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1 Introduction

ABSTRACT

Controllable self-assembly of noble metal nanocrystals is of broad interest for
the development of highly active electrocatalysts. Here we report an efficient
arginine-mediated hydrothermal approach for the high-yield synthesis of cube-like
Pt nanoassemblies (Pt-CNAs) with porous cavities and rough surfaces based on
the self-assembly of zero dimensional Pt nanocrystals. In this process, arginine
acts as the reductant, structure directing agent, and linker between adjacent
nanocrystals. Interestingly, the Pt-CNAs exhibit single-crystal structures with
dominant {100} facets, as evidenced by X-ray diffraction. Based on electrocatalytic
studies, the as-synthesized Pt-CNAs exhibit improved electrocatalytic activity
as well as good stability and CO tolerance in the methanol oxidation reaction.
The Pt-CNA'’s good performance is attributed to their unique morphology and
surface structure. We believe that the synthetic strategy outlined here could be
extended to other rationally designed monometallic or bimetallic nanoassemblies
for use in high performance fuel cells.

dipoles [10], electrostatic ordering [11], gravitational
sedimentation [12], interface induction [13], and

Well-defined nanoassemblies consisting of small
nanocrystals have received considerable attention
due to their many unique structural characteristics,
such as high porosity, large surface area per unit
volume, interconnected open-pore structures, and
stable frameworks [1-14]. To date, various strategies
have been developed to fabricate nanoassemblies,
such as surface modification [9], induced magnetic

additional metal or ions [14]. For example, novel
AuAg nanosheets were successfully prepared from
AuAg nanowires by addition of Pluronic P123 sur-
factant and fusion of the AuAg nanowires [9].
Polycrystalline spherical Pt nanoassemblies could be
obtained by self-assembly of Pt nanocubes in the
presence of Fe** ions [14]. Although much effort has
been devoted to the self-assembly of nanocrystals into
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various nanoassemblies, the controlled synthesis of such
nanoassemblies with well-defined morphologies and
single-crystal structures remains a challenge.

Amino acids, as the fundamental building blocks of
proteins, have been widely employed in the synthesis
of noble metal nanocrystals owing to their selective
coordination of noble metal ions [15-20]. In particular,
arginine is the only amino acid with a guanidino group
consisting of four proton donor moieties (Scheme 1),
and it easily interacts with carboxyl groups through
strong hydrogen-bonding and electrostatic interactions
[21, 22]. In addition, the strong coordination interaction
between guanidino groups and noble metal ions
efficiently slows the reduction of noble metal ions
[23], which allows the synthesis to be kinetically con-
trolled. Thus, due to its unique inherent properties,
we rationally expect that noble metal nanoassemblies
can be easily obtained using arginine molecules.

Following this line of inquiry, we report an effective,
arginine-mediated self-assembly process for the
synthesis of single-crystal cube-like Pt nanoassemblies
(Pt-CNAs) with rough surfaces and dominant {100}
facets in the presence of polyvinyl pyrrolidone (PVP).
By varying the amount of arginine added, nano-
structures with different degrees of self-assembly can
be achieved. Relative to the commercial polycrystalline
Pt black catalysts, Pt-CNAs possess a large proportion
of exposed {100} facets with abundant active sites at
the cubes’ edges and corners; this morphology results
in improved electrocatalytic activity, stability, and
high CO tolerance in the methanol oxidation reaction
(MOR).

@ NH 0 (b) )l\ll:
NH,
Arginine Guanidino

Scheme 1 Molecular structures of (a) arginine and (b) the
guanidino group.

2 Experimental

2.1 Reagents and chemicals

Arginine was purchased from Shanghai Kayon
Biological Technology CO., Ltd. (Shanghai, China). PVP
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(Mw = 30,000) and chloroplatinic acid hexahydrate
(H,PtCls:6H,O) were purchased from Sinopharm
Chemical Reagent Co., Ltd (Shanghai, China). Com-
mercial Pt black was purchased from Johnson Matthey
Corporation. All reagents were of analytical reagent
grade and used without further purification.

2.2 Synthesis of Pt-CNAs

In a typical synthesis, arginine (75 mg), PVP (400 mg),
and 1 mL of H,PtCl solution (40 mM) were added into
9.0 mL of deionized water with continuous stirring
for 10 min at room temperature. The homogeneous
solution was transferred to a 20 mL Teflon-lined
stainless steel autoclave and heated at 200 °C for 4 h.
After being cooled to room temperature, the Pt-CNAs
were separated by centrifugation at 20,000 rpm for
10 min, washed three times with ethanol, and then
dried at 60 °C for 5h in a vacuum oven. Finally, the
Pt-CNAs were treated with UV irradiation at 185 and
254 nm in air for 4 h to remove the capping agent prior
to electrochemical testing [24, 25].

