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(57) ABSTRACT

A device produces an electrical signal in response to a
stimulus. The device is formed of a flexible substrate includ-
ing a layer of fibers, for example, paper, and a solution of
dispersed carbon nanotubes coated onto and within the
fibers, the solution evaporated to leave carbon nanotubes
intertwined within the layer of fibers. The carbon nanotubes
are functionalized to be optimized for producing an electri-
cal signal for a particular stimulus, where the stimulus
includes exposure of the device to a particular gas or vapor.
A number of such devices, some or all of which can be
different, are housed together, for producing a complex
electronic signal, or for sensing any of a wide variety of
stimulus.
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ELECTRICAL RESPONSE USING
NANOTUBES ON A FIBROUS SUBSTRATE

CROSS REFERENCE TO RELATED
APPLICATION

This application is a non-provisional of, and claims pri-
ority to, U.S. Provisional Patent Application Ser. No.
61/772,681 filed Mar. 5, 2013. The subject matter of the
provisional application is hereby incorporated by reference
in its entirety.

ORIGIN OF INVENTION

The invention described herein was made by employees
of the United States Government and may be manufactured
and used by or for the Government of the United States of
America for governmental purposes without the payment of
any royalties thereon or therefor.

BACKGROUND OF INVENTION

Technical Field of Field of the Invention

The present invention relates to electrical signals using
nanostructures on a fibrous substrate, and more particularly
to sensing gas or vapors using carbon nanostructures on
cellulose paper.

Description of the Prior Art

Sensors are fabricated on hard substrates, such as silicon,
or glass. NASA Ames Research Center has previously
patented single walled carbon nanotube (SWCNT) based
nanochem sensors on a silicon substrate. Electronics using
paper include demonstrations of logic devices, memory, and
RFID tags. Studies on paper electronics have appeared
recently with implementation examples of lab-on paper,
thin-film transistor, non-volatile memory, RFID tags, elec-
troluminescence devices, dye-sensitized solar cell, battery,
supercapacitor, and a printed circuit board. SWCNTs have
been utilized for sensing of a wide range of gases and
vapors.

SUMMARY OF THE INVENTION

In accordance with one aspect of the present invention,
resistor-type humidity sensors are formed on cellulose
paper, employing carboxylic acid functionalized, single
walled carbon nanostructures (e.g., nanotubes, nanowires,
nanoparticles) as sensing material. The sensors were solu-
tion-processed without heat and vacuum treatment. In test-
ing one embodiment, the conductance linearly decreased
with increase in the relative humidity up to 75 percent. The
sensor on paper showed better sensitivity than a control
sensor on glass. The cellulose-bridged charge transport
between intertubes is considered to improve the moisture
contact area and thus, the sensitivity of the sensor. Paper-
based sensors of the disclosure are low-cost, flexible and
foldable while retaining functionality, and can be fabricated
with materials which are rapidly biodegradable in landfill
conditions. Due to a low production cost, sensors of the
disclosure can be considered disposable in that it is eco-
nomic to use them a single or small number of times before
disposal. Sensors of the disclosure can be formed to detect
a wide variety of gases and vapors, and construction of an
electronic nose can be created with an plurality of sensors.

2
In accordance with an embodiment of the disclosure, a

device for sensing chemicals, comprises a fibrous substrate;
and a plurality of carbon nanostructures intertwined within
the fibrous substrate.

5 In various embodiments thereof, the carbon nanostruc-
tures include single walled carbon nanotubes (SWCNTs);
the sensor is at least one of a capacitor-type, a transistor-
type, a resistor-type, a microbalance-type, and a fiber optic-
type; the sensor is functionalized; the sensor is doped; the

10 fibrous substrate is cellulose paper; the fibrous substrate is
filter paper; the fibrous substrate is porous; and the paper
substrate is foldable without a loss of functionality; and the
fibrous substrate is biodegradable.

15 In another embodiment of the disclosure, a device for
producing an electrical signal in response to a stimulus
comprises a flexible substrate including a layer of fibers; and
a solution of dispersed carbon nanostructures coated onto
and within the fibers, the solution evaporated to leave carbon

20 nanostructures intertwined within the layer of fibers, the
carbon nanostructures are functionalized by a functionaliza-
tion agent.
In various embodiments thereof, the solution includes a

solvent; the solution includes dimethylformamide; the func-
25 tionalization agent is an acid (e.g., carboxylic acid); the

carbon nanostructures are doped produce a change in an
electrical signal in response to a particular stimulus; the
carbon nanostructures are coated to produce a change in an
electrical signal in response to a particular stimulus; the

30 flexible substrate including a layer of fibers is porous paper;
and the device further includes electrodes in contact with the
intertwined carbon nano structures.

In another embodiment thereof, the device further
includes a housing and a plurality of distinct ones of the

35 flexible substrate portions coated with a solution of dis-
persed carbon nano structures.
In a further embodiment of the disclosure, a method for

producing an electrical signal in response to a stimulus
comprises providing a flexible substrate including a layer of

40 fibers; functionalizing carbon nanostructures using a func-
tionalization agent; pouring a solution including the func-
tionalized carbon nanostructures onto the layer of fibers; and
evaporating the solution to leave carbon nanostructures
intertwined within the layer of fibers.

