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Toward Low-Cost All-Organic and 
Biodegradable Li-Ion Batteries
N. Delaporte, G. Lajoie, S. Collin-Martin & K. Zaghib*

This work presents an alternative method for fabricating Li-ion electrodes in which the use of 

aluminum/copper current collectors and expensive binders is avoided. Low-cost natural cellulose 

fibers with a 2-mm length are employed as binder and support for the electrode. The objective of 
this method is to eliminate the use of heavy and inactive current collector foils as substrates and 
to replace conventional costly binders with cellulose fibers. Moreover, no harmful solvents, such 
as N-methylpyrrolidone, are employed for film fabrication. Water-soluble carbons are also utilized 
to reduce the preparation time and to achieve a better repartition of carbon in the electrode, thus 

improving the electrochemical performance. Flexible and resistant LiFePO4 (LFP), Li4Ti5O12 (LTO), 

organic 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA), and graphite electrodes are obtained 
with active mass loadings similar to those obtained by the current casting method. The initial discharge 
capacity of approximately 130 mAh·g−1 at 2 C is obtained for an LFP/LTO paper battery with an 
approximately 91.6% capacity retention after 1000 cycles. An all-organic prelithiated PTCDA/graphite 
cell without a transition metal is prepared and electrochemically tested. It is one of the first self-
standing batteries that is composed of organic redox active molecules and biodegradable components 

reported in literature.

Over the past decade, �exible electronics1,2 have undergone rapid developments in the �elds of wearable3,4 and 
implantable devices5, �exible displays6, and even �exible radio frequency identi�cation tags7. Li-ion battery is 
the most developed energy supply technology that satis�es high demands in energy, power, and long cycle life8,9. 
For these reasons, �exible Li-ion batteries have gained particular attention as a future energy storage solution for 
lightweight and �exible devices10,11. �e widely used method for fabricating Li-ion electrodes (i.e., web-coating 
method), however, is unable to adequately satisfy these requirements12. In fact, Cu and Al metal foils, which are 
generally used as current collector and support to spread the cathode or anode ink, lose contact with the active 
material during repeated bending13. Moreover, the conventional method usually employs costly binders (such as 
polyvinylidene �uoride (PVDF)) that are dissolved in solvents (e.g., N-methyl-2-pyrrolidone (NMP)), which are 
characterized by high toxicity14. Drying such electrodes also consumes a signi�cant amount of energy because of 
their high boiling point (204.3 °C) and low vapor pressure (e.g., 1 mm Hg at 40 °C for NMP)15. A greener process 
that employs sodium carboxymethyl cellulose as a low-cost binder and water as solvent has been reported16–18; 
however, some major problems have to be resolved. Water-based electrodes exhibit agglomeration e�ects, poor 
ink homogeneity, and residual moisture a�er drying, which considerably reduce the cycle life of the battery19. 
According to the cost modeling proposed by Wood et al.20, the composite electrode materials and current col-
lectors account for practically 50% of the cost of a Li-ion battery. Furthermore, to avoid corrosion problems that 
result from contact with electrolytes21, the use of a current collector, especially an Al foil, signi�cantly reduces the 
battery’s energy density. For instance, the Al current collector represents 40% of the total mass of an LFP electrode 
with an active material loading of approximately 6 mg·cm−2.

To resolve the foregoing problems, free-standing electrode �lms are proposed as a low-cost alternative to 
fabricate �exible Li-ion electrodes. Free-standing �lms are generally fabricated according to a paper-making 
process that is well-known and appropriate for producing substantial amounts of electrodes. Recently, paper10, 
textile22, and other organic substrates23–25 are reported to be potential components for �exible electrodes because 
of their good �exibility; however, they cannot be used alone because of their poor electronic conductivity. In view 
this, self-standing �lms made of two-dimensional (2D) or unidimensional (1D) carbons have been developed 
in parallel. �ese a�ord a high electronic conductivity and a strong network mainly because of the π-stacking 
e�ect (2D carbon) or the interlacing of carbon �bers (1D carbon). For instance, �exible LFP and LTO electrodes 
made of graphene as a 2D carbon are reported by Shi et al.26. Alternatively, the use of 1D carbons, such as carbon 
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nanotubes (CNT) or vapor-grown carbon �bers (VGCF) is also proposed to generate a solid 3D network in which 
the porosity is �lled with redox active materials27,28. �e cost of such electrodes, however, limits the scale-up of 
this fabrication method. To maintain good electronic conductivity without a�ecting �lm integrity, a mixture of 
cellulose �bers with 2D or 1D carbons are o�en reported in literature as a less expensive option for fabricating 
self-standing electrode �lms. Cornell et al. fabricated an LFP composite electrode made of 1D polyacrylonitrile 
carbon �bers (CF) and TEMPO-oxidized cellulose nano�brils as binder29. �e electrode exhibits a high Young’s 
modulus of approximately 201±12.7 MPa and an electrical conductivity of 95S·cm−1; it delivers ~121 mAh·g−1 
when cycled at C/10 versus a self-standing CF electrode. In another study, an LFP free-standing �exible compos-
ite electrode was prepared by the vacuum �ltration method with 2D graphene and nano�brillated cellulose addi-
tives30. Interestingly, the paper-making process also allowed the electrodes (cathode and anode) and the separator 
to be integrated into a single �exible and strong structure resulting from successive �ltration steps31. Numerous 
examples of cathodes (LFP29,32), anodes (MoS2

33, graphite34, Si35), and even full Li-ion cells (LFP/graphite31, LFP/
LTO36) have been successfully prepared through the paper-making process using di�erent forms of cellulose as 
binder. Finally, several works have reported �exible electrodes for batteries and supercapacitors that employ cel-
lulose as substrate37–39 or binder40,41. Most fabrication methods, however, still involve the use of organic solvents, 
synthetic binders, or high-cost materials that are not easily disposed.

In this paper, a green, inexpensive, rapid, and innovative process for fabricating self-standing Li-ion elec-
trodes is presented. �is proposed method particularly avoids the use of resistive and costly binders (i.e., PVDF) 
as well as volatile and toxic solvents (e.g., NMP). Based on the paper-making process, the method includes the 
�ltration of an aqueous solution that contains millimetric cellulose �bers (FB) with carbon or a mixture of di�er-
ent carbons and redox active materials (LFP, PTCDA, graphite, or LTO). �e preparation time of the electrode 
is considerably reduced because the grinding, component mixing (conductive additive, binder, anode/cathode 
material), and slurry preparation steps are replaced by a single step to produce a self-standing �lm. �e present 
method also allows the amount of carbon in the �lm to be increased because aluminum and copper current col-
lectors are not used. �e �rst steps that is performed is the deposition of cellulose and carbon �bers to form an 
integrated carbon-rich current collector. �e second step involves the formation of the cathode or anode �lm on 
the freshly deposited carbon layer. Following this method, both conventional binders and current collectors are 
not utilized, thus considerably reducing the fabrication cost of the battery. Moreover, substituting the mass of Al/
Cu foils with carbon and cellulose �bers results in stronger electrodes and a more conductive �lm, thereby leading 
to better performances. �is process could also be less expensive than the casting method, which is commonly 
used in the fabrication of Li-ion electrodes, because low-cost and abundant materials are used (water, PTCDA, 
and raw cellulose �bers). Tables SI1 and SI2 in the Supporting Information report the price of raw materials used 
for making electrodes and a cost estimation of both the conventional and the new fabrication method to clearly 
show the cost saving of our method. In order to facilitate the dispersion of carbons (including graphite as active 
material) and LFP in water, water-soluble groups, such as aryl-COOH and aryl-SO3H moieties, are attached to 
their surface by diazonium chemistry. Generally, self-standing electrodes reported in literature do not employ 
such modi�ed carbons or modi�ed LFP, making the proposed process innovative and unique. In this process, 
commercially available cellulose �bers are utilized with no additional transformations to obtain shorter �bers or 
modi�ed Z-potentials. In most cases, such as in the paper-making industry, aluminum sulfate hydrate is used as 
a �occulating agent before carbon is added32. �is adjuvant is utilized to neutralize the negative charge present 
in the cellulose �bers by aluminum cations42,43. �is compound, however, can further react inside the battery; 
hence, it is removed from our fabrication process. In recent works, it has been demonstrated that micro�bril-
lated cellulose and highly re�ned cellulose �bers dispersed in water can be e�ectively used as binder to elaborate 
self-standing negative electrodes with excellent electrochemical and mechanical performances34,44. To obtain �b-
ers in the diameter range of 5–250 nm, acid hydrolysis, and chemical and enzymatic treatments are necessary. 
�ese steps, however, incur additional costs and increase preparation time45.

In this work, self-standing, �exible, and resistant LFP, PTCDA, graphite, and LTO electrodes are prepared 
according to a new electrode fabrication method. �e electrochemical performances of cathodes and anodes are 
examined. Long cycling experiments of full LFP/LTO and LFP/graphite batteries reveal that these cells have a 
remarkably good stability with high Coulombic e�ciencies. An all-organic PTCDA/graphite paper battery with-
out a transition metal is prepared and electrochemically tested. �is is one of the �rst self-standing batteries that is 
composed of organic redox molecules and biodegradable components reported in literature. In the perspective of 
disposable device production, it is interesting to note that at the end of battery life, the electrodes can be recycled 
as common paper sheets.

Experimental Section
Preparation of cellulose fibers. In the proposed procedure, untreated cellulose �bers (FB) are used to 
reduce fabrication cost. �e sample from Södra black R pulp is used as received. �e pulp, which is composed of 
2.05–2.25-mm �bers that can be easily beaten, a�ords exceptionally good binding properties.

