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a b s t r a c t

In this study, a novel mesoporous carbon-encapsulated NiO nanocomposite is proposed and demon-
strated for Li-ion battery negative electrode. The nanostructure of the electrode composes of an ordered
mesoporous CMK-3 as a 3D nanostructured current collector with micorporous channels for Li+ trans-
portation. In addition, exclusive formation of NiO nanoparticles in the confined space of the ordered
mesoporous carbon is achieved using the hydrophobic encapsulation route. The half-cell assembled with
the synthesized NiO/CMK-3 nanocomposite is able to deliver a high charge capacity of 812 mAh g−1 at
eywords:
esoporous

node
egative electrode
ithium ion battery
ickel oxide
anoparticle

the first cycle at a C-rate of 1000 mA g−1 and retained throughout the test with only 0.236% decay per
cycle. Even the C-rate as high as 3200 mA g−1, a charge capacity of 808 mAh g−1 contributed by the NiO
nanoparticles in CMK-Ni is obtained, which shows excellent rate capability for NiO with utilization close
to 100%. The result suggests fast kinetics of conversion reaction for NiO with Li+. It also indicates the
blockage of the pore channels by NiO nanoparticles does not take place in the synthesized NiO/CMK-3.
igh rate

. Introduction

The quest for clean energy has made the demand for better
nergy storage devices a matter of great urgency. Li-ion battery
s particular interest because of its high specific energy density
1] and the promising candidate for portable electronics. Recently,
romised progress was made in advanced positive electrode mate-
ials with high-rate charging/discharging capability and excellent
apacity retention, for example, LiFePO4/C [2–5], doped LiFePO4 [6],
iNi0.5Mn0.5O2 [7,8] and spinel [9,10]. When it comes to negative
lectrodes, lithium titanites are able to exhibit high rate perfor-
ance [11,12]. Material of high-rate capability and high capacity

s still exploited. Most of the ongoing researches for negative elec-
rode materials are focused on how to compensate for the existing
rawbacks. For instance, some metal and semiconductor materi-
ls (Si, Al, Sn, etc.) form alloys with lithium at a potential that is
lightly higher than that of Li+/Li. These materials possess very high

heoretical specific capacities compared with commercial graphite
4,200 mAh g−1 for Li4.4Si and 372 mAh g−1 for LiC6). Unfortunately,
hese Li-alloys are subject to very large volume expansions with
espect to their parent materials (e.g. a 200% expansion from Al to
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Li–Al alloy). After several alloying/de-alloying cycles cracking and
crumbling of the active materials take place [1]. The fracture of
these active materials leads to loss of electronic contact in the elec-
trode matrix and subsequently reduces the capacity of the battery.
In order to compensate this shortcoming, several studies focused
on employing the concept in regard to active/inactive composite
concept to alleviate the volumetric changes during cycling, such
as Sn–Fe–C [13], Si–C [14], Cu6Sn5 and InSb [15]. These materi-
als display significant improvements to capacity retention, but less
benefit is shown for their rate capability.

Continuous efforts on novel electrode materials with the char-
acteristic of intrinsic high-rate capability are important. On the
other hand, it can be achieved by successful design of nanostruc-
tured electrodes as well. The reasons include: (i) providing a shorter
path length for Li+ transport from/to the bulk electrolyte phase, (ii)
providing a shorter path length for electron transfer from/to the
current collector, and (iii) a better stability of the nanostructured
electrode matrix during charging/discharging [16]. It is realized by
replacing the planar foil with a 3D current collector coated with thin
nanostructured active materials to increase the efficiency of the
current collection, i.e. shorten the path length of the electron trans-

fer. Taberna et al. fabricated Cu nanorods using electro-deposition
with AAO (anodized aluminum oxide) membranes as the tem-
plates, which is followed by electro-depositing Fe3O4 films onto
the Cu nanorods as the negative electrodes [17]. Electrodes made of
commercially available metal foams with active materials electro-

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:bjh@mail.ntust.edu.tw
dx.doi.org/10.1016/j.jpowsour.2010.02.059
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eposited on are also viable for this concept [18,19]. The thin
anostructured active materials are able to show excellent rate
apabilities and capacity retention during charging/discharging.

