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ABSTRACT: We have demonstrated a general template
synthesis halloysite-based composite nanotube. Starting
from a parent halloysite nanotube, polymer composite
nanotubes were synthesized by atom transfer radical poly-
merization (ATRP). The shell thickness and the cavity size
of the polymer composite nanotubes were tunable by alter-
ing the polymerization time. Composition of the polymer
layer could be tuned by the monomers, for example, poly-
styrene (PS) layer was achieved by ATRP of styrene. Sulfo-
nated PS layer (sPS) can be derived by the sulfonation of
the PS layer. By specific interactions of desired materials
with the sPS gel, a favorable growth of other materials, for

example, metallic Ni, conductive polyaniline, inorganic
titania is allowed. Besides, sPS can self-catalyze into car-
bon at high temperature. Thus, the composition of the
composite layers can be broadly controlled ranging within
metal or metallic compounds, polymer, inorganic, carbon,
and their composites. This concept is general and can be
extended to other polymeric gels and grown materials,
expecting a huge family of composite nanotube. VVC 2009
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INTRODUCTION

Nanotubes with a hollow cavity have attracted a
great deal of interest in both scientific and industrial
fields. They possess novel physical and chemical
properties derived from the structural versatility and
provide opportunities for advanced applications in
the fields of electronics, optics, catalysis, energy
storage, and biological systems.1–5 Various types of
nanotubes have been synthesized, such as carbon,6

metallic,7–12 inorganic,13–19 and polymeric20,21 nano-
tubes by different methods including hydrothermal
synthesis, surfactant-assisted synthesis, and decom-
position. One of the extensively used methods
for producing nanotubes is template synthesis
within porous membranes.22,23 During the template
synthesis, a variety of strategies are used24 such as
electrochemical deposition, electroless deposition,
layer-by-layer assembly, wetting approach, polymer-
ization, sol–gel deposition, and chemical vapor dep-
osition. Although nanotubes can be prepared with

well-controlled structures, strict conditions are
required and the porous membrane templates
should be sacrificed. Besides, the synthesis proce-
dure cannot be scaled up for massive production. It
is required to develop a general and facile method
to massively synthesize nanotubes with varied
composition.
Recently, halloysite as an economically available

nanotubular raw material has gained growing inter-
est in the synthesis of complex structures.25–28 Hal-
loysite is mainly composed of a two-layered
aluminosilicate (composition: Al2Si2O5(OH)4H2O),
chemically similar to kaolin, which has a predomi-
nantly hollow tubular structure in the submicrome-
ter range.25–28 Electroless and layer-by-layer-assisted
deposition are mainly used to fabricate halloysite-
based composites.29,30 However, the former method
is restricted to metallic/halloysite composites,
whereas the latter is limited to those species with
strong driving force such as electrostatic
interactions.
It will be promising to develop a new template

synthesis of composite nanotubes with varied com-
position. As well known, the physical and chemical
environment of polymeric gels can be greatly tuned,
and they can be used as templates to induce a favor-
able growth of materials with varied composition
through specific interactions.31–39 We have recently
reported the synthesis of polymer/halloysite com-
posite via a surface-initiated atom transfer radical
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polymerization (ATRP) onto the halloysite nano-
tube,40 and the composition and thickness of the
polymeric layer could be easily tuned by either alter-
ation the monomer feeding or the reaction time. We
have previously reported derivation of sulfonated
polystyrene gels with tunable proton ion content by
the sulfonation of polystyrene colloids and their
template synthesis of other materials.34–39 By further
extending our method to halloysite/polymer com-
posite nanotubes, it is expected to synthesize halloy-
site composite nanotubes. Bearing in mind the
capability of forming specific interactions of sulfonic
acid group (ASO3H) with other materials, we expect
to develop a general and scalable method to prepare
composite halloysite.

As previously reported, PS/halloysite composite
nanotubes have been prepared using the surface-ini-
tiated ATRP. After the introduction of sulfonic acid
group (ASO3H) by sulfonation, desired materials can
be favorably grown within the sulfonated PS layer
by specific interactions resulting in composite layer,
whose composition can be varied within polymers,
inorganic materials, metals, and their compounds.
Furthermore, the sulfonic acid group can self-cata-
lyze the carbonization, deriving halloysite-carbon-
based composite nanotubes.

EXPERIMENTAL

Immobilization of ATRP initiator onto
halloysite nanotubes

The halloysite nanotubes were immobilized with an
ATRP initiator by a two-step method.40 After being
treated with H2O2 at 80�C for 24 h, the halloysite
was modified with 3-aminopropyltrimethoxysilane
(APS) at 120�C in toluene for 12 h and then washed
with ethanol. The silanized halloysite was further
reacted with 2-bromoisobutyryl bromide in dry
dichloromethane containing dry triethylamine at
25�C for 10 h. After the modified halloysite was
repeatedly washed with acetone and ethanol, it was
dried under vacuum before use.

