§ sciendo

Materials Science-Poland
Volume 43 Issue 3 - pp. 106-123 - DOI: 10.2478/msp-2025-0033

Materials Science-Poland

Analysis of the conversion of cadmium carbonate to
cadmium oxide in thin films with photocatalytic
application

Research Article

H. Azucena Coyotecatll, Marco Antonio Vicencio Garrido**, Melissa Chavez Portillo®,
Hector Juarez Santiesteban®, Sebastian Miguel Varela Lopez”

! Fac. de Ciencias de la Electrénica, Universidad Auténoma de Puebla, P.O. Box 1067, C.P., 72001, Puebla, Mexico

2 Area de la division de estudios de Posgrado e Investigacion Instituto tecnoldgico de Puebla Av, Tecnoldgico num 420, Fraccionamiento
Maravilas Cp 72220, Puebla, Puebla, Mexico

3 Ingenieria en Biotecnologia, Universidad Politécnica Metropolitana de Puebla, Popocatepet s/n, Reserva Territorial Atlixcayotl, Tres
Cerritos, Puebla, 72480, Mexico, Puebla, Mexico

4 Centro De Investigacion en Dispositivos Semiconductores, del Instituto de Ciencias de la Universidad Autonéma de Puebla, Av. 14 Sur Col
Jardines De San Manuel, Ciudad Universitaria, Puebla, Pue., Mexico

Received 18 April 2025; Accepted 26 May 2025

Abstract:

This study reports the green synthesis of cadmium carbonate (CdCO3) thin films via chemical bath deposition, followed by

controlled thermal conversion to cadmium oxide (CdO) at temperatures ranging from 30 to 500°C. The detailed mechanism
of the CdCO5-to-CdO phase transformation was investigated, revealing a stepwise chemical reaction involving coordina-
tion complex formation. Scanning electron microscopy analysis revealed a pyramidal morphology in all CdCO5; samples.
FTIR spectroscopy confirmed the presence of carbonate, carboxylate, and hydroxyl groups, while X-ray diffraction
analysis confirmed the successful phase transition to CdO. Optical characterization yielded band gaps between 1.87 and
2.37eV. Despite the successful synthesis and phase transformation, the resulting nanostructured CdO films exhibited
modest photocatalytic efficiency (8-14%) in 90 min, suggesting the need for further optimization.

Keywords: Green chemistry « CBD * CdO3 to CdO

1. Introduction

The search for chemical synthesis methods to prepare
nanocrystals of organic and inorganic compounds with
experimental physical and chemical parameters control-
lable in the laboratory has motivated the search for
optimal parameters in crystal growth, which can achieve
high surface areas through the rational design of nano-
crystals ranging from aggregation, chemical composition,
crystallinity phase, size, morphological surface [1], and
shape control or at least the protocols have proven to be
reproducible and controllable [2]. The control of the sur-
face and structural morphology of a nanocrystal and its
correlation with the optical response in a certain region of

* E-mail: marcovicenciol9@gmail.com

3 Open Access. © 2025 H. Azucena Coyotecatl et al., published by Sciendo

the electromagnetic spectrum allows adequate control of
its properties and improvement of its usefulness for a
specific application. The example of multiple applications
in the photocatalytic efficiency also largely depends upon
the nanocrystals’ morphology, grain size, and specific sur-
face area [3]. In particular, cadmium carbonate (CdCOs;)
is an inorganic nanomaterial that presents different
morphologies with interesting surface geometries, nano-
wires, nanoribbons, nanorings, sphere-like architectures
[4], and square/cube facets [5]. Cadmium oxide (CdO) is
a nanomaterial with outstanding structural and optical
properties in the absorption of the visible region of the
electromagnetic spectrum [6]. These properties make
them applicable in several fields such as photonics [7], elec-
tronics, biosensors, and treatment of environmental
hazards [8]. Various research groups have reported
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experimental preparation techniques and potential applica-
tions of CdO nanocrystals [9]. However, the simplest and
easiest method to systematically examine the preparation
of CdO is via the thermal decomposition of CdCO3 [10]. Che-
mical bath deposition (CBD) offers outstanding capabilities,
such as scalability [11], self-limiting growth [12], low cost
[13], and simple equipment [14]. To the best of our knowl-
edge, there are only a few publications on CdCO; [15] and its
application in the photodegradation of methylene blue.
Although there is no vast information related to the photo-
catalytic activity reported by CBD, which is a cost-effective
technique [16] because the equipment required is inexpen-
sive, making it attractive for producing thin films easily
scalable for industrial applications, [17] its versatility due
to the possibility of depositing a wide range of materials,
including oxides, sulfides, and chalcogenides, make it
applicable in various fields such as solar cells, sensors,
and coatings [18].

