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Abstract

LiNi, sMn, s0, materials with hierarchical microsphere structure are prepared by PVP-assisted coprecipitation-hydrothermal
method followed by high-temperature calcination. Effects of PVP molecular weights on the structure, morphology, and
electrochemical properties of LiNi, sMn, 5O, are investigated. It is found that PVP addition improves the crystallinity and
disordering degree of LiNij, sMn, s0,. PVP molecular weights exert great influence on the particle morphology. With the
increase of molecular weight, primary particle size gradually decreases and secondary particle distribution becomes more
uniform. Compared with LNMO-PVPy; and LNMO-PVPy;, LNMO-PVP; particle possesses extra {110} surface besides
{111} and {100} surfaces. Electrochemical results show that PVP addition enhances the electrochemical performance of
LiNij, sMn, 50,, due to higher crystallinity, higher cation disordering degree, smaller primary particle size, and more uni-
form secondary particle distribution. LNMO-PVP; material exhibits the optimal electrochemical performance, due to extra
{110} exposed surface and higher disordering degree, as well as relatively large primary particle size and slightly severe
agglomerate structure.

Keywords LiNi,sMn, 50, - Polyvinylpyrrolidone - Coprecipitation-hydrothermal method - Hierarchical microsphere
structure - Electrochemical performance

Introduction

Lithium-ion batteries (LIBs) with higher energy density
are urgently needed to meet the continuous development of
electric vehicles (EVs) and plug-in hybrid electric vehicles
(PHEVs). The energy density of LIBs is generally depend-
ent on cathode material, which is mainly determined by the
discharge capacity and operating voltage. Among them,
LiNij sMn, s0, (LNMO) spinel is regarded as one promising
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cathode material due to high operating voltage (~4.7 V vs.
Li/Li*), high energy density (650 Wh kg™!), 3-D Li* ion dif-
fusion channel, and environmental friendliness [1, 2]. Unfor-
tunately, the most critical issues preventing the commercial
application of LNMO in power LIBs are the rapid capacity
degradation during cell operation and the decomposition
of electrolyte and concurrent degradation reactions at the
cathode/electrolyte interface under high voltage [3, 4]. Many
approaches, such as element doping [5], surface coating [6],
and morphology control [7], have been applied to improve
the electrochemical properties of LNMO material.

Herein, a combined coprecipitation-hydrothermal method
was adopted to synthesize nickel manganese carbonate pre-
cursor, which was pre-fired, mixed with lithium source and
finally calcinated at high temperature to obtain LNMO prod-
uct. As for this route, the morphology of LNMO material
can be regulated by changing the precursor’s morphology. It
is well known that surfactants can effectively tailor particle
shape and size in the synthesis process [8—14]. Surfactants
can be roughly divided into ionic surfactants (including cati-
onic and anionic surfactants) and non-ionic surfactants. As
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Scheme 1 Preparation process of LiNiy sMn, 50, samples

a typical non-ionic surfactant, polyvinylpyrrolidone (PVP)
has an alkyl hydrophobic side group and a hydrophilic pyr-
rolidone group, and can be easily soluble in water and many
organic solvents due to the formation of hydrogen bonds
between carbonyl group (C=0) in PVP and solvent, leading
to its extensive application in the synthesis of nanoparticles
as a stabilizer and dispersant [15]. For example, Lin et al. [9]
synthesized uniform nanosized LNMO material by adding
PVP to the sol—gel process of precursor, and found that the
material synthesized with PVP exhibited better electrochem-
ical performance than that without PVP. Tian et al. [13] syn-
thesized three Li; ,Mn, 5,Ni; ;3Co; 130, samples (LLMO-
PVP, LLMO-PEG, LLMO-PVA) via coprecipitation method
by using PVP, polyethylene glycol (PEG), and polyvinyl
alcohol (PVA) as polymer templates, respectively, and found
that LLMO-PVP exhibited the optimal electrochemical per-
formance. Xiang et al. [14] obtained Li[Liy ;3;Nig 304Mny s¢5]
O, material with uniform particle size by adding PVP and
ethylene glycol (EG) in the coprecipitation process of pre-
cursor followed by high-temperature calcination, and found
that the resulting material delivered excellent cycling stabil-
ity and rate performance.

