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The shape-controlled synthesis of metal nanostructures has attracted
considerable interest because their properties and applications are
influenced greatly by their morphologies. A variety of fabrication
methods have been used to produce nanostructures with different
shapes.1 Palladium is a metal which can absorb a large quantity of
hydrogen and has been studied extensively in the past for this attractive
property both in the gas phase2 and under electrochemical conditions3

because it allows a simplistic model in comparison to those of complex
alloys.4 Pd-based alloys offer a class of attractive materials for studying
metal hydrides because of the higher solubility and permeability of
hydrogen than pure Pd.5 Hydrogen absorbing materials are important
in hydrogen storage, metal-hydride batteries, and hydrogen purification.
Herein, we report on the synthesis of novel Pd-Cd nanostructures
with a high capacity for hydrogen storage. To the best of our
knowledge, there is no report on or study of Pd-Cd nanostructured
materials in the literature. The cheap cost of Cd makes it an attractive
material to combine with Pd, and our study shows that the addition of
Cd significantly enhances the hydrogen sorption capacity of Pd.

In this study, a series of Pd-Cd nanostructures with compositions
of Cd ranging from 0 at% to 20 at% were directly grown onto Ti
substrates using a facile hydrothermal reduction method. The amount
of Pd in the coatings was kept constant while various amounts of Cd
were added. The average atomic compositions of the formed nano-
structures were determined with the use of an energy dispersive X-ray
spectrophotometer (EDS); they were consistent with the ratio of Pd
and Cd precursors initially added to the hydrothermal vessels. This is
further confirmed by our ICP analysis as shown in the Supporting
Information (Table S1).

Typical SEM images of the formed Pd-Cd nanostructures are
displayed in Figure 1, showing that the addition of Cd drastically
changes the morphology. Pure Pd (Figure 1a) exhibits nanoporous
morphology with randomized small particles. The addition of small
amounts of Cd (as little as 1.5%) triggers the formation of dendrites.
The formed dendrites decrease in size with increasing amounts of Cd
from 1.5% (Figure 1b) to 15.0% (Figure 1e). The morphology of the
Pd-Cd materials with 10% Cd tends to be very similar to that of those
with a composition of 15%. Further increasing the Cd content to 20%,
a porous Pd-Cd thin film is formed, mainly consisting of large
particles ranging in size from 50 nm to 1 µm (Figure 1f).

X-ray diffraction (XRD) was used to identify the internal crystalline
structures of the prepared Pd-Cd nanomaterials. As seen in Figure 2,
the XRD patterns show that all of the peaks, except those arising from
the Ti substrates, can be referenced to a face-centered cubic (fcc) unit
cell. For pure Pd, the 2θ values of 40.02°, 46.56°, 68.04°, and 82.05°
can be indexed to the diffraction of (111), (200), (220), and (311) planes
of Pd, respectively (JCPDS file no. 46-1043). As more Cd is added,
all the peaks are shifted slightly to smaller 2θ values, indicative of
increased d-spacing and a dilation of the lattice constant, due to the
incorporation of increasing amounts of the larger Cd atoms into the
Pd fcc lattice. No hexagonal Cd peaks appear, indicating that alloyed
Pd-Cd intermetallic nanostructures were formed. The lattice constants

were calculated from the (220) peak.6 Pure Pd had a lattice constant
of 0.389 nm while the Pd-Cd(20%) had a lattice constant of 0.396
nm. The dependence of the lattice constant on the composition obeys
Vegard’s law which is common for many binary intermetallic
compounds (see Figure S1).

It is generally assumed that hydrogen diffuses into a perfect
palladium crystal by jumping from one octaedric site to another.3a Due
to the dilation of the lattice constant by the addition of Cd, the diffusion
of hydrogen is expected to increase.7 The capacity of the prepared
Pd-Cd nanostructures for hydrogen adsorption/absorption was studied
with cyclic voltammetry. Figure 3 shows cyclic voltammograms
recorded in the range -200 to 400 mV at a scan rate of 20 mV/s.
Under the acid conditions used here, the region of hydrogen sorption/
desorption can be clearly separated from the potential of the palladium
oxide formation, which is contrary to the situation in alkaline solutions;8

however it is difficult to decouple adsorption from absorption.3b The
total charge, QH, due to hydrogen adsorption and absorption in the

Figure 1. SEM images at 15 000× magnification of the Pd-Cd surfaces
with normalized atomic ratios of Pd/Cd of 100:0 (a); 98.5:1.5 (b); 97:3 (c);
95:5 (d); 85:15 (e); and 80:20 (f).

