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ABSTRACT

Flexible energy storage devices play significant role in wearable and portable
electronics. Herein, a cobalt-nickel phosphate (CoNiP207) composite was synthesized
on conductive carbon nanotubes (CNTs) substrate by facile one-step electrochemical
deposition method, forming a binder-free CoNiP207@CNTs positive electrode for
microsupercapacitors (MSCs). Combined with a CNTs substrate on the opposite side
of interdigitated electrode, a CoNiP207@CNTs//CNTs hybrid MSC device was

assembled. It displayed good electrochemical performance with a largest areal

capacitance of 20.9 mF-cm™ at 0.08 mA-cm™ and an energy density of 2.9 pfWh-cm™.
To construct a self-powered solar cell energy storage system, the proposed MSC device
was utilized for energy storage and further provided power for red light-emitting diode
(LED), forming natural energy collection-conversion-storage-utilization system. The

results of this study offer a simple design route for flexible energy storage devices.

Keywords: Microsupercapacitor; Cobalt nickel phosphate; Carbon nanotubes;
Flexible; Energy storage system




INTRODUCTION

With the development tendency of portable electronic products, microrobots and
implantable devices, the demand for flexible micro-energy supply devices with high
performance has grown significantly [1-3]. Microsupercapacitors (MSCs), as energy
storage devices, hold promising application potential and generated tremendous
attention, owing to their miniature size, safety, long lifespan, high power density, etc
[4-9]. With the construction concept of natural energy collection-conversion-storage-
utilization system, it is imminent to explore high-performance MSCs to make full use
of natural resources. Like for any energy device, the electrode material and electrolyte
play significant roles in enhancing the electrochemical performance.

From electrode materials aspect, battery-like and pseudocapacitive electrodes have
been widely investigated, and the former exhibit larger capacitance ascribed to the fast
surface redox reactions [10-16]. Typically, transition metal oxides/hydroxides/sulfides/
phosphides/phosphates, such as Co304 [17], Mn(OH)2 [18], MoS2 [19], NiFeP [20],
NiCo(HPO4)-3H20 [21], etc. are prepared and applied as the positive electrodes in
MSC device assembly. Owing to their open framework with numerous active sites,
transition metal phosphates have been extensively researched among battery-like
electrodes, evoking their application in supercapacitors (SCs) [22, 23]. However,
reports on the application of transition metal phosphates as positive electrodes in MSC
devices are scarce. Therefore, their application potential in MSCs deserves attention to
explore the possibility to improve the electrochemical performance of the hybrid MSC
devices. It will be an important attempt, and exploration of transition metal phosphates
in MSCs application;-whiek is meaningful and significant.

In this work, CoNiP207 composite was synthesized by one-step electrochemical
deposition method and further applied as a positive electrode in hybrid MSC device
assembly. The interdigitated carbon nanotubes (CNTs) electrodes; investigated in this
study, owing to their adwvantages—of-good conductivity and 1D nanostructures, were
prepared using the spraying-coating technique. One side of the interdigitated CNTs was

utilized as the negative electrode directly, and the other side acted as the conductive
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substrate for CoNiP207 deposition, forming CoNiP207@CNTs//CNTs hybrid MSC
device. The assembled MSC exhibited the largest areal capacitance of 20.9 mF-cm™ at
0.08 mA-cm? and favorable rate performance of 67% compared with the value
measured at 0.5-mA-cm™. The corresponding energy and power densities of the MSC
device were respectively 2.9 pWh-cm™ and 41.3 pW-cm™. Moreover, the MSC was
applied to store the energy collected by solar cells in the natural energy collection-
conversion-storage-utilization system, which could normally work and supply a red
light-emitting diode (LED), indicating promising application potential as a flexible

micro-energy storage device.
EXPERIMENTAL SECTION

Fabrication of the interdigitated CNTs symmetric electrodes. To construct a
conductive substrate for further synthesis of CoNiP207 composite, 1D CNTs with good
conductivity were chosen as the candidate. In the first step, a homogeneous dispersion
of 135 mg of CNTs in 135 mL of ethanol was prepared under ultrasonication for 1 h.

Then, the polyvinyl chloride (PVC) substrate was coated with_a Fungsten-tungsten

mask, along with interdigitated shapes fabricated by laser processing method. In the
following step, the CNTs dispersion was sprayed onto the flexible PVC substrate,
forming the interdigitated symmetric electrodes. The width of one tooth was set as 1
mm, and the spacing distance was fabricated-as-500 um.

