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INTERNATIONAL ELECTROTECHNICAL COMMISSION

NANOMANUFACTURING - KEY CONTROL CHARACTERISTICS -

Part 4-3: Nano-enabled electrical energy storage —
Contact and coating resistivity measurements for nanomaterials

FOREWORD

1) THe International Electrotechnical Commission (IEC) is a worldwide organization for standardization~eompgrising
all national electrotechnical committees (IEC National Committees). The object of IEGis“to prpmote
infernational co-operation on all questions concerning standardization in the electrical and electronic fields. To
th|s end and in addition to other activities, IEC publishes International Standards, Technical Specificdtions,
Tgchnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to as| “IEC
Publication(s)”). Their preparation is entrusted to technical committees; any IEC National Committee intefested
in| the subject dealt with may participate in this preparatory work. International, -governmental and| non-
gqvernmental organizations liaising with the IEC also participate in this preparation. IEC collaborates cjosely
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 \¢ommittee has representation frgm all
inferested IEC National Committees.

3) IEC Publications have the form of recommendations for international use and are accepted by IEC Ndtional
Committees in that sense. While all reasonable efforts are miade to ensure that the technical content gf IEC
Pyblications is accurate, IEC cannot be held responsiblg)for the way in which they are used or fgr any

sinterpretation by any end user.

4) In|order to promote international uniformity, IEC National Committees undertake to apply IEC Publicgtions

transparently to the maximum extent possible in their national and regional publications. Any divergence
tween any |IEC Publication and the corresponding national or regional publication shall be clearly indicated in
b latter.

itself does not provide any attestation_©f) conformity. Independent certification bodies provide confprmity
sessment services and, in some areasy.access to IEC marks of conformity. IEC is not responsible fqr any
rvices carried out by independent certification bodies.

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

members of its technical committees and IEC National Committees for any personal injury, property damgge or
other damage of any nature .whatsoever, whether direct or indirect, or for costs (including legal fees) and
eXpenses arising out ofithe publication, use of, or reliance upon, this IEC Publication or any othef IEC
Pyblications.

7) Ng¢ liability shall attach to IECorits directors, employees, servants or agents including individual experﬂs and

8) Attention is drawn_to-the Normative references cited in this publication. Use of the referenced publicatipns is
inflispensable forthe correct application of this publication.

9) Attention isgsdrawn to the possibility that some of the elements of this IEC Publication may be the subjgect of
pdtent rights-{EC shall not be held responsible for identifying any or all such patent rights.

The | main” task of IEC technical
i i ance a techni

rds.
N

Specification when

» 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 62607-4-3, which is a Technical Specification, has been prepared by IEC technical
committee 113: Nanotechnology standardization for electrical and electronic products and
systems.
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The text of this Technical Specification is based on the following documents:

Enquiry draft Report on voting
113/239/DTS 113/263A/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 Iist of all parts in the IEC 62607 series, published under the generah| title
Nanomanufacturing — Key control characteristics, can be found on the IEC website.

The committee has decided that the contents of this publication will remain unchanged|until
the $tability date indicated on the IEC website under "http://webstore.iec.ch”" in the |data
related to the specific publication. At this date, the publication will be

—

. ansformed into an International Standard,

—

pconfirmed,
e withdrawn,

-

bplaced by a revised edition, or

e amended.

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

that it contains colours which\~are considered to be useful for the corfect
understanding of its contents. UUsers should therefore print this document usin
colpur printer.

IMRORTANT - The 'colour inside’' logo'on the cover page of this publication indicltles

a
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INTRODUCTION

The future utilization of renewable energy technologies including e-mobility for individual
transportation significantly depends on the development of efficient systems for energy
storage. From today's perspective, lithium-ion batteries, supercapacitors and their derivative
concepts are regarded as the most promising innovative candidates.

A high energy density for the desired power and a long life time (recharge characteristics) are
the two most important criteria for electrode materials. Because many electrochemically active
materials such as metal oxides show an inherently lower and insufficient conductivity for the
electron 2Nsbo ombposite—materi Hth—carbon nanomateri onten o—used for
optimization
and |the ensuing energy density of the battery cells are influenced by the movement of
elecfrons in a composite. Furthermore, the electronic contact resistivity between the elecfrode
matgrial and the metal collector is important to realize a low ohmic internal resistance of the
battgry or capacitor device.

