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ABSTRACT: Wearable energy storage and flexible body bio-
molecule detection are two key factors for real-time monitoring of
human health in a practical environment. It would be rather Bartable warkstti _
exciting if one wearable system could be used for carrying out both risva weriziatis  dotastiog
energy storage and biomolecule detection. Herein, carbon fiber- @ - 37
based NiCoO, nanosheets coated with nitrogen-doped carbon Charging \ e
(CF@NiCoO,@N—C) have been prepared via a simple electro- ] ) ¢

chemical deposition method. Interestingly, being a dual-functional Self-power Supercapacitar @
active material, CF@NiCoO,@N—C exhibits excellent behaviors

as a supercapacitor and prominent electrocatalytic properties,

which can be applied for enzyme-free biosensor. It exhibits

outstanding energy storage, high capacitive stability (94% capacitive retention after 10,000 cycles), and pre-eminent flexible ability
(95% capacitive retention after 10,000 bending cycles), as well as high sensitivity for enzyme-free glucose detection (592 A mM™).
Moreover, the CF@NiCoO,@N—C-based wearable supercapacitors would be used as self-powered energy systems for enzyme-free
biosensors. Integrating with bluetooth, we have successfully developed a wearable self-powered enzyme-free smartsensor, remotely
controlled using a smartphone for health monitoring in a practical environment. From this prospective study, it was found that the
design of wearable self-powered smartsensors, demonstrating energy storage and enzyme-free biosensing in one system, provides a
promising device for detecting body biomolecules, which has the potential to be implemented in the artificial intelligent fields.

Glucose Sensor

KEYWORDS: NiCoO,, dual-functional materials, wearable supercapacitors, enzyme-free smartsensors, self-powered energy systems,
wearable sensors

1. INTRODUCTION electronic field because of their fast charging/discharging
ability and long cycle life. In addition, the emerging all-solid-

Rapid development of wearable electronic devices has been . A o
. . a e ) state supercapacitors could easily meet the needs of flexibility
improving human daily life in areas, such as medical

treatment," protection,”* health monitoring,5_7 flexible and various deformations (e1 le)ending and twisting) as the
energy supply systems,g_“ and  artificial intelligence.lz wearable electronic devices. Meanwhile, energy storage
Currently, wearable biosensing systems are attracting the performance is also a key factor affecting the use of wearable

L7 . . devices. Today, the integrated systems of supercapacitors
attention of researchers because of their excellent portability . .

. VR Y because of these advantages have been attracting widespread
and wide application in health monitoring. Generally, a stable attention 2>~ Dahiva et al. desiened a eraphene-based flexible
wearable energy supply and a facile universal material are two ) Y  Gestg grap

challenges for fabricating a wearable biosensing system for self—crhargini% f Oggrtﬁ) a:l:k t}vljtr ct;n gﬂg(_:lt) liggt I?:? ergny irnta
large-scale applications. Thus, wearable energy device-powered Zt}t’eectcap';; Sha?l o 25e HI())O ee or iheu i iseene-rl,)asesg zo er(i
sensors should be developed and studied for further enhancing p §es- WEver grap up

capacitors possessed a low energy density, impacting the
the flexibility and sensing performance. The energy-harvestin P P gy density, Impacting th
. & performance of pH sensors further limiting their application in
technologies for wearable systems based on solar cells,

. .14 . s . wearable devices. Nowadays, carbon materials mainly domi-
piezoelectrics,” and triboelectrics > have been extensively

investigated. Considering the demand of flexibility and safety
for wearable energy storage devices, conventional batteries are
not suitable because of their bulk volume, heavy weight, and
rigidity, and it is difficult to satisfy the rapid-charging
conditions of wearable electronic devices.'*™*
Supercapacitors, as one of the promising energy storage
devices, have attracted great attention in the wearable
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Figure 2. (a) XRD patterns of the CF@NiCoO,@N—C nanosheets and CF@NiCoO,; (b) SEM image of CF@NiCoO,@N—C nanosheets, the
inset is the corresponding enlarged SEM images; (c) HRTEM image of the CF@NiCoO,@N—C nanosheets, the inset is the SAED pattern of the
nanosheets; (d) EDX map of the CF@NiCoO,@N—C nanosheets; and the XPS spectra of the CF@NiCoO,@N—C nanosheets; (e) Co 2p

