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Flexible 3D Porous CuO Nanowire Arrays for
Enzymeless Glucose Sensing: In Situ
Engineered versus Ex Situ Piledt

Jianfei Huang, Yihua Zhu*, Xiaoling Yang, Wei Chen, Ying Zhou and Chunzhong
Li

Convenient determination of glucose in a sensitive, reliable and cost-effective way has aroused
sustaining research passion, bringing along assiduous investigation for high-performance
electroactive nanomaterials to build enzymeless sensors. In addition to the intrinsic
electrocatalytic capability of the sensing materials, electrode architecture at microscale is also
crucial for fully enhancing performance. In this work, free-standing porous CuO nanowire (NW)
was taken as a model sensing material to illustrate this point, where in situ formed 3D CuO
nanowire array (NWA) and CuO nanowires pile (NWP) immobilized with polymer binder by
conventional drop-casting technique were both studied for enzymeless glucose sensing. The
NWA electrode exhibited greatly promoted electrochemistry characterized by decreased
overpotential for electro-oxidation of glucose and higher sensitivity over 5-fold of the NWP
counterpart, beneficial from the binder-free nanoarray structure. Besides, its sensing
performance was also satisfying in terms of rapidness, selectivity and durability. Further, the
CuO NWA was utilized to fabricate a flexible sensor which showed excellent performance
stability against mechanical bending. Thanks to its favorable electrode architecture, the CuO
NWA is believed to offer opportunities for building high-efficiency flexible electrochemical
devices.

platforms for glucose sensing.>® Excellent in electrocatalysis as
they are, noble metals and their alloys are not economical for

Realizing sensitive, rapid and convenient detection of glucose
is highly desirable for a range of occasions including
fundamental biological research, bioengineering applications,
food industries, and diagnosis/monitoring of diabetes, for which
enzyme-involved biosensors have been extensively explored
due to the highly selective bio-redox interaction between the
enzymes and glucose.'” Nevertheless, expensiveness, limited
durability, critical operational conditions, complicated electrode
construction and challenges in direct electron transfer have cast
shadow on them.>* In this context, passionate endeavor has
been dedicated to exploring enzymeless -electrochemical

This journal is © The Royal Society of Chemistry 2013

large-scale manufacturing considering the prohibitive price and
the scarcity of the raw materials. Vulnerability to chloride ion
(CIN poisoning also has their utility seriously degraded.>’
Currently, non-precious transition metals and metal oxides are
drawing increasing attention as cost-effective alternatives.
Cupric oxide (CuO) was shown to be an attractive earth-
abundant transition metal oxide for building enzymeless
platforms for electrochemical detection.>®®? In addition to
materials,
performance enhancement has also been enabled by downsizing
the electrode materials. Fruitful results in electrochemical fields

rational selection of candidate electroactive
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including chemical sensing,'° fuel cells,"!

(photo)electrochemical water splitting,'>'® Li-ion batteries'*
and supercapacitors'’

have vividly instantiated promoted

Journal Name

electrode kinetics and performance upgrade attained by

nanoscaling electrode materials that provide massively enlarged
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Fig. 1 (al) Schematic illustration of synthesis of porous CuO NWA on copper foils; (a2) digital photograph of a primitive Cu foil and the foils covered with Cu(OH), and
CuO NWA; XRD patterns of Cu(OH), NWA (b1), CuO NWA (b2) and CuO NW powders (b3); SEM images of Cu(OH), NWA (c1 to c3) and CuO NWA (d1 to d3); TEM

images of Cu(OH), NW (c4 to ¢5) and CuO (d4 to d5) NWs.

surface areas and mass transport resistance.'®!” Particularly,
one-dimensional (1D) nanostructures (wire, tube, rod and belt)
incorporating defined charge transport pathways and abundant
surface areas, have gained considerable research popularity in
microelectronics holding
promise for building next generation of nanoelectronics and
electrochemical devices.'®'*1%182! 1n this work, we thereby
sought to exploit 1D CuO NW as the electrode material for
enzymeless glucose sensing.

