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ABSTRACT

A hierarchical MFI zeolite with typical micro/meso bimodal pore structures, was prepared by
desilication method. CuO nanoparticles (NPs) were incorporated into the hierarchical MFI zeolite
by impregnation method. CuO/hierarchical zeolite composites were characterized by X-ray
diffraction, transmission electron microscopy and nitrogen sorption. It is shown that the CuO
nanoparticles are mostly dispersed in the mesopores with remaining of the crystallinity and
morphology of the host zeolite. CuO nanoparticles located in hierarchical zeolite exhibit the
excellent electrocatalytic performances to oxidation of glucose in alkaline media. The
electrocatalytic activity enhances with increasing the loading content of CuO from 5% to 15%.
The composites were fabricated for nonenzyme glucose sensing. Under the optimal conditions, the
sensor shows a wide linear range from 5x107 to 1.84x10> M with a low detection limit of
3.7x107 M. The sensor also exhibits good repeatability, long-term stability as well as high

selectivity against interfering species.

Keywords: CuO; Hierarchical zeolite; Glucose; Non-enzymatic biosensor; electrocatalyst
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1. Introduction

Nowadays, the fast determination of glucose is considered to be important in wide areas of food

industry, biotechnology and clinical diagnostics. Especially for the patients with diabetes mellitus,

the regular test of glucose level is also necessary, which demands glucose sensors with high

sensitivity, good reliability and excellent selectivity. Glucose oxidase (GOD)-based

electrochemical biosensors have been proved to be a powerful device for glucose determination

thanks to the high selectivity, sensitivity and low detection limit. However, due to the intrinsic

feature of enzymes, there are some drawbacks in the GOD-based biosensors, such as poor

reproducibility, thermal and chemical instability [1, 2]. Therefore, the non-enzymatic glucose

biosensors based on metal nanoparticles (Au, Pt, Pd, Cu, Ni), metal oxides (Co304, CuO, NiO) or

alloys (Pt/Pb, Pt/Au, Au/Ag) [3-10] have received more and more attentions. Non-enzymatic

glucose biosensors alleviated the problems of enzyme-based biosensors such as insufficient

stability, lower reproducibility, thermal and chemical instability, sensitivity to temperature, pH and

humidity. Hence it will probably become the fourth generation glucose sensors for the future

analytical applications.

Non-enzymatic glucose biosensors are based on the glucose oxidation catalyzed by a variety of

electrocatalysts. Therefore, the preparation of electrocatalysts with high performance is crucial for

improving sensitivity, selectivity and reliability of sensors. Copper oxide (CuO) nanoparticles, as a

well-known p-type semiconductor, has gained increasing attention due to its low production cost,

high stability, good electrical conductivity and easy availability, and more importantly, CuO

nanoparticles possess the excellent electrocatalytic activity to reduction of H,O, and oxidation of

glucose as well as purine and amino acid [9, 11-15]. Except that, a series of CuO nanocomposites
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based on various substrates have been developed for non-enzymatic glucose sensors [16-18]. In

recent years, some novel host materials, such as graphene, carbon nanotubes, ordered mesoporous

silica-based materials, etc., are widely applied as hosts for electrocatalysis and further construction

of biosensors owing to their large surface area and good biocompatibility [19-22].

In this work, hierarchical zeolite, another novel type of silica-based matrix, was prepared by

desilication of microporous MFI zeolite in alkaline media [23]. As we know, microporous MFI

zeolite has definite shape and unique crystal structures, but usually it cannot be applied for

construction of biosensors duo to the smaller pores (<1 nm). The desilication method by base

leaching has already been proved to be able to create extra mesopores (10-30 nm) in addition to

the intrinsic micropores [24]. The hierarchical zeolite is highly desired in catalysis fields [25] and

is becoming attractive in biosensing application. This type of hierarchical zeolite with micro/meso

pore structures not only possesses mesopores induced by desilication, but also offers the

interconnected three-dimensional pore systems. The larger mesopores are favorable for

biomolecules immobilization or high loading of nanoparticles, and the interconnected

three-dimensional pore structures can provide a convenient and fast pathway for mass transfer.

