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1. Introduction

The oxygen reduction reaction (ORR) and 
oxygen evolution reaction (OER), both of 
which are sluggish in nature, play pivotal 
roles in renewable energy technologies 
including fuel cells, metal/air batteries, 
and water splitting.[1,2] Platinum- and 
ruthenium (or iridium)-based materials 
generally make the most active ORR[3] and 
OER catalysts,[4,5] respectively, but the pro-
hibitive cost and relative scarcity of these 
catalyst materials hinder their practical 
use in large-scale applications. To date, 
substantial efforts have been dedicated to 
the design of various cost-effective alter-
natives, such as perovskites,[6] spinels,[7] 
heteroatom (e.g., nitrogen, sulfur, and 
boron) doped/codoped carbon nanotubes 
(CNTs),[8,9] graphene,[10–12] or carbon 
nanosheets,[13,14] and CNTs or graphene 
supported transition-metal oxide, such 
as manganese (Mn) oxide[15,16] and iron 
(Fe) oxide.[17,18] It has been reported that 
nitrogen-doped CNT (NCNT) supported 
cobalt oxide nanoparticles possessed 
excellent ORR catalytic activity. This was 

because: (1) CNTs had large surface area and excellent electrical 
conductivity; (2) nitrogen doping changed the charge density 
and distribution within CNTs; and (3) CNTs had synergistic 
coupling effects with cobalt oxide nanoparticles.[19] However, 
the improvement of ORR activity in these developed NCNT/
cobalt oxide composites was hindered by the intrinsically low 
ORR activity of CNTs. Also, the growth of cobalt oxide nanopar-
ticles on NCNT surfaces involved time-consuming multistep 
procedures as well as the extra preoxidation of CNT surfaces, 
and the latter required the use of strong and dangerous oxi-
dants. Recently, Bao and co-workers reported that ORR activity 
of CNTs was enhanced effectively by encapsulating Fe nanopar-
ticles within CNTs. This was because the interaction of Fe nano-
particles with CNT walls reduced the work function at surfaces 
of the CNTs, making CNT surfaces more active for ORR.[20] 
Similar to Fe, copper (Cu) is also an earth-abundant and inex-
pensive transition-metal element. More importantly, the work 
of Zhang and co-workers proved that Cu had inherent ORR 
catalytic activity.[21] Therefore, it would be highly desirable to 
introduce interaction between CNT walls and Cu nanoparticles 
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for NCNT/cobalt oxide composites, to afford high ORR activity. 
However, to the best of our knowledge, there has not yet been a 
report on such a study.

Here, by rationally performing consecutive low- and high-
temperature chemical vapor deposition (CVD) of carbon layers 
on anodic aluminum oxide (AAO) pore walls loaded with 
copper nitrate, we fabricated CNTs where walls were uniformly 
embedded with Cu nanoparticles (hence, we denoted these 
CNTs as Cu@CNTs). Then, by post-treatment of Cu@CNTs in 
ammonia to achieve nitrogen doping (Cu@NCNTs), precipi-
tation-assisted separation of Cu@NCNTs from cobalt nitrate 
aqueous solution, and the following thermal annealing, we 
realized selective decoration of cobalt oxide (CoxOy) nanoparti-
cles on Cu@NCNT surfaces. Density functional theory (DFT) 
calculations revealed that interaction of Cu nanoparticles with 
CNT walls induced decreased work function of CNT surfaces 
and improved adsorption of hydroxyl ions onto the CNT sur-
faces. Because of these outstanding benefits, further nitrogen 
doping, and synergistic coupling between CoxOy nanoparticles 
and Cu@NCNTs, the Cu@NCNT/CoxOy composites demon-
strated high ORR activity comparable to that of commercial 
Pt/C catalysts, OER activity higher than that of IrO2 catalysts, 
and excellent durability for ORR/OER in alkaline solution. Fur-
thermore, this approach was extended to the fabrication of dif-
ferent metal/metal oxide composites with similar hierarchical 
structures.

2. Results and Discussion

Figure 1a shows the fabrication process of Cu@CNTs. Spe-
cifically, copper nitrate was first loaded on AAO pore walls by 
immersing AAO in copper nitrate aqueous solution and drying 
it. Then, low- and high-temperature CVD processes were con-
ducted at 450 and 800 °C, respectively, with acetylene as a 
carbon precursor. According to our previous work,[22] accumu-
lated deposition of carbon deriving from pyrolysis of acety-
lene at 450 °C onto surfaces of transition-metal nanoparticles 
led to encapsulation of transition-metal nanoparticles within 
carbon layers. This was because transition-metal nanoparticles 
lost their catalytic effects on CNT growth at low temperature 
(<500 °C).[23,24] Therefore, during CVD at 450 °C, copper oxide 
nanoparticles that resulted from thermal decomposition of 
copper nitrate were first reduced to Cu nanoparticles by carbon 
and hydrogen (from pyrolysis of acetylene), and then encapsu-
lated within carbon layers. Moreover, our previous work also 
showed that only a small quantity of acetylene was pyrolyzed 
at 450 °C.[22] Hence, the CVD at 450 °C resulted in negligible 
carbon deposition on the AAO pore walls (Figure S1, Sup-
porting Information). It has been reported that the amount of 
pyrolyzed acetylene increased dramatically after the increase of 
the temperature.[22] Therefore, a large number of carbon layers 
were deposited on the AAO pore walls after CVD at 800 °C. In 
this case, the original carbon-layer-encapsulated Cu nanoparti-
cles (formed at 450 °C) were further covered by the additional 
carbon layers formed at 800 °C, leading to complete embed-
ment of Cu nanoparticles within carbon layers on the AAO pore 
walls. It is well known that carbon layers deposited on AAO 
pore walls duplicated perfectly AAO pore morphology.[25–27] 