Synthesis of crosslinked PS/halloysite
composite nanotubes

In a typical experiment, 0.8 g (0.046 mmol initiator)
of modified halloysite, 10 mL (87.4 mmol) of styrene
(St), 2.3 g (17.7 mmol) of divinylbenzene (DVB), 10 mL
of toluene, and 144 lL (0.7 mmol) of N,N,N0,N00,
N00-pentamethyldiethylenetriamine (PMDETA) were
mixed in a 50-mL dry flask equipped with a mag-
netic stirrer. After being purged with nitrogen, 0.03
g (0.2 mmol) of CuBr was added. Afterward, ATRP
was carried out at 110�C for a varied time to con-
trol the grafting polymer content. Three representa-
tive crosslinked PS/halloysite composite nanotubes

PS1/halloysite, PS2/halloysite, and PS3/halloysite
were achieved by polymerization for 1, 2, and 3 h,
respectively.

Sulfonation of the crosslinked PS/halloysite
composites

The freezed-dried crosslinked PS/halloysite powders
were immersed in excess concentrated sulfuric acid
at 40�C for 24 h to derive a sulfonated polystyrene
gel layer.34 The sulfonated PS/halloysite composites
were denoted as sPS/halloysite. For example, sPS1/
halloysite represents the sulfonated PS/halloysite
nanotube derived from the composite nanotube syn-
thesized by ATRP for 1 h.

Ni/carbon/halloysite composite nanotubes

In a typical experiment, 0.05 g dried sPS/halloysite
was dispersed in 10 mL of 0.2M nickel nitrate aque-
ous solution. After 12 h, nickel nitrate-saturated
sPS/halloysite was separated by centrifugation and
further washed with water to remove residual salt
outside the composite. Then, the freeze-dried com-
posites were heated in a glass tube with alcohol
burner, the atmosphere was H2 leading to Ni/car-
bon/halloysite composite nanotubes.

Conductive polyaniline (PANi)/sPS/halloysite
composite nanotubes

Dried sPS/halloysite (0.05 g) was dispersed in 10
mL of water, and then a desired amount of aniline
monomer was added into the aqueous dispersion

Scheme 1 Illustrative synthesis of halloysite-based com-
posite nanotubes. Gray area represents halloysite nano-
tube; short line represents the ATRP initiator group; black
solid area represents PS layer; black dot area represents
sPS layer; and black grid area represents composite layer.
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under stirring for 24 h to allow a complete adsorp-
tion. A desired amount of aqueous initiator ammo-
nium persulfate (2M) was added to allow a
polymerization of aniline at room temperature for
12 h. The PANi/sPS/halloysite composite nanotubes
were purified by centrifugation and washed with
water.

Titania/sPS/halloysite composite nanotube

Dried sPS/halloysite (0.05 g) was dispersed in 2 mL
of tetrabutyl titanate (TBT) under stirring for 24 h.
After the TBT saturated sPS/halloysite was sepa-
rated by centrifugation and washed with ethanol to

remove residual TBT outside the nanotube, they
were redispersed in 4 mL of ethanol. Water (4 mL)
was dropped into the dispersion under stirring
followed by a sol–gel process for 6 h at ambient
temperature. The composite nanotubes were centri-
fugated and washed with ethanol/water.

Carbonization

After the crosslinked PS/halloysite composite pow-
der was preoxidated at 200�C for 2 h in an air
atmosphere, it was further heated to 370�C at 2�C/
min. After being held at 370�C for 4 h, the tempera-
ture was further increased to 800�C and held for 2 h

Figure 1 (a and b) Representative SEM and TEM images of the halloysite nanotube; (c and d) TEM images of the PS/
halloysite composite nanotubes obtained via ATRP at 110�C for polymerization 2 and 3 h, respectively; (e) TEM image of
the sPS2/halloysite composite nanotube derived from the sample as shown in (c); f) corresponding EDX spectrum of the
sample as shown in (e), revealing the presence of S (Pt peak from the sputtered Pt).
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in nitrogen to prepare carbon composites. Free car-
bon nanocomposites were formed by dissolution of
the halloysite with a HF/HCl mixture (the volume
ratio is 1 : 1).