Recently, Ren and co-authors [26] dispersed gold nanoparticles (AuNPs, 3-20 nm) into the

hierarchical zeolite, which was used as a novel matrix for the immobilization of hemoglobin

protein to construct H,O, biosensor.

Herein, we incorporated high content of CuO nanoparticles (~15%) in hierarchical MFI zeolite

by the simple wet impregnation method. The CuO/hierarchical zeolite composites were applied as

highly reactive electrocatalyst for glucose oxidation and further constructed a non-enzymatic

glucose biosensor. The sensor exhibits the excellent performance such as high sensitivity, low
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detection limit and good selectivity.

2. Experimental

2.1. Synthesis of CuO incorporated hierarchical porous MFI zeolite composites

The parent MFI zeolite used in this work is commercially available with a nominal Si/Al ratio of
50. The hierarchical MFI zeolite with micro/meso pore structures (denoted as meso-MFI), were
prepared by treatment of microporous MFI zeolite in NaOH solution as described in detail
elsewhere [23]. The incorporation of CuO NPs was performed by impregnation of 1.0 g
meso-MFI zeolite into 10 g of Cu(NOs), aqueous solution with different concentrations at 90 °C
over 3 h under stirring. The mixtures were then slowly dried at 60 °C for 6 h. Subsequently the
solid sample were annealed in air at 550 °C for 5 h, which was labeled as meso-MFI-xCuO, in

which x represents the mass ratio of CuO to zeolite powder.

2.2. Fabrication of modified carbon paste electrode

The modified carbon paste electrode was prepared as follows: 50 mg meso-MFI-xCuO composites,
0.5 g carbon graphite and 0.4 g liquid paraffin were uniformly mixed and carefully grounded in an
agate mortar. The resulting homogeneous pastes were then packed into a cavity (3 mm diameter)
at the end of a glass tube. Electrical contact was made by a fine copper wire contacted to one side
of the carbon paste. The resulting carbon paste electrode was finally polished and smoothed on a

weighting paper.

2.3. Apparatus and measurements
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Powder X-ray diffraction measurements were performed with a Rigaku D-MAX/IIA X-ray
diffractometer in a scanning range of 5-70° (20) at a rate of 4° (20)/min with Cu Karadiation.
Transmission electron microscope (TEM) images were obtained on a JEOL 2011 instrument.
Nitrogen sorption isotherms were carried out on a Micromeritics ASAP2020M+C instrument. All
electrichemical experiments were preformed on CHI 660C electrochemical workstation (Chenhua,
Shanghai, China) with a conventional three-electrode system, where the modified carbon paste
electrodes as working electrode, a platinum wire as auxiliary electrode and a Ag/AgCl (3M KCI)
electrode as reference electrode. All solutions in the cell were deoxygenated by highly purified
nitrogen gas for at least 15 min prior to experiments and a nitrogen atmosphere was then kept over

the solution during measurements.

3. Results and discussion

3.1. Characterization of meso-MFI-xCuO composites

Fig. 1 here

The X-ray diffraction patterns of meso-MF]I zeolite after loading different content of CuO were
shown in Fig. 1A. Compared with meso-MFI zeolite (curve a in Fig. 1A ), all meso-MFI-xCuO
composites can keep the typical MFI crystal structure after CuO NPs are incorporated into the
hierarchical zeolite, except for the slight decreasing of peak intensity. In contrast with the standard
diffraction patterns for CuO (JCPDS 045-0937), the diffraction peaks at 35.5°, 38.7°and 48.7°/20
(denoted as the symbol of ) for meso-MFI-xCuO composites are assigned to that of monoclinic
CuO crystals. Furthermore, the diffraction intensity of CuO increases as the loading of CuO NPs

in meso-MFI zeolite from 5% to 15% (curves b-d in Fig. 1A).
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N, physical sorption analysis is used to evaluate pore structures of meso-MFI zeolite before and
after the incorporation of CuO. Fig. 1B displayed N, sorption isotherms of two samples and the
textural properties of samples were shown in Table 1.