Hence, after the CVD at 800 °C, the carbon layers duplicated 
cylindrical morphology of AAO pores, resulting in the forma-
tion of Cu nanoparticles embedded CNTs, i.e., Cu@CNTs.

Figure 1b is a scanning electron microscope (SEM) image of 
Cu@CNTs, showing that many hollow Cu@CNTs with almost 
uniform diameters have been achieved. Figure 1c is a transmis-
sion electron microscope (TEM) image of a typical Cu@CNT, 
revealing that Cu@CNT has uniform wall thickness and its 
diameter is ≈85 nm, which is consistent with that of AAO.[22] In 
addition, Figure 1c shows that many Cu nanoparticles with size 
<10 nm are uniformly distributed inside the Cu@CNT. From 
the high-resolution TEM (HRTEM) image (Figure 1d), we can 
see that these Cu nanoparticles are actually embedded within 
CNT walls which are ≈2.5 nm thick. The inset in Figure 1d 
shows an HRTEM image of a Cu nanoparticle, showing that it 
is well crystallized, and its interplanar d-spacing is ≈0.18 nm, 
which agrees well with that of Cu [200] planes. Hence, this 
result confirms that this nanoparticle is made of Cu. The X-ray 
diffraction (XRD) pattern (Figure 1e) of the Cu@CNTs shows 
three remarkable Cu peaks at 43.3°, 50.3°, and 52.0°, cor-
responding to the [111], [200], and [420] planes, respectively. 
Hence, XRD results also verify that the nanoparticles embedded 
in the CNT walls are composed of Cu.

To shed light on the importance of combination of low- and 
high-temperature CVD for the formation of Cu@CNTs, we per-
formed only high-temperature CVD, which is commonly used 
for growth of CNTs inside the AAO template,[25,28] after loading 
the AAO pore walls with copper nitrate. As shown in Figure 1f, 
the synthesized Cu@CNTs have very thin walls, whose thick-
ness cannot be distinguished in the TEM image. In addition, 
there are many curly CNTs with small diameters (≈10 nm), 
which were formed by Cu catalysis, inside the CNTs (as marked 
by red arrows). This result is consistent with the previous 
report that some Cu nanoparticles loaded on AAO pore walls 
could catalyze the growth of small-diameter CNTs via the 
vapor–liquid–solid mechanism.[29] As growth of these small-
diameter CNTs required a large number of carbon deposited 
on the surfaces of Cu nanoparticles, we think this reduced 
the amount of carbon deposited on the AAO pore walls, 
and eventually resulted in the formation of Cu@CNTs with 
thin walls (Figure 1g). In addition, we found that Cu@CNTs 
achieved by only high-temperature CVD suffered from the 
poor structural integrity. As shown in Figure 1f and Figure S2a 
(Supporting Information), even brief ultrasonication for the 
preparation of TEM specimen can seriously damage thin walls 
of these Cu@CNTs to nearly break apart. Therefore, in com-
parison with only high-temperature CVD, the combination of 
low- and high-temperature CVD is beneficial for the production 
of robust Cu@CNTs with thick walls.

It was reported that CNTs precipitated easily in water, 
because their density was greater than that of water.[30] 
Hence, after dispersing pure CNTs fabricated using bare AAO 
(Figure S2b, Supporting Information) and the Cu@CNTs in 
water, we observed the precipitation of both (Figure 2a). More 
importantly, we found that Cu@CNTs precipitated more rap-
idly than pure CNTs. As shown in Figure 2a, after dispersion 
in water for 2 min, almost all the Cu@CNTs have precipitated 
to the bottom, while many pure CNTs are still suspended in the 
water. We attributed this to the embedding of Cu nanoparticles, 
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which resulted in Cu@CNTs with higher density than the pure 
CNTs. For the same reason, we also observed rapid precipita-
tion of Cu@NCNTs (fabricated via ammonia post-treatment 
of Cu@CNTs at 900 °C[31]) in cobalt nitrate aqueous solution 
(Figure S3, Supporting Information). Then, after sucking away 
the solution, we obtained easy separation of Cu@NCNTs, 
which were still encapsulated by the residual cobalt nitrate 
aqueous solution (Figure 2b). According to the previous report, 
aqueous solution could not infuse into inner spaces of the 
CNTs because of the hydrophobic CNT walls.[32] This revealed 
that cobalt nitrate aqueous solution only coated surfaces of the 
Cu@NCNTs. Hence, after drying these Cu@NCNTs to pre-
pare cobalt nitrate loaded on their surfaces, and then annealing 
to make cobalt nitrate decomposed to CoxOy, we achieved 
Cu@NCNT/CoxOy composites, where CoxOy nanoparticles 
were selectively decorated on Cu@NCNT surfaces (Figure 2c). 

