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Abstract

The use of electrode additives such as binder anductive additive (CA) in addition to high
pore volume for electrolyte results in reduced wwdtric energy densities of all battery
electrodes. In this work, we propose to use poffffyl alcohol) (PFA) conductive resin as a
tri-functional electrode additive to replace polyiidene fluoride (PVDF) and CA while

simultaneously enabling low porosity electrode tior The resultant PFA binder has a long-
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range ordered structure of conjugated diene, walidw electronic conductivity that leading
to a CA-free electrode fabrication process. Thegexyheteroatoms in the PFA structure reduce
the diffusion barriers of lithium ions, loweringetlamount of required electrolyte/pore volume
and thus, increasing electrode density. Serving &&functional electrode additive, a high
electrode density of 2.65 g chof the LiFePQ (LFP) electrode and therefore a highest
volumetric energy density of 1551 Whtlso far. The LFP electrode using PFA binder can
achieve the capacity retention of ~80% and CouloreHficiency of over 99.9% after cycling
for 500 times. The proposeéw-situ polymerization strategy could revolutionize theottode
process, with the advantages of being simple, enmentally friendly, and easily scalable to
industrial applications.
Introduction

Volumetric energy density is often the key definbadtery parameter that dictates its validity
in practical application8: 2 Be it consumer electronics or electric vehiclég size of the
battery and the corresponding amount of deliverab&rgy and power strongly influences their
commercial competitivene§$.0ne of key drawbacks of battery systems is thel feedead-
weight materials. These dead-weight materials glfyianclude the electrolyte, binder, and
conductive additive (CAf! All of which do not offer any energy storage metiken and are
only present because they serve a specific purjpode electrod®! Electrolyte is crucial to
the operation of a battery as it provides the feanef charge between the anode and the
cathodd®! Polymeric binder materials serve the importang @fl maintaining the mechanical
integrity of the electrode while the CA offers t#haicial conductive network:1° The CAs are
particularly important for active materials tha¢ @amsulating in nature.

Olivine LiFePQ (LFP) has been known for lithium-ion batteriesRg) due to its low cost,
high safety, acceptable capacity, long cycling, andronmental friendlineds:14 However,
the LFP is highly insulating to both Li-ions an@@kons, requiring significant amounts of CA.

Theoretically, based on the intrinsic material dgné3.6 g cm®), the LFP can deliver a
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volumetric energy density of 2107 WhE3!, It has been estimated that practical-theoretical
limits (taking into account the pore volume foratelyte, binder, and CA) of a LFP electrode
would reach about an electrode LFP density of Z8r§and a volumetric energy density 1638
Wh L1 (Table S1). While a certain level of CA and potpétlosely related to essential amount
of electrolyte) is required to function, the excese of the aforementioned dead-weight
components of an electrode ultimately reduces trezatl volumetric energy density of the
battery system. As such, the electrode density \aidmetric energy density of typical
commercial LFP electrodes are only ~2.0 g3amd ~1100 Wh 1, respectively, indicating
much room for improvement. Therefore, achievinghhiglumetric energy density demands
continuous optimizations in the formulation and ieegring of the LFP electrode to reach
higher volumetric limits. The relative ratio of CBinder and pore volume/electrolyte content
to active material content must be decreased iardmachieve this goal. Among the energy-
dead weight materials, the roles of the binder, &#d electrolyte have been traditionally kept
separate. While there has been some works on dnefién conductive bindé¥$-2% these
binders have not been accepted into the indugtelylidue to complicated, toxic and expensive
synthesis methods that are required. Furthermbesetaforementioned binders have little to
offer in terms of Li-ion transfer, which would beucial in pore/electrolyte-reduced electrode
architectures.

In this work, we look to integrate all three furets (electron conductivity, assistance in Li-
ion transfer and maintenance of mechanical integsft the electrode) into one electrode
additive, effectively reducing the mass of deadghtimaterials and increasing the overall
proportion of active material in the electrode. Bifizing the self-polymerization of furfuryl
alcohol (FA) monomers to form poly(furfuryl alcoho{PFA) resin?* a polymer with
remarkable mechanical strength and excellent eeoémical stabilities was achieved.
Furthermore, the long-range order structure ottirgugated diene in the PFA structure allows

for efficient electron transfer, while the oxygeetéroatoms in the PFA structure reduce the
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diffusion barriers of lithium ion allowing for a deeased pore volume/electrolyte content.
When tested with a LFP active material, an extrgrhigh active material with relative loading
of 96.2 wt.% was achieved with the electrode dgrisitreased to 2.65 g cincorresponding

to a volumetric energy density of 1551 WH.LThe PFA binder-based LFP electrode can
achieve the capacity retention of ~80 % and Coulomatiiciency (CE) of over 99.9% for more
than 500 cycles.

While the effectiveness of PFA was only demonstratgh a LFP cathode, its application
as a tri-functional electrode additive can sigaifity benefit the generic electrode material.
Such as a class of material serve as an effectethodology in reducing the dead-weight
content in an electrode. We believe future iteratibthis material will lead to the supersession
of inefficient single-function electrode additiveshape routine practices throughout all battery
fields in both academic/industrial settings, andfefitself as a new electrode
fabrication/manufacturing concept to the generéieloa community.

