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ABSTRACT: Extensive macroscale two-dimensional (2-D) plati-
num (Pt) nanowire network (NWN) sheets are created through a
hierarchical self-assembly process with the aid of biomolecular
ligands. The Pt NWN sheet is assembled from the attachment
growth of 1.9 nm-sized 0-D nanocrystals into 1-D nanowires
featuring a high density of grain boundaries, which then
interconnect to form monolayer network structures extending
into centimeter-scale size. Further investigation into the formation
mechanism reveals that the initial emergence of NWN sheets
occurs at the gas/liquid interfaces of the bubbles produced by
sodium borohydride (NaBH4) during the synthesis process. Upon
the rupture of these bubbles, an exocytosis-like process releases
the Pt NWN sheets at the gas/liquid surface, which subsequently
merge into a continuous monolayer Pt NWN sheet. The Pt NWN sheets exhibit outstanding oxygen reduction reaction (ORR)
activities, with specific and mass activities 12.0 times and 21.2 times greater, respectively, than those of current state-of-the-art
commercial Pt/C electrocatalysts.
KEYWORDS: nanowire network sheet, hierarchical assembly, surface tension, peptide, electrocatalyst

Morphology and shape anisotropy are critical factors
influencing material properties, requiring precise
control in the field of chemical sciences.1−8 The

synthesis of one-dimensional (1-D) and 2-D anisotropic
nanostructures has attracted considerable attention in
fundamental research, revealing desired properties and
functionalities for a variety of applications.9−18 The synthesis
of an anisotropic nanostructure could be achieved through
crystal growth originating from a seed.19 Nevertheless, for
metal nanoparticles, due to the high symmetry associated with
the cubic lattice adopted by the majority of metals, inducing
anisotropic growth from seed during colloidal synthesis
remains a challenge.20 An alternative approach for synthesizing
these anisotropic nanostructures is through the assembly of
nanoscale building blocks,21 where biomolecules may serve as
effective ligands due to their highly specific surface recognition
properties.10,22 By assembling nanometer-scale building blocks,
large-scale structures on the order of micrometers and beyond
can be created,23−27 displaying pronounced anisotropy.
Meanwhile, the performance of nanocatalysts is closely linked
to their morphology28−31 and surface structures,28−30,32−34

both of which are heavily influenced by the anisotropy.35−37

Current commercial electrocatalysts rely mostly on 0-D
nanocrystals, but studies show that anisotropic 1-D and 2-D
nanostructures can enhance catalytic activity due to structural
anisotropy and improved surface utilization,35,38−41 where
these highly anisotropic assembled nanostructures can find
their contributions.

RESULTS AND DISCUSSION
Synthesis and Characterization of the Platinum (Pt)

Nanowire Network (NWN) Sheet. In this study, we present
a facile and ecofriendly method for synthesizing ultrathin
sheets of Pt NWNs using a bioinspired surfactant, the BP7A
peptide (Ac-TLHVSSY-CONH2). The BP7A peptide was
identified through the phage display technique as an effective
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binding agent for multigrain Pt wire surfaces.36,42 A typical
synthesis was carried out at room temperature (20 °C) in an
aqueous solution containing 120 μg/mL of BP7A. (See details
in the Experimental Methods section.) A precursor of 1 mM
chloroplatinic acid hydrate (H2PtCl6) was mixed with the
solution, followed by the addition of 5 mM ascorbic acid
(C6H8O6) and 1.6 mM sodium borohydride (NaBH4) as the
reducing agents. A magnetic stir bar was employed with an
initial stirring rate of 1500 rpm on the injection of NaBH4 to
ensure fast sufficient mixing. After 5 s, the stirring rate was
reduced to 300 rpm. After 30 min, an extended sheet (up to
centimeter scale) of nanowires was observed floating at the
surface of the solution (Figure S1). The sheets were then
transferred onto a silica wafer or a carbon-film grid for
characterization by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM), respectively. The
combination of both imaging techniques revealed that the
extended sheets were comprised of uniform monolayer of
nanowire network structures (Figure 1a−d), which was hence
termed a NWN sheet (Figure 1a−d). High-resolution TEM
(HRTEM) show that Pt NWN comprised small Pt nanograins
with an average size of ∼1.9 ± 0.1 nm (from 50 random sites
examined) with abundant grain boundaries (Figure 1e),
consistent with previous studies.36,43 The nanowires formed
networks that extended from nanometers to micrometers and
all the way to centimeter scale (Figure S1). The images also
reveal that the NWN sheet is composed of only a monolayer of
Pt NNW, whose thickness is at the same scale of the size of the
Pt nanograins, leading to an extra high aspect ratio (sheet
length/sheet thickness) exceeding 107, highlighting the high
anisotropy of the synthesized structure.
It was found that peptide BP7A played an important role in

the self-assembly process. BP7A was previously selected to
display specific binding affinity to grain boundaries of Pt
crystals and subsequently used to promote the attachment
growth from 0-D Pt nanocrystals into 1-D Pt nanowires
(Figure S2a).36,37,43 During the synthesis and assembly process

of the ultrathin Pt NWN sheets, we found that the
concentration of BP7A played a crucial role in the morphology
of the formed nanowires. When a proper concentration of
BP7A (120 μg/mL) was used, most of the 0-D nanocrystals
selectively attach head to toe to form 1-D Pt nanowires, with a
portion of the nanocrystals attached to the sides of the existing
nanowires forming branches and connecting nanowires into a
network structure (Figure S2b). When the BP7A concen-
tration was reduced to 20 μg/mL, insufficient binding on the
nanocrystals can lead to formation of multipod clusters and
agglomeration. (Figure S2c). Conversely, when the BP7A
concentration was increased to 400 μg/mL, excessive binding
of the peptide to the ends of the nanowires obstructed the
available sites for Pt nanocrystal attachment, resulting in the
formation of short, disconnected nanowires instead of an
interconnected, extensive nanowire network (Figure S2d).

Surface Tension Pins NWN at the Gas/Liquid Inter-
face. This 2-D monolayer NWN sheet structure stood out due
to its confinement at the gas/liquid interface, where we believe
the surface tension played an important role. Water, a solvent
with one of the highest surface tensions, was used in the Pt
NWN sheet synthesis, which contributed to the high surface
tension. This was notably different from other commonly used
solvents such as N,N-dimethylformamide (DMF), which
exhibited lower surface tensions (Figure S3). Additionally,
the synthesis of the Pt NWN sheet was carried out at room
temperature and atmospheric pressure. This approach is in
stark contrast to conventional hydrothermal and solvothermal
methods, which necessitate elevated temperature and pressure
conditions, consequently leading to a substantial reduction in
solvent surface tension.44 More importantly, the BP7A peptide
employed in the synthesis exerts minimal influence on the
solvent surface tension, even at concentrations up to 500 μg/
mL. This observation contrasts with traditional surfactants,
such as hexadecyltrimethylammonium bromide (CTAB),
which are known to significantly reduce the surface tension
of solvents (Figure 1f). The preserved high surface tension at

Figure 1. Surface tension stabilization of a monolayer Pt nanowire network (NWN) sheet at the gas/liquid interface. (a−c) Representative
SEM images show the monolayer NWN sheet under different magnifications. (d) A representative TEM image reveals the nanowires
comprising the monolayer network. (e). A representative HRTEM image shows the grain boundaries marked with yellow lines, with the inset
showing the fast Fourier transform (FFT) of the image. (f) Surface tension of water with different concentrations of BP7A and CTAB at 20
°C. (g) Schematic representation of a nanowire pinned at the gas/liquid interface. (h) Static contact angle measurement and (i) dynamic
contact angle measurement of a 120 μg/mL peptide BP7A solution on a Pt-NWN-sheet-coated silica wafer.
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the water/gas interface then led to the pinning and
preservation of the Pt NWN at the interface (Figure 1g).
This distinguishing characteristic sets the Pt NWN sheet
synthesis apart from other methods.
The role of surface tension in pinning and maintaining the

