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Silver (Ag) as one of the most important plasmonic metals has attracted enormous attention due to its distinct

surface plasmon resonance (SPR) absorption and high electrical conductivity. Here, we use Ag nanowires

(NWs) as the starting material to prepare a series of core–shell structured Ag@Ag2S composites through an

in situ controllable and spontaneous sulfidation process at room temperature. It has been found that the

obtained coaxial Ag@Ag2S hybrid with an optimized ratio of Ag NWs exhibits enhanced

photoelectrochemical and photocatalytic performances under visible light irradiation. The underlying

contribution of Ag SPR to the enhancement of photoelectrochemical and photocatalytic activities of the

Ag@Ag2S hybrids has been elucidated through wavelength-dependent experiments and transient

absorption spectroscopy. The results indicate that the SPR phenomenon of Ag NWs has an influential

effect on the photoelectrochemical and photocatalytic activities enhancement of Ag@Ag2S hybrids, which

is often overlooked in the previous reports. An ultrafast electron transfer process (�350 fs) from the Ag

core to the Ag2S shell has been measured. This work provides a valuable insight into the role of the Ag

component in improving the photoelectrochemical and photocatalytic performances of Ag–Ag2S hybrid

nanosystems, which is expected to promote comprehensive understanding and better exploitation of

plasmonic Ag in universal photophysical and photochemical systems.
Introduction

Metal–semiconductor hybrid nanostructures have attracted
extensive attention due to their synergistic properties and
performances that essentially result from interactions between
the disparate metal and semiconductor components.1–5 Among
numerous metal–semiconductor heterostructured nano-
systems, those comprising plasmonic metals and semi-
conductors combined within specic nanoarchitectures
represent a class of promising paradigms, which have found
various applications in the elds of electronics,6 optics,7

biotechnology,8 solar cells,9 and photocatalysis.10

Silver (Ag) as one of the most studied plasmonic metals, not
only exhibits distinct and tunable surface plasmon resonance
(SPR) absorption, but also has the highest electrical
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conductivity (6.3 � 107 S m�1) among all metals.11,12 Owing to
these intriguing optical and electrical properties, Ag has been
considered as a promising candidate for constructing high-
performance composite photocatalysts. Thus far, there have
been various Ag-based nanostructured photocatalysts, such as
Ag nanocube/N-doped TiO2 composites,13 Ag–ZnO hetero-
structured nanobers,14 Ag nanowire/Ag3PO4 cube necklace-like
heterostructures,15 Ag@Cu2O core–shell nanoparticles,16

Ag@AgCl cubic cages,17 Ag–Sb2S3 hollow microspheres,18

Ag/Ag2S heterodimers,19 etc.20–24

Of the known Ag-semiconductor hybrid nanostructured
photocatalysts, Ag–Ag2S is of particular interest25,26 because
Ag2S is a direct semiconductor with a narrow band gap (ca.
1.0 eV), a high optical absorption coefficient, chemical stability
and nontoxicity.27–31 Diverse Ag–Ag2S hybrids with different
nanostructures have been synthesized and applied for photo-
redox processes, including antibacterial, degradation of organic
dyes, and reduction of heavy ions.19,20,25,31–34 For example, Zeng
et al.19 have developed an ion exchange and photo-assisted
reduction method to prepare Ag–Ag2S heterodimers at room
temperature. The highly asymmetric Ag2S/Ag heterodimers
exhibited strong bactericidal effects on E. coli K-12 under UV
irradiation, which was attributed to the synergetic effects of
both Ag2S and Ag phases. Lou and co-workers20 have synthe-
sized Ag2S–Ag hybrid nanotubes by rapid microwave-assisted
This journal is © The Royal Society of Chemistry 2017
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suldation of Ag2CO3 nanorods and utilized them for the
visible-light photocatalytic degradation of methyl orange and
the reduction of aqueous Cr(VI). It should be noted that
although the Ag–Ag2S composites have been utilized in various
photocatalytic reactions,19,20,25,31–34 the roles of Ag SPR in the
photoactivity enhancement of Ag–Ag2S composites as well as
the charge transfer dynamics, to the best of our knowledge,
have not been elaborated.

