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Abstract

Thin film technology has made significant contributions to the field of photocatalysis through improvements

in surface properties and a decrease in material costs. Therefore, the present study aims to evidence the properties
that Pd can confer to TiO, thin films prepared by chemical vapor deposition technique and to verify their effective-
ness as photocatalysts in the degradation reaction of the carbinol-based malachite green dye. TiO, films with different
nominal Pd contents (2.8, 3.7, 4.6, and 6.4 at. % Pd) synthesized by CVD at 400 °C and 1 Torr pressure exhibit significant
changes in their crystal structure, morphology, and electronic properties. On the one hand, at low concentrations (2.8
and 3.7 at. % Pd), substitutional doping is promoted. In contrast, the increase in concentration (4.6 and 6.4 at. % Pd)
encourages the formation of PdO and PdTiO; phases, as indicated by X-ray diffraction, Raman spectroscopy, and X-ray
photoelectron spectroscopy results. The anatase phase is partially inhibited by other phases, such as Pd-O and Ti-Pd-
0O; consequently, the grain size that constitutes the film is considerably reduced, and microstrains are increased. On
the other hand, the study of the optical properties reveals a decrease in the bandgap energy and the recombination
velocity of the charge carriers, resulting in a maximum degradation of 67% of the dye, which is obtained with film 4.6
at. % Pd, attributed to a synergistic effect between the observed properties.
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Introduction

The challenge of materials science is to find innovative
solutions to improve the performance of photocatalytic,
optoelectronic, and electrochromic devices, among oth-
ers, for applications in the environmental (Gopinath et al.
2020), energy (Cruz et al. 2019), electronic (J. Liu et al.
2013), and chemical transformation areas (Jenck et al.
2004). In this sense, materials science can contribute to
the development of new alternatives that overcome the
drawbacks of extensively studied materials. Currently,
environmental applications are a topic of constant study,
and photocatalytic processes for wastewater remedia-
tion play a central role. Several organic and inorganic
contaminants pose a serious threat to the health of the
aquatic environment. Among the organic pollutants,
cationic dyes, such as malachite green, are controversial
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due to their potential carcinogenic effects (Nandoost
et al. 2022). Malachite green dye is a slightly basic, water-
soluble compound. It is widely used as a dye in the tex-
tile, aquaculture,and food industries (Sharma et al. 2023).
However, it has been previously reported that the mala-
chite green molecule exhibits high persistence and bio-
accumulation in aquatic organisms, which, as part of
the food chain, are eventually consumed by humans and
may lead to effects such as carcinogenesis, teratogenesis,
and mutagenesis (Lellis et al. 2019). Therefore, address-
ing malachite green dye in wastewater is crucial to pre-
vent harm to both animals and humans. Among the
most studied photocatalytic materials for the degrada-
tion of organic dyes, TiO, is a semiconductor that pre-
sents essential advantages that have been widely reported
but at the same time presents limitations such as the
energy required for its photoactivation and the rapid
recombination of charge carriers that generate reactive
species necessary in photodegradation reactions (Dong
et al. 2015). Additionally, TiO, powders are challenging
to recover from wastewater systems (Sarma et al. 2023).
Therefore, many options are being studied to enhance the
photocatalytic response of TiO,. Notably, the incorpora-
tion of metal ions into the titania crystal lattice can sig-
nificantly extend the absorption of TiO, into the visible
region (Rahman et al. 2023). In this way, the photocata-
lytic activity of TiO, is substantially dependent on the
nature of the dopant ion, the dopant concentration, and
the preparation method. On the one hand, the material
used as dopant includes transition metals (Ni, Pt, Co, Nb,
Pd) (Duta et al. 2016; Ganesh et al. 2012; Pan et al. 2018),
metalloids (B, Si, Ge) (Cano-Casanova et al. 2022), and
non-metals (C, N, B, F, Cl) (Camps et al. 2010; Irie et al.
2003), which have been utilized to modify the photocata-
lytic behavior by the visible light absorption of the TiO,.
Pd can be used as a dopant for various materials, such
as InvVO,-TiO,, where an increase in the photocatalytic
activity of thin films for the decomposition of methyl
orange dye has been observed. According to this study,
Pd can act as an electron trap, facilitating electron—hole
separation and subsequent transfer of the trapped elec-
tron to the surface of InVO,-TiO, oxides (Ge & Xu 2006).
Pd doping can also increase the visible light absorption
capacity of metal oxides such as CeO,. In this case, 1-5%
Pd-doped CeO, has shifted the absorption edge to the
visible region and decreased the recombination of elec-
tron-hole pairs (Matussin et al., 2023). Among other
materials with photocatalytic efficiency, perovskite-type
materials exhibit promising properties for various chemi-
cal reactions due to their high electronic mobility, high
absorption coefficients, and longer charge carrier life-
times (Dandia et al. 2020). For this reason, perovskite-
type materials have been evaluated in photocatalytic
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water-splitting reactions (W. Wang et al. 2020), dye pho-
todegradation (Gade et al. 2018), and methanol oxida-
tion (Meng et al. 2022). However, despite the similarity
between the ionic radii of Ti** (0.61 A) and Pd** (0.64
nm), the partial substitution of Ti+* by Pd*t to form the
PdTiO5 compound has not been reported. The addition
of other cations to TiO, to increase its photocatalytic effi-
ciency has been studied in perovskites such as ZnTiOs,
BaTiO, (Panthi & Park 2022), SrTiO; (Sohrabian et al.
2023), and CaTiO, (Passi & Pal 2021), where the addition
of the cation favors the separation of the photogenerated
carriers and provides optimal active sites for different
chemical reactions. Instead, perovskite-type systems have
been reported involving the exchange of the Pb*" ion for
Pd** in the PbTiO, compound, which serves as a multi-
ferroic material, or the incorporation of the Pd**ion into
LaFeO,, resulting in the formation of LaFe;q,Pd, (304
(Eyssler et al. 2010).

