
     

1 
 

DOI: 10.1002/((please add manuscript number))  
Article type: Communication 
 
 

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 Liu, Shanqing Zhang, Zhan Lin*, Dianlong 

Wang* and Jun Lu* 

 
Dr. T.F. Liu, Prof. Z. Lin 
Electrochemical NanoEnergy Group, School of Chemical Engineering and Light Industry, 
Guangdong University of Technology, Guangzhou 510006, China 
E-mail: zhanlin@gdut.edu.cn 
 
Dr. T.F. Liu, Dr. B. Wang, Prof. D.L. Wang 
MIIT Key Laboratory of Critical Materials Technology for New Energy Conversion and 
Storage, School of Chemistry and Chemical Engineering, Harbin Institute of Technology, No. 
92 Xi Da Zhi Street, 150001, Harbin, Heilongjiang Province, China  
E-mail: wangdianlonghit@163.com 
 
Dr. C.J. Tong, Prof. L.M. Liu 
Beijing Computational Science Research Centre, Beijing 100193, China 
 
Prof. S.Q. Zhang 
Centre for Clean Environment and Energy, School of Environment and Science, Gold Coast 
Campus, Griffith University QLD 4222, Australia 
 
Dr. J. Lu 
Chemical Sciences and Engineering Division, Argonne National Laboratory, 9700 Cass Ave, 
Lemont, IL 60439, USA 
E-mail: junlu@anl.gov 
 
Keywords: LiFePO4, Furfuryl alcohol, In-situ polymerization binder, Volumetric Energy 
Density, Lithium ion battery 
 
 
Abstract 

The use of electrode additives such as binder and conductive additive (CA) in addition to high 

pore volume for electrolyte results in reduced volumetric energy densities of all battery 

electrodes. In this work, we propose to use poly(furfuryl alcohol) (PFA) conductive resin as a 

tri-functional electrode additive to replace polyvinylidene fluoride (PVDF) and CA while 

simultaneously enabling low porosity electrode function. The resultant PFA binder has a long-
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range ordered structure of conjugated diene, which allow electronic conductivity that leading 

to a CA-free electrode fabrication process. The oxygen heteroatoms in the PFA structure reduce 

the diffusion barriers of lithium ions, lowering the amount of required electrolyte/pore volume 

and thus, increasing electrode density. Serving as a tri-functional electrode additive, a high 

electrode density of 2.65 g cm-3 of the LiFePO4 (LFP) electrode and therefore a highest 

volumetric energy density of 1551 Wh L-1 so far. The LFP electrode using PFA binder can 

achieve the capacity retention of ~80% and Coulombic efficiency of over 99.9% after cycling 

for 500 times. The proposed in-situ polymerization strategy could revolutionize the electrode 

process, with the advantages of being simple, environmentally friendly, and easily scalable to 

industrial applications. 

Introduction 

Volumetric energy density is often the key defining battery parameter that dictates its validity 

in practical applications.[1, 2] Be it consumer electronics or electric vehicles, the size of the 

battery and the corresponding amount of deliverable energy and power strongly influences their 

commercial competitiveness.[3] One of key drawbacks of battery systems is the need for dead-

weight materials. These dead-weight materials typically include the electrolyte, binder, and 

conductive additive (CA).[4] All of which do not offer any energy storage mechanism and are 

only present because they serve a specific purpose to the electrode.[5] Electrolyte is crucial to 

the operation of a battery as it provides the transfer of charge between the anode and the 

cathode.[6] Polymeric binder materials serve the important role of maintaining the mechanical 

integrity of the electrode while the CA offers the crucial conductive network.[7-10] The CAs are 

particularly important for active materials that are insulating in nature. 

Olivine LiFePO4 (LFP) has been known for lithium-ion batteries (LIBs) due to its low cost, 

high safety, acceptable capacity, long cycling, and environmental friendliness.[11-14] However, 

the LFP is highly insulating to both Li-ions and electrons, requiring significant amounts of CA. 

Theoretically, based on the intrinsic material density (3.6 g cm-3), the LFP can deliver a 
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volumetric energy density of 2107 Wh L-1[15]. It has been estimated that practical-theoretical 

limits (taking into account the pore volume for electrolyte, binder, and CA) of a LFP electrode 

would reach about an electrode LFP density of 2.8 g cm-3 and a volumetric energy density 1638 

Wh L-1 (Table S1). While a certain level of CA and porosity (closely related to essential amount 

of electrolyte) is required to function, the excess use of the aforementioned dead-weight 

components of an electrode ultimately reduces the overall volumetric energy density of the 

battery system. As such, the electrode density and volumetric energy density of typical 

commercial LFP electrodes are only ~2.0 g cm-3 and ~1100 Wh L-1, respectively, indicating 

much room for improvement. Therefore, achieving high volumetric energy density demands 

continuous optimizations in the formulation and engineering of the LFP electrode to reach 

higher volumetric limits. The relative ratio of CA, binder and pore volume/electrolyte content 

to active material content must be decreased in order to achieve this goal. Among the energy-

dead weight materials, the roles of the binder, CA, and electrolyte have been traditionally kept 

separate. While there has been some works on dual-function conductive binder,[16-23] these 

binders have not been accepted into the industry likely due to complicated, toxic and expensive 

synthesis methods that are required. Furthermore, these aforementioned binders have little to 

offer in terms of Li-ion transfer, which would be crucial in pore/electrolyte-reduced electrode 

architectures. 

