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1. Introduction

Nanomaterials represent one of the most
studied themes of the scientific and techno-
logical research of the 21st century.
Nanomaterial potentialities have been
explored in all the challenging technologi-
cal fields of the human society.[1] In fact,
nanomaterials having at least one dimen-
sion in the nanometer scale present signif-
icant unconventional physical and
chemical properties with respect to corre-
sponding bulk materials. Nanomaterial
properties are of particular interest in the
field of electrochemical sensing. In the past
years, the use of nanomaterials in combina-
tion with electroanalysis techniques has
grown considerably.

Several authors reported that some clas-
ses of functional nanomaterials exhibit
electrocatalyst property or mimic the
natural activity of enzymes (enzyme-like
activity) and for this reason they are called
nanozymes.[2–5] They possess higher stabil-

ity and greater availability with respect to natural enzymes.
Nanoscale materials mimicking specific catalytic activity include,
but are not limited to, peroxidase,[6] catalase, glucose oxidase,
sulfite oxidase, haloperoxidase, superoxide dismutase (SOD), CO
oxidase, laccase, monoxygenase, ferritin ferrooxidase,[7] various
hydrolases such as phosphotriesterase phosphatase, carbonic
anhydrase, chymotrypsin, as well as endonucleases, DNA-ases,
NO synthases, and proteases.[8–11]

In addition to the mimicking properties of natural enzymes,
nanostructures used in combination with electroanalysis techni-
ques show unique advantages over the corresponding large-area
electrodes: enhancement of mass transport, catalysis, high effec-
tive surface area, and better control of the electrode microenvi-
ronment.[12] Thus, much work has been devoted to their
preparation, characterization, and use in the electroanalysis of
many electroactive inorganic, organic, and biological species.
Important applications based on electroanalysis concern, but
are not limited to, the continuous blood glucose monitoring,
physiological pH monitoring through sweat, immunesensors
assays, heavy metal, and pesticides detection in drinking water.
The most used nanomaterials in electroanalysis range roughly
from individual carbon-based single- and multiwalled nanotubes
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Nanostructures of Cu2O/CuO hydroxide suitable for the electrochemical
determination of glucose are obtained by solid-state dewetting of CuO layers 6, 8,
and 31 nm thin deposited by sputtering onto 240 μm-thick graphene paper. Solid-
state dewetting in nitrogen produces a partial decomposition of CuO into Cu2O
and Cu. X-ray diffraction patterns reveal the presence of high-index crystallo-
graphic facets, which are reactive and useful toward glucose oxidation to glu-
conolactone. Typically, morphology studied by scanning electron microscopy
reveals faceted nanoparticles with an average size below 200 nm. X-ray photo-
electron spectroscopy shows that the nanostructure surfaces of Cu2O and
metallic copper exposed to natural ambient are promptly reoxidized and
hydroxidized to a mixture of CuO and Cu(OH)2. Electrochemical characterization
in amperometric mode reveals linear response to glucose concentration in the
range from 50 to 10� 10�3

M, sensitivity up to 83 μA cm�2 mM
�1, and limit of

detection up to 3.6� 10�6 M. Good combination of low cost and simplicity of
preparation with low limit of detection, high sensitivity, and wide linear range
makes the proposed electrodes suitable for a variety of applications ranging from
health to food and beverage industries.
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(CNTs), nanoballs, graphene, graphite, or in combination with
oxide–hydroxides of elements with partially filled 3 d orbital
or/and in combination with elements in the state of metals hav-
ing partially filled 4 d and 5 d orbitals. Furthermore, applications
of various types of elemental and molecular semiconductors are
reported.[13] Nanomaterials can be prepared through a variety of
routes that are mainly classified as bottom-up, top–down, physi-
cal, biological, and chemical methods.[13] In the bottom-up pro-
cess, the manufacturing process involves the building up of the
atom or molecular constituents. In contrast, the top–down pro-
cess involves the atomization of the bulk material through a
proper physical or chemical method. The high cost of precious
metals used in some electroanalyses can be mitigated by nano-
particle modification of an inexpensive base material.[14] This
approach leads to a larger surface area-to-volume ratio for the
precious metal, lowering the final cost of the electrode.[15] The
large effective area of electrode surface is characterized by a large
number of active sites, which, in turn, produce an intense elec-
trochemical response and a higher signal-to-noise ratio.[16]

Nonetheless, it should be noted that the voltammetry conducted
by the nanoelectrode, where at least one dimension is of the
order of nanometers, could imply the change of the diffusive
mechanisms of the analyte typically from planar to conver-
gent.[16] This allows the possibility of exploring electrochemical
processes with fast kinetics.[16]

Nanomaterial synthesis is very dynamic, and the complexity of
preparation methods is very large. Some methods commonly
used include but are not limited to chemical vapor synthesis,
gas condensation, sol–gel technique, mechanical attrition, chem-
ical precipitation, liquid metal ion source, electrodeposition,
molecular beam epitaxy, ionized cluster beam, laser beam depo-
sition, electron beam lithography, gas aggregation of monomers,
sputtering, chemical precipitation in the presence of capping
agents, reaction in microemulsions, and autocombustion.[17]

