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ated Pd precursors and
preparation methods on properties and activity of
Pd/TiO2 catalysts†

Ye Eun Kim, ab Mi Yeon Byun,ac Kwan-Young Lee *b and Man Sig Lee *ad

We investigated the effects of Pd precursors and preparation methods on the physicochemical properties

and performance of Pd/TiO2 catalysts in the photocatalytic degradation of methyl violet. To confirm the

influence of the precursors, Pd/TiO2 catalysts were prepared via chemical reduction (CR) using four

different Pd precursors. Additionally, to determine the effects of preparation methods, Pd/TiO2 catalysts

were fabricated using K2PdCl4 precursor via three different methods: CR, deposition–precipitation (DP),

and impregnation. The CO chemisorption results showed that the catalyst prepared via DP using the

K2PdCl4 precursor, i.e., Pd/TiO2_K_DP, displayed the highest Pd dispersion of 12.42% owing to the stable

formation of Pd(OH)2, which strongly interacted with the –OH groups on the TiO2 support. Although the

catalyst prepared via CR using the Pd(NH3)4Cl2$H2O (PA) precursor, i.e., Pd/TiO2_PA_CR, had the lowest

Pd dispersion of 0.7%, it exhibited the highest absorption of 26% after 30 min in the dark. It was found

that high Pd2+/Pd0 ratio in dark conditions adversely affected the absorption of MV owing to

electrostatic repulsion between the cationic dyes and metal nanoparticles. However, the Pd dispersion

and the specific surface area played a key role in the photocatalytic activity under UV irradiation. Pd/

TiO2_K_CR with higher Pd dispersion showed the highest photocatalytic activity and reaction rate of

0.0212 min�1.
Introduction

Methyl violet, a cationic, basic, and hazardous dye, is exten-
sively used in various industries.1 Approximately 20% of the
commercial dye used is discarded.2 It is not removed via
washing with water and causes water pollution. In general, only
80% of the dye molecules and chemical mixtures can be
decolorized.3 Dye effluents are harmful to living beings and
pose the risk of cancer to humans.4 Countless research papers
have been published on biological, physical, and electro-
chemical methods for the successful removal of dye particles.5–7

Photocatalytic degradation of dye molecules is an efficient and
environment-friendly process to remove organic pollutants and
does not produce additional toxic by-products.

Photocatalysts are typically fabricated from semiconductors
owing to their unique physical and chemical properties under
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light irradiation. Among a wide range of semiconductors, TiO2

has attracted signicant attention owing to its high chemical
and thermal stability, low cost, and non-toxicity. In recent
reviews, the deposition of noble metals such as Ag, Au, Pd, and
Pt was found to improve the photocatalytic performance
signicantly. Many studies have shown that Pd/TiO2 exhibits
higher photocatalytic activity compared with that of pristine
TiO2.8–10 Khojasteh et al. demonstrated that the metallic state
further enhanced the photodegradation of rhodamine B owing
to the creation of a Schottky barrier between Pd0 and TiO2.11 Wu
et al. reported enhanced adsorption capacity of NO over Pd2+

modied on TiO2.12 Meng et al. reported that Pd2+ doped on
semiconductors increased the photodegradation of rhodamine
B by narrowing the band gap of the latter.13

Herein, we investigated the effects of four Pd precursors and
three preparation methods on the Pd charge states and photo-
catalytic activity of the corresponding Pd/TiO2 catalysts based
on their photocatalytic degradation of methyl violet 2B (MV).
Experimental
Materials

Palladium(II) chloride (PdCl2, 99.9%), palladium(II) nitrate
hydrate (Pd(NO3)2$2H2O, $99.0%), tetraamine palladium(II)
chloride (Pd(NH3)4Cl2$H2O, 98%), hydrochloric acid (HCl
solution, 38%), sodium chloride (NaCl, 99.9%), sodium tartrate
This journal is © The Royal Society of Chemistry 2020
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(Na2C4H4O6, $99.0%), sodium hydroxide (NaOH, 99.8%),
sodium borohydride (NaBH4, 98.0%), and 5,5-dimethyl-pyrro-
line-N-oxide (DMPO) were purchased from Sigma Aldrich.
Potassium tetrachloropalladate(II) (K2PdCl4, 99.99%) and
sodium formate (HCOONa, 99.0%) were purchased from Alfa
Aesar. Commercial TiO2 (P25) was purchased from Evonik
Degussa.

