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Abstract

A software that delivers optimal design parameters and performance predictions for cylindrical
cells, which can range in size from micro batteries to EV batteries, is developed. The Cylindrical
battery design V1.0 is comprised of three types of cylindrical batteries, Micro battery (Primary),
Micro battery (Secondary) and 18650/21700/xxxxx cylindrical battery. The software was
developed in MATLAB. The software has the capability to output the cell design with the
capacity ranges from several mAh to several million Ah. The software utilizes machine learning
and includes a graphical user interface to enable rapid prototyping to accelerate energy storage
research, development, and manufacturing.
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1.0 Introduction

Cylindrical batteries are the most common cell type in use today. They offer high energy
density, good dimension stability, and reliability through the manufacturing process. They have
been used to power miniature sensors, small consumer electronic devices, and large battery
packs fueling electric vehicles that reduce greenhouse gas emissions.! Designing a cylindrical
battery is more complicated than a pouch cell due to the wound structure and the different
material loadings in one electrode, making it difficult for researchers and organizations to quickly
assess their innovations in realistic batteries. A convenient tool such as the software proposed
in this project is urgently needed to accelerate research innovation and domestic battery
manufacturing.

Rational design of practically usable batteries must consider not only the electrical performance
(energy density, impedance) but also battery dimensions and space utilization, cycling
performance, cost reduction, and device manufacturability. All these factors make cell design a
complex, error-prone, and time-consuming task. The proposed software embedded with
machine-learning algorithms will address these considerations to simplify the process.

Recently, PNNL has released analogous software for Li-metal pouch cell design (see Fig. 1)
supported by the Battery 500 Consortium.? In this work, we will leverage our battery design
experience and machine-learning expertise to develop software specifically for cylindrical
primary batteries based on chemistries from primary and secondary lithium metal batteries as
well as lithium-ion batteries. Another important application of cylindrical batteries is the micro
batteries for wearable electronics, downsized sensors, and implantable devices.**

BATTERY L2

\ Li-Metal Battery Design Api -y

Eneegy denuty (WnAQ ) Volage (V) 3 1 Cagauty (AX)

Anode design Cathode design

E/C (g/Ah)

Electrotyte design A ok Srckmes () 0 v

E/C (AN 201 Active material oMY Wi (RQERl

Log CB (NP)

Actree material coating
weight (mglem?)

Figure 1. Software for Li metal pouch cell design by batt500.

Introduction 1



PNNL-32743

2.0 Method, Discussion, and Results

2.1 Machine learning software development for cylindrical Li/CFx
primary micro battery

Fig.2 shows the workflow of the software for cylindrical Li/CFx micro battery. First, the user
inputs the requirements of the micro battery in the software, then the software automatically
analyzes the inputted parameters and determines the battery type required, energy type or
power type, through supervised learning. After that, the software performs the cell design
according to the learned results and finally exports the detailed cell design information and
estimated performances. However, how is the software built?

User inputs the requirements Software analyzes the inputted
of microbattery (size, current, ™= requirements and determines
power). the discharging rate of battery.
Software performs battery .
design and estimatesthe =) Eng:s:hﬁ ?nif::!ne:ﬁt;ittew
performance. 9 :

Figure 2. Workflow chart of cylindrical micro battery design software.

Over the past eight years, the cylindrical micro battery with the Li/CFx chemistry has been
studied and produced extensively at PNNL. As shown in Fig.3, the jellyroll is produced by a
winding process with alternative cathode sheet, separator sheet and anode sheet. Here, we
focus on the Li/CFx micro battery as this chemistry has very high energy density and low self-
discharge rate. The CFx cathode active material will be mixed with binder and carbon additive to
produce the cathode electrode. Thin Li metal foil will be used as anode electrode directly. The
software development is also based on this chemistry. The areal loading, percentage, pressing
density of CFx cathode electrode, and its size will affect the energy and power of the micro
battery. Figuring out the relationships between these key factors and cell performances is
crucial to develop the software.

Method, Discussion, and Results 2
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Terminals

Cell unit

% v : Key factors affect cell performance
==
Separator .
Materials, Capacity,
Specific capacity, Voltage,
Jelly-rol Active material loading, - Energy,
Active material ratio, Power, N
Electrode pressing density, Rate capability.
Electrolyte Electrode size.

Case

Figure 3. Schematic of cylindrical micro battery and its relevant key factors and cell
performances.

In order to bridge the key factors and cell performances in Fig.3, five different sizes of micro
battery with different CFx ratio, loading (or areal coating weight) will be produced and tested
under four different discharge rates (Fig.4). Note that ‘MBxxxxx’ is used to describe the micro
battery (MB) model, where the first two digitals after ‘MB’ represent the diameter of micro
battery and the rest represent the height of the micro battery. In this work, we choose MB1820,
MB1830, MB1842, MB3060 and MB47149 as our battery objects, the volume of these batteries
ranges from 5 mm? to 300 mm3. MB1842, MB3060 and MB47149 are the universal models we
have worked on for so many years and we have plenty of experiences to produce them. To the
best of our knowledge, MB1820 with volume of 5 mm?2 is the smallest cylindrical battery in the
world. That being said, we will have enhanced capability to produce smaller micro battery after
this project. After collecting the data, we will analyze the relationships between the electrode
parameters and cell performance, bridging them with equations. Also, a random forest
supervised machine learning model will be introduced to do classification work for the micro
battery. With these relationships and equations, a preliminary cell design program will be
developed in EXCEL first and then transferred to a programmer for further software
development in MATLAB.

Method, Discussion, and Results 3



PNNL-32743

Data Collection ‘ Data Analysis

| Design of experiments | 1. Cell design: Relationship

between key factors and
cell performances.

2. Cell classification: Random
forest model.

3. Design sheet in Excel.

5 battery sizes

| | 1 |
[mMB1820 | [MB1830 | [ MB1842 | | MB3060 | [ MB47149 |

T
3 CFx ratio ‘ 88% | 929,

B :
[96% | i Software Programming

[
3 CFx loading ‘ |0W| | medium} | high |

4 discharging rates [0.06C| [0.2¢] [0.5¢] [ic]

1. Build the interface of software in MATLAB.
2. Code the design sheet.

Figure 4. Method to build the software for cylindrical micro battery.

2.1.1. Data collection with Li/CFx micro batteries

According to Fig.4, at least twelve micro batteries have been produced for each size with
different CFx ratio and loading (Fig.5). After production, the micro batteries will be discharged at
four different discharging rates, 0.06C, 0.2C, 0.5C and 1C. A C-rate is a measure of the rate at
which a battery is discharged relative to its maximum capacity. A 1C rate means that the
discharge current will discharge the entire battery in 1 hour. The capacity, specific capacity,
energy density, working voltage, driving voltage, gravimetric energy density and parameters for
supervised random forest learning model at different discharging rate are collected (Fig.6). All
the data analysis and software calculations are reliant on this data.

Method, Discussion, and Results 4
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Figure 5. The digital photos of five different sizes of Li/CFx micro batteries (top) and production
of these batteries with different CFx ratio and loading (bottom).
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Figure 6. Data sheet of five different sizes micro batteries with different CFx ratio and loading.
The full data can be found in left Excel document.
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Electrodes/separator size determination

As mentioned above, the jelly roll of the micro battery is produced by a winding process. The
size of the jelly roll depends on the size of cathode sheet, separator sheet and anode sheet.
The size includes the width and length of each sheet. The width of electrodes/separator will
affect the height of the jelly roll, while the length affects its diameter. The principle to determine
the width of electrodes/separator is quite simple if we know the structure of micro battery. As
showed in Fig.7, it's easy to determine the width of electrodes/separator as below:

Width of separator = Height of the battery - thickness of Torr seal - thickness of case (top and
bottom) - thickness of rubber disk.

Width of the Li metal anode = Width of separator - Overhang of separator/Li metal.
Width of the CFx cathode = Width of Li metal anode - Overhang of Li/CFx electrode.

