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www.rsc.org/ ABSTRACT: Silver (I) oxide (Ag,0) hexapod particles were electrochemically synthesized with high efficiency in an aqueous
solution of silver nitrate and sodium sulfate. The generation of dispersed Ag,0 particles in the vicinity of the cathode was
explained by a two-step reaction mechanism involving the reduction of water, 2H,0 + 2e" — H, + 20H/, followed by the
precipitation of Ag,0 particles, 2Ag" + 20H — Ag,0 + H,0. The applied potential played an important role in controlling the
size and yield of the Ag,0 hexapods. The average size of the hexapod particles was adjusted from 1.84 down to 0.60 um by
increasing the applied potential from 4 to 10 V. Furthermore, the ratio of the Ag,0/Ag that was produced was determined
to be ca. 23 when the applied potential was increased up to 10 V. On the other hand, the morphological change exhibited
by the Ag,0 particles was determined to be a function of the silver ion concentration, which is proportional to the growth
rate. The Ag,0 hexapods formed as a consequence of fast growth along the equivalent <100> directions.

Introduction

Silver oxide occurs in several forms and the following compounds have been defined: Ag,0, AgO, Ag,03, and Ag;0,. Among
these, Ag,0 is the most stable' and is a known p-type semi-conductor with band gap energy of ca. 1.4 eV. The different crystal
structures of Ag,O offer a variety of interesting physicochemical properties, such as catalytic, electrochemical, electronic, and
optical properties. As a result, these products have been widely used in many applications, such as in the catalytic oxidation of
both hydroquinone2 and carbon monoxide,3 the water splitting reaction,4 as a sensor for the detection of ammonia,s'6 in
photovoltaic ceIIs,7 in fuel ceIIs,8 and as a cathode in zinc—silver oxide batteries.®™2. As it is possible to adjust the optical
properties of Ag,O nanostructures by controlling their morphology, Ag,0 nanostructures with different morphologies, namely,
cubes, rhombicuboctahedra, and hexapods have been synthesized.13'14 Among them, the hexapods have received particular
interest due to their unique morphology and optical properties.

The chemical preparation of silver oxide hexapods has been achieved by reacting silver ions (Ag") with hydroxide ions (OH) in
the presence of ammonia, pyridine, or bis-(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium to control the
morphological shapes.B'16 Silver oxides (e.g., Ag,0 and AgO) can also be prepared by depositing thin films of these compounds
using direct-current reactive magnetron sputtering techniques.l’”'21 Nevertheless, the gas-phase synthesis requires high growth
temperatures leading to limit the choice of substrate materials on which the silver oxide can be deposited. More importantly, it
is difficult to obtain the silver oxide as either pure Ag,0 or AgO.

Electrochemical synthesis offers the most attractive approach for preparing micro- and nanostructured silver oxide at lower
temperatures (e.g., room temperature). Previous literature has reported the electrochemical synthesis of silver oxides as thin
films’ or micro- and naostructures®> % deposited on the anode. Anodic oxidation has been found to result in the production of
the mixture of silver oxide compounds (i.e., Ag,0, AgO, Ag,0;) when overpotential is applied,zz' 24,23 thus, the Ag,0 produced in
this way is impure. It should be noted that dispersed Ag,0 micro- and nanoparticles have been electrochemically synthesized in
the vicinity of the anode involving the anodic dissolution of silver electrode to produce Ag®, followed by the precipitation of Ag,0
in a basic aqueous solution.”® However, the dispersed Ag,0 particles were generated in the potential range from 0.25 to 0.85 V
vs. Ag,0/0OH". To the best of our knowledge, the electrochemical synthesis of dispersed Ag,0O particles in the vicinity of the
cathode has not yet been described in the literature. In this work, we present a new electrochemical strategy for the preparation
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of dispersed Ag,0 particles of specified sizes and shapes in the vicinity of the cathode. The Ag,0 particles were generated using
the reduction of water molecules to provide OH'. It was followed by immediate precipitation of Ag,O near the cathode via
reaction of OH™ and Ag” in the aqueous solution. The different applied potentials and concentrations of Ag" were carried out to
control the size, shape, and yield of the Ag,O particles.