The parent meso-MFI shows a type IV isotherm with a sharp N, uptake at a lower relative
pressure of P/Py = 0.45, which suggests the presence of open mesopores connected to the outer
surface (curve a in Fig. 1B). The inset is pore size distribution of the parent meso-MFI. The main
pore size is about 20 nm for meso-MFI zeolite. This result indicates that desilication process
generates the expected mesopores on the surface of microporous MFI zeolite. After 15% CuO
loading on meso-MFI, it is noted that both surface areas and pore volumes of the sample
significantly decrease (shown in Table 1). The BET surface areas change from 267 to 135 m’/g
and pore volumes from 0.286 to 0.087 cm’/g, respectively. The significant decreases in surface
areas and pore volumes, especially in mesoporous volumes, imply that most of the CuO NPs are

introduced successfully into the mesopores on MFI zeolite.
Fig. 2 here

Fig. 2 showed the TEM images of meso-MFI-xCuO. All meso-MFI zeolite samples display the
typical coffin shape similar to that of microporous MFI zeolite. Some bright spots can be clearly
observed within the single crystal, indicating the presence of mesopores caused by desilication.
Seen from high magnification images in Fig. 2B and 2D, when 5% or 10% of CuO NPs are
embedded into meso-MFI, the fine CuO NPs (dark spots) are well located inside the cavities of
meso-MFI with a size distribution of 10-30 nm. When the loading of CuO is increased up to 15%
(Fig. 2F), more CuO NPs are confined inside the cavities of meso-MFI zeolite, and some of them
aggregate and grow larger. This result is well consistent with the XRD pattern of meso-MFI-15%

CuO (Fig. 1c), in which the strong diffraction peaks of CuO are clearly visible due to a larger
7
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number of CuO NPs in meso-MFI.

3.2. Electro-oxidation activity of glucose on different porous silica materials

Fig. 3 here

Electrocatalytic oxidation of glucose was compared on three different porous silica materials.
SBA-15, a kind of representative mesoporous silica material, could provide one-dimensional pore
channels and well-ordered mesopores with pore size of 7 nm. The pristine MFI zeolites (or ZSM-5
zeolite) are microporous crystalline aluminosilicates composed of two-dimensional channels with
straight channels (5.3*5.6 A) parallel to b-axis, interconnected to sinusoidal channels (5.0*5.5 A).
From Fig. 3 it is found that meso-MFI zeolite exhibits the highest response current for oxidation
of glucose when the equal amount of CuO is incorporated in pores, indicating that meso-MFI
with bimodal pore structures combined with the larger mesopores are advantageous over that

one-dimensional SBA-15 and microporous MFI zeolite.

3.3. Electrocatalytic oxidation of glucose on meso-MFI-15%CuO modified electrode

The oxidation of glucose was performed on meso-MFI-15%CuO modified electrode using
cyclic voltammetry (CV) and linear sweep voltammetry (LSV).
Fig. 4 here

Fig. 4A showed the cyclic voltammograms of the meso-MFI-15% CuO modified electrode in
the presence and absence of glucose. Some redox transitions appear and are indicated by peaks I

to VI in the potential region from -0.9 to 0.9 V. The anodic peaks I and II represent the oxidation
8
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from Cu (0) to Cu (I) and Cu (I) to Cu (II) respectively, while the corresponding cathodic peaks V
and VI in the reverse scan are due to the transition of Cu (II) to Cu (I) and Cu (I) to Cu (0), which
are the typical characteristics of CuO materials [21, 27]. Peak III is considered to be related with
the formation of soluble species HCuO, .

When the 5 mM glucose is added in the NaOH electrolyte, a visible shoulder wave centered at
0.6 V is responsible for the electrooxidation of glucose where Cu (III) and hydroxyl radicals are
probably involved [27, 28]. Moreover, in the cathodic scan, the disappearance of peak IV provides
evidence that the Cu (III) is consumed in the electrooxidation of glucose.