and electrochemistry, exciting

Micro-/nano-scale morphologies of electrocatalysts have
received huge of their
performance.’>* However, less emphasis was given on the

attention as decisive factors

influence of electrode architecture at the level between nano-

2| J. Name., 2012, 00, 1-3

sized electrocatalytic units and macroscopic electrodes, which
calls for more attention if the electrocatalytic potential are to be

fully realized. Consider the case of 1D nanomaterials, vertically

10,16,24,25

aligned array structure

26-29

and disorderly piled-up
nanowires are the two most common electrode architectures
for present amperometric sensors. An issue arising concerns for
the latter is that it typically requires assistance of co-casted
polymer binders such as Nafion, polyvinylidene fluoride
(PVDF) or chitosan to form matrix film within which the active
substances can be immobilized and connected to the current
collector. Negative effects of employment of binders have been
widely ascribed to the strong diffusion resistance and inevitable

circumstance of partial blocking/burying of the electroactive

This journal is © The Royal Society of Chemistry 2012
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materials.'®***? Moreover, the polymer binders usually make
no contribution to catalysing the reactions themselves, have
poor conductivity, and introduce additional costs and technical
manipulations. To circumvent this, synthetic strategies as well
as overall electrode design should be considered to realize in
situ nanowire structure. Well-aligned vertical array of CuO
NWs can be developed by hot plate method,*® which was based

on to fabricate functional electrodes.!®3*%

Unfortunately,
scaling-up of this method is hindered by the high temperature
and long annealing duration required. It also often causes
serious oxidation in thin foil substrate, which may suffer from
deformation and embrittlement,' leaving it difficult for further
device assembly. Therefore, it is necessary to design another
route that avoids these unwanted consequences.

With the above motivations, we herein present the in sifu
synthesis of vertical porous CuO nanowire array (NWA) on
conductive substrate via a conversion strategy. The as-prepared
CuO NWA was then applied to enzymelessly detect glucose
with high sensitivity, reliable stability and eligible selectivity,
and its superiority over binder-coasted CuO NWs modified
electrode was studied. Furthermore, thanks to the moderate
temperature in the preparation process, the thin foil as the
supporting substrate of CuO NWA remained metallic without
being totally oxidized into crispy copper oxides, allowing
further integration with polyethylene terephthalate (PET) to
flexible that stable
amperometric signal feedbacks under and after mechanical

obtain an archetypal sensor gave

bending.

Results and discussion

Materials Synthesis and Characterizations

Ambient dry oxidation of copper substrates has been found to
produce large-area vertical CuO NWs. Despite its one-step
this

approach requires a temperature up to 400-500 °C at least and
3334

directness and facility over template-mediated methods,
relative long heating duration, which is rather energy-intensive,
time-consuming, and renders thin substrates mechanically fragile
and poorly conductive. Hence, an alternative route towards high-
density array of CuO NW was adopted in the present work, which
utilized solution-processed Cu(OH), NWA as the precursor.® The
preparation route is illustrated in Fig. 1al. A copper foil was subject
to an alkaline oxidative etchant solution (AOES) containing
(NH4),S,03 and NaOH to generate Cu(OH), NWA at room
temperature, followed by thermal treatment at a much lower
temperature (180 °C) for simultaneous dehydration of Cu(OH), and
improved crystallization of CuO,” giving the final product of CuO
NWA. Successful realization of the synthetic route was initially
indicated by the stepwise color changes of the starting foil from
bright orange typical of metallic Cu to blue of the intermediate
Cu(OH), NWA and eventually dark brown of the target product CuO
NWA, which are shown in Fig. 1a2. Moreover, it can be seen that
the cut edge of the CuO NWA foil has metallic luster, visually
suggesting limited oxidation into the thickness of the thin foil
substrate.

This journal is © The Royal Society of Chemistry 2012
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Component identification was conducted using X-ray diffraction
(XRD). The XRD patterns in Fig. 1bl and Fig. 1b2 are for the foils
covered with Cu(OH), and CuO NWAs respectively. For the former,
diffraction peaks at 16.6°, 23.7°, 34°, 35.8°, 38.1°, 39.7° and 53.3°
are clearly discernible, corresponding well to (020), (021), (002),
(111), (022), (130), (150) planes of orthorhombic structured
Cu(OH),. Note that the three strong diffraction peaks at 43.3°, 50.4°
and 74.3° in correspondence to cubic structure of metallic copper are
from the Cu substrate. However, the latter one only gives two faintly
recognizable peaks at 35.5° and 38.8° characteristic of (-111) and
(111) planes of the monoclinic CuO. This moderate signal is
possibly due to the strong signals from the underlying Cu substrate
and the small size of the CuO crystalline grain. Therefore, scratched
CuO NW powders were also studied, whose XRD pattern is shown
in Fig. 1b3. The powdery sample typically demonstrated improved
diffraction peak signal, showing a series of diffraction peaks that
confirm the existence of monoclinic crystalline CuO. Notably, for
both foil samples, the existence of metallic Cu can be verified, again
confirming limited thermal oxidation of the Cu substrate in our
synthetic conditions, guaranteeing good conductivity and flexibility
for subsequent usage. Also, no diffraction peaks can be attributed to
CuyO or Cu(OH), for both the foil and powdery samples,
determining the complete decomposition of Cu(OH), and purity of
CuO phase.

