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ABSTRACT

Single-walled carbon nanotubes (SWCNTs) networks have attracted great

attention for electronic and energy-harvesting applications, including thermo-

electric (TE) devices. However, the simultaneous production of metallic

SWCNTs (m-SWCTNs) and semiconducting SWCNTs (s-SWCNTs) randomly

with distinct electronic structures always hinders the specific usage. The

investigation of the influence of different electronic structures by nature or

artificially on the TE performances of monodispersed SWCNTs is significative.

In this report, high purity of separated m- and s-SWCNTs was chemically

functionalized with 4-bromobenzene diazonium tetrafluoroborate, leading to

the hybridization of C atoms changed from sp2 to sp3. The influence of the

electronic type of SWCNTs on the TE properties as a function of the modifier

agent was systematically investigated. As a consequence, the maximum power

factor of s-SWCNTs networks was as high as 244.2 lW m-1 K-2 under the

optimal condition, whereas it was only 5.3 lW m-1 K-2 for m-SWCNTs net-

works. In addition, grafting of functional groups onto the sidewall of nanotubes

was predicted to further decrease the thermal conductivity, which is beneficial

to increment of the ZT values. Based on these results, we believe that the pure

s-SWCNTs and a variety of chemically functionalized composites have great

potential as candidate for TE applications.

Introduction

Thin films of entangled single-walled carbon nan-

otubes (SWCNTs) are widely investigated for appli-

cations in variety of technologies such as

photovoltaics [1], organic light-emitting diodes [2],

flat-panel displays [3], printed electronics [4, 5],

biosensors [6] and thermoelectric (TE) power gener-

ators [7, 8]. The ease of solution processing SWCNTs

as thin films and their mechanical flexibility and

compatibility with other electronic active organic
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materials motivate research to further improve their

electronic and TE properties. Many factors can

influence the charge and heat transports of SWCNTs

networks, including network morphology [9], chem-

ical doping [10, 11] surface defects [12] and so on.

Individual nanotube is either metallic SWCNTs (m-

SWCNTs) or semiconducting SWCNTs (s-SWCNTs)

which depends on its chirality [13]. Since the m- and

s-SWCNTs possess diverse band structures, the

electrical conductivity and Seebeck coefficient which

closely related with the density of state (DOS) [14, 15]

are predicted to be discrepant. Therefore, the TE

properties of SWCNTs networks can be significantly

influenced by the electronic types of nanotubes.

Furthermore, in order to fully use the potential of

SWCNTs networks in TE devices, it is crucial to uti-

lize monodispersed nanotubes that improve the

electronic homogeneity to achieve optimal perfor-

mance. Recent years, achieved progress in the effi-

cient separation of SWCNTs by electronic type

[16–19] allows investigations on the TE properties of

as-deposited m- and s-SWCNTs networks.

According to previously reported literatures,

physical treatment [20, 21] or chemical functional-

ization [22–24] of nanotubes played an important role

on the TE properties of SWCNTs networks. Unfor-

tunately, most attentions were paid to a heteroge-

neous mixture of m-SWCNTs and s-SWCNTs in an

approximate ratio of 1:2 and the influence of elec-

tronic type of SWCNTs on the TE properties was

rarely reported. Actually, due to the distinct different

energy band structure, it was expected the

monodispersed SWCNTs networks appear quite dif-

ferent TE properties [25, 26]. On the other hand, there

always exist different kinds of defects on the nan-

otubes naturally or artificially, which affect the orig-

inal properties or produce novel properties of

nanotubes [27, 28]. Chemical functionalization is one

of the most frequent ways to alter the intrinsic

properties of nanotubes deliberately. Hence, it is

worth and interesting to investigate the influence of

chemical functionalization on the TE properties of m-

and s-SWCNTs networks.

