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SUMMARY

Flexible fiber supercapacitors are promising candidate for power supply of wear-
able electronics. Fabrication of high-performance fibers is in progress yet chal-
lenging. The currently available graphene fibers made from wet-spinning or elec-
tro-deposition technologies are far away from practical applications due to their
unsatisfactory capacitance. Here we report a facile alternately dipping (AD)
method to coat graphene on wire-like substrates. The excellent mechanical prop-
erties of the substrate with greatly diverse choices can be carried over to the fi-
ber supercapacitors. Under such guideline, the graphene fiber with a titanium
core made by our AD method (AD:Ti@RGO) shows an ultra-high specific capaci-
tance of up to 1,722.1 mF cm�2, which is �1,000 times that of wet-spinning-
and electro-deposition-fabricated neat graphene fibers and presents the highest
specific capacitance to date. With excellent mechanical properties and striking
electrochemical performances, the AD:Ti@RGO-based supercapacitors light the
path to the next-generation technologies for wearable devices.

INTRODUCTION

Wearable electronics, such as smart fabrics, wearable light-emitting diodes (LEDs), and implantable sen-

sors are rapidly prevailing in contemporary high-tech era due to their attractive prospects for health moni-

toring, motion tracking, and ubiquitous access to information (Gao et al., 2016). These wearable electronics

are being starved of flexible energy storage devices as power sources, among which the all-solid-state fiber

supercapacitor (FSC) for its technical advantages in energy storage, knittability, integratability, and safety

holds great promise (Chen et al., 2019). Pursuing high-performance FSCs, great efforts have been made on

fibers to enable excellent flexibility, high tension strength, superior conductivity, and high capacitance.

Carbon materials, metal (hydr)oxides, sulfides, conductive polymers, etc., have all been explored to be in-

tegrated into electrode fibers (Qu et al., 2016; Sumboja et al., 2013; Cao et al., 2015; Zhao et al., 2014).

Whether as an active component or not, carbon materials are the most commonly used materials for the

hosting matrix. Graphene has attracted wide attention for application in flexible electrode materials for

a number of unique properties, such as extraordinary conductivity, high chemical stability, etc. (Huang

et al., 2013; Li et al., 2013; Meng et al., 2013; Kim et al., 2010; Shao et al., 2015; Cao et al., 2014). Various

methods have been reported to prepare graphene-based fibers, typically including wet-spinning and elec-

tro-deposition (Zhao et al., 2013; Kim et al., 2014).

Xu et al. fabricated neat graphene fibers by spinning aqueous graphene oxide (GO) in a coagulation bath

(Xu and Gao, 2011). Because various compatible additives, such as MXene (Hu et al., 2017), polypyrrole (Xu

et al., 2015; Huang and Kaner, 2004), and carbon nanotube (Ren et al., 2013), could be added into the GO

precursor solution, wet-spinning technology is a scalable and universal approach to fabricate composite

graphene-based fibers (Xu and Gao, 2015). The wet-spinning graphene-based fibers offer high flexibility

and infinite length. Tensile force is inevitable for wearable device; however, wet-spinning graphene fibers

usually have unsatisfactory fracture strength of lower than 150 MPa for the wearable applications (Xu and

Gao, 2011, 2015). To address this issue, a general strategy is to coat graphene on strong fiber-like sub-

strates. Au, Cu, and polymethyl methacrylate wires have been explored as substrate materials for graphene

coating (Li et al., 2013; Huang et al., 2017a; Bae et al., 2011). Li et al. electrochemically prepared reduced

graphene oxide (RGO) deposited on an Au wire for FSCs (Li et al., 2013). Electro-deposition could easily

realize RGO deposited on metal wire and render the as-prepared fibers improved conductivity and tension
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strength. However, the practical application of electro-deposition is limited for the sustained disadvan-

tages, including unscalable production and restraint of substrate selection to conductive wire only.

In terms of electrochemical property, neat graphene fibers prepared by both wet-spinning and electro-

deposition show unsatisfactory charge-storage capability for the level of device application. Wet-spinning

RGO fibers have a typical specific capacitance of 3.3 mF cm�2 (Huang et al., 2013), whereas the conven-

tional electro-deposition RGO fibers show a specific capacitance of only 0.7–1.7 mF cm�2 (Li et al., 2013;

Meng et al., 2013). Recently, Huang et al. (Huang et al., 2017a) modified the dimensionally confined (DC)

method that was first reported by Dong et al. (Dong et al., 2012), by coating GO on the Cu wire to form

Cu@RGO fibers, improving the capacitance to 20 mF cm�2. Kouet al. improved the wet-spinning method

to prepare polyelectrolyte-wrapped graphene/carbon nanotube core-sheath fibers with specific capaci-

tance of up to 177 mF cm�2 (Kou et al., 2014). Nevertheless, the easy, efficient, and scalable fabrication

of graphene fibers that have a high capacitance to meet the demand of flexible power supply in a wearable

device remains challenging.