Overhang means the extra width of separator relative to Li metal anode or Li metal anode
relative to CFx electrode. Large overhang would result in better safety in secondary battery and
easy manufacture, but lower energy density. As we are working on primary battery and trying to
increase the energy density, here, we will set 0.5 mm for overhang of the separator/Li metal
anode and 0 mm for Li metal anode/CFx cathode.

Mi Cu

 coso

Figure 7. The sectional view of the structure of micro battery.

Determination of the length of electrodes/separator is a bit complicated. As shown in Fig.8, the
diameter of the jelly roll is easier to determine if we know the diameter of the inner case and the
gap degree. The gap degree is defined by equation (1) in Fig.8 and its value must be less than
1 so the jelly roll can be inserted into the case while leaving some room for jelly roll swelling
and electrolyte. If the thickness of CFx electrode, Li metal electrode and separator are provided,
then we will know how many loops are required for the jelly roll according to equation (2). The
length of the CFx (n loops) or Li metal (n+1 loops) can then be calculated using equation (4),

Method, Discussion, and Results 6
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the sum of arithmetic progression. The length of the separator can be achieved by doubling the
length of Li metal anode with extra overhang.

Case_Jelly-roll Determine the length of electrodes and separator
Dje!lyroll .
(1) Gap degr'ee =" (Gap degree should be less than 1 so the jellyroll can
case inner be inserted into case, usually around 0.9.)
(2) Djeityronr — Deenter +H*D(9H”m-f (n is the numbers of semicircle of CFx electrodes. )

# .
(3) DCeH unit — Tmthode + 7:?1101fe+2 Eepammr (T means thickness.)

T
cdll unit (4) Length Of CFx = 2 * [Dmnrgr + DCE!H wnit T (Dmnrgr + 2% D[‘Q” um't) +t
Djellyroll (Dcenrer tnx Dre]l um‘r)]
- T n-1
Dcase,\nner :E * (?’l * Drgnt‘gr +nx T * Drgll um'r)

Figure 8. The method to determine the length of electrodes.

2.1.2. Machine learning process and prediction on the key parameters in Li/CFx
primary micro battery

Machine learning model used
Generalized linear model (GLM):
The general purpose of multiple regression is to quantify the relationship between several

independent variables and a dependent variable. In general, the linear multiple regression can
be estimated as:

k
Y=b0+zbi*Xi 1)
i=1

Regression Tree: Random forests (RF)

Random forests or random decision forests are an ensemble learning method for classification,
regression and other tasks that operates by constructing a multitude of decision trees at training
time and outputting the class that is the mode of the classes (classification) or mean prediction
(regression) of the individual trees. Random decision forests correct for decision trees' habit of
overfitting to their training set.

The prediction of RF model is obtained by a majority vote over the predictions of the individual
trees. To specify a particular RF,

k
RF(x) = sgn(zileTi(x)) (2

Method, Discussion, and Results 7
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Data analysis

In this work, we built eight random forest models. The response variables are specific capacity
and voltage. The explanatory variables include the height of a battery (mm), the volume of a
battery (mm?2), loading, coating weight (mg/cm?), the press density (g/cm?), process parameter,
charging rate, current (mA), mA/mm?, power (mW) and the mW/mm?3.

All experimental observations

The experimental observations with retentions equal to or greater than 0.5 are selected to set
up the machine learning problems. The total number of observations is 152, and they were split
into training data and testing data. The training data contains 109 observations, and the testing
data contains 43 observations.

The experimental observations under 0.06C
Charging a battery under ideal conditions is another major benchmark study, so we also study
the relationship between response variables and the explanatory variables using a 0.06C

charging rate. In this part, the training dataset has 31 observations, and the testing data has 14
observations.

Randoms forest model setups
The following table shows the details about those RF models. We predict the response

variables such as specific capacity and voltage by using the explanatory variables from the
battery design parameters.

Table 1. The explanation of RF models response variable and the explanatory variables

Response variable Explanatory variables
Specific capacity under 0.06C Height, diameter, coating weight, press density,
process parameter
Voltage under 0.06C Height, diameter, coating weight, press density,
process parameter
Specific capacity Height, diameter, volume, loading, coating
weight, press density, process parameter
Specific capacity Height, diameter, volume, loading, coating

weight, press density, process
parameter+current+ mA/mm?
Specific capacity Height, diameter, volume, loading, coating
weight, press density, process
parameter+power+ mw/mm?
Voltage Height, diameter, volume, loading, coating
weight, press density, process
parameter+current+ mA/mm?
Voltage Height, diameter, volume, loading, coating
weight, press density, process
parameter+power+ mw/mm’
Voltage Height, diameter, volume, loading, coating
weight, press density, process parameter

Method, Discussion, and Results 8
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PCA analysis

Figure 9 shows the PCA bi-plots, where the first two principal components are used to visualize
the similarities among specific capacity or voltage and the input parameters. The first
component accounted for 45.4%, and the second component accounted for about 24.6% of the
total variance of specific capacity and input parameters (panel a). The first component
accounted for 45.3%, and the second component accounted for about 19.5% of the total
variance of voltage and input parameters (panel b). Panel a and b of Figure 9 both show the
points with different colors for each of the rate conditions. Note that points close to each other
correspond to observations with similar scores/projections onto the principal components. The
ultra-low points are mixed in the region of the low group. And the bounty of high and ultra-high
are not evident.

Condition
Hoh

* Modum
Urrs_Hgh

PC2 (24 50%)
PC2 (19.48%)

PC1 (45.42%)
PC1(4533%)

a. Specific capacity vs input parameters b. Voltage vs input parameters

Figure 9. PCA biplot of among micro battery's input parameters and specific capacity and
voltage

Feature importance
Specific capacity models

Figure 10 shows the feature importance of specific capacity RF models. Those three panels
show that the rate is the dominant factor for the specific capacity RF models. The coating weight
and the process parameter are comparable. Other parameters such as the height, diameter,
and volume of a battery are not so that important. Current parameters and the power
parameters are 4" and 5" most important, respectively.

Method, Discussion, and Results 9
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Feature importances

Rate
Coating_welght_mg_cm2
Process_parameber
Press_density_g_cm3
Hizlght_rmim
Wolume_mm3
Diameter_mm

Loading
0.0 0.2 0.4 0.6

(a) Rate only

Feature importances

Rate
Coating_welght_mg_cm2
Process_parameter
mA_per_mm3
Current_m#
Press_density_g_cm3
Volume_mm3
Dlameter_mm
Height_mm

Loading

00 02 04 06

(b) Rate & Current

Feature importances

Rate
Coating_weight_mg_cm2
Process_parameter
Power

mW_per_mm3
Press_density_g_em3
Loading

Helght_mm
Volume_mm3
Diameter_mm

00 02 04 06

(c) Rate & power

Figure 10. Feature importance of specific capacity models. Using (a) physical parameters and
rate, (b) physical parameters, rate, and current variables, (c) physical parameters, rate, and
power variables as explanatory variables.

Voltage models

Figure 11 shows the feature importance of voltage RF models. Those three panels show that

the rate is the dominant factor for the voltage RF models. The importance of other parameters is
weak and those parameter's feature importance are comparable.

Feature importances

Rate

Process_parameter
Coating_welght_mg_cma
Press_density_g_cm3
Haight_mm
Valume_mm3

Loading

Diameter_mm

(a) Rate only

S —
0.00 025 0.50 0.75

Rate

mA_per_mm3
Process_parameter
Press_density g cm3
Coating_weight_mg_cm2
Current_ma

Height_mm
Wolume_mm3

Loading

Diameter_mm

000 025 050 075

(b) Rate & Current

Feature importances

Rate

m_per_mm3
Coating_weight_mg_cm2
Process_parameter
Power
Press_density_g_cm3
Wolume_mm3

Loading

Helght_mm
Diameter_mm

000 025 050 075

(c) Rate &power

Figure 11. Feature importance of voltage models. Using (a) physical parameters and rate, (b)
physical parameters, rate, and current variables, (c) physical parameters, rate, and power

Prediction Results
The predictions of RF models

Prediction of rate conditions

variables as explanatory variables.

