molecules are proteins, nucleic
acids, glycoproteins, carbohydrates, or hormones. In some other embodiments, the pair of
biological molecules are selected from a group consisting of an antibody/peptide pair, an
antibody/antigen pair, an antibody fragment/antigen pair, an antibody/antigen fragment pair,
an antibody fragment/antigen fragment pair, an antibody/hapten pair, an enzyme/substrate
pair, an enzyme/inhibitor pair, an enzyme/cofactor pair, a protein/substrate pair, a nucleic
acid/nucleic acid pair, a protein/nucleic acid pair, a peptide/peptide pair, a protein/protein

pair, a small molecule/protein pair, a glutathione/GST pair, an anti-GFP/GFP fusion protein
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pair, a Myc/Max pair, a maltose/maltose binding protein pair, a carbohydrate/protein pair, a
carbohydrate derivative/protein pair, a metal binding tag/metal/chelate, a peptide tag/metal
ion-metal chelate pair, a peptide/NTA pair, a lectin/carbohydrate pair, a receptor/hormone
pair, a receptor/effector pair, a complementary nucleic acid/nucleic acid pair, a ligand/cell
surface receptor pair, a virus/ligand pair, a Protein A/antibody pair, a Protein G/antibody pair,
a Protein L/antibody pair, an Fc receptor/antibody pair, a biotin/avidin pair, a
biotin/streptavidin pair, a drug/target pair, a zinc finger/nucleic acid pair, a small
molecule/peptide pair, a small molecule/protein pair, a small molecule/target pair, a
carbohydrate/protein pair such as maltose/maltose binding protein (MBP), a small

molecule/target pair, and a metal 10n/chelating agent pair.

[0036] In an aspect a method of making the sensor material includes providing a plurality
of conductive carbonaceous nanomaterial particles; providing a detector selected to interact
with an analyte of interest; providing an 1onic liquid; mixing the plurality of conductive

carbonaceous nanomaterial particles, the detector and the 1onic liquid to form a paste.

[0037] In an aspect the method includes a method of making the sensor material
including providing a plurality of conductive carbonaceous nanomaterial particles; providing
a detector selected to interact with an analyte of mterest; providing an 1onic liquid; providing
a solvent miscible with the detector and the 10nic liquid; dissolving the detector and 1onic
liquid 1n the solvent to form a mix; adding the plurality of conductive carbonaceous
nanomaterial particles to the mix; and evaporating the solvent to form a paste comprising the

plurality of conductive carbonaceous nanomaterial particles, detector and 1onic liquid.
Brief Description of the Drawings

[0038] The above and other objects and advantages of the present disclosure will be
apparent upon consideration of the following detailed description, taken 1n conjunction with

the accompanying drawings, in which like reference characters refer to like parts throughout.

[0039] FIG. 1 shows a schematic for making the sensor material using the three essential

ingredients according to one or more embodiments;

[0040] FIG. 2 shows a schematic for the device for detecting an analyte using the sensor

material 1n accordance with this disclosure;
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[0041] FIG. 3 shows the sensing response of sensors fabricated using a paste of

SWCNTs, 1-butyl-3-methylimidazolium tetrafluoroborate (BMIM) BF,, and 5,10,15,20-
tetraphenylporphyrinatocoblat(IIl) perchlorate ([Co(tpp)]ClO4) with 10 wt% SWCNT content
in BMIM BF,4 and an SWCNT to [Co(tpp)]ClO4 ratio of 1:1 by mass. Arrows indicate the

start of a 100 sec exposure to 40 ppm cthylene;

[0042] FIG. 4 shows the sensing response of a sensor fabricated using a paste of

SWCNTs, BMIM BF,, and [Co(tpp)]ClO4 with 10 wt% SWCNT content in BMIM BF, and a
[Co(tpp)]ClO4 to SWCNT ratio of 4:1 by mass. Arrows indicate the start of a 300 sec and 600

sec exposure to 40 ppm cthylene;

[0043] FIG. 5 shows the sensing response of sensors fabricated using a paste of
SWCNTs, BMIM BF4, and [Co(tpp)]CIlO4 on paper with 5 wt% SWCNT content in BMIM
BF, and a [Co(tpp)]ClO4 to SWCNT ratio of 10:1, 5:1, and 1:1 by mass, respectively. Arrows

indicate the start of a 100 sec to 40 ppm cthylene

[0044] FIG. 6 shows the average sensing response of sensors fabricated using a
suspension of SWCNTSs and [Co(tpp)]ClO4, a suspension of SWCNTSs and [Co(tpp)]ClOy
coated with BMIM BF4, a paste of SWCNTs, BMIM BF4, and [Co(tpp)]ClO4, and a

suspension of pristine SWCNTSs to 40 ppm cthylene;

[0045] FIG. 7 shows the percent of initial response of sensors fabricated using a
suspension of SWCNTs and [Co(tpp)]ClO4, a suspension of SWCNTSs and [Co(tpp)]ClOy
coated with BMIM BF4, and a paste of SWCNTs, BMIM BF,4, and [Co(tpp)|C104 to 40 ppm

cthylene four weeks after sensor fabrication;

[0046] FIG. 8 shows the sensing response of sensors fabricated using a paste of

SWCNTs, BMIM BF,4, and [Co(tpp)]ClO4 with 1 wt% SWCNT content in BMIM BF, and a
[Co(tpp)]|ClO4 to SWCNT ratio of 5:1 by mass. Arrows indicate the start of a 100 sec to 40

ppm cthylene;

[0047] FIG. 9 shows the average sensing response of sensors fabricated using a

suspension of pristine SWCNTSs, and sensors fabricated from a paste of SWCNTs, BMIM
BF,, and [Co(tpp)]ClO4 to different analytes;
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[0048] FIG. 10A shows the sensing response of sensors fabricated using a paste of

SWCNTs, BMIM BF,, and [Co(tpp)]CIlO4 with 1 wt% SWCNT content in BMIM BF, and a
[Co(tpp)]ClO4 to SWCNT ratio of 5:1 by mass. Arrows 1ndicate the start of a 100 sec

expousre to 1, 2 and 5 ppm ammonia;
[0049] FIG. 10B shows the average sensing response recorded m FIG. 10A;

[0050] FIG. 11A shows the sensing response of sensors fabricated using a paste of
SWCNTs, BMIM BF4, and [Co(tpp)]ClO4 with 1 wt% SWCNT content in BMIM BF, and a
[Co(tpp)]ClO4 to SWCNT ratio of 5:1 by mass. Arrows indicate the start of a 100 sec

exposure to 2, 4, and 8 ppm cadavering;
[0051] FIG. 11B shows the average sensing response recorded m FIG. 11A;

[0052] FIG. 12A shows the sensing response of sensors fabricated using pastes of
SWCNT, PdCl,, and three types of 1onic liquids: 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (Ethyl TEMS), 1-Butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (Butyl TEMS),1-Hexyl-3-methylimidazolium
bis(trifluormethylsulfonyl)imide (Hexyl TEFMS). The lines indicate the start and end of the
500 sec exposure to 80ppm cthylene;

[0053] FIG. 12B shows the average sensing response recorded in FIG. 12A and the
average sensing response of sensors fabricated by drop-casting from a suspension of

SWCNTSs and PdCl, 1n 1sopropanol;

[0054] FIG. 12C shows the sensing response of sensors fabricated using pastes of
SWCNT, PdCl,, and BMIM BF, and sensors fabricated by drop-casting from a suspension of
SWCNTs and PdCl, 1n 1sopropanol to 80 ppm cthylene. The lines indicate the start and end
of the 500 sec exposure to 80ppm cthylene;

[0055] FIG. 13 shows the sensing response of sensors fabricated using pastes of
SWCNT, PdCl,, and 1-butyl-3-methylimidazolium hexafluorophosphate (Butyl HFP) to 80
ppm of e¢thylene. The lines indicate the start and end of a 500 sec exposure to 80ppm
cthylene;

[0056] FIG. 14A shows the sensing response of sensors fabricated using pastes of

SWCNT, [Co(tpp)]ClOy4, and three types of 1onic liquids: 1-ethyl-3-methylimidazolium
8
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bis(trifluoromethylsulfonyl)imide (Ethyl TEFMS), 1-Butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (Butyl TEMS),1-Hexyl-3-methylimidazolium
bis(trifluormethylsulfonyl)imide (Hexyl TEFMS). The lines indicate the start and end of the
500 sec exposure to 80ppm cthylene;

[0057] FIG. 14B shows the average sensing response recorded m FIG. 14A;

[00S8] FIG. 15 shows the average sensing response and error of sensors fabricated using
a paste of SWCNTs, BMIM BF4, and [Co(tpp)]ClO4 with 1 wt% SWCNT content in BMIM
BF, and a [Co(tpp)|ClO4 to SWCNT ratio of 5:1 by mass. The sensing material was applied

at various times during the fabrication process;

[0059] FIG. 16 shows the sensing response of sensors fabricated using a paste of
SWCNTs, BMIM BF4, and PdCl; with 0.25 wt% SWCNT content in BMIM BF,4 and a PdCl,
to SWCNT ratio of 5:1 by mass. The sensing material was applied at various times during the

fabrication process. Arrows indicate the start of a 100 sec exposure to 40 ppm cthylene; and

[0060] FIG. 17 shows the sensing response of sensors fabricated using a paste of
SWCNTs, BMIM BF,4, and PdCl, with 1 wt% SWCNT content in BMIM BF,4 and a Pd(Cl, to
SWOCNT ratio of 5:1 by mass. The sensing material was applied at various thicknesses.

