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Abstract:  

The capacity ratio between the negative and positive electrodes (N/P ratio) is a simple 

but important factor in designing high-performance and safe lithium-ion batteries. 

However, existing research on N/P ratios focuses mainly on the experimental 

phenomena of various N/P ratios. Detailed theoretical analysis and physical 

explanations are yet to be investigated. Here, by combining physics-based modeling 

and experiments, quantitative understandings of the effects of different N/P ratios for 

batteries with the silicon-graphite composite anode and the LiNi0.8Co0.1Mn0.1O2 

cathode (Si-Gr/NMC811) are investigated. The results reveal that higher N/P ratios 

enabled better cycling performance, while the choice of the ratio is a multi-facet 

optimization problem. Both the equilibrium open-circuit potential and the dynamic 

overpotentials of various electrochemical polarization are found to affect the electrode 

utilization at different N/P ratios. Due to the opposite trends of electrode utilization 

with respect to the N/P ratio, batteries need to be optimized with the help of 

mathematical simulations to identify the best design, rather than using a simple N/P 

ratio of 1, to meet specific needs. 
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1. Introduction 

Lithium-ion batteries (LIBs) are widely used in portable electronic products1,2, 

electric vehicles, and even large-scale grid energy storage3,4. While achieving higher 

energy densities is a constant goal for battery technologies, how to optimize the 

battery materials, cell configurations and management strategies to fulfill versatile 

performance requirements is equally important and challenging5,6.  

As one of the most promising designs, pairing a silicon-graphite (Si-Gr) composite 

anode with a Nickel-rich layered oxide cathode has become a successful commercial 

technology that can provide a cell-level energy density of > 300 Wh kg-1. Recently, 

Son et al combined a Si-Gr anode with lithium nickel-manganese-cobalt oxide 

cathode, achieving a high specific energy of 333 Wh kg−1 with stable cycling7. 

Karuppiah et al fabricated Si nanowires-grown-on-graphite composite as anode and 

paired it with Nickel-rich layered oxide cathode to obtain full cells that can display a 

high energy density of 414 Wh kg−1 with a capacity retention of 70% over 300 cycles8. 

Jia et al constructed a full cell with Si-based material as anode and lithium 

nickel-manganese-cobalt oxide as cathode, demonstrating > 92% capacity retention 

over 500 cycles9. 

Despite the impressive performance, balancing the anode and the cathode, 

characterized by the capacity ratio between the negative and the positive electrode 

(N/P ratio), is still a much-needed but multi-faceted challenge, for which the 

fundamental understandings and optimization strategies remain to be investigated in a 

rigorous manner10,11. The N/P ratio is critical for battery safety and performance12–14. 
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To avoid lithium plating during the charging process that may lead to fires or 

explosions12,15, an N/P ratio > 1 is commonly adopted in the full cell design16. But 

surprisingly there is a study showing that an N/P ratio of 0.80 in Si-C/LiFePO4 full 

cell does not lead to lithium plating, demonstrating a long and stable cycle life10. The 

N/P ratio is also a critical design parameter that can influence the utilization level of 

the electrodes, affecting the overall performance and cell-level energy density. For 

example, the Gr/LiFePO4 full cells with a low N/P ratio of 0.87 could gain the highest 

cell-level specific capacity at the initial stage of cycling, but suffered from faster cell 

degradation14. The SiOx-Gr/LiNi0.8Co0.15Al0.05O2 pouch cells developed by Chen et al 

achieved the best cycling stability at an N/P ratio around 1.03, preserving 80.2% of its 

capacity after 500 cycles13. In the case of lithium metal battery15, N/P ratios are still 

an important design criterion. It has been demonstrated that for lithium metal cells 

with N/P ratios > 2.5, initial cycles were very stable, but usually followed by a sudden 

capacity drop15. An optimal N/P ratio of 1 has been identified,15 as it balances well the 

rates of Li consumption, electrolyte depletion, and solid–electrolyte interphase 

formation, thus decelerating the increase of cell polarization and extending cycle life, 

resulting in long cycle life of 600 cycles with a capacity retention of 76%. 

