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A B S T R A C T   

There are not perfect ways to solve the lithium metal deposition of the lithium-ion battery during the fast- 
charging process currently. Moreover, the safety problems caused by lithium deposition are also unfixed. The 
safety boundary will be a practical guide for battery usage. In this research, batteries designed with different 
capacities are charged to achieve different lithium deposition and establish prediction data for battery safety 
boundaries based on the safety performance of the batteries. The quantitative method of lithium deposition 
combined with the safe behavior of the battery provides an important reference method for the design of fast 
charging of the battery. What's more excited is that our approach is expanded to provide experience for the 
manufacturers in battery safety design that can meet the different fast charging rate requirements. The safety 
boundaries can achieve the best battery safety performance while saving the materials consumed in manufacture 
from the root.   

1. Introduction 

As an energy carrier, lithium-ion batteries are being widely used to 
achieve the goal of carbon neutrality [1,2]. Despite lithium-ion batteries 
have many advantages, there are still shortcomings that limit their 
further widespread use: safety anxiety, charge anxiety and mileage 
anxiety [3–6]. 

These factors are inherent shortcomings of batteries and are seriously 
related to battery materials. In addition, the battery cannot reach a large 
capacity and high safety in short time. Commercial use of high-capacity 
materials with fast charge rate cannot be solved overnight. Fast charge, 
especially the ultrafast charge, has been the dramatically need for power 
battery [7–10]. However, lithium deposition inevitably occurs in 
lithium-ion batteries during the fast charge, which will seriously affect 
the cycle life and safety of the battery [7,11–16]. The lithium ion in the 
battery can't insert into the material yet through electrochemical re-
actions, or react with the electrode material, therefore the lithium metal 
will deposit on the surface of the material [17–20]. There are some ways 
to control lithium deposition in the lithium ion battery, such as opti-
mizing the design of the battery (such as the thickness, length of the 
electrode, and so on), promoting the performance of the material 

(negative electrode material, electrolyte, separator, and so on), opti-
mizing the charging profiles (constant current-constant voltage, pulse 
charging, feedback charging, and so on) [21–27]. Nevertheless, the 
method above can't address the dangerous of lithium deposition from 
the origin and predict the safety of the battery. 

Therefore, we sincerely believe that the solution to lithium deposi-
tion during the fast charge could be based on the design of the battery 
itself. Moreover, the safety prediction will encourage the extensive 
apply of lithium ion battery. In spite of various lithium deposition effects 
in the lithium-ion battery, all the factors can be generally summarized as 
two sections: kinetics and thermodynamics [28–34]. While, these factors 
are not entirely independent. They are highly consistent with the battery 
itself as a complete and complex system. Hence, to solve the problem of 
lithium deposition, it should be a more promising way to solve the 
problem from an engineering perspective [35–38]. Quantifying lithium 
deposition in batteries and establishing an equivalence relationship with 
battery safety based on the amount of lithium deposition is urgently 
needed to be studied. 

Here, the safety boundary of lithium-ion batteries during the fast 
charge was discussed in our research. Based on the constant compacted 
density of negative electrode, we design the LiNi0.8Co0.1Mn0.1O2 / 
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graphite batteries with different areal capacity ratios of negative to 
positive electrodes (N/P) by controlling the positive electrode capacity 
to be constant. The safety criteria of the batteries with different amount 
of lithium deposition were investigated. The safety boundary of the 
battery was determined through simulation and quantitative data. The 
prediction result will help the design and usage of fast-charge lithium- 
ion battery to prevent danger occurring. 

2. Experimental 

The N/P ratio was used to control the different amounts of lithium 
deposition. The N/P was defined based on the electrode at same com-
pacted density in this research. The battery was tested after 5 cycles at 
the rate of 3 C (5.4 A) in room temperature. We chose the 3 C in the 
measurement was to get the fast charge target of fully charged in 20 min. 
Through qualifying the amounts of lithium deposition, the battery safety 
boundary index map was predicted by the linear regression. 