Apart from that, the method used to obtain photocata-
lysts, as in the case of thin films, is strongly influenced
by the chemical, structural, morphological, and optical
properties (Acosta-Silva et al. 2024; Nath et al. 2023).
Various methods, including those in the vapor or liquid
phase, have been used to prepare thin films. The most
common thin film synthesis methods include sol-gel/
spin coating, chemical precipitation, sputtering, spray
pyrolysis, laser ablation, and chemical vapor deposition
(CVD) (Chaudhari 2021; Kumar Patnaik & Divya 2023;
Toma et al., 2024).

In particular, the metal-organic chemical vapor depo-
sition process (MOCVD) offers several significant advan-
tages, including a high deposition rate, improved control
over film thickness, uniformity in thin films on substrates
with complex geometric shapes, and adequate film adhe-
sion to the substrate. CVD applications involve applying
solid thin-film coatings to surfaces, which are also used
to produce high-purity bulk materials and powders,
as well as to fabricate composite materials. They have
also been used to deposit an extensive range of materi-
als. Accordingly, this proposal presents the synthesis
of Pd-doped TiO, thin films using the chemical vapor
deposition (CVD) technique, along with their chemical,
structural, morphological, and photocatalytic perfor-
mance in malachite green degradation. Although Pd is
a relatively expensive metal, the use of thin films allows
its use to be reduced while taking advantage of its unique
properties. Similarly, using thin films as photocatalysts
facilitates their removal from reaction systems, thereby
representing a convenient advantage.

Experimental/methodology
TiO, and Pd-doped TiO, thin films were prepared in a
horizontal hot-walled CVD reactor, supported on 4 cm?
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amorphous glass substrates that had been previously
cleaned in an ultrasonic bath with an acetone—water solu-
tion and then air-dried. The precursors used were tita-
nium isopropoxide (Ti{[OCH(CH;),],, Aldrich, 98%) and
palladium acetylacetonate ([CH;COCH = C(O-)CHj,],Pd,
Aldrich, 99%). Both precursors were mixed and frozen to
evaporate inside the reactor and conducted by the carrier
gas (argon) to the deposition zone. TiO, thin films were
obtained under the following deposition conditions: Ar
flow rate, 100 cm® min; deposition temperature,400 °C;
total system pressure, 1 Torr; decomposition temperature
of the precursors,120 °C; and deposition time, 20 min.
The nominal Pd contents for TiO, doping were 2.8, 3.7,
4.6, and 6.4 at. %. The samples were labeled according to
their nominal Pd contents, and the undoped sample was
designated as undoped TiO,. Figure 1 shows a schematic
representation of the reaction system used for the depo-
sition of TiO, and doped TiO, films. TiO, films obtained
directly from the CVD reactor synthesis were charac-
terized and evaluated in the photocatalytic degradation
reaction without any additional post-treatment.

The chemical, structural, morphological, and opti-
cal properties of TiO, thin films were investigated using
X-ray diffraction(XRD), Raman spectroscopy, Fou-
rier transformed infrared spectroscopy (FT-IR),X-ray
photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), UV-Vis spectroscopy, and photolu-
minescence spectroscopy.

A Bruker D8 advanced diffractometer with Cu Ka radi-
ation was used to identify the phases and determine the
crystalline structure and microstrain of the thin films.
Measurements were performed in the 20 range from 20°
to 90° with a step of 0.02°. The crystal size of the films
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obtained by CVD was determined from the diffraction
patterns and the Scherrer equation (Eq. 1).

094
" Bcosh (1)

where 0 is the Bragg diffraction angle, \ is the wavelength
of the X-ray radiation(1.5406 A), and B is the full width
at half maximum (FWHM) of the diffraction. FWHM
was determined by fitting the XRD peaks to a non-linear
Gaussian curve using ORIGIN software. On the other
hand, other important parameters, such as micro-defor-
mations in the crystal lattice, were determined by X-ray
diffractograms to evaluate the effect of the dopant on
the structural properties of the TiO, film. Microstrain (g)
is a measure of the degree of distortion induced in this
case by the addition of a dopant (Eq. 2). € is a function of
FWHM (B) and Bragg angle 6.