Solid-state dewetting of thin films has been proposed for the
fabrication of metal nanostructures, with some advantages with
respect to other fabrication methods.[18] Large areas of nanopar-
ticle arrays can be obtained by solid-state dewetting of a film
material below the temperature of its melting point.[19] The
solid-state dewetting process depends on several parameters
such as material melting point, thermal diffusivity, self-diffusion
coefficient, and the initial film thickness. Then, the fabrication of
large areas of narrow-spaced nanostructures is very challenging.
Often, both the interstitial spacing and the average nanostructure
size simultaneously increase as the film thickness increases.
Hydrodynamic instability, which occurs when attractive
intermolecular forces overcome the stabilizing effect of interfa-
cial tension, produces the dewetting of thin films.[20] High
temperatures amplify the effects of interfacial interactions and
metal diffusion, which further complicate dewetting. Moreover,
surface processes including chemical interactions and diffusion
of metal into the substrate could complicate and influence metal
dewetting under conventional long-time annealing. The optimi-
zation of the experimental parameters such as film thickness,
temperature, and duration of thermal process and substrate is
crucial to obtain reproducible dewetting.[21,22] Laser-assisted dew-
etting at molten phase has been described in the literature.[23]

The laser-assisted process shows several advantages with respect

to conventional physical and chemical processes, such as green,
tunable fabrication in ambient condition and scalability.[24–27]

In previous papers, we have shown the preparation of electro-
des for glucose and fructose determination based on gold nano-
structures onto graphene paper (GP).[28,29] The nanostructures
were obtained by two-step fully dry processes consisting of ther-
mal or laser dewetting of thin films of 1.6 and 8 nm of gold
deposited by sputtering.[28,29] The proposed electrodes exhibited
competitive analytical performance with the state of the art con-
cerning both enzymatic and nonenzymatic-based electrodes,
even at very low metal content up to few percent by atomic
surface composition. The proposed processes are characterized
by simplicity and low cost, if compared with high throughput.

Copper oxide nanostructures are valid alternatives to gold in
glucose sensing. Copper presents three main oxidation states
having distinct chemical, electrical, optical properties, and crys-
talline phases: cupric oxide Cu(II)O with monoclinic crystal
structure, cuprous oxide Cu(I)2O with a cubic crystal structure,
and paramelaconite Cu(I)2Cu(II)2O3, a mixture of Cu(II) and
Cu(I) coordination, with tetragonal crystal structure.[30,31]

The states of CuO and Cu2O are the most relevant for chemical
sensing both at gaseous phase[32] and at solution phase by
electrochemical methods.[33] Sun et al. point out the importance
of high-index facets in nanostructures of metal oxides, which
are characterized by high density of atoms having low coordina-
tion.[34] These nanostructures offer highly active sites for gas
sensing and electrochemical applications.[34] Unfortunately,
these facets prepared by conventional wet or biological processes
show low stability, even if their preparation is extensively
described in the literature.[35] In previous works, we have empha-
sized that an approach to enhance the electrocatalytic activity of
nanostructures with stable performance is to increase their effec-
tive surface area in the form of nanoelectrode array.[28,29] Then, a
further approach to improve the nanostructure electrocatalytic
activity consists of the synthesis of them in high-index crystalline
or amorphous phases.[36]

Therefore, the current study aims to shed light on the morphol-
ogy, surface composition, and crystal structure of CuOx prepared
by the unconventional method consisting of solid-state dewetting
of thin films. In detail, we investigated the analytical performance
toward glucose electrooxidation of electrodes based on CuOx nano-
structures. The effect of the thickness of the initial CuO layer was
investigated. The nanostructures were obtained by thermal dewet-
ting of CuO layer 6, 8, or 31 nm thin, deposited onto GP, and were
investigated by Rutherford backscattering spectrometry (RBS),
X-ray diffraction (XRD) spectroscopy, scanning electron micros-
copy (SEM), X-ray photoelectron spectroscopy (XPS), and cyclic
voltammetry (CV). The electrocatalytic activities toward glucose
oxidation and its amperometric determination in alkali solution
for the various thicknesses of CuO are presented and discussed.
Our preparation process of CuOx nanostructure arrays onto GP is
based on an easy-to-deploy approach and it is cleanroom friendly
and fully dry. The proposed process can be easily integrated at
wafer level in the fabrication processes of silicon-based condition-
ing, amplification, and data logger circuitry. This is of importance
for the development of cost-effective and mass-manufacturable
compact, user-friendly, and minimally invasive continuous
glucose-monitoring devices for mobile and home healthcare.[37]
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2. Results and Discussion

2.1. Morphology Characterization

Morphology and feature size of the CuOx nanostructured films
onto GP were investigated using SEM. Figure 1a,b shows the
SEM characterization of the CuOx film 6 nm thick as deposited,
obtained at different magnifications. As the CuOx layer is depos-
ited uniformly, the surface shows typical morphology of the GP
alone. Notably, the as-deposited film does not show significant
phenomena of aggregation or nucleation characteristic of the
early stage of growth of thin metal films.[28,29]

Morphology of the CuOx surface dewetted at 500 �C, taken at
two different magnifications, is shown in Figure 1c,d. The

surface is characterized by high texturing in the presence of
dense bright and blunt faceted nanostructures of CuOx, whose
average size is around 200 nm. In addition, we observed thin
wires whose chemical nature was no longer investigated. They
are likely carbon based rather than CuOx-based material.