In this work, we look to integrate all three functions (electron conductivity, assistance in Li-

ion transfer and maintenance of mechanical integrity of the electrode) into one electrode 

additive, effectively reducing the mass of dead-weight materials and increasing the overall 

proportion of active material in the electrode. By utilizing the self-polymerization of furfuryl 

alcohol (FA) monomers to form poly(furfuryl alcohol) (PFA) resin,[24] a polymer with 

remarkable mechanical strength and excellent electrochemical stabilities was achieved. 

Furthermore, the long-range order structure of the conjugated diene in the PFA structure allows 

for efficient electron transfer, while the oxygen heteroatoms in the PFA structure reduce the 
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diffusion barriers of lithium ion allowing for a decreased pore volume/electrolyte content. 

When tested with a LFP active material, an extremely high active material with relative loading 

of 96.2 wt.% was achieved with the electrode density increased to 2.65 g cm-3, corresponding 

to a volumetric energy density of 1551 Wh L-1. The PFA binder-based LFP electrode can 

achieve the capacity retention of ~80 % and Coulombic efficiency (CE) of over 99.9% for more 

than 500 cycles. 

While the effectiveness of PFA was only demonstrated with a LFP cathode, its application 

as a tri-functional electrode additive can significantly benefit the generic electrode material. 

Such as a class of material serve as an effective methodology in reducing the dead-weight 

content in an electrode. We believe future iteration of this material will lead to the supersession 

of inefficient single-function electrode additive, reshape routine practices throughout all battery 

fields in both academic/industrial settings, and offer itself as a new electrode 

fabrication/manufacturing concept to the general battery community. 

The electric and ionic transfer of the PFA binder 

Constructing conductive pathways for ions and electrons in the binding network is critical to 

electrochemical performance of a LIB electrode.[16, 18] FA, a stable transparent yellow liquid, 

easily undergoes a self-polymerization reaction to form black PFA resin (Figure S1 of the 

Supporting Information).[25] Figure 1a briefly illustrates the in-situ polymerization mechanism 

of FA monomers and the formation of PFA. FA initially undergoes a dehydration reaction at 

hydroxymethyl group, which leads to the formation of a carbocation and condensation at the 

C5 position of another furan ring.[25] Consequently, many double-bond moieties form in the 

resultant PFA resin. Fourier Transform Infrared (FTIR) spectrometer (Figure 1b) confirms that 

a conjugated C=C function bond develops at 1560 cm-1 in PFA, which is attributed to a C=C 

skeletal stretch vibration in the furan ring interconnected to the furan-CH2-furan group. In 

addition, high resolution XPS spectrum of C 1s shows main peak centres at 284.8 and 285.8 eV 

(Figure S2 of the Supporting Information), corresponding to C=C and C-O groups, respectively. 
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These double-bond moieties easily provide a conjugated pathway for electric transfer. 

Synchrotron-based X-ray absorption spectroscopy (sXAS) was used to assess excitations of 

core level electrons to unoccupied states of the PFA. The peak at ca. 285 eV in PFA strongly 

suggests that formation of conjugated � *C=C bonds (Figure 1c). These results are consistent with 

backbones of the PFA with a conjugated diene structure (Figure 1a), suggesting that the PFA is 

capable of offering electronic conductivity.[19, 20] Furthermore, the calculated band structure 

demonstrates that the LUMO (blue line) of Li-doped PFA is lower than Li-doped 

polyvinylidene fluoride (PVDF, Figure 1d). The electron distribution of this particular LUMO 

state extends into the polymer backbone, leading to effective in-situ electron doping and 

improving the polymer’s electronic conductivity.[19, 21, 26] 

In addition to conjugated double-bond moieties for electric transfer, the oxygen heteroatoms 

also form in PFA, which is verified by XPS results (Figure S2 of the Supporting Information). 

For Li-ions transfer in PFA involved with adsorption and diffusion dynamics, the first-principle 

calculation provides more information on lithium ion diffusion. 

The adsorption energy (Ead) is calculated to characterize the interaction between Li and 

binders using the following equation: 

Ead = Etotal – EBinder – ELi                  (1) 

Etotal, EBinder, and ELi are the energies of the whole system, binder, and atomic Li, 

respectively. All optimized adsorption structures at initial states are shown in Figure 2a. The 

calculated values of Ead in different adsorption systems with both PBE[27] and HSE06[28, 29] 

functional are listed in Table 1. More negative values of Ead indicate stronger adsorption 

capability. As shown in Table 1, PFA has a much smaller Ead than PVDF, which corresponds 

to less charge transfer between Li and PFA. Interestingly, when Li atoms interact with the 

PVDF, two kinds of stable adsorption structure are generated. The metastable structure (PVDF1) 

is Li adsorbs on one side of the PVDF bonded with two F atoms. The other structure (PVDF2) 

is the most stable with the largest value of Ea, where Li adsorbs all over the PVDF bonded with 
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three F atoms—Li tends to drag one of bonded fluorines out of PVDF. A more accurate hybrid 

functional HSE06 method was also used for comparison and concludes the same results as 

shown in Table 1. The interaction in Li-PFA is weaker than that in Li-PVDF and thus the 

diffusion of Li should be much easier for PFA than PVDF. 

Diffusion barrier energies (Eb) of Li in the binder were examined from initial state to final 

state (Figures 2 and S3 of the Supporting Information). In PFA, Li diffuses between two 

neighboring O atoms with an energy barrier of 0.17 eV calculated with both PBE and HSE06. 

In PVDF, the situation becomes much more complicated as two possible Li diffusion paths are 

present. One path is the metastable adsorption structure of PVDF1. Since Li adsorbs on one 

side with a relative weak bond to an F atom, it diffuses along this side between two neighboring 

F atoms with a tiny barrier of 0.09 eV. Li can also easily diffuse to the top side to form PVDF2 

with an ultra-small barrier of 0.06 eV. Once it transfers to PVDF2, Li appears trapped since it 

strongly bonds to F, and the diffusion process becomes difficult with a high barrier of 0.81 eV 

(0.73 eV for HSE06). Consequently, Li diffusion ability in PFA is much stronger than in PVDF. 

