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ABSTRACT:The construction of multiple types of active sites
on the surface of a metallic catalyst can markedly enhance its
catalytic activity toward speci� c reactions. Here, we show that
heterophase gold nanowires (Au NWs) with multiple types of
active surface sites can be synthesized using an etching-assisted
process, yielding the highest reported turnover frequency (TOF)
for Au catalysts toward the silane oxidation reaction by far. We
use synchrotron powder X-ray di� raction (PXRD) and
aberration-corrected (scanning) transmission electron micros-
copy (TEM) to show that the Au NWs contain heterophase
structures, planar defects, and surface steps. Moreover, the
contribution to the catalytic performance from each type of
active sites was clari� ed. Surface steps on the Au NW catalysts,
which were identi� ed using aberration-corrected (scanning) TEM, were shown to play the most important role in enhancing
the catalytic performance. By using synchrotron PXRD, it was shown that a small ratio of metastable phases within Au NWs can
enhance catalytic activity by a factor of 1.35, providing a further route to improve catalytic activity. Of the three types of surface
active sites, surface terminations of planar defects such as twin boundaries (TB) and stacking faults (SF) are less active than
metastable phases and surface steps for Au catalysts toward the silane oxidation reaction. Such an etching-assisted synthesis of
heterophase Au NWs promises to open new possibilities for catalysis, plasmonic, optics, and electrical applications.
KEYWORDS:Au nanowires, heterophase, planar defects, steps, catalysis

Theoretical calculations and experimental studies have
shown that surface active sites play a crucial role in

determining the performance of metallic catalysts.1Š12

Synthetic approaches can be used to create three primary
types of surface active sites, including surface terminations of
planar defects such as TB, grain boundaries and SF,1Š4 surface
step or kink sites,5Š7 and metastable phases.8Š12 For example,
an improved catalytic performance has been demonstrated by
platinum (Pt) and palladium (Pd) nanocrystals with high index
facets (containing step or kink sites) for electro-oxidation,13Š15

by copper (Cu) and Au nanocrystals with twins or grain
boundaries for CO2 electro-reduction,4,5,16,17 by silver (Ag)
nanowires (NWs) with planar defect surface terminations for
the oxidation reaction,3 by a face-centered cubic (fcc)
crystalline phase of ruthenium (Ru) for nitrophenol reduction,

ammonia synthesis, oxygen evolution reaction,10Š12,18,19 and
by 4H/fcc Au@Pd and Au@PdAg for electro-catalysis.8,20

These studies have con� rmed the role of surface active sites on
nanocrystals for catalytic applications. However, little progress
has been made in the rational synthesis of the three primary
types of active site described above on individual nanocrystals.

Au, a notable example that is known as the most important
silane oxidation catalyst, has been widely used in industrial
applications.21Š24 Since Au is extremely rare and expensive, it
is an important research topic for rational design and synthesis
of e� cient Au catalysts to lower their cost when serving as
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industrial catalysts. Although the three primary types of active
sites have been reported to show their capabilities in enhancing
the catalytic activity of a given material, nearly all previously
developed approaches can only lead to the formation of Au
nanocrystals with a single type of active sites, such as wet
chemical synthesis of Au nanocrystals with step or kink
sites,25,26 template-assisted synthesis of Au nanoplates/NWs
with a metastable hexagonal close-packed (hcp) phase,27,28 and
Au decahedra with twin defects via the colloidal method.29

Hence, it is still an enormous challenge to construct all three
primary types of active sites on an individual Au nanocrystal.
Fabrication of Au nanocrystals with multiple types of active
sites can not only increase the density of active sites exposed
on the surface, thus endowing catalysts with higher catalytic
activities, but also allow us to further elucidate the roles of
di� erent types of active sites toward certain reactions and thus
contribute to fundamental principles to guide the rational
design of Au catalysts.

