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ABSTRACT: Unlike other shapes, the design of tetrahedral
Pt nanocrystals (Pt-NTd), which have the largest number of
Pt(111) surface atoms and highest catalytic activities toward
the electron transfer reactions, has widely been considered a
synthetic challenge due to their thermodynamic instability.
Here, we show that, by inducing their nucleation on
functionalized carbon, Pt NTds can be obtained with tunable
sizes and high yields. The carbon support anchors the
nanocrystals early and prevents their oriented attachment
leading to nanowire formation. Therein, an in situ generated

amine is crucial for stabilization of Pt-NTds, which can later be removed to expose the Pt(111) facets for higher catalytic
efficiency. The bare nanocrystals exhibit much improved stability and electrocatalytic activity characteristic of Pt(111) toward
oxygen reduction reaction (ORR) and methanol and formic acid oxidation reactions. For example, ~90% of their activity was
retained after S000 potential cycles, while the ORR onset potential was recorded to be very high, 1.01 V vs reversible hydrogen

electrode (RHE).
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1. INTRODUCTION

Shape controlled metal nanocrystals have shown great promise
for applications in catalysis and renewable energy harvesting.' ™
Among the different noble metals, nanocrystals (NCs) of Pt are
considered as superior catalysts for many commercial processes
including various electron transfer reactions, oxidation of fuel
molecules, oxygen reduction, and reduction of trans-fat in
edibles.> "% The efficiency of these catalyst NCs are dependent
on their shapes, as different shapes are enclosed with different
crystallographic facets.””"' ™' Pt NCs also exhibit higher
stability against corrosion in harsh reaction conditions. Interests
in improving these efficiencies have inspired the discovery of a
large number of synthetic strategies for Pt NCs having different
shapes, each with a different set of Pt crystal-facets, atomic
arrangements, and reactivity. Those shapes include cubes
({100} planes), octahedra ({111} planes), icosahedra ({111}
planes), octapods ({411} planes), and others.”'”~>' Amidst
much progress, however, one aspect has triggered scientific
curiosity. As many have observed, Pt NCs with tetrahedral
morphology, covered entirely with {111} planes and having the
highest number of closed-pack surface atoms, are extremely
difficult to prepare. This is particularly the case when the size is
less than 20 nm, and instead, thermodynamically more stable Pt
octahedral nanocrystals are formed under the experimental
conditions.”'***™** Qctahedral NCs also have all {111}
surfaces but are more stable than the of tetrahedral Pt
nanocrystals (Pt-NTd) due to their smaller surface/edge and
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the surface/volume ratios. In contrast, other metals as well as
alloys of Pt with Ni, Co, or Pd have been found to form
tetrahedral NCs rather easily.'>*>%¢

A Pt(111) facet possesses a higher atomic packing density
than any other crystal-plane, resulting in lower electron affinity
of the exposed Pt atoms. This led to the favorable adsorption of
different chemical species, making Pt(111) facet catalytically
more efficient than the other ones.*”*® Besides, these also
exhibit the highest stability against leaching and surface
corrosion due to the strong cohesive energy (defined as the
sum of all bond energies associated with a single atom) of the
surface Pt atoms.””?”?° Due to these factors, Pt(111) is the
most desirable catalyst facet for many commercially as well as
fundamentally important chemical transformations. For in-
stance, recent theoretical investigations have shown that the
Pt(111) plane is superior for the oxygen reduction reaction
(ORR) due to a greater number of active sites for oxygen
adsorption which leads to higher onset potential for O/OH
adsorption and less surface poisoning.®'**'~* In addition to
single crystalline planes, the 111/111 edges having the highest
coordination to the neighboring surface atoms also contribute
to the ORR activities when compared with other edges.”® This
is because a higher coordination number leads to broadening of
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d-band and higher d-band filling which in turn causes a weaker
Pt—O bond at these sites.** Therefore, due to the largest
number of exposed (111) atoms, Pt-NTds are preferred model
systems for many industrial processes. To the best of our
knowledge, however, there are only two methods to synthesize
Pt-NTds in high-yield. El-Sayed and co-workers, in an early
pioneering work, established the synthesis of ~70% Pt-NTds
using PVP and H,.>* Very recently, Chiu et al. showed that a
suitable amino acid sequence can be designed to prepare ~57%
Pt-NTds.> Occasionally, however, mixtures of octahedral
nanocrystals mixed with a smaller fraction of tetrahedral ones
can be obtained.'"*”** Since the high yield methods use long
surface stabilizing agents, their presence is expected to lead to
deteriorated catalytic performance by interfering with the
approach of the chemicals to the nanocrystal surface or by
modifying the interactions of catalysts with its support, and
therefore, additional surface treatment may be required to
remove them.