In order to identify the role of Ag SPR in enhancing the
photoelectrochemical and photocatalytic performances of
Ag–Ag2S composites, herein, we choose one-dimensional (1D)
Ag nanowires (NWs) as the interest due to their distinct SPR
absorption and the 1D structure-directing advantages.35

Through an in situ controllable and spontaneous suldation
treatment at room temperature, the Ag NWs can be partially
converted to the corresponding Ag2S semiconductor material,
thus leading to the formation of a series of Ag@Ag2S composites
with intimate interface combined in a uniform coaxial core–
shell motif. The coaxial Ag@Ag2S composite with an optimized
ratio of Ag to Ag2S exhibits enhanced photoelectrochemical and
photocatalytic activities under visible light irradiation. The
underlying contribution of Ag SPR to the photoelectrochemical
and photocatalytic performance enhancement of the Ag@Ag2S
hybrids has been elucidated through the controlled wavelength-
dependent experiments combined with transient absorption
analysis. Importantly, strong correlation between the absorp-
tion characteristics and wavelength dependent photochemical
properties reveals the predominant SPR contribution of Ag NWs
to the enhancement of photoelectrochemical and photo-
catalytic activities of Ag@Ag2S hybrids. In addition, transient
absorption spectroscopy provides clear evidence of an ultrafast
electron transfer from the Ag core to the Ag2S shell within
�350 fs. Accordingly, a schematic diagram has been presented
to illustrate the charge transfer process in the coaxial Ag@Ag2S
hybrid. This work provides a fundamental understanding and
insight into the role of the Ag component in photo-
electrochemical and photocatalytic activities enhancement of
Ag–Ag2S hybrid nanosystems, which is expected to promote the
full utilization of the Ag plasmonic function and thus the design
of efficient platforms for solar energy conversion technologies.
Experimental section
Materials

Silver nitrate (AgNO3), poly(vinyl pyrrolidone) (PVP, MW z
1 300 000), iron(III) chloride (FeCl3), sodium sulde (Na2S), and
sulfur powder were all obtained from Sigma-Aldrich and
ethylene glycol (EG) was obtained from J. T. Baker. All of the
reagents were of analytical grade and used as received without
further purication. The deionized water used in all reactions
was obtained by ltering through a set of Millipore cartridges
(Epure, Dubuque, IA).
Preparation

(a) Synthesis of Ag nanowires (NWs). Ag NWs were
synthesized via a modied polyol process,36 which involved the
This journal is © The Royal Society of Chemistry 2017
reduction of silver nitrate (AgNO3) in the presence of PVP in
ethylene glycol (EG). 2 g of FeCl3 solution (6 � 10�4 M in EG),
0.27 g of AgNO3, and 0.1 g of PVP were added to 30 mL of EG.
The mixture was stirred for 12 h and then transferred to
a Teon-lined autoclave and heated at 150 �C for 1.5 h. The
sample was cooled down to room temperature and then washed
with ethanol and acetone to remove excess EG and PVP. Aer
washing, the product was collected by centrifugation at
10 000 rpm for 5 min and then re-dispersed by brief sonication
in ethanol (5 mL) and water (25 mL) for the suldation reaction
with polysulde (Na2Sx).

(b) Preparation of Na2Sx aqueous solution. The Na2Sx
solution was prepared by reacting aqueous Na2S with sulfur
powder.26 In a typical process, 28 mg of sulfur powder were
mixed with 11.7 mL of 50 mMNa2S aqueous solution in a 20 mL
vial. The suspension was agitated by sonication for about
30 min. The vial was then capped and placed in an oven at 80 �C
for 12 h. The color of the solution turned bright yellow upon
complete dissolution of all the sulfur powder.

