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S
ince the discovery of poly(acetylene) in
1977, various types of conducting poly-
mers have been discovered and inves-

tigated for numerous applications because
of the versatile nature of these polymers
originate from polyconjugated chains con-
sisting of alternating single and double
bonds.1�10 Among various applications,
conducting polymers have been used as sen-
sors, due to their inherent electronic, optic, and
mechanical transduction mechanism.11�18 To
enhance sensitivity, considerable effort has
focused on the fabrication of nanometer-
scale conducting polymer materials; the
beneficial characteristics of these materials
include their small dimensions, high surface-
to-volume ratio, and amplified sensitivity for
sensor-transducer applications.19�23 Among
various morphology of conducting polymer
nanostructures, nanoparticles offer the ad-
vantages of (1) small-diameter particles for
device fabrication, (2) facile fabrication steps

and uniform size, and (3) uniform deposition
for sensor electrode production, without
particle aggregation.24�29

The development of chemical warfare
has produced weapons used to terrorize
people in times of war and peace, for exam-
ple, the gas attack on the Tokyo subway in
1995, in particular, odorless, colorless, che-
mical warfare agents (CWAs), such as Sarin,
Soman, and Tabun, composed of organo-
phosphorous compounds that disrupt the
mechanism by which nerves transfer mes-
sages to organs in the body.30,31 Therefore,
these toxic chemicals have motivated inten-
sive research in the development of sensitive,
selective, portable gas sensors. However,
there are several limitations to detect these
gases in air owing to their dangerous and fatal
impact to humans. Thus, instead of toxic
nerve chemicals, simulants for nerve gases
that have similar chemical structure and the
same sensing mechanism are used to detect
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ABSTRACT Multidimensional FeOOH nanoneedle-decorated hy-

brid polypyrrole nanoparticles (PFFs) were fabricated using dual-

nozzle electrospray and heat stirring process. To decorate metal

oxide nanoneedles on the polypyrrole (PPy) surface, metal oxide

particle-decorated PPys (E_PPy) were fabricated as starting materi-

als. The E_PPy particles were prepared by dual-nozzle electrospray

because ferric ions (Fe3þ) dispersed on the surface reacted with

hydroxide (OH�) ions in the collector solution without aggregation

of each particles. Multidimensional hybrid PFFs with maximized surface area were then formed by heat stirring reaction in the aqueous metal precursor

contained solutions. The decoration morphology of the metal oxide nanoneedles could be controlled by precursor concentration in the aqueous solution.

These multidimensional hybrid PPFs were applied to nerve gas agent (DMMP) chemical sensor at room temperature with excellent sensitivity. The

minimum detectable level (MDL) of PFFs was as low as 0.1 ppb, which is higher than that for a chemical sensor based on hybrid materials. This is because

the metal oxide nanoneedles increase surface area and affinity to DMMP vapor.
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in air. Among chemical nerve gas agents, dimethyl
methylphosphonate (DMMP) has a similar structure to
Sarin, is used to detect for simulant for Sarin, and also
requires a method for its detection in air.
Recently, several scientific approaches have been

devised to detect these nerve agents, such as colori-
metric analysis, mass spectroscopy, enzymatic assay,
gas chromatography, molecular imprinting, and photo-
acoustic spectroscopy.32�36 Although all of these meth-
ods have advantages, critical limitations remain, includ-
ing low sensitivity, slow response time, high cost, and
limited portability, particularly, operational complexity
for colorimetric analysis and temperature-dependent for
enzymatic assay. On the other hand, interdigitated array
(IDA) based chemiresistive sensors have several strengths
to apply chemical nerve agent sensing. First, it shows high
sensitivity and fast response time than other detection
approaches in air on account of fast signal transfers from
transducer materials to the electrode. Another strength is
the simple measurement with real-time changing resis-
tance of the electrode without additional measurement
steps during target analyte detection. The cycle ability is
the other strength of the IDA sensing device without any
defect during repeated target chemical sensing.
Herein, we present a new simple strategy for fabri-

cating multidimensional hybrid polypyrrole (PPy)
nanoparticles, decorated vertically with metal oxide
(FeOOH) nanoneedles. A dual-nozzle electrospray
technique is described that can positively charge the
particle surface to form FeOOH nucleate sites for
nanoneedle growth during a heat reaction process.
Particle aggregation was prevented by compressed air
flow through the inner part of the dual-nozzle. The

multidimensional hybrid PPy nanoparticles were uti-
lized as a transistor for a nerve gas agent (DMMP)
chemical sensor. The sensing response of this sensor
was ultrasensitive and reversible due to themultidimen-
sional structure of the sensor transducer, which max-
imized the surface area of the particles. The minimum
detectable level (MDL) was as low as 0.1 ppb compared
with higher than that of a chemical sensor based on
metal oxide hybrid materials.37,38 To our knowledge, no
reports have described themanufacture of multidimen-
sional conducting polymer�metal oxide hybrid compo-
sites using the dual-nozzle electrospray technique.

