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of sensing materials on the surface of paper using a method we
call “DRAFT” (deposition of resistors with abrasion fabrication
technique), and takes less than 5 min. This method is analogous
to drawing with pencil on paper, and has been recently reported
by our group as a convenient, reliable, and solvent-free method
for fabricating ammonia sensors from pristine SWCNTs (26).
We now demonstrate the utility and generality of DRAFT
by producing arrays of selective chemiresistors by abrasion of
PENCILs on the surface of paper.

Design of Devices
The sensors in this study consist of conductive networks of carbon-
based sensing materials deposited on the surface of paper-based
chips equipped with gold electrodes. We chose to configure our
sensors as chemiresistors (i.e., variable resistors that change their
resistivity in the presence of chemical analytes) because this type

of architecture is the simplest configuration of an electronic
sensor. By virtue of their simplicity, chemiresistors have minimal
power requirements, and can be readily incorporated into
miniaturized multiplexed arrays. We chose cellulose-based pa-
per as the substrate for the fabrication of chemiresistive sensors
because it is a ubiquitous and inexpensive material that can be
easily integrated into electronic devices (36). The compatibility
of paper with several well-established surface-processing tech-
nologies [e.g., drawing (26), printing (22, 23), metal evaporation
(37), and chemical vapor deposition (38)] facilitates rapid and
straightforward introduction of diverse electronic features onto
the surface of paper, and integration into chemiresistive sensing
devices. Previously, we demonstrated that weighing paper (i.e.,
highly compressed cellulose) was superior to other types of cel-
lulose-based paper for making ammonia sensors from pristine
SWCNTs by DRAFT (26); this demonstration further refined
our choice of paper for this study. Although the sensing material
itself can also serve as the electrodes in a chemiresistive sensor, it
can be beneficial to use metal electrodes for several reasons,
such as (i) the minimization of the amount of sensing material
required to produce a functional chemiresistor; (ii) straightfor-
ward and rapid integration of devices into arrays; and (iii) low
contact resistance at electrical connections. We chose gold as the
material for the fabrication of electrodes on the surface of paper
because it is chemically inert, has low contact resistance, and is
easily deposited on the surface of paper by thermal evaporation.
To create devices, we first fabricate paper-based chips by de-
positing electrodes (with thickness of 120 nm, and a gap of 1 mm
between electrodes) via thermal evaporation of gold through
a shadow mask. We then incorporate chemiresistors onto the
surface of the paper-based chip by DRAFT between the gold
electrodes. The specific layout of the gold electrodes on paper
(Fig. 1) was chosen to facilitate parallel integration of multiple
chemiresistors onto a single chip. All sensors in this study have
similar resistance (typically ∼10–50 kΩ, as measured by a multi-
meter across the gold electrodes). This feature allows for a chip

Fig. 1. Schematic outline of the process for rapid prototyping of selective
carbon-based chemiresistors on the surface of paper. The process involves
two steps. The first step generates PENCILs by mechanical ball milling and
subsequent compression of nC with small molecule selectors specifically
chosen to interact with target analytes. The second step uses DRAFT to pro-
duce an array of chemiresistors on the surface of weighing paper.

Scheme 1. Structures of selectors [S1–S (12)] used in this study.
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design with one common counter/reference electrode for all
devices. When connected to a portable potentiostat equipped
with a multiplexer, this layout permits evaluation of sensing
performance of multiple chemiresistors simultaneously (using
the same range of output current), and, thus, streamlines the
characterization of device-to-device reproducibility and of the
cumulative response from cross-reactive arrays. Because dif-
ferent PENCILs display a wide range of conductivities (SI Ap-
pendix, Table S3), different film thicknesses may be required to
obtain devices within the same resistance range.

Fabrication and Characterization of PENCILs
To define optimal characteristics of PENCILs for targeting spe-
cific analytes, we began by examining how the type of nC (e.g.,
graphite, SWCNTs, and MWCNTs) and the concentration of S
(i.e., nC:S ratio) affects the materials properties and sensing
response of the resulting composites. We focused this study on
nC/S composites generated by ball milling selector 1 [S1] with
graphite, SWCNTs, and MWCNTs at four different mass ratios
(1:0, 1:1, 1:2, and 1:5) for 5 min at 30 Hz. [Using higher ratios of
nC/S (e.g., 1:10) produced composites that were insufficiently
conductive for generating functional chemiresistive devices using
standardized architectures of devices employed in this study (i.e.,
bridging a 1-mm gap between gold electrodes to generate devices
with R = 10–50 kΩ).] We chose S1 for this study based on
previous demonstrations that covalent and noncovalent incor-
poration of a hexafluoroisopropyl moiety onto the surface of
carbon nanotubes enhances the response of these materials to-
ward O-containing H-bond acceptors, such as dimethyl methyl-
phosphonate (DMMP), tetrahydrofuran, and ketones (19, 29).
We hypothesized that the naphthyl moiety within S1 would en-
able favorable dispersive interactions with the conjugated sp2