The electrocatalytic oxidation process of glucose in the alkaline electrolyte at the CuO
electrodes is generally considered undergoing several steps [28-31]:

Firstly, CuO is electrochemically oxidized to strong oxidizing Cu (III) species such as CuOOH
or Cu(OH)4 :

CuO+OH — CuOOH + e or CuO + H,0 +20H — Cu(OH)4 +e
And then, glucose is catalytically oxidized by the Cu (III) species and produces gluconic acid.
Cu (IIT) + glucose + e — Cu (II) + gluconolactone; gluconolactone—gluconic acid (hydrolysis)

Fig. 4B recorded the linear sweep voltammograms of meso-MFI-15%CuO electrode to the
different concentrations of glucose. When glucose is added, a distinct anodic peak appears at
around 0.6 V. Successive increments of the glucose result in the gradual increase of response
current.

The effect of scan rates on the anodic currents of glucose was tested by linear sweep
voltammetry at the meso-MFI-15%CuO modified electrode (Fig. 4C). In the range of 5-50 mV s ',

the peak currents (I,,) vary linearly with the scan rates (v) with a correlation coefficient of 0.991.
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The linear regression equation is expressed as I, (LA) = 16.57 + 0.19 v (mV s™"). This result

verifies that the oxidation reaction is controlled by the surface adsorption of glucose molecules.

3.4. Amperometric detection of glucose

Fig. 5 here

The accurate detection of glucose was carried out at meso-MFI-15%CuO electrode. Fig. SA
displayed the current—time curve with successive injections of glucose in 100 mM NaOH
electrolyte at 0.65 V. The upper left insets showed the original segment of amperometric curve
after addition of the lower concentration of glucose. As expected, with each addition of glucose to
stirred NaOH solution, the oxidation currents rise steeply and the current value achieves 95% of
the steady-state current within 5 s. The calibration curve for glucose sensor was shown in Fig. 5B.

The response currents of the sensor are linearly dependent on the concentration of glucose in the

range of 0.5 uM—18.4 mM with a fitting equation: I (uA) = 3.00 + 6.03Cyjycosc (MM) (R2=0.9997).

Thus, the sensitivity of prepared sensor is 85.35 pA mM™ cm™, and the detection limit is
estimated to be 0.37 uM (S/N=3).

Meso-MFI-15% CuO electrode was compared with non-enzymatic glucose sensors based on Cu
or Cu oxide nanomaterials in Table 2. It is obvious that the meso-MFI-15%CuO sensor exhibits

good performances in terms of wide linear range and low detection limit.

3.5. Optimization for glucose sensor

The various factors influencing the responses of the sensor were investigated. It is known that

10
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the alkalinity plays the important roles on electrocatalytic oxidation of glucose at CuO based
nanomaterials. So the concentration of NaOH for glucose sensing was first optimized.
Fig. 6 here

Fig. 6A showed the amperometric responses of meso-MFI-15%CuO modified electrode to 0.5
mM glucose in various concentration of NaOH solution at applied potential of 0.65V. When the
concentrations of NaOH solution increase from 20 mM to 200 mM, the response currents increase
accordingly and then decreases in 200 mM. A maximum response current can be obtained in 100
mM NaOH.

Furthermore, the effect of the applied potentials on the response currents of the sensor was
illustrated in Fig. 6B. In the range of 0.55V—~0.7V, the oxidation currents of glucose increase with
increasing applied potentials. However, further increasing potential, the side reaction takes place
on the electrode surface, leading to the increase of the background current and then inhibition of
glucose oxidation. Additional, some interfering species (such as ascorbic acid, uric acid, and
dopamine) would be oxidized under higher potential to generate some intermediates, probably
hindering glucose oxidation. From Fig. 6B, potential of 0.65 V is optimal for glucose sensing.

The current responses of meso-MFI-xCuO modified electrodes with different CuO loadings to
0.5 mM glucose were examined in Fig. 6C. It is found that the parent meso-MFI exhibits weak
catalytic activities to glucose. When the different amounts of CuO are introduced into hierarchical
MFTI zeolite, the response currents increase apparently. Moreover, the response current at 15%
CuO electrode is 7 times higher than that at 0% CuO electrode. Hence the integration of parent
meso-MFI and CuO nanoparticles increases the sensitivity of the constructed sensor.

