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Abstract 
 
Multifunctional palladium and palladium composite nanomaterials with tailored shapes and compositions 
are produced by solution chemistries. This includes (a) palladium nanocubes, (b) palladium nanocubes 
adorned on iron oxide nanospheres, (c) hollow palladium-silver nanospheres, (d) palladium nanospheres 
adorned on copper fiber, and (e) palladium nanostars adorned on copper fiber. Palladium nanocubes and 
palladium cubes adorned on iron oxide nanospheres are prepared through a one-step reduction approach in 
the presence of a structure directing reagent, namely cetyltrimethylammonium bromide. Palladium-silver 
nanospheres are created through a simple galvanic replacement reaction by using silver spheres as 
sacrificial template. Copper fibers are decorated with palladium nanostars and nanospheres in a one-step 
reduction process. The monometallic and bimetallic nanoparticles can be easily purified and retrieved by 
centrifugation and/or magnetic separation. A series of analytical tools are employed to elucidate 
nanomaterials’ physico-chemical properties, including scanning electron microscopy, energy dispersive X-
ray analysis, and ultraviolet - visible spectroscopy.  
 
Keywords: palladium, composite nanomaterials, shape selective, nanocubes, nanospheres, nanostars. 

.  

mailto:Simona.Murph@srnl.doe.gov


2 
 

1. Introduction 

Palladium is one of the most valuable noble metals with extraordinary resistance to 
oxidation and corrosion [1-3]. It is a soft and ductile metal that can be easily annealed. Its strength 
and hardness can be, however, significantly amplified at low temperatures [1-3]. These properties 
make palladium applicable in catalysis [4], electronics [5], dentistry [6], and jewelry [7] sectors. 
For example, palladium catalysts play a major role as catalytic convertors to reduce pollutant 
emissions in automobiles [8], in fuel cells arenas [9], and numerous industrial organic reactions 
[10]. Palladium absorbs large volumetric quantities of hydrogen (around 900 times its volume) at 
room temperature and atmospheric pressure forming palladium hydride. Additionally, it exhibits 
rapid sorption kinetics, favorable thermodynamic properties and is high reversibility at low 
temperature [2, 11, 12]. These unique properties makes it suitable for separation of hydrogen 
isotopes, separation of hydrogen from gas mixtures, and for hydrogen storage applications [2, 11]. 
However, limited availability and high cost associated with bulk palladium often hinders its use in 
industrial processes.  

Over the last two decades, development of nanoscale materials received extraordinary 
attention in the scientific community [2, 3]. This is due to the fact that the nanoscale materials are 
more active than their bulk counterparts’ and provide an enhanced surface-to-volume ratio 
compared to their bulk components [13, 14]. The available active areas for chemical reactions are 
crucial in catalytic processes. An increased number of surface atoms often enhance and promote 
faster kinetics which results in more efficient catalytic reactions. Since most catalytic processes 
occur at the surface this reduces the  amount of material used in chemical reactions [3, 13, 14]. 
Therefore, the use of nanoscale materials significantly reduces the cost associated with their use 
in industrial process.  

The design and preparation of uniquely shaped nanostructures have been the focus of 
intense research for decades. At the nanoscale (1 - 100 nm), the electrons are confined in one, two, 
or three dimensions. Consequently, in this regime, the quantum size effects become dominant [3]. 
At this scale, the physico-chemical properties depend on nanoparticle’s size, shape, surface 
arrangement and environment [3, 15]. For example, the atoms in the interior of a nanoparticle are 
highly coordinated, and therefore more stable than those at the nanoparticle’s surface. In 
comparison, atoms on tips or corners of a crystal have more uncoordinated bonds and are more 
reactive than the edge or in-plane surface atoms [14, 16, 17]. As a result, metallic nanoparticles 
with sharp edges, sharp corners, or rough surfaces are more active than the spherical counterparts. 
The nanocatalyst’s spatial distribution, surface or catalysts’ support composition and electronic 
structure also influences their catalytic activity and selectivity. Depending on which crystal faces 
are exposed to the environment, different catalytic activities may be obtainable [14, 16, 17]. For 
example, higher index planes with a high density of atomic steps and kinks exhibit higher catalytic 
activities than the low index planes [17].  

