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a b s t r a c t 

Dry-spun Carbon Nanotube (CNT) fibers were surface-modified by atmospheric pressure oxygen plasma 

functionalization using a well controlled and continuous process. The fibers were characterized by scan- 

ning electron microscopy (SEM), Raman spectroscopy, and X-ray Photoelectron Spectroscopy (XPS). It was 

found from the conducted electrochemical measurements that the functionalized fibers showed a 132.8% 

increase in specific capacitance compared to non-functionalized fibers. Dye-adsorption test and the ob- 

tained Randles-Sevcik plot demonstrated that the oxygen plasma functionalized fibers exhibited increased 

surface area. It was further established by Brunauer-Emmett-Teller (BET) measurements that the surface 

area of the CNT fibers was increased from 168.22 m 

2 /g to 208.01 m 

2 /g after plasma functionalization. The 

pore size distribution of the fibers was also altered by this processing. The improved electrochemical data 

was attributed to enhanced wettability, increased surface area, and the presence of oxygen functional 

groups, which promoted the capacitance of the fibers. Fiber supercapacitors were fabricated from the 

oxygen plasma functionalized CNT fiber electrodes using different electrolyte systems. The devices with 

functionalized electrodes exhibited excellent cyclic stability (93.2% after 40 0 0 cycles), flexibility, bendabil- 

ity, and good energy densities. At 0.5 mA/cm 

2 , the EMIMBF4 device revealed a specific capacitance, which 

is 27% and 65% greater than the specific capacitances of devices using EMIMTFSI and H 2 SO 4 electrolytes, 

respectively. The practiced in this work plasma surface processing can be employed in other applications 

where fibers, yarns, ribbons, and sheets need to be chemically modified. 

© 2019 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 
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1. Introduction 

Flexible and bendable electronic devices have become of much

interest, especially for wearable electronics. Amongst them, fiber

devices present several advantages over their conventional coun-

terparts. They are lightweight, can be seamlessly integrated into

textile, and have a high surface to volume ratio [1–8] . However, to

fully realize the advantages of flexible electronics, equally flexible

energy storage devices, capable of sustaining their electrochemical

performance under different deformation states, need to be devel-

oped [1,2,5,6,8–10] . 

Currently, supercapacitors are considered as a prospective form

of energy storage devices. Compared to conventional lithium-ion

batteries, they are endowed with higher power densities and cycle
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ife (up to 10 0,0 0 0 cycles). However, the application of superca-

acitors in high-energy devices such as electric vehicles, mobile,

nd consumer electronics is hindered by their low energy den-

ity. In order to address their low energy densities, extensive re-

earch effort s have been conducted on the development of high-

erformance supercapacitor electrode materials such as transition

etal oxides [11,12] , conducting polymers [13,14] , and high surface

rea activated carbons [15] . The activated carbons possess high sur-

ace areas but have reduced electrical conductivity, high equiva-

ent series resistance (ESR) and poor power density [16,17] . Carbon

anotubes (CNTs) however have been proven to possess the appro-

riate balance between pore sizes and surface area (50–1315 m 

2 /g

depending on the number of walls), as well as high electri-

al conductivity, making them an ideal material to achieve high

apacitance [1,7,18–20] . CNTs can be assembled into various for-

ats including fibers [21,22] , modified with electroactive polymers

13,23–25] or doped with transition metals [3,26] , to achieve high

apacitances and energy densities. 
y of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved. 
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Fig. 1. Tubular plasma head set-up for functionalization of CNT fibers. 

Table 1. Plasma parameters employed for the CNT fibers functionalization. 

Samples (0.465 cm/s) Samples (0.206 cm/s) Power (W) Oxygen (L/min) 

A A” 60 0.1 

B B” 100 0.3 

C C” 140 0.55 
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Plasma functionalization is a technique, which has been used

n a variety of research areas. The reactive species in plasma can

reak bonds on the surface of a material which is significant for

heir surface chemistry [27] . Plasma treatment, practiced in this

ork, can produce surface etching, activation, and surface func-

ional groups [28] . Wet chemical methods have been widely used

n functionalizing nanotubes [29,30] . However, this treatment re-

uires multi-step reactions to attain the desired functionality and,

n most cases, involves strong chemicals, which alter the bulk

roperties of the nanotube assembly. Atmospheric pressure plasma

reatment of nanotubes, on the other hand, serves as a one-step

unctionalization process, which is more environmentally friendly.

ecause it is applied to the surface of the nanotubes, it does not al-

er their bulk properties, and the nature and quantity of the func-

ional species can be controlled by the choices of plasma gases

nd plasma parameters. CNTs have been plasma treated to purify

hem, open their tips and change their surface topography [31,32] .

he purification of aligned CNTs removes amorphous carbon and

ther impurities within the CNTs, thus improving their overall per-

ormance while opening the tips and increasing their surface area.

NTs, when plasma functionalized, have also been found to en-

ance the mechanical, electrical and thermal properties of com-

osites [33–38] . 

