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NANOMANUFACTURING – KEY CONTROL CHARACTERISTICS –  

 
Part 4-3:  Nano-enabled  electrical  energy storage –  

Contact and  coating  resistivi ty measurements  for nanomaterials  
 

FOREWORD 

1 )  The  I n ternati onal  E l ectrotechn ical  Commissi on  ( I EC)  i s  a  worl dwide  organ izati on  for s tandard i zati on  compri s i ng  
a l l  nati onal  e l ectrotechn ical  commi ttees  ( I EC  National  Commi ttees) .  The  ob ject  of I EC  i s  to  promote  
i n ternati onal  co-operati on  on  a l l  q uesti ons  concern ing  standard i zati on  i n  the  e l ectri cal  and  e l ectron ic  fi e l ds .  To  
th i s  end  and  i n  add i ti on  to  other acti vi ti es ,  I EC  publ i shes  I n ternati onal  S tandards,  Techn ica l  Speci fi cati ons,  
Techn ica l  Reports ,  Publ i cl y Avai l abl e  Speci fi cati ons  (PAS)  and  Gu i des  (hereafter referred  to  as  “ I EC 
Publ i cati on (s)” ).  The i r preparati on  i s  en trusted  to  techn ical  commi ttees;  any I EC  Nati onal  Commi ttee  i n terested  
i n  the  sub ject deal t  wi th  may parti ci pate  i n  th i s  preparatory work.  I n ternati onal ,  g overnmen tal  and  non -
governmen ta l  organ izati ons  l i a i s i ng  wi th  the  I EC a l so  parti ci pate  i n  th i s  preparati on .  I EC  col l aborates  cl osel y 
wi th  the  I n ternational  Organ izati on  for Standard izati on  ( I SO)  i n  accordance  wi th  cond i ti ons  determ ined  by 
ag reement between  the  two  organ izati ons.  

2 )  The  formal  deci s ions  or ag reemen ts  of I EC  on  techn ical  matters  express,  as  nearl y as  poss ib l e,  an  i n ternati onal  
consensus  of op i n i on  on  the  re l evan t  subjects  s i nce  each  techn ical  commi ttee  has  represen tati on  from  a l l  
i n terested  I EC  Nati onal  Commi ttees.   

3 )  I EC  Publ i cati ons  have  the  form  of recommendati ons  for i n ternati ona l  u se  and  are  accepted  by I EC  Nati onal  
Commi ttees  i n  that  sense.  Wh i l e  a l l  reasonabl e  efforts  are  made  to  ensu re  that  the  techn ica l  con ten t  of I EC  
Publ i cati ons  i s  accu rate,  I EC  cannot be  hel d  responsibl e  for the  way i n  wh i ch  they are  used  or for any 
m is in terpretati on  by any end  u ser.  

4 )  I n  order to  promote  i n ternational  u n i form i ty,  I EC  Nati onal  Commi ttees  undertake  to  appl y I EC  Publ i cati ons  
transparen tl y to  the  maximum  exten t possi b l e  i n  thei r nati onal  and  reg i onal  publ i cati ons.  Any d i vergence  
between  any I EC  Publ i cati on  and  the  correspond i ng  nati onal  or reg ional  publ i cati on  shal l  be  cl earl y i nd i cated  i n  
the  l a tter.  

5)  I EC  i tse l f does  not  provi de  any a ttestati on  of con form i ty.  I ndependen t  certi fi cati on  bod ies  provi de  con form i ty 
assessmen t services  and ,  i n  some  areas,  access  to  I EC  marks  of conform i ty.  I EC  i s  not  responsib l e  for any 
services  carri ed  ou t  by i ndependen t  certi fi cati on  bod i es .  

6)  Al l  u sers  shou l d  ensu re  that  they have  the  l atest ed i ti on  of th i s  publ i cati on .  

7)  N o  l i abi l i ty shal l  a ttach  to  I EC  or i ts  d i rectors,  employees,  servan ts  or agen ts  i ncl ud i ng  i nd i vi dual  experts  and  
members  of i ts  techn ical  commi ttees  and  I EC  Nati onal  Commi ttees  for any personal  i n j u ry,  property damage  or 
other damage  of any natu re  whatsoever,  whether d i rect  or i n d i rect,  or for costs  ( i ncl ud i ng  l egal  fees)  and  
expenses  ari s i ng  ou t  of the  publ i cati on ,  use  of,  or re l i ance  upon ,  th i s  I EC  Publ i cati on  or any other I EC  
Publ i cati ons.   

