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Abstracts

To decarbonize the battery value chain and comply with per— and polyfluoroalkyl substances regulations,
a ‘“fluorine—free” strategy is crucial, replacing fluorine—based electrolytes, binders, and processes. This review
assesses the impacts of removing fluorine in lithium—ion battery production. Our review shows that using aqueous
binders or dry coating process, can cut n—methyl—2—pyrrolidone and polyvinylidene fluoride generation toxicity
and process energy by over 40%. Life cycle assessments indicate that a fully fluorine—free process can reduce
CO, emissions by 30-45%, water usage by 40%, and hydrogen fluoride emissions entirely, thereby meeting
the 2028 EU battery regulation carbon cap. Projections suggest over 15% of global cell production will adopt
fluorine—free systems by 2030. We also address remaining technical challenges such as interface stability and
recycling—friendly design, emphasizing the need for integrated research and regulatory demonstrations,
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Fig. 1. (a) Supply chain greenhouse gas (GHG) emissions for the cathode active material of NMC811 Li—ion battery is 45 kg
CO KWh™', (b) while the total emission for the battery is 79 kg CO>® kWh ™', (c) Supply chain GHG emissions for
lithium iron phosphate (LFP) Li—ion batteries: cathode active material emissions are 17 kg CO:> kWh ™', (d) while total
battery production emissions are 56 kg CO* kWh . Reproduced from Llamas—Orozco et al PNAS Nexus 2023;2:

pgad361 with permission of Oxford Academic.[1]
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Fig. 2. Normalized breakthrough (C/CO) curves of bis(trifluoromethylsulfonyl)imide (bis—FMeSI), perfluorooctanoic acid (PFOA)
and perfluorooctane sulfonate (PFOS) obtained with granular activated carbon (GAC) in coagulated, settled surface
water with a total organic carbon (TOC) concentration of 2.3 mg L™' (a) and ion exchange resin (IX) in groundwater
with a TOC concentration of 4.6 mg L™' (b). The IX rapid small—scale column test (RSSCT) was also conducted with
the coagulated, settled surface water, but no meaningful ({(10%) bis—FMeS! breakthrough was observed. Adapted from

Guelfo et al Nat. Commun, 2024;15:5548, with permission of Springer Nature.[5]
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Fig. 4. Timeline of electrolyte engineering: mixed carbonate solvent (Copyright 1999, Elsevier), solid—state polymer (Copyright
2006, Electrochemical Society), additive for Cathode—electrolyte interphase (CEl) formation (Copyright 2012, Royal
Society of Chemistry), additive for Solid electrolyte interphase (SEl) formation (Copyright 2013, Elsevier), high
concentration electrolyte (Copyright 2015, Springer Nature), sulfone electrolyte (Copyright 2015, American Chemical
Society), solid—state ceramics (Copyright 2016, Royal Society of Chemistry), fluorinated electrolyte (Copyright 2018,
Springer Nature), nitrile electrolyte (Copyright 2019, WILEY—VCH), ionic—liquid electrolyte (Copyright 2020, WILEY=VCH).
Adapted from Dong et al Research 2022;2022:9837586 with permission of Science Partner Journals.[15]
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Fig. 6. Rational binder properties for dry electrodes: (a) Polymers used as binders. (b) Procedure for fabricating dry
electrodes via binder fibrillation. (c) Free—standing electrode from PTFE fibrilation and its scanning electron
microscope image. Adapted from Jin et al. ChemElectroChem 2024;11:e202400288 with permission WILEY—VCH.[16]
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Fig. 7. Estimated changes in energy consumption when producing PLIB cells instead of LIB cells. The production output of
each LIB/PLIB production step is assumed to be constant. Reliability refers to only new/changed processes. Note: to
achieve a constant dew point of 7g = —40°C, the air supply must have a dew point of 74 = —60°C (74 = 70°C air
supply for a constant dew point of 73, = —60°C). EOL, end of line; OCV, open circuit voltage; 7a,, dew point
temperature; Wel., welding; Pac., packaging; Fil., electrolyte filing; Clo., closing; cont., continuous; Form., formation;
Infras., infrastructure. Adapted from Degen ef al Nat. Energy 2023;8:1284—1295 with permission of Springer

