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cathode slurry

Lixia Ouyang,abc Zhaohui Wu,b Jun Wang,d Xiaopeng Qi,b Qiang Li,abc
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The development of new materials and the understanding of the microstructure formation of electrodes

have become increasingly important for improving Li-ion battery performance. In this study, we

investigate the effect of solid content on the rheological properties of and the microstructures in the

cathode slurry prepared from Ni-rich materials. With long-chain structures, PVDF molecules can change

their configurations when they come into contact with the solid particles in slurries, and their bridging

function can change with the solid content in the slurry. Below the optimum content, particle

sedimentation easily takes place. Above the optimum content, excessive yield stress is created in the

slurry, and this stress is not conducive to homogeneous distribution of the components. The rheological

properties of the slurries vary greatly under different solid contents. We investigated the uniformity and

stability of the slurry prepared from Ni-rich materials and found that the most suitable solid content of

the slurry lies in the range from 63.9% to 66.3%. Our work might assist in the production of high-

performance Li-ion batteries that are made using an electrode slurry.
1. Introduction

Li-ion batteries have been widely used in consumer electronics
and electric vehicles due to their advantages of high energy
density, long cycle life, and high operating voltage, among
others.1–3 Currently, most electrodes of Li-ion batteries are
produced by coating an electrode slurry layer on a metal current
collector followed by drying. The electrode, which hosts the
main electrochemical reactions in the Li-ion battery and is
responsible for most of the failures in Li-ion batteries,4 is
directly affected by the slurry and the later coating process.
Hence, it is the slurry that primarily determines the nal elec-
trochemical properties, performances, and failures of the elec-
trode. Additionally, the performance of the slurry also affects its
processability,5 the productivity of manufacturing equipment
and the shape of the electrode.

Generally, the slurry is a typical non-equilibrium particle
suspension system that contains solvents, micron- or
submicron-sized active materials, and conductive agents and
binders of submicron size or even sizes less than 100 nm.6

These components differ in size, density and shape such that
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they prefer to separate during or aer slurry fabrication.7–9 The
overall performance of the electrode coatings is largely deter-
mined by the uniformity and stability of the slurries, which is
crucial for the quality of the Li-ion battery. For a colloidal
battery slurry, the main problems are sedimentation of large
particles and agglomeration of small particles. During the Li-
ion battery fabrication process in the factory, because of the
actual fabrication arrangement or other processes that require
venting (and other factors), application of the slurry might not
be possible immediately aer stirring, and therefore, the slurry
must remain stable during the storage period before coating.
Poor slurry stability can cause sedimentation of the slurry
components and weakening of the overall performance and
production efficiency of the coated electrode, which are detri-
mental to the quality of the battery.

Three common strategies are used to improve the anti-
settling stability of the slurry. In the rst strategy, repulsive
electrostatic effects or spatial barriers are applied to the parti-
cles in the slurry to prevent discrete particles from forming
larger agglomerates.10,11 However, this approach can only
suppress sedimentation of rather small particles. The second
strategy reduces the mobility of particles in the slurry, which
can be easily realized by increasing the viscosity of the slurry,
e.g., by adding a thickener.12 A higher viscosity decreases the
particle kinetic energies and prevents particles from repelling
the energy barriers, thus slowing the particle sedimentation
process. However, the effectiveness of this approach is quite
limited for large particles. The third and more effective strategy
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Schematic diagrams of the (a), (c) and (e) dispersion of NAC
particles in different solid content slurry and (b), (d) and (f) micro-
mechanism between the particles and PVDF in slurry with different
solid content. (a) and (b) Low solid content, (c) and (d) intermediate
solid content, and (e) and (f) high solid content.
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is based on formation of a weakly coagulated state, i.e., network
connections, among the solid particles in the slurry.13 In this
case, a cohesive and non-connected network consists of indi-
vidual particles and is sufficiently large to spread to the entire
slurry volume.14–17 A suitable network connection can supply
sufficient attraction to stabilize itself against gravitational
effects and has sufficient load capacity to prevent it from
merging due to its own weight, rendering it owable even at low
shear rates and aiding in reforming when ow stops. Therefore,
interactions among the particles or between the particles and
the polymers, such as electrostatic repulsion, steric hindrance
or occulation, could form different microstructures in slurries,
thus achieving uniformity of each component and ensuring the
overall stability of the slurry. Moreover, the microstructures of
the electrode coating are determined by the microstructure
formed by the components in the slurry.