2.3 Electrochemical measurements

All electrochemical experiments were performed
using a CHI 660 C electrochemical analyzer (CH
Instruments, Shanghai, Chenhua Co.). A standard
three-electrode system was used for all electrochemical
experiments, which consisted of a Pt wire as the
auxiliary electrode, a saturated calomel electrode (SCE)
as the reference electrode, and a catalyst-modified
glassy carbon electrode as the working electrode. All
potentials in this study were reported with respect
to the SCE. All electrochemical measurements were
carried out at 30 °C.

An evenly distributed suspension of catalyst was
prepared by ultrasonic mixing of 10 mg catalyst and
5 mL H,O for 30 min; 6 pL of the resulting suspension
was drop-cast onto the surface of the glassy carbon
electrode (3 mm diameter). After drying at room
temperature, 3 uL of Nafion solution (5 wt.%) was
drop-cast on the modified electrode surface and
allowed to dry again. Thus, the working electrode was
obtained. The specific loading of metal on the electrode
surface was about 170 pg-cm™. Electrochemical mea-
surements were conducted in an N,-saturated 0.5 M
H,SO, solution or an N,-saturated 0.5 M H,SO,solution
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with 0.5 M CH;OH. Prior to the electrochemical tests,
the catalyst-coated electrodes were pre-treated by
cycling the potential between 0.2 and 1.2 V vs. SCE
for 50 cycles in Nj-saturated 0.5M H,50, aqueous
solution to remove any surface contaminants. The
electrochemically active surface area (ECSA) of the
Pt electrocatalyst was calculated from the equation
(ECSA = Q/m x C) by measuring the charge collected
in the hydrogen adsorption/desorption region after
double-layer correction. Q is the charge in the hy-
drogen adsorption/desorption area, m is the loading
amount of Pt metal, and C is the charge required for
monolayer adsorption of hydrogen on a Pt surface
(C=0.21 mC-cm™).

For CO-stripping measurements, the catalyst surface
was firstly saturated with CO by bubbling CO through
a 0.5M H,S0O, solution while holding the working
electrode at 0V for 15 min. The remaining CO was
purged by flowing N, for 30 min before measurements

were made.
2.4 Instruments

Transmission electron microscopy (TEM) images
were obtained using a JEOL JEM-2100F transmission
electron microscope operated at an accelerating vol-
tage of 200 kV. Scanning electron microscopy (SEM)
images were obtained using a JSM-2010 microscope
at an accelerating voltage of 20 kV. X-ray diffraction
(XRD) patterns of the samples were obtained with a
Model D/max-rC X-ray diffractometer using a Cu Ka
radiation source (A = 1.5406 A) and operating at
40 kV and 100 mA. X-ray photoelectron spectroscopy
(XPS) measurements were performed with a Thermo
VG Scientific ESCALAB 250 spectrometer with a mono-
chromatic Al Ka X-ray source (1,486.6 eV photons).
The binding energy was calibrated by means of the
Cls peak energy of 284.6 eV. Ultraviolet and visible
spectroscopy (UV—-Vis) data were recorded on a Cary 50
spectrophotometer equipped with a 1.0 cm quartz cell.

3 Results and discussion
3.1 Characterization of samples

The crystal structure of the Pt-CNAs was initially
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characterized by XRD. The XRD pattern displays typical
diffraction peaks that can be indexed as face-centered
cubic (fcc) Pt (JCPDS no. 04-0802), indicating the
generation of metallic Pt nanocrystals (Fig. 1(a)). The
percentage of Pt” species in Pt-CNAs was calculated
to be ca. 89.3% based on the XPS splitting peak-fitting
curves (Fig. 1(b)), further confirming the complete
reduction of the H,PtCl; precursor. In particular, the
XRD pattern of the Pt-CNAs shows a very strong
(200) diffraction peak, indicating that the Pt-CNAs
have abundant Pt {100} facets [26,27]. According
to Scherrer’s formula, the average particle size of
nanocrystals is estimated to be ca. 5.4 nm.