The main challenge faced for the preparation of Au
nanocrystals with multiple types of active sites is how to
expose the active sites on the surface. In recent years, etching
has been proven to be a powerful mean for reconstructing the
surface atomic arrangement from low energy surfaces to active
surfaces of metal nanocrystals.5,30Š37The oxidative etching was
� rst discovered during a polyol synthesis of Ag nanocrystals by
Xia, providing us with the capability to manipulate the
distribution of single-crystal versus twinned seeds.34 Later, it
was found that the oxidative etching can also serve as a
powerful tool to fabricate metal nanocrystals with new designs
by carefully balancing the rates of etching and growth. For
example, one can directly create high-energy {110} facets on
Cu nanocubes by controlled chemical etching.5 Most recently,
our group developed a novel approach, which can directly
excavate solid Pd nanocrystals into nanoframes based on an
etching-assisted route.31 Our group also reported a new route
to scale up and accelerate the production of nonlayered Pd
nanosheets by incorporating etching, while retaining e� ective
capping during the synthesis last year.33 Since etching can
provide a synthetic environment far away from thermodynamic
equilibrium conditions, the growth of metal nanocrystals via an
etching-assisted route should be mainly dominated by kinetic
control, in which case would likely result in the formation of
products with active sites on their surfaces.

In this work, an etching-assisted route has been developed
for the preparation of Au NWs that contain all of the three
primary types of active sites. The key to this synthesis is the
combination of strong etching and fast reduction. The
resulting Au NWs show substantial enhancement in catalytic
performance toward silane dehydrogenation coupling, with a
remarkable TOF as high as 91 800 hŠ1. After further treatment
with acetic acid, heterophase structures of Au in the NWs are
found to change tofcc structures. By comparing the
performance of the two types of Au NWs with Au
nanoparticles (NPs) that contain surface terminations of
planar defects, we could further draw conclusions about which
structural features are decisive for the catalytic performance.

Au NWs with multiple types of active sites were synthesized
by mixing HAuCl4, CuCl2, and oleylamine (OLA) in a vial,
which was kept at 160°C for 4 min. The products were
collected by centrifugation and washed several times with a
hexane/ethanol solution.Figure 1a shows the detailed
synthetic protocol.Figure 1b,c shows representative scanning
electron microscopy (SEM) and TEM images of the as-

prepared Au NWs, whose average diameter is measured to be
� 13.2 nm. Energy-dispersiveX-ray spectroscopy (EDS)
characterization shows that the NWs are composed of only
Au (Figure S1). TEM images shown inFigure 1d andFigure
S2reveal a swollen segment at one end of each NW. The Au
NWs contain bothfccandhcpphases, according to lab-source-
based PXRD characterization (Figures S3). These unusual
heterocrystalline structures were further con� rmed by high-
resolution TEM (HRTEM) characterizations.

Figure 2andFigure S4show HRTEM images of di� erent
parts of Au NWs and their corresponding fast Fourier
transform (FFT) patterns. As can be seen, the swollen regions
are found to be formed from thefccphase (Figure 2a,b, and
Figure S4a). The heterophase structures are distributed
randomly along the growth direction in the bodies of the
NWs, as con� rmed by HRTEM (Figure 2c,d, andFigure S4b).
Three segments in the bodies of the NWs were selected for
further analysis. The results are shown inFigure 2eŠj.
Typically, we found one type offccand three types ofhcp
stacking in the NWs, termed as 3C withABCstacking (Figure
2h, blue rectangle), 2H withAC stacking (Figure 2h, green
rectangle), 4H withABCB stacking (Figure 2i, brown
rectangle), and 8H withABCBCBABstacking (Figure 2j, red
rectangle). The images show that the growth directions of the
NWs are [001]h for hcp and [111]f for fcc. There is little
di� erence in interplanar spacing in di� erent heterophase
regions (Figure 2eŠj), while di� erences appear to be present
between the continuoushcpand fccphases (Figure 2aŠd).
High-angle annular dark-� eld scanning TEM (HAADF-
STEM) images also indicate the existence of heterophase
structures and planar defects within Au NWs (Figure 2kŠn).
As can be seen inFigure 2k,l, 3C phase, coupled with several
planar defects, including both TB and SF can be observed in
the swollen segment of each Au NW. As expected, the
alternant 3C, 2H, and 4H phases can be seen in the body part
of each Au NW, as well as high-density planar defects (Figure
2m,n). Abundant planar defects result from the presence of the
random stacking structures, as shown inFigure 2. The
densities of the planar defects (including SF, TB, and phase
boundaries (PB)), which were counted over ca. 1� m lengths

Figure 1.(a) Synthetic protocol used for the synthesis of heterophase
Au NWs by an etching-assisted process. (b) SEM image and diameter
distribution histogram (inset) of the obtained heterophase Au NWs.
(c, d) TEM images of the obtained heterophase Au NWs.
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of the NWs from HRTEM images, are given inTable S1. The
average planar-defect density is� 4.35 per 10 nm. In addition
to the heterophase and high-density planar defects,Figure 3
shows that the NW surfaces contain a large number of steps.
Some of the steps are located at the surface terminations of
planar defects, such as TB and PB, and are marked by light
blue triangles. Others are located at metastablehcpphases and
are marked by light blue lines.

