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  1. Introduction 

 Semiconductor materials play a vital role in a number of next-
generation high-tech domains such as energy harvest-conver-
sion and environmental applications including photocatalysis, 
photoelectrolysis, and photovoltaics. [  1  ]  To date, the develop-
ment of highly active photocatalysts nanostructures for solar 

light absorption is still a bottleneck for 
practical applications. It is known that 
well-controlled hierarchical structures, 
particularly 3D structures, could pro-
vide high specifi c surface area with well-
aligned pore structures that shorten the 
diffusion paths to active surface sites. [  2  ]  
For example, the hierarchical structures 
of green leaves and certain photosyn-
thetic plants are optimized for effi cient 
light harvesting and sunlight conversion 
to chemical energy by photosynthesis. [  2a  ,  3  ]  
In photocatalytic or photovoltaic applica-
tions, similar structures can provide a 
means of improving photoenergy conver-
sion effi ciency due to the enhanced light 
harvesting, short charge-carrier transport 
paths, and increased active sites in porous 
micro/nanochannels. [  4  ]  

 Inspired by the benefi t of the hierar-
chical structure, the present work dem-

onstrates the feasibility of using a water-soluble sacrifi cial 
salt-crystal-template (SCT) to assemble porous hierarchical 
nanostructures with hollow interior morphologies. The critical 
features in the success of the SCT route include proper selec-
tion and preparation of the template material, adequate shell 
growth, and proper dissolution of the core template afterwards. 
For proof of concept, sodium chloride (NaCl) is selected as the 
template for the production of AgCl cubic cages. NaCl is an 
ideal template material due to its low cost, abundance, and ease 
of removal via dissolution; hence the preparation cost is mini-
mized for large scale industry applications. Following the same 
principle but varying the geometry and composition of the tem-
plate, this SCT route could potentially be used to synthesize 
other types of porous functional materials. 

 Interestingly, when coupled with Ag nanoparticles, this 
unique AgCl cage possessed excellent photocatalytic activity 
and high stability, which is generally ascribed to the plasmonic 
effect of noble metals. Plasmonic noble-metal nanostructures 
(such as Au and Ag) are characterized by their strong interac-
tion with photons through an excitation of surface plasmon 
resonance (SPR). [  5  ]  Recently, studies have indicated that 
silver/silver compounds (Ag@AgX, X  =  Cl, Br, I, O, etc.) pos-
sess excellent photocatalytic activity and high stability due 
to the SPR effect of noble metal nanoparticles under various 
light irradiations. [  6  ]  The coupling of semiconductor and metal 
nanoparticles provides a unique pathway for the discharge of 
electrons at the electrolyte interface. [  7  ]  Earlier studies [  6a  ,  6b  ,  6d  ,  6h  ]  
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NaCl crystals with different morphologies are 
also suitable for AgCl cage structure prepara-
tion. AgNO 3  was subsequently added into the 
NaCl dispersion, along with the assistance 
of surfactant PVP to prevent the aggrega-
tion of AgCl particle. Ion exchange diffusion 
reaction between NaCl and Ag  +   in the solu-
tion led to the heterogeneous nucleation 
and continued growth of AgCl on the surface 
of the NaCl template, evidenced from the 
color of the solution changing from yellow 
(Figure S1a, Supporting Information) to pale 
yellow (Figure S1b).    

 Figure 1  a,b show fi eld-emission scanning 
electron microscopy (FESEM) images of the 
NaCl/AgCl core-shell cubes. As can be seen, 
monodispersed NaCl/AgCl cubes (ca. 1.0–
1.3  µ m in edge length) were successfully pro-
duced with clearly defi ned edges. Figure  1 c 