In this report, the monodispersed SWCNTs net-

works were prepared with pure m- and s-SWCNTs

dispersions by using facile vacuum filtration tech-

nique, and their TE properties were studied, respec-

tively. 4-Bromobenzene diazonium tetrafluoroborate

(4-BBDT), which demonstrated chemical reaction

selectivity on the electronic type of SWCNTs [29],

was chosen as a typical modifier agent to chemical

functionalization of the m- and s-SWCNTs. Then, the

influence of electronic type of SWCNTs on the TE

properties as a function of 4-BBDT content was sys-

tematically investigated. It was found the maximum

power factor of s-SWCNTs networks was as high as

244.2 lW m-1 K-2 under the optimized condition,

which was better than most of organic TE materials.

On the contrast, the value was only 5.3 lW m-1 K-2

for m-SWCNTs networks. Following these results, we

believe that the pure s-SWCNTs and a variety of

relevant chemically functionalized composites have

great potential as candidate for future TE

applications.

Materials and methods

The monodispersed m- and s-SWCNTs dispersions

were purchased from NanoIntegris Inc. that are

synthesized by Arc discharge method and separated

by a density gradient ultracentrifugation technique

with the purity more than 99%. The separated m- and

s-SWCNTs were dispersed well in water through

utilizing 1% (w/v) of proprietary ionic surfactant in

NanoIntegris Inc. with a concentration of

0.01 mg ml-1. According to the database supplied by

NanoIntegris Inc. obtained from the statistical results

of atomic force microscopy (AFM), the mean length

of the s-SWCNTs was 1 lm, which was 2 times

longer than that of m-SWCNTs and the mean diam-

eter of both types was 1.4 nm. 4-BBDT and sodium

hydroxide (NaOH) were purchased from Aldrich and

applied directly without further purification. Deion-

ized water obtained from ultrapure water machine

(ATSelem 1810A) was used in all of the experiments.

To chemical functionalization on the sidewall of

s-SWCNTs, 100 mg 4-BBDT powder was firstly dis-

solved in water to obtain a homogeneous solution

(0.1 mg ml-1) by adjusting pH = 10 with NaOH.

Then, different volumes of 4-BBDT solution (3.6, 8.3

and 16.5 ml) were added into 6 ml of s-SWCNTs

suspensions following vigorous magnetic stirring for

30 min at room temperature. After that, thin films

were prepared through vacuum filtrating the mixture

solutions using a polycarbonate (PC) membrane

(pore size 0.4 lm, fromMillipore). The surfactant was

removed by rinsing with deionized water several

times. Finally, thin films of s-SWCNTs networks

functionalized with 4-BBDT were dried in an oven at
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80 �C for 1 h to evaporate the water completely. The

molar ratios between 4-BBDT and SWCNTs were

adjusted to be 0.3, 0.7 and 1.4, respectively (signed

with N4-BBDT/ Ns-SWCNT = 0.3, 0.7, 1.4). The same

procedure was carried out on m-SWCNTs suspen-

sion to investigate the influence of the electronic type

on the TE properties after chemical functionalized

induced by 4-BBDT. Furthermore, the pristine m- and

s-SWCNTs networks without chemical functional-

ization were also prepared by employing the typical

vacuum filtration technique.

The surface morphology of SWCNTs networks was

analyzed using scanning electron microscope (SEM,

Hitachi S-4800). An Ar? ion laser (514 nm) was used

as a source in the Jobin–Yvon HR800UV Raman

spectrometer to probe the functionalization degree of

the SWCNTs networks. The absorption spectrum was

obtained with spectrometer (Cary 5000). AFM (Park

system, XE-100) analysis was performed to observe

the morphology of SWCNTs networks. The electrical

conductivity was obtained with four-probe method.

The SWCNTs thin films were cut into strips, typically

20 9 20 mm. Each sample was pressure-contacted

with four parallel metallic Pt wires to perform the

standard four-probe measurement at room tempera-

ture. Current–voltage (I–V) sweeps were operated

using a Keithley 238 as the current source and a

34401A multimeter from Hewlett-Packard for the

voltage measurement. Electrical conductance was

obtained by taking the slope of the I–V curve and

converting it into electrical conductivity by multi-

plying the geometric factor. To reduce the measure-

ment error caused by fluctuations from sample to

sample, ten different sample stripes were tested. To

determine the Seebeck coefficient, a temperature

gradient (DT) was created along the film strip by

heating one end of the strip and leaving the other end

exposed to air. Two platinum (Pt 100 X) resistors

were clamped with electrical contacts at the ends of

the strips to measure the sample temperature. The

Seebeck coefficient was calculated from the potential

difference (DV) generated by DT using S = - DV/
DT.

