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Carbon-Coated Honeycomb Ni-MnCo-O Inverse Opal: A High Capacity
Ternary Transition Metal Oxide
Anode for Li-ion Batteries
David McNulty1, Hugh Geaney1 & Colm O’Dwyer1,2
We present the formation of a carbon-coated honeycomb ternary Ni-Mn-Co-O inverse opal as a
conversion mode anode material for Li-ion battery applications. In order to obtain high capacity via
conversion mode reactions, a single phase crystalline honeycombed IO structure of Ni-Mn-Co-O
material was first formed. This Ni-Mn-Co-O IO converts via reversible redox reactions and Li2O
formation to a 3D structured matrix assembly of nanoparticles of three (MnO, CoO and NiO) oxides,
that facilitates efficient reactions with Li. A carbon coating maintains the structure without clogging
the open-worked IO pore morphology for electrolyte penetration and mass transport of products during
cycling. The highly porous IO was compared in a Li-ion half-cell to nanoparticles of the same material
and showed significant improvement in specific capacity and capacity retention. Further optimization of
the system was investigated by incorporating a vinylene carbonate additive into the electrolyte solution
which boosted performance, offering promising high-rate performance and good capacity retention
over extended cycling. The analysis confirms the possibility of creating a ternary transition metal oxide
material with binder free accessible open-worked structure to allow three conversion mode oxides to
efficiently cycle as an anode material for Li-ion battery applications.
Li-ion batteries continue to attract intense research aimed at improving their performance for ever more demanding energy storage applications1–5. These demands have necessitated studies into the development of active materials with higher specific capacities and enhanced cycle-lives6–8. From the perspective of anode materials for
Li-ion applications, these can be broadly divided into three classes based on the reactions occurring during lithiation/delithiation namely; intercalation mode, alloying mode and conversion mode materials9–11. Conversion
mode materials typically operate via the transformation of a transition metal oxide (e.g. Co3O4, MnO etc.) to its
parent metal and Li2O during charging, with the metal being oxidised during discharge (for anodes)12,13. These
reactions facilitate higher specific capacities than typically seen for intercalation materials and as a result, interest
in the development of conversion mode materials with suitable cycle lifetimes has increased14,15.
One of the primary benefits of conversion mode materials is that they allow a great degree of tunability due
to the possibility of creating mixed transition metal oxide compounds. In fact, there has been a wave of reports
detailing the formation and electrochemical performance of binary transition metal oxides. The most widely
investigated mixed oxide systems typically include two elements from Co, Mn, Ni, Cr, and Zn in a defined stoichiometry with a cubic/spinel type structure (e.g. MnCo2O4, NiCo2O4)16–18. For example, Li et al. showed impressive
performance from a NiCo2O4 microsphere based anode even at high specific currents (up to 1600 mA g−1)19.
Similarly, Fu et al. presented the fabrication of MnCo2O4 microspheres with good capacity retention up to 200
charge/discharge cycles20. Given these promising results, there exists scope for further investigating the mixed
transition metal oxide regime with increased complexity in terms of the number of elements incorporated (i.e.
moving from binary systems to ternary systems) and the morphology of the materials, aimed at further improving
the performance by addressing capacity retention. Improvements in energy inefficiency from charge-discharge
overpotential reduction may be feasible by engineering the structure and stabilising the cycling composition of
the multi-metallic oxide phase in the cycled displacement reaction.
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Three dimensional (3D) materials such as inverse opals (IOs) are very attractive architectures for the active
materials of Li-ion batteries21. These structures offer numerous benefits such as large surface area and porosity
for effective electrolyte infiltration and reduced Li-ion diffusion lengths22–26. As a result, various IOs materials
have been produced as the active materials for anodes (i.e. Ge, SnO2)27,28 and cathodes (V2O5, LiCoO2)29,30. These
materials have shown improved behaviour compared to their bulk counterparts with particular improvement in
their high-rate performance. We recently presented further evidence of the viability of IOs for Li-ion applications
by creating a full-cell with a pre-lithiated Co3O4 IO anode and a V2O5 cathode31. This report confirmed the compatibility of a conversion mode anode with an intercalation mode cathode with both active materials possessing
a 3D geometry.
In this report, we present the formation of a mixed Ni, Mn, Co oxide IO material for Li-ion anode applications. The material is formed from a mixed precursor solution of the respective chloride salts with a final surface stoichiometry of NiMn1.7Co1.8O4 (determined from X-ray photoelectron spectroscopy (XPS) analysis). This
Ni-Mn-Co-O oxide material is unlike the classic lithiated NMC cathode material (LiNi0.33Mn0.33Co0.33O2)32–34 and
functions as a conversion mode anode material. In order to prepare a stable, high performance anode material
with high capacity, we engineered a method to form a single Ni-Mn-Co-O phase so that the nano-particulate
network comprising the walls of the hierarchically porous inverse opal structure can transition from an initial ternary metal oxide (TMO) compound to an integrated matrix of three conversion mode metal oxides. Converting
an initial single phase mixed TMO compound to an interconnected triple unary oxide phase system via lithiation
ensures that the 3D porous networked material can be engineered as a monolithic single open structure, rather
than a composite consisting of a mixture of unary metal oxides, which tend to agglomerate as individual random
mixtures of particles. The electrochemical performance of the Ni-Mn-Co-O material is probed as a function of
structure (by comparing nanoparticles with IOs), with or without vinylene carbonate additive in the electrolyte,
and the effectiveness of carbon coating the IO structure is also investigated. This carbon-coated Ni-Mn-Co-O
anode IO material is capable of stable cycling and coulombic efficiency once the final composition is reached, with
high capacity retention (>400 mA g−1 after 100 cycles at 150 mA g−1 rate) for a conversion mode anode.

