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A B S T R A C T

Super-aligned multi-walled carbon nanotubes (MWCNTs), which had been produced in

large-scale, were oxidized by H2O2 and HNO3. The surface defects and oxygen-containing

functional groups introduced during the oxidizing process were characterized by Raman

spectroscopy and X-ray photoelectron spectroscopy. The surface modification of MWCNTs

improved the electrochemical properties. As a result, H2O2-treated and HNO3-treated

MWCNTs displayed reversible capacities of 364 mA h/g and 391 mA h/g, respectively, after

80 galvanostatic cycles, corresponding to 143% and 154% improvements compared with

pristine MWCNTs. The rate capability was also increased. At a current density of

3500 mA/g, H2O2-treated and HNO3-treated MWCNTs exhibited reversible capacities of

66 mA h/g and 156 mA h/g, respectively. In contrast, pristine MWCNTs were only able to

deliver 27 mA h/g at this current density.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Carbon nanotubes (CNTs) have long been considered as a

promising candidate for electrode materials in lithium ion

batteries (LIBs) [1–4]. Comparing with commercialized graph-

ite anode, the tubular, defect-free, and integral structure of

pristine CNTs suggests a different mechanism of Li+ inser-

tion/extraction in contrast to intercalation process to the

graphite structure. Experimental work found that pristine

single-walled carbon nanotubes (SWCNTs) and multi-walled

carbon nanotubes (MWCNTs) showed reversible capacities

of only 300 mA h/g [5] and 273 mA h/g [6] after 5 cycles, both

were lower than the theoretical capacity of graphite

(372 mA h/g in terms of LiC6). To explain these low capacities,

theoretical simulations revealed that the diffusion of Li+

through the sidewalls of CNTs experienced large energy barri-

ers [7–9]. An ab-initio investigation suggested that such diffu-

sion energy barriers would decrease from 13.5 to 0.5 eV, when
topological defects on CNTs were introduced [7]. Therefore,

the lithium storage of CNTs is related to a defect-dependent

mechanism and the introduction of lateral defects on the

CNT sidewalls was identified as an effective strategy to im-

prove the capacity. In this regard, approaches such as chemi-

cal etching or mechanical ball milling were explored. For

instance, electrochemical measurements of chemically

etched and mechanically ball-milled CNTs showed enhanced

reversible Li capacities of 681 mA h/g (Li1.8C6) [10] and

641 mA h/g (Li1.7C6) [11]. However, these results were still defi-

cient in terms of long-term cycle stabilities, as only several

initial cycles were included. More importantly, further discus-

sions on the long-term performance at a variety of high rate

tests were little emphasized.

Another issue in up to date publications involving the elec-

trochemical characterization of CNTs lies in their intrinsic

properties. Indeed, the electrochemical performance of CNT

is dependent on the morphological factors such as aspect
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ratio, curvature, and quality of crystallization. Moreover, the

scattered quality of each CNT batch will hardly lead to an

unambiguous conclusion. To improve this, we choose super-

aligned MWCNTs synthesized in a low-pressure chemical

vapor deposition (CVD) system [12–14]. Since the yield and

quality of such MWCNTs have met industry-level require-

ments and the property is quite uniform, stable characteriza-

tions of long-term cycle and rate performance could be

expected. Another significance is that self-sustained MWCNT

films could be directly drawn from super-aligned MWCNT ar-

rays. This mechanical property will guarantee freestanding

electrodes in escape of organic binders and conductive addi-

tives. Nor metal current collectors are required. Thus, the

mass of electrode could be precisely measured and side ef-

fects would be minimized. The MWCNT electrodes will be

chemically oxidized by two reagents, H2O2 and HNO3, and

characterized by transmission electron microscopy (TEM), Ra-

man spectroscopy, and X-ray photoelectron spectroscopy

(XPS). In order to better understand the interactions between

lithium and MWCNTs, the cycling stabilities of differently

treated samples are systematically discussed on the basis of

galvanostatic charge and discharge cycles, cyclic voltamme-

try (CV), and electrochemical impedance spectroscopy (EIS).

Finally, the rate performance is also evaluated by applying a

series of high current densities to MWCNT electrodes.

