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ABSTRACT: Dentritic Pt-based nanomaterials with enriched edge and
corner atoms have recently attracted considerable attention as electro-
catalysts. Meanwhile, Pt(111) facets are generally considered more active
for the glycerol oxidation reaction (GOR). Thus, it is significant to
construct the rational design and synthesis of dentritic Pt whose surface is
mostly enclosed by {111} facets. Reported herein is a unique Pt-branched
structure enriched by a large amount of valency unsaturated atoms
prepared by the aggravation of the galvanic replacement strategy. The
synthesis is developed to generate highly crystallized Pt nanoflowers using
Te nanowires as a template. Furthermore, the electrochemical results show
that Pt nanoflower is an excellent catalyst with higher mass activity and
better structure stability than commercial Pt/C (20% Pt) for glycerol
electro-oxidation. Besides, the template-broken approach could provide a
novel potential way to synthesize Pt-based or other noble metals/alloys for
their advanced functional applications.
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■ INTRODUCTION

Noble metal nanomaterials have attracted extensive interest for
electrocatalytic/catalytic applications because of their specific
physicochemical properties.1−4 As the most widely used
commercial noble catalyst in fuel cells, the bulk of platinum
(Pt) would have great effects on the prices of the products.5,6

Meanwhile, the surface structure, which contains size, shape,
and facets, has a strong impact on the properties of the Pt
nanomaterials.7−10 Since the highly branched structures with
enriched edge and corner atoms provide more active surface
areas and specific areas, dentritic nanomaterials have been
widely studied as an effective approach to greatly enhance the
catalytic activity of the Pt materials.11,12 The previous work
clearly showed the special structure acts as a key role of shape
control in the efficient utilization of Pt nanomaterials.7,13,14 As a
type of important alcohol fuel, glycerol has a better security and
higher theoretical energy density compared to methanol and
ethanol.15 What’s more, glycerol could be obtained largely from
the biomass system, which reveals the applied potential in the
fuel cell industry.15 Thus, it is significant to construct a rational
design and synthesis of dentritic Pt nanomaterials for glycerol
electro-oxidation.
Generally, there are two synthetic routes to synthesize

dentritic Pt nanomaterials: templateless and template routes.16

The research on templateless synthesis reveals that Pt dentritic
structures were favorable to the properties enhancement in
electrocatalytic applications.14,17−19 However, the templateless
reaction process requires stricter conditions than template
reaction.16 Many reactions suffered from relatively high

temperature, long duration, or complicated synthetic proce-
dures to obtain uniform-morphology products.16,20 As one of
the most important techniques for the shape-controlled
synthesis of Pt nanomaterials, templated synthesis is a powerful
tool which can directly produce nanomaterials with desired
nanoscale features that are otherwise difficult to obtain.16 Still,
the morphology of the nanomaterials synthesized by template
strategies is generally similar to the template,7,21 and few
research reports were reported on the synthesis of the Pt
nanoflower structure using one-dimensional (1D) materials as
template.22 Galvanic replacement is an effective method to
generate hollow or novel nanostructures and tellurium
nanowires (TeNWs) were widely used to form Pt nanostruc-
tures.23−25 For example, in this specific reaction, it is relatively
easy to synthesize Pt or alloys nanotubes (PtNTs)/porous NTs
using TeNWs as a template.6,26 However, it is difficult to
transfrom TeNWs to nanobranch Pt nanomaterials completely,
in general, due to the limitation of 1D nanostructures.22

Furthermore, Pt nanobranches could be obtained with enriched
edge and corner atoms, in high yield and in large quantities by
inducing the aggravation of galvanic replacement.3,27