For the electrode constituted of powdered active materials, con-
uctive additives and binders, higher capacity can be delivered
han that of the thin film electrode. In some cases, it is matter
f importance for high power applications, for example, power
ources for EV/HEV. Therefore, control of the micro-/nanostructure
f the electrode is certainly determinative to the electrochemical
erformance. In fact, carbon is one of the best materials for act-

ng as the current collector. Its fair conductivity, good chemical
tability, and light-weight nature make carbon a good choice for
ost of the electrodes of the energy storage devices, e.g. catalyst

upports for fuel cell electrodes and materials for improving the
lectronic conductivity of the electrodes for capacitors and batter-
es [20]. However, continuous electron pathway in the electrode

icrostructure, even nanostructure, cannot be easily formed by
nly addition of carbon since electrons pass low-electronic conduc-
ivity active materials cannot be avoided in the electrode matrix.
herefore the use of nanostructured carbon matrix can work as a
D nanostructured current collector extended from a planar metal
oil with continuous nanochannels serving as the Li+ ions pathway.
n the present paper we demonstrate this concept with ordered

esoporous CMK-3 as the nanostructured current collector and
he nano-sized NiO as the active material inside the nanochan-
els of CMK-3. The NiO/CMK-3 nanocomposite is prepared using
he developed hydrophobic encapsulation route in our previous
tudy [21]. The blockage of the nanochannels is not observed in
he mesoporous hosts, which is crucial for species to access the
anoparticles in the ordered mesoporous hosts [22,23]. It is found
hat the poor electrochemical performance of NiO in the literature
24,25] is able to turn to electrochemically active in our work. The
esults strongly support the proposed concept, which is of potential
or other electrochemical applications.

. Experiment

.1. Synthesis

All chemicals were purchased from Acros (except poly(ethylene
lycol)-block-poly(propylene glycol)-block-poly(ethylene glycol),
-123 from Aldrich) and were used as-received. The process for the
aterial synthesis is illustrated in Fig. 1. Mesoporous CMK-3 was

repared by the procedure reported by Jun et al. [26]. In this pro-
edure, mesoporous SBA-15 was first synthesized and calcined at
23 K for 3 h to remove organic moieties (Step a, Fig. 1). Then the
alcined SBA-15 was impregnated with sucrose solution containing
.25 g of sucrose, 0.14 g of H2SO4, and 5 g of H2O. The mixture was
aked in the oven at 373 K for 6 h and then at 433 K for another 6 h.
he impregnation and baking processes were repeated again, but
hanging the composition of the solution to 0.8 g of sucrose, 0.08 g
f H2SO4 and 5 g of H2O. Afterwards, the dried mixture contain-
ng partial polymerized carbon precursor and SBA-15 was placed
n the furnace and carbonized at 1173 K for 3 h in nitrogen (Step b,
ig. 1). The carbonized powders were washed with 2 M NaOH solu-
ion (50 vol% ethanol–50 vol% water) twice to remove silica (Step c,
ig. 1). The composition of the as-prepared CMK-3 was confirmed
y the energy dispersive X-ray spectroscopy (EDS), and only traces
f silica were left (0.2 wt%, data not shown).

The hydrophilic encapsulation route developed in our previous

tudy [21] was employed for the synthesis of NiO nanoparticles in
he mesoporous CMK-3 matrix. Simply speaking, 1 g of the acid-
reated CMK-3 (in H2SO4 at 373 K for 3 h) was fully impregnated
ith the concentrated nickel precursor solution (0.035 mol (99%)
ickel nitrate hexahydrate and 0.0175 mol citric acid in 5 g of the
er Sources 195 (2010) 4977–4983

de-ionized water) with stirring (Step d, Fig. 1). The mixture was
then poured into a centrifuge filter followed by addition of n-
octane. The centrifugal process was performed at 7000 rcf and 298 K
for several cycles. The process continued until very little or no pre-
cursor solution was observed in the reservoir of the centrifuge filter
(Step e, Fig. 1). Then the powders were collected, dried, and heated
at 673 K for 1 h at a heating rate of 2 K per minute in nitrogen. The
product was named CMK-Ni (Step f, Fig. 1).