Pt NWN structure at the water/gas interface was further
analyzed. The surface tension of a BP7A solution (120 μg/mL)
was measured as γLG = 68.64 mN/m by the Wilhelmy plate
method. (See details in the Experimental Methods section.)
The ultrathin feature of the nanowires (diameter D ≈ 1.9 nm)
resulted in a very small Eötvös number:

= · ·E g D( ) / 10o Pt water LG
2 11

where ρPt = 21.4 g.cm−3 denotes the density of Pt, ρwater = 1
g.cm−3 denotes the density of water, and g = 9.8 m.s−2 is the
gravitational acceleration. Because Eo ≪ 1, the gravity and
buoyancy forces can be ignored in comparison to the surface
tension. To account for thermodynamic considerations, the
energy reduction from surface tension (ΔG) was compared to
the thermal motion energy (kT) for a nanowire with radius R,
length L, contact angle θ, and surface tensions γSG (solid/gas),
γLG (liquid/gas), and γSL (solid/liquid), as illustrated in Figure
1g. The energy reduction by surface tension is given by

= · · · = · ·G A A A A A( )SG SL LG SG SL LG2 2 1 2 1

which, after combining with Young’s equation,45 γSG = γSL +
γLG·cos θ, becomes

= · · ·G A A( cos )LG LG2 1

Upon combining with the geometry relations, A1 = L·(2R·sin
θ) and A2 = L·R·(2θ), we get

= · · · · · · ·

= · · · ·

G L R L R

L R

2 cos 2 sin

2 ( cos sin )
LG LG

LG

where R = 0.95 nm and γLG = 68.64 mN/m. The static contact
angle between the solution and Pt NWN sheet coated SiO2/Si
wafer (see details in the Experimental Methods section) was
measured as θ = 0.16π (Figure 1h). Therefore

= × ·G L5.38 10 (J/nm)21

At room temperature (20 °C), kT = 4.04 × 10−21 J. ΔG
becomes <−10kT, when L > 7.51 nm. This indicates that after
assembling the first four nanocrystals (each ca. 1.9 nm), the
surface tension can stabilize the nanowire on the gas/liquid
interface over the Brownian motion. The stabilization or
pinning of the Pt NWN at the liquid/gas interface increases
with growing nanowire length; e.g., a nanowire consisting of 40
nanocrystals reaches L > 75.09 nm and ΔG < −100kT, and the
Pt NWN becomes irreversibly pinned at the interface.46

Moreover, to eliminate the effect of time, evaporations, and
local inhomogeneities on the surface tension, dynamic contact
angles were measured (Figure 1i), where the advancing angle
θa = 0.24π, and the receding angle θr = 0.11π provided the
upper and lower limits of the true contact angle. According to
the dynamic contact angle measurements, the minimal
assembly length to achieve stable interface pinning (ΔG <
−10kT) is 2.3 nm −22.82 nm, and the minimal assembly
length to reach irreversible interface pinning (ΔG < −100kT)
is 23.0−228.2 nm. (See details in the Experimental Methods
section.)

Role of Bubbles in the Formation of Pt Monolayer
NWN Sheets. We found that the formation of large,
interconnected NWNs on liquid surfaces was facilitated by
the generation of gas bubbles during the reaction, which
rupture at the solution surface through a mechanism
reminiscent of exocytosis (Figure 2). Specifically, upon the
addition of NaBH4 to the solution, a substantial number of gas
bubbles were rapidly generated as a result of the following
reaction: NaBH4 + 2H2O → NaBO2 + 4H2 (Figure 2a,b). The
generation of abundant small bubbles dramatically increased
the surface area of the gas−liquid interface to favor the
formation of 2-D interfacial assemblies. NWN sheets were
formed at the gas/liquid interfaces of these bubbles, as
depicted in Figure 2b,f(2). When a bubble emerged to the top
of the solution, it ruptured, and the NWN sheet resting on the
bubble surface was released to the solution surface like
exocytosis (Figure 2c,f(3)). Circular vestiges remained in the
final NWN sheet, indicating that the NWN sheet originated
from the bubbles and fused into a cohesive piece at the liquid
surface (Figure 2d,f(4)). Artificially breaking the fused NWN
sheet revealed the integrity and continuity of the intercon-
nected network as a cohesive whole, as demonstrated by the

Figure 2. The NWN sheet formation mediated by bubbles. (a) Bubbles generated during the synthesis process. (b) NWN sheets developed at
the gas/liquid interfaces of bubbles. (c) An NWN sheet developed in a single bubble was released after the bubble ruptured on the liquid
surface. The inset is the bubble before rupturing with a 1 mm scale bar. (d) Vestiges of the NWN sheets remained in the final fused NWN
sheet, originating from the bubbles. (e) Artificially breaking the final NWN sheet in (d) showed neat fractures not related to the circular
vestiges, indicating that the final NWN sheet was a whole piece. (f) Schematics showing how the monolayer NWN sheet formed at the
bubble interfaces and then released to the liquid/gas surface.
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neat fracture edges that did not follow the circular vestiges left
by the bubbles (Figure 2e, Figure S4). Furthermore, we found
that a flat liquid surface was crucial for the uniform distribution
of bubbles, which, in turn, enhanced their ability to efficiently
rupture and release the NWNs from the bubble to the surface
(Figure S5).
The bubble-mediated assembly mechanism guaranteed a

self-limiting monolayer assembly at the liquid surface. It was
observed that a bubble could not rupture and release NWN
beneath another existing NWN sheet on the solution surface.
In such cases, the pre-existing NWN sheet acted as a
suppressor that prevented the bubbles from contacting the
air and ultimately hindering its rupture (Figure 3a−d).47 This

prevented the formation of multiple layers of the NWN sheet
and promoted the development of a uniform monolayer
structure. We also observed that although irregular Pt
nanowire aggregates did form in the solution, they precipitated
to the bottom of the solution under gravity (Figure 3e−g). At a
higher concentration of NaBH4 (8 mM), the Pt nanocrystal
formation and assembly rates were accelerated, resulting in
more irregular aggregations due to the lack of time to assemble
on the bubble/solution interface. While the majority of the
agglomeration precipitated to the bottom, some isolated small
aggregates might appear in the NWN sheet at the liquid
surface, possibly due to Brownian motion (Figure S6).

Superior Electrocatalytic Performance Rising from
the Anisotropic Hierarchical Structure. Pt-based nanoma-
terials have exhibited exceptional performance in electro-
catalytic applications,48−54 such as oxygen reduction reaction
(ORR)32,38,55−58 and hydrogen evolution reactions
(HER).59,60 However, challenges persist arising from sluggish

oxygen reduction kinetics and high catalyst costs.33,61 The Pt
NWN sheet, as a hierarchical anisotropic assembly, offered
many benefits as an effective electrocatalyst. First, the
nanowires contained abundant grain boundaries served as
active catalytic sites.36,62,63 Second, unlike long-chain polymers,
the peptides in NWN sheets were short and readily
removable.64,65 Third, the NWN sheets could be easily
transferred layer by layer onto a rotation-disk electrode,
thereby forming a stacking structure (Figure S7). This enabled
the use of plasma to generate a cleaner surface in NWN sheets
apart from annealing for powders.66−68 Lastly, the structured
nanowires featured uniform gaps, ensuring total catalytic site
exposure and numerous contact points with neighboring
surfaces (Figure 4a,b). These features resulted in the Pt
NWN sheets exhibiting superior activity and stability in
reactions such as the ORR and HER.
Upon synthesis, the NWN sheet was transferred onto the

