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ABSTRACT: The construction of multiple types of active si oty a
on the surface of a metallic catalyst can markedly enhan st S e B!
catalytic activity toward specreactions. Here, we show th e
heterophase gold nanowires (Au NWSs) with multiple type 3 Saag s et dels e
active surface sites can be synthesized using an etching-a ;%H'"EE & iin 25

o o . NH:‘::NN»‘ nd
process, yielding the highest reported turnover frequency (T e s
for Au catalysts toward the silane oxidation reaction by far. *2ui3l 3

use synchrotron powder X-ray rdction (PXRD) and
aberration-corrected (scanning) transmission electron micrq — ’— — ‘\
copy (TEM) to show that the Au NWs contain heterophase : :

Etching/Reduction
structures, planar defects, and surface steps. Moreovex, Hihostar - Au nanowire
contribution to the catalytic performance from each type of 4 minutes
active sites was clad. Surface steps on the Au NW catalysts,
which were identd 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 car
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 tha
metastable phases and surface steps for Au catalysts toward the silane oxidation reaction. Such an etching-assisted synthesi
heterophase Au NWs promises to open new possibilities for catalysis, plasmonic, optics, and electrical applications.

KEYWORDS:Au nanowires, heterophase, planar defects, steps, catalysis

T heoretical calculations and experimental studies hasenmonia synthesis, oxygen evolution re&Ztton?® and

shown that surface active sites play a crucial role by 4H/fcc Au@Pd and Au@PdAg for electro-caté&fysis.
determining the performanof metallic catalysts:? These studies have coned the role of surface active sites on
Synthetic approaches can be used to create three primagnocrystals for catalytic applications. However, little progress
types of surface active sites, including surface terminationdiaé been made in the rational synthesis of the three primary
planar defects such as TB, grain boundaries atfts8fface  types of active site described above on individual nanocrystals.
step or kink siteS and metastable phaS&s.For example, Au, a notable example that is known as the most important
an improved catalytic performance has been demonstratedstigne oxidation catalyst, has been widely used in industrial
platinum (Pt) and palladium (Pd) nanocrystals with high indepplication$.>** Since Au is extremely rare and expensive, it
facets (containing step or kink sites) for electro-oxidf&tion, is an ir_nportant research topic for ratiqnal design and synthesis
by copper (Cu) and Au nanocrystals with twins or grairPf € cient Au catalysts to lower their cost when serving as
boundaries for CQelectro-reductioft,*®*" by silver (Ag)
nanowires (NWs) with planar defect surface terminations feteceived: June 22, 2019
the oxidation reactichby a face-centered cubifcg( Revised: July 21, 2019
crystalline phase of ruthenium (Ru) for nitrophenol reduction?ublished: July 30, 2019
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industrial catalysts. Although the three primary types of acti[3
sites have been reported to show their capabilities in enhanc (n [a
the catalytic activity of a given material, nearly all previous o

developed approaches can only lead to the formation of A 160 C
nanocrystals with a single type of active sites, such as [_l

chemical synthesis of Au nanocrystals with step or ki 4 min

sites;>?° template-assisted synthesis of Au nanoglates/NV\ HALC
with a metastable hexagonal close-pdugglfase, > and CuCl. OLA
Au decahedra with twin defects via the colloidal nféthod. i

Hence, it is still an enormous challenge to construct all threlySEssss
primary types of active sites on an individual Au nanocrystiees
Fabrication of Au nanocrystals with multiple types of activ#
sites can not only increase the density of active sites expof
on the surface, thus endowing catalysts with higher cataly
activities, but also allow us to further elucidate the roles ¢
di erent types of active sites toward certain reactions and thi
contribute to fundamental principles to guide the rationa
design of Au catalysts.

The main challenge faced for the preparation of Aligyre 1(a) Synthetic protocol used for the synthesis of heterophase
nanocrystals with multiple types of active sites is how &) Nws by an etching-assisted process. (b) SEM image and diameter
expose the active sites on the surface. In recent years, etchiigibution histogram (inset) of the obtained heterophase Au NWs.
has been proven to be a powerful mean for reconstructing ttwe d) TEM images of the obtained heterophase Au NWs.
surface atomic arrangement from low energy surfaces to active