Herein, we report a novel alternately dipping (AD) strategy to fabricate graphene fibers by alternately dip-

ping a fiber-like substrate in GO aqueous solution and coagulation solution. The fiber obtained through

coating neat RGO on a titanium (Ti) wire by the ADmethod (denoted as AD:Ti@RGO) shows both excellent

mechanical property and electrochemical performance. The assembled symmetric all-solid-state FSCs us-

ing the AD:Ti@RGO as electrodes show an extremely high charge-storage capability, cycling stability, and

excellent resistance to bending fatigue. The AD:Ti@RGO-based FSCs reveal an ultra-high specific areal sin-

gle-electrode capacitance of up to 1,722.1 mF cm�2 at a current density of 0.1 mA cm�2, which is up to 1,000

times that of previously reported FSCs based on neat RGO fibers via wet-spinning and electro-deposition

technology. To the best of our knowledge, it is the highest record for all-solid-state FSCs to date. Ultra-high

energy density of 126.5 mWh cm�2 (or 22.9 mW h cm�3) at power density of 83.0 mWcm�2 (or 15.0 mW cm�3)

is achieved. Moreover, the FSCs show an excellent cycling stability with capacitance retention of 96% after

10,000 cycles and a negligible capacitance fade even after bending 500 times. Based on the high perfor-

mances of AD:Ti@RGO, wire-like supercapacitor bank devices are fabricated to power various electronics,

demonstrating a promising prospect of practical application.

RESULTS

Fabrication and Characterization of the AD:Ti@RGO

The fabrication of AD:Ti@RGO is schematically shown in Figures 1A and S1A. To prepare AD:Ti@RGO, a

clean Ti wire is alternately dipped in GO solution and the coagulating solution made of deionized water,

ethanol, and sodium hydroxide (NaOH). As this AD cycle goes on, GO is coated on the Ti wire layer by layer

due to the alignment and attachment of GO on the coagulation liquid-wetted surface (see Video S1). After

drying, ascorbic acid (AA) dissolved in diluted coagulating solution is used to reduce the coating GO to

RGO at 85�C. As described earlier, the AD method is facial, low cost, and scalable. For instance, it is

easy to regulate the loading mass of RGO on a Ti wire by controlling the cycle number of the AD operation.

Moreover, the fiber substrate is not limited to Ti wire. Various metal wires with different diameters, even the

human hair, could serve as a substrate (Figures S1B–S1F). As the DCmethod is a widely adoptedmethod to

prepare graphene fibers with improved electrochemical performances, fibers of RGO coating on Ti wire by

the DC method (denoted as DC:Ti@RGO) are also prepared for comparison purpose.

As shown in the scanning electron microscopic (SEM) images and photographs of the AD:Ti@RGO, RGO is

uniformly coated on Ti wires (Figures 1B and S2A). A core-sheath structure of AD:Ti@RGO could be seen

from the inset in Figure 1B. The corresponding high-magnification image (Figure 1C) reveals the substan-

tially wrinkled surface of AD:Ti@RGO, which could greatly increase the electrode/electrolyte interfacial

area and thus improve the electrical double-layer capacitance. A well-defined core-sheath structure of

the AD:Ti@RGO can be further verified by the cross-sectional SEM image (Figure 1D). The high-magnifica-

tion cross-sectional SEM image (Figure 1E) reveals that the RGO sheets in the AD:Ti@RGO are nematic and

parallel to the substrate fiber axis. Such alignment of RGO sheets results from the flow-induced alignment

of GO dispersions, as also observed in previous wet-spinning (Xu and Gao, 2015).

The Raman spectrum of the AD:Ti@RGO (Figure 1F) shows two peaks around 1,340 and 1,580 cm�1 that are

assigned to the D and G bands of carbon, respectively Kudin et al., 2008, with an ID/IG value of 1.4, which is

greater than that of RGO in previous reports Cao et al., 2013. With the same starting GO solution,
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DC:Ti@RGO shows an ID/IG value of only 1.1 (Figure S3), indicating that the strong alkaline NaOH solution

used in the AD approach may be responsible for the high population of defects (Chen et al., 2014a).

The AD:Ti@RGO possesses outstanding tensile strength as high as 443 MPa (Figure 1G), which is about

three times that of wet-spinning neat RGO fiber. As some special Ti-based alloys may have even higher ten-

sile strength (e.g., Ti-beta-C of 1,400 MPa), the fibers made with RGO on such alloys via AD approach are

expected to carry over the extraordinary mechanical property of substrates. As the AD:Ti@RGO is flexible,

it can adapt to any curved surface of human body, even on objects with a high curvature such as finger (Fig-

ure S2B). AD:Ti@RGO can be bent into a small circle or a spring, demonstrating an excellent flexibility that

is suitable for wearable devices (Figures S2C and S2D).

Electrochemical Performances of the AD:Ti@RGO-Based FSCs

To investigate the electrochemical performances of the AD:Ti@RGO, symmetric all-solid-state FSCs are

fabricated using an H3PO4/polyvinyl alcohol/H2O gel electrolyte. Although Ni and Cu wires have been

Figure 1. Fabrication and Characterization of the AD:Ti@RGO

(A) Schematic illustration of the AD:Ti@RGO preparation.

