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Abstract

We report on the capacitive performance of redaiweaaysteamine-functionalized multi
walled carbon nanotubes (MWCNTs-Cyst). The thiahclional groups are found to be
oxidized into sulfinic acid groups during functidzation of MWCNTs-Cyst, rendering the
functional groups act as the molecular spacer stvgmt MWCNTSs agglomeration and the
redox active sulfinic acid groups provides pseugac#dance effect. The specific capacitance
attained on MWCNTs-Cyst is found to be approximatd-times higher than the
nonfunctionalized MWCNTSs electrodes. The enhancéman be attributed to the surface
area enhancement in MWCNTSs-Cyst and the pseudotapee effectEx situ spectroscopy
(XPS and FTIR) confirms pseudocapacitive behavigutfinic acid groups, which undergo
redox reaction into sulfenic acid groups upon cimgy@nd discharging process. Impedance
study reveals the charge transfer process is ti@eitl by the redox reaction of sulfinic acid
groups, thus lowering the charge transfer resistaimterestingly, the supercapacitor made
from MWCNTs-Cyst remains highly stable (90% retenjieven after long cycle of charge
discharge operation (11000 cycles).
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1. Introduction

With the growing world population and increasingrgtard of living, global demand for
energy is increasing substantially. The energyagi®rsystem is, therefore crucial in
supplying huge amount of energy whenever it is adedn this context, supercapacitors
emerge as the promising energy storage deviceegctiuld deliver high energy density %
Wh kg') at fast rate ¥ 10 kW kg') [1]. Credit to nanotechnology, supercapacitors
technology advances remarkably by utilizing nanm$tred electrodes, which possess
exceptionally high surface area and other supepioysicochemical properties. Carbon
nanotubes (CNTSs) is one of the nanomaterials eradrgen this technology revolution and

used in supercapacitors electrode.

CNTs is a cylindrical carbon nanostructure thatco®red in 1991 by lijima in the
carbon soot made by arc-discharge method [2]. Dutstunique structure, CNTs possesses
extraordinary properties, such as high theoresipatific surface area (range from 50 to 1315
m? g?%), high length-to-diameter ratio (132,000,000 to dijtstanding thermal conductivity
and electrical properties [3-6]. Hence, CNTSs reegintense research attention worldwide in
various applications, from biomedical, to energgtegn and to environmental remediation
[7-17]. The application of CNTs in supercapacitovas pioneered by Niu et al.,, who
produced high-power supercapacitors with free-standhats of CNTs [18]. The work is
remarkable as it shows the open structure of CNiEbles entire surface area for the ions
adsorption, unlike activated carbon that only pé 1/3 of the surface area for this purpose.
Other report by Frackowiak et al. suggested thatpitesence of mesopores formed by the
entanglement of carbon nanotubes also contribotédsetimproved ions adsorption [19] . To
date, numerous works have been reported on thedsibn of supercapacitors electrode by
CNTs, mostly in the form of multiwalled carbon nauwes (MWCNTS) due to its ease of
scale-up production. The quality of MWCNTs howeigepften being compromised during
scale-up production, leading to poor performanc®@fCNTs. Strong acid treatment for the
oxidation of MWCNTs surface is often used to immoMWCNTSs' performance by
introducing oxygen functional groups for the pseafacitance effect [20]. For oxygen
functionalized MWCNTSs, 2-fold capacitance enhanceimeas achieved, however, at the
expense of cycling stability [21]. Therefore, it ¢ great importance to engineer the
MWCNTSs surface for capacitance enhancement wh#segwing its cycling stability. In this
work, industrial-grade MWCNTSs is functionalized kvitysteamine group for the capacitive

enhancement and its redox reaction is investigayesk situ spectroscopy techniques.



