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ABSTRACT: Multidimensional porous iron oxide (Fe,0O;) nanorods-
decorated carbon nanoparticles (MPFCNPs) were fabricated using a
dual-nozzle electrospray, thermal stirring, and heat treatment.
Polypyrrole (PPy) NPs with FeOOH nanorods were synthesized by
electrospraying Fe®* ions, which were adsorbed on the PPy NP surface;
the adsorbed Fe*" ions reacted with NaOH to create FeOOH nuclei,
and then followed thermal stirring grow nanorods without aggregation.
MPFCNPs were fabricated through heat treatment, with the porous
structure created in the Fe,O; nanorods by hydroxyl group
decomposition. The size of the MPFCNPs and the length of the
porous Fe,O; nanorods were controlled by the PPy NP template and

/—HH—

Collector with NaOH

concentration of initiator solution, respectively. The MPFCNPs were then utilized as a chemical sensor transducer for NO, gas
detection at room temperature. The response of the MFPCNP sensor was highly sensitive, displaying a minimum detectable level
of 1 ppm; this detection level is lower than that of organic—inorganic hybrid sensors. Moreover, sensitivity also improved with
decreasing the diameter of MPFCNPs and increasing Fe,O; nanorod length. The enhanced sensitivity was attributed to the
larger surface area presented by the particle size and the porous structure.
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B INTRODUCTION

Chemical gas sensors have received much attention in the
chemical industry for gas leakage prevention. The most recent
research in gas sensors has focused on highly sensitive sensors
for the detection of toxic and detrimental gases. Among the
harmful gases, nitrogen dioxide (NO,) not only causes serious
damage to the human respiratory system and lung tissue but
also induces ozone formation during fossil fuel combustion
(e.g, in manufacturing practices, automobiles, and heating
systems).'™* Therefore, the development of high sensitive
sensors is essential for NO, detection to minimize environ-
mental exposure.

Over the past several decades, metal oxide nanomaterials,
such as ZnO,>™*° WO3,11_14 SnOz,ls_17 In203,18 and
Fe,0,'"7>* have been used for gas sensing. Among the metal
oxides, iron(IIl) oxides (Fe,O;) are especially promising, due
to their attractive chemicophysical properties, including a lower
toxicity and high availability. However, metal oxide-based
sensors require high operating temperatures, which reduce
sensor life and increase power consumption. In many instances,
carbon materials have replaced metal oxides in gas-sensing
technologies, due to their room temperature operation with
better stability. Therefore, much research focuses on carbon
materials (carbon nanotubes (CNTs)**** and graphene™~>%)
and conducting polymers (e.g., polypyrrole and polyani-
line),”® ' owing to their high electrical conductivity and
chemical inertness, necessary for sensor and electrochromic
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devices. However, carbon has a low sensing performance, and
conducting polymers have a lower mechanical strength.
Therefore, organic-based iron(Ill) oxide materials may be
investigated to resolve the issues presented by its carbon and
polymer counterparts.®* >

Herein, using a dual-nozzle electrospray, thermal stirring, and
heat treatment method, we fabricated carbon nanoparticles
whose surfaces were decorated with multidimensional porous
iron oxide (Fe,O;) nanorods (MPFCNPs). The diameter of
the MPFCNPs was controlled by introducing various sizes of
polypyrrole (PPy) NPs as the template material. The dual-
nozzle electrospray provided FeOOH nanoparticles as nuclei
for metal oxide nanorod growth aggregation-free. Thermal
treatment in an inert gas created a porous Fe,O; nanorod
structure, due to the decomposition of the OH™ group, which
provided a high surface area. The MPFCNPs were then utilized
as a chemical sensor transducer. The resulting sensing response
was highly sensitive and reversible, and resulted in the larger
surface area of the multidimensional structure. The minimum
detectable level (MDL) was 1 ppm for the MPFCNPs, lower
than that for a NO, sensor using organic-based metal oxide
materials. To our knowledge, this is the first fabrication of
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organic-based metal oxide hybrid materials for hazardous gas
sensors, using the dual-nozzle electrospray technique.

