
S-1 
 

Supporting Information 

 

Graphene-bridged Multifunctional Flexible Fiber 

Supercapacitor with High Energy Density  

Libo Gao 1,2ψ, Jian Song 3ψ, James Utama Surjadi 1, Ke Cao 1, Ying Han 1, Dong Sun 1,  

Xiaoming Tao 3 and Yang Lu 1,2*    

1 Department of Mechanical Engineering, City University of Hong Kong, Hong 

Kong SAR, Kowloon 999077, Hong Kong;  

2   Shenzhen Research Institute, City University of Hong Kong, Shenzhen 518057, 

China; 

3   Nanotechnology Center of Functional and Intelligent Textiles and Apparel Institute 

of Textiles and Clothing, The Hong Kong Polytechnic University, 999077, Hong 

Kong; 

ψ  These authors contributed equally to this work.  

* E-Mail: yanglu@cityu.edu.hk ;  

  



S-2 
 

Materials and methods 

Fabrication of the CF-NF (copper foam-nickel fiber) 

The CF-NF was synthesized through hydrogen template method. Briefly, the wasted 

NF was pretreated with acetone, ethanol, HCl solution respectively for 15 min. Then 

the NF was directly regarded as the negative electrode to deposit the CF in a solution 

of 0.04 M CuSO4, 0.5 M H2SO4, and 50 mM HCl solution. While the Pt foil (1×1 cm2) 

was served as the positive electrode. Then the NF with 400 µm was carefully pulled 

from the solution after electrodeposited for 1 min at a current density of 1 A cm-2. 

After gently washed with DI water sufficiently, the CF-NF fiber was put naturally 

dried at room temperature (RT). The diameter of the fiber was estimated to be 500 

µm. 

 

Fabrication of the GSs (Graphene sheets) @CF-NF 

For the Fabrication of GSs@CF-NF, simple “dip-coating” method was employed. 

Before coating, oxygen plasma was employed to make it hydrophilic. Highly 

concentrated graphene ink solution (2 mg mL-1) was purchased from CARBON 

VALLEY company. Briefly, the CF-NF was immersed vertically into the prepared 

solution for 1 min and then slowly pulled from the solution with following drying 

process using hot-air blower. This simple procedure was repeated for 5 times to 

certify the homogeneous and sufficient coating.  

 

Fabrication of the NiCo LDH@GSs@CF-NF 

Similarly, the GSs@CF-NF was treated with oxygen for 1 min also prior to deposition 

of the NiCo LDH. The electrodeposition procedure was same with our previous 

report.1,2 Here, in this experiment, the treated fiber was directly electrodeposited the 

battery-type electrode materials through three-electrode route, in which 4 mM 

Co(NO3)2•6H2O and 4 mM Ni(NO3)•6H2O were regarded as the electrolyte, while Pt 

electrode was the counter electrode and a saturated calomel electrode (SCE) was the 

refence electrode. After electrodeposited at -1 V for 12 min, the sample was carefully 

washed with DI water and dried naturally at room temperature. The average weight (5 

sample has been tested) was estimated to be 1.1 mg cm-2 through a highly sensitive 
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balance with a precision down to 0.01 mg. Other samples also were fabricated at 

various times (4 min, 8 min, 12 min,16 min) for the control experiment and realize the 

optimal deposition time. 

 

Characterization 

Field emission scanning electron microscope (FESEM, Quanta 450) and transmission 

electron microscope (TEM, JEOL JEM 2100F) with energy dispersive spectroscopy 

(EDS, Oxford) were employed to identify the morphology and structure. Also, the 

X-ray powder diffractometer (XRD, RigakuSmartLab) with monochromatic Cu Kα 

(1.5418 Å) was further used to identify the phase and crystal structure. 

 

in situ SEM Mechanical Characterization 

The mechanical performance (i.e. Engineering Young’s modulus, strength and 

compressive ability) was quantitatively analyzed inside SEM using picoindentor 

(HysitronTM PI85). Here, a diamond flat punch tip with 5 µm in diameter, with the 

load applied from the apex of the vertical axis, moving down with a displacement rate 

of 10 nm s-1. Load-displacement curves were recorded accordingly. By using the 

nominal cross-sectional area and height of the structure, engineering stress and strain 

would be obtained. 

 

Electrochemical test 

The electrochemical performance of the sample was analyzed in a three-electrode 

system by using a platinum foil as the counter electrode, a saturated calomel electrode 

(SCE) as the reference electrode, and 2 M KOH as electrolyte.  

