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Pt-branched structures featuring concave and duck web-like
platinum nanopentagons (CWPNP), with surfaces enclosed
by {111} facets, high-energy {110} and {554} facets, multiple
twin boundaries, duck-web like edges and inherent
anisotropic branches are herein reported. The unique
chemisorption properties and reducing capacities of tri-
n-propylamine and oleylamine, as well as the inhibition of
oxidative etching of the twin defects by the exclusion of
chloride ions contribute to the formation of Pt CWPNP. Pt
CWPNP exhibited unprecedented electrocatalytic activities,
high antipoisoning activity and durability in formic acid
oxidation (FOR) in comparison to commercial Pt/C and Pt
black, and thus is a promising catalyst for FOR. The excellent
FOR performance of Pt CWPNP is attributed to least
poisoned {111} facets, active sites by high-energy facets,
multiple twin boundaries, duck-web like edges and inherent
anisotropic branches composed of 1D nanowires. It is
anticipated that this work will offer a new approach to design
surface structure-controlled FOR electrocatalysts.

1. Introduction

The direct formic acid fuel cell (DFAFC) is one of the most
attractive fuel cells due to the inherent advantages of formic acid
as fuel (e.g. safer and easier to store and handle than hydrogen
(120 MJ/Kg). Formic acid has also a considerable energy density
(1740 W h kg™" or 2086 W h L™) and a two orders of magnitude
lower crossover flux through a Nafion membrane as compared to
methanol, thus allowing the utilization of a highly concentrated
fuel solution in a DFAFC."?® The development of active anode
catalysts for formic acid oxidation reaction (FOR) is therefore an
active area of research. Pt is most commonly used electrocatalyst
in practical FOR applications (in spite of the higher activity
observed for Pd) due to its high tolerance to acidic solutions.
FOR can be considered as a structure-sensitive reaction on
platinum surfaces. Improving the poisoning resistance, activity
and stability of Pt is beneficial for DFAFC eventual
commercialization. It is generally accepted that FOR on Pt
proceeds by a dual-path mechanism consisting of indirect and
direct paths.'™ ' ' Direct oxidation produces CO, by
dehydrogenation (via different intermediates), while indirect
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oxidation involves a non-Faradaic dehydration of formic acid to
form poisoning CO,4s and subsequent oxidation of CO,y to CO,.
Generally speaking, Pt (111) facets are the direct pathway and
least poisoned surface for FOR.** Pt high-energy facets have
higher FOR activity with respect to low-index facets due to the
fact that high-energy facets exhibit high density of atomic steps,
edges and kinks on their surface and these active sites are
especially important for breaking chemical bonds in catalytic
reactions.***” In addition, Pt twinned nanoparticles comparatively
show higher catalytic activities to those of single crystal
nanoparticles as twinned defects entail considerable surface-
active sites on the surface of nanoparticles with a significant
facilitate the oxidation process.*® ** The catalytic stability of FOR
is also structure-sensitive on nanoparticle surfaces. One-
dimensional (1 D) nanostructures including nanowires, nanorods,
and nanotubes have received a great deal of attention in the past
decades. Their inherent anisotropic morphologies are able to
overcome carbon corrosion issues that potentially lead to
migration, aggregation, and Ostwald ripening of the isotropic 0 D

Pt nanoparticles from the catalyst system.*® 404
Herein, we report a facile approach to synthesize
unprecedented concave and duck web-like platinum

nanopentagones (CWPNP) with a surface enclosed by {111}
facets, high-energy {110} and {554} facets, multiple twin
boundaries, duck-web like edges and inherent anisotropic
branches. Such unique nanostructures exhibited remarkable
enhanced electrocatalytic activities and durabilities for FOR.

2. Experimental section
2.1 Materials

Tri-n-propylamine,  ethylenediamine, = n-butylamine  and
tributylamine were purchased from Sinopharm Chemical Reagent
Co.Ltd. (Shanghai, China). Pt(acac), (acac=aceylacetonate) was
bought from Alfa Aesar. H,PtCls was obtained from Shaanxi
Kaida Chemical Engineering Co.Ltd. (China). Oleylamine,
Nafion (10%), commercial Pt black (fuel cell grade, >99.9% trace
metals basis) and Pd/C (30 wt. % loading) were purchased from
Sigma-Aldrich. Commercial state-of-the-art 40 wt% Pt/C was
obtained from Johnson Matthey Company. All chemicals were
analytical-reagent grade and used without further purification.
Teflon-lined autoclaves utilized in the synthetic protocol were
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cleaned in a bath of freshly prepared 3 : 1 HCl : HNO; (aqua
regia) and rinsed thoroughly in water prior to use. (CAUTION:
aqua regia is highly corrosive and toxic; it should be handled with
great care.)

