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ABSTRACT

CdO–ZnO nanocomposites were synthesized by the facile SILAR method. In

synthesis, 0.1 M Cd (NO3)2 and 0.1 M Zn (NO3)2 were used as sources of

Cadmium and Zinc ions, respectively. The supersaturated solutions of Cd and

Zn ions served as a cationic bath while 0.075 M NaOH as an anionic bath. To

synthesize composite samples, the number of dipping is varied as 1:1, 1:2, and

1:3 concerning (CdO–ZnO). The XRD patterns of composite samples exhibit

distinct peaks of ZnO and CdO, which clearly indicates the formation of CdO–

ZnO nanocomposites in thin film form. The FE-SEM shows interlocked sheets

with a thickness varies from * 30 nm to 300 nm for composites. EDAX map-

ping and XPS study, confirms that the obtained nanocomposite is actually

composed of CdO and ZnO. The gas sensing behavior of CdO–ZnO is sys-

tematically investigated for 4 test gases under different operating temperatures

and different gas concentrations. The maximum response of 52.04% is obtained

for 24 ppm of Ethanol at a minimum operating temperature of 325 �C.

1 Introduction

Currently, a great deal of research is concentrated on

the development of gas sensors for monitoring and

detection of toxic gases. Numerous materials have

been investigated for gas sensor applications. The

development of fast and sensitive gas sensors with

small cross-sensitivity is the subject of intense

research in the field of nanoscience and nanotech-

nology. However, developments in nanotechnology

create a window for the synthesis of unique classes of

nanostructured materials with enhanced gas sensing

properties. The metal oxide semiconductors are

attracted significant interest in the industrial and
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scientific field owing to their advantages, like small

sizes, selectivity in the mixture of gases, enhanced

sensitivities towards low concentrations of a wide

range of gaseous chemical compounds, the possibil-

ity of on-line monitoring, and, due to cost-effective-

ness [1] in comparison with traditional analytical

instruments which faces many problems like the size

of instruments, repeatability of results and also, dif-

ficulty in real-time analysis. Nanocrystalline oxides

with controlled morphology as well as particle size

lead to increasing demand in the field of gas sensing.

Different metal oxides such as SnO2, TiO2, WO3,

ZnO, CdO, etc. had been extensively studied as the

gas sensing element. Zinc oxide and Cadmium oxide

has proven its diverse usage as a sensing agent owing

to their different properties. ZnO has a wide direct

bandgap (3.3 eV)m [2] and excitation binding energy

(60 meV) [3]. Also, Cadmium oxide (CdO), shows

low resistivity and high transmittance in the visible

region is advantageous in several applications [4, 5].

Also, both of them in the thin/thick film forms find

the applications in numerous fields including, solar

cells, gas sensors, electro-catalysis, etc.[6–13]. Chem-

ical composition controls on microstructure, mor-

phology, etc and can be tailored to get various

physical and chemical properties. The selection of

CdO and ZnO relies on the fact that, even though

ZnO is excellent sensing material, its poor electrical

conductivity limits its proficient application in gas

sensors. On the other hand, CdO is a low resistive

material, and thus it would reduce the resistance of

the CdO/ZnO composite material. This would enable

the easy detection of the resistance variation during

the sensing measurement and the rapid electron

transportation between the electrodes of the sensor

[14]. Also, CdO is an n-type semiconductor with a

large number of native oxygen vacancies [15, 16].

This property would be helpful to the adsorption of

oxygen molecules on the surface of the CdO/ZnO

composite, and the increase in the amount of surface

chemisorbed oxygen should be advantageous to the

surface reaction activity/kinetics and thereby

improved sensing properties [17]. Several nanocom-

posites were prepared and studied for various

applications such as ZnO–CuO [18, 19], CdO–ZnO

[20], ZnO–SiO2 [21], CdO–ZnO [22], and PbO–ZnO

[23] for gas sensors, light-emitting diode, superca-

pacitor application, and photocatalytic activity, etc.

