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By virtue of complexing Ni/Co/Mn ions with glucose under solvothermal
conditions, well-defined spherical Ni/Co/Mn-gluconate with tunable
size and elemental composition is prepared and readily converted
into yolk—shelled Li(Ni,Co,Mn;_, ,)O,. As an example, a yolk—
shelled LiNip¢Cop2Mng 0, cathode is prepared and demonstrates
high specific lithium storage capacity and excellent cycling stability.

Lithium ion batteries (LIBs) have been widely used in portable
electronics, electric vehicles and the emerging smart grid,
owing to their greenness, high energy density, long cycle life
and small memory effect.'™> As a key component of LIBs, cathode
materials not only affect the energy density but also the safety,
which generally cannot be combined in one material.’® For
example, the LiFePO, cathode shows high safety but low energy
density and poor conductivity,” while the initially commercialized
LiCoO, cathode adopts the expensive and toxic element cobalt
and also suffers from a decline in electrochemical performance
and safety problems when it is overcharged.® Alternatively,
layered ternary cathodes with the formula Li(Ni,CoMn,_, ,)O,
(denoted as NCM) have received considerable attention owing to
their high energy density, enhanced safety, low cost and good
cycling stability.*"°

Rational structural design of NCM cathode materials with
well-defined sizes, shapes and compositions is crucial to improve
their electrochemical properties. In particular, the yolk-shell
structure would offer more electrochemical active sites and
facilitate the electrolyte penetration, thereby shortening the ion
diffusion path. Furthermore, the yolk-shell structure can accom-
modate the volume variations upon charge/discharge cycling,
facilitating enhancement of the long-term cycling stability.
Additionally, the synthetic strategy is critically important, and
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to date, various routes have been developed to tune and fabricate
NCM cathodes, such as the high-temperature solid phase
method,” co-precipitation method, sol-gel method, hydrothermal
method and spray-drying method.™ At present, the most widely
and commercially used method is the co-precipitation method,
which shows many advantages, such as uniform morphology and
narrow particle size distribution of the precursors, as these micro-
structures can be readily controlled by adjusting the reaction
parameters.'>"> However, the co-precipitation method usually
involves complicated control of parameters and lengthy produc-
tion processes, such as the use of complexing and precipitation
agents, pH value, temperature, time, and so on, which generally
produce the secondary spherical particles in morphology with
inferior uniformity of the elemental distribution.

As a typical ternary cathode, LiNij C0y,Mn,,0, (NCM622)
is promising because of its better stability, lower cost and higher
capacity, but its performance is greatly affected by the synthetic
route."*'® For example, Yue et al. investigated the effect of synth-
esis routes on the electrochemical performance of NCM622 pre-
pared by either a spray-drying method or solid-state method, both
of which produced irregular NCM622 particles; the superior
particles prepared by spray-drying method delivered a first dis-
charge capacity of 143.7 mA h g~ with a capacity retention of
84.5% after 50 cycles at 160 mA g~ '.° It is noteworthy that these
methods are not suitable for delicate structure engineering. Hence,
it is still challenging to explore efficient synthesis methods to
produce well-defined NCM cathodes with fine microstructures.

Herein, we report a universal method to prepare yolk-
shelled NCM cathodes with a spherical morphology using
well-defined Ni/Co/Mn-gluconate spheres as precursors, which
were prepared by complexing Ni/Co/Mn ions with glucose under
solvothermal conditions. Note that the content as well as the
combination of Ni/Co/Mn ions can be readily tuned, which can
be used to fabricate a wide range of cathode materials with one,
two and or three transition metal ions. As an example, yolk-
shelled LiNi, ¢Co ,Mn, ,0, (NCM622) spheres were successfully
synthesized; the scheme for their fabrication is shown in Fig. 1a.
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Fig. 1 (a) Scheme of the fabrication of yolk—shelled NCM cathode mate-
rials. (b) SEM image and (c) EDS mapping of the Ni/Co/Mn-gluconate
spheres. (d) SEM image of the NCM-oxide spheres and (e) HAADF STEM
image of a single NCMO yolk-shell sphere with corresponding EDS maps
of the elements Ni, Co and Mn.