2.2 Instrumentation

Scanning electron microscopy (SEM) images were recorded in a
FEI X130 ESEM FEG Scanning Electron Microscope operated at
25 kV. TEM images were all obtained using a FEI Tecnai G2 F20
microscope operated at 200 kV. Energy dispersive spectrometer
(EDS) spectrums were collected in a Hitachi S-4800 Scanning
Electron Microscope operated at 20.9 KV. X-ray diffraction
(XRD) patterns were recorded on a Bruker D§ ADVANCE X-ray
diffractometer (Cu Ko radiation) in the 30 to 80° 2theta range.
The Fourier-transform infrared spectroscopy (FT-IR) spectra
were recorded from KBr disks using a Perkin-Elmer GX
instrument in the wavenumber range of 4000-400 cm™.
Electrochemical experiments were performed in a CHI 660C
electrochemistry ~ workstation (Shanghai CHI Instruments
Company, China) using modified glassy carbon working
electrodes (¢ = 3 mm), an Ag/AgCl reference electrode (saturated
KCl), and a platinum wire counter electrode.

2.3 Preparation of Pt CWPNP

In a typical synthesis, 5 mg of Pt(acac), was added to a mixed
solution containing 4 mL of OAm and 4 mL of tri-n-propylamine.
After ultrasonicating for around 30 minutes, the resultant
homogeneous solution was transferred into a 20 mL Teflon-lined
autoclave. The autoclave was maintained at 170 °C for 12 h and
then cooled down to room temperature. The resulting black
colloidal solutions were collected by centrifugation at 12000 rpm
for 10 min, and washed with isopropanol and hexane several
times. Final materials were redispersed in hexane.

2.4 Preparation of Pt/Pd catalysts modified electrodes

Pt CWPNP were treated with 99.5% acetic acid at 70 °C for
overnight prior to modification to remove the remaining
surfactant. The catalyst was separated by centrifugation and
washed with water for two times.* The Pt/Pd catalysts were then
resuspended in a mixture containing water, isopropanol, and
Nafion (10%) (v:v:v 4:1:0.05) to form a 0.5 mg/mL catalyst ink.
2 uL catalyst inks were deposited on the glassy carbon working
electrode that was polished prior to catalyst deposition by 0.3 um
and 0.05 um alumina powders and rinsed by sonication in ethanol
and in deionized water. The final Pt/Pd catalysts modified
electrode was then dried at ambient condition prior to its use in
the electrochemical reaction.

2.5 Electrochemical measurements

The test solutions were 0.5 M H,SO,, 0.5 M H,SO, + 0.5 M
formic acid. In the CV measurements, the electrode potential was
scanned in the range of 0-09 V Ag/AgCl.
Chronoamperometry was carried out at the constant potential of
0.28 V in 0.5 M H,SO4 + 0.5 M formic acid. All the catalyst
electrodes were cleaned before datum collection with a CV in the
range of -0.25-1.0 V versus Ag/AgCl at 50 mV/s. For the long-
term stability test, accelerated cycling tests were also conducted
up to 3000 cycles.
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3. Results and discussion

In a typical synthesis of Pt CWPNP, Pt(acac), was dissolved in a
mixture of oleylamine and a common electrochemiluminescent
co-reactant (tri-n-propylamine). After ultrasonicating for ca. 30
minutes, the homogeneous then
solvothermally treated in a Teflon-lined stainless steel autoclave
(20 mL in capacity) at 170 °C for 12 h. As the reaction proceeded,
the solution color changed to black as depicted in Figure S1.

resultant solution was

Fig. 1 (A) Large-area FESEM images and (B
C, D) TEM and HRTEM images of Pt CWPNP. Synthetic solution: 4 mL
of oleylamine and 4 mL of tri-n-propylamine containing 5 mg of platinum
(II) acetylacetonate.

