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ABSTRACT

In the pursuit of high-energy density lithium-ion battery, Li-rich Mn-based oxide
cathode has gained great attention with unexpectedly high capacity, low cost and
excellent thermal stability. However, the cause for the sluggish kinetics remains
a mystery, hindering the application of Li-rich cathode material. Here, we reveal
the interfacial instability is the driving force for the sluggish kinetics, which
severely blocks the interfacial Li-ion transport and triggers fast battery failure.
Through rice-husk carbon (RHC) and spinel phase modification on Li-rich Mn-
based oxide Li; ,Nij 1,Mng 5,C0y 050, (LNMC), the poor lithium ion diffusion and
interfacial degradation can be effectively prevented, delivering a high specific
capacity of around 300 mAh/g and excellent rate performance. These findings
provide a universal method to prepare high electrochemical performance Li-rich
oxide materials.

Handling Editor: Jean-Francois Gohy.

Address correspondence to E-mail: jwu@zcst.edu.cn

https://doi.org/10.1007/s10853-023-09065-3 &\ Springer


http://orcid.org/0000-0002-1740-9123
http://crossmark.crossref.org/dialog/?doi=10.1007/s10853-023-09065-3&domain=pdf

16786

J Mater Sci (2023) 58:16785-16796

GRAPHICAL ABSTRACT

5.0
- L L o o °
000 0 0 0
4.5 + —R—N—N " Vil .l N
. .0 o° o° % + \0 oo o
S - O O O e, > < o. o. °.
s 407 o e o o Pt A0 \0,
% 3.5 LNMC RHC Spinel
S 304
B4 LNMC
2.0 - Modified LNMC v e -\ 300 mAQ/g
! v ! T T T T T T
0 50 100 150 200 250 300 350 400
Capacity (mAh/g)

Through synergetic modification, the Li-rich Mn-based cathode delivers a high
available capacity of 300 mAh/g via accelerated Li" intercalation kinetics

Introduction

High energy density is the pursuit of energy storage
in the area of portable electronics and electric vehi-
cles [1-3]. Li-ion battery has gained attention due to
the high energy density and high conversion effi-
ciency. Cathode material plays an important role in
the development of Li-ion battery. In recent years,
Li-rich cathode material has gained attention due to
the high available capacity, which originated from the
dual transition metal (TM) cation and oxygen anion
redox reaction [4-6]. The special charge compensation
mechanism for Li-rich cathode ensures high available
capacity over 250 mAh/g [7, 8]. Among various Li-rich
cathodes, the Li-rich Mn-based oxide cathode material
has gained attention because of the abundance and
low-cost of manganese elements, and high thermal
stability [9].

However, poor rate performance and cycling sta-
bility limit the application of Li-rich cathode material
[10, 11]. Sluggish kinetics is one of the most impor-
tant reasons [12-14]. Although tremendous strategies
have been developed to improve the diffusion of Li
ions for Li-rich materials and remarkable progress has
been achieved in Li-ion battery, most of these strate-
gies would induce inert components at the surface of
cathode material [15-18]. Besides, adopting these strat-
egies blocks the reversibility of oxygen redox, which

@ Springer

decreases the available capacity [15, 19]. Hence, the
critical but less solved problem lies in the interfacial
Li* transport for Li-rich cathode composite. Eliminat-
ing Li ion diffusion kinetics could effectively boost the
electrochemical performance of Li-rich oxide material.
Therefore, interfacial manipulation to achieve fast
interfacial kinetics could revive research into Li-rich
oxide cathode and boost their electrochemical perfor-
mance for practical application.

In recent years, rice-husk carbon (RHC) with good
conductivity and abundant sources has been recog-
nized as candidates of additives in energy storage
device [20-22]. However, up to now, RHC has not
been applied as additives in Li-rich cathode mate-
rial for lithium-ion battery. Based on these, an effec-
tive engineering strategy is proposed to tailor Li-rich
materials by bonding spinel phase at the surface and
forming high ionic conduction pathways with RHC
as the additive (Fig. 1a). Because of the in-situ con-
structing stable interface and lowered energy barrier
of the charge transfer process (Fig. 1b), the synergetic
modified Li-rich Li; ,Nij,Mng 5,C0g 05O, cathode
can deliver a higher specific capacity (from 189.1 to
300.3 mAh/g), higher rate capacity (from 86.4 at 5 °C
to 139.2 mAh/g at 5 °C), and excellent cycling stability.
Besides, we performed the Raman, EIS and GITT test.
It is demonstrated that the notable improvement in
electrochemical performance lies in the stable interface
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with favorable interfacial charge transfer during the
cycling. This study emphasizes the importance of fast
interfacial kinetics and provides a promising path for
the rational design of Li-rich oxide materials to achieve
high-energy density and long-term cycling stability.