presents the transmission electron microscopy (TEM) image of 
an individual NaCl/AgCl cube. Compared with pure NaCl crys-
tals (Figure S2, Supporting Information), the NaCl/AgCl sam-
ples show different contrast at the core and peripheral regions, 
typical for core-shell structured materials. It is expected that the 
brighter core was composed of NaCl, while the shell composed 
of AgCl appeared darker due to its larger mass. It is clearly vis-
ible from Figure  1 c that each shell wall had relatively constant 
shell thickness with smooth outer and inner surfaces. The shell 
wall thickness is estimated from Figure  1 c to be ca. 7% of the 
cube edge length. To further demonstrate the co-existence of 
NaCl and AgCl in these cubes, elemental mapping analysis 
and X-ray photoelectron spectroscopy (XPS) tests were carried 
out. The upper-left image in Figure  1 d shows the SEM image 
of the regions where elemental mapping was performed. The 
magenta, yellow, and cyan colors in Figure  1 d correspond to the 
mapping of chlorine, sodium and silver elements, respectively. 
It is observed that all three elements existed in the cubes, in 
agreement with the proposed NaCl/AgCl composition. Close 
scrutiny of Figure  1 d reveals that Ag element was more concen-
trated at the periphery of the cubes; Na element was more con-
centrated at the centre; whereas Cl was uniformly distributed 
throughout the cube. The XPS survey spectrum (Figure  1 e) of 
the NaCl/AgCl samples confi rmed Na, Ag and Cl as the main 
components. Trace amount of C and O was also revealed. For 
Cl 2p (inset in Figure  1 e), two peaks were observed at binding 
energies of about 197.8 and 199.8 eV, corresponding to Cl 2p 3/2  
and Cl 2p 1/2 , respectively. Also, the Ag 3d peaks at 367.8 and 
373.8 eV can be assigned to the binding energies of Ag 3d 5/2  
and Ag 3d 3/2 , respectively. [  6i  ]  These observations further confi rm 
the success of our template-assisted formation of NaCl/AgCl 
core-shell cubes. We have subjected some samples to a water 
dissolution step to demonstrate the feasibility of removing its 
sacrifi cial SCT core without losing the structural integrity of the 
shell. During this process, the water molecular can penetrate 
the AgCl shell and dissolute NaCl cores. The cubic cage mor-
phology of AgCl was observed (Figure S3, Supporting Informa-
tion), and the hollow interior of the cubic cages were accessible 
through the openings on the cage surfaces as in Figure S3a, or 
through the etched surface of the cube as in Figure S3b.  

suggested two main modes of electron transfer in silver/silver 
halides. In one mode, the SPR electrons remain in the Ag nan-
oparticles rather than being transferred to silver halides, which 
are expected to be directly trapped by O 2  to form the reactive 
oxygen radicals. [  6a  ,  6d  ]  Another mode involves the SPR electrons 
transferring to the conduction bands of the silver halides. [  6b  ,  6h  ]  
Electron spin resonance and cyclic voltammetry analyses on the 
Ag-AgI/Al 2 O 3  case support this opinion. [  6b  ]  

 Despite these proposed electron dynamics in Ag@AgCl 
hybrid, [  6a  ,  6d  ]  the exact electron transfer process is not yet clearly 
understood and direct experimental observation on it has been 
limited. With the aid of computer simulations and transient 
absorption spectroscopy, information about plasmonic electro-
magnetic hot spots and the plasmon-induced electron transfer 
processes in Ag@AgCl nanohybrid structures is obtained in 
this work. Specifi cally, the electronic transfer process between 
Ag nanoparticles and AgCl is identifi ed to complete on an ultra-
fast timescale of less than 150 fs. Unraveling the mystery of 
these fundamental electronic events is a critical step towards 
elucidating the underlying mechanisms leading to the activity 
and stability of the Ag@AgX photocatalysts.   

 2. Results and Discussions 

  2.1. Synthesis and Characterization of Ag@AgCl Cubic Cages 

 Our design strategy, shown in  Scheme    1  , used a water soluble 
sacrifi cial salt-crystal-template (SCT) process to synthesize Ag@
AgCl plasmonic photocatalysts with cubic cage morphology. The 
color change of reaction solution at different stages is shown 
in Figure S1 (Supporting Information). SCT NaCl templates 
were prepared by injecting saturated NaCl aqueous solution 
into anhydrous ethanol. The drastic decrease in NaCl solubility 
from water (26.4 wt% at 25  ° C) to ethanol (0.05 wt% at 25  ° C) 
resulted in the super-saturation of NaCl right after the instant of 
injection, and therefore, white colored NaCl crystals precipitated 
out immediately and assumed their thermodynamically stable 
cubic morphology. It is noted that other methods to generate 

     Scheme  1 .     Schematic illustration of the water-soluble sacrifi cial salt-crystal-template (SCT) 
route for the formation of Ag@AgCl cubic cages. Two methods have been selected to generate 
Ag NPs: photoreduction (PR) and ethylene glycol-assisted reduction (EGR). Note that in this 
scheme, AgCl or Ag@AgCl at one corner of each cube was deliberately deleted to reveal the 
inner constitutions of the cubes and cages.  
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shell structure. Exposure of Ag@AgCl–EGR 
to prolonged electron beam bombardment 
could cause coagulation of the crystals in the 
shell, thereby revealing its hollow structure 
(Figure S4, Supporting Information).  