8)  Atten tion  i s  d rawn  to  the  Normati ve  references  ci ted  i n  th i s  publ i cati on .  U se  of the  referenced  publ i cati ons  i s  
i nd i spensabl e  for the  correct appl i cati on  of th i s  pub l i cati on .  

9)  Atten ti on  i s  d rawn  to  the  poss ib i l i ty that  some  of the  e l emen ts  of th i s  I EC  Publ i cati on  may be  the  subj ect of 
paten t ri gh ts .  I EC  shal l  not  be  he l d  responsibl e  for i den ti fyi ng  any or a l l  such  paten t  ri gh ts .  

The  main  task of I EC techn ical  commi ttees  i s  to  prepare  I n ternational  Standards.  I n  
exceptional  ci rcumstances,  a  techn ical  commi ttee  may propose  the  publ ication  of a  Techn ical  
Speci fication  when  

•  the  requ i red  support cannot be  obtained  for the  publ ication  of an  I n ternational  Standard ,  
despi te  repeated  efforts,  or 

•  the  subject i s  sti l l  under techn ical  development or where,  for any other reason ,  there  i s  the  
fu ture  bu t no  immed iate  possibi l i ty of an  agreement on  an  I n ternational  Standard .  

Techn ical  Speci fications  are  subject to  review wi th in  three  years  of publ ication  to  decide  
whether they can  be  transformed  i n to  I n ternational  Standards.   

I EC  62607-4-3,  wh ich  i s  a  Techn ical  Speci fication ,  has  been  prepared  by IEC  techn ical  
commi ttee  1 1 3:  Nanotechnology standard ization  for e lectrical  and  e lectron ic products  and  
systems.  
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The  text of th is  Techn ical  Speci fication  i s  based  on  the  fol lowing  documents:  

Enqu i ry d raft  Report  on  voti ng  

1 1 3/239/DTS  1 1 3/263A/RVC 

 
Fu l l  i n formation  on  the  voting  for the  approval  of th is  Techn ical  Speci fication  can  be  found  in  
the  report on  voting  i nd icated  i n  the  above  table.  

Th is  publ ication  has  been  drafted  i n  accordance  wi th  the  ISO/IEC  Di rectives,  Part 2 .  

A l i s t of a l l  parts  i n  the  IEC  62607  series,  publ ished  under the  general  ti tle  
Nanomanufacturing – Key control characteristics,  can  be  found  on  the  I EC  websi te.  

The  commi ttee  has  decided  that the  con ten ts  of th is  publ ication  wi l l  remain  unchanged  un ti l  
the  stabi l i ty date  ind icated  on  the  I EC  websi te  under "h ttp: //webstore. iec.ch"  i n  the  data  
related  to  the  speci fic publ ication .  At th is  date,  the  publ ication  wi l l  be  

•  transformed  i n to  an  I n ternational  Standard ,  

•  reconfi rmed ,  

•  wi thdrawn ,  

•  replaced  by a  revised  ed i ti on ,  or 

•  amended .  

A b i l i ngual  version  of th is  publ ication  may be  i ssued  at a  l ater date.  

 

IMPORTANT – The 'colour inside'  logo on  the  cover page of th is  publ ication  ind icates  
that i t  contains  colours  which  are  considered  to  be  usefu l  for the  correct 
understanding  of i ts  contents.  Users  should  therefore  print th is  document using  a  
colour printer.  
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I NTRODUCTION  

The  fu ture  u ti l i zation  of renewable  energy technolog ies  includ ing  e-mobi l i ty for i nd ividual  
transportation  s ign i ficantl y depends  on  the  development of efficien t systems for energy 
storage.  From  today's  perspective,  l i th ium-ion  batteries,  supercapaci tors  and  thei r derivative  
concepts  are  regarded  as  the  most promising  innovative  cand idates.  

A h igh  energy densi ty for the  desi red  power and  a  l ong  l i fe  time  (recharge  characteristics)  are  
the  two  most importan t cri teria  for e lectrode  materials.  Because  many e lectrochemical ly acti ve  
materia ls  such  as  metal  oxides  show an  i nheren tly l ower and  i nsu fficien t conductivi ty for the  
e lectron  transport,  composi te  materia ls  wi th  carbon  nanomateria l  con ten t are  used  for 
optim ization  of the  cu rren t fl ow i n  the  electrodes  of a  battery.  The  e lectrochemical  reactions  
and  the  ensu ing  energy densi ty of the  battery cel l s  are  in fluenced  by the  movement of 
e lectrons  in  a  composi te.  Furthermore,  the  e lectron ic contact resisti vi ty between  the  e lectrode  
materia l  and  the  metal  col lector i s  importan t to  real ize  a  l ow ohmic i n ternal  resistance  of the  
battery or capaci tor device.  

