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This manuscript provides an in situ synthesis method for the self-assembly of a heterostructured
NiO-MnCo,0,4 micro—nano composite with a poriferous shell. The special shell structure effectively alle-
viated the volume variation and subsequently enhanced the diffusivity of ions in the cycling process for
cyclic stability. The inner spaces among the stacked nanoparticles are conducive to electrolyte infiltration
and the transfer of ion/electrons with low concentration polarization. Consequently, the optimized
NiO-MnCo,0, exhibited excellent cycle stability (718.8 mA h g~ after 1000 cycles at 2 A g™) and highly
recoverable rate performance. On gaining insight into the heterointerface structure, it was indicated that
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the optimal interfacial electronic environment in the presence of the nickel content plays a key role in
creating lattice defects and active sites to increase the ion diffusion rate, electron conductivity and unlock
extra pseudocapacitance for ion storage. The excellent capabilities from the optimal heterointerface
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1. Introduction

LIBs have been widely applied in products ranging from porta-
ble electronic devices to the double-source EV because of their
long lifetime, high energy density, etc.’ However, the conven-
tional electrode materials, such as graphite-based anodes with
theoretical capacity only reaching 372 mA h g™*, hardly meet
the high demand for hybrid electric vehicles and some elec-
tronics.” During the charging-discharging process at high
rates, safety problems might occur.>® As such, the high-per-
formance electrode materials (cycle stability, high energy
density and rate stability) should be explored to meet the
rapidly increasing energy demand.

Many kinds of promising alternative anode materials, such
as TMOs, have been developed owing to their low cost, safety
and high capacity.” "' Unfortunately, single-phase TMOs are
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environment will promote the development of high-energy applications of LIBs.

also limited by their poor cycle performance because of their
intrinsic weakness in electrical/ionic conductivity, as well as the
large variation in the volume.''* Many innovative achieve-
ments have been discovered in complex TMOs, such as Co;0,-
MnCo,0,, Ni-MnCo,0,, NiO-Co;0,, CoO-NiO-C and Fe,O;-
C0;04,."*"® In particular, the MnCo,O4based polymetallic
oxides that have high capacity, environmental friendliness and
low price have been the focus for electrode materials for LIBs."
The disadvantages of MnCo,0,-based electrode materials
include their relatively low operating voltage and low specific
capacitance. As an electrode material, further improvement of
the inferior structural stability of MnCo,0, during the electro-
chemical cycle is a major challenge; this improvement should
lead to the enhancement of its cycling stability and energy
storage capability for high power density sources. Therefore, we
constructed a hybrid heterostructure, NiO-MnCo,0O, micro-
nano crystals, via self-assembly and calcination. This design
and synthesis route involves two processes: (i) the construction
of the poriferous core-shell architecture with the oxides/oxides
to realize the structural stability as well enhance the diffusivity
of ions."*™"” (ii) The formed heterogeneous structures (coupling
nanocrystals with different bandgaps) can effectively provide the
advantages of transport paths for ions and electrons.?*>°

The synthesis details of NiO-MnCo,0, are illustrated in
Fig. 1a. The uniform Ni-Mn-Co oxalate precursor was prepared
via a coprecipitation process that finally resulted in the hybrid
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Fig. 1 Schematic illustration showing (a) the formation processes of the prepared S-N-MC, (b) the lattice matching process about the shell-core

during the first cycle; (c) the extraction process of Li* ions.

heterostructure NiO-MnCo,0, after calcination treatment. The
procreant two-phase boundaries of NiO-MnCo,0O, have many
active sites and extrinsic defects for fast electron/ion transpor-
tation and the lattice matching process between the two phases
(NiO shell and MnCo,0, core) would appear in the first cycle
(Fig. 1b) and subsequently remain stable with the extraction
process of Li" ions and electrons (Fig. 1c). In brief, the porous
shell and internal porous structure serve as an adequate storage
container and boost the diffusion of lithium but also mitigates
the volumetric variation during the long cycling. On the other
hand, the NiO-MnCo,0, heterostructure, with lattice defects
and oxygen vacancies, effectively contributes to the accelerated
electron transfer for compound conversion reactions. According
to the molecular dynamics theory, the pseudocapacitive behav-
ior of the hybrid agrees with the adsorption of lithium ions
from defects in the lattice, leading to the large exposure of
active sites around the heterojunction interface. GITT techno-
logy confirmed that the complex TOMs with faster redox/conver-
sion reacting rates presented a higher lithium diffusion result-
ing from the complex crystal structure with lattice aberrance
and the interaction among elements. The electron density
difference further illustrates the optimal interfacial electronic
environment and the ion/electron transport mechanism in
detail at the heterojunction interface. Hence, our work should
inspire further host design for fabricating various hybrid anode
materials with optimized heterogeneous interfaces, accelerating
the development of high-energy-density for LIBs.