This|part of IEC 62607 provides standard methods to measure coating-and contact resisivity
of nano-enabled electrode materials and to evaluate the best combinations of the comppsite
matgrial recipes and fabrication technologies for carbon containifg coatings of such nano-
enafled electrodes. Following this method will allow comparison*of the results of diff¢rent
reseg@rch groups.

This|standardized method is intended for comparing the)contact and coating resistivity of
composite materials with carbon nanomaterial conteptin the study stage, not for evaluating
the glectrode in end products.

The method is applicable for nano-enabled materials exhibiting function or performance|only
possfble with nanotechnology, intentionally.added to composite materials for measurablg and
significant improvement of the current flow in the electrodes of electrical energy stdrage
deviges.

In th|s context it is important to note-that the percentage content of nanomaterial of the d¢vice
in question has no direct relation:to the applicability of this part of IEC 62607, because m|nute
quartities of nanomaterial aré-frequently sufficient to improve the performance significantly.

The [fraction of nanomaterials in electrodes, electrode coatings, separators or electrolyfte is
not gf relevance for using this method.
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NANOMANUFACTURING - KEY CONTROL CHARACTERISTICS -

Part 4-3: Nano-enabled electrical energy storage —
Contact and coating resistivity measurements for nanomaterials

1 Scope

This|part of IEC 62607 provides a standardized test method for the measurement of ¢entact
and |coating resistivity of nano-enabled electrode materials. This method will -enable a
customer to:

a) decide whether or not a coating composite material is usable, and
b) sgelect best combinations of coating composite material with fabrication technolqgies

spuitable for their application.
This|part of IEC 62607 includes:

— definitions of terminology used in this part of IEC 62607,
recommendations for sample preparation,

utlines of the experimental procedures used to measure and calculate the contactl and
cpating resistivity,

ethods of interpretation of results and discussion of data analysis, and
case study.

ormative references

The following documents, in whole or'in part, are normatively referenced in this document and
indispensable for its application: For dated references, only the edition cited applies| For
undgted references, the Ilatest edition of the referenced document (including | any
amendments) applies.

ISO/I'S 80004-1, Nanotechnologies — Vocabulary — Part 1: Core terms

3 Terms, definitions, acronyms and abbreviations

3.1 Terms-and definitions

For théurposes of this document, the terms and definitions given in ISO/TS 80004-1 and the
fO”Ovv;lly app=y.

3.11

electrode nanomaterial

material used in nano-enabled energy storage devices such as lithium-ion batteries or super-
capacitors which contains a fraction of nanomaterial and exhibits function or performance
made possible only with the application of nanotechnology

Note 1 to entry: Electrodes used in lithium-ion batteries or supercapacitors consist of mixed raw material powders
(e.g. electrochemical active and carbon based nanomaterial powders) in a solvent with binder which forms a
casting slurry. These slurries are coated by doctor blade process on thin metal collector foils, dried and
subsequently calendar compressed to the final electrode. The electrode shows a multilayered layout, built up of
(1) an aluminium or copper current collector and (2) the electrode material layer. This material layer consists of the
active phase (cathode — lithium containing mixed oxides or phosphate, e.g. LCO, NCA, NCM, and LFP; anode,
e.g. graphite and supercap — activated carbon), a conducting phase (e.g. carbon nanomaterials like CB, carbon
nanotubes or fibres) and an organic binder (e.g. PVDF or SBR).
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3.1.2
coating resistivity
resistance to the passage of an electric current through the electrode material layer

Note 1 to entry: It is expressed as electrical resistivity.

Note 2 to entry: The electric resistivity of the electrode material layer depends on several factors such as raw
materials, the slurry processing step and the final electrode fabrication technology. Differences in the nanomaterial
carbon content, the fabrication technology and the density or porosity of the layer can significantly influence its
resistivity. It is possible to evaluate the resistivity by preparing a thin coating of electrode material on an isolator
substrate. In the attached case study a sample design based on 5 cm? ceramic substrates is shown.

3.1.3
conﬂact resistivity
elecfrical contact resistance between the metal current collector and the electrode\material
layeq for a contact area of 1 cm?

