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 To achieve the uniform and deep decoration of MOs 
on VACNTs, three practical problems must be addressed: 
(1) VACNTs typically have a high density of CNTs, and the 
resulting limited inter-tube spacing may be unfavorable for 
the embedding of MOs; (2) CNTs’ intrinsic hydrophobicity pre-
vents aqueous solutions from entering the internal spaces of 
VACNTs; and (3) the processes used for the growth and com-
positing of VACNTs are typically carried out in different envi-
ronments, and VACNTs must therefore be transferred from the 
growth substrate to a second substrate. Considering the high 
fragility of VACNTs, this transfer process is likely to be dam-
aging to the quality of the VACNTs. Recently, a few researchers 
have attempted to fabricate 3D VACNTs decorated with various 
MOs (such as MnO 2 , NiO, and ZnO), using electrochemical 
deposition, [ 4,9,10 ]  atomic layer deposition, [ 11 ]  and microwave-
assisted techniques. [ 12 ]  As electrode materials, these 3D struc-
tures also exhibited superior performance in super-capacitor 
or Li-ion battery applications. However, these previous studies 
only touched on one or two of the three practical problems 
detailed above, [ 4,9–12 ]  thus progress seems to be limited and 3D 
composite-based VACNTs are still far from showing the desired 
performance. To the best of our knowledge, so far it is still con-
sidered a challenging task to obtain the high-quality 3D struc-
ture-based VACNTs decorated MO. 

 In this study, after comprehensively considering the three 
practical problems described above, we introduced a new 
strategy involving nebulized ethanol assisted infi ltration for the 
fabrication of 3D structure-based VACNTs uniformly decorated 
with MOs. As illustrated in  Figure    1  , the method can be divided 
into a simple three-step process. In the fi rst step, VACNTs are 
synthesized using the nebulized spray pyrolysis of ferrocene/
xylene solutions at high temperature. [ 13 ]  The number density 
of CNTs in the VACNTs was adjusted by varying the concen-
tration of ferrocene in the xylene solution. In the second step, 
the ethanol solutions containing the MO precursors were nebu-
lized to generate a mist of droplets, and the resulting droplets 
were infi ltrated into the inter-tube spaces in the VACNTs at 
75 °C, using an N 2  carrying gas. The nebulization action cou-
pled with ethanol evaporation signifi cantly decreased the size 
of the droplets, and was helpful for the uniform and deep infi l-
tration of the MO precursors into the VACNTs. More impor-
tantly, the Video 1 and 2 in Supporting Information S1 showed 
that the penetration of the ethanol into the VACNT fi lms was 
far superior to that of the aqueous solution. The results sug-
gested that using ethanol containing MO precursors instead of DOI: 10.1002/adma.201305513
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  In recent years, ever-increasing energy demands have driven 
the development of energy storage devices (ESDs) with higher 
power and energy densities; [ 1 ]  these devices meet the require-
ments for applications such as cordless electric tools, hybrid 
electric vehicles, and industrial energy management. Because 
of their environmentally friendly nature, safety, low cost, and 
good electrochemical performance, transition-metal oxides 
(MOs) have been widely studied in many energy fi elds as 
electrocatalysts for oxygen reduction reactions (ORRs), [ 2 ]  and 
as electrode materials for lithium-ion batteries [ 3 ]  and superca-
pacitors. [ 4 ]  However, their poor conductivity has limited their 
practical application in electrochemical devices. One prom-
ising approach to address this problem is the incorporation of 
MOs into electric carbon nanomaterials such as carbon black, 
carbon nanotubes (CNTs), and graphene. [ 5 ]  In recent years, it 
has been widely demonstrated that introducing CNTs into MOs 
can increase their electrochemical performance. [ 6 ]  However, the 
improved performance produced by the simplex incorporation 
between the one-dimensional (1D) CNTs and the MOs is still 
too limited to meet the requirements described above. [ 1 ]  It is 
known that ionic and electronic transport lies at the heart of 
energy storage and conversion systems in ESDs, and it is widely 
accepted that it will play a vital role in achieving ideal electro-
chemical performance. [ 7 ]  Therefore, in this sense, the design 
of architectures that can provide highly effi cient ionic and elec-
tronic transport is of both scientifi c and practical signifi cance. 
Three-dimensional (3D) carbon-based nanostructures, particu-
larly vertically aligned carbon nanotube arrays (VACNTs), may 
present an ideal architecture, because of their well-directed 
1D conductive electron paths, as well as an appropriate inter-
tube spacing that can ensure the highly effi cient transport of 
electrolytic ions and intermediate reactants. [ 1,8 ]  Considering 
the characteristics of MOs and the advantages of VACNTs, it 
would seem highly desirable to combine 3D VACNTs and MOs 
to achieve certain exciting functions, especially in the electro-
chemical fi elds. 
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aqueous solutions represented an ideal strategy for achieving 
the uniform and deep decoration of MOs on VACNTs. To the 
best of our knowledge, this strategy involving nebulized eth-
anol assisted infi ltration has not been proposed in any previous 
reports. In the third step, MO nanoparticles were easily formed 
in the VACNTs via the pyrolysis reaction of the MO precursors 
at high temperature. Our strategy to fabricate the 3D structures 
holds several advantages, as follows: First, the VACNTs stand 
on the same quartz slice for the entire experimental process, 
and the transfer of VACNTs is thus avoided; this is advanta-
geous in ensuring the quality of the 3D structure. Second, 
with the help of both the ethanol-assisted infi ltration and the 
nebulizing action, the uniform and deep decoration of MOs 
into the VACNTs is easily achieved. The decorated deepness 
can reach several hundred micrometers. So far there are few 
reports on the functionalization of the 100 µm level and above 
thick VACNTs. [ 10 ]  Third, this simple approach can be generally 
applied for the decoration of various MOs (e.g., MnO 2 , ZnO, 
NiO, Fe 3 O 4 , and TiO 2 ) into VACNTs. These high-quality, 3D 
structure-based VACNTs uniformly decorated with various 
MOs could have signifi cant applications in energy generation 
or storage, and in the optoelectronics fi eld. 