spectrum; (f) Ni 2p spectrum; (g) C s spectrum; and (h) N 1s spectrum.
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Figure 3. (a) CV curves of CF@NiCoO,@N—C (red) and CF@NiCoO, (aquamarine) at 5 mV s™"; (b) GCD curves of CF@NiCoO,@N—C and
CF@NiCo0, at 2 mA cm™% (c) CV curves of CF@NiCoO,@N—C at different scan rates from 1 to S0 mV s™%; (d) GCD curves of CF@
NiCoO,@N—C at different current densities; (e) the cycling performance of CF@NiCoO,@N—C; (f) b-values of CF@NiCoO,@N—C; (g) the
separation of capacitive and diffusion currents of CF@NiCoO,@N—C at a scan rate of 2 mV s™%; (h) the contribution ratio of capacitive and

diffusion-controlled processes at different scan rates.

nate the industrial market of conventional capacitors because
of their excellent stability,”””* but their inherent low energy
density limit their application in wearable areas. Transition
metal oxide materials with high theoretical specific capacitance,
rich redox reaction sites, and low cost have been regarded as a
class of promising materials for supercapacitors.”” > Among
them, nickel—cobalt oxide (NiCoO,) has been conceived as a
promising scalable alternative because of its advantages of
excellent energy storage performance, abundant resources, and
environmental friendliness.*>** Importantly, NiCoO, is also an
economical and facile candidate material for non-enzymatic
biosensors,”*® compared with traditional enzyme biosensor
materials.

Herein, we developed a nitrogen-doped and carbon-coated
NiCo0O,-based dual-functional electrode for simultaneous
application in wearable supercapacitors and enzyme-free
glucose sensors. The as-obtained CF@NiCoO,@N—-C for
supercapacitors exhibited pre-eminent electrochemical per-
formance including a high specific capacitance (644 mF cm™>
at 2 mA cm®) and a long stable cycling performance
(retaining 94% after 10,000 cycles). Interestingly, flexible
asymmetric supercapacitors were assembled using the CF@
NiCoO,@N—C electrode, and the obtained full-cell exhibited
excellent electrochemical behaviors with long cycling and
bending performances, which would be a potential device for
practical wearable use. Meanwhile, the CF@NiCoO,@N—C
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electrode could also be used in a wearable enzyme-free sensor
for glucose monitoring with a high sensitivity of S00 A mM™".
This wearable dual-functional device made of the CF@
NiCoO,@N—C electrode would be used as a self-powered
energy system for biosensors. After integrating with portable
workstations and bluetooth, wearable enzyme-free sensors
could be remotely controlled using a smartphone for health
monitoring. Therefore, the design of a wearable self-powered
smartsensor system, demonstrating energy harvesting, energy
storage, and enzyme-free sensing in one system, would be a
promising system for detecting body biomolecules and has the
potential to be implemented in the artificial intelligent fields.

2. RESULTS AND DISCUSSION

2.1. Materials Fabrication and Characterization. The
schematic of the preparation of CF@NiCoO,@N—C nano-
sheets on a CF substrate is depicted in Figure 1. The CF@
NiCo-precursor@polypyrrole (PPy) was first in situ grown on
the CF via the two steps of electrodeposition and then
annealed in an Ar atmosphere. The detailed process was
discussed in the Experimental Section.

The crystal structure of the as-prepared samples was
determined using the X-ray diffraction (XRD) pattern (Figure
2a). The diffraction peaks at 36.7, 42.8, and 62.2° well
correspond to the (111), (200), and (220) planes of NiCoO,
(JCPDS no. 10-0188), while the diffraction peaks at 25.34 and

https://dx.doi.org/10.1021/acsami.0c05465
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https://pubs.acs.org/doi/10.1021/acsami.0c05465?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c05465?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c05465?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c05465?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c05465?ref=pdf