The electric and ionic transfer of the PFA binder

Constructing conductive pathways for ions and edestin the binding network is critical to
electrochemical performance of a LIB electrdd€e'®l FA, a stable transparent yellow liquid,
easily undergoes a self-polymerization reactiorioton black PFA resin (Figure S1 of the
Supporting Information¥® Figure 1a briefly illustrates tha-situ polymerization mechanism
of FA monomers and the formation of PFA. FA inlifalindergoes a dehydration reaction at
hydroxymethyl group, which leads to the formatidraacarbocation and condensation at the
C5 position of another furan rifgs] Consequently, many double-bond moieties form & th
resultant PFA resin. Fourier Transform Infraredl@Tspectrometer (Figure 1b) confirms that
a conjugated C=C function bond develops at 1560 tnPFA, which is attributed to a C=C
skeletal stretch vibration in the furan ring intamoected to the furan-CHuran group. In
addition, high resolution XPS spectrum of C 1s shavain peak centres at 284.8 and 285.8 eV

(Figure S2 of the Supporting Information), corresgiog to C=C and C-O groups, respectively.
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These double-bond moieties easily provide a comgubgpathway for electric transfer.
Synchrotron-based X-ray absorption spectroscopyA&Xwas used to assess excitations of
core level electrons to unoccupied states of th&. HlRe peak ata. 285 eV in PFA strongly
suggests that formation of conjugatéd-c bonds (Figure 1c). These results are consistéht wi
backbones of the PFA with a conjugated diene stradFigure 1a), suggesting that the PFA is
capable of offering electronic conductivity. 2% Furthermore, the calculated band structure
demonstrates that the LUMO (blue line) of Li-dop&FA is lower than Li-doped
polyvinylidene fluoride (PVDF, Figure 1d). The efen distribution of this particular LUMO
state extends into the polymer backbone, leadingffiective in-situ electron doping and
improving the polymer’s electronic conductivity: 21- 261

In addition to conjugated double-bond moietiesdiectric transfer, the oxygen heteroatoms
also form in PFA, which is verified by XPS resulsgure S2 of the Supporting Information).
For Li-ions transfer in PFA involved with adsorptiand diffusion dynamics, the first-principle
calculation provides more information on lithiummidiffusion.

The adsorption energyE4q) is calculated to characterize the interactiormkeen Li and
binders using the following equation:

Ead = Etotal — Eginder — ELi (1)

Ewtar, Eginder and ELi are the energies of the whole system, binder, aodnic Li,
respectively. All optimized adsorption structuresratial states are shown in Figure 2a. The
calculated values dEaq in different adsorption systems with both PBEand HSE0BS 2°]
functional are listed in Table 1. More negativeuea of Eag indicate stronger adsorption
capability. As shown in Table 1, PFA has a muchlen&aq than PVDF, which corresponds
to less charge transfer between Li and PFA. Intiexglg, when Li atoms interact with the
PVDF, two kinds of stable adsorption structuregaeerated. The metastable structure (PVDF1)
is Li adsorbs on one side of the PVDF bonded with E atoms. The other structure (PVDF2)

is the most stable with the largest valu&gfwhere Li adsorbs all over the PVDF bonded with
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three F atoms—Li tends to drag one of bonded fhesriout of PVDF. A more accurate hybrid
functional HSEO6 method was also used for comparasad concludes the same results as
shown in Table 1. The interaction in Li-PFA is weakhan that in Li-PVDF and thus the
diffusion of Li should be much easier for PFA tHRWDF.

Diffusion barrier energies() of Li in the binder were examined from initiahst to final
state (Figures 2 and S3 of the Supporting Inforomati In PFA, Li diffuses between two
neighboring O atoms with an energy barrier of @¥7calculated with both PBE and HSEOQ6.
In PVDF, the situation becomes much more complatatetwo possible Li diffusion paths are
present. One path is the metastable adsorptiontsteuof PVDF1. Since Li adsorbs on one
side with a relative weak bond to an F atom, iiudiés along this side between two neighboring
F atoms with a tiny barrier of 0.09 eV. Li can atssily diffuse to the top side to form PVDF2
with an ultra-small barrier of 0.06 eV. Once itrtséers to PVDF2, Li appears trapped since it
strongly bonds to F, and the diffusion process beodifficult with a high barrier of 0.81 eV
(0.73 eV for HSEO0G). Consequently, Li diffusionléiiin PFA is much stronger than in PVDF.
The oxygen heteroatoms are favorable for Li-iongfar, because lone-pair electrons of oxygen
heteroatoms coordinate with Li-ions (Figure B&$Y The effect of PFA binder on the diffusion
values of Li-ions would be further provided througlectrochemical characterizations in the
following discussion.

Porosity and mechanical characterization of the PFAinder-based LFP electrode

Given potential electric and ionic conductivity BFA, we fabricated the LFP electrode
without using CAs. The XRD patterns of the LFP-PEWctrode are consistent with LFP
material, confirming that there are no reactionemagnFA, oxalic acid, PFA, and LFP (Figure
S4 of the Supporting Information). An ideal struetis that the PFA binder as a thin skin coats
active LFP particles througim-situ polymerization process, as shown in Figure I8asitu
polymerization for the binding produce a dense R&yr on LFP surface, compared with the

loose structure of PVDF binder due to its linealenalar chain$? When the LFP electrode
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performs charge/discharge operations, the PFA-skinlayer would provide conjugated
double-bond and oxygen heteroatoms channels thtdieielectric conductivity and lithium
ion mass transport, respectively.