Experimental
Materials synthesis

The pristine Li; ,Mn 5,Nij 14C0g 03O, (LNMC) mate-
rial was synthesized via coprecipitation—calcina-
tion method [23]. MnSO,-H,0, NiSO, 6H,0, and
CoS0O,'7H,0, and NH;-H,0 were added into a
100 mL mixed solution under the stoichiometric ratio
of Mn:Ni:Co=0.56: 0.16: 0.08, 1 mol/L. NaOH solution
was added and used to control the pH between 11
and 12 during the process. The as-prepared precur-
sor was then washed with deionized water to remove
any unreacted compounds, and the sample was then
dried to remove water. After drying, the precursor

Electolyte Modification El'ectrode

was mixed with Li,COj; (5% excess) by ball milling.
The mixture was pressed into pellets and calcined at
480 °C in air for 6 h, followed by grinding and pressing
into new pellets. Finally, the new pellets were calcined
at 900 °C in air for 12 h [23]. The obtained material
was named as Li; ,Mn 54Nij 1C0g 30, (LNMC). RHC
was from Jilin Kaiyu Electrochemical Energy Stor-
age Technologies Development Co., Ltd [22]. 0.24 g
pristine LNMC was mixed with stoichiometric RHC
(3 wt%, 5 wt%, 7 wt%, respectively) and acetone via
mechanically ball milling. The milling process was
conducted at 350 revolutions per minute (rpm) for
2 h. The obtained samples were named as LNMC-3%,
LNMC-5% and LNMC-7%, respectively.

Material characterization

The XRD patterns for pristine and modified materials
were obtained from X-ray diffraction (Rigaku, Japan)
with Cu K, radiation at a scanning rate of 2°/min or
10°/min between 10 and 90°. The SEM was performed
(Mira, Tescan) to characterize the morphology of
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materials. Raman data were collected via (LabRAM
HR Evolution) in Raman shift between 200 and
900 cm™! with an activated wavelength of 633 nm. The
TEM experiments were conducted using JEM-2100F
TEM instrument.

Electrochemical measurements

The electrochemical performance of the obtained
material was measured via CR2032-type half cells. The
active materials, acetylene black, and polyvinylidene
fluoride (PVDF) were mixed at a weight ratio of 8:1:1
and milled with N-methyl-2-pyrrolidone (NMP) sol-
vent to form the slurry. The slurry was then cast into
the rough aluminum foils with a diameter of 12 mm
and dried at 80 °C in a vacuum drying oven for over
2 h. The half cells were assembled with obtained cath-
ode on an Ar-filled glove box, with lithium foil as the
counter electrode, celgard film as the separator, the
electrolyte was 1.0 M LiPF, (EC:EMC =3:7).

Galvanostatic charge—discharge and GITT tests
were conducted in a voltage window of 2.0-4.8 V
using a battery testing system (T-4008 T, Neware,
China). The cyclic voltammetry measurement was
conducted on a CHI 660E electrochemical workstation.
The EIS measurement was conducted using a multi-
channel potentiostat (PARSTAT MC) with a frequency
from 0.01 to 100 kHz with an amplitude of 10.0 mV.
For GITT analysis, the cells were cycled at the current
density of 0.1 °C. The duration time for each applied
galvanostatic current and rest was 10 min and 40 min,
respectively.

Results and discussion

Characterization of RHC modified Li-rich
oxide

The RHC modified Li-rich Li; ,Nij;,Mng 54C0g 0505
(LNMC-RHC) material was prepared via a facile solid-
state mechanical method. The process is detailed in
‘Experiment’ part. The crystal structure and morphol-
ogy for the pristine and RHC modified samples were
recorded via X-ray diffraction (XRD) and Scanning
Electron Microscopy (SEM) techniques. As shown
in Fig. 2a, 51, the powder XRD patterns for pristine
LNMC sample can be indexed to the layered a-NaFeO,
structure (Figure S2), corresponding to the hexagonal
unit cell (LiMO,, M =Mn, Nj, Co, Rgm) and monoclinic
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unit cell (Li,MnQ;, C2/m) space group (the lattice order
of Li and Mn, which leads to weak reflection peaks in
the range of 26 =20°-25°) [19]. The diffraction peaks for
LNMC-RHC materials at around 18° shift to a higher
angle in the enlarged figure, indicating decreased lat-
tice cell after RHC modification. It may be owing to
the decreased Li" slab for surface spinel phase than
that of layer phase, which needs further investigation.
In Fig. 2b, two broad peaks were detected at around
20° and 44° for the RHC sample, suggesting disorder
nature of the carbon samples [24]. The XRD patterns
for LNMC-RHC materials fit well in diffraction peak
(Fig. 2a), no new Bragg peak is observed, suggesting
that the LNMC phases are well preserved and that
RHC exists as an amorphous phase. The SEM image
shows pristine LNMC sample containing uniform
spherical particles with a diameter of approximately
1.0 um (Fig. 2¢).