The microstructure of Cu(OH), and CuO NWs were
characterized by field-emission scanning electron microscopy
(FE-SEM) and transmission electron microscopy (TEM) as
shown in Fig. 1c and 1d, respectively. As can be seen in Fig.
1cl, the surface of the copper foil is covered with large-area
grass-like Cu(OH), NW with high density and good uniformity.
These vertical nanowires are in a radially protruding fashion as
shown in Fig. 1c2. The further magnified view in Fig. 1c3
shows axial straightness of the nanowires and the diameter is
about 100-200 nm, with a tapering outline. Interestingly, the
CuO NWs are arranged in a manner that several closely aligned
nanowires share a common bundled end. This is further
ascertained by TEM characterization shown in Fig. 1c4. In
accordance to the SEM characterization, the closely grown
Cu(OH), NWs have common connection at their ‘roots’, which
was so firm that remained undamaged after ultrasonication
during of TEM sample preparation. The nanowires are about 10
um in length, which can also be estimated in the SEM images.
Fig. 1c5 offers a close-up view of a single Cu(OH), NW. The
surface of the nanowire is generally smooth with a slightly
discernible sign of the existence of porous outer shell, possibly
owing to the instability of Cu(OH), under the high-energy
electron beam impact in TEM characterization, which leads to
partial decomposition.®® All these results demonstrate the
successful in situ preparation of vertical Cu(OH), NWA using
the mild wet chemical etching protocol. This method towards

25,39

aligned NWA requires no templates, shape-directing

agent,* noble metal intermediates*’ or
13,42

pre-seeding on
substrates, making it a facile choice potentially promising
for scaled-up production. Moreover, acid-removable nature of
Cu(OH), implies this protocol can be possibly extended to

synthesize other functional NWA structure with the Cu(OH),

J. Name., 2012, 00, 1-3 | 3
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NWA as sacrificial template.'® The formation of Cu(OH),
NWA was resulted from interaction betweem the Cu species

dissolved as ion into the solution. Instead of diffusing away,
Cu™ interacts with OH™ and construct themselves in a manner

and etchant in the AOES. Specifically, as the oxidative S,0¢* similar to self-assembly. The high pH (>14) milieu
attacks Cu at the foil surface, Cu® is oxidized to Cu™ and
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Fig. 2 CV profiles with different concentrations of glucose of (a) CuO NWA and (e) CuO NWP; CV with glucose in absence and presence for (b) CuO NWA compared
with planar Cu electrode and (f) CuO NWP compared with GCE; CV at scan rates from 10 to 100 mV-s™ for (c) CuO NWA and (g) CuO NWP in 2.5 mM glucose. (d) The

calibration plot of (c); (h) The calibration plot of (g).

subsequently leads to evolution of corrugated layers of
Cu(OH),, which grows by olation reaction of Cu** and OH"
preferentially along the [100] direction because of the shortest
inter-planar distance of (100) and the relatively stronger
hydrogen bonding interaction.*® In this dissolution and bottom-
up way, the one-dimensional morphology is thus formed.
Successful transformation from Cu(OH), to CuO is
unambiguously demonstrated in the XRD patterns as was
discussed. The SEM images in Fig. 1d1 to 1d3 present the as-
prepared CuO NWA at various magnifications, from which no
significant variance of the NWA morphology is observed. This
is possibly due to the controlled heating rate in the annealing
procedure that prevented fierce H,O vapor departure in the
dehydration reaction, which may threaten to cause rupture of
the nanowires. Fig. 1d4 presents a TEM image of the CuO
NWs, where it is found that the nanowires are slightly shorter
than their Cu(OH), precursor. In addition, as we observed the
sample using TEM, we found more small broken pieces of
nanowire in the case of CuO than that of Cu(OH),, which
suggested intensified breakage of the CuO NWs during
ultrasonication for sample preparation. A close-up examination
of a CuO NW is presented in Fig. 1d5. Compared to the
Cu(OH), NW in Fig. 1¢S5, porosity in CuO NW is more evident,
which is perceptible not only at the outer shell. Further
magnified TEM images in Fig. S1 reveals that CuO NW is
composed of closely interconnected small CuO particles with
pores and gaps in between. The porous structure was further
characterized by nitrogen sorption isotherms that present
typical type-IV isotherms and the pore size distribution

