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ABSTRACT: The shape control of platinum nanocrystals is

§
o
significant to the enhancement of their catalytic performance in t“g &
terms of activity and selectivity. However, it still remains a major e
challenge to prepare Pt nanocrystals with tunable shape and clean 5
surface in an eco-friendly way. This article develops a facile and 2
green strategy to prepare well tuned platinum nanocrystals s 4
employing poly(diallyldimethylammonium chloride) (PDDA) as ¢, é 2 -
the capping agent, reductant, and stabilizer simultaneously in a S IADEEGER

¢ N atoms «C atoms

facile hydrothermal process. It is identified that the variation of
PDDA concentration is crucial to control the growth of
crystalline facets, leading to the formation of cubic, truncated
cubic, and octahedral Pt nanocrystals with sizes tunable from ca. 17 nm to ca. S0 nm. The resultant Pt nanocrystals exhibit
excellent electrocatalytic activity and stability toward the oxygen reduction reaction (ORR) in acidic media compared with those
of commercial Pt black and the state-of-the-art Pt/C catalyst. It is proposed that the preferential Pt surface and the decoration of
PDDA, which modulates the electronic structures and electrooxidation of Pt nanocrystals, synergistically contribute to the
enhanced catalytic performance.

Potential / V vs. RHE
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1. INTRODUCTION

Platinum (Pt) has recently played key roles in a wide variety of
applications, such as nitric acid production,’ electrochemical
biosensors,” organic synthesis,3 and electrocatalysis.‘*_6 In
particular, Pt serves as the most significant eletrocatalyst for
proton exchange membrane fuel cells (PEMFCs), which are
regarded as the promising candidates to deal with the problems
of environmental pollution and energy shortage due to their
high efficiency, low emission, low operation temperature, and

macromolecules or polymers, such as cetyltrimethylammonium
bromide (CTAB),"” oleic acid (OA),"* polyvinylpyrrolidone
(PVP),"*" poly(acrylic acid) (PAA),"*" P123,°”*' or
Brijs8,”* (ii) negatively or positively charged ions, such as
Br-," I,'* NO,~, Ang,M’25 Fe?*, and Fe**° (i) carbonyl
compounds, such as Fe(CO)s,>" ™% Cr(CO)g,*° and
Mn,(CO),,,*"** and (iv) trace metals such as Co.**** It is
noteworthy that, in spite of significant progress in the shape
control of Pt NCs, the methods mentioned above are relatively

quick startup.*” The synthesis of Pt electrocatalysts with high
activity and long operation life is critical for the development of
PEMEFCs, which depends not only on the active surface area
but also on the nature of exposed lattice planes of Pt."~"°
Selective growth of special lattice planes during the
crystallization of noble metals has attracted much attention
after the first report about the synthesis of Pt nanocrystals
(NCs) by EI-Sayed et al,,'* who obtained polydispersed Pt NCs
with different shapes in a hydrogen-reducing way, employing
sodium polyacrylate as the capping agent. At present, chemical
reduction is the most efficient and convenient strategy to the
synthesis of Pt NCs. The key to achieving the controlled shapes
of Pt NCs during the chemical reduction is the usage of capping
agents to enhance the growth of special facets, which can be (i)
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complicated, have a high cost, or are noneco-friendly, mainly
due to the employment of noxious organic solvents, delicately
selected reductants/stabilizers, and other assistant shape-
controlling chemicals. More importantly, the commonly used
capping agents, such as PVP, PAA, or halide ions, adsorb on Pt
surfaces strongly and block reactants from approaching active
sites, thus lowering the electrocatalytic performance of catalysts.

Herein, we employ a polyelectrolyte, poly-
(diallydimethlammonium chloride) (PDDA), as a “three in
one” agent (reductant, stabilizer, and capping agent) to
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Figure 1. Representative TEM images of (a) ca. S0 nm cubes, (b) ca. 30 nm truncated cubes, (c) ca. 30 nm octahedrons, and (d) ca. 17 nm particles.
Representative HRTEM images of (e) cubes, (f) truncated cubes, (g) octahedrons, and (h) particles. The bottom insets are schematic illustrations of
corresponding Pt NCs. Blue and yellow spheres represent atoms on Pt (100) and Pt (111) facets, respectively.