We use the current-based model to predict the rate conditions and use the micro battery's
height, diameter, volume, current and current per volume as independent variables. We also

Method, Discussion, and Results
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build a power-based model to predict the rate conditions too. The testing accuracy of the
current-based model is 80%, and that of the power-based model is 76%. The two confusion
matrixes show that most points are labeled correctly, but some are in the neighbor group. For
the medium group, the current-based model is better than the power-based model. For the low
group, the current-based model and the power-based model are comparable. Due to the small
samples of ultra-high, ultra-low and high groups, it is hard to conclude.

Table 2. The confusion matrixes of different models for rate conditions

==testing Current_Training Data_Splitted_verision=== ==testing_Power_Training Data_Splitted_verisionws==

===Confusion_Matrix_Current_Training Data_Splitted_verision=== ===Confusion_Matrix_Power_Training Data_Splitted_verisionws=s
Ultra High High Medium Low Ultra_Low Ultra_High High Medium Low Ultra_Low

Ultra_High 1 1 e o i Ultra High - 1 0 o o

High 0 4 2 o ) ra_fiig

Medium o o 6 1 0 High 0 5 1 @ 0

Low 0 ] 117 1 Medium ) 1 13 3 0

Ultra_Low [} 0 0 4 2 Low (2} o 1 17 1

Ultra_Low Q e 0 4 2

Prediction of specific capacity

We compare the three methods’ model of prediction of specific capacity. We consider the rate-
based linear model as the native model. The GLM and RF models are applied. Figure 12 shows
the predictions and prediction errors of different models. The y_Actual is the actual value of the
experiment's specific capacity and is represented by black color from panel a. The blue points
represent the prediction from RF models, and the green points represent the prediction of GLM
models. The red ones are from the naive model. In general, the naive model's predictions have
a small range. Most of the forecasts of RF models are close to actual values of specific
capacity. Panel 2 shows the boxplot of absolute errors of the 7 models. The RF model's
performance is the best; almost 75% of sample's predict errors are less than 10%, and nearly
95% of sample’s predict errors are less than 20%. Some of the prediction errors of naive
models are very large, and almost 55% of samples' prediction errors are less than 10%. The
overall ranges of predict errors of the GLM model are broader than that of RF models.

50 v
800 — v % W v
. = s : . . 40 =
700 1 TE R TR b LB i ¢ &
z il Pilsaleivnid ' ' 2 304 Y v v
g SRS IR L R AR I : -
§ e00 SRS $itiigathriigiditt i g - - - ¥ 3 ¢ o
H v ‘ ARFSRE A4k [ 3T biigaid E& 1 T 7
3 by R R R B R i ; : T
& 500 ! 1 3EE 30 RRNLL ARG 10 +-EF A ET
i « % . ) == E E =0
B8l : L]
400 ~ ‘ . * D e T Sl =yl D o M
T T T T T T T
200 = Actual vs predict 3' §' G' ;: ;)I n:‘ §|
yAcual % Curent GLM » Simple_RF ® Power_RF § H g £ 5 § 2
* Simple_GLM * Power GLM # Cument RF <+ Naive_model @& S a Q g
a. Prediction of specific capacity of different models b. The predict error of different
models

Figure 12. Specific capacity prediction scatter plot and the boxplot of predict absolute errors of
different models
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Prediction of voltage

We use the same method to predict the voltage. The naive model of voltage prediction is the
piecewise function. From panel a of Figure 13, the naive model prediction has slight variation in
each piece under the same range of the rate. For the actual voltage, naive model has better
forecasts than other models. The boxplot in panel b shows that the predicted errors of GLM and
RF models are comparable. All 6 models can't handle the lower voltage prediction, and we may
need more parameters and samples to study the voltage. The absolute errors' boxplot of the
naive model shows the significant variation between predictions of actual values.

25 } i v v

24

Voltage
-
-
Percentage
<

23

22

21

Actual vs predict
* y_Actual Current GLM * Simple_RF = Power_RF
* Simple_GLM * Power GLM % Curen{ RF * Naive_model

b. The predict error of
a. Prediction of specific capacity of different models different models

Figure 13. Voltage prediction scatter plot and the boxplot of predict absolute errors of different
models

We studied the relationship between input parameters and the specific capacity and voltage
using GLM, RF, and naive model approaches. The predictions of RF models have a better
performance than other models for specific capacity. The predictions of voltage from RF and
GLM models are comparable but are better than naive models.

Model accuracy

Figure 14 shows the optimized training and testing accuracies of the RF models. In this work,
the model depths are from 2 to 20, the minimum sample leaf of the trees is 2 to 4, and the
number of trees is 5, 10, 20, and 50. The optimized training accuracies are greater than 0.92
and less than 0.97. The testing accuracies of specific capacity RF models (see Figure 14 a) are
around 0.75, and the testing accuracies of voltage RF models are around 0.8 (see Figure 14 b).
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Figure 14. Training and testing accuracies of RF models.

Coding Software selection

In this work, we evaluated the RF models using the Python Scikit-learn package and the
software was developed using the MATLAB. For example, Figure 15 shows the actual voltage
and the mean of predictions under different conditions. The forecast represents 1-time result.
The lower boundary of the actual values can be covered but can't reach the upper boundary by
the 1-time results. The Pred_3T_means represents the mean of predictions of 3-time results.
Both the upper boundary and the low boundary of the actual values are covered. The average
of forecasts of 40-time results is not significantly different from that of 3-time results. Thus, the
RF models will run three times to get comprehensive results.

Actual -| [ - - - - - - -~ -~ ===~ 1
Prediction 4 }----{* | |--------eeeeee- i
Pred_3T_means - f—- ------------------ 1

—_
I
I
T
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

—_—

Pred_40T_means

[ [ I I I
2.15 2.20 2.25 2.30 2.35

Voltage (V)
Figure 15. The actual voltage, prediction of running model 1 time, mean of predictions of

running model 3 times, mean of predictions of running model 40 times of voltage model which
uses the rate and physical parameters as explanatory variables.
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In summary, the individual RF models are developed. The RF models will run 3 times and
provide the mean of multiple times predictions to get the comprehensive results. In further work,
more data needs to be collected.

(1) Clustering analysis can be used to study the battery under different conditions.

(2) More data help to improve the random forest models' accuracy.

2.1.3. Software development and verification
Final software

With the cell design information in section 2.1.1 and machine learning study on key parameters
in section 2.1.2. The final software developed in MATLAB is achieved. Fig.16 shows the
interface of the software. The full software can be obtained by contacting the Pls of this project.

4 CylindricalBatteryDesign - o X

Battery Help

Cylindrical battery design V1.0

Pacific Northwest

Microbattery (primary) Microbattery (secondary) 18650/21700h0000¢ Cylindrical battery

]

Click here to enter

Figure 16. The interface of the cylindrical battery design app. Click first image to log in the
interface for primary micro battery design.
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Fig.17 shows the interface after logging into the primary micro battery design app. The main
components include:

1. Battery requirement panel: Input size, current or power of the battery.

2. Design information panel: Select mode for cell design: Designed by software and Designed
by user. Designed by software is integrated with machine learning model. With this mode, the
materials are fixed, Carbon monofluoride(CFx) will be the cathode material while Lithium metal
as anode material. No extra parameters are required by user other than following the
instruction. The machine learning has slow mode and fast mode. Fast mode output the results
fast (1-15 min per input parameters) but has a slightly lower accuracy as just one machine
learning model is implanted. Fast mode allows the user to quickly look at the performance of the
battery as designed. If the design parameters are used to produce micro battery, slow mode (3-
50 min per input parameters) is recommended. Design by user allows user to build user's own
battery. User will be required to input most of the parameters with this mode.

3. Command panel: Execute the order of user.

4. Image panel: Display the images of the relationship between rate/capacity with electrode
parameters. Display the weight distribution of as-designed battery.

5. Estimated performance panel: Output the estimated performance of as-designed battery,
including capacity, weight, and energy density.

Fig.18 and 19 are the capacity distribution, cell design, estimated performance and weight
distribution of a specific input by user in the software. More detail with the software can be found
in right PDF document attached behind Fig.19.