Figure 2d,e shows a SEM and a TEM image, respectively, of 
the Cu@NCNT/CoxOy composites, demonstrating clearly that 
CoxOy nanoparticles are outside of the NCNTs. From the 
HRTEM images (Figure 2f,g), we can see that Cu nanoparti-
cles are embedded within the NCNT walls and meanwhile 
high crystallinity Co3O4 nanoparticles of ≈7 nm are deco-
rated on the NCNT surface. The XRD pattern (Figure 2h)  
of the Cu@NCNT/CoxOy composites shows four CoxOy peaks 
at 31.1°, 36.4°, 42.4°, and 61.4°, which are assigned to Co3O4 
[220], CoO [101], CoO [200], and CoO [220], respectively. 
Hence, XRD results confirm that the CoxOy nanoparticles on 
NCNT surfaces are composed of both Co3O4 and CoO. X-ray 
photoelectron spectroscopy (XPS) spectrum (Figure 2i) of the 
Cu@NCNT/CoxOy composites suggests the presence of C, Cu, 
N, Co, and O, and their estimated weight percentages are 67.5, 
4.0, 3.3, 5.0, and 20.0 wt%, respectively (Table S1, Supporting 
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Figure 1. a) Schematic representation of the fabrication process of Cu@CNTs. b) The SEM image of Cu@CNTs. c) The TEM image of a Cu@CNT.  
d) The HRTEM image taken from the square area marked in part (c). Inset: The HRTEM image taken from the square area. e) The XRD pattern of Cu@
CNTs. f) The TEM image of Cu@CNTs produced by only high-temperature CVD. The two red arrows indicate the Cu catalyzed CNTs. g) Schematic 
representation of AAO and the Cu@CNTs achieved by only high-temperature CVD.
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Information). The high-resolution XPS spectrum of N 1s 
(inset of Figure 2i) shows that there are two types of nitrogen 
(i.e., pyridinic N, ≈398.0 eV and pyrrolic N, ≈400.0 eV) in the 
Cu@NCNT/CoxOy composites,[16] and the high-resolution XPS 
spectrum of Cu 2p3/2 (Figure S4, Supporting Information) 
reveals that there are Cu–N species (≈933.5 eV) in the compos-
ites besides metallic Cu (≈932.2 eV).[33] Therefore, ammonia 
post-treatment of Cu@CNTs achieved both nitrogen doping 
of carbon layers and formation of Cu–N species. In addition, 
the inductively coupled plasma optical emission spectrometry  
(ICP-OES) measurement was further used to examine the 
amounts of metal elements in the Cu@NCNT/CoxOy com-
posites, and weight percentages of Cu and Co are ≈5.0 and 
≈5.3 wt%, respectively. Figure S5a (Supporting Informa-
tion) shows the nitrogen adsorption–desorption isotherm of 
the Cu@NCNT/CoxOy composites, showing a distinct hys-
teresis loop under the relative pressure ranging from 0.45 to 
1.0. This result suggests the presence of mesopores in the 
Cu@NCNT/CoxOy composites. The pore size distribution curve 

(Figure S5b, Supporting Information) demonstrates a sharp 
peak at a half pore width of ≈2.6 nm, confirming again the 
presence of mesopores. The Brunauer–Emmett–Teller (BET) 
surface area of the composites is ≈391 m2 g−1, and their pore 
volume is ≈1.096 cm3 g−1. Hence, the BET surface area of the 
composites is remarkably larger than that (154 m2 g−1) of the 
previously reported Co3O4/NCNT composites.[19] We think that 
the result could be attributed to the low weight percentage of 
metal (metal oxide) in the Cu@NCNT/CoxOy composites. In 
addition, this result could be ascribed to the gases deriving 
from thermal decomposition of cobalt nitrate, which blow and 
separate the originally agglomerated Cu@NCNTs.[34]