synthesize Pt NCs with sizes tunable from ca. 17 nm to ca. 50
nm and shapes controllable from cubes, truncated cubes, to
octahedrons for the first time. This synthesis is achieved via a
one-pot hydrothermal process by just adjusting the concen-
tration of PDDA in the absence of any other surfactants or
agents so that it is simple, of low cost, is up-scalable, and is eco-
friendly. Furthermore, the adsorption strength of PDDA is
moderate on Pt surfaces, which can be removed from the Pt
surfaces more easily.>> "> More interestingly, different from the
commonly used surfactants, it is not necessary to completely
remove PDDA from the Pt surfaces,>> >’ because the
synergistic contribution of soft PDDA and hard exposed Pt
lattice facets leads to even better activity and durability toward
the oxygen reduction reaction (ORR). The PDDA decorated Pt
octahedrons exhibit about S5-fold higher oxygen reduction
kinetics and much better stability than commercial Pt black
catalysts.

2. EXPERIMENTAL METHODS

2.1. Materials. PDDA (35 wt %, average MW < 100000),
hexachloroplatinic acid (H,PtCl,-6H,0), ethanol (CH;CH,OH), S wt
% Nafion solution, and sodium borohydride (NaBH,) were purchased
from Sigma-Aldrich and used without any purification. Deionized
water (18.2 MQ, Milli-Q Corp.) was used for all the synthesis of Pt
nanocrystals. Pt black was purchased from Johnson-Matthey Corp.

2.2. Preparation of Pt Seeds. Pt seeds, whose average size is
around 2.3 nm as revealed by Figure S1 in Supporting Information,
were synthesized by a common NaBH, reduction method using
PDDA as a stabilizer. First, H,PtClg aqueous solution (100 uL, 3.8
mgp, mL™") and PDDA were dissolved in some amount of water under
vigorous stirring for 10 min. Then, freshly prepared NaBH, solution
was added at once. The reaction lasted for 2 h under stirring, resulting
in a complete reduction reaction of H,PtCl.

2.3. Synthesis of Pt Nanocrystals. The Pt nanocrystals were
synthesized under hydrothermal conditions in the presence of PDDA.
A certain amount of H,PtClg aqueous solution (10 mL) and several
milliliters of water were added into the colloid solution containing the
Pt seeds and PDDA, and stirred for ca. 30 min. The concentration of
PDDA was 60 mg mL™, 40 mg mL™, 30 mg mL™!, and 20 mg mL™L
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Then, the obtained pale yellow solution was transferred into a 50 mL
Teflon-lined stainless steel autoclave, which was sealed and maintained
at 180 °C for 12 h. After naturally cooling down to room temperature,
the product was centrifuged at 6000 rpm and washed with water and
ethanol several times, and then was freeze-dried into a black powder
for further characterization.

2.4. Physical Characterization. The samples were characterized
by different analytic techniques. X-ray powder diffraction (XRD) was
carried out on a Rigaku D/max-yA X-ray diffractometer with Cuxar
radiation (4 = 1.54178 A). Transmission electron microscopy (TEM)
and high resolution TEM (HR-TEM) images were taken with a
TecnaiG2F30 transmission electron microscope with an acceleration
voltage of 300 kV. X-ray photoelectron spectra (XPS) were recorded
on a PHI 5700 ESCA system fitted with Al,, radiation. The energy
calibration and deconvolution of XPS peaks were calculated using an
XPSpeak software.

2.5. Electrochemical Measurements. The electrochemical tests
were carried out in a three-electrode system controlled by a CHI
workstation (CHI Instruments, Inc.) with Pt foil and Hg/Hg,SO,
(0.68 V versus reversible hydrogen electrode, RHE) as the counter
electrode and reference electrode, respectively. The working electrode
was prepared by dropping 20 uL of catalyst—water ink (2 mgg .y
mL;; ") onto the ® 5 mm glassy-carbon disk electrode (Pt loading is
0.2 mg cm™2). After drying at room temperature, 10 L of 0.05 wt %
Nafion was dropped onto the catalyst surface to form a protective film,
and the as-prepared working electrode was dried under argon flow.
The working electrode was first activated in N,-saturated 0.1 mol L™
HCIO, solution by cyclic voltammetry (CV) (0.05—1.2 V at 50 mV
s') until a steady CV curve was obtained. The oxygen reduction
reaction (ORR) was measured using a rotating disk electrode in O,-
saturated 0.1 mol L™ HCIO, with linear sweep voltammetry (LSV) in
the potential from 1.1 to 0.4 V at a scan rate of S mV s™". To
investigate the durability of catalysts, the working electrode was
degraded in N,-saturated 0.1 mol L™! HCIO, by CV (0.6—1.1 V at 50
mV s~), 5000 cycles) for ca. 28 h, and the performance was tested
before and after degradation via the methods mentioned above. More
characterization details are provided in Supporting Information. All of
the tests were conducted at 25 °C with a thermostatic water bath. All
potentials mentioned were reported with respect to RHE.
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Figure 2. Schematic illustrations of (a) PDDA molecular chains and the structural formula of a PDDA monomer; (b) micelle structure at high
PDDA concentrations; (c) twisty long-chain at low PDDA concentrations; adsorbed (d) micelles with exposed amino groups; and (e) twisty long-