4 CylindricalBatteryDesign - [u] X
Battery Help

= ic aittery design V1.0 Exit
Pacific Northw
Microbattery (Primary)
Battery Requirement
Diameter (mm) 18| Height (mm 42
‘Current (mA, optional) Power (mW, optional)
Rate vs CFx electrode process parameter Capacity vs CFx process parameter and CFx percentag >
Design Information Designed by software | v @ Run q
Slow mode Fast mode
¥) Reset o]
Machine Learning
0.8
Chemistry (anode/cathode) Li/CFx 07
Cathode design Anode
Specific capacity (MAN/g) 0.0 Width (mm) 0.0 06
Coating weight (mg/cm2) 0.0
e Length (mm) 00 -
CFx percentage (wt.%) 0.0
Thickness (um) 0.0
Binder (PTFE) (wt.%) 0.0 0.4
Conductive additive (vt %) 0.0 N/P ratio 0.00
Press density (g/em3 0.00 03
Cu foil thickness (um) 0.0
Al foil thickness (um) 0.0 2
Separator 02
Length (mm) 0.0
Width (mm) 0.0 0.1
Width (mm) 0.0
Thickness (um) 0.0 Length (mm) 0.0
0 02 04 06 8

Overhang (anode/cathode) 0.0 Thickness (um) 0.0

Electrolyte

Weight (mg) 0.0

Overhang (Sep/anode)

Estimated Performance
Capacity (mAh, 0.06C)

Weight (mg)

Capacity (mAh, Input C/mA/mW)

Voltage (V. Input C/mA/mW)

Gravimetric energy density (Wh/Kg, 0.06C’

Volumetric energy density (WhiL, 0.06C)

Gravimetric energy density (Wh/Kg, Input C/mA/mW)

Volumetric energy density (WhiL, Input C/mA/mW)

Figure 17. The interface for primary micro battery design.
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& CylindricalBatteryDesign - o X
Battery Help
7

Cylindrical battery design V1.0 Ext

Pacitic Northwest

Microbattery (Primary)

Battery Requirement
Diameter (mm) 18] Height (mm) 32
Current (mA, optional) Power (mW, optional)
< | Capacity vs CFx process parameter and CFx percentage | Veight Distribution >
Design information Designed by soware | v @ run 42 Capacity at0.52C vs CFx process parametor and CFx percentage
T
u
Siow mode ( Fast mode o Reset
915 15
Machine Learning B> export
v 145
Chemistry (anode/cathode) LiCFx
Cathode design =
Anode F 05
‘Specific capacity (MAN) 6036 Width (mm) 30 Y 3%
3
£
Coating weight (mg/cm2) 22 Lanct 5 §
CFx percentage (wt.%) 918 2
Thickness (um) %00 2 135
Binder (PTFE) (w1%) 29 Se9s
Conductive addtve (Wt.%) 53 NP ratio 100
Press density (gicm3) 170 9 13
Cu foil thickness (um) 00
Al foll thickness (um) 120
Separator 85
Length (mm) 40 125
Width (mm) 33
Width (mm) 30
b 3
) 167
Thickness (um) 1523 Leagth (mm) . CFx process parameter
Overhang (anode/cathode) 00 Thickness (um) 200 M Yakle
Electrolyte Overhang (Sep/anode) o3 Estimated Performance
Weight (mg) 28 Capacty (mAh, 0.06C) 17| Gravimetric energy density (WVKg. 0.06C) 2029
Weight (mg) 208 Volumetric energy density (WhiL, 0.06C) 3912
Capacty (mAh, Input C/mAMW) 15| Gravimetric energy density (WIVKg, Input CimAmW) [165.7
Voltage (V. Input CImA/miY) 222|  Volumetric energy densty (WhL, input CmAmW)  [3185

Figure 18. The capacity distribution, cell design detail and estimated performance in primary
micro battery design app.

4 CylindricalBatteryDesign - o X
Battery Help
Cylindrical battery design V1.0
Microbattery (Primary)
Battery Requirement
Diameter (mm) Height (mm)
Current (mA. optional) || Povier (mw, optiona) | |
< sssparameter | Capacity vs CFx process parameter and CFx percentage  Weight Distribution
Design Designed by software | v |
—
Weight distribution
[ Crx cleciiode
Machine Learning 12% ey
o
2% O L metal
Chemistry (anode/cathode) LiCFx (=] : B
Cathode design Anode £ === PP/PE Scparator
[ Electroltye
Specific capacity (mAh/g) 5020 Width (mm) 30 [T Rubber disk.
% [ Torrseal
(e
Coating weight (mgfcm2) 248 e 51
CFx percentage (wt.%) 890 5% 51%
Thickness (um) 200
Binder (PTFE) (Wt.%) 43 &2
Conductive additive (wi.%) 6.7 NP ratio 1.00
Press density (g/cm3) 170
Cu foil thickness (um) 00 e
Al foil thickness (um) 120
Separator
Length (mm) 22 %
Width (mm} 33 48D
Width (mm) 30
Thickness (um) 1625 Length (mm) 153
Overhang (anode/cathode) 00 Thickness (um) 200
Electrolyte Overhang (Sep/anode) 03 Estimated Performance
Weight (mg) 21 Capacity (mAh, 0.06C) 4] Gravimetric energy density (Whikg, 0.06C) 1765
Weight (mg) 195 Volumetric energy density (WhiL, 0.06C) 3228
Capacity (mAh, Input CImA/mW) 3] Gravimetric energy density (WiVKg, Input CimAmw) | 1425
Valtage (V. Input CimAmAY) 221]  Volumetric energy density (WhiL, Input C/mA/mYY) | 260.5

Figure 19. Weight distribution in primary micro battery design app.
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Software verification with battery test

1% battery evaluation without ML incorporated in software

Table 3. The electrode parameters and estimated performance of six types of micro batteries
with random input by user.

Random input by user Software calculated
CFx electrode Estimated performance
Cell size Current Power rate CFx c?atlng Chx Press density Capacity Energy density Weight(mg
weight percentage Voltage (V)
(mg/cm3) (mAh) (Wh/Kg) )
(mg/cm2) (%)

MB1452 |not provide click 0.58C High 19.4 92 1.65 0.8 2.16 101 16.9
MB2760 |5mA High 19.1 92 1.65 4.8 2.15 186.2 55.5
MB3040 2mwW low 33.8 91.5 1.75 5.4 2.36 283.6 44.6
MB3020 [not provide click 0.4C medium 26.8 94 17 1.7 2.2 152.9 25

6mA (shows rate
MB4750 |conflict. Then use 6 mA 30mwW medium 29.9 92 17 15.1 2.15 250 129.1

only)
MB47100|not provide click 0.03C ultra low 46.4 94 1.8 62.6 2.39 548.7 272.6

Table 3 shows the specific parameters given by software and estimated performance. No ML
method is applied, and the method is so-called naive mode (linear equation) mentioned above.
Fig.20 are the six types of micro batteries produced according to the design information listed in
Table 3. Four micro batteries for each size have been produced and tested with the testing
condition listed in Table 4. As manual cell production, the actual CFx coating weight can’t match
the designed information provided in Table 3 well and may contribute to the accuracy of the
performance prediction. With error analysis in Table 4, it can be seen that both the error of the
voltage and weight prediction are +9%. But the error of the capacity prediction in some cases is
+24%. This greatly affects the prediction of energy density which increases the error to +38% in
some cases, e.g., the extreme short type MB3020. The accuracy of the capacity prediction by
software is still required to be improved next, especially for the short type of micro battery. Less
than 10% of the error is the target for performance estimation. Next, we will utilize the ML model
to improve the accuracy.

hhi e B

—

S R R N R R N N R N R R R R RERRERRER EELLLALLAALLALLLALALALLLALLLL LV AW MM

MBA47100 MB4750 MB3040 MB3020 MB2760 MB1

Fig.20 Six types of micro batteries produced with the design information in Table 3.
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Table 4. The test results and error analysis of six types of micro batteries produced in Fig.20.

