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ABSTRACT: Carbon nanotubes (CNTs) are promising conductive additives for lithium-ion polymer (LiPo) batteries. The
performance of lithium metal oxide cathodes is highly dependent on the properties of the conductive carbon additive. This study
investigates the advantages of CNTs over conventional carbon black for this application. Material properties, including hardness,
tensile strength, thermal conductivity, and electrical resistivity, were analyzed and compared using Ansys Granta (CES EduPack
2024 R2) software. The results demonstrate that CNTs are superior in tensile strength (110 MPa), hardness (50 HV), and thermal
conductivity (210 W/m-°C). These properties enhance the mechanical integrity of the CNT-based cathode composite, leading to
improved battery performance. Furthermore, the electrochemical behavior of CNT/LiNiysC02Mng30, composite cathodes was
investigated, focusing on the carbon precursor (methane vs. natural gas) and CNT diameter. At a current rate of 3 °C, multi-walled
carbon nanotubes (MWCNTs) derived from methane delivered a specific capacity 20 mAh/g higher than those derived from natural
gas. This indicates that methane-derived MWCNTs exhibit superior electrochemical performance, which is attributed to reduced
polarization and a higher discharge potential. The study also revealed that MWCNTSs with a smaller diameter (30—-50 nm) performed
better at high charge/discharge rates, owing to a higher number of primary particles per unit mass. This analysis aids in
understanding material selection and its implications for battery design and lifecycle. The findings serve as a reference for future
research exploring the use of CNTs in advanced battery materials.

Keywords: Lithium-ion polymer battery; LiNigsCo0..Mng 30, cathode; Carbon nanotubes; Multi-walled carbon nanotubes;
Electrochemical performance
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1. Introduction

Lithium-ion polymer (LiPo) batteries have emerged as promising rechargeable energy sources for electric vehicles
and portable electronics [1-3]. As illustrated in Figure 1, a LiPo battery is a composite system whose operation depends
on the interaction of its constituent components. The standard configuration includes a cathode and an anode, typically
composed of lithium transition metal oxides and carbonaceous materials, respectively [4—6]. Carbon-based conductive
additives are incorporated to enhance the electronic conductivity of these electrodes. Current collectors facilitate
electron transfer between the electrodes and the external circuit while providing mechanical support to the active layers.
A polymer-based binder integrates the electrode components and bonds the active material to the current collector [7].
A porous separator physically isolates the electrodes, preventing electrical short circuits while permitting ionic charge
transport [8—10].
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Figure 1. Charge and discharge operation of Lithium-ion battery [11].

The limited cycling durability of electrodes composed solely of cathode active material is primarily attributed to
the low intrinsic electronic conductivity of transition metal oxides [12,13]. Chen et al. have noted that strategies to
enhance electrode conductivity through bulk and surface modifications of the active material have proven impractical
[14]. In contrast, incorporating carbon black into the composite electrode dramatically enhances its overall conductivity,
surpassing the bulk conductivity of the active material by more than twentyfold [15]. The conductive additive plays a
critical role in bolstering the electrode’s structural stability, electrochemical performance, and electronic conductivity
[16,17]. Achieving an optimal balance between the binder and additive proportions is essential for producing a
composite electrode with high conductivity and mechanical strength [16]. This conductive network establishes a low-
resistance pathway for electron flow between active material particles and the current collector. This facilitation of rapid
electron transport mitigates polarization effects and improves active material utilization. Furthermore, the conductive
additive can act as an electrolyte reservoir, fostering closer proximity between the host material and Li" ions, further
enhancing utilization [8,18,19]. Carbon-based materials are particularly promising as conductive additives for the
positive electrode in Li-ion batteries due to their high thermal and electronic conductivity, cost-effectiveness, low
toxicity, low density, and chemical inertness [20-31].