Herein, we demonstrated that the monomorphic single-
crystalline Pt nanoflowers could be synthesized by galvanic
replacement of TeNWs to form a Pt nanostructure completely
as shown in Scheme 1. In this work, a comprehensive
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consideration of the synthesis factors were close integration of
the possible mechanism, including the concentrations of CTAB
and H2PtCl6 and the reaction temperature. The whole reaction
process was in the water phase, and the as-prepared Pt products
had well-defined morphologies. In the synthesis of Pt
nanoflowers, 1 mL of as-prepared TeNWs was added into 6
mL of 27 mM CTAB, and then 0.3 mL of 1 mM H2PtCl6 (pH
= 7) was injected into the mixture solution and mechanically
stirred for 8 min. When the color of the solution turned amber,
0.7 mL of 1 mM H2PtCl6 (pH = 7) was injected again. The
whole system was heated around 60 °C for about 30 min to
obtain the Pt nanoflowers. Finally, after a centrifugation/wash
cycle, the products were obtained, while only Pt nanowires
were obtained without the addition of CTAB and the samples
were characterized by TEM and UV−vis as shown in Figures
S1 and S2.

■ EXPERIMENTAL SECTION
Preparation processes of TeNWs were performed as we reported
previously.7 As-prepared TeNWs (1 mL) were dispersed in CTAB
solution (30 mM, 6 mL) for 10 min with constant magnetic stirring at
50 °C. Then a solution of H2PtCl6 (1 mM, 0.3 mL, pH = 7) was added
into the mixture of TeNWs and CTAB, and the color of the mixture
turned blue-black after 2 min. Another 0.7 mL of H2PtCl6 (1 mM, pH
= 7) solution was quickly injected into the solution. The solution
turned light amber after 30 min, and the mixture was subjected to a
centrifugation/wash cycle to obtain Pt nanoflowers.
The dendrites sizes and morphologies of the as-synthesized Pt

nanoflowers were examined by HRTEM (high-resolution transmission
electron microscopy, JEM-2010FEF) and FE-SEM (field emission
scanning electron microscopy, Zeiss, S-3500N). The energy-dispersive
X-ray spectroscopy (EDS) analysis was also perfomed with a JEM-
2010FEF at an accelerating voltage of 200 kV. The X-ray diffraction
(XRD) analysis was performed on a Bruker D8 Advance X-ray
diffractometer with Cu Kα radiation. The X-ray photoelectron spectra
(XPS) analysis was tested by ESCALAB 250Xi and calibrated by the C
1s peak (284.6 eV).
The cyclic voltammograms (CV) were carried out in 0.5 M H2SO4

solution at a scan rate of 50 mV s−1. The GOR was recorded in 0.5 M
H2SO4 and 1 M CH2OHCHOHCH2OH solution with the scan rate of
50 mV s−1. Current density−time curves of the two catalysts were
tested in 0.5 M H2SO4 + 1 M CH2OHCHOHCH2OH solution at a
constant potential of 0.6 V vs SCE. The detailed processes for all
electrochemical experiments were presented in the Supporting
Information. The catalyst loading of Pt nanoflowers and commercial
Pt/C for all measurements were fixed to 21.9 μgPt cm

−2 and 70.8 μgPt
cm−2.

■ RESULTS AND DISCUSSION
The X-ray diffraction (XRD) pattern of Pt nanoflowers in
Figure S3 confirmed that the results were indexed to Pt with a

face-centered cubic (fcc) structure (lattice constant a = 0.39
nm, JCPDS card no. 04-0802).7 Energy dispersive X-ray (EDX)
analyses in Figure S4 showed the TeNWs had been effectively
transferred to Pt nanoflowers corresponding to the XRD
pattern. These results indicated that the as-prepared nano-
structure exclusively consisted of Pt. XPS spectra in Figure S5
present the Pt 4f core level for the Pt nanoflower. The core
level of Pt 4f split into 4f5/2 and 4f7/2 states because of spin−
orbital splitting.28,29 The results of binding energy (BE) values
at 74.166 and 70.8 eV correspond to Pt 4f5/2 and Pt 4f7/2.

