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Air/water interfacial growth of Pt nanothorns
anchored in situ on macroscopic freestanding
CNT thin film for efficient methanol oxidation†
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Min Qiang*a and Tao Chen *b

As one widely used anode electrocatalyst for alcohol oxidation, Pt nanoparticles have been paid a lot of

attention with the aim of improving their catalytic properties by tuning their sizes, morphologies, and

components. One-dimensional (1D) Pt nanostructures possess sufficient active crystal lattices and

interfacial electron transfer pathways, and usually show excellent catalytic properties. At present, there

are still large challenges relating to the controllable synthesis of 1D Pt nanostructures and their effective

loading on appropriate supports, which limit the practical catalytic performances of Pt nanoparticles.

Herein, one-dimensional Pt nanothorns (NTs) of about 5.9 nm diameter are synthesized via a unique

air/water interfacial process and are anchored densely in situ on the surface of supporting carbon

nanotubes (CNTs). The resultant macroscopic freestanding CNTs/PtNTs hybrid film with sufficient active

sites and a large electrochemical active surface area of 190.5 cm2 mg�1 exhibits efficient electrocatalytic

ability for methanol oxidation. This interfacial fabrication strategy provides a simple and effective means

to prepare a PtNT composite with high catalytic activity and stability, showing good potential for

application in flexible alcohol fuel cells.

1. Introduction

Recently, direct-methanol fuel cells (DMFCs) have attracted
considerable attention because of their high energy density
and cleanliness, coupled with the convenient storage and
carriage of methanol.1 The electrocatalyst is one of the key
points influencing the performance of a DMFC. Highly catalytic
activity and good durability are two significant factors for
evaluating an electrocatalyst. In past decades, various catalysts
with high catalytic ability for alcohol oxidation have been
reported to improve the energy density and power of fuel cells:
for example, noble metal catalysts.2–5 Meanwhile, platinum
nanoparticle (Pt NP) catalysts have been widely used as anode
electrocatalysts for DMFC. To efficiently utilize the expensive Pt
catalyst, highly active Pt NPs with different sizes or morphologies
are synthesized and loaded on appropriate supporting materials.6,7

Tiny Pt nanoparticles attached on carbon nanotubes showed high

catalytic ability for methanol oxidation.8 Some Pt nanoparticles
with a special morphology usually have active crystal planes. For
example, one-dimensional Pt nanowires usually have rich active
catalytic sites sufficiently exposed to the electrolyte in the interface
as well as facile pathways for electron transfer.9,10 Much work has
been reported on the preparation of Pt nanowires,11 such as the
solvothermal method,12 template method13 and wet chemistry
method.14 Conventional synthesis processes to produce Pt nano-
wires are usually sophisticated and it is sometimes difficult to
reproduce results. In addition, the dispersiveness of Pt nano-
particles is also significant for the catalytic performance. It is
necessary to load nanoparticles onto an appropriate support with
a high specific surface area, such as carbon nanomaterials15–19 or
conductive polymers.20,21

Unlike the reaction process in bulk solution,22 the interfacial
reaction occurs only on the boundary between two phases, providing
the possibility of producing some unique nanostructures. For
example, an asymmetrical Ag@Ag/S hybrid film was prepared stably
on an air/water interface.23 In our previous work, the air/water
interfacial reaction was employed to synthesize effectively tiny Au
nanoparticles that were in situ loaded densely on CNT film.24 An
interfacial reaction occurring in a confined space usually shows a
slow reaction rate due to the diffusion of reactive agents toward the
interface. It will likely be possible to promote the specific growth of
some lattices at the interface under the assistance of capping agents.
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Herein, an air/water interfacial reaction strategy is presented
to conveniently synthesize Pt nanothorns. A macroscopic free-
standing CNT film floating on the surface of a solution is used
as a 2D interfacial support for the in situ growth and attachment
of Pt nanothorns (PtNTs). PtNTs attach densely on the free-
standing CNT film, achieving a robust CNTs/PtNTs hybrid by a
one-step method. The resultant CNTs/PtNTs hybrid has a high
specific surface area and active crystal planes, showing efficient
catalysis for alcohol oxidation. This CNTs/PtNTs hybrid also
exhibits flexible features and a convenient transfer operation,
with good potential for applications in flexible alcohol fuel
cells25,26 and wearable soft power devices.27–29