3.6. Anti-interference, repeatability and stability of the meso-MFI-15% CuO sensor
11
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The selectivity of a sensor is very important for practical application. Usually, some
electroactive species commonly present in physiological samples such as ascorbic acid (AA),
dopamine (DA) and uric acid (UA) may interfere with the accurate determination of glucose.
Ordinaryly, the normal physiological level of glucose is about 3—8 mM and the interfering species
such as AA, UA and DA are less than 0.1mM [41]. The interference experiment was carried out by
adding 0.1 mM interfering species into 2.0 mM glucose in 100 mM NaOH as shown in Fig. S1
(Supplementary materials).

The addition of 0.1mM UA does not influence the detection of 2.0 mM glucose, whereas the
presence of 0.1 mM AA and 0.1 mM DA induces the larger current responses in I-T curves.
However, when a layer of 5% Nafion film was coated on the meso-MFI-15% CuO modified
carbon paste electrode, the amperometric responses of AA and DA could decrease to 6.0% and
4.2%, respectively.

The repeatability and stability of glucose sensor were also evaluated. The relative standard
deviation (RSD) is 4.12% for five newly fabricated biosensors. The current responses of ten
successive measurements to 0.5 mM glucose yield an RSD of 2.36% at one chosen
meso-MFI-15% CuO modified carbon paste electrode. When the modified electrode is not used, it
is wrapped with a piece of thin plastic film and stored at 4°C. After two weeks, the current
response of meso-MFI-15% CuO modified electrode just losses 1.6% of its original current. The
good reproducibility and long term stability of meso-MFI-15% CuO electrode are owing to the
chemically stable CuO phase located in the hierarchically porous MFI zeolite.

Finally, the sensor was applied to the determination of glucose in real blood serum samples.

12
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Here serum sample was firstly diluted by 5 times and then 25 uL diluted sample was added to 25
ml of 100 mM NaOH solution, and the current response was recorded at 0.65V. The data from the
fabricated glucose sensor are 4.38 mM (average for three measurements), close to the result of 4.2

mM from a spectrophotometric method performed in a local hospital.

4. Conclusions

CuO nanoparticles entrapped in hierarchical MFI zeolite were successfully developed as a novel
sensing material to construct a sensitive, low cost non-enzymatic glucose biosensor. The
electrochemical study reveals that the sensor based on meso-MFI-xCuO displays excellent
catalytic activity towards glucose oxidation as increasing loading of CuO. Under the optimized
conditions, the newly constructed non-enzymatic glucose sensor presents the attractive features
such as wide linear range, low detection limit, excellent stability and selectivity. These
significantly improved performances are ascribed to the synergistic effect of two significant
factors: (i) the unusual electrocatalytic activity of the entrapped CuO nanoparticles endows the
sensor a satisfied performance and (ii) the inherent catalytic properties of meso-MFI zeolite
towards glucose oxidation combined with its special hierarchical structure, in which larger
mesopores could accommodate more catalytic active molecules, and interconnected
three-dimensional pore systems provide a facile and fast diffusion pathway for reactants or

electrolyte ions.
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*Highlights (for review)

Highlights

® The hierarchical zeolite has micro/meso bimodal pore structures.

® High content of CuO NPs were incorporated into the hierarchical zeolite.

® The modified electrode exhibits the excellent electrocatalysis to glucose oxidation in alkaline.
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Table(s)

Table 1 Textural properties of meso-MFI samples before and after loading CuO NPs

Surface area (m?/g) Pore volume (cm*/g)

Samples
BET Total Micro Meso
meso-MFI 267 0.286 0.089 0.198
meso-MFI1-15%CuO 135 0.087 0.061 0.026

Table 2 Comparison of the performance of the meso-MFIOH-15%CuO glucose sensor with that of

non-enzymatic glucose sensors base on Cu or Cu oxide nanomaterials.

