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Abstract. ZnO nanowires (NWs) were deposited on a glass substrate by the successive ionic layer adsorption and reaction
method (SILAR). Sensing response of ZnO NWs towards reducing vapours was tested at ambient temperature (~32°C)
by the chemiresistor method. The vapour response was found to be 80.2, 1.6, 1.1 and 1.1 for NH3, H,O, (CH3)2CO and
C2HsOH, respectively. Also, density functional theory (DFT) calculations were performed to understand the charge transfer
and electronic property change during adsorption of molecules over ZnO NW. The band of the Zn 3d state was altered after
adsorption and no significant changes were observed in the O 2p state. Higher binding energy (14.6 eV) with significant charge
transfer (0.04|e|) was observed in the ammonia-adsorbed ZnO NW. On comparing response obtained through experimental
and computational studies, almost a similar trend of response was observed except for the HO—ZnO system. This was due
to lack of dispersion interaction and steric effect influence in the DFT calculation with the chosen computational methods.
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1. Introduction

As far as the chemical sensing properties are concerned,
Zn0O is promising and the most widely used candidate for
gas/vapour-sensing materials; n-type ZnO was used as a sens-
ing element for HCHO [1], CO [2], CO, [3], SFs [4], NO,
[5], H,S [6], Hy [7], NH3 [8], C2HeO [9] and humidity [10].
Along with the experimental research, many researchers are
working on the understanding of the atomistic interaction of
gases with ZnO surface. Martins et al [11] studied the inter-
action of Hy, CO, CO,, H,O and NH; on ZnO (1010) surface
using cluster model in Gaussian 03 package [11]. The charge
distribution, binding energy and orbital energies were con-
sidered for the adsorption studies and the obtained results
were compared with the available experimental results. Prades
et al [12] reported that Zn surface atom is the preferred site
for NO, adsorption rather than SO,. Also, the temperature-
dependent stoichiometric stability was studied and adsorption
of target molecules was analysed. CO adsorption on the polar
and nonpolar ZnO surface was studied through density func-
tional theory (DFT) approach by Meyer and Marx [13]. Effect
of CO orientation and hydrogen coverage on the polar ZnO
surface was reported. Their finding reveals that the Zn ion
is the binding site for CO adsorption. After hydrogen satu-
ration, the OH-terminated (0001) surface was found to be
favourable [13]. In general, the gas sensing mechanism is
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understood based on vacant oxygen ion and direct adsorption
method. However, adsorption sites and the kind of interaction
mecahnism are not yet understood completely.

The metal oxide surface consists of unsaturated oxygen
and metal ions, which act as Lewis base and Lewis acid sites,
respectively. Noei et al [14] studied the adsorption of NHj
on ZnO by high-resolution electron energy loss spectroscopy
(HREELS), thermal desorption spectroscopy (TDS) and theo-
retical calculations. These findings reveal that the lone pair of
electrons in the N atom coordinates to Zn>* ion [14—16]. The
hydrogen, ammonia, carbon monoxide and ethanol adsorp-
tions over the (1010) ZnO surface were studied by Yuan et al
[17] by considering the Zn site as an adsorption site. In the
present work, Zn site was chosen as an adsorption site for a
theoretical calculation. As mentioned earlier, various gases
and vapours were detected by ZnO nanostructures. Among
these many nanostructures, nanowires (NWs) have unique
properties due to the higher aspect ratio and better charge
transport. ZnO NWs were prepared and moulded for the
experimental and theoretical analysis of gas—solid interaction.