2.2. Characterization

To determine the content of NiO, thermal gravimetric analysis
(TGA) of the CMK-Ni was performed with a thermal gravimet-
ric analyzer (Perkin-Elmer Diamond series) with a ramping rate
of 10 K per minute to 1173 K in flowing air. The ordering of the
mesostructure was analyzed by an Osmic small angle X-ray scat-
tering system (model PSAXS-USH-WAXS-002, USA) with a Cu K�
radiation source and operated at 45 kV and 0.67 mA. The crystalline
structure of the sample was characterized by an X-ray diffrac-
tometer (Rigaku D/Max-RC, Japan) with a Cu K� as the radiation
source and operated at 40 kV and 100 mA. Transmission electron
microscopy (TEM) analysis was performed with JEOL JEM-2010
operated at an accelerating voltage of 200 kV. For preparation
of the TEM sample, 0.01 g of the powder was added to 20 mL
ethanol with ultrasonic treatment for 30 min. Later, 0.05 mL of
the solution was dropped onto a lacey carbon-coated Cu grid and
dried at 353 K. Nitrogen adsorption–desorption analysis was per-
formed with a Quantachrome AUTOSORB-1 at 77 K in a liquid
nitrogen bath. The surface area of the sample was calculated by the
Brunauer–Emmett–Teller (BET) method. Pore size distribution of
the product was obtained according to the Barrett–Joyner–Halenda
(BJH) method.

For evaluating the electrochemical performance of the materi-
als, a mixture of 85 wt% CMK-Ni and 15 wt% polyvinylidene fluoride
(PVDF) in N-methyl-2-pyrrolidone (NMP) was taken as the slurry
for casting. The slurry was cast on the Cu foil followed by drying
at 353 K overnight. The cast Cu foil was punched into a 1.3 cm2

circle as the electrode of about 50 �m in thickness. The active
material on the electrode is around 1 mg cm−2. The packing den-
sity is around 11.0% for the electrode with CMK-3 or CMK-Ni and
28.5% for the electrode with CA-NiO (97%, 25–30 nm in grain size).
The difference in packing density between CMK-3 (or CMK-Ni)
and CA-NiO is owing to the difference of the corresponding spe-
cific density for CMK-3 (or CMK-Ni). The coin cell was assembled
in an argon-filled glove box with the prepared electrode as the
cathode and the Li metal as the anode. The two electrodes were
separated by a polypropylene separator saturated with 1 M LiPF6
electrolyte solution (Tomiyama, EC:DEC = 1:1 in weight ratio). The
charging/discharging behavior of all the cells was galvanostati-
cally cycled between 3 and 0.01 V. Capacity retention tests of the
assembled cells were carried out for the required rates. Rate capa-
bility tests of the cells were performed by changing the rate from
100 to 3200 mA g−1 (10−4 to 3.2 × 10−3 A cm−2) for each 5 cycles.
For comparison, the electrodes prepared with CMK-3 and CA-NiO
(commercial available NiO) received the same procedure as the
CMK-Ni electrode. The specific capacity is based on the weight of
the active materials in the electrode (e.g. for CMK-3 and CMK-Ni
electrodes, the specific charge/discharge current density is based
on the weight of CMK-3 and CMK-Ni (binder is excluded). For CA-
NiO electrode, only NiO is accounted for the calculation (binder and
carbon black is excluded).
3. Results and discussion

The content of NiO in CMK-Ni is firstly confirmed by TGA. It is
about 36.6 wt% of NiO in CMK-Ni (92.3 wt% at 423 K and 33.7 wt% at
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Fig. 1. Schematic illustrat

173 K, data not shown). It should be noticed that the carbonaceous
esiduals originated from pyrolysis of citric acid contribute parts of
he weight loss and are difficult to differentiate from that of CMK-3.
urther, the formed carbonaceous residuals may occupy part of the
onfined space of the CMK-3 as well.

