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Abstract. Photocatalytic performance of precursor solution-aged undoped, Zn-doped CdO (CdO:Zn) and Ag-doped CdO
(CdO:Ag) thin films has been reported in this paper. Perfume atomizer is adopted to deposit the films. CdO, CdO:Zn and
CdO:Ag thin films exhibit cubic crystal structure. The crystallite size values were 34, 31 and 27 nm, respectively, for the
CdO, CdO:Zn and CdO:Ag thin films. In the EDX spectra of the CdO:Zn and CdO:Ag thin films, Zn and Ag were observed
along with Cd and O. The CdO:Zn and CdO:Ag thin films exhibit increased transparency and widened band gap values.
PL spectra showed peaks related to oxygen vacancies for all the films. Reduced resistivity was evinced for the CdO:Zn
and CdO:Ag thin films. The degradation efficiencies of the CdO, CdO:Zn and CdO:Ag thin films against methyl orange
after 75 min light exposure were 76.4, 84.3 and 90.4%, respectively. The CdO:Zn and CdO:Ag catalysts exhibit satisfactory
stability with better reusable nature and are suitable for the effective treatment of organic toxic dyes.
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1. Introduction
Cadmium oxide (CdO) in thin film-form finds applications
in optoelectronic devices, liquid crystal displays, gas sensors,
IR detectors, antireflecting coatings, etc. due to its high conductivity, transparency and moderate band gap [1]. Due to its
visible light absorbing ability and high carrier mobility, CdO
is used as a catalyst for dye degradation [2]. The natural toxicity of CdO causes resistance to the growth of several bacterial
or fungi pathogens [3]. However, in catalytic and antimicrobial applications, the release of Cd2+ ions, is a major concern
as it creates adverse side-effects to the environment. By green
synthesizing CdO or by doping with non-toxic metal ions
or by coupling with toxic-less semiconductors, the release
of Cd2+ ions may be suppressed as seen in the literature
[4–6].
Effectiveness of CdO for technological applications could
be utilized by optimizing the deposition parameters and the
selection of foreign elements. A wide variety of metal ions
enhancing the properties of CdO has been reported in the
literature [7–10]. Different solutions-based chemical methods such as SILAR [11], sol–gel [12], CBD [13], spray
[14], etc. have been adopted to fabricate undoped and doped
CdO thin films. Amongst the chemical methods, spray technique is a simple, low-cost and versatile technique, which
0123456789().: V,-vol

is capable of coating uniform layers of thin films over large
area without the need of high quality targets and/or substrates
[15].
Substrate temperature, doping level, source material concentration and precursor solution ageing period are some
process parameters, which play a crucial role in affecting the properties of spray-deposited undoped and doped
CdO thin films. Among these parameters, precursor solution ageing period has notable impact on thin film properties [16,17]. Raja et al [18] reported the variations in
spray-deposited CdO film properties with the precursor
solution ageing period. In our previous work, precursor
solution ageing period dominated the properties of CdZnO
thin films and the film from 3-days aged solution exhibited better optical and electrical properties [15]. Besides
these, reports on the precursor solution ageing period on the
properties of CdO thin films are very scarce in the literature.
Hence, in this work, undoped, Zn-doped and Ag-doped
CdO thin films were deposited from 3-days aged precursor solution (optimized value) using perfume atomizer. Besides the structural, optical and electrical properties, photocatalytic activity has been performed on methyl
orange (MO) under visible light and the results obtained are
reported.
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2. Experimental
Perfume atomizer is used to deposit pure CdO, Zn-doped
CdO (CdO:Zn) and Ag-doped CdO (CdO:Ag) thin films
from 3-days aged precursor solution. Fifty millilitres of aqueous solution with 0.1 M cadmium acetate (Cd(CH3 COO)2 )
is used to deposit pure CdO thin films. To this solution,
6 wt% each of zinc chloride (ZnCl2 ·6H2 O) and silver nitrate
(Ag(NO3 )2 · 2H2 O) were added to the cadmium acetate and
sprayed over glass substrates kept at 400◦ C to get CdO:Zn
and CdO:Ag thin films. All the deposited films were protected from undesirable air contaminations by keeping them
under vacuum (air-free) conditions [19]. The thicknesses of
the films measured using a Stylus type profilometer (Surftest
SJ-301) were 602, 607 and 609 nm for the CdO, CdO:Zn and
CdO:Ag thin films, respectively.
X-ray diffractometer (XRD), scanning electron microscope
(SEM), UV–Vis spectrophotometer, fluorescence spectrophotometer, four-point probe setup were used to record the
XRD patterns, SEM images, transmittance, Fourier transform
infrared spectroscopy (FTIR), photoluminescence (PL) spectra and to measure the resistivity of the films. The model
of the instruments used to characterize CdO, CdO:Zn and
CdO:Ag thin films are compiled in table 1. Photodegradation
abilities of the CdO, CdO:Zn and CdO:Ag thin films were
tested against MO under the exposure of visible light. From
the absorbance spectra taken at λ = 470 nm, the degradation
abilities of the CdO, CdO:Zn and CdO:Ag thin films were
ascertained.