Electrodes Potential (V) Linear range (M) Detection limit (M) Reference
CuO/graphene 0.60 1.0x10° — 8.0x10° 1.0x10°® [20]
CuO/SBA-15 0.58 1.0x10° — 2.0x10% 1.0x10° [21]

CuO nanocubes/graphene 0.59 2.0x10° —4.0x10° 7.0x107 [29]
CuO NPs 0.55 5.0x10°— 2.3x10° 5.0x10” [32]
CuO/TiO, 0.70 1.0x10° — 2.0x10° 3.9x10” [33]

flower-shaped CuO 0.58 1.0x10° —1.0x107 1.3x10°® [34]

Cu(OH),/CuO nanotube arrays 0.80 1.0x10° — 1.0x10° 5.0x10” [35]

Cu,O/PPy/Au 0.60 0—8x10° 6.2x10° [36]

Cu flowers 0.70 2.0x10° — 7.5x10° 1.0x10°® [37]

Cu NPs 0.70 3.0x10° — 1.0x10% 7.0x107 [38]

Cu nanocluster/MWCNTSs 0.65 7.0x10™* — 3.5x10° 2.1x107 [39]

Porous CuO 0.65 1.0x10° — 2.5x10° 1.4x107 [40]
meso-MFI-15%CuO 0.65 5.0x107 — 1.84x10 3.7x10” This work
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Figure(s)

Figure Captions

Fig. 1A XRD patterns of meso-MFI samples after loading 0% CuO (a), 5% CuO (b),
10% CuO (c) and 15% CuO (d). (Vdenoted as the diffraction peaks of CuO).

Fig. 1B N, sorption isotherms of meso-MFI before (a) and after (b) loading 15% CuO.

The inset is pore size distribution of meso-MFI.

Fig. 2 TEM images of meso-MFI samples loading 5% CuO (A and B), 10% CuO (C
and D), and 15% CuO (E and F).

Fig. 3 Amperometric responses of glucose on 15% CuO/meso-zeolite (a), 15%

CuO/SBA15 (b) and 15% CuO/micro-zeolite (c).

Fig. 4 (A) Cyclic voltammograms of the meso-MFI-15% CuO modified electrode in
the presence and absence of 5 mM glucose in 100 mM NaOH and scan rate at 50
mV/s; (B) LSV obtained for the increment of glucose (from 0 mM to 10 mM) on
meso-MFI-15% CuO modified electrode in 0.1 M NaOH and scan rate at 50 mV/s; (C)
Cyclic voltammograms of 5 mM glucose at the different scan rate. Inset: the plot of

anodic peak currents vs. scan rates.

Fig. 5 (A) Amperometric responses of meso-MFI-15% CuQO electrode to the
successive additions of glucose from 0.5 uM to 18.4 mM (triple injections per
concentration) in 100 mM NaOH and the applied potential of 0.65 V; (B) The

corresponding calibration curve.

Fig. 6 Amperometric responses of meso-MFI-15% CuO modified electrode to 0.5 mM
glucose in various concentrations of NaOH (A), at different applied potentials (B),

and different CuO loadings (C).
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Fig. 1A XRD patterns of meso-MFI samples after loading 0% CuO (a), 5% CuO (b), 10% CuO (c)
and 15% CuO (d). (V denoted as the diffraction peaks of CuO).

Fig. 1B N, sorption isotherms of meso-MFI before (a) and after (b) loading 15% CuO. The inset is
pore size distribution of meso-MFI.
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Fig. 2 TEM images of meso-MFI samples loading 5% CuO (A and B), 10% CuO (C and D), and
15% CuO (E and F).
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Fig. 3 Amperometric responses of glucose on 15% CuO/meso-zeolite (a), 15% CuO/SBA15 (b)
and 15% CuO/micro-zeolite (c).
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Fig. 4 (A) Cyclic voltammograms of the meso-MFI-15% CuO modified electrode in the presence and
absence of 5 mM glucose in 100 mM NaOH and scan rate at 50 mV/s; (B) LSV obtained for the
increment of glucose (from 0 mM to 10 mM) on meso-MFI-15% CuO maodified electrode in 0.1 M
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Inset: the plot of anodic peak currents vs. scan rates.
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Fig. 6 Amperometric responses of meso-MFI-15% CuO modified electrode to 0.5 mM glucose in various

concentrations of NaOH (A), at different applied potentials (B), and different CuO loadings (C).
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