 The crystal structure of the products 
formed by the SCT process was investigated 
by X-ray diffraction (XRD) (Figure S5, Sup-
porting Information). After shell growth, the 
coexistence of cubic phase NaCl and cubic 
phase AgCl was evidenced in Figure S5a 
(Supporting Information). As seen in 
Figure S5b (Supporting Information), during 
the PR route, when NaCl/AgCl was illumi-
nated with light, cubic phase Ag was gen-
erated (inset of Figure S5), forming NaCl/
Ag@AgCl. After water-dissolution, the as-
prepared Ag@AgCl–PR had no NaCl peaks 
(Figure S5c, Supporting Information), indi-
cating complete removal of sacrifi cial core. 
Similar observation was made in the Ag@
AgCl–EGR after the EGR treatment (Figure 

S5d). However, no Ag peaks were observed in the XRD pat-
tern for Ag@AgCl–EGR. This may be due to the low content 
and high dispersity of Ag formed during EGR process. [  11  ]  To 
further examine the chemical status of the products, XPS 
was conducted and the results were shown in Figure S6 
(Supporting Information). Compared with the NaCl/AgCl 
sample, the Na 1s and Na KLL peaks disappeared in survey 
spectra (Figure S6A) of Ag@AgCl-PR and Ag@AgCl-EGR 
samples since the NaCl cores were removed, while the main 
components of Ag and Cl peaks were similar. High resolu-
tion XPS in Figure S6B indicated that the surface metallic 
Ag 0  content was ca. 1.3% for Ag@AgCl-PR, but lower for 
Ag@AgCl-EGR sample, which was consistent with the XRD 
results (Figure S5, Supporting Information). 

 UV-vis diffuse refl ectance spectra of the various samples 
are shown in  Figure    3  , along with their corresponding digital 
photos. The absorption of UV light (below 390 nm) for NaCl/
AgCl was due to large band gap energy of AgCl (indirect band 
gap: 3.25 eV, direct band gap: 5.15 eV), while the visible light 
absorption was very limited. Therefore, NaCl/AgCl core-shell 
cubes were white in colour. The limited absorption for NaCl/
AgCl in the visible region might be due to the small amount 
of Ag 0  formed by room light illumination during prepara-
tion. After PR, the NaCl/Ag@AgCl–PR became purple and 
showed greatly increased absorption of light, especially in 
the visible region. This enhancement in light absorption was 
due to the localized surface plasmon resonance (SPR) and 
interband UV excitation of Ag NPs. [  12  ]  The broad SPR absorp-
tion had two peaks, one at around 550 nm and the other at 
around 730 nm. The visible absorption peak at 550 nm was 
much stronger for NaCl/Ag@AgCl–PR. When sacrifi cial-core 
was removed, the purplish NaCl/Ag@AgCl–PR changed to 
brownish Ag@AgCl–PR. As seen in Figure  3 , Ag@AgCl–PR 
showed stronger and broader absorption both in the visible 
and UV regions. We speculate that such colour and absorp-
tion characteristic changes were associated with the internal 
multi-refl ection of light-waves within the cage cavities of the 

 Without the removal of the sacrifi cial core, two methods 
were employed for the deposition of Ag nanoparticles (NPs) 
on the NaCl/AgCl core-shell cubes (Scheme  1 ): photoreduction 
(PR) and ethylene glycol-assisted reduction (EGR). As shown in 
Scheme  1 , for the PR method, free electrons generated upon 
illumination would combine with interstitial silver ions in AgCl 
lattice to form Ag NPs on the AgCl surface, and the colour of 
solution changed to purple (Figure S1c, Supporting Informa-
tion). The product after photo-illumination was NaCl/Ag@
AgCl core-shell cubes (NaCl/Ag@AgCl–PR), and the sacrifi cial 
NaCl core could be subsequently removed by water dissolution, 
leaving behind Ag@AgCl–PR cubic cages. For the EGR method, 
ethylene glycol was added into the NaCl/AgCl ethanolic suspen-
sion. Ethylene glycol is frequently employed as solvent [  8  ]  and/
or reducing agent in the polyol process, [  9  ]  which is capable of 
reducing AgCl to form Ag NPs under direct heating [  6d  ]  or micro-
wave heating. [  10  ]  Here, we used direct heating method, during 
which low boiling point ethanol evaporated and the suspension 
turned pale red (Figure S1d, Supporting Information). In addi-
tion, the NaCl core was mildly dissolved into the ethylene glycol 
media. Therefore, ethylene glycol played the role of reducing 
agent as well as sacrifi cial-core removing medium.  Figure    2  a 
shows a low magnifi cation FESEM image of Ag@AgCl–EGR, 
illustrating the retention of cubic shape after the Ag NPs for-
mation and sacrifi cial-core removal. Similar morphology was 
observed for Ag@AgCl–PR samples (not shown). Figure  2 b 
and c provide high magnifi cation FESEM images for Ag@
AgCl–PR and Ag@AgCl–EGR, respectively. Openings on the 
surfaces (pointed by the arrows) were indicative of their hollow 
cage morphology. All features of cubic shape, hollow interior, 
and Ag NPs deposition can be observed from the TEM image of 
Ag@AgCl–PR (Figure  2 d), which demonstrates that the porous 
AgCl outer shell was able to retain its three-dimensional cubic 
shape after the water-dissolution process. On the other hand, 
for Ag@AgCl–EGR, the hollow interior (Figure  2 e) was not as 
obvious, probably because the high temperature EGR process 
promoted the growth of AgCl crystal, resulting in denser AgCl 