2.1. Battery manufacture 

The positive material used the LiNi0.8Co0.1Mn0.1O2, the negative 
material used the natural graphite. The design capacity of the pouch 
lithium-ion battery was 1.8 Ah, which the specific capacity of the pos-
itive and negative was 220 mAh⋅g− 1 and 330 mAh⋅g− 1 respectively. 
Other parameters of the battery were listed in the support information. 

2.2. Electrochemical test 

The constant current (CC) stage current of the formation process was 
set to 0.1 C (0.180 A), and the cut-off current in the constant voltage 
(CV) stage is 0.01 C (0.018 A). Besides, the discharge current was set to 
constant current 0.1 C (0.180 A). After 5 cycles at the rate of 3 C, the 

battery was used for the post-mortem and ARC test. All batteries were 
cycled between 2.75 and 4.2 V. For the galvanostatic intermittent 
titration technique (GITT) measurements, the pulse current density was 
0.1 C and the pulse time was 10 min, followed by a relaxation time of 2 
h. 

2.3. Thermal test 

The battery was fully charged (4.2 V) before the adiabatic acceler-
ated calorimetry (ARC) test. The starting temperature was set to 40 ◦C 
and the heating step was 5 ◦C. The detected self-heating rate was 0.02 ◦C 
min− 1 and the waiting time was 30 min. The electrode material was 
scraped by a scalpel for the DSC test. The test process is heated from 
35 ◦C to 400 ◦C at a rate of 10 ◦C min− 1. 

2.4. Simulation 

The simulation platform used the COMSOL Multiphysics. The model 
used in the lithium-ion battery was built by Neman et al., which was a 
one-dimensional model. The lithium deposition was added as the side 
reaction. The parameters used in the model were listed in the support 
information. The linear regression was calculated by the Matlab. 

3. Result & discussion 

3.1. Lithium deposition characterize 

The thermal perspective can be the path for lithium deposition di-
agnostics due to the thermal change during the lithium deposition 
process [36–39]. The Infrared camera (IR) would be used as the simplest 
way to monitor the heat generation of the batteries. The lithium depo-
sition behavior will affect the heat generation and heat generation 

Fig. 1. IR shows the temperature of the battery. 
The (A), (B), (C), (D), (E) correspond to the time of the battery at the end of discharging, and the line graph below shows the temperature (the highest, lowest, 
average temperature in the surface of the battery) and voltage changes during battery discharge. Similarly, the (F), (G), (H), (I), (J) correspond to the time of the 
battery at the end of the charge. The temperature change during the discharge process is more obvious than that in the charge process. 

H. Li et al.                                                                                                                                                                                                                                        



Journal of Energy Storage 52 (2022) 104789

3

power of the battery. Therefore, the clues of lithium deposition expected 
to be explored through IR. The batteries were charged and discharged in 
the same environment (room temperature was constant, and the charge/ 
discharge current rate was 3 C (5.4 A). The test of the charging and 
discharging process was independent that the batteries were standing in 
the environment for two hours to reach the room temperature before the 
IR test. The IR results show that the temperature will significantly 
change during the discharging process, while the temperature change 
can hardly be observed during the charging process (Fig. 1). The tem-
perature increased about 5 ◦C during the discharge process (Fig. 1(A)– 
(E)), especially for the battery with the N/P of 0.99 whose the temper-
ature increased by 7.6 ◦C (Fig. 1(A)). However, as shown in Fig. 1(F)–(J), 
the temperature slightly increased about 1 ◦C during the charging pro-
cess. The IR pictures straightly show the temperature state of the battery 
when the charge/discharge ends. Moreover, the effect of current on heat 
generation was evident in that the highest temperature of the battery 
was near the battery tabs. 

Comparing to the discharge process, the relatively low temperature 
change makes it more difficult to characterize lithium deposition during 
charging. The temperature change during the battery charging process 
was not a fast channel to judge the lithium deposition characteristics. 
Due to the influence of the cell size, the heat dissipation of the battery 
will significantly change. There is heat generation due to lithium 
deposition in the cell, but this kind of heat too little to observed when 
using the battery. On the contrary, the distinct temperature change can 
be observed during the discharge process (the lithium dissolve process 
during the discharge process, as the reverse process of lithium deposi-
tion). This change may be related to the extra heat generated by the 
solvation reaction during the re-dissolution process of the lithium 
deposition. From the macroscopic view, it can be considered that the 

detection of lithium deposition in the battery has an inevitable 
hysteresis. 