Nature,[20]
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(yellow), and LiIBOB + VC (blue)

on NMC111/Si-graphite cells. Key metrics include discharge capacity, Coulombic

efficiency, and median discharge resistance (a—d). Full cells cycled at C/2 also displayed different performance for
LP57 (black diamonds) and 0.7 M LiBOB (green inverse triangles) alongside LP57 + FEC + VC (red squares), LiPFe
+ LiBOB + FEC + VC (yellow circles), and LiBOB + VC (blue triangles) (e—h). Adapted from Hernandez et a. ACS
Sustain. Chem, Eng. 2020;8: 10041—10052 with permission of the American Chemical Society Publication.[22]
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Fig. 10. Biomass—based binder for Si anodes: cross—linked sodium alginate and chondraitin sulfate, (a) Fabrication process
schematic of SCC and its electrode integration. (b) FT—R profiles of SA, CS, and SC fims. (c) Si 2o XPS spectra of
Si/C and Si/C/SC powders. (d) Ca 2p XPS spectra of SCC/Si before and after ethanol washing. (e) Cycling data for
PVDF/Si, SA/Si, and SCC/Si at 0.2C rate, GCD profiles of (f) SA/Si and (g) SCC/Si. (h) CV profile of SCC/Si. (i)
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Fig. 11. Chemical stability of lithium salts (a) LiPFs, (b) LIBOB, and (c) LiCIO4 in carbonate solvents was assessed using CV at
0.1 V s ' in lithium/aluminum half cells for three cycles. LiCIO, displayed an additional reduction at 1 V (red arrow).
(d) Nyquist plots show increased SEl resistance with LiCIO4, which decreases with LIBOB. (e) Step amperometry and
(f) Tafel plots reveal lower overpotential for 0.3 M LiCIO, electrolyte. (g,h) Potential traces (solid charge, dotted
discharge) and (i) cycling performance for NMC811/graphite full cells indicate a theoretical areal cathode loading of
1.3 mAh cm 2 with 0.6 M LiBOB in a 2/49/49 v/v% VC/EC/DMC electrolyte. Reproduced from Weiiers et 4l
Batteries & Supercaps 2025;8: 202500469 with permission of WILEY—VCH.[37]
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Fig. 12. (a) Comparison of a conventional Li—ion battery with a hermetic metal package and a stretchable battery with a
non—hermetic elastomer shows that metals have low water permeability while elastomers have high permeability,
affecting performance. (b) The lithium solvation shell in a zwitterionic hydrogel is functional in both swelled and
low—moisture conditions, maintaining effective electrolyte properties without a rigid package. (c) The synthesized
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properties of this work compared to other hydrogel electrolytes are summarized. Adapted from He ef a/ Sci. Adv.
2025;11: eadu3711 with permission of American Association for the Advancement of Science.[44]
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Fig. 14. Hourly emissions for a single production line of NMC811 battery cells, before the abatement system, are presented
as follows: emissions to air (dust and gas) in g/h and emissions to water in kg/h, rounded to whole numbers. Note
that emissions to air for H,O (steam) in the Sankey diagram are scaled down by a factor of 100 for readability, but
the values (779732 g/h) remain unchanged. Adapted from Degen et al. Commun. Earth Environ, 2025;6:408 with

permission of Springer Nature.[47]
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Perfluoropolyethers

e

Used in a variety of industrial applications

and consumer products such as greases and
lubricants, additives, processing aid and

surface treatments. Products that may

contain perfluoropolyethers include those used

in aerospace, the automotive industry, electronics,
food packaging, medical equipment and textiles.

on glasses and metal kitchen utensils.

