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Abstract: Constructing multi-dimensional hierarchical superstructures has been, for a longtime,
regarded as a promising strategy for modifying the physiochemical properties of nanomaterials.
Guided by this rule, this work reports the synthesis of hierarchical superstructures of Ag-Ag,O-AgO
nanoparticles (HSANs) using a convenient and surfactant-less photochemical method under 254 nm
UV-irradiation. The formation of the HSANSs superstructures is dominated by screw-dislocation-
driven growth mechanism at low supersaturation condition. The structural evolution of the HSANs
superstructures has been systematically investigated. The average size of the HSANs superstructures
increased with prolonged 254 nm UV-irradiation. The step density on the superstructure surfaces
also increased along with the 254 nm UV-irradiation time.

Keywords: hierarchical superstructures; Ag-Ag,O-AgO nanoparticles; screw dislocations;
structural evolution

1. Introduction

Many researches reveal that there are three classical crystal growth modes: screw-dislocation-
driven (SDD) spiral growth [1,2], layer-by-layer (LBL) growth [3], and diffusion-limited dendritic
growth [4]. The crystal growth behaviors are related to supersaturation of the system on the base of
the classical crystal growth theory. Supersaturation is referred as o = In (%) where c and ¢( represent
the precursor concentration and the equilibrium concentration, respectively. Atlow supersaturations,
anisotropic crystal growth is dominated by the SDD growth mode. LBL growth mode takes over
the crystal growth process at intermediate supersaturations. When there is a high supersaturation,
the crystal growth mode is governed by diffusion-limited dendritic growth. Recent studies have
showed that classical crystal growth theory could also be applied to the growth of nanomaterials [2].
The SDD growth mode is known as the Burton—Cabrera—Frank (BCF) theory [5-7]. Screw dislocation
defects can promote the growth of bulk crystals under low supersaturation conditions. When the
screw dislocation line intersects with the crystal surface, step edges will be produced. These step edges
will spread in a self-permanent growth spiral. Dependent on this mode, step edges are continuously
formed where atoms can be added into the crystalline phase under growth. Interestingly, because of
no nucleation of new crystal steps, there is no energy barrier need to be overcome. Thus, the crystals
can keep growing even under low supersaturation conditions. To date, tremendous efforts have
been dedicated to prepare nanomaterials driven by SDD growth mechanism, such as nanorods [8],
nanowires [9-12], nanotubes [9,11,13], and nanoplates [14,15]. The anisotropic nanostructures have
been used for energy conversion, thermoelectric properties, and electronic sensor devices [16-18].
Different types of dislocation spiral growth behaviors have been observed in detail [14]. The growth
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mechanism of nanowires has been extensively studied [19]. While Stephen A. Morin and co-workers [13]
observed that, when the dislocation strain energy was enough to overcome the surface energy needed
to form new inner surface, a new inner surface would appear to form a hollow tubes. Theoretically,
crystals with dislocation defects carry the dislocation strain energy. Here, the strain energy is related
to the magnitude of the Burgers vector (b) and is quadratically dependent on the value of b. Thus,
as b increases, strain energy progressively exceeds the energy needed to form new surface, as a
result, solid nanowires becomes hollow nanotubes. According to the literature [2,13], b is related
to one-dimensional (1D) nanomaterials driven by SDD spiral growth. The 1D nanomaterials have
the “Eshelby twist”, which could cause the axial growth of 1D nanomaterials. The Eshelby twist
(«) is predicted as « = b/mR?, where R is the radius of the cylinders with axial dislocations. For 1D
nanomaterials, the magnitude of « can be measured directly through TEM to determine the value
of b. In these studies, maintaining constant low supersaturation is critical. While for LBL growth,
the nucleation of new atomic layers is especially needed to create step edges where more new atoms
can be added to the edges. To intentionally regulate and control the appropriate supersaturation of
the system, continuous flow reactors have been widely adopted [9,13]. However, the continuous flow
reactors are complex. Exploring a simple and cost-effective photochemical method to control the
system with a low supersaturation is increasingly important. Screw-dislocation-driven formation of
Ag-Ag,O-AgO nanomaterials is rarely reported. In recent years, the research of Ag,O as an effective
visible light photocatalyst has become a hot topic [20,21]. Moreover, Ag,0O is prepared by the typical
precipitation reaction of silver nitrate and sodium hydroxide [20].

