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N ANOMANU FACTU RING  – KEY CONTROL CH ARACTERISTICS –  

 
Part  4-5  Cath ode nanomaterials  for  nan o-enabl ed  electri cal  energ y 

storag e – El ectroch emi cal  characterization,  3-el ectrode cel l  meth od  
 

FOREWORD 

1 )  The  I n ternati onal  E lectrotechn i cal  Comm iss ion  ( I EC)  i s  a  worl dwide  organ i zati on  for  s tandard i zat i on  com pri s i ng  
al l  n ati onal  e l ectrotechn i cal  comm i ttees  ( I EC Nati onal  Comm i ttees) .  The  object  of  I EC  i s  to  prom ote  
i n ternati onal  co-operat i on  on  al l  quest i ons  concern i ng  s tandard i zat i on  i n  the  e l ectri cal  and  e l ectron i c  f i e l ds .  To  
th i s  end  and  i n  add i t i on  to  other acti vi t i es ,  I EC  publ i shes  I n ternati onal  Standards,  Techn i cal  Speci f i cati ons,  
Techn i cal  Reports ,  Publ i c l y  Avai l abl e  Speci f i cat i ons  (PAS)  and  Gu ides  (hereafter referred  to  as  “ I EC  
Publ i cati on (s ) ”) .  Thei r  preparat i on  i s  en trusted  to  techn i cal  comm i ttees;  any I EC  Nati onal  Comm i ttee  i n terested  
i n  the  subj ect  deal t  wi th  m ay part i ci pate  i n  th i s  preparatory work.  I n ternati onal ,  governm ental  and  non -
governm ental  organ i zati ons  l i a i s i ng  wi th  the  I EC  al so  part i c i pate  i n  th i s  preparati on .  I EC  col l aborates  cl osel y  
wi th  the  I n ternati onal  Organ i zati on  for  Standard i zati on  ( I SO)  i n  accordance  wi th  cond i t i ons  determ ined  by 
ag reem ent  between  the  two  organ i zati ons.  

2)  The  form al  deci s i ons  or  ag reem ents  of  I EC  on  techn i cal  m atters  express,  as  nearl y  as  poss ible,  an  i n ternati onal  
consensus  of  opi n i on  on  the  rel evant  subjects  s i nce  each  techn i cal  com m i ttee  has  representat i on  from  al l  
i n terested  I EC  N ati onal  Com m ittees.   

3 )  I EC  Publ i cat i ons  have  the  form  of  recomm endati ons  for  i n ternati onal  use  and  are  accepted  by I EC  Nati onal  
Com m i ttees  i n  that  sense.  Whi l e  al l  reasonable  efforts  are  m ade  to  ensure  that  the  tech n i cal  con tent  of  I EC  
Publ i cati ons  i s  accu rate,  I EC  cannot  be  held  responsi ble  for  the  way i n  wh i ch  they  are  used  or fo r  any  
m i s i n terpretat i on  by any end  u ser.  

4)  I n  order to  prom ote  i n ternati onal  u n i form i ty,  I EC  Nati onal  Com m i ttees  undertake  to  apply I EC Publ i cat i ons  
transparentl y  to  the  m axim um  extent  poss ible  i n  the i r  nat i 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 i onal  publ i cat i on  shal l  be  c l earl y i n d i cated  i n  
the  l atter.  

5)  I EC  i tsel f  does  not  provi de  any attestati on  of  con form i ty.  I n dependent  cert i f i cat i on  bod ies  provi de  conform i ty  
assessm ent  servi ces  and ,  i n  som e  areas,  access  to  I EC m arks  of  con form i ty.  I EC i s  not  responsi ble  for  any 
servi ces  carri ed  ou t  by i ndependen t  cert i f i cat i on  bod i es .  

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

7)  No  l i abi l i ty  shal l  attach  to  I EC  or  i ts  d i rectors,  em ployees,  servants  o r  ag en ts  i ncl u d i ng  i n d i vi dual  experts  and  
m em bers  of  i ts  techn i cal  com m i ttees  and  I EC  Nati onal  Com m i ttees  for  any personal  i n j u ry,  property  dam age  or  
other dam age  of  any natu re  whatsoever,  whether d i rect  o r  i nd i rect,  or  for  costs  ( i ncl ud i ng  l eg al  fees )  and  
expenses  ari s i ng  ou t  of  the  publ i cati on ,  u se  of,  or  re l i ance  upon ,  th i s  I EC  Publ i cati on  or  any other I EC  
Publ i cat i ons .   

8)  Atten ti on  i s  d rawn  to  the  N orm ati ve  references  ci ted  i n  th i s  publ i cat i on .  Use  of  the  referenced  publ i cati ons  i s  
i nd i spensable  for the  correct  appl i cati on  of  th i s  publ i cat i on .  

9)  Atten ti on  i s  d rawn  to  the  poss ibi l i ty  that  som e of  the  e l em ents  of  th i s  I EC  Publ i cat i on  m ay be  the  su bject  of  
paten t  ri g h ts .  I EC  shal l  not  be  held  respons ibl e  for  i den t i fyi ng  any or  a l l  such  paten t  ri gh ts .  

The  m ain  task of  I EC  techn ical  com m i ttees  i s  to  prepare  I n ternati onal  Standards.  I n  
excepti onal  c i rcum stances,  a  techn ical  com m i ttee  m ay propose  the  publ icati on  of  a  Techn ical  
Speci f ication  when  

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

•  the  subj ect  i s  st i l l  u nder techn ical  developm ent  or  where,  for  any o ther reason ,  there  i s  the  
fu ture  bu t  no  imm ediate  poss ibi l i ty of  an  agreem ent  on  an  I n ternational  Standard.  

Techn ical  Speci fi cati ons  are  subject  to  review wi th i n  th ree  years  of  publ icati on  to  decide  
whether they can  be  transform ed  in to  I n ternati onal  Standards.   

I EC  TS 62607-4-5,  wh ich  i s  a  Techn ical  Speci fi cati on ,  has  been  prepared  by IEC  techn ical  
comm i ttee  1 1 3 :  Nanotechnolog y s tandard i zati on  for  e lectrical  and  e lectron ic  products  and  
system s.  
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The  text  of  th is  Techn ical  Speci f icati on  i s  based  on  the  fo l l owing  docum ents:  

Enqu i ry d raft  Report  on  vot i ng  

1 1 3/31 7/DTS  1 1 3/342/RVC  

 
Fu l l  i n form ation  on  the  voti ng  for the  approval  of  th is  techn ical  speci f i cati on  can  be  found  i n  
the  report  on  voti ng  i nd icated  i n  the  above  table.  

Th is  docum ent has  been  drafted  i n  accordance  wi th  the  I SO/I EC  D i recti ves ,  Part  2.  

A l i s t  of  al l  parts  i n  the  I EC  62607  series,  publ i shed  under  the  general  t i t l e  
Nanomanufacturing – Key control characteristics,  can  be  found  on  the  I EC  websi te.  