Normally, the stability of slurries is greatly inuenced by the
solid content. Obviously, increasing the solid content could
reduce the drying time in battery production and thus improve
production efficiency. Ligneel et al.18 investigated the effect of
solvent concentration on the processing and performance of
composite electrodes and found that for excessively low or high
concentrations, the electrode dispersion respectively exhibited
yield stress or a concentration gradient caused by sedimenta-
tion of particles, and the electrochemical performance was
reduced due to poor electronic wiring of the active material.
However, the microstructures and their formation mechanisms
in the slurry at different solvent concentrations corresponding
to various solid concentrations have not yet been studied. In
general, different solvent concentrations lead to different
rheological properties due to different internal microstructures,
resulting in different battery performances.

In this study, we investigated the effect of solid content on
the microstructure of the cathode slurry systemmade with a Ni-
rich cathode material, LiNi0.8Co0.15Al0.05O2, one of the most
promising cathode material candidates19–21 due to its high
theoretical capacity and discharge voltage. Rheological tests of
the slurry and SEM images of the dried slurry coatings revealed
the change in the microstructure of the slurry at different solid
contents. The correlations between the microstructure of the
slurry and the dispersion uniformity and stability of the cathode
slurry at different solid contents were analyzed. In addition, we
predicted three cases of the dispersibility and microstructure of
the slurry in different solid contents, as shown in Fig. 1: (1) at
low solid content, the dispersibility of the cathode particles in
the slurry is good, the binder molecules exist in an extended
state, and the interaction forces between the particles and
between the particles and the binder are notably weak, as shown
in Fig. 1(a) and (b). (2) At intermediate solid content, the
cathode particles in the slurry are most uniformly dispersed,
and the interaction forces among the particles and between the
particles and the binder are moderate, as shown in Fig. 1(c) and
(d). (3) With further increase in the solid content to high values,
the cathode particles are closely connected, the binder mole-
cules exist in a collapsed state, and the force among the parti-
cles and between the particles and the binder is notably strong,
This journal is © The Royal Society of Chemistry 2020
and the dispersibility of the cathode particles in the slurry is
reduced, as shown in Fig. 1(e) and (f).
2. Experiments
2.1. Sample preparation

Ni-rich materials (LiNi0.8Co0.15Al0.05O2, denoted NCA, Battery,
China) with a mean particle size of 12.62 mm and a BET specic
surface of 1.62 m2 g�1 were used as the active material. Carbon
black (CB) was used as a conductive agent, and the binder was
PVDF. The three materials were used at a mass percentage ratio
of 94 : 3:3. NMP was used as the solvent.

First, the binder was dissolved in NMP at ambient temper-
ature. The active material and conductive agent were mixed in
advance. Mixtures consisting of powders and binder stock
solution were adjusted with additional NMP to different solid
contents using a magnetic stirrer at 2000 rpm. The viscosity of
each freshly prepared slurry was tested with a viscometer.
2.2. Characterization of the rheological properties of the
cathode slurry

Rheological tests were conducted using steady-state ow,
frequency sweep and thixotropy tests. A rheometer (Kinexus
Pro, The United Kingdom) with plate–plate geometry (PU40, gap
¼ 1 mm) at 25 �C was used in the tests. Measurements were
performed immediately aer the mixing process was
completed. Prior to all measurement runs, the inserted samples
were exposed to a ve-minute equilibrium period to ensure the
correct temperature of the samples and an acceptable level of
the residual normal force.

The neness of the slurry was tested by a scraper neness
meter (MC, China). In the test, the slurry was dropped into the
deepest portion of the groove, and the scraper was pulled over
the entire length of the groove at a suitable speed. Aer the
sample was scraped, the uniformly exposed depth of the parti-
cles in the groove was immediately observed. The thickness
obtained from 3 measurements represented the neness of the
slurry.

