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ABSTRACT: The lithium-manganese-rich layered oxide cathode (LMR-NMC), xLi,MnO5-(1 — x)LiMO, (M = Co, Ni, and
Mn), is on demand because of its high specific capacity of over 250 mA h g™' between the voltage range 2.0—4.8 V (vs Li/Li").
Because of the requirement of activating the Li,MnOj; phase in the first cycle, oxygen extraction from the lattice structure
occurs. Consequently, capacity fading and voltage fading during cycling are still major obstacles to the commercialization of
LMR-NMC in battery applications. Here, codoping Na and F into LMR-NMC via facile hydroxide coprecipitation followed by
solid-state reaction is introduced. Na and F are partially substituted into Li and O sites, respectively. These dopant ions enlarge
the Li slab, which in turn eases Li diffusion and minimizes oxygen loss, thereby stabilizing the structure. The codoped sample
exhibits both high capacity retention (97%) and high voltage retention (91%) over 100 cycles with an initial discharge capacity
of 260 mA h g™! at 0.1 C. Compared to other reports on LMR-NMC as obtained by coprecipitation, results from this study
show the best capacity retention. The developed codoping approach may provide a new strategy for designing high-performance

LMR-NMC cathodes for next-generation lithium ion batteries.
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1. INTRODUCTION

Because of the large demand of electric vehicles and grid
energy storage systems, many ongoing research studies are
focusing on the improvement of energy density, capacity,
cycling stability, and rate performances of Li-ion batteries. The
lithium-manganese-rich layered oxide cathode (LMR-NMC),
xLi,MnO;-(1 — x)LiMO, (M = Co, Ni, and Mn), is one of the
promising cathode materials for the near future owing to a
capacity of over 250 mA h g™ and an energy density of over
1000 W h kg™ when cycling in the voltage range 2.0—4.8 V (vs
Li/Li*). LMR-NMC can be described as two phases, a trigonal
LiMO, (R3m space group) and Li,MnO; (C2/m space
group).' It has been reported that particle morphology and
crystallinity have a major impact on the performance of the
cathode material.” >Among various methods used to synthe-
size LMR-NMC, the facile coprecipitation technique had been
chosen in this work as it is simple, well-controlled, and easy to
scale-up.® Carbonate coprecipitation was used by many groups
because of its fast and ease of morphology control; however,
the obtained particles were more fragile and had lower
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electrode density compared to the hydroxide route. Hydroxide
process does not have these issues, although the reaction is
more complex and it is difficult to control the structure.”
Two main challenges still remain before these materials can
be fully applied commercially: capacity fading and voltage
fading.”~'* Many factors contribute to these phenomena, but
the most pronounced ones are oxygen release as Li,O during
Li,MnOj activation to active MnO, component and phase
transformation from layered to spinel structure from side
reaction when charged to 4.8 V.'> Regardless of chemical
activation and surface coating methods, doping suitable ions
are of interest to overcome these issues."” Many studies on
doping have been investigated, which include both cation and
anion aspects. Some examples of doping cations are Na, K, Ca,
Fe, V, Cr, Cd, Al Si, Ru, Rb, Zr, and La and doping anions are
B, F, and S.'*%° Although most of these ions provide
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Figure 1. Particle morphology from SEM of (a) PR, (b) N30, (c) NS0, (d) N70, (e) Fos, (f) F10, (g) F1S, and (h) CD.

impressive performance, cost and abundance are also
important aspects. Out of all the doping ions, Na and F are
commonly studied as cation and anion substitutions,
respectively, as they are inexpensive, abundant, and have a
proper ionic radius. Na ions partially replace the lithium site,
while F ions partially replace the oxygen site (as M—F rather
than M—O bonds) to enhance rate capability and cycling
stability of LMR-NMC. Moreover, recent studies combine
cation and anion cosubstitution in order to maximize
properties of each ion.'°”** Examples of recent studies on
LMR-NMC with ion doping from various techniques and
pristine-synthesized via coprecipitation are compared with this
work (see Table S1).