surface of a rotating disk electrode made of glassy carbon and
subsequently underwent H2/O2 plasma treatment. The
electrocatalytic performance of the Pt NWN sheet was
assessed in comparison to annealed Pt NWN-fragment
(NWN-f) supported on Vulcan XC-72 carbon (denoted as
NWN-f/C, Figure S8) and the state-of-the-art commercial
Johnson Matthey (JM) Pt/C catalyst. (See details in the
Experimental Methods section.) Cyclic voltammograms and
polarization curves for the ORR were recorded for NWN
sheet, NWN-f/C, and Pt/C (Figure S9a,b). The onset
potential of the Pt NWN-f/C and NWN sheet was
approximately 0.99 and 0.98 V, respectively [all potentials
reported herein are with respect to the reversible hydrogen
electrode (RHE)]. Both values exceeded the onset potential of
Pt/C, which was approximately 0.96 V, indicating greater ORR
activities resulting from the abundant grain boundaries present
in the NWN sheet and NWN-f/C.36,62 Electrochemical surface
areas (ECSAs) in Figure 4c were determined by measuring the
charge associated with the underpotential deposition of
hydrogen in the cyclic voltammograms (Figure S9a). (See
details in the Experimental Methods section.) Compared to
the 67.57 m2/gPt ECSA of commercial Pt/C with a diameter of
approximately 4−5 nm, the A NWN sheet was a 2-D
monolayer that consists of 1-D nanowires with a thickness of
∼1.9 nm, demonstrating the highest ECSA of 121.68 m2/gPt.
In comparison, NWN-f/C showed an impressive ECSA of
102.45 m2/gPt. The lower ECSA observed in the NWN-f/C
implied that some surface sites in the material were
inaccessible, which may be attributed to incomplete surface
cleaning and significant blockage caused by the overlapping of
NWN fragments on the carbon. As depicted in Figure 4d and
Figure 4e, at 0.9 V, the specific activity (4.44 mA/cm2) and
mass activity (5.30 mA/μgPt) of the Pt NWN sheet were,
respectively, 12.0 and 21.2 times higher than those of
commercial Pt/C (specific activity 0.37 mA/cm2, mass activity
0.25 mA/μgPt). Furthermore, both the specific and mass
activities of the NWN sheet surpassed those of NWN-f/C
(specific activity 2.36 mA/cm2, mass activity 2.38 mA/μgPt),
which could be attributed to the clean surface and the superior
contact of the NWN sheet with the electrode (Figure 4a,b).
Impressively, the ORR activity of the Pt NWN sheet even
outperformed that of some state-of-the-art Pt alloys (Table
S1).
In addition, the accelerated durability test (ADT) results

revealed that even after 15,000 cycles, the NWN sheet retained
a mass activity of 3.56 mA/μgPt at 0.9 V, which was still 21.3

Figure 3. Bubble-mediated self-limiting monolayer assembly of
NWN sheet at the liquid surface. (a) Schematics showing bubble
rupture only occurring at surfaces without existing NWN sheet.
(b,c) Bubbles underneath the liquid surface suppressed by the
existing NWN sheet layer, preventing them from rising and
rupturing. (b) Dark-field optical microscopy (OM) top view
image. (c) Bright-field side view image. (d) A bubble without
NWN sheet suppression floating above the liquid surface. (e,g)
Irregular nanowire agglomeration formed outside the gas/liquid
interface were not carried by the bubbles and precipitated.
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times higher than that of Pt/C (mass activity of 0.16 mA/μgPt
at 0.9 V after 15,000 cycles) (Figure 4f). It is well established
that carbon-supported nanocatalysts exhibit enhanced stability
due to strong metal−support interactions.69−71 The NWN
sheet, however, was support-free, yet its mass activity drop in
percentage after 15,000 cycles was comparable to Pt/C, with
approximately 65% activity retained. The excellent stability can
be attributed to the abundant interconnections among
neighboring NWN sheet layers and the NWN sheet/electrode
interface. In contrast, NWN-f, which was drop-coated onto an
electrode, exhibited a dramatic decrease in stability. After
15,000 ADT cycles, NWN-f failed to achieve the limiting
diffusion current, and the ORR activity at 0.9 V dropped to
near zero (Figure 4f, Figure S9e). In addition to the ORR, the
Pt NWN sheet also exhibited superior HER performance in 0.1

M HClO4 (Figure S10a). (See details in the Experimental
Methods section.) The overpotential of the NWN sheet at 10
mA/cm2 was 6.0 mV, which was 5.2 times lower than that of
commercial Pt/C (overpotential of 31.2 mV at 10 mA/cm2)
(Figure S10b). This performance ranked among the lowest
overpotentials for state-of-the-art Pt-based HER catalysts
(Table S2).

CONCLUSIONS
In summary, we have reported a bubble mediated hierarchi-
cally assembly process to achieve large-scale ultrathin Pt NWN
sheets with high-density grain boundaries. This process
involves the sequential assembly of 0-D ultrasmall nanocrystals
into 1-D ultrathin nanowires, followed by 2-D networks and
then to 3-D layered stacks. The 2-D assembly process is

Figure 4. Hierarchical anisotropic assembly resulted in a superior ORR performance of NWN sheet. (a) A TEM image and a schematic inlet
showing NWN sheet and its contact to the electrode. (b) A TEM image and a schematic inlet showing NWN-fragment (NWN-f) and its
contact to the electrode. The sites having contact with the electrode were labeled as yellow in (a) and (b). (c) Electrochemical surface areas
of different nanostructures. (d) Specific activities and (e) mass activities of different nanostructures. (f) Accelerated durability tests after
15,000 cycles.
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assisted by bubbles, and the ultrahigh anisotropy (sheet
length/sheet thickness) is driven by gas/liquid surface tension.
The resulting NWN sheet exhibited superior performance in
various electrocatalytic reactions such as the ORR and HER
owing to its clean surface and hierarchical anisotropic
assembly. Our results demonstrate the potential of utilizing
surface tension to engineer hierarchical anisotropic structures
as a promising strategy for developing next-generation
electrocatalysts.

EXPERIMENTAL METHODS
Peptide Synthesis and Characterization. The peptides were

synthesized via a fmoc solid-phase peptide synthesis procedure,
utilizing a CS 336X synthesizer (CS Bio). (See details of chemicals in
the Supporting Information.) To minimize interfering electrostatic
interactions, the N- and C-terminals were acylated and amidated,
respectively. Briefly, 0.5 g of fmoc-rink amide MBHA resin was
deprotected with piperidine/DMF (1:4) before coupling amino acids
in reverse order using fmoc-protected amino acid/HBTU/DIEA/
DMF (2.5:2.25:5:90.25). Subsequently, the N-terminus was acylated
with (Ac)2O/DIEA/DMF (5:5:90). The peptides were ultimately
cleaved from the resin using phenol/H2O/TIPS/TFA (5:5:2:88), and
the cleavage solution was precipitated into diethyl ether. The peptides
were washed with diethyl ether five times and dried under a vacuum,
followed by dissolution in water and subsequent freeze-drying.

Synthesis and Characterization of the NWN Sheet. To
synthesize Pt NWN sheets, a mixture of 1 mL of H2PtCl6 (10 mM),
0.6 mL of BP7A peptide (2 mg/mL), and 7.7 mL of H2O was
prepared in a glass vial. A freshly prepared solution of NaBH4 (80
mM) and ascorbic acid (100 mM) was added to the mixture. The
injection of 0.5 mL of ascorbic acid was followed by 0.2 mL of NaBH4
while stirring at 1500 rpm, which was then reduced to 300 rpm after a
few seconds. To keep a flat liquid surface, the water amount was
adjusted to maintain the reaction volume at 10 mL. Most bubbles
formed within the initial 3−5 min, followed by a rapid decrease. To
ensure that the films originating from individual bubbles had sufficient
time to merge into a single piece, the final product was collected/
transferred after 30 min.