The oxygen heteroatoms are favorable for Li-ion transfer, because lone-pair electrons of oxygen 

heteroatoms coordinate with Li-ions (Figure 1a).[30, 31] The effect of PFA binder on the diffusion 

values of Li-ions would be further provided through electrochemical characterizations in the 

following discussion. 

Porosity and mechanical characterization of the PFA binder-based LFP electrode 

Given potential electric and ionic conductivity of PFA, we fabricated the LFP electrode 

without using CAs. The XRD patterns of the LFP-PFA electrode are consistent with LFP 

material, confirming that there are no reactions among FA, oxalic acid, PFA, and LFP (Figure 

S4 of the Supporting Information). An ideal structure is that the PFA binder as a thin skin coats 

active LFP particles through in-situ polymerization process, as shown in Figure 3a. In-situ 

polymerization for the binding produce a dense PFA layer on LFP surface, compared with the 

loose structure of PVDF binder due to its linear molecular chains.[32] When the LFP electrode 
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performs charge/discharge operations, the PFA-skinned layer would provide conjugated 

double-bond and oxygen heteroatoms channels to facilitate electric conductivity and lithium 

ion mass transport, respectively. 

We minimize the PFA binder content to incorporate more LFP particles in the electrode for 

higher volumetric performance. After the calendaring process, the LFP-PFA electrode exhibits 

a uniformly porous structure (Figure S5 of the Supporting Information), which is beneficial to 

the infiltration process of organic electrolyte. In the cross-section view of the LFP-PFA 

laminate (Figures 3b and 3c), active LFP particles are strongly and tightly adhered together. 

According to Equation S1 in the Supporting Information, the calculated porosity of the LFP-

PFA electrode is only 24.6 %, which is significantly lower than that of LFP-PVDF-AB (34.1%). 

Low porosity in the electrode is in favor of high electrode density.[33] After the calculation, the 

electrode density of the LFP-PFA electrode is effectively enhanced up to 2.65 g cm-3. Compared 

with the reported researches,[15, 34-37] it is the highest electrode density for LFP electrode. The 

volumetric energy density of LFP-PFA electrode is calculated as 1551 Wh L-1, which is higher 

than the best-performed LFP electrodes based on the PVDF binder (Figure 3e and Table S2 of 

the Supporting Information).[15, 35] Given that the porosity in the electrode is essential for 

electrolyte infiltration, such a high volumetric energy density of the LFP electrode has reached 

ca. 94.7% of practical limit (1638 Wh L-1) (Table S1). TGA confirms that the content of the 

PFA binder in the LFP-PFA electrode is ca. 3.8 wt.% (Figure 3d). The weight loss of 2.1 wt.% 

in raw LFP powder is attributed to carbon coating, which is the essential modification to 

improve the electronic conductivity of bare LFP material.[38] PFA binder as a layer of skin 

coating on the surface of active particles through an in-situ polymerization process (Figure S6 

of the Supporting Information). As no CAs were used in the electrode, the LFP content 

significantly increases up to 96.2 wt.%. 

The mechanical strength of as-prepared LFP electrodes was quantitatively measured using 

nanoscratch and nano-indentation tests.[39] The average friction coefficient of the LFP-PFA 



     

8 
 

laminate is higher than that of LFP-PVDF laminate, suggesting higher binding capability of the 

PFA binder (Figure S7a of the Supporting Information). When the loading force in the nano-

indentation test was set at 1000 � N, the indentation depths are ca. 1207 and 1013 nm for the 

LFP-PVDF and LFP-PFA laminates, respectively (Figure S7b of the Supporting Information). 

The same trend was observed when the loading force was increased to 2000 � N. Higher 

hardness of laminates indicates better binding capability and stability during battery 

operation.[20] As shown in Figures S7c to S7f of the Supporting Information, scanning probe 

microscopy (SPM) visually verifies the uniformity of the electrodes. The 3D in-situ scratch 

track on the electrode surface is broader and more dispersive for LFP-PVDF than LFP-PFA. In 

the real-life electrode, the immersion of electrolyte also leads to delamination of electrode film 

from the current collector. The PFA binder has tougher adhesion between LFP and Al foil than 

PVDF (Figure S8 of the Supporting Information), which protects it from shedding from the 

current collector during cycling. Additionally, Figure S9 of the Supporting Information displays 

that the PFA binder can undertake avaliable deformation of >10%, being capable of 

accommodating only 6.81% volume variation of LFP crystal with lithium insertion/desertion.[38] 

Therefore, these results corresponds with the mechanical measurements mentioned above. 

Despite low binder content in the LFP electrode, the PFA binder offers sufficient mechanical 

adhesion to keep the electrode integrated.  

The electrochemical behaviors of the PFA binder-based LFP electrode 

Electrochemical tests were used to explore the functions of the PFA binder on the 

electrochemical kinetics of the LFP electrode. Figure 4a shows the cyclic voltammetry (CVs) 

curves of the LFP-PFA electrode and the LFP-PVDF electrode. The LFP-PVDF electrode 

displays a couple of redox peaks with severe distortion due to the insulating nature of the PVDF 

binder. Such a distortion was not observed for the LFP-PVDF-AB electrode containing 3 wt.% 

AB (Figure S10 of the Supporting Information), illustrating that CA plays an essential role in 

enhancing electronic conductivity of the electrode based on nonconductive binders.[7] In 
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contrast, the LFP-PFA electrodes exhibited well-defined current peaks where the cathodic peak 

at 3.58 corresponded to the oxidation of Fe2+ to Fe3+ and the anodic one at 3.32 V belonged to 

the reduction of Fe3+ to Fe2+.[40] The potential interval is only 0.26 V, suggesting a remarkable 

electrochemical reversibility. This difference can be also explained by the results of the 4-point 

probe measurement. No detected electric conductivity of a free-standing LFP-PVDF was 

observed, in strong contrast, the electronic conductivity of the LFP-PFA electrode was 3.72×10-

5 S cm-1, indicating that PFA binder possesses sufficient electronic conductivity. The PFA 

binder also showed excellent stability in electrochemical tests (Figure S11 of the Supporting 

Information). 