     Figure  1 .     a,b) Typical FESEM images of NaCl/AgCl core-shell cubes. c) TEM image of an indi-
vidual NaCl/AgCl core-shell cube. d) Energy dispersive X-ray (EDX) elemental mapping analysis 
of NaCl/AgCl core-shell cubes, showing the SEM image of the analysed sample, Cl element 
mapping (magenta), Na element mapping (yellow), and Ag element mapping (cyan). e) XPS 
spectrum of the NaCl/AgCl core-shell cubes. The insets in (e) are the high resolution XPS 
spectra of Cl 2p and Ag 3d.  
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porous AgCl (Figure  2 d), whose model 
(purple color scheme) is shown in Figure  3 . 
Such refl ection-enhanced light-harvesting 
features are typical for hollow and porous 
materials structure [  13  ]  and have recently been 
identifi ed to be responsible for the photocat-
alytic performance enhancement. [  14  ]  Ag@
AgCl–EGR also exhibited broad visible light 
absorption and the hollow cage absorption 
characteristics afore-mentioned. However, 
the intensity of light absorption was some-
what lower. This could be attributed to its 
lower Ag 0  content and the more compacted 
AgCl shell (Figure  2 e). The latter could 
decrease the light penetration into the cage, 
so the internal refl ection enhanced light 
absorption effect was less prominent (model 
shown in Figure  3 , red color scheme). 
In contrast to the higher peak at 550 nm for 
Ag@AgCl–PR, the absorption peak at 730 nm 
was stronger for Ag@AgCl–EGR, giving 
rise to its pale red appearance. The pale red 
color has been frequently reported for Ag@
AgCl that has undergone reduction in eth-
ylene glycol. [  2d  ,  6d  ]  As the plasmonic absorp-
tion of metal NPs depends on their shape, 
size, mutual distance, and surrounding 
materials, [  5  ,  15  ]  it is suspected here that the 
relatively high plasmon intensity at 730 nm 
for Ag@AgCl–EGR may result from shorter 
interparticle Ag NPs distances or/and larger 
sized Ag NPs generated by EGR processes 
in accordance with the primitive observation 
by FESEM and TEM images (Figure  2 b–e) 
since previous research [  14b  ,  16  ]  demonstrated 
that large particles size and short separation 
distances of novel metal nanoparticles will 
cause a red-shift in SPR absorption spectra.    

 2.2. Photocatalytic Performance of Ag@AgCl Cubic Cages 

 The photocatalytic activities of the as-prepared Ag@AgCl sam-
ples were investigated by the degradation of methyl orange (MO) 
under visible light. Bulk form of Ag@AgCl was used for com-
parison. Its correspoding morphology, and UV-vis absorption 
spectra were provided in Figure S7 (Supporting Information). As 
can be seen in  Figure    4  a, both the cubic cages Ag@AgCl–PR and 
Ag@AgCl–EGR showed superior photocatalytic activity; they can 
nearly completely decompose 10 mg L  − 1  MO within 360 s of vis-
ible light irradiation while the bulk Ag@AgCl can only decom-
pose 14% of MO during the same interval. Neither the photolysis 
experiment without photocatalyst nor the catalytic experiment 
without light irradiation showed any observable decrease in 
MO concentration with time, demonstrating that photocatal-
ysis was indeed the cause for the decomposition of MO. Ag@
AgCl–PR showed slightly higher activity than Ag@AgCl–EGR, 
probably because Ag@AgCl–PR had higher content of Ag 0 , 
better absorption of visible light, and smaller Ag NPs with better 

     Figure  2 .     a) Typical FESEM image of Ag@AgCl–EGR at low magnifi cation. Typical FESEM 
images of b) Ag@AgCl–PR and c) Ag@AgCl–EGR cubic cages at high magnifi cations. The 
arrows in (b) and (c) indicate the pore opening on the cage surface, showing the hollow inte-
riors of the cubic cages. Typical TEM images of d) Ag@AgCl–PR and e) Ag@AgCl–EGR cubic 
cages. The digital photographs inset in (b) and (c) show the solutions of Ag@AgCl–PR and 
Ag@AgCl–EGR cubic cages, respectively.  

     Figure  3 .     UV-vis absorption spectra of the as-prepared samples of NaCl/
AgCl core-shell cubes, NaCl/Ag@AgCl–PR core-shell cubes, Ag@AgCl–
PR, and Ag@AgCl–EGR. The digital photographs on the right are the cor-
responding colors. The inset schemes are the proposed models of light 
passage through the Ag@AgCl–PR and Ag@AgCl–EGR samples.  
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of photon energies. And the metal-semiconductor junction effi -
ciently separates the excited electrons and holes.  

