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1. Introduction

To enable fully flexible and wearable elec-
tronics, energy storage devices such as 
portable batteries and electrochemical 
supercapacitors (ESCs) which are flex-
ible are also required.[1,2] After decades 
of development, ESCs have become a 
viable option for many energy storage 
applications because they exhibit distinct 
merits, such as higher power density and 
longer cycle lifetime (>100  000 cycles)  
when compared to conventional capaci-
tors and batteries.[3] In particular, the 
solid-state electrolyte CW-based electro-
chemical supercapacitors (ss-CWECs) 
using carbon yarn or carbon fiber as the 
backbone[4] have been extensively studied 
due to their high durability and flexibility, 
making them suitable for energy storage 
devices in the next-generation wearable 
electronics.[5]

Carbon is a core active electrode mate-
rial in electrical double-layer capacitors 
(EDLCs)[6] due to its high work function 
and hence relative inertness (high elec-
trochemical potential). The high abun-
dance, low toxicity, and ability to have it 

in high specific surface areas with good intra/inter-particle 
conductivity and good electrolyte accessibility are additional 
advantages.[7] Typically, the surface pore size, crosslinked 
structure, and good dispersibility of the electrode carbons are 
critical parameters for realizing high-performance ESCs,[8] by 
having high surface areas on which to facilitate the forma-
tion of Helmholtz double layers. Activated carbon (AC) has 
been successfully used in commercial ESCs due to its cost-
effectiveness, large surface area, and electrochemical stability. 
However, AC has low conductivity and thus results in poor 
ESC performance.[9] Other forms of carbon including carbon 
black,[10] carbon nanotubes (CNTs),[11] graphene, and its deriva-
tives[12] have been studied extensively as ESC electrode mate-
rials, due to their high surface area and enhanced conductivity. 
However, graphene and its derivatives in supercapacitors 
cannot be used for high current applications because their 
specific capacitance dramatically decreased on increasing the 
current density.[13] Though CNTs have been reported as effec-
tive spacers between sheets of graphene or its derivatives to 
improve capacitance, by suppressing irreversible agglomerates 
caused by strong van der Waals interactions, ESCs fabricated 
only with CNTs have poor performance due to small specific 

Flexible capacitors are a promising power source for foldable and biological 

electronic devices. Although various materials and device structures have 

been explored, they are still limited by low energy densities and slow rate 

capabilities compared to their rigid counterparts. Here, asymmetric carbon 

nanohorns are proposed as an active material to fabricate flexible solid-state 

carbon wire (CW)-based electrochemical supercapacitors (ss-CWECs) which 

exhibit high power density and ultra-low cutoff frequency. By controlling the 

electric arc reaction at low temperature (77 K), asymmetric single-wall carbon 

nanohorns (SWCNHs) are synthesized with high yield. Based on microscopy 

and electrochemical characterization, the fundamental reaction mechanism 

in polyvinyl-based electrolyte system is elucidated, as being associated with 

deprotonation reaction at acid, base, and elevated temperature conditions. 

Additionally, by using activated carbon, multi-walled carbon nanotubes, 

and SWCNHs as hybrid electrode materials (5:1:1), remarkable specific 

length capacitance of 48.76 mF cm−1 and charge–discharge stability (over 

2000 times cycles) of ss-CWECs are demonstrated, which are the highest 

reported to date. Furthermore, a high-pass filter for eliminating ultra-low 

electronic noise is demonstrated, which enables an optical Morse Code com-

munication system to be operated. Current results confirm the SWCNHs as 

promising materials for high-performance soft electronics and energy storage 

applications.

B. Li, S. Zhan, Prof. G. A. J. Amaratunga
Electrical Engineering Division
Engineering Department
University of Cambridge
9 JJ Thomson Avenue, Cambridge CB3 0FA, UK
E-mail: gaja1@cam.ac.uk

Dr. H. Wang
YINGNENG New Material Technology Co. Ltd.
Hengfeng Science and Innovation Centre
Zhengzhou 450000, P. R. China

Dr. B. Hou
School of Physics and Astronomy
Cardiff University
The Parade, Cardiff CF24 3AA, UK
E-mail: houb6@cardiff.ac.uk

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/admt.202000372.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.