Herein, we report a simple one-step and high-yield method
to synthesize sub-10 nm Pt tetrahedral NCs, loaded onto a
conducting carbon support (Pt-NTd/C) for electrocatalytic
applications. No external reagent was used for controlling the
selective growth of NC facets. Instead, a secondary amine
species having a high affinity toward the closest-packed Pt(111)
facets was generated in situ in the reaction. Dimethylamine so
generated can be washed away from the catalyst surface, leading
to bare Pt-NTd surfaces. External addition of secondary amine
stabilizers results in much lower yields of Pt-NTds. The
presence of carbon support in the reaction medium is crucial as
it anchors the Pt nanoclusters generated at an early stage of the
reaction and lets them evolve into shapes. The absence of
carbon support encourages the association of NCs and
formation of 1D nanowires by an oriented attachment
mechanism. Due to the bare {111} facets, Pt-NTd/C exhibit
excellent efficiency and stability toward the oxygen reduction
reaction. We further report on the electrocatalytic oxidation
efficiency of small renewable fuel molecules such as methanol
and formic acid on the bare surfaces.

2. EXPERIMENTAL SECTION

Materials. Chloroplatinic acid (H,PtCls-6H,0, >37.50% Pt basis,
Sigma-Aldrich), ethylene glycol (EG, 99%, SDFCL), N,N-dimethyl-
formamide (DMF, 99.9%, Merck), amorphous carbon (Vulcan XC72),
water (Millipore, 18.2 Q), ethanol, and Nafion (5%, Sigma-Aldrich)
were used without further purification.

Synthesis of Pt-NTd/C. 50 mg of H,PtCl was taken in a 25 mL
round-bottom flask. Six mL of DMF and 4 mL of EG were added to
dissolve the Pt precursor. 500 mg of KOH was added to the mixture
and was stirred overnight at 27 °C. To the clear yellow colored
solution so obtained, 14.2 mg of acid treated Vulcan-X72 carbon was
added. The mixture was sonicated for 15 min and then was transferred
into a 25 mL Teflon lined stainless steel autoclave. The autoclave was
maintained at 170 °C for 8 h and then cooled to room temperature (it
takes about 1.5 h for natural cooling). The black product so obtained
was washed several times with water and ethanol and centrifuged at
10000 rpm. The final product was then dispersed in ethanol and
allowed to dry overnight at 70 °C in vacuum and used for various
characterizations. To investigate the effect of various experimental
parameters, control reactions were carried out with a different amount
of solvents as well as using other relevant chemicals, as described in the
text.

Synthesis of Pt Nanowire. The Pt nanowires (Pt-NW) were
synthesized in a similar fashion (as described above) where the
reaction was carried out in the absence of carbon support.
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Functionalization of Carbon Support. One gram of carbon
powder (Vulcan-X72) was exposed to 100 mL of S M HCl at 50 °C
for 12 h with continuous stirring. This material (C,) was washed with
water and ethanol several times to remove excess HCI and dried at 60
°C in vacuum overnight. This treatment makes their dispersion
extremely stable in polar solvents such as water (up to several hours).
In addition, this treatment introduces surface functional groups, which
is responsible for improved adsorption of metal salts.> This also leads
to a high surface area of 497.8 m?/g compared to 265.5 m?/g for the
untreated sample (see Figure $10, Supporting Information)

Control Experiments. In order to investigate the effect of reaction
time on the evolution of the desired shape, reactions were carried out
by varying the time of the solvothermal treatment (1, 2, 4, and 12h)
and keeping all the other reaction conditions the same. In order to
investigate the effect of solvent on shape of the NCs, reactions were
performed by changing the relative ratios of DMF/EG systematically.
For this, different amounts of DMF and EG were employed in the
initial step of the reaction procedure. The various ratios of DMF/EG
used were 0:10, 2:8, 4:6, 6:4, 8:2, and 10:0. In order to confirm the
role of the secondary amine species in shape control, a reaction was
carried out by replacing DMF with diethylamine and using EG as the
only reducing agent.