(b) Production of PFAS polymers Manufacturing of products
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Fig. 15. (a) Limited information is available on the identities and volumes of PFAS polymers currently used in Europe. This is
because, under the REACH regulation (EU, 2006), polymers in general are exempt from registration obligations. In
addition, PFAS polymers are not regulated for most uses and products. The exception is for the three PFAS (PFOS,
PFOA and PFHxS) that are banned under the POP Regulation (EU, 2019) and two banned under REACH restrictions
(PFHXA and C9—C14 PFCAs). This also covers precursors (substances that can break down into one of the PFAS
covered by the regulation/restriction), for example certain side—chain fluorinated polymers. (b) The life cycle of PFAS
polymers, from production to waste. Reproduced from European Environment Agency. EEA Briefing 2025;04/2025.

with permission of European Environment Agency.[52]

X283 M43, 20254 12¢ || 619



Ths 2 W RO RIS A, A, BE
Aol uhE A, HIRIE] ok 2912 ARl
FHoR FUY 5 Y 2L vRARc

Hlas} Ao A4 AT AL A 2a Bl
Az 1 Az, 12l B ojulx) Alameks 4] 74
2918 Aol WA BT Aol gk
20284 EU Baiix= A 218, 20294 E0] PFAS
e A Al Bk, 2 A Ako] 15% Vet
s Al HEHE Zelehs AR el ok
a5 SETRS Tt A} Hlo] 2. HlelEo) 7i A
2, E5) ¥4 elia e, Jeln S ol ZRES
AL A S SEE 298 S W4t Sl

8.7 N X A= A

ol

8.1 TR, HiRIH AxHe| 7| eFgd A

LiBOB, LiCI0;, 557 0] 484 ShAel
16V HSIIA ogas Bl

NCM811, LMR &F=flA] 1000 A
olide] 715 e AL o l=Alel tisiile o313
tlole7} F53hc}, BlEas) AlHo] 27ofk= ekl w3
gt SEI/CEIE @AstHet=, 149, aL2olA 2154
I} gofj Faff Fakgo] Holg<(Mn, N2t W3-8l s
A S AAs] S7H7 1= HIAUSe] Harsar Qiok,
upebA] AAIZF B (in—situ Fourier transform

infrared spectroscopy,

5
iy
s
ox
A
ol
i
Ut

electrochemical quartz
crystal microbalance with dissipation monitoring))
I} ARER] AlEd|o) A Adsto] Eoll H=E 245k
a1, ot gl H7H, a8 Ak SRR 2
7] A8 B9 e AAE A Fert Qlek[10]

A PAA, CMC, alginate HIRIE= 2143 71254
7] Yol A=—Asd AdE PgalebA|al, 22 X4
do] 571, COp =5 Al A 850 25 AAA
FAS 75S o Qloks Earh ugicy, A 240
A= HRIEZF sl iejdo] o= EdS 5430

620 || MztjAE

mg om 2ol FUSA A7) $18 54 WA,
Aeke) HHs} g a2 S [56]

HRQIE A8b7E AlRbAleof A, w2l 7] £2%
ojje] 28 FA A= A 9%t 3=

7h Eh ol sidshr] sl alEAF iAot
slo|BEeE HRRIHE SAlo] RAkk: ts =5 574,
7 Sl e o] AAEAL QUH [57,58] E7F &
FY SHo A= LiBOB, LiTDI A4l B4k, Hio]
oR=UEY giksElo] ARk olojA], 2030 o] o
& 89] 60% T 55 Aol E40] A=
t} European Commission—Joint Research Centre
2} International Energy Agency H5F H|EASH A7
7h AR S e 4 ik Aust, B, A7
chasie} 7] oAk, el e g BB 75
= rgaysfioF ghrhar Aqket [59,60]