B
& =
4tanf

(2)

Raman spectra of the samples were recorded using a
PerkinElmer spectrophotometer model Spectrum GX in
the spectral range of 100-900 cm™'with a 1064 nm laser.
The elemental chemical composition of the thin films was
determined by XPS using a JEOL JPS- 9200 with an Mg Ka
X-ray source (1253.6 eV).FT-IR results were obtainedus-
ing an Infrared Spectrum Two spectrophotometer (Perki-
nElmer, Waltham, MA, USA) in the spectral region from
450 to 2500 cm™'. The surface morphology of undoped
TiO, and TiO,-Pd thin films was observed using a JEOL-
6300 scanning electron microscope at an accelerating volt-
age of 20 kV. The recombination rate of the photogenerated
charge carriers was determined using the photolumines-
cence spectroscopy technique (PL). Photoluminescence
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Fig. 1 CVD reactor scheme for the deposition of undoped TiO, and TiO,-Pd thin films
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spectra were recorded on a Cary Eclipse Agilent spectro-
photometer equipped with a thermostated cell holder and
Xenon Flash Lamp. The emission spectra were obtained
with an excitation source fixed at 380 nm, corresponding
to the maximum absorbance in the UV-Vis spectra. Addi-
tionally, a wavelength of 280 nm was used to determine
the bandgap energy of the undoped TiO, and doped films.
The optical properties of TiO, films were estimated from
the UV-Vis spectra recorded on a PerkinElmer Lambda
35 spectrophotometer. Bandgap energy was also obtained
from UV-Vis spectra using the Tauc model derived from
the Kubelka—Munk function. UV-vis spectra were also
used to elucidate other properties of the films, such as
their refractive index (hg) and thickness (z). To obtain the
optical constants and the thickness of the thin films, the
values of the maximum and minimum of the oscillations
in the transmission range are taken. It is convenient to plot
the T, and T, envelopes passing through the maxima (M)
and minima (m) and to take the corresponding pair of val-
ues, as well as the value of the corresponding wavelength.
The refractive index and thickness of the films are deter-
mined once these values are obtained. Equation 3 was used
to determine the refractive index:
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solution without light irradiation for a stabilization time
of 30 min. Additionally, the effect of simulated sunlight on
the decomposition (photolysis) of malachite green mol-
ecules without a catalyst was investigated by measuring the
change in concentration over time. The result is compared
to the photocatalytic process using undoped TiO, and Pd-
doped TiO,films. The photocatalytic system is composed of
a light source, emitting light via a solar simulator (Scientech
SF150 model, class A), with an average intensity of 60 mW/
cm?. The distance between the light source and the reaction
system was 15 cm. The reaction rate constant (k) was deter-
mined by considering a pseudo-first-order kinetic order
(Eq. 5) from the reaction time versus In [C] graph.
1. Co

k = th C (5)
where Cj) is the initial concentration and C is the concen-
tration at time .

Results and discussion

X-ray diffraction

Figure 2 shows the X-ray diffraction (XRD) patterns
of undoped TiO, and Pd-doped TiO, films with dif-

2

. { —(n} +m3)(1 — 2p7) + [ + n})*(1 — 2p7)? — 4nd + n3] /2 }1/2 3)

where n¢, 1o, n1 is the refractive index of thin film,
air (1.0), and amorphous glass substrate (1.5), respec-
tively,or = Tmax/Tmin; Trmay Maxima transmittance and
T inxminima transmittance.

Finally, the Goodman model was used to determine
thickness through Eq. 4.

f M gplatip
2 — i) (2 — sin6g)' )2 (4)

where 7, is the refractive index. A, y A, wavelengths of
maximum and minimum transmittance, respectively.
M, number of fringes separating these extrema. 6 is the
angle of incidence of light (for normal incidence, § = 0).

The catalytic performance of the Pd doped TiO, thin
films was studied by following the degradation of 25 ml
of solution (10 mmol/L of malachite green MG, carbinol
base), which was performed by monitoring the decrease
in the characteristic absorption band of MG, by taking
aliquots of 4 mL at different times through absorbance
measurement (619 nm malachite green) and related with a
concentration using the Lambert—Beer equation as a func-
tion of the irradiation time. All experiments were carried
out at room temperature. Before the dye degradation reac-
tion, the photocatalysts were placed in the malachite green

