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ABSTRACT: In this study, an  interface coassembly strategy is employed to rationally synthesize yolk-shell CuO/silicalite-
1@void@mSiO2 composite consisting of silicalite-1 supported CuO nanoparticles confined in the hollow space of mesopo-
rous silica, and the obtained composite materials were used as a novel non-enzymatic biosensor for highly sensitive and 
selective detecting glucose with excellent anti-interference ability. The synthesis of CuO/silicalite-1@mSiO2 include four 
steps, coating silicalite-1 particles with resorcinol-formaldehyde polymer (RF), immobilization of copper species, interface 
deposition of a mesoporous silica layer, and final calcination in air to decompose RF and form CuO nanoparticles. The 
unique hierarchical porous structure with mesopores and micropores are beneficial to selectively enrich glucose for fast 
oxidation into gluconic acid. Besides, the mesopores in silica shell can effectively inhibit the large interfering substances 
or biomacromolecules diffusing into the void as well as the loss of CuO nanoparticles. The hollow chamber inside serves 
as a nanoreactor for glucose oxidation catalyzed by the active CuO nanoparticles, which are spatially accessible for glu-
cose molecules. The non-enzymatic glucose biosensors based on CuO/silicalite-1@mSiO2 materials show the excellent 
electrocatalytically sensing performance with a wide linear range (5 ~ 500 μM), high sensitivity (5.5 μA·mM−1·cm−2), low 
detection limit (0.17 μM), and high selectivity against interfering species. Furthermore, the unique sensors even display a 
good capability in the determination of glucose in real blood serum samples. 

■■■■ INTRODUCTION 

In recent years, inorganic porous solids with hierarchical 
pore structures have attracted great interests of research-
ers, because they contain structurally well-defined pore 
systems, and spatially accessible and exposed active cen-
ters, which offer many opportunities for designing new 
heterogeneous catalysts, adsorbents and functional mate-
rials.1 Zeolites are the typical crystalline microporous ma-
terials (pore size < 2 nm) with high thermal stability, pre-
cise shape selectivity and controllable surface acidity, so 
they are widely used as heterogeneous catalysts or cata-
lyst supports in large-scale industrial applications.2 Re-
cently, fabrication of hierarchical zeolites through various 
pathways has attracted much attention, with the purpose 
of overcoming the serious diffusion restriction of large 

molecules inside zeolite micropores and creating some 
new synergetic functions derived from bimodal or tri-
modal pore structures as well.3,4 Mesoporous silica is one 
of the most promising porous materials, with uniform 
interconnected mesopores (pore size > 2 nm) and numer-
ous outstanding peculiarities.5,6 Therefore, it’s highly ex-
pected that the ideal hierarchical pore structures should 
combine both micropores and mesopores in a composite 
entity consisting of zeolites and mesoporous silica.3,4 

Among these hierarchical composites, the porous solid 
materials with core-shell structures attracted particular 
interests due to their unique and well-arranged multi-
modal pore structures,7,8 in which mesoporous silica acts 
as a shell covering the crystalline zeolite core. The desired 
multifunctional materials with core-shell structures and 
different morphologies or compositions can provide pow-
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erful platforms for many applications in nanocatalysis,9,10 
biofunctional materials,11,12 energy storage and conver-
sion,13 and so on. Yoon and co-workers synthesized core-
shell silicalite-1@mesoporous silica for the first time, in 
which the shell was composed of disordered wormlike 
mesoporous silica.14 Through leaching of silicate species 
from zeolite Y in an ammonia solution and simultaneous 
in-situ assembly of mesoporous silica using the dissolved 
silicate species as silica source, Han et al. reported a one-
pot method for the preparation of core-shell zeolite 
Y@mesoporous silica.15 Furthermore, Zhao group has also 
fabricated a series of core-shell composite molecular 
sieves, in which zeolite single crystals were used as the 
core covered by the uniform shell of ordered mesoporous 
silica with perpendicular pores.16-19 

The yolk-shell nanocomposites are a special class of 
core-shell materials with rattle-type structures of 
core/void@shell configuration, which are generally com-
posed of distinctively movable cores, interstitial hollow 
space and functionalized porous shells.20 These composite 
materials are reported to present unique structural con-
figurations: the solid core acts as a support to disperse 
nanoparticles or anchor guest biomolecules, the tunable 
hollow space provides enough accommodation 
for reactant molecules as a nanoreactor,20 and the outer 
shell plays a molecular-sieving role or protects the core 
from surrounding environment.21-23 Therefore, the yolk-
shell functional materials pave a powerful platform for 
successful application in lithium-ion batteries,23 cata-
lysts,24 biosensors,25 drug or DNA/siRNA delivery,26,27 sur-
face-enhanced Raman scattering28 and so on. Our group 
has designed the novel yolk-shell microspheres consisting 
of magnetic cores and mesoporous silica shells 
(Fe3O4@mSiO2) supported Au nanoparticles, which can 
be easily recycled with a magnetic field, and reused with-
out significant reduction of catalytic activity even after 
recycled use for 12 times.20 To the best of our knowledge, 
when zeolites are used as the heterogeneous catalysts, 
one of the most important features is to precisely control 
the textural properties as well as the adjustable surface 
acidity.29 Despite that the mesoporous silica shell in the 
core-shell composites owns perpendicular open channels 
connecting with the inner zeolite core, the surface acidity 
and micropore sorption are inevitably reduced by partial 
blocking and coverage of amorphous silica species.7,8,14-19 
Therefore,  the composite molecular sieves with rattle-
like structure are promising to solve these obstacles, be-
cause the mesoporous silica shell is not in contact with 
zeolite surface, leading to the commendable maintenance 
of intrinsic textural properties and surface acidity of zeo-
lite as well as the huge void for the subsequent applica-
tion. But until now, there have not been any reports 
about the synthesis of yolk-shell zeolite@mesoporous 
silica molecular sieves. Different from the core-shell zeo-
lite@mesoporous silica composites reported before,7,8,14-19 
a huge hollow chamber is created in our designed yolk-
shell ones, which could provide the wide-open nanospace 
for loading enzymes or nanoparticles of metal or metal 
oxide, catalytic reactions, etc.20,30 

