
This is an Accepted Manuscript, which has been through the 
Royal Society of Chemistry peer review process and has been 
accepted for publication.

Accepted Manuscripts are published online shortly after 
acceptance, before technical editing, formatting and proof reading. 
Using this free service, authors can make their results available 
to the community, in citable form, before we publish the edited 
article. We will replace this Accepted Manuscript with the edited 
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the 
Information for Authors.

Please note that technical editing may introduce minor changes 
to the text and/or graphics, which may alter content. The journal’s 
standard Terms & Conditions and the Ethical guidelines still 
apply. In no event shall the Royal Society of Chemistry be held 
responsible for any errors or omissions in this Accepted Manuscript 
or any consequences arising from the use of any information it 
contains. 

Accepted Manuscript

Materials
Horizons

rsc.li/materials-horizons

http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/


All-Carbon Solid-State Yarn Supercapacitors from 

Activated Carbon and Carbon Fibers for Smart 

Textiles 

Shengli Zhai,
†
 Wenchao Jiang,

†
 Li Wei,

†
 H. Enis Karahan,

†
 Yang Yuan,

† 
Andrew Keong Ng,

‡ 

Yuan Chen
*,†
  

 

†
School of Chemical and Biomedical Engineering, Nanyang Technological University, 62 

Nanyang Drive, 637459, Singapore  

‡
 Singapore Institute of Technology, 10 Dover Drive, Singapore 138683, Singapore 

 

 

Keywords: carbon fiber, activated carbon, supercapacitor, smart textile 

 

*To whom correspondence should be addressed.  

Tel.: +65 63168939. E-mail: chenyuan@ntu.edu.sg (Yuan Chen) 

 

Page 1 of 25 Materials Horizons

M
at

er
ia

ls
H

or
iz

on
s

A
cc

ep
te

d
M

an
us

cr
ip

t



 

Abstract  

Smart textiles are intelligent devices that can sense and respond to environmental stimuli. They 

require integrated energy storage to power their functions. An emerging approach is to build 

integratable fiber/yarn-based energy storage devices. Here, we demonstrated all-carbon solid-

state yarn supercapacitors using commercially available activated carbon and carbon fiber yarns 

for smart textiles. Conductive carbon fibers concurrently act as current collectors in yarn 

supercapacitors and as substrates for depositing large surface area activated carbon particles. 

Two hybrid carbon yarn electrodes were twisted together in polyvinyl alcohol/H3PO4 polymer 

gel, which is used as both electrolyte and separator. A 10-cm long yarn supercapacitor, with the 

optimum composition of 2.2 mg/cm activated carbon and 1 mg/cm carbon fiber, shows a specific 

length capacitance of 45.2 mF/cm at 2 mV/s, an energy density of 6.5 µWh/cm, and power 

density of 27.5 µW/cm. Since the yarn supercapacitor has low equivalent series resistance at 4.9 

Ω/cm, longer yarn supercapacitors up to 50 cm in length were demonstrated, yielding a high total 

capacitance up to 1164 mF. The all-carbon solid-state yarn supercapacitors also exhibit excellent 

mechanical flexibility with minor capacitance decreases upon bending or being crumpled. 

Utilizing three long yarn supercapacitors, a wearable wristband was knitted; this wristband is 

capable of lighting up an LED indicator, demonstrating strong potential for smart textile 

applications.  
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Conceptual insights 

An emerging approach of building energy storage devices for smart textiles is to directly 

incorporate energy storage materials at the formation stage of textile fibers, and then integrate 

multiple fibers into energy storage fabrics. Researchers are exploring different nanomaterials for 

energy storage, such as carbon nanotubes, graphene, and many metal oxide nanoparticles. 

However, different nanomaterials have their specific weakness which limits their practical 

applications, for example, the high cost of single walled carbon nanotubes, the lack of scalable 

production of amorphous Ni(OH)2,
1
 the potential health and environmental toxicity of RuO2 and 

some other carbon nanomaterials.
2-4

 Activated carbon derived from biomaterials or polymer 

precursors is the most widely used electrode material in commercial supercapacitors nowadays. 