B RESULTS AND DISCUSSION

Fabrication of MPFCNPs. Figure 1 shows the steps in
MPFCNP synthesis, which involved the use of a dual-nozzle
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Figure 1. Illustrative diagram of the steps in fabrication of
multidimensional porous Fe,0, carbon nanoparticles (MPFCNPs).

electrospray, thermal stirring, and followed by heat treatment.
PPy NPs of various sizes (30, 60, and 100 nm) were prepared
by adjusting the amount of pyrrole monomer during the
chemical oxidation polymerization reaction, as shown in Figure
S1 (Supporting Information).*® The PPy NPs (as the starting
material) were then dispersed in an ethanolic FeCl, solution for
adsorbing Fe*" ions on the PPy NP surface before introducing
the syringe. The as-prepared mixed solution was electrosprayed
through the outlet of the dual-nozzle and compressed air
flowed through the nozzle inlet, which resulted in the formation
of FeOOH nuclei-decorated PPy NPs. In this system, a high
voltage was applied to uniformly disperse the Fe®" ions, and the
compressed air minimized particle aggregation. FeOOH nuclei
formed as a result of a reaction between Fe>* and NaOH, as
shown in Figure S2 (Supporting Information). The FeOOH
nuclei-decorated PPy NPs were stirred in FeCl; solution of
various concentrations (1, S, and 10 wt %) at 70 °C for 4 h, to
form FeOOH nanorods.”” > Finally, the FeOOH nanorods-
decorated PPy NPs were carbonized in an inert gas (Ar) flow to
obtain MPFCNPs.

Figure 2a—c shows transmission electron microscopy (TEM)
images of the MPFCNPs, having a diameter of 35, 65, and 100
nm, respectively. Thermal treatment was conducted at 300 °C
for 2 h to prevent the collapse of the MPFCNPs. As a result of
the heat treatment, the FeOOH nanorods were transformed to
Fe,0; nanorods with a porous structure (length, ca. 12 nm;
pore size, ca. 6 nm), due to the decomposition of the OH~
group of FeOOH.*** Figure 2d shows a high-resolution TEM
image and lattice fringe (inset) of the porous Fe,O; nanorods,
indicated that FeOOH converted to Fe,Os successfully.
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Figure 2. Transmission electron microscopy (TEM) images of
MPFCNPs of various sizes: (a) ca. 35, (b) ca. 65, and (c) ca. 100
nm, respectively. (d) High-resolution TEM (HR-TEM) images and
lattice fringe (inset) of porous Fe,O; nanorod.

Hereafter, the porous Fe,O; nanorod-decorated carbon
nanoparticles, 35, 65, and 100 nm in size, are denoted as
MPFCNPs 35, MPECNPs_6S, and MPECNPs_100, respec-
tively.

Characterization of MPFCNPs. The crystal structures of
pristine CNPs and MPFCNPs were investigated by powder X-
ray diffraction (XRD) analysis (Figure 3). The broad peak near

—— MPFCNPs
—_ —— FeOOH/PPy NPs
=5 | —ocnps
s (104) 110)

(012)
.‘? a1y 0291
* (018)
c
(11)
g (110)
_— (100)(420)(021) || (141) (221
10 20 30 40 50 60
20 / degree

Figure 3. X-ray diffraction (XRD) analysis of CNPs (blue), FeOOH/
PPy NPs (black), and MPFCNPs (red).

20 = 23° for the CNPs indicated an amorphous carbon phase.
The pattern of the MPFCNPs also exhibited a broad peak at
about 20 = 23°; the strong peaks for (012), (104), and (110)
corresponded to Fe,O; The presence of additional minor
peaks, namely, (113), (024), (116), and (018), provided further
evidence for the existence of Fe,O; (JCPDS 4-0835).
Moreover, XRD spectroscopy of FeOOH nanorods decorated
PPy NPs was indicated that not only PPy structure was well
maintained during the thermal stirring method but also the
sharp peaks were implied the FeOOH phase.

X-ray photoelectron spectroscopy (XPS) was used to
determine the chemical composition of the sample for each
of the fabrication steps. Figure 4a displays the full spectrum
over the range from 0 to 1200 eV. These overview spectra
indicated that C, N, and O were present in all of the samples,
whereas additional Fe was present in the MPFCNPs by Fe,0,
nanorods. A high-resolution XPS spectrum of the C 1s region
around 285.5 eV is shown in Figure 4b. The C 1s peak for PPy
NPs was ascribed to four peaks positioned at 284.3, 285.3,
286.6, and 284.9 eV, corresponding to C=C, C—C, C—O0O,
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Figure 4. X-ray photoelectron spectroscopy (XPS) of (a) overall
scanned spectra and high resolution of (b) C 1s and (c) N 1s of
polypyrrole (PPy), CNPs, and MPFCNPs, respectively. (d) Fe 2p of
MPFCNPs.

