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We report a new core-shell structure of peptide-Co9S8 nanobricks for supercapacitor electrode. The nano
structured peptide is intrinsically flexible and biocompatible, which is highly suited for wearable supercapacitor
electrodes. However, the application of the nanostructured peptide is often limited by its generally low power
density and energy density, and its long-term stability is also a concern. Herein, the core-shell structure of
peptide-Co9S8 nanobricks is synthesized by conformally coating a thin shell layer of Co9S8 via atomic layer
deposition (ALD) onto self-assembled peptide nanobricks. The shell layer can not only protect the peptide ma
terial from being attacked by the electrolyte but also contribute extra capacitance to the supercapacitor. The
supercapacitors made of the peptide-Co9S8 nanobricks exhibit a high capacitance of 1.3 F/cm2 at 0.7 mA/cm2
and a much improved cycling stability of 96% capacitance retention after 5000 charge-discharge cycling. Highperformance flexible solid-state asymmetric supercapacitor (SC) can be also made from the core-shell peptideCo9S8 nanobricks with activated carbon. The flexible asymmetric supercapacitor can also be coupled with a
triboelectric nanogenerator (TENG) to afford a flexible self-powered TENG/SC system. The TENG/SC system
with 2.7-h continuously charging by TENG can power a red LED for 21 min, which demonstrates its excellent
performance of self-charging and energy-supplying, and therefore it is of great promise for future wearable
electronics applications.

1. Introduction
Wearable technology is regarded as a very important sector in the
modern Internet of Things (IoT) [1–4], and significant research effort
has been devoted to the development of high-performance wearable
power sources. Electrochemical supercapacitor is regarded as a highly
important wearable power source technology, and it is renowned for
excellent charge–discharge cycling stability and able to deliver a high
power of electricity [5–11].Although the energy density of super
capacitors is generally lower than batteries, this issue could be remedied
by coupling a supercapacitor with an electricity generator (both

wearable), such as a triboelectric nanogenerator (TENG), which can
convert mechanical motion energy into electricity [12–15], thereby
intermittently powering the supercapacitor. Together, this wearable
power source technology is highly suited for many contemporary mo
tion monitoring circuits.
As for the supercapacitor materials, the electrochemically active
materials on the electrodes are of the crucial importance to achieve high
power density, good stability, and flexibility for the wearable super
capacitors. Traditionally, many carbon-based materials, such as carbon
nanotubes (CNTs), graphene derivatives, and activated carbon were
assessed in this regard, but the specific capacitance obtained from the
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carbon materials is much lower than expected, mainly due to the poor
wettability of the carbon materials [16–20]. Recently, nanostructured
biomaterials, such as peptides, have emerged as new promising candi
date materials for supercapacitors [16,21,22]. Molecularly engineered
peptide molecules could self-assemble into certain nanostructures (e.g.
nanotubes [16,22], nanofibers [23], and nanosheets [24,25]), which
have exhibited promising supercapacitor performance. Compared to
traditional materials, the peptide-based bio-nanomaterials are of the
merits being readily available, cost effective, intrinsically flexible, and
structurally stable and versatile, and in particular, the flexible while
stable three-dimensional molecular framework is ideally suited to pro
vide the flexibility and reliability for wearable energy storage. In addi
tion, the peptide materials are naturally of good biocompatibility, and
therefore they are also potentially suitable for implanted devices
applications.
Despite a number of advantages along with numerous promising
reports [26–28], the performance of the supercapacitors based on pep
tide nanomaterials is still far lagged behind the inorganic counterparts
in general. Both the power density and energy density of the peptide
supercapacitors are comparatively low; and their long-term cycling
stability is also a concern, especially in an acidic or alkaline electrolyte,
owing to the catalyzed hydrolysis of the amide bonds in peptides. To
enhance the performance of the peptide supercapacitors, we herein
propose to adopt a novel technology of atomic layer deposition (ALD) to
coat the peptide nanostructure with a uniform conformal layer of Co9S8
to afford a peptide-Co9S8 core-shell nanostructure. ALD is renowned for
coating a conformal layer with highly controlled thickness while not to
alter the morphology of the underneath substrate structure [29–32]. By
elaborately manipulating the thickness of ALD Co9S8 shell, optimized
Co9S8 shell could be screened out. The Co9S8 coating layer provides dual
functionalities, as it can not only protect the inside peptides from being
chemically attacked by the electrolyte, but the Co9S8 material itself is
electrochemically active and therefore can additionally boost the overall
capacitance of the supercapacitors. With the implementation of this
idea, we show in the following that the synthesized core-shell pepti
de-Co9S8 nanobricks are able to withstand harsh alkaline conditions,
and therefore the supercapacitors made of the peptide-Co9S8 nanobricks
exhibit excellent stability for long-term charge–discharge cycling. We
further show that high-performance flexible solid-state asymmetric
supercapacitor can be made from the core-shell peptide-Co9S8 nano
bricks with activated carbon, and the asymmetric supercapacitor can
also be coupled with a triboelectric nanogenerator (TENG) to afford a
flexible self-powered system which is of great promise for future wear
able electronics applications.

