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ABSTRACT

Three-dimensional (3D) hierarchical Pt-Cu tetragonal, highly branched, and
dendritic superstructures have been synthesized by a facile template-free
hydrothermal approach, showing growth patterns along (111, 110), (111), and
(100) planes, respectively. These structures have been characterized by transmission
electron microscopy (TEM), X-ray diffraction (XRD), energy dispersive X-ray
spectroscopy (EDX), inductively coupled plasma optical emission spectrometry
(ICP-OES) and a detailed formation mechanism has been developed, which
shows that the in situ formed I, and the galvanic replacement reaction between
Cu and Pt* may guide the formation of these superstructures. The comparative
electrocatalytic properties have been investigated for methanol and ethanol
oxidation. Due to their interconnected arms, sufficient absorption sites, and
exposed surfaces, these superstructures exhibit enhanced electrocatalytic
performance for electro-oxidation of methanol and ethanol when compared
with commercial Pt/C and Pt black.

Three-dimensional (3D) hierarchical architectures
show promising applications, particularly in catalysis,
and electrocatalysis due to their interconnected inner
structures [1-6]. Extensive developments have been
made in the past for the fabrication of dendrites and
highly branched structures including biominerals [7],
metal oxides [8], chalcogenides [8, 9], Au-Pd [10],
Pt-Au [11], Pt-Ni [12], Ag [13], Au [14], Pd-Pt [15], Pt
[14, 16, 17], and Pd [18], but few reports are available
of noble metal alloy 3D superstructures [19, 20].
Recently, more efforts are being directed towards noble
metal-based bimetallic nanocrystals, (noble metals with
3d-transition metals) to reduce the cost and increase
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the efficiency of catalysts, as bimetallic nanocrystals
(NCs) show superior catalytic properties over pure
metals [21-29]. Up to now, noble metal-based complex
structures have been synthesized mostly by using a
template or seed method that may require multi-step or
complicated synthetic methods [19, 30]. Comparatively,
the synthesis of highly ordered and homogeneous
alloy 3D superstructures in a controllable way by one
pot method still remains a great challenge. To the
best of our knowledge, uniform Pt-Cu alloys with a
tetragonal superstructure morphology, have not been
achieved to date.

Herein, we demonstrate a simple template free
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aqueous route by stepwise controlled method to
fabricate the uniform and hierarchical Pt-Cu 3D
bimetallic superstructures (tetragonal, highly branched,
and dendritic shape) (Scheme 1).

In this approach, Pt-Cu tetragonal superstructures
were synthesized simply by treating an aqueous
solution of polyvinylpyrrolidone (PVP, K30), sodium
iodide (Nal), copper chloride and chloroplatinic acid
hexahydrate at 200 °C for 1h under hydrothermal
conditions. Highly branched and dendritic NCs were
synthesized by the addition of tryptophan to the
above system while increasing the amount of Nal
(for synthesis details, see the Experimental Section and
Fig. S1 in the Electronic Supplementary Information
(ESM)). It is found that the in situ formed I, and the
galvanic replacement reaction between Cu and Pt*
may guide the formation of these superstructures.
Transmission electron microscopy (TEM) (Fig. 1(a))
and scanning electron microscopy (SEM) (Figs. 1(c)
and 1(d)) analyses of as-prepared samples indicate
that the product has uniform 3D tetragonal super-
structures with an edge length of approximately
200 nm and an individual tetragonal particle consists
of many interconnected arms. The number of arms on
a single tetragonal superstructure can reach up to 35.
3D and unique tetragonal superstructures can be
further confirmed by high-angle annular dark-field
scanning TEM (HAADF-STEM) imaging (Fig. 1(b)).