N
o of
do

N

8.3 M, Xikxgt 2Eol M|

HHEEAS} A= Gl Al =4 48} 77 iAst
A o] wfiZoll WA A2 Zof| o] 2H, Qb 2l
35 A SolARE, SulE ARESHA] Y= 114 A=
A=l A vl 7} 5<%, 4yt oL 743 71414
e PR, AolluA] D=, A o] el
Zash}, 2T Hard e o 8l-23u 59t ¥
§2 PAA—A HRRIE =8 30 & ool 95% 2=st
A Li, Ni 348 92%% 238|954 SBR/CMC
A=ollA s Ba—gh SAE dof Ak vjgo] A

e

F_E. o4

>~l

¢



S}, vlo] QoA f2f vilt= A7F A BHAFHA
Z¥=1 A8 G7HE ke 4-6 USD 02 U3
AR 7A WEA Aol FHoksltl= Ho) /K]—.Q.ﬂ,__

7}Eg1y%];k [ e R A e P B P B = e 2

o

FE

mm

et Sul-5 vleltiS zlah wx) A el
§ S 895, ol AR W 8716

oo

4 A5 SHE IS0 FA-SA a1
UL 9540A:2025, IEC 62992-3(3h3} 2= 24|
GEZF, 7hA E AR A vlEash o] o
FHE ARdAlRl S8E 34 FEE AlTSHAIEL 44
ARA7F LiPFs—PVDF Al28le 7] 2gho 2 dA=o] gl
o] A& 91 A0 FWY, e SIS B
ME FE3| AT Fthe A&o] Slrk. ulehA
A7, OEM, &AL 3-89 AHEMIAS 153, 32
= A 2708 vleas) sl 9 skl o]
B F8/dE g 27t ek FAlel vl EUCA
7Pr1SHE PRAS A9 AIgRS: 2026-20301d Afe] oAb
AL B 22 AR T BElEA]7 )= vgko 2 JiA
= 7RsAdo] o}, AM-AEE 7|4 7HZo] ATt
TR} gAAEoloF R [10] Yo7t A tmrt Ao
A HE, oz e uj WAsls ] A auf
OF ZpE B Ak FEls ofx] Z83] ehlE]R] gkt
HAEE 71HP Algdloldat B3 A Hloles 2ot
B AA-AlE-2Y B9 A 8t of2fR Hiet
Al EREE A HASRE ohyz, At 2l oA
g, gk, Al AARE MUET, A B AFEst
£ 7FssHl s, vlEas} vig ] AEAE 71, 2l
= SEPOE Hsrl= St 2 74014. HEH O
=, et oA A= ofn| A, 3,
FAS AR AT, 7] A A 3
chHel, A8 2o} A, 1Al 2ebd ek Y] S

FHHOR shasiof vl A4rkse B2 Ve 4
eulzIet 4 ol B 5Ee ol vl %2 Ealshe the

of ) Ao} WA QA AZe) Mk Al Bl S

£ adAe A

8.5 24 ARB0| E7Hmlgh BYut x|As}
(minimization) F2
A3} gk wEle] Al A7

7] 5t a4l Z%:Lmo]xlu]— EX 2

g5}
g3 ZAAIE B
A7) a7fe] FHA A1go] ojs] Bl B3 1

AW(>4.34.4 V) A= A=—AsE AN
O] Asfd 4kt w8l AAIE I8l CEI 2F84d& sAlell
sk sjjo 54, o] TAol|A] PVDF HRIE)= =2 #7)3}
sHA oHgAE AleRich E3 R =4 2Ed
(LiFSI, LiTFSI )& 112 9 349} 27104 oy

ol AwAT} A EAS Hol7]o] o] vlEAA A4

2 7R W 3 diAI7E o Aol (2,4, 5]
E3F E<= S-8-HopM = EAA A9 <=5t 754

o] HEt oA 24 24, AL 1%, Ay o8
T} 2R B0l A UH BEaA HUHA7 eFg Ao
23t SEI/CEl 848 &R1610] $4=31 A3} A1)