The morphology and structure of the Pt-CNAs were
characterized by TEM and SEM. The TEM (Fig. 2(a))
and SEM (Fig.2(b) and Fig.S1 in the Electronic
Supplementary (ESM)) images clearly show that the
products have well-defined cubic morphologies with
porous cavities and rough surfaces. The average edge
length of the Pt-CNAs was measured at ca. 120 nm.
Based on the size analysis of the XRD and TEM, we
speculate that each Pt-CNA is composed of many
small nanocrystals ca. 5.4 nm in size. Interestingly,
the selected-area electron diffraction (SAED) patterns
of two random Pt-CNAs display a single set of sharp
diffraction spots with 4-fold rotational symmetry
(Fig. 2(c)), unambiguously demonstrating that the
Pt-CNAs are single-crystalline with dominant Pt {100}
facets. The high-resolution TEM (HRTEM) images
obtained at different positions on an individual Pt-CNA
in Fig. 2(d) show that the Pt-CNAs have dominant Pt
{100} facets with 0.201 nm lattice spacing (Fig. 2(e)).
This suggests that the preferred adsorption of the
amine groups of arginine on the Pt-CNA surface
during synthesis is responsible for the formation of
dominant Pt {100} facets [28].
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Figure 1 (a) XRD pattern and (b) Pt4f XPS spectrum of the
Pt-CNAs.
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Figure 2 (a) TEM and (b) SEM images of the Pt-CNAs. Inset:
magnified SEM image of an individual Pt-CNA. (c) SAED patterns
of two different Pt-CNAs. (d) TEM image of an individual Pt-CNA.
(e) HRTEM images recorded from the regions marked by the
upper and lower squares in (d).

The shape evolution process of the Pt-CNAs was
studied by obtaining TEM images of the Pt-CNAs at
different times during the reaction (Fig. 3). At 0.5h,
we obtained sphere-like Pt nanocrystals with ca. 4 nm
size (Fig.3(a)). At 1h, these small Pt nanocrystals
started to grow into porous Pt nanoflowers with
70 nm size, wherein the primary Pt nanocrystals acted
as building blocks (Fig. 3(b)). This evolution from
small nanocrystals to nanoflowers clearly indicates that

g R I- :‘ 2
A P ] y -
g * »
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nanocrystals deposition deposition
::"::,: — * e —

Figure 3 TEM images of the Pt intermediates collected at different
growth stages: (a) 0.5, (b) 1, (¢) 2, and (d) 4 h. (¢) Proposed evolution
mode of the Pt-CNAs.
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self-assembly occurs during the growth of Pt-CNAs.
At 2 h, the porous Pt nanoflowers evolved into closely
packed Pt nanoassemblies with sub-cubic morphology,
accompanied by an increase in particle size to 90 nm
(Fig. 3(c)). The decrease in pore size and the increase
in particle size originate from the continuous reduction
of the H,PtCls precursor. At 4 h, well-defined Pt-CNAs
with ca. 120 nm size were generated (Fig. 3(d)). The
time-dependent TEM images clearly indicate that
the self-assembly of primary Pt nanocrystals and the
continuous reduction of the H,PtCl; precursor are
responsible for the generation of the Pt-CNAs, as
shown in Fig. 3(e).

A series of controlled experiments were performed
to study the self-assembly-based growth mechanism.
Firstly, we investigated the role of arginine by varying
its amount while keeping other reaction conditions
constant (Fig. 4). Only monodisperse Pt nanocrystals
were obtained in the absence of arginine (Fig. 4(a)).
When the amount of arginine was increased to 25 mg,
small Pt nanocrystals started to self-assemble into
chain-like nanostructures (Fig. 4(b)). The assembling
feature of the Pt nanostructures, i.e., nanodendrites,
became obvious when the amount of arginine was
increased to 50 mg (Fig. 4(c)). On further increasing

;v-.

Figure 4 TEM images of the Pt nanostructures prepared using
the standard procedure, except for the use of different amounts
of arginine: (a) 0, (b) 25, (c¢) 50, and (d) 100 mg. (e) Proposed
mechanism for the arginine-based self-assembly of detached Pt
nanocrystals.
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the amount of arginine to 75 mg (Fig. 2) and 100 mg
(Fig. 4(d)), well-defined Pt-CNAs were the major
products. These results indicate that the concentration
of arginine plays a vital role in controlling the mor-
phologies of Pt nanoassemblies, including nanochains,
nanodendrites, and nanocubes.