However, up to now, the application of PVP in the syn-
thesis of electrode material is mostly focused on single
molecular weight PVP [14] or different addition amounts
[16]. It is known that PVP possesses a wide range of
molecular weights, which determines the length of hydro-
phobic carbon chains, therefore regulating the microstruc-
ture of inorganic nanomaterials [17]. Therefore, in this
work, series of LiNi, sMn, sO, materials with hierarchical
microsphere structure were synthesized by PVP-assisted
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coprecipitation-hydrothermal method followed by high-
temperature calcination process. PVP with three molecu-
lar weights (average Mw: 10,000/58,000/1,300,000) were
added in the coprecipitation process, and the effects of PVP
molecular weights on the structure, morphology, and elec-
trochemical properties of LiNij, sMn; sO, cathode materials
were elaborately investigated.

Experimental
Sample synthesis

Scheme 1 illustrates the preparation process of
LiNi, sMn, O, samples. A coprecipitation-hydrothermal
method was adopted to synthesize nickel manganese car-
bonate precursor. To be specific, solution A was prepared
by dissolving 300 mmol NH,HCOj; in 200 mL deionized
water, and solution B was prepared by dissolving 15 mmol
NiSO,-6H,0, 45 mmol MnSO,-H,0, and 1.084 g polyvi-
nylpyrrolidone (PVP) in a mixture of 100 mL ethylene gly-
col (EG) and 200 mL deionized water, where PVP with three
molecular weights (average Mw: 10,000/58,000/1,300,000)
were used. Then, solution A was dripped into solution B at
arate of 6 mL s~! by micro peristaltic pump under constant
magnetic stirring. After reaction for 1 h, the resultant sus-
pension was transferred to Teflon-lined stainless steel auto-
clave and heated at 180 °C for 8 h in an oven. After natural
cooling, the precipitate was filtered, washed, and dried to get
nickel manganese carbonate precursor. The precursors syn-
thesized with three molecular weights of PVP were names
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as NMC-PVP; (average Mw: 10,000), NMC-PVP,, (average
Mw: 58,000), and NMC-PVPy (average Mw: 1,300,000),
respectively. As a control sample, the precursor without PVP
was also synthesized following the same route, and labeled
as NMC. The above four carbonate precursors were pre-fired
at 900 °C for 4 h, then mixed with 5 wt.% excess Li,CO;,
and finally calcinated at 800 °C for 10 h in air atmosphere
to achieve LiNi, sMn, sO, products, which were denoted as
LNMO-PVP,;, LNMO-PVP,,, LNMO-PVPy and LNMO,
respectively.

Sample characterization

The structure of the prepared materials was analyzed with
powder X-ray diffraction (XRD) using D8-FOCUS diffrac-
tometer with CuKo X-ray source in 20 range of 10-80° and
Bruker V80 Fourier Transform Infrared Spectroscopy (FT-
IR) in wavenumber range of 700-400 cm™'. The morphol-
ogy of the materials was analyzed with Nova Nano SEM450
scanning electron microscopy (SEM) and JEOL JEM 2100F
transmission electron microscope (TEM).

Electrochemical tests

The cathode was fabricated by mixing 80 wt.% active mate-
rial, 10 wt.% polyvinylidene fluoride (PVDF) and 10 wt.%
Super P in N-Methyl pyrrolidone (NMP), and magnetically
stirring to achieve a uniform slurry, which was casted onto
Al foil with a doctor blade, and dried at 100 °C in a vacuum
oven until complete evaporation of NMP. The coated Al foil
was punched into round sheets with diameter of 12 mm, and
the active material loading amount is ~ 5 mg cm™2. The cath-
ode sheet was assembled into CR2430 coin cell in Ar-filled
glove box with lithium metal anode, Celgard 2400 separa-
tor, and 1 M LiPFs—-dimethyl carbonate (DMC) + ethylene
carbonate (EC) + ethyl methyl carbonate (EMC) (volume
ratio 1:1:1) electrolyte. The constant-current charge/dis-
charge tests were carried out on Land CT2001A battery
test system in the voltage range of 3.5-4.95 V at 25 °C.

Cyclic voltammetry (CV) test was performed on Chenhua
CHI660E electrochemical workstation in the voltage range
of 3.4-5.0 V. Electrochemical impedance spectroscopy (ELS)
test was carried out on electrochemical workstation in the
frequency range of 100 kHz to 0.01 Hz with an AC ampli-
tude of 5 mV. Two electrode system using lithium metal as
counter electrode was used in CV and EIS tests.