2. Experiment

Super-aligned MWCNT arrays on 4-inch silicon wafers with a

diameter of 20–30 nm and a height of 300 lm were synthe-

sized in CVD with iron as the catalyst and acetylene as the

precursor. The synthesis procedure could be viewed in previ-

ous studies [12–14]. The MWCNT film could be drawn from

the MWCNT arrays, following an end-to-end joining mecha-

nism, and collected on a stainless steel roller (see in Fig. 1).

A razor blade was used to cut off the MWCNT film (inset of

Fig. 1).
Fig. 1 – Preparation of MWCNT film from MWCNT arrays on

a 4-inch silicon wafer with a metallic roller. Inset:

photograph of pristine MWCNT sample just cut off from the

roller. (A colour version of this figure can be viewed online.)
Chemical modification of MWCNTs was carried out in two

different kinds of oxidants, 30 wt.% H2O2 and 70 wt.% HNO3,

respectively. For H2O2-treated sample, an as-prepared 20 mg

MWCNT film was immersed in 50 mL H2O2 in a 100 mL round

bottom flask. The reaction was then refluxed at 100 �C for 8 h.

The resulted MWCNT dispersion was vacuum filtered and

washed with distilled water until neutral pH. The sample

was finally dried at 80 �C overnight. The HNO3-treated sample

was prepared in a similar condition but only refluxed for 2 h.

The sample was also washed with distilled water, and dried at

80 �C overnight. Both treatments would result in freestanding

CNT films with yields over 80%.

The morphology and microstructure of chemically modi-

fied CNT were studied in a FEI Tecnai G2F20 transmission

electron microscope operating at 200 kV. Raman spectra were

recorded on a Horiba spectrometer (514 nm Ar laser, 24 mW).

XPS analysis was carried out on a Thermal Escalab 250xi spec-

trometer (50 kV, Al target). C1s XPS spectra were deconvoluted

into Gaussian–Lorentzian type peaks after applying a Shirley

background.

All electrochemical characterizations were performed in

CR2016 coin-type cells that were assembled in an argon-filled

glove box (M. Braun Inert Gas Systems Co. Ltd.). Lithium foil

was used as the counter electrode for all measurements. A

porous polymer film (Celgard 2400, USA) was used as a sepa-

rator. There was no Cu foil as a current collector in this cell

assembly. The electrolyte was 1 M LiPF6 in a mixture of ethyl-

ene carbonate and diethyl carbonate with a volumetric ratio

of 1:1. The galvanostatic discharge–charge process was mea-

sured on a Land battery testing system (Wuhan Land Elec-

tronic Co., China) from 0.01 to 3 V. Different specific

currents densities ranging from 35 to 3500 mA/g were applied

for the different rate characterization. CV experiments were

performed on a potentiostat/galvanostat electrochemical sys-

tem (PARStat 2273) in the voltage range of 0.01 to 3 V with a

scan rate of 0.1 mV/s. EIS results were collected on the same

apparatus with a perturbation input of 10 mV over the fre-

quency range from 100 kHz to 100 mHz. After electrochemical

tests, MWCNT electrodes were taken out and washed with

ethanol and distilled water for post-cycle characterizations.
3. Results and discussion

3.1. Morphological analysis

The as-grown MWCNT array can be easily drawn into a thin

MWCNT film that only consists of single-layered MWCNT

yarns arranged in a parallel fashion. The thin MWCNT film

was rolled onto a stainless steel cylinder to make freestand-

ing MWCNT electrodes, as shown in Fig. 1. The junction in

MWCNTs can be attributed to van der Waals interactions

[12]. For oxidized samples, the shape of MWCNT films can

be restored after the vacuum filtration process. Fig. 2 showed

TEM analysis of the morphology of pristine and chemically

modified MWCNTs. The graphitic lattice of pristine MWCNTs

can be clearly observed. However, the sidewall was covered

with a layer of rough deposit, which was probably a result

of hydrocarbon residue during the CVD (see in Fig. 2a). The

overall morphology of the chemically modified MWCNTs



Fig. 2 – TEM images of (a) pristine, (b) H2O2-treated, and (c)

HNO3-treated MWCNTs. White arrows indicate surface

defects.