(c) Suldation reaction. In a standard procedure for sul-
dation, 0.2 mL of the Na2Sx solution was added to 30 mL of the
suspension of Ag NWs (1.0 mM in terms of elemental silver) at
room temperature under magnetic stirring. The reaction was
quenched at a specic point in time by centrifuging the solution
at 10 000 rpm for 5 min. The product was then washed twice
with DI water. The nal product was re-dispersed in ethanol for
further structural analysis and UV-vis measurements.
Characterization

Field emission scanning electron microscopy (SEM, JEOL JSM-
7001F) was used to determine the morphology of the samples.
Transmission electron microscopy (TEM) analysis was per-
formed on a JEOL model JEM 2010 EX instrument at an accel-
erating voltage of 200 kV. The crystal phase properties of the
samples were analyzed with a Bruker D5005 Advance X-ray
diffractometer (XRD) using graphite monochromated Cu Ka
radiation at l¼ 1.541 Å. X-ray photoelectron spectroscopy (XPS)
measurements were carried out on a Thermo Scientic ESCA
Lab250 spectrometer which consists of a monochromatic Al Ka
as the X-ray source. All of the binding energies were calibrated
by the C 1s peak at 284.6 eV. The optical properties of the
samples were analyzed by UV-vis diffuse reectance spectros-
copy (DRS) using a UV-vis spectrophotometer (Shimadzu,
UV-3600). The photoelectrochemical analysis was carried out in
a conventional three-electrode cell using a Pt plate and an
Ag/AgCl electrode as the counter electrode and reference elec-
trode, respectively. The electrolyte was 0.2 M Na2SO4 aqueous
solution without an additive (pH ¼ 6.8). The working electrode
was prepared on uoride tin oxide (FTO) glass. The photocur-
rent measurements were taken on a CH Instrument worksta-
tion. Transient absorption spectroscopy was performed at room
temperature using a commercially available Helios™ TA spec-
trometer (Ultrafast Systems LLC). The laser source was the
Coherent Legend regenerative amplier (150 fs, 1 kHz, 800 nm)
seeded by using a Coherent Vitesse oscillator (100 fs, 80 MHz).
The 400 nm pump pulses were obtained by frequency doubling
J. Mater. Chem. A, 2017, 5, 21570–21578 | 21571

http://dx.doi.org/10.1039/c7ta06473j


Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 1
5 

Se
pt

em
be

r 
20

17
. D

ow
nl

oa
de

d 
by

 N
at

io
na

l U
ni

ve
rs

ity
 o

f 
Si

ng
ap

or
e 

on
 0

9/
12

/2
01

7 
00

:3
1:

35
. 

View Article Online
the 800 nm fundamental regenerative amplier output with
a BBO crystal. The white light probe beams were generated by
focusing a small portion (around 10 mJ) of the fundamental
800 nm laser pulses into a 2 mm sapphire plate. The probe
beam was collected using a dual detector for UV-vis (CMOS
sensor).

Photoactivity testing

10 mg of the sample was dispersed in 20 mL of methyl orange
(5 ppm) aqueous solution. The mixture was stirred for 1 h in the
dark to blend well and allow the adsorption–desorption equi-
librium to be attained before irradiation. A 300 W Xe lamp
(Excelitas, PE300BFM) with a light intensity of 100 mW cm�2

equipped with a 400 nm long-pass lter was used as a visible
light source. 2 mL of sample solution was drawn from the
system at regular time intervals during the experiment and
analyzed using a UV-vis spectrophotometer (Shimadzu,
UV-3600).

Results and discussion

The one-dimensional (1D) coaxial Ag@Ag2S nanowire (NW)
hybrids are synthesized by a simple in situ suldation treatment
at room temperature, as illustrated in Fig. 1a. The Ag NWs
fabricated by a poly(vinyl pyrrolidone) (PVP)-assisted polyol
reduction approach are used as the starting material for the
in situ formation of the Ag2S shell. It can be seen from the
scanning electron microscopy (SEM) image in Fig. 1b that the
polyol-synthesized Ag NWs possess uniform diameters of ca.
80 nm and lengths ranging from 5 to 20 mm with a smooth
Fig. 1 (a) Schematic illustration for the preparation of Ag@Ag2S composit
Ag NWs, and (c) Ag@Ag2S-40 composite (the scale bar is 1 mm); (d) atom
diameter distribution histograms of Ag and Ag@Ag2S-40 NWs; (f) XRD p

21572 | J. Mater. Chem. A, 2017, 5, 21570–21578
surface. The Ag NWs fabricated by such a method were reported
to possess a pentagonal cross-section with ve-fold symmetry.37

Through controlling the suldation reaction time, a series of
Ag@Ag2S NW hybrids with different degrees of suldation can
be obtained (denoted as Ag@Ag2S-x; x is the suldation time).
The morphological evolution process of the Ag@Ag2S NW
hybrids has been investigated via time-dependent experiments
as discussed below.

