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ABSTRACT: We report a new type of self-powered gas sensors
based on the combination of a colorimetric film with hierarchical
micro/nanostructures and organic photovoltaic cells. The trans-
mittance of the colorimetric film with micro/nanostructures coated
with N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD) changes
by reacting with NO2 gas, and it is measured as a current output of
the photovoltaic cell. For this purpose, materials for the organic
photovoltaic cells were carefully chosen to match the working
wavelength of the TMPD. Micropost arrays and nanowires increase
the surface area for the gas reaction and thus improve the transmittance changes by NO2 gas (6.7% change for the plain film vs
27.7% change for the film with hierarchical micro/nanostructures to 20 ppm of NO2). Accordingly, the colorimetric device with the
hierarchical structures showed a response of ΔI/I0 = 0.27−20 ppm of NO2, which is a 71% improvement compared to that of the
plain sensing film. Furthermore, it showed a high selectivity against other gases such as H2S and CO with almost negligible
responses. Since the current output change of the photovoltaic cell is utilized as a sensor signal, no extra electrical power is required
for the operation of gas sensors. We also integrated the sensor device with an electrical module and demonstrated a self-powered gas
alarm system.
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Recently, the importance of ubiquitous environmental
monitoring has increased; therefore, the demand for air

quality measurements such as indoor/outdoor air pollution
and gas leakage in the industrial sites is also increasing.1−3

Accordingly, many portable gas sensors are being utilized to
measure air pollutants in daily life and work environ-
ment.1,2,4−6 Among various types of gas sensors such as
electrochemical,7,8 chemoresistive,9−15 optical,16 and photo-
ionization detectors,17 the chemoresistive gas sensors based on
the metal oxide have been most widely studied because of their
excellent sensing characteristics such as high sensitivity, rapid
response, low cost, small size, and a simple operating principle.
In spite of these advantages, their applications in portable
devices have been limited because of high electrical power for
high-temperature operations. Even in the case of micro-
electromechanical system (MEMS) platform gas sensors,
several tens of milliwatts (mW) are consumed for the sensor
operation.18−20 Meanwhile, optical gas sensors have also been
used for gas monitoring systems. They identify gas types and
concentrations by analyzing the absorbance or spectrum of the
target gas.16,21 However, they are also not suitable for portable
gas sensors because of bulky size, high cost, and high power
consumption.
To address these power issues of conventional gas sensors,

self-powered gas sensors based on piezoelectric and tribo-

electric materials22−24 and gas-sensitive colorimetric materials
have been introduced. Piezoelectric or triboelectric self-
powered gas sensors generate electrical power via a physical
deformation or contact, and their output current changes by
target gas exposure. However, practical applications of those
gas sensors are limited because they require constant and
continuous motions for real-time gas detection.24 Colorimetric
materials change their color or light transmittance by reacting
with target gas.25−28 Most of them are employed in the form of
test papers and the color transition is noticeable by the naked
eye.28 Nevertheless, to convert the color change into
quantitative data, high-cost image sensors27 or high-power
photodiodes are required.29,30 For example, Courbat et al.
reported a colorimetric gas sensor system composed of a light
source, a photodetector, and an optical waveguide with
embedded colorimetric materials.29,30 However, it required
large electrical power for the light source (<70 mW) and the
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photodetector (<150 mW) to overcome the energy loss in the
waveguide.
In this study, we have developed a novel self-powered gas

sensing mechanism by combining a colorimetric sensing film
with hierarchical micro/nanostructures and an organic photo-
voltaic cell (Figure 1b). The transmittance of the colorimetric

sensing film changes by the reaction with target gas molecules.
The photovoltaic cell located beneath the colorimetric sensing
film measures the intensity of transmitted light, and this can be
used to estimate the concentration of target gas (Figure 1a).
Here, we have utilized cost-effective organic photovoltaic cells,
in which the photovoltaic material was carefully selected to
maximize the sensor response toward the specific colorimetric
material used for the sensing film. This sensor system can be
operated by ambient light sources from solar light for an
outdoor application to a light-emitting diode (LED) for an
indoor application, which shows the usefulness of our self-
powered gas sensing system in various practical applications.

