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A cuboidal AgCl hollow nanostructure has been synthesized by a simple one-pot reaction with AgNO3 
and CCl4 as precursors. The synthesized product is characterized by X-ray diffraction, field emission 
scanning electron microscopy and transmission electron microscopy. The AgCl product consists of well-
dispersed hollow cubes with a side length of 600-900 nm and a cavity size of 400-600 nm. The formation 10 

mechanism is investigated, and it is revealed that the growth of the hollow cubes involves a dissolution-
precipitation process accompanied by ion diffusion. Light irradiation of the AgCl product causes the 
formation of plasmonic Ag/AgCl photocatalyst, which exhibits excellent photocatalytic activity for the 
degradation of organic contaminant of methyl orange (MO). 

Introduction 15 

Considering the localized surface plasmon resonance (LSPR) of 
noble metal nanoparticles and the good photosensitivity of silver 
halides, Ag/AgCl has been proposed as a new visible light 
plasmonic photocatalyst.1 Several groups2-4 have reported 
efficient and stable Ag/AgCl plasmonic photocatalysts with 20 

different morphologies such as pseudo-spherical,5 cubic and 
semi-cubic AgCl micro-crystals,6-11 Ag/AgCl nanowires,12, 13 and 
AgCl crystals with exposed highly active facets.14, 15 However, 
most of the reported synthetic procedures are multistep and time-
consuming, and the morphology of the Ag/AgCl products is not 25 

well controlled due to the high reaction rate between the Ag+ and 
Cl- ions.16, 17 

Materials with hollow and/or porous structures have larger 
specific surface area as compared to their solid counterparts, 
which enables them more applicable for catalysis, adsorption and 30 

drug-delivery.18-20 Up to now, thermodynamically unfavorable 
hollow particles have been synthesized by using various strategy 
such as the nanoscale Kirkendall effect,21-24 and ion exchange of 
inorganic solids.25-27 However, AgCl hollow nanostructures have 
rarely been studied so far.2 Recently, Tang et al. developed an 35 

interesting water soluble sacrificial salt-crystal-template (SCT) 
approach to Ag@AgCl cubic cages, which showed excellent 
photocatalytic activity towards the degradation of  methyl orange 
(MO) due to their unique hollow structures. In this paper, we 
present a new and facile one-pot approach to prepare AgCl 40 

hollow cubic nanostructures using AgNO3 and CCl4 as silver and 
chlorine sources, respectively. Although AgCl hollow 
nanostructures have been prepared, to the best of our knowledge, 
this is the first report on hollow AgCl nanocubes prepared in one-
pot by a solvothermal technique. A mechanism of dissolution-45 

precipitation28, 29 accompanied by ion diffusion is suggested for 

the formation of the hollow nanostructure. Furthermore, the 
Ag/AgCl plasmonic photocatalyst obtained by light irradiation of 
the AgCl hollow nanostructure exhibits excellent photocatalytic 
activity for organic contaminant degradation. 50 

Materials and Methods 

Materials：：：： 

All of the chemical reagents used in our experiments are of 
analytical grade, purchased from Sinopharm Chemical Reagent 
Co., Ltd, and used without further purification. Deionized water 55 

was used in all the experiments. 

Synthesis of AgCl Hollow Nanocubes 

In this synthesis, AgNO3 and CCl4 were used as silver and 
chlorine sources, respectively. Typically, 30 mg of AgNO3 and 
200 mg of PVP were dissolved in 40 mL of ethanol. Then, a 60 

solution of 8 mg of NaOH in 20 mL ethanol was added under 
magnetic stirring until a dark red solution (containing Ag seeds 
for the AgCl synthesis) was obtained. Subsequently, 12 mL of the 
dark red solution and 10 mL of CCl4 were added into a 25 mL of 
Teflon-line stainless steel autoclave, sealed and maintained at 93 65 

°C for 4 h. After the autoclave was cooled down to room 
temperature naturally, the AgCl product was collected by 
centrifugation, washed with ethanol and distilled water for five 
times, respectively, and dried at 45 °C in vacuum. The obtained 
sample was kept in dark for further characterization. For 70 

preparing Ag/AgCl plasmonic photocatalyst, the AgCl sample 
was dispersed in 10 mL water and irradiated with a 500 W 
tungsten lamp for ca. 10 min (Ag/AgCl-1), 20 min (Ag/AgCl-2), 
and 30 min (Ag/AgCl-3).  