3. Results and discussion
3.1 XRD studies
XRD patterns of the CdO, CdO:Zn and CdO:Ag thin films
prepared from 3-days aged precursor solution are shown in
figure 1a–c. Diffraction peaks related to face-centred cubic
structure of CdO (JCPDS card no. 75-0592) is observed for
all the films. The absence of Zn- and Ag-related peaks in the
CdO:Zn and CdO:Ag thin films confirmed that the dopants are

Table 1. Model of the instruments used to characterize CdO,
CdO:Zn and CdO:Ag thin films.
Instrument
X-ray diffractometer
SEM
UV–Vis–NIR
spectrophotometer
FTIR spectrophotometer
PL

Model
X’pert PRO Analytical (PW
340/60)
Hitachi S-3000H
Perkin Elmer (LAMBDA 35)
Perkin Elmer RX1
Varian Cary Eclipse

Figure 1. XRD patterns of (a) CdO, (b) CdO:Zn and (c) CdO:Ag
thin films prepared from 3-days aged precursor solution.

homogeneously dispersed into the CdO lattice without affecting its cubic structure [20]. A strong (1 1 1) preferential growth
is observed for all the films. The 2θ values of the (1 1 1), (2 0 0),
(2 2 0), (3 1 1) and (2 2 2) peaks of pure CdO were observed
as 33.9, 38.2 55.2, 65.8 and 69.1◦ , respectively. A slight shift
in the position of the peaks towards lower angles compared to
the standard value (JCPDS card no. 75-0592) confirmed that
the instability of the chemical species with ageing might have
increased the inter-atomic spacing values, thereby expanding the unit cell volume of CdO [15]. The 2θ position of the
(1 1 1) peak of pure CdO shifts towards higher angle with Zn
doping, which corresponds to lattice contraction and towards
lower angle with Ag doping, which corresponds to lattice
expansion. As the ionic radii of Zn2+ (0.71 Å) is smaller than
that of Cd2+ (0.97 Å), a substitution of Zn2+ for Cd2+ in the
CdO lattice results in the contraction of the CdO lattice and
conversely for Ag-doping, it results in the expansion of CdO
lattice as the ionic radius of Ag+ (1.19 Å) ion is larger than
the Cd2+ ion [21]. The lattice constant values are presented in
table 2. From the wavelength (λ) of the CuKα radiation, the
full-width half-maximum of the diffraction peak (β), lattice
constant (a) and the diffraction angle (θ ); the crystallite size
(D), microstrain (ε) and dislocation density (δ) values of the
CdO, CdO:Zn and CdO:Ag thin films were estimated from
the formulae [22] and presented in table 2.

D=

0.9λ
,
β cos θ

(1)
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Table 2. Crystallite size, strain, lattice constant, dislocation density, atomic percentage values of Cd, O, Zn, Ag of CdO, CdO:Zn and
CdO:Ag thin films.