Characterizations of Pt Nanocrystals. Powder X-ray diffraction
data (PXRD) of all Pt-NTd/C catalysts were recorded using a Bruker
AXS D8 Discover diffractometer attached with Cu Ko radiation. Field
emission scanning electron microscopy (FESEM, FEI Quanta
operated at 15 kV) and transmission electron microscopy (TEM,
Technai F30 UHR, 200 kV, and FEI Titan 80—300 kV, aberration-
corrected) were used to study the morphology and crystallinity of the
Pt-NTd/C nanocrystals. X-ray photoelectron spectroscopy (XPS, VG
Scientific ESCA LAB V) was employed to study the surface properties.
The percentages of Pt loading on the carbon support were estimated
by inductively coupled plasma optical emission spectroscopy (ICP-
OES, Perkin—Elmer Optima 7000 DV). The 'H nuclear magnetic
resonance (NMR) measurements were carried out with NMR (Bruker
AV-400) using a 10 uL aliquot in 0.5 mL of CDCl,.

Electrochemical Investigations. The electrocatalytic activities of
Pt-NTd/C, Pt-NW, and the commercial 40% Pt/C (Pt on graphitized
carbon, Sigma-Aldrich) toward oxygen reduction reaction (ORR),
methanol oxidation reaction (MOR), and formic acid oxidation
(FAO) were studied by cyclic voltammetry (CV) and linear sweep
voltammetry (LSV) techniques. The measurements were done on an
electrochemical workstation (CHI760E and RRDE-3A) using a three
electrode system: a glassy carbon (GC) electrode (3 mm in diameter)
as substrate for working electrode, Ag/AgCl (3 M NaCl) as the
reference electrode, and a platinum coil as the counter electrode. The
measured potential with respect to the Ag/AgCl reference electrode
were scaled to the reversible hydrogen electrode (RHE) by using the
Nernst equation:

V(RHE) = V(Ag/AgCl) + V°(Ag/AgCl) + 0.059 x pH (1)
For 0.14%\/[ HCIO,, pH = 1 and V°(Ag/AgCl) (3 M NaCl) = 0.209 V at
25 °C.

Prior to use, the GC electrode was well polished using alumina
powders. Catalyst ink for the working electrode was prepared by
dispersing 1.6 mg of Pt-NTd/C catalyst in 300 L of nafion solution
(5 wt % nafion/isopropanol/water = 0.05:1:4 (v/v/v)). Ten uL of this
ink was drop-casted on the polished GC and allowed to dry. Pt loading
on the GC was estimated to be 0.028 mg/cm?® CV was recorded in Ar
saturated 0.1 M HCIO, (ag. solution) in the potential window of
—0.25 to 0.9 V (vs. Ag/AgCl) at the scan rate of 50 mV/s.

The electrochemical active surface area of the Pt NS was calculated
by the following relationship,

Q

ECSA = ———
gy X (mgPt)

@)

where gy is the charge deposited per unit surface area of
polycrystalline Pt electrode surface due to the underpotentially
deposited monolayer of hydrogen atom on the Pt surface. gy on 0.1
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Figure 1. (a, b) TEM images of Pt-NTd/C obtained after 8 h using an EG/DMEF ratio of 4:6. (a2) Shape distribution of the NCs. (c, d, e) HRTEM
image and the corresponnding FT pattern of a Pt particle. (f) SAED pattern of the particle viewed along the [123] zone axis. (g) HRTEM image of
an edge of a particle and (h) the corresponding model showing the atomic arrangement (i—1): (1) Atomic model, (2)TEM images, and (3)
corresponding FFT patterns of various Pt-tetrahedron nanocrystals from different projections. The scale bars in the (i—1) TEM images denote 2 nm.

M HCIO, is equal to 210 uC/cm?. Qy is associated with the hydrogen
adsorption calculated from the recorded CV of the Pt.*'

LSV was performed in O, saturated 0.1 M HCIO, in the potential
range of —0.25 to 0.9 V and scan rate of S mV/s. The stability tests
were done by performing accelerated CV cycles. For the MOR and
FAO study, CV profiles were recorded at the scan rate of 20 mV/s in
Ar saturated 0.1 M HCIO, + 1 M CH;OH and 0.1 M HCIO, + 1 M
HCOOH, respectively. For MOR and FAO, stability was checked by
chronoamperometry measurements.