In this study, we report a facile surfactant-less photochemical method for the preparation of
hierarchical superstructures of Ag-Ag,O-AgO nanoparticles (HSANs) under 254 nm UV-irradiation.
This kind of HSAN is crystallized through a screw-dislocation-driven growth mechanism at low
supersaturation conditions. The effects of UV irradiation time on the HSANs’ morphology have been
systematically investigated. Interestingly, we can control the size and morphology of HSANSs simply
by adjusting reaction parameters.

2. Experimental Section

2.1. Chemicals and Synthesis

Silver nitrate, AgNOj3 (>99.8%, AR), was purchased from Shanghai Lingfeng Chemical Reagent
Co. Silicon wafer was obtained from Suzhou Ruicai Semiconductor Co. Ltd, Suzhou, China. All of the
reagents were used directly, without further purification. The deionized (DI) water was purified using
the Laboratory Water Purification System (Shanghai Hitech Instruments Co, Shanghai, China).

In a typical synthesis process, small silicon wafers (7 mm X 7 mm) served as substrates for
collecting the HSANs superstructures grown from solution phase. Prior to each sample preparation,
the silicon wafers were carefully cleaned using the following processes: firstly, the silicon wafers were
soaked in Aqua regia solution for 4 h and piranha solution for 1 h, followed by sonication in the
distilled water for 30 min, and finally dried by Nj. In the next step, as shown in Scheme 1, 80 uL of 5 M
AgNOs3 aqueous solution was dropped on the surface of silicon wafers. The AgNOj3 solution supported
on the silicon wafers was irradiated by 254 nm UV under the ambient conditions in winter (T = 10.1 °C,
and the relative humidity RH% = 60%). After the 254 nm UV-irradiation, the samples were thoroughly
rinsed with plenty of deionized water and then stored in desiccators for the following characterizations.



Crystals 2020, 10, 1084 30f13

AgNOssolution "%)
=
A — d 2
! 4666666 p

silicon wafer silicon wafer

474

silicon wafer

Scheme 1. Schematic diagram illustrating the synthesis process of screw-dislocation-driven hierarchical
superstructures of Ag-Ag,O-AgO nanoparticles (HSANS).

AgNO3 was used as the precursor of Ag-Ag,O-AgO. The morphology of the HSANs was controlled
by the UV irradiation time. The reduction of AgNO3 to metallic Ag® by y-irradiation and ultra-violet
irradiation has been known in 1964 [22]. The photolysis of AgNO3 aqueous solution under 254 nm UV
irradiation revealed that the electrons were transferred from the water molecules to Ag™ [23]. Then,
the generated H,O" decomposes into H" and OH radicals immediately, where Ag, H", OH radicals
coexisted in the water cages each of which is consisted of about 10 water molecules. Finally, the water
cage decomposed and the silver atoms are released out of the water cage. Simply as following:

I,K
(Ag+IHQO)cage +ho % (Ag, Y, OH)Cage ™
(Ag H',OH) ;. 3 Ag+ H' +OH ?)

Generally, ultraviolet with high-energy photons can dissociate oxygen and wat molecules into
reactive oxygen species (e.g., O(1D), O(P), and O3) and hydroxyl radicals (OH), which can readily
oxidize Ag to Ag,0. In addition, the O, dissolved in silver nitrate solution can be converted into O3
under 254 nm UV-irradiation [24-26]. Then, silver is oxidized to Ag,O and Ag,O is further oxidized
into AgO by O3 [27]. Simply as following:

2A8(s) T Os(g) = AgOs) + Oxg) ®)

Ag,0(s) + O3(g) = Ag'AgMO, ) + Oy(g) 4)

Eventually, the final product includes Ag, Ag,O and AgO, while Ag,0 is the main product.