It has been previously reported by our research group that

lasma functionalization increases the wettability of carbon-based

aterials [36] . CNTs by nature are hydrophobic and inert, mak-

ng them unfavorable for specific applications such as in microflu-

dic devices. Wettability of carbon nanotubes has been altered by

hanging their chemical composition or structure, and this can be

chieved by oxygen plasma functionalization [32,35–37,39–41] . 

In this work, we present a simple, controlled, and continu-

us method of altering the surface chemistry of CNT fibers by

tmospheric pressure oxygen plasma functionalization, which

eads to improvement in the electrochemical properties of the

bers. The oxygen plasma-functionalized CNT fibers (OPFCNT)

ere found to have better electrochemical performance com-

ared to the pristine CNT fibers due to their enhanced surface

rea, oxygen-containing functional groups, and increased electro-

inetics after plasma treatment. The fabricated fiber electrodes are

ightweight and can be used to assemble new kinds of flexible and

ortable supercapacitors. We also combined the OPFCNT electrode

ith ionic liquids, 1-ethyl-3-methylimidazolium (EMIMBF4) and

-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 

EMIMTFSI), mixed with a polymer- polyvinylidene fluoride-

o-hexafluoropropylene (PVDF), to create gel electrolytes that

rovided high voltage windows of 3.2 V and 2.8 V, respectively

or our fiber-supercapacitors. As shown later, the performance of

hese supercapacitors have been significantly improved compared

o devices made from aqueous based gel electrolyte polyvinyl

lcohol and sulfuric acid (PVA-H 2 SO 4 ). 

. Experimental 

.1. Fabrication of CNT fiber 

Multi-wall carbon nanotube (MWCNT) fibers are derived by

ry spinning from vertically aligned 2–3 wall CNTs. The vertically

ligned CNTs are grown by chemical vapor deposition (ET 30 0 0 de-

osition reactor) on a Si wafer with catalysts (Fe, Co, and Al 2 O 3 as

 buffer layer) deposited on it by physical vapor deposition. Details

n the synthesis of spinnable CNT arrays and fiber fabrication prac-

iced in this work have been published elsewhere [21,22] . All fibers

ere spun from arrays of 2.5 cm width, which pre-determined

heir diameter of approximately 55 μm (Figs. S1 and S2). 
.2. Functionalization of CNT fibers by oxygen plasma 

Oxygen plasma functionalization was conducted by gradually

ulling the CNT fiber through a tubular plasma head (Surfx Atom-

o 400 system). The set-up is shown in Fig. 1 . Pristine CNT fiber

as threaded through the plasma head and collected on a bobbin.

 constant pulling speed was applied through the plasma head by

he collector bobbin, which was motor driven, thus uniformly and

eproducibly functionalizing the CNT fiber. The first 30 cm of the

ollected fiber was not functionalized and served as a reference for

omparison. 

A separate unit, not shown here, delivered plasma gases (oxy-

en and helium) and electric power to the plasma head. The varied

arameters that have been explored in this process were plasma

ower (W), the flow rate of oxygen and helium (L/min), and dwell

ime (the time a fiber is exposed to plasma). For all plasma pro-

essing conducted, the amount of helium was kept constant at

5 L/min, according to the recommendation by the manufacturer

f the tubular plasma head. The other parameters were chosen

o represent 3 levels of plasma functionalization: low, medium

nd high. The speed of the motor was varied to change the ex-

osure/dwell time of the fibers to the plasma flux and the linear

peed of the fiber (fiber velocity) calculated in cm/s. 

Table 1 shows the plasma functionalization parameters em-

loyed in this work. The plasma parameters increase in harshness

rom A to C. These parameters were used at two varying speeds

f the motor producing two different linear fiber speeds/velocities

0.465 cm/s and 0.206 cm/s). The velocities were calculated from

he voltages running the motor, the time corresponding to a com-

lete revolution of the collector bobbin, and the number of rev-

lutions per minute. The speeds, therefore, were limited by the

otor used in the set-up and the voltage limit at which it could

unction properly. Several velocities were tested, however, the best

esults were seen at 0.465 cm/s and 0.206 cm/s. At 0.206 cm/s,

he fibers had a more prolonged exposure time to the plasma and

ere therefore functionalized to a higher degree than fibers, which

ere plasma functionalized at 0.465 cm/s. The parameters used

n plasma functionalization, as well as the time of exposure, were

ound to affect the surface chemistry and electrochemistry of the

bers. Table 1 below presents the parameters used for the fibers

s well as the nomenclature used in this work. 