In this study, the experimental results showed that
CdO nanoparticles prepared from CdCOs followed an auto-
catalytic reaction [19]. In this study, we analyzed the
optical and structural properties of the CdCO5 to CdO tran-
sition by thermal annealing, obtained using the green
chemistry technique CBD [20]. Additionally, the rate of
photocatalytic degradation of methylene blue was deter-
mined [21].

2. Experimental section

The aqueous solutions containing the progenitor reagents
used here are prepared at room temperature using deio-
nized water mixed in the following order: Cd(NOs;),, KOH,
NH4NO3, and CS(NHy),. The mixture is stirred uniformly, at
a constant temperature of ~20°C for 40.0 h. The steps are
shown in Figure 1.

Step 1

Step 2

KOH 0.1 M ‘

Cd(NO3),
0.2M diluted
in deionized
water

Figure 1. Schematic of the chemical deposition of CdCO; powder.

Next, we present the equilibria associated with the
chemical kinetics of crystal growth for the systematic pre-
paration of CdCO; nanocrystals.

CO0?% ions are generated directly by hydrolysis using
the following equation:

SC(NH), + 3H;0 ~ 20°C = CO3™ + HS™ + 3NHs. @

The aqueous solution containing the Cd*? cation captures
OH™ ions present in the alkaline medium (pH ~8.3) under
optimal conditions proposed by us, generating the suspen-
sion of milky appearance of cadmium hydroxide Cd(OH)y(aq).

Cd* + 30H ~ 20°C = CA(OH)3(aq)- @

A noticeable phenomenon is observed when the nano-
colloidal suspension of Cd(OH),s) turns into a clear solu-
tion by the direct addition of an aqueous solution of
NH4NOs, indirectly generating the tetramine cadmium
coordination complex [CA(NH;),]*" cation [22]. This stage
is considered to determine the cation used to obtain the
oxide, hydroxide [23], or a mixture of both inorganic com-
pounds associated with the final product obtained [24]. In
other words, the properties of the coordination complex
cation are associated with the physicochemical character-
istics [25] of the cation used (Cu?*, Co?*, Zn**, Nd**, Sm®',
etc.) in crystal growth [26].

Therefore, the physicochemical parameters associated
with this stage are the subject of various publications:

CA(OH)yaq + 4NHy ~ 20°C = [CA(NH;),]2* + 20H.  (3)

The [CA(NH3),]*" cation slowly dissociates and captures
the CO%™ ion and combines to obtain the product CdCOs:

[CA(NHg)g]2* + COZ™ ~ 20°C = Cd(COy)s(s) + 4ANHZAG®
~119.19 + 9.97 KJ/mol.

4@

Step 3 Step 4

NH,NO; 1.2M SC(NH,), 0.1 M

H A CS(NH,), A
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Figure 2 shows a typical molecular diagram of the carbo-
nate ion related to the delocalization of m-electrons. The rela-
tive thermodynamic stability of the molecular configuration
of the CO3™ ion in aqueous solution depends on the environ-
ment (pH, temperature, pressure, etc.). The optimal synthesis
conditions associated with the different chemical reactions
examined using the CBD technique are investigated by pro-
posing some key kinetic equilibria that have been previously
reported. According to the chemical equilibria presented pre-
viously, the kinetics of the crystalline growth of Cd(CO3))
nanocrystals were determined. Moreover, the apparent acti-
vation energy of CdCO3; decomposition was calculated to be
~119.19 + 9.97Kk]/mol, and the explicit rate equation form of
CdCO; decomposition was established [19]. The experimental
theoretical model of crystal growth in the preparation of
CdCOs nanocrystals is tentatively proposed in three key
stages: (i) direct creation of the aqueous solution containing
Cd(OH),(aq) nanocolloids, which present relative chemical sta-
bility in alkaline medium [27]; (ii) slow formation of the [Cd
(NHa),]*" cation, the phenomenon of the slow release of the
Cd*? cation, and the simultaneous capture of CO3™ ion, which
is drastically favored at low temperatures in the aqueous
solution, creating small energetic crystalline active centers
of nanocolloids, giving way to the slow formation of CdCO;
nanoclusters with greater relative thermodynamic stability;
and (iii) slow growth of CdCO; nanocrystals until reaching an
energetic minimum of relative crystalline thermodynamic
stahility and formation of the thin solid film.