Low-angle XRD patterns for CMK-3 and CMK-Ni are shown
n Fig. 2(a). Three intense peaks corresponding to the periodic
wo-dimensional hexagonal (P6mm) mesostructure with a lattice
arameter of 9.55 nm (d1 0 0 = 8.27 nm at 2� = 1.067 degree) are
bserved. For CMK-Ni, the absence of peaks in the low-angle range
ndicates that there is no periodic mesostructure after incorpora-
ion of NiO. This lack of mesostructure periodicity for CMK-Ni is
ossibly due to the relatively low contrast of carbon backbone to
ore channels, which are largely filled by the formed materials. A
ide-angle XRD pattern for CMK-Ni is shown in Fig. 2(b). All the
eaks correspond to the face-centered cubic crystalline structure
f NiO (JCPDS-ICDD no. 78-0429), except one broad peak centered
t 2� around 25.2 degrees owing to the amorphous carbon rods of
MK-3. The formation of NiO indicates the success of spontaneous
xidation of the fine Ni nanoparticles after exposure to air since the
rganic part (citric acid) of the precursor should decompose first
o form carbonaceous residuals, and the nickel species confined
n the nanochannels could be reduced to form fine Ni nanopar-
icles in the presence of the carbonaceous residuals and CMK-3
uring heating in nitrogen. It is difficult to form/control transition
etal oxides/carbon nanocomposites using other methods because

eating is usually needed in oxygen-containing atmosphere for the
ormation of transition metal oxides. However, in most of the cases,
urning of the carbon cannot be avoided. In our case, the difficulties

n the synthesis of transition metal oxides/carbon nanocomposites
ould be overcome with the developed route, in which the nickel

recursor solution is able to fill the nanochannels completely with-
ut the existence of the bulk phase outside the CMK-3. Hence, the
ize of the nickel particles, which are only formed in the nanochan-
els of the CMK-3, is limited. It is evident that the average grain size
f the formed Ni particles is only a few nanometers and is able to
the synthesis of CMK-Ni.

be oxidized spontaneously after exposure to air. From the Scherrer
equation with the full width at half maximum (FWHM) of the (2 0 0)
peak, the average grain size of NiO is about 1.94 nm, which confirms
that the initially formed nickel nanoparticles are small enough to
form NiO nanoparticles spontaneously in air.

Fig. 3(a) shows the low magnification TEM image of the as-
prepared CMK-3. The uniform nanochannels are clearly observed,
indicating the successful synthesis of the CMK-3 (inset of Fig. 3(a)).
For CMK-Ni, the low magnification TEM image shows tremendous
nickel oxide nanoparticles embedded in the CMK-3 (Fig. 3(b)). The
image shown in Fig. 3(b) is taken in off-axis direction for the ordered
mesoporous materials, which the intensity contributed from the
support (ordered mesoporous materials) can be averaged. There-
fore, the small dots clearly observed in Fig. 3(b) are contributed
from the NiO nanoparticles. In addition, no larger particles are
observed outside the nanostructure of the CMK-3, which means
an effective encapsulation of the formed NiO nanoparticles in the
mesoporous CMK-3. Fig. 3(c) shows how the nanoparticles line up
along the pore channels of CMK-3. The image is taken with the elec-
tron beam perpendicular to the pore channels. From Fig. 3(b) and
(c), it seems that the size of the NiO nanoparticles in CMK-Ni is quite
small, but not uniformly distributed. Therefore a high magnification
image was taken to resolve the doubt (Fig. 3(d)). Actually, the parti-
cles can be classified into two groups, one group with a size of 2 nm
and the other with a size of 5 nm, as shown in Fig. 3(d). The diver-
sity of the NiO particle sizes in CMK-Ni is possibly the result from
the two different environments available for confining the Ni pre-
cursor solution in CMK-3 during the preparation. The group of the
NiO nanoparticles with the 2 nm size is possible pinned in the inner
nanochannels of the CMK-3 whereas the other group with the 5 nm
size should be located at the exterior nanochannels, which may be

partially open to atmosphere.