The accurate and fast detection of glucose is of great 
significance in biotechnology, food industry and clinical 
diagnosis, therefore, glucose biosensors have always been 
attracting considerable attention.31-33 Although the glu-
cose oxidase-based electrochemical biosensors own high 
sensitivity and selectivity, they suffer drawbacks including 
poor stability and high cost.34 Hence, it is of great interest 
and importance to develop non-enzymatic glucose bio-
sensors  which are based on the catalysts of metal (e. g. 
Au, Pt, Pd, Cu, Ni), metal oxide (e. g. Co3O4, NiO, CuO) or 
alloy (Pt/Pb, Pt/Au, Au/Ag).34 The metal oxides, such as 
Co3O4,

35 NiO,36 CuO,37,38 have been demonstrated to ex-
hibit high catalytic activity in glucose electro-oxidation. 
As one of the important p-type semiconductors, CuO as 
the electrocatalyst has gained increasing concerns for its 
low cost, high stability, good electrical conductivity and 
easy availability, which also possesses notable electrocata-
lytic activity in oxidation of glucose.34,39-41 However, it still 
remains a great challenge to control the aggregation of 
CuO nanoparticles in preparation and electrocatalytic 
reaction as well as enhance the sensitivity, stability, selec-
tivity and anti-interference ability as a commercialized 
biosensor applied in complex physiological systems. 

Herein, through a facile sol-gel interface coassembly 
strategy, the yolk-shell CuO/silicalite-1@mSiO2 molecular 
sieves (denoted as CuO/S-1@mSiO2) were prepared for 
the first time, which were then used as a highly active 
electrocatalyst for glucose oxidation in a non-enzymatic 
glucose biosensor. The hierarchical pore structures of 
mesopores and micropores can selectively adsorb glucose 
and oxidation product of gluconic acid, respectively. Be-
sides, the mesopores in silica shell play a molecular siev-
ing role in restricting the diffusion of interfering sub-
stances or biomacromolecules into the hollow void as well 
as preventing the loss of CuO. Ultrafine CuO nanoparti-
cles, stably dispersed on the surface of silicalite-1 within 
the hollow chamber, are spatially accessible for glucose 
molecules enriched by mesoporous silica shell and show 
high catalytic activity in glucose oxidation. Therefore, the 
yolk-shell CuO/S-1@mSiO2 based non-enzymatic glucose 
biosensor exhibits the excellent performance in glucose 
detection, such as high sensitivity, low detection limit, 
good selectivity and strong anti-interference ability. The 
glucose concentration in real human serum sample was 
also determined by our biosensor, showing good accuracy 
and high precision. 

■■■■ EXPERIMENTAL 

1 Chemicals and materials 

Tetraethylorthosilicate (TEOS), resorcinol, formalde-
hyde, ethanol, and concentrated ammonia solution (28 
wt%) in analytical grade were supplied by Shanghai 
Chemical Corp. (China). The reagents of [N-(2-
aminoethyl)-3-aminopropyl]-trimethoxysilane (AAPTMS) 
(97%), cetyltrimethyl ammonium bromide (CTAB), 
tetrapropylammonium hydroxide (TPAOH, 40%), uric 
acid (UA), ascorbic acid (AA) and dopamine (DA) were 
bought from Sigma-Aldrich. Human serum samples (from 
female O plasma) were supported by the Changhai hospi-
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tal (Shanghai, China). The other reagents of CuSO4·5H2O, 
NaOH, NaCl, glucose, fructose and sucrose were provided 
by Sinopharm Chemical Reagent Co., Ltd. (China). 

2 Procedure for the preparation of yolk-shell CuO/S-
1@mSiO2 composites 

2.1 Synthesis of silicalite-1 single crystals 

The all-silica MFI zeolite, also named as silicalite-1 (S-1), 
was synthesized by the hydrothermal crystallization 
method. The molar composition of the synthesis mixture 
was 1SiO2:0.25TPAOH:4ethanol:46H2O. The typical syn-
thesis was undertaken as follows: 3.18 mL of TPAOH solu-
tion was added into 19.48 mL of deionized water. Then, 
5.57 mL of TEOS was added dropwise in the diluted 
TPAOH solution during 10 min under constant stirring. 
After being stirred at 35oC for 5 h, the gel was transferred 
into a 50 mL Teflon-lined steel autoclave and crystallized 
at 170oC for 3 days. The product was recovered by centrif-
ugation, washed with deionized water and dried over-
night at 80oC. 