29

However, compared with the Pt standard atlas, the peaks values
of Pt 4f5/2 and Pt 4f7/2 were 0.034 and 0.1 eV less than those of
Pt0, respectively. The consequence might be caused by valency
unsaturated atoms at edges and corners.11,12,28,29 As seen in
Figure 1, the TEM images of Pt nanoflowers under different

magnifications showed an interesting structure with a
remarkable distribution in size and shape. On the basis of the
high resolution TEM (HRTEM) and FESEM depicted in
Figure 1a−c, each nanoflower structure showed a bumpy
surface of enriched valency unsaturated atoms at edges and
corners, which could provide more catalytically active sites.11,12

It could also be observed that the d-spacing of adjacent fringes
for the nanoflower structure was 0.23 nm in Figure 1d, which
was in agreement with a (111) plane spacing of fcc Pt.19,30

Figure c1−4 showed the scale of each branch from a

Scheme 1. Schematic Illustration of the Evolution from
TeNWs to Pt Nanoflowers with Well-Defined Morphologies

Figure 1. (a,b,c) Magnified TEM images of the Pt nanoflowers.
(a1,b1) FESEM images of the Pt materials. (d) Fast Fourier transform
(FFT) pattern and filtered images of the square area of an individual
highly dentritic Pt nanoflower. (c1−4) Enlarged HRTEM images of Pt
nanoflower with the clear outline.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b03826
ACS Appl. Mater. Interfaces 2015, 7, 17725−17730

17726

http://pubs.acs.org/doi/suppl/10.1021/acsami.5b03826/suppl_file/am5b03826_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b03826/suppl_file/am5b03826_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b03826/suppl_file/am5b03826_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b03826/suppl_file/am5b03826_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b03826/suppl_file/am5b03826_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b03826/suppl_file/am5b03826_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.5b03826/suppl_file/am5b03826_si_001.pdf
http://dx.doi.org/10.1021/acsami.5b03826


nanoflower was within 3 nm, which revealed that the highly
crystalline Pt dentritic structure could deliver excellent
performance electrocatalysts.31

As for the synthesis of Pt nanobranches, cetyltrimethylam-
monium bromide (CTAB) as the structure-directing agent
could play a key role in the formation of a multidimension
structure.32,33 Owing to plus-to-minus charge interactions,
CTA+ might strongly combine with PtCl6

2−, resulting in CTA+-
PtCl6

2−, which could enrich PtCl6
2− around the Te nanoma-

terials and control the reaction kinetics.7 The galvanic
replacement reaction occurred as the equal electrical charge
process as following eq 1:

+ + → + + +− − − +PtCl Te 3H O Pt TeO 6Cl 6H6
2
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2
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According to eq 2, Vm is molar volume, M is molar mass, and ρ
is density; the molar volume of Te (20.4 cm3 mol−1) is 2.24
times larger than that of Pt (9.1 cm3 mol−1).6 There will be a
1.14 times of its own volume around each Pt atom, which is
beneficial to generate a Te@Pt metastable structure as shown
in Figure 2 (steps 1). The kinetics of alloying (steps 1) might

be described by the derivation of Fick’s second law of
diffusion:3,27

= ·
−

k
1
t

ln
1

1 erf x
2Dt (3)

Here, k is the rate constant, t is the reaction time, x is the
distance of Pt from the Te@Pt metastable structure interface,
and D is the dependence on the temperature as this reaction is
conducted.3 k would decrease with the passage of t at a certain
temperature.
Figure 2 showed the main steps in the galvanic replacement

reaction with H2PtCl6. When the 1 mM H2PtCl6 (pH = 7) was
added into the mixture solution of as-prepared Te nanoma-
terials (Figure 3a) and CTAB, the galvanic replacement
reaction would occur immediately between Te nanomaterials
and Pt source24 (Figure 2, steps 1). As a result, PtCl6

2− would
be reduced to Pt atoms, generating an uneven discrete
distribution of Pt&Te nanoshell on the surface of the Te
nanomaterials.7 Based on the stoichiometric relationship of the
galvanic replacement reaction, eq 1, equivalent molar amounts

of Pt atoms would be generated while Te nanomaterials
dissolved into the solution. As the reaction continues, Te atoms
in the Te@Pt heterostructure would be dissoloved and the Pt
source around Te nanomaterials could quickly capture the
electrons from the oxidation process of Te → TeO3

