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Submicron thin films of composite (CSN) electrodes are prepared by a simple spin-coating of 

multiwalled carbon nanotube (MWNT) suspension with sucrose as a precursor for thin carbon 

layer, followed by heat treatment at 1000 oC for 2 h. Thin carbon layers are coated on the outer 

surface of MWNT and the resulting CSN electrode is shown to be interconnected open network 

structure. The binder-free thin film CSN electrode having such unique architecture shows large 

areal capacitance of ~723 µF cm-2 at a constant current of 0.23 µA cm-2 in a Na2SO4 aqueous 

electrolyte and preserves ~81% of its initial capacitance even at high specific current value. 

According to the results of electrochemical impedance spectroscopy, the CSN electrode can 

concurrently optimize ion and electron transport for high power delivery. It also exhibits good 

cycle stability after prolonged operation (up to 3000 charging/discharging cycles). 

 

 

 

1. Introduction 

Electric energy storage (EES) is a key technology to current 

growing needs for fast developments of portable electronics, 

smart grid, and hybrid electric vehicles.1 Over the past decades, 

supercapacitors (SCs), also known as electrochemical 

capacitors or ultracapacitors, have gained significant attention 

as an emerging candidate for smart and efficient EESs due to 

high power capability, nearly infinite cycle life, safe operation 

for ~10 years, and low manufacturing cost.2-6 An ideal approach 

to high-performance SC is to improve surface area and 

electrical conductivity of electrodes in which charges are stored 

at the electrolyte/electrode interfaces while forming electrical 

double layers.7, 8 Nanostructured carbon materials, such as 

carbon nanotubes (CNTs),9 graphene,4 carbide-derived carbon, 
10, 11 and onion-like carbon,12 are featured by high surface area, 

high electrical conductivity, and good chemical inertness, and 

thus they have been particularly explored as electrode materials 

for SCs. However, some of them still undergo significant 

capacitance drop because of the loss of ion-accessible surface 

area during the process of assembling the nanoscale building 

block into macroscopic structures.13 For examples, the CNT-

based electrodes show good electrical conductivity and large 

ion-accessible surface area, but their capacity is limited because 

the charges transport is restricted by a variety of boundaries in 

the CNT network format.14-16 In addition, graphene, another 

excellent electrode material, suffer from irreversible 

agglomeration and substantial restacking of the individual 

sheets during the electrode consolidation owing to the strong π 

– π stacking and van der Waals force between the planar basal 

planes of graphene sheets, leading to great loss of effective 

surface area and consequently lower specific capacitance.13, 17 

Thus, the development of new electrode materials with high 

performance still remains challenging. 

Considerable research efforts on the design and fabrication of 

composite electrode materials based on CNTs such as 

graphene/CNT,18-20 metal oxide/CNT,21, 22 and conducting 

polymer/CNT23  have been devoted due to their high electrical 

conductivity with unique tubular structures and a large ion-

accessible surface area that can provide good rate capability. 

The SCs using the composite electrodes deliver excellent power 

densities and store more energy than conventional energy 

storage devices. Here, we report a composite electrode 

consisting of multiwalled carbon nanotube (MWNT) and 

sucrose-derived carbon (CS) with highly accessible surface area 

and high electrical conductivity by simple spin-coating and 

subsequent carbonization. It shows highly ion-accessible open 

structure and good electrical conductivity. The resulting SC 

using the composite electrode exhibits a large areal capacitance 

(723 µF cm-2), fast rate capability, and good cycle stability up 

to 3000 cycles at a constant current. 

 

2. Experimental 

2.1 Preparation of SC electrodes 

1.25 g of sucrose (≥99.5%, Aldrich), 0.14 g of H2SO4 (95-97%, 

Fluka), 5.0 mL of deionized water, and 1.66 g of MWNT 

suspension (3 wt% in water, Nanostructure & Amorphous 

Materials, Inc.) were mixed and then sonicated for 2 h. The 

silicon wafer with double side SiO2 layers were treated by 

oxygen plasma using 300 W for 5 min to make it hydrophilic, 

and then as-prepared suspension mixture was spin-coated (2000 

rpm, 60 s) on the silicon wafer substrate two times. The 

produced mixture films were heated to 1000 oC with a ramping 

rate of 20 oC min-1 in a tubular furnace under 5% H2 and 95% 

Ar gas and then temperature was kept at the same temperature 

for 2 h. The resulting black thin film was washed with copious 

Millipore water and then was dry under gentle nitrogen stream. 
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For comparison, CS film was prepared under same conditions 

without adding MWNT. MWNT film was fabricated by a spin-

coating of MWNT suspension two times. Annealed MWNT 

(aMWNT) film was prepared by taking a subsequent heat 

treatment of the MWNT film at 1000 oC for 2 h under 5% H2 

and 95% Ar gas. 

