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ABSTRACT: In this letter, Au—Cu,OS yolk—shell nanostruc-
tures with porous shell are prepared through a facile ion
exchange route from Au@Cu,O core—shell nanostructures.
The as-prepared yolk—shell nanostructures exhibit ultra-
sensitive enzyme-free detection of H,O, molecules with higher
sensitivity (50.41 yA uM™') and lower detection limit (0.01
uM) as well with excellent anti-interference capacity in
comparison with both hollow Cu,OS nanospheres and Au
nanoparticles. Therefore, the obtained Au—Cu,OS yolk—shell
nanostructures have potential application in ultralow concen-

tration enzyme-free H,0O, detection for biomedicine diagnosis.
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1.0. INTRODUCTION

The precise and low-scale detection of biomolecules, such as
hydrogen peroxide (H,0,)," glucose,” amino acids etc.,’ is of
great importance in biomedicine diagnosis. Biosensor is a
device that generates a physical/chemical signal, which is
proportional to the concentration of the target analyte.*
Recently, enzyme-free electrochemical sensors have been paid
great attention for their excellent stability, facile operation
process, and available usage in various conditions.” Nano-
particles-modified electrode gives rise to a great improvement
for enzyme-free biosensing. Especially, some of the copper
(Cu)-based semiconductor nanostructures show obviously high
performance of enzyme-free biosensing. For example, Zhang et
al. Prepared CuS nanoparticles assembled nanotubes for
enzyme-free glucose sense with high sensitivity and low
detection limit than that of conventional CuS nanotubes.® In
addition, our group fabricated Cu,O homogeneous yolk—shell
structures and found that they possessed higher efficiency
toward the detection of dopamine than solid ones.” Thus, the
sensing performance shows highly structure-dependent proper-
ties, which strongly inspires us to design and synthesize efficient
nanostructures as the candidate for enzyme-free detection of
biomolecules.

Many results have confirmed a fact that yolk—shell
nanostructures have outstanding performance for catalysis,®
drug delivery’ and lithium-ion batteries.'® The difference
between yolk—shell and core—shell nanostructure is the space
between core and shell. This space can act as a nanoreactor and
enhance the performance.'’ The Au@TiO, core—shell hollow
spheres'> and core—shell Au@CeQ, nanocomposites™ have
been fabricated in order to avoid unstable Au NPs and let much
better nanostructures come into being, so in this work, we
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designed and prepared a metal/semiconductor yolk—shell
nanostructure, Au—Cu,OS, for the ultrasensitive detection of
H,0,. To confirm the biosensing advantages of the obtained
Au—Cu,OS yolk—shell nanostructure, we took enzyme-free
H,0, detection as a modal example. In comparison with both
hollow Cu,OS nanostructures and Au nanoparticles, Au—
Cu,OS yolk—shell nanostructure exhibited significantly en-
hanced sensing performance of higher sensitivity (50.41 pA
uM™") and lower detection limit (0.01 uM) as well with
excellent anti-interference capacity. Therefore, the Au—Cu,OS
yolk—shell nanostructures have potential application of
enzyme-free ultralow concentration of H,0O, detection for
biomedicine diagnosis.

2.0. EXPERIMENTAL SECTION

2.1. Chemicals. All the chemicals were analytic grade (AR), and
were used without further purification. Hydrogen tetrachloroaurate
(111) hydrate (HAuCl,) was bought fromTianjin Jinbolan NobleMetal
Limited

Corporation(Tianjin, China), ethanol (C,H;OH), hydrazine
hydrate solution (H,N,-10H,0, 50%), copper(I) nitrate trihydrate
(Cu(NO,),-3H,0), and sodium sulfide (Na,S-9H,0) were purchased
from Shanghai ReagentsLimited Corporation(Shanghai, China), and
polyvinylpyrrolidone (PVP, M,, = 360 000) was purchased from China
Institute of NewChemical Reagents (Shanghai, China). Distilled water
was used in all experiments.

2.2. Methods. 2.2.1. Preparation of Au Nanoparticles. Under
vigorous stirring, 0.40 g of PVP was added into 10 mL of deionized
water and then 15 mL of 0.1 M ascorbic acid and 2 mL of 9.7 mM
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HAuCl, were added into the above solution under continuous stirring
for 15—20 min at room temperature. The product is centrifugated and
washed with deionized water and absolute ethanol 2—3 times in turn.
The obtained Au nanoparticles were dispersed in 10 mL of deionized
water for further use.

