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Rational design of binder-free
noble metal/metal oxide arrays
with nanocauliflower structure for
wide linear range nonenzymatic
glucose detection
Zhenzhen Li1, Yanmei Xin1, Zhonghai Zhang1, Hongjun Wu2 & Peng Wang3
One-dimensional nanocomposites of metal-oxide and noble metal were expected to present
superior performance for nonenzymatic glucose detection due to its good conductivity and
high catalytic activity inherited from noble metal and metal oxide respectively. As a proof of
concept, we synthesized gold and copper oxide (Au/CuO) composite with unique one-dimensional
nanocauliflowers structure. Due to the nature of the synthesis method, no any foreign binder was
needed in keeping either Au or CuO in place. To the best of our knowledge, this is the first attempt
in combining metal oxide and noble metal in a binder-free style for fabricating nonenzymatic glucose
sensor. The Au/CuO nanocauliflowers with large electrochemical active surface and high electrolyte
contact area would promise a wide linear range and high sensitive detection of glucose with good
stability and reproducibility due to its good electrical conductivity of Au and high electrocatalytic
activity of CuO.

Accurate detection of glucose level in blood is essential for clinical diagnostics in diabetes control1–4.
Traditionally, glucose concentration is monitored by an amperometric system, in which glucose is enzymatically oxidized by highly selective glucose oxidase (GOx) immobilized on electrode surface and the
thus-generated electrons or reaction product, hydrogen peroxide (H2O2), is subsequently measured so
to determine the concentration of the glucose5–8. By the nature of enzyme, the GOx-based glucose sensor possesses selectivity, but its application is still limited due to the inherent drawbacks associated
with enzyme purification, immobilization and its protection from denaturing. Moreover, the great distance between the deeply embedded flavin group (FAD) redox center of GOx and the electrode surface
complicates the system and necessitates certain electron shuttles be present in the samples, which is
arguably the biggest barrier that limits the sensitivity of this method9,10. To this end, nonenzymatic,
direct electrocatalytic detection of glucose has recently garnered significant interest as it promises an
electron-transfer-shuttle-free sensor and thus a high sensitivity and repeatability11,12.
For a successful nonenzymatic electrocatalytic detection of glucose, high conductivity and catalytic
activity is required for the electrocatalyst. Among all of the candidate materials for the electrocatalyst in
glucose detection, including noble metal13–15, metal oxide16–18, carbon materials19–21, mesoporous alloy22,
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Figure 1. A schematic illustration of preparation of Au/CuO nanocauliflower composite.

and polymers23,24, noble metal and metal oxide materials have distinguished themselves. Recently, various nanostructures, such as nanorod25, nanowire26, nanotube27,28, dendritic29 and mesoporous materials30,31, have received significant attention due to their high surface area, efficient charge separation, etc.,
which are beneficial to many applications. Among the synthesis methods for fabricating one-dimensional
nanostructures, anodization stands out owing to its versatility, one step, low-cost, and more importantly
seamless connection between the metal substrate and the anodized nanostructures which literally makes
the so-prepared nanostructures an ideal electrode with high conductivity32–35. Generally, in a conventional electrochemical nonenzymatic sensing process, the electrocatalysts are prepared in the form of
nanoparticles, and are then immobilized on conductive substrates with the help from certain polymeric
binders, which are usually insulating and electrochemically inactive. The presence of the polymeric binders in the conventional systems inevitably increases the series resistance, block the otherwise catalytically
active sites, and impede the electrolyte diffusion, ultimately leading to a significantly reduced electrocatalytic activity and poor performance of the sensors. For the above-mentioned reasons, anodized
one-dimensional nanostructures can be a rational solution to the problem in the conventional systems.
In this study, we propose to utilize anodized one-dimensional nanostructure of metal-oxide and noble
metal composite for nonenzymatic glucose detection. The composite of metal-oxide and noble metal is
a judicious choice as it would present a good electrocatalytic performance plus conductivity and high
catalytic activity inherited from noble metal and metal oxide respectively. As a proof of concept, we synthesized gold and copper oxide (Au/CuO) composite with one-dimensional nanostructure. Among the
common noble metals, Au presented highly stable, conductive properties, and good catalytically activity36,37, in addition, the detailed catalytic mechanism of glucose on gold substrate and operable strategy
for improving selectivity and anti-interference ability have well been proposed and determined by Pasta
and Cui38,39, which distinguished itself as best choice for constructing a nonenzymatic sensor. For metal
oxides, the CuO was selected due to its high catalytic activity, low cost, abundance of copper in the crust
of the Earth40,41, and more importantly the fact that one-dimensional CuO nanowire structure could be
facilely synthesized by anodization42,43. The Au nanoparticles were decorated on the anodized CuO nanowire array with a simple photo-reduction method, taking on a unique nanocauliflowers structure. Due to
the nature of the synthesis method, no any foreign binder was needed in keeping either Au or CuO in
place. To the best of our knowledge, this is the first attempt in combining metal oxide and noble metal
in a binder-free style for fabricating nonenzymatic glucose sensor. The Au/CuO nanocauliflowers with
large electrochemical active surface and high electrolyte contact area would promise a wide linear range
and high sensitive detection of glucose with good stability and reproducibility due to its good electrical
conductivity of Au and high electrocatalytic activity of CuO.