Investigating the effects of N/P ratios usually requires exhaustive experiments, 

which are apparently time-consuming. Predictive mathematical simulations17 become 

a useful tool to complement such experimental studies, providing fundamental 

physical explanations for the observed experimental phenomena18,19. 

Here, we adopt the multiphase porous electrode theory (MPET) and use the 
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open-source code20–22 to develop a model for Si-Gr/NMC811 batteries. The model 

was validated and calibrated with parameters and performance data from both the 

commercial cells reported in the literature and coin cells made in our lab. The 

combined theoretical and experimental study allows us to obtain physics-based 

explanations and quantitative understandings of the effects of different N/P ratios.  

2. Methods 

2.1 Mathematical model 

The schematic of the Si-Gr/NMC811 LIBs is displayed in Figure 1. Each of the 

Si-Gr anode, the separator, and the NMC811 cathode domains was discretized into 

twenty volumes along the x-axis. Each volume contains two representative particles. 

This full cell model based on the MPET python package20–22 is comprised of three 

modules: (i) Si-Gr anode, (ii) NMC811 cathode, and (iii) system. Both electrode 

modules can be called from the system module, thus coupling the dynamic processes 

in the active materials with those in the electrolyte. The MPET model captures four 

processes: (1) The electron conduction in the Si-Gr anode, NMC811 cathode, and the 

current collectors governed by Ohm’s law; (2) The ion diffusion in the electrode 

active particles controlled by Fick’s laws of diffusion; (3) The charge transfer 

reaction kinetics at the electrode-electrolyte interface determined by the modified 

Butler-Volmer equation; (4) The ion transport in the electrolyte based on the 

concentrated electrolyte theory23. The kinetic model for the solid-solution material is a 

simplified version of ion intercalation and phase transformation dynamics modeled by 

the Cahn-Hilliard-Reaction kinetics20,24. This physics-based model enables predictions 



 

6 of 23 

of the internal dynamics within the battery, such as liquid-phase Li+ concentration, 

solid-phase Li+ concentration, reaction rates, solid-phase potential, electrolyte phase 

potential, and overpotentials20–22.  

 

Figure 1. Schematic of the Si-Gr/NMC811 system with the one-dimensional 

mathematical domains defined in the MPET model. 

The system is constrained by the following boundary conditions. The fluxes, 

concentrations, and potentials are treated as continuous between the separator and the 

electrode. Since the electrons do not come into the electrolyte, the electrode/separator 

interface is considered electrically insulated. 

Battery parameters were extracted from the study of a commercial Si-C/NMC811 

(INR18650-MJ1, LG Chem) battery25. The mass ratio of Si : Gr : inactive material 

(binder and conductive additives) was set to 3.5 : 87.5 : 9. This composition yields an 

estimated gravimetric capacity of the anode as 415 mAh g-1, based on the theoretical 

specific capacities of natural Gr and nano-Si as 330 mAh g-1 and 3600 mAh g-1, 

respectively25–27. The volumetric ratio of active material : inactive material : pores 

was calculated as 69.4 : 9 : 21.6, using the respective densities (2.24 g cm-3 for Si-Gr 

active material and 1.78 g cm-3 for inactive material) and the porosity of Si-Gr anode 

(21.6%)25,28,29. The total lithium site density within the Si-Gr anode was determined to 



 

7 of 23 

be 2.09×1028 Li m-3.  

A similar calculation was performed for the NMC811 cathode. The mass ratio of 

active: inactive material is 96: 4 while their volumetric ratio is 74.5: 8.4, considering 

the density of active material as 4.87 g cm-3 and the porosity of cathode25,30 as 17.1%. 

