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Abstract

Lithium-rich manganese-based material is one of the most promising cathode materials for Li ion battery due to its low cost
and high specific capacity. However, the irreversible evolution of oxygen and migration of transition metals (TM) restricts
its widely practical application. In this paper, F-doped Li, ,[Mn, 5,Ni, ;3Co, 1310, was prepared by co-precipitation and high
temperature solid-state reaction method. The effects of F-doping on the electrochemical properties of Li; ,[Mn, 5,Ni; ;3C0; 13]
O, during the charge—discharge procedure were investigated. Results show that Li; ,[Mn s4,Nij 13Co0q 3]0, ¢5F( o5 sample
has the excellent cycling stability; the discharge-specific capacity reaches 182.9 mAh g! after 200 cycles, with a capacity
retention rate of 87.9%, which was much higher than that of the original sample (133.2 mAh g~! and 77.5%). The relevant
properties proved that F-doping can inhibit the irreversible evolution of oxygen, alleviate the structural degradation of the
material, and further alleviate the dissolution of transition metals by suppressing the interfacial side reactions. This result

provides reference for the practical application of Li-rich cathode materials.

Keywords Lithium-ion batteries - Lithium-rich manganese-based cathode - F-doping - Cycling stability

Introduction

In recent years, to satisfy the increasing requirements of the
energy storage and conversion fields, developing lithium-ion
batteries (LIBs) with higher energy density is necessary [1,
2]. Compared to anode and electrolyte materials, the limited
energy density and immature technology for cathode materi-
als [3] have been considered to be the major bottleneck for
upgrading the energy density of LIBs. Its limited perfor-
mance stems from the low available capacities and cycling
stability. Among cathode materials, lithium-rich manganese-
based material (Li; ,Mn, 5,Ni; ;3C0, 130,, LMNC) has been
considered one of the most promising cathode materials for
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the next generation due to its high specific capacity (the
theoretical capacity > 250 mAh g~! for 1 Li* extraction, and
about 378 mAh g~! for 1.2 Li* extractions) [4], high energy
density (about 900 Wh Kg™! vs. Li metal), and low cost.
As shown in Fig. S1 [5], two plateaus corresponding to
the multiple electrons redox reaction (lattice oxygen par-
ticipates in charge compensation) in embedding and disem-
bedding procedure for lithium ions were observed in the
initial charge—discharge curve, leading to the high theoreti-
cal capacity of lithium-rich manganese-based cathode mate-
rial. In the first stage (<4.5 V), a reversible process for Ni**
and Co”" ions oxidized to Ni*" and Co*" is occurred dur-
ing lithium ions extracted from the lithium layer [6, 7]. The
second stage (>4.5 V) stands for the activation of Li,MnO;
phase, accompanying with the lattice oxygen activity in form
of reversible bulk oxygen redox (0,—O,, n<2), leading to
higher capacity [8]. Unfortunately, the process mentioned
above is a semi-reversible reaction, part of the oxidized oxy-
gen cannot be utilized during the following electrochemical
cycles, leading to the loss of the irreversible lattice oxy-
gen and the generation of oxygen vacancy. Meanwhile, the
irreversible oxygen evolution, resulting in the removal of
2Li* and O®~ by oxygen loss following by the cationic rear-
rangement, leads to the phase transformation from layered
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to rock-salt or spinel-like structure and the generation of
internal grain strain to cause microstructural defects, such
as dislocation core and cracks [4, 9]. What’s worse, the non-
uniformly distributed TM elements induced by cationic rear-
rangement on the particle surface will trigger the consequen-
tial heterogeneous distribution of electrochemical potential,
exacerbating the formation of insulated solid electrolyte
interface, and induce the reduction of the average valence
state of TM cations and the generation of hydrofluoric acid
(HF) [10-13]. The structural collapse, poor electro-chemical
performance, and low initial coulombic efficiency (ICE) of
LMNC are assigned to the reasons we discussed above.

Until now, considerable doping ions, including Na* [14,
15], Ce** [16], Mg?* [15], and F~ [17], have been tried to
solve the problems mentioned above by tuning local elec-
tronic structure and coordinated environment to regulate
the oxygen redox activity and improve the electrochemical
properties of LMINC. In contrast with other dopant ions, F
has received tremendous attention for its unique electron-
egativity, which can improve the cycling stability of cathode
material. For instance, pieces of literature [18, 19] proved
that F doping is an effective method in inhibiting the forma-
tion of SEI layers and further improving the cycling stability
of lithium-rich layered materials from 72.4 to 88.1% after
50 cycles at room temperature. Most investigations were
focused on improving the electrochemical performance
of lithium-rich manganese-based cathode material; the
enhancement mechanism of action in improving the cycling
stability was little investigated, especially for lithium layer
spacing and phase transition during the charge—discharge
process.