Electrochemical impedance spectroscopy (EIS) is also an effective tool to investigate 

electrochemical kinetics of the LFP-PFA and LFP-PVDF electrode. As shown in Figure 4b, all 

the electrodes exhibit a depressed semicircle at high and medium frequency regions, and a 

straight slope line at low frequency regions. Charge transfer resistance (Rct) refers to the 

diameters of the semicircles in the profiles, corresponding to the degree of difficulty of Li+ 

interfacial reaction.[40] The fresh LFP-PFA and LFP-PVDF electrodes share similar Rct values, 

around 530 ohms, due to the use of identical active materials and electrolyte solutions. After 5 

cycles in full charge/discharge, the LFP-PFA electrode maintains its initial Rct value, indicative 

of the stability of PFA in organic electrolyte. In contrast, the LFP-PVDF electrode exhibits a 

slightly increasing Rct value. According to the DFT results, the Li tends to drag one of the 

bonded fluorines out of PVDF. We propose this hypothesis that it is attributed to the formation 

of LiF, a nonconductor for both electrons and lithium ions.[41] Based on slope lines in the low 

frequency region, we determined the Warburg coefficient and apparent diffusion coefficient 

(DLi) of Li-ions in the LFP cathodes (Figure S12 of the Supporting Information).[42] Both the 

fresh and activated LFP-PFA electrodes have higher values of DLi than LFP-PVDF, illustrating 

that the PFA binder allows faster Li-ion transfer of the 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 electronic and ionic conductivities, the 

electrochemical performance of the LFP-PFA is expected to surpass that of the LFP-PVDF. 

Figure 4c confirms a reversible specific capacity of the LFP-PFA electrode is 160.3 mAh g-1 at 

0.1 C, which is twice than that of the LFP-PVDF electrode (75.7 mAh g-1). Furthermore, the 

PFA binder allows for evident charge/discharge platforms of the LFP cathode, in contrast to the 

LFP-PFA electrode, which renders a couple of sloping charge/discharge plateaus. These results 

illustrate the PFA binder has ability to keep electrochemical performance without using CAs in 

resultant LFP electrodes. In addition, due to serious polarization, the LFP-PVDF electrode 

suffers from low capacity storage and output during the subsequent cycling, compared with the 

LFP-PFA electrode (Figure S13 of the Supporting Information). 

In order to further demonstrate the electronic and ionic conductivity abilities of the PFA 

binder, the rate performance of the LFP-PFA electrode were investigated. Figure 4d displays 

the rate charge/discharge profiles of the LFP-PFA electrode. The LFP-PFA electrode delivers 

reversible capacities of ca. 155.4, 151.0, 143.8, 128.6, 117.8, and 103.4 mAh g-1, corresponding 

to rates of 0.2, 0.5, 1, 2, 3, and 5 C, respectively. All Coulombic Efficiencies of the LFP-PFA 

electrode at different rates are nearly 100%. Such a rate performance of LFP-PFA is competitive 

with that of LFP-PVDF-AB (Figure S14 of the Supporting Information). Figure 4e shows the 

remarkable stability at different rates. Reversible capacity is almost recovered when current 

density is decreased back to 0.2 C. Notably, the low content of the PFA binder (3.8 wt.%) in 

the LFP-PFA electrode results in the specific capacity of the whole LFP-PFA electrode being 

close to that of the whole cathode. This maximizes the energy density of the whole electrode 

without sacrificing rate capability and cycling stability. 

The practical specific energy and power densities, volumetric performances of different 

samples are calculated based on Equations S2 and S3 and then listed in Table S4, as shown in 

Figure 4f. The practical volumetric energy density of the LFP-PFA electrode significantly 

increases to 1350.5 Wh L-1. To the best of our knowledge, it is the highest volumetric energy 
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density in the literature.[15, 35] Compared with LFP-PVDF-AB electrode, the volumetric energy 

and power densities are increased by up to 32.4% and 29.7%, respectively. In addition to 

volumetric performance, gravimetric energy density of the LFP-PFA is also enhanced by ca. 

4.8%, compared with that of LFP-PVDF-AB electrode. Such enhanced energy density is 

attributed to the following factors: (i) the removal of CA in the LFP electrode significantly 

enhances the electrode density, and (ii) remarkable wetting effect of FA and efficient in-situ 

polymerization process enables strong and uniform binding of PFA for LFP particles compared 

with PVDF. 

Figure 5a shows that this remarkable stability of the LFP-PFA electrode with long cycles. At 

2 C rate, the capacity retention of the LFP-PFA electrode is ca. 80% after 500 cycles, illustrating 

that PFA binder plays a vital role on the electrode integrity and electric conductivity, which are 

attributed to its excellent mechanical and conductive properties of PFA, respectively. In 

addition, the Coulombic efficiencies at initial three cycles are 95.7%, 97.6% and 98.1%, 

demonstrating that the PFA binder has an excellent chemical stability in initial activation of the 

electrode. It is also remarkable that average coulombic efficiency in the remaining cycling is 

over 99.9%, imply huge potential in commercialization. When cycled coin-type cells were 

dissembled for the SEM investigation, the cycled LFP-PFA electrode exhibits an excellent 

electrode integrity compared with the cycled LFP-PVDF electrode, which has cracks on the 

electrode surface (Figure S15 of the Supporting Information). This result demonstrates the 

bonding durability of PFA binder is better than that of PVDF binder. 