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

43.1° can be indexed to the CF.”” The low crystallinity of
CF@NiCoO,@N—C was because of the addition of nitrogen
and carbon. The scanning electron microscopy (SEM) images
of CEF@NiCoO,@N—-C showed that nanosheets were
uniformly grown on the CF (Figure 2b). The 3D-
nanostructure has more active sites and structural stability.
Moreover, there appeared collapsed CF@NiCoO, without
coating PPy on the surface in control (Figure S1). The
structure of the CF@NiCo-precursor was similar to that of
CF@NiCoO,@N—C (Figure S2). It indicated that the
addition of nitrogen-doped carbon (N—C) protected the
nanosheet structure during the annealing process. The
structure and lattice fringes of the CF@NiCoO,@N-C
nanosheets were further revealed by high-resolution trans-
mission electron microscopy (HRTEM) characterization
(Figure 2c). A clear lattice fringe of 0.24 nm well matched
with the (111) plane of NiCoO, (JCPDS no. 10-0188). The
selected area electron diffraction (SAED) patterns showed
obvious rings matching with the (111), (200), and (220)
planes of NiCoO, (the inset of Figure 2c), and these data well
correspond to the XRD results. Meanwhile, the uniform
distribution of Ni, Co, O, and N on the CF is displayed in the
energy dispersive spectroscopy (EDS) map (Figure 2d), which
would provide larger areas of electroactive sites and space to
store electrolyte ions.

The detailed electronic states of the CF@NiCoO,@N—-C
nanosheets were further characterized using the X-ray
photoelectron spectrum (XPS) shown in Figure 2e—h. In
Figure 2e, the peaks at 780.9 and 796.7 eV can be indexed to
Co?*. The high-resolution Ni 2p spectrum (Figure 2f) showed
two spin—orbit doublets characteristic of Ni** and Ni**, as well
as two shake-up satellite peaks. The fitting peaks at 854.2 and
871.6 eV were indexed to Ni**, while the peaks at 856.2 and
873.3 eV can be indexed to Ni*".”**® The ratio of Ni**/Ni**
shows that the majority of nickel is Ni**, while the existence of
the Ni** component would be confirmed by a signal appearing
for the defect site. In the C 1s spectrum of CF@NiCoO,@N—
C (Figure 2g), the peaks at 284.6 and 285.8 eV can be indexed
to the bonding configurations of C=C and C—C, respectively.
Especially, a small peak at 289.3 eV, ascribed to C—N, suggests
that nitrogen was doped into the carbon surface. Moreover, the
N 1s spectrum in Figure 2h was used to determine the nitrogen
configurations. The three individual peaks were indexed to
pyridinic N (398.5 V), pyrrolic N (400.1 eV), and quaternary
N (401.1 €V). It can be expected that sufficient doping of
pyridinic N and pyrrolic N would induce numerous extrinsic
defects and active sites for rapid ion diffusion, which thus
greatly enhanced the electrochemical performance.””*’

2.2. Electrochemical Properties of CF@NiCoO,@N—-C.
The electrochemical performance of the CF@NiCoO,@N—C
nanosheets has been investigated. In order to prove the
excellent performance of the as-prepared CF@NiCoO,@N—-C
nanosheets, they were compared with CF@NiCoO, using the
results of cyclic voltammetry (CV) test (Figure 3a). The CF@
NiCoO,@N—C showed clear redox peaks at around 0.35 and
0.28 V during the electrochemical process, while CF@NiCoO,
aggregated easily and cannot take part in the redox reaction
efficiently (Figure 3a blue line).” In particular, there appeared
a larger CV area of CF@NiCoO,@N—C, indicating a large
capacitance. The galvanostatic charge/discharge (GCD) curves
were also obtained for CF@NiCoO,@N—C and CF@NiCoO,
(Figure 3b). In addition, the GCD curves of CF@NiCoO, at
different current densities and CV curves at different scan rates

were obtained as well (Figure S3). CF@NiCoO,@N-C
showed a longer discharge time indicating a larger specific
capacitance, because of the additional active sites for the redox
reaction. This result corresponded well with the CV results,
showing a better electrochemical performance of CF@
NiCoO,@N—C. Furthermore, the CV curves of CF@
NiCoO,@N—C with various scan rates are shown in Figure
3c. The clear redox peaks could be observed, which were
mainly ascribed to the reversible reactions between metal ions
(Ni and Co) and hydroxyl ions (OH™). The corresponding
faradaic reactions could be described using eqs 1—4.""**

