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Abstract: In this work, we have synthesized hexapods AgCl crystals with mace pods for the first time.
Diallyldimethylammonium chloride (DDA)-controlled stepwise evolution of AgCl crystals from
octahedron to hexapods with mace pods are achieved by one-pot method. The intermediates have
been captured which show the basic process of crystal growth. In this process, octahedra AgCl crystals
firstly grow along the <100> direction and then change to grow in the <110> direction. At the same
time, the size of AgCl grow from 2 um to 20 um. Due to the poor absorption of visible light by AgCl,
sodium borohydride(NaBHy) is used to reduce AgCl hexapods with mace pods crystals. By changing
the mole ratio(R) of NaBH4 to AgCl, the new structure was reduced to obtain a series of Ag@AgCl
microstructures. Visible light catalysis effects of the Ag@AgCl microstructures on degradation of
methyl orange (MO) were investigated. The Ag@AgCl microstructures with R = 0.02 have a high
photocatalytic performance, which completely degrades MO in 40 min.

Keywords: hexapod AgCl; one-pot method; Ag@AgCl microstructure; MO degradation

1. Introduction

Due to the vital role of micro/nanomaterials in the sustainable development of materials,
the controllable preparation of micro/nanomaterials has attracted the interest of many researchers. In the
past few decades, a great deal of research has been devoted to the morphology-controlled synthesis of
metal crystals as their shape-dependent physical and chemical properties [1-5]. In particular, the shape
controls the surface of metal micro/nanocrystals, such as the edge, steps, and corners, which controls
their surface structure and catalytic active sites. So far, various shapes of novel metal micro/nanocrystals
have been reported, such as spheres [6,7], cubes [8-10], plates [11-14], and rods [15-18]. More complex
flower-like [19,20] and star-shaped [21] novel metal crystals have also been synthesized. Among
different shapes of crystals, highly branched metal micro/nanostructures have been studied in depth
owing to their high catalytic properties. For example, Yang et al. [22-24] reported that highly dendritic
metal nanocrystals can be prepared by selective etching and anisotropic growth method. Xia and
colleagues [25-27] reported that Pt and Pd crystals grew along the directions of <100> and <111>
contain high-index facets including {520}, {830}, {730} and {720}, which therefore exhibits exceptionally
high electrocatalytic activity.

Among the many inorganic materials, silver halides, especially silver chloride (AgCl), have
attracted the interest of many researchers due to their excellent photocatalytic properties. Since
Hung et al. [28] reported that AgCl crystal is a plasma photocatalyst, it has been considered to
be one of the most promising alternatives to conventional semiconductor photocatalysts. To date,

Crystals 2019, 9, 401; doi:10.3390/cryst9080401 www.mdpi.com/journal/crystals


http://www.mdpi.com/journal/crystals
http://www.mdpi.com
http://dx.doi.org/10.3390/cryst9080401
http://www.mdpi.com/journal/crystals
https://www.mdpi.com/2073-4352/9/8/401?type=check_update&version=2

Crystals 2019, 9, 401 20f9

a large number of studies have shown that electronic transfer induced by surface plasmon resonance
(SPR) results in high photocatalytic activity of AgCl [28-32]. Many kinds of methods such as ionic
liquid-assisted hydrothermal, template directed and capping agent method have been used to fabricate
well defined AgCl micro/nanocrystals, which includes nanospheres [33], nano cubes [34-36], caged
cubes [37,38], plates [39,40] and nanowires [41-43]. Moreover, Lou and colleagues [44,45] synthesized
concave cube AgCl microcrystals by a wet chemical oxidation approach. Using NaClO; to oxidize
Ag plate to provide silver ions (Ag*) and NaCl solution to provide chloride ion (C17), high-index
facets concave cube AgCl microcrystals with high catalytic activity was prepared at room temperature.
By controlling the concentration of Ag™ through oxidation, cube seed was preferentially grown
along the directions of <111> and <110> in a high concentrated Cl~ solution forming the concave
cube AgCl microcrystals. Furthermore, while under the condition of high concentration of NaCl,
NaClOy, and citric acid, the cube seed was grown along the direction of <111> and eventually formed
three-dimensional (3D) AgCl hierarchical superstructure. Furthermore, by the addition of CI™ into a
silver amine ([Ag(NHj3),]*) complex, Gatemala et al. [46] prepared various highly branched 3D AgCl
hierarchical microcrystals. Both of them found that highly branched 3D AgCl hierarchical microcrystals
have excellent photocatalytic performance thanks to the high density of low-coordinated step atoms
exposed on their surfaces. Therefore, in order to explore and realize the potential applications of new
structure materials, there is still a need for efficient methods to precisely fabricate controlled complex
micro/nanostructures.