Figure 2a,b shows the morphology of the CuOx film 8 nm
thick as deposited, obtained at different magnifications. Once
again, the surface morphology shows typical features of the
GP, because the CuOx layer still exhibits uniform morphology.

Figure 2c,d shows the morphology of CuOx 8 nm surface dew-
etted at 500 �C, taken at two different magnifications. Notably,
nanowires are not visible, whereas CuOx nanoparticles exhibit
an average size around 200 nm. Moreover, less dense and larger
nanoparticles with an average size of 500 nm are observed.

(a) (b)

(c) (d)

Figure 1. Scanning electron micrographs of CuO 6 nm onto GP: a,b) as deposited and c,d) 500 �C, 1 h, N2.

(a) (b)

(c) (d)

Figure 2. Scanning electron micrographs of CuO 8 nm onto GP: a,b) as deposited and c,d) 500 �C, 1 h, N2.
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Figure 3a,b shows the morphology of the CuOx film 31 nm as
deposited, obtained at different magnifications. The morphology
is still uniform and exhibits the typical texturing of the GP.

Nanostructure morphology after dewetting is shown in
Figure 3c,d at two different magnifications. Dense distribution
of nanocrystals, with an average size below 200 nm, is observed.
Nanocrystals show typical faceted structures.

2.2. Structural Characterization

Figure 4 shows the RBS spectra of copper observed in CuOx films
at various thicknesses of 6, 8, and 31 nm both in as-deposited
state and after thermal dewetting. The spectra of the as-deposited
samples show sharp peaks centered at about the channel 605,
which in our condition corresponds to Heþ ions backscattered
by copper atoms. The sharpness of the backscattered signal is
attributed to the flatness and homogeneity of the films. The spec-
tra were simulated (simulation not shown), assuming a structure
of CuO (see later the discussion on XRD characterization) with a
density of 4.78� 1022 cm�3.[39] The extracted mean values of
CuO thicknesses confirmed the nominal values of 6, 8, and
31 nm. In contrast, dewetted samples exhibit significant broad-
ening of the Cu profile, with a tail on the lower side of the chan-
nel scale, which is related to the presence of nanocrystals with
nonuniform size distribution.

Figure 5 shows the XRD patterns of the 31 nm CuOx film both
in the as-deposited state and after dewetting. The film was depos-
ited both onto silicon single crystals and onto GP. The sample
deposited onto silicon single crystals helps in the assignment
of the XRD patterns of CuOx, as there is the interference of
the closest peaks of GP at 2θ values of 42.635 and 44.846 that
are assigned to the reflection planes 100 and 101 of graphite,
respectively.[40] The as-deposited film onto silicon shows partial
overlapped peaks at 2θ values of 35.418 and 35.544, which are
assigned to the reflection planes 002 and 11�1, respectively,
and at 38.709 assigned to the 111 reflection plane of CuO

tenorite.[41] Dewetted samples show the peaks at 2θ values of
36.419 and 42.298 assigned to the 111 and 200 reflection planes
of Cu2O cuprite, respectively.[42] Furthermore, a peak at 43.298
assigned to reflection plane 111 of Cu with face-centered cubic
crystallinity is observed.[43] Clearly, the dewetting process produ-
ces the partial decomposition of CuO into Cu2O and Cu, accord-
ing to Reactions (1) and (2).

(a) (b)

(c) (d)

Figure 3. Scanning electron micrographs of CuO 31 nm onto GP: a,b) as deposited and c,d) 500 �C, 1 h, N2.

500 520 540 560 580 600 620 640
Channel number

6 nm as deposited

Surface

6 nm 500 °C

).u.a(
dlei

Y

8 nm as deposited

8 nm 500 °C

31 nm as deposited

31 nm 500 °C Cu

Figure 4. Rutherford backscattering spectra of CuOx 6, 8, and 31 nm, as
deposited and after dewetting at 500 �C, 1 h, N2.
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2CuO ! Cu2Oþ ½O2 (1)

Cu2O ! 2Cuþ½O2 (2)

At atmospheric oxygen pressure, CuO is a stable phase, but by
increasing the temperature (> 1000 ºC), Cu2O phase also
becomes stable.[44] The decomposition process that would not
be favorable in atmospheric oxygen pressure at 500 �C takes
place during dewetting in nitrogen atmosphere. Reactions (1)
and (2) involve the loss of oxygen and the formation of positive
vacancies in CuO. Incomplete reconstruction of the CuO crystal
at room temperature, in air-exposed samples, leads to the

presence of defect-rich material that is preferable for the electro-
chemical sensing of glucose. Notably, the film deposited onto GP
exhibits less-pronounced peaks with respect to that of single-
crystal silicon, as evidenced in the corresponding XRD spectra,
which can be explained by the formation of low-crystallinity
structures on the former substrate. Moreover, the dewetting
process produces nanostructures characterized by surfaces cata-
lytically relevant such as Cu2O 111 and 200.[45] Films having
thicknesses of 6 and 8 nm did not show significant intensity
of the signals attributed to the film structure, maybe because
of being too thin or partially amorphous.