Fig. S1† and 1c show the SEM images of the 1D Ag@Ag2S NW
hybrids. Taking the sample with a suldation reaction time of
40 min as an example (Fig. 1c), it is easy to observe that the 1D
morphology of the nanowires is well retained, indicating that
the mild suldation process has no signicant effects on the 1D
structure of Ag NWs. As compared with the smooth surface of
bare Ag NWs, the surface of Ag@Ag2S NW hybrids becomes
rough, especially for the samples with suldation reaction times
of 40 min and 60 min, as revealed in Fig. 1c and S1d,† respec-
tively. This should be ascribed to the formation of the Ag2S
component on the surface of Ag NWs. The energy-dispersive
X-ray (EDX) analysis has been carried out for Ag NWs and the
Ag@Ag2S NW hybrids. As shown in Fig. 1d, with increasing the
suldation time, the atomic percentage of Ag gradually
decreases and simultaneously the content of S increases corre-
spondingly. Notably, there is no signicant difference in the
diameters of Ag NWs and Ag@Ag2S-40 (as an example), as re-
ected by the histograms in Fig. 1e. These results further
conrm that the Ag NWs are partially converted to Ag2S via an
in situ process. Fig. 1f displays the X-ray diffraction (XRD)
patterns of the Ag@Ag2S NW hybrids. Only the diffraction peaks
of face-centered cubic Ag (JCPDS card no. 87-0720; space group:
es using Ag nanowires (NWs) as the starting material; SEM images of (b)
ic content evolution of Ag and S along with the sulfidation time; (e) the
atterns of Ag NWs and Ag@Ag2S composites.

This journal is © The Royal Society of Chemistry 2017
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Fm3m, a ¼ b ¼ c ¼ 4.077) are observed for the samples with
short suldation time, i.e., Ag@Ag2S-1 and Ag@Ag2S-5, as
marked by rhombuses. As the reaction time increases, the
diffraction peaks of monoclinic Ag2S (JCPDS card no. 14-0072;
space group: P21/n, a ¼ 4.229 Å, b ¼ 6.931 Å, and c ¼ 9.091 Å)
appear as marked by inverted triangles and the intensity
becomes stronger, while the diffraction peaks of Ag become
weaker at the same time and eventually disappear when the
suldation time reaches 60 min due to the low content of Ag
NWs in the Ag@Ag2S hybrids. The average crystallite size of
Ag2S has been calculated according to the Scherrer formula
based on the XRD pattern. Taking Ag@Ag2S-60 as an example
due to its most distinct diffraction peaks of monoclinic Ag2S,
the peak width of half-height (FWHM) of the Ag2S (�112) peak
can be obtained by tting to a Lorentzian function (Fig. S2†).
Accordingly, the estimated average crystallite size of Ag2S is
about 21.5 nm, which is beyond the quantum-connement
regime.38–40 Besides, no additional peaks of other crystalline
phases were detected, indicating the high purity of the samples.
Obviously, these results demonstrate that the gradual conver-
sion of Ag NWs to Ag@Ag2S hybrids can be achieved by this
controllable suldation method at room temperature.

To further elucidate the microscopic morphology evolution
during the suldation process, transmission electron micros-
copy (TEM) analysis has been performed. The TEM image of
bare Ag NWs (Fig. 2a) shows the 1D morphology with a smooth
surface. The identied lattice spacing of 0.204 nm in the high-
resolution TEM (HRTEM) image (Fig. 2e) corresponds to the
(200) facet of Ag. The selected-area electron diffraction (SAED)
pattern in the inset of Fig. 2a displays relatively weak diffraction
Fig. 2 TEM images of (a) Ag NWs, (b) Ag@Ag2S-5, (c) Ag@Ag2S-40 and (d)
images of (e) Ag NWs, and (f) Ag@Ag2S-40; (g) high-angle annular dark-fi
(the inset is the line-scan profile) and the corresponding elemental map

