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Abstract
Samples of deposited Pd on titania were prepared through photoreduction method in the absence and presence of different
organic alcohols with different carbon numbers and molar weights as sacrificial electron donors (SED). It was observed that
palladium nanoparticles were photoreduced and deposited with the rates of 0.55, 0.54, 0.44, and 0.38μmol/g/min on titania in the
presence of methanol, ethanol, ethylene glycol, and 1-propanol, respectively. However, the deposition rate was 0.22 μmol/g/min
in the absence of any SED, indicating the significant enhancement of reduction rate in the presence of the alcohols. The results
proved that the alcohols with lower carbon numbers and molar weights resulted in a higher reduction rate of Pd on TiO2. The
highest rate of Pd photoreduction (0.55 μmol/g/min) was obtained by using methanol, in which the highest dispersion percentage
of metal palladium particles (22.32%) with the highest depositing amount (2.8 wt%) was measured. In addition to the FT-IR
spectra of the surface palladium carbonyls, atomic absorbance spectroscopy and pulse CO chemisorption evaluations showed
that employing a higher reduction rate is a key factor in obtaining a high palladium loading on TiO2. XRD patterns showed that
all the Pd particles were deposited in metallic form. According to the EDS analysis, ethylene glycol was the most appropriate
SED in complete removal of Cl.

Keywords Photodeposition . Pd nanoparticles . Titanium oxide . Sacrificial electron donor . Alcohols . CO FT-IR

Introduction

TiO2 has served widely as a photocatalyst for degradation of
environmental pollutants as well as H2 production. Despite
numerous explorations carried out on titania, its photocatalytic
enhancement including wide band gap (3.2 eV) and quick
charge carriers recombination is still under survey.
Reduction of the band gap to below 3.0 eV is essential to
provide an excitable semiconductor under solar or visible light
radiation. Otherwise, only up to 5% of sunlight can be
absorbed by this metal oxide to produce reactive electron-
hole pairs [1]. Also due to rapid recombination of photoexcit-
ed electrons and holes, titania exhibits a low photocatalytic
activity. In order to improve titania efficiency and the detract

mentioned impediments, various methods of ion doping, sen-
sitization, semiconductor compositing, and surface metal im-
plantation have been proposed [2]. Among these methods, the
implantation of metal nanoparticles (NPs) such as Pt, Pd, Ag,
and Ni on the surface of titania (metal@TiO2) can inhibit
charge carriers recombination and at the same time expose
more active metallic sites [3–6].

The properties of metal@TiO2 depends on factors such as
type of the deposited metal on surface as well as its dispersion
and size distribution [7, 8]. Accordingly, the preparation meth-
od of metal-assisted titania is the dominant approach to enhance
photocatalytic activity. Chemical precipitation, impregnation,
and photoreduction are the most explored implantation
methods of metal particles on the semiconductor surface.
Photoreduction is one of themethods for producing a supported
metal catalyst, in which electrons of photoexcited titania are
harvested by metal ions in the solution to be reduced and de-
posited in the form of metal particle [8–10]. Photodeposition
was already performed in 1965 by Clark and Vondjidis [11].
This unique and simple method prepares highly dispersed me-
tallic nanoparticles deposited on the semiconductor supports. In
some researches, photodeposition method is compared with
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other ones, and relevant prepared samples have shown high
photocatalytic activity [12]. M. Wang et al. [13] showed that
the best mass ratio of titania nanotubes that supported Pd for
methanol oxidation is 3 wt%. With regard to the
photogeneration of hydrogen over Pt/TiO2, metal loadings
more than 20 wt% detrimentally affect the overall kinetics of
the process [14]. It is demonstrated that an optimum loading of
metal nanoparticles on TiO2 exists for each individual catalyst,
which is due to the surface screening and probably enhanced
electron-hole recombination rate [12–15]. The electrocatalytic
activity of Pd is one of the highest, which in combination with
the low cost of Pd in comparison with Pt makes it an attractive
alternative.

