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INTERNATIONAL ELECTROTECHNICAL COMMISSION

NANOMANUFACTURING -
KEY CONTROL CHARACTERISTICS -

Part 4-4: Nano-enabled electrical energy storage — Thermal
characterization of nanomaterials, nail penetration method

FOREWORD

1) THe International Electrotechnical Commission (IEC) is a worldwide organization for standardization comp

rising

all national electrotechnical committees (IEC National Committees). The object of IEC is to prpmote

infernational co-operation on all questions concerning standardization in the electrical and €lectronic fiel
th{s end and in addition to other activities, IEC publishes International Standards, Technical Specificg
Tgchnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as
Pdyblication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee inte
in| the subject dealt with may participate in this preparatory work. International, governmental and
gqvernmental organizations liaising with the IEC also participate in this preparation. IEC collaborates c|

s. To
tions,
“IEC
ested
non-
osely

with the International Organization for Standardization (ISO) in accordance with conditions determingd by

adreement between the two organizations.

2) THe formal decisions or agreements of IEC on technical matters express;“as nearly as possible, an interngtional

cgnsensus of opinion on the relevant subjects since each technical committee has representation frd
inferested IEC National Committees.

m all

3) IEC Publications have the form of recommendations for intérnational use and are accepted by IEC Ndtional

Committees in that sense. While all reasonable efforts aredmade to ensure that the technical content g
Pyblications is accurate, IEC cannot be held responsible for the way in which they are used or fg
misinterpretation by any end user.

f IEC
r any

4) In]order to promote international uniformity, IEC. National Committees undertake to apply IEC Publicgtions
trgnsparently to the maximum extent possible *in: their national and regional publications. Any divergence
bdtween any IEC Publication and the corresponding national or regional publication shall be clearly indicalted in

the latter.

5) IEC itself does not provide any attestation® of conformity. Independent certification bodies provide conf
agsessment services and, in some ateas, access to IEC marks of conformity. IEC is not responsible fd
rvices carried out by independent.¢ertification bodies.

6) All users should ensure that theyshave the latest edition of this publication.

7) No¢
members of its technical_committees and IEC National Committees for any personal injury, property dama

rmity
r any

s and
ge or

other damage of any mature whatsoever, whether direct or indirect, or for costs (including legal feeg) and

eXpenses arising out ‘of the publication, use of, or reliance upon, this IEC Publication or any othe
Pyblications.

8) Attention is drawn“to the Normative references cited in this publication. Use of the referenced publicati
inflispensable\for the correct application of this publication.

9) Attentionsisadrawn to the possibility that some of the elements of this IEC Publication may be the subj
pdtent rights. IEC shall not be held responsible for identifying any or all such patent rights.

The O a 0 59 ational—Sta
exceptional circumstances, a technical committee may propose the publication of a Tech
Specification when

r IEC

bns is

ect of

nical

+ the required support cannot be obtained for the publication of an International Standard,

despite repeated efforts, or

» the subject is still under technical development or where, for any other reason, there is the

future but no immediate possibility of an agreement on an International Standard.

Technical Specifications are subject to review within three years of publication to decide

whether they can be transformed into International Standards.

IEC TS 62607-4-4, which is a Technical Specification, has been prepared by IEC tech
committee 113: Nanotechnology for electrotechnical products and systems.

nical
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The text of this Technical Specification is based on the following documents:

Enquiry draft Report on voting
113/306/DTS 113/329/RVC

Full information on the voting for the approval of this Technical Specification can be found in

the

report on voting indicated in the above table.

This publication has been drafted in accordance with the ISO/IEC Directives, Part 2.

A

list of all parts in the IEC 62607 series, published under the general

Nanomanufacturing — Key control characteristics, can be found on the IEC website,

The committee has decided that the contents of this publication will remain twchanged

the

stability date indicated on the IEC website under "http://webstore.iec.ch" in the

related to the specific publication. At this date, the publication will be

—

ansformed into an International Standard,

—

pconfirmed,

withdrawn,

—

bplaced by a revised edition, or

amended.

A billngual version of this publication may be issued at a later date.

title

until
data

IMP(

that| it contains colours which~are considered to be useful for the cor
undérstanding of its contents.xUsers should therefore print this document usin
colour printer.