Preparation of catalysts

The Pd precursors were prepared by dissolving 0.1 mol PdCl2 in
0.2 M HCl solution or 0.2 M NaCl solution and 0.1 mol of
K2PdCl4, 0.1 mol Pd(NO3)2$2H2O, and 0.1 mol Pd(NH3)4-
Cl2$H2O in distilled water.

A series of 5 wt% Pd/TiO2 catalysts was prepared via chemical
reduction (CR) using four different Pd precursors: H2PdCl4 (H),
K2PdCl4 (K), Na2PdCl4 (N), and Pd(NH3)4Cl2$H2O (PA). We then
prepared Pd/TiO2 catalysts using the precursor K via three
different methods of preparation: CR, deposition–precipitation
(DP), and impregnation (IM).

In the CR method, 5.64 mL of 0.1 M Pd precursor was sus-
pended into 0.15 mmol Na2C4H4O6 in 150 mL of distilled water
at 5 �C, following which 1.14 g of TiO2 support was added. A
0.02 M NaOH solution was injected to adjust the pH value to 11
and the mixture was stirred for 2 h. Thereaer 30 mmol NaBH4

in 100 mL of distilled water was injected to reduce the Pd2+ ions
in the aqueous medium and the mixture was stirred for an
additional 2 h. Aer reduction for 2 h, the solution was ltered,
washed, and dried at 105 �C for 12 h.

In the DP method, 100 mL of distilled water was heated to
60 �C, following which 0.1 M K2PdCl4 was added and 1.14 g of
TiO2 support was suspended into the solution. Next, 0.25 M
NaOH was added to the TiO2 suspension to adjust the pH value
to 11 for 3 h. Thereaer, 30 mmol HCOONa in 100 mL of
distilled water was injected and the mixture was stirred for
another 3 h. The solution was ltered, washed, and dried at
105 �C for 12 h.

In the IM method, 0.1 M K2PdCl4 in 50 mL of distilled water
was stirred with 1.14 g of TiO2 support for 1 h to impregnate the
Pd precursor. Aer the excess water had evaporated, the
impregnated catalysts were dried at 105 �C for 1 h, calcined in
air at 400 �C for 4 h, and then heated at 200 �C for 2 h in a 4%
H2/N2 ow.

The catalysts prepared were denoted by Pd/TiO2_A_B (A: Pd
precursor, B: preparation method).

Catalyst characterization

To identify the phase compositions of the catalysts prepared,
their X-ray diffraction (XRD) patterns were obtained using a D/
MAX 2500-V/PC instrument (Rigaku, Japan) with Cu Ka radia-
tion. The 2q scanning range was 10–80� at a scan rate of
5� min�1. The physical properties of the support and the cata-
lysts prepared were studied based on N2 adsorption–desorption
at 77 K using a Brunauer–Emmett–Teller (BET) apparatus on an
ASAP 2020 instrument (Micromeritics, USA). Each sample was
degassed under vacuum (<10mmHg) at 150 �C for 4 h before N2