■ RESULTS AND DISCUSSION
The sensor device consists of the organic photovoltaic cell and
the colorimetric sensing film with hierarchical micro/
nanostructures. The concentration of gas is estimated by
measuring the transmittance of this sensing layer. N,N,N′,N′-
tetramethyl-p-phenylenediamine (TMPD) is a well-known
colorimetric material for NO2 gas.31,32 When TMPD is
exposed to NO2, TMPD molecules are cationized to
TMPD+, while para-phenylenediamine (PPD, C6H8N2)
releases electrons. Oxidized TMPD coexists in the form of
two resonance modes; some TMPD+ can be further oxidized
to TMPD2+ by releasing secondary electrons under high
concentrations of NO2 gas. This oxidation reaction turns
TMPD into a blue color, and TMPD is called Wurster’s blue

because of this phenomenon (Figure S1).31−34 Since this color
change is caused by the alteration of absorbance spectra, the
concentration of NO2 can be calculated by measuring the
transmittance of the TMPD substrate.
Organic photovoltaic cells have been widely used for

wearable and portable devices because of their mechanical
flexibility, light-weight, low-cost, and simple fabrication
process.35 In addition, the absorption spectra of the organic
photovoltaic cells are tunable by changing the composition or
thickness of the materials. The organic photovoltaic cell, which
was utilized as a light detector, was fabricated, as shown in
Figure 2a. A single photovoltaic cell is composed of multiple
layers including indium tin oxide (ITO, electrode), ZnO
(electron transport layer), P3HT:PCBM (photoactive layer),
MoO3 (hole transport layer), and Ag (electrode). Among
various candidates for the photoactive layer with high
absorption under ambient light and high power conversion
efficiency such as poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-
b:4,5-b′]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)-
carbonyl]thieno[3,4-b]thiophenediyl]] (PTB7), poly[4,8-bis-
(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b ;4,5-b ′]-
dithiophene-2,6-diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-
b]thiophene-)-2-carboxylate-2-6-diyl] (PTB7-Th) and poly(3-
hexylthiophene-2,5-diyl) (P3HT),36 P3HT was chosen
because of the highest light absorption rate in the working
wavelength of the TMPD colorimetric film. In detail, the
absorption spectra of PTB7, PTB7-Th, and P3HT were
calculated by numerical simulations using transfer matrix
formalism (TMF) (see the details about numerical simulations
for absorption spectra and thickness optimization in the
Supporting Information). Figure 2b presents the light
absorption spectra of these three photoactive materials.
Among these, P3HT showed the largest average absorbance
of about 79.68% in the wavelength range of 380−650 nm,
which matches well with the working wavelength of the TMPD
film, as shown in Figure 2b,f. Figure 2c shows numerically
calculated responses of the organic photovoltaic cells
considering the absorption rate of photoactive materials and
transmittance of the colorimetric sensing film with hierarchical
micro/nanostructures under NO2 gas. The response can be
calculated as the relative change of short-circuit current density
of the photovoltaic cell by NO2 gas (Jsc) with respect to the
initial short-circuit current density (JSC0).

37 The responses of
three different kinds of photoactive materials were calculated
by changing the thickness of materials from 50 to 250 nm. The
response of P3HT was in the range of 9.12−9.58%, which is
larger than the two other materials for the entire thickness
(50−250 nm) and the largest value was 9.58% at a thickness of
200 nm. This result verified that P3HT with a 200 nm
thickness is the most effective material as the photoactive layer.
For the enhancement of sensing performance, a micro-

structure was formed on the surface of the PDMS substrate to
increase the reaction sites of NO2 gas. To investigate the effect
of the microstructure on the sensing performance, the PDMS
substrates with the aspect ratios of 1:1 (diameter = 20 μm and
height = 20 μm) and 3:1 (diameter = 20 μm and height = 60
μm) were prepared using photolithography and a molding
process on the micropatterned SU-8 templates (Figure 2d,e).
The transmittances of TMPD-coated PDMS substrates before
and after NO2 exposure (20 ppm, 30 min) were measured. The
transmittances of the PDMS substrates were more than 93.4%
in the UV and visible light regions (300−800 nm), regardless
of the presence or absence of the micropost array (solid lines