We minimize the PFA binder content to incorporat@enLFP particles in the electrode for
higher volumetric performance. After the calendaupmocess, the LFP-PFA electrode exhibits
a uniformly porous structure (Figure S5 of the Suppg Information), which is beneficial to
the infiltration process of organic electrolyte. time cross-section view of the LFP-PFA
laminate (Figures 3b and 3c), active LFP partieles strongly and tightly adhered together.
According to Equation S1 in the Supporting Inforimat the calculated porosity of the LFP-
PFA electrode is only 24.6 %, which is significgritdwer than that of LFP-PVDF-AB (34.1%).
Low porosity in the electrode is in favor of higle@rode densit{?3! After the calculation, the
electrode density of the LFP-PFA electrode is ¢iffety enhanced up to 2.65 g énCompared
with the reported researchés3*%7lit is the highest electrode density for LFP eledé. The
volumetric energy density of LFP-PFA electrodedkulated as 1551 Wh, which is higher
than the best-performed LFP electrodes based dA\iRd- binder (Figure 3e and Table S2 of
the Supporting Informatiort}> 3% Given that the porosity in the electrode is esakmor
electrolyte infiltration, such a high volumetricexgy density of the LFP electrode has reached
ca. 94.7% of practical limit (1638 Wh?). (Table S1). TGA confirms that the content of the
PFA binder in the LFP-PFA electrodecis. 3.8 wt.% (Figure 3d). The weight loss of 2.1 wt.%
in raw LFP powder is attributed to carbon coatimgpich is the essential modification to
improve the electronic conductivity of bare LFP eratl®®! PFA binder as a layer of skin
coating on the surface of active particles throagm-situ polymerization process (Figure S6
of the Supporting Information). As no CAs were usedthe electrode, the LFP content
significantly increases up to 96.2 wt.%.

The mechanical strength of as-prepared LFP elestrachs quantitatively measured using

nanoscratch and nano-indentation t&8tsThe average friction coefficient of the LFP-PFA
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laminate is higher than that of LFP-PVDF laminatgggesting higher binding capability of the

PFA binder (Figure S7a of the Supporting InformatioVhen the loading force in the nano-
indentation test was set at 1008, the indentation depths ata. 1207 and 1013 nm for the
LFP-PVDF and LFP-PFA laminates, respectively (Fég87b of the Supporting Information).
The same trend was observed when the loading fea= increased to 2000N. Higher
hardness of laminates indicates better binding lwfifya and stability during battery
operation?%! As shown in Figures S7c to S7f of the Supportimigrimation, scanning probe
microscopy (SPM) visually verifies the uniformity the electrodes. The 3M-situ scratch
track on the electrode surface is broader and dhispersive for LFP-PVDF than LFP-PFA. In
the real-life electrode, the immersion of electtelglso leads to delamination of electrode film
from the current collector. The PFA binder has targadhesion between LFP and Al foil than
PVDF (Figure S8 of the Supporting Information), @Hiprotects it from shedding from the
current collector during cycling. Additionally, kige S9 of the Supporting Information displays
that the PFA binder can undertake avaliable defoamaof >10%, being capable of
accommodating only 6.81% volume variation of LFstal with lithium insertion/desertidgf!
Therefore, these results corresponds with the nmecdlameasurements mentioned above.
Despite low binder content in the LFP electrode, BfrA binder offers sufficient mechanical
adhesion to keep the electrode integrated.
The electrochemical behaviors of the PFA binder-basl LFP electrode

Electrochemical tests were used to explore the timme of the PFA binder on the
electrochemical kinetics of the LFP electrode. Fégdia shows the cyclic voltammetry (CVSs)
curves of the LFP-PFA electrode and the LFP-PVDé¢ctebde. The LFP-PVDF electrode
displays a couple of redox peaks with severe distodue to the insulating nature of the PVDF
binder. Such a distortion was not observed folLtAe-PVDF-AB electrode containing 3 wt.%
AB (Figure S10 of the Supporting Information), gtuating that CA plays an essential role in

enhancing electronic conductivity of the electrdoessed on nonconductive bind€tsin
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contrast, the LFP-PFA electrodes exhibited wellroef current peaks where the cathodic peak
at 3.58 corresponded to the oxidation of*Fe F&* and the anodic one at 3.32 V belonged to
the reduction of Feé to Fe*.[*0] The potential interval is only 0.26 V, suggestangemarkable
electrochemical reversibility. This difference danalso explained by the results of the 4-point
probe measurement. No detected electric conductofita free-standing LFP-PVDF was
observed, in strong contrast, the electronic cotmticof the LFP-PFA electrode was 3.72x10

5 S cm?, indicating that PFA binder possesses sufficidatteonic conductivity. The PFA
binder also showed excellent stability in electeruital tests (Figure S11 of the Supporting
Information).