The X-ray diffraction (XRD) pattern of as-prepared

tetragonal superstructures (Fig. S2 in the ESM) reveals
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Scheme 1  Schematic illustration of the controlled growth of 3D
hierarchical Pt—Cu superstructures.
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Figure 1

Images of Pt—Cu tetragonal superstructures: (a) TEM;
(b) HAADF-STEM image, the red and green colors in (b) corres-
pond to Cu and Pt elements, respectively; (c) low-, and (d) high
magnification SEM images; (¢) HRTEM image of a single Pt—Cu

tetragonal superstructure, inset is corresponding FFT pattern of the
tip marked by the white sub-square; (f) magnified HRTEM taken
from the selected area marked by the square in (e), and the inset in (f)
shows the lattice spacing of the portion marked by the yellow square.

the alloy formation of Pt-Cu nanostructures, as the
diffraction peaks are positioned between pure face
centered cubic (fcc) Pt (JCPDS: 65-2868) and Cu
(JCPDS: 65-9743) crystal phases. No other single-
element peak from either Cu or Pt was identified.
Energy dispersive X-ray spectroscopy (EDX) attached
to the TEM (Fig. S3 in the ESM) confirmed the Pt—Cu
alloy formation. Furthermore, close observation of
the tetragonal superstructure by high-resolution TEM
(HRTEM) shows that the growth direction of the main
axis and the trunk is along the (111) plane as shown
by the FFT pattern (Fig. 1(e), inset) and the branches
grow along the (110) plane (Fig. 1(f), inset).
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TEM images also display uniform highly branched
Pt—Cu structures with an average size of 150 nm
(Fig. 2(a)), and dendritic NCs of approximately 20 nm
size (Fig. 3(a)). HAADF-STEM micrographs and EDX
element mapping (Figs. 2(b) and 3(b)) reveal that Pt
and Cu are evenly dispersed in both nanostructures.
HRTEM images (Fig. 2(c)), and panels in Figs. 2(cl)-
2(c3) of a single highly branched particle show that
lattice fringes continuously cover the whole particle
with a spacing distance of 0.222 nm, consistent with
the (111) crystal planes and the absence of any
stacking faults, demonstrating the presence of single
crystal structures. Similarly, HRTEM images of
dendritic particles from different regions also show
that whole particle is a single crystal, having (100)
planes with lattice spacing equal to 0.195 nm (Figs. 3(c)
and 3(c1)-3(c3). XRD (Figs. S4 and S5 in the ESM) and
EDX patterns (Figs. 56 and S7 in the ESM) confirm the
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Figure 2 Images of highly branched structures: (a) TEM;
(b) HAADF-STEM with corresponding elemental mapping for Cu
and Pt elements; (c) HRTEM image of single particle; square
panels ((c1)—(c3)) show the HRTEM images of the junction of
main branch and sub-branch, center, and tip marked by the white
squares in panel c.
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Figure 3 Images of dendritic Pt-Cu structures: (a) TEM;
(b) HAADF-STEM with corresponding elemental mapping for Cu
and Pt elements; (c) HRTEM micrograph of individual particle;
square panels ((c1)—(c3)) show HRTEM images of dendritic
particles from regions marked by white squares in panel c.

composition and show diffraction peaks, which confirm
the Pt—Cu alloy formation for highly branched and
dendritic structures, respectively.

To reveal the growth mechanism of the bimetallic
Pt-Cu tetragonal superstructure, experiments were
performed at different reaction times at 200 °C. The
TEM images of Pt—-Cu NCs at various reaction times
are shown in Fig. S8 (in the ESM), which highlight
the shape evolution process. It can be clearly seen
that when the reaction time was 0 min, small particles
with a diameter of approximately 10 nm were formed
(Fig. S8(a) in the ESM). The composition of these
nanoparticles was studied by EDX, which confirms
they consisted of copper(I) iodide (Fig. S9(a) in the
ESM). When the reaction time was increased to 3 min
(Fig. S8(b) in the ESM), the small particles grew into
bigger particles (the EDX results in Fig. S9(b) (in the
ESM) show that the large particles are also Cul). On
further prolonging the reaction time to 6 min (Fig. S8(c)
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in the ESM), a mixture of tetragonal superstructures
and large particles was observed, which signifies that
the formation of nanocrystals is still in progress (EDX
results are shown in Fig. 59(c) in the ESM). The Cul
was almost consumed at 14 min (Fig. S9(d) in the
ESM), and after a reaction time of 16 min, diverse and
highly-ordered tetragonal superstructures were formed
(Fig. S8(d) in the ESM).