Note || to entry: During the life time of a battery the contact resistance influences the, degradation stpbility
(e.g. tise in internal resistance due to delamination), capacity loss during cycling or heating~and rise of the infternal
tempdgrature of the cell. The contact resistivity depends on the microstructure of the(jinterface between |metal
collegtor and electrode material layer. The material and the electrode processing steps, such as choice and pre-
treatment of the metal collector or the calendaring process have an important influence)on the contact resistiyity. It
is pogsible to evaluate the contact resistivity by preparation of a thin coating of. electrode material on an isplator
substfate. The method is derived from a “transmission line method” (TLM) uSed for characterization of cpntact
resist|vity of metal-semiconductor interfaces in the field of photovoltaics [1].(In, the attached case study a sgmple
desigh based on 5 cm? ceramic substrates is shown. The measurement of{coating resistivity is carried out uging a
4-point probe method.

3.1.4
calehdaring
procgss where the electrode foils pass under rollers*at a high pressure

Note || to entry: Calendaring is an important step during the electrode manufacturing process, because by this
methqd the final electrode microstructure and thickness is formed. Methods like rolling or lamination are uged to
densify the electrode material layer to a desired degree of thickness and porosity.

3.2 | Acronyms and abbreviations
LCO lithium cobalt oxide, LiCoQ,
NCA lithium nickel cobalt aldminium oxide, Li(Ni,Co,Al)O,

NCM lithium nickel cobalt.manganese oxide, LiNij;3C04,3Mn;,30,
LFP lithium iron phesphate, LiFePO,
CB carbon black

PVDF  polyvinylidene difluorite

SBR styrene-butadiene rubber
EDL
TLM transmission line method

electrical double-layer capacitor

C)

4 Sample preparation methods

4.1 General
The preparation of electrode nanomaterial samples consists of the following steps:

a) mixing a casting slurry;

b) assembly of metal collector strips on isolator carrier substrates;
c) casting of the slurry on these carrier substrates; and

d) drying and densification of the samples.
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4.2 Reagents
4.2.1 Casting slurry

An electrode casting slurry is prepared in steps by dispensing and mixing different powders
with solvent and binder. The choice of material recipe and the procedure of slurry preparation
depend on the user and can be carried out similar to the industrial processes. The viscosity of
the casting slurry should be in the range 0,5 Pa's to 6 Pa's (at low shearing rate 1/20 s). In
this way, the slurry can be cast by doctor blade.

4.2.2 Isolator substrates

An isolator substrate serves as a carrier of the electrode coating. The substrate should be
non-gonductive, show a high accuracy in thickness homogeneity and flatness, *a| low
roughness and a proper wettability with the casting slurry. Ceramic based thick film substrates
like |alumina with a thickness of (650 +5)mm, a flathess of < 10 mm,-per sample
(50 mm x 50 mm substrate area) and a roughness R, < 1 um are recommended.

4.2.3 Metal collector strips and sample layout

Metd| strips are cut out from the original current collector foil in the)geometry of 2 mm Width
by 70 mm length. For the measurement of the coating resistivity four of these stripg are
bonded with glue based on cyanoacrylate in four-probe gedometry (inner distance betyeen
metql strips contacts is 30 mm) on the isolator substrate. Fornthe measurement of the coptact
resigtivity 10 strips are bonded an equal distance (3 mm) from each other. Figure 1 shows the
sample layouts. The choice of current collector material depends on the user and cah be
similgr to industrial processes. Typical collector thicknesses are in the range 9 mm to 40 mm
for ajuminium and 10 mm to 20 mm for copper current collectors.

Isolator substrate Isolator substrate

Electrode
coating

Electrode
coating

50 mm

Collector
stripes

4-point<fesistance-measurement
IEC

IEC

Figure 1 — Layout of the coating (left) and contact (right)
resistivity measurement

4.3 Preparation of the electrode nanomaterial test samples

The slurry is cast by hand with a film applicator (doctor blade) on the isolator substrates which
forms after drying the electrode layer. To set an accurate layer thickness the substrates are
fixed on an aluminium carrier panel with cavities of the sample size of 50 mm x 50 mm. A
doctor blade with a 500 um slot is used. To prepare a series of samples of the same type and
quality it is possible to arrange several substrates on the carrier and to coat them with a
single coating step.
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Drying of the samples can be done at room or at elevated temperature with a customized
temperature time profile in a drying oven. Afterwards the samples are ready for a first
electronic characterization of the electrode state “as cast”.

The sample thickness is measured by a laser profilometer or a micrometer gauge (see
detailed description in 5.2.2).