The  com m i ttee  has  decided  that  the  con ten ts  of  th is  docum en t wi l l  rem ain  unchanged  un t i l  the  
stabi l i ty date  i nd icated  on  the  I EC  websi te  under "h ttp: //webstore. iec. ch "  i n  the  data re lated  to  
the  speci fi c  docum ent.  At  th is  date,  the  docum en t wi l l  be   

•  transform ed  i n to  an  I n ternational  Standard ,  

•  reconfi rm ed,  

•  wi thdrawn ,  

•  replaced  by a revised  ed i ti on ,  or  

•  am ended.  

A b i l i ngual  vers ion  of  th is  publ ication  m ay be  i ssued  at  a  l ater date.  

 

IM PORTANT – Th e 'col ou r  i n si d e'  l og o  on  th e  cover pag e of  th i s  pu bl i cati on  i n d i cates 
th at  i t  con tai n s  col ou rs  wh i ch  are  con si d ered  to  be  u sefu l  for  th e  correct  
u n d erstan d i n g  of  i ts  con ten ts.  U sers sh ou l d  th erefore pri n t  th i s  d ocu m en t  u si n g  a  
col ou r pri n ter.  
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INTRODUCTION  

The fu ture  u ti l i zati on  of  renewable  energ y technolog ies  depends  s i gn i f icantl y on  the  
developm en t  of  eff i ci ent  system s  for  energ y storage.  Conventi onal  approaches  exist  for  the  
storage  of  e l ectrical  energ y from  stati onary power plan ts,  cu rrentl y fuel l ed  by m any new i deas  
i n  con j unction  wi th  the  em erg ing  "Sm art  G rid ".  For  fu ture  e-m obi l i ty for i nd ivi dual  
transportati on  there  i s  on l y one  attracti ve  so lu t ion :  a  battery that  can  store  enough  energ y to  
al l ow al l -e lectric  d ri vi ng  wi th  a range  of  several  hundred  ki l om etres .  The  cu rrent  so l u t ions  
al ready on  the  m arket  can  on l y be  seen  as  tem porary so lu ti ons.  From  today's  perspecti ve,  
l i th ium - ion  batteri es  and  the i r  deri vati ve  i nnovati ve  concepts  are  regarded  as  the  m ost  
prom is ing  cand idates .  E lectrodes  m ade from  nanoscale  com posi tes  wi l l  p lay a  key ro le  i n  the  
fu ture.  I nnovative  m aterials  wi l l  be  developed  and  system atical l y optim ized ,  wh ich  im pl ies  
test ing  of  a  l arge  num ber of  d i fferen t  m aterials.  

Characteri zation  of  the  e lectrochem ical  propert ies  of  cathode  nanom aterials  used  i n  e lectrical  
energ y storage  devices  i s  im portant  for  thei r  custom ized  developm ent.  Th is  docum en t  
provides  a s tandard  m ethodolog y wh ich  can  be  used  to  characteri ze  the  e lectrochem ical  
propert i es  of  new cathode  nanom aterials  that  wi l l  be  em ployed  i n  e l ectri cal  energ y s torage  
devices.  Fol l owing  th is  m ethod  wi l l  al l ow com parison  of  d i fferen t  types  of  cathode  
nanom aterial  and  com paring  the  resu l ts  of  d i fferen t  research  g roups.  

Th is  docum ent  i n troduces  a  3-e lectrode  ce l l  m ethod  for the  electrochem ical  characteri zation  
of  nano-enabled  cathode  m aterials  for  e lectrical  energ y storage  devices.  

Th is  s tandard ized  m ethod  i s  i n tended  for  use  i n  com paring  the  characteris tics  of  cathode  
nanom aterials  i n  the  developm ent  stage,  not  for  evaluating  the  e lectrode  in  end-products.  

The  m ethod  i s  appl icable  to  m aterials  exh ibi t i ng  function  or perform ance  on l y poss ible  wi th  
nanotechnolog y,  i n tenti onal l y added  to  the  acti ve  m aterials  to  m easurabl y and  s i gn i f icantl y 
change  the  capaci ty of  e l ectrical  energ y s torage  devices.  

I n  th is  con text  i t  i s  im portan t  to  note  that  the  percentage  content  of  nanom aterial  of  the  device  
i n  questi on  has  no  d i rect  re lat ion  to  the  appl icabi l i ty of  th is  docum ent,  because  m inu te  
quanti ti es  of  nanom aterial  are  frequen tl y su ff ici ent  to  im prove  the  perform ance  s i gn i f icantl y.  

The  fracti on  of  nanom aterials  i n  e lectrodes,  e lectrode  coatings,  separators  or  e l ectro l yte  i s  
not  of  re levance  for  us ing  th is  m ethod.  
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N ANOMANU FACTU RING  – KEY CONTROL CH ARACTERISTICS –  
 

Part  4-5  Cath ode nanomaterials  for  nan o-enabl ed  electri cal  energ y 
storag e – El ectroch emi cal  characterization,  3-el ectrode cel l  meth od  

 
 
 

1  Scope 

This  part  of  I EC  62607 provides  a s tandard i zed  m ethod  for the  determ ination  of  
e lectrochem ical  properti es  of  cathode  nanom aterials  such  as  l i th i um  i ron  phosphate  (LFP)  for  
e lectrical  energ y storage  devices.  Th is  m ethod  wi l l  enable  the  i ndustry to :  

a)  decide  whether or  not  a  cathode  nanom aterial  i s  u sable,  and  

b)  se lect  a  cathode  nanom aterial  su i table  for the i r  appl ication .  

Th is  docum ent  i ncludes:  

•  recom m endations  for  sam ple  preparati on ,  

•  ou t l i nes  of  the  experim ental  procedures  used  to  m easure  cathode  nanom aterial  propert i es,  

•  m ethods  of  i n terpretation  of  resu l ts  and  d iscuss ion  of  data anal ys is,  and  

•  case  stud ies .  

NOTE  The  very purpose  of  th i s  m ethod  i s  to  arri ve  at  a  detai l ed  characteri zati on  of  the  e l ectrodes  so  that  
i nd i vi dual  con tri bu ti on  of  the  anode  and  cathode  for  perform ance  and  deg radati on  cou ld  be  pred i cted .  The  m ethod  
can  be  appl i ed  for  characteri zat i on  of  the  e l ectrode  worki ng  as  cathode  or/and  as  anode.  

2 Normati ve referen ces  

The fo l l owing  docum ents  are  referred  to  i n  the  text  i n  such  a  way that  som e or al l  of  the i r  
con ten t  consti tu tes  requ i rem ents  of  th is  docum ent.  For dated  references,  on l y the  ed i t i on  
ci ted  appl i es.  For undated  references,  the  l atest  ed i t i on  of  the  referenced  docum en t ( i ncl ud ing  
any am endm ents)  appl i es.  

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

3 Terms,  defi n i ti on s an d  abbrevi ated  term s 

3. 1  Term s an d  d efi n i t i on s  

For the  purposes  of  th is  docum ent,  the  term s  and  defi n i t i ons  g i ven  in  ISO/TS 80004-1  and  the  
fo l l owing  appl y.  

