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Abstract

The photodegradation quality of Ag-doped CdO (CdO:Ag) thin films deposited using perfume atomizer has been reported
in this paper. Ag concentration in CdO is varied as 0, 1, 2 and 3 wt%, respectively. XRD studies reveal cubic crystal struc-
ture for all the CdO:Ag thin films ruling out the presence of any secondary phases and decreased crystallite size was
observed with Ag doping. CdO:Ag films surfaces are composed of cauliflower shaped grains and EDX spectra ascertains
that Ag has been successfully incorporated into the CdO lattice. Optical band gap tends to increase with increase in Ag
concentration. Electrical resistivity showed a decreasing trend with increase in Ag concentration. Photocatalytic tests
against metanil yellow confirmed that the Ag-doped CdO films exhibit better degradation efficiency than the undoped
film and an efficiency of 84.44% was realized for the 2 wt% Ag-doped CdO catalyst. The recycle tests confirmed the reus-

able nature of the CdO:Ag catalysts.
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1 Introduction

Cadmium oxide (CdO) in thin film form finds applications
in solar cells, smart windows, optoelectronic devices, gas
sensors, anti-reflecting coatings, etc. due to its dual com-
bination of good optical and electrical properties [1]. The
high electrical conductivity, surface morphology and large
surface to volume ratio possessed make CdO suitable for
sensing gases such as LPG, ethanol, ammonia gas, etc. [2].
CdO is photoactive due to its n-type conductivity and due
to its narrow direct band gap of 2.3 eV [3]. The high optical
absorption and charge carrier mobility makes CdO suit-
able for dye degradation [4]. However, the low resistivity,

stability, band gap and toxicity restrict CdO in many tech-
nological applications. As the conductivity of CdO is domi-
nated by the oxygen vacancies and cadmium interstitials
[5], tuning them through dopants could enhance its resis-
tivity and stability [6]. In photocatalytic applications, CdO
exhibits low degradation efficiency due to its shortened
band gap which cause the photogenerated electrons and
holes to recombine rapidly. Also, the release of cadmium
ions is a major concern from the environmental point of
view due to its natural toxicity. These two drawbacks can
be removed by doping CdO with suitable metallic ions.
The non-stoichiometric structure of CdO with cadmium
interstitials provide a good environment for dopants to
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diffuse in its lattice and hence enhanced resistivity, stabil-
ity, band gap could be realized and the release of Cd** ions
are very much suppressed.

Literature results showed that dopants with smaller
ionic radii than Cd?* such as Mg, Mn, Al, and Sn enhanced
the structural, optical and electrical properties of CdO
[7-10]. Beside these, metal ions such as Ba [11] and Sr
[12] with ionic radii greater than Cd?* also influenced the
physical properties of CdO. In this work, a transition metal
ion with ionic radius greater than that of Cd?" is used as
dopant to enhance the physical properties of CdO. Silver
(Ag*) is a noble metal which has ionic radius of 1.22 A
greater than that of Cd?* (0. 97 A) and exhibit high elec-
trical conductivity facilitating fast electron transfer and
low work function which favours the formation of good
band alignment and the Ag-doped catalysts showed
enhanced photocatalytic activity due to the surface plas-
mon resonance phenomenon under visible light [13]. Also,
Ag-doped metal oxides exhibit strong absorption under
visible light [14]. In view of these features, Ag-doping has
been performed on CdO to enhance its resistivity, stabil-
ity, band gap and to suppress the release of Cd** ions. In
the present work, Ag-doped CdO (CdO:Ag) thin films were
deposited using perfume atomizer and the influence of
Ag doping on some properties of CdO was investigated.

2 Experimental details

Pure and Ag-doped CdO (CdO:Ag) thin films were depos-
ited using perfume atomizer with 0, 1, 2, and 3 wt% Ag
doping concentrations. Aqueous solution (50 ml in vol-
ume) containing 0.1 M cadmium acetate [Cd(CH;COO),]
is used as the precursor solution to deposit pure CdO
thin films. To this solution, 1, 2 and 3 wt% silver nitrate
[Ag NO;] of the weight of cadmium acetate was added to
deposit CdO:Ag thin films. The respective solutions when
sprayed over hot glass substrates kept at 400 °C using
perfume atomizer, pure and Ag-doped CdO thin films
were obtained. XRD patterns, SEM images, transmittance,
PL spectra and electrical properties were analyzed using
X'Pert PRO-Analytical diffractometer, HITACHI S-3000H
scanning electron microscope, LAMBDA-35 UV-Vis-NIR
double beam spectrophotometer, Varian Cary Eclipse fluo-
rescence spectrophotometer and four point probe setup,
respectively. Photodegradation ability of the CdO:Ag
thin films against metanil yellow (MY) dye was judged by
recording absorption spectra at A=433 nm at regular time
intervals during the photocatalytic tests.
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3 Results and discussion
3.1 XRD studies