The selection of nanomaterials with a specific shape is also critical when investigating 
hydrogen absorption dynamics. A recent study showed that the hydrogen absorption dynamics in 
individual palladium nanoparticles proceeds through the corners of palladium nanocubes [18]. 
Moreover, a shape effect on hydrogen-absorption properties of palladium octahedrons and cubes 
enclosed by {111} and {100} facets, respectively, have been also observed and reported [19]. That 
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study showed that, while the exposed facets of these two different shapes do not affect their 
hydrogen-storage capacity, it significantly affects the absorption speed. Specifically, the 
octahedral palladium nanocrystals display a faster absorption response than the cubes.  

Despite the interest in using shape-selective nanomaterials with different crystallographic 
facets for industrial processes, their routine usage is still restricted. This is due to complications 
associated with the reproducible preparation of well defined, reliable and stable nanocrystals. The 
incorporation of these unique nanocrystals in industrial processes relies on one’s ability to develop 
manufacturing processes that are robust, reliable, and cost effective leading to the production of 
nanomaterials at scale.  

This research describes a number of simple solution chemistry approaches for preparation 
of (a) palladium nanocubes, (b) palladium nanocubes adorned on iron oxide nanospheres, (c) 
hollow palladium-silver nanospheres, (d) palladium nanospheres adorned on copper fibers, and (e) 
palladium nanostars adorned on copper fibers. These nanostructures are characterized by a series 
of analytical tools to elucidate their physico-chemical properties.  

 

2. Experimental Details 
 

2.1. Materials and Instrumentation  

Cetyltrimethylammonium bromide (CTAB), iron (III) oxide, sodium tetrachloropalladate, sodium 
borohydride (NaBH4), and sodium citrate tribasic dehydrate were purchased from Sigma and were used 
as received. Ascorbic acid (AA) was purchased from J.T. Baker and was used as received. All reagent 
solutions were prepared using deionized water. Glassware was cleaned with aqua regia solution 
(HCl/HNO3, 3:1) and thoroughly rinsed with deionized water before use. The nanomaterials are 
characterized using a scanning electron microscope (Hitachi SU8320). Energy dispersive X-ray 
spectroscopy (EDS) was used to determine the material’s composition and collect compositional 
mapping and location of individual elements using an Oxford X Max 150 mm2 Crystal EDS 
instrument. A Varian Cary 500 scan UV-Vis-NIR Spectrophotometer was used to monitor 
nanoparticles’ optical properties.  

 
2.2. Experimental Section 
2.2.1. Palladium Nanocubes Preparation  

Palladium nanocubes were prepared by a solution chemistry approach [3]. To a 5 mL solution 
of 50 mM cetyltrimethylammonium bromide, 500 μL of de-ionized water was added. The solution 
was heated to 80 °C with stirring. A 100 μL aliquot of 0.1 M sodium tetrachloropalladate was 
added to the reaction flask. Subsequently, 160 μL freshly prepared 100 mM ascorbic acid solution 
was added. When the solution turned dark brown the reaction time was started. The solution was 
heated with stirring for 2 minutes and then removed from heat and allowed to cool on the bench 
for an additional 18 minutes. Solution turned dark grey indicating production of palladium 
nanostructures. The nanoparticles were purified by centrifugation at 6000 rpm for 30 minute and 
redisperse in water.   
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2.2.2. Palladium Cubes Decorated on Iron Oxide Nanospheres Preparation 

Palladium nanocubes were prepared by a reduction approach in the presence of a support, iron 
oxide nanomaterial, as described elsewhere [2, 20, 21]. To a 5 mL solution of 50 mM 
cetyltrimethylammonium bromide, 500 μL of 25 mM iron oxide nanoparticles solution was added. 
The solution was heated to 90.5 °C with stirring. A 50 μL aliquot of 0.1 M sodium 
tetrachloropalladate and 50 μL de-ionized water was added. With the addition of the palladium 
solution, the mixture changed from orange to dark brown. At 91.7 °C (~1 min. after sodium 
tetrachloropalladate added), 160 μL freshly prepared 100 mM ascorbic acid solution was added. 
When the solution turned dark brown the reaction time was started. The solution was heated with 
stirring for 20 minutes and then allowed to cool. A magnet was used to separate the palladium - 
iron oxide nanoparticles from the supernatant. The supernatant was poured off and washed three 
times with water and centrifuged at 6000 rpm for 30 min. The palladium iron oxide nanoparticles 
were washed 5 times with water using a magnet [22]. 

