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Metallic nanocrystals manifest themselves as fascinating light absorbers for 
applications in plasmon-enhanced photocatalysis and solar energy harvesting. 
The essential challenges lie in harvesting the full-spectrum solar light and har-
nessing the plasmon-induced hot carriers at the metal–acceptor interface. To 
this end, a cooperative overpotential and underpotential deposition strategy 
is proposed to mitigate both the challenges. Specifically, by utilizing both 
ionic additive and thiol passivator to introduce symmetry-breaking growth 
over gold icosahedral nanocrystals, the microscopic origin can be attributed 
to the site-specific nucleation of stacking faults and dislocations. By adopting 
asymmetric crystal shape and unique surface facets, such nanocrystals attain 
high activity toward photocatalytic ammonia borane hydrolysis, arising from 
combined broadband plasmonic properties and enhanced direct transfer of 
hot electrons across the metal–adsorbate interface.
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active surfaces.[3] One of their most attrac-
tive optical properties is surface plasmon 
resonance (SPR), which is closely associ-
ated with the coherent oscillations of con-
duction electrons coupled with incident 
electromagnetic field.[4] SPR is reported to 
dramatically enhance the optical absorp-
tion and scattering cross-sections of the 
metallic nanocrystals and enables a wide 
range of applications related with non-
linear optical spectroscopy (e.g., surface-
enhanced Raman scattering)[5] as well as 
plasmon-enhanced photovoltaics and pho-
tocatalysis.[6] To involve a photochemical 
reaction, the resonant excitation of surface 
plasmons over the metallic nanocrystals 
dephases and generates highly energetic 
but short-lived hot carriers either in metals 

or among the hybridized states located at metals and strongly 
interacting adsorbates/semiconductors, respectively.[6d,7] The 
former dephasing pathway allows the indirect interfacial transfer 
of electrons carrying sufficient energy from metals to the  
electron-accepting orbitals of contacted adsorbates/semiconduc-
tors, followed by the thermalization through electron–electron 
and electron–phonon scattering.[8] The latter leads to more effi-
cient direct interfacial electron transfer through chemical inter-
face damping (CID),[7a,9] which significantly retards the relaxation 
of hot carriers either by chemical interface scattering (CIS) at 
metal/adsorbate interface[10] or Schottky barrier at the metal/sem-
iconductor interface.[11] The injected hot electrons subsequently 
participate in the photochemical reactions with slow kinetics 
via either vibrationally excited “hot adsorbates” or energy-level 
adjustable conduction band (CB) of semiconductors.[10–12] Inter-
estingly, the competition between different plasmon dephasing 
pathways and thus the overall photocatalytic performance of 
metallic nanocrystals critically relies on their size and shape,[3,13] 
the precise chemical synthesis of metallic nanocrystals, and fun-
damental understanding of corresponding growth mechanisms 
are therefore the prerequisites for the design and discovery of 
high-performance plasmonic photocatalysts.[14]

The advances in wet-chemical synthesis of metallic nanocrys-
tals have led to a significant outburst of researches focused 
on the precise structural and morphological control of col-
loidal metallic nanocrystals that even adopt a high degree of 
structural complexity.[15] Among these studies, the synthesis 
of metallic nanocrystals with reduced symmetry (RS) and the 

1. Introduction

Metallic nanocrystals are endowed with highly flexible geom-
etries,[1] broadly tunable optical properties,[2] and catalytically 
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investigation of associated symmetry-breaking growth mecha-
nisms are of great significance and challenge, because the 
equilibrium crystal shape (ECS) is predominantly dictated by 
the point group symmetry of crystal structures and restricted 
by the surface energy based on Wulff theorem.[16] Breaking this 
symmetry leads to vast unique plasmonic properties including 
Fano resonance,[17] broadband absorption,[18] and local-field 
enhancement.[17a] Despite the extensive studies and robust 
theory on crystal growth,[19] the synthesis of metallic nanocrys-
tals with reduced symmetry remains nontrivial through  
wet-chemical methods and is restricted to physical fabrica-
tion techniques like electron/ion beam etching, deposition, 
and lithography,[20] which considerably limits their synthetic 
scalability and thus practical applicability. There are scat-
tered reports on the wet-chemical synthesis of monometallic 
nanocrystals with reduced symmetry either through precisely 
controlled growth kinetics,[1a,d,19a] ligand/metal additive modu-
lated growth,[1d,20b,21] or hard template growth strategies.[19b,22] 
On the other hand, bimetallic nanocrystals provide more routes 
toward the symmetry-breaking growth via either the Fermi level 
or lattice mismatch between the two metal components.[23] 
Notwithstanding this, the precise structural engineering of 
such nanocrystals and the underlying microscopic symmetry-
breaking growth mechanisms remain largely unexplored.