2.3. Surface Characterizations

Figure 6a shows comparatively the Cu2p3/2 core-level spectra of
the pristine (as-deposited) and thermal-dewetted CuOx films of 6
and 31 nm, respectively. Cu(II) species can be easily distin-
guished between Cu� and Cu(I) in XPS by high-intensity
shake-up satellite at about 9 eV higher binding energy from
the main Cu2p1/2 and Cu2p3/2 peaks. The broad band of satellite
resulting from the shake-up process occurs in the open 3d9 shell
of Cu(II). The main peaks were deconvoluted by two Gaussian
components centered at 933.7–933.8 eV (red line) and 936 eV
(green line) of binding energy that are assigned to CuO and
Cu(OH)2 species, respectively.

[46] Notwithstanding XRD revealed
the presence of Cu(I) and Cu� after dewetting of the 31 nm CuO
layer, the surface was formed by Cu(II) species and the former
species were not detected. As Cu� and Cu(I) are promptly
oxidized to Cu(II), even at room temperature, in air-exposed
systems, then, the surface contains mostly the latter species.

950 945 940 935 930
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6 nm as deposited
 CuO
 Cu(OH)

2

).u.a(
ytisnetnI

6 nm 500 °C
 CuO
 Cu(OH)

2

 31 nm as deposited
 CuO
 Cu(OH)

2

 31 nm 500 °C
 CuO
 Cu(OH)

2

(a)

900 905 910 915 920 925
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 1
 2

).u.a(
ytis netnI

6 nm 500 °C
 1
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 1
 2

 31 nm 500 °C
 1
 3

(b)

Figure 6. a) Cu2p and b) CuL3M45M45 spectra of the 6 nm and 31 nm CuO films as deposited and dewetted at 500 �C, 1 h in N2.
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Figure 5. XRD patterns of as-deposited and 500 �C 1 h, N2-dewetted CuOx

31 nm onto silicon (Si) and GP, respectively.
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Figure 6b shows the corresponding CuL3M45M45 spectra.
Also, the Auger peak is characteristic for Cu(II) and helps further
in discrimination among Cu�, Cu(I), and Cu(II) species. The fit-
ting procedure of an Auger peak is not straightforward with
respect to photoelectron spectra, being subject to more flexibility,
both in the number of used components and in their width. For
these reasons several authors leave the Auger peak without
deconvolution. Nevertheless, in this work, to help the confirma-
tion of the Cu(II)-based species, we used only two meaningful
components. Accordingly, the spectra of Figure 6b were decon-
voluted using only two components for each spectrum, centered
at 918 eV of kinetic energy, assigned to CuO, and at 916.4 and
915.2 eV of kinetic energy, assigned to two different types of
Cu(OH)2. Notably, CuL3M45M45 peak of Cu(OH)2 has an intrin-
sic higher full width at half maximum (FWHM) with respect to
that of CuO.[46] Thus, the spectra of thermal dewetted samples
show a more broad Auger peak, reflecting the elevated concentra-
tion of hydroxide present in the outermost layers of the surface.

This intrinsic characteristic was taken into account in the FWHM
of the Gaussian components. We obtained fittings having an
adjusted R2 ranging from 0.80 to 0.85. The procedure leaves
the unfitted portion of the area of the experimental peak, but
it can be used because the Auger peak was not used for elemental
quantification. Table 1 shows the corresponding assignments and
the Cu2p3/2-CuL3M45M45 Auger parameter calculated for various
samples. According to the nanoscale nature of our CuOx systems,
the values of binding energy and the kinetic energy we found are
slightly higher than the literature data based on materials with
large-sized structures.[46] Interface effects in very thin films
and nanoscale effects in the nanometer-scale materials can
change the expected values of binding energy.[47,48]

Further information on the surface composition was obtained
by analysis of the C1s and O1s core-level spectra shown in
Figure 7a,b, respectively. The C1s spectrum of the as-deposited
CuO sample 6 nm was deconvoluted by three Gaussian compo-
nents, the first is centered at 284.6 eV of binding energy, and

540 535 530 525

Binding energy (eV)

6 nm as deposited
 1
 2
 3

).u.a(
ytisnetnI

6 nm 500 °C
 1
 4
 3
 5

 31 nm as deposited
 1
 2
 3

 31 nm 500 °C
 1
 4
 3

(b)

300 295 290 285 280
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 C sp2

 C=O
 shake up

).u.a(
ytisnetnI

6 nm 500 °C
 C sp2
 C-O
 shake up

 31 nm as deposited

 C sp2

 C sp3

 C=O

 31 nm 500 °C  C sp2

 C sp3  C-O
 =CO  shake up
 C=O

(a)

Figure 7. a) C1s and b) O1s X-ray photoelectron spectra of the 6 nm and 31 nm CuO films as deposited and dewetted at 500 �C, 1 h in N2.

