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ABSTRACT: Li-rich layered oxides have attracted much
attention for their potential application as cathode materials
in lithium ion batteries, but still suffer from inferior cycling
stability and fast voltage decay during cycling. How to
eliminate the detrimental spinel growth is highly challenging
in this regard. Herein, in situ K'-doped
Li; 50Mn, 54Co0g13Nig 130, was successfully prepared using a
potassium containing @-MnO, as the starting material. A
systematic investigation demonstrates for the first time, that
the in situ potassium doping stabilizes the host layered
structure by prohibiting the formation of spinel structure
during cycling. This is likely due to the fact that potassium ions
in the lithium layer could weaken the formation of trivacancies
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in lithium layer and Mn migration to form spinel structure, and that the large ionic radius of potassium could possibly aggravate
steric hindrance for spinel growth. Consequently, the obtained oxides exhibited a superior cycling stability with 85% of initial
capacity (315 mA h g™') even after 110 cycles. The results reported in this work are fundamentally important, which could
provide a vital hint for inhibiting the undesired layered-spinel intergrowth with alkali ion doping and might be extended to other

classes of layered oxides for excellent cycling performance.
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1. INTRODUCTION

A novel class of layered insertion oxides with lithium content
larger than stoichiometric amount has been recently
proposed.'™* These Li-rich oxide materials are formulated as
xLi,MnO;-(1—x)LMO, (M = Mn, Co, Ni, Fe, etc.), which are
constructed by an integrated layered—layered structure between
Li,MnO; and LMO, component in close packed oxygen
skeleton. Many latest investigations indicate that these Li-rich
oxides can be the highly promising cathode materials for
advanced lithium-ion batteries with potential uses in all electric
vehicles because of their extremely high energy density.>*~"* In
addition, these Li-rich oxides are cheaper and more environ-
mentally benign than commercial LiCoO,, and are thus
expected to find wide applications.

Despite these merits, Li-rich layered oxides (LLOs) always
suffer from the inferior cycling stability, which hinder their
applications.>™'* Structural instability of xLi,MnO;-(1—
x)LMO, is the intrinsic reason for the poor cycling perform-
ance. For example, an undesired spinel growth in the layered
host structure usually occurs during the long-term cycling,
which leads to the appearance of a ~3.0 V plateau as widely
observed. This layered-spinel intergrowth is regarded as an
important factor responsible for the fast capacity fading and
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voltage decay upon cycling, which could also si%niﬁcantlz lower
the energy density of the whole battery.>'3'#197>> C
sequently, inhibiting the spinel growth is an effective approach
to enhance the cycling stability of Li-rich oxides, which is,
however, highly challenging.

Understanding the origin of spinel formation at atomic level
would be beneficial for finding a suitable route to solve such a
challenging problem. The emergence of spinel variant could be
understood by well examining the layered structure of LiMO,:
the transition from layered to spinel structure requires
rearrangement of transition metal ions only. Namely, one in
fourth transition metals in the layered structure migrates from
octahedral sites (M layer, 3b sites) to the tetrahedral sites (Li
layer, 6¢ sites) without changing the oxygen host.** Although
the rearrangement of transition metal ions, as observed by
TEM techniques,"*'¢ satisfies the thermodynamic requirement,
a kinetic triggering is necessary. For example, a theoretical
simulation predicts that the formation of a Li,-V(TM);;-Li
dumbbell structure facilitates the migration of transition metal
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ions to the lithium layer to form a 3 V spinel phase.'® Thus,
transition-metal-ion migration is sensitive to the local atomic
distribution of target site, and doping foreign ions into the
pristine layered structure may block the kinetically favorable
path.

It was recently reported that Na dopin§ in Li-rich oxides can
inhibit the spinel growth:>*?¢ Na-doped
Li; ,0Mng5,Coq13Ni 130, does not give impurity diffraction
peaks in its ex situ XRD pattern, but those characteristic spinel
peaks appear for the parent compounds. Moreover, the capacity
retention over 100 cycles is raised from 79 to 89% by Na*
doping.”® Ates et al.*® also draw the similar conclusion by
investigating the influence of sodium doping on spinel growth
with various characterizations. On the basis of the variations of
Na content in the cathode material after charging, part of Na*
incorporated in the layered structure are suggested to exchange
with Li* in the electrolyte upon charging, thus leaving some
vacancies in lithium layer. Further, they speculated that Ni**
might migrate to these vacancies to protect layered structure
against conversion to spinel structure. Although this speculation
seems to be reasonable, the formation of Na vacancies is still
questionable, because the variation of Na content was not
detected in ref 25.

Potassium ([Ar]4s') has an identical outer shell with sodium
([Ne]3s'), and naturally both potassium and sodium elements
exhibit similar preferrences for chemical environment. How-
ever, comparing to sodium, potassium has a larger ionic radius
and lower electronegativity. Therefore, K* ions could have a
different ability of migration and/or ion exchange. More
importantly, local atom envrionment between Na'- and K'-
doped samples may also differ from each other to some extent.
Then, could the similar inhibitation of phase transition from
layered to spinel structure occur for K'-doped cathodes? If so,
what is the main reason? To answer these questions, it is very
important to study potassium doping in Li-rich oxides, which
could help us to better understand the inhibiting mechanism
and also offer a reference for dispeling the above-mentioned
controversy regarding the variation of Na contents. In the
present work, K*-doped Li-rich layered oxides were prepared to
show a stable recyclability. To comprehend the excellent
cycling stability, we conducted systematic sample character-
izations to examine the potassium doping effect on mitigating
layered-spinel intergrowth.