The carbonate ion (CO3") has three conjugated and
equal bonds with the carbon atom, combined with the
oxygen atoms bonded with sp* hybridization (are usually
called m-electrons). These bonds are not fixed and show
n-resonance; therefore, all C-0 bonds are equal in length
and form a symmetric, trigonal planar molecule. All three
carbon-oxygen bond distances are ~1.36 A, on average, in
length. The planar spatial molecular configuration of the
CO?% ion, where the conjugated double bonds (>C=0) are
called i bonds, and the resonance hybrid is formed when
electrons, which are delocalized above and below the

=
e

Figure 3. Molecular diagram of CdCOs.

molecule, contribute to the structure. Figure 3 shows the
molecular diagram of CdCO3 [28].

The following equipment was used for the characteriza-
tions. Scanning electron microscopy (SEM) with the tech-
nique using Voyager II quantitative X-ray microanalysis in
an SEM 1100/1110 system from Noran Instruments was used
to observe the morphology. FTIR spectra were recorded using
a Perkin Elmer spectrophotometer in the wavelength range
of ~500-4,000 cm™. X-ray diffraction (XRD) patterns were
recorded on a Siemens D500 diffractometer, using the Cu
Ka line to obtain the corresponding crystal structure.

3. Results and discussion

3.1 SEM

Figure 4 shows the micrographs obtained by the SEM tech-
nique of polycrystalline thin solid films at (a) 30°C, (b)
150°C, (c) 300°C, (d) 400°C, and (e) 500°C. According to
the morphological images of the thin solid films, plates
assembled with a flat and smooth surface can be observed,
supported on the surface of a small nanocrystalline thin
layer. Granular stacks feature individual crystalline

Figure 2. Molecular diagram of the carbonate ion related to the delocalization of m-electrons.
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Figure 4. Micrographs and histograms obtained by SEM of the polycrystalline thin solid films at (a) 30°C, (b) 150°C, (c) 300°C, (d) 400°C,
and (e) 500°C.
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entities with pyramid-like geometries stacked in different
directions in a disorderly fashion. The average length of
the crystals was ~2-5 pm. Another interesting surface
characteristic of the thin solid films is the crystalline grain
boundaries, which are very close to each other. Usually,
the morphological and structural properties present a
wide correlation with the optical properties, which are
of wide interest in various scientific and technological
applications [28]. It is possible to observe directly in SEM
images that the effect of the TAT does not significantly
modify the crystalline morphology of the thin solid films;
this is best reflected in the histograms in Figure 3 for all
samples (a), (b), and (c), where the average nanoparticle
size does not vary significantly (2-5 um). Generally, drastic
morphological changes related to the effect of TAT have
been reported in morphological studies of inorganic nano-
crystals using SEM [29]. The experimental techniques
applied for chemical synthesis in the preparation of inor-
ganic compounds have been exhaustively investigated and
associated with the phenomenon of crystalline growth,
considering the geometric properties of the crystal and
meticulously controlling the optimal physical and che-
mical parameters involved [30]. Such variations often cor-
respond to a drastic change in the structural and physico-
chemical properties and offer an opportunity for
nanocrystal fine-tuning [31]. Various theoretical-experi-
mental models have been proposed to study the evolution
of crystalline growth, considering the origin of mor-
phology as a complex phenomenon that is difficult to fully
understand [32]. Generally, in the phenomenon associated
with crystalline growth, the following critical stages have
been proposed: (a) creation of nanocolloids and the spon-
taneous or gradual transformation into long compact crys-
tals and growth of the crystal geometry that acquires
greater relative energetic thermodynamic stability, invol-
ving various possible precursor phases (amorphous or
crystalline), which is governed by the parameters of the
environment (chemical or physical); temperature, pres-
sure, concentration of precursor reagents, pH, etc. [33];
and (b) nanonuclei generated by the gradual creation of
an active center of minimum relative energy under experi-
mental conditions evolve favorably until reaching the
minimum relative energy stability of the crystal, as well
as the optimum size.

3.2 FTIR spectroscopy
Figure 5 shows FTIR spectra of 30°C, 150°C, 300°C, 400°C,

and 500°C thin solid films. The vibration bands in the FTIR
spectra, located in the range ~3,600-400 em™Y correspond

to the characteristic vibrations of the carbonate (C03") ion,
which are visualized in this spectrum at ~1,400, 851, and
716 cm™! [34]. The absorption band situated at ~1,441cm ™
corresponds to the asymmetric stretching vibrations, and
a strong, sharp absorption band at ~85 cm™ is assigned to
the bending out-of-plane vibrations. We found FTIR
absorption bands at ~3,400cm™' caused by the -O-H
stretching of hydroxyl groups [35]. Two FTIR bands were
observed at 1,461 and 1,586 cm™, which were attributed to
the symmetric and asymmetric stretching vibrations of the
carboxylate groups, respectively [36].

