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microstructures and enhancing of visible light
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Abstract

Flower-like AgCl microstructures with enhanced visible light-driven photocatalysis are synthesized by a facile one-
pot hydrothermal process for the first time. The evolution process of AgCl from dendritic structures to flower-like
octagonal microstructures is investigated quantitatively. Furthermore, the flower-like AgCl microstructures exhibit
enhanced ability of visible light-assisted photocatalytic degradation of methyl orange. The enhanced photocatalytic
activity of the flower-like AgCl microstructure is attributed to its three-dimensional hierarchical structure exposing
with [100] facets. This work provides a fresh view into the insight of electrochemical process and the application
area of visible light photocatalysts.
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Background
The semiconductor-mediated photocatalytic decompos-
ition of organic pollutions in the environment has
attracted much attention [1] because of the abundant
available solar resources and the minimum requirements
of carbon footprint generated. Among the various semi-
conductor photocatalysts, TiO2 is the most extensively
employed photocatalyst, owing to its high photocatalytic
activity, good chemical stability, non-toxicity, and low
cost. However, TiO2 absorbs only ultraviolet light, which
accounts for only 4% of the total sunlight. Since about
48% of sunlight is visible light, it is strongly important to
develop the photocatalysts which are active and effective
under visible light.
As a well-known material used for photographic film,

AgCl has shown its valuable applications as visible light
photocatalysts [2-8]. AgCl is a stable photosensitive semi-
conductor material with a direct band gap of 5.15 eV and
an indirect band gap of 3.25 eV. Although the intrinsic
light response of AgCl is located in the ultraviolet region
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as well, once AgCl absorbs a photon, an electron-hole pair
will be generated and subsequently, the photogenerated
electron combines with an Ag+ ion to form an Ag atom
[7]. Finally, a lot of silver atoms are formed on the surface
of the AgCl, which could extend the light response of
AgCl into the visible light region [1,6,7].
Besides, the morphology of AgCl has significant influ-

ence on its photocatalytic activity, so it is important
to develop facile methods to synthesize size- and
shape-controlled AgCl materials. Recently, the facile
hydrothermal method is employed to synthesize variable
micro-/nano-AgCl structures, including AgCl nanocubes
[6], cube-like Ag@AgCl [7], and even near-spherical
AgCl crystal by an ionic liquid-assisted hydrothermal
method [8]. However, for AgCl microcrystals, this nar-
row morphology variation (simply varied from near-
spherical to cubical [2-7]) inspired that more particular
attention is deserved to pay on the novel AgCl morph-
ologies, including the synthesis methods and their
generation mechanisms, even the possible morphology
evolution processes.
Herein, the novel flower-like AgCl microstructures

similar to PbS crystals [9] are synthesized by a facile
hydrothermal process without any catalysts or templates.
Also, a series of AgCl morphology evolution processes
are observed. Flower-like structures are recrystallized
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after the dendritic crystals are fragmentized, assembled,
and dissolved. The detailed mechanism of these evolu-
tion processes has been further discussed systemically.
Furthermore, flower-like AgCl microstructures exhibited
enhanced photocatalytic degradation of methyl orange
under visible light.

Methods
The AgCl dendritic and flower-like structure are synthe-
sized via hydrothermal method by reacting silver nitrate
(AgNO3, 99.8%) with ethylene glycol (EG, 99%) in the
presence of poly(vinyl pyrrolidone) (PVP-K30, MW =
30,000). In a typical synthesis, all the solutions are under
constant stirring. Firstly, a 10-ml EG solution with 0.2 g
of PVP was prepared. Then using droppers, another 7
ml of EG which contained 10 mM of AgNO3 is added.
Afterwards, 3 ml of undiluted hydrochloric acid (HCl,
36% ~ 38%) is added into this mixture. The mixed
AgNO3/ PVP/HCl/EG solution is further stirred for sev-
eral minutes until it becomes uniform. This solution is
then transferred into a 25-ml Teflon-lined autoclave
tube and dried in the drying tunnel at 160°C for different
Figure 1 SEM images of AgCl microstructures prepared by one-pot h
crystal dendrites formed after 3 h of reaction. (b) The big dendrites fragme
dendrites assembled on each corner of a cube to develop symmetric octag
octagonal dendrites dissolved to smaller and smoother sub-dendrites after
AgCl microstructure crystals after 11 h of reaction; the insert is the amplifie
times. The final products are collected by centrifugation
(6,000 rpm, 10 min) and washed several times with de-
ionized water.
The electron scanning microscopy (SEM) measure-