In this work, the shape transformation of AgCl microcrystals was achieved by the wet chemical
synthesis, as illustrated in Figure 1. Experimental details are in the supplementary material.
The octahedron AgCl microcrystals were first transformed into hexapods shape and then into hexapods
with mace pods shape. For the synthesis process, in particular, diallyldimethylammonium chloride
(DDA) was used not only as a source of C1~ but as a stabilizer, which plays a vital role in the morphology
control of AgCl crystals. Furthermore, the rate of degradation of methyl orange (MO) by different
AgCl morphologies was compared. By controlling the amount of NaBHy, we obtained Ag@AgCl
microstructure with the different contents of Ag and compared their photocatalytic properties for the
degradation of methyl orange (MO).

Figure 1. Illustration of silver chloride the shape transformation from octahedra to hexapod with
mace pods.

2. Materials and Methods

All reagents and solvents were purchased from commercial sources and used as received without
further purification. Chemicals used in this study included silver nitrate (AgNO3, A.R. 99.8%,
Sinopharm Group Chemical Reagent Co., Ltd., Shanghai, China), nitric acid (HNO3, AR) Hyrochloric
acid (HCl, AR), diallyldimethylammonium chloride (DDA), ethylene glycol (EG, >99%), sodium
borohydride (NaBHj, AR, 98%) were purchased from Aladdin. All chemicals were used as received.
The solutions were prepared from super pure water (18 M(2 cm) purified through a Milli-Q Lab system
(Nihon Millipore Ltd., Shanghai, China).

For a typical synthesis of uniform AgCl crystals, 0.8 mL diallyldimethylammonium chloride
(DDA) and 20 mL ethylene glycol (EG) were added to a 50 mL flask. The mixture was stirred vigorously
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at room temperature for 1 min to mix the DDA and ethylene glycol evenly. Then, 300 uL of 0.1 M
AgNOs solution were added to the flask. Firstly, we used the oscillator to oscillate 1 min followed with
ultrasonic 1 min to make the solution evenly. Then, the solution was placed in a 190 °C oil bath and
reacted with intense agitation. All of the glassware used in the experiments were cleaned in a bath of
freshly prepared aqua regia (HCI/HNO3 = 3:1) and rinsed thoroughly in deionized water and ethanol.
When the reaction was stopped, the flask was placed in an ice bath and quenched. The resulting
products was firstly centrifuged at 10,000 r/min for 15 min to remove the supernatant and the products
were washed twice with ethanol and water, respectively.

An amount of 100 mg of dried AgCl hexapods with mace pods crystals were weighed and
dispersed in 8 mL of water. Reduction was carried out using a 0.02 M NaBH, solution. The volume of
the reducing agent was adjusted to control the ratio (R) of the amount of the substance of the NaBHy to
the AgCl sample, thereby the preparation of Ag@AgCl had different degrees of reduction.

The prepared samples were characterized by optical microscopy, X-ray diffraction (XRD) and
scanning electron microscope (SEM). The phases of samples were characterized by XRD (Cu Kal
radiation, Rigaku/Ultima IV, Japan). The morphologies and structures of samples were studied using
SEM (3.0 kV, SU70, Hitachi, Japan).

The photo catalytic performance of Ag@AgCl microcrystals was evaluated by the degradation of
MO using a 300 W Xe arc lamp with UV cut-off filter as the source of visible light (A > 400 nm). Firstly,
50 mg of sample was dispersed in 50 mL of MO solution (10 mg/L) and was stirred for 60 min in the
dark to make absorption equilibrium on the surface of the catalysts. Then, the mixed solution was
exposed to visible light, and the absorbance was measured by taking a 3 mL of solution every 10 min.

