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ABSTRACT

Despite extensive study on carbon nanotube (CNT), the proliferation of its real

applications has been hindered by its dispersibility in various organic or inor-

ganic media. Very often complex surface functionalization processes are

required to endow CNTs with enhanced dispersibility. Hence, facile, high-yield,

and scalable functionalization methods for CNT for better dispersion are highly

desirable. Thermal annealing is sometimes adopted for purification of CNT;

however, limited discussion has been devoted to its functionalization effect and

surface chemistry, which directly determine CNT dispersibility. In this work,

via controlled mild thermal annealing, enhanced dispersion of functionalized

CNTs was achieved in different organic solvents, including ethanol, dimethyl

formamide, chloroform and acetone. Such enhancement had been studied

through qualitative (dispersion and sedimentation, TEM) and quantitative

analyses (XPS, Raman) of morphological structures and chemical states of

thermally functionalized CNTs. The analyses reveal that under mild thermal

annealing conditions, the surface oxidative reactions of the CNT can be well

controlled, with minimal damage to the graphitic structure of the CNT. A

plausible functionalization mechanism involving ether and quinone functional

groups is proposed. The advantages of thermal annealing toward enhanced

dispersion are further demonstrated by employing the functionalized CNT in

poly (vinylidene fluoride) composite and drop-cast conductive CNT pattern.

Introduction

In the past two decades, carbon nanotubes (CNTs) as

a quasi-1D material have been extensively investi-

gated because of their unique and outstanding

mechanical, chemical, electrical, electronic, and ther-

mal properties. Their applications include, but not

limited to, composite materials, sensors, photovoltaic

devices, actuators, transistors, and energy storage

devices [1–3]. However, due to the typical high aspect

ratio ([100) and existing Van der Waals forces
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between CNTs, they usually form highly entangled

bundles [4]. Such entanglement of CNTs causes poor

dispersion in any solvent and seriously hinders their

potential applications. Multiple strategies have been

explored to disperse CNTs in various solvents via

covalent and non-covalent modifications. Oxidation

by strong acids is often a common and effective

chemical modification, which introduces polar sur-

face functional groups, e.g. carboxylic, hydroxyl, and

ketone groups, to render good dispersion in mainly

aqueous medium [5, 6]. Despite the effectiveness of

acid/chemical oxidation, the drawbacks of this

approach are obvious. Its required usage of large

quantity of strong acids limits industrial scale pro-

duction and causes pollution. Another method is

non-covalent physical wrapping of polymers on the

surface of CNTs, which can also improve CNT dis-

persion [7, 8]. Unlike oxidation, physical wrapping

does not directly introduce new functional groups on

CNTs. The polymer chains usually interact physically

with CNTs to form a supramolecular structure.

However, these physically wrapping polymers have

to be specially designed and involve tedious syn-

thesis steps, again limiting its practicality.

Thermal annealing is widely adopted to process

carbon materials, contributed by its simplicity, scal-

ability, and environmental friendliness [9, 10]. It is

known that annealing at high temperature in inert

atmosphere generates more graphitic CNTs by

removing dangling bonds and functional groups,

while annealing at low temperature in oxidative gas

(e.g. air or ozone) could have multiple effects on

CNTs structures [11, 12]. Yang et al. functionalized

MWCNTs in air at 500 �C and demonstrated

enhanced catalytic performance for wet air oxidation

of phenol contributed by introduced oxygen-con-

taining functional groups [13]. Li et al. [14] and Seo

et al. [15] reported improved electric double layer

capacitance of MWCNTs thermally annealed in air,

contributed by the increased surface area. Kung et al.

[16] and Zeng et al. [17] studied the effects of heat

treatment in air toward field emission of MWCNTs.