Results and Discussion

Ni-Mn-Co-O inverse opal samples were prepared via a three step process as illustrated in Fig. 1a. Polystyrene
sphere (PS) templates were infilled with an Ni-Mn-Co-O precursor solution and then annealed at 450 °C in
air to crystallize the Ni-Mn-Co-O sample and to remove the sphere template. Interestingly, when the synthesis procedure was repeated without the PS template, nanoparticles (NPs) of Ni-Mn-Co-O were formed instead
of an inverse opal network. The average diameters of these particles were quite small (~10 nm) as shown in
Fig. 1b. A standard Ni-Mn-Co-O IO sample is shown in a scanning electron microscope (SEM) image in Fig. 1c.
Ni-Mn-Co-O IO samples have a structure whereby islands of IO networks are formed instead of one continuous
structure, as shown in Figure S1a–c. This is advantageous from an electrochemical point of view as it provides
continuous transport paths for Li ions through the active phase (walls) and the electrolyte phase (pores)22. The
cross-sectional thickness of a typical Ni-Mn-Co-O IO was ~19.8 μm, as shown in Figure S1d. After template infilling with the Ni-Mn-Co-O precursor solution, samples were allowed to dry initially at room temperature prior
to annealing. In order to prepare carbon coated (C-coated) Ni-Mn-Co-O IO samples, a volume of a 0.1 M solution of ascorbic acid (Vitamin C) in IPA was dried on infilled sample before heating. An example of a C-coated
Ni-Mn-Co-O IO sample is shown in Fig. 1d. It can be seen that there are some structural differences between the
standard Ni-Mn-Co-O IO and the C-coated variant. The pores of the standard Ni-Mn-Co-O IO are circular due
to the PS sphere template, however the pores of the C-coated Ni-Mn-Co-O IO appear hexagonal, with a honeycomb like structure. These features can be seen at different magnifications in the SEM images in Figure S2 and the
transmission electron microscope (TEM) images in Figure S3.
TEM images of a standard Ni-Mn-Co-O IO sample are shown in Fig. 1e and f. The walls of the IO are comprised of an agglomeration of NPs as can be seen in Fig. 1e. These are the same NPs which are formed without the
sphere template shown in Fig. 1b, the addition of the PS sphere template arranges the NPs into an IO architecture.
The lattice fringes of the Ni-Mn-Co-O NPs have a spacing of ~0.446 nm, as shown in Fig. 1f. The electron diffraction pattern for an Ni-Mn-Co-O IO confirms the polycrystalline structure of the material, with several discrete
rings visible in Fig. 1g. The electron diffraction pattern is a close match to several mixed transition metal oxide
compounds, containing a combination of Ni, Mn and Co, namely cubic MnCo2O4, NiCo2O4 and NiMn2O4. The
similarities in the crystal structure for Ni-Mn-Co-O IO samples and these compounds will be discussed in further detail in analysis of X-ray diffraction (XRD) patterns.
Thermogravimetric analysis (TGA) of a dried Ni-Mn-Co-O precursor solution was performed in order to
better appreciate the processes occurring during annealing, i.e. the removal of water and the crystallization of the
Ni-Mn-Co-O sample. The mass loss curve presented in Fig. 2a indicates that ~15.5% mass is lost when heated to
450 °C. The derivative thermogravimetric curve shown in Fig. 2a consists of a weak peak at 40 °C a strong peak at
160 °C corresponding to mass losses of 1.0 and 9.6% respectively. The initial mass losses up to ∼100 °C are most
likely due to the removal of physisorbed and chemisorbed water. The mass loss in the temperature range from
100–200 °C is due to the thermal decomposition of the Ni-Mn-Co-O precursors and the formation of a crystalline
phase of Ni-Mn-Co-O. The majority of the mass was lost during heating to 200 °C, with only an additional ~1.4%
mass being lost during heating from 200–450 °C. The XRD pattern for a standard Ni-Mn-Co-O IO is shown in
Fig. 2b. Similar to the polycrystalline rings in the electron diffraction pattern in Fig. 1g, the reflections observed
in the XRD pattern for Ni-Mn-Co-O can be readily indexed to cubic MnCo2O4 (JCPDS 00-023-1237) with an
Fd-3m space group. We also note that the Ni-Mn-Co-O XRD pattern is also a close match for NiCo2O4 (JCPDS
01-073-1702) and NiMn2O4 (JCPDS 01-074-1865). A comparison between the Ni-Mn-Co-O XRD pattern and
the reference patterns for all three mixed transition metal oxide compounds is shown in Fig. 2b. From XRD analysis the calculated lattice parameter for our Ni-Mn-Co-O IO is a = ~0.83 nm.
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Figure 1. (a) Schematic representation of the preparation procedure for Ni-Mn-Co-O IO samples. SEM images
of (b) Ni-Mn-Co-O nanoparticles, (c) standard Ni-Mn-Co-O IO and (d) carbon coated Ni-Mn-Co-O IO. TEM
images of standard Ni-Mn-Co-O IO showing (e) the walls of the IO and (f) the lattice fringes of the Ni-MnCo-O NPs which comprise the walls of the IO. (g) Electron diffraction pattern for standard Ni-Mn-Co-O IO
demonstrating its polycrystalline structure.

XPS analysis was used to probe the stoichiometry of an Ni-Mn-Co-O IO compared to that of binary mixed
transition metal oxide compounds. XPS spectra of a standard Ni-Mn-Co-O IO sample displaying the Ni 2p, Co
2p, Mn 2p and O 1 s core-level photoemission are shown in Fig. 2c–f, respectively. Two main peaks can be seen in
the Ni 2p spectrum at ~854.8 and 872.6 eV, corresponding to the Ni 2p3/2 and 2p1/2 levels respectively19. Both of
these peaks contain shoulders and can be deconvoluted, indicating that they are composed of a mixture of Ni2+
and Ni3+, as shown in Fig. 2c 35. The two sub peaks associated with Ni2+ are located at ~854.8 and 872.3 eV, while
the two associated with Ni3+ are located at ~856.4 and 874.0 eV. Two satellite peaks are also observed at ~880.0
and 861.4 eV. Comparison of the integrated areas of the peaks associated with each valence state indicates that
~34.1% of nickel present was in the Ni3+ valence state.
Two strong photoemission peaks were observed in the Co 2p spectrum at ~780.5 and 796.2 eV, corresponding
to the Co 2p3/2 and 2p1/2 levels respectively36. Typically for Co3O4, with a mixed valence state of Co2+ and Co3+,
the satellite peaks occur ~7–9 eV higher in binding energy than the main core-level signals37. Satellite peaks for
the 2p3/2 and 2p1/2 levels were observed at ~786.9 and 802.9 eV, which is in close agreement with previous studies38–40. Due to the presence of the deconvoluted peaks present in the Co 2p3/2 and 2p1/2 levels and the satellite
peaks, it is most likely that both Co2+ and Co3+ are present in the Ni-Mn-Co-O IO structure. Analysis of the
deconvoluted peaks indicates that ~56.5% of the cobalt present was in the Co3+ valence state. The Mn 2p core
level (Fig. 2e) consisted of two main peaks at ~642.3 and 653.9 eV, corresponding to the Mn 2p3/2 and 2p1/2 levels
respectively41,42. Both peaks could be deconvoluted indicating the presence of Mn2+ and Mn3+. The two sub peaks
at ~642.2 and 654.0 eV can be assigned to Mn2+, while the other two at ~644.5 and 657.3 eV are attributed to the
presence of Mn3+ 43. Comparison of the integrated areas of the deconvoluted curves indicated that ~39.5% of the
manganese present was in the Mn3+ valence state. XPS analysis confirms that all three elements are present on
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Figure 2. (a) Thermogravimetric analysis and derivative mass loss curves for Ni-Mn-Co-O precursor heated
to 450 °C in air at a ramp rate of 5 °C/min. (b) XRD pattern of Ni-Mn-Co-O precursor after heating to 450 °C in
air. XPS spectra of the (c) Ni 2p, (d) Co 2p, (e) Mn 2p and (f) O 1 s regions for a Ni-Mn-Co-O inverse opal.

the surface of the Ni-Mn-Co-O IO material. The high resolution spectrum for the O 1 s shows three oxygen contributions. The peak at ~529.8 eV is typical of metal-oxygen bonds44,45. The peak at ~531.4 eV can be attributed to
defects and a number of surface species including hydroxyls, chemisorbed oxygen or under-coordinated lattice
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Figure 3. Cyclic voltammograms for (a) Ni-Mn-Co-O nanoparticles, Ni-Mn-Co-O IO cycled in electrolyte (b)
without and (c) with a vinylene carbonate additive and (d) carbon-coated Ni-Mn-Co-O IO, acquired at a scan
rate of 0.1 mV s−1.