Sample

Crystallite size,
D (nm)

CdO
CdO:Zn
CdO:Ag

34
31
27

Strain, ε × 10−3

Lattice constant,
a (Å)

Dislocation density, δ × 1015
(lines m−2 )

3.759
4.344
5.085

4.712
4.697
4.864

3.51
4.47
5.55

Atomic percentage (at%)
Cd

O

Zn

Ag

47.9
47.5
48.2

52.9
50.2
49.8

—
2.3
—

—
—
2.0

Figure 2. SEM images of (a) CdO, (b) CdO:Zn and (c) CdO:Ag thin films prepared from 3-days aged precursor
solution.
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Both the CdO:Zn and CdO:Ag thin films possessed reduced
crystallite size, increased strain and dislocation density values compared to that of pure CdO. Due to the decreased
crystallite sizes, the CdO:Zn and CdO:Ag thin films possess
increased surface area and hence, enhanced photocatalytic
activity is realized for them (section 3.7). The CdO:Zn thin
film exhibits reduced crystallite size value due to the drag
force exerted on boundary motion and grain growth by Zn2+
ions [23]. The decreased crystallite size value of the CdO:Ag
thin film is due to grain boundary restraining caused by Ag+
ions, which limits grain growth by the symmetry breaking
effect [24].

(2020) 43:117

3.2 Surface morphology
SEM images of the CdO, CdO:Zn and CdO:Ag thin films are
visualized in figure 2a–c. All the film surfaces are completely
covered with cauliflower-shaped grains. For pure CdO, the
surface appears to be filled with cauliflower-shaped grains
tied with each other along with few cracks and pin holes
(figure 2a). However, for the CdO:Zn thin film, pinholes
and cracks are minimized (figure 2b). Grains size seems to
be reduced compared to that of pure CdO. Compared to
both pure CdO and CdO:Zn, the CdO:Ag thin film contains
cauliflower-shaped grains with reduced size (figure 2c) and
the SEM image results matched with the crystallite size variations evinced in the XRD studies.
Figure 3 shows the TEM images of (a) CdO, (b) CdO:Zn
and (c) CdO:Ag thin films. Nanosized grains were observed
and the doped films possess decreased grain size values
acknowledging the XRD and SEM results.

Figure 3. TEM images of (a) CdO, (b) CdO:Zn and (c) CdO:Ag thin films prepared from 3-days aged precursor solution.

Figure 4. EDS spectra of CdO, CdO:Zn and CdO:Ag thin films prepared from 3-days aged precursor solution.
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Figure 5. Mapping images of Cd, O, Zn and Ag of the CdO:Zn and CdO:Ag thin films.

Figure 6. FTIR spectra of CdO, CdO:Zn and CdO:Ag thin films prepared from 3-days aged precursor solution.
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The EDS spectra of CdO, CdO:Zn and CdO:Ag thin films
are pictured in figure 4. The presence of Zn and Ag in the
doped films confirmed that the dopants are well dispersed in
the CdO lattice. The atomic percentage compositions of Cd,
O, Zn and Ag in the films are compiled in table 2.
Mapping images of CdO:Zn (figure 5a) and CdO:Ag
(figure 5b) thin films confirmed that the elements Cd, O, Zn
and Ag are uniformly distributed in the lattice.

3.3 FTIR studies
FTIR spectra of CdO, CdO:Zn and CdO:Ag thin films are
shown in figure 6. The peaks related to O–H group were
observed at 3417 cm−1 for CdO, 3391 cm−1 for CdO:Zn and
3470 cm−1 for the CdO:Ag thin films [3]. The C–H symmetric vibration peaks are observed at 2930, 1050 cm−1 for
the CdO:Ag thin film [25,26]. O=C=O stretching vibrations
are observed at 2355 and 2323 cm−1 for the CdO:Ag thin
films [27]. Intermolecular hydrogen bond –OH stretching
vibration and free water –OH base bending vibration peaks
were observed at 1573 cm−1 for CdO, 1593 cm−1 for CdO:Zn
and 1554 cm−1 for CdO:Ag thin films [28]. C=O stretching
vibrations are observed at 1419 cm−1 for CdO, 1424 cm−1
for CdO:Zn and 1406 cm−1 for CdO:Ag thin films [29]. The
peaks at 1346 cm−1 for CdO and at 1341 cm−1 for CdO:Zn
thin films are due to C–O–H stretching vibrations [30]. The
–NH2 rocking vibration peaks are observed at 1021 cm−1 for
CdO, 1020 cm−1 for CdO:Zn and 1019 cm−1 for CdO:Ag thin
films [25]. N–H stretching vibration peaks were observed at
772 cm−1 for CdO:Zn and at 724 cm−1 for CdO:Ag thin films.
Cd–O related peaks were observed at 940, 669, 622, 469 cm−1
for pure CdO, at 934, 661, 599 cm−1 for CdO:Zn and at 931,
857, 665, 619, 468 cm−1 for CdO:Ag thin films [31].