ments are obtained on FEI Quanta 200F microscope
(FEI Company, Hillsboro, OR, USA). The X-ray powder
diffraction (XRD) patterns of samples are examined by
Bruker D8 focus X-ray powder diffractometer (Bruker
Corporation, Billerica, MA, USA) with Cu Kα radiation
at λ = 1.5406 Å. Photocatalytic degradation of organic
dye methyl orange (MO) is conducted under visible light
at room temperature with a prepared solution of 100
mg/L AgCl powder and 20 mg/L MO dye in a 100-ml
beaker. The concentration of MO in the solution is
tested with a UV-vis spectrophotometer (UNICO UV-
2450; UNICO, Dayton, NJ, USA).

Results and discussion
Herein, a novel flower-like AgCl microstructure is syn-
thesized by a facile hydrothermal process without any
catalysts or templates, as shown in the SEM image in
Figure 1e and the insert with amplified view. Confirmed
ydrothermal process at different reaction times. (a) The big AgCl
ntized into smaller dendrites after 6 h of reaction. (c) The eight smaller
onal dendrites after 7 h of reaction. (d) The sub-dendrites of the
9 h of reaction. (e) The final products were the symmetric flower-like
d image.
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by the XRD patterns, the as-prepared sample exhibits a
cubic AgCl structure (JCPDS no. 31-1238) with lattice
constant a = 5.5491.
During the synthesis process, AgCl crystals are mainly

formed through reaction (1). It is found that the concen-
tration of Cl− plays a vital role in the final shape of AgCl,
because both cubic and concave cubic AgCl crystals can
be obtained by varying the concentration of Cl− [2]. So,
we added considered HCl in the synthesis process.
Meanwhile, as AgCl is not stable under the circumstance
with the excess concentration of Cl−, a reversible reac-
tion (2) could happen in this circumstance to generate
coordination compound [AgCl2]

−:

AgNO3 þHCl ¼ AgCl↓þHNO3 ð1Þ

AgClþ Cl− ¼ AgCl2½ �− ð2Þ

Based on the equations, AgCl dendritic crystals and
flower-like structures are synthesized. Meanwhile, we
found that the morphologies of the products are grad-
ually evolved with the reaction time, as shown in
Figure 2a,b,c,d,e. A trend of regular morphology
Figure 2 Morphologies of the products that evolved with the reaction
directions. (b) Schematic diagram of the dendritic AgCl showing the dend
dendrites; the insets are the amplified pictures of the two squares, and the
cube at the assembling center with eight plane [111] faces. (e) High-resolu
the assembled octagonal dendritic AgCl crystal structures.
evolution from shiftable dendritic combinations to
flower-like crystals is obvious as well.
At the first stage, the dendritic AgCl crystal structures

are composed when the reagent concentration is very
high. As we know, according to the crystal growth the-
ory, under a certain concentration, the fastest growth
face would fade away earliest while the crystal was grow-
ing. Besides, AgCl crystals have preferential overgrowth
along <111> and then <110> direction based on the pre-
vious work [2]. Hence for AgCl crystal, when the reac-
tants’ concentration are below a certain value, the [111]
face would finally disappear and leave [110] face
presented, thus forming cubic-faceted crystals; however,
if the concentration were above the critical value, crys-
tals would grow along [111] face, therefore forming
dendritic crystals. This is the reason that dendritic struc-
tures are more likely to be generated during the early
period while cubic structures are preferred in the subse-
quent period. As described in Figure 1a, we obtained
dendritic crystals with the reaction time of 3 h.
Meanwhile, in Figure 1a, it can be seen that the initial