U R, A2 BAE 2UG 4T
= s 1% SR, 4 % A BiIE Sol
Hoko R ATET Qlout[4,5] thFe A 28-S 9]
o Az tﬂOlEi% oF8) AgHEolc, webx] @A) of
A A4 Ao AR BaA JRo| F8A
A golt, Bavd| 9 wlEad] 24S SU 254
o] @Azl Fzo] B 4= itk olefah o B
A 2A)0] SR AR AGRF Hasloh Hel

o3| 7152 Dar ool SIS LA AR Bl T
o] Al 274 g Al AkE dAele e sl
o wafe} 3 Bk AA F50) Wasiet [3,5)

ol2FAA] Al%lo] 2050 | Bk H]HS ) Lo
e Ao, A A W A, 590
EAL 37707 Zo)z| Tatchd A7 xS AAY
oA} ORaie B ol BAH o P 4

H28H M43, 20254 128 | 621



gl gick. 2 2hi= A 27 Aol A E4) siet
== AASAY HaslelEs egjo] 7eH, A,
T oA SAlel 8l A9let, T1ejal Tejet
o] oju] Ao TS dof et ARl 23S
S TYHOR AT/ Bl s ZopllA
+= LiBOB, LiClOs, Iists 24, o4 A 9 =4
Sto|HB|E7bA] Thefdt ofeb] SEiEe] St 7IE
LiPFs AAlete] ek, J4%F P Az WA &
STt vRRIE ek M= Al $7g0lM= A SBR/CMC,
PAA, alginate®} 744] A= 7]&o] A= o] NMP
PVDF7} |31 57, olluA] Fehs a0 sfjasal
ek, ol a4, 4 il A oA o] dE
oA, T AlelE 54, 1Al A el
30% oV Aolehs AT HlolgE 3l dsat A&7t
5739 ¥H 7hs de ASsIln ol vleas) b
2leelo] ehds] Skl ffel a4 | £ Fe] Vs
2 IAPE ot ek o] TAES A B8t 3 3k
A" AlgEelA, A Teto] Z1ds] AAIE wf s
7FesiH, olol wet =7hE A 7RI} AFA, SHAPE
TSR 53k Ao AT e T840l v
71 Ao Hlrt, 35 52 v} 249 4k
2B g, B 0] AT dolEE S3ele 24
A AZI7EE Aolot. HAIEER] 7N Ry A, Haby
Zgulolee] AARE RuUE, QB A2 71 2ol
SraEA, leasl EFAAL 1A oS "ol Ve
et B 7R Al BEshe A B e
2 2pudd 7hs/gdo] At oefet He4 o] 23
2, viehe) AR Tt i ZeE dol oA
Aol 257 M de HEshe i el o= Akt
Ao, o= g=F o= A7|eh 7Nk o] ko] 2hy
A, ARl 711E B ale] sk Edivt E Aol

X

O

REFERENCES

1. J.A. Llamas-Orozco, F. Meng, G.S. Walker, et al.,
PNAS Nexus, 2(11), pgad361 (2023). https://doi.
org/10.1093/pnasnexus/pgad361

2. J. Li, Y. Lu, T. Yang, et al.,, iScience, 23(5), 101081

622 || Mzto|AE

(2020). https://doi.org/10.1016/j.is¢i.2020.101081

3. Y. Wang, Z. Wu, FM. Azad, et al, Nat. Rev. Mater.,
9, 119-133 (2024). https://doi.org/10.1038/s41578-
023-00623-4

4. N. Savage, How to take ‘forever’ out of forever
chemicals. (Nature, 2023), https://doi.org/10.1038
/d41586-023-03876-9. Accessed 6 August 2025.

5. J.L. Guelfo, P.L. Ferguson, J. Beck, et al., Nat.
Commun., 15, 5548 (2024). https://doi.org/10.103
8/s41467-024-49753-5

6. European Chemicals Agency, Update on PFAS
Restrictions. (European Chemicals Agency, 2025),
https://echa.europa.eu/view-article/-/journal _conten
t/title/echa-weekly-18-june-2025. Accessed 6 August
2025.

7. The European Parliament and the Council of the
European Union, Regulation (EU) 2023/1542 of the
European Parliament and of the Council of 12 July
2023 concerning batteries and waste batteries,
amending Directive 2008/98/EC and Regulation (EU)
2019/1020 and repealing Directive 2006/66/EC (Text
with EEA relevance). (Official Journal of the
European Union, 28 July 2023), OJ L 191/1-117.
https://eur-lex.europa.eu/eli/reg/2023/1542/0j.
Accessed 6 August 2025.