We increased the mass loading of the LFP-PFA towards practical applications. In real-life 

applications, the thickness of the electrode is crucial for high-loading active materials and thus 

high energy density of electrodes.[7] At a high loading of 5.19 mg cm-1, the LFP-PFA electrode 

at 0.5 C rate still delivered a stable long cycling lifespan with high coulombic efficiency of over 

99.9% (Figure 5b). Generally, high density of the electrode is challenging in the electrolyte 

infiltration, resulting in a decreased diffusion rate of Li-ions. The oxygen heteroatoms in the 
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PFA structure can offer the pathway of lithium transfer and reduce diffusion barrier of lithium 

ions, compensating the adverse effect of high electrode density on diffusion rate of lithium ions. 

The cost-effective and scale-up application of the PFA binder 

The cost in raw materials and electrode fabrication process plays a vital role in the scale 

application.�The synthesis of the conductive binder from a low-cost raw source can promote 

wide application.[7] Furfural is commonly obtained from corncob and sugar cane bagasse.[43] 

FA is simply synthesized from furfural via a high-yield hydrogenation reaction. As a result, FA 

is a low cost and abundant source. Oxalic acid as catalysis is also a budget material. 

In addition to low-cost raw materials, electrode fabrication based the PFA binder is very 

effortless. The FA liquid exhibits excellent wettability for LFP and Al foil current collector 

(Figure S16 of the Supporting Information), which is attributed to hydroxyl function group in 

FA. The excellent hydrophilic property can facilitate a simple operation and a homogeneous 

distribution of FA in LFP slurry.[44] Reviewing the electrode fabrication, a series of photographs 

in Figure S17 visually illustrate the fast fabrication process of electrode slurry. After a mild 

heat treatment at 120 oC for in-situ polymerization of FA monomers to form PFA, the LFP-

PFA electrode was fabricated within 30 mins. At the temperature of 120 oC, most of oxalic acid 

would decompose, especially under the subsequent drying process (Figure S18 of the 

Supporting Information). Meanwhile, the PFA binder exhibits a good thermal stability within 

the temperature of 400 oC (Figure S19 of the Supporting Information). Such high-efficiency 

and energy-saving manipulation is of advantage in modern large-scale manufacturing. 

Additionally, this technology is fully compatible with current industrial roll-to-roll coating 

practice (Figure S20a of the Supporting Information).  

In order to demonstrate the feasibility of the proposed method to be adopted in the modern 

LIBs manufacturing process, a soft-pack full battery was assembled with the LFP-PFA cathode 

and a graphite anode as shown in Figure S20b of the Supporting Information. The soft-pack 

battery prepared with large coating area 20×4 cm offered an initial discharge capacity of 70.5 
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mAh. After the 100 cycles, the remaining capacity was 53.2 mAh and capacity retention 

percentage was 75.5%. An initial columbic efficiency of 98.1% was achieved and the 

subsequent columbic efficiency maintained ca. 99.9%, which is remarkable. The excellent 

performance of the full battery strongly demonstrates that the as-prepared LFP-PFA cathode 

can work well with the graphite anode in traditional LIBs system. Besides, in current battery 

industry, carbon additive is indispensable. Figure S21 in the Supporting Information shows 

excellent wettability of the FA liquid for CAs. The LFP-PFA-AB electrode is prepared using 1 

wt.% AB. Even at the rate of 10 C, the LFP-PFA-AB electrode can deliver 91.5 mAh g-1. This 

rate performance can rival that of our previous LFP electrode using PVDF and CAs (8:1:1 by 

weight).  Compared with our previous work,[24] here we focus on advanced binder design for 

traditional electrode materials for high energy density LIBs. The reduced amount of CAs in 

resultant electrode favors to effectively enhance volumetric energy density. Therefore, these 

results have demonstrated that our proposed technology can be amplified from the lab-scale to 

the industrial-scale LIBs manufacturing. 

Conclusions  

To sum up, we have successfully advanced LIBs electrode fabrication technology through 

an in-situ polymerization process, shortening the electrode fabrication to 30 mins without any 

waste. The resultant PFA-skinned binder offers high mechanical strength and fast electronic 

and ionic transport pathways in LFP-PFA electrode. As CA is no longer required, the LFP 

content in the electrode increases to 96.2 wt.%. The electrode has a large porosity of 24.6% and 

high density of 2.65 g cm-3 , which is beneficial for Li-ion transport and volumetric performance 

(both the volumetric energy density and power density of the LFP-PFA electrode), respectively. 

Even at a large mass loading of 5.19 mg cm-2, the LFP-PFA still delivers a stable cycling 

lifespan and maintains high coulomb efficiency of nearly 100% for 500 cycles. We believe, the 

proposed electrode fabrication technology could prevail in the LIB industry due to its inherent 
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advantages of being cheap in raw materials, sustainable to environment, simple and low cost in 

materials process, and high-performance in terms of volumetric performance and stability. 