An appropriate amount of the slurry was collected and
placed in a transparent glass bottle to observe the sedimenta-
tion state of the slurry.
RSC Adv., 2020, 10, 19360–19370 | 19361
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2.3. SEM images of the dried slurry coatings and electrode

Aluminum foil containing approximately 1 g of fresh slurry was
placed in an electric blast oven (DHG-9075) for rapid drying.
The morphology of the dried slurry coatings and the electrode
surface was observed by the FE-SEM (HITACHI S-4800).
3. Results and discussion

Fig. 2(a) shows the neness and viscosity of the cathode slurries
containing different solid contents ranging from 57.2% to
69.5%. The neness of the slurries with solid contents ranging
from 57.2% to 67.6% remained low. For solid content ranging
from 67.6% to 69.5%, the neness of the slurries greatly
increased. The main reason for this result is that slurry with
different solid content is continuously mixed with the same
shear force during the mixing process. If the solid content is
low, the internal particles undergo a process of dispersing the
aggregated clusters and recombining the suspended clusters,
which can be well dispersed and form smaller aggregates.22

When the solid content is high, the dispersion speed of the
particles in the slurry under the same shear force is slower than
its re-aggregation speed, and thus it cannot be well dispersed,
and eventually, a large-size hard aggregate cluster is formed.
The change in viscosity with solid content is generally consis-
tent with the change in neness with solid content and also
increases with the increase in solid content. The viscosity of the
slurries increases as the solid content increases from 67.5% to
Fig. 2 (a) Fineness and viscosity of the cathode slurries as a function of
solid content. (b) Flow diagram of slurries with different solid contents.

19362 | RSC Adv., 2020, 10, 19360–19370
69.5%. From Fig. 2(b) we can intuitively observe the effect of the
solid contents on the ow properties of the slurry. Slurries with
solid content between 57.2% and 63.2% possess good uidity,
whereas uidity fades as the solid content increases to 67.6%,
and their viscosities also decline. As the solid content further
increases to 68.4% and 69.5%, the slurries show poor ow
properties and appear mushy. The uidity of the slurry gener-
ally decreases with increasing solid content, and especially
under the condition of high solid content, the tendency of the
uidity to decrease is increasingly obvious.

Fig. 3(a) shows the shear viscosity versus shear rate for slur-
ries with different solid contents. The viscosity at low shear rate
represents the stability of the slurry, which is a measure of the
solid sedimentation behavior, whereas the viscosity at high
shear rate is a measure of the slurry processability.23 It can be
observed that the viscosity curves of different solid contents
decrease with the increase in shear rate, i.e., shear thinning
behavior exists, which means that all of the slurries are non-
Newtonian uids and agglomerates exist.

The agglomerates can be broken by applying a lower shear
stress adjustable by the shear rates. Over the entire range of
shear rates, the viscosity of the slurry at different solid contents
increased with the increase in solid content. The viscosity of the
slurry with solid contents of 57.2% and 60.7% decreases at a low
Fig. 3 (a) Shear viscosity vs. shear rate and (b) shear stress vs. shear
rate under different solid contents.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Storage modulus (G0) and loss modulus (G00) vs. frequency for
slurries with different solid content: (a) 57.2–60.7%, (b) 63.2–63.9%, (c)
66.3–67.6% and (d) 68.4–69.5%.
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shear rate, indicating that the anti-settling characteristics of the
solid content are not signicant, i.e., the slurry has poor
stability. The viscosity of the slurry with solid contents ranging
from 63.9% to 69.5% is notably high at low shear rates, whereas
at the same shear rate, the viscosity of the slurry doubles as the
solid content increases. This result indicates that the anti-
settling characteristics of the solid components in the slurry
become increasingly stable, meaning that the stability of the
slurry is enhanced as the solid content increases. But the trends
are not exactly the same. When the solid content is increased
from 63.2% to 63.9%, the viscosity of the slurry increases
dramatically at a low shear rate. When the solid content
increases from 63.9% to 66.3%, the viscosity difference of the
slurry at a low shear rate is notably small, and the two curves
generally coincide.