3. RESULTS AND DISCUSSION

The tetrahedral NCs were synthesized solvothermally on a
functionalized carbon support at 170 °C using H,PtCl-6H,O.
A mixture of ethylene glycol (EG) and dimethylformamide
(DMF) with a ratio of 4:6 in the presence of KOH was used as
the solvent as well as the reducing agent (see the Supporting
Information for details). Figure lab shows the overview
transmission electron microscope (TEM) images of Pt-NTd/C
obtained after a period of 8 h. The NCs are uniform, with an
average size of 7.1 + 0.9 nm, and well dispersed on the carbon
support (Figure S1, Supporting Information). A careful analysis
of the images suggests that about 75% of the NCs are
tetrahedra, the rest consists of other shapes (Figure 1a2). The
powder X-ray diffraction pattern of the Pt-NTd/C confirms
that the as-prepared sample is exclusively composed of face-
centered cubic Pt (JCPDS #65-2868, a = 3.706(1) A) (Figure
$2, Supporting Information).

A high resolution (HR) TEM image of a tetrahedron and its
Fourier transform (FFT) pattern are shown in Figure lc,d,
respectively, showing a single-crystalline nature. The lattice
fringes parallel to the edge measures 2.23 A corresponding to

5000

Pt(111) planes (Figure le) indicating that the facets at the
surface are also {111}. Triangular appearance can also arise due
to plate-like triangular Pt NCs, covered with {111} and {100}
facets, in which case the particle is associated with the stacking
fault along the [111].*** We therefore recorded a selected area
electron diffraction (SAED) pattern from a number of
triangular particles (Figure 1f). The absence of the forbidden
1/3{422} reflection in them confirmed the tetrahedron shape
of the NCs. Some particles were oriented close to the [110]
zone axis enabling visualization of Pt edge atoms at the junction
of two {111} planes (Figure 1g), closely matching the atomic
model in Figure 1h. To examine the shape of non-triangular
particles, various tilting experiments were carried out during
TEM imaging (Figure S3, Supporting Information). Models of
Pt-NTds in different projections along with HRTEM images
and FT pattern are shown in Figure 1i—I.

Examination of the chemical nature of Pt-NTds by X-ray
photoelectron spectroscopy (XPS, Figure 2) revealed the
presence of both Pt(0) and Pt(II) species. The strong doublet
at 74.4 and 71.1 eV appears due to the 4f;,, and 4f,, states of
Pt(0), corresponding to ~80 mass%. The peaks centered at 78
and 72 eV suggests the presence of Pt(Il), possibly originating
from surface Pt—O species or interaction of Pt NCs with the
functional groups of the support. The Pt(0)/Pt(Il) ratio is
much higher than commercial Pt/C and other Pt NCs with
{111} facets.**®

Investigation of the Reaction Mechanism. We
performed several control experiments to gain insight into
the growth mechanism. The reaction proceeds with pro-
gressively slow kinetics until completion in 12 h. Pt contents on
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Figure 2. XPS spectra of Pt-NTd/C corresponding to Pt and N
elements.

carbon support were estimated to be 9.7, 23, 28, and 30 wt %
after 2, 4, 8, and 12 h of reaction time, respectively (Figure S4a,
Supporting Information). The Pt-NTds appear as early as 1 h
(Figures S4b and SSa, Supporting Information). In addition,
the carbon support contained a large number of 2—4 nm Pt
clusters initially (Figure S4c,d, Supporting Information), which
disappeared after 4 h along with an increase in the number of
NCs with tetrahedral morphology (Figure SSb, Supporting
Information). With increasing reaction time, the Pt on the
carbon support significantly increased in the early stage of the
reaction, before slowing down.

In order to obtain the Pt-NTds, two factors were found to be
crucial: (i) use of EG and DMF simultaneously in the reaction,
which yields amine molecules in situ and (ii) the carbon
support to arrest association of the incipient NTds. When the
synthesis is carried out in EG or in DMF alone, the NCs
develop irregular shapes (Figures 3ab and S6, Supporting
Information). On the other hand, using a mixture of DMF and
EG in different proportions invariably led to Pt-NTd/C, though

Figure 3. TEM images of NCs obtained using only (a) DMF or (b)
EG at 170 °C. (c) FESEM image of the product obtained in the
absence of carbon support in a similar experimental condition. (d)
HRTEM image of a single nanowire.

