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ABSTRACT: The supercapattery is an ideal energy storage device that combines excellent power density and rate capability of
supercapacitors and the greater energy density of batteries. With superior storage capacity and long life, this device can be
employed in next-generation artiﬁcial cardiac pacemakers as a rechargeable energy source for the lifetime of the pacemaker (at
least 15−20 years). However, current hybrid energy storage devices are often limited by less than ideal performance of either
the supercapacitor or battery. Here, we develop a low cost and scalable prototype supercapattery with cobalt phosphate as
positive and activated carbon as negative electrodes. This positive electrode exhibits a maximum speciﬁc capacity of 215.6 mAh
g−1 (≈1990 F g−1), ever reported in a metal phosphate based electrode. The supercapattery delivers a high energy density of
3.53 mWh cm−3 (43.2 Wh kg−1) and a power density of 425 mW cm−3 (5.8 kW kg−1). Furthermore, the device can retain 79%
voltage even after 4 min self-discharge, enough to provide power during cardiac emergencies. This hybrid device provides
excellent performance and stability under physiological temperature range (35−41 °C), retaining 68% of speciﬁc capacity after
100 000 cycles at room temperature (25 °C) and up to 81.5% after 20 000 cycles at 38 °C, demonstrating its eﬀectiveness as a
potential power source for the next-generation implanted medical devices.
KEYWORDS: cobalt phosphate, nanomaterial, supercapattery, supercapacitor, electrochemical, energy storage device

■

INTRODUCTION

pacemaker). However, the state of the art rechargeable Liion battery cyclability is limited to only 1500 cycles, which is
far from the requirement of more than 10 years4 lifetime (or at
least 20 000 cycles) without loss of power. This then poses a
signiﬁcant issue for the long-term operation of the implanted
medical device and the safety of the recipient.
Therefore, the development of a new type of energy storage
device with enhanced cyclability and storage capacity is
necessary for the next generation of leadless implantable
medical devices. In addition, it will be necessary to
considerably reduce the average size of the device and the
power source with a cell voltage of 2.8 V for the next
generation biomedical devices2.
The supercapattery, combining the best properties of both
batteries and supercapacitors, was proposed in 2011.8 The

Implanted medical devices (IMDs), including implantable
neurostimulators, artiﬁcial cardiac pacemakers, drug delivery
systems, and insulin pumps, have drawn much attention in the
scientiﬁc and medical industries.1,2 These devices are currently
powered by Li-ion batteries. The average pacemaker lithium
ion battery has about 0.5−2 Ah of storage capacity3 with an
estimated operating life of around 6−11 years.4 Recently, the
Micra transcatheter pacing system has been developed with an
expected battery longevity of 12 years.5 However, in the
development of implantable medical devices, in particular
leadless devices, the power source cannot be replaced and
should ideally last for 20 years or more.
Recently, silicon-based piezoelectric devices have been
proposed to generate electrical power from the mechanical
energy of heartbeats to operate the pacemaker,6,7 where the
electrical energy is stored using a battery to power the
electronics of the pacemaker and to deliver the electrical
impulses during a cardiac emergency (self-rechargeable
© 2018 American Chemical Society
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Figure 1. Material characterizations of cobalt phosphate electrode: (a) XRD patterns of cobalt phosphate electrode before and after annealing; (b)
Raman spectra of cobalt phosphate electrode; (c) SEM images of cobalt phosphate electrode at diﬀerent magniﬁcations; (d) EDX analysis of cobalt
phosphate electrode; (e) TEM image (1) and SAED pattern (2) of cobalt phosphate.

of the cell was only 57.8% after 2500 cycles, due to the
dissolution of the active material during the electrochemical
redox reaction.
In this paper, we report on the synthesis of cobalt phosphate
nano-/microstructure via hydrothermal method as supercapattery electrode for next generation leadless pacemaker.
The device should work eﬀectively, steadily, and safely inside
the human body for at least 15−20 years, which requires the
nano-/microstructure to oﬀer high capacity (capacitance) and
excellent stability. Furthermore, an investigation on the
thermal stability of the device under physiological temperature
range is also necessary. The electrochemical performance
variation, self-discharge behavior, and cyclic stability under a
temperature range of 25−45 °C have to be controlled in an
acceptable range. Thus, our study is focused on the fabrication
of nanoﬂakes/microﬂower cobalt phosphate based supercapattery and detail investigation on the mechanism, structure,
and electrochemical properties, which showed outstanding
electrochemical performance and could be a promising
alternative power source to replace the battery in the next
generation self-rechargeable pacemaker and relative implantable biomedical devices.