Adv. Mater. Technol. 2020, 2000372



www.advancedsciencenews.com www.advmattechnol.de

2000372 (2 of 11) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

capacitance compared to AC.[13] On the other hand, single-wall 
carbon nanohorns (SWCNHs), which have an asymmetric 
hollow structure, exhibit high specific capacitance as well as 
excellent mechanical strength with negligible irreversible 
agglomeration.[14] However, the use of SWCNH in ESCs has 
not been extensive, mainly due to the specialist nature of its 
synthesis, and its applications in ss-CWECs have not reported 
hitherto.[15]

The performance of ss-CWEC is dependent on many factors, 
not only the electrochemical properties of the active materials 
but also the electrolytes and their interfaces.[16] So far, various 
types of solid-state polymer electrolytes have been explored in 
the literature.[17] Poly(vinyl alcohol) (PA) is generally considered 
the best option for a solid electrolyte material, due to its eco-
friendly composition as well as its facile processability. How-
ever, comprehensive comparison and discussion about the fun-
damental physicochemical phenomena which take place inside 
these polymer electrolytes in general, and in particular their 
impact on emerging ss-CWEC performance have not been fully 
understood.[18]

Here, we use AC, MWCNTs, and SWCNHs on CWs as the 
electrode to fabricate soft ss-CWECs, which exhibit high power 
density and ultra-low cutoff frequency. We demonstrate a facile 
carbon electric arc reaction under liquid nitrogen to fabricate 
SWCNHs at low-cost and large-scale. Based on systematic studies 
of ss-CWEC fabricated by PA at the acid, base, and elevated 
working temperature conditions, we elucidate the fundamental 
chemical reaction mechanisms during the electrochemically cou-
pled deprotonation reaction. By employing AC, multi-walled CNT, 
and single-walled carbon nanohorns (AC/MWCNTs/SWCNHs) as 
hybrid electrode material in ss-CWECs, we demonstrate remark-
able specific length capacitance and excellent cycling reliability 
going beyond results reported to date. We show that as-prepared 
ss-CWEC can provide energy to power an electronic system, but 
also can act as a high-pass filter to eliminate ultra-low frequency 
electronic noise. Finally, an integrated, active Morse Code light 
system is demonstrated to verify the reliability and potential appli-
cation of ss-CWEC in soft electronics.

2. Results and Discussion

2.1. SWCNHs Synthesis and Morphology Characterization

SWCNHs were produced by an arc discharge method via 
immersed carbon in liquid nitrogen.[19] As shown in Figure 1, 
an arc was triggered in between a 6  mm diameter carbon 
rod, which was working as the anode and a 30  mm diameter 
carbon rod acting as the cathode. The discharge current and 
voltage were 600 A and 20 V, respectively. Liquid nitrogen was 
introduced into the reaction cylinder as the quenching media, 
and both carbon electrodes were submerged into it. The pro-
cess was automatically controlled by feeding the anodic carbon 
rod to keep a sustainable arc, and the consumption rate of the 
carbon rod is ≈10 g min−1. At the end of the synthesis, the as-
produced SWCNHs were collected and oxidized at 550  °C for  
1 h under an air atmosphere.

SWCNH is a horn-like graphitic allotrope, closely caged sp2-
bonded carbon atoms in a hexagonal curved sheet-like structure 

induced by pentagonal and heptagonal defects, typically with 
2–5 nm diameter and 40–50 nm tube length.[20] Although their 
atomic structures are analogous to SWCNTs, SWCNHs gener-
ally form unique asymmetric dahlia-like, bud-like, and seed-
like morphology with high electrical conductivity, as well as 
high specific surface area as shown in Figure 2a.[21] The TEM 
pictures of SWCNHs in Figure  2b,c show their interesting 
dahlia-like feature which protrudes from the aggregate surface 
and bud-like structure developing inside nanoparticles. Horn 
openings of SWCNHs are 3–5  nm in width, and it decreases 
to 1–2  nm curvature at the horn tips. The major differences 
between SWCNHs and SWCNTs are related to the shape and 
size. The diameter of SWCNHs is significantly larger than that 
of SWCNTs and it is possible to control opening of nano win-
dows at both the tips and sidewalls of SWCNHs. For instance, 
SWCNHs opening hole sizes can exceed 2 nm.[22]