122 P.K. Adusei, S. Gbordzoe and S.N. Kanakaraj et al. / Journal of Energy Chemistry 40 (2020) 120–131 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a  

p

 

5  

a  

u  

t  

S  

t  

1  

c  

s  

a  

n  

2  

(

 

9  

m  

T  

s  

l  

t  

s

 

d  

v  

t  

c  

t  

a

3

3

fi

 

t  

c  

r  

p  

c  

s  

h  

t  

a  

t  

F  

p  

e  

a

 

p  

m  

s  

c  

t  

g  

i  

t  

E

F  

t  

h  
2.3. Electrode fabrication 

All electrodes and devices were made using 7.5 cm long

OPFCNT fibers. The tailored fibers were attached to copper tapes

with fast drying silver paint (TedPella Inc.). The copper tape served

as an electrically conducting lead in the electrochemical analysis

arrangement. Three types of device were fabricated by coating the

electrodes with three different gel electrolytes: PVA-H 2 SO 4 , PVDF-

EMIMTFSI, and PVDF-EMIMBF4. The PVA-H 2 SO 4 was made with

20 mL DI water, 4 mL H 2 SO 4 and 2 g PVA. The preparation of

the PVDF-EMIMTFSI gel electrolyte included mixing of 2 mL ace-

tone with 0.25 g PVDF and 0.654 mL EMIMTFSI whilst for PVDF-

EMIMBF4 we used 2 mL acetone, 0.25 g PVDF and 0.773 mL

EMIMBF4. Using ionic liquid electrolytes such as EMIMTFSI and

EMIMBF4 increases the operating voltage window of the devices

fabricated as compared to the aqueous (H 2 SO 4 ) electrolytes. The

coated electrodes after curing were placed in parallel next to each

other on a cellulose weighing paper (LabExact) with gel electrolyte

between them. Due to the hygroscopic nature of the ionic liquid

electrolytes, the devices have been sealed with a “sticky” Kapton

tape to keep moisture out. Further experiments are in progress us-

ing UV cured polymers to envelope the device. The CNT fiber cores

served in this device arrangement as both active electrode materi-

als and the current collector. The polymer gel (PVDF and PVA) pro-

vided a dielectric matrix network that also allowed the ions from

the electrolyte to flow between the electrodes. Schematic and pic-

ture of the fabricated CNT fiber supercapacitor are shown in Fig.

S3. 

2.4. Characterization and measurements 

Electrochemical measurements were carried out with a work-

station (Gamry, Interface 10 0 0). The following electrochemical

characterization was conducted: cyclic voltammetry at various scan

rates, charge-discharge tests, and electrochemical impedance spec-

troscopy measurements from 10 5 to 10 −1 Hz applying sinusoidal

voltage amplitude of 10 mV at the open circuit potential in 1 M

Na 2 SO 4 . Ag/AgCl was used as the reference electrode, and the

counter electrode was made of platinum for the three electrode

tests. 

The capacitance ( C device ) of the yarn-supercapacitor device was

calculated from the galvanostatic discharge curves at different cur-

rent densities by using the equation: C device = I �t/ �V . The gravi-

metric capacitance ( C m 

), the areal capacitance ( C A ) and volumet-

ric capacitance ( C V ) were calculated by the following formula: C m 

= C device /m, C A = C device /A and C V = C device /V, respectively. The gravi-

metric energy density ( E m 

) and power density ( P m 

) were calculated

by the equations: E m 

= 

1 
2 ∗C m 

( �V ) 2 

3 . 6 and P m 

= 3600 E m 

t . The areal en-

ergy density ( E A ) and power density ( P A ) were computed by the

expressions: E A = 

1 
2 ∗

C A ( �V ) 2 

3 . 6 and P A = 3600 
E A 
t . The volumetric en-

ergy density ( E v ) and power density ( P v ) were calculated by the

equations: E V = 

1 
2 ∗

C V (�V ) 2 

3 . 6 and P V = 3600 
E V 
t , where I is the dis-

charge current, t is the discharge time, �V is the operating voltage

window, m, A and V refer to the mass, area and volume of the de-

vice, respectively [39,42,43] . 

For obtaining the Randles–Sevcik plot, we used a three-

electrode test with Ag/AgCl and a platinum wire as the refer-

ence and counter electrode, respectively, in an electrolyte solu-

tion of 20 mM K 3 [Fe(CN) 6 ] (potassium ferrocyanide) and 0.1 M

KCl, where K 3 [Fe(CN) 6 ] served as a redox probe. The peak cur-

rent can then be evaluated from the Randles-Sevcik equation: I P =
2 . 69 ∗ 10 5 AD 

1 
2 n 

3 
2 v 

1 
2 C, where C is the concentration of the redox

probe used, n is the number of transferred electrons for the re-

dox reaction, D is the diffusivity of potassium ferrocyanide which

is 6.67 × 10 −6 cm 

2 s −1 , v is the scan rate, and A is the electrode
rea. The value of n is equal to one, from the half reaction taking

lace at the electrode: Fe(CN) 6 
3 −+ e − → Fe(CN) 6 

4 − [44,45] . 

Scanning electron microscopy (SEM) (FEI SCIOS dual beam,

 kV) and Raman spectroscopy (Renishaw inVia, equipped with

 514 nm Ar-ion laser and a laser spot size of ∼1 μm 

2 ) were

sed to characterize the CNT and OPFCNT fibers. X-ray Photoelec-

ron Spectroscopy (XPS) data were obtained via a VG Thermo-

cientific MultiLab 30 0 0 ultra-high vacuum surface analysis sys-

em, with ∼10 −9 Torr base pressure using an Al K α source of

486.6 eV excitation energy. The XPS high-resolution scans for

arbon and low-resolution survey scans were taken for each

ample on at least two different locations. Specific surface area

nd pore volumes of outgassed samples were determined by

itrogen adsorption at −196.052 °C on a Micromeritics ASAP

060 accelerated surface area and porosity measurement system

BET method). 

