POLITECNICO DI TORINO
Repository ISTITUZIONALE

Using Recycled Materials in a Novel Dual Binder System for Hard Carbon Anodes: Closing the Loop
Toward Sustainable Li-/Na-ion Batteries

Original

Using Recycled Materials in a Novel Dual Binder System for Hard Carbon Anodes: Closing the Loop Toward Sustainable
Li-/Na-ion Batteries / Darjazi, H.; Piovano, A.; Meligrana, G.; Elia, G. A.; Gerbaldi, C.. - In. ADVANCED FUNCTIONAL
MATERIALS. - ISSN 1616-301X. - 35:30(2025). [10.1002/adfm.202426075]

Availability:
This version is available at: 11583/2998627 since: 2025-03-27T08:03:38Z

Publisher:
John Wiley and Sons

Published
DOI:10.1002/adfm.202426075

Terms of use:

This article is made available under terms and conditions as specified in the corresponding bibliographic description in
the repository

Publisher copyright

(Article begins on next page)

08 May 2026



RESEARCH ARTICLE

W) Check for updates

ADVANCED
FUNCTIONAL
MATERIALS

www.afm-journal.de

Using Recycled Materials in a Novel Dual Binder System for
Hard Carbon Anodes: Closing the Loop Toward Sustainable

Li-/Na-ion Batteries

Hamideh Darjazi,* Alessandro Piovano, Giuseppina Meligrana, Giuseppe A. Elia,

and Claudio Gerbaldi*

Hard carbon (HC) has significant potential as anode material for both Li-ion
and Na-ion batteries; however, its commercialization is hindered by
challenges such as poor rate capability and low initial Coulombic efficiency
(ICE). Although polymeric binders constitute a small fraction of the overall
electrode composition, they play a crucial role in influencing the
electrochemical performance. Here, this study introduces a novel dual
composite binder, combining polyacrylic acid (PAA) and polyvinyl butyral
(PVB). The interaction between the COOH groups in PAA and the OH groups
in PVB via hydrogen bonding prompts a cohesive polymer network resulting
in electrodes exhibiting superior rate capability and high ICE in both Li-ion
and Na-ion laboratory-scale cells, surpassing the performance of those with
other binders tested. After optimizing the formulations by using commercial
PVB, we demonstrate for the first time the use of recycled PVB, sourced from
laminated glass waste, to address the lack of end-of-life programs for this
material, which often ends up in landfills. Repurposing PVB waste for battery
applications tackles waste management issues and contributes to innovative
development of advanced, green battery materials in a circular economy
approach, thus paving the way for novel waste-to-energy solutions combining

1. Introduction

Lithium-ion batteries (LIBs) are widely em-
ployed in portable electronic devices and to
power electric transportation in hybrid and
electric vehicles. However, the finite and
uneven distribution of lithium resources
presents a significant challenge to the sus-
tainable advancement of LIB technology.!"?!
Sodium-ion batteries (NIBs) are increas-
ingly seen as a strong contender to LIBs
in our future electrified society. Indeed,
their potential for low costs, improved sus-
tainability, and enhanced safety (at 0 V
since their aluminum remains stable, un-
like LIBs copper current collector),’] while
accounting for similar energy/power den-
sity, makes them highly suitable for res-
idential, industrial, and remote location
storage, as well as backup power systems,
and affordable light electric vehicles.[*¢!

So far, extensive research has focused
on anode materials for alkali metal-ion bat-
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teries, with carbonaceous materials draw-
ing notable attention. This is due to their
distinctive blend of properties, including
good electronic conductivity, high practi-
cal capacity, relatively large surface area
and limited volume change, excellent corrosion resistance along
with high availability and cost-effectiveness.”®! Among them,
amorphous carbon and graphite are frequently utilized. Carbona-
ceous materials are categorized into soft carbon orhard carbon
(HC) based on whether it undergoes high- or low-temperature
graphitization.[*!

