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Abstract The controlled synthesis of nanostructured mate-
rials remains an ongoing area of research, especially as the
size, shape and composition of nanomaterials can greatly
influence their properties and applications. In this work, we
present the electrodeposition of highly dendritic platinum rich
platinum-lead nanostructures, where lead acetate acts as an
inorganic shape directing agent via underpotential deposition
on the growing electrodeposit. It was found that these
nanomaterials readily oxidise at potentials below monolayer
oxide formation, which significantly impacts on the methanol
electrooxidation reaction and correlates with the Incipient
Hydrous Oxide Adatom Mediator (IHOAM) model of
electrocatalysis. Additionally, these materials were tested for
their surface enhanced Raman scattering (SERS) activity,
where the high density of sharp tips provides promise for their
application as SERS substrates.
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Introduction

The formation of nanostructured materials through electro-
chemical methods has recently received significant interest
due to the ability to control important factors such as shape,
size, crystallographic orientation, coverage and thickness. It
has been identified that fabricating hierarchical nanostructures
such as octahedra, nanoflowers and nanothorns, which consist
of sharp edges, are more beneficial for catalytic and surface
enhanced Raman scattering (SERS) applications compared to
regularly synthesized spherical particles [1–3]. This is due, in
the former application, to the high reactivity at the tips of such
nanostructures that most likely consist of low lattice stabilised
metal atoms [4]. In SERS applications, well-defined edges
and corners facilitate the induction of a greater localised field
which results in large signal enhancements [1].

Platinum is an extremely important material given its elec-
trocatalytic and sensing properties [5–18]. The shape con-
trolled chemical synthesis of platinum nanoparticles has been
achieved to generate spheres, cubes, rods and hierarchical
structures [7, 8, 13, 16, 19–22] but inherently the synthesis
can be difficult. Also, homogeneous immobilisation and
strong adherence to a solid support can be challenging, which
is often required for many applications. The electrochemical
formation of platinum nanostructures offers an alternative
method to achieve shape control while ensuring good adher-
ence to the underlying support, although the former has
proved to be more difficult than chemical synthesis routes.
However, some recent studies have shown that it is possible
through electrochemical methods to generate Pt nanorods by
deposition into titania nanopillar templates [15] or that nano-
structures with exposed high-index facets can be achieved
through either direct electrodeposition or by a post synthesis
redox treatment of preformed seed nanoparticles [18, 23, 24].
Other approaches to generate hierarchical nanostructures have
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included modifying an electrode surface prior to electrodepo-
sition with either a polymeric layer [25–27] or including metal
oxides as an assisting agent within a carbon black support
[28]. The inclusion of surfactants in solution has also led to the
electrochemical deposition of high surface area nanoporous
platinum [29, 30]. However, in many of these approaches,
either specialised templates are required or the Pt nanostruc-
tures are either chemically modified by organic surfactants or
are deposited on a surface containing chemical functional
groups that may interfere in a detrimental manner with the
performance of the nanostructured materials for some appli-
cations. Therefore, it is desirable to achieve shape control
through approaches which do not employ organic surfactants
or templates. To alleviate this problem, inorganic salts such as
lead acetate have been employed in the electrodeposition of Pt
to form Pt black [31] and dendritic type Pt deposits [32].
However, in the latter case, there lacked a detailed explanation
into the role that lead acetate plays in controlling the aniso-
tropic growth of Pt.

Alongside these efforts to control the morphology of noble
metal nanomaterials, there has been much work focussed on
improving their electrocatalytic reactivity through chemical,
electrochemical and thermal methods. Chemical methods
have included pretreatment of gold nanoparticles with sodium
borohydride to enhance their activity by insertion of hydrogen
into or onto the nanoparticles [33]. Electrochemical treatments
have included polarisation of gold and platinum electrodes in
the hydrogen evolution region [34–42], and thermal methods
involved electrical resistive heating of wire electrodes follow-
ed by rapid quenching in air or water [36, 38]. In these cases,
the result is the fabrication of metal surfaces or nanoparticles
rich in active states which under certain experimental condi-
tions enhance their electrocatalytic activity [42–44]. This in-
crease in activity, in particular for oxidation reactions, has
been proposed to be due to the formation of incipient oxides
on the electrode surface that may mediate electrocatalytic
processes and has been described in the Incipient Hydrous
Oxide Adatom Mediator (IHOAM) model of electrocatalysis
[6, 35, 45]. The generation of active states which involves
creating atoms or clusters of atoms with low lattice coordina-
tion numbers and therefore larger surface energy makes them
prone to oxidation at potentials prior to the formation of the
bulk compact oxide and is often denoted as premonolayer
oxidation [41]. However, the ability to generate high surface
area and active catalysts without pretreatment procedures is
highly desirable which may be achievable through the direct
electrodeposition of hierarchical nanostructures. With this
approach, there still remains a challenge to generate
nanomaterials with the optimum level of surface defects.
Indeed, this is a challenge at any surface as Scholz recently
demonstrated that active sites are present on a range of elec-
trode materials and can significantly influence inner sphere
electrocatalytic reactions [46, 47]. In fact, the creation of

surfaces with overly active sites has also been reported to be
prone to extensive oxidation which can ultimately lead to
suppressed electrocatalytic activity [36, 48]. Additionally,
the influence of morphology and crystallographic orientation
of dispersed metal nanomaterials on the kinetics of electrocat-
alytic reactions is still not completely understood and requires
further investigation [49].