Electrochemical impedance spectroscopy (EIS) is als effective tool to investigate
electrochemical kinetics of the LFP-PFA and LFP-F&ectrode. As shown in Figure 4b, all
the electrodes exhibit a depressed semicircle git Aahd medium frequency regions, and a
straight slope line at low frequency regions. Chatgnsfer resistancd{) refers to the
diameters of the semicircles in the profiles, cgpmnding to the degree of difficulty of*Li
interfacial reactiorif’® The fresh LFP-PFA and LFP-PVDF electrodes shanilasi R values,
around 530 ohms, due to the use of identical achaterials and electrolyte solutions. After 5
cycles in full charge/discharge, the LFP-PFA elsérmaintains its initidR: value, indicative
of the stability of PFA in organic electrolyte. ¢ontrast, the LFP-PVDF electrode exhibits a
slightly increasingR: value. According to the DFT results, the Li tendsdtag one of the
bonded fluorines out of PVDF. We propose this higpsis that it is attributed to the formation
of LiF, a nonconductor for both electrons and lithiionsi*!] Based on slope lines in the low
frequency region, we determined the Warburg caefiicand apparent diffusion coefficient
(Dui) of Li-ions in the LFP cathodes (Figure S12 of Swgporting Information?! Both the
fresh and activated LFP-PFA electrodes have highleles oD.i than LFP-PVDF, illustrating
that the PFA binder allows faster Li-ion transféthe electrode than PVDF. This result also is

in accord with the DFT calculation in Figure 2.
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Given the demonstrated abilities of the PFA in ®tedc and ionic conductivities, the
electrochemical performance of the LFP-PFA is etgut¢o surpass that of the LFP-PVDF.
Figure 4c confirms a reversible specific capacftthe LFP-PFA electrode is 160.3 mA# gt
0.1 C, which is twice than that of the LFP-PVDFc#lede (75.7 mAh ¢). Furthermore, the
PFA binder allows for evident charge/dischargefptats of the LFP cathode, in contrast to the
LFP-PFA electrode, which renders a couple of slggimarge/discharge plateaus. These results
illustrate the PFA binder has ability to keep alechemical performance without using CAs in
resultant LFP electrodes. In addition, due to seripolarization, the LFP-PVDF electrode
suffers from low capacity storage and output dutirgsubsequent cycling, compared with the
LFP-PFA electrode (Figure S13 of the Supportingimfation).

In order to further demonstrate the electronic amic conductivity abilities of the PFA
binder, the rate performance of the LFP-PFA ele&travere investigated. Figure 4d displays
the rate charge/discharge profiles of the LFP-Ple&tede. The LFP-PFA electrode delivers
reversible capacities of.155.4, 151.0, 143.8, 128.6, 117.8, and 103.4 mAlkegrresponding
to rates of 0.2, 0.5, 1, 2, 3, and 5 C, respegtivéll Coulombic Efficiencies of the LFP-PFA
electrode at different rates are nearly 100%. Suelte performance of LFP-PFA is competitive
with that of LFP-PVDF-AB (Figure S14 of the Suppogt Information). Figure 4e shows the
remarkable stability at different rates. Reversitdgpacity is almost recovered when current
density is decreased back to 0.2 C. Notably, tihedontent of the PFA binder (3.8 wt.%) in
the LFP-PFA electrode results in the specific capaxf the whole LFP-PFA electrode being
close to that of the whole cathode. This maximibesenergy density of the whole electrode
without sacrificing rate capability and cycling lsiléy.

The practical specific energy and power densitiesyumetric performances of different
samples are calculated based on Equations S2 aadd3Ben listed in Table S4, as shown in
Figure 4f. The practical volumetric energy densifythe LFP-PFA electrode significantly

increases to 1350.5 Wh'LTo the best of our knowledge, it is the highedtmetric energy
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density in the literatur® 35 Compared with LFP-PVDF-AB electrode, the voluneéanergy
and power densities are increased by up to 32.4862807%, respectively. In addition to
volumetric performance, gravimetric energy denseityhe LFP-PFA is also enhanced ¢y
4.8%, compared with that of LFP-PVDF-AB electro&ich enhanced energy density is
attributed to the following factors: (i) the rembwd CA in the LFP electrode significantly
enhances the electrode density, and (ii) remarkabléing effect of FA and efficient in-situ
polymerization process enables strong and unifandithg of PFA for LFP particles compared
with PVDF.

Figure 5a shows that this remarkable stabilityhefltFP-PFA electrode with long cycles. At
2 C rate, the capacity retention of the LFP-PFAtetele isca. 80% after 500 cycles, illustrating
that PFA binder plays a vital role on the electrmdegrity and electric conductivity, which are
attributed to its excellent mechanical and condectproperties of PFA, respectively. In
addition, the Coulombic efficiencies at initial ¢fer cycles are 95.7%, 97.6% and 98.1%,
demonstrating that the PFA binder has an excetlesinical stability in initial activation of the
electrode. It is also remarkable that average cobio efficiency in the remaining cycling is
over 99.9%, imply huge potential in commercialiaati When cycled coin-type cells were
dissembled for the SEM investigation, the cycledPtPFA electrode exhibits an excellent
electrode integrity compared with the cycled LFPEF®/electrode, which has cracks on the
electrode surface (Figure S15 of the Supportingrmétion). This result demonstrates the
bonding durability of PFA binder is better thanttbhPVDF binder.

We increased the mass loading of the LFP-PFA tosvprectical applications. In real-life
applications, the thickness of the electrode isiatdor high-loading active materials and thus
high energy density of electrodésAt a high loading of 5.19 mg ctnthe LFP-PFA electrode
at 0.5 C rate still delivered a stable long cyclifespan with high coulombic efficiency of over
99.9% (Figure 5b). Generally, high density of tiecwode is challenging in the electrolyte

infiltration, resulting in a decreased diffusiorieraf Li-ions. The oxygen heteroatoms in the
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PFA structure can offer the pathway of lithium ster and reduce diffusion barrier of lithium
ions, compensating the adverse effect of high ldetdensity on diffusion rate of lithium ions.
The cost-effective and scale-up application of theFA binder

The cost in raw materials and electrode fabricapoocess playa vital role in the scale
application.The synthesis of the conductive binder from a l@staaw source can promote
wide applicatior?! Furfural is commonly obtained from corncob andasucane bagas&E!