Firstly, glucose was used as a complexing agent; it can readily
and fully coordinate with the Ni**/Co*"/Mn>" ions during the
solvothermal reaction process to form Ni/Co/Mn-gluconate
microspheres with a uniform size of around 2 pm (Fig. 1b), in
which the elements Ni, Co and Mn are uniformly distributed
within the microspheres (Fig. 1c), suggesting the successful
complexing of the Ni**/Co®"/Mn*" ions with the hydroxyl groups
of the glucose. Up annealing in air at 600 °C, the solid Ni/Co/
Mn-gluconate microspheres convert into yolk-shelled NiCoMn
oxide (NCMO) microspheres with a conformal morphology but
reduced size of around 1.25 um (Fig. 1d). During annealing of
the spherical Ni/Co/Mn-gluconate precursor, the temperature
difference within the particles would affect their decomposition
rate; namely, the outer region first forms a stable oxide shell,
while the inner parts start to decompose and contract, thus
forming a gap between the outer and inner parts. Fig. 1e shows
the high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF STEM) image of a single NCMO micro-
sphere, which clearly reveals the yolk-shell structure and shows
that the elements Ni/Co/Mn are well distributed within the
inner core and the outer shell. Fig. S1 (ESIt) shows the XRD
pattern of the NCMO, in which the main peaks at 37.4° and
43.5° match well with NiO (JCPDS no. 73-1519), while the peaks
at 36.1° can be indexed to the cobalt manganese oxide.

The yolk-shelled NCM622 was prepared by solid-state reaction
of a NCMO-Li,CO; mixture with poly(vinyl alcohol) (PVA) as a
morphology-maintaining agent. Fig. 2a shows the SEM image of
NCM622 (NCM622-P2-780), which mostly inherits the shape of
the NCMO precursor but with irregular particles, even though the
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Fig. 2 (a) SEM, (b) TEM and (c) HRTEM images of the NCM622 cathode,
and (d) HAADF STEM image of a single NCM622 yolk—-shell sphere with
corresponding EDS maps of the elements Ni, Co and Mn.

shrinkage and deformation of the particle shape are caused
during calcination, which may be due to the uneven solid-state
reaction between the precursor and the lithium salt under the
high sintering temperature.'® The effects of the addition/amount
of PVA and sintering temperature were also investigated, as they
can affect the crystal growth as well as the morphology of the
as-prepared NCM622 to some extent. Fig. 2b shows the trans-
mission electron microscopy (TEM) image of NCM622, which
displays the yolk-shell structure, although some irregular parti-
cles are attached nearby. In the high-resolution TEM (HRTEM)
image of NCM622 (Fig. 2¢), the well-defined lattice fringes with a
d-spacing of 0.475 nm can be indexed to the (003) crystal plane of
layered LiMO,."”"® Fig. 2d shows the HAADF STEM image of a
single NCM622 sphere with the corresponding energy dispersive
spectrometer (EDS) maps, which apparently display the yolk-
shell structure with the elements Ni, Co and Mn evenly distrib-
uted within the yolk-shell sphere. Inductively coupled plasma
(ICP) analysis, which is shown in Table S1 (ESIt), reveals that the
proportion of Ni:Co:Mn is close to 6:2:2.