The gravimetric capacity of the NMC811 cathode was set as 275.5 mAh g-1 and the 

total lithium site density within the NMC811 material25,30 was calculated to be 

3.01×1028 Li m-3. The specific values of calibrated parameters for Si-Gr anode, 

NMC811 cathode, and separator are listed in Table 1.  

Table 1. Parameters of Si-Gr/NMC811 full cell model. 

Parameters Si-Gr anode Separator NMC811 cathode 

Shape Sphere 

 

Sphere 

Density, g cm-3 2.24 

 

4.87 

Particle radius, m 6.1 

 

3.8 

Total Li site density within the 

solid, Li m-3 

2.09×1028 

 

3.01×1028 

Theoretical capacity, mAh g-1 415 

 

275.5 

Solid diffusivity, m2 s-1 5×10-14 

 

5×10-13 

Transfer coefficient 0.5 

 

0.5 

Film resistance,  m2 0.0035 

 

0 

Solid conductivity, S m-1 100 

 

0.17 

Thickness, m 86.7 12 66.2 

Active material fraction 0.694 

 

0.745 
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Porosity 0.216 0.45 0.171 

Bruggeman coefficient 1.5 1.5 1.85 

2.2 Experimental methods 

The cathode slurry was prepared using the active material NMC811 (MTI 

Corporation), poly-vinylidene chloride binder (PVdF, >99.5%, MTI Corporation), and 

conductive acetylene black (35-40 nm, MTI Corporation) in the mass ratio of 96: 2: 2 

with 1-methyl-2-pyrrolidinone (NMP) and coated on the aluminum foil. The resulting 

cathode was tested in the half cell to achieve a specific capacity of 170 mAh g-1. The 

Si-Gr active material was prepared with Si: Gr as the mass ratio of 1: 25 by ball 

milling. The rotation speed is 400 rpm, ball size is 2mm, milling time is 6h when 

preparing Si-Gr. This active material was combined with the PVdF binder and 

conductive acetylene black in the mass ratio of 91: 4.5: 4.5 and dissolved in NMP to 

obtain the anode slurry. This anode slurry was cast with the doctor-blade method on 

separate copper foils with different gaps to alter the thickness, therefore achieving 

different final N/P ratios. The Si-Gr anodes were subjected to three formation cycles 

at 0.1 C rate in half cells with the electrolyte of 1M LiPF6 in EC: DMC (50: 50 v/v) 

with 10% volume ratio of fluoroethylene carbonate (FEC) as additive. These 

precycled anodes were used along with fresh NMC811 cathodes in the 

Si-Gr/NMC811 full cells separated by a glass fiber separator in the electrolyte of 1M 

LiPF6 in EC: DMC (50: 50 v/v) with 10% volume ratio of FEC. All the full cells with 

different N/P ratios were tested in galvanostatic conditions of 0.75 and 2.8 mA cm-2 

based on the electrode diameters (Φ6 mm), between the cut-off voltages of 2.5 – 4.2 V, 
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for 100 cycles. 

 

3. Results and Discussion 

The original MPET theory has been validated in several different battery systems. 

The validation results of our customized MPET model can be found in the 

supplementary material and only briefly described here. We will focus primarily on 

the effects of different N/P ratios, their root causes, and practical implications. 

3.1 Model validation  

The mathematical model was first calibrated by the voltage profiles of 

Si-Gr/NMC811 full cell obtained through experiments31 at various C rates from C/25 

to 1C, as shown in Figure S1. The simulation results exhibit a good agreement with 

the experiment at both low or high C rates, confirming the validity of the parameters 

shown in Table 1. The model was adjusted into a half-cell configuration and further 

verified by the experimental half-cell data31 from 0.025C to 0.5C, as shown in Figures 

S1c and S1d. The voltage profiles of Si-Gr/NMC811 full cells obtained from our own 

cells with different N/P ratios are compared with the simulation results. As presented 

in Figure S2, the consistency of simulation results and experimental results further 

proves the accuracy of the model.  