To further study the shape evolution and com-
position of superstructures, the reaction was conducted
for a longer time but it was found that the shape, size
and composition of the particles remained unchanged
even when the reaction time was increased to 1h
(Fig. 1(a)). However, longer reaction times may
increase the crystallinity of NCs, and therefore, we
used 1h for the standard procedure. The XRD
patterns (Figs. S10(a)-S10(f) in the ESM) for different
reaction times also correlated with the EDX data
and confirm that only Cul is present in the initial
stages of the reaction. On increasing the reaction time,
peaks of Cul become weaker and the peaks of the
Pt-Cu alloy become more intense; from reaction
times from 6 to 14 min, the weak peaks of Cul can
still be observed, but after 14 min, the peaks of Cul
have completely disappeared and only Pt—Cu alloy
peaks can be seen.

It is widely known that metals can be etched by
Nal/L, solution. It is believed that the added Nal and
I, formed in situ are responsible for the etching, as
marked by red arrows in Figs. S8(b) and S8(c) in the
ESM). In the early stages, Cul, may be produced but
is unstable, and immediately decomposes to Cul, and
I, (Fig. S11 in the ESM). The Cul may further
decompose to Cu, and I, at high temperature. It is
considered that the I, can also be produced by
oxidation of I". Nal can be easily oxidized to I, by
oxidants, especially under heating, as high tem-
perature can drive the oxidation of I" to I, [31]. To
confirm this experimentally, a control experiment was
carried out. A colorless Nal aqueous solution (Fig. 4(b))
was heated at 200 °C for 1 h, upon which the colorless
Nal solution became yellow (Fig. 4(c)), and had the
same color as a Nal/l, solution (Fig. 4(a)), indicating
that I" can be oxidized to I, by dissolved O,. The
oxidation of I' to I, was further confirmed by the
reaction between I, and starch (Figs. 4(d) and 4(e)).
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Figure 4 Confirmation of the formation of I, (the oxidation of I
to I, is revealed by the color change).

Subsequently, as a result of the concomitant formation
of reduced copper, galvanic replacement reaction
between the copper and Pt* species may takes place,
leading to the formation of Pt—Cu alloy NCs of complex
shapes. Similar evolution processes were observed
for the highly branched NCs (Figs. S12(a)-512(d) and
S13(a)-S13(e) in the ESM).

On the basis of above details, we propose that
the formation of Pt—Cu superstructures involves the
following steps: (1) Formation of Cul nanocrystals,
and etching by the I, formed simultaneously in situ
(Egs. (1) and (2)); (2) simultaneous reduction of Cu" to
metallic Cu, oxidation of I" to I, at high temperature,
and the galvanic replacement reaction between Pt*
and Cu to form Pt-Cu alloy (Egs. (3) and (4)). The
reaction is very fast, and superstructures are formed
within very short time, so it is difficult to observe the
each step individually. All these steps can be described
well by the following equations

Cu® +2I" — Cul, (1)
2Cul, — 2Cul+I, 2)
2Cul - 2Cu’+], 3)

Cu’ +Pt* — PtCu alloy 4)

To study the effect of different reagents on the
shape of superstructures, some control experiments
were carried out. The shape and size of the NCs can
be controlled by fine-tuning of the reaction parameters.
Nal has a significant effect on the formation of
complex structures and we were able to obtain
different structures by only changing the amount of
Nal. We investigated the role of Nal by varying its
amount while keeping the other conditions unchanged.
In the absence of Nal, we found that product con-
tained only small particles without any indication of
dendrite formation or etching phenomena (Fig. S14(a)
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in the ESM). At a very low Nal amount of 5mg,
immature etched particles were obtained (Fig. S14(b)
in the ESM). When the amount of Nal was increased
to 20 mg, flawless and symmetric tetragonal super-
structures were observed as shown in Fig. 1. As the
Nal amount was further enhanced to 50 mg, the
selectivity for the small dendrites increased (Fig. S14(c)
in the ESM). On further increasing the amount of Nal
to 150 mg, cubes with rough surfaces were the major
product (Fig. S14(d) in the ESM). Similar effects of
added Nal have been observed for highly branched
NCs (Figs. 515(a)-515(d) in the ESM). This indicates
that Nal controls the size, shape, and the number of
branches. It also acts as shape directing and etching
agent, since as we increased the amount of Nal, the
shape of the NCs changed from tetragonal super-
structures to highly branched and small dendrites. It
is believed that rate of etching depends on the
amount of Nal. Some other control experiments for
tetragonal NCs were conducted by varying the metal
precursors and the temperature in order to study the
effect on the morphology. In the absence of Cu or Pt
precursors, no tetragonal particles were obtained
(Figs. S16(a) and S16(b) in the ESM). Under these
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conditions, temperature did not have any significant
effect on particle morphology, but some unreacted
Cul particles were present when temperature was
decreased to 150 °C (Figs. S17(a) and S17(b) in the
ESM). Moreover, PVP has a key role, as in the absence
of PVP (Fig. S18(a) in the ESM) or with low amounts
of PVP (Fig. S18(b) in the ESM) highly aggregated
products were attained. Well-dispersed and regular
NCs were achieved when suitable amount of PVP was
incorporated in the reaction system (Fig. 1). The above
results suggest that PVP plays a dual role both as a
stabilizer and reductant. When Cul was used as the
copper precursor instead of CuCl,, similar tetragonal
NCs were formed (Figs. 519(a)-519(d) in the ESM). We
also studied the effect of tryptophan on the mor-
phology. An appropriate amount of tryptophan is also
very important for the synthesis of highly branched
structures (Figs. 520(a)-520(d) in the ESM).

