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ABSTRACT
Work function measurement using Kelvin probe method has been demonstrated 
as an effective and novel approach towards detection of  NH3 and  NO2 gases 
using ZnO–NiO based nanocomposites. For this the nanocomposites were syn-
thesised in different compositions using the solvothermal method. Formation of 
ZnO–NiO nanocomposites was confirmed using XRD and EDS studies. It is found 
that the nanoparticle morphology of NiO changes with different percentages of 
Zn addition. The work function of the sensing film was found to decrease and 
increase upon exposure to  NH3 (1.51) and  NO2 (1.18) gases owing to the reducing 
and oxidising nature of the test gases. Of the different composites,  Zn0.75Ni0.25O 
exhibited highest sensor response towards the test gases. The increased response 
is attributed to the nanostructured morphology of the nanocomposite and the 
formation and collapse of the p-n heterojunction formed between p-type NiO and 
n-type ZnO. Besides, incorporation of NiO enhances the oxygen adsorption on 
the sensor surface assigned to the  Ni2+ ions getting readily oxidised to  Ni3+. Our 
results clearly suggest that the work function measurements could also be used 
as an effective way for  NO2 and  NH3 detection.

1 Introduction

Air pollution has recently emerged as the most seri-
ous environmental issue [1]. Of the various pollutants, 
ammonia  (NH3) and nitrogen dioxide  (NO2) are useful 
for numerous industries such as fertiliser, pesticides, 

petrochemical, chemical and medical [2–4].  NH3 is a 
colourless, highly hazardous gas and the Occupational 
Safety and Health Administration (OSHA) has set an 
exposure limit of 50 ppm [5]. Above this, it leads to 
various health issues such as headaches, difficulty 
breathing, and vomiting. In the similar context,  NO2 
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thermal stability. It also show good catalytic proper-
ties to oxidize metal oxides [21]. Thus, use of ZnO and 
NiO together is anticipated to form random nano het-
erojunction namely p-n junctions and thereby could 
show enhanced sensing responses. Table 1 compares 
responses of different ZnO/NiO-based nano-heter-
ostructures towards different gases. The observed 
improved response kinetics have been attributed 
predominantly to the unique interaction with the test 
gases resulting in subsequent collapse and formation 
of p-n junctions resulting in a drastic change in electric 
properties thereby a higher sensor response [22]. The 
nanocomposites are investigated for their response 
towards different gases using chemiresistive princi-
ples. The chemical interaction on the sensor surface 
results in the large change in the resistance which is 
measured and calibrated with respect to gas concen-
tration. As is evident from the Table 1, the ZnO/NiO 
heterostructure system has been explored for sensor 
towards gases like  H2S,  SO2, acetone and toluene. The 
heterostructure system has been rarely reported for 
the NOx detection. For example. Dong et al., investi-
gated the litchi shell-like porous NiO/ZnO compos-
ite film realised using electrodeposition method for 
its response towards NOx at room temperature. The 
sensor film exhibited a response of 74.0% towards 
100 ppm of NOx gas [23]. Similarly, NiO coated ZnO 
films realized using chemical bath deposition method 
has also been reported for the  NO2 sensing by Mane 
et al. [24]. The sensor film exhibited a response of 
76.5% towards 100 ppm of  NO2 at moderate working 
temperature of 150 °C.

is highly toxic and responsible for acid rain and its 
exposure limit is set to 5 ppm [6]. For higher concen-
trations, it damages the human respiratory tract and 
could be fatal.

These gases have been monitored using several 
methods including optical [7], electrochemical [8], 
work function [9], chemiresistive [10], gas chroma-
tography (GC), and mass spectroscopy [11]. Some of 
these techniques are sophisticated, expensive, and 
time-consuming. Among these, chemiresistive-based 
gas sensors are more popular in the current scenario. 
These sensors rely on the direct chemical interaction 
between the analyte species and sensing material. 
They are easy to use, durable, eco-friendly and cost 
effective. For this, several metal oxide semiconductor 
(MOS) nanomaterials such as ZnO,  SnO2, NiO, and 
 TiO2 have been studied [12–15]. The sensing materials 
have been realized using different chemical methods, 
such as hydrothermal [16], wet chemical route [17] 
and solvothermal [18]. Among them, the solvothermal 
technique offers the advantage of being eco-friendly 
and accordingly, is commercially exploited for the 
synthesis of well-defined nano-morphologies [19]. Of 
the different MOS, ZnO, having a wide band gap of 
3.3 eV and a large exciton binding energy of 60 meV 
[20], is considered to be a suitable candidate for gas 
sensing application.

