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A) FESEM Analysis

Fig. S1. Higher resolution FESEM image of the portion of large-area arrays of ZnO nanowires.

B) XRD measurements

The phase purity and crystal structure of as-synthesis ZnO nanowires were analyzed from 

X-ray diffraction (XRD) studies. Fig. 2 shows diffraction peaks located at 31.7⁰, 34.4⁰, 36.2⁰, 

47.5⁰, 56.5⁰, 62.8⁰, 66.3⁰, 67.9⁰, 69.0⁰, 72.5⁰, and 76.9⁰ are well indexed to the (100), (002), (101), 

(102), (110), (103), (200), (112), (201), (004), and (202) crystalline plane, respectively, of 

hexagonal wurtzite phase of ZnO (JCPDS Card No. 76-0704) allotted to the space group of P63mc 
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(lattice constants, a = b = 3.25 Å and c = 5.21 Å). The dominant peaks centered at 31.72⁰ and 

36.20⁰ confirm the preferred growth orientations of the randomly aligned ZnO nanowires along 

the (100) and (101) directions. The greater thickness of ZnO nanowires has resulted in the 

untraceable diffraction peaks of the ITO thin film. This confirms the growth of hexagonal wurtzite 

ZnO nanowires without any defect or impurity phase. Therefore, present hexagonal ZnO 

nanowires with a high degree of crystallinity are expected to enable better sensing response for 

hazardous and toxic gases like CO, C2H5OH, NH3, etc.

Fig. S2 XRD spectra of large-area arrays of ZnO nanowires.

C) Gas Sensing Measurements

Table S1: The comparative parameters obtained from the Raman scattering spectra of hexagonal 

ZnO nanowires, and ZnO nanowires (@Si),1 micro-tubes,2 quantum dots,4 and bulk wurtzite 

structure4 reported in the literature.

Raman mode
Morphology

A1 A1 E2 A1 E1 Reference

ZnO nanowires 328 373 431 530 576 Present work

ZnO Nanowires/Si 332 - 436.5 - 583 1

Δf(nanowires-nanowires/Si) -4 -5.6 -7

ZnO micro-tubes 331 377 437 - - 2

Δf(nanowires-micro-tubes) -3 -4 -6
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ZnO quantum dots 348 - 440 - 576 3

Δf(nanowires-quantum dots) -10 -9 0

Bulk Wurtzite ZnO 333 378 438 536 590 4

Δf(nanowires- bulk) -5 -5 -7 -6 -14

Table S2: The comparative summary of the response and recovery time of ZnO nanostructure for 

CO gas. 

Morphology Response and recovery 
time (Sec.)

Gas 
concentration Reference

ZnO nanowires 15.1 and 12.5 50 ppm Present work

ZnO tetrapods ~ 55 and >100 50 ppm 5

ZnO nanowires 20 and 60 500 ppm 6

ZnO nanoflowers 25 and 150 200 ppm 7

Au adsorbed ZnO nanowires 40 an 80 50 ppm 8

ZnO honeycomb structure ~180 and ~210 500 ppm 9

Table S3: The comparative summary of the sensing performance of ZnO nanostructure-based CO 

gas sensors. 

Morphology Response Temperature (oC) Reference

ZnO nanowires 31.9 % for 50 ppm 100 Present work

ZnO nanorods 2 % for 50 ppm 350 10

flower-like ZnO microstructures 3.8 % for 200 ppm 400 11

ZnO tetrapods and nanoparticles < 20 % for 50 ppm 250 5

ZnO nanowires by VLS method 1.5 % for 50 ppm 250 12

Co-doped ZnO nanorods 16 % for 50 ppm 350 10

Pd-ZnO thin film 7 % for1000 ppm 200 13

Pt-ZnO nanosheets 3.57 % for 50 ppm 180 14

Al-ZnO nanoparticles 1.6 for 50 ppm 300 15
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Table S4: The comparative summary of the sensing performance of ZnO nanostructure-based 

C2H5OH gas sensors. 

Morphology Response Temperature (oC) Reference

ZnO nanowires 101.9 % @50 ppm 100 Present work

ZnO nanoplates 23.3 %for 400 ppm 350 16

hierarchical ZnO nanoflowers 30.4 % for 400 ppm 350 16

sputtered ZnO film 6.2 % for 100 ppm 400 17

ZnO nanorods 1.6 % for 50 ppm 350 10

flower-like ZnO microstructures 3.5 % for 50 ppm 400 11

vertically aligned ZnO nanorods 1.33 % for 500 ppm 260 18

Ta doped ZnO thin film 9.8 % for 100 ppm 400 17

Co-doped ZnO nanorods 1.85 % for 50 ppm 350 10

TiO2 modified ZnO tetrapods ~ 20 % for 50 ppm 300 5

Pd-nanoparticle decorated ZnO 
nanorods

5.12 % for 500 ppm 260 18

high density Pd-ZnO nanowires 44.5 % for 500 ppm 170 19

ZnO nanowires 190 %  for 200 ppm 500 20

NiO/ZnO nanoplates 37.5 % for 500 ppm 400 21

Ag/ZnO nanocomposite ~100 % for 500 ppm 400 22

CuO/ZnO nanocomposite ~100 % for 500 ppm 400 23

Urchin like 1-D ZnO nanorod 180 for 100 ppm 300 24

Table S5: The comparative summary of the response and recovery time of ZnO nanostructure for 

NH3 gas. 