2. Experimental
2.1 Materials

All reagents were used as received without further purification.
Hexachloroplatinic acid hexahydrate (H2PtCl6�6H2O, 99.95%),
poly(vinyl pyrrolidone) (PVP, M.W. = 60 000), commercial platinum/
carbon (Pt/C, 5%) and formic acid (HCOOH, 98%) were purchased
from J&K Scientific Ltd (Shanghai). Sodium hydroxide (98%),
ethanol (AR), and sulfuric acid (98%) were provided by Sinopharm
Chemical Reagent Co., Ltd (Shanghai). Multi-walled carbon nano-
tubes (CNTs, diameter: 10–30 nm; length: 10–30 mm; COOH: 2 wt%)
were supplied by Chengdu Organic Chemistry Co., Ltd. All aqueous
solutions are prepared using distilled water.

2.2 Preparation of CNT thin film on the air/water interface

The freestanding CNT film is prepared according to the previous
work with some modifications.30 Briefly, 5 mg of CNTs is dispersed
homogenously in 25 mL of ethanol solution by 30 min of ultra-
sonication. The resultant mixed dispersion is ejected slowly onto
the water surface by means of a syringe. Subsequently, a loose
freestanding CNT film floats stably on the surface of the water. The
resultant CNT film is pressed compactly under the capillary force
driven by a sucking sponge. Finally, a compacted CNT thin film is
prepared and can be transferred stably to another solution surface.

2.3 Preparation of CNTs/PtNTs thin film

Typically, 0.2 mL of 0.1 M H2PtCl6 aqueous solution is added
into 13.4 mL of PVP aqueous solution (1.1 mg mL�1) and a
uniform yellow solution is obtained. 0.4 mL of formic acid is
dissolved into the above solution and forms the growth solution
for the PtNTs. The prepared freestanding CNT film is trans-
ferred onto the surface of the above growth solution. After the
reaction has finished, a macroscopic freestanding CNTs/PtNTs
hybrid film is obtained. The hybrid film is transferred onto a
silicon wafer and blow-dried with nitrogen. Then the film is
cleaned by immersing it alternately into ethanol and distilled
water three times. After drying at 45 1C for 2 h, the hybrid film
can be used for further characterization or other experiments.

2.4 Characterization

Observations on the microstructure of CNTs/PtNTs film were
conducted by SEM (S4800 scanning electron microscope) and

TEM (JEOL JEM 2010, Japan). The crystalline structure of Pt
nanothorns was characterized by X-ray diffraction (XRD) with Cu-Ka
radiation, using an automated X-ray diffractometer (Bruker AXS D8,
Germany). The elemental compositions of the composite film were
analysed by X-ray photoelectron spectroscopy (AXIS ULTRA DLD,
Kratos Analytical Ltd, Manchester, UK). The weight of PtNTs in the
composite film was determined by inductively coupled plasma mass
spectrometry (ICP-MS) (NexION 300X, USA).

The electrochemical properties of the CNTs/PtNTs film
were studied by a CHI 660D electrochemical workstation (CH
Instruments, Chenhua Co, Shanghai, China) with a conventional
three-electrode system. The glassy carbon electrode was polished
successively with 1.0 mm, 0.05 mm a-alumina powder before
sonication washing with distilled water. The CNTs/PtNTs compo-
site film was transferred stably onto the surface of a glassy carbon
electrode and used as the working electrode after blow-drying
with nitrogen gas. An Ag/AgCl electrode and a Pt electrode were
employed as reference electrode and counter electrode, respectively.
All the electrolytic solutions were purged with nitrogen for at least
10 min to obtain an N2-protected solution. For comparison,
commercial Pt/C was dispersed in distilled water and dropped onto
the surface of a glassy carbon electrode. After drying completely,
5 mL of Nafion aqueous solution (5 wt%) was dropped onto the
electrode surface of the Pt/C coated electrode and dried at room
temperature before further measurement.