The diameters of the fibers were measured with a Keyence LS-

006 MR High-Accuracy CMOS micrometer. A collector bobbin on a

otor pulled the CNT fiber through the device at a constant speed.

he device was set to take measurements of the diameter at every

econd and the data collected was used to plot the diameter vs.

ength (Fig. S2). From the obtained data, the average diameter of

he threads was computed. The masses of the fibers were mea-

ured by a Sartorius SE2 ultra-microbalance. 

A four-probe setup was employed to quantify the electrical con-

uctivity of the samples. It consists of a Keithley 2182A Nano-

oltmeter and a Keithley 6220 precision current source hooked up

o a thread holder. This device generates a graph displaying the

urrent vs. voltage over a set range. From this graph, the fiber elec-

rical resistance was calculated. Based on the resistance, diameter,

nd length of the fiber, its resistivity was computed. 

. Results and discussion 

.1. Electrochemical characterization of plasma functionalized CNT 

bers in Na 2 SO 4 electrolyte 

Fig. 2 presents the data obtained from the three-electrode elec-

rochemical tests on the fiber electrodes. Cyclic voltammetry (CV)

urves at 200 mV/s are shown in Fig. S4(a,b) and Fig. 2 (a) rep-

esenting the pristine and functionalized fibers. We found that

lasma functionalized fibers revealed significantly larger area en-

losed by the CV curve compared to the pristine fiber at the same

can rate. This corresponds to a higher specific capacitance and

igher energy density of the OPFCNT fibers. It was also noted that

he harshest plasma functionalization parameters in both cases (C

nd C”), yielded an area enclosed by the CV graph that is smaller to

hat of samples treated at moderate plasma parameters Fig. S4(a,b).

rom Fig. 2 (a), it is apparent that B” gives greater capacitance com-

ared to B. The only difference between these two fibers is in the

xposure time to the plasma flux, which is shorter, for B processed

t a greater pulling speed of 0.465 cm/s. 

In Fig. S4(c,d) and Fig. 2 (b), the Nyquist plots for pristine and

lasma treated CNT fibers are presented. Nyquist curves have two

ain components: a semi-circle in high-frequency regions repre-

enting the contact resistance ( R CT ) between the CNT fiber and the

urrent collector (Cu tape and silver paste) and a vertical line in

he low-frequency regions [46] . The real axis intersection with the

raph represents the effective series resistance (ESR), which is the

nternal resistance appearing in series with the device [47] . The to-

al internal resistance is, therefore, a combination of the R CT and

SR within the system. 

At a pulling speed through the plasma head of 0.465 cm/s –

ig. S4(c), we noted that all OPFCNT fibers showed less ESR than

he pristine CNT. However, at a pulling speed through the plasma

ead of 0.206 cm/s – Fig. S4(d), only one OPFCNT fiber revealed a
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Fig. 2. (a) Cyclic voltammetry at 200 mV/s for plasma functionalized CNT fibers at 100 W, 0.3 L/min of oxygen; (b) Nyquist Plot for plasma functionalized CNT fibers at 

100 W, 0.3 L/min of oxygen; (c) Specific capacitances at 0.2 A/g for functionalized CNT fibers; Inset for (b) shows plot intersection with the real axis (ESR). 
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t  
ower ESR than the pristine one. We attribute the increase in ESR

hown by the OPFCNT fiber to the partial damage of the individual

NTs within the fiber caused by the oxygen plasma exposure, as

erified by the Raman data. The CNT fibers consist of millions of

anotubes aligned in a uniform direction. These tubes work collec-

ively to transmit phonons and electrons through the fiber. If some

f these tubular building blocks of the fibers are damaged, it will

amper the electron transfer along the fiber and will reduce the

elated amount of current that can be carried through [48] . Harsh

lasma functionalization of the fibers can be detrimental to the ion

ransfer within the fiber since such surface treatment can damage

he nanotubes thus hindering the ion transport. These harsh con-

itions are created by using high plasma parameters (e.g., 140 W,

.55 L/min O 2 ). 

As displayed in Fig. 2 (b), the pristine fiber showed the great-

st R CT of approximately 364 � compared to B (210 �) and B”

246 �), respectively. This, when combined with its ESR, produces

 greater internal resistance compared to B” and explains why B”

as a more significant CV curve area than the pristine fiber –

ig. 2 (a), though it has a smaller ESR. 