Low viscosity at high shear rates is also an advantageous
feature because coatings with lower viscosity pastes are more
uniform. It can be assumed that coating of the slurry with
a solid content from 57.2% to 63.2% is relatively more uniform,
and the uniformity of the coating obtained by the slurry with
a solid content from 68.4% to 69.5% is relatively lower.

The shear stress vs. shear rate is presented in Fig. 3(b). In
accordance with Fig. 3(a), which shows that viscosity increases
with increasing solid content at a xed shear rate, the shear
stress also increases with increasing solid content. When the
solid content ranges from 57.2% to 63.2%, the shear stress of
the slurry increases with the shear rate, and a platform trend
appears in the curve as the solid content ranges from 60.7% to
63.2%. When the solid content increases to 63.9%, the curve
forms a platform, and this phenomenon corresponds to the
large increase in the viscosity at low shear rate as the solid
content ranging from 63.2% to 63.9% in Fig. 3(a). The fact that
the shear stress does not change with the shear rate indicates
the presence of yield in the slurry. The existence of the yield
phenomenon indicates that a network structure exists across
the volume in the slurry, and a structural change occurs in the
slurry. The transition from a network structure to a liquid-like
system is caused by broken connections between particles.13

Instead of occurring instantly, this process of destruction is
gradual, corresponding to a transition area aer the platform
rather than a point of sudden transition. If we dene the point
at which the transition begins as the yield point, the stress at
this point is the yield stress, and this yield stress is the
minimum stress that leads the slurry to ow.24 It is obvious that
the yield stresses present in the slurry with solid contents of
63.9% and 66.3% are relatively mild, and the yield stress
increases with increasing solid content.

The storage (G0)/loss (G00) modulus vs. frequency for different
slurries are shown in Fig. 4. For slurries with a solid content of
57.2% and 60.7%, G00 > G0 during the entire test range, and both
moduli are frequency dependent. This result indicates that the
slurry with solid content of 57.2% and 60.7% exists in a low-
viscosity sol state. A difference is also noted between the
viscoelasticity of these two slurries in the sol state. The values of
G00 and G0 of the 60.7% solid content slurry and the difference
between them are much higher than those in a slurry with solid
content of 57.2%, and the dependence of G0 to frequency of the
This journal is © The Royal Society of Chemistry 2020 RSC Adv., 2020, 10, 19360–19370 | 19363
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60.7% solid content slurry is relatively lower. This result is
primarily attributed to the formation of a bridging occulation
structure between the particles and the binder in the 60.7%
solid content slurry, which is reected in the subsequent SEM
image of the dried slurry coatings.

As the solid content increases, the modulus value of the
slurry gradually increases, and G0 is much greater than G00. The
frequency-dependent trend is also lower, and the slurries are
gradually changed from a sol state to a gel state. When the solid
content is increased to 66.3%, G0 > G00, and G0 has low frequency
dependence. This result shows that the 66.3% solid slurry is
already in a gel state. However, the G0 and G00 of the 66.3% solid
content slurry increase by several times compared with the
67.6% solid content slurry, indicating that the particle-to-
particle and particle–solvent interactions in the slurry are
stronger.25 The solid characteristics of the 66.3% solids slurry
are signicantly stronger than those of the 67.6% solids slurry,
which is opposite to the former tendency. Possible reasons are
Fig. 5 SEM images of dried slurry with different solid content: (a) & (b) 57
67.6%, (m) & (n) 68.4%, (o) & (p) 69.5%.

19364 | RSC Adv., 2020, 10, 19360–19370
that the active material, conductive agent and binder in the
66.3% solid content slurry are more uniformly distributed, and
the weakly condensed network structure formed by the mutual
interaction connects the entire system, making the slurry show
more pronounced solid-state characteristics. When the solid
content is further increased, the van der Waals force of the
mutual attraction among the active material particles is
stronger, the agglomeration of the active material is stronger,
and the common interaction between the active material, the
conductive agent, and the binder is relatively reduced. However,
the agglomeration effect of the active materials in forming
a cross-network structure is lower than the common interaction
of the active materials, conductive agents, and binders. As
a result, as the solid content increases, the solid characteristics
of the slurry decrease.