The present work focuses on the interaction of reducing
molecules with n-type ZnO by both experimental and theoreti-
cal studies. For the experimental studies, the reducing vapours
were used as a source. The chosen molecules were ethanol,
acetone, ammonia and water due to the need for detection in
diverse areas.
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2. Computational and experimental details

Virtual NanoLab [18] software was utilized to construct the
ZnO NWs with 24 Zn atoms and 24 O atoms. DFT calcu-
lations were performed with the Quantum Wise Atomistix
Toolkit (ATK) package [19,20]. For exchange correlation the
Perdew—Burke—Ernzerhof (PBE) [21] parameterized gener-
alized gradient approximation (GGA) was applied for the
electronic structural studies. The K-point was sampled as a
5 x 5 x 5 unit and charge transfer studies were made using
Mulliken population analysis [22]. The binding energy was
estimated as follows:

Eb = Eadsorbed Zn0 — (Emolecule + EZnO)v (1)

where Eby, Eagsorbed zn0s Emolecule and  Ezno are the bind-
ing energy, the total energy of the ZnO NW system after
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adsorption, the total energy of the molecule and total energy
of the ZnO NW, respectively. The response of the ZnO NWs
is governed by band gap [17] and given as follows:

RO EO Em
S = — = ), 2
R, exp( kgT ) @

where § is a response, kg is the Boltzmann constant
(8.617 x 107> eVK™), Tis operating temperature (300 K),
E) is the band gap of bare ZnO NWs and E, is the band gap
of reducing-molecule-adsorbed ZnO NW.

ZnO NWs were deposited on a glass substrate using a
HO-TH-03D successive ionic layer adsorption and reaction
(SILAR) instrument (HOLMARC make); 0.1 M of zinc sul-
phate solution [23] and boiling deionized water were used as
cationic and anionic solution, respectively. The deposition
cycles and dip duration were 150 cycles and 5 s, respec-
tively. The prepared ZnO thin film was characterized by
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Figure 1. (a) Optimized structure of the ZnO nanowire system. (b) Band structure and density of state of the ZnO

nanowire.
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Figure 2. Optimized structure of the ZnO N'W after the adsorption of (a) NH3, (b) H2O, (¢) C,H5OH and (d) (CH3),CO

molecules.

field-emission scanning electron microscopy (FESEM) and
X' PERT PRO PANalytical X-ray diffractometry (XRD).
The electrical contact was made using silver epoxy and
thin copper wire. The dimension of the sensing element
was 1 x 1 cm? and the applied voltage during the detec-
tion was 9 V DC. The current changes were recorded
for 2 s once using an Ivium Vertx DC electrometer. The
sensing studies were carried out using a home-built gas
sensor testing set-up [24]. The sensor was operated at ambi-
ent temperature (32°C) and the relative humidity of 65%
RH.

3. Results and discussion

3.1 Theoretical studies

Figure 1a shows a side view of ZnO NW and electronic struc-
ture (band structure and density of state) of the ZnO NW
system is presented in figure 1b. The bond length between the
Zn and O in the ZnO NW is 2.01 A. The ZnO NW has a direct
band gap with a value of 0.34 eV at I" point in the recipro-
cal space. The valence band (VB) and conduction band (CB)
edges for the ZnO NW are located at —0.204 and 0.138 eV,
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Table 1. VB edge, CB edge, band gap, binding energy, charge transfer and response values of bare and adsorbed molecules ZnO
NW systems.

Charge transfer
System VB edge (eV) CBedge(eV) Bandgap(eV) Binding energy (eV) (electrons) Response
ZnO nanowire —0.204 0.138 0.342
NH3/-ZnO —0.157 0.101 0.258 14.6 0.04 253
H>0/-Zn0O —-0.218 0.012 0.230 11.3 0.08 76.0
(CH3)2CO/-Zn0O —0.182 0.120 0.302 12.8 0.02 4.7
CoH50H/-ZnO —0.448 0.33 0.778 32 —0.04 0

respectively. This value is smaller than the theoretical value
of the bulk ZnO (0.73 eV) [25,26], which might be due to the
diameter of the NW. Also, GGA level of theory within PBE
gives an inaccurate description of ZnO band gap. It is due to
spurious hybridization of Zn 3d bands with O 2p, which leads
to underestimation of band gap [27]. The bottom of the VB
around 17-18 eV arises due to the contribution of the O 2s
state. The O 2p state and Zn 3d state are hybridized at the
top of the VB. The major part of the O 2p state was located
around —4 eV to the Fermi level and the Zn 3d state at —7 to
—4 eV. The bottom of the CB was high due to the Zn 4s state.