Figure 1A shows a representative Field-Emission Scanning
Electron Microscopy (FESEM) image of Pt CWPNP with an
average size of ca. 540 nm. Over 60% of synthesized Pt
nanoparticles are Pt CWPNP (Figure S2). Some icosahedra,
tripods, rod-like particles and octapod Pt nanocrystals also co-
existed with Pt CWPNP (Figure 1 and S3). The higher
magnification FESEM image clearly depict Pt CWPNP features
which include a five-fold twinned pentagonal nanoframe interior
with concave surfaces, an exterior duck-web like contribution,
and symmetric star-like branches. The distance between each of
the adjacent apices is approximately equal (320 nm), and the
distance from the center to each apex is approximately 270 nm.
Each branch has a diameter of ca. 15 nm and a length of about
200 nm. The branches grow radially from a central core in five
directions, thus suggesting that five-fold symmetric branches
result from five-fold symmetric growth.

The morphology and structure of Pt CWPNP has been further
characterized by Transmission Electron Microscopy (TEM)
(Figure 1C). TEM images show a white contrast in the nanoframe
section as compared to the edges/center regions. These findings
indicate clear features of surface curving-in. The SAED pattern
(Figure S4B) further displays the fivefold symmetry of the fcc
structure spots, which is similar to the SAED pattern obtained on
star-shaped Pt nanoparticles.*® To better understand the
crystalline characteristics of Pt CWPNP, high-resolution TEM
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(HRTEM) measurements of a single branch tip were
subsequently performed (Figure 1D). The branches are highly
crystalline. The visible lattice fringes correspond to a space of
0.23 nm which matches well with the expected d spacing of (111)
plane of Pt (0.226 nm). The HRTEM image also clearly shows
the twinning boundaries. These above results prove firmly the
five-fold twinning boundaries. Each tip’s interfacial angle is
about 10°. On the basis of the geometric shape of Pt CWPNP, the
branch surface of Pt CWPNP seems to be bounded with {554}
facets.*” The crystalline nature of the obtained Pt duck-web like
edges was also analyzed in depth. As shown in Figure S5, the
majority of displayed facets showed lattice fringes with an
interplanar spacing of 0.14 nm, corresponding to (110) planes of
fcc Pt nanostructures. Furthermore, we performed Fast Fourier
Transform (FFT) on the HRTEM image of the duck-web like
edge of the nanocrystals and obtained patterns in accordance to
electron diffraction patterns along the [011] zone axis, which
supports the claim that duck-web like edges are enclosed by (110)
facets. Energy dispersive X-ray (EDX) spectrum confirms the
exclusive presence of Pt in as-prepared samples. Other
contributions in EDX arise from ITO glass (Figure S6). X-ray
diffraction (XRD) analyses further support the fact that the as-
prepared samples exclusively consist of Pt in a face centered
cubic structure (Pt JCPDS no.04-0802) (Figure S7).

Fig. 2 FESEM and TEM images of Pt nanostructures collected at
different growth stages. (A) 2, (B) 6, (C) 12 h. Synthetic solution: 4 mL
of oleylamine and 4 mL of tri-n-propylamine containing 5 mg of platinum
(IT) acetylacetonate.
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To further investigate the influencing factors in Pt CWPNP
formation, some contrast experiments were also conducted. The
morphological evolution of Pt nanocrystals at different reaction
times was investigated by FESEM and HRTEM (Figure 2). Pt
nanocrystals with sizes of ca. 20 nm, including many 5-fold
twinned particles, are obtained after two hours of synthesis
(Figure 2A). Upon increasing the time of reaction (from two
hours to six hours), some star-shaped nanostructures are clearly
observed (Figure 2B). Pt CWPNP is formed at longer times of
reaction (typically 12 h, Figure 2C) from a fivefold twinned
particle. Since the inhibition of oxidative etching of the twin
defects by the exclusion of chloride ions has been reported to
favor the generation of twinned nanostructures.*® We also
investigated the effect of the type of precursor on the morphology
of as-synthesized Pt nanostructures. Irregular Pt nanocrystals
were obtained if Pt(acac), was replaced with H,PtClg, indicating
that the inhibition of oxidative etching is important for the
formation of Pt CWPNP (Figure $8).1°