Figure 1. (a) Schematic illustration of the self-powered gas sensor
consisting of a colorimetric film with hierarchical micro/nanostruc-
tures and an organic photovoltaic cell. The gas concentration is
detected by comparing the light intensity passing through the sensing
layer and the reference layer using the underlying photovoltaic cell.
(b) Schematic image of the components of the self-powered gas
sensor and the hierarchical micro/nanostructures for the enhance-
ment of sensor performance. Nitrogen dioxide (NO2) oxidizes
N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD) on the sensing
layer, which reduces the optical transmission of the layer.
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in Figure S2a). When the PDMS substrates were exposed to 20
ppm of NO2 gas for 30 min, the transmittance was almost the
same with a change of less than 0.37% (dashed lines in Figure
S2a). This means that there was no reaction between PDMS
and NO2 gas. To verify the gas sensing characteristics of
TMPD, we measured the transmittance of microstructured
PDMS with TMPD coating. As shown in the solid lines in
Figure 2f, the transmittances of the TMPD-coated sensing
layers were maintained around 91.8% in the visible light region
(380−700 nm). When the TMPD-coated sensing layers were
exposed to 20 ppm of NO2 gas, their transmittances were
dramatically decreased (dashed lines in Figure 2f). In the case
of the plain PDMS substrate, the overall transmittance in the
wavelength from 380 to 700 nm was decreased from 93.1 to
86.4%. Moreover, the transmittances of micropost arrays with
aspect ratios of 1:1 and 3:1 were decreased from 92.0 to 78.7%
and from 90.2 to 76.1%, respectively. Since the reaction
between TMPD and NO2 gas occurs on the surface of the
sensing layers, the increased surface area by the micropost
array contributes to a greater decrease of the transmittance of
the sensing layer.

Figure 2g,h shows the responses of three kinds of
colorimetric sensing films (without the micropost, with the
micropost (1:1, 3:1 ratio)) to 1, 5, 10, and 20 ppm of NO2 gas.
The response is defined as ΔI/I0, where ΔI and I0 represent
the electric current change of the organic photovoltaic cell by
the target gas and the initial electric current of the photovoltaic
cell in ambient air, respectively. At the start of measurement in
the colorimetric sensing film without the micropost, which was
the first measurement with the organic photovoltaic cell, there
was a continuous decrease of current output since it took some
time for the photovoltaic cell to stabilize. However, this current
output was finally stabilized and no more drift was found for
other experiments. The substrates with the micropost array
exhibited higher responses than the plain substrate and the
response increased as the height of micropost increased.
Therefore, the long micropost (3:1 ratio) showed the highest
response due to the large surface area, and it was used for
further experiments. The response to 10 ppm of NO2 was
improved by 130.8% as compared with the plain substrate. It
should be noted that the sensor responses are not saturated
during the period of target gas injection, and thus, the response

