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ABSTRACT: It is vital to measure the concentration of gas
quickly in many gas sensing applications. Predicting the steady-
state response from the earlier transient response is the economical
and viable solution in this regard. However, existing transient
analysis approaches either need huge data and computationally
intensive algorithms or are inefficient. Here, we described a
method to reduce the measurement time of the concentration of
CH4 with a chemiresistive gas sensor at room temperature (27 °C). The presented method considers the sensor’s response at two
fixed time intervals after gas exposure and maps their pairing number to the gas concentration. The proposed method measures the
gas concentration in just 30 s from the gas exposure time. As the proposed method can quickly measure gas concentrations, it can be
employed in widespread applications where quick quantification of gas is necessary.
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1. INTRODUCTION

Chemical gas sensors that transform chemical information to
electrical signals have a strong demand in many applications,
including environmental monitoring, healthcare, personal
safety, and food quality analysis.1−4 Numerous efforts have
been made in the recent past to improve the sensitivity,
selectivity, and limit of detection and reduce the energy
consumption of the gas sensors by developing various material
synthesis, device fabrication, and analytical strategies.5−8

However, many applications also demand low measurement
times to obtain sensing results. For example, it is crucial to
instantly detect toxic or flammable gas leakage to avoid or
minimize the loss of lives. The low measurement times in
point-of-care applications facilitate more tests in a short
duration and enhance the user experience. The use of low
measurement time chemical sensors for food quality analysis
allows the customers to know the dynamic expiry time of
perishable products through electrical signals. In addition, the
low measurement times eliminate the time-varying relative
humidity (RH) induced errors in the sensor’s response
measurement. If the measurement time is high and the RH
levels vary in this period, the sensor’s steady-state response
may not be the intended value as the variation in coadsorption
of water molecules’ density during the measurement affects the
adsorption of the target gas. On the other hand, if the
measurement time is low, RH might be at constant levels, and
it does not affect the adsorption of gas molecules on the
sensing layer.
There have been several materials-based studies on reducing

measurement time, but they involve complex material synthesis
or device fabrication strategies.9,10 On the other hand, signal

processing techniques are more economical and effective in
reducing the measurement time of the sensors. Also, they are
independent of materials and device structures and can be used
in conjunction with other methods mentioned above. A few
techniques have been proposed to reduce a sensor’s measure-
ment time using the transient response based on the curve
fitting method, low pass derivative filter method, and neural
networks.11−18 The curve fitting can reduce the measurement
time by only 45%, whereas neural networks are computation-
ally intensive algorithms and require massive training data. The
response derivative method and temporal response methods
are simple and effective in measuring the concentration of the
gases by correlating the signal peak with the gas concentration.
However, derivative methods need higher sampling periods
and high measurement times to get the apparent peak in slowly
varying signals. Thus, it is necessary to find an approach that
rapidly measures the sensor’s response at low computational
intensity.
In the current study, we presented a method for reducing the

measurement time of a chemiresistive gas sensor operating at
room temperature (27 °C) using transient response and the
Cantor pairing function. The method was demonstrated by
measuring the transient response of the graphene processed
ZnO nanoflake (GZnO) sensor upon exposure to methane
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(CH4) in the range of 25−100 ppm. In this approach, we
measured the sensor’s responses at two different intervals after
the gas exposure and mapped them to a unique pairing number
using the Cantor pairing function. The pairing number derived
from the transient response exhibited a power-law relationship
with the gas concentration, and thus, the gas concentration can
be quantified from the transient response. The proposed
method achieved a short and fixed measurement time of 30 s
irrespective of the gas concentration. As the demonstrated
method does not need any other data processing algorithms, it
is a computationally less intensive method.