Variations in content of tri-n-propylamine and oleylamine were
also found to have a significant effect on the shape of synthesized
nanostructures (Figure S9-S11). In the absence of tri-n-
propylamine, only the irregular Pt nanoparticles were observed
(Figure S9). A further increase of tri-n-propylamine concentration
(25%) leads to a preferential formation of multipods with long
branches (Figure S10A). Interestingly, Pt CWPNP is observed
(Figure 2C) with an increase in the volume fraction of tri-n-
propylamine to 50 %. The addition of tri-n-propylamine (up to
75%) results in the formation of Pt multipods with short branches
in the product (Figure S10B). These results suggest that tri-n-
propylamine is the major reason for the formation of braches
enclosed by high-energy facets, due to the fact that amines can
stabilize high index Pt facets.*” *° Nonetheless, a proper tri-n-
propylamine/oleylamine ratio favors the nucleation of penta-
twinned seeds, which direct the growth of five branches along the
five twin boundary of the penta-twinned seeds. Oleylamine may
play an important role in inhibiting the aggregation of metal
nanoparticles.’' So, irregular spherical aggregates are obtained
with an increase in the volume fraction of tri-n-propylamine to
100 % (in the absence of oleylamine) (Figure S10C). To better
understand the role of tri-n-propylamine in the formation of Pt
CWPNP, the influence of some other organic amines on the
synthesis of Pt nanostructures has been studied. Surprisingly, Pt
CWPNP is not obtained by replacing tri-n-propylamine with
other organic amines including ethylenediamine, n-butylamine
and tributylamine (Figure S11). These results indicate that the
addition of tri-n-propylamine is critical in the formation of Pt
CWPNP. A comparison of the FT-IR spectra of the purified Pt
CWPNP, tri-n-propylamine, and oleylamine shows the adsorption
of oleylamine and tri-n-propylamine on the surfaces of purified Pt
CWPNP (Figure S12). In the light of these premises, we believe
that the different growth behaviors are most likely induced by the
different chemisorptions properties and reducing capacities of
oleylamine and tri-n-propylamine.

As-synthesized Pt CWPNPs are ideal model particles to
investigate whether high FOR properties can be achieved. The
electrocatalytic activity of Pt CWPNP was subsequently
compared to that of commercial Pt black, Pt/C and Pd/C for FOR
(Figure 3). The specific peak current density (Js) was normalized
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to the electrochemically active surface area (ECSA). ECSA of the
Pt catalysts was calculated from hydrogen adsorption/desorption
charges of cyclic voltammograms in 0.5 M H,SO, solutions
(Figure S13) assuming 210 uC/cm?. The reduction charge of the
Pd(OH), was employed to estimate ECSA values for the Pd
catalysts based on the charge density (430 pC/cm?®) for the
formation of a Pd(OH), monolayer. Pt CWPNP exhibits three
hydrogen desorption peaks at about —0.09 V, 0.05 V and 0.25 V,
respectively. These peaks are consistent with the presence of
{111}, {110} and {554} facets.”” Js of FOR in the positive
potential scan were 5.63 mA/cm® for Pt CWPNP. This value is
2.2, 8.5, and 27 times higher than that of commercial Pd/C, Pt/C
and Pt black, respectively (Table S1). Pt CWPNP also possessed
a lower potential for FOR at the same oxidation current density
(Figure 3A). Furthermore, the specific activity of Pt CWPNP
compares favorably with other recently reported highly
performed catalysts (Table S2). The mass peak current density
(Jm) of Pt CWPNP is 739 mA/mg, being 1.7, 6.8, and 23 times
higher than that of commercial Pd/C, Pt/C and Pt black,
respectively. The ratio of the first to the second peak current can
give an indication of the main reaction path. The ratios of Pt
CWPNP (1.49) are much higher as compared to those of
commercial Pt/C (0.33) and Pt black (0.12). These findings
suggest that Pt CWPNP can significantly promote the
dehydrogenation path and decrease catalyst poisoning.>® In
addition, the first peak potential of Pt CWPNP was determined to
be 0.28V, being 91 mV and 100 mV lower than that of Pt/C and
Pt black, respectively. The improvement in current density, the
first peak potential and antipoisoning activity of Pt CWPNP
relates to their unique nanostructures. Firstly, high-energy facets
and multiple twinned nanostructures have a large concentration of
active sites especially important to break chemical bonds in
electrocatalytic reactions. Secondly, Pt CWPNP with {111}
surface coverage is least poisoned surfaces which can promote
the dehydrogenation path. Last but not least, the duck web-like
nanodomains may expose specific crystal planes therefore
contributing to the observed remarkably enhanced electrocatalytic
properties.>*>¢
——Ptblack —Ptblack

A®
—PYC 1000 —PUC

& —PdIC —PdIC
—PtCWPNP 800 ——PtCWPNP

1200

600
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ijmAmg'1
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Fig. 3 Electrocatalytic activity of Pt CWPNP. Cyclic voltammograms of
0.5 M H,SOy4 containing 0.5 M formic acid at Pt black, Pt/C, Pd/C and Pt
CWPNP-modified glassy carbon electrode. Scan rate, 50 mV/s.