ZnO is n-type in nature and has some unique prop-
erties like biocompatibility, good electron mobility, 
thermal and chemical stability. Another semiconduc-
tor material, NiO is p-type in nature, has wide band 
gap of 3.7 eV and exhibit good electrical, chemical, and 

Table 1  Different ZnO/NiO nanocomposite based gas sensors

SR sensor response, NW nanowires, NP nanoparticles, LPG liquified petroleum gas

Material Technique Morphology Analyte Conc. (ppm) SR/T (°C) References

ZnO-Al Hydrothermal NW NO2 4 6.2/230 [41]
NiO Hydrothermal NP (CH3)2CO 100 0.25/300 [47]
ZnO/NiO Wet-chemical Core shell (CH3)2CO 500 NA/300 [48]
ZnO/NiO Co-sputtering Thin film C2H6O 100 5.4/300 [49]
ZnO/NiO Electro-spinning Multi-junction grains (CH3)2CO 100 6/25 [50]
ZnO/NiO Hydrothermal NW H2S 100 0.31/25 [51]
ZnO/NiO Hydrothermal Nano disk SO2 50 28/240 [52]
ZnO/NiO Chemical Litchi shell NOx 100 0.74/25 [23]
ZnO/NiO Co-precipitation Microspheres Toluene 100 240/300 [53]
ZnO/NiO Hydrothermal Nanodisks SO2 20 16.25/240 [54]
ZnO/NiO Green method Nanocubes LPG 2.5 vol.% 7.72/32 [55]
ZnO/NiO Hydrothermal 3D NW network Ethylene glycol 100 58.87/175 [56]
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Thus, the formation and collapse of p–n junction 
upon interaction with the test gases have been found 
to be the predominant process for the observed large 
change in the sensor response. This large change in 
the resistance means more electrons are crowding 
the Fermi level of the material, and subsequently can 
cause a drastic variation in the Fermi level position 
of the work function of the material. This change in 
work function can be measured and could be used as 
an alternate approach to the chemiresistive principle. 
Kelvin probe method is the well-established technique 
to measure the work function of the material. Usu-
ally, the work function has surface band bending and 
electron affinity components associated with it and is 
given as;

Here, qVs is the surface band bending and χ is the 
electron affinity [25, 26]. Interaction on the sensor sur-
face causes changes in work function owing to varia-
tion in both surface band bending and electron affin-
ity (a measure of surface dipole moment) [27, 28]. For 
n-type material, surface band bending or heterojunc-
tion barrier is measured by calculating the resistance 
changes given as;

For p-type it is given as;

where, Ra and Rg are the resistances before and after 
exposure to oxidising gas, q is the electronic charge, k 
is the Boltzmann constant and T is the absolute tem-
perature. From Eqs. (1) and (3), it is clearly evident 
that the chemical interactions occurring on the sen-
sor surface results in surface band bending which is 
reflected as the corresponding change in the work 
function of the material [29]. This change can thus be 
measured using Kelvin probe studies and be used as 
an alternate approach or supplementary technique for 
gas sensing studies.

Accordingly, in the present work, we report the 
Kelvin probe method as an alternative approach for 
gas sensing studies. More specifically, work function 
variations observed during interaction of  NH3 and 
 NO2 gases with the sensor surface of ZnO–NiO nano-
composite synthesised using solvothermal method 
is demonstrated as a technique for the evaluation of 
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gas sensing properties. For this, first the nanocom-
posite with different compositions were synthesised 
and tested to find the optimum configuration that can 
result in maximum change in the work function. Our 
results clearly demonstrate that the work function can 
be used as a supplementary technique to chemiresis-
tive one for the detection of toxic gases.

