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ARTICLE INFO ABSTRACT
Keywords: This manuscript mainly proposed an effective method to well disperse the composite conductive agent which is
Composite conductive agent composed of carbon nanotubes (CNTs) and graphene (Gr) in lithium-ion battery (LIB) slurry. Electrochemical

Lithium-ion battery slurry
Carbon nanotubes
Graphene

Impedance Spectroscopy (EIS), Scanning Electron Microscopy (SEM) and gravitational sedimentation (GS) are
employed to characterize the electrochemical, morphological and stability characterizations of LIB slurry,
respectively. Specifically, electrochemical characterizations of LIB electrode slurries are performed by fitting
Nyquist plots with a 10-parameter EEC, and quantitative morphological analysis of SEM images is conducted
using a Mask R-CNN instance segmentation algorithm, both of which were proposed in our prior published
research works. Consequently, the dispersion characterizations of LIB slurry are able to be summarized as
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follows: LiCoOy, particles are well dispersed in LIB slurry at ¢com2 = 0.5%, by contrast, the composite conductive
agent achieves superior coating and networking of LiCoO, particles under the conditions of both ¢com2 = 0.5%
and mentsimgr = 4:1, due to the maximized CNTs-Gr synergistic effect. Meanwhile, the formed three-dimensional
“long-range” conductive network maintains the stability of its internal skeleton structure during the sedimen-
tation of LIB slurry. This finding holds significant potential to advance the application of CNTs/Gr composite

conductive agents in LIB slurry.

1. Introduction

With the rapid development of society and the economy, electronic
products powered by lithium-ion batteries (LIBs) have become increas-
ingly popular among consumers, in contrast to traditional electronics
that rely on non-renewable energy sources such as coal, oil, and natural
gas for power supply (Chen et al., 2026; Zheng et al., 2025). However,
the performance LIB is usually limited to a certain extent by the content
of conventional single conductive additives in LIB slurry (Zeng et al.,
2025). Specifically, a low content of conventional single conductive
additive fails to form an effective conductive network, since the active
material surface cannot be fully covered by the composite of conductive
additives and binder. Conversely, an excessive content of such single
conductive additives can lead to serious particle agglomeration, thereby
destroying the conductive network (Cao et al., 2023). Therefore, how to
construct an ideal conductive network in LIB slurry with the minimal
dosage of conductive additives constitutes the key to maximizing the
overall electrochemical performance of LIBs.

Accordingly, as an alternative to conventional single conductive
additives, composite conductive agent composed of carbon nanotubes
(CNTs) and graphene (Gr) has gained growing prominence in the
fabrication of LIBs. Shen et al. used a solution-based method to construct
a highly conductive 3D hierarchical network structure by growing TiO5
particles on the surfaces of Gr and CNTs for rapid lihtium storage. Such
structural merits can be attributed to two key factors: firstly, TiO,
nanoparticles are uniformly dispersed on CNTs and Gr; secondly, the
interlaced CNTs are intimately embedded or attached onto Gr sheets to
form 3D conductive networks (Shen et al., 2011). Lei et al. synthesized a
three-dimensional LiFePO4 (LFP)-CNTs-Gr composite cathode via a
solid-state reaction, demonstrating that the synergistic effect of CNTs
and Gr constructs an efficient 3D conductive network that accelerates
electron transfer and Li + diffusion, enabling the material to deliver
168.9 mAh/g at 0.2 C and 115.8 mAh/g at 20 C with superior high-rate
performance (Lei et al., 2015). Subsequently, Chen et al. further verified
this conclusion by synthesizing the LFP-CNTs-Gr composite cathode via
a hydrothermal method (Chen et al., 2018). Zhang et al. successfully
synthesized a highly interconnected 3D nitrogen-doped reduced hy-
droxylated CNTs-Gr composite aerogel for photovoltaic devices, they
found that this material shows great promise for the construction of
low-cost, metal-free, flexible counter electrodes with excellent perfor-
mance (Zhang et al., 2016). Wang et al. fabricated a SnOy/CNTs-Gr
nanosheet aerogel composite with 3D conductive framework for the
anode of LIB, they pointed out that the fabricated composite exhibits a
very decent cycling stability and an excellent rate capability (Wang
et al., 2017). Zhang et al. developed a three-dimensional porous
CNTs-Gr network loaded with micro-nano structured FeFs3-0.33H50,
which acts as a high volumetric performance cathode for LIB, demon-
strating excellent rate capability and high mass loading tolerance, with a
discharge capacity of 162 mAh/g at 1 C and 92% capacity retention
when the areal mass loading increases from 1 to 5 mg/cm (Zhang et al.,
2020). An et al. also fabricated a three-dimensional porous
silicon/CNTs-Gr for the anode of LIB, which can provide short pathways
for electrons, conductive transport highways for Li*, a sufficient inter-
face for contact of the electrolyte and electrode, and an effective buffer
matrix to alleviate structural change during discharge/charge cycling
(An et al., 2020). Ding et al. developed a holey reduced graphene oxide
(h-GO)/CNTs composite conductive network with LiMng 7Feq 3PO4 as a
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cathode material for LIB, demonstrating that the cathode delivers 112
mAh g! at 20 C, which far exceeds the 35 mAh/g of conventional
GO/CNTs-based electrodes and significantly improves the high-rate
performance of LIB (Ding et al., 2020). Kim et al. designed a hierar-
chical LFP/CNTs/Gr quantum dots (GQDs) composite cathode that de-
livers outstanding rate capability up to 20 C and excellent long-cycle
stability via the synergistic conduction of CNTs, showing substantially
improved electrochemical performance over conventional carbon-based
LFP electrodes (Kim et al., 2023). Liu et al. constructed a 3D hybrid
structured Gr aerogel composite for the anode of LIB, namely,
one-dimensional CNTs cross-linked Gr aerogels to form porous 3D aer-
ogel skeleton and active materials dispersed on the surface of nitrogen
doped CNTs, which has a significant promoting effect on the improve-
ment of LIB electrochemical performance (Liu et al., 2023). Liu et al.
systematically investigated ternary nanocarbon conductive networks,
demonstrating that monodispersed CNTs form an efficient “plane-t-
o-line-to-point” conducting mode with Gr and LFP, which constructs
both short and long-range electronic conduction and open ion channels,
enabling the LFP cathode to achieve excellent rate performance even at a
low CNTs loading (Liu et al., 2022). However, the above-mentioned
research works only focused on the integration of CNTs and Gr with
different materials including LFP, TiO5 and SnO; to construct electrode
materials for LIB. Obviously, the application of both CNTs and Gr in
LiCoOq-based active material remains unclear. To fill this research gap,
it is an urgent need to focus on the research of CNTs and Gr applied to
LiCoOs in LIB slurry.