2−3. The
newly formed Pt atoms might be deposited in a special manner
in the presence of CTAB, resulting in a hollow hetero-
structure7,26 (Figure 3b), and the color of the solution turned
blue gray. As the reaction continues, the driving force eq 3 for
the reaction tends to drop due to the involvement of the
composite structure and the decrease of reactants without
addition of 1 mM H2PtCl6 (pH = 7).34 Then unreacted
tellurium atoms would be dissociation, owing to the Kirkendall
effect and generated porous Pt nanotubes (Figure 2, steps 3).
However, if another 700 μL of H2PtCl6 was injected into the
solution, the aggravation of the galvanic replacement reaction
would stimulate the decomposition of the hollow hetero-
structure, and the newly formed Pt atoms would adhere to the
previous ones with Te atoms, which prefer an island growth
mode3,16,21 (Figure 2, step 2; Figure 3c,d). As a result, Pt
nanoflowers were generated in the presence of CTAB (Figure
2, step 4; Figure 3e).
The ultraviolet absorption of a variety of reactants (CTAB,

TeNWs, Te@Pt structure, Pt nanoflowers) was tested as the
reaction progressed, and the data measured (Figure 4) with
each stage corresponded to the product. In the ultraviolet
absorption spectrum (Figure 4), an obvious decrease of peak
intensity at 270 and 630 nm was observed, which indicated the
replacement between TeNWs and the platinum precursor.7

Furthermore, there was no absorption peak at 270 and 630 nm
of the Pt nanoflowers curves, owing to the complete
dissociation of TeNWs at the end of the reaction.
Pt-based nanodendrites with enriched edge and corner atoms

are highly favorable for glycerol electrochemical oxidation in
acid medium.17 The electroactivity of the Pt nanoflower

Figure 2. Simulation of mechanism of galvanic replacement from
TeNWs to Pt nanoflowers with the equivalent charge reaction process.

Figure 3. Schematic illustration of the progress from Te nanowires to
Pt nanoflowers. TEM of (a) Te nanowires and (b) Pt&Te nanoshell
on the surface of the Te nanowires which generates a hollow
heterostructure. (c,d) Magnified TEM of Te@Pt heterostructure. (e)
HRTEM of Pt nanoflowers.
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catalysts toward glycerol oxidation was tested by cyclic
voltammetry (CV) and compared with that of commerial Pt/
C (20% Pt). Specifically, Pt nanoflowers were washed by
mixture of hot ethanol and acetone to remove the surfactant
(CTAB). Figure S6 showed the CVs of the Pt nanoflowers and
Pt/C catalysts in 0.5 M H2SO4 solution at room temperature.
The electrochemical surface area (ECSA) of the catalyst was
calculated based on the hydrogen adsorption charge in the
potential region of −0.2 to 0.2 V vs SCE. The ECSA per gPt of
Pt nanoflower (56.5 m2 g−1Pt) is lower than that of Pt/C (20%
Pt, 77.1 m2 g−1Pt), mainly because of the large specific surface
area of Pt nanoparticles (about 3−5 nm) in the Pt/C.32 The
amount of Pt was determined by inductively coupled plasma-
atomic emission spectrometry (ICP-AES). To obtain the
stability of ECSA per gPt of the two catalysts, six parallel tests
were performed in 0.5 M H2SO4 solution at 50 mV s−1 under
frequently changing potential. What’s more, HRTEM of the
after-cycles Pt nanoflowers shown in Figure S7 indicated the
structural stability of the Pt nanomaterials. The consequence in
Figure S8 showed that Pt nanoflowers have the better stability,
which can be attributed to the steady structure.35

The electrocatalytic performance of the Pt nanoflowers for
glycerol oxidation reaction (GOR) was tested and compared
with Pt/C in 0.5 M H2SO4 + 1 M CH2OHCHOHCH2OH
solution at a scan rate of 50 mV s−1 as shown in Figure 5. It
exhibited little difference in the shape of CV curves between the