2. Experimental method

Multi-walled carbon nanotubes (MWCNTS) (purity >95%uter diameter 40-60 nm;
length 5—20um) made from catalytic chemical vapor depositiorrevpurchased from US
Research Nanomaterials, Inc. Sulfuric acidS8,: 97%, AR grade), nitric acid (HNO
37%, AR grade), hydrochloric acid (HCIl: 37%, AR dgx and cysteamine hydrochloride
(HSCH,CHoNH,-HCI: - 99%) were purchased from Sigma-Aldrich. 1ye(B8-3'-
dimethylaminopropyl) carbodiimide ¢H17Ns: EDC: 97%) and N-hydroxysuccinimide
(C4HsNOs: NHS: 99%) were purchased from Merck Milliporel &le chemicals were used
as received unless otherwise stated. The MWCNTanent and functionalization were
performed as our previous report [22]. Briefly, pbdWCNTSs (1 g) was purified in 20% HCI
for 120 min, followed by reflux oxidation in a mie of concentrated HNCand HSO,
(2:3, viv) at 75°C for 6 h. The oxidized MWCNTs was filtered, washbdroughly by
deionized water and dried in vacuum at°80for 120 min. The cysteamine functionalization
of MWCNTs was done by carbodiimide chemistry tdlthe amine group of cysteamine and
the COOH of oxidized MWCNTs. Oxidized MWCNTs (100gmwas added into the
ethanolic solution (25 mL) containing cysteaminel KD mg), EDC (35 mg) and NHS (20
mg), followed by refluxing at 50C for 48 h. The cysteamine functionalized MWCNTs
(MWCNTs-Cyst) was collected after filtration, wasgiand vacuum drying. The oxidation
state of sulfur in MWCNTs was studied by X-ray peectron spectrometer (XPS; Ulvac-
Phi/Phi 5000 Versaprobe Il spectrometer). The serfmorphology was studied by field
emission scanning electron microscope (FESEM; JHGRS5) and the surface area was
investigated by surface area analyzer (NOVA 3208grmogravimetric analysis (TGA) was
performed under nitrogen atmosphere at a heatbegfss°C min™ using thermogravimetric
analyzer (Mettler Toledo TGA DSC 1).

Electrochemical studies were performed in two-etetd system, by an AUTOLAB
PGSTAT101 potentiostat/galvanostat with frequeresponse analyzer. The electrodes were
prepared from the active materials, carbon blaak polyvinylidene fluoride in the weight
ratio of 90:5:5. A porous membrane pre-soaked WitV NaSQ, electrolyte was used as the
separator. Electrochemical impedance spectrosdéi8) @ata were collected from 500 kHz
to 0.01 Hz, at open circuit potential (OCP) witlt.aamplitude of 10 mV. The electrode
changes during charge discharge process was igatstiex situ by Fourier transform

infrared spectrometer (FTIR; Perkin EImer Spectff@) and XPS spectrometer.



3. Resultsand discussion

Fig. 1a shows the FESEM image of MWCNTs-Cyst. Thisteamine functionalization
does not alter the morphology of MWCNTs and theynam as tubular shape with
entanglement. Such open space morphology is crémiahe charge adsorption in energy
storage process. The presence of sulfur in MWCNJ&-G& substantiated by the sulfur
elemental map shown in Fig. S1. EDX analysis revéa sulfur content of 2.5% and they
are evenly distributed in MWCNTs-Cyst. As thiol tise main functional groups in the
MWCNT-Cyst, the sulfur oxidation states were ingatied by XPS analysis and its results
for S 2p is depicted in Fig. 1b. It should be notledt each deconvoluted S 2p component
should have S 2p and S 2p, doublet with an intensity ratio of 2:1, and with anergy
separation of 1.2 eV_[23, 24]. There are two brpadks can be observed for the S 2p
analysis of MWCNTs-Cyst. The first peak can be deotuted into binding energy of 162.9
eV (S 2p)) and 164.1 eV (S 2p), which is attributed to the thiol groups (SH);eTsecond
peak can be deconvoluted into binding energy of&¥ (S 2p,) and 171.2 eV (S 2p),
which can be attributed to the sulfinic acid (SOQ@ups. The findings suggest that part of
the thiol groups in cysteamine has been oxidizéal salfinic acid group (SOOH) during the
functionalization process of MWCNTs-Cyst. The degref thiol functionalization was
evaluated by thermal analysis, as shown in FigThe. MWCNTs has minimal weight loss
up to 500°C and the weight loss beyond this point could Ibated to the decomposition
of MWCNTSs. On the other hand, MWCNTs-Cyst has corafpzely better thermal stability
up to 500°C, which could be associated to the lower adsovie@r due to the cysteamine
groups. Nonetheless, MWCNTs-Cyst suffers substantgaght loss at temperature higher
than 500 °C as the decomposition of MWCNTs occurs simultasBouwith the
decomposition of cysteamine groups. The specifitasa area for MWCNTs and MWCNTs-
Cyst were calculated by Brunauer—Emmett—Teller (BEiEory (Fig. 1d). Due to the mass
production of industrial grade MWCNTSs, the qualify MWCNTSs could be compromised,
thus producing low specific surface area of 263 gh of as-received MWCNTs. Upon
cysteamine functionalization, it creates repulsidorce which prevents the tubes
agglomeration and appreciably increases the spesfiface area of MWCNTs-Cyst up to
94.9 nf g*. Such increment in surface area is crucial for ithes adsorption for energy