Galvanostatic charge-discharge measurements were also carried

ut for each CNT fiber at various current densities (Fig. S5). The ob-

ained data were used to calculate the specific capacitance values.

rom Fig. 2 (c), we found that there was an increase in the specific

apacitance of the fibers when they were plasma functionalized.
he fiber with the highest specific capacitance, obtained at 100 W,

.3 L/min oxygen and 0.206 cm/s pulling speed, showed an in-

rease of 132.8% in specific capacitance over the pristine fiber (Ta-

le S1). This vast improvement is ascribed to the increased wetta-

ility and surface area. Carbon-based materials such as the MWC-

Ts used in this work are generally hydrophobic due to the sp 2 

onding of graphitic carbon. When these materials are used as

lectrode materials in an aqueous electrolyte system (as described

bove), the high ionic resistance between the surface of the elec-

rode and aqueous electrolyte hinders the accessibility of the elec-

rolyte ions into the electrode material regardless of its porosity

49,50] . Plasma functionalization has long been confirmed to in-

rease the wettability of CNT and of other carbon-based materials

36,39,40,41,49] (Fig. S6). The surge in hydrophilicity is expected

o improve the kinetics of ion transfer within the electric double

ayer thus causing the observed rise in energy density. The Na + 

nd SO 4 
2 − ions from the aqueous electrolyte were, therefore, able

o penetrate the electrodes which resulted in the increased area

nder the CV curves observed in the OPFCNT fibers as well as the

ncreased capacitance data seen [49,50] . 

.2. Chemical characterization of plasma functionalized fibers 

In a typical Raman spectrum of MWCNT, the main features are

he D and G peaks at approximately 1360 cm 

−1 and 1580 cm 

−1 ,
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respectively. The D band reveals defects in the tubes, including sp 3 

or single bonded carbon on the surface of the sample. It also exists

due to the breathing modes of sp 2 atoms in rings. The G band, on

the other hand, is indicative of sp 2 hybridized carbon atoms with

double bonds. It is due to the bond stretching of all pairs of sp 2 

atoms in both rings and chains [51–56] . 

Plasma functionalization of CNT fibers results in an intensity in-

crease of the D -band due to the creation of defects in the sam-

ple. The peaks in the spectra are normalized to 1, and the I D / I G 
ratios were computed for all samples. Fig. 3 (a) and (b) shows Ra-

man spectra of CNT fibers plasma functionalized at pulling speeds

of 0.465 cm/s and 0.206 cm/s respectively. Fig. 3 (c) displays the

I D / I G ratios for all samples. The I D / I G ratio gives a semi-quantitative

measure of the defects created within the fiber due to plasma

treatment. OPFCNT fibers treated at 0.206 cm/s pulling speed

through the plasma head showed greater I D / I G ratio than the fibers

plasma functionalized at 0.465 cm/s speed since they had a higher

exposure time to the plasma flux. In both cases, sample C revealed

the most significant I D / I G ratio since it was exposed to the harshest

plasma functionalization environment. 

Surface analysis of the CNT fibers by X-ray Photoelectron Spec-

troscopy was conducted to confirm the presence of the created

functional groups. XPS peak deconvolution was performed using

Shirley-type baseline and pure Gaussian line shape. Fig. 3 (d) shows

the XPS survey scan of the pristine and B” fibers. The scan proves

the presence of carbon and oxygen core peaks at ∼284.6 eV and

∼532 eV respectively. The OPFCNT fiber (100 W, 0.3 L/min oxy-

gen, 0.206 cm/s) shows an increase in oxygen content from 9.1%

in the pristine sample to about 27.5% for the functionalized one.

Fig. 3 (e) displays the de-convoluted high-resolution multiplex C

1 s scan of pristine and B” fiber. From the pronounced hump on

the spectrum, we observed the presence of C-O-C (ether) and

C-OH (hydroxyl) bond at 286.7 eV. The most prominent peak

centered at 284.2 eV represents C = C sp 2 hybridized graphitic

carbon (C aliphatic). The carbonyl (-C = O-) peak is observed at

about 288.1 eV, while the carboxyl (-C = O-O-) peak is seen at

290.2 eV. These results are consistent with previously reported

data in the literature [36,57] . Fig. 3 (f) presents the de-convoluted

O1s scan. The carboxyl (-C = O-O-), hydroxyl (C-OH) and carbonyl

peaks are observed at 532 eV, 534.2 eV, and 535 eV, respec-

tively. These results are consistent with previously reported values

[58,59] . 

Temperature Programmed Desorption tests described elsewhere

have shown that carbonyl, hydroxyl, and quinone type groups des-

orb and form CO gas at elevated temperatures, while carboxyl, an-

hydride and lactone type groups desorb through conversion into

CO 2 gas [60,61] . Further research by Teng and co-workers proved

that there was a correlation between the increase in capacitance

and the rise in oxygen functional groups, which desorbed as CO

from the surface of carbon-based electrodes [46,62,63] . They found

out that the capacitance contribution by the hydroxyl group on the

surface of their carbon-based material was more significant than

the capacitance provided by the carboxyl group. 