ISO and  I EC  m ain tain  term inolog ical  databases  for use  i n  standard i zati on  at  the  fo l l owing  
addresses:  

•  I EC  E lectroped ia:  avai lable  at  h ttp: //www. electroped ia.org /  

•  I SO On l ine  browsing  platform :  avai lable  at  h ttp: //www. iso.org /obp  

3. 1 . 1   
cath od e n an om ateri al  
material  used  as  a cathode  i n  a  nano-enabled  energ y s torage  device  wh ich  contains  a  fracti on  
of  nanom aterial  and  exh ibi ts  function  or  perform ance  m ade poss ible  on l y wi th  the  appl icati on  
of  nanotechnolog y 

http://www.iso.org/obp
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Note  1  to  en try:  The  cathode  i s  a  m u l t i l ayered  fo i l  cons i s t i ng  of  (1 )  an  al um in i um  cu rrent  co l l ector,  (2)  an  opt i onal  
adhesion  prom oti ng  carbon  l ayer ( to  enhance  cathode  l ayer adhesion  i f  necessary)  and  (3 )  the  cathode  l ayer.  Th i s  
cathode  l ayer consi s ts  of  the  acti ve  phase  (e. g .  l i th i um  con tai n i ng  m ixed  oxi des  or phosphate,  such  as  LFP) ,  a  
conducti ng  phase  (carbon  black)  and  an  org an i c  bi nder (PVDF) .  

3. 1 . 2   
an od e  m ateri al  
m aterial  used  as  coun ter  e lectrode  (CE)  for the  e lectrochem ical  characteri zati on  of  cathodes  
i n  the  3-e lectrode  ce l l  

Note  1  to  en try:  The  anode  m ay be  a  tape-cast  g raph i te  e l ectrode  consi st i ng  of  (1 )  a  copper cu rren t  col l ector fo i l  
and  (2 )  the  act i ve  l ayer com posed  of  g raph i te,  a  conducti ng  phase  (carbon  bl ack)  and  organ i c  b i nder (PVDF,  CMC) .  
Al ternati vel y,  m etal l i c  l i th i um  m ay be  u t i l i zed  as  CE.  Us i ng  l i th i um ,  the  necess i ty  of  bal ancing  the  capaci t i es  of  
cathode  and  anode  i s  d ropped.  However,  the  cycl i n g  s tabi l i ty  of  l i th i um  i s  s trong l y l im i ted  i n  com pari son  to  a  
g raph i te  anode.  Thus  the  choi ce  of  the  cou nter e l ectrode  has  to  be  adapted  to  the  pu rpose  o f  the  i nvesti gat i on .  

3. 1 . 3   
referen ce  el ectrod e  
RE  
electrode  not  act i vel y i nvo lved  i n  the  battery ce l l  reactions  (charg ing ,  d i scharg ing )  

Note  1  to  en try:  The  reference  e l ectrode  i s  placed  i n  the  cel l  arrang em ent  to  enable  the  m easurem ent  of  the  
e l ectrode  potent i al s  of  cathode  and  anode.  Both  val u es  are  determ ined  wi th  respect  to  the  RE 's  poten ti al .  To  
ensure  a  proper m easurem en t,  the  reference  e l ectrode's  poten t i al  has  to  be  hel d  constant.  Thus  a  cu rren t l ess  
con tact i ng  of  th i s  e l ectrode  i s  real i zed  to  preven t  the  form ati on  of  overpoten ti al s .  I n  l i th i um  ion  battery research  the  
m ost  comm on  reference  e l ectrode  m ateri al  i s  m etal l i c  l i th i um  i n  con tact  wi th  a  l i th i um  i on  con tai n i ng  e l ectrol yte.  

3. 1 . 4   
3-el ectrod e screw cel l  
cel l  provid ing  the  geom etrical  cond i t i ons  i n  the  th ree  electrode  arrangem en t  

Note  1  to  en try:  The  i n dependen t  e l ectrochem ical  i n vesti g ati on  of  cathode  and  anode  m aterial  i s  carri ed  ou t  i n  
3-e lectrode  screw cel l s .  Th i s  not i on  descri bes  a  ce l l  i n  th ree  e l ectrode  arrangem ent  provi d i ng  battery- l i ke  
geom etri cal  cond i t i ons  of  cathode  and  anode.  Add i t i onal l y,  a  l i th i um  reference  e l ectrode  i s  i ncl uded  to  enabl e  the  
determ inati on  of  the  i nd i vi du al  e l ectrode  poten ti al s  rather than  of  the  overal l  cel l  vo l tage.  The  cel l  setup  i ncl udes  
spri ngs  and  m etal l i c  cu rren t  co l l ectors  and  the  e l ectrode  package  wi th  anode/separators  +  e l ectro l yte/cathode.  The  
reference  e l ectrode  i s  placed  between  anode  and  cathode,  separated  from  these  e l ectrodes  by l ayers  of  separator.  
For th i s  pu rpose,  vari ous  cel l  des i gns  are  poss ibl e.  The  case  s tudy i n  Annex A shows  a ce l l  des i gn  based  on  a  

hal f- i nch  PFA Swag elok f i t t i n g . 1  

3. 1 . 5   
cel l  vol tag e  
Ucel l  
d i fference  of  the  e lectrochem ical  poten tials  of  the  cathode  and  the  anode  

3. 1 . 6   
el ectrod e poten ti al  
d i fference  between  the  e lectrochem ical  poten tial  of  an  e lectrode  i n  the  3-e lectrode  cel l  and  
the  potential  of  the  RE  

Note  1  to  en try:   E l ectrode  potent i al s  ϕ
W E

 and  ϕ
CE

 are  the  d i fferences  between  the  e l ectrochem ical  poten ti al  o f  
the  respecti ve  e l ectrode  i n  the  3-electrode  cel l  and  the  poten ti al  o f  the  RE.  I n  case  of  i n tercalati on  e l ectrode  
m aterial s ,  i t  i s  determ ined  by the  l i th i at i on  s tate  of  the  m aterial .  Add i t i onal l y,  the  overpoten ti al  of  the  respecti ve  
e l ectrode  reacti on  i n fl uences  i ts  poten ti al .  Consequentl y  i t  i s  a  val u abl e  phys i cal  param eter to  be  determ ined,  as  i t  
i ncl udes  a  s i gn i f i can t  am oun t  o f  i n form ati on  on  the  i nd i vi dual  e l ectrodes  and  thei r  actual  s tate.  

3. 1 . 7   
cel l  resi stan ce  
Rel  
ohm ic  i n ternal  res istance  of  the  test i ng  cel l  

______________ 

1   PFA Swag elok f i tt i ng  i s  an  exam ple  of  a  su i table  product  avai l able  comm ercial l y.  Th i s  i n form ati on  i s  g i ven  for  
the  conven ience  of  users  of  th i s  docum ent  and  does  not  consti tu te  an  endorsem ent  by I EC  of  th i s  product.  
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Note  1  to  en try:  R
e l

 i s  the  su m  of  the  ohm ic  res i st i vi t i es  (e . g .  e l ectro l yte,  con tact  res i s tance)  wi th i n  the  ce l l .  

