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Highly active 3-dimensional cobalt oxide
nanostructures on the flexible carbon substrates
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The demand for electrochemical sensors with high sensitivity and reliability, fast response, and excellent
selectivity has stimulated intensive research on developing highly active nanomaterials. In this work, free-
standing 3D/Coz0,4 thorn-like and wire-like (nanowires) nanostructures are directly grown on a flexible
carbon fiber paper (CFP) substrate by a single-step hydrothermal process without using surfactants or
templates. The 3D/Coz0O,4 thorn-like nanostructures show higher electrochemical activity than wire-like
because of their high conductivity, large specific surface areas, and mesopores on their surface. The
characterization of 3D/Coz04 nanostructures is performed by using high resolution transmission electron
microscopy (HRTEM), field emission scanning electron microscopy (FESEM), X-ray photoelectron spec-
troscopy (XPS), X-ray diffraction analysis (XRD), and electrochemical methods. The 3D/Coz0,4 thorn-like
nanostructures displayed non-enzymatic higher catalytic activity towards the electrochemical detection
of glucose, compared to the 3D/Coz0O4 wire-like morphology. The 3D/Coz0, thorn-like nanostructures
show a wide linear range response of glucose concentration ranging from 1 to 1000 uM with a detection
limit of 0.046 pM (S/N = 3). The 3D/Coz04 thorn-like nanostructure-modified CFP electrode selectively
detects glucose in the presence of 100-fold excess of interfering compounds. The 3D/Coz0,4 thorn-like
nanostructure-modified CFP electrode is tested with human blood serum samples and validated with
commercial glucose sensors. The newly developed sensor material shows potential for glucose monitor-
ing in clinical and food samples.

1. Introduction
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Rapid, sensitive and selective glucose sensing is in high
demand due to the increasing need for monitoring diabetes
patients.”™ In fact, insulin deficiency is a leading cause of
death and permanent disability."** Diabetic patients must test
their blood glucose levels on daily basis and often multiple
times per day, making glucose the most commonly tested
analyte. Hence, the development of high performance glucose
sensors is of paramount importance. Currently available
sensors for glucose are based on fluorescence, colorimetric,
chemiluminescence, and  chromatography  methods.’
Commercial glucose biosensors based on immobilized
enzymes show high sensitivity and selectivity. However,
immobilized enzymes are sensitive to denaturation by environ-
mental factors, can be damaged by proteases, and their purifi-
cation is costly and time-consuming.®’ Consequently, much
effort has been devoted to developing non-enzymatic glucose
Sensors.
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Recent studies evidenced that transition metal oxides such
as manganese oxide, nickel oxide, zinc oxide, and copper
oxide have specific catalytic activity.®*® Cobalt oxide'”'® is par-
ticularly interesting because it has three well-known poly-
morphs: the cobaltous oxide (CoO), the cobaltic oxide (C0,03)
and the cobaltosic oxide (Co;0,)."° Compared to the two other
polymorphs, Co;0, might find application in energy
storage,”®®  heterogeneous  catalysts,>®  electrochromic
devices,> oxygen reduction reactions®® and electrochemical
sensors.”’** Recently, 1-D morphologies of Co;0, such as
nanotubes, nanowires, nanobelts, flower-like, and needle-like
structures have been synthesized by using vapor phase trans-
port methods,* electrospinning,”® porous alumina,*®
ammonia-evaporation induction,*®*” template-assisted pro-
cesses,*® and hydrothermal synthesis methods.*® Introducing
supports into the Co;0, nanomaterial is crucial to fabricate
high  performance nanostructures for technological
applications.>*™*' For instance, Chen et al. synthesized the
Co3;0, nanotubes via the anodic aluminum oxide (AAO) tem-
plate route and applied them in lithium batteries.>® Wang
et al. prepared Ni foam supported-Co;0, nanowire arrays for
the electroreduction of hydrogen peroxide.*> Chen and co-
workers prepared flower-like Co3;0, supported on 3D carbon
foam (Co3;0,@CF) by the hydrothermal treatment of the 3D
carbon material and used for ethanol sensing.** Dong and co-
workers synthesized a 3D graphene/Co;O, nanowire compo-
site, which serves as a self-supporting monolithic electrode for
super-capacitors and the enzyme-free electrochemical detec-
tion of glucose.”” Despite these achievements, current syn-
thetic methods suffer from either the removal of templates or
the use of structure directing agents. A scalable synthesis of
Co;0, nanostructures remains a challenge; thus, there is the
need for a low cost, simple, and scalable synthesis route for
the preparation of Co30,.