 As recyclability for photocatalysts is a general requirement 
for potential application, cyclic bleaching experiments for MO 
was carried out. Both Ag@AgCl–PR and Ag@AgCl–EGR cubic 
cages after their fi rst cycle usage (Figure  4 a) was collected to 
carry out subsequent degradation. As seen in Figure  4 b, neither 
Ag@AgCl–PR nor Ag@AgCl–EGR showed signifi cant decrease 
in their degradation rate after six additional cycles. The trivial 
lowering of their activity may be due to powder lost during recy-
cling. The XPS results in Figure S6 (Supporting Information) 
reveal that the Ag@AgCl–PR and Ag@AgCl–EGR samples after 
six cycles possessed similar compositions with the as-prepared 
samples. These results demonstrated that the synthesized Ag@
AgCl cubic cages remained stable and active for repeated usage. 
According to previous research, Ag NPs generated on AgCl 
can generate self-stabilizing mechanism that prevented further 
destruction of AgCl and maintained its activity. [  6a  ,  6d  ]  

   2.3. Density Functional Theory Calculations and Finite-Difference 
Time-Domain Simulation of Ag/AgCl Structures 

 To provide further insight into the electronic structure of AgCl, 
the band structure and densities of states (DOS) of AgCl were 
calculated using density functional theory (DFT). The AgCl unit 
cell (space group No 225; Fm-3m) is shown in  Figure    5  a. It is 
known that the functionals such as generalized gradient approx-
imations (GGA), local-density approximation (LDA) within DFT 
usually undermine the band gap value of semiconductors and 

electron storage capacity and higher Fermi level. [  7  ]  Assuming 
a pseudo-fi rst-order kinetics for MO degradation, the rate con-
stant over Ag@AgCl–PR cubic cages (262.5  ×  10  − 3  min  − 1 ) was 
found to be 28 times larger than the bulk solid Ag@AgCl (9.3  ×  
10  − 3  min  − 1 ), although both of them had the same process to 
generate metallic Ag by the PR method. Therefore, it is clearly 
demonstrated in the current work that having the porous cubic 
cage morphology can impart enhancement in the photocatalytic 
activity. Herein the following reasons for this observed high 
activity of Ag@AgCl cubic cages are suggested. Because cubic 
cages were composed of six thin-walled squares where both 
the inner and outer surfaces of the cages were accessible, it 
attained a large specifi c surface area for the heterogeneous pho-
tocatalytic reactions. The SPR absorption of visible light and the 
multi-refl ection in cavity increased its total absorption effi ciency 

     Figure  4 .     a) Photodegradation of methyl orange (MO) without and 
with the presence of as-prepared Ag@AgCl–PR, Ag@AgCl–EGR, and 
Ag@AgCl–bulk under visible light.  C  0  is the initial concentration of MO 
aqueous solution (10 mg L  − 1 ), and  C  is the instant concentration of MO 
solution during photodegradation. b) Recycling experiments of Ag@
AgCl–PR and Ag@AgCl–EGR in the photodegradation of MO after their 
use in (a).  

     Figure  5 .     a) Unit cell of AgCl (space group No 225; Fm-3m) used in DFT 
calculations; b) energy-band diagram, and c) density of states for AgCl 
calculated by hybrid density functional method.  
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insulators. To obtain an accurate description of the band struc-
ture, the calculations were carried out using hybrid DFT func-
tional proposed by Perdew, Burke, and Ernzerhof (PBE0). [  17  ]  
Figure  5 b,c show the band structure and DOS of AgCl calcu-
lation results respectively by hybrid PBE0 functional. AgCl 
material is found to be an indirect bandgap semiconductor. 
The direct electronic transition is seen at the G point and 
the indirect transition is seen from R to G point in the band 
structure (Figure  5 b), which explains measured absorption spec-
trum (two band edges before the 400 nm) of the AgCl sample 
(Figure  3 ). It is found that the indirect bandgap value obtained 
from hybrid functional (PBE0) calculations is 3.61 eV and the 
direct bandgap value is 5.72 eV (Figure  5 b,c), which compare well 
with the reported literature values of the calculation or experi-
mental results. [  6d  ,  18  ]  Both the highly dispersive valence band 
and conduction band should benefi t the transport of the excited 
charge carriers, which is crucial for high photocatalytic activity. 
The partial density of states (pDOS) shows that the valence band 
of AgCl is mainly composed of Cl 3p  +  Ag 4d, while the con-
duction band mainly consists of Ag 5s orbitals and a little con-
tribution from Cl 3p. The calculated band structure (Figure  5 ) 
and measured optical absorption spectra (Figure  4 ) indicate the 
AgCl crystal is inactive under the visible light illumination due 
to its large band gap. Therefore, the silver nanoparticles should 
play an important role for the visible light absorption.  

