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Self-Powered, Room-Temperature Electronic Nose Based on
Triboelectrification and Heterogeneous Catalytic Reaction

Ji-hyun Kim, Jinsung Chun, Jin Woong Kim, Won Jun Choi, and Jeong Min Baik*

Herein, a self-powered electronic nose strategy with highly selective gas
detection is described. The electronic nose is a two-dimensional microarray
based on the triboelectrification between ZnO nanowires and the dielectric
layers, and the heterogeneous catalytic reaction occurring on the nanowires
and on the NiO nanoparticles. These electronic noses show the ability to
distinguish between four volatile organic compound (VOC) gases (methanol,
ethanol, acetone, and toluene) with a detection limit of 0.1% at room tem-

perature using no external power source.

1. Introduction

Chemical and biological sensor technologies have received
much attention in the last decade and have undergone great
developments because of their profound impact on personal
safety, detection of toxic pollutants, and recently, on the prolif-
eration of the internet of things (I0Ts).l'3! So far, most works
have focused on the development of sensor technologies with
high sensitivity and selectivity. Many groups have successfully
demonstrated such sensors by fabricating a variety of multi-
component sensor arrays, known as electronic noses.[*%! With
recent advances in wearable electronics, the electronic nose is
expected to provide us with reliable and sustainable healthcare
services through big data processing. This approach will speed-
up the commercialization success of electronic-nose technolo-
gies. However, the larger the number of sensors in the array
the bigger the power supply needed. Many innovative ways to
reduce the power consumption in sensors have already been
suggested.”#l However, the realization of self-powered sensors
that are capable of detecting several gases without the need of
external power sources is critical to increase the performance of
electronic noses.

Very recently, a triboelectric nanogenerator (TENG), which
harvests energy by physically contacting two materials with dif-
ferent triboelectric polarities from ambient mechanical energy
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sources, has been suggested as a new
harvesting technology. TENGs have been
proven to generate quite large output
powers and many self-powered sensors
have been successfully demonstrated
using TENGs.”!1% TENG systems have
been effective in enhancing the adapt-
ability, portability, and durability of these
sensors.[''"1l However, the attempts so far
have been focused purely on the change
in electrical output performance when
the TENGs were exposed to the gases.
The presence of the gases usually reduces
the surface triboelectric charges, thereby, decreasing the elec-
trical output signals of the TENGs.[*1035 This is a fundamental
property of the gas detection mechanism by triboelectrification .
However, these approaches have not shown sufficient selectivity,
therefore, the sensor technologies to increase the selectivity are
still needed.

In this paper, for the first time, we describe a strategy for
creating a self-powered electronic nose with high gas selectivity
that is operable at room temperature. In most electronic noses,
various factors, such as different materials, temperature gra-
dients, sensor designs are employed for the multi-component
sensor arrays.l'®18 Here, we propose a principally different
approach, whereby the arrays are based on the triboelectrifica-
tion effect caused by the physical contact between the semi-
conducting nanowires (ZnO) and the dielectric films, as key
materials in the fabrication of self-powered electronic noses.
The ZnO is partially functionalized with nickel oxide (NiO)
nanoparticles (NPs) to enhance the heterogeneous catalytic
processes. Our sensor shows a range of molecular specificity
based on gas molecular recognition through a lock-and-key-type
model. Continuing the catalysis theme, polyimide and PTFE
were attached as dielectric materials to the top electrode (Al), in
a direction which was orthogonal to that of the NiO NPs on the
ZnO. The two dielectric materials were chosen according to the
difference in their triboelectric polarities and surface tensions
(i-e., the surface tension of polyimide is about 2.8 times larger
than that of PTFE). Thus, the electrical output will be signifi-
cantly modified by the different dielectric layers.