Fig. 3 – Raman spectra of (a) pristine, (b) H2O2-treated, and (c)

HNO3-treated MWCNTs. (A colour version of this figure can

be viewed online.)

Fig. 4 – Deconvolution of the C1s XPS of (a) H2O2-treated and

(b) HNO3-treated MWCNTs. (A colour version of this figure

can be viewed online.)
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was almost the same as that of pristine MWCNT. Further

examination revealed that the sidewalls of treated samples

were much cleaner than that of pristine MWCNTs, and the

layer of hydrocarbon deposit almost disappeared (Fig. 2b

and c). Actually, the chemical oxidation has been proved as

an effective approach to purify the MWCNT by removing

the metal catalyst and the surface deposit [15,16]. Although

the surface deposit was almost oxidized, the graphitic lattice

was basically maintained, except for some slight imperfec-

tions indicated by white arrows in Fig. 2b and c. In addition,

the lattice of modified MWCNTs was less pronounced in com-

parison to pristine ones. Therefore, it strongly suggested that

the interactions between oxidants and MWCNTs during the

refluxing process would undoubtedly generate surface de-

fects but keep the entire graphitic structure intact.

3.2. Spectroscopic surface analysis

Fig. 3 complied Raman spectroscopy analysis for both pristine

and modified MWCNTs. Each of the Raman spectra consisted

of three characteristic bands, namely the D band at about

1347 cm�1, G band at about 1580 cm�1, and D’ band at about

1610 cm�1. The D and D’ bands were usually attributed to

the presence of amorphous carbon, surface defects, or lattice

imperfection and reflected disordering features of MWCNTs.

The G band, or the ‘graphite’ band, originated from in-plane

vibrations of carbon atoms with E2g symmetry [17–19]. There-

fore, defect concentration in MWCNTs can be estimated in

terms of the ratio of intensity of D band and G band (ID/IG).

As a result, pristine MWCNTs showed an ID/IG ratio of 0.605.

After oxidization, the intensity D band was obviously pro-

nounced and the ID/IG ratios for H2O2-treated and HNO3-trea-

ted samples were increased to 0.790 and 1.002, respectively.

Thus, we could conclude that the defect concentration of
MWCNTs was increased after chemical treatments. This con-

clusion was also consistent with TEM observations that the

chemical oxidation will not only clean the surface of

MWCNTs but also create defects in the form of distorted car-

bon rings or micropores [15].
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The species of functional groups on the surface of

MWCNTs were investigated by XPS. The C1s spectra of

H2O2-treated and HNO3-treated samples were shown in

Fig. 4. While different chemical reagents were used, both

C1s spectra of H2O2-treated and HNO3-treated samples can

be deconvoluted into the same number of peaks. The main

peak at 284.8 eV was attributed to the graphitic structure

composed of sp2-hybridized C–C bonds. At higher binding

energy, a peak at about 285.5 eV appeared as a result of

sp3-hybridized carbon on the defects of the nanotube struc-

ture. The surface functionalities can be categorized into three

components between 286 and 290 eV, corresponding to hydro-

xyl, carbonyl, and carboxyl groups (see in Fig. 4). The last

component located at 291.5 eV can be attributed to the p–p*

transition [17,20,21]. The same kind of functionalities may

suggest the similar mechanism in the oxidizing process, even

though different chemical reagents were applied. The inten-

sity of each component was indicative of the concentration

of functional groups that attached to the surface of MWCNTs.

The amount of oxygen in different treated-MWCNTs could be

given as O/C form, the ratio of oxygen contents against car-

bon contents. According to such analysis, the O/C ratios of

H2O2-treated and HNO3-treated MWCNTs were 0.027 and

0.05, respectively. Therefore, the amount of oxygen in the

modified MWCNTs would increase when they were oxidized

with HNO3, indicating a high concentration of surface defects.

Thus, the XPS analysis was in good agreement the Raman

results.

3.3. Electrochemical characterizations

3.3.1. Galvanostatic measurements
The galvanostatic method was employed to explore the lith-

ium storage capacities of all kinds of MWCNT electrodes.