 

2.2 Characterization  

Oxygen plasma treatment was performed in a March RIE CS-

1701. The microstructures were imaged using Hitachi S-4700 

SEM and JEOL 2100 TEM. Raman spectroscopic measurement 

was performed with Raman-11 (Nanophoton, Japan) using a 

532 nm laser source. The chemical structure was determined by 

X-ray photoelectron spectroscopy (XPS, Axis Ultra, Kratos 

Analytical). Electrochemical characterization, including cyclic 

voltammetry (CV), galvanostatic charge/discharge (GCD), and 

electrochemical impedance spectroscopy (EIS), was performed 

using a VMP3 multichannel potentiostat (Bio-Logic, USA) in 

the two-electrode mode at room temperature. In the GCD 

profiles, the areal capacitance can be estimated using the 

following equation: 

 

C = 2I/[(⊿V/⊿t)A]                                                                     

(1) 

 

where I is the current applied, ⊿V/⊿t is the slope of the 

discharge curve after IR drop at the beginning of the discharge 

curve, and A is the area of electrodes (in cm2). 

 

3. Results and discussion 

The thin carbon layer coated multiwalled carbon nanotube 

composite, abbreviated as CSN, electrode was fabricated by a 

straightforward spin-coating method using a mixture of sucrose 

and MWNT suspension on SiO2 thin film-coated silicone 

substrate, followed by heat treatment at 1000 oC for 2 h under a 

slow stream of forming gas (5% H2/ 95% Ar). Sucrose 

(C12H22O11) is an organic compound, commonly known as a 

sugar, and can be a carbon material when it is pyrolyzed (Fig. 

1).24 The spin-coated MWNT forms a porous network structure 

as expected and the structure still remains unchanged even 

when CS is added into the MWNT (Fig. 2).25 Unlike spin-

coating method, solution-casting of the precursor mixture of 

CSN gives rise to compact structure with little pores as reported 

previously (Fig. 2d).26, 27 MWNTs are almost buried underneath 

CSs and thus sacrifice their porous texture. In addition to 

electrical conductivity, the surface area of electrodes plays a 

key role in determining SC performance and thus such highly 

packed electrode cannnot guarantee large performance per unit 

area. In other words, while graphitizing sucrose upon heat 

treatment, MWNTs serve as a framework to bind CS via strong 

π–π stacking and van der Waals forces between their 

neighboring surfaces (Fig. 2e,f).13 CSs are distributed through 

the entangled MWNT framework to form a conductive 

interconnected CSN network, which is beneficial for electron 

transport (Fig. 2f). It is believed that the CSN structure not only 

provides high specific surface area of the electrode as it forms 

open network structure, which is favorable for improving 

electrochemical capacitance, but also offers ionic transportation 

channels during the electrochemical charging and discharging 

process. As a result, binder-free CSN electrode prepared by 

spin-coating and subsequent thermal treatment provides a 

continuous MWNT network with irregular porous architecture 

in which CS is attached onto outer walls of MWNT. This 

structure can minimize electron transport lengths and ion 

diffusion distances, which will be discussed in the following 

section. 

Fig. 3 shows the Raman spectra of MWNT, aMWNT, CS, 

and CSN. Raman spectroscopy is commonly utilized to 

characterize the graphitization degree of carbon materials.28 In 

 
Fig. 2 SEM images of (a) aMWNT, (b) CS, (c) spin-coated CSN, 
and (d) solution-casted CSN. TEM micrographs of (e) aMWNT and 
(f) spin-coated CSN (Arrows indicate thin CS layers). 

 

 
Fig. 1 Chemical structure of sucrose. 

 
Fig. 3 (a) Raman spectra of MWNT, aMWNT, CS, and CSN. (b) 
XPS C1s spectra of (b) aMWNT, (c) CS, and (d) CSN.  
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the Raman spectrum of MWNT, two characteristic peaks 

