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Shape  controlled  Pt particles  were  synthesized  onto tungsten  monocarbide  (WC)  substrates  using  a  pulse
electrodeposition  method.  The  particle  shape  was  strongly  influenced  by  the deposition  potential,  with
cubic particles  formed  using  0.14  V  vs.  NHE  (normal  hydrogen  electrode)  and  dendritic  particles  formed  at
0.04  V vs. NHE.  The  crystalline  orientation  and active  surface  area  of the  Pt particles  were  estimated  using
Cu stripping  voltammetry.  Finally,  cyclic  voltammetry  and  chronoamperometry  were  used  to determine
eywords:
latinum
ungsten carbide
lectrodeposition
ethanol oxidation

the methanol  electrooxidation  activity,  which  revealed  that  the  dendritic  Pt showed  much  higher  electro-
chemical  activity  than  the  cubic  particles.  These  results  demonstrated  the possibility  of  more  effectively
utilizing  Pt  electrocatalysts  by controlling  the  shape  of  Pt particles.

© 2011 Elsevier B.V. All rights reserved.
hape control synthesis

. Introduction

In catalyst synthesis, the structure of the particle is often over-
ooked. Rather, the focus is often on producing catalysts that are the
mallest size to improve the ratio of exposed surface area per pre-
ious metal loading while keeping precious metal loadings as low
s possible. For some reactions that have been shown to be struc-
ure sensitive, another way to optimize the catalyst is to synthesize

etal particles with specific shapes. For example, Pt nanoparti-
les have been shown to effectively oxidize methanol, but their
orphology and surface crystalline orientation have been found

o play a considerable role in their effectiveness [1].  The methanol
xidation reaction is a structure sensitive reaction, and certain crys-
al planes have been shown to exhibit higher activity than others
2,3]. Therefore, a method to produce Pt particles with shape con-
rol can be useful in optimizing the methanol oxidation reaction
ctivity.

Colloidal methods using organic ligand stabilizers are one of the
ost commonly used methods in making shape controlled par-

icles [4–8]. However, the organic ligand shells can be difficult
o remove and can inhibit catalytic activity [9].  In contrast, elec-
rochemical deposition is a fast, simple method that can produce

hree-dimensional particles directly onto a substrate or support. It
s a one-step technique, requires no additional purification step,
nd its implementation is low in cost with commercially avail-

∗ Corresponding author. Tel.: +1 302 831 0642; fax: +1 302 831 1048.
E-mail address: jgchen@udel.edu (J.G. Chen).

378-7753/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2011.06.043
able technology [10–12].  It also has the added benefit of being
applicable on a number of support geometries, as the deposition
process is not a line-of-sight method. Furthermore, the deposi-
tion potential has been shown to be a convenient parameter for
controlling the structure of the deposited metal [13]. Electrode-
position has been used to demonstrate the production of metallic
particles of various shapes on a number of substrates. For exam-
ple, the electrodeposition of chromium particles was demonstrated
on Si, making spherical particles at low deposition potentials and
hexagonal microrods at higher potentials [14]. Another example is
the synthesis of tetrahexahedral Pd nanocrystals with high Miller
index facets using a pulse electrodeposition method [15].

For most electrocatalytic application the chosen support can
have a large influence on the effective use of the catalyst. This is
especially true for supporting electrodeposited catalyst particles,
since the nature of the catalyst can strongly affect particle nucle-
ation [16]. In this work, we  explore the use of tungsten monocarbide
(WC) as a supporting material. Because of its similar bulk electronic
properties to Pt, WC has been identified as a promising substrate to
support Pt catalysts, exhibiting improved performance compared
to carbon substrates [17–21].  It is inexpensive, electrically conduc-
tive, and durable in acidic environments [20,21]. WC has previously
been demonstrated to be a good support for Pt for several types of
electrochemical reactions. For example, one monolayer of Pt on a
WC substrate was found to have comparable activity for the hydro-