After 200 cycles at 1 C and 25 °C, the cathodes were
extracted from the fully discharged cells, washed with dime-
thyl carbonate (DMC) three times, and dried overnight in the
glove box. SEM and energy dispersive X-ray spectroscopy
(EDS) were performed to characterize the surface morphol-
ogy and surface film composition of cycled cathodes.

Results and discussion
Structural and morphology analysis

XRD patterns of carbonate precursors synthesized without
and with different molecular weights of PVP are shown in
Fig. 1a. It can be seen that all major diffraction peaks can be
assigned to MnCO; with R-3C space group (JCPDS card No.
44-1472). Besides, several weak diffraction peaks of NiCO;
(JCPDS card No. 12-0771) also exist, which implies that
all precursors are a mixture of MnCO; and NiCO;, whereas
NiCO; diffraction peaks of the precursors with PVP are
weaker than those without PVP, suggesting the coprecipita-
tion of Ni** and Mn?" ions into single carbonate solid solu-
tion under the assistance of PVP, which is beneficial to the
electrochemical performance of LiNi, sMn, s0, material.
Figure 1b shows the XRD patterns of LiNij, sMn; s0,
samples synthesized without and with different molecular
weights of PVP. All diffraction peaks can be assigned to
cubic LiNiy sMn, 50, spinel with Fd3m space group (JCPDS
Card No. 80-2162), indicating that the crystal structure of
LiNiy sMn, 50, is not altered after PVP addition. In addi-
tion, the absence of impurities and high phase purity is
believed to be favorable to the electrochemical performance
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Fig. 1 XRD patterns of carbonate precursors (a), LiNi, sMn; O, samples (b), and FT-IR spectra of LiNi, sMn, 50, samples (c)
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of LiNiy sMn, 50, material. Furthermore, the diffraction
peaks of LiNi, sMn, sO, samples with PVP are sharper and
narrower than that without PVP, meaning the enhanced
crystallinity after PVP addition, which is also beneficial to
the electrochemical performance of LiNij, sMn,; sO, mate-
rial. XRD patterns are refined by MDI Jade6.5 software, and
the resulting lattice constants a of LNMO, LNMO-PVP,,
LNMO-PVP,,, and LNMO-PVPy; samples are 8.1574 A,
8.1768 A, 8.1594 A, and 8.1648 A, respectively. Since Mn**
has a smaller ionic radius (0.53 10\) than Mn>* (0.645 A, high
spin), the varying lattice constants are supposed to be caused
by differing Mn* contents [18]. As previously reported
[19], inhomogeneous atom migration, which is closely con-
nected with the structure of precursor particles, results in the
generation of Mn>* ions, and smaller particle size and more
porous structure generally leads to shorter atom migration
distance, thus resulting in the formation of less Mn>* ions.
Therefore, the relatively large primary particle size of NMC-
PVP, precursor, as shown in the inset images of Fig. 2a—d,
leads to the formation of more Mn>* ions and then larger
lattice constant of LNMO-PVP; than other samples. The
peak intensity ratio of (311) to (400), I3,/1,o, can index the
degree of tetragonal distortion from cubic spinel structure,
and then the structural integrity of LiNiy sMn; sO, material
[20]. Higher structural integrity and enhanced cycle stability
is often associated with higher I5,,/1,y, ratio [21]. According
to Fig. 1b, the I5,,/1,,, peak intensity ratios are 0.830, 0.906,
0.895, and 0.832, respectively, for LNMO, LNMO-PVP,,
LNMO-PVP,,, and LNMO-PVPy; samples. In other words,

Fig.2 SEM images of carbon-
ate precursors synthesized with-
out and with different weights
of PVP: a NMC, b NMC-PVP,,
¢ NMC-PVP,,, d NMC-PVPy
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LiNi, sMn, 50, samples with PVP have higher I3, /1, ratios
than pristine LNMO, heralding the improved structural
integrity and cycling performance, as shown in Fig. 5c.