yields are high only for certain solvent ratios. With increasing
DMEF fraction, the average size of the Pt-NTds increase initially
reaching ~9.7 nm, before reducing again (Figure S7,
Supporting Information), also supported by XRD data (Figure
S8, Supporting Information). For examining the role of carbon
support, the synthesis was carried out without it, keeping the
other parameters unaltered. This led to the formation of
crystalline Pt nanowire bundles only (Figure 3c), and no
particulates were found even in small numbers. Figure 3d is a
high resolution TEM image of such a nanowire showing the
lattice fringes of Pt(111) parallel to the nanowire wall. Similar
results were observed in other studies as well.*> On the basis of
these observations, clearly, the DMF and EG mixture in the
presence of KOH stabilizes the {111} planes of Pt. Usually,
Pt(111) stabilization is achieved by using specific reagents such
as PVP or peptide or by forming alloys.>>***¢ Such stabilization
depends not only upon the interaction strength of individual
functional groups with the Pt surface but also on their packing
efficiency on the Pt surface. This is probably the reason that
different amine species were found to stabilize the {111} sub
facets, Pt(X11), X = 3, 4, or § planes.20 Theoretical
investigations on the nature of interactions have shown that
the stability of the NH species is more on Pt(111) than that of
NH, on Pt(100).*
In our solvothermal conditions, a secondary amine is
generated from the oxidation of DMF, as described below:
(0]

~_OH
Me. JJ\ + pru + S HO
N H OH ™ 70ec
Me
O

- Me.  .Me
Me\NJJ\OO + Pt + H0 CO, l:l
| H
Me

This was observed earlier in the case of reduction of Ag"
salt.*’ Reduction of Pt* by DMF in the presence of KOH led
to the formation of the carbamic acid intermediate which in the
presence of protic solvent degrades to dimethylamine and CO,
at high temperatures. Examination of our reaction mixture,
which has a strong ammonia like pungent odor, was performed
by nuclear magnetic resonance (NMR) spectroscopy (Figure
4a). A singlet peak at 2.33 ppm for two methyl (—CH,) groups
and multiplet at 0.843 ppm for N—H proton (the ratio of peak
areas corresponding to the two methyl (—CH,) groups to that
for the N—H proton, Icys/Iyy = 5.908/1.056 = 5.6, ~6)
correspond to dimethylamine.*® To be conclusive, we
performed a control synthesis in the presence of dielthylamine
(DEA) using EG as solvent. The reaction product contained Pt-
NTds anchored on carbon support as well as free-standing
nanowires that arise due to solution phase nucleation and
oriented attachment of NCs (Figures 4b,c and S10, Supporting
Information). These observations confirm the role of amine
and also point to the fact that in situ generation of amine is
necessary for high yield generation of NTds. The activated
carbon contains a high surface area and a large number of
surface functional groups (Figure S11, Supporting Informa-
tion). This increases the adsorption of Pt precursor and
provides a large number of nucleation sites for growth of Pt-
NTds.* We observed that, throughout the TEM grid, all Pt-
NTds are attached to the carbon indicating that the NCs grew
only on the support. We believe that, unlike the free-floating
NCs solution, these anchored Pt-NTds cannot migrate and
attach with each other to form nanowires by the oriented
attachment mechanism.*
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Figure 4. (a) NMR spectrum of the reaction mixture after an 8 h
solvothermal treatment at 170 °C. (b, ¢) TEM images of products
obtained from control experiments using only ethylene glycol as
reducing agent in the presence of diethylamine. The formation of
nanowire bundles along with tetrahedral morphology supports the
stabilization of the Pt (111) plane by secondary amine species.

On the basis of these observations, we propose a growth
mechanism for the Pt-NTd/C (Scheme 1). Nucleation of the

Scheme 1. Schematic Illustration of Synthesis of Pt-NTd/C

(ii)

Pt-NTds first takes place in the carbon support. The in situ
generated DMA stabilizes the Pt(111) facet, leading to
formation of Pt tetrahedra NCs. Importantly, we found that
the amine molecules can be easily removed from the Pt sample
by repeated washing with a water/ethanol mixture (absence of
nitrogen is seen in XPS spectra in Figure 2). Since DMA is the
most strongly interacting molecule with Pt-NTds in the
reaction mixture, its removal suggests that Pt(111) facets are
free and exposed.