At the present work, the influences of both the composite conductive
agent which is composed of CNTs and Gr amount and CNTs to Gr mass
ratio on the dispersion characterizations of LIB slurry are clarified by
using the following three methods which are EIS, Scanning Electron
Microscopy (SEM) and gravitational sedimentation (GS). Herein, EIS as
a powerful tool has the ability to measure the dielectric properties of
materials and interfaces (Fan & Fedkiw, 1998), which is then used to
characterize the frequency-dependent responses of LIB slurry. Moreover,
SEM as a core microscopic tool has the ability to visually observe in-
ternal micro topography in LIB slurry, which is then used to provide key
microscopic evidence for evaluating LIB slurry dispersion (Ikeno et al.,
2022). Furthermore, GS as a straightforward analytical approach has the
ability to observe and quantify the settling dynamics of particles in
suspensions, which is then used to assess the dispersion stability of LIB
slurry. The purpose of this research work is to obtain the optimal com-
posite method of the composite conductive agent composed of CNTs and
Gr and explore its dispersion characteristics in LIB slurry, which has
great potential to enhance the final performance of LIBs.

2. Experiment procedures
2.1. Experimental setup

Fig. 1 illustrates the experimental setup. Specifically, in Fig. 1(a), the
material drying equipment includes laboratory dryer and precision
electronic scale. In Fig. 1(b), the slurry mixing system contains mortar,
beaker and mixer. Moreover, Fig. 1(c) shows the EIS measurement
system, which includes an impedance spectroscopy analyzer, two
aluminum electrodes, and a pair of four-terminal probes equipped with
Kelvin clamps, a personal computer (PC), and an anti-static pad. A pair
of aluminum electrodes is affixed to the inner walls of the beaker that
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holds the slurry samples. A set of Kelvin clamps is fastened between
these two electrodes. The electrochemical signals emitted by the slurry
samples are detected by the four-terminal probes clamped to the elec-
trodes. Following acquisition, measured data are transferred to the
computer for subsequent processing, and the anti-static pad is incorpo-
rated to mitigate the influence of external static electricity on mea-
surement accuracy. Fig. 1(d) displays the SEM system (Zeiss Sigma 500),
while Fig. 1(e) details the gravitational sedimentation (GS) apparatus,
which uses a 10 mL graduated cylinder.

2.2. Experimental materials and conditions

Materials used in this work include CNTs, Gr, lithium cobalt oxide
(LiCo0O3), N-methyl-2-pyrrolidone (NMP) and polyvinylidene fluoride
(PVDF). Specifically, the composite conductive agent composed of CNTs
and Gr enhances the electronic conductivity of LIB slurry, as the active
material LiCoO, exhibits lower intrinsic conductivity of 10~ S/cm.
NMP is utilized as a solvent to dissolve PVDF for the preparation of a
homogeneous PVDF-NMP solution. As a polymeric binder, PVDF dem-
onstrates outstanding electrochemical stability and excellent adhesion
to electrode materials as well as current collectors.

In accordance with the research purposes, the experimental condi-
tions are outlined as follows: Table 1 lists mass fractions of each
component in LIB slurry. Specifically, the mass of LiCoO5 was fixed at
35.2 g, the total mass fraction of composite conductive agent is assigned
four distinct values: @com1 = 0.3%, @com2 = 0.5%, @com3z = 0.7%, and
@comsa = 0.9%. Simultaneously, six distinct mass ratios of CNTs to Gr
(mcntsimgr) were employed for each loading of the composite conduc-
tive agent, which are 0:5, 1:4, 2:3, 3:2, 4:1 and 5:0. Therefore, a total of
24 LIB slurry samples were prepared. Secondly, according to our pre-
viously published method for optimizing the conductive agent com-
posite (Wang et al., 2025b), the mixing parameters were fixed as
follows: the binary composite conductive solution was mixed at a rota-
tional speed of n; = 1320 rpm for t; = 5 min. Thereafter, when this
binary conductive solution was blended with LiCoOj slurry to fabricate
LIB slurry, the corresponding stirring speed and time were adjusted to
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Table 1
Mass values of each component in LIB slurry.

Experimental material Category Mass values (g)

Lithium cobalt oxide (LiCoO5) Active material 35.2

Composite conductive agent (CNTs and Conductive 0.11, 0.18, 0.26,
Gr) agent 0.33

Poly vinylidene fluoride (PVDF) Binder 1.6

N-Methylpyrrolidone (NMP) Organic Solvent 38.4

ny = 1320 rpm and t = 6 min, respectively. Detailed mass fractions of
individual components in LIB slurry are provided in Table 1. Concur-
rently, Table 2 lists the key experimental information: the mass fraction
of composite conductive agent ¢com, the mass ratio of CNTs to Gr meyrs:
mgr and the associated mass values for each ratio. Furthermore, in terms
of the experimental setup for GS, the liquid level height of LIB slurry was
measured with a vernier caliper to guarantee measurement accuracy.
Meanwhile, the sedimentation process of all LIB slurries was performed
in graduated cylinders within a sealed environment. This design not only
avoids the evaporation of NMP solvent but also eliminates complex
physical behaviors such as weight gain induced by water absorption.

