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between crystalline disorder and
electronic structure of Pd nanoparticles and their
hydrogen storage properties†
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and Osami Sakata *abd

We investigated the relationship between crystalline disorder and electronic structure deviations of Pd

nanoparticles (NPs) and their hydrogen storage properties as a function of their particle diameter (2.0,

4.6 and 7.6 nm) using various synchrotron techniques. The lattice constant of the 2.0 nm-diameter Pd

NPs was observed to be larger than that of the 4.6 or 7.6 nm-diameter Pd NPs. With increasing particle

diameter the structural ordering was improved, the lattice constant and atomic displacement were

reduced and the coordination numbers increased, as determined using high-energy X-ray diffraction,

reverse Monte Carlo modelling and X-ray absorption fine structure spectroscopy. The structural order of

the core part of the larger NPs was also better than that of the smaller NPs. In addition, the bond

strength of the Pd–H formation increased with increasing particle diameter. Finally, the surface order of

the Pd NPs was related to enhancement of the hydrogen storage capacity and Pd–H bond strength.
1 Introduction

Various materials including metals, metal alloys, carbon
composites and metal organic frameworks (MOFs) have been
intensively investigated because of their hydrogen storage
capabilities.1–10 Metals and metal alloys are some of the prom-
ising candidates for hydrogen storage materials because they
can effectively and safely store hydrogen with stable hydride
formation.2 Pd metal, in particular, is widely used for hydrogen
storage because of its Pd–H bonding and ability to store large
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amounts of hydrogen.11–15 Pd–H formation has been actively
pursued for various technological applications including
hydrogen storage materials, purifying lters, isotope separation
membranes and sensors.16–21 With the development of nano-
technology, metal nanoparticles (NPs) have emerged as a new
type of hydrogen storage material.4 The high surface area to
volume ratio of metal NPs results in an enhanced catalytic
effect.22–24 With decreasing particle size, the amount of
hydrogen storage and equilibrium pressure for the formation of
Pd–H bonding both decrease.25,26 In addition, the hydrogen
storage properties of metal NPs have been shown to be related
to their electronic structure.27–29 It is expected that the electronic
structure of metal NPs can be tuned by adjusting the particle
size and local structure.24,30–32 Furthermore, in 2008, Yamauchi
et al. reported that the strength of Pd–H bond formation of
smaller Pd NPs is weaker than that of larger Pd NPs and that the
unavailable surface part of smaller NPs should be accounted for
in determining the hydrogen capacity.26 These authors assumed
that the large surface atoms in Pd NPs affected the hydrogen
storage properties.26 Therefore, evaluations of the whole struc-
ture of metal NPs, including the local structure, crystal structure
and electronic structure, are important. In addition, three-
dimensional (3D) reverse Monte Carlo (RMC) modelling has
been used to depict the core and surface atoms in metal
NPs.33–36 Various structural analysis methods have revealed the
local and average structural information related to the hydrogen
storage properties of Pd NPs as a function of their particle
diameter.34 In this study, we demonstrate the correlation
between the hydrogen storage properties and structure of Pd
RSC Adv., 2019, 9, 21311–21317 | 21311
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NPs with particle diameters of 2.0, 4.6 and 7.6 nm. We discuss
the origin of the weak Pd–H chemical bond formation and
lowering of the working temperature and pressure related to
surface crystalline disordering and electronic structure. In
addition we evaluate the crystal parameters using high-energy
X-ray diffraction (HE-XRD) and Rietveld renement. The local
atomic conguration, coordination number, degree of dis-
ordering and nearest-neighbour distance between Pd atoms are
determined using the X-ray pair distribution function (PDF),
RMC modelling and X-ray absorption ne structure spectros-
copy (XAFS). Finally, the electronic structure of the Pd NPs is
investigated through analysis of the valence band spectra ob-
tained using hard X-ray photoelectron spectroscopy (HAXPES).
Fig. 1 (a) TEM images of Pd NPs with diameters of (a) 2.0, (b) 4.6 and
(c) 7.6 nm. Corresponding particle diameter distributions: (d) 2.0 �
0.4 nm, (e) 4.6 � 0.9 nm and (f) 7.6 � 1.3 nm, respectively.
2 Experimental
2.1 Sample preparation