HC was initially used as the anode material in Sony’s second-
generation LIBs. However, in the 1990s, graphite replaced HC
in third-generation LIBs due to its superior initial Coulombic
efficiency (ICE) and higher energy density.l'%) Despite over 30
years of advancements, the performance of graphite-based LIBs
has now reached a plateau, constrained by the limitations of
current anode materials. As a result, HC is regaining attention
for LIBs for its improved cycling ability, enhanced safety, and
stability under low-temperature conditions.l'!] HC, first intro-
duced by David Stevens and Jeff Dahn,['?] is considered a promis-
ing anode material for NIBs as well due to its well-rounded
performance characteristics. It features a moderate specific
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capacity, a low operating potential of ~0.2 V, cost-effectiveness,
and a long cycle life. These advantages are attributed to its
large interlayer spacing and complex internal structure, includ-
ing various hindrances to ion diffusion and defects.>1*] De-
spite its potential, HC encounters issues, such as low ICE
and inadequate rate capability, obstructing its commercialization
path.15:16]

While most research to date has been directed toward ad-
justing the microstructure of HC anodes and finding compat-
ible electrolytes, there is a shortage of studies on binders that
are appropriate for HC anodes.!'”] This oversight occurs because
binders make up only a small fraction of the electrode compo-
sition and cell, and thus are often underestimated in terms of
their impact on the overall cost of the final battery cells.[!®17]
Nonetheless, binders play a crucial role, with their primary func-
tions being to connect active material particles, ensure paste ad-
hesion to the current collector, and withstand electrode volume
changes during cycling. They must also be thermally and (elec-
tro)chemically stable and environmentally friendly.2"!

Poly(vinylidene difluoride) (PVDF) binder is commonly used
in commercial battery cathodes due to its high chemical resis-
tance and electrochemical stability in both LIBs and NIBs. Addi-
tionally, PVDF absorbs liquid electrolytes, facilitating transport of
Li/Na to the active material surface.l”!l However, it requires using
N-methyl-2-pyrrolidone (NMP) as a solvent, which leads to high
cost, toxicity, and flammability issues, thus necessitating strict
protocols during all the phases of electrodes preparation, and fol-
lowing disposal and/or recycling. Additionally, the slower evap-
oration of NMP in organic-based slurries causes poorer PVDF
uniformity compared to water-based electrodes. Furthermore,
PVDF tends to migrate to the surface during the slow evaporation
of NMP, potentially impacting adhesion, mechanical resistance,
and CE.[?2] Carboxymethyl cellulose (CMC) and polyacrylic acid
(PAA) are widely used green binders that contain polar functional
groups (—COOH, —OH, —O—). These groups enable strong in-
teractions with active materials through hydrogen bonding, ion-
dipole interactions, and chemical bonding, thereby enhancing
the overall stability and performance of the electrodes.[?)] Al-
though CMC binders have good adhesion properties, they of-
ten face challenges, such as detachment from the active mate-
rial upon cycling, which in turn leads to cracks, fracturation and
pulverization of the electrode material.**] To improve adhesion
and mechanical stability, especially for high-thickness laminates,
SBR (styrene-butadiene rubber) is often used in combination
with CMC. The elastic nature of SBR helps enhance the overall
durability and performance of the laminate during cycling.!’]

PAA as a binder offers several benefits, such as suitable
mechanical properties and minimal swelling in electrolyte
solvents.[?%] Its chemical structure, with carboxylic acid moieties,
allows for strong hydrogen bonds with active materials and sub-
strates, especially through interactions with polar groups at the
edges of carbon planes. Studies by Fan et al.?’] and Chen et al.1®]
showed that using a PAA binder improves performance and in-
creases ICE for nitrogen-doped hollow carbon nanotubes and
FeS, respectively. This enhancement is attributed to the electro-
chemical activity of PAA, reduced internal resistance in the elec-
trode, and the formation of a uniform passivation layer that stabi-
lizes the electrode. However, the highly polar nature of PAA leads
to weak adhesion to the current collector, causing it to delami-
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nate easily from the substrate, particularly when mass loading is
increased.[*”]

