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Q2Pd local structure and size correlations to the
activity of Pd/TiO2 for photocatalytic reforming of
methanol†

Norli Abdullah,abc Hasliza Bahruji, *d Scott M. Rogers, ab Peter P. Wells,ef

Richard A. Catlowabg and Michael Bowker ag

The interaction between Pd and TiO2 for promoting photocatalytic activity was investigated by tailoring

the size of Pd nanoparticles and monitoring the photocatalytic activity of methanol photo-reforming

reaction for hydrogen gas production. We show that at 0.6 wt% Pd loading, the catalyst with highly

dispersed nanoparticles obtained at 1 1C temperature exhibits superior photocatalytic activity for

hydrogen gas production. At different weights of Pd loading, tailoring two sets of catalysts with different

structural properties provides correlation between the changes in the Pd local structures and the rate of

hydrogen production. The impact of controlling the structural properties of metal nanoparticles on

influencing H2 production outweighs the effect of metal loading variation. The differences of Pd/TiO2

activity at the different metal loading were correlated with the changes in the Pd local structure

consequently affecting the electronic transfer and photocatalytic efficiency.

Introduction

Photocatalytic hydrogen production offers a green sustainable
route for clean and renewable energy.1,2 The performance of
TiO2 is greatly enhanced by the deposition of metal nano-
particles; Pt/TiO2, Au/TiO2 and Pd/TiO2 catalysts have been
widely investigated and shown to promote hydrogen generation
with UV light.3–8 The enhanced activity is associated with the
ability of the photo-induced electron in the conduction band of
TiO2 to be transferred to the metal co-catalysts.9,10 Such transfer
occurs at the metal island and the periphery of the TiO2 inter-
face, which promotes electron–hole separation and consequently
extends the lifetime of the energy carriers.11 The work function
differences between the metal and TiO2 semiconductor create a

Schottky barrier that allows spontaneous injection of photo-
generated electrons from the conduction band of TiO2 into the
metal.12 The interfacial charge transfer between TiO2 and the
metal is a single electron transfer process, although hydrogen
generation from water and methanol photo-reforming reaction
requires a multi-electron transfer reaction.13 In order to improve
the electronic transfer at the metal–TiO2 interface, we must note
that the efficiency relies strongly on the interfacial atomic
geometry of metal nanoparticles and TiO2.14 Understanding
the geometric strain at metal/TiO2 is important for designing
an active catalyst. Au nanoparticles deposited on TiO2 with 3–
30 nm size produced hydrogen gas from ethanol, but with 3–
12 nm size, the effect of size variation was less significant.15 We
proposed in our previous studies that the catalytic activity is
significantly correlated to Pd loading, with high activity achieved
at very low Pd loading.11 Model studies by Bloh et al. found that
the optimal metal to TiO2 ratio B2.4 doping atoms per nan-
ometer of particle size was required for an ideal catalytic
improvement.16 Exceeding this ratio causes the metal to act as
a recombination centre. The decrease in activity at high loading
is due to the shadowing effect of metal nanoparticles that
reduced the light penetration onto TiO2.17 Excess metal nano-
particles on TiO2 are also suggested to become electron and hole
trapping sites.18,19

Pd is a precious noble metal with a large work function to
trap electrons for efficient electron hole separation. We have
previously investigated the activity of Pd/TiO2 for photocatalytic
reforming of alcohols with the mechanism of hydrogen
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production involving dehydrogenation of alcohol on the Pd
surface and water reduction occurring at the Pd–TiO2

interface.20–23 The efficiency of Pd to promote electron transfer
from the conduction band of the semiconductor is not only
limited to TiO2, but studies on visible light driven photocata-
lysts such as BiFeO4 and GaN–ZnO showed enhancement in the
photocatalytic performance for hydrogen production.24–26

Alteration of the Pd morphology to nanocubes improved the
hydrogen production from Pd/2D-C3N4 composites due to the
efficient separation of photogenerated energy carriers.27 Under-
standing the role of the metal nanoparticles in promoting the
catalytic activity of TiO2 is often hampered by morphology
alterations, particularly at high metal loading.15 The aims of
the work are to improve the Pd/TiO2 photocatalytic activity and
to gain fundamental understanding of structural changes of Pd
upon variation of metal loading. In these studies, tailored Pd
metal nanoparticles were prepared using the controlled kinetic
growth of Pd colloids via synthesis temperature variations to
obtain Pd nanoparticles of different but controlled nanoparti-
cle sizes. Systematic Pd/TiO2 catalyst design managed to differ-
entiate the promotional effect caused by the size of Pd
nanoparticles and the amount of metal loading, allowing us
to gain an understanding of the effect of the Pd–TiO2 inter-
action on promoting hydrogen production from photo-
reforming of methanol:

CH3OH + H2O + hn - 3H2 + CO2

Results

To enhance the activity of Pd/TiO2 catalysts, the particle size of
Pd was tailored by controlling the synthesis temperature of the
Pd colloid at a fixed loading of 0.6 wt%. EXAFS is a useful
technique that allows the study of nanoparticles and provides
local structural information of palladium. The local coordina-
tion of Pd was obtained by recording ex situ Pd K-edge EXAFS
spectra of catalysts after drying at ambient temperature (Fig. 1).
Ex situ Pd K-edge EXAFS spectra were recorded for 0.6 Pd wt%

TiO2 catalysts when Pd synthesis was carried out at tempera-
tures of 1 1C, 25 1C, 50 1C and 75 1C. The Pd K-edge XANES of
0.6% Pd/TiO2 prepared at 1 1C shows the Pd environment of the
samples corresponding to the Pd metal with a Pd–Pd distance
of 2.78 Å.28 The sample also shows the peak associated with the
Pd–O first shell with a distance of 2.00 Å.29 The absence of a
second shell of Pd–(O)–Pd at 3.3 Å evidences that the Pd
particles may exist as a subnanometer Pd cluster.30 As the
synthesis temperature increased to 25 1C, the Pd–O first shell
peak height with a distance of 1.99 Å decreased accompanied
by an increase of the Pd–Pd peak with a radius distance of 2.74
Å, suggesting the growth of Pd0 nanoparticles. The amplitude
of the Pd–O first shell decreased with the temperature, which
correlates well with the increasing intensity of the Pd–Pd peak
at 2.74 Å. This signifies the enlargement of Pd metal nano-
particles as the temperature of the colloidal Pd solution was
increased up to 75 1C.31 The EXAFS fitting parameter in Table 1
also revealed the coordination number of the Pd–Pd and Pd–O
first shell. It is clear that the Pd–O first shell coordination
number reduced from 2.8 for the catalyst obtained at 1 1C to 0.7
as the temperature increased to 75 1C. In contrast, the Pd–Pd
coordination numbers increased from 2.8 to 8.4. The variation
of the coordination number is associated with the structural
and morphological changes, which in this case are due to the
enlargement of Pd nanoparticles as the temperature of the
colloidal Pd solution increased.32 We can conclude that there
are no large PdO crystallites and rather the PdO component
originates from the surface oxide, due to the absence of the Pd–
Pd scattering at 3.00 Å, which would occur in such crystallites.
For the catalyst obtained at 1 1C, the Pd–O and Pd–Pd coordi-
nation numbers of 2.8 signify that the Pd nanoparticles for this
sample are significantly smaller in comparison to the catalyst
obtained at higher temperatures of synthesis.

XANES linear combination analysis (LCA) of the 1st deriva-
tive, using PdO and Pd foil as the reference standard, was
performed to calculate the ratio between Pd2+ and Pd0, as
summarised in Table 1. Small Pd nanoparticles form an oxidic
surface layer at room temperature. Since smaller particles have
a higher surface contribution to XAFS compared with larger
particles, the relative size of the Pd nanoparticles can be
inferred from the ratio of Pd2+/Pd0. Analysis data given in
Table 1 showed that the influence of the synthesis temperature
on the Pd2+/Pd0 ratio is evidenced by a higher percentage of
Pd2+ for the catalyst prepared at 1 1C (69% Pd2+), in comparison
to that prepared at 75 1C (22% Pd2+). The ratio of Pd2+/Pd0 for
the catalyst synthesised at 1 1C is 2.2, significantly higher than
the rest of the catalysts. The calculated Pd2+/Pd0 ratio for 0.6%
Pd/TiO2 decreases with increasing synthesis temperatures.