Fig. 3 shows the X-ray diffraction (XRD) patterns of NCM622
prepared using different annealing temperatures as well as different
amounts of PVA, in which all the diffraction peaks can be well
ascribed to the hexagonal o-NaFeO, structure with the R3m space
group,"® and the sharp peaks suggest the high crystallinity of the as-
prepared NCM622. The splitting peaks of (006)/(102) and (108)/(110)
are obvious, suggesting the ordered layered hexagonal structure.”**'
Note that the c/a and Ijpo3)/I(104) ratios of the products represent the
ordering of the layered structure and the mixing degree of the
cations (Li* and Ni**)> A higher c/a value represents higher
ordering of the layered structure, while a higher Igoz)/l104) value
indicates lower cation mixing. Table S2 (ESIf) summarizes the
lattice parameters of the different NCM622 products, and
NCM622-P2-780 shows the highest c/a value of 4.92 and Ipoz)1104)
of 1.81, suggesting the better crystal structure for lithium storage.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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X-ray photoelectron spectroscopy (XPS) was used to deter-
mine the oxidation states of Ni/Co/Mn in the different NCM622
products. Fig. 4a shows the Ni2p XPS spectrum, in which the
two prominent peaks at 855.7 eV and 873.4 eV relate to Ni2p;.,
and Ni2p,,, with two satellite peaks at 861.6 eV and 880.1 eV,
respectively.?>** The Ni2p;/, peak can be fitted into two peaks
at 854.4 eV and 855.8 eV, which can be assigned to Ni** and Ni**,
respectively.”>*® Note that the capacity contribution of NCM622
mainly depends on the oxidation-reduction of Ni ions, so that the
ratio Ni**/(Ni*" + Ni**) determines the specific capacity. As shown in
Fig. S2 (ESIf), it can be seen that the value of Ni**/(Ni** + Ni*")
shows an “increase-to-decrease” as the temperature rises.
Apparently, NCM622-P2-780 displays the largest Ni**/(Ni** +
Ni*") ratio of 78.01%, which could deliver higher specific
capacity.”” The sintering temperature would lead to more
complete oxidation of Ni*"; however, once the sintering tem-
perature reaches a certain value, the layered structure would be
destroyed, and the Ni*" would no longer be oxidized to more
Ni**, which also makes the cation mixing in the layered
structure more serious. In the Co2p XPS spectrum (Fig. 4b),
the two peaks at 780.5 eV and 795.6 eV correspond to the
Co2p;,, and Co2p;,, of Co®*, respectively.”®*° Fig. 4c shows the
Mn2p XPS spectrum, in which the two main peaks at 642.5 and
654.1 eV correspond to Mn2p;, and Mn2p,,, respectively.>>>°
Moreover, another minor peak at 638.1 eV can be attributed to Mn>",
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Fig. 4 XPS spectra of (a) Ni 2p, (b) Co 2p, (c) Mn 2p and (d) O 1s for the
different NCM622 cathodes.
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The O1 s XPS spectrum in Fig. 4d, shows two different peaks at 531.5
and 529.3 eV, relating to the reactive oxygen species and lattice
oxygen, respectively.”® The higher intensity of the peak at 531.5 eV is
due to the residual Li,COj; at the surface, which would absorb water
when exposed to air.*"?*>

Fig. 5a shows the cyclic voltammetry (CV) curves of NCM622-
P2-780 at 0.1 mV s~ in the voltage range of 2.8-4.3V, which
show a pair of broad cathodic/anodic peaks corresponding to
the redox reaction of Ni**/Ni**.>*® The peak position differ-
ence of the redox peak represents the polarization upon lithia-
tion/delithiation.>® Fig. S3 (ESIf) shows the CV curves of
different NCM622 cathodes with the insets showing the redox
peak positions as well as the excellent gap. Apparently,
NCM622-P2-780 displays a low polarization of 26 mV, indicat-
ing its excellent structural stability upon lithium insertion/
extraction.” Fig. 5b shows the initial charge and discharge
curves of NCM622-P0-780, NCM622-P2-730, NCM622-P2-780
and NCM622-P2-780 at 200 mA g ' (1 C), and the discharge
capacities are 163.1, 158.2, 177.4 and 157.3 mA h g, with
initial coulomb efficiencies of 82.2%, 74.5%, 85.7% and 81.1%
respectively. The capacity loss could be due to the irreversible
side reaction between the electrolyte and the electrode surface
and the formation of a cathode electrolyte interface (CEI) film.
After 100 cycles at 1C, these electrodes still maintain high rever-
sible capacities of 141.9, 148.3, 156.7 and 135.6 mA h g’1 after 100
cycles, respectively, with corresponding capacity retentions of 87%,
93.7%, 88.3% and 86.2% (Fig. 5c). Overall, the NCM622-P2-780
electrode displays the highest initial coulomb efficiency and good
capacity retention, which is outstanding as compared with the
previously reported NCM622 cathodes (Table S3, ESIt). The
superior electrochemical performance of the yolk-shelled
NCM622-P2-780 can be attributed to its favorable crystal structure,
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Fig. 5 (a) CV curves of NCM622-P2-780 at 0.1 mV s~ (b) The initial
discharge—charge curves and (c) cycling and (d) rate performances of the
different NCM622 electrodes. (e) Long-term cycling performance of
NCM622-P2-780 at 1C.
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which not only facilitates ion diffusion and provides more active
sites, but also efficiently buffers the volume changes upon
lithiation/delithiation cycling.