3. Results and discussion

The air/water interfacial reaction strategy for fabricating CNTs/
PtNTs hybrid is illustrated in Scheme 1. A freestanding CNT
assembled film is transferred stably onto the surface of the
H2PtCl6 solution and used as a 2D interfacial support for the
growth of PtNTs (Scheme 1A and B). PtCl6

2� ions diffuse into
CNTs film and fill the porous CNTs network. Owing to the
reduction by formic acid of PtCl6

2� ions, Pt atoms are produced
continuously and are simultaneously absorbed on the surface
of the CNTs. The Pt atoms attached on the CNTs serve as nucleation
centers for the gradual growth of PtNTs (Scheme 1C). The resultant

Scheme 1 A schematic illustration of the interfacial fabrication of the
CNTs/PtNTs composite film for electrocatalytic alcohol oxidation.
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PtNTs densely attach on the surface of the CNTs, leading to the
formation of a freestanding CNTs/PtNTs hybrid film (Scheme 1D).
Due to its good mechanical stability and flexibility, the prepared
CNTs/PtNTs film can be transferred stably and used directly as
a catalyst membrane for alcohol oxidation (Scheme 1E).31 The
achieved macroscopic CNTs/PtNTs hybrid film has a large area of
up to dozens of square centimeters (Fig. 1A, inset). The morphology
of the CNTs/PtNTs hybrid film was characterized by SEM and TEM
upon transfer onto the silicon wafer. It can clearly be observed that
the CNTs are coated with a layer of rugged nanoshell, leading to the
rough surface and large diameter of the CNTs (Fig. 1A). The high-
resolution SEM image shows that the nanoshell consists of nano-
thorn structures (Fig. 1B). As shown in the SEM image, the average
diameter of a Pt nanothorn is about 5.9 nm, which is smaller than
the size of a CNT (20–30 nm diameter). In addition, the TEM images
in Fig. 1C and Fig. S1 (ESI†) also display that the surface of the CNTs
is wrapped completely by the dense nanothorn shell, implying a
high specific surface area. Furthermore, the distinct lattice planes of
the nanothorn shell in the high-resolution TEM image indicate
ordered crystal structures (the inset in Fig. 1C). The composition of
the CNTs/PtNTs film was further characterized by XPS spectra. In
the XPS spectrum, there are strong peaks around 73 eV attributed to
Pt 4f as well as C 1s and O 1s peaks from CNTs (Fig. 1D). This
indicates that a layer of Pt nanothorn shell is coated on the CNTs. In
addition, the typical Pt 4f peaks consisting of double peaks can be
split into four peaks. The peaks located at 71.7 eV and 74.5 eV
are assigned to Pt 4f(7/2) and Pt 4f(5/2) in the metallic state, while
the peaks at 71.2 eV and 75.5 eV represent Pt 4f(7/2) and Pt 4f(5/2)

corresponding to Pt2+ (Fig. 1E).32,33 The atomic ratio of Pt/Pt2+ is
about 3.1, indicating the predominant metallic Pt species in the
nanowires. The crystalline lattices of the PtNTs were analyzed by

X-ray diffraction (Fig. 1F). There are four diffraction peaks
located at 39.61, 45.91, 68.11, and 81.51, attributed to the (1,1,1),
(1,0,0), (1,1,0) and (3,1,1) planes of the face-centered cubic (fcc)
Pt,34 respectively. Meanwhile, the diffraction peak at the (1,1,0)
lattice is much stronger than the other peaks, implying that the
PtNTs had highly active catalytic activity.35