Results

Preparation of Au/CuO nanocauliflower composite. The preparation procedures for Au/CuO
nanocauliflower is illustrated in Fig. 1. First, he cleaned copper foil was electrochemically anodized in a
conventional three-electrode system to form Cu(OH)2 nanowire arrays, and then annealed at 180 °C for
1 h to convert Cu(OH)2 to CuO with the nanowire arrays well preserved. Second, the Au nanoparticles
were deposited onto the CuO nanowires by a direct photocatalytic reduction of HAuCl4 in aqueous solution, forming a unique nanocauliflower structures. For comparison, Cu(OH)2, CuO, and Au/Cu(OH)2
composite electrode were also prepared following otherwise the same procedure.
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Figure 2. SEM image. (a) Cu(OH)2 nanowires, (b) Au/Cu(OH)2 nanowires, (c) CuO nanowires, and (d)
Au/CuO nanocauliflowers in various magnifications.

Materials Characterization. Figure 2a-d present the scanning electron microscopy (SEM) images

of the Cu(OH)2 nanowires, Au/Cu(OH)2 nanowires, CuO nanowires, and Au/CuO nanocauliflowers
respectively. As can be seen, a dense layer of the Cu(OH)2 nanowires covered the Cu foil substrate after
anodization (Fig. 2a1-a3) and with the deposited Au nanoparticles on top, the Cu(OH)2 was able to
maintain the uniform nanowire structures (Fig. 2b1-b3). After annealing, the bluish Cu(OH)2 nanowires turned into black CuO nanowires with somewhat rough surfaces (Fig. 2c1-c3). The length of the
CuO nanowires was around 8~10 μ m (Supplementary Fig. S1). The energy dispersive X-ray spectroscopy
(EDS) spectra of the Au/CuO present evidence of the successful Au loading (Supplementary, Fig. S2).
As shown in Fig. 2d1-d3, different from the Au/Cu(OH)2 case, for the Au/CuO, the Au fully covered
the entire CuO nanowire surfaces, which may be ascribed to the rough CuO nanowire surfaces being
active Au loading sites. More interestingly, there were Au nano-aggregates on top of each nanowire tips
due to spatial availability, which presented a uniform nanocauliflowers structure (Supplementary, Fig.
S3). It is worth mentioning that the pH of the aqueous HAuCl4 solution had a significant effect on the
Au deposition and in this work, an optimized pH value of 6.5 was used in both Au/Cu(OH)2 and Au/
CuO cases. It was found that a lower pH value would result in the removal of the nanowires from the
copper foil substrate (Supplementary Fig. S4) while a higher pH value would fail to deposit Au on the
nanowires (Supplementary Fig. S5).
The crystal structures of the Cu(OH)2, Au/Cu(OH)2, CuO, and Au/CuO samples were characterized
and successfully confirmed by X-ray diffraction (XRD). As shown in Fig. 3, there are a weak diffraction peak at 43.3° and two strong diffraction peaks at 50.4° and 74.1° which come from the copper foil
substrate (JCPDS 04-0836). For the Cu(OH)2 sample, the diffraction peaks indexed to orthorhombic
Cu(OH)2 (JCPDS 80-0656) could be clearly identified. While the diffraction peaks at 35.5°, 38.7°, 61.5°
and 66.2° in the CuO sample can be assigned to the (11-1), (111), (11-3), and (31-1) planes of CuO phase
(JCPDS 48-1548), with no sharp peak that can be indexed to other impurities indicating high purity of
the CuO. Particularly, both of the Au/Cu(OH)2 and Au/CuO samples present diffraction peaks at 38.2°,
44.3°, 64.5°, and 77.5°, which can be assigned to the (111), (200), (220), and (311) planes of Au phase
(JCPDS 65-2870), with the (111) plane of Au significantly overlapping with the (022) plane of Cu(OH)2
and (111) plane of CuO. The average crystalline sizes of Au were estimated from the Debye-Scherrer
equation from the (200) crystal plane with 13.8 nm and 12.4 nm for Au/Cu(OH)2 and Au/CuO respectively44.
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Figure 3. XRD patterns. (a) Cu(OH)2, (b) Au/Cu(OH)2, (c) CuO and (d) Au/CuO.

