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Photocatalyzed synthesis by using SnO, as a photocatalyst is a green and alternative approach. Here,
a nanocomposite of SNO,—Ag nanoparticles (AgNPs) and reduced graphene oxide (RGO) was prepared
by a stepwise photocatalyzed approach. HRTEM shows that SnO, and AgNPs were attached along the
lattice matching each other and both of them were anchored upon RGO. Under UV irradiation, photo-
excited holes from SnO, were scavenged by ethanol while electrons were accumulated at the side of
SnO,, leading to the reduction of both graphene oxide (GO) and Ag*. Here, SnO, and metal Ag formed
a heterostructure, and RGO played the dual role of conductor and support. During UV irradiation, the
(101) facet of SnO, offered a preferential growth direction for the (111) facet of AgNPs with an interfacial
angle of 118°, which can be attributed to their similar D-spacings. A unique morphology of
a combination of two semi-spheres was established. The energy-band structure of the composite was
characterized to understand its mechanism of electrocatalysis. Owing to the difference between their
binding energy in the heterostructure, electrons in AgNPs are transferred into SnO,, inducing AgNPs with
positive charge and facilitating the redox of ractopamine (RAC). Under the optimal experimental
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Introduction

Light is an environmentally friendly, green ideal catalyst for
chemical synthesis,* which allows the design of new chemical
systems via solar energy.”> Photocatalyzed synthesis is thus
a novel strategy of preparing organic compounds (e.g. C-C
bonds)® and modifying groups.* Inspired by this process,
tremendous efforts utilizing various metallic and organic cata-
lysts that are capable of absorbing light and mediating chemical
reactions have been made in the production of pharmaceuti-
cals, fine chemicals and advanced materials. According to
previous reports, benzo[b]phosphole oxides,® substituted
aromatic ketones® and tris (2,2'-bipyridine) ruthenium(u)” have
been successfully synthesized under irradiation. There are lots
of advantages, such as the large amount of energy involved and
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1078 to 5.5 x 10~ M while the lower limit of detection reaches 2 x 1078 M (S/N = 3.0).

the mild conditions exhibited,® which offer flexible manipu-
lating conditions.

Graphene, a two-dimensional material with high surface
area (2630 m”> g~') and remarkable electronic properties,’
provides potential applications to synthesize nanocomposites,*®
biosensor platforms' and ultrasensitive sensors.”” Graphene
oxide (GO) and reduce graphene oxide (RGO, i.e., graphene)*
have been spotlighted and focused on in these studies. The low
conductivity of GO restricts its further application so it is
imperative to reduce GO to RGO. To date, most reduced
processes applied are chemical and hydrothermal methods,***
which may lead to impurities or react incompletely.

Due to the excellent electrocatalytic abilities, noble metal
nanoparticles were widely loaded on the surface of supports in
order to design immunosensors or composites with new prop-
erties.'>” Graphene sheets provide a large surface area for
attaching other materials. Ag nanoparticles (AgNPs) can be highly
dispersed onto graphene sheets to improve the conductivity, and
the hybrids can also implement its ability better."®* However,
similar to graphene, a reducing agent was generally required to
form AgNPs from silver ion precursor.'” We anticipate that the
use of photocatalyzed synthesis without an additional reductant
would, after a photon absorption, reduce GO to RGO and Ag
cations to AgNPs by using SnO, as a photocatalyst.

This journal is © The Royal Society of Chemistry 2017
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Herein, we report a facile and efficient procedure for the
fabrication of SnO,-AgNPs-RGO nanocomposites. As illus-
trated in the graphical abstract, the photocatalyzed synthesis
was introduced to reduce monolayer graphene and form
a nanocomposite of SnO,-AgNPs-RGO, where SnO, nano-
particles as the photocatalyst reduced both GO and Ag" under
two-step UV irradiation, and the hydroxyl and carboxyl groups
on the surfaces of the GO sheets help to adhere both SnO, and
AgNPs. This measure is expected to simplify the process of
preparation, while decreasing the introduction of impurities.
Moreover, based on the above advantages, the combination of
the heterojunction (SnO,-AgNPs) and RGO shows charming
characteristics in electrocatalysis.”>*® We thus apply it as an
electrochemical sensor for efficient detection of ractopamine
(RAC), which is widely used for farm livestock,>"** but is banned
internationally due to its damage to the central nervous system.
Furthermore, we determine its mechanism of high electro-
catalysis capacity toward RAC by investigating the energy-band
structure of the heterojunction.

