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A B S T R A C T   

Despite being the most favorable ammonia (NH3) gas sensors, metal oxide semiconductors fail to deliver high 
selectivity and room temperature (RT) sensing. Tuning the metal oxide with doping is an attractive way of 
overcoming these disadvantages. Herein, we report Mn-doped ZnO microspheres as promising sensors for highly 
sensitive and selective RT sensing of NH3. ZnO and 2 wt% Mn-doped ZnO microspheres were synthesized by a 
low-cost and fast solution combustion synthesis, and their structure, morphology, and gas sensing properties 
were investigated. Mn-doping resulted in a change in the lattice parameters, an increase in the oxygen vacancies, 
and surface acidity of ZnO as confirmed by X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) and 
Temperature programmed desorption (TPD), respectively. Mn-doped ZnO showed a response (Ra/Rg) of 20.2 in 
100 ppm NH3, which is significantly higher than ZnO. The sensor showed high selectivity, three times higher 
than that of ZnO, and good stability. Improvement in the sensing performance of Mn-doped ZnO is attributed to 
the increase in the defects and surface acidity with Mn-doping.   

Introduction 

The ever-advancing industrialization has led to increased emissions 
of gases into the environment. Detection of these gases is important to 
monitor and control their impact on life and the environment [1]. 
Among the various gases, ammonia (NH3) is a corrosive and highly toxic 
gas that can cause harmful effects on human life if inhaled above the 
threshold [2]. NH3 gas is actively used in several industries to produce 
many chemicals including explosives, plastics, dyes, fertilizers, etc. The 
increased use of NH3 has led to increased emissions of gas into the 
environment. In addition, it is highly flammable at concentrations be
tween 16-28% by volume in air. Due to its low density and corrosive 
nature, an NH3 gas leak can have more serious effects on the exposed 
area. NH3 gas is also a potential biomarker for diagnosing health con
ditions such as kidney failure, gastric infections, etc. The development of 
highly sensitive, selective, and accurate low-cost NH3 gas sensors is 
necessary to monitor its concentration in view of the threat to life and 
the environment. NH3 sensors find applications in areas such as 

environmental protection, workplace safety, transportation, and process 
control in industry, agriculture, and health. 

Electrochemical, optical, calorimetric, capacitance based, metal 
oxide based, and acoustic wave based are different technologies used for 
NH3 gas sensing [3–9]. Among all these methods, semiconductor metal 
oxide gas sensors have the greatest advantage because of their high 
sensitivity, fast response, low-cost, long stability, and ease of manufac
ture [10,11]. Metal oxide gas sensors detect NH3 gas by measuring the 
change in resistance that occurs when analyte gas is nearby. With the 
advancement of nanoscience and nanotechnology, the synthesis and use 
of these materials at nanoscale became easier and contributed to the 
improvement of sensors due to the excellent properties of nano
materials, such as the high surface area to volume ratio and electrical 
properties [12–16]. The dimensions and surface morphologies of 
different nano metal oxides affect sensor performance. Therefore, 
various synthesis methods like chemical vapor deposition, 
co-precipitation [17], sol gel method [18–21], hydrothermal method, 
etc [22–25] can be used to control the properties of the sensor material. 

* Corresponding author. 
E-mail address: csubbu@iith.ac.in (C. Subrahmanyam).  

Contents lists available at ScienceDirect 

Applied Surface Science Advances 

journal homepage: www.sciencedirect.com/journal/applied-surface-science-advances 

https://doi.org/10.1016/j.apsadv.2022.100349 
Received 21 June 2022; Received in revised form 31 October 2022; Accepted 18 November 2022   

mailto:csubbu@iith.ac.in
www.sciencedirect.com/science/journal/26665239
https://www.sciencedirect.com/journal/applied-surface-science-advances
https://doi.org/10.1016/j.apsadv.2022.100349
https://doi.org/10.1016/j.apsadv.2022.100349
https://doi.org/10.1016/j.apsadv.2022.100349
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsadv.2022.100349&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Applied Surface Science Advances 12 (2022) 100349