surfaces of metal nanocrystéls’’ The oxidative etching was prepared Au NWs, whose average diameter is measured to be
rst discovered during a polyol synthesis of Ag hanocrystals by3.2 nm. Energy-dispersieray spectroscopy (EDS)
Xia, providing us with the capability to manipulate theharacterization shows that the NWs are composed of only
distribution of single-crystal versus twinned ¥ekdter, it Au (Figure SIL TEM images shown Figure 8l andFigure
was found that the oxidative etching can also serve assareveal a swollen segment at one end of each NW. The Au
powerful tool to fabricate metal nanocrystals with new desigRsVs contain botfccandhcpphases, according to lab-source-
by carefully balancing the rates of etching and growth. Feased PXRD characterizatidiig(res 93 These unusual
example, one can directly create high-energy {110} facets fterocrystalline structures were furtherremd by high-
Cu nanocubes by controlled chemical etchitegt recently,  resolution TEM (HRTEM) characterizations.
our group developed a novel approach, which can directlyFigure 2andFigure S4how HRTEM images of drent
excavate solid Pd nanocrystals into nanoframes based onpafts of Au NWs and their corresponding fast Fourier
etching-assisted rotteOur group also reported a new route transform (FFT) patterns. As can be seen, the swollen regions
to scale up and accelerate the production of nonlayered Bee found to be formed from tlegphase igure a,b, and
nanosheets by incorporating etching, while retairotve Figure S4a The heterophase structures are distributed
capping during the synthesis last ye@imce etching can randomly along the growth direction in the bodies of the
provide a synthetic environment far away from thermodynanmigw's, as commed by HRTEM Figure 2,d, andrigure S4p
equilibrium conditions, the growth of metal nanocrystals via arhree segments in the bodies of the NWs were selected for
etching-assisted route should be mainly dominated by kinefigther analysis. The results are showrFigure 2S;.
control, in which case would likely result in the formation ofypically, we found one type fotand three types dfcp
products with active sites on their surfaces. stacking in the NWs, termed as 3C wBICstacking igure
In this work, an etching-assisted route has been develop@d blue rectangle), 2H withC stacking Figure B, green
for the preparation of Au NWs that contain all of the thregectangle), 4H withABCB stacking Figure 2 brown
primary types of active sites. The key to this synthesis is thectangle), and 8H withBCBCBABtacking Kigure § red
combination of strong etching and fast reduction. Theectangle). The images show that the growth directions of the
resulting Au NWs show substantial enhancement in catalyNtVs are [004] for hcpand [111] for fcc There is little
performance toward silane dehydrogenation coupling, withda erence in interplanar spacing inedint heterophase
remarkable TOF as high as 91 830Adter further treatment  regions Eigure 2Sj), while di erences appear to be present
with acetic acid, heterophase structures of Au in the NWs asetween the continuotep and fccphases Rigure 2Sd).
found to change tdcc structures. By comparing the High-angle annular daréld scanning TEM (HAADF-
performance of the two types of Au NWs with AuSTEM) images also indicate the existence of heterophase
nanoparticles (NPs) that contain surface terminations aftructures and planar defects within Au NWgi(e RSn).
planar defects, we could further draw conclusions about whigk can be seen igure R,l, 3C phase, coupled with several
structural features are decisive for the catalytic performancelanar defects, including both TB and SF can be observed in
Au NWs with multiple types of active sites were synthesizéide swollen segment of each Au NW. As expected, the
by mixing HAuG) CuC}, and oleylamine (OLA) in a vial, alternant 3C, 2H, and 4H phases can be seen in the body part
which was kept at 16@ for 4 min. The products were of each Au NW, as well as high-density planar d&igcis (
collected by centrifugation and washed several times with2m,n). Abundant planar defects result from the presence of the
hexane/ethanol solutiorkigure & shows the detailed random stacking structures, as showifrignre 2 The
synthetic protocoFigure b,c shows representative scanningdensities of the planar defects (including SF, TB, and phase
electron microscopy (SEM) and TEM images of the asboundaries (PB)), which were counted over ca lEngths
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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 regifctphasehéc, d) HRTEM images and FFT patterns of the

bodies of Au NWs, showing a phacpphase of the body part of Au NWSgeHRTEM images of Au NWs.Sj) Magni ed HRTEM images

and crystallographic models corresponding to the white rectangles$g ffactsleebars are 0.5 nm). Heterophase structures are visible in the
NWs, including 3C withBCstacking (blue rectangle), 2H wiistacking (green rectangle), 4H wWBCBstacking (brown rectangle), and 8H

with ABCBCBARBtacking (red rectangle)Sgk HAADF-STEM images of Au NWs, indicating the existence of heterophase structures and high-
density planar defects within the NWs. (I, n) Scale bars are 1 nm.

of the NWs from HRTEM images, are giverainie S1The parameterd) of 2.8504 A, while the lattice parametir
average planar-defect density4i85 per 10 nm. In addition 4.9429, 9.8858, 14.8287, and 19.7717 A, respectively. The unit
to the heterophase and high-density planar défigctis 3 cells of the threbcpstructures (2H, 4H and 8H) shown in
shows that the NW surfaces contain a large number of stepgyure BSj are given ifrigure S5Thehcpfccpeak intensity
Some of the steps are located at the surface terminationsrafios are derent between the lab-based and synchrotron
planar defects, such as TB and PB, and are marked by liff{RD patterns, suggesting the formation of the sample-
blue triangles. Others are located at metaktgipleases and  preparation-induced texture for the samples abnsub-
are marked by light blue lines. strates? More detailed discussions about thisrdice are
High-resolution synchrotron PXRD was further used tgiven in the Supporting InformatiorFagires S3, S6, and S7
characterize the heterophase structures of the as-preparedafd Scheme Shs well as the corresponding discussion. It is
NWs (Figure 4). The results weretted using Pawley worth noting that the 6H and 8H typeshopstructures are

re nement Figure #).°® As can be seen Figure b (in reported for therst time.