Arrows 1ndicate the start of a 100 sec to 40 ppm cthylene.
Detailed Description

[0061] A sensor material includes a plurality of conductive carbonaceous nanomaterial
particles, a detector selected to selectively interact with an analyte of interest; and an 1onic
liquid wherein the plurality of conductive carbonaceous nanomaterial particles, the detector
and the 1on1c liquid are combined to form a paste. Further, the analyte can diffuse into the

paste to interact with the detector to change the conductivity of the paste.

[0062] FIG. 1 shows the components of the sensor material. The carbonaceous

nanomaterial 101 1s combined with the detector 102 and the 10onic liquid 103 to form a paste

104.

[0063] In certain embodiments, the carbonaceous nanomaterial particles 101 are carbon
nanotubes. In some embodiments, the carbon nanotubes are single-walled nanotubes. In some

embodiments, the carbon nanotubes are multi-walled nanotubes. In some embodiments, the

9
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carbon nanotubes are double-walled nanotubes. In some embodiments, the carbonaceous
nanomaterial particles 101 are selected from a group consisting of graphite powder, single-
layer graphene, double-layer graphene, multi-layer graphene, reduced graphite oxide, and

carbon black powder.

[0064] In certain embodiments, the detector 102 may be any moiety that may interact
with an analyte and/or that may be responsive to a change in a surrounding medium or
environment, and may be incorporated within the device in various configurations. For
example, the detector 102 may be a small molecule, a polymer, a biological species, or the
like. In some embodiments, the detector may comprise 1onic species (€.g., a salt). In some
embodiments, the detector 102 may comprise a neutral species. In some embodiments, the
detector 102 may be an organic, organometallic, or an inorganic species. In certain
embodiments, the detector 102 may be attached to the carbonaceous nanomaterial particles
via a covalent bond. In certain embodiments, the detector 102 may be attached to the
carbonaceous nanomaterial particles via a non-covalent bond. In certain other embodiments,
the detector 102 may be substantially contained within (e.g., dispersed within) the
carbonaccous nanomaterial particles, and may not form a covalent bond to the carbonaceous

nanomaterial particles.

[0065] In some embodiments, the detector 102 may comprise a biological or a
chemical group capable of binding another biological or chemical molecule 1n a medium
(e.g., solution, vapor phase, solid phase). For example, the detector 102 may include a
functional group, such as a thiol, aldehyde, ester, carboxylic acid, hydroxyl, and the like,
wherein the functional group forms a bond with the analyte. In some cases, the detector 102
may be an electron-rich or electron-poor moiety wherein interaction between the analyte and
the detector comprises an electrostatic interaction. In some embodiments, the 1nteraction
between the analyte and the detector 102 includes binding to a metal or metal-containing

moicty.

[0066] In some embodiments, the detector 102 may be a metal-containing species.
For example, the species may be a metal-containing species, including metal salts. In some
embodiments, the metal salt 1s a transition metal salt or complex. Some examples of metal
salts include, but are not limited to, T10O,, T1Cly, and other titanium salts, AgCl, AgPFG,
Ag(OCOCF;), Ag(SO;CF3), and other silver salts, PtCl, and other platinum salts, Au,Cls and
other gold salts, AI(OEt); and other aluminum salts, N1(SO3CF3),, N1Cl,, and other nickel

10
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salts, and Cu(SO;CF3) and other copper salts, In some embodiments, the species may be a
copper-containing species. In some embodiments, the copper-containing species 1s a salt,
such as a Cu(Il) salt. In some embodiments, the species may be a palladium-containing
species. In some embodiments, the palladium-containing species 1s a salt, such as a Pd(II)
salt. Some examples of specific metal containing species include, but are not limited to,
PdCl,. In certain embodiment, the detector 102 includes 5,10,15,20-
tetraphenylporphyrinatocoblat(IIl) perchlorate ([Co(tpp)]ClOy), 3,6-D1-2-pyridyl-1,2,4,5-

tetrazine and combinations thereot.

[0067] In certain embodiments, a combination of detectors described above 1s used n
form the paste to be used as the sensor material. For example, PdCl, and a copper salt may be

combined to be used as detector 102 for detecting ethylene.

[0068] Any of the known 10n1c liquids may be used as the 1onic liquid 103 1n accordance
with the disclosure. In some other embodiments, the 1onic liquid 103 includes cations
selected from the group consisting of imidazolium cations, pyridinium cations, pyrrolidinium
cations, phosphonium cations, and combinations thercof. In some other embodiments, the
ionic liquid 103 includes an anion selected from the group consisting of
bis(trifluoromethanesulfonyl)imide (TFSI—) anions, bis(fluorosulfonyl)imide (FSI—) anions,
halide anions, nitrate anions, tetratfluoroborate anions, hexatluorophosphate anions,
bistritlimide anions, triflate anions, tosylate anions and combinations thercof. In some other
embodiments, the 1onic liquid 103 includes non-halogenated organic anions selected from a
ogroup consisting of formate, alkylsulfate, alkylphosphate, glycolate and combinations
thercof. In certain embodiments the 1onic iquid 1s 1-butyl-3-methylimidazolium
tetrafluoroborate, 1-butyl-3-methylimidazolium hexatluorophosphate, 1-cthyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide, 1-Butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, or 1-hexyl-3-methylimidazolium

bis(trifluormethylsulfonyl)imide.

[0069] In some embodiments, the carbonaceous nanomaterial particles 101 are mixed
with the detector 102 1n a ratio ranging from 3:1 to 1:10 by weight. In certain embodiments,
the ratio of the carbonaceous nanomaterial particles 101 to detector 102 1s 1:1 by weight. In
certain other embodiments, the ratio of the carbonaceous nanomaterial particles 101 to
detector 102 1s 1:5 by weight. In certain other embodiments, the ratio of the carbonaceous

nanomaterial particles 101 to detector 102 1s 1:10.
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[0070] In some embodiments, about 0.1 to 20 weight % of the carbonaceous nanomaterial
particles 101 1s mixed with the 1onic liquid 103. In some other embodiments, about 0.25 to 20
welght % of the carbonaceous nanomaterial particles 101 1s mixed with the 1onic liquid 103.
In some embodiments, about 1 to 20 weight % of the carbonaceous nanomaterial particles
101 1s mixed with the 1onic liquid 103. In some other embodiments, about 5 to 20 weight%
of the carbonaceous nanomaterial particles 101 1s mixed with the 1onic liquid 103. In some
other embodiments, about 10 to 20 weight % of the carbonaceous nanomaterial particles 101
1s mixed with the 1onic liquid 103. In some other embodiments, about 0.25 to 10 weight % of
the carbonaceous nanomaterial particles 101 1s mixed with the 1onic liquid 103. In some
embodiments, about 1 to 10 weight % of the carbonaceous nanomaterial particles 101 1s
mixed with the 1onic liquid 103. In some other embodiments, about 5 to 10 weight % of the

carbonacecous nanomaterial particles 101 1s mixed with the 1onic liquid 103.

[0071] In some embodiments, the carbonaceous nanomaterial particles 101 are present 1n
the range of 0.1 weight % to 20 weight % 1n the paste. In some other embodiments, the
carbonaccous nanomaterial particles 101 are present 1n the range of 0.1 weight % to 15
weight % 1n the paste. In some other embodiments, the carbonaceous nanomaterial particles
101 are present in the range of 1weight % to 15 weight % 1n the paste. In some other
embodiments, the carbonaceous nanomaterial particles 101 are present in the range of 5

weight % to 15 weight % 1n the paste.

[0072] In some other embodiments, the detector 102 1s present 1in the range of 0.05
weight % to 65 weight % 1n the paste. In some other embodiments, the detector 102 1s present
in the range of 0.05 weight % to 45 weight % 1n the paste. In some other embodiments, the
detector 102 1s present 1n the range of 0.05 weight % to 15 weight % 1n the paste. In some
other embodiments, the detector 102 1s present 1n the range of 0.1 weight % to 65 weight %
in the paste. In some other embodiments, the detector 102 1s present 1n the range of 0.1
weight % to 45 weight % 1n the paste. In some other embodiments, the detector 102 1s present
in the range of 0.1 weight % to 15 weight % 1n the paste. In some other embodiments, the
detector 102 1s present 1n the range of 0.1 weight % to 15 weight % 1n the paste. In some
other embodiments, the detector 102 1s present 1n the range of 5 weight % to 65 weight % 1n
the paste. In some other embodiments, the detector 102 1s present in the range of 5 weight %

to 45 weight % 1n the paste.
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[0073] In some other embodiments, the 1onic liquid 103 1s present in the range of 20
welight % to 99.5 weight % 1n the paste. In some other embodiments, the 1onic liquid 103 1s
present in the range of 20 weight % to 75 weight % in the paste. In some other embodiments,
the 1onic liquad 103 1s present 1 the range of 20 weight % to 45 weight % 1n the paste. In
some other embodiments, the 1onic liquid 103 1s present 1n the range of 25 weight % to 99.5
weight % 1 the paste. In some other embodiments, the 1onic liquid 103 1s present in the range
of 25 weight % to 75 weight % 1n the paste. In some other embodiments, the 1onic liquid 103
1s present 1n the range of 25 weight % to 45 weight % 1n the paste. In some other
embodiments, the 1onic liquid 103 1s present 1n the range of 30 weight % to 99.5 weight % 1n
the paste. In some other embodiments, the 1onic liquid 103 1s present 1n the range of 30
welight % to 75 weight % 1n the paste. In some other embodiments, the 1onic liquid 103 1s

present 1n the range of 30 weight % to 45 weight % 1n the paste.

