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In this paper, a multifunctional platform for detection and degradation of prohibited colorants based on
Agl/Ag hybrid nanocomposites through a facile wet-chemical route was successfully fabricated. The
Agl/Ag hybrid nanocomposites were characterized by X-ray diffraction, field emission scanning electron
microscopy (FESEM), high resolution transmission electron microscopy (HRTEM), energy-dispersive

spectroscopy (EDS) and UV-vis diffuse reflectance spectra (DRS). The surface-enhanced Raman
scattering (SERS) performance and photocatalytic activity of Agl/Ag hybrid nanocomposites were
investigated, respectively. The results showed that the Agl/Ag hybrid nanocomposites exhibit good SERS
performance for malachite green (MG) and excellent photocatalytic activity of rhodamine B (RB). The

15 proposed method has advantages in terms of providing a simple and rapid method for the sensitive
analysis of prohibited additive colorants.

1. Introduction room temperature, wurtzite 3-Agl with a hexagonal close-packed
lattice and zinc-blende y-Agl with a face-centered cubic (fcc)
lattice ®. There are many literatures reporting Agl based
composites and their ionic conductivity, photoluminescence
properties and photocatalytic properties >**’. However, the
literature about the synthesis and multiple functionalities
application of Agl/Ag hybrids is relative few”>*,

In the present work, a facile, rapid, harmless and low-cost wet
ss chemical method was for preparation of Agl/Ag hybrid
nanocomposites as multifunctional platform. The structure and
morphology of the as-prepared samples were characterized by
using X-ray diffraction (XRD), field emission scanning electron
microscopy (FESEM), high resolution transmission electron
microscopy (HRTEM), energy-dispersive spectroscopy (EDS)
and UV-vis diffuse reflectance spectroscopy (DRS). Malachite
green (MG) and rhodamine B (RB) were used to investigate the
SERS performance and photocatalytic activity of Agl/Ag hybrid
nanocomposites, respectively.

Surface-enhanced Raman scattering (SERS) has grown to
become a very active field of research in several areas of
materials and analytical sciences '°. Consider the application of
SERS, it is necessary to develop an efficient SERS substrate that
not only can possess strong enhancement factors, but also can be
reproducible. Furthermore, the SERS substrates become cheaper
and easier to be fabricated and handled are also very important
»s for SERS as a generally analytical tool. Compared with other
materials, silver has been demonstrated as the most suitable
material for SERS studies. Unfortunately, although considerable
progress has been made towards improving and optimizing Ag
nanostructures for analytical —applications "'%, the poor
reproducibility of Ag SERS active nanostructures is still one
major problem for practical applications due to its
inhomogeneous distribution in particle size. The fabrication of
high throughput, low-cost and reproducible SERS platforms with
a narrow size distribution is still a challenging task'*.

Recently, the hybrid nanomaterials that comprise two or more
different components have attracted much attention for their
unique shape- and composition-dependent properties and multiple 2.1. Material and apparatus
functionalities, which are not usually achievable in single-
component nanomaterials '>**. The multiple functionalities and
even novel properties make the hybrid nanomaterials achieve
applications in diverse areas, such as multimodal catalysis,
chemical detection, and optoelectronic applications '>**. Among
these hybrid nanomaterials, Agl based hybrid nanocomposites
have become an active frontier because of their remarkable
optical, electrical, and catalytic properties®**’. Silver iodide (Agl)
is a direct-gap semiconductor that exhibits two distinct phases at
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s 2. Experimetal section

All the chemical reagents used in this work, are analytically pure
and were used as received without further purification. Deionized
water was used throughout the experiment. The phase purity of
the products was characterized by X-ray diffraction (XRD,
German Bruker AXSD8 ADVANCE X-ray diffractometer) using
a X-ray diffractometer with Cu KR radiation (A=1.5418 A).
Scanning electron microscope (SEM) images were obtained on a
Japan Hitachi S-4800 field emission scanning electron
75 microscopy. Transmission electron microscope (TEM) images,
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high resolution transmission electron microscopy (HRTEM)
images, high angle annular dark field (HAADF) images and
elemental mapping images were obtained on an American FEI
Tecnai G2 F30 S-TWIN field-emission transmission electron
microscopy (operated at 300 kV). The ultraviolet—visible (UV—
vis) diffuse reflectance spectra were obtained on a Amercia
Varian Cary 5000 spectrophotometer. Raman spectra were
measured using a Britain Renishaw Invia Raman spectrometer
with a solid-state laser (excitation at 532 nm, 35mW) at room
temperature in the range of 1800-400cm™'. Spectra were
accumulated 1 scans. The total accumulation time for SERS and
Raman measurements was 10 s.
approximately 1 um on the sample surface.