4| J. Name., 2012, 00, 1-3

determined from the adsorption branch with the Barrett-Joyner-
Halenda (BJH) method are shown in Fig. S3. Apparently,
dehydration reaction caused breakage of the Cu(OH), NW bulk
into smaller CuO particles that remained in touch with each
other and preserved the overall 1D morphology. This should
answer for the aggravated susceptibility to ultrasonication since
the CuO NWs with increased porosity have weakened
mechanical strength along its high aspect-ratio axial direction
compared to the Cu(OH), counterpart. Despite this, the porous
profile which provides further increased surface area may be
favorable for sensing application.
Understandably, the porosity evolved during dehydration where

electrochemical

H,O vapor evaporated out and left pores in the nanowire bulk.
This mechanism of generation of pores, which is unique from
those reported protocols engaging sacrificial templates,* pore-
forming agents,** and electrochemical ion insertion,*> possibly
offers a general and facile approach for porous metal oxide
nanostructures from the corresponding hydroxide precursors to
be further explored.

Enzymeless sensing of glucose

Efficient utilization of nano-sized electrocatalysts as building blocks
to construct high-performance sensor electrodes remains to be
and electrode
architectures of catalytic materials can exert considerable influence
on the performance. Herein, with the in situ prepared CuO NWA, we
carried out proof-of-concept research to study the performance of the

challenging. Electrode construction techniques

two most representative nanowire architectures for amperometric
sensing of glucose.

This journal is © The Royal Society of Chemistry 2012
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Firstly, two types of electrodes were prepared. One featured
electrode architecture of vertical nanowire array (denoted as
NWA) while the other was fabricated by conventional
modification protocol, with CuO NWs piled (denoted as NWP)
randomly in Nafion film that was drop casted on a glassy
carbon electrode (GCE). Its microscopic image was shown in
Fig. S2, while the microstructure of the working portion of the
NWA electrode is considered the same as the freshly prepared
samples. For both electrodes, the weight of the CuO NW per
geometric surface area (W cu0y/S(ee0)) Was kept identical. The
details and fabrication flowchart (Fig. S3) can be found in the
experimental section and Electronic Supporting Information
(ESI), respectively. To the
electrocatalytic ability of the CuO NW-based electrodes
towards glucose electro-oxidation, evaluation by means of

collect information of

cyclic voltagrammetry (CV) was first performed (Fig. 2). For
the NWA electrode, when glucose is can be observed in the
positive scan from 0 V to 0.8 V (Fig. 2a). With increased
concentration of glucose, an oxidation peak around 0.35 V
appeared. For the reverse scan from 0.8 V to 0 V, the cathodic
current experienced gradual decrease as glucose concentration
increased. These observations typically indicated an irreversible
electro-oxidation process of glucose. In Fig. 2b, the CV curves
of a primitive planar Cu electrode (PCE) is presented in
comparison with the CuO NWA. Clearly seen, the PCE can
also electro-oxidize glucose, with increased anodic current
peaking at 0.51 V and the turn-on potential is situated at around
0.36 V. Both positively shifted potential parameters suggest the
sluggish electro-oxidation kinetics of the PCE compared to the
CuO NWA, whose turn-on potential was as low as 0.18 V.
Peaking current density is also far higher for the NWA.
Facilitated electrocatalytic oxidation of glucose from the CuO
NWA is unequivocally derived from the cooperative effect of
the electroactive CuO and nanoengineered NWA structure.
Also, it is noted for the blank sample (without glucose), the
CuO NWA exhibits much higher current density than the
primitive Cu foil planar electrode, suggesting significantly
increased surface area, surface energy and boosted electron
transfer from the vertically protruding porous CuO NWs.® The
CV data of the CuO NWP electrode was also recorded. It is not
surprising that the NWP electrode was able to carry out the
irreversible electro-oxidation process (Fig. 2e) analogous to the
NWA one. Since there is no signal typically corresponds to
electro-oxidation of glucose at a bare GCE (Fig. 2f), the
electrocatalytic effect of the NWP electrode is undoubtedly
attributed to the CuO NWs. Notably, ex situ introduction of
CuO NWs also leads to significantly amplified background
current compared to the bare GCE, which exemplifies the
advantage of nanostructured electrodes in enhancing electrode-
electrolyte interactions. All these taken into account, the
feasibility of using the as-prepared CuO NW for enzymeless
glucose sensing is preliminarily confirmed. The electro-oxidation
process at the two electrodes was further explored by CV at different
scan rates ranging from 10-100 mV-s™, as shown in Fig. 2c and 2g,
and the relationship linearly fitted in Fig. 2d and Fig. 2h suggests the
surface adsorption-controlled nature of the electrocatalytic process.