In order to improve the efficiency of photodeposition pro-
cess, utilizing organic materials as sacrificial electron donor
(SED) is vital to undermine the recombination of the electron-
hole pairs via hole harvesting [4]. In contrast, under visible
light irradiation, the holes play a more important role than
hydroxyl radicals toward the degradation of some pollutant
over the photocatalyst materials [3].

The mechanism of hole harvesting using alcohols-water
mixture is described by the proposed oxidation reactions of
Eqs. (1), (2), and (3) which are written in the case of water,
methanol, and ethanol, respectively [16, 17].

2hþ þ H2O→2Hþ þ 1

2
O2 or Hþ þ ÄnOH � ð1Þ

2hþ þ CH3OH→2Hþ þ CH2O ð2Þ
2hþ þ C2H5OH→2Hþ þ CH3CHO ð3Þ

This study was focused on studying the effect of carbon
number and molecular weight of the utilized organic alcohols
as SED on the reduction rate and dispersion of the palladium
nanoparticles photodeposited on TiO2. The effect of organic
materials including ethanol, methanol, ethylene glycol, and 1-
propanol was investigated, and the photodeposition rate of Pd
and its dispersion were studied through atomic absorbance

Fig. 1 Patterned bars showing photoreduction rate of Pd in micromole
per gram per minute on TiO2 (P25) in the absence of SED (No.SED) and
in the presence of alcohols each including methanol (Mt), ethanol (Et),
ethylene glycol (EG), 1-propanol (1-Pro)

Table 1 The amount of deposited Pd on titania (P25) after 8 h of continuous photoreduction process utilizing different organic alcohols as SED and the
calculated total reduction rate in micromole per gram per minute

Sample SED Formula Loaded Pd (wt%) Reduction rate (μmol/g/min) CO chemisorption XRD CO-IR

dPd (nm)* D % dPd (nm)** AM/AL
#

Mt Methanol CH4O 2.8 0.55 5.03 22.32 18.0 3.93

Et Ethanol C2H6O 2.75 0.54 8.27 13.56 22.9 6.42

EG Ethylene glycol C2H6O2 2.25 0.44 6.21 18.08 30.2 22.73

1-Pro 1-propanol C3H8O 1.94 0.38 5.13 21.88 N.D.## 4.21

No.SED – – 1.1 0.22 10.06 11.15 N.D. 4.38

*dPd = 1.12/D

**Calculated based on the Debye Scherrer equation by Lorentzian fitting of Pd (111) peak
# The area ratio of the multi bound (1750–2000 cm−1 ) to the linear NP bound CO (2000–2150 cm−1 ) bands
## Not detectable

Fig. 2 XRD pattern of the Pd@TiO2 samples photoreduced in the
absence of SED (No.SED) and in the presence of alcohols each
including methanol (Mt), ethanol (Et), ethylene glycol (EG), and 1-
propanol (1-Pro)
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spectroscopy (AAS) and pulse CO chemisorption tests, re-
spectively. Energy dispersive X-ray spectroscopy (EDS) was
used to compare the remaining Cl amount of PdCl2 solution in
the final photoreduced samples. Additionally, a sample with-
out adding any organic as SED was prepared and compared
with sacrificial organic-assisted samples.

Experiments

Two hundred milligrams of TiO2 (Commercial Degussa P25,
80% anatase, 20% rutile, BET specific surface area of 50 m2/
g) was dispersed in 400 ml of deionized water with adjusted
pH of 3 by dropwise addition of a diluted hydrochloric acid
solution. The concentration of palladium (II) chloride (Chimet
analytical grade) was chosen to obtain nominal 2.85 wt% of
loaded metallic Pd on TiO2. PdCl2 was dissolved separately
and added to the TiO2 solution in the dark. Analytical grade of
organic materials including ethanol, methanol, ethylene glycol
(EG), and 1-propanol (1-Pro) was added as SED equal to 2.5 g
carbon per 1 g of TiO2. Additionally, one sample was prepared
with the same concentration but without adding any sacrificial
electron donor (No.SED). The suspensions were exposed to