In this work, based on the defect-mediated symmetry-
breaking growth mechanism, we proposed a cooperative over-
potential and underpotential deposition (COUD) strategy over 
the gold icosahedral plasmonic nanocrystals. This is achieved 
by properly aligning the reduction potentials between Au and 
the alien ions, the latter of which would initiate the defect 
formation and associated symmetry-breaking growth. The 
cooperative underpotential deposition (UPD) of monovalent 
copper precursor and overpotential deposition (OPD) of thiol- 
passivated gold precursor on the surface of gold icosahedral 
seeds are followed by the simultaneous bulk co-deposition of 
gold/copper and galvanic displacement of copper, which result 
in the symmetry-breaking growth and lead to the formation of 
diamond shaped multiply-twinned (MT) gold nanocrystals. The 
microscopic mechanism is corroborated by combined electron 
microscopy and microanalysis, where the site-specific nuclea-
tion of stacking faults and dislocations initiates the symmetry-
breaking growth. The as-synthesized nanocrystals exhibit 
broadband plasmonic absorption and high photocatalytic 
activity toward the ammonia borane decomposition reaction. 
Integrating the steady-state anti-Stokes Raman spectroscopy, 
transient absorption (TA) spectroscopy, and density-functional 
theory (DFT) calculations, we attribute the observed photocata-
lytic activity to not only the broadband optical properties but 
also the promoted direct interfacial transfer of hot electrons 
across the metal–adsorbate interface.

2. Results and Discussion

A promising strategy to introduce reduced symmetry in bime-
tallic nanocrystals is strain-mediated seeded growth,[23a] which 
allows the switching in growth modes among the conformal 
epitaxial Frank–van der Merwe (FM),[24] segregated epitaxial 
Volmer–Weber (VW),[25] and Stranski–Krastanov (SK)[26] modes 

by modulating the lattice mismatch between the seed and over-
grown metal.[27] The overgrowth of monometallic nanocrystals 
cannot generate such a mismatched seed/overgrown layer 
interface, while symmetry-breaking growth in a nonepitaxial 
manner could be evoked by the ligand-induced inhomogeneous 
strain fields under slow reaction kinetics.[1d] We propose that a 
tandem deposition and galvanic displacement reaction of a sec-
ondary metal that adopt a large lattice mismatch with the seed 
could on one side introduce significant interfacial strain for 
initiating the symmetry-breaking growth in the intermediate 
structure and on the other side maintain the monometallic 
nature of the final nanocrystal. As a proof-of-concept study, 
copper as a secondary metal was hereby used to shape the gold 
nanocrystal with reduced symmetry because of the large Cu/
Au lattice mismatch of 11.4% and galvanic displacement reac-
tion between them. A practical difficulty lies in the far more 
negative reduction potential of Cu precursors than Au precur-
sors, which prohibits the incorporation of Cu species into the 
Au nanocrystal at the early stage of seeded growth. To this end, 
a COUD strategy was used to mitigate the problem and manip-
ulating their respective reduction potentials by simultaneously 
passivating the Au precursor and facilitating the Cu deposi-
tion onto the surface of Au seed, as schematically illustrated in 
Figure  1a. This concept is clearly evidenced by the cyclic vol-
tammetry (CV) results (Figure 1b), which show that the passiva-
tion of AuCl4− species by 4-mercaptophenol (4-MP) molecules 
significantly lowers the reduction potential of Au compared 
with its equilibrium potential by about 0.40 V and decreases the 
electrochemical current in the overpotential regime on a gold 
electrode. On the other hand, the Cu(NH3)2

+ species are used 
as the Cu(I) precursor and exhibit about 0.41 V more positive  
Cu(I) → Cu(0) reduction peak in the underpotential regime of 
the CV curve on a gold electrode than the reduction on a Cu 
electrode (Figure 1b). Actually, the UPD of Cu on Au surface is 
a widely observed phenomenon as reported before.[28] In this 
sense, the cooperative Cu UPD and Au OPD would allow the 
formation of a highly strained surface atomic layer incorporated 
by Cu atoms on the Au seed, which is then subjected to further 
deposition of Au atoms. The repetitive COUD steps could intro-
duce large strain at the seed/overgrown layer interface through 
Cu deposition and the metallic Cu species would finally be dis-
placed by Au (Figure  1a), both of which are critical factors for 
creating monometallic Au nanocrystals with reduced symmetry.