Th is  part of I EC  62607  provides  standard  methods  to  measure  coating  and  contact resisti vi ty 
of nano-enabled  e lectrode  materia ls  and  to  evaluate  the  best combinations  of the  composi te  
material  recipes  and  fabrication  technolog ies  for carbon  con tain ing  coatings  of such  nano-
enabled  e lectrodes.  Fol l owing  th is  method  wi l l  a l l ow comparison  of the  resu l ts  of d i fferen t 
research  groups.  

Th is  standard ized  method  i s  i n tended  for comparing  the  con tact and  coating  resisti vi ty of 
composi te  materia ls  wi th  carbon  nanomateria l  con ten t i n  the  study stage,  not for evaluating  
the  e lectrode  i n  end  products.  

The  method  i s  appl icable  for nano-enabled  materia ls  exh ib i ting  function  or performance on ly 
possible  wi th  nanotechnology,  i n ten tional l y added  to  composi te  materials  for measurable  and  
s ign i fican t improvement of the  current fl ow i n  the  e lectrodes  of e lectrical  energy storage  
devices.  

I n  th is  con text i t  i s  importan t to  note  that the  percentage  con tent of nanomateria l  of the  device  
i n  question  has  no  d i rect relation  to  the  appl icabi l i ty of th is  part of I EC  62607,  because  m inu te  
quan ti ties  of nanomateria l  are  frequently su fficien t to  improve  the  performance  s ign i fican tl y.   

The  fraction  of nanomaterials  i n  e lectrodes,  e lectrode  coatings,  separators  or e lectrolyte  i s  
not of re levance  for us ing  th is  method .  
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NANOMANUFACTURING – KEY CONTROL CHARACTERISTICS –  
 

Part 4-3:  Nano-enabled  electrical  energy storage –  
Contact and  coating  resistivi ty measurements  for nanomaterials  

 
 
 

1  Scope 

Th is  part of I EC  62607  provides  a  standard ized  test method  for the  measurement of contact 
and  coating  resistivi ty of nano-enabled  e lectrode  materials.  Th is  method  wi l l  enable  a  
customer to:   

a)  decide  whether or not a  coating  composi te  materia l  i s  usable,  and   

b)  select best combinations  of coating  composi te  material  wi th  fabrication  technolog ies  
su i table  for thei r appl ication .   

Th is  part  of I EC  62607  i ncludes:   

– defin i tions  of terminology used  i n  th is  part  of I EC 62607,   

– recommendations  for sample  preparation ,   

– ou tl ines  of the  experimental  procedures  used  to  measure  and  calcu late  the  con tact and  
coating  resistivi ty,   

– methods  of i n terpretation  of resu l ts  and  d iscussion  of data  analysis,  and   

– a  case  study.  

2  Normative references  

The  fol lowing  documents,  i n  whole  or i n  part,  are  normatively referenced  in  th is  document and  
are  i nd ispensable  for i ts  appl ication .  For dated  references,  on ly the  ed i tion  ci ted  appl ies.  For 
undated  references,  the  l atest ed i tion  of the  referenced  document ( i nclud ing  any 
amendments)  appl ies.  

I SO/TS  80004-1 ,  Nanotechnologies – Vocabulary – Part 1 :  Core terms  

3  Terms,  defin i tions,  acronyms and  abbreviations  

3.1  Terms  and  defin i tions  

For the  purposes  of th is  document,  the  terms  and  defin i tions  g iven  i n  I SO/TS  80004-1  and  the  
fol lowing  apply.  

3.1 .1   
electrode  nanomaterial  
materia l  used  i n  nano-enabled  energy storage  devices  such  as  l i th ium-ion  batteries  or super-
capaci tors  wh ich  con tains  a  fraction  of nanomateria l  and  exh ibi ts  function  or performance  
made  possible  on ly wi th  the  appl ication  of nanotechnology 