For the positive electrode, the specific capacitance (F cm-2) can be calculated based on 

the following equation in galvanostatic charge/discharge (GCD) curves.3 

� = �� ����
�		��
��

                                                          (1) 

And the capacity (mAh cm-2) was accordingly deduced from 

Q=C×V/3.6                                                          

(2) 

On the other hand, the specific capacitance of the negative electrode can be calculated 
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according to the following relation: 

� = �∆�
�∆�                                                            (3) 

Where i (A) is the areal or mass current density, Vi (V) and Vf (V) is the initial and 

final voltage during discharging process, t or ∆t (s) is the discharge time and V (V) is 

the potential range. 

For the assembled two-electrode system, the charge balance was obtained according 

to following equation in cyclic voltammetry (CV) plots.4 

��
��

= �� ���/���
�� ���/���

                                                       (4) 

Where m+ (m-) is the mass loading, v (mV s-1) is the scan rate, V (V) is the voltage and 

� ��� is the integral area of the cyclic voltammogram for the positive or negative 

electrode at 5 mV s-1. According to the equation, the mass ratio of the positive 

electrode to positive electrode was found to be 1:3.75. The total electrode mass of the 

ASC was determined to be 5.22 mg cm-2, based on the specific masses of the positive 

and negative electrodes, which were 1.1 mg cm-2 and 4.12 mg cm-2 respectively. 

However, the specific capacity should be calculated based on the total weight of the 

electrode including the weight of the gel electrolyte (PVA/KOH) within the pores of 

the electrode. In the final total weight of the assembled device (including the gel 

electrolyte), the weight was 6.73 mg cm-2. 

For the three-electrode measurement of the fiber supercapacitor, the areal was 

calculated according to S=π×d×(
�
� + ��                                   (5) 

Where the S is the surface area, d is diameter of the fiber (including the gel electrolyte) 

and l is the length of the active electrode materials. 

The procedure for the assembly of the solid ASC is similar with our previous work.1 

Typically, 3 g of PVA was dissolved in 20 mL of distilled water with stirring at 90 °C, 

when it became transparent followed by adding 10 mL of 0.3 g mL-1 KOH slowly. 

With further stirring for 2 h, the positive and negative electrodes were both immersed 

into the gel electrolyte for 5 min, respectively. Finally, they were assembled together 

after becoming solid in air temperature with following immersed into the gel 
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electrolyte again and protected with a heat shrinkable pipe.  

The specific capacitance was obtained by using equation (1). The energy density (E, 

Wh kg-1) and power density (P, W kg-1) can be calculated by the following relations, 

� = �
� × ���                                                        (6)                                                             

 = !
�                                                               (7) 

Where C (F g-1) is the specific capacitance, V (V) is voltage range of the ASC, and t (s) 

is corresponding discharge time. 

The iR drop that was caused by the equivalent series resistance consisted of the 

electrode, electrolyte and contact resistance.5 And it can be measured by the vertical 

linear portion parallel to y-axis of the discharge profiles. 

The procedures for assembly of SASC with strain sensor and nanogenerator can be 

found in Figure S25 and Figure S26, respectively. To integrate the SASC with flexible 

solar cell, the SASC was tightly fixed on the back side of the flexible solar cell 

(WARMSPACE, 1.5 V, 0.5 W, USA) using 3M tape. 
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As shown in Figure S1,the obvious peaks (111) and (200) belong to copper are 

observed after the electrodeposition process.6 The pattern corresponds to graphite 

(002) after the dip-coating process, indicating the multilayer and highly graphitic 

property of the GS.7 Although the real effect of multilayered graphene sheets maybe 

less than the expected of single layer graphene, it is still an promising candidate as 

electrode substrate.78 And the peaks centered on (003) and other positions 

demonstrated the presence of the LDH structure6. 

 
Figure S1. XRD patterns of the product fabricated with varying stage. 
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    As shown in Figure S2, the electrodeposition time and current density were tuned 

to get the optimal morphology to deposit the GSs. Through the comparison of the 

sample deposited with from 10 to 90 s (Figure S2a-2d), too short time would lead to 

the thin deposited film while long time would cause the thick film and superior macro 

structure. Similar phenomenon was observed with the sample fabricated with various 

current density. 