Table 2

Detailed information on the amount of composite conductive agent ¢com, the
mass ratio of CNTs to Gr menrsimg, and the corresponding mass values for each
McNTs MGr-

CNTs to Gr mass
ratio menrsiMar

Composite conductive
agent amount

Corresponding mass values for
each meyrsimer

Peom1 = 0.3% 0:5, 1:4, 2:3, 3:2, 0:0.11, 0.02:0.09, 0.04:0.07,

41, 5:0 0.07:0.04, 0.09:0.02, 0.11:0
Peomz = 0.5% 0:5, 1:4, 2:3,3:2,  0:0.18, 0.04:0.14, 0.07:0.11,
41, 5:0 0.11:0.07, 0.14:0.04, 0.18:0
Peoms = 0.7% 0:5, 1:4, 2:3,3:2,  0:0.26, 0.05:0.21, 0.1:0.16,
41, 5:0 0.16:0.1, 0.21:0.05, 0.26:0
Peoms = 0.9% 0:5, 1:4, 2:3, 3:2,  0:0.33, 0.07:0.26, 0.13:0.2,
41, 5:0 0.2:0.13, 0.26:0.07, 0.33:0

(e)

Fig. 1. Experimental setup: (a) Material drying equipment; (b) Slurry mixing system; (c) EIS measurement system; (d) SEM measurement system; (d) GS equipment.
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Accordingly, the weight of LIB slurries remains unchanged throughout
the entire GS test, which further enhances the accuracy and reliability of
the GS experimental method.

2.3. Experimental methods

Three different methods which are EIS, SEM and gravitational sedi-
mentation (GS) are used to characterize the dispersion characterizations
of LIB slurry. The specific measurement methods are as follows: firstly,
before performing EIS experiments, the measuring apparatus was cali-
brated by means of open-circuit and short-circuit corrections to remove
systematic errors. Subsequently, an excitation current with an average
amplitude of 0.5 mA is injected, while the frequency was scanned over
the range of 4 Hz to 5 MHz. In total, 201 data points were sampled
within this range to construct Nyquist and Bode plots. Meanwhile, as is
shown in Fig. 2, a previously proposed 10-parameter electrical equiva-
lent circuit for LIB slurry is used to fit the Nyquist plots of EIS mea-
surement data (Wang et al., 2017a). Herein, Rcy refers to charge moving
resistance, Rgp refers to PVDF-NMP solution resistance, Cgo refers to
PVDF-NMP solution capacitance, Rp refers to guiding electrical path
resistance, Rq) refers to PVDF-composite conductive agent double-layer
resistance, Cq refers to PVDF-composite conductive agent double-layer
capacitance, both CPEp and CPEq; are constant phase angle elements.
Thereafter, SEM experimental observations were conducted under a
magnification of 1000x and an acceleration voltage of 10 kV. Thirdly, in
the GS experiments, each LIB slurry sample was evaluated under the
standardized conditions with a constant volume of 15 mL and a fixed
initial height denoted as (Hp). Meanwhile, the GS experiment was
continuously monitored and documented throughout a 7-day duration,
after which the stability of LIB slurry was assessed using the final
average sedimentation rate (V) and sedimentation ratio (Y). The com-
plete experimental process is schematically shown in Fig. 3.

During the preparation of LIB slurry, all raw materials were pre-dried
to eliminate residual moisture. This is essential to prevent adverse ef-
fects on the accuracy of subsequent weighing and the reliability of
experimental measurements. Specifically, both LiCoOs particles (as the
active material) and PVDF powder (as the binder) are mixed, placed in a
high-temperature resistant beaker, and baked in a constant-temperature
blast drying oven at 120 °C for 2 h to remove as much moisture as
possible that the powders have absorbed from the air. Meanwhile, CNTs
and Gr were individually loaded into two distinct beakers and thermally
treated in an oven at 180 °C for 3 h. Afterwards, CNTs and Gr were
premixed in NMP solvent to form a binary conductive solution. Then,
NMP was added in three portions with ratios of 1/5, 2/5, and 2/5 to the
mortar containing pre-dried PVDF to form a PVDF-NMP solution.
Moreover, the binary conductive solution and the PVDF-NMP solution
were manually premixed for 10 s to form a binary composite conductive
solution. Furthermore, LiCoO; particles were added to the binary com-
posite conductive solution; meanwhile, mechanical mixing was per-
formed to obtain the LIB slurry with the composite conductive agent
CNTs/Gr. Eventually, the prepared LIB slurries were characterized by
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using EIS, SEM and GS measurements. All aforementioned experiments
were conducted in triplicate, and the final results were reported as the
average of three independent tests to eliminate measurement errors.