ferent nominal Pd dopant contents. The XRD pattern
of undoped TiO, shows only characteristic reflections
attributed to TiO, anatase phase (ICDD 21-1272) in 20 of
25.44°,48.14°, 55.20°, 70.47°, and 76.12°, corresponding to
(101), (200), (211), (220), and (215) planes, respectively.
At the deposition conditions of TiO, films described
above, it becomes possible to obtain the crystalline
arrangement associated with the anatase phase (Won
et al. 2001). In the CVD process, at the deposition tem-
perature of the films (400 °C), the formation of anatase
polycrystalline is favored without heat after treatment.
No other reflections related to different phases of TiO,
were observed. When the Pd precursor is introduced into
the reaction system, remarkable differences in the diffrac-
tion profile of the TiO, films can be observed. In Fig. 2B,
a magnification of the (101) reflection is observed, which
shows a slight shift of this peak with the addition of Pd.is
On the one hand, it is possible to appreciate a slight
change in 20 of the (101) plane when the nominal Pd
content is 2.8 and 3.7 at.% Pd (Fig. 2B and Table 1). It is
essential to note the significant increase in the FWHM
(full width at half maximum) when the maximum con-
centration of Pd, as studied in this work, is reached. In
addition to the rise in FWHM, the decrease in crystal size
with increasing Pd concentration suggests that there is an
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Fig. 2 A X-ray diffraction patterns of TiO,-Pd films with different nominal Pd content; a. Undoped TiO, film; b. 2.8 at. % Pd; c. 3.7 at. % Pd; d. 4.6 at. %

Pd; e. 6.4 at. % Pd. B Amplification of (101) reflection

Table 1 XRD parameters for TiO, films obtained by (101)
reflection

Film 2q FWHM Crystal Microstrain
(degrees)  (degrees) size (hnm) (x1073)
[full width at
half maximum)]
TiO, 2544 0.19 433 3.79
28at.%Pd 2540 0.20 421 391
37at.%Pd 2542 0.26 320 5.14
46at.%Pd - - - -
64at.%Pd 2543 0.69 12.3 133

integration of the dopant into the TiO, structure, which
limits the crystallization of the anatase phase and even-
tually leads to the formation of PdTiO, crystals (ICCD
44-0490) and PdO (ICCD 41-1107).Therefore, the films
with 4.6 and 6.4 at. % Pd are constituted by a mixture of
TiO, anatase, PdTiO5 and PdO phases.

An increase in microstrain is expected due to the
presence of the phases described between Ti, Pd, and O
(Table 1). Some authors have reported that the metal-
doping of TiO, influences the crystallization of TiO, (Lu
et al. 2016; Mekprasart et al. 2013).

Raman spectroscopy

Raman spectroscopy was employed to elucidate the
crystalline structure of TiO, films and validate the XRD
results. Figure 2a shows the Raman spectra of undoped
TiO, and Pd-doped TiO, films. The Raman lines at

142.07, 196.4, 396.31, 515.12, and 639.26 cm™ ' can
be assigned to the E,(1), Eg(2), B1 g, Al g, and Eg(3)
vibration modes, respectively. These vibration modes
are attributed to the TiO, anatase phase in agree-
ment with XRD results. The inclusion of Pd dopant in
TiO, films results in a shift of the peak position to the
higher energy side and a broadening of the full width
at half maximum (FWHM) of the anatase main mode
[E; (1)] [see Fig. 3b and Table 2]. Like another metal
dopant previously reported, the Pd dopant may cause
deformation in the TiO, structure, and stabilization
of the structure is achieved through the formation of
Ti—O-Pd or Pd—O-Pd bonds (B. Liu et al. 2009). Con-
sequently, variations in the crystalline cell volume can
be observed due to the differences in the ionic radius of
the dopant and titanium, which affect the Raman-active
modes. The ionic radius of Pd** (0.64 A) is similar to
that of Ti*" (0.61 A); thus, the lattice structure of TiO,
could be slightly distorted, and the need to maintain
neutral charge entails the formation of oxygen vacan-
cies (Choudhury & Choudhury 2013). Some authors
have attributed the TiO, lattice contraction to the pres-
ence of oxygen vacancies, as indicated by a Raman
peak shift to a higher wavenumber (Zhang et al. 2015).
These variations have been observed in the displace-
ment of the characteristic vibration band of anatase
using Ni, Co, Eu, Cu, and other metal dopants, indicat-
ing the incorporation of the dopant into the anatase
lattice, occupying Ti sites (M. Pal et al., 2012). Never-
theless, given the similarity in ionic sizes of Pd** and
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Fig. 3 aRaman spectra of undoped TiO, and Pd-doped TiO, films. b E, (1) mode displacement. ¢ E (3) and B,, modes overlapping

Table 2 Variation of Eq (1) mode and FWHM with Pd content

Film Position FWHM
[Eq4 (1) mode-cm™'] (em™)
Undoped TiO, 142.035 11.077
2.8at. % Pd 142.828 12.877
3.7 at. % Pd 142.871 11.790
46 at. % Pd 152018 32.281
6.4 at. % Pd 147712 27.184

