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ABSTRACT: A high-performance anode material, NiCo2O4/3DHPC composite, for lithium-ion batteries was developed
through direct nanoparticles nucleation on a three-dimensional hierarchical porous carbon (3DHPC) matrix and cation
substitution of spinel Co3O4 nanoparticles. It was synthesized via a supercritical carbon dioxide (scCO2) expanded ethanol
solution-assisted deposition method combined with a subsequent heat-treatment process. The NiCo2O4 nanoparticles were
uniformly embedded into the porous carbon matrix and eﬃciently avoided free-growth in solution or aggregation in the pores
even at a high content of 55.0 wt %. In particular, the 3DHPC was directly used without pretreatment or surfactant assistance. As
an anode material for lithium-ion batteries, the NiCo2O4/3DHPC composite showed high reversible capacity and improved rate
capability that outperformed those composites formed with single metal oxides (NiO/3DHPC, Co3O4/3DHPC), their physical
mixture, and the composite prepared in pure ethanol (NiCo2O4/3DHPC-E). The superior performance is mainly contributed to
the unique advantages of the scCO2-expanded ethanol medium, and the combination of high utilization eﬃciency and improved
electrical conductivity of NiCo2O4 as well as the electronic and ionic transport advantages of 3DHPC.
KEYWORDS: CO2-expanded ethanol, Ni-doped, hierarchical porous carbon, lithium-ion batteries

1. INTRODUCTION
To meet the demand for rechargeable lithium-ion batteries
(LIBs) with high energy density and power density as well as
good cyclability, extensive eﬀorts are in progress to optimize
the electrode properties.1,2 Generally, nanometer-sized electrochemical active materials show improved electrochemical
performance due to the increased electrode/electrolyte contact
area and short electronic and ionic transport length.3−5
Meanwhile, it is often necessary to disperse the active materials
on a highly conductive and stable carbonaceous nanomaterial
to improve the conductivity of composites and meanwhile
suppress the self-aggregation during the discharge/charge
process.6 However, there are several intrinsic disadvantages in
the conventional solution-based chemical approach, a most
© 2014 American Chemical Society

common strategy for synthesizing nanostructured composites,
such as: (1) A certain amount of precursor cannot deposit onto
the matrix and aggregate to free large particles in the solution; it
reduces the conductivity of the overall electrode and leads to
the active material deactivate quickly. (2) Crystal growth is
always involved in the conventional methods, which will
inevitably increase the size of the active material. However, the
large particle will decrease the electrode/electrolyte contact
area when applied for LIBs, increase Li+ ions diﬀusion path
across the electrode, and cause severe internal stress during
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Figure 1. (a) Schematic illustration of the formation of NiCo2O4/3DHPC composite in scCO2-expanded ethanol solution. Typical phase behavior of
the mixed solution of Ni(NO3)2·6H2O and Co(NO3)2·6H2O in scCO2-expanded ethanol solution (b) and pure ethanol (c).