DRTANT — The 'colour inside’' logo on the cover page of this publication indicates

rect
g a
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INTRODUCTION

Energy storage devices are becoming increasingly important for many applications such as
consumer devices, electric vehicles and aircrafts. Energy storage devices with high
performance and reliability are the key factors to earn the confidence of customers. Also, in
smart grid and renewable energy applications, where energy efficiency and reliable power
supplies are critical, an energy storage system is an essential device. There are many types
of energy storage devices for various applications. Lithium-ion batteries are the most popular
and promising energy storage devices for portable electronics, consumer electronics, military,
electric vehicle and aerospace applications. It is a good test carrier for performance and
reliability characteristics.

One |of the characteristics that draws the attention of users is the thermal runaway behayiour
when a short circuit occurs inside the energy storage devices due to a manufacturing process
defegt, improper operation or external shocks. The poor control of manufacturing\process|{may
cause the energy storage device's internal defects, such as particle impurity, defecis of
separator, burr of electrodes or a prominence of conductive arms. Energy. storage deyices
operpted under abnormal conditions, such as quick charging or piercingcby external objgcts,
may |cause an internal short circuit. Large current generated short(circuit will generate an
abngrmal exothermic reaction and a local temperature rise, but the-temperature of the ghort
circuit spot drops due to heat transfer. These effects cause the energy storage device's
tempgerature to continue to rise rapidly. If it reaches thermal runaway temperature, it uspally
lead$ to fire and explosion of the energy storage devices. Thésevent can result in damaEe to
perspnnel and equipment. In the worst case scenario, thiSsmay hamper the developmept of
such|type of energy storage devices.

In ofder to prevent such a scenario, nanomaterial additives have been used to prgvent
thermal runaway to ensure the reliability andy safety of energy storage devices.|The
nandmaterial additives may mix with active materials of electrodes, electrolyte, coated on the
surfgce of electrodes or separator.

This|document specifies general testing’procedures and requirements for the assessment of
thermal runaway performance and-risk associated with the nano-enabled energy stdrage
deviges prepared by employing nanomaterial additives, and serves as the basis for further
developing particular product-specific standards. This method covers only large temperature
risegl in cell temperature cadsed by shorting of the anode and cathode. This method doe$ not
gendrally cover thermal runaway due to other causes such as high external temperaturg and
is not a general method.to prevent thermal runaway.
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NANOMANUFACTURING -
KEY CONTROL CHARACTERISTICS -

Part 4-4: Nano-enabled electrical energy storage — Thermal
characterization of nanomaterials, nail penetration method

1 Scope

This

part of IEC 62607, which is a Technical Specification, provides a measurement me

for thermal runaway quality level test for nano-enabled energy storage devices. This mdg

uses
nand
runa
inter
nand

comparative measurement to enable a manufacturer to decide whethert or nof
material additives used in energy storage devices are resilient against the thsg
vay caused by a faulty or accidental low resistance connection between two or se
hal points depending on the number of stacking electrode layers of'the test sample.
material additives may mix with the materials of positive and negative electrg

electrolyte, coated on electrodes or separator. This document- includes definition

term
meth

This
due

2 1

The
cont
cited

nology, test sample, puncture nail requirements, test procedures, data analysis
ods of interpretation of results and a case study.

document does not apply directly to the safety testing for energy storage device prog
o complex safety design schemes embedded in these products.

Normative references

following documents are referred to in\the text in such a way that some or all of
ent constitutes requirements of thissdocument. For dated references, only the eg
applies. For undated references, the latest edition of the referenced document (inclu

any amendments) applies.

ISO

ISO

ISO

ISO/

ISO/

D001:2015, Quality management systems — Requirements

14001:2015, Environmental management systems — Requirements with guidance for
P6000:2010, Guidance on social responsibility

'S 80004-1:2015, Nanotechnologies — Vocabulary — Part 1: Core terms

S-80004-2:2015, Nanotechnologies — Vocabulary — Part 2: Nano-objects

thod
thod
the
rmal
veral
The
des,
s of
and

ucts

their
ition
ding

use

ISO/TS 80004-4:2011, Nanotechnologies — Vocabulary — Part 4: Nanostructured materials

IEC TS 80004-9:2016, Nanotechnologies — Vocabulary — Part 9: Nano-enabled electro-
technical products and systems

3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 9001, ISO 14001,
ISO 26000, the core terms of ISO/TS 80004-1, ISO/TS 80004-2, ISO/TS 80004-4,
IEC TS 80004-9 and the following apply.