In this work, three-dimensional (3D) Coz0, thorn-like and
nanowire structures were synthesized on a flexible carbon fiber
paper (CFP) substrate via a template-free growth method. The
CFP served as both the current collector and the support for
Co;0, nanostructures. CFP has been utilized for the fabrica-
tion of large load-bearing composites due to its tensile
strength, stiffness, and low density.***> CFP is a promising
current collector and a backbone for conformal coating of tran-
sition metal oxides for sensors without using any insulating
binders.*® Individual carbon fibers in the CFP are well-con-
nected and the conductive network and pore channels create
an efficient electron percolation path as well as enable electro-
lyte access to the electrochemically active nanomaterials
without limiting charge transport.*® Thus, we have grown 3D/
Co30, thorn-like and nanowire morphologies on the CFP
surface by changing the ratio of CoCl, and urea. Next, we have
studied the non-enzymatic detection of glucose using the as-
synthesized 3D/Co;0, thorn-like and nanowire morphologies
on the CFP surface. The 3D/Co;0, thorn-like nanostructures
offer a large active surface area, not only by increasing the elec-
trolyte transport rate, but also allowing a close contact between
the electrolyte and active surfaces through pores and channels
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(biomolecules). The 3D self-supported networks with inter-
laced bridging frameworks maintain the stability of Co30,
thorn-like nanostructures after repeated measurements, thus
ensuring repeatable glucose detection.

2. Experimental section
Materials

CoCl,-6H,0 and nitric acid (HNOj;) were obtained from Sigma-
Aldrich. Urea (>99%) was purchased from Merck. All other
chemicals were of analytical grade, and used as received.
Carbon fiber paper was purchased from Protech Composites
Inc., WA, USA. All the solutions were prepared with Millipore
water (18 MQ cm) obtained from an Elix Millipore system. The
human blood serum samples were collected from Muthu
clinic and X-rays, Dindigul district, India. Argon (99.99%) was
supplied by Multax Company, Poland.

Preparation of 3D-Co;0, thorn-like and nanowires on the flex-
ible CFP substrate

The CFP substrates were pre-treated based on our recent
report.47 To obtain Co3;0, thorn-like nanostructures,
CoCl,-6H,0 (1 mmol) and urea (2.0 mmol) were added to
20 mL of water and continuously stirred for 10 min. The
mixture was then transferred into a Teflon-lined stainless-steel
autoclave of 50 mL capacity, and pretreated CFP was inserted
into the reaction vessel. The nanostructures on the CFP sub-
strate were formed by autoclaving at 120 °C for 12 h and
cooling at room temperature, thus resulting in the deposition
of nanostructures on the CFP substrate. The nano-modified
CFP substrate was further washed with deionized water and
dried at 60 °C before use. The Co;0, nanowires were obtained
through a similar procedure, with CoCl,-6H,0O (2 mmol) and
urea (1.0 mmol) as precursors. The CozO, coated CFP sub-
strate was used as a working electrode for the enzymeless
glucose sensing experiments.

Instrumentation

The morphology of the Co;0, was examined by field-emission
scanning electron microscopy (FESEM, JEOL-JSM-6700F).
High-resolution transmission electron microscopy (HRTEM)
was carried out using a JEOL JEM 3010 instrument with an
accelerating voltage of 200 kV. The samples were placed on a
carbon-coated copper grid for morphology and size analysis.
The crystallographic information was obtained by the powder
X-ray diffraction technique (XRD, Shimadzu XRD-6000, Ni fil-
tered CuKa (4 = 1.54 A) radiation operating at 30 kV/40 maA).
X-ray photoelectron spectroscopy (XPS) analysis was performed
on a VG ESCALAB MK II spectrometer with an Mg-Ka (1253.6
eV) achromatic X-ray source. The specific surface area of the
nanostructures was determined using the BET method (the
Brunauer-Emmett-Teller isotherm). The chemical compo-
sition of the Co;0, samples was confirmed by using a Varian
710-ES Inductively Coupled Plasma (ICP)-Optical Emission
Spectrometer (OES). Electrochemical measurements were per-