When the solid content is increased to 68.4% and 69.5%, the
G0 of the slurry is greater than G00 in the entire test frequency
range, and the elastic modulus G0 shows notably low frequency
.2%, (c) & (d) 60.7%, (e) & (f) 63.2%, (g) & (h) 63.9%, (i) & (j) 66.3%, (k) & (l)

This journal is © The Royal Society of Chemistry 2020
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dependence. This result indicates that both of these slurries
exist in a solid state, and the solid-state characteristics of the
69.5% slurry are relatively more obvious.

As the solid content increases, the rheological state of the
slurry and its microstructure can be conrmed by the SEM
images of the dried slurry coatings shown in Fig. 5.

Fig. 5(a) and (b) show that the PVDF and conductive agent in
the 57.2% solid slurry did not form a connection network at the
surface of the cathode or among the particles. This observation
is consistent with the apparent liquid characteristics of the
57.2% slurry and the curve of the shear stress-shear rate.
Fig. 5(c)–(h) show that a lm is formed by the conductive agent
and the binder, and it uniformly covers the surface of the active
material particles and is connected among the cathode parti-
cles. The structure is as predicted by Fig. 1(c) and (d).

CB can be electrostatically stable in NMP without the need
for an additional dispersant because these particles are charged
by a counterion from a dissociated surface group.13,26 PVDF
molecules change their conguration when they contact the
solid interface. One end of the polymer chain can be adsorbed
on the surface of the particle to form a sequential structure
while the other components extend into the solvent as a ring or
tail.13,27 CB nanoparticles supply fewer adsorption sites for
individual binder PVDF molecules, and polymer chains
protrude from the surface of the CB nanoparticles. The
protruding polymer chains can interact with other particles or
another adsorbed binder polymer chains. Furthermore, when
the chain ends of a polymer chain are adsorbed on different
particles, bridging occulation is formed.13 The reason why the
network structure was not formed in the 57.2% solid slurry
might be related to the size of the cathode particles and the
distance between the particles. For details, please refer to Table
1. The PVDF molecules are much smaller than the cathode
particles, and the distance between the cathode particles is
larger.13 The binder molecules adsorbed on the surface of one
particle cannot be connected to another cathode particle such
that bridging occulation cannot be formed, and its structure is
as predicted by Fig. 1(a) and (b). The binder molecules cannot
form an attractive network, and thus the anti-settling stability is
notably low. Fig. 5(c) shows that the bridge occulation struc-
ture between CB-PVDF and the cathode particles-PVDF forms
a lm uniformly wrapped on the surface of the active particles.
Table 1 Parameters of electrode slurrya

Solid content r (g cm�3) VAM (cm3) n m (mm)

57.2% 1.7695 0.3731077 571 4.901715
63.9% 1.9909 0.4667171 614 3.666649
69.5% 2.2578 0.5652071 655 2.651223

a r is the density of the slurry. Setting the size of the cube of the slurry to
1 cm3, VAM is the volume of densely packed active material particles
contained in a 1 cm3 cube of slurry, n is the number of particles of
the active material on the side length of the densely packed cube, and
m is the distance between the active material particles in the slurry
cube. It is assumed that all active materials are uniformly distributed
particles of equal diameter in the slurry.

This journal is © The Royal Society of Chemistry 2020
This effect could avoid direct contact between particles, which is
benecial to uniform dispersion of the components in the
slurry. From Fig. 5(d), (f) and (h), it can be observed that in
addition to the surface of the cathode particles, the bridging
occulation that also exists between the cathode particles could
increase as the solid content increases. The weakly condensed
network structure is gradually strengthened, which is helpful to
enhancing the anti-settling stability of the slurry. In addition,
although slurries with solid contents from 60.7% to 63.2%
contain a weak coagulation network formed by bridging oc-
culation, it cannot enable the connected particles to transfer
forces and support shear stress.18 Therefore, the platform
feature tends to appear in its shear stress-shear rate, but the
platform is not truly formed.