They found lowered onset emission voltage and

enhanced emission current with thermal annealing,

which was claimed to be the result of selectively

opened CNTs tips and increased surface area. We

would like to highlight that most of the previous

works on thermal annealing of CNTs focused on

CNT-based device performance, paying little atten-

tion to relationship between surface chemistry during

thermal functionalization, as well as the dispersion

behaviour in organic solvents. In this work, by con-

trolling the thermal annealing conditions, we studied

the effects of relatively mild annealing in oxidative

atmosphere toward MWCNTs dispersion. Under the

controlled conditions, the structural integrity of the

CNT was maintained during our mild thermal

annealing, at the same time promising high func-

tionalized CNT yield. We propose a new mechanism

that involves the formation of oxygen-containing

surface ether C–O–C and quinone C=O functional

groups, which directly help enhancing the CNT

dispersion.

Experimental section

Materials

Multi-wall carbon nanotubes (MWCNTs) with aver-

age diameter of 10 nm and average length of 1.5 lm
were purchased from Nanocyl, Belgium. The surface

area of CNTs is 250–300 m2/g. Poly (vinylidene flu-

oride) (PVDF) powder was purchased from Alfa

Aesar. The solvents used, which include analyti-

cal grade ethanol, acetone, chloroform and N,

N-Dimethylformamide (DMF), were purchased from

Sigma Aldrich.

Thermal annealing

Annealing process was performed using a Thermal

Gravimetric Analyser (Q 500, TA Instruments). Raw

CNTs without any pre-treatment were placed in a

platinum boat and were heated up in air with a flow

rate of 5 mL/min, to the pre-set temperature between

350 and 550 �C at 5 �C/min.

Characterizations

The morphology of CNTs was studied using trans-

mission electron microscope (TEM) (Carl Zeiss Libra

120 Plus). The fractural morphology of prepared

composite samples was studied by field emission

scanning electron microscope (FESEM) (JEOL JSM-

7600F). SEM samples were prepared by firstly

immersing the CNT/polymer composites inside liq-

uid nitrogen before fracturing them, and then the

fractural surfaces were coated with platinum for 45 s

before SEM observation. Compositional analysis of

CNTs was carried out using an X-ray photoelectron
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spectroscopy (XPS) equipped with an Axis Ultra

spectrometer (Kratos Analytical). A monochromatic

Al Ka X-ray (1486.7 eV) operating at 15 kV was used

as the source. Raman spectra were recorded by a

Witec Alpha 300 SR spectrometer with an Argon ion

laser (488 nm, 20mW) as the excitation source. For

each sample, five Raman spectra were recorded at

difference sample locations. To test the electrical

resistivity of thermally annealed CNTs, 0.5 mg CNTs

were dispersed in 10 mL ethanol and drop cast at

50 �C on glass with patterned ITO electrodes. The

electrical measurement was done by Hewlett Packard

4140B pA Meter/DC Voltage source. The I–V curves

were measured over a range of 0.2 to -0.2 V, with a

step of 0.01 V in normal ambient.

Results and discussion

One of the main objectives of this work is to effec-

tively functionalize CNTs in oxidative atmosphere at

elevated temperature, at the same time not damaging

their structural integrity to ensure highest possible

functionalized CNT yield. Therefore, a minimal air

flow rate i.e. 5 mL/min was employed in this study.

The annealing temperature range was decided to be

between 350 and 550 �C. In fact, oxidation only

occurs above a critical temperature and accelerates as

temperature increases; too high the temperature

leads to rapid and excessive oxidation of CNTs,

resulting in low yields. For example, our separate

work showed that heating CNTs up to 650 �C led to

59 % weight loss. Although the thermally annealed

CNTs can form stable solvent dispersion for months,

observation of morphologies using TEM revealed

substantial damage of the graphitic structure (Fig-

ure S1), which compromises its electrical properties.

Figure 1a shows the weight loss of various ther-

mally treated samples. At 350 �C, the residue mass is

almost constant from 30 to 120 min of annealing

duration, suggesting that CNTs are insensitive to

oxidation at this temperature. Higher annealing

temperature expectedly leads to higher oxidation

rate. For heating above 400 �C, the weight loss

increases with longer annealing duration. When

treated at 450 �C for 30 min (A3), 96.4 wt% CNTs

were obtained. With prolonged annealing duration to

60 (B3), 90 (C3) and 120 min (D3), the residue mass

decreased to 95.8, 93.8 and 91.9 %, respectively. At

fixed 60-min annealing duration, the residue mass for

samples treated at 400, 450, 500 and 550 �C are 98.0,

95.8, 74.1 and 34.7 wt%, respectively. The oxidation is

greatly accelerated at 90 min@550 �C annealing and

almost no carbon-based material remained, leaving

behind only metal oxide catalytic materials (C5 and

D5).