45

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying figures, where like reference numerals
refer to identical or functionally similar elements throughout

50 the separate views, and which together with the detailed
description below are incorporated in and form part of the
specification, serve to further illustrate various embodiments
and to explain various principles and advantages all in
accordance with the present disclosure, in which:

55 FIG. 1 is a schematic illustration of a sensor of the
disclosure, formed using a cellulose paper substrate and
carbon nanostructures;
FIG. 2 is a sensor in accordance with FIG. 1, illustrating

that the device can be cut, and is flexible;
60 FIG. 3 is an SEM image of the cellulose paper of FIG. 2;

FIG. 4 is a magnified image of the crosslinked CNTs of
FIG. 3;
FIG. 5 is a graph of current-voltage (I-V) characteristics

of bare (intrinsic) paper and a CNT resistor of the disclosure,
65 for RH=10 percent and RH=50 percent;

FIG. 6 is a graph of conductance responses of bare
cellulose paper substrate;
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FIG. 7 is a graph of conductance responses of a CNT
sensor on cellulose paper substrate of the disclosure;

FIG. 8 is a graph of conductance for a CNT sensor on a
glass substrate;
FIG. 9 is a schematic illustration of a CNTs on a glass 5

substrate;
FIG. 10 is a schematic illustration of a CNT sensor on

cellulose paper substrate in accordance with the disclosure;
FIG. 11 is a schematic illustration of carrier conduction

between unconnected nanostructures assisted by cellulose 10
fiber, in accordance with the disclosure;

FIG. 12 is a graph of response and recovery curves for a
change between 10 and 60 percent RH for a device in
accordance with the disclosure;

FIG. 13 illustrates repeatability curves of the CNT sensor 15
on paper of the disclosure;

FIG. 14 is a schematic illustration of an electronic "nose",
incorporating sensors in accordance with the disclosure;

FIG. 15 is a diagram of a computer system, some or all of
which may be used together with sensors of the disclosure; 20
FIGS. 16 and 17 graphically illustrate EPV response, as a

function of time and of NH3 concentration;
FIG. 18 graphically illustrates EPV response and EPV

recovery for cellulose-CNT composite and for bare paper;
FIG. 19 graphically illustrates mean (µ) and standard 25

deviation (la) of EPV response to NH3 for glass, Teflon,
paper, and cellulose-CNT composite substrates;

FIGS. 20 and 21 graphically illustrate shift of initial
resistance values (in kiloOhms) for exposure of paper and of
cellulose-CNT composite to 50 ppm of NH3; and 30

FIG. 22 graphically illustrates EPV response versus NH3
concentration for RH values of 3, 30, 40 and 80 percent.

DETAILED DESCRIPTION OF THE
INVENTION 35

It is to be understood that the disclosed embodiments
disclosed herein are merely examples and that the systems
and methods described below can be embodied in various
forms. Therefore, specific structural and functional details 40
disclosed herein are not to be interpreted as limiting, but
merely as a basis for the claims and as a representative basis
for teaching one skilled in the art to employ the present
subject matter in virtually any appropriately detailed struc-
ture and function. Further, the terms and phrases used herein 45
are not intended to be limiting, but rather, to provide an
understandable description of the concepts.
The terms "a" or "an", as used herein, are defined as one

or more than one. The term plurality, as used herein, is
defined as two or more than two. The term "another," as used 50
herein, is defined as at least a second or more. The terms
"including" and "having," as used herein, are defined as
comprising (i.e., open language). The term "coupled," as
used herein, is defined as "connected," although not neces-
sarily directly, and not necessarily mechanically. 55

In accordance with the disclosure, sensors on fiber or
fibrous material are fabricated to identify gas or vapors
(chemicals). Sensors of the disclosure can be fabricated at a
lower cost, and are foldable, flexible, and biodegradable. In
another embodiment, filter paper is used as a fibrous material 60
substrate. In another embodiment, relative humidity (pres-
ence of water vapor) is measured. However, it should be
understood that sensors may be fabricated in accordance
with the invention to detect many different types of vapors
or disbursed chemicals. Sensors of the disclosure include 65
single walled carbon nanotubes as the sensor material,
although other nanostructures may be employed. Various

_►,

functionalization and doping strategies can be used to sense
different chemicals (gases and vapors).

Sensor material can be formed as bulk or thin films of
nanomaterials, including nanostructures, nanotubes,
nanowire and/or nanoparticles. Sensor material itself can be
silicon, tin oxide or other oxide, carbon nanostructures or
graphene. The measured variable can be resistance (inverse
of conductance), capacitance, dielectric constant or any
other easily measurable physical property. In accordance
with the disclosure, single walled carbon nanotubes (SW-
CNTs) are deposited on paper substrate to enable cheaper,
flexible, and if needed, economically disposable sensors.
While single walled carbon nanotubes are described in detail
herein, it should be understood that, alternatively, multi-
walled carbon nanotubes (MWCNTs), as well as graphene,
can be effectively utilized.
Gas sensors can be classified according to transduction

method; for example, capacitor, transistor, resistor,
microbalance, and fiber optic. Each class has its different
strengths and weaknesses, but the resistive type sensor is
characterized by its simple structure, low fabrication cost,
and simple associated read-out circuitry.

Accordingly, herein, a resistor type sensor has a network
of cross linked SWCNTs, for example, with purity over 99
percent, although greater or lesser purity can be provided,
with acceptable results. A readily available cellulose paper,
for example used for filtration, is employed as a substrate. In
one embodiment, the filter paper exhibits medium porosity
with a flow rate of 60 mL/min, and a particle retention of
5-10 µm. A high roughness and porosity of a paper is useful
in accordance with the disclosure, because these properties
can increase a contact area with ambient air, thereby pro-
moting adhesion or contact of measured material to the
CNTs.