Figure 2a, b, ¢ and d shows a side view of ZnO NW
after the adsorption of NH3, H,O, (CH3),CO and C,Hs0OH,
respectively. After optimization, bond length between the
bonded Zn with the adsorbed sites of NHs, H,O, (CH3),CO
and C,HsOH were 2.14, 2.08, 2.26 and 2.13 10%, respec-
tively. The adsorption of the reducing molecule leads to the
reconstruction of the ZnO NWs (figure 2a—d). The corre-
sponding changes in the VB edge, CB edge, band gap, binding
energy, charge transfer and response are given in table 1. On
comparing the total energy of the ZnO NW and adsorbed
ZnO NW system, an increase in the total energy is observed
after the adsorption of the reducing molecule. Fermi energy
was decreased after the adsorption of the reducing molecules
(NHj3, H>O and (CH3),CO) (Fermi level was setas 0 eV). This
means that conductivity increased when the film surface was
exposed to the reducing molecules. For C;HsOH the chemi-
cal potential was increased; it was unfavourable. Hence, the
system was not considered for the discussion. The VB edge
was increased for NH3—ZnO and (CH3),CO-ZnO systems,
whereas it was decreased for HO-ZnO and C;HsOH-ZnO
systems. The position of the CB edge was decreased after the
adsorption of NHj3, H,O and (CH3),CO molecules. Hence,
the resultant band gap value was decreased after adsorption
of the reducing molecules. The band gap value was found to
be high for (CH3),CO-ZnO system with lesser charge trans-
fer value of 0.02|e|. The binding energy was estimated using
equation (1). Among these reducing molecules, NH3 showed
high binding energy (14.6 eV) with the ZnO NW. It was shown
that the NH3s-adsorbed ZnO NW system was stable at ambi-
ent temperature. Hence, one can expect a moderate recovery
in the ambient condition of the stoichiometric ZnO NW

during NH3 vapour detection. The charge transfer value for
NH3-ZnO system was 0.04|e|. The maximum charge transfer
was observed for HO—ZnO to be 0.08|e|. It revealed that the
ZnO NW was sensitive to the humidity [10].

The changes in the band structure and density of states
are shown in figure 3a, b, ¢ and d for NH3-, H,O-, C;H;OH-
and (CH3),CO-adsorbed ZnO NWs system, respectively. The
band of the Zn 3d state was altered after adsorption and no sig-
nificant changes were observed in the O 2p state.This might
be due to the negative work function of the system and nucle-
ophilic nature of the chosen molecule.

3.2 Experimental studies

The cross-sectional morphology of the SILAR-deposited ZnO
NWs is shown in figure 4. It shows the formation of thin ZnO
layer parallel to the plane of the glass substrate, followed
by vertically grown NWs (shown in figure 4a). The length
and diameter of the vertically grown ZnO NWs range from
2.6 to 5 um and 106 to 148 nm, respectively. This vertically
grown NW with an aspect ratio of 25-34 might be due to the
formation of the initial seed layer, the higher growth rate of the
(002) plane and the number of deposition cycles. The surface
energy of the glass substrate and deposition temperature of
the anionic solution will lead to the chemisorption of the zinc
hydroxide ion as nuclei and the seed layer. The size of these
formed nuclei will decide the diameter of the NWs, which
depends on the concentration of the cationic solution. The
boiling temperature of the anionic solution and rinsing time
in it are the important factors to obtain appropriate stand-
alone NWs. The tilted alignment of the wires was due to the
surface roughness of the seed layer (marked with red circles in
figure 4b). After a growth of certain critical height at a constant
temperature, the wire started to bend due to its small diameter
(marked with the green circle in figure 4b). The c-axis growth
was also verified through the XRD pattern shown in figure 5.
XRD analysis was made using CuK a; X-rays. The peaks
were indexed as (100), (002) and (101) planes with respect
to the standard ICDD card number 36-1451. The impurity
peaks, non-stoichiometric zinc and other phases of ZnO were
not observed.
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Figure 3. Electronic structure of the ZnO NW after adsorption of (a) NH3, (b) H,O,
(¢) C2HsO0H and (d) (CH3)2CO molecules.
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Figure 4. Cross-sectional scanning electron micrograph of the
SILAR-deposited ZnO at (a) 4402x and (b) 10000x magnifica-
tions.