Carbon fibers with excellent electrical conductivity and mechanical strength, made from 

polyacrylonitrile or pitch, are produced in large quantity with billions of dollars market. We 

envisage that it is a practical and promising approach to efficiently incorporate activated carbon 

into weavable/knittable carbon fiber yarns, which combines the good capacitive energy storage 

property of activated carbon with excellent electrical conductivity and mechanical flexibility of 

carbon fibers. Yarn supercapacitors can be assembled using such hybrid carbon fibers of 

activated carbon and carbon fibers as electrodes, which unveil strong potential for smart textile 

applications in the near future. 
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Introduction 

Smart textiles are emerging intelligent devices that can sense and respond to environmental 

stimuli from mechanical, thermal, chemical, electrical or magnetic sources.
5
 It has been 

envisaged that smart textiles will revolutionize the functionality of our clothing and the fabrics in 

our surroundings.
6
 To realize practical applications of smart textiles, integrated energy storage 

devices are required to provide sufficient and long-lasting energy supplies for their functions. 

Many research efforts focus on either directly overlaying conventional batteries onto existing 

textiles or coating energy storage materials on fabrics.
7-12

 Such approaches face tremendous 

difficulties in connections, bulkiness, wearability, and safety.
13

 An emerging tactic is to directly 

incorporate energy storage materials at the formation stages of textile fibers. Next, multiple 

fibers are spun into energy storage yarns. The energy storage yarns can be further fabricated into 

energy storage fabrics.
14, 15

 This new approach has several advantages: (1) fibers/yarns are highly 

flexible, and they can be woven or knitted into textiles of various shapes at preferred locations, 

which render great design versatility in developing smart textile products; (2) woven or knitted 

textiles allow moisture and air from a human body to pass through freely, leading to much better 

wearability compared to large surface area impermeable thin film devices; and (3) established 

textile technology can be utilized to address many challenges in scalable manufacturing. Among 

different yarn-based energy storage devices, yarn supercapacitors are particularly attractive 

because of their high power density, long cycle life, and fast charge/discharge rates.
16-19 

 

Supercapacitors store energy based on two principles: electrical double-layer capacitance 

(EDLC) and pseudocapacitance. Recent research efforts have been focused on developing novel 

electrode materials including carbon nanomaterials, such as carbon nanotubes and graphene, 
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conducting polymers, and a few pseudocapacitive nanomaterials in form of nanosheets, 

nanoparticles, and nanofibers. These nanomaterials serve as building blocks for energy storage 

fibers due to their large surface area, high specific capacitance, and other unique electrical and 

mechanical properties.
20-48

 However, the cost of nanomaterials is high, scalable production is 

often not available, and their potential health and environmental risks are uncertain,
49-53

 which 

hinder their realistic applications in the near future. In contrast, activated carbon derived from 

biomaterials or polymer precursors is the most widely used electrode material in commercial 

supercapacitors. The challenge is to efficiently incorporate activated carbon into 

weavable/knittable fibers while preserving their good capacitive energy storage property. 

Furthermore, long yarns are needed to fabricate practical smart textile products. Recent research 

has found that the performance of fiber electrodes based on carbon nanomaterials often 

deteriorates significantly with the increase of fiber length due to their large electrical 

resistances.
44

 Although metal wires, such as Au, Cu, and stainless steel, can be used as current 

collectors to reduce the equivalent series resistance (ESR) of yarn supercapacitors, they do not 

directly contribute to capacitive energy storage.
25, 26, 40, 41, 45

 They are also heavy in weight and 

less flexible, leading to poorer wearability of resulting energy textiles. Carbon fibers, made from 

polyacrylonitrile or pitch, have excellent mechanical and electrical properties. They are produced 

in large quantity with billions of dollars global market, which may act an alternative to metal 

wires in yarn supercapacitors. 

In this work, we show that all-carbon solid-state yarn supercapacitors can be fabricated using 

activated carbon and carbon fibers. The composition of carbon materials in yarn electrodes was 

optimized to enable yarn supercapacitors to possess both high specific length capacitance and 

specific gravimetric capacitance. The electrochemical properties of the assembled yarn 
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supercapacitors in different lengths were evaluated; they demonstrate one of the highest specific 

length capacitance and total capacitance among all fiber/yarn supercapacitors ever reported in the 

literature. Owing to their excellent mechanical flexibility, three long yarn supercapacitors were 

knitted into a wearable wristband, which can light a light-emitting diode (LED) indicator, 

unveiling their potential in smart textile applications.  