In addition, it was also found that PVP molecules play
an important part in the formation of the Pt-CNAs.
We noted that Pt* ions also can be reduced by PVP
in the absence of arginine (Fig. 4(a)), demonstrating
that PVP effectively serves as a reducing agent under
these conditions. In the absence of PVP, we obtained
large chain-like nanostructures with obvious aggrega-
tion (Fig.S2 in the ESM), demonstrating that PVP
not only acts as a reductant but also as a stabilizing
agent. Thus, monodispersed Pt-CNAs can be obtained
using the standard procedure, and the cubic and
assembling features can be retained by adding excess
PVP (600 mg) in the reaction system (Fig.S3 in the
ESM).

According to the traditional viewpoint of dynamics,
the fast nucleation and growth play an important role
in the formation of the self-assembled nanostructures
[29,30]. Amino acid molecules, such as arginine,
glycine, and lysine, can remarkably decrease the
nucleation and growth rate of metal nanocrystals due
to strong coordination interactions between the metal
ions and amino acid molecules [15-20], which was
confirmed by UV-Vis measurements (Fig. 54 in the
ESM). Thus, the dynamics viewpoint cannot explain
the coalescence of primary Pt nanocrystals during
the formation of the Pt-CNAs. However, the slow
reduction rate facilitates the formation of uniform
products [31]. Indeed, the strong interaction between
primary nanocrystals can also effectively facilitate
their coalescence [29, 32]. Due to the strong amine-Pt
interaction [28], the generated primary Pt nanocrystals
can be concurrently functionalized by arginine during
their generation, as confirmed by the N1s XPS spectrum
(Fig. S5 in the ESM). Thus, the strong interactions
between arginine molecules, including hydrogen-
bonding and electrostatic interactions between amino
and carboxyl groups, will effectively drive the self-
assembly of arginine-functionalized Pt nanocrystals
(Fig. 4(e)). Importantly, the arginine-mediated self-
assembly process can also be extended to the synthesis
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of cube-like Pd nanoassemblies with PPd {100} facets
(Fig. S6 in the ESM), demonstrating its universality.
When lysine was used instead of arginine, sphere-like
Pt nanoassemblies were obtained (Fig. S7 in the ESM),
further confirming that the interaction between amino
acid molecules facilitates the self-assembly of primary
Pt nanocrystals.

3.2 Catalytic activity tests

The catalytic performance of the as-prepared Pt-CNAs
for the MOR was investigated using an electrochemical
measurement system. We benchmarked the electro-
catalytic performance of the Pt-CNAs against that of
commercial Pt black (Johnson Matthey). Figure 5(a)
shows cyclic voltammetry (CV) curves of the Pt-CNAs
and Pt black in N,-saturated 0.5 M H,SO, solutions at
50 mV-s!. The ECSAs of the Pt-CNAs and Pt black,
determined by measuring the charge of the hydrogen
desorption region, were 10.8 and 17.5 m2g~, respectively
[15, 16].

Figure 5(b) shows ESCA-normalized CVs for MOR
on the Pt-CNAs and Pt black. Generally, the oxidation
peak in the forward scan originates from methanol
oxidation, while the backward scan oxidation peak is
associated with the removable CO, which can act as a
poisoning species [33]. In the forward scan, the peak
current density of the MOR (2.62 mA-cm™) at the
Pt-CNAs is 2.73 times higher than that at the Pt black
(0.96 mA-cm™), showing improved specific activity.
In Fig. 5(c), Pt-CNAs (3.50 atom™s™") exhibit a higher
turnover frequency (TOF, defined here as the CH,OH
conversion per surface Pt atom per second) than
Pt black (1.33 atom™s™), further confirming that the
Pt-CNAs have higher specific activity than the com-
mercial Pt black catalyst. It is noteworthy that the
specific activity of the Pt-CNAs for the MOR is also
higher than that of other Pt-based nanocrystals reported
in the literature, such as Pt nanodendrites (0.9 mA-cm™)
[34], Pt nanoflowers (1.18 mA-cm™) [35], mesoporous
PtPdCu spheres (1.61 mA-cm™) [36], Pt nanobars
(1.70mA-cm™?) [37], Pt-Au hollow nanourchins
(2.25 mA-cm™) [38], and Pt;Ni networks (2.3 mA-cm™)
[39] (note: All measurements described in the literature
were obtained in 0.5 M methanol). In addition, the
trend of the mass activity of the abovementioned
Pt-CNAs catalyst was also similar to that of the specific
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Figure 5 (a) CVs for the Pt-CNAs and Pt black in N,-saturated 0.5 M H,SOy solution at a scan rate of 50 mV-s . (b) ESCA-normalized
CVs for the Pt-CNAs and Pt black in N,-saturated 0.5 M CH;0H + 0.5 M H,SO, solution at a scan rate of 50 mV-s". (¢) The TOFs of
the Pt-CNAs and Pt black at 0.65 V. (d) Mass-normalized CVs for the Pt-CNAs and Pt black in Nj-saturated 0.5 M CH;0H + 0.5 M
H,SO, solution at a scan rate of 50 mV-s . (¢) CO-stripping voltammograms for the Pt-CNAs and Pt black in N,-saturated 0.5 M H,SO,
solution at a scan rate of 50 mV-s™'. (f) Chronoamperometry curves for the Pt-CNAs and Pt black in N,-saturated 0.5 M CH;OH + 0.5 M