Several chemical methodologies were adopted to

synthesize nanocomposite including sputtering [24],

sol–gel [25], hydrothermal [26, 27], Spray pyrolysis

[28] methods, etc. Among the facile chemical depo-

sition methods, the Successive ionic layer adsorption

and reaction method (SILAR) is advantageous in

terms of simple, inexpensive, facile, and rapid

deposition techniques. The SILAR method is a mod-

ified method from chemical bath deposition (CBD),

wherein the film is formed by a reaction from com-

bined precursors in a well-ordered manner. Also, as

reported by Shinde et al. [29], several chemical

methods have the disadvantage of wastage of mate-

rial because of the homogeneous reaction in the

reaction bath. However, SILAR overcomes this dis-

advantage of wastage of material by avoiding pre-

cipitate formation in the solution. In the last few

years, this method stands as one of the most impor-

tant methods to deposit a large variety of materials

over a large surface area [30–33]. The thickness of the

film can be controlled also, morphology of film, grain

size can be easily controllable by controlling over

preparative parameters. This method is suited for

different types of conducting and non-conducting

substrates.

The present article focuses on the synthesis of

CdO–ZnO nanocomposite by the facile SILAR

method. The influence of composition variation of

CdO and ZnO on structural, morphological proper-

ties of CdO–ZnO thin films are investigated

employing X-ray diffraction (XRD), field-emission

scanning electron microscopy (FE-SEM), Elemental

dispersive X-ray analysis (EDAX) and X-ray photo-

electron spectroscopy (XPS), etc., analysis. Further-

more, the gas sensing characteristic of the annealed

samples was investigated for 4 test gases (TGs) viz:

Ethanol, Hydrogen sulfide, Ammonia, and LPG. The

rigorous study regarding sensitivity, selectivity at

operating temperature is carried out. Also, Response

and recovery were studied. The obtained results will

help to amend and construct CdO–ZnO electrodes

based gas sensors.

2 Experimental

2.1 Chemicals used

Zinc Nitrate [Zn (NO3)2], Cadmium Nitrate [Cd

(NO3)2], Sodium Hydroxide (NaOH), Liq. Ammonia

etc., all chemicals are of analytical grade and used

J Mater Sci: Mater Electron (2020) 31:20932–20944 20933



without further purification. All the chemicals were

purchased from Alfa Aesar chemicals.

2.2 Preparation of CdO–ZnO thin films

The CdO–ZnO nanocomposite was synthesized by

successive ionic layer adsorption and reaction

(SILAR) method. In this work glass microslides

manufactured by ’Blue Star’ with dimensions

75 mm 9 25 mm 9 1.35 mm were used as substrate.

Initially, glass substrates were carefully washed with

distilled water and soap solution. Subsequently, the

glass substrates were heated in chromic acid

(80–100 �C) for 1 h and kept in it for 5 h. Finally,

films were washed with double distilled water and

ultrasonically cleaned for 15 min at room tempera-

ture. Afterward, 0.1 M Zinc nitrate [Zn(NO3)2] and

0.1 M Cadmium nitrate [Cd(NO3)2] baths supersatu-

rated with liquor ammonia were used as cationic

baths. The NaOH (0.075 M) solution was used as an

anionic bath for rapid reaction with adsorbed cations.

To remove loosely held molecules present on the

substrate of the newly adsorbed layer of ions, a dis-

tilled water bath was used as a rinsing bath. For the

deposition of the films, the adsorption period was

kept for the 30 s in a zinc bath and 20 s in a cadmium

bath. The reaction period of the 20 s was kept for

NaOH bath. Furthermore, successive dipping of

cleaned glass substrates in cationic and anionic bath

separated by rinsing bath was carried out for the

deposition of thin films. Similarly, by changing the

dipping sequence of the film in the CdO and ZnO

bath, three samples were synthesized with stoi-

chiometry as 1:1, 1:2, and 1:3 concerning (CdO-ZnO),

respectively. In this method, the material deposition

rate was very slow at the initial stage, after the 20

cycle increases rapidly up to 80 cycles. All five sam-

ples were synthesized and named pure CdO (SC),

pure ZnO (SZ), and CdO–ZnO nanocomposite S1, S2,

and S3 in the stoichiometric dipping of 1:1, 1:2, and

1:3 cycles, respectively. Furthermore, to remove

hydroxyl species with structural water from films

and convert them into respective oxides, the as-pre-

pared samples were heat-treated at 450 �C for 2 h.