physisorption. Micropore volume was calculated by the
This journal is © The Royal Society of Chemistry 2020
Horvath–Kawazoe (HK) method assuming slit pore geometry.
To conrm the functional groups on the support and catalysts,
Fourier transform infrared spectroscopy (FT-IR) was performed
with a 1700 series FT-IR spectrometer (PerkinElmer, USA) in the
400–4000 cm�1 range using the KBr pellet method. The CO
chemisorption measurements were carried out using an ASAP
2020 instrument (Micromeritics, USA) to identify the Pd
dispersion and amount of CO adsorbed. The catalysts prepared
were evacuated at 200 �C for 30 min and reduced in H2 at 250 �C
for 2 h. Subsequently, they were evacuated again at 250 �C for
2 h and then cooled to 35 �C. The temperature-programmed
desorption of CO (CO-TPD) was performed using an
AutoChem 2920 instrument (Micromeritics, USA). Approxi-
mately 0.1 g of each Pd/TiO2 catalyst was placed in a reactor and
CO (10%CO/He, 50mLmin�1) was adsorbed at a heating rate of
5� min�1 as the temperature was increased from 40 �C to 500 �C.
The Pd particle size and distribution were obtained using a JEM-
2010 transmission electron microscope (JEOL, Japan) operated
at 200 kV with an optical point-to-point resolution of 0.23 nm.
The X-ray photoelectron spectroscopy (XPS) analyses were
carried out using a K-Alpha+ instrument (Thermo Fisher
Scientic, USA). The diffuse reectance spectra were analyzed
using an ultraviolet-visible light (UV-vis) spectrophotometer
(Shimazu, Japan) in the wavelength range 200–700 nm to
calculate the band gap energies. BaSO4 was used as the refer-
ence sample. The generation of the reactive oxygen species
(ROS) was observed by the JES-TE200 electron spin resonance
(ESR, JEOL, Japan). DMPO was used as hydroxyl radical (cOH)
spin trapping agent and its concentration was 100 mM. The
catalyst was suspended in DMPO aqueous solution. Aer UV
irradiation for 5 min, the sample was taken very quickly and
analyzed. ESR spectroscopy was measured under the following
conditions: microwave power ¼ 18.7 mW, microwave frequency
¼ 9.418 GHz, center eld ¼ 340.1 mT, modulation frequency ¼
100 kHz, and sweep time ¼ 2 min.
Catalytic performance

The photocatalytic degradation of MV was carried out via the
addition of 50 mg of catalyst into 50 mL of 25 ppm MV dye
solution. The UV irradiation was provided by a 20 W UV lamp
(Hangzhou Lijing Lighting Co., Ltd., China) with 365 nm
wavelength radiation and an intensity of 1100 mW cm�2. The
reactor was placed such that the sample was perpendicular to
the UV light source at a distance of 10 cm. Each suspension
prepared was magnetically stirred at 25 � 2 �C in the dark for
30 min such that adsorption–desorption equilibrium of the MV
dye on the catalyst surface was achieved. Aer 1 h of UV irra-
diation, 2 mL of the suspension was withdrawn. The change in
the MV concentration was monitored using a UV-vis spectro-
photometer (Hach, USA) at a wavelength of 584 nm.

Degradation efficiency ð%Þ ¼
�
A0 � A

A0

�
� 100;

where A0 is the MV concentration aer adsorption equilibrium
and before UV irradiation, and A is the MV concentration aer
irradiation.
RSC Adv., 2020, 10, 41462–41470 | 41463

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra07510h


Fig. 1 XRD patterns of TiO2 support and Pd/TiO2 catalysts prepared by
different Pd precursors and preparation methods.

Fig. 2 N2 adsorption–desorption curve (a) and pore size distribution
(b) of TiO2 support and Pd/TiO2 catalysts.

Fig. 3 FT-IR spectra of TiO2 support and Pd/TiO2 catalysts.
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Results and discussion
Catalyst characterization

Fig. 1 presents the XRD patterns of the Pd/TiO2 catalysts
prepared using different Pd precursors and preparation
Table 1 Textural properties of TiO2 support and the catalysts prepared

Samples Precursors Preparation methods

TiO2

Pd/TiO2_H_CR H2PdCl4 (H) CRa

Pd/TiO2_K_CR K2PdCl4 (K) CR
Pd/TiO2_N_CR Na2PdCl4 (N) CR
Pd/TiO2_PA_CR Pd(NH3)4Cl2$H2O (PA) CR
Pd/TiO2_K_DP K2PdCl4 (K) DPb

Pd/TiO2_K_IM K2PdCl4 (K) IMc

a CR: chemical reduction. b DP: deposition–precipitation. c IM: impregna
(HK) method.

41464 | RSC Adv., 2020, 10, 41462–41470
methods. Pristine TiO2 and Pd/TiO2 exhibited distinct peaks of
the anatase phase at 25.60�, 38.03�, 48.29�, 53.94�, 55.05�,
62.66�, and 68.93� corresponding to the Miller indices (101),
(004), (105), (211), (204), (116), and (215), respectively.

Additionally, the XRD peaks of the rutile phase were
observed at 27.45�, 36.09�, and 54.33� corresponding to the
Miller indices (110), (101), and (111), respectively.14 In contrast,
a decrease in intensity at 2q ¼ 25.60� was observed aer the
addition of Pd. This decrease was attributed to the presence of
Pd atoms, which functioned as impurities or adatoms, resulting
in a lower degree of crystallinity. Additionally, there were no
distinct XRD peaks of Pd. This was probably because the Pd
atoms were located in the bulk TiO2 crystals.