Here, we focus on the structure, properties, and electro-
chemical performances of Na- and F-codoped LMR-NMC,
Na,Li; ,_Mng 4,Nig 13C00,30,_,F,, synthesized via hydroxide
coprecipitation followed by solid-state reaction. Initially, LMR-
NMC with a single dopant ratio was examined, and best
performance of each dopant was then selected in order to
maximize the capability of the cathode material. Our codoped
sample showed impressive capacity retention, and to our
knowledge, our work shows the best capacity retention
compared to other studies with the coprecipitation method.
For example, our codoped sample shows capacity retention
(97%) and voltage retention (91%) over 100 cycles with initial
discharge capacity of 260 mA h g™' at 0.1 C. Based on this
discovery, synthesis via hydroxide coprecipitation and
codoping method shows that the best capacity retention in
improving the performance of LMR-NMC was identified,
allowing us to enhance the possibility of using LMR-NMC
commercially in next-generation batteries.

2. EXPERIMENTAL SECTION

2.1. Sample Preparation. The Mn,¢Nij,3Coo3(OH), pre-
cursor was synthesized via a hydroxide coprecipitation method.
Stoichiometric amounts of 2.0 M MnSO,-4H,0, NiSO,-6H,0, and
CoS0,-7H,0 (GFS Chemicals) were dissolved in 0.5 M NH,OH
(32%, EMD Millipore) in a 1 L continuous stirred tank reactor.
NaOH (VWR) and NH,OH (1:1 ratio) were added to the reactor
with a controlled rate. NaOH solution was used to adjust the pH,

while NH,OH maintained the pH stability and acted as chelating
agents. The coprecipitation reaction was synthesized at 50 °C with the
controlled pH between 10 and 11. The hydroxide precipitate was
filtered, washed with distilled water to remove salt residuals, and air-
dried at 120 °C overnight. Then, the precursor was hand-grinded
using a mortar with stoichiometric ratios of Li,CO; (GFS Chemicals),
LiF (98+%, Alfa Aesar), and Na,CO; (VWR) and underwent a two-
step sintering process: 450 °C for 5 h and 800—900 °C for 14—20 h.
Both heating and cooling rates were maintained at 2 °C min™". In
order to compensate for the loss of lithium ions during annealing at
high temperature, 5% excess of Li,CO; were added. A total of eight
samples were obtained, including Li;,Mngs,Nip;3Cog,30, (PR),
Na,Li, ,_,Mng4Nij;3Co0,30, (x = 0.03, 0.05, and 0.07, named as
N30, N50, and N70, respectively), Li; ;Mng 54Nig ;3C00,13F,0,_, (¥ =
0.005, 0.01, and 0.015, named as FOS, F10, and F15, respectively),
and Nag gsLi; 15Mng 54Nig 13C00.13F0,0101.99 (CD).

2.2. Material Characterization. The morphology and crystal
structure of the prepared samples were examined by X-ray diffraction
(XRD; PANalytical Empyrean, Cu Ka, 4 = 1.54 A radiation, 45 kV,
and 40 mA), scanning electron microscopy (SEM; JEOL JSM 7000F),
and in situ XRD (Bruker D8 ADVANCE diffractometer, Mo Ka, 1 =
0.709 A radiation). The lattice parameters and quantity of each phase
were calculated by Rietveld refinement using FullProf Suite program
under the assumption that structure compositions were LiIMO, (R3m
space group) and Li,MnO; (C2/m space group). The element
compositions were analyzed by inductively coupled plasma optical
emission spectroscopy (ICP—OES; PerkinElmer Optima 8000),
energy dispersive spectroscopy coupled with SEM (EDS—SEM),
and X-ray photoelectron spectroscopy (XPS; PHI VersaProbe II).