The batteries were disassembled to observe the lithium deposition 
intuitively. The fully charged battery was disassembled in the glove box 
(the battery has been charged and discharged for 5 cycles in the room at 
the charge/discharge current rate of 3 C, and the cut-off voltage was 
2.75–4.2 V). The scanning electron microscopy (SEM) was used to re-
cord the morphology of the electrode. There was a large moss-like of 
lithium deposition on the surface of the graphite electrode when the N/P 
value was 0.99 (Fig. 2(A)). With the increase of the N/P, the lithium 
deposition becomes smaller and finally becomes the dendritic 
morphology. Moreover, the dendritic deposition becomes more uniform 
with the increase of the N/P. Especially the battery with N/P of 1.26 
(Fig. 2(E)), the uniform deposition likely to form on the material surface. 

The photos of the battery's electrodes show the change in the amount 
of lithium deposition. As shown in Fig. S1(A)–(E), the local deposition of 
the lithium deposition can be observed. Moreover, it can be clearly seen 
that a large amount of lithium metal was deposited on the side of the 
separator close to the negative electrode (Fig. S1(F)–(J)), and with the 
increase of the N/P value, the amount of deposition decreased firstly and 
then increased. Surprisingly, the deposited lithium was almost invisible 
on the separator when the battery's N/P value was 1.16 (Fig. S1(H)). 
Besides, for battery safety regulation strategies, it is more important to 
change the separator near the side of the negative electrode. 

We attempt to study the inducing factors of Li metal deposition 
morphology and the resulting safety issues. Lithium deposition in the 
battery is undoubtedly a product of the electrochemical side reaction. 
From the electrochemical point of view, different products are caused by 
changing the properties of the negative electrode. Thus, the electro-
chemistry of the negative electrode should the starting point for 

Fig. 2. Images showing the graphite SEM of different N/P battery. 
Characterization of the morphology evolution of graphite electrode with different lithium deposition. The different pictures correspond to different N/P and scale. 
The size of the deposited lithium first decreases and then increases with the N/P value. The morphology also changed from moss-like to dendrites that are highly 
related to the electrochemical properties of the battery. 

H. Li et al.                                                                                                                                                                                                                                        



Journal of Energy Storage 52 (2022) 104789

4

analysis. As the N/P value increases, the diffusion kinetics of Li-ion 
batteries should be affected. Therefore, we speculate that the negative 
electrode does not provide enough space for Li ion insertion at low N/P 
values, which leads to the aggregation and precipitation of the electrode 
at the sites preferentially filled with Li, which is the reason for the moss- 
like deposition. However, with the increase of N/P value, the diffusion 
kinetics of lithium ions in the negative electrode weakens, resulting in 
the formation of distributed dendritic deposits on the surface of elec-
trode. Therefore, more electrochemical properties of the negative elec-
trode need to be investigated. 

3.2. Electrochemical performance and simulation 

The change of the N/P value affects the lithium deposition, and this 
change was also directly reflected in the charge and discharge capacity 
of the battery. As the N/P value increases, the discharge capacity does 
not follow a constant trend (with the N/P increased, the capacity tends 
to constantly increased or decreased). For example, the discharge ca-
pacity of the battery with the N/P ratio of 1.16 was 1.25 Ah (Fig. 3(A)), 
which was higher than other batteries with a higher or lower N/P ratio. 
However, the change of charging capacity decreases as the value of N/P 
increases (Fig. 3(B)). Therefore, a proper N/P value was conducive to 
release of all the designed capacity of the battery and will avoid lithium 
deposition. It was not worth that blindly increasing the N/P value to 
improve the safety of the battery in the fast-charging state loses a lot of 
usable capacity. Meanwhile, the capacity degradation of the battery also 
shows the same trend of change as the discharge capacity of the battery 
(Fig. 3(G)). The battery with the NP value of 1.16 maintains a higher 
capacity retention rate after 100 cycles, but other batteries all show a 
sharply fade rate, especially the capacity of the battery with the N/P 