3. 1 . 8   
ch arg e-d i sch arg e cycl e  
procedure  wh ich  i ncl udes  charg ing  and  d ischarg ing  of  the  test ing  cel l  

Note  1  to  en try:  The  fresh l y  assem bled  cel l  i s  com plete l y  d i scharg ed.  Du ri ng  charg i ng ,  the  l i th i um  anode  i s  b i ased  
negati vel y  above  the  zero  cu rren t  poten t i al ,  l i th i um  cat i ons  are  reduced  and  m etal l i c  l i th i um  is  deposi ted  at  the  
su rface  of  the  l i th i um  anode.  Du ri ng  g al van i c  d i scharg e  th rough  an  external  c i rcu i t  ( l oad )  m etal l i c  l i th i um  i s  i n  tu rn  
oxi d i zed  at  the  anode,  wh i ch  shows  a  neg ati ve  potent i al  wh i l e  the  cathode  potent i al  i s  pos i t i ve.  N ow m etal l i c  
l i th i um  oxi d i zes  to  l i th i um  i ons  and  d i ssol ves  i n  the  e l ectro l yte.  Li th i um  i ons  i ncorporate  i n to  the  crystal  l att i ce  of  
the  cathode  m ateri al .  The  charg i ng /d i scharg i ng  processes  are  revers i ble  wi th i n  certai n  l im i ts .  

3. 2  Abbrevi ated  term s 

LFP  l i th ium  i ron  phosphate,  LiFePO4  

C  g raph i te  ( layered  m od i f ication  of  carbon)  

Li  l i th ium  

WE working  e lectrode,  as  cathode  

CE  coun ter  e l ectrode,  as  anode  

RE  reference  e lectrode  

PVDF po l yvin yl i dene  f l uori de  

EC  ethylene  carbonate  

DEC  d iethyl  carbonate  

LiPF6  l i th ium hexaf luorophosphate  (com m on  conducti ve  sal t  of  l i th ium  ion  battery 
e lectro l ytes)  

PE  pol yethylene  

PFA perf luoroalkoxy rubber  

PEEK pol yether ether ketone  rubber  

OCV open  c i rcu i t  vo l tage  

OCP  open  c i rcu i t  potential  

EI S  e lectrochem ical  im pedance  spectroscopy.  

4 Sampl e preparati on  methods  

4. 1  G en eral  

For the  e lectrochem ical  characteri zati on  of  the  cathode  nanom aterial  3-e lectrode  screw cel ls  
are  used.  The  m ain  aspects  for  preparation  of  these  m easuri ng  ce l l s  are:  

a)  pre- treatm ent  of  the  e lectrodes;  

b)  cho ice  of  the  separator  and  selecti ng  a proper  e lectro l yte/ e lectro l yte  vo lum e;  

c)  appl yi ng  a  defi ned  and  val i d  pressure  on  the  e lectrode/separator  package;  

d)  m ounti ng  of  reference  e lectrode.  

4. 2  Reag en ts  

4. 2. 1  Cath od e foi l  

The cathode  fo i l  can  be  stored  i n  a  des iccator under  l ow atm ospheric  m oisture  for  the  range  
of  several  days  up  to  weeks.  Previous  to  the  assem bly of  the  cel l ,  cathode  m aterial  i s  d ried  
(see  4. 3)  and  pu t  i n to  an  argon  f i l l ed  g l ove  box im m ediatel y after  preparati on  to  avoid  con tact  
wi th  atm ospheric  m ois ture.  
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4. 2. 2  An od e foi l  

Graph i te  anodes  are  hand led  l i ke  the  cathode  fo i l  i n  4. 2. 1 .  I f  m etal l i c  l i th i um  i s  used  as  anode  
m aterial ,  the  l i th i um  fo i l  (d =  0 , 25  mm )  i s  unpacked  i n  an  argon-fi l l ed  g l ove  box  and  then  used  
as  del i vered .  

4. 2. 3  Referen ce el ectrod e 

Metal l i c  l i th i um  is  used  as  RE.  I t  i s  unpacked  i n  an  argon-fi l led  g love  box  and  then  used  as  
del i vered .  The  raw m aterial  used  i n  the  case  study was  a  fo i l  of  0 , 25  mm  th ickness.  To  appl y 
i t  as  reference  electrode,  i ts  th ickness  has  to  be  set  to  approxim ate l y 0 , 1  m m  to  avo id  a 
m echan ical  s tress ing  of  the  WE and  CE  by the  reference  e lectrode.  For th i s  purpose  a s trip  of  
the  l i th i um  is  wrapped  i n  po l ypropylene  fo i l  and  m anual l y rol l ed  or  pressed  to  the  th ickness  
m entioned  above.  

4. 2. 4  El ectrol yte  an d  separator 

The m aterial  testi ng  shou ld  be  carried  ou t  i n  an  e lectro l yte  whose  com posi t i on  i s  com parable  
to  e lectro l ytes  used  i n  comm ercial  batteries .  Actual l y,  these  are  comm on l y organ ic  carbonate  
based  so lu ti ons  con tain i ng  LiPF6  as  conducti ve  sal t.  For  the  i nvesti gation  com m ercial  
e lectro l yte,  1 M  LiPF6  i n  1 : 1  EC:DEC,  wi th  a defi ned  puri ty and  water  con ten t  l ess  than  5  μg/g  
i s  used .  A g lass  f i bre  nonwoven  fabric  of  about  0 , 2  mm  th ickness  i s  used  as  separator  
m aterial .  I t  i s  dri ed  before  use  i n  a  vacuum  oven  (T =  80  °C,  p  =  1  m bar  to  5  m bar,  t  =  1 2  h ) .  

4. 3  Pre-treatm en t  of  th e el ectrod e m ateri al s  

Both  electrode  fo i ls  are  dried  i n  a  com partm ent dryer to  ach ieve  water con ten ts  l ess  than  
1 00  μg/g  i n  the  act i ve  m aterial .  Exem plary d ryi ng  cond i t ions  are:  T =  80  °C,  p  =  1  m bar  to  
5  m bar,  t  =  1 2  h .  

I t  i s  suggested  to  contro l  the  water  content  of  the  cathode  by d ryi ng  to  the  constan t  m ass.  The  
dryi ng  procedure  shou ld  be  proven  to  ach ieve  water con ten t  of  l ess  than  1 00  μg /g  by Karl -
Fischer t i trat ion  for f i rst  f i ve  cathode  sam ples .  After that  the  dryi ng  to  the  constan t  m ass  can  
be  appl ied  as  a  standard.  