The X-ray photoelectron spectroscopy (XPS) survey spectra of the Au/CuO clearly indicate Cu, O and
Au elements, with no other impurities being determined (Supplementary Fig. S6a, b). The XPS of Cu 2p
core level is presented in Fig. 4a where two peaks located at 934.0 and 954.0 eV are shown, which can
be assigned to the binding energy of Cu 2p3/2 and Cu 2p1/2 respectively, indicating the presence of the
Cu2+ on the sample45. In addition, two extra shake-up satellite peaks for Cu 2p3/2 and Cu 2p1/2 at 941.8
and 961.9 eV are also observed on higher binding energy side, implying the presence of an unfilled Cu
3d9 shell and thus further confirming the existence of Cu2+ on the sample surface. The core-level XPS
of O 1s in Fig. 4b presents two band peaks at 529.7 and 531.2 eV, which can be ascribed to oxygen in
CuO lattice and hydroxyl adsorption on its surface46. The Au 4f core level from the Au/CuO (Fig. 4c)
can be fitted with two peaks at a binding energy of 84.0 and 87.7 eV, corresponding to Au 4f7/2 and Au
4f5/2 respectively, which is attributed to metallic gold Au(0)47.
The electrochemical properties of the Cu(OH)2, Au/Cu(OH)2, CuO and Au/CuO samples were investigated with a cyclic voltammetry (CV) method in 1.0 M NaOH solution with scan rate of 50 mV s-1 and
working area of 1.0 cm2. As shown in Fig. 5a, all samples presented oxidation peak in range of 0.3 to
0.5 V, which can be attributed to the conversion of Cu(II) to Cu(III) which, once formed, may then act
as electron transfer media for the oxidation of glucose48,49. Among all samples, the Au/CuO displayed
the highest anodic current density and lowest oxidation potentials, implying its highest electrocatalytic
performance. This result was expected due to the good conductivity of the Au nanostructures and high
catalytic activity of the CuO nanowires.
A series of linear-sweep voltammograms (LSV) were recorded on the Au/CuO electrode at various
concentrations of glucose and presented in Fig. 5b and in Supplementary Fig. S7, with the blank response
in NaOH solution being subtracted. Clearly, with an increase in glucose concentration, the anodic current increased, peaked at 0.35 V vs Ag/AgCl before declining thereafter. As a result, the potential of
0.35 V vs Ag/AgCl was selected as sensing voltage for subsequent amperometric tests so to optimize the
electrocatalytic response as well as obtain the best sensitivity. A typical current-time (I-t curve) of the Au/
CuO sensor electrode was presented in Fig. 5c, which shows the Au/CuO sensor produced an excellent
amperometric response with a short response time, in response to addition of glucose with different concentrations. A calibration curve was further plotted and presented in the top-left inset of Fig. 5c, which
exhibited a high sensitivity of 708.7 μ A mM-1 cm-2, and the calibration curve in low concentration was
presented in the bottom-right inset of Fig. 5c, both of which helped to demonstrate a low detection limit
of 0.3 μ M (S/N =  3), and a wide linear range. The I-t curves of the Cu(OH)2, Au/Cu(OH)2, CuO and Au/
CuO samples were recorded to determine their amperometric sensing properties (Supplementary Fig.
S8-11), and the corresponding sensitivity, linear range and detection limit are summarized in Table 1. As
expected, the Au/CuO sensor presented superior performance to others due the rational combination of
the noble metal and metal-oxide within a desirable nano-framework.