2.2. Mechanistic Studies of Deprotonation Reactions in Polymer 
Electrolyte-Based ss-CWEC

Excellent adhesion of polymer electrolytes to electrodes is one 
of the prerequisites for acceptable electrochemical performance 
in ESCs through the effective area of the double-layers being 
increased, resulting in larger electrode capacitance.[23] As shown 
in Figure 3a, besides the active electrode material coating (e.g., 
ACs, SWCNHs, or MWCNTs), CW electrodes (diameter ≈500 um)  
usually need to be brushed with as-prepared PA electrolyte 
multiple times, in order to suppress leakage current as well as 
enhance the ion mobilities.[24] The diameter of the whole ss-
CWEC (Figure  3b,c) is about 1  mm, and the overall working 
length is around 5 cm (Figure S1, Supporting Information).

To assess the adhesion of polymer electrolytes to the ss-
CWEC electrodes, we prepared three types of electrolytes com-
posed of PA, PA/HP3O4, and PA/KOH. Figure 4a–c show surface 
morphology images of ss-CWEC with different electrolyte coat-
ings. Noticeably the smooth coverage of ss-CWEC surface can 
be realized with PA/KOH electrolyte. In contrast, aggregates, 
voids, and uneven coverage of ss-CWEC can be observed on 
PA-only, and PA/H3PO4 coated samples. This nonuniformity 
would cause poor contact between interfaces of electrolyte and 
electrode materials, leading to high equivalent series resistance 
(ESR), lower capacitance, poor power density, and small energy 
density in the final ss-CWECs.[25]

To further explore and explain different surface morphology 
with the three different electrolyte materials, contact angle 
measurements were carried out on PA, PA/H3PO4, and PA/
KOH thin films. As shown in Figure  4d–f, the contact angles 
θ for the PA, PA/H3PO4, and PA/KOH samples changed from 
49.41° to 43.39° and 17.22°, respectively, which indicates the 
wire surface became increasingly hydrophilic. It should be 
noted that atomic force microscopy analysis (Figure S2, Sup-
porting Information) shows that the root-mean-square rough-
ness of PA, PA/H3PO4m, and PA/KOH films are about 13.07, 
17.43, and 10.26 nm, respectively, which are well below the lower 
limits of surface roughness that will affect surface wettability.[26] 
As a result, the effect of the surface roughness appears to be 
negligible, and the hydrophilic and hydrophobic characteris-
tics are attributed to the electrolyte materials themselves (see 
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SEM images in Figure S3, Supporting Information). According 
to the thermodynamics of polymer surface reconstruction, the 
polarity of the surface contacting medium tends to drive the 
free energy state to its lowest level, and reorientation of hydroxyl 
groups at the membrane surface can affect their surface energy 
and polarities.[27] Therefore, the increasing hydrophilicity in PA, 
PA/H3PO4, and PA/KOH films are likely to be driven by the 
reorientation of hydroxyl groups in PA or chemical reactions 
which they undergo in acid or base environments. Indeed, as 
highlighted in the insets of Figure 4d–f, the pure PA and PA/
H3PO4 are transparent hydrogels, while the PA/KOH hydrogels 
exhibit a brownish color.

Fourier-transform infrared spectroscopy (FTIR) was utilized 
to investigate the chemical reaction in the solid-state PA, PA/
H3PO4 and PA/KOH electrolytes at room temperature. The 
FTIR spectra were normalized, and major vibration bands asso-
ciated with chemical groups are presented in Figure  5. The 
broad bands between 3500 and 3200 cm−1 in Figure  5a, are 
assigned to the stretching OH from the intermolecular and 
intramolecular hydrogen bonds.[28] Besides two peaks between 
3000 and 2900 cm−1, refer to the CH symmetric stretching 