H,SO, solution for 3,000 s at 0.65 V.

activity. Figure 5(d) shows the Pt mass-normalized
CVs for the MOR on the Pt-CNAs and Pt black. The
peak current density of the MOR (278.64 mA-mg™) at
the Pt-CNAs is 1.61 times higher than that at Pt black
(173.45 mA-mg™), indicating that the Pt-CNAs hold
promise as a potential practical electrocatalyst for the
MOR. From XRD analysis, although the size of the
Pt-CNAs (ca. 120 nm) is much greater than that of Pt
black (ca. 8.5 nm), the size of the secondary building
units of the Pt-CNAs (ca. 5.4 nm) is smaller than those
of Pt black (ca. 8.5 nm) (Fig. S8 in the ESM); thus, the
mass activity of the Pt-CNAs is also greater than that
of Pt black. Furthermore, the Pt-CNAs can provide
abundant porosity and a high internal reactive surface
area due to their inherent structure, which facilitates
mass diffusion of methanol molecules and electron
transport during the MOR. Additionally, compared

to the spherical Pt black catalyst with polycrystalline
structure [37, 40, 41], the dominantly exposed {100}
facets and abundant active sites at the edges and
corners of the Pt-CNAs are likely also responsible for
the enhanced MOR activity.

The ratio of the forward anodic peak current (I;) to
the backward anodic peak current (I,), R = Ii/I;, is an
indicator of the CO tolerance of the electrocatalysts.
As observed, the Pt-CNAs exhibit a higher R value
(R=1.16) than Pt black (R =0.75), demonstrating the
improved CO tolerance of the Pt-CNAs (Fig. 5(d)). To
support this claim, we performed CO-stripping tests
on our catalysts. Pt-CNAs show a negatively shifted
peak potential of CO,4 oxidation compared to Pt black
(Fig. 5(e)), suggesting that Pt-CNAs possess decreased
affinity towards CO. Since the adsorption strength of
CO species on Pt {100} facets is weaker than that on
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Pt {111} facets, the dominantly exposed {100} facets of
the Pt-CNAs may be responsible for the improved
CO oxidation kinetics [42—44]. Besides efficiency and
activity, the durability of an MOR electrocatalyst is

also a key issue for the commercialization of fuel cells.

Current-time (i—t) curves at 0.65V potential show
that current decay during the MOR at the Pt-CNAs is
significantly slower than that at Pt black over the
entire test range (Fig. 5(f)), indicating that the Pt-CNAs
possess superior stability. We suspect that such as-
semblies can overcome the shortcomings of isolated
small-size Pt nanocrystals related to dissolution,
aggregation, and ripening during fuel cell operation
[14, 45], which significantly improves the durability
of the Pt-CNAs. Based on the above electrochemical
investigations, we conclude that the Pt-CNAs may be
suitable as highly active electrocatalysts for the MOR.

4 Conclusions

In summary, the strong interactions between amino
acids molecules can effectively drive the self-assembly
of primary metal nanocrystals to generate the nano-
assemblies. Specifically we showed that cube-like Pt
and Pd nanoassemblies could be easily obtained by
arginine-mediated hydrothermal synthesis. By varying
the concentration of arginine, we obtained Pt nano-
assemblies with different morphologies. Benefiting
from their unique structural features, the as-prepared
Pt-CNAs exhibit excellent CO tolerance, improved
electrocatalytic activity, and good stability for the
MOR. We believe that they should be considered as
promising electrocatalysts for electrochemical energy
conversion applications.
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