2.3. Electrochemical Measurement. All cathode electrodes
were prepared with 80 wt % cathode powder, 10 wt % Super C65
Carbon Black (Imerys Graphite & Carbon), and 10 wt %
polyvinylidene fluoride (MTI) dissolved in N-methyl-2-pyrrolidone
(NMP) (Sigma-Aldrich). After mixing homogenously, the slurry was
casted on an aluminum foil using a 100 mm film casting doctor blade
(MTI) and dried at 60 °C overnight. Diameter electrodes (14 mm)
were punched and calendared to get a final thickness of 50 ym with an
active material loading of 3.5—4.0 mg cm ™ The samples were dried
at 80 °C overnight in a vacuum oven to remove access NMP. All 2032
coin cells were assembled in an argon-filled glovebox (H,O, O, < 0.1
ppm) with the lithium metal as the anode. LiPF; (1 M) in ethylene
carbonate /ethylmethyl carbonate (3:7 weight ratio) and 25 um
trilayer polypropylene—polyethylene—polypropylene membrane
(MTI) were used as the electrolyte and separator, respectively.
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Electrochemical performance was tested using the land battery testing
system (LAND CT2001A). All cells were charged and discharged at
room temperature between the potential range of 2.0 and 4.8 V versus
Li/Li*. Electrochemical impedance spectroscopy (EIS) data and
cyclic voltammetry (CV) data were obtained from an electrochemical
analyzer (Bio-Logic SAS VMP3) using the EC-Lab V10.40 program.
The frequency range and amplitude were 10 mHz to 100 kHz and 10
mV, respectively.

3. RESULTS

3.1. Morphology, Elemental Composition, and
Crystal Structure Analysis. Figure la—h shows the SEM
images of eight samples. All samples contain plate-like primary
particles, with thicknesses of ~250 nm, which agglomerate into
spherical secondary particles ranging from 15 to 17 ym. With
the F dopant, the primary plate is denser compared to the
pristine and Na dopant, which is consistent with the report of
other cathode materials with F.**** Doping with F also shows
more agglomeration of primary and secondary particles
resulting in a higher tap density and a lower surface area.
This may be attributed to the fluoride source (LiF) that has an
impact on the crystallization rate.”*** Moreover, all doped
samples still maintain spherical secondary structures and
uniform distribution. In order to determine the distribution
of each element, Figure SI illustrates the EDS—SEM mapping
of pristine and doped Na samples. The cross section of the
images provides the evidence of these elements present
throughout the particles. F is not showed in EDS mapping
because of the overlapping of Mn La energy with F Ka, and
the Mn wt % is much higher than F wt % in the samples. The
presence of both Na and F is examined by XPS surface
analysis, as shown in Figure 2 with expansion in Figure 2b,c.
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Figure 2. XPS analysis showing (a) survey scan, (b) Na 1s expansion,
and (c) F 1s expansion.

Table 1 denotes elemental wt %. While the data represent only
the surface, the trend can be observed. With the F dopant, the

O wt % decreases, which is consistent with XRD refinement
data, in which F partially replaces the O site. The same aspect
applies for the Na dopant, in which Li wt % decreases. The
exact ratio of elements is identified by ICP—OES (see Table
S2).

The XRD pattern of each sample is illustrated in Figure 3.
The main diffraction peaks corresponded to the layered
structure indexed as hexagonal a-NaFeO; (space group R3m,
LiMO,). The minor diffraction peaks at the Bragg angle
between 20° and 23° represent the monoclinic structure
(space group C2/m) from the Li;MnO; compound. This is
due to the LiMn, unit with short-range cation ordering within
the transition-metal layer.”* All the dopant samples show no
impurity phase or a structural change, and peak positions are
very similar to that of the pristine sample. Also, (003) and
(110) planes show a noticeable shift to lower angles for both
Na and F doped samples as a result of the expansion of c-axis
and a/b-axis, respectively. Table 2 and Figure S2 represent the
results calculated by the Rietveld refinement using both R3m
(high symmetry) and C2/m space groups (low symmetry).
Both a-axis and c-axis rise as the F content increases, which is
consistent with previous studies."*** As Na content increases,
lattice parameters increase because the Na ionic radius is
bigger than that of the Li ion.>”*! In the case of F, to maintain
the charge balance when O is substituted with F~, partial
reduction of transition metal ions needs to occur by reducing
Mn*/Ni**/Co%" to Mn>*/Ni?*/Co*" (see Table S3>).24 These
reduced transition-metal ions have a larger radius than the one
with a higher oxidation state, conforming to the increase in
lattice parameters. Similarly, the ratio of 1(003)/(104), related
to the degree of Li/Ni mixing, also increases for doped
samples. The higher 1(003)/(104) value indicates a lower
cation mixing between Ni** and Li* and more ordering of the
layered structure.”® The oxygen occupancy, z(O), is lower in
F-doped samples confirming replacement of F~ on the O*~
site. Doped samples show a higher percent of the monoclinic
structure resulting in higher discharge capacity because of
more activation of the Li,MnO; component during the first
charge at a high voltage. Hence, better performance of doped
samples is achieved compared to the pristine one because of
the improvement of Li diffusivity, which is expected to lead to
better electrochemical properties.