We applied the COUD strategy to the colloidal synthesis of 
Au nanocrystals with the assistance of both Cu(NH3)2

+ spe-
cies and 4-MP thiol ligands. Instead of the conventional con-
formal seeded growth that leads to the formation of spherical 
Au nanocrystals, the COUD strategy allows the anisotropic 
growth toward the reduced symmetry diamond shaped Au  
(RS-Au) nanocrystals with a size about 10 nm (Figure  2). In 
order to explore the structural evolutions of such a symmetry-
breaking growth, the reaction was quenched at different 
stages and the intermediates are investigated by high-angle 
annular dark-field scanning transmission electron microscopy 
(HAADF-STEM). According to Figure  2a–e, the anisotropic 
growth starts from the spherical Au seeds and features the 
eccentric shape evolution and site-specifically protruded island 
that finally evolve to the tip of the RS-Au nanocrystals. The 
atomic-scale structural evolution can be further investigated 
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by aberration-corrected STEM, which corroborates that the 
symmetry-breaking growth follows the nonepitaxial route and 
starts from a multiply-twinned icosahedral Au seed (Figure 3). 
The high-resolution (HR) STEM image and corresponding fast 
Fourier transform (FFT) of a key intermediate as shown in 
Figure 3a–f suggest that the protruding island is twinned with 
the spherical icosahedral nanocrystal and the interface is signif-
icantly strained as observed in a shear strain component by the 
geometric phase analysis (GPA) (Figure S1, Supporting Infor-
mation). Additionally, an edge dislocation is also observed in 
the vicinity of the twin boundary marked by a red dashed line 
(Figure  3f). It is thus speculated that the incorporation of Cu 
by UPD during overgrowth introduces significant shear strain 
on the surface that has been reported to lower the stacking 
fault (SF) energy and facilitate the nucleation of SFs and 
nanotwins.[1d] Similar strain induced twinning and anisotropic 
overgrowth arising from Cu deposition has also been observed 
on an Au@Cu nanorod before.[23c] The continuous single-site 
anisotropic overgrowth of the icosahedral Au seed leads to a 
diamond shaped nanocrystal, of which the protruding island 
finally evolves to extra multiply-twinned tetrahedra extending 

from the icosahedral nanocrystal composed of 20 tetrahedral 
units with a common vertex. Moreover, the evolution of chem-
ical compositions over individual intermediate nanocrystals can 
also be tracked by energy-dispersive X-ray spectroscopy (EDS) 
mapping during the symmetry-breaking growth (Figure 2a–e), 
which exhibits gradually decreased Cu concentration and is 
quantitatively verified by atomic absorption spectroscopy (AAS) 
(Figure 2g, i.e., from 1.6 to 0.6 wt%). This confirms that traces of 
Cu as the secondary metal that initiates the symmetry-breaking 
growth of monometallic Au nanocrystal are fully involved in the 
tandem deposition and galvanic displacement process. Notably, 
we found that the overgrowth behavior strongly depends on the 
types of Cu precursors and the Cu(II) species (i.e., Cu(NH3)4

2+) 
would however introduce multisite overgrowth that finally 
lead to the formation of flower-like nanocrystals (Figure S2, 
Supporting Information). Considering the fact that the Cu(II) 
species exhibit a more positive reduction potential and high elec-
trochemical current than that of the Cu(I) species (Figure S3,  
Supporting Information), such a difference in overgrowth 
behavior may originate from the distinct deposition rate of Cu 
atoms in these two separate cases: the Cu(I) precursor features 

Figure 1. a) Schematic illustration of the COUD strategy for the synthesis of RS-Au nanocrystals (tandem deposition and galvanic displacement pro-
cess). b) The upper figure compares CV curves of Au electrode measured in 0.5 × 10−3 m HAuCl4 and 0.5 × 10−3 m HAuCl4 + 0.25 × 10−3 m 4-MP mixture 
solution, respectively. The bottom figure compares CV curves of Cu electrode and Au electrode in 0.01 m Na2SO4 + 0.01 × 10−3 m Cu(NH3)2

+ mixture 
solution (scan rate: 5 mV s−1), respectively. c) The extinction spectra of SC-Au, RS-Au, and MT-Au. The insets refer to the corresponding models of 
three crystal shapes.
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the slow and site-selective Cu UPD onto the energetically most 
favorable site, and thus allows the single-site anisotropic over-
growth; the Cu(II) precursor features fast and nonsite-selective 
Cu UPD and results in multisite overgrowth. This point is 
further confirmed by tracking the chemical compositions of 
the intermediates during overgrowth using Cu(II) precursor, 
which shows in nanocrystals a much higher concentration of 
Cu that cannot be efficiently displaced by Au (Figure S4, Sup-
porting Information). On the basis of the above observations 
and analysis, we try to propose an atomic-scale symmetry-
breaking growth mechanism via the COUD strategy as fol-
lows. The site-selective surface deposition of a Cu incorporated 
UPD layer initiates the strain-induced single-site nucleation 
of a mis-stacked atomic layer. This is followed by the succes-
sive anisotropic overgrowth through nanotwinning and a gal-
vanic displacement step, toward the shaping of monometallic 
nanocrystals with reduced symmetry.