Note  1  to  en try:  E l ectrodes  used  i n  l i th i um-ion  batteri es  or supercapaci tors  consi st  of m ixed  raw materi a l  powders  
(e . g .  e l ectrochemical  active  and  carbon  based  nanomateri a l  powders)  i n  a  sol ven t  wi th  b i nder wh i ch  forms  a  
casti ng  s l u rry.  These  s l u rri es  are  coated  by doctor b l ade  process  on  th i n  metal  co l l ector foi l s ,  d ri ed  and  
subsequen tl y ca lendar compressed  to  the  fi na l  e l ectrode.  The  e l ectrode  shows  a  mu l ti l ayered  l ayou t,  bu i l t  up  of 
(1 )  an  a l um in i um  or copper cu rren t  col l ector and  (2 )  the  e l ectrode  materi a l  l ayer.  Th i s  materi a l  l ayer consi sts  of the  
acti ve  phase  (cathode  – l i th i um  con ta in i ng  m i xed  oxi des  or phosphate,  e . g .  LCO,  NCA,  NCM,  and  LFP;  anode,  
e . g .  g raph i te  and  supercap  – acti vated  carbon ) ,  a  conducti ng  phase  (e. g .  carbon  nanomateria l s  l i ke  CB ,  carbon  
nanotubes  or fi bres)  and  an  organ ic b i nder (e. g .  PVDF  or SBR).  
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3.1 .2   
coating  resistivi ty 
resistance  to  the  passage  of an  e lectric curren t th rough  the  e lectrode  materia l  l ayer  

Note  1  to  en try:  I t  i s  expressed  as  e l ectri cal  res i sti vi ty.  

Note  2  to  en try:  The  e l ectri c  resi sti vi ty of the  e l ectrode  materi a l  l ayer depends  on  severa l  factors  such  as  raw 
materi a l s ,  the  s l u rry processi ng  s tep  and  the  fi nal  e l ectrode  fabri cati on  technol ogy.  D i fferences  i n  the  nanomateri a l  
carbon  con ten t,  the  fabri cati on  technol ogy and  the  densi ty or porosi ty of the  l ayer can  s i gn i fi can tl y i n fl uence  i ts  
res i sti vi ty.  I t  i s  possi b l e  to  eva l uate  the  res i sti vi ty by prepari ng  a  th i n  coati ng  of e l ectrode  materi a l  on  an  i sol ator 
substrate .  I n  the  attached  case  study a  sample  desi gn  based  on  5  cm 2  ceram ic  substrates  i s  shown .   

3.1 .3   
contact resistivi ty 
electrical  contact resistance  between  the  metal  curren t col lector and  the  e lectrode  materia l  
l ayer for a  con tact area  of 1  cm2  

Note  1  to  en try:  Du ri ng  the  l i fe  t ime  of a  battery the  con tact  resi stance  i n fl uences  the  degradation  s tabi l i ty 
(e . g .  ri se  i n  i n ternal  res i stance  d ue  to  d el amination ),  capaci ty l oss  du ri ng  cycl i ng  or heati ng  and  ri se  of the  i n ternal  
temperatu re  of the  cel l .  The  con tact  res i sti vi ty depends  on  the  m icrostructu re  of the  i n terface  between  metal  
co l l ector and  e l ectrode  materia l  l ayer.  The  materi a l  and  the  e l ectrode  processing  steps  such  as  choice  and  pre-
treatmen t of the  metal  col l ector or the  ca l endari ng  process  have  an  importan t  i n fl uence  on  the  con tact  res i sti vi ty.  I t  
i s  possi b le  to  eva l uate  the  con tact res i sti vi ty by preparati on  of a  th i n  coati ng  of e l ectrode  materi a l  on  an  i so l ator 
substrate.  The  method  i s  deri ved  from  a  “ transm issi on  l i ne  method ”  (TLM)  used  for characteri zati on  of con tact 
res i sti vi ty of meta l -sem iconductor i n terfaces  i n  the  fi e l d  of photovol ta i cs  [1 ] .  I n  the  attached  case  study a  sample  
desi gn  based  on  5  cm2  ceram ic substrates  i s  shown .  The  measu remen t of coati ng  res i sti vi ty i s  carri ed  ou t us i ng  a  
4 -poi n t  probe  method .  

3.1 .4  
calendaring  
process  where  the  e lectrode  foi l s  pass  under rol l ers  at  a  h igh  pressure  

Note  1  to  en try:  Ca l endari ng  i s  an  importan t  step  du ri ng  the  e l ectrode  manu factu ri ng  process,  because  by th i s  
method  the  fi na l  e l ectrode  m icrostructu re  and  th i ckness  i s  formed .  Methods  l i ke  ro l l i ng  or l am inati on  are  used  to  
densi fy the  e l ectrode  materia l  l ayer to  a  des i red  degree  of th i ckness  and  porosi ty.  