Fig. 2 shows the N2 adsorption–desorption isotherms of bare
TiO2 and the Pd/TiO2 catalysts. According to the IUPAC classi-
cation, the adsorption isotherm of bare TiO2 was of type H4
and indicated slit-like pores. The adsorption–desorption
isotherms of the Pd/TiO2 catalysts prepared changed into that
of type H1 hysteresis and exhibited narrow distributions of
relatively uniformmesopores. The BET surface areas, pore sizes,
and pore volumes of the support and the catalysts prepared are
listed in Table 1. The BET surface area of Pd/TiO2 decreased
because the pores of TiO2 were lled with the NaOH used to
adjust the pH values as well as the Pd nanoparticles.

However, the pore size and pore volume calculated using the
Barrett–Joyner–Halenda (BJH) model increased. The NaOH
used as a precipitating agent blocked the pores and was then
deposited on the outer surface of the TiO2 support.15 The BET
by different Pd precursors and preparation methods

SBET (m2 g�1) Vmeso (cm
3 g�1) Vmicro

d (cm3 g�1) Dp (nm)

51.21 0.131 0.019 12.56
50.10 0.436 0.019 33.58
42.86 0.380 0.015 28.70
49.32 0.330 0.018 27.88
45.32 0.376 0.017 29.46
31.63 0.399 0.014 25.84
39.63 0.263 0.015 24.04

tion method. d Micropore volume calculated by the Horvath–Kawazoe

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 CO-TPD spectra of Pd/TiO2 catalysts (catalysts heating from 40
to 500 �C with heating rate of 5 �C min�1).

Table 2 CO chemisorption data of the prepared Pd/TiO2 catalysts

Catalysts
Metal
dispersion (%)

Metallic surface area
(m2 g�1 of metal)

Crystallite
size (nm)

Pd/TiO2_H_CR 8.01 35.70 14.00
Pd/TiO2_K_CR 11.16 46.70 10.04
Pd/TiO2_N_CR 5.14 22.89 21.81
Pd/
TiO2_PA_CR

0.74 3.31 151.03

Pd/TiO2_K_DP 12.42 55.37 9.01
Pd/TiO2_K_IM 3.80 16.93 29.48
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surface area of the Pd/TiO2_K_IM catalyst drastically decreased
as its pores collapsed during calcination.

The FT-IR analysis was conducted to conrm the various
functional groups present in the TiO2 support and Pd/TiO2

catalysts and the results are presented in Fig. 3. The FT-IR
spectra was derived in the range 4000–400 cm�1. There were
broad bands at 3700–3400 cm�1 and 750–520 cm�1, indicating
v(OH) stretching and Ti–O stretching vibration, respectively.
The weak bands at 1700 cm�1 corresponded to d-H2O bending.
In the case of Pd/TiO2_K_IM, the band intensities at all wave-
numbers decreased owing to the collapse of its pores during
calcination.

The CO-TPD proles of the catalysts prepared using different
Pd precursors and preparationmethods are shown in Fig. 4. The
CO-TPD intensity varied with the amount of active sites avail-
able for CO adsorption. Two shoulder CO desorption peaks at
approximately 80 �C and 170 �C were observed for Pd/TiO2_-
K_CR and Pd/TiO2_K_DP, respectively. Desorption peaks cor-
responding to lower dispersion and larger crystalline size were
exhibited at higher temperatures (Tdesorption > 227 �C) because of
the lower Pd–CO bonding energy.14,15 Rieck et al. ascribed peaks
at low temperatures (Tdesorption < 327 �C) and high temperatures
(Tdesorption > 327 �C) to linear-bonded CO and bridge-bonded
CO, respectively.18 Another study showed that the desorption
of CO bound in the lower coordination sites on smaller Pd
clusters occurred at lower temperatures owing to the weak
intensity of the CO–Pd interaction.16,17 The weak desorption
peak of Pd/TiO2_PA_CR shied to a higher temperature
This journal is © The Royal Society of Chemistry 2020
(approximately 580 �C), which was assigned to the strong
adsorption of CO and low metal dispersion. Consequently, the
intensities of the TPD peaks were ascribed to two aspects: (i)
inuence of Pd particle size, and (ii) amount of linear-bonded
CO species.

