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ABSTRACT

Systematic control of grain boundary densities in various platinum (Pt) nanostructures was achieved by specific peptide-assisted
assembly and coagulation of nanocrystals. A positive quadratic correlation was observed between the oxygen reduction reaction (ORR)
specific activities of the Pt nanostructures and the grain boundary densities on their surfaces. Compared to commercial Pt/C, the
grain-boundary-rich strain-free Pt ultrathin nanoplates demonstrated a 15.5 times higher specific activity and a 13.7 times higher
mass activity. Simulation studies suggested that the specific activity of ORR was proportional to the resident number and the
resident time of oxygen on the catalyst surface, both of which correlate positively with grain boundary density, leading to improved

ORR activities.
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1 Introduction

Platinum (Pt)-based nanocatalysts have attracted intensive
interest due to their promising applications in clean energy
industries [1-7]. Particularly Pt-based nanomaterials have been
considered as the most effective catalyst for oxygen reduction
reaction (ORR) and are employed widely in proton exchange
membrane fuel cell applications [8-13]. However, widespread
commercial applications are constrained by the sluggish reduction
kinetics of the cathodic ORR and the high cost of the Pt catalysts
[14]. It has been demonstrated that the performance of catalysts
strongly depends on the surface structures [15-20]. In particular,
previous studies demonstrated that the catalytic structures rich
in grain boundaries usually exhibit high catalytic activities,
such as ORR, CO: reduction reaction (CO:RR), and methanol
oxidation reaction (MOR) [13, 21-24]. The grain boundaries
can be developed inside polycrystalline crystals, but the density
is usually scarce because of the consequent lattice distortion
induced instability [25, 26]. On the other hand, abundant grain
boundaries can be generated through the assembly of nano-
crystals [27, 28]. To this end, biomimetic methods have been
shown effective in guiding various assemblies taking examples
from nature. With the help of biomolecules such as peptides,
nanostructures rich in grain boundaries can be produced
and regulated under rational design [27, 29-35].

Here we explored the assembly and coagulation of small Pt

nanocrystals with the assistance of Pt-surface specific peptides to
create grain-boundary-rich nanostructures. A positive quadratic
correlation between the specific activity (SA) in ORR and the
grain boundary density was observed among these Pt nano-
structures. Impressively, the Pt ultrathin nanoplate exhibited
much higher SA and mass activity (MA) in ORR compared to the
commercial Pt/C and even some of the Pt alloys. Simulation
studies indicated the superior ORR activities could be attributed
to both the higher occurrence and the longer residence time
of oxygen on the surface rich in gain boundaries.

2 Experimental

Pt nanoplates were synthesized under aqueous conditions
and at room temperature in the presence of T7 peptide (Ac-
TLTTLTN-CONHS,) [27, 32, 36]. In a typical synthesis, H,PtCls,
T7 peptide, AICL;, and H.O were premixed in a reaction vial.
The ascorbic acid solution was first introduced into the vial,
followed by the injection of NaBH. solution. The final pro-
ducts were collected after 30 min. Please see the Electronic
Supplementary Material (ESM) for experimental details.

Pt nanowires and Pt single-grain-boundary nanocrystals were
synthesized under aqueous conditions and room temperature
in the presence of BP7A peptide (Ac-TLHVSSY-CONH-)
[35-38]. H2PtCls, KoPtCls, BP7A peptide, and ascorbic acid were
mixed with water. The mixed solution was stirred or vortexed,
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followed by the injection of NaBH. solution. The products
were collected after 30 min of reaction. The Pt nanowires were
obtained by 3,000 rpm vortex of the solution. The Pt single-
grain-boundary nanocrystals were obtained with a reduced
concentration of BP7A peptide. Please see the ESM for the
experimental details.