2.2 Synthesis of core-shell S-1@RF particles and immobili-
zation of Cu2+ 

The S-1 single crystals of 0.16 g synthesized before were 
dispersed in a solution of ethanol (80 mL) and deionized 
water (40 mL) by ultrasonication, then 2.5 mL ammonia 
solution, 0.30 g resorcinol and 0.42 mL formaldehyde 
were consecutively added into the mixture. The S-1 con-
taining dispersions were mechanically stirred at 35oC for 
12 h, resulting in the coating of a polymeric resorcinol-
formaldehyde shell on the surface of S-1, so that the sam-
ple was denoted as S-1@RF. After that, the S-1@RF parti-
cles were collected by centrifugation, and then washed 
with deionized water and ethanol for three times respec-
tively, finally dried at 60oC for 12 h. The thickness of RF 
layers on S-1 crystals were controlled by tuning the 
amount of ammonia solution, resorcinol and formalde-
hyde correspondingly. The amine-functionalized S-1@RF 
was prepared by a post-synthetic grafting method. In a 
typical process, AAPTMS in excess amount of 0.30 g was 
added into S-1@RF of 0.1 g in anhydrous toluene, which 
was sequentially stirred at room temperature for 24 h un-
der argon atmosphere. The resulting solid particles were 
centrifuged, washed with toluene, dried under vacuum at 
50°C overnight, and then stored in a dry box for further 
use. At last, 0.10 g amine-functionalized S-1@RF powder 
was dispersed in 25 mL of CuSO4 solution (0.1 mol/L) for 
stirring at 25ºC for 12 h. After that the centrifugation and 
washing with deionized water were conducted several 
times to remove uncoordinated CuSO4. The content of 
Cu2+ in amine-functionalized S-1@RF could be controlled 
by the concentrations of CuSO4 aqueous solution (0 ~ 0.2 
mol/L).  

2.3 Synthesis of yolk-shell CuO/S-1@mSiO2 composites 

Mesoporous silica was coated on the surface of S-1@RF-
Cu2+

 particles by a classical Stöber method. In a typical 
synthesis, the S-1@RF-Cu2+ particles (0.04g) were first 
dispersed in a mixed solution containing CTAB (0.099 g), 
deionized water (35 mL), ethanol (45 mL) and concen-
trated ammonia solution (0.5 mL) by ultrasonication 

treatment. Subsequently, 0.2 mL of TEOS was added into 
the solution drop by drop within 10 min. The whole syn-
thesis was carried out under stirring at 25oC for 6 h. The 
product was collected by centrifugation and washed with 
ethanol and deionized water for several times. Finally, the 
target product of yolk-shell CuO/S-1@mSiO2 was ob-
tained by calcination in air with a heating rate of 5oC/min 
and maintained at 650oC for 6 h. For comparison, the 
sample of CuO/S-1 was obtained by direct calcination of 
S-1@RF-Cu2+ under the same conditions. 

3 Fabrication of CuO/S-1@mSiO2 modified glassy carbon 
electrode 

The glassy carbon electrode (GCE, 3 mm in diameter) 
was polished with 0.3 µm and 0.05 µm Al2O3 powders se-
quentially, followed by thorough rinsing with deionized 
water. After ultrasonication in deionized water, ethanol, 
and deionized water in sequence, the GCE with clean sur-
face was dried at room temperature. The yolk-shell 
CuO/S-1@mSiO2 was dispersed into double distilled wa-
ter and grinded to form suspension of 2 mg/mL. Approx-
imately 8 µL of the suspension and 4 µL of 0.5% Nafion 
(Alfa Aesar) were dropped onto the surface of GCE uni-
formly and dried under irradiation of infrared lamp. 

4 Characterizations 

Powder X-ray diffraction (XRD) patterns were recorded 
on a Bruker D4 X-ray diffractometer (Germany) with Ni-
filtered CuKα radiation (40 kV, 40 mA). Field-emission 
scanning electron microscopy (FESEM) images were col-
lected on the Hitachi Model S-4800 field emission scan-
ning electron microscope (Japan). Transmission electron 
microscopy (TEM) experiments were conducted on a 
JEOL 2011 microscope (Japan) operated at 200 kV. Ele-
mental mapping and energy-dispersive spectroscopy 
(EDS) were performed with the high-resolution transmis-
sion electron microscopy (HRTEM) measurements on a 
JEOL JEM-2100F microscope (Japan) operated at 200 kV. 
FT-IR spectra were obtained on an Avater 370 FTIR spec-
trograph (Nicolet Co., USA) by a KBr tabletting method. 
Nitrogen sorption isotherms were measured at 77 K with 
a Micromeritics ASAP 2020 analyzer. Before measure-
ments, all the samples were degassed in a vacuum at 
180oC for at least 12 h. The surface area and mesopore size 
distribution were calculated by Brunauer-Emmett-Teller 
(BET) and Barrett-Joyner-Halenda (BJH) methods, respec-
tively. The micropore surface area and volume were calcu-
lated by a t-plot method. The external pore volumes were 
obtained from the BJH adsorption cumulative volume of 
pores between 1.7 and 300 nm in diameter. All electro-
chemical experiments were performed on CHI 660C elec-
trochemical workstation (Chenhua, Shanghai, China) 
with a conventional three-electrode system, in which the 
bare GCE or modified GCE was served as the working 
electrode, an Ag/AgCl (3 M KCl) electrode acted as the 
reference one and the platinum wire was used as the aux-
iliary electrode. Cyclic voltammetry (CV) was carried out 
between 0 V and +0.7 V at a scan rate of 50 mV/s. All the 
electrochemical experiments were conducted at room 
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temperature and were repeated at least three times to 
verify the reproducibility. 

