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Direct Conversion of Commercial Silver Foils into High Aspect Ratio AgBr
Nanowires with Enhanced Photocatalytic Properties

Yingpu Bi and Jinhua Ye**

One-dimensional (1D) semiconductor nanostructures,
such as nanowires and nanotubes, have recently attracted
considerable attention due to their unique electronic and
optoelectronic properties, as well as potential applications in
fabricating nanoscale devices.'™ Over the past decade,
semiconductor nanowires of various material systems, in-
cluding elements (Si, Ge),"! III-V compounds (GaAs, GaP,
InP, InAs),! II-VI compounds (ZnS, ZnSe, CdS, CdSe),®
and oxides (ZnO, MgO, Si0,),”! have been successfully fab-
ricated in high yields and uniformity by using diverse tech-
niques. In contrast, the synthesis of silver halide 1D nano-
structures, especially silver bromide (AgBr), has lingered far
behind. To the best of our knowledge, the synthesized AgBr
nanoproducts reported previously mostly possess irregular
structures,'®"! and 1D AgBr nanostructures have been
rarely reported until now, especially using templateless
methods. However, it is known that AgBr exhibits unique
light-sensitive, electrical, and ionic transport properties,
which have been widely utilized in photography, electrodes,
infrared spectroscopy, radiometry, and heterodyne detection
for decades or, in some cases, over a century.m] Further-
more, it has recently been found that AgBr could also serve
as highly stable and active catalysts for various photocatalyt-
ic reactions under visible-light irradiation.'” Thus, the ex-
ploration of facile and efficient methods for the large-scale
fabrication of high quality 1D AgBr nanostructures may
greatly improve their current performance and open up new
applications.

Herein, we demonstrate a simple and powerful strategy
for the direct conversion of commercial Ag foils into high
aspect ratio AgBr nanowires in aqueous Fe’*, Br~, and
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polyvinylpyrrolidone (PVP) at room temperature. More-
over, studies of their photocatalytic performance in the de-
composition of methylic orange (MO) indicate that these
novel AgBr nanowires exhibited excellent catalytic activity
under visible-light illumination.

Figure 1A-C and Figure S1 show typical SEM images of
the AgBr nanoproducts that were obtained by immersing
the commercial Ag foils into an aqueous solution of PVP
that contained Fe** and Br~ ions for 8 h at room tempera-
ture, during which the Ag foils serve as both a silver ion
source and a substrate for the heteroepitaxial growth of
AgBr nanowires. It can be clearly seen from Figure 1A and
Figure S1A that large quantities of AgBr nanowires with
lengths of up to several tens of micrometers have been syn-
thesized in high yield by this simple replacement process.
Figure 1B and Figure SIB-C show the enlarged SEM
images of as-synthesized AgBr nanostructures and show