Figure 7. Transmittance spectra of CdO, CdO:Zn and CdO:Ag
thin films prepared from 3-days aged precursor solution.
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3.4 Optical studies
Increased transparency from the transmittance spectra
(figure 7) was observed for the CdO:Zn and CdO:Ag thin
films better than that of pure CdO thin film. The high transparency observed for the CdO:Zn and CdO:Ag thin films
might be due to the factors such as defect density, less scattering defects, structural homogeneity, etc. [32]. From the Tauc’s
plots (figure 8) between (αhν)2 and hν (α, absorption coefficient; hν, photon energy), the optical band gap (E g ) values of
the CdO, CdO:Zn and CdO:Ag thin films were estimated by

Figure 8. Plots of (αhν)2 vs. hν of the CdO, CdO:Zn and CdO:Ag
thin films prepared from 3-days aged precursor solution.

Figure 9. PL spectra of (a) CdO, (b) CdO:Zn and (c) CdO:Ag thin
films prepared from 3-days aged precursor solution.
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Figure 10. Absorbance spectra of MO for (a) CdO, (b) CdO:Zn and (c) CdO:Ag catalysts.

Figure 11. Plots between C/C0 and irradiation time of MO for
CdO, CdO:Zn and CdO:Ag catalysts.

Figure 12. Degradation efficiencies of the CdO, CdO:Zn and
CdO:Ag catalysts in the form of bar diagrams.

connecting their linear portions to the hν axis at α = 0 and
are 2.4, 2.46, and 2.55 eV, respectively. Due to the influence
of ageing on crystallite size, strain and surface morphology,
the band gap value obtained for pure CdO was found to be
shifted towards lower energy when compared to that prepared
from fresh solution (2.48 eV [18]) due to the influence of ageing on crystallite size, lattice strain and surface morphology.

Quantum confinement effect according to which the smaller
crystallite size leads the absorption threshold to be shifted
towards shorter wavelength due to the individual confinement
of electrons and holes is responsible for the increased band
gap value of CdO:Zn film [27]. Moss–Burstein (MB) effect
attributes to the increased band gap value of the CdO:Ag thin
film according to which the increased carrier concentration
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Figure 13. Photocatalytic mechanism of CdO (scheme 1), CdO:Zn (scheme 2) and CdO:Ag (scheme 3) catalysts.

through Ag doping lifts the Fermi level into the conduction
band (CB) [33]. The filling of the CB with electrons result in
blue shift in the near-band edge region. Due to the increased
band gap values, the CdO:Zn and CdO:Ag films possessed
enhanced photodegradation efficiencies (section 3.7) due to
the reduced recombination of photogenarated electron–hole
pairs when exposed to visible light.
3.5 PL studies
Room temperature PL spectra of CdO, CdO:Zn and CdO:Ag
thin films prepared from 3-days aged precursor solutions,
excited at λ = 420 nm, are displayed in figure 9. The
emission peaks observed at 361 nm for CdO, CdO:Zn
and at 359 nm for the CdO:Ag thin films might have
occurred from the radiative recombination of the free excitons [19]. Oxygen vacancies-related peaks were observed
at 411 and 462 nm for pure CdO, at 409, 436 and 462
nm for CdO:Zn, and at 436 nm for the CdO:Ag thin films
[34]. These peaks occur due to the transitions from different defect levels to the O2p band [35]. The transitions
from the Cd interstitials to the valence band (VB) results in
the emission of the 494 nm peak [36]. This peak shifts to
492 nm for the CdO:Zn thin film and to 495 nm for the
CdO:Ag thin film. Extrinsic/intrinsic vacancies or point
defects which form recombination centres mediate the bands
at 521, 543 nm for pure CdO, at 521, 542 nm for the CdO:Zn