(B and C) (B) Low- and (C) high-magnification SEM images of the AD:Ti@RGO by side view. The inset shows the core-

sheath structure of the AD:Ti@RGO.

(D and E) (D) Low- and (E) high-magnification cross-sectional SEM images of the AD:Ti@RGO.

(F) Raman spectrum of the AD:Ti@RGO.

(G) Typical stress-strain curve of the AD:Ti@RGO.
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explored as current collector (Purkait et al., 2018; Hu et al., 2016), theymay not be the best corematerials for

FSCs as they could be readily oxidized during the supercapacitor operation (Figure S4). All-solid-state par-

allel FSCs (Figure S5) are assembled and tested by cyclic voltammetry (CV), galvanostatic charge-discharge

(GCD), and electrochemical impedance spectroscopy (EIS).

Figure 2A presents the CV curves of the FSCs based on the AD:Ti@RGO and the DC:Ti@RGO, respectively,

at a scanning rate of 10 mV s�1 with a potential range from 0 to 0.8 V. Both the AD:Ti@RGO-based and the

DC:Ti@RGO-based FSCs display typical capacitive CV curves without apparent redox peaks, indicating a

typical behavior of electrochemical double-layer capacitor (Ji et al., 2014). In the CV profiles, the AD:-

Ti@RGO-based FSCs show a much larger integrable area than the DC:Ti@RGO-based FSCs,

Figure 2. Electrochemical Performance of the AD:Ti@RGO- and the DC:Ti@RGO-Based FSCs

(A) CV curves of the AD:Ti@RGO- and the DC:Ti@RGO-based FSCs.

(B) GCD profiles of the AD:Ti@RGO- and the DC:Ti@RGO-based FSCs.

(C) CA at increasing current densities of different FSCs. GC@CMC (Cai et al., 2017); hollow RGO (Qu et al., 2016); RGO +

CNT@CMC (Kou et al., 2014).

(D) EIS with increasing frequencies from 100 kHz to 10 mHz.

(E) Long-term cycling stability of the AD:Ti@RGO at 2 mA cm�2 (inset: GCD profiles at the first, 5,000th, and 10,000th

cycles).
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demonstrating the much higher capacitance. GCD profiles taken at current density 0.1 mA cm�2 for both

FSCs exhibit a typical triangular shape without any plateau (Figure 2B). This near-linear correlation between

potential and time further verifies the double-layer-capacitor behavior of the FSCs. The symmetry between

charge and discharge curves indicates a high Coulombic efficiency. At the same current densities of 0.1 mA

cm�2, the AD:Ti@RGO-based FSCs show a discharge time as long as 5,484.7 s, whereas the DC:Ti@RGO-

based FSCs discharge for only 1,397.0 s. CV curves and GCD profiles taken at various scan rates and current

densities are shown in Figure S6. Both FSCs retain quasi-rectangular CV curves even at a high scan rate of

100 mV s�1 and show no obvious voltage drops in GCD profiles until the current density rises to 1.0 mA

cm�2, indicating desirable rate performances. Figure 2C compares the capacitance of the AD:Ti@RGO

FSCs at different current densities with those of previously reported advanced FSCs (Qu et al., 2016;

Kou et al., 2014; Cai et al., 2017). As the surface area of human body for wearable electronics is limited,

the areal specific capacitance and energy and power densities are particularly important for consideration

(Beidaghi and Gogotsi, 2014).The DC:Ti@RGO has a specific areal capacitance (CA) of 343.7 mF cm�2 at 0.1

mA cm�2. The AD:Ti@RGO with diameter similar to that of DC:Ti@RGO possesses an ultra-high CA of

1,442.2 mF cm�2, which is �3 times that of the high-cost UHMWPE/PDA/Ag/PEDOT composite fiber

(563 mF cm�2) (Du et al., 2018), 5 times that of the newly developed Ti3C2Tx MXene-based fiber (328 mF

cm�2) (Hu et al., 2017), 28 times that of the typically pseudocapacitive CNT@Co3O4 fiber (52 mF cm�2)

(Su et al., 2015), and 1,000 times that of the similar neat graphene fiber (1.2–1.7 mF cm�2) (Meng et al.,

2013). A broader comparison of the CA of AD:Ti@RGO with those of other neat graphene fibers can be

seen in Figure S7. The corresponding length capacitance (CL) and volume capacitance (CV) of the AD:-

Ti@RGO are 98.7 mF cm�1 and 257.4 mF cm�3, respectively, which are also much higher than those of pre-

viously reported fibers (Figures S7 and S8A). Moreover, the AD:Ti@RGO-based FSCs can maintain a high

CA of more than 1,000 mF cm�2 even at current density as high as 2.0 mA cm�2. Such satisfactory rate prop-

erty may be ascribed to the conducting Ti wire current collector. The important role of the conducting Ti

wire could be also seen in the EIS (Figure 2D). The equivalent series resistances of AD:Ti@RGO-based and