Characterization

Morphology and composition of the samples were
performed with a Hitachi S-4300 scanning electron
microscope (SEM) equipped with an energy-disper-
sive X-ray (EDX) analyzer operating at an accelerat-
ing voltage of 15 kV. The samples were dispersed in
ethanol under ultrasonication and dropped onto car-
bon-coated copper grids for transmission electron
microscopy (TEM) characterization (JEOL 100CX
operating at 100 kV). Elemental analysis was carried
out using a Flash EA-1112 apparatus. The dried
samples were pressed into pellets with potassium
bromide (KBr) and characterized by a BRUKER
EQUINOX 55 FTIR spectrophotometer. The crystal-
line phases of the materials were characterized by
wide-angle X-ray powder scattering (Rigaku D/max-
2500).

RESULTS AND DISCUSSION

As illustrated in Scheme 1, a commercial halloysite
nanotube was selected as an example parent tem-
plate.41 After being modified with silanes and 2-bro-
moisobutyryl bromide, ATRP of styrene was carried
out synchronously onto both the interior and exte-
rior wall surfaces to gain PS/halloysite nanotubes.
After conversion of PS into sulfonated PS by sulfo-
nation introducing sulfonic acid group (ASO3H), a
diversity of desired materials could be favorably
grown within the sPS layer by specific interactions.
After being carbonized at high temperature, carbon-
based composite layer was derived.

The halloysite is predominately tubular with a
length of 1–2 lm and an inner diameter of 20–30
nm. The shell thickness is 10–15 nm [Fig. 1(a,b)].
After being modified with APS and 2-bromoisobuty-
rate, FTIR spectra of the modified halloysite (ha-Br)
(trace b, Fig. 2) showed sharp vibration bands at
3000–2870 and 1540 cm�1 diagnostic for the satu-
rated hydrocarbon and amide II (ACONHA), which
were not present in the IR spectra of the starting
halloysite (trace a, Fig. 2), indicating that the ATRP
initiator was successfully incorporated onto the hal-
loysite. Further elemental analysis showed an aver-
age immobilization amount of the initiator of 0.058
mmol/g halloysite. The surface-modified halloysite
nanotubes were then grafted by ATRP of styrene at
110�C. The PS thickness of both the exterior and in-
terior layers could be tuned by polymerization time
[Fig. 1(c,d)].40 Herein, we focused on the PS/halloy-
site composite nanotubes whose interior cavity was

not completely filled with polymer layer. For exam-
ple, after being polymerized for 2 h, the average
interior cavity diameter decreased to several nano-
meters [Fig. 1(c)]. The characteristic bands between
2950 and 2850 cm�1 were assigned to the hydrocar-
bon backbone of PS (trace c, Fig. 2), which strength-
ened when compared with the FTIR spectra of the
modified halloysite (ha-Br) (trace b, Fig. 2).
To demonstrate the conversion of PS layer into

functional layer such as sulfonated PS layer, the PS/
halloysite nanotubes were treated with concentrated
sulfuric acid at 40�C for 24 h to derive a completely
sPS gel layer [Fig. 1(e)]. The sulfonic acid group
(ASO3H) was verified by FTIR spectra (trace d, Fig.
2). The characteristic band at 1174 cm�1 attributed to
the derived sulfonic acid group (ASO3H).34–39 The
tubular structure was well preserved after sulfona-
tion [Fig. 1(e)]. Sulfur element was detected by EDX
[Fig. 1(f)], further indicating the presence of sulfonic
acid group (ASO3H).
Since the sulfonic acid group can easily complex

with metal ions, many metal nanoparticles were
thus prepared by reduction within the layer. As an
example, after the sPS/halloysite composite nano-
tubes were immersed in nickel nitrate aqueous

Figure 2 FTIR spectra of some representative halloysite
nanocomposites: (a) the halloysite; (b) the modified halloy-
site with the initiator; (c) the PS/halloysite composite; (d)
sPS/halloysite composite; (e) carbon composite after hal-
loysite was dissolved from the C/halloysite composite; (f)
PANi/sPS/halloysite composite. The characteristic band at
1540 cm�1 was assigned to amide II (ACONHA), which
appeared after the ATRP initiator was immobilized. The
characteristic bands at 1174 cm�1 were assigned to the
derived sulfonic acid group (ASO3H). The bands at 1320
(CAN stretch), 1150 (CAH plane bend), and 835 cm�1 (1,
4-disubstituted benzene ring stretch) were identical to the
emeraldine salt form PANi. The characteristic bands
between 2950 and 2850 cm�1 were assigned to the hydro-