Pd NPs covered with poly(N-vinyl-2-pyrrolidone) (PVP) were
synthesized using a chemical reduction method. For the
synthesis of the 2.0 nm-diameter Pd NPs, 80 mL of 2 mM
H2PdCl4 (0.16 mmol Pd) and 1.6 mmol (in monomer unit) PVP
were dissolved in 720 mL of a 4 : 1 H2O/ethanol mixture solvent
and then reuxed for 3 h, following a method previous
described in the literature.37 For the 4.6 nm-diameter Pd NPs,
10 mmol PVP was dissolved in 300 mL of ethylene glycol and
heated to 170 �C. In addition, 1mmol Na2PdCl4 was dissolved in
40 mL of H2O. The precursor solution was sprayed with an
ethylene glycol solution while maintaining a temperature of
170 �C. For the 7.6 nm-diameter Pd NPs, 2 mmol Na2PdCl4 and
PVP were dissolved in 1000 mL of ethanol and then reuxed for
3 h. Aer the reactions, all the samples were washed with
a mixture of the solution/diethylether/acetone once, a H2O/
diethylether/acetone mixture twice and an ethanol/
diethylether mixture 5 times and were then collected by
centrifugation and dried in vacuum at room temperature to
obtain a black powder sample. The particle diameter and
particle shape were measured using transmission electron
microscopy (TEM; Hitachi HT7700) at an accelerating voltage of
100 kV, as shown in Fig. 1(a)–(c). The particle shape was
circular. Fig. 1(d)–(f) show the distributions of the particle
diameters of the Pd NPs, which exhibited mean diameters of 2.0
� 0.4, 4.6 � 0.9 and 7.6 � 1.3 nm.
2.2 High-energy X-ray diffraction

To analyze the structural information of the Pd NPs we per-
formed HE-XRD at beamline BL04B2 at SPring-8 in Japan. An
incident X-ray energy of 61.46 keV was selected using a Si (220)
monochromator with a single-bounce and bent crystal. The
respective Pd NP samples were placed in a capillary tube with an
inner diameter of 1 mm using transmission X-ray geometry at
room temperature. The crystal structure and lattice constant
were evaluated from the HE-XRD patterns using the Rietveld
renement method. The local structure, coordination number,
degree of disordering and 3D atomic conguration of the Pd
NPs were determined from RMC modelling and the bond
orientational order (BOO) parameter.
21312 | RSC Adv., 2019, 9, 21311–21317
2.3 X-ray absorption ne structure spectroscopy

The local atomic structure of the Pd NPs was determined using
XAFS. The incident X-rays were tuned using a Si (311) double-
crystal monochromator near the Pd K-edge at beamline
BL01B1 at SPring-8 in Japan. The XAFS measurements were
performed using transmission X-ray geometry at room
temperature and the data were calibrated using standard Pd
foil. The X-ray intensities of the incident and transmitted beams
were recorded using ionization chambers located in front and
behind the respective samples. The standard procedure was
applied to remove the pre-edge and post-edge background.
Extended absorption ne structure (EXAFS) spectra were
derived by subtracting the background using a third-order
polynomial spline function dened over a series of intervals
within the entire k-range. The node positions of the resulting
polynomial were then optimized to remove the EXAFS signal
below R ¼ 1 Å. The metrical parameters were derived by per-
forming a non-linear least squares t of the EXAFS spectra in
the k-range of 3–14 Å�1 and R-range of 1–4 Å.