appear at 1357 and 1592 cm-1, corresponding to D and G peaks, 

respectively. The D band, associated with the A1g breathing 

vibration of aromatic six-membered rings, is proportional to the 

amount of sp3 carbons in surroundings, whereas the G band 

results from the E2g in-plane vibrational mode within aromatic 

carbon rings.29 Two intense D and G peaks of aMWNT, 

however, are slightly shifted upward with respect to those of 

the MWNT and observed at ~1364 and ~1600 cm-1, 

respectively, both of which are mostly due to disordering on the 

surface of MWNT.26, 30 To disperse MWNT in water via 

noncovalent approach, its suspension contains a little amount of 

impurities such as surfactants and catalyst which could be 

possibly adsorbed on the MWNT surface and may cause 

disordering when carbonized.31 The fact that the intensity of the 

D band to G band (ID/IG) increases from 1.25 for MWNT to 

1.41 for aMWNT may be also associated with increased defect 

sites of aMWNT.32 The sucrose is completely converted into 

carbon with nano-crystalline graphitic domains of different size 

and order when annealed.26 The spectrum changes of CS are 

more significant. The spectrum shows upshifts in the 

frequencies of D and G peaks with the additional disorder 

related peak (D′) observed at 1620 cm-1, originating from the 

intravalley double resonance.31 The ID/IG ratio of CS decreases 

to 0.908, which are mostly due to decrease of defect sites (i.e. 

carbonization of sucrose) by annealing. It is still believed that 

small amounts of oxygen functional groups exist at the surface 

of CS. The CSN shows the D and G peaks at ~1364 and ~1600 

cm-1, respectively, with the ID/IG ratio of 1.13 and it trades off 

between aMWNT and CS. Together with TEM results, we 

suspect that the CSN consists of thin CS layer with oxygen-

containing functionalities on the conductive MWNT network 

with a little defects.  

The chemical structure is further characterized by X-ray 

photoelectron spectroscopy (XPS) spectroscopy (Fig. 3b-d). 

The deconvoluted C1s XPS spectrum of CS presents three 

peaks assigned to graphitic structure (C-C/C=C) at 284.6 eV, 

hydroxyl/epoxy groups (C-O) at 286.6 eV, and carbonyl group 

(O-C=O) at 288 eV. The peaks of C-O and O-C=O are clearly 

observed that comes from the defects of graphitic carbon layers. 

For CSN composite, the intensity of oxygen-containing 

functional groups increases slightly as compared to aMWNT. 

Particularly, a noticeable increase was made to carbonyl group 

(i.e. quinone group) at 288 eV which may serve as active site 

for a reversible redox reaction.33 These results demonstrate that 

CS is integrated with MWNT in CSN.   

Information on electrochemical performances was collected 

by cyclic voltammetry (CV) and galvanostatic charge/discharge 

(GCD) in 1 M Na2SO4 electrolyte and the voltage window of -

0.4 to 0.4 V. Fig. 4a represents the CV spectrum of CS at a 

variety of scan rate ranging from 10 to 500 mV s-1. A reversible 

redox wave of CS at ~0 V of formal potential was clearly 

observed.34, 35 It indicates that redox active surface functional 

groups are located at the CS surface. Accordingly, these peaks 

are attributed to the quinone-hydroquinone redox pair of 

oxidized carbon surface.35, 36 These anodic and cathodic peaks 

are not shifted much with increasing the scan rate, proving 

small internal resistance of electrode.37 Linear relationship 

between the peak capacitive current and the scan rate indicates 

that the redox reaction of CS follows surface-controlled system 

(Fig. 4b).38 The CV features were also recorded at a constant 

scan rate of 50 mV s-1 (Fig. 5a). CSN electrode exhibits nearly 

rectangular CV profiles with symmetric cathodic/anodic 

currents, which is a typical of ideal SC. Even at fast scan rate of 

500 mV s-1, the CV curves almost retain rectangular shapes 

with little distortion, which is due to low equivalent series 

resistance (ESR) and fast ion diffusion of the electrode to 

assure good charge propagation (Fig. 5b).39 The 

cathodic/anodic current value of aMWNT is not much different 

and a little larger than than that of MWNT. Interestingly, the 

current values of CSN are particularly larger than those of 

MWNT and CS. This is further corroborated by GCD 

measurements at a constant current of 1 µA cm-2 (Fig. 5c). The 

GCD curve of CSN exhibits symmetric triangular curves with 

long duration times and small IR drop, confirming an efficient 

EDL behavior, however, the duration times of MWNT and CS 

for charging/discharging are much smaller, indicating more 

resistive behavior.33 The areal capacitance of CSN is ~615 µF 

cm-2, larger than ~150 µF cm-2 for aMWNT and ~43 µF cm-2 

for CS. The areal capacitance is comparable to what can be 

found for literatures.40, 41 The difference in capacitance values 

levels out even at high specific current as confirmed by rate 

capability (Fig. 5d). The initial capacitance of CSN, ~723 µF 

cm-2 measured at 0.23 µA cm-2, remains as high as 591 µF cm-2 

at a high discharge current of 1.4 µA cm-2, corresponding to 

81% retention.  

