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In order to solve the problem of poor conductivity of traditional LiFePO, cathode binders, we developed
sodium alginate-Congo red copolymers (SA-CR) as water-soluble electrically conductive and mechanically
robust composite binder. Unlike most other electrically conductive polymer binders, the procedure is
straightforward and low-cost to prepare SA-CR binder. Various SA -CR copolymers were prepared with
different degree of compounding of CR to investigate the effect of CR on the electrochemical and phys-
ical properties of the prepared electrodes. The copolymer whose composition was filled with a mixture
of SA and CR at a 3:1 mass ratio showed the best cell performance, due to the well-balanced electri-
cal conductivity and mechanical properties. It exhibited a specific capacity of 118.8 mAh/g at the 100th
cycle with 92.1% capacity retention, significantly better than the 108.5 mAh/g of conventional acetylene
black electrodes. CR as a conduction-promoting agent in water-soluble composite binder favors the for-
mation of continuous and homogenous conducting bridges throughout the electrode and increases the
compaction density of electrode by reducing the conducting agent content of acetylene black and thus
the improvement of electrode performance is realized.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Presently, large-scale electrochemical energy storage (EES) has
been substantially developed to deal with the power fluctuations
from renewable energy and smart grids [1,2]. However, the de-
mand for massive production of rechargeable batteries also has
arisen the critical issues regarding battery sustainability [3-5]. Cre-
ating a closed-loop circulation scenario for key battery materials is
believed as an ideal solution, not only efficiently addressing the
ecological threaten of spent batteries but also enabling the sus-
tainable supply of key resource [6-10]. Among the field of lithium
ion batteries (LIBs), LiFePO,4 (LFP)-based LIBs have been considered
as the most viable candidate for EES due to the affordable man-
ufacturing cost and sufficient cycling lifespan. As such, research
efforts are ongoing to develop the underlying recycling technolo-
gies towards the LFP cathodes [11]. Electrochemical restoration of
the LFP cathode has recently garnered much attention due to the
low chemical/energy cost [12-14]. This is attributed to its inherent
merits of neither destroying original crystal structure nor break-
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ing down electroactive materials into elements states, in turn em-
phasizing Li supplement and crystalline restoration [11]. The subse-
quent challenges are how to obtain high-purity recycled LFP cath-
ode for the succeeding electrochemical restoration.

In a typical process of electrode fabrication, the electroactive
materials are initially mixed with conductive additive and poly-
meric binder in the solvent [15,16]. The electrode slurry is cast
on the current collector. In the recycling process, the removal of
conductive additive and polymeric binder must be correspond-
ingly implemented [8]. The most representative binder is the
polyvinylidene fluoride (PVDF), which is only eliminated by ther-
mal treatment or soaking in organic solvents, both of which still
lead to the subsequent gas emission and environmental threats
[9]. Recently, the use of a reversible binder in sulfur electrodes
has shown promise in separating electroactive materials in an
environmentally-friendly and effective manner [17,18]. The draw-
back is the residue of conductive additives, which is regarded
as the impurity for spent cathode [19]. The insulating properties
of such single-component binders greatly limit the future appli-
cation of LIBs. Therefore, the development of conductive binders
instead of isolated binders and conductive additives is substan-
tially emphasized because the electrode could be free of conduc-
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Fig. 1. (a) Infrared spectra of CR, SA, SA-CR. (b) Thermogravimetric analysis results of SA-CR and CR. (c) CV curve of SA-CR cathode||Li anode cell at a scan rate of 0.1 mV/s

and the range of 2.5-4.2V.

tive additives [20]. Unfortunately, the existing synthesis of conduc-
tive binders usually involves complex coupling reactions and uses
costly precursors [7]. It is highly desired to seek for the natural and
nontoxic alternatives introduced into the binder network in a mild
reaction process [21-24].

