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ABSTRACT: Here we report on the synthesis of novel
dendritic Pt3Cu triangular pyramid caps via a solvothermal
coreduction method. These caps had three-dimensional caved
structures with ultrathin branches, as evidenced by high-
resolution transmission electron microscopy (HRTEM) and
HAADF-STEM characterization. Tuning the reduction
kinetics of two metal precursors by an iodide ion was believed
to be the key for the formation of an alloyed nanostructure.
Electro-oxidation of methanol and formic acid showed
dramatically improved electrocatalytic activities and poison-
tolerance for these nanoalloys as compared to commercial Pt/
C catalysts, which was attributed to their unique open porous structure with interconnected network, ultrahigh surface areas, as
well as synergetic effect of the two metallic components.
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■ INTRODUCTION

Bimetallic alloy nanostructures have been broadly believed to
be substitutes for pure noble metal catalysts toward various
electrochemical reactions.1−4 By combining less expensive
transition metals with noble metals, such alloy structures not
only reduce the use of precious noble metal but also improve
the overall performance due to synergetic effects.5−12

Recently, shape-controlled synthesis13−16 of various ultrathin
alloyed nanoparticles has been reported to have high intrinsic
electrocatalytic activities.3,9,17−22 However, aggregation and loss
of contact with electroconductive supports have greatly limited
the practical application of zero-dimensional (0D) nano-
particles. As estimated, only 20−30% was chemically accessible
for reactant and connects to an external circuit.23 Though
ultrathin nanowires and nanosheets enhanced electroconduc-
tivity and electrocatalytic activity to certain degrees,24−28

overlap of their accessible sites remained a big issue.
Ideally electrocatalysts should have three-dimensional (3D)

open porous but interconnected/integrated networks with
ultrahigh surface areas (i.e., ultrathin branches).29−32 Herein, as
a typical Pt-based alloy for a fuel cell cathode,28,31 we
synthesized dendritic Pt3Cu triangular pyramid caps with
integrated ultrathin branches. Compared with commercial Pt/
C catalyst, the open porous alloy pyramids showed 3/3.38-fold

enhancement on mass activity and 2.14/2.41-fold enhancement
on specific activity toward the electrocatalytic methanol/formic
acid oxidation and, more importantly, a much higher anti-CO
poisoning performance. The combination of the above merits
made the dendritic pyramid caps promising for practical
applications.

■ RESULTS AND DISCUSSION
In a typical synthesis of ultrathin PtCu nanostructures,
potassium tetrachloroplatinate (K2PtCl4), copper dichloride
(CuCl2), polyvinylpyrrolidone (PVP), and potassium iodide
(KI) were dissolved in a mixed solvent containing water and
formamide (FA). The resultant homogeneous solution was
then solvothermally treated in a Teflon-lined stainless steel
autoclave at 120 °C for 4 h (see Supporting Information for
details).
TEM images (Figure 1A−F) show morphology evolution of

the as-synthesized PtCu nanostructures. Increasing the molar
ratio of Pt/Cu precursors from 1:3 to 3:1, the morphologies
changed from tripods to dendritic triangular pyramids, while
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further increase of the ratio (Pt:Cu = 4:1) resulted in wider
branches and small dendrites. However, without a Cu precursor
it only resulted in spherical nanoparticles (Figure S1,
Supporting Information). The HRTEM image (Figure 1G)
shows a typical dendritic triangular pyramid (Pt:Cu = 3:1),
which has a hierarchical branched structure with 3.8 nm width
of the branches on average. An enlarged HRTEM image (inset
of Figure 1H) of the branches shows that the lattice fringes
correspond to a spacing of 0.22 nm, which matches the d
spacing of the (111) plane of the Pt3Cu alloy.28,31 EDS
mapping of the dendritic alloys shows that Pt and Cu atoms are
uniformly distributed with an atomic ratio of 75.6% and 24.4%,
respectively. Inductively coupled plasma optical emission
spectrometry (ICP-OES) was also applied for composition
investigation, and the result suggested a Pt/Cu atomic ratio of
∼3:1 (76:24), which was almost the same as EDS data,
demonstrating the compositional homogeneity of the dendritic
particles. The X-ray diffraction (XRD, Figure S2, Supporting
Information) pattern of the dendritic Pt3Cu pyramids displays
characteristic peaks that are in agreement with those of a well-
crystallized Pt pattern with face-centered-cubic (fcc) structure
(JCPDS No. 65-2868) but show a little shift to higher angle,
confirming an alloyed structure.33

