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Abstract: Copper oxide (CuO)-decorated cerium oxide (CeO;) nanoparticles were synthesized and
used to detect glucose non-enzymatically. The morphological characteristics and structure of the
nanoparticles were characterized through transmission electron microscopy, X-ray photoelectron
spectroscopy, and X-ray diffraction. The sensor responses of electrodes to glucose were investigated
via an electrochemical method. The CuO/CeO; nanocomposite exhibited a reasonably good
sensitivity of 2.77 pA mM~lem ™2, an estimated detection limit of 10 tA, and a good anti-interference
ability. The sensor was also fairly stable under ambient conditions.
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1. Introduction

Glucose biosensors have been extensively investigated because of their promising applications
in clinical chemistry, the food industry, and environmental protection [1-3]. In general, an enzyme
is used as a major sensitive element in a glucose biosensor to detect glucose. Despite a good sensing
performance, an enzyme-based glucose biosensor is usually limited by unstable glucose oxidase,
a complex immobilization process, and high enzyme costs [4,5]. To overcome these limitations,
researchers developed non-enzymatic glucose biosensors. Without enzymes, non-enzymatic glucose
biosensors require a suitable sensing material, which can catalyze redox reactions and efficiently
transfer electrons to electrodes [6]. Nanocomposites are promising and suitable sensing materials
because the combination of components can provide an extended interface through which charge and
energy transport are significantly enhanced [7].

Cerium oxide (CeQO,) is a potential material for enzymatic glucose biosensors because of its
unique properties, such as chemical inertness, biocompatibility, nontoxicity, and its ability to be
suitable isoelectric point for enzyme adsorption [8]. CeO, can highly induce electron transfer; as such,
this material is a very suitable electron conductor for enzymatic biosensors. However, CeO; is
seldom used for non-enzymatic glucose biosensors because CeO, fails to exhibit specificity and thus
catalyze a surface redox reaction [6,9]. Copper oxide (CuO) has outstanding electrocatalytic activity [4].
The combination of CuO with CeO, may maximize the advantages of these two materials and promote
the application of CeO; to non-enzymatic biosensors. Since finding a suitable sensing material is
a primary task in research focusing on non-enzymatic biosensors, a CuO/CeO, nanocomposite was
prepared in this work and used for the first time as a non-enzymatic glucose biosensor.

2. Results and Discussion

A typical transmission electron microscopy (TEM) image of a CuO/CeO, nanocomposite is
shown in Figure 1a. The sizes of the nanoparticles are approximately 20-50 nm. A high-resolution
TEM image reveals randomly oriented nanocrystals with very clear lattice fringes (Figure 1b). All of
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these nanocrystals yield lattice distances of 0.31 £ 0.01 nm, which correspond to the (111) plane of the
CeO;, crystal phase [10].

Figure 1. (a) Transmission electron microscopy (TEM) and (b) high-resolution transmission electron
microscopy (HRTEM) image of copper oxide (CuO)/cerium oxide (CeO,) nanocomposite.

Although no CuO particles are found in the TEM image, their existence can be evidenced by
X-ray photoelectron spectroscopy (XPS), a powerful tool that examines material composition. The XPS
spectra of Cu 2p are shown in Figure 2a. In comparison with the spectrum of the pure CeO, sample,
the spectrum of the nanocomposite reveals four peaks. The peaks at 934.7 eV and 955.1 eV are related
to Cu 2ps/, and Cu 2p1/, peaks, respectively [11]. The peaks at 943.5 eV and 963.5 eV are assigned to
the shake-up satellite peaks, which indicate the formation of CuO [4]. The XPS spectra of Ce 3d are
shown in Figure 2b. The two evident peaks at approximately 888.7 and 905.1 eV correspond to the
Ce** oxidation state in CeO, [11,12].
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Figure 2. X-ray photoelectron spectroscopy (XPS) spectra of (a) Cu 2p and (b) Ce 3d.