The beam diameter was

2.2. Procedures

2.2.1 Synthesis of Agl/Ag hybrid nanocomposites

2.0 mmol of AgNO; was dissolved in 40 mL of distilled water
with magnetic stirring for 10 min., then, 0.05 g diammonium
hydrogen citrate (C¢H4N,O;) was added into the above solution
with stirring and a white precipitates were obtained. Finally, 20
mL 0.1 mol L™ ascorbic acid aqueous solution was poured into
the above suspension and stirred for 1 h. The powder was then
isolated and washed several times with distilled water.

The as-synthesized Ag microspheres were added into 40 mL
distilled water, then a certain amount of 0.1 mol L' KI (O,
0.2mL, 0.5mL, 1mL, 2mL) aqueous solution was added into the
above solution. Afterwards, the same amount of AgNO; (0,
0.2mL, 0.5mL, 1mL, 2mL) was added into the above solution.
The resulting mixture was maintained at room temperature for 1
h. Vigorous stirring was employed throughout the synthesis. For
the fast sedimentation rate of Agl/Ag hybrids, the products were
isolated by pouring the solution after natural sedimentation for 5
min and washed several times with distilled water and ethanol by
the same natural sedimentation methods. Then the products were
filtered using filter paper. Finally, the products were dried in
vacuum at 60°C for 3 h. The final products were denoted as Sy,
So.2, So.5. S1and S, respectively.

2.2.2. Characterization

The as-prepared Agl/Ag hybrid nanocomposites were
characterized by XRD, FESEM, HRTEM, EDS, UV-vis, and
Raman spectrometer.

2.2.3 SERS

Malachite green (MG) were used as Raman probe for the SERS
measurements. Different concentrations of MG aqueous solutions
were prepared. For preparation of SERS substrates, the as-
prepared products were immersed in different concentration of
dilute solutions of MG for 12 h, respectively. Then these sample
solutions were carefully dropped on specially cleaned glass slides
and dried in air. Finally, the SERS of the samples were measured
using a Britain Renishaw Invia Raman spectrometer with a solid-
state laser (excitation at 532 nm, 35mW) at room temperature in
the range of 1800-400cm™.

2.2.4 Photocatalytic properties

The photocatalytic activity of the samples was evaluated by
photodegradation of RB under visible light (532nm Xe lamp).
Agl/Ag hybrids (150 mg) were dispersed into 30 mL RB aqueous
solution (10° mol'L") and magnetically stirred in the dark for
30min to establish adsorption equilibrium. The concentration of
RB was analyzed by UV-vis spectroscopy.
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3. Results and Discussion
3.1 Characterization of Agl/Ag hybrid nanocomposites

3.1.1 XRD patterns of Agl/Ag hybrid nanocomposites

The XRD patterns of the products obtained before and after
modifying different amount of Agl nanopartiles (NPs) are shown
in Fig.1. Comparison with the data of JCPDS card files no.4-783,
all diffractions of the product prepared before modifying Agl NPs
(Sp) can be indexed to cubic Ag (Fig. 1a), new peaks centered at
~22.2°, 23.6°, 25.3°, 39.2° and 46.2° appeared, which could be
indexed as hexagonal Agl (JCPDS no.83-2044) after modifying
Agl NPs ( Fig. 1b-e). Furthermore, it could be clearly seen that
the peaks of Agl crystals were significantly enhanced with the
amount of Agl increase.