With successful thermal functionalization, the

introduced oxygen-containing groups on CNTs are

able to form hydrogen bonding with polar solvents

(e.g. ethanol) leading to enhanced dispersibility of

CNTs. However, samples annealed at 350 �C with

different durations (A1, B1, C1 and D1) were poorly

dispersed (Fig. 1b), indicating ineffective functional-

ization. Minimal weight loss and no clear improve-

ment of dispersibility were observed for the samples

Figure 1 The residue masses at different annealing conditions

(a) and digital photographs of 1-week CNTs dispersion samples,

prepared by sonicating 0.5 mg CNTs in 10 mL ethanol for 60 min

(b). Labelled on glass vials are the sample codes corresponding to

different thermal functionalization conditions.
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annealed at 400 �C from 30 to 120 min (A2, B2, C2

and D2). Samples annealed at 450 �C with shorter

duration (A3: 30 min and B3: 60 min) also could not

be dispersed well in ethanol. Nevertheless, the fact

that better dispersibility of CNTs followed by exten-

ded annealing duration (C3, 90 min and D3, 120 min)

suggested that certain amount of oxygen-containing

groups had formed on CNTs at 450 �C. All four

samples annealed at 500 �C (A4, B4, C4 and D4)

showed satisfactory dispersibility in ethanol. High

enough annealed CNT yields were also achieved

under this temperature, i.e. 85.0, 74.1, 67.6 and 62.7

wt% respectively for annealing duration from 30 to

120 min. The yield is much higher than that of similar

previous work that employed air as to purify CNTs,

which is believed to be contributed by much milder

oxidation with minimal air flow rate in this study

[18]. Higher annealing temperature at 550 �C is much

more effective in oxidizing CNTs. Samples treated at

this temperature with short duration of 30 or

60 min (A5 and B5) showed very good dispersibility.

However, the annealing yield is low, which were 42.0

and 34.7 wt%. The structural integrity of CNTs

annealed under these conditions had been compro-

mised. Longer annealing durations (C5: 90 min and

D5: 120 min) led to formation of metal oxide residue,

which is impossible to be dispersed in ethanol.

Besides ethanol, representative organic solvents with

different polarities, i.e. acetone, chloroform and DMF

were also found to be able to disperse well the ther-

mally functionalized CNTs (Figure S2).

From the dispersion test, annealed samples A4

(30 min@500 �C) and D3 (120 min@450 �C) showed

that their conditions are optimal, contributed by the

combined high yields and excellent dispersibility of

CNTs. To examine their surface morphologies, TEM

(shown in Fig. 2) was employed. Comparing with

that of raw CNTs, it can be seen that samples A4 and

D3 have similar overall morphology with subtly

rougher surfaces (Fig. 2b, c inset images). The defects

and particles generated on the CNTs surface evi-

denced the successful functionalization via thermal

annealing. The weight losses for both samples are less

than 15 %, mainly attributed to the evaporation of

moisture and elimination of amorphous carbon,

while not including the oxidative gasification of car-

bon atoms. These results again demonstrate that

controlled thermal annealing can facilely functional-

ize CNT at high yield and achieve excellent disper-

sion in organic solvents, without excessively

damaging the integrity of the graphitic structure.

Conventional CNT functionalization by boiling acids

severely damages the graphitic structure of the

CNTs, creating a relatively thick amorphous layer on

outer surface of CNTs [19]. Such amorphous layer

adversely affects the thermal stability and electrical

properties. Obvious structural damage because of the

rapid and excess oxidation at this temperature could

be observed in sample B5 (Fig. 2d). It is well accepted

that the CNT tips, as well as bends and kinks within

the tubular structures, bear more strain and are more

prone to be attacked upon oxidation. Thus, CNT

surfaces are likely to be opened or cut at these posi-

tions, leading to shorter tubes with varied curvatures

[20]. No obvious CNTs fragmentation effect or cur-

vature changes were observed from our TEM images,

which are believed to be caused by the mild oxidative

condition used in this work. Nevertheless, the CNT

surface of sample B5 is thinner than that of raw

CNTs, indicating that the outer layers of CNTs have

been ‘etched off’ via oxidation.