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:
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e |EC Electropedia: available at http://http://www.electropedia.org/

e |SO Online browsing platform: available at http://www.iso.org/obp

3.1
nanoscale
length range approximately from 1 nm to 100 nm

[SOURCE: ISO/TS 80004-1:2015, 2.1]

3.2

nangmateriat
matgrial with any external dimension in the nanoscale or having internal structure or, Sufface
strugture in the nanoscale

[SOUYRCE: ISO/TS 80004-1:2015, 2.4]

3.3
nang-object
discrete piece of material with one, two or three external dimensiong-in-the nanoscale

[SOURCE: ISO/TS 80004-1:2015, 2.5]

3.4
nangmaterial additive
nandmaterial, added in small quantities to a part of~asdevice, to improve or otherwise mpdify
one or more properties

3.5
nang composite material
multiphase material where one of the phases has one, two or three dimensions of less |than
nangscale

3.6
nang-enabled
exhibiting function or performance only possible with nanotechnology

[SOURCE: ISO/TS 80004-1:2015, 2.15]

3.7
nang-enhanced
exhibiting fonetion or performance intensified or improved by nanotechnology

[SOYREE: ISO/TS 80004-1:2015, 2.16]

3.8

open circuit voltage

difference in electrical potential voltage between the terminals of a cell or battery measured
when the circuit is open (no-load condition) and no external current is flowing

[SOURCE: ISO 17546:2016, 3.26]

3.9
short circuit
circuit with the impedance of less than 1 mQ applied between the output terminal and ground

[SOURCE: ISO 27027:2014, 3.13]
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3.10

cell

single energy or charge-storing unit within a pack of cells that form the energy storage device

3.1
capacity
electric charge which a cell or battery can deliver under specified discharge conditions

Note 1 to entry: The Sl unit for electric charge, or quantity of electricity, is the coulomb (1 C = 1 A-s) but in
practice, capacity is usually expressed in ampere hours (Ah).

[SOURCETEC60050-48272004,482-03-14}

3.12
sepdrator

non

contacting each other and short-circuiting but which allows the passage of ions through it

-fonductive semi-permeable film or grid to separate two electrodes to prevent them [from

3.13

SOC

state of charge

status of available energy in the energy storage device

Note | to entry: SOC is usually expressed as a percentage.

4 $ample preparation

4.1 General sample requirements

Testing samples shall be fully activated ‘energy storage device cells. The shape (usually

pris

atic or cylindrical), the inner structures (usually stacked or rolled), anode/cathode

matgrials, electrolyte and separator arecbased on manufacturers’ design and requirementis. In
ordef to establish distinguishablenano-enabled or nano-enhanced function, two se{s of
samples should be prepared. Set‘one is without nanomaterial additives (reference sample),

the

gther set is with nanomaterial additives (test sample). The minimum number of cellg are

20 and 10, respectively, for appropriate statistical significance. The nanomaterial additives

cou

Id be blended into anode/cathode materials, electrolyte and surface of the separator. Apart

from| nanomaterial additives, the two test samples should be the same (for example, size,
assembly method and) structure, capacity, materials, etc). The specifications of the| test

sample should be_illustrated.

4.2

qua

1)
2)
3)

4)

5)

Pre-‘;eatment should be performed for reference sample and test sample to selec{ the

Pre-treatment

ied,samples for thermal runaway test. The pre-treatment processes are as follows.

Prepare 20 reference samples.
Prepare 10 test samples.

Perform three charge/discharge cycles according to 1,0 °C or self-defined conditions, the
temperature should be controlled at (25 + 5) °C.

The sample should be fully charged (100 % SOC) and kept at (25 + 5) °C for one hour.
The mean, standard deviation and variation coefficient of the electric capacity can be
calculated from 1,0 °C discharge curve. If the variation coefficient is larger than 3 %, the
sample batch is not qualified for thermal runaway test. Another batch of samples should
be selected for pre-treatment.

If electric capacity of the sample is outside the range of mean + 1,5 sigma, it is not
qualified for thermal runaway test.
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6)

7)

4.3

The total number of reference samples for thermal runaway test should be larger than 10;

the total number of test samples for thermal runaway test should be larger than three.

Different manufacture (designed) nanomaterial additive samples should be pre-treated

separately according to steps 2) to 5).