[0074] In some embodiments, the sensor material further includes additives such as
viscosity modifiers to tailor the physical properties of the paste used for various applications.
Suitable viscosity modified may be viscosity enhancers or viscosity reducers. Some suitable
viscosity modifiers include, but are not limited to, low and high molecular weight solvents,

plasticizers, ethylene glycol, tetracthylene glycol, thinners, mineral oils, etc.

[0075] Any known technique of mixing may be used to form the paste using the
components of the sensor material. In an embodiment, the mixing 18 done by ball milling,
wherein all the components are added and milled for a prescribed duration to form a
homogenecous paste. In some other embodiments, the mixing 1s done by ball milling, wherein
some components are added and milled for a prescribed duration to form a homogeneous
paste followed by addition of the remaining components and additional mixing 1n one or
multiple steps. In some other embodiments, the mixing of the ingredients 1s carried out using
a blender. In some other embodiments, the mixing of the ingredients 1s carried out using a

mortar and pestle.

[0076] In an aspect, a device includes a first electrode and a second electrode; a sensor
material disposed 1n electrical contact with the first and second electrode wherein, the sensor
material includes, a plurality of conductive carbonaceous nanomaterial particles; a detector
selected to selectively interact with an analyte of interest; and an 1onic liquid. The plurality of
conductive carbonaccous nanomaterial particles, the detector and the 1onic liquid are mixed

together to form a paste; and the analyte can diffuse into the paste to interact with the detector
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to change the conductivity of the paste. The device further includes an electrical circuit
capable of detecting the changes 1n the conductivity of the paste to detect information

regarding the analyte.

[0077] FIG. 2 shows a schematic for the device for detecting an analyte using the sensor
material 1n accordance with this disclosure. The device 200 includes a first electrode 201 and
a second clectrode 202 and a sensor material including carbonaceous nanomaterial particles,
detector and 10nic liquid, 1n electrical contact with the first electrode and the second
clectrode. The first electrode 201 and the second electrode 202 are connected to form an
clectrical circuit 204 with components capable of measuring the conductivity of the sensor

material 203.

[0078] In another aspect, the method of detecting an analyte includes providing a first
clectrode and a second electrode; providing a sensor material disposed in electrical contact
with the first and second electrode; wherein the sensor material includes a plurality of
conductive carbonaceous nanomaterial particles, a detector selected to selectively interact
with an analyte of interest; an 10nic liquid, wherein the plurality of conductive carbonaceous
nanomaterial particles, the detector and the 1onic liquid are mixed together to form a paste.,
The detector 1n the paste can interact with an analyte to change the conductivity of the sensor
material. The method further includes exposing the sensor material to the analyte, wherein
the exposure to analyte changes the conductivity of the sensor material, and detecting the

change 1in conductivity of the sensor material to gather information regarding the analyte.

[0079] In some embodiments, the first and second electrodes are located on a rigid
substrate such as, glass or a polymeric material. In some other embodiments, the first and
second electrodes are located on a printed circuit board. In some other embodiments, the first
and second electrodes are located on a flexible substrate. In some embodiments, the tlexible
substrate 1s paper. In some other embodiments, the flexible substrate 1s a polymeric material.
In some embodiments, the first and second electrodes are printed on the flexible substrate.
The printing of the electrodes may be carried out using any of the common techniques known
in the art. These techniques are, but not limited to, screen printing, off-set printing, gravure

printing, block printing, inkjet printing, relief printing, pad printing and intaglio.
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[0080] In some embodiments , the first electrode 201 and the second electrode 202 are

part of a complex circuit such as, a Near Field Communication (NFC) or radio-frequency

identification (RFID) chip.

[0081] In certain embodiments, the analyte 1s a vapor or a gas. In some embodiments, the
analyte 1s selected from a group consisting of a thiol, an ester, an aldehyde, an alcohol, an
cther, an alkene, an alkyne, a ketone, an acid, a base, or combinations thercof. In some other
embodiments, the analyte 1s a mold. In some other embodiments, the analyte 1s ethylene. In
some¢ embodiments, the analyte 1s a nitrogen-containing gas. In certain embodiments, the

analyte 15 an amine. In certain embodiments, the analyte 1s putrescine or cadaverine.

[0082] In some embodiments, the concentration of the analyte 1s 1n the range of 0 to 10%,
10 ppm to 10%, 100 ppm to 10%,1000 ppm to 10%, 1 to 10%, or 5 to 10%. In some other
embodiments, the concentration of the analyte 1s 1in the range of 0 to 5%, 10 ppm to 5%, 100
ppm to 5%, 1000 ppm to 5%, 1 to 5%, or 2 to 5%. In some other embodiments, the
concentration of the analyte 1s 1n the range of 0 to 1%, 10 ppb to 1%, 100 ppb to 1%, 1 ppm
to 1%, or 10 ppm to 1%. In some other embodiments, the concentration of the analyte 1s 1n
the range of 0 to 1000 ppm, 10 ppb to 1000 ppm, 100 ppb to 1000 ppm, 1 ppm to 1000 ppm,
or 10 ppm to 1000 ppm. In some other embodiments, the concentration of analyte 1s 1n the
range of 0 to 100 ppm, 10 ppb to 100 ppm, 100 ppb to 100 ppm, 1 ppm to 100 ppm, or 10
ppm to 100 ppm. In some other embodiments the concentration of analyte 1s 1n the range of
to 80 ppm, 10 ppb to 80 ppm, 100 ppb to 80 ppm, 1ppm to 80 ppm, or 10 ppm to 80 ppm. In
some other embodiments the concentration of analyte 1s in the range of 0 to 50 ppm, 10 ppb
to 50 ppm, 100 ppb to 50 ppm, 1 ppm to 50 ppm, or 10 ppm to 50 ppm. In some other
embodiments the concentration of analyte 1s in the range of 0 to 10 ppm, 10 ppb to 10 ppm,
100 ppb to 10 ppm, or 1 ppm to 10 ppm. In some embodiments, the concentration of the
analyte 15 1n the range of 0 to 1 ppm, 10 ppb to 1 ppm, or 100 ppb to 1 ppm. In some other
embodiments, the concentration of the analyte 1s 1n the range of 0 to 0.5 ppm, 10 ppb to 0.5
ppm, or 100 ppb to 0.5 ppm. In some other embodiments, the concentration of the analyte 1S
in the range of 0 to 100 ppb, or 10 ppb to 100 ppb. In some other embodiments, the
concentration of the analyte 18 1n the range of 0 to 50 ppb, or 10 ppb to 50 ppb. In some other

embodiments, the concentration of the analyte 1s 1n the range of 0 to 10 ppb.

[0083] The interaction between the analyte and the detector 102 1n the paste 104 used

to form the sensor material 203 may include formation of a bond, such as a covalent bond
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(¢.g. carbon-carbon, carbon-oxygen, oxygen-silicon, sulfur-sulfur, phosphorus-nitrogen,
carbon-nitrogen, metal-oxygen or other covalent bonds), an 1onic bond, a hydrogen bond
(e.g., between hydroxyl, amine, carboxyl, thiol and/or similar functional groups, for
example), a dative bond (e¢.g. complexation or chelation between metal 10ns and monodentate
or multidentate ligands), and the like. The interaction may also comprise Van der Waals
interactions. In one embodiment, the interaction comprises forming a covalent bond with an
analyte. In some cases, the interaction between the device and the analyte may comprise a
reaction, such as a charge transfer reaction. In some other embodiments, the species and/or
another device component may undergo a chemical or physical transformation upon a change
in the surrounding environment (¢.g., change 1in temperature) to produce a determinable

signal from the device.

[0084] The detector 102 1n the paste 104 used to form the sensor material 203 may
also interact with an analyte via a binding event between pairs of biological molecules
including proteins, nucleic acids, glycoproteins, carbohydrates, hormones, and the like.
Specific examples include an antibody/peptide pair, an antibody/antigen pair, an antibody
fragment/antigen pair, an antibody/antigen fragment pair, an antibody fragment/antigen
fragment pair, an antibody/hapten pair, an enzyme/substrate pair, an enzyme/inhibitor pair, an
enzyme/cofactor pair, a protein/substrate pair, a nucleic acid/nucleic acid pair, a
protein/nucleic acid pair, a peptide/peptide pair, a protein/protein pair, a small
molecule/protein pair, a glutathione/GST pair, an anti-GFP/GFP fusion protein pair, a
Myc/Max pair, a maltose/maltose binding protein pair, a carbohydrate/protein pair, a
carbohydrate derivative/protein pair, a metal binding tag/metal/chelate, a peptide tag/metal
ion-metal chelate pair, a peptide/NTA pair, a lectin/carbohydrate pair, a receptor/hormone
pair, a receptor/effector pair, a complementary nucleic acid/nucleic acid pair, a ligand/cell
surface receptor pair, a virus/ligand pair, a Protein A/antibody pair, a Protein G/antibody pair,
a Protein L/antibody pair, an Fc receptor/antibody pair, a biotin/avidin pair, a
biotin/streptavidin pair, a drug/target pair, a zinc finger/nucleic acid pair, a small
molecule/peptide pair, a small molecule/protein pair, a small molecule/target pair, a
carbohydrate/protein pair such as maltose/MBP (maltose binding protein), a small
molecule/target pair, or a metal 1on/chelating agent pair. Specific non-limiting examples of

species include peptides, proteins, DNA, RNA, PNA.
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[0085] In some embodiments, the analyte may contact, or may be positioned 1n
sufficient proximity to the sensor material 203, or may permeate into an interior portion of
the sensor material 203 to interact with the paste 104. In some embodiments, a volumetric or
dimensional change (¢.g., increase, decrease) of the sensor material may occur upon
interaction with an analyte. For example, a component of the device may “swell” upon
absorption of the analyte, wherein the change in volume may produce a change in a property
of the device. In some embodiments, the analyte may cause a change in color of the sensor

material 203.