The electronic nose that we designed was used to detect
four volatile organic compounds (VOCs), such as methanol,
ethanol, acetone, and toluene. These compounds are known to
be easily evaporated from adhesives, paint, synthetic building
materials, etc., which are all regarded as health risk prob-
lems.'20 The efficient monitoring of such VOCs is essen-
tial in environmental and public safety control because of the
potential health hazards when exposed to these gases. So far,
there have been many reports on the VOCs sensing, however,
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Figure 1. a) Schematic illustration of the fabrication process of a self-powered electronic nose and an optical image of the as-fabricated device. SEM
images of b) the ZnO nanowires and c) the NiO NPs-decorated ZnO nanowires grown on the SiO,/Si. The NiO nanoparticles are also shown in the
inset of (c). The post-annealing process at 600 °C induces an aggregation of the Ni films into well-separated NiO nanoparticles covering the nanowires

uniformly. The scale bar in (b) and (c) is 500 nm.

the selectivity is still considered as one of the most difficult
issues because of their similar compositions and molecular
structures.?!]

2. Results and Discussion

Figure 1a shows the schematic diagram of the sensor array and
detailed information about the fabrication process is described
in the Experimental Section. In short, ZnO nanowires of 80 nm
in diameter and 2 ym in length were grown on a ZnO seed
layer that was deposited on a SiO,/Si substrate. A 5-nm thick
(mass thickness) Ni film was deposited using electron-beam
evaporation at a base pressure of 3.0 x 10° Torr through a
shadow mask to functionalize the surface of the nanowires.
The metal films aggregated into NiO nanoparticles of 20 nm in
size after annealing at 600 °C, as shown in Figure 1. Polyimide
and PTFE were used as dielectric materials and placed on an Al
film deposited by electron-beam evaporation. When the fabrica-
tion process was completed, each 2 x 2 array functioned as one

sensor element, consisting of different dielectric materials and
NiO nanoparticle decorated nanowires.

First, we measured the sensing properties of the nanowires
at an applied voltage of 1V, an Al film without dielectric layer
was used as the top electrode and was located on top of the
nanowire arrays, after which copper wires were then adhered
on both electrodes with silver paste. Figures 2a and 2b show
current—voltage characteristics as a function of time for pris-
tine and NiO NPs-decorated ZnO nanowires, respectively.
One of the four VOCs gases was periodically introduced to the
surface of the sensor arrays in an air-conditioned atmosphere
and then the gas flow was shut off. Representative values of
the sensitivity and the response time of the sensor towards the
gases are given in Figure 2c. The sensitivity could be defined as
S = (I - I,)/1,, in which I, and I, are, respectively, the steady-
state current values measured at room temperature with and
without the gas introduced in the air-conditioned atmosphere.
For pristine ZnO nanowires, the acetone gas flow increased the
current for less than 7 min, returning to its initial value revers-
ibly within 13 min when the gas was shut off, while there was
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Figure 2. a,b) Representative sets of current measured as a function of time at an applied voltage of 1 V. The change in current of the devices
comprising a) pristine and b) NiO NPs-decorated ZnO nanowire sensor toward methanol, ethanol, acetone, and toluene measured at room tempera-
ture. c) Representative values of the sensitivities and response times of the sensor for the four gases.
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no significant change in the current for the other gases. VOC
gases are known to be reactive towards many of the surface
sites (such as chemisorbed surface oxygens) present on the sur-
face of ZnO, where they are oxidized to species such as CO,
and H,0.2%22] The reaction can at the same time reduce the
oxide, leading to an increase of the current from molecule-to-
nanowire electron donation. However, we found no significant
increase in the current for other gases than acetone, although
there was a little increase in the current for the methanol and
ethanol gases. This may be ascribed to the large dissociation
energy of such molecules on ZnO nanowires at room tempera-
ture, compared with the dissociation energy (393 k] mol™!) of
acetone.’]