■■■■ Results and discussion 

The zeolite of silicalite-1 in average size of 240~260 nm 
was synthesized by a hydrothermal method, which is a 
kind of all-silica MFI zeolite with controllable morpholo-
gy and surface properties and widely used as the adsor-
bent or catalyst in industry. The morphology and surface 
properties of silicalite-1 could be well controlled, which 
can be modified with RF coating uniformly to get the 
core-shell silicalite-1@RF composite. The as-made sili-
calite-1 sample after washing and drying was directly used 
as a core for follow-up fabrications of core-shell or yolk-
shell composites. The micropores of silicalite-1 are still 
occupied by TPA+ cations as the template after drying at 
80oC. Without calcination the intrinsic properties, such as 
surface silanol groups and hydrophilicity, could be well 
maintained, which are beneficial to uniform assembly of 
RF resin on silicalite-1 through interaction of hydrogen 
bonds. Figure 1 presents the scheme of multistep assem-
bly process for CuO/S-1@mSiO2 composites with yolk-
shell structures. Firstly, template-containing silicalite-1 
crystals were coated with a protective RF shell through 
the interface sol-gel polymerization of resorcinol and 
formaldehyde under alkaline conditions, to obtain the 
core-shell S-1@RF hybrid composites. Secondly, through 
the successive impregnation grafting method, RF surface 
was modified with amino groups by the agent of 
AAPTMS, and then Cu2+

 could be stably immobilized on 
this amino-functioned S-1@RF via coordination of Cu2+ 
with amino groups. Thirdly, a thin layer of CTAB/silica 
mesostructured composites was deposited on S-1@RF-
Cu2+ through an interface coassembly strategy using 
TEOS as a silica source and CTAB as a template, conduct-
ed in an ultra-dilute alkaline solution under stirring. Fi-
nally, organic components of TPAOH, CTAB and 
AAPTMS were removed by calcination under air flow in 
one step, and Cu2+ was converted into CuO in this pro-
cess. The obtained yolk-shell composites with CuO coor-
dinated in hollow void were denoted as CuO/S-1@mSiO2. 

 

 
Figure 1. Schematic assembly process of the yolk-shell 
CuO/S-1@mSiO2 composites. Step 1: formation of core-shell 

inorganic-organic hybrid composites of S-1@RF by coating 
polymeric resorcinol formaldehyde (RF) on silicalite-1 (S-1). 
Step 2: amino-functioned treatment with AAPTMS and sur-
face modification with Cu2+ by impregnation grafting method 
to obtain S-1@RF-Cu2+. Step 3: growth of mesoporous silica as 
a shell using CTAB as a template by a sol-gel coassembly 
method for S-1@RF-Cu2+@SiO2 composite particles. Step 4: 
the yolk-shell CuO/S-1@mSiO2 obtained by calcination in air 
to remove all organic components and form CuO nanoparti-
cles in one step. 

Figure 2 presents X-ray diffraction (XRD) patterns of 
the as-synthesized silicalite-1, core-shell S-1@RF and yolk-
shell CuO/S-1@mSiO2 composites, respectively, all of 
which have the characteristic diffraction peaks assigned 
to the typical topology structures of MFI zeolite with high 
crystallinity. After coating a shell of RF resin or mesopo-
rous silica on silicalite-1 (Figure 2a), the peak intensities 
of S-1@RF (Figure 2b) and CuO/S-1@mSiO2 (Figure 2c) 
slightly decline, mainly because of shielding effects of 
amorphous species of RF resin or silica as a thin shell. The 
typical diffraction peaks at 32.5o, 35.4o and 38.7o/2θ can be 
exactly indexed to (110), (002) and (111) lattice planes of 
crystalline CuO with tenorite phase (monoclinic, PDF05-
0661), respectively (Figure S1).41 The content of Cu loaded 
in CuO/S-1@mSiO2 is determined to be 1.83% by energy-
dispersive spectroscopy (EDS), higher than the detection 
limit of XRD, but the diffraction peaks of crystalline CuO 
particles cannot be found (Figure S1-c). The fact may be 
explained by the general distinguishing features as the 
ultrafine CuO nanoparticles and the shielding effects of 
mesoporous silica shell. No diffraction peaks arise in the 
small-angle XRD pattern of CuO/S-1@mSiO2 (Figure S2), 
showing that disordered mesostructures probably form in 
the silica shell by sol-gel coassembly process in our syn-
thesis. 

 
Figure 2. XRD patterns of (a) as-made silicalite-1, (b) core-
shell S-1@RF with shell thickness of 50 nm, and (c) yolk-shell 
CuO/S-1@mSiO2 with 1.83 wt% copper and shell thickness of 
100 nm, respectively. 

Fielding-emission scanning electron microscopy 
(FESEM) image of the as-made silicalite-1 (Figure 3a) 
shows numerous monodispersed crystals with regular 
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hexagonal prism morphology, each of that owns rough 
surface and uniform crystal dimension of about 
250×250×125 nm. The corresponding transmission elec-
tron microscopy (TEM) image of silicalite-1 in Figure 3b 
also exhibits the analogous observations in crystal size 
and morphology, providing appropriate interface for sol-
gel polymerization of resorcinol and formaldehyde. After 
coating a RF resin shell, the obtained inorganic-organic 
hybrid particles still remain highly dispersed and uniform 
in size and morphology (Figure 3c and 3d). The core-shell 
S-1@RF particles also show the quasi hexagonal prism 
morphology similar with silicalite-1, in larger dimensions 
of around 350×350×220  nm; however, the RF shell pos-
sesses the relatively round outer surface with obtuse edg-
es, in order to achieve the minimum surface energy in sol-
gel interface coassembly.42 Since no template such as 
CTAB was used in the coating process, the polymeric RF 
layer in thickness of approximately 50 nm has dense 
structures without mesopores inside (inset in Figure 3d), 
which could well protect the silicalite-1 core from sur-
rounding alkaline environment in successive fabrications 
and provide the active surface for amino modification and 
Cu2+ grafting. Through changing the amount of resorcinol 
and formaldehyde, the thickness of RF shell can be pre-
cisely adjusted from 20 nm to 65 nm (Figure S3), which 
will dominate the space of hollow chamber in the final 
yolk-shell sample of CuO/S-1@mSiO2. Interestingly, the 
S-1@RF chains with different RF thickness and chain 
length are obtained (Figure S3, a-c), depending on the 
morphology and aggregation of silicalite-1 crystals and 
honestly making a precise copy of their profiles. When 
the shell thickness increases up to 65 nm, some segrega-
tive RF microspheres about 100 nm in diameter are 
formed in adhesion to the surface of S-1@RF particles 
(Figure S3-d), which probably emerge from fast heteroge-
neous nucleation of RF microspheres in solution contain-
ing superfluous resorcinol and formaldehyde. 