3.2. Electrochemical Studies. In order to observe the
improvement of the prepared samples, rate and cycle
performances were measured at a voltage range between 2.5
and 4.8 V versus the Li metal as the anode at room
temperature for all samples. Relatively, a low percent (0.5—
1.5%) of the F dopant has been used in this study as F easily
reacts with Li to form LiF on the surface instead of F doped
into the bulk. Therefore, a lower percent of LiF (F source) is

Table 1. Elemental Weight Percent from XPS Surface Analysis

sample Cls Li Is O 1s
PR 15.90 5.56 38.90
NSO 14.45 4.74 37.79
F10 14.35 5.80 36.99
CD 14.82 4.42 35.94
RSF 0.314 0.028 0.733
corrected RSF 6.906 0.599 16.502
mean 14.88 5.13 36.66
SD 0.71 0.66 1.74

37844

Mn 2p Co 2p,; Ni 2p; F 1s
21.16 6.83 11.65 0.00
31.82 5.27 8.93 0.12
28.53 4.50 9.84 2.57
25.98 7.65 11.18 2.44
2.688 1.056 2.309 1.00
66.597 26.506 58.385 116.266
26.87 6.06 10.40 1.28
4.50 1.44 1.24 0.99

DOI: 10.1021/acsami.9b 13838
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Figure 3. XRD patterns of prepared samples where the annotation symbol (*) represents the characteristic peak of the monoclinic structure (space
group C2/m) with expansion of (003) and (110) planes.

Table 2. Data from Refinement Calculations

sample  symmetry wt % unit volume (A%) a (A) c (A) c/a 1(003)/(104) 2(0) R, (%) Chi2
PR R3m 93.53 100.084 2.8500(1) 14.2280(0) 4.9923 1.68 0.2474(8) 4.90 244
C2/m 6.47 201.466
NS0 R3m 93.29 100.138 2.8504(5) 14.2311(1) 4.9925 1.73 0.2477(0) 5.14 247
C2/m 6.71 201.611
F10 R3m 92.99 100.202 2.8510(2) 14.2309(0) 4.9915 1.78 0.2446(7) 5.06 2.50
C2/m 7.01 201.683
CD R3m 92.66 100.234 2.8512(7) 14.2366(4) 4.9931 1.80 0.2457(9) 4.78 2.08
C2/m 7.34 202.065
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Figure 4. Electrochemical performance of undoped and doped samples (a) rate performance, (b) 100th cycle, (c) plot between specific capacity vs.
voltage of the 1st and 100th cycle, (d) CV curve for PR and CD with a scan rate of 0.1 mV s, (e) EIS curve of PR and CD, and (f) equivalent

circuit model.

used in order to avoid this surface formation.””** Figure 4ab
shows that the suitable percent for Na is 5% and F is 1%, which
provides discharge capacity after 100 cycles of 169.6 and 197.3
mA h g_1 at 0.2 C. Among all, CD shows the best rate
performance and capacity retention compared to other
samples. After the 100th cycle, the discharge capacity is
209.8 mA h g™' with capacity retention of 97% compared to
the single dopant NS0 and F10, which gives 87 and 94%,
respectively. Accurate numbers are provided in Tables S4 and

37845

S5, while Figures S3 and S4 present the initial voltage profile
and the midvoltage plot for PR and CD. Referring to Figure 4c,
the discharge curves between the 1st and 100th cycle for PR,
NS0, F10, and CD samples correspond to the voltage fading
characteristics of the cathode material. While all samples have
voltage decay at a certain level, F and CD display notable
voltage retention after 100 cycles of 91%. This is probably due
to the partial replacement of F~ on the oxygen site and
reduction of oxygen extraction during Li,MnOj; activation.