2

ZnO, SnO2, TiO2, WO3, and MoO3 are widely explored metal oxides 
for detecting NH3 gas [26–30]. Among these metal oxides, ZnO has 
attracted much attention because of its excellent electrical and chemical 
properties [31,32]. ZnO is an n-type semiconductor metal oxide with a 
significant exciton binding energy of 60 meV and a band gap of 3.37 eV 
[33]. But ZnO sensor performance has limitations in terms of sensitivity, 
selectivity, and working temperature [34] which can be improved by 
various methods such as doping and surface modifications [35]. Doping 
transition metals or composites with metal oxides improve gas sensing 
properties. Rambu et al. obtained Ni-doped ZnO films by spin coating 
and showed a higher sensor response to NH3 than pure ZnO films at a 
temperature of 190 ◦C. The improvement was attributed to the mor
phostructural changes induced by the addition of Ni into the ZnO 
structure [36]. Tarwal et al. prepared Cd-doped ZnO thin films by spray 
pyrolysis and showed an increased response to NH3 compared to the 
ZnO thin films [37]. Using the same fabrication method, Mani et al. 
fabricated Ni-doped ZnO thin films and demonstrated the selective 
detection of NH3 [38]. Ganesh et al. used hydrothermal synthesis to 
prepare Cu-doped ZnO nanoellipsoids, which showed improved sensi
tivity to NH3 gas and good selectivity at 150 ◦C compared to ZnO [39]. 
Mani et al. showed that spray deposited Co-doped ZnO thin films 
reduced the ZnO response to NH3 but improved detection range and 
selectivity [40]. Zheng et al. used magnetic sputtering to fabricate 
Ag-doped ZnO nanostructured films. The superior performance of the 
sensors compared to pure ZnO film was explained by the larger surface 
area of the Ag-doped ZnO film [41]. However, most of these sensors 
require a high working temperature and have low selectivity. 

The acid-base and redox reactions that occur on the surface of the 
sensor material contribute to the sensor signal, and the specificity or 
selectivity of these reactions depends on the nature of the active sites on 
the surface [42]. Vorobyeva et al. synthesized Ga-doped ZnO and 
studied the effect of surface acidity on the sensitivity to H2S and showed 
that increasing the surface acidity of Ga-doped ZnO decreases the 
response to H2S due to its acidic nature [43]. Previous studies reported 
that an increase in the surface acidity of the sensor material helps in the 
highly selective determination of a basic NH3 gas [44,45]. However, few 
reports are available correlating acid-base properties with gas sensing. 

Mn-doping in ZnO has attracted significant research interest due to 
its ferromagnetic properties at room temperature (RT) and is attributed 
to the increase in defects resulting from Mn-doping. Doping and surface 
defects are also important to improve the gas sensing properties of 
semiconductor metal oxides [46]. Still, there are not many studies on 
using Mn-doped ZnO for NH3 gas sensing. In addition, because of the 
similar sizes of Mn2+ and Zn2+ cations, Mn is more easily incorporated 
into the ZnO lattice than other transition metals. Many of the transition 
metal doped ZnO for NH3 detection are on thin films and use expensive 
techniques and they operate at a higher temperature. In the present 
work, we report a fast and low-cost solution combustion synthesis to 
introduce lower Mn-doping (2 wt%) to improve the NH3 sensing prop
erties of ZnO at RT. The sensitivity and selectivity of Mn-doped ZnO 
were improved at RT. The acid-base nature of the materials was studied 
using NH3 and CO2 temperature programmed desorption (TPD). The 
importance of surface acidity and surface defects correlates with 
improved sensor properties. 

Experimental section 

Materials 

Manganese nitrate tetrahydrate (Mn(NO3)2.4H2O, 97%, Sigma - 
Aldrich), Zinc nitrate hexahydrate (Zn(NO3)2.6H2O, 99%, Sigma - 
Aldrich), Urea (CH₄N₂O, 99%, SRL Chemicals), and Silver conductive 
paste (Ag, 99.9%, Sigma - Aldrich). All chemicals were of analytical 
purity and were used without further purification. 

Synthesis procedure 

The ZnO and Mn-doped ZnO (2 wt%) were prepared via a simple 
solution combustion synthesis. To prepare the ZnO, 1g Zn(NO3)2.6H2O 
was taken in 15 mL distilled water in a China dish and dissolved under 
sonication. 401 mg of urea was added to the above solution and then 
sonicated for 15 min. The reaction mixture was transferred to a muffle 
furnace which was preset at a temperature of 450 ◦C for a period of 10 
min to obtain ZnO [47]. The product was cooled to RT and calcined at 
600 ◦C for 3 hrs. The same procedure was used to synthesize Mn-doped 
ZnO by taking 20 mg of Mn(NO3)2.4H2O and 980 mg of Zn(NO3)2.6H2O 
in 15 mL of water. Fig. 1 shows a scheme for the synthesis of Mn-doped 
ZnO. The chemical equation for the synthesis is represented by Eq. (1). 