Morphology Response and 
recovery time (Sec.)

Gas 
concentration Reference

ZnO nanowires 18.3 and 10.8 50 ppm Present work

defect controlled ZnO nanorods 64 and 28 25 ppm 25



5

tapered ZnO nanostructures 49 and 19 25 ppm 25

Cu-doped ZnO 32 and 56 100 ppm 26

ZnO nanorods 351 and 125 1000 ppm 27

ZnO nanoparticles 660 and 160 600 ppm 28

Cd/Mg/Y doped ZnO 183/49 and 162/58 50 ppm 29

Table S6: The comparative summary of the sensing performance of ZnO nanostructure-based NH3 

gas sensors. 

Morphology Response Temperature (oC) Reference

ZnO nanowires 115.9 for 50 ppm

128.9 for 100 ppm

100 Present work

Vertical ZnO nanorods ~ 5 % for 100 ppm 150 25

Tapered ZnO nanostructures ~ 85 % for 100 ppm 150 25

ZnO nanorods 10.1 % for 100 ppm 300 27

ZnO nanoflowers 49.5 % for 50 ppm 250 30

Fe doped ZnO thick film 75 % for 50 ppm 30 31

Al monodoped n-ZnO < 10 % for 600 ppm 100 32

AlN codoped p-ZnO < 20 % for 600 ppm 100 32

AlAs codoped p-ZnO < 65 % for 600 ppm 100 32

Al-doped ZnO nanoflowers 33 % for 75 ppm 190 33

Cu-doped ZnO nanoellipsoids 12.9 % for 100 ppm 100 26

Mn-doped ZnO microspheres 8.9 % for 100 ppm 100 34

Ag-doped ZnO nanoellipsoids 29.5 % for 100 ppm 150 35

Al-doped ZnO thin film 40 % for 75 ppm 160 36

ZnO- GrO nanocomposite ~24 % for 1 ppm 30 37
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 D) Sensing mechanism for NH3 gas

The sensing responses of ZnO nanowires has increased up to 100 °C and then decreased 

with an increase in temperature. The temperature-dependent response of the ZnO nanowires can 

be ascribed to the operating temperature. Moreover, the literature illustrates that O2 (oxygen 

molecules) generally physisorbed on the metal oxide surface at low temperature (>100 °C) and 

form  (ads) ions, but at moderate (100-300 °C) and high (< 300 °C) temperature the 𝑂 ‒
2

chemisorption results in to O- and O2- ions respectively.35,38,39 Therefore, after exposing ZnO with 

reducing gas like NH3 at moderate temperature, the oxygen species interact with NH3 molecules 

to release the electrons to the conduction band, which can be given by the reaction

                -(S2)4𝑁𝐻3 + 3𝑂
‒
2→6𝐻2𝑂+ 2𝑁2 + 3𝑒

‒

These free electrons are given back to the conduction band of ZnO and result to increase in carrier 

concentration to an extent. This leads to a decrease in electrical resistance of the ZnO nanowires 

in the ammonia environment. However, the possible reaction at high temperature (> 100 oC) is 

                                         -(S3)2𝑁𝐻3 + 3𝑂
‒→3𝐻2𝑂+ 𝑁2 + 3𝑒

‒

The above redox processes confirm that four NH3 molecules react with three  to release 3 𝑂 ‒
2

electrons (i.e., eq. S1), while at temperature > 100 oC two NH3 molecules are sufficient to react 

with . However, the mechanism of interactions becomes more complicated at temperature >100 𝑂 ‒

°C in the ammonia environment due to the presence of many types of adsorbed species on the 

surface in atomic and molecular forms.40 There is a possibility of formation of NOx in the presence 

of oxygen species as represented below,

                                                    -(S4)        Or4𝑁𝐻3 + 5𝑂
‒
2→6𝐻2𝑂+ 4𝑁𝑂+ 5𝑒

‒

                                         -(S5)2𝑁𝐻3 + 4𝑂0→3𝐻2𝑂+ 𝑁2𝑂+ 8𝑒
‒

                            -(S6)2𝑁𝐻3 + 3𝑂0→3𝐻2𝑂+ 2𝑁𝑂+ 10𝑒
‒

In such formation of oxidizing NOx, the thickness of the depletion layer increases, and 

hence the electrical resistance of metal oxides increases.32 But, the decrease in the electrical 

resistance of our samples in the ammonia environment rules out the formation of NOx and gas 

sensing mechanisms related to it. Thus, our experimental conditions propose the formation of N2 

only and not NOx by the reaction on NH3.
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