beneﬁt of building a hybrid device is to obtain high energy
from the battery-type material and coupling this with the
ability to deliver high power from supercapacitor-type material.
Due to the combination of two mechanisms, the supercapattery devices could potentially broaden the cell voltage and
extend the cell lifetime9,10 and is therefore particularly suited as
an energy device for scalable and self-rechargeable leadless
pacemakers. This has yet to be demonstrated, and this paper is
the ﬁrst work to demonstrate the potential for the supercapattery to be used in an implantable pacemaker.
Recent research eﬀorts have been devoted to advance the
electrode materials for supercapatteries, most often involving
carbon materials,11 metal oxides,12,13 conducting polymers,14
and in recent years metal−organic frameworks (MOFs).15
Among them, transition metal oxides (TMOs), especially
cobalt-based materials, have been widely investigated as the
positive electrode for supercapatteries12,16−18 owing to their
multiple valence states available for redox processes and high
theoretical capacity (275 mAh g−1).19 On the other hand,
phosphate-based materials (Li(Fe, Mn)PO4) have already
been commercialized in battery manufacturing20,21 due to their
large discharge voltage window22,23 and good stability at high
temperature.24 In terms of phosphate-based hybrid devices, a
cobalt nickel phosphate25−31 based device exhibited a
reasonable speciﬁc energy of 45.8 Wh kg−1, but the retention
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Figure 2. Growth process identiﬁcation by EDX mapping: (a) phase distinguishable elemental mapping for 2 h sample; (b−e) EDX elemental
mapping for Co, P, O, Ni elements. Parts f−j, k−o, and p−t are corresponding results for 4, 6, and 8 h samples, respectively.

■

QUANTA 650 HRSEM) with an energy dispersive X-ray spectroscopy (EDX Oxford Instruments INCA energy system) and high
resolution transmission electron microscope (JEOL HRTEM-2100 at
200 kV). To avoid contribution of Ni from the nickel foam (NF), the
EDX and TEM measurements were carried out for the powder
samples scratched oﬀ from the NF. The Raman spectra of CP/NF
hybrid structures were recorded with the Renishaw (RA 100) in Via
confocal Raman microscope at 514.5 nm excitation. The X-ray
photoelectron spectroscopy (XPS) analysis was performed on a
Kratos Ultra DLD spectrometer with Al K α (1486.6 eV) as the X-ray
source
Electrochemical Measurements. The electrochemical performance of the CP/NF electrodes was investigated in a three-electrode
system using platinum wire (Pt) and saturated calomel electrode
(SCE) as counter and reference electrodes, respectively. The
electrolyte was 3 M KOH solution. The electrochemical properties
of hybrid cell were evaluated in a two-electrode system using CP/NF
as positive electrode and AC/NF as negative electrode separated by
Celgard separator (50% porosity) in 3 M KOH (J. T. Baker, ACS
reagent) solution. Both positive and negative electrodes were cut into
1 × 1 cm2 and then assembled into a supercapattery. Further details
are found in the Supporting Information. In order to investigate the
electrochemical properties of the device inside the human body,
further study of the device was carried out at temperatures ranging
from 25 to 45 °C. The electrochemical measurements, including
cyclic voltammetry (CV), chronopotentiometry, and ac impedance
techniques, were conducted using a Biologic VSP Modular 5 channels
potentiostat.