framework of nC, and the hexafluoroisopropyl moiety would
facilitate favorable H-bonding interactions with target analytes
(e.g., acetone, THF, and DMMP).
We generated PENCILs from nC/S blends by compression

into the shape of a pellet within a stainless steel die for 1 min at
10 MPa (see SI Appendix for details). Although fabrication of
PENCILs in the shape of a conventional cylindrical pencil lead
compatible with commercial mechanical pencil holders is also
possible (Fig. 1), molding composites into the shape of a pellet
yields a flat surface amenable to various methods of character-
ization. We characterized the materials properties of the resulting
PENCILs using Raman spectroscopy, energy-dispersive X-ray
(EDX) spectroscopy, scanning electron microscopy, conductivity
measurements, and mechanical analysis.
Raman spectroscopy of PENCILs based on S1 (SI Appendix,

Fig. S1) using an excitation wavelength of 633 nm confirmed
the presence of graphite, SWCNTs, and MWCNTs within the
respective composites with no evidence of significant covalent
functionalization of nC with selectors, and no indication of sig-
nificant exfoliation of graphite into graphene (39). Furthermore,
examination of SWCNT/S1 composites at three different ex-
citation wavelengths (532, 633, and 784 nm) revealed no signif-
icant systematic changes in the ratio of intensities of D to G
bands (ID:IG) with incorporation of S1 that would be expected in
the case of covalent modification of SWCNTs (SI Appendix, Fig.
S2) (40). In the case of graphite, increasing the concentration of
S1, [S1], produced a small systematic increase in ID/IG. This in-
crease in ID/IG may indicate increased disorder of the sp2 lattice
and potential reduction in size of graphite crystallites with in-
creased [S1] (39). No systematic increase in ID/IG was observed
for composites of S1 with MWCNTs (SI Appendix, Fig. S1).
Raman spectra of composites of S1 with SWCNTs and graphite
also showed a small downshift (1–2 cm−1) in the positions of D
and G bands of these nCs with increasing [S1] within the blend.
These downshifts may result from dispersive and doping inter-
actions between S1 and nC (39, 41). Further analysis of PENCILs

with EDX (SI Appendix, Figs. S3–S6) revealed uniform dispersion
of S1 and nC within the composite on microscale. To obtain in-
formation about the nanoscale structure of the composites, we
examined the samples with SEM. Fig. 2 shows high-resolution
SEM images of composites of S1 with graphite, SWCNTs, and
MWCNTs at four different mass ratios [nC/S1 = 1:0, 1:1, 1:2,
and 1:5]. The presence of S1 alters the nanoscopic structure of
composites for all forms of nC by coating the surface of SWCNTs,
MWCNTs, and graphite crystallites.
The PENCILs were also characterized by conductivity mea-

surements with a four-point probe and mechanical analysis by
nanoindentation (see SI Appendix for details). PENCILs exhibited
a systematic decrease in bulk conductivity with increasing [S1]
[e.g., 256 S/cm for 1:0 SWCNT/S1, 56 S/cm for 1:1 SWCNT/S1,
25 S/cm for 1:2 SWCNT/S1, and 2 S/cm for 1:5 SWCNT/S1;
see SI Appendix, Table S1 for details]. This systematic decrease
in conductivity (i.e., increase in resistivity) is consistent with the
hypothesis that S1 coats the surface of nC and thus increases the
barrier for the transfer of electrons between nC–nC junctions.
Mechanical analysis by nanoindentation revealed that the
PENCILs based on SWCNT/S1 and graphite/S1 composites
have a similar range of hardness (∼10–500 MPa; see SI Appendix,
Table S2 for details) to those of conventional commercial
graphite-based pencil leads (e.g., 100 MPa for a standard HB
pencil) (42). Blending S1 with nC reduces the hardness of the
resulting composite [e.g., from 118 MPa for 1:0 SWCNT/S1 to
7 MPa for 1:5 SWCNT/S1].