For TEM characterization, the floating sheet was transferred onto a
carbon-coated copper TEM grid and rinsed with water before air-
drying. TEM images were captured on either an FEI T12 or JEOL
JEM120-EX transmission electron microscope. HRTEM was carried
out by using an FEI TITAN scanning/transmission electron
microscope at 300 kV. FFT diffraction patterns were generated by
using ImageJ.

For SEM characterization, the NWN sheet was transferred onto a
SiO2-coated Si wafer and dipped in water before being subjected to
H2/O2 plasma cleaning for 10 min intervals using the Gatan plasma
system SOLARUS. SEM images were captured using a Nova Nano
230 scanning electron microscope.

Analysis of Surface Tension and Contact Angles. Surface
tension measurement was conducted on a Kruss K100 force
tensiometer using the Wilhelmy plate method. To ensure complete
coverage, we transferred five layers of NWN sheets onto a silica wafer
before measuring the static and dynamic contact angles. The static
contact angle was measured using drop shape analysis on sessile
drops, while the dynamic contact angle was measured through shape
analysis of a drop that moves over the inclined surface of the NWN-
sheet-coated wafer.

Synthesis and Characterization of NWN-f. To synthesize
NWN-f, the procedure was similar to that of NWN sheets, except that
the stirring speed was fixed at 2000 rpm. This vigorous stirring
ensures the effective breakup of the NWN sheets during their
formation at the gas/liquid interface of bubbles, resulting in the
production of NWN-f. The synthesis was completed in 30 min. To
prepare the TEM grids, samples of the reaction mixture were
extracted and transferred onto carbon-coated copper TEM grids using

pipets. These grids were then washed with water and air-dried at
room temperature.

NWN-f Dispersion and Annealing on Carbon. To prepare
NWN-f/C, NWN-f was mixed with Vulcan XC72R carbon and
sonicated overnight. The resulting mixture was then washed with 0.1
M HClO4 and water and annealed in air at 150 °C for 15 min. The Pt
loading was maintained at approximately 20 wt %.

NWN Sheets Transfer onto Electrode and Plasma Cleaning.
To transfer the as-synthesized floating NWN sheets onto a glassy
carbon rotating disk electrode, the electrode was simply dipped onto
the liquid surface, where the NWN sheets were floating. The
transferred electrode was then washed by being dipped in clean water
several times and allowed to dry. To achieve thorough cleaning, the
electrode was treated with H2/O2 plasma in the Gatan Plasma System
SOLARUS for 10 min, with intervals in between. For electrochemical
tests, the transfer process was repeated, followed by another cleaning,
resulting in a final electrode with two layers of NWN sheets.

Electrochemical Measurements of the Oxygen Reduction
Reaction (ORR). To determine the Pt loading, inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) was used. The
average and area normalization of multiple large-area transfers were
employed to calculate the Pt loading of NWN sheets on the electrode,
which was estimated as 0.157 μg. For the deposition of NWN-f/C,
Pt/C, and NWN-f, ethanol dispersions of the samples were deposited
on glassy carbon rotating disk electrodes to obtain the working
electrodes. The Pt loading amount is 2 μg for Pt NWN-f/C and
commercial Pt/C and 5 μg for Pt NWN-f. The reference electrode
used was a silver chloride electrode, and all potentials were measured
relative to the reversible hydrogen electrode (RHE). Cyclic
voltammograms at a sweep rate of 50 mV/s were conducted in a
N2 saturated 0.1 M perchloric acid solution until the curves between
the 2 measurements were close to identical. The polarization curves
were recorded at a sweep rate of 20 mV/s in an oxygen-saturated 0.1
M perchloric acid solution, with the working electrode rotating at
1600 rpm. The current was normalized with the geometric area of the
electrode (0.196 cm2) to get the current density, and all electrode
potentials were recorded with respect to RHE after IR correction.72

An accelerated durability test (ADT) was conducted by cycling the
potential between 0.6 and 1.0 V (vs RHE) in oxygen-saturated
solutions at a scan rate of 100 mV/s. Electrochemical surface area
(ECSA) was estimated by measuring the charge associated with the
underpotential deposition of hydrogen (QH) and assuming 210 μC/
cm2 for the adsorption of a monolayer of hydrogen on the surface.
The specific ECSA was then calculated using the formula:

=ECSA
Q

210 C / cm
H

2 . For the ORR at an RDE, the Koutecky−Levich

equation, = +
i i i
1 1 1

k d
, was used to calculate the kinetic current (ik)

and diffusion-limiting current (id) based on the experimentally
measured current (i). The specific activity at 0.9 V was obtained by
normalizing the kinetic current at 0.9 V to that of the ECSA.

Electrochemical Measurements of the Hydrogen Evolution
Reaction (HER). To load both NWN sheets and commercial Pt/C,
the same method as that used in the ORR measurements was
employed, with a Pt loading amount of 0.157 μg for both catalysts.
The working electrode consisted of a glassy carbon rotating disk
electrode coated with the appropriate catalyst, while the reference
electrode was a silver chloride electrode. A graphite rod was utilized as
the counter electrode, and the electrolyte was 0.1 M HClO4 that had
been saturated by N2. The HER was evaluated at a sweep rate of 5
mV/s, and all electrode potentials were recorded relative to the RHE
following the IR correction.

ASSOCIATED CONTENT
*sı Supporting Information
the Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsnano.3c04771.

Chemicals; dynamic contact angle analysis; OM, SEM,
and TEM images; BP7A peptide influence on NWN

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c04771
ACS Nano 2023, 17, 14152−14160

14157

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c04771/suppl_file/nn3c04771_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c04771?goto=supporting-info
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c04771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


sheet morphology; surface tension measurements;
bubble distribution; transfer and stacking process; CV,
ORR polarization curve, and ADT results; hierarchical
anisotropic assembly gives superior HER performance;
tables of ORR specific and mass activities and of HER
overpotentials (PDF)

AUTHOR INFORMATION
Corresponding Author

Yu Huang − Department of Materials Science and Engineering
and California NanoSystems Institute, University of
California, Los Angeles, California 90095, United States;
orcid.org/0000-0003-1793-0741; Email: yhuang@

seas.ucla.edu

Authors
Enbo Zhu − Department of Materials Science and Engineering,
University of California, Los Angeles, California 90095,
United States; orcid.org/0000-0001-8600-8553

Yang Liu − Department of Materials Science and Engineering,
University of California, Los Angeles, California 90095,
United States

Jin Huang − Department of Materials Science and Engineering,
University of California, Los Angeles, California 90095,
United States; orcid.org/0000-0002-2882-2634

Ao Zhang − Department of Materials Science and Engineering,
University of California, Los Angeles, California 90095,
United States

Bosi Peng − Department of Chemistry and Biochemistry,
University of California, Los Angeles, California 90095,
United States; orcid.org/0000-0001-9302-5925

Zeyan Liu − Department of Materials Science and Engineering,
University of California, Los Angeles, California 90095,
United States; orcid.org/0000-0001-9237-7603

Haotian Liu − Department of Materials Science and
Engineering, University of California, Los Angeles, California
90095, United States

Jiaji Yu − Department of Microbiology, Immunology &
Molecular Genetics, University of California, Los Angeles,
California 90095, United States

Yan-Ruide Li − Department of Microbiology, Immunology &
Molecular Genetics, University of California, Los Angeles,
California 90095, United States

Lili Yang − Department of Microbiology, Immunology &
Molecular Genetics, University of California, Los Angeles,
California 90095, United States

Xiangfeng Duan − Department of Chemistry and Biochemistry
and California NanoSystems Institute, University of
California, Los Angeles, California 90095, United States;
orcid.org/0000-0002-4321-6288

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsnano.3c04771

Author Contributions
#E.Z. and Y.L. contribute equally.
Author Contributions
E.Z. and Y.H. developed the concept and wrote the
manuscript. All authors contributed to the discussion and
data acquisition. All authors have given approval to the final
version of the manuscript.
Notes
The authors declare no competing financial interest.