This journal is © The Royal Society of Chemistry 2017
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formed with three electrode cells with CFP (exposed geometric
area = 0.16 cm?), a Pt wire, and Ag|AgCl (3 M KCl) as working,
auxiliary and reference electrodes, respectively. Cyclic voltam-
metry and chronoamperometry were performed using an
Autolab PGSTAT30 (Metrohm Autolab) electrochemical analy-
zer. All electrochemical experiments were carried out under an
argon atmosphere. Electrochemical impedance spectroscopy
(EIS) measurements were conducted for the Coz;O, nano-
structure-modified CFP electrodes in the frequency range of
200 kHz to 0.01 Hz. For real sample analysis, human blood
serum samples were acquired from Muthu clinic and X-rays,
Dindigul district, that adheres to the guidelines for good lab-
oratory practices issued by the Indian Council of Medical
Research (2008). The serum sample analysis and storage were
done in agreement with human sample handling approval
obtained from the Research Ethics Committee at the
Department of Chemistry, SRM Research Institute.

3. Results and discussion

Synthesis and characterization of 3D/Co3;0, thorn-like and
nanowires on the flexible CFP substrate

We have recently synthesized Ni-Fe nanostructures by chan-
ging the relative concentration of their precursors.?” In this
study, we have investigated the morphology of Co;O, nano-
structures by changing the ratio between the precursor com-
pounds, urea and Co30,. The Co;0, thorn-like nanostructure
was synthesized by using 1 mmol of CoCl,-6H,0 and 2.0 mmol
urea (1:2 ratio), and the corresponding FESEM images are
shown in Fig. 1la-d. The Co;O, thorn-like nanostructures
formed on the flexible CFP surface are networked, upright,
outward, and densely packed, which is favorable for highly

Fig.1 Low (a, b) resolution FESEM images of 3D/Coz0O,4 thorn-like
nanostructures, and the corresponding enlarged FESEM images (c, d)
showing the 3D/Co30,4 thorn-like nanostructures networked with sharp
needles.

This journal is © The Royal Society of Chemistry 2017
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sensitive sensor applications. The thorn-like nanostructures
are composed of several individual 3-4 um long sharp needles
(Fig. 1a and b). Each needle structured particle seemingly ema-
nates from the surface of the CFP substrate. The enlarged
FESEM images (Fig. 1c and d) show 3D thorn-like nano-
structures on the CFP surface, which possess excellent mecha-
nical strength and durability.”” Furthermore, these Co;0,
thorn-like nanostructures retain their morphology without any
calcination/annealing process during the synthesis.*”

The following growth mechanism of 3D/Co;0, thorn-like
nanostructures is proposed; at first, small nanoparticle nuclei
were formed and subsequently, and site-specific anisotropic
growth occurred on the CFP by the asymmetrical self-assembly
process (Scheme 1). Then, the particles keep on growing as
thorn-like nanostructures (Fig. 1d) with many nano-needles
sharing the same originating center through coarsening, also
known as the Ostwald ripening process. Next, we used the
CoCl,6H,0 and urea ratio as 2:1 for preparation, which
results in 3D/Co304 nanowire morphology (Fig. 2a and b). The
nanowires were grown densely on the CFP surface with a
length of ~12 + 2 pm and a width of 110 + 5 nm (Fig. 2b).

The magnified FESEM images (Fig. 2c and d) of the 3D/
Co30,4 nanowires show a smooth surface. The following growth
mechanism is proposed; seeds of Co nuclei (nanoparticles)
were formed at the initial stage of the reaction, similar to the
thorn-like nanostructures. Next, the nuclei gradually grew into
small nanoparticles which may act as the seeds for the growth
of larger nanoparticles. It is well known that the surface
energy of larger particles is lower than that of the smaller
ones; therefore, these small nanoparticles were grown into
larger ones via an overgrowth or aggregation process.*®™’
Afterwards, the adjacent large nanoparticles moved, met and
then adhered to form a short chain-shaped structure
(elongated nanorod structures). By prolonging the reaction
time, the newly formed Co nanoparticle nuclei deposit onto
the surface of the connected nanoparticles through the capil-
lary phenomenon, leading to the formation of the nanowire
morphology.