SERS is a powerful analytical technique that has been
widely studied on surfaces consisting of gold, silver and
copper where the surface morphology of the substrate is
highly influential on the quality of the signal. Significantly,
fewer studies have reported on SERS activity of other transi-
tion metals such as Pt which will be of benefit for the study of
electrocatalytic mechanisms and the fabrication of a surface
for sensing applications that is not prone to significant oxida-
tive deterioration such as silver and copper. To date, the
fabrication of SERS active Pt substrates has included the use
of templates to produce well-ordered surfaces, electrochemi-
cal roughening protocols, columns loaded with nanoparticles,
the deposition of Pt thin films onto SERS active materials or
the use of an applied potential to a nanostructured substrate to
monitor SERS activity [2, 5, 50–54]. Although each of these
methods produce SERS active Pt substrates, it is still desirable
to explore other methods to fabricate reproducible, robust and
stable nanostructured surfaces which can be achieved in a
rapid and facile manner through electrochemical metal
deposition.

In this work, it is shown that through the use of a simple
inorganic growth directional agent such as lead acetate,
Pb(CH3COO)2, that hierarchical Pt nanostructures of various
sizes and shapes can be achieved. This approach involves the
concurrent underpotential deposition of lead alongside the
bulk electrodeposition of platinum, resulting in the formation
of nanostructures which show significantly enhanced activity
for electrocatalysis as well as SERS applications.

Experimental

Materials

Aqueous 1.0 M H2SO4 and 0.1 M HCl (Aldrich) solutions
were made up with deionized water (resistivity of
18.2 MΩ cm) purified by use of a Milli-Q reagent deioniser
(Millipore). H2PtCl6, K2PtCl6, Pb(CH3COO)2·3H2O, sodium
nitrate (Aldrich), sodium acetate (Ajax), lead nitrate (BDH),
Rhodamine B and methanol (Merck) were used as received.

Electrochemical measurements

Voltammetric experiments were conducted at 20±2 °C with a
CH Instruments (CHI 760C) electrochemical analyzer in an
electrochemical cell that allowed reproducible positioning of
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the working, reference, and auxiliary electrodes and a nitrogen
inlet tube. A 1.6-mm-diameter platinum electrode (BAS) and
glassy carbon plates (Sigradur G, HTW)were used asworking
electrodes, with the geometric area of the latter defined by the
addition of a polyimide tape (ATA Distributors) with an
exposed circular region of 4.5 mm in diameter. Prior to elec-
trodeposition, each electrode was polished with aqueous
0.3 μm alumina slurry on a polishing cloth (Microcloth,
Buehler), thoroughly rinsed withMilli-Q water and dried with
a flow of nitrogen gas. Prior to using indium tin oxide (ITO)
(Delta Technologies Ltd.) coated glass with a sheet resistance
of 4–8 Ω/sq (as quoted by the manufacturer) as the working
electrode (area of 0.16 cm2), each sample was sonicated in
acetone and then methanol for 5 min and blown dry with a
flow of nitrogen gas. The reference electrode was Ag/AgCl
(aqueous 3 M KCl). For electrodeposition experiments, GC
and ITO electrodes were used as the working electrode and a
graphite rod (6 mm diameter, Johnson Matthey Ultra “F’
purity grade) as the counter electrode to avoid any contami-
nation from dissolution products that may occur during the
electrolysis. For cyclic voltammetric studies, the counter elec-
trode was also a graphite rod. All electrochemical experiments
were commenced after degassing the electrolyte solutions
with nitrogen for at least 10 min prior to any measurement.

Physical characterisation

Scanning electron microscopy (SEM) measurements were
performed on a FEI Nova SEM instrument with an
AMETEK energy dispersive X-ray (EDX) system (Nova
200) operated at an accelerating voltage of 30 kV. Prior to
SEM imaging, samples were thoroughly rinsed with Milli-Q
water and dried under a flow of nitrogen. The average particle
size was determined from low magnification SEM images at
×25,000 and ×13,000 magnifications for Pt and PtPb mate-
rials, respectively, using ImageJ software where at least 300
particles were analysed. X-ray diffraction data were obtained
with a Bruker AX 8: Discover with General Area Detector
Diffraction System (GADDS). It should be noted that the GC
substrate does give rise to broad peaks which have been
background subtracted from the data obtained at the GC/Pt
samples. Samples for transmission electron microscopy
(TEM) were prepared by sonicating the Pt/ITO samples in
methanol for 60 min and then drop cast onto a carbon coated
copper grid and performed using a JEOL 1010 TEM instru-
ment operated at an accelerating voltage of 100 kV. X-ray
photoelectron spectroscopy (XPS) measurements of Pt
nanomaterials electrodeposited were carried out on a
Thermo K-Alpha XPS instrument at a pressure better than
1×10−9 Torr. The core level binding energies (BEs) were
aligned to the adventitious C 1 s binding energy of 285 eV.
SERS measurements were carried out with a PerkinElmer
RamanStation 400 at an excitation wavelength of 785 nm.

Samples were prepared by immersing the GC/Pt nanostruc-
tured substrate in a 1 mM solution of Rhodamine B for 1 h,
rinsed with a copious amount ofMilli-Q water and then blown
dry with nitrogen.

Results and discussion

The electrodeposition of platinum was investigated using
cyclic voltammetry (CV) from a solution containing 8 mM
K2PtCl6 in 0.1 M HCl (Fig. 1a). Shown in black is the
response of a glassy carbon electrode, where the reduction
of the PtCl6

2− salt can be observed at potentials below ca.
0.27 V. In the presence of a large concentration of chloride
ions, as is the case here, the formation of the Pt(II) intermedi-
ate (PtCl4

2−) is suppressed and the direct four electron reduc-
tion to metallic platinum occurs [55]. Towards the lower limit
of the scan, a small but sharp reduction process can be ob-
served (below ca. −0.18 V), which is attributed to the evolu-
tion of hydrogen from the acidic solution at the Pt nuclei
electrodeposited on the glassy carbon surface in the forward
sweep. Upon reversing the scan at −0.2 V, no additional peaks
can be detected, indicating that the reduction of the platinum
salt is irreversible.