2. Experimental section

2.1 Synthesis of the S-N-MC heterostructured
microcomposite

The MC,0, (M = Ni, Mn, Co) oxalate precursor was synthesized
via a facile self-assembly process using oxalate and
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M(Ac),-4H,0 as the precipitant and metal source, respectively.
The oxalate (2.0 g) and Mn(Ac),-4H,O (0.7892 g), Co(Ac),-4H,O
(1.026 g), and Ni(Ac),-4H,O (0.7764 g) were respectively dis-
solved in deionized water (50 ml), marked as solution A and B.
After continuous magnetic stirring for 30 min, solution A was
slowly added to solution B and ultrasonicated for 20 min. The
mixed turbid solution including the metal cation and oxalate
was in a water bath at 80 °C for 4 h. The precursor was then
obtained via extraction filtration. The precursor was dried at
60 °C for 12 hours hermetically and after high-temperature cal-
cination in the air, it was marked as S-N-MC. NiO and
MnCo,0, (named S-N, S-MC) were also obtained by the above
flow path. Nickel element was doped in different amounts to
determine the effect on the electrochemical performance of
the single electrode; therefore, the nickel element content was
reduced and then increased to synthesize samples S-N1-MC,
S-N2-MC for comparison.

2.2 Characterization of the samples

Field emission SEM images, EDS spectra and atomic mapping
images were acquired using a JSM-IT300LA emission scanning
electron microscope. Internal characterization and lattice ana-
lysis of the synthetic samples were conducted via transmission
electron microscopy (TEM and HTEM, JEM-2100F). XRD
characterization of the prepared materials was performed
using a Bruker D8 diffractometer. TG (PerkinElmer Diamond
TG/DTA) was conducted in an air atmosphere with a ramp rate
of 4 °C min™". XRD diffraction patterns were fitted to pinpoint
the changes in lattice parameters using the GSAS/EXPGUI soft-
ware. Specific surface and aperture analyzers (BET,
Micromeritics ASAP2020) were used to further analyze the
phase characteristics. ICP-OES (Optima 5300DV) and FT-IR
(Nicolet6700) was used to determine the elementary compo-
sitions and the vibrations of the valence bond. The valence
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states of the component were determined by X-ray photo-
electron spectroscopy (XPS, ESCALAB250).

2.3 Electrochemical measurements

The prepared half-cell, including the active material and Li as the
cathode/anode, was used to confirm the electrochemical per-
formances. For the cathode, the active material (e.g. S-N-MC),
carbon black (Super P), and polyvinylidene fluoride (PVDF) were
evenly mixed in an 8:1:1 (wt%) ratio in N-pyrrolidinone (NMP)
and the black uniform slurry was evenly painted on Cu foil via a
doctor blade. After vacuum drying overnight, the cathode wafer
with a diameter of about 11 mm was prepared by punching and
the active mass loading of the active material is about 0.69 mg
em™2, The organic electrolyte was made up of 1 M LiPF with EC
and DEC (1:1:1 by volume). CR2016 coin-type half-cells were
sealed with a separator (Celgard2400) in the argon glove box.
GCD tests and GITT were carried out at room temperature on the
Neware test system; the relaxation period was set as 8 min at
500 mA g~ " at 0.01-3.0 V (vs. Li/Li"). The CV and EIS tests both
used the ZIVE-SP1 electrochemical workstation.

3. Results and discussion
3.1 Structure and morphology characterization

Fig. 2 shows typical SEM and low TEM images of the as-
obtained S-N, S-MC and S-N-MC. The S-N tight microspheres
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have a rough surface with a diameter of 6.92 pm and a large
number of micron spheres crosslinked with each other from
some group-like structures, similar to grape clusters in Fig. 2a
and b. Compared with the compact structure of nickel oxide,
S-MC has smaller particles (300 nm) and presents as a club-
like agglomeration of nanoparticles with lots of voids as
shown in Fig. 2c and d. Fig. 2e and f show the as-obtained S-N-
MC, which present a micro-nano structure with a dense shell
and the interior of the shell is constructed by the staggered
growth of irregular nanoparticles. The three as-prepared
samples presented the uniform agglomeration of particles as
seen from the inset of Fig. 2a and c-e, while the elements of
S-N-MC were evenly distributed according to the element
mapping images in Fig. 2g. EDS spectroscopy analysis
(Fig. S1a, ESIt) further indicated the distribution of metallic
elements, which agrees with the ICP-OES results (see
Table S27).