2.4 Hard X-ray photoelectron spectroscopy

The electronic structure of the Pd NPs was investigated using
HAXPES at the NIMS beamline BL15XU at SPring-8 in Japan.
The photon energy was xed at 5.95 keV using a Si (111) double
crystal monochromator and the Si (333) reection of a channel-
cut monochromator. The photon energy was calibrated using
a standard Au sample. The X-ray penetration depth of the
sample was approximately 17–20 nm, which is greater than the
particle diameter of the Pd NPs with a PVP layer.32 The Pd NPs
were mixed with carbon powder to remove any charge-up
effects. The HAXPES measurements were performed in
a vacuum of 10�7 Pa at room temperature.

3 Results and discussion

Fig. 2(a)–(c) present the HE-XRD patterns of the Pd NPs as
a function of particle diameter (black circles in Fig. 2(a)–(c)) and
This journal is © The Royal Society of Chemistry 2019
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estimated proles obtained using the Rietveld renement
method (red lines in Fig. 2(a)–(c)). The XRD peak positions of
the Pd NPs matched well with the fcc crystal structure (red
marks in Fig. 2(a)–(c)). The weighted prole R-factor, Rwp, values
of the Rietveld results were between 5% and 7%, which appears
to t well. The lattice constants of the 2.0, 4.6 and 7.6 nm-
diameter Pd NPs were determined to be 3.960 � 0.019, 3.904
� 0.012 and 3.902 � 0.005 Å, respectively, as shown in Fig. 2(d).
The 2.0 nm diameter NPs had a much larger lattice constant
than those of the other NPs. The evaluated lattice constants
were slightly larger than the bulk Pd value of 3.891 Å. Fig. 2(e)
shows the crystalline domain size of the Pd NPs, which were 1.3,
1.6 and 2.6 nm for the NPs with particle diameters of 2.0, 4.6
and 7.6 nm, respectively. Fig. 2(f) presents the mean square
displacement, which corresponds to the thermal vibration and
static displacement of atoms and is related to the Debye
temperature factor.38 The relation is M ¼ B sin2(q)/l2 and the B
factor is B ¼ 8p2hu2i, where hu2i is the mean square amplitude
of the vibration of the atoms.38 The crystalline domain and
square displacement results indicate that larger NPs have less
defects and a less disordered structure.

The RMC modelling provided the 3D atomic positions of the
Pd NPs based on a hard sphere model using RMCPOT so-
ware.39 Fig. 3(a) and (b) show the atomic pair distribution and
coordination number. The particle numbers in the hard sphere
models for the 2.0 and 4.6 nm-diameter NPs were N ¼ 277 and
N ¼ 3447, respectively. Fig. S1† shows the RMC structure factor
and experimental results, which matched well. The average
coordination numbers of the rst nearest neighbour for the 2.0
and 4.6 nm-diameter NPs were 4.8 � 1.6 and 7.3 � 1.9,
Fig. 2 HE-XRD patterns of Pd NPs with diameters of (a) 2.0, (b) 4.6 and (c)
method. (d) Lattice constant, (e) crystalline domain size and (f) Debye–W

This journal is © The Royal Society of Chemistry 2019
respectively. These values were smaller than those expected
from the EXAFS results.40–42 The EXAFS technique is oen used
to estimate the coordination number of particles of various
sizes and indicated a reduction of 30–40% compared with the
bulk value for the 2 nm-diameter NPs. Higher intra-particle
disordering of the Pd NPs from the crystalline domain size
can be inferred compared with an ideal model.41 In addition, in
Fig. 3(a) and (b) based on hard sphere models with coordination
number, the coordination numbers of the inner regions were
higher than those of the surface regions, which indicates that
the surface region was composed of more disordered structures.
The surface part is dened as the 0.33 nm-thick outer region,
and the core is the remainder. For the 2.0 nm-diameter NPs, the
blue colored atoms of low coordination number covered the
surface region unlike the case for the 4.6 nm-diameter NPs. In
addition, the 2.0 nm-diameter NPs had more cavity space in the
surface region than the 4.6 nm-diameter NPs. The crystalline
disordering of the NPs with smaller particle diameter was much
larger than that of the NPs with larger particle diameter.
Hydrogen is known to be readily dissolved and trapped in grain
boundaries and dislocations in metals.43,44 Thus, the high
degree of disorder of the smaller Pd NPsmay be the origin of the
weak hydride formation. In addition, the hydrogen storage
capacity of smaller Pd NPs has been reported to be reduced
because hydrogen atoms are intensively located in the core
region of the Pd NPs.26