The  e lectrodes  exam ined  i n  the  3-e lectrode  screw cel l  are  e i ther punched  ou t  or  l aser  cu t  
from  the  fo i l  m aterial .  The  m ass  of  the  e lectrodes,  melectrode ,  i s  determ ined  g ravim etrical l y  
wi th  an  anal ytical  balance  (resolu t i on  m  =  0 , 000   1  g ) .  The  m ass  of  the  act i ve  phase,  macti ve ,  i s  
calcu lated  by subtracti ng  the  m ass  of  the  curren t  co l l ector  fo i l ,  msu bstrate ,  and  m u l t ip l ying  by 
the  m ass  fracti on  x  o f  the  acti ve  m aterial  i n  the  coati ng .  

macti ve  =  x⋅ (melectrode  −  msubstrate)  

Subsequentl y the  theoretical  capaci ty i s  calcu lated  as  fo l l ows:  

nLi  =  macti ve/Macti ve  [mm ol ]  

Q  =  nLi ⋅F⋅z/3  600   [m Ah]  (z  =  1 ,  F =  96  485  C/m ol )  

G ravim etric  capaci ty of  the  electrode:  qM =  Q/mel ectrode    [m Ah/g ]  

Gravim etric  capaci ty of  the  act i ve  m aterial :  qA = Q/macti ve    [m Ah/g ]  

Speci f ic  capaci ty of  the  e lectrode:   qF =  Q/A    [m Ah/cm 2 ]  

For these  calcu lations,  the  fo l l owing  m aterial  data shal l  be  g i ven :  

a)  m ass  of  the  electrode  (m ass  of  coated  fo i l ) ,  mElectrode ;  

b)  m ass  of  the  substrate  (m ass  of  uncoated  fo i l ) ,  mSu bstrate;  

c)  stoch iom etry/m olar  m ass  of  the  acti ve  m aterial ,  M (can  be  proven  by chem ical  anal ys is ,  i . e .  
ICP-MS anal ys is) ;  
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d )  m ass  fraction  of  the  acti ve  m aterial  i n  the  e lectrode,  x;  

e)  e lectrode  area,  A .  

4. 4  Preparati on  of  th e  screw cel l  

The ce l l  com ponents  (F igure  A. 1 )  are  c leaned  wi th  ethanol  and  water  i n  an  u l trason ic  bath  
and  afterwards  dri ed  i n  a  com partm en t dryer.  The  com ponents  are  stored  i n  the  com partm en t  
dryer at  70  °C  to  80  °C  for at  l east  30  m in .  During  such  heat  treatm ent of  ce l l  com ponents  the  
occasional l y adsorbed  water from  surface  of  com ponen ts  wi l l  be  rem oved .  

The  warm ed  up com ponents  of  the  cel l  (F igu re  A. 2)  are  m ounted  as  shown  i n  Annex  A,  s tep 1  
(Fi gure  A. 3) .  Afterwards  they are  pu t  i n to  the  g love  box  to  assem ble  the  e lectrode  setup under  
argon  atm osphere.  Al l  m aterials  under th is  section  shal l  be  handled  under  argon  atm osphere  
i n  a  g love  box.  I n  the  g l ove  box  the  m axim um  O2  con ten t  i s  50  μg/g  and  the  m axim um  H2O 
con ten t  i s  1 0  μg/g .  

Fi rs tl y,  the  cathode  i s  p laced  ins i de  the  ce l l  body onto  an  alum in i um  spacer acti ng  as  cu rrent  
co l lector.  The  cathode  i s  im pregnated  wi th  the  electro l yte  ( f i ve  drops,  60  m g  to  70  m g  ,  for  an  
e lectrode  of  1 , 27  cm 2  and  cathode  th ickness  of  50  μm )  (see  Fi gure  A. 3) .  

The  separator wi th  th ickness  of  1 50  µm  is  punched  ou t  and  one  layer i s  p laced  on to  the  
cathode.  I t  i s  soaked  wi th  the  electro l yte  ( three  drops,  abou t  30  m g) .  

The  l i th i um  RE  is  prepared  by cu tt ing  a th in  s trip  of  l i th i um  ( 1 0  mm  to  1 2  mm  in  l eng th ,  abou t  
0 , 5  m m  in  width )  of  the  co i l  m aterial .  Th is  th ickness  of  the  RE  i s  set  to  about  1 00  µm  by 
com press ing  the  250  µm  co i l  m aterial  wi th  a  hand  press.  Th is  m etal  s trip  i s  i nserted  i n to  the  
cel l  th rough  the  open ing  perpend icu lar  to  the  cel l  ax is  and  p laced  upon  the  separator  
sandwich .  

A second  separator i s  l aid  on  the  cathode/separator/RE  sandwich  and  wetted  wi th  th ree  drops  
of  the  e lectro l yte  (about  30  m g) .  

The  g raph i te  anode  i s  im pregnated  wi th  the  e lectro l yte  ( f i ve  drops,  60  m g  to  70  m g )  ( for  an  
e lectrode  of  1 , 27  cm 2  and  anode  th ickness  of  50  μm ) .  Subsequentl y,  the  wetted  anode  i s  
p laced  in  the  cel l ,  on  the  top of  the  working  e lectrode  – separator setup.  I t  i s  con tacted  from  
the  backside  wi th  a  stain less  steel  spacer,  a  spri ng  (k  =  2 , 87  N /mm )  and  the  curren t  col l ector  
stam p.  Afterwards  the  ce l l  m ain  axis  contain ing  the  battery com ponen ts  i s  f i xed  by l oosel y 
cl os ing  the  screw caps.  

The  r i ng -shaped  PEEK spacer  i s  i nserted  i n  the  RE  open ing  wh ich  i s  perpend icu lar to  the  cel l  
m ain  axis .  The  RE  strip  i s  th readed  through  the  spacer vo id ,  then  the  RE  i s  con tacted  at  the  
backside  of  the  PEEK ri ng  wi th  a  s tain less  s teel  spacer.  The  RE  way i s  equ ipped  wi th  a spring  
(k =  2 , 87  N /m m )  and  screwed  m anual l y.  

Fi nal l y,  the  screw caps  of  the  anode  and  cathode  ways  are  t i g h tened  up  under m anual  
pressure  and  a bri ef  functi on  test  i s  perform ed  by determ in i ng  the  poten tial  d i fferences  
between  between  cathode  and  RE  and  between  anode  and  RE  wi th  a  m u l tim eter.  

I f  the  assem bly was  successfu l ,  stable  vo l tages  between  e lectrodes  are  observed  depend ing  
on  the  used  e lectrode  materials .  

EXAMPLE  For the  com binati on  of  LFP  for  the  cathode,  g raph i te  for  anode,  and  l i th i um  m etal  for the  reference  
e l ectrode,  the  fo l l owi ng  cond i t i ons  are  fu l f i l l ed :  

Vol tage  of  WE  vs.  CE:   ϕ
W E

 −  ϕ
CE

 ≈  0 , 05  V  to  0 , 5  V.  

Vol tage  of  WE  vs .  RE:   ϕ
W E

 ≈  2 , 8  V  to  3 , 1  V.  

Vol tage  of  CE  vs .  RE:   ϕ
CE

 ≈  2 , 7  V  to  3 , 2  V.  
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I f  any of  the  m easured  poten tial  d i fferences  i s  exactl y 0  V,  a  short  c i rcu i t  between  the  
respective  e lectrodes  occurred .  I n  th is  case  the  cel l  i s  defect i ve  and  shal l  be  com pletel y 
d isassem bled  and  bu i l t  up  wi th  new e lectrodes .  