network thereby facilitating the self-assembling process [21]. With the
in-tether phenyl substitution in the peptide, structures of nanobricks
were formed by a self-assembling process. The material properties of the
afforded peptide nanobricks were carefully characterized as the
following. FTIR was employed to identify the chemical bonds and sec
ondary structure of the assembly [33]. The FTIR spectrum (Fig. 1a)
displays an intense band for amide I at 1654 cm 1 and two intense bands
for amide II at 1530 and 1547 cm 1, which indicates an α-helical
structure [34]. This indication is also corroborated by the presence of a
weak amide III band at 1308 cm 1. Also, two N-H stretching bands were
found at 3319 and 3266 cm 1 (Fig. 1a inset), which suggests the pres
ence of a hydrogen bond network and also implies a helical structure for
each individual peptide molecule. XRD was used to examine the crys
tallinity of the peptide nanobricks. The XRD pattern (Fig. 1b) shows a set
of diffraction peaks at 3.6, 5.2, 10.5, 15.7, 26.3, and 31.7� , which in
dicates that the self-assembled peptide nanobricks were crystalline. The
crystalline nature of the self-assembly was desirable, as it suggests a
good chemical and thermal stability of the peptide nanostructure. The
morphology of the peptide nanobricks was examined by SEM (Fig. 1c),
and the size of the nanobricks was found to be about ~10 μm in length
and 3–4 μm in width.
We then investigated the electrochemical supercapacitor behavior of
the peptide nanobricks. The peptide nanobricks were loaded onto a
glassy carbon (GC) electrode for cyclic voltammetry (CV) measurement,
which was carried out with a three-electrode configuration in 1 M KOH.
For comparison purposes, home-made polypyrrole (PPy) and polyani
line (PANI) nanowires as well as commercial CNTs (Fig. S1) were used as
the benchmarking active materials, because these materials were often
used for supercapacitors [5,7,12,35]. Fig. 2a shows the CV results with a
voltage scan rate of 20 mV/s for a potential range from 0 to 1 V (versus
Hg/HgO). All the CV curves are nearly rectangular-shaped, which sug
gests that the capacitances were mostly contributed from the electrical
double-layer capacitances (EDLCs). Note that the bare GC electrode had
negligible capacitance contribution. Clearly, the integral area of the CV
curve was significantly larger for the peptide nanobricks than those for
the PPy and PANI nanowires, and it was only slightly smaller than that
for the CNTs. These results indicate that the peptide nanobricks them
selves had a high specific capacitance (Fig. S2i), owing to their high
specific surface area. Electrochemical impedance spectroscopy (EIS)
measurement (Fig. S2j) further showed that the peptide nanobricks
electrode had a quite small series resistance (Rs) of 7.4 Ω, which was
appreciably smaller than those of PPy (10.0 Ω) and PANI nanowires
(10.8 Ω) and comparable to that of CNTs (6.4 Ω). The small series
resistance was due to a better hydrophilicity of the peptide than that of
PPy or PANI, which could lower the contact resistance at the interface
between the electrode and electrolyte [36,37].
Apparently, all the above electrochemical characterizations sug
gested that the self-assembled peptide nanobricks were a promising
candidate material for supercapacitors. However, unfortunately, the
long-term stability of the peptide nanobricks was not sufficiently good.
As shown in Fig. 2d, the capacitance retention was only 67% of its initial