The variation of the Pd nanoparticle size distribution from
the 0.6 wt% Pd/TiO2 catalyst was further confirmed by TEM
analysis, as shown in Fig. 2. The Pd size was measured based on
the average diameter of 100 Pd particles observed from TEM
images. Controlling the temperature at 1 1C produced Pd
nanoparticles with an average particle size of 2.3 nm. Increas-
ing the synthesis temperature to 25 1C shows relatively larger
particles with an average diameter of 3.0 nm. The Pd
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nanoparticle size continues to grow with an average diameter of
3.8 nm for 50 1C synthesis, and 5.2 nm for 75 1C. In general,
upon increasing the synthesis temperature for the 0.6% Pd/
TiO2 catalyst, the Pd–O (at 2.00 Å) coordination increases
meanwhile the Pd–Pd (B2.78 Å) coordination decreases, with
decreasing average Pd particle size.

The resulting 0.6% Pd/TiO2 catalysts were subsequently
used in photocatalytic hydrogen generation by photoreforming
of methanol. Fig. 3 shows the plot of hydrogen gas production
analysed for every 30 minutes during 3 h reaction. The 0.6% Pd/
TiO2 catalyst obtained from the colloidal sol that was prepared
at 1 1C, produced B676 mmol of H2 in 3 h of reaction. The value
is significantly higher than that of the rest of the catalysts at a
similar weight loading.

As the temperature of the colloidal sol increases, the results
of the 0.6% Pd/TiO2 catalysts showed that the hydrogen gen-
eration is significantly affected with the total hydrogen volume
reduced to B434 mmol for the catalyst produced at 25 1C, 230
mmol for 50 1C and only 186 mmol when the synthesis tempera-
ture was raised to 75 1C. The increased activity of 0.6% Pd/TiO2

catalysts produced at 1 1C was compared with our previous
finding in which the rate of hydrogen production showed a

twofold enhancement in comparison with Pd/TiO2 produced
via an impregnation method.10,20

As the impact of controlling the size of metal nanoparticles on
increasing H2 productivity is dramatic, we therefore increased the
Pd metal loading to study its effect on photocatalytic performance.
The Pd loadings were varied at 0.6 wt%, 1 wt%, 2 wt% and 4 wt%.
Two sets of catalysts were prepared at different weight loadings,
with the first set of catalysts produced at 1 1C to ensure that a
narrow Pd nanoparticle distribution was achieved. The second set
of catalysts was prepared by varying the synthesis temperature in
order to obtain Pd nanoparticles with similar particle sizes. TEM
analysis data in Table 1 showed that the particle size of Pd on TiO2

in the first set of catalysts increased with the amount of metal
loading, despite the undertaking of the synthesis at 1 1C. Fig. 4
shows the TEM images of 1%, 2% and 4% Pd/TiO2, and the
particle size distribution histogram obtained from the sol immo-
bilisation method carried out at 1 1C. Pd at 1% loading shows a Pd
diameter of 2.6 nm meanwhile at 2% loading, the average
diameter was measured to be 3.5 nm. As the Pd loading increases,
the size increases to 3.8 nm at 4% loading.
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Table 1 EXAFS fitting parameters derived from the k2 weighted Fourier transform for the Pd K edge EXAFS data and the average Pd nanoparticle
diameter evaluated from TEM analysis

Catalysts Pd size/nm Abs. Sc. N R/Å 2/A Ef/eV Rfactor

Reference standards (%)