2. EXPERIMENTAL SECTION

2.1. Sample Syntheses. Precursor of Potassium-Doped a-MnO.,.
The precursor was prepared by a facile hydrothermal method.””
Briefly, 3 mmol of KMnO, and 5 mmol of MnSO,-H,O were mixed
under vigorous stirring in 15 mL of water that contained 1 mL of
concentrated H,SO, for 15 min. The precursor solution was then
sealed in a 20 mL Teflon-lined stainless autoclave and maintained at
160 °C for 20 min. The resulting precipitate was washed several times
with deionized water and dried at 80 °C for S h in air. The general
reaction equation could be described as follows

2KMnO, + 3MnSO, + 2H,0 = SMnO, + 2H,S0, + K,SO,

Potassium-Doped Layered Li-Rich Oxides. Stoichiometric amounts
of K*-doped a-MnO,, Ni(NO,),-6H,0, Co(NO;),-6H,0, and LiOH-
H,O were mixed thoroughly. The obtained mixture was first sintered
at 500 °C for S h; then at 800, 850, 900, or 950 °C for 12 h; and finally
quenched to room temperature. The corresponding products were
named as K800, K850, K900, and K950, respectively.

For comparison, potassium-free oxide was prepared using another
type of @-MnO,, which contains NH," in the tunnel rather than K'. In
a typical procedure,”® 10 mmol (NH,),S,0y, 6.8 mmol MnSO,-H,0
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and 50 mmol (NH,),SO, were first mixed in 25 mL H,O to form a
homogeneous suspension. After being dispersed by successive
ultrasonication and magnetic stirring for 15 min, respectively, the
suspension was transferred to a 30 mL Teflon-lined stainless steel
autoclave and maintained at 180 °C for 12 h, in terms of the following
reactions

(NH,),S,04 + MnSO, + 2H,0
= MnO, + (NH,),SO, + 2H,SO,

The resulting brown precipitate gave the product of a-MnO,:NH,".
The potassium-free sample (named as N900) was obtained by
sintering the mixture of @-MnO,:NH," Ni(NO;),-6H,0, Co(NO,),-
6H,0, and LiOH-H,O at 900 °C for 12 h.

2.2. Sample Characterization. Powder X-ray diffraction (XRD)
was executed on a Rigaku Miniflex apparatus (Cu Ka, 4 = 1.5418 A) to
characterize the structure of the samples. Structural refinement was
performed using General Structure Analysis System (GSAS).*® KCl
was chosen as the internal standard for peak positions calibration.
Particle morphologies of the prepared samples were observed by field-
emission scanning electron microscopy (SEM) (JEOL, model JSM-
6700). Chemical compositions of the samples were analyzed by
inductively coupled plasma atomic emission spectrometry (ICP-AES)
with a relative error of +2%. Thermogravimetric (TG) analysis and
differential thermal analysis (DTA) were carried out on Netzsch
Model STA449F3 thermal analyzer at a heating rate of 10 °C min™" in
flowing air from room temperature to 1200 °C. The valence states of
manganese, cobalt, nickel and potassium were examined by X-ray
photoelectron spectroscopy (XPS) on an ESCA-LAB MKII apparatus
performed with a monochromatic Al Ka X-ray source. The charging
shift was calibrated using the C 1s photoemission line at binding
energy 284.8 eV.

2.3. Electrochemical Tests. Electrochemical measurements were
made using CR-2025 coin cells comprising layered Li-rich oxide
cathode, Li metal anode and a polymer separator (Celgard 2500) with
1 M LiPF4 in EC:EMC:DMC (1:1:1 in volume) as electrolyte. The
cells were assembled in an argon-filled glovebox. For fabrication of the
cathodes, the prepared powders, carbon black (super P Li, Timcal)
and polyvinylidene fluoride (PVDF, Alfa Aesar) binder (80:10:10,
weight ratio) were mixed in N-methyl-2-pyrrolidone (NMP, Alfa
Aesar). The obtained slurry was casted on aluminum foil and dried in
vacuum at 100 °C overnight. The foil was then pressed and cut into
disks prior to use.

Electrochemical tests were performed using Neware Test System by
cycling the coin cells galvanostatically at room temperature (30 °C)
between voltage limits, i.e., 2.0—4.8 V. The electrochemical impedance
spectroscopy (EIS) was measured on an electrochemical workstation

(CHI660C) with the applied frequency from 100 kHz to 10 MHz.