To understand the dimensionality of the 3D/Co;0, nano-
structures, high-resolution transmission electron microscopy
(HRTEM) was performed. Fig. 3a shows the HRTEM images of
the Coz;0, thorn-like nanostructures. It is clearly seen that the
Co;0, thorn-like nanostructures are composed of several indi-
vidual nanocrystals (Fig. 3b), with the size range of 30-40 nm,
and mesoporous nature. Furthermore, nanometer (2-5 nm)
pores are present in the individual needles of 3D/Co3;0, thorn-
like nanostructures. On the other hand, a typical HRTEM
image of a single nanowire (Fig. 3c) shows that the 3D/Co0;0,
nanowires are composed of numerous interconnected
elongated nanorods (see Fig. 3d) with mesoporous nature
(similar to thorn-like). The extended HRTEM image in Fig. 3e
shows well-defined nanocrystalline lattice fringes of the 3D/
Co30, thorn-like nanostructures. The measured gap between
the two lattice fringes is 0.240 nm, which corresponds to the
(111) plane of the cubic crystalline nature of the Co;0, thorn-
like nanostructures. Selected area electron diffraction (SAED)

Analyst, 2017, 142, 4299-4307 | 4301
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Scheme 1 Schematic representation showing the formation of freestanding 3D/Coz0,4 thorn-like nanostructures (a) and nanowires (b) on the

flexible CFP substrates.

Fig. 2 Low (a, b) resolution FESEM images of 3D/Co30,4 nanowire mor-
phology, and the corresponding enlarged FESEM images (c, d) showing
the network growth of 3D/Co3z04 nanowires on the CFP surface.

was performed (Fig. 3f), and the diffraction rings indicate that
the cubic crystalline Co;0, assemble in the thorn-like nano-
structures. The possible reactions involved in the synthesis of
the Co;0, nanostructures can be summarized as:

CoCl, — Co*" 4 2C1~ (1)
(HzN)Z'CO + H20 — 2NH3 + COZ (2)
NH; + H,0 — NH*" + OH~ (3)

4302 | Analyst, 2017, 142, 4299-4307

Co*" +20H™ — Co(OH), (4)

Cobalt hydroxide (Co(OH),) is thermodynamically unstable
and it can change into the Co;0, phase during the reaction.
Eqn (3) plays an important role in the evolution of both thorn-
like and nanowire morphologies of Co;0,. The chemical com-
positions of the 3D/Co;0, nanostructure samples were con-
firmed by Inductively Coupled Plasma (ICP) - Optical
Emission Spectroscopy (OES) analysis. The samples were dis-
solved in hot aqua regia, appropriately diluted and the results
of three independent measurements were averaged. The mass
loading of the 3D/Co3;0, thorn-like nanostructures and the 3D/
Co30,4 nanowire-modified CFP substrates was found to be 10.2
and 10.6 pg, respectively. The Brunner-Emmett-Teller (BET)
active surface area of the Co;0, thorn-like and nanowire cata-
lysts was also measured. The nitrogen adsorption and desorp-
tion isotherms and pore size distribution of all porous nano-
structures are shown in Fig. S1, ESL;{ the hierarchical Co;0,
thorn-like nanostructures exhibited a higher BET surface area
of 86.2 m* g~" (Fig. S1; curve at) than that of the nanowires of
67.5 m> g~ (Fig. S1; curve bt) with a pore size distribution of
5-9 nm. To further characterize the electrochemical kinetics of
the 3D/Co;0, nanostructure-modified CFP electrode, electro-
chemical impedance spectroscopy (EIS)**** measurements
were performed from 200 kHz to 0.01 Hz, in which Z’ and Z"
are the real and imaginary parts of the impedance, respect-
ively. The measured EIS spectra were analyzed and an equi-
valent circuit for this cell system is shown in Fig. S2.7 It is well
known that the diameter of the semicircle in the EIS spectrum
could represent the electron transfer resistance (R.), which
controls the electron transfer kinetics of the redox reaction at
the electrode interface. The Nyquist plots of the 3D/Co030,
thorn-like nanostructure CFP electrode (Fig. S2; curve bf¥)

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 HRTEM images of Cos0,4 thorn-like (a), and the corresponding enlarged HRTEM image showing the porous nanostructure of the CosO,4
thorn-like morphology composed of several nanocrystals (b). HRTEM images of CozO4 nanowires (c), and the corresponding enlarged HRTEM
image showing the porous nanostructure of the CozO,4 nanowire morphology composed of several nanorods (d). Lattice fringes resolved the
HRTEM image of a part of Coz0,4 thorn-like nanostructures (e). The selected area electron diffraction (SAED) pattern showing the crystalline nature

of the Coz04 thorn-like nanostructures (f).

clearly show that the diameter of the semicircle was much
smaller than that of the 3D/Co;0, nanowire CFP electrode
(Fig. S2; curve cf), indicating that the thorn-like nano-
structures enhanced the charge transfer process compared to
nanowires. The values of charge-transfer resistance R, of the
3D/Co30, thorn-like nanostructures and nanowires were
253.5 Q and 358.0 Q, respectively, which were significantly
lower than that of the unmodified CFP electrode (853.4 €
Fig. S2, curve at). These results confirmed that the intercon-
nected 3D/Co30, thorn-like nanostructures not only preserved
the high conductivity of the overall electrode, but also signi-
ficantly enhanced the electrochemical activity of cobalt oxides
during the catalysis processes.