Using DFT calculations, we obtained electrostatic potential pro-
files of single-wall CNT (SWCNT)(6,6) and Cu4@SWCNT(6,6), 
where a Cu4 cluster was inside the SWCNT(6,6) and decorated 
on its wall. As shown in Figure 3a, the work functions at the 
surfaces of SWCNT(6,6) and Cu4@SWCNT(6,6) are ≈4.05 and 
≈3.37 eV, respectively, indicating that interaction of Cu4 clusters 
with the SWCNT wall induces a remarkable decrease in work 
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Figure 2. a) Photograph of pure CNTs and Cu@CNTs after dispersion in water for 2 min. b) Photograph of Cu@NCNTs separated from cobalt nitrate 
aqueous solution. c) Schematic representation of a Cu@NCNT/CoxOy composite. d) The SEM image of Cu@NCNT/CoxOy composites. e) The TEM 
image of three overlapped Cu@NCNT/CoxOy composites. f,g) HRTEM images taken from the red and brown square areas in part (e), respectively. 
Inset in part (f): The HRTEM image taken from the red square area. h,i) XRD and XPS spectra of Cu@NCNT/CoxOy composites, respectively. The inset 
in part (i) is a high-resolution XPS spectrum of N 1s.
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function at the surface of the SWCNT. Also, the work function 
(≈3.45 eV) at the surface of the double-wall CNT [(DWCNT)
(6,6)/(11,11)] is larger than that (≈3.05 eV) at the surface of 
Cu4@DWCNT(6,6)/(11,11), where a Cu4 cluster is decorated 
on the inner wall of the DWCNT(6,6)/(11,11) (Figure S6, Sup-
porting Information). These results reveal that the interaction of 
Cu nanoparticles with the CNT walls leads to decrease in work 
function at the CNT surfaces. The previous work of Bao and co-
workers confirmed that such a decrease was able to improve the 
ORR activity of the CNTs.[20] Hence, the interaction of Cu nano-
particles with the CNT walls is expected to result in better ORR 
activity for CNTs. Furthermore, our DFT calculations reveal that, 
in comparison with the surface of SWCNT(6,6), it is energetically 

more favorable for hydroxyl ions to be adsorbed onto the surface 
of Cu4@SWCNT(6,6). This is because adsorption free energy 
(≈3.73 eV) of hydroxyl ions on the surface of Cu4@SWCNT(6,6) 
is remarkably larger than that (≈2.02 eV) on the surface of 
SWCNT(6,6). Similarly, the adsorption of hydroxyl ions onto the 
surface of Cu4@DWCNT(6,6)/(11,11) is more favorable (adsorp-
tion free energy: ≈1.39 eV) than onto the surface of DWCNT(6,6)/
(11,11) (adsorption free energy: ≈0.42 eV). This reveals that the 
interaction between Cu nanoparticles and CNT walls may also 
induce the enhanced OER activity of the CNTs, because easy 
adsorption of hydroxyl ions onto the catalyst surfaces favors the 
enhanced OER activity.[2,35] Therefore, these results indicate that 
our Cu@CNTs, with Cu nanoparticles embedded entirely within 
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Figure 3. a) Electrostatic potential profiles averaged on the plane perpendicular to the X-axis as a function of the X-axis of the supercell of SWCNT 
and Cu4@SWCNT. The schematic representation of Cu4@SWCNT is shown in the background. As indicated, the work functions at the surfaces of 
SWCNT(6,6) and Cu4@SWCNT(6,6) are ≈4.05 eV and ≈3.37 eV, respectively. b) LSVs of pure CNTs, Cu@CNTs, Cu@NCNTs, Cu@NCNT/CoxOy 
composites, and Pt/C (scan rate: 0.01 V s−1; rotation rate: 1600 rpm). c) LSVs of Cu@NCNT/CoxOy composites at different rotation rates (scan rate: 
0.01 V s−1). Inset: K–L plots at different potentials. d) Chronoamperometric response of Cu@NCNT/CoxOy composites and Pt/C in oxygen saturated 
0.1 m aq. KOH solution at 0.72 V. e) Chronoamperometric response of Cu@NCNT/CoxOy composites and Pt/C in oxygen saturated 0.1 m aq. KOH 
solution at 0.57 V. About 3 m methanol was added at about 360 s. f) LSVs of pure CNTs, Cu@CNTs, Cu@NCNTs, Cu@NCNT/CoxOy composites, and 
IrO2 (scan rate: 0.01 V s−1; rotation rate: 1600 rpm).
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the CNT walls, may have better bifunctional ORR/OER catalytic 
activity than do the pure CNTs. It was evidenced that both pyri-
dinic N and pyrrolic N, metal-N species, and synergistic coupling 
between CoxOy nanoparticles and carbon nanomaterials, ben-
efited the improvement of ORR/OER activity of carbon nano-
materials.[8,19,35–38] Hence, ORR/OER activity of the Cu@CNTs 
is expected to increase even more after nitrogen doping and the 
final CoxOy decoration.