| %ﬁm@
P e
gy

Giais

Y
i
4 ;@iﬁ} &5y

40 S0 60 70 80 90
2 Theta (°)

Figure 1. A,B) SEM images of AgBr nanowires on the Ag foil (inset
scale bar=50nm); C) SEM image of cross-section of the AgBr nano-
wires on Ag foil; D) XRD pattern of AgBr nanowires.
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that these nanowires possess uniform diameters (=70 nm)
and smooth surfaces (Figure 1B, inset). The cross-section
images of the AgBr nanowire/Ag foil products (Figure 1C
and Figure S2) suggest that the AgBr layers are composed
of dense nanowires with thicknesses of about 10 um. The X-
ray diffraction (XRD) pattern of AgBr nanowires shown in
Figure 1D indicates that all peaks of products could be as-
signed to diffraction from the (111), (200), (220), (222),
(400), (420), and (422) planes of the AgBr crystals (PCPDF
No0.06-0438). Moreover, the EDS results (Figure S3) indicate
that except for Cu and Zn in the supports, only Ag and Br
were observed in this EDS pattern. Furthermore, it should
be noted that the PVP plays a crucial role in determining
the morphologies and structures of the AgBr nanoproducts.
As shown in Figure S4A, the diameters of the AgBr nano-
wires were reduced to about 50 nm when the PVP concen-
tration was increased to 200 mm, and no obvious structural
change was observed. However, on decreasing the PVP con-
centration to 100 mm, needle-like AgBr nanowires with
large diameters (~100 nm) were synthesized (Figure S4D).
On further decreasing the PVP concentration to 50 mm, the
as-synthesized AgBr nanoproducts were composed of rods
and particles (Figure S4E). In the absence of PVP, only ir-
regular AgBr particles formed on the Ag foil surfaces (Fig-
ure S4G). On the other hand, if PVP was replaced by poly-
(vinyl alcohol) (PVA), some rod-like nanostructures were
obtained, which indicated that the PVA molecule has a simi-
lar function to PVP in promoting the formation of 1D AgBr
nanostructures (Figure S5A). Moreover, in the presence of
cetyltrimethylammonium bromide (CTAB), only porous
AgBr nanolayers were formed (Figure S5C). Accordingly,
we speculate that the particular adsorption (see Figure S6)
and structure induction of PVP may promote the heteroepi-
taxial growth of AgBr nanowires on the surface of Ag foils
and give products with uniform 1D nanostructures."!
During the synthesis of AgBr nanowires, the samples
were quenched at various time intervals to study their possi-
ble growth mechanism. Figure 2 and Figure S7 show typical
SEM images of the morphological and structural evolution
involved in the growth process of these novel AgBr nano-
wires. As shown in Figure 2A, the Ag foils possess relatively
smooth and clean surfaces prior to the galvanic replacement
reactions. However, when the silver foils were dipped into
an aqueous PVP solution that contains both Fe** and Br~
ions, the replacement process between metallic Ag and the
Fe** ions occurred immediately. As shown in Figure 2B, uni-
form AgBr nanocrystals with octahedron-like structures
formed tidily on the surfaces of Ag foils. At longer reaction
times, the formed AgBr nanocrystals attached to each other
and self-assembled into tower-like nanostructure arrays
under the direction of PVP. At t=2 h, the length of AgBr
nanostructure arrays were increased; at this growth stage
the nanoproducts possess flexible structures that grow paral-
lel to the Ag foils (Figure 2D), which may be due to the in-
crease in their length. Furthermore, these AgBr nanostruc-
tures gradually transformed into uniform nanowires with
high aspect ratios (Figure 2E), which were composed of re-
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Figure 2. SEM images of AgBr nanowires during growth process at differ-
ent reaction times: A) 0, B) 0.5,C) 1, D)2, E)4,F) 6 h.

peated rectangular AgBr nanocrystals (Figure S8). At =
6 h, the sharp edges of AgBr nanowires are gradually trun-
cated and transformed into irregular structures (Figure 2F)
as a result of their relatively high surface energy. Finally,
uniform AgBr nanowires with smooth surfaces (Figure 1B)
evolved as a result of the Ostwald ripening process.
Furthermore, the crystalline structure and plasmon ab-
sorption of AgBr nanoproducts during the growth process
have also been clarified. As shown in Figure 3A, the diffrac-
tion peaks of metallic Ag crystals were gradually reduced as
the reaction time increased, whereas the peaks of the AgBr
crystals were significantly enhanced, which indicates that the
lengths and layer thickness of AgBr nanowires greatly in-
creased. Finally, only diffraction peaks of AgBr nanowires
were observed due to the relatively thick AgBr nanowire
layer (=10 pm). Moreover, the plasmon absorption spectra
of the samples at various growth stages are shown in Fig-
ure 3B. Before the galvanic replacement reactions, the Ag
foils exhibit a sharp absorption peak at =340 nm and high
reflection bands in the range of A=350 to 800 nm, which
may be due to their smooth and silvery-white surfaces. How-
ever, when the growth process of AgBr nanowires has been
initiated, the plasmon absorption peaks of metallic Ag crys-
tals markedly reduced, and the absorption peaks of AgBr
crystals gradually increased, which is consistent with the
XRD results above.['”! Furthermore, except for the metallic
Ag and AgBr crystals, no absorption or diffraction peaks
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Figure 3. A) XRD patterns (V: Ag, ¥: AgBr) and B) UV/Vis spectra of
AgBr nanowires during the growth process.

corresponding to other impurities were detected during the
whole growth process of AgBr nanowires.