In principle, the extended multiply-twinned tetrahedra from 
the {111} facets of an icosahedral Au seed through a nonepi-
taxial manner (i.e., twinning) would terminate as {100} facets 
in order to form a smooth surface with minimized surface cur-
vature (Figure 3h). In addition, there remains a 2.9° solid-angle 
deficiency for the two neighboring tetrahedral units overgrown 
from the icosahedron as schematically illustrated in Figure 3h, 
which could be accommodated by large elastic strain. Similar 
phenomenon can be observed in multiply-twinned decahedral 

nanocrystals that contain a 7.35° solid-angle deficiency accom-
modated by combined disclination and shear strain.[29] 
Accordingly, we use the second nearest-neighbor modified-
embedded atom method (MEAM) potential to optimize the 
geometries of both Au icosahedron and RS-Au nanocrystal 
(≈8 nm size), which are subject to the quantification of strain 
distribution via mean interatomic distances with respect to 
the bulk Au–Au nearest neighbor distance. As shown in the 
excavated nanocrystal models (Figure  3g), the Au icosahe-
dron has enriched tensile surface strain up to 1.22%, closely 
resembling the observed strain distribution of Pt icosahedral 
nanocrystals.[30] While the RS-Au nanocrystals exhibit markedly 
enhanced tensile strain (up to 1.51%) at the interface between 
the {111} terminated icosahedron and {100} terminated twin-
tetrahedral units. These points can be further verified by cal-
culating the component-specific pair distribution function 
(PDF) profiles of both models as shown in Figure 3g,h, where 
the surface and/or interface are enriched with tensile strain by 
adopting a larger Au–Au interatomic distance. The proposed 
structural model of the RS-Au nanocrystal made of a {111} fac-
eted icosahedron capped with {100} faceted twin-tetrahedral 
units can be validated by HRSTEM imaging upon two distinct 
zone axes as shown in Figure  3a,b. From projections close to 
the [112] and [110] axes of two randomly chosen nanocrystals, 
respectively, both experimental HRSTEM image and FFT pat-
tern match well with the simulated ones based on the proposed 

Figure 2. a–e) HAADF-STEM images and EDX-elemental mappings of the intermediates collected at different growth stages of RS-Au: a) 5 s, b) 1 min, 
c) 2 h, d) 6 h, and e) 12 h. The upper right insets show magnified HAADF-STEM images of individual nanocrystals, respectively. Scale bar: 50 nm.  
f) The corresponding atomic structure models at respective stages of the symmetry-breaking growth process of RS-Au nanocrystals. g) The elemental 
mass ratio of Cu/Au at different reaction stages. h,i) In situ UV–vis extinction spectra of early stage growth dynamics for Au nanocrystals with and 
without Cu(I) ion additives, respectively.
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structural model for the RS-Au nanocrystal (Figure  3d,e). The 
twin boundaries between the twin-tetrahedral units and more-
over between these units and icosahedral seed can be clearly 
visualized from these projections, respectively (marked by red 
dashed lines).

One attractive optical feature for such metallic nanocrystals 
with reduced symmetry is broadband plasmonic properties, 
originating from either SPR mode splitting[19b] or selection rule 
relaxation.[17a] The as-synthesized RS-Au nanocrystals exhibit 
broadband plasmonic properties extending from visible to near-
infrared region according to the UV–vis spectra in Figure  1c, 
which is distinct from the narrowband optical properties (i.e., 
a SPR peak centered at ≈530 nm) of spherical nanocrystals 
with either a single-crystalline (SC-Au) or multiply-twinned 
(MT-Au) structure. The in situ UV–vis spectra allows the moni-
toring of structural dynamics during crystal growth, which 
exhibits a time-dependently broadened extinction band and 

 corresponds to the anisotropic overgrowth of Au icosahedral 
seeds with the Cu(I) additive (Figure 2h). Without such an addi-
tive, the dynamic SPR band broadening is not observed during 
the overgrowth and spherical Au nanocrystals are derived 
(Figure 2i; TEM image is shown in Figure S5 in the Supporting 
Information). The broadband plasmonic properties of the Au 
nanocrystals allow the efficient light harvesting, which enable 
the plasmon-enhanced photocatalysis and hot carrier mediated 
photochemical reactions.