In order to examine the ORR activity of pure CNTs, 
Cu@CNTs, Cu@NCNTs, and Cu@NCNT/CoxOy com-
posites, we measured their linear sweep voltammograms 
(LSVs, Figure 3b) in oxygen saturated 0.1 m aq. KOH 
solution using rotating disk electrodes at 1600 rpm. As 
expected, the ORR activity of the Cu@CNTs (onset poten-
tial: ≈0.84 V vs the reversible hydrogen electrode (RHE); 
limiting current density at 0.27 V: ≈−2.54 mA cm−2)  
is better than that (≈0.77 V, ≈−1.55 mA cm−2) of the pure 
CNTs, confirming that embedding Cu can improve the ORR 
activity of CNTs. In addition, Cu@CNTs have a more negative 
onset potential and a lower limiting current density than do 
Cu@NCNTs (≈0.89 V, ≈−3.64 mA cm−2). As mentioned above, 
all of pyridinic N, pyrrolic N, and metal–N species are benefi-
cial for the improvement of ORR activity of the carbon nano-
materials. Therefore, the higher ORR activity of Cu@NCNTs 
than that of Cu@CNTs could be attributed to each of the pyri-
dinic N, pyrrolic N, and Cu–N species. Also, the possible con-
tribution of Cu–N species to ORR activity of the Cu@NCNTs 
is revealed by the better ORR activity of Cu@NCNTs than that 
of the pure NCNTs (Figure S7, Supporting Information). In 
comparison with Cu@NCNTs, Cu@NCNT/CoxOy composites 
exhibit a more positive onset potential (≈0.95 V) and a higher 
limiting current density (≈−5.66 mA cm−2). This reveals that 
the synergistic coupling effect between CoxOy nanoparticles 
and Cu@NCNTs is responsible for the higher ORR activity of 
the Cu@NCNT/CoxOy composites than Cu@NCNTs, because 
CoxOy alone has rather poor ORR activity.[37,39] According to 
the work of Dai and co-workers,[19] both CoO and Co3O4 have 
synergistic coupling with NCNTs, leading to similar onset 
potentials for NCNT/CoO and NCNT/Co3O4 composites during 
ORR. However, in comparison with NCNT/Co3O4 composites, 
NCNT/CoO composites exhibited higher ORR current density 
owing to their smaller charge transfer resistance. Hence, for 
CoxOy nanoparticles consisting of both CoO and Co3O4, the 
composition of CoO could contribute more than that of Co3O4 
to the high ORR activity of the Cu@NCNT/CoxOy composites. 
Furthermore, the high ORR activity of the Cu@NCNT/CoxOy 
composites confirms that although our method of decorating 
CoxOy nanoparticles on Cu@NCNT surfaces is rather simple, 
it can still achieve strong coupling between CoxOy nanoparti-
cles and Cu@NCNTs. Therefore, our approach is superior to 
the previously reported methods for fabrication of such NCNT/
metal oxide (or CNT/metal oxide) composites in terms of low 
cost, time saving, and environmental compatibility.[15,19,40] 
Moreover, Figure 3b also shows that the onset potential of the 
Cu@NCNT/CoxOy composites is very close to that (≈0.97 V) of 
commercial Pt/C catalysts, together with their limiting current 
density having a higher value (limiting current density for Pt/C 
is ≈−5.26 mA cm−2). Thus, Cu@NCNT/CoxOy composites have 
ORR catalytic activity similar to that of Pt/C catalysts.

As high ORR activity of the Cu@NCNT/CoxOy compos-
ites is closely related to each component of Cu, nitrogen, and 
CoxOy, we think that there could be several active sites for ORR 
for the Cu@NCNT/CoxOy composites. For Fe nanoparticles 
embedded in CNTs, it has been reported that CNT surfaces 
with Fe nanoparticles sitting below are active sites for ORR.[20] 
This is because these surfaces have lower work function due 
to the interaction between carbon layers and Fe nanoparticles. 
As the interaction between carbon layers and Cu nanoparti-
cles can also result in reduced work function of CNT surfaces, 
we think CNT surfaces of the Cu@NCNT/CoxOy composites, 
under which there are Cu nanoparticles, can also serve as active 
sites to expedite oxygen reduction. It is well known that carbon 
atoms adjacent to the doped nitrogen atoms become active 
sites for ORR upon doping of CNTs or graphene, because they 
have the high charge density.[8,10] On the other hand, many pre-
vious reports demonstrate that metal–N species are also active 
sites to catalyze the ORR.[19,36] As ammonia post-treatment of 
Cu@CNTs could achieve not only nitrogen doping of CNTs but 
also the formation of Cu–N species, both carbon atoms adja-
cent to the doped nitrogen atoms and Cu–N species could be 
additional active sites for ORR in the Cu@NCNT/CoxOy com-
posites. Furthermore, previous researches confirm that cobalt 
oxide species at the interface between cobalt oxide and carbon 
nanomaterials are ORR active sites for cobalt oxide decorated 
carbon nanomaterials.[19,41] Hence, for Cu@NCNT/CoxOy 
composites, where CoxOy nanoparticles were decorated on the 
Cu@NCNT surfaces, CoxOy species at the interface between 
CoxOy and Cu@NCNTs could be other ORR active sites.