value is 0.99 sharply decreased to the 22% initial discharge capacity 
after 100 cycles. The electrode potential change has been monitored at 
the same time by placing a lithium metal reference electrode in the 
pouch cell. As the charge progresses, the electrode potential will be 
lower than 0 V when the negative electrode with the lowest N/P (Fig. 3 
(C)). Even if it was charged at a lower rate (0.1 C), there've still pre-
sented lithium deposition. In the case of the highest N/P (1.26), the 
potential of the graphite negative electrode will quickly be lower than 0 
V (Fig. 3(J)). Herein, there is no doubt that the lithium deposition would 
take on the electrode. Moreover, the electrode potential is always lower 
than 0 V during the charging process indicated that lithium deposition 
will occur on the entire electrode. The uniform deposition can be 
attached to the fact that the entire electrode was lower than 0 V so that 
the lithium deposition occurred without distinguishing positions. 

The change of potential has a more extraordinary relation with the 
physical characteristics of the graphite electrode. The resistivity and 
porosity of the graphite electrode were measured by using dry elec-
trodes. As the increase of the electrode thickness, the resistivity was held 
to a constant value (0.069 mΩ/mm) (Fig. S2), especially when the 
electrodes with low N/P. However, the porosity of the electrode 
considerably decreased over the thickness (Fig. 3(I)). While the change 
in the resistivity was slight, the overpotential of the electrode surface 
still increases with the thickness of the electrode if only the ohmic po-
larization was taken into account. However, the reduction of porosity 
increases the concentration polarization in the electrode, which further 
extremely increasing the overpotential on the electrode surface. It ex-
acerbates the generation of lithium deposit in the battery. 

Additional, appropriately increasing the N/P value can ensure that 
the negative electrode runs at a low SOC, thereby improving the fast- 
charging performance of the battery. However, the limitation of 

Fig. 3. Electrochemical performance of the battery. 
The design capacity of the battery was 1.8 Ah. ((A), (B), (G)) The electrochemical performance which was measured at the rate of 3 C. ((C), (D), (E), (F), (J)) The 
electrode potential corresponded to the N/P value of 0.99, 1.05, 1.16, 1.22, 1.26, and measured at the rate of 0.1 C. (H) The diffusion coefficient of graphite which 
was characterized by GITT. The diffusion coefficient of different negative electrode was measured by button batteries with lithium metal as the counter electrode. 
Lithium deposition that occurs in lithium-ion batteries has a detrimental effect on the electrochemistry of the battery. In addition, the lithium deposition is affected 
by the properties of the battery electrode. 
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kinetics ultimately prevailed in the influencing factor of lithium depo-
sition, as the N/P value progressed. The deposition of lithium metal on 
the surface of the electrode and the formation of SEI will severely reduce 
the lithium ion diffusion coefficient of electrode (Fig. 3(H)), which 
makes it easier to initiate lithium deposition. Therefore, we have suffi-
cient evidence that the direct influencing factor in lithium deposition 
was caused by the porosity of the electrode. The decrease in porosity 
does not have a greater impact on the resistivity of the battery, but it 
deeply affects the particle transmission in electrode, and increases the 
polarization in the battery, which causes more serious lithium 
deposition. 

The pseudo-two-dimensions (P2D) simulation model of graphite 
half-cell was built by the COMSOL Multiphysics based on the dynamic 
porosity, resistivity, diffusion coefficient. Compared with the experi-

mental data, the model we built has a higher consistency with the real 
battery. The lithium deposition was added in the model as the side re-
action, which was described with the Butler-Volmer equation 
[29,40–42]. 

jLi = FkLiclγ
[

exp
(αηLi

RT

)
− exp

(

−
βηLi

RT

)]

(ηLi < 0.05)

Whereas the overpotential ηLi = ϕs − ϕl − Eeq, Li − ϕfilm, ϕs is the solid 
potential, ϕl is the electrolyte potential, Eeq, Li is the equilibrium po-
tential of lithium deposition that was set to 0.00 V vs. Li/Li+. And ϕfilm 
corresponding to the film resistance due to the solid electrolyte inter-
phase film (SEI). F is the Faraday constant, kLi is the reaction rate of 
lithium deposition. cl is the concertation of the electrolyte. The side 
reaction of lithium deposition occurred when the overpotential was 

Fig. 4. The lithium deposits simulation result of graphite half cell. 
The ((A), (B), (C), (D), (E)) responded to the charge rate was 0.1 C. The ((F), (G), (H), (I), (J)) responded to the charge rate was 3 C. The “surface” responded to the 
surface of the electrode, and the “bottom” responded to the bottom of the electrode near the collector. 