charge/discharge processes.7−9 The disadvantages can be partly
attributed to the intrinsic properties of solvents, such as high
viscosity, the existence of surface tension, and low diﬀusivity as
compared to gases.
As compared to the traditional solvents, supercritical CO2
(scCO2) exhibits a novel hybrid of gas-like and liquid-like
properties; that is, it can dissolve solute like a liquid and yet
possesses low viscosity, high diﬀusivity, and zero surface tension
like a gas. These unique properties make scCO2 an attractive
medium for delivering reactant molecules to the areas with high
aspect ratios, complicated surfaces, and poorly wettable
substrates, enabling deposition processes to be controlled
quantitatively and uniformly.10−12 Simultaneously, the loading
amount could be precisely tailored by simply varying the
concentration of precursors. Furthermore, because the
carbonate ions (originated from the reactions of CO2 and
H2O) participate in nucleation and the intermediates are
amorphous,13 the process of crystal growth could be eﬃciently
avoided, and, consequently, smaller nanoparticles are obtained.
In this way, more importantly, the carbon-based matrix could
be directly used without pretreatment or surfactant assistance,
thus avoiding the damage of morphology and electronic
characteristic of primary carbon matrix.14−16
In this article, novel NiCo2O4/3DHPC heteroarchitectures
as negative electrodes for high-performance LIBs were
fabricated through the scCO2-expanded ethanol-assisted
deposition method. With the help of scCO2, small and uniform
NiCo2O4 nanocrystals less than 15 nm were tightly anchored
on the macroporous wall of the porous carbon matrix. NiCo2O4
was chosen as the electrochemical active material due to its
better electronic conductivity and richer electrochemical
activity as compared to those of nickel oxide (NiO) and cobalt
oxide (Co3O4).17−20 Up to now, NiCo2O4 has gained much
research interest in various applications,21−24 but it was less
studied as anode materials for LIBs. The 3DHPC was selected
on the basis of its structural advantages, such as the thin wall
and interconnected porous structure shorten the diﬀusion
pathways for electrons and ions, and oﬀer suﬃcient electrode/
electrolyte contact area. Moreover, the interconnected structure
and the homogeneous coating of more conductive materials
provide a three-dimensional, continuous, and fast electronic
path in the electrode, which allows faster charge transport.25−27
When tested as anode materials for LIBs, the prepared
NiCo2O4/3DHPC composite exhibited much higher reversible
capacity and signiﬁcantly improved rate capability. More
importantly, it could render reversible capacity of 660 mA h
g−1, with 92.3% capacity retention for up to 500 cycles at a
current density of 1 A g−1, highlighting its enormous potential
in energy management.

2. EXPERIMENTAL SECTION
2.1. Materials. The analytical chemical reagents of Ni(NO3)2·
6H2O, Co(NO3)2·6H2O, and C2H5OH were purchased from
Sinopharm Chemical Reagent Beijing Co. Ltd. All of the chemicals
were used directly without further puriﬁcation.
2.2. Synthesis of NiCo2O4/3DHPC Composites. The 3DHPC
matrix was prepared by the procedures described in our previous
work.28 A typical synthesis of NiCo2O4/3DHPC is as follows: 20 mg
of 3DHPC was ﬁrst dispersed in 10 mL of ethanol solution under
ultrasonic treatment for 0.5 h, followed by adding 29 mg of Ni(NO3)2·
6H2O and 58 mg of Co(NO3)2·6H2O into the above solution with
magnetic stirring. The resultant solution then was transferred into a 50
mL Teﬂon-lined stainless-steel high-pressure autoclave, which
subsequently was placed into an oil bath at 200 °C, and then CO2
was pumped up to 12.0 MPa to form a homogeneous expanded ﬂuid
with a ﬂow rate of 7 mL min−1 under vigorous stirring. The ﬁnal
pressure reached approximately 20 MPa when the temperature
reached equilibrium (Caution: Be careful in handling process for
scalding and leaking). The autoclave was cooled to room temperature
naturally and depressurized slowly after 2 h. The resulting black solid
products were centrifuged, washed with ethanol and deionized water,
respectively, and then dried at 80 °C in air. Finally, the as-collected
samples were calcined at 400 °C for 2 h under N2 atmosphere. For
comparison, NiO/3DHPC and Co3O4/3DHPC were prepared under
similar conditions, in which the amount of the metal precursor of
Ni(NO3)2·6H2O or Co(NO3)2·6H2O was 87 mg, and the amount of
3DHPC was 20 mg. To elucidate the eﬃciency of CO2, NiCo2O4/
3DHPC-E composite was also prepared under the same procedure,
where E refers to pure ethanol without introducing CO2. Additionally,
to check the state of the reaction solution, we conducted the visual
observation of phase behavior in an 80 mL viewable autoclave, in
which 16 mL of ethanol solution of Ni(NO3)2·6H2O (46.4 mg) and
Co(NO3)2·6H2O (92.8 mg) was used, and then introduced CO2 to
12.0 MPa, and the phase behavior was observed at a reaction
temperature of 200 °C.
2.3. Materials Characterization. The crystallite structure and
morphologies of the samples were characterized by power X-ray
diﬀraction (XRD, Bruker D8 Advance, Cu Kα radiation, λ = 1.5418
Å), ﬁeld-emission scanning electron microscopy (FESEM, Hitachi S4800) equipped with energy-dispersive X-ray spectroscopy (EDX),
and transmission electron microscopy (TEM, Tecnai G20). X-ray
photoelectron spectroscopy (XPS) was recorded on a PHI quantera
SXM spectrometer with an Al Kα = 280.00 eV excitation source.
Thermogravimetry analyses (TGA) were performed with a TGA 2050
thermogravimetric analyzer with a ramp rate of 10 °C min−1 from
room temperature to 800 °C in air. The electrical conductivies were
meausured by four-point probe method (Keithely 2400).
2.4. Electrochemical Measurements. The electrochemical tests
were measured using two-electrode CR2025 type coin cells. The
working electrodes were prepared via a slurry coating procedure. The
slurry consisted of active materials (75 wt %), acetylene black (10 wt
%), and polyvinylidene ﬂuoride (PVDF, 15 wt %) in N-methyl-2pyrrolidone (NMP). The resultant slurry was pasted onto a pure
copper foil, which acted as a current collector. The electrodes were
dried at 80 °C for 2 h in air, and then at 120 °C in vacuum overnight
and pressed. The mass of every electrode was weighed accurately using
an electronic balance. The mass of the active material was controlled in
the range of 1−2 mg. Coin cells were assembled in an argon-ﬁlled
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Figure 2. (a) XRD patterns (the bottom line indicates the JCPDS data of NiCo2O4) and (b) TG curve of the as-prepared NiCo2O4/3DHPC
composite.