3. Results and Discussion

The SEM images of the AgCl crystals morphologies obtained at different amounts of DDA
(from 0.4 mL to 1 mL) are shown in Figure 2. When AgNO3; was added to the EG solution of the DDA,
the solution immediately became milky white and opaque, and then the solution gradually became
colourless and transparent as the reaction progressed. We guess that AgCl firstly is formed so the
solution becomes milky white and opaque. Then AgCl is dissolved under the effect of DDA and high
temperature, thus the solution becomes colourless again. In the reaction system, the concentration of
Agtis1.4 X 1073 mol/L and DDA(CI™) is 7.1 x 1072 mol/L when the volume is 0.4 mL. So we suspect
that in a high CI~ environment the original AgCl (Ksp = 1.77 X 10710) is transformed into AgCl,™
(K¢ = 2.5 x 107°) [47,48]. Figure 2 displays the SEM images of AgCl crystals at different amounts of
DDA, which shows the gradual transformation of the octahedral into hexapods. The corresponding
low magnification images are shown in Supplementary Materials Figures S1-57 (ESI). From Figure 2a,
we can see that under the synergistic effect of EG and DDA, the octahedral AgCl crystals with an edge
length of 2 um are formed after the reaction mixture is refluxed at 190 °C. Previous reports have proven
that poly(diallyldimethylammonium) chloride (PDDA) was adsorbed to the {111} facet during the
nucleation process of face-centered-cubic (fcc) crystal [49]. Hence, we speculate DDA, which is the
monomer of PDDA, also has the effect on leading to the formation of AgCl octahedron. Then, when
the amount of DDA increases to 0.5 mL, the size of the octahedron AgCl crystals increases (2.5 um) and
the six corners of octahedron crystals are ‘pulled out’ (Figure 2b). Then AgCl crystals continue to grow
along the six corners of the octahedron seeds (Figure 2c) as the amount of DDA reaches 0.7mL. When
the amount of DDA increases to 0.8 mL, the octahedron is completely transformed into hexapods with
round pods (Figure 2d).
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Figure 2. (a—f) SEM images of AgCl microcrystals for different amount of DDA (a) 0.4 mL; (b) 0.5 mL;
() 0.7 mL; (d) 0.8 mL; (e) 0.9 mL and (f) 1 mL. (g) Illustration of shape transformation of AgCl crystals.
Scale bar: 2 um (a—c); 10 um (d-f).

As the amount of DDA increases from 0.8 mL to 0.9 mL, the size of hexapods AgCl crystals
gradually grows from 3 um (Figure 2d) to 10 um (Figure 2e). When the amount of DDA is 0.9 mL,
the morphologies of AgCl microcrystals change from hexapods with round pods to regular hexapods
with 4-blade arrowhead pods morphologies (Figure 2e), which is the same as in the previous report.
Since a rapid growth in <100> directions along the pod length and the {110} growth is suppressed,
a groove is formed between adjacent blades on the same pod [46]. With the reaction process ongoing,
the growth direction of AgCl crystal changes from <100> to <110>. From Figure 2e, we can see that
the small pods grow out of the triangular groove along the direction of <110>. This step is start at the
tip of 4-blade arrowhead pods. When the amount of DDA increases to 1 mL, regular hexapods with
mace pods AgCl microcrystals are obtained distinctly (Figure 2f). When we continue to extend the
amount of DDA, the morphology of AgCl microcrystals becomes irregular as showed in Figure S8.
Figure 2g shows the corresponding shape transformation model of AgCl crystals.

The XRD patterns of the AgCl microcrystals shown in Figure 3a are characterized by the lattice
spacing corresponding to the plane families: 111, 200, 220, 311, 222, 400, 331, and 420, which comes out
from the fcc crystal lattice of AgCl (JCPDS no. 85-1355). Figure 3A(a—f), shows the XRD patterns of
AgCl microcrystal prepared at different DDA amounts (a) 0.4 mL; (b) 0.6 mL; (c) 0.7 mL; (d) 0.8 mL; (e)
0.9mL; and (f) 1 mL. As shown in Figure 3A, when the peak of {200} becomes stronger, the peak of {111}
becomes weaker as the reaction time increases. Figure 3B shows the formation process of hexapods
with mace pods crystals. In conclusion, due to the synergistic effect of both EG and DDA, octahedral
AgCl microcrystals are firstly formed. The reactivity of octahedron in different sites is supposed to
decrease in the order of corners, edges, and faces [50]. With insufficient supply of Ag*, the Ag™ is
preferentially reacted with CI~ absorbed on corners. When the amount of DDA increases, octahedral
AgCl microcrystals grow in the direction of <100> to form hexapods with round pods crystals. Due to
the rapid growth in <100> directions along the pod length, hexapods with round pods AgCl crystals
transform to the regular hexapods with 4-blade arrowhead pods crystals. Eventually, the small pods
grow out of the triangular groove in the <110> direction to form hexapods with mace pods crystals.