This journal is © The Royal Society of Chemistry 2017
spots along one direction (as indicated by the red lines), which
is consistent with previous reports of pentagonally twinned
silver NWs.41 For the sample obtained with suldation for
5 min, a thin layer of Ag2S is formed on the surface of the Ag
NWs (Fig. 2b). The diffraction spots of Ag NWs and weak
diffraction rings of Ag2S can both be observed in the SAED
pattern. As the suldation time increases, the Ag2S layer
becomes thicker. For example, as for the sample of Ag@Ag2S-40,
a well-dened core–shell structure is formed (Fig. 2c) and the
lattice spacing of 0.261 nm in the shell region (Fig. 2f) is
ascribed to the (121) facet of monoclinic Ag2S. Besides, clear
diffraction rings are identied and indexed to the monoclinic
Ag2S. Aer suldation for 60 min, a thicker Ag2S shell is formed,
as reected by the TEM and SAED images (Fig. 2d). The SAED
results of these samples with different suldation reaction time
periods are in good agreement with the XRD spectra (Fig. 1e). To
further corroborate the elemental distribution of the 1D
Ag@Ag2S core–shell structure, elemental mapping has been
performed on Ag@Ag2S-40 as a typical example. The results are
shown in Fig. 2g. We can see that the Ag NWs are located in the
core area, while the Ag2S layer forms the shell, conrming the
formation of the Ag@Ag2S core–shell structure, which is also
evidenced by the line-scan prole. The above results clearly
demonstrate the morphology evolution from Ag NWs to the
coaxial Ag@Ag2S core–shell structure during the mild sulda-
tion process.

Fig. S3a† shows the Ag 3d X-ray photoelectron spectroscopy
(XPS) spectra of Ag NWs. The two typical peaks located at about
368.2 eV and 374.2 eV can be attributed to the metallic Ag 3d5/2
and 3d3/2 binding energies, respectively.19,20 As for the Ag@Ag2S-
Ag@Ag2S-60 (the insets are the corresponding SAED patterns); HRTEM
eld scanning transmission electron microscopy (HAADF-STEM) image
ping results of the Ag@Ag2S-40 composite.

J. Mater. Chem. A, 2017, 5, 21570–21578 | 21573
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40 composite, the Ag 3d5/2 and 3d3/2 peaks are shied to 367.8 eV
and 373.8 eV, respectively, which are indexed to Ag(I) of Ag2S
(Fig. S3b†).20 In the S 2p XPS spectrum shown in Fig. S3c,† the
peaks at 161.2 eV and 162.4 eV correspond to the binding ener-
gies of S 2p3/2 and 2p1/2, respectively, indicating that the valance
state of element S is �2.19 It is well known that XPS is a useful
technique to analyze the surface composition of samples and its
detectable depth is no more than 10 nm.42 We can see from the
TEM images that the Ag2S outer shell is thicker than 10 nm and
the Ag NWs are encapsulated by the Ag2S shell. Therefore, it is
reasonable that no characteristic peaks of metallic Ag in the core
are detected in the XPS spectra of the Ag@Ag2S-40 composite. The
combined analysis of SEM, TEM, elemental mapping and XPS
results conrms the formation of the coaxial Ag@Ag2S core–shell
structure via such a facile route at room temperature.

The optical properties of the samples are displayed in Fig. 3a.
The bare Ag NWs exhibit two absorbance peaks at 350 and
385 nm, which are attributed to the out-of-plane quadrupole
resonance and the transverse SPR of Ag NWs, respectively.43 It is
well known that the SPR absorption peak is highly sensitive to
the optical and electronic properties of the surrounding
medium.44,45 The optical response of the Ag NWs is observed to
be markedly affected by the formation of the Ag2S shell. Upon
the formation of the Ag2S shell, the quadrupole resonance of Ag
NWs gradually decreases, and there is a broad peak ranging
from 400 to 800 nm for the Ag@Ag2S sample, which undergoes
a red-shi with the increase of suldation time. Notably, in the
present work, pure Ag2S NWs cannot be obtained using the
in situ suldation treatment even prolonging the reaction time
to 24 h with an excessive sulfur source. This is because when the
relatively thick Ag2S shell forms, it will prevent further sulda-
tion reaction with the Ag NW core, thus leading to the inac-
cessibility of the pure Ag2S NW counterpart for investigating its
optical properties for comparison. It can be learnt from the
Fig. 3 (a) UV-vis absorption spectra of Ag NWs and Ag@Ag2S
composites; (b) transient photocurrent responses, (c) photocurrent–
voltage curves, and (d) photoactivity towards the degradation of MO of
the samples under visible light irradiation (l > 400 nm).