Input by user Battery test*
. i, Prepared CFx electrode Achieved performance
Testing condition -
. CFx coating CFx i i Energy
Cell size | (calculated from last K Press density] Capacity . .
weight percentag Voltage (V) density Weight(mg)
table) (mg/cm3) (mAh)

(mg/cm2) e (%) (Wh/Kg)
MB1452 [0.64 mA 20.7 (+6.7%) 92 1.74 0.99 (+23.7%) 2.24(+3.7%)  139.2(+37.8%) 15.9(-5.9%)
MB2760 |5mA 22.2 (+16.7%) 92 1.58 4.6(-4.2%) 2.11(-1.9%)  163.9(-12.0%) 58.8(+5.9%)
MB3040 |2 mw 34.1(+0.9%) 91.5 1.66 4.9(-11.1%) 2.32(-1.7%)  239.4(-15.6%) 47.3(+6.1%)
MB3020 [0.92 mA 27.1(+1.1%) 94 1.75 1.3 (-23.5%) 2.14(-2.7%) 100 (-34.6%) 27.1(+8.4%)
MB4750 |6 mA 31.7 (+6.0%) 92 1.63 17.2 (+13.9%) 2.24(+4.2%)  289.3 (+15.7%) 133.6 (+3.5%)
MB47100{1.74 mA 43 94 1.7 52.6 (-16.0%) 2,44 (+2.1%) 492 (-10.3%) 261.7 (-4.0%)

* Red means the value can’t meet the designed requirement while green means the value is
over the designed requirement.

2" battery evaluation with ML incorporated in software

After integration of ML model developed in section 2.1.2, another five micro batteries with
different sizes are fabricated to evaluate the software accuracy. Table 5 shows the specific
parameters given by software and estimated performance with ML method applied. Fig.21
shows the five types of micro batteries produced according to the design information listed in
Table 5. Two micro batteries for each size have been produced and tested with the testing
condition listed in Table 5. In Fig.22, it can be seen that both the error of the capacity and
voltage predictions are around +10%. The error of the capacity prediction is improved with
applied ML method. The weight error is around + 5-10%. The error may increase with manual
sealing of the battery with Torr seal. The error may be improved with better quality control in
manual production and Machine learning algorithm with larger data size and distribution.

Table 5. The electrode parameters and estimated performance of five types of micro batteries
with random input by user.

Random input by user Software calculated
CFx electrode Estimated performance
Cell size Current Power rate CPxcoating | . orcentage | Press densit Capacit Energy densit )
(,.,‘:::/Icg:z) P (%) g (mg/cm3)y (rrﬁAh)y Voltage (V) [\;g\/yh/Kg) y Weight(mg)
MB1452 |not provide click 0.7C High 19.5 91.9 1.7 0.7 2.13 92.3 16.9
MB2760 5 mW Medium 31.4 94 1.7 6.8 2.28 273.2 56.7
MB3033 0.6 mA low 30.4 94 1.8 3.5 2.28 219.3 36.3
MB37220 |30 mA 145 mW medium 27.8 88.2 1.7 62.1 2.22 364.3 378.7
MB47100 [not provide click 0.03C ultra low 38.7 92 1.8 55.5 2.36 473.8 275.9

cm 71

INCH 7 16 THS 2

f///////////‘//r///I/tlnllll\\\\\\\\\\\
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Fig.21 Five types of micro batteries produced with the design information in Table 5. The

MB37220 has a little issue with the short case so the cylindrical battery is sealed in Al plastic
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Fig.22 The experimental results and relative error of capacity and voltage with five batteries
provided by software. The unit of y-axis includes both capacity (mAh, top) or voltage (V, bottom)

and relative error (%, top and bottom). Experimental data is averaged with two cells.
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2.2 Software development for cylindrical 18650/21700/xxxxx lithium-
ion battery

2.2.1. Cell disassembly and data collected with commercial cylindrical LIBs

Due to the tremendous demand for improved energy storage devices for electrical vehicle and
grid-level applications in the market, scientists and engineers have put much effort in making
good cylindrical LIBs starting from the materials, electrodes, cell and final assembled battery
pack. At PNNL, developing materials for various battery technologies is the focus. However,
besides this, there is also a need to know how to design a cylindrical battery so that the
laboratory can better serve the internal and external projects requiring a battery with this format.
Disassembly of commercial cylindrical LIBs is a fast and cost-effective way to learn how to
design a cylindrical battery. The 18650/21700 numbering system represents the dimensions of
the cylindrical format. The first two digits i.e., 18 or 21, represent for the diameter of the
cylindrical battery in mm, while the third and fourth digits i.e., 65 or 70 represent the height in
mm. The final digits i.e., O indicates it is a cylindrically shaped cell. The cell design of
18650/21700 cylindrical LIBs are more complicated than micro batteries. The electrodes are
bigger and double side coated. The N/P ratio varies in each cell unit due to the curvature of the
JR. To balance the N/P ratio from the center of the JR to housing, the coating weight of the
cathode or anode varies. Also, there are some single-side coated areas at the beginning and
end of the electrodes, increasing the complexity. The number of the tabs would affect the
resistance of the batteries, especially for large cylindrical batteries like 46800, determining the
rate performance and heat generation. Here, we didn’t do resistance design.

To achieve the required data to develop the cell design app, the commercial 18650/21700 are
purchased, disassembled and measured to produce the data set, including the coating weight,
electrode size, pressing density, jellyroll dimension, separator size and tab position. The cell
performance can be achieved from the vendor. Table 6 shows the commercial 18650/21700
cylindrical lithium-ion batteries purchased in this project. It contains both energy type and power
type batteries form different chemistries and vendors.

Table 6 Interested commercial cylindrical LIBs in this project.
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Available  14-May

18650|Vendor Model Chemistry Datasheet Link 3-Aug
2.0 Ah{304) |205 INR \OneDrive - PANL attervjunction com/samsung-20s-inr-18650-30, v 20s |
Samsung (2.5 Ah(20A) |255 INR htt nnl-my.s 8650batterystore.com/18650-p/samsung-25s.h v 35R 1
3 Ah{15A) INR hitj nnl-my.s 8650batterystore.com/Samsung-18650-p/samsy v 300 1
3.048h{204) |HG2 INR httj nnl-my.s atterviunction.com/lg-hg2-18650.htm v HG2 |
LG INR hit nnl-my.s atterviunction.com/lg-hg6-inr-20650-li-ion-bati] v HGE |
High Power 2 5 Ah{20A) |HE4 INR hitps://pnnl-my s atterviunction.com/lg-hed-18650.him v HE4 |
2.1 ah{304) |VTC4 IMR \OneDrive - PNNY 2650battervstore.com/collections/sony-muratsy v VTCa
2.6Ah (30A) |VTCS IMR \OneDrive - PNNU https: atterviunction.com/sonv-vic5-18650-2600-flat | v vTCsD |
Sony |25 Ah(354) |VTCSa IMR \OneDrive - PNNL\Documents\Proposal\I3T LDRD maching learning cylinder baf] https://www.wholesurgical cqv WTCSa |
3.0 ah{304) IMR \OneDrive - PNNU https: x.batterviunction.com/sony-vic6-18650-3000-flat.| v WTCB |
3.5 Ah (BA] |vCT7 IMR \OneDrive - PNN oltaplex.com/sony-vc7-18650-battery-us18650vc? ®
3.1 ah{6.2A) |A MNCR ~\OneDrive - PNNY 2650batterystore.com/Panasonic-18650-p/pan v A 1
p2nasonid 3.45 Ah (104 MNCR AOneDrive - PNNU hitps: 8650batterystore.com/Sanyo-18650-p/sanvo-n v GA 1
3.55 Ah (8A) |G MNCR hitps://pnnl-my sHhttps://www.imrbatteries.com/panasonic-ncr18650g-3550ma BD 1
3.4 ah{4.9A) |B MCR \OneDrive - PNNU https: 2650battervstore.com/Panasenic-18650-p/pan v BF |
thigh Energy 2.8 Ah{104) |2SE INR htt -y sHhtt 5650batterystore.com/Samsung 15650-Battery- v [
Samsung (3.2 Ah(104) |32E INR sHhty oltaplex.com/samsung-32e-18650-battery-inr18650-32e 32E 1
3.5 Ah{10A) |35E INR sh hity . batteryjunction.com/samsung-35e-18650-flat htfv v 35E |
2.8 Ah{104) |MG1 INR v.shhitps //voltaplex.com/lg-mgl-18650-battery-ls18650mg1 MH1 |
LG 3.2 Ah{104) |MH1 INR -my.charepoint.com/personal/bingbin wu pnnl govw/Documents/Do X
3.5 Ah({104) _INR -mv.sharepoint.com/personal/bingbin wu pnnl sov/Documents/Documents/Proposal/I3T%20LDR0 x ML 1
Samsung [2.64h(5.24) |26) ICR \OneDrive - PNN https: x.batterviunction.com/samsung-26i-button.htm v M26 |
Gthers LG 2.5Ah(20AA) |HE2 ICR AOneDrive - PNNU echargeablepowerenergy.com/collections/battery-ce 29E, 2.8AH|
A123 1.1{304) M1B IFR hitps atteryspace com/A123-System-Nancphosphate- 308 3.0AF |
AA Portab|1.58h{54) EC IFR https://pnnl-my.s atteryspace.com/lifepod-18650-rechargeable-c HE2 |
21700|Vendor Model | Chemistry Datasheet Link
Samsung |3.0Ah{354) |30T INR https://pnnl-my. rbatteries.com/samsung-30t-21700-3000mah{v 3-Aug I
Samsung [4.0Ah{354A) |40T INR rbatteries com/samsung-40t-21700-4000mah{v 3-Aug i
Samsung [5.0ah{9.84) |S0E INR -my. rbatteries.com/samsung-50e-21700-5000mah]v 3-Aug
Tesla SAh (104) _NCR https://pnnl-my. chdirectclub.com/21700-lithium-ion-battery-1 3-Aug
http://eleteks-com.sell.evervchina.com/p-108442467-panasol
20700 ] |sanyo nCk
IMR. Lithium manganese oxide(LiMn204)
INR Lithium nickel cobalt manganese oxide(LiNixMnyCoz02)
NCR Lithium nickel cobalt aluminum oxide [LiNixCoyAlzO2)
ICR Lithium cobalt oxide (LiCoO2)
IFR/LFP Lithium iron phosphate(LiFePO4)