Figure 3. XPS spectra of (a) survey spectrum, (b) Ni 2p, (c) Co 2p, and (d) O 1s for NiCo2O4/3DHPC composite.
gloved box using lithium sheet as the counter electrode, Celgard 2300
polypropylene as separator, and LiPF6 (1 M) in ethylene carbonate/
dimethyl carbonate (EC/DMC, 1:1 in volume) as electrolyte. The
galvanostatic charge/discharge tests were performed at various current
densities over a voltage range of 0.01−3.0 V (vs Li/Li+) using a
multichannel NEWARE Battery Measurement System (Shenzhen
Neware Electronic Co., China). After cycles, the cell was disassembled
in the glovebox, and the working electrode was taken out and washed
with pure DMC solution for characterizations. Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) were carried
out on an electrochemical workstation (VMP3). Note that the speciﬁc
capacities of all samples were calculated on the basis of the total weight
of the composite.

visual vessel in the presence of 12.0 MPa CO2, in striking
contrast to the behavior of the pure ethanol solution (Figure
1c). Consequently, it is believed that scCO2 expanded ethanol
solution can disperse hydrous metal nitrates uniformly into the
3DHPC matrix due to its special properties like the low
viscosity, high diﬀusivity, and zero surface tension as compared
to the pure ethanol solution, which will be discussed later.
Figure 2a depicts a wide-angle X-ray diﬀraction (XRD)
pattern of the as-prepared NiCo2O4/3DHPC composite. Welldeﬁned diﬀraction peaks at 2θ values of 31.1°, 36.7°, 44.6°,
59.1°, and 65.0° are observed, which can be indexed to the
lattice plane of (220), (311), (400), (511), and (440) of the
spinel NiCo2O4, respectively, indicating formation of pure
NiCo2O4 crystallites (JCPDS no. 20-0781). The thermogravimetric analysis (TGA) curve of NiCo2O4/3DHPC (Figure 2b)
shows that there is a slight weight loss of about 2.7 wt % before
150 °C, which can be attributed to the absorbed water due to
the mesoporous structure of as-prepared sample. About 42 wt
% loss in weight presented at 150−800 °C, which is mainly
assigned to the combustion of the carbon matrix. The content
of NiCo2O4 in the composite was about 55.0 wt % as estimated
from the remnant mass after calcinations in air until 800 °C.