For the preparation of a water solution containing cellulose �bers, 400 mg of raw pulp is typically dispersed 
in 200 mL of deionized water and intensely mixed with an ULTRA-TURRAX disperser for 15 min. �e mixture 
is then cooled to room temperature, and an additional 200 mL of deionized water is added to obtain a 1-g FB/L 
solution. �is aqueous solution is utilized to disperse carbons and active materials.

Modification of LFP and carbon powders. Synthesis of water-soluble carbons. A one-pot technique is 
utilized to gra� aryl-COOH and aryl-SO3H moieties on the carbon surface. A�er the in situ formation of diazo-
nium ions, their decomposition by spontaneous reaction with sp2 carbon results in a strong carbon–carbon cova-
lent bond46,47. Di�erent carbons are chosen and modi�ed with di�erent morphologies. In order to reinforce the 
mechanical strength of the self-standing �lm, VGCF carbon �bers with a �ber length of ~10–20 µm are employed 
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to form a carbon current collector with cellulose �bers. Carbon nanotubes (CNT) and spherical Denka carbon are 
also modi�ed. �ese two types of carbon are employed to form the cathode and anode on the as-prepared current 
collector. Graphite is also modi�ed but is only used as an active material.

For the modi�cation process, 5 g of carbon is typically dispersed in a 200-mL 0.5-M H2SO4 aqueous solution. 
A quantity of p-substituted aromatic amine with SO3H or COOH groups corresponding to a 0.01 equivalent 
compared to carbon is then added to the mixture. �e mixture is vigorously stirred until the amine is completely 
dissolved. �erea�er, a 0.03 equivalent of sodium nitrite compared to carbon is added to the mixture to generate 
the corresponding aryl diazonium ions (N2

+-aryl-SO3H or N2
+-aryl-COOH) in situ. �e mixture is allowed to 

react overnight at room temperature. Scheme 1 (reaction a) represents the carbon surface functionalization. A�er 
the reaction is completed, the mixture is �ltered, and the powder is washed several times as described below.

Surface modi�cation of LFP powder. LiFePO4/C (2–3 wt.% carbon) powder (LFP) is provided by Hydro-Québec, 
Varennes, Canada. �e protocol for the surface modi�cation of LFP with aryl-COOH groups is similar to that 
for carbon. �e reaction, however, is performed in acetonitrile because the LFP slowly reacts with water and is 
unstable in an acidic medium48–50. Sodium nitrite is replaced with tert-butyl nitrite (t-BuONO), as shown in 
Scheme 1 (reaction b).

A�er an overnight reaction, the mixture is vacuum-�ltered using a Büchner assembly and a nylon �lter with a 
0.22-µm pore size. �e modi�ed powder is successively washed with DMF and acetone. Modi�ed carbon powders 
are washed with deionized water until a neutral pH is reached, followed by DMF and acetone washing. Finally, the 
modi�ed powders are vacuum-dried at 100 °C for at least one day before utilization.

Nomenclature for identifying modi�ed powders. To easily identify the gra�ed powder, a simple nomenclature is 
adopted. When aryl-COOH groups are attached to the surface of LFP, Denka, CNT, and VGCF carbons, the pow-
ders are named LFP–COOH, Denka–COOH, CNT–COOH, and VGCF–COOH, respectively. When aryl-SO3H 
moieties are immobilized on the carbon surface, the modi�ed powders are identi�ed as graphite–SO3H, Denka–
SO3H, CNT–SO3H, and VGCF–SO3H.

Fabrication of self-standing films. Scheme 2 shows the new method of Li-ion electrode fabrication. An 
adequate volume of the aqueous solution that contains cellulose �bers (1 g FB/L) is placed in a beaker; typically, 
a volume that corresponds to 30 mg of FB is employed. �erea�er, 10 mg of VGCF, VGCF–SO3H, or VGCF–
COOH is dispersed into the solution. �ey are all stirred using an ultrasonic rod. �e modi�ed VGCF powders 
are instantly solubilized in water, whereas at least 10 min is necessary to disperse the commercial VGCF. A�er a 
homogeneous solution is obtained, the content is vacuum-�ltered on a 47-mm diameter size nylon membrane 
with a 0.22-µm pore to form the carbon current collector; a typical carbon current collector is shown in Fig. 1. �e 
�lm where a mass of electrode active material (LFP, PTCDA, graphite, or LTO) in the range 40–70 mg is dispersed 
in deionized water is allowed to dry for 10 min. �is is followed by the addition of 10 mg of carbon, which could 
be modi�ed or unmodi�ed VGCF, Denka, CNT, or a mixture of these three. In all cases, the modi�ed LFP and 
carbons are easily and more rapidly dispersed in water, thus leading to a better �lm appearance. A�er mixing, the 
solution is gently poured on the as-prepared carbon current collector to form the electrode. �e �lm is peeled o� 
the �lter to obtain the self-standing Li-ion electrode. �e electrode is therea�er calendered at room temperature, 
i.e., 50 or 80 °C. �e produced �lm is placed in a vacuum oven and heated at 130 °C for at least 1 day before it is 
utilized in the battery. Figure 2 shows an LFP electrode made according to the new fabrication method.

Scheme 1. Schematic and conditions of surface modi�cation of a) carbon and b) LiFePO4/C powders.
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As an option, a third step can be included in order to directly create a paper separator on the electrode �lm 
(Fig. 2b). An aqueous solution, which contains 30 mg of FB, for instance, can be �ltered on the fresh electrode. 
Figure 2d shows a self-standing �lm composed of a carbon current collector, an integrated LFP electrode, and a 
paper separator.

Scheme 2. Schematic of new method developed for the fabrication of self-standing electrode �lms. �e �rst 
step is the formation of a carbon current collector made of cellulose �bers and VGCF. �e second step is the 
formation of a Li-ion electrode directly on the carbon current collector (red color refers to PTCDA cathode 
material).

Figure 1. Pictures of carbon current collector composed of cellulose �bers and VGCF. (a) �e carbon-rich side 
is obtained to collect electrons and (b) the FB-rich side is essential to trap the active material and carbon during 
the second �ltration step. (c) �e �lm is completely bendable.

Figure 2. Images of a self-standing LFP electrode. (a) �e carbon-rich side remains shiny, whereas (b) the 
active material (LFP) �lls the pores of the paper matrix. (c) A�er cutting a small electrode, the �lm remains 
intact and resistant. (d) Self-standing �lm with a carbon current collector, an integrated LFP electrode, and a 
paper separator.
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Characterizations. Prior to the analysis, the samples are vacuum-dried at 120 °C for several hours. 
The self-standing electrodes are observed with a FlexSEM 1000 scanning electron microscope (Hitachi 
High-Technologies Corporation) in a dry room. Secondary electron images are obtained at an accelerating volt-
age of 5 kV and a working distance of approximately 5–5.5 mm with various magni�cations. �ree-dimensional 
confocal microscopy images and corresponding optical images are obtained with a Keyence VK-x200 3D laser 
microscope at 150× magni�cation.

Cycling procedures. Cell assembly. To individually test the various electrodes prepared, two-electrode 
electrochemical coin cells are assembled with a lithium metal counter and a reference electrode. Celgard-3501 
polymer or Kodoshi paper is used as separator and soaked with a 1-M LiPF6 EC:DEC (3:7) electrolyte. For a 
complete battery, the LFP, PTCDA, graphite, and LTO self-standing �lms are assembled together with a Celgard 
or Kodoshi paper separator. A bare electrode is also tested using a stainless steel spacer as a working electrode. 
In order to verify the electrochemical inertness of cellulose �bers, a handmade paper electrode is tested versus 
lithium.

�e cells are assembled in an argon-�lled glove box with an oxygen level that is less than 10 ppm and therea�er 
controlled with a VMP3 potentiostat.

Electrochemical testing. Cyclic voltammetry. �e electrochemical behaviors of bare electrode (stainless steel 
spacer only), paper electrode (composed only of FB), and self-standing electrode �lms made of LFP, PTCDA, and 
LTO are compared through cyclic voltammetry experiments. A scan rate of 0.03 mV·s−1 is employed among the 
various potential windows.

For bare and paper electrodes, the experiment starts from an open circuit potential (OCP) to 4.2 V. It is then 
followed by a reverse scan of 2.0 V vs. Li/Li+. �e same procedure is followed for the LFP electrodes except that 
the upper cuto� voltage is set to 4 V. For the LTO electrodes, the experiment starts from the OCP to 1.2 V. It is 
therea�er followed by a reverse scan of 2.5 V vs. Li/Li+. For the PTCDA electrodes, the experiment starts from the 
OCP to 1.5 V followed by a reverse scan of 3.5 V vs. Li/Li+.

Galvanostatic cycling and long cycling experiments. �e charge/discharge cycling procedure is performed in 
a galvanostatic mode at di�erent current density ranges of 2.0–4.0 V, 1.2–2.5 V, 1.5–3.5 V, and 0–1.5 V versus Li/
Li+ for the LFP, LTO, PTCDA, and graphite electrodes, respectively. For each cycling rate ranging from C/10 to 
5 C, �ve cycles are subsequently recorded. �e experiments are automatically started with two formation cycles 
at C/24.

Additionally, LFP/LTO cells with mass ratios of 1 and ~0.85 are also tested between 1.0 and 2.5 V versus the 
LTO at di�erent cycling rates ranging from C/24 to 5 C.