F-doped LMNC samples were prepared by co-precipita-
tion method. The effect of F~ content on the electrochemical
properties of LMNC was investigated. The results exhibit
that F doping is beneficial for improving the electrochemi-
cal properties of lithium-rich materials. Furthermore, the
enhancement mechanism on cycling stability and discharge
capacity was investigated from aspects of phase transition in
charge—discharge process by means of in situ XRD; crystal
structure stability by comparing the micro structure before
after cycle process, and lithium ions diffusion rate by calcu-
lating the Warburg impedance coefficient.

Experimental section

Synthesis of Li, ,Mn, 5,Ni, ,3Co, 130, ,F, materials
The F-doped Li; ,,Mn 54Nij ;3C0 30, F, (LMNC-
F,, x=0.03, 0.05, and 0.07) was prepared by a co-pre-
cipitation method. Based on the stoichiometric ratio

(molar ratio=0.54:0.13:0.13), 2 mol L~! of MnSO,-H,0,
NiSO,-6H,0, and CoSO,-7H,0 and 2 mol L™! of Na,CO,
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solution were simultaneously added to the continuously
stirred aqueous solution to obtain TMCO; (TM = Ni, Co,
Mn). The pH value of the solution was controlled to 7.9
by the chelating agent NH;-H,O. The obtained TMCO;
was roasted in a tube furnace at 500 °C for 5 h, naturally
cooled to room temperature, and then calcined with a mix-
ture of lithium source-Li,CO; (5% mass excess) and fluorine
source-LiF (with stoichiometric amount) in a tube furnace
at 900 °C for 12 h. In this case, the excess Li,CO5 was used
to compensate for the loss of elemental lithium during the
high temperature calcination. For different amounts of LiF,
the synthesized samples were named LMNC-F ,;, LMNC-
Fy s, and LMNC-F ,;. LMNC was prepared with the same
process mentioned above without adding the fluorine source.

Materials characterizations

The lattice structure of the pristine, LMNC-F,, ;;, LMNC-
F; o5» and LMNC-F,) ; samples powder is detected by X-ray
diffraction (XRD, Rigaku Ultima IV, Japan) using a Cu
source 40 kV, 40 mA. The content of various metal ions
in the cathode samples was determined on the inductively
coupled plasma-optical emission spectroscopy (ICP-OES,
Prodigy, USA). The morphology and microstructure of
the pristine and modified samples were observed via field-
emission scanning electron microscope (FESEM, Hitachi
SU8010, Japan). The element valence states and composi-
tion of those samples were characterized by X-ray photo-
electron spectroscopy analyzer (XPS, Thermo Fisher, USA,
Al Ka X-ray source).

In situ XRD experiments were used to investigate
the structure changes and phase transition of LMNC and
LMNC-F, 5 during charge—discharge process in a specially
designed cylindrical-type cell under 0.1 C charge—dis-
charge in the voltage ranged from 2.0 to 4.8 V. The specially
designed cylindrical-type cell’s composition was similar as
CR2025 coin-type cells. The data was continuously recorded
ranged 20 degree from 17 to 23° with a scan-step size 0.02°
during charge—discharge processes.

Electrochemical measurement

The electrochemical performances of the pristine and modi-
fied samples were evaluated via CR2025 coin cells. The coin
cells were composed of Celgard 2500 separator, electrolyte
with 1 M LiPF, in EC, EMC, and DMC (1:1:1 in volume),
and a lithium foil anode and cathode electrode, where the
cathode electrodes were made of LMNC-F,, conductive car-
bon, and PVDF with a weight ratio of 80:10:10. The coin
cells were assembled in an argon-filled glovebox with the
concentrations of moisture and oxygen contents below 0.1
ppm. The battery galvanostatic charge and discharge test
were carried out on the Neware test system in the voltage
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Fig. 1 XRD spectrum of a LMNC and b LMNC-F o5 samples with the measurement result (black line), calculated pattern (red line), and differ-

ence curve (blue line)

range 2.0-4.8 V (vs. Li/Li*) at various current densities.
The electrochemical impedance spectroscopy (EIS) meas-
urement (100 kHz—0.01 Hz) was carried out on CHI760E
electrochemical workstation under open circuit voltage, and
the data analysis was analyzed by the ZSimDemo software.