NiO 4+ OH™ < NiOOH + e~ (1)
CoO + OH™ « CoOOH + e~ (2)
CoOOH + OH™ < Co0, + H,0 + e~ 3)
NiOOH + OH™ < NiO, + H,0 + e~ (4)

There was an apparent pair of redox peaks, implying the
abundant changes in the valence states and diffusion behaviors.
Upon increasing the scan rate, the anodic peaks shifted toward
a higher potential, while the cathodic peaks shifted toward a
lower potential, which were ascribed to the polarization effects
of the electrode. GCD measurements were carried out at
different current densities to estimate the capacitances of the
CF@NiCoO,@N—C (Figure 3d). The specific capacitances
were evaluated to be 644, 606, 577, 556, and 536 mF cm 2,
corresponding to the current densities of 2, 4, 6, 8, and 10 mA
cm™?, respectively. Importantly, the specific capacitance at a
high current density of 10 mA cm™ still maintained around
85% of the initial value at 2 mA cm 2. These results confirmed
that the introduction of nitrogen-doped carbon greatly
enhanced the supercapacitor performance at a high current
density.

To further understand the ion diffusion of the materials,
electrochemical impedance spectroscopy (EIS) measurement
was performed and the results are shown in Figure S4. The X-
axis intercept in the high frequency range revealed equivalent
series resistance (Rg), composed of the ionic resistance of the
electrolyte, electronic resistance of the electrode materials, and
interface resistance.”” The Ry values of CF@NiCoO,@N—C
and CF@NiCoO, were 1.9 and 2.2 Q, respectively. The
smaller Rg value indicated a higher conductivity of the CF@
NiCoO,@N—-C electrode and a better contact between the
electrode and the substrate. Furthermore, the straight line of
CF@NiCoO,@N—C was steeper in the low-frequency region,
because the addition of nitrogen-doped carbon greatly
improves the conductivity of the active materials.** Moreover,
the stability performance of the CF@NiCoO,@N—C positive
electrode is shown in Figure 3e. There remained about 94%
capacitance after 10,000 cycles at a high rate of 10 mA cm™2,
and it continued increasing for the first 100 cycles because of
the gradual activation of the reactive materials.**® Thus, the
structures of CF@NiCoO,@N—C possessed good stability
during the redox reaction, and nitrogen-doped carbon greatly
increased the electrode conductivity and provided more
electroactive sites.

The superior rate capability of CF@NiCoO,@N—C drew
the attention to understand the kinetics mechanism and the
dominating process during the electrochemical reaction. CV

curves were analyzed at various scan rates according to eq
547,48

https://dx.doi.org/10.1021/acsami.0c05465
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Figure 4. (a) Schematic diagram of FASC; (b) CV curves of CF@NiCoO,@N—C and CF@N—C at 5 mV s™'; (c) CV curves of FASC at 10 mV
™! over a voltage range from 0—1.0 to 0—1.6 V; (d) CV curves of the FASC at different scan rates from 10 to 100 mV s™'; (e) GCD curves of the
FASC at different current densities; (f) EIS data of the FASC; (g) the cycling performance of the FASC, the inset is blue DUT LEDs powered by
the FASC; (h) the stability of the FASC under straight, bending and twisting states at 100 mV s, respectively; (i) bending stability of the FASC
after 10,000 cycle testing, the inset is the CV curves of the FASC after bending of 0, 5000, and 10,000 cycles.

i=ab (%)
where i was the current, v was the scan rate, a and b were the
constants. In the equation, a b-value of 0.5 indicated a
diffusion-controlled process, whereas a b-value of 1 indicated a
surface-capacitance process. The b-values of CF@NiCoO,@
N-—C at different potentials are shown in Figure 3f. A b-value
of 0.7 was obtained at a peak potential of 0.35 V, indicating
that the process was mostly diffusion-controlled. Meanwhile, b-
values in the range of 0.8—1.0 were obtained at potentials
higher or lower than 0.35 V, indicating that the process was
dominantly capacitive controlled.