The electrochemical behaviour of this system was then
tested after the addition of 0.05 mM Pb(CH3COO)2 (Fig. 1a,
red curve). At potentials above 0 V, this displayed almost
identical behaviour to the scan in the absence of lead acetate;
however, below this value, the reduction continues until
reaching a sharp peak at ca. -0.03 V. Noticeably, the current
magnitude of this peak is increased when lead acetate is
present, as is the hydrogen evolution reaction at the lower
potential range. These features indicate that the rate of plati-
num electrodeposition is higher in the presence of lead acetate
across this potential range.

In order to further study the influence of lead acetate on the
electrodeposition of platinum, cyclic voltammetric experi-
ments were conducted (Fig. 1b) in the absence of K2PtCl6 in
a solution of 0.1 M HCl in the absence (black) or presence
(red) of 0.5 mM Pb(CH3COO)2 at electrodes which were
previously modified with nanostructured Pt surfaces as shown
in Fig. 2b. It should be noted that the concentration of
Pb(CH3COO)2 is tenfold higher than that used for the electro-
deposition studies, in order to produce a significant electro-
chemical signal and clarify the role of the lead acetate. From
these cyclic voltammograms, it can be seen that a quasi-
reversible process occurs on the platinum nanostructures in
the presence of lead acetate, with a reduction peak centred at
0.37 V followed by an oxidative counterpart at 0.47 V. These
features are assigned to the underpotential deposition (UPD)
and stripping of lead on platinum [56] in the forward and
reverse scans, respectively, demonstrating that platinum
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deposition under the conditions given for Fig. 1a is accompa-
nied by Pb UPD. This latter process is however not directly
observed in Fig. 1a as the platinum nuclei required for Pb
UPD are not formed on the glassy carbon surface until ca.
0.27 V. However, the UPD of lead on platinum is expected to
occur under constant potential electrodeposition conditions
once a potential below 0.37 V is applied.

Having observed that the presence of lead acetate influ-
ences the electroreduction of PtCl6

2− ions below ca. 0 V, the
effect that this has on the morphology of the deposits was then
examined by scanning electron microscopy (SEM) imaging.
This was performed by electrodepositing at −0.05 V for 600 s,
where the potential lies at a suitable value to study the
perturbed electrodeposition of platinum in the presence of
lead acetate while avoiding the hydrogen evolution region,
which may also affect the morphology of electrodeposited
materials as shown in a recent study [57]. Figure 2a shows
SEM images of Pt nanoparticles electrodeposited on a glassy
carbon substrate under these conditions in the absence of lead
acetate. It can be seen that these particles are quasi-spherical in
nature, with an average size of ca. 320 nm. Amongst these
nanostructures are a number of smaller particles (ca. 180 nm
in diameter) which appear to have formed through the pro-
gressive nucleation of platinum on the glassy carbon surface.
While the majority of the particles are isolated, it can be seen
that several particles are connected, due to the growth of two

nearby nuclei until they merge into larger structures. The fine
features of the particles are visible in the inset of Fig. 2a,
showing a surface consisting of a slightly roughened texture
on a number of small pyramid-like protrusions.

Upon the introduction of lead acetate into the deposition
solution, significant changes can be observed in the morphol-
ogy of the electrodeposited surfaces (Fig. 2b). Here, the
growths become dendritic, with a large number of exposed
tips on the surface with features appearing below 10 nm.
Interestingly, these sub-10 nm features lie in a size range
which has been reported to be beneficial for catalytic and
electrocatalytic applications [53, 58]. The growth of these
dendrite-like structures again occurs at isolated nuclei, which
then grow to be larger than the quasi-spherical structures
deposited in the absence of lead acetate, with typical sizes of
ca. 1 μm (average size was 800 nm). It should also be noted
that control electrodeposition experiments were performed in
the presence of 0.05 mM sodium acetate or 0.05 mM sodium
nitrate in place of lead acetate so that the influence of the
anions and cations on the morphology of the electrodeposits
could be determined. From these experiments, it was found
that quasi-spherical deposits were formed in both cases
(Fig. S1), illustrating that the dendritic growth is achieved
by the inclusion of Pb2+ ions in the deposition solution as
opposed to the effect of the acetate anions present in the
solution.

Fig. 1 aCVs recorded at a glassy
carbon electrode in 8 mM
K2PtCl6 in 0.1 M HCl with (red)
or without (black) the addition of
0.05 mM Pb(CH3COO)2. b CVs
of electrodeposited platinum-lead
nanostructures in 0.1 M HCl in
the absence (black) or presence
(red) of 0.5 mM Pb(CH3COO)2.
Scan rates in all cases were
50 mV s