RESULTS AND DISCUSSION

Fabrication of Multidimensional Hybrid PPy Particles. Figure 1
illustrates the overall procedure for the fabrication of
multidimensional hybrid PPy nanoparticles, based on the
dual-nozzle electrospray method. First, 60 nm diameter
PPy particles were prepared using a monodisperse
method, described in our previous work (Figure S1).39

PPy nanoparticles were stirred in an FeCl3 aqueous
solution at room temperature to induce covalent bond-
ing between the Fe3þ ions and the partial negative
charge of the N atom in the pyrrole structure. The mixed
PPy solutions were electrosprayed by the outer part of
the dual-nozzle, while compressed air flowed through
the inner nozzle. The electrosprayedPPy (E_PPy) particles
were collected by a Petri dish collector, under a contin-
uous high voltage. During the electrospray process,
FeOOH particle formation on the PPy surfaces was
facilitated by several factors (green inset of Figure 1).
The high positive voltage applied allowed uniform dis-
persion of Fe3þ ions on the PPy surfaces, resulting in

Figure 1. Illustrative diagram of the sequential fabrication steps for multidimensional hybrid polypyrrole nanoparticles
(green inset: schematic illustration of the formation of FeOOH nucleate site by using dual-nozzle electrospray method with
compressed air blowing (red inset: comparison of electrosprayed particles by control compressed air blowing)).
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positively charged electrosprayed PPy nanoparticles. Ad-
ditionally, the mechanical force, provided by the com-
pressed air flow through the inner part of the dual-nozzle,
broke up the mixed PPy solution drops into small
nanosized droplets; this reduced the likelihood of particle
aggregation (Figure 2a,b). Finally, the Fe3þ ions reacted
with the hydroxide ions in the collector; thus, when the
electrosprayed particles were collected in a solution

containing NaOH, the Fe3þ ions reacted with the hydro-
xide ions to form FeOOH particles, as described by the
following reaction:40,41

Fe3þ þ 3OH� f FeOOHþH2O (1)

Figure 2c shows the E_PPy nanoparticles decorated
with about 3 nm diameter metal particles on their
surface. High-resolution transmission electron micro-
scopy (HR-TEM) images indicated an interplanar spac-
ing between themetal particles of 0.29 and 0.26 nm for
the (100) and (021) planes, respectively, corresponding
to the R-FeOOH lattice structure (Figure 2d).

The E_PPy nanoparticles were stirred in an FeCl3
aqueous solution at 70 �C for 4 h to induce growth of
FeOOH needles on the surface. The Fe3þ ions in the
solution were converted into FeOOH needles at the
decorated FeOOH particle sites (i.e., the FeOOH parti-
cles acted as nucleate sites during this process). The
morphology and needle density were controlled by
the concentration of the FeCl3 aqueous solution, which
varied from 0.5 to 10 wt %. This resulted in FeOOH-
nanoneedle-decorated PPy nanoparticles (denoted as
PFFs), with various needle morphologies on the surface.

The nanostructures of the hybrid PFFs had different
FeOOH nanoneedle configurations. The PFFs with 0.5,
2.0, 5.0, and 10.0 wt % FeOOH precursors are denoted
as PFF_0.5, PFF_2, PFF_5, and PFF_10, respectively
(Figure 3). TEM and HR-TEM images show that the
length and diameter of the FeOOH nanoneedles
increased with the precursor concentration. At low

Figure 2. TEM images of E_PPy nanoparticles (a) without
compressed air and (b) with compressed air during electro-
spray process. (c) SEM and TEM (inset) image of E_PPy nano-
particles after reacted with hydroxide (OH�) ions. (d) HR-TEM
image of FeOOH nucleate sites on the E_PPy nanoparticle.