Discussion

The CV responses of the Au/CuO electrode at different scan rate were investigated (Fig. 6a) to confirm
the redox reaction model. As presented in Fig. 6b, both anodic and cathodic peak currents varied linearly
with potential scan rate in the range of 5 to 500 mV s-1, which suggested that the redox reaction is a
surface-confined process50,51, and the glucose molecules were direct oxidized on the surface of composite
electrode and the electron were directly transferred, without other mediators.
Electrochemical impedance spectra (EIS) measurement is a powerful tool for studying the electronic properties on the electrode interface. The EIS measurements were carried out to demonstrate the
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Figure 4. High resolution XPS of Au/CuO sample. (a) Cu 2p, (b) O 1s and (c) Au 4f.

enhancement of conductivity after Au loading, covering the frequency of 105–0.1 Hz interval using an
amplitude of 10 mV at the open circuit potential of the system. Fig. 6c presents Nyquist plots for the
Cu(OH)2, Au/Cu(OH)2, CuO, and Au/CuO samples, respectively. Semicircles in Nyquist plots convey
information on charge transfer process as the diameters of the semicircles are equal to charge transfer
resistance of a sample52. As depicted in Fig. 6c, the Au/CuO sample exhibited the smallest semicircular
diameter, indeed confirmed the accelerated electron transfer in the presence of the Au nanostructures as
the Au/CuO exhibited the lowest resistance among all samples.
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Figure 5. Electrochemical nonenzymatic detection. (a) Cyclic voltammograms of the Cu(OH)2, Au/
Cu(OH)2, CuO and Au/CuO in 1.0 M NaOH with scan rate of 50 mV s-1; (b) linear sweep voltammograms
of the Au/CuO electrode in various glucose concentrations with scan rate of 50 mV s-1 by subtracting the
blank response in 1.0 M NaOH; (c) amperometric responses of the Au/CuO electrode with successive
addition of glucose at 0.35 V vs Ag/AgCl, the top-left inset is current-glucose concentration calibration
curve, and the bottom-right inset is the calibration curve in low glucose concentrations.

Anti-interference property s another essential parameter for nonenzymatic glucose sensor as a good
selectivity ensures high accuracy. The selectivity of the Au/CuO sensor was tested with various potentially interfering reagents. As shown in Fig. 6d, the addition of 1.0 mM of glucose resulted in a quick
and significant current increase, whereas an addition of 0.1 mM of uric acid (UA), ascorbic acid (AA),
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Samples

Sensitivity /
μA mM-1
cm-2

Cu(OH)2

334.7

24 μ M-30 mM

8.3

Au/Cu(OH)2

390.2

14 μ M-30 mM

8.0

CuO

442.0

8.0 μ M-30 mM

6.2

Au/CuO

708.7

1.0 μ M-30 mM

0.3

Linear range

Detection
of Limit /
μM

Table 1. Comparison of performance of different nonenzymatic glucose sensors

Figure 6. Electrochemical characterization. (a) Cyclic voltammograms obtained at Au/CuO
nanocauliflower electrode in presence of 1 mM glucose in 1.0 M NaOH at different scan rates, (b) the
relationship between peak current with scan rate. (c) Nyquist plots of Cu(OH)2, Au/Cu(OH)2, CuO, and Au/
CuO samples collected at open circuit potential. (d) Anti-interference property of the Au/CuO electrode
with initial addition of 1.0 mM glucose and 0.05 mM of UA, AA, and DA, and then again 1.0 mM gluocse,
followed by addition of 0.02 mM sucrose, lactose, and maltose, and last addition of 1.0 mM glucose.