Although bridging occulation can be observed in the 66.3%
solid slurry in Fig. 5(i), the bridging is not uniformly coated on
the surface of the cathode particles but primarily exists among
the cathode particles. This phenomenon is observed in the
high-magnication SEM images of dried slurry coatings with
a solid content greater than 66.3% because the increase in the
solid content is accompanied by an increase in the active
material. The van der Waals force, which is mutually attractive
between the active materials, is enhanced due to the increase in
the active material content, but the shortening of the distance
between particles also enhances the van der Waals force. The
van der Waals force that causes agglomeration of the cathode
particles is greater than the bridging occulation, which is also
strengthened by the increase in the solid content, thus reducing
the uniformity of adsorption of the occulation on the surface
of the cathode particles.

From Fig. 5(j) and (l) of the low-magnication SEM images of
the 66.3% and 67.6% solid content slurry, it is found that the
distribution of bridging occulation between the cathode
particles in the 66.3% slurry is more uniform, and this might be
the reason why the viscosity of 66.3% solids slurry is lower, but
its solid-state characteristics are more obvious. The solidity
characteristic of the 66.3% solid content slurry is more obvious
than that in the 66.7% solid content slurry. This observation can
also be observed from the relationship diagram of modulus vs.
frequency. The solid-state characteristics of the slurry are
mainly caused by the network structure formed by the bridging
occulation between the particles and the binder, and no direct
contact occurs between the cathode particles.

From the SEM images of the 68.4% and 69.5% solid content
slurry in Fig. 5, it can be observed that the bridging occulation
exists only in a certain area on the surface of the cathode
particles, its distribution uniformity is greatly reduced, and its
structure is as predicted by Fig. 1(e) and (f). The solid-state
properties of the 68.4% and 69.5% solid content slurry are
mostly caused by the connection of the cathode particle units to
form a volume-lled particle network structure, and the parti-
cles contact each other, rather than by bridging occulation
adsorbed on the surface of the cathode particles, forming
a network structure. PVDF exists in a curled state, and PVDF has
more interactions with CB particles and the remaining PVDF
molecular chains. The existence of such a granular network
structure could greatly improve the anti-settling stability of the
RSC Adv., 2020, 10, 19360–19370 | 19365
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slurry, but it could reduce the uniform dispersion of the slurry
components.

In addition, the dispersion uniformity of the slurry compo-
nents can also be reected in the EDS diagram of the electrode
pads. Fig. 6 shows a uorine element EDS mapping of an
electrode pad under different solid contents. With the increase
in the solid content, the degree of agglomeration of the small
cathode particles and the conductive agent on the surface of the
electrode is more obvious, and the uniformity of the distribu-
tion of elemental uorine is also reduced. Fig. 6(b) shows an
electrode prepared with a 57.2% solid content slurry. The
distribution of uoride is worse than that of the electrode
fabricated using slurry with 63.2% and 63.9% solid content.
Because of the liquid characteristics of the 57.2% slurry, the
viscosity of the slurry is the lowest. During the drying process of
Fig. 6 SEM images and EDSmapping (fluorine from PVDF) of electrode sh
& (d) 60.7%, (e) & (f) 63.2%, (g) & (h) 63.9%, (i) & (j) 66.3%, (k) & (l) 67.6%,

19366 | RSC Adv., 2020, 10, 19360–19370
the freshly coated electrodes, the excess PVDF dissolved in the
solvent migrates upward as the solvent evaporates such that the
distribution of the binder changes again. Another reason is that
no weakly condensed network structure exists in the slurry. The
F element in the 66.3% solid content electrode has a more
uniform distribution than that in the 67.6% solid content
electrode, which is also consistent with the above analysis
results of the structure in Fig. 5(j) and (l).