 
Figure 3. FESEM and TEM images: (a, b) pristine silicalite-1 
single crystals showing a crystal dimension of about 

250×250×125 nm with hexagonal prism morphology and 
rough external surface. (c, d) uniform core-shell S-1@RF par-
ticles with shell thickness of 50 nm synthesized by a sol-gel 
polymerization strategy. 

In order to prohibit the generation of Cu(OH)2 precipi-
tates in alkaline sol-gel system for coating mesoporous 
silica shell, and enhance the stability and dispersity of 
copper species as well, an impregnation grafting route 
was carried out to modify RF resin with amino groups, 
through condensation reaction of hydroxyl groups (-OH) 
in RF with methoxyls (CH3O-) in AAPTMS. The absorp-
tion peaks at 1609 cm-1 and 552 cm-1 in FT-IR spectrum 
(Figure S4), assigned to the stretching of N-H bonds,43 
prove the successful grafting of amino groups on RF resin. 
After coating a mesoporous silica shell on S-1@RF-Cu2+ 
with calcination, the obtained CuO/S-1@mSiO2 particles 
are less uniform and dispersed than S-1@RF (Figure 4a). 
The hexagonal prism morphology of silicalite-1 is almost 
changed after coating a silica layer, which turns to quasi 
microspheres with irregular shapes in larger size of 550 
nm to 600 nm (Figure 4b). Nearly no separated silica 
spheres are generated in the coating process, indicating 
that the heterogeneous nucleation of silica into micro-
spheres could be forbidden in a dilute solution. Other-
wise, the homogeneous sol-gel coassembly of silica pri-
marily performs on the interface of copper-coating ami-
no-functioned RF resin. TEM images in Figure 4c and 4d 
display the well-distributed composite molecular sieve 
particles with a specific yolk-shell structure, which are 
composed of silicalite-1 crystal as a core, large hollow void 
and mesoporous silica as a shell. FESEM image of a 
cracked CuO/S-1@mSiO2 particle clearly reveals the typi-
cal yolk-shell structure (Figure 4a, inset), indicating that 
the CTAB-directed sol-gel coassembly strategy is suited to 
silica coating as a mesoporous shell to form core-shell or 
yolk-shell composite molecular sieves.44 The thickness of 
mesoporous silica shell is uniform and estimated to be 
approximately 100 nm (Figure 4c and 4d), which can be 
tailored from 50 nm to 150 nm by changing the ratio of 
TEOS to S-1@RF/CuSO4. Whereas, when the thickness is 
below 50 nm, the silica shell is quite fragile and easy to be 
broken with great shrinkage by calcination, leading to the 
complete disappearing of the hollow void created by RF 
(Figure S5-a and b). When more TEOS was added drop-
wise into the coating system, the shell thickness could be 
increased to 150 nm in maximum (Figure S5-c), but a 
great number of separated silica microspheres in size of 
about 600 nm are produced due to phase separation and 
fast heterogeneous nucleation of silica source at high 
concentration (Figure S5-d). With a core of silicalite-1 
single crystal in size of 250 nm, the diameter of hollow 
void in CuO/S-1@mSiO2 is sized up to be about 500 nm 
to 600 nm (Figure 4c and 4d), which is consistent with 
the diameter of S-1@RF (Figure 3d), implying that the 
hollow void comes into being from RF removal, and sili-
calite-1 core and mesoporous silica shell of 100 nm in 
thickness remain highly rigid without severe shrinkage or 
damage under calcination. TEM images (Figure 4e and 4f) 
reveal that a large number of worm-like disordered meso-
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pores created by CTAB as a template are well distributed 
in the silica shell, in consistence with the observation in 
small-angle XRD (Figure S2), which could provide a close 
connection pathway between the exterior of mesoporous 
silica shells and the interior of hollow voids. No separated 
bulky CuO particles are observed in TEM images of all 
samples (Figure 4 and S5), proving that the coordination 
interaction between copper species and amino groups on 
RF resin successfully inhibits the growth of individual 
CuO particles. The image of high-angle annular dark-field 
(HAADF)-STEM in Figure 5a also clearly shows the yolk-
shell structures of CuO/S-1@mSiO2 with a core of sili-
calite-1 in size of about 250 nm, a large hollow void and a 
uniform mesoporous silica shell in thickness of 100 nm. 
The element mappings demonstrate that Si and O ele-
ments are regularly distributed in silicalite-1 core and 
mesoporous silica shell (Figure 5c and 5d), however, most 
of the copper elements are dispersed around the surface 
of silicalite-1 in the hollow chamber (Figure 5e), and few 
of them diffuse inside the mesopores in the silica shell 
probably driven by calcination (Figure S6). The copper 
content is calculated to be 1.83 % (Figure 5b and Table 
S2), further confirming the regular yolk-shell configura-
tion of CuO/S-1@mSiO2 with uniform immobilization of 
ultrafine CuO nanoparticles in the hollow void. 