DOI: 10.1021/acsami.9b 13838
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This result is consistent with the CV curve (Figure 4d).
Around 4.6 V, CD has a lower amount of oxygen oxidation
peak in contrast with PR during the first cycle. These peaks
disappear in the second cycle because of the irreversibility of
oxygen loss from this material. Additionally, CD has a higher
oxidation peak of Ni**/Co®* to Ni*/Co* around 3.9 V,
resulting in higher specific capacity. Reduction of Ni*/Co*" to
Ni**/Co®" happens at 3.7 V. Significant reduction of Mn*" is
shown for the PR sample at 3.3 V for charge compensation
from oxygen loss.””** For CD, this peak is not noticeable.
EIS measurements (Figure 4e) provide a clearer clarification
between PR and CD for the 1st cycle and after the 100th cycle.
Using the equivalent circuit model (Figure 4f), Table 3 shows

Table 3. Data from the EIS Fitting Curve

sample cycle R, (Q) R, (Q) W, (Qs772)
PR Ist 56.76 136.2 99.46
100th 25.51 968.2 85.39
CD Ist 66.22 79.31 88.39
100th 15.38 52.18 61.59

the calculation from fitting of the EIS curve, using the EC-Lab
V10.40 program. CD validates its capability over PR with lower
electrolyte Ohmic resistance (R.), charge-transfer resistance
(Ry), and the Warburg impedance (W,). W, defines the
kinetic mechanism of Li* ions in the bulk materials; a smaller
number means a faster diffusion rate. R, of the initial cycle is
high for both samples. This may be due to the freshly
assembled cells with the uncycled Li electrode. After the 100th
cycle, CD has less R, = 15.38 , R = 52.18 Q, and W, = 61.59
Q s7'/2 than PR, which gives R, = 25.51 Q, R = 968.2 ©, and
W, = 8539 Q s7V/2

A clear comparison among PR, N50, F10, and CD samples is
represented as a bar chart (Figure Sa). As predicted, samples
with F dopant give the highest percent voltage retention
equaling 91% for F10 and CD samples. For capacity fading, PR
and CD retain 97% after 100 cycles. The difference is that CD
shows higher specific capacity than PR. According to these
factors, CD provides the best energy density retention. In
comparison to other works with the doping technique, our
work also displays impressive results in maintaining the
capacity over 100 cycles, and it is the best regarding to the
coprecipitation technique. The plot is shown in Figure Sb
(from Table S1). In addition, the high stability in the structure

of our LMR-NMC may result from the hydroxide
coprecipitation synthesis route, which offer a plate-like
structure of the primary particle and improve electrode
density. This has also been elucidated in previous studies, in
which they compare between carbonate coprecipitation and
hydroxide coprecipitation processes.”**>

3.3. Studies of the Effect of CoDoping after Cycle.
Further analysis between PR and CD samples are carried out
via in situ XRD during the 1st cycle and 101th cycle by
applying voltage between 2.5 and 4.8 V to elucidate the
structural evolution upon lithiation/delithiation upon extended
electrochemical cycling. Figures 6 and SS illustrate (003),
(104), and (10S) planes with the corresponding voltage
profiles on the right. Full profiles are shown in Figure S6.
Because of the thick electrodes used in testing in situ XRD
(~90 pm) to provide a higher signal, the initial columbic
efficiency is lower than expected. This may create larger
resistance and a higher degree of polarization.””** Although
the (110) plane is directly correlated to the ab plane, the signal
is relatively weak for shifting observation, so the (104) plane
has been used in the discussion. Upon lithium deintercalation,
while the (003) peak continuously shifts to lower Bragg angles
from 3.57 to ~4.5 V, the (104) peak progressively shifts to
higher angles from 3.57 to 4.8 V, suggesting that the c-axis
expands and the ab plane contracts (in relation to c-axis)
because of increasing electrostatic repulsion between the
oxygen slabs and the smaller ionic radius of Ni** (0.62 A),
respectively.””*' However, the (003) peak slightly shifts back
to higher angles when the voltage was further increased to 4.8
V. This finding can be associated with the slight slipping of the
transition-metal (MO,) layers to alleviate the increasing
electrostatic repulsion between them. During discharge, a
very similar evolution of the peaks is found but with the
opposite trend, indicating a good reversible structural
evolution upon lithium deintercalation/intercalation. It is
noteworthy that the CD sample displays more alteration in
the c-axis than PR. This may relate to the larger strain along
the ab plane because of the inclusion of doped ions.