While paper is described as a substrate in examples
herein, it should be understood that other fibrous materials
can be used together with carbon nanostructures to form
sensors, as described herein. These materials can include
natural or synthesized fibrous material, including plant
fibers, fibers from animals, silks, polymeric fibers, photo-
paper, and nanocellulose paper. It should be understood,
however, that fibrous materials exhibiting substantially dif-
ferent conductivity compared with cellulosic fibers would
produce substantially different results, which may or may
not be advantageous. Likewise, a relative change in fiber
length and/or width, as compared to cellulosic fibers, can
result in a different distribution of CNTs, with results
varying depending on an extent of, for example, intertwining
and adhesion between the CNTs and fibers. In addition,
fibers can be optionally combined with a backing for a
desired extent of flexibility or strength of the sensor.

Devices of the disclosure may be fabricated and imple-
mented without heat treatment or vacuum environment. The
SWCNTs were functionalized with carboxylic acid
(COON), rendering them hydrophilic, thereby increasing
adhesion with the substrate. The functionalized SWCNTs
were initially dispersed in dimethylformamide solution.
Other dispersing agents can be used, including for example
water or other materials which are not deleterious to the
substrate or nanostructures. Additionally, a surfactant can be
used, including for example dodecylbenezenesulfonate
(DDBS), to improve dispersion of the SWCNTs.

The film, composed of networks of cross linked CNTs,
was formed using drop-cast coating followed by evaporation
of the solvent. Ten cm filter paper was conformally coated
with COOH-functionalized SWCNTs. The resulting flexible
paper can be custom cut to any size or shape. Imaging results
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show that the nanoscale CNTs are firmly entangled with the
microscale cellulose fibers. Adhesive copper foil tape was
used for contact electrodes and the distance between the two
electrodes was about 2 mm. This distance can be adjusted to
any desirable length, and other materials may be used for 5

electrodes.
Any of a wide variety of functionalization agents can be

used, as currently known, or hereinafter discovered. A
particular functionalization agent is selected for optimizing
a change in resistivity, or other measurable characteristic of io
nanostructures on a fibrous substrate in accordance with the
disclosure, for detecting a particular gas or substance. Alter-
native functionalization agents can include, for example,
doping agents, metal loading, or the attachment of other
molecular groups. 15

The disclosure provides an electrical/electronic gas or
vapor sensor with a paper substrate. Sensors of the disclo-
sure are relatively easy to fabricate compared to prior art
sensors, and do not require heating or vacuum treatment.
Further, sensors of the disclosure may be fabricated using 20
simple solution processing, at a lower cost than prior art
sensors. Additionally, sensors of the disclosure are foldable
and flexible, and can be fabricated with materials that readily
biodegrade in weeks or months, rather than in years, in
landfill conditions. 25

Devices in accordance with the disclosure can be used to
detect a wide variety of gases and vapors through the use of
carbon nanostructures that are functionalized, doped or
coated to enable each particular gas/vapor or combination of
gases and vapors. As such, devices of the disclosure form a 30
key component of a versatile ̀ electronic nose' device, with
applications wherever chemical (gas/vapor) sensors are
used, including but not limited to industrial, mining, secu-
rity, biomedical, food processing, agricultural and other
applications. Additionally, devices of the disclosure have a 35
relatively low weight compared with respect to prior art
sensors, and can also function using relatively less power.

In accordance with the disclosure, a humidity sensor on
cellulose paper is fabricated using single-walled carbon
nanotubes functionalized with carboxylic acid. The conduc- 40
tance shift of the nanostructures network entangled on
microfibril cellulose is utilized for humidity sensing. Com-
pared to a control sensor made on a glass substrate using
prior art technology, the nanostructure network and cellu-
lose-mediated charge transport on the paper substrate work 45
together to enhance sensitivity. In a test embodiment, a
sensor of the disclosure exhibited linear conductance shift
up to a relative humidity of 75 percent with good repeat-
ability and low hysteresis. It is expected that a broader range
of operation would be possible, with further development. 50
A circuit model can be used to explain the sensor results.

Additionally, the sensor application can be extended to other
gases and vapors, and to the construction of an electronic
nose with one or more sensors, each sensing one or more
gases, for example, in an array of sensors. Methods of the 55
disclosure can be used to construct a wide variety of paper
electronics, useful particularly for low-cost, low weight,
single or limited use/disposable applications.

Electronic devices built on cellulose paper substrates,
using methods of the disclosure, can be cheaper than an 60
equivalent class of functionality provided by solid-state
devices of the prior art, while providing reasonable or
improved performance. Further, paper-based devices of the
disclosure can additionally be used for flexible, foldable,
biodegradable, and disposable applications such as biosen- 65
sors, intelligent packaging, business cards, and advertising
banners.

T
Chemical and biosensors on inexpensive substrates such

as paper, constructed in accordance with the disclosure, are
useful because their utility covers a wide range of applica-
tions. In the present disclosure, a humidity sensor is built on
a paper substrate, illustrating a fundamental building block
of paper electronics. Performance metrics, including linear-
ity, sensitivity, hysteresis, and response/recovery times were
assessed for an embodiment. Single-walled carbon nano-
tubes (SWCNTs) were used to construct the sensor on paper.
Prior art silicon, polymer, or organic conducting materials
were not used.
Gas sensors can be classified according to transduction

method into capacitor transistor, resistor, microbalance, and
fiber optic. Each class has its own strengths and weaknesses,
but the resistive type sensors are characterized by their
simple structure, low fabrication cost, and simple read-out
circuitry. Here, a resistor type humidity sensor was fabri-
cated on cellulose papers.