and at 521 nm for the CdO:Ag thin films [37]. The radiative
recombination peak which creates shallow levels in the band
gap of CdO:Zn thin film due to native impurities is observed at
564 and 572 nm, respectively [25]. The defect density related
peaks are observed at 584, 595 nm for pure CdO and at 595
nm for the CdO:Zn thin films [38]. Also, from figure 8, it
can be seen that the intensities of the PL peaks of CdO,
CdO:Zn and CdO:Ag thin films obey the following order:
CdO > CdO:Zn > CdO:Ag.
Compared to the undoped film, the doped films exhibited decreased PL intensities confirming the delay in the
recombination rate of photoexcited electrons and holes
from them and also large number of photogenerated electrons and holes participate in the photochemical transformation, thereby enhancing their photocatalytic performance
(section 3.7).
3.6 Electrical studies
Electrical resistivity values of the CdO, CdO:Zn and CdO:Ag
thin films prepared from 3-days aged precursor solutions were
0.67 × 10−2 , 0.56 × 10−3 and 0.79 × 10−4 -cm, respectively. Resistivity of pure CdO decreased significantly with
Zn and Ag doping. Enhanced crystalline quality observed for
the CdO:Zn and CdO:Ag thin films might be a reason for their
decreased resistivity values. Due to the improved crystalline
quality, the amount of shallow level traps got minimized and
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Figure 14. Schematic of charge transfer mechanism involved in CdO, CdO:Zn and CdO:Ag catalysts.

due to the decreased electron scattering, increased mobility of
charge carriers occurs and hence, resistivity decreases [39].

3.7 Photocatalytic activities of CdO, CdO:Zn and CdO:Ag
thin films
Photocatalytic activities of CdO, CdO:Zn and CdO:Ag thin
films were investigated for the aqueous solution of MO dye
under visible light. CdO, Zn-doped and Ag-doped CdO thin
films were dispersed in three sets of dye solutions (10 ml)
in which 0.1 M of MO was dissolved in de-ionized water.
After light irradiation, de-colourization of the dye solutions
takes place. Compared to pure CdO, the CdO:Zn and CdO:Ag
catalysts exhibited enhanced photocatalytic activities. The
absorption peak of MO at λ = 470 nm is chosen to monitor the photodegradation of dye molecules. Figure 10 shows
the absorption variation of MO with (a) CdO, (b) CdO:Zn and
(c) CdO:Ag catalysts. The decrement in the absorption peak
intensities with irradiation time justifies the degradation of
dye molecules. The residual concentration of MO dye after
photodegradation was estimated from the plots between C/C0
and reaction time (figure 11), where C and C0 are the concentrations of MO at light and dark conditions, respectively. The
degradation of MO dye in the absence of catalysts is almost
negligible and after exposing the mixed solution of MO dye
and CdO, CdO:Zn and CdO:Ag catalysts under visible light,
the C/C0 values decrease with reaction time. After 75 min,
pure CdO, CdO:Zn and CdO:Ag degrade the MO dye up to
76.4, 84.3 and 90.4%, respectively (figure 12). This confirms
that pure CdO itself possesses intrinsic photodegradation ability under visible light and its performance got enhanced by
doping with Zn2+ and Ag+ ions.
The degradation mechanism of MO dye with CdO
(scheme 1), CdO:Zn (scheme 2) and CdO:Ag (scheme 3)