The powder of CdCO3; annealed at 500°C decomposes
and, at this temperature, CO%‘ breaks down, releasing CO,
as a gas, resulting in the formation of CdO as a solid
compound.

3.3 XRD analysis

To investigate the structural and microstructural proper-
ties of the polycrystalline thin films, the XRD technique is
applied. We performed angular scanning (26) in the range
of 26 ~20°-80° on all samples. The XRD diffractograms are
arranged in descending order, starting with the 30°C thin
solid film, followed by the treated samples (TAT). Figure 6
shows the XRD diffractograms of the thin films, labeled
30°C, 150°C, 300°C, 400°C, and 500°C, respectively. The
30°C, 150°C, and 300°C thin solid films present six angular
reflections of different relative intensities when compared
with each other. The crystalline reflections recorded at the
angular positions located at 26 ~23.4°, 30.16°, 32.96°, 36.26°,

500°C

N 150°C
Ww N A
e o o 30°C
- o S S 2
® = | B e &
T T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000

Wavenumber (cm™ )

Figure 5. FTIR spectra of the 30°C, 150°C, 300°C, 400°C, and 500°C
thin solid films.
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Figure 6. XRD diffractograms of the 30°C, 150°C, 300°C, 400°C, and
500°C thin solid films.
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48.0°, and 49.66°, associated with the corresponding (012),
(014), (116), ( 110), (024), and (116) crystalline planes, were
identified with CdCOs; rhombohedral phase, space group
Rc-187, according to reported standards (00-042-13-42). In
the angular reflections, the presence of materials other
than CdCO; was not recorded, showing that with the
CBD technique, it is possible to prepare inorganic mate-
rials with acceptable purity. In the 400°C sample, six addi-
tional angular reflections emerge at 26 ~33.06°, 38.3°, 55.3°,
65.98°, and 69.36°, corresponding to the (111), (200), (220),
(311), and (222) crystal planes, respectively, as well as ae
decrease in the relative intensity identified in the CdCO;
thin solid films. In the 500°C sample, the crystalline
planes associated with CdCO3; completely disappeared,
making it possible to identify the crystalline planes of
CdO, according to the standards (card number 96-
9006674). No other material other than CdO was identi-
fied, which implies that the effect of TAT produces the
gradual and total transformation of CdCOs; to CdO,
obtaining it in pure form. The transition from CdCO; —
CdO is observed in this analysis.

We propose gradual structural evolution according to
the following reaction:

CdCOg(s) 500°C = CdO(S) + COz(g) T. (5)

The crystalline phase transition of the inorganic nano-
crystals examined here implies a complex microstructural
phenomenon in the crystalline lattice; these have not yet
been specifically presented and must be methodically

analyzed. This phenomenon involves spatial disruption
around the nucleus of a new phase owing to the inherent
volume change. Atomic, molecular, and/or crystalline
relaxation during chemical and physical changes produces
lattice strain, which in turn affects the nucleation kinetics
and dynamics of the transition, as in the case of nanocrys-
tals [37].

The nanocrystals undergo a rhombohedral — cubic
phase transition, which is discernible through the loss of
rhombohedral features and shifting of high-symmetry
reflections. Gradual creation of microstructural changes
associated with ion and cation slippage, among other para-
meters in the crystal lattice; interplanar distance, lattice
parameter related to the translation in the corresponding
geometric position (lengthening and/or decrease of the
lattice parameters) that have the minimum relative crys-
talline energy, reaching relative thermodynamic stability
of the crystal lattice [38]. In this context, it is suggested that
the external energy applied serves to rearrange the crystal
lattice, thereby selectively creating a new position of
minimum crystal energy for each TAT.

The crystal size for each sample was obtained by using
the Scherrer equation as follows:

D =KA/B Cos 0,

where D is the average grain size, K is the constant of
the dimensional form factor, A is the wavelength of X-
rays, f is the FWHM of the crystalline plane, and 6 is the
angle of the Bragg diffraction; therefore, the grain size
was calculated using the FWHM for each phase present
in the process.