dopamine (DA), and 0.05 mM such saccharides as sucrose, lactose, and maltose did not cause observable
current changes. Considering that the concentrations of these tested interfering substances in plasma
are substantially lower than that of glucose53,54, the Au/CuO sensor possesses a very favorable selectivity
toward glucose detection.
To further evaluate the reproducibility, five Au/CuO electrodes were investigated at 0.35 V to compare
their amperometric current response, and a good relative standard deviation of 1.56% was achieved, confirming the good reproducibility. In addition, the long-term stability of the Au/CuO electrodes were also
tested by studying the current response intermittently in a period of 30 days, and a good repeatability
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was found for the same glucose sample, suggesting the Au/CuO electrode is quite stable for the glucose
sensing.
In summary, we have successfully synthesized the Au/CuO nanocauliflower electrode for highly sensitive nonenzymatic glucose sensing, and demonstrated that the noble metal/metal oxide composite with
binder-free connection present excellent electrocatalytic activity and high sensitivity. This study is the
meaningful first step in exploring noble metal/metal oxide composite for nonenzymatic sensing.

Methods

Synthesis of Au/CuO nanowire arrays. All the chemicals were of analytical grade and used as
purchased without further purification. Copper foil (thickness of 0.1 mm) were supplied by Hebei Jinjia
Metal Materials Ltd. Co (P. R. China). HAuCl4, sodium hydroxide, glucose, dopamine, ascorbic acid,
uric acid, sucrose, lactose, and maltose were supplied by Macklin Inc, Shanghai, China. The Cu foil was
anodized in an alkali solution (3 M NaOH) for 30 min under 10 mA cm-2 to form Cu(OH)2 nanowire. The
temperature of the electrochemical cells was maintained at 25 °C for all experiments. The as-anodized
nanowire was annealed at 180 oC for 1 h to converted Cu(OH)2 to CuO. The nanowire arrays were dipped
into HAuCl4 solution (pH =  6.0) under simulated solar light irradiation (100 mW cm-2) for 30 min for
Au deposition.
Materials Characterization. The morphologies electrodes were characterized by scanning electron
microscopy (SEM, FEI, Quanta 600). The crystalline structure of the samples was analyzed by X-ray diffraction (XRD) (Bruker D8 Discover diffractometer, using Cu Kα radiation (1.540598 Å)). The chemical
compositions and status were analyzed by X-ray Photoelectron Spectroscopy (XPS) with an Axis Ultra
instrument (Kratos Analytical) under ultrahigh vacuum (< 10−8 torr) and by using a monochromatic Al
Kα X-ray source. The adventitious carbon 1 s peak was calibrated at 284.8 eV and used as an internal
standard to compensate for any charging effects.
Electrochemical nonenzymatic detetion. All the electrochemical measurements including cyclic
voltammetry, chronoamperometry and electrochemical impedance spectroscope were performed with
CHI 660E electrochemical working station in a three-electrode system with nanowire electrodes as working electrode (geometrical area in solution is 1.0 cm2), a platinum foil as the counter electrode, and Ag/
AgCl with saturated KCl solution as the reference electrode.