DC:Ti@RGO-based FSCs (an analog to the internal resistance for a battery) are only 34.1 and 37.1 U,

respectively. Supercapacitors exhibit a transition from resistance character into capacitance feature as fre-

quencies shift from high to low (Taberna et al., 2003). Figure S9 presents the corresponding frequency

dependence of the imaginary and real parts (C00 and C0) of the capacitance of the two FSCs. The C00 corre-
sponds to energy dissipation by irreversible processes, whereas the C0 is an indicator of the capacitance of

the supercapacitor devices (Taberna et al., 2003). It can be seen that AD:Ti@RGO-based FSCs show much

higher C0 than DC:Ti@RGO-based FSCs at low frequency, in agreement with the result measured by con-

stant-current discharge. The relaxation time constant (t0) is 46.4 s for AD:Ti@RGO-based FSCs and 21.5 s

for DC:Ti@RGO-based FSCs, indicating longer discharge time required for the former due to its ultra-high

capacitance. Moreover, AD:Ti@RGO-based FSCs also exhibit excellent cycling stability. As shown in Fig-

ure 2E, the CA retention ratio of AD:Ti@RGO-based FSCs is 96% after 10,000 charge-discharge cycles at

2 mA cm�2, accompanied by Coulombic efficiency of z100% for the whole course. The GCD profiles at

initial, 5,000th, and 10,000th cycles are almost identical (Figure 2E inset), indicating the high electrochem-

ical stability of AD:Ti@RGO.

Figure 3A shows the areal specific Ragone plots of different FSCs. Both the AD:Ti@RGO and DC:Ti@RGO

fibers show relatively flat curves, indicating that their high energy density could be maintained during the

increasing power output. The AD:Ti@RGO-based FSCs show a striking charge-storage capability with an

ultra-high areal energy density (EA) of 126.5 mW h cm�2 (based on one fiber electrode) or 31.6 mW h

cm�2 (based on an entire FSC) at an areal power density (PA) of 83.0 mWcm�2 or 20.8 mWcm�2, correspond-

ingly. As compared in Figure S7, the EA of the AD:Ti@RGO is up to three orders of magnitude higher than

those of previously reported neat graphene fibers. The corresponding volume specific Ragone plots are

shown in Figure S8B. The volumetric energy density (EV) of the AD:Ti@RGO is 22.9 mW h cm�3 at a volu-

metric power density (Pv) of 15.0 mW h cm�3, which are about 2–12 times that of the most advanced com-

posite fibers (2.16–12.7 mW h cm�3) (Qu et al., 2016; Ma et al., 2015; Dong et al., 2014). Such high perfor-

mances of the AD:Ti@RGO make it promising for practical applications. A cable-like FSC unit is made of

two twisted AD:Ti@RGO at a length of about 3.5 cm (Figure 3A inset), by the fabrication processes shown

in Figures 3B and S10. The CV curves and GCD profiles of the assembled FSC device made of one, two, or

three FSC units connected in series are shown in Figure S11; both the CV curves and GCD profiles could

well maintain their shape with potential window increasing, promising a capacity of practical application.

Five FSC units connected in series as a supercapacitor bank can drive 27 LED lights (Figure 3C and Video

S2). Five such supercapacitor banks connected in parallel can power a smart bracelet that used to be
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powered by a high-energy-density lithium ion battery (Figures 3D and S12, and Video S3). These demon-

strations directly evince in the candidacy of the AD:Ti@RGO-based FSCs for the wearable device

applications.

Flexibility and Wear Resistance of the AD:Ti@RGO-Based FSCs

As the power source for wearable electronics, in addition to sufficiently high energy density and power density,

the fibersmust also possess excellent flexibility andwear resistance for extensive use. The flexibilities of the AD:-

Ti@RGO-based FSCs are systematically investigated by bending a flexible FSC into different angle. As shown in

Figure 4A, the capacitances remained almost unchanged under bending with bending angles from 0� to 180�

and then released to 0�. That the function of devices is not impacted by the bending of AD:Ti@RGO-based

FSCs is demonstrated by an electronic wristband (Figure 4B) and a digital clock (Figure S13 and Video S4),

evidencing the excellent flexibility. As tensile stress is also inevitable for wearable electronics, tensile resistance

evaluations have been made. As shown in Figure S14, the CV curves of an AD:Ti@RGO-based FSC under a ten-

sile stress and free state are almost overlapped. According the GCD profiles of the AD:Ti@RGO-based FSC

before and after a tensile test (Figure S15), the capacitance loss is only about 2%, indicating the active material

could bond well on the Ti fiber under a tensile stress. A long-term wear resistance test is further conducted by

bending and straightening a flexible FSC for 500 cycles. The nearly unchanged CV curves of the FSC before and

after bending 500 times indicate a considerable tolerance toward extensive wear and tear (Figure 4C). Figure 4D

shows two AD:Ti@RGO-based FSCs being woven into textile fabric, demonstrating the good compatibility of

AD:Ti@RGO-based FSCs and fabrics.