ACKNOWLEDGMENTS
E.Z. and Y.H. acknowledge the Electron Imaging Center of
Nanomachines at University of California-Los Angeles for
TEM support. E.Z. and Y.H. acknowledge Prof. Pirouz
Kavehpour’s lab for surface tension measurement. Y.H.
acknowledges support from the Office of Naval Research
under grant number N000141512146.

REFERENCES
(1) Li, D.; Chen, Q.; Chun, J.; Fichthorn, K.; De Yoreo, J.; Zheng,
H. Nanoparticle Assembly and Oriented Attachment: Correlating
Controlling Factors to the Resulting Structures. Chem. Rev. 2023, 123,
3127−3159.
(2) O’Brien, M. N.; Jones, M. R.; Lee, B.; Mirkin, C. A. Anisotropic
Nanoparticle Complementarity in DNA-Mediated Co-Crystallization.
Nat. Mater. 2015, 14, 833−839.
(3) Huang, P.-S.; Oberdorfer, G.; Xu, C.; Pei, X. Y.; Nannenga, B. L.;
Rogers, J. M.; DiMaio, F.; Gonen, T.; Luisi, B.; Baker, D. High
Thermodynamic Stability of Parametrically Designed Helical Bundles.
Science 2014, 346, 481−485.
(4) Rothemund, P. W. K. Folding DNA to Create Nanoscale Shapes
and Patterns. Nature 2006, 440, 297−302.
(5) Wang, X.; Guerin, G.; Wang, H.; Wang, Y.; Manners, I.; Winnik,
M. A. Cylindrical Block Copolymer Micelles and Co-Micelles of
Controlled Length and Architecture. Science 2007, 317, 644−647.
(6) Scarabelli, L.; Sun, M.; Zhuo, X.; Yoo, S.; Millstone, J. E.; Jones,
M. R.; Liz-Marzán, L. M. Plate-Like Colloidal Metal Nanoparticles.
Chem. Rev. 2023, 123, 3493−3542.
(7) Zhou, N.; Bekenstein, Y.; Eisler, C. N.; Zhang, D.; Schwartzberg,
A. M.; Yang, P.; Alivisatos, A. P.; Lewis, J. A. Perovskite Nanowire−
Block Copolymer Composites with Digitally Programmable Polar-
ization Anisotropy. Sci. Adv. 2019, 5, No. eaav8141.
(8) Ye, X.; Jin, L.; Caglayan, H.; Chen, J.; Xing, G.; Zheng, C.;
Doan-Nguyen, V.; Kang, Y.; Engheta, N.; Kagan, C. R.; Murray, C. B.
Improved Size-Tunable Synthesis of Monodisperse Gold Nanorods
through the Use of Aromatic Additives. ACS Nano 2012, 6, 2804−
2817.
(9) Garnett, E. C.; Brongersma, M. L.; Cui, Y.; McGehee, M. D.
Nanowire Solar Cells. Annu. Rev. Mater. Res. 2011, 41, 269−295.
(10) Lin, Q.-Y.; Mason, J. A.; Li, Z.; Zhou, W.; O’Brien, M. N.;
Brown, K. A.; Jones, M. R.; Butun, S.; Lee, B.; Dravid, V. P.; Aydin,
K.; Mirkin, C. A. Building Superlattices from Individual Nanoparticles
via Template-Confined DNA-Mediated Assembly. Science 2018, 359,
669−672.
(11) Nagaoka, Y.; Tan, R.; Li, R.; Zhu, H.; Eggert, D.; Wu, Y. A.;
Liu, Y.; Wang, Z.; Chen, O. Superstructures Generated from
Truncated Tetrahedral Quantum Dots. Nature 2018, 561, 378−382.
(12) Hinde, E.; Thammasiraphop, K.; Duong, H. T. T.; Yeow, J.;
Karagoz, B.; Boyer, C.; Gooding, J. J.; Gaus, K. Pair Correlation
Microscopy Reveals the Role of Nanoparticle Shape in Intracellular
Transport and Site of Drug Release. Nat. Nanotechnol. 2017, 12, 81−
89.
(13) Herman, I.; Yeo, J.; Hong, S.; Lee, D.; Nam, K. H.; Choi, J.;
Hong, W.; Lee, D.; Grigoropoulos, C. P.; Ko, S. H. Hierarchical
Weeping Willow Nano-Tree Growth and Effect of Branching on Dye-
Sensitized Solar Cell Efficiency. Nanotechnology 2012, 23,
No. 194005.
(14) Nai, J.; Guan, B. Y.; Yu, L.; Lou, X. W. (David). Oriented
Assembly of Anisotropic Nanoparticles into Frame-like Super-
structures. Sci. Adv. 2017, 3, No. e1700732.
(15) Sannicolo, T.; Lagrange, M.; Cabos, A.; Celle, C.; Simonato, J.-
P.; Bellet, D. Metallic Nanowire-Based Transparent Electrodes for
Next Generation Flexible Devices: A Review. Small 2016, 12, 6052−
6075.
(16) Quan, L. N.; Kang, J.; Ning, C.-Z.; Yang, P. Nanowires for
Photonics. Chem. Rev. 2019, 119, 9153−9169.
(17) Sun, Y. Silver Nanowires − Unique Templates for Functional
Nanostructures. Nanoscale 2010, 2, 1626−1642.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c04771
ACS Nano 2023, 17, 14152−14160