High-resolution synchrotron PXRD was further used to
characterize the heterophase structures of the as-prepared Au
NWs (Figure 4a). The results were� tted using Pawley
re� nement (Figure 4b).38 As can be seen inFigure 4b (in
which the experimental data are displayed in black), di� raction
peaks from four types of Auhcp structures (space group
P63mmc), as well as thefccstructure (space groupFm3m),
were� tted in blue and red, respectively. The peak at 2� =
4.64° corresponds to the primary di� raction from (001),
(002), (003), and (004) planes of the 2H, 4H, 6H, and 8Hhcp
phases. All four types ofhcp phases have the same lattice

parameter (a) of 2.8504 Å, while the lattice parameterc is
4.9429, 9.8858, 14.8287, and 19.7717 Å, respectively. The unit
cells of the threehcpstructures (2H, 4H and 8H) shown in
Figure 2hŠj are given inFigure S5. Thehcp/ fccpeak intensity
ratios are di� erent between the lab-based and synchrotron
PXRD patterns, suggesting the formation of the sample-
preparation-induced texture for the samples on� at sub-
strates.39 More detailed discussions about this di� erence are
given in the Supporting Information asFigures S3, S6, and S7,
andScheme S1, as well as the corresponding discussion. It is
worth noting that the 6H and 8H types ofhcpstructures are
reported for the� rst time.

It should be noted that it is challenging to prepare such a
type of Au nanocrystal.40Š45 In order to understand the growth
mechanism, intermediate nanocrystals produced after di� erent
reaction times were studied using TEM and PXRD.Figure 5
shows the morphological evolution of Au NWs. Intermediates
produced after a 1 min reaction are mesoporous [Au(I)-OLA]
Cl complexes (Figure 5a,d, step 1), which is consistent with

Figure 2.HRTEM and HAADF-STEM characterizations of heterophase structures in Au NWs. (a, b) HRTEM images and corresponding FFT
patterns of swollen regions of heterophase Au NWs, showing that these regions are thefccphase. (c, d) HRTEM images and FFT patterns of the
bodies of Au NWs, showing a purehcpphase of the body part of Au NWs. (eŠg) HRTEM images of Au NWs. (hŠj) Magni� ed HRTEM images
and crystallographic models corresponding to the white rectangles in parts eŠg (scale bars are 0.5 nm). Heterophase structures are visible in the
NWs, including 3C withABCstacking (blue rectangle), 2H withACstacking (green rectangle), 4H withABCBstacking (brown rectangle), and 8H
with ABCBCBABstacking (red rectangle). (kŠn) HAADF-STEM images of Au NWs, indicating the existence of heterophase structures and high-
density planar defects within the NWs. (l, n) Scale bars are 1 nm.
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previous reports.46Š48 These mesoporous [Au(I)-OLA]Cl
complexes transform to penta-twinnedfcc Au nanostars
(NSs) with the assistance of Cu2+ ions after 1.5 min (Figure
5b,d, step 2, andFigures S8 and S9). After 3 min, the Au NSs
start to transform to Au NWs with a heterophase, as a result of
strong etching and fast reduction (Figure 5c,d, step 3). Finally,
Au NWs are obtained (Figure 5d, step 4).