2 �Experimental

2.1 �Synthesis�of�pristine�NiO�and�ZnO–NiO�
nanocomposite

For NiO nanostructure synthesis,  NiNO3 and urea 
were dissolved in a mixture of isopropyl alcohol 
(IPA) and glycerol. This solution was transferred into 
an autoclave, and the solvothermal process was per-
formed at 180 °C for 24 h in a muffle furnace. Syn-
thesized precipitates were centrifuged and dried in 
an oven. For ZnO incorporation,  ZnNO3 was added 
to the starting solution in different molar ratios. Pre-
pared samples were labelled as S1, S2, S3, S4, S5, and 
S6 based on nickel and zinc atomic percentage (at. %) 
ratios of NiO,  Ni0.67Zn0.33O,  Ni0.50Zn0.50O,  Ni0.33Zn0.67O, 
 Ni0.25Zn0.75O and ZnO, respectively, as measured by 
EDS. The prepared samples were calcinated in an air 
atmosphere at 450 °C for 2 h in a furnace. Sensor films 
(30 μm thick) were prepared on glass substrates using 
the doctor-blades coating method. The scanning Kel-
vin probe was used to measure the contact potential 
difference (CPD) of the prepared films. To investi-
gate the effect of gas interaction, the sensor film was 
exposed to  NO2 (50 ppm) at 150 °C with subsequent 
quenching to room temperature arresting the chemi-
cal interactions occurring on the sensor surface. The 
contact potential difference (CPD) was recorded before 
and after exposure to  NO2 and  NH3 gases and corre-
lated to understand the effect on the work function of 
the sensing material.

2.2 �Characterization�techniques

X-ray diffraction (XRD) studies were carried out on 
a RINT2200 X-ray diffractometer (Rigaku Corpora-
tion, Tokyo, Japan) with a Cu-Kα radiation source 
(λ = 1.54 Å). Surface morphology of the synthesized 
samples were inspected using field emission scanning 
electron microscope (FESEM) JEOL JSM-7001F at an 
accelerating voltage of 15 kV. Elemental compositions 
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were measured by energy dispersive X-ray spectros-
copy (EDS) using EDAX APOLLO X, AMETEK Co. 
Limited, Tokyo, Japan. X-ray photoelectron spectros-
copy (XPS) studies were performed using Al-Kα radia-
tion and Shimadzu Axis Ultra DLD, Shimadzu Corpo-
ration, Kyoto, Japan. Scanning Kelvin probe technique 
(SKP) was used to measure the contact potential dif-
ference (CPD) of prepared films [30, 31]. CPD were 
recorded before and after gas exposure. CPD (ϕ) (in 
meV) is estimated using equation;

where, 5100 denotes the work function of gold in meV, 
 CPDAu denotes the CPD between the tip and the gold-
coated reference sample, and  CPDsample denotes the 
CPD between the tip and the sample. All measure-
ments were performed at room temperature. The aver-
age value of CPD was determined by raster scanning 
the tip across a 4  mm2 area of the sample surface. To 
determine the effect of gas exposure on sensor films, 
work function measurements were performed before 
and after exposure to 50 ppm of gases at 150 °C fol-
lowed by sudden quenching to room temperature.

3 �Results�and�discussion

3.1 �Structural�optical�and�morphological�
characterization

XRD investigation of prepared samples confirmed the 
formation of ZnO–NiO composites, as shown in Fig. 1. 
Sample S1 show peaks at 37.3, 43.36, 63.08, 75.50, and 

(4)� = 5100−CPD
Au

+ CPD
sample

(meV)

79.37 corresponding to (101), (012), (104), (113), and 
(202) diffraction planes that matched well with the 
JCPDS data of the cubic phase of NiO crystal structure 
(044-1159) [32]. Sample S6 shows XRD peaks at 31.82, 
34.50, 36.32, 47.60, 56.68, 62.94, and 67.98, which corre-
spond to (100), (002) (101), (102), (110), (103) and (112) 
diffraction planes of the wurtzite hexagonal ZnO crys-
tal structure matching with the JCPDS data (036-1451). 
In samples S2–S5, both NiO and ZnO have co-existed 
with relative intensity of the ZnO peaks increasing 
from S2 to S5. In the S5 sample, the peak at 43.36 has 
disappeared, and some peaks have appeared at 31.82, 
34.50, 47.60, and 56.68. Peak shift and peak broadening 
with extra peaks related to ZnO were observed with 
an increase in Zn content. Elemental percentages ana-
lysed by EDS analysis were found to be the same as 
those used during synthesis, as mentioned in Table 2. 
Elemental composition of the sample indicate Zn, O, 
and Ni elements are uniformly distributed in the sam-
ples. The relative increase in the intensity is in accord-
ance to the XRD results.