3Zn(NO3)2.6H2O + 5(NH2)2CO→3ZnO + 5CO2 + 28H2O + 8N2 (1)  

Fabrication of sensor 

A glass substrate (2 cm × 2 cm) was cleaned with acetone and dried 
in the oven. Silver contacts were made on the glass substrate using a 
brush and conductive silver paste and dried in an oven for one hour at 60 
◦C. 15 mg of the material was mixed into a paste with a few drops of 
methanol in a crucible using a glass rod. The prepared paste was applied 
between the silver electrodes on the glass substrate by drop coating. The 
device was dried at 100 ◦C overnight and was then used for gas sensing 
studies. A scheme for the fabrication of the sensor is shown in Fig. 2. 

Characterization techniques 

Powder X-ray diffraction (XRD) patterns of the prepared materials 
were recorded using a Rigaku SmartLab X-ray diffractometer using Cu 
Kα (λ=1.54 Å) radiation and a Ni filter. The measurement was recorded 
at ambient temperature conditions for a 2θ value of 20 to 80 degrees 
with a scan rate of 3 degrees/min. A current of 200 mA and an accel
erating voltage of 45 kV are maintained during the measurements. The 
chemical composition of the materials and oxidation states of the ele
ments were characterized by X-ray photoelectron spectroscopy (XPS) 
using Supra Kratos analytical spectrophotometer with Mg Kα mono
chromatic excited radiation of 1253.6 eV. The morphologies of the 
materials were examined by Field emission scanning electron micro
scopy (FESEM) by using the JEOL JIB-4700F multi-beam system at 3 kV 
operating potential. Elemental analysis of the samples was further per
formed by Energy dispersive X-ray spectroscopy (EDS) during FESEM 
characterization. FTIR studies were carried out in JASCO FT/IR-4600 
with a resolution of 4 cm− 1 in a range from 400 to 3000 cm− 1. Raman 
spectra of the materials were obtained using a WITEC alpha300 R – 
Raman Imaging microscope with a laser excitation wavelength of 532 
nm. The acidic and basic groups on the surface of the materials were 
quantified using NH3 TPD, and CO2 TPD, respectively, using a Micro
tracBEL Corp. chemisorption device equipped with a thermal conduc
tivity detector. The samples (80 mg) were pretreated at 500 ◦C for 1 hr 
under He flow and then cooled down to 100 ◦C, and the adsorption of 
NH3 was facilitated by flowing of NH3/He of 5 vol% at this temperature. 
The chemisorbed NH3 was desorbed by increasing the temperature of 
the sample to 800 ◦C at a constant heating rate of 10 ◦C/min under a He 
flow of 30 mL/min. CO2 TPD was also performed by a similar method to 
examine the basic sites on the materials. 

Gas sensing setup 

The homebuilt setup used for the gas sensing measurements is shown 
schematically in Fig. 3. The resistance variations of the sensor over time 
were measured using a Keithley source meter (USA, model: 6517B). 
During the electrical characterization, a fixed voltage of 3 V is applied to 
the sensor and the current is monitored and recorded over time. A digital 
humidity controller (Humitherm, India) maintained the chamber at a 
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relative humidity of 60%. Air and the required ppm of analyte gases 
were then admitted to the chamber to record the baseline resistance and 
the resistance in the presence of analyte gas. 

Results and discussion 

X-ray diffraction 

The crystal structures of ZnO and Mn-doped ZnO were monitored by 
XRD and are shown in Fig. 4a. It was observed that ZnO has a hexagonal 
wurtzite structure with space group P63mc with calculated cell pa
rameters a = b = 3.24 Å, c = 5.19 Å and diffraction peaks at 2θ = 31.95◦, 

34.61◦, 36.43◦, 47.73◦, 56.78◦, 63.05◦, 66.56◦, 68.13◦, 69.26◦ corre
sponding to the d values of 2.80, 2.59, 2.46, 1.90, 1.62, 1.47, 1.40, 1.37, 
1.35 Å which align well with the (100), (002), (101), (102), (110), 
(103), (200), (112) and (201) crystalline planes respectively and match 
with JCPDS card number 36-1451 as shown in Fig. 4a. As shown in 
Fig. 4b, Mn-doped ZnO gave peaks corresponding to hexagonal wurtzite 
structure but with a slight shift to lower angles at 31.75◦, 34.40◦, 36.24◦, 
47.53◦, 56.60◦, 62.86◦, 66.39◦, 67.96◦, 69.10◦ corresponding to the 
d values of 2.81, 2.60, 2.48, 1.91, 1.62, 1.48, 1.41, 1.38, 1.36 for the 
crystal planes (100), (002), (101), (102), (110), (103), (200), (112) and 
(201), respectively. The XRD spectra of Mn-doped ZnO showed no 
additional peak, implying that no secondary phase is formed and the 

Fig. 1. Scheme for the synthesis of Mn-doped ZnO.  