storage.

Fig. 2a shows the cyclic voltammograms (CV) of MWIENand MWCNTs-Cyst in 1 M

NaSO, electrolyte with 2-electrode system. The symme®ielectrodes are charged and
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discharged at a pseudoconstant rate over the erndltammetric cycles, resulting in the
absence of redox peaks in CV_[25]. The area undercurve represents the total charge
accumulation and it shows that the MWCNTs-Cysttebele has higher charge accumulation
as compared to the MWCNTSs electrode. The chargehdige (CDC) curve of MWCNTs-
Cyst is highly symmetrical, indicating the reveifip of charge storage in MWCNTs-Cyst.
In addition, its linear CDC curves signifies th@ichcurrent-voltage response in MWCNTs-
Cyst. The specific capacitance of MWCNTs-Cyst and/@NTs were calculated from the
slope of discharge curve using equation reporteevgiere [1, 26dnd they are summarized
in Fig. 2c. As suggested by CV analyses, MWCNTstGlisws higher charge storage ability
by having higher specific capacitance as comparedat of MWCNTSs. The highest specific
capacitance of 23 Flgs attained by MWCNTs-Cyst at 0.25 A" gwhich is 4-fold increment
as compared to that of MWCNTSs (6 E)gThis is in consistence with the 4-fold incremint
the specific surface area from 26.3 to 94.8 gt as discussed above. The specific
capacitance enhancement for MWCNTs-Cyst could hebated to the cysteamine
functionalization, which acts as the molecular gpdc avoid tubes agglomeration, therefore
producing larger surface area for the ions adsmmptBesides, the sulfinic acid functional
groups in MWCNTSs-Cyst could possibly possess redotvity which enhances specific
capacitance by pseudocapacitance effect. Theredoi{u spectroscopies (XPS and FTIR)
were employed to study the chemical changes ineaysine group during charge storage
process. It can be observed from the XPS analydgs Zd) that the all the sulfur peaks are
shifted to higher binding energy for MWCNTSs-Cysteafcharging process. It suggests the
charging process oxidizes both thiol and sulfin@dagroups in MWCNTs-Cyst. Upon
discharging process (Fig. 2e), all the sulfur peaesshifted to lower binding energy (168.4
eV and 169.6 eV), which can be ascribed to theesidfacid groups (SOH). The XPS
findings are supported by the FTIR analysis (Fif). 2he sulfenic acid in charged
MWCNTSs-Cyst could be observed in infrared absorptiands at 3461, 1102 and 645%cm
corresponding to O-H, S=0O and S-O stretching morkspectively. Similar infrared
absorption bands are observed for discharged MWGDBES, except for the diminishment of
S=0 stretching band which suggests the reductitmsalfenic acid groups. Based on the
XPS and FTIR analyses, the redOéhgr%gction of MWCRYVst during CDC process is

proposed as follows: Discharge

MWCNTS-SOOH + 2H+ 26 = MWCNTs-SOH + 2K0 (1)