Long cycling experiments at C/10, C/2, 1 C, or 2 C rates are also recorded a�er several cycles of formation at 
di�erent C rates for PTCDA/Li, graphite/Li, LTO/Li, LFP/LTO, LFP/graphite, and PTCDA/graphite batteries. �e 
prelithiation of the PTCDA cathode is performed in a coin cell with a lithium anode by discharging at C/24 from 
the OCP to 1.5 V versus Li/Li+. It is followed by a chronoamperometry experiment where a constant potential of 
1.5 V is maintained for 3 h. �e coin cell is therea�er disassembled, and the prelithiated PTCDA cathode is recov-
ered to be assembled with a graphite anode.

All electrodes are cut into small circular discs (area = 1.13 cm2; Fig. 2c) with a mass loading range of 8.4–
11.2 mg·cm−2 depending on the quantity of active materials inserted inside the �lm.

Results and Discussion
Fabrication of self-standing films. As shown in Figs. 1 and 2, thin �lms that are approximately 100-
µm thick are obtained through the aforementioned fabrication technique. �e calendering of self-standing 
�lms results in reduced thickness, as discussed below. Generally, average thickness reductions of 20 and 30% are 
observed when the electrodes are calendered at 50 and 80 °C, respectively. �e �lms are fully bendable, rollable, 
and resistant, as shown in Fig. 1. Punching an electrode from the �lm does not a�ect the integrity of the electrode, 
as shown in Fig. 2c. �e carbon-rich side produced during the �rst fabrication step (Fig. 2a) remains totally sim-
ilar a�er the �ltration of the solution that contains the active material. �e FB-rich side shown in Fig. 1b is then 
�lled with active material and carbon during the second �ltration step. A two-layer electrode �lm composed of 
a carbon current collector, a layer of active material, and carbon is subsequently fabricated. �is method is inter-
esting because it avoids the inclusion of the mass of an aluminum current collector. �is mass can be replaced 
with more cellulose �bers or carbon in order to fabricate a strong �lm with a higher carbon content than a �lm 
casted on a metal current collector. In fact, for an electrode (~6 mg/cm2 of active material) casted on an aluminum 
foil, the active material (e.g., LFP) accounts for 53% of the total mass, whereas the inactive aluminum is 41 wt.%. 
Approximately 6% of the electrode mass corresponds to the binder and carbon. Another interesting aspect is 
that the quantity of active material may be accurately determined because it is weighed before it is introduced to 
the beaker and before the �ltration step (Scheme 2). Depending on the battery con�guration or cathode/anode 
material utilized, the quantity of active materials (in mg·cm−2) in the self-standing �lm can be easily adapted.

In order to con�rm that raw cellulose �bers can be used as a support for the active material in a Li-ion battery, 
a simple paper electrode entirely composed of cellulose �bers is fabricated. �is electrode is tested as a working 
electrode in a coin cell versus lithium metal. �e cycling voltammetry experiment shown in Fig. 3 reveals that the 
cellulose �bers ( ) are totally electro-inactive up to 4.2 V, thus con�rming their possible integration in Li-ion 
battery manufacturing. In fact, the electrochemical response in the potential window from 2 to 4.2 V vs. Li/Li+ is 
similar to that obtained in a bare electrode (—) that is only composed of a stainless steel spacer. �e currents 
recorded are approximately 104 lower than those obtained when an LFP cathode is cycled, as shown in Fig. 4.
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In the new fabrication process, a third step can be included. As an option, a paper separator can be directly 
deposited onto the electrode �lm, as shown in Fig. 2d. Cyclic voltammetry is employed to characterize the pro-
duced �lm and verify the in�uence of the paper separator on the electrochemical properties. A Celgard separator 
is employed to compare the electrochemical behavior of an electrode without an integrated paper separator. 
Figure 4 shows the cyclic voltammetry experiments performed at a scan rate of 0.03 mV·s−1 on a self-standing 
LFP electrode with (—) and without ( ) a paper separator added on top of the electrode. �e obtained 
results indicate that the additional layer does not adversely a�ect the electrochemical properties of the LFP elec-
trode because the polarizations (∆E) of the two electrodes are similar. Furthermore, the intensity of redox peaks 
of the electrode integrated with the paper separator is slightly higher than that of the LFP electrode alone. �is can 
be explained by the enhancement of mechanical properties and the increased integrity of the �lm. A similar 
behavior resulting from the use of water-soluble carbons is observed. �ese water-soluble carbons yield a stronger 
�lm and lead to a better penetration of carbon and active material into the voids created by the cellulose matrix.

Morphological analyses of self-standing films. �e surface topology of cellulose electrode �lms made 
of unmodi�ed and modi�ed VGCF carbons and with/without LFP is obtained through 3D confocal microscopy 
experiments. Figure 5 shows the optical and 3D confocal microscopy images of the FB-rich side of these di�erent 
cellulose �lms. In the �rst fabrication step, the carbon current collector is created, thus producing carbon-rich and 
FB-rich sides, as shown in Fig. 1. �e FB-rich side is particularly inhomogeneous and highly porous, as shown in 
Fig. 5a,b. A�er the second step, which involves the �ltration of the mixture of LFP and unmodi�ed VGCF carbon, 
the surface appears smoother (Fig. 5c,d) and is mainly composed of carbon that has not migrated inside the elec-
trode. �e poor dispersion of carbon in the electrode results in an inferior electrochemical performance, which 
is worse than the performance of an electrode made of modi�ed VGCF-COOH carbon. In fact, a�er aryl-COOH 
groups are gra�ed, the carbon �bers become more soluble in water and are well-distributed in the bulk of the 
electrode. �e FB-rich side of the LFP electrode made of VGCF–COOH (Fig. 5e,f) is basically similar with that 

Figure 3. Cyclic voltammetry experiments performed at a scan rate of 0.03 mV.s−1 for bare electrode (stainless 
steel spacer only) (—) and paper electrode composed of FB only) ( ).

Figure 4. Cyclic voltammetry experiments performed at a scan rate of 0.03 mV·s−1 for a self-standing LFP 
electrode with ( ) and without (—) an integrated paper separator deposited on top of the electrode.
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obtained for the cellulose �lm without an active material (Fig. 5a,b) except that some voids are �lled with LFP and 
carbon. �is is attributed to the better penetration of modi�ed carbon into the pores of the electrode.

�e SEM images of an LTO self-standing �lm are presented in Fig. 6. �e top (Fig. 6a) and bottom views 
(Fig. 6b) represent the FB-rich and carbon-rich sides, respectively. As shown in the top-view image, the pores 
created among the large cellulose �bers is �lled with the mixture of modi�ed VGCF and LTO materials. �e 
corresponding C and Ti elemental mappings are shown in Fig. SI1, indicating that carbon and LTO exhibit good 
dispersion. �e bottom view (Fig. 6b) only shows the VGCF–COOH �bers that form a strong carbon mat (which 
is expected) that is ideal for electron conduction and current collection. �e inset shows the intertwined carbon 
�bers that reinforce the electrode �lm. Finally, the cross-section of the electrode �lm presented in Fig. 6c shows a 
carbon-rich area that is approximately 20 µm thick with no (or extremely few) LTO particles. Inside the electrode 
(Fig. 6d), a composite of well-dispersed LTO particles with interconnected VGCF carbon �bers is observed; 
this composite permits strong electrode adhesion and good electrical conduction. �e chemical mapping of the 
cross-section of this self-standing �lm that illustrates Ti and C dispersions inside the electrode is shown in Fig. 7. 
A high carbon concentration is e�ectively located on one side of the self-supported �lm with the presence of an 
extremely small amount of titanium. �e LTO material is well-dispersed in the bulk of the �lm, demonstrating 
that thick �lm electrodes with high active mass loading can be easily obtained with this technique. Carbon is 
also well-dispersed, ensuring good electrical conduction throughout the �lm thickness, as demonstrated by the 
electrochemical performance of self-standing electrodes presented below.

Figure 5. 3D confocal microscopy images and corresponding optical images of cellulose �lms made of the 
following: (a,b) VGCF carbon; (c,d) VGCF carbon and LFP; (e,f) VGCF–COOH carbon and LFP.
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Electrochemical performance of LFP electrodes. Figure 8 shows the (a) cycling voltammetry and (b) 
rate capability experiments performed for the three LFP electrodes with the same loading and conducted accord-
ing to the same procedure. �ree di�erent carbons, however, are used: unmodi�ed VGCF (—), COOH-aryl 
( ), and SO3H-aryl-modi�ed VGCF (· · · ·). Although the cyclic voltammograms are relatively similar, 
Fig. 8b shows a clear improvement of the electrochemical performance when modi�ed VGCFs are used, espe-
cially at 2 C and 5 C cycling rates. At a low current density (C/10), the discharge capacities of all electrodes are 
similar, i.e., approximately 155 mAh·g−1. When the cycling rate is increased to 1 C, the discharge capacity remains 
at approximately 140 mAh·g−1 for electrodes that contain the modi�ed VGCF. On the other hand, for the �lm 
made of VGCF, 120 mAh·g−1 is obtained. At a 5 C rate, a similar discharge capacity of 120 mAh·g−1 is obtained for 
the electrode containing the COOH-aryl-modified VGCF. As discussed above, water-soluble carbons are 
well-dispersed in the pores created by cellulose �bers, thus resulting in better electrical conductivity in the �lm. 
At 5 C, approximately 50 and 77% of the initial discharge capacity is recovered when the VGCF and COOH–
aryl-modi�ed VGCF are employed, respectively. �e inset in Fig. 8a shows that cellulose �bers are visible on the 
surface of the electrode made of VGCF–COOH carbon. �is observation con�rms that the modi�ed carbon 
migrates inside the �lm during the process, thus leading to a better contact between the LTO and carbon �bers 
(Fig. 6d). Similar electrochemical improvements were reported by Wu et al. with their cathode composite made 
of carbon-coated LFP nanoparticles that are electronically connected with CNTs, thus forming an optimal 
three-dimensional conducting network51.