which the experimental data are displayed in blac&gtidin It should be noted that it is challenging to prepare such a
peaks from four types of Awp structures (space group type of Au nanocrystdP*® In order to understand the growth
P6;mmc), as well as tHecstructure (space grodBm), mechanism, intermediate nanocrystals produced aftendi

were tted in blue and red, respectively. The peak at 2 reaction times were studied using TEM and PKRDre 5

4.64 corresponds to the primary rdiction from (001), shows the morphological evolution of Au NWSs. Intermediates
(002), (003), and (004) planes of the 2H, 4H, 6H, anth@  produced after a 1 min reaction are mesoporous [Au(l)-OLA]
phases. All four types lofp phases have the same lattice Cl complexesHigure a,d, step 1), which is consistent with
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catalyst 1, were used for dimethylphenylsilane oxidation,
dimethylphenylsilanol was produced preferentially with a
nearly 100% vyield in 25 mihaple S3entry 1) and a TOF
as high as 91 80&n(Table 1 entry 1). In addition to the
metaSsupport interactions, the result is the highest value to
Au nanocatalysts for the silane oxidation re&tTiorfurther
con rm the superior catalytic activity of the products, turnover
numbers (TON) were calculateBable 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 NWSs. In order to study the
roles of dierent 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 sectibable SlandFigure S1%
Figure 3.HRTEM and HAADF-STEM characterizations of surface>18 Catalyst 2 was prepared on commercial C after treating
structures for Au NWs (dirent partials). (a) HRTEM and (b) heterophase Au NWs with acetic dtidth nearly all of the
HAADF-STEM images of Au NWs. (c, d) MagtiHRTEM and metastablécpphases in the NWs changindcdustructures,
HAADF-STEM images corresponding to the rectangles in parts a aresulting in the formation of Au NWs containinddtghase,
b, showing the existence of surface steps in Au NWs (scale bars atigh-density planar defects and surface steps. Catalyst 3, which
nm). comprises commercial C-supported 8.7 nm Au NPsfotthe
. phase, with abundant surface terminations of planar defects,
previous reporf§*® These mesoporous [Au(l)-OLAJCI Wwas synthesized using a previously reported approhaeh.
complexes transform to penta-twinfiedAu nanostars TOF of catalyst 3 was measured to be 170&hich is much
(NSs) with the assistance of’Cions after 1.5 minF{gure lower than that of catalyst 1, suggesting that planar-defect
5b,d, step 2, arfdigures S8 and S®&fter 3 min, the Au NSs  surface terminations, just like TB, are less active than other
start to transform to Au NWs with a heterophase, as a result@frface active sité&ple 1 entry 3, 1705%) for Au catalysts
strong etching and fast reductibiy(re §,d, step 3). Finally, in the reaction. In comparison, catalyst 2 has a TOF as high as
Au NWs are obtainedrigure 8, step 4). 67 800 R* (Table ] entry 2) and contains about two-thirds of
During this synthesis,/0l® acts as an etchant, while OLA the heterophase in the Au NWs, suggesting that the existence
acts as a reducing agdmntble Sxhows the iruence of the  of metastablecpphases can enhance the catalytic activities of
reactants on thenal morphology and phase of Au nanocryst-Au NWs by a factor of1.35. Surface steps can provide an
als. Under a typical experimental condition, heterophase &nhancement in the catalytic activity of the Au catalyst toward
NWs can be obtained after the reactitable S2entry 1). silane oxidation by a factor @f0. This result indicates that
Synthesis with a low concentration &f (6t even without  surface steps on the Au NWs that were prepared in this work
CI®) may lead to the formation of pliteAu NSs or NPs due  play the most important role in catalyzing silane oxidation.
to weak/no etching, as showrFigures STEB12(Table S2 Although these results highlight the importance of surface
entries $4). These results have highlighted the importance diteps in catalyzing silane oxidation, it may be possible to
etching for the formation of Au NWs with heterophase, highimprove the properties of the Au NWs further by introducing
density planar defects and surface steps. The absegrmamnof O the heterophase, especially metastable phases, considering the
also result in the formation of Au NSs, due to the lack of strorigw ratio ofhcpphases in catalyst Bigures zand3). In our
etching Figure S13rable S2entry 5), further comming the previous work, we have successfully developed an approach to
role of etching in this synthesis. However, heterophase A&oanstruct high-density planar defects within Ag NWs. The
NWs can also be generated when equal molar quantitiesexXistence of the planar defects has been proven to markedly
Au(ac), were used to replace HAyQ@hdicating that the use enhance the catalytic performance of Ag catalysts toward the
of a slightly reduced Gtoncentration (16.67 mM) does not silane oxidation reactidnHowever, for derent metal
a ect the formation of the heterophase Au NWitsi(e S14  catalysts, the active sites for a given reaction magresidi
andTable S2entry 6). Moreover, replacement of Gu@h For example, Pt (111) has been reported to exhibit a higher
equal molar quantities of Ni@hd Cu(ac) can also lead to  catalytic activity than Pt (100) toward the electrocatalytic
the formation of heterophase Au NWs. This result furtheoxide reduction reaction in HGI€blutiort? However, for Pd
demonstrates the key role of theiGh on the formation of  catalysts, Pd (100) was proven to possess a higher catalytic
heterophase Au NWSs, suggesting that the growth path a€tivity than Pd (111) toward the electrocatalytic oxide
heterophase Au NWs was mainly guided by an etching processuction reactioti. In this work, compared with planar
(Figure S1andTable S2entry 7). defects, the coexistenchagphase and surface steps has been
Previous investigations of metallic catalysts have suggestealen to play a much more important role in enhancing their
that heterophase? planar-defect surface terminatidasd catalytic activities. Such an enhancement is believed to be
surface steps/ki can aect their intrinsic activitiegable e ective for a variety of silane oxidation reactions évenl
1 shows a comparison of the catalytic activities eredi types of silanes and oxidants. As showmbite S3silane
catalysts for the promotion of silane oxidation reactions, whicixidation reactions can take place witlereint silanes
are important in chemical engineerd. When NWs (triethylsilane and triphenylsilane) and oxidants (ethanol and
loaded on commercial carbon (Ejgure S1% denoted as  propanol) to produce the corresponding products under mild
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Figure 4.Synchrotron PXRD of Au NWs. (a) Full synchrotron PXRD. Two regions7€8° and 2 = 12.5813.7) were excluded due to