The formation mechanism of the sample could be
explained as follows: the preference for Mn>" and Co** coordi-
nation with C,0,>~ reunites chains, which can be interlinked
to form a nanoparticle. Through hydrogen bonding, these
primary particles are stacked upon one another and further
bundled into the rod-like structure after the second sintering.
However, as the most influential factor on the final mor-
phology of the nanomaterials, the different interfacial tensions
usually affect the growth of different crystal faces.*® Therefore,
after adding the nickel to affect the overall metal concen-

Fig. 2 SEM and typical TEM images of (a and b) S-N, (c and d) S-MC and (e and f) S-N-MC. (g) Elemental mapping images of S-N-MC.
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tration, micro-nano structures with compact shell interfaces
were formed due to the possible interfacial tension.

Fig. 3b shows the X-ray diffraction (XRD) results for the S-N
(in purple), S-MC (in olive) and S-N-MC (in orange); the three
samples can be assigned to NiO (JCPDS no. 65-2901, space
group Fd3m), and the cubic phase of the MnCo,0O, spinel
structure (JCPDS no. 23-1237, space group Fd3m). The Mn/Co
elements in the binary metal oxide MnCo,0, were homoge-
neously mixed in the bivalent and trivalent states, in which
Mn(m)/Co(n) occupy the octahedral sites and Mn(i)/Co(u) are
distributed over the interstices of the stacked tetrahedra. The
crystal structures of the S-N, S-MC are shown in Fig. 3a. The
hybrid S-N-MC composed of two cubic phases is similar to
that of MnCo,0, (see the following Fig. 3h for details), while
bivalent cobalt and manganese atoms in the lattice of
MnCo,0, were replaced by a nickel atom. Since the ionic
radius of Ni** (69 pm) is larger than that of Mn** (67 pm) and
Co™ (65 pm), the lattice parameters of S-N-MC should be
larger than those of S-MC. Compared with the S-MC, the peaks
located at smaller angles relate to the S-N-MC by the Bragg
equation. Additionally, there are no redundant peaks, indicat-
ing the high purity of all three samples. Compared with the

View Article Online
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diffraction intensities of the S-N and S-MC, S-N-MC showed
the highest value, as seen from Table S1.} Therefore, S-N-MC
has good crystallinity, providing evidence for the higher
electrochemical performance. Besides, the high crystallinity of
the sample is closely connected to the calcination procedure
shown by the thermogravimetric (TG) analysis (seen from
Fig. 3c). The Ni:Co:Mn atomic ratio was about
0.647:0.389:0.472 by the further ICP-OES test (Table S2,
ESIf), which is in agreement with the EDS results (in
Fig. S1at).

The corresponding HRTEM micrographs of S-N, S-MC and
S-N-MC are presented in Fig. 3d-f. As depicted in Fig. 3d,
based on the standard plane value of hexagonal S-N, the
obtained 0.24 nm interplanar spacing is similar to the (020)
plane (in Fig. 3b), well-matched with the XRD analysis. As seen
from Fig. 3e, the d-spacing of 0.47 nm with the matching
crystal planes (111) of S-MC is wider than that of pure S-N, con-
sistent with the electrochemical properties resulting from the
broader lithium-ion transport path. Nevertheless, from Fig. 3f,
S-N-MC shows a clear lattice interface and lattice fringes of the
heterostructure with a d-spacing of 0.47 nm and 0.24 nm, con-
sistent with the (111) crystal planes of MnCo,0, and NiO. Due
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to the clear interface between S-MC and S-N, the special lattice
structure has abundant active sites for adsorbing/transforming
the electrons. The clear shell and internal multi-void structure
also guarantee the structural stability and enough lithium
storage for achieving good electrochemical performance.?”
Through the SAED of the S-N, S-MC and S-N-MC, the physical
phases of the three samples were further confirmed.