EXPERIMENTAL PROCEDURES

Material Synthesis. Co3(PO4)2/Nickel Foam (CP/NF) Electrode. Co3(PO4)2 nanoﬂakes/ﬂower was grown over nickel foam
(NF) (Changsha Lyrun New Materials Co., LTD, China, porosity
95%) via hydrothermal method. More speciﬁcally, nickel foam (3 × 3
cm2) was treated in 3 M HCl (Sigma-Aldrich, ACS reagent) with
ultrasonication for 10 min, followed by washing with ethanol and
deionized water for 15 min, then dried overnight to be used as
substrate. 2.5 mM Co(NO3)2·6H2O (Sigma-Aldrich, ACS reagent)
and 2.5 mM NH4H2PO4 (Sigma-Aldrich, 99.999% trace metals basis)
were dissolved in the deionized (DI) water under stirring for 15 min
to form the transparent light pink solution. The pretreated nickel
foam and light pink solution were transferred to a 100 mL autoclave
and then kept at 120 °C for 8 h in an oven. After cooling down to the
room temperature naturally, the sample was washed with DI water,
ethanol, and acetone with the assistance of ultrasonication three
times. After drying, the sample was annealed at 120 °C for 12 h in the
oven. The loading mass of the Co3(PO4)2 nanoﬂakes/ﬂower was
calculated by subtracting the weight of pure nickel foam from the
weight of nickel foam with Co3(PO4)2 after the growth process.
Typical mass of Co3(PO4)2 nanoﬂakes/ﬂower was ∼4.5 mg/cm2.
Figure S1 in Supporting Information shows a photograph of
Co3(PO4)2·8H2O/NF samples before (pink-purple color) and after
(purple color) annealing.
Activated Carbon/Nickel Foam (AC/NF) Electrode. The
activated carbon-based electrode was prepared by spreading the
mixture of activated carbon (Sigma-Aldrich, Analytical reagent) (75
wt %), super P (Imerys Graphite & Carbon Belgium SA, Belgium,
carbon black >96%) (15 wt %) and PVDF (polyvinylidene diﬂuoride)
(Sigma-Aldrich, average Mw ∼ 534 000) (10 wt %) on 3 M HCl
pretreated nickel foam. Typical mass loading of AC/NF electrode was
∼12 mg/cm2.
Material Characterization. The crystal structures of CP/NF
samples were analyzed using X-ray diﬀractometer (XRD Philips
PW3710-MPD diﬀractometer with Cu Kα radiation, λ = 1.54 Å). The
surface morphology and compositional analysis of CP/NF samples
were performed by ﬁeld emission scanning electron microscope (FEI

■

RESULTS AND DISCUSSION
Structure and Morphology Characterization. The
crystal structure and phase of nickel foam-supported cobalt
phosphate was determined by XRD before and after annealing
as shown in Figure 1a. Both samples can be indexed to cobalt
phosphate hydrate (JCPDS 33-0432) with monoclinic crystal
structure. After dehydrating at 120 °C for 12 h, the electrode
color changed from pink-purple to purple, (Figure S1 in
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Figure 3. (a) Cycle voltammograms, (b) plot of forward anodic peak current density and the square root of the scan rate, (c) plot of log peak
currents (Ipa) against the log scan rate (ν), (d) plot of peak voltage vs ln scan rate for CP/NF in three electrode system, (e) raising part of CV curve
of the cobalt phosphate electrode at diﬀerent scan rates and the corresponding Tafel plot (f).

Supporting Information), which may be associated with the
loss of surface water during annealing. However, reﬂections
from the planes of cobalt phosphate became narrow and
intense, which indicates that the low temperature annealing
process enhanced the crystal quality.10
The observed room temperature Raman spectra in Figure 1b
further support the growth of high quality cobalt phosphate
hydrate structure on NF. The peak at 277 cm−1 is due to the
O−Co−O bending,26 and the high intensity peak at 957 cm−1
assigned to the v1 PO4−3 symmetric stretching vibrations,26,27
the peaks at 1009 and 1043 cm−1 are assigned to v3 PO4−3
asymmetric stretching modes.27,28 The low intensity peak at
664 cm−1 corresponds to the v4 bending of the PO4−3 unit.
The O−P−O and P−O−P bending modes are located at 443
and 894 cm−1,27,29 respectively. Raman bands at 550 and 576
cm−1 are attributed to the v2 PO4 and H2PO4 bending
modes.32 All these Raman modes apparently conﬁrm the
formation of cobalt phosphate hydrate structure and
corroborate with the XRD analysis.26−28,33,34
The low magniﬁcation SEM image in Figure 1c1 shows a
homogeneous distribution of the cobalt phosphate nano/
microﬂower over the nickel foam. Figure 1c2 conﬁrms the
cobalt phosphate nanoﬂake (with an average thickness from
100 to 400 nm) outward growth in diﬀerent directions,
forming a ﬂower-like microstructure. The EDX (Figure 1d)
and XPS (Figure S3) analyses clearly indicate the presence of
the valence states of the Co, P, and O elements in cobalt
phosphate sample. In addition, Figure 1e shows the TEM