2. Results and discussion
A cyclic pentapeptide of Ac-CAAAS5 (phenyl) (Scheme 1) was
employed as the structural motif to be self-assembled into nano
structures. This type of peptide contains an in-tether chiral center, which
was considered to be beneficial to afford a highly ordered molecule

Scheme 1. Preparation for peptide-Co9S8 core-shell nanostructures and TENG/SC system.
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Fig. 1. (a) FTIR spectrum and (b) XRD spectrum of self-assembled peptide nanobricks. SEM images of the peptide nanobricks (c) before and (d) after the ALD of
50 nm Co9S8. (e, f) High-resolution S 2p and Co 2p XPS spectra. (g) HRTEM image and (h) the corresponding electron diffraction pattern of the peptide-Co9S8,
showing the presence of the Co9S8 shell.

Fig. 2. (a) CV curves for the peptide nanobricks, CNTs, PPy nanowires, PANI nanowires, and bare GC. The scan rate was 20 mV/s (b) CV curves for the peptide-Co9S8
with various Co9S8 shell thicknesses and (c) the corresponding plot of the areal capacitance versus Co9S8 thickness. The scan rate was 40 mV/s. (d) Cycling per
formances of the peptide-Co9S8 and peptide electrodes at current density of 0.1 mA/cm2 (e) CV curves of the peptide-Co9S8 at various scan rates ranging from 10 to
60 mV/s. (f) Plot of the specific capacitance of the peptide-Co9S8 versus the current density.

value after 500 charge–discharge cycles. The degradation was due to the
hydrolysis of the peptide amide bonds in alkaline, which could
dissemble the structure of the peptide nanobricks. Indeed, as shown in
Fig. S3a, the well-ordered peptide nanobricks became slurry-like after
the charge–discharge cycling. To overcome the stability issue, we
adopted an ALD approach to coat a thin protective layer of Co9S8 on the

peptide nanobricks. Notably, Co9S8 itself has a good redox performance
[32], and therefore the Co9S8 coating layer can also provide additional
contribution to the capacitance. ALD is renowned for coating a
conformal layer without altering the topology of the underneath sub
strate structure and indeed the post-ALD Co9S8-coated peptide assembly
well retained the original nanobrick morphology. As shown in Fig. 1d, a
3
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representative post-ALD sample with 50 nm Co9S8 on the peptide
nanobricks exhibits almost the same morphology as compared to that
before ALD. The presence of the Co9S8 layer was confirmed by XPS. As
shown in Fig. 1e and f, the high-resolution XPS S 2p spectrum shows a
pair of spin-orbit split peaks at the binding energies of 161.4 and
162.5 eV, and the Co 2p spectrum shows a pair of spin-orbit split peaks
at the binding energies of 778.3 and 793.2 eV, which all agree with the
reported data for Co9S8 [32,38]. High-resolution TEM image (Fig. 1g)
shows clear lattice fringes which correspond to the face-centered cubic
(fcc) structure of Co9S8 (JCPDS 86–2273). The associated electron
diffraction pattern (Fig. 1h) displays clear diffraction rings, which also
agree with the fcc Co9S8 structure.
The electrochemical properties of the ALD peptide-Co9S8 was then
investigated. We first investigated the effect of the Co9S8 coating
thickness. Fig. 2b shows the CV curves of the peptide-Co9S8 with the
Co9S8 layer thickness ranging from 10 to 60 nm. Unlike the uncoated
peptide nanobricks, the CV curves of the peptide-Co9S8 composites
exhibited pronounced redox peaks, which increased in magnitude with
the increase of the Co9S8 layer thickness up to 50 nm, suggesting that
there was additional Faradaic pseudocapacitance contribution from the
redox reaction of Co9S8 in alkaline [32]. In particular, the capacitance of