and CH asymmetric stretching from alkyl groups in PA. 
Other peaks at 1430, 1330, and 850 cm−1 are due to the CH2 
wagging, COH plane bending and CH rocking, respec-
tively. In contrast to FTIR spectra of room temperature PA 
(PART), two sharp peaks at 1150 and 950 cm−1 can be found in 
PA with H3PO4 loading, which is associated with CC alkene 
bending. Similarly, when PA is loaded with KOH, variation 
occurs in the FTIR spectra with the appearance of two notice-
able signals peaking at 1450 and 1350 cm−1, which is related to 
CH2 moiety.[29] Furthermore, the degree of crystallinity can be 
evaluated from FTIR spectra through the peak at 1141 cm−1.[30] 
Interestingly, this peak can be seen in the case of PA/KOH, 
while none appears on PA and PA/H3PO4 room temperature 
samples. This demonstrates that PA treated with KOH exhibits 
more crystallized morphology, which is consistent with x-ray 
powder diffraction results (Figure S4, Supporting Information).

The processing and operating temperature of an electrolyte 
can influence the performance of ESCs, as many electrochem-
ical or chemical reactions are closely related to temperature.[31] 
It should be noted that the intensity of the OH stretching peak 
at 3350 cm−1 decreased after the pure PA film was annealed 

Figure 2. a) Schematic illustration of SWCNHs. b) TEM image of SWCNHs with bud-like and dahlia-like aggregates at 20 nm scale bar. c) TEM image 
of SWCNHs with bud-like and dahlia-like aggregates at 10 nm scale bar. Inset: Selected area electron diffraction (SEAD) result of SWCNHs.

Figure 1. Schematic of the electric arc method for the synthesis of SWCNHs in the liquid nitrogen atmosphere.

Adv. Mater. Technol. 2020, 2000372
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at 90  °C for 2 h (highlighted in Figure  5a). This observa-
tion can be explained by the reduction of hydrogen bonds, 
as water is lost in the process of heating. Apart from this, no 
other noticeable changes and shifts of peaks are seen, indi-
cating no heating-induced chemical reaction occurred except 
for water vaporization. In Figure 5b, intensity shift can be seen 
in the range of 1150–950 cm−1, in correlation with CC alkane 
bending (as discussed above), while the rest of the spectra 
remain unchanged, regardless of processing via air drying or 

heating at 90  °C (highlighted in Figure  5b). Furthermore, the 
peak intensity variation between 995 and 960 cm−1 is related 
to the cis–trans isomerism that happens during a dehydration 
reaction within the acid environment(cis–trans isomerism reac-
tion is shown in Scheme 1).[2] In contrast, when PA is put in a 
base environment, sharp doublet peaks appear in the range of  
1450–1350 cm−1, implying the possible formation of OH 
bending in aldehyde.[32] An increase of temperature will only 
influence peak intensity, namely proportion of the reaction 

Figure 4. SEM images and water contact angle pictures of ss-CWECs with different coatings of solid-state electrolytes on carbon fibers. a,d) PA,  
b,e) PA/H3PO4, and c,f) PA/KOH thin films, with insets displaying transparent PA, PA/H3PO4, and brownish PA/KOH solution, respectively.

Figure 3. a) Schematic illustration of the fabrication process of ss-CWECs. b) Optical image of CWs. c) SEM cross-section image of single ss-CWECs 
with PA electrolyte coating. The core is the CWs, and the dashed line highlighted the thickness of solid-state electrolyte.

Adv. Mater. Technol. 2020, 2000372
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product (highlighted in Figure 5c). For PA and PA/H3PO4 sam-
ples, the value of contact angle increased with increasing heating 
temperature from 30 to 60  °C; however, these values then 
dropped sharply with higher temperature up to 90 °C. Hence, 
in the temperature range from 30 to 60 °C, surface wettability 
of PA and PA/H3PO4 thin films will not change significantly.  
Still, the surface will become more hydrophilic when films are 
further heated to a higher temperature. As mentioned above, 
double bonds are formed in PA/H3PO4 due to the deprotona-
tion reaction and since double bonds are naturally more hydro-
phobic than hydroxyl groups, production of double bonds in 
PA/H3PO4 reactions can be the explanation for relatively higher 
hydrophilicity shown in the case of PA/H3PO4 than pure PA. 
Moreover, during the deprotonation reaction with H3PO4, pro-
duction of H2O compensates for water loss from heating, which 