DISCUSSION

Graphene fibers suffer from the production limitation of special equipment, high manufacturing cost, un-

satisfactory capacitance/energy density, etc., whereas the facilely prepared AD:Ti@RGO with high tensile

Figure 3. Performance in Practical Applications of the AD:Ti@RGO-Based Supercapacitor Devices

(A) Comparison of the areal specific Ragone plots of different FSCs. Ref. 1 (Cai et al., 2017); Ref. 2 (Qu et al., 2016); Ref. 3

(Kou et al., 2014); Ref. 4 (Le et al., 2013); Ref. 5 (Meng et al., 2013).

(B) Illustration of FSC fabrication.

(C) Photograph of a fiber-like flexible AD:Ti@RGO-based supercapacitor device to power 27 LEDs.

(D) Photograph of five fiber-like flexible AD:Ti@RGO-based supercapacitor devices as wearable band to power a smart

bracelet.
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strength, great flexibility, excellent conductivity, and a striking enhancement by as high as three orders of

magnitude in CA and EA versus that of conventional graphene fibers offer a promising power source candi-

date for future wearable devices.

The origin of the ultra-high capacitance of the AD:Ti@RGO is investigated. As the GO is prepared by Hum-

mers’ method with extensive use of potassium permanganate Hummers and Offeman, 1958, the possible

contribution from manganese oxides is examined. The energy-dispersive X-ray spectroscopy element

mapping (Figure S16) reveals a low Mn content in AD:Ti@RGO, implying that major capacitance is unlikely

from the contribution of pseudo-capacitance from such small amount of manganese oxides. On the other

hand, the excellent cycling stability of the AD:Ti@RGO-based FSCs also rules out the contribution fromMn

species, because pseudo-capacitive materials, such as manganese oxides, usually show rapid capacity

decay within several hundred cycles Chang et al., 2013. We believe the loosely stacked RGO sheets in AD:-

Ti@RGO may be responsible for the ultra-high capacitance as the book-pages-like yet interconnected

structure may enable a significantly large effective surface area. As a supporting evidence, the CA of the

AD:Ti@RGO increases with increasing diameter (i.e., increasing mass loading of RGO by the repeating

AD processes) of the AD:Ti@RGO (Figure S17). An ultra-high CA up to 1,722.1 mF cm�2 at 0.1 mA cm�2

could be obtained by using thick AD:Ti@RGO. However, the mass-normalized specific capacitance (CM)

shows a volcano-like correlation to the diameter (i.e., loading) of the fiber, which is a result from the inter-

play between the increasing effective surface area and the increasing internal resistance (Figure S18). In

contrast, the DC:Ti@RGOwith densely stacked RGO sheets (Figures S19A and S19B), which lacks the space

seen in AD:Ti@RGO (Figure S19C), may not allow the access of electrolyte and thus may not be available to

provide additional capacitance (Figures S17 and S18). The effective surface areas of the two types of fibers

are directly estimated by a CV method (Huang et al., 2017b). As shown in Figure S20, the specific surface

areas of AD:Ti@RGO and DC:Ti@RGO are calculated to be 1.89 and 0.32 cm2 g�1, respectively, confirming

that this AD method could bring large effective surface area.

Another major contribution to the ultra-high capacitance of the AD:Ti@RGOmay be the abundant defects

that are seen by Raman spectroscopy (Figure 1F). Previously reported RGO fibers are reduced by hydro-

thermal treatment, electrochemical reduction, AA, or hydroiodic acid, unlike the strongly alkaline

Figure 4. Wear Resistance and Flexibility of the AD:Ti@RGO-Based FSCs

(A) Capacitance retention of AD:Ti@RGO-based FSCs under different bending states.

(B) Photograph showing the wearability of a flexible AD:Ti@RGO-based FSC device.

(C) CV curves of a flexible AD:Ti@RGO-based FSC before and after bending for 500 times.

(D) Photograph of two AD:Ti@RGO-based FSCs being woven into textile fabric.
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environment that is employed in preparation of AD:Ti@RGO. Zhang et al. have theoretically predicted that

more defects may be generated on RGO in the presence of NaOH due to the diffusion of epoxies on the

negatively charged graphene sheet (Chen et al., 2014b).The defects in RGO may induce pores, leading to

increased charge-storage capability (Zhu et al., 2016). To verify the impact from strongly alkaline environ-

ment, AD:Ti@RGO fibers made in different coagulating and reducing solutions, including CaCl2, NaOH,

KOH, and ethanediamine, are compared (Figure S21). The AD:Ti@RGOmade in neutral CaCl2-based coag-

ulating and reducing solution clearly underperforms compared with that made in various strongly alkaline

solutions. On the other hand, the CA of the AD:Ti@RGO made in CaCl2 (692.4 mF cm�2 at 0.1 mA cm�2) is

still much higher than that of DC:Ti@RGO (343.7 mF cm�2 at 0.1 mA cm�2), further confirming that the de-

fects promoted by the alkaline processing environment is the secondary contribution to the ultra-high

capacitance of AD:Ti@RGO, in addition to the proposed AD method itself.

