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CNT/Au/SnO2 nanotubes have been synthesized through homo-

geneous coating of Au and SnO2 nanocrystals on carbon

nanotubes (CNTs) and applied in a room-temperature CO gas

sensor.

Carbon nanotubes (CNTs) have spurred numerous research

interests, because of their extraordinary physical, chemical and

mechanical properties, since their discovery in 1991.1 Recently,

great efforts have been paid to the design of hybrids of CNTs

and nanocrystals in order to extend their applications to

various fields such as energy conversion,2 sensors,3 hydrogen

storage4 and catalysts.5 For examples, the highly efficient

generation of photocurrent via the interaction between the

excited nanocrystals (CdS, CdSe and CdTe) and conductive

CNTs confirm their importance as building blocks for light-

harvesting assemblies;6 noble-metal nanocrystal/CNT hybrids

have acted as excellent biosensors for glucose over a wide

range of concentration.7 It is also expected that those hybrids

can be applied as effective catalysts for hydrogen, ethanol, or

methanol oxidation.8 Moreover, improved gas sensor perfor-

mances can be achieved by using metal (metal-oxide) nano-

crystal/CNT hybrids owing to their nanostructures and the

interaction between gas, CNTs and nanocrystals.9

At present, most efforts have been devoted to the synthesis of

binary CNT-based hybrids.2–9 However, from the fundamental

viewpoint, the ternary or even more complex CNT-based

hybrids may exhibit particular properties compared with the

binary CNT-based hybrids because of their complexity, multi-

functional composition and the interaction between them.10 Up

to now, few reports have been cited on the synthesis of ternary

CNT-based hybrids. More recently, Li et al. have employed a

step-by-step self-assembly approach to prepare CNT/Au/TiO2

and CNT/Co3O4/TiO2 nanocomposites using pre-synthesized

nanocrystals as primary building units.10 However, the nano-

crystals must be pre-synthesized and treated with expensive and

toxic reagents, such as toluene and oleic acid. Overall, it is still a

challenge to synthesize ternary or more complex CNT-based

hybrids via in situ deposition of nanocrystals onto the CNTs. In

this Communication, we have attempted to synthesize a ternary

CNT-based hybrid of CNT/Au/SnO2 nanotubes.

The Au–SnO2 composite has been proved to selectively detect

CO,11 which is different from pure SnO2 that is sensitive to a

broad spectrum of gases.12 The addition of Au to the SnO2 can

enhance the catalytic reactions between CO and the active area

of the device. Moreover, Au is also known to generate an

important surface state band on the SnO2 valence band edge

and an important crystallographic distortion localized at the

grain surface.11 However, the most frequently investigated Au-

doped SnO2 bulk films have a limited maximum sensitivity and

need high working temperatures in the CO gas sensor.11 More

recently, nanostructured materials, which possess higher sur-

face-to-volume ratio compared with the bulk materials, have

been proved to be desirable for chemical sensors.13 Among the

nanostructures, nanotubes are believed to be one of the most

promising structures for chemical sensors because of their

higher surface-to-volume ratios and, moreover, they do not

aggregate as easily as nanoparticles.13d,e Therefore, the CNT/

Au/SnO2 nanotubes are believed to possess merits both from

the Au/SnO2 composite and from the CNTs, showing higher

sensitivity than the pure Au/SnO2 composite and better selec-

tivity than the CNT/SnO2 nanotubes when applied in a CO gas

sensor (see Fig. 3b and S5w)
Herein, we report the synthesis of CNT/Au/SnO2 nanotubes

through in situ homogeneous coating of Au and SnO2 nano-

crystals on carbon nanotubes via layer-by-layer assembly. The

layer-by-layer assembly method has been widely used to

synthesize hybrid materials.14 Herein, this method is first used

to prepare CNT-based ternary materials. As an example of

their application, the CNT/Au/SnO2 nanotubes have been

applied in a room-temperature CO gas sensor, which definitely

exhibits better performance than that based on the hybrid Au/

SnO2 nanocrystals and CNT/SnO2 nanotubes.