Sensing Performance of Chemiresistors
After analyzing the materials properties of nC/S1 composites,
we evaluated the performance of these materials as chemir-
esistive vapor sensors. DRAFT of these composites between gold

Fig. 2. Characterization of PENCILs based on S1 blended with SWCNTs,
MWCNTs, and graphite using SEM.
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electrodes on the surface of weighing paper produced functional
devices (typical range of resistance between 10 and 50 kΩ). We
evaluated the sensing performance of the devices by applying
a constant voltage (0.1 V) across the gold electrodes and moni-
toring the change in current upon exposure to the target analytes
using a potentiostat. The sensing response –ΔG/G0 (%) was
calculated by observing the normalized difference in current be-
fore (I0) and after (I) the exposure to the analyte: –ΔG/G0 (%) =
[(I0 – I)/I0] × 100. All sensors (each type in triplicate) were ex-
posed to the analytes for 30 s followed by 170 s recovery under
a constant flow of nitrogen (see SI Appendix for details). The
concentrations of analytes for this experiment were chosen to be
sufficiently high (∼1% of equilibrium vapor pressure at 25 °C) to
obtain a measureable response from the pristine forms of nC.
Comparing response of pristine nC to nC/S1 blends yielded
quantitative information about signal enhancement in the pres-
ence of S1 (Fig. 3).
Fig. 3 illustrates that blending S1 with nC enhances response

toward target analytes by up to 1–2 orders of magnitude com-
pared with various forms of pristine nC. For instance, when
1:5 composites (by mass) of MWCNT/S1, SWCNTs/S1, and
graphite/S1 are exposed to THF vapor (Fig. 3B), we observe
164-fold, 8-fold, and 14-fold enhancement in sensing response,
respectively, compared with the corresponding forms of nC in
the absence of S1. We attribute this enhancement in the sensing
response to the favorable adsorption of the analytes onto the
S1–coated surface of the nC, and the ability of these nC/S1

composites to transduce this molecular interaction as a change in
electrical properties. The magnitude and reversibility of the sens-
ing response of nC/S1 composites toward specific analytes is a
complex function of three experimental parameters: (i) the type
of analyte; (ii) the type of nC; and (iii) nC/S1 ratio (Fig. 3).
Due to their differences in chemical structure, each of the ana-
lytes in this study has a unique set of kinetic and thermodynamic
constants that drive its molecular association and dissociation
with the S1–coated surface of nC. In addition, differences
between the ability of the different analytes to partition and diffuse
into the solid composite may also contribute to the differences in
analyte-specific sensing responses. Comparing Fig. 3, Left, Cen-
ter, and Right reveals how the type of analyte (acetone vs. THF
vs. DMMP) influences the sensing response of devices. The
sensors exhibit a reversible response toward acetone and THF
(Fig. 3 A and B), and only a partially reversible response toward
DMMP on the time scale of the experiment (Fig. 3C). We at-
tribute these differences in reversibility to the differences in the

kinetic and thermodynamic parameters that characterize the in-
teraction of the analytes with the S1–coated surface of each nC.
Fig. 3 also yields information about how the type of nC

(graphite vs. SWCNTs vs. MWCNTs) and the nC/S1 ratio
influences the sensing response of devices. In general, system-
atically increasing [S1] within the composites increases the
sensing response of the corresponding devices toward acetone
and THF (Fig. 3 A, B, D, and E). In contrast, the enhancement in
sensing response of the devices toward DMMP has a less sys-
tematic dependence on [S1] within the blend (Fig. 3F). It is in-
teresting to note that the magnitude of the sensing response
of graphite/S1 composites toward DMMP is comparable to
those based on much more expensive forms of carbon, such as
SWCNT/S1 and MWCNT/S1 (Fig. 3F). The dependence of
sensing response on the type of nC can be attributed to the
differences in: (i) the surface-to-volume ratio of individual par-
ticles of nC, (ii) the length and the number of available con-
duction pathways within the composite, and (iii) the efficiency of
mixing between S1 and nC within the composite. Although fur-
ther experiments would be needed to enable rational selection of
the optimal type of nC for targeting specific analytes, it is clear
that nC/S ratio within the composite [at least 1:2 or 1:5 by mass
in the case nC/S1] is a crucial parameter for maximizing the
response of the sensors toward target analytes.