This journal is © The Royal Society of Chemistry 2012
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While the explicit mechanism for CuO-catalyzed electro-oxidation
of glucose in alkaline has not been completely settled, generally

accepted proposal IH

suggests formation of high valence Cu

intermediate that readily oxidizes glucose into gluconic acid,>

which can be described with the following reactions:

CuO +20H" + H,0O — Cu(OH)4 + ¢ or CuO + OH — CuOOH + ¢
Cu™ + glucose — Cu" + gluconic acid

Accordingly, the mechanism for electrochemical sensing of glucose

by the NWA and NWP electrodes is depicted in Fig. 3. Cu" is

electro-oxidized to Cu™

, which is a highly oxidative species and
subsequently interacts the adsorbed glucose at the nanowire surface,
oxidizes it into gluconic acid and gets itself reduced to the original
Cu". Upon this cycling, electrons generated from the electro-
oxidation of Cu" transport through the nanowire to the underlying

conductive substrate, generating anodic signal.

lucose Gluconic

Acld Gluconic

Acid cu
Culll

Nafion Glucose

Glassy Carbon

Fig. 3 Mechanism of the electro-oxidation of glucose at the CuO NW-based
electrodes

Amperometric i-t analysis was carried out to deduce the
linear relationship between the analyte concentration and
current responses of the NWA and NWP electrodes, with their
respective peaking potentials applied during the
Generally, both of them give stair-like i-t curves under stepwise

tests.

addition of glucose, with the low-concentration parts magnified
in the respective insets, as shown in Fig. 4a and 4b. Upon the
test, after the current reached a steady state, a predetermined
of glucose was successively injected the
magnetically-stirred solution, which immediately induced
leaping of the current. Rapidness of signal response of the CuO
NWA was confirmed by observation of the magnified
amperometric curves (Fig. S4), which show 90% current
change was completed in about 1 s and current plateaus were

amount into

generally achieved in 2 s within the linear range. This fast
current response is benefited from the high surface area 1D
morphology and the open spaces in the nanowire array structure
that allow adequate interfacing with the solution phase and
facilitated diffusion of analyte molecules. The NWP also offered
comparably quick current feedback. When the analyte concentration
reached a certain level, amperometric signal became saturated. The
concentration-signal relationship is plotted in Fig. 4c. Note that for
comparison, i-t performance of the NWP electrode under 0.35 V (the
working potential used for the NWA electrode) was also recorded
(Fig. S5). The calibration equations deduced from linear regression
of the experimental data for the NWA (1), NWP under 0.45 V (2)
and 0.35 V (3) are listed as below:

(1)

J. Name., 2012, 00, 1-3 | 5
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J(mA-cm™) = 0.25012 € (mM) + 0.01707 (2)

J(mA-cm™) =0.19712 € (mM) + 0.00359 (3)

where J and C stand for current density and analyte concentration,
respectively. As fitted, the CuO NWA demonstrated an excellent
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Fig. 4 Amperometric i-t test with successive addition of glucose for the NWA
under +0.35 V (a) and the NWP under +0.45 V; (c) calibration plots of (a) and (b).
The insets show respective i-t curves at low concentration levels, with stepwise
addition of 10 uM glucose.

sensitivity of 1420.3 uA-cm>mM™" with a linear range up to ~2.55
mM and a detection limit of 5.1 uM (3 signal-noise ratio). The CuO
NWP exhibited a sensitivity of 250.1 uA-cm” mM', a linear range
up to ~2.05 mM and a detection limit of 1.9 uM, under the applied
potential of 0.45 V. For its counterpart under 0.35 V, the
corresponding performance parameters are determined to be 197.1
uA-cm>mM! (sensitivity), ~0.75 mM (linear range) and 0.7 uM
(detection limit). Obviously, among the three cases, the NWA
presents a much higher sensitivity than the other two. When the
applied potential was the same (0.35 V), the sensitivity of the NWA

6 | J. Name., 2012, 00, 1-3

is 7 times that of the NWP. When the working potential was
optimized at the respective peaking potentials, the NWA still shows
a sensitivity above 5 times higher than the NWP despite working at a
lower (by 100 mV) potential. In addition to its outperforming
performance over the NWP electrode in this work, the overpotential
for the CuO NWA to carry out sensing functionality is also smaller
than most CuO-based glucose sensors,”'"**>* and the sensitivity
exceeds many ex situ immobilized 1D CuO-based enzymeless
glucose sensors, as listed for comparison in Table S1.