3. EIS experimental results
3.1. Results of LIB slurry with composite conductive agent amount

Fig. 4 shows the Nyquist plots and Bode plots of the LIB slurry under
four different composite conductive agent amount which are
@com1 = 0.3%, Pcom2 = 0.5%, Pcom3 = 0.7%, @coms = 0.9%. In Fig. 4(a), it
is clear that two semi-circles are appeared for each composite conduc-
tive agent amount. Specifically, the diameter of the semi-circle in low
frequency range is firstly decreased and then increased with the increase
of composite conductive agent amounts. Meanwhile, the variation trend
of the semi-circle diameter in high frequency range is consistent with
that in low frequency range. Herein, the diameter of the semi-circle in
both low and high frequency ranges in the case of @com2 = 0.5% is
smaller than that of other cases including ¢com1 = 0.3%, @coms = 0.7%
and @coms = 0.9%. This shows that LIB slurry has smaller impedance in
the case of ¢com2 = 0.5%. Moreover, when the dosage of composite
conductive agent is reduced to ¢com1 = 0.3%, the inadequate additive
content fails to fully wrap partial LiCoO, particles via the conductive
agent - PVDF composite layer. Consequently, the exposure degree of
LiCoOs grains is significantly elevated. Furthermore, when the loading
of composite conductive agent is increased to @coms4 = 0.9%, the
excessive conductive additive enables full surface coverage of particles
by the conductive agent - PVDF composite network. However, excessive
dosage also induces severe agglomeration driven by intrinsic van der
Waals intermolecular forces. (Liu et al., 2007). Hence, based on the
analysis of the two aforementioned scenarios, it can be observed that
either excessive or insufficient amounts of the composite conductive
agent are able to increase both the resistance and reactance of the LIB
slurry. Additionally, in Fig. 4(b), the peak frequency fpeak, high defined as
the frequency of LiCoO2-NMP interface dispersion can be clearly
observed, which is a measure of the time required for charges in elec-
trolyte solution to recover their equilibrium distribution after ceasing an
external perturbation (Wang et al., 2017b; 2019; 2025b). However,
since the variation trend of fpeak, high in Fig. 4(b) is indistinct. For clear
comparison, the extracted fpeax, nigh values are further summarized in
Fig. 5. As illustrated, the sample with @com2 = 0.5% exhibits a higher
fpeak, high than the other cases including ¢com1 = 0.3%, @com3 = 0.7% and
@coma = 0.9%. This illustrated that the time required for charges to
recover their equilibrium distribution in the case of ¢¢om2 = 0.5% is
shorter than that in other cases including ¢com1 = 0.3%, @coms = 0.7%
and @coma = 0.9%. Therefore, a conductive network structure is formed
in LIB slurry in the case of ¢coma2 = 0.5%.

Using our previously proposed 10-parameter electrical equivalent
circuit to fit the Nyquist plots of LIB slurries, this work systematically
analyzes the electrochemical characterizations of samples with four
composite conductive agent loadings: ¢com1 = 0.3%, @com2 = 0.5%,
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Fig. 2. The 10-parameter electrical equivalent circuit (Wang et al., 2017a).
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Fig. 3. Process to obtain optimal composite conductive agent content and CNTs to Gr mass ratio in LIB slurry.
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Fig. 5. Peak frequency in the high frequency range fycak, nigh Obtained from
Fig. 4(b).

Peom3s = 0.7% and @pcoma = 0.9%. As is shown in Fig. 6, EIS fitting results
can be observed. In Fig. 6(a), with the increase of the amount of com-
posite conductive agent, the resistance of PVDF-NMP solution Rgo is
firstly decreased and then increased. Namely, Rgp in the case of
@eom2 = 0.5% is smaller than that in other cases including ¢¢om1 = 0.3%,
@eom3 = 0.7% and @coma = 0.9%. Rsp in the cases of both ¢¢om1 = 0.3%
and ¢com4 = 0.9% are much larger than that in the case of p¢om1 = 0.3%.
In Fig. 6(b), the resistance of the conductive path R, in the case of
@com2 = 0.5% is smaller than that in other cases including ¢com1 = 0.3%,
Peom3 = 0.7% and ¢coms = 0.9%. Based on the evolutionary trends of Rgo
and Rp, a conductive network constructed by the PVDF-composite
conductive agent hybrid coating is initially established in the elec-
trode slurry at @coma = 0.5%. As presented in Fig. 6(c),the double-layer
resistance Ry of the PVDF - conductive agent composite film decreases
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first and then increases, whereas the corresponding double-layer
capacitance Cq exhibits an opposite variation trend. Namely, Rq and
Cq1 in the case of pcom2 = 0.5% is smaller and larger than that in other
cases including @com1 = 0.3%, @coms = 0.7% and @coms = 0.9%,
respectively. Thus, the variation tendencies of both Rqj and Cg illustrate
that the PVDF-composite conductive agent double layer structures
around LiCoO, particles with reduced thickness are distributed in LIB
slurry in the case of @com2 = 0.5%. In comparison with the sample at
@com2 = 0.5%, reducing the composite conductive agent loading to
@com1 = 0.3% renders the PVDF - conductive agent blend insufficient to
fully encapsulate particles. This insufficient coating consequently ele-
vates Rso, Rp, Rai, while distinctly lowering Cq, as illustrated in Fig. 6
(d). Simultaneously, compared with ¢com2 = 0.5%, when the amount of
composite conductive agent is increased to @coms = 0.9%, a severe
excess of the mixture of PVDF and composite conductive agent can cause
serious agglomeration of this mixture among different LiCoO; particles,
which also results in the increased Rso, Ry, Rq1 and the decreased Cq as is
shown in Fig. 6.

3.2. Results of LIB slurry with CNTs to Gr mass ratio menrs’mer

Fig. 7 presents the Nyquist and Bode plots of LIB slurries. All samples
were prepared at a fixed composite conductive agent amount of
@com2 = 0.5% with six varied CNTs to Gr mass ratios which are mcnTs:
mgr = 0:5, mentsimer = 1:4, MentsiMer = 2:3, MeNTsiMGr = 3:2, MeNTs!
mgr = 4:1 and mentsimgr = 5:0. Specifically, in Fig. 7(a), with the in-
crease of menrsiMgr, the semi-circles in both low and high frequency
ranges are firstly decreased and then increased. Namely, the semi-circles
in the case of mcntsimgy = 4:1 are smaller than those in the rest cased
including mentsimgr = 0:5, mentsimgr = 1:4, mentsimer = 2:3, MenTs:
mgr = 3:2 and mcnts:mgr = 5:0. This indicated that the resistance and
reactance of LIB slurry at ments:imgy = 4:1 are relatively lower. Based on
our previous research (Wang et al., 2019), the low frequency semi-circle
corresponds to the dispersion behavior of the PVDF-NMP solution;
whereas the high frequency semi-circle reflects the interface dispersion
between LiCoO; particles and NMP solvent. Moreover, in Fig. 7(b), two
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mgy = 4:1 and menrsimgy = 5:0 (a) Nyquist plots (b) Bode plots.