<Fig. 1>

3.1.2 Electron microscopy characterization of Agl/Ag hybrid
nanocomposites
The morphologies of the Ag NPs before and after modifying Agl
were observed by FESEM. Fig.2a exhibited a representative
FESEM image of pure Ag microspheres (Sy), it comprised
abundant microspheres with the diameter of 2~3 um. The
surfaces of microspheres were clean. For Agl/Ag hybrid
nanocomposites, FESEM observations showed that some NPs
strew on the surface of microspheres (Fig.2 b-e) while the size of
Ag microspheres does not change obviously. The size and the
amount of Agl NPs were increased with amount of the reactants
(KI and AgNOs;). By adding 0.2mL reactants (KI and AgNO,),
there are few nanoparticles on the surface of the microspheres
(Fig. 2b). The diameter of these nanoparticles is only ca 40 nm.
When the amount of the reactants (KI and AgNO;) is increased to
0.5mL, Agl NPs become more and the size of these nanopartices
is increased to about 50 nm (Fig. 2c). Further increasing the
volume of the reactants to 1 mL and 2mL (Fig.2 d and e), Agl
NPs further become more and the size of the particles increased
to about 70 nm and 80 nm, respectively (Fig.2 d and e). And, the
NPs on the surface of microspheres began aggregated. It can be
conclude that the volume of the reactants play a key role in the
preparation of Agl/Ag hybrid nanocomposites.

<Fig. 2>
The high angle annular dark field (HAADF) and energy-
dispersive spectroscopy elemental mapping images of Sgs in
Fig.3a-c revealed the distribution of I' on the surface of Ag
microspheres, which is homogeneous. TEM and HRTEM
analysis were also performed to confirm the structures of the Sy .
The TEM image in Fig.3d further confirmed their spherical
structures doped with many nanoparticles. The interplanar
spacing of 0.24 nm corresponds to the (100) plane of Ag, while
0.35 nm corresponds to the (101) plane of Agl. A continuity of
lattice fringes between the interface of Ag and Agl indicates the
formation of Agl/Ag heterojunction (Fig.3 e).

<Fig. 3>

3.2 Surface-enhanced Raman scattering performance and
photocatalytic activity

3.2.1 SERS

Malachite green (MG) is still being used as a fungicide and
antiseptic in many countries due to its low cost, availability, and
efficacy. The abuse of MG in the aquaculture has become a great
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concern, because it potential ~genotoxicity and
carcinogenicity to living organisms. In this work, different
concentrations of MG were employed as Raman probes for the
SERS efficiency of the as-prepared Agl/Ag hybrids. Despite at
the expense of the part of enhancement effect, the as-prepared
Agl/Ag hybrid nanocomposite (Sys) is suitable as SERS substrate
for its better reproducibility (Fig. 4) *°. Well defined Raman
signals of MG were demonstrated in Fig. 4. SERS spectra of MG
acquired with Sysas SERS substrates are consistent with that of
their corresponding solid powers (Fig. 5 curve e) *°. The peaks at
447, 1179, 1368 and 1621 cm’ were caused by out of-plane
modes of phenyl-C-phenyl, in-plane modes of ring C-H bending,
N-phenyl stretching, ring C-C stretching, respectively. The
medium bands at 803, 1220 and 1400 cm™ were attributed to out-
of-plane modes of ring C-H, C-H rocking and N-phenyl
stretching, respectively. C-N-C bending was observed at 537 cm’
! and C-H out of-plane bending at 913 cm’.
<Fig. 4>

The spectral intensities and resolutions were decreased by
diluting the concentration of the target molecule (MG) (Fig. 5
curve a-d). It is found that additional MG peaks still appeared at
the concentration of 10 mol L™ (Fig. 5 curve c¢). We estimated
the average enhancement factor (EF) calculated according to the
following formula ¥’

causes

jE[PS / ]ﬂmmn
_/V:curf'ace / Mu]k

where Igggrs stands for the intensities of the vibrational mode in
the SERS spectra and Ir,,,, stands for the same vibrational mode
in the normal Raman spectra. These data can be directly obtained
from the experiment. Ny and Ngypee are the number of MG
molecules illuminated by the laser focus spot under normal
Raman and SERS conditions, respectively. Here, the 1621 cm™
band having the highest peak intensity was selected for such a
calculation, which can be assigned to the aromatic stretching
vibration. They were calculated on the basis of the estimation of
the concentration of the surface species or bulk sample and the
corresponding sampling area. N,,r,.. can be obtained according to
the reported method *°. In Fig. 5, we obtained that the Igggs and
TRaman 9757 and 673 counts at the Raman band of 1621 cm’,
respectively. In the normal Raman spectrum, the neat solid
sample was used, whereas the dissolved concentration was 107
mol'L" in the SERS spectrum. The volumes of the irradiated
laser spots in the Raman and SERS experiments were identical.
Assuming the density of 1 g/lem™ for the solid MG, the
enhancement factor may be estimated as (9757) x (10%) x 1/(673)
x (1/365) x (10°) = 5.29 x 10°.
<Fig. 5>