3. RESULTS AND DISCUSSION

3.1. Synthesis, Structure, and Electrochemical Per-
formances of As-Prepared LLOs. Li-rich layered oxides were
synthesized by calcining a mixture of Ni(NO;),-6H,0,
Co(NO;),-6H,0, LiOH-H,0, and manganese oxide precursors
generated from hydrothermal conditions. XRD and SEM
measurements demonstrate that these MnO, precursors
crystallized in a cryptomelane structure showing a morphology
of nanorods with diameter of ca. 30 nm (see Figure Sla in the
Supporting Information). To optimize the calcination temper-
ature, we examined the thermal behavior of the precursor by
TG - DTA. On the basis of the TG-DTA data (see Figure S1b
in the Supporting Information), three temperature points of
850, 900, and 950 °C were selected as the sintering
temperatures to map the samples for optimized electrochemical
performance.

XRD patterns of K850, K900 and K950 samples are
illustrated in Figure 1. It is obvious that all diffraction peaks
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Figure 1. XRD patterns and SEM images of the samples synthesized at
(a, d) 850, (b, e) 900, and (¢, f) 950 °C, respectively. Miller indices for
the layered structure with space group R3m and Li,MnO; with C2/m
are given. Symbol “*”donates the internal standard of KCI.

can be readily indexed as O3 type layered structure (space
group R3m) except for the additional weak peaks observed
between 20 and 25° (26), which are characteristic of Li,MnO,
component (space group C2/m).” Complete splitting of the
pair reflections (006)/(102) and (018)/(110) indicates the
formation of a typical layered structure for all samples.® In
addition, from SEM images in Figure 1d—f, one can see that the
particle sizes increased with calcination temperature from 850
to 950 °C.

Initial charge—discharge curves at a rate of 20 mA g~ for
samples K850, K900 and K950 are compared in Figure 2a.
Clearly, all profiles displayed a smooth voltage ramp in the
range between 3.7 and 4.4 V along with a plateau in the range
of 44—4.5V, and a small slope when charged above 4.5 V. The
smooth voltage ramp could be ascribed to Li* deintercalation
from the layered structure, while the long plateau could be
attributed to the oxygen loss process from Li,MnO,

comg)onent which led to a large initial irreversible capacity
loss.”® The obtained samples K850, K900, and K950 delivered
large discharge capacities of 238, 315, and 269 mA h g_l,
respectively, with an initial Coulombic efficiency of 70%, 77%,
and 75%. According to the theoretical calculation,®®
Li; 50Mng 54Coy13Niy 130, could deliver the charge/discharge
capacities of 378 mA h g™'/252 mA h g7, respectively. It is
surprising that our samples exhibited an extraordinarily higher
capacity than theoretical values. The abnormally high charge
capacity is possibly due to the side reactions that involve (i)
electrolyte decomposition, (i) oxidation of 0>~ to O~ or O,,
(iii) oxidation of Mn*" to Mn>*, (iv) the exchange of Li* by H*,
and (v) oxygen deficiencies. Meanwhile, the reversible
discharge capacity >252 mA h g™' implies that more than
one Li could be reversibly reinserted in the host structure, as
indicated by ICP analyses of K900 after first cycle (see Table
1), in agreement with the reports in refs 25 and 31. The
deviation from the theoretical value could be due to the oxygen
vacancies (originating from the activation of Li,MnO;) along
with Li vacancies that are not vanished at the initial cycle. Thus,
more than one Li could be reinserted to release more capacity
than the theoretical value.

Rate capabilities and cycling performances at different
current densities of 20—1000 mA g_1 for samples K850,
K900, and K950 are displayed in Figure 2b—d. The almost
overlapped profiles imply excellent rate capabilities for these
samples. At a low rate of 20 mA g, capacity retentions after 30
cycles for K850, K900, and K950 are 93, 91, and 98%,
respectively. In fact, at higher rates, capacity retentions for each
sample still remained more than 90%. Therefore, it is not just
the case for a certain sample. Instead, all the Lirich oxides
prepared from the precursor a-MnO, have considerable cycling
stability.

Further, sample K900 with the highest reversible capacities
was selected for long-term cycling test at current densities of 20
and 400 mA g, respectively. Corresponding profiles are
shown in Figure 3. After 110 cycles, the discharge capacity at 20
mA g~! approached as high as 267 mA h g™ with a capacity
retention of 85% relative to the first cycle. Even at a larger

5

- 3004
s @ w | ®) K850
&~ : - ..“
tm 4 - < 000
= 4
£ |ttt
% 3 *g 1° 00000000000
£ — K850 Z 100
2 — K900 S
24 — K950
L S R S | T T 0 v T T T
0 100 200 3010 400 0 10 20 30
Capacity (mA hg)) Cycle number
_ 4004 - 400
e (O] K900 | (d) K950
= 00,
< 3004 ° < 3004 _
£ 4 o e £ 1 @
— 0000000000 | RS
z zoo-mﬁm o881 £ 21 RS eeeee000080000800000000
<9 4
= 1004 § 100 - --20 mAg' -e-400 mAg"
3 o —-100 mAg" - 600 mAg"
0 1 0 1 —-200 mAg"' —o-1000 mAg"'
M ] ) ] v L] L} L)
0 10 20 30 0 10 20 30