image of cobalt phosphate powder, which has been scratched
oﬀ from the nickel foam. Figure 1e1 shows the substratedelaminated few-nanoﬂake structures with an average thickness
of 200 nm. Corresponding selected area electron diﬀraction
(SAED) pattern in Figure 1e2 indicates good crystallinity of
the multilayer structure of the cobalt phosphate nanoﬂakes and
may be described as Bernal stacked single molecule layers with
[001] growth direction.35
To comprehend the growth of nano-/microﬂower structure,
time dependent experiment was performed and analyzed with
SEM and EDX (see Figure 2 and section A in Supporting
Information). In summary, cobalt phosphate nucleated on the
nickel foam and grew in diﬀerent directions to form the ﬂower,
which started to grow initially at the edges of the NF and then
further grew toward the center. The detailed growth
mechanism of the cobalt phosphate is discussed in section A
of the Supporting Information.
Electrochemical Characterization. The electrochemical
properties of the CP/NF nanoﬂakes/microﬂower structure
were investigated using a three electrode system. In order to
exclude the contribution of nickel foam substrate, cyclic
voltammograms (CV) and charge−discharge studies were
carried out for the NF and CP/NF as shown in parts a and b of
Figure S4. The capacity of NF and CP/NF was found to be
0.023 and 0.970 mAh cm−2, which indicates that cobalt
phosphate is the principal contributor to the charge storage of
the electrode. Figure 3a shows the CV curves of CP/NF at
diﬀerent scan rates from 1 to 50 mV s−1. The pair of oxidation
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Figure 4. Electrochemical and cycle-life proﬁling of the supercapattery: (a) cycle voltammograms, (b) charge−discharge proﬁles, and (c) cyclic
stability of the CP/NF//AC/NF supercapattery with charge−discharge curves as shown in the inset.

had been oxidized to Co3+ and Co4+. Furthermore, the
diﬀusion coeﬃcient was calculated using the Randles−Sevcik
equation:40

and reduction peaks indicate the faradaic energy storage
mechanism of the electrode material. With faster scan rate the
peak separation increased, representing quasi-reversible
faradaic reaction on the electrode surface.
The observed peak currents (Ipa) are proportional to the
square root of the scan rate (v) (as shown in Figure 3b,
measured at 25 °C with the equation of
Ipa(A) = 0.3518 ν (V/s) + 0.00369 and R 2 = 0.9862.
Thereby, it can be realized that the process is diﬀusioncontrolled process rather than surface-controlled process.
From the theoretical point of view, a slope of 0.5 or 1.0 is
expected for the plot of log Ipa vs log v under diﬀusion or
adsorption-controlled process, respectively.36 As can be
observed, a linear curve was shown in the lot of log Ipa vs
log v (Figure 3c) with a slope of 0.5113, which is close to the
theoretically predicted value of 0.5 for a purely diﬀusioncontrolled process.36 Furthermore, the plot of peak voltage vs
ln v shows a linear behavior (Figure 3d), which conﬁrms the
diﬀusion-limited transfer process.
The peak shifting (1 mV/s vs 50 mV/s) for the oxidation
peaks (121 mV) is larger than the reduction peaks (29 mV),
which may be due to the quasi reversible oxidation and
reduction of Co2+ ↔ Co3+/4+. In general, OH− ions are
adsorbed upon oxidation and expelled during reduction, and
thereby it is observed that the hydroxide ions are the dominant
mobile species. Quasi or nearly symmetric nature of the CV
curves at each scan rate indicates the good redox property of
the material. The faradaic reactions in the overall process
are37,38
Co3(PO4 )2 + OH− ↔ Co3(PO4 )2 (OH) + e−