Carbon nanotubes (CNTs) have garnered significant interest across numerous fields due to their exceptional
electrical, thermal, mechanical, and structural properties. Their structure consists of carbon atoms arranged in a folded,
hexagonal honeycomb lattice. This arrangement results in high electrical conductivity because each carbon atom uses
only three of its four valence electrons to form covalent bonds, leaving the fourth electron delocalized and free to
conduct electricity. The properties of CNTs—such as electrical conductivity, mechanical strength, and chemical
reactivity—are not intrinsic constants but are highly dependent on critical parameters, including tube diameter, synthesis
precursor, and weight fraction. For instance, the average diameter of CNTs, which typically ranges from 10 to 250 nm,
profoundly influences their characteristics and potential applications. A comprehensive understanding of these
structure-property relationships is essential for tailoring CNTs for specific uses, such as optimizing their performance
as conductive additives in lithium-ion battery cathodes.

The structural features of carbon nanotubes (CNTs) are commonly characterized using a suite of techniques,
including thermogravimetric analysis (TGA), Fourier transform infrared spectroscopy (FTIR), transmission electron
microscopy (TEM), X-ray diffraction (XRD), scanning electron microscopy (SEM), and X-ray photoelectron
spectroscopy (XPS), among others. Each method has inherent constraints, and no single technique can comprehensively
examine all CNT characteristics. XRD and SEM are widely used due to their relatively fewer limitations. XRD, in
particular, is distinguished by its ability to elucidate key physicochemical properties of CNTs, such as crystallinity,
phase composition, and interlayer spacing [32]. Figure 2 illustrates the hexagonal carbon structure of CNTs and a model
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of a multi-walled carbon nanotube (MWCNT). MWCNTs are particularly advantageous as conductive additives due to
their exceptional electronic properties. CNTs form a superior electron transfer network when integrated into a nickel-
enriched cathode material. This well-structured network enhances cycling performance by facilitating stable phase
transitions and maintaining a consistent average voltage during charge/discharge cycles. Furthermore, the CNT-based
electrode demonstrates improved electrochemical properties at high current densities. The pervasive conductive network
mitigates polarization by reducing the cell’s internal resistance, thereby enhancing performance under demanding conditions.

Carbon black (CB) is a particulate form of elemental carbon produced through the vapor-phase pyrolysis and partial
combustion of hydrocarbons. It is classified by its production method—such as acetylene black, furnace black, and
thermal black—which dictates its primary particle size distribution and the degree of particle aggregation and
agglomeration. In commercial CBs, aggregate diameters typically range from 10 to 500 nm, while larger agglomerates
can span several micrometers. Carbon black must be thoroughly characterised before being incorporated into valuable
applications like the positive electrode of LiNisCoo2Mng 30, batteries. Analytical techniques are essential to determine
its material properties, enabling reliable prediction and simulation of its electrochemical performance in lithium-ion
polymer batteries [33].

The Ansys Granta software (CES EduPack 2024 R2) suite provides a unique advantage for comparing conductive
additives by facilitating the visualization of material properties through performance charts and data. This capability
offers a clear, data-driven rationale for material selection. Granta establishes a systematic framework for managing
materials data, which aids in implementing intelligent selection algorithms and fosters innovation in battery material
design—all of which are of significant technical and commercial importance. Within the battery industry, Granta plays
a critical role in materials information management, including the evaluation of life cycle impacts and potential hazards
associated with substances of concern. The software offers extensive databases of commonly employed materials and
manufacturing processes across categories such as polymers, metals, ceramics, and composites. Each database contains
numerous datasets, with a focus on bulk material properties, joining techniques, and shaping processes. The underlying
philosophy for this approach is grounded in Ashby’s methodology, which states that material selection must be based on
the component’s function, the material’s properties and availability, and the manufacturing process used to create the final
shape [34-36].

