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ABSTRACT: Electrocatalytic activities of Pt and their alloys toward small organic molecules oxidation are highly dependent
on their morphology, chemical composition, and electronic structure. Here, we report the synthesis of dendrite-like PtosBis,
Ptg3Bi;7, and Pt;4Biy4 nanowires network with a high aspect ratio (up to 68). The electronic structure and heterogeneous
crystalline structure have been studied using combined techniques, including aberration-corrected scanning transmission
electron microscopy (STEM) and X-ray absorption near-edge structure (XANES) spectroscopy. Bismuth-oriented attachment
growth mechanism has been proposed for the anisotropic growth of Pt/Bi. The electrochemical activities of Pt/Bi nanowires
network toward ethanol oxidations have been tested. In particular, the as-made PtysBis appears to have superior activity toward
ethanol oxidation in comparison with the commercial Pt/C catalyst. The reported promotional effect of Bi on the formation of
Pt/Bi and electrochemical activities will be important to design effective catalysts for ethanol fuel cell application.

Introduction

In the last few decades, there has been a growing interest in
direct electrocatalytic conversion of small organic molecules
(SOMs) into electrical energy by the so-called direct fuel cell
reaction, which holds great promise for future green technol-
ogy for various applications, especially in portable electronics.!
% As one of the most studied SOMs fuel cell reactions, the
direct methanol fuel cell (DMFC), involving six-electron
transfer methanol oxidation, directly utilizes liquid methanol
fuel to deliver continuous power with higher utilization effi-
ciencies and lower emission of pollutants, in sharp contrast to
conventional internal combustion engines.’”® On the other
hand, ethanol emerges as another SOM with several advan-
tages in fuel cell technology compared with methanol. First,
ethanol is safer (the fatal dose for an adult is over 500 mL);
second, ethanol has a relatively higher boiling point (78 °C),
making it easier to store and transport than methanol; third,
ethanol has more energy density (~8 kwh/kg) than methanol
(~6 kwh/kg) due to the nature of a twelve-electron transfer
upon complete oxidation;>* fourth, ethanol is more easily
available from renewable sources.'®!" Therefore, ethanol
becomes the ideal combustible for low-temperature fuel cell
reactions. The major impediment to the full-scale commercial
production of direct ethanol fuel cell (DEFC) stacks is the
activity and cost of electrocatalysts. Pt-containing alloy cat-
alyst, PtRu in particular, has been employed as the one of the
most effective anode catalysts because of its excellent perfor-
mance in the dehydrogenation of SOMs and higher tolerance
to CO poisoning compared with pure Pt."*~!7 In addition,
PtBi has also attracted great research interest.'®”>* For
example, both bulk and nanosized (10—19 nm) Pt/Bi materi-
als exhibited superior electrocatalytic activity toward various
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SOMs oxidation and showed great CO tolerance.>** How-
ever, the synthesis of monodispersed Pt/Bi electrocatalysts
with an average size of less than 3—4 nm, which is the more
favorable size range for actual fuel cells, has not been well
studied to date.

Previous experiments of electrooxidation of SOMs on
single crystals have also indicated that the catalytic activity
of Pt and its alloyed nanomaterials is highly dependent on
their morphology.>' 3¢ The synthesis and study of electro-
chemical activity of cubes, truncated cubes, dendrites, and
hollow structures have been intensively studied.>'*”~** The
one dimensional (1D) Pt-containing nanostructure has also
attracted special interest, although synthetic challenges in the
fine control over morphology arise from unfavorable aniso-
tropic growth of symmetric cubic lattice structures.***** The
synthesis of 1D Pt/Bi ultrathin nanowires (NWs) network and
the investigation of their electrocatalytic behavior have, to
our knowledge, not been reported to date. Herein, we report
the synthesis and electrochemical activities toward ethanol
oxidations of an as-made ultrathin dendrite-like Pt/Bi NWs
network with an average width of less than 3.6 nm. The
crystalline and electronic structures of Pt/Bi have been in-
vestigated by advanced aberration-corrected scanning trans-
mission electron microscope (STEM) equipped with electron
energy loss spectrometer (EELS), and X-ray absorption near-
edge structure (XANES) spectroscopy. Our results unam-
biguously indicate the Bi-orientated attachment growth of the
Pt/Bi NWs network and the promotional effect of Bi on the
oxidation of ethanol.