When decorated with NiO, the sensitivities towards the
gases increased. As reported previously, the large increase in
sensitivity toward VOC gases can be ascribed to the charge-
depletion layer formed at the interface of the p-n junction.?*l
When a p—n junction is formed, the depletion region increases
in width, thereby increasing the resistance of the oxides, as
shown in Figure 2b. The NiO particles can also act as a cata-
lyst to promote the oxidation reaction by not only increasing the
amount of absorbed oxygen, but also decreasing the activation
energy of catalytic oxidation.?*?’] Thus, in the presence of VOC
gases the electron concentration in ZnO increased whereas the
concentration of holes in NiO decreased, thus giving rise to a
lower resistance of the ZnO nanowires and thereby increasing

(a)

www.afm-journal.de

the sensitivity. The decrease in the response time may be due to
the rapid diffusion of the gas molecules and the promotion of
the surface reaction by the NiO particles.[26-27]

Then, we inserted the dielectric layers (PTFE and polyimide)
between the Al electrode and the nanowires. The two electrodes
were connected through an insulating polymer with double-
sided adhesive with a thickness of 0.03 mm, maintaining a gap,
as shown in Figure 1la. Figure 3a,b presents the output voltages,
obtained from each of the sensor elements exposed to ethanol
gas under a cycled compressive force of 50 N at an applied
frequency of 4 Hz. In the absence of ethanol gas, the output
voltage in the TENG consisting of ZnO nanowires and a PTFE
film was about 2.4 V, however, the output voltage decreased
to about 0.3 V when the PTFE was replaced by the polyimide.
This may be ascribed to the relatively less negative triboelectric
polarity of the PI film in the triboelectric series, compared to
that of the PTFE film.

Ethanol gas flow across the ZnO nanowires caused the
output voltage to decrease steadily from 2.4 V to 1.5 V after
about 4 min of ethanol exposure at room temperature. When
the gas was terminated, the output voltage returned reversibly
to its initial value, however, the recovery was slow (>10 min).
When the PTFE was replaced by the polyimide and exposed
to the gas, the output voltage decreased by about 0.1 V. The
sensitivity could be defined as S = (V, -V;)/V, in this device,
in which V, and V, are the output voltages measured in the
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Figure 3. The output performance of the sensor elements comprising a) ZnO-PFTE and b) ZnO-PI under a cycled compressive force of 50 N at an
applied frequency of 4 Hz. The enlarged output voltages of each sensor element are also shown here.
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presence of VOCs gases and air, respectively. It can be seen that
there is no significant change in the sensitivity between both
TENGs although the sensitivity decreased a little from —0.38 to
—0.33 using the PI film. However, it can clearly be seen that
the output voltage decreased and recovered much faster when
using PI instead of PTFE (<10 s). Representative values of the
sensitivities and response times of the sensor towards the gases
are given in Figure S1 in the Supporting Information. The
output voltages as a function of applied compressive force from
10 N to 90 N and ambient relative humidity from 20% to 80%
were also measured and the sensitivities are plotted in Figures
S2 and S3 (Supporting Information). The sensitivity and
response time are comparable with those of previously reported
metal oxide nanowires. 232829

In general, the power generation in TENGs under a cycled
compressive force is usually explained by the coupling of the
triboelectric effect and electrostatic induction.?®3! The peri-
odic contact between the two materials brings about electron
transfer (e.g., from the ZnO to the dielectric layer), resulting
in positive charges on the ZnO nanowires and negative ones
on the dielectric layer. This produces an electric potential dif-
ference when they are separated, driving an electron flow
through the external circuit. The electrical output is deter-
mined by the density of the triboelectric charges generated on
both surfaces.??33 The charge density is usually reduced when
the surfaces are exposed to VOC gases because the molecular
species on both surfaces reduce the triboelectrically charged
area.>1>3*35] The different behavior in the response time in
Figure 3a,b may be caused by the different levels of surface
wettability of the PI and PTFE films due to the smaller surface
tension of PI as compared to that of PTFE. The polyimide film
attracts ethanol, whereas the PTFE film repels it. Thus, flowing
ethanol gas over the surface of the PI film will lead to a faster
decrease in the output voltage.