Table 1. Cu2p3/2 binding energies (eV) and CuL3M45M45 kinetic energies (eV) of CuO and Cu(OH)2 components. Calculated values of auger parameter
(B.E.Cu2p3/2 þ K.E.CuL3M45M45) are also reported. The components shown in Figure 6b are indicated by round bracket.

CuO Cu(OH)2

Cu2p3/2
B.E. (eV)

Cu L3M45M45

K.E. (eV)

Auger parameter Cu2p3/2
BE (eV)

Cu L3M45M45

KE (eV)

Auger parameter

6 nm as deposited 933.8 918 (1) 1851.8 936 916.4 (2) 1852.4

6 nm 500 �C 933.8 918 (1) 1851.8 936 915 (3) 1851

31 nm as deposited 933.8 918 (1) 1851.8 936 916.4 (2) 1852.4

31 nm 500 �C 933.7 918 (1) 1851.7 936 915 (3) 1851

www.advancedsciencenews.com www.pss-a.com

Phys. Status Solidi A 2021, 2100389 2100389 (6 of 12) © 2021 The Authors. physica status solidi (a) applications and materials science
published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.pss-a.com


assigned to sp2-hybridized carbon atoms, associated with π-type
valence electrons present in the GP. Other two components cen-
tered at 288 and 290 eV were assigned to C═O functional group
and to the dipole-like π *← π shake-up transition (ΔL¼ 1).
The spectrum of the sample dewetted shows the components
centered at 284.3 and 286.4 eV, assigned to sp2-hybridized car-
bon atoms, and to C─O functional groups derived from oxidation
of GP, and 290 and 294 eV, assigned to shake-up satellites,
respectively.[49] The main satellite peaks are found shifted from
the core-level peaks at about 5.7 and 9.7 eV, respectively.
Remarkable, the former component was found at 4.4 eV in pure
highly oriented pyrolytic graphite.[50] The increase in intensity
and the observed shift of the shake-up satellites in the spectra
of dewetted samples can be attributed, at least in part, to the inter-
action of π valence electrons with plasmon excitations in the
nanostructure form of CuO/Cu(OH)2.

The spectrum of 31 nm as-deposited CuO sample shows the
components centered at 284.3, 285, and 287.8 eV, assigned to
sp2-hybridized carbon atoms, adventitious carbon atoms, and
to the C═O functional group, respectively. It is worthy of notice
in this spectrum that the shake-up satellites were not observed.
CuO layer of 31 nm is too thick and prevents the GP substrate
from being revealed in XPS. After dewetting, the spectrum
shows the component centered at 284.3 (carbon-hybridized
sp2), 285 (adventitious carbon), 286.5 (C─O), 288 (C═O),
289.6 (CuO2C*═O carbonate), and 290 eV (shake-up), respec-
tively. The shake-up satellites are partially masked by the
presence of the component attributed to carbonate.

The spectra of O1s of CuO 6 nm as deposited (Figure 7b) were
deconvoluted by Gaussian components centered at 530, 531.8,
and 534 eV, assigned to CuO, Cu(OH)2, and H2O, respectively.
The spectrum of dewetted sample shows the components
centered at 530.3, 532.3 eV, assigned to CuO and Cu(OH)2,
and at 533.8 and 537 eV, assigned to H2O adsorbed onto copper
hydroxide and GP, respectively. The spectrum of as-deposited
CuO 31 nm shows the components at 530.3, 531.8, and
533.8 eV, assigned once again to CuO, Cu(OH)2, and H2O,
respectively. The corresponding dewetted sample shows the com-
ponents at 530.6, 531.8, and 533.8 eV assigned to the previous
species.

Table 2 shows the quantitative compositions of such surfaces.
The surface copper content in dewetted samples apparently
decreases. This finding is related to the minimization of the
exposed area of CuOx nanostructures in dewetted samples,
which, in turn, minimizes their interfacial tension and stabilizes
them. In addition, the thick layer shows a lower Cu(OH)2/CuO

ratio than the thin layer, where the latter, due the lowest thick-
ness, is easily hydroxidized.

Table 2. Nanostructure elemental compositions by atomic concentration percentage. Corresponding compositions by formula units, derived by the XPS
analyses, are also reported.