3. RESULTS AND DISCUSSION
Figure 1a simply illustrates the synthetic procedure of NiCo2O4
nanoparticles embedded into the 3DHPC. First, the Ni2+ and
Co2+ cations were deposited into 3DHPC matrix in scCO2expanded ethanol solution, and then the solid precipitate was
annealed to the NiCo2O4/3DHPC composite. Figure 2b shows
the phase behavior of the Ni and Co salt in the CO2-expanded
ethanol solution. It is clear that the salt solution was well
expanded to form a homogeneous ﬂuid that ﬁlled the whole
10815
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Figure 4. (a,b) SEM, (c) TEM (inset is the size distribution of NiCo2O4 nanoparticles), (d) HRTEM, and (e) elemental mapping images of
NiCo2O4/3DHPC composite.

Figure 5. (a) CV curves of NiCo2O4/3DHPC for the ﬁrst three cycles at a scan rate of 0.1 mV s−1. (b) The galvanostatic charge/discharge proﬁles of
NiCo2O4/3DHPC at 100 mA g−1.

ance, because the Li+ ions diﬀusion strongly depends on the
transport length. In comparison to the 3DHPC, the as-prepared
NiCo2O4/3DHPC composite retains the same size and shape
as the 3DHPC (Figure 4a,b). From the SEM images, a
continuous and uniform NiCo2O4 layer is coated on the surface
of the porous carbon network, and no free NiCo2O4 particles
are formed in the solution. Similarly, the prepared NiO/
3DHPC and Co3O4/3DHPC composites also show similar
appearances (Supporting Information Figure S2a,b). In stark
contrast, the NiCo2O4/3DHPC-E composite obtained in pure
ethanol fails to keep the original morphology, showing
signiﬁcant aggregation of NiCo2O4 on the matrix (Supporting
Information Figure S2c). Additionally, for the NiCo2O4/
3DHPC composite (Figure 4c), the NiCo2O4 particles are
nanometer-sized with a narrow size distribution of 11−13 nm
and individually embedded into the macropores wall of the
3DHPC with the assistance of scCO2-expanded ethanol
solution. HRTEM image conﬁrms the high crystallinity of
NiCo2O4 nanoparticles by a visible set of lattice fringes of 0.24
nm, characteristic of the (311) plane of spinel NiCo2O4 (Figure
4d). In addition, the elemental mapping images of NiCo2O4/
3DHPC on Ni, Co, O, and C, shown in Figure 4e, obviously
demonstrate the uniform dispersion of NiCo2O4 on the
support. Additionally, it was also conﬁrmed in our previous
work that the BET surface area and total pore volume of the
composite decreased signiﬁcantly after incorporation of the
guess component into the 3DHPC matrix. Nevertheless, the asprepared composite possessed the same Gaussian pore-size
distribution centered at 3.7 nm as that of the 3DHPC matrix by
N2 adsorption−desorption measurements, suggesting that the