Experimental Section

Synthesis of PtBi NWs Network. In a typical synthesis of PtysBis
nanowires network, ethylene glycol (8 mL, Alfa Aesar, 99%) and
polyvinylpyrrolidone (PVP) (55 mg, Acros, MW = 58000) were
mixed in a three-neck flask and heated to 170 °C using an oil bath

©2011 American Chemical Society



Article

under argon protection. Then, the fresh-made mixture of Na,PtCly
(32 mg, 0.07 mmol, Alfa Aesar, 99.95%), Bi(NO3);-5H,0 (3.6 mg,
0.007 mmol, Alfa Aesar, 98%), and ethylene glycol (3 mL, AR,
Mallinckrodt Chemicals) was injected into the flask. The solution
was kept at 170 °C for 10 min before being cooled to room tem-
perature. The product was washed thoroughly with ethanol and
acetone to remove ethylene glycol and excess PVP. For the synthesis
of other Pt/Bi nanowires networks, only the amount of the pre-
cursors changed. For example, the amount of Na,PtCly and Bi-
(NO3)3 was 33.4 mg and 12.3 mg for the synthesis of the Ptg;Bi;
nanowires network, while 18.3 mg and 20.4 mg for the synthesis of
the Pt;¢Bi»4 nanowires network.

STEM and EELS Characterizations. The STEM and EELS
measurements were performed at the Center for Functional Nano-
materials, Brookhaven National Laboratory (USA). The dedicated
aberration-corrected STEM, Hitachi HD 2700C, operated at
200 kV, was equipped with a modified Gatan Enfina ER spectro-
meter. The probe size was around 0.8—1.3 A and the electron beam
intensity on the sample varied from 100 to 200 pA depending on the
tuning conditions of the microscope. The cold field emission gun
gave an energy resolution of 0.35 eV as measured from the full width
at half maximum (FWHM) of the zero-loss peak. The convergence
angle was 27 mrad and the ADF and EELS collection angles were
45—242 and 20 mrad, respectively. For acquiring the EELS, the
dwelling time for each pixel was about 10 s. Comparison between
the images taken before and after analysis showed no discernible
change in the sample caused by beam damage. Regular transmission
electron microscopy (TEM) measurements were performed at the
University of New Hampshire using a Zeiss/LEO 922 Omega TEM.
Image acquisition and analysis were performed using Gatan Digital
Micrograph and Imagel software. The standard deviation was
calculated by averaging at least 120 measurements.

XANES Characterization. XANES was performed at beamlines
X18B at the National Synchrotron Light Source (NSLS), Brookha-
ven National Laboratory, Upton, New York. The storage ring energy
was 2.5 GeV, and the ring current was in the range of 110—300 mA.
A double-crystal Si (111) monochromator was used to scan X-ray
energy from —150 to 1330 eV relative to Pt L3 edge (11 564 eV) and
from —150 to 1330 eV relative to Bi L1 edge (16388 eV). PtBi NWs
network samples (~30 mg) were prepared by drop-casting concen-
trated nanomaterials solution onto Kapton tape evenly for ade-
quate uniformity for XAFS measurements. Standard metal (Bi and
Pt) foils were placed between the transmission and reference X-ray
detectors and measured simultaneously with all the nanomaterials
samples, for X-ray energy calibration and data alignment. Data
processing and analysis were performed using the IFEFFIT pack-
age. IFEFFIT is a specialized program for X-ray absorption data
analysis. It combines the high-quality analysis algorithms with
graphical display of data and general data manipulation. IFEFFIT
is under active development but is fairly well tested and ready
for use.