A combination of technical, economic, and environmental criteria guides the selection of electrode materials for
lithium-ion batteries. Ideal materials should be inherently available, low-cost, not in high demand from competing
industries, and environmentally benign throughout their processing, use, and end-of-life recycling. From a technical
perspective, electrode materials must provide a high theoretical capacity, a function of the molar weight and the number
of electrons transferred per formula unit during the redox reaction. This is equivalent to the number of Li" ions the host
lattice can reversibly intercalate. Transition metal oxides are particularly advantageous as cathode materials because
their variable valence states provide multiple sites for redox reactions, enabling high capacity. Common cathode active
materials include lithium cobalt oxide (LiCoQO,), lithium manganese oxide (LiMnyOs), lithium iron phosphate
(LiFePQs), and lithium nickel manganese cobalt oxide (LiNiMnCoO, or NMC). These materials offer different trade-
offs in energy density, thermal stability, and cost. Research indicates that the key to achieving a high-rate capability lies
in using low-valent transition metal ions and ensuring low structural strain during lithium (de)intercalation.
Consequently, layered metal oxides, particularly NMC compositions, are among the most effective systems for
applications requiring high power, such as fast charging. The formulation of the composite electrode is equally critical.
While the polymer binder is an inactive component, constituting only 2—5% of the commercial electrode mass, it is
crucial for forming a uniform electrode film, enhancing high-rate performance, and ensuring long-term cycle stability
[37]. Theoretical simulations suggest that optimal cathode performance is achieved with a high active material content
(>90%) and a polymer binder-to-conductive additive ratio of less than 4 [38]. Ultimately, the final selection criteria and
electrode formulation depend on the specific battery type and its intended application.

This research presents a comprehensive analysis of carbon nanotubes (CNTs) as conductive additives for lithium-
ion battery cathodes, utilizing Ansys Granta software (CES EduPack 2024 R2) for material property evaluation. The
study directly compares CNTs and carbon black based on key properties, including hardness, tensile strength, thermal
conductivity, and electrical resistivity. Furthermore, the electrochemical performance of CNT/LiNipsCo02Mng30;
(NMC532) composite cathodes is investigated, with a specific focus on the influence of CNT carbon precursor (methane
vs. natural gas) and CNT diameter. The primary aim of this work is to understand material selection by elucidating its
impact on performance and incorporating a lifecycle perspective during the battery design and development stages. The
manuscript is structured into four main sections: Introduction, Materials and Methods (including experimental details),
Results and Discussion, and Conclusions.
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Figure 2. (i) 3D illustration of carbon nanotubes and (ii) a model of a multi-walled carbon nanotube; featuring several concentric
cylindrical lattices of carbon atoms providing exceptional improvement of cathode electrode performance and well conducting network.

2. Materials and Methods

This study utilized a lithium metal oxide cathode in a pouch cell (BZ605060), incorporating
CNT/LiNip5C002Mng 30, conductive additives. The cathode formulations featured varying concentrations of active
material and binder, as detailed in Table 1.

The material properties of carbon nanotubes (CNTs) and carbon black (CB) were compared using the (CES
EduPack 2024 R2) in its advanced mode. The software provided detailed data for both materials across multiple
categories, including general, mechanical, electrical, and thermal properties. Specific properties analyzed were tensile
strength and hardness. Bubble charts were generated for the two conductive additives to facilitate a direct visual and
numerical comparison, streamlining the analysis and enhancing the understanding of their characteristics. For instance,
Figure 3 presents a bubble chart plotting Electrical Resistivity (u€2-cm) against Hardness (HV), created as a default log-
log plot within the software.
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Figure 3. A bubble chart plot process for Electrical resistivity against Hardness.
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Table 1. The composition and characteristics of the cathode electrode.