UV irradiation of LP mercury lamp (250 W/m2) for 8 h and
stirred with the rate of 350 rpm by amagnetic stirrer during the
process. Before and during the reaction, nitrogen was purged
through the vessel to prevent oxygen entrance. Before irradi-
ation, the whole solution was stirred with the same rate for
15 min in a dark place. Prepared powder of Pd@TiO2 was
then separated by centrifuging at 7000 rpm for 10min, follow-
ed by drying at 80 °C for 12 h. The deposited metal content
was evaluated by AAS (GBC 906) with RDS below 0.5%,
and the rate was calculated through dividing Pd amount by
irradiation time. To measure the mean particle size of the de-
posited palladium, dispersion was calculated through pulse
CO chemisorption test (Micromeritics Chemisorb 2750) uti-
lizing CO as the probe molecule [18]. Before chemisorption,
the sample was reduced in 5%H2 containing argon for 20 min
at 120 °C followed by purging He at the same temperature for
45 min.

CO-IR spectra at 30 °C (RT) were recorded by Perkin
Elmer FT-IR 2000 under dynamic flow condition (in operando
setup) to study the area ratio of multi and linear type bounds
(AM/AL) of surface carbonyls of Pd NPs. The catalyst powder
was pressed to shape a self-supporting thin pellet and placed
in the heating chamber equipped with KBr windows. The

Fig. 3 UV-Vis spectra of the
Pd@TiO2 samples photoreduced
in absence of SED (No.SED) and
in the presence of alcohols each
including methanol (Mt), ethanol
(Et), ethylene glycol (EG), and 1-
propanol (1-Pro)

Fig. 4 CO-IR spectra of the
Pd@TiO2 samples photoreduced
in the presence of methanol,
ethanol, ethylene glycol, and 1-
propanol and in the absence of
SED (No.SED)
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sample was reduced by 20% H2 containing N2 for 20 min at
120 °C followed by N2 flow at the same temperature for
45 min. After cooling down to 30 °C, 32 scans were collected
for each spectrum in the range of 400 to 4000 cm−1 with a
spectral resolution of 2 cm−1. CO was purged to the chamber
by 20% CO containing N2 flow for 5 min, followed by pure
N2 flow for 15 min to remove the extra CO in the chamber.
The adsorbed CO-related FT-IR spectrum was obtained by
subtracting the acquired spectra after and before CO purging.

Also the samples were characterized by XRD (Philips
X’Pert Pro super diffractometer using Cu-Kα irradiation)
and diffuse reflectance UV (DRUV)-vis (Varian 5000) to
study the phase composition and light absorption properties,
respectively. EDS (Mira3-XMUmodel running at 15 kV) was
utilized to compare the remaining Cl amount in the samples.

Results and discussion

The amount of photoreduced and deposited Pd on TiO2 NPs
was measured by AAS. The total photoreduction rates in the
presence of the utilized SEDs are summarized in Table 1. As
observed after 8 h of continuous photoreduction process, the
final deposited mass ratios of Pd to the total catalyst were 2.8,
2.75, 2.25, 1.94, and 1.1 wt% in the presence of methanol,
ethanol, ethylene glycol, 1-propanol, and no SED, respective-
ly, while the remaining Pd was detected in the form of cations
in the solution. According to the results shown in Fig. 1, the
presence of alcohols is clarified as the key factor in enhancing
the photoreduction rate of Pd ions. Photoreduction rate in-
creased significantly by decreasing carbon number of the
SED.When the utilized alcohols had the same carbon number,

Fig. 6 EDS spectra of FESEM related to the Pd@TiO2 samples photoreduced in the presence of alcohols each including methanol (Mt), ethanol (Et),
ethylene glycol (EG), and 1-propanol (1-Pro)

Fig. 5 Lorentzian fitted peaks of
Pd (111) and respective calculated
Pd crystallite size based on
Scherrer’s equation
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e.g. ethanol and ethylene glycol, the one with a lower molar
weight resulted in a higher reduction rate. Both the observa-
tions in terms of higher sacrificial degradation rate of alcohols
with lower carbon numbers and molar weights are due to their
size and weight-dependent mobility [19]. The rate of hole
harvesting from the surface of a semiconductor particle de-
pends on the diffusivity of the SEDs molecules, which is
higher for those with a smaller hydrocarbon chain and higher
mobility. The rate of sacrificial photodegradation of alcohol
on the surface of photoexcited particle acts as the limiting
factor in metallic palladium yield.