Result and discussion
Structural characterizations and morphology

XRD patterns of LMNC and LMNC-F, samples are shown
in Fig. S2, all samples exhibit similar diffraction peaks, and
the main peaks correspond to LiTMO, phase with the hex-
agonal layered structure and R-3m space group (a-NaFeO,)
based on standard PDF card PDF#87-1564. The peaks
between 20 and 25° are ascribed to the Li,MnOj; phase (the
monoclinic structure with C2/m space group) [20]. Figure
S3a and b [21] show the LiTMO, and Li,MnO; phases,
respectively. For the LITMO, phase, the elements in the
transition metal layer are randomly distributed, whereas
in the Li,MnO; (i.e., Li[Li,,sMn,;]0O,) structure, Li* and
Mn** are ordered in the transition metal layer, with the Li*

surrounded by six Mn**, forming a honeycomb pattern (Fig.
S3c). The splitting of (006)/(102) and (018)/(110) in XRD
pattern of all samples indicates the well-layered structure
[22]. As previously reported, I(003)/1(104) value stands for
the mixing degree of Li* and Ni** in LMNC, the higher
1(003)/1(104) value the lower Li*/Ni** mixing degree [23].
Based on the XRD pattern in Fig. S2, the 1(003)/I(104) ratios
of LMNC, LMNC-F, 3, LMNC-F 5, and LMNC-F,, ,, are
1.29, 1.47, 1.38, and 1.23, respectively. All of values are
higher than 1.2, indicating that all samples exhibit low Li*/
Ni** mixing degree and adequate amount of F doping is
efficient in decreasing Li*/Ni** mixing degree. The higher
Li*/Ni** mixing degree for the LMNC-F, ;; compared with
other samples may be ascribed to the excessive F~ ions
affecting the crystal structure stability of LMNC.

To further compare the difference of the crystal struc-
ture between LMNC and LMNC-F,, 45 cathode materi-
als, Rietveld refinements were conducted using GSAS
software, the results are presented in Fig. 1 and Table 1,
respectively. The reliability factors R, and R, are both
less than 10%, which verifies the reliability of the refine-
ment results. Compared with the original sample, the
lattice parameters and lattice volume of the samples are

Table 1 Cell constants, slab thickness (S), and lithium slab spacing (I) of the layered phase derived from the Rietveld refinement of the LMNC

and LMNC-F (s samples

Samples Cell constants /A~ V/A3 cla Ni/Li3b)  z,, Swo/A  TuodA  RJ%  RY%

LMNC a=2.8470(3) 99.814(7) 4994  57% 02540 (6)  2.256 2.484 3.39 2.49
c=14.2193(5)

LMNC-F,,s  a=2.8514(4) 100221 (5) 4992  3.9% 02572(3)  2.167 2.577 2.81 2.22

c=14.2338(4)
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increased after F-doping, which may be caused by the par-
tial reduction of some TM ions due to the charge compen-
sation mechanism. Furthermore, the slab thickness (Sy;0,)
and lithium layer spacing (I;;o,) of the layered structure
lithium-rich manganese-based materials were calculated
based on the following formulas (1) and (2) [24]:

2

SM02 = <§ - 2Zox)chex (D
Chex

Lo, = E Smio, 2

where Z , is the oxygen at the 6¢ site and C;, is the value of
the lattice constant c. As presented in Table 1, the Sy, of
LMNC and LMNC-F o5 was 2.256 A and 2.167 A, respec-
tively. And the Ij o, of them was 2.484 A and 2.577 A,
respectively. The decrease of the slab thickness Sy;g, can
enhance the structural stability of the material, while the
increase in the lithium layer spacing I ;, is beneficial for
decreasing the Li" diffusion energy barrier [25].

ICP and SEM with energy distribution spectra (EDS)
were carried out to further prove the successfully doping

of F ion. Figure 2 shows the EDS mapping of Mn, Co, Ni,
O, and F on the surface of LMNC-F, 5, and the results
indicate that all elements are uniformly distributed on the
surface of the sample. The normalized ICP results were
obtained and presented in Table S1 with Mn as the stand-
ardized element; the stoichiometric ratios of F elements
in LMNC and LMNC-F,, ;s samples were 0 and 0.045,
respectively. The results are consistent with the chemical
stoichiometry as the experimental design.