and C—N bonds, respectively. In contrast, the spectra of the
CNPs indicated peaks at 284.6 eV for graphitic sp*, 285.5 eV
for C—O bonds, and 287.9 eV for C—N bonds. The C 1s peak
for the MPFCNPs was not shifted compared with that for the
CNPs, implying that the CNP structure was maintained during
porous Fe,O; nanorods formation. Figure 4c shows the N 1s
peak for the PPy NPs at 399.4 and 401.3 eV, corresponding to
the C—N*, and C=N" bonds. The two peaks, 398.3 and 400
eV, were attributed to pyridinic-N and pyrrolic-N in the CNPs.
The N 1s peak of the MPFCNPs showed a similar tendency as
that of C 1s, with respect to the CNPs. Spin—orbit components
2ps/, and 2p, ,, (Figure 4d) were measured at 711.2 and 724.7
eV, representing the Fe®" state in the MPFCNPs.

Barrett—Joyner—Halenda (BJH) measurements were per-
formed to identify the pore size distribution of each sample
with a diameter of ca. 35 nm (Figure S). The main peak in the
pore size of PPy was 11.5 nm, in good agreement with the
characteristic PPy structure, as shown in Figure Sa. After
carbonization, the pore size shrank to ca. 7.9 nm, due to the
phase change from PPy to amorphous carbon (Figure Sb).
Moreover, an additional peak with a diameter of ca. 5 nm was
measured for the Fe,O; nanorods (Figure Sc); this feature
remained, regardless of the particle diameter (Figure S4,
Supporting Information).

Brunauer—Emmett—Teller (BET) measurements were con-
ducted to determine the specific surface area, as shown in
Figure SS (Supporting Information). Given a specific surface
area of 62 m> g~! for PPy 35, CNPs_35 and MPFCNPs_35
presented values of 95 and 290 m* g™, respectively. The abrupt
increase in specific surface area for MPFCNPs_3S, compared
with the starting material PPy, was attributed to porous Fe,O;
nanorod formation. Additionally, our results showed that the
smallest sized particles (35 nm) provided the highest surface-
to-volume ratio. The specific surface area and pore size
distributions are summarized in Table S1 (Supporting
Information).

Sensing Performance of the MPFCNPs. The current—
voltage (I-V) curves of the MPFCNPs with various sizes are
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Figure S. Barrett—Joyner—Halenda (BJH) pore-size distribution curve
of (a) PPy, (b) CNPs, and (c) MPFCNPs with a diameter of ca. 3§
nm.

shown in Figure 6. All samples exhibited a linear line, implying
good electrical contact (Ohmic contact) with the sensor
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Figure 6. Current—voltage (I-V) curves of various diameter
MPFCNPs (35 nm, red; 65 nm, blue; 100 nm, black) deposited on
an interdigitated array (IDA) electrode, using the spin-coating method.

The inset shows field emission-scanning electron microscopy (FE-
SEM) images of the MPFCNPs deposited on the IDA electrode.

substrate. Additionally, field emission-scanning electron mi-
croscopy (FE-SEM) images of the MPFCNPs deposited on an
interdigitated array (IDA) show that the MPFCNPs were well-
aligned, without regions of deficiency or excess (inset of Figure
6).

The Fe,O;-based gas sensors with highly sensitive for
detecting of NO, gas at higher temperatures (ca. 200 °C)
were reported in the previous reports.lg_21 In contrast, our
MPECNP sensor exhibited a fast response to NO, gas at room
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Figure 7. Schematic diagram of the NO, gas sensing mechanism of MPFCNPs.

temperature via an electron transfer mechanism, as shown in
Figure 7.

The sensing mechanism is described as follows. First, the
porous Fe,O; nanorods adsorb the NO, gas (oxidizing gas),
due to its strong electron withdrawing property. The electrons
that transfer to the NO, molecules leave behind electron
vacancies in the porous Fe,O; nanorods. These vacancies are
compensated by the electron of CNPs, resulted in increase of
holes. Second, porous Fe,O; (n-type) forms a depletion zone
with the CNPs (p-type), creating a p—n junction; this allows for
more electrons to be transferred from the CNPs to NO,
through Fe,0,."*'™* As a result, the increased number of
holes in the CNPs and the depletion zone lead to a decrease in
the electrical resistance.