As schematically illustrated in Fig. 1a, a layer of polyelec-

trolyte, e.g. sodium poly(styrenesulfonate) (PSS) and poly-

(diallyldimethylammonium chloride) (PDDA), was first

coated on to the surface of the pristine CNT by layer-by-layer

assembly, thus enabling the CNTs to be positively charged.15

Secondly, a mixed aqueous solution of HAuCl4 and trisodium

citrate dihydrate was added into the polyelectrolyte-modified

CNT solution. The negatively charged AuCl4
� was adsorbed

on to the surface of the positively charged CNTs due to

electrostatic attraction between the charged species. Thirdly,

an excess of NaBH4 solution was gradually dropped into the

above-mentioned solution, and consequently, the AuCl4
� was

reduced to Au and then deposited on the surface of the CNTs.
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For comparison, carbon nanotubes without polyelectrolyte

modification or with negatively charged polyelectrolyte were

also applied to adsorb Au nanocrystals. There are many Au

nanocrystals existing in solution besides those on the surface

of the carbon nanotubes and the distribution of Au nanocrys-

tals is irregular (Fig. S1w). Therefore, positively charged

carbon nanotubes are prerequisite for the homogenous deposi-

tion of Au nanocrystals. Finally, a SnCl4 solution was

dropped into the above-mentioned solution, leading to a

SnO2 layer deposited onto the CNT/Au nanotubes.

Fig. 1b shows the evolution of X-ray diffraction patterns

(XRD) along with the layer-by-layer assembly of Au and SnO2

on CNTs. As can be seen, all peaks can be assigned to CNTs

before the coating of Au and SnO2. After the coating of Au on

CNTs the peaks ascribed to Au appear, indicative of the

formation of a CNT/Au hybrid. For the final product, another

two peaks appear, which can be assigned to tetragonal SnO2

(03�11 14), indicating that a ternary hybrid of CNT/Au/SnO2

has formed by the layer-by-layer assembly. Note that the

XRD peaks are considerably broadened, indicating that Au

and SnO2 exist in the form of nanocrystals, which will be

verified by TEM observation.

In our strategy, controllable deposition of Au nanocrystals

on CNTs is prerequisite for the synthesis of hybrid CNT/Au/

SnO2 nanotubes. Fig. S2w shows the TEM images of the CNT/

Au hybrids generated by addition of 0.5 and 2 ml HAuCl4
(0.025 M) solution as the reactant, respectively. As can be

seen, in both cases, the resulting Au nanocrystals deposited

onto the CNTs homogeneously. Moreover, in comparison

with the case of adding 2 ml HAuCl4 (0.025 M) solution, the

addition of 0.5 ml HAuCl4 (0.025 M) solution led to Au

nanocrystals that were smaller and more sparsely deposited

onto the CNTs. It should be stated that the use of trisodium

citrate dehydrate as the complexing agent is critical for the

homogenous deposition of Au nanocrystals on the CNTs. In

the control CNT/Au hybrids prepared in absence of trisodium

citrate dehydrate, as shown in Fig. S3,w the Au nanocrystals

are relatively larger and deposit inhomogeneously onto the

CNTs. For the further deposition of SnO2 nanocrystals onto

the CNT/Au hybrid, in the following, we chose the CNT/Au

hybrid prepared with the addition of 0.5 ml HAuCl4 (0.025 M)

solution as the template. This choice takes the following two

aspects into account: (1) the sparser deposition of Au nano-

crystals onto the CNTs leaves much more CNT surface to be

positively charged, which facilitates the deposition of SnO2

nanocrystals; (2) the relative ratio of Au to SnO2 is more

desirable in terms of sensing CO gas.

