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a b s t r a c t

Detecting ammonia in ambient air with high sensitivity and ultra-fast responsivity is crucial given its
implications on human health. The response of such sensors should also be reversible to use them for
continuous monitoring. Herein, we report a reversible ammonia (NH3) sensor based on 2D ZnO nano-
flakes at 250 �C. The sensor exhibited a maximum response of 80% and sub-15 s response and recovery
times upon exposure of 0.6–3 ppm NH3. Further, we formulated and corrected the baseline drift with a
simple and straightforward baseline manipulation method. The excellent response of the sensor indicates
the feasibility of using it in diverse applications where high sensitivity and rapid response are crucial.
1. Introduction

Ammonia (NH3) is a commonly used chemical in many indus-
tries that range from agriculture to petroleum industry. NH3 is an
important source for nitrogen, which is essential for plant growth,
and thus it is used as a fertilizer in the form of liquefied gas. It also
acts as an anti-fungal agent and preservative in agriculture indus-
try. Furthermore, it is used as a curing agent in leather industry, as
a nitrogen source in food and beverage industry, and as an anti-
corrosive in petroleum industry. However, it is one of the highly
toxic gases its detection and quantification in air is vital, given
its implications on human health [1–4]. As per OSHA, the accept-
able limit of NH3 at the workplace is 25 ppm for 8 h work shift
[5,6]. Exposure to higher concentrations of NH3 causes respiratory
problems, and may even lead to death. Thus, the rapid detection of
NH3 in the air with high sensitivity is crucial.

Several NH3 gas sensors based on conducting polymers [7,8],
Carbon nanotubes [9], Graphene and other 2D materials [10–12]
and metal oxides [13–23] have been reported in this regard. Nev-
ertheless, these devices are weak in one or more aspects of sensi-
tivity, response time, and reversibility, and thus, improvement is
necessary to use them in the full range of practical applications.
The sensors based on conducting polymers, 2D materials, and car-
bon nanotubes can detect ammonia gas at low temperatures. How-
ever, the sensors based on these materials suffer from the
irreversible response. Moreover, they are extremely dependent
on variations in ambient temperature and humidity. Temperature
and relative humidity related errors can be nullified using proper
algorithms if the response/recovery times are small. However,
the response/recovery times of majority of low temperature sen-
sors are in several minutes, and the temperature and relative
humidity can vary during this period. On the other hand, metal
oxide gas sensors working at high operating temperature exhibit
reversibility as well as reasonably good response and recovery
times. The only drawback associated with high temperature oper-
ation is high power consumption of the sensors. Nevertheless, sig-
nificant research is going on the design of micro heaters which can
reduce the power consumption.

ZnO is an n-type semiconductor, that is widely used in various
applications such as sensors, biodegradable and biocompatible
electronics, photo catalysis, solar cells, transparent electrodes and
photodetectors [14–38]. It is an ideal material for gas sensing
owing its large band gap, large binding energy, good thermal sta-
bility and high electron mobility. Moreover, it can be easily pre-
pared at low cost and thus mass production is possible. Herein,
we implemented a resistive ammonia sensor based on 2-
Dimensional (2D) ZnO nanoflakes (NF). The 2D ZnO NF were pre-
pared by the simple wet chemical method. The sensor exhibited
a very high sensitivity, reversible response and low response and
recovery times at 250 �C. However, the reported sensor exhibited
the baseline drift which can hinder its utility in practical applica-
tions. This drift in the baseline was corrected using a simple base-
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line manipulation approach. As the performance of the sensor is
excellent in many aspects, it will present numerous benefits
despite its high operating temperature.

2. Experimental

2.1. Materials

Zinc acetate dihydrate (Zn(CH3COO)2 � 2H2O) and sodium
hydroxide (NaOH) were acquired from Sigma Aldrich (USA). Ethyl
alcohol (CH3CH2OH) and 2-Propanol ((CH3)2CHOH) were procured
from Hychem Labs (India) and Sisco Research Laboratories (India)
respectively.