Considering that one of the main ambitions of NIB technol-
ogy is to be a sustainable alternative to LIBs, the focus on utiliz-
ing recycled materials is particularly relevant given that the tra-
ditional linear production model, where products move from the
cradle to the grave —from production to consumption to waste
— has contributed to the mismanagement of environmental re-
sources, especially as the global population grows.3%! In response
to this challenge, the concept of a circular economy is gaining
attention, where waste and surplus materials are transformed
into secondary raw materials. This shift not only helps conserve
energy but also plays a crucial role in environmental protection
by converting waste into valuable resources. The use of recycled
and waste materials is increasingly recognized as a key approach
in various industries, including battery manufacturing, to make
production processes greener and more sustainable. However,
significant challenges remain, such as securing widespread man-
ufacturer adoption of recycled materials over virgin raw materi-
als. Overcoming these barriers will require investments in scal-
ing up recycling technologies, utilizing high-quality data, and cre-
ating stable demand for sustainable products. Ultimately, this
industry transformation is driven by the growing consumer de-
mand for environmentally friendly goods, making waste utiliza-
tion a pivotal factor in the future of sustainable production, thus
benefiting the economy, environment and society.

In such a scenario, this study introduces for the first time the
use of recycled polyvinyl butyral (PVB) as a binder for HC in
both LIBs and NIBs. PVB is highly regarded for its strong ad-
hesive properties, resilience, and flexibility,*!) making it a com-
mon choice in various industrial applications, such as in lam-
inated safety glass; such advantageous properties at a macro-
scopic level are originated at a molecular level by the presence
of many different functional groups and a complex dynamic of
the polymer chains and pendant groups.*? Currently, most post-
consumer PVB from laminated glass is either incinerated or
landfilled, with only 9% being recycled. The SUNRISE European
project (https://sunrise-project.eu/) aims at developing an effi-
cient pathway for post-consumer PVB (up to 125000 tons per year
expected), automatically separating it into a high-quality fraction
to be reused for its original purpose in laminated glasses, and a
low-quality fraction to be repurposed in valuable secondary ap-
plications such as energy storage devices, either as membrane
for electrolyte separator!®! or as binder in electrodes prepara-
tion. The non-polar butyral groups in PVB enhance its adhesion
to conductive carbon additives and improve electrolyte absorp-
tion, which boosts Li*/Na* ions conductivity. However, the sig-
nificant presence of acetal (butyral) groups could cause the poly-
mer to soften in electrolytes, potentially weakening its mechani-
cal stability.** The study investigates blends of PVB with PAA
and PVDF, aiming to create dual-binder systems that harness
these materials combined strengths and mitigate the issue as-
sociated with the mechanical stability of using only PVB. The
obtained results are compared with the performances of ana-
logues electrodes prepared with only PVDF or PAA as binder
and tested in the same conditions, in order to clearly point out
the effect of PVB addition in the binder formulation. Our study
not only demonstrates the potential use of PVB in the battery
field but, noteworthy, first shows that recycled PVB (commercial
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Figure 1. Rate capability and galvanostatic discharge/charge voltage profiles for NIB electrodes based on PAA and PAA/PVB binders a,b); CV curves
acquired during the first three cycles, scan rate 0.05 mV s~ for electrodes based on PAA and PAA/PVB binders c); rate capability and galvanostatic
discharge/charge voltage profiles for electrodes based on PVDF and PVDF/PVB d,e); cycling performances of PAA/PVB-based electrode at 1 C f); the

current theoretical models for Na-storage g).

one is used for initial validation/testing), sourced by the SUN-
RISE European project from automotive laminated glass waste,
can be straightforwardly implemented as electrode component
in LIB/NIB devices.