chain PDDA on Pt facets.

3. RESULTS

Generally, polyhedral Pt NCs are enclosed by (111) and/or
(100) facets, which govern the morphology of Pt NCs, such as
cubes, octahedrons, or icosahedrons.® '%* In this article, the
morphology of Pt NCs is controlled by the PDDA
concentration during the hydrothermal process. TEM is
employed to follow the morphology evolution of the Pt NCs
prepared by different PDDA concentrations.*’ TEM images in
Figure la—d show the morphology of Pt NCs changed from
cubes to spherical particles via truncated cubes and octahedrons
with the decrease in PDDA concentration. When the PDDA
concentration is 60 mg mL™}, cubic Pt NCs are formed. As the
PDDA concentration is reduced to 40 mg mL™' and 30 mg
mL™}, truncated cubic and octahedral Pt NCs are produced in
sequence. By the further reduction of the PDDA concentration
to 20 mg mL"', uniform spherical Pt nanoparticles are
obtained. In addition to morphology, PDDA can also modulate
the size of Pt NCs. As the PDDA concentration decreases, the
size of Pt NCs, which is uniform, decreases from 50 to 17 nm.
The shape and size variation clearly demonstrates that PDDA
can serve as an efficient capping agent and stabilizer to control
the morphology of Pt NCs. It is noteworthy that PDDA can
serve not only as a capping agent and stabilizer but also as a
reductant to synthesize the Pt NCs. Without the addition of
PDDA, only the PtO, product is obtained as revealed by XRD
and TEM (Figures S2 and S3 in Supporting Information),
indicating that PtCl;>~ could not be reduced without PDDA. In
order to get accurate lattice fringes and analyze arrangements of
facets, HR-TEM of the Pt NCs is employed to determine the
distance between two columns of atoms. Figure le and g shows
lattice fringe spacings of 0.196 and 0.230 nm, which can be
assigned to the (100) facet of Pt cubes and the (111) facet of Pt
octahedrons, respectively. Figure 1f shows lattice fringe
spacings of 0.198 and 0.228 nm, which are assigned to the
(100) and (111) facets of truncated cubic Pt NCs, respectively.
Figure 1h presents a lattice fringe spacing of 0.230 nm, which is
assigned to (111) facet of Pt particles. Moreover, as indicated
by the red arrows in Figure 1b, obvious chamferings confirm
the morphology of truncated cubic Pt NCs, an evolution of
cubes. All of these results imply that along with the PDDA

concentration decreasing, the preferential facet transforms from
Pt (100) to Pt (111).

A proposed mechanism for controlling the morphology of Pt
NCs by PDDA is illustrated in Figure 2. PDDA, a long-chain
polyelectrolyte that does not change the existing form of the Pt
precursor as revealed by the UV—vis spectra (Figure S4 in
Supporting Information), includes hydrophilic groups (pos-
itively charged amino parts) and hydrophobic groups (hydro-
carbyl parts) (Figure 2a). The polymers with hydrophilic and
hydrophobic groups, such as the poly(styrene)-b- poly(acryhc
acid) and sodium dodecyl sulfate, can form micelles,*** the
shape and size of which depend on the concentration of
polymers.***> On the basis of these results, when the PDDA
concentration is high, positively charged hydrophilic groups
move outward spontaneously to form a spherical-like micelle
structure with large amounts of amino groups exposed (Route
I, Figure 2b). In the case of low PDDA concentration, most
PDDA chains turn to be a twisty structure without particular
orientation (Route II, Figure 2c). It has been reported that
amino-ligands are preferentially adsorbed by Pt (100)
facets.”®* Therefore, lots of spherical-like structures with
copious amino groups exposed will block the growth of Pt
(100) facets and lead to the formation of more (100) facets in
the final Pt NCs, such as Pt cubes in Figure 1a, following the
Bravais law (Figure 2d) In contrast, twisty structures are not
strongly adsorbed by Pt (100) facets because the disordered
hydrocarbyl chains enclose amino groups (Figure 2e). Thus,
the final Pt NCs are made up of most Pt (111) facets due to the
minimum energy principle,*' leading to the Pt octahedrons in
Figure lc. When the PDDA concentration is moderate, a
mixture of Pt (111) and (100) facets appears, and truncated
cubic Pt NCs are formed (Figure 1b). In a very low
concentration, PDDA loses the function of a capping agent
and acts only as a stabilizer and reductant, resulting in the
formation of spherical Pt NCs (Figure 1d). Actually, our
method using PDDA as a “three in one” agent can control the
morphology of not only Pt but also Pt-based alloy NCs (Figure
SS in Supporting Information).