 It is well known that the electric fi elds around silver nano-
particles can be enhanced when the incident lights are in the 
resonance with the localized surface plasmon of silver nanopar-
ticles. To study the role of silver nanoparticles on light enhance-
ment around AgCl crystal, we carried out 3D fi nite-difference 
time-domain (FDTD) simulations for silver nanoparticles on 
AgCl cubes. The calculation results ( Figure    6  a,b) show signifi -
cant electric fi led enhancement near the interface of Ag/AgCl 
hybrid structure when silver NPs are in plasmon resonances. 
From the cross-sectional view (Figure  6 b), the strongest hot 
spot is near the Ag/AgCl interface because the refractive index 
of AgCl (2.1) is much larger than that of water (1.33). [  19  ]  The 
confi nement of light near Ag/AgCl is vital to amplify the light 
absorption of AgCl. We also observed similar electric fi eld 
distribution pattern for incident wavelength of 400 nm and 
800 nm (Figure  6 c,d) and particle size of 10 nm, 50 nm, and 
100 nm (Figure S8, Supporting Information). For 50 nm Ag 
sphere, the maximum electric fi eld intensities for different wave-
length are in the order of  |  E  |  440nm  2   >   |  E  |  550nm  2   >   |  E  |  800nm  2 . There-
fore, the performance merit of this plasmonic Ag/AgCl hybrid 
was mainly attributed to the EM fi eld enhancement from 400 
to 550 nm. For incident wavelength of 550 nm, the maximum 
electric fi led enhancement was found for 100 nm Ag particles, 
followed by 50 nm Ag particles, while the fi eld enhancement was 
least signifi cant for 10 nm Ag particles. It suggests that a larger Ag 
particle is better for Ag@AgCl photocatalysis, which is consistent 
with the recent study of Au nanoparticles on TiO 2  surface. [  20  ]     

 2.4. Ultrafast Electron Transfer Mechanism 
in Ag@AgCl Structure 

 To elucidate the underlying mechanism of the superior pho-
tocatalytic performance of the Ag@AgCl nanohybrid crystals, 

the photon-induced electron transfer dynamics between them 
were examined by transient absorption (TA) spectroscopy. TA 
spectroscopy is a powerful technique for investigating the elec-
tron transfer from semiconductor NPs to TiO 2  or other electron 
acceptors by monitoring the state fi lling kinetics of the 1s elec-
tron level in the semiconductor NPs. [  21  ]  For the present study 
of Ag@AgCl nanohybrid crystals, the free electrons in Ag NPs 
were selectively excited with 400 nm (3.1 eV) laser pulses. No 
transient signal was observed on pure AgCl samples under the 
same excitation conditions, which is consistent with the calcu-
lated optical property of AgCl (Figure  5 ). The photon induced 
hot electron dynamics were monitored at 470 nm (2.6 eV). The 
differential transmittance signals for pure Ag NPs are shown 
in  Figure    7  a,b. The fast decay of the photon-induced-electron-
plasmon-bleaching (  τ   1   ≈  1.8 ps) was dominated by the electron-
electron scattering and electron-phonon scattering (energy 
transfer from the hot electrons to lattice). [  22  ]  The slow recovery 
of the photon induced absorption transient (  τ   2   >  2 ns) to the 
equilibrium was attributed to the heat dissipation from the Ag 
NPs to the surrounding matrix (i.e., phonon-phonon interac-
tion). As the sample was measured in vacuum, the observed   τ   2  
here is much longer than the reported values for Ag NPs in air 
or in solvents. [  22  ]  Figure  7 c,d show the case for Ag@AgCl nano-
hybrid system under the same experimental conditions. The 
absence of the electron plasmon bleaching and hot electron 

     Figure  6 .     a) The simulation model of the 3D FDTD simulation of a 4  ×  
4 silver nanospheres array on AgCl substrate excited at 550 nm. b) Side 
view of the 3D FDTD simulation result. c,d) simulation results of electric 
fi eld distribution for a single silver nanosphere on AgCl substrate at the 
incident wavelength of 400 nm and 800 nm respectively. The inset in (a) is 
the large magnifi cation side-view image of the simulation result of (b).  
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charge on the Ag nanoparticles can then contribute to the oxi-
dation of organic dyes (Figure  8 ).     

 3. Conclusions 

 In this work, a novel and economic water soluble sacrifi cial 
salt-crystal-template (SCT) process was developed for the large-
scale production of hollow Ag@AgCl cage materials that show 
superior photocatalytic performance compared with the solid 
form. By using femtosecond transient absorption spectroscopy, 
we would directly observe plasmon-induced electron transfer 
from Ag nanoparticles to AgCl surface with ultrafast injection 
time within 150 fs, contributing to the excellent performance of 
Ag@AgCl cages toward the photocatalytic application. Also, the 
reported SCT process opens up a new possibility to fabricate 
other functional materials with hollow-structures.   