Fig. 2 SEM images of samples
electrodeposited at −0.05 V for
600 s from 8 mM K2PtCl6 and
0.1 M HCl in the absence (a) or
presence (b) of 0.05 mM
Pb(CH3COO)2
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In order to examine the surface chemistry of the electrode-
posited materials, XPS studies were performed. As shown in
Fig. 3a, no Pb could be detected for the quasi-spherical sur-
faces (black), whereas the spectrum recorded from the
dendritic-like nanostructured materials (red) shows peaks at
137.4 and 142.3 eV, which are attributed to the Pb 4f7/2 and
4f5/2 core levels of PbO, respectively [59]. It should be noted,
however, that the oxidation of Pb may have occurred after the
removal of the sample from the electrodeposition solution as
opposed to the direct electrochemical formation of PbO.
While these peaks clearly indicate the presence of lead as lead
oxide on the dendritic nanostructures, the intensity of these
peaks is very low and suggests that the surface ratio of lead in
the electrodeposited material is only 2.5 %. This low percent-
age is consistent with the cyclic voltammograms presented in
Fig. 1, where it was seen that the bulk electrodeposition of
platinum is the dominant process and that the accompanied
lead UPD process on platinum is totally masked. In addition, a
strong driving force exists for the galvanic replacement of
electrodeposited Pb with Pt [60]. This reaction is likely to
have occurred not only during the brief time between the end
of the electrodeposition and cleaning the surface with Milli-Q
water, but also during the electrodeposition reaction. In this
manner, the surface of the growing electrodeposit is rough-
ened and the formation of branched structures is promoted,
while the surface concentration of Pb in the final deposit
remains at a low level.

The crystallographic orientation of the platinum and
platinum-lead surfaces was then probed by XRD (Fig. 4),
and for clarity, the contribution from the underlying glassy
carbon substrates was subtracted from the XRD patterns. As
can be seen, the presence of lead does not cause any signifi-
cant differences in these patterns, which was surprising given
the noticeably altered morphology of the surfaces (Fig. 2).
These results instead demonstrate that the lead changes the
shape of the electrodeposit while maintaining a similar crys-
tallographic structure. Both of these samples are polycrystal-
line, with a predominant (111) peak but with significant con-
tributions from the (200) and (220) planes as well. The ab-
sence of peak shifts by the inclusion of lead in the material is

consistent with previous studies on platinum and platinum-
lead nanomaterials [61]. This was also reported for platinum-
lead nanostructures with an estimated 41 % loading of lead
[62], a value which is significantly higher than the lead surface
coverage determined in this work (2.5 %).

The growth of the samples was further studied by
conducting time dependent electrodeposition experiments
(Fig. 5), with the electrodeposition terminated after 150 s
(Fig. 5a, b), 300 s (Fig. 5c, d) and 600 s (Fig. 5e, f) for samples
deposited in the absence (Fig. 5a, c, e) or presence (Fig. 5b,
d, f) of lead acetate. For the platinum electrodeposited in the
absence of lead acetate, a range of particle sizes can be
observed after electrodeposition for 150 s (Fig. 5a), with
typical particle sizes lying between 80 and 260 nm with an
average size of 215 nm. While there is some degree of
heterogeneity in these particle sizes, the majority of particles
are ca. 200 nm in diameter. Increasing the electrodeposition
time to 300 s (Fig. 5c) results in the growth of these particles to
an average size of 250 nm. The growth of several particles in
close proximity to each other can be seen to occur, resulting in
the connection of these particles with time. These trends are
again observed after electrodepositing for 600 s (Fig. 5e),

Fig. 3 XPS spectra for the Pb 4f
region (a) and Pt 4f region (b) for
nanostructured platinum
electrodeposited in the absence
(black) or presence (red) of
Pb(CH3COO)2

Fig. 4 XRD patterns for nanostructured platinum samples electrodepos-
ited in the absence (black) or presence (red) of Pb(CH3COO)2. For clarity
the patterns of the underlying GC substrate have been removed and the
data normalised to the intensity of the (111) planes
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where the typical particle size increases to an average size of
320 nm. Importantly, the morphology of the deposits is main-
tained across all times studied, suggesting that similar but
smaller structures may be obtained at shorter time points.

Upon the introduction of lead acetate into the deposition
solution, significant morphological changes can be observed,
as demonstrated by the sample electrodeposited for 150 s
(Fig. 5b). Here, a typical size of ca. 500 nm is observed, and
a greater degree of size variation is seen at this sample than in
the absence of lead acetate in the deposition solution, with
particles as large as 900 nm present (the average size was
determined to be 412 nm). When the electrodeposition is
extended to 300 s (Fig. 5d), this size distribution is again
evident, with particles ranging from approximately 80 to
500 nm in size, with an average size of 476 nm. A greater
coverage of particles can also be seen across the sample when
compared with the shorter electrodeposition time, which in
addition to the range of particle sizes present suggests that the
electrodeposition proceeds through a progressive nucleation
process, where new nuclei are deposited whilst the existing
particles continue to grow. This trend extends for the 600 s
electrodeposition (Fig. 5f), with particles as small as 120 nm
found alongside growths as large as 1.7μm (an average size of

800 nm was determined). At all deposition times, larger
particles are observed when lead acetate is included in the
deposition solution, which is consistent with an increased rate
of electrodeposition at −0.05 V in the presence of lead acetate.
Also, of note is the formation of similar particle morphologies
for all deposition times in the presence of lead acetate (Fig. 5b,
d, f) as well as at a lower electrodeposition potential of
−0.15 V (Fig. S2), indicating that the growth directing effect
of the lead acetate can bemaintained while controlling the size
and coverage of the nanomaterials. This opens the possibility
of electrodepositing similar dendritic nanostructures on a
range of ubiquitous carbon nanomaterial supports such as
carbon nanotubes, graphene and graphitic surfaces for use
across a wide range of applications.