XPS was carried out to investigate the effect of F doping
on the valence state of transition metal elements. The XPS
full spectra of LMNC further confirmed that the Mn, Co, Ni,
and O elements existed in all samples, and F element was
observed in the LMNC-F,, s samples, which is consistent
with the EDS and ICP results. Figure 3b—f shows the XPS
spectra of Mn 2p, Co 2p, Ni 2p, O 1s, and F 1s orbitals of
LMNC and LMNC-F o5 samples, where the split-peak fit-
ting was performed by XPS-peak software. As shown in
Fig. 3b, the peaks with binding energies located at 642.8
eV and 654.2 eV are associated with Mn 2p,;, and Mn 2p 5,
respectively. The Mn 2p,), peak is divided into two charac-
teristic peaks, where the peak with higher binding energy
corresponds to Mn** and the peak with lower binding energy

Fig.2 The SEM and EDS images of the LMNC-F,, ;5 sample

@ Springer
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Fig. 3 a X-ray photoelectron survey spectrum of the LMNC and LMNC-F,, ;5 samples; XPS core-level spectra of b Mn 2p, ¢ Co 2p, d Ni 2p, e O

Is, and f F 1s for LMNC and LMNC-F,, ;5 sample

corresponds to Mn3* [26]. For the XPS spectra of Co 2p, the
characteristic peaks of Co 2p;;, and Co 2p,,, were observed
at 780 eV and 795 eV, respectively. The characteristic peak
of Co 2p;), was also divided into two characteristic peaks
corresponding to Co>* and Co?* as reported previously in
the literature [27]. The peaks at 854 eV and 872 eV are
ascribed to Ni 2ps,, and Ni 2p,,, respectively. The peak at
860.3 eV is a satellite peak, which is responsible for the
multiple splitting of the nickel oxide energy level. The fit of
the Ni 2p;,, spectrum can be obtained by primary peak near

854.0 eV and secondary peak at 855.5 eV, which is consist-
ent with the standard results for Ni>* and Ni** [28].
Furthermore, Mn** accounted for 82.6% of the total
manganese and Co>* for about 66.7% of the total cobalt
in LMNC, while they decreased to 78.9% and 62.3% in
LMNC-F, (s sample, respectively. The decrease of Mn** and
Co’* ions may be ascribed to the partial reduction of Mn**
and Co®* to Mn** and Co?" ions due to the substitution of
O~ by F~. The reduced TM ions (Mn**, Co*") have larger
ionic radii, thus balancing the decrease in lattice parameters
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after F~ (rp.=1.33 A, Iop.=1.40 A) [29], and it also explains
the reasons for the subtle differences in the chemical valence
of TM ions (Mn**/Mn** and Co®*/Co?*) and the increase
in lattice constants a and ¢ in LMNC-F ;5 sample. Based
on Fig. 3e, the binding energies of 529 eV corresponding to
lattice oxygen (Oy) of LMNC-F, s are higher than that of
LMNC, while the binding energies of 531 eV correspond-
ing to oxygen vacancies (Oy) of LMNC-F, ;s are lower than
that of LMNC [30]. It indicates that F~ doping is effective
in reducing the content of Oy, which is beneficial for reduc-
ing the diffusion of Oy, during the de-lithium process, and
further alleviating the structural degradation caused by TM
ion migration and stabilizing the crystal structure of the
material [31].

According to the results above, F ion has been success-
fully doped into LMNC and it is valid in tuning Li*/Ni>*