Conclusion

In summary, we demonstrate a facile, scalable, and low-cost ADmethod to prepare RGO fibers that can be

used to assemble FSCs for the next-generation power source of wearable devices. The as-prepared AD:-

Ti@RGO possesses high tensile strength, excellent conductivity, and great flexibility. Moreover, the AD:-

Ti@RGO-based FSCs show a record high capacitance of 1,722.1 mF cm�2, which is up to three orders of

magnitude higher than that of previously reported FSCs based on neat RGO fibers made by conventional

methods. Ultra-high energy density of 126.5 mW h cm�2 (or 22.9 mW h cm�3) could be achieved at power

density of 83.0 mW cm�2 (or 15.0 mW h cm�3). The high electrochemical performances could be well main-

tained after 10,000 cycles of operation and 500 times of bending, demonstrating the great stability and

durability of AD:Ti@RGO-based FSCs. Practical applications are demonstrated by LED lights, digital

display, and wearable smart bracelet. With their compatibility to fabrics, the AD:Ti@RGO-based FSCs offer

a promising candidate for the power source of wearable devices, lighting the path to the next-generation

technologies.

Limitations of the Study

The AD:Ti@RGO shows striking improvement in capacitance compared with previous neat RGO fibers.

Although we have confirmed that the loose stack of RGO sheets and the defects resulted from alkaline

treatment contribute to the high capacitance, the exact capacitance-increasing mechanism still needs to

be further explored.
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TRANSPARENT METHODS   

 

Preparation of AD:Ti@RGO and DC:Ti@RGO. GO aqueous solution with a GO-

content of 10 mg mL-1 used in this work was prepared by a Hummers’ method and the 

details were described in a previous report (Marcano et al., 2010). 0.5 g of NaOH was 

dissolved in 10 mL of the mixture solution of deionized water and ethanol (1:4 in 

volume) to form coagulating solution. To make a reducing solution, 2 ml of the as-

prepared coagulating solution was diluted by adding 10 mL of deionized water, 

followed by adding 0.05 g of ascorbic acid. Ti wire with a diameter of 100 µm was cut 

into desired length and then was cleaned by ultrasonication in ethanol and deionized 

water for 15 min in turn. To prepare AD:Ti@RGO, both the GO solution and 

coagulating solution was transferred into test tube-like containers and then the cleaned 

Ti wire is alternately dipped in the GO solution and the coagulating solution. As this 

alternately-dipping cycle repeats, GO precipitates are coated on the Ti wire layer by 

layer (see Supplementary Video 1). After drying, a chemical reduction is conducted in 

the reducing solution to reduce the coated GO to RGO at 85 ℃  for 4 h. The final 

AD:Ti@RGO was taken out after cooling down, washed with deionized water for more 

than 10 times before drying. To prepare DC:Ti@RGO, ascorbic acid was added to the 

GO solution with the weight ratios of 1:1, followed by an ultrasonic treatment to obtain 

a precursor solution. Then the as-prepared precursor solution was injected into glass 

pipes with a Ti wire in the center. Finally, the pipes were sealed and then placed in an 

oven at 85 ℃  for 4 h. 

 

Fabrication of FSCs. To prepare a gel electrolyte, H3PO4 (~3 mL) and PVA powder 

(~3 g) were added into de-ionized water (~30 mL), followed by heating the mixture to 



85-95 ℃ under vigorous stirring until it became clear. To obtain the electrochemical-

performance parameters of AD:Ti@RGO and DC:Ti@RGO, parallel FSC was 

fabricated via fixing two same fibers on a substrate in parallel and then covering them 

with the H3PO4/PVA/H2O gel electrolyte. To make wire-shape FSC, the electrode fibers 

was first coated with H3PO4/PVA/H2O gel electrolyte. After drying, two AD:Ti@RGO 

electrodes with electrolyte coating are twisted together and then are coated with gel 

electrolyte again. Finally, the two twisted AD:Ti@RGO with electrolyte coating were 

put in a heat-shrink tube before shrinking the tube by heating. 

 

Characterization. cyclic voltammetry (CV) and electrochemical impedance 

spectroscopy (EIS) measurements were performed on an electrochemistry workstation 

(CHI 760E, CH Instruments, US). Galvanostatic charge-discharge (GCD) profiles were 

tested using a CT-4008 battery program controlling test system (Neware, China). The 

scanning electron microscopy (SEM) images were taken by INSPECT-F50 (FEI, US). 

Raman spectrum was recorded on LabRAM HR Evolution (Horiba, France). The 

tensile stress-strain curves had been recorded from INSTRON8802 instrument (Instron, 

US). 