21574 | J. Mater. Chem. A, 2017, 5, 21570–21578
literature that 1D Ag2S NWs with the average diameter of ca.
80–100 nm exhibit no obvious absorption peaks in the range of
400–800 nm.46,47 Besides, there is no strong quantum-
connement effect for the Ag2S due to its relatively large crys-
tallite size,38–40 as demonstrated by the analysis of the XRD
results. Therefore, the broad peaks observed for Ag@Ag2S NWs
should be ascribed to the SPR absorption of Ag. This result can
be further veried by the simulated extinction spectra. As
shown in Fig. S4,† the coating of the Ag2S shell leads to
a signicant red-shi of the transverse SPR band of Ag NWs due
to the relatively high dielectric constant of Ag2S.26 The variety of
diameter, length and the Ag2S shell thickness for Ag@Ag2S
hybrids should be responsible for the broad peaks of Ag SPR.
The broad absorbance from the UV to the near-infrared window
is crucial for the full use of sunlight.

Then we investigated the photoelectrochemical performance
of Ag@Ag2S hybrids as well as Ag NWs under visible light irra-
diation (l > 400 nm). Fig. 3b shows the transient photocurrent
responses of the samples with the illumination of visible light
under zero bias condition. The photocurrent response from the
bare Ag NWs electrode under visible light irradiation is very
weak, indicating that there is no efficient electron extraction
under the present conditions.48,49 Notably, the formation of the
Ag2S shell is able to promote the photocurrent response. As the
content of Ag2S increases by prolonging the suldation time,
the photocurrent density is gradually enhanced. When the
suldation time is 40 min, the optimal photocurrent perfor-
mance can be obtained. With prolonging the suldation time to
60 min, the photocurrent density decreases. The photocurrent
as a function of applied voltage of these samples has also been
evaluated. As displayed in Fig. 3c, Ag@Ag2S hybrids with
different ratios of Ag to Ag2S exhibit tunable photocurrent
response. The enhanced photoelectrochemical performances of
Ag@Ag2S composites indicate a more efficient separation and
transfer of photogenerated charge carriers achieved in the
Ag@Ag2S samples. These results manifest that there should be
a synergistic effect between Ag and Ag2S with intimate interfa-
cial contact.

In addition, the visible-light (l > 400 nm) photocatalytic
activities of the samples have been evaluated by the degradation
of organic dye, methyl orange (MO), one of the most commonly
used probe reactions in the heterogeneous photocatalysis.20,50,51

It is seen from Fig. 3d that the bare Ag NWs exhibit no photo-
activity under the present conditions, which is due to the fact
that for the bare Ag NWs, the hot electrons are unable to be
effectively generated and extracted for participating in the
surface reaction.48,49,52,53 This is consistent with its photo-
electrochemical performance. In addition, the lack of photo-
activity can also exclude the possibility of thermochemical
degradation of the organic compounds induced by the localized
heating effect resulting from the SPR of Ag NWs.54 The partial
conversion of Ag to Ag2S can impart the composite with visible-
light photoactivity. In particular, the Ag@Ag2S-40 composite
exhibits the optimum photocatalytic activities. Aer the reac-
tion for 180 min under visible light irradiation, almost 95% of
MO is removed over Ag@Ag2S-40 (Fig. S5†). Further increasing
the suldation reaction time leads to the deterioration of
This journal is © The Royal Society of Chemistry 2017
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photoactivity, as observed in the Ag@Ag2S-60 sample. These
results along with the photoelectrochemical performance
demonstrate that the synergistic effect between Ag and Ag2S
reaches the optimum when the suldation reaction time is
40 min. The pseudo-rst order tting results (Fig. S6†) reveal
that the pseudo-rst order constant k of Ag@Ag2S-40 is the
highest at 0.01233 min�1. A blank experiment in the absence of
photocatalyst exhibits no photodegradation activity, indicating
that the reaction over Ag@Ag2S hybrids is driven by photo-
catalytic redox processes.