The phototriggered ammonia borane (AB) hydrolysis was 
chosen as a probe reaction to evaluate the photocatalytic properties 
of RS-Au. As shown in Figure 4b, the colloidal RS-Au nanocrys-
tals completed the photocatalytic hydrolysis of AB (0.1 mmol, 
H2/AB ratio = 3) much faster than either SC-Au (TEM image 
is shown in Figure S6 in the Supporting Information) or MT-Au 
(TEM image is shown in Figure S7 in the Supporting Informa-
tion) nanocrystals exchanged with 4-MP thiol ligands, under the 

Figure 3. HAADF-STEM images of two randomly chosen RS-Au nanocrystals projected close to a) [112] and b) [110] directions, respectively. The upper 
and lower right insets refer to corresponding FFT patterns and magnified image of the area marked with yellow dashed square. Scale bar: 5 nm.  
c) HAADF-STEM image of an intermediate structure for RS-Au nanocrystal collected at 1 min. The areas marked with red and yellow dashed squares 
are used for strain analysis and an enlarged view in shown in (f), respectively. Scale bar: 5 nm. STEM image simulation of RS-Au nanocrystals projected 
along d) [112] and e) [110] directions. The upper and lower right insets refer to corresponding FFT patterns and atomic structure models. From left to 
right, polyhedral model, facet-decorated polyhedral model, strain-embedded atomic structure model (strain amplitude rendered by the color bar, in %),  
and PDF profiles for g) Au icosahedral and h) RS-Au nanocrystals.
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irradiation of a Xenon lamp. The calculated turnover frequency 
(TOF) values for RS-Au, MT-Au, and SC-Au nanocrystals are  
421, 202, and 168 molH2 molAu

−1 min−1, respectively (Figure 4c). 
Blank (catalyst-free) and dark reactions show negligible reac-
tivity for all nanocrystals (Figure S8, Supporting Information). 
Kinetic studies as shown in Figure 4d and Figure S9 in the Sup-
porting Information further revealed a much lower apparent 
activation energy of 41.3 kJ mol−1 for RS-Au nanocrystals than 
the other two samples of SC-Au (70.6 kJ mol−1) and MT-Au 
(67.7 kJ mol−1). Interestingly, we note that the types of capping 
ligands of these colloidal nanocrystals play a significant role 
in determining their overall photocatalytic activity. This arises 
from the fact that after exchanging the thiol ligands by CTAB 
molecules, the TOF values of these nanocrystals drop signifi-
cantly to 153 (RS-Au CTAB), 126 (MT-Au CTAB), and 97 (SC-Au 
CTAB) molH2 molAu

−1 min−1, respectively. The complete ligand 
exchange is achieved by repeated incubation using concen-
trated CTAB solution and can be verified by Fourier transform 
infrared spectroscopy (FTIR) spectra as shown in Figure S10  
in the Supporting Information, which exhibit diminished vibra-
tional peaks characterized for 4-MP molecules and dominant 
vibrational peaks for CTAB molecules after the ligand exchange. 
The RS-Au also shows excellent recyclability; the photocatal-
ysis ability maintains within 5 cycles (Figure S11, Supporting 
Information). By further quenching the photochemical reac-
tion by either electron, hole, or radical scavengers, respectively 

(i.e., Cr2O7
2−, KI, and tert-butyl alcohol (TBA)), we confirm 

that hot electrons are the major carriers involved in the photo-
chemical reaction since a most prominent drop in photocatalytic 
activity was observed when hot electrons rather than hot holes 
or radicals are scavenged (Figure  4e; Figure S12, Supporting 
Information), which is in accordance with Au/TiO2 system.[31] 
Furthermore, we have conducted the activity test of RS-Au at 
different temperatures without light irradiation. With increased 
temperature from 25 to 40 °C, the n(H2)/n(AB) of RS-Au slightly 
increases from 0.30 to 0.71 at a reaction time of 15 min, which 
is much lower than the case with light irradiation (Figure S13, 
Supporting Information). The above facts indicate that the cur-
rent photocatalytic reaction is mainly contributed by hot electron 
transfer processes. This result also coincides with the observa-
tion that the temperature rise for a RS-Au colloidal solution 
under light irradiation is comparable with that of pure water 
(Figure S14, Supporting Information) and the well documented 
fact that the photothermal effects are less pronounced in smaller 
metallic nanocrystals.[32]

Taken together, the RS-Au nanocrystals with broadband plas-
monic properties exhibit promising photocatalytic activity and 
strongly interacting adsorbates like thiols that chemically bond 
with the Au surface would provide more efficient interfacial 
hot electron transfer than those weakly adsorbed molecules. 
It is speculated that the enhanced photocatalytic activity of 
RS-Au nanocrystals may be contributed by anisotropic near-field 