Modi�ed Denka and CNT carbons were also tested in the composition of the electrodes and the electrochem-
ical results of such cathodes are shown in Fig. SI3. Despite water-soluble CNTs gave a small improvement of elec-
trochemical performance at high C-rates, the modi�ed VGCF remains the best choice for making the electrode 
for economic reasons.

�e use of water-soluble carbons demonstrates that better electrochemical performance and shorter prepa-
ration time can be achieved; accordingly, the modi�ed LFP with aryl-COOH groups is prepared. �e same 
method for carbon modi�cation is employed but with certain di�erences. �e reaction procedure is represented 
in Scheme 1 (reaction b). �e modi�cation is conducted in acetonitrile rather than acidic media because the LFP 
powder rapidly reacts with water and acids48–50. Figure 9 shows the electrochemical performances of two LFP 
electrodes made of modi�ed LFP–COOH materials with di�erent thicknesses. First, it should be noted that the 
gra�ing of organic species on the LFP does not adversely a�ect the electrochemical performance because the 
rate capability is practically identical regardless of whether pristine or modi�ed LFP is used. Although this result 
has not been veri�ed, it indicates that the amount of gra�ed groups should be extremely low (<1 wt.%) as indi-
cated by the performances remaining unchanged. An extremely high loading of gra�ed groups leads to an unsat-
isfactory rate capability, as demonstrated by recent works47,52. In conclusion, the use surface-modi�ed carbon  
and LFP–COOH allows the fabrication of a strong self-standing �lm in less than 10 min by simply mixing the 

Figure 6. (a) Top view, (b) bottom view, and (c,d) cross-section SEM images of an LTO self-standing �lm made 
of VGCF–COOH carbon obtained at magni�cations of (a,b) ×1000, (c) ×3000, and (d) ×4000. �e inset in 
(b) is a zoom-in image showing the intertwined carbon �bers. �e red dots in (c) identify the carbon current 
collector.

https://doi.org/10.1038/s41598-020-60633-y


9SCIENTIFIC REPORTS |         (2020) 10:3812  | https://doi.org/10.1038/s41598-020-60633-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

components in water. As shown in Fig. 9, a slightly higher capacity is obtained a�er calendering at 80 °C because 
the contact between the carbon and active material inside the electrode is better. �e same result is obtained 
with the unmodified LFP electrodes calendered at 50 °C (Fig. SI2; Supporting Information). At 25 °C, an 

Figure 7. Cross-section SEM image of an LTO self-standing �lm made of VGCF–COOH carbon and 
corresponding elemental mapping of Ti (green) and C (red). White lines identify the carbon current collector.

Figure 8. (a) Cyclic voltammetry experiments performed at a scan rate of 0.03 mV·s−1 for three LFP electrodes 
containing VGCF (—), VGCF–COOH ( ), and VGCF–SO3H (· · · ·) as carbon additives. �e inset shows a 
photograph of self-standing �lms made of VGCF and VGCF–COOH carbons. (b) Comparison of rate 
capabilities among the same electrodes. Full and empty characters represent charges and discharges, 
respectively.

Figure 9. Comparison of rate capabilities of an LFP electrode made of modi�ed LFP–COOH material 
calendered at 25 (▪) and 80 °C ( ). Full and empty characters represent charges and discharges, respectively.
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approximately 100-µm thick �lm is obtained, whereas ~80 and ~70 µm are measured a�er calendering at 50 and 
80 °C, respectively.

Electrochemical performance of LTO electrodes. �e LTO (Li4Ti5O12) is an active material that is 
being considered for application in Li-ion batteries53. �is material does not form a solid electrolyte interface 
(SEI) layer because its working voltage occurs at a su�ciently high potential (1.55 V vs. Li/Li+). Moreover, the 
LTO quali�es as a zero-strain material because it remains stable during the insertion/deinsertion of lithium54. 
Similar to the LFP, the LTO is a relatively inexpensive material and therefore a perfect candidate for the produc-
tion of low-cost batteries.

Self-standing LTO films with different loadings are prepared following the same method of fabrication 
described in Scheme 2. �e cyclic voltammetry and rate capability experiments are presented in Fig. 10. When 
the load is increased (because of the LTO mass), the intensity of redox peaks in the voltammogram (Fig. 10a) 
increases, and the polarization slightly decreases. �is behavior demonstrates that this technique of fabrication 
can be adapted for high loads of active material. Furthermore, the corresponding rate capabilities shown in 
Fig. 10b are considerably similar up to a rate of 2 C. At 2 C, approximately 135 mAh·g−1 is obtained, representing 
~85% of the initial discharge capacity (160 mAh·g−1). A few slight variations among the anode capacities are 
observed at 5 C; nevertheless, approximately 90–100 mAh·g−1 is delivered. Similar to the LFP cathodes, a better 
electrochemical performance is obtained when a small amount of CNT–COOH is added to the composition of 
the LTO electrode. For instance, at a 5 C rate, a speci�c capacity of 120 mAh·g−1 is obtained (Fig. SI4; Supporting 
Information).

�e cyclability of LTO self-standing electrodes is evaluated with long cycling experiments at a rate of C/2. 
Figure 11 presents the capacity retention of two di�erent compositions of electrodes with more than 300 charge/
discharge cycles. Practically 100% of the initial discharge capacity at C/2 is recovered at the end of experiment. 
Stable discharge capacities of 157 and 150 mAh·g−1 are thus obtained through several hundreds of cycles when 
the electrode is fabricated with ( ) and without CNT–COOH (▪). Moreover, a stable Coulombic e�ciency of 
appoximately 99.9% is obtained by both electrodes at 300 cycles. A�er cycling, the cell is disassembled, and the 
self-standing electrode remains totally intact without the dissolution of active material or carbon in the electrolyte 
(Fig. SI5; Supporting Information).

Electrochemical performance of complete LFP/LTO batteries. Complete Li-ion batteries are assem-
bled with the self-standing LFP and LTO electrodes. �e LTO anode material is in the delithiated state and three 
Li+ ions can be inserted according to Eq. (1)55.

+ → +3LiFePO Li Ti O 3FePO Li Ti O (1)4 4 5 12 4 7 5 12

�e practical capacity of 165 mAh·g−1 for the LTO electrode is slightly higher than that obtained for the LFP 
self-standing �lm (160 mAh·g−1); hence, electrochemical cells with an LFP/LTO mass ratio of approximately 1 
can be used. Apart from this ratio, however, the use of a minimal amount of excess LTO material achieves an LFP/
LTO mass ratio of ~0.85. �is excess is preconized for safety concerns and is generally employed in commercial 
batteries. A full Li-ion battery is assembled with a standard Celgard separator and another with a Kodoshi paper 
separator to produce an all-paper battery. Compared to the cell assembled with a Celgard separator, the battery 
that employs a paper separator is observed to achieve a better electrochemical performance: for every C rate rang-
ing from C/24 to 2 C, 10 mAh∙g−1 is added to the obtained discharge capacity (Fig. SI6; Supporting Information).

�e electrochemical performance is signi�cantly better when a paper separator is employed; hence, several 
LFP/LTO batteries with di�erent amounts of active materials and Kodoshi paper as separator are assembled. 

Figure 10. (a) Cyclic voltammetry experiments performed at a scan rate of 0.03 mV·s−1 for four LTO electrodes 
with di�erent amounts of active material. (b) Comparison of capability rates of the same electrodes. Full and 
empty characters represent charges and discharges, respectively.
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According to the fabrication method described in Scheme 2, LFP and LTO masses in the range 40–70 mg are 
utilized. Li-ion batteries with LFP/LTO mass ratios of 1 and ~0.85 are electrochemically tested; the rate capabili-
ties of such electrodes are shown in Fig. 12. �e results do not exhibit particular di�erences when an excess 
amount of anode material is utilized, which is a valid observation. A remarkable improvement, however, is evi-
dent when the battery is cycled at a high C rate. In fact, at a 5 C rate, for the two electrodes made of 50 mg of LFP, 
the speci�c capacities obtained are approximately 105 and 115 mAh·g−1 when LFP/LTO mass ratios of 1 and 0.85 
are utilized, respectively. Under these conditions, a better retention capacity at high C rates should therefore be 
obtained; however, additional results should be obtained to con�rm this observation. Overall, the speci�c capac-
ities obtained are slightly lower when the anode and cathode loadings are increased especially at high C rates. For 
instance, a battery that is assembled with electrode �lms made of 40 mg of LFP and LTO (▪) delivers a capacity of 
135 mAh·g−1 at 2 C. On the other hand, 125 mAh·g−1 ( ) and less than 120 mAh·g−1 ( ) are obtained when �lms 
composed of 50 and 60 mg of LFP and LTO are employed, respectively. �e same behavior is observed at 5 C 
because 115, 105, and 95 mAh·g−1 are delivered by the electrode �lms fabricated with 40, 50, and 60 mg of active 
materials, respectively.