dendrites are so large that their lengths expand to sev-
eral hundred micrometers. However, the small branches
time. (a) A crystal cell describing the main direction and three sub-
rite's trunk grow along <111> direction. (c) SEM image of AgCl sub-
roots of the sub-dendrites are plane. (d) Schematic diagram of the
tion SEM images of the octagonal assembled site. (f) SEM image of
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would separate from the trunk, as many sub-branch
arms showed in Figure 1b. These small branches own
the same size and morphology with the sub-branch in
Figure 1a. We can also observe from Figure 1a that
shorter sub-dendrites are more robust and ordered than
longer sub-dendrites when attached alongside the main
truck. So longer side branches are more easily to frag-
mentize. Similar branch-breaking phenomenon has been
observed in Ag dendrites [10]. Actually, several reasons
can contribute to these results. First, not only large-size
dendrites create greater stress in the connections be-
tween sub-branches and the trunk, but also a larger
branch distance decreases the interactions among each
sub-branch. Additionally, a high growth speed is inclined
to compound-multiply twinned dendrites which are
more active and impressionable to be modified. As a
whole, all of these are immersed in heat convection sur-
roundings that create a flowing condition for branch
fragment.
After the first stage, the crystal growth model of AgCl

changes due to the reduction of reagent concentration
to a certain value. Then cubic-faceted crystals are easier
to synthesize than dendritic crystals. The new growing
cubic and original dendritic crystals would integrate into
assembled dendrites in Figure 1c. In the process, we find
that all the dendrites are well organized with three faces of
sub-branches, owing to the specific AgCl crystal structure
as shown in Figure 2a,b. From the insert images in
Figure 2c, we can see that the sub-branch dendritic root is
plane, the surface is the [111] face. Thus, during the
formation of a cubic structure, there is a period that the
eight [111] faces are exposed outside, just as shown in
Figure 2c and the scheme image in Figure 2d. Because of
the co-existing of two similar crystallographic orientation
faces, the two faces would attach together thermodynam-
ically in order to eliminate the pairs of high-energy
surface. This is exactly the so-called oriented attachment
mechanism [11]. After the assembling of the sub-branch
dendrites, ions in the solution continue to aggregate
(a) (b)

Figure 3 SEM images of AgCl microstructures by one-pot hydrotherm
abundant nucleated AgCl cubic seeds appear, which began to show prefe
preferential growth from a cubic-faceted crystals seed. (b,c) The same imag
symmetric flower-like octagonal crystals after 11 h of reaction.
around the assembled sites to form robust AgCl-
assembled dendrites (Figure 2e,f). As a result, assembled
dendrites with eight branches are created, which we call
octagonal dendrites, as shown in Figure 1c.
As we know, nucleating and dissolving simultaneously

take place throughout the whole reaction process, and
their rates changed constantly. The reagent concentra-
tion decreases as the reaction time prolonged, so the
rate of nucleating becomes slow and reaches equilibrium
with the dissolving rate. Basically, no extra amount of
AgCl crystal is generated under this circumstance.
However, due to the extremely high concentration of

HCl, a third round of instability referring to Equation 2
is underlying. So the octagonal dendrite dissolves into
eight dendrites and their surface becomes smoother.
Therefore, smaller smooth dendrites (20 to 30 μm com-
pared with 50 to 60 μm before) are generated as showed
in Figure 1d.
From the above analysis, we know that the processes

of the dissolving and the nucleating ran into another
round, and at this time, the appearance of new ions gen-
erated by dissolving could contribute to the new round
of nucleating. However, the concentration of the new
product ion is not high enough to generate dendritic
crystals; cubic seeds form instead as shown in Figure 3a.
At this time, there is no fragmentized dendrite with
plane roots co-existing, so no assembling process occurs.
The new product ions constantly stick to the new
forming cubes. As shown in the insert of Figure 3a, a
large number of new generating cubes receive ions, and
then preferentially overgrow along the direction of
<111> and secondary along <110> orientation. That is
actually the same orientation choice as the other study
has shown [2]. Therefore, the flower-like octagonal crys-
tals formed as shown in Figure 3b, which dimension is
smaller than the previous octagonal dendrites. Mean-
while, there are a large number of uniformly distributed
step structures as shown in the insert of Figure 3a. This
kind of three-dimensional hierarchical structure has
(c)

al process at different reaction times. (a) After 10 h of reaction,
rential overgrowth along <111> direction; insert is a growing ‘flower’
e with different schematic labels, which is the cube in (a) grows to
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Figure 4 Schematic illustration of the evolution process of AgCl
dendritic structure to flower-like octagonal microstructures.
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another characteristic: all the faces of the step structure
expose [001] facets. The hierarchical structure is
expected to have high superficial area. As a conse-
quence, a novel structure, which is flower-like with eight
petals, is generated as shown in Figure 1e and Figure 3b.
Above all, the whole morphology evolution process of