Figure 3. Low and high (inset) resolution TEM images of hybrid PFF nanoparticles with various concentration of FeCl3
solutions: (a) 0.5wt%, (b) 2.0wt%, and (c) 5.0wt%, and 10wt%hybrid PFF nanoparticleswith (d) low resolution TEM, (e) high
resolution TEM, and (f) HR-TEM images of FeOOH nanoneedles on the PPy surface.
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concentrations (0.5 wt %), the about 5 nm diameter
FeOOH particles decorated the surface, instead of nano-
needles. However, the 10 wt % FeOOH precursor concen-
tration resulted in the formation of nanoneedles, about
40 nm in length andabout 10nm indiameter. The FeOOH
density also increased with precursor concentration. The
HR-TEM image of FeOOH indicates an interplanar spacing
of 0.29 and 0.26 nm for the (100) and (021) of R-FeOOH,
respectively, and confirmed growth of pure, crystalline
nanoneedles following treatment (Figure 3f).

Characterization of Multidimensional Hybrid PPy Particles.
The X-ray diffraction (XRD) patterns of the particles are
shown in Figure 4. The peak of the inorganicmaterial in
the E_ PPy and hybrid PFF particles can bewell indexed
to the R-FeOOH (JCPDS 29�713), indicating the for-
mation of R-FeOOH nanostructures on the PPy surface.
As expected, the peak intensities for the R-FeOOH

nanoneedles increased due to the enhancement in
the nanoneedle density, following the stirring reaction
procedure. The broad diffraction peaks at 25.6 cm�1

were observed for all samples, indicating an identical
crystalline PPy structure for all of the samples. The
chemical composition of the hybrid materials was also
confirmed by X-ray photoelectron spectroscopy (XPS).
Figure 5a shows the complete spectra over the range
of 0�1200 eV. These overview spectra revealed that C,
N, O, and Fe atoms were present in the PFF_10 and
E_PPy samples, whereas only C, O, and N were present
in the pristine PPy nanoparticles. The N 1s peak was
attributed to the N component in the pyrrole structure
(pyrrolylium nitrogen component and the positively
charged N atoms). The high-resolution XPS spectra for
the C 1s region around 285 eV are shown in Figure 5b;
this peakwas deconvoluted into four components. The
peak at 284.3 eV was attributed to CdC bonds, and the
285.3 eV peak corresponded to the C�C bond. The
C�O and C�N groups exhibited peaks at 286.6 and
284.9 eV, respectively. The C 1s peaks for the hybrid
PFF_10 and E_PPywere not shifted relative to those for
the pristine PPys, confirming that the structure of the
PPys remained unchanged after the formation of
FeOOH nanoneedles. Figure 5c shows the O 1s band
of particles deconvoluted into several components.
The peak at 533.0 eV represented the C�O bonds from
the PPy structure component. The peaks at 531.7 and
529.6 eV were attributed to the OH� and O2� compo-
nents in the FeOOH structure. Figure 5d shows the high-
resolution XPS spectra for the Fe 2p peak. Spin�orbit
components 2p3/2 and 2p1/2 were observed near 708.5
and 722.2 eV, indicating that the valence state of Fe

Figure 4. XRD pattern of various PPy nanoparticles (black,
pristine PPy; blue, E_ PPy; green, hybrid PFFs).

Figure 5. XPS patterns of (a) fully scanned spectra and high resolution of (b) C 1s, (c) O 1s, and (d) Fe 2p of hybrid PPy
nanoparticles (black, pristine PPy; blue, E_PPy; green, PFF_10).
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was þ3. Thus, it can be concluded that the FeOOH
nanoneedleswerecomposedofFe(III) andO, as confirmed
by XRD results. Additionally, the decoration amounts of
FeOOH were quantified by TGA analysis (Figure S2).

Figure 6 shows the N2 adsorption/desorption iso-
therms obtained using the Brunauer�Emmett�Teller
(BET) method for the hybrid PPy nanoparticles. The
surface area increased from 50 m2 g�1 for pristine PPy
particles to 227 m2 g�1 for PFF_10. This increase in the
surface area was caused by the enhancement in the
nanoneedle density and size on the surface; specifically,
the surface area of PFF_10was about 4 times larger than
that of the pristine PPy particle. Additionally, the surface
areas of E_PPy and PFF_0.5 were 60 m2 g�1 and
65 m2 g�1, similar to that for pristine PPy (Figure S3).
Therefore, the FeCl3 solution concentration during the
stirred heat reaction had a significant effect on the
surface area of thehybrid PFFs, due to the enhancement
of the decorated FeOOH nanoneedle size and density.