While the NWA and NWP electrodes both have shown improved
electrochemistry compared with the primitive PCE and bare GCE,
the former obviously overshadowed the latter. As the apparent
W (cuoy/Ageoy Of electrocatalyst was pre-controlled, possibility of the
amount of active material as a main cause of performance difference
can be ruled out. The positive sweeping of the CV of the
electrocatalytic reaction on which the sensing functionality is based
has been studied, as shown in Fig. 5a. In addition to the
aforementioned higher anodic peak potential (by ~100 mV) of the
NWP, the reaction turn-on potential of the NWP (0.23 V) is also
positively shifted by about 50 mV compared with the NWA.
Obviously a higher overpotential is required for the NWP. Also, the
current magnitude of the NWA is also much larger than the NWP.
We first sought to consider these phenomena from the view of
activity degradation of CuO in the NWP electrode. Actually, this is
hardly possible because the sensor fabrication procedures induced no
force powerful enough to chemically change the stable CuO.
Besides, the Tafel plot in Fig. 5b also reveals that the NWA and
NWP have very close Tafel slopes, 163 mV-dec” for the NWP and
169 mV-dec™ for the NWA. Since the Tafel slope is related to the
activation energy of a certain electrochemical reaction, this denies
change of catalytic ability as a determining factor that brought about
the varied performances.
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Fig. 5 (a) positive scanning of CV measurements with 1 mM glucose in presence, inset
shows the magnified curve for the NWP; (b) the corresponding Tafel plot of (a).

Therefore, the performance difference must be connected to
the overall electrode architecture. Due to the inherent structure
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of the modifying film in the NWP electrode, disorderly stacking
style can result in a portion of nanowires that failed to gain
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Fig. 6 (a) Amperometric test for selectivity and anti-Cl-poisoning of the NWA sensor and (b) percentage of interfering signals to the target analyte. (c) Calibration

plots within the linear range and (d) normalized sensitivity and the corresponding

direct contact to the conductive GC, which resembles a film of
stacking nanoparticles where defined charge transport pathway
is absent and electrons have to go through multiple interfaces.
Both aspects weaken the positive effect of CuO NWs in
shuttling electrons between the analyte and the current
collector. As a consequence of the increased interfacial
resistance, the overall series resistance becomes larger, which
can be determined wusing electrochemical impedance
spectroscopy (EIS). Both the NWA and NWP electrodes
feature a reaction-controlled part (semicircle) at frequencies and
a diffusion- controlled part (oblique line) at low frequencies in their
Nyquist plots (Fig. S6). As the diameter of the semicircle reflects the
electron

transfer resistance, R, it can be found R, of the NWA is much
smaller compared to the NWP electrode, in accordance with the
perforamce and analysis, implying better electron transfer.”"? Also,
as we characterized CuO NWP-Nafion film (Fig. S7), it is found
isolation of fractured CuO NWs may occur, namely nano-sized CuO
was isolated within/on the polymer matrix without contact with other
CuO NWs or the conducting GC. This can be aggravated when the
ultrasonication, although important for forming homogeneous
casting suspension, led to more low-aspect-ratio CuO particles from
the mechanical fracture of the CuO NWs. Such isolated CuO and
those blocked by Nafion polymer binder, cannot engage in

This journal is © The Royal Society of Chemistry 2012

Pearson coefficients of the CuO NWA sensor after different days.

electrocatalysis by failing as electrochemically active bridge
between the analyte and the GC. In contrast, both good electron
transport between the catalytic units and the external circuit, and
abundance of electrochemically connected and analyte-accessible
active sites exist in the NWA electrode, which favors the sensing
platform to make full use of the active CuO.

In further exploring the CuO NWA for as a reliable platform for
enzymeless glucose sensing, practical testing conditions need be
taken into consideration. In real samples, co-existing electroactive
species with comparable reducibility such as ascorbic acid (AA),
uric acid (UA) and other reducing sugars with similar chemical
structures may cause unwanted interference. The relative high
concentration (~100 mM) of CI" in blood, which was reported to
poison some metal-based sensors, must also be concerned. To find
out whether the selectivity of the sensor is good enough to preclude
interference from the mentioned species and its poisoning-proof
ability against CI, we further conducted amperometric i-t test with
different interfering species successively added and the supporting
electrolyte containing 0.2 M NaCl. The concentration of the
interfering species was fixed 1/10 of the glucose despite their
actually lower ratio (1/40 to 1/30) to glucose in human blood.™ As
shown in Fig. 6a, the steady current experienced significant increase
as 1 mM glucose was added at the experimental runtime of 160 s. In
contrast, only moderate current responses can be observed when the
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interfering species including xylose, mannose, maltose, lactose, AA
and UA were successively added. Interfering signals were -6.68%,
2.85%, 1.60%, -1.39%, 6.60% and 11.40% for the respective species
(Fig. 6b), which were all acceptable. What’s more, despite the high
concentration of CI" in presence, the sensor’s response was not
degraded. Further recovery test was performed to demonstrate its
reliability (Fig. S9), where blood glucose mimic liquid (LifeScan,
Inc.) with pre-determined concentration was injected twice into the
electrolyte followed by two-time injection of 20 uM standard
concentration of glucose. The results of the recovery test tabulated in
Table S2 shows the respective recovery of 95% and 98%, and the
relative deviation of the found concentrations for blood glucose
mimic liquid from the commercially calibrated value is less than 6%.
The long-run stability of the CuO NWA sensor was also evaluated
by testing its performance after having left the NWA electrode in
ambient condition without special protection for 10, 20 and 30 days.
The absolute current responses (Fig. 6¢) showed no dramatic change.
Besides, the sensitivity and linear relevancy (Fig. 6d) neither
experienced great variance. A slight decrease of sensitivity by less
than 2% over a period of 30 days is much lower than the data
reported in a series of literature on enzymeless glucose sensors.*””
515455 This splendid retention of sensitivity could be attributed to the
synergistic effect of the stable chemical property of CuO and the
exceptional flake-off resistance of the in siru grown NWA structure.

