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ABSTRACT: In this work, we present a high-performance smart
electronic nose (E-nose) system consisting of a multiplexed tin oxide
(SnO2) nanotube sensor array, read-out circuit, wireless data transmission
unit, mobile phone receiver, and data processing application (App).
Using the designed nanotube sensor device structure in conjunction with
multiple electrode materials, high-sensitivity gas detection and discrim-
ination have been achieved at room temperature, enabling a 1000 times
reduction of the sensor’s power consumption as compared to a
conventional device using thin film SnO2. The experimental results
demonstrate that the developed E-nose can identify indoor target gases
using a simple vector-matching gas recognition algorithm. In addition,
the fabricated E-nose has achieved state-of-the-art sensitivity for H2 and
benzene detection at room temperature with metal oxide sensors. Such a
smart E-nose system can address the imperative needs for distributed
environmental monitoring in smart homes, smart buildings, and smart cities.
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Electronic noses (E-noses) are biomimetic devices
mimicking the functionalities of mammals’ olfaction
system.1,2 Employing chemical gas sensor arrays in

conjunction with classification algorithms, smart E-noses are
able to detect and discriminate types and concentrations of
target gases.3 E-noses have triggered enormous interest globally
because of their critical roles in gas leakage detection, indoor air
quality, and environmental safety monitoring.4−8 This type of
smart devices can be widely used in factories as well as smart
homes and smart buildings, where the safety levels of particular
gas species, such as hydrogen (H2), carbon monoxide (CO),
and nitrogen dioxide (NO2), are well-defined either interna-
tionally or domestically.9−11 In addition to monitoring fire
hazardous gases, detection of low-level health-threatening
chemical species (e.g., benzene) emitted by house decorations
and ventilation systems has also gained increasing attention
over time in both developed and developing countries. This
poses more sophisticated requirements for smart E-nose
systems.12

As the primary purpose of E-noses is to ensure a safe
environment for human users, E-noses should ideally be
human-centered devices that can be either deployed in a
distributed fashion around human users or integrated with the
mobile/wearable devices of the users. Therefore, not only high
performance but also ultra-low power consumption and
miniaturized form are crucial.13,14 In this regard, solid state
semiconductor gas sensors are ideal candidates for this
application. However, existing semiconductor E-nose technol-
ogies, such as microelectro-mechanical system (MEMS)-based
micro-hot plates, microplatforms, etc., all suffer from prohib-
itively high power consumption, e.g., tens of milliwatts or even
more, due to the utilization of resistive heaters to maintain a
high operating temperature.15,16 In addition, they are bulky,
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since the capacity of primary batteries has to be sufficiently
large. Thus, they cannot be readily used as human-centered
devices in the foreseeable future.17 In this work, we
demonstrate a high-performance solid state smart E-nose
system using tin oxide (SnO2) nanotube arrays as the key

sensing material. The system also has a read-out electronic
circuit, a wireless data transmission unit, a mobile phone
receiver, and a data processing application (App). Using the
proposed nanotube sensor device structure with a large surface
area to interact with gas molecules, in conjunction with

Figure 1. Illustration of the E-nose fabrication process and characterization. (a) Open-ended freestanding PAM. (b) USP setup. (c) Pyrolysis
process of SnCl4 on PAM. (d) Cross-section illustration of SnO2 nanotubes after Pt decoration.

Figure 2. Illustration of E-nose and testing setup. (a) E-nose packaging structure. (b) Photograph of the sensor system. (c) Readout circuitry.
(d) Experimental testing platform.
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multiple electrode materials, high-sensitivity gas detection and
discrimination have been achieved at room temperature.
Therefore, sensor power consumption has been reduced by 3
orders of magnitude, as compared with a conventional device
using thin film SnO2. More specifically, the average power
consumption of a heater-free single sensor device is around
12.5 μW, which represents 1% power of the state-of-the-art
commercial SnO2 sensors. Furthermore, the system gas-sensing
test results demonstrate that the developed E-nose can identify
indoor target gases using a simple vector-matching gas
recognition algorithm. Particularly, the fabricated E-nose has
achieved state-of-the-art sensitivity for hydrogen and benzene
detection at room temperature for semiconductor gas sensors.
Such a smart E-nose system can address the imperative need for
distributed environmental monitoring in smart homes, smart
buildings, and smart cities.