 
2.2.3. Hollow Palladium-Silver Nanocomposites Fabrication  

The galvanic replacement used to create hollow palladium silver nanostructures by addition of 
sodium tetrachloropalladate to a silver nanosphere solution. Silver nanosphere were prepared by a 
method reported previously and used as a sacrificial template for creation of hollow silver-
palladium nanospheres. Specifically, into a 25 mL Erlenmeyer flask, 150 microliter of silver 
nanosphere solution was added dropwise in 6 ml aqueous solution of 0.001M of sodium 
tetrachloropalladate. Addition of 50uL of 0.1M ascorbic acid to the solution creates uniform 
nanoparticle surfaces. Nanoparticles were purified by centrifugation.  

 
2.2.4. Palladium Nanospheres and Nanostars Adorned on Copper Fiber  

A 28.804 mg piece of copper foam was placed in a solution of 1.79 mM 
cetyltrimethylammonium bromide and 1.79 mM sodium tetrachloropalladate and allowed to stir 
at either 85 °C or 60oC. After 5 minutes, 160 μL of 0.1 M ascorbic acid was added. Ascorbic acid 
concentration varied from 2.78mM to 5.56mM. The reaction proceeded with heat and stirring for 
2 minutes and then allowed to cool for 18 minutes on the bench. The copper foam was washed 
with water 5 times then allowed to dry.  

 

 
3. Results and Discussions 

 
3.1. Preparation and Characterization of Palladium Nanocubes  

Anisotropic and isotropic nanostructures of various compositions can be created by a variety 
of bottom-up and top-down approaches [3, 13, 14, 16, 23]. The most common bottom-up 
approaches producing uniquely shape nanostructures are seed-mediated approaches, (co)reduction 
approaches, template synthesis approaches, or galvanic displacement reactions [24-28]. We 
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reported earlier the production of shape-selective metallic nanostructures such as nanostars, 
nanorods, nanospheres, dogbones, nanotubes, nanostars, nanotriangles, cubes, octagons, etc. [3]. 
Our group can also generate a wide plethora of shape-selective nanostructures of distinct 
crystallographic configurations, (111), (100), (101), etc., and compositions including 
monometallic, bimetallic and/or metal oxide materials [3].  

While monometallic nanostructures received extraordinary attention in the scientific 
community due to their size and shape dependent properties, in recent years, the landscape of 
composite nanomaterials have been receiving increased attention. Composite nanomaterials 
containing two or more elements or materials with dissimilar properties are of interest as they 
deliver additional degrees of freedom compared to their monolithic counterparts. It allows 
production of intricate and complex architectures with well-defined architectural arrangements 
that open the door to a wide array of applications. For example, surface engineering of a core 
nanomaterial with a secondary nanomaterial could produce attractive composite nanoarchitectures 
such as core-shell, alloy-like, patchy, hollow or nano-peapods architectures [3, 13, 14, 25, 26]. For 
example, we expanded the functionality of gold nanoparticles by coupling with a magnetic iron 
oxide component and created magnetic hybrid nanocomposite materials [20]. The hybrid 
nanostructures exhibit both plasmonic and magnetic properties making them useful for 
photothermal catalytic processes, medical sensing, imaging, or MRI contrast agents [25]. The 
magnetic properties permit non-contact collection and external manipulation of the material by 
using magnetic fields. Moreover, some studies showed that composite nanostructures with a non-
symmetric architecture, e. g. patchy geometry, are more suitable for detection than the symmetric 
counterparts. For example, patchy silica-silver nanowires are better sensors in comparison to silver 
nanowires generating 109 enhancement effects versus 106 promoting increased detection 
capabilities for trace level of analytes [26].  