Experimental  

Preparation of hybrid carbon yarn electrodes 

The suspension of activated carbon was prepared by mixing activated carbon particle powders 

(YP-50F, Kuraray, Japan; pore volume: 0.7 mL/g, packing density: ~0.4 g/cm
3
, and total surface 

area: ~1600 m
2
/g) at the concentration of 40 mg/mL with ethanol solution (deionized water and 

99% ethanol at 1:3 volume ratio). Liquitex matte medium was added (at the weight ratio of 5:95 

toward activated carbon) to increase the suspension viscosity so that it can be easily coated on 

carbon fibers. Carbon fiber yarns (Zoltek Panex 35) were concurrently used as current collectors 

for supercapacitors and as substrates for depositing activated carbon. The density (mass per 

length) of carbon fiber yarns was controlled at 1 mg/cm, resulting in a tightened yarn diameter 

(without most of voids among individual carbon fibers) of about 0.25 mm. Activated carbon 

suspension was dropped casting on loose carbon fiber yarns at different mass loadings (0.5, 1, 

1.5, and 2 mg/cm). After loaded with activated carbon, hybrid carbon yarns were twisted using a 

handheld yarn spinner (“Lacis” Power, 4-ply Cord Marker and Fringe Twister) in a Z twist 

(turning right), until about 5 turns per inch to tighten them. Twisted hybrid carbon yarns were 

first dried in a vacuum oven at 80 
o
C for 8 hours. Subsequently, they were dipped in a polymer 

gel (polyvinyl alcohol (PVA)/H3PO4) for 20 min, and then dried at room temperature. The 
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polymer gel was prepared by dissolving PVA (10 g) in deionized water (100 mL). The PVA-

water mixture was heated to 90 
o
C under constant stirring until it became clear. After it was 

cooled to room temperature, H3PO4 (10 g, >99% pure) was added into it with mixing.  

Scanning electron microscope 

The morphology of activated carbon, carbon fiber yarns, and hybrid carbon yarns were examined 

using a scanning electron microscope (SEM, JEOL, JSM6701, 5 kV). Each sample was gold 

sputter-coated for five minutes prior to SEM analysis.  

Assembling yarn supercapacitors 

Two hybrid carbon yarns of the same length were used as electrodes. They were twisted together 

using the handheld yarn spinner at about 5 turns per inch in an S twist (left turn). The 

combination of Z (from the twisted hybrid carbon yarns) and S twisting helps to lock the two 

electrodes together. Yarn supercapacitors of different lengths at 5, 10, 20, and 50 cm were 

fabricated using yarn electrodes of 5.5, 11, 22, and 55 cm in length. There is an approximately 

9.1% length reduction when two electrodes were twisted together. The twisted 2-ply yarns were 

dipped into PVA/H3PO4 gel for another 20 min, and dried at room temperature until the polymer 

gel solidified. The diameter of as-prepared yarn supercapacitors is about 1-2 mm depending on 

the packing density.   

Electrochemical testing of yarn supercapacitors 

Assembled two-electrode yarn supercapacitors were tested using a potentiostat (CHI, 660D) by 

cyclic voltammetry (CV) and galvanostatic cycling (GC) to determine their capacitance. 

Electrochemical impedance spectroscopy (EIS) was carried out using a potentiostat (VersaSTAT 
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4) to determine ESR. All devices underwent CV at 20 mV/s for 100 cycles to “pre-cycle” the 

device, then capacitance measurements were taken from CVs at 2, 5, 10, 20 mV/s, followed by 

GC at 25, 50, 100, and 200 mA/g based on active material (activated carbon) in electrodes. All 

devices were tested in a 0.0-1.0 V window.   

The capacitance �� of yarn supercapacitors was determined from both CV and GC according to 

equation (1) and (2), respectively.  