2. EXPERIMENTAL SECTION

Synthesis of GznO

GZnO is produced using a two-step chemical synthesis process. First,
the ZnO nanostructures were synthesized with a wet chemical
method.8 Briefly, 0.1 M Zn(CH3COO)2·2H2O and 0.5 M NaOH are
dissolved in 30 mL of DI water and stirred at 50 °C for 40 min. Later,
the solution is washed several times with ethanol and water, followed
by drying at 60 °C to get white ZnO powder. In the second stage,
ZnO is processed with graphene by mixing 3 mg of graphene with 30
mg of ZnO in 2 mL of ethylene glycol under ultrasonication for 2 h to
get GZnO dissolved in ethylene glycol.

Materials Characterization

The crystal phase of the synthesized material is investigated using
powder X-ray diffraction (XRD; PANalytical X’pert Pro) with Cu Kα1
(λ = 1.5406 Å) in the 2θ range of 20−70°. The pore volume
distribution of the material is investigated using a BET analyzer
(MicroMeritics ASAP2020). Field-emission scanning electron mi-
croscopy (FESEM, JEOL JSM 7800F) is used to study the
morphology of the synthesized samples.

Device Fabrication and Characterization

As described in our previous report, the GZnO pellets are prepared by
applying high pressure on the powder material using a hydraulic
press.19 The patterning of sensing layers on paper followed by
deposition of electrodes produced the sensor.20,21 The patterning of
sensing layers involves four steps: (i) designing the pattern, (ii)
printing the toner patterns on paper, (iii) depositing sensing materials
on the patterns, and (iv) removal of the toner on paper (Figure 1).

The required patterns are designed in PowerPoint so that the portion
where the sensing films are to be deposited is kept blank and the
remaining portion is dark. The designed patterns are printed on paper
using a laser printer. The GZnO pellet was mechanically rubbed on
the toner-printed paper in the next step. Finally, the toner is removed
using acetone to get the required patterns of sensing layers. The silver
paste is deposited as electrodes on both ends of the sensing films to
finish the fabrication of the chemiresistive gas sensor. The surface
roughness of sensors is characterized by Zeta 3D profilometry.

Gas Sensing Experiment

The sensor was characterized with the target gases using a customized
gas sensing setup shown in Figure S1. It consists of a gas sensing
chamber with electrical probes interfaced with the Keithley source
measurement unit (SMU) to measure the sensor current. The gas
cylinders are connected to the chamber through the manifold, and the
gas composition is controlled using mass flow controllers (MFCs).
The exposure gas composition is controlled by varying the flow rate of
the reference gas and target gas by keeping the total flow rate
constant. First, the sensor’s current was stabilized in the reference gas
and then exposed to the target gas’s specified concentration. Once the
sensor’s current saturates under the target gas atmosphere, the target
gas is replaced with the reference gas, and this process continues for
all the concentrations of the target gases. The controlling of MFCs
and the data acquisition through Keithley were performed using
LabView-based software. It also controls solenoid valves, bias voltage,
and the temperature and pressure of the sensing chamber. The data
acquired from the sensor through Keithley is stored in an Excel file
that contains the time, bias voltage, and sensor current. The gas
humidity is controlled by using a bubbler filled with water through
which a portion of the reference gas is passed. To achieve step input,
we directly flow the gas on the sensor by replacing the reference gas
with the target gas of specified concentration diluted in synthetic air.

3. RESULTS AND DISCUSSION

The crystal phases of the synthesized materials are investigated
with X-ray diffraction (XRD) spectroscopy. The XRD peaks of
ZnO and GZnO corresponding to (100), (002), and (101)
planes in Figure 2a depict the wurtzite structure of ZnO
(JCPDS 36-1451).8 The peaks of GZnO are weaker in
magnitude compared to those of pure ZnO. It suggests that the
addition of graphene to ZnO influences the crystallinity of the
material. However, no peak of graphene was observed in
GZnO, which might be attributed to the low graphene
concentration in GZnO.22 The porosity of the material and the
surface area of GZnO are investigated with BET analyzer. The
sharp increase in the N2 adsorption−desorption isotherm in
Figure 2b at a relative pressure (P/P0) > 0.8 indicates the
presence of mesopores with a 5−50 nm diameter.23 The
surface area of GZnO determined with the BET surface area
analyzer is 69.6 m2 g−1. The mesoporous nature and high
surface area of GZnO are driving factors for detecting the
target gas with high sensitivity.
Further, the morphological characteristics of the material are