2.2.2. Synthesis of Au@Cu,0 Core—Shell Nanostructure.
Typically, 0.20 g of PVP and 1 mL of Au NPs solution were added
into 10 mL of 10 mM Cu (NO;),-3H,0 solution, 10 pL of
H,N,-10H,0O was added to the solution, and the mixture was stirred
vigorously for 2 min. The products were then collected by
centrifugation, washed with deionized water and absolute ethanol
several times, and dried in air at 60 ° C in a vacuum.

2.2.3. Synthesis Procedure of Au—Cu,0S Yolk—Shell Nanostruc-
ture. The obtained Au@Cu,O nanoparticles was dissolved into 10 mL
of water, and then 0.12 g of Na,S powder was added under vigorous
stirring for 1 h to ensure they were sufficiently sulfurized, resulting in
the formation of Au—Cu,OS yolk—shell nanostructures. The products
were collected by centrifugation, and washed with deionized water and
absolute ethanol two times to remove the impurities. Cu,OS
nanostructures was obtained with a similar method, and the Cu,O
was prepared by a reported method."”®

3.0. RESULTS AND DISCUSSION

Scheme 1 illustrates the typical preparing process of Au—
Cu,OS yolk—shell nanostructure, which includes three

Scheme 1. Schematic illustration for the Preparation of Au—
Cu,OS Yolk—Shell Nanostructures

Au NPs Au@Cu0 Au-CixOS

procedures. First, Au nanoparticles (NPs) are prepared in the
presence of PVP and ascorbic acid. As shown in Figure 1a, the
average diameter is about 40 nm. Then, Au@Cu,O core—shell

nanostructures are prepared through the epitaxial growth of
Cu, O shell onto Au seeds as the reported method.'* According
to Figure 1b and Figure S1 in the Supporting Information, the
core—shell nanostructures are well-shaped with the average
diameter of 250 nm. It can be found that each Au@Cu,O
core—shell particle consists of one or two Au NPs as core. The
inset of Figure 1b apparently shows the core—shell nanostruc-
ture. The thickness of Cu,O shell is about 110 nm. Finally,
Na,S aqueous solution is introduced in order to bring
sulfurization treatment of the above product and Au—Cu,OS
yolk—shell nanostructure with porous shell is formed. As
depicted in Figure lc, typical yolk—shell nanostructures were
well obtained. As shown in the low-magnification SEM (Figure
S2a in the Supporting Information) images, the core—shell
structure is well-preserved after sulfurizing procedure. The
difference is that hollow porous shell appeared instead of initial
solid Cu,O shell. The formation of yolk—shell nanostructures is
because O®” diffuses quicker than S*~ because of the larger
ionic radius of S*~ than O*". The diameter of shell is about 240
nm, which is well agreement with that of Au@Cu,O core—shell
ones. Moreover, the shell is rough and porous with the pore
diameter within 10 nm and the thickness of shell is about 25
nm (Figure 1c), which gives rise to a large specific surface area
and more exposed active sites. Figure 1d presents the HRTEM
image of the shell. The measured lattice distance is 0.34 nm,
which is indexed into the {100} facets of CuS. Besides, the
apparent lattice line indicates that the shell is well crystallized
although the sulfurizing procedure is performed at room
temperature.

EDX spectrum was carried out to reveal the components of
the as-prepared yolk—shell nanostructure. As shown in Figure
le, obvious Ay, Cu, S, and O elements were observed, in which
the signal of Au is assigned to the Au core, and that of Cu and S
elements are belonged to the shell. The existence of O is owing
to the remnant of Cu,O from the initial Au@Cu,O core—shell
nanostructures. XRD pattern (Figure 1f) further confirms the
chemical composition. As marked in Figure 1f, both CuS
(JCPDS card: 3—898) and Cu,0O (JCPDS card: 3—1090)
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Figure 1. TEM image of (a) Au nanoparticles, (b) Au@Cu,O core—shell and (c) Au—Cu,OS yolk—shell nanostructures (d); HRTEM image, (e)
EDX spectrum, and (f) XRD pattern of Au—Cu,OS yolk—shell nanostructures.
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Figure 2. (a) CV curves of Au—Cu,OS yolk—shell nanostructure in a series of H,0, PBS solution; (b) i—t curves of Au—Cu,OS yolk—shell (black),
hollow Cu,OS (blue) nanostructure and Au (red) nanoparticles with addition of H,0,, recorded at —0.2 V; (c) current curves of three samples,
functioned by the concentration of H,0,; (d) i—t curve of Au—Cu,OS yolk—shell nanostructure with addition of H,0,, UA, DA, 1-Cys, AA, and

finally H,O,, recorded at —0.2 V.

signals are found. The formation of CuS$ instead of Cu,S is
stemmed from the oxidation of O, at air atmosphere.
Therefore, the final product is defined as Au—Cu,OS yolk—
shell nanostructure.