Ti*t, the replacement of Tiwith Pd in the TiO, struc-
ture islikely. Furthermore, other peaks can be observed
at 642 cm™!, which is very close to the E, (3) mode of

anatase (638 cm™!) for 6.4 at. % Pd film (Fig. 3c). In
the case of the 4.6 at. % Pd, these two vibration modes
are partially overlapping and centered at 632 and 642
cm™, According to a study by J. R. McBride et al., the
vibration modes at 642 and 439 cm™! can be attrib-
uted to the B1 g and Eg-allowed Raman modes of PdO,
with slight variations due to interaction with the TiO,
anatase phase (McBride etal., 1991). The other minor
features were observed in the Raman spectra, especially
for 6.4 at. % Pd, at 336, 563, and 712 cm™?, which could
relate to the presence of PdTiO,. This ABO; oxide type
crystallizes in structures whose level of distortion and
stability is mainly determined by the ratio of the ionic
radius of the A y B cations. In this case, Pd**, Ti**, and
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0% ions can be accommodated in an orthorhombic
perovskite structure. For perovskite-type compounds,
such as BaTiO;—the most studied ferromagnetic per-
ovskite—the bands around 310, 550, and 720 cm™!
correspond to the typical Raman peaks of BaTiO,. The
peak at 310 cm ™! is assigned to the B, mode and indi-
cates the presence of the tetragonal phase. For its part,
the bands around 550 and 720 cm™ are assigned to the
transverse optical (TO) modes of A1 symmetry and the
highest-frequency longitudinal optical mode (LO) with
A1l symmetry, respectively (Deng et al. 2010). Likewise,
the ionic arrangement of Ti*", Pd**, and O~ shares the
same composition and structure as BaTiO3 perovskite;
it is therefore possible to reasonably attribute the afore-
mentioned vibration modes to PdTiO, perovskite.

The structural characterization carried out by XRD
and Raman spectroscopy appears to indicate that Pd-
doped films are composed of a phase combination of Pd
partially replacing Ti, forming titanate-type compounds
and palladium oxide (PdO) when the Pd dopant content
exceeds 3.7 at. % Pd. It is possible that the Pd dopant at
2.8 and 3.7 at. % can replace Ti in substitutional sites or
be incorporated into interstitial sites, as evidenced by the
Raman displacement.
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FTIR spectroscopy

The FTIR method is used to analyze surface films and
investigate the impact of doping elements on the chemi-
cal properties of TiO,. Figure 4 shows the IR spectra of
TiO, undoped and TiO,-doped films with different Pd
loadings. The IR spectrum of undoped TiO, films on a
glass substrate exhibits absorption bands at 836, 540, and
478 cm™!, corresponding to vibrational modes attributed
to the stretching vibration of Ti—O-Ti bonds in TiO,
(Eleutério et al. 2020). In all spectra, a broader band cen-
tered around 1060 cm ™! is visible, corresponding to the
Si—O-Si bonds of the amorphous glass substrate (Music¢
etal. 2011).

The original vibration modes observed in TiO, films
exhibit an apparent decrease in intensity and a redshift of
the band around 890 cm™, which can be attributed to the
contribution of Pd to the TiO, crystal lattice. It is impor-
tant to mention that no vibration bands attributed to
Pd-O or Pd-TiOsbonding, as in the case of other previ-
ously reported perovskites, are appreciated by this tech-
nique (Perdomo et al. 2008; Portia et al. 2020).

X-ray photoelectronic spectroscopy (XPS)
XPS determined the oxidation state of the species pre-
sent in the TiO,-based film surface. Figure 5a—c shows

6.4 at.

% Pd

% Pd
e a2t

% Pd

2.8 at.

Undoped TiO,

Transmittance (a. u.)

777777777777777777777777777777
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Fig. 4 FTIR spectra of undoped TiO, and Pd-TiO, films prepared by CVD
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the XPS spectra of TiO, films with different Pd contents,
displaying the Ti2p, Pd 3d, and O 1 s regions. For the
undoped TiO2 film, the XPS spectra of Ti 2p present
two spin—orbit components, 2p1/2 and 2p3/2, at 464.2
and 458.5 eV, corresponding to Ti*" in a tetragonal
structure of TiO, (Barreca et al. 2007). Pd dopant pro-
motes notable changes in the chemical state of the films
due to the formation of a new species, as evidenced
by DRX and Raman spectroscopy. The dopant inser-
tion into the TiO2 film results in a partial reduction of
Ti** species to Ti*", as indicated by the deconvoluted
peaks in the Ti2p region (Fig. 5d). The increased Ti**
peak intensity may be related to the charge compensa-
tion by electrons for the substitutional doping of Pd*"
species for Ti*" (Sathasivam et al. 2015). The electrons
trapped in the vacancies interact with Ti*' to reduce
Ti**(Choudhury & Choudhury, 2012). Similarly, Fig. 5b,
e shows the Pd3 d region with a double structure, each
with two pairs of peaks. The first pair, at 336.7 and 342.4
eV, corresponds to Pd 3d>? and Pd 3d*? respectively.
These contributions can be attributed to the presence of
Pd*" from Pd-O and Pd-Ti—O interactions. The other
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pair of peaks, at 334.2 and 339.2 (of low intensity), is
attributed to Pd® (Feng et al. 2021). It should be noted
that Pd® formation was only observed in films contain-
ing 4.6 and 6.4% at. Pd, possibly due to the synthesis
conditions using Ar as a carrier gas, a proportion of
the Pd precursor reacts with the TiO2 precursor, while
another portion is reduced to Pd° at 400 °C. Finally,
Fig. 5¢, f present the O1 s signal, which is deconvoluted
into three peaks with binding energies of approximately
530.1, 532.3, and 533.6 eV. The peak at 530.1 eV (peak
I) is attributed to oxygen bonded in the perovskite-like
structure. In comparison, the peak at 532.3 eV (peak II)
is attributed to the oxygen vacancies generated by the
substitution of Ti in the crystal lattice and the formation
of Ti** species. Meanwhile, the peak at 533.6 eV (peak
III) is attributed to oxygen atoms adsorbed on OH spe-
cies, as reported in previous studies (Wu et al. 2015).