peak frequencies which are peak frequency in high frequency range
fpeak, nigh and peak frequency in low frequency range fyearlow are
appeared in the cases of mentsimgr = 0:5, mentsimgr = 1:4 and menTs:
mg, = 2:3, while only fyeak, nigh is appeared in the cases of mcnrs:
mgr = 3:2, mentsimgr = 4:1 and menrsimgr = 5:0. As reported in our
previous research (Wang et al., 2025b; 2024), fpeak low characterizes the
dispersion frequency of the PVDF-NMP solution, which is closely
correlated with particle size. In contrast, fpeak, high corresponds to the
LiCoO,-NMP interfacial dispersion frequency, reflecting the time scale
for charge redistribution to reach equilibrium following the removal of
external perturbations. Hence, in the cases of mcnrgmg: = 0:5, ments:
mg; = 1:4 and menTsimg, = 2:3, the coexistence of fyear low and fpeak, high
indicates the presence of composite conductive agent-bare LiCoO; par-
ticles within LIB slurry, while in the cases of mgnrsimgr = 3:2, menTs:
mg; = 4:1 and menrsimgr = 5:0, the disappearance of fheax 10w denotes
that LiCoO., particles are coated by the mixture of PVDF and composite
conductive agent within LIB slurry (Wang et al., 2025b). In order to
further analyze the electrical response characteristics of LIB slurry, the
variation tendencies of fpeak, high are shown in Fig. 8. Specifically, fpeak,
high = 4.1 x 10° Hz in the case of mentsimgr = 4:1 is larger than that of
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other cases including mentsimgr = 0:5 (fpeak, high = 1.05 x 10° Hz),
mentsMGr = 1:4 (fpeak, high = 1.13 x 10° Hz), mentsimer = 2:3 (fpeak,
high = 1.41 x 10° Hz), mentsiMar = 3:2 (fpeak, high = 1.95 x 10° Hz) and
mentsMGr = 5:0 (fpeak, high = 2.12 x 10° Hz). Therefore, a conductive
network structure formed by coating the mixture of PVDF and composite
conductive agent around LiCoOj particles is constructed within LIB
slurry in the case of mentsimgr = 4:1.

After using our previously proposed 10-parameter EEC to fit the
Nyquist plots of LIB slurries under different mentsimgy, as is shown in
Fig. 9, the electrochemical characteristics of LIB slurry effected by
mcnTs:MGr are able to be obtained. In Fig. 9(a), with the increase of
MeNTs:MGr, Rso is firstly decreased and then increased. Namely, Rgo in
the case of mentsimgr = 4:1 is smaller than that of other cases including
MenTs:Mgr = 0:5, MenTts:Mgr = 1:4, MentsiMgr = 2:3, Ments:Mgr = 3:2 and
mentsiMgr = 5:0. Meanwhile, in both Fig. 9(b) and (c), the variations of
both R, and Ry are that they first increased sharply, then decreased
rapidly, followed by a slight increase. Specifically, both R, and Rq in the
case of mcntssmgr = 4:1 are also smaller than that of other cases
including mentsmege = 0:5, mentssmar = 1:4, mentsiMmer = 2:3, Menrs:
mgr = 3:2 and mentsimgr = 5:0. Furthermore, in Fig. 9(d), Cq) in the case
of mentsimgr = 4:1 is larger than that of other cases which are menTs:
mgr = 0:5, mentsimgr = 1:4, mentsimgr = 2:3, MenTts:Mgr = 3:2 and menTs:
mg; = 5:0. To sum up, smaller Rso and R, show that a conductive
network structure is well formed by the mixture of PVDF and composite
conductive agent around LiCoO, particles, meanwhile, smaller Rq, and
larger Cq) lead to the fact that the thinner PVDF-composite conductive
agent double-layer structure enables more uniform dispersion of LiCoO5
particles coated by the mixture of PVDF-composite conductive agent.
Therefore, a well dispersed conductive network structure is formed
within LIB slurry in the cases of ¢com2 = 0.5% and mentsimgy = 4:1.

Nevertheless, when compared the effects of the single conductive
agents in the cases of mentsimg: = 0:5 and mentsimgr = 5:0 and the
composite conductive agent in the case menrsimgr = 4:1, it can be easily
observed that LIB slurry with the single conductive agent which is CNTs
or Gr has larger Rso & R;, as well as smaller fpeak, high & Ca1, while LIB
slurry with composite conductive agent which is composed of both CNTs
and Gr has smaller Rso & Ry, as well as larger fpeak, high & Ca1. The above-
mentioned variation tendencies of each parameter can be well explained