Fig. 5 plotted voltage profiles of the first discharge–charge cy-

cle at a current density of 35 mA/g. All discharge curves

dropped rapidly to ca. 0.8 V and leveled off. The voltage pla-

teau at 0.8 V can be attributed to the formation of solid-

electrolyte interface (SEI) [22–25]. The coincidence of voltage

plateaus for pristine and chemically modified MWCNTs indi-

cated a similar mechanism of SEI growth on the surface of
Fig. 5 – The 1st-cycle discharge–charge profiles of pristine

and modified MWCNT electrodes. (A colour version of this

figure can be viewed online.)
MWCNTs, although both H2O2-treated and HNO3-treated

samples contained a number of surface functional groups.

The discharge curve was then sloping to the end state of dis-

charging. The irreversible capacity could be estimated as the

difference between discharge capacity and charge capacity

in the 1st-cycle, while the reversible capacity was taken as

the charge capacity in 1st-cycle. The irreversible and revers-

ible capacities of pristine MWCNTs were 665 mA h/g and

241 mA h/g, respectively. For the H2O2-treated sample, these

values were increased to 852 mA h/g and 334 mA h/g, and

further increased to 1186 mA h/g and 488 mA h/g for the

HNO3-treated sample. As shown in Fig. 5, the irreversible pro-

cess accounted for the most part of discharge capacities of

the 1st-cycle. The increase in irreversible capacities indicated

more lithium consumption by SEI formation. However, it is

worth to note that the increased concentration of surface de-

fects would also enhance the reversible capacities, as mani-

fested in HNO3-treated samples.

Fig. 6 showed cycle stability up to 80 cycles for all kinds of

MWCNTs at the current density of 35 mA/g. All three MWCNT

samples exhibited a sharp capacity decrease in the beginning

stage but started to deliver stable capacities after 10 cycles.

Conversely, the Coulombic efficiency increased from less than

30% for the first cycle to over 90% for the 10th cycle, and then

stabilized afterwards (Fig 6b). Such poor Coulombic efficien-

cies for the first cycle resulted from the irreversible growth

of SEI and had been observed in many other nano carbon

materials [4,26,27]. After 80 cycles, the cell based on pristine
Fig. 6 – (a) Cyclic performance of pristine and modified

MWCNTs and (b) Coulombic efficiency at a current density of

35 mA/g and a voltage range of 0.01–3 V. (A colour version of

this figure can be viewed online.)
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MWCNTs maintained a reversible capacity of 254 mA h/g.

Promisingly, H2O2-treated and HNO3-treated samples deliv-

ered much better cycle performance than pristine ones

throughout the measurement, and exhibited reversible

capacities of 364 mA h/g and 391 mA h/g, respectively, at the

80th cycle. It is briefly concluded that MWCNTs would deliver

capacities that are competitive with that of commercial

graphite (372 mA h/g) after proper chemical modification.

Moreover, all kinds of MWCNTs displayed almost the same

Coulombic efficiencies and little capacity fading in long-term

cycle tests.

3.3.2. CV, EIS and post-cycle characterizations
CV measurements were used to explore the lithium inser-

tion/extraction process in H2O2-treated and HNO3-treated

samples, as plotted in Fig. 7. Both Fig. 7a and b showed a

sharp cathodic peak during the initial discharging process.

Compared with voltage profiles in Fig. 5, the onsets of the

peak were in good agreement with the voltage of the pla-

teaus. Thus, this peak could be assigned to the formation

SEI during the lithiation process. Such cathodic peaks disap-

peared from the 2nd cycle, indicating that SEI became stable

and had little effects on the capacities in proceeding cycles.

As a result, both H2O2-treated and HNO3-treated samples
Fig. 7 – CV profiles of (a) H2O2-treated and (b) HNO3-treated CN

Fig. 8 – Impedance spectra of (a) H2O2-treated and (b) HNO3-treate

figure can be viewed online.)
displayed similar CV curves for the 2nd cycle. Whereas the

peak positions were almost the same, the area differences

measured the amount of SEI. By comparing cathodic curves

of Fig. 7a and b, it is clear that the more enrichment of de-

fects and functional groups on the surface of HNO3-treated

samples would result in both increased irreversible and

reversible capacities.