The results of CO chemisorption are given in Table 2. The Pd
dispersion of the catalysts synthesized varied from 0.74% to
12.42% depending on the nature of the precursor salt and the
preparation method. The degree of dispersion using different
Pd precursors followed the trend Pd/TiO2_K_CR > Pd/TiO2_-
H_CR > Pd/TiO2_N_CR > Pd/TiO2_PA_CR. Kettemann et al.
revealed that Pd chloride precursors in aqueous solutions were
mainly present in the form of [PdCl4]

2� and [PdCl3(H2O)]
�,

which reacted with NaOH to form Pd(OH)2.19 It was further
determined that Pd(OH)2 had strong interactions with the –OH
groups present on the surface of the support, leading to higher
Pd dispersion. We suggested that Pd dispersion was related to
the formation rate of Pd(OH)2. When the CR method was
employed in the present work, enhanced impregnation was
achieved using the K2PdCl4 precursor whereas the lowest
dispersion was attained with the impregnation of the
Pd(NH3)4Cl2 precursor. Monteiro et al. reported that higher
dispersion using chloride precursors (PdCl4

2�) was obtained
owing to the stronger interaction between the Pd anions and the
–OH groups on the support.20 Among K2PdCl4, H2PdCl4, and
Na2PdCl4, K2PdCl4 may form polynuclear hydroxo complexes
([Pd(OH)2]n) more rapidly than the other two chloride precur-
sors.19,21 This suggests that the smaller, hydrated Pd(OH)2 easily
precipitates into the pores on the support while Pd(NH3)4Cl2
prevents the bulkier Pd2+ ion complexes from being deposited
inside the pores. In addition, the Pd dispersion and crystallite
size vary evidently with the preparation method. The dispersion
of Pd/TiO2_K_CR (approximately 11%) and that of Pd/TiO2_-
K_DP (approximately 12%) were not signicantly different. We
supposed that the nucleation and growth rate of the Pd particles
via ion exchange between the charged surface and Pd2+ ions in
the CR and DP methods were similar.

As shown in Fig. 5, eld emission-transmission electron
microscopy (FE-TEM) images were used to conrm the Pd
particle sizes and distributions of the Pd/TiO2 catalysts
prepared using different Pd precursors and preparation
methods. The average Pd particle size was calculated based on
a count of approximately 200 nanoparticles. When the catalysts
were prepared via the CR method with different types of Pd
precursors, the Pd particle size and distribution were inuenced
by the nature of the precursor. The average particle sizes of Pd/
TiO2_K_CR and Pd/TiO2_N_CR were 2.1 nm and 3.5 nm,
respectively. However, Pd/TiO2_PA_CR had the largest particle
size and broadest Pd size distribution. This was because the
ammoniacal salt had a weaker precursor–support interaction
compared with those of the nitrate and chloride precursors,
which, combined with its bulky size, prevented deeper pene-
tration into the micropores. Among the Pd/TiO2_K catalysts
prepared via the three preparation methods, Pd/TiO2_K_IM
exhibited the broadest Pd particles and largest particle size of
5.9 nm owing to the chromatographic effect. Fig. 5b reveals that
Pd/TiO2_K_DP had the smallest and most uniform Pd particles
RSC Adv., 2020, 10, 41462–41470 | 41465
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Fig. 5 FE-TEM images and Pd particle size distribution of Pd/TiO2 catalysts: (a) Pd/TiO2_H_CR, (b) Pd/TiO2_K_CR, (c) Pd/TiO2_N_CR, (d) Pd/
TiO2_PA_CR, (e) Pd/TiO2_K_DP, and (f) Pd/TiO2_K_IM and a HR-TEM image of (g) Pd/TiO2_K_CR.
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in agreement with the CO chemisorption results. The Pd
particle size increased with Pd dispersion.

Fig. 6 and Table 3 show that the Pd 3d5/2 peak in the Pd/
TiO2_K_CR spectrum is deconvoluted into two peaks observed
at 333.4–334.9 eV (Pd0) and 335.8–336.2 eV (Pd2+), respectively.22
Fig. 6 XPS spectra of Pd/TiO2 catalysts: (a) Pd/TiO2_PA_CR, (b) Pd/
TiO2_N_CR, (c) Pd/TiO2_H_CR, (d) Pd/TiO2_K_CR, (e) Pd/TiO2_K_DP,
and (f) Pd/TiO2_K_IM.