FT-IR is considered an effective means to discriminate
P4,32 ordered structure and Fd3m disordered structure for
LiN;, sMn, sO, material, and the obtained FT-IR spectra are
shown in Fig. 1c. It can be seen that all samples display
five broadened absorption bands at 616, 580, 552, 491, and
467 cm™!, suggesting the major Fd3m disordered structure
[22, 23]. Besides, the stronger band at 616 cm™' than at
580 cm™! is also a fingerprint of Fd3m disordered structure
[21]. The Ig,¢/1sq intensity ratios for LNMO, LNMO-PVP,,
LNMO-PVP,;, and LNMO-PVPy are 1.121, 1.318, 1.138,
and 1.143, respectively. As widely accepted, higher inten-
sity ratio of I, 4/Is5, always means higher cation disorder-
ing degree [24]. Therefore, the cation disordering degree is
enhanced after PVP addition, which increases in the order
of LNMO, LNMO-PVP,;, LNMO-PVP,;, and LNMO-PVP,.
High Mn’* content is always associated with high disorder-
ing degree [25], thereby Mn>* content increases in the same
order, in line with the results calculated based on discharge
curves in Fig. 5a and the variation of lattice constants in
Fig. lc.

Figure 2a—d show SEM images of carbonate precursors
synthesized without and with different molecular weights of
PVP. It can be seen from Fig. 2a that pristine NMC precur-
sor exhibits secondary irregular flake particles with severe
agglomeration, due to the random growth of crystals and
the agglomeration of crystal nuclei nearby, whereas all three
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NMC-PVP,, LNMO-PVP,,

Scheme 2 Schematic formation process of carbonate precursor and LiNi, sMn, O, samples synthesized with different molecular weights of

PVP (a) and molecular structure of PVP (b)

precursors synthesized with PVP display secondary micro-
sphere particles with homogeneous distribution and less
aggregation. Herein, the mass content of PVP in the solution
is 9.27%, very close to 10%; therefore, PVP molecules can
adsorb particles in the solution to form a more thermody-
namically stable sphere [26, 27], thus leading to the forma-
tion of microsphere particles. In addition, the homogenous
distribution of secondary particles may be attributed to the
molecular structure of PVP. As shown in Scheme 2(b), PVP
has a pyrrolidone group in its long carbon chain, and can
be well dispersed in the solution to form a homogeneous
network. The network can restrict the growth of precursor
and assemble the primary particles into secondary ones with
homogenous distribution. As the molecular weight of PVP
increases, the longer carbon chain leads to the formation of
more networks and then the generation of more dispersed
secondary particles. This phenomenon is in good agreement
with the finding of Izu et al. [28]. The formation process
of carbonate precursor with addition of different molecular
weights of PVP is illustrated in Scheme 2(a).

Figure 3a—h show SEM images of LiNiy sMn; ;O, sam-
ples synthesized without and with different molecular

weights of PVP. It can be noticed that the particle mor-
phology of carbonate precursors is basically inherited by
LiNij, sMn, 0, samples. LNMO sample displays irregular
particle morphology with inhomogeneous particle size and
severe agglomeration, whereas the samples synthesized
with three molecular weights of PVP exhibit uniformly dis-
tributed hierarchical microsphere agglomerates made up of
truncated octahedral primary particles with well-developed
surfaces. With the increase of PVP molecular weight, the
secondary particle’s dispersion degree is increased and
the agglomeration degree is decreased; that is, the second-
ary particle distribution becomes more uniform with the
molecular weight of PVP. On the other hand, the molecular
weights of PVP have a marked impact on the primary par-
ticle size, which shows a gradual decreasing trend with the
molecular weights of PVP. The smaller primary particle size
means shorter Li* ions diffusion distance, which is advanta-
geous to the rate capability of LiNi, sMn; 0, material, as
evidenced by the following rate capability result in Fig. 5b.
In addition, from Fig. 3d, f, h, it is interesting to find that
although the primary particles of LNMO-PVP;, LNMO-
PVPy;, LNMO-PVPy all exhibit truncated octahedral shape,
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Fig.3 SEM images of

LiNiy sMn, 50, samples synthe-
sized without and with different
molecular weights of PVP: a, b
LNMO, ¢, d LNMO-PVP, , e,

f LNMO-PVPy,, g, h LNMO-
PVPy

there exist some discrepancies. The exposed surface planes
were labeled in the inset of Fig. 3d, f, h based on the built
characteristics of truncated octahedral LiNi, sMn, O, with
f.c.c structure along with previous literatures [4, 29]. Most
primary particles of LNMO-PVP,; and LNMO-PVP}; pos-
sess {100} and {111} surfaces. Among the three main
surfaces of {110}, {100}, and {111}, the surface energy
increases in the order of {111}, {100}, and {110} [29]. The