Scanning electron microscopy

SEM was used to study the morphological character-
istics of the CVD-deposited TiO, thin films and the
effect of Pd addition. Figure 6 shows the SEM images of

X50,000 WD 7.9mm  100nn

Fig. 6 SEM images of an undoped TiO,; b 2.8 at. % Pd; ¢ 3.7 at. % Pd; d 4.6 at.% Pd; e 6.4 at. % Pd
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the TiO, thin films. Semi-spherical agglomerates, char-
acteristic of nucleation and vapor-phase growth pro-
cesses, comprise the surface morphology of the TiO,
films. In this process, the precursor decomposes in the
gas phase and is carried to a thermally activated sub-
strate (at the deposition temperature), where heteroge-
neous reactions occur, forming the thin film.

The absence of well-defined grain boundaries indi-
cates that there is no preferential growth direction, as
they are deposited on amorphous substrates, and the
arrangement tends to follow a compact growth pattern.
Furthermore, Pd addition alters the surface morphol-
ogy, and new grain boundaries are observed, defining
regions formed by smaller particles with diameters
below 100 nm. In the case of higher Pd content, these
grain boundaries become less defined due to a signifi-
cant decrease in the domains constituting the mate-
rial. According to the XRD results, the inhibition of
anatase crystallization leads to a reduction in crystal
size; hence, the size of the particles consisting of crys-
tals should consequently decrease, as observed in the
Pd-doped TiO, films.

UV-Vis spectroscopy

Figure 7 shows the UV-Vis optical transmission spec-
tra of undoped TiO, and Pd-doped TiO, films, analyzed
at 300-1100 nm of wavelength. The TiO, spectrum is

100
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transparent in the visible range. It exhibits a wavy appear-
ance due to light interference phenomena, while Pd
incorporation causes a significant decrease in the opti-
cal transmission level at 6.4 at. % Pd from 80 to 50%. The
reduction in transmittance of the films with the addition
of Pd around 390 nm has been attributed to the excita-
tion of electrons from the valence band to the conduction
band.

This effect has been reported with dopant metals such
as Pd and Ni (Kavi Rasu et al. 2020). In turn, the varia-
tion of the absorption edge of TiO, towards longer wave-
lengths is related to a decrease in the band gap energy.
(Anis et al. 2019) On the other hand, this decrease in the
transmittance level of the Pd-doped films is related to the
UV-Vis radiation interaction of different phases, such
as PdO and PdTiO; compared to TiO,, as evidenced by
XRD, as well as the increase in film thickness because
of the increase in the metal content of the dopant. Fig-
ure 7b shows an inset corresponding to the Tauc graph
from which the band gap energy was determined to be
3.2 eV for the TiO, anatase phase. The bandgap energy of
the Pd-doped films is reported in Table 3. The refractive
index values of the films show a significant change in the
chemical properties with the addition of Pd. Similarly, the
thickness of the films was determined by the refractive
index. In general, the addition of the dopant increases
the thickness of the films. This result is expected since

i Undoped TiO,

1 a ——2.8at. % Pd
90 —— 3.7 at. % Pd

1 ——4.6 at. % Pd
80 ——6.4at. % Pd

Transmittance (%)
3
1

40 | Undoped TiO, film
30 4 H
20 s
10 321eV
0 T 1.0 15 2‘.0 E2r“5|ergl3‘§l (efi‘\5/) 4‘0 45 5.0]
T T T T T T T T T T T T T
300 400 500 600 700 800 900 1000 1100

Wavelength (nm)

Fig. 7 aTransmittance spectra of undoped TiO, and Pd-doped TiO, films. b Bandgap energy of the undoped TiO, film
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Table 3 Optical parameters of TiO, thin films

Film Band gap Band gap Refractive Film
energy (eV) energy (eV) index thickness
[Tauc plot] [PL spectra] (nm)

Undoped TiO, 3.2 32 25 202

2.8at. % Pd 3.0 29 29 237

3.7 at. % Pd 32 3.1 2.7 312

4.6at. % Pd 3.1 29 34 345

6.4 at. % Pd 24 2.7 56 278

the precursor content must be increased to increase the
dopant concentration in the film.