Results and discussion

Once the potential (4, 5, 6, 8, or 10 V) is applied across the two electrodes, brown-colored dispersed Ag,0 particles can be
observed to appear immediately in the vicinity of the cathode and precipitate from the solution, while a light gray-colored silver
deposit is seen to accumulate on the cathode. By contrast, at an applied potential of 2 V, the only visible change at or near the
cathode was the deposition of silver on the electrode itself. The key aspect of the generation of dispersed Ag,0 particles is a two-
step mechanism involving the reduction of water molecules on the cathode to generate hydroxide anions. This is followed by the
precipitation of Ag,O in the vicinity of the cathode via the reaction of OH™ and Ag’in the solution. The reaction scheme is as
follows:

2H,0+2¢” — H, +20H" (1)
2Ag* +20H™ - Ag,0 +H,0 (2)

The calculated threshold potential for the water electrolysis cell is 1.48V. Therefore, the precipitation of Ag,0, as shown in
reaction 2, would be possible at applied potentials higher than 1.48 V. Thus, in this work an applied DC potential range from 2 to
10 V was adopted for the electrochemical process. The possible reason for generations of both deposited Ag and dispersed Ag,0
in the applied potential range from 4 to 10 V is that competition occurs between the formation of Ag,0 (reactions 1 and 2) in the
vicinity of the cathode and the deposition of metallic silver on the cathode (Ag” + " = Ag, with a standard reduction potential Eo =
0.799 V/NHE).

The weight ratios of Ag,0/Ag obtained from the electrochemical processes in the applied potential range of 2 to 10 V at a
silver ion concentration of 20 mM and 0.4 M Na,SO, over a period of 10 min are shown in Fig. 1a. It can be seen that the ratio of
Ag,0/Ag (wt/wt) first increases significantly up to the point (Ag,0/Ag ~ 23) at which the applied potential reached 8 V, beyond
which the ratio is seen to stabilize irrespective of a further increase in the potential. This is most likely due to the extension of a
zone that favors Ag,O precipitation as a result of an increased presence of OH™ anions, which are generated by the reduction of
water during the electrolysis. As illustrated schematically in Fig. 1b, the existence of the expected OH concentration gradient in
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Fig. 1 (a) Plot of Ag,0/Ag versus the applied potential for the electrochemical synthesis of Ag,0 in the vicinity of the cathode
at the concentration of silver ion of 20 mM over a period of 10 min, (b) Schematic plot of concentration versus distance from
silver cathode within boundary layer. Blue and red curves are the expected concentration gradients for OH at relatively high
and low potentials, respectively, and purple curve concentration gradient for Ag’. Also plotted is Q (dashed red or dashed
blue curve at relatively low or high potential) the reaction quotient for reaction: Ag,0 + H,0 — 2Ag" + 20H (Q = [Ag+]2[OH']2).
Ag,0 will precipitate within a zone in which the solubility product for Ag,0, K,,, exceeds Q, as indicated.
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Fig. 2 FE-SEM images for the Ag,0 hexapods synthesized at the silver ion concentration of 20 mM for 10 min, and different
potentials (a) 4 V, (b) 5 (V), (c) 6V, (d) 8 V and (e) 10 V; (f) the average particle size versus the applied potential. The inset is
higher magnification, showing the rough surface of hexapods particles.

the proximity of the surface of the cathode as a result of the reduction of water at relatively low (red curve) or high (blue)
potential and the concentration gradient of Ag’ (purple) can qualitatively explain the homogeneous precipitation of Ag,0O
particles. At the same time, the deposition of dark-gray silver oxide(s) (Ag,0) on the anode via an anodic oxidation process7’ 25
is also observed. However, the yield of silver oxides

generated anodically is very low compared to that of the dispersed Ag,0 obtained in the vicinity of the cathode, as confirmed by
the following example. For the electrochemical process consisting of an aqueous solution of 0.4 M Na,SO, containing 20 mM
AgNO; conducted at an applied potential of 5V for 10 min, the corresponding weight of dispersed Ag,0 generated in the vicinity
of the cathode and the weight of Ag,O deposited on the anode are 16 mg and 0.6 mg, respectively. This result demonstrates that
the electrochemical synthesis of Ag,0 in the vicinity of the cathode is more efficient than the process leading to the deposition of
Ag,0 on the anode under similar experimental conditions. The current experimental strategy is also highly scalable, because of
the highly efficient process in which Ag,0 is generated, which makes it suitable for actual application. It is very interesting to
note that the current method was successfully applied to the electrochemical synthesis of other metallic oxides (e.g., zinc oxide
nanosheet and nanorod).