@ Springer

lowest surface energy of {111} plane leads to the typical
octahedral particle morphology of LiNi, sMn, O, material
[30]. However, calcination temperature higher than 800 °C
could induce the appearance of {100} plane with higher
surface energy, thus resulting in the formation of truncated
octahedral particle [31]. In contrast, LNMO-PVP; primary
particle possesses extra {110} surfaces besides {100} and
{111} surfaces, presumably induced by its relatively larger
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primary particle size compared with LNMO-PVP,,; and
LNMO-PVPy,. The formation process is also illustrated in
Scheme 2(a).

The microstructure of LNMO-PVP; sample was fur-
ther observed by TEM. From Fig. 4a, we can observe
the truncated octahedral shape of LNMO-PVP, particle.

Fig.4 TEM images of LNMO-
PVP, sample

From Fig. 4b—d, we can observe distinct lattice fringes,
indicating good crystallinity of the sample. The lattice
fringe widths are measured to be 0.259 nm, 0.209 nm and
0.236 nm, corresponding to (311), (400) and (220) crystal
planes, respectively, in good consistence with above SEM
observation.
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Fig.5 Initial charge/discharge curves at 0.2 C rate (a), rate capability curves (b), and cycling performance and coulombic efficiency curves at 1
C rate (c) for LiNi, sMn, 50, samples synthesized without and with different molecular weights of PVP
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Electrochemical performance

Figure 5a shows initial charge/discharge curves of
LiNiy sMn, 50, samples at 0.2 C rate between 3.5 V and
4.95 V. The initial discharge capacities of LNMO, LNMO-
PVP;, LNMO-PVP,,, and LNMO-PVPy; samples are 133.6,
142.7, 138.3, and 136.7 mAh g™, respectively. The higher
crystallinity, smaller primary particle size, and homogenous
secondary particle distribution lead to the higher discharge
capacities of LiNi, sMn, 50, samples synthesized with PVP
than that without PVP. Compared with LNMO-PVPy, and
LNMO-PVPy,, the relatively higher initial discharge capacity
of LNMO-PVP; may be ascribed to its higher Mn** con-
tent, since Mn>* ions have electrochemical activity while
Mn** ions do not. In addition, all samples show two split
voltage plateaus at~4.7 V corresponding to Ni>*/Ni** and
Ni**/Ni** redox couples, as well as a short voltage plateau
at~4.0 V corresponding to Mn>*/Mn** redox couple, mani-
festing their main Fd3m disordered structure. What’s more,
the length of ~4.0 V plateau can qualitatively estimate the
relative Mn** content, calculated by the discharge capacity
between 3.8 and 4.25 V divided by the total discharge capac-
ity [32]. Thereby, the calculated Mn>" contents are 11.45%,
16.64%, 13.35% and 14.08% for LNMO, LNMO-PVP, ,
LNMO-PVP,, and LNMO-PVPy, respectively, in consist-
ence with above XRD and FT-IR results.

The rate capability curves of LiNi, sMn; sO, samples are
shown in Fig. 5b, which are tested at rates of 0.2 C, 1 C, 2 C,
5C,and 10C (1 C=147 mA g_l), five times at each rate, and
then back to 0.2 C. The 0.2 C discharge capacities are almost
restored to original values after rate capability test. The dis-
charge capacity of pristine LNMO decreases dramatically to
115.4 mAh g~! at 10 C rate, due to low crystallinity, large
primary particle size, and severe agglomeration, whereas
LNMO-PVP;, LNMO-PVPy;, and LNMO-PVPy; samples
synthesized with PVP exhibit higher discharge capacities
of 127.5, 121.4, and 118.8 mAh g'1 at 10 C rate, respec-
tively. It can be conjectured that the addition of PVP with
different molecular weights ameliorates the rate capability of
LiNij sMn, 50, material to varying degrees, thanks to higher
crystallinity, higher cation disordering degree, smaller pri-
mary particle size, and more uniform secondary particle dis-
tribution. Among them, LNMO-PVP, exhibits the best rate
capability, despite with relatively large primary particle size.
As previously reported, the rate capability of LiNi, sMn; 50,
material is more greatly influenced by the surface orientation
than by the crystal morphology and size of the material [20].
Compared with other two samples, the presence of {110}
surface is more conductive to the diffusion of Li* ion, so
that LNMO-PVP, displays better rate capability. Besides,
higher cation disordering degree always means higher elec-
tronic conductivity [33], which is also conductive to the rate
performance of LNMO-PVP, sample. Comparatively, the
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relatively poor rate capability of LNMO-PVPy sample may
be ascribed to lower cation disordering degree, tight bond-
ing between primary particles and absence of {110} exposed
surface, in spite of smaller primary particle size.