The effect of thermal functionalization toward the

surface chemistry of CNT was further investigated by

Raman spectroscopy. It is well known that Raman

effect is sensitive to any chemical modifications of

Figure 2 TEM images of a raw CNTs and annealed CNTs under

different conditions:bA4, 30 min@500 �C cD3, 120 min@450 �C
and d B5, 60 min@550 �C. The insets are enlarged images showing

structural changes after thermal functionalization; in which CNT

surface of sample A4 and D3 is well preserved while that of B5 is

clearly damaged.
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CNT, such as any introduced defects and new func-

tional groups [14, 21, 22]. Raman spectra were col-

lected from groups with fixed annealing duration

(A1, A2, A3, A4 and A5) and temperature (A3, B3, C3

and D3), as shown in Fig. 3. The peak called D band

around 1350 cm-1, representing sp3 carbon atoms, is

closely related to the integrity and intactness of the

graphitic structure. The intensity of D band increases

with the increase of defects sites, impurities, and the

amount of amorphous carbon [23]. The peak at

1570 cm-1 is called G band, which comes from the

conjugated carbon atoms of sp2 hybridization. The

ID/IG intensity ratio is a frequently used indicator of

defects on CNTs. When temperature increased from

350 to 450 �C, ID/IG values of A1, A2 and A3 also

increased slightly, indicating very minor oxidation. It

is known that thermal annealing has dual effects

toward CNTs structure. On one hand, CNT can be

oxidized and new defects sites formed, contributing

to the D band. On the other hand, amorphous carbon

on the CNT surface can be effectively eliminated,

reducing the intensity of D band. It is believed that

the amorphous carbon was largely reduced in A4

sample, which effects overwhelmed that of the newly

formed defects, leading to an eventual suppressed

ID/IG value. Similar phenomenon was also reported

by other group [18]. The large increase of ID/IG value

from A4 to A5 is caused by the extensive oxidation

that created plenty of dangling oxygen-containing

groups. Same trend was also observed when CNTs

were annealed at fixed temperature and varied

durations. Slight increase of ID/IG value was

observed for A3 and B3 samples, as compared with

that of raw CNTs. The ID/IG value declined firstly

before increasing again, indicating simultaneous

elimination of amorphous carbon and creation of new

functional groups.

XPS is a useful tool to study the elemental com-

positions and functional groups on CNTs, either

qualitatively or quantitatively [24–27]. Figure 4a

shows the C1s and O1s XPS spectra of raw CNTs and

representative annealed samples. The oxygen content

found in raw CNTs is believed to be due to impuri-

ties or catalyst residues. The oxygen content increases

after thermal annealing; explaining the enhanced

dispersibility of CNTs in organic solvents as more

hydrogen bonding is formed. The total oxygen con-

tents of a series of selected samples are summarized

in Table 1. The oxygen contents are 5.56, 7.37, 7.42

and 12.93 % for samples A3, A4, D3 and A5,

respectively, showing a gradual increasing trend at

higher temperature/longer duration.

The deconvoluted C1s and O1s spectra are shown

in Fig. 4b–d. The C1s peak for raw CNTs and

annealed CNTs can be deconvoluted into and fitted

by two sub-peaks. The major peak with a binding

energy at 284.8 eV corresponds to sp2 hybridized

carbon atoms of the graphitic structure in the CNTs,

while the minor peak at 285.8 eV is assigned to sp3

hybridized carbon atoms bonded to oxygen [28]. The

sp2 hybridized carbon contents are calculated to be

84.71 82.52, 81.41, 80.25, 76.25 % for of raw CNTs and

annealed samples A3, D3, A4 and A5, respectively

(Table 1). There is only a small reduction of sp2

Figure 3 Raman spectra of raw CNTs and annealed samples.