Cycle number

Cycle number

Figure 2. (a) Initial charge—discharge profiles at a current density of 20 mA g~' for given samples; and cycling performances of the samples: (b)
K850, (c) K900, and (d) K950 at different current densities between 20 and 1000 mA g~ ".
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Table 1. Crystallographic Formula and Refined Lattice Parameters for R3m Phase®

lattice parameters

crystallographic formula® a (A)
pristine N900 Li; 163Mng 560C00.140Nip 1350, 2.85193(6)
pristine K900 Li; 151K0.013Mng 55,C00 146Nl 1450, 2.85090(5)

K900 after 1st cycle Li; 141K0.013Mng 563C 00 147Ni0.14902

¢ (A) Vv (As) c/a Smo2 (A)c Iiiox (A)C
14.2341(5) 100.262(5) 4.991 2.1281 2.6166
14.2280(5) 100.147(5) 4.991 2.1114 2.6313

“Refined parameters for C2/m are provided in Table S2 in the Supporting Information. “The formula is calculated based on ICP results. “Interslab
thickness is calculated according to refs30 and46. Ij;o, = ¢/3—Sy0y; slab thickness Sy, = (2/3—22,,)¢; 2., is the oxygen position at 6¢ sites.
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Figure 3. Cycling performance of the sample K900 at current
densities: (a) 20 and (b) 400 mA g™".

current density of 400 mA g_l, it still retained at 82% of the
initial capacity (215 mA h g™').

Undoubtedly, LLOs prepared with a-MnO, as starting
material have shown a superior cycling performance. This
prompts us to perform several experiments to understand the
excellent electrochemical performances of these Li-rich oxides.

First of all, it should be noted that @-MnO, has a hollandite-
type structure containing one-dimensional (2 X 2) tunnels that
accommodate large cations such as Na*, K¥, NH,*, Ba?*, Pb*,
etc.>” In this work, a-MnO, was obtained through the
reduction of KMnO, in liquid, so a small amount of potassium
would naturally reside in the tunnels. In the subsequent
calcination steps, potassium could be in situ doped into LLOs.
This is confirmed by both ICP and XPS measurements (see
Table 1 and Figure S). As a foreign component, the existence of
potassium may play a key role in electrochemical performances.
To make this point more clear, potassium-free samples could be
a suitable reference to further understand the effect of
potassium ions on the cycling performance. For comparison,
a potassium-free @-MnO, in the same phase (see Figure S7 in
the Supporting Information) was also synthesized and used as
the starting material to prepare Li-rich layered oxides.

3.2. Influence of Potassium’s Incorporation. By
comparing the initial charge/discharge profiles of samples
K900 and N900, it could be found that both samples delivered

(@

T

30 35 40 45
Voltage vs. Li* (V)

Voltage vs. Li'/Li (V)

34
24
0 100 200 300 1 400
Capacity (mA hg)
(©
~ 300
‘o0
=
< 3 5
el 200 <
b~
Q9
<
% —o— K900
Q 100 —a— N900
20 mA/g 100 mA/g 200 mA/g 1000 mA/g

Current density

Capacity (mA h g'l)

-Zi (ohm)

400

300

2004 --
Capacity retention report
—a—N900 : 81%

1004+ —9—K900 : 91%
0 T T T
0 10 20 30
Cycle number

1200 - -
@

1150+ Sample: Charged state at 4.8V (30"' cycle)
Frequence range: 100 kHz - 10 mHz

1100 : ; ;

600 900

Zr (ohm)

1200

Figure 4. Comparisons of (a) initial charge—discharge profiles; (b) cycling performances at a current density of 20 mA g~ (30 °C); (c) rate
capabilities; and (d) Nyquist plots after 30 charge/discharge cycles in charging state for the samples K900 and N900. Inset of Figure 4a represents
the dQ/dV curves calculated from the charging profiles of samples K900 and N900. The standard deviations of capacity values in panel ¢ are

calculated by measuring 3—5 cells at each rate.
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Figure 5. XPS spectra of Mn 3s, Co 2p, Ni 2p, C 1s, and K 2p for samples K900 and N90O, with the experimental data (black line), calculated
pattern (red line), background (blue line), and fitted peaks (green and cyan lines).

almost the same charging capacity at ca. 400 mA h g™\ It is
well-known that Li-rich oxides usually suffer from large
irreversible capacity losses (ICL) during the first cycle, and
Li,O leaching because of Li,MnO; activation above ca. 4.5 V is
believed to be the main source of ICL. To explore whether K
doping has any impacts on this process, dQ/dV plots are
calculated. The sharp peak at 4.5 V is ascribed to Li,MnO,
activation. K doped sample has a slightly lower intensity than
the K-free one (inset of Figure 4a), indicating a slightly
suppressed oxygen loss after K doping. The discharge capacity
for N90O and K900 was 302 and 315 mA h g™, respectively.
The columbic efficiency is calculated based on the first charge/
discharge capacities, which gives a columbic efficiency of 77%
for K900 higher than 74% for N900. Consequently, ICL is
suppressed for K900, consistent with the reports elsewhere on
Na-doping.>**¢