Figure 2. (a) Three-dimensional (3D) schematic of the organic photovoltaic cell consisting of the electron transport layer, photoactive layer, hole
transport layer, and electrodes. (b) Absorption spectra of three kinds of photoactive materials (PTB7, PTB7-Th, and P3HT) used for the
photovoltaic cell in the ultraviolet (UV) and visible light regions. (c) Numerically calculated responses of the photovoltaic cells considering the
absorption rate of photoactive materials and transmittance of the colorimetric film under NO2 gas. Scanning electron microscopy (SEM) images of
(d) 1:1 aspect ratio micropost array and (e) 3:1 aspect ratio micropost array. (f) Transmittance of TMPD-coated poly(dimethylsiloxane) (PDMS)
substrates before and after NO2 exposure (20 ppm, 30 min), (g) sensing response under various NO2 gas concentrations of the sensing film without
and with the micropost array (1:1 and 3:1 ratio), and (h) NO2 gas sensing performance of three types of sensing layers. (i) Time derivatives of
sensing response under NO2 gas and corresponding peak values of three types of sensing layers (inset).
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and recovery times are very long. This slow response is mainly
attributed to the diffusion-limited reaction of NO2 gas inside
the solid TMPD particles because the diffusion of gas (NO2)
into the solid phase (TMPD) tends to be slow, which is a
common problem in colorimetric or vapochromic sensors.38

Therefore, the time derivatives of the response curves can be
utilized as an alternative to the response itself so that the gas
detection can take much shorter time. As shown in Figure 2i,
during the period of gas exposure, the time derivatives of the
sensing responses rapidly increased to peak values, which was
larger for higher gas concentrations. For example, in the
sensing film with the micropost array (3:1 ratio), the time
derivatives of the sensing responses were 0.0027, 0.0046,
0.0071, and 0.011%/s for 1, 5, 10, and 20 ppm of NO2
concentrations, respectively. When the colorimetric film was
oxidized by NO2 gas and recovered in the ambient air
environment, the colorimetric sensing film was not fully
recovered as transparent to its initial state (data not shown).
However, this limitation can be solved using the colorimetric
sensing film as a disposable and replacing the colorimetric film
after the alarm of NO2 gas. Since there are various toxic gases
in the atmosphere, it is important to minimize the effects of
other interfering gases. The sensor responses to H2S gas with
concentrations of 1, 5, 10, and 20 ppm and CO gas with
concentrations of 20, 40, 80, and 160 ppm were measured to
examine the selectivity of the sensor. As shown in Figure 3a,b,
the output current from the sensor rarely changed by both H2S
and CO gases. The colorimetric sensing film exposed to 20
ppm of NO2 turned into a blue color, but the sensing layers
exposed to 20 ppm of H2S and 160 ppm of CO were still
transparent with no apparent color change (Figure 3c). These
results verify that this colorimetric sensor is highly selective to
NO2 gas due to the selective reactivity of TMPD with a
particular target gas, NO2.
For practical applications, the sensors are required to

operate using ambient light as a power source. First, the effect
of the illumination conditions (collimated light vs diffused
light) on the sensing response was investigated. As shown in
Figure S3, no statistically significant difference between
collimated and diffused light conditions could be observed.
Therefore, it could be concluded that various light sources can
be utilized as the power source, no matter if it is collimated or

diffused light. To demonstrate the sensor operation under
various ambient light conditions in the outdoor and indoor
environments, a solar illuminator and an LED lamp were used
as light sources. The sunlight intensity at the sea level on a
clear day is 1000 W/m2.39 Accordingly, the simulated solar
light with intensities of 126−779 W/m2 were used as light
sources. As shown in Figure S4a, the sensor showed responses
to NO2 gas from low light intensity (126 W/m2) to high light
intensity (779 W/m2). It is observed that the sensor response
decreases with increasing light intensity, regardless of the gas
concentrations (Figure S4b). This response decrease may be
caused by photoionization of TMPD toward TMPD+ induced
by the irradiation of ultraviolet (UV) ray during the
experiments. It has been reported that TMPD has a high
absorption spectrum with peaks at 260 nm, and it can be
readily photoionized into TMPD+ under UV irradiation.40,41