 4. Experimental Section  
 Synthesis of Ag@AgCl Cubic Cages : Ag@AgCl cubic cages were 

synthesized by the water soluble sacrifi cial salt-crystal-template (SCT) 
process. In a typical procedure, AgNO 3  ethanolic solution was prepared 
in advance by dissolving AgNO 3  (1 mmol) and polyvinylpyrrolidone 
K40 (PVP,  M  r   ≈  40 000) (1200 mg) in anhydrous ethanol (20 mL). 
NaCl saturated aqueous solution was also prepared in advance. After 
which, NaCl saturated aqueous solution (800  µ L) was injected into 
anhydrous ethanol (100 mL) under stirring, and a white dispersion was 
formed immediately. Subsequently, AgNO 3  ethanolic solution (20 mL) 
was poured into the NaCl ethanolic dispersion and the mixture was 
vigorously stirred for 24 h, forming NaCl/AgCl core-shell cubes. 

 Ag nanoparticles (NPs) were generated on the surface of AgCl by two 
methods: photo-reduction (PR) and ethylene glycol-assisted reduction 
(EGR). For photo-reduction method, the NaCl/AgCl ethanolic dispersion 
was illuminated using solar simulator 300 W Xe lamp (HAL-320, Asahi 
Spectra Co., Ltd.) for 30 min, forming NaCl/Ag@AgCl–PR core-shell 
cubes. When the collected NaCl/Ag@AgCl was washed with water, Ag@
AgCl–PR was generated. In the EGR method, ethylene glycol (40 mL) 

cooling indicates that there was a strong electronic coupling 
between the Ag and AgCl conduction bands. The photoin-
duced energetic electrons in Ag NPs were effi ciently injected 
into AgCl. The injection time was far beyond our TA time 
resolution (150 fs). Such fast electron injection is consistent 
with the reported results for strongly electronically coupled 
semiconductor NPs and TiO 2  (around few fs to tens of fs). [  23  ]  
Figure  7 d clearly shows there was a transition from photo-
induced absorption to photo-bleaching (PB) at 1.2 ns for Ag@
AgCl nano-hybrid system. Such PB signature arose from the 
absence of free electrons in Ag NPs. That means the charge 
separated states can survive till more than a few nanoseconds. 
This kind of fast built and long lived charge separated states are 
advantageous to photocatalytic reaction.  

 Based on the simulation result and TA spectroscopy, the 
SPR-mediated charge transfer process under the light illumi-
nation was proposed, whose scheme is shown in  Figure    8  . A 
Schottky junction is established at the interface between the 
silver NPs and AgCl cubes resulting in charge transfer from 
the AgCl to Ag NPs and a potential barrier of  ≈ 0.8 eV. Upon 
light irradiation, electromagnetic (EM) wave will be greatly 
confi ned and amplifi ed in certain interfacial hot spots (shown 
as red spots in Figure  8  inset) when the intrinsic frequency of 
electron oscillation matches with that of the light. The excited 
surface plasmons rapidly decay, producing many hot electrons, 
which transiently occupy normally empty state in the silver’s 
conduction band above the Fermi energy. A signifi cant fraction 
of excited electrons are ultrafast transferred to AgCl. This SPR 
charge transfer mechanism is analogous to dye sensitization. 
That is, a dye molecule anchored to a semiconductor acts to 
absorb light and transfer energetic charge carriers to the semi-
conductor. [  5  ]  For photocatalytic applications, charge transfer 
plays a central role in the systems where energetic electrons 
will transfer across the interface to the CB of AgCl, where they 
can be trapped by O 2  in solution to form O 2  • −   and H 2 O 2 , which 
are reactive species responsible to the destruction of organic 
molecules. Due to the loss of electrons, the remaining positive 

     Figure  7 .     Comparisons of 470 nm transient absorption kinetics of a,b) Ag 
nanoparticles and c,d) Ag nanoparticles coupled with AgCl nanoparticles 
after 400 nm excitation. e) Schematic illustration of the ultrafast electron 
transfer from Ag to AgCl after excitation.  

     Figure  8 .     The proposed mechanism of photocatalytic organic dye degra-
dation for the Ag/AgCl hybrid structures.  
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amplifi er (150 fs, 1 KHz, 800 nm) that was seeded by a Coherent Mira 
oscillator (100 fs, 80 MHz). 800 nm wavelength laser pulses were from 
the regenerative amplifi er’s output while 400 nm pump pulses were 
frequency doubled with a BBO crystal. The samples on quartz substrates 
were kept in vacuum and pumped at 3.1 eV (400 nm) and probed at 
2.6 eV (470 nm) which was selected from a white-light continuum. The 
white light probe pulses (400–750 nm) were generated by focusing a 
small portion ( ≈ 5  µ J) of the fundamental 800 nm laser pulses into a 
1 mm-thick sapphire plate. The linear polarization of the pump pulse 
was adjusted to be perpendicular to that of the probe pulse with a 
polarizer and a half waveplate. The cross-polarization will help eliminate 
any contribution from coherent artifacts at early times. Pump-induced 
changes of transmission ( ∆  T / T ) of the probe beam were monitored 
using a monochromator/PMT confi guration with lock-in detection. The 
pump beam was chopped at 83 Hz and this was used as the reference 
frequency for the lock-in amplifi er.   
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 Supporting Information is available from the Wiley Online Library or 
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was added to the NaCl/AgCl ethanolic dispersion, which was heated 
in an oil bath to 160  ° C. The solution was maintained at 160  ° C for 
30 min, and then taken out of oil bath and air-cooled to room 
temperature, generating Ag@AgCl–EGR. All the processes described 
above were carried out under vigorous magnetic stirring. For comparison, 
bulk Ag@AgCl was prepared by the direct reaction between AgNO 3  and 
HCl followed by photo-irradiation (details in Supporting Information). All 
samples were fi nally collected after centrifugation, washed with ethanol 
and deionized water, and dried in an oven at 70  ° C.  