In LNMC-5% material, the TEM result shows two
sets of lattice fringes in the images. The lattice fringes
in the bulk region with a d-spacing of 0.367 nm cor-
respond to (- 111) facets of the layered structure
(Fig. 2d). For the lattice fringes in the near-surface
region, a new plane with a d-spacing of 0.248 nm is
well consistent with the (311) facet of the spinel-like
phase [25]. The TEM result suggests a spinel phase
formed in the interface for LNMC-5% material. The
coexistence of layered and spinel phases on the near-
surface is further confirmed by Raman spectroscopy.
For RHC material, some holes can be seen in the sur-
face of particle (Fig. 2e, f).

Electrochemical performance

The prepared LNMC and LNMC-RHC samples were
then assembled as coin-type cell with lithium metal
as anode. The galvanostatic charge-discharge curves
of pristine and modified samples were collected at a
current density of 20 mA g~! with a voltage window
of 2.0-4.8 V versus Li/Li" (Fig. 3a). A higher specific
capacity of 300.3 mAh/g is achieved for LNMC-RHC
material than that of pristine LNMC material with
a capacity of 189.1 mAh/g. The rate capability was
evaluated at various current densities (0.2 °C, 0.5 °C,
1.0 °C, 2.0 °C, 5.0 °C, 1 °C =200 mA/g), and then
back to 0.2 °C for LNMC and LNMC-RHC material
(Fig. 3b). Pristine LNMC material presents poor rate
capacity, which delivers available capacity at the rate
of 0.2 °C and 5 °C is 198.8 mAh/g and 86.4 mAh/g,
respectively. Apparently, LNMC-5% material shows
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Figure 2 XRD patterns for a pristine and modified LNMC cath-
ode materials (insert: enlarged area from 18.0 to 19.1 degree) and
b raw RHC material. ¢ SEM image for pristine LNMC cathode

higher discharge capacities at various current densities
than pristine LNMC material. LNMC-5% can deliver
around 264.5 mAh/g at the 0.2 °C rate for the first three
cycles, and can deliver a capacity of 139.2 mAh/g even
at a high rate of 5.0 °C. Moreover, LNMC-5% retains to
86.4% of its initial capacity when the current density
backs to 0.2 °C. The data shows enhanced capacity for

19 10 20 30 40 50 60 70 80
20 (degree)

v - MEFLAT Y & .
e Rt A SR ,"”
SAG W PR vy B VRN V2

e ot

atsrdn b D f

. e ¢ K
PANR Lo Day 1 S

material. d TEM image for the interface of LNMC-5% cathode
material. e SEM image and f SEM image with enlarged scale for
raw RHC material.

RHC treated material, and the excellent capacity was
maintained well at 5.0 °C and cycled back to 0.2 °C.
The improved rate performance could be attributed to
the accelerated Li-ion diffusion and maintained struc-
tural stability.

The curves of differential capacity over voltage (dQ/
dV) were obtained from the charge—discharge profiles
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Figure 3 Electrochemical characterizations of LNMC materials.
a The charge—discharge curves of pristine and modified LNMC
materials. b The rate performance. ¢, d dQ/dV profiles for the
charge—discharge processes of LNMC and LNMC-RHC materi-
als collected from the 5th to the 100th cycle. e Cycling perfor-

at the 5th, 20th, 50th and 100th cycles (Fig. 3¢, d). These
curves mainly possess redox couples, which relate to
TM and oxygen redox [26]. The oxidation/reduction
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mance comparison of pristine and modified LNMC materials at
0.1C at the first three cycles, 0.5C for three cycles and 1.0 °C for
the following cycles. f Mid-value voltage during the cycling pro-
cess for pristine and modified materials.

potential difference at 3.7 V/3.8 V for the LNMC-RHC
is smaller than that of the LNMC during cycles, indi-
cating that the electrode polarization is remarkably
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reduced [19]. Besides, for pristine LNMC material, the
cathodic peaks continuously shift to a lower voltage
(from 3.12 V for the 5th cycle to 2.62 V for the 100th
cycle) and the peak intensities gradually decrease with
increasing the charge-discharge cycles (Fig. 3c). Mean-
while, cathodic peaks shift in the opposite direction
and are combined with decreasing peak intensity. For
comparison, a decreased peak shift (from 3.23 for the
5th cycle to 2.88 V for the 100th cycle) was obtained
for the modified LNMC-5% material, which suggests
suppressed voltage fading for the treated sample. It is
worth noting that the cathodic peaks for LNMC-5%
deliver stable peak shifts, suggesting stabilized struc-
tural evolution in modified LNMC material.