Supporting Information  

Supporting Information is available from the Wiley Online Library or from the authors. 
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Figure 1. The chemical structure and energy levels of PFA for electric conductivity and 

lithium ion mass transport: (a) Chemical structure of FA and PFA and the oligomer 

containing a conjugated diene structure. (b) FTIR spectra of FA and PFA. (c) Carbon k-edge 

sXAS of PFA and PVDF. (d) Calculated band structure of PVDF (PVDF/Li) and PFA (PFA/Li). 
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Figure 2. Optimized adsorption structures of the different binders at initial states: (a) PFA, 

(b) PVDF1, (c) PVDF2, (d) Energy profiles along Li diffusion on PFA, PVDF1 and PVDF2: 

initial state (IS), transition state (TS), final states (FS). 
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Figure 3. Electrode design and fabrication. (a) Schematic illustration of the in-situ 

polymerization of FA and the resultant conductive PFA “skin” that bonds the LFP particles 

onto the Al foils as well as facilitates the electron conduction and lithium ion mass transport. 

(b) SEM image of the cross section of the LFP-PFA electrode. (c) SEM image of the LFP-PFA 

laminate. (d) TGA analysis of the LFP-PFA electrodes and LFP powder. (e) Comparison of 

volumetric energy density of the LFP electrode in the literature.[14] 

  



     

21 
 

 

Figure 4. Electrochemical Performance of the LFP electrode using different binders: (a) 

CV measurements at scanning rate of 0.1 mV·s-1. (b) EIS spectra between 0.01 Hz and 100 

KHz. (c) Charge and discharge cureves of the LFP-PFA and LFP-PVDF electrods at 0.1 C rate; 

(d) Rate charge/discharge curves of the LFP-PFA electrode. (e) Rate performance of the LFP-

PFA electrode from 0.2 C to 5 C. (f) Comparison of the practical volumetric performance of 

the different samples. 
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Figure 5. Cycling performance of the LFP-PFA electrode: (a) 2 C and (b) 0.5 C. (C) Full 

cell based on the LFP-PFA cathode paired with a graphite anode. 
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Table 1. PFA and PVDF binder adsorption energies and diffusion barrier energies for the atom 
Li. 

�
Ead (eV)� Eb (eV)�

PBE� HSE06� PBE� HSE06�

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 battery electrode, enabling a high electrode density 

of 2.65 g cm-3 for the LiFePO4 electrode and therefore a highest volumetric energy density of 

1551 Wh L-1. 

 
Keywords: LiFePO4, 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 Liu, Shanqing Zhang, Zhan Lin*, Dianlong 
Wang* and Jun Lu* 

 

Experimental  

Electrode and cell fabrication 

Commercial carbon-coated LiFePO4 (LFP) was bought from the Aleees Company. Furfuryl 
alcohol (FA) and oxalic acid (OA) are pure chemical agents. LFP, FA and OA were mixed with 

the weight ratio of 80:20:2. The as-obtained slurry was pasted on the Al foil and dried at 120 
oC for 20 mins to obtain the LFP-PFA electrode. The different areal mass loadings of the LFP-
PFA electrodes were fabricated. For comparison, the Acetylene black (AB) is used as 

conductive additive (CA) in the electrode and three LFP electrodes using PVDF binder or AB 
were prepared. (1) The LFP-PVDF electrode has 96 wt.% LFP and 4 wt.% PVDF. (2) The LFP-

PVDF-AB electrode has 94 wt.% LFP, 3 wt.% Acetylene black and 3 wt.% PVDF.[1] (3) The 
LFP-PFA-AB electrode has 95 wt.% LFP, 4 wt.% PFA, and 1 wt.% AB.  

The working electrodes were fabricated by cutting out round disks with a 12 mm diameter and 

drying overnight (9 hours) to remove moisture. All the electrodes are calendaring together with 
the same stress. The coin-type cells were assembled in a glove box filled with pure Ar. A Li 
foil and a polypropylene micro-porous film (Celgard 2400) were used as the counter electrode 

and the separator, respectively. The electrolyte used was EC/DEC-based (1:1 by volume) 
electrolytes containing 1 M LiPF6. 

For the fabrication of the soft pack, the LFP cathode using PFA binder and graphite anode using 
PVDF binder were assembled with organic electrolyte of 1 M LiPF6 in the EC/DEC-based (1:1 
by volume) solvent. Graphite anode consists of natural graphite powder, Acetylene black and 

PVDF binder with the weight ratio of 90:5:5. 

Electrochemical tests 

Cyclic Voltammetry (CV) measurements with a scanning rate of 0.1 mV s-1 were performed on 
a CHI 660E electrochemical workstation: LFP-based electrodes in 2.5 ~ 4.2 V vs. Li/Li + and 
films of binder in 0.01 ~ 5.0 V. Electrochemical Impedance Spectroscopy (EIS) measurements 
with amplitude of 5 mV over the frequency range from 100 kHz to 0.01 Hz were implemented 
using the CHI 660E electrochemical workstation. Galvanostatic charge–discharge tests were 
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investigated by using LANDCT 2001A Battery Tester and NEWARE Battery Tester with a 

voltage window of 2.5 ~ 4.2 V. All the cells are charged with a constant current and a following 
constant potential in 5 mins. All the tests were performed at room temperature (~25 °C). 

Computational details 

The density functional theory (DFT) computations were performed by the Vienna Ab Initio 
Simulation Package (VASP)[2-4], which implemented the projector augmented wave (PAW) 

method. To treat the exchange-correlation interaction between electrons, the generalized 
gradient approximation (GGA) with the PBE functional was adopted first[5], and then a more 
accurate non-local hybrid exchange-correlation functional (HSE06)[6, 7] was used for 
comparison. We employed the DFT-D3 method[8, 9] to improve the description of long-range 
van der Waals (vdW) interactions. A plane-wave basis set energy cut-off energy of 500 eV was 

considered in the calculations. The full geometry optimizations were carried out with the 
convergence thresholds of 10-5 eV and 1×10-2 eV/Å for total energy and ionic force, 
respectively. A 20 Å vacuum spacing was maintained in y and z direction for both PFA and 

PVDF, so the reciprocal space integration was performed over a 3×1×1 k-point mesh centered 
at the Gamma point. Additionally, the Li diffusion paths and energy barriers were carried out 
with the nudged elastic band (NEB) technique.[10, 11] During the NEB calculation, seven images 
were uniformly distributed along the reaction path connecting the initial and final states.  