Instruments and characterization  75 
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The phase structures of the as-prepared products were 
characterized using powder X-ray diffraction (XRD, Rigaku 
D/MAX 2400) with Cu-Kα radiation (λ = 1.5406 Å) at a scanning 
rate of 2 º/min. The size, morphology and microstructure of the 
samples were characterized by field emission scanning electron 5 

microscopy (FESEM, Hitachi S-4800, with an accelerating 
voltage of 20 kV) and transmission electron microscopy (TEM, 
JEM-2100, with an accelerating voltage of 200 kV). Ultraviolet-
visible (UV-vis) spectroscopy measurements were performed 
with a UV-2450 UV-vis spectrophotometer. 10 

Photocatalytic measurements 

The photocatalytic activities of the samples were evaluated by the 
degradation of methyl orange (MO) under a 500 W tungsten lamp 
irradiation. The tungsten lamp was positioned at ca. 10 cm away 
from the reaction cell to trigger the photocatalytic reaction. There 15 

is a water layer between the reaction system and the lamp to 
remove the thermal effect of light. The experiments were 
performed at room temperature as follows: 50 mg of the 
photocatalyst was added to 100 mL of MO solution (10 mg·L−1) 
in a Pyrex reactor. Before illumination, the suspension was stirred 20 

in the dark for 30 min to ensure the establishment of an 
adsorption-desorption equilibrium between the photocatalyst and 
MO. The dispersion was then exposed to the light irradiation 
under stirring. At given time intervals, 4 mL of the suspension 
was pipetted into a centrifuge tube and centrifuged at 8000 rpm 25 

for 2 min to remove the remnant photocatalyst. The 
concentrations of MO in the supernatant were monitored by 
checking the absorbance at 664 nm using the UV-vis 
spectrophotometer. Total organic carbon (TOC) was measured 
using a TOC analyzer (Analytik Jena AG multi N/C 2100) 30 

Results and Discussion 

Structural and morphological characterization 

Figure 1a shows the XRD pattern of as-synthesized AgCl product. 
All of the diffraction peaks are consistent with the standard XRD 
data of the cubic-phase AgCl (JCPDS No: 31-1238). No other 35 

peaks from impurity could be observed, revealing the pure AgCl 
product. Figure 1b presents a representative FESEM image of the 
AgCl hollow nanostructures, which clearly indicates that the 
product is composed of a large quantity of regular cube-like 
crystals with a hollow cavity in the centre of each cube. From the 40 

high magnification FESEM image (Figure 1c and 1d), it can be 
seen that the side length of the cubes is about 600-900 nm. Some 
cubes become so hollow that the walls of the cubes are broken 
forming cube-like frame structures (Figure 1d). The hollow 
nanostructures of the as-synthesized AgCl were further revealed 45 

by TEM. A strong contrast difference in the cube-like crystals 
with a bright center surrounded by a much darker edge confirms 
their hollow architecture (Figures 1e and 1f). The wall-thickness 
of the hollow cubes is usually less than 100 nm and the size of the 
cavity is about 400-600 nm. Under the irradiation of electron 50 

beams, some irregular Ag nanoparticles can be observed on the 
surface of hollow cubes. 
 
 
 55 

Figure 1. (a) XRD pattern, (b, c, d) FESEM and (e, f) TEM images of the 
as-prepared AgCl hollow cubes. 

Formation process of AgCl hollow cubes 

Figure 2. FESEM images of the products synthesized with different 
solvothermal reaction time: a) 1 h, b) 2 h, c) 3 h, d) 4.5 h. 60 

The growth of the AgCl hollow cubes was then carefully 
investigated by analysing the products obtained with different 
reaction time. First, the AgNO3 was transformed into Ag2O under 
alkaline condition, which was easily reduced to Ag0 seeds by 
ethanol. As a result, a dark red dispersion was obtained (Fig. S1a). 65 

XRD pattern of the as-formed Ag seeds can be indexed to cubic-
phase metallic silver (JCPDS No: 65-2871) (Figure S2a). TEM 
and HRTEM images of Ag seeds were shown in Figure S3. The 
Ag seeds show quasi-spherical shape with relatively small size. 
The fringe spacing of 2.36 Å observed in Figure S3b can be 70 

indexed to the {111} planes of face-centered cubic (fcc) Ag. 
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After 1 hour reaction of the Ag0 seeds with CCl4, the dark red 
dispersion was turned into a reddish one. The corresponding 
FESEM image was shown in Figure 2a. It can be seen that the Ag 
cores are covered by a new shell layer. XRD pattern of the 
reddish sample exhibits that besides two weak peaks at 2θ = 38.1° 5 