2.4x10°
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by the following two reasons. Firstly, single CNTs exhibit a high aspect
ratio and predominantly present a filamentous entangled agglomeration
morphology at the microscopic scale, leading to challenges in achieving
uniform dispersion during the dispersion process and insufficient
interfacial contact with LiCoO, active materials (Wang et al., 2017). This
leads to the “short-range” conductive pathways constructed by the
mixture of PVDF and slightly aggregated single CNTs around LiCoO»
particles in LIB slurry. Secondly, in contrast, single Gr exhibits a large
specific surface area and high density, with its structure predominantly
consisting of multi-layered flake-like architectures. Despite its excellent
coating capability and interfacial connectivity with active materials, Gr
possesses inadequate structural support capacity and is prone to
re-agglomeration subsequent to the dispersion (Shi et al., 2019). This
also results in the “short-range” conductive pathways constructed by the
mixture of PVDF and seriously aggregated single Gr around LiCoO;
particles in LIB slurry. Herein, by separately comparing the “short--
range” conductive pathways constructed by single CNTs and single Gr in
LIB slurry, the results presented in Figs. 7-9 are all consistent with the
deduced conclusion. This further validates the correctness of our infer-
ence that single CNTs undergo slight agglomeration, whereas single Gr
exhibits severe agglomeration in LIB slurry. Thus, although CNTs
possess prominent inherent longitudinal supporting capability and can
construct long-range conductive pathways, single-component CNTs are
also capable of forming “short-range” conductive pathways in LIB slurry.
To fully leverage the advantage of CNTs in establishing “long-range”
conductive networks, it is necessary to compound CNTs with Gr to
prepare composite conductive agents. In fact, CNTs predominantly
exhibit excellent inherent longitudinal structural support and
outstanding capability to construct “long-range” conductive pathways,
while Gr possesses distinct advantages in building “short-range”
conductive pathways with a prominent wrapping effect (Peng et al.,
2024; Shen et al.,, 2011). Accordingly, the fabrication of CNTs/Gr
composite conductive agents can not only compensate for their respec-
tive inherent defects in conductive network construction, but also allow
long tubular CNTs to provide structural support for sheet-like graphene,
effectively alleviating the agglomeration tendency of Gr nanosheets.
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4. Discussion of dispersion characterizations of LIB slurry
4.1. Morphological characterizations of LIB slurry

Based on the EIS results shown from Figs. 4-6, it is able to know that
the internal structure of LIB slurry in the case of ¢com2 = 0.5% is better
than that in the case of pcoms = 0.9%. Thus, the SEM image in the case of
@eom2 = 0.5% is compared with that in the case of ¢coms = 0.9% in
Fig. 10. In Fig. 10(a), it is clear that LiCoO; particles are coated by the
mixture of PVDF and CNTs-Gr composite conductive agent, meanwhile,
different dispersed LiCoO particles are connected by the mixture of
PVDF and CNTs. This is caused by the synergistic effect between CNTs
and Gr in LIB slurry (Li et al., 2015). In Fig. 10(b), CNTs and Gr are
seriously aggregated in local regions although all LiCoO particles are
coated by the mixture of PVDF and CNTs-Gr composite conductive
agent. Specifically, excessive CNTs and Gr form a large number of ag-
glomerates when forming composite conductive agent. On one hand,
excessive CNTs agglomerate into spherical particles, which is difficult to
support Gr, on the other hand, excessive Gr is extremely easy to form
large-area flaky agglomerates, which undoubtedly increased the
impedance of LIB slurry. The above-mentioned internal structures of LIB
slurry shown in Fig. 10(a) and (b) are consistent with those deduced
from Figs. 4-6, which verified the correctness of the electrochemical
characterizations of LIB slurry when considered the influence factor of
composite conductive agent amount.

Under the optimal condition that ¢eom2 = 0.5% is determined,
considering the mass ratio of CNTs to Gr mgnrsiMgr in composite
conductive agent becomes more critical. According to the EIS results
shown from Figs. 7-9, it is obvious that the internal structure of LIB
slurry in the case of mentsimgr = 4:1 is much better that that in the case
of mentsimgr = 1:4. In order to also verify the correctness of these
electrochemical characterizations of LIB slurry, it is essential to use the
direct observation approach for analyzing the apparent morphological
characterizations based on the SEM images of LIB slurry. Thus, based on
the SEM experiment, as is shown in Fig. 11, SEM images of LIB slurry
under the conditions of mentsimgy = 4:1 and mentsimgy = 1:4 are pre-
sented. In Fig. 11(a), large-volume LiCoO, particles coated by the
mixture of PVDF and composite conductive agent are well dispersed to
form a conductive network structure in LIB slurry, meanwhile, the main
function of composite conductive agent composed of CNTs and Gr is to
connect adjacent different LiCoO, particles with the aim of providing
much more conductive paths for electrons. In Fig. 11(b), LiCoO, parti-
cles are partly coated by the mixture of PVDF and composite conductive
agent, meanwhile, Gr is seriously aggregated in LIB slurry, while CNTs
are not enough to form the conductive paths. Concretely, in the case of
menTs:Mar = 4:1, on one side, the flaky Gr is tightly coated on the surface
of LiCoOy; on the other side, the long tubular CNTs longitudinally sup-
port part of Gr and connect it with another LiCoO particle wrapped by
Gr like tentacles. The above-mentioned internal structures of LIB slurry
shown in Fig. 11(a) and (b) are consistent with those deduced from
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Figs. 7-9, which verified the correctness of the electrochemical char-
acterizations of LIB slurry when considered the influence factor of the
mass ratio of CNTs to Gr mgnts:MGr-