Accordingly, a simple synthetic approach, the facile

SILAR method is uniquely advantageous in terms of

large-area deposition of material over different kinds

of substrates.

The structures and morphologies of the electrode

materials were characterized by XRD, XPS, and FE-

SEM measurements. The X-ray diffraction (XRD)

pattern was carried out on a Rigaku Ultima IV

diffractometer. X-ray photoelectron spectroscopy

(XPS) measurements were carried out on a Thermo

scientific K-alpha (Thermo Fisher Scientific, UK)

using Al Ka radiation. The morphology of the elec-

trode materials was measured by field-emission

scanning electron microscopy (FE-SEM, JSM-7001F,

JEOL). The gas sensing properties of the CdO–ZnO

films were studied in a Lab-made static gas sensor

assembly wherein the Heater element is used to heat

the sample at the desired temperature and Al–Cr

thermocouple was used to sense the temperature of

the samples. The gas inlet valve is there for injecting a

known concentration of test gases. The silver paste is

applied to the sample (1 cm 91 cm) for providing

electrical contacts. The electrical resistance of a CdO–

ZnO film in the air (Ra) and in the presence of TGs

(Rg) was measured to evaluate the gas sensing (S)

defined in the literature [34] and given as:

%Sensitiviy ¼ Ra � Rg

Ra
� 100 ð1Þ

3 Result and discussion

3.1 Thin film formation and structural
studies (XRD)

The mechanism of ZnO film formation by SILAR

method can be explained as follows. In the present

case, the first precursor alkaline zinc nitrate solution

is complexed with ammonia solution to obtained

precipitate of zinc hydroxide. Ammonium nitrate is

also obtained as byproduct. But in the presence of

excess ammonia solution, the precipitate of

tetraaminezinc (II) complex is formed and these

reactions are represented as (Eqs. 2 and 3).

Zn NO3ð Þ2þ 2NH4OH ! Zn OHð Þ2þ 2NH4NO3 ð2Þ

Zn OHð Þ2þ 4NH4OH ! Zn NH3ð Þ4

� �2þþ 2OH�

þ 4H2O ð3Þ

Now, in the presence of NaOH, NH3 ligand gets

replaced by OH- ions as shown in (Eqs. 4–6). Thus,

the formed film surface was exposed in distilled

water to remove sodium salt. Finally, one monolayer

of Zn(OH)2 /ZnO is deposited on the glass substrate.

After annealing a final product of pure ZnO is

formed.

20934 J Mater Sci: Mater Electron (2020) 31:20932–20944



Zn NH3ð Þ2þ
4 þ 2NaOH� ! Na2Zn OHð Þ4þ 4NH3 ð4Þ

Na2Zn OHð Þ4þ formed product exposed in H2O
� �

! Zn OHð Þ2þ 2NaOH

ð5Þ

Zn OHð Þ2 Annealing at 450 �C
� �

! ZnO þ H2O ð6Þ

Similarly, deposition of Cd(OH)2/CdO has been

obtained by taking cadmium precursor and final

product CdO is formed and it is given by the fol-

lowing equations.

Cd NO3ð Þ2þ 2NH4OH ! Cd OHð Þ2þ 2NH4NO3

ð7Þ

Cd OHð Þ2þ 4NH4OH ! Cd NH3ð Þ4

� �2þþ 2OH�

þ 4H2O ð8Þ

Cd NH3ð Þ2þ
4 þ 2NaOH� ! Na2Cd OHð Þ4þ 4NH3 ð9Þ

Na2Cd OHð Þ4þ formed product exposed in H2O
� �

! Cd OHð Þ2þ 2NaOH

ð10Þ

Cd OHð Þ2 Annealing at 450 �C
� �

! CdO þ H2O

ð11Þ

Thus, by changing the dipping sequence of CdO

and ZnO three samples were synthesized. The syn-

thesized samples dipping stoichiometry were kept as

1:1, 1:2, and 1:3 concerning (CdO–ZnO).

The structural changes and identification of phases

of the thin films obtained by SILAR method are

investigated with the help of X-ray diffraction (XRD).