When the ZnO nanowires are decorated with NiO nanopar-
ticles and a PTFE layer is used, the output voltage significantly
decreases to about 1.0 V, as shown in Figure 4a. This may
be due to the increase in the resistance of the oxide, leading
to a decrease in the triboelectric charge density on both sur-
faces.’%l The enhancement of the depletion layer due to the

4t NiO/ZnO «> PTFE

Voltage (V)
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NiO nanoparticles decreased the electron concentration at the
surface of the ZnO nanowires and increased the surface band
bending, thereby, increasing the work function at the surface
of the ZnO nanowires. This led to a decrease in the electron
transfer to the PTFE layer, thereby decreasing the output per-
formance of the TENG. The output voltage decreased by only
about 0.14 V when exposed to the ethanol gas and the sensi-
tivity was calculated to be about —0.15, which is twice smaller
than that of the plain ZnO nanowires. It can also clearly
be seen that the response time was slower (>10 min) in this
TENG. This can be ascribed to the increase in the electron
concentration because of electron transfer to the ZnO nano-
wires by the catalytic gas oxidation occurring on the nanowire
surface. The increase in electron concentration decreased the
surface band bending, indicating that the work function at the
surface of ZnO decreased and the potential difference with
the Fermi level of the dielectric layer increased. The modified
surface energy diagram thus enhanced the electron transfer
from ZnO to the dielectric materials, which in turn increased
the triboelectric charge density at both surfaces, thereby,
enhancing the output voltage of the TENG. Thus, the enhance-
ment in the electrical output reduces the decrease in output
voltage by the gas exposure. However, this mechanism is still
under investigation.?”3® The slow response time can also be
explained by the slow increase in current of the NiO NPs-deco-
rated ZnO nanowires by the chemical process at room temper-
ature. When the PTFE was replaced by polyimide, the output
voltage decreased to 0.2 V and the response time was faster
(Figure 4b), which is consistent with the above results.

To further support the above results and our hypo-
thesis, we calculated the electrostatic potential distributions
between the ZnO nanowires and the PTFE layer, as shown
in Figure S4 (Supporting Information). The material para-
meters of ZnO and PTFE, taken from COMSOL simulation
software, were used for finite-element analysis. The dielec-
tric constants of ZnO and PTFE were calculated to be 10.2
and 2.1 respectively. When the device was fully released, the
electric potential of ZnO (Uz,o) was assumed to be zero,
and, therefore, the electric potential of PTFE (Upygg) could
be expressed as Uprpg = 0d/€y, where o is the triboelectric
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Figure 4. The output performance of the sensor elements comprising a) NiO NP-decorated ZnO-PFTE and b) NiO NP-decorated ZnO-PI under cycled
compressive force of 50 N at an applied frequency of 4 Hz. The enlarged output voltages of each sensor element are also shown here.
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Figure 5. The output performances of the sensor with ZnO nanowires and a PTFE layer for the four different gases: a) methanol, b) ethanol, c) acetone,

and d) toluene measured at room temperature.

charge density and g is the vacuum permittivity of free
space (8.854 x 1072 F m™!). The gap distance (d) between the
nanowires and the PTFE layer was approximately 1 mm. From
the output voltages measured in ambient air (Figures 3a and
4a), the triboelectric charge density (Q,;) could be calculated
as: Oy = &- V/d, and the values for the pristine ZnO and the
NiO NP-decorated ZnO nanowires were 21.2 and 9.7 nC m2,
respectively, under cycled compressive force.