�e cyclability of a complete LFP/LTO battery made of 70 mg of active material is evaluated over 1000 cycles 
at a 2 C rate a�er several cycles of formation (Fig. 13). An initial discharge capacity of approximately 130 mAh·g−1 
is obtained with a high capacity retention of ~91.6% a�er 1000 cycles. To the best of our knowledge, the foregoing 
is one of the best results reported in literature for an all-paper full cell. In contrast, the LFP/LTO battery reported 
by Cornell et al.36 delivered an initial discharge capacity of 140 mAh·g−1 at C/10. Apart from a low coulombic e�-
ciency, a poor capacity retention of 87% is observed a�er only 20 cycles. �e decrease in the active mass loading 
is found to deteriorate the cyclability of the battery. In fact, the same experiment with electrodes made of 40 mg of 

Figure 11. Long cycling experiments performed at a constant charge/discharge current of C/2 between 1.2 and 
2.5 V versus Li/Li+. Two LTO electrodes, one composed of VGCF–COOH (▪) and the other of a mixture of 
VGCF–COOH and CNT–COOH ( ), are compared. Full and empty characters represent charges and 
discharges, respectively.

Figure 12. Comparison of rate capabilities of LFP/LTO batteries made with di�erent amounts of LFP and LTO 
and with LFP/LTO mass ratios of 1 and ~0.85. Paper Kodoshi separator is used for all electrodes. Full and empty 
characters represent charges and discharges, respectively.
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LFP and LTO has resulted in a capacity retention of only 82.9% (Fig. SI7; Supporting Information). In both cases, 
however, a high Coulombic e�ciency of ~99.9% is obtained. �is observation may possibly be explained by the 
better contact between the active material (LFP or LTO) and carbon in the heavier �lm, leading to slightly higher 
capacities and avoiding the progressive electrical isolation of the active material (i.e., better capacity retention). 
�is capacity loss is already observed among electrodes made of LFP sub-micrometer plates56 and micro-sized 
LFP57 cycled at 1 C. Further cycling experiments at C/2 among di�erent electrode compositions are performed, 
and the same conclusion is obtained. �ese results are shown in Fig. SI8b, which also shows that capacity reten-
tions of 89.6, 90.8, and 91.4% are obtained when 40, 60, and 70 mg of LFP are used, respectively.

Electrochemical performance of PTCDA electrodes. Organic electrodes are known to be potential 
candidates for next-generation Li-ion batteries9,58. Organic electrodes could lower the cost of battery manufac-
turing because organic materials can be prepared from natural products and biomass59. Moreover, because of 
the absence of inorganic structures and metals, such as cobalt or nickel, batteries made of organic materials are 
eco-friendly and totally recyclable. �e possible fabrication of a self-standing organic cathode �lm that is solely 
composed of recyclable materials (cellulose, carbon, and redox-active organic molecule) is therefore demon-
strated. A number of organic molecules have been reported as possible active materials in Li-ion batteries60–63. For 
our experiments, an inexpensive commercial 3,4,9,10-perylenetetracarboxylic dianhydride (PTCDA) molecule, 
which has a theoretical capacity of 273 mAh·g−1, is selected.

Self-standing PTCDA cathodes with di�erent active mass loadings are prepared according to the method 
described in Scheme 2. �is organic molecule is partially soluble in water; hence, the preparation of cathode is 
considerably simple, and the PTCDA is securedly contained in the cellulose/VGCF substrate. �e cyclic voltam-
metry and rate capability experiments for the PTCDA electrodes are presented in Fig. 14. �is organic molecule 
is known to be a semiconductor64, and its rate performance and stability are considerably poor because of its 

Figure 13. Long cycling experiment conducted at a constant charge/discharge current of 2 C between 1.0 and 
2.5 V versus LTO for an LFP/LTO battery made of 70 mg LFP and LTO; a paper Kodoshi separator is used. Full 
and empty characters represent charges and discharges, respectively.

Figure 14. (a) Cyclic voltammetry experiments performed at a scan rate of 0.03 mV·s−1 for three PTCDA 
electrodes containing a mixture of VGCF–SO3H and CNT–SO3H. (b) Comparison of rate capabilities for the 
same electrodes. Full and empty characters represent the Coulombic e�ciency (%) and discharge capacity, 
respectively.
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low electrical conductivity and high solubility in an electrolyte. In fact, the increase in the PTCDA mass in the 
self-standing �lm has also increased polarization (Fig. 14a) although the intensity of the redox peak has slightly 
increased. �is behavior is con�rmed by the rate capability experiments shown in Fig. 14b. During the discharge 
of PTCDA electrodes, the voltage suddenly drops, as reported by recent articles on organic cathode materials65,66. 
�e initial drop from the OCP to a plateau at approximately 2.4 V vs. Li/Li+ is caused by the transformation 
from the PTCDA to lithium enolate with the assimilation of Li+ ions. �e speci�c capacity obtained, however, 
is approximately 137 mAh·g−1, which corresponds to only half of the theoretical capacity because only two lith-
ium ions react with ketones67. �e insertion of the other two Li+ ions occurs in the potential window range of 
0.9–1.3 V vs. Li/Li+. An intense discharge process, however, will damage the structure and therefore result in a 
strong irreversibility65. When self-standing PTCDA electrodes are cycled at C rates that exceed 1 C (Fig. 14b), 
the discharge capacities considerably decrease with the increase in active mass loading. �e discharge capacities 
are therefore approximately 110, 60, and only 35 mAh.g−1 at 5 C for PTCDA electrode �lms composed of 40, 50, 
and 60 mg of active materials, respectively. �ese electrochemical performances, however, are better than those 
generally reported for electrodes spread on aluminum current collectors with inferior active mass loadings67. As 
an example, following the new fabrication method, an approximately 6-mg·cm−2 PTCDA electrode is capable of 
delivering 120 mAh·g−1 at 1 C.

Figure 15 presents the capacity retention over 100 charge/discharge cycles for two electrodes with di�erent 
compositions a�er performing a rapid formation at 5 C. �is formation has prevented the migration of PTCDA in 
the electrolyte, and the Coulombic e�ciency has remained at approximately 100% in all the cycling experiments. 
Electrochemical performance for battery doublons cycled without the formation at high C-rate are presented in 
Fig. SI9. In this case, a rapid decrease of Coulombic e�ciency was observed with cycling. Post-mortem micros-
copy analyses of the cathode surface a�er cycling at a 5 C rate should be performed to understand the reasons 
that cause the better electrochemical performance. It is probable that during cycling at a high C rate, the PTCDA 
molecules do not have su�cient time to migrate to the electrolyte and are con�ned in the cathode. During the 
same time, a passivation �lm is formed at the surface of the cathode because of electrolyte degradation. �is layer 
could impede the PTCDA dissolution in the electrolyte without a�ecting the electrochemical performance.

Although the resulting Coulombic e�ciency becomes better by rapidly performing �ve cycles at 5 C, this 
improvement has no signi�cant impact on the cyclability because 80 and 91% of the initial discharge capacity at 
C/10 are obtained a�er 70 charge/discharge cycles at C/10 for the electrodes composed of VGCF–COOH (Fig. 15, 
□) and a mixture of VGCF–SO3H and CNT–SO3H (Fig. 15, ), respectively. �ese values are relatively similar to 
those calculated in the galvanostatic cycling experiments shown in Fig. SI9. It is evident that the use of a small 
quantity of CNT–SO3H in the composition of the electrode enhances not only the discharge capacity delivered 
but also the cyclability over hundreds of cycles. �e rapid capacity loss observed a�er 80 charge/discharge cycles 
in the self-standing �lm composed of VGCF–COOH is probably caused by the degradation of the Li metal 
anode68. �is is con�rmed by the additional electrochemical results obtained using PTCDA electrodes with 
higher active mass loadings (Fig. SI10, Supporting Information), which sustain a rapid capacity decay a�er only 
70 cycles. In fact, the increase in active mass induces the increase in the cycling current, which promotes the for-
mation of lithium with a high surface area and leads to an insu�cient cycle life69.

�e method of fabrication described in this work is clearly adapted to the use organic cathode materials. �e 
electrochemical performance (capacity and Coulombic e�ciency) obtained is considerably better than those usu-
ally reported for PTCDA cathodes with lower active mass loadings70. Moreover, to avoid the shuttle e�ect on the 
PTCDA electrode, the rapid formation at 5 C is considered and should be applied to other high-capacity organic 
molecules, such as anthraquinone71 or 1,4,5,8-naphthalenetetracarboxylic dianhydride72.

Figure 15. Long cycling experiments performed at a constant charge/discharge current of C/10 between 1.5 
and 3.5 V versus Li/Li+. Two PTCDA electrodes (40 mg), one composed of VGCF–COOH (□), and the other of 
a mixture of VGCF–SO3H and CNT–SO3H ( ), are compared. Full and empty characters represent the 
Coulombic e�ciency (%) and discharge capacity, respectively. Before the long cycling experiment, a formation 
rapidly occurs at 5 C.
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Electrochemical performance of complete LFP/graphite batteries. In order to produce a low-cost Li-ion 
battery with recyclable organic cathode and anode, self-standing graphite electrodes are also prepared. Graphite is the 
most common anode material used in Li-ion batteries73. With a theoretical capacity of 372 mAh·g−1, which corresponds 
to that of stage-I compound LiC6, graphite has remained a common choice for anodes in Li-ion batteries74. Section SI10 
(Supporting Information) presents the electrochemical performances of di�erent graphite electrodes made of pristine 
SO3H-modi�ed graphite powders (Figs. SI11 and SI12). �e self-standing anode is �rstly combined with the LFP, and 
the full LFP/graphite battery is assembled with an excess capacity for the anode. �e charge/discharge pro�le of the �rst 
cycle at C/24 of the corresponding battery is presented in Fig. 16a. A �at plateau at approximately 3.25 V is obtained 
with a small polarization, and the �rst discharge delivered is approximately 125 mAh·g−1. �e overall potential is more 
interesting than that of the LFP/LTO system presented earlier; however, the speci�c capacity is lower because of the 
irreversible consumption of lithium by the graphite anode. As shown in Fig. 16a, this strong irreversibility results in a 
Coulombic e�ciency of only 76% for the �rst cycle, but it practically reaches 100% in the succeeding cycles at 1 C. A 
long-term cycling experiment is also performed for 300 cycles at a cycling rate of 1 C. Figure 16b presents the stabil-
ity of the LFP/graphite battery. A�er 300 charge/discharge cycles, the speci�c capacity is approximately 88 mAh·g−1, 
which corresponds to 85% of the initial discharge capacity obtained at 1 C. Although the Coulombic e�ciency remains 
constant at approximately 100% during the entire experiment, a gradual capacity fading is evident probably because 
of the cathode and anode, as shown in Figs. 13 and SI12. In contrast, the all-paper LFP/graphite battery fabricated by 
Leijonmarck et al. exhibits poor cyclability31. In fact, a�er 300 charge/discharge cycles at 1 C, approximately 50 mAh·g−1 
is obtained, which corresponds to a retention capacity of ~45%.