Pd2+ Pd0 Rfactor Pd2/Pd0

0.6% Pd/TiO2 2.3 � 0.6 Pd–Pd 2.8(3) 2.78(1) 0.008 4(1) 0.02 69 31 0.063 2.22
1 1C Pd–O 2.8(2) 2.00(1) 0.003
0.6% Pd/TiO2 3.0 � 0.4 Pd–Pd 5.4(3) 2.738(7) 0.008 7(1) 0.02 46 54 0.025 0.85
25 1C Pd–O 1.8(2) 1.99(1) 0.003
0.6% Pd/TiO2 3.8 � 0.3 Pd–Pd 7.2(2) 2.743(3) 0.008 8(0) 0.003 30 70 0.038 0.43
50 1C Pd–O 1.1(1) 1.98(1) 0.003
0.6% Pd/TiO2 5.2 � 0.8 Pd–Pd 8.4(2) 2.750(3) 0.008 8(0) 0.003 22 78 0.026 0.28
75 1C Pd–O 0.7(1) 1.98(1) 0.003
1% Pd/TiO2 2.6 � 0.4 Pd–Pd 4.2(4) 2.75(1) 0.008 5(1) 0.019 57 43 0.099 1.32
1 1C Pd–O 1.7(4) 2.00(0) 0.006
1% Pd/TiO2 3.3 � 0.7 Pd–Pd 7.7(3) 2.744(4) 0.008 5(1) 0.007 33 67 0.048 0.49
50 1C Pd–O 1.1(2) 1.99(1) 0.006
2% Pd/TiO2 3.5 � 0.8 Pd–Pd 6.6(3) 2.739(5) 0.008 5(1) 0.009 35 65 0.198 0.53
1 1C Pd–O 1.7(2) 2.00(1) 0.006
4% Pd/TiO2 3.8 � 0.8 Pd–Pd 8.3(4) 2.735(5) 0.008 6(1) 0.013 33 67 0.494 0.49
1 1C Pd–O 0.5(3) 1.97(5) 0.006

Fig. 2 TEM images and Pd size distribution histograms of 0.6 wt% Pd TiO2

synthesised at (a) 1 1C, (b) 25 1C, (c) 50 1C and (d) 75 1C.

Fig. 3 Photocatalytic hydrogen production from methanol on 0.6 wt%
Pd/TiO2 prepared at different synthesis temperatures.
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Table 1 also shows the XAFS analysis data of the Pd/TiO2

catalysts at different weight loadings. The value of Pd–Pd
coordination number increased with the amount of Pd loading,
implying that larger Pd particles were produced at higher Pd
loadings. Similar occurrences for the Pd2+/Pd0 ratios derived
from the XANES analysis revealed that the ratio decreases with
the amount of Pd loading, from 1.32 at 1% Pd, to 0.53 at 2% Pd
and 0.49 at 4% Pd loading. In general, for the first set of
catalysts obtained at 1 1C, the amount of Pd loading was varied
in the range of 0.6–4 wt%, producing catalysts with an average
Pd nanoparticle size of 2–4 nm, with the Pd2+/Pd0 ratios in the
range of 2.2–0.49. The catalysts were subsequently used for
photocatalytic hydrogen production by photoreforming of
methanol. The plot of hydrogen production against reaction
time when using the first set of catalysts is shown in Fig. 5a.
The catalysts produced a high volume of hydrogen within 3 h of
reaction at low Pd loading, with B636 mmol of hydrogen for
0.6% Pd loading. The volume was significantly reduced to 512
mmol for 1% Pd/TiO2. As the Pd loading was increased, the
photocatalytic activity of the catalysts was significantly reduced
with only B181 mmol of hydrogen produced at 4% Pd loading.

The decrease of TiO2 activity at high metal loading is often
related to the shadowing effect of the metal that reduces the
TiO2 photosensitivity.17 To gain further understanding of the
factors influencing the catalytic activity at high metal loading,
the second set of catalysts was used for the evaluation of

photocatalytic performance. The catalysts were obtained by
varying the synthesis temperature for 0.6 wt%. 1 wt%, 2 wt%
and 4 wt% of Pd in order to produce catalysts with approxi-
mately similar Pd nanoparticle intrinsic structural properties.
For 0.6% Pd/TiO2 and 1% Pd/TiO2 catalysts, the synthesis
temperature was set at 50 1C, meanwhile for 2% and 4% Pd/
TiO2 catalysts, the temperature was set at 1 1C to give a Pd
diameter of 3.5 nm. The list of particle sizes of Pd nanoparticles
analysed using TEM and the local structure of Pd from XAFS
analysis are summarised in Table 1. Apart from similar Pd
diameters within 3.3–3.8 nm, the catalysts also consisted of
palladium nanoparticles with approximately similar Pd2+/Pd0

ratios B0.43–0.53 (Table 1). The photocatalytic performance of
the catalysts for hydrogen gas production is shown in Fig. 5b.
The catalysts produced similar rates of hydrogen production
with the volume of hydrogen production B180 to 230 mmol in
3 h of reaction. In comparison to the first set of catalysts that
were produced at 1 1C, controlling the size of Pd nanoparticles
around 3.5 nm appears to reduce the differences in the catalytic
performance of Pd/TiO2 catalysts despite the different weights
of metal loading deposited on TiO2.