The anti-settling stability of the slurry at different solid
contents can also be evaluated via the layering status of the
slurry aer standing. Fig. 7 shows the slurry states for as-
prepared materials and aer a period of storage. Fig. 7(b)
shows that the slurry with the solid content of 50.7–63.2% has
exhibited delamination aer standing for 45 days, while the
other solid content slurry has not exhibited delamination,
eets prepared via slurries with different solid content: (a) & (b) 57.2%, (c)
(m) & (n) 68.4%, (o) & (p) 69.5%.

This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Layered map of slurries with different solid content. (a) The first row is a photo of each of the as-prepared slurries, (b) the second row is
a photo of each slurry after 45 days, and (c) the third row is a photo of each slurry after 6 months.
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indicating that the anti-settling stability of the slurry increases
with the rise of solid content. And the slurry with solid content
of 63.9–69.5% still has good stability aer 45 days. Fig. 6(c)
shows that the slurry at different solid content have been
delaminated aer 6 months of standing, indicating that the
stability of the slurry at different solid contents could not reach
such a long time. Obviously, the upper suspension of the slurry
is more transparent at low solid content. Although the slurry
shows delamination at high solid content, the transparency of
the upper suspension is lower. Regardless of the state of the
stationary freshly prepared slurry, the medium particles of the
slurry must be affected by gravity. Gravity (Fg) can be calculated
according to the following equation,

Fg ¼ 4(rr � rm)pr
3g/3 (1)

where r is the radius of the particle, rr and rm are the respective
densities of the particle and the suspension medium, and g is
the acceleration of gravity. The density component controls the
sedimentation rate.28 The particles in the slurry with a certain
strength and penetration of the network structure are con-
nected to each other and can resist a certain gravity effect.13 As
This journal is © The Royal Society of Chemistry 2020
the solid content increases, the volume in the slurry has
a stronger strength across the network structure, and the
stronger its ability to resist the action of gravity, the lower the
sedimentation rate of the slurry. The particles in low solid
content slurry that do not form a certain strength across the
network structure form discrete occulation clusters.18 The
separated occulation clusters settle under the action of gravity,
and the lower the solid content, the faster the discrete occu-
lation clusters settle. It appears that the slurry with lower solid
content is more likely to become delaminated, and the upper
suspension is more transparent. The layered diagram of the
slurries with different solid contents in Fig. 7(b) veries the
conclusion in Fig. 3(a), i.e., the stability of the slurries increases
with increasing solid content.

The thixotropic recovery of the slurry during the three stages
of low-shear/high-shear/low-shear testing reects the strength
of the binding force between the dispersed particles in the
slurry and the dispersion stability.29

As shown in Fig. 8, the viscosity curve of the slurry under
different solid contents shows that the viscosity of each slurry
decreases signicantly under the action of a constant high
shear rate. When the shear rate decreases again, the viscosity of
RSC Adv., 2020, 10, 19360–19370 | 19367

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra02651d


Fig. 8 (a) Viscosity vs. time and (b) structure recovery time of slurry at
different solid contents.
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the slurry gradually increases because during high shear ow,
the occulent structure formed by the intermolecular forces in
the slurry is gradually destroyed under the effects of shear
stress, such as disaggregation between particles, stretching and
disentanglement of polymers, etc.30 When the shear rate is
reduced, the damaged occulation structure in the slurry could
recover, and the difference between the degree of recovery and
the original is expressed as the viscosity difference between the
rst and third stages in the curve. It can be observed from
Fig. 8(a) that the difference between the viscosity of the rst and
third stages of the 57.2% solid slurry is negative, i.e., the highest
viscosity of the third stage is greater than the viscosity of the
rst stage. However, the difference between the viscosity of the
rst stage and the third stage of other solid content pastes is
positive because the binding force between the dispersed
substances in the 57.2% solid slurry is notably low, and it is not
able to form a bridge occulation structure that can span
a certain volume. Aer the components are destroyed by high
shear force, as the shear force decreases, new agglomerates are
easily formed between the components, which increases the
viscosity of the slurry. The other solid content in the slurry
bridges the occulating structure, even if the strength of the
structure is different. In the bridge structure of the slurry with
low solid content, each component is uniformly dispersed, and
19368 | RSC Adv., 2020, 10, 19360–19370
the structure can be restored to a certain level aer the structure
is destroyed. In the slurry with high solid content and a bridged
occulation structure, the gel structure is notably strong and
can transmit force and withstand certain shear stress, and thus
it can restore the original state to a certain degree. The thixo-
tropic recoverability of each slurry can also be reected by the
magnitude of the structural recovery time of Fig. 8(b). The
structure recovery time is dened as the time required for the
viscosity of the third stage to return to the maximum value of
this stage or 90% of the absolute value of the viscosity of the rst
stage. This measure is used to indicate the speed of the viscosity
recovery, i.e., the thixotropy of the slurry. The longest structural
recovery time of 600 s occurs in slurry with 57.2% solid content,
which is much longer than the structural recovery time of other
slurries. When the solid content is increased, the structure
recovery time of the slurry is greatly shortened, and as the solid
content is further increased, the structure recovery time of the
slurry decreases. At high solid contents, the structure recovery
time of the slurry does not vary substantially.