Elemental [Formula units]

Cu O C CuO Cu(OH)2 H2O C sp2 C sp3 C─O C═O
═CO (carbonate)

6 nm as dep 20.7 45.3 34.0 10.1 10.6 2.7 22.7 – – 11.3 –

6 nm 500 �C 2.8 33.1 64.1 0.5 2.3 14 50.1 – – 14 –

31 nm as dep 14.8 31.1 54.1 6.9 5.7 3.1 20.3 22.4 – 9.7 –

31 nm 500 �C 6.4 38.8 54.8 3.6 2.9 4.6 27.6 2.6 9.7 1.3 13.8
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Figure 8. Cyclic voltammograms of glucose 10� 10�3
M in NaOH 0.1 M at

various scan rates obtained by CuOx 6, 8, and 31 nm thick, respectively.
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2.4. Electrochemical Characterization and Glucose Sensing

Electrochemical characterization of electrodes obtained by CuO
layers of 6, 8, and 31 nm thin was done by CV in NaOH 0.1 M

solution containing 10� 10�3
M of glucose. Figure 8a–c shows

such voltammograms in the range of potential from 0 to 0.6 V
versus SCE. Current density increases as the scan rate increases
from 5 to 150mV s�1. At a low scan rate, for example, 5 mV s�1,
shoulder in the anodic branch is observed at about 0.4 V in all
electrodes that is assigned to the process of glucose oxidation
to gluconolactone. The observed value is slightly lower than that
observed by Sridara and coworkers (at about 0.5 V, corrected for
the Ag/AgCl reference) concerning nanocomposite electrode
based on carbon nanodots and copper oxide.[51] The overall
shapes of the voltammograms are in good agreement.
Notably, our electrodes have a significant current density
response, in the range of mA cm�2. Quantitative analyses of
the voltammograms furnished further information of the elec-
trode response toward glucose oxidation. In particular,
Figure 9 shows the current density of anodic and cathodic
branches, measured at 0.4 and 0.2 V, respectively, by the voltam-
mograms as a function of square root of scan rate. Good linear
behavior of the current density versus the square root of the scan
rate can be observed, indicating that the oxidation process of glu-
cose by our electrodes is limited by diffusion and it is a surface-
confined process. The Equation used for the fitting and the
square of the correlation coefficient R2 are shown in Table 3.
It is worthy of notice that the anodic current density increases
as the initial CuO thickness increases. As the values of the

diffusion and concentration of glucose and temperature present
in the Randles Sevcik equation are all the same for the three CuO
thicknesses of Figure 9, then, the variation of the anodic current
is related to the electrode active area, which, in turn, is related to
the initial thickness of CuO.

2 4 6 8 10 12 14

-1.0x10-3

-5.0x10-4

0.0

5.0x10-4

1.0x10-3

1.5x10-3
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8 nm Anodic (0,4V)
31 nm Anodic (0,4V)
6 nm Cathodic (0,2V)
8 nm Cathodic (0,2V)
31 nm Cathodic (0,2V)

mc
A(

ytisnedtnerru
C

-2
)

Scan rate 1/2 (mV1/2 s-1/2)

Figure 9. Current density of anodic and cathodic (0.2 V) branches, mea-
sured at 0.4 and 0.2 V, respectively, by the voltammograms as a function of
square root of scan rate for various thicknesses of initial CuO layer.
Condition: glucose 10� 10�3

M in NaOH 0.1 M.

Table 3. Equation and correlation coefficient of current density as a function of square root of scan rate.

CuOx Anodic R2 Cathodic R2

6 nm I ¼ 1.7� 10�4 þ 6.9� 10�5 ν 0.9867 I ¼ 9.8� 10�5 � 7.1� 10�4 ν 0.9971

8 nm I ¼ 2.8� 10�4 þ 8.9� 10�5 ν 0.9810 I ¼ 1.8� 10�4 � 10�4 ν 0.9981

31 nm I ¼ 8.2� 10�4 þ 9.9� 10�5 ν 0.9833 I ¼ 1.4� 10�4 � 7.6� 10�4 ν 0.9950
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Figure 10. Cyclic voltammograms as a function of glucose concentration
obtained by CuOx 6, 8, and 31 nm thick, respectively. Conditions: scan rate
20mVs�1; NaOH 0.1� 10�3

M.
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Figure 10a–c shows the voltammograms for various glucose
concentrations from 0 to 10� 10�3 M by CuOx at different thick-
nesses. The electrodes respond well to the glucose concentration
as the anodic current density increases, increasing the glucose
concentration.

Notably, the observation of well-defined peaks at 0.4 V, which
correspond to glucose oxidation, is limited by depletion of

glucose concentration close to the electrode surface. Glucose
depletion at the electrode surface becomes significant as the
more efficient convergent diffusion mechanism, rather than pla-
nar diffusion, can be hypothesized actively in our nanostructured
electrodes. The condition of convergent diffusion is reached
when a proper matching of CuOx nanoparticles’ size and their
spacings between regions which expose the surface of GP
occurs.[16] The electrocatalytic activity of CuOx toward glucose
oxidation, according to the recent mechanism proposed by
Barragan et al.,[52] is ascribed to the hydroxyl group adsorbed
on the positive vacancy of CuOx that is converted in OH· radicals
to positive holes by electrochemical potential, based on the
Equation (3).