oxygen46,47. The peak present at ~533.2 can be ascribed to multiplicity of physi- and chemisorbed water at or near
the surface44,45. The quantification from high resolution spectra suggests that the surface stoichiometry of the
Ni-Mn-Co-O IO is NiMn1.7Co1.8O4. The Ni-Mn-Co-O XRD pattern (Fig. 2b) was a close match with NiCo2O4
and NiMn2O4; both compounds are Ni deficient as is the case with our Ni-Mn-Co-O samples. Energy dispersive
X-ray spectroscopy (EDS) and Raman spectroscopy were performed to confirm the graphitic nature of carbon
coating of the ternary IO materials prepared with ascorbic acid, as shown in Figure S4. This data is discussed in
detail in the Supplementary information.
In order to optimise our Ni-Mn-Co-O anode materials, the electrochemical performances of the various
Ni-Mn-Co-O samples, shown in Fig. 1, were compared. Two variants of electrolyte were used in electrochemical
testing, a standard 1 M solution of LiPF6 in EC/DMC with or without an electrolyte additive (3 wt.% vinylene
carbonate (VC)). The addition of VC to the electrolyte has been reported to improve the stability of the solid
electrolyte interface (SEI) layer and improve the capacity retention for anode materials such as Ge nanowires48–50,
but its effectiveness in conversion-mode systems has received less attention. The experimental conditions for
each Ni-Mn-Co-O sample can be summarised as follows: (i) Ni-Mn-Co-O nanoparticles and (ii) Ni-Mn-Co-O
IO cycled in the standard electrolyte solution, (iii) Ni-Mn-Co-O IO and (iv) a C-coated Ni-Mn-Co-O IO cycled
in the standard electrolyte solution containing 3 wt. % vinylene carbonate.
A comparison of cyclic voltammograms (CVs) acquired for each Ni-Mn-Co-O sample is shown in Fig. 3.
There is a sharp reduction peak in the first cathodic scan for Ni-Mn-Co-O nanoparticles at ~0.56 V, the potential of this peak increases to ~0.63 V for the Ni-Mn-Co-O IO, increases further to ~0.66 V for the Ni-Mn-Co-O
IO cycled in the electrolyte containing VC and decreases slightly to ~0.62 V for the C-coated Ni-Mn-Co-O IO.
This strong peak corresponds to the reduction of Ni-Mn-Co-O to Ni°, Mn° and Co° and the formation of amorphous Li2O and the SEI layer. The potential range in which the initial reduction occurs for all Ni-Mn-Co-O
samples is in close agreement with potential values reported for other mixed transition metal oxide compounds,
such as MnCo2O4 microspheres (~0.67 V)20, NiCo2O4 nanosheets (~0.67 V)51 and NiMn2O4 tremella like
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nanostructures (~0.60 V)52. The main reduction peak shifts to a higher potential of ~0.86 V in the second scan
for the Ni-Mn-Co-O particles and ~0.75 V for all of the Ni-Mn-Co-O IO samples. Oxides of nickel, manganese
and cobalt are known to behave as conversion mode materials (NiO, Mn3O4, Co3O4)31,53,54, i.e. during the first
cathodic scan, each oxide is reduced to an unary metallic form. During the initial anodic scan Ni, Mn and Co
are oxidised to reform oxides of each element. The resulting oxide nanoparticles can have diameters on the order
of ~5 nm55,56. The shift in the potential for the reduction peak in the cathodic scan may be due to this decreased
particle size57.
Four peaks were observed in the initial anodic scan for the Ni-Mn-Co-O nanoparticles at ~1.06, 1.44, 1.64
and 1.98 V respectively. For all other Ni-Mn-Co-O IO samples the four anodic peaks were observed at ~1.06,
1.55, 1.90 and 2.16 V. The anodic peaks at ~1.55, 1.90 and 2.16 V are associated with the formation of MnO, NiO
and CoO respectively, and these processes are not hindered by the carbon-coating (Fig. 3(d))20,52. Thus, a single
compositional Ni-Mn-Co-O ternary crystalline phase with IO structure re-oxidizes to three unary metal oxides
from the corresponding reduced metals, in a single 3D open-worked honeycomb structure; Li reactions are electrochemically identified for each oxide from the first discharge. These peaks were shifted to slightly lower potentials for the Ni-Mn-Co-O NPs, possibly due to the reduced particle size and the disorder of the sample compared
with the highly ordered IO samples. Interestingly the anodic peak at ~1.06 V was present at the same potential for
Ni-Mn-Co-O NPs and all IO samples, and may be associated with the decomposition of Li2O formed during the
initial cathodic scan.
Based on the analysis of the CV curves and previous reports41,43,51,58 and the surface stoichiometry suggested
from XPS analysis, the Li reactions for Ni-Mn-Co-O IO materials are believed to proceed as follows:
NiMn1.7 Co1.8 O4 + 8Li+ + 8e− → Ni + 1.7Mn + 1.8Co + 4Li2 O

(1)

Ni + Li2 O ↔ NiO + 2Li+ + 2e−

(2)

Mn + Li2 O ↔ MnO + 2Li+ + 2e−

(3)

Co + Li2 O ↔ CoO + 2Li+ + 2e−

(4)

From Eqn. 1 the theoretical specific capacity for NiMn1.7Co1.8O4 is calculated to be ~665.5 mAh g . The theoretical capacity is lower than that of other transition metal oxides for example Co3O4 (~890 mAh g−1)59 due to
molar mass of NiMn1.7Co1.8O4 being higher than that of Co3O4. It has previously been suggested for binary TMO
compounds that, during anodic discharge, MnO and CoO may be further oxidized to Mn3O4 and Co3O419,52, we
appreciate that additional redox processes to those outlined in Eqns 1–4 may occur during cycling. Additionally,
some regions in the core of the islands of IO (Figures S1 and S2) may take some time before they are initially
reduced and that a number of cycles is required before stable state of three separate unary metal oxides is formed.
This process would result in a reduction in anode charge capacity until it coulombically balances a stable discharge capacity (vide infra).
Galvanostatic tests were performed to determine the effects of ordering and C-coating of Ni-Mn-Co-O
samples on obtained specific capacity values and capacity retention. The galvanostatic charge and discharge curves for the 1 st , 2 nd, 50 th and 100 th cycles for each Ni-Mn-Co-O sample at a specific current of 150 mA g−1 are shown in Fig. 4. A long voltage plateau was observed in the initial charge curve
for all Ni-Mn-Co-O samples between 0.9 and 0.7 V, corresponding to the reduction of Ni-Mn-Co-O
to Ni 0, Mn 0 and Co 058,60. The potential range in which the plateau occurred is in close agreement with
the potential at which the strong reduction peak occurred in the first cathodic CV scan for each sample, shown in Fig. 3. The initial charge capacity for the Ni-Mn-Co-O nanoparticles was ~780 mAh
g −1 , slightly higher than the theoretical capacity of 665 mAh g −1 , this decreased to 535 mAh g −1
after the 2nd charge. The irreversible capacity loss during the first charge may be attributed to the formation
of an SEI layer61. From Fig. 4a it is clear that the disordered aggregation of Ni-Mn-Co-O nanoparticles suffer
from severe capacity fading. However, introducing order via packing of the Ni-Mn-Co-O nanoparticles into an
inverse opal structure increases the initial capacity and improves capacity retention. The initial specific capacity
for an Ni-Mn-Co-O IO cycled in standard electrolyte was ~1920 mAh g−1, which is a significant increase over
the Ni-Mn-Co-O NPs and nearly 3×the theoretical capacity for NiMn1.7Co1.8O4, however the capacity severely
decayed after the 50th and 100th cycles as can be seen in Fig. 4b. The initial capacity increased to ~3420 mAh g−1
when the Ni-Mn-Co-O IO was cycled in electrolyte containing a VC additive and decreased to ~2415 mAh g−1
for the Ni-Mn-Co-O IO coated in carbon. The high initial capacities for all of the Ni-Mn-Co-O IO samples
suggests a high degree of surface reactions (i.e. SEI formation, possible defect sites, lithium hydroxide/oxide
species etc.)16,62–64. This is particularly pronounced for IOs due the high surface area/porosity as evidenced by
the much lower initial specific capacities seen for the Ni-Mn-Co-O nanoparticles. After the second cycle the
capacity for the C-coated Ni-Mn-Co-O IO was comparable to the non-C-coated IO, as shown in Fig. 4c and d.
A comparison of the specific capacity values obtained for each Ni-Mn-Co-O sample over 100 cycles plotted
on a log scale is shown in Fig. 4e and on a linear scale in Figure S5. The disordered Ni-Mn-Co-O NPs suffer the
most severe capacity fading with capacity values of 83 and 36 mAh g−1 after 50 and 100 cycles respectively. The
capacity retention was improved by arranging the Ni-Mn-Co-O NPs into an inverse opal structure, obtaining
capacity values of ~190 and 90 mAh g−1 after 50 and 100 cycles, respectively. The significant increase in the
capacities obtained from the IO structured samples compared to immobilized powders of nanoparticles is due to
the inherent properties of the 3D IO structure. The Ni-Mn-Co-O IO materials that cycle as three unary oxide of
−1
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Figure 4. Charge and discharge voltage profiles for the 1st, 2nd, 50th and 100th cycle for (a) Ni-Mn-Co-O
nanoparticles, Ni-Mn-Co-O IO cycled in electrolyte (b) without and (c) with a vinylene carbonate additive and
(d) carbon coated Ni-Mn-Co-O IO, at a specific current of 150 mA g−1 in a potential window of 3.0–0.01 V. (e)
Comparison of the specific capacity values obtained for all Ni-Mn-Co-O samples for 100 cycles.