During this synthesis, O2/Cl Š acts as an etchant, while OLA
acts as a reducing agent.Table S2shows the in� uence of the
reactants on the� nal morphology and phase of Au nanocryst-
als. Under a typical experimental condition, heterophase Au
NWs can be obtained after the reaction (Table S2, entry 1).
Synthesis with a low concentration of ClŠ (or even without
ClŠ) may lead to the formation of purefccAu NSs or NPs due
to weak/no etching, as shown inFigures S10ŠS12(Table S2,
entries 2Š4). These results have highlighted the importance of
etching for the formation of Au NWs with heterophase, high-
density planar defects and surface steps. The absence of O2 can
also result in the formation of Au NSs, due to the lack of strong
etching (Figure S13, Table S2, entry 5), further con� rming the
role of etching in this synthesis. However, heterophase Au
NWs can also be generated when equal molar quantities of
Au(ac)3 were used to replace HAuCl4, indicating that the use
of a slightly reduced ClŠ concentration (16.67 mM) does not
a� ect the formation of the heterophase Au NWs (Figure S14
andTable S2, entry 6). Moreover, replacement of CuCl2 with
equal molar quantities of NiCl2 and Cu(ac)2 can also lead to
the formation of heterophase Au NWs. This result further
demonstrates the key role of the ClŠ ion on the formation of
heterophase Au NWs, suggesting that the growth path of
heterophase Au NWs was mainly guided by an etching process
(Figure S15andTable S2, entry 7).

Previous investigations of metallic catalysts have suggested
that heterophase,3,10 planar-defect surface terminations3,4 and
surface steps/kinks6,13 can a� ect their intrinsic activities.Table
1 shows a comparison of the catalytic activities of di� erent
catalysts for the promotion of silane oxidation reactions, which
are important in chemical engineering.21Š24 When NWs
loaded on commercial carbon (C) (Figure S16), denoted as

catalyst 1, were used for dimethylphenylsilane oxidation,
dimethylphenylsilanol was produced preferentially with a
nearly 100% yield in 25 min (Table S3, entry 1) and a TOF
as high as 91 800 hŠ1 (Table 1, entry 1). In addition to the
metalŠsupport interactions, the result is the highest value to
Au nanocatalysts for the silane oxidation reaction.49 To further
con� rm the superior catalytic activity of the products, turnover
numbers (TON) were calculated.Table S4compares the
catalytic performance of the Au NWs obtained in this work
and those reported previously. As can be seen, much larger
TON can be found within the same reaction time over
heterophase Au NWs, further suggesting the superior catalytic
performance of heterophase Au NWs. In order to study the
roles of di� erent active sites in the Au system toward silane
oxidation, we prepared two other Au catalysts and compared
them with heterophase Au NWs. Details of the samples can be
found in the experimental section,Table S1andFigure S16Š
S18. Catalyst 2 was prepared on commercial C after treating
heterophase Au NWs with acetic acid,50 with nearly all of the
metastablehcpphases in the NWs changing tofccstructures,
resulting in the formation of Au NWs containing thefccphase,
high-density planar defects and surface steps. Catalyst 3, which
comprises commercial C-supported 8.7 nm Au NPs in thefcc
phase, with abundant surface terminations of planar defects,
was synthesized using a previously reported approach.51 The
TOF of catalyst 3 was measured to be 1705 hŠ1, which is much
lower than that of catalyst 1, suggesting that planar-defect
surface terminations, just like TB, are less active than other
surface active sites (Table 1, entry 3, 1705 hŠ1) for Au catalysts
in the reaction. In comparison, catalyst 2 has a TOF as high as
67 800 hŠ1 (Table 1, entry 2) and contains about two-thirds of
the heterophase in the Au NWs, suggesting that the existence
of metastablehcpphases can enhance the catalytic activities of
Au NWs by a factor of� 1.35. Surface steps can provide an
enhancement in the catalytic activity of the Au catalyst toward
silane oxidation by a factor of� 40. This result indicates that
surface steps on the Au NWs that were prepared in this work
play the most important role in catalyzing silane oxidation.
Although these results highlight the importance of surface
steps in catalyzing silane oxidation, it may be possible to
improve the properties of the Au NWs further by introducing
the heterophase, especially metastable phases, considering the
low ratio ofhcpphases in catalyst 1 (Figures 2and3). In our
previous work, we have successfully developed an approach to
construct high-density planar defects within Ag NWs. The
existence of the planar defects has been proven to markedly
enhance the catalytic performance of Ag catalysts toward the
silane oxidation reaction.3 However, for di� erent metal
catalysts, the active sites for a given reaction may be di� erent.
For example, Pt (111) has been reported to exhibit a higher
catalytic activity than Pt (100) toward the electrocatalytic
oxide reduction reaction in HClO4 solution.52 However, for Pd
catalysts, Pd (100) was proven to possess a higher catalytic
activity than Pd (111) toward the electrocatalytic oxide
reduction reaction.53 In this work, compared with planar
defects, the coexistence ofhcpphase and surface steps has been
proven to play a much more important role in enhancing their
catalytic activities. Such an enhancement is believed to be
e� ective for a variety of silane oxidation reactions for di� erent
types of silanes and oxidants. As shown inTable S3, silane
oxidation reactions can take place with di� erent silanes
(triethylsilane and triphenylsilane) and oxidants (ethanol and
propanol) to produce the corresponding products under mild