4. 5  Di sassem bl y of  th e screw cel l  

The d isassem bly of  the  cel l  shal l  be  carried  ou t  under argon  atm osphere  to  avoid  any contact  
wi th  toxic  decom posi t i on  products ,  e. g .  h ydrof luori c  acid .  

The  used  ce l l  com ponents  shal l  be  s tored  and  d isposed  cons ideri ng  m ain tenance  of  i ndustrial  
heal th  and  safety standards.  

5 Measurement  of  el ectrochemi cal  properti es 

5. 1  G en eral  

The ce l l  i s  connected  as  fo l l ows  for  the  m easurem ent  of  charge-d ischarge  characteris tics:  the  
working  e lectrode  (WE)  of  poten tiostat/galvanostat  i s  connected  to  the  cathode  and  the  anode  
i s  p i gg yback connected  to  the  counter  e lectrode.  The  reference  e lectrode  (RE)  i s  connected  
to  the  RE  connecti on  of  the  poten tiostat.  During  the  charg ing  of  the  cathode ,  the  pos i t i ve  b ias  
poten tial  (po le)  i s  appl i ed  to  the  cathode  and  the  negative  bias  poten tial  (po le)  to  the  anode.  

5. 2  Open  ci rcu i t  poten ti al  

5. 2. 1  Dem arcati on  of  m eth od  

The open  c i rcu i t  poten tial  of  an  electrode  i s  i ts  poten tial ,  m easured  versus  the  RE  i n  
curren tless  state.  The  d i f ference  of  the  OCPs  of  cathode  and  anode  i s  equal  to  the  open  cel l  
vo l tage  wh ich  corresponds  to  potential  d i fference  m easured  d i rectl y between  anode  and  
cathode.  To  obtain  re l iable  OCP  and  OCV values,  the  m easurem ent  shal l  be  conducted  after  
ce l l  cond i t i on ing  (5. 3 .2) .  

5. 2. 2  Experi m en tal  proced u res  an d  m easu rem en t  con d i t i on s  

The cel l  i s  connected  to  a poten tiostat  e lectrical l y.  The  m easurem ent  of  OCP  and  OCV shou ld  
be  carried  ou t  sequen tial l y.  

To  m easure  the  OCV,  the  connections  of  the  reference  electrode  (RE)  and  the  counter 
e lectrode  (CE)  are  short  c i rcu i ted  and  set  on to  the  anode,  whereas  the  connecti on  to  the  
working  e lectrode  (WE)  i s  p lugged  i n  the  alum in ium  stam p contacti ng  the  cathode.  

The  OCP m easurem en t i s  carri ed  ou t  i n  th ree-electrode  setup.  I n  case  that  the  poten ti ostat  
enables  the  s im u l taneous  detecti on  of  WE and  CE  poten tial ,  the  connections  are:   
cathode  – WE,  anode  – CE,  reference  e lectrode  – RE.  The  durati on  of  the  m easurem ent  of  
OCP and  OCV can  vary between  f i ve  m inu tes  ( test  of  functi onal i ty)  up  to  two  hours  (data 
co l l ecti on  for anal yt ical  evaluati on ) .  

After  ce l l  form ation ,  the  e lectrode  poten tials  are  usual l y i n  the  ranges  depend ing  on  the  used  
e lectrode  m aterials .  

EXAMPLE  For the  com binati on  of  LFP  for the  cathode,  g raph i te  for  anode,  and  l i th i um  m etal  for the  reference  
e l ectrode,  the  fo l l owi ng  valu es  are  observed  (see  Fi gu re  A. 4) :  

OCP  of  WE  vs .  RE:  U
OCP, W E

 =  ϕ
cath od e

 ≈  3 , 0  V  to  3 , 8  V.  

OCP  of  CE  vs .  RE:  U
OCP, CE

 =  ϕ
an od e

 ≈  0  V  to  1  V.  

OCV of  the  cel l :  U
OCV

 ≈  2 , 5  V  to  3 , 8  V.  

http://www.dict.cc/englisch-deutsch/maintenance.html
http://www.dict.cc/englisch-deutsch/of.html
http://www.dict.cc/englisch-deutsch/industrial.html
http://www.dict.cc/englisch-deutsch/health.html
http://www.dict.cc/englisch-deutsch/and.html
http://www.dict.cc/englisch-deutsch/safety.html
http://www.dict.cc/englisch-deutsch/standards.html
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5. 3  Poten ti ostati c  el ectroch em i cal  i m ped an ce spectroscopy (EI S)  

5. 3. 1  Dem arcati on  of  m eth od  

Electrochem ical  im pedance  spectroscopy bases  on  the  m easurem ent of  the  com plex  
im pedance  of  the  cel l .  A  period ical l y osci l l at i ng  vo l tage  i s  used  as  exci tati on  s i gnal  i n  case  of  
poten tiostatic  EI S.  The  m ethod  al lows  the  reso lu tion  of  the  po lari zation  losses  at  the  
e lectrodes  and  ohm ic  l osses  due  to  e lectro l yte  res istance  and  contacti ng .  

5. 3. 2  Experi m en tal  proced u res  an d  m easu rem en t  con d i t i on s  

The cel l  i s  connected  to  a poten tiostat  wi th  frequency response  anal yser  by banana j acks .  I n  
dependency on  the  confi gurati on  of  the  connections,  e i ther  i nd i vidual  e lectrodes  or  the  fu l l  cel l  
are  characteri zed .  The  poss ible  confi gurations  are  l i sted  below:  

•  E I S  of  fu l l  cel l  (anode/separator/cathode) :  cathode  =  WE,  anode  =  CE+RE,  RE  =  em pty 

•  E I S  of  the  cathode:  cathode  =  WE,  anode  =  CE,  RE  =  RE  

•  E I S  of  the  anode:  cathode  =  CE ,  anode  =  WE,  RE  =  RE  

The  EI S  m easurem ent  i s  perform ed  under  the  cond i t i ons  g i ven  be low:  

OCP of  WE vs.  RE:  UDC  =  UOCP,WE  

Am pl i tude  of  the  al ternati ve  perturbation :  δAC  =  1 0  m V 

Frequency of  the  al ternative  perturbati on :  f =  1 00   000  H z  to  0 , 01  H z  

The  resu l t i ng  im pedance  spectra  (see  Fi gure  A. 5)  describe  e i ther  the  fu l l  ce l l  setup or  the  
im pedance  behaviour  of  a  chosen  e lectrode.  I n  the  fu l l  ce l l  spectrum  the  real  part  of  
im pedance  at  the  h i ghest  frequency Zreal (1 00  kHz)  corresponds  to  the  i n ternal  ohm ic  cel l  

res istance  Rel .  I f  Rel  >  20  Ωcm 2 ,  the  ce l l  shou ld  be  d iscarded  for fu rther  experim ents .  