It is important to mention that, while we and others successful designed and generated a wide 
array of uniquely shaped nanostructures, the ability to finely control the size, shape and 
composition of the final product is not trivial. Fine control of the experimental conditions must be 
taken into consideration when creating shape selective nanostructures as small changes to the 
reagents order, ratio between the reductant and precursor, timing, temperature, chemicals, stirring, 
etc. leads to undesired and widely dispersed (size and shape) nanostructures. To achieve the desired 
shape, nucleation and crystal growth, experimental parameters must be carefully controlled. 

In this study, palladium nanocubes were prepared by a simple one-step reduction approach. 
The reaction takes place by reduction of palladium ion precursor at elevated temperatures (80oC) 
in the presence of a surfactant such as cetyltrimethylammonium bromide. The ratio between the 
palladium ion precursor, structure directing agent, and reducing agent was precisely tailored to 
allow production of palladium nanocubes that are uniform in size and shape. 
Cetyltrimethylammonium bromide has a dual role: as a structure directing agent and capping 
ligand which provides long term stability of the nanomaterial after purification. A mild reducing 
agent, such as ascorbic acid, was used to control the nanocubes’s growth. A strong reducing agent 
would generate only spheres. The chemical reaction leading to the production of palladium cubes 
can be represented as follows (Figure 1):  
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Figure 1. Schematic representation of the chemical reaction leading to the production of palladium 
nanocubes.   

The morphologies of these palladium nanostructures have been investigated using scanning 
electron microscopy (Figure 2). The palladium nanocubes dimension can be tuned by varying the 
reducing agent concentration and/or by controlling the surfactant concentration. Typically, the 
length of the cubes can be manipulated from 28nm, 31nm to 34nm. A higher concentration of 
reducing agent generates nanocubes with larger dimensions. However, it was found that the shape 
variability also increases with increasing the concentration of the reducing agent. It was also found 
that the reaction time affects the morphology of the final product. For example, a short reaction 
time, namely 2 minutes, is most appropriate to create monodisperse in size and shape cubes, i. e. 
over 90% cubes. A 20-minute reaction time produces cubes, too. However, other shapes, i. e. 
truncated spherical nanostructures, are generated in the extended reaction time.    
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Figure 2. Scanning electron microscopy images of palladium cubes with dimensions (a) 27 nm, 
(b) 34 nm and (c) 31 nm in length with more variability in shape.   

Energy dispersive X-ray analysis (EDS) and mapping was conducted to evaluate the 
compositional and anatomy of the nanocubes (Figure 3). As expected, the data confirm the 
presence of palladium in agreement with scanning electron microscopy results.  
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Figure 3. Energy-dispersive spectroscopy data analysis and elemental mapping on palladium 
cubes.  

 

 

3.2. Palladium nanocubes adorned on iron oxide nanosphere studies  

Development of multifunctional hybrid nanomaterials have received a lot of attention over the 
years [3, 14, 21, 23]. The hybrid nanomaterials capitalize on their improved properties which are 
often distinct and cumulative from their constituent individual components. Coupling two or more 
nanomaterials in various architectures, core-shell, decorated, peapod, hollow structures, generates 
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composite architectures which influence the crystal structure as well as the electronic and optical 
properties of the individual materials.  

Many industrial processes occur typically at high temperatures requiring materials that are 
thermally stable. Additionally, regeneration of materials for continued use take place at elevated 
temperatures. Therefore, the stability and utility of conventional materials is critical in industrial 
applications. The employment of hybrid structures in which one material serves as an active site 
for reaction while the secondary one as an ‘active/inactive’ support are beneficial in high 
temperature processes [16, 22, 29]. Placing nanocatalysts or nanohydrides on supports could 
circumvent issues regarding nanomaterial’s stability, sintering and durability [2, 30, 31]. The 
synergistic effects, including short- and long-range interactions, have been documented in 
literature demonstrating the critical role of the support in a number of industrial processes. 
Selecting an ‘active’ support enhances the physico-chemical properties of the material of interest. 
For example, the support could display magnetic properties that allows manipulation and retrieval 
by simply using a magnetic field. The distinctive physico-chemical properties of iron-based 
materials makes them suitable for uses in catalytic reactions, thermal processes, or environmental 
cleanup activites [2, 20, 21, 32]. We reported earlier the production of multifunctional magnetic-
hydride iron oxide-palladium nanomaterials with hydrogen isotope gas storage capabilities [2]. 
Therefore, hybrid nanomaterials are favorable due to their ability to enhance their functionality . 
For example, porous iron and hybrid iron-based materials were also successfully used for TcO4