Fig. 2. Scheme for the fabrication of the Mn-doped ZnO gas sensor.  
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Mn2+ ions replace the Zn2+ ions in the ZnO lattice. Doping with Mn 
slightly increases the d spacing value. Lattice parameters of Mn-doped 
ZnO were found to be a = b = 3.25 Å, c = 5.21 Å. It shows that 
doping with Mn slightly increases the lattice parameters of ZnO without 
changing the hexagonal structure. The average crystallite size of the 

materials was calculated from XRD using Scherrer’s formula 
(

t= Kλ
βCosθ

)

where Scherrer constant (K) = 0.89, Cu Kα radiation wavelength (λ) =
1.5406 Å, β = FWHM, t = Average crystallite size and θ = Diffraction 
angle). ZnO, Mn-doped ZnO has an average crystallite size of 43.3 nm 
and 49.5 nm, respectively. The Mn2+ cation is slightly larger in size 
compared to Zn2+, which leads to a change in the lattice parameters of 
ZnO when Mn2+ replaces Zn2+ in the lattice. This causes the lattice 
parameters of Mn-doped ZnO to increase, which increases the d values 
for each plane and causes the 2θ values to shift to a lower angle. 

X-ray photoelectron spectroscopy 

XPS was performed to identify the chemical composition and 
oxidation state of elements in ZnO and Mn-doped ZnO as shown in 
Fig. 5. A survey scan of ZnO showed peaks only for Zn 2p, O 1s and C 1s 
orbitals, showing the absence of any impurities. The survey scan of the 
Mn-doped ZnO showed an additional peak due to the Mn 2p orbital, 
indicating the doping of Mn in the ZnO. The doublet peaks for Zn 2p1/2 
and Zn 2p3/2 in both microspheres are observed at 1045 and 1021.9 eV, 
respectively, as shown in Fig. 5a and separated by 23.1 eV, which agrees 
with the expected value for Zn2+, as reported earlier [48,49]. 

Fig. 5b shows peaks at 655.2 and 642.0 eV correspond to Mn 2p1/2 
and Mn 2p3/2, respectively, indicating the presence of Mn in a +2 
oxidation state in Mn-doped ZnO [50]. The asymmetric O 1s spectra of 
pure ZnO are deconvoluted into two peaks at 532.7 and 530.7 eV as 
shown in Fig. 5c. The prominent O 1s peak at 530.7 eV corresponds to 

Fig. 3. Schematic representation of the gas sensing setup.  

Fig. 4. (a) XRD patterns of ZnO and Mn-doped ZnO. (b) Shifting of the XRD peaks of Mn-doped ZnO in comparison with ZnO.  
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lattice O2– ions in the Zn–O bonding of the wurtzite structure of ZnO 
[51]. The peak at 532.7 eV is assigned to surface defects, oxygen va
cancies, or chemisorbed oxygen species [52]. The O 1s spectra of 
Mn-doped ZnO as shown in Fig. 5d, deconvoluted into three peaks at 
532.2, 530.6 and 529.3 eV. The peak at 530.6 is due to oxygen in the 
lattice. The peaks at 532.2 and 529.3 eV are assigned to oxygen va
cancies and surface-adsorbed hydroxyl groups, respectively [53]. To 
understand the defects, the area under each peak in both the materials 
were calculated and compared. O 1s spectra of ZnO give an area of 
79.84% for the lattice oxygen and the rest is for the surface defects, 
chemisorbed oxygen etc. In Mn-doped ZnO the lattice oxygen accounts 
for only 62.44% of the total area and the rest of the area denotes the 
defects including oxygen vacancies. This clearly shows that the 
Mn-doping in the ZnO lattice causes an increase in oxygen vacancies 
[54]. Oxygen vacancies are critical in gas sensing because the more 

oxygen vacancies, the more electrons can be trapped, and the gas 
detection performance of metal oxide sensors improves [55–57]. 