To quantitatively assess the SEM micrographs in Figs. 10 and 11, the
dispersion degrees of LiCoO, particles and composite conductive agent
were systematically calculated. According to our previous research
(Wang et al., 2025a), the mixed attention module-enhanced Mask
R-CNN was utilized for LiCoO, particle recognition, and the corre-
sponding identification results are presented in Fig. 12. Meanwhile, the
differential shadow method was adopted to eliminate identified LiCoO2
regions from slurry SEM images and extract grayscale images of com-
posite conductive agents (Jha et al., 2022). The hybrid OTSU-Niblack
algorithm was further applied to determine the optimal threshold for
global binarization (Athimethphat, 2011), converting the acquired
grayscale images into binary images, as illustrated in Fig. 13. Conse-
quently, Table 3 shows the quantitative evaluation results for both
LiCoO; and composite conductive agent dispersion degree in LIB slurry
under four different conditions. Specifically, regarding the dispersion
degree of LiCoO, particles, the sample with menygimg: = 4:1 exhibits
notably higher dispersed particle proportion (n = 14.9%) and average
minimum distance (Syin = 6.1 pm) than other formulations. For com-
parison, representative parameters are y = 7.40% & Spin = 5.70 pm at
@eom2 = 0.5%, n = 4.75% & Spmin = 5.07 pm at @eoms = 0.9%, and
n=6.30% & Spmin = 5.06 pm at mentsimgy = 1:4. Meanwhile, this meyrs:
mgr = 4:1 sample delivers a much lower uniformity deviation § = 2.38,
which is far below the values of reference samples: g = 4.71
(§0com2 = 0-5%), ﬂ =10.23 (¢c0m4 = 0.9%), ﬁ =12.03 (mCNTS:mGr = 1:4).
In terms of composite conductive agent dispersion degree, the mcyrs:
mg; = 4:1 sample achieves a higher  of 2.81%, exceeding those of the
control samples (p = 2.26% for @com2 = 0.5%, n = 1.48% for
@coma = 0.9% and 5 = 0.34% for menrsimgr = 1:4). Correspondingly, the
MonTsMgr = 4:1 sample's § = 6.91 x 102 is also markedly reduced
compared with other conditions, including g = 8.81 x 10°
(¢comz = 0.5%), B = 1.21 x 10%(pcoms = 0.9%), f = 1.40 x 10° (menrs:
mgy = 1:4). Therefore, LIB slurry with mentsimg: = 4:1 exhibits higher n
and Sy as well as a lower . Such quantitative results demonstrate that
both LiCoO; particles and composite conductive agent are well
dispersed within LIB slurry, thereby forming a continuous network
structure within LIB slurry. Collectively, this finding aligns with the
slurry dispersion behavior illustrated in Figs. 6 and 9, which further
confirms the reliability of the earlier EIS interpretation.

4.2. Stability characterizations of LIB slurry

Besides the apparent morphological characterizations, the stability
characterizations of LIB slurry are also another critical factor for eval-
uating its dispersion performance. As shown in Fig. 14, after standing for
7 days, all LIB slurry samples exhibit stratification into a supernatant
layer and a turbid bottom layer. Specifically, Fig. 14(a) and (b) show the
photographic images of LIB slurry with different composite conductive
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Fig. 10. SEM images of LIB slurry under different conditions (a) ¢com2 = 0.5% (b) @coma = 0.9%.
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Fig. 12. Identified images of LiCoO, particles based on SEM images under different conditions (a) ¢@com2 = 0.5% (b) ¢@comsa = 0.9% (c) mentsimgr = 4:1 and (d)

MentsiMgr = 1:4.

agent amount before and after sedimentation process, respectively. In
Fig. 14(a), the initial liquid level heights of LIB slurries are all consistent
under two different composite conductive agent amounts which are
@eom2 = 0.5% and ¢coms = 0.9%. However, as is shown in Fig. 14(b),
after GS experiments, owing to gravity, particles in the slurry are
capable of settling even in a high-viscosity colloidal suspension, result-
ing in the stratification of the liquid level in LIB slurry. When LIB slurry
undergoes stratification, the supernatant is PVDF-NMP solution, the
turbid bottom layer remains an opaque high-viscosity colloidal sus-
pension. In particular, the supernatant height of LIB slurry in the case of
@com2 = 0.5% is lower than that in the cases of ¢coms = 0.9%. Addi-
tionally, Fig. 14(c) and (d) show the photographic images of LIB slurry
sedimentation process with different CNTs to Gr mass ratio menrsimer
before and after sedimentation process, respectively. Similar to Fig. 14
(a) and (c) also presents the initial liquid level heights of LIB slurries
under two different the mass ratio of CNTs to Gr mcnts:mgr Which are
mentsMgr = 4:1 and mentssmgr = 1:4. Simultaneously, as shown in
Fig. 14(d), the supernatant height of LIB slurry in the case of mcnTs:
mgr = 4:1 is lower than that in the case of meytsimgr = 1:4.

In order to quantitatively evaluate the sedimentation phenomenon of
LIB slurry, the average sedimentation rate V and sedimentation ratio are
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defined as follows:

__Hy—H,
Tt

1% (@]

o Hfinal
Hy

Y @

Herein, Hy denotes the initial volume-related height, H; refers to the
volume-related height of the lower turbid liquid at time t. Besides, Hina)
denotes the final volume-related height of the lower turbid liquid after
complete sedimentation. Fig. 15 illustrates the variation of V for GS
experiments under different conditions. In Fig. 15(a), V=0.088ml/24h
in the case of @com2 = 0.5% is lower than V=0.148ml/24h in the case of
@coms = 0.9%. This demonstrates that in the case that composite
conductive agent amount is relatively higher (¢pcoms = 0.9%), V tends to
be faster because of the aggregated composite conductive agent. In
contrast, in the case that composite conductive agent is added at an
appropriate content (¢com2 = 0.5%), the dispersion stability of LIB slurry
is relatively good, which leads to the slow sedimentation rate of parti-
cles. In Fig. 15(b), V=0.071ml/24h in the case of mcnrs:mg: = 4:1 is also
lower than V=0.106ml/24h in the case of mcyts:mgr = 1:4. This shows
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Fig. 13. Identified images of composite conductive agent based on SEM images under different conditions (a) @comz2 = 0.5% (b) ¢coma = 0.9% (c) mentsimegy = 4:1 and

(d) mentsime: = 1:4.

Table 3

Quantitative evaluation results for both LiCoO, and composite conductive agent dispersion degree in LIB slurry under different conditions.