Ip = (2.687 × 105)n3/2A D C ν

where n is electron transfer number, A is the working area of
the electrode (cm2), C is the concentration (mol), D is the
diﬀusion coeﬃcient (cm2 s−1), and ν is the scan rate (mV s−1).
The calculated diﬀusion coeﬃcient is 1.1 × 10−13, further
conﬁrming hydroxide ions are the dominant mobile species.
Figure S5a shows the charge−discharge proﬁle of the CP/
NF at diﬀerent applied current from 5 to 50 mA cm−2. The
quasi-reversible curves with distinct potential plateaus
demonstrate the battery-type redox reaction on the electrode
surface. The nearly symmetric charge−discharge curves at wide
range of speciﬁc current indicate quasi reversible faradaic
reaction of the electrode. At a high current, the cation mobility
is enhanced by the interlayer gallery spacing between the
lamellar sheets of Co3(PO4)2 on the porous Ni foam current
collector, which prevents signiﬁcant ohmic drop (<0.7 mV) in
the electrolyte and results in the high electrochemical activity.
Due to the typical faradaic charge compensation, the speciﬁc
capacity was calculated using C = It/m, where I is applied
current, t is discharge time, and m is the mass of the active
material. A maximum speciﬁc capacity was found to be 215.6
mAh g−1 at an applied current of 5 mA. The value was reduced
to 124.6 mAh g−1 at a higher current of 50 mA showing a
capacity retention of 57.8% of the initial value with a 10-fold
increase in applied current.
The word “pseudocapacitance” is used to describe those
electrode materials that demonstrate a linear dependence of
electrochemical charge storage properties like carbon based
capacitor but with faradaic chemical reaction.8,41−43 However,
due to the misconception in the literature of the term
“pseudocapacitance”, many researchers have classiﬁed their
materials with a behavior of a noticeably discharge plateau to
be capacitive43,44 and used the same equation to estimate the
charge storage capacity. In order to compare with those results,
the speciﬁc capacitance (C = It/mV) was calculated for our
electrode, which showed a maximum capacitance of 1990 F g−1
at a current of 5 mA, which is much higher than the state of the
art (1578.7 F g−1)10 cobalt phosphate electrode and other
metal phosphate based materials.45−47 This may due to the 3D
network architecture along with the thin nanoﬂakes oﬀered the
large contact area with electrolyte for more eﬃcient ion and
charge transport. Also the interconnected nanoﬂakes provided
lots of nano-/microscale gaps, which were favorable for
electrolyte penetration to the interior surfaces of the electrode.
The stability of cobalt phosphate electrode was tested with a

(1)

Co3(PO4 )2 (OH) + OH− ↔ Co3(PO4 )2 (O) + H 2O + e−
(2)

O + O ↔ O2 ↑

(3)

The electrochemical redox reaction mechanism was further
supported by the Tafel equation:39
b = 2.303

RT
αnF

(5)

(4)

where b is Tafel slope, obtained from the Tafel plot (log Ip vs
Ep) as shown in Figure 3e,f, α is charge transfer coeﬃcient, n is
electron transfer number, F is Faraday constant (96 485 C
mol−1), R is gas constant (8.314 J mol−1 K−1), and T is
temperature (298 K). α is often around 0.5, which is equal
proportional of electrical energy for favoring forward reaction
and suppressing the reverse reaction,39 and then the electron
transfer number is estimated to be 1.2, which indicated Co2+
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Figure 5. Supercapattery performance. (a) 3D gravimetric Ragone plots of the supercapattery and comparison with other works. The z-axis
indicates the charge−discharge cycles reported for each device and the color-gradient map.9,10,12,16,17,45,52,54,55 (b) Volumetric Ragone plots of the
CP/NF//AC/NF supercapattery and comparison with other energy devices.12,53,56−58