In this work, we propose the sodium alginate (SA) grafted by
Congo Red (CR) to form copolymers as a water-soluble electri-
cally conductive and mechanically robust composite binder (SA-
CR) for LFP cathode. Unlike most other electrically conductive poly-
mer binders, the procedure is straightforward and low-cost to pre-
pare SA-CR binder. Without using conductive additives, the resul-
tant LFP cathode based on SA-CR binder still exhibit stable cycling
performance. The copolymer whose composition was filled with a
mixture of SA and CR at a 3:1 mass ratio showed the best cell per-
formance, due to the well-balanced electrical conductivity and me-
chanical properties. After 100 cycles at 1 C, the specific capacity of
118.8 mAh/g was still maintained accompanied with the retention
rate of 92.1%. This is attributed to that the introduction of CR into
composite binder allows continuous and homogenous conducting
bridges throughout the electrode. Furthermore, due to no use of
conductive additives, the LFP cathode could readily be recycled by
soaking in the water. The separated LFP cathode exhibits high pu-
rity for the succeeding regeneration process. This work shed light
on the possibility of exploring conductive water-soluble binder for
recyclable LFP cathode.

The SA binder has been previously confirmed its effectiveness
in bonding LFP cathode for stable cycling lifespan [25-28]. How-
ever, the SA is isolated. The role of conductive additives is needed
to ensure fast electric transfer between electroactive materials and
current collector. Subsequently, the SA is mixed with CR through a
hydrothermal reaction process (Fig. S1 in Supporting information).
The FT-IR spectra of the SA, CR and SA-CR samples are shown in
Fig. 1a. The peaks observed at 2917 and 1327 cm~! are consid-
ered to be the O-H stretching vibrations of the carboxyl group in
SA. The peak appeared at 1606 cm~! is the stretching vibration
of C=0 in -COO~. Compared with the infrared spectra of SA and
CR, the N-H peak at 1580 cm~! in the SA-CR spectra disappeared.
In addition, the stretching vibration of C=0 changed from a broad
peak at 1606 cm~! to a sharp peak at 1612 cm~!. These changes of
these functional groups confirmed the formation of an amide bond
between SA and CR.

The thermal stability of the SA, CR, SA-CR samples were inves-
tigated as shown in Fig. 1b. The thermal stability of CR maintains
a mass retention rate of about 99.5% even if the temperature is
raised to 200 °C. In the range of 30-200 °C, the thermal stability of
SA-CR is significantly better than that of SA. The former maintains
a retention rate of about 81.6%; the latter only maintains at 80.3%.
Therefore, in the composite binder, the addition of CR improves the
thermal stability of the overall binder, providing a good foundation
for the preparation of stable electrodes. We measured the electro-

chemical performance of SA-CR using the pure SA-CR coated on Al
foil as the cathode (Fig. 1c). The CV curve shows that SA-CR has a
strong reduction peak, occurring at 3.02V. The redox peak in the
figure has good coincidence, indicating that the binder has extra
capacity contribution to LFP during cycling.

To evaluate the effectiveness of SA-CR binder for the LFP
cathode, we implement a series of electrochemical tests includ-
ing galvanostatic charge-discharge, EIS and CV. As shown in Fig.
2a, the LFP cathode has higher initial discharge specific capacity
(156.4 mAh/g) and coulombic efficiency (90.3%). In comparison, the
initial discharge specific capacity and coulombic efficiency of the
sodium alginate-acetylene black electrode (SA-AB) are 152.2 mAh/g
and 88.1%, respectively. In the absence of the addition of conduc-
tive agents, the developed conductive polymer binder enables LFP
to exhibit more advantageous performance. However, both a clear
couple of redox peaks can be seen in two groups which is corre-
sponding to the de-lithiation/lithiation process of the LFP cathode.
Such an electrochemical behavior is equal to that of the LFP cath-
ode simultaneously using the SA and AB. After 3 cycles of activa-
tion at 0.2 C, the Li||LFP-SA-CR and Li||LFP-SA-AB half-cells were
performed at 1.0 C for the subsequent cycles. It can be clearly seen
in Fig. 2b that the discharge capacity of LFP-SA-CR is larger than
that of LFP-SA-AB in 100 cycles. The cycling stability of LFP-SA-
CR electrode is more excellent. After 100 cycles, the specific ca-
pacity of 118.8 mAh/g was still maintained accompanied with the
retention rate of 92.1% in the Li||[LFP-SA-CR half-cell, while the LFP-
SA-AB electrode just exhibits a specific capacity of 108.5 mAh/g.
In addition, the average Coulombic efficiency for long-term cy-
cling (4-100 cycles) is more stable in the LFP-SA-CR electrode than
the LFP-SA-AB electrode. This indicates that the CEI on the sur-
face of LFP-SA-CR electrode is relatively more stable. Rate capabil-
ity of the SA-CR electrode was also conducted with a battery test
system. As shown in Fig. S2 (Supporting information), the SA-CR
electrode provides good rate property with discharge capacities of
131.4, 123.5, and 110.7 mAh/g at different current densities of 0.5,
1.0, and 2.0 C. Therefore, it has better long-term cycle performance.