Rietveld refinement plots of the XRD patterns of the S-MC
and S-N-MC (in Fig. 3g and h) confirmed the co-presence of
the two cubic phases. Table S37 lists the refinement results;
the unit cell volume of S-N-MC (568.548 A®) is much larger
than that of S-MC (554.142 A®), attributed to the ion-size effect.
Mn>*/Co®" in the lattices are partially replaced by Ni*" ions
with much larger size, leading to the increases in the unit cell
volume. The specific lattice parameters of S-N, S-MC and S-N-
MC two parts were calculated as 4.17, 8.21 and 8.24 A, respect-
ively, indicating that the special structure of S-N-MC offers the
advantageous transport path for ions/electrons and the
mixture of the M>* ions (M = Ni, Mn and Co). Normally, the
changes in the crystal structure stem from the partial substi-
tution of atoms, along with the lack of oxygen to some degree.
As described above, the improvement of electron/ion transport,
Li" ion diffusion and electrochemical capacity all benefit from
better electrical conductivity and active sites for the redox reac-
tions supplied by the oxygen vacancies.*®?°
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Nickel element is important in forming optimal structures
that have the best energy storage effect. Hence, various S-N1-
MC and S-N2-MC samples were prepared with increased and
decreased ratios of nickel. The surface morphologies with
different ratios of nickel are similar to the S-N-MC, based on
the SEM (in Fig. S1b and ct), but the thickness of the edge
layer nickel oxide phase is different (in Fig. 3j and k), which is
in agreement with the XRD results (in Fig. 31). S-N-MC pre-
sented the strongest diffraction peak among the three
samples, which influenced the electrochemical performance
(see Fig. 6f). Besides, the corresponding ICP-OES results for
the combined electrode are listed in Table S2.1 The N, adsorp-
tion/desorption tests of the S-N-MC, S-MC and S-N (Fig. 3i and
Fig. S2a, b}) all demonstrate the mesoporous structure and
their corresponding pore sizes are 16, 33 and 6 nm. S-N-MC
presented a smaller surface area (29.4 m’> g~') than S-MC
(63.3 m* g ') and S-N (62.3 m> g~"), as seen in Table S4.1 The
above results of the phase analysis of the three samples are all
connected to the above structural characteristics.

The XPS analysis of S-N-M was also implemented to investi-
gate the changes in the valence states and bond energies
among the ions. The survey spectrum (in Fig. S3at) confirmed
that all the metallic elements (Ni, Co, Mn) and O were normal-
ized by contact with the C 1s peak (285.9 eV). The Mn 2p spec-
trum was fitted and divided into six peaks (in Fig. 4a). Two
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main peaks at 642.2 eV and 653.7 eV represent 2ps, and
2p1,, With a separation of 11.5 eV, respectively. The Mn 3s
spectrum (Fig. S3bt) presented two peaks attributed to the
multiplet splitting of the 3s core-hole state. The extent of
peak splitting is usually an important indicator of valence.
The idealized splitting of the 3s orbital was about 5.5 for Mn
(m);*° therefore, the peak separation of 5.1 eV confirmed
that Mn®** was abundant in the sample. In the Co 2p spec-
trum (in Fig. 4b), Co 2p;/,, and Co 2p,,, peaks appeared at
780.8 and 796.1 eV, which explicitly verified the main pres-
ence of Co(u) and Co(m). The Co 2p spectrum was divided
into five peaks based on the spectrum of Co30,. For the two
spin-orbit doublets with the binding energies of 780.1 eV
(2pss2) and 781.84 eV (2p3),), the 2p;,—2py splitting was
around 15.45 eV, corresponding to Co®".*®?' The fitting
results of the Ni 2p are shown in Fig. 4c. Two peaks at 855.7
eV and 854.6 eV correspond to the existence of Ni** and
Ni**, respectively.>” A peak at 861.3 eV was indicative of Ni
(u/m) satellites and was fitted.*"** The Mn 2p, Co 2p and Ni
2p spectra suggest the co-existence of Ni(u/ur), Mn(u/ur) and
Co(u/m) in S-N-MC. The O 1s spectrum (in Fig. 4g) showed
two contributions at 529.8 and 531.1 eV, which were
assigned to the oxygen in metal-oxygen bonds (Ni-O, Mn-O
and Co-O) and the oxygen existing in surface-adsorbed
water or hydroxyl, respectively.®*°

Remarkably, the binding energies of the pure metallic Mn
(638.8 eV), Co (778.2 eV) and Ni (852.8 eV) are smaller as com-
pared to Mn 2p (642.2 eV), Co 2p (780.8 eV) and Ni 2p (854.4
eV), respectively, in the composite S-N-M.?® Conversely, the
binding energy of elemental O (530.2 eV) is higher than the O
1s binding energy (529.8 €V, Fig. 4g).”” The abnormal bond
energies confirmed the electron transfer process from the
metal elements to O in S-N-MC. The binding energy of Mn 2p
and Co 2p increased by 0.1 eV and 0.5 eV, respectively, as com-
pared to the pure S-MC (642.1 eV and 780.3 eV, Fig. 4d and e).
The binding energy of Ni 2p for S-N-MC is 1.1 eV higher than
that of pure S-N (853.5 eV, see Fig. 4f) and the binding energy
of O 1s is a litter smaller than that of the pure samples (in
Fig. 4g, h and Fig. S4bt). The above results regarding the trans-
formation of the atomic binding energy of S-N-M illustrate the
electronic interactions in the interface region hybrid com-
ponent, which contribute to the optimization of the electronic
environment around the metal atom in the hybrid region of
each component.®®