14158

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c04771/suppl_file/nn3c04771_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yu+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1793-0741
https://orcid.org/0000-0003-1793-0741
mailto:yhuang@seas.ucla.edu
mailto:yhuang@seas.ucla.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Enbo+Zhu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8600-8553
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yang+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jin+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2882-2634
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ao+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bosi+Peng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9302-5925
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zeyan+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9237-7603
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Haotian+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiaji+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yan-Ruide+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lili+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiangfeng+Duan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-4321-6288
https://orcid.org/0000-0002-4321-6288
https://pubs.acs.org/doi/10.1021/acsnano.3c04771?ref=pdf
https://doi.org/10.1021/acs.chemrev.2c00700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.2c00700?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nmat4293
https://doi.org/10.1038/nmat4293
https://doi.org/10.1126/science.1257481
https://doi.org/10.1126/science.1257481
https://doi.org/10.1038/nature04586
https://doi.org/10.1038/nature04586
https://doi.org/10.1126/science.1141382
https://doi.org/10.1126/science.1141382
https://doi.org/10.1021/acs.chemrev.3c00033?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/sciadv.aav8141
https://doi.org/10.1126/sciadv.aav8141
https://doi.org/10.1126/sciadv.aav8141
https://doi.org/10.1021/nn300315j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn300315j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1146/annurev-matsci-062910-100434
https://doi.org/10.1126/science.aaq0591
https://doi.org/10.1126/science.aaq0591
https://doi.org/10.1038/s41586-018-0512-5
https://doi.org/10.1038/s41586-018-0512-5
https://doi.org/10.1038/nnano.2016.160
https://doi.org/10.1038/nnano.2016.160
https://doi.org/10.1038/nnano.2016.160
https://doi.org/10.1088/0957-4484/23/19/194005
https://doi.org/10.1088/0957-4484/23/19/194005
https://doi.org/10.1088/0957-4484/23/19/194005
https://doi.org/10.1126/sciadv.1700732
https://doi.org/10.1126/sciadv.1700732
https://doi.org/10.1126/sciadv.1700732
https://doi.org/10.1002/smll.201602581
https://doi.org/10.1002/smll.201602581
https://doi.org/10.1021/acs.chemrev.9b00240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.9b00240?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c0nr00258e
https://doi.org/10.1039/c0nr00258e
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c04771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(18) Yu, G.; Cao, A.; Lieber, C. M. Large-Area Blown Bubble Films
of Aligned Nanowires and Carbon Nanotubes. Nat. Nanotechnol.
2007, 2, 372−377.
(19) Huo, D.; Kim, M. J.; Lyu, Z.; Shi, Y.; Wiley, B. J.; Xia, Y. One-
Dimensional Metal Nanostructures: From Colloidal Syntheses to
Applications. Chem. Rev. 2019, 119, 8972−9073.
(20) Gilroy, K. D.; Peng, H.-C.; Yang, X.; Ruditskiy, A.; Xia, Y.
Symmetry Breaking during Nanocrystal Growth. Chem. Commun.
2017, 53, 4530−4541.
(21) Chen, R.; Nguyen, Q. N.; Xia, Y. Oriented Attachment: A
Unique Mechanism for the Colloidal Synthesis of Metal Nanostruc-
tures. ChemNanoMat 2022, 8, e202100474.
(22) Zhu, E.; Wang, S.; Yan, X.; Sobani, M.; Ruan, L.; Wang, C.; Liu,
Y.; Duan, X.; Heinz, H.; Huang, Y. Long-Range Hierarchical
Nanocrystal Assembly Driven by Molecular Structural Trans-
formation. J. Am. Chem. Soc. 2019, 141, 1498−1505.
(23) Gole, M. T.; Yin, Z.; Wang, M. C.; Lin, W.; Zhou, Z.; Leem, J.;
Takekuma, S.; Murphy, C. J.; Nam, S. Large Scale Self-Assembly of
Plasmonic Nanoparticles on Deformed Graphene Templates. Sci. Rep.
2021, 11, 12232.
(24) Gong, J.; Newman, R. S.; Engel, M.; Zhao, M.; Bian, F.;
Glotzer, S. C.; Tang, Z. Shape-Dependent Ordering of Gold
Nanocrystals into Large-Scale Superlattices. Nat. Commun. 2017, 8,
14038.
(25) Khanh, N. N.; Yoon, K. B. Facile Organization of Colloidal
Particles into Large, Perfect One- and Two-Dimensional Arrays by
Dry Manual Assembly on Patterned Substrates. J. Am. Chem. Soc.
2009, 131, 14228−14230.
(26) Aubert, T.; Palangetic, L.; Mohammadimasoudi, M.; Neyts, K.;
Beeckman, J.; Clasen, C.; Hens, Z. Large-Scale and Electroswitchable
Polarized Emission from Semiconductor Nanorods Aligned in
Polymeric Nanofibers. ACS Photonics 2015, 2, 583−588.
(27) Feng, J.; Song, Q.; Zhang, B.; Wu, Y.; Wang, T.; Jiang, L. Large-
Scale, Long-Range-Ordered Patterning of Nanocrystals via Capillary-
Bridge Manipulation. Adv. Mater. 2017, 29, No. 1703143.
(28) Tian, N.; Zhou, Z.-Y.; Sun, S.-G.; Ding, Y.; Wang, Z. L.
Synthesis of Tetrahexahedral Platinum Nanocrystals with High-Index
Facets and High Electro-Oxidation Activity. Science 2007, 316, 732−
735.
(29) He, D. S.; He, D.; Wang, J.; Lin, Y.; Yin, P.; Hong, X.; Wu, Y.;
Li, Y. Ultrathin Icosahedral Pt-Enriched Nanocage with Excellent
Oxygen Reduction Reaction Activity. J. Am. Chem. Soc. 2016, 138,
1494−1497.
(30) Ma, L.; Wang, C.; Gong, M.; Liao, L.; Long, R.; Wang, J.; Wu,
D.; Zhong, W.; Kim, M. J.; Chen, Y.; Xie, Y.; Xiong, Y. Control Over
the Branched Structures of Platinum Nanocrystals for Electrocatalytic
Applications. ACS Nano 2012, 6, 9797−9806.
(31) Liang, H.-W.; Cao, X.; Zhou, F.; Cui, C.-H.; Zhang, W.-J.; Yu,
S.-H. A Free-Standing Pt-Nanowire Membrane as a Highly Stable
Electrocatalyst for the Oxygen Reduction Reaction. Adv. Mater. 2011,
23, 1467−1471.
(32) Zhang, Z.; Luo, Z.; Chen, B.; Wei, C.; Zhao, J.; Chen, J.; Zhang,
X.; Lai, Z.; Fan, Z.; Tan, C.; Zhao, M.; Lu, Q.; Li, B.; Zong, Y.; Yan,
C.; Wang, G.; Xu, Z. J.; Zhang, H. One-Pot Synthesis of Highly
Anisotropic Five-Fold-Twinned PtCu Nanoframes Used as a
Bifunctional Electrocatalyst for Oxygen Reduction and Methanol
Oxidation. Adv. Mater. 2016, 28, 8712−8717.
(33) Nørskov, J. K.; Rossmeisl, J.; Logadottir, A.; Lindqvist, L.;
Kitchin, J. R.; Bligaard, T.; Jónsson, H. Origin of the Overpotential for
Oxygen Reduction at a Fuel-Cell Cathode. J. Phys. Chem. B 2004, 108,
17886−17892.
(34) Luo, M.; Zhao, Z.; Zhang, Y.; Sun, Y.; Xing, Y.; Lv, F.; Yang, Y.;
Zhang, X.; Hwang, S.; Qin, Y.; Ma, J.-Y.; Lin, F.; Su, D.; Lu, G.; Guo,
S. PdMo Bimetallene for Oxygen Reduction Catalysis. Nature 2019,
574, 81−85.
(35) Zhu, E.; Yan, X.; Wang, S.; Xu, M.; Wang, C.; Liu, H.; Huang,
J.; Xue, W.; Cai, J.; Heinz, H.; Li, Y.; Huang, Y. Peptide-Assisted 2-D
Assembly toward Free-Floating Ultrathin Platinum Nanoplates as
Effective Electrocatalysts. Nano Lett. 2019, 19, 3730−3736.