Electrochemical performance of complete PTCDA/graphite batteries. An all-organic prototype 
PTCDA/graphite battery without transition metal is prepared and electrochemically tested. It is among the �rst 
self-standing batteries that is composed of organic redox molecules and biodegradable components reported in 
literature. �e objective of this experiment is to demonstrate the concept of a battery that is both inexpensive and 
biodegradable. First, a prelithiation step is necessary, however, because the PTCDA molecule is in its oxidized 
form. To this end, the PTCDA self-standing �lm is assembled with a lithium counter electrode in a coin cell. 
Figure 17a shows the initial discharges of up to 1.5 V vs. Li/Li+ of three PTCDA/Li batteries made of 50 and 60 mg 
of organic cathode material. To achieve the complete lithiation of PTCDA, the potential is maintained at 1.5 V for 
3 h (chronoamperometry experiment in Fig. 17b). �e coin cell is disassembled, therea�er, and the prelithiated 
PTCDA cathode is recovered to be assembled with a graphite anode.

�e initial charges (— and ‒ ‒ ‒) and discharges (  and ) obtained at a constant current of C/24 
between 1.5 and 3.5 V versus graphite of two prelithiated PTCDA/graphite batteries are presented in Fig. 18a. For 
the PTCDA, the �rst charge is higher than the theoretical capacity of 137 mAh·g−1. It reaches 160 mAh·g−1 
because of the formation of SEI at the graphite anode surface. In fact, anodes in general75, especially graphite 
anodes76, sustain high �rst-cycle active lithium losses (ALL), which results from lithium-consuming parasitic 
reactions, such as the formation of an SEI77. In particular, carbons and graphites with high surface areas result in 
more SEI formations and thus higher ALL78. In general, the loss of active lithium resulting from its consumption 
in the positive electrode material permanently reduces the available energy. When the PTCDA/graphite battery 
is discharged, a small quantity of lithium is irreversibly consumed by the anode, and only 104 and 108 mAh·g−1 
are obtained when the cathode is made of 50 and 60 mg of PTCDA, respectively. �e long-term cycling experi-
ments at C/10 for these batteries are shown in Fig. 18b. As observed in graphite electrodes (Fig. SI12), a continu-
ous capacity loss upon cycling occurs in complete PTCDA/graphite batteries mainly because of the graphite 
anode’s consumption of lithium. A slight improvement is observed when the mass of prelithiated PTCDA 
increases because of the higher amount of available lithium. For this reason, future works will focus on the opti-
mization of cathode/anode active mass ratios. Additional tests (e.g., prelithiation of anode) that could lead to the 
realization of a full organic battery with a stable capacity of approximately 120 mAh·g−1 should be planned.

Figure 16. (a) First charge (—) and discharge ( ) obtained at a constant current of C/24 between 2 and 
4 V versus graphite in an LFP/graphite battery. A paper Kodoshi separator is used, and an excess of the anode 
capacity is employed. (b) �e corresponding long cycling experiment is performed at a 1 C rate. �e full and 
empty characters represent the Coulombic e�ciency (%) and discharge capacity, respectively.
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Conclusion
In the present work, an alternative method for fabricating Li-ion electrodes inspired of the paper-making process 
is proposed. �e use of aluminum/copper current collectors, costly binders, and harmful solvents (NMP) are 
avoided in this fabrication method. �ese are replaced with non-modi�ed cellulose, which is an abundant, natu-
ral, and low-cost polymer. �e simple and rapid process is easily scalable and only uses water as solvent to prepare 
a suspension composed of redox active material, conductive carbon, and cellulose �bers. A�er successive �ltra-
tions, a self-standing electrode �lm is formed. It is made of an approximately 20-µm thick strong carbon current 
collector over which the electrode composite (cathode/anode material and carbon) is deposited. Water-soluble 
carbons and LFP are also produced to reduce the preparation time and facilitate the dispersion of electrode 
materials in water. �e better repartition of these carbons in the electrode results in an improved electrochemical 
performance. Flexible LFP, PTCDA, graphite, and LTO electrodes with good mechanical resistance are obtained. 
�e electrodes remain intact a�er punching, cycling, and opening of cells. �e electrochemical performances of 
auto-supported electrodes are similar to those generally reported for LFP, PTCDA, graphite, and LTO casted on 
metal current collectors according to the conventional doctor blade casting method. �e results of long cycling 
experiments conducted on full LFP/LTO and LFP/graphite batteries indicate that these cells have a remarkably 
good stability with high speci�c capacities. An all-organic prototype PTCDA/graphite battery without a tran-
sition metal is prepared and electrochemically tested. It is among the �rst self-standing batteries composed of 
organic redox molecules and biodegradable components reported in literature. Although the discharge capacity 
is relatively low, and the cyclability is not considerably stable, the concept of a battery that is both inexpensive and 
biodegradable is demonstrated. Further experiments, such as the optimization of the balance between cathode 

Figure 17. (a) Initial discharges obtained at a constant current of C/24 from OCP to 1.5 V versus Li/Li+ for 
three PTCDA/Li metal batteries. (b) Chronoamperometry experiment is directly performed at the end of 
discharge. �e potential is �xed to 1.5 V versus Li/Li+ for 3 h.

Figure 18. (a) Initial charges (— and ‒ ‒ ‒) and discharges (  and ) obtained at a constant current of 
C/24 between 1.5 and 3.5 V versus graphite of two prelithiated PTCDA/graphite batteries. A paper Kodoshi 
separator is used, and an excess anode capacity is employed. (b) Corresponding long cycling experiments are 
performed at a C/10 rate. �e occurrence of a rapid formation is observed at 5 C. Full and empty characters 
represent charges and discharges, respectively.
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and anode masses and anode prelithiation, will be planned to achieve the fabrication of a full organic battery 
with a stable capacity of approximately 120 mAh·g−1. Moreover, organic cathode materials with a higher redox 
potential or higher speci�c capacity (e.g., 2,3-diamino-1,4-naphthoquinone (250 mAh·g−1))79 will be tested. In 
continuing this project, e�orts will be focused on recycling electrodes that utilize a green process. A second-life 
battery made of recycled materials will be assembled and tested.
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References
 1. Rogers, J. A., Someya, T. & Huang, Y. Materials and mechanics for stretchable electronics. Science 327, 1603–1607 (2010).
 2. Hu, Y. & Sun, X. Flexible rechargeable lithium ion batteries: advances and challenges in materials and process technologies. J. Mater. 

Chem. A 2, 10712–10738 (2014).
 3. Son, D. et al. Multifunctional wearable devices for diagnosis and therapy of movement disorders. Nature Nanotech. 9, 397–404 

(2014).
 4. Case, M. A., Burwick, H. A., Volpp, K. G. & Patel, M. S. Accuracy of Smartphone Applications and Wearable Devices for Tracking 

Physical Activity Data. JAMA 313, 625–626 (2015).
 5. Pang, C., Lee, C. & Suh, K. Y. Recent advances in �exible sensors for wearable and implantable devices. J. Appl. Polym. Sci. 130, 

1429–1441 (2013).
 6. Chung, I. J. & Kang, I. Flexible Display Technology – Opportunity and Challenges to New Business Application. Mol. Cryst. Liq. 

Cryst. 507, 1–17 (2009).
 7. Abad, E. et al. Flexible tag microlab development: Gas sensors integration in RFID �exible tags for food logistic. Sens. Actuators B 

127, 2–7 (2007).
 8. Tarascon, J. M. & Armand, M. Issues and challenges facing rechargeable lithium batteries. Nature 414, 359–367 (2001).
 9. Armand, M. & Tarascon, J. M. Building better batteries. Nature 451, 652–657 (2008).
 10. Hu, L. B., Wu, H., La Mantia, F., Yang, Y. A. & Cui, Y. �in, Flexible Secondary Li-Ion Paper Batteries. ACS Nano 4, 5843–5848 

(2010).
 11. Nyholm, L., Nyström, G., Mihranyan, A. & Strømme, M. Toward �exible polymer and paper-based energy storage devices. Adv. 

Mater. 23, 3751–3769 (2011).
 12. Lee, G.-W., Ryu, J. H., Han, W., Ahn, K. H. & Oh, S. M. E�ect of slurry preparation process on electrochemical performances of 

LiCoO2 composite electrode. J. Power Sources 195, 6049–6054 (2010).
 13. Wang, K. et al. Super‐Aligned Carbon Nanotube Films as Current Collectors for Lightweight and Flexible Lithium Ion Batteries. 