In terms of the resistivity (p) of the nanowires, the triboe-
lectric charge density (Q) can also be expressed as Vt/pdA,B
where ¢ is the measuring time and A is the contact area. Thus,
the triboelectric charge density will increase with the conduc-
tivity (p = 1/0) of the nanowires. Assuming that the change in
electron concentration by the chemical reaction occurring on
the nanowire surface is only one factor that affects the output
power, the simulation shows that there is no change in electric
potential when the ZnO nanowires are exposed to ethanol gas.
However, for the NiO NPs-decorated ZnO nanowires, the tri-
boelectric charge density increased up to 10.67 nC m~2, which
is a 10% increase, therefore, the electric potential increased,
as shown in Figure S4 (Supporting Information). This simula-
tion clearly confirms that the electron transfer by the hetero-
geneous catalytic reaction enhances the output performance of

Adv. Funct. Mater. 2015, 25, 7049-7055
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the TENG, by reducing the decrease in output voltage of the
Sensors.

Figure 5 shows the responses of a device consisting of
ZnO nanowires and a PTFE layer toward the four VOC gases.
Methanol gas decreased the output voltage from 2.4 V to 1.5 V
after around 3 min of exposure to the gas at room temperature
and the output voltage was returned to the original value after
10 min. For ethanol gas a similar response was found. For the
acetone gas, the output voltage decreased to 1.8 V, indicating
that the sensitivity significantly decreased, compared to that for
the methanol and ethanol gases. It should also be noted that
the response time was slower. Of the four gases, only acetone
gas significantly increased the conductivity of the nanowires,
indicating that the behavior toward the gas can be ascribed
to the electron transfer from the gas molecules to the ZnO
nanowires. The simulation in Figure S5 (Supporting Informa-
tion) also supports that the output voltage increased when the
TENG was exposed to only acetone gas. Note that the response
of the device toward toluene gas is very fast. The output voltage
dramatically decreased within 6 s after toluene exposure. This
may be due to the non-polar characteristics of the gas, which
increases the degree of wettability of the surface of the gas. In
general, the greater the polar proportion (e.g O-H, C=0) in a
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Figure 6. Radial plots of methanol, ethanol, acetone, and toluene gas responses over each sensor showing that they are prominently different. b) The
output voltage of each sensor element with increasing concentration of ethanol gas from 0.1% to 10%.

molecule, the stronger the attractive forces between a gas mol-
ecule and a surface, causing a greater tendency to form discrete
droplets on the surface rather than wet it evenly.*%*! Thus, for
the non-polar toluene (0.36 D), the molecules tend to spread on
the surface quickly, thereby decreasing the voltage quickly.[*?]

As can be seen from Figure 6a, the radial plots of methanol,
ethanol, acetone, and toluene gas responses over each sensor
are prominently different for the four different systems. This
result indicates that although the sensor responses are also
influenced by other parameters, the sensor design based on
triboelectrification and heterogeneous catalytic reaction can be
a promising platform to enhance the degree of selectivity. In
the present case, the sensitivities were derived from the steady-
state output voltage differentials of each of the sensor elements
when exposed to one of the four gases, as shown in Figure S1
(Supporting Information). However, it seems that the radial
plots of the methanol and ethanol gases are similar, which may
be acribed to the properties of both gases, such as surface ten-
sion and molecular structure, being so similar. This may be
solved by increasing the number of sensor elements, such as by
using various catalytic materials (Pd, Pt, etc.) or dielectric layers
(PMMA, etc.). By also taking into account the response time,
the discrimination ability becomes better. Figure 6b shows that
the output voltages of the TENGs decreased with increasing
ethanol concentration from 0.1% to 10%, with a logarith-
mical scale. This implies that the electrical performance of the
TENGs is dominated by electron transfer as the concentration
increases. This approach provides a detection limit of 0.1% at
room temperature.