To determine the effect of particle size on sensor response,
we measured the sensing test of the NO, gas with MPFCNPs
of various diameters. The real-time response of MPFCNPs was
conducted for various concentrations of NO, gas (Figure 8).
When the MPFCNPs were exposed to NO, gas at room
temperature, high sensitivity and rapid response/recovery times
were confirmed.

Figure 8a shows the responses upon sequential exposure to
NO, concentrations of 1, 5, 10, 20, and 50 ppm. The resistance
decreased with increasing concentration, in agreement with an
increase in the number of charge carriers from NO, electron
withdrawing. Furthermore, the sensitivity of MPFCNPs sensors
increased with decreasing particle sizes, which indicated that
the specific surface area (m* g': MPFCNPs_35 (310.5) >
MPECNPs_65 (286.8) > MPECNPs_100 (243.5)) played a
major role in the sensing performance. Moreover, the detection
limit of the MPFCNPs sensor was considerable lower than
previous Fe,0;-based organic NO, sensors (Table S2,
Supporting Information).>>>

Figure 8b shows the electrical response of the MPFCNPs
upon periodic exposure to 1 ppm of NO, gas. The change in
sensitivity during the cycle test was insignificant, indicating the
reversibility of the MPFCNPs sensor for detecting NO, gas.
The MPFCNPs sensors displayed nonlinear sensitivity changes
at low concentrations (<1 ppm); the normalized resistance
change should be zero at 0 ppm, as shown in Figure 8c. The
linear response of the MPFCNPs sensor over the range from 1
to 50 ppm indicated good reversibility and reproducibility to
various concentrations, with the response more pronounced
with increasing gas concentration.

The influence of the length of the porous Fe,O; nanorods on
sensor sensitivity was examined to determine the influence of
Fe,0;, as shown in Figure S6 (Supporting Information). PPy
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Figure 8. Reversible and reproducible responses were analyzed at a
constant current (107 A) with various sizes of MPFCNPs (35 nm,
red; 65 nm, blue; 100 nm, black). Normalized resistance changes upon
(a) sequential exposure to different NO, gas concentrations and (b)
periodic exposure to NO, gas at 1 ppm at room temperature. (c)
Calibration line as a function of concentration of NO, gas.

particles with a diameter of ca. 35 nm were used as the starting
materials, due to their high surface areas. The length of the
porous Fe,O; nanorods was controlled by the thermal stirring
time; MPFCNPs with long and short porous Fe,O; nanorods
are labeled as MPFCNPs 35 L and MPFCNPs 35 §,
respectively.

Figure S6 (Supporting Information) shows the reversible,
reproducible response upon sequential exposure, according to
various NO, concentrations. The response of pristine CNPs
was very weak. As the length of the porous Fe,O; nanorods
increased, the sensor sensitivity increased; this implies that the
Fe,0; acts as an active site for NO, gas detection, with longer
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nanorod lengths providing additional active sites. Use of the
small size CNPs as substrates increased the surface area, which
was further enhanced by the porous Fe,O; nanorods, thus
enhancing interaction with the NO, gas. As a result, the
MPFCNPs with 35 nm diameter CNPs (i.e.,
MPFCNPs_35_L) showed the highest sensitivity, compared
with the other samples.

B CONCLUSIONS

Multidimensional porous iron oxide (Fe,O;) nanorods-
decorated carbon nanoparticles (MPFCNPs) were fabricated
using dual-nozzle electrospray and thermal stirring, followed by
heat treatment. In this procedure, the diameter of the
MPFCNPs was controlled by the size of the PPy NPs as the
starting material. The change in the structure was induced by
the following steps. FeOOH nanorods vertically decorated the
surface of the PPy NPs via a dual-nozzle electrospray and
thermal stirring technique. The FeOOH nanorods were then
converted to Fe,O; nanorods with pores by removal of the
hydroxide groups, resulting in a higher surface area. The as-
prepared MPFCNPs were utilized for electrodes for NO, gas
sensing. The MPFCNP sensor demonstrated a high sensitivity
at room temperature with decreasing size of the MPFCNPs,
because the small size of the MPFCNPs provided a higher
specific surface area. As a result, long porous Fe,O; nanorod-
decorated 35 nm CNPs exhibited a higher sensitivity, indicating
not only a higher surface area but also numerous active sites to
interact with NO, gas.

B EXPERIMENTAL SECTION

Materials. Poly(vinyl alcohol) (PVA, Mw = 9000—10 000, 80%
hydrolyzed), a pyrrole (98%) monomer, iron(III) chloride (FeCl;),
and sodium hydroxide (NaOH) were purchased from Aldrich
Chemical Co. and used without further purification.