mixing degree, which may influence the electrochemical
properties. Figure 4a shows the initial charge/discharge
curves at 0.1C of LMNC and LMNC-F, samples, all sam-
ples exhibit similar charge/discharge curves. The voltage
plateau between 4.0 and 4.5V corresponds to the oxidation
peak around 4.2 V in the dQ/dV curve (Fig. 4b), which is
due to the Ni2*/Co** to Ni**/Co** oxidation reaction with
the simultaneous Li* delamination from the lithium layer
of the LiTMO, phase. The platform between 4.5 and 4.8V
is attributed to the activation process of Li,MnO; phase
accompanying with Li* deintercalation from both phases.
As described in the introduction part, the lattice oxygen
activity in form of reversible bulk oxygen redox and the
evolution of lattice oxygen anions are included in this pro-
cess, which corresponds to the most substantial oxidation
peak at about 4.5 V in the dQ/dV curves as presented in
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Fig. 4b. Compared with LMNC, LMNC-F, sample exhibits
shorter platform between 4.5 and 4.8V, indicating F doping
is beneficial for accelerating the kinetics of the correspond-
ing redox and suppressing the removal of 2Li* and O*~ dur-
ing initial charge process, which is conducive to improve
the initial coulomb efficiencies (ICEs) (the ICEs of LMNC,
LMNC-F; o3, LMNC-F o5, and LMNC-F, ,, are 70.3%,
74.9%, 718.5%, and 77.2%, respectively) and rate capability.
In addition, the initial discharge capacity and discharge volt-
age of LMNC-F) 3, LMNC-F) 5, and LMNC-F,, ,; samples
are 274.2 mAh g~! (3.54 V), 282.6 mAh g~! (3.56 V), and
270.1 mAh g~! (3.57 V), respectively. The values are much
larger than that of LMNC (258.2 mAh g_1 and 3.48 V),
indicating the higher energy density of LMNC-F, samples.
It should be pointed out that the value of the oxidation peaks
(at 3.2V and about 4.5 V) in dQ/dV curves decreased with
increasing F~ content, as shown in Fig. S4. The results indi-
cate that F doping could suppress the structure transforma-
tion induced by TM migration and lattice oxygen release,
and further improve crystal structure stability, and it also
explains the reasons for the larger ICE of LMNC-F, samples
[32]. LMNC-F, samples exhibit large discharge capacity
under 0.1 C and larger discharge capacity under higher cur-
rent density compared with LMNC, as presented in Fig. 4c,
and the difference between LMNC and LMNC-F, becomes
larger with discharge rate increasing, the specific capacities
are shown in Table S2. For example, the discharge capacity
of LMNC-F, y;, LMNC-F, o5, and LMNC-F,, ,; samples at
5C are 123.5mAh g7}, 134.7 mAh g7}, and 121.5 mAh g7},
respectively. The capacity values of the F-doped samples are
much larger than that of LMNC (90.9 mAh g~!). When the
discharge rate went back to 0.1 C during the cycle process,
the discharge capacity of LMNC, LMNC-F,, ;;, LMNC-F,, (s,
and LMNC-F, ,, were returned to 249.1 mAh g~' (95.4% of
the corresponding initial discharge capacity), 274.8 mAh
g7 (99.6%), 279.8 mAh g~! (98.7%), and 272.5 mAh g~!
(100.3%), respectively, indicating F doping is conducive to
improving the reversibility of LMNC during cycle process.

Cycling stability and energy density are also important
indicators for the practical application of cathode material
in LIBs, thus the cycling stability of LMNC and LMNC-F,
samples under 1 C was investigated and the corresponding
energy density was calculated, as presented in Fig. 4d and e.
The 200th discharge capacities of LMNC-F,, j;, LMNC-F; (s,
and LMNC-F, ;; are 177.9 mAh g™', 182.9 mAh g™', and
164.0 mAh g~ at 1 C, with high capacity retention rates of
86.5%, 87.9%, and 83.5%. The corresponding energy den-
sity is 545.5 Wh kg™!, 573.7 Wh kg™!, and 515.3 Wh kg~ !,
which is higher than that of LMNC (133.2 mAh g_l, 77.5%,
and 425.8 Wh kg™!), indicating that F doping is good for
improving the cycling stability and corresponding energy
density of LMNC.

As previously reported, the intensity and position of the
peak in dQ/dV curve are relevant to the discharge capac-
ity and the redox reaction potential, respectively. Thus,
the superior electrochemical performance including high
operating voltage, large capacity, and voltage retention of
LMNC-F, 5 can be directly confirmed by dQ/dV curves,
which were obtained from each fifty cycles during discharge
process (Fig. 4f and h). The cathode peak near 3.15 V in
these curves corresponds to the reduction peak of Mn**. It
should be pointed that the stronger peak of LMNC in ini-
tial cycle is mainly ascribed to the larger content of Mn**
ions, as demonstrated in XPS results. The peak intensity
of LMNC exhibits a continuous decrease during the cycle
procedure and is more severe after 50 cycles. Besides, an
obvious shift in the peak position of LMNC is from 3.15 to
~2.73V after 200 cycles, implying a serious capacity decay
and operating voltage attenuation, which is mainly ascribed
to the serious dissolution of Mn during the cycle procedure
[33], as demonstrated by the EDS results of the electrodes
after the cycle process (Fig. S5). Based on the results, the
transition metal atom ratio (Mn/Co + Mn/Ni)/2) of LMNC
is 3.62, much lower than that of LMNC-F, o5 (4.13), indicat-
ing the more serious dissolution of Mn ions on the surface
of LMNC. In contrast, for LMNC-F o5, the peak position
changed from 3.14 to 2.80 V after 200 cycles, indicating the
superior cycling stability in terms of capacity and voltage.