To gain further insights into the ORR kinetics of the 
Cu@NCNT/CoxOy composites, we measured their LSVs at dif-
ferent rotation rates in oxygen saturated 0.1 m aq. KOH solution. 
From Figure 3c, we can see that the limiting current density of 
the Cu@NCNT/CoxOy composites increases with the increase 
of rotation rate. Then, using these LSVs at different rotation 
rates, we calculated Koutecky–Levich (K–L) plots (J−1 vs ω−1/2) 
at different potentials for the Cu@NCNT/CoxOy composites. As 
shown in the inset of Figure 3c, the K–L plots at all potentials 
have excellent linearity and almost coincide. This reveals the 
first-order ORR kinetics at the surfaces of Cu@NCNT/CoxOy 
composites as well as the similar electron transfer number at 
different potentials during ORR. On the basis of slopes of these 
K–L plots, we calculated the electron transfer number (n) per 
oxygen molecule in ORR for Cu@NCNT/CoxOy composites to 
be close to 4. This indicates that ORR processes at the surfaces 
of the Cu@NCNT/CoxOy composites are an ideal four-electron 
process, which is similar to the case in Pt/C catalysts.[11,19] 
Using similar approaches, we also obtained electron transfer 
numbers of ≈3.9, ≈3.0, and ≈2.0 for Cu@NCNTs (Figure S8, 
Supporting Information), Cu@CNTs (Figure S9, Supporting 
Information), and pure CNTs (Figure S10, Supporting Infor-
mation), respectively. Therefore, the ORR processes at the sur-
faces of Cu@NCNTs are close to the ideal four-electron process, 
while those at the surfaces of Cu@CNTs and pure CNTs are a 
mixed two- and four-electron process and a typical two-electron 
process, respectively.

Because stability and selectivity toward ORR are important 
parameters for evaluation of ORR catalysts in fuel cells,[15] 
we studied the long-term durability of Cu@NCNT/CoxOy 
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composites via chronoamperometric measurement at 0.72 V in 
oxygen saturated 0.1 m aq. KOH solution. As shown in Figure 3d, 
after running for 12 000 s, current density for the Cu@NCNT/
CoxOy composites retains more than 90% of the initial value, 
while that for Pt/C catalysts drops to ≈85% of its initial value. 
Therefore, Cu@NCNT/CoxOy composites have better long-term 
stability for ORR than do Pt/C catalysts. Next, we examined tol-
erance to methanol crossover for Cu@NCNT/CoxOy compos-
ites via the addition of 3 m methanol in 0.1 m aq. KOH solution. 
From Figure 3e, we can see that addition of methanol induces 
negligible current attenuation for Cu@NCNT/CoxOy compos-
ites, while current attenuation is pronounced for Pt/C catalysts. 
This implies that Cu@NCNT/CoxOy composites also have less 
sensitivity to impurities than do Pt/C catalysts.

Then, we studied the OER performance of pure CNTs, 
Cu@CNTs, Cu@NCNTs, and Cu@NCNT/CoxOy composites, 
by measuring their LSVs in oxygen saturated 0.1 m aq. KOH 
solution. As seen in Figure 3f, both pure CNTs and Cu@CNTs 
exhibit low current density (with a value far smaller than 
10 mA cm−2) under these conditions, but Cu@CNTs have a 
current density remarkably higher than that of pure CNTs. 
Therefore, this result confirms that embedding Cu gives rise to 
enhanced OER activity of pure CNTs, which agrees well with 
our expectation as well as Bao and co-workers’s theoretical 
calculations.[42] In addition, the OER activities of Cu@CNTs, 
Cu@NCNTs, and Cu@NCNT/CoxOy composites increase in the 
following sequence Cu@CNTs < Cu@NCNTs 
< Cu@NCNT/CoxOy composites. As both 
pyridinic N and pyrrolic N as well as metal–
N species favor the enhancement of OER 
activity of the carbon nanomaterials,[35,38] the 
higher OER activity of Cu@NCNTs than that 
of Cu@CNTs could be attributed to each of 
pyridinic N, pyrrolic N, and Cu–N species 
(the possible contribution of Cu–N species is 
revealed in Figure S11, Supporting Informa-
tion). It has been evidenced that both CoO 
and Co3O4 have synergistic coupling with 
carbon nanomaterials to result in the effi-
ciently improved OER activity of carbon nano-
materials.[37,41] Thus, we think the higher 
OER activity of the Cu@NCNT/CoxOy com-
posites than that of Cu@NCNTs stems from 
synergistic coupling between cobalt oxide 
components (i.e., CoO and Co3O4 within 
CoxOy nanoparticles) and Cu@NCNTs. 
More importantly, Figure 3f shows that 
Cu@NCNT/CoxOy composites exhibit a cur-
rent density of 10 mA cm−2 at ≈1.6 V, which 
is more negative than that (≈1.65 V) of the 
state-of-the-art (precious metal) IrO2 cata-
lysts. This reveals that Cu@NCNT/CoxOy 
composites are highly active OER catalysts. 
Moreover, chronoamperometric measure-
ment at 1.47 V in oxygen saturated 0.1 m aq. 
KOH solution (Figure S12, Supporting Infor-
mation) shows that Cu@NCNT/CoxOy com-
posites still maintain ≈86% of their original 
current density after the measurement for 

20 000 s, revealing that Cu@NCNT/CoxOy composites have 
strong durability during OER.