Figure 4. a) The proposed mechanism of hot electron-driven photocatalysis of AB hydrolysis, modified from a reported thermal catalysis mechanism.[48] 
Those routes that produce three molar equivalents of H2 relative to AB molecules are rendered in red color. b) Time dependent molar ratio of produced 
H2 to AB molecules, c) the calculated TOF values, and d) Arrhenius plots. e) Molar ratio of produced H2 to AB molecules scavenged by electron, hole, 
and radical scavengers at 15 min for RS-Au, MT-Au, and SC-Au nanocrystals exchanged with either 4-MP or CTAB ligands. f) The measured wavelength-
dependent apparent quantum efficiency for H2 evolution compared with the extinction cross-section of RS-Au nanocrystals.
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enhancement arising from the asymmetric shape according to 
the finite-difference time domain (FDTD) simulations (Figure 
S15, Supporting Information), because the strong field enhance-
ment at the tip of RS-Au nanocrystals could facilitate the elec-
tron–hole separation.[33] Notwithstanding this, a significant dec-
rement in activity caused by ligand exchange indicates a more 
pronounced effect from ligand-induced interfacial hot electron 
transfer. An unexpected observation is related with the wave-
length dependent measurement of apparent quantum efficiency 
(AQE) over RS-Au nanocrystals using band pass filters ranging 
from 450 to 940 nm with a spacing of 50 nm and under a nor-
malized power density of 40 mW cm−2. The wavelength depend-
ence of AQE in Figure  4f fits well with the extinction of the 
RS-Au nanocrystals below 730 nm but exhibits a marked eleva-
tion above this wavelength. The plasmon-enhanced photocata-
lytic AQE is directly related with efficiency of electron transfer 
across the plasmonic metal/adsorbate interfaces as reported 
by Xiong and co-workers.[34] For metal/adsorbate interfaces 
dominated by indirect electron transfer, an optimum efficiency 
is achieved under the resonant condition of metal SPR and a 
good match between AQE and SPR extinction cross-section is 
usually expected[34] as observed for MT-Au and SC-Au nanocrys-
tals (Figure S16, Supporting Information). The direct electron 
transfer through CID would require in addition an energy 
match with highest occupied molecular orbital (HOMO)–lowest 
unoccupied molecular orbital (LUMO) transition of hybrid-
ized surface states from adsorbates, of which an optimum 
efficiency is usually achieved at the longer wavelength than 
the resonant energy of HOMO–LUMO gaps for free-standing 
molecules.[35] The largely broadened SPR bands in the extinc-
tion spectra may also be contributed by CID in addition to the 
effects from the asymmetric shape of RS-Au nanocrystals, as 
the CTAB exchanged nanocrystals exhibit narrowed SPR bands 
compared with the 4-MP capped ones (Figure S17, Supporting 
Information). To evaluate the overall effects of the ligands on 
the photogenerated carriers, we conducted the AB hydrolysis 
reactions over RS-Au nanocrystals bonded with different types 
of thiol ligands. Actually, it has been reported that the CID 
pathway is well tunable by different types of ligands.[36] To this 
end, we exchange four types of thiol ligands with similar mole-
cular structures but different substituents on a benzene ring 
onto the surface of RS-Au nanocrystals, including 4-MP with a 
para OH group, 4-nitrothiophenol (4-NTP) with a para NO2 
group, 4-mercaptobenzoic acid (4-MBA) with a para COOH 
group, and 4-aminothiophenol (4-ATP) with a para NH2 group. 
As shown in Figure S18 in the Supporting Information, the 
extinction spectra of surface exchanged RS-Au colloidal solu-
tion exhibit different degrees of plasmon peak broadening and 
red-shift, which are characterized for the CID effects. The cor-
responding order in CID enhancement coincides well with the 
literature.[36] Interestingly, RS-Au nanocrystals exchanged with 
these four types of thiol ligands exhibit quite different activity 
toward the H2 production, which clearly indicates that ligands 
play a key role in the hydrolysis of AB molecules. Moreover, the 
activity exactly follows the order of CID enhancement as 4-NTP 
> 4-MBA > 4-MP > 4-ATP, which unambiguously demonstrates 
that the direct electron transfer mediated by CID pathway 
dominates the reaction activity. Moreover, the observed linear 
power dependence of reaction rates (i.e., TOF values) for RS-Au 

nanocrystals is associated with single carrier excitation events 
(Figure S19, Supporting Information),[37] and in some cases 
regarded as a signature for the direct rather than the indirect 
charge transfer pathway.[38] The latter usually holds a super-
linear power dependence of reaction rates.[37] Accordingly, the 
above observations for the RS-Au photocatalyst strongly indicate 
the involvement of direct interfacial electron transfer events.[38b]