carbon
�� ðCH2�CHÞn ��

j
backbone.
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solution and further reduced in an H2 atmosphere at
high temperature, Ni/C/halloysite composite was
derived (note: owing to the catalytic carbonization
by the sulfonic acid group,42 the sPS layers were eas-
ily converted into carbon at high temperature). Ni
nanoparticles with a mean size of about 10 nm were
formed within the carbon layer, which were well
distributed through the whole carbon layer [Fig.
3(a,b)]. The top right corner of Figure 3(a) was the
cross-section image of Ni/C/halloysite, Ni particle
can be observed in the cavity (marked with the
arrow), indicating the interior of the tube was coated
with Ni. The amount of Ni nanoparticles and the

morphology could be tuned. Within the sPS1/halloy-
site nanotubes derived from those PS/halloysite
nanotubes by polymerization for 1 h, Ni nanopar-
ticles were sparsely distributed within the carbon
layer [Fig. 3(a)]. With prolonged polymerization
time, the Ni nanoparticles aggregated, so the dimen-
sion seems in excess 100 nm in some area. Eventu-
ally, a layer composed of Ni nanoparticles was
formed [Fig. 3(b)]. This was consistent with increas-
ing sulfonic acid group content, indicated by the ele-
ment S [1.01 wt % (sPS1/halloysite), 1.92 wt %
(sPS2/halloysite)]. The crystallinity of the nanopar-
ticles and nanotubes was characterized using XRD

Figure 3 (a and b) Representative SEM and TEM images of Ni/C/halloysite composite derived from sPS1/halloysite
nanotubes and sPS2/halloysite nanotubes, respectively; (c and d) corresponding HRTEM image and X-ray powder diffrac-
tion spectrum of the sample as shown in (a), revealing the face-centered cubic (fcc) nickel structure; (e) corresponding
EDX spectrum of the sample as shown in (b), revealing the existence of Ni (Pt peak from the sputtered Pt); (f) SEM image
of Ni/C/halloysite nonwoven fabric.
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[Fig. 3(d)], consistent with JCPDS standard card 04-
0850. The peaks at 2y ¼ 44.40�, 51.72�, 76.20� were
assigned as the (111), (200), (220) reflection lines. The
Ni nanoparticles were calculated to be about 10 nm
from the XRD, consistent with the TEM result [Fig.
3(a)]. The face-centered cubic (fcc) nickel structure
was further verified by HRTEM [Fig. 3(c)]. EDX
analysis demonstrated that the Ni content of the
samples Ni/carbon1/halloysite and Ni/carbon2/hal-
loysite were 9.23 wt % and 25.2 wt %, respectively
[Fig. 3(e)]. The method can be extended to grow
other magnetic materials (Co, Fe3O4) and metal
nanoparticles (Ag, Au, Pt, and Pd) within the sPS
layer, achieving the corresponding composite nano-
tubes.34–39 Composition control of nanotubes will be
promising for the separation of biomolecules, MRI
contrast agent, hyperthermia, biosensor, and target
drug delivery.43–45 Besides individual Ni/carbon/
halloysite composite nanotubes, the corresponding
nonwoven fabrics could be easily prepared by cast-
ing dispersion of the individual sPS/halloysite com-
posite nanotubes, followed by the similar procedure
of preparation of Ni/carbon/halloysite composite
nanotubes [Fig. 3(f)].

Besides metallic composite nanotubes, the method
can be extended to functional polymers. Conductive
polyaniline (PANi) composite nanotubes were pre-
pared to demonstrate this concept. Monomer aniline
was favorably adsorbed within the sPS layer by spe-
cific interaction and polymerized forming PANi/
sPS/halloysite composite. The sPS2/halloysite nano-
tubes derived from those PS/halloysite nanotubes
by a polymerization for 2 h was used to complex
with PANi [Fig. 4(a,b)]. The whole composite

became dark green after being complexed with
PANi. PANi was in situ doped by sPS in the form of
emeraldine salt evidenced by FTIR spectra (trace f,
Fig. 2). The bands at 1320 (CAN stretch), 1150 (CAH
plane bend), and 835 cm�1 (1,4-disubstituted ben-
zene ring stretch) were identical to the emeraldine
salt form PANi.46 Comparing with the parent sPS2/
halloysite composite nanotubes [Fig. 1(e)], diameter
of the conductive composite nanotube increased dra-
matically from 40–60 nm to 100–120 nm, and the
cavity was completely filled [Fig. 4(a,b)], implying
both the exterior and interior of the tubes were
coated with PANi. The gray region of the TEM
image was attributed to the PANi/sPS composite
layer [Fig. 4(b)]. After the halloysite was dissolved
with HF/HCl mixture (the volume ratio was 1 : 1),
the PANi/sPS2 composite nanotubes and composite
nanowires were derived with the structure well pre-
served [Fig. 4(c,d)].
The sulfonic acid group (ASO3H) could also cata-