3 Results and discussion

Pt ultrathin nanoplates, Pt nanowires, and Pt single-grain-
boundary nanocrystals were synthesized with different densities
of grain boundaries assisted by various specific peptides. The
formation of Pt nanoplates and Pt nanowires was achieved
through self-assembly of as-synthesized small Pt nanocrystals.
Such assemblies generated abundant grain boundaries in
the assembled structure with the thickness of the nanoplate/
nanowire approaching the size of individual nanometer-sized
grains (Figs. S1 and S2 in the ESM). Transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) revealed
that the Pt nanoplates exhibited 65 + 9 nm edge lengths and
3.5 + 0.1 nm plate thickness (Figs. 1(a) and 1(b)), while the Pt
nanowires had an average diameter of 4.4 + 0.3 nm (Figs. 1(c)
and 1(d)). The Pt single-grain-boundary nanocrystals were
4.9 + 0.9 nm in diameter with a grain boundary intersecting
the nanocrystal (Fig. 1(e)). In comparison, the current state-

Figure 1 TEM and HRTEM images of nanostructures with different
morphology and grain boundary densities. (a) TEM and (b) HRTEM of
ultrathin Pt nanoplates. The inset of (a) is the side view of a nanoplate,
and the scale bar is 2 nm. The inset of (b) is the FFT of (b), indicating the
nanoplate is rich in grain boundaries. (c) TEM and (d) HRTEM of a Pt
nanowire. (¢) HRTEM of Pt single-grain-boundary nanocrystals. (f) HRTEM
of commercial Pt/C. The grain boundaries in (b), (d), and (e) are marked
with yellow lines for clarity.
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of-the-art commercial Pt/C catalyst is 3.2 + 0.8 nm in diameter
and free of grain boundaries (Fig. 1(f)).

To investigate the relationship between the ORR activities
and the density of grain boundaries, the ORR performances
of these Pt nanostructures were evaluated in comparison with
the grain-boundary-free commercial Pt/C catalyst. As shown
in the polarization curves (Fig. 2(b)), the onset potential of the
Pt nanoplate was ~ 0.99 V (all potentials reported here were
versus the reversible hydrogen electrode (RHE)). It was higher
than the ~ 0.96 V onset potential of the rest (Fig. 2(b)), indicating
a higher ORR activity of the nanoplate. The electrochemical
surface areas (ECSAs) displayed in Fig. 2(c) were estimated by
measuring the charge associated with under potential
deposition of hydrogen (see ESM for calculation details) in the
cyclic voltammograms (Fig. 2(a)). The nanoplates had ultra-
thin two-dimensional (2D) morphology with rough surfaces,
showing an ECSA of 59.55 m?/gp.. The Pt nanowire exhibited
an ECSA of 42.56 m?*/gp. The commercial Pt/C with a small size
(3.2 + 0.8 nm in diameter) exhibited an ECSA of 65.33 m*/gp,,
while the Pt single-grain-boundary nanocrystal with a larger size
(5.2 £ 0.9 nm in diameter) exhibited an ECSA of 43.54 m*/gp:.
The SAs and the MAs of the Pt nanostructures at 0.9 V were
compared (Figs. 2(d) and 2(e)). Pt nanoplates showed the
highest SA of 5.76 mA/cm® and the highest MA of 3.43 mA/ugp,
among all the samples. In comparison, Pt nanowires showed
a SA of 0.85 mA/cm* and a MA of 0.36 mA/ugp; Pt single-
grain-boundary nanocrystals showed a SA of 0.75 mA/cm’
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Figure 2 ORR performance of Pt nanostructures with grain boundaries.
(a) The cyclic voltammograms and (b) ORR polarization curves. (c) ECSA of
different nanostructures. (d) SAs and (e) MAs of different nanostructures.
(f) The quadratic relationship between ORR SAs and the grain boundary
densities. S-GB stood for single-grain-boundary. Samples with (Sim.) indicated
those data were generated from the simulation.
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and a MA of 0.32 mA/ugp. Overall all of the synthesized Pt
nanostructures showed higher ORR activities than those of
the grain-boundary-free commercial Pt/C (SA: 0.38 mA/cm?,
MA: 0.25 mA/puge) (Table S1 in the ESM). Impressively, the
ORR activity of Pt nanoplate was even better than some of the
Pt-alloys (Table S2 in the ESM).

It was worth noting that no noticeable strain was observed
in the grain-boundary rich Pt nanoplate when compared to
bulk (extended X-ray absorption fine structure (EXAFS), Fig. S5
in the ESM). Hence the pronounced ORR activity is unlikely
the result of strain effect as reported before [11].