Adv. Funct. Mater. 23, 846–853 (2013).
 14. Wood, D. L. et al. Technical and economic analysis of solvent-based lithium-ion electrode drying with water and NMP. Dry. Technol. 

36, 234–244 (2018).
 15. Baunach, M. et al. Delamination behavior of lithium-ion battery anodes: Influence of drying temperature during electrode 

processing. Dry. Technol. 34, 462–473 (2016).
 16. Guer�, A., Kaneko, M., Petitclerc, M., Mori, M. & Zaghib, K. LiFePO4 water-soluble binder electrode for Li-ion batteries. J. Power 

Sources 163, 1047–1052 (2007).
 17. Li, J., Lewis, R. B. & Dahn, J. R. Sodium Carboxymethyl Cellulose A Potential Binder for Si Negative Electrodes for Li-Ion Batteries. 

Electrochem. Solid State Lett. 10, A17–A20 (2007).
 18. Çetinel, F. A. & Bauer, W. Processing of water-based LiNi1/3Mn1/3Co1/3O2 pastes for manufacturing lithium ion battery cathodes. 

Bull. Mater. Sci. 37, 1685–1690 (2014).
 19. Li, J., Daniel, C., An, S. J. & Wood, D. L. III Evaluation Residual Moisture in Lithium-Ion Battery Electrodes and Its E�ect on 

Electrode Performance. MRS advances 1, 1029–1035 (2016).
 20. Wood, D. L. III, Li, J. & Daniel, C. Prospects for reducing the processing cost of lithium ion batteries. J. Power Sources 275, 234–242 

(2015).
 21. Ma, T. et al. Revisiting the Corrosion of the Aluminum Current Collector in Lithium-Ion Batteries. J. Phys. Chem. Lett. 8, 1072–1077 

(2017).
 22. Chen, P., Chen, H., Qiu, J. & Zhou, C. Inkjet printing of single-walled carbon nanotube/RuO2 nanowire supercapacitors on cloth 

fabrics and �exible substrates. Nano Res. 3, 594–603 (2010).
 23. Zhao, B. & Shao, Z. From Paper to Paper-like Hierarchical Anatase TiO2 Film Electrode for High-Performance Lithium-Ion 

Batteries. J. Phys. Chem. C 116, 17440–17447 (2012).
 24. Wang, J. Z. et al. Highly �exible and bendable free-standing thin �lm polymer for battery application. Mater. Lett. 63, 2352–2354 

(2009).
 25. Yakimets, I. et al. Polymer Substrates for Flexible Electronics: Achievements and Challenges. Adv. Mater. Res. 93-94, 5–8 (2010).
 26. Shi, Y. et al. Graphene-based integrated electrodes for �exible lithium ion batteries. 2D Mater. 2, 024004 (2015).
 27. Bibienne, T. et al. Eco-friendly process toward collector- and binder-free, high-energy density electrodes for lithium-ion batteries. J. 

Solid State Electrochem. 21, 1407–1416 (2017).
 28. Ban, C. et al. Nanostructured Fe3O4/SWNT Electrode: Binder‐Free and High‐Rate Li‐Ion Anode. Adv. Mater. 22, E145–E149 (2010).
 29. Lu, H., Hagberg, J., Lindbergh, G. & Cornell, A. Flexible and Lightweight Lithium-Ion Batteries Based on Cellulose Nano�brils and 

Carbon Fibers. Batteries 4, 17 (2018).
 30. Wang, Y. et al. Preparation and characterization of �exible lithium iron phosphate/graphene/cellulose electrode for lithium ion 

batteries. J. Colloid Interface Sci. 512, 398–403 (2018).
 31. Leijonmarck, S., Cornell, A., Lindbergh, G. & Wågberg, L. Single-paper �exible Li-ion battery cells through a paper-making process 

based on nano-�brillated cellulose. J. Mater. Chem. A 1, 4671–4677 (2013).
 32. Jabbour, L. et al. Flexible cellulose/LiFePO4 paper-cathodes: toward eco-friendly all-paper Li-ion batteries. Cellulose 20, 571–582 

(2013).
 33. Wang, B. et al. Embedded binary functional materials/cellulose-based paper as freestanding anode for lithium ion batteries. 

Electrochim. Acta 260, 1–10 (2018).
 34. Jabbour, L. et al. Micro�brillated cellulose–graphite nanocomposites for highly �exible paper-like Li-ion battery electrodes. J. Mater. 

Chem. 20, 7344–7347 (2010).
 35. Wang, Z. et al. Flexible freestanding Cladophora nanocellulose paper based Si anodes for lithium-ion batteries. J. Mater. Chem. A 3, 

14109–14115 (2015).
 36. Lu, H., Hagberg, J., Lindbergh, G. & Cornell, A. Li4Ti5O12 �exible, lightweight electrodes based on cellulose nano�brils as binder and 

carbon �bers as current collectors for Li-ion batterie. Nano Energy 39, 140–150 (2017).
 37. Hu, L. et al. Highly conductive paper for energy-storage devices. Proc. Natl. Acad. Sci. 106, 21490–21494 (2009).
 38. Hu, L., Wu, H. & Cui, Y. Printed energy storage devices by integration of electrodes and separators into single sheets of paper. Appl. 

Phys. Lett. 96, 183502–183503 (2010).

https://doi.org/10.1038/s41598-020-60633-y


17SCIENTIFIC REPORTS |         (2020) 10:3812  | https://doi.org/10.1038/s41598-020-60633-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

 39. Hu, L. et al. Lithium‐Ion Textile Batteries with Large Areal Mass Loading. Adv. Energy Mater. 1, 1012–1017 (2011).
 40. Nyström, G. et al. A Nanocellulose Polypyrrole Composite Based on Micro�brillated Cellulose from Wood. J. Phys. Chem. B 114, 

4178–4182 (2010).
 41. Pushparaj, V. L. et al. Flexible energy storage devices based on nanocomposite paper. Proc. Natl. Acad. Sci. 104, 13574–13577 (2007).
 42. Anderson, R. E. et al. Multifunctional single-walled carbon nanotube–cellulose composite paper. J. Mater. Chem. 20, 2400–2407 

(2010).
 43. Hubbe, M. A. & Wang, F. Charge-related measurements – A reappraisal. Part 2: Fiber-pad streaming potential. Paper Technol. 45, 

27–34 (2004).
 44. Jabbour, L. et al. Aqueous processing of cellulose based paper-anodes for �exible Li-ion batteries. J. Mater. Chem. 22, 3227–3233 

(2012).
 45. Jabbour, L., Bongiovanni, R., Chaussy, D., Gerbaldi, C. & Beneventi, D. Cellulose-based Li-ion batteries: a review. Cellulose 20, 

1523–1545 (2013).
 46. Bélanger, D. & Pinson, J. Electrogra�ing: a powerful method for surface modi�cation. Chem. Soc. Rev. 40, 3995–4048 (2011).
 47. Delaporte, N. et al. Increasing the A�nity Between Carbon-Coated LiFePO4/C Electrodes and Conventional Organic Electrolyte by 

Spontaneous Gra�ing of a Benzene-Tri�uoromethylsulfonimide Moiety. ACS Appl. Mater. Interfaces 7, 18519–18529 (2015).
 48. Zaghib, K. et al. Aging of LiFePO4 upon exposure to H2O. J. Power Sources 185, 698–710 (2008).
 49. Martin, J.-F. et al. Air Exposure E�ect on LiFePO4. Electrochem. Solid-State Lett. 11, A12–A16 (2008).
 50. Martin, J.-F. et al. More on the reactivity of olivine LiFePO4 nano-particles with atmosphere at moderate temperature. J. Power 

Sources 196, 2155–2163 (2011).
 51. Wu, X.-L. et al. Carbon-Nanotube-Decorated Nano-LiFePO4 @C Cathode Material with Superior High-Rate and Low-Temperature 

Performances for Lithium-Ion Batteries. Adv. Energy Mater. 3, 1155–1160 (2013).
 52. Delaporte, N., Perea, A., Amin, R., Zaghib, K. & Bélanger, D. Chemically gra�ed carbon-coated LiFePO4 using diazonium chemistry. 

J. Power Sources 280, 246–255 (2015).
 53. Zaghib, K., Armand, M. & Gauthier, M. Electrochemistry of Anodes in Solid‐State Li-Ion Polymer Batteries. J. Electrochem. Soc. 145, 

3135–3140 (1998).
 54. Zaghib, K. et al. Electrochemical and thermal characterization of lithium titanate spinel anode in C-LiFePO4//C-Li4Ti5O12 cells at 

sub-zero temperatures. J. Power Sources 248, 1050–1057 (2014).
 55. Zaghib, K., Simoneau, M., Armand, M. & Gauthier, M. Electrochemical study of Li4Ti5O12 as negative electrode for Li-ion polymer 

rechargeable batteries. J. Power Sources 81-82, 300–305 (1999).
 56. Yang, X.-F. et al. Hollow melon-seed-shaped lithium iron phosphate micro- and sub-micrometer plates for lithium-ion batteries. 