References

1. Heller, A. & Feldman, B. Electrochemical glucose sensors and their applications in diabetes management. Chem. Rev. 108,
2482–2505 (2008).
2. Ronkainen, N. J., Halsall, H. B. & Heineman, W. R. Electrochemical biosensors. Chem. Soc. Rev. 39, 1747–1763 (2010).
3. Lang, X. Y. et al. Nanoporous gold supported cobalt oxide microelectrodes as high-performance electrochemical biosensors. Nat.
Commun. 4, 2169 doi: 10.1038/ncomms3169 (2013).
4. Su, J. et al. Personal glucose sensor for point-of-care early cancer diagnosis. Chem. Commun. 48, 6909–6911 (2012).
5. Wang, J. Electrochemical glucose biosensors. Chem. Rev. 108, 814–825 (2008).
6. Kim, D. M. et al. Electron-transfer mediator for a NAD-glucose dehydrogenase-based glucose sensor. Anal. Chem. 85, 11643–
11649 (2013).
7. Tang, J. et al. Sensitive enzymatic glucose detection by TiO2 nanowire photoelectrochemical biosensors. J. Mater. Chem. A 2,
6153–6157 (2014).
8. Si, P. et al. Hierarchically structured one-dimensional TiO2 for protein immobilization, direct electrochemistry, and mediator-free
glucose sensing. ACS Nano 5, 7617–7626 (2011).
9. Li, J., Li, Y., Zhang, Y. & Wei, G. Highly sensitive molecularly imprinted electrochemical sensor based on the double amplification
by an inorganic prussian blue catalytic polymer and the enzymatic effect of glucose oxidase. Anal. Chem. 84, 1888–1893 (2012).
10. Chen, C. et al. Recent advances in electrochemical glucose biosensors: a review. RSC Adv. 3, 4473–4491 (2013).
11. Tian, K., Prestgard, M. & Tiwari, A. A review of recent advances in nonenzymatic glucose sensors. Mater. Sci. Eng. C 41, 100–118
(2014).
12. Guo, C., Huo, H., Han, X., Xu, C. & Li, H. Ni/CdS bifunctional Ti@TiO2 core–shell nanowire electrode for high-performance
nonenzymatic glucose sensing. Anal. Chem. 86, 876–883 (2014).
13. Bai, H., Han, M., Du, Y., Bao, J. & Dai, Z. Facile synthesis of porous tubular palladium nanostructures and their application in
a nonenzymatic glucose sensor. Chem. Commun. 46, 1739–1741 (2010).
14. Park, S., Chung, T. D. & Kim, H. C. Nonenzymatic glucose detection using mesoporous platinum. Anal. Chem. 75, 3046–3049
(2003).
15. Ni, P. et al. Facile synthesis of Prussian blue @ gold nanocomposite for nonenzymatic detection of hydrogen peroxide. RSC Adv.
3, 15987–15992 (2013).
16. Fang, B. et al. Silver oxide nanowalls grown on Cu substrate as an enzymeless glucose sensor. ACS Appl. Mater. Interfaces 1,
2829–2834 (2009).
17. Chen, J., Zhang, W. D. & Ye, J. S. Nonenzymatic electrochemical glucose sensor based on MnO2/MWNTs nanocomposite.
Electrochem. Commun. 10, 1268–1271 (2008).
18. Wu, Y., Jia, D., He, Y., Miao, Y. & Wu, H. L. Nano nickel oxide modified non-enzymatic glucose sensors with enhanced sensitivity
through an electrochemical process strategy at high potential. Biosensor. Bioelectronics. 26, 2948–2952 (2011).
19. Zhong, X., Yuan, R. & Chai, Y. In situ spontaneous reduction synthesis of spherical Pd@Cys-C60 nanoparticles and its application
in nonenzymatic glucose biosensors. Chem. Commun. 48, 597–599 (2012).
20. Zhan, B. et al. Free-standing electrochemical electrode based on Ni(OH)2/3D graphene foam for nonenzymatic glucose detection.
Nanoscale 6, 7424–7429 (2014).
21. Ye, J. et al. Nonenzymatic glucose detection using multi-walled carbon nanotube electrodes. Electrochem. Commun. 6, 66–70
(2004).