gen evolution reaction as bulk Pt [19]. The monolayer bimetallic
system maximizes the use of the Pt catalyst by replacing the bulk
of the catalyst with WC,  leaving one monolayer of Pt to act as the
catalyst for the reaction. Furthermore, it has been observed that

dx.doi.org/10.1016/j.jpowsour.2011.06.043
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:jgchen@udel.edu
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t on a WC support maintains more of its electrochemically active
urface area after rigorous potential cycling than Pt supported on
arbon [17]. This suggests that Pt on a WC support is more resistant
o catalyst degradation issues commonly seen on commercial Pt/C
atalysts such as particle agglomeration and dissolution [17].

The aim of this work is to demonstrate the ease of pulse elec-
rodeposition as a method to produce a variety of particles shapes
nd confirm the effect that this can have on the activity of methanol
xidation, a structure sensitive reaction. Here, pulse electrodepo-
ition is utilized to synthesize Pt particles that are round, cubic,
r dendritic, depending on the deposition potential. The preferred
rystal orientations of the particles are confirmed with Cu stripping
oltammetry and correlated with methanol oxidation activity to
emonstrate the effects of Pt crystal planes on the electrooxidation
ctivity.

. Experimental

WC thin films were produced on W foils using a carburization
echnique previously detailed elsewhere [22]. Pt electrodeposi-
ion was carried out using a three-electrode cell and a Princeton
pplied Research Potentiostat/Galvanostat Model 263A at room

emperature (∼25 ◦C). A saturated calomel electrode (SCE) was
sed as the reference and Pt gauze as the counter electrode. All
esults are presented with respect to the normal hydrogen elec-
rode (NHE). All solutions were prepared using deionized water
urified with a Barnstead NANO pure filtration system to a con-
uctivity of ∼18 M� cm−1. The electrolyte, a 2 mM H2PtCl6·6H2O
Aldrich) and 0.1 M H2SO4 (Fischer Scientific) solution, was  first
eaerated with high purity N2 for 20 min. Nitrogen was  swept
hrough the headspace to prevent oxygen or any other impurities
rom entering the cell during deposition.

SEM images were obtained using a 7400f JEOL field emission gun
canning electron microscope with an accelerating voltage of 3 kV.
lectrochemical characterization was carried out at room temper-
ture in the same three-electrode cell set up as deposition. Before
easurements, electrodeposited Pt–WC samples were prepared by

ipping into 0.3 M NaOH solution to remove any tungsten oxides
22], followed by a rinse with acetone, methanol, and deionized
ater and dried with high purity nitrogen. All electrolyte solutions
ere deaerated with high purity nitrogen prior to measurements,
ith a nitrogen sweep during experiments. Upon submerging in

lectrolyte solution, the working electrode samples were cycled
rom 0 V to 0.8 V vs. NHE at 10 mV  s−1 for 10 cycles to clean the
lectrode surface before electrochemical measurements. Methanol
lectooxidation tests were performed in a solution of 0.1 M H2SO4
nd 0.2 M CH3OH (Fischer Scientific). Chronoamperometry (CA)
easurements were conducted at a potential of 0.84 V vs. NHE over

00 s. Cyclic voltammograms were collected using a scan rate of
0 mV s−1. Copper stripping voltammetry was done using an elec-
rolyte solution of 2 mM CuSO4 (Fischer Scientific) and 0.1 M H2SO4.
he working electrode was held at a potential of 0.32 V for 2 min  to
llow the Cu atoms to adsorb onto the Pt surfaces. The adsorbed Cu
as then stripped by scanning from 0.32 V to 0.9 V. All linear scans
ere measured using a scan rate of 100 mV  s−1. A background scan
as also measured in 0.1 M H2SO4 from 0.3 V to 0.9 V using a scan

ate of 100 mV  s−1. The background scan was subtracted from the
u stripping scan to produce a difference curve, which was then

ntegrated to obtain the Cu stripping charge.