v

Battery charger:

Prior to purchasing the commercial lithium-ion batteries, a SOP relating to the safe disassembly
of discharged LIB must be developed. This SOP describes the standard operation of
disassembly of the discharged commercial 18650/21700 cylindrical LIBs in the PSL facility. The
term “discharged” means the cylindrical LIB is fully discharged to its lower limit voltage and the
state of charge (SoC) is 0%. The lower limit voltage is the discharge cut-off voltage provided by
the vendor, typically 2.5 V. The disassembly of cylindrical cells above 0% SoC is out of the
scope of this SOP. Other two cell formats i.e., prismatic type and pouch type LIBs, are also out
of the scope of this SOP.

As showed in Fig.23, discharge the battery to lower limit voltage in an N2-filled environment
chamber. Then the discharged battery can be transferred to an Ar-filled glove box for
disassembly. The typical disassembly procedure includes checking the safety toolbox is ready
(Fig.24). Remove the plastic cover on the battery. Use the pipe cutter to cut the position of the
“crimped can” on the battery. Cut the positive tab off with a ceramic scissor. Insulate the positive
tab on top of the Jellyroll with tape. Carefully cut and peel off the can with a nipper. Collect the
battery can in one container as it produces sharp edge. Unroll the jellyroll carefully and separate
the cathode and anode sheets one by one. An IR camera held by the second staff is required
during the whole disassembly process. The full process can be found in following pdf document.

PDF

SOP Disassembly of
discharged commerci
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Fig.23 Device to discharge the cylindrical batteries.

Sand/Lith-x are in place
Solvent for rinsing electrodes

Waste containers Disassembly toolbox.
Face shield and flame retardant coat will be
borrowed from Lab1512 during disassembly.

Shield

Fig.24 Setup for cell disassembly of commercial 18650/21700 LIBs at PSL 522A.
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With approved SOP of cell disassembly, the detailed parameters related to the commercial
cylindrical LIBs can be obtained. Table 7 shows part of the datasheet collected from a
disassembled commercial battery. The detailed data can be found in the excel attached after
the table. Finally, this data can be used to create the original design sheet for cylindrical lithium-
ion battery (Table 8).

Table 7 Data collection of disassembled commercial cylindrical LIBs.

Sample # 31-1
Date
| Battery info LG MI1 Brand/model
_ Rated capacity 3500 mAh
| Rated voltage 3.635 V
| Rated current 10 A
|Celll For size, capacity, characterization
| discharge capacity mAh
| resistance m{)
|enery 12.7225 Wh
| Battery total we 46.841 g cotaining plastic cover
_ 16473 g no plastic cover
1. Remove case
R structure
| Diameter: 17.84 mm Top Back
| Height: 60.7 mm
_ Tab position: — End
| (describe, mark on picture
|End layer: Sep (Al, Cu, Separator?)
Tape clear color and position
| Tape size 30.6425 L*W*T cm2
| Center pore D 295 mm Case thickness 0.12 mm
| Comments: central pin g bottom thickness 0.31 mm
_ Odmm*ldmm*Hmm
|insulate pats
Top cap
2. Unroll IR

| End position 7 mm C/A
_ 8 mm S/A
bi —

—
i |

262331%20LG%20M!1

1%2018650%20Parai
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Cvlindrical battery design V1.0 1BEEN21700 culindrical battery
Battery requirements
Diamneter [mm] 18 Height [rnm) E5| Pacific Northwest
WwWiorking voltage [ V] 36
E stimated performance VYisuable interface
Capacity [mah) 1264 Erergy [miwh) 455 Shov: R structure and
Energy desnigy [ 95.9 Weight [g) LY electrodes design, NP
ratio design. JR size

Design informat Dezigrned by user contral, weight distribution
Chemistry [anodelcatk Graphiteld. 1% NRACTT
Cathode st dizcharge specific capacity [mahd 109.0 Anode st charge specific capacity 330.0)

1=t CE (3] 96.0 1=t CE [22) 32.0

Coating weight [mo'crn?, sided, insic 4.5 1P ratio [total] 11

Coating weight [mo'crn?, sidelB, outsi 5.1 Coating weight [mglcm2, sic 5.5

AIB coating weight ratio [3] 960 Coating weight [mglcr2, sic 5.5

Active material ratiofwt. >z 94.0 A coating weight raito [22] 00|

Einder ratio [wt 2] 20 Active material ratiofwt 2] 94 5|

Carbor ratio [wt. ) 4.0 Elinder ratio [t 3] 35

Press denzity [glemni3) 28 Carbor ratio [wt 3] 2.0

Current collector thickness [pm) 250 Frezz dernaity [glem3] 14

Current collector denzity [glom3] 27 Current coll ector thickness [ 15.0)

Length Clrmm, sided) 702 Current collector density [gh a9

C2{rmrn, =ideB) FEO.0 Overhang [anodelcathode,w 15

C3(rmm. fromt ta zideB) R0.0 Length Allrm, sided) 7

C4{mm, sides to sideE) 12.0 A2(rmm, sideB) 772.0

C5(rarn, front to tab) 5.0 A3(rnrm, end to sided) 75.0)

CE[rnrn, end to sided ] 0.0 Ad[rnm, sideB to tab) 5.0

C¥(rnrn, end to sideB) 5.0 Tatal length [rm, with CC) 470

Tatal length [mm. with CC) 8250 Owerhang [anodelcathode e 12.0)

“width [rnm) 57.0 “width [mm) 58.5

Taotal thickness [pm) 130.7 Tatal thickness [prm) 92.5

Average areal capacity [mahkdcmaz) 15 Average areal capacity [mat 1.7

Total weight [g)] Bh Total weight [g) 17.08)
Separator Wwidth [rar) B0.5 Wind pin Diarneter [rarn) 35

Length [rnrm) 1734.0 Tabs ‘weight [, cathode =ide) 1.0

Thickrness [pm) 200 Weight [g. anode side) 1.0

Overhang [Seplanode, total] 2.0 Can Wwheight [g] 9.3

Derzity [ghorm3) 1.0 wiall thickness [mm) 0.2
Electrolute Wieighticapacity [ olAh) 1.8/ JR size contral  JR diameter [mm) 17.0)

Wieight [g] 227 JR areaavalable areain cas 90,7

With the analysis of the data collected from various commercial LIBs, a software relating to
large cylindrical LIBs can be developed in MATLAB. Fig. 25 shows the interface of the
18650/21700/xxxxx cylindrical batteries in the battery design app.
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4 CylindricalBatteryDesign
Battery Help

Cylindrical battery design V1.0

Pacific Northwest

Microbattery (primary) Microbattery (secondary) 18650/21700h000cx Cylindrical battery

]

Click here to enter

Fig.25 The interface of the cylindrical battery design app. Click second image to log in the
interface for secondary micro battery design.