Characterizations  

The morphology was examined by a scanning electron microscope (SEM, JSM-7001F) and 
transmission electron microscopy (TEM, FEI Model Tecnai G20). X-ray diffraction (XRD) was 

tested using CuKa radiation over the 2q range of 10-60 oC (Model LabX-6000, Shimadzu, 
Japan). The thermogravimetric analysis (TGA) was performed on a TA instrument (series 
Q500) in air flow and at a heating rate of 5 oC min-1. Fourier Transform Infrared (FTIR) 
spectroscopy measurements were performed using a Thermo-Nicolet (Thermo Electron 
Corporation, USA). Kratos Axis ULTRA X-ray Photoelectron Spectrometer (XPS) 

incorporating a 165 mm hemispherical electron energy analyser was used to obtain XPS spectra 
of the samples. The incident radiation was Monochromatic Al K�  X-rays (1486.6 eV) at 225 
W (15 kV, 15 ma). Peak fitting of the high-resolution data was also carried out using the 

CasaXPS software. All binding energies were referenced to the C1s peak 284.8 eV. The contact 
angles of the foams were measured by an OCA20 (Dataphysics Instruments). In nanoscratch 
tests, a conical indenter (with radius approximately 1 � m, 90° cone angle) was used to scratch 

over the sample surface to obtain friction coefficient information of each sample. During the 
scratch process, the normal load was kept constant as 500 � N and the lateral displacement was 

set as 12 � m. The nano-indentation tests were undertaken using Hysitron TI 950 nano-
indentation system with Berkovich indenter (three-sided pyramidal tip with radius 
approximately 150 nm, 142.3º total included angles).  

Calculation of porosity in sample electrode 
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The porosity in sample electrode is calculated according to Equation S1:[12] 

�������� � 	 

�

�



��

��
�

��

��
�           (S1) 

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

laminate per area; C1 and C2 are the percentage of active material and binder within the 

electrode laminate; and D1 and D2 are the true density for active material and binder. The true 

densities for LiFePO4 and PFA are 3.6 and 2.2 g cm-3. 

Calculation of volumetric energy and power densities 

The volumetric energy density is calculated according to Equation S2: 

� � � � � � � � � �           (S2) 

Where�� �� �� and �  represent the evaluated specific capacity of electroactive materials, 
corresponding initial discharge voltage of electroactive materials, percentage content of 

electroactive materials in the electrode and the compacted density of the electrode in Table S3, 
respectively.  
The volumetric power density is calculated according to Equation S3: 

� � � � � � � � � �            (S3) 

Where��� �� �� and �  represent the discharge current density, corresponding initial discharge 
voltage of electroactive materials, percentage content of electroactive materials in the electrode 

and the compacted density of the electrode in Table S3, respectively.  
Note: Volumetric energy density is calculated based on the weight of whole electrode 
containing.  
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Figure S1. Physical property changes from FA to PFA. The yellow FA liquid (a) forms black 

PFA resin (b) under oxalic acid at 120 oC through in-situ polymerization reaction. 
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Figure S2. XPS survey of pure PFA binder: High resolution of C 1s XPS spectra. 

The high resolution XPS spectrum of C 1s shows main peak centres at 284.8, 285.8, and 287.6 

eV, corresponding to C=C, C-O, and C-O-C groups, respectively. The COO- groups detected 

in the sample is mainly from the use of oxalic acid as the catalysis. 
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Figure S3. The NEB images (PFA, PVDF1, and PVDF2 from top to bottom, respectively) 
at different states: (a) initial (IS), (b) transition (TS), and (c) final states (FS).  
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Figure S4. XRD patterns of PFA, LFP, and LFP-PFA samples. 
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Figure S5. SEM of surface of the LFP-PFA electrode: (a) before and (b) after rolling. 
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Figure S6. High resolution TEM image for existing PFA layer on the surface of the LFP 
cathode. (a) the LFP-PFA electrode; (b) the pristine LFP powder. 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 tests for the LFP-PFA and LFP-PVDF electrodes; 

(c, d) 3D in-situ SPM image of the LFP-PVDF before and after nanoscratch tests, respectively; 

(e, f) 3D in-situ SPM image of the LFP-PFA electrode before and after nanoscratch tests. 
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Figure S8. Optical photos of as-prepared electrodes after three cycles: (a) LFP-PVDF 

electrode and (b) LFP-PFA electrode. 
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Figure S9. The tensile test of the PFA binder. 

� �
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Figure S10. CV curve of the LFP-PVDF-AB. 
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Figure S11. CV curves of the binders in the potential window of 0~5 V: (a) PFA and (b) 

PVDF. Lower current density of PFA confirms an excellent electrochemical stability, compared 

with PVDF. 
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Figure S12. Variations and fittings between –Zre and the reciprocal square root of angular 

frequency in the low frequency region of the LFP-PVDF and LFP-PFA electrodes: (a) The 

fresh electrode and (b) The activated electrode. 

The Warburg coefficient (� w) is calculated by plotting Zre vs. the reciprocal square roots of the 

low angular frequencies (� ) in the following equation. 