Finally, we applied our synthesis approaches to other com-
posites, where NCNT walls were embedded with different metal 
nanoparticles and NCNT surfaces were decorated with other 
metal oxide nanoparticles. First, by performing low- and high-
temperature CVD growth of CNTs on AAO pore walls loaded 
with nickel nitrate, followed by ammonia post-treatment and 
CoxOy decoration, we obtained Ni@NCNT/CoxOy composites, 
where NCNT walls were embedded with Ni nanoparticles. 
Figure 4a–c and Figure S13 (Supporting Information) show 
characterization results of the resulting Ni@NCNT/CoxOy com-
posites. In comparison with Ni@CNTs (Figure 4d) achieved 
via only high-temperature CVD, we can see that Ni@NCNT/
CoxOy composites have noticeably thicker CNT walls (CNT wall 
thicknesses for Ni@NCNT/CoxOy composites and Ni@CNTs 
are ≈6 and ≈3 nm, respectively). As ammonia post-treatment 
and CoxOy decoration processes induce no change in CNT wall 
thickness, this result reveals that the Ni@CNTs achieved via 
low- and high-temperature CVD have thicker walls than their 
counterparts fabricated via only high-temperature CVD. There-
fore, this confirms again that the combination of low- and high-
temperature CVD can favor the generation of thick-wall CNTs. 
In addition, Figure 4d shows clearly that there are many curly 
Ni-catalyzed small-diameter (≈5 nm) CNTs inside Ni@CNTs 
(marked by red arrows). This indicates that catalytic effects of 
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Figure 4. a) The TEM image of an Ni@NCNT/CoxOy composite. b,c) HRTEM images taken 
from the red and brown square areas in part (a), respectively. d) The TEM image of an Ni@
CNT achieved by only high-temperature CVD. The red arrows indicate the Ni-catalyzed CNTs.
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the Ni nanoparticles on CNT growth are primarily responsible 
for the formation of thin walls of the Ni@CNTs. Next, by pre-
cipitation-assisted separation of Cu@NCNTs from manganese 
nitrate and iron nitrate aqueous solutions, followed by thermal 
annealing, we fabricated Cu@NCNTs with surfaces deco-
rated with manganese oxide (MnxOy) and iron oxide (FexOy) 
nanoparticles. Figures S14 and S15 (Supporting Information) 
demonstrate characterization results of Cu@NCNT/MnxOy 
(this MnxOy is a mixture of MnO2 and Mn3O4) and Cu@NCNT/
FexOy composites (this FexOy is a mixture of Fe3O4, Fe2O3, and 
FeO), respectively. It can be observed that MnxOy and FexOy 
nanoparticles are successfully decorated on the Cu@NCNT 
surfaces. It is noteworthy that other metal oxides (e.g., copper 
oxide, nickel oxide, and zinc oxide) can also be decorated on 
NCNT surfaces using similar methods.

3. Conclusions

In summary, we have demonstrated a novel synthetic protocol 
for the preparation of Cu@CNTs, in which Cu nanoparticles 
were embedded uniformly within the CNT walls, by consecu-
tive low- and high-temperature CVD. This is, to our knowledge, 
the first report on utilization of this approach for controlled 
fabrication of metal–nanoparticle-embedded CNTs. In addition, 
this approach could deepen our understanding of the formation 
mechanism of CNTs and further benefit building of complex 
CNT-based functional nanoarchitectures. Then, we employed a 
rather simple, low-cost and eco-friendly approach to decoration 
of Cu@NCNT surfaces with CoxOy nanoparticles, via precipi-
tation-assisted separation of Cu@NCNTs from cobalt nitrate 
aqueous solution and the subsequent thermal annealing. DFT 
calculations disclosed that the interaction of Cu nanoparticles 
with the surrounding CNT walls induced decreased work func-
tion of CNT surfaces and improved adsorption of hydroxyl ions 
onto the CNT surfaces. Hence, better ORR and OER activities 
of Cu@CNTs than pure CNTs were achieved. Owing to the 
combination of these merits with those from nitrogen doping 
and synergistic coupling between CoxOy nanoparticles and 
Cu@NCNTs, Cu@NCNT/CoxOy composites exhibited ORR cat-
alytic activity similar to that of Pt/C catalysts and higher OER 
activity than IrO2 catalysts. Moreover, these composites showed 
superior long-term stability for ORR/OER and strong tolerance 
to methanol crossover effect for ORR. Additionally, we obtained 
other composites consisting of different metal/metal oxide com-
ponents using a similar approach, indicating that our approach 
is a general method for the fabrication of such metal@NCNT/
metal oxide composites. Therefore, our strategy for the fabrica-
tion of Cu@NCNT/CoxOy composites may open a new option 
for designing high-performance carbon-based electrocatalysts 
with multifunctional catalytic activities for use in renewable 
energy technologies such as fuel cells and metal–air batteries.