                                                         �� = 
�

��
=

�

���
	 
(�)��
��
��

         (1) 

� is the total charge obtained by integrating the area within CV curves, V is the scanned voltage 

window (V = V+-V-), v is the scan rate of CV curves, 
(�)is the current intensity.  

                                                                     �� = 
/(��/��)            (2) 


  is the discharge current in GC, t is the discharge time in GC, and V is the voltage. 

The specific length capacitance 	�� of yarn supercapacitors is calculated using 

                                                                   	�� = ��/��           (3) 

where �� denotes the length of yarn supercapacitors.  

The specific gravimetric capacitance 	�� is calculated using 

	�� = 2��/�              (4) 

where m denotes the mass of activated carbon in a single yarn electrode.  

 

Results and discussion 

Fabrication of hybrid carbon yarn supercapacitors 

Fig. 1 illustrates the fabrication process of all-carbon solid-state yarn supercapacitors. 

Commercial carbon fiber yarns act as a substrate for hosting high surface area activated carbon 
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particles. Due to the relatively high electrical conductivity of carbon fiber yarns, they also 

function as current collectors in yarn supercapacitors. Carbon fiber yarns used in this study have 

bundles of graphite filaments (see the SEM image in Fig. S1a in the Electronic Supplementary 

Information, ESI) with an electrical conductivity of 679 S/cm. We used carbon fiber yarns with a 

density (mass per length) of 1 mg/cm, a diameter of 250 µm (without most voids among 

individual carbon fibers), and an electrical resistance of about 3.0 Ω/cm. This particular density 

was used because (1) it has relatively small electrical resistance, which we expected that long 

yarn supercapacitors can be fabricated with low ESR; and (2) there are sufficient numbers of 

individual carbon fibers. We can easily loose the carbon fiber yarn to a flattened layer of ~5 mm 

in width, as displayed in Fig. 1. It is easier to deposit activated carbon suspension evenly on such 

a flattened layer. Activated carbon suspension was prepared by mixing activated carbon particles 

with ethanol, water, and Liquitex matte medium at specific ratios as described in Experimental in 

order to achieve uniform and stable activated carbon coatings on carbon fiber yarns. Activated 

carbon suspension was dropped casting on loose carbon fiber yarns at different mass loading (0.5 

to 2 mg/cm). Owing to the empty space among individual graphite filaments (see Fig. S1a), 

activated carbon particles not only cover the surface of graphite filaments, but only fill up voids 

among them. After coating activated carbon, we reduced the space among individual graphite 

filaments by twisting hybrid carbon yarns until about 5 turns per inch. Twisted hybrid carbon 

yarns were further coated with PVA/H3PO4 gel, which bound carbon materials together to 

improve the structural integrity of hybrid carbon yarns. Yarn supercapacitors were fabricated by 

twisted two hybrid carbon yarns together using the handheld yarn spinner. The twisted yarn 

supercapacitors were further covered with an additional layer of PVA/H3PO4 gel. The solidified 
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gel not only acted as electrolytes in yarn supercapacitors but also as a separator between two 

yarn electrodes. 

  

Fig. 1 Schematic illustration of the fabrication process of all-carbon solid-state yarn 

supercapacitors (left) and corresponding photographs of carbon yarns of every fabrication step 

(right). 

 

Effect of activated carbon loading in hybrid carbon yarns 

SEM was used to examine the morphology of hybrid carbon yarns. Fig. 2 shows that individual 

graphite filaments have a diameter of about 6-7 µm. Activated carbon particles have a wide range 

of sizes from less than 1 to 10 µm (also see Fig. S1b in the ESI). Some activated carbon particles 

were directly deposited on graphite filaments, while more occupied voids among graphite 

filaments. With the increase of mass loading from 0.5 to 2 mg/cm in hybrid carbon yarns, more 

activated carbon particles stay in voids with some distance to graphite filaments. Activated 

carbon particles can provide considerable surface area for EDLC. However, their relatively low 
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electrical conductivity would significantly limit electron transfer when they are away from 

current collectors.  

 

Fig. 2 SEM images of hybrid carbon yarns with different loadings of activated carbon. (a) 0.5 

mg/cm, (b) 1.0  mg/cm, (c) 1.5 mg/cm, and (d) 2 mg/cm. 