Puncture nail construction

Several important factors, such as nail diameter, material, cone angle, etc., will affect the test
results. It is crucial to standardize the nail strutures in order to have reliable quantitative data
for comparison. The design is to embed a thermocouple inside a puncture nail in order to
reliably record the temperature around the nail apex. Nail structures are described as follows.

1)

2)

3)

4)

5)

4.4

he outer diameter of the nail is 2,5 mm, the tapered length is 2 mm, the cone ;anhg
4°, the inner diameter of the nail is 1 mm and the depth is equal to the cylindrical le
bxcluding taper).

he length of the nail (including taper) must be 10 mm longer than the {ehergy sto
evice’s height.

hermocouple is embedded inside the nail inner cylinder (high temperature thermocg
5 recommended). The inner wall of the nail is coated with thermal linsulated magne
xide (MgO) to prevent measurement interference.

he puncture nail material is made of AISI 300 series stainléss steel. The other
onnecting to the puncture nail should be mechanically stfeng, corrosion/fire resistant
asy to maintain.

= D O - O = - O - —~ O

he schematic view of the puncture nail is illustrated,in-Figure 1.

Dimensions in millin

2, Sample height.4$10

4
4

" ‘
' ,
; ST T— T e T TII——_—— sarsssssnssnsssaassanions
64° 1 —— -~
I e B ] e e ' SRGLETTTTTTTTTTTTTTTEETRRT TTT TTTTTRRrRR— T
' Yy H

Tﬁermocouple Mgb

IEC
Figure 1 — Schematic view of puncture nail

Puncture nail temperature and isolation verification

le is
ngth

rage

uple
sium

barts
and

etres

In order to ensure the temperature reading at the puncture point and minimize the reading
interference from non ideal MgO thermal isolation, the puncture nail temperature and isolation
verification procedure need to be performed. The procedures are as follows.

1)

2)

3)

Select a good thermal conducting metal block (thickness about 20 mm) with a hole at the

top, the diameter of the hole is 2,5 mm with depth equal to 10 mm.
The metal block is heated to 160 °C. Thermal equilibrium of the metal block is che

cked

with two thermocouples, one is at the top and the other is at the side as shown in Figure 2.
Insert the nail in to the hole of the metal block when thermal equilibrium of the metal block

is reached. Wait until the reading of the thermocouple of the nail is stable.

The construction of the puncture nail is acceptable if the temperature reading of the n
+3 °C at 160 °C.

ail is
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4) The electric insulation is tested with a multimeter after the puncture nail has cooled to
room temperature.

5) The schematic view of the puncture nail and the heated metal block is illustrated in
Figure 2.

Thermocouple
— =

l

Thermocouple —) M
Metal base IHeat/C)

2
IEC

Figure 2 — Schemetic view of puncture nailland the heated metal block

5 Measurement of electric properties

5.1 Equipment and testing site requirements

The | safety requirements for different samples are quite different. The measurement
equipment should be able to be applied to various samples, yet it can achieve consistent
accuracy. Generally, the equipment can provide adequate puncture force for different
hardhess samples. The measurement should also provide safe observation setupg for
dangderous results (such as §moke, fire and explosion, etc.). The equipment requirementq and
recojpmmendations are as follows.

1) The maximum conhtrolled displacement velocity of the servo motor should be equal fo or
larger than 50 mm/s, the minimum should be equal to or less than 0,1 mm/s, the prror
hould be less\than 5 %.

2) The puncture force shall be at least 5 000 N (It can puncture a soda metal can.).

3) The testing site shall be well sealed and the temperature shall be controlled in (25 £ §) °C

and

good pressure relief.

5) The testing site shall have an isolated observation window; a video camera or other image
collection device can be used to record the event.

5.2 Measurement system requirements

The short circuit occurs very quickly. The voltage and temperature readings are very
important to properly decide the results from these indicators. In order to record real time
response of the sample, the measurement system shall satisfy the following requirements and
recommendations.

1) The measurement system shall record voltage, temperature and nail position as a function
of time.
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2) Temperature and voltage sampling rate should be larger than 100 Hz (100 records per

S

econd).

3) Voltage sensitivity should be better than +50 mV; the thermocouple can withstand
temperatures higher than 1 000 °C.

5.3

Sample setup

There are various shapes and structures of the samples. The sample setup requirements are
different for different shapes. A clear description of the sample setup is thus required. The
following sessions describe the setup for general sample shapes, cylinder and square. The

gene

ral principles can be applied to other shapes.