AgCl crystals is elucidated in detail. The schematic illus-
tration of the evolution process of AgCl dendritic struc-
ture to flower-like octagonal microstructures is shown
totally in Figure 4. Crystal growth dynamics, dissolving
and nucleating processes, etc. alternate among the syn-
thesis process, and together they provide a novel evolu-
tion mechanism. To an extent, this morphology
evolution process enriches the research field of AgCl
and other related crystals.
Apart from the detailed analyzing of the growth mech-

anism of the flower-like AgCl microstructures, the
photocatalytic performance of the AgCl microstructures
Figure 5 UV-visible spectra of MO and comparison of its concentratio
of 1 h in solution over simple AgCl particles, dendritic AgCl, flower-like AgC
photoelectrocatalytic reaction with dendritic and flower-like AgCl octagona
also has been evaluated with the decomposition of MO,
under the illumination of the visible light. In fact, the
decomposition of organic contaminant happened be-
cause the light-induced oxidative holes are generated
around the MO molecules when the AgCl microstruc-
tures are exposed to sunlight.
We measure several crystals’ photocatalytic properties

under the same conditions. Figure 5(a) shows UV-visible
spectrum of MO dye after the degradation time of 1h in
solution over simple AgCl particles, dendritic AgCl,
flower-like AgCl and without AgCl. It can be seen that
the peak intensity decreases rapidly at the wavelength of
464nm, which correspond to the functional groups of
azo [12]. We found that 80 % of MO molecules can be
degraded by the flower-like AgCl. From the comparison
curves, it can clearly see that both dendritic AgCl and
flower-like AgCl exhibit much stronger photocatalytic
activity in the visible light than that of AgCl particles.
Also the photocatalytic efficiency of flower-like AgCl is
the highest in these four types of samples.
Figure 5b shows the linear relationship of lnC0/C vs.

time. We can see that the photocatalytic degradation of
MO follows pseudo-first-order kinetics, lnC0/C = kt, where
C0/C is the normalized MO concentration, t is the reaction
time, and k is the pseudo-first-rate constant. The apparent
photochemical degradation rate constant for the flower-
like AgCl microstructure is 3.38 × 10−2 min−1, which is
almost two times that for the dendritic AgCl, 1.87 ×
10−2 min−1. This further confirms that flower-like AgCl mi-
crostructures exhibit higher photocatalytic efficiency. Over-
all, the flower-like AgCl microstructures exhibit excellent
photocatalytic activity under visible light irradiation.
The enhanced photocatalytic activity of the flower-like

AgCl microstructure can be attributed to their three-
dimensional hierarchical structure. As we know, the
n. (a) The UV-visible spectrum of MO dye after the degradation time
l, and without AgCl. (b) The variation of MO concentration by
l microstructures, i.e., the comparison of the degradation rates.
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morphology can affect the photocatalytic activity of
photocatalysts. Three-dimensional hierarchical struc-
tures are regarded to have a higher superficial area and
a greater number of active sites than either one-
dimensional or two-dimensional architectures. Further-
more, for the three-dimensional flower-like octagonal
crystals as shown in Figure 3b,c, all the surfaces of the
steps on the petals are [100], [010], or [001] direction
facets. And it has been demonstrated that the [100]
facets are more reactive toward dissociative adsorption
of reactant molecules compared with [101] facets, and
crystals of exposed [001] facets exhibit much higher
photocatalytic activity than the exposed [101] [13-17]. In
addition, for flower-like AgCl samples, the faces mainly
exposed on the petals are the [100] crystal facet system.
Therefore, high photocatalytic efficiency is achieved for
the flower-like AgCl microstructure with [100] facets.
Conclusions
In summary, flower-like octagonal AgCl microstructures
with enhanced photocatalysis are synthesized by a facile
one-pot hydrothermal process for the first time. We
investigate the evolution process of flower-like AgCl
microstructures, including dendritic crystals’ fragmentiz-
ing, assembling, dissolving, and recrystallizing. Further-
more, flower-like AgCl microstructures exhibit enhanced
photocatalytic degradation of methyl orange under
sunshine. It is believed that the flower-like AgCl micro-
structures has potential application in the degradation of
organic contaminations and disinfection of water, as well
as in photovoltaic cells and other optoelectronic devices.
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