 

Figure S2. Optimizing the deposition time and current density to get the optimal feature of the 

CF-NF. (a) 1 A,10 s. (b) 1 A, 30 s.(c) 1 A, 60 s. (d) 1 A, 90 s. (e) 0.5 A, 60 s.(f) 2 A, 60 s. 
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Figure S3. The thickness of graphene sheets which covered on the copper foam. 
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    Mostly graphene was measured to be 1.53 nm thick and the Raman test indicates 

the high quality of the graphene sheets.  

 
Figure S4. (a) SEM (b) AFM and (c) Raman characterization of the graphene. 
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    As clearly observed in Figure S5, these elements (Co, Ni, O, C, and Cu) have 

homogeneous distribution among the whole nickel fiber. Additionally, the amount of 

nickel (2.5%) is slightly higher than that of the Co (2.5%), which derives from the 

nickel substrate. And the results confirm that no other impurity or element introduced 

into the sample. 

 

 
 

Figure S5. SEM-EDX characterization of NiCo LDH@GSs@CF-NF. (a) Overlap (b) O (c) C (d) 

Co (e) Ni (f) Cu element map of the NiCo LDH@GSs@CF-NF. (g) EDX element analysis results. 
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 Figure S6. Spacing distance between graphene layer as marked in Figure 2j. 
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As shown below, the carbon accounts for 83.5 % that derived from the graphene 

sheets while the copper still existed (6.09%), suggesting the graphene has close 

adhesion on copper foam. Importantly, the same atomic ratio of the Ni (1.75%) and 

Co (1.69%) was observed, which further confirmed the equal content in the NiCo 

LDH. 

 

Figure S7. TEM-EDX results of the NiCo LDH@GSs. 
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Figure S8. in situ nanoindentation test with a diamond indenter tip inside SEM. (a) Schematic 

illustration of the nanoindentation test. (b) Buckling of the graphene sheets. (c,d)SEM and TEM 

observation of the copper foam at micro scale. 
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Figure S9. CV curves of NiCo LDH@GSs@CF-NF and GSs@CF-NF. 
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Figure S10. CV curves of (a) NiCo LDH@GSs@CF-NF and (b) NF. 
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Figure S11. (a) CV and (b) GCD curves of NiCo LDH@GSs@CF-NF. 
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Figure S12.GCD curves of NiCo LDH@NF. 
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Figure S13.GCD curves of NiCo LDH@CF-NF. 
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Figure S14. Areal capacitance as a function of current density. 
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Figure S15. TEM and SAED pattern of the graphene sheet. 
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Figure S16. (a) GCD curves, (b) areal capacitance and (c) surface morphology of the NiCo 

LDH@GSs@CF-NF as a function of deposition time. 
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Figure S17. Cycling stability of NiCo LDH@GSs@CF-NF 
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To prepare the negative electrode, the activated carbon(AC) powder, acetylene 

black and poly-vinylidene fluoride (PVDF) were mixed together by a weight ratio of 

8:1:1 in N-methylpyrrolidone (NMP) solution at 70 °C. The slurry then is painted on 

the nickel wire homogeneously. After drying at 80 °C to evaporate the NMP, the final 

sample can be obtained.  

As show in Figure S18a, the AC show typical double-layer capacitive behavior at 

various scan rates, with further demonstrated by the GCD curves in Figure S18b. 

Accordingly, the sample show desired specific capacitance of 211.1 F g-1 at 1 A g-1 

and superior rate capability of 88.1% when the current density increased to 10 A g-1. 

 

Figure S18. Electrochemical performance of the AC. (a) CV curves (b) GCD curves and (c) 

corresponding specific capacitance of the AC. 
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Figure S19. Schematic illustration and corresponding digital optical images of the assembled 

device. 
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Figure S20. Working potential range of the positive and negative electrode 
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   The device not only show high areal and specific capacitance as shown in Figure 

S19, but also show high length capacitance of 87.7 mF cm-1 at current density of 1 

mA cm-2, this value, to our knowledge, outperforming most device based on the 

similar materials, such as 79.8 mF cm-1,9 42 mF cm-1 (0.5 A cm-3),10 31 mF cm-1,11 

29.09 mF cm-1 (0.7 mA),12 and 9.22 mF cm-113. 

 
Figure S21. Areal and specific capacitance versus current density. 
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Figure S22. (a) Last GCD curves of the device for 3000 cycles and (b) Almost overlapped GCD 

curves of the device at 40 mA cm-2. 
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      The leakage current of the two connected fiber devices was measured in 

Figure S21a. After a rapid decrease from 812 µA to 230 µA within 500 s, it shows a 

stable current of 220 µA for an extended time. While the device still can remain ~50% 

voltage after 12000 s (Figure S23b), indicating the superior energy storage 

performance. 