Fig. 3(c) and (d) show the distribution of the BOO parameters
of the Pd NPs in the q4 and q6 plane from the 3D positions in
Fig. 3(a) and (b).45–47 The q4 and q6 values were calculated using
the spherical harmonic function of nearest-neighbouring atoms
7.6 nm and analysis of their crystal structures using Rietveld refinement
aller factor of the Pd NPs as a function of particle diameter.38

RSC Adv., 2019, 9, 21311–21317 | 21313



Fig. 3 Three-dimensional atomic configurations of Pd NPs with diameters of (a) 2.0 and (b) 4.6 nm. Distribution planes for the BOO parameter
along the q4 and q6 planes for the Pd NPs with diameters of (c) 2.0 nm and (d) 4.6 nm.

Table 1 Three-dimensional atomic configurations of Pd NPs with
diameters of 2.0 and 4.6 nm and distribution planes for the BOO
parameter along the q4 and q6 planes

Diameter

q4 q6 PBOO

Core Surface Core Surface Core Surface

2.0 nm 0.373 0.420 0.508 0.576 0.970 1.211
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with consideration of the bond angles and numbers of nearest
neighbors. The equations for calculating the BOO distribution
are expressed by eqn (S1) and (S2).† The black open circles
represent the Pd core atoms and the red open triangles repre-
sent the Pd surface atoms. The mean values of the core and
surface parts are represented by the purple circles and blue
triangle, respectively. The mean values for the core and surface
regions using the BOO distribution were evaluated. In Table 1,
the q4 and q6 values are tabulated as a function of particle
diameter and it is apparent that these values decreased with
increasing particle diameter. To evaluate the degree of disorder
we calculated the PBOO value which indicates the local structural
deviation from an ideal fcc crystal structure (q4,ideal: 0.190 and
q6,ideal: 0.575).47 The PBOO value represents the local structural
deviation of the metal NPs from an ideal crystal structure, as
dened by eqn (S3).†38,48 We evaluated the PBOO parameters for
the core and surface regions. The PBOO values for the core part
for the Pd NPs with diameters of 2.0 and 4.6 nm were 0.970 and
21314 | RSC Adv., 2019, 9, 21311–21317
0.524, respectively, and those of the surface parts were 1.211
and 0.769, respectively. These results indicate that the ordering
of the surface region was worse than that of the core region and
that the degree of disorder was reduced with increasing particle
diameter.

Fig. 4 presents the c(k) � k3 EXAFS (a) and Fourier-transform
(FT) (b) spectra at the Pd K-edge. With decreasing particle
diameter the amplitude of the (k) spectra (Fig. 4(a)) decreased
over the entire k-range. The monotonic decrease in the (k)
4.6 nm 0.285 0.336 0.484 0.565 0.524 0.769

This journal is © The Royal Society of Chemistry 2019



Fig. 4 (a) Pd K-edge XAFS spectra of c(k) � k3 and (b) Fourier-transform moduli of the Pd NPs and reference Pd foils (black: Pd reference, red:
7.6 nm, blue: 4.6 nm and olive: 2.0 nm).
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amplitude over the entire k-range is concomitant with the
continuous reduction in the coordination number. With
decreasing Pd NP diameter the contribution from the surface
atoms, which have a lower coordination number compared with
the Pd bulk, increased in the EXAFS signal. Consequently, the
coordination number decreased with decreasing particle
diameter.