Further studies were carried out to quantitatively distinguish
the capacitive contributions at various scan rates using the CV
curves. The current response can be divided into a
combination of two mechanisms: surface-capacitive processes
and diffusion-controlled processes, as depicted in eq 6**°

i(V) = ky + kp'/? (6)

where i was the current under a fixed potential (V), k; and k,
were constants. In eq 6, k,v and k,'/? represent the current of
the surface-capacitive contribution and the diffusion-controlled
contribution, respectively. The percentage of capacitive
contribution at a fixed potential was quantitatively determined
by the diffusion-controlled contribution and capacitive
contribution, and a 77.1% capacitive contribution was obtained

at 2 and 1 mV s™' (Figures 3g and S5). Meanwhile, upon
increasing the scan rate from 1 to 50 mV s7L, the capacitive
contribution increases, indicating that the surface-capacitive
process dominated the electrochemical reaction at high scan
rates (Figure 3h). As a result, the excellent rate capacities came
from the high ratio of the capacitive contribution.

2.3. Full-cell Behaviors of Flexible Asymmetric
Supercapacitor. To further demonstrate the practical
application of CF@NiCoO,@N—C, an asymmetric super-
capacitor was fabricated. The as-prepared CF@NiCoO,@N—
C was used as the cathode, CF@N—C nanowires were used as
the anode, and polyvinyl alcohol (PVA)/KOH was used as the
solid electrolyte (Figure 4a). The anode of CF@N—C was
prepared via a similar electrodeposition method, obtaining a
uniform nanowire structure according to the SEM image
(Figure S6). The CF@N—C showed outstanding electric
double-layer behavior in CV curves from —1.0 to 0 V (Figure
S7), and GCD measurements were obtained at different
current densities to estimate the capacitances of the CF@N—-C
anode (Figure S8). The combined CV curves of CF@
NiCoO,@N—-C and CF@N—C are shown in Figure 4b,
demonstrating the appropriate voltage window of the flexible
asymmetric supercapacitor (FASC) to be —1 to 0 V and 0—0.6
V, respectively. Furthermore, the voltage window of the as-
fabricated FASC was evaluated in the range of 0—1 and 0—1.6
V from CV curves (Figure 4c), and there was no obvious
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Figure S. (a) Schematic illustration of a wearable FASC for a self-powered glucose smartsensor system. (b) GCD curves of the self-powered three
FASCs in series, charging and discharging in a simulative sunlight or a dark environment. (c) Digital photos of the self-powered FASC driving the
portable workstation at different states. (d) CV curves of the CF@NiCoO,@N—C-based glucose sensor in the concentration range of 0—5 mM at
20 mV s™". (e) Amperometric i—t curves of the wearable FASC for the self-powered glucose smartsensor in the concentration range of 0—7 mM,
the insets are the photographs of the wearable glucose sensor in the headband operated using a smartphone. (f) The Linear relationship of the

glucose concentration collected at 200 s from (e).

polarization in the measured potential range. Thus, the safety
voltage window was set to be 0—1.6 V for the device of FASC.
The FASC at various scan rates exhibited an ideal capacitive
behavior with satisfying reversibility (Figure 4d). Meanwhile,
the specific capacitance was measured to be 98.5 mF cm™ at 2
mA cm ™ from the GCD curves (Figure 4e). The thickness of
the ASCs measured with a micrometer was about 0.86 mm
(Figure S9), and the volume capacitance was 1145 mF cm ™ at
2 mA cm™* (Figure S10). EIS of the assembled hybrid
supercapacitor has been measured (Figure 4f), and the
equivalent electrical circuit is shown in the inset. The
equivalent series resistance was as low as 3.1 Q, resulting
from fast ion transfer between the active materials and the
electrolyte.

Moreover, the FASC shows good electrochemical stability,
the specific capacitance of the FASC was maintained 95% even
after 8000 cycles (Figure 4g). The DUT (Dalian University of
Technology) light-emitting diode (LED) was powered using
three serially connected FASCs as shown in the inset of Figure
4g. In addition, the FASC exhibited excellent flexible and
wearable behaviors during bending and twisting testing (Figure
4h). In the case of numerous bending cycles of the FASC, 95%
capacitance was maintained even after 10,000 cycles (Figure

21784

4i). The fabricated FASC device exhibited outstanding
mechanical stability and flexibility for powering future smart
wearable sensors and electronics.