observed using FESEM (Figure 3a). GZnO has 2D nanoflake
structures and subsequently has a more active surface area for
interaction of the target gas. The step size of the solid-state
printed patterns is characterized by 3D optical profilometry.
The profilometric images in Figure 3b show the step size of
GZnO films printed on paper. As expected, the surface
roughness is more, which is evident in hand-drawn films on
paper. However, higher surface roughness is a positive factor,
as the surface area available for gas molecules adsorption is
more in rough surfaces than smooth surfaces. The higher
surface area of the sensing layer enhances the device’s
sensitivity upon exposure to the target gases.

Figure 1. Patterning of a sensing layer on paper with printed toner
lithography.
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Before investigating the sensor’s performance with CH4, the
thickness of the sensor was optimized for better performance.
Figure S2 shows the sensor’s response as a function of
thickness upon exposure of 100 ppm of CH4. The response
decreases with the increase in thickness of the sensor from 10
to 25 μm. However, the resistance is too low when the
thickness is below 15 μm. Therefore, 15 μm was chosen as the
optimum thickness for the experiment. The optimized sensor is
exposed to different concentrations of CH4 gas at room
temperature (27 °C, 50% RH) to demonstrate the patterns
obtained with solid-state lithography. Figure 4a depicts the
resistance of the sensor upon exposure CH4. The resistance of
the sensor decreases upon exposure to the target gas. It can be
attributed to the electronic donating nature of CH4 to n-type
ZnO, which increases the sensor’s conductivity upon exposure
to the target gas. The steady-state response of 3 sensors is
measured, and their average is plotted as shown in Figure 4b to

quantify the sensors’s response as a function of the
concentration of the target gases. The response (S) of the
sensor has a power-law relation with the concentration (C) of
the target gas as in (1).

S C4.72 0.0017 2.189= + (1)

The response and recovery times are measured from the
transient response and plotted in Figure 4c. The sensor’s
response time ranges from 191 to 204 s, whereas recovery is
achieved within 190−236 s. It can be observed that the
variation in response time with the concentration is
insignificant and can be considered as constant with a slight
standard deviation. The response time (tr) of a reversible gas
sensor can be represented with (2)
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where k, K, and Pg are the forward rate constant, reverse rate
constant, and partial pressure of the target gas, respectively.
The partial pressure of the gas is directly proportional to the
concentration of the gas. At low concentrations of the target
gas, (2) can be rewritten as (3)24
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Thus, the sensor’s response time is independent of gas
concentration.
Further, the sensor’s selectivity to the methane gas is

investigated by exposing it to the other interference gases. We
tested the sensor’s response upon exposure to 10 ppm butane
(C4H10), 2000 ppm of CO2, 2 ppm of H2S, and binary
composition of 1000 ppm of CO2 + 1.75 ppm of H2S. All these
concentrations are very high compared to the actual
concentrations that exist in the air. It can be observed that
the sensor’s response to all the interfering gases is negligible
compared to that of methane, as shown in Figure 4d, and it
depicts the selective behavior of the sensor to the CH4 in
specific applications like natural gas leakage detection.
The detailed gas sensing mechanism of GZnO is outlined in

Figure 5. The local heterojunctions formed between graphene
and ZnO are responsible for the sensor’s high sensitivity to the
target gas.25 As the work function of ZnO is relatively smaller
than that of graphene (Figure 5a), the electrons and holes
diffuse in opposite directions to equate Fermi levels, causing
depletion layer formation and energy band bending (Figure
5b). In the air environment, oxygen molecules adsorbed on
ZnO accept electrons from its conduction band to form oxygen

Figure 2. (a) XRD spectra of ZnO and GZnO and (b) N2 adsorption−desorption curve.

Figure 3. (a) FESEM image of GZnO and (b) 3D profilometry of
GZnO deposited on the paper.