Experimental section

Materials

Graphite powder (99.95%, 325 mesh) was obtained from Alfa
Aesar (Tianjin, China). SnO, was a gift from the Institute of
Research for Functional Materials, Fuzhou University (Fuzhou,
China). RAC was purchased from Sigma-Aldrich (St. Louis, MO,
USA). RAC stock solutions (1 mM) were prepared with ultra-pure
water in all experiments. The working solutions were the stock
solution diluted with phosphate buffer solution (PBS, 0.1 M, pH
7.2). All other chemicals (analytical reagent grade) were
purchased from Beijing Chemical Reagent Company (Beijing,
China) and used without further purification. Ultra-pure water
was obtained from a Milli-Q plus water purification system
(Millipore Co. Ltd., USA) (18 MQ).

Stepwise preparation of SnO,-AgNPs-RGO and RAC sensor

GO was produced from graphite powder by a modified Hummers'
method.” As-synthesized GO was suspended in ethanol to
produce an aqueous solution of 0.17 mg mL™'. A stepwise
reduction process was conducted to form a SnO,-AgNPs heter-
ostructure. Firstly, 2 mL of SnO, in ethanol suspension (6.5 mM,
degassed) was mixed with 2 mL of an alcoholic solution of silver
nitrate (13 mM, degassed). Subsequently, under the protection of
nitrogen gas, the suspension was agitated and irradiated for
30 min through a 300 W xenon arc lamp. Next, sonicated and
degassed GO was added to the newly synthesized SnO,-AgNPs
suspension and then irradiated for 12 hours at room temperature
in order to synthesize SnO,-AgNPs-RGO suspension.

Prior to preparation of the sensor, a glassy carbon electrode
(GCE) was polished to mirror smooth using a polishing cloth with
0.3 and 0.05 um alumina powder. Then GCE was rinsed with
deionized water, then ultrasonicated in deionized water and an
ethanol bath, sequentially. 10 pL of SnO,-AgNPs-RGO was
dropped on the surface of the working GCE and dried at room
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temperature. Thus, the modified GCE with a uniform film coating
(SnO,-AgNPs-RGO/GCE) for detecting RAC was obtained.

Characterization and electrochemical measurements

The suspension in a capped quartz reactor was photo-irradiated
with a xenon lamp (Model: PLS-SXE 300C, Perfect Light, China.
Optical Filter, UVREF, A = 200-400 nm). UV-vis measurements
were conducted using a UV-1800 Shimadzu spectrophotometer.
Scanning electron microscopy (SEM) and energy dispersive spec-
trometer (EDS) mapping were carried out using a Hitachi $4800
(Hitachi Company, Japan). High-resolution transmission electron
microscope (HRTEM) images were obtained using a Tecnai G2 F20
S-TWIN, 200 kv (FEI Company, USA). The diffused reflectance
spectrum (DRS) was analyzed by a Cary 500 Scan. Cyclic voltam-
metric (CV), Mott-Schottky (MS) and differential pulse voltamme-
try (DPV) plots were obtained using a CHI 660D electrochemical
workstation (CH Instrument Company, Shanghai, China). A
conventional three-electrode cell system was utilized with a modi-
fied GCE as the working electrode, Ag/AgCl (in saturated KCI) as the
reference electrode, and a platinum wire as the counter electrode.
CV and DPV measurements of the SnO,-AgNPs-RGO electrode
were cycled in a corresponding PBS solution by applying voltage in
the range between —0.4 and 0.6 V versus Ag/AgCl. The Mott—
Schottky plot (MS) plot for SnO, was deposited onto ITO-coated
glass. All measurements were performed at room temperature.