Figure 5c illustrates the cycling performance curves of
all electrodes at 1 C and 25 °C. All electrodes are cycled
3 times at 0.1 C for formation before cycle test. From the
figure, we get that the capacity retention rates of LNMO,
LNMO-PVP;, LNMO-PVP,,, and LNMO-PVPy elec-
trodes after 200 cycles are 82.6%, 92.4%, 90.7%, and 89.8%,
respectively; that is, the cycling performance is improved
to different extents after the addition of PVP with different
molecular weights. As we know, the cycling performance of
LiNiy sMn,; 50, material is mainly determined by the inter-
facial effects under high voltage [31]. The side reactions on
the electrode/electrolyte interface and the continuous forma-
tion of CEI (Cathode Electrolyte Interphase) layer mainly
account for the capacity degradation of LiNij,sMn, O,
material [34]. Compared with LNMO-PVP; and LNMO-
PVP,,, the relatively poor cycling performance of LNMO-
PVPy electrode may be ascribed to smaller primary particle
size and more dispersed secondary particles, which increases
the contact area between electrode and electrolyte. Corre-
spondingly, the better cycling performance of LNMO-PVP
may be attributed to relatively large primary particle size and
slightly severe agglomerate structure. Besides, the higher
disordering degree is also conductive to the structural stabil-
ity of LNMO-PVP, [4].

The coulombic efficiency curves of all electrodes are also
shown in Fig. 5c. The electrolyte decomposition and other
side reactions between electrode and electrolyte under high
voltage account for the low coulombic efficiencies in initial
several cycles [25]. During following cycles, LiNiy sMn; sO,
materials synthesized with PVP display higher stabilized
coulombic efficiencies than pristine one, which suggests that
fewer side reactions occur at the electrode/electrolyte inter-
face, resulting in thinner CEI layer on the electrode surface,
as ascertained by the following SEM observation in Fig. 8.

To gain insight into the electrochemical characteristics of
LiNij, sMn, 50, electrodes, CV measurements were carried
out at scan rates of 0.10, 0.12, 0.14, 0.16, and 0.18 mV s ! in
the voltage range of 3.4-5.0 V, respectively, and the obtained
curves are shown in Fig. 6a—d. Assuming that the intercala-
tion reaction is controlled by the solid-state diffusion of Li*
ion, the diffusion coefficient of Li* ions (D; ) can be deter-
mined based on Randles—Sevcik equation [35]:

i, = (2.69 x 10%)n*/2AD,*v'/%C, 1)

where i, is the peak current (A), n is the number of electrons
per reaction species (n=1), A is the surface area of electrode
(1.13 cm™), Dy is the diffusion coefficient of Li* ions (cm?
s‘l), C, is the initial concentration of Li* ions in the cathode
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Fig.6 CV curves obtained at different scan rates for a, e LNMO, b, f LNMO-PVP, , ¢, g LNMO-PVP,;, and d, h LNMO-PVPy

Table 1 Li* ions diffusion coefficients (Dy;) of LiNijsMn, ;0, sam-
ples synthesized without and with different molecular weights of PVP

Sample Dy; (x 10~ em?s™Y) D, (x 107°
cm?s7h
0, R, 0, R,
LNMO 0.300 0.326 0.274 0.232 0.283
LNMO-PVP,_ 0.143 0.478 0.437 0.288 0.336
LNMO-PVP, 0.193 0.404 0.415 0.222 0.308
LNMO-PVPy 0.164 0.435 0.357 0.243 0.300