a CNTs are annealed for 30 min at different temperatures, b CNTs

are annealed at 450 �C for different durations. The curves are

normalized with the G band as the reference, so the ID/IG values

can be easily compared. The ID/IG values of each samples are

included inside the right-hand-side brackets.
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carbon content in the annealed samples. Corre-

spondingly, the O1s spectra can also be fitted into

two peaks. The lower binding energy peak at

531.9 eV is assigned to be quinone groups (C=O), and

the other peak at 533.2 eV belongs to ether groups

(C–O–C) [29, 30]. Closer examination of the func-

tional group ratios summarized in Table 1 further

reveals that increasing annealing temperature has

larger influence on contents of C–O–C and C=O

functional groups than that of increasing annealing

duration (C1s Table 1). Data derived from O1s

spectra in Table 1 show that the relative contents of

–O– (related to C–O–C) and =O (related to C=O) are

very different when annealed at 450, 500, and 550 �C.
It is important to note that higher annealing tem-

perature has clearly favoured the formation of ether

groups (C–O–C) at the expense of quinone groups

(C=O). For example, the C–O–C group percentage of

sample A3 annealed at 450 �C is 16.40 %. It increased

to 23.13 and 45.27 % in samples A4 and A5, which

were annealed at 500 and 550 �C. It is also noted that

samples A4 (30 min@500 �C) and D3 (120 min@

450 �C) have almost the same total oxygen content,

i.e. 7.37 and 7.42 %. However, the C–O–C to C=O

ratio in sample A4 is 0.30 while that in D3 is 0.23.

These observations indicate that shorter duration/

higher temperature annealing leads to more C–O–C

groups than longer duration/lower temperature

annealing, while the latter yields more C=O groups.

Different from thermal annealing, oxidizing CNTs in

strong acids leads to other types of functional groups.

Apart from the main peak of graphitic sp2 around

284.8 eV, acid-treated CNTs also comprise C–OH and

COOH [24, 31], which are absent in our thermal-an-

nealed samples. The absence of these two functional

groups is an important reason that thermally

annealed CNTs has poorer dispersion in aqueous

medium, despite well dispersed in organic solvents.

Based on Raman and XPS analyses, we hereby

propose a plausible reaction mechanism that involves

the formation of surface ether and quinone groups on

CNTs during thermal annealing, which are illus-

trated in Fig. 5. To form C–O–C group, the first and

also the determining step is the 1, 4 peroxidation.

After that, the p electrons in the two adjacent C=C

bonds rearrange and simultaneously form single

bonds with the two oxygen atoms, while the –O–O–

bond breaks homolytically. On the other hand, the

formation of C=O groups begins with a 1, 2 peroxi-

dation on the graphitic ring, and this is followed by

simultaneous homolytic breaking of C–C and O–O

bond, leading to the formation of two quinone

groups. It is seen in XPS analysis that lower tem-

perature is less favourable in generating C–O–C

groups, i.e. less favourable to 1, 4 peroxidation. This

is reasonable as the activation energy for 1, 4 perox-

idation in the planar graphitic ring is higher than that

of 1, 2 peroxidation.

Enhanced dispersion of CNTs in organic solvents

directly indicates the potential of readily incorporat-

ing the thermally functionalized CNTs into polymer

Figure 4 XPS spectra of raw CNTs, sample A4

(30 min@500 �C) and A5 (30 min@550 �C) (a) and deconvo-

luted high resolution XPS C1s spectra of raw CNTs (b1) A4 (c1)

and A5 (d1); the corresponding O1s are given in (b2), (c2) and

(d2), respectively. The oxygen contents for raw CNTs, A4 and A5

are calculated to be 5.53, 7.37 and 12.93 %, respectively.
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matrices using conventional solution blending

approach. To demonstrate such application, we

compared composites with annealed CNTs and the

raw CNTs dispersed in a PVDF matrix. Figure 6

compares the morphologies of the cryo-fractured

morphologies of PVDF composites containing

annealed CNT sample (sample D3) and raw CNTs

(both 0.2 wt%), prepared by using DMF as the sol-

vent. It can be seen that raw CNTs formed distinct

and large aggregations in the polymer matrix

(Fig. 7a, b), while annealed CNTs of sample D3 were

individually separated and well dispersed through-

out the polymer matrix (Fig. 7c, d). Achieving such a

good dispersibility of CNTs in a polymer matrix is

non-trivial and often requires lengthy and laborious

treatment procedures that have poor scalability such

as specialized grafting [32, 33].