Results and discussion
Physicochemical characterization of SnO,-AgNPs-RGO

The color evolution of the suspension is shown in Fig. 1(A),
which turned from milky white to light yellow via the first
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Fig. 1 (A) Color evolution during stepwise reduction. Step (1) Ag*
reduced by using SnO, as photocatalyst under UV irradiation. Step (2)
Addition of de-aerated ethanol suspension of GO. Step (3) GO reduced
under UV irradiation. (B) UV-vis absorption spectra of SnO,-Ag*
suspension before (a) and after (b) UV irradiation. (C) UV-vis absorption
spectra of SNnO,-AgNPs—-GO suspension before (a) and after (b) UV
irradiation.
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exposure in the presence of the SnO, photocatalyst, and then
from light brown to black via the second one. UV-vis spectra
were utilized to identify the procedure of irradiation. The SnO,-
Ag" suspension before and after UV irradiation is depicted in
Fig. 1(B). Only an absorption peak of SnO, at 290 nm was
observed before irradiation, which coincides with the earlier
report.”* After 30 min of exposure to the xenon lamp (Fig. 1(A),
step 1), the absorption peak at 290 nm decreases obviously,
while a peak for AgNPs at 425 nm emerged. It illustrates that Ag"
had been successfully reduced (reaction 1, 2 & inset of Fig. 1(B))
onto the surface of SnO,, where photo-excited holes generated
by SnO, have been scavenged by ethanol, leaving photo-excited
electrons to accumulate at the side of SnO, (ref. 25) and thus
reducing Ag" cations into AgNPs. In this experiment, absence of
H,0 and O, prevented the generation of "OH and ‘O, , which
would consume photo-excited electrons and decrease the
reducing capacity. To illustrate the unique impact of photo-
electrons in the process of photocatalyzed synthesis, the same
suspension of Sn0,-Ag" was stood in darkness for 84 hours. The
peak of AgNPs in 425 nm can hardly be observed in Fig. S1,f
which confirms our previous design. By further irradiation
(Fig. 1(A), step 3), GO was reduced into RGO (reaction 3 & inset
of Fig. 1(C)), where the 7 network system of GO has been partial
restored.”®*” Absorption peaks of SnO,-AgNPs-GO before and
after irradiation exhibit in Fig. 1(C). Before irradiation, there are
two characteristic peaks displayed in curve (a), one of them is at
231 nm, corresponding to T — 7t* transitions of aromatic C-C
bonds, and the other is a shoulder at 300 nm, attributed ton —
7* transitions of C=0 bonds.”®* The peak at 231 nm is bath-
ochromically shifted to 270 nm and a new absorption peak at
425 nm is observed after irradiation. It shows that GO was
reduced to RGO during the irradiation process. The reactions
below illustrate the mechanism of the photocatalyzed synthesis.

Sn0, + hw — Sn0s (h + ¢) — SnO; () + “CoH,OH + H* (1)
SnO, (e) + Ag" — SnO, + AgNPs (2)

SnO; (¢) + GO — SnO, + RGO 3)

The SnO,-AgNPs-RGO nanocomposite was characterized by
electron microscopy. The scanning electron microscopy (SEM)
image and the corresponding energy dispersive spectrometer
(EDS) mapping of the composite containing SnO, and AgNPs
are shown in Fig. S2.1 Abundant hydroxyl groups and carboxyl
groups, introduced during GO preparation, on the surface of the
RGO act as anchor sites for the SnO,-AgNPs nano-
heterostructure. SnO, and AgNPs keep the RGO sheets layer
sufficiently exfoliated and the as-prepared Ag-SnO, was evenly
loaded on the surface of the RGO. This configuration main-
tained the characteristics of the individual RGO sheets.

Fig. 2 displays the high-resolution transmission electron
microscope (HRTEM) images of the as-prepared SnO,-AgNPs-
RGO at various magnifications. Nanoparticles combined with
AgNPs and SnO, attached to each other and formed a hetero-
structure, which was well-dispersed in the carbon matrix (RGO)
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Fig. 2 (A) HRTEM image of the SnO,—-AgNPs—RGO nanocomposite.
(B and C) The lattice fringes of the SnO,-AgNPs heterojunction. (D)
EDS spectrum of the SnO,-AgNPs—RGO nanocomposite.

with an average particle size of 30 nm (Fig. 2(A)). The dispersed
small heterostructure upon the surface of the RGO prevented it
from agglomerating and enhanced its stability for the hybrid
nanocomposite. The XRD pattern of SnO, is shown in Fig. S3,T
where diffraction peaks of the (101) facet can be identified. We
also observed the (101) facet of SnO, in Fig. 2(B and C), which
exhibited the lattice fringe of both AgNPs and SnO,. The D-
spacing for the adjacent lattice planes of AgNPs and SnO, is 0.23
and 0.26 nm, which corresponds to the (111) facet of AgNPs and
the (101) facet of SnO,, respectively. The distinguished interface
and the continuity of the lattice fringes between the AgNPs and
SnO, are shown in Fig. 2(B) and (C). Rather than growing at the
surrounding of the SnO, sphere, the Ag" was reduced only at
a side of the SnO, sphere and evolved as two semi-spheres
heterostructure. It can be attributed to the close distance
between the single crystal SnO, and AgNPs, signifying that the
(101) direction for the former offers the (111) preferential
growth direction for the latter. The interfacial angle between
these two crystal planes is approximately equal to 118° and the
short-distance mismatch, according to the macroscopic view-
point, is relaxed in the atomic lattice arrangement by repeating
itself along the boundary of the AgNPs and SnO,.** Therefore,
this kind of SnO,-AgNPs heterostructure can be formed
harmoniously, and is stable in ambient air conditions. The
presence of Ag and Sn in the as-prepared nanocomposite film is
confirmed by EDS (Fig. 2(D)). It coincides with the stepwise
reduction whereby Ag' cations have been reduced to metallic
AgNPs through the photocatalyzed process, where the SnO,
nanoparticles played the role of the photocatalyst. The detailed
growth mechanism needs to be investigated in subsequent
experiments.