Subsequently, the electrode impedance test was performed (Fig.
2c). Due to the higher electronic conductivity of acetylene black,
the LFP-SA-AB electrode exhibits a smaller Nyquist plot than the
LFP-SA-CR in the fresh state. However, the two battery systems
show similar Warburg diffusion resistance which is also an impor-
tant reason for improving the electrochemical performance. As a
result, such special binder is adequate to allow LFP to function to
its full potential even in the absence of conductive agents. Also,
Figs. 2d and e shows the CV profiles of LFP-SA-CR and LFP-SA-AB
electrodes at a scan rate of 0.1 mV/s in a voltage window of 2.5-
42V (vs. Li/Lit). Well-defined redox peaks at 3.35V and 3.62V
were observed for LFP-SA-CR and LFP-SA-AB electrodes, respec-
tively, which are the typical redox peak of LFP cathode. The sym-
metry of the redox peaks suggests excellent reversibility of these



W. Dou, G. Wan, T. Liu et al.

Chinese Chemical Letters 35 (2024) 109389

4.0 250 100
(a) (b)

35 _J 200 - L. {80 ¢
= 3 :
= 3.0 4 z 150 -'::. 460 =
5254 <€ 100 440

2.0 4 ——LFP-SA-CR ; 504 . LFP-SA-CR 420

———LFP-SA-AB o LFP-SA-AB
1.5 T T T 0 T T T T 0
0 40 80 120 160 0 20 60 80 100
Specific Capacity (mAh/g) Cycle Number(n)
'y 4
( )600 1 o vEpsa-CRfresh (d)s () |—nr
©  LFP-SA-AB-fresh —
24—
% = —_—
£ £ — g
-2 4 W n—
LFP-SA-CR ’ LFP-SA-AB
T T T T -2 T T T T T T T T
0 150 300 450 600 24 28 32 36 40 44 24 28 32 X 4.0 44
Z'(ohm) Voltage (V vs. L/Li") Voltage (V vs. LVLI")

Fig. 2. (a) Initial charge/discharge profiles of different LFP cathodes at 0.2 C. (b) Cycle performance of different LFP cathodes at 1 C. (c) Electrochemical impedance spec-
troscopy (EIS) of fresh electrodes. CV curve of (d) the Li||[LFP-SA-CR half-cell and (e) the Li||[LFP-SA-AB half-cell at a scan rate of 0.1 mV/s and the range of 2.5-4.2V.
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Fig. 3. (a) The contact angle of the SA-CR solution with LFP powder on aluminum
foil. (b) The contact angle of the SA-AB solution with LFP powder on aluminum
foil. (c, e) SEM images of the electrodes using SA-CR as binders after 50 cycles. (d,
f) SEM images of electrodes using AB as binders after 50 cycles.

electrode. Furthermore, an interesting phenomenon was also ob-
served that there is a strong reduction peak occurring at 3.12V in
LFP-SA-CR||Li half-cell that may be assigned to the reduction of SA-
CR.

In the process of preparing electrode slurry, the good wettabil-
ity of binder solution for LFP is favor to make the efficient elec-
trode fabrication and good dispersion of binder on LFP surface,
eventually achieving good electrode performance. As shown in Fig.
3a, the contact angle between the two and the Al foil is similar,
indicated that the use of this binder enables the slurry to adhere
well to the current collector and there is no effect on wettability
with Al foil.