The reproducibility of the substrate is an important factor for
SERS detection. the SERS spectra of MG were collected from 6
random points as-prepared Agl/Ag hybrids
nanocomposites (Sg, S¢2, Ses, S; and S,). Fig.6 depicted the
SERS signal of MG in a intensity-laser spot at 1621 cm™. The
relative standard deviation (RSD) of SERS intensity for 6
different sites on Agl/Ag hybrid nanocomposites (S, So.2, So.5. S1
and S,) are calculated. The order of RSD was RSD(S)
=48.1%>>RSD(S)=29.3%> RSD(S,)=28.4%>
RSD(S))=19.4%> RSD(Sys) =8.5%, it is clearly concluded that

EF = ey
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SERS substrate Sys showed the best reproducibility. In order to
investigated the uniformity of SERS signals of the as-prepared
hybrids, SERS mapping was also carried out. The green spots on
the SERS mappings indicates the uniformity of SERS signals of
MG on S5 (Inset image in Fig. 6). A reasonable mechanism for
the superior SERS reproducibility may be attributed to the
uniform distribution of Agl NPs on the surface of Ag
microspheres.
<Fig. 6>

3.2.2 Photocatalytic activity
As is known to all, the photocatalytic activity of Ag/AgX (Cl, Br,
I) are related to their optical properties. The UV-vis diffuse
reflectance spectra of the as-prepared products (Sg, Sg2, S5, S1
and S,) were investigated. Fig. 7 displays the UV-visible diffuse
reflectance spectra of Ag (Sy) and the as-prepared Agl/Ag hybrid
nanocomposites (Sg, Sgz, So.s» S;and Sy). It can be clearly seen
that absorption at 319 nm and 370 nm were found, which are
associated with the optical band gap and the surface plasma
resonance of pure Ag microspheres, respectively (Fig 7a). For
Agl/Ag hybrid nanocomposites, a new absorbance peak centered
at 427 nm was observed (Fig 7b-e), which is attributed to the
characteristic band of B-Agl (wurtzite), induced by the forbidden
transition (4d'® to 4d°5s') in the Ag ion *. With increasing the
volume of the reactants (Fig 7b-e), there is a slight gradual
enhancement of the absorption peak centered at 427 nm,
suggesting the increasing amount of Agl nanoparticles. At the
same time, the absorption centered at 427 nm appears red-shift.
When the particle size increases, higher order surface modes may
become dominant. It may induce a shift of the absorption
maximum toward lower energies, a broadening of the absorption
band **. This result is consistent with the former discovery that
the amount and the size of Agl nanoparticles on the surface of Ag
increases with increasing the volume of the reactants.

<Fig. 7>
RB was employed as a probe to test photocatalytic activity of
Agl/Ag hybrid nanocomposites under visible light irradiation, the
photodegradation process was monitored by both UV-visible
spectroscopy and SERS spectra. The evolution of the absorption
spectra of RB under visible light irradiation was shown in Fig. 8a.
The characteristic absorption peaks of RB gradually weakened
and almost disappeared from the absorption spectra within 60
min, which indicated degradation of RB. Similarly, SERS spectra
were adopted to track the process of photocatalytic degradation of
RB (Fig.8b). It could be seen that the SERS peaks of RB
gradually weakened within 60 min. As a result, UV-visible
spectroscopy and SERS spectra both could be used to effectively
monitor the photodegradation process of RB based on the as-
prepared Agl/Ag hybrid nanocomposites (Sgs) and the Agl/Ag
exhibited high photocatalytic activity for RB and could be used as
photocatalyst for degradation of organic dyes.