. Results and discussion
.1. Electrodeposition and characterization

In pulse electrodeposition the electrode potential is alternated
etween periods of high overpotential, which promotes nucle-
rces 196 (2011) 8307– 8312

ation, and low overpotential, which allows the existing nuclei to
grow [23]. Compared to an electrodeposition performed at a single
potential, the pulse deposition method can provide more uniform
particles that are more evenly dispersed on the substrate [16]. Dur-
ing the constant potential electrodeposition process, the nucleation
and growth processes compete with one another, causing particle
dispersion to increase with increasing deposition time. Both the
nucleation and growth processes are influenced by the surface dif-
fusion rates of the plating ions as well as the rate of charge transfer
between the substrate and ions in solution. When there are low sur-
face diffusion rates and fast charge transfer, nucleation is favored;
conversely, when the surface diffusion rate is high and the charge
transfer rate is slow, there is particle growth [23]. In comparison,
pulse electrodeposition allows the user to alternate between these
two regimes, providing a balance between nucleation and parti-
cle growth. For the pulse depositions in this work, a number of 30
pulse iterations were specified, with one iteration comprised of the
following sequence: 5 s at the high overpotential followed by 5 s at
the low overpotential. The overpotential is defined as the differ-
ence between the electrode potential and the reversible potential
for the Pt(IV)/Pt(0) coupling (EPt∼0.7 V vs. NHE) [13]. Table 1 lists
the potentials used for each experiment, as well as the resulting
particle shape.

Fig. 1 shows SEM images of the particles that were produced
using the pulse potentials listed in Table 1. Insets show a higher
magnification image that more clearly reveals the shapes of the
Pt particles. The first three samples were synthesized using a low
overpotential (E2) of 0.64 V, close to EPt, so the particles should have
similar growth rates. The high overpotential pulse (E1) is in the
range between 0.24 V and 0.04 V, corresponding to ∼0.5–0.7 V over-
potential. When the lowest deposition overpotential (E1 = 0.24 V)
is used, as with Sample 1a (Fig. 1a), rounded particles are pro-
duced. At a slightly larger overpotential, E1 = 0.14 V, enough current
transfer is provided for Pt to nucleate into cubic structures such as
Sample 1b (Fig. 1b). At an even larger overpotential (E1 = 0.04 V),
the faster nucleation rate results in the formation of particles
with short dendrites (Fig. 1c). These are similar to what has
been referred to as flowers in other Pt deposition studies, which
used a static potential electrodeposition method [10–12].  Sam-
ple 1d, uses the same high deposition overpotential as Sample 1c
(E1 = 0.04 V) but with a less positive potential during the growth
pulse (E2 = 0.56 V). Because of the larger overpotential during the
growth pulse, the increased growth rate makes the mass-transfer
of Pt ions more limiting, which is favorable for dendritic growth
[24]. The incoming Pt ions deposit on the first available surface,
which is typically farthest from the WC substrate on the edge of an
existing Pt particle. This promotes outward growth, creating long
dendrites. Compared with Sample 1c that has a slow growth rate,
this more spontaneous growth period allows the dendrites to grow
longer, resulting in the more pronounced spiked features seen in
Fig. 1d.

TEM images (Fig. 2) allow closer inspection of the particles
as well as determination of some of the Pt crystal planes that
are present. Fig. 2a shows a dendritic particle, while Fig. 2b
is a high resolution image of the end of one of the dendrites
in Fig. 2a indicated by the boxed area. Lattice fringes can be
seen in the Fig. 2b and are measured to be close to 2.27 Å,
corresponding to the d-spacing for Pt(1 1 1). Additionally, a fast
Fourier transform of the high resolution image shows a simu-
lated diffraction pattern that represents a [1 1 1]-type direction,
further demonstrating that the dendrites are generally (1 1 1)-
oriented. Fig. 2c and d shows TEM images of the cubic particles,
and the insert shows a selected area electron diffraction pat-
tern of the sample in Fig. 2c. This diffraction pattern shows a

[1 0 0]-type pattern, consistent with what is expected for a cube
structure.
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Table  1
List of pulse potential experiments using 2 mM H2PtCl6/0.1 M H2SO4. Sample number corresponds to Fig. 1.