Interestingly, the dendritic triangular pyramids had a “cave”
at the center of the 3D porous structures, which made it “cap-
like” as revealed by morphology and structure characterization
(Figure 2). Scanning electron microscopy (SEM, Figure 2A,

taken at 75° tilting substrate) images clearly evidenced a
nonplanar triangular pyramid structure of the final products.
Two individual pyramids laid on a carbon nanotube supported
TEM grid, one top view and the other side view (bottom facet
of pyramid “vertical” and “parallel” to the electron beam), were
typically shown in Figure 2B. The angle ∼112° in the side-view
image unambiguously evidenced the pyramid structure. The
hollow cave structure is evidenced by a thickness-sensitive high-
angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM, Figure 2C and 2D) analysis:34

the line profile along the ridge of the individual pyramid (the
blue arrow in Figure 2D), which shows almost the constant
intensity from the center to the edge. This suggests the ridge
has a constant thickness without accumulated growth at the
center, demonstrating a “cave” structure. Another vertical-laid
less grown pyramid with one ridge perpendicular to the paper
(Figure S3, Supporting Information) confirmed the cap-like
structure of the pyramids by showing two opened legs. Tilted
TEM microscopy (Figure 2E−G) of two tripod intermediates
(20 min reaction) reveals the exact spatial location of the three
ridges/legs. A tripod structure with 120° intersection angles
was seen in the top-view image (Figure 2E). Two of the three
legs made an almost straight line as the sample was tilted +45°
(Figure 2F). In contrast, one of the legs shrank to a dark dot

Figure 1. TEM images of morphology evolution for dendritic Pt3Cu
pyramids with different Pt/Cu precursor molar ratios: (A) 1:3, (B)
1:2, (C) 1:1, (D) 2:1, (E) 3:1, and (F) 4:1. (G) and (H) high-
resolution transmission electron microscopy (HRTEM) images (inset
shows enlarged image and the corresponding fast Fourier transform
(FFT) pattern) of a typical dendritic triangular pyramid in (E). (I)
HAADF-STEM image with the corresponding spectral mapping of Pt
and Cu. Default scale bars are 100 nm.

Figure 2. (A) 75° tilting SEM image (inset shows a 3D model) of the
pyramids. (B) HRTEM image of dendritic Pt3Cu triangular pyramids
laid on a carbon nanotube supported TEM grid. (C) and (D)
HAADF-STEM image (inset shows the line profile) of the pyramids.
(E)−(G) Tilted TEM images (inset shows the top view of a 3D
model) of a 20 min Pt3Cu intermediate. Scale bars in (E)−(G) are 30
nm.
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(Figure 2G) when the sample stage was tilted to −65°,
suggesting the leg was parallel to the electron beam. The
cartoon models were schemed in the insets.
The key factor for the formation of alloyed structure was

believed to be I− ions, which tune the reduction kinetics of the
two precursors by coordinating with PtII to form a more stable
PtI4

2− (PtI4
2−/Pt, E = 0.32 V;35,36 PtCl4

2−/Pt, E = 0.758 V) and
at the same time reducing CuII to CuI species, which is easy to
be further reduced to Cu0 (Cu+/Cu, E = 0.52 V, Cu2+/Cu, E =
0.34 V). Besides, disproportionation reaction on CuI would
automatically occur and thus release Cu0 slowly even without
any reducing reagent. It seems that the reduction of CuII and
PtII occurred almost simultaneously, forming alloyed nuclei as
indicated in the STEM image of a captured primary seed
formed at the initial stage (5 min, Figure 3A). However,
without KI or replacing KI with KCl or KBr only resulted in
heterostructures (Figure S4, Supporting Information).

In order to reveal the formation process of the dendritic
triangular pyramid caps, time-dependent structure evolution
reaction was carried out. Morphology evolution shown in both
TEM images (Figure 3A−D) and schematic illustration (Figure
3E) reveal three formation stages of dendritic triangular
pyramid caps: first, the primary seeds are formed within 5
min of reaction time (Figure 3A); second the formation and
elongation of the primary tripod backbone occurred before 20

min (Figure 3B and 3C); and finally the branches are formed
along with further elongation of the backbone (Figure 3D).
It is believed that rich structural defects induced by Cu

doping played a key role in the formation of hierarchical
structures. Inhomogeneous growth at the defect-enriched
region of a primary seed led to the formation of primary
tripods (i.e., ridges), which coincided with a previous report.37

Furthermore, defects would induce much stacking faults, as
could be seen from the twin boundaries (Figure 3B), which
made the backbones show an obvious zigzag pattern (Figure
3C). The growth modes were repeated at the convex sites and
led to new branch formation, possibly because these sites were
relatively more active, and galvanic reaction between PtII and
Cu0 could happen therein. The HAADF-STEM image of the 20
min intermediate (Figure 3C) clearly confirms that the
formation of the secondary branch started on the convex
sites of the backbone. As-formed branches grew parallel to the
neighboring ridges or primary branches possibly for minimizing
the lattice mismatch.
The relative complex formation procedure made the

structure very sensitive to the synthetic parameters. Besides
the Pt/Cu precursor ratio mentioned before, variations of KI
amount (Figure S4, Supporting Information), solvent species
(Figure S5, Supporting Information), water/formamide ratio
(Figure S6, Supporting Information), and metal precursor
species (Figure S7, Supporting Information) all would weaken
the dendritic structure and reduce the amount of branches, or
even eliminate the branched structures. It is believed that the
low solubility or low coordination ability of I− in such a
reaction environment weakened reduction kinetic control of
the two metal precursors.
The as-prepared Pt3Cu triangular pyramid caps showed