The electrochemical stability of the Pt black, Pt/C, Pd/C and Pt
CWPNP electrocatalyst for FOR was further investigated by
chronoamperometric experiments at a given potential of 0.28 V
for 2000 s. Figure 4 summarizes typical current (i) — time (t) test
results on various catalysts. Pt CWPNP exhibit improved stability
as compared to commercial Pd/C, Pt/C and Pt black, during the
2000s i-t test (Figure 4A). The residual current densities (Jppgs)

s0 followed the order Pt CWPNP (1.62 mA/cm?) > Pt/C (0.14

mA/em?) > Pd/C (0.12 mA/em?) > commercial Pt black (0.02
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mA/cm?®) after 2000 s (Table S1). During the 2000 s test, the
normalized Js (%) of Pt CWPNP (32), Pt/C (27) and commercial
Pt black (11) also show remarkable differences (Figure 4B). The
durability of these Pt catalysts was subsequently investigated by
accelerated durability tests. As shown in Figure S14, the
normalized Js (%) after 3000 cycles followed the order Pt
CWPNP (74 %) > Pt/C (54 %) > Pt black (22 %) > Pd/C (6 %) in
formic acid solution. SEM analysis further confirmed the stability
of Pt CWPNP which generally remains almost unchanged after
the FOR stability test (Figure S15). The enhanced stability of Pt
CWPNP may be attributed to the unique anisotropic branched
nanostructures composed of 1D nanowires which essentially
make Pt less vulnerable to dissolution, migration, Ostwald
ripening and aggregation. To demonstrate the potential of the Pt
CWPNP catalyst in a direct formic acid fuel cell, the catalyst was
integrated as the anode of a homemade fuel cell. The steady-state
polarization and power-density curves of several catalysts were
compared (Figure 5 A, B). The power density is 277 mW/cm® for
Pt CWPNP. This value is 1.6 and 3.1 times higher than that of
commercial Pd/C and Pt/C, respectively. Moreover, the Pt
CWPNP catalyst also shows the most stable discharge ability at
0.35 V (Figure 5 C). These results demonstrate that Pt CWPNP is
promising catalyst of direct formic acid fuel cell.

Ac B
5
— Ptblack 08 — Ptblack
—PVC & —PUC
4 —PdIC - P
o —Pd/C
= ——PLCWPNP g o0 — PLCWPNP
L g
S 3 N
<€ @
E E 04 |
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500 1000 1500 2000 [ 500 1000 1500 2000

Time/s Time/s

Fig. 4 Electrocatalytic stability of Pt CWPNP. (A) i-t curve of 0.5 M
H,SO, containing 0.5 M formic acid with Pt black, Pt/C, Pd/C and Pt
CWPNP-modified glassy carbon electrodes. (B) Normalized j-time curve
of 0.5 M H,SO, containing 0.5 M formic acid with Pt black, Pt/C, Pd/C
and Pt CWPNP-modified glassy carbon electrodes. I-t curves were
collected at a constant potential of 0.28 V. The j, are normalized with
maximum current densities of each curve.

Conclusions

In conclusion, Pt CWPNP nanostructures have been reported for
the first time and exploited it as a novel electrocatalyst for FOR.
The synthesized Pt CWPNP exhibits remarkable performances
towards FOR in comparison to commercial catalysts. The
outstanding electrocatalytic performance can be ascribed to
following three reasons: 1) The least poisoned {111} facets can
enhance poisoning resistance; 2) The active sites by high-energy
facets, multiple twin boundaries can enhance electrocatalytic
activity; 3) The inherent anisotropic branches composed of 1D
nanowires can enhance electrocatalytic stability. Such unique
nanostructures may pave the way to new perspectives for
fundamental research on advanced surface structure-controlled
electrocatalysts for electrocatalysis.
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