The ambient light source used in this study irradiated some
amount of UV ray even though an optical filter for the visible
light range was used (UV intensity at the wavelength of 254
nm in used visible light = 0.97 W/m2 under irradiation of
visible light with 780 W/m2, data not shown). As a result, the
TMPD molecules are oxidized by both NO2 gas and UV ray,
and thus, the corresponding response to NO2 gas is reduced
under higher light intensities. This limitation of TMPD will
not be critical in real applications because UV ray in the range
of 260 nm from sunlight is almost negligible on the earth’s
surface.42 Furthermore, the change of sensor response by the
illumination condition can be compensated by monitoring the
intensity of light source with a reference photovoltaic cell,
which is demonstrated later in Figure 5. An LED with an
intensity of 19 W/m2 was also used as a light source for the
sensor to verify that the sensor can operate under a dim indoor
lighting condition. As shown in Figure S4c,d, the sensor
exhibited high sensitivity to NO2 under low light intensities.
To enhance the gas sensing performance, hierarchical

micro/nanostructures were further fabricated for increasing
the surface area of the colorimetric sensing material. ZnO
nanowires (NWs) were synthesized on the surface of
microposts using a hydrothermal reaction. Figure 4a,b shows
the SEM images of ZnO NWs integrated on the micropost
array. Here, ZnO NWs with lengths of ∼1 μm and diameters
of ∼50 nm were synthesized on the microposts and this

Figure 3. Dynamic sensing response of the colorimetric gas sensor to various concentrations of NO2, (a) H2S, and (b) CO gases for the selectivity
test. (c) Photo images of the sensing layer before and after exposure to NO2, H2S, and CO gases.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c08128
ACS Appl. Mater. Interfaces 2020, 12, 39024−39032

39027

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08128/suppl_file/am0c08128_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08128/suppl_file/am0c08128_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08128/suppl_file/am0c08128_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c08128/suppl_file/am0c08128_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08128?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08128?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08128?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c08128?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c08128?ref=pdf


allowed for a significant increase of the surface area. Figure 4c
shows the transmittance spectra of the ZnO NW-integrated
micropost array (black line) and the TMPD-coated, ZnO NW-
integrated micropost array in air (red line) and in 20 ppm of
NO2 gas (blue line) environments. The transmittance of ZnO
NW-integrated substrates was significantly decreased in the
UV region due to the band gap of ZnO (3.3 eV).43 However, it
was maintained above 88.4% in the visible light region (380−
700 nm) and ZnO did not change the transmittance of the film
under the exposure of NO2 gas, as shown in Figure S2b. The
transmittance of the TMPD-coated sensing film with the
hierarchical micro/nanostructures was 80.3% in the visible
light region (wavelength of 380−700 nm), and it decreased to
65.4% by 20 ppm of NO2 gas. Figure 4d summarizes the
transmittance change of plain PDMS, the PDMS substrate with

the micropost array, and the PDMS substrate with the
hierarchical micro/nanostructures. As the surface area is
increased by microposts and ZnO NWs, larger change of
transmittance occurs. Figure 4e shows the dynamic sensing
response of the colorimetric sensing film with and without
microposts and ZnO NWs. By increasing the concentration of
NO2 gas, the transmittance of the colorimetric sensing film
with the hierarchical micro/nanostructures decreased and thus
the output currents of the photovoltaic cell also decreased. The
responses of the sensing film with microposts were 0.021,
0.066, 0.12, and 0.22 to 1, 5, 10, and 20 ppm of NO2 gas,
respectively. The response was increased by ∼70.8% as
compared to the plain sensing film for 20 ppm of NO2. In
addition, the responses of the sensing film with the hierarchical
micro/nanostructures were 0.025, 0.091, 0.16, and 0.27 under
1, 5, 10, and 20 ppm of NO2 gas, respectively. The responses
were additionally increased by ∼26.5% as compared to the
sensing film with the microposts but without ZnO NWs for 20
ppm of NO2 (Figure 4f). In the case of the time derivatives of
sensing responses, the peak values in the sensing film with
hierarchical micro/nanostructures were 0.0025, 0.0072, 0.011,
0.016%/s to 1, 5, 10, 20 ppm of NO2 gas, respectively (Figure
4g,h). The sensing film with hierarchical micro/nanostructures
shows the biggest time derivatives. In the case of the sensing
film without any micro/nanostructures, the peak values were
difficult to be calculated, especially in lower gas concentrations
(<10 ppm). This result verifies that the formation of the
hierarchical micro/nanostructures increases the surface area for
the gas reaction and thus enhances the sensor response.
Furthermore, for quantifying the gas concentration more
quickly, the time derivatives of the sensor response can be
utilized, and the hierarchical structures can significantly
enhance and contribute to the usability of the time derivatives.
Figure 5a,b shows the demonstration of the self-powered gas