2.2. Synthesis of 2D ZnO nanostructures

The 2D ZnO NFs were synthesized using precipitation method
at low temperature [24]. First, 1300 mg Zinc acetate dihydrate is
dissolved in 60 mL deionized water followed by the addition of
1200 mg of NaOH and stirred at 50 �C for 40 min. Next, the resul-
tant material is washed with DI water and ethyl alcohol multiple
times using a centrifuge at 3000 rpm for 10 min and dried it over-
night at 60 �C to get white ZnO powder.

2.3. Material characterization

The characteristics of ZnO are investigated with X-Ray diffrac-
tion spectroscopy (XRD, PAN analytic X’pert) with a wavelength
of CuKa1 (1.54 Å) in the 2h range of 25� to 70�, Field emission scan-
ning electron microscopy (FESEM, Zeiss) and UV–Visible
spectroscopy.

2.4. Sensor fabrication and gas sensing

The chemiresistive sensor is fabricated by drop-coating ZnO dis-
persed in 2-Propanol. Silver paste is used for the contact elec-
trodes. The experiment was carried out in a gas chamber by
applying a 5 V power supply to the sensor and measuring the cur-
rent through it using Keithley 2450 Source Measurement Unit
upon exposure of the target gas with desired concentration at dif-
ferent operating temperatures. Dry NH3 and synthetic air were
used throughout the experiment. Mass Flow Controllers (MFCs)
are used to mix them in the right proportion to get the required
concentration of NH3.

3. Results and discussions

3.1. Material characterization

To investigate the morphology of sensing material (ZnO) of the
chemiresistive sensor (Fig. 1(a)), FESEM images are captured. The
ZnO has a thin and planar flakes structure, as shown in Fig. 1(b).
To know the crystallinity of the prepared NFs, X-Ray diffraction
studies (XRD) are carried out. The XRD peaks (JCPDS No.
36-1451) (Fig. 1(c)) indicate that ZnO has aWurtzite structure with
high crystallinity. It has a crystal size of 40.71 nm with lattice con-
stants a (3.25 Å) and c (5.19 Å). The Tauc plot plotted from absorp-
tion spectra (UV–Vis) in Fig. 1(d). depicts that the material absorbs
well below 380 nm and has a band gap of 3.27 eV.

3.2. Ammonia detection with the sensor

To determine the sensing characteristics of the sensor towards
ammonia, it was supplied with a voltage of 5 V and measured
the response with exposure to ammonia gas. Fig. 2a shows the
response (y = Ra/Rg, Ra: Resistance of the sensor in air, Rg: Resis-
tance of the sensor in the presence of target gas) of the sensor upon
exposure of 0.6 ppm to 3 ppm NH3 at 250 �C. The sensor resistance
decreased with the exposure of the ammonia gas, and it recovered
back to the original value upon replacing ammonia with synthetic
air. The response corresponding to Fig. 2a is nonlinear with the
concentration of the gas as shown in Fig. 2b, and it is fitted with

y ¼ y0 þ A � x� xcj jP ð1Þ
This relation is in agreement with the reported responses of the

other sensors in the literature [15,39,40]. In fact, the relation
between the sensor response (y) and gas partial pressure (P), which
is directly proportional to the gas concentration, should be of the
form

y ¼ K Pð Þn ð2Þ
where K is a pre-factor, xc is constant, and n is an exponent. The n
value is ideally 1, but it deviates from this value in this case, which
may be attributed to the oxygen vacancies present in the structure.
The coefficient values are mentioned in Table 1.

The responsivity or response (S) of the sensor can be deter-
mined using the Eq. (3)

S ¼ Ra � Rg

Rg
ð3Þ

where Ra and Rg are sensor resistances before and after the expo-
sure of NH3 respectively. The sensor exhibited a high response of
80% at 3 ppm NH3 concentration. Further, the steady-state charac-
teristics of the sensor upon exposure ammonia were analyzed at
250 �C. It exhibited a response time of 3–15 s whereas recovery
time is 5–14 s as depicted in Fig. 2c. The response time (s) of a
gas sensor is

s ¼ 1
k

� �
� K

1þ PgK

� �
ð4Þ

where k and K are forward, and reverse rate constants and Pg is the
partial pressure of the gas [41]. As Pg is directly proportional to the
gas concentration, the equation for low gas concentrations can be
re-written as [42]

tr limPg!0 ¼ lim Pg ! 0
1
kð Þ� K

1þPgK

� �
¼ K

k
ð5Þ

Therefore, the sensor response time is almost constant, which is
9 s in this case with 6 s deviation.