No. Item Parameter Note
1. Nickel 0.5% Percentage concentration of Ni

2. Manganese 0.3% Percentage concentration of Mn

3. Cobalt 0.2% Percentage concentration of Co

4. Li(Nig.5C00.,Mng3)Os 93% Percentage weight of active material (NMC)
5. Binder 3.5% Percentage weight of binder

6. (CNTs/LiNisCo,Mn;30,) 3.5% Percentage weight of conductive additive
7. Current collector 10 pm Thickness of Aluminium/Copper foil
8. Electrode porosity 33% Positive electrode

9. Coating 8 um Coating thickness

10. Loading (cathode) 3.20 mAh/cm®

11. Loading (anode) 3.53 mAh/cm’

2.1. Experimental

Multi-walled carbon nanotubes (MWCNTSs) with an average diameter of 150-250 nm were acquired from Sigma-
Aldrich (St. Louis, MO, USA) and used as received. The crystalline structure was characterized by X-ray diffraction
(XRD; Rigaku Miniflex6000, C-THERM, Brunswick, NB, Canada) using Cu Ka radiation at 45 kV and 45 mA.
Morphology and dimensions were assessed using a scanning electron microscope (SEM; Phenom Prox, Thermo Fisher
Scientific, Breda, The Netherlands). Electrical resistance was measured with a four-point probe system (ZZ Universal
64 Full-Channel Resistivity Meter, ZZ Resistivity Imaging Pty. Ltd., Maylands Adelaide, South Australia). The cathode
was fabricated from a slurry containing 93 wt% LiNigsCo2Mng 30, (NMC532, SN2G, Soundon New Energy Co., Ltd.,
Shanghai, China) as the active material, 3.5 wt% polyvinylidene difluoride (PVDF-900 HSV, France) as the binder,
and 3.5 wt% MWCNTs (Soundon New Energy Co., Ltd., Shanghai, China) as the conductive additive. The anode slurry
consisted of 96 wt% artificial graphite (MAG-507, Shenzhen Sinuo Industrial Development Co., Ltd., Shenzhen, China),
2.5 wt% PVDF, and 1.5 wt% Super P-Li carbon black. Based on an N-methyl-2-pyrrolidone (NMP) solvent, both
slurries were coated onto current collectors—the cathode onto 10 um thick aluminum foil and the anode onto 10 um
thick copper foil. The coated electrodes were vacuum-dried overnight at 100 °C and subsequently calendared to enhance
particle contact. The final electrode loadings were 3.20 mAh/cm? for the cathode and 3.53 mAh/cm? for the anode.

Pouch-type lithium-ion cells with a nominal capacity of 3000 mAh were assembled (Model 605060, Benzo Energy
Technology Co., Ltd., DongGuan, China; 6 mm thickness x 50 mm width x 60 mm height; 38 g weight). Each cell
incorporated the prepared NMC cathode, graphite anode, and a polypropylene (PP) separator. The electrolyte consisted
of 1 M LiPF¢ in a mixture of ethylene carbonate (EC), diethyl carbonate (DEC), and ethyl methyl carbonate (EMC)
(1:1:1 by volume), with 2% propylene carbonate (PC) and 1% vinylene carbonate (VC) as additives. Cell lamination
was performed in a dry room 25 min after electrolyte injection. Electrochemical performance was evaluated using a
multi-channel battery tester (HT3563A, Hopetech, Changzhou, China). All cycling tests were carried out within a
voltage window of 2.8 V to 4.3 V (vs. Li"/Li). The rate capability was assessed at a 3.0C discharge rate after an initial
formation process of 6 cycles.

2.2. Electrochemical Properties Evaluation of the Cathode Materials

The electrochemical behavior of the lithium insertion materials was evaluated using galvanostatic charge/discharge
testing. The LiNipsC002Mng302 (NMC) cathode functions by electrochemically extracting and inserting Li" ions
through a reversible redox process. The cells were initially cycled at a low current rate of 0.01C to characterize the
materials under near-equilibrium conditions. The rate capability and cyclability were subsequently assessed at a higher
current rate of 0.2C for approximately six charge/discharge cycles. The charging protocol consisted of a constant current
(CC) step followed by a constant voltage (CV) step. During the CV step, the cell was held at 4.2 V while the current
was monitored; the current decayed over time as the electrode approached full charge. Once the current decreased to a
predetermined cutoff, the cell was allowed to rest at open circuit for 30 min before a constant current discharge. The
high coulombic efficiency and stable voltage profiles observed in these tests indicate that the Li" insertion/extraction
reaction is highly reversible with minimal side reactions.
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3. Results and Discussion