Electrochemical Measurements. The electrochemical properties
were examined with a CHI 660 single channel electrochemical
workstation (CH instruments, Inc.) The three-electrode system
comprises a glassy carbon rotating disk electrode (RDE, 5 mm in
diameter, Pine Research Instrumentation) as working electrode, a
thin platinum wire as counter electrode, and a Ag/AgCl (1 M KCl)
electrode as reference electrode. The water dispersions of the Pt/Bi
NWs network and Pt/C (E-TEK, 60 wt % Pt) were used as catalysts.
The typical loading of catalyst was 3—5 ug of total metal. All the
catalysts were suspended in the 10 uL of deionized water and well
sonicated before drop-casting on the glassy carbon electrode sur-
face. Because of the surface tension of aqueous solution, the catalyst
suspension was constrained within the boundary of the glassy
carbon electrode. The droplets of catalysts were dried in a fume
hood, followed by covering with 10 4L of diluted Nafion solutions
(0.5% V/V). Finally, the catalysts formed a uniform assembly upon
the evaporation of solvents. The cyclic voltammograms (CV) curves
were recorded from —0.3 to 1.2 Vin 0.1 M argon-purged perchloric
acid (HCIOy, 70%, Alfa Aesar) solution to measure the hydrogen
adsorption/desorption behavior. CV curves of those as-made cata-
lysts toward the alcohol oxidation were recorded in 0.1 M HCIO,/
0.125 M ethanol solution between —0.2 to 1.2 V under argon-purged
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Figure 1. TEM images of as-made (a—c) PtosBis NW networks and
(d) Pt nanoparticles made without the addition of Bi(NO3);.

environment. The potential sweep rate was 60 mV/s. Chronoam-
perometry (IT) was carried out at a potential of 0.55 V for 1.5 h right
after completion of CV measurements. All electrochemical measure-
ments were carried out at room temperature. Dissolved oxygen was
removed from the solution by bubbling argon for 40 min prior to the
measurement.

Results and Discussion

Pt/Bi NWs networks were synthesized via the Polyol pro-
cess by simultaneous reduction of sodium tetrachloroplati-
nate (Na,PtCly) and bismuth nitrate (Bi(NOs);- 5H,O) at 170
°Cunder an inert atmosphere. The ethylene glycol was used as
both a solvent and reducing agent, and PVP was used as a
capping agent. Figure 1 shows the TEM images of the as-
made Pt/Bi dendrite-like NWs network synthesized by a
molar ratio of Pt/Bi around 10:1. Those networks have an
average length of 245 4+ 81 nm (calculated from the longest
branches) and width of 3.6 & 0.5 nm, which led to an average
aspect ratio of ~68. The chemical composition of Pt/Bi was
analyzed by energy dispersive X-ray spectroscopy (EDS) for a
NWs network assembly which covered an area of 1 um?
The EDS spectrum showed an average composition of
Ptos+0.8Biso+0g from six randomly picked areas (Figure S1,
Supporting Information). A state-of-the-art cold field emis-
sion Hitachi HD-2700C STEM with an aberration-corrector
was further used to study the crystalline structure of an
individual NW network (Figure 1c). At present, the aberra-
tion-corrected STEM has been revolutionizing its perfor-
mance, by dramatically improving spatial resolution and the
beam current at a given resolution by a few more orders of
magnification.*>* In this context, it could claim to be the
most precise instrument ever constructed, exhibiting a strong
ability to analyze materials with a resolution of a single atom,
which provides great opportunities to interpret the real struc-
ture of individual nanomaterials. Figure 1c shows an atomic
resolution high angle annular dark field (HAADF) image
taken with STEM. The lattice distance normal to the growth
direction of the nanowires network was calculated tobe 2.4 A,
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Figure 2. (a, d) HAADF images of (a—c) PtysBis and (d—f) Ptg3Bi;; NW networks. And the EELS line scans (b, e) across and (c, f) along the

individual Pt/Bi NW.

which could be assigned to the {111} planes of PtysBis. The
high-resolution TEM (HRTEM) image also shows the well-
resolved lattice planes at a 71° angle to the {111} plane had a
d-spacing of 2.4 A, which could also be assigned to the {111}
plane of face centered cubic (fcc) phase Pt/Bi alloys. Our
results show that Bi appears to be the key for successful
growth of the Pt/Bi NWs network. In the absence of Bi, only
faceted Pt nanoparticles were produced (Figure 1d).

