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Abstract

Detecting ammonia in ambient air with high sensitivity and ultra-fast responsivity is crucial
given its implications on human health. Such detecting sensors should also exhibit a reversible to
use it for continuous monitoring. Herein, we report a reversible ammonia (NH;) sensor based on
2D ZnO nanoflakes at 250 °C. The sensor exhibited a maximum response of 80% and sub-15
seconds response and recovery times upon exposure of 0.6-3 ppm NH;. 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 excellent sensitivity and rapid response are crucial.
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Introduction

Ammonia (NH3) is a commonly used chemical in many industries that range from agriculture to
petroleum industry. NHj 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 industry. 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 the highly toxic gases and the exposure to it should be
avoided. Its detection and quantification in air is vital, given its implications on human health [1-

4]. As per OSHA, the acceptable limit of NH; at the workplace is 25 ppm for 8 hours work shift



[5,6]. Exposure to higher concentrations of NH; causes respiratory problems, and may even lead

to death. Thus, the rapid detection of NH; in the air with high sensitivity is crucial.

Several NH; 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. Nevertheless, these devices are weak in one or more aspects of sensitivity, 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 carbon nanotubes
can detect ammonia gas at low temperatures. However, 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 sensors is in several minutes, and the
temperature and relative humidity can vary in this interval. 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 operation is
high power consumption of the sensors. Nevertheless, significant 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 stability and high electron mobility. Moreover, it can be
easily prepared 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 prepared 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 applications. This drift in the
baseline was corrected using a simple baseline manipulation approach. As the performance of
the sensor is excellent in many aspects, it will present numerous benefits despite its relatively

high operating temperature.



2. Experimental

2.1. Materials

Zinc acetate dihydrate (Zn(CH3COQ), * 2H,0), sodium hydroxide (NaOH) were acquired from
Sigma Aldrich (USA). Ethyl alcohol (CH;CH,OH) and 2-Propanol ((CH;),CHOH) 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 minutes. Next, the resultant material is washed
with DI water and ethyl alcohol multiple times using a centrifuge at 3000 rpm for 10 minutes and

dried it overnight at 60 °C to get white ZnO powder.
2.3. Material Characterization

The characteristics of ZnO were investigated with X-Ray diffraction spectroscopy (XRD, PAN
analytic X’pert) with a wavelength of CuKal (1.54 A) in the 20 range of 25° to 70°, Field

emission scanning electron microscopy (FESEM, Zeiss) and UV-Visible spectroscopy.
2.4. Sensor fabrication and gas sensing

The chemiresistive sensor is fabricated by drop-coating ZnO dispersed in 2-Propanol. Silver
paste is used for the contact electrodes. The experiment was carried out in a gas chamber by
applying a 5V power supply to the sensor and measuring the current through it using Keithley
2450 Source Measurement Unit upon exposure of the target gas with desired concentration at
different operating temperatures. Dry NH; 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 NHs.

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 were 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) was carried
out. The XRD peaks (JCPDS No. 36-1451) (Fig. 1(c)) indicate that ZnO has a Wurtzite structure
with high crystallinity. It has a crystal size of 40.71 nm with lattice constants a (3.25 A) and ¢
(5.19 A). The Tauc plot plotted from absorption 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.
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Figure 1. (a) ammonia sensor schematic; (b) Micrograph; (c) XRD; and (d) Tauc plot of 2D ZnO
NFs

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. Figure 2a shows
the response (y= R./Ry, Ra: Resistance of the sensor in air, Rg: Resistance of the sensor in the
presence of target gas) of the sensor upon exposure of 0.6 ppm to 3 ppm NHj 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 Figure

2a is nonlinear with the concentration of the gas as shown in Figure 2b, and it is fitted with
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Figure 2. (a) Response of the sensor with NH; at 250 °C; (b) Response of the sensor with respect

to gas concentration; (c) Response/recovery times of the sensor with different concentrations

This relation is consistent 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 =K (P) )

where K is a pre-factor, x. 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 determined using the Eq. (3)

S=%’ O

where R, and R, are sensor resistances before and after the exposure of NH; respectively. The
sensor exhibited a high response of 80% at 3 ppm NHj concentration. Further, the steady-state
characteristics of the sensor upon exposure ammonia were analyzed at 250 °C. It exhibited
response time of 3-15 sec whereas recovery time of and 5-14 sec as depicted in Figure 2c. The

response time (1) of a gas sensor is



1 K
T= (E) * (1 + PHK) )
where k and K are forward, and reverse rate constants and P, is the partial pressure of the gas

[41]. As P, is directly proportional to the gas concentration, the equation for low gas

concentrations can be re-written as [42]

(E) * (1+Pgl() _ % (5),

tTlimPg—>0 = llmPg—>O =

Therefore, the sensor response time 1s almost constant, which is 9 seconds in this case with 6

seconds 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
(Figure 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 baseline manipulation technique to correct the baseline drift of the

SENSOr résponse.