3.2  Acronyms  and  abbreviations  

LCO l i th ium  cobal t oxide,  L iCoO2  

NCA l i th ium  n ickel  cobal t  a lumin ium  oxide,  L i (N i ,Co,Al )O2  

NCM  l i th ium  n ickel  cobal t  manganese  oxide,  LiN i 1 /3Co1 /3Mn 1 /3O2  

LFP l i th ium  i ron  phosphate,  L iFePO4  

CB  carbon  b lack 

PVDF polyvinyl idene  d i fl uori te  

SBR styrene-bu tad iene  rubber 

EDLC electrical  double-layer capaci tor 

TLM  transmission  l i ne  method  

4 Sample  preparation  methods  

4.1  General  

The  preparation  of e lectrode  nanomaterial  samples  consists  of the  fol lowing  steps:  

a)  m ixing  a  casting  s lu rry;   

b)  assembly of metal  col lector strips  on  i solator carrier substrates;   

c)  casting  of the  s lu rry on  these  carrier substrates;  and   

d )  d rying  and  densi fication  of the  samples.  

Copyright International  Electrotechnical  Commission  



I EC  TS  62607-4-3: 201 5  © I EC  201 5  – 9  –  

4.2  Reagents  

4.2 .1  Casting  s lurry 

An  e lectrode  casting  s lu rry i s  prepared  in  steps  by d ispensing  and  m ixing  d i fferent powders  
wi th  solven t and  b inder.  The  choice  of material  recipe  and  the  procedure  of s lu rry preparation  
depend  on  the  user and  can  be  carried  ou t s im i lar to  the  industria l  processes.  The  viscosi ty of 
the  casting  s lurry shou ld  be  in  the  range  0 , 5  Pa· s  to  6  Pa· s  (at l ow shearing  rate  1 /20  s) .  I n  
th is  way,  the  s lu rry can  be  cast by doctor b lade.   

4.2.2  Isolator substrates  

An  isolator substrate  serves  as  a  carrier of the  e lectrode  coating .  The  substrate  shou ld  be  
non-conductive,  show a  h igh  accuracy in  th ickness  homogenei ty and  flatness,  a  l ow 
roughness  and  a  proper wettabi l i ty wi th  the  casting  s lurry.  Ceramic based  th ick fi lm  substrates  

l i ke  a lumina  wi th  a  th ickness  of (650  ±  5)  mm,  a  fl atness  of <  1 0  mm  per sample  

(50  mm  ×  50  mm  substrate  area)  and  a  roughness  Ra  <  1  µm are  recommended .   

4.2.3  Metal  col lector strips  and  sample  layout 

Metal  strips  are  cu t ou t from  the  orig inal  curren t col lector foi l  i n  the  geometry of 2  mm  wid th  
by 70  mm  leng th .  For the  measurement of the  coating  resistivi ty four of these  strips  are  
bonded  wi th  g lue  based  on  cyanoacrylate  i n  four-probe  geometry ( i nner d istance  between  
metal  strips  con tacts  i s  30  mm)  on  the  i solator substrate.  For the  measurement of the  contact 
resisti vi ty 1 0  strips  are  bonded  an  equal  d istance  (3  mm)  from  each  other.  F igure  1  shows  the  
sample  l ayou ts.  The  choice  of curren t col lector material  depends  on  the  user and  can  be  
s im i lar to  i ndustria l  processes.  Typical  col lector th icknesses  are  i n  the  range  9  mm  to  40  mm  
for a lumin ium  and  1 0  mm  to  20  mm  for copper cu rren t col lectors.  

 

 

Figure  1  – Layout of the  coating  ( left)  and  contact (right)  
 resistivi ty measurement 

4.3  Preparation  of the  electrode  nanomaterial  test samples  

The  s lu rry i s  cast by hand  wi th  a  fi lm  appl icator (doctor b lade)  on  the  i solator substrates  wh ich  
forms  after d rying  the  e lectrode  layer.  To  set an  accurate  layer th ickness  the  substrates  are  

fi xed  on  an  a lumin ium  carrier panel  wi th  cavi ties  of the  sample  s ize  of 50  mm  ×  50  mm.  A 

doctor b lade  wi th  a  500  µm slot i s  used .  To  prepare  a  series  of samples  of the  same  type  and  
qual i ty i t  i s  possible  to  arrange  several  substrates  on  the  carrier and  to  coat them  wi th  a  
s ing le  coating  step.  
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Drying  of the  samples  can  be  done  at room  or at e levated  temperature  wi th  a  customized  
temperature  time  profi le  i n  a  d rying  oven .  Afterwards  the  samples  are  ready for a  fi rst 
e lectron ic characterization  of the  e lectrode  state  “as  cast” .  