Further research by Andreas and Conway [64] , showed that

a significant portion of the capacity in C-electrodes is attributed

to the pseudocapacitance of quinone surface functionalities and

other surface functional groups obtained in acidic and basic me-

dia. Therefore, the presence of oxygenated functional groups on

the surface of the electrode contributes to increased capacitance

by causing a pseudocapacitive effect that enhances Faradaic charge

transfer reactions [64,65] . 

From the deconvoluted peaks discussed earlier ( Fig. 3 (e) and

(f)), we found that the hydroxyl group (C-OH) peak is far higher

than the carboxyl group (-C = O-O-) on the surface of the function-

alized CNT fiber (100 W, 0.3 L/min oxygen, 0.206 cm/s). Also, the

presence of oxygen functional groups on the surface of the OPFCNT
ber is observed. The occurrence of these functional groups and

heir activities are some of the reasons for the increase in capac-

tance seen in the three-electrode electrochemical tests presented

n Fig. 2 . 

.3. Structural characterization of plasma functionalized fibers 

Fig. 4 (a) and (b) shows SEM images of the pristine fiber and

”. CNT fibers fabricated by dry spinning are assembled and main-

ain good integrity, especially in pristine fiber ( Fig. 4 (a)) thanks

o the van der Waals interaction between the tubes [22] . In fiber

” however, the plasma breaks some bonds in the nanotubes on

he surface of the fiber detaching some of the bundles from the

ulk material. This causes the hairy appearance shown in Fig. 4 (b)

ompared to the pristine fiber. It also results in decreased load

nd tensile stress of the fiber (Fig. S7). Fig. 4 (c) and (d) offers a

arger magnification (20,0 0 0 ×) of the pristine and OPFCNT fiber

B”) respectively. From these images, one cannot observe any sub-

tantial morphological change in the fibers when compared to one

nother. 

In Fig. 4 (e) and (f), cross-sectional SEM images obtained by Fo-

used Ion Beam (FIB) cutting of pristine and B” fibers are pre-

ented. Fig. 4 (e) reveals uniform porosity in the pristine fiber with

he pores evenly distributed across its cross-section. For Fig. 4 (f)

owever, it is apparent that although the core of the fiber is similar

n porosity distribution with the pristine fiber, there is a marked

ifference in the porosity in the outer layer of the fiber (Fig. S8).

his may be caused by the plasma functionalization affecting more

ubstantially the surface and the outer shell of the fiber. Since

he plasma flux attenuates when penetrating the fiber, its core re-

ains unchanged. This is in agreement with previous work from

ur group [66] which proved that the plasma functionalization de-

ayed radially in cylindrical objects such as our fibers with diam-

ters greater than 10 μm. For our fibers with approximate diam-

ters of 55 μm, the effect of the plasma was most pronounced in

he outer layer of the fibers and not in its core. 

UV–vis spectroscopy tests were conducted to ascertain whether

he OPFCNT fibers had a greater surface area than the pristine sam-

les. The surface area of the fibers could be evaluated based on the

uantity of the methylene blue (MB) dye absorbed [59,67,68] . The

ber with the highest surface area would absorb most of the MB

olecules, thus showing the lowest peak intensity on the UV–vis

pectrum. 

The fibers studied here were selected from the group, which

howed the best electrochemical data. Fiber samples 30 cm long

ere soaked in 3 mL of a 5 mg/L methylene blue (MB) aque-

us solution for 19 h in the dark. From the UV–vis spectrum in

ig. 5 (a), significantly decreased MB peak intensities (peak located

t 665 nm) for plasma functionalized fibers A” (60 W, 0.1 L/min

 2, 0.206 cm/s) and B” (100 W, 0.3 L/min O 2, 0.206 cm/s) were ob-

erved compared to pristine CNT fibers. This indicates that more

B dye molecules have been absorbed by the plasma functional-

zed fibers as compared to the pristine samples. The latter confirms

n increase of the ion-accessible surface area for the plasma func-

ionalized fibers used as electrodes [59,67,68] . 

For most electrochemical capacitors, the capacitance C can be

resented as C = 

Sε / d , where C is the capacitance, S is the electrode

urface area, ε is relative permittivity of the solution (medium) and

 is the thickness of the double layer [17] . The surface area of the

lectrode is therefore directly proportional to its capacitance. Us-

ng cyclic voltammetry, one can calculate the effective surface area

ia the Randles-Sevcik equation. Fig. 5 (b) displays Randles-Sevcik

lots for plasma-functionalized fibers obtained at a pulling speed

hrough the plasma head of 0.206 cm/s. The graphs clearly show

n increase in the effective surface area of the OPFCNT fibers com-

ared to the pristine sample. We also observed a reduction in sur-
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Fig. 3. (a) Raman spectra of oxygen plasma functionalized fibers at a pulling speeds of 0.465 cm/s; (b) Raman spectra of plasma functionalized fibers at a pulling speeds 

of 0.206 cm/s; (c) Plot of I D / I G ratios from the Raman spectra for fibers functionalized at different puling speeds through the plasma head; (d) XPS survey scans of pristine 