(1) First, we fit the baseline (X(t)) of the sensor with a nonlinear exponential function, as shown

in Figure 3b with equation (6).
X(t) = 0.79462*exp(-t/1126.79) + 0.174  (6)

(2) Next, the baseline is corrected (Y (t)) using a simple division as represented in equation (7) to

get the plot in Figure 3c.
Y (t) = (R/R)/X(t) (7)

It can be observed that the baseline is corrected and flat. Moreover, the response for multiple
cycles is almost the same, which is the required condition for using a sensor in practical

applications.



(a) 2.10] N,z e oo | (B)4 0] [ = T (€) 24T T e
JSymhetlcalr with drift correction
1.754 2.0
@_m 1.40 §m1.6-
n:ﬂ! 1.05 "
0.70- 1.2
035' . . . . 0_5 Ik . ; . . 08 \Nl'!,gas . . .
0 200 400 600 800 0 200 400 600 800 0 200 400 600 800
Time (sec) Time (sec) Time (sec)

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

3.4. Sensor response with temperature

Further, we investigated the response of the ZnO sensor at temperatures higher than 250
OC. Figure 4a and Figure 4b shows the responses of the sensor at 300 and 350 °C respectively.
The response of the sensor with concentration is reversible and following the same nonlinear
behavior. Nevertheless, 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 (Figure 4c).
However, the lowest and highest responses can be observed at 300 °C and 350 °C, respectively,
when the concentration is 3 ppm. The sensor’s response depends on several factors that include
adsorbed oxygen, the rate of adsorption/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, 250 °C is the optimum temperature for the

operation of this sensor owing to its low power consumption.

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

Temperature A P Xc Yo Response (%) @ 3
(0 ppm
250 2.19653¢-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

3.5. Sensing principle

The sensing principle can be explained using adsorption-desorption 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 Figure 5a.

02 (gas) < 02 (ads) (8)
O3 (ads) T2 — 207(ads) )

(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 (Figure 5b) and the
conductivity of the sensor increases.

2NH3 + 70-(ads) - 3H20 + 2N02+ e (10)

Thus, the introduction of the ammonia gas increases the conductivity, and its removal reduces
the conductivity as observed earlier
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Figure 5. The principle of gas sensing with ZnO nanoflakes in (a) ambient air and (b) NH;

Table 2. Comparison of the proposed sensor with the literature

Material Operating Concentration  Response Response Recovery Reversible? Reference
Temperature (ppm) (%) Time Time
(°C) (sec) (sec)
Carbon RT 100 ~25 > 300 > 300 No 9
Nanotubes
MoS, RT 1000 ~80 <100 > 100 No 10
Graphene RT 25000 ~10 > 1800 >200 No 11
Graphene RT 160 ~8 ~50 NA No 12
MnO, RT 100 ~20 ~200 ~ 100 Yes 13
nanofibers
ZnO thin 150 600 ~57 ~120 ~ 600 Yes 14
film
NiO thin 150 1000 ~316 I5@10 ~50@ 10 Yes 15
film ppm ppm
ZnO 300 35 ~300 <180 @ <180 @ Not 16
nanorods 10 ppm 10 ppm Reported
ZnO nano 100 46 ~3.96 38 158 Yes 17
particles
ZnO tapers RT 25 ~3 49 19 Yes 18
ZnO RT 25 ~1.5 54 23 Yes 18
nanowalls
ZnO RT 50 ~65 28 29 Yes 19
nanowires
ZnO RT 25 ~1 64 28 Yes 20
nanorods
Zn0O/ RT 1000 ~36.1 5 600 Yes 21
Polypyrrole
Cu doped RT 100 ~30 13 33 Yes 22
ZnO
rGO/ZnO RT 1 ~7.2 50 200 Yes 23

nanowire
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Figure 6. Selectivity of the sensor against other volatile organic compounds

3.6. Cross-sensitivity of the sensor

To observe the cross-sensitivity of the sensor to other volatile organic compounds
(VOCQ), 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 Figure 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 cumulative 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 if the concentration of the mixed VOCs is much higher to
desciminate and quantify the concentration of each individual gas. The response of the sensor is
compared with other metal oxides including ZnO and emerging materials and highlighted the
advantage of this sensor compared to others as depicted in Table 2. For the practical utilization

of the gas sensor, it should be highly sensitive, 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.

Conclusion

In summary, 2D ZnO nanoflakes synthesized at low temperature were utilized to implement an
NHj; gas sensor. The sensor showed a nonlinear response in the range of 600 ppb to 3 ppm NH;
at 250 °C. It exhibited a maximum response of 80% as well as rapid response and recovery (sub-
15 seconds). Further, the baseline drift of the sensor was corrected using a simple and novel
division based baseline manipulation technique. Most of the highly sensitive and ultra-fast
sensors are unstable, and the baseline varies significantly 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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