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Lignosulfonate binders for green nexgeneration battery electrodes

Project Report (Final)

Summary of Results

Sodium lignosulfonatéLgSAastested as a bindefor hard carbon anodes in sodiuion
batteries. It was compared witlignin (Lg) carboxymethyl ellulose (CMQC)and alginat€Alg)
binders,all of which aprt from lignin arewater-soluble.Hectrochemical datalemonstrates
that LgSA appears to performetter eventhan CMC inthree-electrode halfcells for both
tested electrolytes 1 M NaRfn PC or EC/DEThe performance teas to be more stable in
EC/DEC based electrolytes particlyldor full cells, where the sodium metal counter electrode
was replaced with a Prussian White cathodigtial XPS results dicate a complex miti-
layered SEI structure, which is dynanm nature duringlischargecharge cyclingt was found
that mixing the LgSA with SBR resultainevengreater peformancefor both electrolytes
with a reasonableCoulanbic eficiency.lIt is danned for at least one scientific article to be
published fom this wak.

1. Introduction

A total of 500 kSEKvas grantedby AForskto Uppsala University to carry out a project
investigating thause of lignosulfonate binders in the fabrication of electrodes for rechargeable
batteries. Such binders are thought to offer excellent structural stability, high water solubility,
high ionic conductivity, facile extraction from wood pulp and are environmentfiadindly.
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conventional binder material for electrodes in commercial LIBs, to -fhaminated
environmentally friendly binders. Not only the presence of F in PVDF has inspired the
community to come up with an alternate but also other issues such dissolution of F from the
polymer during cycling of batteries as well as the reaction betweerFRMD Li is exothermal
which can cause selffeating and thermal runawagd.,2) In this regard lignin which a by
product from Kraft pulp mills has been reported as cost effectivefaeadly binder by several
groups forithium-ion batteries(3,4) Onedisadvantage with lignin as a binder is the usage of
NMP, a hazardous and teratogenic solvent requirecsst the electrode formulation. Several
naturally available green binders which are water soluble have been reported in the literature
for sustainable electrochemical energy stord§eb)

Our approach is to study sulfonated lignin salt as a binder as due to sulfonation lignin can be
dissoled in water and makes a better alternative (from lignin to lignin sulfonate) green binder
for energy storage. For this sodium lignosulfonate (LgSA) as a binder was considered along
with the other aqueous binders, sodium carboxymethyl cellulose (CMC)aatioing alginate

(Alg) for electrode processinghe binders are tested in sodivion batteries, which inte

future may offer coseffective and sustainable energy storager example in sitionery

energy sbrage wheremass and volume are ngb importantas in mobile devices or electric
vehicles. The Galvanostatic chargischarge performance of hard carbon anode was
investigated with LgSA, lignin (Lg), sodium carboxymethyl cellulose (CMC) and sodium alginate
(Alg) in 3electrode half cell as well fudell configuration.
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2. Experimental Methods

2.1. Electrode preparationElectrodes were prepared by mixing commercial hard carbon
powder (Kuranode Type 3 lot K170921) and binder in the weight ratio of 95:5. Binders, LgSA,
Algand CMC used were purchased from Sigitgrich, while Lg was obtained from Research
Institutes of Sweden (RISE) as softwood kraft lignin. Commercially available styrene butadiene
rubber (SBR) purchased from SigAidrich aeed to checkwas also used adddn an equal
weight ratio with LgSA binder (Hard carbon:LgSA:SBR 95:2.5:2.5) to fabricate hard carbon
electrodes. The mixture of hard carbon and individual binder were converted into slurry by
adding an appropriate amount of deionized water (DI) exceptiti (NMP was used) and
mixing over vortex homogenizer (Vortex® Genie2 from Scientific Industries). Using doctor
blade slurry was cast over carbopated Al foil which was allowed to dry at ambient
conditions for overnight and punched into 13 mm electrogleich was further dried at 120

°C in vacuum for 12 h. For full cell Prussian white (PW) was used as cathode whose synthesis
is reported elsewheré PW as positive electrode were fabricated in an aforementioned way
where it was mixed with Super P (Alfa Aesar®) and CMC (8idgnich) binder in the ratio of
85:10:5 by weight in the mixture of B(v/v) DI: ethanol as solvent. Punched electrodes were
dried at 140 °C in vacuum for 24 h.

2.2. Electron microscopylhe dried electrodes of hard carbon (with 5% of binder by weight)
were directly placed over carbon tape mounted on Al stub. SEMZAEES 155(strument
was used to capture images at an operating acceleration voltage of 5.0 kV uders in
detector.

2.3. Raman spectroscopyCommercial hard carbon powder was mounted over a glass slide
and pressed using another glass slide. Using Renishaw inVianRgorectrometer, Raman
spectrum was recorded utilizing a laser excitation wavelength of 532 nm.