Electrochemical impedance spectroscopy (EIS) was 

performed by estimating frequency response characteristics 

over a frequency range of 106 to 10-2 Hz (Fig. 6). The intercept 

to the real axis (Z′) of the Nyquist plots represents equivalent 

 
Fig. 4 (a) CV profiles of CS on scan rate ranging from 10 to 500 mV 
s-1. (b) Plots of scan rate (10 to 500 mV s-1) vs. peak capacitive 
current for the charge (R2=0.991) and discharge (R2=0.990) curves. 

 
Fig. 5 (a) CV curves of MWNT, aMWNT, CS, and CSN at a scan 
rate of 50 mV s-1. (b) CV curves of CSN at different scan rate from 
10 to 500 mV s-1. (c) GCD curves at a specific current of 1 µA cm-2 
and (c) rate capability at different currents of MWNT, aMWNT, CS, 
and CSN. 
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series resistance (ESR), involving electrolyte-induced 

resistance and internal resistance of electrode materials (Fig. 

6a).42 The ESRs are 1.7 Ω for CSN, larger than 2.2 Ω for CS 

and 2.3 Ω for aMWNT. Since the same electrolyte (1 M 

Na2SO4) was utilized in this study, the change in ESR must 

result from the electronic and morphological properties of the 

electrodes. A near vertical curve of CSN has the largest slope 

with respect to real axis (Z′), demonstrating purely capacitive 

behavior, while the curves of aMWNT and CS tend to lean 

toward x-axis, indicating more resistive behavior. It is known 

that the deviation from the vertical line of the Nyquist plot is 

credited with inner-pore diffusion limitation by electrolyte 

ions.43 Consequently, the unique structure of CSN, CS-

deposited MWNT network with macroscopic structure, forms 

conductive interconnected channels and thus shortens the 

distances of ion/electron travel.44, 45 Ion diffusion in the 

electrode is further proved by the impedance in the medium-

low frequency region (1~0.01 Hz). The slope of plot of Zˊ 

against ω-1/2 (so-called Randles plot, Fig. 6b) corresponds to the 

Warburg coefficient (kw), which is related to the ion diffusion 

coefficient (D) as follows: 

 

 
 

where R is the gas constant, T is the absolute temperature in 

Kelvin, n is the charge transfer number, A is the area of 

electrode surface, and C* is the ionic concentration. The 

diffusion coefficient of CSN is ~4.88 × 10-23 cm2 s-1, larger than 

~2.43 × 10-23 and 9.71 × 10-23 cm2 s-1 for aMWNT and CS, 

respectively. We again highlight that the interconnected porous 

network structure of CSN can form ion-buffering reservoirs, 

minimizing the ion diffusion distance into inner active sites.46-48 

With spectroscopic and electroanalytic results, we can conclude 

that the improved capacitance of CSN relative to those of 

aMWNT and CS can be ascribed to the synergistic effects of i) 

its high electrical conductivity enhanced by thin CS layers at 

the outer surface of MWNT as substantiated by ESR, ii) porous 

architecture due to the network of MWNT bundles that 

facilitates ion transport, and iii) redox active surface functional 

groups of CS which contribute to charge accumulation through 

Faradaic reaction and improve the wettability of carbon 

materials by aqueous electrolyte, enhancing ion-accessibility to 

the surface of carbon.44 

Electrochemical stability of CSN electrode is investigated by 

performing repeated GCD cycling at 6.7 µA cm-2. CSN 

electrode preserves over 90% of its initial capacitance for at 

least 3000 cycles, indicating a good cycle life (Fig. 7). 

Conclusions 

A new composite electrode was fabricated through a simple 

spin-coating of mixture solution of MWNT and sucrose, 

followed by thermal treatment at 1000 oC. The CSN forms a 

continuous conducting network as the sucrose is carbonized and 

attached onto entangled porous MWNT framework. This 

unique structure endows the CSN electrode with good areal 

capacitance (up to 723 µF cm-2) and fast rate capability (~81% 

retention) greater than the pristine MWNT, aMWNT, and CS 

due to its high electrical conductivity, porous architecture, and 

redox behavior. It also exhibits long-term cycle stability for at 

least 3000 charging/discharging cycles. This nanostructured 

carbon material show promise as a platform to design high-

performance, thin film electrode for energy storages.  
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Sucrose-derived thin carbon layer (CS) is coated on the surface of multiwalled carbon nanotube (MWNT) and the 

resulting composite electrode (CSN) provides larger capacitance than that of MWNT and CS.  
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