1)

S
2) T
3) A
n
f
4) T

5.4

Ther
pung
temp
defin

1) T

ulle)

2) T

hen punctured the sample shall not rotate, move or deform. The sample can be'pl

n the insulated and flame resistant surface. If needed (for cylindrical type‘cell)
ample can be fixed with fixture, but cannot affect the heat radiation ,and the
Xxpansion.

he heat shrink film, if any, is removed to prevent measurement interferénce.

thermocouple is to be placed at the top surface of the sample. Fhe position shou
ear the puncture point without affecting puncture procedure. The(thermocouple shou
xed to avoid position shift due to smoke, fire or explosion.

he voltage signal is monitored by connecting to the terminals of the meter.

Puncture method

ture depth is different, the damage inside the~sample will be different. The meas

e the puncture direction and depth. The puncture method is as follows.

he nail puncture direction is perpendicular to the sample’s electrode plane. The dire
an be Z-axis (vertical) or XY-axis (horizontal). The puncture speed and force sh
bllow the test specification describgd’in 5.5 1).

he puncture through depth of gell'is 4 mm, as shown in Figure 3.

Dimensions in millinj

e are different kinds of sample assembly patterns, such as stacked and spiral. If

aced
the
rmal

the
iring

erature point will also be different. These will\cause inconsistent results. It is important to

ction
ould

etres

IEC

Figure 3 — The puncture through depth of cell

3) The recording of voltage and temperature is synchronized with the movement of the nail.

4) Once the temperature is stable, the sample can be removed. The puncture nail should not
be reused and should be discarded.
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5.5 Design of testing method

The testing method is a comparative methodology with two different samples, one is the
reference sample (without nanomaterial), the other one is the test sample (with nanomaterial).
The test procedures are as follows.

1) The puncture nail punctures the reference sample at several different speeds between
0,1 mm/s and 50 mm/s. The starting test speed is 25 mm/s, the following speed selection
is based on high/low hazard levels dichotomy. Figure 4 shows the flow chart of test
procedures. The high/low hazard levels are described in Table 1. The recommended
number of tests is four to five for the reference sample and three to five for the test

ambple
L

2) Repeat process 1) two to four times for repeatability test.
3)
4) Temperature, voltage data and hazard level should be recorded.

the repeatability result fails, select another batch of reference samples and test-again.

25mm/s
f ~7 1.21
40mmJs A0mm/s
l3~7 \ 1 zl l3~? | 1.2 l
50mmis 30mm/s 2W0mm/s Tmmis
3~7 1,2 3~7 1,2 rdd 1.2 3~7 1,2
N
50mmis 45mm/s 35mm/s 25mn\§ 20mmis 15mm/s smmis 0.1mmis
)
37 1.2 3~7 12 3~7 1.2 37 1.2
g
50mmJs 40mm/s 40mmJ/s \tﬁmmls 20mm/s 10mm/s | | 10mmis imm/s
h 4 1. h 4 l
45mmis ;&mmfs 15mmi/s Sl
IEQ
Figure 4 — Flow chart of reference sample test procedures
Table 1 — Hazard level description
Hazard level Results Abbreviation Description
1 No smoke, no fire P No significant change in appearance
2 Vent \% Electrolyte evaporation
3 Smoke s Sw_ell_lng, the appearance of charred,
emitting smoke

4 Spark + smoke SS Smoke and sparks
5 Heavy smoke HS A lot of smoke coming out
6 Fire F On fire
7 Explosion EX Explosion
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6 Data analysis / interpretation of result

6.1 Samples classification from the results

6.1.1
1) Results P and V are low temperature safe zone.

Reference sample (without nanomaterials)

2) Results S, SS, HS and F are high temperature danger zone. HS and F results will cause

the greatest hazard.

6.1.

2 Test sample (with nanomaterials)

1) If the results of the reference samples and test samples are P or V, it indicates thaft the
nanomaterial additive does not contain performance enabled or enhanced functionality.

2) If the results of the reference samples and test samples are S or SS or HS, il-indigates
that the nanomaterial additive does not contain performance enabled ,or enhahced
functionality.

3) If the results of reference samples are S or SS or HS, and the resulis‘\of test samples are
H or EX, it indicates that the nanomaterial additive worsens the performance.

4) If the results of reference samples are S or SS or HS, and the results of test sampleg are
R or V, it indicates that the nanomaterial additive does contain” performance enabled or
gnhanced functionality.