The  m id-  and  l ow-frequency range  of  the  spectra  offers  add i ti onal  i n form ation  about ,  for  
exam ple,  po lari zati on  res istances  of  the  electrodes  and  transport  processes.  

5. 4  Ch arg e-d i sch arg e experi m en t  (Con stan t  Cu rren t  Con stan t  Vol tag e,  CCCV/CC)  

5. 4. 1  Dem arcati on  of  m eth od  

The Constant  Current  Constant  Vol tage  m ethod  i s  a  comm on l y used  m ethod  of  battery 
charge-d ischarge.  F i rstl y,  the  cel l  i s  charged  under galvanostatic  contro l  (CC)  un ti l  an  upper  

poten tial  l im i t  ϕ l im i t  i s  reached.  Subsequen tl y the  poten tial  i s  he ld  for  a  certain  t im e  (CV)  to  
com pensate  for  the  i n f l uence  of  overvol tages  duri ng  CC  charg ing .  Thus  a  constant  l i th iation  
state  of  the  e lectrodes  at  the  end  of  the  charg ing  i s  guaran teed,  i ndependent  of  the  cu rren t  
appl ied  duri ng  the  CC  step.  

The  d ischarge  of  the  cel l  i s  carri ed  ou t  under  galvanostatic  contro l  (CC)  again .  

Out  of  the  data obtained  duri ng  CCCV/CC experim ents  (see  F igu re  A. 6) ,  vari ous  cel l  
properti es  can  be  calcu lated ,  for  i nstance  the  capaci ty of  the  cel l  and  the  cou lom b effi ciency.  
Add i ti onal l y,  the  i n ternal  res istance  can  be  estim ated  from  the  IR-drop,  δI R , ,  wh ich  occurs  
when  the  ce l l  i s  swi tched  from  under l oad  to  currentless  s tate  and  vice  versa.  

5. 4. 2  Experi m en tal  proced u res  an d  m easu rem en t  con d i t i on s  

The cel l  i s  connected  to  a poten tiostat  i n  the  fo l lowing  confi gurati on :  

cathode  =  WE,  anode  =  CE,  reference  e lectrode  =  RE  
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Before  the  CCCV-m easurem ent  start,  the  cel l  shal l  be  (e lectrochem ical l y)  cond i t ioned  to  
ensure  re l iable  data from  the  experim en ts  fo l l owing  afterwards.  Cond i t i on i ng  i ncludes  the  
equ i l ibration  of  the  cel l  and  e lectrochem ical  form ation .  The  val i d i ty and  reproducibi l i ty of  the  
data obtained  i n  C lause  6  under the  appl i ed  cond i ti on ing  procedure  and  param eters  shou ld  be  
conf i rm ed  prior to  the  m easurem ent  for  speci f ic  com binati on  of  e lectrode  m aterials .  

EXAMPLE  For the  com binati on  of  LFP  for the  cathode,  g raph i te  for  anode,  and  l i th i um  m etal  for the  reference  
e l ectrode,  the  fo l l owi ng  cond i t i on i ng  procedure  and  param eters  can  be  used :  

1 )  Equ i l i brat i on :  1 2  hours  of  s torage  at  room  tem peratu re,  wi thou t  e l ectri c  l oad  

2)  Form ati on :  f i ve  gal vanostati c  charg e-d i scharge  cycles  under sm al l  l oad  (usu al l y  0 , 1   I
t
 Ah  of  the  theoret i cal  

capaci ty)  

I
ch arg e

 =  0 , 1   I
t
 A  (0 , 1   I

t
 Ah  corresponds  to  Q/1 0  I

t
 Ah)  

ϕ
W E,  u pper  l i m i t

 =  3 , 8  V  

ϕ
W E,  l ower  l i m i t

 =  2 , 5  V  

The  poten ti al  and  cu rren t  l im i ts  of  the  fo l l owi ng  CCCV procedure  for  the  cathodes  are:  

I
ch arg e

 =  0 , 2   I
t
 A  (0 , 2  I

t
 Ah  corresponds  to  Q/5  Ah )  

ϕ
W E,  u pper  l i m i t

 =  3 , 8  V  

t
potstat

 =  7  200  s  (2  h )  

I
l i m i t

 =  0 , 01   I
t
 A (1 0  % of  I

ch arg e
)  

I
d i sch arg e

 =  −0, 2   I
t
 A 

ϕ
W E,  l ower  l i m i t

 =  2 , 5  V  

50  cycles  

6 Data an al ysi s  /  i nterpretati on  of  resul ts  (see Fi g ure A. 7)  

6. 1  Open  ci rcu i t  poten ti al  

a)  Calcu lat ion :  none  

b)  Chart:  ce l l  vo l tage  Uce l l  (=  UOCV)  and  e lectrode  potentials  ϕcathode  and  ϕanode    
(=  UOCP,WE ,  UOCP, CE )  vs .  t im e  

c)  Target  value:  e lectrode  potentials  of  cathode  and  anode  

6. 2  El ectroch em i cal  i mped an ce  spectroscopy 

a)  Calcu lation :  Zreal /Zim ag  n orm al i zed :  Z⋅A  =  Znorm  [Ωcm 2 ]  

b)  Chart:  N yqu is t-P lot:  −Zim ag ,  WE  vs.  Zreal ,  WE    
N yqu ist-P lot:  −Zim ag ,  CE  vs .  Zreal ,  CE  

c)  Target  value:  i n ternal  res is tance  Rel  =  Zreal (1 00  kHz)  

6. 3  Con stan t  cu rren t  con stan t  vol tag e (CC CV)  ch arg i n g -d i sch arg i n g  

a)  Calcu lat ion :   I n orm al i zed :  i  =  I/A   [m A/cm 2 ]  

speci f ic  capaci ty of  ce l l  du ring  charg ing :  qch  =   ∫icharged t  [m Ah/cm 2 ]  

speci f ic  capaci ty of  ce l l  du ring  d ischarg ing :  qd i s  =   ∫id i scharg ed t  [m Ah/cm 2 ]  

=  abi l i ty of  the  acti ve  m aterial  to  s tore  energ y 

g ravim etric  capaci ty qA:  qA  =  qd i s ⋅A/ macti ve  [m Ah/g ]  

cou lom b effi ci ency:  ηCE  =  qd i s/qch  ⋅ 1 00  [%]  

IR-drop:  δI R  =  UOCVend, i=x  – UOCVin i t i al , i=0  
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b)  Chart:  CC-CV-d iagram :  U,  ϕcathode  and  ϕanode  vs .  t  and  i  vs .  t  

capaci ty developm ent:  qA  vs .  cycle  num ber  

qd i s  vs .  cycle  num ber  

ηCE  vs .  cycle  num ber  

δI R  vs .  cycle  num ber  

Target  value:  speci f i c  and  g ravim etric  capaci t i es  qd i s  and  qA  

cou lom b effi ci ency 

IR-drop  δI R  
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An nex A 
( in formative)  

 
Case stud y 

A. 1  Sampl e preparati on  

Com ponents  wh ich  are  requ i red  (see  Fi gure  A. 1 ) :  

1 )  1  ce l l  body 

2)  3  screw caps  

3)  3  alum in ium  stam ps  

4)  3  springs  

5)  3  l ow gaskets  +  3  h i gh  gaskets  

6)  m etal  spacer  (2  stain less  stee l ,  1  al um in ium )  

7)  PEEK spacer  

  

Fi g u re A. 1  – 3-el ectrod e screw cel l  

The e lectrode  package  i s  s tructured  as  shown  i n  F igu re  A. 2,  and  placed  between  the  m etal  
spacer  i n  the  m ain  axis  o f  the  3-way ce l l  body.  