� !" � � # $ � # %&� ' ( � )*+,                                                                                                   (S1) 

The slope of the fitted line is the value of � w. Because the Li+ diffusion coefficient (DLi) is 

inversely proportional to � w, the value of DLi is further calculated by the following formula. 

- �. � / � 0 � 123� 45657� 8 �                                                                                                  (S2) 

where R is the gas constant, T is the absolute temperature, A is the electrode surface area, n is 

the number of electrons per molecule during the electrochemical reaction, F is the Faraday 

constant, c is the Li+ concentration (7.9 × 10-3 mol cm-3) and �  is the Warburg coefficient. 

Calculated values of � w for fresh LFP-PVDF and LFP-PFA electrodes are 205.4 and 119.8, 

respectively (Figure S11a). The DLi values of fresh LFP-PFA and LFP-PVDF electrodes are 

1.67 × 10-14 cm2 s-1 and 5.69 × 10-15 cm2 s-1, respectively.  

For activated LFP-PVDF and LFP-PFA electrodes, calculated values of � w are 78.2 and 37.6, 

respectively (Figure S11b). The DLi values of activated LFP-PFA and LFP-PVDF electrodes 

are 1.70 × 10-13 cm2 s-1 and 3.92 × 10-14 cm2 s-1, respectively. 
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Figure S13. The cycling performance of LFP-PFA and LFP-PVDF at 0.1 C rate. 
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Figure S14. Rate charge/discharge curves of the LFP-PVDF-AB electrode. 
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Figure S15. The SEM images of cycled LFP electrode using different binders: (a) PFA 
and (b) PVDF. 
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Figure S16. The contact angle of the FA monomers on the samples: (a) the LFP material 
and (b) the Al foil current collector. 
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Figure S17. Photographs showing the key steps of the fast electrode fabrication process: 
(1) LFP, FA, and OA are weighed in the ratio 80:20:2. (2) After several minutes of mixing, a 
homogeneous slurry is produced. (3) The LFP slurry is cast on the Al foil current collector. (4) 
The LFP slurry is heated for ca. 20 mins at 120 oC, the scale bar is 1 cm. 
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Figure S18. Weight loss curve of oxalic acid at the temperature of 120 oC. 
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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-PFA cathode and commercial graphite anode. 
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Figure S21. The compatibility of FA with condutive additive: (a) The contact angle of the 

FA monomers on the sample of AB and (b) Rate performance of the LFP-PFA electrode using 

1 wt.% AB. 
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Table S1. Several typical cathodes with true densities, electrode densities and porosity.  

Cathodes True densities (g cm-3) Electrode densities(g cm-
3) Porosity1 

LiCoO2 5.1 4.0 22% 

LiFePO4 3.6 2.3 36% 

LiMn 2O4 4.2 2.9 31% 

LiNi 1/3Mn1/3Co1/3O2 4.8 3.5 25% 

1Porosity�� 	 

"9"%&!:;"�;"<$=&>

&!?"�;"<$=&>
 

Notes: The appropriate porous structure in the electrode is essential for the electrolyte 

infiltration. Therefore, electrode density must be lower than true density of electrode. Current 

manufacturing crafts for electrode fabrication has been already mature, especially for the 

LiCoO2 electrode. At present, the electrode porosities of the LiCoO2, LiFePO4, LiMn2O4, 

LiNi 1/3Mn1/3Co1/3O2 electrode are given in Table S1. If we consider the LiCoO2-based electrode 

porosity of 22% as the benchmark, the LiFePO4 electrode only has 14% to be improved in 

porosity for higher electrode density. Given that true density of pure LiFePO4 material is 3.6 g 

cm-3 and corresponding theoretical volumetric energy density of 2107 Wh L-1, the maximum 

electrode density of the LiFePO4 electrode is calculated 2.8 g cm-3, allowing that a practical 

limit for the LiFePO4 electrode is 1638 Wh L-1. 

In traditional electrode fabrication, the CAs are needed to enable the electric conductivity of 

the LiFePO4 electrode. However, the CAs have a low tap density, resulting in the decreased 

electrode density of the LiFePO4 electrode. Based on isolated PVDF binder system, the removal 

of the CA in the electrode is impossible. The volumetric performance of the LiFePO4 electrode 

is barely improved further. Push such limits of volumetric performance for the LiFePO4 

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

capacity and theoretical volumetric energy density of LFP-PFA. 

Ref. Method 
Electrode 

Composition�  
Tap density 

(g cm-3) 
Electrode density 

(g cm-3) 
Specific 
Capacity 

13 
Engineering 

LFP 85:7.5:7.5 1.5 1.41 
~152 
(0.1C) 

1 Engineering 
LFP 

94:3:3 1.68 2.55 162 
(0.2C) 

14 Carbon 
additive 

85:3:12 - 1.71 130 
(0.5C) 

15 
Carbon 
additive 90:5:3 - 2.2 

150 
(0.2C) 

This 
work 

Designing 
binder 

96.2:3.8 1.2 2.65 155.4 
(0.2C) 

1Electrode Composition contains active materials, condcutive additives and polymeric binder 

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

Cathodes Components1 Electrode densities(g cm-3)2 

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, conductive additives and binders.  
2The calendaring for different LFP electrodes is the same. Both mass loading of the electrode 

and calendaring stress are controlled with the same level. 
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Table S4. Comparison of the volumetric performance of LFP-PFA, LFP-PVDF-AB electrodes. 

Items LFP-PFA LFP-PVDF-AB 

Rate (C) Specific Power  
(W L-1) 

Specific energy 
(Wh L-1) 

Specific Power 
(W L-1) 

Specific energy 
(Wh L-1) 

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 ratios of volumetric energy and power 

densities for the LFP-PFA electrode compared to the LFP-PVDF-AB electrode. 
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