[0086] The applicants have surprisingly found that combination of a detector with
carbonaceous nanomaterial particles and including this combination 1n a paste formed using
1onic hiquids provides unexpected and advantageous properties. These are, but not limited to,
significantly improved signal of response to the presence of an analyte, elongated service life
of the sensor, increased sensitivity, lower limit of detection, and enhanced selectivity. These
advantageous propertics cover multiple key performance metrics of a sensor and thus present

a significant advance.

[0087] Applicants have further surprisingly discovered that the above paste provides
greater sensitivity for sensing an analyte than compositions lacking an 1onic liquad carrier
and/or not 1n paste form. Since the analyte 1s required to diffuse into the paste and interact
with the detector to alter the properties such as electrical properties to produce a signal which
may be detected and analyzed for the detection of the analyte, one of ordinary skill 1n the art
would expect the performance, 1in terms of sensitivity and selectivity, of such a sensor to be
significantly reduced. Additionally, it 1s expected that due to the polar nature of the 1onic
liquids, the detector has a tendency to dissociate from the carbonaceous nanoparticle material
and show a selective affinity towards the 1onic liquid. Due to this the performance of the
sensor can be seriously impaired. Surprisingly, and contrary to common wisdom, the
applicants have 1dentified that not only 1s this feasible, but the resulting sensor material
provides enhanced properties as discussed below. The applicants hypothesize that the
interaction of the 1onic liquid with the carbonaceous nanoparticle surface leads to debundling
of the carbonaceous nanoparticle and thus increases the available carbonaceous nanoparticle
surface arca. As a result, the detector can interact more casily with the carbonaceous
nanoparticle and detector-analyte interactions lead to an enhanced effect for the conductivity

of the carbonacecous nanoparticle or the network of carbonaceous nanoparticles.
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[0088] Without being bound by theory, it 1s believed that the blending with the 10onic
liquid improves the dispersion of the detectors and the carbonaceous nanomaterial particles,
thereby increasing the surface arca of exposure. Also, contrary to the expected behavior, the
presence of the 1onic liquid does not impede the interaction of the analyte with the detector

and the carbonaceous nanomaterial particles.
Illustrative Examples

Materials and Measurements

[0089] The single-walled carbon nanotubes (SWCNT), 1-butyl-3-methylimidazolium
tetrafluoroborate , (97%, BMIM BF,), 1-cthyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (97%, Ethyl TEMS), 1-Butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (98%, Butyl TEMS),1-Hexyl-3-methylimidazolium
bis(trifluormethylsulfonyl)imide (98%, Hexyl TFMS) with 1-Butyl-3-methylimizaolium
hexafluorophosphate (97%, Butyl HFP), cadaverine (>97%), 1sopropanol (>99%), o-
dichlorobenzene (anhydrous), Palladium (I1I) Chloride and 3,6-D1-2-pyridyl-1,2,4,5-tetrazine
were purchased from Sigma-Aldrich and used as received. The detector, 5,10,15,20-
tetraphenylporphyrinatocoblat(Ill) perchlorate ([Co(tpp)]ClO4) was synthesized following
literature procedures (Sugimoto et al., Bull. Chem. Soc. Jpn., 54, 3425-3432). The analytes

1% ethylene gas 1n nitrogen (1.0001 vol% = 2%) and 1% ammonia gas in nitrogen (0.9979%

+ 2%), and the carrier gas dry nitrogen, were obtained from AirGas.

[0090] To determine the sensing capability of the devices, the change 1n conductivity of
the sensor was monitored upon analyte exposure. The sensing measurements were performed
using a PalmSens EmStat-MUX (PalmSens BV). The devices were placed 1n a custom-built
Tetlon enclosure, consisting of an mlet/outlet for gas flow and a gas chamber for exposure of
the sensor to the analyte. The device was connected to the potentiostat via a 64pin I1C Test
Clip (3M). A Sierra Instruments gas mixer system, a kin-tek gas generator, a custom-built
setup consisting of syringe pumps, or a custom-built setup consisting of peristaltic pumps was
used to generate various concentrations of the analyte by mixing the analyte with nitrogen

gas, air, or humidified nitrogen gas.

[0091] Sensing material was applied to devices via two different methods 1) applied with

a metal spatula or 2) using a screen printing mimicking method. The screen printing
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mimicking method was performed by placing a mask across the device. The mask had laser
cut holes over the space between the electrodes. Sensing material was spread across the holes,
and scraped using a blade giving a uniform thickness. Thickness of the material varied by

using different thicknesses of the masks.

Example 1

[0092] The following example describes the fabrication and measurement of a sensor

comprised of a SWCNT-BMIM BF, paste, with [Co(tpp)]ClO4 as the detector for the analyte.

[0093] The paste was prepared by grinding SWCNT, BMIM BF4, and [Co(tpp)]CIlO4 for
10 min using mortar and pestle. The composition of the paste was 10wt% SWCNT in BMIM
BF, and a 1:1 mass ratio of [Co(tpp)]|ClO4 to SWCNT. The substrate was made by
depositing a gold electrode pattern, with a 1mm electrode gap, onto a glass slide using a
thermal evaporator (Mill Lane Enginecering, EV-2000). The electrode pattern was made
using a shadow mask and layering 10nm of chromium then 100nm of gold. The sensors
were fabricated by placing the paste between the electrodes using a metal spatula. Additional
paste was added until the resistance of the sensor material between the electrodes was

between 7 and 30k€2 for each sensor.

[0094] To determine the sensing capability of the devices, the change in conductivity of
the sensor was monitored upon exposure to analyte, using the method described 1n “Materials
and Mecasurements.” The sensors were alternatingly exposed to the analyte, 40ppm cthylene
in nitrogen, and the carrier gas nitrogen for three cycles. FIG. 3 shows the sensing response
of sensors fabricated using a paste of SWCNTs, BMIM BF4, and [Co(tpp)]C104 with 10
wt% SWCNT content in BMIM BF4 and an SWCNT to [Co(tpp)]Cl1O4 ratio of 1:1 by mass.
Arrows indicate the start of a 100 sec exposure to 40 ppm ethylene. The average of the

sensing response for the sensors was determined to be 0.94%.
Example 2

[0095] The following example describes the fabrication and measurement of a sensor

composed of a 3,6-di1-2-pyridyl-1,2,4,5-tetrazine paste on a flexible paper device.

[0096] The paste was prepared by grinding SWCNT and BMIM BF4 using a mortar and
pestle. Then 3,6-di1-2-pynidyl-1,2,4,5-tetrazine was added to achieve a 4:1 mass ratio
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(tetrazine:SWCNT) and the components were mixed. The substrate was made by depositing a
gold electrode pattern, with a Imm electrode gap, onto weigh paper using a thermal
evaporator (Mill Lane Engineering, EV-2000). The electrode pattern was made using a
shadow mask and layering 10nm of chromium then 100nm of gold. The sensor was
fabricated by placing the paste between the electrodes using a metal spatula. Additional paste
was added until the resistance of the sensor material between the electrodes was between 1

and 4k<2 for each sensor.

[0097] To determine the sensing capability of the devices, the change 1n conductivity of
the sensor was monitored upon exposure to analyte, using the method described 1n “Materials
and Mecasurements.” The sensor was alternatingly exposed to the analyte, 40ppm cthylene 1n
nitrogen, for 300sec and 600sec, respectively, and nitrogen gas. FIG. 4 shows the sensing
response of a sensor fabricated using a paste of SWCNTs, BMIM BF4, and [Co(tpp)]ClO4
with 10 wt% SWCNT content in BMIM BF,4 and a [Co(tpp)]ClO4 to SWCNT ratio of 4:1 by
mass. Arrows 1ndicate the start of a 300 sec and 600 sec exposure to 40 ppm cthylene. The
sensing response was determined to be a 0.96% with a 300sec exposure, and a 1.0% with a

600scc exposure, with a mostly 1rreversible response.
Example 3

[0098] The following example describes the fabrication and measurement of

[Co(tpp)]ClO,4 paste sensors on a paper device.

[0099] The pastes were prepared by grinding the SWCNT, BMIM BF4, and
[Co(tpp)]|ClO4 for 10min using an agate mortar and pestle. Three Swt% of SWCNT 1n
BMIM BF, pastes were made: 1:1, 5:1 and 10:1 mass ratio of [Co(tpp)]|CIlO4 to SWCNT.
The substrate was made by depositing a gold electrode pattern, with a Imm electrode gap,
onto weigh paper using a thermal evaporator (Mill Lane Engineering, EV-2000). The
clectrode pattern was made using a shadow mask and layering 10nm of chromium then
100nm of gold. The sensor was fabricated by placing the pastes between the electrodes
using a metal spatula. Additional paste was added until the resistance of the sensor material

between the electrodes was between 7 and 30k for each sensor.