Flexible CuO NWA as bendable sensor electrode

The advantage of in situ grown NWA on thin conductive
substrate comes not only from the superior performance
demonstrated above, but also from its compatibility to further
integration into flexible devices. In Fig. 7a, small foil slice of
CuO NWA is shown to be directly bent by hand. Endowing
flexibility to electrodes is gaining growing preference due to
the light-weight, durability, user-convenience, and feasibility
for rolled-up production therefore acquired.’® Consequently, an
archetypal flexible sensor (Fig. 7b) was constructed. Reliability
of the sensing performance against mechanical input was
assessed by amperometry. First, the exposed area (3.5 cm x 0.6
cm) with CuO NWA was bent with the curvature radii (p)
fixated at 18.5 and 11.5 mm (Fig. 7c) and the i-t responses to
analyte addition were shown in Fig. 7e. At the moderate
curvature (1/p = 0.0541 mm™, p = 18.5 mm), the current
response towards 10, 50 and 100 uM glucose showed negligible
deviation from what was measured at the unbent condition (1/p
= 0, p = «). Even when it reached a high curvature (1/p =
0.0870 mm™, p = 11.5 mm), the sensitivity remained 90%
relative to the flat state. This proves the sensor has eligible
performance stability against bending. To further explore its
capability against mechanical fatigue, the sensor was mounted
onto a home-made tester and the CuO NWA portion was
repeatedly bent and relaxed. Fig. 7d displays the sensor under flat
(upper) and maximum bending (lower) conditions. The CuO NWA
portion got bent as the clamp moved left. After the maximum travel
distance of 10 mm was completed, the clamp moved right until the
bent CuO NWA returned to its original state. This bending-
relaxation process made up one cycle. After 10, 100, and 1000
cycles, respective amperometric tests were performed. The current

8 | J. Name., 2012, 00, 1-3

curves in Fig. 7f clearly demonstrate the sensor exhibit robust
performance reliability against long-run mechanical input, with
insignificant departure from the flat condition after 100 cycles.
Although discernible response degradation was observed after 1000
cycles, performance conservation as high as 90% of the initial
amperometric response was quite satisfying. These results indicate
that the flexible CuO NWA has promise to be further engineered and
optimized to construct flexible sensing devices with high sensitivity,
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Fig. 7 (a) A flexible slice of CuO NWA; (b) flexible sensor under its bent (upper)
and unbent (lower) conditions; (c) flexible sensor bent with curvature radii of
18.5 mm (upper) and 11.5 mm (lower); and (d) bending-relaxation tests showing
the sensor unbent (upper) and maximum bent (lower). Current response at
different curvature radii (e) and after different bending-relaxation cycles (f) to
addition of 10, 50 and 100 uM glucose.

rapid response and robust durability.

Experimental

Synthesis of CuO NWA

The synthetic procedure involved solution-processed etching of
copper foils and dehydration of the thus-obtained Cu(OH), NWA.
Typically, AOES was prepared by dissolving 0.913 g (NH,4),S,05 in
22 mL deionized water and dropwise addition of 8 mL freshly

This journal is © The Royal Society of Chemistry 2012
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prepared 10 M NaOH into the (NH,4),S,0g solution under moderate
stirring. After the AOES cooled to room temperature, its pH (>14)
was confirmed. Cleaned with diluted HCl and successively
ultrasonicated in acetone and ethanol, the copper foils (X%) were
rinsed using deionized water and immediately immersed in the
AOES. When the surface of the copper foils turned light blue, they
were taken out of the solution, thoroughly rinsed with deionized
water and dried in air. Then the samples went through four-hour
dehydration under 180 °C in air at a ramp rate of 2 °C-min”', whose
color eventually turned to dark brown. The temperature was allowed
to cool to room temperature gradually before opening the furnace.