(111) and 44.3° (200) originated from metallic Ag, the main 
diffraction peaks can be indexed to the cubic phase AgCl (Fig. 
S2b). These results suggested that AgCl was generated on the 
Ag0 seed.30 As the reaction time increases, the products become 
flower-like morphology at 2 h (Fig. 2b) and pseudo-cubic one at 10 

3 h (Fig. 2c) with an increasing uniformity of particle size. As 
shown in Figure 2b and 2c, the cranny on the surface of the 
particles is convinced of the grown vestige. Due to the instability 
of AgCl under the strong irradiation of electron beams, HRTEM 
image of AgCl cannot be obtained. Therefore, the growth of the 15 

AgCl crystals is investigated by geometry based on its simple 
cubic structure.31 The regular AgCl hollow cubes were obtained 
after 4 h reaction (Figure 1b). If further prolonging the reaction 
time, the hole in the cubes will become larger, that is the reason 
why more microframes can be obtained at 4.5 h (Figure 2d). 20 

Possible formation mechanism of the AgCl hollow cubes 

Scheme 1. The formation process of AgCl hollow cubes. 

Based on the above results, the formation mechanism of the AgCl 
hollow cubes is suggested to involve a three-step process as 
shown in Scheme 1.  25 

(1) Formation of metallic Ag seeds: 
As shown above, Ag seeds were firstly generated in the presence 
of AgNO3 and NaOH in ethanol solution. Here, ethanol acts as a 
reducing agent,32 in accord with the spontaneous reduction of 
silver ions to Ag particles in NaOH 2-propanol solution. 33 30 

2Ag+ + 2OH- →  Ag2O + H2O 
C2H5OH + Ag2O →

−
OH  CH3CHO + 2Ag0 + H2O 

Meanwhile, Ag2O and Ag+ can also be reduced to Ag0 by 
CH3CHO. 

CH3CHO + 2Ag+ + 2OH- →  CH3COOH + 2Ag0 + H2O 35 

CH3CHO + Ag2O  →
−

OH  CH3COOH + 2Ag0 
(2) Formation of AgCl on the {111} facets of Ag particles. 34 

(4-x) Ag + CCl4 → (4-x) AgCl + CClx 
The net free energy change (∆rG

0) for the reaction is -374.0 
kJ·mol-1 when x = 0. The reaction is feasible in theory, but it is a 40 

slow process in ambient condition. 35 
In solvothermal condition, the quasi-sphere shaped Ag0 seeds 
have a tendency to aggregate.36 When heated, the Ag0 seeds 
aggregated to form bigger nanoparticles to minimize the surface 
energy.37 Then, a layer of AgCl was in-situ produced on the 45 

surface of Ag nanoparticles. With the proceeding of the reaction, 
Ag nanoparticles could evolve into octahedral particles. 38 
(3) A dissolution-precipitation process occurs: some little 
granules were ‘eaten’ by the regular larger particles, which is why 
regular flowers and cubes can be obtained in different reaction 50 

time. Meanwhile, the Ag atoms in the core of cubes gradually 
diffuse outward, and react with CCl4 on the surface, where Ag 
atoms could be oxidized by CCl4 to form AgCl and deposited on 
the surface of each cube as a shell. So far, many cases have 
proved that cation diffusion is much faster than anion diffusion. 55 

[22, 24] In this case Ag cations or atoms diffuse faster than 
incoming Cl species, which cause a void space inside the cube, 
and leads to the formation of a hollow structure. This is why a 
series of morphologies can be obtained just by adjusting the 
reaction time. 60 

Photocatalytic activity of the Ag/AgCl hollow cubes 

Atomic composition analysis (Table S1) confirmed that the 
Ag:AgCl ratio could be tailored by varying the light irradiation 
time. The results show that with increasing irradiation time, the 
surface of the AgCl nanocubes gradually reduced to metallic Ag. 65 

The best photocatalytic performance was observed at an Ag:AgCl 
molar ratio of 9.6:100 (Ag/AgCl-2). However, the interface 
between the AgCl and Ag is enlarged on further increasing the 
Ag content, thereby increasing hole capture by the negative 
surface charge on the Ag nanograins, which may reduce the 70 

efficiency of charge separation. This may account for the lower 
photocatalytic activity of Ag/AgCl-3.39, 40 

Figure 3. UV-vis diffuse reflectance spectra of AgCl and Ag/AgCl-1 
hollow cubes. 