  Figures    2   and S2 illustrate the morphological characteriza-
tion of the VACNTs and the 3D structure-based VACNTs deco-
rated with MnO 2 . From the low-magnifi cation scanning elec-
tron microscope (SEM) image in Figure S2a, it can be seen that 
large-area, aligned CNT forests were successfully synthesized 
via the nebulized spray pyrolysis method. The relatively high-
magnifi cation SEM images (Figure  2 a and b) clearly show that 
the VACNTs obtained using a ferrocene concentration of 18 g/L 
had good alignment, a thickness of ∼200 µm, an average outer 
diameter of ∼50 nm, and an inter-tube distance of ∼200 nm. 
Figure  2 c, d, e, f and g show SEM images of the 3D structures. 
As shown in Figure  2 c and d, the VACNTs decorated with 
MnO 2  still exhibited good alignment. The typical higher magni-
fi cation SEM images (Figure  2 e, h and g) show that the MnO 2  
particles were uniformly and deeply deposited on the VACNTs. 
The MnO 2  loading mainly depended on the duration of the 

nebulization action in the second step described above; the 
loading was analyzed using inductively coupled plasma-atom 
emission spectroscopy, and loading values of 10.3, 19.6, and 
27.8 wt% were measured for the samples obtained using nebu-
lization times of 5, 10, and 20 min, respectively. The STEM 
and the corresponding elemental mapping images (Figure  2 h) 
further confi rmed the uniform decoration of MnO 2  particles 
on the VACNTs. From the transmission electron microscope 
(TEM) image in Figure  2 i, it can be seen that the diameter of 
the MnO 2 -decorated VACNTs reached ∼80 nm, compared with 
the as-grown diameter of the VACNTs (50 nm). Interestingly, 
no clear interface was observed in the TEM image between the 
VACNTs and the MnO 2 . Furthermore, in our previous report, [ 2 ]  
it has been confi rmed that the spontaneous electron transfer 
between CNTs and MnO 2  can occur when MnO 2  materials 
are directly coated on CNTs. Some recent reports also support 
our results. [ 14 ]  Thus it is believed that the close interface link 
between the VACNT and MnO 2  may be benefi cial to achieve 
the highly effective electron transfer and the excellent syner-
gistic effects between these materials. The high-resolution TEM 
image in the upper right of Figure  2 i showed a typical lattice 
fringe, which clearly revealed an inter-planar distance of approx-
imately 0.241 nm, corresponding to the spacing between two 
(101) planes of MnO 2 . As shown in Figure S3, the X-ray diffrac-
tion (XRD) pattern for the MnO 2 -decorated VACNTs displayed 
four typical peaks (37.4, 42.9, 43.6 and 44.8 o ) of MnO 2 , which 
were attributed to the (101), (111), (401), and (321) planes, 
respectively. The XRD results further confi rmed the presence of 
MnO 2  on the VACNTs, and were consistent with the HRTEM 
observations. As described above, high-quality, 3D structure-
based VACNTs uniformly and deeply decorated with MnO 2  
were obtained using the simple three-step method. 