The surface morphologies of dispersed Ag,0 particles obtained from the electrochemical process associated with the applied
potential range of 4 to 10 V were characterized by using the field emission scanning electron microscopy (FE-SEM) images, and
the results are shown in Fig. 2a-e. Geometrically, the Ag,0 particles consist almost entirely of hexapods (Fig 2a-c) at an applied
potential of 4, 5, or 6 V. At higher potential of 8 or 10 V, the Ag,0 consists of hexapods and their fragments (see Fig. 2d, e). The
average size of the Ag,0 hexapods plotted versus the applied potential is shown in Fig. 2f. Selected general features of these
SEM images are briefly described here. The average sizes of the Ag,0 hexapods are 1.84, 1.36, 0.87, 0.63, and 0.6 um at applied
potentials of 4, 5, 6, 8, and 10 V, respectively. As shown in Fig. 2f, initially, the size of the Ag,0 hexapods decreases significantly
down to a point at which the applied potential reaches 8 V, before leveling off despite a further increase in the potential. It is
postulated that the decrease in the average size of the Ag,0 hexapods caused by the increase in the potential is essentially due
to the greatly increased concentration of hydrogen molecules resulting from the electrolysis of water (reaction 1). Under the
experimental circumstances, the hydrogen gas dispels the dispersed Ag,0 particles from within the zone of Ag,0 precipitation, in
which the reactive Ag,0 particles are continuously able to grow, to the adjacent zone, which does not favor further growth (see
ESI Video 1t for supporting information, the observation of hydrogen bubbles that immediately dispel the brown-colored Ag,0
particles from the cathode region to the adjacent zone when the potential applied).

A powder sample of Ag,0 hexapods obtained by electrochemical synthesis with a silver ion concentration of 20 mM and
different applied potentials (4 or 10 V) characterized by using the X-ray diffraction (XRD) pattern measurement. Figure 3 shows
the XRD patterns for samples of Ag,0 hexapods. All the diffraction peaks for both of the samples of Ag,0 hexapods (Fig. 3a and
b), are quite similar; hence, they were assigned to a cubic Ag,0 lattice (JCPDS 41-1104). The corresponding lattice constant is
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4.716 A based on the XRD pattern, which is comparable with that of the JCPDS data (4.726 A). It shows that the intensity of the
(111) peak predominates within the XRD pattern for Ag,0 hexapods. By
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Fig. 3 XRD patterns for Ag,0 hexapod samples obtained at
silver ion concentration of 20 mM, applied potentials of (a)
4V and (b) 10 V; (c) JCPDS data (41-1104) for a cubic-Ag,0.

Table 1. Binding energy of Ag (3d) and O (1s) photoelectrons
for Ag,0 hexapods obtained from electrochemical synthesis.

Sample Binding energy (eV)
Ag (3ds,) 0 (1s)
Ag,0 hexapods 367.9 529.5
Ag® 368.3
Ag,0"% 367.9 529.4
Ag0” % 367.5 528.7,531.6

contrast, the XRD pattern data for the Ag,0 synthesized by way
of anodic oxidation” % showed the (200) peak to be more
intense than the (111) peak. It is also very interesting to note
that Ag,0 (or Cu,O) crystals with exposed {111} faces contain
positively charged silver (or copper) atoms at the surface,
whereas the {100} faces are electrically neutral. In this regard,
Ag,0 (or Cu,0) hexapod particles with essentially revealed {111}
faces were demonstrated to be more effective at photocatalytic
reactions than the particles containing {100} faces.”® 2" 8 The
deposited silver is also confirmed by XRD pattern (see ESI Fig.
S1t)