The physical properties of CMK-3 and CMK-Ni are characterized
by nitrogen adsorption/desorption isotherms as shown in Fig. 4(a).
The absorption/desorption hysteresis between the P/P0 range of
0.4 and 0.75 for CMK-3 is typical for mesoporous materials. In con-
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ig. 2. XRD patterns for CMK-3 and CMK-Ni. (a) Low-angle XRD pattern for CMK-3
o. 78-0429).

rast, CMK-Ni shows no adsorption/desorption hysteresis in this
/P0 range, indicating that almost all the nanochannels of CMK-
are fully filled with the NiO nanoparticles accompanied with

arbonaceous residuals. This observation supports the absence of
he periodity for CMK-Ni by low-angle XRD analysis because it
eems that the formed NiO nanoparticles and carbonaceous residu-
ls occupy a large proportion of the pore volume of CMK-3. Further,
he BET surface area decreases from 1754 m2 g−1 for CMK-3 to
25 m2 g−1 for CMK-Ni (see Table 1), which is consistent with
he proposed high occupation degree of nanochannels in CMK-
i. The pore size distributions of CMK-Ni and CMK-3 (Fig. 4(b))
lso reveal that most of the nanochannels in CMK-Ni are occupied.
he mesopore volume decreases from 0.7126 cm3 g−1 for CMK-3 to
.0737 cm3 g−1 for CMK-Ni, as shown in Table 1. The micropore vol-
me, decreasing from 0.7474 cm3 g−1 for CMK-3 to 0.2938 cm3 g−1

or CMK-Ni, indicates that fair amounts of micropores in the CMK-
i are still preserved. This is assumed to be the fact that some
icropores in the carbon rods are not accessible to the nickel pre-

ursor solution during preparation. On the other hand, it is also
ossible that parts of the micropores are created by the occupied
ickel oxide/carbon residual composite in the mesopore channels.

The rate capability of the CMK-Ni electrode was firstly investi-
ated to understand its performance as the negative electrode of the
i-ion battery. Owing to the difficulty of determining the theoret-
cal capacity of CMK-3, we galvanostatically cycled the assembled
attery with the current density based on the weight of the active
aterials. As shown in Fig. 5(a), the cell assembled by the CMK-Ni

lectrode delivers a high charge capacity of 1152 mAh g−1 at the

ow C-rate of 100 mA g−1. The high capacity of CMK-Ni electrode
s comparable to that of the pure CMK-3 electrode (1217 mAh g−1).
ven though a CMK-3 electrode can deliver a high charge capacity,
s investigated in literature [27], the irreversible capacity at the first

able 1
hysical properties of CMK-3 and CMK-Ni.

BET (m2 g−1)a Average pore size (nm)b Micropore volum

CMK-3 1754 3.6 0.7474
CMK-3-Ni 625 2.6 0.2938

a Calculated with the BET method.
b Accumulated pore volume with P/P0 lower than 0.949.
c Obtained from N2 absorption isotherm with the BJH method at P/P0 smaller than 0.19
d Obtained from N2 absorption isotherm with the BJH method at P/P0 between 0.19935
e Calculated from d1 0 0 spacing with a = d1 0 0(2 × 3−0.5).
MK-Ni. (b) Wide-angle XRD pattern for CMK-Ni (Indexing is based on JCPDS-ICDD