41466 | RSC Adv., 2020, 10, 41462–41470
Despite the presence of a reducing agent, the Pd nanoparticles
supported on TiO2 were not completely reduced owing to the
strong interaction between them. The XPS results indicated that
the binding energies (BEs) of the catalysts with higher disper-
sion shied positively, which exhibited higher Pd/Ti atomic
ratio. On the other hand, the peaks of the catalysts with lower
dispersion exhibited lower Pd/Ti atomic ratio. A good correla-
tion was observed between the BE values and the dispersion of
Pd measured via CO chemisorption. Moreover, the Pd2+/Pd0

ratio of each catalyst was compared. In the case of the Pd/
TiO2_K_DP and Pd/TiO2_K_CR catalysts with higher Pd disper-
sion, the Pd 3d5/2 peaks shied to higher BE and exhibited not
only the highest Pd/Ti atomic ratio but also the highest Pd2+/Pd0

ratio. However, the Pd/Ti atomic ratio of Pd/TiO2_PA_CR with
the lowest Pd dispersion was much lower than that of Pd/
TiO2_K_DP. The Pd 3d5/2 BE of Pd/TiO2_PA_CR was exhibited at
334.5 eV and 335.7 eV and the Pd0 peak area was much larger
Table 3 Binding energies (BEs) of Pd 3d5/2 and Pd/Ti atomic ratio of
Pd/TiO2 catalysts

Catalysts

BEs of Pd 3d5/2
(eV) Atomic ratio

Pd0 Pd2+ Pd2+/Pd0 Pd/Ti

Pd/TiO2_H_CR 334.9 336.0 1.11 0.077
Pd/TiO2_K_CR 334.8 336.1 1.10 0.079
Pd/TiO2_N_CR 334.7 336.1 0.53 0.056
Pd/TiO2_PA_CR 334.5 335.7 0.54 0.040
Pd/TiO2_K_DP 334.7 335.9 1.14 0.079
Pd/TiO2_K_IM 335.8 337.2 0.19 0.032

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 ESR spectra of the cOH radical adduct trapped by DMPO over
the prepared Pd/TiO2 catalysts. All the spectra were measured after
5 min of UV light irradiation.
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than the Pd2+ peak area. Mahata et al. proposed that the PA
precursor has four ligands with NH3, which act as a reducing
agent and facilitate the reduction of the Pd2+ ions.23 We sug-
gested that the chemical state of Pd was inuenced by the
formation rate of Pd(OH)2 as well as the intensity of the Pd–O–Ti
chemical bonding.

When the Pd–O–Ti bond was formed, electrons were trans-
ferred from Pd to Ti at the Pd–O–Ti interface, forming the Pd2+

cationic species.24 The XPS results revealed that the shi in the
Pd 3d5/2 BE was inuenced not only by the Pd crystalline size
but also by the intensity of the precursor–support interaction.
We conrmed that stronger interaction caused a positive shi
in the Pd 3d5/2 BE. The Pd chemical states of the catalysts
prepared via several methods are listed in Table 3. The XPS
spectrum of Pd/TiO2_K_IM displayed two peaks at 335.8 eV and
337.2 eV, which were attributed to the metallic Pd and PdCl2
moieties from the Pd precursor, respectively. This electronic
state was clearly different than those of the catalysts prepared
via the DP and CR methods.

The Tauc plots of the Pd/TiO2 catalysts were converted using
the Kubelka–Munkmethod, as shown in Fig. S1.† The Tauc plot
equation was used:

ahn ¼ A(hn � Eg)
n,

where a is the absorption coefficient, A is a constant, hn is the
photon energy, and Eg is the band gap. When n ¼ 1/2, the direct
band gap can be measured using the Tauc equation.25