To gain more detailed elemental composition and oxidation
state of the as-prepared NiCo2O4/3DHPC composite, X-ray
photoelectron spectroscopy (XPS) measurement was operated,
and the results are presented in Figure 3. As expected, a full
survey of NiCo2O4/3DHPC reveals the existence of Ni 2p, Co
2p, O 1s, and C 1s (Figure 3a). By using a Gaussian ﬁtting
method, the Ni 2p emission spectrum (Figure 3b) was best
ﬁtted with two spin−orbit doublets, characteristic of Ni2+ and
Ni3+, and two shakeup satellite (identiﬁed as “Sat.”). The Co 2p
spectrum (Figure 3c) was also best ﬁtted with two spin−orbit
doublets characteristic of Co2+ and Co3+, and two shakeup
satellites. These results show that the chemical composition of
NiCo2O4 nanoparticles contains Co2+, Co3+, Ni2+, and Ni3+,
which are in good agreement with the results in the literature
for NiCo2O4.29,30 The high-resolution spectrum for the O 1s
region (Figure 3d) shows three oxygen contributions. The peak
at 530.3 eV is typical O atom in the O−Co/Ni bonding
structure. The peak sitting at 531.8 eV is usually associated with
defects having low oxygen coordination in the material.
Furthermore, the well-resolved peak of 533.0 eV can be
attributed to multiplicity of physi- and chemisorbed water on
the surface.31,32
The morphology and microstructure of all samples were
characterized with SEM and TEM. The 3DHPC has regular 3D
arrays of interconnected cellular networks (Supporting
Information Figure S1a,b). Additionally, the wall of macropores
is composed of mutually connected and well-organized
mesopores ca. 4 nm in diameter (Supporting Information
Figure S1c). It is believed that the unique bimodal pore
structure beneﬁts for improving the lithium-storage perform10816
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Figure 6. (a) Cycling performance, (b) rate capability, and (c) long-life cycling tests of (i) NiCo2O4/3DHPC, (ii) Co3O4/3DHPC, (iii) NiO/
3DHPC, (iv) physical mixture of Co3O4/3DHPC and NiO/3DHPC, and (v) NiCo2O4/3DHPC-E. All of the half-cells were cycled in the potential
window from 0.01 to 3.0 V. (d) Nyquist plots of the cycled electrodes after 100 cycles in the frequency range from 100 kHz to 100 mHz.

Figure 5b shows the ﬁrst, second, 50th, and 100th discharge/
charge voltage proﬁles of NiCo2O4/3DHPC electrode at a
current density of 100 mA g−1. There is an obvious voltage
plateau in the ﬁrst discharge process. The plateau in the
consequent discharge curves is slightly higher than that of the
ﬁrst cycle, which is associated with the irreversible reaction of
NiCo2O4 and Li+ as in eq 1, consistent with the above CV
detection results. The initial discharge capacity reaches 1533
mA h g−1 (equivalent to ca. 14.0 mol Li per mole of NiCo2O4),
while the charge capacity is 1098 mA h g−1, corresponding to
72% Coulombic eﬃciency. The large irreversible capacity loss
may be related to the formation of SEI ﬁlm,36 the generation of
LiOH and its reversible decomposition,37 or simple interfacial
storage.38,39 Although the Coulombic eﬃciency of the ﬁrst
cycle is low, it is improved greatly, and the value increased to
95.7% at the second cycle, 98% at the 50th and 100th cycles,
showing that the irreversible loss reduces upon cycling.
Coin cells with a metallic lithium anode are assembled to
investigate the cycling performance and rate capability of the
NiCo2O4/3DHPC. To demonstrate that Ni doping could
enhance the electrical conductivity and electrochemical activity
of Co3O4, we also tested the lithium-storage performance of
NiO/3DHPC and Co3O4/3DHPC composites obtained under
the same experimental conditions in Figure 6. Apparently,
NiCo2O4/3DHPC demonstrated reversible capacity and
cycling performance higher than those of NiO/3DHPC and
Co3O4/3DHPC in Figure 6a. The discharge and charge
capacities in the ﬁrst run are 1533 and 1098 mA h g−1 for
NiCo2O4/3DHPC, higher than those of NiO (1513 and 862
mA h g−1) and Co3O4 (1244 and 754 mA h g−1). After 100
cycles, the discharge capacity for NiCo2O4/3DHPC is 1078 mA
h g−1 with as high as 97% capacity retention, much better than
those of NiO (677 mA h g−1, 78%) and Co3O4 (906 mA h g−1,
112%). These results show that Ni doping greatly enhances the
electrochemical activity and durability of Co3O4. Additionally,