Sample High overpotential pulse,
E1 (V vs. NHE)

Low overpotential pulse,
E2 (V vs. NHE)

General particle shape Electrochemically active
surface area (cm2)

1a 0.24 0.64 Round 0.98
1b 0.14 0.64 Cube 1.65
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1c  0.04 0.64 

1d 0.04 0.54 

.2. Determination of surface area using Cu stripping

One interesting characteristic of the dendritic particles is that
heir extension into space increases the active surface area of the
atalyst, and can therefore maximize the overall methanol oxida-
ion activity [11]. To determine the surface area of the various Pt
article shapes, Cu stripping voltammetry was  utilized because it

s effective in determining the Pt surface area without taking the
C substrate into consideration. Other methods that can deter-
ine the electrochemically active surface area, such as CO stripping

oltammetry and the underpotential deposition (UPD) of hydrogen,
ave overlapping features representing both Pt and WC,  making it
ifficult to differentiate which features correspond to Pt or WC.
uring Cu stripping voltammetry, the UDP of Cu takes place on

he surface of the Pt particles. The resulting Cu monolayer is then
tripped away, and the resulting charge can then be divided by
20 �C cm−2, the generally accepted value for 2-electron charge
ransfer on polycrystalline Pt [25], to determine the electrochemi-
ally active surface [26].

For UPD of a metal to take place on a given substrate, the
etal–substrate interaction must be favored over the metal–metal

nteraction. Otherwise, bulk deposition will occur. The Cu–Pt inter-
ction is strong enough for Cu UPD to take place on Pt; conversely,

he Cu–WC is too weak for such a deposition to transpire [27].
here is no discernable difference between the Cu stripping curve
n WC  compared to the background scan. Using this method, the
lectrochemically active surface area of each Pt particle shape was

Fig. 1. SEM images of Pt particle electrodeposited using a range of pote
Short dendrites 6.65
Long dendrites 12.40

determined. These values are summarized in Table 1 and shows that
the dendritic particles have much higher electrochemically active
surface areas than the round and cubic particles. Furthermore, the
surface area of the particles with long dendrites (1d) are nearly
twice that of the particles with short dendrites (1c), showing the
advantage of longer dendritic particles in maximizing active surface
area compared to the other particle shapes.

Because SEM and TEM images show only a small percentage
of the entire sample, it is necessary to confirm the preferred ori-
entation of the sample with a method that can sample all of the
deposited particles. In addition to determining the electrochem-
ically active surface area of Pt, Cu stripping voltammograms can
also be used to determine the preferred crystal orientation of each
deposition sample. The peak positions of the Cu stripping curves
(Fig. 3) are characteristic of crystal planes that are present in the
sample, similar to how the hydrogen adsorption peaks in a Pt cyclic
voltammogram in an acidic solution each represent different crys-
tal planes that are present [26,28–31].  The area of each peak is also
an indication of the quantity of each crystal plane, and the pre-
ferred orientation can be determined by comparing the peak areas
[28–31]. The peaks in the Cu stripping measurements in Fig. 3 are
broad because these samples contain a number of defects, steps,
and other imperfections. Furthermore, the formation of UPD Cu is

a complicated mechanism involving surface reconstructions at the
(1 1 0) and (1 0 0) crystal planes which can bring about peaks at
different locations stemming from Cu atoms moving to different
surface configurations [32]. Regardless, each particle shape has its

ntials corresponding to Table 1: (a) 1a, (b) 1b, (c) 1c, and (d) 1d.
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ig. 2. (a) TEM image of a dendritic particle, and (b) high resolution image of the en
d)  TEM images of the cubic particles. The inset in (d) shows a selected area electro