Cu-based nanostructures have been found potential
application in enzyme-free biosensor.””> metal and semi-
conductor nanoparticles attract much attention due to their
astonishing properties and numerous possibilities for applica-
tions in sensors.'® However, to the best of our knowledge,
almost all of them are in high concentration scale for the
enzyme-free detection of H,0,."” In this work, the obtained
Au—Cu,OS yolk—shell nanostructure was discovered to have
ultrasensitive response for the enzyme-free detection of H,O,.
For the development of an amperometric biosensor for H,O,,
the obtained Au—Cu,OS yolk—shell nanostructure was
dispersed in Nafion/ethanol (0.05%) solution, a perfluorosulfo-
nated polymer, to facilitate the modification of the polished
glassy carbon (GC) electrode surface. Figure 2a shows the
typical CV curves of this sensor in a series of H,O, in PBS
solution, where obvious reduction currents were found and the
current was enlarged with the increase of concentration of
H,0,. The chronoamperometric i—t curves were recorded to
quantitatively measure the sensing performance. For comparing
and studying the role of core and shell, hollow Cu,OS
nanostructures and Au nanoparticles were all investigated in the
same condition as well. Hollow Cu,OS nanostructure (shown
in Figure S3 in the Supporting Information) was prepared by
sulfurization of cubic Cu,O structure, which was prepared as
reported method.'* Figure 2b shows their representative i-t
curves, which were recorded at —0.2 V. It can be obviously
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found that Au—Cu,OS yolk—shell nanostructures have the
largest current response toward H,O, sensing. The current is
much larger than that of both hollow Cu,OS nanostructures
and Au nanoparticles. On the basis of the i—t curves, the
current curves functioned by concentration were obtained and
shown in Figure 2¢, where appeared a good linear relationship.
Based in Figure 2c, the sensitivities of the three samples were
obtained. It was calculated to 50.41 uA uM™" for Au—Cu,OS
yolk—shell nanostructure, which is 1.8 times of hollow Cu,OS
nanostructures and 17 times of Au NPs. It is of another
importance to note that the Au—Cu,OS yolk—shell nanostruc-
ture modified GC electrode showed a linear region ranging
from 0.01 to 5.12 uM with a high correlational coefficient of
0.999. Besides, we can find that Au NPs presented low sensing
performance, but they can improve the performance of Cu,OS.
The structure-enhanced effect is responsible to the superior
performance. First, the porous shell supplies many exposed hot
spots to combine with target molecules, which is critical to
highly sensing performance because the heterogeneous reaction
takes place on the surface of solid phase."®'” The high surface-
roughness factor and particular structure of the nanostructure
which is suited to use as a biosensor”® In addition, the space
between core and shell acts as a important role of nanoreactor,
which ensures the target molecules to be reacted as completely
as possible”" and produce larger electrochemical signals. Finally,
the introduce of Au core also modifies the sensing performance,
which can be obtained from the result with comparison of
hollow Cu,OS nanostructure. However, it is unfortunate that
the important role of movable core of yolk—shell structures in
catalysis is still not understood efficiently.”” In this case, there
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maybe exist synergistic effect between Au core and Cu,OS
shell. In addition, the introduce of Au can enhance its practical
applications because of its excellent biocompatibility.”**

Sensing selectivity is another important factor to evaluate the
performance of a sensor because some electro-active species
may affect the detection of H,0,.>® To explore the influence of
interference, uric acid (UA), dopamine (DA), L-cysteine (L-
Cys), and ascorbic acid (AA) were introduced one by one
during the H,O, sensing process. As shown in Figure 2d, there
is obvious current response after the addition of 0.2 yuM H,0,,
and no further obvious current change is observed with the
subsequent addition of 2 uM UA, DA, L-Cys, and AA.
Nevertheless, the current rises again with another addition of
0.2 uM H,0,, which indicates the high capacity of anti-
interference.

4.0. CONCLUSIONS

In summary, an ultrasensitive sensor, Au—Cu,OS yolk—shell
nanostructure with porous shell has been prepared by
sulfurization of Au@Cu,O core—shell nanostructure. In
comparison with hollow Cu,OS nanostructures and Au
nanoparticles, a significant improvement toward H,O, sensing
has been discovered. The sensitivity (5041 puA uM™") is 1.8
times of hollow Cu,OS nanostructures and 17 times of Au NPs.
The detection limit is notably decreased to 0.01 uM and the
linear region ranges from 0.01 to 5.12 yM with a high linear
coefficient of 0.999. Thus, the as-prepared Au—Cu,OS yolk—
shell nanostructure may become an efficient sensor for the
ultralow scale detection of H,O, for medicine diagnosis.
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