Figure 3e displays the cycling performance of the
electrodes for 100 cycles. The LNMC material delivers
a continuous decline of discharge capacity, decreasing
from 181.7 at the 1st cycle to 98.1 mAh/g at the 100th
cycle when charge-discharge for 100 cycles, and with
capacity retention of 54.0%. The rapid capacity decay
for pristine LNMC can be ascribed to undesired side
reactions [27]. LNMC exhibits the optimized cycling
stability, which delivers higher discharge capacity
(309.9 mAh/g at 1st to 221.8 mAh/g at 100th) during
the whole cycling process with the capacity retentions
of 71.6%. Figure 3f shows that the LNMC-5% exhib-
its better voltage stability with a mi-value voltage of
3.11 V after 100 cycles, which is higher than that of
the pristine LNMC electrode. The suppressed voltage
decay originates from the stabilized structural evolu-
tion, which consists with the prolonged cycling per-
formance (Fig. 3b and e). These findings reveal that the
electrochemical performance of RHC modified sam-
ples is superior to pristine LMNC material, which can
mainly be attributed to action of the spinel LiMn,0,
phase on the surface of the material and the high ionic
conduction pathways with RHC as the additive. It is
worth noting that the discharge capacity decrease with
a more heavily amount of RHC modification (LNMC-
7%). A similar result, i.e., a decrease in the specific
capacity was observed when Li-rich cathode material
was substituted by the spinel phase [28]. This indicates
that too much RHC content may inhibit the capacity
release, which needs further investigation.

To understand the role of the RHC introduced on
LNMOC, the cell was further investigated via cyclic vol-
tammetry (CV). Figure 4a and b show CV curves of
LNMC and LNMC-5% material with different scan
rates (from 0.2 to 5.0 mV s™) in the voltage range of
2.0-4.8 V [29]. As shown in CV curves, anodic peak at
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around 4.0 V and cathodic peak at around 3.6 V are
observed, which can be attributed to the lithium ion
insertion and extraction from Li-rich materials. The
peak current (I,) increases with increased scan rate,
and the cathodic peaks shift to lower potential and the
anodic peaks to higher potential with the increased
scan rate. Based on the Randles-Sevcik equation
(1, =269 x 10%5%/2A(Dy;+) *01/2Cy, ), the lithium dif-
fusion coefficient (Dy;+ ) is in proportional to the ratio
of I,/ v'/2 curve. The data show that LNMC-3% deliver
higher ratio for both cathodic and anodic peak, which
indicates that the RHC modified sample delivers a
higher D;;+ value than that of pure LMNC [30].
Impressive high D;;+ in RHC can provide a fast path-
way for Liions in the RHC electrode.

To further quantify the electrode kinetics, the gal-
vanostatic intermittent titration technique (GITT) was
conducted. The GITT test was performed on coin-
type cells with pristine LNMC and RHC modified
electrodes at the current density of 0.1 °C with 10 min
charge and 40 min relaxation for each step. Figure S3
shows GITT curves of the charge-discharge process for
the pristine LNMC and LNMC-5% at the initial cycle.
The overpotential values of LNMC-5% are apparently
smaller than those of the pristine LNMC, suggesting
that LNMC-5% possesses better Li* diffusion kinetics
than the pristine LNMC. To further quantify the eleva-
tion, the chemical diffusion coefficient of lithium (Dj ;+)
was calculated in LNMC and LNMC-RHC electrode
during the charge—discharge process according to the
equation in Note 51 [31]. As shown in Fig. 5a and b, it
can be observed that the Dy ;+ of LNMC-RHC is similar
to the LNMC when charged to above 4.3 V and dis-
charged to below 3.5 V. Once the voltage goes to below
4.3 V and discharged to above 3.5 V (the former range
of charge or discharge), the D;;+ of the LNMC-RHC is
higher than that of the LNMC.