 Recently, it has been confi rmed that MnO 2 /VACNT compos-
ites exhibit superior performance in super-capacitor or Li-ion 
battery applications, [ 3,4 ]  and the hybrids of VACNTs decorated 
with other particles such as C-N-Fe [ 15 ]  and Fe [ 16 ]  have been 
developed as ORR catalysts, but research into 3D structure-
based VACNTs decorated with MnO 2  for cathode catalysts in 
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Figure 1. Schematic diagram showing the fabrication of 3D structure-based VACNTs decorated with various MOs.
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fuel cells is rare. It is clear that the advantages of these 3D 
structures could also be benefi cial for promoting ORRs. To 
evaluate the electrocatalytic ORR activity of these 3D structures, 
cyclic voltammetry (CV) measurements were carried out in a 
0.1 M KOH solution.  Figure    3  a shows the ORR peaks for the 
VACNTs and the 3D structures obtained using different nebu-
lization times under O 2 -saturated conditions. Their physical 
parameters, electrochemical properties, and corresponding 
experimental data are listed in Table S1. For the VACNT elec-
trode, a single cathodic reduction peak was present at –0.38 V 
(vs Ag/AgCl). After the combination with MnO 2 , the VACNTs-
MnO 2 –1 and VACNTs-MnO 2 –2 electrodes showed higher peak 
currents and more positive peak potentials than the VACNT 
electrode. These experimental results indicated that the decora-
tion of MO on the VACNTs was highly effective in enhancing 
the activity and reducing the overpotentials toward ORRs. 
Furthermore, from Figure  3 a, it can also be seen that VACNT-
MnO 2 –2 showed the highest peak current of all of the samples. 

When the nebulization time was increased beyond 10 min, the 
ORR activity (for the VACNTs-MnO 2 –3 sample) decreased. This 
might have been due to the comparatively high MnO 2  content, 
which could have resulted in a decrease in the interfacial area 
between the CNTs and the electrolyte, thus increasing the resist-
ance compared with the VACNTs-MnO 2  electrode. To gain fur-
ther insights into the ORR performance of these samples, we 
also performed linear sweep voltammetry measurements on a 
rotating-disk electrode (RDE) using a rotation rate of 1600 rpm, 
and the results were compared with those obtained using a 
commercial Pt/C catalyst (20 wt%). From Figure  3 b, it can be 
seen that the VACNT-MnO 2 –1 and VACNT-MnO 2 –2 samples 
had higher limiting current densities than the VACNTs. This 
result further supported the CV observations described above, 
and strongly indicated that the introduction of MnO 2  enhanced 
the ORR catalytic activity. Furthermore, from Figure  3 b, we can 
also observe that the onset potential for VACNTs-MnO 2 –2 was 
close to that of the Pt/C catalyst, and that its current density 
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Figure 2. Typical SEM, STEM elemental mapping and TEM images of (a, b) ACNTs and the resulting VACNTs-MnO2 composites obtained using dif-
ferent nebulization time: (e) 5 min, (c,d, f, h, i) 10 min and (g) 20 min.
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was higher than that of the Pt/C catalyst. These results sug-
gested that the ORR catalytic activity of VACNTs-MnO 2 –2 was 
better than that of commercial Pt/C catalysts. Considering its 
physical parameters (Table S1) and morphological character, 
it is believed that the excellent performance observed for the 
VACNTs-MnO 2 –2 sample can be attributed to the good syner-
gistic effects between the VACNTs and MnO 2 , and that the 3D 
structures ensured the highly effi cient transport of electron, 
electrolytic ions and intermediate reactants. To further confi rm 
the role of VACNTs-MnO 2 –2 in the ORR electrochemical pro-
cess, we also performed RDE measurements at various rotation 
speeds (See Figure S4). The number of electron transfers for 
VACNTs-MnO 2 –2 was calculated to be 3.83, which indicated a 
four-electron-transfer reaction. The calculated limited-kinetics 
current density ( J  k ) was 19.82 mA cm −2  at –0.45 V. The electro-
catalytic activity of VACNT-MnO 2 –2 was comparable to that of 
other non-Pt catalysts (e.g., Co 3 O 4 /N-graphene, S (or Se)-doped 
graphene and mesoporous graphitic arrays) [ 17–20 ]  in alkaline 
electrolytes. The above results further confi rmed that VACNTs-
MnO 2 –2 is a promising non-Pt material with high catalytic 
activity for ORRs. 