[0100] To determine the sensing capability of the devices, the change 1n conductivity of

the sensor was monitored upon exposure to analyte, using the method described 1n “Materials
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and Mecasurements.” The sensors were alternatingly exposed to the analyte, 40ppm cthylene

in nitrogen, and the carrier gas nitrogen for three cycles.

[0101] FIG. 5 shows the sensing response of sensors fabricated using a paste of
SWCNTs, BMIM BF4, and [Co(tpp)]CIlO4 on paper with 5 wt% SWCNT content in BMIM
BF, and a [Co(tpp)]ClO4 to SWCNT ratio of 10:1, 5:1, and 1:1 by mass, respectively. Arrows
indicate the start of a 100 sec to 40 ppm cthylene. The average sensing response for the 1:1

mass ratio pastes was 1.7%, while the 5:1 and 10:1 pastes were lower at an average of 0.24%

and 0.33%, respectively.

[0102] This result suggests that as the amount of the sensor material 1s increased, the

sensor response increases. However, a threshold 1s expected after which additional increase 1n

the detector amount will not produce a proportional increase 1n the response, since the

conductivity of the total system will be marginalized due to the reduction of the conductive

carbonaccous nanomaterial particles, such as carbon nanotubes.

Example 4

[0103] The following example describes the fabrication and measurement of three types
of sensors: 1) SWCNT-[Co(tpp)]ClO4 layer, 2) BMIM BF, layered on a SWCNT-
|Co(tpp)]|ClO4 layer, and 3) SWCNT-[Co(tpp)]Cl1O4 paste.

[0104] The substrate was made by depositing a gold electrode pattern, with a Imm

clectrode gap, onto a glass slide using a thermal evaporator (Mill Lane Engineering, EV-

2000). The clectrode pattern was made using a shadow mask and layering 10nm of

chromium then 100nm of gold.

[0105] The SWCNT-[Co(tpp)]ClO4 sensors were prepared by dropcasting a suspension

containing SWCNT and [Co(tpp)]CIlO,4. The suspension was prepared by sonicating
[Co(tpp)]ClO4 (10:1 mass ratio of [Co(tpp)]ClO4to SWCNT) and 0.25mg/mL SWCNT 1n o-

dichlorobenzene for 1 minute. The suspension was dropcast until the resistance of each

sensor was between 7-10k€2. Between each successive dropcast of the suspension, the device

was vacuum dried until complete solvent removal.

[0106] The sensor comprised of a BMIM BF, layer on a SWCNT-[Co(tpp)]ClO4 layer,
was prepared by dropcasting the SWCNT-[Co(tpp)|C1O4 suspension until the resistance of
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cach sensor was between 2-5k€). Between cach dropcast, the device was vacuum dried until
solvent was completely removed. A 10mg/mL BMIM BF, solution in methanol was dropcast
(1uL drop) on the SWCNT-[Co(tpp)]ClO4 layer. The device was vacuum dried to remove

the methanol.

[0107] The [Co(tpp)]|ClO4 paste sensors were prepared by grinding SWCNT, BMIM
BF,, and [Co(tpp)]ClO4 for 20min using an agate mortar and pestle. The paste composition
was 1wt% of SWCNT in BMIM BF; with a 5:1 mass ratio of [Co(tpp)]CI1O4 to SWCNT. The
sensors were fabricated by placing the paste between the electrodes using a metal spatula.
Additional paste was added until the resistance of the sensor material between the electrodes

was between 7 and 30k for each sensor.

[0108] Additionally, a pristine SWCNT sensor was fabricated by dropcasting a
suspension of SWCNTSs 1n ortho-dichlorobenzene. The suspension was prepared by
sonicating SWCNT (0.25mg/mL) 1n o-dichlorobenzene for 1 minute. The suspension was
dropcast until the resistance of each sensor was between 7-10k€2. Between each successive

dropcast of the suspension, the device was vacuum dried until complete solvent removal.

[0109] To determine the sensing capability of the devices, the change in conductivity of
the sensor was monitored upon exposure to analyte, using the method described 1n “Materials
and Mcasurements.” The sensors were alternatingly exposed to the analyte, 40ppm cthylene
in nitrogen, and the carrier gas nitrogen for three cycles FIG. 6 shows the average sensing
response of sensors fabricated using a suspension of SWCNTSs and ([Co(tpp)]ClO4, a
suspension of SWCNTs and ([Co(tpp)]ClO4 coated with BMIM BF4, a paste of SWCNTs,
BMIM BF4, and ([Co(tpp)]ClO4, and a suspension of pristine SWCNTs to 40 ppm cthylene.

[0110] The average sensing response for the single layered SWCNT-[Co(tpp)]C1O4
sensors was 0.13%. The BMIM BF, coated SWCNT-[Co(tpp)]ClO4 sensors had an average
1.3% response, thus a ten-fold improvement compared to the uncoated SWCNT-
[Co(tpp)]|ClO4 sensor. The [Co(tpp)]ClO4 paste sensors had an average 2.5% response at
40ppm, with a two-fold improvement compared to the BMIM BF, coated sensor and a

twenty-fold improvement compared to the uncoated SWCNT-[Co(tpp)]|CIlO4 sensor.

[0111] As discussed above, this unexpected improvement 1n the signal 1s attributed to the

improved dispersion of the detector and the carbon nanotubes 1n the 10nic liquid paste. As
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identified by the applicants, since the 1onic liquid does not impede the diffusion of the analyte
into the paste, the relative response produced by the paste as a sensor material 1s significantly
stronger than other configurations, such as a simple detector and carbon nanotube
combination without the 1onic¢ liquid, or a configuration wherein the 1onic liquid 1s coated

above the detector and the carbon nanotubes.

[0112] Further, 1t 1s anticipated that the improved response of the device with the paste as
the sensor material will elongate the working life. This 1s expected since, the sensor has a

longer available functioning period before the strength of the response falls below a threshold

after which detection of the analyte 1s not possible.

Example 35

[0113] The following example describes the fabrication and measurement of three types
of sensors over the course of four weeks: 1) SWCNT-[Co(tpp)]ClO4 layer, 2) BMIM BEF4
layered on a SWCNT-[Co(tpp)|ClO4 layer, and 3) [Co(tpp)]ClO4 paste.

[0114] The substrate was made by depositing a gold electrode pattern, with a Imm
clectrode gap, onto a glass slide using a thermal evaporator (Mill Lane Engineering, EV-

2000). The clectrode pattern was made using a shadow mask and layering 10nm of

chromium then 100nm of gold.

[0115] The SWCNT-[Co(tpp)]ClO4 sensors were prepared by dropcasting a SWCNT and
|Co(tpp)]|ClO4 suspension. The suspension was prepared by sonicating [Co(tpp)]C1O,4 (10:1
mass ratio of [Co(tpp)]ClO4 to SWCNT) and 0.25mg/mL SWCNT 1n o-dichlorobenzene for 7
minutes. The suspension was dropcast until the resistance of each sensor was between 7-
10k€Q2. Between each successive dropcast of the suspension, the device was vacuum dried

until complete solvent removal.

[0116] The sensor comprised of a BMIM BF, layer on a SWCNT-[Co(tpp)]C1O4 layer,
was prepared by dropcasting the SWCNT-[Co(tpp)]ClO4 suspension until the resistance of
cach sensor was between 2 and Sk€2. Between cach dropcast, the device was vacuum dried

until solvent was completely removed. A 2 mg/mL. BMIM BF, solution in methanol was

dropcast (1 uL drop) on the SWCNT-[Co(tpp)|ClO4 layer. The device was vacuum dried to

remove the methanol.
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[0117] The [Co(tpp)]ClO4 paste sensor was prepared by grinding SWCNT, BMIM BF4,
and [Co(tpp)]ClO4 for 10min using an agate mortar and pestle. The paste composition was
1wt% of SWCNT 1n BMIM BF, with a 5:1 mass ratio of [Co(tpp)]ClO4 to SWCNT. The
sensors were fabricated by placing the paste between the electrodes using a metal spatula.
Additional paste was added until the resistance of the sensor material between the electrodes

was between 7 and 30 k€2 for each sensor.

[0118] To determine the sensing capability of the devices, the change in conductivity of
the sensor was monitored upon exposure to analyte, using the method described 1n “Materials
and Mcasurements.” The sensors were alternatingly exposed to the analyte, 40ppm cthylene
in nitrogen, and the carrier gas nitrogen for three cycles. After four weeks, the measurement
was repeated. FIG. 7 shows the percent of 1nitial response of sensors fabricated using a
suspension of SWCNTSs and ([Co(tpp)]ClO4, a suspension of SWCNTSs and ([Co(tpp)]ClO4
coated with BMIM BF,, and a paste of SWCNTs, BMIM BF4, and ([Co(tpp)]CIlO4 to 40 ppm

cthylene four weeks after sensor fabrication.

[0119] The average sensing response after this time for the single layered SWCNT-
[Co(tpp)]ClO4 sensors was 51.6% of the 1nitial response. The BMIM BF,4 coated SWCNT-

[Co(tpp)]ClO4 sensors was 8.6 % of the 1nitial response after four weeks. The [Co(tpp)|ClO4

paste sensors were 102.5% of the 1nitial response at 40ppm.
Example 6

[0120] The following example describes the fabrication and measurement of

|Co(tpp)|ClO4 paste sensors.