It is well known that optical absorption plays an important role in 75 

determining the photocatalytic performance of a catalyst, 
especially in the photodegradation of organic pollutants.41, 42 
Sunlight energized catalysts are highly expected due to the higher 
efficiency and the effective utilization of sun energy. The optical 
properties of bare AgCl and Ag/AgCl hollow nanostructures were 80 

probed by UV-vis diffuse reflectance spectroscopy (Figure 3). 
For AgCl cubes, the absorption is mainly observed in the UV 
region, only with a negligible absorption in the visible region. In 
contrast, the as-prepared Ag/AgCl-1 sample exhibits a broad 
absorption band at ca. 400-650 nm besides the UV absorption 85 

similar to the pure AgCl cubes. The absorption at 400-650 nm 
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could be ascribed to the characteristic LSPR absorption of the Ag 
nanoparticles on the surface of AgCl. 

The photocatalytic activity of the as-synthesized products was 
then investigated with degradation of MO under tungsten lamp 
irradiation as a model reaction. The commercial nitrogen-doped 5 

TiO2 (T25) photocatalyst was also used for comparison. As shown 
in Figure 4a, the photocatalytic performance increases in the 
order of T25, bare AgCl, and Ag/AgCl. The T25 catalyst shows the 
poorest photodegradation activity, and the Ag/AgCl hollow cubes 
shows much enhanced photocatalytic activity compared to that of 10 

pristine AgCl hollow cubes. After irradiation for 30 min, only 
50% of MO was removed over the pristine AgCl, while the 
removal ratio reaches 97% on the Ag/AgCl-2 hollow cubes. To 
evaluate the stability and reusability of the AgCl/Ag samples, we 
also performed a recyclability test involving repeated 15 

photodegradation of MO with AgCl/Ag-2. As shown in Figure 4b, 
after five cycles of the photodegradation of MO, the catalyst 
exhibits only a small loss of the activity, indicating its good 
stability for repeated photocatalysis.     

Figure 4. a) Photodegradation of MO with catalysts of T25, the 20 

as-prepared AgCl and Ag/AgCl hollow cubes under tungsten 
lamp irradiation. c0 is the initial concentration of MO aqueous 
solution (10 mg·L-1), and c is the instantaneous concentration of 
MO solution during photodegradation. b) Recycling test on the 
representative Ag/AgCl-2 for MO photodegradation.  25 

TOC analysis confirmed that mineralization involved in this 
photocatalytic decomposition of MO.43 Under tungsten lamp 

irradiation for 30 min, AgCl, Ag/AgCl-1, Ag/AgCl-2, and 
Ag/AgCl-3 exhibited the TOC loss value of 64, 74, 79 and 77% 
over pristine dye solution, suggesting that mineralization process 30 

engaged in the decomposition of MO. It further confirmed that 
Ag/AgCl-2 has the best photocatalytic activity. The decrease of 
TOC shows that MO can be completely photodegraded by the 
Ag/AgCl catalysts even though it takes more time than the 
process of decoloration. 35 

The kinetics of the degradation reaction can be fitted to a 
pseudo-first-order reaction (Figure S4), and the rate constant can 
be obtained by the slope of the straight line. For the Ag/AgCl-2 
hollow structure, the rate constant was estimated to be 0.1177 
min–1, which is bigger than that of the reported Ag/AgCl 40 

composites.40 Furthermore, in order to compare the 
photocatalysis activities of our Ag/AgCl hollow cubes and the 
Ag@AgCl cubic cages reported by Tang et al.,2 we measured the 
photocatalytic property of the AgCl/Ag-2 sample using a 250 W 
xenon lamp as the light source. The experimental results are 45 

shown in Figure S5. It can be seen that about 97% of MO was 
degraded over the Ag/AgCl-2 catalyst after only 10 min 
irradiation. Obviously, the photocatalytic activity of the Ag/AgCl 
hollow cubes is remarkably improved when using 250 W Xenon 
lamp instead of 500 W tungsten lamp as light source. This 50 

photocatalytic activity is comparable to the Tang’s result, in 
which the degradation needs about 360 s (6 min) under the 
irradiation of a 300 W Xenon lamp.2 This result further 
demonstrates that the hollow nanostructure can enhance the 
photocatalytic activity of Ag/AgCl. This is reasonable because for 55 

hollow nanostructure, more coordination sites on the unsaturated 
surface are exposed to the solution. 44-46 The reactant molecules 
can efficiently access the active sites, and hence enhance the 
photocatalytic efficiency 47, 48 