guess component was mostly anchored on the macropores of
the 3DHPC.28 The above results indicate that scCO2-expanded
ethanol is an eﬀective medium for coating the guest
components, not only the single metal oxide but also the
binary metal oxide, into the matrix with high eﬃciency.
To evaluate the electrochemical performance of NiCo2O4/
3DHPC as anode materials for LIBs, cyclic voltammetry (CV)
and charge/discharge measurements have been conducted.
Figure 5a shows the ﬁrst three CV curves of NiCo2O4/3DHPC
composite. The voltammograms for the ﬁrst cycle are
substantially diﬀerent from those of the subsequent ones,
especially for the discharge branch. In the ﬁrst cathodic sweep,
the intense peak at around 0.35 V corresponds to the reduction
of Ni3+ or Ni2+ and Co3+ or Co2+ to their metallic states,
respectively (eq 1). Also, the reduction peak shifts to a higher
potential at 0.88 V in the subsequent cycles. Meanwhile, the
two anodic peaks at around 1.50 and 2.30 V could be attributed
to the oxidation of Ni0 to Ni2+ and Co0 to Co3+, respectively
(eqs 2−4).29,33 Apart from the ﬁrst cycle, the subsequent cycles
overlap well, indicating the superior reversibility of the
electrochemical reaction. On the basis of the CV result, the
entire electrochemical process can be classiﬁed as follows:29,34,35
NiCo2O4 + 8Li+ + 8e− → Ni + 2Co + 4Li 2O

(1)

Ni + Li 2O → NiO + 2Li+ + 2e−

(2)

Co + Li 2O → CoO + 2Li+ + 2e−

(3)

CoO + 1/3Li 2O → 1/3Co3O4 + 2/3Li+ + 2/3e−

(4)

It is proved that NiCo2O4 oﬀers richer redox reactions than
those of the monometallic NiO and Co3O4 due to the
combined contributions from both nickel and cobalt. It is
expected that the NiCo2O4/3DHPC composite could show
enhanced lithium-storage performances.
10817

dx.doi.org/10.1021/am502812b | ACS Appl. Mater. Interfaces 2014, 6, 10813−10820

ACS Applied Materials & Interfaces

Research Article

Figure 7. (a,b) SEM images of the cycled NiCo2O4/3DHPC electrode at diﬀerent magniﬁcations after 100 cycles at 100 mA g−1.

cycled electrodes were also tested in Figure 6d. The Nyquist
plots show that the diameter of the semicircle for NiCo2O4/
3DHPC electrode in the high-medium frequency region is
much smaller than those of Co3O4/3DHPC and NiO/3DHPC,
suggesting the lower contact and charge-transfer resistance of
NiCo2O4/3DHPC as compared to Co3O4/3DHPC and NiO/
3DHPC.
The appearance and structure evolution of the NiCo2O4/
3DHPC after 100 discharge/charge cycles were characterized
by SEM. The samples were prepared by scraping the active
materials from their disks, and then washed with pure DMC
solution. The SEM images (Figure 7) show that the
morphology and structure of the cycled NiCo2O4/3DHPC
can be generally retained in the whole silhouette. Apparently,
there is a cross-linked 3D structure with the presence of
numerous spherical cavities. Besides, the surface looks smooth,
which may be due to the SEI layer. The above results suggest
that the NiCo2O4 particles are in close contact with the
3DHPC matrix, and the integrity of the composite could be
preserved after long-term cycling, holding great potential as a
high-rate anode material for lithium storage.
The excellent cycling performance and rate capability of the
NiCo2O4/3DHPC composite could be ascribed to the special
architecture, the unique advantages of the scCO2-expanded
ethanol medium, and the outstanding electrical conductivity of
NiCo2O4. First, the thin wall and numerous interconnected
pores of the NiCo2O4/3DHPC architecture facilitate diﬀusion
transport for electrons and ions, and oﬀer suﬃcient electrode/
electrolyte contact area for more Li+ migration across the
interface, thus leading to the high speciﬁc capacity. Second, the
present synthetic method makes almost all of the NiCo2O4
particles well disperse rather than aggregate, thereby enhancing
the utilization eﬃciency of NiCo2O4 on speciﬁc capacitance and
relieving the strain induced by the volume change during
charging/discharging. Third, the well-established interconnection of the carbon substrate and active NiCo2O4 enables fast
electron transfer within the hybrid electrode, leading to the low
internal resistance and allowing faster charge transport, which is
especially important for improving the electrochemical
performance of LIBs. Finally, the addition of Ni species into
the spinel lattice creates highly eﬃcient active sites and
increases the electrical conductivity, which is highly desirable
for fast charge transfer.