FA is simply synthesized from furfural via a higlelg hydrogenation reaction. As a result, FA
is a low cost and abundant source. Oxalic acicataysis is also a budget material.

In addition to low-cost raw materials, electroderfeation based the PFA binder is very
effortless. The FA liquid exhibits excellent weitdap for LFP and Al foil current collector
(Figure S16 of the Supporting Information), whishaitributed to hydroxyl function group in
FA. The excellent hydrophilic property can facii@aa simple operation and a homogeneous
distribution of FA in LFP slurry?¥ Reviewing the electrode fabrication, a serieshaftpgraphs
in Figure S17 visually illustrate the fast fabrioat process of electrode slurry. After a mild
heat treatment at 1AC for in-situ polymerization of FA monomers to form PFA, the EFP
PFA electrode was fabricated within 30 mins. Attér@perature of 128C, most of oxalic acid
would decompose, especially under the subsequenbgdiprocess (Figure S18 of the
Supporting Information). Meanwhile, the PFA bin@ahibits a good thermal stability within
the temperature of 40 (Figure S19 of the Supporting Information). Sinegh-efficiency
and energy-saving manipulation is of advantage indem large-scale manufacturing.
Additionally, this technology is fully compatibleithr current industrial roll-to-roll coating
practice (Figure S20a of the Supporting Information

In order to demonstrate the feasibility of the megd method to be adopted in the modern
LIBs manufacturing process, a soft-pack full batieas assembled with the LFP-PFA cathode
and a graphite anode as shown in Figure S20b oftpporting Information. The soft-pack

battery prepared with large coating area 20x4 dered an initial discharge capacity of 70.5
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mAh. After the 100 cycles, the remaining capacitgswb3.2 mAh and capacity retention
percentage was 75.5%. An initial columbic efficignof 98.1% was achieved and the
subsequent columbic efficiency maintainea 99.9%, which is remarkable. The excellent
performance of the full battery strongly demonsisathat the as-prepared LFP-PFA cathode
can work well with the graphite anode in traditibhiBs system. Besides, in current battery
industry, carbon additive is indispensable. FigB&4 in the Supporting Information shows
excellent wettability of the FA liquid for CAs. Thé-P-PFA-AB electrode is prepared using 1
wt.% AB. Even at the rate of 10 C, the LFP-PFA-ABctrode can deliver 91.5 mAhlgThis
rate performance can rival that of our previous lgittrode using PVDF and CAs (8:1:1 by
weight). Compared with our previous wd#k, here we focus on advanced binder design for
traditional electrode materials for high energy signLIBs. The reduced amount of CAs in
resultant electrode favors to effectively enhanckimetric energy density. Therefore, these
results have demonstrated that our proposed temimoban be amplified from the lab-scale to
the industrial-scale LIBs manufacturing.
Conclusions

To sum up, we have successfully advanced LIBs reldetfabrication technology through
anin-situ polymerization process, shortening the electradiei¢ation to 30 mins without any
waste. The resultant PFA-skinned binder offers mggchanical strength and fast electronic
and ionic transport pathways in LFP-PFA electroéie.CA is no longer required, the LFP
content in the electrode increases to 96.2 wt.%.dlbctrode has a large porosity of 24.6% and
high density of 2.65 g cth which is beneficial for Li-ion transport and voletric performance
(both the volumetric energy density and power dgmdithe LFP-PFA electrode), respectively.
Even at a large mass loading of 5.19 mg?cthe LFP-PFA still delivers a stable cycling
lifespan and maintains high coulomb efficiency e&rly 100% for 500 cycles. We believe, the

proposed electrode fabrication technology could/giten the LIB industry due to its inherent
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advantages of being cheap in raw materials, swadibdrio environment, simple and low cost in
materials process, and high-performance in ternveloimetric performance and stability.
Supporting Information
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Figure 1. The chemical structure and energy levelsf PFA for electric conductivity and
lithium ion mass transport: (a) Chemical structure of FA and PFA and the whegr
containing a conjugated diene structure. (b) FTpBctra of FA and PFA. (c) Carbon k-edge
sXAS of PFA and PVDF. (d) Calculated band structifeVDF (PVDF/Li) and PFA (PFA/LI).
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Figure 2. Optimized adsorption structures of the diferent binders at initial states: (a) PFA,
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Figure 3. Electrode design and fabrication.(a) Schematic illustration of thén-situ
polymerization of FA and the resultant conductieAP'skin” that bonds the LFP particles
onto the Al foils as well as facilitates the electiconduction and lithium ion mass transport.
(b) SEM image of the cross section of the LFP-Ple&teode. (c) SEM image of the LFP-PFA
laminate. (d) TGA analysis of the LFP-PFA electmaad LFP powder. (e) Comparison of
volumetric energy density of the LFP electrodehia literaturd!4
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Figure 4. Electrochemical Performance of the LFP elktrode using different binders:(a)

CV measurements at scanning rate of 0.1 mMV(ls) EIS spectra between 0.01 Hz and 100
KHz. (c) Charge and discharge cureves of the LFR-&kd LFP-PVDF electrods at 0.1 C rate;
(d) Rate charge/discharge curves of the LFP-PFétrelde. () Rate performance of the LFP-
PFA electrode from 0.2 C to 5 C. (f) Comparisortla practical volumetric performance of
the different samples.
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Table 1 PFA and PVDF binder adsorption energies and diffubarrier energigfor the atom

Li.