Figure 7 shows the grain size (GS), interplanar distance
(ID), and temperature (°C) spectra of the 30°C, 150°C, 300°C,
400°C, and 500°C nanocrystals. The GS decreases from ~50
to 25nm in the 30-400°C temperature interval, then pre-
sents a drastic increase at ~43nm on the 500°C film. The
experimental results obtained here provide information
on some of the microstructural properties of the nanocrys-
talline system, which are associated with the gradual tran-
sition of the crystalline phase; in this case, it corresponds
to CdCOs to CdO, such as tunable GS, morphology, crystal-
line phase, tailored porosity, surface area, and stacking
faults [39]. On the other hand, the changes at ID present
oscillatory behavior, in which it reaches a relative
minimum of crystalline energy for a 500°C layer. The
microstructural phenomenon is justified in principle by
the evolution corresponding to the CdCO; to CdO transi-
tion, which is imperative to consider the disordered crys-
talline energy change of the nanocrystals in the films
subjected to TAT. In turn, the previous arguments focus
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Figure 7. Grain size (GS), interplanar distance (ID), and temperature (°C) spectra of the 30°C, 150°C, 300°C, 400°C, and 500°C nanocrystals.

on the relationship involved in this physical phenomenon
associated with spatial distortions of the crystal lattice cre-
ated by various rearrangements of ions and cations, asso-
ciated with the different chemical bonds present in the Cd <
C0?%7, a Cd-0, -Cd-C=O0, etc. Thus, the microstructural
parameters associated with the evolution change signifi-
cantly at each stage examined. The characteristics of the
microstructural evolution of inorganic materials in the
solid state are related to phase change and solidification,
among other physicochemical parameters [40]. Our results
are consistent with a damaged microstructure dominated
by vacancies, highlighting the importance of free surfaces
in determining the defects retained.

To calculate the lattice parameters a and ¢, we apply
the following expression:
1 _ Rk P

d? a® 2

In Table 1, the lattice parameters a and ¢, microstrain,
and dislocation density (8) of the 30°C, 150°C, 300°C, 400°C,
and 500°C thin films are compiled. The variations of the
experimental microstructural parameters registered here
have oscillatory behavior, confirming the registered and

analyzed results of the GS and ID. The disordered variations
are associated in principle with the creation of different che-
mical bonds in the transition from Cd < CO3™ to Cd-O is
imperative, as a consequence, crystalline distortion is created
until the minimum energy is reached gradually in the lattice
crystalline, considering possible distorted elongations of the
lattice parameters, which implies promising structural stabi-
lity [41]. The microstructural phenomenon is associated with
the order—disorder effect typical of some reversible systems
or vice versa. In particular, the crystalline system cation dis-
tributions are proven to be random and homogeneous, and
new phases of crystalline matter and untapped opportunities
to reach a relative thermodynamic maximum of disorder at
the 300°C layer are discovered.

The strain of the powders was obtained using the fol-
lowing formula:

_ Bra
4tantan 6

The strain values are shown in Figure 8. The observed
values are positive, indicating that the strain is tensile. The
increment for powder annealed at 300°C and 400°C, and
the increment with temperature is due to thermal

Sample (°C) a®) c® Microstrain Dislocation density y (lines/m?
30 4.947 16.263 1144 x 107* 3.8 x 10"
150 4.940 16.231 1173 x 107 439 x 10"
300 4.9231 16.292 119 x 107 7.08 x 10
400 4.9469 16.266 3.92x107* 2.01 x 10"
500 4.9489 16.247 2.69 x 107 6.30 x 10"

Table 1. Lattice parameters a and ¢, microstrain, and dislocation density () of the 30°C, 150°C, 300°C, 400°C, and 500°C thin films.
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expansion, and higher strain rates improve the strength.
The higher temperature during strain-controlled fatigue
tends to reduce the fatigue life for a given strain, and a
considerable decrement can be observed at 500°C because
of the phase transition from CdCO; to CdO. In particular,
under moderate tensile strains, the materials are suitable
for photocatalytic conversion.