Rapid Prototyping of Selective Sensors within
Cross-Reactive Arrays
To demonstrate the generality of the process for fabricating se-
lective gas and vapor sensors from PENCILs by DRAFT, we
constructed an array of cross-reactive sensors (see SI Appendix,
Fig. S7 for a photograph of selected sensors within the array).
This arrayed format is modular, straightforward to implement,
and facilitates evaluation of sensing performance of multiple
devices simultaneously. Each sensor within the array comprises
a solid composite of SWCNTs with a specific S (1:4 by mass)
deposited on the surface of weighing paper by DRAFT; an ad-
ditional sensor based on pristine ball-milled SWCNTs serves as
a control for evaluating enhancements in sensitivity and selec-
tivity of the SWCNT/S composites toward specific analytes. We
chose SWCNT-based composites for this study because their
chemical structure containing exclusively surface atoms makes
them particularly attractive for sensing applications.
Fig. 4 summarizes the magnitude of the sensing response of

five chemically distinct sensors toward 10 different analytes.
Each sensing response represents the average change in con-
ductance –ΔG/G0 (%) from three devices fabricated using the

Fig. 3. Response toward acetone, THF, and DMMP
of sensors fabricated on the surface of weighing
paper by mechanical abrasion of PENCILs compris-
ing compressed blends of nC (graphite, SWCNTs,
and MWCNTs) and S1 at different mass ratios (1:0,
1:1, 1:2, and 1:5). Change in conductance (repre-
sented as –ΔG/G0, %) with time of devices exposed
to acetone (A), THF (B), and DMMP (C) for 30 s.
Quantitative comparison of sensing response (–ΔG/
G0, %) toward acetone (D), THF (E), and DMMP (F)
for three different forms of nC (graphite, SWCNT,
and MWCNT) blended with S1 at four different mass
ratios (1:0, 1:1, 1:2, and 1:5). Vertical error bars rep-
resent SD from the mean based on three exposures
of three sensors to each of the analytes.
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same PENCIL and simultaneously exposed to each analyte at
least three times (nine total measurements). Compared with
SWCNT control, incorporation of selectors S1–S (4) into
SWCNT composites produced devices with enhanced selectivity
and sensitivity toward selected analytes. For instance, incor-
poration of S1 (an H-bond donor) enhanced sensitivity toward
H-bond acceptors (e.g., 15× for THF, 13× for cyclohexanone,
and 4× for DMMP), S (2) enhanced sensitivity toward electron-
rich aromatics (e.g., 2× for toluene), S (3) (a Lewis acid) en-
hanced sensitivity toward Lewis bases (e.g., 12× for H2O, 7× for
CH3OH, and 4× for NH3,), while S (4) enhanced sensitivity to-
ward CH3OH (6×) and CH3CN (9×) with respect to the SWCNT
control. SI Appendix, Figs. S8 and S9 show the sensing response
of additional selectors [S (5)–S (12)] examined in this study.
Compared with pristine SWCNTs, composites of these selectors
with SWCNTs showed increased selectivity, but no large en-
hancements in sensitivity compared with unmodified SWCNTs
toward target analytes.
To probe the generality of this method for various forms of

nC, we also constructed an array of cross-reactive sensors from
graphite-based composites with S1 – S (12) (1:4 graphite/S by
mass). SI Appendix, Figs. S10 and S11 show the sensing response
of the devices based on these composites toward various analy-
tes. SI Appendix, Fig. S12 summarizes the quantitative sensing
response for selected devices and analytes. Analogous to the
SWCNT-based array, blending of selectors S1, S (3), and S (4)
with graphite produced sensing materials and devices with en-
hanced selectivity and sensitivity toward selected analytes. It is
notable that these graphite-based sensing materials showed en-
hanced selectivity and sensitivity toward target analytes in com-
parison with both graphite and SWCNT controls (SI Appendix,
Fig. S13). Although SWCNT-based composites with selectors
S1–S (4) exhibited higher sensing response toward the target
analytes compared with their graphite-based analogs (SI Ap-
pendix, Fig. S13), the results summarized in SI Appendix, Fig. S13
suggest that inexpensive forms of carbon, such as graphite, can
be readily used for solvent-free rapid prototyping and identifi-
cation of selective chemiresistive sensing materials based on bi-
nary mixtures of selectors and nC. Once these selective materials
have been identified, optimization of the source of nC can yield
materials and devices with enhanced chemical properties for
specific applications.