3.2 Effect of N/P ratios on Si-Gr/NMC811 full cell performance 

Si-Gr/NMC811 full cells with various N/P ratios were obtained by varying the 

anode thickness while keeping the cathode thickness fixed. This method ensures an 

accurate estimation of the full capacity of the cathode from its specific capacity. The 
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Si-Gr anodes, however, were precycled 3 times at 0.1 C rate in the respective half 

cells to enable complete and uniform SEI formation. The full capacity of the anode, is 

also obtained from the formation cycles using the capacity of the 2nd discharge 

(lithiation) in half cells. The resultant N/P ratios varying from 0.31 – 2.24 were 

obtained, allowing detailed analysis on N/P ratios in a wide range that complements 

existing studies10–14. 

It is noteworthy that the absolute value of current will change with the variety of 

electrode thickness even under the same C rate. Hence, the full cell is investigated 

under the same actual current density, not the same C rate, for fair and consistent 

comparisons. As the N/P ratio increases, the total capacity of the full cell also 

increases as reflected by both the experimental and the simulation results (Figure 2a 

and c), which could be due to the thicker electrode thickness12. However, a decreasing 

gravimetric energy density of full cell was observed in both experimental and 

simulation cases (Figure 2b and d), which are consistent with the references10,11,14,17. 

The similar values of capacity from experiment and simulation further demonstrate 

that our Si-Gr/NMC811 full cell model is accurate and predictive, which could 

facilitate the full cell design. It is not surprising then, the state of charge (SOC) of the 

Si-Gr/NMC811 full cell at the cut-off voltage will also be influenced by the N/P ratio. 

As shown in Figures 2e and f, the cut-off SOC decreases with the increase in N/P ratio 

in the N/P < 1 regime. In contrast, in the N/P > 1 regime, the SOC increases with 

increasing N/P ratio. Note that at low N/P ratios, the SOCs in the first few cycles 

could be higher than 100% due to additional but unwanted lithium plating. See further 
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tests and discussions below.   

Figure 2. The effect of N/P ratios on the performance of Si-Gr/NMC811 full cell. 

The total capacity of Si-Gr/NMC811 full cell under the same current density of (a) 

0.75 mA cm-2 and (c) 2.8 mA cm-2, the gravimetric capacity of Si-Gr/NMC811 full 

cell based on the mass of Si-Gr anode under the same current density of (b) 0.75 mA 

cm-2 and (d) 2.8 mA cm-2, the SOC of Si-Gr/NMC811 full cell under the same current 

density of (e) 0.75 mA cm-2 and (f) 2.8 mA cm-2. 
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While lowering the external current density is in general a viable option to improve 

the electrode utilization due to reduced reaction overpotential, it can increase the 

chances of lithium metal plating on the Si-Gr anodes before reaching the cut-off 

voltage, especially in cells with lower N/P ratios. To test this hypothesis, we 

conducted experiments at an N/P ratio of 0.36 at the current density of 0.75 mA cm-2 

and observed the “over-utilization” of Si-Gr anode (due to Li plating) reaching 

beyond 100% (obtained from the corresponding C rate) in the 2nd charge (lithiation of 

Si-Gr), as shown in Figure S3. In addition, the Coulombic efficiency in the 2nd cycle 

remained ~60%, suggesting a high loss of capacity, unlike at the higher current 

density of 2.8 mA cm-2 where the Coulombic efficiency is more than 95% from the 

2nd cycle onwards. It took 25 cycles for the Coulombic efficiency to go above 90% at 

a low N/P ratio = 0.36, but led to a very low capacity retention of 7% after 100 cycles.  