3.4 UV-Vis spectroscopy

The optical properties of transmittance (%7), reflectance
(%R), and absorbance (a) of the 30°C, 150°C, 300°C, 400°C,
and 500°C thin solid films are examined at the wavelength
(A) located in the UV-Vis region corresponding to A
~350-850 nm (~3.54-1.45eV) at normal incidence for all
the samples. The optical phenomenon commonly recorded
in thin films is observed when the incident radiation pene-
trates the analyzed sample and undergoes a combination
of scattering and absorption inside the sample. Therefore,
some of the radiation was reflected toward the surface. In
the spectral study of %R and %T of various thin films, the
standard relationship T + R = 11is generally applied. Figure
9 displays (a) transmittance (% T), (b) reflectance (%R), and
(c) absorbance (a) vs A (nm) spectra of the 30°C, 150°C,
300°C, 400°C, and 500°C films. The optical phenomenon
related to the scattering of incident external radiation in
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different regions of the electromagnetic spectrum (UV-VI-
IR) created by the different changes in morphology, crys-
talline phase, stoichiometry, grain boundaries, stacking
faults, and other properties is correlated with the intrinsic
optical properties of each material [42]. Considering the
above, related to the different properties of the materials
examined in the region used, we have the 30°C and 150°C
layers show a similar increase at %T ~55%. The rough
crystalline surface of the 30°C and 150°C thin films pre-
sents morphology with various defects, which generate
scattering of the incident radiation, which is scattered in
different random directions [43]. For the 30°C and 150°C
films, the surface roughness is much smoother than that of
TAT polycrystalline films. In the Vis-region, %T spectrum,
the fundamental electronic valence band (VB) and conduc-
tion band (CB), (VB) VB — CB can be seen with a shift
located at A ~ 450-550 (2.92-2.25eV). This allows us to
visualize in a semi-empirical way the band gap (Ey) energy
located at the A (nm) interval examined in our nanocrys-
tals. On the other hand, the 300°C, 400°C, and 500°C films
show a drastic increase of %R ~40-95% at the Vis region.
The behavior of a at 30°C and 150°C layers decreases simi-
larly in the region located at ~350-500 nm (~3.54-2.48 eV)
in both samples, with an insignificant increase for A >
500nm. This optical phenomenon is correlated with
the different morphological and structural properties
and is related to the gradual transformation into a
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Figure 8. (a) Williamson-Hall plot and (b) strain vs temperature.
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Figure 9. (a) Transmittance % T, (b) reflectance %R, and (c) absorbance (a) vs A (nm) of the 30°C, 150°C, 300°C, 400°C, and 500°C thin

solid films.

different inorganic material. Similar to surface phe-
nomena, shape-related properties are also apparent, par-
ticularly at the nanometer scale. An interesting property,
observed in the Vis-region, on the 300°C, 400°C, and 500°C
layers, is the existence of an inflection point, which pre-
sents a shift in the range of ~506 nm (~2.45 eV), ~536 nm
(~2.31eV), and ~556 nm (~2.23 eV), respectively. From the
geometric point of view, the origin of the inflection point
in the a spectrum of an inorganic material is considered

an optical phenomenon associated with the dispersion of
the light beam in single crystals, according to Raleigh dis-
persion is the predominantly elastic scattering of light or
other electromagnetic radiation by particles much smaller
than the A radiation. We propose that this structural beha-
vior is correlated with the scattering of external electro-
magnetic radiation when A is greater than the GS [44].
Figure 10 shows the normalized absorbance vs wave-
length (A) spectra of the 30°C, 150°C, 300°C, 400°C, and
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500°C thin solid films. The 30°C and 150°C samples show an
AB of relatively low intensity located at ~463 nm (~2.67 eV).
However, in the 300°C, 400°C, and 500°C samples, a pro-
minent AB emerges at ~442nm (~2.80eV), ~495nm
(~2.50 eV), and ~516 nm (~2.24 eV), respectively. The origin
of AB at ~442nm (~2.80eV) and at ~516 nm (~2.24 eV) is
associated with the electronic transition, fundamental of
CdCO3 and CdO [45]. The oscillatory shift of the relative
maximum at AB toward lower energy is correlated with
the creation of a CdCO3/CdO solid solution [46] in propor-
tions not quantified here, as well as the variation of the GS
of the nanocrystals. The observed AB shift toward higher A
(nm) was ~74nm (~0.16 eV), leading to promoted Vis-
region light absorption.

For a better understanding, deconvolution was per-
formed and displayed in Figure 11 of the (a) 30°C, (b)
150°C, (c) 300°C, (d) 400°C, and (e) 500°C films. The (a)
and (b) films show a weak and broad AB situated in the
UV-Vis region at ~400-500 nm (~3.10-2.48 eV), recorded at
~463 nm (~2.67 eV) and ~467 nm (~2.65 eV) for the 30°C and
150°C samples. In the (a) 30°C and (b) 150°C samples, a
weak and broad AB is recorded in the UV-Vis region
(~400-500 nm), recorded at ~463nm (~2.67eV) and
~467 nm (~2.65 eV), respectively. The AB was identified in
these optical results, and the fundamental transition
assigned to the VB — VC of CdCO3 was identified. The small
shift toward a higher A (nm) and lower photon energy (hv)
is associated with CdO and, in turn, with the gradual
experimental formation of a CdCO3/CdO solid solution pro-
moted by the TAT effect. The deconvolution in (c) and (d)
carried out at AB for the 300°C and 400°C films records the
AB signals located at ~392 nm (~3.16 eV), ~481 nm (~2.57),
and 661 nm (1.87). Finally, the 500°C film records two AB of
different relative intensities located at ~412 nm (3.00 eV)
and ~516 nm (~2.40 eV).