In order to further explore the electrochemical processes

of H2O2-treated and HNO3-treated MWCNTs, impedance

spectra were recorded before and after CV tests (Fig. 8). The

EIS results of H2O2-treated and HNO3-treated MWCNTs com-

monly featured depressed semicircles, followed by straight

lines with a near 45� slope to the real axis. The spectra could

be recognized as the following three processes during lithium

insertion into MWCNTs: a charge-transfer process between

the CNT electrode and the electrolyte at high frequency re-

gion, a migration process of lithium ions on the CNT electrode

surface at intermediate frequency region, and a solid-state Li+

diffusion process into electrode materials at low frequency

region [28]. After the CV test, the sizes of semicircles of both

H2O2-treated and HNO3-treated MWCNT electrodes signifi-

cantly decreased. This observation might indicate that chem-

ically treated MWCNTs were more favorable for Li+ transfer

and diffusion at the electrolyte/electrode interface [29].
Ts. (A colour version of this figure can be viewed online.)

d MWCNTs before and after CV test. (A colour version of this



Fig. 9 – TEM images of (a) H2O2-treated (b) HNO3-treated

MWCNTs after CV test. Residue of electrolyte was indicated

by white arrows. Insets of (a) and (b): MWCNTs with etched

or opened ends.

Table 1 – ID/IG intensity ratios of MWCNTs before and after
cycling.

Sample Pristine H2O2-treated HNO3-treated

Before cycling 0.605 0.79 1.002
After cycling 0.622 0.832 1.206

Fig. 10 – Rate performance of pristine and chemically treated

MWCNTs. Current density from 35 to 3500 mA/g. Voltage

range from 0.01 to 3 V. (A colour version of this figure can be

viewed online.)

Table 2 – Reversible capacities (mA h/g) of MWCNTs at
different current densities.

35 mA/g 175 mA/g 350 mA/g 3500 mA/g

Pristine 265 171 121 27
H2O2-treated 382 264 206 66
HNO3-treated 424 330 302 156
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To gain a further understanding to the impact of electro-

chemical process on MWCNT samples, the post-cycle TEM

images of H2O2-treated and HNO3-treated MWCNT electrodes

were collected (Fig. 9). The electrochemical process did not

modify the surface structure significantly (Please note that

the deposit on the surface might arise from unwashed SEI

layer, as indicated by white arrows in Fig. 9a and b). However,

the end of MWCNTs was much more vulnerable with respect

to the electrochemical process. As a result, CNTs with etched

or opened ends were observed in TEM for both H2O2-treated

and HNO3-treated samples. Remarkably, there were a greater

number of open-end tubes in the HNO3-treated samples in

comparison with those H2O2-treated samples (insets of

Fig. 9a and b). Indeed, post-cycle Raman study provided clear

evidences. After such electrochemical cycles, ID/IG of H2O2-

treated samples increased little from 0.792 to 0.832, while that

of HNO3-treated sample greatly increased from 1.002 to 1.206
(Table 1). Please note that ID/IG of pristine MWCNTs just in-

creased from 0.605 to 0.622, indicating that new defects were

likely generated on the basis of existing ones. The difference

of the change in ID/IG strongly indicated that HNO3-treated

samples underwent the highest degree of surface damage,

due to the highest initial surface defect concentration.

Although the lithium interaction may cause more surface de-

fects, these damages would only be restricted to the outer

wall and caps of MWCNTs and no significant number of

shortened segments was found in TEM studies. As a matter

of fact, both long-term capacity retention and cycle reversibil-

ity were pertained. The higher concentration of surface de-

fects and the greater number of opened ends in HNO3-

treated MWCNTs may further decrease the energy barriers

and thus resulted in a reduced charge transfer resistance

(cf. Fig. 8b). Accordingly, it may suggest distinct kinetics in

high current density tests for H2O2-treated and HNO3-treated

MWCNTs, with respect to those untreated.

3.3.3. Rate performance
Fig. 10 showed the rate performance of pristine and chemi-

cally modified MWCNT electrodes at current densities up to
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3500 mA/g. The reversible capacities of different samples un-

der each current density were compared in Table 2. Pristine

MWCNTs presented a specific capacity of 265 mA h/g at a cur-

rent density of 35 mA/g and but it rapidly decreased to

27 mA h/g when the current density reached 3500 mA/g.