Figure 3a displays the experimental capacity retention of Si-Gr/NMC811 full cell 

under a current density of 2.8 mA cm-2. After 100 cycles, the cell with a higher N/P 

ratio exhibits improved capacity retention (Figure 3a and b), which suggests that 

increasing the N/P ratio of Si-Gr/NMC811 full cell could be beneficial for cycling 

performance. As the N/P ratio is increased, the number of cycles to reach 90% 

Coulombic efficiency reduces at 0.75 mA cm-2 (Figure 3c). The challenge of Li 

plating in addition to the other degradation factors significantly affects the capacity 

retention at lower current density in comparison to that at high current density, as 

shown in Figure 3d. Thus, lower current densities can result in high electrode 

utilization initially, but at a cost of possible lithium metal plating that raises a 
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potential safety concern. 

 

Figure 3. The effect of N/P ratios on the cycling performance of Si-Gr/NMC811 

full cell. (a) Capacity retention vs. cycle number of Si-Gr/NMC811 full cell under the 

current density of 2.8 mA cm-2 with various N/P ratios. (b) The effect of N/P ratios on 

the capacity retention after 100 cycles of Si-Gr/NMC811 full cell under the current 

density of 2.8 mA cm-2. (c) Coulombic efficiency vs. cycle number of Si-Gr/NMC811 

full cell under the current density of 0.75 mA cm-2 with various N/P ratios. (d) The 

effect of N/P ratios on the capacity retention after 100 cycles of Si-Gr/NMC811 full 

cell under the current density of 0.75 mA cm-2. 

3.3 Electrode utilization 

The above observations related to SOC may be attributed to electrode utilization. 

We performed full cell experiments and determined the utilization level by using the 
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2nd charge capacity. In the simulation, the electrode utilization level can be estimated 

by the extent of delithiation and lithiation in the cathode and anode, respectively, 

during the charging process. The comparisons between experiments and simulations 

are displayed in Figure 4. As N/P ratios increase, the anode utilization decreases, 

while the cathode utilization increases under a current density of 2.8 mA cm-2, as 

presented in Figures 4a and b. Likewise, the cathode can be utilized more while the 

anode is utilized lesser on increasing the N/P ratio under 5.48 mA cm-2 current density, 

as exhibited in Figure 4c. A lower N/P ratio leads to a lower level of cathode 

utilization but a higher level of anode utilization. In N/P < 1 regime, the maximum 

capacity provided by the anode is less than the maximum capacity of the cathode. 

Therefore, the anode would only accommodate fewer lithium ions and become 

quickly fully lithiated, exhibiting a high utilization. However, the anode's demand for 

fewer lithium ions reduces the degree of delithiation in the cathode, resulting in low 

utilization of the cathode. 

The higher level of anode utilization when N/P < 1 apparently would result in a 

higher maximum SOC, as revealed in the anode utilization (yellow line) on the N/P < 

1 side in Figure 4d. As the N/P ratio increases in the N/P > 1 regime, the cathode 

utilization also increases, resulting in the increase in the maximum global SOC, as 

exhibited in the cathode utilization (red line) on the N/P > 1 side in Figure 4d. 

Therefore, the global SOC is governed by the anode utilization in the N/P < 1 regime, 

or by the cathode utilization in the N/P > 1 regime, as depicted in Figure S4. 
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Figure 4. The effect of N/P ratios on electrode utilization. (a) The anode utilization 

under the current density of 2.8 mA cm-2, (b) cathode utilization under the current 

density of 2.8 mA cm-2, (c) electrode utilization under the current density of 5.48 mA 

cm-2. (d) The relationship between electrode utilization and the SOC. 

For Si-based anode, volume expansion during lithiation is a significant challenge 

for stable cycling. If the total capacity of Si anode material is utilized, i.e. the 

complete lithiation of Si, the large volume expansion would cause irreversible damage 

of the Si-Gr composite anode very quickly. By adjusting the N/P ratio to higher values, 

the resultant lower utilization of Si-Gr anode will enable improved capacity retention 

of Si-Gr/NMC811 full cell, as presented in Figure 3a and 3b.   
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3.4 Electrochemical dynamic through the porous structures 