RESULTS AND DISCUSSION

E-Nose Sensor Fabrication. The fabrication process of the
SnO2 nanotube E-nose is illustrated in Figure 1, with more

details provided in the Methods section. Briefly, to form a
highly ordered nanotube array to enhance the surface-area-to-
volume ratio (SA/V) of the sensing material, a 40 μm thick
freestanding porous alumina membrane (PAM) with a 500 nm
pitch and a 400 nm average pore size was fabricated (Figure 1a
and Supplementary Figure S1a,b) using anodization of
aluminum (Al) foil in conjunction with nanoimprinting.18−20

The PAM was chosen as the host sensing material because it
forms an insulating template capable of withstanding high
temperatures during the fabrication process. It also offers a
relatively good mechanical strength, which is crucial for future
mass production.21,22 After that, a 70 nm thick polycrystalline
SnO2 film with a ∼70 nm grain size was deposited into the
PAM using the ultrasonic spray pyrolysis (USP) method to
form a SnO2 nanotube array, as shown in Figure 1b and
Supplementary Figure S1c.23,24 We investigated the impact of
the PAM pore diameter on device performance. A smaller pore
diameter was found to translate into a larger surface area to
volume ratio. However, if the pore diameter is too small, it
becomes difficult to achieve conformal deposition of the

Figure 3. Test results of the E-nose toward hydrogen. (a) Performance of SnO2 sensors on a planar substrate and PAM template with and
without Pt decoration and responses for different Pt decoration times for SnO2 sensors. (b) Sensitivity of E-nose for different H2
concentrations. (c−f) Resistance changes of the E-nose for four different H2 concentrations at room temperature. Repeatability of
measurements for each sensor for three continuous cycles of 1000 ppm of H2.
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sensing material in the porous alumina membrane. A 400 nm
pore diameter (before deposition) was found to be a good
trade-off between performance and ease of fabrication. Notably,
this process could be further used for depositing various types
of other oxide materials in the PAM nanochannels.
Subsequently, 5 nm diameter Pt nanoparticles were decorated
on the entire surface of the SnO2 nanotubes (Figure 1d and
Supplementary Figure S1d) in colloidal solution; then four
different materials including gold (Au), platinum (Pt), nickel
(Ni), and indium tin oxide (ITO) were deposited on the top
side of the SnO2 nanotubes at different locations to form the
top electrode array. A single layer of Au film was deposited on
the bottom side of the SnO2 nanotubes to form the common
bottom electrodes. Figure 2a schematically shows the device
structure, and Figure 2b1 shows a photograph of the actual
device. Note that the USP method can highly conformally
deposit a SnO2 film into the nanochannels of the PAM with an
aspect ratio higher than 100, as shown in Supplementary Figure
S1c. This method has a high deposition rate and is much more
cost-effective than other conformal coating techniques such as
atomic layer deposition and chemical vapor deposition. The Pt
nanoparticle decoration process is illustrated in Supplementary
Figure S1d. Since the Pt particles are much smaller than the
SnO2 grains, they cannot be clearly distinguished in the SEM
image. However, traces of the Pt element can be found in X-ray
diffraction and energy-dispersive X-ray spectroscopy (EDS)
analysis in the cross-section of the SnO2 nanotubes
(Supplementary Figure S2).
E-Nose Circuit Design and Power Consumption. The