2.4, FASC for Self-Powered Enzyme-Free Smartsen-
sors. For a wider practical application of flexible super-
capacitors, a wearable self-powered enzyme-free smartsensor
system has been designed in this work (Figure Sa). First, solar
cells convert sunlight into electric energy for storing in
supercapacitors. Furthermore, the self-powered energy devices
can power portable workstations, bluetooth modules, and
wireless transmitters used for detecting glucose. Moreover, the
response signal can be wirelessly transmitted to a smartphone
via bluetooth for achieving remote control. The flow chart of
the integrated system shown in Figure S11 explains the
working process. Interestingly, the as-prepared CF@NiCoO,@
N—C could be used as a dual-functional active material, both
the cathode material in flexible supercapacitors and the
wearable enzyme-free electrode in biosensors. Combining
with the bluetooth technology, the as-prepared CF@
NiCoO,@N—C-based wearable FASC for self-powered
enzyme-free sensors could be remotely controlled using a
smartphone. The flexible solar cells were used as energy
harvesting devices to produce electricity from sunlight, and
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further can be connected with the as-obtained FASC to store
energy with a low power consumption.

Solar cells were first exposed to sunlight, and then further
fully charged the FASC continuously. The practical operation
of the self-powered FASC has been demonstrated either in a
light or dark environment for GCD measurement (Figure Sb).
The FASC was first charged by solar cells under the light
illumination, when switching into a dark environment, the
FASC exhibited excellent discharge behaviors for 53.8, 35.0,
26.7, 212, and 17.5 s at 2, 4, 6, 8, and 10 mA cm™>,
respectively. Meanwhile, a portable workstation and a
bluetooth module could be powered using three serially
connected FASCs (Figure Sc and Movie S1), providing a
teasible system for remote detection using non-enzymatic
biosensors.

To demonstrate the biosensing performance of the as-
prepared CE@NiCoO,@N—C, the CV curves for electro-
catalytic glucose monitoring (0—5 mM) have been obtained
and are shown in Figure 5d. Upon increasing the concentration
of glucose, well-defined electrocatalysis occurred starting at
045 V (vs Sliver ink), and the electrocatalytic current
proportionally increased. During the electrochemical process,
glucose was oxidized to gluconolactone by CF@NiCoO,@N—
C, while Co(IV) and Ni(III) were reduced into Co(III) and
Ni(ID), respectivelzr. The reaction processes were depicted in
eqs 7, 8, and 9355651

NiCoO, + 20H  — NiOOH + CoOOH + 2e~ (7)
NiOOH + glucose — Ni(OH), + glucolactone (8)
CoOOH + OH™ — Co0O, + H,0 + ¢~ 9)
Co0, + glucose - CoOOH + glucolactone (10)

When assembling the FASC for a wearable self-powered
wireless glucose sensor via smartphone remote control,
electrochemical signals demonstrated good sensing properties
between the response of current and the glucose concentration
displaying on the smartphone according to the amperometry
(i—t) curves (Figure Se), corresponding to the concentration
of glucose from 0 to 7 mM. An excellent linear relationship
between current density and glucose concentration was also
obtained, with a sensitivity of 592 yA mM™' and a detection
limit of 34.8 uM (Figure Sf), which are superior electro-
chemical behaviors compared with those of the state-of-the-art
devices reported in the literature (Table S1). The high
sensitivity for glucose can be attributed to the significant
electrochemical properties of CF@NiCoO,@N—C.

3. CONCLUSIONS

In conclusion, we have successfully fabricated a wearable FASC
for a self-powered smartsensor system based on the dual-
functional CF@NiCoO,@N—C material. Thanks to the
successful preparation of the CE@NiCoO,@N—C electrode,
achieving a high capacitance of 644.29 mF cm™ and an
outstanding stability 93.7% after 10,000 cycles. Moreover, the
as-prepared FASC also showed great electrochemical perform-
ance and excellent flexible stability, because of the CF@N—-C
electrode and the PVA/KOH gel electrolyte. As wearable
devices, FASCs maintained 95% capacitance even after 8000
cycles and 10,000 bending cycles, showing their potential to be
applied in wearable systems. Meanwhile, the CF@NiCoO,@
N—C-based glucose sensors exhibited a high sensitivity of 0.62

mA mM™, suitable for real-time body biomolecule detection.
The FASC and the glucose sensors were integrated with
flexible solar cells and bluetooth into a wearable self-powered
smartsensor system, achieving excellent biosensing perform-
ance. As a prospective study, the present work shows promise
for developing integrated, highly stable wearable self-powered
smartsensor systems for energy harvesting, energy storage, and
detection of biomolecules.