Ni, Mn and Co, possess a highly ordered, porous, interconnected structure with thin nanoparticulate walls. For
conversion-mode materials, short Li+ diffusion distance matters during formation and decomposition of Li2O,
and the IO system as an anode lower the decomposition overpotential at a voltage below that of conversion-mode
cathode materials.
The addition of VC to the electrolyte significantly increased capacity values and improved capacity retention
of the IO anodes. The trend in the capacity decay over the first ~10 cycles for the Ni-Mn-Co-O IO with and
without VC are quite similar, with an initial large drop off followed by a far more gradual loss in capacity over
the remaining cycles as the conversion to a triple unary metal oxide composition is stabilized during cycling. The
Scientific Reports | 7:42263 | DOI: 10.1038/srep42263
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capacity values for an Ni-Mn-Co-O IO cycled in electrolyte containing VC after the 50th and 100th cycles were
560 and 450 mAh g−1 respectively. The initial capacity of the C-coated Ni-Mn-Co-O samples cycled in electrolyte
containing VC were lower than values obtained for the standard Ni-Mn-Co-O IO, however the capacities for the
C coated IO were higher from the 10th to the 50th cycle as can be seen in Fig. 4e. The capacity values from the 50th
to the 100th cycle for the C-coated Ni-Mn-Co-O IO sample were similar to the standard Ni-Mn-Co-O IO with
values of ~580 and 420 mAh g−1 after the 50th and 100th cycles.
Although a significant difference in the capacity values obtained for the Ni-Mn-Co-O IO samples with or
without carbon coating is not typically observed, as can be seen in Fig. 4e and Figure S5, the C-coating has an
influence on the electrochemical response of the Ni-Mn-Co-O material. There are differences in the charge and
discharge profiles for the Ni-Mn-Co-O IO electrodes with and without carbon coating can be seen in Fig. 4c and
d. The first charge curve for the C-coated IO has a long flat plateau centred at ~0.75 V. The coulombic efficiency for
the C-coated Ni-Mn-Co-O IO over 100 cycles is also shown in Fig. 4e. The initial coulombic efficiency is quite low
(~65%) however after the 10th cycle the efficiency remains >95%. While lower than commercially accepted efficiency, it is among the highest for conversion mode systems and improves with cycling as the three unary metal
oxides undergo redox reaction simultaneously with a formation/decomposition of the lithium oxide species.
Capacity fading issues over initial cycles are well known for conversion mode materials, consequently the
practice of preparing composites of conversion mode materials with graphene is quite common65. The significant
change in the phase from a complex compound to the metal results in a large initial irreversible capacity loss. A
previous report on the electrochemical performance of Co3O4 nanoparticles found severe capacity fading when
cycled on their own and the preparation of a composite with graphene sheets significantly enhanced performance37. However graphene actively stores charge when cycled in a potential window from 3.0–0.01 V (vs Li/
Li+) and we desired to investigate the fundamental electrochemical response of our Ni-Mn-Co-O material in the
absence of any materials which actively contribute towards the total stored charge.
With increased cycling the Ni-Mn-Co-O samples likely becomes a matrix of NiO, MnO and CoO, as explained
by Eqns 1–4. It may take some time by successive cycling before all of the Ni-Mn-Co-O material matrix undergoes the initial conversion mode reactions (including reduction and re-oxidation to consistent oxidation states).
We propose this as a reason why the coulombic efficiency improves after the first 10 cycles and remains very
consistent thereafter - the efficiency of the charge and discharge curves together are always similar, yet both
increase with successive cycling. SEM images of a C-Coated Ni-Mn-Co-O sample after 100 cycles at a specific
current of 150 mA g−1 are shown in Figure S7. Due to the destructive nature of the conversion mode reaction the
IO samples are converted to an agglomeration of nanoparticles after cycling. However, nanoparticles without
3D structuring are significantly less capable of extended cycling at similar rates. The capacity values obtained
for the Ni-Mn-Co-O IO and C-coated Ni-Mn-Co-O IO samples cycled in electrolyte containing VC are higher
than previously reported values for other mixed transition metal oxide anode materials such as NiMn2O4 and
MnCo2O420,41,60,66,67. A detailed comparison of the capacities obtained for our C-coated Ni-Mn-Co-O IO to representative literature values is present in Table S2. Further to this, the capacity values obtained for our Ni-Mn-Co-O
IO anode materials after 100 cycles were >400 mAh g−1, consequently they are more than suitable for pairing in
a full cell configuration with the majority of cathode materials reported for higher energy density cells68,69. The
electrochemical performance of C-coated Ni-Mn-Co-O IO samples was further investigated by galvanostatic
cycling using series of different specific currents ranging from 75–450 mA g−1 and rate capability testing as shown
in Figure S8. These tests are discussed in detail in the Supplementary information.
In order to confirm that our Ni-Mn-Co-O IOs are a true anode material unlike the classic lithiated NMC
cathode material (LiNi0.33Mn0.33Co0.33O2), Ni-Mn-Co-O IOs were cycled galvanostatically in a commonly used
cathode potential window for Li-NMC based cathode materials (4.4–2.5 V)32. The resulting discharge and charge
curves are shown in Figure S9. The initial discharge capacity for an Ni-Mn-Co-O IO sample cycled in a cathode potential window was ~6.3 mAh g−1. The poor electrochemical performance of the Ni-Mn-Co-O IOs when
cycled in a cathode potential window compared to the impressive capacities obtained when cycled in an anode
potential window confirm that our Ni-Mn-Co-O IO samples are an anode material. Ni-Mn-Co-O IO samples are
ternary analogs similar to other well-known binary TMO anode materials such as MnCo2O4 and NiCo2O4 70,71.
C-coated Ni-Mn-Co-O IOs demonstrated impressive capacities when galvanostatically cycled in a half cell
configuration versus a pure Li counter electrode as shown in Fig. 4 and S5. We have previously reported a full
cell consisting of a V2O5 IO cathode paired with an electrochemically prelithiated Co3O4 IO anode31. In order to
investigate the practical potential of C-coated Ni-Mn-Co-O IO anodes, they were tested in a full cell arrangement
against a V2O5 IO cathode. Similar to our previous work, the Ni-Mn-Co-O IO anode was electrochemically
pre-charged by a single charge against a Li metal counter electrode before being paired with a V2O5 IO cathode. The electrochemical characterization of the V2O5 cathode/Ni-Mn-Co-O anode IO Li-ion battery is presented in Fig. 5. The OCV for V2O5 IOs vs Li metal is typically ~3.6 V (vs. Li/Li+)29,31, whereas for the V2O5 IO/
Ni-Mn-Co-O IO full cell (in a 2-electrode configuration, without a dedicated Li reference electrode) the OCV
was ~2.4 V, approximately 1.2 V lower. Also it is worth nothing that the potential values stated for the V2O5 IO/
Ni-Mn-Co-O IO full cell are not stated vs. Li/Li+, instead they are with respect to the pre-charged Ni-Mn-Co-O
IO anode. V2O5 is typically cycled in a potential window ranging from 4.0–1.2 V (vs. Li/Li+) when cycled in a half
cell arrangement72,73. However due to the OCV decreasing by 1.2 V in the full cell, the effective potential window
for our full cell was 2.8–0.01 V.
The voltage profiles for the 1st, 2nd, 10th and 20th cycles are shown in Fig. 5a. The well-known phases of Li+
intercalation within vanadium oxide were observed in the first discharge curve and can also be seen in the differential charge curve for the first discharge in Fig. 5b. Due to the initial lower OCV of the full cell compared to a
V2O5 half-cell, each of the Li+ intercalation phases are also shifted to lower potentials. After the first and second
discharges ~2.24 and 2.18 mol of Li were intercalated per V2O5 unit, this value decreased to ~1.70 and 1.21 mol
after the 10th and 20th discharges respectively. During the initial charging of the Ni-Mn-Co-O IO anode and prior
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Figure 5. (a) Charge and discharge voltage profiles for the 1st, 2nd, 10th and 20th cycles for a full Li-ion cell
consisting of a V2O5 IO cathode and a pre-charged Ni-Mn-Co-O IO anode. (b) Differential charge curve for
the first discharge demonstrating the different phases associated with the intercalation of Li+ within vanadium
oxide (c) The discharge and charge capacities and the Coulombic efficiency obtained over 20 cycles for the V2O5
IO/Ni-Mn-Co-O IO full cell.