 
Figure 4. FESEM images (a, b) and TEM images (c, d, e, f) of 
the yolk-shell CuO/S-1@mSiO2 composites with 1.83 wt% 
copper prepared by CTAB-directed sol-gel coating strategy 

showing uniform shell thickness of 100 nm and mesopores in 
the shell structure. 

 
Figure 5. (a) HAADF-STEM image of the yolk-shell CuO/S-
1@mSiO2 composites with 1.83 wt% copper prepared by 
CTAB-directed sol-gel coating strategy showing uniform 
shell thickness of 100 nm, its corresponding EDS (b) and 
element mapping of silicon (c), oxygen (d) and copper (e). 

 
Figure 6. (A) Nitrogen sorption isotherms (B) pore size dis-
tribution curves of (a) silicalite-1 after calcination, (b) as-
made core-shell S-1@RF with shell thickness of 50 nm, and 
(c) yolk-shell CuO/S-1@mSiO2 with 1.83 wt% copper and 
shell thickness of 100 nm, respectively. 

Nitrogen sorption isotherms of silicalite-1 (after calcina-
tion) present a characteristic type-I curve with a sharp 
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uptake at low relative pressure (P/P0), corresponding to 
the intrinsic microporous structures of zeolite materials 
(Figure 6A-a). Its specific BET surface area and total pore 
volume are 353 m2/g and 0.267 cm3/g (Table S1), respec-
tively, with a low contribution of external surface or mes-
opores (34 m2/g and 0.095 cm3/g). Whereas, the nitrogen 
adsorption volume of S-1@RF almost decreases to zero at 
low P/P0 (Figure 6A-b). Its BET surface area and total 
pore volume are as low as 9 m2/g and 0.065 cm3/g (Table 
S1), respectively, which are mainly from the contributions 
of external surface, due to blocking of micropores in sili-
calite-1 by un-removed TPAOH and coated dense RF shell 
in thickness of 50 nm. After fabrication of mesoporous 
silica shell, the nitrogen sorption isotherms of CuO/S-
1@mSiO2 with yolk-shell structure in Figure 6A-c display 
a steep uptake at low P/P0 (type I curve for microporous 
materials) and a capillary condensation step at middle 
P/P0 (type IV curve for mesoporous materials) as well as a 
distinct H2-type hysteresis loop, demonstrating the per-
fect combination of micropores and cage-like mesopores 
in one composite material. The BET surface area and total 
pore volume of CuO/S-1@mSiO2 increase up to 779 m2/g 
and 0.416 cm3/g, respectively, with about 466 m2/g of sur-
face area and 0.245 cm3/g of pore volume stemming from 
the contributions of mesopores in silica shell (Table S1), 
and the average pore size is determined to be around 4 
nm (Figure 6B-c). Remarkably, its microporous surface 
area and volume are 313 m2/g and 0.171 cm3/g, respective-
ly, which are mainly from the core and slightly lower than 
those of pristine silicalite-1, indicating that most mi-
cropores in silicalite-1 remain open, which are not 
blocked by loaded CuO nanoparticles or coated silica 
shell. 

 
Figure 7. Amperometric responses of the glassy carbon elec-
trode modified by yolk-shell CuO/S-1@mSiO2 samples in 
shell thickness of 100 nm with different copper contents of 
(a) 0, (b) 0.37%, (c) 1.83%, and (d) 2.05% to 0.5 mM glucose 
in 0.1 M NaOH solution at applied potential of 0.65 V, re-
spectively. 

According to the particular yolk-shell molecular sieve 
structures with completely open hierarchical mesopores 
and micropores, huge hollow chamber inside and spatial-

ly accessible ultrafine CuO nanoparticles, the quantitative 
detection of glucose was conducted on a glass carbon 
electrode (GCE) modified by yolk-shell CuO/S-1@mSiO2 
as a non-enzymatic biosensor using amperometry meth-
od. As reported in our previous work,45 electro-oxidation 
of glucose occurred at around 0.65 V when Cu2+ species 
were used as the active catalyst. Firstly, CuO/S-1@mSiO2 
modified electrodes with different copper contents are 
tested for comparison in Figure 7. Very weak currents 
(Figure 7a) indicate that nearly no oxidation reaction 
happens on the electrode surface, because the silicate 
species in silicalite-1 and mesoporous silica perform no 
catalytic activity in glucose electro-oxidation. With each 
injection of glucose into NaOH solution, the oxidation 
currents of glucose rise sharply, and the current value 
achieves 95% of the steady-state current within 4 s (Fig-
ure 7b). As copper content increasing from 0.37% to 
2.05%, the response currents increase apparently with 
injection of the same amount of glucose (Figure 7b to 7d), 
proving that Cu species are the active centers for glucose 
electro-oxidation. The maximum of Cu loading is 2.05% 
due to insufficiency of amino groups coordinated with 
copper species.  The glucose electro-oxidation of CuO/S-
1@mSiO2 is mainly from the catalytic activity of CuO, 
which is considered as the active sites. The electrocatalyt-
ic oxidation process of glucose in the alkaline electrolyte 
at the CuO electrodes is generally considered undergoing 
several steps as follows.45,46 Firstly, CuO is electrochemi-
cally oxidized to strong oxidizing Cu(III) species such as 
CuOOH or Cu(OH)4−.  