Fig. 5. Thermal safety of the different N/P batteries with lithium deposition. 
(A) The ARC test result. (B) and (C) The negative, positive electrode DSC result. (D) The heat generation of the material during the test process. The electrode used in 
the DSC test was taken from the post-mortem test. 
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lower than 0.05 V [43]. 
When the battery's N/P was low, the lithium deposition on the 

electrode surface at the end of charge will be littler than the lithium 
deposition at the bottom of the electrode (Fig. 4(F)), but the amount of 
the lithium deposition was also relatively large than other N/P value 
batteries, no matter surface or bottom. The amount of lithium deposition 
decreased as the N/P value increased is because of the constraint of cut- 
off voltage (Fig. 4(F)–(J)). In addition, surface deposition has gradually 
become the primary method of deposition, especially when the N/P 
value was enormous. This change in the deposition state (the deposition 
difference of bottom and surface) implied that there exited the possi-
bility of uniform deposition in the lithium-ion battery. 

Due to thermodynamic restriction, the battery has the unavoidable 
lithium deposition with the N/P smaller than 1 (even though the 
charging rate in the test was low). That is because the graphite electrode 
can't host enough lithium-ion. As the increase of N/P, the limiting factor 
of thermodynamic was removed, whereas the limiting factors of kinetic 
due to the porosity and polarization change were strengthened. The 
overpotential on the electrode surface was rapidly lower than 0 V, 
resulting in the lithium-ion not being intercalated in the negative elec-
trode. The morphology and amount of deposited lithium were tightly 
related to these two factors. When the thermodynamics dominated the 
restriction factor, the lithium deposition site was limited by the reaction 
surface area, which was promoted moss-like of lithium deposition on the 
electrode. However, the limitation of kinetics forces lithium dendrite to 
occur on the electrode surface and likely uniform deposition [44–46]. 

3.3. Thermal safety of battery with lithium deposition 

As we proposed in the front, the lithium deposition will affect the 
battery fast charge safety [5,47–50]. The ARC experiment of the battery 
was conducted after the battery was fully charged, and the batteries 
have been the same cycle test. There was no doubt that thermal safety 
will be affected by the N/P value (Fig. 5(A)). Considering the battery 
manufactured by the same materials, lithium deposition was inferred as 
the major factor affecting battery safety. Besides, the differential scan-
ning calorimeter (DSC) test on the disassembled electrodes was per-
formed to find the heat contribution in the process of thermal runaway. 
The negative electrode material has an obvious exothermic peak before 
200 ◦C (Fig. 5(C)), while the positive electrode material has an 
exothermic peak between 200 and 250 ◦C (Fig. 5(B)). The thermal 
runaway of the battery occurs before 200 ◦C (Fig. 5(A)). Thus, it can be 

simply considered that the heat-generating of the negative electrode 
triggers the thermal runaway of the battery. 

The material's heat peak was integrated to quantify the heat contri-
bution during the whole thermal runaway process. The battery's nega-
tive electrode with the N/P value of 1.16 has the least heat release (Fig. 5 
(D)). However, the negative electrode of the battery with the N/P of 0.99 
releases about four times more heat, and the thermal runaway of this 
battery occurs earlier than other batteries. Coincidentally, the battery 
with the N/P value of 1.26 has the same heat release. Moreover, the 
electrodes were confirmed to have different amounts of lithium depo-
sition. The results fully illustrate that lithium deposition will accelerate 
the occurrence of battery thermal runaway. Additionally, the heat 
release of the lower N/P (lower than 1.16) negative electrode was higher 
than the larger N/P (higher than 1.16) negative electrode, and this 
phenomenon indicated that the dendrite lithium deposition will be more 
dangerous than the moss-like deposition. Meanwhile, this indicates that 
the dangerous caused by uniform deposition will be decreased in the 
same amount of lithium deposition. 