Results and discussion

Firstly, the monodispersed m- and s-SWCNTs net-

works deposited on the PC membrane were charac-

terized. The digital photographs of each type of

SWCNTs networks are displayed in inset of Fig. 1a,

b. From macroscopic view, each type of SWCNTs

networks can be distinguished easily by color. The

m-SWCNTs networks visually appeared to be green

color, and s-SWCNTs networks showed brown color.

The microscopic structure of the networks was

observed from the SEM images, as displayed in

Fig. 1a, b. The surface morphology appeared similar

for both types of SWCNTs networks. The long

SWCNTs bundles were formed with diameters

around 5–20 nm. They were interwoven with each

other and formed uniform impurity free networks.

The absorption spectrum was performed to deter-

mine the purity of each type of SWCNTs, as shown in

Fig. 1c. In the case of s-SWCNTs, two absorption

peaks were clearly separated with a deep plateau,

corresponding to the electronic transitions of the

second-order semiconducting transitions (S22,

900–1270 nm) and third-order semiconducting tran-

sitions (S33, 450–630 nm) [30, 31]. On the contrary,

one main absorption peak, reflected the first-order

metallic transitions (M11, 600–850 nm), was observed

without any side bands in the spectrum of

m-SWCTNs, indicating a high purity of metallic and

semiconducting species. As-prepared monodispersed

SWCNTs networks were also characterized by

Raman spectroscopy. Figure 1d exhibits the typical

Raman spectra of SWCNTs with the laser energy at

1.96 eV. Both types of SWCNTs showed radial

breathing (RBM) mode, D mode, G mode and 2D

mode, respectively [32]. Furthermore, the G peak

could be divided into two components, the lower

frequency peak (G-) located at 1571 cm-1 (m-

SWCNTs) and 1569 cm-1 (s-SWCNTs) associated

with vibrations along the circumferential direction,

whereas the higher frequency peak (G?) located at

1589 cm-1 (m-SWCNTs) and 1592 cm-1 (s-SWCNTs)

attributed to vibrations along the directions of the

tube axis [33]. In addition, the visible high G/D ratio

for both m- and s-SWCNTs networks also proved a

high purity and a low concentration of innate defects.

A typical aryl diazonium salt of 4-BBDT was

employed to chemical functionalization of the m- and

s-SWCNTs networks, respectively. As illustrated in

the schematic diagram in Fig. 2a, after addition

4-BBDT into the SWCNTs suspension under the

alkaline environment, the diazonium salts trend to

extract electrons from the sidewall of nanotubes

accompanied by releasing N2 gas and finally generate

the covalent aryl bonds. However, only the electrons
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possess high affinity (low energy difference based on

Fermi level, DET) locating near the Fermi level are

available for the chemical reaction [29]. According to

the DOS of m- and s-SWCNTs (seen in Fig. 2b), the

electrons of m-SWCNTs located near the Fermi level

are more than those of s-SWCNTs, indicating the

reaction probability is significantly higher for

m-SWCNTs compared with s-SWCNTs. Hence,

4-BBDT showed chemical selectivity against elec-

tronic type of SWCNTs.