Preparation of CoNiP,07 electrode. To build a hybrid MSC, one side of the CNTs
symmetric electrodes acted as the working electrode (WE) and Pt plate werked-was
used as the counter electrode for electrodeposition of CoNiP207 composite. As
illustrated in the schematic fabrication process depicted in Fig. S1, the electrodeposition
process was conducted in an aqueous solution (100 mL) consisting of 290.8 mg of
Co(NO3)3-6H20, 291 mg of Ni(NO3)2:6H20 and 88 mg of NaH2PO2-H20 lasting for
15 min, the deposition process was performed under -1.2 V vs. Ag/AgCl. The
deposition time was determined according to our previous report [24]. After copious
rinsing with Milli-Q water and drying at 35 °C, the hybrid MSC consisting of

CoNiP207@CNTs  positive  electrode and CNTs  negative  electrode
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(CoNiP207@CNTs//CNTs) was fabricated.

Preparation of KOH/PVA gel electrolyte. Typically, KOH (4 g) and PVA (4 g) were
dispersed in 40 mL of Milli-Q water, and the solution was further magnetically stirred
at 80 °C until the-mixtare-wasit became transparent. The resulting gel was dropped onto
the two electrodes of the MSC, and after packaging by vacuum bag (PA+PE), the hybrid

MSC was totally constructed for further electrochemical measurements.
RESULTS AND DISCUSSION

Fig. 1a illustrates the schematic fabrication process of the hybrid MSC. The process
comprised several stages. Firstly, a homogeneous CNTs ethanoic solution was sprayed
to form the interdigitated electrodes (steps (i) and (ii)). Next, the electrodeposition of
CoNiP207 composite (step (ii1)) was performed in a typical 3-electrode configuration
cell using an aqueous solution of Co(NO3)3-6H20, Ni(NO3)2:6H20 and NaH2PO2-H20.
Using the CNTs electrode on the opposite position to be the negative electrode, a
CoNiP207@CNTs//CNTs hybrid MSC was successfully fabricated. Fig. 1b displays
the [-V curves of CNTs and CoNiP207@CNTs electrodes acquired using
Semiconductor Device Parameter Analyzer (B1500A, KeySight, America) from -1 to

+1 V. From the data, the resistance values could be calculated and determined as 271

and 379 Q for CNTs and CoNiP207@CNTs electrodes, respectively, revealing a good
conductivity. The resistance value of the pristine CNTs electrodes is small and infers
that they are suitable to operate as the negative electrode and substrate for CoNiP207

composite electrodeposition.
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Figure 1. The schematic fabrication process of the hybrid MSC. (i, ii) Spraying-coating
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of the interdigitated CNTs electrodes through a mask, (iii) Electrodeposition of
CoNiP207 composite on one side of the CNTs electrode. (b) I-V curves of CNTs and
CoNiP207@CNTs electrodes.

Additionally, X-ray diffraction (XRD) measurements were collected to gain insight
into the composition and crystallinity of the CoNiP207@CNTs electrode (Fig. S2). The
XRD pattern consisted of two weak peaks located at 29.7° and 43.2° that could be

ascribed respectively to the (012) and (040) diffraction planes of cobalt nickel

phosphate (CoNiP207) composite (JCPDS No. 48-0563) [25]. The wide peak at ~21.1°
is attributed to the quartz glass substrate used in the measurement process [26].
Furthermore, X-ray photoelectron spectroscopy tests were conducted. Fig. S3a
illustrates the survey spectrum of CNTs eomprised-comprising two main peaks due to
Cis and O1 elements. The high-resolution plot of the Cis in Fig. S3b could be fitted with

C-C (sp?) bend-at 284.2 eV, C-C (sp’) peak-at 284.9 eV, C-O bead-at 286.0 eV, and
C=0 bend
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Figure 2. (a) XPS survey spectrum and core level spectra of the (b) Cozp, (¢) Nizp and
(d) P2p of the CoNiP207@CNTs electrode.

located at 288.6 eV respeetively-[27]. And in Fig. S3c¢, the O1s peak was fitted with the
typical C-O bond at 531.8 eV and C=0O component at 533.1 eV separately-[28]. Apart
from Cis and O1s peaks, additional peaks due to Cozp, Nizp and P2p elements appeared
in the XPS large scan of the CoNiP207@CNTs composite, as depicted in Fig. 2a. From
Fig. 2b, it could be seen that the Co2p peak could be deconvoluted into two main peaks
attributed to Cozp32 at 781.3 eV with satellite peak at 786.0 eV and Cozp1/2 at 797.3 eV
with satellite peak at 803.2 eV, respeetively-which is an indication of the existence of
Co in its +2 oxidation state [10]. For the Nizp element, it was also deconvoluted into
Nizp32 855-8-eV-and Nizp12 peaks at 855.8 and 873.5 eV, respectively, with two satellite
components at 861.4 and 880.2 eV, revealing the occurrence of Ni (II) [29]. Meanwhile,
the peak at 132.8 eV was consistent with te-P-O bond [30], indicating the successfully

preparation of CoNiP207 composite on CNTs.