 

a)  al um in i um  spacer  

b)  cathode  

c)  separator +  e l ectro l yte  

d )  anode  

e)  s tai n less  s teel  spacer  

f)  l i th i um  RE  

Fi g u re A. 2  – Com pon en ts of  th e  el ectroch em i cal  cel l  u sed  for testi n g  

The com ponents  of  the  ce l l  are  pu t  i n to  an  argon-fi l l ed  g l ove  box  to  assem ble  the  
e lectrochem ical  package.  

IEC  IEC  
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Constructi on  s teps  are  shown  i n  F igure  A. 3.  

Step  Fi g u re  Descri pti on  

1  

 

The  warm  cel l  com ponen ts  are  pre-
assem bled  up  to  the  s tate  shown  l eft .  
Therefore  the  screw caps  are  pu l l ed  
over the  al um in i um  stam ps.  

Afterwards  one  l ow and  then  one  h i gh  
gasket  are  rai sed  at  each  s tam p.  

Fi nal l y,  one  assem bled  c l os i ng  i s  
screwed  on  the  cel l  body.  The  prepared  
parts  and  add i t i onal  com ponen ts  are  
transferred  i n to  the  g l ove  box.  

2   To  prepare  the  RE,  a  narrow s tri p  
(approx.  1  mm  to  1 , 2  cm  l eng th ,  1  mm  
wid th )  o f  l i th i um  i s  cu t  o ff  from  the  co i l  
material .  The  s tri p  i s  placed  u nder a  
manual  press  and  com pressed  to  a  
th i ckness  of  abou t  0 , 1  m m,  then  
manual l y  cu t  to  a  wi d th  of  abou t  
0 , 5  mm .  

3  

 

Step  1 :  A  spri ng  and  the  al um in i um  
spacer are  pu t  i n to  the  pre-assem bled  
cel l  body.  

Step  2 :  The  cathode  (punched  ou t  and  
dri ed  u nder vacuum  before)  i s  p laced  
on  the  spacer and  wetted  wi th  5  d rops  
of  the  e l ectro l yte,  1 M  LiPF

6
 i n  1 : 1  

EC:DEC ( for  exam ple,  LP40) .  

S tep  3 :  One  l ayer of  g l ass  f i bre  
separator,  wh i ch  i s  punched  ou t  and  
d ri ed  u nder vacuum  i n  advance,  i s  
p laced  on to  the  cathode  and  soaked  
wi th  3  d rops  of  the  e l ectro l yte  (LP40) .  

3  

 

The  RE  i s  p l aced  on  top  of  the  
separator.  One  end  of  the  s tri p  
protru des  i n  the  open i ng  perpend icu l ar 
to  the  cel l  m ain  axi s .  

IEC  

IEC  
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Step  Fi g u re  Descri pti on  

4 

 

Step  1 :  The  second  l ayer of  g l ass  f i bre  
separator i s  pl aced  on  top  of  the  
sandwich  and  soaked  wi th  3  d rops  of  
the  e l ectrol yte  (LP40) .  

Step  2 :  The  anode  (pu nched  ou t  and  
dri ed  u nder vacuum  before)  i s  wetted  
wi th  5  d rops  of  the  e l ectro l yte  (LP40)  
ou ts i de  the  cel l .  

Step  3 :  The  soaked  anode  i s  pu t  on to  
the  separator.  Afterwards  a  s tai n less  
s teel  spacer and  a  spri ng  are  p laced  
above.  

5  

 

The  cel l  i s  c l osed  by l oosel y  t i gh ten i ng  
the  screw caps  at  both  open ing s  al ong  
the  cel l  m ain  axi s .  

6  

 

The  PEEK Spacer i s  pl aced  i n  the  
open ing  of  the  RE.  The  protrud i ng  end  
of  the  RE  i s  th readed  th roug h  the  
open ing  of  the  PEEK spacer and  
s l i gh t l y  ben t.  

7  

 

Step  1 :  A  s tai n less  s teel  spacer i s  
placed  on  the  PEEK spacer.  I t  con tacts  
the  RE  wh ich  l i es  between  both  
spacers.  Afterwards  a  spri ng  i s  
i nserted .  

Step  2 :  The  th i rd  open i ng  of  the  cel l  i s  
c l osed  by t i gh ten i ng  the  screw cap.  

Fi nal l y,  the  screw caps  at  the  cathode  
and  anode  end i ng  are  pu l l ed  t i gh t.  The  
cel l  i s  tested  wi th i n  the  g l ove  box wi th  a  
m u l t im eter.  

Fi g u re A. 3  – 3-el ectrod e screw cel l  assem bl i n g  steps  

IEC  

IEC  
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A. 2  Resul ts  for a  LFP el ectrode 

A. 2. 1  Open  ci rcu i t  vol tag e/poten ti al  (OCV/P)  

See  F igure  A. 4.  

  

IEC 

a)  Open  ci rcu i t  poten ti al  of  LFP  cath od e an d  
g raph i te  an od e for  fresh l y assem bl ed  cel l  

b)  Ch an g e of  th e  open  ci rcu i t  poten ti al  of  LFP 
cath o d e an d  g raph i te  an od e after  fi rst  CCCV 

Duri ng  the  f i rst  CCCV the  s tate  of  s trong  de- l i th i ati on  of  the  anode  has  been  ach i eved ,  wh i ch  caused  unusual l y  
h i gher anode  potent i al  agai nst  the  l i th i um  reference  e l ectrode.  

Fi g u re A. 4  – Open  ci rcu i t  vol tag e/poten ti al  (OCV/P)  

A. 2. 2  El ectroch em i cal  i m ped an ce  spectroscopy (EI S)  

See  Fi gure  A. 5.  

 
 

IEC 

Fi g u re A. 5  – El ectroch em i cal  i m ped an ce spectra  
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A. 2. 3  Con stan t  cu rren t  con stan t  vol tag e (CCCV/CC)  ch arg i n g -d i sch arg i n g  

See  F igure  A. 6.  

 

IEC 

Fi g u re A. 6  – Con stan t  cu rren t  con stan t  vol tag e  (CCCV/CC)  ch arg i n g -d i sch arg i n g  

A. 2. 4  Ag ei n g  tests  

See  Fi gure  A. 7.  
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NOTE  "Zyklus"  =  "cycle" .  

Fi g u re A. 7  – Com pari son  of  resu l ts  of  ag ei n g  tests  u si n g  3-el ectrod e screw cel l  
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