The direct band gap energy of each catalyst was estimated
using the Tauc plot. The band gaps of all the Pd/TiO2 catalysts
prepared were narrower than that of pristine TiO2, previously
reported to be 3.2 eV.26,27 The band gaps of all the catalysts
synthesized were in the range 2.88–3.03 eV. In other words, the
catalysts absorbed visible light of wavelength 400–600 nm,
resulting in the excitation of electrons in the valence band (VB)
to the conduction band (CB) with lower energy. The band gap of
Pd/TiO2_PA_CR was slightly lower than those of the catalysts
synthesized using other Pd precursors. According to the
quantum connement theory, the band gap energy decreases
with increase in nanoparticle size.28,29 However, Pd/TiO2_K_IM
had a slightly higher band gap of 3.03 eV compared with those
of the other catalysts. This might have been caused by the
presence of the PdCl2 moieties, as discerned from the XPS
results. Sivaraman et al. reported that Cl atoms as anionic
dopants increased the band gap values and enabled abundant
absorption of light in the shorter wavelength spectra.30 Thus,
these UV-vis spectra results demonstrated that the band gap
was inuenced by the nanoparticle size and dopant state.

In order to identify the generation of the reactive oxygen
species (ROS), the ESR spin trap with DMPO was performed.31

Fig. 7 displays the ESR spectra of the DMPO–cOH adducts under
UV irradiation for 5 min in the presence of Pd/TiO2 catalysts.
DMPO aqueous solution was selected as the spin trapping agent
of hydroxyl radicals. As shown in Fig. 7, the four peaks with
1 : 2 : 2 : 1 intensity ratio were clearly observed except for Pd/
TiO2_PA_CR under UV illumination. The ESR signals of Pd/
TiO2_K_CR had the strongest intensities than other catalysts,
This journal is © The Royal Society of Chemistry 2020
which can generate more cOH radicals. This is ascribed to its
smallest Pd particle size, leading to facilitate the rapid diffusion
of the photoinduced carriers and reduce the recombination of
the carriers. Thus, more cOH radicals could be formed by more
electrons and holes and this result was consistent with the
photocatalytic activity.

Catalytic performance

The catalytic performance of the Pd/TiO2 catalysts prepared
using different Pd precursors and preparation methods was
evaluated based on their photocatalytic degradation of MV
under UV irradiation. Fig. 8a shows the comparative decolor-
ization of MV by all the catalysts in the dark and under UV
irradiation.

In the dark, the MV concentration slightly decreased in all
the cases because of its adsorption on the surfaces of the
catalysts. While Pd/TiO2_K_DP showed the least absorption of
17% in the dark, Pd/TiO2_PA_CR revealed the highest absorp-
tion of 26%. The increased absorption could be due to its
surface charge. Methyl violet is a cationic dye classied as
a Lewis acid and can easily adsorb onto negatively charged
surfaces.32 With the lower Pd2+/Pd0 of Pd/TiO2_PA_CR, it may be
greatly absorb MVmolecules due to its less repulsive interaction
between MV molecules and the surface of the catalyst.

In Fig. 8, a remarkable improvement in degradation was
observed under UV irradiation. The photocatalytic degradation
rates under UV irradiation followed the trend Pd/TiO2_K_DP <
Pd/TiO2_PA_CR < Pd/TiO2_K_IM < Pd/TiO2_H_CR < Pd/TiO2_-
N_CR < Pd/TiO2_K_CR. Although Pd dispersion of Pd/TiO2_-
K_CR (11.16%) had similar to Pd/TiO2_K_DP (12.42%), Pd/
TiO2_K_CR showed the largest rate of reaction constant (k) of
0.02191 min�1 and 2.03 times higher than Pd/TiO2_K_DP. This
could be that Pd/TiO2_K_DP had the lowest specic surface area
and highest Pd2+/Pd0 ratio, resulting in lower absorption and
mass transfer of MV molecules.33 Generally, the photocatalytic
activity depends on the particle size of the metal, band gap,
mesoporous volume, and surface area. Among the catalysts
prepared using the H, K, and N precursors, Pd/TiO2_N_CR had
the lowest activity owing to low Pd dispersion and mesopore
volume. It is known that catalytic activity is additionally
RSC Adv., 2020, 10, 41462–41470 | 41467
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Fig. 8 Photocatalytic activity of Pd/TiO2 catalysts for photo-
degradation of MV in dark and under UV light irradiation (a) and first-
order fitting curves of the catalysts (b).