Sensor fabrication

For the NWA electrode, preparation of CuO NWA on a copper
foil was the same as formerly described except that the degreased
copper foil may be pre-masked by a piece of scotch tape before
being dipped in the AOES. Subsequently, the CuO NWA was
mounted on a plastic substrate with its rear side and the bare copper
part (acting as the lead) sealed by thermosetting insulating epoxy.
For the CuO NWP electrode, the CuO NWs were carefully collected
using doctor-blade method and were dispersed in deionized water
containing 0.5 wt% Nafion (Dupont). The concentration of the CuO
NW were adjusted by the amount of the added solvent so that every
10 uL of the suspension has the weight of CuO NW equivalent to the
amount collected from 0.0707 cm? (the geometric surface area of the
GCE, 3 mm in diameter) CuO NWA foil. After a GCE was
successively polished with alumina powders (1 and 0.05 um), 10 uL
of the suspension was drop-casted on the GCE, which was left to dry
up naturally. For the archetypal flexible CuO NWA sensor, the
starting copper foil was clipped into a desired shape for convenience
in subsequent experiments. After the preparation of CuO NWA on
the foil, the CuO NWA foil was firmly bound onto a tailored PET
slice using soft double-sided adhesive tape, and the both ends were
further secured by Teflon tape. The pre-masked metallic copper area
for external electrical connection was sealed off from contact of
electrolyte with epoxy resin and Teflon tape. The whole sensor
electrode is T-shaped (Fig. 7b). Note that this shape was
intentionally designed for facile operation of bending the CuO NWA
part and can be further adjusted according to practical requirement.

Characterization

X-Ray Diffraction (XRD) characterization (40 kV, 100 mA) was
performed on an X-ray diffractometer (D/MAX 2550, Rigaku)
equipped with a RINT2000 vertical goniometer and a Cu Ka
radiation generator. Microscopic analysis of foil samples and drop-
casted CuO NW-Nafion film was carried out using field-emission
scanning electron microscopy (FE-SEM, S-4800, Hitachi) at an
accelerating voltage of 15.0 kV and emission current of 10 uA.
Micrographs of scratched nanowires were taken using transmission
electron microscopy (TEM, JEM 2011, JEOL). Electrochemical
measurements including cyclic voltagrammetry (CV), amperometric
i-t tests and electrochemical impedance spectroscopy (EIS) were
carried out with an electrochemical workstation (CHI660c, Shanghai
Chenhua Co.) under conventional three-electrode configuration,
employing a Pt wire electrode, an Ag/AgCl electrode (KClI-
saturated) as counter electrode and reference electrode, respectively.

This journal is © The Royal Society of Chemistry 2012
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Working electrodes were different CuO NW-based electrodes or
GCE electrodes modified with or without Nafion. 0.1 M NaOH
supporting electrolyte and all standard analyte solutions were freshly
prepared for all experiments. For all CV measurements, the scan rate
is 50 mV-s" unless otherwise mentioned. Amperometric i-t data
were collected under fixed potential and magnetically stirred
condition. The standard analyte solution was injected after current
curve reached a steady baseline. EIS was performed at a frequency
range of 10k Hz to 0.01 Hz with amplitude of 5 mV employing 5
mM [Fe(CN)¢]** in 0.1 M KCl as the redox probe.

Conclusions

In situ synthesis of CuO NWA on conductive substrate has
been realized and XRD, SEM and TEM were applied to
confirm its structure and component. In addition to the
extraordinary sensitivity and stability for enzymeless sensing
functionality, with the in situ formed 3D array structure and
intact connection to the underlying conducting substrate, the
CuO NWA showed obviously enhanced electrode kinetics for
glucose electro-oxidation and outperforming sensitivity over its
counterpart of freely stacked CuO NWP entrapped within the
which
of nanowire

polymer binder prepared by conventional casting,
that the
electrocatalyst and the electrode architecture are crucial to

suggests large-scale arrangement

efficient realize the sensing functionality of electroactive CuO
NWs. The CuO NWA
construction of a flexible sensing platform, which can give

also showed compatibility to
satisfyingly stable performance under and after mechanical
bending. Beneficial from its in situ growth style and high-
density vertical structure, as well as multifunctionality offered,
by CuO, it can be inferred that the CuO NWA may become a
useful tool for determining other bio-analytes, and can also be a
potential candidate in other electrochemical applications, such
as energy storage and conversion, etc.
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