fabricated monolithically integrated sensor array was sub-
sequently packaged on a printed circuit board (PCB), with the
top electrode of each sensor connected to a signal channel pad,
as shown in Figure 2a and b1. Note that the current size of each
top electrode is 2 mm by 2 mm so that the resistance of each
sensor is at the megaohm level, confirmed by the I−V curves
(Supplementary Figure S3). This size can be further reduced to
increase sensor integration density and obtain devices with
smaller dimensions in the future. The actual E-nose device
consists of two PCBs as shown Figure 2b3. The upper PCB is
the sensor PCB (Figure 2b1), and the lower is the data
acquisition PCB, which comprises a multiplexer and a
microcontroller unit (MCU) with an embedded analog-to-
digital converter (Figure 2b2). A CR 2032 battery cassette is
installed at the bottom of the device to provide a 3 V voltage.
The detailed circuit design is provided in Supplementary Figure
S4. During the gas-sensing test, the voltage drop (Vs) across
each sensor is read-out by the MCU sequentially and the data
are transmitted to the receiver through a Bluetooth unit (Figure
2c). The sensor resistance (Rs) can be simply calculated as

=
−

×R
V

V V
Rs

s

DD s
const

(1)

where Rconst is the series resistance connected to the sensor.
Our circuit level test shows that the entire E-nose system
consumes 20 mW of power in a continuous working mode with
all 12 sensors in operation. However, in four different types of
sensors, only one sensor for each type is needed during
operation. Thus, the power consumption of the four sensors is
around 50 μW. This represents only 1% of a 2 × 2 state-of-the-
art commercial SnO2 sensor array (60 mW for 4 sensors)
(Supplementary Table 1), which comprises embedded heaters
to maintain the acquired high operating temperature. In

addition, as the readout circuit can work under “sentry”
mode with a low duty cycle of 1%, the average power
consumption of our E-nose sensor system is only about 250
μW.

Hydrogen Gas Sensing. Figure 2d schematically shows
our E-nose gas sensing test setup. Specifically, the target gas
and balance gas are injected into the test chamber using
computer-programmed mass flow controllers (MFCs) with a
proper mixture ratio. The resistance change of the sensors is
then measured by the MCU and transmitted to the receiver for
data processing. More specifically, hydrogen gas (H2) mixed
with synthetic air was used to test the E-nose sensing
performance since H2 is one of the major flammable gases.
To evaluate the effectiveness of the nanotube device structure
and compare its sensing performance with its thin film
counterpart, a 140 nm thick SnO2 thin film was deposited on
SiO2-coated silicon wafers also using the USP process, and two
Au electrodes were patterned on the thin film to fabricate a
planar sensor device (Methods section). The test results of
these two types of sensors for 4000 ppm of H2 before and after
Pt decoration are presented in Figure 3a. Interestingly, at room
temperature both the SnO2 nanotube sensor and the planar
SnO2 sensor do not respond to a low concentration of H2.
However, after Pt nanoparticle decoration, the SnO2 nanotube
sensor demonstrates a dramatically enhanced response to H2, as
compared with the Pt-decorated thin film sensor. Furthermore,
Supplementary Figure S6a shows the nanotube sensor’s
response to H2 with different Pt decoration times, indicating
that a 75 min decoration time leads to the optimal sensing
response. The thickness effect of the PAM has also been
investigated, and 40 μm was found to exhibit the best
sensitivity, as shown in Supplementary Figure S7. It is well
known that at an elevated high temperature (200−300 °C) in
air, SnO2 shows a rise of conduction due to the reaction
between H2 and surface-adsorbed O2, which forms neutral
H2O, thus releasing the trapped electrons back to SnO2 from
the surface-adsorbed O2 molecules.1,25 However, in our
experiments carried out at room temperature, the reaction
between H2 and SnO2 surface-adsorbed O2 molecules is
negligible; thus SnO2 nearly demonstrates no conductance
change upon exposure to H2 gas. Nevertheless, Pt can
significantly improve the SnO2 sensing response to H2 at
room temperature mainly due to its catalytic behavior and
reduction of the barrier height at the Pt/SnO2 interface. More
specifically, before the device was exposed to H2, since Pt has a
higher work function than SnO2, electron depletion occurs in
SnO2 at the SnO2/Pt interface, and a Schottky contact will be
formed, as shown in Supplementary Figure S5. Such electron
depletion certainly reduces the conductivity of the SnO2
nanostructure. However, when H2 is injected into the test
chamber, H2 molecules are readily adsorbed by the Pt
nanoparticle surface and are then dissociated into atomic H
on the surface of Pt. The H atoms contribute electrons to Pt,
and the Schottky barrier height reduces after the H atoms
rapidly diffuse through Pt reaching the Pt/SnO2 interface,
leading to an injection of electrons back to SnO2 and to an
increase of conductance of the SnO2 nanotubes.