- 
sequestration and stabilization from contaminated aqueous media and liquid nuclear wastes [32]. 
Nanocomposite iron oxide-gold nanoparticles efficiently transduce heat from light and can be 
magnetically collected and recycled. These properties were exploited in photothermal catalytic 
reduction of 4-nitrophenol [20, 21]. 

Palladium ions can be reduced onto iron oxide supports to form nanocubes when using a 
structure directing reagent, cetyltrimethylammonium bromide, and a mild reducing agent, ascorbic 
acid. The same procedure used to create palladium cubes have been employed here. At elevated 
temperature, we decorated iron oxide with palladium nanocubes through a metal ion reduction. 
Iron oxide nanospheres serve as seed supports. The magnetic properties of iron oxide nanospheres 
which are in maghemite phase, can be also useful for subsequent recovery and purification with 
an external magnet. It was found that addition of iron oxide nanoparticles in the reaction vessel 
affects the final size and morphology on the palladium nanocubes produced (Figure 4). 
Specifically, nanoparticle’s dimensions are slightly reduced when the iron oxide seeds are present. 
The cubes produced in the presence of iron oxide have dimensions of 28nm regardless of the 
reaction time, 2 minutes or 20 minutes.  Additionally, other shapes are being created besides 
palladium cubes, i. e. spheres, rods, and other undefined truncated nanoparticles.  
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Figure 4. Comparison of control palladium cubes with palladium cubes decorated on iron 
oxide nanospheres. Less variation of nanocube’s morphology and more defined cubes are 
produced at shorter reaction time (2 minutes vs. 20 minutes). There is more variation in shape 
of palladium nanocubes and decreased size of nanocubes when iron oxide is added. 

 

The compositions of the different structures have been investigated by energy dispersive 
X-ray analysis (EDS), line data and mapping examination. These studies confirm production 
of hybrid material composition, shape and local distribution (Figure 5). The mapping analysis 
shows the distribution and location of main components, palladium and iron, while the line 
scanning confirms the compositional structure of the materials. Results are in agreement with 
the scanning electron microscopy results showing that the cubes are palladium while spherical 
nanostructures are iron. Backscattering images and scanning electron microscopy image 
clearly show the distribution and location between the dissimilar components namely 
palladium (electron dense) and iron (less electron dense). 
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Figure 5. Energy dispersive X-ray analysis, line data and mapping; (a) mapping shows the 
distribution and location of main components, (b) line scanning confirm the compositional 
structure of the materials in agreement with the scanning electron microscopy: palladium cube and 
spheres iron; (c) energy dispersive X-ray analysis identify the elemental peak location and 
quantitative data of each component; (d) backscattering images and scanning electron microscopy 
image. 

 

3.3. Hollow palladium-silver nanostructures galvanic displacement studies 
 
Hollow nanomaterials are of long-standing interest since this architecture reduces the materials 

mass and cost while expanding the reactive surface area [3, 21]. This conformation creates systems 
that are more efficient as additional surface area is being created. As a result, the concerns 
regarding the cost associated with the use of noble palladium is often alleviated by using hollow 
nanomaterials.  

Galvanic replacement reactions have been used to good effect here to synthesize hollow 
palladium-silver nanomaterials starting from silver precursors [27]. In this reaction, silver 
nanospheres serves as sacrificial template precursors. This reaction is not spontaneous at room 
temperatures based on each component’s reduction potentials. For example, Ag+/Ag0 has a 
standard reduction potential +0.8V, and the analogous potential for PdCl4

2-/Pd0 is +0.591V. 
However, at high temperatures the reaction is spontaneous as PdCl42- ions are thermally 
decomposed at 60oC into Pd2+ and Cl- [33]. Therefore, the reaction at high temperatures proceeds 
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based on the standard electrode potential of Pd2+/Pd0 is +0.951V vs. SHE. The overall reaction that 
takes place at high temperature is: 

 
2Ag0 + Pd2+ → Pd0 + 2Ag+ 

 

The schematic of the galvanic displacement reaction and dealloying/alloying process is described 
below (Figure 6):  

 
Figure 6. Schematic showing the galvanic displacement reaction and dealloying/alloying process.  