To investigate the electrochemical properties of as-
prepared Pt—Cu nanostructures, the electro-oxidation
reactions of methanol and ethanol on Pt—-Cu NCs,
commercial Pt black and Pt/C (Alfa Aesar) catalysts
were tested. Figures 5(a) and 5(b) show the cyclic
voltammogram (CV) curves for the electro-oxidation
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Figure 5 Comparison of electrocatalytic properties of Pt—-Cu NCs, Pt black, and Pt/C catalyst: CV curves recorded at room
temperature in (a) 0.5 M NaOH + 2 M methanol, and (b) 0.5 M NaOH + 0.1 M ethanol solution at a scan rate of 50 mV/s. Current—time

(i—t) curves (at —0.2 V vs. SCE) in (¢) methanol and (d) ethanol.
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of methanol and ethanol on the tetragonal Pt-Cu
superstructures, highly branched, small dendrites,
commercial Pt black and Pt/C. The specific current
density (J) was normalized to the electrochemically
active surface area (ECSA), which was estimated from
the hydrogen adsorption/desorption charges using
cyclic voltammetric data in H, SO, (0.5 M), assuming
the charge density associated with a monolayer of
hydrogen adsorbed on polycrystalline platinum is
210 uC/em? (Fig. S21 in the ESM) [23, 27, 32]. The Pt-Cu
superstructures exhibited enhanced specific activity
compared with commercial Pt black and Pt/C catalysts,
with the tetragonal Pt-Cu superstructures exhibiting
the highest specific activity. The peak current density
of methanol oxidation in the positive potential scan
of tetragonal Pt—Cu superstructures was 3.2 mA/cm?.
This value is about 2 times that for the highly branched
NCs, 1.8 times that for dendritic NCs, 4 times that for
Pt black, and 3 times that for Pt/C. Similar results were
also observed in case of ethanol electro-oxidation.

Taking into account the hierarchical structures of Pt—
Cu with interconnected arms, the high electrocatalytic
activity of the NCs compared with other catalysts can
be attributed to their unique structure. To evaluate
the stability of these Pt-Cu alloy NCs, i~t curves were
recorded for 2,000 s (Figs. 5(c) and 5(d)). The Pt-Cu
alloy NCs possess excellent stability during the electro-
chemical measurements, as compared with commercial
Pt/C and Pt black catalysts. After the stability tests,
the structure of the Pt—Cu alloy NCs was retained as
shown in Fig. S22 (in the ESM).

In summary, we have developed a simple method
for the synthesis of Pt-Cu hierarchical superstructures
with well-defined 3D shapes. Tetragonal, highly
branched, and dendritic superstructures consist of
(111, 110), (111), and (100) planes, respectively. The
shape of the complex architecture, particle size, and
crystallinity can be controlled by tuning the amount
of Nal. Among the different shapes, the tetragonal
superstructures exhibited the best electrocatalytic
activity, superior to those of commercial Pt/C, and Pt
black. Further exploration of similar reaction systems
may expand the present work to encompass the
synthesis of other nanomaterials.
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