Figs. 11 and 12 images at different LiCoO,, dispersion degree

Composite conductive agent dispersion degree

conditions Proportion of dispersed Average mini. Uniformity deviation Proportion of dispersed Uniformity deviation
particles distance value particles value
n Smin p n p

(@) @eomz = 0.5% 7.40% 5.70 pm 4.71 2.26% 8.81 x 10°

(b) pcoms = 0.9% 4.75% 5.07 pm 10.23 1.48% 1.21 x 10°

() mentsimer = 4:1 14.9% 6.10 pm 2.38 2.81% 6.91 x 107

(d) menrsimee = 1:4 6.30% 5.06 pm 12.03 0.34% 1.40 x 10®

that when the proportion of CNTs in the composite conductive agent is
higher, its supporting effect on Gr is better, thereby enhancing the in-
ternal structural stability of LIB slurry. Simultaneously, when the pro-
portion of CNTs is lower, the supporting effect of CNTs is insufficient,
leading to increased agglomeration of the composite conductive agent
and a poor dispersion effect, thereby resulting in a higher sedimentation
rate of LIB slurry. Therefore, under the conditions of both ¢com2 = 0.5%
and mentsimgr = 4:1, through the synergistic effect of CNTs and Gr, the
composite conductive agent can more effectively coat and interconnect
LiCoO4 particles. The formed three-dimensional conductive network
structure is capable of maintaining the stability of its internal skeleton
structure during the sedimentation process of LIB slurry.

Fig. 16 illustrates the variation of Y for GS experiments under
different conditions. In Fig. 16(a), Y with different composite conductive
agent amount presents a slight upward then downward trend with the
increase of additive dosage. The slurry prepared at gcom2 = 0.5% de-
livers a higher sedimentation ratio compared with the samples at
@eom1 = 0.3%, @coms = 0.7% and @coms = 0.9%. This demonstrates that
CNTs can provide robust vertical support for Gr at ¢com2 = 0.5%, thereby
maintaining the stability of the LIB slurry. As shown in Fig. 16(a) and
(b), the Y value of 0.988 at mgnrs:mgr = 4:1 is greater than those of 0.961
(¢com2 = 0.5%) and 0.954 (mcnrs:mer = 1:4). Therefore, the synergistic
combination of CNTs and Gr in the case of mcnrsimgr = 4:1 enables
effective encapsulation and connection of active particles to form three-
dimensional network, which maintains the stability of the internal
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skeleton structure of LIB slurry during sedimentation.

5. Conclusions

The dispersion characterizations of LIB slurry are investigated under
the influences of both composite conductive agent amount ¢com and
CNTs to Gr mass ratio menys:mg;. Three techniques including EIS, SEM
and GS are applied to characterize the electrochemical characteriza-
tions, apparent morphology characterizations and structural stability,
which further clarifies the dispersion characterizations of LIB slurry.
Four different composite conductive agent amounts which are
@com1 = 0.3%, @com2 = 0.5%, @com3 = 0.7% and @coms = 0.9% and six
different CNTs to Gr mass ratios which are mentsimgr = 0:5, menTs:
mgr = 1:4, mentsiMgr = 2:3, MenTs:MGr = 3:2, MenTs:Mgr = 4:1 and menTs:
mgr = 5:0 are selected. In EIS experiment, a reported 10-parameter EEC
is used to fit the Nyquist plots derived from experimental data. Mean-
while, for SEM characterization, a previously developed Mask R-CNN
algorithm integrated with a mixed attention module was adopted to
conduct quantitative morphological analysis. By integrating EIS, SEM
and GS results, key conclusions concerning LIB slurry dispersion prop-
erties are summarized below:

(1) As the amounts of composite conductive agents varies from
@com1 = 0.3% t0 ¢coms = 0.9%, the impedance of LIB slurry de-
creases initially and then increases. Electrochemical,
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Fig. 14. Experimental results of GS for LIB slurry (a) initial state affected by composite conductive agent amount, (b) final state affected by composite conductive
agent amount, (c) initial state affected by the mass ratio of CNTs to Gr (d) final state affected by the mass ratio of CNTs to Gr.
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Fig. 15. Quantitative evaluation results of GS experiments (a) sedimentation rate V effected by composite conductive agent amount (b) sedimentation rate V effected
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Fig. 16. Quantitative evaluation results of GS experiments (a) sedimentation ratio Y effected by composite conductive agent amount (b) sedimentation ratio Y

effected by the mass ratio of CNTs to Gr.

morphological and sedimentation characterization verifies the

optimal dispersion state at ¢com2 = 0.5%. The PVDF-based com-

posite conductive agent encapsulates and interconnects LiCoOy

particles, with its bilayer structure uniformly distributed around
LiCoO;, particle surfaces. This unique microstructure enables
homogeneous dispersion of LiCoO5 particles in LIB slurry.
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(2) When altering the mass ratio of CNTs to Gr from m¢ntsimg: = 0:5
to mentsimgr = 5:0, the electrical impedance of LIB slurry un-
dergoes an initial decrease followed by an increase. Combined
electrochemical, morphological and sedimentation analyses
confirm the optimal dispersion performance at menysmgy = 4:1.
It is concluded that the thin bilayer structure of the PVDF-
composite conductive agent not only achieves effective coating
of LiCoO5 particles, but also enables excellent homogeneous
dispersion of both active LiCoO, particles and CNTs/Gr com-
posite conductive agents within LIB slurry.

(3) The “short-range” conductive pathways are respectively con-
structed by PVDF blended with slightly dispersed individual
CNTs and severely aggregated pristine Gr around LiCoO» parti-
cles in LIB slurry. To fully leverage the superior longitudinal
structural support of CNTs and the excellent wrapping effect of
Gr, the CNTs/Gr composite conductive agent prepared under the
conditions of pcomz = 0.5% and mentsimgy = 4:1 can compensate
for the inherent shortcomings of individual CNTs and pristine Gr
alone, thereby establishing efficient “long-range” conductive
networks in LIB slurry.

Therefore, this work establishes a solid experimental basis, which
holds great potential for optimizing the comprehensive performance of
LIBs.
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