The X-ray diffraction (XRD) patterns of the CeO, and CuO/CeO, nanocomposites are shown
in Figure 3. The peaks at 28.5°, 33.3°, 47.6°, 56.5°, 58.6°, 69.1°, 76.1°, 78.6°, and 88.3° correspond
to the (111), (200), (220), (311), (222), (400), (331), (420), and (422) planes of the CeO, crystal phase,
respectively [8]. The appearance of these peaks implies that CeO, exhibits a cubic fluorite structure.
Three additional peaks at 38.5°, 65.1°, and 78.3° in the CuO/CeO, nanocomposite pattern correspond
to the (111), (022), and (023) planes of the monoclinic CuO [13]. Furthermore, these three peaks likely
shift toward the lower 26 positions than those in the JCPDS card data, such as Nos. 48-1548 and
80-1917, possibly because the interfacial Ce atom with a larger atomic radius causes the lattice strain
of CuO.
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Figure 3. X-ray diffraction (XRD) patterns of CeO, and CuO/CeO, nanocomposite.

Figure 4 shows the electrochemical impedance spectroscopy of electrodes. The semicircular radius
of the CuO/CeO; nanocomposite is higher than that of pure CeO,. This finding indicates that the
CuO/CeO;, nanocomposite yields a higher magnitude of charge transfer resistance than pure CeO,
does. CeO; exhibits a higher electron transfer ability than CuO does.
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Figure 4. Nyquist impedance plots for CeO, /indium-tin oxide (ITO) and CuO/CeO,/ITO electrodes
recorded in 0.1 M KCl solution containing 1 mM Fe[(CN)g]>~ /4~ (1:1).

Figure 5 shows the cyclic voltammograms (CVs) of the electrodes by cycling the electrode potential
continuously between —0.2 and 0.9 V against the Ag/AgCl reference electrode. The CuO/CeO,
nanocomposite significantly promotes glucose oxidation. The oxidation peak at approximately 0.4 V
can correspond to the Cu(Il)/Cu(Ill) redox couple [14,15]. The reaction in the blank phosphate buffer
(PB) solution can be expressed as Equation (1) [9]. After glucose is added, electrons can be delivered
from glucose to the electrode; as a result, the peak current increases. The reaction can be depicted in
Equation (2) [9].

CuO + OH™ + e~ = CuO(OH) 1)

2CuO(OH) + glucose —2CuO + gluconolactone + H,O )

Bare indium-tin oxide (ITO) and pure CeO, remain unchanged after 5 mM glucose is added.
This finding indicates that both electrodes do not exhibit specific properties that enable a glucose
redox reaction. Given that pure CeO; exhibits a lower charge transfer resistance than the CuO/CeO,
nanocomposite does (Figure 4), we considered that the role of CeO; in the nanocomposite is mainly to
accelerate the electron transfer while the role of CuO is to dominate the redox reaction of glucose.
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Figure 5. Cyclic voltammograms (CVs) of ITO, CeO,/ITO, and CuO/CeO,/ITO electrodes in the
absence and presence of 5 mM glucose in 0.1 M phosphate buffer (PB) solution at 50 mV /s scan rate.

Figure 6a illustrates the influence of the scan rate on the current response. The magnitude of the
peak current increases as the scan rate increases. The peak current is quite linear to the square root
of the scan rate (Figure 6b). Such linearity indicates the diffusion-controlled kinetics at the electrode
surface [16].
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Figure 6. (a) CVs of CuO/CeO,/ITO electrode in 0.1 M PB solution containing 5 mM glucose at
different scan rate; (b) Plot of the peak current with square root of the scan rate.

Figure 7 reveals the amperometric response of the CuO/CeO, nanocomposite after 1 mM
is successively added to 0.1 M PB solution at 0.4 V. The current increases as glucose is added
because of the good catalytic properties of the electrode. The response time is approximately 5~8 s.
This amperometric response curve can be used to construct the calibration curve of the electrode (inset
of Figure 7). The sensitivity of 2.77 tA mM~!em 2 can be obtained from the slope of the calibration
curve with a correlation coefficient of 0.99. The limit of detection is 10 uM at a signal-to-noise ratio
of 3. The performance of our biosensor is comparable to other CeO,-based glucose biosensors which
generally contain enzymes or noble metals (Table 1).

The influence of interfering species on the amperometric response of the CuO/CeO,
nanocomposite was investigated through the successive addition of equal concentrations (1 mM)
of glucose, ascorbic acid (AA), uric acid (UA), citric acid (CA), and glucose. The sensor exhibits a good
anti-interference ability (Figure 8a). Besides, other sugars have little interference toward glucose
(Figure 8b). The stability of the CuO/CeO; nanocomposite was examined by measuring its current
response (I) daily under ambient conditions for 20 days. In this period, the sensor retained 80% of its
original value (Iy; Figure 8c).
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Figure 7. Amperometric response of CuO/CeO,/ITO electrode measured at 0.4 V in 0.1 M PB
solution with successive addition of 10 mM glucose. Inset is the plot of current response with
glucose concentration.