FTIR spectroscopy 

FTIR spectra of the materials were recorded from 400 to 3000 cm− 1 

and are shown in Fig. 6a. The peak at 463 cm− 1 in ZnO is due to the Zn-O 
stretching vibration and it confirms the formation of ZnO [58]. In 
Mn-doped ZnO, the broad peak at 492 cm− 1 is assigned to the Mn-Zn-O 
stretching vibrations. The shift in the Zn-O stretching frequency is due to 
the incorporation of Mn into the ZnO lattice. This shift could be 
described in terms of atomic masses. Mn (54.93 u) has a smaller atomic 
mass than Zn (65.38 u), hence showing vibrational modes in the higher 
wavenumber range [59]. The shift to a higher wavenumber confirms the 
substitution of Mn ions in the ZnO lattice. The presence of atmospheric 

Fig. 5. (a) XPS spectra of the Zn 2p orbital of ZnO and Mn-doped ZnO. (b) XPS spectra of the Mn 2p orbital of Mn-doped ZnO. (c) XPS spectra of the O 1s orbital of 
ZnO. (d) XPS spectra of the O 1s orbital of Mn-doped ZnO. 

Fig. 6. (a) FTIR and (b) Raman spectra of ZnO and Mn-doped ZnO.  
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CO2 gives a peak at 2337 cm− 1 [60]. The peaks at 1378 and 1632 cm− 1 

correspond to the H-O-H bending mode [61,62] of a trace amount of 
water present on the surface of microspheres which results from atmo
spheric moisture [63]. 

Raman spectroscopy 

Raman spectra of ZnO and Mn-doped ZnO microspheres were 
recorded in the range 200-1200 cm− 1 to study the influence of Mn on the 
molecular vibrational modes of ZnO as shown in Fig. 6b. The strong 
band at 437 cm− 1 in ZnO is assigned to the E2 (high) mode, which 
predominantly involves Zn motion and is the characteristic band of the 
wurtzite phase. It confirms the formation of a ZnO wurtzite structure 
with P63mc symmetry. The vibrational modes at 331 cm− 1 and 380 
cm− 1 correspond to 2E2 and A1 (TO), respectively. The peak at 580 cm− 1 

corresponds to the A1 (LO) mode in ZnO [64]. Corresponding peaks are 
also seen in Mn-doped ZnO indicating the wurtzite structure of 
Mn-doped ZnO. The intensity of E2 (high) decreases in the Mn-doped 
ZnO due to the broken symmetry caused by Mn dopants in the ZnO 
lattice [65]. Substitution of Mn in the ZnO lattice causes structural 
perturbations in the periodic Zn atom sublattice and destroys the 
translational symmetry [66]. The broad band in the region of 1000-1200 
cm− 1 is originating from multi phonon processes [47]. 

Field emission scanning electron microscopy and energy-dispersive X-ray 
spectroscopy 

FESEM micrographs of the ZnO and Mn-doped ZnO were acquired to 
analyse the morphology. The micrographs of the materials are shown in 
Fig. 7a and b. FESEM micrographs of ZnO and Mn-doped ZnO show 

spherical particles that are a few micrometers in size. ZnO has an 
average diameter of 10 µm, as shown in Fig. 7a. Whereas Mn-doped ZnO 
has an average particle size of 1 µm as shown in Fig. 7b. This indicates 
that Mn-doping reduced the particle size of ZnO microspheres. Mn- 
doping into the ZnO lattice does not change its morphology but re
duces the particle size by inhibiting grain growth [60]. The surface of 
the Mn-doped ZnO was further analyzed by EDS and is shown in Fig. 7c. 
The EDS spectra showed the presence of Zn, Mn and O elements with 
weight percentages of 85.70, 2.02 and 12.28, respectively which also 
confirms the Mn-doping in ZnO and agrees with the doping percentage. 