While glassy carbon provides a facile surface for the
growth of platinum and platinum-lead materials, electrodepo-
sition was also performed on indium tin oxide (ITO) films to
investigate if the underlying electrode surface significantly
influenced the morphology of the deposit and to establish if
such nanostructures can be formed on other commonly
employed support materials. As shown in Fig. 6 are the
electrodeposition experiments performed in the absence

Fig. 5 SEM images of samples electrodeposited at −0.05 V from a
solution containing 8 mM K2PtCl6 in 0.1 M HCl in the absence (a, c, e)
or presence (b, d, f) of 0.05 mM Pb(CH3COO)2 for 150 s (a, b), 300 s (c,
d) and 600 s (e, f)

Fig. 6 SEM images of samples electrodeposited on indium tin oxide
substrates at -0.05 V for 600 s from a solution of 8 mMK2PtCl6 in 0.1 M
HCl in the absence (a, c) or presence (b, d) of 0.05 mM Pb(CH3COO)2.
TEM images of these samples after sonication from the ITO surface are
shown in (e) and (f) for samples deposited in the absence or presence of
Pb(CH3COO)2, respectively
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(Fig. 6a, c) or presence of 0.05 mM Pb(CH3COO)2
(Fig. 6b, d) on ITO. In the former case, platinum can be
observed to form quasi-spherical shapes similar to those syn-
thesised on glassy carbon; however, the particles display a
more bush-like growth, with some formation of secondary
particles visible on the initial deposits. The inclusion of lead
acetate in the deposition solution causes the growth of isolated
dendritic structures, also similar to those observed on glassy
carbon substrates (Fig. 2). It can be seen from Fig. 6a and b as
well as the lower magnification images in Fig. 6c and d that
the electrodeposited materials cover the surface at a relatively
high density, and unlike in the case of electrodeposition on
glassy carbon the nanostructures are of similar sizes regardless
of the presence of lead acetate. This is attributed to altered
growth processes at the underlying ITO substrate compared
with the glassy carbon substrates studied previously, as dem-
onstrated by the cyclic voltammograms of ITO and glassy
carbon in 8 mM K2PtCl6 in 0.1 M HCl (Fig. S3). The mor-
phologies of the electrodeposited platinum and platinum-lead
samples were also investigated by TEM imaging (Fig. 6e and
f, respectively) after they were removed from the ITO surface
by sonication. The quasi-spherical nature of the platinum
materials is again observed (Fig. 6e), with a fine texture visible
on the outer section of the particles and the growth of smaller
nodules on the larger particles. The platinum-lead surface was
however confirmed to be dendritic in nature, forming a large
number of branches which in turn consist of fine tips (Fig. 6f).
The similarity between these materials and the samples elec-
trodeposited on glassy carbon illustrates that this dendritic
growth is not the result of the underlying substrate, but is
rather the direct influence of lead acetate on the growing
electrodeposit. This adds further support that the
underpotential deposition of lead on platinum (Fig. 1b) in-
creases the formation of branched structures by disrupting the
platinum surface during deposition, as well as indicating that
such an approach may find broader application than for
carbon-based materials alone. It has been reported that den-
dritic growth can be regarded as a competition between the
order associated with crystal symmetry, as is the case for the
deposition of Pt only, and instabilities that are induced in the
system such as the presence of foreign species [63]. In this

case, Pb as the foreign species which is deposited via a UPD
process is competing with Pt deposition and therefore perturbs
its growth. This is consistent with the theory for the co-
crystallisation of metals where the presence of pinning cen-
tres, which are considered to be the metal at the lower con-
centration, induces disorder and result in the growth of side
branches and ultimately dendrites [63].

Electrochemical behaviour of the nanostructured
materials

The electrochemical behaviour of the electrodeposited mate-
rials was then examined in 1 M H2SO4, with the cyclic
voltammograms of platinum electrodeposited on glassy car-
bon in the absence of lead acetate for 150 s (green), 300 s
(blue) and 600 s (red) as well as a platinum electrode (black)
shown in Fig. 7a. These scans originate at −0.25 V, which is
just within the hydrogen evolution region, and upon the
forward scan the reoxidation of hydrogen is observed at ca.
−0.22 V. The desorption of hydrogen from the platinum
surface can then be seen, with a broad oxidation peak at
−0.06 V, after which no processes were observed within the
double layer region prior to the onset of the monolayer oxide
formation at ca. 0.73 V. On the reverse scan, this monolayer
oxide is then reduced, with a peak potential of 0.48 V.
Following this hydrogen adsorption is observed below ca.
0.08 V, before the onset of hydrogen evolution at ca.
−0.18 V. The electrochemically active surface areas of the
electrodeposited materials were calculated from the charge
associated with the adsorption of hydrogen in this region.
These calculations, based on a value of 210 μC cm2 [64],
indicate that the surface areas of the materials increase from
0.27 cm2 for deposition at 150 s to 0.58 cm2 at 300 s and
finally 0.71 cm2 at 600 s.

The voltammetric behaviour of the samples electrodepos-
ited in the presence of lead acetate was also investigated, with
the samples electrodeposited for 150 s (green), 300 s (blue)
and 600 s (red) along with a polycrystalline platinum electrode
(black) shown in Fig. 7b. These results show clear differences
from the voltammograms in Fig. 7a, particularly in the