Photoluminescence spectroscopy

The optical excitation of a semiconductor and the subse-
quent emission of radiation by this system are collectively
referred to as photoluminescence (PL). This process
occurs when a semiconductor is excited by electromag-
netic radiation with an energy quantum greater than its
band gap, resulting in the generation of an electron—hole
pair (Ligiang et al. 2006). Therefore, the PL technique is
used to evaluate the recombination rate of charge carriers
and relate it to the photocatalytic activity of semiconduc-
tor materials. Figure 8 shows the photoluminescence (PL)
spectra of TiO,-doped and undoped films obtained using
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wavelength excitation at 380 nm. The spectrum of the
undoped film obtained using an excitation wavelength of
280 nm is included as an insert in Fig. 8. The inset shows
the characteristic band gap energy of TiO, at 3.23 eV.

The excitation peaks of the undoped TiO, films are
located at approximately 457, 459, 485, 519, 541, 475,
and 586 nm. Meanwhile, the PL spectra of thePd-doped
films exhibit peaks at similar wavelengths to those of
the undoped TiO, film. These visible emission peaks
have been attributed to electrons trapped in the oxygen
vacancies and defects of semiconductors (Gandhi & Wu
2017). However, the addition of Pd causes a significant
decrease in the PL intensity. It has been reported that the
incorporated metal dopant acts as an electron trap, sup-
pressing the electron—hole pair recombination process
and thereby increasing catalytic activity due to a more
significant number of available reactive species (Abdul-
lah et al. 2017). In this sense, the decrease in photolumi-
nescent intensity with the increase in the amount of Pd
added can be attributed to the fact that there is a slower
rate of recombination of electron-hole pairs, and con-
sequently, fewer electrons will return to the conduction
band, emitting less energy in the form of light (Daude
et al. 1977; Kavi Rasu et al. 2020). Although the decrease
in PL intensity is not proportional to the increase in
dopant concentration in the films, it can be generally
observed that there is an apparent decrease in the carrier
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recombination rate with the addition of Pd, which could
have a positive effect on the photocatalytic performance
of the films. Table 3 presents the bandgap energy of the
analyzed films, as determined by photoluminescence (PL)
spectra. Compared to the bandgap energy determined by
UV-Vis spectroscopy, both exhibit a decrease with the
addition of Pd with slight variations due to the technique
used. It is important to note that a decrease in crystal size
is associated with a decrease in photoluminescent inten-
sity (Metéis & Singh, 2014), resulting in higher catalytic
activity compared to the TiO, film.

Photocatalytic activity

The photocatalytic evaluation of the TiO,-based films
was carried out by monitoring the degradation reaction
of the carbinol-based malachite green dye under simu-
lated sunlight. Figure 9 shows the C/C, vs. reaction time
graph in which an evident decrease in the concentration
of the dye in the systems catalyzed by the thin films can
be seen. Table 4 shows the key parameters related to pho-
tocatalytic activity.

It is worth noting that the highest degradation was
observed at 4.6 at. % Pd film (67%), with its correspond-
ing highest reaction rate constant of 62.35 x 10~* min™,
compared to the other films evaluated. The photocata-
lytic activity of these films is related to several factors, as
evidenced by the study of their structural, morphologi-
cal, and optical properties, which were previously deter-
mined. Firstly, the doping of the TiO, crystal structure
at contents of 2.8 and 3.7 at. % Pd and the reduction of
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Table 4 Parameters of the photocatalytic evaluation in the
degradation reaction of MG dye

Film Band gap Rate constant Degradation
energy (eV) kx10~* (min~")? (%)?

Photolysis - 8.56 14.1

TiO, 32 24.64 34.7

2.8at. % Pd 29 33.84 440

3.7 at. % Pd 3.1 44.40 56.0

4.6 at. % Pd 3.0 62.35 67.0

6.4 at. % Pd 29 42.75 530

@ At 180 min of reaction

the crystal size, which could allow a stronger interaction
with the dye. Additionally, the well-known effect of dop-
ing on decreasing the bandgap energy and the recombi-
nation rate of charge carriers is also evident. Secondly,
the photoactivity observed in the film with 4.6 at. % Pd
appears to be related to the incipient formation of com-
bined Pd—O and Pd-Ti-O phases. Specifically, although
there are few reports, the formation of perovskite with Pd
is possible due to the metastable conditions generated in
the CVD reactor. According to XRD results, the transfor-
mation to the orthorhombic phase, as reported in ICDD
chart 440489, can be achieved by partially substituting
Ti*" ions with Pd** ions. The increase in Pd content leads
to the formation of PdO, which also, according to previ-
ous studies, may have some effect on the electronic struc-
ture of the base semiconductor and have an impact on
the decrease of the recombination rate of electron—hole