With reference to FIGS. 1-4, a sensor 10 including a
network of crosslinked SWCNTs 100 is illustrated, for
example, with a purity over 99 percent, although lower or
higher purity can be effectively used. Paper is used as a
substrate 200. In this embodiment, readily available cellu-
lose filter paper was selected, which has a medium porosity
with a flow rate of 60 mL/min and particle retention of 5-10
mu, although different porosity and flow rates can be effec-
tively utilized. Without being bound to any particular theory,
it is considered that the roughness and porosity of the paper
provides an increased contact area with ambient air contain-
ing the gas or vapor, and additionally promotes adhesion of
CNTs.
No heat treatment or vacuum environment were involved

in the course of device processing. The SWCNTs were
functionalized with carboxylic acid (COON) to render them
hydrophilic, thus increasing the adhesion with the substrate.
The functionalized SWCNTs were dispersed in dimethyl-
formamide solution. The film composed of networks of
crosslinked SWCNTs 100 was formed using drop-cast coat-
ing followed by evaporation of the solvent.

Adhesive copper foil tape was used for contact electrodes
300 (FIG. 1) and the distance between the two electrodes, in
an embodiment, was about 2 mm, although substantially
smaller or larger separation is possible, as would be under-
stood by a skilled practitioner. The 10 cm filter paper 200
was conformally coated with COOH-functionalized
SWCNTs 100, after which the paper remains flexible, and
can be cut to a desired shape, as shown in FIG. 2.
In this embodiment, the substrate was cut to a size of 2 by

10 mm. With reference to FIGS. 3 and 4, scanning electron
microscopy (SEM) images depict that the nanoscale CNTs
110 are firmly entangled with the microscale cellulose fibers
210.
The current-voltage (I-V) characteristics were measured

using a semiconductor parameter analyzer (Agilent 4156C).
The sensors were tested within a thermostatic test chamber.
The relative humidity (RH) of the test chamber was con-
trolled by mixing appropriate amounts of dry and wet air.
Testing was carried out as the relative humidity varied from
10 to 90 percent, while the temperature of the chamber was
maintained at room temperature.
FIG. 5 illustrates the I-V characteristics of the bare paper

substrate 200 (FIG. 1), and an embodiment of a sensor 10
forming a CNT resistor 12, under conditions of relative
humidity RH=10 percent and RH=50 percent. Measured
electrical current was zero on the unprocessed paper sub-
strate 200, suggesting that the cellulose network is an
insulator. CNT resistors show Ohmic characteristics and the
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conductance decreases with increasing moisture content.
Because the differential resistance is constant over the
supply voltages, the sensitivity is identical regardless of the
operation bias. In other words, a low voltage operation does
not hinder the sensitivity, thus allowing low power opera-
tion. This low power feature is important in self-powered
applications such as ubiquitous sensor nodes. The operation
voltage in this application is fixed at 1 Volt.
To clarify the impact on the paper substrate 200 with

respect to humidity, bare cellulose paper was tested first
(FIGS. 5 and 6). When the relative humidity is very high,
water dissociation occurs on the moist cellulose fiber under
the applied bias, creating H' and OH- ions. Thus, the
electrical charges can flow due to ionic conduction. FIG. 6
illustrates the threshold humidity, defined as an RH value
that initiates the current conduction for bare paper. The bare
paper substrate acts as an insulator under low RH but current
becomes non-zero at high RH, above about 85 percent. The
intrinsic paper may therefore be used as a threshold humid-
ity detector, but it is thus impractical for most sensor
applications.

In contrast, the CNT resistor sensor 12 responds over
most of the range of RH as shown in FIGS. 7 and 8. The
conductance decreases linearly with increasing humidity up
to about RH-75 percent, and then increases slightly with
humidity. The sensitivity is defined as the ratio of the relative
conductance difference over the relative humidity differ-
ence: [(Sx-SO)/SO]/(RHx-RHO) where the subscripts x and
0 correspond to specific RH values under investigation and
RH-0 respectively. The sensitivity is 6 percent in the linear
regime in FIG. 7.

Certain effects of humidity on electrical conductivity of
CNTs are known. Without being bound by any particular
theory in the instant disclosure, it has been proposed that the
CNT network shows global p-type semiconducting behav-
ior, where the electrical conduction is dominated by holes.
The H2O molecules adsorbed on the surface are known to
behave as electron donors. Accordingly, an increase in
humidity results in a reduction of hole density of the p-type
nanostructures. In addition to the electron donation model,
other mechanisms for the humidity effect have been pro-
posed as well: hydrogen bonding on the oxygen defect sites
present on the nanostructures; and possible introduction of
charge traps on the nanostructures, arising from direct
adsorption of water molecules on the substrate.

In any case, the conductance decrease for RH greater than
75 percent observed in these tests appears to be canceled out
by some factors. If the conduction via cellulose fibers is
attributed to this offset, the transition should occur around
RH-85 percent. However, the observed transition point is
smaller than the threshold humidity of the bare cellulose,
which implies presence of some other mechanism. This
inference is reasonable, due to the fact that the conductance
increase of bare paper is of the order of nS, whereas the
conductance decrease of CNT resistor 12 is of the order of
µS. Again, without being bound to any particular theory, a
possible cause of compensation is a counter doping effect.
Because the H2O molecules act as electron donors, the
p-type CNT can become an extrinsic n-type semiconductor,
when the ambient humidity reaches a certain level. After
compensation, the conductance of n-type sensors increases
with humidity, and the trend offset therefore can be
explained by the counter doping effect.
To compare the sensing performance between devices

built on different substrates, some control sensors were
fabricated on glass using an identical process. The paper
device exhibits superior sensitivity relative to glass sensi-