5) If the results of reference samples are F or EX, and the\résults of test samples are|S or
§S or HS, it indicates that the nanomaterial additive contains limited performance engbled
gr enhanced functionality.

6) If the results of reference samples are F or EX,<and the results of test samples are P pr V,
i{ indicates that the nanomaterial additive contains performance enabled or enhapced
functionality.

6.2 | Data analysis

1) Single test sample plot: to create @, plot of voltage and temperatures versus time.| The

< = (N

oltage drop and temperature increment when puncture is initiated as shown in Figure

Single sample

bmperatures include surface and® puncture point temperature. This plot can analyse

5.

4,5 G -180
4.0 160
3,5 140
3,0 B i, R 120
2 25 L ——rerer 100 9
&
=20 R 80
[
1,5 !z 60
[ -
1,0 - — — -Nail temp. 140
e
O,5~:*::~::—::v‘¥ SE:E; H20
0 : : : : : : : : : 0
0 5 10 15 20 25 30 35 40 45 50

t (s)

Figure 5 — Voltage and temperatures versus time plot
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2) Repeatability plot: to create a plot of voltage and temperature versus time of multiple
samples. The temperature includes only puncture point temperature. This plot can analyse
whether the repeatability is good or not as shown in Figure 6.

Multi-sample |
(No nanomaterial additive)

3S/3
T 810
-~ V_sample I-A —— Nail Temp._I-A
720 -
« V_sample I-B « Nail Temp._I-B
630 -
* V_sample I-C <+- Nail Temp._I-B
540 -
§ 450 - -
o 360"
270 -
180 -
90 -
0
10 15 20 0 5 10 15 20
t (s) 1(s)
IEC
Figure 6 — Repeatability plot of voltage and temperature versus time
3) Rerformance comparison plot: to create a plot of voltage.and temperature versus time of
different types of nanomaterial additive samples. Thedemperature includes only pung¢ture
goint temperature. Samples with different types®of nanomaterial additive are plptted
tpgether for comparison. This plot can determine, whether the performance is improv
rot due to nanomaterial additive as shown in Figure 7. If the test results are diffic
discriminate, further quantitative analysis..of nail temperature can discriminate
gderformance change.
Multi-sample | Multi-sample Il Multi-sample Il
(No nanomaterial additive) (No nanomaterial additive) (No nanomaterial additiVie)
3S/3 3P/3 3S/3
4,5 _ 4,5‘4 4,5
40 h . —V_sample I-A . 40 Y 40 — V_sampleg IllI-A
W“\ . V_sample I-B. r/ ! . V_sampl$ 11I-B
3,5 H4—x \ 3,5 3,5 Hr
¥ \ \ ---V_sample [-C } ‘.' A -« V_samplg 1II-C
3,0 .5’\ T ———— 3,0 3,0 — ._ ——]
EIPYY LA £ 25 o5 5
z ! \ 2 z \
N 2,0 4 '“', 20 N 2,0 -
1501 1 1,5 1,5
| RE —v_sample 1I-A 1t
1,0 ; 1,0 1,0 x
| &: . V_sample II-B _
0,5 T 0,5 0,5 -
, 1 ' ---V_sample II-C ' %
0 f ILL 0 _—— 0N
g 5 10 15 20 0 10 15 0 5 10 15 20
t (s) t (s) t (s)
IEC

Figure 7 — Performance comparison plot of voltage and temperature versus time
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Annex A
(informative)

Data report example

Tables A.1 to A.5 illustrate the specification table examples for anode, cathode, electrolyte,
separator and cell. Table A.6 illustrates the sample analysis table for different additives.

Table A.1 — Anode specifications

Ol N[O BD|W|N|-~

Anode Energy Thickness of .
Sample material density Al foil Nanomaterial
1 X
2 same same same P-1
P-2
Table A.2 — Cathode specifications
Sambple Cathode Energy Thickness of Nanomaterial
P material density Cu foil
X
same same same N-1
N-2
Table A.3 — Electrolyte specifications
Sample Electrolyte formula Nanomaterial
1 X
6 same E-1
7 E-2
Tahle A.4 — Separator specifications
Sample Material Aperture Shutdown Coating
temperature
X
same same same C-1
C-2
Table A.5 — Cell specification
sample E:%—wmmr Capacity size
same same same same
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