 Sample Characterization : The morphology of the as-synthesized 
products were investigated by FESEM (JEOL JSM-7600F) and TEM (JEOL 
JEM-2100F) operating at 200 kV. EDX was carried out in conjunction 
with the FESEM studies. Phase identifi cation was performed on a 
Bruker D8 powder X-ray diffractometer with a Cu K α  radiation. The 
surface properties of prepared samples were characterized by XPS in an 
Omicron ESCA Probe with a monochromatic Al K  α   source at 1486.6 eV. 
UV-visible diffuse refl ectance spectra were recorded on a Shimadzu 
UV-3600 UV-vis spectrophotometer using BaSO 4  as a reference.  

 Evaluation of Photocatalytic Activity : Methyl orange (MO) was chosen 
as the target organic compound in this study to probe the photocatalytic 
performance of various prepared photocatalysts. The batch experiments 
were conducted with 20 mg of respective photocatalyst suspended in 
20 mL of MO aqueous solution (10 mg L  − 1 ). The solution was pre-stirred 
vigorously in the dark for 30 min to establish adsorption-desorption 
equilibrium, after which a solar simulator 300 W Xe lamp (HAL-320, 
Asahi Spectra Co., Ltd.) coupled with a super cold fi lter (YSC0750) that 
provided visible light with wavelength ranging from 400 nm to 700 nm, 
was used as the visible light source to irradiate the suspension under 
vigorous stirring. The light intensity employed was ca. 60 mW cm  − 2 . 
Aliquots of the suspension at respective irradiation time intervals 
were collected, centrifuged to remove the photocatalysts, and analysed 
quantitatively for the absorption peak at 464 nm generated under 
Shimadzu UV-2501 PC Spectrometer. Respective photocatalysts after 
the above-mentioned fi rst cycle photocatalysis were centrifuged and 
collected for subsequent recycling tests. All procedures for the recycling 
tests are the same as the fi rst cycle.  

 Electronic Structure Calculations : The electronic structure of AgCl was 
studied by quantum mechanical calculations within Density Functional 
Theory framework. All the calculations were done using CASTEP, 
implemented in the Materials Studio 5.0. The unit cell of AgCl (space 
group No 225; Fm-3m) was used as stating material and band structure 
and density of states were plotted after complete geometry optimization. 
An energy cut-off of 400 eV and monkhorst-pack K-points mesh of 8  ×  
8  ×  8 was used to plot the band structure and density of states. The 
exchange-correlation functional was constructed by the Generalized 
Gradient Approximations (GGA) proposed by Perdew, Burke, and 
Ernzerhof (PBE). [  17a  ]  In addition to GGA functional, the hybrid DFT 
functional proposed by Perdew, Burke, and Ernzerhof (PBE0) [  17b  ]  was 
also used to estimate the band gap values.  

 Finite-Difference Time-domain (FDTD) Simulation of Ag/AgCl Hybrid 
Structures : Numerical simulations were done by a 3D FDTD simulation, 
carried out on a commercial simulation program (FDTD solutions 7.5, 
Lumerical Solutions, Inc., Vancouver, Canada) to study the intensity 
and electromagnetic fi eld distribution around Ag/AgCl hybrid structure. 
Since the nanoscale range silver particles (around 50 nm) were quite 
randomly distributed on top of AgCl shell (around 1.1  µ m), we can 
approximate the interaction between Ag and AgCl as an ideal model of 
Ag nanospheres on top of an infi nite AgCl substrate. In this calculation, a 
perfect plane wave with wavelength 550 nm was selected to estimate the 
interaction between the propagating plane waves and hybrid structures 
since this specifi c wavelength was the plasmonic peak position of the 
Ag nanoparticles according to the UV-vis spectra. The diameter of each 
Ag nanospheres was 50 nm, and the inter-particle distance was 20 nm. 
The dielectric constant of silver metal was used from Palik [  19  ]  and the 
refractive index of AgCl was set to be 2.1. The surrounding medium was 
set to be water with the refractive index of 1.33.  

 Transient Absorption (TA) Measurement : For femtosecond TA 
spectroscopy, the laser source was a Coherent Legend regenerative 
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