NH3 and CO2 temperature programmed desorption 

NH3 TPD was used to determine the number of acidic sites present on 
the surface of the ZnO and Mn-doped ZnO as shown in Fig. 8a. The area 
under the TPD spectra quantifies the acidic sites. The number of acidic 
sites on ZnO and Mn-doped ZnO are 0.016 and 0.073 mmol/g, respec
tively. It shows that doping with Mn increases the total number of acidic 
sites on the ZnO surface. In addition, CO2 TPD was performed to assess 
the number of basic sites present on the material surface, as shown in 
Fig. 8b. The number of basic sites on the surface of ZnO and Mn-doped 
ZnO was calculated to be 0.021 and 0.067 mmol/g, respectively. Table 1 
summarises the total acidic and basic sites present on the materials. The 
ratio of acidic to basic sites (Sa/Sb) was used to determine the catalytic 
nature of the surface. The Sa/Sb values of ZnO and Mn-doped ZnO are 
0.761 and 1.089, respectively, indicating that acidic sites are more 
abundant in Mn-doped ZnO. Previous studies show that increasing the 
surface acidity of the sensor material favours the adsorption of basic gas 
molecules and can catalyze the reaction that occurs on the surface [42, 
43]. The literature has also shown that the interaction between the 

Fig. 7. (a) FESEM image of ZnO. (b) FESEM image of Mn-doped ZnO. (c) EDS spectrum of Mn-doped ZnO.  
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acidic surface sites and basic gas molecules leads to a selective deter
mination of the gas [44,45]. Therefore, an increase in the surface acidity 
of Mn-doped ZnO is beneficial for more sensitive and selective deter
mination of NH3 gas. 

Gas sensing studies 

Fig. 9a, b show the change in resistance of ZnO and Mn-doped ZnO 
exposed to different concentrations of NH3 gas at RT. In the presence of 
air, the microsphere exhibits a stable resistance and is recorded as the 

baseline resistance (Ra). When exposed to NH3 gas, the resistance of the 
microspheres decreases and reaches a minimum value (Rg). After that, 
the microspheres are again exposed to air and the initial resistance value 
is restored. The resistance of ZnO and Mn-doped ZnO decreases in the 
presence of NH3 and increases in air, showing n-type semiconductor 
behavior. ZnO had a baseline resistance of 4.8 MΩ, but the Mn-doped 
sample had an extremely high baseline resistance of 822.3 MΩ. The 
minimum resistance of the sensor steadily decreases with increasing 
NH3 gas concentration, with the relative resistance change (Ra-Rg) being 
larger for Mn-doped ZnO than for ZnO. The response of the microspheres 
to NH3 gas was estimated using the equation Ra/Rg. The gas sensing 
response of ZnO and Mn-doped ZnO to different NH3 gas concentrations 
is shown in Fig. 9c. ZnO had a response of 1.6, 2.1, 3.3, and 6.6 at 25, 50, 
75, and 100 ppm, respectively, while Mn-doped ZnO had a response of 
3.7, 5.9, 11.5 and 20.2 at the same concentrations. Mn-doped ZnO shows 
greater response as compared to ZnO. Sensor response and recovery 
times are defined as the time required for the sensor to provide 90% of 
the final steady state signal in the presence of analyte gas and the time 

Fig. 8. (a) NH3 TPD spectra of ZnO and Mn-doped ZnO. (b) CO2 TPD spectra of ZnO and Mn-doped ZnO.  

Table 1 
Acidic and basic site quantification of the materials.  

Material Acidic sites (mmol/g) Sa Basic sites (mmol/g) Sb Sa/Sb 

ZnO 0.016 0.021 0.761 
Mn-doped ZnO 0.073 0.067 1.089  

Fig. 9. Gas sensing studies (a) Resistance change of ZnO. (b) Resistance change of Mn-doped ZnO. (c) Response curve of ZnO and Mn-doped samples. (d) Response 
and recovery time of Mn-doped ZnO in 100 ppm concentration of NH3 gas. 
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required for the sensor to reach 10% of the baseline resistance, respec
tively. For different concentrations of NH3 gas, response and recovery 
time is calculated and is shown in Table 2. Mn-doped ZnO showed a 
shorter response time to NH3 gas compared to ZnO, which is attributed 
to the better adsorption of NH3 on the Mn-doped ZnO. However, because 
of stronger adsorption of NH3 to Mn-doped ZnO, recovery time in
creases. The response and recovery time of Mn-doped ZnO towards 100 
ppm NH3 is shown in Fig. 9d. 