is consistent with findings in the TGA results (Figure S5, Sup-
porting Information). Therefore, PA/H3PO4 becomes more 
hydrophilic than pure PA at 90  °C. Nevertheless, in terms of 
PA/KOH, it is observed that the film surface is initially more 
hydrophilic than that in PA and PA/H3PO4 thin films, and 
its hydrophilicity is enhanced when the temperature is raised 
continuously to 60 and 90 °C. As shown in the plausible reac-
tion scheme in Scheme 2, during the PA deprotonation reaction 
with a strong acid, the hydroxyl group in PA donates two elec-
trons to H from the acid reagent, resulting in an alkyloxonium 
before conversion into a carbon cation, which is then attacked 
by deprotonated acid to form a double bond. On the other hand, 
free state radicals will be produced during the PA deprotonation 
reaction with a strong base, together with free state K+ and OH− 
to enhance the resulting ionic conductivity and polarity.

2.3. Electrochemical Properties of the PA/KOH and PA/H3PO4 
Electrolyte and Corresponding ss-CWECs

Following the investigation on wettability, structure, mor-
phology, and thermal stability in PA, PA/H3PO4, and PA/KOH, 

Figure 5. Normalized FTIR spectra of PA in different acid and base conditions. a) PA, b) PA/H3PO4, and c) PA/KOH thin films processed at room 
temperature and 90 °C. d) Water contact angle results as a function of heating time.

Scheme 1. Reaction scheme shows the cis–trans isomerism reaction 
route in PA/H3PO4.

Scheme 2. Reaction scheme shows the deprotonation reaction of PA 
under acid or base conditions.

Adv. Mater. Technol. 2020, 2000372
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ss-CWECs were fabricated, and their electrochemical perfor-
mance was characterized. This allows a correlation between 
the internal physical and chemical processes and electrochem-
ical device behavior. Representative CV curves of devices with 
PA/H3PO4 and PA/KOH electrolytes at various scan rates are 
given in Figure 6a,b. The CV curves in Figure 6a,b show large 
enclosed areas which indicate large charge storage capaci-
ties. Additionally, significant enlargement in the CV curves 
can be observed as scan rate increases from 10 to 500 mV s−1. 
Although the same increment trend is also seen in Figure 6a, 

current values at all scan rates are all below that in PA/KOH 
devices in Figure 6b. To further compare devices with two dif-
ferent electrolytes, specific length capacitance is calculated 
from the CV curves in Figure  6a,b. For PA/H3PO4, values of 
specific length capacitance decrease from 0.029, 0.015, and 
0.010 to 0.006 mF cm−1 when the CV scan rates increase from 
10, 100, and 200 to 500  mV s−1. For PA/KOH, specific length 
capacitance drops from 0.042, 0.026, and 0.019 to 0.011 mF cm−1  
with the same scan rates. Therefore, it is evident that specific 
length capacitance of ss-CWECs is doubled when PA/KOH 

Figure 6. a) CVs taken at 10, 100, 200, and 500 mV s−1 with PA/H3PO4 devices. b) CVs taken at 10, 100, 200, and 500 mV s−1 with PA/KOH devices.  
c) GCD curves of PA/KOH devices at various current densities. d) CVs took at 100 mV s−1 after PA/H3PO4 devices were processed at room temperature, 
60 and 90 °C. e) CVs took at 100 mV s−1 after PA/KOH devices were processed at room temperature, 60 and 90 °C. f) Calculated resistance values of 
PA/H3PO4 and PA/KOH ESCs when processed at room temperature, 60 and 90 °C. g) Schematic illustration of charge transfer dynamics in ss-CWECs 
at fully-charged, charging/discharging, and fully-discharged status.