Several approaches were explored to optimize the
sensor performance, that is, the conductive pathway
and effective surface area. Figure 7 shows the current�
voltage (I�V) curves of the hybrid PFFs; the results
indicated that the hybrid nanoparticles were in good
electrical contact with the sensor substrate. The transdu-
cer arrangementwas thought to improve the conductive
pathway, that is, to increase the DMMP detection sensi-
tivity. The randomly stacked arrangement of PFFs pre-
pared by the drop-casting method had a higher contact
resistance than the uniform array obtained by spin-
coating, due to interruption of the conductive pathway
through the accumulated particle�particle assembly.
Therefore, PFFs were deposited on the electrode by
spin-coating to determine the sensing performance in
real-time with minimized contact resistance.

Real-Time Responses of the Nerve Gas Agent (DMMP) Sensor.
The uniformly dispersed PFFs on the sensor substrate
rapidly detected DMMP gas at room temperature. The
sensing mechanism of the hybrid PFFs is described
below (Figure 8). The FeOOH surfaces adsorbed to
DMMP by charge interaction and hydrogen bonding
through the �OH group of FeOOH and the phosphate

group of the DMMP structure. DMMP is a strong electron
donor; thus, when the PFFs were exposed to DMMP
vapors, electronswere transferred fromDMMP toFeOOH;
these transferred electrons flowed to the PPy structure,
leading to a decrease in the number of holes in the PPy
and increasing electrical resistance (because PPy acts as a
p-type transducer).42,43 The FeOOH nanoneedles per-
formed critical effect to DMMP gas sensing in the detect-
ing mechanism. First, it bonded to DMMP gas through
not only charge interactionbut alsohydrogenbondingof
oxygen atom in the DMMP and �OH group of FeOOH
that increased functional site to DMMP gas. Second,
enlarged surface area by vertically aligned on the PPy
surface is also increasing DMMP sensing active site. As a
result, enhancement adsorbed amount of vapors in-
creased sensitivity to DMMP gases.

The sensing performance of the DMMP gas sensor
was affected by the decorated FeOOH populations and
morphologies of the surfaces. The real-time responses
of various PPy nanoparticles were measured for differ-
ent concentrations of DMMPgas. First, pristine PPy and
E_PPy nanoparticles, without FeOOH needles, were
tested (Figure 9a). In the pristine PPy case, there were
no functional sites to attract DMMP gas molecules.
In contrast, the E_PPy nanoparticles had numerous
FeOOH nucleate sites to attract the DMMP gas to the
PPy surface. However, the nucleate site is quite small in
size; thus, there was little interaction with the DMMP
gas. As a result, the sensitivity of the DMMP gas sensor

Figure 6. Nitrogen adsorption�desorption isothermof var-
ious hybrid FeOOH/PPy nanoparticles (pristine PPy, black;
PFF_2, red; PFF_5, blue; PFF_10, green).

Figure 7. I�V curves of hybrid PFF nanoparticles deposited
on IDAbyusing (a) drop-casting and (b) spin-coatingmethod
(pristine PPy, black; PFF_2, red; PFF_5, blue; PFF_10, green).

A
RTIC

LE



LEE ET AL. VOL. 7 ’ NO. 11 ’ 10139–10147 ’ 2013

www.acsnano.org

10144

was absent or low for the pristine PPy and E_PPy
particles. In contrast, for the hybrid PFFs, the FeOOH
nanoneedle morphology and density on the PPy sur-
faces significantly affected the sensing performance of
the DMMP gas sensor. When the hybrid PFF sensors
were exposed to DMMP gas at room temperature,
excellent sensitivity and rapid response/recovery times
were observed. Figure 9b shows the sensor response
upon sequential exposure as a function of analyte

concentration. The sensitivity of hybrid PFFs increased
as the size and density of FeOOH needles on the
surface increased; specifically, PFF_10 was capable of
detecting DMMP concentrations as low as 0.1 ppb at
room temperature. Furthermore, nanoneedle size and
density influence the response and recovery times to
the target gas. Figure 9c shows the real-time response
to DMMP of hybrid PPy particles. The response of the
E_PPy nanoparticles was 2.0 s; the hybrid PFF sensor
with PFF_2, PFF_5, and PFF_10 exhibited response
times of 2, 2, and 1.5 s, respectively. These response
times were attributed to the incorporation of FeOOH
nanoneedles on the PPy surfaces, leading to protuber-
ances and a subsequent increase in the surface area.
Therefore, the rapid response occurred becauseDMMP
molecules rapidly diffused into the hybrid PFF nano-
particles due to the high surface area. In contrast,
recovery times varied from 3.5 s for the E_PPy to 8.5 s
for PFF_10 (PFF_2, 5.5 s; PFF_5, 7.5 s); this effect was
attributable to the interaction of the FeOOH nano-
needles with theDMMPgas (Figure 9d). Thus, the E_PPy
sensor exhibited about 3 times faster recovery time than
the PFF_10 sensor, due to its minimal interaction with
the DMMP gas. In addition, increasing PPy nanoparticle
diameters decrease sensitivity to DMMP gas because of
reducing surface area (Figure S4).