3.3. Repeatability and baseline drift correction

To investigate the repeatability of the sensor, it is exposed to
3 ppm ammonia for 4 cycles (Fig. 3a). The sensor is fully reversible
and repeatable over time with slight baseline drift in the response.
This baseline drift can be attributed to various structural variations
such as chemical diffusion of oxygen vacancies and degradation of
electrical contacts [43–45]. We proposed a simple two-step base-
line manipulation technique to correct the baseline drift of the sen-
sor response.

(1) First, we fit the baseline (X(t)) of the sensor with a nonlinear
exponential function, as shown in Fig. 3b with Eq. (6).
X tð Þ ¼ 0:79462 � exp �t=1126:79ð Þ þ 0:174 ð6Þ
(2) Next, the baseline is corrected (Y(t)) using a simple division
as represented in equation (7) to get the plot in Fig. 3c.
Y tð Þ ¼ R=R0ð Þ=X tð Þ ð7Þ



Fig. 1. (a) Ammonia sensor schematic; (b) Micrograph; (c) XRD; and (d) Tauc plot of 2D ZnO NFs.

Fig. 2. (a) Response of the sensor with NH3 at 250 �C; (b) Response of the sensor with respect to gas concentration; (c) Response/recovery times of the sensor with different
concentrations.

Table 1
The coefficients of nonlinear fitting of sensor response and the response at different temperatures.

Temperature (�C) A P xc y0 Response (%) @ 3 ppm

250 2.19653e�4 5.28772 �1.72053 1.08483 ~80
300 0.00178 3.55637 �2.1649 1.03757 ~70
350 5.67785e�4 4.95405 �1.41477 1.11025 ~90
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It can be observed that the baseline is corrected and flat. More-
over, the response for multiple cycles is almost the same, which is
the required condition for using a sensor in practical applications.

3.4. Sensor response with temperature

Further, we investigated the response of the ZnO sensor at tem-
peratures higher than 250 �C. Fig. 4a and Fig. 4b shows the
responses of the sensor at 300 and 350 �C respectively. The
response of the sensor with concentration is reversible and follow-
ing the same nonlinear behavior. The response decreased slightly,
with an increase in temperature from 250 �C to 300 �C when the
concentration of the gas is less than or equal to 2 ppm (Fig. 4c).
However, this variation is higher when the concentration is 3
ppm and the lowest and highest responses can be observed at
300 �C and 350 �C respectively. The sensor’s response depends on
several factors that include adsorbed oxygen, the rate of adsorp-
tion/desorption of gas molecules and the carrier concentration
which are temperature dependent [46]. All these factors control
the number of charge carriers involved in surface reaction, and
thus, the response doesn’t follow any specific behavior, and it is
material and target gas specific. Nevertheless, it can be observed
that there is no significant improvement in the response with an
increase in response from 250 �C to 350 �C. Though the drift in
the sensor response is higher when the temperature is 250 �C, it
can be eliminated using the algorithm describe above. Thus,



Fig. 3. (a) Repeatability of the sensor for exposure of 4 cycles of 3 ppm ammonia at 250 �C; (b) Exponential fitting of the baseline; (c) Response after baseline correction.

Fig. 4. Dynamic response of sensor at (a) 300 �C and (b) 350 �C; (c) Comparison of response at various temperatures.

Fig. 5. The principle of gas sensing with ZnO nanoflakes in (a) ambient air and (b) NH3.
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250 �C is the optimum temperature for the operation of this sensor
owing to its relatively low power consumption.

3.5. Sensing principle

The sensing principle can be explained using adsorption–des-
orption of analyte gas on semiconductor metal oxide [47,48]. It
involves two steps:

(1) Oxygen molecules in the environment adsorb on ZnO ((1)-
(2)) and immobilize the conduction band (CB) electrons on
the surface, and consequently, a depletion layer is formed
as shown in Fig. 5a.
O2 gasð Þ$O2ðadsÞ ð8Þ

�
O2ðadsÞ þ 2e� ! 2OðadsÞ ð9Þ
Fig. 6. Selectivity of the sensor against other volatile organic compounds.