8. U.S. Environmental Protection Agency, TSCA
Section 8(a)(7) Reporting and Recordkeeping
Requirements for Perfluoroalkyl and Polyfluoroalkyl
Substances. (U.S. Environmental Protection Agency,
2024), https://www.epa.gov/assessing-and-managin
g-chemicals-under-tsca/tsca-section-8a7-reporting-a
nd-recordkeeping. Accessed 6 August 2025

9. A.-M. Li, O. Borodin, T.P. Pollard, et al., Nature
Chem., 16(6), 922-929 (2024). https://doi.org/10.10
38/s41557-024-01497-x

10. B. Vinay, Y. Nikodimos, T. Agnihotri, et al., Energy
Environ. Sci., 18(15), 7326-7372 (2025). https://doi
.org/10.1039/D4EE04820B

11. Y. Liu, X. Gong, C. Podder, et al., Joule, 7(5), 952-970
(2023). https://doi.org/10.1016/j.joule.2023.04.006

12. Verified Market Reports, LiPFs Electrolyte for

lithium-ion Battery Market Size, Demand, Market
Potential & Forecast 2033. (Verified Market Reports,
2025), https://www.verifiedmarketreports.com/prod
uct/lipfo-electrolyte-for-lithium-ion-battery-market/
2utm_source=chatgpt.com. Accessed 6 August 2025.
13. W.G. Kidanu, L. Munkhaugen, C. Lian, et al.,
Electrochimica Acta, 508, 145213 (2024). https://doi.



14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

org/10.1016/j.electacta.2024.145213

B. Salomez, S. Grugeon, P. Tran-Van, et al., J. Power
Sources, 613, 234901 (2024). https://doi.org/10.10
16/j.jpowsour.2024.234901

L. Dong, S. Zhong, B. Yuan, et al., Research, 2022,
(2022). https://doi.org/10.34133/2022/9837586

W. Jin, G. Song, J-K. Yoo, et al., ChemElectroChem,
11(17), 202400288 (2024). https://doi.org/10.1002/
celc.202400288

AK. Koech, G. Mwandila, F. Mulolani, et al., S. Aft.

J. Chem. Eng., 50, 321-339 (2024). https://doi.org/
10.1016/j.sajce.2024.09.008

P. Ma, C. Xue, K.-H. Wang, et al., ACS Energy
Lett., 9(12), 6144-6152 (2024). https://doi.org/10.10
21/acsenergylett.4c01999

P. Ma, U. Le, K.-H. Wang, et al., J. Electrochem.
Soc., 171(12), 120536-120536 (2024). https://doi.org/
10.1149/1945-7111/ad9¢cca

F. Degen, M. Winter, D. Bendig, et al., Nature Energy,
8, 1284-1295 (2023). https://doi.org/10.1038/s4156
0-023-01355-z

M.D. Bouguern, A.K. Madikere Raghunatha Reddy,
X. Li, et al., Batteries, 10(1), (2024). https://doi.or
2/10.3390/batteries 10010039

G. Hernandez, A.J. Naylor, Y.-C. Chien, et al., ACS
Sustainable Chem. Eng., 8(27), 10041-10052 (2020).
https://doi.org/10.1021/acssuschemeng.0c01733

Y. Shuai, Y. Hu, X. Gong, et al., Chem. Eng. J.,
505, 159101 (2025). https://doi.org/10.1016/j.cej.20
24.159101

I A. Khan, O. I. Gnezdilov, A. Filippov et al., ACS
Sustainable Chem. Eng., 9(23), 7769-7780 (2021).
https://doi.org/10.1021/acssuschemeng. 1c00939

N. Karimi, M. Zarrabeitia, H. Geaney, et al., J. Power
Sources, 558, 232621 (2023). https://doi.org/10.101
6/j.jpowsour.2022.232621