This journal is © The Royal Society of Chemistry 2017
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Electrochemical characterization and its electrocatalytic
mechanism

The electrocatalytic ability of the as-prepared nanocomposite
toward RAC was explored. We employed differential pulse vol-
tammetry (DPV) to identify it, which is advantageous for
reaching higher sensitivity by eliminating the non-faradaic
currents that occur in cyclic voltammetry.** The electro-
chemical performances of bare GCE, SnO,, SnO,/RGO, AgNPs,
Sn0,-AgNPs, and SnO,-AgNPs-RGO in PBS buffer (pH = 7.2,
scanning range from +0.2 to +0.8 V) with 5 uM RAC are shown in
Fig. 3. Scarcely any response was obtained with the bare elec-
trode (curve (a) of Fig. 3). Similarly, due to the low conductivity
of the semiconductor, SnO, exhibits inferior electrochemical
activity towards RAC determination (curve (b)). Even though the
introduction of the RGO in the SnO, augmented the response
signal, the amplification remains of a low standard and is thus
limited for RAC detection (curve (c)). The signal of AgNPs/GCE
(curve (d) of Fig. 3) implies that the AgNPs electrochemical
performance has been largely restricted due to the lack of a co-
catalyst, although it is an efficient electrocatalyst. However, the
formation of SnO,-AgNPs (curve (e) of Fig. 3), a heterojunction
based on their specific nature, has obviously augmented the
response signal owing to its special structure. Moreover, the
combination of the SnO,-AgNPs heterojunction and RGO
further enhanced the catalytic capability of RAC; this conclu-
sion was drawn from curve (f) of Fig. 3, where the SnO,-AgNPs-
RGO-modified electrode exhibits a much higher current
response than that of the SnO,-AgNPs heterojunction. CV tests
of materials (Fig. S41) in PBS (0.1 M, pH 7.2, 5 x 10~ °® M RAC)
correspond with these results. Moreover, the Nyquist plot in
Fig. S5 shows that the hybrid-composite exhibits a comparable
high conductivity.

To investigate the electrocatalytic mechanism of the nano-
composite, the energy band structure and electric charge
distribution of this heterojunction were analyzed by DRS
(Fig. 4(A)) and Mott-Schottky (MS) plot (Fig. 4(B)). The band gap
(E4) of SnO, is 3.71 eV, which is in agreement with previous

(f)

0.2 0.3 014 OTS 0?6 0.7 0.8
E/V (vs. Ag/AgCl)
Fig. 3 DPV of bare GCE (a), SnO,/GCE (b), SnO,/RGO/GCE (c),

AgNPs/GCE (d), SnO,-AgNPs/GCE (e) and SnO, AgNPs—RGO/GCE (f)
containing RAC (5 x 107° M) in PBS (0.1 M, pH 7.2).
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Fig. 4 (A) UV-vis diffused reflectance spectrum of SnO,. Inset: plot of
transformed function [F(R)hv1¥? vs. hv. (B) Mott—Schottky plot for SnO,
electrode in the dark using 0.1 M Na,SO,4 at pH 7. (C) Schematic
illustration of heterojunction for SNnO,—-AgNPs and its electrocatalytic
mechanism.

reports.®* For n-type semiconductors, the flat-band potential is
considered to be located just under the conduction band (E.),*
hence E, was estimated to be —0.03 V (vs. Ag/AgCl) or +0.58 V (vs.
RHE), which is similar to values previously estimated from
atomic electronegativities.** The vacuum work function of SnO,
is higher than that of Ag,***® which induced a SnO,/AgNPs
Schottky junction (Fig. 4(C)). Electrons in AgNPs are transferred
into SnO,, inducing AgNPs with a positive charge and facili-
tating the redox of RAC. The oxidation process of RAC is illus-
trated in Fig. 5, where the peak of 247 nm (absorption peak of
RAC) decreases apparently. Two electrons are involved in this
process.”’” Moreover, the metal-semiconductor heterojunction
well-dispersed on RGO would result in a potentially high elec-
trochemical activity due to its combination of the high
conductivity of RGO and the -catalytic activity of the
heterojunction.