The morphologies of pure NiO, ZnO, and ZnO/
NiO nanocomposite samples were studied using 
FE-SEM. Synthesised samples (S1–S4) showed rock-
like nanostructures of 200–300 nm (Fig. 2). Pure ZnO 
(S6) showed a larger spherical structure of 2–3 μm in 
size. Sample S5 showed porous nanostructured mor-
phology with a smallest size of 20–80 nm and a high 
surface area, which is useful for gas sensor applica-
tions. Elemental mapping of S5 confirmed the uniform 
distribution of Zn, Ni, and O and the formation of 
ZnO–NiO composites without any segregation (Fig. 3). 
Further chemical composition change and oxidation 
states of NiO/ZnO nanocomposite have been studied 
using XPS analysis.

XPS studies were performed for samples S5 
and S6, as shown in Fig. 4. Pure ZnO (S6) showed 

Fig. 1  XRD plot for different ZnO–NiO composites

Table 2  Elemental composition as analysed for all the samples 
using EDS

Sample code Composition (at. %)

Ni Zn O

S1 35.62 - 64.38

S2 38.60 17.62 43.77

S3 28.30 26.33 45.38

S4 23.42 33.90 42.67

S5 11.36 32.07 56.57

S6 – 65.78 34.22
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characteristic peaks for Zn 2p at binding energy (BE) 
values of 1021.28 and 1044.35 eV, corresponding 
to  2p3/2 and  2p1/2, respectively [33, 34]. O1s spectra 
showed peaks at 531.20 and 530.05 eV for adsorbed 
oxygen and lattice oxygen species, respectively [35]. 
In the XPS spectra for S5, after Ni incorporation (S5), 
a Zn 2p spectrum was slightly shifted to lower BE due 
to the ZnO–NiO interaction. Two sharp peaks situated 

at 1020.08 and 1043.08 eV correspond to the Zn  2p3/2 
and Zn  2p1/2 states, respectively [36]. O1s spectra show 
peaks at 531.20 and 530.05 eV for adsorbed oxygen 
and lattice oxygen species, respectively [35]. An extra 
peak at 528.34 eV was observed in the O 1s spectra, 
which corresponds to the surface chemisorbed oxygen 
of the ZnO/NiO nanocomposite sample [37, 38]. The 
sample S5 showed a higher oxygen percentage com-
pared to S6, which is helpful for gas sensing. The XPS 
spectra for Ni have shown four different BE peaks at 
855.1/861.2 eV and 873.1/879.2 eV, corresponding to Ni 
 2p3/2 and Ni  2p1/2, respectively [39]. The spin-energy 
separation of 18 eV supports the existence of  Ni2+ ions 
in NiO [40]. For Sample S5, the Ni 2p spectra matches 
well with the reported values and confirms the pres-
ence of Ni as NiO.

3.2 �Gas�sensing�studies�using�work�function�
measurements

Work function (ϕ) was measured for all the prepared 
samples by Kelvin probe measurements, as shown in 
Fig. 5a. Work function was found to decrease with 
an increase in Zn percentage which can be attributed 
to the n-type characteristics of ZnO and correspond-
ing shift in Fermi level towards upward directions. 
Of the different samples, S2 sample showed maxi-
mum increase in the work function and is assigned 

Fig. 2  SEM images of all prepared ZnO–NiO composite

Fig. 3  Elemental mapping for S5 sample
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to the creation of larger defect states and vacancies. 
Now,  NO2 being oxidising in nature, all samples 
exhibited an increase in work function after expo-
sure, with corresponding downward shift in Fermi 
level [41]. In the case of  NH3, which being reduc-
ing in nature, a decrease in the work function owing 
to upward shift in Fermi level is observed [42]. The 
sensor response (SR) was calculated as a percentage 
change in CPD before and after gas exposure and is 
depicted in Fig. 5b. It was observed that the response 

to gas, increased with an increase in Zn content for 
all ZnO–NiO nanocomposite samples. But in the case 
of pure ZnO (S6), the response decreased due to no 
heterostructure barrier formation and larger particle 
size. All the samples showed a higher response to 
 NH3 compared to  NO2. The sensor response of the 
S5 sample has shown a higher value due to higher 
porosity and more adsorbed oxygen species nano-
particles, which were confirmed by SEM, EDS, and 
XPS analysis, respectively.