2.2. Characterizations

The morphology and structure of the as-synthesized samples were investigated by field-emission
scanning electron microscopy (FESEM). The SEM images and energy-dispersive X-ray spectroscopy
(EDX) were recorded on a Hitachi S-4700 (Hitachi, Japan), operating at 15 kV under high vacuum.
X-ray diffraction (XRD) spectra were obtained using a desktop diffractometer (D2 PHASER, Bruker,
Germany) with monochromatic Cu Kot radiation (A = 1.54056 A) operated at 30 kV and 40 mA. The size
and morphology of samples were recorded using Transmission Electron Microscope (TEM, Tecnai G2
F20, FEI) operating at the accelerating voltage of 200 kV. The Raman spectra were recorded at room
temperature in the reflection configuration on a micro-Raman spectroscope (Horiba HR800, Jobin Yvon,
France) coupled with a confocal microscope (Olympus, LMPlanFI, Japan). A He-Ne laser (A = 632.8 nm)
was employed as the excitation source. The X-ray photoelectron spectra (XPS) were collected using an
ESCALab220i-XL electron spectrometer equipped with 300 W Al K« radiation from VG Scientific.
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3. Results and Discussions

As shown in Figure 1, the XRD reflections at 20 of 33.0°, 38.1°, 55.2°, 65.8°, and 69.1° can be
attributed to the (111), (200), (220), (311), and (222) crystallographic planes of primitive cubic silver
oxide (Ag,0O) (JCPDS No. 75-1532), respectively. Besides, the XRD reflection at 26 of 33.9° is associated
with the forbidden 1/3 (422) reflection of silver and the reflection at 260 of 38.1° and 44.5° can be
attributed to the (111) and (200) of face-centered cubic silver (JCPDS No. 87-0719). In addition, the XRD

reflections at 20 of 32.4°, 34.2°,37.2°,39.5°,42.2°,47.5°, and 56.8° can be ascribed to the (111), (002),
(111), (202), (102), (212), and (113) crystallographic planes of monoclinic AgO (JCPDS No. 74-1750).
Therefore, the final product includes Ag, Ag,O, and AgO. There are two reasons for partial oxidation

of Ag, one of which is that the Ag is oxidized by -OH radicals to form the Ag,O, the second is that
Ag,0 is oxidized into AgO by the Oj in the solution.
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Figure 1. XRD pattern of the HSANs obtained at 60 min UV irradiation time. Concentration of AgNO3
precursor: 5 M.

The HSANs were deposited on silicon wafer surface through a facile and low cost photochemical
method. First, the low supersaturation conditions in the system means that the synthesized samples
further crystallized into HSANSs through a screw-dislocation-driven growth mechanism [2]. Figure 2
shows representative SEM images of HSANSs, which clearly demonstrated its surface morphology
from different perspective. At the same time, Figure 2 shows the growth hillocks with steps and
terrace width. The growth hillocks with steps is the dislocation step edges. Through Figure 2CF,
the dislocation core was at the center of the growth hillocks. Thus, the crystallization of HSANSs is
dominated by screw-dislocation-driven growth mechanism. We guess that this novel morphology
originate from a cube, where the center of each square faces of cube generate an emanating spiral
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resulting the appearance of growth hillocks. Here, each growth hillock is surrounded by four triangular
faces. At first, the faces of two different triangles have a certain angle, then the angle turn into 180°
gradually and the two triangles mix together into a rhombus with further extension of UV irradiation.
According to Figure 2C,F, it is worth noting that the HSANs with particular and novel morphology
are built from assemblies of nanometer-scale particles. Figure 2D,E shows the growth hillocks with
more steps and small terrace width. Obviously, the slopes of the growth hillock are related to the
step height (h) and terrace width (A). Morin et al. [15] have reported that the slopes of the growth
hillock (p) is inversely proportional to the terrace width, and is proportional to the step height (P = h/A).
Moreover, terrace width is inversely proportional to supersaturation of the system based on BCF
theory [5-7]. Here, it is easy to find that the slopes of Figure 2A-C is smaller than that of Figure 2D-F,
so supersaturation of Figure 2A-C is lower than Figure 2D-F. The EDX spectrum of the sample obtained
at 30 min UV irradiation time showed the existence of Ag and O elements in the samples. Meanwhile,
the existence of Si comes from silicon wafer, Au comes from spray gold, and C comes from atmosphere.