The galvanic replacement reaction is initiated on the silver nanosphere surface upon 
addition of palladium ions. At the beginning, the displacement reaction commences when silver 
metal is oxidized forming silver ions at the expense of palladium ions. The newly formed silver 
ions are released in the aqueous solution while palladium ions are being reduced to palladium 
metal. As the reaction proceeds, the newly formed palladium atoms nucleate on the silver 
nanosphere in a more or less disordered fashion resulting in an alloy-cluster-type structure. As the 
reaction continues, more core silver metal is being replaced generating hollow structures. The 
newly formed hollow structures have a palladium-silver shell. If reaction continues, all silver is 
replaced leading to hollow palladium spheres. The hollow core dimensions are generally governed 
by the original diameter of silver nanospheres. The palladium wall thickness and composition can 
be tailored in dimensions by simply manipulating the palladium ion concentration. 

Scanning electron microscopy studies (Figure 7 a,b) were conducted to elucidate the 
nanomaterials dimensions and morphologies. The original silver nanospheres have a diameter of 
31±2nm. The hollow palladium-silver nanostructures have a diameter of 52±3nm with a thin shell 
with dimensions of 11±3nm. The hollow nanostructures have a non-uniform shell with a number 
of protuberances, valleys and islands indicating that the displacement and alloying process was 
successful. A smooth shell can be created by additional of a reducing agent which reduces more 
ions on the nanoparticle’s surface. The monometallic and bimetallic structures optical properties 
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were investigated by ultraviolet-visible spectroscopy (Figure 7 c, d). The silver nanospheres have 
a plasmonic band around 470 nm in agreement with previous studies. At the same time, as 
expected, the ultraviolet - visible spectra of the bimetallic palladium are slightly different. A blue 
shift is recorded on the bimetallic nanostructures demonstrating that the bimetallic nanostructure 
is an alloy structure. X-Ray energy dispersive microanalysis of was performed to investigate the 
composition of nanostructures before and after galvanic displacement reaction. The elemental map 
shows clearly that the final bimetallic is composed of both metal and not disparate nano-entities. 
These studies are in agreement with the spectroscopy data.  

 

Figure 7. Scanning electron images of (a) silver nanospheres, (b) palladium-silver hollow 
nanospheres; Ultraviolet - visible spectra of (c) Ag nanospheres, and (d) bimetallic palladium-
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silver colloids; (e) X-ray energy dispersive microanalysis of bimetallic palladium-silver hollow 
nanostructures (inset shows elemental mapping of palladium and silver).  

 
 
 

3.4. Palladium Nanospheres and Nanostars Adorned on Copper Fiber  

A large number of studies have been developed to create nanoparticles of various shapes and 
composition in solution [3]. Integration of nanomaterials in various applications, however, require 
the use of nanoparticles that are bound or directly grown to macro- or nanoscale surfaces. In this 
study, palladium nanospheres and nanostars were grown onto copper fiber support through a 
reduction process and/or galvanic displacement reaction (Figure 8). Both procedures can be easily 
scaled up.  

X-ray energy dispersive microanalysis before after decoration of copper fibers with palladium 
nanostructures (Figure 9). These results confirm that the copper fibers are effective substrates for 
treatment with palladium colloids. Elemental mapping shows the formation of palladium colloidal 
structures on the entire surface of copper fibers. Compositional analysis shows that the fibers 
contain approximatively 16.5% weight palladium colloids when experiments are conducted at low 
temperature of 65oC.  

 

Figure 8. Scanning electron microscopy images of (a) copper fibers support and (b) palladium 
colloids adorned on copper fibers support (reaction conducted at high temperature). 
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Figure 9. X-ray energy dispersive microanalysis of palladium nanospheres generated on copper 
fibers at low temperatures: (top) semi-quantitative analysis and (bottom) elemental mapping of 
palladium and copper. 