Figure 4. (a) Resistance of the sensor upon exposure to CH4, (b)
steady-state response of the sensor, (c) response and recovery times
of the sensor, and (d) selectivity of the sensor to different target gases.
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ions. It leads to an increase in depletion width and potential
barrier height at p−n junctions between graphene. In addition,
the grain boundary potential barrier height increases with
extracting electrons from ZnO by adsorbed oxygen molecules.
It leads to an increase in sensor resistance as the potential
barriers and depletion layers oppose the flow of charge carriers.
Upon exposure to CH4, the adsorbed gas molecules react with
oxygen ions at grain boundaries and p−n junctions and release
the electrons back to the conduction band. Thus, the depletion
width and potential barrier heights are reduced (Figure 5c),
and consequently, the sensor’s resistance decreases.
The response time measured above is acceptable for most

practical applications. However, some applications demand
that the target gas concentration be measured within a few
seconds. Thus, the measurement time should be decreased to
use this sensor in such applications. The diffusion of gas
molecules through the sensing layer and their immobilization
at adsorption sites can be described using (4)26

C
t
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C

x
N
t

2

2
∂
∂

= ∂
∂

− ∂
∂ (4)

where C is the gas concentration, D is the diffusion coefficient
of the gas through the sensing layer, N is the number of
molecules immobilized at adsorption sites, x is the depth from
the surface of the sensing layer, and t is the time. Assuming N0
is the total number of available adsorption sites in the film, the
site coverage (θ) can be represented with (5), and the reaction
kinetics can be represented with the Elovich equation (6)
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(5)

t
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where a and b are constants. The analytical solution to the
diffusion equation can be discussed in terms of two limiting
cases.

Case 1: Diffusion Limited Process

In this case, the diffusion process is much slower compared to
the reaction kinetics, and the time required for the sensing
process depends only on gas diffusion through the sensing
layer. The immobilized gas molecules at the adsorption site can
be written as (7)

N N KCr
0= (7)

where K is the adsorption coefficient. For linear gas sensors, r =
1, and the concentration as a function of depth and time can be
written as (8)26,27
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where De
D
KN1 0

= + is the effective diffusion constant, and x0 is

the thickness of the sensing layer. The total number of
molecules immobilized at the adsorption sites is directly
proportional to the concentration, which depends only on the
time t and effective diffusion constant De. The effective
diffusion constant depends on the total number of adsorption
sites and adsorption coefficient, constants for a given material,
and the gas. Therefore, the response remains the same at a
particular time for the repeated exposures of the same
concentration of the target gas.
Case 2: Reaction Limited Process

In this case, diffusion is instantaneous compared to adsorption
kinetics. In such cases, the concentration at any point is
independent of time. Then, the site occupancy with time can
be written as (9).28−30

t
b

abt( )
1

ln( 1)θ = +
(9)

The above equation can deduce that the number of
molecules immobilized at the adsorption site depends only
on time and is constant at a particular time. Therefore, the
response at a particular time depends only on the number of
adsorbed molecules, which is directly proportional to the gas
concentration.
The second-order reversible reaction and corresponding

adsorption−desorption kinetics of the gas sensor is given by
(10) and (11), respectively

c c cR A RA+
β

α
F

(10)

c t
t

c t c t c t
d ( )

d
( ) ( ) ( )RA

R A RAα β= −
(11)

where α is the rate of the forward reaction, β is the rate of the
backward reaction, cA is the concentration of the analyte, cR is
the reversible binding site concentration, and cRA is the analyte
concentration bounded on reversible binding sites.31 By
applying the initial condition CRA(t) = 0, we get the solution
as in (12)