Adv. Mater. Technol. 2020, 2000372
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replaces the PA/H3PO4 as the coating electrolyte. To further 
evaluate the electrochemical characteristics of as-obtained 
ss-CWECs, galvanostatic charge–discharge (GCD) measure-
ment and temperature-dependent CV analysis were conducted 
(Figure  6c–e; Figure S6, Supporting Information). Noticeably,  
PA/KOH ss-CWECs exhibit two times higher specific capaci-
tance than PA/H3PO4 at room temperature though both 
system exhibit inferior performance at elevated temperature. 
It should be noted that GCD curves of PA/KOH ss-CWECs 
exhibit low Columbic efficiency, especially at low charging/dis-
charging current, which is because of the low charge storage 
characteristics of carbon fibers. Figure 6f summarizes the bulk 
resistance for all ss-CWECs which are extracted from electro-
chemical impedance spectroscopy (EIS of ss-CWECs with PA/
H3PO4 and PA/KOH are given in Figure S7, Supporting Infor-
mation).[33] In both cases, overall bulk resistance increases with 
rising environmental temperature, but at a relatively higher 
rate for PA/H3PO4 cells compared to PA/KOH cells, although 
they show similar resistance at room temperature. The 
improved performance of ss-CWECs with the replacement of 
PA/H3PO4 by PA/KOH originates from better adhesion as well 
as enhanced charge transfer dynamics inside the ion conduc-
tive medium.[34] As shown in Figure 6g, ss-CWECs are EDLCs, 
where electrical charge is stored at the electrode and electrolyte 
interface.[35] Therefore, K+ cations and OH− anions are bound 
on the ss-CWECs surfaces during adsorption when the cell is 
fully charged. On the other hand, K+ cations and OH− anions 
exchange their binding CWEC electrodes when the same device 
is completely discharged. Amid these two states, ions are under 
desorption conditions where solvated cations and anions are 
establishing equilibrium states from free states, made avail-
able by external charging and discharging forces. As seen in  
the Scheme 2, within PA/H3PO4 medium, olefin moieties will 
be generated in PA deprotonation reactions, but radicals will be 
the main product in its reactions with KOH, which ultimately 
result in different wettability properties and thus impacts on 
physical electrolyte contact with electrodes. Therefore, we select 
PA/KOH as the electrolyte for fabricating ss-CWECs which can 
provide better electrochemical performance than PA/H3PO4.

2.4. Effect of SWCNH and MWCNT Hybrid Loadings  
on ss-CWECs

To elucidate which carbon material combinations will give best 
capacitance results, four groups of ss-CWECs were fabricated 
with pure AC, hybrid AC/SWCNHs, AC/MWCNTs, and AC/
MWCNTs/SWCNHs at a weight ratio of 5:1 or 5:1:1, respectively. 
The CVs from four loading combinations are shown in Figure 7a. 
The calculated specific length capacitances (at 10  mV s−1) are 
16.08, 25.08, 35.71, and 48.76 mF cm−1 for AC, AC/SWNH, AC/
MWCNTs, and AC/MWCNTs/SWNHs, respectively. It can also 
be seen that ss-CWECs with AC/MWCNTs/SWCNHs loading 
gives largest scanning area, which shows the biggest capaci-
tance. Indeed, the specific length capacitance extracted from 
CV curves increases 1160 times from 0.042 mF cm−1 in pure ss-
CWECs to 48.76 mF cm−1 in AC/MWCNTs/SWCNHs function-
alized ss-CWECs, which is the highest value among any reported 
carbon-based yarn and fiber type ESCs (see detailed comparison 

in Table S1, Supporting Information).[4,36] ESCs coated with 
AC/MWCNTs/SWCNHs at different ratios were also studied, 
and analysis suggests that AC/MWCNTs/SWCNHs at 5:1:1 
blending ratio provides best electrochemical performance (more 
information about CVs and galvanostatic charge and discharge 
curves of the best cell are presented in Figure S8, Supporting 
Information). In addition to CV measurement, the EIS analysis 
was carried out to investigate the electrochemical properties of 
as-prepared ss-CWECs, as shown in Figure 7b. The ESR of the 
AC/SWCHNs sample is the smallest, and this indicates that the 
addition of SWCNHs has the main impact in increasing con-
ductivity of hybrid carbon material (Figure S9, Supporting Infor-
mation). Furthermore, the ID/IG ratios extracted from Raman 
spectra were also calculated. As shown in Figure S10, Supporting 
Information, the pure MWCNTs present the smallest ID/IG 
(0.842) compared to ACs (1.198) and MWCNTs (1.018), revealing 
the SWCHNs have a high electrical conductivity.[37]