Conditions optimization for the modified electrode and
electrochemical detection of RAC

For the purpose of achieving a highly sensitive electrochemical
sensor for RAC, the experimental conditions were optimized.
Electrodeposition times of the SnO,-AgNPs-RGO-modified
electrode were studied in Fig. S6,7 and varied from 0 to 240 s
with a potential of +0.2 V. The optimal accumulation time is
180 s. The accumulation potential of the peak current was
assessed in the range from —0.2 to 0.3 V with a specific accu-
mulation time (AT = 180 s); the best accumulation potential was
found to be +0.2 V (Fig. S77). The thickness of the electrode film
was investigated from 8 to 12 uL, and the result found that the
suitable thickness is 10 pL (Fig. S81).

RSC Adv., 2017, 7, 54506-54511 | 54509
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Fig.6 DPV curves of RAC (from bottom to top corresponding to RAC
concentrations from low to high). Accumulation potential: +0.2 V,
accumulation time: 3 min. Inset: calibration curve for the determina-
tion of RAC.

The DPV curves in Fig. 6 show increasing oxidation peak
current at approximately 0.38 V with RAC concentration. Cali-
bration data were obtained for RAC solutions under the
optimum experimental conditions described in the inset of
Fig. 6, and the plot demonstrated linear behavior in the range of
5.0 x 10°-5.5 x 107° mol L™" (R*> = 0.997) with a limit of
detection of 2 x 107® mol L' (S/N = 3). This new sensing
system exhibited sensitivity, linear range and detection limit
comparable to those reported in the literature, as listed in
Table 1.

We also tested the reproducibility of the SnO,-AgNPs-RGO-
modified GCE electrode by performing repeated experiments
with solutions containing 0.5 pM RAC. For 20 successive
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Table 1 The analytical parameters of sensitive layers for comparison

Method Linear range (nM) LOD (nM)  Ref.
o-Aminothiophenol 200-1400 24 38
MWCNT 148-5920 59 39
GO 74-2960 56 40
Au-o-aminothiophenol 2500-150 000 1170 41
OMC 85-8000 60 42
Gas chromatography-mass ~ 30-1480 11 43
SnO-AgNPs-RGO 50-5500 20 This
work
Table 2 Amount and recovery rate of RAC in real samples
Average found  Average recovery
Sample Added (nM) (n =5, nM) (n =15, %) RSD (%)
1 60 55.89 93.2 4.6
100 95.56 95.6 4.1
3 140 137.29 98.1 3.7

detecting, the relative standard deviation (RSD) was 2.37% for
a given electrode. There was no apparent decrease in current
response, which confirmed the high repeatability of this
method. The stability of the SnO,-AgNPs-RGO-modified GCE
was also studied by checking the current response at a fixed RAC
concentration over a long period. After the SnO,-AgNPs-RGO/
GCE was stored in the air for 7 days, the RSD of the oxidation
response signal of RAC remained at 3.3%, indicating the
excellent stability of the RAC sensor. In addition, the GCE must
be renewed by scanning 20 consecutive cycles in blank PBS each
time, owing to its strong adsorption of RAC. To evaluate the
practical performance of this method in real samples, the SnO,-
AgNPs-RGO/GCE sensor was applied to determine RAC in pork
samples. The standard addition method was adopted.
Different concentrations of RAC were spiked into the sample
and then analyzed under the same conditions. Each sample
solution underwent three parallel detections, with RSD below
4% in all cases (Table 2), suggesting that the obtained results
are acceptable. The recovery is in the range from 93.2% to
98.1%, revealing that this new method is accurate and feasible.

Conclusions

A stepwise photocatalyzed synthesis has been proposed in this
work to prepare SnO,-AgNPs-RGO nanocomposite. SnO,
nanoparticles played an important role in this process, acting
both as a photocatalyst and an anchor agent to form this
nanocomposite. Under UV irradiation, the (101) facet of SnO,
offers a preferential growth direction for the (111) facet of
AgNPs, forming a specific morphology, i.e., a combination of
two semi-spheres. The nanocomposite was used to build
a sensing platform for nonenzymatic detection of RAC.
Research on the energy-band structure of the composite illus-
trated that electrons in the AgNPs are transferred into SnO, due
to the difference in the binding energy of the heterostructure,

This journal is © The Royal Society of Chemistry 2017
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inducing AgNPs with a positive charge and facilitating the redox
of RAC. These results indicated that the sensor exhibited
excellent electrocatalytic activity towards the oxidation of RAC
with a broad linear range and a low detection limit.
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