 

To optimize the mass loading of activated carbon in hybrid carbon yarns, electrochemical 

properties of 10-cm long yarn supercapacitors assembled using hybrid carbon yarns that contain 

different amount of activated carbon were compared. The activated carbon mass loading of 0.5, 

1, 1.5, and 2 mg/cm in hybrid carbon yarns produces yarn supercapacitors containing 1.1, 2.2, 
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3.3, and 4.4 mg/cm of activated carbon (note that two 11-cm long hybrid carbon yarns were 

twisted into one 10-cm long yarn supercapacitor).  Fig. 3a shows their CV curves at 2 mV/s. The 

enclosed area of CV curves increases with higher activated carbon loading, indicating greater 

total capacitance. Fig. S2 in ESI suggests that the capacitance of carbon fiber yarns is very low 

(0.141 mF/cm at 2 mV/s measured in 1 M H2SO4 electrolyte). Thus, most of capacitance of the 

yarn supercapacitor can be attributed to activated carbon. Fig. 3b illustrates that the calculated 

specific length capacitance of the yarn supercapacitors from their CV curves increases from 30.7, 

45.2, 53.0, to 63.0 mF/cm when the mass loading of activated carbon in yarn supercapacitors 

increases from 1.1 to 4.4 mg/cm. In contrast, the specific gravimetric capacitance corresponding 

to the mass of activated carbon in yarn supercapacitors decreases from 111.7, 82.1, 64.2, to 57.3 

F/g. Fig. S3 in ESI indicates that activated carbon used in this work has a specific gravimetric 

capacitance of 126.3 F/g at 2 mV/s measured in 1 M H2SO4 electrolyte. The decrease in specific 

gravimetric capacitance suggests that EDLC contributed by activated carbon becomes less 

efficient when activated carbon particles are away from current collectors. Although higher AC 

loading can increase specific length capacitance, the efficiency of capacitive energy storage by 

activated carbon reduces significantly. Therefore, in the following studies, we focused on yarn 

supercapacitors with activated carbon loading at 2.2 mg/cm, which provides both relatively high 

specific length capacitance at 45.2 mF/cm and specific gravimetric capacitance at 82.1 F/g. 
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Fig. 3 (a) CV curves of 10-cm long yarn supercapacitors with different activated carbon loadings 

at a scan rate of 2 mV/s. (b) The variation of specific length capacitance 	��  of yarn 

supercapacitors and specific gravimetric capacitance 	�� corresponding to the mass of activated 

carbon in yarn supercapacitors. 

 

Electrochemical performance of yarn supercapacitors 

The electrochemical performance of the 10-cm yarn supercapacitor containing 2.2 mg/cm 

activated carbon was further characterized by CV and GC. CV curves of this device shown in 

Fig. 4a have a large enclosed area, indicating high capacitance. It becomes a spindle shape at 

higher scan rates. Correspondingly, GC curves in Fig. 4b are symmetric triangular shapes at 

lower discharge current densities. They become less symmetric with voltage drops at the 

beginning of the discharge process at higher discharge current densities. Fig. 4c indicates that the 

specific length capacitance determined from CV curves of the device drops from 45.2, 28.0, 24.3 

to 14.3 mF/cm when the CV scan rates increases from 2, 5, 10 to 20 mV/s. Similarly, the specific 
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length capacitance determined from GC curves decreases from 46.8, 39.7, 34.9 to 21.3 mF/cm, 

when the discharge current density is increased from 25, 50, 100 to 200 mA/g. The gravimetric 

capacitance of the device was also calculated, shown in Fig. S5. The specific length capacitance 

of the device is much higher than many recently reported fiber/yarn supercapacitors, which 

include multi-walled carbon nanotube/ordered mesoporous carbon composite fiber at 1.91 

mF/cm,
28

 polyelectrolyte-wrapped graphene/carbon nanotube core-sheath fiber at 5.3 mF/cm,
24

 

and multi-walled carbon nanotubes/carbon microfibers/carbon film at 6.3 mF/cm.
22