R.N. Mishra, A.K. Madikere Raghunatha Reddy,
M.-A. Goulet, et al., Batteries, 11(4), 120 (2025).
https://doi.org/10.3390/batteries11040120

D. Paul, V. Pechancova, N. Saha, et al., Renew.
Sustain. Energy Rev., 206, 114860 (2024). https://
doi.org/10.1016/j.rser.2024.114860

M. Srivastava, A. K. M. R, and K. Zaghib, Batteries,
10(8), 268 (2024). https://doi.org/10.3390/batteries
10080268

C. Shen, H. Yu, Z. Xue, et al., Chem. Eng. J., 489,
151287 (2024). https://doi.org/10.1016/j.cej.2024.15
1287

30.

3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45

H.W. Jung, SM. Ko, and J.T. Lee, Sci. Technol.
Adv. Mater., 26(1), 2523243 (2025). https://doi.org/
10.1080/14686996.2025.2523243

D. S. Oyebamiji, D. Chandran and R. Raviadaran,
Results in Eng., 27, 105857 (2025). https://doi.org/10.
1016/j.rineng.2025.105857

J. Li, A. Wang, W. Xiang, et al., Bioresour. Technol.,
401, 130711 (2024). https://doi.org/10.1016/j.bior
tech.2024.130711

AM Batteries, AM Batteries (AM Batteries, 2025),
https://www.am-batteries.com/. Accessed 6 August
2025.

Ateios Systems, Ateios Systems (Ateios Systems,
2025), https:/ateios.com/. Accessed 6 August 2025.
X. Chen, R. Wang, X. Zhang, et al., J. Power Sources,
607, 234595 (2024). https://doi.org/10.1016/j.jpows
our.2024.234595

A.C. Rolandi, I. de Meatza, N. Casado, et al., RSC
Sustainability, 2(8), 2125-2149 (2024). https://doi.
org/10.1039/D4SU00098F

M. Weijers, P. Karanth, J. Borninkhof, et al., Batteries
Supercaps, 8(12), 202500469 (2025). https://doi.org/
10.1002/batt.202500469

UL Solutions, UL 9540A Test Method for Battery
Energy Storage Systems (BESS) (UL Solutions,
2025), https://www.ul.com/services/ul-9540a-test-m
ethod. Accessed 6 August 2025.

S. Ko, H. Otsuka, S. Kimura, et al., Nat. Energy,
10, 707-714 (2025). https://doi.org/10.1038/s41560-
025-01751-7

Compliance & Risks, The Biweekly Pulse: 10th -
21st February 2025 (Compliance & Risks, 2025),
https://www.complianceandrisks.com/blog/the-biwe
ekly-pulse-10th-21st-february-2025/. Accessed 6 August
2025.

C. Farina, L. Bernard, M. Landa, et al., Electrochim.
Acta, 525, 146183 (2025). https://doi.org/10.1016/j.
electacta.2025.146183

E. S. Flitz, N. R. Singstock, S.-B. Son, et al., Joule,
9(8), 102045 (2025). https://doi.org/10.1016/].joule.
2025.102045

Y. Xu, A. Filippov, S. Bhowmick, et al., Energy
Adv., 3(3), 564-573 (2024). https://doi.org/10.103
9/D4YA00002A

P. He, J.H. Park, Y. Jiao, et al., Science Advances,
11(15), eadu3711 (2025). https://doi.org/10.1126/sci
adv.adu3711

. L. Peiseler, V. Schenker, K. Schatzmann, et al., Nat.

H28H M43, 20254 12¢ || 623



46.

47.

48.

49.

50.

51

52.

53.

Commun., 15, 10301 (2024). https://doi.org/10.1038/
s41467-024-54634-y

J. Park, J. Kim, J. Kim, et al., Chem. Sci., 16(16),
6598-6619 (2025). https://doi.org/10.1039/D5SC000
59A

F. Degen, J. Palm, and M. Mitterfellner, Communi-
cations Earth & Environment, 6, 408 (2025). https://
doi.org/10.1038/s43247-025-02376-0

Do Well Do Good, Charging Ahead: How battery
makers are looking to reduce the carbon footprint
of their batteries (Do Well Do Good, 2024), https://dow
elldogood.com/charging-ahead-how-battery-makers-
are-looking-to-reduce-the-carbon-footprint-of-their-
batteries/. Accessed 6 August 2025.