26,27

Figure 3b−e demonstrate the response of the sensors using
Au, Pt, Ni, and ITO top electrodes, respectively, toward
hydrogen concentrations ranging from 1000 to 4000 ppm at
room temperature. Note that 1000 ppm is the low detection
limit for H2 required by the U.S. Department of Energy, and
4000 ppm is the alarm level.28 In general, it can be seen that
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Table 1. Performance Comparison with Hydrogen Sensors

material concentration sensitivity temperature array size ref

TiO2-decorated SnO2 nanoparticle 8000 ppm 17.4% room temperature 2(separated) 39
Pd/Sn-decorated SnO2 nanowire 5000 ppm 47.4% room temperature 3(separated) 40
Pd nanowire 4000 ppm 3% room temperature 2(separated) 41
Pd/Ni alloy thin film 1000 ppm 0.8% room temperature 1 42
Pd/Cr nanowire network 1000 ppm 4% room temperature 4(separated) 43
Pt−SnO2 thin film 150 ppm 7% 85 °C 1 44
Au0.5Pd0.5 alloy thin film 100 ppm 2.5% room temperature 1 45
Pt/SnO2 nanoparticle 100 ppm 80% 350 °C 6(separated) 46
palladium nanowire 50 ppm 0.4% room temperature 1 47
Pt nanowire 50 ppm 0.8% 270 °C 4(separated) 48
palladium nanowire 50 ppm 1% room temperature 2(separated) 49
palladium film 50 ppm 2% room temperature 1 50
Pt-decorated SnO2 nanotube 50 ppm 7% room temperature 4 × 3(integrated) this work

100 ppm 11%
1000 ppm 47%
4000 ppm 67%

Figure 4. Test results of the E-nose toward nitrogen dioxide, benzene, and humidity. (a, c, e) E-nose response toward different concentrations
of NO2, benzene, and relative air humidity at room temperature. (b, d, f) Sensitivity curves of the E-nose for NO2, benzene, and relative
humidity.
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higher H2 concentrations lead to larger sensor resistance
changes. To perform a more quantitative analysis, the
sensitivity of a given sensor to a target gas is defined as

=
−

×
R R

R
Sensitivity 100%O Gas

O (2)

where RO is the transient resistance before H2 injection and
RGas is the resistance at the end of the 10 min H2 injection
period. The test results show that for 4000 ppm of H2 the
sensitivities of sensors with Au, Pt, Ni, and ITO electrodes are
67.26%, 47.88%, 32.36%, and 14.57%, respectively. Supple-
mentary Figure S8 reports additional sensor response to 1000
ppm of H2 and shows less than a 3% sensitivity shift with
excellent repeatability for all devices. Lower H2 concentrations
ranging from 750 ppm down to 10 ppm were also used for
sensing test, with the responses provided in Supplementary
Figure S9 and Figure S6b. Notably, although the sensors