8
tivity, as shown in FIG. 8. At RH-10 percent, the conduc-
tance of the sensor on glass is roughly one order of magni-
tude lower than that on paper. The porous and rough surface
of the paper is favorable to accommodate individual CNTs

5 tightly compared to the relatively uniform and even surface
of the glass (FIG. 9). Furthermore, the paper can soak up
CNTs from the suspension solution due to high wettability
of the paper, leading to firm adhesion (FIG. 10). As a result,
the connectivity of SWCNTs is promoted easily on paper.

io The sensitivity of the sensor-on-glass is 1 percent in the
linear regime and thus, the paper sensor displays signifi-
cantly higher sensitivity than the glass sensor.
In one possible explanation of the observed results, a

simplified circuit model is presented, and a schematic of the
15 conduction mechanism is shown in FIG. 11. In FIG. 9, the

CNTs are randomly networked on glass, whereas in FIG. 10,
the CNTs are entwined with the cellulose fibers as a back-
bone of the paper. On glass, the current pathway is formed
only across CNTs. The overall resistance on glass (RGZ„$) is

20 composed of n resistances of 0 CNT (rcr~) in series:

RGZass—rCNT1+rCN72+ . . . +rCNTk (1)

On cellulose, and with reference to FIGS. 10-11, the
current pathways are formed by nanoscale CNTs and by

25 microscale cellulose fibers. Therefore, the overall resistance
on paper (RP Pet) is considered to be a parallel combination
of the resistance via CNTs (Rc, ,T), the resistance of cellulose
fibers (Rc,), and the resistance through CNTs and cellulose
fibers (RCNICF)•

30

1 1 1 1 (2)

Rrap,, RCNT RCF RCNT,CF

RCNT = rCNT1 + rCNT2 + ... + rCNTI-1 + rCNT,

35
RCF = rcF, + rCF2 + ... + rcF —1 + rcF

RCNT,CF = rCNT1,CF1 + rCNT,CF2 +... + rCNT,CF,-1 + rCNT,CF,

40 Rc, ,T is composed of 1 resistances of I'h CNT (rc, ,,,) in
series, which is similar in form as RGZ„s. However, Rc”, is
smaller than RGZass, because CNTs are closely and densely
packed as previously deduced. The Rcf, is composed of m
resistances of mth microfibril cellulose (Rc,m) in series, but

45 its contribution to RCF can be neglected because the global
cellulose fiber network tends to be insulating. However, the
localized cellulose fibers segmented by CNTs can signifi-
cantly impact R,ap,r. The RCNTCF is the total sum of the
localized resistance of nth cellulose fibers (rcVTCF,,) seg-

50 mented by CNTs. The cellulose is a straight chain polymer
with rod-like conformation. The cellulose molecules have
multiple hydroxyl groups that form hydrogen bonds within
and between cellulose molecules. In addition, these
hydroxyl groups can also connect to the surface of CNTs by

55 hydrogen bonding. Therefore, although the microfibril fiber
is an insulator, these segments electrically bridge the adja-
cent disconnected CNTs. Then, carrier hopping and tunnel-
ing, which boost inter-tube conduction, can take place. As a
result, there is an increase in percolation path, and a reduc-

60 tion of the effective conduction distance results in the
sensitivity increase.
FIG. 12 shows the response and recovery curves of a

sensor 10 having the form of CNT resistor 12. At t 0, the
sensor in an ambient environment of 10 percent RH is

65 exposed to 60 percent RH air, and then switched back to 10
percent RH. The sensor response time is about 6 sec and the
sensor recovery time to reach 95 percent of the final state is
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about 120 sec. FIG. 13 shows the good repeatability of the
sensor when alternatively exposed to different humidity
levels. The dynamic response shows that the conductance at
a given humidity is identical, implying a negligible hyster-
esis effect. Finally, the performance of paper-based sensors 5

of the disclosure, including CNT resistor sensor 12, is
comparable to other published CNT-based humidity sensors
on various substrates. For example, MWCNTs modified
with MnWO4 show a sensitivity of about 8 but very high
response and recovery times. In contrast, LiCl04/MWCNTs io
show a higher sensitivity and a modest recovery time of 1
min. Response and recovery times of 30 sec and 25 sec
respectively have been obtained for switching between 8 and
93 percent RH for PMMA/MWCNT thin films doped with
KOH. Compared to resistive sensors, field effect transistor 15
sensors with CNTs appear to provide msec response times.
Sensors of the disclosure also perform better than oxide
nanowire-based humidity sensors in terms of sensitivity and
response/recovery times, besides room temperature opera-
tion. 20

With reference to FIG. 14, a gas/vapor analyzer 500, in a
simple form, includes a gas capture inlet 502, a housing 504,
at least one sensor 10, a power supply 506, and a display
508. Gas or vapor enters inlet 502, where it is passed within
the housing to admit the gas to the crosslinked SWCNTs 100 25
of one or more sensors 10, having electrodes 300. In an
embodiment, a plurality of sensors 10 is configured to detect
the same or different gases or vapors, or different concen-
trations of the same gases or vapors. In a further embodi-
ment, the sensors are isolated from each other, and the gas 30
or vapor may be selectively passed to one or more sensors
10 or sensor groups.
A processing board, for example an analog to digital or

A/D board 510 can be provided, configured to convert
resistance or conductance through sensor 10 into a digital 35
signal understood by computer system 1000. After process-
ing, a result of analysis can be provided to an operator of
analyzer 500, for example upon a display 508, or transmitted
or transcribed through other known means. In the absence of
computer system 1000, resistance signals may be displayed 40
by any known means, including for example a meter display.
A resistor CNT 12 optimized for measuring humidity has

been described above, and one or more resistors CNT 12
may be provided within analyzer 500. In addition, as
described above, various other forms of CNT detectors may 45
be fabricated upon paper as described herein, providing for
sensing of any of a wide variety of gases or vapors. For
example, in addition to the SWCNTs illustrated herein, one
or more of the following sensors can be provided: MWCNTs
modified with MnWO4; LiC1O4/MWCNTs; PMMA/MW- 50
CNT thin films doped with KOH. These sensors can be
prepared in the manner described above for SWCNTs. In
this manner, (a) different materials may be sensed, and or (b)
different sensing attributes may be exploited, for example
response times and sensitivity, to provide more useful 55
results.