To characterize an electrode densification like calendaring it is possible to compress the
samples by lamination under pressure and temperature. For an isostatic lamination the
samples are sealed in Iammatlon bags and Iammated for example at 150 bar 40 °C for 10 min.
During
of th

electrode) and is ready for subsequent electronlc character|zat|on

To halance the shrinkage values and porosity of the samples with industrial electrpdes
processed by calendaring, it is recommended to adjust the laminating parameters on the
individual electrode material system by measuring the thickness change during densificgtion.
Depé¢nding on the material recipe and sample preparation, the resulting celectrode thickness
change is in the range 10 % to 50 %.

5 easurement of electric properties

5.1 General

Depé¢nding on the interest of the users, it is possible tocharacterize the prepared samples “as
casted”, and “as densified”. The procedure to measfre the coating and contact resistivity of
suchl samples is described in 5.2 and 5.3 and is always the same.

NOTH In the state “as casted” the layer is already dried!
5.2 | Coating resistivity
5.2.1 Demarcation of method

The |coating resistivity of the electrode material layer shows a pure ohmic behaviour (linear
corrglation between voltage and current). The geometry of the electrical contact of the sample
layolit leads to a homogeneous current flow in the electrode coating (see Figure.A.3).

5.2.2 Measurement,of the sample thickness

To qalculate an electric resistivity it is important to measure the substrate and elec{rode
thickiness exactly."Prior to coating, the isolator substrate is measured by micrometer calliper.
The |coated (sample is measured in the state of “as cast” and “as densified” with a |aser
profijlometer>"A minimum of three topographic line measurements across the samplg are
recojnmended to calculate a mean electrode coating thickness. The standard deviation of this
thickiness should lie below 10 % relative to the mean thickness.

5.2.3 Experimental procedures and measurement conditions

The sample is connected to a d.c. power supply source to set a constant current of 100 uA
between the outer contact strips (Ig-15) and the resulting voltage drop between the inner
contact strips (V4-V,) is measured with voltage metering device (Figure A.3). The collector
contact strips are connected by hand via needle test probes and banana plugs to the
electrical devices. Due to variations in the sample quality (electrode thickness, amount of
coating defects) it is recommended to test at least 10 samples of the same type. The coating
resistivity is a mean value of these 10 samples, whereby the standard deviation of the
resistivity should be below 10 % relative to the mean resistivity value.
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5.3

Contact resistivity

5.3.1 Demarcation of method

The measurement of the contact resistivity works on the basis of the transmission line method
(TLM) used to evaluate the contact resistivity of metal to semiconductor interfaces.

5.3.2 Experimental procedures and measurement conditions

The sample is connected to a d.c. power supply source to set a constant current of 100 pA
between alternatlng contact stnps and the resultmg voltage drop between these contact strlps

is me
need

le test probes and banana plugs to the electrlcal devices. Gradually the reSISta

between alternating positions of each of the ten contact strips are measured in thé orde
R1(nton+1), R2(nto n +2)and R3(n + 1 to n + 2) with n = 1 to 8. The followinglequa
illustrate as an example of the scheme for evaluation of the contact resistance-of the r

strip

No. 2 of the sample (see Figure A.4):

R1 S RC,1 + RS,1 + RC,2
R2 = Rc’1 + RS’1 + Rs,z + RC’3
R3 = Rc,z + RS,Z + Rc,s

Rc,2

where

= (R1 + R3 - R2)/2 (absolute contact resistance of metalstrip No. 2 in ohms)

R, ig the contact resistance of the individual part of the/sample;

Rs ig the coating resistance of the individual partef the sample;

R1 t¢p R3 are ohmic resistances [Q] calculated-by R = U/I.

Due

accu
type
whic

to variations in the sample quality (electrode thickness, amount of coating defects
racy of the sample geometry) it is_.reCommended to test at least five samples of the g
The calculation of the contact-resistivity follows a summation of different resista
h results in a contact resistivity’of one of the ten collector strips. For each sample

eigh{ measured values can be generated successively.