Fig. 7 Cyclic voltammograms
recorded at 100 mV s in 1 M
H2SO4 at a platinum electrode
(black) and Pt nanostructures
electrodeposited at −0.05 V for
150 s (green), 300 s (blue) and
600 s (red) in the absence (a) or
presence (b) of 0.05 mM
Pb(CH3COO)2
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hydrogen region. The oxidation of the hydrogen reduced at
the initial potential of −0.25 V can be seen at −0.21 V with
desorption of hydrogen seen by peaks at −0.12 and −0.05 V
and an inflection at 0.04 V. While the double layer region was
found to be absent of peaks for the platinum electrodeposited
without lead, in this case a peak can be observed with an onset
potential of 0.47 Vand a peak potential of 0.59 V. This peak is
attributed to the premonolayer oxidation of platinum, showing
a shift in onset potential of approximately 260 mV to lower
potentials when compared with the onset of the monolayer
oxide formation at ca. 0.73 V. Such premonolayer oxidation
has previously been observed on platinum surfaces activated
by polarisation in the hydrogen evolution region [6, 40, 41] or
by severe thermal pretreatment followed by rapid quenching
[36, 37] and has been attributed to the facile oxidation of low
lattice coordinated surface atoms. On the reverse scan, the
monolayer oxide is reduced in a broad process with a peak
potential of 0.51 V, with the adsorption of hydrogen beginning
at 0.11 Vand marked by an inflection at 0.02 Vand peaks at -
0.08 and -0.16 V prior to the onset of hydrogen evolution at
−0.22 V. The adsorption and desorption of hydrogen show
much sharper peaks than the sample electrodeposited without
the presence of lead acetate in the solution, indicating that the
surface is more active towards these processes than the rela-
tively sluggish processes occurring in Fig. 7a. Previous stud-
ies have been undertaken at single crystal electrodes in this
region, which attribute the peaks at lower potential to the
adsorption and desorption of hydrogen from the Pt (110)
planes, while the peaks at a slightly more positive potential
are related to the Pt (100) planes and a broad background
current throughout this region attributed to processes on the Pt
(111) surface [65]. While the determination of the relative
proportion of the exposed crystal planes of polycrystalline
platinum has previously been performed based on the adsorp-
tion of hydrogen, the analysis was complicated by the overlap
of peaks from different single crystal electrodes and required
additional information in the form of the oxidation of irrevers-
ibly adsorbed germanium [66]. Due to the complications
involved in studying the electrodeposited platinum and
platinum-lead nanostructures made here such a determination
was not performed in this work.

The possibility that the peak at 0.59V (Fig. 7b) is due to the
oxidation of PbUPD formed during the synthesis needs to be
considered. Previous work has shown that Pb is oxidatively
desorbed in this potential region for studies where a lead salt is
introduced into an acidic electrolyte at concentrations between
0.2 and 2 mM [56, 67]. In those studies, however, the depo-
sition of lead not only resulted in a peak at a potential prior to
monolayer oxide formation, but also resulted in a significant
suppression of the hydrogen adsorption/desorption response
where the peaks associatedwith strongly and weakly adsorbed
hydrogen were no longer evident and a featureless region was
observed. Further evidence to support that the oxidation peak

observed here is not due to the oxidation of PbUPD is shown in
Figure S4. This data shows the cyclic voltammetric behaviour
of Pt which was electrodeposited from an electrolyte using
double the lead acetate concentration of 1 mM while main-
taining the concentration of K2PtCl6 at 8 mM. Although a
higher surface area material is produced, as evidenced by the
increase in area of the hydrogen adsorption/desorption region,
the magnitude of the response at 0.59 V in relation to the
increase in surface area does not change suggesting that this
process is not associated with PbUPD oxidation as double the
concentration of lead acetate was used.

The electrochemically active surface areas of the platinum-
lead samples were also calculated from the adsorption of
hydrogen, as discussed previously. The surface area was
found to increase from 1.03 cm2 after electrodeposition for
150 s to 2.25 cm2 at 300 s and finally 3.15 cm2 at 600 s. These
values are significantly larger than the samples electrodepos-
ited without lead acetate, with the largest surface area for these
latter samples of 0.71 cm2 at 600 s. Such results are consistent
with the SEM images presented in Fig. 5, with the highly
branched platinum-lead samples indicating a greater surface
area than the quasi-spherical structures formed in the absence
of lead acetate.

After investigating the active site behaviour of the electro-
deposited nanomaterials in 1 M H2SO4, their electrocatalytic
activity towards methanol oxidation in 1 M H2SO4 was then
investigated. Illustrated in Fig. 8a is the response of a poly-
crystalline platinum electrode (black) and platinum electrode-
posited in the absence of lead acetate for 150 s (green), 300 s
(blue) and 600 s (red) in 1MH2SO4with 1Mmethanol. As was
discussed previously, increased electrodeposition times lead to
increases in the electrochemically active surface areas of the
materials, and so the methanol oxidation data has been nor-
malised for the electrochemically active surface areas so that
the specific activities of the materials may be compared. These
scans were initiated at 0 V, where small features relating to the
adsorption and desorption of hydrogen from the surfaces are
observed. The forward scans then continue until an onset
potential for methanol oxidation is observed at approximately
0.47 V, reaching a peak potential at ca. 0.69 V. A decrease in
the rate of methanol oxidation is observed at potentials posi-
tive of this peak, as the formation of the monolayer oxide
limits the sites available for methanol oxidation. Once this
oxide is reduced on the reverse scan a peak appears at ca.
0.53 V, which has been reported as the oxidation of organic
species formed in the forward scan such as COads. However,
this process has been readdressed, and it was found that the
peak currents in both the forward and reverse scans were in
fact related to the oxidation of methanol [68]. The specific
activity of the commercially available platinum electrode
(black) is almost identical to the activity of platinum electro-
deposited for 150 s, with peak values of 17.8 and
18.7 μA cm−2, respectively. However, this activity increases
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rapidly at samples electrodeposited for 300 and 600 s, with
peak current densities of 36.3 and 45.8 μA cm−2, respectively.
The electrocatalytic oxidation of methanol was also investi-
gated at the platinum-lead surfaces, as shown in Fig. 8b. Here,
a clear difference exists between the specific activity of the
commercial platinum electrode (black) and the sample elec-
trodeposited for 150 s (green), increasing from 17.8 to
41.9 μA cm−2, respectively. Further increases are then seen
for longer electrodeposition times, with the 300 s sample
(blue) showing an activity of 93.7 μA cm2 and the 600 s
sample (red) with a peak activity of 155.4 μA cm−2. This latter
value is more than three times the specific activity of the
platinum sample electrodeposited for the same duration in
the absence of lead acetate, showing that the inclusion of lead
acetate during the electrodeposition creates a substantially
more active electrocatalyst for methanol oxidation. These
findings are also mirrored by the results obtained for platinum
nanostructures electrodeposited on ITO (Fig. S5) showing that
the increased surface area and electrocatalytic activity of the
materials electrodeposited in the presence of lead acetate is
linked to the deposition protocol rather than the underlying
substrate.