An X-ray diffractogram of 3D/Co;0, nanowires (red line)
and thorn-like (black line) nanostructures is shown in Fig. 4a.
The lattice parameters of the as-synthesized Coz;O, nano-
structures were the same as those given in the JCPDS No. 043-
1003, which also confirmed that the other cobalt oxides were
not formed. It can be seen that all the diffraction peaks (111)
phase (26 ~ 19.70°), (220) phase (26 ~ 31.39°), (311) phase
(20 ~ 36.51°), (222) phase (26 ~ 38.44°), (400) phase (26 =~ 44.89°),
(511) phase (20 ~ 59.87°) and (440) phase (20 ~ 65.77°) can be
indexed to a pure cubic phase of CozO, (space group Fd3m)
with a lattice constant of 8.084 A and there are no residual
other impurity phase peaks found in the sample.’"®
Therefore, the formation of both nanocrystalline 3D/Coz;0,
nanowires and thorn-like nanostructures was in the high-pure
phase.

Furthermore, no characteristic peaks corresponding to crys-
talline carbon are found in the XRD pattern, indicating that
the carbon has amorphous nature in both CozO, nano-
structures. Importantly, the ratio of the relative peak intensi-

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 (a) XRD patterns obtained for CozO4 nanowires (curve a; red
line) and thorn-like (curve b; black line) nanostructures. The EDX (b) and
XPS of Co 2p (c) and O 1s (d) electronic states of the as-prepared CozO,
thorn-like nanostructures.

ties of the high index planes (511) and (440) is higher for 3D/
Co30, thorn-like nanostructures (Fig. 4a, curve b) than that for
the nanowire morphology (Fig. 4a, curve a), which reveals that
the 3D/Co;0, thorn-like nanostructures were abundant in high
index facets compared to the 3D/Co3;0, nanowire morphology.
The average size of the composed nanocrystal was about
33.8 nm, calculated by the Scherrer’s equation using the diffr-
action peak of the (311) plane of Coz;0O, thorn-like nano-
structures. The energy dispersive X-ray (EDX) analysis of the

Analyst, 2017, 142, 4299-4307 | 4303
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3D/Co30, thorn-like nanostructures is shown in Fig. 4b. The
strong peaks for Co, O and C are found in the spectrum, which
corresponds to Co30, and C from the CFP (samples collected
from the CFP surface), while the Cu peak comes from the Cu
grid used for TEM measurements. The formation of 3D/Co;0,
nanostructures was further confirmed by XPS measurements.
Fig. 4c and d show the XPS spectra of Co 2p and O 1s of the
Co30, thorn-like nanostructures. As shown in Fig. 4c, the two
strong peaks located at 780.1 eV and 795.7 eV were assigned to
Co 2p,3 and Co 2Py, respectively.>®>” After the deconvolution
of the Co 2p,/; branch, it can be seen that the peak of Co®" is
located at 780.1 eV and that of Co*" is located at 782.0 eV,
which were in agreement with the binding energies of Co®"
and Co**, respectively.”®*® The two peaks of the Co 2p;),
branch located at 795.7 and 796.8 eV have similar assignments
to that of the Co 2p;, branch. Furthermore, the two peaks
identified at 780.1 eV and 795.7 eV with a separation of
15.60 eV correspond to the Co 2p;, and Co 2p,,, orbitals of
Co;0, (Fig. 4c), respectively.®® The O 1s spectra as shown in
Fig. 4d can be deconvoluted into two peaks at 530.0 eV and
531.6 eV, and were attributed to the lattice oxygen in the Coz;0,
and the oxygen in hydroxide ions,*" respectively, which further
indicates the formation of Co;0, nanostructures.