The  sample  th ickness  i s  measured  by a  l aser profi l ometer or a  m icrometer gauge  (see  
detai led  description  i n  5. 2 . 2).  

To  characterize  an  e lectrode  densi fi cation  l i ke  calendaring  i t  i s  possib le  to  compress  the  
samples  by l amination  under pressure  and  temperature.  For an  i sostatic l am ination  the  
samples  are  sealed  i n  l am ination  bags  and  l aminated  for example  at 1 50  bar,  40  °C  for 1 0  m in .  
During  th is  procedure  the  coating  th ickness  shrinks  and  the  l ayer densi fies  (“densi fied ”  state  
of the  e lectrode)  and  i s  ready for subsequent e lectron ic characterization .  

To  balance  the  shrinkage  values  and  porosi ty of the  samples  wi th  i ndustrial  e lectrodes  
processed  by calendaring ,  i t  i s  recommended  to  ad just the  l aminating  parameters  on  the  
i nd ividual  e lectrode  material  system  by measuring  the  th ickness  change  during  densi fication .  
Depend ing  on  the  material  recipe  and  sample  preparation ,  the  resu l ti ng  e lectrode  th ickness  
change  i s  i n  the  range  1 0  %  to  50  %.  

5 Measurement of electric  properties  

5.1  General  

Depend ing  on  the  i n terest of the  users,  i t  i s  possib le  to  characterize  the  prepared  samples  “as  
casted” ,  and  “as  densi fied ”.  The  procedure  to  measure  the  coating  and  contact resisti vi ty of 
such  samples  i s  described  i n  5 . 2  and  5. 3  and  i s  a lways  the  same.   

NOTE  I n  the  state  “as  casted ”  the  l ayer i s  a l ready d ri ed !  

5.2  Coating  resistivi ty 

5.2 .1  Demarcation  of method   

The  coating  resisti vi ty of the  e lectrode  materia l  l ayer shows a  pure  ohmic behaviour ( l i near 
correlation  between  vol tage  and  curren t).  The  geometry of the  e lectrical  con tact of the  sample  
l ayou t l eads  to  a  homogeneous  current flow i n  the  e lectrode  coating  (see  F igure.A.3) .  

5.2.2  Measurement of the  sample  th ickness  

To calcu late  an  e lectric resistivi ty i t  i s  importan t to  measure  the  substrate  and  e lectrode  
th ickness  exactly.  Prior to  coating ,  the  i solator substrate  i s  measured  by m icrometer cal l i per.  
The  coated  sample  i s  measured  i n  the  state  of “as  cast”  and  “as  densi fied ”  wi th  a  l aser 
profi l ometer.  A m in imum  of th ree  topograph ic l i ne  measurements  across  the  sample  are  
recommended  to  calcu late  a  mean  e lectrode  coating  th ickness.  The  standard  deviation  of th is  
th ickness  shou ld  l i e  below 1 0  %  re lati ve  to  the  mean  th ickness.   

5.2.3  Experimental  procedures  and  measurement condi tions  

The  sample  i s  connected  to  a  d . c.  power supply source  to  set a  constant current of 1 00  µA 
between  the  ou ter contact strips  ( IE -IA)  and  the  resu l ting  vol tage  d rop  between  the  i nner 
con tact strips  (V1 -V2)  i s  measured  wi th  vol tage  metering  device  (F igure  A.3).  The  col lector 
con tact strips  are  connected  by hand  via  need le  test probes  and  banana  plugs  to  the  
e lectrical  devices.  Due  to  variations  i n  the  sample  qual i ty (e lectrode  th ickness,  amount of 
coating  defects)  i t  i s  recommended  to  test at l east 1 0  samples  of the  same type.  The  coating  
resisti vi ty i s  a  mean  value  of these  1 0  samples,  whereby the  standard  deviation  of the  
resisti vi ty shou ld  be  below 1 0  %  re lati ve  to  the  mean  resisti vi ty value.   
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5.3  Contact resistivi ty 

5.3.1  Demarcation  of method   

The  measurement of the  con tact resisti vi ty works  on  the  basis  of the  transmission  l i ne  method  
(TLM)  used  to  evaluate  the  con tact resisti vi ty of metal  to  semiconductor i n terfaces.  