Figs. 3c—f show the SEM images of the LFP-SA-CR and LFP-SA-
AB cathodes after cycling. After 50 cycles, wide and deep cracks
can be clearly seen on the surface of the LFP-SA-AB electrode,
while almost no cracks can be seen on the electrode surface af-
ter cycling on the surface of the LFP-SA-CR electrode. This phe-
nomenon also corresponds to the performance of its long-cycle
performance. The surface cracks of the LFP-SA-AB cathode are
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Fig. 4. (a) Calculated HOMO/LUMO energy of SA, CR and CRLi. (b) Visual HOMOs of
CR and CRLI. (c, d) The partial charge density for electrons of SA-CR and a partial
enlargement.

large, so that the surface CEI is continuously generated, and the
limited electrolyte and Li™ are consumed, resulting in a rapid ca-
pacity decline. The SA-CR binder has the cross-linked network to
improve the mechanical properties of the electrode, and make it
have a relatively stable long-cycle performance.

Previous works has shown that the electronic structure can be
modulated by blending two organics with different energy levels
[29]. For a deep insight into the essence of the superior electro-
chemical behavior of SA-CR, we verified molecular orbital energy
levels of SA fragment and CR, respectively. The lowest unoccu-
pied molecular orbital (LUMO) energy level represents the abil-
ity to gain electrons. Consequently, a lower LUMO energy level
means a higher electron affinity. In Fig. 4a, the LUMO energy of
CR is significantly lower than that of SA due to the presence of
the strongly electron-withdrawing groups N=N. Therefore, during
the charging process, the system with CR would prefer to obtain
the electron from the electrode to form CR-Li and speed up the
electron-accepting process [30].
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From the HOMO orbit diagram of CR and the partial charge
density for electrons of SA-CR, it can be seen that the HOMO or-
bits (Fig. 4b(CR)) and the partial charge density near Fermi energy
(—0.5eV vs. Fermi energy) (Figs. 4c and d) are mainly concentrated
in the vicinity of N=N, indicating there are active sites near N=N.
Therefore, it is possible for lithium atoms to adsorb around N=N.
Subsequently, we tried several different adsorption configurations
and found that lithium had the lowest binding energy when it was
adsorbed near three nitrogen atoms (Fig. 4b(CRLi)). It is worth not-
ing that the HOMO-LUMO gap is significantly reduced (0.33 eV) by
N-type doping following the adsorption of lithium, which may be
an important reason for the improvement of electrical conductivity
of SA-CR system [30,31].

Afterwards, we recycled the LFP cathode by soaking the elec-
trode into the water. After the ultra-sonication treatment, the SA-
CR binder is progressively dissolved in the water and correspond-
ing the LFP powder is gradually detached from the Al foils, as
shown in Fig. S2a (Supporting information). Due to the binder fully
dissolved in the water and no use of conductive additives, the LFP
cathode is separated through a simple filtration process. After sev-
eral washing treatments, the recovered LFP cathode material pow-
der is clean and free of impurities, and seemingly has no obvious
difference from fresh LFP powder (Figs. S3b, S4 and S5 in Support-
ing information). Normally, these recycled LFP cathode suffers from
the Li loss in crystal structure and carbon coating crack on ma-
terial surface [8]. As a result, the electrochemical performance of
recycled LFP is not as well as that of fresh LFP (Fig. S6 in Support-
ing information). Subsequently, structural repairing may be imple-
mented for electrochemical restoration.

In conclusion, we have investigated electrochemical perfor-
mance of LFP cathode based on SA-CR binder. Compared with the
SA directly mixed with AB, the SA-CR binder can efficiently im-
prove the integrity of the electrodes during cycling and facilitate
the charge transfer at the interface. Not only does this dual com-
bination provide excellent performance, but it also presents a re-
duced parameter space by eliminating the need to tailor the in-
teraction between the active material and an additional conduc-
tive additive via a polymeric binder. This method demonstrates a
promising approach to reduce the complexity of other electrode
material recycling processes for high-energy LIBs.
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