Table 2
Comparison of the proposed sensor with the literature.

Material Operating Temperature (�C) Concentration (ppm) Response (%) Response Time (s) Recovery Time (s) Reversible? Reference

Carbon Nanotubes RT 100 ~25 >300 >300 No [9]
MoS2 RT 1000 ~80 <100 >100 No [10]
Graphene RT 25,000 ~10 >1800 >200 No [11]
Graphene RT 160 ~8 ~50 NA No [12]
MnO2 nanofibers RT 100 ~20 ~200 ~100 Yes [13]
ZnO thin film 150 600 ~57 ~120 ~600 Yes [14]
NiO thin film 150 1000 ~316 15 @ 10 ppm ~50 @ 10 ppm Yes [15]
ZnO nanorods 300 35 ~300 <180 @ 10 ppm <180 @ 10 ppm Not Reported [16]
ZnO nano particles 100 46 ~3.96 38 158 Yes [17]
ZnO tapers RT 25 ~3 49 19 Yes [18]
ZnO nanowalls RT 25 ~1.5 54 23 Yes [18]
ZnO nanowires RT 50 ~65 28 29 Yes [19]
ZnO nanorods RT 25 ~1 64 28 Yes [20]
ZnO/Polypyrrole RT 1000 ~36.1 5 600 Yes [21]
Cu doped ZnO RT 100 ~30 13 33 Yes [22]
rGO/ZnO nanowire RT 1 ~7.2 50 200 Yes [23]
ZnO nanoflakes 250 3 ~80 3–15 5–14 Yes This work
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(2) Ammonia reacts with sorbed oxygen ions and releases the
electrons back to CB of ZnO. As a result, depletion width
and subsequently, barrier potential will be reduced
(Fig. 5b) and the conductivity of the sensor increases.

� �
2NH3 þ 7OðadsÞ ! 3H2Oþ 2NO2 þ 7e ð10Þ

Thus, the introduction of the ammonia gas increases the con-

ductivity, and its removal reduces the conductivity as observed
earlier.

3.6. Cross-sensitivity of the sensor

To observe the cross-sensitivity of the sensor to other volatile
organic compounds (VOC), it was exposed to 10 ppm of acetone,
ethanol, and toluene and compared the sensor response with that
of 3 ppm ammonia. The response of the sensor to other VOCs is
very low even when their concentration is more than three times
higher compared to that of ammonia as shown in Fig. 6. Thus the
sensor can be used to detect the ammonia selectively at workplace
where the presence of other VOCs is possible. As long as the cumu-
lative concentration of other VOCs is less than 10 ppm, it can easily
detect ammonia. However, we have to use array of sensors and
artificial intelligence to quantify the concentration of each individ-
ual gas if the concentration of the mixed VOCs is much higher. The
response of the sensor is compared with other metal oxides includ-
ing ZnO and other emerging materials and highlighted the advan-
tage of this sensor compared to others as depicted in Table 2. For
the practical utilization of the gas sensor, it should be highly sen-
sitive, ultra-fast responsive, and yet reversible. We can observe
that the other sensors lack at least one of the above features. The
proposed sensor has all these features and outperforms all other
sensors when we consider this aspect.
4. Conclusion

In summary, 2D ZnO nanoflakes synthesized at low tempera-
ture were utilized to implement an NH3 gas sensor. The sensor
showed a nonlinear response in the range of 600 ppb to 3 ppm
NH3 at 250 �C. It exhibited a maximum response of 80% as well
as rapid response and recovery (sub-15 s). Further, the baseline
drift of the sensor was corrected using a simple and novel division
based baseline manipulation technique. Most of the highly sensi-
tive and ultra-fast sensors are unstable, and the baseline varies sig-
nificantly with time and thus are not useful in real time
applications. In such cases, the method we proposed will solve
the baseline drift problem, and it is possible to develop the sensors
with superior response characteristics. The excellent response of
the reported sensor at 250 �C finds diverse applications where all
the features, including high sensitivity, reversibility, and ultra-
fast response, are critical.
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