to full cell assembly, Ni-Mn-Co-O is reduced and Li2O is formed, as described by Eqn. 1. Consequently, the Li+
source in the V2O5 IO/Ni-Mn-Co-O IO full cell is Li2O. The amount of Li intercalated per V2O5 unit over the
first 20 cycles indicates that Li2O can be reversibly reduced to Li+ and is an effective Li+ source for the V2O5 IO/
Ni-Mn-Co-O IO full cell.
The specific capacity values obtained over the first 20 cycles and the Coulombic efficiency are shown in Fig. 5c.
The specific capacity is stated in terms of the mass of the cathode, i.e. the V2O5 IO. The initial discharge capacity
for the V2O5 IO/Ni-Mn-Co-O IO full cell was ~330 mAh g−1 which is slightly higher than the initial capacity we
previously reported for the V2O5 IO/Co3O4 IO full cell (~290 mAh g−1). The specific capacity decreased slightly
to ~320 mAh g−1 after the second discharge and retained a value of ~250 and 180 mAh g−1 after the 10th and 20th
discharges, respectively. The capacity values obtained the V2O5 IO/Ni-Mn-Co-O IO full cell are greater than previously reported values for nanostructured V2O5 half cells5,74. The electrochemical performance of the V2O5 IO/
Ni-Mn-Co-O IO full cell again demonstrates that our Ni-Mn-Co-O IOs behave as an anode material which can
be cycled reversibly in a full cell configuration when paired with a V2O5 cathode.
There are numerous reports investigating lithiated NMC compounds as cathode materials for Li-ion batteries. This report represents the first systematic investigation into the application of an Ni-Mn-Co-O compound
as a conversion mode anode material with an open-worked structural network that helps to improve mass
transport of species. Various morphologies of Ni-Mn-Co-O were examined and compared including nanoparticles, inverse opals and C-coated inverse opals. In order to obtain high capacity via conversion mode reactions, a single crystalline honeycombed IO structure of Ni-Mn-Co-O material was first formed, that converts
via reversible redox reactions and Li2O formation to a 3D structured assembly of three (MnO, CoO and NiO)
oxides, that facilitates efficient reactions with Li. A carbon coating maintains the structure without clogging
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the open-worked IO pore structure for electrolyte penetration and mass transport of products. Electron diffraction and XRD analysis confirmed that Ni, Mn and Co were all present within the crystal structure of the
various Ni-Mn-Co-O samples. XPS analysis indicated a surface stoichiometry of the Ni-Mn-Co-O IO samples
of NiMn1.7Co1.8O4.
The electrochemical performance of Ni-Mn-Co-O NPs was improved by engineering the nanoparticles into
a highly porous IO architecture. By introducing this order, the Ni-Mn-Co-O IOs showed significantly increased
capacity values compared to the basic constituent nanoparticles. This report highlights the scope for tailoring
the morphology of mixed transition metal oxide conversion mode materials to improve electrochemical performance. The capacity values for Ni-Mn-Co-O IOs were significantly increased by incorporating a vinylene
carbonate additive to the electrolyte, with capacity retention also substantially improved. Further optimization
of the Ni-Mn-Co-O IO samples was investigated by carbon coating via the addition of a solution of ascorbic acid prior to annealing. C-coated Ni-Mn-Co-O IOs demonstrated promising high-rate performance and
high capacity values, which were greater than the theoretical capacity for NiMn1.7Co1.8O4 even after 50 cycles.
C-coated Ni-Mn-Co-O IO anodes were also successfully paired with a V2O5 IO cathode to form a full Li-ion
cell. The specific capacities obtained for the V2O5 IO/Ni-Mn-Co-O IO full cell are greater than previously
reported values for nanostructured V2O5 half cells. This demonstrates that the C-coated Ni-Mn-Co-O IOs in
the form of multi oxide conversion mode anodes are more effective in improving round trip energy efficiency
per cycle.

Methods

Inverse opal anode material formation.

The Ni-Mn-Co-O IO was prepared by a two-step process.
Firstly, a solution of polystyrene (PS) spheres (Polysciences Inc., diameter ~500 nm) in isopropanol was drop cast
on to 1 cm2 pieces of stainless steel; the sphere templates were then infilled with a 1:1:1 (v/v/v) mixture of a 0.1 M
solution of NiCl2.6H2O, MnCl2.4H2O and CoCl2 in isopropyl alcohol (IPA). Secondly, the infilled spheres where
heated at 450 °C in air for 12 h, to remove the sphere templates and to crystallize the material. Ni-Mn-Co-O nanoparticles were also prepared using the same method but without a PS sphere template. Carbon-coated Ni-MnCo-O IOs were prepared by dropping a volume of a 0.1 M solution of ascorbic acid (Vitamin C) in IPA onto an
infilled Ni-Mn-Co-O sample before annealing to 450 °C.