2.4. GalvanostaticneasurementsTo gauge the electrochemistry of hard carbon mixed with
four different binders, pouch cells were assembled in Glovebox (GS@b&tdyystemtechnik)
maintained at 0.3 ppm of £and 0.2 ppm of kD levels under Ar atmosphere. Half cells, as
well as full cells in three electrode configurations, were made using this hard carbon as
working electrode in half cell, Prussian white as thsifdee electrode in full cell and a sodium
metal disk as a reference electrode for hedfls as well as futlells. Glass fibre separators
02KFEGYFYyt0 2F wnn >Y Ay GUKAOlySaa ¢l a dzaSR
moisture from the pore. For the asmbly of half cells, 14 mm diameter of metallic sodium
disk (Aldrich 99.9% traemetal basis) was used. The electrolyte used in the present study
consisted of 1.0 M NakEStella) in propylene carbonate (PC, 99% Sigma Aldrich) and ethylene
carbonate (EQ9%, Sigma Aldrich)/diethyl carbonate (DEC, 99%, Sigma Aldrich) (1:1 v/v). was
used as the electrolyte. For electrolyte preparation Negak was dried for 24 h under vacuum

at 120 °C which was dissolved in PC and EC:DEC (soaked with molecular gneas}@

cnn >[ 2F GKS StSOGNRftedS 6Fa IRRSR RdzNAyYy 3
and kept under the resting period for 24 h. For Galvanostatic cycling, Biologic MPG2
potentiostat was used where the half cells and full cells wertetebetween 0.005 to 2 V and

1 to 4 V respectively, at C/5r@te. The theoretical capacity of commercial hard carbon is 300
mA h g. For exsitu XPS spectra, full cells in threlectrode configuration cells were
fabricated using Celgard 2400 separatoells were stopped atland 2 charge as well as
discharge conditions (voltage points for hard carbon 0.01 and 0.005 V dufiagdL 2
discharge, 1.49 and 1.53 V duririgand 29 charge).
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2.5. X-ray Photoelectron SpectroscopyThe XPS measurements were performed on
commercial hard carbon powder, pristine electrodes of hard carbon based upon various
binder and cycled hard carbon mixed with LgSA. Spectra was recorded using PHI® 5500
ALISOUNR YSGSNI SIj dzA LILIS R ragiktiork(1487 eVY) 2Hyrdl caodnBorvtet A O !
was placed on an Indium substrate mounted over copper tape, pressed and tapped to remove
loose particles. Pristine electrodes of hard carbon prepared using LgSA binder was mounted
over copper tape and spectra wereaorded. Similarly, for egitu XPS analysis full cells in

three electrode configuration of hard carbon (counter electrode, CE) vs Prussian white
(working electrode, WE) with a piece of Na as reference electrode were made and kept for 24

h rest time to stailize the opercircuit voltage (OCV) after assembling. Then, cells were cycled

and cycled hard carbon electrodes were immediately washed with dimethyl carbonate (DMC)
solvent after dismantling stopped pouch cells. The software package CasaXPS was used for
XPS peak fitting where energy calibration was performed by setting the binding energy for the
FRGSYGAlGA2dza OFNb2y o/ b/ 0 Ay [/ wma aLISOGNI (2

3. Results

A canmercial hard carbon powder was selected as an anode to investigate LgSA as a binder
for SIB. Raman spectraf the hard carbon powdeshowed the presence of D and G baiadi

1343 and 1593 crhrevealing a disordered carbon materi@figure 138 An XPS survey
spectrum(Figure 1B revealedthe presence of only C (C 1s 284.7 eV) and O (O 1s 533.0 eV).
TheFigure 1b inset presentie C 1sspectrum fitted with peaksfor sp> C (C=C) and 3¢ G

C) atbinding energies 0284.69 and 284.9@V, respectively. Other species-(C285.65 eV

and C=0 290.36 e¥jedue to surface functionalisatioof the hard carbon
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Figure 1.(a) Raman spectra @ commercial hard carbopowder using 532 nm excitation
laser. (b)XPS wrvey spectum of hard carbonconfirmingonly C and Qo be presentinset
peakfitted C lsspectum.

SEMimagesof hard carbon electrodefabricated with thedifferent bindersare shownin
Figure 2 Despite the use of different solvents (water fgg3A, CMC and Alg; NMP for Lg),
there appears to bénsignificant differencén morphologyfor the different binders.
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Figure 2.SEM image of pristine hard carbon electrodes using (a), ldgBlAg (c) CM@nd (d)
Alg bindes.