wn distinct Cu stripping voltammogram that gives a good indi-
ation of its preferred crystal orientation. There are three main
eaks among the Cu stripping voltammograms shown in Fig. 3.
omparing to previous Cu underpotential deposition studies on Pt
ingle crystals, the first broad peak at 0.42 V represents the (1 0 0)
rystal plane, while the peak at around 0.55 V corresponds to the
1 1 0) plane and the last peak at 0.67 V signifies the (1 1 1) direction
32–35].  The round particles (Fig. 3a) have a broad feature that cov-
rs the whole region, indicating that all three crystal orientations
re present and that there is no preferred orientation. The cubic
articles (Fig. 3b) show peaks in the 0.4–0.55 V potential region,
ostly around 0.42 V. This indicates that the cubic particles are

redominantly (1 0 0) terminated, which is expected for an fcc unit
ell such as that for Pt. This is also confirmed with the TEM image
n Fig. 2c and d. The Cu stripping curve for the dendritic particles
Fig. 3c and d) contain all three peaks. However, the long dendrite
ample (Fig. 3d) has one peak that is the most pronounced at 0.67 V,
uggesting that the particles are largely oriented in the (1 1 1) direc-
ion. These particles are dominated by the dendritic spikes growing
n the most energetically favorable direction, which for an fcc unit
ell is the (1 1 1) direction, and this too confirms the TEM data
Fig. 2a and b). Overall, the Cu stripping voltammograms in Fig. 3
ndicate that the cubic particles are mostly (1 0 0) oriented, while
he dendrites are preferentially (1 1 1) oriented.
.3. Methanol oxidation as a structure sensitive probe reaction

Methanol oxidation, previously shown to be a structure sensi-
ive reaction [2,3], was used as a probe reaction to demonstrate
ne of the dendrites in (a). The inset shows a fast Fourier transform of image. (c) and
action pattern of the sample.

the activity of the Pt particles with varying shapes. Cyclic voltam-
mograms (CV) of the dendritic and cubic particles in 0.2 M
CH3OH/0.1 M H2SO4 is shown in Fig. 4a. All cyclic voltammo-
grams are normalized with respect to the Pt surface area, so the
current densities can be compared as a qualitative measure of
activity. Methanol oxidation is typically denoted by a peak at
around 0.82–0.86 V in the forward scan, and a second oxidation
peak representing the removal of carbonaceous species that lead
to CO poisoning is seen at around 0.72–0.76 V in the reverse scan
[12,36]. The dendritic particles show much higher methanol oxi-
dation activity than the cubic particles. Previous work with Pt
nanoflowers and dendritic particles have shown that these particles
have enhanced activity compared to Pt nanoparticles supported
on carbon [10–12],  and work using preferentially oriented parti-
cles showed that those particles containing mostly (1 1 1) planes
generally have higher activities compared to those dominated by
(1 0 0) planes [3,37].  This is consistent with the results in Fig. 4a.
In Fig. 4a, features representing hydrogen UPD in the low potential
region (between 0 V and 0.4 V) verify the presence of Pt on the cubic
sample, and the width of the voltammogram in this region is com-
parable to the width of same region for the dendritic sample. This
should be expected since these CV curves were normalized with
respect to the Pt surface area. It is more likely that the methanol
oxidation activity generated by the cubic Pt sample is so small that
the methanol oxidation feature is overwhelmed by the large tung-

sten oxidation peak at higher potentials (0.8–1.0 V). The reason for
the higher methanol oxidation activity on the dendritic Pt may  be
its ability to oxidize CO more efficiently than the cubic particles.
Previous work has found that Pt nanoparticles with (1 1 1) orien-
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ig. 3. Copper stripping voltammograms corresponding to (a) round, (b) cubic, (c) s
ines  are background scans. (For interpretation of the references to color in this figu

ation are generally more CO tolerant than Pt nanoparticles with
1 0 0) orientation, and this generally leads to higher methanol oxi-
ation activity [3,11].  For example, a study using dendritic Pt on
ilicon substrates show that the onset potential and peak poten-
ial of CO stripping voltammograms using dendritic nanoflower Pt
s lower than that of spherical Pt particles, indicating that the Pt
endrites oxidizes CO more efficiently than Pt nanoparticles, ulti-
ately leading to enhanced methanol oxidation activity because
ore sites are available for reaction [11].
In CV measurements, the capacitive currents contribute to the

ntensity of the anodic oxidation peaks [38], making it difficult to

uantitatively compare the activities from CV curves. In order to
etermine the steady state methanol oxidation activity chronoam-
erometry (CA) measurements were performed at a potential of
.84 V (close to the methanol oxidation peaks), as shown in Fig. 4b.