Eb (eV)
PBE HSEO6 PBE HSEO6
PFA -0.24 -0.21 0.17 0.17
PVDF1 -0.65 -0.43 0.09 0.09
PVDF2 -1.48 -0.85 0.81 0.73
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In-situ polymerization of simple low-cost and sustainable furfuryl alcohol process is
integrated into binder deign for lithium ion baytelectrode, enabling a high electrode density
of 2.65 g cr? for the LiFePQ electrode and therefore a highest volumetric gndemsity of

1551 Wh L%

Keywords: LiFeP@®, Furfuryl alcohol, In-situ polymerization binder, Volumetric Energy
Density, Lithium ion battery
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Tri-functional Electrode Additive for High Active M aterial Content and

Volumetric Lithium-ion Electrode Densities

Tiefeng Liu, Chuan-Jia Tong, Bo Wang, Li-Min Liuh&qing Zhang, Zhan Lin*, Dianlong
Wang* and Jun Lu*

Experimental

Electrode and cell fabrication

Commercial carbon-coated LiFePQ.FP) was bought from the Aleees Company. Furfuryl
alcohol (FA) and oxalic acid (OA) are pure chemagénts. LFP, FA and OA were mixed with
the weight ratio of 80:20:2. The as-obtained sluvas pasted on the Al foil and dried at 120
°C for 20 mins to obtain the LFP-PFA electrode. literent areal mass loadings of the LFP-
PFA electrodes were fabricated. For comparison, Abetylene black (AB) is used as
conductive additive (CA) in the electrode and thrE® electrodes using PVDF binder or AB
were prepared. (1) The LFP-PVDF electrode has 9% WEP and 4 wt.% PVDF. (2) The LFP-
PVDF-AB electrode has 94 wt.% LFP, 3 wt.% Acetyldaack and 3 wt.% PVDE! (3) The
LFP-PFA-AB electrode has 95 wt.% LFP, 4 wt.% PFAd 4 wt.% AB.

The working electrodes were fabricated by cuttinground disks with a 12 mm diameter and
drying overnight (9 hours) to remove moisture. Ak electrodes are calendaring together with
the same stress. The coin-type cells were assembkedlove box filled with pure Ar. A Li
foil and a polypropylene micro-porous film (Celg&400) were used as the counter electrode
and the separator, respectively. The electrolyedusas EC/DEC-based (1:1 by volume)
electrolytes containing 1 M LiRF

For the fabrication of the soft pack, the LFP cdthasing PFA binder and graphite anode using
PVDF binder were assembled with organic electrabjté M LiPFs in the EC/DEC-based (1:1
by volume) solvent. Graphite anode consists of mahtyraphite powder, Acetylene black and
PVDF binder with the weight ratio of 90:5:5.

Electrochemical tests

Cyclic Voltammetry (CV) measurements with a scagnite of 0.1 mV-$were performed on

a CHI 660E electrochemical workstation: LFP-basedteodes in 2.5 ~ 4.2 Vs. Li/Li* and
films of binder in 0.01 ~ 5.0 V. Electrochemicalgedance Spectroscopy (EIS) measurements
with amplitude of 5 mV over the frequency rangarirt00 kHz to 0.01 Hz were implemented

using the CHI 660E electrochemical workstation.v@abstatic charge—discharge tests were
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investigated by using LANDCT 2001A Battery TestedadNEWARE Battery Tester with a
voltage window of 2.5 ~ 4.2 V. All the cells areached with a constant current and a following
constant potential in 5 mins. All the tests werdqrened at room temperature (~25 °C).

Computational details

The density functional theory (DFT) computationsrevperformed by the Vienna Ab Initio
Simulation Package (VASP}¥, which implemented the projector augmented wav@N\P
method. To treat the exchange-correlation intevactietween electrons, the generalized
gradient approximation (GGA) with the PBE functibmas adopted fir§, and then a more
accurate non-local hybrid exchange-correlation fional (HSEO6¥ 71 was used for
comparison. We employed the DFT-D3 methdlto improve the description of long-range
van der Waals (vdW) interactions. A plane-wave $ast energy cut-off energy of 500 eV was
considered in the calculations. The full geometpfimizations were carried out with the
convergence thresholds of 40V and 1x1@ eV/A for total energy and ionic force,
respectively. A 20 A vacuum spacing was maintaiimey and z direction for both PFA and
PVDF, so the reciprocal space integration was pexd over a 3x1xk-point mesh centered
at the Gamma point. Additionally, the Li diffusipaths and energy barriers were carried out
with the nudged elastic band (NEB) technigide! During the NEB calculation, seven images
were uniformly distributed along the reaction patmnecting the initial and final states.