Cycling stability and rate capability of samples K900 and
N900 are compared in Figure 4b, c. Sample N90O exhibited a
serious capacity fade: its capacity retention is only 81% (Figure
4b), which is lower than 91% for sample K900. When current
densities increased from 100 to 1000 mA g_l, K900 released
large capacities of 252.3 + 6.6, 233.0 + 6.9, and 197.0 + 4.4 mA
h g7, respectively. Contrarily, N90O delivered capacities of
2364 + 4.5, 224.1 + 8.1, and 142.3 + 104 mA h g_1 at the
corresponding rates, indicating an inferior rate capability for the
K-free sample (Figure 4c). Figure 4d shows their electro-
chemical impedance data with the fitted kinetic parameters
listed in Table S1 in the Supporting Information. A much
reduced surface and charge-transfer resistance is observed for

K900 at the end of cycling. Li* diffusion coefficient is calculated
using the EIS data with the method reported elsewhere®*>* to
detect the different Li* diffusion kinetics. The diffusion
coefficient of K900 at fully charged state is calculated to be
1.26 X 107" cm* 57!, which compares to that of 7.01 X 107
cm® 57! for N90O. It is thus clear that K doping facilitates Li*
diffusion.

It is unambiguous that K900 embodies much better
electrochemical performance than N900. Preliminary conclu-
sion could be made: doped potassium play a positive role in Li-
rich layered oxide. In the following, detailed investigations were
conducted to uncover the difference between potassium-doped
and potassium-free samples.

1. Influence of Potassium’s Incorporation on Pristine
Materials. What is the main reason for the big difference in
electrochemical performance between samples K900 and
N900? It is well-known that in the layered LiMO, cathode,
transition metal elements Mn, Co, and Ni govern the capacity,
rate, and cycling performance. Therefore, the relative contents
of transition metal element in the samples K900 and N900
were first determined by ICP. The test results showed that Li,
Mn, Co, and Ni contents were 8.98, 33.86, 9.61, and 9.49 wt %
with a relative error of +2%, for sample K900, which are
comparable to the corresponding values of 9.18, 35, 9.41, and
9.22 wt % for sample N900. K content was 0.55 wt % for
sample K900. According to the test values, the deduced formula
could be obtained, as listed in Table 1. It is obvious that both
samples exhibit a similar content of transition metals. Second,
examining the particle size and morphology is necessary,
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Figure 6. XRD patterns of (a) K900 and (b) N900, with the experimental data (red dots), calculated pattern (black line) and difference curve (blue
line). Inset table displays refinement parameters (GSAS software). The refinement was conducted on the base of both trigonal (R3m) and

monoclinic (C2/m) phases.

because particle size and morphology are thought to have an
important influence on electrochemical performance. As
displayed in Figure S8 in the Supporting Information, N900
and K900 have very similar particle morphology and size
distribution. Therefore, we could eliminate the effect of particle
size and morphology.

Next, we examined the valence states of transition metals in
both samples by XPS. The core level photoelectron peaks of
Mn 3s, Co 2p, Ni 2p, C 1s, K 2p, and Mn 2p are shown in
Figure S and Figure S9 in the Supporting Information. The
peak positions of Mn 3s, Mn 2p, Co 2p, and Ni 2p are very
close to those reported in references,***™*" indicating the
presence of Mn*, Co®", and Ni** for both pristine K900 and
N900. The notable difference could be found in the binding
energy region from 280 to 297 eV: in addition to the C 1s level
observed at 284.8 and 288.2 eV for both samples, sample K900
exhibits two strong peaks at higher binding energy (>290 eV),
as highlighted by the green shadow in Figure 5. These two
peaks could well be assigned to K 2p;,, and 2p;,,.*'"~* The
observation of spin—orbital levels gives a direct evidence for the
existence of potassium in K900. The almost identical
photoelectron signals observed for transition metal ions in
both K900 and N90O0 suggest that valence state is not a crucial
factor for enhancing the electrochemical performance of sample
K900.