Scientific Reports | 5:10617 | DOI: 10.1038/srep10617

8

www.nature.com/scientificreports/
22. Li, C., Wang, H., & Yamauchi, Y. Electrochemical Deposition of Mesoporous Pt–Au Alloy Films in Aqueous Surfactant Solutions:
Towards a Highly Sensitive Amperometric Glucose Sensor. Chem. Eur. J. 19, 2242–2246 (2013).
23. Shoji, E. & Freund, M. S. Potentiometric sensors based on the inductive effect on the pKa of poly(aniline): a nonenzymatic
glucose sensor. J. Am. Chem. Soc. 123, 3383–3384 (2001).
24. Lu, X. et al. Copper coralloid granule/polyaniline/reduced graphene oxide nanocomposites for nonenzymatic glucose detection.
Anal. Methods 6, 4643–4651 (2014).
25. Luo, D., Wu, L. & Zhi, J. Fabrication of boron-doped diamond nanorod forest electrodes and their application in nonenzymatic
amperometric glucose biosensing. ACS Nano 3, 2121–2128 (2009).
26. Zhuang, Z. et al. An improved sensitivity non-enzymatic glucose sensor based on a CuO nanowire modified Cu electrode.
Analyst 133, 126–132 (2008).
27. Zhang, Z., Zhang, L., Hedhili, M. N., Zhang, H. & Wang, P. Plasmonic gold nanocrystals coupled with photonic crystal seamlessly
on TiO2 nanotube photoelectrodes for efficient vsible light photoelectrochemical water splitting. Nano. Lett. 13, 14–20 (2013).
28. Xu, L., Yang, Q., Liu, X., Liu, J. & Sun, X. One-dimensional copper oxide nanotube arrays: biosensors for glucose detection. RSC
Adv. 4, 1449–1455 (2014).
29. Li, C. &Yamauchi, Y. Facile solution synthesis of Ag@Pt core–shell nanoparticles with dendritic Pt shells. Phys. Chem. Chem.
Phys. 15, 3490–3496 (2013).
30. Li, C., Sato, T. & Yamauchi, Y. Electrochemical Synthesis of One-Dimensional Mesoporous Pt Nanorods Using the Assembly of
Surfactant Micelles in Confined Space. Angew. Chem. Int. Ed. 52, 8050–8053 (2013).
31. Yamauchi, Y. Field-Induced alignment controls of one-dimensional mesochannels in mesoporous materials. J. Ceram. Soc. Jpn.
121, 831–840 (2013).
32. Wang, C., Yin, L., Zhang, L. & Gao, R. Ti/TiO2 nanotube array/Ni composite electrodes for nonenzymatic amperometric glucose
sensing. J. Phys. Chem. C 114, 4408–4413 (2010).
33. Yuan, S. et al. Engraving copper foil to give large-scale binder-free porous CuO arrays for a high-performance sodium-ion battery
anode. Adv. Mater. 26, 2273–2279 (2014).
34. Zhang, Z. & Wu, H. Multiple band light trapping in ultraviolet, visible and near infrared regions with TiO2 based photonic
materials. Chem. Commun. 50, 14179–14182 (2014).
35. Zhang, Z., Hossain, M. F. & Takahashi, T. Self-assembled hematite (α -Fe2O3) nanotube arrays for photoelectrocatalytic
degradation of azo dye under simulated solar light irradiation. Appl. Catal. B: Environ 95, 423–429 (2010).
36. Li, Y., Song, Y. Y., Yang, C. & Xia, X. H. Hydrogen bubble dynamic template synthesis of porous gold for nonenzymatic
electrochemical detection of glucose. Electrochem. Commun. 9, 981–988 (2007).
37. Zhu, H., Lu, X., Li, M., Shao, Y. & Zhu, Z. Nonenzymatic glucose voltammetric sensor based on gold nanoparticles/carbon
nanotubes/ionic liquid nanocomposite. Talanta 79, 1446–1453 (2009).
38. Pasta, M., La Mantia, F. & Cui, Y. Mechanism of glucose electrochemical oxidation on gold surface. Electrochim. Acta. 55,
5561–5568 (2010).
39. Pasta, M., La Mantia, F. & Cui, Y. A new approach to glucose sensing at gold electrodes. Electrochem. Commun. 12, 1407–1410
(2010).
40. Ahmad, R., Vaseem, M., Tripathy, N. & Hahn, Y. B. Wide linear-range detecting nonenzymatic glucose biosensor based on CuO
nanoparticles inkjet-printed on electrodes. Anal. Chem. 85, 10448–10454 (2013).
41. Sun, S. et al. Facile water-assisted synthesis of cupric oxide nanourchins and their application as nonenzymatic glucose biosensor.
ACS Appl. Mater. Interfaces 5, 4429–4437 (2013).
42. Zhang, Z., Dua, R., Zhang, L., Zhang, H. & Wang, P. Carbon-layer-protected cuprous oxide nanowire arrays for efficient water
reduction. ACS Nano 7, 1709–1717 (2013).
43. Zhang, Z. & Wang, P. Highly stable copper oxide composite as an effective photocathode for water splitting via a facile
electrochemical synthesis strategy. J. Mater. Chem. 22, 2456–2464 (2012).
44. Zhang, Z., Hossain, M. F. & Takahashi, T. Photoelectrochemical water splitting on highly smooth and ordered TiO2 nanotube
arrays for hydrogen generation. Int. J Hydrogen Energy. 35, 8528–8535 (2010).
45. Yin, M. et al. Copper Oxide Nanocrystals. J. Am. Chem. Soc. 127, 9506–9511 (2005).
46. Dar, M. A., Kim, Y. S., Kim, W. B., Sohn, J. M. & Shin, H. S. Structural and magnetic properties of CuO nanoneedles synthesized
by hydrothermal method. Appl. Surf. Sci. 254, 7477–7481 (2008).
47. Kruse, N. & Chenakin, S. XPS characterization of Au/TiO2 catalysts: Binding energy assessment and irradiation effects. Appl.
Catal. A: Gen 391, 367–376 (2011).
48. Jiang, L. C. & Zhang, W. D. A highly sensitive nonenzymatic glucose sensor based on CuO nanoparticles-modified carbon
nanotube electrode. Biosens. Bioelectron. 25, 1402–1407 (2010).
49. Zhuang, Z. et al. An improved sensitivity non-enzymatic glucose sensor based on a CuO nanowire modified Cu electrode.
Analyst 133, 126–132 (2008).
50. Bai, Y. F., Xu, T. B., Luong, J. H. T. & Cu, H. F. Direct electron transfer of glucose oxidase-boron doped diamond interface: A
new solution for a classical problem. Anal. Chem. 86, 4910–4918 (2014).
51. Zhou, J., Liao, C., Zhang, L., Wang, Q. & Tian, Y. Molecular hydrogel-stabilized enzyme with facilitated electron transfer for
determination of H2O2 Released from live cells. Anal. Chem. 86, 4395–4401 (2014).
52. Zhang, Z. et al. Preparation and photoelectrochemical properties of a hybrid electrode composed of polypyrrole encapsulated in
highly ordered titanium dioxide nanotube array. Thin Solid Films 516, 8663–8667 (2008).
53. Hrapovic, S. & Luong, J. H. T. Picoamperometric detection of glucose at ultrasmall platinum-based biosensors: preparation and
characterization. Anal. Chem. 75, 3308–3315 (2003).
54. Li, L. M. et al. A novel nonenzymatic hydrogen peroxide sensor based on MnO2/graphene oxide nanocomposite. Talanta 82,
1637–1641 (2010).