Figure 5. Kinetic rate constants of the Ag/AgCl-1 hollow cubes for the 60 

photodegradation of MO in the presence of hole and radical scavengers: 
(a) Ag/AgCl, (b) Ag/AgCl + 1 mM t-BuOH, (c) Ag/AgCl + 1 mM BZQ, 

and (d) Ag/AgCl + 1 mM TEOA.  

The excellent photocatalytic activity of the synthesized hollow 
cubes motivated us to investigate the photocatalytic mechanism 65 

of the degradation process. It is well known that active species 
such as holes, hydroxyl radicals (·OH), and superoxide radicals 
(O2

·–) are usually involved in the photodegradation process.49 To 
investigate the main active species and to gain further insight into 
the underlying photocatalytic mechanism, three different 70 

chemicals of triethanolamine (TEOA, a hole scavenger), tert-
butyl alcohol (t-BuOH, a ·OH radical scavenger) and p-
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benzoquinone (BZQ, a O2
·– radical scavenger), were introduced 

in the reaction system.50, 51 As shown in Figure 5, the rate 
constants for the Ag/AgCl nanostructures in the presence of t-

BuOH, BZQ, and TEOA were estimated to be 0.0756, 0.0062, 
and 0.0035 min–1, respectively. Therefore, the introduction of 5 

TEOA and BZQ caused a remarkable decrease in the 
photocatalytic degradation of MO, whereas the presence of t-

BuOH had no deleterious effect on the photocatalytic activity. 
These results suggest that direct hole and O2

·– radicals oxidation 
govern the photocatalytic process, and ·OH radical was not the 10 

main active oxidative species in the photocatalytic degradation of 
MO.  

As shown above, pure AgCl can only absorb UV light because 
its direct and indirect bandgaps are 5.6 and 3.25 eV, 
respectively.52 Therefore, the high photocatalytic activity under 15 

tungsten lamp irradiation should be ascribed to the contribution 
of Ag nanoparticles, which can absorb visible light by surface 
plasmon resonance.1 Because of the synergy of the excellent 
conductivity of Ag nanoparticles and the polarization effect of 
negatively charged AgCl surface,53 the photogenerated electrons 20 

are transferred to the surface of the Ag nanoparticles far from the 
Ag-AgCl interface. These photogenerated electrons together with 
the injected LSPR electrons were trapped by oxygen molecules 
(O2) in the solution to form superoxide ions (O2

· − ),54 which 
oxidize the MO dye molecules. Meanwhile, the holes will 25 

combine with Cl- ions to form Cl0 atoms. Because of the high 
oxidation ability of the Cl0 atoms, the MO dye could be oxidized 
by the Cl0 atoms and hence the Cl0 could be reduced to Cl- ions 
again. 53 The possible process was briefly shown in Figure 6. In 
addition, because of the in situ production of Ag nanoparticles on 30 

the surface of AgCl, the well-defined interface facilitates the 
interfacial electron transfer and promotes carrier separation, 
which may make another contribution to the high photocatalytic 
activity.13 

Figure 6. Proposed mechanism for the photocatalytic degradation 35 

of MO over Ag/AgCl hollow cubes under tungsten lamp 
irradiation. 

Conclusions 

In summary, we have developed a novel one-step solvothermal 
method for large-scale synthesis of AgCl hollow cubes. The 40 

morphology evolution process of AgCl nanostructures was 
detailedly investigated, and a possible formation mechanism for 
the AgCl hollow cubes is proposed. Light irradiation of the AgCl 

hollow cubes resulted in plasmonic Ag/AgCl photocatalyst, 
which show much enhanced photocatalytic performance 45 

compared to the pristine AgCl due to the SPR effect of the 
metallic silver. Meanwhile, the possible degradation mechanism 
of the Ag/AgCl plasmonic photocatalyst was also proposed. It is 
expected that the Ag/AgCl hollow cubic nanostructure would 
have potential application in the degradation of organic 50 

contaminations as well as in photovoltaic cells and other 
optoelectronic devices. 
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The formation process and typical FESEM image of AgCl hollow cubes  
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