 

Calculation of specific capacitance and energy density. The practical capacitance (C) 

of an entire FSC was calculated based on its GCD curves by the equation of C = Q/U = 

I×t/U, where Q, U, I and t are the storage charge, voltage between two electrodes, 

discharge current and discharge time, respectively. For the convenience in comparison, 

specific capacitance (CX) based on an individual fiber was used and calculated by CX 

=2×C/X for a symmetric supercapacitor, where X could be surface area (A), effective 



length (L), effective volume (V) or mass (M) for area-specific capacitance (CA), length-

specific capacitance (CL), volume-specific capacitance (CV) and mass-specific 

capacitance (CM), respectively. The A and V are equal to the circumference and area of 

the cross-section of a fiber multiplied by the L (the length of overlapped portion of two 

electrodes), respectively. The practical energy (E) and power (P) of an entire 

supercapacitor could be obtained from E = 0.5×C×U2 and P = E/t, respectively. In terms 

of specific energy (or energy density, EX) and specific power (or power density, PX), 

they could be obtained from EX = E/(2×X) and PX = EX/t. Here “2” stands for the same 

two fiber electrodes in a symmetric supercapacitor. The areal energy density (EA) may 

be calculated by EA = E/(2×A) = 0.5×C×U2/(2×A) = 0.125×(2×C/A)×U2 = 0.125×CA×U2. 

Some previous reports calculated energy density based on an individual fiber by using 

EA = 0.5×CA×U2. For direct comparison with previous literature, both the specific 

capacitance and energy density was calculated on the basis of single fiber electrode if 

no particular statement is made in this work. 

 

Evolution of the real and imaginary parts of electrochemical capacitance by EIS. 

The frequency dependence of the real and imaginary parts ( 𝐶′ and  𝐶′′ )of 

electrochemical capacitance was obtained from EIS by using following 

equations:(Taberna et al., 2003) 

𝐶′(𝜔) =
−𝑍′′(𝜔)

𝜔|𝑍(𝜔)|2
 

𝐶′′(𝜔) =
𝑍′(𝜔)

𝜔|𝑍(𝜔)|2
 

where o is the angular frequency and 𝑍′ and 𝑍′′ are the real and imaginary parts of 

the impedance, defined as𝑍′(𝜔)2 + 𝑍′′(𝜔)2 = 𝑍(𝜔)2 

 



Estimation of effective surface area. 

CV tests were carried out in the solution of 0.1 M KCl and 10 mM K3Fe(CN)6 to 

estimate the specific effective surface area of AD:Ti@RGO and DC:Ti@RGO, using 

a conventional three-electrode system. AD:Ti@RGO and DC:Ti@RGO served as the 

working electrode, a platinum gauze electrode a saturated calomel electrode (SCE) as 

the counter electrode and the reference electrode, respectively. The effective surface 

area can be calculated from the Randles−Sevcik equation. 

Ip=(2.687×105)n3/2ν1/2D1/2AC 

Where Ip refers to the peak current, n is the number of electrons transferred in the redox 

process (n = 1, in 10 mM K3Fe(CN)6), ν is the scan rate, D is the diffusion coefficient 

(D= 5.7×10-6 cm2 s-1, in 0.1 M KCl), A is the surface area and C is the concentration of 

K3Fe(CN)6. 

 

Video 1：the alternately dipping method. Related to Figure 1. 

A fiber substrate was alternately dipped in GO solution and coagulation solution. As the cycle 

repeats, GO was coated on the fiber substrate gradually. 

 

Video 2：powering 27 LED lights. Related to Figure 3. 

A fiber-like supercapacitor device was made by serially connecting five AD:Ti@RGO-based  

FSCs with the length of about 3.5 cm each. The fiber-like supercapacitor device could drive 27 

LED lights to emit bright light. 

 

Video 3：powering a smart bracelet. Related to Figure 3. 

A fiber-like supercapacitor device was made by serially connecting five AD:Ti@RGO-based 



FSCs with the length of about 3.5 cm each. Five such fiber-like supercapacitor banks were 

connected in in parallel to power a smart bracelet. 

 

Video 4：powering a digital clock. Related to Figure 4. 

Three AD:Ti@RGO-based FSCs with the length of about 3.5 cm each were connected in 

parallel to form a unit. Then two such units were connected in series to form a FSC bank. A 

digital clock with large liquid crystal screen whose digits are as high as 1.5 cm was chosen as 

the appliance. The six FSCs were bended into 180 degree vertically to their axis. The bended 

FSC bank could power the electronic watch without any problem. 

 

 

 

 

 

 



 

Figure S1. (A) Photograph of the alternately dipping method to coat GO on a fiber 

substrate. Photographs of coating GO on (B) human hair, (C) Cu wire, (D) Ti wire, (E) 

Au wire and (F) Ag wire substrate. Related to Figure 1. 

 

 

 

 

 

 

 



 

Figure S2. Photographs of (A) AD:Ti@RGO, (B) and (C) a bent AD:Ti@RGO to 

demonstrate its flexibility, (D) a long AD:Ti@RGO up to 15 cm, which was bent into 

a spring. Related to Figure 1. 

 

 

 

 

 

 

 

 



 

Figure S3. Raman spectrum of the DC:Ti@RGO. Related to Figure 1. 

 

 

 

 

 

 

 

 

 

 



 

Figure S4. CV curves of different metal fiber substrate in H3PO4/PVA/H2O gel 

electrolyte. Related to Figure 2. 

 

 

 

 

 

 

 



 

Figure S5. (A) The illustration of the all-solid-state parallel FSC. (B) Digital 

photograph of a parallel FSC. Related to Figure 2. 