5.3.2  Experimental  procedures  and  measurement condi tions  

The  sample  i s  connected  to  a  d . c.  power supply source  to  set a  constan t curren t of 1 00  µA 
between  a l ternating  contact strips  and  the  resu l ti ng  vol tage  d rop  between  these  con tact strips  
i s  measured  wi th  a  vol tage  metering  device.  The  con tact strips  are  connected  by hand  via  
need le  test probes  and  banana  p lugs  to  the  e lectrical  devices.  Gradual ly the  resistances  
between  a l ternating  posi tions  of each  of the  ten  con tact strips  are  measured  in  the  order of:  

R1 (n  to  n + 1 ),  R2(n  to  n + 2)  and  R3(n + 1  to  n + 2)  wi th  n  =  1  to  8 .  The  fol l owing  equations  
i l l ustrate  as  an  example  of the  scheme for evaluation  of the  con tact resistance  of the  metal  
strip  No.  2  of the  sample  (see  F igure  A. 4) :  

R1  =  Rc, 1  + RS, 1  + Rc, 2  

R2  =  Rc, 1  + RS, 1  + RS,2  + Rc, 3  

R3  =  Rc, 2  + RS, 2  + Rc, 3  

Rc, 2  =  (R1  + R3  -  R2)/2  (absolu te  con tact resistance  of metal  strip  No.  2  i n  ohms)  

where  

Rc  i s  the  con tact resistance  of the  i nd ividual  part of the  sample;  

RS  i s  the  coating  resistance  of the  i nd ividual  part of the  sample;  

R1  to  R3  are  ohmic resistances  [Ω ]  ca lcu lated  by R  =  U/I.  

Due  to  variations  in  the  sample  qual i ty (e lectrode  th ickness,  amount of coating  defects  and  
accuracy of the  sample  geometry)  i t  i s  recommended  to  test at l east fi ve  samples  of the  same  
type.  The  calcu lation  of the  con tact resistivi ty fo l lows  a  summation  of d i fferen t resistances  
wh ich  resu l ts  i n  a  con tact resisti vi ty of one  of the  ten  col lector strips.  For each  sample  up  to  
e igh t measured  values  can  be  generated  successively.  

6 Data  analysis  / i n terpretation  of resu l ts  

6.1  Coating  resistivi ty 

calcu lation :  ρ  [Ω· cm]  =  RMeas  [Ω ]  ×  y [mm]  ×  Sd  [µm]  /  (x  [mm]  ×  1 04)  

where   

RMeas  =  U  /  I;  

ρ  i s  the  coating  resisti vi ty;  

RMeas  i s  the  coating  resistance;  

I  i s  the  preset curren t (1 00  µA);  

U  i s  the  measured  vol tage  between  the  two i nner strip  con tacts  
(Figure  A.3  vol tage  between  V1  and  V2) ;  

Sd  i s  the  coating  th ickness;  

y i s  the  sample  length  (50  mm);  

x  i s  the  sample  wid th  between  the  two  inner strip  contacts  (30  mm).  

Calcu lation  of a  mean  value  of ten  samples  i s  recommended .  The  
standard  deviation  shou ld  be  below 1 0  %.  

chart:  coating  resistivi ty vs.  sample  th ickness  (see  A.2)   

target value:  coating  resistivi ty 
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6.2  Contact resistivi ty 

calcu lation :  rc  [Ω· cm2 ]  =  Rc  [Ω ]  ×  z  [cm]  ×  y [cm]  

where   

Rc =  (Rn  to  n+1  +Rn  to  n+2  –  Rn+1  to  n+2)  /  2 ,  and  

R  =  U  /  I  of the  i nd ividual  measurement;  

rc  i s  the  speci fic con tact resisti vi ty;  

n  i s  the  number of metal  col lector strips  (n  =  1 ,  . . . ,  8) ;  

Rc  i s  the  con tact resistance;  

I  i s  the  preset curren t between  two  con tact strips  (1 00  µA);   

U  i s  the  measured  vol tage  between  two  contact strips;  

z  i s  the  con tact strip  wid th  (0 , 2  cm);  

y i s  the  con tact strip  l eng th  (equals  sample  length  of 5  cm).  

Each  sample  wi th  ten  metal  strip  con tacts  del i vers  e igh t resu l ts  of 
contact resistivi ty.  The  calcu lation  of a  mean  value  of at  l east fi ve  
samples  i s  recommended  (40  s ing le  measurements  of con tact 
resisti vi ty).  The  standard  deviation  shou ld  be  below 50  %.  

chart:  contact resisti vi ty vs.  sample  th ickness  (see  F igures  A. 4  to  A. 7)   

target value:  contact resisti vi ty 
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Annex A 
( informative)  

 
Case study 

A.1  Sample  preparation  

See  F igure  A. 1 .  