the 10 nm Co9S8-coated peptide-Co9S8 composite was ~50 times more
than that of the uncoated peptide nanobricks. Fig. 2c plots the capaci
tance with respect to the Co9S8 layer thickness, which shows that the
areal capacitance increased when the thickness increased from 10 to
50 nm and saturated when the thickness exceeded 50 nm. This satura
tion was due to the diffusion limit of proton in the Co9S8 layer, as proton
was considered participating in the redox reaction of Co9S8 [5,39].
Therefore, unless otherwise specified, the optimal Co9S8 layer thickness
of 50 nm was chosen for the following experiments. The char
ge discharge cycling performance was significantly enhanced by the
ALD Co9S8 layer. As shown in Fig. 2d, the peptide-Co9S8 composite with
a 50 nm Co9S8 layer was able to retain 96% of its initial capacitance after
5000 charge discharge cycles. Also, the nanobrick architecture was
well preserved after the cycling, as shown in Fig. S3b. Therefore, we
concluded that the ALD Co9S8 shell could effectively protect the peptide
nanobricks upon electrochemical cycling.
In addition, we also carried out the CV measurement with various
scan rates for the peptide-Co9S8. As shown in Fig. 2e, with the increase of
scan rate from 10 to 60 mV/s, the current density increased in magni
tude, but the general shape of the CV curves remained mostly the same,
which is indicative of a fast redox reaction, therefore suggesting a good