Figure 2. XRD patterns of the prepared PdCd films. Diffraction peaks
belonging to the Ti substrate are labeled with (*).
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Pd-Cd nanostructures, was obtained by integrating the area under the
anodic peaks in the cyclic voltammograms. The charges for hydrogen
desorption on the Pd-Cd nanostructures with 0%, 3%, 5%, 10%, 15%,
and 20% Cd were 3.20, 7.57, 17.28, 44.45, 54.38, and 15.79 mC/cm2,
respectively. The Pd-Cd nanostructures with 10-15% Cd possess
the highest capacity for hydrogen adsorption/absorption, but the H/Pd
ratio is much lower than the upper limit of the H/Pd ratio (∼0.7)
reported in the literature.3b,9c This is due to the fact that our electrodes
are not saturated with hydrogen in the cyclic voltammetric measure-
ments. Increasing the Cd to 20% dramatically decreases the hydrogen
adsorbing/absorbing capacity. The formation of the large Pd-Cd
particles as evidenced in Figure 1f decreases the active surface area,
thus lowering the hydrogen sorption capacity. It is known that
properties of nanomaterials depend on the size of their crystallites.3b,9

A small crystallite size increases the number of grain boundaries in
which hydrogen can be stored.3b,5,9a The average crystallite size of
the Pd-Cd nanostructured alloys was calculated from the (200) peak
(Figure 2) using the Scherrer equation.10 As seen in Figure S2, the
average size of the crystallite decreased as the amount of Cd was
increased. When the amount of Cd was increased from 0% to 15%,
the crystallite size decreased from 25.81 to 9.16 nm and their BET
surface area was increased from 11.58 to 46.64 m2/g, thus greatly
enhancing the capacity for hydrogen sorption.

Based on computational modeling,11 it is believed that dendritic
growth reflects a competition between order associated with the
symmetries of the crystal structure and morphological instabilities
arising from the nonlinear diffusion process.11d Simulations of the
morphology of a diffusion-limited aggregate show that a change in
the random noise level can vary the morphology from an ordered
anisotropic shape into an irregular branching pattern.11a In the present
work, 100% Pd species, when reduced, did not produce dendritic
morphology, while the presence of small amounts of Cd massively
triggers dendritic growth. The Cd atoms at low percentages (e.g., 1.5%,
3%, and 5%) can be treated as “foreign impurities” with respect to
the Pd matrix. This could correspond to the aforementioned “instabili-
ties” in crystal growth and “random noise” in computer simulations,
both of which are essential for inducing dendritic growth. In the case
of our hydrothermal process, the reducing agent ammonium formate
is always present in large excess compared to the metal precursors.
This ensures the coreduction of both metal cations and produces
sufficiently fast reaction kinetics to cause supersaturation during the
crystal nucleation phase. In the subsequent crystal growth phase,
diffusion of the reduced Pd and Cd is the dominant driving force
responsible for the dendritic growth. When a small amount of Cd is

introduced, the reduced Cd species serve as “pinning centers” and
interfere with the growth front of the main trunks. Since the interfering
Cd atoms have the possibility of occupying certain crystal lattice points
during the diffusion process, and the anisotropic growth of Pd atoms
along the preferred crystal lattice is kinetically fast enough to engulf
the Cd atoms and further accommodate these foreign atoms inside
the crystal lattice, the formed intermetallic nanocrystals are consistent
in composition with the original aqueous mixture of the precursors.
This is further supported by our EDS analysis and ICP results (Table
S1).

In conclusion, we synthesized and studied, for the first time, Pd-Cd
nanostructures with controllable and reproducible compositions. Our
study demonstrates that the addition of Cd significantly changes the
morphology and properties of the formed Pd-Cd nanostructures. Our
electrochemical measurements show that the Pd-Cd nanostructures
with 10-15% of Cd possess the highest capacity for hydrogen sorption,
over 15 times greater than the nanoporous Pd networks (Figure 1a).
The significant enhancement by Cd can be attributed to a combination
of the formation of small dendritic structures, dilation of the lattice
constant, and decrease of the crystallite size. The facile approach
reported in this communication opens a door to develop high
performance Pd-Cd nanomaterials for hydrogen storage.
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Figure 3. Cyclic voltammograms of the Pd-Cd electrodes in 0.1 M HClO4

performed with a scan rate of 20 mV/s. The overall hydrogen desorption
charge QH vs the normalized atomic composition of Cd is shown in the
inset.
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