[0121] The paste was prepared by grinding the SWCNT, BMIM BF,4, and [Co(tpp)]ClO4
for 20min using an agate mortar and pestle. The composition of the paste was 1wt%
SWCNT in BMIM BF, and a 5:1 mass ratio of [Co(tpp)]C1O4 to SWCNT. The substrate was
made by depositing a gold electrode pattern, with a Imm electrode gap, onto a glass shde
using a thermal evaporator (Mill Lane Engineering, EV-2000). The electrode pattern was
made using a shadow mask and layering 10nm of chromium then 100nm of gold. The
sensors were fabricated by placing the paste between the electrodes using a metal spatula.
Additional paste was added until the resistance of the sensor material between the electrodes

was between 7 and 30k for each sensor.
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[0122] To determine the sensing capability of the devices, the change 1in conductivity of
the sensor was monitored upon exposure to analyte, using the method described 1n “Materials
and Mecasurements.” The sensors were alternatingly exposed to the analyte, 40ppm cthylene
in nitrogen, and the carrier gas nitrogen for three cycles. FIG. 8 shows the sensing response
of sensors fabricated using a paste of SWCNTs, BMIM BF4, and [Co(tpp)]C1O4 with 1 wt%
SWCNT content in BMIM BF, and a [Co(tpp)|ClO4 to SWCNT ratio of 5:1 by mass. Arrows
indicate the start of a 100 sec to 40 ppm cthylene. The average sensing response for the

sensors was 4.5%.
Example 7

[0123] The following example describes the fabrication and measurement of a

|Co(tpp)]|ClO4 paste sensor. The sensor was exposed to ethylene, ethyl acetate, ethanol,

hexanes, chloroform, and acetonaitrile.

[0124] The paste was prepared by grinding SWCNT, BMIM BF,4, and [Co(tpp)]Cl0O4 for
20min using an agate mortar and pestle. The composition of the paste was 1wt% SWCNT 1n
BMIM BF, and a 5:1 mass ratio of [Co(tpp)]ClO4 to SWCNT. The substrate was made by
depositing a gold electrode pattern, with a 1mm electrode gap, onto a glass slide using a
thermal evaporator (Mill Lane Engineering, EV-2000). The electrode pattern was made
using a shadow mask and layering 10nm of chromium then 100nm of gold. The sensor was
fabricated by placing the paste between the electrodes using a metal spatula. Additional paste
was added until the resistance of the sensor material between the electrodes was between 7

and 30k¢2 for each sensor.

[0125] To determine the sensing capability of the devices, the change 1n conductivity of
the sensor was monitored upon exposure to analyte. The sensors were alternatingly exposed
to the analyte, 40ppm cthylene 1n nitrogen, and the carrier gas nitrogen for three cycles and
the response measured using the method described 1n “Materials and Measurements”. The

average sensing response to ethylene for the sensors was 4.5%.

[0126] The other analytes gas streams were obtained using a gas generator (Kin-Tek,
491M Base Module). The sensors were alternatingly exposed to the analyte 1n nitrogen, and
the carrier gas nitrogen for three cycles. FIG. 9 shows the average sensing response of

sensors fabricated using a suspension of pristine SWCNTSs, and sensors fabricated from a
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paste of SWCNTSs, BMIM BF4, and [Co(tpp)]ClO4 to different analytes. The average sensing
response to cthyl acetate (200 ppm) was 1.6%. The average response to hexanes (200 ppm)
and chloroform (200 ppm) was 1.4% and 1.8%, respectively. The average response to

cthanol (200 ppm) was 13.5%. The average response to 100ppm acetonitrile was 21.5%.
Example 8

[0127] The following example describes the fabrication and measurement of a

[Co(tpp)]ClO4 paste sensor, tested at different concentrations of ammonia.

[0128] The paste was prepared by grinding SWCNT, BMIM BF4, and [Co(tpp)]C1O4
using a ball mill. The composition of the paste was 1 wt% SWCNT in BMIM BF,4 and a 5:1
mass ratio of [Co(tpp)]ClO4 to SWCNT. The electrode pattern was made using a shadow
mask and layering 10 nm of chromium then 100 nm of gold. The sensor was fabricated by
placing the paste between the electrodes using the screen printing like technique described in

“Materials and Methods™. The paste was applied 1n thicknesses of 0.05 mm.

[0129] To determine the sensing capability of the devices, the change 1n conductivity of
the sensor was monitored upon exposure to analyte, using the method described 1n “Materials
and Mecasurements”. The sensors were alternatingly exposed to the analyte, 1 ppm, 2 ppm,
and 5 ppm ammonia, respectively, in dry nitrogen for 100 sec, and the carrier gas of dry
nitrogen for three cycles. FIG. 10A shows the sensing response at the various analyte

concentrations. The arrows indicate the start of each 100 sec exposure to ammonia. The

average sensing response, shown in FIG. 10B, 1s 1.2% +0.1% to 1 ppm ammonia, 3.8% -

0.4 to 2 ppm ammonia, and 7.1% £ .0.7% to 5 ppm ammonia.
Example 9

[0130] The following example describes the fabrication and measurement of a

[Co(tpp)]ClO4 paste sensor, measured at different concentrations of cadaverine.

[0131] The paste was prepared by grinding SWCNT, BMIM BF4, and [Co(tpp)]CIlO4
using a ball mill. The composition of the paste was 1 wt% SWCNT 1n BMIM BF,4 and a 5:1
mass ratio of [Co(tpp)]ClO4 to SWCNT. The electrode pattern was made using a shadow

mask and layering 10 nm of chromium then 100 nm of gold. The sensor was fabricated by
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placing the paste between the electrodes using the screen printing like technique described 1n

“Materials and Methods”. The paste was applied 1n thicknesses of 0.05 mm.

[0132] To determine the sensing capability of the devices, the change 1n conductivity of
the sensor was monitored upon exposure to analyte, using the method described 1n “Materials
and Mecasurements”. The sensors were alternatingly exposed to the analyte, 2 ppm, 4 ppm,
and 8 ppm cadaverine, respectively, in air with 8500 ppm humidity for 100 sec, and the
carrier gas air with 8500 ppm humidity for three cycles. FIG. 11A shows the sensing
response at the various analyte concentrations. The arrows indicate the start of each 100 sec

exposure to cadaverine.

[0133] FIG. 11B shows the 1rreversible portion of the sensing response which can be

corrclated to amine concentration according to the hiterature (Liu, S. F., Petty, A. R., Sazama,
G. T. and Swager, T. M Angew. Chem. Int. Ed., 2015, 54, 6554—6557). Sensing responses of
4.0% = 1.0%, 5.2% £ 1.2%, and 9.5% £ 1.1% were obtained at 2 ppm, 4 ppm, and 8 ppm

cadaverine, respectively.
Example 10

[0134] The following example describes the fabrication and measurement of PdCl, paste
sensors with different imidazolium-based 1onic liquids, tested at 80 ppm ethylene. The 10nic
liquids used were: 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)yimide (Ethyl
TEFMS), 1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (Butyl TEMS),1-

Hexyl-3-methylimidazolium bis(trifluormethylsulfonyl)imide (Hexyl TEMS).

[0135] The pastes were prepared by grinding SWCNT, 1onic liquid, and PdCl, using a
ball mill. The composition of the paste was 1 wt% SWCNT 1n 10nic¢ liquid and a 5:1 mass
ratio of PdCl, to SWCNT. The 10on1c hiquids tested were BMIM BF,4, 1-Butyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (Butyl TEMS), 1-Ethyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (Ethyl TEMS), 1-Hexyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide (Hexyl TEFMS). A control sensing
material was prepared by drop-casting from a suspension of PdCl, and SWCNTs 1n a 5:1

mass ratio in 1sopropanol. The suspension was prepared by sonication for 5 minutes.

The electrode pattern was made using a shadow mask and layering 10 nm of chromium then

100 nm of gold. . The sensor was fabricated by placing the paste between the electrodes
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using the screen printing like technique described 1n “Materials and Methods”. The paste was
applied 1n thicknesses of 0.05 mm.The control sensor was fabricated by drop-casting the
control sensing material between the electrodes. Between each successive dropcast the device

was allowed to dry 1n air. The suspension was dropcast until the resistance of cach sensor

was between 0.95 and 1.5 kQ.

[0136] To determine the sensing capability of the devices, the change 1n conductivity of
the sensor was monitored upon exposure to analyte, using the method described 1n “Materials
and Mecasurements”. The sensors were exposed to the analyte, 80 ppm cthylene 1n nitrogen
with 10,000 ppm humidity for 500 sec, and the carrier gas of nitrogen with 10,000 ppm
humidity for one cycle. FIG. 12A shows the sensing response of pastes with the various
ionic liquids. The lines indicate the start and end of the 500 sec exposure to ethylene. The
relative response, shown 1in FIG. 12B, for Butyl TEFMS 15 0.17% + 0.01%. The response for
Ethyl TFMS 15 0.28% £ 0.03%. The response for Hexyl TEMS 15 0.36% £ 0.005%. Thas

suggests that the polarity and viscosity of the 1onic liquid which 1s influenced by 1ts alkyl

side-chain has an effect on the sensing performance. The response for the dropcast PACl,

sensor 18 0.11% £ 0.06%. FIG. 12C shows the sensing response for the control sensor of
dropcast PdCIl, and the BMIM BF, paste sensor. The lower sensing response and higher error
of the dropcast control sensor indicates that the use of sensor material pastes 1s superior to

alternative methods such as drocasting a mixture of SWCNTSs and the detector.
Example 11

[0137] Stmilar to Example 10, the following example describes the fabrication and
measurement of PACl, paste sensors with 1-Butyl-3-methylimizaolium hexafluorophosphate

(Butyl HFP), tested at 80 ppm cthylene.