cycle is more than twice the value to that of the CMK-Ni electrode
(1392 mAh g−1 for pure CMK-3 to 604 mAh g−1 for CMK-Ni). The
high first-cycled irreversible capacity of CMK-3 limits its practical
use as the negative electrode of the Li-ion batteries since large por-
tion of Li ions from the cathode side will be consumed, which would
lead to a low specific capacity and low power density of the full cell.
Surprisingly the high first-cycled irreversibility is greatly reduced
for CMK-Ni, which the reversible capacity is comparable to that of
CMK-3. For CA-NiO, the first-cycled charge capacity and irreversible
capacity is 873 and 411 mAh g−1 (100 mA g−1 is about 0.14C for NiO,
1C: full use of capacity in 1 h), respectively, which is typical in the
literature [24]. The specific capacity for CA-NiO is higher than its
theoretical value, which may be resulted from the involvement of
partly reversible formation/dissolution of the polymeric layers on
NiO particles [28,29]. The polymeric layer involves a faradic process
of organic electrolyte taking place on active materials. Comparing
CMK-Ni with the CA-NiO, the ratio of first-cycled charge capacity
to the corresponding discharge capacity is almost the same (68.0%
for CA-NiO and 65.6% for CMK-Ni). Nevertheless, the first-cycled
irreversible capacity for CMK-Ni should be contributed from (i)
the surface hydrogen or oxygen site and corrosion-like reaction
of LixC6 that are common for high specific energy capacity car-
bons (X = 1.2–3.0) [27], and (ii) the formation of polymeric layers on
the NiO surface. Hence, the only possibility for the apparent reduc-
tion in irreversible capacity for CMK-Ni should be the formation of
the NiO/carbonaceous residuals in the nanochannels of the parent
CMK-3 host, in which the access of the electrolyte solution to the
CMK-3 surface is limited. This subsequently reduces the formation

of polymeric layers on the CMK-3 surface since the formed poly-
meric layers on the carbon surface are reported to be irreversible
[28] and not involved in the electrochemical activity of the follow-
ing cycles. It is evident by the reduction of 64.36% in the specific BET

e (cm3 g−1)c Mesopore volume (cm3 g−1)d Lattice parameter (nm)e

0.7126 9.55 nm
0.0737 n.a.

935.
and 0.95107.
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ig. 3. TEM images of (a) as-prepared CMK-3 and (b, c, and d) CMK-Ni. (a) Low ma
ar: 20 nm. (b) Low magnification image, scale bar: 50 nm. (c) Image with electron b

mage of NiO in CMK-Ni with lattice image of (2 0 0) plane, scale bar: 5 nm (images

urface area from CMK-3 (1754 m2 g−1) to CMK-Ni (625 m2 g−1). It
lso implies that even the loading of NiO is not high, however, the
rst-cycled irreversible capacity contributed from CMK-3 can be
reatly reduced. It is another benefit for employing CMK-Ni with
he presenting nanostructure.

At the high C-rate of 3200 mA g−1, CMK-Ni still shows excel-
ent cycling behaviors with a stable charge capacity of 413 mAh g−1,

hich is about 2.23 times to CMK-3 and 2.47 times to CA-NiO with a
olumbic efficiency of 99.52%. If we only consider the contribution
f NiO in CMK-Ni by simply subtracting the contribution of CMK-3

−1
t the C-rate of 3200 mA g (weight percent of CMK-3 in CMK-Ni
ultiples its specific capacity), a charge capacity of 808 mAh g−1

ontributed by the NiO nanoparticles in CMK-Ni is then obtained.
his result implies excellent rate capability for NiO nanoparticles in
MK-Ni with almost 100% utilization, even cycling at high C-rate. In
ation image, scale bar: 100 nm. Inset: higher magnification image of CMK-3, scale
erpendicular to the pore channels of CMK-Ni, scale bar: 20 nm. (d) High resolution
ed by JEOL JEM-2010 transmission electron microscope).

this case, the contribution of CMK-3 to the capacity of the CMK-Ni
electrode is much less than that of NiO. This indicates that CMK-
3 in the CMK-Ni electrode acts as an excellent 3D nanostructured
current collector for electron transfer during the redox reaction of
NiO nanoparticles. In addition, the excellent electrochemical prop-
erties imply the micropores existing in CMK-Ni should act as the
pathway for Li+ ions transportation. The shorter path lengths for
electrons transfer and Li+ transport can be realized with the CMK-Ni
nanocomposites.