Material characterization. TEM analysis was conducted using a JEOL JEM-2100 TEM operating at
200 kV. SEM analysis was performed using an FEI Quanta 650 FEG high resolution SEM at an accelerating voltage of 10 kV. TGA was performed using a Mettler Toledo TGA/DSC1. Ni-Mn-Co-O samples were placed in an
alumina crucible and heated to 450 °C in air at a heating rate of 5 °C min−1. XRD analysis was performed using a
Phillips Xpert PW3719 diffractometer using Cu Kαradiation. (Cu Kα, λ  = 0.15418 nm, operation voltage 40 kV,
current 40 mA). XPS spectra were acquired on an Oxford Applied Research Escabase XPS system equipped with
a CLASS VM 100 mm mean radius hemispherical electron energy analyzer with multichannel detectors in an
analysis chamber with a base pressure of 5.0 ×  10–10 mbar. Survey scans were recorded between 0 and 1400 eV
with a step size of 0.7 eV, dwell time of 0.5 s, and pass energy of 100 eV. Core level scans were acquired with a
step size of 0.1 eV, dwell time of 0.5 s, and pass energy of 20 eV averaged over 10 scans. A non-monochromated
Al KαX-ray source at 200 W power was used for all scans. All spectra were acquired at a take-off angle of 90°
with respect to the analyzer axis and were charge corrected with respect to the C 1 s photoelectric line. Data was
processed using CasaXPS software where a Shirley background correction was employed and peaks were fitted
to Voigt profiles.
Electrochemical characterization. All electrochemical results presented in this report were performed
using a BioLogic VSP Potentiostat/Galvanostat. The electrochemical properties of Ni-Mn-Co-O samples were
investigated in a half cell configuration against a pure Li counter electrode in a two electrode, stainless steel split
cell (a coin cell assembly that can be disassembled for post-mortem analysis). The electrolytes used consisted of a
1 mol dm−3 solution of lithium hexafluorophosphate salts in a 1:1 (v/v) mixture of ethylene carbonate in dimethyl
carbonate with or without 3 wt% vinylene carbonate. The separator used in all split cell tests was a glass fiber separator (El-Cell ECC1-01-0012-A/L, 18 mm diameter, 0.65 mm thickness). The mass loading for all Ni-Mn-Co-O
samples was ~0.5–1.0 mg, no additional conductive additives or binders were added. Cyclic voltammetry was performed using a scan rate of 0.1 mV s−1 in a potential window of 3.0–0.01 V. Galvanostatic cycling was performed
using a range of specific currents (75–450 mA g−1) in a potential window of 3.0–0.01 V. For testing in a full cell
arrangement against a V2O5 IO cathode, the C-coated Ni-Mn-Co-O IO anode was electrochemically pre-charged
by a single charge against a Li metal counter electrode. V2O5 IOs were prepared using the same method we have
previously reported31. V2O5 IO/Ni-Mn-Co-O IO full cells were cycled in a potential window of 3.0–0.2 V in a
2-electrode configuration.

References

1. Arico, A. S., Bruce, P., Scrosati, B., Tarascon, J.-M. & van Schalkwijk, W. Nanostructured Materials for Advanced Energy Conversion
and Storage Devices. Nat. Mater. 4, 366–377 (2005).
2. Reddy, M. V., Subba Rao, G. V. & Chowdari, B. V. R. Metal Oxides and Oxysalts as Anode Materials for Li Ion Batteries. Chem. Rev.
113, 5364–5457 (2013).
3. Etacheri, V., Marom, R., Elazari, R., Salitra, G. & Aurbach, D. Challenges in the Development of Advanced Li-ion Batteries: A
Review. Energy Environ. Sci. 4, 3243–3262 (2011).
4. Roy, P. & Srivastava, S. K. Nanostructured Anode Materials for Lithium Ion Batteries. J. Mater. Chem. A 3, 2454–2484 (2015).
5. McNulty, D., Buckley, D. N. & O’Dwyer, C. Synthesis and Electrochemical Properties of Vanadium Oxide Materials and Structures
as Li-ion Battery Positive Electrodes. J. Power Sources 267, 831–873 (2014).