Due to the poor absorption of visible light by AgCl, we also studied the photocatalytic properties
of Ag@AgCl hexapods with mace pods crystals. AgCl is reduced with various amounts of NaBH,
at room temperature, thus the Ag@AgCl microstructure is formed. The mole ratio (R) of NaBHj4 to
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AgClis 0.02,0.05, 0.3, 0.6, and 0.9, respectively, corresponding to different Ag content. Figure S9 shows
Ag@AgC(l crystals at different R values. It can be found that the surface of AgCl gradually becomes
rough and Ag particles appears. When R is gradually increased, the amount of Ag particles increases
and even connects into Ag blocks. In order to eliminate possible influencing factors, we conducted a
controlled experiment of MO adsorption on the catalyst surface and natural decomposition of MO
under visible light in dark conditions. It can be seen from Figure S10 that MO has no significant
degradation in 60 min under the above two conditions.
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Figure 3. (A) XRD of the as-prepared AgCl microcrystals; (B) Schematic drawing shows facets and
growth directions of 3D AgCl microstructures from octahedral seeds. Scale bar: 2 pm (a—d); 10 pm (e—g).

The photo catalytic activity of prepared Ag@AgCl microcrystals were investigated for
decomposition of MO induced by visible light (A > 420 nm) at room temperature [51] (see the details
in the ESI). Figure 4A is the absorption spectra, which shows the variation of MO degradation using
Ag@AgCl with R = 0.02. The absorption peak of MO rapidly decreases and MO is completely degraded
at 40 min. The Ag@AgCl microstructure shows an excellent catalytic performance. The absorption
spectra of MO degradation using Ag@AgCl microstructures with different Ag content are shown
in Figure S11. As the Ag content increases, the degradation rate of MO gradually becomes slower
(Figure 4B). When R is greater than 0.05, MO cannot be completely degraded within 60 min. When
R = 0.9, it is observed that MO only degrades by 20%, indicating that the catalytic performance
of Ag@AgCl microstructure has decreased significantly. It can be seen that as the content of silver
increases, the catalytic performance of the microstructure gradually weakens. Therefore, the results
clearly demonstrate that Ag@AgCl hexapods having a small amount of Ag particles can enhance the
photocatalytic activity. Meanwhile, with more Ag particles, the catalytic performance of Ag@AgCl
microstructure decreases.
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Figure 4. (A) Absorption spectra of the MO at different times with the assistance of the hexapods with
mace pods Ag@AgCl microcrystal (R = 0.02); (B) Comparison of degradation of MO by Ag@AgCl with
different Ag content.
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In order to truly determine the relationship between silver content and catalytic performance,
EDS spectra are used to determine the content of Ag and AgCl. The EDS elemental mapping images of
Ag@AgCl in Figure 5B,C clearly illustrate the distribution of Ag and Cl. As shown in Figure 5D, when
R reaches 0.9, the content of Ag reaches 99.61% (wt %), and only a small amount of Cl (0.39%) remains,
suggesting that almost all of AgCl is reduced, and the surface of the structure is covered by the Ag
blocks. At this time, the photocatalytic performance of the Ag@AgCl microstructure is theoretically
weak, which is consistent with the photocatalytic results obtained in Figure 4B. The EDS mapping
images of low Ag content are shown in Figure S12. The weight proportion of Ag is 83.65%, indicating
the presence of a small amount of Ag particles. It is consistent with its better catalytic results.

J T T T
b 2 4 =] 8 10 12

Figure 5. (A) SEM image of Ag@AgCl microstructure (R = 0.9); (B) and (C) EDS elemental mapping
of Ag@AgCl indicating the Ag and ClI elemental distribution. (D) The corresponding EDS elemental
spectrum of Ag@AgCl microstructure. Scar bar: 8 um (A-C).