 
Figure S23. (a) Leakage current and (b) self-discharge curves of the two connected fiber devices. 
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Figure S24. The device can be easily fixed on the magnetic paper without using extra force. 
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The strain sensor was fabricated according to other reports elsewhere.14 Briefly, 

the pristine flexible polyester yarn was coated with a thin nickel layer firstly 

according to our previous paper.1 Then the Ni-coated yarn was immersed into 5 mg 

mL-1 of graphene oxide (GO) solution (Heng Qiu Tech Co., Ltd, Jiang Su) with 

hydrothermal reaction at 80 °C for 6 h. After further reduction in 0.1 M ascorbic at 

90 °C for 2 h and washed with DI water, the final strain sensor was obtained when 

subsequent dried in oven. Then the as-synthesized strain sensor was rationally 

assembled with the SASC as shown in Figure 6a. Variation of the corresponding 

resistance with strain was conducted by generating an amperometric i−t curve in 

working station. 

                  

 

Figure S25. (a) Optical images of wasted disposable lab masks. (b-c) Excellent flexibility of the 

polyester yarn and (d) SEM images of the graphene coated on the nickel-coated yarn. 
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The procedure for fabrication of the nanogenerator was shown in our previous 

article.15And the schematic illustration for assembling the fiber supercapacitor with 

nanogenerator can be found in main article. Below is corresponding optical digital 

images. Note that the pressure force and frequency applied on the nanogenerator is 

1000 N and 3 Hz, respectively.  

 

Figure S26. Using the nanogenerator to charge the SASC. 
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Table S1. The comparison of the electrochemical behavior of our work with other 
reported fiber supercapacitor device. 
 

Electrode 

Material 

Electrolyte Ca, single 

(mF cm-2) 

Rate capability Cs,device 

(mF cm-2) 

Ea, device 

(µwh cm-2) 

Pa, device 

(µw cm-2) 

Reference 

CuO@FeCo 

LDH//AC 

PVA/KOH 

 

866 82.1% 

2.5 to 20 mA cm-2 

 93.75    6 

 
TiN@C// TiN@C            PVA/KOH 11.15  19.4  2.69 809 13 
NiO/Ni(OH)2 

/PEDOT//AC 

PVA/KOH 404.1 82.2% 

4 to 24 mA cm-2 

31.6 11 330      16 

Ni(OH)2//OMC     PVA/KOH 195 36% 

0.5 to 2.5 mA 

35.67 10   17 

NiCo2O4//NiCo2O4 PVA/KOH 750  91% 

5 to 80 mV s-1 

     18 

PPy@MnO2@rGO

//PPy@MnO2@rG

O 

PVA/ 

H3PO4 

486  103 9.2 1330 11 

Pen ink/Ni// 

Pen ink/Ni 

MnO2/PEDOT/CN

T//VN/CNT 

NiCoS//rGO 

MnO2/CNT/graph

ene/Nickel tube 

MXene(Ti3C2Tx)// 

MXene(Ti3C2Tx) 

 

MOF-templated 

CNTFs@ZnCo2O4

@Zn-Co-S HA// 
CNTFs@H-Co3O4

@CoNC HA  

 

PVA/ 

H2SO4 

PVA/Na2SO4 

 

PVA/LiOH 

 

PVA/LiCl  

 

PVA/H2SO4 

 

 

 

PVA/KOH 

   9.5 

 

715 

 

 

 

 

 

 

 

 

 

1347.77 

 

 

68.8% 

1 to 10 mA cm-2 

     

 

    213.5 

 

     127  

 

     31  

 

    328 

 

 

   

   117.18 

     2.7 

 

     96 

 

     48.7 

    

     3.1 

  

     7.3 

 

 

 

    32.1 

   42 

 

 270 

 

553 

 

120 

 

132 

 

 

 

698.42   

 19 
 

 20 
 

 21 
 

  22 
 

  23 

 
 
 

  24 
 

 

NiCo 

LDH@GSs@CF-

NF//AC 

PVA/KOH 1729.4  86.9% from 1 to 

20 mA cm-2 

350.9      109.6 749.5 Our work 
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Movie S1. The curved individual SASC was twined around a finger to power a digital 

watch;  

Movie S2. A motor fan was driven by the connected SASC. 

Movie S3. A pocket calculator was powered by the SASCs. 

Movie S4. The strain sensor was assembled with the SASC. 
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