3. Conclusions

A self-powered, room-temperature electronic nose strategy with
highly selective gas detection was described, which is based on
triboelectrification by the physical contact between the ZnO
nanowires and the dielectric layers, and the heterogeneous
catalytic reaction occurring on the nanowires and on the NiO
nanoparticles. The electronic nose is a two-dimensional micro-
array where the individual sections orthogonally vary in their

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

properties on account of two response-modifying strategies.
Along one axis a NiO nanoparticle functionality was applied
to the ZnO nanowires. The NiO functionality was found to be
more reactive for all VOC gases, whereas only acetone gas was
reactive on the surface of the ZnO nanowires due to its small
dissociation energy. The electron transfer to the nanowires by
the catalytic oxidation increased the triboelectric charge den-
sity at both surfaces, thereby increasing the output voltage of
the devices. This was clearly supported by COMSOL simula-
tions. The slow response time also supported the contribution
of the catalytic oxidation to the output power. Two dielectric
layers (PTFE and polyimide) with different surface tensions
were then placed along the orthogonal axis. When the surfaces
are exposed to the VOC gases, the output voltage decreased
because the molecular species on both surfaces reduced the tri-
boelectrically charged area. The sensor comprising a polyimide
layer showed a faster response than the one including a PTFE
layer, because of the higher surface energy of PI compared to
that of PTFE. The response time was also strongly dependent
on the portion of polar groups in the molecule.

The sensors were then tested for their ability to distinguish
between four VOC gases (methanol, ethanol, acetone, and
toluene), in which discrimination between the gases could be
achieved using the electronic nose approach through an anal-
ysis of the responses. This approach also provided a detection
limit of 0.1% at room temperature. Although it is still diffi-
cult to distinguish between the methanol and ethanol gases, it
is believed that a strong discriminating power can be accom-
plished by tuning the sensitivities and the response times of
the sensor elements. The self-powered sensors may be appli-
cable in many places with limited accessibility to monitor gases
and chemicals over long periods of time or in portable applica-
tions, such as electronic skins or textiles.

4. Experimental Section

ZnO Nanowires Synthesis and Characterization: ZnO nanowires
were synthesized on a 100-nm thick ZnO film on a SiO, wafer by RF
sputtering. The ZnO film was patterned and separated into 4 sections.
There was no electrical connection between them. Before the growth,

Adv. Funct. Mater. 2015, 25, 7049-7055
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the substrate was loaded into a UV-ozone treatment chamber to
enhance the growth of ZnO nanostructures. The substrates were then
put facing down on the growth solution (1:1 ratio of zinc nitrate and
hexamethylenetetramine (HMTA) 2 mM) and were kept in an oven at
90 °C for 10 h. After the growth, SEM images clearly showed that the
nanowires covered the surface of the patterned substrates uniformly
and compactly. 5-nm thick (mass thickness) Ni films were deposited
using an electron-beam evaporator at a base pressure of 3.0 x 107 Torr
through a shadow mask to functionalize the surface of the nanowires.
The metal films are aggregated into well-separated NiO nanoparticles
after annealing at 600 °C for 30 min.

Electronic Nose Fabrication: An Al thin film, acting as the top electrode,
was prepared and adhered onto either a polyimide or PTFE film (1 cm x
1 cm) with a thickness of 0.03 mm, producing 2 x 2 arrays. When the
fabrication process was complete each 2 x 2 array functioned as one
“sensor element”; and each sensor element corresponded to a unique
combination of dielectric materials and NiO nanoparticle decoration.

The devices were placed in a reaction chamber and exposed to
pulses of one of four VOC gases (1% methanol, ethanol, acetone, or
toluene) under room temperature and air-conditioned atmosphere
with a flow rate of 1000 sccm. The device was connected with the
electrical measurement systems, which independently monitored
the change in output voltage under dynamic conditions when the
device was exposed to the gases. The output voltage of the device was
recorded using a digital sourcemeter (Keithley model 2400) under a
cycled compressive force of 50 N at the frequency of 4 Hz. The sensor
response was defined as the sensitivity (S =100 x (V, - V,)/V.), where
Vg and V, are the output voltages measured in the presence of VOC
gases and air, respectively.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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