ðOH�Þ þ ðhþÞ ! OH · (3)

OH· þ glucose ! H2Oþ gluconolactone (4)

Then, hydroxyl radicals oxidize glucose molecules to glucono-
lactone, according to Equation (4). Clearly, the higher the concen-
tration of defects and positive vacancies in CuOx, as in the
high-index crystallographic facets, the higher the efficiency of
Reaction (3) and consequently Reaction (4). Calibrations of current
density obtained in amperometric mode as a function of glucose
concentration are shown in Figure 11. The electrodes of CuOx 6
and 8 nm show linear response from 50� 10�6

M to 10� 10�3
M

with two sensitivities. The experimental data were fit by piecewise

0 2 4 6 8 10
0.0

2.0x10-4

4.0x10-4

6.0x10-4

8.0x10-4

1.0x10-3

31 nm
8 nm
6 nm

mc
A(

ytisnedtnerru
C

-2
)

Glucose concentration (× 10–3 M)

Figure 11. Calibration curves of amperometric detection of glucose by
CuOx 6, 8, and 31 nm-thick electrodes. Conditions: NaOH 0.1 M, potential
0.4 V versus SCE.

Table 4. Analytical performances of CuOx electrodes 6, 8, and 31 nm thin, respectively. for comparison, some recent literature data concerning both
enzymatic and nonenzymatic sensors based on CuOx are reported.

Material Sensitivity
(μA cm�2 mM

�1)
Linear range and fitting equation

J(A cm�2); c(� 10�3
M)

Limit of detection
[� 10�6

M]
Reference

Cu/Cu2O/CSs on GCE 63.8/ 22.6 0.01–3.69� 10�3 M 5 [54]

CuO nanowires on Cu foam 32 330 0.1� 10�6
M–0.5� 10�3

M 0.02 [55]

GOx/CdS/Gr on GCE 1.76 2mM–16� 10�3
M 700 [56]

CuOx/GCE 1620 0–6� 10�3 M 49 [57]

PDDAa)/CuO-C-dots/SPCE 62.3 0.5–5� 10�3
M 200 [51]

CuOx/Au 3643 2� 10�6
M–8.11� 10�3

M 0.59 [58]

CuO-NPs
sphere

– 5–600� 10�6
M 0.59 [59]

CuOx 6 nm 43 50� 10�6
M�1� 10�3

M

J ¼ 2.71� 10�5 þ 4.34� 10�5 c
R2¼ 0.9947

6.9 This work

CuOx 6 nm 21 1–10� 10�3
M

¼ 2.71� 10�5 þ 4.34� 10�5 c þ 2.11� 10�5ðc � 1Þ
R2¼ 0.9947

6.9 This work

CuOx 8 nm 83 50� 10�6
M�1.6� 10�3

M

J ¼ 2.98� 10�5 þ 8.26� 10�5 c
R2¼ 0.9820

3.6 This work

CuOx 8 nm 13 1.6–10� 10�3
M

J ¼ 2.98� 10�5 þ 8.26� 10�5 c þ 1.25� 10�5ðc � 1.59Þ
R2¼ 0.9820

3.6 This work

CuOx 31 nm 83 50� 10�6
M�10� 10�3

M

J ¼ 5.91� 10�5 þ 8.28� 10�5 c
R2¼ 0.9932

3.6 This work

a)CuO: carbon nanodots with poly-(dimethyldiallylammonium chloride.
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linear function with two segments whose intersection points are at
1 and 1.6� 10�3

M of glucose for CuOx 6 and 8 nm, respectively.
In contrast, the electrode of CuOx 31 nm shows a linear behavior
with the same slope (sensitivity) in the entire range from
50� 10�6 M to 10� 10�3 M of glucose. In this case, the data were
fit by a single linear equation. The fitting parameters, the sensi-
tivity, and the limit of detection of our electrodes are shown in
Table 4. The limits of detection were calculated based the three
times of the current background noise (3S N�1) detected in the
absence of glucose, divided by sensitivity.[53] In particular, the lim-
its of detection we obtained are competitive with the literature data
and allow glucose determination through saliva or tear. Table 4
shows some recent literature data concerning both enzymatic
and nonenzymatic CuOx-based glucose sensors. The responses
of our electrodes, compared with some recent literature data,
combine good sensitivity with a wide linear range and the
lowest detection potential (0.4 V). The analytical performances
of the proposed electrodes make them suitable for a variety
of applications such as health as well as food and beverage
industries.

2.5. Interference Study and Electrode Stability

The interference study was done using the thinnest electrode
based on CuO 6 nm. Typically, AA and UA are the most common
species that interfere in the electrochemical determination of
glucose by nonenzymatic-based electrode. In this study, we used
AA at the concentrations of 0.25� 10�3 M and UA at
0.1� 10�3

M in the determination of 8� 10�3
M of glucose, in

NaOH 0.1 M solution. The concentrations were selected similar
to that present in normal human serum. Table 5 shows the cur-
rent density variation of glucose determination in the presence of
AA and both AA/UA. Negative variations are observed in both
cases that can be ascribed to an electrode surface fouling rather
than to parasitic electrochemical phenomena.[60]

Furthermore, the electrode responses were tested up to about
4months of aging. After a procedure of electrode surface clean-
ing by three voltammetric cycles in NaOH 0.1 M between 0 and
0.6 V, the electrodes reveled the absence of significant variation
in the analytical performances (within 5% of variation of current
density at glucose concentration of 8� 10�3 M).