ig. 4. (a) Cyclic voltammograms of dendritic and cubic Pt particles on WC.  Voltammogr
he  50th cycles are presented. (b) Chronoamperometry measurements of dendritic and c
endritic, and (d) long dendritic particles. Red lines show the Cu stripping scan; blue
end, the reader is referred to the web version of the article.)

The normalized current densities at the end of the 200-s exper-
iment are 139 and 64 �A cm−2 for dendritic and cubic particles,
respectively. These results are in agreement with the CV results in
Fig. 4a that dendritic particles have considerably higher methanol
oxidation activity than cubic particles. This is also in agreement
with literature exploring nanoparticles of varying (1 1 1) and (1 0 0)
ratios, which show the same trend [3].

For the methanol oxidation reaction, the dendritic (1 1 1)-
oriented Pt catalysts are preferred over cubic (1 0 0)-oriented Pt
because they exhibit enhanced activity. However, cubic Pt parti-
cles will be desired for reactions that are more easily catalyzed

by Pt(1 0 0) surfaces. For example, Pt nanocubes made using col-
loidal methods have been shown to produce enhanced oxygen
reduction activity over other Pt nanoparticle shapes [8],  and the
electrodeposited cubic Pt is expected to outperform the dendritic

ams were done in 0.2 M CH3OH and 0.1 M H2SO4, and the scan rate was  50 mV s−1.
ubic particles in 0.2 M CH3OH and 0.1 M H2SO4.
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articles for this reaction. Results in the current study demonstrate
he feasibility of producing particles with predominantly (1 0 0) or
1 1 1) orientations using a simple and controlled method. To the
est of our knowledge, no other method besides the one described
ere has been reported to easily and successfully produce both
1 1 1)-oriented and (1 0 0)-oriented Pt catalysts without the use of
dditives or organic stabilizers. In addition, the deposition of Pt on
he WC  substrates has the potential advantages of using a cheap and
table substrate that has been shown to have success as supports
or Pt for fuel cell applications.

. Conclusions

A variety of Pt particle shapes were produced on WC  substrates
sing a pulse electrodeposition technique with the deposition
otential being the main control parameter. The control over the
article shape is advantageous because it should allow the cata-

yst to be used more efficiently for a variety of structure sensitive
eactions. To make cubic particles, a deposition potential of 0.14 V
as needed to balance nucleation and growth in the (1 0 0) direc-

ion. Dendritic particles were made when the nucleation pulse
verpotential was high (0.04 V), and dendrites were allowed to
row longer during a higher overpotential growth period. Cu strip-
ing voltammetry confirms that these particles show a preferred
rientation–cubic particles are mostly (1 0 0) oriented, while den-
rites are mostly (1 1 1). Finally, enhanced methanol oxidation
ctivity was observed with the (1 1 1) dendritic particles using CV
nd CA over the cubic particles, which showed very little methanol
xidation activity. While the Pt particles produced here are consid-
rably larger than what is typical for a fuel cell catalyst, they are
sed in the current study to demonstrate the shape control aspect
f the pulse electrodeposition method and it is easier to see the
xact shapes with larger particles. Since the methanol oxidation
xperiments were performed using these large particles, the mass
pecific activity will be smaller than what is typically observed for
anoparticle catalysts. However, the combined synthesis and char-
cterization results provide useful input in more efficiently utilizing
t electrocatalysts by controlling the shapes of Pt particles.
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