By varying the molar ratio of Na,PtCl, and Bi(NOs); from
10:1to 3:1,and 1:1, Ptg3Bi;7 and Pty4Biry NWs networks were
also synthesized, respectively (Figure S2, Supporting In-
formation). Ptg3Bi;; and Pty¢Biry NWs networks have an
average width of 2.7 & 0.4 and 3.6 & 0.6 nm. Although those
NWs netwroks are very similar in 1D morphology as TEM
indicated, when the Bi content is very low, for example, 5%
and 17%, the formed products were rather smooth. On the
other hand, when the Bi content increases to 24%, the NWs
networks present a pearl-necklace appearance. We noticed
that when the Bi content increased to 67%, aggregated par-
ticles were formed (Figure S3, Supporting Information).

We further used electron energy loss spectroscopy (EELS)
to investigate the atomic distribution of Pt and Bi within the
NW simultaneously. In particular, the EELS equipped at the
aberration-corrected STEM can routinely achieve an energy
resolution of 0.35 V at zero energy loss, allowing selective
analysis of Pt and Biin the NW separately by choosing proper
energy values based upon the atomic absorption of electrons
during electron—electron interaction. Therefore, the distribu-
tion of heterogeneous atoms of the individual NW with
atomic resolution can be determined. Figure 2 shows the
intensity profiles of Pt and Bi acquired from M edges of
PtysBis and Ptg3;Bi;; NWs networks. Line scans along and
across the nanowires network demonstrate the coexistence of
Pt and Bi. Moreover, steady signal intensity along both direc-
tions further demonstrates the homogeneous mixing of Pt and
Bi within the entire NW network, confirming the random
alloying between Pt and Bi inside the NW networks.

To explore the growth mechanism of Pt/Bi NWs network,
we systematically analyzed the growth kinetics by examining
the intermediate products during the formation of PtgsBis
(Figure 3). TEM images show the formation of PtysBis as the
reaction time ranged from 1 to 120 min, after injection of

precursor mixture into preheated ethylene glycol solution
(170 °C) in the presence of PVP. Nearly spherical nanocrystals
with an average diameter of 3.1 4= 0.4 nm began to appear at 1
min after injection. The concentration of product nevertheless
was rather low at this stage. These nanocrystals grew rapidly
into a short nanorod at 3 min with an average width of 2.8 £
0.5 nm, and a length of 9.7 & 3.6 nm. Most of the precursor
was reduced at this stage, evidenced by the rapid change of
solution color from brownish to black. Elongated nanorods
were formed at 5 min with similar width (3.1 & 0.4 nm) but
increased length (26.3 4+ 16.3 nm). The NWs networks with
the high aspect ratio (~68) formed after 10 min reaction
with an average length of 245 £ 81 nm and width of 3.6 £
0.5 nm. Note that even after 120 min reaction, Pt/Bi still
maintained a NW network morphology. The preferential
growth of the Pt/Bi NWs network along the axial (as shown
in Figures 1c and 2a) instead of the radial direction strongly
indicated a head—head attachment anisotropic growth
mode.*"#

The anisotropic growth of cubic Pt and its alloy is rather
unexpected owing to an apparent lack of crystal lattice asym-
metry.**~>? Here we proposed a bismuth-oriented growth for
the formation of the Pt/Bi nanowires network (Figure 4).
Since the standard reduction potential of Pt*" (1.20 V vs
standard hydrogen electrode (SHE)) is higher than that of
Bi*" ions (0.32 V), Pt-rich atoms core formed first during the
reduction, followed by sequential growth of Bi on the surface
of Pt seeds. Bi-shell-rich Pt/Bi embryonic nanostructures will
be further connected preferentially via asymmetric rhombo-
hedral Bi lattice, resulting in the anisotropic growth of the Pt/
Bi NWs network. The promotional effect of Bi on the aniso-
tropic growth of Pt/Bi can also be evidenced by the fact that
only faceted Pt nanoparticles were formed without the addi-
tion of a Bi precursor under the identical experimental con-
ditions (Figure 1d).