Fig.26 shows the interface of 18650/21700/xxxxx cylindrical battery design. The main
components include:

1. Battery requirement panel: Input size and voltage of the target battery.

2. Design information panel: Input all the preferred parameters for the cathode/anode
electrodes, electrolyte, separator, battery house and other components.

3. Command panel: Execute the order of user.
4. Image panel: Display the images of battery and cathode/anode electrodes. Display the
images of N/P ratio and Al range to check the qualification of a cell design input by user.

Display the weight distribution of as-designed battery.

5. Estimated performance panel: Output the estimated performance of as-designed battery,
including capacity, weight, energy, and energy density.
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4 CylindricalBatteryDesign o o X
Battery Help

7
Pacific Northwest

Cylindrical battery design V1.0 Exit

18650/217 00000 Cylindrical Battery

.

1 Battery Requirement

Diameter (mm) 0.0| Height (mm) 00|  Working voltage (V) | 0.00 ¥) Reset = «=] Import
Desian Information Tab desian
2 \'Tan design blank v | Cylindrical Battery Electrodes design N/P ratio Recommended A1 range Weight Dist >

Cathode Anode 4
1st discharge specific capacity (mAhg) | 0.0] st charge specific capacity (mAh/g) | 0.0 Jelly Roll Structure i
15t CE (%) 00| 1stCE (%) 0.0
Coating weight (mg/cm2, sideA) 00| NP ratio (total)
Coating weight (mg/cm2, sideB) Coating weight (mg/cm2, sideA) 0.0 +
AB coating weight ratio (%) " 0.0 Coating weight (mg/cm2, sideB) . ——
Active material ratio (wt.%) 00 A/B coating Y:e:gn? ratio (%) 0.0 A
Binder ratio (wt.%) 00 AF!IVS material ratio (wt.%) 0.0
Carbon ratio (wt %) = Binder ratio (wt.%) 0.0
Press density (g/cm3) 0.00| Carbon ratio (wt.%) 0
Current collector thickness (um) 00| Pressdensity (gicm3) 0.00
Current collector density (g/cm3) 00| Current collector thickness (um) 0.0

Length Current collector density (g/cm3) 0.0
C1(mm, sideA) Overhang (anode/cathode width total) 0.0 Height
Se (i, Sickc) A1 (mm s;:?\?m 0.0
g: ::m g g A2 (mm, sideB)
€5 (mm) :: (oom) 0.0
C6 (mm) (mm) 0.0
€7 (mm) A5 (mm) 0.0
C8 (mm) AB (mm) 0.0
Total length (mm, with current collector) A7/ (men) 00

A8 (mm) v

YR (o) Total length (mm, with current collector) e
Total thickness (um) ’ _

Average areal capacity (mAh/cm2) g::::::g ((:": ::)ﬂ ) g g
Total weight (g) Width (mm) * -
Number of windings (cathode)

parator Total thickness (um)

Width (mm) Average areal capacity (mAh/cm2) Di ! Size definition
Length (mm) Total weight (g)
Thickness (um) 0.0/ Number of windings (anode)
Overhang (Separator/anode widetotal) | 0.0 \aiont (g cathode side) 000! Estimated Performance
Density (g/cm3) 0.00] weight (g, anode side) 0.00
Electrolyte Weight (g) Can 0.0 Capacity (mAh) Energy (Wh) 5
Weight capacity (g/Ah) 0001 \val thickness (mm) 0.00]
Weight (g) + Gravimetric energy density (Wh/Kg) Weight (9)
Cylindrical winding mandrel Solty 1o (JR) Size conkiod
Diameter (mm) D0Jjer cemete (o)
Center Pin JR diameter/inner diameter of case (%) [COlomelrC ondngy coRaty, ()
Weight (g) 0.0 JR area/available area in case (%)

Fig.26 Interface of 18650/21700/xxxxx cell design in the software.

The software comprises 10 types of Tab designs learned from the commercial batteries,
including energy-type batteries and power-type batteries. Tab design information is shown with
a special expression. Fig. 27 shows the definition of the expression of the tab design.

A typical design process can be found in Fig.28-30, relating to the N/P ratio design, electrode

size design and weight distribution of the battery with input parameters in the software. The
detail design process is available in the following pdf document.

Software
manual-18650 21700
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Tab8: 1-Cathode Tab (In, Single-H,E) / 2-Anode Tabs (Out-H,E, Single-E)

L

Existence of single-side coated electrode and position
Tab Position

——— Tab numbers on electrode

Tab Position:
In: Tab located in the electrode

osd | —

Out-H,E,: Tabs located outside of the
electrodes. H means head of the
electrode while E for end.

If H or/and E are presenting, it
means, there is/are tab/tabs
locating at head or end/ head and
end of the electrodes.

Tab entry

Cathode Electrode:

— 1S

L o saioh ofles|
. ind

cr=crar”
a=cr”

Existence of single side coated
electrode and position:
\ Single: single-side coated electrode

\ exists.

/310 1/2 of the total

= .\

gt e

\‘—&lliSingle-H,E,: H means head of the
electrode while E for end.

If H or/and E is/are presenting, it means,
there is/are single-side coated
electrode/electrodes locating at head or
end/ head and end of the electrodes.

Tabon e

Fig.27 Description of the tab design in the software.

4 CyfindricalBatteryDesign

Battery Help
~7
Pacific Northwest
18650/21700%0000x Cylindrical Battery
Battery Requirement
Diameter (mm) 18.0| Height (mm) 650|  Working vottage (V)
Design Information Tab design

Tab4: 1-Cathode Tab (Out-H, Single-H) / 1-Anode Tab (Out-E. Single-E)

athode |42V NMC
1st discharge specific capacity (mANg) | 205.0

15t CE (%) 910
Coating weight (mg/cm2, sideA) 235
Coating weight (mg/cm2, sideB)

A coating weight ratio (%) 940
Active material ratio (wt %) 9%.0
Binder ratio (wt. %) 20
Carbon ratio (wt. %)

Press density (g/cm3) 350
Current collector thickness (um) 150
Current collector densiy (gicm3) 27
C1 (mm, sideA)

C2 (mm, sideB)

€3 (mm) 400
C4 (mm) 120
€5 (mm; 1.0
€6 (mm) 280
C7 (mm)

€8 (mm)

Total length (mm, with current collector)

Width (mm)

Total thickness (um)
Average areal capacity (mAh/cm2)

Total weight (g)
Number of windings (cathode)
widtn (mm) *P2"
Length (mm)
Thickness (um) 100
Overhang (Separator/anode wide total) | 1.5
Density (g/em3) 105
lectrolyte
Weight capacity (g/Ah) 140
Weight (g)
Cylindrical winding mandrel
Diameter (mm) 30
Center Pin
Weight (g) 00

Anode | Graphie/Si
15t charge specific capacily (mAN/g)
15t CE (%)

NP ratio (total)

Coating weight (mg/cm2, sideA)
Coating weight (mgicm2, sideB)
AB coaling weight ratio (%)
Active material ratio (wt.5%)
Binder ratio (wt.5%)

Carbon ratio (Wt %)

Press density (g/cm3)

Current collector thickness (um)
Current collector density (g/cm3)
Overhang (anode/cathode width totai)