sensor system in an indoor environment. The self-powered gas
sensing device composed of a hierarchical micro/nano-
structured colorimetric sensing film and an organic photo-
voltaic cell was connected to an electric circuit consisting of an
operational amplifier (op-amp), a commercial solar cell, a red
LED, etc. A single photovoltaic cell consisted of five
subphotovoltaic cells, as shown in Figure 5a. Among the five
subphotovoltaic cells, two cells were covered by the sensing
film, which had TMPD-coated hierarchical micro/nanostruc-
tures, and the photocurrent through these two cells detected
the change of light intensity by NO2 gas. Another two cells
were covered by the reference film, which had the hierarchical
micro/nanostructures without TMPD coating, and the photo-
current through these two cells was used as a reference. Using
this configuration and subtracting the photocurrent at the
reference cells from that at the sensing cells, the error of the
organic photovoltaic cell such as the change of ambient light
intensity or the drift effect shown in Figure 2g could be easily
compensated. The terminals were connected to the op-amp,
and the commercial photovoltaic cell was used to generate the
driving power for the op-amp and red LED. A white LED lamp
for office use was utilized as the light source for the sensor
system to operate. For the electronic circuitry of the self-
powered gas sensor system, the circuitry should be composed
of electronic components as little as possible to minimize the
power consumption rather than using various active
components and integrated circuits (ICs). Therefore, a
comparator circuit, which requires only one op-amp, was
designed to turn on/off the red LED for an alarm system. The

Figure 4. (a) SEM images of the ZnO nanowire-integrated micropost
array (hierarchical micro/nanostructures) and (b) higher-magnifica-
tion image of integrated ZnO nanowires (b-i) without and (b-ii) with
TMPD coating. (c) Transmittance of the PDMS film with hierarchical
structures before and after coating with TMPD under air and 20 ppm
of NO2 gas. (d) Comparison of transmittance change of three kinds of
the colorimetric films with or without micro/nanostructures before
and after NO2 exposure. (e) Dynamic sensing response and (f)
concentration vs response curve of the colorimetric layer with and
without the micropost array and hierarchical micro/nanostructures to
various concentrations of NO2 gas. (g) Time derivative of sensing
response under NO2 gas. (h) Peak value of the time derivative of
sensor response under various NO2 gas concentrations.
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voltage difference between the noninverting input (V+) and
the inverting input (V−) of op-amp caused by the current
difference between the sensing and reference cells was
amplified. When the amplified voltage at the output terminal
of the op-amp reached the threshold voltage of the LED, the
red LED was turned on to indicate a gas alarm.
The concentration of NO2 gas for alarming was set at 20

ppm by adjusting the resistance of variable resistors. Figure 5b
and the inset image show the actual demonstration of the self-
powered gas sensor based on the above-mentioned config-
uration. In air condition, the reference cell and the sensing cell
generated similar output currents, so that the output voltage of
the op-amp was below the threshold voltage and the red LED
was turned off. When NO2 gas was injected into the sensing
system, the output current of the sensing cell continuously
decreased, while that of the reference cell kept constant. As a
consequence, the output voltage of the op-amp exceeded the
threshold voltage, and the red LED was turned on, as shown in
the inset image of Figure 5b. Therefore, this self-powered gas
sensing system could inform the existence of NO2 gas by
alarming through the red LED. Based on this demonstration,
we could confirm that the proposed self-powered gas sensing
system can operate in a weak indoor light environment without
any external power.