The property comparisons between carbon nanotubes (CNTs) and carbon black (CB) are summarized in Figures
4-6. Figure 4 plots electrical resistivity against hardness, revealing that CNTs possess a greater hardness of 50 HV than
40 HV for carbon black. This enhanced mechanical robustness in CNTs originates from their seamless hexagonal lattice
of sp’-hybridized carbon atoms, forming a covalently bonded structure. In a composite electrode, this hardness
contributes to a more rigid scaffold that can help maintain structural integrity over multiple charge/discharge cycles,
thereby improving capacity retention.

Figure 5 compares electrical resistivity with thermal conductivity. A key distinction is observed: CNTs exhibit a
significantly higher thermal conductivity (210 W/m-°C) than carbon black (30 W/m-°C). This property is critical for
battery safety and performance, as efficient heat dissipation mitigates hotspots during high-rate operation. The high
thermal conductivity in CNTs arises from the efficient propagation of phonons along their rigid, one-dimensional structure.

Despite these mechanical and thermal properties differences, both materials show comparable electrical resistivity,
approximately 5000-6000 pQ-cm, confirming their primary function as effective conductive additives. However, the
electrical conduction mechanism differs; in CNTs, electrical conductivity is facilitated by the delocalized m-electrons
from the sp? carbon bonds, allowing for ballistic transport along the tube axis.

Figure 6 illustrates the contrast in tensile strength, with CNTs exhibiting a value of 110 MPa versus 15 MPa for
carbon black. This order-of-magnitude difference is due to the strong covalent C-C bonds and the near-perfect,
continuous structure of individual nanotubes, whereas carbon black consists of amorphous, particulate aggregates. The
high tensile strength of CNTs contributes to a more durable conductive network within the composite electrode, which
is less prone to mechanical degradation during cycling.

The combination of high tensile strength, hardness, and thermal conductivity—while maintaining low electrical
resistivity—makes CNTs a superior conductive additive to carbon black, leading to enhanced rate capability and cycle
stability in composite electrodes.
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Figure 4. Chart of electrical resistivity against hardness for conductive material.
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3.1. Carbon Nanotube Derivatives

7 of 12

The X-ray diffraction (XRD) pattern in Figure 7 reveals the structural characteristics of multi-walled carbon
nanotubes (MWCNTs) synthesized using methane as the carbon precursor. The (002) diffraction peak, which
corresponds to the interlayer spacing (d(002)), is a key indicator of graphitization quality. The d(002) spacing for the
synthesized MWCNTs was calculated to be 0.3413 nm, which is very close to the value for highly ordered graphite
(0.3373 nm). This close agreement indicates a high degree of crystallinity in the MWCNTs.

The scanning electron microscopy (SEM) images in Figure 8 illustrate the morphology of the CNTs derived from
the two different carbon precursors, methane and natural gas. The MWCNTs exhibit a uniform tubular morphology
with consistent diameters. Notably, the MWCNTSs derived from methane (Figure 8i) display a smooth and pristine
surface, suggesting a well-graphitized structure with minimal observable defects. The composite nanoparticles exhibit



Sustainable Polymer & Energy 2025, 3, 10011 8of 12

excellent electro-catalytic activities with an electrochemically active surface area suggesting better performance when

compared with natural gas.

Intensity (cps)

L

0 20 30 40 S0 60 70
20 (degr ee)

Figure 7. The XRD pattern of the CNT’s prepared from methane, (i) and natural gas, (ii).