Software, executable upon system 1000, can be config-
ured to synthesize results from, for example a fast response
time sensor with lower sensitivity, with a slower response
time sensor with higher sensitivity. For gases or vapors not 60
related to water, a strategy must be employed to elicit a
targeted signal, including modifying the nanostructure on
fibrous material, as described herein, with dopants, metal
particles, and other functionalization agents. Alternatively,
nanoparticles or nanowires of inorganic materials may also 65
be used as the sensing component, provided they elicit a
measurable response.

10
While a resistive sensor is detailed herein, it should be

understood that other known and hereinafter developed
forms of nanostructure devices can be fabricated in accor-
dance with the disclosure, including for example devices
which are made from the following types of nanostructures:
capacitor, transistor, microbalance, and fiber optic. More
specifically, these types of nanostructures may be combined
with a fibrous substrate using the techniques described
herein, to form sensing, electronic, optical, and other types
of devices, including for example capacitive sensors and
thin film transistors.

Further, in addition to vapors, liquids, semi-liquids, or
solid samples may be placed in contact with sensors 10 of
the disclosure to sense the contents or other physical attri-
butes of the sample.

Exemplary Computer System
FIG. 15 illustrates the system architecture for a computer

system 1000 such as a server, work station, embedded
system, gas/vapor analyzer system, or other processor on
which the disclosure may be implemented. The exemplary
computer system of FIG. 15 is for descriptive purposes only.
Although the description may refer to terms commonly used
in describing particular computer systems, the description
and concepts equally apply to other systems, including
systems having architectures dissimilar to FIG. 15.
Computer system 1000 includes at least one central

processing unit (CPU) 1105, or server, which may be
implemented with a conventional microprocessor, a random
access memory (RAM) 1110 for temporary storage of infor-
mation, and a read only memory (ROM)1115 for permanent
storage of information. A memory controller 1120 is pro-
vided for controlling RAM 1110.
A bus 1130 interconnects the components of computer

system 1000. A bus controller 1125 is provided for control-
ling bus 1130. An interrupt controller 1135 is used for
receiving and processing various interrupt signals from the
system components.
Mass storage may be provided by diskette 1142, CD or

DVD ROM 1147, flash or rotating hard disk drive 1152.
Data and software may be exchanged with computer system
1000 via removable media such as diskette 1142 and CD
ROM 1147. Diskette 1142 is insertable into diskette drive
1141 which is, in turn, connected to bus 1130 by a controller
1140. Similarly, CD ROM 1147 is insertable into CD ROM
drive 1146 which is, in turn, connected to bus 1130 by
controller 1145. Hard disk 1152 is part of a fixed disk drive
1151 which is connected to bus 1130 by controller 1150. It
should be understood that other storage, peripheral, and
computer processing means may be developed in the future,
which may advantageously be used with the disclosure.
User input to computer system 1000 may be provided by

a number of devices. For example, a keyboard 1156 and
mouse 1157 are connected to bus 1130 by controller 1155.
An audio transducer 1196, which may act as both a micro-
phone and a speaker, is connected to bus 1130 by audio
controller 1197, as illustrated. It will be obvious to those
reasonably skilled in the art that other input devices, such as
a pen and/or tablet, Personal Digital Assistant (PDA),
mobile/cellular phone and other devices, may be connected
to bus 1130 and an appropriate controller and software, as
required. DMA controller 1160 is provided for performing
direct memory access to RAM 1110. A visual display is
generated by video controller 1165 which controls video
display 1170. Computer system 1000 also includes a com-
munications adapter 1190 which allows the system to be
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interconnected to a local area network (LAN) or a wide area
network (WAN), schematically illustrated by bus 1191 and
network 1195.

Operation of computer system 1000 is generally con-
trolled and coordinated by operating system software, such 5
as *nix, or a Windows system, commercially available from
Microsoft Corp., Redmond, Wash. The operating system
controls allocation of system resources and performs tasks
such as processing scheduling, memory management, net-
working, and I/O services, among other things. In particular, io
an operating system resident in system memory and running
on CPU 1105 coordinates the operation of the other elements
of computer system 1000. The present disclosure may be
implemented with any number of commercially available
operating systems. 15

One or more applications, such as an HTML page server,
or a commercially available communication application,
may execute under the control of the operating system,
operable to convey information to a user.
Study of Effect of Relative Humidity on Ammonia. 20

A comparative study has been conducted of response to
exposure of several functionalized carbon nanotube-based
(CNT-based) sensors to fluids containing ammonia fluids.
The CNT sensors include an electrical circuit that allows
measurement of changes in an electrical parameter value 25
(EPV, including electrical current, voltage, resistance,
impedance, conductance, inductance. etc.). A first group of
CNT sensors includes sensors deposited directly on a paper
substrate, with the CNTs settling into or onto various layers
of the (porous) paper. A second group of CNT sensors 30
comprises nanoscale CNTs deposited on microscale cellu-
lose fibers, as a substrate. Conventional substrates have
included plastic, glass and silicon. An increase in NH3
concentration is often associated with kidney disorders
and/or development of ulcers. The Occupational Safety and 35
Health Administration has issued NH3 exposure guidelines
of 25 ppm and 35 ppm for 8 hours exposure and 15 minutes
exposure, respectively.
Some types of devices are not suitable for use in NH3

sensing. For example, metal-oxide semiconductors work 40
only at relatively high temperatures, such as T=150° C.,
which is unsuitable for paper substrates.