Table 1. Comparison of performance obtained from different cerium oxide (CeO,)-based glucose biosensors.

Working Electrode Detection Limit (uM) Sensitivity (1A mM~lcm—2) References
GOx ?/CeO;,/Au 12.0 0.051 [17]
GOx/CeO,/1ITO 100 0.165 [8]
GOx/CeO,/graphene /FTO P 2 7.198 [18]
CeO,/Au/CPE ¢ 10 57.5 [19]
CeOy/Au 10 44 [20]
CuO/CeO,/ITO 10 2.77 This work

2 glucose oxidase; ® fluorine-doped tin oxide; ¢ carbon paste electrode.
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Figure 8. (a) Selectivity of CuO/CeO,/ITO electrode upon continuous adding 1 mM of glucose,
urea, ascorbic acid (AA), uric acid (UA), citric acid (CA), and glucose at 0.4 V in 0.1 M PB solution;
(b) Selectivity of CuO/CeO,/ITO electrode upon continuous adding 1 mM of glucose, fructose, sucrose,
lactose, and glucose at 0.4 V in 0.1 M PB solution; (c) Stability of CuO/CeO,/ITO electrode at ambient
conditions for 20 days using 5 mM glucose in 0.1 M PB solution at 0.4 V.
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The sensing performance in a real sample was also evaluated. Glucose was added into fruit
juice to make a mixed standard solution, and the amperometric detection was carried out at 0.4 V in
0.1 M PB solution after injecting this mixed standard solution. The sensor demonstrated a fairly good
performance in recovery (Table 2).

Table 2. The results of detecting glucose concentration in fruit juice.

Spiked (uM) Found (uM) Recovery (%)

0 50.7 -
25 74.3 94.4
50 98.7 96.0
75 122.3 95.5

100 153.3 102.6

3. Materials and Methods

Most chemicals, such as cerium nitrate, copper sulfate, disodium hydrogen phosphate, sodium
dihydrogen phosphate, and glucose, were purchased from Sigma-Aldrich (St. Louis, MO, USA) and
used directly without any purification. Other chemicals, including ammonia, urea, ascorbic acid
(AA), uric acid (UA), and citric acid (CA) were obtained from Aladdin Chemicals (Shanghai, China),
and used as received.

CeO; was synthesized through non-isothermal precipitation. Ammonia was slowly added
to 100 mL of 0.20 M cerium nitrate aqueous solution at 70 °C. Yellow precipitates were formed
immediately. After 5 min, the reaction mixture was transferred into a water bath, in which the reaction
continued for 24 h at 0 °C. Finally, the precipitate was filtered, washed with a large amount of ethanol
and de-ionized water to remove the residue, and dried at 60 °C for further application.

CuO/CeO; nanocomposites were prepared via wet impregnation. In brief, CeO, (0.1722 g) was
immersed in 0.005 M aqueous copper sulfate solution for 10 h. Subsequently, impregnated CeO, was
filtered and calcined at 650 °C in air for 4 h to produce the CuO/CeO; nanocomposites.

Transmission electron microscopy (TEM) was performed with a JEM2100 instrument (JEOL, Tokyo,
Japan). X-ray photoelectron spectroscopy (XPS) measurements were conducted by using an Amicus
Budget spectrometer (Shimadzu, Tokyo, Japan) with a Mg Ko X-ray source (1253.6 eV) operating at
10 kV and 10 mA. X-ray diffraction (XRD) analysis was carried out with a DX2700 diffractometer
(HAOYUAN, Dandong, China) through Cu K« radiation.

The CuO/CeO; nanocomposite suspension (5 mg/mL; 100 pL) was casted on the surface of
an indium-tin oxide (ITO)-coated glass and dried at 60 °C to form a nanocomposite film. This process
was also employed to fabricate a pure CeO; film for comparison. The effective area of electrode was
set at 0.5 cm?, which was established by covering the unnecessary area with epoxy.