3.4. Safety boundary and prediction 

Although the experiments have proved the impact of lithium depo-
sition on battery safety, they cannot quantify the impact of deposition on 
battery safety. Comparing the charge and discharge data of the battery 
before the test, a rough method was adopted to describe the amount of 
lithium deposition in the battery: 

∑N

i=1
QLi,i = Qcharge,i − Qdischarge,i− 1  

whereas the QLi, i (mAh) represents the amount of the lithium deposition 
in the i cycle, the Qchagre, i represents the charge capacity of the battery in 
the i cycle, the Qdischagre, i− 1 represents the discharge capacity of the 
battery in the i − 1 cycle, and the i represents the cycle number. Note 
that this equation can be applied to cycles at operation voltage and it 
does not have restriction in charge/discharge rate and material. Due to 
the side reactions that occur when cycling outside the operating voltage, 
such as the oxidative decomposition of the electrolyte, although there is 
a capacity performance, it is not directly related to the intercalation and 
deintercalation of lithium ions. Besides, The equation was based on the 
following assumptions: 

Fig. 6. The data fitting and verification of lithium deposition and safety. 
(A) The NMR result of the negative electrode power. ((B), (C), (D)) The fitting result of lithium deposition. (E) The index map of the battery safety boundary. (F), (J) 
was selected from the side and top view of (E). The result show that the lithium deposition and the N/P value have a high linear relationship, and closely relate to the 
thermal runaway temperature. Meanwhile, the relationship shows the minimum value for lithium deposition at some N/P value. 
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1. The SEI layer in the battery has been fully formed during the acti-
vation process, which means that SEI will not be generated during 
the subsequent cycles.  

2. The lithium deposition inside the battery and the generation of SEI 
are independent, which means the lithium metal formed by the 
deposition will not generate the SEI.  

3. The deposited lithium (QLi, i) ignore the difference of dead lithium 
and reversible lithium. Because they are all lithium metal, no matter 
dead lithium and reversible lithium, affect battery safety. 

The solid-state nuclear magnetic resonance (ssNMR) detection 
method was a more robust method to prove the formation of lithium 
deposition, and it can also reflect the change in the amount of deposited 
lithium [51–54]. The characteristic peak of metallic lithium was found 
at the 265 ppm shift (Fig. 6(A)) [55]. It was found that the lithium metal 
peak area has a strong linear relationship with the amount of lithium 
deposition calculated by the above method (Fig. 6(B)). It can be fully 
proved that the method of calculating the amount of lithium we pro-
posed was feasible in quantifying the amount of lithium. In addition, the 
judgment of the amount of lithium deposition in the post-mortem pro-
cess was also confirmed by the 600 MHz ssNMR. 

Based on the above expression of quantitatively deposited lithium, 
the relation between the amount of lithium deposition and the N/P value 
of the battery has been constructed through a linear regression method 
(Fig. 6(C)). It can be found that there has a minimum value between the 
N/P value and the lithium deposition, and the search for the minimum 
was the goal of battery design and optimization. The starting of the 
dangerous status (T1 temperature: starting self-heat temperature) was 
affected by the lithium deposition. In our opinion, the battery's lithium 
deposition has the power function with the battery's T1 temperature. 
Moreover, the fitting result gave us the evidence (Fig. 6(D)). The relation 
of the power function indicates that the battery safety boundary was 
affected by the amount of lithium. In detail, the trigger of thermal 

runaway will no longer be affected by the amount of lithium deposition 
and will come to the danger statue when the amount of lithium depo-
sition reaches the threshold. 

By combining the relationship between battery lithium deposition, 
N/P, and T1 temperature, the battery safety boundary index map was 
obtained from the linear fitting (Fig. 6(E)). Indeed, the index map was 
built on the basis of experiments and hypotheses. If the battery is 
designed and used in a validated range, the operation window will be 
guaranteed in a safe statue, as shown in the bright part of the picture 
(Fig. 6(F), (G)). 