 Possible crossover effects and the stability of the cata-
lyst materials are both important parameters for the evalua-
tion of their practical application in fuel cells. Therefore, the 
chronoamperometric responses to methanol introduced into 
an O 2 -saturated electrolyte were measured for both VACNTs-
MnO 2 –2 and a commercial Pt/C catalyst. It can be seen from 

Figure  3 c that after the addition of 3 M of methanol at 80 s, 
no noticeable change was observed in the ORR current at the 
VACNTs-MnO 2 –2 electrode. In contrast, the ORR current for 
the Pt/C catalyst decreased sharply. These results indicated 
that VACNTs-MnO 2 –2 exhibited high ORR selectivity, and had 
a good ability for avoiding crossover effects. The durability 
of the VACNTs-MnO 2 –2 catalysts was also tested by holding 
them at –0.40 V for 6 h in an O 2 -saturated 0.1 M KOH solu-
tion. Figure  3 d shows that the resulting chronoamperometric 
response for VACNTs-MnO 2 –2 exhibited a very slow attenu-
ation, and a high relative current of 92.6% that still persisted 
after 20 000 s. The stability of the VACNTs-MnO 2 –2 is com-
parable to that of the previously reported non-Pt ORR catalysts 
(e.g., nitrogen-doped ordered mesoporous graphitic arrays). [ 21 ]  
These results confi rmed that VACNTs-MnO 2 –2 has the poten-
tial to be applied in direct methanol and alkaline fuel cells. 

 To further test the general applicability of the simple three-
step process, other ethanol solutions containing various metal 
salts (including zinc acetylacetonate hydrate, nickel(II) acety-
lacetonate, iron(III) acetylacetonate, and titanium tetrachloride) 
were used as precursors in similar experiments. In these exper-
iments, the ethanol solutions containing different precursors 
were fi rst nebulized, and the resulting small droplets were infi l-
trated into the VACNTs using an N 2  carrying gas; fi nally, the 
resulting samples were heated to various temperatures from 
400 to 550 °C, depending on the decomposition temperature of 
the respective salts. It is known that the thermal decomposition 

Adv. Mater. 2014, 26, 3156–3161

Figure 3. (a) CVs for ACNTs and the resulting VACNTs-MnO2 composites obtained using different nebulization time, (b) LSV curves for various cata-
lysts and a Pt/C catalyst at a rotation rate of 1600 rpm, chronoamperometric responses of VACNTs-MnO2–2 and Pt/C catalyst, (c) with 3 M methanol 
added at around 80 s, and (d) at −0.40 V in an O2-saturated 0.1 M KOH solution.
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of these organic salts typically yields the corresponding metal 
oxide. [ 21 ]   Figure    4  , S5, S6, S7 and S8 show typical FESEM, TEM, 
STEM and corresponding elemental mapping images, and 
EDX patterns of these 3D structure-based VACNTs uniformly 
decorated with various MOs (ZnO, NiO, Fe 3 O 4 , and TiO 2 ). As 
an example, Figure  4 a-c and S5 show that ZnO particles with 
a narrow size distribution were uniformly decorated on the 
VACNTs, with the help of both the ethanol-assisted infi ltration 
and the nebulization. These novel 3D structure-based VACNTs 

decorated with ZnO (VACNTs-ZnO) may hold advantages for 
applications in dye-sensitized solar cells, gas sensors, and 
piezoelectric devices. Furthermore, considering Figure  4 d–l, 
S6, S7 and S8, it is interesting to note that the other MO par-
ticles could also achieve uniform and deep decoration on the 
VACNTs, but there were slight differences for the different 
MOs. NiO, Fe 3 O 4 , and TiO 2  appeared as individual nanoparti-
cles with small sizes on the order of several nanometers, while 
ZnO tended to form clusters of relatively large nanoparticles 

Figure 4. Typical SEM and TEM images of these 3D structure-based VACNTs uniformly decorated with various MOs:(a, b, c) VACNTs-ZnO, 
(d, e, f) VACNTs-NiO, (g, h, i), VACNTs-Fe3O4, and (j, k, l) VACNTs-TiO2



3161

www.advmat.de
www.MaterialsViews.com

wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TIO

N

Adv. Mater. 2014, 26, 3156–3161

on the surfaces of VACNTs under the experimental conditions 
used in this study. This difference might have originated from 
the different crystallization and crystal growth behavior of the 
different materials during the annealing process. The detailed 
decomposition mechanisms for these different metal salts 
must be studied further. 

 In summary, we have developed a simple and effec-
tive strategy for the general synthesis of 3D structure-based 
VACNTs uniformly decorated with MOs. Using this method, 
various MO precursors can be uniformly and deeply infi l-
trated into VACNTs with the help of both ethanol-assisted 
infi ltration and nebulization, fi nally achieving the formation of 
high-quality 3D structures after thermal annealing. The facile 
nature, versatility, and scalability of this method mean that it 
has great potential for the preparation of other metal oxide 
nanoparticle decorated carbon materials and other nanostruc-
tures for catalytic, electronic, and optical applications. Further-
more, we have also demonstrated that the 3D structure-based 
VACNTs uniformly decorated with MnO 2  exhibit superior elec-
trocatalytic activity, long-term stability, and an excellent resist-
ance to crossover effects for ORRs. The materials are ideal 
potential candidates for replacing Pt-based catalysts as cath-
odes in fuel cells.  
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