As revealed in the above section, the global SOC of the full cell is governed by the 

utilization of the limiting electrode and the global SOC varies non-monotonically with 

the N/P ratios. While the observation is surprising, it is necessary to investigate their 

fundamental cause for a better understanding. We compared three cases N/P = 0.8, 1.0, 

and 1.35, for a careful inspection of the underlying mechanism. Figure 5a reveals that 

the full cell with N/P = 1.0 reached the cut-off voltage earlier than the other two cases 

under the same kinetic conditions, resulting in the lowest SOC. Intuitively, the lowest 

global SOC at N/P = 1.0 would appear to be a result of a higher net overpotential 

compared to the other cases, and similarly, N/P = 0.8 should have the lowest net 

overpotential. However, Figure 5a indicates that N/P = 0.8 cell experienced the largest 

net overpotential, followed by N/P = 1.0 and N/P = 1.35 cells. The net overpotential 

can be broken down into the reaction overpotential, the Ohmic drop, and the 

concentration overpotential. 

The reaction overpotential is from the reaction kinetics governed by the modified 

Butler-Volmer equation, while the Ohmic drop depends on the absolute current and 

the internal resistance. According to the modified B-V equation, the observed current 

density depends on the concentration-dependent exchange current density and the 

reaction overpotential. During battery charging, the net reaction overpotential is a 

contribution from both the lithiation reaction at anode and the delithiation reaction at 

the cathode. Since the applied current density and the exchange current density were 

consistent among all three cases, the net reaction overpotential remained unaffected 
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by the different N/P ratios as shown in Figure 5b. However, Figure 5c shows that the 

Ohmic drop would differ among the three cases, since the actual C-rates depend on 

the N/P ratio. Moreover, the Ohmic drop followed the same behavior as the net 

overpotential shown in Figure 5a. It should be noted that since the variations in the 

electrolyte concentration are very similar with negligible gradients in all three cases 

(Figure S5), their concentration overpotentials are also comparable.  

 

Figure 5. Thermodynamic and dynamic reasons of cell-level SOCs at various N/P 

ratios. (a) The voltage and net overpotential, (b) net reaction overpotential calculated 

from B-V kinetics, (c) effective Ohmic drop as the difference between the net 

overpotential and the net reaction overpotential, and (d) equilibrium potentials with 

respect to SOC. 

The above revelation enabled us to evaluate the observed trend of the net 

overpotential, the underlying reason behind the lowest global SOC at N/P = 1.0 still 
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needs investigation. Upon careful inspection, it can be seen in Figure 5d that the 

variation of the equilibrium potential with global SOC differs among the three cases. 

The equilibrium potential at N/P = 0.8 has the lowest slope compared to the other two 

cases and its combination with a high net overpotential would still result in the lowest 

slope in the overall voltage profile, resulting in the highest global SOC at the cut-off 

voltage. The above observation confirms the sensitive dependence on the equilibrium 

voltage curve. Since the equilibrium voltage profile remains unchanged for a fixed 

N/P ratio, tuning the cell internal resistance will impact the Ohmic drop within the cell, 

thus achieving a higher global SOC at high current densities. 

 

4. Conclusions 

In this work, we have combined experiments and simulations to investigate the 

performance of Si-Gr/NMC811 batteries at various N/P ratios from 0.31 to 2.24. The 

results showed that the seemingly simple N/P ratio embodies a multi-facet 

optimization problem, requiring quantitative understandings of equilibrium properties 

of the battery materials and dynamic polarizations within the whole system. For the 

Si-Gr/NMC811 full cells investigated here, increasing the N/P ratio is in favor of 

achieving better cycling life, but electrode utilization levels in the anode and cathode 

show opposite trends. For other batteries employing different materials and 

configurations, our experimentally verified mathematical model based on the 

multiphase porous electrode theory (MPET), in which the material properties and 

battery configurations can be easily adjusted, offers a convenient tool to test out the 
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specific impacts of the N/P ratios for the selected systems. Optimizing the N/P ratio, 

in addition to the material and structural design, can facilitate the customization of 

battery performance to meet different needs. 
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