Figure 5. Sensing mechanism of GZnO to CH4 gas: (a) work functions and energy bands of ZnO and graphene before contact, (b) Fermi level
alignment and depletion layer formation after contact in air, and (c) Fermi level shift and variation in depletion layer width after exposure to CH4
(Φgraphene: work function of graphene, ΦZnO: work function of ZnO, CB: conduction band, VB: valence band, ECB: conduction band minimum, EVB:
valence band minimum energy, EF: Fermi level).
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c t k e( ) 1 c t( )A= [ − ]α β− + (12)
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2= [ − ]−
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where k1 = k and k2 = (αcA+β) are constants. The exponential
fit of the transient response in Figure S3 with a coefficient of
determination close to unity agrees with the above assumption.
From the above analysis, we concluded that the temporal

response is constant at a specific time after exposure of the
target gas with the same concentration. However, two different
concentrations may have the same response at a particular
time, as shown in Figure S4 containing two exponential plots
intersecting each other. Thus, we considered two different
times to measure the response of the sensors and mapped the
two responses to a unique pairing number, as shown in Figure
6. We considered the input as a step function and the response
as an exponential function as represented in Figure 6a and
Figure 6b, respectively. As no two exponential plots may
coincide at two points on the time axis (t1 = 20 s and t2 = 30
s), the combination of corresponding temporal responses
(y(t1) and y(t2)) can be used to measure the concentration. As
we have two temporal response values, we cannot directly fit
the response as a function of concentration. Thus, we used the
Cantor pairing function (Figure 6c) to map the two temporal
response values to a single integer value. The pairing function
is a process of encoding two natural numbers into a unique
natural number. However, the response values are not integers
to be used for cantor pairing. To resolve it, we made the
response an integer value by multiplying the response of
GZnO with 10 and subtracting the result with 10. The pairing
number of modified response values is achieved with the
Cantor pairing function in (14)

y t y t y t y t y t y t y t( ( ), ( ))
1
2

( ( ) ( ))( ( ) ( ) 1) ( )1 2 1 2 1 2 2π = + + + +

(14)

where π is the pairing function of two integers, y(t1) and y(t2).
In this case, y(t1) and y(t2) are the modified relative temporal
response (10(temporal response)-10) values at two different
time intervals t1 and t2, for a given concentration of the
exposed gas. Figure 7 shows the calibration graph, representing
the average pairing number of 3 responses as a function of the
target gas concentration, and Table S1 shows the correspond-
ing mean and standard deviation values. It can be observed
that the maximum error in predicting the concentration from
the transient response is 10.74%, which is acceptable in most
gas sensing applications. The GZnO sensor can quantify the
methane concentration in just 30 s. The average pairing
number of 3 devices is the nonlinear power function given by
(15)

PN E C655 7.89 7 5.228= + − * (15)

Like a steady-state response, the pairing number associated
with the transient response also has power-law relation with
the gas concentration. Therefore, the target gas can be
detected and quantified within 30 s using the proposed sensor
with the transient analysis. Unlike the existing algorithms, it is a
computationally less intensive approach and can be helpful to
monitor target gases in remote locations where low-power
rapid sensing technology is required.

4. CONCLUSION
In summary, we described an analytical method to reduce the
measurement time of the CH4 concentration with a
chemiresistive gas sensor. In this method, the temporal
responses at two different fixed times, 20 and 30 s, were
measured after the sensor’s exposure to the target gas and
mapped to a unique pairing number. The pairing number
exhibits a power-law relation with the gas concentration, and
thus, the target gas concentration can be quantified in just 30 s
irrespective of the response time. As the proposed approach
does not involve any computationally intensive algorithms, it
can be used in the applications in which the gas concentration
should be measured in a few seconds with the least possible
resources. Though this technique is demonstrated with a gas
sensor, it can be utilized in many other chemical sensors such
as biosensors and humidity sensors, where relatively fast
measurements are necessary.
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Figures of schematic of gas sensing setup, sensor’s
response as a function of sensing layer thickness,
exponential fitting of transient response, and two

Figure 6. Pairing the gas concentration to a unique number to reduce the measurement time: (a) step input corresponding to gas concentration,
(b) transient response of the sensor, and (c) pairing two temporal responses with a unique pairing number using a pairing function.

Figure 7. Average pairing number of the transient response as a
function of the concentration of CH4.
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