The enhanced electrochemical performance of our hybrid 
carbon materials ss-CWECs is likely to be derived from two 
key aspects: First, the introduction of SWCNHs into AC/
MWCNTs renders ss-CWECs more conductive, since voids 
between AC and MWCNTs will be filled with highly conduc-
tive Dahlia-like SWCNHs aggregates (Figure S11, Supporting 
Information). Thus, SWCNHS act as cross-linker/binder 
in AC and MWCNTs, filling in voids and resulting in lower 
ESR (Figure  7b). As illustrated in Figure  7c–e, unfilled space 
between AC and MWCNTs is likely to become barriers and 
preclude electron transfer in carbon materials, while com-
pact SWCNHs can encompass AC and MWCNTs, leading to 
a higher possibility of intra- and inter-pore pathways for elec-
tron transfer. Second, the data (Figure  7a) show that when 
only SWNHs are combined with AC the capacitance is lower 
than when only MWCNTs are combined with AC. This sug-
gests that though SWNH can act as a very effective conduc-
tive binder, it also can inhibit access to the active pores of 
the AC (which give it a very high equivalent surface) area. 
Inclusion of the MWCNTs, on the other hand, penetrates the 
AC and gives better ionic access to interior pores of the AC. 
Therefore, the combination of MWCNTs and SWNHs with AC 
results in the optimum EC performance. The enlarged sche-
matic in Figure 7e highlighted the more detailed 3D structure 
of compactly cross-linked hybrid AC/MWCNTs/SWCNHs 
composites inside the coating layer of the ss-CWECs. Fur-
thermore, AC/MWCNTs/SWCNHs are naturally hydrophilic, 
so there is excellent compatibility with PA/KOH electrolyte to 
ensure good wettability and dispersity (see dispersion inks in 
Figure S12, Supporting Information) between electrode–elec-
trolyte interface (see SEM images in Figure S13, Supporting 
Information).

The Ragone plot derived from galvanostatic charge and dis-
charge curves are shown in Figure 8a, with comparison to other 
reported works. It can be seen that the energy density (at 64 mA g−1)  
of the best cell reaches 129.087 µWh cm−2 and power density 
of 16.30 mW cm−2, which is the highest among all reported 
flexible yarn or fiber type carbon-based ESCs (see the detailed 
comparison in the Table S1, Supporting Information). Consid-
ering cycling stability, ss-CWECs with hybrid AC/MWCNTs/
SWCNHs loading reveals excellent capacitance retention after 
2000 cycles at the scan rate of 10 mV s−1 (Figure 8b)
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2.5. ss-CWECs Assembly and Application in an Internet  
of Things System

A thin-film transistor (TFT)-controlled current-driven LED 
system (Figure  9a) was built to demonstrate further the high 
specific capacitance of as-prepared ss-CWECs as a continuous 
power supply for an Internet of things (IoT) system. As shown 
in Figure  9b, an indium gallium zinc oxide TFT and a red 
surface-mounted light-emitting diode (SML) are integrated 
into a light-emitting and control-drive system. In the circuit 
(Figure 9a), both the TFT gate and the LED are powered by a 
supercapacitor which is formed of 30 cm long (in the unwound 

state) ss-CWECs connected in series to give around 6 V output. 
A small-signal AC square waveform realized the modulation of 
the red light from 0 to 5 V generated from a function generator, 
which gave gate bias together with the supercapacitor in series. 
Thus, the total voltage at the gate was the linear combination of 
the DC and AC bias (Equation (1)):

g sup ac= +V V V  (1)

where Vsup, Vac, and Vg are the DC bias from the supercapacitor, 
the AC bias from the function generator, and the total gate voltage, 
respectively. The AC bias acts to modulate the gate voltage with 

Figure 7. a) CVs (scan rate of 10 mV s−1) of pure ss-CWECs and ss-CWECs with AC, AC/MWCNTs, AC/SWCNHs, and AC/MWCNTs/SWCNHs loadings. 
b) EIS results of ss-CWECs with different carbon material loading. Inset is EIS of pure ss-CWECs. Schematic illustrations of the interface charge transport 
dynamics c) without (w/o) SWCNHs, d) with (w) SWCNHs, and e) PA/KOH electrolyte encapsulated AC/MWCNTs/SWCNHs ensemble electrodes.
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the DC offset from the supercapacitor and turn the transistor ON 
or OFF. Though both drain and gate are biased with the superca-
pacitor, the energy loss on the TFT gate is negligible due to a low 
gate current. Combined with the high energy density of the super-
capacitor, this set-up enables the ss-CWECs to act as a DC power 
supply, to maintain the light intensity during operation without 
noticeable fading (see Video S1, Supporting Information).