Figure 1 shows the XRD patterns of CdO:Ag thin films. The
observed diffraction peaks labelled as (11 1),(200), (2 2
0),(311)and (2 2 2) are well indexed to the face-centered
cubic structure of CdO (JCPDS Cards No. 05-0640). No Ag
related peaks were observed even for the heavily doped
film, indicating that Ag has been homogeneously dis-
persed into the CdO matrix [15]. However the strongest
peak (1 1 1) shifts towards lower 26 value and becomes
broader with Ag doping confirming that the CdO lattice
is strained significantly when doped with Ag* ions. The
average crystallite size (D) and the lattice strain (€) can be
obtained using Williamson-Hall relation [16]:

pcosf 1  esind

A D A

where \ is the X-ray wavelength (1.5460 A) and 8 is the
Bragg's angle. From the W-H plots, crystallite size and
strain were calculated from the intersection of the line
with the Y-axis and from the slope of the line, respectively
and presented in Table 1. The crystallite size decreases and
strain increases with increase in Ag doping concentration
up to 2 wt% and an opposite behaviour is observed for the
3 wt% Ag-doped CdO film. Ag substitution on CdO matrix
restrains grain boundary which limits the grain growth by
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Fig. 1 XRD patterns of the CdO:Ag thin films
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Table 1 Crystallite size, strain, lattice parameter, band gap, electrical resistivity values and elemental composition of the CdO:Ag thin films

Ag doping concen- Crystallite size ~ Strain (ex 1073) Lattice con- Band gap Resistivity [p (Q-cm)] Elemental composition
tration (wt %) [D (nm)] stant‘a’ (A) [E4 (eV)] (at.%)

Cd 0] Ag
0 33 3.749 4.8481 245 0.71x1072 50.18 49.82 -
1 28 4.497 4.8495 2.52 0.98x1073 49.49 47.46 3.05
2 24 5.259 4.8599 2.58 0.16x1073 48.37 46.28 5.35
3 26 4.808 4.8499 2.65 0.34x1073 47.80 47.30 4.90

the symmetry breaking effects thereby decreasing grain
size [17]. Ag when incorporated into the CdO matrix, Cd**
ions may be replaced substitutionally by Ag* ions in the
form of Ag 4 acceptors or by occupying interstitial sites in
the CdO lattice by forming Ag interstitials (Ag;) [18]. With
Ag ions in the CdO lattice, repulsion between the crys-
tallites restricts crystallites growth, thereby resulting in
smaller grain size. The increase in lattice strain owing to
the ionic size difference between Ag* (1.22 A) and Cd?**
(0.97 A) might have resulted in the decreased crystallite
size values observed for the 1 and 2 wt% Ag-doped CdO
thin films. The slight increment in the crystallite size value
observed for the 3 wt% Ag-doped CdO film might be
due to the increase in the number of interstitial Ag* ions.
Besides the strain induced in CdO matrix due to the substi-
tution of larger sized dopant ion, dislocations and natural
defects play a vital role in the increment observed in the
lattice parameter values of the CdO:Ag thin films (Table 1).

3.2 Surface morphology and elemental analysis

The SEM images of the CdO:Ag thin films are pictured in
Fig. 2. Cauliflower shaped grains were observed for all the
films. Interconnected cauliflower shaped grains with larger
sizes were observed for the undoped CdO (Fig. 2a). With
Ag doping, the surface of pure CdO got modified with
tightly packed cauliflower shaped grains with reduced
sizes (Fig. 2b, ¢). Reduced grain size was observed for the
CdO film doped with 2 wt% Ag concentration, which very
much obeyed the results obtained in the XRD studies. In
a solid-solid interface, the free energies of the interfaces
and grain boundaries which depend on the crystallo-
graphic orientation of the neighbouring grains frequently
determine the stability of the system. With Ag doping, the
grain size decreases as evinced from the SEM images infer-
ring an increase in grain boundaries which makes the CdO
lattice more stable.

Figure 3 shows the EDX spectra of the CdO:Ag thin films.
Ag is observed for all the doped films in addition to Cd
and O.The content of Cd, O and Ag present in the films are
compiled in Table 1. The increased Ag content confirmed

that Ag* ions are successfully incorporated into the CdO
lattice either substitutionally or interstitially.