demonstrated a readable response toward H2 below 10 ppm
(signal-to-noise ratio (SNR) = 2), our existing MFCs do not
allow for an accurate control of gas concentration below 10
ppm. As the result, 10 ppm is the lowest concentration we
could actually measure. However, the lower limit could be
further reduced by using an MFC with a smaller flow rate
range. Nevertheless, 50 ppm of H2 detection at room
temperature with a semiconductor sensor provides already
the state-of-the-art detection capability in atmospheric pressure.
The calculated sensitivities at different H2 concentrations are
plotted in Figure 3f and Supplementary Figure S6. The overall
trend shows higher sensitivity can be achieved with higher gas
concentration with an exponential dependence on concen-
tration that agrees with the empirical formula for metal oxide
gas sensors (Supporting Information). The performance of our
nanotube sensor was benchmarked against previously reported
H2 sensors in Table 1. It can be seen that among all room-

Figure 5. Distinguishing ability of the E-nose and illustration of the E-nose in an indoor application. (a and b) LVQ method for gas
classification in cubic maps. (c and d) Top views of corresponding cubic maps. (e) Illustration of the proposed E-nose application in future
smart buildings.
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temperature-operated sensors our nanotube sensor demon-
strates the best sensitivity for H2 concentrations ranging from
4000 to 100 ppm. Although the Pt/SnO2 nanoparticle sensor
shows higher sensitivity to 100 ppm of H2, it requires a 350 °C
operating temperature and high power consumption.
Nitrogen Dioxide and Benzene Gas Sensing. In

addition to flammable H2 gas sensing, detection of toxic NO2
and benzene gases with nanotube sensors has also been
examined. Note that NO2 is one typical kind of air pollution
from automobile exhaust emission, while benzene can be
emitted by house/building construction/decoration materials.
Figure 4a reports nanotube sensor responses toward oxidizing
NO2 for three different indoor level concentrations (5, 10, and
20 ppm) in synthetic air and at room temperature. Figure 4b
reveals the exponential dependence of sensitivity versus NO2
concentration. It can be seen that exposure to NO2 increases
sensor resistance since NO2 molecules can withdraw electrons
from metal oxides.29,30 The ITO electrode sensor exhibits the
largest resistance change because of the affected work function
and barrier height of the interface. However, given that NO2 is
a strong oxidizing gas, the recovery process of the E-nose at
room temperature usually takes hours to recover back to the
original baseline resistances. Although a heater or a UV LED
could be used to help the recovery,1,31 such a heater or LED
would only need to be turned on when a dangerous level of
NO2 has been detected. In real life applications, due to the rare
opportunity of detecting high-concentration NO2, the heater
would remain off for most of the time. The use of a heater only
for fast sensor recovery will thus result in a significantly lower
power budget as compared to commercial sensors using heaters
for high-temperature operation.
Figure 4c shows the E-nose’s response to benzene. Because

of the low concentration (2−4 ppm) and room-temperature
operation, acquired responses were relatively small compared to
the sensitivity toward H2, leading to low signal-to-noise ratio in
the response curve. However, the sensitivity could still be
clearly observed and calculated from test results, as presented in
Figure 4d. Intriguingly, for the ITO and Pt electrode sensors,
benzene acts as an oxidizing gas, while it acts as a reducing gas
for Au and Ni electrode sensors. Figure 4d plots the sensitivity
versus benzene concentration where the four normalized
resistance curves distinctively show positive and negative
responses. The fact that ITO and Pt electrode sensors show
a negative response, while Ni and Au electrode sensors show a
positive response can be attributed to the different effect on
electrode work function exerted by benzene, leading to a
change of contact property, e.g., barrier height, between the
electrodes and sensing material. Meanwhile, the catalytic effect
of the electrode material toward the target gas can also affect
the impedance of the sensor.32 It is noteworthy to point out
that 8% sensitivity for the ITO electrode sensor (Figure 4d) is,
to our best our knowledge, the highest sensitivity of a SnO2-
based gas sensor toward indoor levels of benzene at room
temperature.33,34 In contrast to NO2 and H2, individual sensors
of the E-nose exhibit different sensing properties when exposed
to benzene. This can be further exploited for subsequent gas
identification tasks. The impact of humidity on sensors was also
evaluated for 30%, 45%, and 60% relative humidity. Among the
four types of sensors, the Pt electrode sensor exhibits the
highest sensitivity to humidity because water molecules could
be more easily dissociated into hydroxyl species on the Pt
electrodes.35 By changing the barrier height of the Schottky
contact and donating free electrons, the resistance of SnO2

nanotubes with Pt electrodes shows a large reduction, as shown
in Figure 4e and f. Note that the sensor array could recover
back toward its original baseline even at room temperature.