Scheme 1 A proposed mechanism for photocatalytic degradation of
MV over Pd/TiO2 catalysts.
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inuenced by the dispersion of the metal nanoparticles.34–36 The
low activity of Pd/TiO2_N_CR was attributed to its lower Pd
dispersion and mesopore volume, which hindered charge
transfer between the Pd nanoparticles and TiO2 support and
mass transport.37,38

In the present work, the adsorption in the dark relied on the
Pd2+/Pd0 ratio due to the electrostatic repulsion with the
cationic dye. Furthermore, we found that the photodegradation
performance under UV illumination were signicantly depen-
dent on Pd dispersion, Pd particle size, and specic surface
area. Therefore, we can assume that the Pd2+/Pd0 ratio on the
surface and the band gap are crucial factors inuencing the
photocatalytic degradation of MV.
Fig. 9 Photocatalytic degradation of MV at different catalyst amounts
of Pd/TiO2_K_CR. C is the absorbance of MV at 584 nm.

41468 | RSC Adv., 2020, 10, 41462–41470
Fig. 9 presents the effect of 5 wt% Pd/TiO2_K_CR catalyst
amounts on the photocatalytic activity. To investigate the
optimal catalyst amount, the catalyst amounts were varied from
0.5 g L�1 to 2.0 g L�1. The results revealed that the photo-
catalytic activity remarkably enhanced from 0.5 g L�1 to 1.0 g
L�1. When the catalyst amount was 2.0 g L�1, the degradation
curve was similar to 1.0 g L�1. 160 min was taken to sufficiently
achieve the decolorization efficiency of 99.67%.

Based on the above results, a suggested mechanism of the
photocatalytic degradation of MV by the Pd/TiO2 catalysts is
depicted in Scheme 1 and represented by the following scheme.

TiO2 + hn / e� + h+ (1)

h+ + OH� / cOH (2)

e� + O2 / O2c
� (3)

h+ + H2O / OHc + H+ (4)

cOH + MV / MVc + OH� (5)

Dye + OHc / degradation products (6)

Water molecules compete with the MV dye molecules for
adsorption onto the catalyst in the solution. Under UV irradia-
tion, the electrons of TiO2 are elevated from the VB to the CB
and holes are generated in the VB. The photoinduced electrons
then migrate to the Pd nanoparticles working as scavengers,
which act like electron traps and reduce the recombination of
electron–hole pairs.38–40 The Pd2+ species on the catalyst are
then reduced by the photoinduced electrons upon irradiation,
which diminishes electrostatic repulsion. The free OH� on the
surface of TiO2 captures the holes in the VB of TiO2 to produce
the cOH radical.

A possible degradation pathways of MV are the destruction
of MV chromophore structures and N-de-methylation.41,42 The
produced cOH radical attack on MV and the cationic radical
MVc+. Then, MVc+ was continuously degraded via attack of cOH
This journal is © The Royal Society of Chemistry 2020
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radical and N-de-methylation, resulting in N,N-dimethylami-
nobenzene, aminobenzene, acetamide, 2-propenoic acid, etc.
These are further mineralized into CO3

2� and NO3
2�.

Conclusions

We have shown that Pd dispersion and catalytic performance
are remarkably affected by the type of Pd species in solution and
catalyst preparation method. The catalytic performance was
tested based on the photocatalytic degradation of MV. In
particular, higher dispersion of Pd was obtained on the Pd/TiO2

catalyst prepared via the CR method with the K precursor
compared with those achieved using other Pd precursors. The
catalyst obtained via deposition–precipitation, i.e., Pd/TiO2_-
K_DP, exhibited the highest dispersion of 12.42% among those
prepared via the three different methods. This was ascribed to
the formation of Pd(OH)2, which exhibited strong interaction
with the –OH group as well as a strong chemical bond of Pd–O–
Ti. Further, the Pd2+/Pd0 ratio increased with Pd dispersion. The
photocatalytic degradation of MV was chosen to evaluate the
photocatalytic activities of Pd/TiO2 catalysts. Pd/TiO2_PA_CR
showed the highest adsorption in the absence of UV light due to
lower Pd2+/Pd0 ratio. It was found that high Pd2+/Pd0 ratio in
dark condition adversely affected the absorption of MV owing to
electrostatic repulsion between MV+ and metal nanoparticles.
However, the Pd dispersion and the specic surface area played
a key role in the photocatalytic activity under UV irradiation. Pd/
TiO2_K_CR with higher Pd dispersion showed the highest
photocatalytic activity and reaction rate of 0.0212 min�1.
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