 

a)  E lectrode  casting  s lu rry 

 

b)  Alumina  substrate  wi th  metal  col l ector strips  

   

c)  Alumin ium  carri er panel  wi th  cavi ti es  of the  sample  s i ze  

Figure  A. 1  – Sample  preparation  

Components  wh ich  are  requ i red :  

1 )  e lectrode  casting  s lu rry;  

2 )  i solator substrates  (5  cm  ×  5  cm);  

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

4)  a lumin ium  carrier panel  wi th  substrate  cavi ties.  

The  e lectrode  casting  s lu rry i s  prepared  in  a  quan ti ty of approximately 1 00  m l .  The  col lector 
foi l  i s  cu t i n to  th in  metal  strips.  These  strips  are  bonded  wi th  superg lue  on  the  i solator 
substrates  i n  a  specia l  l ayout for measurement of the  coating  or con tact resisti vi ty.  

Construction  steps  are  i l l ustrated  and  described  in  F igure  A. 2 .  

IEC  
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Step   

a  

 

 The  i sol ator substrates  are  fi xed  on  the  carri er panel  wi th i n  the  cavi ti es.  The  su rface  of the  substrates  and  
the  carri er panel  are  afterwards  on  equal  h ei gh t.  The  e l ectrode  casti ng  s l u rry i s  fi l l ed  i n to  a  fi lm  appl i cator 
(doctor b l ade) .  Th i s  fi lm  app l i cator i s  moved  a l ong  the  carri er panel  above  the  i sol ator substrates  
whereupon  the  e l ectrode  coati ng  takes  p l ace.  The  coated  substrates  are  l eft  to  rest for d ryi ng  a t  room  
temperatu re  or set  i n to  a  d ryi ng  oven .  

b  

 

 The  sample  th i ckness  i s  characteri zed  at  th ree  d i fferen t  posi ti ons  by l aser profi l ometer ( l i ne  scan  across  
the  sample) .  By measurement of the  i n i ti a l  substrate  th i ckness  (wi thou t coati ng )  i t  i s  possib l e  to  cal cu l ate  
the  fi nal  e l ectrode  coati ng  th i ckness.  

c  

  

 The  compression  of the  e l ectrode  i s  done  i n  an  i sostati c  l am inator.  The  substrates  are  sea l ed  wi th i n  a  
l am inati on  bag .  Afterwards  they were  p l aced  i n to  the  l am inator and  pu t  under pressu re  and  temperatu re  
(for example  1 50  bar,  40  °C,  1 0  m i n ) .    

IEC  
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d  

 

 The  samples  are  e l ectri cal l y characteri zed  i n  the  s tate  “as  cast”  and  “densi fi ed ”  wi th  a  d . c.  power suppl y 
sou rce  and  a  vo l tage  meteri ng  system.  The  con tact  stri ps  of the  samples  are  connected  by hand  vi a  
need le  test probes  and  banana  p l u gs  to  the  e l ectri cal  devices.  

Figure  A.2  – Construction  steps  

A.2  Results  for a  supercap EDLC-electrode and  a  l i th ium-ion  battery NCM-
cathode 

A.2.1  Linear correlation  between  current and  vol tage  of the  electrode  coating  
resistance  of a  supercap electrode  (ohmic behaviour)  

See  F igure  A.3.  

 

Figure  A.3  – Correlation  between  current and  vol tage  of the  coating   
resistance  of various  supercap  EDLC-electrodes  (variation  in  amount  

of carbon  black add itive  in  the  electrode  recipe)  
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A.2.2  Resu lts  for coating  resistivi ty 

See  Figures  A. 4  and  A.5.  

 

Figure  A.4  – Coating  resistivi ty of supercap electrodes  wi th  variation  in  the  amount  
of carbon  black in  the  electrode  composite  recipe  and  sample  th ickness  

 

Figure  A.5  – Coating  resistivi ty of NCM-based  l i th ium-ion  battery cathode  with  variation  
in  the  amount of NCM,  binder to  carbon  black value  and  sample  th ickness  
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A.2.3  Resu lts  of measurement of contact resistivi ty 

See  F igures  A.6  and  A.7.  

 

Figure  A.6  – Contact resistivi ty of a  supercap electrode  in  the  state   
“as  cast”  and  “densified”  

 

Figure  A.7  – Contact resistivi ty of a  NCM-based  l i th ium-ion  battery cathode   
(81 ,3  vol . -% NCM)  in  the  state  “as  cast”  and  “as  densified”  
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