ChemSusChem 7, 1618–1622 (2014).
 57. Lux, S. F., Schappacher, F., Balducci, A., Passerini, S. & Winter, M. Low Cost, Environmentally Benign Binders for Lithium-Ion 

Batteries. J. Electrochem. Soc. 157, A320–A325 (2010).
 58. Tarascon, J. M. Key challenges in future Li-battery research. Philos. Trans. R. Soc. London, Ser. A 368, 3227–3241 (2010).
 59. Chen, H. et al. From biomass to a renewable LixC6O6 organic electrode for sustainable Li-ion batteries. ChemSusChem 1, 348–355 

(2008).
 60. Le Gall, T., Reiman, K. H., Grossel, M. C. & Owen, J. R. Poly(2,5-dihydroxy-1,4-benzoquinone-3,6-methylene): a new organic 

polymer as positive electrode material for rechargeable lithium batteries. J. Power Sources 119–221, 316–320 (2003).
 61. Geng, J., Bonnet, J.-P., Renault, S., Dolhem, F. & Poizot, P. Evaluation of polyketones with N-cyclic structure as electrode material for 

electrochemical energy storage: case of tetraketopiperazine unit. Energy Environ. Sci. 3, 1929–1933 (2010).
 62. Song, Z., Zhan, H. & Zhou Y. Anthraquinone based polymer as high performance cathode material for rechargeable lithium 

batteries. Chem. Commun. 448–450 (2009).
 63. Yao, M., Senoh, H., Sakai, T. & Kiyobayashi, T. 5,7,12,14-Pentacenetetrone as a High-Capacity Organic PositiveElectrode Material 

for Use in Rechargeable Lithium Batteries. Int. J. Electrochem. Sci. 6, 2905–2911 (2011).
 64. Tenne, D. A. et al. Single crystals of the organic semiconductor perylene tetracarboxylic dianhydride studied by Raman spectroscopy. 

Phys. Rev. B 61, 14564–14569 (2000).
 65. Han, X., Chang, C., Yuan, L., Sun, T. & Sun, J. Aromatic Carbonyl Derivative Polymers as High‐Performance Li‐Ion Storage 

Materials. Adv. Mater. 19, 1616–1621 (2007).
 66. Song, Z. et al. Polymer-graphene nanocomposites as ultrafast-charge and -discharge cathodes for rechargeable lithium batteries. 

Nano Lett. 12, 2205–2211 (2012).
 67. Wu, H., Wang, K., Meng, Y., Lu, K. & Wei, Z. An organic cathode material based on a polyimide/CNT nanocomposite for lithium 

ion batteries. J. Mater. Chem. A 1, 6366–6372 (2013).
 68. Bai, M. et al. A Scalable Approach to Dendrite‐Free Lithium Anodes via Spontaneous Reduction of Spray‐Coated Graphene Oxide 

Layers. Adv. Mater. 30, 1801213 (2018).
 69. Delaporte, N., Wang, Y. & Zaghib, K. Pre-treatments of Lithium Foil Surface for Improving the Cycling Life of Li Metal Batteries. 

Front. Mater. 6, Article number: 267 (2019).
 70. Sharma, P., Damien, D., Nagarajan, K., Shaijumon, M. M. & Hariharan, M. Perylene-polyimide-Based Organic Electrode Materials 

for Rechargeable Lithium Batteries. J. Phys. Chem. Lett. 4, 3192–3197 (2013).
 71. Lv, M. et al. Heteroaromatic organic compound with conjugated multi-carbonyl as cathode material for rechargeable lithium 

batteries. Scienti�c Reports 6, Article number: 23515 (2016).
 72. Zhang, K., Guo, C., Zhao, Q., Niu, Z. & Chen, J. High-Performance Organic Lithium Batteries with an Ether-Based Electrolyte and 

9,10-Anthraquinone (AQ)/CMK-3 Cathode. Adv. Sci. 2, 1500018 (2015).
 73. Kumar, T. P., Kumari, T. S. D. & Stephan, A. M. Carbonaceous anode materials for lithium-ion batteries-the road ahead. J. Indian 

Inst. Sci. 89, 393–424 (2009).
 74. Noel, M. & Suryanarayanan, V. Role of carbon host lattices in Li-ion intercalation/de-intercalation processes. J. Power Sources 111, 

193–209 (2002).
 75. Holtstiege, F., Bärmann, P., Nölle, R., Winter, M. & Placke, T. Pre-Lithiation Strategies for Rechargeable Energy Storage Technologies: 

Concepts, Promises and Challenges. Batteries 4, 4 (2018).
 76. An, S. J. et al. �e state of understanding of the lithium-ion-battery graphite solid electrolyte interphase (SEI) and its relationship to 

formation cycling. Carbon 105, 52–76 (2016).
 77. Verma, P., Maire, P. & Novak, P. A review of the features and analyses of the solid electrolyte interphase in Li-ion batteries. 

Electrochim. Acta 55, 6332–6341 (2010).
 78. Winter, M., Novak, P. & Monnier, A. Graphites for Lithium‐Ion Cells: �e Correlation of the First‐Cycle Charge Loss with the 

Brunauer‐Emmett‐Teller Surface Area. J. Electrochem. Soc. 145, 428–436 (1998).
 79. Lee, J., Kim, H. & Park, M. J. Long-Life, High-Rate Lithium-Organic Batteries Based on Naphthoquinone Derivatives. Chem. Mater. 

28, 2408–2416 (2016).

https://doi.org/10.1038/s41598-020-60633-y


1 8SCIENTIFIC REPORTS |         (2020) 10:3812  | https://doi.org/10.1038/s41598-020-60633-y

www.nature.com/scientificreportswww.nature.com/scientificreports/

Acknowledgements
�is work was �nancially supported by Hydro-Québec. �e laboratory experiments were conducted at the Center 
of Excellence in Transportation, Electri�cation, and Energy Storage (CETEES). �e authors would like to thank 
Marc Talec who has graciously provided cellulose samples.

Author contributions
N.D. imagined and conceived the experiments. G.L. and S.C.M. performed the structural characterizations. N.D. 
performed the electrochemical characterizations and wrote the article. K.Z. supervised the research work and 
advised on the manuscript. N.D. and K.Z. designed the idea, N.D., G.L. and C.M.S. performed he experiments, 
K.Z. wrote the manuscript with the input from all the authors.

Competing interests
�e authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-020-60633-y.

Correspondence and requests for materials should be addressed to K.Z.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. �e images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© �e Author(s) 2020

https://doi.org/10.1038/s41598-020-60633-y
https://doi.org/10.1038/s41598-020-60633-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Toward Low-Cost All-Organic and Biodegradable Li-Ion Batteries
	Experimental Section
	Preparation of cellulose fibers. 
	Modification of LFP and carbon powders. 
	Synthesis of water-soluble carbons. 
	Surface modification of LFP powder. 
	Nomenclature for identifying modified powders. 

	Fabrication of self-standing films. 
	Characterizations. 
	Cycling procedures. 
	Cell assembly. 
	Electrochemical testing. 


	Results and Discussion
	Fabrication of self-standing films. 
	Morphological analyses of self-standing films. 
	Electrochemical performance of LFP electrodes. 
	Electrochemical performance of LTO electrodes. 
	Electrochemical performance of complete LFP/LTO batteries. 
	Electrochemical performance of PTCDA electrodes. 
	Electrochemical performance of complete LFP/graphite batteries. 
	Electrochemical performance of complete PTCDA/graphite batteries. 

	Conclusion
	Acknowledgements
	Scheme 1 Schematic and conditions of surface modification of a) carbon and b) LiFePO4/C powders.
	Scheme 2 Schematic of new method developed for the fabrication of self-standing electrode films.
	Figure 1 Pictures of carbon current collector composed of cellulose fibers and VGCF.
	Figure 2 Images of a self-standing LFP electrode.
	Figure 3 Cyclic voltammetry experiments performed at a scan rate of 0.
	Figure 4 Cyclic voltammetry experiments performed at a scan rate of 0.
	Figure 5 3D confocal microscopy images and corresponding optical images of cellulose films made of the following: (a,b) VGCF carbon (c,d) VGCF carbon and LFP (e,f) VGCF–COOH carbon and LFP.
	Figure 6 (a) Top view, (b) bottom view, and (c,d) cross-section SEM images of an LTO self-standing film made of VGCF–COOH carbon obtained at magnifications of (a,b) ×1000, (c) ×3000, and (d) ×4000.
	Figure 7 Cross-section SEM image of an LTO self-standing film made of VGCF–COOH carbon and corresponding elemental mapping of Ti (green) and C (red).
	Figure 8 (a) Cyclic voltammetry experiments performed at a scan rate of 0.
	Figure 9 Comparison of rate capabilities of an LFP electrode made of modified LFP–COOH material calendered at 25 (▪) and 80 °C ().
	Figure 10 (a) Cyclic voltammetry experiments performed at a scan rate of 0.
	Figure 11 Long cycling experiments performed at a constant charge/discharge current of C/2 between 1.
	Figure 12 Comparison of rate capabilities of LFP/LTO batteries made with different amounts of LFP and LTO and with LFP/LTO mass ratios of 1 and ~0.
	Figure 13 Long cycling experiment conducted at a constant charge/discharge current of 2 C between 1.
	Figure 14 (a) Cyclic voltammetry experiments performed at a scan rate of 0.
	Figure 15 Long cycling experiments performed at a constant charge/discharge current of C/10 between 1.
	Figure 16 (a) First charge (—) and discharge () obtained at a constant current of C/24 between 2 and 4 V versus graphite in an LFP/graphite battery.
	Figure 17 (a) Initial discharges obtained at a constant current of C/24 from OCP to 1.
	Figure 18 (a) Initial charges (— and ‒ ‒ ‒) and discharges ( and ) obtained at a constant current of C/24 between 1.