Until now, the Ag-engaged galvanic replacement reaction
has been widely employed by many groups for preparation
of hollow metal nanostructures. It should be noted that
these Ag sacrificial templates should possess nanoscale
structures and dimensions. Moreover, the redox potential of
metal ions, such as the Au**/Au pair (1.50 V vs. SHE), the
Pt**/Pt pair (1.2 V), and the Pd*™/Pd pair (0.95 V), should
be higher than that of Ag™/Ag pair (0.80 V).l However, in
our synthesis system, the replacement reaction between
Fe** (E'pes+pe+ =0.771 V) and commercial bulk Ag materi-
als can proceed quite readily at room temperature and
AgBr nanowires with uniform diameters and high aspect
ratios can be synthesized in large quantities. Herein, we
identified a potential replacement mechanism to explain the
epitaxial growth process of AgBr nanowires on Ag sub-
strates; the schematic illustration is shown in Scheme 1. In
this synthesis system, the Br~ ions not only served as a bro-
mide source for the growth of AgBr nanocrystals but also as
an activation agent to initiate the replacement reaction. Fur-
thermore, in the presence of Br~ ions, the redox potential of
Ag species decreased markedly from +0.80V (Ag*/Ag
pair) to +0.007V (AgBr/Ag pair), which is much lower
than that of the Fe**/Fe** pair. Therefore, Fe’T ions can di-
rectly oxidize the surface Ag atoms of bulk foils into AgBr
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Scheme 1. Schematic illustration of the heteroepitaxial growth process of
AgBr nanowires on Ag substrates. Reaction: Ag+Fe’™+Br —AgBr+
Fe’*; anode reaction: Ag+Br —AgBr+e-, E°=+0.007 V; cathode re-
action: Fe’* + e —Fe?*, E°=+40.771 V.

nanocrystals. Simultaneously, the PVP molecules in this
system were selectively adsorbed onto the various crystal
facets of AgBr nanocrystals, which may change their growth
rates and induce the oriented attachment of the AgBr nano-
crystals into 1D wire-like nanostructures on Ag substrates.
To further confirm the above hypothesis regarding the
redox potential functions for AgBr nanowire growth, the
shape evolutions of as-synthesized nanoproducts in the pres-
ence of other halide ions have also been investigated. As
shown in Figure 4A, if NaBr is replaced by NaCl in this pro-

Figure 4. SEM images of the as-synthesized nanoproducts in various sys-
tems: A) Fe(NO;); and NaCl, B) Fe(NO;); and Nal, C) AgBr and CuBr,
D) AgBr and CuBr prepared in Cu(NOs;), and NaBr.

cess, AgCl nanowires with flexible nanostructures are rou-
tinely synthesized. However, it should be noted that the
quantities and layer thickness of the obtained AgCl nano-
wires are lower than that of the AgBr nanowires, which may
be due to the low growth rates derived from the redox po-
tential of the AgCl/Ag pair (0.223 V). Furthermore, in the
presence of Nal, Agl nanoparticles with large dimensions
were synthesized on the surface of Ag foils. Additionally, a
novel tower-like Agl structure consisting of an oriented at-
tachment of hexagonal plates has also been obtained (Fig-
ure 4B, inset). Furthermore, it can be concluded that the
standard potential of the Agl/Ag pair (—0.15V) is lower
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than that of the AgBr/Ag (0.007 V) and AgCl/Ag pairs
(0.223 V), which may greatly enhance the replacement rate
between Ag and Fe’" and result in a product with irregular
structures rather than a wire-like structure. On the other
hand, we have also studied the structures of AgBr nano-
products synthesized by oxidation of other metal ions. The
SEM image of AgBr nanoproducts fabricated in the pres-
ence of Cu(NOs;), and NaBr (Figure 4C) shows that some
rod-like nanostructures with rectangular cross-sections are
synthesized. Interestingly, when Cu’*" ions are reduced to
Cu™ ions, a novel coproduct, CuBr nanobelts, is also synthe-
sized under the same system (Figure 4D), and the crystal
structure and composition can be further confirmed by the
XRD and EDS patterns (Figure S9C and D). Furthermore,
the above demonstrations suggest that the redox potential
of both silver species and metal ions play crucial roles in de-
termining the morphology and structure of AgX (X=CI",
Br~, I") nanoproducts. More specifically, the generation
rates of AgX are strongly dependent on the replacement
rates between surface Ag atoms and metal ions, which may
control the growth rates of different crystal facets so as to
form products with distinct morphologies.