The recorded XRD patterns, within diffraction angle

(2h) from 25� to 80�, for all the annealed thin films are

shown in Fig. 1. Figure 1 reveals that all the samples

are polycrystalline in nature. The XRD pattern

obtained for the CdO–ZnO composite structure

showed peaks from (111), (200), (220), and (311)

planes corresponding to cubic CdO [marked as ‘‘@’’

(JCPDS no. 05-0640)]. Also, the peaks from planes

(101), (102), (002), and (110) of ZnO were observed

with little less intensity (marked as ‘‘#’’). Also, the

peak broadening is observed in composite samples

might be due to an increase in structural disorder and

the increase in density of point defects which affects

Fig. 1 X-ray diffraction

patterns of annealed CdO

(SC), ZnO (SZ) and CdO–ZnO

(S1, S2, S3) sample
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crystallinity and grain boundary mobility which

leads to FWHM broadening.

3.2 Scanning electron microscopy (SEM)
and EDAX mapping

The surface and topographical study of annealed

samples were investigated by Field effect Scanning

Electron Microscopy (FE-SEM). The FE-SEM

micrographs of ZnO, CdO, and the composite CdO–

ZnO films are shown in Fig. 2a–e at different mag-

nifications. The FE-SEM micrographs (Fig. 2a1–3)

show that the pure CdO is well-developed hexagonal

petals with an average thickness of 320–360 nm with

the length of hexagonal sides are about * 1.7 lm.

However, bare ZnO thin films exhibit cauliflower-like

morphology shown in Fig. 2b1, b2 and cauliflower

consists of nanoparticles (Fig. 2b3). The FE-SEM

1µm1µm

~350nm
~1.7 µm

a1
aa2

1µm1µm

b1
b2 b3

1µm 100nm 100nm
~40nm

d1 d2
d3

1µm 100nm 100nm

~65nm
c1 c2

c3

1µm 100nm

~35nm
e1 e2 e3

100nm

100nm

100nm

3

Fig. 2 Scanning electron

micrographs of a1–3 CdO(SC),

b1–3 ZnO(SZ), c1–3 CdO–

ZnO1:1(S1), d1–3 CdO–

ZnO1:2(S2), e1-3 CdO–

ZnO1:3(S3)
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images of CdO–ZnO compositions as 1:1, 1:2, and 1:3

(Cd:Zn) shown in Fig. 2c–e1–3 reveals a similar

hexagonal petals-like structure. Interestingly, the size

and width of hexagonal petals of CdO is reduced

from 300 nm and found to be in the range of

* 65 nm for CdO–ZnO with composition 1:1

(Fig. 2c1–3). The size of the petals of CdO–ZnO with

composition 1:2 was further reduced and found to be

* 40 nm (shown in Fig. 2d1–3). Furthermore, petals

were found with a small size of about *35 nm, as

shown in Fig. 2e1–3f or the 1:3 compositions. The FE-

SEM analysis reveals hexagonal petals of CdO reduce

in size from * 350 to * 35 nm with increases in

ZnO content.

To confirm the distribution of Zn, Cd, and O in the

surface composite, elemental mapping, and line

scanning is carried out. Figure 3A1 displays FE-SEM

image of CdO, while Fig. 3A2–A4 show the line

scanning and elemental mapping in different colors

for Cd (green), O (blue). The EDS line scan of sample

SC along the line is shown in Fig. 3A2 indicating

enhanced Cd signals shown by bright spot which

suggests that, the synthesized sample is highly Cd-

rich. It is evident from Fig. 3A3–A4 that Cd is

deposited at higher in density when compared to O.

Elemental mapping of sample S3 shown in Fig. 3B1–

B4) reveals that Cd, Zn, and O are the main elements

present in the sample. The Cd (green) deposited to a

large extent in the central part of the substrate while

Zn(yellow) and O(blue) deposited around the Cd.