Electrochemical oxidation of glucose in 3D/Co3;0, thorn-like
and nanowires on the CFP electrode

Flexible CFP electrodes have increased interest for energy
storage and sensing applications.'®*>*” Recently, we have syn-
thesized 3D-Ni-Fe hierarchical nanostructures on the flexible
CFP surface, which are applicable to the electrochemical deter-
mination of glucose.”” Here, we have tested the newly syn-
thesized 3D/Co;0, thorn-like and nanowires for glucose deter-
mination. Fig. 5a shows the CV profiles of the 3D/Co;0, nano-
structures grown on the CFP electrode in 0.1 M NaOH as the
electrolyte. Two pairs of redox peaks (I/Il and III/IV) were
observed for both 3D/Co;0, nanowires (green line) and thorn-
like (blue line) nanostructures (Fig. 5a), resulting from the
reversible transition between Co;0, and CoOOH (I/II) and the
transition between CoOOH and CoO, (III/IV), which is consist-
ent with a recent report.>® This observation was confirmed by
the participation of OH™ in the electrochemical redox reaction
of Co;0,. The reactions can be written as follows;

Co3;04 + OH  +H,0 < 3CoOOH + e~ (5)

CoOOH + OH™ « Co00,; +H,O+¢e" (6)

Noticeably, the unmodified CFP electrode doesn’t show any
electrochemical response (Fig. 5a, black line), which clearly
confirmed the catalytic properties of 3D/Co;0, nanostructures.

The electrochemical oxidation of glucose in the 3D/Co;0,
thorn-like nanostructures was first examined in a 0.1 M NaOH
solution. Fig. 5b shows the CVs in the absence (curve i, blue
line) and presence (curve ii, magenta line) of 0.05 mM glucose,
recorded on the 3D/Co3;0, thorn-like nanostructures/CFP elec-
trode in 0.1 M NaOH solution. The 3D/Co30, thorn-like nano-
structures started oxidizing glucose at ca. +0.15 V and covered
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Fig. 5 (a) CVs of the 3D/Co30,4 thorn-like (blue line), nanowire (green

line) nanostructures and unmodified CFP (black line) electrodes in 0.1 M
NaOH solution. (b) CVs of the 3D/Co30,4 thorn-like (blue line) and nano-
wire (green line, inset) nanostructure-modified CFP electrodes in the
absence of glucose (i) and the presence (ii) of 0.05 mM glucose in 0.1 M
NaOH solution. For control experiments, CVs are obtained for the
unmodified CFP (black line) electrodes in 0.1 M NaOH solution contain-
ing 0.05 mM glucose. (c) CVs of the 3D/Co30, thorn-like nanostructure
CFP electrode in 0.1 M NaOH solution at various concentrations of
glucose; 0.05, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 mM; (d) calibration plot
of the corresponding (3D/Coz0,4 thorn-like nanostructure CFP elec-
trode) glucose oxidation currents vs. the concentration of glucose
(n = 3).

the potential region where species COOOH and CoO, were
formed. No electrochemical signal was observed on the un-
modified CFP electrode (curve iii, black line, as well as the inset).
The result indicated that the catalytic properties of the as-pre-
pared 3D/Co;0, thorn-like nanostructures towards glucose oxi-
dation were associated with CoOOH and CoO,. Next, we have
also studied the glucose oxidation on the 3D/Co;0, nanowire-
modified CFP electrode (data shown in the inset of Fig. 5b) in
the absence (curve i, green line) and presence (curve ii, red
line) of 0.05 mM glucose in 0.1 M NaOH solution.

Interestingly, the 3D/Co;0, thorn-like nanostructures
showed significantly higher electrochemical oxidation of
glucose than the 3D/CozO, nanowire nanostructures.
Additionally, as shown in Fig. 5c, a sharp increase in the
current subsequent to glucose addition at peak III (CoOOH —
Co0,) was stronger than that noticed at peak I (Co;0, —
CoOOH) which unequivocally suggests that the electro-
chemical oxidation of glucose is primarily mediated by
CoOOH/CoO, rather than Co;0,/CoOOH. Therefore, the peak
III potential was applied for subsequent amperometric detec-
tion (vide infra). Glucose upon oxidation produces gluconolac-
tone through a 2-electron electrochemical reaction.®® The
electrocatalytic oxidation of glucose by Co;O, nanostructures
is proposed to proceed through the following equation:

2C00, + CsH1,06(glucose) — 2CoOOH
+ CeH;006 (gluconolactone)

7)