Fig. 3. (a) Schematic illustration of the peptide-Co9S8//AC flexible solid-state asymmetric supercapacitor. (b) CV curves of the peptide-Co9S8//AC supercapacitor
with various scan rates. (c) Discharge curves at various current densities. (d) Photograph showing the flexibility of the supercapacitor device. (e) The Ragone plot. (f)
CV curves comparing the flat-state and bent-state of the supercapacitor device (the bending angle was 120� ). (g) Photograph showing an LED is lit by using two
peptide-Co9S8//AC supercapacitors in series. (h) Cycling performance at various current densities. (i) Long-term cycling performance at current density of 16 A/g.
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supercapacitor behavior at high charge discharge rate. Fig. 2f shows
the measured rate performance of the peptide-Co9S8, where the specific
capacitance was obtained by galvanostatic discharging (Fig. S4) and is
plotted with respect to current density. The peptide-Co9S8 exhibited a
fairly high specific capacitance of 1300 mF/cm2 (1800 F/g) at 0.7 mA/
cm2 with an outstanding capacitance retention of 44.5% (i.e. 578.5 mF/
cm2) at 14 mA/cm2. Such a high specific capacitance and a good rate
performance outperformed many other core-shell nanostructured ma
terials, such as TiO2@NiO nanotube array (2.9 mF/cm2 at 0.4 mA/cm2)
[40], Fe2O3@PANI nanowires (103 mF/cm2 at 0.9 mA/cm2) [41],
PEDOT@MnO2 nanowires (426 mF/cm2 at 10 mA/cm2) [42], and
V2O5@PPy network (112 mF/cm2 at 0.1 mA/cm2) [43].
To further demonstrate the practical application of the peptide-Co9S8
composite, a flexible solid-state asymmetric supercapacitor (namely
peptide-Co9S8//AC) was assembled (Fig. 3a), using the peptide-Co9S8
composite and activated carbon (AC) as the cathode and anode mate
rials, respectively. The CV curves of the supercapacitor device were
measured in the voltage range of 0–1.6 V with various scan rates. As
shown in Fig. 3b, the shape of the CV curves is in accordance with the
features combining from the double-layer capacitive contribution from
AC and the pseudocapacitance contribution from the peptide-Co9S8
[37]. Fig. 3c shows the galvanostatic discharging curves at various
current densities from 2 to 16 A/g (see also Fig. S5). Accordingly, Fig. 3e
shows the gravimetric power and energy densities of our device.
Notably, these densities were calculated based on the total mass of the
device, including the masses of the electrolyte and electrodes. Two cir
cles shown in the plot represent the ranges for typical lithium-ion bat
teries (LIBs) and EDLCs. Clearly, the peptide-Co9S8//AC supercapacitor
device was able to deliver a very high energy density of 79 Wh/kg at a
power density of 1.6 kW/kg, which is even comparable to typical LIBs;
and the device was also able to deliver a very high power density of
12.8 kW/kg at an energy density of 39 Wh/kg, which is significantly
better than the numbers for typical EDLCs. Compared to other reported
solid-state supercapacitors [44–47], the gravimetric energy and power
densities obtained herein are also fairly high, which highlights the su
perior advantages of using the peptide-Co9S8 core-shell nanobricks for
supercapacitors. Fig. S6a also compares the corresponding volumetric
power and energy densities. The maximum volumetric energy density of
our device was 3.0 mWh/cm3, which is also much better than many
solid-state energy storage devices [48–51], even reaching the level of
thin-film lithium battery (0.3–10 mWh/cm3) [52]. In addition, the
leakage current of our device was found to be fairly low as 9.1 μA
(Fig. S6b). The fabricated supercapacitors were also highly flexible
(Fig. 3d), and they could be bent to a large angle of 120� without
changing its performance (Fig. 3f). The cycling performance was also
good. As shown in Fig. 3h, upon continuous charge discharge cycling
sequentially at different current densities from 2 to 16 A/g, no appre
ciable capacitance decay was observed when the current density was
switched back to its initial value. Therefore, the peptide-Co9S8//AC
device was quite stable upon the charging and discharging at high rate.
The long-term cycling performance was also evaluated by continuously
charging and discharging at a galvanostatics. current density of 16 A/g.
As shown in Fig. 3i, 98% of the initial capacitance was retained even
after 50000 cycles. These results clearly demonstrate the excellent
long-term cycling stability of the peptide-Co9S8//AC supercapacitor.
Fig. 3g also shows a practical use of two peptide-Co9S8//AC super
capacitors in series to lighten a commercial light-emitting diode, which
requires a driving potential of ~3.0 V.
To further explore the applications of the peptide-Co9S8//AC
supercapacitor for wearable devices, we designed a self-powered system
by integrating a flexible peptide-Co9S8//AC supercapacitor with a
triboelectric nanogenerator (TENG), namely the TENG/SC system.
Using the high-performance supercapacitor to temporarily store the
electrical energy intermittently generated by a TENG device, the inte
grated TENG/SC system could provide significantly better performance
than the TENG itself to power wearable electronic devices. A TENG