3.3 X-ray photoelectron spectroscopy (XPS)

The surface chemical composition and chemical state

of elements were studied by XPS analysis. Figure 4

shows the XPS spectrum of CdO–ZnO nanocompos-

ite (sample S3). The peaks of Zn, Cd, and O can be

clearly observed in the survey spectrum. From the

survey spectrum Zn3d, Zn3p, Zn2p, Zn3s, Cd3d,

Cd3p, Cd4d, and O1s levels were clearly seen. The

energy scale is calibrated with the C1s peak of the

carbon contamination at 284.08 eV. The Zn 2p XPS

spectrum of sample S3 shows the doublet binding

energies at 1044.68 and 1021.68 eV, which corre-

sponding to Zn2p1/2 and Zn2p3/2, respectively,

which is in excellent agreement with the standard

value of 22.97 eV. The first peak 1021.68 eV is

attributed to Zn2? ions in the oxygen-deficient ZnO

environment [35]. Besides, the Zn 2p3/2 XPS peak is

prominent. Thus, it can be affirmed, that Zn element

exists mainly in the form of Zn2? on the sample

surfaces [36]. The Cd 3d spectrum of sample S3 pre-

sents the doublet binding energies at 412.08 eV and

Fig. 3 a Elemental mapping of CdO (SC) Sample b Elemental mapping of CdO–ZnO (S3) Sample
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405.38 eV, which is corresponded to Cd 3d3/2 and Cd

3d5/2, respectively. Moreover, the energy gap of

6.7 eV is observed between two peaks. The binding

energy of Cd3d5/2 is attributed to the Cd2? bonding

state, which agrees well with the previous report [37].

Figure 4c illustrates the binding energies of the O 1s

peak which were Gaussian-divided into O1, O2, and

O3 bands. The curve was fitted to three distinctively

components (denoted by 1, 2, and 3 in Fig. 4c). The

peak 1 centered at 530.2 eV is attributed to

O2
- bonding with metal [38–40], i.e., Cd–O and Zn–O

for the present study whereas the peak 2 situated at

531.65 eV is assigned to O2
- state of oxygen defects

or vacancies, supporting the formation of the non-

stoichiometric ZnO. Finally, peaks 3 at 532.7 eV is

connected with the contribution of surface OH group

and possible Zn-Cd–O bond [41].

The occurrence of Zn peaks greater than 1021.5 eV

and Cd peaks greater than 405 eV confirms the for-

mation of the oxidized phase rather than the metal

phase. Normally, the metal phase always occurs at

lower binding energy on account of the screening

effect. The shifting of binding energy to a higher

value is due to the shift of local charge density to the

oxygen and reduction in screening effect. The peak

shifting observed may be attributed to the charge

redistribution process during chemical interaction.

3.4 Gas sensing properties

CdO and ZnO were extensively used as sensing ele-

ments owing to their interesting properties such as

resistivity, optical band gap, etc.[42, 43]. Initially, the

operating temperature of the sensor surface is

determined as it is the most influencing parameter.

For evaluation of sensing performance of CdO, ZnO,

and CdO–ZnO nanocomposite to different test gases

such as (NH3, H2S, C2H5OH, LPG), the films were

exposed to 24 ppm of concentration of each gas at

different operating temperature with the interval of

Fig. 4 XPS spectra of sample S3 a Cd3d b Zn 2p c O 1s
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25 �C. The temperature at which the sensitivity is

higher is the operating temperature of the sensor.

Figure 5 shows the variation of gas sensitivity (%)

with temperature for different sensors (sample SC,

SZ, S1, S2 and S3) for 4 test gases viz: Ethanol

(C2H5OH), Hydrogen Sulfide (H2S), Ammonia (NH3)

and LPG. It is obvious from Fig. 5 that sensor S3

Shows superior gas sensing behavior over other

sensors for all test gases even at lower operating

temperatures and hence it is selected for further

studies. Also, it is pointed out from Fig. 5 that CdO–

ZnO composite shows better results in terms of sen-

sitivity and also operating temperature over bare

ZnO (SZ) as well as CdO (SC) for the different gases.