Based on the rate capability, cycling performance, and
dQ/dV curve, it is confirmed that F doping is an efficient
strategy in improving the electrochemical property including
capacity, voltage, and energy density of LMNC. The dop-
ing content of F~ is closely related with the electrochemical
property, and the optimal F~ doping content is 0.05. This is
mainly attributed to the fact that the introduction of F~ into
the oxygen site results in the formation of stronger Li-F
covalent bond (557 kJ mol~!) compared with Li-O bond
(341 kJ mol™"). Moderate amount of F doping can suppress
the irreversible loss of O, reducing the irreversible capac-
ity and further enhancing the ICE of the material, while
the excessive Li-F covalent bond may interfere with the
embedding of Li*, which leads to a lower discharge capac-
ity as demonstrated by the shorter platform between 4.5
and 4.8V and the lower peak in dQ/dV curves. Figure 4¢g
and i1 show contour plots of the LMNC and LMNC-F,, 5
samples corresponding to the differential discharge capacity
curves, respectively, with the colors relating to the height of
the peaks. The regions located around 3V with more vivid
colors correspond to the reduction of Mn**. During the
cycle process, the reduction of Mn** is often accompanied
by the decay of the voltage and the change of structure [34].
Interestingly, the drastic change in the Mn** reduction peak
in the LMNC sample occurs around the 120th turn of the
cycle, while the LMNC-F,, )5 occurs around the 140th turn,

@ Springer



2580

lonics (2023) 29:2573-2586

implying that the introduction of F suppresses the phase
change of LMNC.

Consistent with the charge curves, the discharge process
is also composed of two stages. The first platform between
4.5 and 3.0 V in discharge curve is attributed to the reduc-
tion of Ni** to Ni?* and Co** to Co®* in the cathode laminar
lattice, while the discharge plateau below 3.0 V is associ-
ated with the presence of spinel structure in the laminar
phase, which corresponds to the transformation process
of Mn**—Mn*" in the spinel structure [34], indicating the
capacity between 3.0 and 2.0 V can stand for the phase trans-
formation from layered into rock-salt or spinel-like structure.
Thus, the discharge capacity percentage between 3.0 and 2.0
V from 1st to 200th discharge curves under 1C was calcu-
lated, and the results are presented in Fig. 5. The discharge
capacity percentage between 3.0 and 2.0 V showed a sig-
nificant change with increasing cycle process. For example,
the discharge capacity percentage between 3.0 and 2.0 V of
LMNC increased from 24.4% for the first discharge curves
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to 53.04% for the 200th cycles. The smaller discharge capac-
ity percentage of LMNC-F, samples, especially for LMNC-
F, s, indicates that the appropriate amount of F~ doping
is beneficial for suppressing the phase transformation from
layered into rock-salt or spinel-like structure during cycle
process and further enhance the structural stability of the
cathode material during cycle process.

Furthermore, in situ XRD was carried out to deeply char-
acterize the phase transformation of LMNC and LMNC-
F, o5 during initial charge—discharge process. Figure 6a and
b show the in situ XRD patterns of LMNC and LMNC-F, o5
samples, as a counter plot with intensity in color, along with
the corresponding charge—discharge curve, and the peak at
about 18.7° assigned to (003) reflection. To reveal the influ-
ence of F doping on structural transformation, in situ XRD
measurement for the pristine LMNC and LMNC-F,, )5 sam-
ple during initial charge—discharge process was performed.
As described in previous reports, during the cycle proce-
dure, the shift of (003) plane represents the migration of the
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Fig.5 a Charge—discharge profiles of LMNC, b LMNC-F,, );, ¢ LMNC-F )5, and d LMNC-F,, ;; samples during 200 cycles at 1 C
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Fig.6 In situ XRD examinations during charging/discharging of a
LMNC and b LMNC-F,) o5 in the first cycle, showing the charge/dis-
charge curves, contour plots and XRD patterns of the 003 reflection,

transition metal and shrinkage/elongation of c-lattice param-
eter [35], which also means the irreversible phase transition
of LMNC [9, 36, 37]. During the first stage in charge process
(< 4.5 V), the (003) peak gradually shifts to lower angle
due to the increased electrostatic repulsion between adjacent
oxygen layers and the continuous extraction of Li* from the
lithium layer [38], indicating the expansion of the lattice [9].
When charged to 4.5 V, the (003) peak shifts back to a high
angle where Li" ions are extracted from the transition metal
layer and oxygen activation occurs for charge compensation
[39]. As the voltage increased to 4.8 V, the peak shifts rap-
idly to a high angle; herein, the capacity is mainly derived
from the activation of the Li,MnO; component. As shown
in Fig. 6¢ and d, the offset of the (003) diffraction peak is
obviously reduced after F doping (0.1169° for LMNC and
0.05163° for LMNC-F,, y5), indicating that F doping can alle-
viate the lattice expansion along the c-axis direction and
reduce the structural reconstruction during charge process.
Upon F doping, the variation of the lattice parameters is
small, indicating the internal stress of LMNC-Fj, )5 is small