Finally, the photocatalytic behavior of the as-prepared
AgBr nanowires were explored for decomposition of MO
dye under visible-light irradiation at room temperature.!'”]
To the best of our knowledge, 1D AgBr nanowires were
used as the catalysts for this photocatalytic reaction for the
first time. For comparison, the photocatalytic properties of
AgBr nanoparticles (see Figure S10), AgCl nanowires, and
N-doped TiO, were also investigated and the results are
shown in Figure 5. It can be clearly seen that all the silver
halide photocatalysts exhibit excellent photocatalytic activi-
ties for decomposition of MO dye as compared with N-
doped TiO,. Of the silver halides, the AgBr nanowires ex-
hibit the highest photocatalytic activity, and can completely
decompose MO dye 2.5 min after visible-light irradiation.
Furthermore, spherical AgBr nanoparticles decomposed the
MO dye in 6 min, whereas AgCl nanowires required 10 min,
which demonstrates that their photocatalytic activities are
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Figure 5. Photocatalytic activity of various catalysts in the decomposition
of MO dye under visible-light irradiation at room temperature. @: N-
doped TiO,, m: AgCl nanowires, A: AgBr nanoparticles, ¢: AgBr nano-
wires.
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greatly dependent on the crystal structures and composi-
tions. At present, the photocatalytic mechanism of these
AgBr nanowires is not completely understood and a more
detailed study is still underway.

In summary, we have demonstrated a facile and efficient
replacement process for the large-scale synthesis of uniform
and perfect AgBr nanowires from commercial silver foils at
room temperature. Moreover, their photocatalytic perfor-
mance studies indicate that these 1D AgBr nanowires exhib-
ited much higher photocatalytic activity than spherical AgBr
nanoparticles and commercial N-doped TiO, under visible-
light irradiation. Furthermore, we believe that this rational
room-temperature synthetic route can also be adapted for
the preparation of other semiconductor nanomaterials with
special structures, which may have promising photocatalysis,
electric, and photoelectric applications.

Experimental Section

AgBr nanowire synthesis: In a typical AgBr nanowires synthesis, the
silver foil (4x4 cm) was placed in an aqueous solution of Fe(NO;);
(0.5m), NaBr (0.5m), and PVP (150 mm). The resulting mixture was
maintained at RT until it became yellow in color. The samples intended
for morphology and structure analysis were washed with water to remove
the Fe(NOs);, NaBr, and PVP and dried under atmospheric conditions.
The AgBr samples for photocatalytic experiments were obtained by brief
sonication of the AgBr naniowire/Ag foils without breaking the AgBr
nanowires. For comparison, spherical AgBr nanoparticles were also syn-
thesized by using conventional precipitation methods with surfactant
(PVP).

Photocatalytic reactions: In all catalytic activity of experiments, the sam-
ples (0.1 g) were put into a solution of MO dye (100 mL, 40 mgL ™),
which was then irradiated with a 300 W Xe arc lamp equipped with an ul-
traviolet cutoff filter (4 >420 nm). The degradation of MO dye was moni-
tored by using UV/Vis spectroscopy (UV-2500PC, Shimadzu). Before the
spectroscopy measurement, these nanowire catalysts were removed from
the photocatalytic reaction systems by a dialyzer.

Characterization: SEM and FE-SEM images were taken by using a field-
emission scanning electron microscope (JSM-6701F, JEOL) operated at
an accelerating voltage of 5kV. The X-ray diffraction spectra (XRD)
measurements were performed on a Philips X’pert MPD instrument by
using Cuy, radiation (50 kV). The XRD patterns were recorded from 10
to 90° with a scanning rate of 0.067°s™". The infrared spectra were ob-
tained by using a Fourier transform infrared (FTIR) spectrometer (Shi-
madzu IRprestige-21). UV/Vis absorption spectra were taken at room
temperature by using a UV-2550 (Shimadzu) spectrometer.
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