4. Experimental Section
Fabrication of AAO: First, AAO films were fabricated via anodization 

at 40 V in 0.3 m oxalic acid at 10 °C for 15 h.[43,44] Then, pore widening 
of AAO was achieved by immersing AAO in a 10 wt% phosphoric acid 

aqueous solution at 30 °C for 15–20 min. Finally, copper nitrate was 
loaded on the AAO pore walls by immersing AAO in 0.8 m copper nitrate 
aqueous solution for 30 min, followed by drying.

Low- and High-Temperature CVD: The low-temperature CVD was 
conducted at 450 °C for 3 h with 50 sccm of C2H2 as precursor and 
100 sccm of Ar as carrying gas.[22] The high-temperature CVD was 
carried out at 800 °C for 15 min with 10 sccm of C2H2 as precursor and 
200 sccm of Ar as carrying gas.[22,45] Then, the Cu@CNTs were released 
from the AAO by dissolving the AAO in 10 m aq. NaOH at 90 °C for 20 h, 
followed by rinsing with deionized water for several times.

Nitrogen Doping: Cu@CNTs were first dispersed in water. Then, they 
were dropped onto silicon wafers and dried. Finally, the nitrogen doping 
was conducted at 900 °C for 30 min with 15 sccm of ammonia.[31]

Decoration of CoxOy Nanoparticles: First, the Cu@NCNTs were 
dispersed in cobalt nitrate aqueous solution. Then, the cobalt nitrate 
aqueous solution was sucked away via pipettes when most samples had 
precipitates at the bottom of the solution, leading to the separation of 
the Cu@NCNTs. In the next step, Cu@NCNTs which were encapsulated 
by residual cobalt nitrate aqueous solution were dried and annealed in 
Ar at 500 °C.

Characterizations: The SEM was performed on an FEI Nanonova 
230, and the TEM and HRTEM were carried out on a JEOL JEM-2100F 
microscope (operated at 200 kV). The SEM specimen was prepared by 
dropping well-dispersed samples in ethanol on a silicon surface, and 
TEM (HRTEM) specimen was prepared by dropping well-dispersed 
samples in ethanol on carbon microgrids (Ted Pella, Inc., 200 Mesh 
Copper Grid). XPS spectra were recorded on a Thermo Fisher K-alpha 
XPS spectrometer. XRD patterns were recorded with a Rigaku D/
MAZX 2500V/PC with Cu Kα radiation (35 kV, 20 mA, λ = 1.5418 Å). 
The nitrogen adsorption–desorption isotherm was measured by a 
surface area and porosity analyzer (Omnisorp 100CX), and the ICP-OES 
measurement was conducted on ICP 6300 (Thermo Fisher Scientific).

Electrochemical Measurements: The electrochemical tests were 
conducted on an electrochemical workstation (CHI 760D, CH 
Instruments, Inc., Shanghai, China) coupled with a PINE rotating disk 
electrode (RDE) system (Pine Instruments Co. Ltd, USA). A standard 
three-electrode electrochemical cell was used during measurements. A 
platinum wire and an Ag/AgCl (3 m KCl filled) electrode were used as 
counter and reference electrodes, respectively. The working electrodes 
were prepared by dropping catalyst ink onto the rotating disk electrodes 
(4 mm in diameter). Briefly, samples (5 mg) were dispersed in a 
mixture of ethanol (900 µL) and nafion (0.5 wt%, 100 µL), followed by 
ultrasonication for 5 min. Then, 8 µL of catalyst ink (which contained 
≈40 µg of catalysts) was cast onto the surfaces of rotating disk 
electrodes, followed by drying at room temperature. In addition, the 
amount of each reference catalyst (Pt/C or IrO2) loaded on the surface 
of a rotating disk electrode was also 40 µg. Furthermore, all the potential 
values used in the electrochemical measurements were transformed to 
those with respect to the RHE.

The detailed kinetic analysis was conducted according to the K–L 
plots 

j j Bk

1 1 1
0.5ω

= +  (1)

where jk is the kinetic current, ω is the electrode rotation rate, and B is 
the Levich slope which is given by 

B nF D v C0.2 ( )O
2/3 1/6

O2 2
= −  (2)

Here n is the number of electrons transferred during reduction of 
each oxygen molecule, F is the Faraday constant (F = 96 485 C mol−1),  
DO2

 is the diffusion coefficient of oxygen in 0.1 m aq. KOH (DO2
 = 1.9 × 

10−5 cm2 s−1), ν is the kinetic viscosity (ν = 0.01 cm2 s−1), and CO2  is 
concentration of oxygen in the solution (CO2

 = 1.2 × 10−6 mol cm−3). 
Therefore, according to Equations (1) and (2), n can be obtained from 
the slope of the K–L plot (j−1 vs ω−1/2).
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