Electrochemical measurements were conducted using a CHI630D electrochemical analyzer
(CHENHUA, Shanghai, China). All of the experiments were performed in 0.1 M phosphate buffer
(PB) solution (pH = 7.4) with a three-electrode electrochemical cell by using an ITO-based working
electrode, a glassy carbon counter electrode, and an Ag/AgCl reference electrode.

4. Conclusions

This study developed a non-enzymatic glucose biosensor based on the CuO/CeO,
nanocomposite-modified ITO. The good performance is related to the synergetic effects of the two
components. The CuO component dominated the redox reaction of the glucose. The CeO, component
accelerated the electron transfer of the electrode. The CuO/CeO, nanocomposite biosensor yields
a reasonably good sensitivity of 2.77 pA mM~'em™2 and an estimated detection limit of 10 uM.
The biosensor is stable and selective.



Nanomaterials 2016, 6, 159 70f8

Acknowledgments: The authors would like to acknowledge the support from the National Natural Science
Foundation of China (Grant No. 61501318).

Author Contributions: Panpan Guan and Wei Li conceived and designed the experiments; Panpan Guan,
Yongjian Li, and Jie Zhang performed the experiments; Panpan Guan and Wei Li analyzed the data; Panpan Guan
wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ameen, S.; Akhtar, M.S.; Shin, H.S. Nanocages-augmented aligned polyaniline nanowires as unique platform
for electrochemical non-enzymatic glucose biosensor. Appl. Catal. A 2016, 517, 21-29. [CrossRef]

2. Aggidis, A.G.A;; Newman, ].D.; Aggidis, G.A. Investigating pipeline and state of the art blood glucose
biosensors to formulate next steps. Biosens. Bioelectron. 2015, 74, 243-262. [CrossRef] [PubMed]

3.  Saei, A.A,; Dolatabadi, J.E.N.; Najafi-Marandi, P.; Abhari, A.; Guardia, M. Electrochemical biosensors for
glucose based on metal nanoparticles. Trends Anal. Chem. 2013, 42, 216-227. [CrossRef]

4. Wang, L.; Chen, X; Liu, C.; Yang, W. Non-enzymatic acetylcholine electrochemical biosensor based on
flower-like NiAl layered double hydroxides decorated with carbon dots. Sens. Actuators B 2016, 233, 199-205.
[CrossRef]

5. Yang, ], Liang, X,; Cui, L.; Liu, H.; Xie, ].; Liu, W. A novel non-enzymatic glucose sensor based on Pt3Rul
alloy nanoparticles with high density of surface defects. Biosens. Bioelectron. 2016, 80, 171-174. [CrossRef]
[PubMed]

6. Rahman, M.M.; Ahammad, A.].S.; Jin, ].H.; Ahn, S.J.; Lee, ].J. A comprehensive review of glucose biosensors
based on nanostructured metal-oxides. Sensors 2010, 10, 4855-4886. [CrossRef] [PubMed]

7. Shearer, C.J.; Cherevan, A.; Eder, D. Application and future challenges of functional nanocarbon hybrids.
Adv. Mater. 2014, 26, 2295-2318. [CrossRef] [PubMed]

8. Patil, D.; Dung, N.Q.; Jung, H.; Ahn, S.Y,; Jang, D.M.; Kim, D. Enzymatic glucose biosensor based on CeO,
nanorods synthesized by non-isothermal precipitation. Biosens. Bioelectron. 2012, 31, 176-181. [CrossRef]
[PubMed]

9.  Zhou, C.Y,; Xu, L,; Song, J.; Xing, R.Q.; Xu, S.; Liu, D.L. Ultrasensitive non-enzymatic glucose sensor based
on three-dimensional network of ZnO-CuO hierarchical nanocomposites by electrospinning. Sci. Rep. 2014,
4,7382. [CrossRef] [PubMed]

10.  Zhu, J.; Gao, Q.; Chen, Z. Preparation of mesoporous copper cerium bimetal oxides with high performance
for catalytic oxidation of carbon monoxide. Appl. Cata. B 2008, 81, 236-243. [CrossRef]

11. Khadse, V.R,; Thakur, S.; Patil, KR.; Patil, P. Humidity-sensing studies of cerium oxide nanoparticles
synthesizedby non-isothermal precipitation. Sens. Actuators B 2014, 203, 229-238. [CrossRef]