The size and geometry of the nanoparticles’ formation is intimately tied to the experimental 
conditions used. This includes reaction temperature and presence/absence/amount of reducing 
agent. For example, a reaction temperature of 85oC generates palladium nanostars with dimensions 
of 500nm-800nm in diameter while a 60oC generates spherical clusters with dimensions around 
500nm (Figure 10). An increased in temperature generates more defined nanostars with well-
defined spike formations. A higher concentration of reducing agent also results in more defined 
nanostars. This is not surprising as the reaction continues after an initial nucleation and growth 
process that produces spherical structures. As more precursor ions are still present in solution the 
reaction continues. The spikes are being generated on these nanosphere’s surface, due to possible 
various crystal facets, as the palladium ions are slowly reduced by the mild reducing agent through 
a diffusion and coalescence. The unique spike/rod like structure is also affected and could be 
attributed to the presence of cetyltrimethylammonium bromide which is a known structure-
directing agent. Cetyltrimethylammonium bromide controls the crystallization process by 
undergoing adsorption-desorption equilibrium that modifies the crystal’s surface free energy and 
stabilize the nanoparticles. It was found that ahigher temperature results in higher concentration of 
palladium on copper fibers. Specifically, 29.3 wt % palladium is being created at higher 
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temperature while only 22.6 wt % palladium is produced on the support at lower temperature. It 
was found that the amount of palladium colloids created on copper fibers can be controlled. For 
example, according to the X-ray energy dispersive microanalysis, we can tune the amount of 
palladium on copper fibers from 17, 23, 29 to 33 percent weight. While X-ray energy dispersive 
microanalysis is a useful qualitative tool to evaluate nanomaterial composition, for a more rigorous 
metal quantitation additional analytical tools are needed. Inductively coupled plasma atomic 
emission spectroscopy is being currently explored to completely to quantitate the amount of 
metals. 

 

Figure 10. Scanning electron images and accompanying X-ray energy dispersive microanalysis 
elemental mapping of (a) palladium nanostars adorned on copper fibers, and (b) palladium 
nanospheres adorned on copper fibers.  

 
4. Conclusions 

Multifunctional shape selective palladium and palladium-based nanostructures were 
synthesized through reduction and/or galvanic displacement methods. Specifically, a library of 
palladium and composite palladium-based nanomaterials of various sizes, shapes, morphologies 
and compositions were produced. This includes: (a) palladium nanocubes, (b) palladium 
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nanocubes adorned on iron oxide nanospheres, (c) hollow palladium-silver nanospheres, (d) 
palladium nanospheres adorned on copper fiber, and (e) palladium nanosphere adorned on copper 
fiber. Delicate control of the experimental parameters produces different morphologies and 
loading on copper fiber supports. 

Palladium cubes adorned on iron oxide nanospheres were prepared in one step reduction 
approach in the presence of a structure directing reagent, namely cetyltrimethylammonium 
bromide. Decorating palladium nanocubes on iron oxide resulted in similar morphologies to the 
pure palladium cubes. Palladium-silver hollow composite nanospheres were created through a 
simple galvanic replacement reaction by using silver spheres as sacrificial templates. The hollow 
core dimensions are generally governed by the original diameter of silver nanospheres. The 
palladium wall thickness and composition can be tailored in dimensions by simply manipulating 
the palladium ions concentration and reducing agents engagement. Copper fibers were also 
decorated with palladium nanostars and nanospheres in a one-step reduction process.  

Reactions are amenable to scale up  and can be used in industrial processes. A series of 
analytical tools were employed to elucidate their physico-chemical properties, including scanning 
electron microscopy, energy dispersive X-ray analysis, and ultraviolet - visible spectroscopy. The 
monometallic and bimetallic nanoparticles can be easily purified and retrieved by centrifugation 
or magnetic separation. The resulting nanocomposite materials retain the physico-chemical 
properties of the original components. Growth mechanisms that rely on nucleation, growth, 
oriented attachment, and/or Ostwald ripening effect are proposed. The shape-selective palladium 
and palladium composite nanostructures described here could be used in catalytic processes, as 
hydride storage materials, hyperthermia treatment, magnetic resonance imaging contrast agents, 
among others.   
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