To further prove this point, we performed steady-state 
anti-Stokes and Stokes Raman spectroscopy on these Au 
nanocrystals, since Raman scattering, either in the Stokes or 
anti-Stokes regimes, is a unique spectral fingerprint of vibra-
tions in the molecules through inelastic light-scattering.[39] The 
measurement of both Stokes and anti-Stokes scattering spectra 
allows the evaluation of the steady-state charge exchange with 
the vibrationally excited molecules through the determination 
of vibrational temperatures of both plasmonic nanocrystals and 
adsorbates (Figure  5b).[9b,40] Specifically, the equilibrated elec-
tron–phonon temperature of these plasmonic Au nanocrystals 
can be calculated through the Fermi–Dirac distribution func-
tion. By fitting the intensity of the anti-Stokes background 
signal to Equation (S2) in the Supporting Information, the local 
nanoparticle temperatures of RS-Au, MT-Au, and SC-Au are 
quite similar as shown in Figure 5c (details in Figure S20 and 
Equations (S2)–(S4) in the Supporting Information), which are 
higher than the ambient temperature due to the local heating 
by laser irradiation. On the other side, the transient metal/
adsorbate interfacial electron transfer and associated vibronic 
coupling allows the heating of adsorbates and their vibrational 
temperature can be calculated upon a specific vibrational mode 
in both Stokes and anti-Stokes spectra through a Boltzmann 
distribution function (Equation (S5), Supporting Information). 
As shown in Figure 5c, the calculated vibrational temperatures 
of 4-MP adsorbates for a vibrational mode at 394, 635, and 
1078 cm−1 are markedly elevated with respect to the phonon 
temperature of the RS-Au, MT-Au, and SC-Au nanocrystals 
under the 785 nm laser (Figure S21, Supporting Information), 
but they remain similar under the 633 nm laser (Figure S22, 
Supporting Information). The enhanced vibrational heating 
of strongly bound thiol adsorbates at longer excitation wave-
length unambiguously confirms the involvement of direct 
charge transfer events, which also accounts for the elevated 
AQE in photocatalytic hydrolysis of AB above 730 nm. This 
may arise from the resonant excitation of the hybridized states 
of adsorbates as similarly observed over a methylene blue/Ag 
system,[9a,41] and the associated direct charge transfer across the 
adsorbate/metal interface would largely circumvent the energy 
loss due to electron–electron scattering.[42] Such a wavelength-
dependent temperature difference between adsorbate and 
metal are less remarkable in MT-Au and SC-Au nanocrystals as 
shown in Figure 5c.

The hot electron dynamics on the adsorbate/metal system 
can be probed by TA spectroscopy using the pump–probe 
method. RS-Au and MT-Au as multiply-twinned nanocrystals 
are compared to identify the role of the asymmetric crystal 
shape of RS-Au. With a 650 nm pump pulse, a ground state 
bleach (GSB) band centered at 550 nm is observed in the TA 
data map of the 4-MP capped RS-Au nanocrystals (Figure 5d), 
which is attributed to the depletion of the plasmon elec-
trons.[42] Similar GSB bands centered at 525 nm is observed 
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for MT-Au nanocrystals, together with excited-state absorp-
tion (ESA) bands centered at 570 nm (Figure S23, Supporting 
Information). The plasmon bleach recovery time profiles 
probed at 550 and 525 nm for 4-MP capped RS-Au and MT-Au 
nanocrystals are shown in Figure 5e, which are  characterized 

by two exponential functions attributed to the electron–
phonon (e–ph) and phonon–phonon (ph–ph) scattering, 
respectively. The fitted lifetimes for both relaxation processes 
in these adsorbate/metal systems are τe–ph  = 1.43/1.12 ps and 
τph–ph = 150.71/149.31 ps, respectively (Figure S24, Supporting 

Figure 5. a) Schematic illustration of direct and indirect electron transfer pathways on Au surface with thiol adsorbates at different sites. b) Stokes and 
anti-Stokes Raman spectra of RS-Au at 785 nm excitation. c) Calculated temperature of three types of Au nanocrystals and their prominent vibrational 
modes (394, 635, and 1078 cm−1) of 4-MP. d) 2D pseudocolor plot of TA spectra for RS-Au nanocrystals at 650 nm excitation. e) Bleach kinetics trace 
and corresponding fit of RS-Au and MT-Au at 650 nm excitation. f) The spatial distribution of HOMO and LUMO frontier orbitals for bonded 4-MP 
molecules on Au(100), Au(111) surfaces and a twinning boundary, respectively. g) Projected density of states for the p (red color) and d (navy color) 
components of S atom and Au binding sites underneath on Au(100), 5% strained Au(100), Au(111), and 5% strained Au(111) surfaces and the twin 
boundary sites, respectively.
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Information). It has been reported that the lifetime of hot elec-
trons is closely related with the surface chemistry,[43] crystal 
structure,[44] grain boundaries,[45] and environment.[46] The  
electron–phonon relaxation time τe–ph increases with 
increasing electronic heat capacity, but decreases with 
increasing electron–phonon coupling.[43] The prolonged τe–ph 
observed over the thiol capped RS-Au compared with the MT-Au 
nanocrystals is closely associated with the surface-chemistry 
induced CIS that effectively retards the internal thermalization 
process,[47] and arises from the more pronounced increase of 
electronic heat capacity than electron–phonon coupling due to 
the introduced adsorbate states near Fermi level.[43] Actually, 
the modulation of these adsorbate states has been reported to 
effectively tune the CID and thus the efficiency of plasmonic 
hot-electron energy transfer.[36] We further investigate the  
electronic structure and these near Fermi-level states in the  
Au–thiol system by employing DFT calculations, with an 
emphasis on the effects of surface facets, strain, and twin 
boundary that appear in RS-Au, MT-Au, and SC-Au nanocrys-
tals. As Figure S25 in the Supporting Information shows, the 
derived d-band center values shift closer to the Fermi level in 
the order of strained {100}, strained {111}, {100}, {111}, twin 
boundary, which leads to a decreased filling of metal–adsorbate 
antibonding states and stronger binding of adsorbate mole-
cules. Specifically, the 4-MP molecules preferentially adsorb 
on the fourfold hollow sites of the {100} surface and threefold 
hollow sites of {111} surface or twin boundary with a slightly 
distorted geometry (Figure  5f). The strong chemical bonding 
between Au and S atoms in these Au–thiol system produces 
hybridized surface states near Fermi level that opens up a greatly 
reduced energy gap between the frontier states (e.g., 1.37 eV  
for thiol molecular on Au {100}) compared with that of free-
standing thiol molecules (4.68 eV).[38b] These frontier states for 
diverse Au–thiol geometries are mainly contributed by Au 5d 
and S 3p states and can be clearly visualized by the projected 
density of states (PDOS) onto the S atom and Au binding sites 
underneath as shown in Figure  5g. Combined with the spa-
tial distribution of molecular orbitals (MOs) associated with 
these similar states (Figure  5f; Figure S26, Supporting Infor-
mation), the occupied frontier states (HOMO) (e.g., −0.93 eV 
for thiol molecular on Au{100} and −0.95 eV for thiol mole-
cular on Au{111}) are composed of Au 5d and lone-pair type 
p orbitals localized on S atom with a nonbonding character 
(n-type), while the unoccupied frontier states (LUMO) (e.g., 
0.44 eV for thiol molecular on Au{100} and 0.41 eV for thiol 
molecular on Au{111}) contain much less d states from the 
metal substrate but predominantly σ*-type antibonding orbital 
formed between Au dz