<Fig. 8>
The photocatalytic activities of AgX/Ag (Cl, Br) hybrids were
extensively studied by many groups '>**. In this work, the as-
prepared AgX/Ag hybrid nanocomposites were prepared under
the same condition. Fig. 9 plotted the RB concentration
ratio(C/C,) as a function of irradiation time over Agl/Ag hybrids,
AgCl/Ag hybrids, AgBr/Ag hybrids and pure Ag prepared. It
could be seen from Fig.9 that Agl/Ag hybrids showed the highest
conversion. RB conversion over Agl/Ag hybrids, AgCl/Ag
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hybrids, AgBr/Ag hybrids and pure Ag was 93%, 76%, 48% and
6% respectively after 1h of visible light irradiation.
<Fig. 9>
In order to illustrate the reason for the higher RB conversion of
Agl/Ag hybrids, the morphologies of the corresponding AgX/Ag
(Cl, Br) hybrids were also investigated, which were shown in EIS
(Fig.10). Obviously, AgCl and AgBr particles are hard to deposit
on the surface of Ag microspheres, which led to the formation of
simple mixture of AgX (Cl, Br) and Ag microsheres. Therefore,
the formation of heterojunction structure and the uniform
deposition of Agl nanoparticles in the as-synthesized Agl/Ag
composites enlarge the interface between the Agl and Ag, which
accelerates the separation and migration of electrons and holes
and leads to the high photocatalytic activity. In the Agl/Ag
hybrids system, photons from the visible light irradiation could be
absorbed by Agl and Ag’, and the photogenerated electrons and
holes were produced. Synergy effect between Ag microspheres
and the polarization field provided by the Agl nanoparticles
facilitates electron-hole separation and interfacial charge transfer.
As a result, electrons accumulate on the surface of the Ag
microspheres to reduce desired species at the Ag/solution
interfaces, while the left over holes diffuse into the Agl to oxidize
I ions to I atoms, which are very reactive for oxidizing species in
the surround solutions. The I atoms will be reduced back to T’
ions. As a result, redox reactions of organic pollutants can be
driven by visible light***">>%,
<Fig. 10>

4. Conclusions

Agl/Ag hybrid nanocomposites have been successfully

30 synthesized by precipitation of AgNO; and KI on the surface of

Ag microspheres. The products were characterized by XRD,
FESEM, HRTEM and UV-vis. It showed that Agl nanoparticles
strew on the surface of Ag microspheres and the formation of
heterojunction structure between Ag and Agl and which exhibit
good SERS performance for malachite green (MG) and
photocatalytic activity of rhodamine B (RB).

Notes
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a different amount of the reactants (KI and AgNO3) : (a) 0 mL, (b) 0.2 mL,
(c) 0.5 mL (d) 1 mL and (e) 2mL.
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Fig. 4. Reproducible SERS spectra of 10 mol-L"' malachite green
20 dropped on the as-prepared hybrids Sys.
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Fig. 2. FESEM images of Agl/Ag hybrid nanocomposites synthesized 400 600 800 1000 120(_) 1400 11 600 1800 2000
10 with different amount of the reactants (KI and AgNOs): (a) 0 mL, (b) 0.2 Raman shift (cm™)
mL, (c) 0.5 mL, (d) | mL and (e) 2mL.
@) T Fig.5. SERS spectra of different concentration of malachite green
. - dropped on the as-prepared hybrids Sos (a) 10*mol-L", (b) 10° mol-L",
3 (c) 10°mol-L™", (d) 107 mol-L" and (e) Raman spectrum of pure
25 malachite green.
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Fig.8. (a) The UV-visible and (b) SERS spectra of RB dye under visible

Fig.6. The relationship between the SERS intensity of malachite green
15 light irradiation using Agl/Ag hybrids (Ses)in 1 h

(10*mol-L") at different plot at 1621 cm™ of different samples
synthesized with different amount of the reactants (KI and AgNOs) : (a) 0
s mL(Sp), (b) 0.2 mL(Sy.), (c) 0.5 mL(Sy.s), (d) 1 mL(S;) and (e) 2mL(S;)
(the inset image is SERS intensity maps of malachite green (10" mol-L™")

at 1621 cm™ composed of 1500 spectra using Sgsas SERS substrate).
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Fig.9. Photocatalytic degradation of RB with various samples under
L L L visible light irradiation in 1 h.
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Fig.7. UV-vis diffuse reflectance spectra for the samples
10 synthesized with different amount of the reactants (KI and
AgNO;).

(a) 0 min 20 Fig. 10. FESEM images of the as-prepared sample (a) AgCl/Ag hybrids
and (b) AgBr/Ag hybrids
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