the physical mixture of equivalent NiO/3DHPC and Co3O4/
3DHPC composites shows average discharge capacity of 738
mA h g−1 with 87% capacity retention at 100 mA g−1. In the
case of NiCo2O4/3DHPC-E composite, its capacity decays
rapidly, and only 43% capacity is retained after 100 cycles. With
respect to the capacity and cyclability, the striking improvement
has been achieved by comparison with the previous result on
NiCo2O4, wherein only 884 mA h g−1 was obtained even at the
low current of 89 mA h g−1.40
To further probe the electrochemical performance of
NiCo2O 4/3DHPC composite, we investigated the rate
capability of all samples at a current rate range of 0.1−3 A
g−1, and then back to 0.5 and 0.1 A g−1. As shown in Figure 6b
and Supporting Information Table S1, the NiCo2O4/3DHPC
electrode shows outstanding and fancy rate capability with
average discharge capacities of 1046, 966, 792, 652, and 499
mA h g−1 at current densities of 0.1, 0.2, 0.5, 1, and 2 A g−1,
respectively. Even at a higher rate of 3 A g−1, the discharge
capacity still delivers 428 mA h g−1, which is far exceeding those
of Co3O4/3DHPC (233 mA h g−1), NiO/3DHPC (160 mA h
g−1), and NiCo2 O4/3DHPC-E (36 mA h g −1). More
importantly, a stable capacity of 1050 mA h g−1 (100% of the
initial reversible one) can be recovered when the current
density returns to 0.1 A g−1. Additionally, the capacities of the
physical mixture at various rates are generally located between
those of NiO/3DHPC and Co3O4/3DHPC, indicating that the
lithium-storage performance of NiCo2O4/3DHPC is not a
simple sum of capacities of NiO/3DHPC and Co3O4/3DHPC.
To our knowledge, the rate performance of NiCo2O4/3DHPC
is comparable to the reported results.29,33,34,41 The result
further conﬁrms the rational conﬁguration of the composite as
well as the unique advantages of scCO2 deposition approach.
Considering that a long cycle life at a high current density is
one of the key factors for practical LIB application, we further
evaluated the NiCo2O4/3DHPC electrode at a relatively high
current density of 1 A g−1 up to 500 cycles (Figure 6c). Overall,
the NiCo2O4/3DHPC composite outperforms the Co3O4/
3DHPC and NiO/3DHPC. The discharge capacity of the
NiCo2O4/3DHPC decreases slightly from 1336 to 627 mA h
g−1 before the initial 30 cycles. It then tends to increase and
stabilize at ca. 720 mA h g−1 after 450 cycles. Finally, it remains
at 660 mA h g−1; only 7.7% of the original capacitance is lost
after 500 cycles. The improved rate performance of the
NiCo2O4/3DHPC composite over Co3O4/3DHPC and NiO/
3DHPC could be reasonably attributed to the rich redox
reactions and the enhanced electrical conductivity. The greatly
improved electrical conductivity of NiCo2O4/3DHPC composite is shown in Supporting Information Table S2, which is
consistent with the results in the literature.42−44 Meanwhile, the
electrochemical impedance spectra (EIS) measurements of the

4. CONCLUSIONS
A novel NiCo2O4/3DHPC composite was developed as
superior anode materials for LIBs by combining nanoparticles
direct nucleation on 3DHPC and cation substitution of spine
metal oxide nanoparticles. The adopted scCO2-expanded
ethanol-assisted deposition technique successfully embedded
10818
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