Characterizations

The morphology was examined by a scanning eleatrimnoscope (SEM, JSM-7001F) and
transmission electron microscopy (TEM, FEI Modetii@ G20). X-ray diffraction (XRD) was
tested using CuKa radiation over the 2q range 66A08C (Model LabX-6000, Shimadzu,
Japan). The thermogravimetric analysis (TGA) wadopmed on a TA instrument (series
Q500) in air flow and at a heating rate oPG mirt. Fourier Transform Infrared (FTIR)
spectroscopy measurements were performed using emmbhNicolet (Thermo Electron
Corporation, USA). Kratos Axis ULTRA X-ray Photoeteon Spectrometer (XPS)
incorporating a 165 mm hemispherical electron gnarglyser was used to obtain XPS spectra
of the samples. The incident radiation was Monoataiic Al K X-rays (1486.6 eV) at 225
W (15 kV, 15 ma). Peak fitting of the high-resotutidata was also carried out using the
CasaXPS software. All binding energies were refezdrno the C1s peak 284.8 eV. The contact
angles of the foams were measured by an OCA20 pbgsics Instruments). In nanoscratch
tests, a conical indenter (with radius approxinyalelm, 90° cone angle) was used to scratch
over the sample surface to obtain friction coedintiinformation of each sample. During the
scratch process, the normal load was kept conasa®®0 N and the lateral displacement was
set as 12 m. The nano-indentation tests were undertaken ubiygjtron Tl 950 nano-
indentation system with Berkovich indenter (thregded pyramidal tip with radius
approximately 150 nm, 142.3° total included angles)

Calculation of porosity in sample electrode
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The porosity in sample electrode is calculated mting to Equation Sf2]
- — — (S1)

where L is the real thickness of the electrode fata (without Al foil); W is the weight of the

laminate per area; C1 and C2 are the percentagetide material and binder within the
electrode laminate; and D1 and D2 are the trueityeios active material and binder. The true
densities for LiFeP@and PFA are 3.6 and 2.2 g ém

Calculation of volumetric energy and power densitie

The volumetric energy density is calculated aceaydo Equation S2:

(S2)
Where and represent the evaluated specific capacity of edactive materials,
corresponding initial discharge voltage of electtoe materials, percentage content of
electroactive materials in the electrode and tmepacted density of the electrode in Table S3,
respectively.
The volumetric power density is calculated accaydm Equation S3:

(S3)
Where and represent the discharge current density, correpgninitial discharge
voltage of electroactive materials, percentageartnif electroactive materials in the electrode
and the compacted density of the electrode in T&Bleespectively.
Note: Volumetric energy density is calculated basedthe weight of whole electrode
containing.
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Figure S1. Physical property changes from FA to PFAThe yellow FA liquid (a) forms black

PFA resin (b) under oxalic acid at 1ZD throughin-situ polymerization reaction.
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Figure S2. XPS survey of pure PFA binderHigh resolution of C 1s XPS spectra.

The high resolution XPS spectrum of C 1s shows rpaak centres at 284.8, 285.8, and 287.6
eV, corresponding to C=C, C-0O, and C-O-C groupspeetively. The COO- groups detected

in the sample is mainly from the use of oxalic asdhe catalysis.
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Figure S3. The NEB images (PFA, PVDF1, and PVDF2dm top to bottom, respectively)
at different states (a) initial (IS), (b) transition (TS), and (chal states (FS).
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Figure S4. XRD patterns of PFA, LFP, and LFP-PFA saples.

31



WILEY-VCH

LFP-PFA

Figure S5. SEM of surface of the LFP-PFA electrodga) before and (b) after rolling.
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Figure S6. High resolution TEM image for existing FFA layer on the surface of the LFP
cathode.(a) the LFP-PFA electrode; (b) the pristine LFRvger. The bar is 2 nm.
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Figure S7. The mechanical characterization(a) peel test of the LFP-PFA and LFP-PVDF
electrodes; (b) nanoscratch and indentation testhé LFP-PFA and LFP-PVDF electrodes;
(c, d) 3Din-situ SPM image of the LFP-PVDF before and after naradshrtests, respectively;
(e, f) 3Din-situ SPM image of the LFP-PFA electrode before and afi@oscratch tests.
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Figure S8. Optical photos of as-prepared electrodeafter three cycles (a) LFP-PVDF
electrode and (b) LFP-PFA electrode.
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Figure S9. The tensile test of the PFA binder.

36



Figure S10. CV curve of the LFP-PVDF-AB.
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Figure S11. CV curves of the binders in the poterdi window of 0~5 \ (a) PFA and (b)
PVDF. Lower current density of PFA confirms an dbere electrochemical stability, compared
with PVDF.
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Figure S12. Variations and fittings between Z and the reciprocal square root of angular
frequency in the low frequency region of the LFP-PYDF and LFP-PFA electrodes(a) The

fresh electrode and (b) The activated electrode.

The Warburg coefficient () is calculated by plottindge vs. the reciprocal square roots of the

low angular frequencies { in the following equation.
mo Hog #ogs’ ( . (S1)

The slope of the fitted line is the value of Because the Lidiffusion coefficient Du) is

inversely proportional tow, the value oDy is further calculated by the following formula.
- | 0 123 4%°6°7 8 (S2)

where R is the gas constant, T is the absolutedesiyre, A is the electrode surface ares,
the number of electrons per molecule during thetedehemical reactiorf is the Faraday
constantg is the LI concentration (7.9 x 30mol cm®) and is the Warburg coefficient.
Calculated values ofy for fresh LFP-PVDF and LFP-PFA electrodes are 2@md 119.8,
respectively (Figure S1la). Th#&; values of fresh LFP-PFA and LFP-PVDF electrodes ar
1.67 x 104cn¥ stand 5.69 x 16° cn? s, respectively.