G. P. Hammond and T. Hazeldine, App. Energy,
138, 559-571 (2015). https://doi.org/10.1016/j.apener
gy.2014.10.037

Diana Chumak, The Opportunity for Water Reuse
at Battery Gigafactories (Battery Technology, 2024),
https://www.batterytechonline.com/battery-manufac
turing/the-opportunity-for-water-reuse-at-battery-gig
afactories. Accessed 6 August 2025.

J. Li, J. Yang, Z. Ji, et al., Adv. Energy Mater.,
13(35), 2301422 (2023). https://doi.org/10.1002/aen
m.202301422

European Environment Agency, PFAS polymers in
focus: supporting Europe's zero pollution, low-carbon
and circular economy ambitions. (European
Environment Agency, 2025), https://www.eea.euro
pa.eu/en/analysis/publications/pfas-polymers-in-foc
us. Accessed 6 August 2025.

Pranav Jaswani and Conor O’Brien, Additives for

A
oo UFS

© 2025- FHBIN1S Neix Tkt

ES RS
e | © 2019-2024 FFAIA7IEATL A
= 9 oA AT AE AT
A ,(/ 7 ® 2019 2A2HZHATYATL Molecular

Foundry ¥MAR-A7-

® 2016-2019 AHAER}
T4, HAdAT

® 2011-2016 Al&thsta
"RAL

® 2008-2010 AA|thsta
A}

® 2004-2008 At F&A|AgE skt
F3At

ATApTES A
Azgoe g3}

HaAB F

624 || M2tojAE

54.

55.

56.

57.

58.

59.

60.

Li-ion Batteries & PFAS-Free Batteries 2026-2036:
Technologies, Players, Forecasts. (IDTechEx, 2025),
https://www.idtechex.com/en/research-report/additiv
es-for-li-ion-batteries-and-pfas-free-batteries/1107.
Accessed 6 August 2025.

Meticulous Research, Battery Binders Market to be
Worth $6.4 Billion by 2030 (GlobeNewswire, 2023),
https://www.globenewswire.com/news-release/2023/
07/18/2706467/0/en/Battery-Binders-Market-to-be-
Worth-6-4-Billion-by-2030-Exclusive-Report-by-M
eticulous-Research.html. Accessed 6 August 2025.
Battery Tech Association, Solid-State Battery Patent
Trends Q2 2025. (Battery Tech Association, 2025),
https://batterytechassociation.org/solid-state-battery-
patent-trends-q2-2025/. Accessed 6 August 2025.

J. Zheng, Z. Cai, X. Wang, et al., Energy Storage
Materials, 75, 104075 (2025). https://doi.org/10.101
6/j.ensm.2025.104075

Y. Liu, H. Shao, J. Guo, et al., Next Energy, 7,
100221 (2025). https://doi.org/10.1016/j.nxener.202
4.100221

B. Schumm, A. Dupuy, M. Lux, et al., Adv. Energy
Mater., 15(24), 2406011 (2025). https://doi.org/10.
1002/aenm.20240601 1

The International Energy Agency, Beyond NMC
batteries: Supply chain issues for emerging battery
technologies — Global Critical Minerals Outlook 2025.
(The International Energy Agency, 2025), https://
www.iea.org/reports/global-critical-minerals-outloo
k-2025/beyond-nmc-batteries-supply-chain-issues-f
or-emerging-battery-technologies. Accessed 6 August
2025.

Raw Materials Information System, Lithium-based
batteries supply chain challenges. (European
Commission, 2025), https://rmis.jrc.ec.europa.eu/an
alysis-of-supply-chain-challenges-49b749. Accessed
6 August 2025.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