In order to study the impact of RHC coating on the
charge transfer process for Li-rich oxide, the electro-
chemical impedance spectroscopy (EIS) was adopted
to monitor cell impedance. The LNMC and LNMC-
RHC materials were firstly assembled as coin-type
cells and tested at pristine state [32, 33]. From the
Nyquist profiles, The RCH modified materials deliver
reduced semicircle in the intermediate-frequency
region (Fig. 5¢). The Nyquist profiles were fitted via
equivalent circuit (Table S1). It is worth noting that
the RHC modified material delivers charge transfer
resistance (R) with 7.18 Q), which is lower than that

@ Springer
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RHC.

of pristine LNMC with R of 95.5 Q. The EIS was also
conducted to monitor cell impedance at varied tem-
peratures (Figure S4). According to the Arrhenius rela-
tionship that R, follows, the value of activation energy
(E,) of the charge transfer process could be obtained
from the slope of a log (1/R) versus the inverse of
temperature (1/T) plot (Table 52) [34]. As displayed in
Fig. 5d, the calculated E, for LNMC and LNMC-RHC
electrodes is 29.0 kJ/mol and 15.6 kJ/mol, respectively,
which means that RHC could impressively give rise
to a nearly 46.2% reduction of the energy barrier for
the charge transfer process [34]. The facilitated Li"
transport across the electrolyte/electrode interface
should be attributed to the introduction of RHC and
the changed ratio of spinel phase.

The electrochemical characterizations indicate that
RHC modified material exhibits lower charge transfer
resistance. It is well known that the surface coating of
these cathodes can result in an improvement in the
electrochemistry [35]. Based on previous work [8],
we can attribute this effect to a chemically modified
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stable interface with RCH and spinel phase, which
promote the Li" ions transport from the surface to the
bulk. Thus, the RHC modification affects both the bulk
and the interface of these Li-rich cathodes, resulting in
their improved electrochemical performance.

Structural evolution

The XRD was conducted to monitor the structural
evolution during electrochemical cycling process
(Fig. 6a, b, ). In the enlarged curves (Fig. 6¢), the dif-
fraction peak positions at around 18.5° and 36.9° are
shifted to lower diffraction angles for the cycled elec-
trodes, indicating an enlarged lattice cell after elec-
trochemical charge—discharge cycling [36]. It is worth
noting that the diffraction peak at around 18.5° and
36.9° for the cycled LNMC-RHC electrode delivers a
slightly lower angle than that of the LNMC electrode.
Close inspection of the diffraction peak reveals that a
shoulder peak appears at 43.8° (Fig. 6¢), which can be
indexed to the spinel phase (Figure S5). Besides, the
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main diffraction peaks for LNMC and LNMC-RHC
materials at pristine and cycled states are fitted well,
indicating that the structure undergoes a reversible
structural transition during cycles.

Raman spectra with the pristine and cycled states
for LNMC and RHC modified samples were per-
formed to detect the surface structural evolution
during electrochemical cycling process (Fig. 6d). The
initial LNMC delivers a main peak at 605 cm™" (black
dash line) and a peak at 483 cm™!, which could be
described to the monoclinic Li,MnO; phase [37, 38].
After long cycling (100 cycles), the new peak appears
at 633 cm™" (blue dash line). Compared with pristine
LNMOC, the treated sample delivers slowly enhanced
peak at 633 cm™!, indicating the existence of spinel
phase [8, 39]. Besides, the RHC treated sample deliv-
ers stable peak evolution with a 605 cm™ peak for both
the initial and cycled samples. The Raman data sug-
gests that the RHC treated sample delivers enhanced
surface structural evolution during electrochemical
cycling.

All these structural characterization results demon-
strated that the introduction of spinel phase and RCH
on the surface of LNMC, resulted in bulk structure
well maintained.

Conclusions

In summary, Li-rich LNMC with different amounts
(3%, 5%, 7%) of RHC materials were synthesized
via the facial solid-state method, which introduced
an in-situ formed spinel phase on the surface. The
main phase of LNMC was well maintained after
RHC coating. The detailed kinetics and mechanism
studies of pristine LNMC and LNMC-RHC mate-
rials reveal that the spinel-phase covered architec-
ture effectively facilitates the lithium ion diffusion
kinetics and suppresses interfacial side reactions.
Therefore, the LNMC-RHC cathode exhibits higher
available capacity (300.3 mAh/g at 0.1 °C) and better
rate performance (139.2 mAh/g at 5 °C, 1 A/g) than
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Figure 6 a—c The XRD data for LNMC and LNMC-RHC materials before the electrochemical cycling, and electrodes after the electro-
chemical cycling. d Raman spectra for LNMC and LNMC-RHC material.

that of pristine LNMC material (available capacity
of 189.1 mAh/g at 0.1 °C, 86.4 mAh/g at 5 °C). The
proposed strategy is expected to offer a simple and
effective approach for Li-rich oxide to ensure power
battery with high energy density and excellent rate
ability.
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