We next studied the electronic structure of the Pt/Bi nano-
wires network using XANES. As an element-specific charge
state probe, XANES is ideally suited to study the electronic
structure by comparing the changes in the intensity of the
white lines (intense peaks at the L absorption edges) from both
the Pt and Bi.>* >® Figure 5 plots the normalized XANES
spectra from the Pt L3 and Bi L; edges of Pt/Bi NWs network
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Figure 3. TEM images of PtysBis NW networks synthesized at a reaction time of (a) 1 min, (b) 3 min, (¢) 5 min, (d) 10 min, (¢) 30 min, and

(f) 120 min.
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and those from Pt and Bi foils as references. It shows that the
intensities of the Bi white line feature are noticeably higher
than that of the pure Bi foil. Since the white line features in the
Bi L; edge arise from 2s to 6p dipole transitions, these
observations point to an increase in the number of unoccupied
states of p character at the Bi site in the Pt/Bi nanowires
network.>’ The increased Bi white line intensity in the Pt/Bi
NWs network could be attributed to Bi oxidation, owing to
the high vulnerability of Bi metal to oxygen. In fact, the oxi-
dation of Bi has also been reported in the ordered intermetallic
PtBi bulk materials at room temperature.”’ The possibility of
the enhanced Bi white line intensity was mainly because of the
charge transfer from Bi atoms to Pt atoms can be excluded,
since the Pt L3 white lines of Pt/Bi NWs network actually
increase slightly relative to the Pt foil. In this context, white
line intensities of Pt would be expected to decrease relative to
Pt foil if charges transferred from Bi to Pt sites. It is also
interesting to point out that the white line intensity of the Bi L
edge increases as the Bi concentration decreases, indicating
that PtosBis NWs network was the most oxidized and Pt74Bioy4

Figure 5. XANES spectrum of (a, b) Bi L, edge and (¢, d) Pt L; edge
of as-made PtgsBis, Ptg4Bi4, and Pt74Biry NW networks, as well as
Pt foil and Bi foil as references.

NWs network was the least oxidized. The stoichiometry-
dependent oxidation state of various Pt/Bi NWs networks
might indicate that the Bi atoms located in the core region of
Ptg3Bi;; and PtysBiny NWs network were not as completely
oxidized as those in the PtysBis NWs network were.

The electrocatalytic activities of the Pt/Bi NWs network
and commercial Pt/C catalysts on the ethanol oxidation
reactions were further measured in the CV measurements
(Figure 6). During the forward scan, the oxidation of ethanol
gives two anodic current peaks at ~0.6 V and ~1.0 V,
respectively. The highest ethanol oxidation current density
at 0.588 V was obtained with Pt/C, and Ptg3Bi;7 showed the
least current density. Not surprisingly, addition of Bi will lead
to the negative shift of peak potential as observed in the case of
methanol oxidation. Although PtgsBis showed lower current
density compared to the commercial Pt/C catalyst in CV
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Figure 6. (a) Cyclic voltammograms and (b) chronoamperometric measurements of Pt/Bi NW networks and Pt/C for the oxidation of ethanol.

measurements, it appeared the better performance in the IT
measurements performed at 0.55 V for 1.5 h (Figure 6b). The
current density of PtysBis NWs network after 1.5 h operation
showed a higher steady-state current density (13.8 #A cm™?)
compared with that of Pt/C (10.7 uA cm™?), while Ptg;Bi;;
NWs network showed very similar current density as Pt/C
after 1.5 h reaction (10.9 uA cm™?). We noticed the ethanol
concentration was 0.125 M with a volume of 100 mL; during
the electrochemical measurement, molar fractions of reacted
ethanol for Pt/C and PtysBis were estimated to be less than
0.1%. Therefore, a higher steady current density with PtysBis
compared to Pt/C in the IT measurements did not result from
the difference in ethanol concentration, even though Pt con-
sumed more ethanol than PtysBis in the early stage.