CuO + OH− → CuOOH + e−    or     

CuO + H2O + 2OH− → Cu(OH)4−+ e− 

And then, glucose is catalytically oxidized by Cu(III) 
species to produce gluconic acid.   

Cu(III) + glucose + e− → Cu(II) + gluconolactone;  

gluconolactone → gluconic acid (hydrolysis) 

Furthermore, the amperometric response of yolk-shell 
CuO/S-1@mSiO2 modified electrode was compared with 
that of CuO/S-1 with the same copper content as shown 
in Figure S7. Despite that CuO species are deposited on 
the surface of silicalite-1 in CuO/S-1, which are more ac-
cessible with glucose molecules, the electrode modified 
with CuO/S-1@mSiO2 shows higher response current un-
der the same conditions (Figure S7-a). The excellent re-
sponse of CuO/S-1@mSiO2 to glucose could be explained 
as follows. First, glucose molecules in solution can quickly 
diffuse into mesopores in the silica shell due to its molec-
ular sieving role, which are then enriched in the hollow 
void. Second, the large chamber can provide enough reac-
tion space for glucose oxidation as a nanoreactor, ac-
commodate many electrolyte molecules or ions, which 
can freely diffuse in or out of the mesoporous silica shell. 
Third, ultrafine CuO nanoparticles are highly dispersed 
on the surface of silicalite-1 in the void, which perform as 
the active reaction sites and supply rich exposed interface 
for glucose oxidation. Forth, gluconic acid as the oxida-
tion product, escaping from the active sites of CuO parti-
cles, quickly diffuse into the micropores of silicalite-1 by 
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adsorption, which can make the catalyst regenerate in 
situ and greatly enhance the reaction rate of glucose oxi-
dation. 

 

 
Figure 8. (a) Current-time responses of the glassy carbon 
electrode modified by yolk-shell CuO/S-1@mSiO2 with 1.83 
wt% copper and shell thickness of 100 nm to the successive 
injections of glucose from 5 to 500 µM in 0.1 M NaOH at ap-
plied potential of 0.65 V, and (b) the corresponding calibra-
tion curve. 

Figure 8 displays the current-time (I-T) curves of yolk-
shell CuO/S-1@mSiO2 modified electrode to successive 
injections of glucose at different concentrations from 5 to 
500 μM in 0.1 M NaOH electrolyte at 0.65 V. The response 
currents of glucose rise sharply to higher than 95% of the 
steady-state current in 4 s with each injection of glucose. 
The calibration curve for glucose detection on CuO/S-
1@mSiO2 modified GCE is shown in Figure 8b. The re-
sponse currents of the biosensor are linearly dependent 
on the concentration of glucose in the range of 5 - 500 μM 
with a fitting linear equation as: I (μA) = 
0.01998+0.000389 Cglucose (μM) (R2=0.9983). Although the 
copper content is only 1.83%, the lowest in all reports, the 
sensitivity of the CuO/S-1@mSiO2 sensor is calculated to 
be 5.51 μA·mM−1·cm−2, and the detection limit is estimated 
to be 0.17 μM (S/N=3), exhibiting the excellent perfor-
mance in terms of wide linear range and low detection 
limit in comparison with non-enzymatic glucose sensors 
based on Cu or CuO nanomaterials.45 The good perfor-

mance of CuO/S-1@mSiO2 as the glucose biosensor is 
mainly attributed to its sophisticated yolk-shell structure. 

 
Figure 9. Amperometric responses of the glassy carbon elec-
trode modified by yolk-shell CuO/S-1@mSiO2 with 1.83 wt% 
copper and shell thickness of 100 nm to successive injections 
of (a) 0.5 mM glucose, 0.1 mM fructose, 0.1 mM sucrose, (b) 
0.5 mM glucose, 0.1 mM UA, 0.1 mM AA, 0.1 mM DA and (c) 
0.5 mM glucose, 0.1 mM NaCl in 0.1 M NaOH electrolyte at 
applied potential of 0.65 V. 

It’s well known that the selectivity and anti-interference 
ability of a sensor is one of the most important factors in 
commercialized application for glucose detection in real 
physiological system since the easily oxidative species 
may coexist with glucose sample. Figure 9 shows the am-
perometric responses of the CuO/S-1@mSiO2 modified 
GCE to the injection of some interferential species, which 
are commonly present in physiological samples and may 
interfere with the accurate determination of glucose. Su-
crose is a common type of sugars, which can be easily 
hydrolyzed into glucose and fructose with the same 
moles, so three sugars of glucose, fructose and sucrose 
always coexist in some specific samples. Nearly no re-
sponse current could be detected after the injection of 0.1 
mM fructose and 0.1 mM sucrose in 0.1 M NaOH solution 
(Figure 9a), respectively. The sensor can be recovered 
quickly when 0.5 mM glucose is dropped into the solution 
again, showing the good selectivity and repeatability to 
glucose detection. Generally, the well-balanced physiolog-
ical level of glucose in the body is about 3 - 8 mM, but the 
common interfering species in the blood such as uric acid 
(UA), ascorbic acid (AA) and dopamine (DA) less than 0.1 
mM could seriously affect the precise detection of glu-
cose.47 The interference experiment was carried out by 
adding 0.1 mM UA, AA or DA into 0.5 mM glucose in the 
solution, respectively, as shown in Figure 9b. The succes-
sive injection of UA and AA has little influence on the 
detection of glucose, whereas, only a weak response cur-
rent arises with DA addition in I-T curve, exhibiting the 
good anti-interference ability to UA, AA and DA. The 
electrolyte salts of high concentration, such as NaCl, also 
existing in blood, may seriously poison the electrode dur-
ing the glucose detection. When 0.1 mM NaCl is added, 
no any response current caused by NaCl injection appears 
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in Figure 9c, which recovers to the regular current values 
once again as the injection of 0.5 mM glucose, indicating 
that the glucose sensor has a good anti-salt ability. The 
remarkable selectivity and anti-interference ability of 
yolk-shell CuO/S-1@mSiO2 based glucose biosensor to 
various physiological species are mainly attributed to 
their different oxidation potentials. The electro-oxidation 
of glucose is occurred at around 0.65 V when Cu2+ species 
are used as the active catalyst. The oxidation potentials of 
AA, DA, UA are 0.01 V, 0.15 V, 0.27 V, respectively.48 Fruc-
tose has weaker reducing ability than glucose, so its oxi-
dation potential is higher than glucose. Sucrose is a non-
reducing sugar. Besides, the shielding and molecular siev-
ing effects of mesoporous silica shell also play an im-
portant role in enhancing the anti-interference ability, 
similar with the high sensitivity and rapid response 
caused by the enrichment of glucose by mesoporous silica 
and hollow void as well as the quick removing of gluconic 
acid by silicalite-1. 