Figure 10a,b presents the electrical response of
various PPy nanoparticles upon periodic exposure to
10 ppb of DMMP gas at room temperature. With the
exception of pristine PPy, these particles revealed

Figure 9. Reversible and reproducible responses aremeasured at a constant current value (10�6 A) with various amounts and
types of FeOOH on the PPy surfaces. Normalized resistance changes upon sequential exposure to various DMMP
concentrations of (a) pristine (black), E_PPy (yellow), and (b) hybrid PFF nanoparticles (pink, PFF_0.5; red, PFF_2; blue,
PFF_5; green, PFF_10). The (c) response and (d) recovery times of hybrid PPy nanoparticles (yellow, E_PPy; red, PFF_2; blue,
PFF_5; green, PFF_10) at 10 ppb of DMMP gas at room temperature.

Figure 8. DMMP gas detection mechanism of hybrid PFF
nanoparticles at room temperature.
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similar response sensitivity with enhanced sensing
number without retardation of the response or recovery
times. Moreover, hybrid PPy nanoparticle gas sensors
maintained their sensing ability after 100 cycles
(Figure 10c). Furthermore, the morphology of PFFs after
DMMPvapor exposurewasmaintainedwithout collapse
of nanoneedles (Figure S5). Figure 11 shows the sensi-
tivity change (S) of the sensors as a function of gas
concentration; note that the normalized resistance
change (sensitivity) should be zero at 0 ppb. At low

concentrations (<0.1 ppb), the hybrid PFF sensors
showed nonlinear changes in sensitivity. Linear behav-
ior was observed over a wide range of concentrations
(0.1�1000 ppb). Therefore, the hybrid PFF gas sensors
demonstrated reversible, reproducible responses to
different analyte concentrations, and their responses
were more pronounced as the gas concentration in-
creased. Additionally, thesehybridPFFs candetect other
organophosphate nerve gas agents (Figure S6).

CONCLUSION

In summary, we fabricated multidimensional hybrid
FeOOH nanoneedle-decorated PPy nanoparticles (PFFs),
usingadual-nozzle electrospray technique. Toour knowl-
edge, this is thefirst demonstrationof themanufactureof
hybrid nanoparticles using the dual-nozzle electrospray
method. During the electrospray process, Fe3þ ions
uniformly dispersed over the PPy surface; compressed
air flow through the inner portion of the dual-nozzle
prevented particle aggregation. These E_PPy nanoparti-
cles were collected and converted into FeOOH nucleate
sites by reacting with OH� in the NaOH solution in the
collector. E_PPy nanoparticles were stirred in an FeCl3
aqueous solution at 70 �C for 4 h to induce growth of
FeOOH needles on the surface. The resulting hybrid PFF
nanoparticles were used in a gas sensor for the detection
of the nerve gas agent, DMMP, with ultrahigh sensitivity
at room temperature. Enhanced sensitivity was observed
as the size and number density of FeOOH needles on the
PPy surface increased. In particular, the PFF_10 sensor
transducer exhibited anminimumdetectable level (MDL)
of 0.1 ppb compared with higher than other hybrid
nanomaterial chemical sensors. Thus, this study demon-
strated an effective way to fabricate multidimensional
organic�inorganic composite hybrid nanomaterials for
various electrochemical applications.

MATERIALS AND METHODS
Materials. Poly(vinyl alcohol) (PVA, Mw 9000) and FeCl3

(97%) were purchased from Aldrich Chemical Co. and used
without further purification. Pyrrole monomer (98%) and NaOH

were also obtained from Aldrich Chemical Co. and used as
received.