It should be noted that the ss-CWECs can also play a role as an 
electronic filter which exhibits an ultra-low cutoff frequency, as in 
an ideal power supply. A high-pass filter analysis system was con-
structed (Figure S14, Supporting Information) to demonstrate the 
superior filtering characteristic of the ss-CWECs compared to the 
conventional capacitors. As shown in Figure  9c, the frequency 
response still keeps more than 85% of its original value, even 
at 0.1 Hz for the ss-CWECs, while the transmission of a 470 µF  
standard capacitor filter drops off quickly to 50% before 10 Hz as 
predicted by the transmission function (Equation (2))

1
1

1 2π

= −

+

T
fRC

 (2)

where R and C are the resistance and capacitance of the resistor 
and capacitor in the filter. T is the transmission of the filter and f 
stands for the frequency of the input signal. In the circuit, a 50 Ω  
resistor and a 470 µF electrolytic capacitor were used for a con-
ventional high-pass filter, exhibiting a frequency response with 
3 dB cutoff at 16.8 Hz (Figure 9c). For a typical RC filter, the cutoff 
frequency is determined by 1/2πRC, where the signal ampli-

tude decays to 3  dB of the input signal amplitude. Therefore,  
with the ultra-high capacitance of more than 200 mF for the ss-
CWECs supercapacitor, the cutoff frequency of the filter is much 
lower than that of the filter with the 470 µF conventional electro-
lytic capacitor. From this frequency response test, the concept 
of supercapacitor signal processing is put forward in this work, 
which may inspire new applications in wearable electronics such 
as body signal processing. For example, breath signal during 
sleep has a quite low frequency ≈0.2  Hz and body movement 
may have frequency even lower than 0.1 Hz. Therefore, our ss-
CWECs not only could work as a power supply but also allows 
signal processing with ultralow frequency on flexible systems.

Furthermore, as highlighted in Figure  9d, by outputting the 
square waveform at 0.5 Hz, the red light of SML can be driven at 
the modulation rate. The ss-CWECs-powered current-driven LED 
circuit is demonstrated in active signal communication to generate 
an optical Morse Code (see Videos S2–S4, Supporting Informa-
tion). As shown in Figure 9d, “CAM” was separately generated by 
setting the AC waveform according to the international encoding 
method, where the dash is presented by continuous lightning for 
3 s, and the dot is for 1 s with 1 s-off between each signal.

3. Conclusions

In summary, PA/KOH as a solid-state electrolyte and hybrid 
AC/MWCNT/SWCNHs coated on a carbon fiber backbone as 
the electrodes are used to demonstrate soft ss-CWECs, which 

Figure 8. a) Ragone plots compared with the represented previous works. b) Capacitance retention after 2000 cycles of ss-CWECs at a scan rate of 
10 mV s−1.
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exhibit high-power density and ultra-low cutoff frequency. PA/
KOH is chosen as the solid electrolyte to construct ss-CWECS 
since it is prone to form a hydrophilic interface and thus better 
adhesion to CWs. Based on systematic spectroscopy, micros-
copy, and interface analysis, we further clarify and expand the 
fundamental understanding of PA deprotonation reaction in 
ss-CWECs at the acid, base, and elevated working tempera-
ture conditions. By employing AC/MWCNTs/SWCNHs (5:1:1) 
as hybrid electrode materials in ss-CWECs, we demonstrate 
a remarkable specific length capacitance of 48.76 mF cm−1  
(at 10 mV s−1) with excellent charge–discharge stability (>70% 
remaining capacitance after over 2000 times charge–discharge 
cycling test). We further show that the as-prepared ss-CWECs 
can provide sufficient power for LED light modulation and 
enable a high-pass filter to eliminate ultra-low electronic noise. 
The use of the ss-CWEC as a supercapacitor power supply in a 
representative IoT soft electronics system is also verified.

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.
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