H2O2-treated samples exhibited a specific capacity of

382 mA h/g at the initial current density and dropped to

264 mA h/g, 206 mA/g, and 66 mA h/g, at current densities of

175 mA/g, 350 mA/g and 3500 mA/g. With respect to

HNO3-treated samples, a much better capacity retention

was observed. A high reversible capacity of 424 mA h/g was

delivered at 35 mA/g. As the current density increased, it

slowly decreased to 330 mA h/g and 302 mA h/g at current

densities of 175 mA/g and 350 mA/g. At the highest current

density of 3500 mA/g, the HNO3-treated MWCNT electrode

can still deliver a capacity of 156 mA h/g, corresponding to a

capacity retention of 37% of its initial values. More impor-

tantly, the reversible capacity of HNO3-treated samples can

be reinstalled to 445 mA h/g when the current density re-

turned to 35 mA/g. In contrast, pristine MWCNTs only deliv-

ered a poor capacity of 27 mA h/g at such a high current

density. The slight increase in the specific capacity (from

424 to 440 mA h/g) for HNO3-treated MWCNTs after 40 cycles,

as shown in Fig. 10, might be attributed to the increase of de-

fects concentration. Raman spectra showed that the ID/IG ra-

tio of HNO3-treated MWCNTs increased to 1.219 after the rate

test, higher than those after the cycle test. We assumed that

MWCNTs were subject to a greater lattice strains for Li+ inser-

tion/extraction at higher current densities, but the exact

mechanism of surface defects propagation was still unclear.

The specific capacity of pristine MWCNTs varied only by

5 mA h/g, and no changes in ID/IG were found after the rate

test. The H2O2-treated MWCNTs exhibited a slight decrease

in specific capacity after the high current density tests. The

sample inhomogeneity was still an uncontrollable factor,

even though we have used rather uniform super-aligned

MWCNTs. In comparison with pristine MWCNTs, the higher

capacity delivered at all current densities by chemically trea-

ted samples could not only be attributed to the increased

number of active sites that linked with the concentration of

surface defects, but also result from the change in surface

polarity that may improve the interaction between ions in

the electrolyte and the surface of solid electrodes. The com-

parison between chemically treated samples revealed that

improvement in the rate capability of MWCNTs was a func-

tion of the extent of oxidation, which might also lower the

energy barrier of Li+ diffusion in MWCNTs.

4. Conclusion

We systematically characterized and explored electrochemi-

cal properties of pristine and chemically treated super-

aligned MWCNTs. It was found that the oxidizing treatment

would increase the defects concentration and introduce oxy-

gen functionalities on MWCNTs. Electrochemical tests

showed that both H2O2-treated and HNO3-treated MWCNTs

displayed a sharp distinction in both cycle stability and rate

capability compared with pristine MWCNTs. H2O2-treated

MWCNTs maintained a specific capacity of 364 mA h/g after
80 cycles, while HNO3-treated MWCNTs maintained an spe-

cific capacity of 391 mA h/g. For rate performance, H2O2-trea-

ted MWCNTs displayed a capacity of 66 mA h/g at a high

current density of 3500 mA/g. Remarkably, HNO3-treated

MWCNTs revealed a much higher capacity of 156 mA h/g at

this current density, which was almost seven times that of

pristine MWCNTs. Thus, appropriate chemical treatments

would strengthen the promise of MWCNTs as a potential

electrode material for LIBs. Although MWCNTs do not have

a potential plateau, their capacitor-like behavior indicates

that the capacity could be easily monitored by the potential.

Hence, they may find special advantages in the fields where

the voltage output is less important than the capacity con-

tained inside the battery, e.g., stationary energy storage facil-

ities. Finally, specific capacities of MWCNTs in the voltage

range from 0.01 to 3 V were provided at a variety of charg-

ing/discharging rates, and, more importantly, these results

could be utilized as valuable references to estimate the prac-

tical contribution from MWCNT in composite electrodes,

specifically when they were exploited as anode materials.
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