Also, sample S3 is more sensitive towards Ethanol as

depicted in Fig. 6. The composite sensor S3 showed a

52.04% sensitivity to Ethanol at 325 �C operating

temperature. Furthermore, CdO–ZnO sensor (S3)

showed a response of 48% for the LPG at 350 �C and

36% for Hydrogen Sulfide at 300 �C. The sample S2

also showed comparable sensing for all gases. Fur-

ther, even at the same concentration CdO–ZnO sen-

sor exhibit higher sensitivity to Ethanol (about 52.04)

than that of the Ammonia (NH3) (* 43), Hydrogen

sulfide(H2S) (* 21), and LPG (* 38) at an operating

temperature of 325 �C as shown in Fig. 7a. The sig-

nificant enhancement in sensitivity for composite

sensor (S3) is observed in comparison with bare CdO

or ZnO sensor under the same concentration at an

operating temperature of 325 �C as given by Fig. 7b.

a b

c d

Fig. 5 Plot of Gas sensitivity as a function of operating temperature for different samples (SZ, SC, S1, S2, S3) for 24 ppm of a C2H5OH,

b H2S, c NH3, d LPG

J Mater Sci: Mater Electron (2020) 31:20932–20944 20939



Also, it is evident from Fig. 7c that composite sensor

is more responsive (56 s) than pure ZnO and CdO

sensors.

3.4.1 Sensing mechanism

The enhanced response of composite sensor in com-

parison with bare CdO and ZnO could be attributed

to the heterojunction effect that occurred at intergrain

boundaries between CdO–ZnO interface and mor-

phological evolution due to composite formation. At

intergrain boundaries between CdO and ZnO, elec-

tron transfer takes place since the difference between

their Electron affinity, bandgap (3.37 eV for ZnO and

2.23 eV for CdO) and work function till Fermi level

lies at equilibrium. So, in the area of heterocontact,

the enriched and depleted regions are formed as

shown in Fig. 8. And thus edges of conduction as

well as the valance band changes their energy by the

amount given by the following equation [44]-

DE ¼ e2

2er
ðnCdOL2

CdO þ nZnOL
2
ZnOÞ ð12Þ

LCdO—length of the depleted layer in CdO side,

nCdO—Concentration of electrons in CdO, LZnO—

length of the accumulated layer in ZnO side, nZnO—

Concentration of electrons in ZnO, er—relative per-

mittivity of the material.

The development of this built-in potential hampers

the flow of electrons, in other words, it acts as a

resistor element in a series manner in composite

nanosheets. Due to this, the significant change in

Fig. 6 Transient gas sensitivity of sample S3 at different operating temperature for 24 ppm of a C2H5OH, b H2S, c NH3, d LPG

20940 J Mater Sci: Mater Electron (2020) 31:20932–20944



resistance occurs during the elimination and re-cre-

ation of electrons by the adsorption and desorption of

ethanol, respectively. And thus exhibiting superior

ethanol sensing performance.

4 Conclusions

The CdO, ZnO and CdO–ZnO nanocomposite thin

films have been successfully synthesized by the

Successive ionic layer adsorption and reaction

(SILAR) method. The XRD, SEM, and EDS mapping

depicts that, the formation of polycrystalline, cauli-

flower-like morphology for ZnO while hexagonal

petals-like morphology for CdO. However, a

nanocomposite of CdO–ZnO shows interlocked

petal-like sheets with an average size of about

* 65–35 nm. XPS study reveals that composite made

up of CdO and ZnO. The maximum response of

52.04% for 24 ppm of Ethanol at an operating tem-

perature of 325 �C is achieved for CdO–ZnO sample

with the proportion as 1:3. The CdO–ZnO (S3) sensor

is selective towards Ethanol against Ammonia,

Hydrogen sulfide, and LPG. The heterojunction effect

at intergrain boundaries and morphological evolu-

tion with the high surface area of CdO–ZnO (S3)

exhibits high gas sensing response with selectivity

towards Ethanol. Thus, the facile SILAR synthetic

a b

c

Fig. 7 a Transient gas sensitivity of sample S3 at 325 �C for 24 ppm of C2H5OH, H2S, NH3 and LPG, b Transient gas sensitivity of

sample S3, SZ and SC at 325 �C for 24 ppm C2H5OH, c response and recovery of sample S3 at 325 �C for 24 ppm C2H5OH
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approach may provide a convenient route for the

preparation of large scale CdO–ZnO thin films as an

efficient electrode in high-performance gas sensing

and open up the further scope in selective gas sensor

device application.
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