In this study, a concentration range of 10-100 ppm NH3
was considered. The first group of sensors was prepared by
a CNT drop-coating procedure to produce a layer-by-layer 45
structure on a 10 cm square filter paper. The second group
of sensors was produced by filtering on a CNT-cellulose
composite film, using ordinary papermaking processes.
Single wall CNTs were used for both groups. A sensor is
placed in a chamber with electrical feed-through. A DC 50
current of 10 µAmps was applied, and the induced DC
voltage was measured, as a direct or indirect measurement
of resistance or conductance. A measured voltage of 10 Volts
may produce a resistance of about 1 MegOhm. Concentra-
tion of NH3 is controlled by mixing dry NH3 and dry air. Dry 55
air was also used to flush substances already absorbed from
the CNT. Relative humidity (RH) and temperature adjacent
to the sensors were controlled at RH-30 percent and T=25°
C., respectively.
The CNTs offer an abundance of reaction sites. When 60

NH3 molecules are adsorbed on the surface, these molecules
donate electrons to the CNTs, which usually behave as
p-type semiconductors with holes as majority carriers.
Donation of electrons reduces the hole population and
increases the system resistance R. 65

FIGS. 16 and 17 graphically illustrate the EPV response,
as a function time and as a function of NH3 concentration,

12
respectively, for exemplars in the first and second groups of
sensors. The EPV response of interest here is defined as

AEPV(K;NH3)=(R(K)-R0)/R0, (3)

where RO is initial resistance before NH3 exposure, and
AEPV often ranges from —2 percent to +3 percent for
reasonable values of NH3 concentration K. An initial decease
in resistance R occurs during sensor conditioning or because
of surface desorption of moisture and concomitant increase
in hole population. The composite cellulose response
increases linearly with NH3 concentration K, and the paper
response appears to saturate at relatively high NH3 concen-
tration (K>50 ppm). From the results presented in FIG. 18,
the second group of sensors (cellulose-CNT composite)
appears to be less sensitive to presence of NH3 than is the
first group of sensors. The lower NH3 sensitivity for the
second group may be due, in part, to a larger fraction of
CNTs being enclosed within the cellulose matrix.
In the first group, the CNTs have a larger surface reaction

area. Tube-to-tube charge transport can be hindered as the
volume density of CNTs in a cellulose composite becomes
smaller. However, cellulose fibers, segmented and supple-
mented by CNTs, can contribute positively to inter-tube
charge transport, through formation of hydrogen bonds
between cellulose molecules and adjacent CNTs. Most of the
hydroxyl groups in cellulose remain on or near the surface,
which can increase charge transport in a CNT network, upon
exposure to NH3.

For some gases and vapors, a relatively slow sensor
recovery is observed, with recovery times of several min-
utes. These recovery times are generally lower for a more
porous substrate, such as paper, and can be reduced by
supplementing the sensor ambient environment with heat-
ing, in a vacuum, or with ultraviolet irradiation.

FIG. 19 graphically compares EPV responses (mean
valueµ and standard deviation Icy) for NH3 exposure of
glass, Teflon, paper and cellulose-CNT composite. Although
glass and Teflon manifest greater NH3 sensitivity, the asso-
ciated I  value for glass and for Teflon is about two-thirds
of the corresponding mean value, while the associated 1 a
values for paper and for cellulose-CNT composite is at most
a few percent of the corresponding mean values. This
indicates that, for exposure to NH3, the normalized statisti-
cal fluctuation values la/µ for paper and for cellulose-CNT
composite are quite small, compared to the normalized
statistical fluctuation values for glass and for Teflon. The
normalized statistical fluctuation la/µ of the response
AEPV, as defined in Eq. (3), may arise from variation in the
initially measured resistance value RO and/or from the
measured resistance value R, after exposure to NH3. This is
confirmed graphically in FIGS. 20 and 21, which present
measured RO values and measured EPV change values
AR=R—RO for a concentration value K=50 ppm of NH3 for
group 1 and group 2. The measured EPV responses to
exposure to NH3, using a paper or cellulose-CNT composite
substrate, appear to be more reliable than the measured EPV
response to exposure to NH3, on a plurality of glass or Teflon
substrates.

Variation of AEPV(K;NH3) versus concentration K in the
presence of variable relative humidity RH is complex and
often produces a monotonic, but nonlinear, increase in
AEPV with increasing RH value, as illustrated in FIG. 22.
The relative humidity was maintained constant for each of
four values, RH-3 percent, 30 percent, 40 percent and 80
percent. For higher RH values (30, 40 and 80 percent), the
responses AEPV(K;NH3) versus K tend to coalesce for
concentration values K below 50 ppm.
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Variation of AEPV(x;NO2) with increasing RH values is
also monotonic but varies substantially linearly with RH. It
is preferable to provide another sensor that independently
measures relative humidity RH and to use these RH mea-
surements to appropriately modify the predicted responses
AEPV(x;NH3) versus K.
Non-Limiting Examples.