Scanning electron microscopy (SEM) measurements were applied for-having—an
investigation—ento_investigate the surface appearance of the CNTs and CoNiP207
electrodes. As shown in Fig. S4, the 1D CNTs were intertwined with each other,
forming conductive networks with numerous micro/nanopores, which are expected to
be beneficial for the electrochemical performance. Furthermore, after electrodeposition
process, the CNTs were decorated with CoNiP2O7 spheres; meanwhile, existence of
nanopores could be still evidenced, as seen in Fig. 3a and b. Fig. 3¢ depicts the EDS
elemental mapping images, which indicated the presence of Co, Ni, P, C and O elements
in CoNiP207@CNTs and CNTs electrodes. The colors of C element turned to be darker
in CoNiP207@CNTs electrode than that of CNTs, which is also an indication of

successful deposition of CoNiP20O7 composite.



Figure 3. SEM images of the (a) CoNiP207@CNTs positive electrode. (¢) EDS

elemental mapping images of Co, Ni, P, C and O of the MSC electrodes.

Transmission electron microscopy (TEM) is another effective method to investigate
the morphology of samples. Fig. 4a presents the TEM image of CoNiP207@CNTs
showing that the 1D CNTs were intertwined together, ensuring the conductivity of the
interdigitated electrode. The obvious dark regions on the surface were ascribed to
CoNiP207 particles decorated onto the CNTs. Fig.4b displays the high-resolution TEM
image of CoNiP207 composite. An 0:21-nm—ef-the-interlayer distance of 0.21 nm
assigned to the (040) plane of CoNiP207 could be clearly observed, which is consistent
with the SAED resultin(-Fig. 4¢) and XRD resultin(-Fig. S2) results. Additionally, as
shown in Fig. 4d, the images revealed the appearance of Co, Ni, P, C and O elements

with uniform distribution, in accordance with the results in Fig. 3c.



Figure 4. (a) TEM and (b) high-resolution TEM images, (¢) SAED pattern and (d) the
corresponding EDS elemental mapping images of Ni, Co, C and O of the of
CoNiP207@CNTs composite.

To assess the electrochemical performance of the as-obtained

CoNiP207@CNTs//CNTs MSC devices, CV measurements at various voltage windows

were first conducted to determine the working region. As illustrated in Fig. 5a, the
largest test voltage could range from 0 to +1.1 V. Taking the safety and damage into
account, 0-1 V was set as the working voltage window, as depicted in Fig. 5b, which
could werk—operate normally from 10 to 100 mV-s"'. To further explore charge-
discharging trait of the MSC device, GCD tests were acquired from 0.08 to 0.5 mA-cm’

2. The results indicated high coulombic efficiencies at different current densities, with
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the smallest value (80%) was recorded at 0.08 mA cm™, as plotted and listed
respectively in Fig. Sc¢ and Table S1. Additionally, the areal capacitance values were
determined by-using Eq. S1. In Fig. 5d, the largest areal capacitance attained was 20.9
mF-cm™ at 0.08 mA-cm?—; whenmeasuredthis value dropped to 14.3 mF-cm™ at 0.5

mA-cm%—the—value—was—ealeulated as—43—mF-em™~, indicating a favorable rate
performance of 67%. Moreover, at a power density of 41.3 pW-cm?, the device
recorded a large energy density of 2.9 uWh-cm™, which-wereas determined by Eq. S2
and S3 and depicted in Fig. 5e. It featured a better performance than previously reported
MSC devices, such as electrochemically exfoliated graphene-based MSC [31], CoNiP
LDHs@CNTs//CNTs MSC [32], exfoliated graphene/nano-graphene oxide MSE-[33],
Ox-SWCNT-MSC-IPL MS€E-[34], I-TisCaTx MSE-[35], G-CNT-X MSE-[36], MnO:-
rGO/MnO2-CNT MSE-[37], paper-based PEDOT:PSS-CNT/Ag MSE-[38], GP/PANI-
G/GP MSE-[39], clay-like TizC2 MXene-basedMSE-deviee [40], MnO2/OLC MSE
[41], and TiO2-based MSCs [42], as-the-valuesshownin-Table 1.