Lattice dimension of the layered oxides is another factor that
should be considered. XRD refinements based on both trigonal
(R3m) and monoclinic (C2/m) phases for samples K900 and
N900 (Figure 6) were further performed to investigate the
effect of potassium’s incorporation on pristine structure. The
obtained lattice parameters of R3m phase and C2/m phases are
listed in Table 1 and Table S2 in the Supporting Information,
respectively. It is interesting that introducing a small amount of
potassium in sample K900 results in a slight lattice contraction
for both phases, whereas the c/a value of R3m phase was
maintained. This observation is different with previous reports
for Na-doped Li-rich oxides.”> By considering the larger K*
ions (1.38 A) in ideal 6-coordination and its concentration of
ca. 1.13% (molar ratio), it can be calculated that the effective
ionic radius is 0.7669 A for the ions at 3b sites, slightly larger
than that of 0.76 A for Li*, the lattice parameter ¢ should be
enlarged after doping. But when considering the possibility of
deviation from the ideal coordination, lattice contraction is
understandable, because this deviation would give rise to a
lattice distortion and strain in the K'-related local structure.
These distortion and strain might lead to a slight lattice
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constriction. Unfortunately, X-ray diffraction techniques can
only provide the information on the integrated crystal structure,
and is not sensitive to the local atomic environment.
Nevertheless, though lattice parameter ¢ is contracted, Li slab
space (I;0,) is calculated to be enlarged for K900 (Table 1), in
agreement with Na-doped samples. The contrary variations of ¢
and I}, are the evidence for the presence of K in Li slab rather
than TM slab. When considering that K ions reside in the
diffusion channel of Li layers, some hindrance on Li diffusion
rate should exist. One has to note that the dopant level is
relatively low, and thus the existence of K ions will not totally
block the diffusion path. This may explain why the hindrance is
not obvious. On the other hand, the calculation of interslab
thickness of LiO2 (I;;0,) indicates that K doped samples have a
larger Ipo,. Previous investigationsso’M’45 have shown that
larger I, reduces an activation barrier for Li hopping and thus
facilitates Li migration. It appears that the latter effect plays a
leading role in Li diffusion. All these may explain the improved
rate capability and the larger Li diffusion coefficient of K900.

Taking all together, it seems that the doped potassium did
not give rise to the variation of pristine materials’ grain size and
chemical valence state. The enlarged interslab space thickness
I1io; is only responsible for the enhanced rate capability of
K900 but cannot account for the enhanced cycling stability.
Therefore, detailed studies about the charge/discharge
processes are expected to reveal the intrinsic variations upon
cycling.

2. Influence of Potassium’s Incorporation on Cycling
Processes. Discharge profiles at a rate of 20 mA g~ are
displayed in Figure 7. Prior to discharge, the cells were relaxed
for S min at charged-state (4.8 V). In fact, the effect of
polarization is very common for Li-rich cathodes, which leads
to the open-circuit voltage decay and thus the starting discharge
voltage is usually lower than 4.8 V. The reducing value in
voltage is a criterion for evaluating the effect of polarization. As
can be seen from the histograms in Figure 7, the starting
discharge voltage for the initial cycle are a little larger than 4.6
V for both samples. In the following cycles, this voltage
remained quite consistent with first cycle for K900. But for
N900, there was a notable decrease. This implies a larger
polarization for the potassium-free sample.

Importantly, a much faster voltage decline can be readily
observed for N900 in Figure 7, accompanying rapid capacity
fading. dQ/dV plots were calculated from numerical data
observed in discharge profiles of various cycles to further reveal
this voltage decay, as displayed in Figure 8. In the discharging

dx.doi.org/10.1021/am5017649 | ACS Appl. Mater. Interfaces 2014, 6, 10330—10341



ACS Applied Materials & Interfaces

Research Article

K900

4.5+

15" 10" 15" 20" 30" cycle

e
=
'l

»
N

>

Voltage (V)
-

N900

15" 10" 15" 20" 30" cycle

Voltage versus Li'/Li )
>
wn

3.0 % 46
o0
]
=44
s
0 200 300
Capacity (mA h g")

Figure 7. Discharge curves of 1, 5, 10, 15, 20, and 30 cycles at current
density of 20 mA g~' for samples K900 and N900. Inset histogram
shows the variation trend of starting discharge voltage after different
cycles.

curves, there are mainly three electrochemical processes, noted
as R,; around 4.5 V, R, at 3.7 V, and Ry lower than 3.5 V. It
was documented that R, is ascribed to Li occupation within
tetrahedral sites; R, is related to Li occupation within
octahedral sites accompanied by Ni**/*¥*2 and Co*/3" redox
couples, which is overlapped within a broad peak in the
subsequent cycles; R,y is associated with Mn*/Mn*" redox
related to Li occupation within octahedral sites.® Clearly, R,; for
N900 shifts continuously toward lower potential upon cycling.
At 15th cycle (Figure 8d), a swelling at ca. 2.8 V can be

observed, which indicates the presence of spinel phase in the
host structure. A continued growth of spinel phase results in
the broadening of this reduction peak at 20th cycle (Figure 8e)
and eventually the sharp peak at 2.84 V in Figure 8f. Similar
peak at 2.84 V is usually linked to the spinel phase.>'*'¥2¢
Comparatively, for K900, no remarkable change at 2.8 V was
observed, implying the absence of spinel phase during the
cycling process. To verify this point, ex situ XRD patterns of
both K900 and N900 at the end of cycling were collected and
compared with pristine materials.

Figure 9 displays the ex situ XRD patterns before and after
cycling. It can be found that the short-ranged peaks between 20
and 25° disappeared because of the activation of the Li,MnO;
component. Sample K900 at the end of cycling still gave a sharp
peak (003), and the separation of the doublet (018)/(110)
remained evident, indicating no severe change of the host
layered structure during cycling. Comparatively, for sample
N900, (018)/(110) splitting is much weakened, suggesting a
damaged layered structure. In particular, the (003) peak is
broadened, and some impurities appear for sample N900 after
30 cycles, which is believed to be associated with the spinel
variant.>>?%*

In general, ex situ XRD combined with the electrochemical
analysis confirms that an evident spinel growth does exist in
N900 but not in K900. Different structural evolution upon
cycling is supposed to give rise to different kinetics in electrode
process. Thus, electrochemical impedance spectroscopy (EIS)
measurements were then performed to verify the different
structural stability.