Figure 8. SEM image of the carbon nanotubes in LiPo battery.

At low current rates, the two MWCNT/LiNipsCo02Mng 30, composite cathodes exhibit nearly identical specific
capacities. However, as shown in Figure 9, a significant divergence in discharge capacity emerges at higher current
rates. Specifically, at 3.0C, the specific capacity difference between the cathode using methane-derived MWCNTs and
the one using natural gas-derived MWCNTSs widens to approximately 20 mAh/g.

The composite cathode incorporating methane-derived MWCNTSs demonstrates superior rate performance. This
enhancement is attributed to its lower internal resistance, which reduces polarization during high-rate discharge. The
reduced polarization leads to a higher operating discharge potential, thereby increasing the specific capacity delivered
by the cell. This effect is further illustrated in Figure 10, where the discharge curve for the superior cathode maintains
a higher voltage plateau for a longer duration, especially as the discharge process nears completion. This results in a
greater area under the voltage-capacity curve and a higher delivered specific capacity.
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Figure 9. Initial discharge capacities and discharge rate of the CNT’s prepared from methane and natural gas.
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Figure 10. Initial discharge voltage profile of the CNT’s prepared from methane and natural gas at 3.0C discharge rate.

3.2. Diameter Analysis

Figure 11 demonstrates that MWCNT/LiNio.sC002Mno 30> cathodes with different MWCNT diameters exhibit
similar discharge capacities at low current rates. However, a significant performance divergence emerges at higher rates.
Cathodes incorporating MWCNTs with smaller diameters (30-50 nm) show a distinct advantage under these demanding
conditions. For instance, at a charge/discharge rate of 3.0C, the specific capacity of the composite cathode with 30-50
nm MWCNTs is approximately 40 mAh/g higher than that of the cathode with 100-250 nm MWCNTs. This trend
indicates that smaller-diameter MWCNTs significantly enhance the high-rate electrochemical performance of the
composite cathode. This enhancement can be attributed to several factors. First, the smaller diameter reduces
polarization by shortening the diffusion path for both electrons and Li" ions, thereby improving the kinetics of the redox
reactions. Second, smaller-diameter MWCNTs possess a higher specific surface area, which maximizes the number of
accessible charge transport channels and provides a more extensive conductive network. This lowers the overall contact
resistance within the electrode, which is critical for maintaining performance at high current rates.
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Figure 11. Initial discharge capacities and discharge rate as CNT’s diameter varies between 30-50 nm and 100-250 nm.

The results of this study demonstrate that carbon nanotubes possess superior thermal conductivity, hardness, and
tensile strength compared to carbon black, while exhibiting comparable electrical resistivity. These findings are consistent
with established material property data and confirm the potential of CNTs as high-performance conductive additives.

4. Conclusions

This research presented a comprehensive analysis of carbon nanotubes (CNTs) as conductive additives for
LiNig.5C00.2Mng 30, (NMC) cathodes. Using Ansys Granta (CES EduPack 2024 R2) software, a systematic comparison
of key material properties—including hardness, tensile strength, thermal conductivity, and electrical resistivity—
demonstrated the clear superiority of CNTs over conventional carbon black.

The study further investigated the influence of CNT synthesis parameters on electrochemical performance. Multi-
walled carbon nanotubes (MWCNTS) derived from a methane precursor exhibited superior performance as conductive
additives compared to those from natural gas, which is attributed to their lower electrical resistance and higher crystallinity.

Furthermore, the diameter of the CNTs was found to be a critical factor. MWCNTs with smaller diameters (30—50
nm) significantly enhanced the high-rate capability of the composite cathode. This is due to their higher specific surface
area, which provides more charge transport pathways and improves reaction kinetics.

Based on these findings, this study recommends incorporating a minimum of 3 wt% of MWCNTs with a diameter
of 30-50 nm to fully exploit the performance of NMC cathodes, particularly under high charge/discharge rates.
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