Fabrication of Hybrid PFF Nanoparticles. Uniformly sized PPy
nanoparticles were previously prepared with PVA, FeCl3, and

Figure 10. Reversible and reproducible responses are mea-
sured at a constant current value (10�6 A) with various
amount and type of FeOOH on the PPy surfaces. Periodic
exposure to DMMP vapor of 10 ppb of (a) pristine (black),
E_PPy (yellow), and (b) hybrid PFF nanoparticles (pink,
PFF_0.5; red, PFF_2; blue, PFF_5; green, PFF_10). (c) Sensitiv-
ity changes of hybrid PFFs nanoparticles with periodic ex-
posure to DMMP vapor of 10 ppb for 100 cylcles (yellow,
E_PPy; pink, PFF_0.5; red, PFF_2; blue, PFF_5; green, PFF_10).

Figure 11. Calibration line of FeOOH decorated PPy particles
as a function of DMMP vapor concentration (yellow, E_PPy;
pink, PFF_0.5; red, PFF_2; blue, PFF_5; green, PFF_10).
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pyrrole monomer in distilled water, as described in our previous
paper.11 The PPy nanoparticles weremixedwith a 10wt% FeCl3
aqueous solution and then stirred for 4 h at room temperature.
The mixed solution was loaded into a syringe pump (KD
Scientific, U.S.A.) and then pumped through the outer part of
the dual metal nozzle (20 G needle; inner diameter: 0.5 mm).
Compressed air flowed through the inner part of the dual-
nozzle (27 G needle; inner diameter: 0.1 mm). A voltage of 15 kV
was applied between the metal nozzle and the collector Petri
dish. The Petri dish collector contained a NaOH aqueous solu-
tion to maintain a stable Taylor cone. The distance between the
nozzle and collector was 15 cm. The flow rate of the syringe
pump was maintained at 0.1 mL h�1. The materials obtained
from the electrospray were dispersed in various concentrations
of the FeCl3 aqueous solution and stirred for 4 h at 70 �C. The
reacted solution was cleaned with ethanol several times and
then dried at 60 �C for 12 h.

Characterization of Hybrid PFF Nanoparticles. Transmission elec-
tron microscopy (TEM) and high-resolution transmission elec-
tron microscopy (HR-TEM) images were obtained with a JEOL
JEM-200CX and JEOL JEM-3010 system, respectively. During the
sample preparation, the nanomaterials, diluted in ethanol,
were cast onto a copper grid. A JEOL 6700 was used to obtain
field-emission scanning electron microscopy (FE-SEM) images.
X-ray diffraction (XRD) patterns and X-ray photoelectron spec-
troscopy (XPS) spectra were recorded using the M18XHF
SRA (MAC Science Co.) and AXIS-His (KRATOS) systems, respec-
tively. Brunauer�Emmett�Teller (BET) surface areas were mea-
sured using a surface area/porosimetry analyzer (ASAP2010,
Micromeritics). TGA analysis were recorded on a Pyris6 (Perkin-
Elmer). The measurement of the electrical conductivity was
carried out at ambient temperature with a source meter, using
the four-probe method.

Deposition of Hybrid PPy Nanoparticles on the IDA. The hybrid PFFs
(0.5 wt % in ethanol solution) were prepared by ultrasonication
for deposition on the as-prepared interdigitated array (IDA). The
samples were introduced by a drop-casting method on top of
the IDA, to reduce the contact resistance between the particles.
The physical adsorption of PFFs on the substrate was followed
by drying at room temperature in an inert atmosphere for 1 h to
obtain good electrical ohmic contact between the PFFs and
electrodes. In the droplet process, a spin-coating method
(1000 rpm, 45 s) was used for introducing the uniformly
controlled array. A randomly disordered sensor substrate, pro-
duced using the drop-casting method, was used as a control.

Electrical Measurement of Sensitivities in Hybrid PFF Sensors. Resis-
tance changes in the hybrid PFF were monitored with a source
meter connected to a computer. The hybrid PFF sensors
were placed in a vacuum chamber, having a vapor inlet/
outlet pressure of 100 Torr. Various DMMP gas concentrations
(0.1�1000 ppb) were injected into the chamber by a mass flow
controller (MFC, KNH Instruments). The real-time resistance was
monitored at a constant applied current of 10�6 A (defined as
ΔR/R0 = (R� R0)/R0, where R and R0 are the real-time and initial
resistances, respectively). After the PFF nanoparticles interacted
with various concentrations of DMMP gas for several minutes,
each vapor was replaced by compressed air to remove the
molecules attached to the backbone of the PFFs. This process
was performed repeatedly several times. Vapor/air was supplied
at various flow rates of 2�8 slm and 1�5 sccm using the MFC.
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