Pt nanoflower and Pt/C (20% Pt) catalysts CV curves of GOR,
indicating the similar reaction pathway.36 Besides, the changes
in the absorption spectra of the substrate with catalytic time of
100 s, 200 s, 300 s, 400 s, 1000 s, 1500 s, 2000 s, 2500 s, 3000 s,
3500 s, and 4000 s were obtained by the ultraviolet−visible
spectrophotometer, the absorbance of substrate (Figure 6)

decreased with reaction time, and the main absorption peaks
were the same, which confirmed the above conclusions. The
significant results of two catalysts for glycerol oxidation at peak
current were calculated and shown in Figure 5a. Clearly, the
oxidation peak of Pt nanoflower (0.18 A mg−1) is 2.6 times that
of Pt/C (20% Pt, 0.07 A mg−1), demonstrating that the

Figure 4. Absorption spectra of CTAB, TeNWs, Te@Pt metastable-
structure, and Pt nanoflowers.

Figure 5. (a) Glycerol oxidation reaction catalyzed by the Pt nanoflowers and Pt/C catalysts in 0.5 M H2SO4 + 1 M CH2OHCHOHCH2OH
solution at 50 mV s−1. (b) Current density−time curves of the two catalysts in 0.5 M H2SO4 + 1 M CH2OHCHOHCH2OH solution at a constant
potential 0.6 V vs SCE.

Figure 6. Changes in absorption spectra of substrate with catalytic
time of 100 s, 200 s, 300 s, 400 s, 1000 s, 1500 s, 2000 s, 2500 s, 3000
s, 3500 s, and 4000 s (from top to bottom).
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dentritic structure could effectively enhance the inherent
catalytic activity. Furthermore, chronoamperometry was chosen
to assess the stability of the two catalysts in the presence of 1 M
glycerol for 5000 s at a potential of 0.6 V vs SCE. Figure 5b
displayed the higher current density of the Pt nanoflower than
that of Pt/C. The rapid decay of current densities during the
initial period was caused by the insufficiency of glycerol.
The potential-dependent motional resistance (ΔRE) of

glycerol electro-oxidation for Pt per mg might reveal that the
structure of a Pt/C or Pt nanoflower changes frequently under
changing potential.37,38 CVs were tested in 0.5 M H2SO4 + 1 M
CH2OHCHOHCH2OH solution at 50 mV s−1 after the
electrode coated catalysts were stable. Figure 7 showed different

values of the peak resistance ΔRE for the two catalysts. ΔRE2 =
1.44 Ω mg is smaller than ΔRE1 = 1.6 Ω mg while ΔE1 is
negative and ΔE2 is positive, indicating that transmutation of
the Pt/C structure might have occurred.39 The Pt nanoparticle
could detach from carbon and aggregate into a cluster and then
increase the conductivity of the materials, which corresponded
to the difference value of the peak resistance ΔRE2.
Furthermore, two peaks marked by a green elliptic-ring could
further verify the above conclusions. The peak−valleys on the
curves, ΔRE3 = 1.57 Ω mg and ΔRE4 = 0.41 Ω mg, reveal that
Pt nanoflowers have better peformance than Pt/C during the
glycerol electro-oxidation reaction. These results not only
indicate the higher activity and stability of Pt nanoflower
catalyst, but also demonstrate a high rate of valency unsaturated
atoms could increase the activity of materials.

■ CONCLUSION
In conclusion, a highly crystallized Pt dentritic structure with a
large amount of edge and corner atoms has been successfully
synthesized through a template-broken synthesis strategy. A
preliminary mechanism was proposed to explain the approach
using 1D Te nanowires as a template. The process could be
described as follows: aggravation of galvanic replacement could
generate new structural materials when the molar volume of
reactant is smaller than that of the template under reaction with
equivalent charge. The as-prepared Pt nanoflower exhibited
excellent performance toward glycerol electro-oxidation under
acid conditions, demonstrating its potential application for
direct glycerol fuel cells. Therefore, we believe this method is
important for the template synthesis and could also provide a
novel potential way to synthesize other noble metals/alloys for
their advanced functional applications.
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