200 nm

Figure 2. Representative SEM images of HSANs synthesized by a 5 M AgNOj3 aqueous solution with
(A-C) 30 min and (D-F) 40 min UV irradiation time.

Figure 3 shows the low and high magnification SEM images of HSANSs prepared from a 5 M
AgNOj; aqueous solution under 60 min UV-irradiation. Due to the absence of surfactants, the size of
superstructures in the same area is not uniform (see Figure 3A,B). Through low magnification SEM
images, we find that particles were monodisperse and polyhedral, such as rhombic dodecahedra.
Figure 3C,D clearly shows the surface morphology with hierarchical step edges of the superstructures.
We propose that the sizes of HSANs are determined by the size of the initial cubes. If the cube is large,
HSANSs will be large.
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Figure 3. (A,B) Low and (C,D) high magnification SEM images of HSANS, such as thombic dodecahedra,
obtained at 60 min UV irradiation. Concentration of AgNOj3 precursor: 5 M.

When the UV irradiation time increased to 60 min with 5 M AgNO3 aqueous solution, as shown
in Figures 3 and 4A,B, hierarchical superstructures, such as thombic dodecahedra, generated. For the
HSANSs, when its structure converted from hierarchical step-edges-like superstructures to rhombic
dodecahedra, its size is self-limited because of its structural self-confinement. We also proposed that
the surface of the HSANSs transformed from hierarchical into relatively smooth and its size did not
change at the same time. In our work, HSANSs, such as thombic dodecahedra, have twelve apices
which each apex are surrounded by three thombi. Here, eight apices are from the apices of cube and
another six apices are from the center of the hillocks in hierarchical step-edges-like HSANs. Rhombic
dodecahedra HSANSs have twelve rhombi and each rhombus is from two triangles in hierarchical
step-edges-like superstructure of Ag-Ag,O-AgO nanoparticles. Figure 4C,D shows the SEM images of
particles synthesized by a 5 M AgNO3 aqueous solution with 70 min UV irradiation time. Interestingly,
nanoparticles on the surface of the rhombic dodecahedra HSANs begin to fall off along the direction of
the edges. The fallen nanoparticles dispersed in AgNO3 aqueous solution and were rinsed by plenty
of deionized water. Finally, the surface of HSANs became smooth (see Figure 4E,F).
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500 nm

Figure 4. Typical SEM images of HSANSs, such as rhombic dodecahedra, grown from a 5 M AgNOj3
aqueous solution with different irradiation time: (A,B) 60 min, (C,D) 70 min, (E,F) 95 min.

To further investigate the growth process of the HSANs, we adjust the reaction parameter.
Unsurprisingly, we find the ideal morphological changes by tuning the reaction time and the result is in
line with our conjecture. Figure 5 shows the structural evolution of HSANs. Obviously, it was observed
that the number of steps transformed from less to more, and the step sizes were converted from large
to small relatively. We propose that the HSANs are nanometers-scale at the initial reaction time with
20 min using 5 M AgNO; aqueous solution (Figure 5A). After reaction for 30 min, the morphology of the
superstructures was regular (Figure 5B). At 60 min UV-irradiation, we yielded the large superstructures
with the most step edges and its topography turned into rhombic dodecahedra-like regular structure
(Figure 5C). With further extension of UV irradiation from 60 min to 95 min, the products, such as
rhombic dodecahedra, gradually turned from hierarchical into relatively smooth without the change of
size (Figure 5D). Our novel morphology can be well explained by the BCF theory [5-7]. The step edges
became more and more and new product atom can be added because there is no need to overcome
the energy barrier to form new steps [2]. Thus, the superstructures have little steps and large terrace
width and the slopes of growth hillocks are small at this condition (see Figure 5A). With increase of
supersaturation, the slopes of growth hillocks become larger (see Figure 5B,C). Obviously, the order of
the degree of supersaturation (o) in Figure 5 is: 0o < op < o¢, and the slopes of growth hillocks is:



Crystals 2020, 10, 1084 8of 13

pPa <pB <pc. The supersaturation of the system plays a vital role in the surface morphology of HSANS.
The whole structural evolution of HSANS is illustrated schematically in Figure 5E. In short, our novel
morphology originates from a cube, where the growth hillocks generate. Then the edges of the hillocks
become more and more and the slopes of growth hillocks become larger. Ata particular time, new crystal
steps are no longer formed, as a result, the surface of the superstructures become smooth. Finally,
HSAN:Ss evolve into polyhedral, such as thombic dodecahedra. In our system, supersaturation is low,
so the crystallization of superstructures is dominated by screw-dislocation-driven growth mechanism.
As schematic diagram shown, supersaturation is becoming larger in this reaction procedure and is of
great significance for the whole structural evolution. The samples with little steps are difficult to be
observed, so we propose that HSANs grown fast at first, then we could obtain plenty of samples with
more steps, which means slower growth rate.

Figure 5. SEM images of HSANSs prepared from (A) 20 min; (B) 30 min; (C) 60 min; (D) 95 min
UV-irradiation. (E) Concentration of AgNOj3 precursor: 5 M.

The samples were further characterized using TEM. Figure 6A,B shows typical TEM images of
HSANSs prepared from 30 min and 60 min UV-irradiation. The size of the superstructures is smaller
compared with Figure 6B. As depicted in Figure 6B, the surface of the sample is smooth and its size
is larger according to Figure 6A. The selected area electron diffraction (SAED) pattern, which was
taken from near the edge of Figure 6B, is shown in Figure 6C. The electron diffraction rings could be
corresponded with lattice parameter of both Ag and Ag,O. The SAED pattern resolved the 1/3 {422},
{200}, and {220} reflections of fcc silver, with measured d-spacings of 2.49, 2.01, and 1.49 A, respectively.
Besides, the SAED pattern also resolved the {111} and {123} reflections of primitive cubic Ag,O, with the
measured d-spacing of 2.75 and 1.27 A, respectively, which confirm the truth of partial oxidation of Ag.
Figure 6D-F depicts the high-resolution TEM image of the superstructures acquired near the edge of
Figure 6B, which clearly resolves the simultaneous presence of Ag and Ag,O phase. The lattice fringes
with a measured d-spacing of 2.35 A agree with the (111) reflection of fcc silver. Besides, the lattice
fringes with a measured d-spacing of 2.75 A indexed to the (111) lattice of primitive cubic Ag,O.
Figure 6F discloses the lattice fringes with a d-spacing of 2.49 A, which can be ascribed to the forbidden
reflection of 1/3 {422} [28], in agreement with the XRD pattern and SAED pattern. Figure 6D indicates
the {111} twin planes in the Ag particles. Because the amount of AgO is too small, we have not obtained
the corresponding data. Moreover, the HSANs synthesized through 60 min UV-irradiation were also
characterized by normal Raman. As shown in Figure 7, the broad band at 490 cm™! can be ascribed to
Ag,0 [27,29]. Raman peaks at 219, 300, and 429 cm™! can be attributed to AgO [27,29].
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Figure 6. (A) TEM image of the HSANs prepared from 30 min UV-irradiation; (B) TEM image of
HSANSs prepared from 60 min UV-irradiation like rhombic dodecahedra; (C) selected area electron
diffraction (SAED) pattern and (D-F) HRTEM images obtained near the edges of (B).
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Figure 7. Raman spectra for the HSANSs synthesized through 60 min UV-irradiation. Concentration of

AgNOj3 precursor: 5 M.