To investigate the influence ahe different binderson sodium intercalationelectrochemical
testing was performed using 3electrode halfcells (with Na metal as countend reference
electrodes)andtwo different electrolytesystems InFigure 3 the galvanostatic dischargad
charge curvefor the I*tand 10" cyclesat C/5 Grate are shownfor NaPkin PCandNaPkin
EC:DEC (1:1 wt. ®pctrolytes. For the P@ased electrolytethe 15t dischargg(Na insertion)
capacitesof hard carbon using LgSA, Lg, CMC and Alg lsinderfound to be 244, 353, 266
and 320 mA h-¢ respectivelyThe ¥ charge(sodium removalgapacitesfor LgSA, Lg, CMC
and Alg bindes were found to be 222, 307, 237 and 295 mA H gespectively The 16
discharge capadésfor LgSA, Lg, CMC and Alg bisaexs found to be 299, 324, 277 and 280
mA h g', respectivelyThe orrespondingcharge capacitie®r the 10" cycle for LgSA, Lg, CMC
and Alg bindes were 284, 322, 275 and 277 mA H,gespectivelyThe capacity for the Lg
electrode gpears to be significantly higher than for the others.

For the EC:DEliased electrolytethe I¥'discharge capadds using LgSA, Lg, CMC and Alg
binderswas found to be 282, 270, 286 and 306 mAthrgspectivelywhile the corresponding
charge capadis were 257, 238, 250 and 278 mA ht,grespectively The 1@ discharge
capacitesfor LgSA, Lg, CMC and Alg bisdegre 253, 240, 206 and 280 mA ,gespectively

while thecorresponding charge capacitiegere 251, 239, 201 and 282 mA #, gespectively.
While thefirst cycle performance is very similar for each binder, the CMC electosés a
significant amount of the initial capacity within 10 cyclésecapacitesof hard carborwith
LgSAinderinthe EC:DEE€lectrolyte werefound tobeimproved compaedwith the PCbased
electrolyte Also, there is no additional capacity can be observed in any binder when they
cycled inNaPR/EC:DEC.
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Figure 3.Voltage profils for the 15 (solid line) and 10 (dashed line) galvanostatic cyslat
C/5 rateof hard carbon irthree-electrodehalf-cells binders (a) LgSA, (b) Lg, (c) CMC and (d)
Algusing two electrolytesl eft NaPkin PG Right NaPkin EC:DEC.

The galvanostatic cycling results the different binders and electrolytesre summarisedn
Figureda and bwith the Goulombic efficienes(CEpresented inFiguredc and d For the PE
based electrolytethe capacities dropn the initial cycles but then recover, especially so for
LgSA and Lg, while for the EC:[2ECtrolyte no such recovery is noticed. The LgSA and Lg
binders show excellent stability over 10 cycles, while Alg exhibited higher capacitialsdut

a degree dcapacity fadingCEs for tests in PC electrolyte show close to 100 %, while there is
a greater distribution of values for the EC:DEC electrolyte, with LgSA showjpapttest CE.
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Figured. Cycling performancand Coulombic efficienayf hard carbon ithree-electrodehalf-
cells using different bindersaand electrolytes(a,c) NaPk in PC and (lo) NaPE in EC:DEC

electrolyte.
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Figure5 presensthe voltage profils of hard carbon anode (g usingLgSA, Lg, CMC and Alg
bindersand the PrussialVhite cathode (&e) individually versus the reference electrode in a
3-electrode full-cell configuration.The overall voltage of the full cell is shown in blueFirst
cycledischarge capad#sfor the hard carbon using LgSA, Lg, CMC and Alg lsndergthe
PCbasedelectrolytewere112, 129, 142 and 13%A h g, respectivelyand115, 126, 140 and
135 mA h g for 10" cycle respectivelyFor theEC:DE®asedelectrolyte, first cycledischarge
capacites werel29, 97,121, and136mA h @', respectivelyfor LgSA, Lg, CMC and Alg bisder
for the first cycleand 125, 92 125and 131mA h g, respectively after 10 cycles.
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Figure5. Voltage profils for the 15 (solid line) and 10 (dashed line) galvanostatic cyslat
C/5 rate of hard carbonin three-electrode full cell configuration (PW as cathode) using
different binders (a) LgSA, (b) Lg, (¢) CMC and (dsiblg electrolytes; LefNaPk/PC Right:
NaPEEC:DEC.

Thefull-cell cyclings summarisedh Figure6a andb and the CE ifrigure6c and d which was
found to approach ~99% afténe first cycle.
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Figure 6. Cycling performancend the orrespondingCoulombic efficienes (CEpf hard
carbonin three-electrodefull-cell configuration using different binders with PW as positive
electrode in (a) NaRkn PC and (b) NakPik EC:DEE€lectrolytes.