Gas Identification Algorithm Design. The above E-nose
tests revealed that each type of sensor has a characteristic
response pattern to a specific gas. This behavior can be used for
subsequent gas identification. Learning vector quantization
(LVQ) is used to process acquired data and identify the sensed
gas.36 With the previous input training data defining the
training vectors, the new testing data are also labeled as testing
vectors and then discriminated by comparing with training data.
Based on acquired data, a small library without a dimensionality
reduction process is presented in Figure 5a,b. Note that the
axes represent the sensitivity as defined in eq 2, and there is no
overlap between the sensitivity patterns representing each gas
signature, with each gas having their own cluster direction.
When applying the LVQ method for gas identification, there
will not be any cluster overlap even if the identification zone of
sensitivity is set at ±3%. This means the E-nose can accurately
distinguish among all four target gases. To better visualize the
LVQ classification, two-dimensional coordinates representing
the top view of Figure 5a,b are drawn in Figure 5c,d, with
parameters labeled in each vector. The other two sets of
combinations are presented in Supplementary Figure S10.
Clearly, the vector orientation is the signature of a given gas
type. Therefore, in practice, when an unknown gas is sensed by
the E-nose, the orientation and length of the acquired vector
associated with its sensitivity pattern can be obtained and
subsequently matched with the vectors prestored in the
identification library. Based on eq 3 and the vector length,
the concentration of the identified gas could be calculated,
which means this vector representation method provides a wide
discrimination range for these gases.37,38 Cg in eq 3 stands for
the concentration (ppm) of the target gas, which is linearly
related with the partial pressure (Pg). S is the sensitivity
calculated from the sensor array. Ag and the exponent
coefficient, α, depend on the analyte and electrode materials,
which has already been trained and stored in the library.

= × = ×
− ×

α⎛
⎝
⎜⎜

⎞
⎠
⎟⎟C P

S
S A

10 10
(1 )g

6
g

6

g

1/

(3)

As our E-nose is a miniaturized, portable, and low-power
device, we have built an in-house sensor network consisting of
multiple E-noses and a mobile phone receiver with a software
App developed for data processing. The supplementary video
shows a town gas leakage detection scenario, in which hydrogen
is the major component (50%), with our wireless E-nose. Fast
response to hydrogen in a town gas released by a kitchen stove
is demonstrated. Figure 5e illustrates the concept of deploying
our lower power E-nose system in a smart home as an
environmental safety system. Owing to the long operation
lifetime and wireless communication, the sensor nodes could be
distributed to any preferred location within Bluetooth broad-
casting range (e.g., 100 m). The acquired data can be in fact
transmitted to a server and then uploaded to the Cloud. The
residents of the house can monitor the environment in the
house anywhere with the Internet. If the system is connected
with air conditioners or air purifiers, the system could also
trigger air purification/exchange automatically.