FT-IR analysis was carried out (Fig. 4i) to detect the compo-
sition of the above-mentioned samples. The apparent absorp-
tion band in the high-frequency region at about 3450 cm™" is
due to the vibration of the -OH in free water droplets or phys-
ically adsorbed water molecules.”® The absorption bands
between 2500 and 2000 cm™" were due to the samples absorb-
ing carbon dioxide from the air. The absorption bands at 671,
568 and 464 cm " represent the stretching vibration of the
Mn-O tetrahedron, Co-O octahedron and Ni-O tetrahedron,
further revealing the formation of S-N-MC nanostructures;
hence, the samples exhibited high electrochemical activity and
few defects.*®
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3.2 Electrochemical Li-ion storage performance

Based on the above phase analysis, the structure-activity
relationship was further studied. CV measurements were
carried out (parameter setting: 0.1 mV s~ ') and the initial scan
curve was somewhat different from the subsequent cycles, par-
ticularly in the charging branch, as shown in Fig. 5a. Two
reduction peaks were seen in the initial redox cycling, located
at about 1.21 and 1.09 V, respectively, which may be due to the
S-N-MC being resolved into Ni, Mn, Co, Li,O, the partial
decomposition of the organic electrolyte and the formed SEI
film.*>*" Another relatively broad oxidation peak at around
1.45 V can be attributed to the alloying process of Ni-Li, Mn-
Li and Co-Li,* while the oxidation peak at 1.95 V could be
due to the extra oxidation reactions of Mn(u), Co(u) and Ni(u).
The four strong peaks in the primary scan shifted slightly into
the strong peaks at 1.06 V and 2.05 V in subsequent curves.
These remained steady in subsequent cycles because a par-
tially stable SEI film was formed from kinetic activation on the
electrode surface.’”*® Therefore, the main problem was the
appearance of the SEI film after the primary scan, which deter-
mined the difference in the subsequent CV curves as com-
pared to the first one. The superposition of the CV curves indi-
cated the excellent reversibility of the electrode. The CV testing
of the S-MC and S-N electrodes (see in Fig. S5a and b¥) also
exhibited strong and sharp peaks, which were attributed to the
reversible reduction/oxidation process of Mn < Mn*'/Mn*"/
Mn**, Co < Co*'/Co>", Ni « Ni**/Ni**, the alloying/dealloying
reactions of Li-metal alloys and the occurence of some organic
side reactions.*>*> For the above analysis, Li* insertion/extrac-
tion reactions corresponding to the electrode were believed to
proceed as follows:

NiO + 2Lit 4+ 2e” « Ni + Li,O (1)
MnCo,0, + 8Li" + 8¢~ — Mn + 2Co + 4Li,O (2)

Mn + 2Co + 3Li,0 « MnO + 2Co0 + 6Li* +6e~  (3)

According to the galvanostatic discharge/charge (GDC)
tests, Fig. 5b reveals the 1st, 2nd, 10th, 100th and 500th cycles
of the S-N-MC electrode at the current density of 500 mA g
In the primary cycle, the S-N-MC electrode delivered a high dis-
charge capacity (1487.7 mA h ¢”') and charge capacity (955 mA
h g™") with irreversible loss of about 35.8%, still beyond the
theoretical capacity of NiO (718 mA h g™') and MnCo,0,
(900 mA h g™'). The irreversible capacity loss that occurred in
the primary scan could be explained by the decomposition of
the organic electrolyte and the formed SEI film; the additional
initial electrochemical capacity was due to the oxidation
decomposition in the high potential region of the partial SEI
film.>>*® The discharge plateaus (marked as black rectangles)
at 0.52 V-1.0 V and that of the charge at 1.3 V-1.5 V/1.7 V-2.3
V correspond to the lithium alloying and dealloying pro-
cesses.*” Furthermore, starting with the second lap, the dis-
charge/charge potential plateau presented some slight
skewing, which was in agreement with the CV curve analysis
(Fig. 5a).>®*>** The discharge/charge capacity of the S-N-CM
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Fig. 5 Electrochemical performance between 0.01-3.0 V: (a) the CV curves of the S-N-MC electrode at a scan rate of 0.1 mV s™. (b and c) The dis-
charge/charge curves of S-MC and S-N-MC at 500 mA g~%; (d) the discharge cycling performances of S-N, S-MC and S-N-MC at 500 mA g™ (e) the
rate performances of S-N, S-MC and S-N-MC; (f) the discharge cycling performances of S-N-MC, S-N1-MC and S-N2-MC at 2 A g™, (g) XRD pat-
terns and CV spectra of the S-N-MC electrode after 500 cycles at 500 mA h g™2. (h) SEM images of S-N-MC, $-MC after cycling at 500 mA g™,