6 Data analysis / interpretation of results

tions
netal

and
ame
ces
p to

6.1 | Coating resistivity
calcylation: p[Qcm] = Ryags [Q2] x y [Mm] x Sy [um] / (x [mm] x 10%)
where
Ryeas = U/ I;
p is the coating resistivity;
Rmeas is the coating resistance;
I is the preset current (100 pA);
U is the measured voltage between the two inner strip contacts
(Figure A.3 voltage between V, and V,);
S4 is the coating thickness;
y is the sample length (50 mm);
x is the sample width between the two inner strip contacts (30 mm).
Calculation of a mean value of ten samples is recommended. The
standard deviation should be below 10 %.
chart: coating resistivity vs. sample thickness (see A.2)

target value: coating resistivity


https://iecnorm.com/api/?name=9c509924e2bfe8577669dd5842561e06

-12 - IEC TS 62607-4-3:2015 © IEC 2015

6.2 Contact resistivity
calculation: re [Q-cm?] = R, [Q] x z [cm] x y [cm]
where
Rc = (Rn to n+1 +Rn ton+2 — Rn+1 to n+2) /2, and
R = U/ I of the individual measurement;
r. is the specific contact resistivity;
n is the number of metal collector strips (n =1, ..., 8);
R, is the contact resistance;
I'is the preset current between two contact strips (100 pA);
U is the measured voltage between two contact strips;
z is the contact strip width (0,2 cm);
y is the contact strip length (equals sample length of,5,em).
Each sample with ten metal strip contacts delivers eight resulfs of
contact resistivity. The calculation of a mean‘yalue of at leasf| five
samples is recommended (40 single measurements of coptact
resistivity). The standard deviation shouldté-below 50 %.
chart: contact resistivity vs. sample thickness (see Figures A.4 to A.7)

targe

t value:

contact resistivity
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Annex A
(informative)

Case study

A.1 Sample preparation

See Figure A.1.

IEC QO IEC

a) Electrode casting slurry @Alumina substrate with metal collector strips

O IEC

Q' c) Aluminium carrier panel with cavities of the sample size

Figure A.1 — Sample preparation

Com @\éﬁs which are required:

1) electrode casting slurry;

2) isolator substrates (5 cm x 5 cm);

3) metal collector strips (each 2 mm wide and 70 mm long);

4) aluminium carrier panel with substrate cavities.

The electrode casting slurry is prepared in a quantity of approximately 100 ml. The collector

foil is cut into thin metal strips. These strips are bonded with superglue on the isolator
substrates in a special layout for measurement of the coating or contact resistivity.

Construction steps are illustrated and described in Figure A.2.


http://www.dict.cc/englisch-deutsch/components.html
https://iecnorm.com/api/?name=9c509924e2bfe8577669dd5842561e06
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Step

/\/

IEC
S

The isolator substrates are fixed on the carrier panel within the cavities. The %%ce of the substrates|{and
the carrier panel are afterwards on equal height. The electrode casting slurry is-filled into a film applicator
(doctor blade). This film applicator is moved along the carrier panel abo& isolator substrates
whereupon the electrode coating takes place. The coated substrates are left to rest for drying at room
temperature or set into a drying oven. y é)

K\
The sample thickness is charactgﬁ%’d at three different positions by laser profilometer (line scan acrciss

the sample). By measurement e initial substrate thickness (without coating) it is possible to calculate
the final electrode coating thickness.

IEC

IEC

The compression of the electrode is done in an isostatic laminator. The substrates are sealed within a
lamination bag. Afterwards they were placed into the laminator and put under pressure and temperature
(for example 150 bar, 40 °C, 10 min).
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N
The samples are electrically characterized in the state “as cast” and “densifieqal}th a d.c. power supf
source and a voltage metering system. The contact strips of the samples a&;)c nected by hand via
needle test probes and banana plugs to the electrical devices. &

y

A.2

A.2.

See

Figure A.2 — Construction stmé)

N\
&
Results for a supercap EDLC-electrode agr{ig lithium-ion battery NCM-

cathode
QO

N\
Linear correlation between current R& voltage of the electrode coating
resistance of a supercap electrode;(ohmic behaviour)

Figure A.3. $\

¥
xO y = 0,0914x — 0,0012
R*=0,999

25

mOwt-% CB
_o,
20 ¢ 2,5 wt. i\@

® 4 wt-%CB y =0,0721x — 0,0112
K S
A Bwt=% CB / R"=0,999
N
C)\-) y = 0,0484x — 0,0051
® R*=0,999
\ %
y = 0,0453x + 0,0027
R*=0,999
5 .|

(mV)

@Aa

oltage

O4/d

o

T T T

0 50 100 150 200 250 300

Current (pA) Ec

Figure A.3 — Correlation between current and voltage of the coating
resistance of various supercap EDLC-electrodes (variation in amount
of carbon black additive in the electrode recipe)
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