cm−3 (20.6 Wh kg−1) and reached a peak power density of 425
mW cm−3 (5.8 kW kg−1), which is similar to the maximum
speciﬁc energy reported for most cobalt based devices.12,16,17
To replace the pacemaker battery system with this
supercapattery, its storage performance must be comparable
with the battery in an actual pacemaker. Assuming the
pacemaker has to deliver 10 (usually it is twice per day for
the pacemaker battery life estimation)4 impulses per day, then
for 20 years lifetime the device has to be operational for at least
73 000 charge−discharge cycles. Thereby, we investigated
100 000 cycles at a charge−discharge current of 40 mA for our
hybrid device. We observed no loss after 2000 cycles (100%
retention capability), and the device suﬀered just a 9.5%
capacity loss after 10 000 cycles and retained 84% of the initial
value (Figure 4c) after 20 000 cycles. Surprisingly, after
100 000 cycles, the capacity dropped to 68%, while the voltage
remained at 1.5 V which conﬁrms excellent cyclability of the
device. The shelf life of a lithium battery is typically equivalent
to 90% capacity retention over 5 years.4 With similar retention,
our hybrid device survived 10 000 cycles, which means 14
years of operability, according to two pulses delivered per day
for the pacemaker battery life estimation.4 Furthermore, a
battery is determined to be invalid when its capacity retention
is below 80%.51 Our device can retain 84% capacity over
20 000 cycles and thereby can be active for more than 24 years
(at two pulses per day), meeting the stringent requirement of
the pacemaker (20 years lifetime).
The Coulombic eﬃciency of the device was calculated to be
92.5%, 93.5%, 96.2% for the 10th, 20th, 30th cycles, and this
may be due to the formation of solid electrolyte interphase.
After 100 charge−discharge cycles, the Coulombic eﬃciency is
∼99% and quite stable (Figure 4c), indicating the redox
process repeats in a consistent manner. SEM and EDX analysis
(Figure S8 in Supporting Information) of cobalt phosphate
electrode after 20 000 cycles showed no major change in
nanoﬂakes/microﬂower structure aside from some granular
particles, likely due to the partial dissolution (0.15 mg loss) of
the active material. The formation of potassium cobalt
phosphate at the electrode surface after 100 000 cycles and
the more granular morphology are conﬁrmed by the SEM,
EDX (Figure S9 in Supporting Information) and XRD analysis
(Figure S10 in Supporting Information).
The 3D Ragone plot of Figure 5a compares our supercapattery with state of the art metal oxide and phosphate based
devices and displays the retention of the initial capacitance/
capacity after certain numbers of cycles from green (100%),
blue (95%), purple (90%), and pink (85%) to white (<85%).

continuous charge−discharge cycles at a speciﬁc current of 40
mA as shown in Figure S5b. The interconnected nanoﬂakes
provided a rigid structure so that the electrode showed an
excellent stability of 90.5% after the ﬁrst 5000 cycles and
retains 80.4% of its initial capacity after 20 000 cycles. These
results are much better than the reported cobalt12,17 and
phosphate45,48,49 based electrodes in terms of capacitance (up
to 1492 F g−1) and cyclability (up to 10 000 cycles).
Supercapattery Performance. Considering the outstanding electrochemical activity of cobalt phosphate on nickel
foam, we fabricated a supercapattery (Figure S6) using the
CP/NF as positive electrode and activated carbon on nickel
foam (AC/NF) as negative electrode and tested in 3.0 M
KOH solution. Figure S7 in Supporting Information depicts
the individual CV curves of positive and negative electrodes,
where the CP/NF shows a noncapacitive faradaic mechanism
in the potential range 0−0.5 V. The AC/NF electrode
demonstrated a typical capacitive behavior between −1.0 and
0.2 V, due to physical electrostatic adsorption of ions at the
interface between electrode and electrolyte. Thereby, a large
potential window of 1.7 V was obtained in the supercapattery
as shown in Figure 4a. Due to the combination of two diﬀerent
charge storage mechanisms, the CV response shows quasirectangular shape at low scan rate and further shape deviation
at higher scan rate. This may be due to the electron/ion
transport restricted to certain limit on the electrode surface at
high scan rate (current ﬂowing) during the redox process.
Figure 4b shows the charge−discharge curves of the
supercapattery at diﬀerent applied currents. Quasi-linear
charge−discharge curves conﬁrm both the capacitive and
battery-like characteristic of the device, which is in good
agreement with the CV analysis. A maximum speciﬁc capacity
of 50.84 mAh g−1 (capacitance 107.7 F g−1) at an applied
current of 5 mA is observed, using the active materials’ weight
of the device. Increasing the applied current by an order of
magnitude (up to 50 mA) decreased the capacity to 30.71
mAh g−1(capacitance 65.0 F g−1). Even at a high current of
100 mA, the capacity remained stable at 24.26 mAh g−1, which
is 47.7% of the initial value for 20× the initial current. Due to
the nonlinear charge−discharge behavior, the speciﬁc energy
t=t