(Cy=8/N,-V, Vis the unit cell volume obtained by XRD refine-
ment, mol cm™), and v is the scan rate (V s™') [36]. Table 1
lists the calculated Dy ; values based on O,, R, Q,, and R,
peaks. The average Li* ion diffusion coefficients (D,) calculated
based on the four D ; values are 0.283x 107, 0.336x 107,
0.308x107°, and 0.300x 10~ cm? s~!, respectively, for
LNMO, LNMO-PVP;, LNMO-PVP,,, and LNMO-PVPy

samples; that is, LNMO-PVP,_has the highest Li" ion diffusion
coefficient. It has been reported that Li* ion diffusion kinet-
ics depends to a great extent on the crystalline orientation of
surface planes in contact with electrolyte, and {110} surfaces
possess the most open channels for fast Li* ion diffusion due
to the alignment of atomic arrangements with Li* ion diffusion
channel [4, 37]. Compared with LNMO-PVP); and LNMO-
PVPy, particles, the presence of extra {110} exposed surfaces
is more conductive to the Li* ion diffusion of LNMO-PVP
particles, thus leading to its better rate capability.

To better elucidate the effect of PVP addition on the
cycling performance, EIS measurements were performed
on all LiNij sMn, 50, electrodes after 50, 100, 150, and 200
cycles to observe the impedance change during the cycle. EIS
measurement was conducted after the cells were fully dis-
charged to 3.5 V at the given cycle number, followed by let-
ting those at open circuit voltage till reaching the equilibrium,
and the obtained Nyquist plots are shown in Fig. 7a—d. It can
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be seen that all plots display similar profiles, which consist
of two semicircles at high- and middle-frequency region and
an inclined line at low-frequency region. The high-frequency
and middle-frequency semicircles represent the surface film
resistance (R) and charge transfer resistance (R,), and the

(a)200
» after 50 cycles
Fitting
160 ° after 100 cycles
Fitting
« after 150 cycles
~~120 - Fitting
9, o after 200 cycles
s Fitting
N 80+
40 -
0 = T T T
50 100 150 200
Z'(Q)
(C) 200 + after 50 cycles
Fitting
1604 ° after 100 cycles
Fitting
« after 150 cycles
—~120- Fitting 9
g « after 200 cycles =
H Fitting
N 80
40 1
0 LNMO-PVP,,
0 50 100 150 200
Z'(Q)

() F~—1nwmo
60 1—— LNMO-PVP|_

—— LNMO-PVPpy
50 LNMO-PVPY

40-

Rsf (Q)

30 4

20 4

50 100 150 200
Cycle Number

low-frequency inclined line represents a Warburg impedance
(Z,). In addition, the high-frequency intercept at the real axis
represents a solution resistance (R,) [38]. The plots are fit-
ted by ZView software according to the equivalent circuit in
Fig. 71, and the fitted R ; values at different cycle numbers

(b)200

after 50 cycles
Fitting

| ¢ after 100 cycles
160 Fitting
+ after 150 cycles
Fitting
» after 200 cycles
Fitting

LNMO-PVPL

0 50 100 150 200
Z'(Q)

o after 50 cycles

Fitting

160 ° after 100 cycles

Fitting

> after 150 cycles $
Fitting

s after 200 cycles
Fitting

LNMO-PVP,,
150 200

0 50 100
Z'(Q)

M R

CPE,

Rct

i W
CPE, Z,

Equivalent circuit

Fig.7 Nyquist plots and fitting lines for LiNi, sMn, 5O, samples synthesized without and with different molecular weights of PVP after different
cycles (a—d), variation of R; values with cycle number (e), and corresponding equivalent circuit (f)
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Fig.8 SEM and EDS images
for a LNMO, b LNMO-PVP,, ¢
LNMO-PVP,;, d LNMO-PVPy,
and e element contents on elec-
trode surface after 200 cycles at
1 Cand 25 °C

N 39.89

LNMO LNMO-PVP, LNMO-PVP, LNMO-PVP,,
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are illustrated in Fig. 7e. For all electrodes, the gradual
increase of R with cycle number means the occurrence of
continuous electrolyte decomposition and other side reac-
tions, which leads to the gradual growth of CEI layer during
cycling process. Besides, compared with pristine LNMO, the
lower R values of PVP-added samples suggests fewer elec-
trolyte decomposition and other side reactions. Among them,
LNMO-PVP; exhibits the lowest R values during cycling,
probably due to the smaller contact area between electrode
and electrolyte resulting from the larger primary particle size
and slightly severe agglomerate structure, corroborating its
optimal cycling performance.