The thixotropy of the slurry is highly important for coating
and drying of the electrode pads. For example, the structure
recovery of 69.5% and 68.4% solid content slurry is quite fast,
the viscosity of the slurry increases quickly, and the viscosity
value of the slurry is too high. The slurry is already dried before
it is leveled, and thus the quality of the prepared pole pieces is
poor. The structure recovery of the 57.2% slurry is notably slow,
the nal viscosity is small, and the slurry easily ows, reducing
the stability of the prepared electrode coating.
4. Conclusions

This work investigates the effect of solid content in a cathode
slurry prepared from a high nickel material on the micro-
structure of the slurry. The microstructure of the slurry was
estimated using rheological measurements and was conrmed
by SEM images of the dried slurry coatings. The inuence of the
solid content on the dispersion uniformity and the stability of
the cathode slurry was discussed.

PVDFmolecules with long chain structure could be adsorbed
on the surface of different particles, forming bridge occula-
tion. In the slurry with the lowest solid content of 57.2%, the
binder cannot form bridge occulation with the cathode parti-
cles because the size of the cathode particles and the distance
between them are too large. Although the slurry exists in a sol
state with low viscosity, the dispersion uniformity of the
components is not the best.

For solid contents between 60.7% and 63.9%, bridging
occulation forms between the solid particles, and the binder
evenly distributes the conductive agent and the binder on the
surface of or between the cathode particles, forming a weak
occulation network structure, and thus the slurry changes
from a sol state to a gel state. The existence of a weak occu-
lation network structure is benecial to improvement of the
dispersion uniformity and stability of the slurry. However, when
the strength of the structure is weak, no yield stress exists in the
slurry.
This journal is © The Royal Society of Chemistry 2020
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The further increased attraction between the solid particles
exceeds the bridging effect between the particles and the binder
when the solid contents are 66.3% to 69.5%, such that the
binder and the conductive agent are more distributed between
the cathode particles or a portion of the surface of the particles.
This leads to great enhancement of the stability of the slurry but
decreases the dispersion uniformity. Although the slurries in
this range all exhibit gel characteristics, differences exist in the
reasons for their formation. The gel structure in the slurry with
solid content in the range of 66.3% and 67.6% is mainly caused
by the network structure formed by bridging occulation
between particles and the binder, and no direct contact occurs
among particles. However, the solid-state characteristics of
68.4% and 69.5% solid content slurries are primarily caused by
the cathode particle units connected together to form a volume-
lled particle network structure, and the particles can contact
each other.

In this study, when the dispersion uniformity and stability of
the slurry prepared from the high nickel cathode material were
comprehensively considered, it was found that the most suit-
able solid content of the slurry ranged from 63.9% to 66.3%.
Although the solid content is an important parameter in the
production of lithium-ion battery slurry, little research exists on
the microstructure of the slurry with respect to solid content.
This article has important reference value for solid content
design of lithium-ion battery slurry.
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