Fig. 3a shows Nyquist plot for MWCNTs—Cyst at oparcuit potential (OCP). The
Nyquist plot shows a small semi—circle at the higgguency region, corresponding to the
equivalent series resistance (ESR) and chargeferamsistance (&). Both ESR and & for
MWCNTSs-Cyst are estimated to be 0.81 and @X8&espectively. The relatively low R
value as compared to the reported value for pasitWCNTs (5.13Q) [27] indicates the
charge transfer process in MWCNTs-Cyst is faciéitiby the redox activity of sulfinic acid
functional groups. A near-vertical line at low fueocy is in accordance with the Warburg
diffusion for capacitive behavior. The phase aragléow frequency is found to be 84° (Fig.
3a inset), which is very close to the ideal supeacdor (90°) [27, 28]. The cycling stability
of MWCNTSs-Cyst was tested for 11000 CDC cycles .860A g* (Fig. 3b). There is slight
capacitance loss after 5000 CDC cycles, probabé/tduhe minor loss of reversible redox
reactions. It is noteworthy that the MWCNTs-Cystilcoretain high cycling stability of 90%
for 11000 cycles, in spite of having active redaKisic acid groups. Furthermore, the CDC
curves shape are retained at the end of the tekt @yig. 3b inset). It shows that the redox
activity of sulfinic acid groups in MWCNTSs-Cyst angghly reversible, which is in contrary
to other reported redox groups which show detetimmaover long cycle of CDC [29]. Thus,
MWCNTSs-Cyst could be a potential electrode matef@l high stability supercapacitor

device.

4. Conclusions

The capacitive performance of MWCNTSs is enhancedysteamine functionalization,
producing highly reversible redox active MWCNTs-CysPS analysis reveals the oxidation
of thiol groups into sulfinic acid groups duringnfttionalization of MWCNTs-Cyst. BET
analysis suggests the surface area increment in MVY$ECyst, which provides higher ions
adsorption for double layer capacitanEg.situ XPS and FTIR analyses propose the redox
transition of sulfinic acid and sulfenic acid in M Ts-Cyst during the charge-discharge
process. The stable double layer capacitance ayidrkversibility of sulfinic/sulfenic acid
during charge discharge process renders the MWGIyB$10 retain 90% of its capacitance,
even after 11000 CDC cycles. The findings sugghst MWCNTs-Cyst could be the

electrode material for highly stable supercapasit@vice.
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Figure Captions

Fig. 1. (a) FESEM image of MWCNTs-Cyst; (b) XPS S 2pctpen of MWCNTSs-Cyst;
(c) TGA of MWCNTs and MWCNTs-Cyst; (d) Nitrogen adption-desorption
curves for MWCNTs and MWCNTs-Cyst.

Fig. 2. (a) CV of MWCNTs and MWCNTSs-Cyst at 25 mV};gb) CDC of MWCNTSs and
MWCNTSs-Cyst at 0.25 Agin 1 M NaSQ, electrolyte; (c) Specific capacitance as
a function of discharge current density; (d) XPRBspectra of MWCNTs-Cyst
after charged; (e) XPS S 2p spectra of MWCNTs-@fterr discharged; (f) FTIR of
MWCNTs-Cyst after charged and discharged.

Fig. 3. (a) EIS spectrum for MWCNTs-Cyst (Inset shows Bogle plot for phase angle);
(b) Stability test for MWCNTSs-Cyst for 11000 cycléssets show the CDC of'1
cycle and 11000 cycle).
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after charged; (e) XPS S 2p spectra of MWCNTs-@fterr discharged; (f) FTIR of
MWCNTs-Cyst after charged and discharged.
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Highlights

* 4-times capacitance enhancement by functionalizing MWCNTs with cysteamine
groups

* Oxidation of thiol into sulfinic acid in cysteamine during functionalization

» Redox reaction of sulfinic acid and sulfenic acid during charge discharge

» High cycling stability (90%) of MWCNTs-Cyst