For studying the influence of UV radiation on the morphology, the samples through by natural
supersaturation for 60 min were also obtained. As seen in Figure 8, it is revealed that no hierarchical

superstructures of Ag-Ag,O-AgO nanoparticles are prepared without the UV irradiation, suggesting
the determined influence of UV radiation on the formation of hierarchical nanostructure.
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Figure 8. The representative SEM image of the product obtained by using natural evaporation

for 60 min.

The elemental composition and chemical states of the samples were analyzed by X-ray
photoelectron spectroscopy (XPS). Figure 9A shows the full-range XPS spectrum of the HSANSs,
revealing only the elemental peaks of Ag, O, and C. The C 1s peak comes from the adventitious
carbon species, including the surface-adsorbed CO, molecules [24]. The high-resolution XPS spectrum
of Ag 3dsp and Ag 3dsp, is given in Figure 9B. The binding energy of Ag 3ds, photoelectrons is
367.9 eV. According to the literature [27], generally speaking, the binding energy of the Ag 3ds),
photoelectrons shifts to the lower energy region upon the oxidation of Ag. The binding energy of Ag
3ds, photoelectrons for Ag, Ag,0, and AgO is 368.2, 367.8, and 367.4 eV, respectively [27]. In our case,
the binding energy of the Ag 3ds/, photoelectrons is very close to the reported values for Ag,O [30-32].
It suggests that the silver exists mainly in one valence state (Ag*) in the hierarchical superstructures,
which is consistent with the XRD results (see Figure 1). Figure 9C shows the high-resolution XPS
spectrum for the O 1s photoelectrons. More detailed information about the elemental compositions
and chemical states are elucidated in the high-resolution XPS spectrum of the O 1s photoelectrons.
The asymmetric O 1s peak can be deconvoluted into four symmetric Gaussian-Lorentzian peaks,
suggesting four different chemical states of O element in the hierarchical superstructures. The peak
at 531.4 eV can be assigned to the surface -OH groups or the surface-adsorbed water molecules [33].
The broad peak at 530.8 eV indicates the presence of surface-adsorbed CO, molecules [34-36]. The peak
at 529.2 eV and 528.6 eV is associated with the lattice oxygen in Ag,O and AgO [27], respectively.
The XPS results indicated that the co-existence of both Ag,O and AgQO, in good agreement with the
XRD results.
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Figure 9. (A) XPS survey scan of HSANSs obtained at 60 min UV irradiation time; high-resolution
spectrum of (B) Ag 3d and (C) O 1s.

4. Conclusions

In conclusion, the HSANs nanocrystals were prepared through a simple and surfactant-less
photochemical method. This kind of superstructures was obtained from nanometer-scale particles-
mediated crystallization processes, with the assistance of the HyO-to-Ag™* electron transfers accompanied
by the formation of metallic Ag particles. It was proposed that the formation of silver oxide particles is
attributed to the oxidation of metallic Ag particles by the air under ambient conditions, intermediate
OH radicals, and the ozone (O3) generated under UV254 irradiation. The crystallization process for the
formation of HSANs was governed by a screw-dislocation-driven crystallization mechanism under
low-supersaturation conditions. The structural evolutions of the HSANs have been systematically
exploited. The average size of the superstructures increased along with the time of UV254 irradiation.
The step density on the surfaces of the HSANs increased as well with the prolonged UV254 irradiation
time. When the time for UV254 irradiation increased to 95 min, the surfaces of the HSANSs converted
from hierarchical to relatively smooth. This work proposed a promising strategy for the synthesis of
HSANSs nanocrystals, which would be guided for the fabrication of advanced nanocrystals various
applications in wide areas in the near future.
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