The effect of sweep rate on methanol oxidation was also
studied, and the cyclic voltammograms are shown in Fig. S6.
For the case of the spherical Pt particles, there exists a clear
linear relationship (R2=0.98) between the peak current re-
corded on the positive sweep and square root of scan rate
(Fig. 7c) which indicates a diffusion controlled process [69].
However, in the case of the PtPb material, this relationship
does not hold. There is also not a linear dependence on scan

rate which would have indicated a surface confined process. The
peak position for Pt and PtPb materials shifts by 40 and
30 mV respectively upon a 20 fold increase in sweep rate and
may be due to uncompensated resistance. Therefore, the
mechanism of methanol oxidation at PtPb is more complicat-
ed and requires further investigation. However, it indicates
that the reaction rate is not simply governed by the diffusion
of methanol to the surface. There has been significant discussion
on the methanol oxidation reaction at Pt surfaces which occurs
via several steps [70]. Interestingly, Liu et al. proposed that
active Pt atoms and PtOHads species are responsible for the
catalytic oxidation of methanol at premonolayer oxide poten-
tials that is consistent with the IHOAM model [71].

It is known that PtPb bimetallic materials can possess
enhanced electrocatalytic activity towards the oxidation of
small organic molecules such as methanol [72–75], ethanol
[76], formic acid [61, 75, 77–79] and glucose [80, 81] when
compared to their monometallic Pt counterparts. The reasons
for such improved electrocatalytic activity can include bifunc-
tional effects [76, 77], whereby the added metal can enhance
the activity by mitigating the poisoning of the active platinum
surface by carbonaceous species such as COads, electronic
effects [74, 82, 83] where the electronic density of the plati-
num is altered by the presence of neighbouring Pb adatoms
and geometric effects [72, 82, 84], where the formation of
poisoning species is less favourable as their preferred binding
sites become altered or blocked. It has also been noted that
PbOx nanomaterials can show electrocatalytic activity to-
wards the reduction of oxygen [85] or the oxidation of formic
acid [86] and ethanol [87], providing another possible means

Fig. 8 CVs recorded in 1 M
methanol in 1 M H2SO4 at a
sweep rate of 50 mV s for a
platinum electrode (black) and
platinum nanostructures
electrodeposited at −0.05 V for
150 s (green), 300 s (blue) and
600 s (red) in the absence (a) or
presence (b) of 0.05 mM
Pb(CH3COO)2, c plot of peak
current versus ν1/2 for methanol
oxidation at Pt electrodeposited in
absence (black square) and
presence of 0.05 mM
Pb(CH3COO)2 (red circle), (d)
chronoamperometry data
recorded at 0.70 V for Pt
electrodeposited in the absence
(black) and presence (red) of
0.05 mM Pb(CH3COO)2 (inset
shows the normalised data for
surface area)
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for enhanced electrocatalysis on bimetallic PtPb
nanomaterials. In the present case, the XPS and XRD data
(Figs. 3 and 4, respectively) suggests that the electronic and
crystallographic structures of the platinum are not significant-
ly perturbed by the presence of Pb, making these unlikely
causes for the improved methanol electrooxidation. Although
we cannot rule out the bifunctional mechanism or the extent
that the PbOx influences the reaction, the surface coverage of
Pb is much lower than in previously reported PtPb
nanomaterials so these explanations are unlikely to fully ac-
count for the enhanced electrocatalytic activity. From the
evidence presented, it is instead the altered morphology of
the materials, with the sharp tips and fine features on the
platinum-lead surfaces which increases the number of active
sites available to promote the electrocatalytic oxidation of
methanol, in agreement with the IHOAM model of
electrocatalysis [6, 35, 36, 45, 71, 88, 89]. Increasing the mass
activity of Pt by reducing the particle size is a further possi-
bility which could be achieved by shortening the deposition
time (dendrites are clearly formed at the shortest deposition
time of 150 s) or by using a pulsed deposition protocol and
will be the investigated in the future.