4. MATERIALS AND METHODS

4.1. Preparation of CF@NiCoO,@N—C Electrodes. Typically,
the carbon fiber (CF) substrate (1 cm X 2 cm) was first pretreated
with absolute deionized water, ethanol, and acetone (each for 15 min)
to ensure a clean surface, and then placed in nitric acid for 12 h at 80
°C. Second, electrochemical deposition of the CF was carried out by
potentiostatic deposition for 100 s at a potential of —1 V vs the
saturated calomel electrode (SCE) in a three-electrode system, with
Pt foil as the counter electrode in the 0.15 M CoCl, and 0.15 M
Ni(NO;), mixed aqueous electrolyte. After washing with deionized
water and then drying in a vacuum oven overnight (60 °C), another
potentiostatic deposition was carried out for 50 s at a potential of 0.9
V vs the SCE in the electrolyte of PPy, obtained by mixing 0.15 M
PPy, 0.2 M Na,HPO,, and 0.0015 M NaClO,. The resulting CF@
NiCo-precursor@PPy electrodes were rinsed with distilled water, and
dried in a vacuum oven overnight (60 °C). Third, a piece of CF@
NiCo-precursor@PPy was annealed in an Ar atmosphere at 450 °C
for 2 h with a ramp rate of 5 °C min~". Finally, the CF@NiCoO,@
N-C electrode was obtained.

4.2. Preparation of CF@N-C Electrodes. The preparation
process was similar to the previous step of electrodepositing PPy
directly on the CF. In short, the potentiostatic deposition was carried
out for 1.5 h at a potential of 0.9 V vs SCE. The CF@N—C electrode
was achieved after annealing in an Ar atmosphere at 450 °C for 2 h
with a ramp rate of § °C min™".

4.3. Assembling of a Self-Powered Flexible Glucose-
Sensing System. First, a FASC was fabricated using the as-prepared
CE@NiCoO,@N—C and CF@N—C with the PVA/KOH gel
electrolyte, as the positive and negative electrode, respectively.
Typically, 6 g PVA was dissolved in 50 mL deionized water, and
slowly heated in a 90 °C water bath with continuous stirring for 2 h.
Then, the KOH solution (3.36 g KOH into 10 mL deionized water)
was dropped into the PVA gel solution under continuous stirring until
a clear solution was obtained. As a result, the FASC was assembled by
CF@NiCoO,@N—-C, CF@N—-C, and PVA/KOH on non-woven
fabrics. Then, self-powered energy devices were combined the three
serially connected FASCs with a flexible solar cell (amorphous silicon,
brought from NESolar). Enzyme-free glucose sensors were fabricated
as follows, this sensor included a working electrode (WE), a reference
electrode (RE), and a counter electrode (CE). Here, the CF@
NiCoO,@N—C electrode and the untreated CF were used as the WE
and CE, the sliver ink-coated CF was cured at 60 °C for 30 min as the
RE. Moreover, three electrodes could be integrated into one piece of
textile fabrics. Finally, a self-powered flexible glucose-sensing system
was obtained, and it directly drives a portable wireless workstation for
sensing glucose.

4.4. Characterization. The powder XRD measurement was
carried out using a X-ray diffractometer (SmartLab, Rigaku). Scanning
electron microscopy images (SEM) and elemental maps were
obtained on a field emission scanning electron microscope
(SU8220, Hitachi) equipped with an energy dispersive X-ray
spectrometer (EDS). TEM was performed using a Philips Tecnai
G2F20. XPS measurement was performed on an X-ray photoelectron
spectrometer (ESCALAB XI+, Thermo).

4.5. Electrochemical Measurements. The electrochemical
measurements including cyclic voltammetry (CV), GCD, EIS, and
amperometry (i—t) were performed using an electrochemical working
station (CHI 660E) with a typical three-electrode system at room
temperature with 1 M KOH aqueous solution, and Pt foil and a Hg/
HgO electrode were used as the CE and the RE, respectively.
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