Post-mortem analysis

The cathodes were disassembled from the cells after 200 cycles
and rinsed with DMC and dried overnight in glove box. The
SEM images and corresponding EDS images are shown in
Fig. 8a—d. In comparison with the collapsed particles of LNMO
sample in Fig. 8a, most particles of the samples synthesized
with PVP retain their original microsphere structure without
collapse, as shown in Fig. 8b—d. From the inset magnified image
in Fig. 8b, the cycled LNMO-PVP; particle has relatively clean
surface, and the truncated octahedral shape is still visible, sug-
gesting the deposition of fewer electrolyte decomposition prod-
ucts, whereas, from the magnified image in the inset of Fig. 8d,
more electrolyte decomposition products exist on the surface of
LNMO-PVPy, particle, making the boundary between primary
particles blurred. Besides some secondary particles break up,
which exposes more fresh surfaces to electrolyte and leads to the
occurrence of more interfacial side reactions and consumption
of active Li" ions, in consistence with its relatively poor cycling
performance. The collapse of LNMO-PVPy, particles may be
ascribed to its lower disordering degree. Generally, Fd3m space
group experiences lower mechanical stress due to one topotactic
two-phase transition in comparison with two-step phase transi-
tions between three different cubic phases of P4;32 space group
during charge/discharge process [39]. Therefore, lower disorder-
ing degree means higher mechanical stress, thus causing the
breakage of LNMO-PVPy, particles.

Figure 8a—d also display the element mapping images of
Mn, Ni, F, and P on the electrode surface after 200 cycles, and
their corresponding contents are illustrated in Fig. 8e. Obvi-
ously, the content of Mn and Ni on the surface of LNMO-
PVP, electrode is higher than other electrodes, while the
content of F element is lower, suggesting the deposition of
fewer electrolyte decomposition products and the formation
of thinner CEI layer on the surface of LNMO-PVP; electrode.
This is mainly ascribed to the relatively large primary particle
size and slightly severe agglomerate structure, in consistence
with its better cycling performance. As well known, F element
mainly comes from the decomposition products of LiPF; salt,

such as LiF, Li,PF, and Li,PO,F,, which are characteristic of

@ Springer

high resistance. Thereby, the lower F content means lower
interfacial resistance, which leads to the better cycling perfor-
mance of LNMO-PVP, electrode. Similarly, the lowest Mn
and Ni contents and highest F content match well with the
worst cycling performance of pristine LNMO electrode.

Conclusions

LiNij, sMn, 50, cathode materials with hierarchical micro-
sphere structure have been synthesized via a combined
coprecipitation-hydrothermal method under the assistance
of PVP with different molecular weights (average Mw:
10,000/58,000/1,300,000) followed by high-temperature
calcination. XRD and FT-IR results show that the addition
of PVP with different molecular weights does not change
the Fd3m disordered structure, but increases the crystallin-
ity degree and cation disordering degree of LiNij,sMn, sO,
material. SEM observation shows that the three materials
synthesized with PVP exhibit hierarchical microsphere struc-
ture composed of truncated octahedral primary particles. It
should be noteworthy that the primary particle size, shape,
and secondary particle distribution are greatly influenced by
the molecular weights of PVP. The increase of PVP molecular
weight leads to the decreasing primary particle size and more
uniform secondary particle distribution. Besides, compared
with LNMO-PVP,; (average Mw: 58,000) and LNMO-PVPy
(average Mw: 1,300,000) particles, LNMO-PVP, (average
Mw: 10,000) particle exhibits extra {110} surface besides
{111} and {100} surfaces. Among them, LNMO-PVP; mate-
rial exhibits the optimal rate capability (127.5 mAh g~! at 10
C), mainly due to higher cation disordering degree and extra
exposed {110} surface. LNMO-PVP; sample also exhibits
better cycling performance with capacity retention rate of
92.4% after 200 cycles at 1 C and 25 °C, thanks to the rela-
tively large primary particle size and slightly severe agglomer-
ate structure. Post-mortem analysis reveals that the addition of
PVP with different molecular weights could effectively reduce
the side reactions on electrode/electrolyte interface, resulting
in the formation of thinner CEI layer and then the improved
cycling performance of LiNiy sMn, s0, material.

Funding This work was supported by the National Natural Science
Foundation of China (grant number 51802074).
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