■ CONCLUSIONS

We have developed a self-powered gas sensor using an organic
photovoltaic cell and a hierarchical micro/nanostructure
coated with a colorimetric material. When the TMPD-coated
sensing film is exposed to NO2 gas, the transmittance of
TMPD in the wavelength of 380−650 nm is decreased and the
intensity change of light passing through the colorimetric
sensing film is detected by the underlying organic photovoltaic
cell, whose working wavelength is carefully designed to match
the transmission spectra of TMPD. To enhance the gas sensing
performance, hierarchical micro/nanostructures consisting of a
micropost array and ZnO NWs were applied to the sensing
film to increase the surface area. This hierarchical structure
allowed for a significant enhancement of the sensor response to
NO2 gas. The sensor showed good sensing performance to 1−
20 ppm of NO2 gas with high selectivity against other
interfering gases. Finally, the self-powered gas sensing system
could operate using an indoor light source only for both
powering the sensor system and measuring the sensor
response. As mentioned in the beginning, the needs of gas

sensing are rapidly increasing because of increased air pollution
and strengthened environmental regulation. However, power-
ing the gas sensing system has been a big hurdle for the gas
sensor network due to high power consumption of the gas
sensor. Therefore, we highly expect that the proposed self-
powered gas sensing system, combining the photovoltaic cell
and colorimetric sensing film, can be a useful solution for
future environmental monitoring applications. Furthermore,
this concept can be adapted to other types of physical and
chemical sensors by offering a solution for the power-related
issue, which will be a highly demanded requirement in the near
future of sensor networks and the internet of things (IoT).

■ MATERIALS AND METHODS
Fabrication of the Organic Photovoltaic Cell. Indium tin

oxide (ITO, thickness = 75 nm)-coated glass substrates (single side
coated, 25.4 mm × 25.4 mm, JM International Co., South Korea)
were prepared for the substrate and electrodes. Zinc acetate dihydrate
(1 g, Sigma-Aldrich) and ethanolamine (0.28 g, Sigma-Aldrich) were
dissolved in 2-methoxyethanol (10 mL, Sigma-Aldrich) and stirred
over 8 h at room temperature. The solution was spin-coated on the
ITO-coated glass substrate at 3000 rpm for 30 s and heated at 200 °C
for 30 min in a furnace to fabricate an electron transport layer.44

Then, a mixture of poly-3-hexylthiophene-2,5-diyl (P3HT, Rieke
metals) and phenyl-C61-butyric acid methyl ester (PCBM, Nano-C
Company) at a ratio of 1:1 was dissolved as a concentration of 10
mg/ml in a solvent mixed with o-dichlorobenzene (DCB, Sigma-
Aldrich) and 1,8-diiodooctane (DIO, Sigma-Aldrich) at a ratio of
97:3. The solution was spin-coated on the substrate at 2000 rpm for
60 s and heated at 150 °C for 10 min in a furnace to fabricate a
photoactive layer.45 Then, a 10 nm thick molybdenum oxide (MoO3)
layer and a 150 nm thick patterned silver (Ag) layer were deposited
by thermal evaporation as a hole-transporting layer and electrodes,
respectively. After the fabrication of the photoactive layer, it was
further encapsulated with a commercial thick slide glass (thickness = 1
mm) using an optical adhesive (Norland Optical Adhesive 63,
Norland Products) to avoid exposure of the photoactive layer to the
outer environment.