Figure 2 shows the X-ray diffraction patterns of the prepared
Pd@TiO2 powders illustrating reduction of Pd in metallic form.
According to JCPDS standard, peaks attributed to Pd are locat-
ed in 2θ = 40°, 46°, and 68°. The peaks at 2θ = 38.08°, 48.08°,
and 54.58° are characteristic of anatase phase and those at 2θ =
27.51°, 36.51°, 41.1°, 54.11°, and 56.51° of rutile [20]. Anatase
and rutile phases are observed in all samples with no difference
in intensity showing that Pd loading on titania utilizing different
SEDs does not affect the phase composition of P25.

According to the results of DRUV-vis spectroscopy (Fig. 3),
apparently the deduced energy band gap of the samples de-
creased by increasing palladium loading on TiO2. The band
gap reduced to 2.85 eV in the sample prepared by methanol
due to 2.8 wt% of metallic Pd loading, which was the highest
one. This band gap change is due to a physical phenomenon
known as band bending at the interface of the Pd particles and
TiO2 [4]. Indeed, the change is due to the imposed plasmonic
absorption of metal nanoparticles on the original spectrum of
the semiconductor support. Moreover, a higher palladium load-
ing also improved the absorption in the visible region.

According to the results of AAS and pulse CO chemisorp-
tion, the highest palladium loading with enhanced dispersion
was obtained through high reduction rate in the presence of
methanol as the sacrificial electron donor due to its lower
molecular weight and therefore higher mobility and activity
in harvesting holes from the surface of TiO2. CO-IR spectra of
the samples are illustrated in Fig. 4, in which IR bands of the
adsorbed CO on Pd would be categorized in four modes ac-
cording to their positions: linear (2050–2160 cm−1),
compressed-bridged (1995–1975 cm−1), isolated-bridged
(1960–1925 cm−1), and tri-coordinated (1890–1870 cm−1).
The bands related to the bridged and tri-coordinated CO are
determined as multibound CO. The lower area ratio of the
CO-IR bands of multibound region (1750–2000 cm−1) to the
linear bound region (2000–2150 cm−1) indicates the smaller
Pd particle size [21]. As summarized in Table 1, the lowest
AM/AL is related to the sample prepared in the presence of
methanol showing the respective smallest size of the deposited
metal Pd particles, which is in agreement with the pulse CO
chemisorption results.

The calculated crystallite size of Pd NPs, based on
Scherrer’s equation, is in good agreement with dispersion of

particles, and the rate of photoreduction that is the crystallite
size is smaller in the presence of methanol (Fig. 5). For the
samples with low palladium loading, in the presence of 1-Pro
and No.SED samples, XRD peak of Pd (111) on titania was
not detectable well enough for such calculation.

The EDS analysis of the samples revealed that no detectable
amount of Cl is remained in the sample prepared by utilizing
EG as the sacrificial electron donor. The collected spectra are
illustrated in Fig. 6. This observation shows the effectiveness of
utilizing EG as SED in the removal of Cl, which needs further
investigation by using in situ analyzing instruments.

Conclusion

As a conclusion, Pd@TiO2 samples were prepared by
photodeposition process in the presence of diverse sacrificial
electron donors including ethanol, methanol, ethylene glycol,
and 1-propanol and also in the absence of any organics. The
carbon number and molecular weight of the utilized alcohol
were found to be the key parameters in Pd reduction rate on
titanium oxide, revealing the dependence of hole harvesting
rate to the mobility and diffusivity of SED. The higher Pd
loading (2.8 wt%) with the highest dispersion (22.32%) was
achieved through high reduction rate using methanol as SED.
Ethylene glycol was recognized as the most effective SED on
the complete removal of Cl.
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