Electrocatalytic Performance of Bare Pt-NTds. The
presence of strongly attached surface stabilizing agent may
suppress the catalytic activity of nanoparticles of a noble metal,
whose efficiencies are otherwise good.so_52 Since, in our case,
the surface stabilizing agents for the formation of Pt-NTd can
be easily removed, the catalytic performance is expected to be
high and true to the particular crystal-facet for electron transfer
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reactions. We have therefore examined the stability and activity
of the Pt-NTds toward fuel cell reduction as well as oxidation
reactions such as ORR, MOR, and FAO.

We investigated the long-term stability and electrocatalytic
efficiency of the Pt-NTds using a three electrode system with
Ag/AgCl (3 M NaCl) as reference electrode. Cyclic voltammo-
grams (CV) were recorded with a sweep rate of S0 mV/s at 27
°C. For comparison, the performances of commercial carbon
supported Pt NCs (C—Pt/C) were evaluated under identical
conditions. Figure Sa shows CV plots for the Pt-NTd/C before

(a) (b)
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Figure 5. CV of (a) Pt-NTd/C and (b) commercial Pt/C before and
after the stability test (in Ar saturated 0.1 M HClO, solution with 50
mV/s scan rate). (c) Surface areas of Pt-NTd/C (red) and C—Pt/C

(cyan).

and after recycling for 1000, 3000, and 5000 cycles. It nearly
maintained the distinct hydrogen adsorption/desorption peaks
(0.05 < V< 0.4 Vvs RHE) even after 5000 cycles, accompanied
by a minimal decrease in the peak current. It is important to
note that the distinct butterfly like shape of the CV is
characteristic to the Pt(111) surface and further establishes our
TEM observations.>*> C—Pt/C was distinctly different, as these
peaks diminished quickly, exhibiting a gradual decrease in peak
current (Figure Sb). The initial electrochemically active surface
area (ECSA) for the Pt-NTd/C and C—Pt/C was comparable
(19.22 and 17.62 m?/g Pt, respectively). The ECSA for the Pt-
NTd/C is maintained at ~90% even after 5000 cycles. On the
other hand, ECSA of the C—Pt/C reduced to 49.5% after 5000
cycles (Figure Sc). Their high durability, compared to many
other shapes,**** is due to structural stability due to higher
cohesive energy of surface Pt atoms on {111} planes.
Moreover, due to strong attachment to the carbon support,
these NCs might avoid gradual agglomeration and Ostwald
ripening.“’54

The ORR activities of the Pt-NTd/C were investigated by
recording polarization curves and calculating the kinetic current
densities using the Koutecky—Levich equation (Figures 6a and
S12, Supporting Information).
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Figure 6. (a) LSV of Pt-NTd/C (red) and commercial Pt/C (black)
in O, saturated 0.1 M HCIO,, with a scan rate $ mV/s. Inset shows the
change in E,,, after S000 potential cycles for both the catalysts. (b)
Comparison of mass and specific activitiesof Pt-NTd/C and the
commercial one at 0.9 V. CV of Pt-NTd/C and commercial Pt/C
before and after stability test for (c) MOR recorded in 0.1 M HCIO, +
1 M CH;OH and (d) FAO recorded in 0.1 M HCIO, + 1 M HCOOH
at scan rate 20 mV/s.

1/1=1/I + 1/I, 3)
Here I, I, and I; are measured, kinetic, and diffusion limited
currents, respectively. The Pt-NTd/C exhibited a good onset
potential of +1.011 V (vs RHE) as compared to +0.951 V
recorded for the commercial catalyst. The corresponding half-
wave potentials (E,/,) show a significant positive shift of 102
mV (0.873 and 0.771 V for Pt-NTd/C and C—Pt/C,
respectively) indicating much improved ORR kinetics. We
also compared the ORR activities of the Pt nanowires obtained
in absence of the carbon support. The nanowires exhibited an
ORR onset and half-wave potential of +0.968 and +0.796 V,
respectively (Figure S13, Supporting Information). Such
superior ORR activity of Pt-NTd/C can be attributed to the
presence of bare Pt (111) facets and 111/111 edges which
allow easy electron transfer from catalyst to adsorbed oxygen®
whereas in the case of Pt NW, along with exposure of Pt (111)
facets in certain places, the oriented attachment mechanism
may give rise to many defect sites giving rise to comparatively
sluggish reduction kinetics. Furthermore, we compared the
stability of the Pt-NTds with that for C—Pt/C. After 5000
cycles, the Pt-NTd/C showed nearly the same onset potential
and a minimal 47 mV decrease in E, /,. In comparison, C—Pt/C
recorded a substantial decrease on onset and E, ;, values by 130
mV, respectively (inset in Figure 6a). Mass activity of the Pt-
NTd/C at 0.9 V (and at 0.85 V) is 22.8 A/g (104.6 A/g), which
is 6.76 times higher than the C—Pt/C (Figures 6b and S12c,
Supporting Information). Mass activity of the Pt-nanowires at
0.85 V was estimated to be 24.5 A/g (see Figure S13d,
Supporting Information, for comparison of mass activities of all
samples). The E,/, values recorded for these Pt-NTd/C are
comparable to or better than most state of the art Pt
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electrocatalysts reported recently (Tables S1 and S2,
Supporting Information).