Acknowledgements

Z.Z thanks to the support from “Yingcai” program of ECNU, Shanghai Pujiang Program (14PJ1403400),
and National Natural Science Foundation of China (No. 21405046), and H. W thanks to the support
from New Century Excellent Talent Project of the Department of Education (No. 1253-NCET004),
Heilongjiang Province, P.R. China.

Author Contributions

Z.Z. designed the experiments. Z.L, Y.X. and H.W. performed experiments and analyzed the data.
Z.L., Z.Z. and P.W. wrote the manuscript, and all authors discussed the results and commented on the
manuscript.
Scientific Reports | 5:10617 | DOI: 10.1038/srep10617

9

www.nature.com/scientificreports/

Additional Information

Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Li, Z. et al. Rational design of binder-free noble metal/metal oxide arrays with
nanocauliflower structure for wide linear range nonenzymatic glucose detection. Sci. Rep. 5, 10617;
doi: 10.1038/srep10617 (2015).
This work is licensed under a Creative Commons Attribution 4.0 International License. The
images or other third party material in this article are included in the article’s Creative Commons license, unless indicated otherwise in the credit line; if the material is not included under the
Creative Commons license, users will need to obtain permission from the license holder to reproduce
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/

Scientific Reports | 5:10617 | DOI: 10.1038/srep10617

10