3.3 Optical studies

Increased transparency and a shift of the absorbance edge
towards lower wavelength side were observed for the Ag-
doped CdO thin films from their transmittance spectra
(Fig. 4). Increased transparency may be due to less scatter-
ing effects, structural homogeneity and improved crystal-
linity as realized earlier [19]. Improved surface smoothness
due to decreased crystallite size might also have increased
the transparency of the doped films [20]. From the Tauc’s
plots [(ahv)? vs. hv] (Fig. 5), the optical band gap (Eg) values
of the CdO:Ag thin films were estimated by connecting
linear portion of the plots to hv axis at a=0 and compiled
inTable 1. The increased band gap values with Ag doping
may be attributed to quantum confinement effect accord-
ing to which widened band gap occurs due to smaller crys-
tallites which due to individual confinement of electrons
and holes shift the absorption threshold to shorter wave-
length [7].

3.4 PLstudies

Emission bands were observed at 407, 486, 525, 569, 591
and 600 nm for the Ag-doped CdO thin films in the PL
spectra recorded at room temperature (Fig. 6). The band
at 407 nm takes place due to the relaxation of electrons
when they move from the conduction band to the valence
band in Cd interstitial sites [8]. The radiative recombination
peak of photogenerated hole with an electron which occu-
pies the oxygen vacancy is observed at 486 nm [21]. The
electronic transition of ionized oxygen vacancies from the
deep level donor to the valence band is responsible for the
emission peak at 525 nm [22]. The yellow emission peak
related to defect levels associated with O vacancies or Cd
interstitials is observed at 569 nm [23]. The donor-accep-
tor pair (DAP) peaks at 591 and 600 nm may be due to
radiative transitions from the surface defect states [24]. All
the doped films have lesser PL intensity than the undoped
film and as the PL intensity is directly associated with the
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Fig.2 SEM images of the CdO
thin films doped with a 0 wt%,
b 1 wt%, ¢ 2 wt% and d 3 wt%
Ag concentrations

SEM HV: 30.0 kV WD: 10.14 mm
View field: 13.3 pm Det: SE
SEM MAG: 10.4 kx | Date(m/dly): 05/10/16

SEM HV: 30.0 kV WD: 10.18 mm
View field: 12.9 pm Det SE
SEM MAG: 10.7 kx | Date(m/dly): 05/10/16

recombination of electrons and holes, their lower intensi-
ties suggest a delay in their recombination rate, thereby
enhancing their photocatalytic performance (Sect. 3.6).

3.5 Electrical studies

The electrical resistivity values of the CdO:Ag thin films
deposited with 0, 1, 2 and 3 wt% Ag doping concentra-
tions measured using a four point setup are presented
in Table 1. The electrical resistivity value of 0.71x 1072
Q cm observed for pure CdO exactly matched the ear-
lier reported value [25]. With Ag doping up to the 2 wt%
electrical resistivity seems to decrease drastically above
this concentration it slightly increases. For each Ag* ion
replacing Cd?* ion, one electron is released in the CdO
lattice which in turn increases the carrier concentration,
thereby reducing the resistivity of the Ag-doped CdO thin
films [26]. However for the 3 wt% Ag doping, the resistiv-
ity seems to increase slightly due to the occupancy of Ag*
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ions in the interstitial places in the CdO lattice, thereby
causing lattice distortion which decreases the electrical
mobility. Also, the increase of ionized impurities scattering
and electron-electron scattering increases the resistivity
of the 3 wt% Ag-doped CdO thin films [27].

3.6 Photocatalytic activity

The photocatalytic performance of the CdO:Ag catalysts
was tested against metanil yellow (MY) dye under vis-
ible light. The CdO:Ag catalysts with 0, 1, 2 and 3 wt%
Ag doping concentrations were immersed in four sets
of aqueous solution (10 mL) containing 0.025 M MY dye.
Before visible light exposure, the dye solution with the
CdO:Ag catalysts was kept under dark to achieve adsorp-
tion-desorption equilibrium [28]. The photodegradation
ability of the CdO:Ag catalysts was monitored by taking
absorption spectra of MY (A=433 nm). Figure 7 shows
the absorbance spectra of MY with CdO:Ag catalysts.
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Fig.4 Transmittance spectra of the CdO:Ag thin films

The MY absorption

band decreased with increase in

irradiation time, which meant that MY gradually pho-
todegraded under the exposure of visible light and the
decrement observed for the CdO:Ag catalysts was faster
than pure CdO which confirmed that Ag* ions effectively
improves the photocatalytic activity of CdO.

Fig.5 Tauc’s plots of the CdO:Ag thin films

0= (1 —C/C0> % 100

From the concentration of the dye under dark (C,) and
light (C) conditions, the degradation efficiencies of the
CdO:Ag catalysts were calculated using Eq. (2) [29] and are
shown in Fig. 8.
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Fig.6 PL spectra of the CdO:Ag thin films
Compared to that of pure CdO, the Ag-doped CdO cat-
alysts showed enhanced photodegradation efficien-

cies and the 2 wt% Ag-doped CdO catalyst showed the
highest degradation efficiency. The enhancement in the
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degradation efficiency observed with Ag doping may be
due to the following reasons: (1) Synergic action of Ag-
doped CdO [17], (2) increased Cd vacancies accompanied
by oxygen vacancies [30], (3) enhanced electron-hole
separation as the Fermi level of Ag is located close to the
conduction band of CdO [31] and (4) surface-plasmon
resonance effect [32].