[0138] The pastes were prepared by grinding SWCNT, Butyl HFP, and PdCl, using a ball
mill. The composition of the paste was 1 wt% SWCNT 1n Butyl HFP and a 5:1 mass ratio of
PdCl, to SWCNT. The electrode pattern was made using a shadow mask and layering 10 nm
of chromium then 100 nm of gold. The sensor was fabricated by placing the paste between
the electrodes using the screen printing like technique described 1n “Materials and Methods™.

The paste was applied 1n thicknesses of 0.05 mm.

28



CA 02955168 2017-01-13

WO 2016/010855 PCT/US2015/039971

[0139] To determine the sensing capability of the devices, the change 1in conductivity of
the sensor was monitored upon exposure to analyte, using the method described 1n “Materials
and Mecasurements”. The sensors were alternatingly exposed to the analyte, 80 ppm ethylene
in nitrogen with 10,000 ppm humidity for 800 sec, and the carrier gas of nitrogen with 10,000
ppm humidity for one cycle. FIG. 13 shows the sensing response of the Butyl HFP pastes.
The lines 1ndicate the start and end of the 800 sec exposure to ethylene. The relative response

for Butyl HFP was -0.226% =+ 0.01%.
Example 12

[0140] Similar to Example 10, the following example describes the fabrication and
measurement of [ Co(tpp)]ClO4 paste sensors with different imidazolium-based 1onic liquids,
tested at 80 ppm ethylene. The 1onic liquids used were: 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (Ethyl TEFMS), 1-Butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (Butyl TEMS),1-Hexyl-3-methylimidazolium
bis(trifluormethylsulfonyl)imide (Hexyl TEMS).

[0141] The pastes were prepared by grinding SWCNT, 10onic liquid, and [Co(tpp)]ClO4
using a ball mill. The composition of the paste was 1 wt% SWCNT 1n 10nic liquid and a 5:1
mass ratio of [Co(tpp)]ClO4sto SWCNT. The 1onic liquids tested were Butyl TEMS, Ethyl
TFMS, and Hexyl TEMS. The electrode pattern was made using a shadow mask and layering
10 nm of chromium then 100 nm of gold. The sensor was fabricated by placing the paste
between the electrodes using The sensor was fabricated by placing the paste between the
clectrodes using the screen printing like technique described in “Materials and Methods”. The

paste was applied 1n thicknesses of 0.05 mm.

[0142] To determine the sensing capability of the devices, the change 1n conductivity of
the sensor was monitored upon exposure to analyte, using the method described 1n “Materials
and Mecasurements”. The sensors were alternatingly exposed to the analyte, 80 ppm ethylene
in dry nitrogen for 500 sec, and the carrier gas of dry nitrogen for one cycle. FIG. 14A
shows the sensing response of the various 1onic liquids. The lines indicate the start and end
of the 500 sec exposure to ethylene. The relative response for Butyl TEMS was 0.3% +
0.1%. The response for Ethyl TEFMS was 1.0% = 0.7%. The response for Hexyl TFMS was

0.20% £ 0.01%. Relative responses of the three 1onic liquid pastes are displayed in FIG. 14B.
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Example 13

[0143] The following example describes the fabrication and measurement of a
[Co(tpp)]ClO4 paste sensor, tested with ethylene at different points during the fabrication

Process.

[0144] The paste was prepared by grinding SWCNT, BMIM BF4, and [Co(tpp)]ClO4
using an agate mortar and pestle. The composition of the paste was 1 wt% SWCNT i1n
BMIM BF, and a 5:1 mass ratio of [Co(tpp)]ClO4 to SWCNT. The electrode pattern was
made using a shadow mask and layering 10nm of chromium then 100nm of gold. The sensor
was fabricated by placing the paste between the electrodes using a metal spatula. The paste
was applied after 1, 4,7, 10, 13, 17, and 20 min of grinding. Paste was added until the
resistance of the sensor material between the electrodes was between 7 and 30k€2 for each

SCINSOT.

[0145] To determine the sensing capability of the devices, the change 1n conductivity of
the sensor was monitored upon exposure to analyte, using the method described 1n “Materials
and Mecasurements”. The sensors were alternatingly exposed to the analyte, 40ppm cthylene
in nitrogen for 100sec, and the carrier gas nitrogen for three cycles. FIG. 15 shows the
average sensing response at the various grinding times, with the standard deviation shown for
cach time point. Although the sensing response decreases with more mixing, standard

deviation of the response also decreases with additional grinding time.
Example 14

[0146] The following example describes the fabrication and measurement of a PdCl,

paste sensor, tested with ethylene at different points during the fabrication process.

[0147] The paste was prepared by grinding SWCNT, BMIM BF4, and PdCl, using a ball
mill. The composition of the paste was 0.25 wt% SWCNT in BMIM BF, and a 5:1 mass
ratio of PdCl, to SWCNT. The clectrode pattern was made using a shadow mask and
layering 10nm of chromium then 100nm of gold. The sensor was fabricated by placing the
paste between the electrodes using a metal spatula. The paste was applied after 1, 3, 5, 7, and
10 min of grinding. Sensor material was added until the resistance of the material between

the electrodes was between 7 and 20k€2 for each sensor.
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[0148] To determine the sensing capability of the devices, the change 1in conductivity of
the sensor was monitored upon exposure to analyte, using the method described 1n “Materials
and Mecasurements”. The sensors were alternatingly exposed to the analyte, 40ppm cthylene
in humidified nitrogen (10,000ppm water) for 100sec, and the carrier gas of humidified
nitrogen for three cycles. FIG. 16 shows the sensing response at the various grinding times.
The arrows indicate the start of cach 100 sec exposure to 40 ppm cthylene. The sensing
response decreases with additional grinding: an average of 5.2% after 1 min, 4.7% after 3

min, 4.6% after 5 min, 1.1% after 7 min, 0.9% after 10 min of grinding.
Example 15

[0149] The following example describes the fabrication and measurement of a PdCl,

paste sensor, applied at differing thickness of sensing material.

[0150] The paste was prepared by grinding SWCNT, BMIM BF4, and PdCl, using a ball
mill. The composition of the paste was 1 wt% SWCNT in BMIM BF,4 and a 5:1 mass ratio of
PdCl, to SWCNT. The clectrode pattern was made using a shadow mask and layering 10nm
of chromium then 100nm of gold. The sensor was fabricated by placing the paste between
the electrodes using the screen printing like technique described 1n “Materials and Methods™.
The paste was applied m thicknesses of 0.05, 0.10, and 0.15 mm, by varying the thickness of

the screen printing mask.

[0151] To determine the sensing capability of the devices, the change 1in conductivity of
the sensor was monitored upon exposure to analyte, using the method described 1n “Materials
and Mecasurements”. The sensors were alternatingly exposed to the analyte, 40ppm cthylene
in humidified nitrogen (10,000ppm water) for 100sec, and the carrier gas of humidified
nitrogen for three cycles. FIG. 17 shows the sensing response at the different thicknesses.
The arrows indicate the start of cach 100 sec exposure to 40 ppm cthylene. The sensing
response decreases as the thickness increases, from an average of 3.0% with a 0.05 mm

thickness, to 1.6% with a 0.10 mm thickness, to 0.3% with a 0.15 mm thickness.

[0152] Although the present disclosure has been described and 1llustrated in the foregoing
example embodiments, 1t 1s understood that the present disclosure has been made only by
way of example, and that numerous changes 1n the details of the implementation of the

disclosure may be made without departing from the spirit and scope of the disclosure, which
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are limited only be the claims which follow. Other embodiments are with the following

claims.
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What 1s claimed 1s:

1. A sensor material comprising:

a plurality of conductive carbonaceous nanomaterial particles;

a detector capable of interaction with an analyte of interest; and

an 1onic liquid
wherein the plurality of conductive carbonaceous nanomaterial particles, the
detector and the 1onic liquid are combined to form a paste; and
wherein the 1onic liquid 1s selected to facilitate analyte interaction with the
paste resulting 1n a change of the conductivity of the paste.

2. The sensor material of claim 1, wherein the carbonaceous nanomaterial particles are
carbon nanotubes.

3. The sensor material of claim 1, wherein the carbonaceous nanomaterial particles are
selected from a group consisting of graphite powder, single-layer graphene, double-
layer graphene, multi-layer graphene, reduced graphite oxide, and carbon black
powder.

4. The sensor material of any one of claims 1-3, wherein the 1onic liquid comprises
cations sclected from the group consisting of imidazolium cations, pyridinium cations,
pyrrolidinium cations, phosphonium cations, and combinations thereof.

5. The sensor material of any one of claims 1-3, wherein the 1onic liquid comprises an
anion selected from the group consisting of bis(trifluoromethanesulfonyl)imide
(TFSI-) anions, bis(fluorosulfonyl)imide (FSI—) anions, halide anions, nitrate anions,
tetratfluoroborate anions, hexafluorophosphate anions, bistriflimide anions, triflate
anions, tosylate anions and combinations thereof.