Previous results on single crystals demonstrated that transi-
tion metal atoms including Bi exhibited opposing modes of
actions on the Pt surface."”?® On the one hand, Bi gave an
inhibiting effect due to blocking active Pt sites for SOMs
adsorptions; on the other hand, it showed a promotional
effect due to enhanced adsorption of water on Pt sites adjacent
to Bi atoms, and consequently an increased rate of SOMs
oxidation by generating oxygenated species (e.g., adsorbed
OH from water). In the case of ethanol oxidation, the
enhancement role of Bi is dominant, evidenced by improved
activities of PtysBis and Ptg3Bi;; NWs networks in IT mea-
surements. It is well-known that electro-oxidation of ethanol
is more complicated than that of methanol, since more inter-
mediates would be generated during the oxidation of ethanol,
such as CO, acetaldehyde, and acetic acid.’® °! Therefore, the
ability of oxidizing intermediates appears more important in
the catalyst design for ethanol oxidation. Better catalytic
activity of Pt/Bi NW networks on ethanol oxidation was
attributed not only to the electronic structure modification
of the Pt surface with the presence of Bi but also oxygenated
species from the interaction between Bi and water. This can be
further confirmed by XANES analysis, by which Bi exists as
an oxide and/or hydroxide in the Pt/Bi NW networks. These
oxygenated species may contribute to the oxidation of dis-
sociated acetaldehyde (into acetic acid) or possible CO (into
CO,), rendering Pt/Bi NW networks as a “bi-functional”
catalyst for the ethanol oxidation. More interestingly, the
rival action of Bi showed that the activity over ethanol
oxidation is also highly dependent on the stoichiometry as our
current research indicated, showing that PtyosBis NW net-
works appeared the most active. It indicated that 5% Bimight
be the optimized concentration in Pt/Bi by balancing well the
surface concentration of Pt atoms and the oxygenated species.

Although the nature of ethanol oxidation at both anodic
peak potentials is unclear, it has been speculated that neither
Pt/Bi nor Pt would oxidize ethanol completely to CO,. The
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Figure 7. Cyclic voltammograms of PtysBis NW networks for the
oxidation of acetaldehyde (CH3CHO, 0.125 M), acetic acid
(CH5COOH, 0.125 M), and ethanol (CH3;CH,OH, 0.125M) in a
0.1 M perchloric acid solution.

mixture of CO, and intermediates, such as acetaldehyde and
acetic acid, would be more likely to form during the ethanol
oxidation, since C—C bond cleavage remained a mechanisti-
cally difficult step.”® % Here we further studied the activity of
PtysBis NW networks toward acetaldehyde and acetic acid
oxidation (Figure 7). It clearly showed that PtysBis was only
active toward the oxidation of acetaldehyde, in which two
oxidation peaks appeared in the forward scan, analogous to
that in ethanol oxidation. Our data indicated ethanol oxida-
tion on Pt/Bi might occur through a formation of acetalde-
hyde (Pt- CH3CHO) as an intermediate and acetic acid might
be the major final product, which has also been reported in the
PtéC catalysts via various in situ measurements,>*->?:61763.:63

It is also important to note that the synthesis and prepara-
tion conditions have not been optimized for Pt/Bi catalyst.
The electrochemical measurements were conducted on
as-made unsupported Pt/Bi, in sharp contrast to commercial
Pt/C (ETEK), which has been extensively explored and
optimized for fuel cell applications. Our catalysts, especially
PtysBis, still exhibit superior activity for ethanol oxidation
even under these nonoptimized conditions. Thus, the enhanced
activity from Pt/Bi can still be considered as a lower limit on
the electrooxidation of ethanol.

Conclusion

In conclusion, dendrite-like Pt/Bi NW networks with a high
aspect ratio were successfully synthesized through the Polyol
approach by fine control over the synthetic conditions, such
as the concentration of Bi species and reaction time. The
formation mechanism of Pt/Bi NW networks was proposed
and discussed with respect to the Bi-oriented anisotropic
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attachment growth. The as-made PtysBis appeared to have
superior electrocatalytic activity toward ethanol oxidation in
comparison with commercial Pt/C. We believe our sophisti-
cated experimental investigations and advanced characteriza-
tion techniques, especially the aberration-corrected STEM
and XANES techniques, combined with catalytic measure-
ments, will complement each other and offer unique oppor-
tunities in the research on the ethanol fuel cell catalysts, which
are substantial technology of growing interest and commer-
cialization.
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