The Raman spectrum of the corresponding chemi-

cally functionalized SWCNTs networks with different

amounts of 4-BBDT is illustrated in Fig. 3. Since the D

band involves the resonant phonon scattering of an

electron by a defect that breaks the basic symmetry of

the graphene plane [29], the intensity change of the D

mode is an effective indicator tomonitor the process of

covalent functionalization. Generally, the value of G/

D ratio is more frequently used instead of the absolute

intensity value ofDmode. After grafting of 4-BBDT on

the sidewall of m- and s-SWCNTs, the shape of the G

mode, which reflected the vibrations of carbon atoms

in plane, was not changed obviously. This was

demonstrated the basic framework of nanotubes was

not destroyed after chemical functionalization with 4-

BBDT. On the contrary, the intensity of D band was

Figure 1 The representative

SEM image of high-purity

SWCNTs networks a m-

SWCNTs and b s-SWCNTs,

insets showing their digital

photographs, respectively;

c the corresponding absorption

spectrum of m- and

s-SWCNTs dispersions; d the

Raman spectrum of m- and

s-SWCNTs networks under the

laser wavelength of 514 nm.

Figure 2 a Schematic diagram of the reaction process between

SWCNTs and 4-BBDT; b schematic diagram of the DOS of

m-SWCNTs and s-SWCNTs.
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prominently increased, leading to decrease in G/D

ratio. Furthermore, the deteriorate degree of the G/D

ratiowas severerwith increment of 4-BBDT, indicating

the functionalization degreewas increased. In specific,

the G/D ratio of pristine m-SWCNTs networks was

17.5, and it was decreased to 4.7 with themolar ratio of

4-BBDT/m-SWCNTs fixed at 1.4 (73% descent),

demonstrating a heavy level of functionalization

degree. As a comparison, the G/D ratio of s-SWCNTs

networks was decreased from 36.8 to 14.4 after the

same amount of 4-BBDT treatment (60% descent),

revealing that the m-SWCNTs is prior to react with 4-

BBDT than s-SWCNTs. In further, on the basis of the

literature that chemical functionalized with aryl dia-

zonium salts [34], we estimated the degree of func-

tionalization numerically from the relationship

between the stoichiometry ratios (the number of car-

bon atoms per one functional group) and change rate

of G/D D G
D

�
G
D

� �� �
. As a consequence, in the case of

m-SWCNTs, the molar ratios of N4-BBDT/Nm-

SWCNT = 0.3, 0.7, 1.4 corresponding to the number of

carbon atoms per one functional group are 60, 45 and

27, respectively. As for s-SWCNTs, the stoichiometry

ratios are 74, 56 and 47, respectively, under the same

molar ratios.

The absorption spectrum of chemically function-

alized m- and s-SWCNTs networks with a series of

content of 4-BBDT is displayed in Fig. 4. After addi-

tion of 4-BBDT into m- and s-SWCNTs suspensions,

both the characteristic peaks of m-SWCNTs (the first

exciton absorption transition, M11) and s-SWCNTs

(the second exciton absorption transition, S22) were

initiated to bleach and became broader. Since the

characteristic peaks interrelated with the valence

electrons of each distinct nanotube, the grafting of

4-BBDT on the sidewall of SWCNTs leading to the

localization of free electrons further decreased the

absorption characteristic peaks. Similar to Raman

spectrum, the decline degree of the absorption char-

acteristic peaks was increased as a function of

4-BBDT, indicating an increment of functionalization

degree.

The TE properties of pristine m- and s-SWCNTs

networks were investigated as a pioneer. For Seebeck

coefficient measurement, the thin films were cut into

20 9 20 mm strips, and the representative AFM

micrograph of s-SWCNTs network are displayed in

the inset of Fig. 5, revealing a high quality of

SWCNTs networks without impurities. After the

creation temperature gradient artificially, the mea-

sured potential differences were plotted as a function

DT, and the Seebeck coefficient was acquired from

the slope of this curve. As can be seen from Fig. 5, it

clearly exhibited a substantial difference between

Figure 3 Raman spectrum of

the pristine SWCNTs and the

chemically treated SWCNTs

networks as a function of the

amount of 4-BBDT a, c m-

SWCNTs; b, d s-SWCNTs.
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these two monodispersed SWCNTs networks, that is,

the Seebeck coefficient of s-SWCNTs was almost 7

times higher than that of m-SWCNTs. Actually, the

Seebeck coefficient can be approximately expressed

as Eq. (1) in the low-temperature range:

S Efð Þ ¼ � p2

3

j2BT
e

o ln N Eð Þ½ �
oE

þ o ln D Eð Þ½ �
oE

� �

E¼Ef

ð1Þ

where E is the energy, Ef is the Fermi level energy, kB
is the Boltzmann constant, and T is the absolute

temperature. The first term in the bracket is the bal-

listic contribution to the Seebeck coefficient derived

from the shape of DOS (N(E)), and the second term is

the diffusive contribution derived from the energy

dependence of the diffusion coefficient (D(E)) [35]. It

is worth to mention that through the first-principles

density functional theory (DFT) [25], the calculated

intrinsic Seebeck coefficient of s-SWCNTs

(* 1285 lV K-1, (7, 5)) was nearly one order of

magnitude higher than that of m-SWCNTs

(* 125 lV K-1, (9, 9)). Though the multiple of dif-

ference was consistent with our experiment results,

there was a big deviation from the absolute values

that cannot be ignored. The dramatically decreased

absolute values of Seebeck coefficient stem from the

heavily doped by the oxygen and water molecule in

the air atmosphere, resulting in a p-type doping

effect, which shifted the Fermi level toward the

valence bands. Not only the observably influence on

the Seebeck coefficient, the electrical conductivity

was also severely affected. As a result, there was

merely small difference of the electrical conductivity

between heavily p-doped m- and s-SWCNTs net-

works, as seen in the inset of Fig. 5.

The TE properties as a function of the amount of 4-

BBDT were investigated, as shown in Fig. 6. In both

cases, the electrical conductivity of m- and s-

SWCNTs networks became deterioration with incre-

ment of the diazonium salts, as shown in Fig. 6a.

Generally, the electrical conductivity can be defined

as

r ¼ nel ð2Þ

where n is the carrier concentration, e is electron

charge, and l is carrier mobility [36]. As mentioned

above, after mixing the monodispersed SWCNTs

suspensions with 4-BBDT in alkaline environment,

the diazonium salts spontaneously reacted with

nanotubes and grafted onto the sidewall in terms of

covalent aryl bonds. This process induced the hybrid

orbital of C atoms changing from sp2 to sp3 [37];

hence, the free electrons were localized at the side-

wall of nanotubes, resulting in a decrease in the

concentration of free carriers. Furthermore, the

grafting of molecular on the sidewall could be con-

sidered as impurity species, leading to increment of

the phonon scattering and decline of the carrier

mobility [38]. These two integrated factors caused the

deterioration of the electrical conductivity of

SWCNTs networks. However, due to the selectivity

Figure 4 Absorption

spectrum of the pristine

SWCNTs and the chemically

treated SWCNTs networks as a

function of the amount of

4-BBDT a m-SWCNTs; b s-

SWCNTs.

Figure 5 The measured VTEP as a function of DT for m- and

s-SWCNTs networks, inset displaying the measured electrical

conductivity of m- and s-SWCNTs networks (bottom right), and

representative AFM micrograph of s-SWCNTs network (top left).
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of the diazonium salts against electronic types of

nanotubes, the reaction rate was much higher with

m-SWCNTs than that of s-SWCNTs. As a conse-

quence, the influence of the electrical conductivity

was more evident on m-SWCNTs networks. In the

case of the molar ratio of 4-BBDT/m-SWCNTs at 0.7,

the electrical conductivity was decreased to

45 S cm-1 for m-SWCNTs networks, which was 85%

damaged compared with the pristine sample,

whereas the electrical conductivity was measured to

be 205.7 S cm-1 for s-SWCNTs networks, which was

only 26% damaged.