18.6 18.7 188 18.9
2-Theta(degree)

18.7 188 189
2-Theta (degree)

and the corresponding peak shifts of the 003 reflection between fully
discharged 2.0 V and the initial position during cycling of ¢ LMNC
and d LMNC-F )5

during the charge—discharge process, which is beneficial for
improving the crystal structure stability of LMNC. Besides,
the obvious structure breakdown phenomenon is observed
in the in situ XRD pattern of LMNC when charged to 4.45V,
which is highlighted by the red boxes in the contour plots.
This phenomenon may be induced by the phase transforma-
tion of LMNC during the charge—discharge process and it
will lead to the structural instability. Interestingly, upon F
doping, the LMNC-F,) 5 reveals a smooth structural defor-
mation during the charge process, indicating the better struc-
tural stability of LMNC-F,) 5, which is derived from the sup-
pression of TM migration and lattice oxygen release. Based
on the results and relevant discussion above, F doping is an
efficient strategy in suppressing the phase transformation
during the charge—discharge procedure, which is beneficial
for improving the stability of the crystal structure.

To further investigate the action mechanism of F-doping
on cycling stability, the micro structure of the electrodes of
LMNC and LMNC-F, o5 before and after 200 cycles at 1C
was investigated by SEM, and the results are presented in
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Fig. 7. Both LMNC and LMNC-F,, ;s exhibit smooth surface
and complete spherical structure before cycling, and they
are all composed of nano-particles. The LMNC sample was
covered with a gel-like substance after the cycle process, it
may be caused by the side reactions under high voltage [40].
In contrast, LMNC-F, (5 possesses the similar condition as
before cycling. Besides, the obvious cracks were observed
on the surface of the secondary particles of the LMNC sam-
ple after the cycle process, which may be induced by the
larger internal grain strain originated from the phase trans-
formation from layered into rock-salt or spinel-like struc-
ture and the larger volume change of the crystal structure
with the embedding and disengaging of Li* ions during
charge—discharge process.

XPS analysis was performed to investigate the inhibitory
effect of F-doping on side reactions of the electrode materi-
als after the cycle process, as the results are shown in Fig. 8.
According to Fig. 8a and b, two main peaks are observed
in the XPS energy spectrum of F 1s. The peak near 687.7
eV is attributed to the binder PVDF or the decomposition
product Li,POF, [41], and the peak near 684.7 eV is attrib-
uted to LiF [42]. The F 1s signal intensity at 684.8 eV for
the LMNC cathode after cycling was significantly higher
than that of the LMNC-F,, s sample, which is caused by the
more side reaction products LiF which were formed on the
surface of the undoped cathode. Figure 8c and d show the
XPS spectra of C 1s for LMNC and LMNC-F, o5 electrodes

after the cycle process. The peaks at 293.1 eV, 290.5 eV,
288.5 eV, 285.7 eV, and 284.1 eV near the characteristic
peaks correspond to C-C/C-H, C-O, C=0, Li,CO;, and C-F,
respectively [43]. As shown in Fig. 8e and f, the O 1s spec-
trum consists of two peaks including TM-O (~532 eV) and
ROCO,Li (=533 eV); the peak of O; (=529 eV) was not
detected, which is related to the release of lattice oxygen
and the generation of by-products attached to the surface
of the material [44, 45]. The TM-O peak of LMNC-F,, 5
electrode is stronger than that of LMNC electrode, indicating
less dissolution of TM ions [46], which is consistent with
the results of the dQ/dV curve. Furthermore, the weaker
ROCO,Li peak area of LMNC-F,, s electrode indicates that
F-doping is also effective in suppressing the side reactions,
which may be due to the enhanced stability to dehydroge-
nation (Fig. 8f) [47]. Based on the above results, it can be
concluded that F doping plays an apparently important role
in stabilizing the structure of the electrode and inhibiting
the formation of CEIL.

The relative intensity of the Li,CO; characteristic peak
in the LMNC-F, )5 cathode after the cycle process is lower
than that of the LMNC cathode. The above result suggests
that F doping can suppress the formation of interfacial by-
products and alleviate the corrosion of HF generated during
cycling to some extent [48]. This result explains the rea-
sons for smooth surface, and the complete spherical struc-
ture of LMINC. It also revealed the reasons for the gel-like