A possible mechanism was formulated for the photocata-
lytic acitivty of the CdO:Ag catalysts and is shown in Fig. 9. As
CdO was irradiated by visible light to form photogenerated
electrons and holes, the existence of Ag nanoparticles in the
CdO matrix plays an important role in the enhancement of
photocatalytic activity of CdO against metanil yellow. It is
well known that the metal Ag nanoparticles can remark-
ably enhance the absorption in the visible region because
of surface plasmonic resonance (SPR) effect [33]. Due to this
effect, Ag nanoparticles increased the absorption range of
the CdO:Ag catalysts and enhanced the absorption intensity.
Therefore, under the same light irradiation conditions, more
photogenerated charge carriers are produced and enhanced
photocatalytic activity was realized. Under the irradiation of
visible light, due to the synergic effect, the photogenerated
electrons of pure CdO was rapidly transferred to the surface
of Ag. As Ag nanoparticles have a Fermi level lower than the
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Fig.7 Absorbance spectra of a 0 wt%, b 1 wt%, ¢ 2 wt% and d 3 wt% Ag-doped CdO catalysts
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Fig. 9 Photocatalytic mechanism of the CdO:Ag catalysts

conduction band of CdO it can collect the electrons that
are excited from CdO [34]. The injected electrons react with
adsorbed oxygen on the CdO surface to form O, radicals.
Meanwhile, the photo-induced holes left in the valence
band of CdO diffuse effectively to the surface of the catalyst
and reacts with water to form OH’ radicals. The O;and OH’
radicals are the reactive species that degrade the dye mol-
ecules with the release of CO, and H,0 [35]. The chemical
reactions involved in the photocatalytic mechanism of the
CdO:Ag catalysts could be summarized as follows [36]:

CdO : Ag + hv — CdO : Ag(CBe™) + CdO : Ag(VBh™)
h* + H,0 — OH*

e +Ag — Ag”

Ag~+0, - 05

0" +e +2H" - H,0,

H,0, + e~ — OH* + OH~

MY + OH* - CO, + H,0(Degraded products)

The slight decrement in the degradation efficiency
observed for the 3 wt% Ag-doped CdO catalyst might
be due to the increased recombination of electron-hole
pairs through quantum tunnelling.

The photocatalytic degradation kinetic of the CdO:Ag
catalysts were investigated based on the pseudo first
order kinetic model illustrated by Langmuir-Hinshel-
wood according to the equation:

where k is the apparent first order rate constant, Cand C,
represents the concentration of MY under light and dark

conditions, respectively. From the plots of In<%) versus

irradiation time (not shown), the degradation rate con-
stant values were calculated from their slopes. The k values
were 0.02014, 0.02592, 0.02957 and 0.02762 min~" for the
0, 1, 2 and 3 wt% Ag-doped CdO catalysts, respectively.
The highest k value obtained for the 2 wt% CdO:Ag cata-
lyst supports for its high degradation efficiency.

Recycling tests performed for the 2 wt% Ag-doped
CdO catalyst (Fig. 10) confirmed that up to four cycles of
catalytic tests, the degradation efficiency remains the
same and only for the fifth cycle a slight decrement in
efficiency is observed. The improvement in the stabil-
ity of CdO through Ag doping might be responsible for
the good recycling performance of the CdO:Ag catalysts.
Thus, the CdO:Ag catalysts are well suited for practical
applications.
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Fig. 10 Recycle tests of the 2 wt% Ag-doped CdO catalyst
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4 Conclusion

CdO:Ag thin films with 0, 1, 2 and 3 wt% Ag concentra-
tion were deposited using perfume atomizer. The CdO:Ag
thin films with 1, 2 and 3 wt% Ag doping concentrations
showed better degradation efficiencies against metanil
yellow dye, than the undoped film. The enhanced deg-
radation efficiencies observed for the doped catalyst
might be due to the synergetic and surface-plasmon res-
onance effects of Ag. The 2 wt% Ag-doped CdO catalyst
exhibited a maximum degradation efficiency of 84.44%
after 75 min light irradiation due to its reduced crystallite
size, large surface area and increased band gap values
which was well acknowledged from the XRD, SEM and
optical studies. Thus, the CdO:Ag catalysts seem to be
very effective in degrading organic dyes.
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