The gas sensor responses of ZnO and Mn-doped ZnO at 100 ppm 
acetone, ethanol, formaldehyde (HCHO), and methanol are obtained 
and are shown in Fig. 10a. The response of the Mn-doped ZnO sensor to 
NH3 was 20.2 to 100 ppm, which is substantially higher than the 
response to the same gas concentrations for other gases. This reveals the 
Mn-doped ZnO’s remarkable selectivity towards NH3. The calibration 
curve of the sensors is shown in Fig. 10b. Both ZnO and Mn-doped ZnO 
show a linear relationship between resistance and NH3 concentration. 
The standard deviation of the baseline resistance (s) and the slope of the 
calibration curve (m) were used to calculate the limit of detection 
(
LOD= 3s

m
)

which was found to be 3 and 12 ppm for ZnO and Mn-doped 
ZnO, respectively. Though Mn-doped ZnO is having high sensitivity, its 
LOD is found to be lower than ZnO. Fig. 10c shows the repeatability of 
the transient resistance curve of ZnO for four cycles of 100 ppm NH3 
injection over 1500 s. In all cycles the baseline resistance in air is 
restored and the minimum resistance reported for 100 ppm NH3 is the 
same showing the repeatability of the measurements. The response of 
the ZnO and Mn-doped ZnO at a concentration of 100 ppm NH3 was 
recorded over a period of 30 days and the sensors showed no appreciable 
drift in the response and showed excellent stability as shown in Fig. 10d. 

Increased oxygen vacancies and increased surface acidity are the two 
effects that give Mn-doped ZnO better performance in terms of sensi
tivity, response, and selectivity to NH3 gas. When Mn2+ replaces Zn2+ in 
the ZnO lattice, the lattice parameters change due to the size difference 
of the cations. Changing the lattice parameters increases the concen
tration of oxygen vacancies. An increase in oxygen vacancies increases 
chemisorbed oxygen at the surface. XPS studies showed that Mn-doped 
ZnO has a larger amount of chemisorbed oxygen formed by trapping 
charge carrying electrons from the conduction band. Increasing the 
chemisorbed oxygen drastically increases the baseline resistance of Mn- 
doped ZnO compared to ZnO. In the presence of NH3 gas, the relative 
resistance change of Mn-doped ZnO is larger than ZnO and improves its 
sensitivity. Since NH3 is a basic analyte gas, the acidic nature of the 
sensor material affects the sensing. From TPD, it is confirmed that Mn- 
doping increases the surface acidity of ZnO. The surface acidic sites on 
the Mn-doped ZnO are Lewis acidic sites and Bronsted acidic sites. 
Coordinatively unsaturated metal cations on the surface behave as Lewis 
acids and surface-adsorbed hydroxyl groups act as Bronsted acid sites. 
Lewis acidic sites facilitate the adsorption of basic NH3 molecules by 
forming a coordination bond with the nitrogen lone pair. At the same 
time, polar NH3 forms a hydrogen bond with the hydroxyl groups 
adsorbed on the surface. In this way, more NH3 is adsorbed on the metal 
oxide surface. And this favors the reaction of NH3 with chemisorbed 
oxygen. Acidic sites facilitate adsorption and catalyze the oxidation of 
NH3 gas. As more NH3 reacts with more oxygen gas, the resistance 
change increases and the response to NH3 increases. Due to NH3’s ability 
to interact with the material, it results in highly selective sensing 
compared to other gases. 

A comparison of the NH3 sensing performance of the Mn-doped ZnO 
with the previously reported transition metal doped ZnO sensors is 
shown in Table 3. Mn-doped ZnO has better sensor properties compared 
to other sensors at RT. Mn-doping has increased the response and 
selectivity of the ZnO sensor and lowered the operating temperature 
compared to other related ZnO sensors. Therefore, the Mn-doped ZnO is 
a promising candidate for RT NH3 sensing. 

Mechanism 

The schematic sensing mechanism of the Mn-doped ZnO based NH3 
sensor is shown in Fig. 11. When the ZnO and Mn-doped ZnO gas sensors 
are present in the air, oxygen gas is chemically adsorbed on its surface by 
capturing the free electrons from its conduction band. This creates a 
charge carrier depleted region on the surface of the sensor, the resistance 
of which increases [67]. At lower temperatures, oxygen is mainly 
adsorbed as O−

2 species Eqs. (2) and (3) [68]. When the sensors are 
exposed to target gas, a chemical reaction occurs between oxygen with 
reducing NH3 molecules Eqs. (4) and (5), and the previously trapped 
electrons are now released back into the semiconductor and the elec
trical resistance of the sensor decreases as the carrier concentration is 
increased. 