As mentioned above, for the deposition of SnO2 nanocrys-

tals, a SnCl4 solution was further dropped into the solution

containing CNT/Au hybrids and NaBH4. Most of the surface

of the carbon nanotubes remained blank and positively

charged which can attract negatively charged BH4
�.16 Due

to the strongly reductive effect of NaBH4, the Sn nanocrystals

were first formed and then deposited onto the surface of the

CNTs. When NaBH4 was exhausted, the Sn nanocrystals on

the surface of the CNTs were quickly oxidized into SnO2

nanocrystals under the oxygen atmosphere in solution. Fig. 2

shows the morphological, structural and compositional char-

acterizations of CNT/Au/SnO2 nanotubes. As can be seen

from the comparison of Fig. S2aw and 2a, a SnO2 layer

assembled by the SnO2 nanocrystals (of several nanometers

in size) was further coated on the surface of the CNT/Au

nanotubes. Fig. 2b shows the TEM image of an individual

CNT/Au/SnO2 nanotube, which further confirms the coating

of a SnO2 layer with a thickness of about 10 nm. The HRTEM

image (Fig. 2c) indicates that there are three kinds of lattice

fringes with lattice spacings of about 0.34, 0.33 and 0.23 nm,

corresponding to the {111} plane of the CNTs, {110} plane of

SnO2 and {111} plane of Au, respectively. This further con-

firms the deposition of Au and SnO2 nanocrystals onto the

CNTs. The energy dispersive X-ray (EDX) analysis of the

CNT/Au/SnO2 nanotubes is shown in Fig. 2d. The peaks for

Sn, O, Au and C, originated from SnO2, Au and the CNTs, are

found in the spectrum, while, the Cu peaks come from the Cu

grid used for TEM measurements. From the EDX analysis, it

is roughly estimated that the molar ratio of Au to SnO2 is 2%.

As mentioned above, the CNT/Au/SnO2 nanotubes possi-

bly exhibit a high performance in sensing CO gas. Fig. 3a

shows a room-temperature sensitive (defined as Ig/Ia) response

of the CNT/Au/SnO2 nanotube based gas sensor versus time in

an example of sensing CO at a concentration of 2500 ppm. As

revealed, this gas sensor exhibits a high sensitivity of about 70

and a superior response with a recovery time of less than 20 s;

moreover, it displays good reproducibility with minor

Fig. 1 (a) Schematic diagram for the growth process of CNT/Au/

SnO2 nanotubes. (b) The evolution of X-ray diffraction patterns

(XRD) along with the layer-by-layer coating of Au and SnO2 nano-

crystals on CNTs.

Fig. 2 Morphological and structural characterization of CNT/Au/

SnO2 nanotubes: (a), (b) TEM images; (c) HRTEM image; (d) EDX

pattern.
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deviations for six replicates. For illustrating the advantage

offered by the CNT template, the gas sensor based on the

hybrid Au/SnO2 nanocrystals is compared with that based on

CNT/Au/SnO2 nanotubes, in terms of the sensitivity towards

CO gas. Fig. 3b shows the sensitivity response versus CO

concentration (500–2500 ppm) at room temperature for the

above-mentioned two kinds of gas sensors. As can be seen, the

sensitivities of both gas sensors increase with CO concentra-

tion. Moreover, the gas sensor based on the CNT/Au/SnO2

nanotubes exhibits a higher sensitivity to each concentration

of CO gas than that based on the hybrid Au/SnO2 nanocrys-

tals. In order to identify the selectivity, the CNT/Au/SnO2

nanotubes and CNT/SnO2 nanotubes were applied in CO,

CH4 and ethanol gas sensors with the same concentration of

500 ppm (Fig. S5w). As can be seen, CNT/Au/SnO2 nanotubes

show much higher sensitivity to CO than CH4 and ethanol

(more than double). On the contrary, the difference in the

sensitivity to CO, CH4 and ethanol based on the CNT/SnO2

nanotube gas sensor is small and the sensitivity is relatively

low. Therefore, the gas sensor based on CNT/Au/SnO2 nano-

tubes shows better selectivity to CO than that based on CNT/

SnO2 nanotubes. The better selectivity and enhanced sensitiv-

ity are believed to be due to the doping of the Au nanocrystals,

higher surface-to-volume ratio and nanotubular structure

pertaining to the CNT/Au/SnO2 nanotubes.

In summary, CNT/Au/SnO2 nanotubes have been synthe-

sized through homogeneous deposition of Au and SnO2

nanocrystals on carbon nanotubes via layer-by-layer assembly.

Such a strategy could be extended to prepare other CNT-

based ternary hybrids. Moreover, the as-prepared CNT/Au/

SnO2 nanotubes have been applied in a room-temperature CO

gas sensor, which exhibits better performance compared with

Au/SnO2 nanocrystals and CNT/SnO2 hybrids because of the

doping of Au nanocrystals, the higher surface-to-volume ratio

and nanotubular structure.
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