3.3 Sensing response of ZnO NWs

The SILAR-deposited ZnO NWs were exposed to reducing
vapour such as NH3, H,O, (CH3),CO and C,HsOH at ambi-
ent temperature (32°C). The required amount of the targeted
liquid was injected into the home-built test chamber with the
help of a chromatographic syringe to reach the desired con-
centration inside the chamber [24]. The vapour was evacuated
using a vacuum pump. The electrical resistance of the ZnO
NWs decreased for all the reducing vapours and the response
was estimated using equation (2). Transient response of ZnO
NW towards reducing vapours at S0 ppm is shown in figure 6.
Sensing response of NH3 was found to be high compared with
the other reducing vapours. This is due to the lone pair of elec-
trons present in the 3a; state of NH3 molecule [14] and energy
level matching between Zn 3d and NH33a, states [16]. Also,
the kinetic diameter and ionization energy of ammonia were
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Figure 5. XRD pattern of as-deposited ZnO nanowires.
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Figure 6. Transient response of ZnO NWs towards reducing
vapours at 50 ppm.

less than those of the other vapours [28]. The kinetic diameter
refers to molecule size, which has an impact on sensing prop-
erty of a material. The ammonia vapour with small kinetic
diameter diffuses in the pore between ZnO NWs, which
in turn leads to more adsorption sites and higher response.
Also, ammonia has moderate ionization energy (10.18 eV)
and hence one can expect higher bonding interaction with
the surface. Estimated response values for ZnO NWs were
80.2,1.6,1.1and 1.1 for NH3, H,O, (CH3),CO and C,HsOH,
respectively. This experimental response was compared to
the theoretical results to validate the obtained results. The
response of the ZnO N'Ws was estimated using equation (2).
The calculated values were 25.3, 76.0, 4.7 and 0 for ammo-
nia, water, acetone and ethanol, respectively. The response of
the H,O adsorption system was found to be high. Neverthe-
less, experimentally, the deposited ZnO NWs showed a good
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response towards NH3. This might be due to the aspect ratio,
porosity and charge transfer in the NW network. In reality,
there will be plenty of vapour molecules that interact over
the entire sensing element surface. However, a large number
of closely adsorbed molecules may lead to repulsion due to
steric effect [14]. It is difficult to discuss this steric effect with
the chosen computational methods. Hence, there is a signif-
icant difference between experimental and computationally
obtained response values.

4. Conclusion

Adsorptions of NHj, H,O, (CH3),CO and C,HsOH over
ZnO NWs were observed through theoretical and experimen-
tal studies. For experimental analysis, vertically aligned ZnO
NWs with the aspect ratio of 34 were deposited on a glass
substrate by the SILAR method. Theoretical studies reveal
that the ZnO NW has a high response to water molecules
and its response value is 76. However, in reality, the ZnO
NWs show a better response (80.2) towards NHj3 vapour
than all the other vapours. This difference arises due to the
lack of dispersion interactions and a single molecule used
in computational studies. The charge transfer from NH; to
ZnO was 0.02]e| and binding energy was 14.6 eV. The ZnO
NWs band gap decreased from 0.34 to 0.26 eV and Zn 3d
band was altered after NH; adsorption. The observed results
reveal that the ZnO NWs is a promising material for detecting
ammonia.
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