was about 976/936 mA h g7, resulting in the coulombic
efficiency increasing to 96% and remaining in the following
cycles. On comparison of the S-MC (Fig. 5¢) and S-N
(Fig. S5ct), the loss ratio of the discharge/charge capacity
(corresponding to the discharge/charge capacity of 1360/
801 mA h g~" and 1240/790 mA h g™") in the first lap were 41%
and 37%, respectively. The above-mentioned CV results and
GDC tests together explain the electrochemical mechanism.
Fig. 5d compares the cycling properties of S-N-MC, S-MC
and S-N at 500 mA g~'. The batteries with S-N-MC anodes
exhibited the best specific electrochemical performance
among the three electrodes. The discharge capacities at
500 mA g~' of S-MC (1040 mA h g™" after 200 cycles) and S-N
(760 mA h g™" after 150 cycles) lagged far behind that of S-N-
MC (1330 mA h g" after 500 cycles). The discharge capacities
of the S-N-MC electrode maintained a slight uptick in the
initial 40 cycles. This phenomenon indicates a process of slow
activation because the active material cannot fully come in

This journal is © The Royal Society of Chemistry 2020

contact with the electrolyte at the beginning of the measure-
ment. Moreover, a stable SEI layer is built after the initial
cycles, which is also reflected in the slight -capacity
increase.”*"” The discharge curve is similar to the V-type,
which can be understood from two aspects. (i) The decrease in
capacity is due to the poor conductivity of TMOs with
reinforced polarization. (ii) The subsequent recovery of
capacity is mainly attributed to decreased polarization, result-
ing from a stable physical structure and exposed abundant
active sites at the heterogeneous interface during the repeated
cyclic process, thus leading to the increscent reversible
capacity of the S-N-MC. The coulombic efficiencies of the S-N-
MC anodes were excellent (above 97%) during all the cycles,
thus confirming the heterogeneous S-N-MC as an excellent
energy conversion system. Fig. 5e shows the rate capability of
S-N-MC with discharge capacities of 1293, 1245, 1156, 1092
and 1060 mA h g~ at 200, 400, 800, 1000, and 1500 mA g .
After recovering to 200 mA g™, the corresponding capacity
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could almost be maintained, with a later slow increase, indi-
cating the excellent structural stability of the S-N-MC compo-
site. The rate performances of S-MC and S-N were both inferior
as compared to S-N-MC.

Fig. 5f shows the cycling at 2 A g”' during 1000 cycles; the
discharge specific capacity of S-N-MC was still satisfactory and
the coulombic efficiency was maintained at 99% in the long
cycling process. In contrast to the long-term cycling process of
S-N-MC, the S-N1-MC (470 mA h g'), S-N2-MC (385 mA h g™)
and other results in the literature all were far from the hetero-
structured S-N-MC (718.8 mA h g~'), as shown in Table S6.}
The higher capacities of S-N-MC could mainly be ascribed to
the special heterostructure and the non-closed shell structure.
The S-N-MC presented an amorphous nature after a long
charge and discharge cycle test, which indicated the reduction
of crystallinity of the fresh electrode, based on the XRD and
CV results (in Fig. 5g). However, on comparing the graphs
before and after the cycling, all the diffraction peaks were basi-
cally in the same position, which indicated the excellent stabi-
lity of S-N-MC in the deep cycling process. The morphology of
the S-N-MC was retained, based on the SEM image (in Fig. 5h,
in contrast to that of S-MC), resulting in excellent electro-

chemical p

erformance.

Through the characterization of the electrochemical cycle
of S-N-MC, the reversible capacity presented a tendency toward
going from instability to stability. The characteristic properties
of transition metal oxides and the structural degradation of
the electrode caused the irreversible decay of the capacity
during the initial cycles. The increased electrode resistance
and irreversible loss of lithium-ions in the resulting SEI film
caused the initial capacity decay.”®**® However, the discharge
capacity reached a stable state after fluctuating, which was
attributed to the heterostructure and nonclosed core-shell
structure. The uniform non-closed shell structure with inner
voids can provide four advantages: enough space for storing
Li', adequate infiltration of the electrolyte, enhanced ion
diffusion and buffering of the volume change during cycling.*’
Additionally, based on the electric field effect in the hetero-
geneous interface, the increased surface dynamics facilitate
charge transport, and reducing the concentration polarization
prevent an efficient redox action from the shock of the ultra-

high current density.