Although specific embodiments of the subject matter have
been disclosed, those having ordinary skill in the art will
understand that changes can be made to the specific embodi-
ments without departing from the spirit and scope of the
disclosed subject matter. The scope of the disclosure is not
to be restricted, therefore, to the specific embodiments, and
it is intended that the appended claims cover any and all such
applications, modifications, and embodiments within the
scope of the present disclosure.

What is claimed is:
1. A system for estimating humidity present in a gas or

vapor in a specified volume, the system comprising:
a fibrous substrate that is functionalized with at least one

selected functionalizing substance, said substrate hav-
ing a layer of fibers;

a plurality of carbon nanostructures that are intertwined
with the layer of fibers in the substrate;

an electrical parameter value (EPV) measurement mecha-
nism (EPVMM) that is electrically connected to the
substrate at two or more spaced apart locations and that
provides a measured EPV value that characterizes an
electrical path between the two or more spaced apart
locations;

a gas admission mechanism that exposes the substrate to
a known gas or vapor that has an associated relative
humidity value (RH) that is not yet known; and

a processor that receives a measured EPV for the known
gas or vapor and that provides an estimate of relative
humidity value of the known gas or vapor that corre-
sponds to the measured EPV.

2. The system of claim 1, wherein said nanostructures
comprise single wall nanotubes and multi-wall nanotubes.

3. The system of claim 1, wherein said fibrous substrate
comprises at least one of cellulose paper, filter paper, porous
paper, and biodegradable paper.

4. The system of claim 1, wherein said substrate is doped
with at least one selected dopant substance.

5. The system of claim 1, wherein said functionalizing
substance comprises at least one of carboxylic acid and an
organic acid.

6. The system of claim 1, wherein said EPV is chosen to
be at least one of electrical current, electrical voltage dif-
ference, conductance, resistance, impedance, capacitance
and inductance.

7. The system of claim 1, wherein said known gas or
vapor comprises at least one of NH3 and NO,.

8. The system of claim 1, wherein said carbon nanostruc-
tures are intertwined with the layer of fibers of said substrate
by dispersing said nanostructures in a volatile solution,
coating said substrate with the volatile solution, and allow-
ing said volatile solution to evaporate from said substrate.

9. The system of claim 8, wherein said volatile solution
comprises at least one of dimethylformamide, dodecyl-
benezenesulfonate, and water.

10. A method for estimating humidity present in a gas or
vapor in a specified volume, the method comprising:

functionalizing a fibrous substrate with at least one
selected functionalizing substance, said substrate hav-
ing a layer of fibers;

14
drop casting a plurality of carbon nanostructures with the

layer of fibers of the substrate thereby intertwining the
plurality of carbon nanostructures with the layer of
fibers in the substrate;

5 providing electrical parameter value (EPV) measurement
mechanism (EPVMM) that is electrically connected to
the substrate at two or more spaced apart locations and
that provides a measured EPV that characterizes an

to 
electrical path between the two or more spaced apart
locations;

exposing the substrate to a known gas or vapor that has an
associated relative humidity value (RH) that is not yet
known; and

15 providing a processor that receives a measured EPV for
the known gas or vapor and that provides an estimate
of relative humidity value of the known gas or vapor
that corresponds to the measured EPV.

11. The method of claim 10, further comprising choosing

20 said nanostructures to comprise single wall nanotubes and
multi-wall nanotubes.

12. The method of claim 10, further comprising choosing
said fibrous substrate to comprise at least one of cellulose
paper, filter paper, porous paper, and biodegradable paper.

25 13. The method of claim 10, further comprising doping
said substrate with at least one selected dopant substance.

14. The method of claim 10, further comprising choosing
said functionalizing substance to comprise at least one of
carboxylic acid and an organic acid.

30 15. The method of claim 10, further comprising choosing
said EPV to be at least one of electrical current, electrical
voltage difference, conductance, resistance, impedance,
capacitance and inductance.

16. The method of claim 10, further comprising choosing
35 said known gas or vapor to comprise NH3 and NO2.

17. The method of claim 10, further comprising inter-
twining said carbon nanostructures with the layer of fibers of
said substrate by dispersing said nanostructures in a volatile
solution, coating said substrate with the volatile solution,

4o and allowing said volatile solution to evaporate from said
substrate.

18. The method of claim 17, further comprising choosing
said volatile solution to comprise at least one of dimethyl-
formamide, dodecylbenezenesulfonate, and water.

45 19. A method for estimating a concentration of NH3
present in a gas or vapor in a specified volume, the method
comprising:

functionalizing a fibrous substrate with at least one
selected functionalizing substance, said substrate hav-

50 ing a layer of fibers;
drop casting a plurality of carbon nanostructures with the

layer of fibers of the substrate thereby intertwining the
plurality of carbon nanostructures with the layer of
fibers in the substrate;

55 providing an electrical parameter value (EPV) measure-
ment mechanism that is electrically connected to the
substrate at two or more spaced apart locations and that
provides a measured EPV that characterizes an electri-
cal path between the two or more spaced apart loca-

60 tions;
exposing the substrate to a known gas or vapor that has an

associated NH3 concentration whose [NH3] concentra-
tion value is not yet known; and

providing a processor that receives a measured EPV for
65 the known gas or vapor and that provides an estimate

of the [NH3] concentration value of the known gas or
vapor that corresponds to the measured EPV value.
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20. The method of claim 19, further comprising:
determining relative humidity RH of said known gas or

vapor; and
increasing or decreasing said measured EPV by a com-

pensation increment that varies approximately linearly 5

with variation of the RH relative to a reference value of
RH.
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