Figure 12 shows the spectrum of the derivative of the
optical density (OD) to the photon energy d(DO)/dE of the
30°C, 150°C, 300°C, 400°C, and 500°C films. In the d(DO)/dE
experimental spectrum, all the films are placed in
ascending order, with the 30°C layer in the lower part,
followed by 150°C, and so on, to appreciate the differences
correlated with electronic transitions related to the VB and
the CB at the gradual evolution of CdCO3 to CdO. From this
spectroscopic analysis, it is possible to record some AB
created by intraelectronic photonic replicas caused by
microstructural changes, differences in stoichiometric bal-
ance, grain boundaries, and crystalline stacking faults,
which are generally recorded by applying this spectro-
scopic technique. Two broad AB with different relative
intensities and higher magnification were recorded at
~2.58 and ~2.78 eV. The AB corresponds to the CdCO;

rhombohedral phase assigned to the 30°C and 150°C films,
respectively. In the 300°C film, a very broad band with
greater relative intensity is located at 2.10eV. A broad
AB situated at ~1.60 eV and another at ~1.73 eV are related
to the creation of CdO associated with the fundamental
electronic transition from CdCOs;. The transition to CdO
is recorded at the 400°C and 500°C thin solid films. The
TAT effect provides the relative and quantitative critical
experimental values in the gradual transition, experimen-
tally recorded in the transformation of CdCO3 to CdO.
Directly applying the Tauc equation and the previously
obtained results of the absorbance (a), we constructed an
experimental graph of (ahv)* vs E (eV). Optical analysis
was performed at a photon energy in the range of
~1.5-3.0 eV, considering the fundamental transitions of
CdCO5; and CdO, respectively. The band gap (Eg) energy
of the experimental plot was directly obtained by the
intersection of the vertical axis (ahv)* with the horizontal
axis E (eV) [46]. Figure 13 displays the (ahv)* vs E (hv)
spectra of the 30°C, 150°C, 300°C, 400°C, and 500°C layers.
As a first approximation, we considered that the nanocrys-
tals presented a direct band transition according to the
format of the experimentally obtained spectral curve
[47]. The results associated with the optical behavior in
the experimental curve of CdCO; present the characteristic
direct band spectral behavior in which the line that inter-
cepts the numerical E, = 2.37 eV value is drawn. However,
in the 15°C, 300°C, and 400°C samples, the optical behavior
changes gradually, and it is difficult to formally record E,

Absorbance (a.u)

500

600
Wavelength (nm)

Figure 10. Normalized absorbance vs wavelength (1) spectrum of
the 30°C, 150°C, 300°C, 400°C, and 500°C thin solid films.
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located in the region ~2.31-2.06 eV, which can be assigned
to overlap of the optical signals generated by the mixture
or solid solution of CdCOs/CdO created gradually in

"g
S
2
o 500°C
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i : . ,
1.5 2.0 2.5 3.0

E (ev)

Figure 13. (ahv)® vs E (hv) spectra of the 30°C, 150°C, 300°C, 400°C,
and 500°C thin solid films.

quantities not experimentally quantified in this report.
In the 500°C sample, a drastic change in the curve is
observed, in which an optical phenomenon is observed in
some nanocrystals. Table 2 compiles the experimental values
for the bandgap energy (Eg) of the 30°C, 150°C, 300°C, 400°C,
and 500°C samples. According to the values registered here, a
gradual decrease in the gap associated in a specific way with
the fundamental electronic transition CB — VB in these nano-
crystals can be seen. The structural effect observed here is
correlated with the shift of the wavelength and, of course,
toward greater E; associated in a specific way with the fun-
damental electronic transition CB — VB in these nanocrystals.
The structural effect observed here is correlated with the
shift of the wavelength and, of course, toward greater E,

Temperature (°C) Eg (eV)
30 2.37
150 231
300 217
400 2.06
500 1.87

Table 2. Experimental values for the bandgap energy (E,) of the
30°C, 150°C, 300°C, 400°C, and 500°C samples
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due to the increase in GS, which is commonly reported in the
literature [48].

Figure 14(a) shows the logarithm of the absorption
coefficient vs photon energy. The band tails are associated
with the edge broadening exciton-phonon that can be
attributed to the indirect electronic transitions in the
band gap, and also the broadening reflects the disorder
degree in the lattice.

Under tensile strain, the band gap decreases, and this
reduction in the band gap significantly affects the photo-
catalytic performance of the material. The photocatalytic
activity depends on the E; and the carrier mobility.