To further probe the crystalline facets of the prepared Pt
NCs, CVs of Pt cubes, truncated cubes, octahedrons, and
spherical particles were carried out in 0.1 mol L™ perchloric
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Figure 3. (a) Cyclic voltammograms of Pt NCs in nitrogen-saturated 0.1 mol L™" HCIO, solution at a scan rate of 50 mV s™". (b) Linear sweep
voltammograms of Pt NCs and commercial Pt black in oxygen-saturated 0.1 mol L™" HCIO, solution at 1600 rpm and a scan rate of 5 mV s™" (the
inset shows details of LSVs at 0.9 + 0.05 V). (c) Koutecky—Levich curves for Pt octahedrons at 0.7 V—0.82 V. (d) Degradation percentages of ECSA
and ORR kinetic activity of Pt NCs and Pt black after the CV durability test for 28 h.

Table 1. Kinetic Activity of Pt NCs and Commercial Pt Black for the Oxygen Reduction Reaction

kinetic current density/I;

ORR @ 0.85 V [mA mg~'p]¢

Pt cubes 50.01 1.37
Pt truncated cubes 80.00 1.95
Pt octahedrons 132.50 223
Pt nanoparticles 62.50 0.65
Pt black 35.00 041

ORR @ 0.85 V [mA cm%cg4]”

ORR @ 0.90 V [mA mg',]* ORR @ 0.90 V [mA cm 2cg,]”

10.00 0.27
16.25 0.40
22.61 0.38
12.25 0.13
9.25 0.11

“All Pt catalysts are in the same loading (0.2 mg cm™2) on the glassy-carbon electrode during tests. "ECSA is a calculated value based on profiles of
hydrogen desorption in cyclic voltammograms; all ORR kinetic activities are calculated according to the Koutecky—Levich equation.

acid (HClIO,) solution (Figure 3a). The two voltammetric
peaks (Peak I and Peak II) between 0.05 and 0.3 V are profiles
of hydrogen adsorption and desorption on the surfaces of Pt
electrodes, which correspond to different crystalline facets and
are also used to evaluate the electrochemical active surface area
(ECSA) of Pt NCs.*’ 1t is established that Peak II is correlated
with the Pt (100) facets, and thus, the intensity of Peak II
reflects the relative amount of the Pt (100) facets in the Pt
NCs.””** Apparently, the intensity of Peak II for Pt cubes (high
PDDA concentration) is higher than that of other Pt NCs
(lower PDDA concentrations). As the PDDA concentration
decreases, the intensity of Peak II decreases as well. This
observation indicates that higher PDDA concentrations induce
the formation of more Pt (100) facets, which is in accordance
with the TEM images in Figure 1. The parallel CV tests of the
Pt NCs in sulfuric acid solution (Figure S6 in Supporting
Information) also support this inference.*’

Figure 3b shows linear sweep voltammograms (LSVs) of Pt
cubes, truncated cubes, octahedrons, spherical particles, and Pt
black toward the ORR, which are carried out in oxygen-
saturated 0.1 mol L™ HCIO, solution using the rotating disk
electrode at 1600 rpm. It is revealed that the onset potential
sequence for the ORR is Pt octahedrons > truncated cubes >
particles > cubes > Pt black. To investigate the intrinsic ORR
activities, the kinetic current densities at 0.9 and 0.85 V are

14046

calculated and collected in Table 1 by using the Koutecky—
Levich equation:

1 1 1
— == 4+ =
I L I (1)
I, = 0.62nFAD* %™V ¢c o'/ @)

where I and I are the experimental and kinetic current
densities, n the transferred electron number, F the Faraday
constant (96485 C mol™'), A the geometric electrode area, D
the oxygen diffusivity (1.93 X 10~ cm® s7"),>° v the solution
viscosity (1.009 X 107 cm? s, ¢, the concentration of
dissolved O, in solution (1.26 X 107 mol cm™),*! and @ the
angular velocity of the disk. All of the Pt NCs show higher ORR
activities than commercial Pt black. In particular, the Pt
octahedrons (ca. 2.23 mA cm™>) exhibit ca. 5.4 times higher
specific activity than the commercial Pt black (ca. 0.41 mA
cm™?) at 0.85 V, which also present higher specific activity than
the state-of-the-art Pt/C catalyst.'> The mass activity of Pt
octahedrons is 132.50 mA mg™'p at 0.85 V, which is also 3.8
times higher than that of Pt black (35 mA mg 'p). As
mentioned above, the Pt octahedrons have the most (111)
facets, which are more active for the ORR than other facets in
the HCIO, solutions.*® Therefore, the Pt octahedrons are the
most active for the ORR among all of the Pt NCs. On the basis
of the Koutecky—Levich equation,”** the transferred electron
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number during the ORR is also calculated to be 3.8 and 3.1 for
Pt octahedrons (Figure 3c) and Pt black (Figure S7 in
Supporting Information), respectively. This result means that
oxygen is mainly reduced via a four-electron process on Pt
octahedrons, whereas Pt black presents a more two-electron
process, which is not favored for the ORR.>*

The durability of the Pt NCs is studied by the accelerated
aging test in the potential range of the formation and reduction
of Pt oxides (0.6—1.1 V).*” Figure 3d shows the degradation of
ECSA and kinetic ORR activity of the Pt NCs and Pt black in
the durability tests according to the CV results (Figure S8 and
Table S1 in Supporting Information). All of the Pt NCs present
higher stability than Pt black. Especially, Pt cubes, which are
prepared by the highest PDDA concentration, exhibit the best
stability. This result implies that the absorbed PDDA can
protect Pt NCs from electrooxidation and dissolution, thus
leading to higher durability since the electrooxidation and
dissolution are regarded as the dominating reason for the
degradation of Pt ORR catalysts.”> Actually, the regulating of
electronic properties of Pt by PDDA also improves the stability
of the Pt NCs, which will be discussed below.

XPS is employed to detect the electronic interaction between
Pt and PDDA. The full XPS spectra (Figure S9 in Supporting
Information) confirm the presence of Pt and N elements, which
indicates that PDDA is definitely absorbed on the surfaces of Pt
NCs. Figure 4a gives a relatively obvious peak of N 1s in Pt
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Figure 4. (a) N Is region, (b) Pt 4f region, and (c) deconvolutions of
XPS spectra of Pt NCs and commercial Pt black.

cubes, which comes from PDDA and is due to the highest
PDDA absorption during the synthesis. Figure 4b shows the
detailed Pt 4f spectra, from which the PDDA concentration
apparently affects the binding energy of Pt. The Pt cubes
prepared by the highest PDDA concentration exhibit the most
positive shift of the binding energy. This shift is most likely due
to the electron transfer from Pt to N,>° which facilitates the
ORR process,“”57 decreases the oxidation degree of Pt,*” and

enhances the durability.>® From the deconvoluted XPS results
(Figure 4c), the Pt NCs contain more Pt (0) and less Pt (II) or
Pt (IV) (Table S2 in Supporting Information), which should be
due to the electronic effects and reducibility of PDDA.

4. CONCLUSIONS

In summary, we develop a general strategy to prepare Pt
nanocrystals with specific facets by using PDDA as a “three in
one” agent in a facile hydrothermal process. The key to this
synthesis is the morphology transformation of PDDA at
different concentrations, which presents a spherical-like micelle
structure or twisty long-chain structure at high or low
concentrations, respectively. By modulating the PDDA
concentration, well-defined cubic, truncated cubic, and
octahedral Pt nanocrystals can be obtained with sizes tunable
from ca. 17 nm to ca. 50 nm. These Pt nanocrystals show
higher activity and stability toward the oxygen reduction
reaction, which can be attributed to the synergistic contribution
of the optimized Pt facets and the decorative PDDA that can
mitigate the electrooxidation and dissolution and modulate the
electronic structures of Pt nanocrystals. Our developed method
can be extended to other metal or alloy nanocrystals with high
electrochemical performance.
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