We have further studied the electrochemical oxidation of
small organic fuel molecules such as methanol and formic acid
(MOR and FAO, respectively). The CV (Figure 6¢c) shows two
distinct anodic current peaks typical of methanol oxidation in
the forward and backward sweeps in the cyclic voltammogram.
The corresponding mass and specific activities are compared
with those of C—Pt/C in Figure S15a,b, Supporting
Information. Initially, the mass and specific activities of Pt-
NTd/C for MOR were 201.35 A/g and 23.56 A/m?,
respectively, much higher than 148.68 A/g and 8.38 A/m’
respectively, recorded for C—Pt/C and comparable to most
state of the art catalyst systems (Tables S3 and S4, Supporting
Information). The ratio of the forward and backward peak
current (I/I,) measured 1.39 indicating high relative oxidation
of fuel molecules in the forward scan as compared to many
recently developed catalytic particles.’>™>* A new study by
Tong and co-workers pointed out that oxidation of methanol
takes place in both forward and reverse scans, contrary to a
belief that the reverse peak is due to oxidation of residual
carbon species.”® We further examined the catalytic perform-
ance of these particles after 4000 s by employing
chronoamperometry. Pt-NTd/C retained 52% of the initial
activity, while the deactivation of C—Pt/C was far rapid.**>%
Interestingly, in the case of FAO too, as during MOR, the I/,
ratio for Pt-NTd/C was found to be very small (0.73) as
compared to most other efficient Pt nanocrystals reported
earlier (Figure 6d).""*"** Pt-NTd/C has shown mass and
specific activities of 312.65 A/g and 17.59 A/m? respectively,
which decreased by 31% after 3000 s, whereas the
corresponding activity loss for the C—Pt/C was recorded as
54% (Figure S15¢,d, Supporting Information). In both cases,
the high stability of Pt-NTd/C during the electrochemical
process can be attributed to the highest cohesive energy of
surface atoms on exposed Pt (111) planes giving rise to the
lowest electrochemical leaching probability.”” The ORR, MOR,
and FAO studies clearly show that the Pt-NTds/C exhibit not
only impressive electrocatalytic efficiency but also high stability
under corrosive conditions.

4. CONCLUSION

We have synthesized sub-10 nm Pt tetrahedral NCs by a facile
hydrothermal method, in the absence of any external stabilizing
agents. We establish that amine species generated in situ from
the reaction of EG and DMF in the presence of KOH at
elevated tempeature and the nucleation induced by the carbon
support is responsible for generating such shape. The role of
the carbon support is crucial in this synthesis as it anchors the
Pt NTds during the nucleation and growth stages, thereby
inhibiting the possibility of nanowire formation by the easy
association of the bare NCs. The Pt(111) stabilizer, dimethyl-
amine, can be easily removed from the NC surface, leaving its
surface entirely exposed. We found that these Pt-NTd/C
exhibit excellent stability (~90% activity retention) as
compared to the commercially available electrocatalysts under
harsh reaction conditions. Furthermore, our sample exhibited
superior electrocatalytic efficiencies toward both fuel cell
oxidation and reduction reactions. The onset potential of
1.01 V for ORR is higher than other known carbon supported
Pt NCs. With the bare nature of Pt(111) surfaces, our Pt-NTd/
C not only are promising for fuel cell applications but also may

DOI: 10.1021/acsami.5b00211
ACS Appl. Mater. Interfaces 2015, 7, 4998—5005


http://dx.doi.org/10.1021/acsami.5b00211

ACS Applied Materials & Interfaces

Research Article

be excellent model catalysts for many other important catalytic
reactions.
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