Finally, the yolk-shell CuO/S-1@mSiO2 based biosensor 
was applied to the determination of glucose in real blood 
serum samples. Here serum sample was firstly diluted by 
5 times and then 25 µL diluted sample was added to 25 ml 
of 100 mM NaOH solution, and the measurement was 
conducted at an applied potential of 0.65 V. The meas-
ured current change was correlated with the glucose con-
centration according to the calibration curve in Figure 8b, 
and then compared with the values obtained using a spec-
trophotometric method performed in the Changhai hos-
pital (Shanghai, China). The data from the fabricated glu-
cose biosensor are 5.27 mM (average value for three 
measurements), quite close to the result of 5.19 mM de-
termined by a commercial glucose meter, showing a good 
accuracy along with a high precision, which demonstrates 
the reliability of yolk-shell CuO/S-1@mSiO2 based non-
enzymatic glucose biosensor for the detection of real 
samples. 

 

■■■■ Conclusions 

In summary, using a facile sol-gel interface coassembly 
strategy, we have successfully designed the hierarchical 
molecular sieve composites with a uniform yolk-shell 
structure, given the code of CuO/S-1@mSiO2. The crystal-
line silicalite-1 with hexagonal prism morphology in size 
of about 250 nm is taken as a core material, which sup-
plies the interface for coating RF resin, and acts as a sup-
port for homogeneous dispersion of ultrafine CuO nano-
particles. The thickness of RF layer as a protective transi-
tional shell can be tuned in the range of 20 nm to 65 nm, 
leading to a hollow void in the final yolk-shell particles. 
An impregnation grafting method is utilized for function-
al modification of RF surface with amino groups and then 
coordination with copper species. A thin silica shell con-
taining disordered mesopores is deposited on the core 
composites in an ultra-dilute TEOS/CTAB alkaline solu-
tion. The yolk-shell CuO/S-1@mSiO2 composites possess 
high surface area (779 m2/g), pore volume (0.416 cm3/g), 
and large pore size (4.0 nm), which are constructed as a 

non-enzymatic biosensor for glucose detection, showing 
superior sensitivity and selectivity. Under the optimized 
conditions, the sensor based on yolk-shell CuO/S-
1@mSiO2 with Cu content of 1.83% presents some attrac-
tive features as wide linear range (5 - 500 μM), high sensi-
tivity (5.5 μA·mM−1·cm−2), low detection limit (0.17 μM) 
and outstanding anti-interference abilities. Good accuracy 
and high precision for the quantification of glucose con-
centration in human serum samples was also proved. The 
improved performance as glucose biosensor is primarily 
attributed to the synergistic effects of three factors: (1) 
high and homogeneous dispersion of ultrafine CuO na-
noparticles on the surface of silicalite-1, showing the spa-
tial accessibility and good catalytic activity to glucose 
oxidation; (2) the specific yolk-shell structures with hier-
archical pores, in which the interconnected mesopores 
provide a developed diffusion pathway for reactants and 
electrolyte ions, the large void supplies enough space for 
the electrocatalytic oxidation of glucose as a nanoreactor, 
and the micropores in silicalite-1 can selectively remove 
the oxidation product of gluconic acid; (3) the shielding 
and molecular sieving effect of mesoporous silica shell, 
which can significantly prevent the loss of active copper 
species and selectively control the diffusion of reactants 
and interfering substances inside the hollow void. All the 
structural characteristics of the yolk-shell CuO/S-
1@mSiO2 composites endow the non-enzymatic glucose 
biosensor with superior sensitivity, selectivity, stability 
and anti-interference ability, which possesses the attrac-
tive potential to be used as commercialized glucose detec-
tor in real physiological system. 
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Graphical abstract 

 

 

 

The novel yolk-shell CuO/silicalite-1@mSiO2 composites were prepared through the multistep sol-gel interface coassem-
bly strategy, which are composed of a core of silicalite-1 single crystal, highly dispersed ultrafine CuO nanoparticles, large 
hollow void and a shell of mesoporous silica. When constructed as a non-enzymatic glucose biosensor, the multifunction-
al hierarchical material exhibits the excellent electrocatalytic performance in glucose detection, such as high sensitivity, 
low detection limit, good selectivity and strong anti-interference ability. 
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