Scientific Reports | 7:42263 | DOI: 10.1038/srep42263

10

www.nature.com/scientificreports/
6. Kang, K., Meng, Y. S., Bréger, J., Grey, C. P. & Ceder, G. Electrodes with High Power and High Capacity for Rechargeable Lithium
Batteries. Science 311, 977–980 (2006).
7. Yao, Y. et al. Interconnected Silicon Hollow Nanospheres for Lithium-Ion Battery Anodes with Long Cycle Life. Nano Lett. 11,
2949–2954 (2011).
8. McNulty, D., Buckley, D. N. & O’Dwyer, C. Polycrystalline Vanadium Oxide Nanorods: Growth, Structure and Improved
Electrochemical Response as a Li-Ion Battery Cathode Material. J. Electrochem. Soc. 161, A1321–A1329 (2014).
9. Zhang, W.-J. A Review of the Electrochemical Performance of Alloy Anodes for Lithium-ion Batteries. J. Power Sources 196, 13–24
(2011).
10. Malini, R., Uma, U., Sheela, T., Ganesan, M. & Renganathan, N. G. Conversion Reactions: A New Pathway to Realise Energy in
Lithium-ion Battery - Review. Ionics 15, 301–307 (2008).
11. de las Casas, C. & Li, W. A Review of Application of Carbon Nanotubes for Lithium Ion Battery Anode Material. J. Power Sources
208, 74–85 (2012).
12. Reddy, M. V., Prithvi, G., Loh, K. P. & Chowdari, B. V. R. Li Storage and Impedance Spectroscopy Studies on Co3O4, CoO, and CoN
for Li-Ion Batteries. ACS Appl. Mater. Interfaces 6, 680–690 (2014).
13. Butala, M. M. et al. MnO Conversion in Li-Ion Batteries: In Situ Studies and the Role of Mesostructuring. ACS Appl. Mater. Interfaces
8, 6496–6503 (2016).
14. Wu, H. B., Chen, J. S., Hng, H. H. & Wen Lou, X. Nanostructured Metal Oxide-Based Materials as Advanced Anodes for Lithiumion Batteries. Nanoscale 4, 2526–2542 (2012).
15. Yuan, C., Wu, H. B., Xie, Y. & Lou, X. W. Mixed Transition-Metal Oxides: Design, Synthesis, and Energy-Related Applications.
Angew. Chem. Int. Ed. 53, 1488–1504 (2014).
16. Liu, B. et al. Hierarchical Three-Dimensional ZnCo2O4 Nanowire Arrays/Carbon Cloth Anodes for a Novel Class of HighPerformance Flexible Lithium-Ion Batteries. Nano Lett. 12, 3005–3011 (2012).
17. Reddy, M. V., Xu, Y., Rajarajan, V., Ouyang, T. & Chowdari, B. V. R. Template Free Facile Molten Synthesis and Energy Storage
Studies on MCo2O4 (M=Mg, Mn) as Anode for Li-Ion Batteries. ACS Sustain. Chem. Eng 3, 3035–3042 (2015).
18. Shen, L., Yu, L., Yu, X.-Y., Zhang, X. & Lou, X. W. Self-Templated Formation of Uniform NiCo2O4 Hollow Spheres with Complex
Interior Structures for Lithium-Ion Batteries and Supercapacitors. Angew. Chem. Int. Ed. 54, 1868–1872 (2015).
19. Li, J., Xiong, S., Liu, Y., Ju, Z. & Qian, Y. High Electrochemical Performance of Monodisperse NiCo2O4 Mesoporous Microspheres
as an Anode Material for Li-Ion Batteries. ACS Appl. Mater. Interfaces 5, 981–988 (2013).
20. Fu, C. et al. One-Step Calcination-Free Synthesis of Multicomponent Spinel Assembled Microspheres for High-Performance
Anodes of Li-Ion Batteries: A Case Study of MnCo2O4. ACS Appl. Mater. Interfaces 6, 2439–2449 (2014).
21. Vu, A. & Stein, A. Multiconstituent Synthesis of LiFePO4/C Composites with Hierarchical Porosity as Cathode Materials for Lithium
Ion Batteries. Chem. Mater. 23, 3237–3245 (2011).
22. Vu, A., Qian, Y. & Stein, A. Porous Electrode Materials for Lithium-Ion Batteries–How to Prepare Them and What Makes Them
Special. Adv. Energy Mater. 2, 1056–1085 (2012).
23. Kang, D.-Y., Kim, S.-O., Chae, Y. J., Lee, J. K. & Moon, J. H. Particulate Inverse Opal Carbon Electrodes for Lithium-Ion Batteries.
Langmuir 29, 1192–1198 (2013).
24. Osiak, M., Geaney, H., Armstrong, E. & O’Dwyer, C. Structuring Materials for Lithium-ion Batteries: Advancements in
Nanomaterial Structure, Composition, and Defined Assembly on Cell Performance. J. Mater. Chem. A 2, 9433–9460 (2014).
25. O’Dwyer, C. Color-Coded Batteries–Electro-Photonic Inverse Opal Materials for Enhanced Electrochemical Energy Storage and
Optically Encoded Diagnostics. Adv. Mater. 28, 5681–5688 (2016).
26. Armstrong, E. & O’Dwyer, C. Artificial Opal Photonic Crystals and Inverse Opal Structures - Fundamentals and Applications From
Optics to Energy Storage. J. Mater. Chem. C 3, 6109–6143 (2015).
27. Song, T. et al. A Ge Inverse Opal with Porous Walls as an Anode for Lithium Ion Batteries. Energy Environ. Sci. 5, 9028–9033 (2012).
28. Huang, X. et al. Carbon Inverse Opal Entrapped with Electrode Active Nanoparticles as High-Performance Anode for Lithium-ion
Batteries. Sci. Rep. 3, 2317 (2013).
29. Armstrong, E., McNulty, D., Geaney, H. & O’Dwyer, C. Electrodeposited Structurally Stable V2O5 Inverse Opal Networks as High
Performance Thin Film Lithium Batteries. ACS Appl. Mater. Interfaces 7, 27006–27015 (2015).
30. Ergang, N. S., Lytle, J. C., Yan, H. & Stein, A. Effect of a Macropore Structure on Cycling Rates of LiCoO2. J. Electrochem. Soc. 152,
A1989–A1995 (2005).
31. McNulty, D., Geaney, H., Armstrong, E. & O’Dwyer, C. High Performance Inverse Opal Li-ion Battery with Paired Intercalation and
Conversion Mode Electrodes. J. Mater. Chem. A 4, 4448–4456 (2016).
32. Shaju, K. M., Subba Rao, G. V. & Chowdari, B. V. R. Performance of Layered Li(Ni1/3Co1/3Mn1/3)O2 as Cathode for Li-ion Batteries.
Electrochim. Acta 48, 145–151 (2002).
33. Li, D.-C., Muta, T., Zhang, L.-Q., Yoshio, M. & Noguchi, H. Effect of Synthesis Method on the Electrochemical Performance of
LiNi1/3Mn1/3Co1/3O2. J. Power Sources 132, 150–155 (2004).
34. Belharouak, I., Sun, Y. K., Liu, J. & Amine, K. Li(Ni1/3Co1/3Mn1/3)O2 as a Suitable Cathode for High Power Applications. J. Power
Sources 123, 247–252 (2003).
35. Kim, K. S. & Winograd, N. X-ray Photoelectron Spectroscopic Studies of Nickel-Oxygen Surfaces Using Oxygen and Argon IonBombardment. Surf. Sci. 43, 625–643 (1974).
36. Chuang, T. J., Brundle, C. R. & Rice, D. W. Interpretation of the X-ray Photoemission Spectra of Cobalt Oxides and Cobalt Oxide
Surfaces. Surf. Sci. 59, 413–429 (1976).
37. Wu, Z.-S. et al. Graphene Anchored with Co3O4 Nanoparticles as Anode of Lithium Ion Batteries with Enhanced Reversible
Capacity and Cyclic Performance. ACS Nano 4, 3187–3194 (2010).
38. Varghese, B. et al. Co3O4 Nanostructures with Different Morphologies and their Field-Emission Properties. Adv. Func. Mater. 17,
1932–1939 (2007).
39. Dong, Z., Fu, Y., Han, Q., Xu, Y. & Zhang, H. Synthesis and Physical Properties of Co3O4 Nanowires. J. Phys. Chem. C 111,
18475–18478 (2007).
40. Hou, L. et al. Urchin-like Co3O4 Microspherical Hierarchical Superstructures Constructed by One-Dimension Nanowires Toward
Electrochemical Capacitors. RSC Adv. 1, 1521–1526 (2011).
41. Li, J., Xiong, S., Li, X. & Qian, Y. A Facile Route to Synthesize Multiporous MnCo2O4 and CoMn2O4 Spinel Quasi-Hollow Spheres
with Improved Lithium Storage Properties. Nanoscale 5, 2045–2054 (2013).
42. Cheng, K., Yang, F., Wang, G., Yin, J. & Cao, D. Facile Synthesis of Porous (Co, Mn)3O4 Nanowires Free-Standing on a Ni Foam and
their Catalytic Performance for H2O2 Electroreduction. J. Mater. Chem. A 1, 1669–1676 (2013).
43. Zeng, P. et al. Excellent Lithium Ion Storage Property of Porous MnCo2O4 Nanorods. RSC Adv. 6, 23074–23084 (2016).
44. Marco, J. F. et al. Characterization of the Nickel Cobaltite, NiCo2O4, Prepared by Several Methods: An XRD, XANES, EXAFS, and
XPS Study. J. Solid State Chem. 153, 74–81 (2000).
45. Choudhury, T., Saied, S. O., Sullivan, J. L. & Abbot, A. M. Reduction of Oxides of Iron, Cobalt, Titanium and Niobium by LowEnergy Ion Bombardment. J. Phys. D: Appl. Phys. 22, 1185 (1989).
46. Roginskaya, Y. E. et al. Characterization of Bulk and Surface Composition of CoxNi1-xO y Mixed Oxides for Electrocatalysis.
Langmuir 13, 4621–4627 (1997).