6. The sensor material of any one of claims 1-3, wherein the 10nic¢ liquid comprises non-
halogenated organic anions selected from a group consisting of formate, alkylsulfate,
alkylphosphate, glycolate and combinations thereof.

7. The sensor material of any one of claims 1-3, wherein the 1onic liquid 1s 1-butyl-3-
methylimidazolium tetrafluoroborate, 1-butyl-3-methylimidazolium
hexafluorophosphate, 1-cthyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, 1-Butyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide, or 1-hexyl-3-methylimidazolium

bis(trifluormethylsulfonyl)imide.
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

The sensor material of any one of claims 1-7, wherein the detector 1s covalently
bonded to the carbonaceous nanomaterial particle.

The sensor material of any one of claims 1-7, wherein the detector 1s non-covalently
bonded to the carbonaceous nanomaterial particle.

The sensor material of any one of claims 1-7, wherein the detector 1s constricted
inside the carbonaceous nanomaterial particles.

The sensor material of any one of claims 1-7, wherein the detector 1s a small
molecule, a polymer, or a biological species.

The sensor material of any one of claims 1-7, wherein the detector comprise a
functional group capable of binding an analyte of mterest in a solution, vapor phase,
or solid phase.

The sensor material of claim 12, wherein the functional group 1s selected from a
group consisting of a thiol, an aldehyde, an ester, a carboxylic acid, a hydroxyl group
or combinations therecof.

The sensor material any one of claims 1-7, wherein the detector 1s electron-rich or
clectron-poor moicty; wherein interaction between an analyte of interest and the

detector comprises an electrostatic interaction.

The sensor material of claim any one of claims 1-7, wherein the detector comprises a

metal or metal-containing compound.

The sensor material of claim 15, wherein interaction between an analyte of interest

and the detector comprises binding to the metal or metal-containing compound.

The sensor material of claim 16, wherein the metal containing compound 1s selected
from a group consisting of titanium salts, silver salts, platinum salts, gold salts,

aluminum salts, nickel salts, palladium salts, and copper salts.

The sensor material of claim 16, wherein the metal-containing species comprises a

copper salt.

The sensor material of claim 16, wherein the metal-containing species comprises a

palladium salt.
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20).

21.

22.

23.

24.

25.

26.

27.

28.

The sensor material of claim 1, wherein the detector 1s selected from the group
consisting of PdCl,, 5,10,15,20-tetraphenylporphyrinatocoblat(IIl) perchlorate
([Co(tpp)]ClOy), 3,6-Di-2-pyridyl-1,2,4,5-tetrazine and combinations thereof.

The sensor material of claim 11, wherein the biological species comprises a peptide,

protein, DNA, RNA or PNA.

The sensor material of any one of claims 1-21, wherein the carbonaceous
nanomaterial particles are mixed with the detector 1n a ratio ranging from 3:1 to 1:10

by weight.

The sensor material of any one of claims 1-21, wherein the carbonaceous
nanomaterial particles are mixed with the detector 1n a ratio ranging from 1:1 to 1:10

by weight.

The sensor material any one of claims 1-23, wherein about 0.1 to 20 weight% of the

carbonaccous nanomaterial particles are mixed with the 1onic liquid.

The sensor material of any one of claims 1-23, wherein about 0.25 to 10 weight% of

the carbonacecous nanomaterial particles are mixed with the 1onic liquid.

The sensor material of any one of claims 1-25, further comprising viscosity modifier

additives.

The sensor material of claim 26, wherein the viscosity modifier additive 1s selected
from a group consisting of low molecular weight solvents, high molecular weight

solvents, plasticizers, cthylene glycol, tetracthylene glycol, thinners, and mineral oils.
A device comprising:

a first electrode and a second electrode;

a sensor material disposed 1n electrical contact with the first and second electrode;

wherein, the sensor material comprises the sensor material of any of claims 1-

36.
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29.

30.

31.

32.

33.

34.

335.

36.

37.

38.

39.

40).

41.

42.

The device of claim 28, further including an electrical circuit in connection with an
ammeter or voltmeter to detect the change 1in conductivity of the paste forming the
sensor material.

The device of claim 28, wherein the first and second electrodes are located on a rigid
substrate.

The device of claim 30, wherein the rigid substrate 18 selected from glass, polymeric
material and printed circuit board

The device of claim 28, wherein the first and second electrodes are located on a
flexible substrate.

The device of claim 32, wherein the flexible substrate 1s selected from paper and a
polymeric material.

The device of claim 28, wherein the first electrode and the second electrode are part
of a complex circuit.

The device of claim 34, wherein the complex circuit 1s a Near Field Communication
(NFC) chip or radio-frequency 1dentification (RFID) chip.

A method of detecting an analyte comprising:
providing a sensing device according to any of claims 28-35;

exposing the sensor material to an environment, wherein a change 1 the

conductivity of the sensor material indicates the presence of the analyte; and
detecting said change 1in conductivity of the sensor material.

The method of claim 36, further comprising transmitting the detected changes in
conductivity wirelessly to another device for analysis and storage.

The method of claim 37, further comprising detecting the analyte through a wireless
radio frequency communication.

The method of claim 38, further comprising detecting an output from a radio
frequency identification tag including the sensor.

The method of claim 36, wherein the analyte 1s a vapor.

The method of claim 36, wherein the analyte 1s selected from a group consisting of a
thiol, an ester, an aldehyde, an alcohol, an ether, an alkene, an alkyne, a ketone, an
acid, a base, and a combination thereof.

The method of claim 36, wherein the analyte 1s a mold.
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43. The method of claim 36, wherein the analyte 1s ethylene, a nitrogen-containing gas, or
an aming.

44. The method of claim 36, wherein the analyte 1s putrescine or cadaverine.

45. The method of claim 36, wherein the concentration of the analyte 1s 1n the range of 0
to 10%, 0 to 5%, 0 to 1%, 0 to 1000 ppm, 0 to 100 ppm, 0 to 80 ppm, 0 to 50 ppm, 0
to 10 ppm, 0 to Sppm, 0 to 1 ppm, 0 to 0.5 ppm, 0 to 100 ppb, 0 to 50 ppb, or 0 to 10
ppd.

46. The method of claim 36, wherein the sensor material further undergoes a volumetric

change upon interaction with the analyte; and

detecting the volumetric change and deriving information regarding the analyte from

said volumetric change.

4’7. The method of claim 36, wherein the sensor material further undergoes a color change

upon interaction with the analyte; and

detecting the color change and deriving information regarding the analyte from said

color change.

48. The method of claim 36, wherein the analyte interacts with the detector to form a Van
der Waals interaction, a covalent bond, 1oni¢c bond, hydrogen bond, or dative bond.

49. The method of claim 36, wherein the analyte interacts with the detector via a binding
event between pairs of biological molecules, wherein the biological molecules are
proteins, nucleic acids, glycoproteins, carbohydrates, or hormones.

50. The method of claim 49, wherein the pair of biological molecules are selected from a
group consisting of an antibody/peptide pair, an antibody/antigen pair, an antibody
fragment/antigen pair, an antibody/antigen fragment pair, an antibody
fragment/antigen fragment pair, an antibody/hapten pair, an enzyme/substrate pair, an
enzyme/inhibitor pair, an enzyme/cofactor pair, a protein/substrate pair, a nucleic
acid/nucleic acid pair, a protein/nucleic acid pair, a peptide/peptide pair, a
protein/protein pair, a small molecule/protein pair, a glutathione/GST pair, an anti-
GFP/GFP fusion protein pair, a Myc/Max pair, a maltose/maltose binding protein
pair, a carbohydrate/protein pair, a carbohydrate derivative/protein pair, a metal
binding tag/metal/chelate, a peptide tag/metal 1on-metal chelate pair, a peptide/NTA

pair, a lectin/carbohydrate pair, a receptor/hormone pair, a receptor/ettector pair, a
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complementary nucleic acid/nucleic acid pair, a ligand/cell surface receptor pair, a
virus/ligand pair, a Protein A/antibody pair, a Protein G/antibody pair, a Protein
L/antibody pair, an Fc receptor/antibody pair, a biotin/avidin pair, a
biotin/streptavidin pair, a drug/target pair, a zinc finger/nucleic acid pair, a small
molecule/peptide pair, a small molecule/protein pair, a small molecule/target pair, a
carbohydrate/protein pair such as maltose/maltose binding protein (MBP), a small
molecule/target pair, and a metal 10n/chelating agent pair.

51. A method of making the sensor material comprising:
providing a plurality of conductive carbonaceous nanomaterial particles;
providing a detector selected to interact with an analyte of interest;
providing an 1onic liquid;

mixing the plurality of conductive carbonaceous nanomaterial particles, the

detector and the 1onic liquid to form a paste.

52. A method of making the sensor material comprising:
providing a plurality of conductive carbonaceous nanomaterial particles;
providing a detector selected to interact with an analyte of interest;
providing an 1onic liquid;
providing a solvent miscible with the detector and the 1onic liquid;
dissolving the detector and ionic liquid in the solvent to form a mix;

adding the plurality of conductive carbonaceous nanomaterial particles to the
mix; and evaporating the solvent to form a paste comprising the plurality of

conductive carbonaceous nanomaterial particles, detector and 1onic liquid.
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