The Urbach energy values are shown in Figure 13(b),
and they depend on the structural disorder. The sample
annealed at 500°C has a lower Urbach energy value,

/\ Methylene
Blue Dye A\

N

e

hv

although it has been reported that high Urbach energy
enhances the photocatalytic degradation [49].

4. Photocatalytic application

The films obtained were applied to photocatalysis, under

solar lighting for a total time of 80 min, and the prepara-

tion procedure is as follows:

» Methylene blue solution is prepared at a concentration
of 10 ppm, and it is applied as an organic pollutant.

 The solution of methylene blue is added to a glass of
precipitates.

» Later, the film is immersed in the beaker with a bra that
allows it to stand, maintaining constant agitation.

r 0:
e” \
- N 0;
B 3
° g
R g
y 8
e h+ H:O

¢
A

Figure 15. Photocatalytic process of the thin films.
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* Methylene blue is sampled every 10 min to monitor the
photodegradation of the contaminant.

The entire photocatalytic mechanism developed with
the films is shown in Figure 14.

The catalytic activity of the films begins when the elec-
trons absorb the radiation of sunlight as long as this
energy is greater than or equal to the gap that the semi-
conductor has [50], allowing the electrons to have the
energy needed to jump from the Valencia band (VC) to
the conduction band (CB) [51], leaving in the band VB its
pseudoparticle called holes and subsequently the elec-
trons in CB react with oxygen (0,) located on the surface
and generate hydroxyl ions (OH") [52]. The holes (h) pre-
sent in the VB will react with water (H,0) to also generate
hydroxyl ions (OH") [53]. Finally, the ions (OH") generated
by the holes and electrons are responsible for the degra-
dation of methylene blue [54]. It should be noted that all
electrons that fail to react with oxygen will return to BV
[55] with their respective hole in a process called recom-
bination (Figure 15) [56].

The applied films have a dimension of 0.8 cm x 0.8 cm.
The degradation results of all the films are shown in
Figure 16. Each of those figures can be zoomed, which
allows us to better observe the photocatalytic activity of
each of them, but the photocatalytic activity is very small
due to the low amount of material contained in thin films
because it has a low surface area and because it does not
have a rough surface that would function as a pollutant
removal trap [57]. It can be observed that in the film with
heat treatment at 500°C (10-e) has a better photodegrada-
tion result because the GAP of the material in this film is
wider than that of the other films (~1.87 eV). This allows
one to make better use of the solar spectrum for gener-
ating pairs of electron-holes, which are indispensable for

photodegradation. Finally, Figure 17 measures the rate of
degradation of the pollutant (methylene blue) over a time
of 90 min for all films. For cases of 30 and 150°C, the beha-
vior of their catalytic activity is very similar in both films
(~8%). This is because the GAPS are very similar (~2.37 and
~2.31eV, respectively). For the 300°C film, the catalytic
activity efficiency is ~11% with a gap of ~2.17 eV; for the
400°C film, the catalytic efficiency is very similar to ~12%
(gap ~ 2.06 eV); and for the 500°C film, a maximum effi-
ciency of ~14% is achieved with a gap of ~1.87 eV.

5. Conclusions

In this work, we synthesized the thin films of CdCO; using
the chemical path of CBD. The morphological, structural,
and optical analyses of the films were carried out at 30, 150,
300, 400, and 500°C, as well as their conversion to CdO
demonstrated in XRD. With SEM, well-formed rhombohedral
figures were observed, which are characteristic of the mate-
rial. Also, the atoms do not rearrange significantly during
annealing, keeping the morphology relatively unchanged.
Furthermore, the material is in a favorable state, and subse-
quent annealing may not alter its morphology significantly.
With FTIR spectroscopy, we were able to observe the ionic
links CdCO3, indicating the presence of the material in the
films, as well as the conversion to CdO. With absorption,
transmittance, and reflectance measured in films of 30°C,
150°C, and 300°C, they were observed to absorb, transmit,
or reflect in the range of 450 nm, while films of 400°C and
500°C in the range of 600 nm. Tauc’s equation was used to
calculate the GAP of films from ~ 1.87 to 2.37 eV. Normalized
absorption vs wavelength plots were constructed to find the
transition from CdOs to CdO at the edge at ~1.60 eV and
another at ~1.73 eV. The films were applied to photocatalysis
to study their catalytic efficiency, using methylene blue as a
pollutant. A low efficiency of 8-14% in 90 min was obtained,
which was due to the tiny surface of the film, as well as the
surface that was not rough. These aspects will be considered
for further investigation.
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