This journal is © The Royal Society of Chemistry 2017
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With the utilization of CoO, and the generation of CoOOH,
the extent of reaction (6) would significantly favour the
forward reaction (COOOH — Co00,), leading to an enhance-
ment in the oxidation peak III upon the addition of glucose
(Fig. 5b). Furthermore, the redox reaction of CoOOOH/CoO, is
accompanied by the repeated transfer of OH and H,O, possible
only in alkaline solution, between the interfaces of CoO,,
Co30,4, and CoOOH. Because of the formation of hydroxide
and oxyhydroxide, OH™ ions from the oxyhydroxide layer con-
tinue to permeate into the Co substrate. This could be sup-
ported by the improved conducting properties of the oxy-
hydroxide over the hydroxide, as well as the increased driving
potential. Thus, the formation of a stable and sufficient
number of COOOH/CoO, redox couples is possible only when
the CFP electrode was polarized at positive potentials in alka-
line solution. Hence, the catalytically active CoO, layer is acti-
vated only in a solution of high pH and therefore the sensitive
detection of glucose is feasible only in alkaline solution in this
system. The experimental observation was in good agreement
with eqn (5)-(7). As shown in Fig. 5c, the introduction of
glucose increases the oxidation current at peak III (at +0.55 V)
in a concentration-dependent manner, while the current at
peak I (at +0.15 V) remains nearly constant. A slight baseline
drift was observed after multiple injections of glucose, which
may be attributed to the variation of local pH, faster glucose
consumption with respect to diffusion, or the adsorption of
intermediates on the active sites. The corresponding cali-
bration curve (Fig. 5d) displays a linear correlation over a con-
centration range from 0.05 mM to 0.70 mM of glucose with a
correlation coefficient of 0.9978, indicating the excellent appli-
cability of the flexible 3D/Co30, thorn-like nanostructure-
modified CFP electrode. Overall, the observed higher electro-
catalytic activity of 3D/Co;0, thorn-like nanostructures can be
explained as follows: (i) the thorn-like nanostructures offer a
large electrochemically active surface area (the mass normal-
ized electrochemically active surface area (ECSA) of 3D/C030,
thorn-like nanostructures is ca. 14.1 m> g~' and that of 3D/
Co;0, nanowires is 10.4 m*> g~ "); (ii) the networked needle-like
configuration and good electronic conductivity of 3D/Co3;0,
thorn-like nanostructures with abundant mesopores expand-
ing from the surface to the bottom not only facilitate the trans-
port of glucose molecules through the electrolyte/electrode
interface, but also allow them to come into contact with more
active sites, thus providing reliable electrical connections with
the glucose molecules; and (iii) their compatibility, i.e. 3D/
Coz0, thorn-like nanostructures directly grown on the flexible
current collector (CFP), enables the rapid integration to any
device configuration.

Amperometric detection of glucose in 3D/Co;0, thorn-like
nanostructures on the CFP electrode

Considering that the iy, at peak Oy (+0.55 V) increased signifi-
cantly with the increase of glucose concentration from CV
measurements, a potential of +0.55 V was applied for the non-
enzymatic chronoamperometric detection of glucose in 3D/
Co;0, nanostructure-modified CFP electrodes (curves i and ii

This journal is © The Royal Society of Chemistry 2017
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in Fig. 6a are for thorn-like and nanowires, respectively) in the
stirring 0.1 M NaOH solution. The typical i~¢ curve on succes-
sive injection of glucose reached 97% of steady-state current in
less than 2 s, which is similar to what was previously reported
for other non-enzymatic glucose sensors.®*”® The corres-
ponding calibration curves were plotted (Fig. 6b) with corre-
lation coefficient values of 0.999 (thorn-like nanostructures on
the CFP electrode) and 0.998 (nanowires on the CFP electrode).

The sensitivity of both 3D/Co30, nanowire and thorn-like
nanostructure-modified CFP electrodes was calculated from
Fig. 6b, and the 3D/Co;0, thorn-like nanostructure-modified
CFP shows a higher sensitivity (0.18 pA pM ™" glucose) than the
3D/Co;0, nanowire CFP electrode (0.09 pA uM™' glucose).
Furthermore, a wide range response of glucose was tested from
1 to 1000 uM (Fig. 6¢), and the limit of detection calculated for
both 3D/Co;0, thorn-like nanostructure- and 3D/Co;0, nano-
wire-modified CFP electrodes from the standard deviation of
the baseline current®® was found to be 0.046 uM and
0.102 pM, respectively (S/N = 3). We summarized the enzyme-
less glucose detection performance with different Co;0,-based
nanostructured electrodes reported so far in Table S1.f The
3-D/Co30, thorn-like nanostructure electrode is found to
exhibit sensitive nanomolar glucose detection (ref. 1-9 from
the ESIT). We further analyzed the amperometric responses of
1 pM glucose (steps a, d, g, j, m, o and p), 100 pM of ascorbic
acid (AA, step b), dopamine (DA, step c), uric acid (UA, step e),
acetaminophen (AP, step f), cysteine (step h), fructose (step i),