Nyquist plots for K900 and N900 at selected cycles are
shown in Figure 10. All data could be well fitted to the
equivalent circuit shown in the insets. The corresponding
resistance parameters are illustrated in Figure 10c, d (numerical
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Figure 9. Ex situ XRD patterns for the samples: (a) N900 and (b)
K900 before and after 30 cycles.

data can be found in Table S3 in the Supporting Information).
In this model, Cy and Cy are the capacitances of SEI film and
double layer, respectively; W is the Warburg impedance directly
related to lithium ion diffusion. The total resistance (the red
column in Figure 10b) is the sum of R, (internal resistance), Ry
(resistance of SEI film) and R, (the charge transfer
resistance).*®*

The variation in kinetic parameters is closely related to the
inside transformations, and is also responsible for the cycling
stability. By monitoring both samples, it is found that both
samples have similar variation trends in R, and Ry R, remains
almost unchanged, whereas Ry has a clear growth upon cycling
possibly due to the growth of SEI film. Further comparison in
the Ry values (see Table S3 in the Supporting Information)
reveals a reduced Ry for K900 at first cycle. This is more
evident with cycling. The doped K" is supposed to have an
indirect influence on surface kinetics (see detailed discussion in
the Supporting Information). Here, we care about the variation
trend of R, which is more relevant to the inside structural
transformation. R, of N90O reaches to the lowest at first cycle.
In the subsequent cycles, R, kept increasing significantly,
implying a continuous structural evolution upon cycling. On
the contrary, R, of K900 reaches to the highest at first cycle. As
is widely acknowledged, Li,MnOj is an electrochemically inert
component with large resistance,”**”>> although it can be
activated when charged above 4.5 V by leaching Li,O to yield a
MnO,like structure,”' the whole Li,MnO; can hardly be
consumed for just one cycle and residual Li,MnOj resulted in
the high resistance for the first cycle. Further activation of
Li;MnO; is required, accompanied by the reduction of
resistance and slight increase of capacity upon cycling in the
beginning cycles (as observed in Figure 2c). This difference for
N900 could be due to K" ions’ influence on the activation
process of Li,MnO;, as discussed earlier. As cycling continues,
R picks up a little from fifth to 15th cycle and finally attains a
constant value, suggesting that the transformation in the
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Figure 10. Nyquist plots and corresponding fitted parameters of the samples: (a, c) K900 and (b, d) N900 in charged state (4.8 V) after 1, S, 15, and
30 charge/discharge cycles between 4.8 and 2.0 V. Insets in Figure 10a and Figure 10b are the equivalent circuits for data fitting. The cells were first
charged to 4.8 V at a rate of 100 mA g~' and then held at 4.8 V until current density decreased to 20 mA g~' prior to being used for the test.
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Stable structure of K900 is confirmed by EIS analysis.
Combining with the investigations into electrochemistry and ex
situ XRD results, the superior cycling performances for the
prepared LLOs could be well understood. Herein an important
fact should be highlighted again: in situ doped potassium
mitigated the spinel formation upon cycling and stabilized the
layered host structure. Interestingly, He et al>® recently
reported that spinel growth could also be suppressed by Na
doping. This gave us a thought-provoking speculation that
alkali ions are effective in inhibiting phase transition in layered
Li-rich oxides. How can such a process occur? To answer this
question, we must mention a similar work in ref 26. To explain
the inhibiting role of Na ions for the phase transition in LLOs,
the authors suggested that (1) a proportion of doped Na ions
could exchange with Li upon charging; (2) Ni—O and Ni—-M—
M bond were enlarged, thereby leading to volume expansion
for Na doped sample; (3) some additional TM rearrangement
occurred after the charging process. On the basis of these
results, they further deduced that after a proportion of Na was
exchanged with Li, transition metal (possibly Ni**) would
migrate to this Na depleted sites, which could protect it against
conversion to spinel structure.

The explanation given by Ates et al.*® is reasonable, but it is
still an ambiguous conclusion on the basis of the following
considerations: (1) Ni** migration is only an assumption,
different from the reversible migration of Mn into lithium layer
from Li,MnOj; at early charge—discharging stage that was
directly observed by STEM;™ (2) the effect of remaining Na in
the lithium layer, responsible for a higher conductivity, is not
considered yet. In addition to the migrated ions, the barrier that
governs the unhappened phase transition from layered to spinel
structure should also be explicated; (3) because of a relatively
larger ionic radius and lower electronegativity, K* ion should
show different behaviors from Na" in migration ability as well as
lattice size change. So, we would like to share our perspectives
in explaining this inhibited phase transition.