superior electrochemical properties on electro-oxidations of
methanol and formic acid alloy than commercial Pt/C
electrocatalyst (Johnson Matthey, JM 40 wt %). Cyclic
voltammetry (CV, Figure 4A) and CO stripping (Figure S8,
Supporting Information) were used to evaluate the electro-
chemically active surface area (ECSA) of the Pt3Cu triangular
pyramid caps and commercial Pt/C catalysts. Calculated from
CO-adsorption charge, the Pt3Cu triangular pyramid caps
showed a high ECSA of 68.3 m2/g, which is much higher than
that of a commercial Pt/C (48.4 m2/g) catalyst.
We further investigated the electrocatalytic oxidation of small

fuel molecules (methanol and formic acid) on the dendritic
Pt3Cu triangular pyramid caps and commercial Pt/C electro-
catalyst. In order to compare the activity, the currents were
normalized with respect to both the electrochemically active
surface area and the loading amount of Pt (Figures S9 and S10,
Supporting Information). Comparison of specific activities and
mass activities between dendritic Pt3Cu triangular pyramids and
commercial Pt/C catalyst are shown in Figure 4B and 4C. The
specific activity of the Pt3Cu pyramid cap is 2.04- and 2.41-fold
of the Pt/C catalyst, while the mass activity is 3- and 3.38-fold
of Pt/C for methanol and formic acid electro-oxidation,
respectively. The enhanced specific and mass activity for the
Pt3Cu pyramid caps may be ascribed to its unique ultrathin,
hollow, and three-dimensional open porous structure together
with high ECSA and interconnected network. Chronoampero-
metric (CA) measurements performed at 0.9 V (Figure 4E)
further confirmed the the Pt3Cu pyramid cap had a higher
current density as well as higher stability than the Pt/C catalyst.
TEM images of the Pt3Cu pyramid caps after 50 cycles of CV
treatment (Figure S11B, Supporting Information) and

Figure 3. STEM images of (A) a captured primary particle and (B) a
primary tripod. (C) STEM tomography of the 20 min intermediate.
(D) TEM images of the intermediates of Pt3Cu triangular pyramids at
different reaction time point. (E) Schematic illustration of the
formation process of the dendritic Pt3Cu triangular pyramids.
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chronoamperometry test (Figure S11C, Supporting Informa-
tion) also revealed that the Pt3Cu pyramid caps showed high
stability after the electrochemical durability test.
Besides high current density, the dendritic Pt3Cu triangular

pyramid cap also showed a high anti-CO poisoning perform-
ance toward both methanol and formic acid oxidation reaction.
For the methanol oxidation reaction (MOR), the Pt3Cu
pyramid cap exhibited a high If/Ib = 1.55 ratio, in which If
and Ib are the forward and backward current densities,
respectively (Figure 4B), which was 2.06 times of the Pt/C
catalyst (If/Ib = 0.76), implying that methanol molecules mainly
go through a direct oxidation pathway on the Pt3Cu pyramids,
thus generating relatively less poisoning species as compared to
the Pt/C electrocatalyst.38 The CO-stripping peak of dendritic
Pt3Cu pyramid caps shifted 50 mV to lower potential,
indicating a weaker Pt−CO bond strength compared to that
of Pt/C. This result was consistent with the calculation of CO-
adsorption energies obtained from DFT simulation, which are
−1.46 and −1.26 eV for the Pt and Pt3Cu surface, respectively
(see Supporting Information for calculation details). On the
other hand, for the indirect pathway, H2O must be involved in
the CO oxidation reaction in the acidic environment. Pt could
readily oxidize methanol to CO but has difficulty in oxidizing
CO to CO2, owing to its strong binding to OH and poor ability
to activate water. However, the alloy of Cu could lower the
binding energy for both CO and OH adsorption, and thus,
forming the Pt−Cu alloy could accelerate the oxidation of
CO.39 Therefore, combining the above reasons, the dendritic

Pt3Cu pyramid caps show relatively high anti-CO poisoning
performance.

■ CONCLUSIONS
In summary, ultrathin dendritic Pt3Cu triangular pyramid caps
have been synthesized through a solvothermal coreduction
method tuned by iodide ion coordination. The as-synthesized
dendritic Pt3Cu triangular pyramid caps showed excellent
electrocatalytic activity and anti-CO poisoning performance,
demonstrating the great potential of the dendritic ultrathin
alloy structure for constructing an advanced electrocatalyst due
to their tailored synergetic effects, fully exposed active sites, and
integrated conductive structure. This result demonstrates the
importance for constructing open porous interconnected
nanostructures for electrocatalysis and also provides oppor-
tunities to design and fabricate other ultrathin dendritic
bimetallic structures by tailored growth kinetics, which would
be of great importance in the field of clean energy and green
chemistry.
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