The electronic states and the band gap energies of samples

of Ag,0 hexapods were evaluated by using the X-ray photoelectron spectroscopy (XPS) and UV-Vis measurements, respectively.
First, the electronic states of the Ag,0 hexapods were examined on Ag (3d) and O (1s) (see Table 1 and ESI Fig. S2t). The Ag
(3ds/,) and O (1s) peaks were observed at binding energies of 367.9 and 529.5 eV, respectively. These values are consistent with
those for Ag,0 in the literature (the binding energies of Ag (3ds/,) = 367.9 eV and O (1s) = 529.4 eV).7’ 26 Figure 4 shows the UV-
Vis-NIR spectrum of the Ag,0 hexapod particles, which, after some mathematical manipulation of both the absorbance and
wavelength data, could be transformed into a plot of (ocE)2 versus E (see inset within Fig. 4), where, a and E are the optical
absorption coefficient and photon energy, respectively. The band gap (Eg) was estimated to be 1.42 eV by extrapolating a linear

part of the plots to (ocE)2 = 0. This value corresponds to that published in previous reports (Eg = 1.46 eV).
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In order to gain a better understanding of the growth
mechanism of an Ag,0 hexapod, we conducted a study using
field emission transmission electron microscopy (TEM) and high-
resolution TEM (HR-TEM) images of Ag,0 hexapods. Figure 5a
shows that the Ag,0 hexapods can be aggregated from a large
quantity of small particles serving as the building blocks. Figure
5b shows the magnification of an individual tip of a typical hexapod shown in Fig. 5a, showing the fine building block with a size
of ca. 10 nm. The rough surfaces of the Ag,0 hexapods strongly suggest that there is a change of crystallization mechanism from
classical ion-by-ion to the non-classical meso-scale assembly.zs’ 29 3% The selected-area electron diffraction (SAED) pattern
measured on an individual tip (Fig. 5c), shows the characteristic polycrystalline rings consisting of a number of diffraction spots,
each arising from the Bragg reflection of an individual crystallite. These results indicate that the Ag,0 hexapods are
polycrystalline in nature and composed of a large quantity of building units with a size of ca. 10 nm, with each building unit most
likely being a nanocrystal. The HR-TEM image (Fig. 5d) taken at the edge of a tip reveals the crystallographic orientation in the
building block. The interplanar distances were measured to be 0.271 nm and 0.235 nm, which could be indexed to the {111} and
{200} planes for a cubic Ag,0 lattice, respectively. The HR-TEM image exposed the existence of a {111} twin plane (marked by a
dashed line) in the structure. We also observed the {-111} and {200} planes parallel to the two {-111} and {200} side faces of
building unit, respectively. This result implies that the reactive building unit is a polyhedron, which exposes the equivalent {111}
and {200} faces. Based on the HR-TEM study, it shows that the resulting hexapod could primarily be grown

Fig. 4 UV-Vis-NIR spectrum of the Ag,0 hexapod particles. The inset is the plot of (ocE)2 versus photon energy (E).

0.9 >
N 4

0.8 \\
7 074 \
g \
2 064 \
S \
£ \
2 05+ \ g
5 \ 05 10 15 20 25
ﬁ 04 \\ Photon energy (V)
: e

0.3

02 T J . )

500 1000 1500 2000

Wavelength (nm)

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5




Journal of Materials Chemistry C Page 6 of 9

ARTICLE Journal of Materials Chemistry C

(a)

Fig. 5 (a) TEM image of Ag,0 hexapods synthesized at the silver ion concentration of 20 mM and the applied potential of 5V,
(b) at higher magnification showing rough surfaces, (c) SAED pattern obtained from one tip of a typical hexapod, (d) HR-TEM
image taken at the edge of one tip in (b) and (e) illustration for a primary building block and growth directions along
equivalent <100> directions.

Fig. 6 FE-SEM images for Ag,0 particles obtained from electrochemical synthesis at constant potential of 5 V for 10 min with

from the equivalent {111} and {200} planes of the reactive building units, which form growth directions along the equivalent
<100> directions, as illustrated in Fig. Se.

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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the various silver ion concentrations (a) 1ImM, (b) 5 mM and (c) 10 mM.