Discussion

We tailored the size of Pd nanoparticles deposited on TiO2 by
controlling the kinetic growth of Pd in the sol solutions. The
correlations between the catalytic performance, and the size and
the local structure of Pd for 0.6% Pd obtained at different
temperatures are shown in Fig. 6. The catalyst obtained from
the colloids prepared at 1 1C with an average Pd diameter of
2.3 nm shows superior activity for hydrogen production. The
photocatalytic performance is appreciably reduced upon increas-
ing the size of Pd particles. Fig. 6 also shows a clear relationship
between the extent of Pd2+ and the Pd particle diameter by TEM.
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Fig. 4 TEM images and Pd size distribution histograms of (a) 1% Pd/TiO2

synthesised at 1 1C, (b) 1% Pd/TiO2 synthesised at 50 1C, (c) 2% Pd/TiO2

prepared at 1 1C and (d) 4% Pd/TiO2 prepared at 1 1C.

Fig. 5 (a) Photocatalytic hydrogen production from methanol on Pd/TiO2

prepared at 1 1C at different weight loadings with an average diameter of
2–4 nm; (b) photocatalytic hydrogen production from methanol on Pd/
TiO2 prepared at different weight loadings with an average diameter of
3.5 nm.

Fig. 6 Comparison of the catalyst performance in hydrogen production
plotted against the size of tailored 0.6% Pd prepared by temperature
controlled colloidal synthesis. Percentages of Pd oxidation states derived
from normalised XANES spectra were also plotted against the particle size
of Pd derived using TEM analysis.
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The presence of Pd2+ in the oxidic surface layer of Pd is associated
with the surface contribution of Pd to form an interfacial inter-
action with TiO2. It is important for Pd to be in the Pd0 oxidation
state in order to catalyse the hydrogen production steps.8 PdO on
TiO2 is reduced to Pd0 in the presence of methanol under UV
irradiation prior to sustainable hydrogen production from
methanol.10 The susceptibility of Pd2+ to accept an electron
increased the efficiency of photogenerated electron trapping that
occurs at the Pd–TiO2 interface. The small Pd nanoparticles on
TiO2 enhanced the interfacial interaction between TiO2 and
palladium, subsequently promoting the efficient electronic trans-
fer from the conduction bands of TiO2 to the Pd metal. Clearly, at
a similar metal loading, the catalytic activity in promoting hydro-
gen generation is significantly influenced by the particle size of
Pd, which we relate to the surface Pd–TiO2 interaction. Since all
the catalysts were pre-treated under similar conditions, i.e. drying
at room temperature prior to the reaction, a strong metal support
interaction that often occurs via high temperature annealing is
not applicable in this case. However, generating small Pd nano-
particles produced a higher degree of interfacial interaction
between TiO2 and palladium. The increase in the oxide–metal
interface area promotes the Schottky effect for electron excitation
and subsequently enhances the electronic transfer between the
conduction bands of TiO2 and the Pd.

Understanding the fundamental aspect of the effect of
particle size and metal weight loading is a challenging task
due to the agglomeration of nanoparticles at high metal load-
ing. Controlling the particle size of Pd while increasing the
weight of the metal deposited on TiO2 allows an understanding
of the geometric influence of Pd nanoparticles on photocataly-
tic performance. Fig. 7a shows the hydrogen production rate
dependence on Pd loading and the normalised H2 rate over Pd
loading for the first set of catalysts with an average Pd size of 2–
4 nm. The rate of hydrogen evolution is significantly reduced as
the Pd loading increased to 4%. When the activity is normalised
to the amount of Pd loading, the differences in the catalytic
activity are even more significant. Varying the amount of metal
loading is often associated with the agglomeration of nano-
particles particularly at high metal loading, thus altering the
local structure of the metal. This proved that the reduction of
Pd/TiO2 activity at high metal loading is due to the differences
in the Pd local structure that affected the efficiency of electronic
transfer at Pd–TiO2 interfaces.