Synthesis of MPFCNPs. PPy nanoparticles of various diameters
were prepared with PVA, FeCl;, and pyrrole monomer in deionized
water as described in our previous report.>® EBach of the particles was
mixed with FeCl; solution (S wt %), and then the mixture was stirred
for 4 h at room temperature. The mixing solution was injected into a
syringe pump (KD Scientific, USA) and pumped into the outer nozzle
(20 G nozzle; inner diameter: 0.5 mm) of a dual-nozzle system.
Moreover, pressed air flowed through the inner nozzle (27 G nozzle;
inner diameter: 0.1 mm). The nozzle was linked to the positive
terminal of a power supply to provide a high voltage, i.e,, 15 kV, and
the resulting dispersed materials were collected in a glass Petri dish
containing a NaOH aqueous solution. The flow rate of the syringe
pump was fixed at 0.1 mL min~’, and the distance between the nozzle
and glass Petri dish was 15 cm. The materials from the electrospray
output were dispersed in a various concentration of FeCl; aqueous
solution (1, S, and 10 wt %) and stirred at 70 °C for 4 h. The resulting
solution was washed with ethanol several times, and dried at 60 °C in a
vacuum oven. The as-prepared samples were then heated at 5 °C
min~" in flowing argon gas to 300 °C, where they were held for 2 h to
complete carbonization. PPy NPs were also carbonized for the control
experiment.

Characterization of MPFCNPs. Transmission electron micros-
copy (TEM) and high-resolution TEM (HR-TEM) images were
obtained with JEOL JEM-200CX and JEOL JEM-2010F microscopes,
respectively. Samples of the nanomaterial were dispersed in ethanol
and cast onto copper grids. X-ray photoelectron spectroscopy (XPS)
and X-ray diffraction (XRD) spectra were obtained using a JPS-
9000MS system (JEOL, X-ray source: Mg Ka) and M18XHF-SRA
(Rigaku, SmartLab, 4 = 1.5418 A) spectrometers, respectively.
Brunauer—Emmett—Teller (BET) surface areas and Barrett—Joy-
ner—Halenda (BJH) pore size distributions were measured with an
ASAP 2010 analyzer (Micrometrics). Electrical conductivity measure-

1750

ments were conducted in ambient atmosphere, using a four-probe
technique.

Deposition of MPFCNPs on the IDA. The MPFCNPs were
dispersed in ethanol solution using ultrasonication for deposition onto
an as-prepared interdigitated array (IDA), using an ultrasonic
homogenizer (Autotune 750 W, Cole-Parmer Instruments, Vernon
Hills, Illinois, USA). The ultrasonication instrument was operated at a
frequency of 15 kHz using a titanium tip with a diameter of 12 mm for
40 min. The samples were deposited on the IDA using a spin-coating
method (1000 rpm, 60 s) and dried at room temperature in an inert
atmosphere for 1 h to minimize the contact resistance.

Structure and Preparation of the Sensor Device. MPFCNP
gas sensors were introduced in a one-side-open cell having a volume of
ca. 10 cm®. Four mass flow controllers (MFCs) were connected to
supply single gas flow to the cell. Two MEC lines of synthetic air and
NO, gas were used to vary the ratio of synthetic air to NO, gas. The
sensor was exposed to a sequence of VOC pulses for a constant period.
The cell was purged with synthetic air between each pulse to enable
SeNsor recovery.

Electrical Measurement of Sensitivities in MPFCNPs Sensor.
The resistance change in the MPFCNPs was monitored and recorded
with a source meter connected to a computer. The MPFCNPs sensors
were placed in a vacuum chamber with a vapor inlet/outlet (ca. 100
Torr). Various NO, gas concentrations (1—5S0 ppm) were injected
into the chamber by the MFC. The real-time resistance value (defined
as AR/R, = (R — R,)/R,, where R and R, are the real-time and initial
resistance, respectively) was recorded for a constant applied current of
107® A. After the MPFCNP sensor was exposed to several cycles of
NO, gas, the gas vapor was replaced with pressed air to remove the
attached NO, molecules from the nanomaterial.

B ASSOCIATED CONTENT
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(1) TEM images of PPy NPs with various sizes; (2) formation
mechanism of FeOOH nuclei; (3) BJH curve of PPy, CNPs
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