Fabrication of the Colorimetric Sensing Film with Micro/
Nanostructures. SU-8 (MicroChem) molds for the micropost array
were fabricated by the conventional photolithography process. The
micropost array was designed to be 20 μm in diameter, 20 or 60 μm
in height, and 40 μm in gap between the microposts. PDMS (Sylgard
184, Dow) was cast over the SU-8 molds and cured at 75 °C for 2 h
to form a 1.5 mm thick sample with a micropost array. Therefore, the
replicated PDMS contained both the micropost and substrate as a
one-body structure, which did not require a further assembly or
bonding process between the micropost and the PDMS substrate. To
fabricate a hierarchical micro/nanostructure with ZnO nanowires

Figure 5. Demonstration of the self-powered gas sensor system in an indoor environment: (a) schematics of electronic circuits for the self-powered
gas sensor with an LED alarm. (b) Experimental image of the NO2 gas alarm system based on the self-powered gas sensor (inset images: LED off
under air and LED on under a NO2 gas environment. A red LED was turned on by 20 ppm of NO2 gas).
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(NW) integrated on the micropost array, an additional ZnO NW
synthesis process was carried out. The ZnO seed layer with a target
thickness of 5 nm was deposited on the PDMS micropost array using
a sputtering process of the ZnO target, and ZnO NWs were
synthesized on the surface of the PDMS micropost using the
hydrothermal reaction.18 The colorimetric material consisted of 0.5 g
of N,N,N′,N′-tetramethyl-p-phenylenediamine (TMPD, Sigma-Al-
drich) and 20 mL of isopropyl alcohol (IPA, Avantor). A spray gun
with the colorimetric material solution was placed 30 cm away from
the PDMS substrate. The sensing materials were spray-coated for 30 s
on three different substrates (a plain PDMS substrate, a PDMS
substrate with the micropost array, and a PDMS substrate with
hierarchical micro/nanostructures) for comparison of sensing
performances.
Optical Characterization of the Colorimetric Sensing Film

with Micro/Nanostructures. A UV−vis spectrophotometer (UV-
2600Plus, Shimadzu, Japan) was utilized to measure the transmittance
of the colorimetric sensing films. The transmittance of different
samples (a plain PDMS substrate, a PDMS substrate with a micropost
array (1:1 and 3:1 aspect ratios), and a PDMS substrate with
hierarchical micro/nanostructures) without colorimetric layers were
measured as references. The transmittances of these samples were also
measured after TMPD−IPA coating and after exposure to 20 ppm of
NO2 gas, respectively.
Electrical Circuits for the Colorimetric Gas Sensor. The

electrical circuit for the gas alarm system consists of an organic
photovoltaic cell, a commercial photovoltaic cell (MSCA3040,
Eleparts, South Korea), an operational amplifier (op-amp, LM7332,
Texas Instruments), and a light-emitting diode (LED, BL-B5134,
BRTLED, Taiwan). A single photovoltaic cell consists of five
subphotovoltaic cells. Two subphotovoltaic cells were covered by
the PDMS film without the colorimetric material (TMPD), and the
other two subphotovoltaic cells were covered by the colorimetric
sensing film with the hierarchical micro/nanostructures and TMPD
coating. For the assembly of the colorimetric sensing film, the bottom
plain side of the sensing film was attached to the surface of the organic
photovoltaic cell that was encapsulated with a slide glass. On the other
hand, the top side of the sensing film with the hierarchical structure
and TMPD coating was exposed to the outer environment. These two
organic photovoltaic cells were connected to the input terminals of
the op-amp, and the output terminal of the op-amp was connected to
the LED that provided a gas alarm. A commercial photovoltaic cell
was connected to the power input port of the op-amp.
Measurement of Sensor Response to NO2 Gas under

Ambient Light. A xenon light source (LAX-C100, Asahi Spectra)
was employed as an ambient light source. The sensor device was
placed in a chamber with a transparent window, and various
concentrations (1, 5, 10, and 20 ppm) of NO2 gas were supplied to
the chamber. The distance between the light source and the sensor
device was 100 mm, and the intensity of the light source was fixed at
235 W/m2. In the case of the sensor performance test under various
light intensities, the light source with intensities of 126, 235, 410, 566,
659, and 779 W/m2 were utilized. Since the light was originally
emitted as a diffused light source, a collimator lens was utilized to
compare the difference in sensor performance between the diffused
and collimated light sources.
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