On the other hand, the second set of Pd/TiO2 catalysts prepared
by varying the synthesis temperature showed a near invariant rate
of hydrogen evolution of B80 ml h�1 regardless of the amount of
Pd loading. When the rate of hydrogen production is normalised to
the amount of Pd content, there is only a slight decrease in the
hydrogen production rate at higher Pd loading (Fig. 7b). A linear
relationship was observed between the rate of hydrogen and the
amount of Pd loading implying a similar Pd local structure of the
catalysts. We can deduce that the catalytic activity is affected by Pd
structural properties, and varies little with the loading amount. The
results showed that the impact of controlling the amount of surface
palladium interacting with TiO2 in increasing H2 productivity
outweighs the effect of metal weight loading.

Experimental
Catalyst preparation

To synthesize the Pd colloidal sol, PVA was used as a stabiliser
ligand with NaBH4 as the reducing agent. The size of Pd
nanoparticles was controlled by controlling the temperature
of Pd nucleation, in which the kinetic growth was altered by
variation of the temperature from 1–75 1C. This method was
previously reported for Au and found to be reliable for the
synthesis of small Au nanoparticles.33 An aqueous solution of
K2PdCl4 (Alfa Aesar, 99.9% metal basis) at the desired concen-
tration was prepared. Polyvinylalcohol (PVA) (1 wt% solution,
Aldrich, Mw = 10 000, 80% hydrolysed) was added (PVA/Pd =
0.65 weight ratio). A 0.1 M freshly prepared solution of NaBH4

(496% Aldrich, NaBH4/Pd = 5 molar ratio) was then added to
form a dark-brown sol. After 30 min of sol generation, the
colloid was immobilised by adding TiO2 (acidified at pH 1 by
sulphuric acid) under vigorous stirring conditions. After 2 h,
the slurry was filtered and washed with deionised water before
drying in air at ambient temperature for 16 hours. Palladium
loading was varied at 0.6 wt%, 1 wt% and 2 wt% and 4 wt% on
the TiO2 P25 support. Detailed experimental procedures and
characterisation data are available in the ESI.†

Photocatalytic measurement

Photocatalytic activity was determined from gas phase photo-
reforming of methanol under UV irradiation (280–380 nm). 50
mg of the catalyst was mixed with water to form a paste and was
dispersed on a glass slide with an irradiated area of the film of
B7.5 cm2. The catalyst was left to dry under ambient conditions.
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Fig. 7 Photocatalytic hydrogen generation on Pd/TiO2 at various Pd
loadings. (a) Plot of hydrogen generation rate --- and normalised hydrogen
rate ---- against Pd weight loading on the catalyst with a variation of Pd
diameter in the range of 2–4 nm. (b) Plot of hydrogen generation rate —
and normalised hydrogen rate — against Pd weight loading on the catalyst
with a controlled Pd diameter of 3.5 nm.
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The glass slide was then placed on a three neck flask containing
15 ml of water and 100 ml of methanol. The system was purged
with Ar for 30 minutes and sealed using a rubber stopper. The
catalyst was irradiated using an Oriel Xe lamp with 150 Watt
from the side of the flask. A gas sample was analysed every 30
min for 3 hours using a PerkinElmer Clarus GC with a TCD
detector.

Conclusions

Temperature controlled immobilisation of Pd on TiO2 is a
reliable method to produce tailored Pd nanoparticles with
controlled size and local structures. In correlation with the
TEM and XAFS analysis, it is clear that reducing the size of Pd
nanoparticles while maintaining the amount of metal weight
loading significantly enhanced the photocatalytic activity of Pd/
TiO2 for hydrogen gas production. Tailoring two sets of cata-
lysts by increasing the Pd loading allows an understanding of
the geometrical effect of metal nanoparticles in enhancing the
photocatalytic performance of TiO2 in the UV region. The first
set of catalysts revealed that increasing the Pd weight loading
also affects the Pd intrinsic structure, which consequently
produced large Pd particles and reduced the efficiency of
electronic transfer between the Pd and TiO2 interface. However,
the second set of catalysts, in which the particle diameter and
structural properties of Pd were tailored to be approximately
similar, showed negligible differences in the rate of hydrogen
generation. The presence of surface Pd2+ to accept an electron
from the conduction band of TiO2 increased the efficiency of
photogenerated electron trapping that occurs at the Pd–TiO2

interface. This shows the dominant effect of the Pd size and
local structure in influencing the photocatalytic activity of the
Pd/TiO2 catalyst for hydrogen production from photoreforming
of methanol.
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