(36) Zhu, E.; Xue, W.; Wang, S.; Yan, X.; Zhou, J.; Liu, Y.; Cai, J.;
Liu, E.; Jia, Q.; Duan, X.; Li, Y.; Heinz, H.; Huang, Y. Enhancement of
Oxygen Reduction Reaction Activity by Grain Boundaries in Platinum
Nanostructures. Nano Res. 2020, 13, 3310−3314.
(37) Ruan, L.; Zhu, E.; Chen, Y.; Lin, Z.; Huang, X.; Duan, X.;
Huang, Y. Biomimetic Synthesis of an Ultrathin Platinum Nanowire
Network with a High Twin Density for Enhanced Electrocatalytic
Activity and Durability. Angew. Chem., Int. Ed. 2013, 52, 12577−
12581.
(38) Li, M.; Zhao, Z.; Cheng, T.; Fortunelli, A.; Chen, C.-Y.; Yu, R.;
Zhang, Q.; Gu, L.; Merinov, B. V.; Lin, Z.; Zhu, E.; Yu, T.; Jia, Q.;
Guo, J.; Zhang, L.; Goddard, W. A.; Huang, Y.; Duan, X. Ultrafine
Jagged Platinum Nanowires Enable Ultrahigh Mass Activity for the
Oxygen Reduction Reaction. Science 2016, 354, 1414−1419.
(39) Yin, X.; Shi, M.; Kwok, K. S.; Zhao, H.; Gray, D. L.; Bertke, J.
A.; Yang, H. Dish-like Higher-Ordered Palladium Nanostructures
through Metal Ion-Ligand Complexation. Nano Res. 2018, 11, 3442−
3452.
(40) Chen, Y.; Fan, Z.; Zhang, Z.; Niu, W.; Li, C.; Yang, N.; Chen,
B.; Zhang, H. Two-Dimensional Metal Nanomaterials: Synthesis,
Properties, and Applications. Chem. Rev. 2018, 118, 6409−6455.
(41) Bu, L.; Zhang, N.; Guo, S.; Zhang, X.; Li, J.; Yao, J.; Wu, T.; Lu,
G.; Ma, J.-Y.; Su, D.; Huang, X. Biaxially Strained PtPb/Pt Core/Shell
Nanoplate Boosts Oxygen Reduction Catalysis. Science 2016, 354,
1410−1414.
(42) Li, Y.; Huang, Y. Morphology-Controlled Synthesis of Platinum
Nanocrystals with Specific Peptides. Adv. Mater. 2010, 22, 1921−
1925.
(43) Ruan, L.; Ramezani-Dakhel, H.; Lee, C.; Li, Y.; Duan, X.;
Heinz, H.; Huang, Y. A Rational Biomimetic Approach to Structure
Defect Generation in Colloidal Nanocrystals. ACS Nano 2014, 8,
6934−6944.
(44) Ghoufi, A.; Malfreyt, P.; Tildesley, D. J. Computer Modelling of
the Surface Tension of the Gas−Liquid and Liquid−Liquid Interface.
Chem. Soc. Rev. 2016, 45, 1387−1409.
(45) Young, T. III. An Essay on the Cohesion of Fluids. Philos.
Trans. R. Soc. London 1805, 95, 65−87.
(46) Flury, M.; Aramrak, S. Role of Air-Water Interfaces in Colloid
Transport in Porous Media: A Review. Water Resour. Res. 2017, 53,
5247−5275.
(47) Oratis, A. T.; Bush, J. W. M.; Stone, H. A.; Bird, J. C. A New
Wrinkle on Liquid Sheets: Turning the Mechanism of Viscous Bubble
Collapse Upside Down. Science 2020, 369, 685−688.
(48) Strasser, P. Catalysts by Platonic Design. Science 2015, 349,
379−380.
(49) Li, M.; Duanmu, K.; Wan, C.; Cheng, T.; Zhang, L.; Dai, S.;
Chen, W.; Zhao, Z.; Li, P.; Fei, H.; Zhu, Y.; Yu, R.; Luo, J.; Zang, K.;
Lin, Z.; Ding, M.; Huang, J.; Sun, H.; Guo, J.; Pan, X.; Goddard, W.
A.; Sautet, P.; Huang, Y.; Duan, X. Single-Atom Tailoring of Platinum
Nanocatalysts for High-Performance Multifunctional Electrocatalysis.
Nat. Catal. 2019, 2, 495−503.
(50) Wilson, N. M.; Pan, Y.-T.; Shao, Y.-T.; Zuo, J.-M.; Yang, H.;
Flaherty, D. W. Direct Synthesis of H2O2 on AgPt Octahedra: The
Importance of Ag−Pt Coordination for High H2O2 Selectivity. ACS
Catal. 2018, 8, 2880−2889.
(51) Li, C.; Liu, T.; He, T.; Ni, B.; Yuan, Q.; Wang, X. Composition-
Driven Shape Evolution to Cu-Rich PtCu Octahedral Alloy
Nanocrystals as Superior Bifunctional Catalysts for Methanol
Oxidation and Oxygen Reduction Reaction. Nanoscale 2018, 10,
4670−4674.
(52) Liu, H.; Zhong, P.; Liu, K.; Han, L.; Zheng, H.; Yin, Y.; Gao, C.
Synthesis of Ultrathin Platinum Nanoplates for Enhanced Oxygen
Reduction Activity. Chem. Sci. 2018, 9, 398−404.
(53) Lei, W.; Li, M.; He, L.; Meng, X.; Mu, Z.; Yu, Y.; Ross, F. M.;
Yang, W. A General Strategy for Bimetallic Pt-Based Nano-Branched
Structures as Highly Active and Stable Oxygen Reduction and
Methanol Oxidation Bifunctional Catalysts. Nano Res. 2020, 13, 638−
645.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c04771
ACS Nano 2023, 17, 14152−14160