Fig. 4  XPS spectra for sample S5 and S6

Fig. 5  a Work function 
(meV) as a function of Zn 
percentage and b percent-
age of CPD change, for all 
samples
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The work function 3D area scan plot for sample S5 
is shown in Fig. 6a. Work function was found to be 
almost constant throughout the surface. For the S5 
sample, work function was found to decrease with 
 NH3 gas exposure and increase when the same sample 
is exposed to  NO2 gas. I–V measurements were per-
formed with and without gas to confirm the semicon-
ducting nature of the S5 sample, as shown in Fig. 6b. 
The slope of the I–V plot (1/R) decreased after  NH3 
exposure and vice versa in the case of  NO2.

A gas sensing mechanism is proposed in Fig. 7 to 
explain our sensing results. The interfaces of NiO 
(p-type) and ZnO (n-type) combine to form a p-n 

heterojunction with a built-in potential related to the 
extent of interaction or the respective percentage of 
individual in the nanocomposite [43]. Formation of 
ZnO–NiO composites leads to the band bending and an 
increase in the depletion region thereby lowering of the 
Fermi level or increase in the resistance of the sensing 
film (Fig. 7a). Herein, electron transfer takes place from 
ZnO to NiO while holes are transferred from NiO to 
ZnO till the equilibrium is reached. Besides, NiO modi-
fication results in the adsorption of more oxygen ions on 
the sensor surface due to its catalytic activity and  Ni2+ 
ions getting readily oxidised to  Ni3+ [44]. Now, upon 
exposure,  NH3 interacts with the increased adsorbed 

Fig. 6  a 3D work function and b I–V characteristics graph of S5 with and without gases

Fig. 7  Gas sensing mecha-
nism for ZnO–NiO compos-
ites
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surface oxygen causing oxidation of the ammonium gas 
molecules into  N2 and  H2O (Fig. 7b) [42]. This results 
in the release of the trapped electrons back to the sen-
sor film. This eventually causes a decrease in the deple-
tion region of the p–n junction which is reflected as the 
increase in the Femi level or lower resistance of the sens-
ing film. The corresponding reactions on the sensor sur-
face are explained in Eqs. (5) and (6) below [35];

Upon exposure (Fig. 7c),  NO2 interacts with the 
adsorbed oxygen species present on the surface by tak-
ing up or capturing electrons from the conduction band 
of the sensing material. This causes an increase in the 
resistance of the sensing film thereby widening of the 
depletion region of the p–n junction. The interactions 
on the sensor surface are explained in the following 
Eqs. (7), (8), (9), and (10) below [45];

Work function measurements of ZnO–NiO system 
using KP method has also been reported in the litera-
ture. For ZnO and  ZnONR/NiO core shell heterostruc-
tures, ϕ of 4.42 and 4.70 eV, respectively in the dark 
conditions is reported [46]. Herein also, an increase in 
ϕ due to modification of NR surface by NiO is observed. 
This has been attributed to the formation of heterostruc-
ture in particular p–n junction further corroborating our 
results.
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4 �Conclusion

Monodispersed uniform NiO was successfully syn-
thesised using the solvothermal technique at 180 °C 
for 24 h. ZnO was added to the NiO solution in dif-
ferent molar ratios to make different compositions 
of the nanocomposite. The compositional, struc-
tural, work function and electrical properties of 
ZnO–NiO were thoroughly studied. All of the sam-
ples responded more strongly to  NH3 than to  NO2 
gas. The maximum change in the work function or 
the highest sensor response was calculated for sam-
ple S5 for  NH3 (1.51) and  NO2 (1.18) gases, which 
was due to small size nanoparticles as also investi-
gated using the SEM study. Of the different compo-
sitions,  Zn0.75Ni0.25O nanocomposite exhibited good 
sensing response and associated better p-n hetero-
junction interface as compared to another nanocom-
posite composition. Thus, our results clearly dem-
onstrate work function studies using Kelvin probe 
method to be an excellent alternative to Chemiresis-
tive sensors for gas sensing.
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