To achieve highly active PtNTs, the interfacial reaction
conditions were optimized mainly by tuning the interfacial
reaction time (Fig. 2). With an increase in the reaction time,
nanothorns are produced gradually and are absorbed tightly on
the CNTs. After 3 h of reaction, a layer of short Pt nanothorns
coats the surface of the CNTs completely (Fig. 2A). Further
growth leading to the increasing length of the nanothorns
and optimal PtNTs is achieved after 6 h (Fig. 1B). The length–
diameter ratio of the PtNTs prepared with 6 h of reaction
process is clearly larger than for the other samples. If the
reaction time is prolonged again, lots of Pt atoms are deposited
on the CNTs and gradually form an irregular aggregation. The
nanostructures prepared by 12 h of reaction exhibit a rough
surface with nanoscale particles below 100 nm, while the sizes
of the surface particles increase to over 300 nm after 24 h of
reaction (Fig. 2B and C). Further growth leads to larger particle
aggregates without an obvious regular morphology (Fig. 2D).
On the other hand, the growing nanoparticles in the bulk
solution were also characterized by TEM (Fig. S2, ESI†). It was
found that there are large amounts only of tiny Pt nanoparticles
in the solution. The formation of unique PtNTs has a close
relationship with the interfacial reaction process. In the present
work, the CNTs/PtNTs hybrid prepared by 6 h of reaction was
selected as the optimal sample to study their electrocatalytic
properties for methanol oxidation.

Fig. 1 (A) SEM images of the CNTs/PtNTs film prepared by a 6 h reaction and its high-resolution image (B). The inset in A is a picture of the CNTs/PtNTs
composite film floating on water. (C) TEM image of the CNTs/PtNTs composite film. (D and E) XPS spectrum of the CNTs/PtNTs composite film and Pt 4f
spectrum. (F) XRD pattern of PtNTs on the CNTs.
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The electrochemically active surface area (ECSA) of the CNTs/
PtNTs was determined by cyclic voltammetry (CV) measurement
based on an adsorption/stripping process in 0.5 M H2SO4

solution (Fig. 3A). The ECSA value is calculated according to
the following eqn (1).36

ECSA = (SH/V)/[C�MPt] (1)

where SH is the charge for the hydrogen adsorption region, MPt

is the weight of Pt (mg) on the working electrode, V is the scan
rate (50 mV s�1), and C is the charge density of Pt and
represents the charge that is required to oxidize a monolayer
of H2 on a bright Pt surface. Based on the previous report, the
value of C is 0.21 mC cm�2 for Pt nanoparticles.37 The charge of
hydrogen adsorption was obtained by calculating the area from
0 to 0.3 V, while the weight of Pt was obtained by the ICP-MS
method (Table S1, ESI†). The maximum ECSA value of CNTs/
PtNTs is about 190.5 cm2 mg�1, corresponding to the PtNTs
prepared by a 6 h interfacial reaction (Fig. 1B). In addition, the
short PtNTs prepared by 3 h of reaction also have a relatively
high ECSA value of 164.01 cm2 mg�1 (Table S1, ESI†). By contrast,
other irregular Pt nanostructures show a lower ECSA value. This
indicates that nanothorn structures with a high specific surface
area exhibit a high ECSA value.

The CNTs/PtNTs with a high specific surface area and active
lattice planes are expected to be efficient electrocatalysts. To
investigate the catalytic effects of CNTs/PtNTs, a typical electro-
catalytic methanol and ethanol oxidation in alkaline solution
serves as a model. In the electrocatalytic methanol oxidation
by CNTs/PtNTs, as illustrated in Fig. 3C, an anodic peak that
is typically assigned to the oxidation of methanol appears at
around 0 V in the forward scan. In addition, a smaller peak in
the reverse scan at around�0.19 V arises from further oxidation of
the intermediate products. Under the same alcohol concentration
in NaOH solution, the electrocatalytic ability of CNTs/PtNTs on

both methanol and ethanol oxidation is higher than that of a
commercial Pt/C catalyst (Fig. 3D). Compared with the case of
ethanol oxidation, the methanol oxidation current density is
much higher, which indicates the higher catalytic ability of
PtNTs for methanol oxidation.