Fig. 5d shows the rate performance of the different NCM622
electrodes at different current densities ranging from 0.2C to
5.0C. The NCM622-P2-780 electrode demonstrates the best rate
capability with high and stable capacities of 179.5, 169.3, 161.5
and 151.4 mA h g’1 at 0.2C, 0.5C, 1C, 2C and 5C, respectively.
Fig. 5e shows the long-term cycling performance of NCM622-
P2-780 at 1C; it delivers a high reversible capacity of around
110 mA h g~ after 800 cycles, with a high capacity retention of
75.5%. Electrochemical impedance spectroscopy (EIS) was used
to study the reaction kinetics of the different NCM622 electrodes,
as shown in Fig. S4 (ESIt). The semicircles in the high frequency
region and the sloping lines in the low frequency region repre-
sent the charge transfer impedance (R.) and the lithium ion
diffusion resistance, respectively.’>*® It is noteworthy that the
charge transfer impedances are 47.98, 42.98, 44.82 and 44.87 Q for
NCM622-P0-780, NCM622-P2-730, NCM622-P2-780 and NCM622-
P2-830, respectively, indicating fast charge transfer rates. More-
over, all these cathodes show steep sloping lines, suggesting a
high lithium ion diffusion rate. In contrast, NCM622-P2-830
displays a less-steep line, which may be due to the fact that the
higher annealing temperature would destroy the core-shell struc-
ture, thus hindering the faster ion diffusion.

To demonstrate the efficacy of the complexing effect of the
Ni/Co/Mn ions with glucose, various NCM cathodes (ex., NCM111,
NCM523, NCM811) were also prepared by simply changing the
contents of the Ni/Co/Mn ions. Fig. S5 (ESIt) shows the different
Ni/Co/Mn-gluconates and their derived oxides with well-defined
spherical morphology, which can also be converted into core-
shelled NCM111, NCM523 and NCM811 cathodes, as revealed by
HAADF STEM images and EDS mapping (Fig. S5, ESIT). Fig. S6
(ESIT) reveals that all these products have a layered hexagonal
structure. Fig. S7 (ESIT) compares their cycling performance at 1C,
revealing that the specific capacity of the NCM cathodes can be
enhanced by increasing the Ni content, but they show relatively
worse cycling stability. Interestingly, NCM111 displayed excellent
cycling stability, delivering a reversible capacity of 120 mA h g~*
with a capacity retention of 94% after 100 cycles at 1C. In addition,
it is noteworthy that LiCoO,, can also be prepared (Fig. S8, ESIT),
further demonstrating the universality of the current synthetic
route for developing various cathode materials for LIBs.

In summary, we demonstrated the general fabrication of
core-shelled ternary Li(Ni,Co,Mn; , ,)O, cathode materials
using solid Ni/Co/Mn-gluconate spheres as precursors, which
were prepared by complexing Ni/Co/Mn ions with glucose
under solvothermal conditions. In the case of NCM622,
the effects of PVA and the sintering temperature on the
morphology, properties and structure were studied. When
examined as a cathode for LIBs, the optimized NCM622 electrode
demonstrated excellent electrochemical performance, delivering
a high initial reversible capacity of 177.4 mA h ¢ ' and a
specific capacity of 110.0 mA h g™ " after long-term cycling for
800 cycles at 1C. Most importantly, we reported a general
strategy to fabricate core-shell cathode materials for LIBs via
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the complexing of transition metal ions with glucose under
solvothermal conditions.
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