In an effort to better understand the role of Ag SPR in
enhancing the photoelectrochemical and photocatalytic activi-
ties, the performances of the optimal sample Ag@Ag2S-40 have
been analyzed under the irradiation of different mono-
chromatic lights in the wavelength range of 400–700 nm. The
intensity of different monochromatic lights has been normal-
ized. Fig. 4a exhibits the transient photocurrent responses of
Ag@Ag2S-40 under different monochromatic irradiation
conditions. It is observed that the Ag@Ag2S-40 exhibits photo-
current under the visible light irradiation ranging from 400 to
700 nm. Among the different incident wavelengths, the photo-
current density is the highest when the monochromatic irra-
diation is centered at 475 nm. The average photocurrent density
under different LED irradiation conditions resembles the light
absorption spectrum of Ag@Ag2S-40, as shown in Fig. 4b. It is
known that the photocurrent is formed mainly by the diffusion
of the photogenerated electrons to the back contact.55,56 There-
fore, the conformity of the photocurrent and the SPR absorption
of Ag indicates that the electrons photogenerated from Ag
should be responsible for the enhanced photoelectrochemical
performance of Ag@Ag2S composites.

The photocatalysis action spectra of Ag@Ag2S-40 have also
been obtained by plotting the apparent kinetics as a function of
the wavelength of incident monochromatic light in the wave-
length range of 400–700 nm. We can see from Fig. 4c and d that
Fig. 4 (a) Photoelectrochemical performance and (c) photocatalytic
activity of the Ag@Ag2S-40 composite towards the degradation of MO
under different monochromatic light irradiation conditions, and (b, d)
the corresponding action spectra.

This journal is © The Royal Society of Chemistry 2017
the photoactivity of Ag@Ag2S-40 depends strongly on the irra-
diation wavelength and qualitatively tracks the absorption
spectrum. The action and absorption spectra coincide in their
peak positions, ca. 475 nm. The highest rate enhancement
observed at 475 nm corresponds to the SPR peak of metallic Ag,
which clearly suggests that the excitation of SPR of the Ag
component contributes to the observed photoactivity enhance-
ment of Ag@Ag2S-40 under visible light irradiation. These
qualitative mapping results between the photoelectrochemical/
photocatalytic activity and the absorption spectrum of
Ag@Ag2S-40 clearly demonstrate that the enhancement of
photoelectrochemical and photocatalytic performances of
Ag@Ag2S-40 is closely related to the SPR absorption of the Ag
component.

We employed transient absorption (TA) spectroscopy to
analyze the electron transfer kinetics in the samples. Fig. 5a and
b show the TA spectra of Ag NWs and Ag@Ag2S-40 NWs recor-
ded within 1 ps following 400 nm excitation. A photoinduced
absorption (PIA, i.e., positive DA) band is observed in the range
from �415 nm to 500 nm for Ag NWs in ethanol solvent, which
demonstrates a similar behavior with the previously reported
TA spectra of Ag nanoparticles.57,58 It can be seen from Fig. 5c
that the transient kinetics of Ag NWs probed at 420 nm have an
instantaneous buildup with the rise time of �150 fs (compa-
rable to the pump pulse duration), which implies an instanta-
neous excitation of valence electrons via plasmon resonance.
The TA signal relaxation is dominated by a fast decay (with
a lifetime of �900 fs) due to the hot-electron relaxations via
electron–electron and electron–phonon scatterings, then fol-
lowed by a slower decay (�100 ps, as shown in Fig. 5d) arising
from the phonon–phonon and phonon–solvent interactions.57,58
Fig. 5 Transient absorption (TA) spectra of (a) Ag NWs and (b)
Ag@Ag2S-40 NWs dispersed in ethanol solvent at different delay times
after 400 nm photoexcitation with a pump fluence of 15 mJ cm�2;
normalized TA kinetics probed at different wavelengths for Ag NWs
and Ag@Ag2S-40 NWs plotted over the (c) short and (d) long time
windows, respectively; solid lines are exponential fits.
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In contrast, aer Ag NWs are covered with the Ag2S shell, the TA
spectra show a faster reduction of the PIA signal (from Ag)
superimposed with an increase in broad photobleaching (PB,
i.e., negative DA) band that peaked around �515 nm (Fig. 5b).
The PB peak position is consistent with the absorption peak in
the linear absorption spectrum and can be attributed to the
state-lling induced by the injected electrons of Ag2S shells. The
tted buildup time of the PB peak is �350 fs (Fig. 5c), which is
close to the fast decay time of the PIA signal probed at�420 nm,
and can therefore be attributed to the electron transfer time
from the Ag core to the Ag2S shell. The subsequent slower decay
with �200 ps lifetime (Fig. 5d) can be attributed to the relaxa-
tion of electrons from the conduction band of Ag2S. Accord-
ingly, the TA spectra provide clear evidence of the ultrafast
electron transfer from the Ag NW core to the Ag2S shell, which
facilitates the efficient charge collection and separation in
this hybrid system. These results together with the
photoelectrochemical/photocatalytic activity action spectra
highlight the essential role of Ag SPR in enhancing the perfor-
mance of Ag@Ag2S NW hybrids.