Additionally, the EIS test of the CoNiP207@CNTs//CNTs MSC device was

conducted and illustrated in Fig. S5;-. the The Rs and Rt were determined as 160.3 and
103.3 ohm-cm™%; these small values are a good indication of the high electrochemical
performance. The stability and reversibility are critical parameters for practical

application of MSC devices. The measurement-stability of CoNiP207@CNTs//CNTs

was earried-entassessed by repeating the GCD test for 5000 cycles. The data in Fig. 5f
revealed that the areal capacitance retained ~82% of the original value after 5000
cycling tests, indieating-implying good stability and reversibility of the as-assembled
MSC device.
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Figure 5. Electrochemical performance of the hybrid CoNiP207@CNTs//CNTs MSC.
CV curves at (a) various working windows and (b) different scan rates, (¢) GCD plots,

(d) areal capacitance, (e) Ragone profiles, and (f) stability test at 0.08 mA-cm™.
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Table 1 Comparison of different MSC devices.

Energy density | Power density
MSC devices References
(uWh-cm™) (uW-cm?)
Exfoliated graphene-based-MSE 0.075 7.5 [31]
CoNiP LDHs@CNTs//CNTs MS€E 1.5 42.5 [32]
Pl | e | w | o
Ox-SWCNT-MSC-IPL MS€ 0.51 590 [34]
[-TisCoTx MSE 0.63 330 [35]
G-CNT-X MsS€E 1.36 250 [36]
MnO2-rGO/MnO2-CNT MSE 0.34 4 [37]
WP&%\}‘%?ZGQ:&ESZOT:P S5 0.01 3000 [38]
GP/PANI-G/GP MSE 0.65 236 [39]
elayClay-like Ti3C2 MXene-based 077 46600 [40]
MSC
MnO2/OLC MSE 0.57 8 [41]
TiO2-based MSE 0.09 0.125 A-cm™ [42]
CoNiP,07@CNTs//CNTs MS€ 2.9 41.3 This work

It was necessary to conduct experiment to verify the as-proposed

CoNiP2O7@CNTs//CNTs MSC devices’ practical application capacity as energy

storage device. As featured in Fig. 6a, the working voltage of two

CoNiP207@CNTs//CNTs MSC devices in series could reach 2 V, which could be

applied as energy supply for the-a LED indicator (1.8-2 V). At the same time, to utilize
natural resources in daily life, as depicted in Fig. 6b, an energy system, swas—buikt
composed of solar cells (energy collection and conversion) and MSC devices (energy

storage), was built. The corresponding equivalent circuit is displayed in Fig. 6c. At first,

the solar cells were under operation state to supply power to the LED indicator and
charge the MSC devices simultaneously. When the voltage between MSC devices
reached 2 V, the switch was turned off suddenly that means there was no sunshine, and

the LED indicator was still on for ~50 s, as the energy for its operation was supplied by
12



the MSC devices;which-eeuldbelasted—50-s (Fig. 6d). The overall energy conversion
efficiency was calculated by-using Eq. S4 [43] and determined as ~3.1%. All the results
above were-are a good indication of the application potential of the-prepesed developed
CoNiP207@CNTs//CNTs MSCs as an energy storage devices.

N Single MSC

2.0 (a) /7712 MSCs in series ’ (b)

Voltage (V)

0.08 mA cm™

X

0 100 200 300 400 500 600
Time (s)

0.0

— Solar cell

MSCs ®

Figure 6. (a) GCD plots at 0.08 mA cm™. (b) photographs and (¢) equivalent circuit of

the sunlight-powered energy storage system. (d) Work state of the sunlight-powered

energy storage system.

CONCLUSION

In summary, a hybrid MSC devices were—was assembled by combining
CoNiP207@CNTs positive and CNTs negative electrodes. Firstly, the interdigitated
CNTs electrodes were prepared by spraying-coating method. Moreover, the battery-like
CoNiP207 composite was electrodeposited on CNT electrodes, forming
CoNiP207@CNTs  positive electrode. The largest areal capacitance of
CoNiP207@CNTs//CNTs MSC was determined as 20.9 mF-cm™ at 0.08 mA-cm™.
The device exhibited a largest energy density of 2.9 pyWh-cm™ at a power density of
413 uW-cm?. Furthermore, CoNiP,07@CNTs//CNTs MSCit was utilized for

operating a red LED after storing energy from solar cells successfully in the natural

13



energy collection-conversion-storage-utilization system. The proposed MSC energy
storage devices exhibits promising application potential in next-generation wearable

and portable electronic devices.
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