 The specific 

length energy and power densities of the device are shown in Fig. 4e. At the current density of 25 

mA/g, it has an energy density of 6.5 µWh/cm and power density of 27.5 µW/cm. It can retain 

energy density of 3.0 µWh/cm at a higher power density of 220 µWh/cm. These power and 

energy densities are higher than those of many reported fiber/yarn supercapacitors containing 

various nanomaterials, such as reduced graphene oxide/MnO2 nanosheets/polypyrrole deposited 

stainless steel current collectors at 1.4 µWh/cm and 1.3 µW/cm,
45

 activated carbon deposited 

natural fibers with stainless steel current collectors at 3.3 µWh/cm,
41

 carbon fiber/polyaniline at 

1.4 µWh/cm and 119 µW/cm,
46

 carbon nanotube/MnO2/ polymer fiber at 0.75 µWh/cm and 19.3 

µW/cm,
54

 multi-walled carbon nanotubes/carbon microfibers/carbon film at 0.7 µWh/cm and 

13.7 µW/cm,
22

 and polyelectrolyte-wrapped graphene/carbon nanotube core-sheath fiber at 

0.0471 µWh/cm and 2.57 µW/cm.
24

 Furthermore, the device reveals excellent cycling stability 

with 86.6% capacitance retentions after 10000 cycles at the scan rate of 20 mV/s. We noticed 

that the rate capability of the yarn supercapacitor is relatively poor at fast scan rates or high 

discharge current densities (see Table S1 and S2 in EIS), which can be attributed to that fact that 

activated carbon has lower electrical conductivity and polymer gel electrolyte also has a slower 

ion transport. The rate capability can be improved by using more conductive nanomaterials, such 
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as carbon nanotubes, graphene, and carbon onions.
8, 44

 However, considering the various issues 

of nanomaterials as discussed in Introduction, yarn supercapacitors proposed in this work are 

based on commercially available and low cost carbon materials with unique merits. ESR of the 

yarn supercapacitor was also measured using EIS. Fig. 4d shows that its ESR is 4.9 Ω/cm. The 

relatively small ESR implies that longer yarn supercapacitors can be fabricated, which are more 

beneficial to integrating yarn supercapacitors into wearable fabrics. 

 

 

Fig. 4 Electrochemical performances of a 10-cm long yarn supercapacitor. (a) CVs taken at 2, 5, 

10, and 20 mV/s. (b) GC curves at 25, 50, 100, and 200 mA/g. (c) Specific length capacitance at 

different CV scan rates and discharging current densities. (d) Specific energy and power 

densities. (e) Long term cycling at the scan rate of 20 mV/s for 10000 cycles. (f) EIS result taken 

from 200 kHz to 10 mHz, with an insert displaying the enlarged plot at high frequency region.     
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Performance of yarn supercapacitors in different lengths 

 

 

 

Fig. 5.  (a) CV curves of yarn supercapacitors in different lengths at a scan rate of 2 mV/s.  All 

supercapacitors were assembled using hybrid carbon yarns containing 2.2 mg/cm activated 

carbon. (b) The correction between total device capacitance and device length. (c) Comparison 

of specific length capacitance among literature data. (d) Comparison of total device capacitance 

and device length among literature data.  
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For applications in energy storage textiles, long yarns are required to build realistic weavable 

devices. Previous studies were often limited to devices with short lengths.
54, 55

  The performance 

of fiber electrodes often deteriorates significantly with the increase of their length due to large 

resistances of electrodes.
44

 We assembled yarn supercapacitors of 5, 10, 20, and 50 cm in length 

containing 2.2 mg/cm activated carbon. Fig. 5a shows their CV curves at 2 mV/s. The total 

capacitance of yarn supercapacitors increases from 256, 451.7, 632.9 to 1164 mF when their 

length increases from 5 to 50 cm. Fig. 4b indicates that the total capacitance increases linearly 

with the extension of length up to 10 cm, and the trend apparently deviates from linearity when 

the length is further extended. This is consistent with their CV curves in Fig. 4a, where the CV 

curves of the 5-cm and 10-cm yarn supercapacitors exhibit a more rectangular shape. 