Longterm cycling of the hard carbon with LgSA binder in a full cell with PW demonstrates
good stability Figure7) in NaPEPC and NaRFEC:DEC electroly¢eHowever, the capacity
fadingwas more noticable for the Pi@ased electrolyteRed curves inigure7 (a,b) showsthe

hard carbon contribution in the full cell where the discharge capacith@énodewas fading

from 128 to 95mA h gt in NaPk/PC(Figure7a) andfrom 151 to 122 mA h§in NaPFEC:DEC
electrolyte (Figure7b). Corresponding cycling tfe full cell inNaPkE/PC andNaPEEC:DEC
electrolytes is shown in Figur@c and d, respectively, which suggest superior galvanostatic
cycling of hard carbon anode with LgSA binder in EGBIE€ht with minimal capacity fading

for 45 cycles.
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Figure 7. Voltage profile of hard carbon using LgSA binder in three electrodes full cell
configuration with PW as cathode for thé {solid line) and 45 (dashed line) galvanostatic
cycle in (aNaPRk/PC and (b) NaREC:DEC electrolyte at C/5 rafehecorresponding cycling
performance andCoulombic efficiency with LgSA bindeés shownin (c) NaP#PC and (d)
NaPB/EC:DEC electrolyse

Figures 8 and present Xray photoelectron spectroscopyata for electrodes in the pristine
state as well as aftedlst dischargé (sodiation of the hard carbon#lst charge (desodiation
of hard carbon)¢g2"? dischargé and &2™ charge. Thespectra for thepristine electrodeshow
peaks mainly for hard cadm and the binder (€C, &, GO, C=0) in Csand O 1s sawell as
sodium in Na 1s&ind sulfur in S 2pspectra. Oninitial sodiation,mainly organic compounds in
the Cls ard O 1s spectra are deteed, while the C=C peak for hard carbon hasagpeared.
This can be attributed to the Ind carbon being bried under a thickX 10 nm)SElsurface
layer. On desodiation, a strong peak for fluorine (F 1s)ighble and sulfur signals alsmre
present again. This may indicatenuti-layered SElin which the organic surface components
are oxidised duringhargerevealing the fluorinerich inorganic layer beneath, closest to the
hard carbon surface. Thisdsrroborated by the reappearance of the hard carbon peak in C
1s. $milar observations are made of%dischargeand 2 charge, indicating the dynamic
nature d the SEI during charegdischarge cycling. Further work is requiredre to fully
understand the structure of the SEI an® istahlity over longterm cycling.
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Figure8. XPS survey spectra (top), Na 1s (bottom left) and S 2p (bottom right) peaks for
pristine LgSA and cycled electrodes of LgSA bindéats/EC:DEC electrolyte.
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Figure9. LgSAelectrodescycled b different potentials with their corresponding esitu XPS
plot for C 1s and O 1s in Naf¥C:DEC.

In a further study,LgSA binder wasnixed with SBR in equal weight ratend the
electrochemistry of hard carbon anode using LgSA + SBR livestigated. InFigure10a
and b, the voltage curve for hard carbon using LgSA + SBRaiB-electrode halfcell
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configurationand NaPk/PCand NaP§¥EC:DEC electrolyseare shownIn NaPkE/PC, (Figure
10a) a discharge capacity of 242 mA i fpr the 15t cyclefades to 222 mA h-jfor 10"
galvanostatic cycle. Similar results were obserfa@dthe NaP&/EC:DEC electrolyté-igure

10b) where the F'and 10" discharge capaiies are 239 and 223 mA h'ig respectively. The
most promising results were obtained for full cell in 3 electrode configuration delivering a full
cell discharge capacity of 132 and 128 mAlliog 15t and 43" cycle at C/5 rate iNaP&/PG

as shown in FigurelOc. For NaPBR/EC:DEC electrolyte promising capacity retentiomvas
observedn full cell where a discharge capacity fades from 140 to 135 mifoigp 15tto 45"

cycle at C/5 rate.

The corresponding cycling performance as well @ulombic efficiency of hard carbon
electrodesusing LgSA + SBR binder in half cell as well fubiresthown inFigurel1l. The
Coulombic efficiency of hard carbon electredeith LgSA + SBR binder in NAPE and
NaPE/EC:DEC electrolyte wisund to be almost 99 % for half cell and full cell configurations.
Figure 1c andd show excellent capacity retention without significargipacityfadingfor 45
cycle in full cell ilnoth NaPE/PC and NaRFEC:DEE@lectrolytes.

Figure10. Voltage profilefor the 15t (solid line) and 10 (dashed line) galvanostatic cyaé
LgSA binder mixed with SBR in three electrodedelfconfiguration cycledt C/5 ratein (a)
NaPR/PC and (b) NaRIEC:DEC electrolyte. Galvanostatic charge discharge curves fot the 1
(solid line) and 48 (dashed line) cycle afgSA binder mixed with SBR in three electrode full
cell configuration(PW as cathode) at C/5 rate it) NaPE/PC and (d) NaREC:DEC
electrolyte.
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