12. Wrobel, R.; Suchorski, Y.; Becker, S.; Weiss, H. Cerium oxide layers on the Cu (111) surface:
Substrate-mediated redox properties. Surf. Sci. 2008, 602, 436—442. [CrossRef]

13. Hoa, D.H.; Quy, N.Y,; Jung, H.; Kim, D.; Kim, H.; Hong, S.K. Synthesis of porous CuO nanowires and its
application to hydrogen detection. Sens. Actuators B 2010, 146, 266—272. [CrossRef]

14. Wang, W.; Li, Z.; Zheng, W.; Yang, J.; Zhang, H.; Wang, C. Electrospun palladium (IV)-doped copper
oxide composite nanofibersfor non-enzymatic glucose sensors. Electrochem. Commun. 2009, 11, 1811-1814.
[CrossRef]

15. Luwo, L; Zhu, L; Wang, Z. Nonenzymatic amperometric determination of glucose by CuO
nanocubes-grapheme nanocomposite modified electrode. Bioelectrochemistry 2012, 88, 156-163. [CrossRef]
[PubMed]

16. Dung, N.Q,; Patil, D,; Jung, H.; Kim, J.; Kim, D. NiO-decorated single-walled carbon nanotubes for
high-performance nonenzymatic glucose sensing. Sens. Actuators B 2013, 183, 381-387. [CrossRef]

17.  Ansari, A.A.; Solanki, P.R.; Malhotra, B.D. Sol-gel derived nanostructured cerium oxide film for glucose
sensor. Appl. Phys. Lett. 2008, 92, 263901. [CrossRef]

18. Sriparna, D.; Mohanty, S.; Nayak, S.K. Nano-CeO; decorated graphene based chitosan nanocomposites as

enzymatic biosensing platform: Fabrication and cellular biocompatibility assessment. Bioprocess. Biosyst. Eng.
2015, 38, 1671-1683.


http://dx.doi.org/10.1016/j.apcata.2016.02.023
http://dx.doi.org/10.1016/j.bios.2015.05.071
http://www.ncbi.nlm.nih.gov/pubmed/26143465
http://dx.doi.org/10.1016/j.trac.2012.09.011
http://dx.doi.org/10.1016/j.snb.2016.04.062
http://dx.doi.org/10.1016/j.bios.2016.01.056
http://www.ncbi.nlm.nih.gov/pubmed/26827147
http://dx.doi.org/10.3390/s100504855
http://www.ncbi.nlm.nih.gov/pubmed/22399911
http://dx.doi.org/10.1002/adma.201305254
http://www.ncbi.nlm.nih.gov/pubmed/24677386
http://dx.doi.org/10.1016/j.bios.2011.10.013
http://www.ncbi.nlm.nih.gov/pubmed/22035972
http://dx.doi.org/10.1038/srep07382
http://www.ncbi.nlm.nih.gov/pubmed/25488502
http://dx.doi.org/10.1016/j.apcatb.2007.12.017
http://dx.doi.org/10.1016/j.snb.2014.06.107
http://dx.doi.org/10.1016/j.susc.2007.10.044
http://dx.doi.org/10.1016/j.snb.2010.02.058
http://dx.doi.org/10.1016/j.elecom.2009.07.025
http://dx.doi.org/10.1016/j.bioelechem.2012.03.006
http://www.ncbi.nlm.nih.gov/pubmed/22522031
http://dx.doi.org/10.1016/j.snb.2013.04.018
http://dx.doi.org/10.1063/1.2953686

Nanomaterials 2016, 6, 159 80f8

19. Gougis, M.; Pereira, A.; Ma, D.L.; Mohamedi, M. Simultaneous deposition of cerium oxide and gold
nanostructures-characterization and analytical properties toward glucose electro-oxidation and sensing.
RSC Adv. 2014, 4, 39955-39961. [CrossRef]

20. Gougis, M.; Tabet-Aoul, A.; Ma, D.L.; Mohamedi, M. Nanostructured cerium oxide catalyst support: Effects
of morphology on the electroactivity of gold toward oxidative sensing of glucose. Microchim. Acta 2014, 181,
1207-1214. [CrossRef]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1039/C4RA05374E
http://dx.doi.org/10.1007/s00604-014-1283-9
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Materials and Methods 
	Conclusions 