catalysts under visible light is shown in figure 13. It can be
seen that the radicals O∗2 and OH∗ released from the CdO,
CdO:Zn and CdO:Ag catalysts are the prime oxidizing agents,
which degrade the MO dye molecules effectively. The O∗2
and OH∗ radicals are generated when the dye solution with
CdO, CdO:Zn and CdO:Ag catalysts are exposed under visible light. When exposed to visible light, electrons in the VB
got excited and move to the CB, leaving holes in the VB,
thereby creating electron–hole (e− /h+ ) pairs. Due to the heterostructure formation between Zn and Ag with CdO, the
electrons move to Zn and Ag effectively without recombining with the holes, where they react with surrounding O2
molecules to form O∗2 radicals and the holes react with OH−
derived from the aqueous solution to form OH∗ radicals. The
O∗2 and OH∗ radicals degrade MO by splitting into CO2 and
H2 O [19]. The differences in the degradation abilities of the
CdO, CdO:Zn and CdO:Ag catalysts rely on their band gap
+
values. The recombination rate of e− /h pairs in CdO catalysts is faster due to its reduced band gap value (2.4 eV), which
slowed down its degradation ability. Due to the increased
band gaps observed for the CdO:Zn and CdO:Ag catalysts,
+
recombination rate of e− /h pair is prolonged very much
which enhanced their degradation abilities. Besides the optical band gap, decreased crystallite size, maximum specific
surface area and more lattice defects are the other characteristics which enhanced the degradation efficiencies of the
CdO:Zn and CdO:Ag catalysts [40]. For the CdO:Zn thin film,
the replacement of Cd2+ ions by Zn2+ ions leads to the generation of the O vacancies, which results in the increase in
the generation of higher number of OH∗ leading to greater
photocatalytic activity [41]. For the CdO:Ag thin film, Ag
in CdO lattice acts as trap to capture electrons and holes
and hence, delayed recombination of electron–hole pair takes
place [42]. The enhanced degradation efficiency observed
for the CdO:Ag catalyst better than that of the CdO:Zn
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catalyst may be due to the role of Ag as sink for electrons in
the CdO:Ag heterostructure, which promotes the interfacialcharge transfer kinetics between Ag and CdO, improving the
separation of photogenerated electron–hole pairs and hence,
enhanced photocatalytic activity is achieved [43].
The charge transfer mechanism involved in the CdO,
CdO:Zn and CdO:Ag catalysts with respect to standard hydrogen electrode (SHE) based on the location of CB and VB
edges is shown in figure 14. Due to the differences in the band
gaps of CdO, CdO:Zn and CdO:Ag catalysts, they exhibit different electron affinities and band configuration. The CB and
VB edges of pure CdO are − 0.28 and 2.12 eV, respectively.
The incorporation of both Zn and Ag into the CdO lattice generates new intermediate energy levels in the forbidden band
gap below its CB edge. Hence, under visible light, the electrons can be excited from the VB of CdO to the Zn and Ag

Figure 17. XRD patterns of the recycled (a) CdO:Zn and
(b) CdO:Ag catalysts.

energy levels, progressively shifting them to the CB of CdO,
separated from holes by migrating to CdO thus, delaying the
recombination rate of electron–hole pairs, thereby enhancing the photocatalytic activity of both CdO:Zn and CdO:Ag
catalysts.
The kinetic of the photocatalytic reaction was investigated
via pseudo-first order kinetic equation [44]:
ln(C0 /C) = K app × t,

Figure 15. Plots of ln(C0 /C) vs. irradiation time of MO with CdO,
CdO:Zn and CdO:Ag catalysts.

(4)

where K app is the apparent rate constant of the first order
reaction and t the irradiation time. Plots of ln(C0/C) vs.
irradiation time of MO in the presence of CdO, CdO:Zn
and CdO:Ag catalysts (figure 15) represent straight lines
and from their slopes, K app values were calculated and are

Figure 16. Recycle tests of (a) CdO:Zn and (b) CdO:Ag catalysts.
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0.0189, 0.02371 and 0.02905 min−1 for the CdO, CdO:Zn
and CdO:Ag catalysts, respectively. The highest K app value
obtained for the CdO:Ag catalyst confirmed its better degradation ability.
The photostability of CdO:Zn and CdO:Ag catalysts are
evaluated in five consecutive cycles. For the first four cycles,
no significant loss was observed in their degradation efficiencies, and for the fifth cycle, a slight decrement was observed
(figure 16a, b). Figure 17a, b shows the XRD patterns of
the recycled CdO:Zn and CdO:Ag catalysts after the fifth
catalytic cycle reaction. The crystallization of the recycled
catalysts remained the same confirming their more stable and
less corrosive nature, which makes them well-suited for treating organic dyes.

4. Conclusion
CdO, CdO:Zn and CdO:Ag thin films were deposited on
glass substrates by spray technique using perfume atomizer
from 3-days aged precursor solutions. Cubic structure from
XRD studies was realized for all the films. Compared to pure
CdO, enhanced degradation efficiencies were evinced for the
CdO:Zn and CdO:Ag thin films, which were acknowledged
from their decreased crystallite size and increased band gap
values. Also, the CdO:Ag catalyst degraded MO better than
the CdO:Zn catalyst due to the role of Ag, which acts as sink
for electrons, which promotes the interfacial charge transfer
kinetics between Ag and CdO. Recycle tests confirmed the
stable nature of the CdO:Zn and CdO:Ag catalysts and they
are capable of degrading toxic dyes effectively. The outcome
of the results confirmed that the CdO:Ag catalyst exhibited
superior degradation ability under visible light better than the
CdO:Zn catalyst.
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