For activated LFP-PVDF and LFP-PFA electrodes,utated values ofw are 78.2 and 37.6,
respectively (Figure S11b). Th#; values of activated LFP-PFA and LFP-PVDF electsode
are 1.70 x 183 cn? stand 3.92 x 16* cn¥ s, respectively.
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Figure S13. The cycling performance of LFP-PFA and.FP-PVDF at 0.1 C rate.
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Figure S14. Rate charge/discharge curves of the LHPVDF-AB electrode.
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Figure S15. The SEM images of cycled LFP electrodesing different binders: (a) PFA
and (b) PVDF.
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Figure S16. The contact angle of the FA monomers dhe samples (a) the LFP material
and (b) the Al foil current collector.
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Figure S17. Photographs showing the key steps ofettiast electrode fabrication process:
(1) LFP, FA, and OA are weighed in the ratio 8022@2) After several minutes of mixing, a
homogeneous slurry is produced. (3) The LFP sligroast on the Al foil current collector. (4)
The LFP slurry is heated for ca. 20 mins at 920the scale bar is 1 cm.
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Figure S18. Weight loss curve of oxalic acid at theemperature of 120°C.
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Figure S19. The TGA test of the PFA binder.
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Figure S20. Scale application of the PFA binder{a) Large-size fabrication of the LFP-PFA
electrode and (b) Full cell based on the LFP-PFRAa#e and commercial graphite anode.
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Figure S21. The compatibility of FA with condutiveadditive: (a) The contact angle of the
FA monomers on the sample of AB and (b) Rate perémce of the LFP-PFA electrode using
1 wt.% AB.
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Table S1.Several typical cathodes with true densities, ebelet densities and porosity.

Electrode densities(g cm

Cathodes True densities (g crd) 3) Porosity?
LiCoO2 51 4.0 22%
LiFePOy 3.6 2.3 36%
LiMNn 204 4.2 2.9 31%

LiNi 1/sMn1/3C01/302 4.8 3.5 25%

"9"%&!:" ;"<$=&>
&7 "<$=&>

'Porosity
Notes The appropriate porous structure in the electrmessential for the electrolyte
infiltration. Therefore, electrode density mustltwer than true density of electrode. Current
manufacturing crafts for electrode fabrication teeen already mature, especially for the
LiCoO: electrode. At present, the electrode porositieshef LiCoQ, LiFePQ, LiMn20Osa,
LiNi 11sMn13C01302 electrode are given in Table S1. If we consideltiCoG:-based electrode
porosity of 22% as the benchmark, the LiFeR@ctrode only has 14% to be improved in
porosity for higher electrode density. Given tmaetdensity of pure LiFePOnaterial is 3.6 g
cm® and corresponding theoretical volumetric energysitg of 2107 Wh L, the maximum
electrode density of the LiFeR@lectrode is calculated 2.8 g €nallowing that a practical
limit for the LiFePQ electrode is 1638 WhL

In traditional electrode fabrication, the CAs aeeded to enable the electric conductivity of
the LiFePQ electrode. However, the CAs have a low tap densiisulting in the decreased
electrode density of the LiFeR@lectrode. Based on isolated PVDF binder systearamoval

of the CA in the electrode is impossible. The vodtine performance of the LiFeR@lectrode

is barely improved further. Push such limits of uraktric performance for the LiFeRO

electrode is the need for combining minimum amadbnductive binder with no use of CAs.
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Table S2. Comparison of electrode composition, tap densitgcteode density, specific

capacity and theoretical volumetric energy densityFP-PFA.

Ref. Method Electrode  Tap density Electrode density  Specific

Composition (g cnd) (g cmd) Capacity
13 Engli_rl‘:epe””g 85:7.5:7.5 15 1.41 (5%155)
1 Engli_';epe””g 94:3:3 1.68 2,55 (Olgzc)
14 ;ﬂft’i‘\’/g 85:3:12 i 1.71 (01,2%)
15 ;%ritt)i‘\’/g 90:5:3 - 2.2 (01;%)
Vtgl'rf( Dgfri]%girng 96.2:3.8 1.2 2.65 (%)55'04)

Electrode Composition contains active materialsidcotive additives and polymeric binder

with mass ratios in the above following.
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Table S3.Electrode density of different LFP electrodes

Cathodes Components Electrode densities(g cni)?

LFP-PFA 96.2:3.8 2.65

LFP-PVDF 96:4 2.21
LFP-PVDF-AB 94:3:3 2.09

1Components includes active materials, conductivitizds and binders.
°The calendaring for different LFP electrodes isshme. Both mass loading of the electrode

and calendaring stress are controlled with the daxe.

51



Table S4.Comparison of the volumetric performance of LFP-PERP-PVDF-AB electrodes.

Iltems LFP-PFA LFP-PVDF-AB
Rate (C) Specific_lfower Specific glnergy Specific_lfower Specific e_:lnergy

(WL? (Wh LY (WL (Wh L?)

0.2 295.4 (29.6%) 1350.5 (27.8%) 227.9 1056.4
0.5 735.2 (29.6%)  1306.2 (29.4%) 567.3 1009.8

1 1459.5 (29.7%)  1234.5 (32.4%) 1124.5 932.7

2 2875.9 (28.4%) 1087.8 (21.4%) 2239.7 895.8

5 6858.5 (26.5%)  834.0 (10.7%) 5419.6 753.2

Notes The Red numbers represent the increased ratioglaimetric energy and power
densities for the LFP-PFA electrode compared td_&fe-PVDF-AB electrode.
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