3.3 Lireaction kinetics

Given the reaction kinetics of the electrodes, the CV measure-
ments at 0.2-1.0 mV s~ are shown in Fig. 6a. The relationship
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Fig. 6 Electrochemical kinetics analysis: (a) CV curves at different scan rates from 0.2 to 1.0 mV s™2, (b) corresponding log(i) versus log(v) plots at
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between the current (i) and scanning rate (v) can be expressed
as follows: i = av?,>>>* where a and b are constants and b is the
range from 0.5 to 1.0. For b = 0.5, the electrochemical reaction
is a diffusion-controlled process, whereas b = 1.0 represents a
capacitive-controlled process. The log(i) vs. log(v) plot will be
used to analyze the b value, as shown in Fig. 6b. The values of
the two redox peaks were 0.97 and 0.98, indicating that the
redox reactions of the S-N-MC electrode favored the capacitive
process, causing the excellent enhanced reversible capacity
and cycling stability. The b values of S-MC and S-N are also
summarized in Fig. S6.7 The pseudocapacitive contribution
can be estimated by the equation i (V) = kv + k' The
capacitive-controlled and diffusion-controlled contributions
are represented by k,v and k,v"/?, respectively. The capacitive-
controlled contribution illustrated by the orange shadow was
86.7% for S-N-MC at 1.0 mV s~ (in Fig. 6¢). The contribution
of S-N-MC is more prominent than that of S-MC and S-N (in
Fig. S61) because of the abundant two-phase surfaces from the
coexistence of the two phases with small crystalline domains
and rich active sites. With the increase of the scanning speed,
the contribution rate of pseudocapacitance gradually increased
from 74% to 86.7%, as shown in Fig. 6d. In any case, the pseu-
docapacitance supports the charge storage of S-N-MC with the
fast kinetics features of the electrochemistry, resulting from
the generation of lattice defects and the adjustment of the
electronic environments with changes in the interatomic
binding energies in the interface region.

Based on the above reaction mechanism (eqn (1)-(3)), if the
material unevenness and polarization effect are ignored, the
above conversion reactions of the metallic oxide (MO) corres-
pond to the voltage platform and the electromotive force (emf)
of about 1.04-1.95 V and 0.75 V (vs. Li/Li‘), respectively,
judging by the Nernst equation:**** AG = AG;{(Li,O) —
AG;(MO) = —nEF . Due to the alloying conversion reaction
that occurs below the range of the emf value (vs. Li/Li"), ¢, the
reverse conversion reaction needs to practically be beyond the
emf. From the polarization, the average charge/discharge pla-
teaus at about 2.15 V and 0.75 V correspond to the oxidation
and reduction of MO, respectively (Fig. 6e). Hence, the GITT
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curves present the alloying and dealloying processes with
effective polarization for the active material. GITT was per-
formed to expound on the electrochemical process of S-N-MC
regarding ion diffusion. The minimum of the diffusion coeffi-
cient in the circulation process appears on the voltage plateau
of each redox platform (Fig. 6f and Fig. S7f), where the Li"
completes the deep embedding/ejecting process. On the
whole, the Li" diffusion coefficient of S-N-MC presents rela-
tively smaller fluctuations, higher than that in S-N and S-MC,
suggesting that conductivity and ion diffusion increase
together in the ternary metallic compounds. On the one hand,
the phase interface restricts the normal growth of the crystal
plane, which leads to the production of active sites and defect
sites with fast ion diffusion. On the other hand, the different
voltage platform and asynchronous reactions of a mixture of
MO would relieve the pressure of ion transport, which is ben-
eficial to the diffusion of Li".

Fig. 7a shows the EIS spectra of the electrodes at different
current densities before and after the deep cycles between 0.01
and 3 V. For the fresh cells of the electrode material, the R
values of S-N-MC, S-MC and S-N were 50.3, 127.9 and 134.2 Q,
respectively. Therefore, the prepared S-N-MC possessed the
best electronic conductivity profiting from the special non-
closed core-shell heterostructure. After 500 cycles at 500 mA
g_l, the R.; of S-N-MC, S-MC, and S-N increased to 82.1, 233.2
and 332.8 Q. The EIS spectra of S-N-MC, S-N1-MC, and S-N2-
MC are also shown in Fig. 7b, and the R, values before and
after cycling at 1000 mA g~ ' further confirmed the strength of
a reasonable combination of the different phases. By compar-
ing the R increases, that of S-N-MC appeared to be the lowest
after the cycling process (see Table S5+ for details). This can be
interpreted as the special heterostructure of S-N-MC providing
a suitable transmission route for the ions and electrons, result-
ing in lower resistance to electrochemical reactions.