Different from the electrical conductivity, the

chemical functionalization emerged a positive effect

on the Seebeck coefficient for both types of SWCNTs

networks. As displayed in Fig. 6b, the Seebeck coef-

ficient was maintained to increase as a function of the

amount of 4-BBDT. The covalent linkage of the aryl

bonds on the nanotubes could be considered as

phonon scattering centers. These obstacles can effec-

tively filter out the low-energy carriers and allow the

high-energy carriers to pass through, leading to the

enhancement of the Seebeck coefficient [39]. Contrast

to s-SWCNTs networks, the energy filtering effect

was more remarkable on the m-SWCNTs networks

owing to higher degree of functionalization.

Therefore, the enhancement of Seebeck coefficient

was greater for m-SWCNTs networks under the same

condition. Under the molar ratio of 4-BBDT/s-

SWCNTs fixed at 0.7, the value of Seebeck coefficient

was 109 lV K-1 for s-SWCNTs networks, resulting in

an improvement by 31% compared with the pristine

sample, whereas the values of Seebeck coefficient for

m-SWCNTs networks were enhanced from 12.3 to

27.5 lV K-1, which was improved by 124% com-

pared with the pristine sample.

The calculated power factors from electrical con-

ductivity and Seebeck coefficient are shown in

Fig. 6c, d. The power factor of pure m-SWCNTs

networks was merely 4.54 lW m-1 K-2; inspiringly,

the value of pure s-SWCNTs networks reached up to

226.5 lW m-1 K-2, which was higher than most of

the organic TE materials. As we already know, the

power factor is correlative with electrical conductiv-

ity and Seebeck coefficient, which are trade-off with

each other. As a result, the power factor exhibited a

fluctuation variation accompanied by the change in

the functionalization degree. The maximum power

factor obtained here was 244.2 lW m-1 K-2 with the

molar ratio of 4-BBDT/s-SWCNTs to be 0.7, even

higher than that of the pristine species. In addition,

we also performed the same procedure on the

Figure 6 TE properties

including a electrical

conductivity and b Seebeck

coefficient of the pristine

SWCNTs and the chemically

functionalized SWCNTs

networks as a function of the

content of 4-BBDT; power

factor of chemically

functionalized on c m-

SWCNTs networks and d s-

SWCNTs networks as a

function of the content of

4-BBDT.
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unsorted SWCNTs containing m-SWCNTs and

s-SWCNTs randomly with purity higher than 95%

(purchased from Chengdu Organic Chemicals Co.

Ltd.). The TE properties including electrical conduc-

tivity and Seebeck coefficient were displayed in

Fig. S1 and Fig. S2. Expectably, the variation ten-

dency is similar with that of monodispersed

SWCNTs accompanied by the different functional-

ization degree. According to Fig. S3, the optimum

power factor appeared at the molar ratio of 4-BBDT/

SWCNTs to be 0.7. The maximum power factor of the

unsorted SWCNTs is higher than that of m-SWCNTs,

but much lower than that of s-SWCNTs species.

Following these results, the s-SWCNTs networks and

a variety of relevant chemically functionalized com-

posites can be considered as ideal TE materials.

Conclusions

In summary, purem-SWCNTs and s-SWCNTs networks

were fabricated through facile vacuum filtration tech-

nique. With no observable difference of the electrical

conductivity due to the heavily p-type doped by oxygen

and water molecular, the Seebeck coefficient of

s-SWCNTs networks was measured to be 90.4 lV K-1,

which was 7.3 times higher than that of m-SWCNTs

(12.3 lV K-1). A typical diazonium salt of 4-BBDT was

selected to chemical functionalization of the monodis-

persed SWCNTs. Due to the reaction selectivity against

electronic types of nanotubes, the deterioration of the

electrical conductivity for m-SWCNTs networks was

much fiercer than that of s-SWCNTs species. On the

contrary, it demonstrated a positive impact on the See-

beckcoefficient aftergrafting the functionalgroupson the

sidewall of nanotubes owing to the energyfiltering effect.

Experimentally, the maximum power factor was as high

as 244.2 lW m-1 K-2 under the optimum condition,

which is higher than most of the organic TE materials.

Accordingly, we consider that the pure s-SWCNTs and a

variety of relevant chemically functionalized composites

were ideal candidate for future TE applications.
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