The change in the shape of the Ag,0 particles was also studied by using other silver ion concentrations (1, 5, and 10 mM).
The SEM images for the Ag,0 particles obtained from the electrochemical synthesis at the same applied potential of 5 V
associated with the various Ag’ concentrations are shown in Fig. 6. At the lowest Ag" concentration (1 mM), the Ag,O particles
attained the shape of polyhedrons. Further, as the Ag’ concentration was increased to 20 mM, the geometrical shape of the
Ag,0 particles gradually changed from polyhedrons to shapes consisting entirely of hexapods (see Figs. 6a-c and 2b). In addition,
the size of the Ag,0 hexapods were also observed to increase with an increasing silver ion concentration; for example, the size of
the Ag,0 hexapods increased from less than 1 um to ca. 1.36 pum when the Ag’ concentration was increased from 10 to 20 mM
(see Figs. 2b and 6c). This result indicates that the morphological change from a polyhedron to an Ag,0 hexapod is a function of
the concentration of silver ions, which is proportional to the precipitation (growth) rate of the Ag,0 particles. In isotropic
crystallization, the shape of a crystal grown in solution is thermodynamically defined by minimizing the interface energy and the
surface energies of all the exposed faces (Wulff construction).31’ 32 The evolution of the shape from cubic to octahedral is a
function of the ratio (R) of the growth rate along the <100> direction versus that along the <111> direction. The highest value of
R = 1.73 results in an octahedron, whereas, the lowest value of R (0.58) produces a cube. A particle with a value between these
two extremes, i.e., 0.58 < R < 1.73, has exposed {111} and {100} faces, and is referred to as a polyhedron.33 In particular, for
isotropic face-centered cubic (FCC) Ag crystals, the thermodynamic equilibrium shape should be a convex polyhedron bounded
by {111} and {100} planes.34 By contrast, when a change occurs in the gradient of concentration, the interface morphology loses
its stability and the branch will be raised.® Liu et al.*® pointed out that the concave Ag hexapod shape is not the equilibrium one,
and it formed in the fast growth synthesis. This is consistent with the fast growth rate observed for the Ag,O hexapods during
the electrochemical synthesis.

Conclusions

We have explored an unusual electrochemical methodology for synthesizing dispersed Ag,O particles in the vicinity of the
cathode. It was shown that the size, shape, and yield of Ag,O particles can be controlled by manipulating both the applied
potential and the silver ion concentration. The Ag,0 particles were generated in close proximity to, but in contact with, the
cathode, provided the applied potential exceeded the threshold potential for the electrolysis of water. The higher the applied
potential, the higher the yield and the smaller the particle size of the Ag,0 attained. That is, the size of the dispersed Ag,0
hexapods can be adjusted from 1.84 down to 0.60 um by increasing the applied potential from 4 to 10 V at a constant silver ion
concentration (20 mM). The current strategy is highly scalable due to the high efficiency and high yield of the process by which
the micro-scale Ag,0 particles are generated, which means it is suitable for the actual application. Furthermore, the current
method could be extended to the electrochemical synthesis of other metallic oxides (e.g.,ZnOnanosheet or nanorod).

Experimental

Silver (1) oxide particles were electrochemically synthesized in aqueous, 1-20 mM silver nitrate (AgNO3, 99,9%, Kojima chemicals)
in combination with 0.4 M sodium sulfate (Na,SO,, +99%, Junsei) at room temperature (ca. 25 °C). The synthesis was carried out
using a two-electrode system comprising two silver rods (3.175 mm diameter, 99.9%, Alfa), separated by a distance of 3 cm, that
served as anode and cathode, respectively. When the potential (4, 5, 6, 8 or 10 V) was applied across the two electrodes, brown-
colored dispersed Ag,O particles were observed to appear immediately in the vicinity of the cathode and precipitate from the
solution, while a light gray-colored silver deposit was seen to adhere on the cathode. By contrast, at an applied potential of 2 V,
the only deposition of silver was seen on the electrode. The Ag particles attached on the cathode and the dispersed Ag,0
particles were easily separated by lifting the cathode from the solution.

The final products were collected by centrifugation, followed by washing with ultrapure water for further investigation.

The morphological features of Ag,0 particles were characterized by using field emission scanning electron microscopy (FE-
SEM, MIRA Il LMH, Tescan) and field emission transmission electron microscopy (TEM, JEM2100F model, JEOL, operating at 200
kV). The Ag,0 powder samples were confirmed by using X-ray diffraction (XRD, X'PERT, PANalytical, Cu Karadiation) pattern
measurement. Electronic states of Ag,0 powder were evaluated by using X-ray photoelectron spectroscopy (XPS, Multilab 2000,
Thermo Scientific, Al Ka radiation). Binding energies were corrected using the C (1s) line at 284.5 eV. XPS analysis was performed
with monochromated Al Ko radiation at pressure ca. 1.5 x 10® Pa. The band gap energy of Ag,O particles was determined via
UV-Vis-NIR (V-670 JASCO) measurement.
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