Accordingly, the charge transfer process of Ag@Ag2S
composites has been schematically proposed. As illustrated in
Fig. 6, Ag NWs and Ag2S can be both excited under visible light
irradiation. The work function of Ag and the bottom of the
conduction band of Ag2S are located at �4.26 and �4.42 eV
from the vacuum energy level, respectively.19,20 Therefore, due to
the SPR effect of Ag NWs and the matched band structure of the
two components, with the illumination of visible light, the hot
electrons will inject into the Ag2S shell from Ag NWs, which has
been conrmed by the transient absorption analysis.

Besides, the photostability of Ag@Ag2S-40 has been investi-
gated via recycling photoactivity experiments. The results
(Fig. S7†) show that throughout the ve-time recycle test for the
degradation of MO under visible-light irradiation, there is no
signicant loss in the photoactivity of Ag@Ag2S-40, indicating
its good photostability.

As discussed above, the pure Ag2S NWs cannot be achieved
through the present in situ suldation method probably due to
the fact that further suldation reaction is prevented by the as-
Fig. 6 The schematic illustration of the charge transfer process in
Ag@Ag2S hybrids; AVS is short for the absolute vacuum scale.

21576 | J. Mater. Chem. A, 2017, 5, 21570–21578
formed Ag2S shell. This results in the inaccessibility of the pure
Ag2S NW counterpart as well as the performance comparison of
Ag2S NWs with the Ag@Ag2S composites. In spite of such
a situation, the photoelectrochemical/photocatalytic activity
action spectra and transient absorption results denitely reveal
that the SPR phenomenon of Ag NWs plays an essential role in
enhancing the performance of Ag@Ag2S hybrids, which is oen
overlooked in previous reports related to the Ag–Ag2S photo-
catalytic systems.19,20,25,31–34 The identication of the contribu-
tion from Ag SPR towards enhancing the photoelectrochemical
and photocatalytic performances of Ag-based composites
enables us to fully understand the role of Ag in the hybrid
systems and thus to take better advantage of the metal
components for target applications.
Conclusions

In summary, a series of 1D Ag@Ag2S core–shell hybrids have
been prepared through an in situ controllable and spontaneous
suldation treatment at room temperature. The coaxial
Ag@Ag2S composites with an optimized ratio of Ag to Ag2S
exhibit enhanced photoelectrochemical and photocatalytic
performances under visible light irradiation. The action spec-
tral analysis using different monochromatic lights has been
performed to identify the role of Ag SPR in the performance
enhancement of Ag@Ag2S composites. The results reveal that
the photoelectrochemical and photocatalytic activities of the
optimum Ag@Ag2S-40 depend strongly on the wavelength and
qualitatively track its absorption spectrum. Such observation
clearly suggests that the excitation of SPR of the Ag component
contributes to the visible-light activities enhancement of
Ag@Ag2S-40. In addition, transient absorption spectroscopy
provides direct evidence of the ultrafast electron transfer from
the Ag NW core to the Ag2S shell. Accordingly, the charge
transfer process of Ag@Ag2S composites has been schematically
proposed. This work is expected to provide a fundamental
understanding and insight into the role of the Ag component in
photoelectrochemical and photocatalytic activity enhancement
of Ag–Ag2S hybrid nanosystems, based on which the plasmonic
function of Ag will be exploited better to design more efficient
solar-energy-conversion systems.
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