In the FT spectra, the FT amplitude decreased with decreasing
particle diameter. For the 7.6 and 4.6 nm-diameter NPs, the
higher R features within the range of 3–5.5 Å and were similarly
relative to those observed for the bulk Pd, indicating that the fcc
structure was preserved. However, the reduction in the amplitude
of the higher R features indicates the formation of smaller NPs.
For the 2.0 nm-diameter NPs, the amplitude of the higher R
features decreased rapidly relative to those of the other samples.
This nding indicates that structural disordering also increases
with decreasing particle diameter. To determine the coordination
number and Debye–Waller factor, we performed a non-linear
least squares t on the EXAFS data. The obtained parameters
Fig. 5 (a) Valence band HAXPES spectra of bulk Pd and Pd NPs. (b) d-Ban
and Pd NPs.26

This journal is © The Royal Society of Chemistry 2019
(Table S1†) and tted proles (Fig. S2†) are presented in the ESI.†
We observed that the value of the shell distance was close to
those obtained for fcc bulk Pd in all the samples. However, the
coordination numbers were reduced and the Debye–Waller factor
increased with decreasing particle diameter. Despite the differ-
ences observed in the coordination number and Debye–Waller
factor determined using HE-XRD and XAFS analysis, the trend of
increasing disordering and decreasing coordination number
remained the same. Due to the low scattering cross-section with
respect to X-rays and low electron number density of hydrogen, it
is difficult to observe the hydrogen positions inside Pd NPs.
Absorbed hydrogen affected the lattice constant variation of Pd
indirectly by observing XRD results.12

Fig. 5(a) presents the valence band (VB) HAXPES spectra of
bulk Pd and the Pd NPs. The electronic state of Pd is closely
linked to the hydrogen absorption properties. The VB HAXPES
spectra of only the Pd NPs are shown aer the background
carbon powder signal was properly subtracted. The VB area
intensity was the same aer the intensity normalization. The
d center position and exothermic heat of hydride formation of Pd bulk

RSC Adv., 2019, 9, 21311–21317 | 21315
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VB density of state (DOS) shied toward a higher binding
energy for the 4.6 and 7.6 nm-diameter Pd NPs. Yang et al.
reported that the Pd 4d DOS is a main contributor to the Pd VB
HAXPES spectrum, which was obtained from density func-
tional theory (DFT) calculation of the Pd bulk.29 The d state of
Pd is an important parameter in determining the hydrogen
absorption and chemical reaction properties. The d-band
model proposed by Hammer and Norskov was applied to
explain the catalytic activities of the metal, which are related to
the position of the d-band center.49,50 In addition, the width
and center position of the d-band are related to the coordi-
nation numbers of the metal.24 The broadening of the VB
spectra decreased and the d-band center position increased
with decreasing particle diameter, as indicated by the black
squares in Fig. 5(b). This nding corresponds with the XAFS
and RMC results that the coordination number decreased with
decreasing particle diameter.40–42 The d-band center position
and thermodynamic parameters of the exothermic heat of
hydride formation (DHa/b) reported by Yamauchi et al. in
2008 are plotted in Fig. 5(b).26 The stability of the hydride
formation showed a similar trend with the results of the d-
band center position. The bond strength of Pd–H formation
decreased with decreasing particle diameter. When the d-band
states approach the Fermi level, the anti-bonding states are
able to move above it and become empty in the metal. As
a result, the bond strength is increased. We concluded that the
lower hydrogen storage capability and weaker Pd–H bonding
strength of the smaller NPs can be owing to a higher d-band
center position originating from the higher surface disorder-
ing of the Pd NPs.

4 Conclusions

We characterized the structures of Pd NPs and their relation-
ship to hydrogen storage properties using various synchrotron
X-ray techniques. The lattice constant and nearest-neighbour
distance increased with decreasing particle diameter, whereas
the degree of disordering in the Pd NPs, especially of the surface
atoms, increased. In addition, the coordination numbers
decreased with decreasing particle diameter. Degradation of the
surface part can easily result in the formation of Pd–H bonding.
The bond strength of the Pd–H formation was shown to
decrease with decreasing particle diameter according to the d-
band center model. Analysis of the whole crystal structure and
electronic structure using HE-XRD, XAFS and HAXPES was used
to interpret the relationships between the hydrogen storage
capability, bond strength of Pd–H formation and particle
diameter of the Pd NPs.
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