2 and S pz orbitals. Such an electronic 
structure allows the efficient n→ σ* type direct electronic exci-
tation between the frontier states with a small energy gap, 
which accounts for the observed elevation of photocatalytic 
activity at longer wavelength (> 730 nm) of the SPR bands for 
RS-Au nanocrystals. On the other side, the diminished metal d 
states in the unoccupied region allow the isolation of electron-
accepting states from the metal substrate, which may extend 
the lifetime of excited states toward efficient photochemical 
reactions.[38b] More importantly, we note in this work that the 
direct electronic excitation pathway is significantly affected 
by the microstructure of Au nanocrystals, as the {100} facets 

would create more pronounced unoccupied density of states 
for greater electronic excitation probability in the Au–thiol 
system than {111} facets and twin boundary. In addition, the 
tensile strain on {100} facets would further increase the energy 
gap by 0.11 eV between these hybridized surface states. These 
facts unambiguously demonstrate that by tailoring the micro-
structure of plasmonic metal nanocrystals, both the efficiency 
and resonant energy of the direct electronic transition between 
hybridized surface states can be readily modulated. The pro-
posed n→ σ* type direct electronic transition in the Au–thiol 
system would facilitate the photodissociation of AuS σ-bond 
possibly through vibration energy accumulation,[42] which pro-
duces activated 4-MP species (*SPhOH) that subsequently ini-
tiate the full cycle of AB hydrolysis reaction as schematically 
illustrated in Figure  4a. The RS-Au nanocrystals that adopt a 
unique surface termination including {100} facets would thus 
benefit from enhanced direct electronic excitation in contrast 
to the indirect electron transfer, though the quantitative dis-
crimination between individual pathways remains challenging.

3. Conclusion

Monometallic Au nanocrystals with reduced symmetry were 
rationally designed and artificially created via wet-chemical syn-
thesis through a COUD strategy assisted by both ionic additive 
and thiol passivator. The underlying microscopic mechanism of 
symmetry-breaking crystal growth beyond the ECS is unraveled 
by electron microscopy and microanalysis, which is initiated 
by the site-specific defect nucleation followed with nonepitaxial 
growth mode. The unique asymmetric shape of Au nanocrystals 
leads to broadband SPR optical properties, while their micro-
structures including surface facets, strain, and twin boundary are 
closely related with the hot carrier generation and transfer mech-
anisms in the metal–adsorbate system, as evidenced by com-
bined steady-state/dynamic spectroscopic characterizations and 
theoretical calculations. Both factors largely restrict the efficiency 
of photochemical reactions. Targeting at efficient solar energy 
harvesting via plasmon-enhanced photocatalysis, this work dem-
onstrates that a precise chemical control of both size/shape and 
microstructures of metallic nanocrystals offers not only large 
and tunable absorption cross-section of nanocrystals but also 
alteration between the competitive direct and indirect hot carrier 
transfer pathways across the metal–adsorbate interface.
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