Interestingly, the (105) peak slightly shifts to higher angles
during the charge and begins to split into two peaks when
voltage increases to ~4.1 V, revealing a two-phase reaction
occurring in the electrode materials upon cycling. However,
the observed two peaks merge into one at the following
discharge and shift reversely to the lower angle side,
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Figure 5. (a) Bar chart showing comparison of capacity fading, voltage fading, and energy density for PR, N50, F10, and CD and (b) comparison
between capacity retention and the cycle number of LMR-NMC with other works.
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Figure 6. In situ XRD spectra of the CD sample collected with the
molybdenum target (0.709 A) during charge and discharge at C/20
between 4.80—2.50 V and 4.80—2.74 V for (a) initial electrode (b)
cycled electrode after 100 cycles, respectively. The XRD pattern
collected at the open circuit potential state of the in situ battery is
plotted in blue.

demonstrating the good reversibility of the lithium dein-
tercalation/intercalation-induced structural change.

In comparison to PR, the CD sample shows better
crystallinity in the in situ XRD spectra, evident by the sharper
line width, which also implies a better structural stability and
lesser mechanical damages induced by cycling. Moreover, CD
spectra of both (003) and (104) planes do not shift. Thus,
such high repeatability of in situ XRD spectra of CD after long-
term cycling reveals its high structural stability. This may relate
to the inclusion of dope ions into the structure, which
facilitates the intercalation process because of expansion of the
Li slab, which is consistent with XRD refinement and
electrochemical performance data.

After 100 cycles, the coin cells were disassembled to obtain
the electrodes for the additional structure study. These
electrodes were washed with dimethyl carbonate solvent to
remove electrolyte contamination and dried at 100 °C
overnight prior to SEM analysis. SEM images of the PR and
CD electrodes after the cycle are illustrated in Figure 7. In
contrast to CD, the PR electrode surface shows the fracture of
cathode particles leading to higher capacity/voltage fade after
100 cycles for PR than the CD sample.

4. CONCLUSIONS

In summary, PR and doped samples were successfully
synthesized via the hydroxide coprecipitation route followed
by a two-step sintering process to obtain cathode powders. The
SEM image and the XRD pattern prove that the Na and F

Figure 7. SEM images of PR and CD electrodes after 100 cycles. The
yellow circle represents the fracture of particles.

dopant do not significantly impact the structure of the LMR-
NMC. Although the primary particles become denser with F
compared to PR and Na doping, XRD refinement shows minor
deviations in lattice parameters. Initially, LMR-NMC with a
single dopant of Na and F ratio was examined, and the best
performance of each dopant amount was then selected in order
to optimize the capability of the cathode material. XPS analysis
verifies the presence of Na and F in the samples. Regarding the
electrochemical studies, CD has the best performance in terms
of capacity (97%) and voltage retention (91%) after 100 cycles
at 0.2 C with an initial discharge capacity of 260 mA h g™" at
0.1 C. This is the result from the inclusion of Na and F into the
structure that enhanced structural stability and widening of the
Li slab to facilitate the Li diffusion proven by refinement data.

Furthermore, the samples are also analyzed by in situ XRD
and SEM after 100 cycles. The data shows consistent results
with electrochemical performance demonstrating that CD can
minimize the phase transformation from oxygen extraction
during the activation cycle and while cycling. According to
these results, syntheses via the hydroxide coprecipitation and
codoping method show the best capacity retention in
improving the performance of LMR-NMC, allowing us to
enhance the possibility of using LMR-NMC commercially in
next-generation batteries.
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