Figure 3.HRTEM and HAADF-STEM characterizations of surface
structures for Au NWs (di� erent partials). (a) HRTEM and (b)
HAADF-STEM images of Au NWs. (c, d) Magni� ed HRTEM and
HAADF-STEM images corresponding to the rectangles in parts a and
b, showing the existence of surface steps in Au NWs (scale bars are 1
nm).
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reaction conditions. Heterophase Au NWs exhibit extraordi-
nary durability. As shown inFigure S19a, catalytic activity
could be maintained even after� ve cycles. TEM images and
PXRD patterns of the catalyst after� ve cycles show no
signi� cant changes when compared to fresh catalysts (Figure
S19b,c). These results suggest that surface active sites on Au
NWs can be maintained during catalysis. To further con� rm
the important role of thehcpphase in enhancing the catalytic
performance of Au NWs, heterophase Au NWs (catalyst 1)
andfccAu NWs (catalyst 2) were also tested as catalysts for
liquid-phase reduction of 4-nitrophenol, which was performed
using a procedure similar to what was described in
literature.54,55 The results were shown inFigure S20. This
reaction cannot take place without the presence of the Au
catalysts.Figure S20dshows the linear relationship between
ln(Ct/ C0) and reaction timet in reductions catalyzed by two
di� erent Au NWs. Since the concentration of NaBH4 largely
exceeds that of 4-nitrophenol, the reduction can be considered
as a pseudo� rst-order reaction regarding 4-nitrophenol only.
The plots shown inFigure S20dalso match well with the� rst-
order reaction kinetics, and the rate constantk can be
calculated from the rate equation: ln(C0/ Ct) = kt. The rate

constant over heterophase Au NWs is calculated to be around
0.084 minŠ1, which is much higher than that overfccAu NWs
(0.067 minŠ1), suggesting a higher catalytic e� ciency for
heterophase Au NWs.

In summary, Au NWs with hetero-hcp/ fcc phases, high-
density surface terminations of planar defects, and surface steps
were prepared using an etching-assisted growth process. Five
coexisting phases (3C, 2H, 4H, 6H, and 8H) formed in
individual nanocrystals. By using our approach, synthesis can
be scaled up to 0.42 g/L (Figure S21), while the supernatant
can be reused several times after the separation of Au NWs
from the reaction solution without a� ecting the quality of the
products (Figure S22), emphasizing the commercial viability of
the approach. The Au NWs with hetero-hcp/ fcc phases
exhibited an excellent catalytic performance and stability for
the silane dehydrogenation coupling reaction, with a
remarkable TOF of 91 800 hŠ1. The roles of the di� erent
surface active sites that determine catalytic performance were
clari� ed. Surface steps on the Au NW catalysts, which were
identi� ed using aberration-corrected (scanning) TEM, were
shown to play the most important role in enhancing catalytic
performance. By using synchrotron di� raction, it was shown

Figure 4.Synchrotron PXRD of Au NWs. (a) Full synchrotron PXRD. Two regions (2� = 7Š8° and 2� = 12.7Š13.7°) were excluded due to
parasitic signals. The inset shows a magni� ed region from the black rectangle, containing parasitic signals andhcppeaks. (b) Part of a synchrotron
PXRD pattern of Au NWs and corresponding re� nement results. The black lines are the experimental results, while the blue and red lines are
Pawley re� nements using models for thehcpphases andfccphase, respectively.
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that a small ratio of the metastable phase within the Au NWs
can enhance catalytic activity by a factor of 1.35, providing a
further route to improve catalytic activity. Of the three types of
surface active sites, defects such as TB and SF are less active
than metastable phases and surface steps for Au catalysis
toward the silane oxidation reaction. Such an etching-assisted
synthesis of heterophase Au NWs promises to open new
possibilities for catalysis, plasmonic, optics, and electrical
applications.
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