lyze the sol–gel process of TBT forming titania
therein [Fig. 5(a,b)]. The surface became coarse with
titania as confirmed by SEM and EDX analysis [Fig.
5(f)]. It is worth to note that owing to the catalytic
carbonization by the sulfonic acid group,42 the sPS
layers were easily converted into carbon at high
temperature. The titania/carbon/halloysite compos-
ite nanotubes were formed after being treated at
high temperature in nitrogen, which will be dis-
cussed later. After being calcined at 450�C in nitro-
gen, the phase transformed from amorphous to
anatase (trace b, Fig. 6). At a high temperature, for
example 600�C, anatase-titania/carbon/halloysite
composite nanotubes were derived (trace c, Fig. 6).
At 900�C, pure rutile phase was achieved but the
composite nanotubes were coalesced (trace d, Fig. 6).
To show the distribution of titania within the sPS
layer, the titania/sPS/halloysite composite nanotube
was calcined at 600�C in air to remove the polymer.
The TEM image showed that the composite layer
became less dense with the tubular structure well
preserved, confirming that the titania formed a con-
tinuous network within the sPS matrix. EDX analysis
showed that the Ti content of the samples titania/
sPS1/halloysite and titania/sPS2/halloysite were 9.9
and 21.5 wt %, respectively.
Carbonization process can be catalyzed by the sul-

fonic acid (ASO3H) to convert the polymer into car-
bon.42 Along the similar process, sPS/halloysite
composite nanotube was converted into a carbon/
halloysite composite at 800�C [Fig. 7(a,b)]. The for-
mation of carbon was verified by FTIR spectra (trace
e, Fig. 2). Raman spectrum [two bands at 1590 and
1320 cm�1 corresponding to G and D bands, Fig.
8(a)]42 and XRD [Fig. 8(b)] indicated that the formed
carbon was amorphous. A thicker sPS layer of
sPS2/halloysite could more easily result carbon

Figure 4 SEM and TEM images of some representative
conductive PANi/sPS/halloysite composite: (a and b)
PANi/sPS2/halloysite composite; (c and d) PANi/sPS2
composite nanotube and nanowire after the halloysite was
dissolved by HF/HCl mixture with the volume ratio of 1 : 1.
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Figure 5 SEM and TEM images of some representative titania/sPS/halloysite composite nanotubes: (a and b) titania/sPS/
halloysite composite nanotube before being calcined; (c and d) titania/C/halloysite composite nanotube after being calcined
at 600�C for 2 h in nitrogen; (e) titania/halloysite composite nanotube after being calcined at 600�C for 2 h in air; (f) corre-
sponding EDX spectrum of the sample as shown in (a), revealing the presence of TiO2 (Pt peak from the sputtered Pt).

Figure 6 XRD spectra of (a) titania/sPS/halloysite com-
posite nanotube untreated; (b–d) titania/C/halloysite com-
posite nanotube after being calcined at 450, 600, and 900�C
for 2 h in nitrogen, respectively. ! ¼ rutile (JCPDS No.
21-1276); l ¼ anatase (JCPDS No. 21-1272).

Figure 7 SEM and TEM images of some representative
carbon samples: (a and b) the C/halloysite composite
nanotubes after the sPS/halloysite composite was carbon-
ized at 800�C; (c and d) C composites after the halloysite
was dissolved from the C/halloysite composite.



nanocomposites after the halloysite was dissolved
[Fig. 7(c,d)]. The aforementioned procedures can be
combined, deriving carbon-based composite nano-
tubes, for example, the Ni/carbon/halloysite and
titania/carbon/halloysite.

CONCLUSIONS

We have demonstrated a general template synthesis
halloysite-based composite nanotubes. Starting from
a parent halloysite nanotube, polymer composite
nanotubes were synthesized by ATRP. The shell
thickness and the cavity size of the polymer compos-
ite nanotubes were tunable by altering the polymer-
ization time. Composition of the polymer layer could
be tuned by the monomers, for example, PS layer
was achieved by ATRP of styrene. Sulfonated poly-
styrene layer can be derived by sulfonation of the PS
layer, further tuning physicochemical environment
of the polymer layer. By specific interactions of
desired materials with the sPS gel, a favorable
growth of other materials is allowed. Besides, sPS
can self-catalyze into carbon at high temperature.
Composition of the composite layers can be broadly
controlled ranging within metal or metallic com-
pounds, polymer, inorganic, carbon, and their com-
posites. This concept is general and can be extended
to other polymeric gels and grown materials, expect-
ing a huge family of composite nanotubes.
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