 

 

 

 

 

 

 

 

 

 



 

Figure S6. CV curves of (A) the AD:Ti@RGO-based FSCs and (B) the DC:Ti@RGO 

based FSCs at different scan rate. GCD profiles of (C) the AD:Ti@RGO-based FSCs 

and (D) the DC:Ti@RGO-based FSCs at different current density. Related to Figure 2. 

 

 

 

 

 

 

 

 



 

Figure S7. Comparison of the electrochemical performances of AD:Ti@RGO with the 

other neat graphene fiber in areal specific capacitance (CA), length specific capacitance 

(CL) and areal energy density (EA). Ref. 1 (Huang et al., 2013); Ref. 2 (Li et al., 2013a); 

Ref. 3 (Li et al., 2013b); Ref. 4 (Chang et al., 2017); Ref. 5 (Meng et al., 2013); Ref. 6 

(Veerasubramani et al., 2016); Ref. 7 (Huang et al., 2017); Ref. 8 (Cao et al., 2013). 

Related to Figure 2. 

 

 

 

 

 

 

 

 

 

 



 

Figure S8. (A) Volume specific capacitances at increasing current densities of different 

FSCs. (B) Comparison of the volume specific Ragone plots of different FSC. a-CNT-

GF15 (Park et al., 2019); rGO-MoS2 (Sun et al., 2014); CNT/RGO (Wang et al., 2015); 

A-CFT (Yu et al., 2015); HCF (Qu et al., 2016). Related to Figures 2 and 3. 

 

 

 

 

 

 



 

Figure S9. Frequency dependence of the real and imaginary parts (𝐶′ and 𝐶′′) of the 

capacitance of the AD:Ti@RGO-based FSCs and the DC:Ti@RGO-based FSCs. 

Related to Figure 3. 

 

 

 

 

 

 

 

 

 



 

Figure S10. (A) Photograph of coating H3PO4/PVA/H2O gel electrolyte on a fiber 

eletrode. (B) Photograph of two fiber electrodes coated with gel electrolyte being 

twisted together. (C) Photograph of as-assembled FSCs. (D) Photograph of inserting 

FSCs into a heat-shrink tube to make a fiber-like supercapacitor device. (E) Photograph 

of five FSC units connected in series and a heat-shrink tube with proper length. Related 

to Figure 3. 

 

 

 

 



 

Figure S11. (A) CV curves and (B) GCD profiles of the assembled FSC device made 

of one, two or three AD:Ti@RGO-based FSC units connected in series. Related to 

Figure 3. 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S12. Photograph of the five fiber-like flexible AD:Ti@RGO-based 

supercapacitor banks and the reverse side of the smart bracelet. Related to Figure 3. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S13. Photographs of six flexible AD:Ti@RGO-based FSCs (A) without bending 

and (B) under bending to power a digital clock. Related to Figure 4. 

 

 

 

 

 

 

 



 

Figure S14. The CV curves of an AD:Ti@RGO-based FSC under a tensile stress and 

free state. Related to Figure 4. 

 

 

 

 

 

 

 

 

 

 



 

Figure S15. The GCD profiles of an AD:Ti@RGO-based FSC before and after a tensile 

test. Related to Figure 4. 

 

 

 

 

 

 

 

 

 

 



 

Figure S16. (A) Cross-sectional SEM images of the AD:Ti@RGO. Corresponding 

element distribution of (B) C element, (C) Ti element and (D) Mn element. Related to 

Figure 2. 

 

 

 

 

 

 

 

 



 

 

Figure S17. The correlation between areal specific capacitances at the current density 

of 0.1 mA cm-2 and the diameter of AD:Ti@RGO and DC:Ti@RGO. Related to Figure 

2. 

 

 

 

 

 

 

 

 

 



 

Figure S18. The correlation between mass specific capacitances at the current density 

of 0.1 mA cm-2 and the diameter of AD:Ti@RGO and DC:Ti@RGO. Related to Figure 

2. 

 

 

 

 

 

 

 

 

 



 

Figure S19. Cross-sectional SEM images of (A, B) the DC:Ti@RGO at different 

magnifications, and (C) the AD:Ti@RGO. Related to Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Figure S20. CV of (A) AD:Ti@RGO and (B) DC:Ti@RGO in a 10 mM [Fe(CN)6]
3-/4- 

and 0.1 M KCl solution at different scan rates. Peak currents as a function of scan rate 

for the determination of the effective surface area of (C) AD:Ti@RGO and (D) 

DC:Ti@RGO. Related to Figure 2. 

 

 

 

 

 

 

 



 

Figure S21. (A) CV curves at 20 mV s-1 of the FSCs based on AD:Ti@RGO made in 

different coagulation. (B) Corresponding electrochemical impedance spectra tested 

from 100 kHz to 10 mHz. (C) GCD profiles test at 0.1 mA cm-2 of the FSCs based on 

AD:Ti@RGO made in different coagulation. (D) Comparison of the areal specific 

capacitances of AD:Ti@RGO made in different coagulation. Related to Figure 2. 
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