(0 W) and plasma treated CNT fiber (100 W, 0.3 L oxygen, 0.206 cm/s); (e) High-resolution C 1 s scan of pristine and plasma treated CNT fiber (0.206 cm/s, 100 W, 0.3 L/min 

oxygen); (f) High-resolution O 1 s scan of pristine and oxygen plasma treated CNT fiber (0.206 cm/s, 100 W, 0.3 L/min), highlighting different functional groups. 
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Fig. 4. (a) SEM image of pristine fiber at 10 0 0 ×; (b) SEM image of fiber B” at 10 0 0 ×; (c) SEM image of pristine CNT fiber at 20,0 0 0 ×; (d) SEM image of B” at 20,0 0 0 ×; (e) 

Cross-sectional image of pristine CNT fiber at 1300 × obtained by FIB cutting; (f) Cross-sectional image of B” at 1300 × obtained by FIB cutting. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

t  

o  

c  

e

 

m  

4  

fi  

u  

e  

p  

(  

w

 

t  

C  

t  
face area with the rising of the oxygen plasma functionalization

parameters towards harsher values. As a result, the fiber which

was plasma functionalized at 140 W, 0.55 L/min O 2 (C”) showed

the least surface area among all plasma treated fibers. 

The BET-determined surface area of B” (208.015 m 

2 /g) was

found to be higher than that of pristine CNT (168.216 m 

2 /g). This

increment in the surface area is attributed to the oxygen plasma

functionalization process. The pore characteristics of the fibers

were investigated by N 2 adsorption/desorption isotherm tests, and

the results are displayed in Fig. 5 (c). A type IV isotherm with the

characteristic hysteresis loop has been identified from the isotherm

tests [69] . The pore size distribution is different for B” and Pristine

CNT fibers, as displayed in Fig. 5 (d). The microporosity is increased

in the B” samples. It is known that micropores enhance the ion

storage in carbonaceous materials [70] . From Lozano-Castello et al.

[65] demonstrated that capacitance depends on the surface area,

pore size distribution, and surface chemistry. It was also shown
hat the capacitance was higher for samples with wider microp-

re distribution. There was a strong correlation found between in-

reased capacitance and increased micropores on the surface of the

lectrodes. 

The B” fiber revealed a distribution of 5.45% micropores, 40.47%

esopores, and 54.08% macropores compared to 1.43% micropores,

9.66% mesopores and 48.92% macropores for the pristine CNT

ber, respectively. Fig. 5 (e) presents a breakdown of the pore vol-

me percentages of the fibers calculated from the BET data. For

ach fiber, we computed the proportion of pores in the micro-

orous (0–2 nm), mesoporous (2–50 nm) and the macroporous

 > 50 nm) range [71] . The mesoporous range is represented here

ith two subsets 2–10 nm and 10–50 nm. 

It was also noted that the pore size distribution of the plasma

reated fibers had been changed. The surface area of the pristine

NT fiber has been increased by 23.6% after oxygen plasma func-

ionalization, and the pore sizes generally have been enlarged thus
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Fig. 5. (a) UV–vis absorption spectra obtained from pristine and plasma functionalized CNT fibers; (b) Randal-Sevcik plot of plasma functionalized CNT fibers acquired at a 

pulling speed through the plasma head of 0.206 cm/s; (c) Nitrogen adsorption-desorption isotherms for pristine CNT and OPFCNT fibers; (d) Pore size distribution of pristine 

CNT and OPFCNT fibers; (e) Pore size volume percentages for pristine CNT and OPFCNT fibers. 
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reating more micropores and macropores. However, a reduction

f the mesopore percentage for OPFCNT has been observed in

omparison to pristine CNT fibers. The increase in the surface

rea of the CNT fibers after plasma functionalization stimulates

nhanced kinetics of the ion transfer within the electric double

ayer and further rise of both the energy density and the specific

apacitances [72–74] . 
. Fiber supercapacitor devices 

Fiber supercapacitors fabricated from OPFCNT fibers (100 W,

.3 L/min O 2 at 0.206 cm/s) with different electrolyte systems

ave been compared electrochemically to show their applicability

nd translation into devices. The fibers were used both as current

ollectors and active materials in the devices fabricated and to
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Fig. 6. (a) Cyclic voltammetry curves at 200 mV/s of OPFCNT fiber supercapacitors; (b) Specific capacitances of fiber supercapacitors at different scan rates obtained from 

the galvanostatic charge-discharge (GCD) tests; (c) Ragone plot of fabricated in this work devices; (d) CV curves at various scan rates for EMIMBF4 device; (e) GCD curves at 

different current densities for EMIMBF4 device; (f) Cyclic stability for OPFCNT EMIMBF4 device. Inset: galvanostatic charge-discharge curves obtained from testing between 

3996 and 40 0 0 cycles. 
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Fig. 7. (a) CV curves of the OPFCNT-EMIMBF4 device tested under different bending angles; (b) CV curves of the OPFCNT-EMIMBF4 device obtained at different number 

of bends; (c) GCD curves of the OPFCNT-EMIMBF4 device under different bending angles; (d) GCD curves of the OPFCNT-EMIMBF4 device obtained at different number of 

bends; (e) Digital photo of 3 OPFCNT-EMIMBF4 devices connected in parallel and powering a LED. 
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evaluate their energy storage properties, a series of electrochemical

measurements were performed. 