As these assembled nanostructures were all made of Pt
nanocrystals and there was no strain observed among the
assembled nanostructures, we attribute the difference observed in
ORR SAs to the varied grain boundary density expressed on
the surface of these Pt nanostructures. Schematic models were
established to estimate the grain boundary densities in different
morphology of the nanostructures (Figs. S1-S3 in the ESM).
The grain boundary densities of ultrathin Pt nanoplates
(0.584 nm™), Pt nanowires (0.172 nm™), Pt single-grain-
boundary nanocrystals (0.204 nm™) and commercial Pt/C
(0 nm™) were obtained from the calculations of experimental
data (see ESM for calculation details). The ORR SAs were then
plotted versus the grain boundary densities. We note there
the SA for single-grain-boundary nanocrystals was corrected
to reflect grain boundary specific SA (see ESM for details).
A positive quadratic correlation was observed and fitted as y =
15.69 x* + 0.38, where y is the SA in mA/cm’® and x is the grain
boundary density in nm™ (Fig. 2(f)). The result clearly indicated
that the structures with more grain boundaries exhibited higher
activities towards ORR.

To understand the role grain boundaries played in enhancing
ORR activities, molecular dynamics simulations were performed
to analyze the oxygen residence on the surfaces on the
molecular scale. We employed large-scale atomic/molecular
massively parallel simulator (LAMMPS) [39] and the
INTERFACE force field (IFF) that cover parameters for inorganic
and organic compounds, based on a classical Hamiltonian and
thermodynamically consistent Lennard-Jones (LJ) parameters
for face-centered cubic (FCC) metals [40, 41] and gas molecules
(see ESM for computational details). Slab models were built to
represent Pt {111} single nanocrystal surfaces (Fig. 3(a)), and
Pt nanocrystal surfaces with grain boundaries including one-
dimensional (1D) Pt nanowires (Fig. 3(c)) and two-dimensional
(2D) Pt nanoplates (Fig. 3(e)), and then the models were relaxed
to reach a stable state. 88 oxygen molecules were then placed
into each lattice of the model to examine their residence.
Oxygen molecules with neighboring platinum atom within
3.5 A distance were regarded as a resident molecule (see ESM
for analysis details). The simulation time was 55 ns, and the
spatial distribution of oxygen molecules reached stable equi-
librium for all three Pt structures in less than 10 ns (Fig. S6(a)
in the ESM).

After the oxygen molecules reached a stable residence
equilibrium (10 to 55 ns), the average number of oxygen molecules
resident on the surface of grain-boundary-rich nanowires and
nanoplates was (0.154 + 0.039)/nm? and (0.147 + 0.032)/nm?
respectively, which was 2.24 and 2.14 times higher than the
average number of (0.069 + 0.017)/nm? oxygen molecules
resident on the single-crystal surface (Fig. 3(b)). The resident
time of the oxygen on the surface for each oxygen molecule
was given in Fig. S6(b) in the ESM. On average, the resident
time for oxygen on the surface of grain-boundary-rich nanowires
and nanoplates was 4.37 and 8.77 ns respectively, which was
3.50 and 7.02 times of the 1.25 ns for an oxygen resident on
the single-crystal surface (Fig. 3(d)). The results indicated that

iw

(a) (

0.15

0.10

0.05

Avg. resident number (nm2) &

—

0.00
Pt {111} Nanowire Nanoplate

—
2
=

o
Z

Avg. residenct time (ns)
(-] N £ -3 -]

Pt {111} Nanowire Nanoplate

(e) 0}

Avg. resident number (nm~
x Avg. resident time (ns)
=] -

Pt {111} Nanowire Nanoplate

Figure 3 Oxygen residence on different Pt surfaces with and without
grain boundaries from the simulation. Slab lattices were built for Pt {111}
surface free of grain boundary (a), Pt nanowire rich in grain boundaries
(c), and Pt nanoplate rich in grain boundaries (e). The representative
snapshots were in VDW representation with the periodic boxes indicated.
Water molecules are hidden for visual clarity. (b) The average number of
oxygen molecules resident on Pt surfaces in different structures. (d) The
average residence time of oxygen molecules on Pt surfaces in different
structures. (f) The product of the average oxygen resident number and the
average oxygen resident time in different structures.

the grain boundary could dramatically enhance the chance
and the lifetime of the oxygen residence, thereby improving
the ORR activity. The coordination number of the atoms at the
grain boundaries was relatively low and the atom arrangement
was highly disturbed due to the disruption of the periodicity.
As a result, compared to a perfect single crystal surface, the
residence of oxygen molecules was more accessible, and the
residence time was longer at these grain boundary sites.