Discrimination of Analytes Using Principal Component
Analysis
To evaluate the ability of the sensor arrays fabricated on paper
from PENCILs by DRAFT to identify and discriminate different
gases and VOCs, we examined the sensing results using principal
component analysis (PCA) (43). Fig. 5 shows the ability of the
five-sensor SWCNT-based array presented in Fig. 4 to resolve 10
chemically diverse analytes using the first three principal com-
ponents (PCs). SI Appendix, Fig. S14 also illustrates this reso-
lution of analytes using 2D projections of PCs. In addition, SI
Appendix, Fig. S15 shows the analogous capability of the graphite-
and SWCNT-based arrays, comprising composites with selectors
S1–S (4) to resolve nine different analytes using the first three
PCs of each array.

Conclusion
We developed a simple and versatile method for fabricating
selective chemiresistive sensors from graphitic materials on the
surface of paper. As part of this approach, we made and char-
acterized a class of sensing materials that comprise solid com-
posites of small molecule selectors with nanostructured carbon
(i.e., graphite, SWCNTs, and MWCNTs) generated by mechan-
ical mixing and subsequent compression. We demonstrated that
these sensing materials can be designed and produced from at

Fig. 4. Sensing response of a cross-reactive array
fabricated by mechanical abrasion of ball milled and
compressed SWCNTs and composites of SWCNTs
with selectors S1–S (4) with (1:4 nC/S by mass) on
the surface of weighing paper. (A) Change in con-
ductance (represented as –ΔG/G0, %) resulting from
exposure of the array to eight vapors (at ∼1%
equilibrium vapor pressure, specific concentrations
as shown) and two gases (40 ppm each). Each bar
represents the average response of three sensors
exposed to each analyte in triplicate. Vertical error
bars show SD from the mean based on three
exposures of three sensors to each of the analytes.
(B) S (2) exhibits enhanced signal toward toluene.
(C) S (3) shows enhanced signal toward water vapor.
(D) S (4) enhances signal toward acetonitrile. (E) S1

enhances signal toward cyclohexanone.

Fig. 5. PCA of a cross-reactive array shown in Fig. 4.

Mirica et al. PNAS | Published online August 13, 2013 | E3269

CH
EM

IS
TR

Y
PN

A
S
PL

U
S

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307251110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307251110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307251110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307251110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307251110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307251110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307251110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307251110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307251110/-/DCSupplemental/sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1307251110/-/DCSupplemental/sapp.pdf


least three different forms of nC, and can be easily integrated
into functional chemiresitive gas sensors and cross-reactive arrays
by mechanical abrasion on the surface of paper. This approach
has at least three advantages over standard technologies based on
solution-phase processing of graphitic materials into functional
and selective sensing devices: (i) It is entirely solvent-free. It does
not require the use of toxic solvents, surfactants, or prolonged
sonication for dispersing materials in solution, and integration
into devices. (ii) It is rapid. The entire process of fabricating a
functional selective chemiresistors from commercially avail-
able starting materials takes less than 15 min (the fabrication of
PENCILs takes less than 10 min, and DRAFT takes less than 5
min). In contrast, covalent and noncovalent functionalization of
CNTs to generate selective sensing materials in solution takes
hours (and sometimes days), and integration of these materials
into devices by drop casting, spin coating, and inkjet printing
requires prolonged drying times to remove solvent, and often
involves several repeated processing cycles to obtain devices with
desired electrical properties. (iii) It uses solid composite-sensing
materials that have the potential to be more stable than most
liquid dispersions of CNTs. One current disadvantage of this
method over liquid-based methods is that it requires at least ∼30

mg of material for the fabrication of a single PENCIL. This
amount of material is necessary to facilitate straightforward
fabrication and abrasion of PENCIL on the surface of paper.
This PENCIL, however, can be used repeatedly for the fabrica-
tion of multiple sensors by DRAFT (each functional sensor
comprises < 5 μg of chemiresistive sensing material). Further-
more, the ability to use graphite as an effective source of carbon
for rapid identification of selective solid composites for detecting
target analytes may help to circumvent the need for using ex-
pensive sources of carbon (i.e., SWCNTs) during preliminary
prototyping. We believe that this method will be readily adapt-
able for the fabrication of selective and sensitive carbon-based
sensors and arrays for detecting a wide variety of analytes.
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