3.5. Safety design face to the fast charge battery 

The safety boundary of the battery was not static, the method we 
propose can be used to detect the safety state in a specific situation. 
However, the long charging time continuously challenges the user's 
patience [56]. Ultrafast charge means shorter charge time. The charging 
time exactly corresponds to the charging rate in index map. As stated in 
our above results, the lithium deposition of batteries was affected by 
kinetics and thermodynamics. Based on the above method, a compre-
hensive study on the safety of the battery at the fast charge rate was 
carried out. 

The same battery was tested after the same charge and discharge 
cycle, but the constant current was set to 6 C that was because of we 
want to expand the index map from the factor of kinetics. The amount of 
lithium deposition in the battery and the N/P value still shows a highly 
linear relationship (Fig. 7(A)). Similarly, the safety boundary index map 
of the fast charge rate was obtained with the same method (Fig. 7(B)). It 
can be clearly seen that the T1 of the battery was sharply reduced when 
the battery was charged at 6 C, compared with the 3 C charge battery. 
This result was closely related to more amount of lithium deposits inside 
the battery. As the charge current increases, the amount of lithium in the 
battery gradually increases, and the N/P value corresponding to the 

Fig. 7. The safety boundary of the battery under the fast charge rate. 
(A) The fitting result of the lithium deposition and N/P. (B) The safety boundary index map under 6 C charge rate. (C) The prediction of the lithium deposition under 
different N/P and charge rate. Based on the relationship of lithium deposition, N/P value and thermal runaway temperature, the safety boundary was built through 
regression method. 
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minimum of lithium deposition also shifts to a larger value (Fig. 7(C)). 
The change gives the direction of N/P design and optimization when the 
battery needs charging at a fast charge rate. 

Combining the safety boundary of the battery at different charge 
rate, we will get an index map of the safety state of the battery (Fig. 8). In 
the side view, it is evident that the T1 changes with the charge rate 
(Fig. 8(B)), and the best N/P value can be observed in the top view shifts 
to higher as the charging rate increased (as shown with the yellow line in 
Fig. 8(C)). The best N/P value here was the N/P value corresponding to 
the safest state of the battery. Besides, the most obvious feature of the 
chart was that the range of the best N/P became narrower as the charge 
rate increase (Fig. 8(C)). It means that the safety of the battery at a high 
charge rate will face a grave challenge, which only batteries with spe-
cific N/P value can be used safely. The 70 ◦C was used as the warning 
temperature to obtain a prediction map of the battery's safety state 
(Fig. 8(D)). Valuable guidance for the fast charge or battery design could 
be obtained from the safe area. 

These results will play an essential role in the safety design of the 
battery. Based on the battery safety state prediction chart, the effects of 
economic cost, battery safety and quality all can be considered simul-
taneously when designing the battery. At the same time, the map also 
shows the safest charge rate when have been design with a constant N/P. 
Its dual function can ensure that the battery is in a safe state no matter 
the design or usage. This safety boundary provides a valuable theoretical 
reference for the design of fast charge batteries. In addition, according to 
the safety requirements of different batteries, specific architecture can 
be achieved. For example, the battery warning temperature can be set 
higher to get more safety batteries. 

4. Conclusions 

The disassembly of batteries with different capacity proves that there 
has different morphology of lithium deposition inside the batteries 
during the fast charge. The lithium deposition and morphology were 

affected by the limitation of thermodynamics and kinetics. The limita-
tion of thermodynamics affected the moss-like deposition, but the ki-
netic limit was the major influence of dendritic lithium deposition. The 
thermal analysis confirmed that the dendrite lithium deposition in the 
lithium-ion battery would be more dangerous. In addition, the battery 
safety experiment proved that using a larger N/P value contributes to 
battery fast charge design. However, the quantitation of lithium depo-
sition experiment shows that the increase of the N/P value is not abso-
lutely essential for battery safety. In contrast, the focus of the research 
was the safety boundary index map which was predicted by linear 
regression. The safety boundary index map will provide important 
reference information on battery safety design and use. Significantly, the 
ultrafast charge and the safety of the battery will be economically 
realized according to the safety boundary index map. In the strict sense, 
the above prediction abides by the background of constant compacted 
density. Further exploration would be researching the safety of the 
lithium ion battery by quantitative lithium deposition. 
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