To investigate the charge distributions on the hetero-
structure, the first-principles density functional theory (DFT)
calculations were carried out. In good agreement with the
above XPS analysis, the strong electronic interactions on the
interface led to the transfer and recombination processes of

A
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125 = 200. .' .' A‘ " 150. .- _- //A ‘/
g . AAa '. ! 50 ;g“m .". ,A‘/A " 4/
i S S T e
~ 1009 N = P " /./A/
-E 75 .E u b A/
- 100 150 200 250
= W de T 400 Al © Zonmy A AA—A_, .,. A
= W o - ol .‘-t cesitl, b
N 504 ‘/.A//./.l.\.\.\. A-AA .ﬂ N 254 .
e sMe —a—S-N2-MC
0 N 0
0 25 5 75 100 125 150 0 25 50 75 100
Z!(ohm) Z'(ohm)

Fig. 7 EIS spectra of the prepared electrodes after cycles at 500 mA g~ (a) and 2 A g™* (b) between 0.01 and 3 V; the insets show the EIS spectra of

the fresh electrodes before cycling.
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Fig. 8 (a and b) DFT calculation studies of the S-N, S-MC and S-N-MC interfaces: the top and side views of the electron density difference maps
for the S-N, S-MC and S-N-MC interfaces. Yellow and cyan isosurfaces represent charge accumulation and depletion. Green, blue, gray, and red
balls represent Ni, Co, Mn, and O atoms, respectively. (c) The corresponding properties and illustration of the ion/electron transport mechanism

process.

interface atoms (Mn, Co, Ni and O). Through the electron
density difference maps for S-N, S-MC and S-N-MC in the top
view and side view (Fig. 8a and b), it was observed that the elec-
trons were redistributed after assembling single components
(SN and S-MC), especially around those defective bits in the
S-N-MC. These phenomena clearly illustrate that the hybrid
interface not only provides abundant active sites for electron
transfer but also provides an integrative path for the charge
diffusion, thus enhancing the reaction kinetics. As illustrated in
Fig. 8c, electron transfer and accumulation among the Ni-Co-
Mn-O at the defect sites in the interface boost the optimized
electronic structure after the lattice matching at the primal cycle
and finally result in the structure regeneration. The hybrid of
S-N and S-MC resulted in an anomaly in the electronic struc-
ture, leading to transformation and subsequent redistribution.
The electrons that accumulated locally around the defect sites
promoted the redox reaction for the enhanced active sites,
whereas the transfer of electrons caused vacancy accumulation,
which favored the reaction kinetics.”® Therefore, the optimized
charge diffusion path and electronic structure from the elec-
tronic transfer and recombination on the hybrid interface con-
tributed to the stable structure regeneration and outstanding
energy storage of the hybrid electrode material for LIBs.

4. Conclusions

In summary, a uniform non-closed core-shell NiO-MnCo,O, het-
erostructured ternary metal oxide has been synthesized through
the calcination of an oxalate precursor. Satisfactorily, it displayed
a high initial capacity of 1129 mA h g™" at 2 A g~" with high cou-
lombic efficiency of 99% after 1000 cycles, advanced capacity
retention of 718.8 mA h g " at 2 A ¢™*, and persistent cycles after
impact at different ionization densities. The S-N-MC electrode
appeared to be characteristic of pseudocapacitance and a higher

Dalton Trans.

diffusion coefficient, resulting in high rate capability and fast
electrochemical kinetics. The experimental results suggest that a
suitable nickel content is beneficial to the two-phase hetero-
geneous structure; too much will produce a thick core-shell
without adequate infiltration of electrolyte and too little is not
appropriate for the formation of a stable heterogeneous struc-
ture. Moreover, the void space inside the structure is conducive
to electrolyte penetration and accommodates the volume expan-
sion during the ion/electron transport, resulting in the concen-
tration polarization of the electrode being weakened to some
degree. The compact nonclosed outer shell boosts the diffusivity
and maintains a stable structure, thereby manifesting as the
stability of the electrochemical properties. The heterostructure
with the optimized electronic environment in the two-phase
interface that exists simultaneously at the boundary contributes
abundant lattice defect sites with the rearrangement of electrons
and active sites, which expands the transport path and capacitive
storage for electrons/ions and effectively improves the electro-
chemical performance. It is believed that our present work will
provide effective ideas for fabricating various hybrid electrode
materials with excellent electrochemical properties for energy
storage applications of LIBs.
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