A1 (mm, sideA)
A2 (mm, sideB)
A3 (mm)
A4 (mm)
A5 (mm)
AB (mm)*
AT (mm)
A8 (mm)
Total length (mm, with current codector)
Overhang (mm, head)
Overhang (mm, end)
Width (mm)
Total thickness (um)
Average areal capacity (mANcm2)
Total weight (g)
Number of windings (anode)
Tabs

Weight (g. cathode side)
Weight (g, anode side)
Weight (9 €20
Wal thickness (mm)

Jelly roll (JR) size control
JR diameter (mm)
JR diameterfinner diameter of case (%)
JR arearavaable area in case (%)

010
020

012

Cylindrical battery design V1.0 Ext

B rn

Cyinarical Batiery | Electrodes design

¥) Reset B expont «=] import

NPrato | Recommended Afrange | Weight Dist >

NIP ratio changes along with diameter of JR
Lower limit (N/P ratio): 1.0, 2 1 @ &

1.19
o TP e G o 678 9ede e R
— & — NP rato_ cathode inside (A) & anode outside (B)|
18] 1
\ -
\ oo
Al >
& o
\ Vg
\ £
=116 § >
4
s &=
2115
114
3F 4 bl PN

1 2 3 4 5 6 7 8 ] 0

Radius (mm)
Estimated Performance
Capacity (mAh) 34443 Energy (Wh) 125
Gravimetric energy density (WhVKg) 2755 Weight (g) 454
Volumetric energy density (WN/L) 7559

&=

Fig.28 N/P ratio design and distribution of the battery with input parameters in the software.
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18650/21700n0000 Cylindrical Battery

Battery Requirement
Diameter (mm) ["210] Height (mm) 700|  Workingvoage (v) [ 363
Design Tab design

| Tab4: 1-Cathode Tab (Out-H, Single-H) / 1-Anode Tab (Out-E, Single-E)

A

Cathode [42VNCA |
1st discharge specific capacity (mANg) | 195.0

Coating weight (mg/cm2, sideB)

AB coating weight ratio (%)

Active material ratio (wt. %)

Binder ratio (%)

Carbon ratio (wt %)

Press density (g/cm3)

Current collector thickness (um) 0

Current collector densdy (g/cm3) 27
Length

C1 (mm, sideA)
€2 (mm, sideB)
€3 (mm)

€4 (mm)

€5 (mm)

€6 (mm)

C7 (mm)

C8 (mm)

Total length (mm, with current coflector)
Width (mm)

Total thickness (um)

Average areal capacity (mAh/cm2)
Total weight (g)

Number of windings (cathode)

Width (mm)

Length (mm)

Thickness (um)

(Overhang (Separator/anode, wide. total)
Density (g/cm3)

~ Wall thickness

“«

15t charge specific capacity (mANg) |3
151 CE (%)

NP ratio (total)

Coating weight (mg/cm2, sideA)
Coating weight (mg/cm2, sideB)
A/B coating weight rato (3%)
Active material ratio (wt.5%)

Current collector density (g/cm3)
Overhang (anode/cathode. width,total)
Length

A1 (mm, sideA)
A2 (mm, sideB)
A3 (mm)

A4 (mm)

AS (mm)

A5 (mm)*

A7 (mm)

A8 (mm)

Total length (mm, with current colector) -
Overhang (mm. head)

Overhang (mm, end)

Width (mm)

Total thickness (um)

Average areal capacity (mA/cm2)
Total weight (g)

Number of windings (anode)
Weight (g, cathode side)

Weight (g, anode side)

weight g %

(mm)
Jelly roll (JR) size control

1 JR diameter (mm)

JR diameterinner diameter of case (%)

—04] JR areaavatable area in case (%)

- o
Cylindrical battery design V1.0 Ext
B ro | [ Orese | [ B ewon “-.&m
| Crinrcacatey | Eichosesdosgn | NPt Recommendes alrance | WegniO >
Recommended A1 MIO: 917.1-1000.6 mm at 88%-96% of }IAVGIIIW area in case
£ JpE—
o | e — ]
il_---""
3
700 300 900 1000 100 1200 1300
g
E!m iste case ——‘_——
ai™ T
35 o O et
-3 P i
G
< T00 800 900 1000 1100 1200 1300
AWM
z
g
gwoo et
o "—‘—
700 00 500 000 1100 200 300
Length of A1 (mm)
Estimated Performance
Capacty (mAh) [ 31528 Energy (Wh)
Gravimetric energy density (WIVKg) 2281 Weight (g)
Volumetric energy density (Wh/L) 4720
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Fig.29 Electrode design and distribution of the battery with input parameters in the software.

4 CylindricalBatteryDesign
Battery Help

18650121700%0000¢ Cylindrical Battery

Fig.30 Weight distribution of the battery with input parameters in the software.
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Cylindrical battery design V1.0 ‘ Ext

Battery Requirement
Dismeter nm) [ 210] Hogrtem) [ 700] wormgvotage ) [383] | Run | | € Reset | | B> expon | | «F] impon | l
Design Information Tab design
[Tabs: 1-Cathode Tab (Out-H, Single-H) / 1-Anode Tab (Oul-£, Single-E) v| [CiBatery | Elec | NPrato | Reco 2 weignt Dsiruson ||
Cathode [42VNCA | Anode | Graphite
15t discharge specific capacity (mAN/g) [195.0] 1st charge specific capacity (mAhig) | 3500
1S1CE (%) ["880] 1stCE (%) [T920]
Coating weight (mg/cm2, sideA) 205] N rallo gota)
Coating weight (mg/cm2. sideB) Coating weight (mg/cm2, sideA)
1B coating weight rao (%) Coating weight (mg/cm, sideB) eight atrost
Active material raio (wt.%) (AR conling AeER 1aso (b}
Binder ratio (w.%) Active material ratio (wt.%)
Carbon ratio (wt.%) ?‘“‘":;o‘:‘n":)
Press densiy (g/em3) bon
Current collector thckness (um) " 15,01 FYS8e denaly Glcm)
ool colocior By Go3) 57| Current collectorthickness (um) 0|
Length Current colector densty (g/cm3) | 89
C1 (mm, sideA) Overhang (anode/cathode width total) | 20 |
2 s o) e [9500]
g: :m: 00| A2(mm,sideB) 2
5 (mm) ) Sk ) [400]
6 (mm) 200] A0 I
7 ) A5 (mm)
8 (mm) 28 Onont U
Total length (mm, with current collector) xtm:
sl Totallength (mm, with current collctor) < -
Average areal capacity (mAN/cm2) Dvaning oas, heacy 0|
Total weloht (g) Overhang (mm. end) [ 100]
Width (mm)
Number of windings (cathode) 5 -
Width (mm) Average areal capacity (mAN/cm2)
Length (mm) Total weight (g)
Thickness (um) Number Mvgg}nﬂs (anode)
Cini Shomsange e s oy ey B s Estimated Performance
Density (gicm3; . an
E RS Capacty (mAn) %22 Energy (Wh) 70
Weight capacty (g/ah) . R -
” ,(:ln o waing <4 Jelly roll (JR) size control Gravimetric energy density (Wh/Kg) 2499 Weight (g) 682
D iy, R s Volumetric energy density (WhiL) 7025
Center Pin JR diameter/inner diameter of case (%) -
Weight (g) 1| JR area/avaiable area in case (%)
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2.3 Summary

A software that delivers optimal design parameters and performance predictions for cylindrical
cells, which can range in size from micro batteries to electric vehicle (EV) batteries, is
developed in MATLAB.

1. Several hundreds of Li/CFx primary micro batteries are produced to collect data for
machine learning study on key parameters of the battery design. The software for
primary micro battery with machine learning algorithm has a high accuracy on
performance prediction, typical, around + 10% of the errors on capacity, voltage and
weight estimation.

2. With approved SOP of cell disassembly, several tens of commercial 18650/21700
cylindrical LIBs are disassembled and measured to collect the information on coating
weight, electrode size and jellyroll dimension. With these parameters, a software is
developed to design the cylindrical LIBs with performance closed to commercial
batteries.

Contact PlIs for software installation and use.
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