ACS Nano Article

DOI: 10.1021/acsnano.8b02371
ACS Nano 2018, 12, 6079−6088

6085

http://dx.doi.org/10.1021/acsnano.8b02371


CONCLUSIONS

In summary, we reported a high-performance ultra-low-power
E-nose system based on highly ordered SnO2 nanotube arrays.
The proposed nanotubes have a high SA/V and Pt decoration
to significantly improve sensor performance. The E-nose
demonstrates a heater-free detection capability toward H2,
NO2, benzene, and humidity, with only 1% of power
consumption of a commercial SnO2 thin film gas sensor.
Particularly, the E-nose has achieved state-of-the-art H2 and
benzene detection sensitivity. Benefitting from multiple types of
electrodes, the monolithically integrated sensor array has
successfully distinguished different gases using a simple vector
quantization algorithm. With its readout circuit, the E-nose can
transmit sensing data through a Bluetooth unit, to a mobile
phone receiver, which enables construction of high-perform-
ance smart sensor networks. Overall, the ultra-low-power smart
E-nose system reported here can thus play a critical role in
future smart homes and buildings.

METHODS
Experimental Methods. Freestanding Open-Ended PAM Sub-

strate Fabrication. A 0.5 mm thick aluminum foil was cut into a 2 × 2
cm2 square piece, which was placed in an ultrasonic bath of acetone,
followed by a 2-propanol bath. The aluminum foil was then rinsed
with deionized water. After that, it was put into an electrical polishing
solution (HClO4/C2H5OH, 1:3 in volume ratio) under a 16 V positive
voltage for 2 min. The polished Al foil was then immersed in an
anodizing solution (H2O/C2H6O2/85% H3PO4, 200:100:1 in volume
ratio) with a 200 V voltage applied between the Al foil and the
negative carbon electrode. When the thickness of the PAM film
reached 40 μm, the entire foil was immersed in a 0.2 mol/L H3PO4
solution. A positive bias voltage of 200 V was applied on the aluminum
foil through a programmed Keithley, and then the Al foil was switched
to constant-current mode (4 mA) until the bias voltage dropped to 4
V. The edge of the foil was then manually scratched with a knife.
Electrical polishing was then used again to separate the interface of
aluminum from the PAM under a 16 V voltage for 3 min. After the
polishing process and natural drying, two freestanding PAM
membranes could be detached from the Al foil by tweezers. To
remove the barrier layer, the membranes were immersed into a 5%
H3PO4 solution placed in a 53 °C water bath for 35 min.
SnO2 Deposition on a Freestanding PAM Template. A 0.2

mol/L SnCl4·5H2O ethanol solution was used as the precursor
solution for the USP process. After vibrating it into a vapor phase in a
container using an ultrasonic atomizer, the precursor was carried into a
nozzle by controlled dry air. The PAM template in the nozzle was
heated to 370 °C for the subsequent spray pyrolysis process. Because
of the open-ended structure, a 17 min spray pyrolysis process was
conducted on each side of the PAM template. For the planar
comparison test, the same precursor solution (0.2 mol/L SnCl4·5H2O
ethanol solution) was used for depositing SnO2 on 1 μm oxide coated
silicon wafer. The deposition process on the wafer was conducted for
34 min.
Pt Decoration and Forming Sensor Array. After the USP

process, the nanotube array was immersed in a 0.5 wt % Pt particle (5
nm diameter) solution for surface decoration with a 600 rpm stirring
rate. Following the decoration process, the freestanding SnO2
nanotube array was covered by a shadow mask with 12 2 × 2 mm2

square openings. Then, 100 nm thick Au, Pt, Ni, and ITO were
thermally evaporated each time to three neighboring openings,
respectively, forming the electrode array shown in Figure 2a. The
backside of the SnO2 nanotube array was covered by a shadow mask
with a fish bone shaped opening before 100 nm thick Au was
evaporated to form the common ground.
E-Nose Characterization Procedure. The E-nose system,

integrated with a readout circuit, was put inside a glass chamber.
Three program-controlled MFCs (UNIT Instrument, model UFC-

8100) were connected to the target gases, pure nitrogen, and pure
oxygen, respectively. In our work, three types of target gases balanced
in nitrogen were used, namely, 5000 ppm of H2, 25 ppm of NO2, and
5 ppm of benzene. The concentration of the mixed gas delivered to gas
sensors was controlled through the MFC flow rate ratios. The total
flow rate was always maintained at 500.
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