and power were calculated according to E = I ∫ V (t ) dt
t=0
and P = E/t. A maximum energy density of 3.53 mWh cm−3
(43.2 Wh kg−1) was observed at a speciﬁc power of 8.5 mW
cm−3 (293.1 W kg−1), which is nearly 50% of the lithium iron
phosphate based battery (90−110 Wh kg−1).50 Even at a high
current of 100 mA, the energy density remains at 1.49 mWh
574
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Figure 6. Monitoring self-discharge of pacemaker supercapattery: (a) self-discharge curves of supercapattery at diﬀerent temperature from 25 to 45
°C; (b) plot of forward anodic peak current density and the square root of the scan rate for CP/NF at diﬀerent temperature from 25 to 45 °C in
three electrode system; (c, d) discharge curve (at 40 mA/cm2) (inset showing magniﬁed view of the graph for ﬁrst 2 s) and Nyquist plots (with
equivalent circuit and magniﬁed view of the graph as insets) of the hybrid device at diﬀerent temperature from 25 to 45 °C.

beating, a supercapattery such as that developed in this work
remains at 1.35 V (79.4% of the fully charged voltage) after
237 s, indicating that the device can provide enough power
during cardiac emergencies. In addition, the device maintained
more than 66% of the initial voltage after 1100 s and remains
stable for another 700 s.
Operation under Physiological Conditions (25−45
°C). For use under physiological conditions inside the human
body, studies on the electrochemical properties were carried
out between 25 and 45 °C.60 Besides the electrochemical
properties and purity of the reagents, temperature is another
important factor that determines the self-discharge current
ÅÄÅ ΔE+ ÑÉÑ
(I = A expÅÅÅ− RT ÑÑÑ, where ΔE is a positive quantity around
ÅÇ
ÑÖ
16−20 kJ mol−1 for diﬀusion controlled reactions).59 As shown
in Figure 6b, the leakage current of the device increases
noticeably with increasing temperature, indicating the
enhanced mobility of the electrolyte ions.
In order to understand the mechanism, individual electrodes
(CP/NF and AC/NF) were investigated between 25 and 45
°C. For individual electrodes in a three-electrode system, the
diﬀusion coeﬃcient (Figure S12 slopes) is ampliﬁed with
increasing the temperature, showing slightly improved
activation energy. Thereby, in the case of the complete hybrid
device (Figure 6c), it is observed a slight increase in speciﬁc
capacity (from 29.51 to 34.88 mAh g−1) due to the thermal
activation of the electrode material. As presented in the Figure
6c inset, the IR drop decreased from 0.079 to 0.034 V for 25 to
45 °C, indicating slight decrease of the device resistance. From
the Nyquist plots (Figure 6d) acquired in 5 °C increments
from 25 to 45 °C, it is evident that the device behaves like an
ideal supercapacitor in the low frequency region with a nearlinear plot and an irregular semicircle was found at high
frequency region. The diameter of the semicircle reﬂected the
charge-transfer resistance (Rct) process on the surfaces of
electroactive materials and was caused by faradaic reactions.
The straight line corresponds to Warburg impedance, which
was related to the diﬀusion of the electroactive species,