Fig. 5(b) shows the capacity retention test of the cells cycled
−1
at 1000 mA g for 50 cycles. The cell with a CA-NiO electrode

exhibits a stable capacity around 410–430 mAh g−1 up to the
15th cycle. After the 15th cycle, the capacity drops dramatically
and only 85 mAh g−1 is obtained at 50th cycle. The poor capac-
ity retention of NiO is similar to previous reports, even cycling
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Fig. 4. (a) Nitrogen adsorption/desorption isother
t a low C-rate [24,25]. For the CMK-Ni electrode, a high capacity
s retained throughout the test with only 0.236% decay per cycle
charge capacity of 812 mAh g−1 at first cycle and 716 mAh g−1

t the 50th cycle). The contribution of NiO in the CMK-Ni elec-

ig. 5. Electrochemical performances of CMK-Ni, CMK and CA-NiO. (a) Rate capability te
lectrodes; hollow: discharge state, filled: charge state. (b) Capacity retention test of the
ycling at a rate of 1000 mAh g−1; hollow: discharge state, filled: charge state. (c) Potenti
ate of 1000 mAh g−1.
d (b) Pore size distribution of CMK-3 and CMK-Ni.
trode is again calculated and is around 1426 mAh g−1, which
is twice the theoretical value of NiO (717 mAh g−1). This large
bonus capacity is likely due to the reversible formation/dissolution
of the polymeric layer on NiO nanoparticles [28,29] in CMK-Ni

sts of the cells assembled by CMK-Ni (circle), CMK (square) and CA-NiO (asterisk)
cells assembled by CMK-Ni (circle), CMK (square) and CA-NiO (asterisk) electrodes
al-capacity relationship of the cells assembled by CMK-Ni electrode with a cycling
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ince small NiO nanoparticles provide a large surface area for
olymeric layer formation. Furthermore, the electronic pathway
rovided by the 3D nanostructured current collector may be the
eason for the high reversibility of the polymeric layer on the
iO nanoparticles. It is suggested that the formation/dissolution
f the polymeric layer on the NiO surface may be hindered when
he cell is cycled at a higher C-rate. This assumption is sup-
orted by the high specific capacity (1426 mAh g−1) contributed
y NiO for CMK-Ni cycled at the rate of 1000 mA g−1 while only
08 mAh g−1 is obtained at the rate of 3200 mA g−1. This is prob-
bly related to the time constant of the formation/dissolution
rocess for the polymeric layer on the NiO surface. Further inves-
igation is conducted for resolving this point and will be reported
lsewhere.

The galvanostatic charge/discharge behavior for the cell with
CMK-Ni electrode cycled between 3 and 0.01 V at a rate of

000 mA g−1 is shown in Fig. 5(c). The stable charge capacity is
btained after the first cycle. The large hysteresis loop between
he charging and discharging process of CMK-3 [27] is greatly
educed with the incorporation of the NiO nanoparticles within
he nanochannels. The excellent cycling behavior of CMK-Ni is thus
bserved.

. Conclusion

In this work, we have demonstrated the mesoporous CMK-3-
ncapsulated NiO nanoparticles can be achieved by spontaneous
xidation of Ni nanoparticles using the developed hydrophobic
ncapsulation route. NiO nanoparticles are able to embed in the
anochannels without full blockage. In the synthesized CMK-Ni,
MK-3 can play the role as the 3D nanostructured current col-

ector and the micropores in the nanochannels can be the path
or Li+ transportation. The novel nanostructure is able to provide
00% utilization for the NiO active materials at high cycling rate,
hich indicates a promised application as the negative electrodes

or high-rate Li+ batteries. When comparing with the poor behavior
f NiO reported in the literature, the excellent capacity retention
or CMK-Ni is observed. The present concept is a basic approach

o create continuous electronic and ionic pathways impregnat-
ng into the active materials. This novel nanostructure of metal
xides/mesoporous carbon nanocomposites addressed here can
lso be applied to other systems for various interesting electro-
hemical reactions.
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