O2(in air)→O2(ads) (2)  

O2(ads) + e− →O−
2 (ads) (3)  

NH3(in air)↔ NH3(ads) (4)  

4NH3(ads) + 3O−
2 (ads)→2N2 + 6H2O + 3e− (5) 

The performance of the proposed NH3 sensor is significantly influ
enced by the change in carrier concentration. According to the charge 
carrier concentration, the gas response, S (Ra/Rg), is defined as in Eq. (6) 
where Δn = ng – na, and ng, na represents the electron concentration in 
the sensor in the target gas and in the air, respectively [69]. 

S =
Δn
na

+ 1 (6) 

The lower the electron concentration in air, the smaller na and the 
larger the variation in electron concentration Δn, resulting in a greater 
response against the reducing gas. Therefore, the improved sensing 
performance of Mn-doped ZnO could be explained by the following two 
aspects. The increased oxygen vacancy defect in Mn-doped ZnO en
hances the donor effect, resulting in more surface adsorbed oxygen 
species and a thicker depletion layer, and therefore Mn-doped ZnO has a 
higher initial baseline resistance and large Δn value in the presence of 
NH3, resulting in a higher response [70]. NH3 adsorption on the surface, 
as shown in Eq. (4), is also a key step in the sensing mechanism. The 
acidic sites on the Mn-doped ZnO’s surface facilitate the adsorption of 
more ammonia gas and catalyze the reaction between NH3 and chem
isorbed oxygen, increasing the sensitivity and selectivity of NH3 sensing. 

Conclusions 

ZnO and 2 wt% Mn-doped ZnO microspheres were synthesized by 
solution combustion synthesis. The formation of the materials was 
confirmed by XRD, XPS, FTIR, RAMAN and EDS. Mn-doping slightly 
increases the lattice parameters of ZnO, as confirmed by XRD. The ex
istence of Mn2+ and Zn2+ states in the Mn-doped ZnO was validated 
from XPS and increase in the oxygen vacancy in Mn-doped ZnO was also 
observed. FESEM images revealed the microsphere morphology of the 
materials, confirming that doping does not alter the morphology of ZnO. 
NH3 and CO2 TPD showed an increase in the surface acidic character of 
Mn-doped ZnO. At RT, Mn-doped ZnO showed a response of 20.2 to
wards 100 ppm NH3 gas which is significantly higher than ZnO. Mn- 
doped ZnO sensor showed excellent selectivity compared to ZnO and 

Table 2 
Response and recovery time of materials towards NH3 at RT.  

Material Time (s) Concentration of NH3 at RT (ppm) 
25 50 75 100 

ZnO Tresponse 78.54 77.89 92.05 92.16 
Trecovery 64.16 67.46 88.35 146.05 

Mn-doped ZnO Tresponse 63.91 76.23 67.05 73.11 
Trecovery 197.35 160.56 189.36 147.50  
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Fig. 10. (a) Selectivity study of ZnO and Mn-doped ZnO. (b) Linearity of the sensors. (c) Cycle repeatability of ZnO at 100 ppm concentration of NH3. d) Long term 
stability of ZnO and Mn-doped ZnO. 

Table 3 
Comparison of transition metal doped ZnO sensors for NH3 gas.  

Material Preparation technique Working temperature (◦C) Concentration (ppm) Response/S Refs. 

Co-ZnO thin film Spray pyrolysis 25 100 3.48a [40] 
Ni-ZnO thin film Spray pyrolysis 25 750 5a [38] 
Cd-ZnO thin film Spray pyrolysis 325 100 5b [37] 
Ni-ZnO thin film Spin coating 190 850 9.5b [36] 
Cu-ZnO nano flower Hydrothermal synthesis 150 100 32.3b [39] 
Ag-ZnO nanostructured film Magnetron sputtering 300 300 61.18b [41] 
Mn-ZnO microspheres Solution combustion synthesis 25 100 20.22a This work 

95.37b 

Sa = Ra/Rg, Sb = (Ra − Rg) ×100/Ra  

Fig. 11. Schematic representation for the NH3 gas sensing Mechanism of Mn-doped ZnO.  
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exhibits good stability. The improvement in the gas sensing performance 
of Mn-doped ZnO is mainly due to the increase in the surface defect and 
surface acidity. Mn-doping increased oxygen vacancies and enhanced 
chemisorbed oxygen species on the surface, resulting in an increase in 
baseline resistance and gas sensing response. In addition, Mn-doping 
increases the number of acidic sites which favours the adsorption of 
more amount of basic NH3 gas and catalyzes the surface reaction 
increasing the response and selectivity to basic NH3 gas. 
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