Fig. 6 (a) shows cyclic voltammetry curves for the assembled

fiber supercapacitors at a scanning rate of 200 mV/s. The curves

were quasi-rectangular and had a rapid current response to voltage

reversal at the start and end of the voltage window showing a typ-

ical behavior of electric double layer capacitors [75] . As expected,

the device fabricated with EMIMBF4 gel electrolyte revealed a far

greater by area cyclic voltammetry curve than the other devices

thus representing a larger capacitance and the best charge-storage

capability. Fig. 6 (b) shows the areal specific capacitance based on

the galvanostatic charge-discharge (GCD) tests at current densities

of 0.5–5 mA/cm 

2 . The EMIMBF4 device demonstrated the highest

specific capacitance of all the devices at the different current den-

sities. At 0.5 mA/cm 

2 , the EMIMBF4 device revealed a specific ca-

pacitance, which was 27% and 65% greater than the specific capac-

itances of the EMIMTFSI and the H 2 SO 4 devices, respectively. 

Fig. 6 (c) presents the Ragone plots for the fabricated devices.

The energy density of all the devices followed a downward trend

with respect to the power densities. The EMIMBF4 device at-

tained an energy density of 5.15 μWh/cm 

2 at a power density of

7.76 W/m 

2 . The same set of parameters has been computed as

2.91 μWh/cm 

2 /6.59 W/m 

2 for the EMIMTFSI electrolyte device and

0.27 μWh/cm 

2 /2.27 W/m 

2 for the H 2 SO 4 device, respectively. 

The cyclic voltammetry and GCD data for the EMIMBF4 device

are presented in Fig. 6 (d) and (e). The device kept its CV shapes

at scan rates up to 500 mV/s showing good supercapacitor be-

havior. Nearly triangular and symmetric charge-discharge curves

were also observed with no apparent internal resistance (IR) drop.

The slightly nonlinear curve is attributed to the introduction of

the oxygen functional groups during the plasma functionalization

process. 

Fig. 6 (f) presents the cycling stability of the OPFCNT EMIMBF4

gel electrolyte device at 2 mA/cm 

2 during a galvanostatic charge-

discharge over 40 0 0 cycles. The obtained capacitance retention

was 93.2%. The inset also shows the galvanostatic charge-discharge

curves for testing between 3996 and 40 0 0 cycles. Each of the

charge-discharge segment for a single cycle is uniform and at-

tains 3.2 V during the charging process. Overall, the tested device

showed excellent stability and cycle life. 

The EMIMBF4 devices were subjected to bending at different

angles (45 °, 90 ° and 180 °) in order to prove their potential appli-

cation in wearable electronics. Fig. 7 (a) and (c) shows CV curves

(200 mV/s) and GCD graphs (2 mA/cm 

2 ) of one device during the

bending process. The obtained CV and GCD plots maintained their

shape and size unchanged at different bending angles thus demon-

strating their flexibility. The same EMIMBF4 device was also bent

up to 10 0 0 times and the CV and GCD curves at 1, 10, 100 and

10 0 0 number of bends were plotted. The plots presented in Fig.

7 (b) and (d) show that the CV and GCD curves retained their shape

and size the same when bending the device from 1 up to 10 0 0 cy-

cles. This was another proof that the fabricated energy storage de-

vices can perform with predictable stability under cyclic bending. 

In order to verify the practicality and feasibility of the en-

ergy storage devices fabricated in this work, three fiber OPFCNT-

EMIMBF4 supercapacitors have been wired in parallel and success-

fully powered a LED, as shown in Fig. 7 (e). 

5. Conclusions 

CNT dry-spun fibers with approximately 55 μm diameters were

oxygen plasma functionalized using a continuous and reproducible

process. XPS and Raman data proved the controlled amount of

functionalization on the surface of the CNT fibers. Electrodes were

then fabricated from the functionalized fibers and analyzed elec-

trochemically. Oxygen plasma functionalization was found to in-
rease the specific capacitance of the fiber electrodes by about

32.8% compared to the pristine fiber. 

The improved capacitance was attributed to pseudocapacitive

ffects of the oxygen functional groups, enhanced wettability, al-

eration of pore sizes and increased surface area of the fibers (con-

rmed by UV–vis, Randal-Sevcik plots and BET). 

The oxygen plasma functionalized fibers were used to create

evices with different electrolyte systems. The OPFCNT-EMIMBF4

evealed the best electrochemical properties of all the devices. It

erformed well under deformation and bending and demonstrated

xcellent cyclic stability (93.2%) and long performance life. The

ractical use of these devices was illustrated by successfully pow-

ring a LED. 

The described and studied approach of oxygen plasma function-

lization can be used continuously to process extended lengths of

NT fibers, yarns or ribbons and sheets for improvement of their

lectrochemical properties. 
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