In the process of degradation, when there are separated Ag nanoparticles on the surface,
photoinduced electrons are easily transferred to the Ag surface due to the presence of SPR, which
improves the efficiency of separation from electron holes. Photoelectrons are trapped by O, in the
solution to produce active substances such as superoxide ions, so the photocatalytic performance is
greatly improved [51]. In the meantime, the holes are transferred to the surface of AgCl due to the
high oxidation ability of the chloride ions is presented in AgCl. These leads to the oxidation of C1~
ions to form CI° atoms. As chlorine atoms are reactive radical species, they should be able to oxidize
MO dye, which is reduced to chloride ions again at the same time [52]. Therefore, the synergistic
effect between Ag and AgCl promotes the degradation of MO as described above. When there is a
small amount of Ag particles on the Ag@AgCl surface (R = 0.02, 0.05), the degradation rate is fast.
However, with the increasing of Ag content, we suspect that the reduction of AgCl leads to a decline
in catalytic performance. When the degree of reduction is increased in Ag@AgCl (R = 0.15, 0.3, 0.9),
the number of Ag particles on the surface is greatly increased and connects into a block. Also, AgCl
is greatly reduced. As a result, Cl1~ adsorbed on AgCl is greatly reduced as well. Then CI° almost
no longer produced, and the synergy greatly weakened. Thus, the photocatalytic effect of Ag@AgCl
microstructure is greatly reduced.

4. Conclusions

In conclusion, for the first time, AgCl hexapods with mace pods crystals are synthesized by
one-pot synthesis method, and the stepwise evolution of octahedral AgCl microcrystals into hexapods
with mace pods crystals is observed. The octahedral AgCl microcrystals are firstly grown along the
direction of <100> to form hexapods with 4-blade arrowhead pods crystals. Then, hexapods with
4-blade arrowhead pods AgCl crystals are transformed with regard to the growth direction from <100>
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to <110>, and eventually form hexapods with mace pods crystals. Moreover, by regulating the mole
ratio of NaBHy to AgCl, we find that when R = 0.02, the microstructure has a high catalytic effect.
This work not only provides a method to prepare different morphology AgCl microcrystals, but also
provides new insights into the crystal growth habit.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4352/9/8/401/s1,
Figure S1: SEM image of AgCl microcrystals at 0.4 mL DDA. Left: High magnification, Right: Low magnification;
Figure S2: SEM images of AgCl microcrystals at 0.5 mL DDA. Left: High magnification, Right: Low magnification;
Figure S3: SEM images of AgCl microcrystals at 0.6 mL DDA. Left: High magnification, Right: Low magnification;
Figure S4: SEM images of AgCl microcrystals at 0.7 mL DDA. Left: High magnification, Right: Low magnification;
Figure S5: SEM images of AgCl microcrystals at 0.8 mL DDA. Left: High magnification, Right: Low magnification;
Figure S6: SEM images of AgCl microcrystals at 0.9 mL DDA. Left: High magnification, Right: Low magnification;
Figure S7: SEM images of AgCl microcrystals at 1 mL DDA. Left: High magnification, Right: Low magnification;
Figure S8: SEM images of AgCl microcrystals at high amount of DDA. Figure S9: SEM images of Ag@AgCl with
different content of Ag, R = 0.05, 0.15, 0.3, 0.9. Left: Low magnification, Right: High magnification; Figure 510:
The absorption spectra of photocatalytic MO degradation of Ag@AgCl with different conditions: (A) no catalyst
under visible light (B) with catalyst in the dark. (C) Comparison of degradation of MO with time under the two
conditions above; Figure S11: The absorption spectra of photocatalytic MO degradation of Ag@AgCl with different
degrees of reduction: (A) R = 0.05 (B) R = 0.15 (C) Rn = 0.3 (D) R = 0.9; Figure 512: EDS elemental mapping
of Ag@AgCl (R = 0.15) indicating the Ag and Cl elemental distribution and the corresponding EDS elemental
spectrum of Ag@AgCl microstructure. Scar bar: 4 pm; Figure S513: EDS elemental mapping of Ag@AgCl (R = 0.6)
indicating the Ag and Cl elemental distribution and the corresponding EDS elemental spectrum of Ag@AgCl
microstructure. Scar bar: 4 um.
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