Scientific Reports | 7:42263 | DOI: 10.1038/srep42263

11

www.nature.com/scientificreports/
47. Zhong, J.-H. et al. Co3O4/Ni(OH)2 Composite Mesoporous Nanosheet Networks as a Promising Electrode for Supercapacitor
Applications. J. Mater. Chem. 22, 5656–5665 (2012).
48. Kennedy, T. et al. High-Performance Germanium Nanowire-Based Lithium-Ion Battery Anodes Extending over 1000 Cycles
Through in Situ Formation of a Continuous Porous Network. Nano Lett. 14, 716–723 (2014).
49. Bhatt, M. D. & O’Dwyer, C. Recent Progress in Theoretical and Computational Investigations of Li-ion Battery Materials and
Electrolytes. Phys. Chem. Chem. Phys. 17, 4799–4844 (2015).
50. Nie, M. et al. Lithium Ion Battery Graphite Solid Electrolyte Interphase Revealed by Microscopy and Spectroscopy. J. Phys. Chem. C
117, 1257–1267 (2013).
51. Leng, X. et al. Ultrathin Mesoporous NiCo 2O 4 Nanosheet Networks as High-Performance Anodes for Lithium Storage.
ChemPlusChem 80, 1725–1731 (2015).
52. Kang, W. et al. High Interfacial Storage Capability of Porous NiMn2O4/C Hierarchical Tremella-like Nanostructures as the Lithium
Ion Battery Anode. Nanoscale 7, 225–231 (2015).
53. Gao, J., Lowe, M. A. & Abruña, H. D. Spongelike Nanosized Mn3O4 as a High-Capacity Anode Material for Rechargeable Lithium
Batteries. Chem. Mater. 23, 3223–3227 (2011).
54. Wang, X. et al. Nanostructured NiO Electrode for High Rate Li-ion batteries. J. Mater. Chem. 21, 3571–3573 (2011).
55. Poizot, P., Laruelle, S., Grugeon, S., Dupont, L. & Tarascon, J. M. Nano-Sized Transition-Metal Oxides as Negative-Electrode
Materials for Lithium-ion Batteries. Nature 407, 496–499 (2000).
56. Li, X., Dhanabalan, A. & Wang, C. Enhanced Electrochemical Performance of Porous NiO–Ni Nanocomposite Anode for Lithium
Ion Batteries. J. Power Sources 196, 9625–9630 (2011).
57. Varghese, B. et al. Fabrication of NiO Nanowall Electrodes for High Performance Lithium Ion Battery. Chem. Mater. 20, 3360–3367
(2008).
58. Peng, L., Zhang, H., Fang, L., Bai, Y. & Wang, Y. Designed Functional Systems for High-Performance Lithium-Ion Batteries Anode:
From Solid to Hollow, and to Core–Shell NiCo2O4 Nanoparticles Encapsulated in Ultrathin Carbon Nanosheets. ACS Appl. Mater.
Interfaces 8, 4745–4753 (2016).
59. Wang, X. et al. Synthesis and Lithium Storage Properties of Co3O4 Nanosheet-Assembled Multishelled Hollow Spheres. Adv. Func.
Mater. 20, 1680–1686 (2010).
60. Huang, G., Xu, S., Xu, Z., Sun, H. & Li, L. Core–Shell Ellipsoidal MnCo2O4 Anode with Micro-/Nano-Structure and Concentration
Gradient for Lithium-Ion Batteries. ACS Appl. Mater. Interfaces 6, 21325–21334 (2014).
61. Li, L. et al. The Facile Synthesis of Hierarchical Porous Flower-like NiCo2O4 with Superior Lithium Storage Properties. J. Mater.
Chem. A 1, 10935–10941 (2013).
62. Hu, Y.-Y. et al. Origin of additional capacities in metal oxide lithium-ion battery electrodes. Nat. Mater. 12, 1130–1136 (2013).
63. Luo, J.-Y., Chen, L.-J., Zhao, Y.-J., He, P. & Xia, Y.-Y. The Effect of Oxygen Vacancies on the Structure and Electrochemistry of
LiTi2(PO4)3 for Lithium-ion Batteries: A Combined Experimental and Theoretical Study. J. Power Sources 194, 1075–1080 (2009).
64. Swider-Lyons, K. E., Love, C. T. & Rolison, D. R. Improved Lithium Capacity of Defective V2O5 Materials. Solid State Ion. 152–153,
99–104 (2002).
65. Cabana, J., Monconduit, L., Larcher, D. & Palacín, M. R. Beyond Intercalation-Based Li-Ion Batteries: The State of the Art and
Challenges of Electrode Materials Reacting Through Conversion Reactions. Adv. Mater. 22, E170–E192 (2010).
66. Li, T. et al. Robust Synthesis of Hierarchical Mesoporous Hybrid NiO–MnCo2O4 Microspheres and their Application in Lithium-ion
Batteries. Electrochim. Acta 191, 392–400 (2016).
67. Zhao, H. et al. Neutron Diffraction Analysis and Electrochemical Performance of Spinel Ni(Mn2−xCox)O4 as Anode Materials for
Lithium Ion Battery. Mater. Res. Bull. 77, 265–270 (2016).
68. Fergus, J. W. Recent Developments in Cathode Materials for Lithium Ion Batteries. J. Power Sources 195, 939–954 (2010).
69. Ellis, B. L., Lee, K. T. & Nazar, L. F. Positive Electrode Materials for Li-Ion and Li-Batteries. Chem. Mater. 22, 691–714 (2010).
70. Mondal, A. K. et al. Mesoporous MnCo2O4 with a Flake-Like Structure as Advanced Electrode Materials for Lithium-Ion Batteries
and Supercapacitors. Chem. Eur. J. 21, 1526–1532 (2015).
71. Shen, L., Che, Q., Li, H. & Zhang, X. Mesoporous NiCo2O4 Nanowire Arrays Grown on Carbon Textiles as Binder-Free Flexible
Electrodes for Energy Storage. Adv. Funct. Mater. 24, 2630–2637 (2014).
72. Spahr, M. E., Stoschitzki‐Bitterli, P., Nesper, R., Haas, O. & Novák, P. Vanadium Oxide Nanotubes. A New Nanostructured Redox‐
Active Material for the Electrochemical Insertion of Lithium. J. Electrochem. Soc. 146, 2780–2783 (1999).
73. McNulty, D., Buckley, D. N. & O’Dwyer, C. Comparative Electrochemical Charge Storage Properties of Bulk and Nanoscale
Vanadium Oxide Electrodes. J. Solid State Electrochem. 20, 1445–1458 (2016).
74. Ren, X. et al. Fabrication of Various V2O5 Hollow Microspheres as Excellent Cathode for Lithium Storage and the Application in Full
Cells. ACS Appl. Mater. Interfaces 8, 17205–17211 (2016).

Acknowledgements

This work was also supported by Science Foundation Ireland (SFI) through Technology Innovation and
Development Awards under contracts no. 13/TIDA/E2761 and 15/TIDA/2893. This research has received
funding from the Seventh Framework Programme FP7/2007-2013 (Project STABLE) under grant agreement no.
314508. This publication has also emanated from research supported in part by a research grant from SFI under
Grant Number 14/IA/2581.

Author Contributions

D.M.N. performed experimental measurements and analyses. H.G. also conducted electron microscopy analyses.
All authors discussed the results and contributed to data analysis. D.M.N. and C.O.D. wrote the manuscript.

Additional Information

Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: McNulty, D. et al. Carbon-Coated Honeycomb Ni-Mn-Co-O Inverse Opal: A High
Capacity Ternary Transition Metal Oxide Anode for Li-ion Batteries. Sci. Rep. 7, 42263; doi: 10.1038/srep42263
(2017).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports | 7:42263 | DOI: 10.1038/srep42263

12

www.nature.com/scientificreports/
This work is licensed under a Creative Commons Attribution 4.0 International License. The images
or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/
© The Author(s) 2017

Scientific Reports | 7:42263 | DOI: 10.1038/srep42263

13