14159

https://doi.org/10.1038/nnano.2007.150
https://doi.org/10.1038/nnano.2007.150
https://doi.org/10.1021/acs.chemrev.8b00745?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00745?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00745?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7CC01121K
https://doi.org/10.1002/cnma.202100474
https://doi.org/10.1002/cnma.202100474
https://doi.org/10.1002/cnma.202100474
https://doi.org/10.1021/jacs.8b08023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08023?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-021-91697-z
https://doi.org/10.1038/s41598-021-91697-z
https://doi.org/10.1038/ncomms14038
https://doi.org/10.1038/ncomms14038
https://doi.org/10.1021/ja905534k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja905534k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja905534k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.5b00068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.5b00068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsphotonics.5b00068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201703143
https://doi.org/10.1002/adma.201703143
https://doi.org/10.1002/adma.201703143
https://doi.org/10.1126/science.1140484
https://doi.org/10.1126/science.1140484
https://doi.org/10.1021/jacs.5b12530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b12530?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn304237u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn304237u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn304237u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201004377
https://doi.org/10.1002/adma.201004377
https://doi.org/10.1002/adma.201603075
https://doi.org/10.1002/adma.201603075
https://doi.org/10.1002/adma.201603075
https://doi.org/10.1002/adma.201603075
https://doi.org/10.1021/jp047349j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp047349j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-019-1603-7
https://doi.org/10.1021/acs.nanolett.9b00867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b00867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.9b00867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s12274-020-3007-2
https://doi.org/10.1007/s12274-020-3007-2
https://doi.org/10.1007/s12274-020-3007-2
https://doi.org/10.1002/anie.201304658
https://doi.org/10.1002/anie.201304658
https://doi.org/10.1002/anie.201304658
https://doi.org/10.1126/science.aaf9050
https://doi.org/10.1126/science.aaf9050
https://doi.org/10.1126/science.aaf9050
https://doi.org/10.1007/s12274-018-1993-0
https://doi.org/10.1007/s12274-018-1993-0
https://doi.org/10.1021/acs.chemrev.7b00727?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00727?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aah6133
https://doi.org/10.1126/science.aah6133
https://doi.org/10.1002/adma.200903944
https://doi.org/10.1002/adma.200903944
https://doi.org/10.1021/nn501704k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/nn501704k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5CS00736D
https://doi.org/10.1039/C5CS00736D
https://doi.org/10.1098/rstl.1805.0005
https://doi.org/10.1002/2017WR020597
https://doi.org/10.1002/2017WR020597
https://doi.org/10.1126/science.aba0593
https://doi.org/10.1126/science.aba0593
https://doi.org/10.1126/science.aba0593
https://doi.org/10.1126/science.aac7861
https://doi.org/10.1038/s41929-019-0279-6
https://doi.org/10.1038/s41929-019-0279-6
https://doi.org/10.1021/acscatal.7b04186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b04186?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C7NR09669K
https://doi.org/10.1039/C7NR09669K
https://doi.org/10.1039/C7NR09669K
https://doi.org/10.1039/C7NR09669K
https://doi.org/10.1039/C7SC02997G
https://doi.org/10.1039/C7SC02997G
https://doi.org/10.1007/s12274-020-2666-3
https://doi.org/10.1007/s12274-020-2666-3
https://doi.org/10.1007/s12274-020-2666-3
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c04771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(54) Huang, L.; Zhang, W.; Li, P.; Song, Y.; Sheng, H.; Du, Y.;
Wang, Y.-G.; Wu, Y.; Hong, X.; Ding, Y.; Yuan, X.; Zhu, M. Exposing
Cu-Rich {110} Active Facets in PtCu Nanostars for Boosting
Electrochemical Performance toward Multiple Liquid Fuels Electro-
oxidation. Nano Res. 2019, 12, 1147−1153.
(55) Stephens, I. E. L.; Bondarenko, A. S.; Grønbjerg, U.; Rossmeisl,
J.; Chorkendorff, I. Understanding the Electrocatalysis of Oxygen
Reduction on Platinum and Its Alloys. Energy Environ. Sci. 2012, 5,
6744−6762.
(56) Wang, L.; Holewinski, A.; Wang, C. Prospects of Platinum-
Based Nanostructures for the Electrocatalytic Reduction of Oxygen.
ACS Catal. 2018, 8, 9388−9398.
(57) Stamenkovic, V. R.; Fowler, B.; Mun, B. S.; Wang, G.; Ross, P.
N.; Lucas, C. A.; Markovic,́ N. M. Improved Oxygen Reduction
Activity on Pt3Ni(111) via Increased Surface Site Availability. Science
2007, 315, 493−497.
(58) Huang, X.; Zhao, Z.; Cao, L.; Chen, Y.; Zhu, E.; Lin, Z.; Li, M.;
Yan, A.; Zettl, A.; Wang, Y. M.; Duan, X.; Mueller, T.; Huang, Y.
High-Performance Transition Metal−Doped Pt3Ni Octahedra for
Oxygen Reduction Reaction. Science 2015, 348, 1230−1234.
(59) Greeley, J.; Jaramillo, T. F.; Bonde, J.; Chorkendorff, I.;
Nørskov, J. K. Computational High-Throughput Screening of
Electrocatalytic Materials for Hydrogen Evolution. Nat. Mater.
2006, 5, 909−913.
(60) Sverdrup, H. U.; Ragnarsdottir, K. V. A System Dynamics
Model for Platinum Group Metal Supply, Market Price, Depletion of
Extractable Amounts, Ore Grade, Recycling and Stocks-in-Use.
Resour. Conserv. Recycl. 2016, 114, 130−152.
(61) Tian, X. L.; Wang, L.; Deng, P.; Chen, Y.; Xia, B. Y. Research
Advances in Unsupported Pt-Based Catalysts for Electrochemical
Methanol Oxidation. J. Energy Chem. 2017, 26, 1067−1076.
(62) Cheng, H.; Liu, S.; Hao, Z.; Wang, J.; Liu, B.; Liu, G.; Wu, X.;
Chu, W.; Wu, C.; Xie, Y. Optimal Coordination-Site Exposure
Engineering in Porous Platinum for Outstanding Oxygen Reduction
Performance. Chem. Sci. 2019, 10, 5589−5595.
(63) Mariano, R. G.; McKelvey, K.; White, H. S.; Kanan, M. W.
Selective Increase in CO2 Electroreduction Activity at Grain-
Boundary Surface Terminations. Science 2017, 358, 1187−1192.
(64) Niu, Z.; Li, Y. Removal and Utilization of Capping Agents in
Nanocatalysis. Chem. Mater. 2014, 26, 72−83.
(65) Heinz, H.; Pramanik, C.; Heinz, O.; Ding, Y.; Mishra, R. K.;
Marchon, D.; Flatt, R. J.; Estrela-Lopis, I.; Llop, J.; Moya, S.; Ziolo, R.
F. Nanoparticle Decoration with Surfactants: Molecular Interactions,
Assembly, and Applications. Surf. Sci. Rep. 2017, 72, 1−58.
(66) Whitehead, J. C. Plasma−Catalysis: The Known Knowns, the
Known Unknowns and the Unknown Unknowns. J. Phys. Appl. Phys.
2016, 49, No. 243001.
(67) Kim, H.-H.; Teramoto, Y.; Negishi, N.; Ogata, A. A
Multidisciplinary Approach to Understand the Interactions of
Nonthermal Plasma and Catalyst: A Review. Catal. Today 2015,
256, 13−22.
(68) Mohapatra, P.; Shaw, S.; Mendivelso-Perez, D.; Bobbitt, J. M.;
Silva, T. F.; Naab, F.; Yuan, B.; Tian, X.; Smith, E. A.; Cademartiri, L.
Calcination Does Not Remove All Carbon from Colloidal Nano-
crystal Assemblies. Nat. Commun. 2017, 8, 2038.
(69) Lee, J.; Burt, S. P.; Carrero, C. A.; Alba-Rubio, A. C.; Ro, I.;
O’Neill, B. J.; Kim, H. J.; Jackson, D. H. K.; Kuech, T. F.; Hermans, I.;
Dumesic, J. A.; Huber, G. W. Stabilizing Cobalt Catalysts for
Aqueous-Phase Reactions by Strong Metal-Support Interaction. J.
Catal. 2015, 330, 19−27.
(70) Tang, H.; Wei, J.; Liu, F.; Qiao, B.; Pan, X.; Li, L.; Liu, J.;
Wang, J.; Zhang, T. Strong Metal−Support Interactions between
Gold Nanoparticles and Nonoxides. J. Am. Chem. Soc. 2016, 138, 56−
59.
(71) Li, Y.; Li, Y.; Zhu, E.; McLouth, T.; Chiu, C.-Y.; Huang, X.;
Huang, Y. Stabilization of High-Performance Oxygen Reduction
Reaction Pt Electrocatalyst Supported on Reduced Graphene Oxide/
Carbon Black Composite. J. Am. Chem. Soc. 2012, 134, 12326−12329.

(72) van der Vliet, D.; Strmcnik, D. S.; Wang, C.; Stamenkovic, V.
R.; Markovic, N. M.; Koper, M. T. M. On the Importance of
Correcting for the Uncompensated Ohmic Resistance in Model
Experiments of the Oxygen Reduction Reaction. J. Electroanal. Chem.
2010, 647, 29−34.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c04771
ACS Nano 2023, 17, 14152−14160

14160

https://doi.org/10.1007/s12274-019-2367-y
https://doi.org/10.1007/s12274-019-2367-y
https://doi.org/10.1007/s12274-019-2367-y
https://doi.org/10.1007/s12274-019-2367-y
https://doi.org/10.1039/c2ee03590a
https://doi.org/10.1039/c2ee03590a
https://doi.org/10.1021/acscatal.8b02906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02906?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.1135941
https://doi.org/10.1126/science.1135941
https://doi.org/10.1126/science.aaa8765
https://doi.org/10.1126/science.aaa8765
https://doi.org/10.1038/nmat1752
https://doi.org/10.1038/nmat1752
https://doi.org/10.1016/j.resconrec.2016.07.011
https://doi.org/10.1016/j.resconrec.2016.07.011
https://doi.org/10.1016/j.resconrec.2016.07.011
https://doi.org/10.1016/j.jechem.2017.10.009
https://doi.org/10.1016/j.jechem.2017.10.009
https://doi.org/10.1016/j.jechem.2017.10.009
https://doi.org/10.1039/C9SC01078E
https://doi.org/10.1039/C9SC01078E
https://doi.org/10.1039/C9SC01078E
https://doi.org/10.1126/science.aao3691
https://doi.org/10.1126/science.aao3691
https://doi.org/10.1021/cm4022479?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm4022479?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.surfrep.2017.02.001
https://doi.org/10.1016/j.surfrep.2017.02.001
https://doi.org/10.1088/0022-3727/49/24/243001
https://doi.org/10.1088/0022-3727/49/24/243001
https://doi.org/10.1016/j.cattod.2015.04.009
https://doi.org/10.1016/j.cattod.2015.04.009
https://doi.org/10.1016/j.cattod.2015.04.009
https://doi.org/10.1038/s41467-017-02267-9
https://doi.org/10.1038/s41467-017-02267-9
https://doi.org/10.1016/j.jcat.2015.07.003
https://doi.org/10.1016/j.jcat.2015.07.003
https://doi.org/10.1021/jacs.5b11306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.5b11306?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3031449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3031449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja3031449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jelechem.2010.05.016
https://doi.org/10.1016/j.jelechem.2010.05.016
https://doi.org/10.1016/j.jelechem.2010.05.016
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c04771?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as