Obviously, the MnO2/Au based device achieved a high speciﬁc
energy of 57 Wh kg−1 but only survives 1000 cycles with a
decay of 15%.52 Among all the cobalt and phosphate based
devices summarized in Figure 5a, our supercapattery shows the
best speciﬁc energy with beyond state of the art cyclability. In
terms of volumetric density (Figure 5b), LiTi2(PO4)3 based
batteries53 can obtain a high energy density of 26−31 mWh
cm−3; however, the retention is limited to 2000 cycles. Our
device exhibits a higher power density than other battery/
supercapattery devices with an acceptable energy density. The
space allocated (5 mm inner diameter × 13 mm height) for the
energy storage device can accommodate six layers of
supercapattery cells (5 mm × 2 mm) connected in series
and should be able to store 0.175 mWh energy and deliver
49.98 mW (equivalent to 49.98 mJ/s) power, which is nearly
2000 times the pacemaker pulse requirements of 25 μJ.4 In
order to demonstrate the usability of the device, two
supercapatteries were connected in series to power an LED.
By charging the devices through a USB port for 1 min, the
LED remained lit for up to 20 min with no loss in brightness in
the ﬁrst minute as shown in Figure S11and in the video. Even
after 5000 charge−discharge cycles, the devices were still
capable of powering the LED with similar brightness to the
initial test, which conﬁrms the long-term usability of the
proposed supercapattery device.
Self-Discharge Avoidance in Pacemaker Supercapattery. To ensure that a pacemaker retains enough energy to
provide electrical impulses during emergency, the selfdischarge behavior and leakage current of CP/NF//AC/NF
supercapattery device were investigated by measuring the
open-circuit voltage, immediately after the device was fully
charged with a charging current of 5 mA, as shown in Figure
6a. The self-discharge is mainly due to the migration of active
electrolyte between two electrodes and the faradaic redox
reaction from some depolarizing impurity.59 The oxidation and
reduction reaction, if it occurs on the surface of either
electrode, could cause a voltage leak. Since clinical brain death
occurs from oxygen starvation in 4 min after the heart stops
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indicating ion diﬀusion resistance. The resistance of the device
was found to be 1.13−0.70 Ω, which is consistent with the
discharge behavior and leakage current. Overall, the device is
very stable and its capacity and voltage stability are within
operational and safety norms for pacemaker power sources
under nominal human body temperature (25−45 °C).
In addition, a charge−discharge study for 20 000 cycles at 38
°C showed only 18.5% decay in the initial capacity, similar to
room temperature, indicating excellent electrochemical properties and stability for our cobalt phosphate based supercapattery
for the pacemaker implanted inside the human body. This
rechargeable supercapattery with a high energy density of 3.53
mWh cm−3 (43.2 Wh kg−1) and retention of 68% after 100 000
cycles should be able to power the pacemaker for 20 years. The
devices with single cell voltage of 1.7 V can be connected in
series to meet the requirement of 2.8 V and would hold
enough voltage (1.35 V) after the ﬁrst 4 min with minimal selfdischarge, which should be suﬃcient time for a piezoelectric
energy harvester to recharge the device completely. The device
exhibited good electrochemical properties at normothermia
(38 °C) so that it is a promising forerunner for the
development of a long-life rechargeable energy source for
powering and operating next-generation self-charging pacemakers in conjunction with suitable energy harvesting
technology.

Digital photograph of Co3(PO4)2 grown on NF
substrate before and after annealing; growth mechanism
of cobalt phosphate; XPS study on cobalt phosphate;
cobalt phosphate electrochemical data in three electrode
system; supercapattery device electrochemical data;
SEM and XRD data for cyclability study; devices
application; electrode electrochemical data under
physiological conditions; comparison of electrochemical
performance for diﬀerent metal phosphate based
electrode in three electrode conﬁguration (PDF)
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■

CONCLUSIONS
In summary, we developed a cobalt phosphate-nickel foam
nanoﬂakes/microﬂower structure electrode for supercapatteries and showed a high capacity of 215.6 mAh g −1
(equivalent to a capacitance of 1990 F g−1), which decayed
only 19.5% after 20 000 cycles. A fabricated supercapattery
based on cobalt phosphate and activated carbon electrodes
exhibited a high energy density of 3.53 mWh cm−3 (43.2 Wh
kg−1) and remained at 1.49 mWh cm−3 (20.6 Wh kg−1) at a
high power density of 425 mW cm−3 (5.8 kW kg−1). The
device demonstrated an excellent cyclability of 84% after
20 000 cycles, and even after 100 000 cycles, the capacitance
dropped to 68% of the initial value, conﬁrming a long-time
reliability of our device. Furthermore, the cobalt phosphate
based supercapattery is stable at room temperature and above
body temperature (25−45 °C). The energy and power
performance of this hybrid device exceed the stringent
requirements of a leadless pacemaker system. Furthermore,
in terms of power delivery, cycle life, self-discharge stability,
and compatibility with human body temperature, our device
exhibits state of the art performance. This relatively simple
technology is being developed as a long-life rechargeable
energy source for powering and operating next-generation selfcharging pacemakers in conjunction with suitable energy
harvesting technology. With further biological evaluation and
device miniaturization, the concept of a higher energy density,
fast charging power source for cardiac care in patients will be
accomplished. This device is also adaptable to a range of other
implanted medical devices and for Internet of Things (IoT)
applications requiring rechargeable power sources for wireless
sensor nodes.

■

Video showing supercapatteries connected in series to
power an LED (MP4)
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