Fig.7 a SEM images of LMNC before cycle process, b the corresponding partial enlarged image, and ¢ after 200 cycles; d SEM images of
LMNC-F) (s before cycle process, e the corresponding partial enlarged image, and f after 200 cycles
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Fig.8 XPS spectra of F 1s, C 1s, and O 1s of a, ¢, and e cycled-LMNC and b, d, and f cycled-LMNC-F,, 5 electrodes

substance on the surface of LMNC after the cycle process
and demonstrated by the EIS results as presented in Fig. 9.
Figure 9a shows the EIS curves of LMNC, LMNC-F 45,
LMNC-F, 5, and LMNC-F,) ,; samples electrodes. As can be

seen from Fig. 9, the EIS curves of all samples are consisted
of a semicircular arc in the high-frequency region, a semi-
circular arc in the middle frequency, and a sloping straight
line in the low frequency. The semicircular arc in the high
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Fig.9 a Nyquist plots of the LMNC, LMNC-F, o;, LMNC-F, ;5, and LMNC-F,, ;; samples at 0.5 C, b Z”-0~"/2 plots for the samples in the low-
frequency region obtained from EIS measurements, and ¢ the equivalent circuit of the fitted impedance spectrum
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frequency region is related to the cathode electrolyte inter-
face (CEI) layer at the interface of the cathode material, the
semicircular arc in the medium frequency region is related
to the charge transfer resistance at the electrolyte/electrode
interface, and the tilted straight line in the low frequency
region corresponds to the Li* diffusion in the laminar lat-
tice. Figure 9c shows the equivalent circuit diagram of the
AC impedance curve, where R, is the ohmic resistance, R;
denotes the solid electrolyte interface film resistance, R is
the charge transfer resistance at the electrode interface, and
Zy, corresponds to Warburg impedance. Based on Table 2,
the values of R, for LMNC, LMNC-F ;, LMNC-F o5, and
LMNC-F, ; samples are 49.68, 34.42, 28.5, and 29.45 Q,
respectively, indicating that F doping can reduce the charge
transfer resistance (R).

According to the results mentioned above, F doping is
effective in suppressing phase transformation and improving
crystal structure stability, which explains the reasons for the
better cycling stability of LMNC-F,, while the larger dis-
charge capacity and better rate performance are still unclear.
Thus, the effects of F doping on the ionic diffusion coef-
ficient (Dy ;) of the LMNC and LMNC-F,, ;5 samples were
calculated by the equation based on Warburg diffusion [49]:

2
L) 3)

D,.=05x%
b <An2F2C0'

where the symbol R corresponds to the gas constant, T is the
absolute temperature, A represents the area of the electrode
surface, n stands for the number of transferred electrons, F
represents Faraday’s constant, and C is the molar concen-
tration of Li ions. ¢ is the Warburg impedance coefficient,
which can be obtained from the relationship between Z’ and
the angular frequency (0~ ?) in Eq. (4) [22]:

Z' =R, +R; +ocw'/? @)

As shown in Table 2, the D;;, of LMNC, LMNC-F,, s,
LMNC-F, 5, and LMNC-F, ,; samples were 4.89x107"3,
1.92x107'2,2.06x107'2, and 1.81x107'2 cm? s™!, respec-
tively. The faster Li* transmission rate accounts for the larger
discharge capacity of LMNC-F, in rate and cycle process.

Table 2 Fitting results of the equivalent circuit from the Nyquist
curves for all the samples and calculation results of Lit diffusion
coefficient

Sample R/Q R /Q 6/Q cm?.5703 Dy, /em*s~!
LMNC 73.88  49.68  9.68 4.89x10713
LMNC-F,,; 4592 3442 488 1.92x107"2
LMNC-F,,s 2778 285 4.72 2.06x107"12
LMNC-F,,;, 3374 2945  5.03 1.81x10712

@ Springer

The larger Dy ;, in preliminary cycles is mainly ascribed to
the decreased of slab thickness Sy, as presented in the
results of XRD refinement, while the larger D;;* in long
cycle process is mainly ascribed the better crystal structure
stability and explains the higher discharge specific capacity
and rate performance of the F-doped material.

Conclusion

In this paper, LMNC-F, was prepared by co-precipitation
method with LiF as F source. The optimal F-doping content
is 0.05, as demonstrated by the rate capability and cycling
stability (134.7 mAh g~! under the discharge capacity of 5C
and 1C with capacity retention of 87.9% after 200 cycles).
The optimized mechanism of cycling stability is mainly
ascribed to the efficient depressant of their irreversible
release of lattice oxygen upon F doping, further alleviating
cation rearrangement and phase transition, and suppressing
the side reactions between electrode and electrolyte and the
loss of active material, leading to the better crystal structure
stability. The higher discharge capacity originates from the
increased lithium layer spacing and stable structure. This
paper provides the reference in optimizing the discharge
capacity and cycling stability of Li-rich Mn-based cathodes.
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