During the electrocatalytic methanol oxidation, the current
density increases gradually with an increase in the concentration
of methanol. As shown in Fig. 4A and B, the current density is
enhanced nonlinearly with an increase in methanol concentration
and approaches a maximum value of 4.5 mA cm�2 in 2 M methanol.
Although the oxidation current density increases obviously, the onset
potential for methanol electro-oxidation shifts positively to a small
degree. To further investigate the practicality of CNTs/PtNTs film, the
stability was evaluated by a recycled CV process and long-term
electrocatalysis. Fig. 4C shows 100 cycles of CV measurement in a
potential range from�0.9 to 0.4 V at 50 mV s�1. The anodic current
at 0 V during the forward scan was extracted and plotted against
the cycle number, as depicted in the inset in Fig. 4C. After
100 cycles of CV measurements, the CV curves show negligible
changes and the maximum oxidation current density remains
almost constant at 4.5 mA cm�2, suggesting the good stability
and reproducibility of CNTs/PtNTs. The anti-poisoning abilities
of CNTs/PtNTs for methanol oxidation were evaluated by chrono-
amperometric measurements at a potential of 0.05 V for 1000 s.
The electrocatalytic oxidation reaction was performed in a mixed
solution containing 2 M of methanol and 0.5 M of NaOH
(Fig. 4D). Initially, the current on both CNTs/PtNTs and Pt/C
catalysts decays rapidly, probably arising from the cumulative
adsorption of poisonous carbonaceous intermediates on the
surface of the catalyst.38 Compared with Pt/C catalysis, CNTs/
PtNTs exhibit a higher current density and slower decay rate
over the whole scanning range. This indicates that CNTs/PtNTs
have higher catalytic activity and better stability for electro-
catalytic methanol oxidation than a commercial Pt/C catalyst.39

Fig. 2 SEM images of the CNTs/PtNTs hybrid prepared with different
reaction times: (A) 3 h, (B) 12 h, (C) 24 h and (D) 36 h.

Fig. 3 (A) CV curves of a CNTs/PtNTs modified electrode in 0.5 M H2SO4.
(B) The ECSA values of the CNTs/PtNTs hybrid prepared with different
reaction times. (C) CV curves of CNTs/PtNTs/GCE and commercial Pt/C in
0.5 M NaOH solution containing 2 M alcohol. (D) The maximum current
density values of CNTs/PtNTs/GCE and Pt/C in methanol and ethanol.
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Apart from methanol, ethanol is another general resource
candidate for an alcohol fuel cell. The electrocatalytic effects of
PtNTs on ethanol oxidation was also studied in alkaline media
(Fig. 5).40 In the CV measurement, the ethanol oxidation current
density increases gradually with an increase in ethanol concentration
and reaches a maximum value of 1.9 mA cm�2 at a low con-
centration of 0.5 M (Fig. 5A and B). The current density is lower
than that in the case of methanol oxidation. After 100 cycles of CV
measurements, the current density on CNTs/PtNTs/GCE shows a
distinct variation (Fig. 5C), exhibiting unstable electrocatalytic
activity. In the chronoamperometric test results, the decay rate of

CNTs/PtNTs in the ethanol oxidation is similar to Pt/C, although
CNTs/PtNTs generate a higher catalytic current density (Fig. 5D).
Compared with the case of methanol oxidation, the electrocatalytic
ability and stability of CNTs/PtNTs for ethanol oxidation is much
lower. The achieved CNTs/PtNTs are more suitable for electro-
catalytic methanol oxidation.

4. Conclusions

In summary, a unique and facile air/water interfacial reaction
strategy is demonstrated for effectively synthesizing Pt nano-
wires, which are in situ loaded onto a macroscopic flexible CNT
film in high density. The resultant freestanding CNTs/PtNTs
composite film can be transferred stably onto an electrode surface.
The CNTs/PtNTs composite film with a high ECSA value of
190.5 cm2 mg�1 exhibits high electrocatalytic ability for alcohol
oxidation. The current density of catalytic methanol oxidation
is as high as 4.5 mA cm�2 in 2 M methanol. Meanwhile, the
prepared CNTs/PtNTs composite film displays good catalytic
stability and durability. This work provides a cost-effective and
convenient method to achieve a Pt nanowire electrocatalyst
candidate for methanol fuel cells, showing good potential for
the robust fabrication of a composite film catalyst for methanol
fuel cells.
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