parasitic signals. The inset shows a nealgrigion from the black rectangle, containing parasitic sighafspaa#ls. (b) Part of a synchrotron

PXRD pattern of Au NWs and correspondingeraent results. The black lines are the experimental results, while the blue and red lines are
Pawley renements using models for tiegpphases anidcphase, respectively.

reaction conditions. Heterophase Au NWs exhibit extraordionstant over heterophase Au NWs is calculated to be around
nary durability. As shown ffigure S19acatalytic activity — 0.084 miR', which is much higher than that deeAu NWs

could be maintained even aftee cycles. TEM images and (0.067 min'), suggesting a higher catalyticciency for

PXRD patterns of the catalyst aftee cycles show no heterophase Au NWs.

signi cant changes when compared to fresh cat&ligsise( In summary, Au NWs with hetérgpfcc phases, high-
S19b,k These results suggest that surface active sites on Aensity surface terminations of planar defects, and surface steps
NWs can be maintained during catalysis. To furthemton were prepared using an etching-assisted growth process. Five
the important role of thecpphase in enhancing the catalytic coexisting phases (3C, 2H, 4H, 6H, and 8H) formed in
performance of Au NWs, heterophase Au NWs (catalyst Individual nanocrystals. By using our approach, synthesis can
andfccAu NWs (catalyst 2) were also tested as catalysts ftwe scaled up to 0.42 g/Eigure S21 while the supernatant
liquid-phase reduction of 4-nitrophenol, which was performezan be reused several times after the separation of Au NWs
using a procedure similar to what was described ifrom the reaction solution withouteating the quality of the
literature’*>° The results were shown Figure S20This products Figure S22 emphasizing the commercial viability of
reaction cannot take place without the presence of the Abe approach. The Au NWs with hetecpfcc phases
catalystskigure S20ghows the linear relationship betweenexhibited an excellent catalytic performance and stability for
In(C/ Cy) and reaction timein reductions catalyzed by two the silane dehydrogenation coupling reaction, with a
di erent Au NWs. Since the concentration of Na&igely remarkable TOF of 91 80G*hThe roles of the dérent
exceeds that of 4-nitrophenol, the reduction can be considersaiface active sites that determine catalytic performance were
as a pseudarst-order reaction regarding 4-nitrophenol only.clari ed. Surface steps on the Au NW catalysts, which were
The plots shown iRigure S20dlso match well with thest- identi ed using aberration-corrected (scanning) TEM, were
order reaction kinetics, and the rate condtandn be shown to play the most important role in enhancing catalytic
calculated from the rate equationCyhC) = kt. The rate performance. By using synchrotromadtion, it was shown
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