Conversely, the CV curves of 20-cm and 50-cm yarn have a spindle shape, suggesting higher 

resistances in the devices.   

We further compared the specific length capacitance of yarn supercapacitors at different lengths 

with various yarn/fiber supercapacitors reported in the literature. As depicted in Fig. 5c, yarn 

supercapacitors reported here show the specific length capacitance of 51.2 mF/cm (5 cm), 45.2 

mF/cm (10 cm), 31.65 mF/cm (20 cm), and 23.28 mF/cm (50 cm), which are much higher than 

many previous results. To the best of our knowledge, these values are among the highest specific 

length capacitances ever reported for yarn/fiber supercapacitors. The details of previous studies 

and their measurement conditions were listed in Table S3 in ESI. We also compared the total 

capacitance and the length of assembled yarn/fiber supercapacitors. As shown in Fig. 5d, yarn 

supercapacitors reported here demonstrates both high total capacitance and a large length. 
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56-58
 

Mechanical flexibility and wearable knitted wristband 

 

Fig 6. (a) Capacitance retention of a 10-cm yarn supercapacitor under different mechanical 

deformation conditions. Inset: CV curves of the yarn supercapacitor at a scan rate of 5 mV/s and 

photos taken at different deformation conditions (b) Capacitance retention at different bending 

cycles. Inset: photos of the yarn supercapacitor at flat (I) and bended 360
o
 (II) conditions. (c) 

Schematic illustration of a wearable wristband integrated by one 30-cm and two 50-cm long yarn 

supercapacitors. (d) Photo of our wristband worn together with a Fitbit
®

 wristband. Our 

wristband can light an LED. 
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Fig. S4 in ESI shows that carbon fiber yarns used in this work have excellent mechanical 

strength with a Young’s modulus of 255.7 GPa. They are mechanically strong enough to be 

knitted. The mechanical flexibility of yarn supercapacitors was tested by bending a 10-cm device 

at different angles or crumpling the device as illustrated in Fig. 6. Fig. 6a shows that CV curves 

of the device have minimal changes at different conditions. It can retain nearly 100% of its initial 

capacitance upon bending at different angles, and only exhibited a small decrease (<9%) when 

the whole device was crumpled. Fig. 6b shows that the device still retains 98% of its initial 

capacitance after 1000 bending cycles. Due to its excellent mechanical flexibility, we knitted one 

30-cm and two 50-cm yarn supercapacitors together into a wearable wristband. The structure of 

this wristband is displayed in Fig. 6c. The photo in Fig. 6d demonstrates its ability to light an 

LED indicator (for about 1 minute) and to be safely worn, just like other wearable devices. We 

believe that such a wearable wristband has vast applications in smart textile. 

 

Conclusions 

We have successfully fabricated all-carbon solid-state yarn supercapacitors using commercially 

available activated carbon and carbon fiber yarns. Conductive carbon fibers concurrently serve 

as current collectors in yarn supercapacitors and as substrates for depositing large surface area 

activated carbon particles. Two hybrid carbon yarn electrodes were twisted together in 

PVA/H3PO4 polymer gel. A 10-cm yarn supercapacitor with the optimum composition of 2.2 

mg/cm activated carbon and 1 mg/cm carbon fibers show a specific length capacitance of 45.2 

mF/cm at 2 mV/s, which is one of the highest specific length capacitances ever reported for 

yarn/fiber supercapacitors. It also exhibits an energy density of 6.5 µWh/cm and power density 
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of 27.5 µW/cm, and can retain an energy density of 3.0 µWh/cm at a higher power density of 220 

µWh/cm.  Due to the low equivalent series resistance at 4.9 Ω/cm, long yarn supercapacitors up 

to 50 cm were demonstrated with high total capacitance up to 1164 mF. The all-carbon solid-

state yarn supercapacitors also show excellent mechanical flexibility with small capacitance 

changes upon bending or being crumpled. Using three long yarn supercapacitors, a wearable 

wristband was knitted, and it can light an LED indicator, demonstrating strong potential for 

smart textile applications. Moreover, the fabrication method demonstrated in this work is based 

on commercially available safe carbon materials, which can be further scaled up for commercial 

exploration in the near future.    
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