To further understand the roles of the oxygen residence on
ORR SA, we examined the ORR SA that is expressed in the
Arrhenius equation as

K,

SA=Ae’T
Where R was the gas constant, T was the temperature, E. was
the activation energy and A was the preexponential factor. E.
was suggested to vary little in the ORR on different Pt surfaces
[42, 43]. If this is also the case here, then the preexponential
factor A should determine the SA. As A is generally thought to
relate to the local concentrations of reactants [42], we suggest
herein that A will be proportional to both the resident number
and the resident time of oxygen on the Pt surface. Indeed, the
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multiplication of the average resident number and the average
resident time of oxygen on the surfaces of different structures
resulted in 7.86 and 15.02 times enhancement of oxygen
residence on grain-boundary-rich nanowires and nanoplates,
respectively, compared to that of the single-crystal surface
(Fig. 3(f)). Taken that the SA of single-crystal Pt/C is 0.38 mA/cm?,
and therefore we estimate the theoretical SAs for simulated
nanoplates and nanowires to be 5.78 and 3.02 mA/cm?
respectively. The estimated theoretical SAs and the simulated
grain boundary densities (nanoplate: 0.601 nm™ and nanowire:
0.404 nm™) (Fig. S4, see ESM for calculation details) fitted
nicely with the experimental plot we achieved (Fig. 2(f)). This
suggested that the ORR SA on the strain-free grain-boundary-
rich surface was proportionally enhanced by higher oxygen
resident number and longer oxygen resident time, which likely
correlates to higher oxygen concentration around the grain
boundaries.

On the other hand, grain boundaries may favor the oxidation
of Pt and negatively impact the durability of the catalysts [44].
Indeed, a strong oxidation peak was observed in the EXASF
for Pt nanoplates (Fig. S5 in the ESM). And after the 30 K
durability test, Pt nanoplates showed a larger percentage drop
in MA than that of the commercial Pt/C (Figs. S5(a) and S7 in
the ESM). This issue can be however circumvented by lining
the grain boundaries with Pd (Fig. S8 in the ESM), where the
Pt oxidation peak was found greatly suppressed in Pd-doped
Pt nanoplates (Fig. S5(b) in the ESM), leading to much better
durability [27].

4 Conclusions

In summary, we synthesized different Pt nanostructures with
different densities of grain boundaries with the assistance
of specific peptides. The ORR SAs of these structures
demonstrated a positive quadratic correlation with the exhibited
grain boundary densities. With abundant grain boundaries,
Pt ultrathin nanoplates exhibited greatly improved ORR SAs
compared to commercial Pt/C. Pt nanoplates demonstrated
a 15.5 times higher SA and a 13.7 times higher MA in ORR
compared to Pt/C. It represented the highest activity
enhancement of Pt-only catalysts over commercial Pt/C to date,
without the use of lattice strain. Molecular dynamics simulation
indicated the ORR SA was proportional to the oxygen resident
number and the oxygen resident time on the catalyst surface,
and both of them were greatly enhanced by the grain boundaries,
leading to higher ORR activities.

Coupled with EXASF studies, we also showed that although
grain boundaries led to oxidation of Pt and hence inferior
stability, this problem can be addressed by suppressing Pt
oxidation through depositing Pd along grain boundaries, leading
to much-improved catalysts stability.

Collectively, this work demonstrated a systematic and
rational control over the grain boundaries by biomimetic
methods and quantified the impact of the grain boundaries on
the ORR activity on Pt surfaces, which provided a feasible and
new route to improve ORR activities via structural design
without inducing strain.
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