3. Conclusion

Nanostructures of CuOx were prepared by thermal dewetting of
CuO with various thicknesses. The process of dewetting in nitro-
gen at 500 �C involves the partial decomposition of CuO into
Cu2O and Cu through the progressive loss of oxygen atoms.

Furthermore, air-exposed surfaces of dewetted samples are
promptly reoxidized to a mixture of CuO and Cu(OH)2 at room
temperature. As the crystal structure of CuO is not entirely
reconstructed, the former processes produce nanometer-scale
particles with high-index crystallographic facets and rich positive
vacancies. The obtained arrays of nanoparticles are well suited for
the electrochemical determination of glucose in alkali media.
The proposed fabrication process is very simple, cheap, and
green, as the use of numerous reagents required for conventional
wet processes are not required. The analytical performances, in
particular the sensitivity of the electrodes, are influenced by the
initial thickness of CuO explored in the range of 6–31 nm.
Obviously, as the initial CuO thickness increases, the concentra-
tion of active sites increases, as well as sensitivity. However, even
using a CuO layer of 6 nm, the analytical performances are com-
petitive with the existing literature data.

4. Experimental Section

Nanostructure Fabrication and Electrode Preparation: CuO films of differ-
ent thickness were deposited both onto GP 240 μm thick and onto single
crystal Si 100, by sputtering, in Emitech K550X sputter coater. The depo-
sition conditions were 50mA at ambient temperature, whereas the proper
deposition times were selected to obtain nominal thicknesses of CuO of 6,
8, and 31 nm, respectively. The electrodes consisted of a substrate of 1 cm�
3 cm of GP. Electrodes were fabricated by CuO film deposition onto an
area of 1 cm� 1 cm of the substrate, leaving the remaining portion not
covered and used as electrode conductor. The portion of the electrode
not covered by CuO and dipped into the analysis solution was isolated
by an adhesive tape. Nanostructures of CuOx were obtained by thermal
dewetting in a tubular oven by Carbolite Gero, in N2 atmosphere, at the
condition of 500 �C, 1 h.

Materials: GP 240 μm thick, sodium hydroxide, D-(þ)-glucose, uric acid
(UA), and ascorbic acid (AA) were purchased from Sigma Aldrich, Milan
(Italy). All reagents had an analytical grade and purity of 99.99% or higher
and then were used without purifying treatment. Aqueous solutions were
made by deionized water treated in a MilliQ system (very low concentra-
tion of carbon-based contaminants, 18.2MΩ� cm). Solutions of glucose
at various concentrations were prepared by diluting stock solution of glu-
cose 10� 10�3

M with NaOH 0.1M.
Instrumental Characterization: Nanostructure morphology was investi-

gated by SEM. A field-emission Gemini 152 Carl Zeiss Supra 25 instrument
was used. Typically, the analyses were conducted by an acceleration volt-
age of 5 kV and an aperture size of 30 μm, a working distance of 3 mm, and
an In-lens detector. 3.5MV HVEE ((High Voltage Engineering Europa,
Netherlands) Singletron accelerator system was used for the RBS meas-
urements. This technique was used to quantify the copper content and
characterize the CuOx nanostructures on the electrodes. The analyses were
conducted by 2.0MeV Heþ beam, at normal incidence, in normal detec-
tion modes (165� backscattering angle). RBS spectra were simulated using
XRump software,[38] which furnished the values of CuOx thickness and
amount of copper.

XRD measurements were obtained using a Smartlab Rigaku
diffractometer operating in Bragg–Brentano mode. The X-ray source of
Cu Kα radiation with a rotating anode was operated at 45 kV and
200mA. Surface chemical composition of nanostructure was studied by
XPS. Multitechnique ESCA-Auger PHI 5600 spectrometer was used.
The spectra were obtained by Mg Kα X-ray source of 1253.6 eV.
Typically, the average analyzed area was about 800 μm in diameter.
Quantitative compositions of surfaces were obtained by the intensities
of the Cu2p3/2, O1s, and C1s peaks, using the corresponding sensitivity
factors. Electrochemical measurements were carried out at ambient
condition by Versastat 4 Princeton Applied Research potentiostat.
Saturated calomel electrode (SCE) and platinum electrode were used

Table 5. Interference study of 0.25� 10�3
M of AA and 0.1� 10�3

M of UA
in the determination of 8� 10�3 M of glucose. Condition: CuOx 6 nm,
potential 0.4 V versus SCE.

CuOx thickness [nm] Current density (A cm�2) Variation of current density%

GLU 2.30� 10�5� 2.6� 10�6 –

GLUþ AA 2.07� 10�5� 1.6� 10�6 �10

GLUþ AAþUA 1.90� 10�5� 1� 10�6 �17
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as reference and counter, respectively. Usually, 30mL of solutions were
used for each measurement. The electrocatalytic properties of nanostruc-
tures toward glucose determination were studied by CV and current
responses in amperometric mode. The measurements were carried
out in 0.1 M of NaOH. Before conducting the amperometric response,
electrodes were cleaned by three cycles in CV between 0 and 0.6 V in
NaOH 0.1 M.
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