10 d——g
N .\.
T \ e
\\A \.\.
< )

o 0.6 - ’\\.\j\‘ o
S . ~_ \;\ —_
O E \\’\ N

0.4 - Photolysis L S v

' —e— undoped TiO, e

1 —a-28at%Pd ¢
—v— 3.7 at. % Pd
0.2 —+—46at. % Pd
| —<—-6.4at. % Pd

0.0 T T T T T T T T T T T T T T

-30 0 30 60 90 120 150 180
Time (min)

Fig. 9 Photocatalytic activity of TiO,-based films in the degradation of the MG dye
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pairs, which ultimately impacts on a higher photocata-
lytic efficiency (Ismail 2012; R. Wang et al. 2021). In addi-
tion, the presence of Pd’ in the films with 4.6 and 6.4 at. %
Pd, as determined by XPS, may influence photocatalytic
activity. In principle, it has been reported that Pd° is cata-
lytically active. Thus, the presence of Pd in the reduced
state may favor enhanced photodegradation under visible
light irradiation (Yu et al. 2015).

Figure 10 shows a plausible reaction mechanism for the
degradation of malachite green dye by Pd-doped TiO,
thin films. The absorption of visible-wavelength photons
causes the photocatalytic reaction on the surface of a Pd-
doped TiO, film, leading to the degradation of MG dye.
The electron/hole pair photogenerated by simulated sun-
light irradiation is mediated by the presence of the photo-
catalyst. The addition of Pd modifies the bandgap energy
and affects the trapping and recombination of the gener-
ated electrons and holes, thus decreasing the recombina-
tion rate of the electron/hole pair. The chemical species
present on the film surface favor the formation of O,*~
and HO* radicals, which oxidize the dye and reduce it to
smaller organic fragments that are finally mineralized to
CO, and H,O (Eq. 6-10).

The decomposition mechanism of the MG dye is
described as follows (Egs. 6-10):

TiO, — Pd + hv — TiO, — (e- + h') (¢

TiO; — Pd (e7) + Oy — TiO, — Pd (0,*7)
7)

MGgye + O3 — MGyye (fragments) — CO, + HyO
8)

TiO — Pd (h") +H,O — TiO; — Pd (OH*) + H  (9)

Mgdye + OH* — MGgye — CO2 + H20 (10)

hv
Visible
light

Pd doped TiO, thin film
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Conclusions

Pd-doped TiO, films with low Pd concentrations (2.8
and 3.7 at. % Pd) exhibit effective doping of the TiO,
structure, as evidenced by XRD, Raman, FTIR, and
XPS. This structural modification of TiO, results in a
decrease in crystal size and an increase in microdefor-
mation due to the presence of Pd, as it partially inhib-
its the crystallization of anatase. The known effect of
the addition of the dopant was observed in the slight
decrease in the bandgap energy of TiO, with the incor-
poration of Pd, as well as the consequent reduction in
PL intensity related to the inhibition of the recombi-
nation process of the e /h™ pair, or else, to the forma-
tion of oxygen vacancies and other surface defects.
Although photocatalytic efficiency is a multifactorial
phenomenon, in the present study, it can be observed
that in films with lower dopant concentrations, the
decrease in grain size, as determined by SEM, domi-
nates. This is because the formation of well-defined
and smaller grain boundaries generates zones of higher
reactivity within the film. Additionally, the decrease
in crystal size is associated with a reduction of photo-
luminescent intensity. On the other hand, an increase
in dopant concentration is not necessarily reflected
in an increase in photoactivity. Specifically, the 4.6 at.
The Pd film presents the highest photocatalytic activ-
ity, mainly attributed to the presence of Pd’, Pd**, Ti*",
and Ti*" species that can contribute to the formation of
OH* and O,* radicals or generate intermediate levels
in the energy band of TiO,. In the PdTiO; compound
specifically, Ti*" is replaced by Pd?*, and the genera-
tion of oxygen vacancies is necessary to compensate for
this charge imbalance. The role of photocatalytic activ-
ity played by surfaces containing Ti*" ions is signifi-
cant due to exhibiting good absorption of visible light.
Finally, it can be said that the photocatalytic activity
observed in Pd-doped TiO, films is strongly linked to

H,0

Fig. 10 Proposed reaction mechanism for the degradation of malachite green dye by Pd-doped TiO, thin films
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the compounds formed during the vapor phase syn-
thesis process and the balance between the higher or
lower activity attributed to the species formed, as well
as to the physical and optical properties of the film, is
a topic of interest to be studied, since the photoactiv-
ity of PdTiO4 which has not been previously explored is
being reported.
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