However, an interesting observation was found when the
stability of the Pt and PtPb materials was investigated using
chronoamperometry. The data in Fig. 7d shows that the PtPb
materials show enhanced current at shorter times but the decay
in current is quite rapid. The increased current over the time
scale of the experiment recorded for the PtPb materials can be
attributed to its increased surface area compared to Pt. When
the data is normalised for the electrochemically active surface
area (inset in Fig. 7d) then at shorter times enhanced current at
PtPb compared to Pt is observed but this does not last and the
specific activity decays below that observed for the spherical
Pt particles. This result was unexpected given the promising
voltammetry data in Fig. 7b and indicates that the oxidation of
methanol at PtPb materials is prone to deactivation. Our
previous study on gold electrocatalysis for the oxidation of
methanol and hydrogen peroxide indicated that over oxidation
of an active surface and extensive surface adsorption of OH−

ions resulted in poorer electrocatalytic activity [48]. Indeed,
Burke has shown that a thermally activated Pt wire electrode
that showed significant premonolayer oxide responses in
acidic electrolyte demonstrated suppressed electrocatalytic
activity for certain reactions and was related to over oxidation
of active sites [36]. In that study, methanol oxidation was
investigated that initially showed enhanced performance but
decayed with time in quite a rapid manner when the electrode
was activated by both thermal and electrochemical methods. It
was pointed out that sustained methanol oxidation could be
achieved at activated electrodes but was highly dependent on
the activation conditions. Therefore, it appears in this study
that the fabrication of dendritic materials with fine tips shows
short-term enhanced performance but that the active sites may

be prone to over oxidation that competes with methanol
oxidation.

SERS activity of the electrodeposited nanostructures

The development of effective platinum-based surfaces for
SERS applications is relevant since platinum is generally
considered a poor material for SERS, with its surface plasmon
absorption band lying outside the visible region. However,
highly nanostructured materials can lead to more effective
SERS materials through a number of effects such as the
lightning rod effect and the presence of hot spots located
between adjacent metallic structures. In light of the large
number of fine features present on the nanostructured
platinum-lead samples, these materials were therefore inves-
tigated for their application as SERS platforms. After
immobilising Rhodamine B on the surface and removing
any loosely adhered dye by rinsing the sample in Milli-Q
water, the SERS spectrum presented in Fig. 9b was obtained
for a platinum-lead nanomaterial electrodeposited for 600 s at
−0.05 V, as shown by the side-on SEM image in Fig. 9a. Here,
it can be seen that peaks due to Rhodamine B can be observed
at 1,118; 1,198; 1,342; 1,464; 1,502; 1,584 and 1,630 cm−1. It
should be noted that no peaks were recorded for the quasi-
spherical platinum nanostructures or for a planar platinum
surface (data not shown), illustrating that the hierarchical
platinum-lead nanostructures formed in this work present a
viable method of creating SERS active platinum materials.

In order to further increase this SERS activity, the electro-
deposition procedure was modified to increase the density of

Fig. 9 SEM images recorded at an angle of 45° (a and c) and their
corresponding SERS spectra (b and d) after Rhodamine B immobilisation
on samples electrodeposited from a solution of 8 mMK2PtCl6 with 0.1M
HCl and 0.05 mM Pb(CH3COO)2, with the electrodeposition carried out
for 600 s at a potential of −0.05 V (a, b) or −0.3 V (c, d)
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the nanostructured features on the surface. This involved
forming platinum-lead nanomaterials by electrodepositing
for 600 s at -0.3 V, a potential which is within the hydrogen
evolution region and is slightly lower than the range covered
by the cyclic voltammogram in Fig. 1a. As seen from the SEM
image recorded at 45° in Fig. 9c, this produced similar den-
dritic structures to those observed in Fig. 9a, although the
deposits were smaller and an increased density of deposits
was observed. While the formation of nanostructures with
sharp tips is one method of creating SERS active substrates,
the formation of nanosized junctions between metallic fea-
tures has also been shown as a powerful means of creating
SERS hotspots. In this case, the higher coverage of deposits
on the surface facilitates the overlap of adjoining dendritic
branches of the platinum-lead nanostructures, increasing the
potential number of hotspots that are present. The SERS
spectrum of Rhodamine B on this material (Fig. 9d) provides
confirmation of this enhancement, with increased peak reso-
lution observed compared with the sample electrodeposited at
a higher potential (Fig. 9b). These results demonstrate that the
platinum-lead nanomaterials formed by the electrodeposition
of platinum in the presence of lead acetate are not only active
materials for electrocatalysis but they are also promising ma-
terials for SERS applications, which may be of importance for
the study of electro(catalytic) processes at platinum surfaces
using this powerful spectroscopic technique.

Conclusions

The formation of platinum rich platinum-lead nanostructured
materials with a large number of sharp tips was achieved
through the electrochemical reduction of Pt4+ in the presence
of lead acetate. The latter species acted as a growth directing
agent for the electrodeposited material by perturbing the
growth of Pt via a competing UPD process and inducing
branched growth which ultimately led to dendritic structures.
The UPD of Pb can be considered as a dynamic template
which results in a low degree of incorporation of the second-
ary metal into the final material. Significantly, premonolayer
oxidation takes place at active sites on the surface of the
dendritic materials which also demonstrate enhanced perfor-
mance for the oxidation of methanol compared to spherical Pt
nanomaterials electrodeposited in the absence of lead acetate
in the plating solution under cyclic voltammetry conditions.
However, sustained methanol oxidation was prone to deacti-
vation and may be related to over oxidation of active sites on
the surface, indicating that the tuning of morphology and
active site behaviour is critical to enhanced performance.
Significantly, however, these hierarchical nanomaterials were
found to be active SERS substrates, in contrast to the quasi-
spherical Pt nanostructures formed in the absence of lead
acetate in the electrolyte. The formation of dendritic platinum

surfaces may prove significant as it provides a suitable
nanomaterial to study chemical or electrochemical reactions
occurring on platinum surfaces via the SERS technique whilst
avoiding the presence of organic growth direction agents
which could interfere with the obtained spectra. This high-
lights the multifunctional role of the platinum-lead
nanomaterials formed through the templating effect of lead
acetate and provides a facile route for the possible synthesis of
a range of other nanostructured materials via initiating the
UPD of a secondary metal during the course of
electroreduction of the primary metal.
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