a ;
1.5 4 154 b ¥ /?,Jﬁ |
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Fig. 6 (a) Amperometric i—t curve response of the 3D/Co30, thorn-like

(i) and nanowire (ii) nanostructures on the CFP electrode at an applied
potential of +0.55 V in 0.1 M NaOH with the dropwise addition of 1 pM
glucose, and (b) the corresponding calibration plot of the obtained
current response vs. glucose concentration. (c) Representative ampero-
metric i—t curve response of the 3D/Coz0,4 thorn-like nanostructures on
the CFP electrode at +0.55 V with the successive additions of glucose
up to 1000 pM in 0.1 M NaOH and the corresponding calibration plot of
the obtained current response vs. glucose concentration. (d)
Amperometric response of 3D/CoszO,4 thorn-like nanostructures on the
CFP electrode towards the addition of 1 pM glucose (steps a, d, g, j, m, o
and p) and interfering compounds of 100 uM AA (b), DA (c), UA (e), AP
(), cysteine (step h), fructose (step i), galactose (step k), lactose (step 1),
and serotonin (step n) in constantly stirred 0.1 M NaOH solution.
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galactose (step k), lactose (step 1), and serotonin (step n), in
0.1 M NaOH solution, as shown in Fig. 6d. Notably, 3D/Co3;0,
thorn-like nanostructures provide remarkable responses only
for glucose oxidation, and there is no amperometric current
response for interfering species agreeing well with the Co-
based electrodes.®*%>%7:68

Reproducibility and stability of the glucose sensor

The reproducibility of the proposed sensor based on 3D/Co;0,
thorn-like nanostructures was examined by measuring the
catalytic current response of the electrochemical oxidation of
glucose on three independent 3D/Co;0, thorn-like nano-
structure CFP electrodes under the same conditions. The rela-
tive standard deviation (RSD) of the current response was only
2.87%, indicating a good reproducibility. Furthermore,
repeated measurements on the same CFP sensor showed a
RSD of about 1.4-2.7%. The long-term stability of the sensor is
a critical factor in practical application; it was assessed by con-
sidering the amperometric response in 0.1 mM glucose solu-
tion. The current response decreased less than 3% from its
initial response current after 7 days of storage at 23 °C.

Validation of the proposed glucose sensor with real samples

The 3D/Co;0, thorn-like nanostructure CFP electrode was
tested with six different human blood serum samples (Muthu
clinic and X-rays, Dindigul district) to validate the results
under real-world conditions. 0.50 ml of each of the blood
serum samples were mixed with 9.5 mL of 0.1 M NaOH and
used for the experiments. The experimental results are sum-
marized in Table S21 and compared with a standard hospital
blood glucose determination method by using a commercial
glucose sensor. The results show close agreement between
these two sensor analyses, with a recovery of >95%. These
results confirmed that the proposed sensor could be applied
to a sensing system for clinical applications.

4. Conclusions

In this work, a flexible CFP substrate was used as a support for
the synthesis of 3D/Co3;0, thorn-like and nanowire nano-
structures by a one-step hydrothermal method. The 3D/Co30,
thorn-like and nanowire nanostructures were used for electro-
chemical non-enzymatic glucose sensing. The 3D/Co3;0, thorn-
like nanostructures exhibit a higher catalytic activity towards
the electrochemical oxidation of glucose compared to the 3D/
Co30, nanowires. The 3D/Co;0, thorn-like nanostructures
showed a higher sensitivity (0.18 pA uM ™" glucose) than 3D/
Co30, nanowires with a linear response of glucose concen-
tration in the wide range of 1 to 1000 pM and a LOD of
0.046 pM (S/N = 3). The 3D/Co30, thorn-like nanostructures
showed a stable, selective and reproducible electrochemical
response towards the detection of glucose. In conclusion, the
3D/Co30, thorn-like nanostructures show potential for the
development of a non-enzymatic glucose sensor.
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