device couples the triboelectrification and electrostatic induction, and it
is a powerful technique to convert the omnipresent mechanical energy
into electricity [5,12,13,53–55]. TENG also has numerous advantages
such as low cost, high and stable energy-conversion efficiency, and good
shape-adaptability [12,14]. To date, wearable and implantable TENGs
have been shown with tremendous potential and advantages as wear
able power sources [12,15,56–59]. In this work, a flexible light-weight
encapsulated TENG (Fig. 4a) was used to harvest the energy from me
chanical pressing. The detailed working principle of coupling the con
tact electrification and electrostatic induction for TENG is illustrated in
Fig. S7. Upon contacting and releasing, electrons were driven back and
forth through the external circuit to generate electricity. As shown in
Fig. 4b and c, a piece of 2.0 � 3.0 cm2 TENG (Fig. S8) can output a very
high peak voltage of 9.0 V with a peak current of 8.2 μA. The enlarged
waveshapes of the voltage and current are shown in Figs. S9a and b. The
TENG was also quite flexible (Fig. 4e) and stable, as no apparent change
in the output voltage was observed for 17.5-h continuously contacting
and releasing (Fig. 4d). The excellent flexibility and stability of TENG is
highly desirable for the integration with the peptide-Co9S8//AC super
capacitor. The integrated TENG/SC system is shown in Fig. 4g, and the
circuit diagram is shown in Fig. 4f. Fig. 4h shows that with 2.7-h
continuously charging by TENG, the peptide-Co9S8//AC super
capacitor can power a red LED for 21 min, demonstrating the high ef
ficiency of the self-powering functionality of the integrated TENG/SC
system. Notably, no appreciable self-discharging was observed for a long
period of several hours. All these features have suggested that the
TENG/SC system is highly suited for wearable devices. To further
demonstrate an example of the TENG/SC system for a practical wearable
device, the TENG/SC system was integrated into a watch band, which
could sense the pulse signals at human wrist and convert the pulse sig
nals into electricity. Note that the TENG device is able to sense the wrist
pulse (Fig. 4i): the average output peak voltage and current were 2.9 mV
and 0.2 mA, respectively (Fig. 4j and k). When a sufficient amount of
energy was stored, the TENG/SC system was able to power a commercial
watch (Fig. 4l). These results clearly demonstrate the great promise of
the TENG/SC system for wearable electronics applications.
3. Conclusion
In summary, we reported a novel core-shell nanobrick structure of
peptide-Co9S8, which is highly promising for wearable supercapacitor
applications. The synthesized peptide-Co9S8 nanostructure was
composed of self-assembled peptide nanobricks as the core and a thin
conformal Co9S8 shell layer which was made by an advanced technology
of ALD. With this protective Co9S8 shell layer, the peptide nanobricks
were able to withstand in harsh alkaline electrolyte, and in addition, the
Co9S8 layer could also provide extra contribution to the capacitance.
With an optimal 50 nm Co9S8 shell, the peptide-Co9S8 core-shell nano
bricks exhibited an excellent charge–discharge cycling performance for
96% capacitance retention over 5000 cycles, as compared to the un
coated peptide with only 67% capacitance retention for only 500 cycles;
meanwhile, the specific capacitance of the peptide-Co9S8 achieved a
fairly high value of 1300 mF/cm2 (1800 F/g) at 0.7 mA/cm2. These re
sults clearly demonstrate the importance of the dual-functional ALD
Co9S8 shell, which enables the core-shell nanostructured peptide-Co9S8
as a promising candidate material for supercapacitor applications. To
further demonstrate its applications, the peptide-Co9S8 was coupled
with AC to fabricate the high-performance solid-state asymmetric
supercapacitor of peptide-Co9S8//AC. The fabricated peptide-Co9S8//
AC supercapacitor was highly flexible, and it could deliver remarkably
high energy density and power density. To further explore its applica
tions for wearable devices, the flexible peptide-Co9S8//AC super
capacitor was integrated with a triboelectric nanogenerator (TENG) to
afford a wearable self-powered TENG/SC system. The afforded TENG/
SC system was demonstrated to show the excellent performance of selfcharging and energy-supplying, and therefore it is of great promise for
5
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Fig. 4. (a) Schematic illustration of the structure of a TENG. (b) Output voltage and (c) current of a TENG upon contacting and releasing. (d) Trace of the output
voltage for long-term continuous contacting and releasing. (e) Photograph of a bent TENG. (f) Circuit diagram and (g) photograph of the integrated TENG/SC system,
containing TENG, SC, rectifier, and load. (h) The voltage curve showing the charging, working, and self-discharging stages. The inset photograph shows the TENG/SC
system is powering a red LED. (i) Photograph showing a TENG is placed at the wrist to sense the pulse, and the associated (j) voltage and (k) current output traces. (l)
Photograph showing a watch is powered by a TENG/SC system.

future wearable electronics applications.
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