3.3. Understanding Spinel Growth Mitigated by Alkali
lon Doping. From a thermodynamic point of view, spinel is
more stable than O3 phase observed for LiMnO,-like oxides at
partial delithiation.>*** The doped alkali ion could hardly
reverse the free energy of the integrated structure to relief this
thermodynamic driving force. Nevertheless, on the other hand,
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it can be understood from the viewpoint of kinetics, i.e. the
transition from O3 to spinel structure could be inhibited by
reducing the kinetics rate of transition metals (e.g, Mn)
migration. This should be closely related to the crystallography
environment. The following two considerations are essential.

1. Inhibition of Trivacancy Formation. First, two facts
should be mentioned: the activation of Li,MnOj gives a MnO,-
like structure and this produces an expected LiMnO, (layered
O3 structure) after intercalation.”®' As well-known, a crucial
step in the structure transition from layered structure
(rhombohedral symmetry) to the spinel variant (cubic
symmetry) is the migration of transition metal ions from
octahedral coordination to adjacent tetrahedral sites. This
migration is accessible only if the three adjacent octahedral sites
in the lithium layer are vacant, thus forming a trivacancy at
some degree of deintercalation upon charging,”*** as illustrated
in Figure 1la. For alkali-doped layered oxides, partial doped
ions, especially K* ions, will not migrate out from the lattice®®
and would act as fixed pillars in lithium layers. In that case,
formation of trivacancies in lithium layer is suppressed, and the
transition from layered to spinel structure is inhibited
consequently (see Figure 11b).

2. Steric Hindrance Originated from Large lon Radius.
Furthermore, the inhibition of spinel growth by alkali ion
doping could also be understood when taking ion radius into
account. It is widely known that there are two types of sites
(interstitial voids) in the cubic close-packed oxygen array, i.e.
one tetrahedron site and one octahedron site. For a typical
spinel structure AB,O,, cations A and B occupy the two kinds
of sites, respectively. Take LiMn,O, for example, Li occupies
tetrahedron site (8a site) and Mn occupies octahedron site
(16d site) to give a cation distribution of [A]g,[B,];6404 The
largest atom radii for cations A and B that the oxygen skeleton
could accommodate is determined when considering the lattice
parameter a and oxygen parameter u. The upper limit
represents the radius of inscribed sphere within the
polyhedrons formed by nearest oxygen atoms. So it is easy to
understand that large cations are hard to form spinel structure
within a fixed oxygen framework, and vice versa. K" and Na*
ionic radii are much larger than lithium’s. Therefore, for
potassium and sodium doped Li-rich oxides, transition from
layered structure to spinel variant is not supported because of
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steric hindrance in the Na/K-containing domains, unless
significant lattice distortion occurs. This could be comple-
mented by that Naj, MO, have more robust structures than
Liy sMO, and transition from layered to spinel structure cannot
occur in the Na compound by first principles calculations.>*
Nevertheless, it does not mean that the layer to spinel
transformation is absolutely inhibited for the Na/K-doped
LLOs, because in the Li-rich Mn-based parent compound with
majority of Li atoms, the thermodynamic driving force on the
transformation always exists for the Li-related phases. Assuming
that the doped Na/K ions uniformly distributed in the host
structure of the doped samples, one can expect an overall
hindrance existing in the host structure, and thus mitigates the
transformation due to kinetic factors. But structure distortion
would occur during long-term cycling because of multiple
factors e.g. Jahn—Teller distortion arose from the appearance of
Mn*". Mn’" ions are also well.known to feed a charge-
disproportionation reaction to give Mn>" ions, which have the
preference for tetrahedral sites over octahedral sites to form
spinel variant.** Taken all together, spniel phase would finally
occur for doped samples in subsequent cycles. But when
comparing to Na/K-free sample, this process is obviously
postponed.

In the end, it should be mentioned that the long-term
confusion in the accurate mechanism of layered-spinel
intergrowth in Li-rich oxides is under ongoing research.>’
Correlated studies are being constantly reported world-
wide.>>*~'® Herein, we proposed a hypothesis from kinetic
consideration based on crystallography. Although we strongly
believe that this is theoretically possible, experimental proof is
indispensible. Further investigation regarding the influence of K
concentration and verifying the hypothesis is under way.

B CONCLUSION

High-performance Li-rich layered oxides with rechargeable
capacity over 310 mA h g~' were prepared using potassium-
containing a-MnO, as starting material. Within this facile
synthesis route, potassium was in situ doped into the cathode
oxide. For the first time, we found that incorporation of
potassium about 0.013 mol per formula weight significantly
improved the cycling performance, and after 110 cycles, the
discharge capacity at 20 mA g~ was as high as 267 mA h g™!
with a capacity retention of 85% relative to the first cycle. The
superior cycling performance thus observed is supposed to be
related to the doping of potassium that effectively mitigated the
transition from layered structure to spinel variant. The doped
potassium might weaken the formation of trivacancies in
lithium layer and Mn migration to form spinel structure;
besides, the large ion radius of potassium can possibly aggravate
steric hindrance for spinel growth. Therefore, our observations
on potassium’s effect along with recent literature works on
sodium’s impact may provide a vital hint for inhibiting the
undesired layered-spinel intergrowth with alkali ion doping and
for breakthroughs in today’s state-of-art Li-ion batteries.
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