Good CNTs dispersion, with minimal structural

damage, is particularly important for the applications

of CNTs as conductive coating or circuitry. Inkjet

printing represents one patterning technique that has

been employed to fabricate conductive CNT films

[34–36]. Despite the efforts, the difficulty to prepare

uniformly dispersed CNT printing solution hinders

this application. Previous works mostly used acid

treated CNTs or surfactant to improve dispersion;

however, these methods suffer from process com-

plexity and compromise of electrical conductivity. To

demonstrate the feasibility of using thermally func-

tionalized CNTs as printing ink, ethanoic solutions

containing annealed CNTs were drop-cast onto ITO

patterned glasses, and electrical conductivity was

tested. The resistivity of 10 lL of annealed CNTs at

30 min@ 500 �C and raw CNTs without any treat-

ment on ITO patterned glass are shown in Fig. 7. As

shown also in the top-left inset are the optical images

of samples with different ink volumes. It clearly

shows that raw CNTs aggregated after the evapora-

tion of solvent, and they stayed electrically insulated

from each other on the ITO patterned glasses, due to

the poor dispersion of raw CNTs and poor wetting to

the substrate. The conductivity test shows that the

Table 1 Percentages of different C and O oxidation states as determined from XPS spectra

Sample C 1s O 1s Total

O wt%
284.8 eV (C–C) (%) 285.8 eV (C–O–C, C=O) (%) 531.9 eV (=O) (%) 533.2 eV (–O–) (%)

Raw CNTs 84.71 15.29 84.71 15.29 5.53

A3 (30 min@450 �C) 82.52 17.48 83.60 16.40 5.56

A4 (30 min@500 �C) 80.25 19.75 76.87 23.13 7.37

A5 (30 min@550 �C) 76.25 23.75 54.73 45.27 12.93

D3 (120 min@450 �C) 81.41 18.59 81.37 18.63 7.42

Figure 5 The proposed mechanisms of CNT surface functionalization via thermal annealing. The top part shows the formation of ether

functional group, while the bottom part shows the formation of quinone group.
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pattern formed by raw CNTs is insulating until the

feeding volume increased to 30 lL. By contrast, the

thermally functionalized CNTs exhibited good pat-

tern uniformity and obvious electrical conductivity,

contributed by the oxygen-containing groups intro-

duced during thermal annealing that enabled the

good dispersion of CNTs in organic solvents and

enhanced wetting to substrate. Again, it is shown

that mild thermal annealing of CNT ensures the

elimination of amorphous carbon, introducing func-

tional groups and intactness of graphitic structures,

which are critical in ensuring the high conductivity.

Conclusion

In this work, controlled mild thermal functionaliza-

tion of CNTs was carried out and shown to be an

effective route for surface modification of CNTs. This

is a facile method which leads to high yield of

annealed CNTs as high as 90 %. After annealing at

optimal temperature and duration, enhanced dis-

persion was demonstrated for the annealed CNTs in

various organic solvents including ethanol, dimethyl

formamide, chloroform and acetone. It was also

shown that the controlled thermal annealing caused

minimal damage to the graphitic structures of CNTs,

as concluded from both Raman and TEM analysis. A

plausible functionalization mechanism related to

surface chemistry is hereby proposed based on

detailed Raman and XPS spectroscopic analyses, i.e.

thermal annealing introduced uniform surface ether

C–O–C and quinone C=O groups on CNT surface.

We further demonstrated that thermal annealing is

scalable and the resultant CNTs can be readily used

for preparing CNT/polymer composite and fabri-

cating printed electronics. This facile and scalable

treatment process for CNTs opens up a lot of

opportunities of wide range of applications that

requires uniformly dispersion CNTs within an

organic media.
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