2. Results and Discussion

2.1. Na Storage Performance

To assess the electrochemical response of electrodes prepared
with PAA, PAA/PVB (80/20), PVDF, and PVDF/PVB (80/20)
binders across various current densities, and to analyze the influ-
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ence of these binders on the charge/discharge characteristics, all
electrodes underwent testing to determine their C-rate capabili-
ties. Charge and discharge cycles were conducted ranging from
0.05 C to 2 C and back to 0.05 C within the voltage window of
0.01-1.5 V versus Na*/Na (Figure 1a,d). During the initial cy-
cle at 0.05 C, electrodes based on PAA, PAA/PVB, PVDF, and
PVDEF/PVB display discharge capacities ranging from 389 to 449
mAh g1, with corresponding CE of ~78.5%, 87.3%, 69.9%, and
83.7%, respectively. The irreversible capacity observed in the ini-
tial cycle can be ascribed to the extensive specific surface area of
the HC material, leading to significant electrolyte decomposition
at the carbon surface and subsequent SEI layer formation.[* In
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the second cycle at 0.05 C, the PAA/PVB-based electrode exhibits
a reversible discharge capacity of 332.7 mAh g~! with a high CE
of 99.9%, and it maintains almost the same reversible capacity
up to 0.2 C. Most notably, the capacity only slightly decreases at 1
Cat 278.5 mAh g~' and even at 2 C the capacity is still as high as
225.7 mAh g~! (always accompanied by a high CE of 99.9%). The
latter values at high currents surpass those of electrodes based
on PAA, PVDF, and PVDF/PVB tested in the same conditions.
The superior rate performance of the PAA/PVB-based electrode
can be attributed to the chemical structure of the PVB polymer,
which presents potential advantages for application in HC an-
odes. Indeed, the ability of the COOH groups of PAA and the
OH groups of PVB to form hydrogen bonds results in the for-
mation of a polymer network in PAA/PVB mixtures when used
as two-component binders. This network combines the advan-
tageous properties of both polymers. In addition, PVB contains
non-polar butyral groups (alongside the polar hydroxyl groups al-
ready discussed), which confer to the prepared electrodes a signif-
icantly improved adhesion to conductive carbon additives and an
enhanced uptake of the organic solvent-based electrolyte. Over-
all, these aspects lead to improved Na* ion conductivity in the
electrode system.[3’]

Furthermore, the increased ICE observed in the PAA/PVB-
based electrode, comparable with the ICE of graphite electrodes
in Li half-cells (%90%), may be attributed to its improved cover-
age of the HC particles and in particular to the hydrogen bonds
formed by PVB with the oxygen-rich functional groups typi-
cally present at the edges of HC graphitic domains thus limit-
ing their exposition and reactivity. This enhanced coverage po-
tentially minimises the excessive consumption of the electrolyte,
thereby augmenting the CE in the first cycles and during subse-
quent cycles.[?’]

The storage of sodium in HC materials continues to be a topic
of ongoing discussion, largely due to the complexity inherent
in the microstructure of HC. This complexity encompasses vari-
ous factors such as heteroatoms, defects, edge sites, lateral size,
thickness of graphitic layers, and micropores.*! Furthermore,
this issue arises from the constraints of current characterization
techniques. Thus, a thorough examination of the galvanostatic
charge/discharge curves was conducted to gain a comprehen-
sive insight into Na insertion within the HCs. Figure 1b,e illus-
trates the voltage profiles of all electrodes at rates of 0.05 C and
0.2 C, respectively. These curves exhibit two prominent regions:
a high voltage range spanning from 1.5 to 0.1 V, identified as
the sloping region, and a low potential area below 0.1 V, known
as the plateau region. The storage of sodium in both the high-
voltage sloping region and low-voltage plateau region can be cat-
egorized based on existing models. These categories include the
“insertion-adsorption” model, the “adsorption-insertion” model,
the “adsorption-insertion-nanopore filling” multistage (three-
stage) model, and the adsorption-nanopore filling“ model.**] The
adsorption of Na* in the slope region and the intercalation of Na*
in the plateau region have been validated through various charac-
terisations. Additionally, the pore filling of HC in the plateau re-
gion has been progressively confirmed, providing a consistent ex-
planation for a wide range of experimental results. Therefore, we
believe that the "three-stage’ model, illustrated in Figure 1g, is the
most convincing mechanism among the proposed theories.[*041]
This suggests that the high-potential sloping curve is attributed
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to the adsorption of alkali ions at defect and edge sites as well as
in open pores, while the low-potential plateau corresponds to in-
tercalation between parallel graphene sheets and the pore-filling
process.

The Na storage behavior of both PAA- and PAA/PVB-based
HC is further elucidated by the CV curves shown in Figure 1c.
Notably, the pore-filling and specific intercalation peaks are ob-
served near 0.01 V, while a weaker peak ~1.0 V is attributed to the
adsorption of sodium ions at heteroatoms, edges, and other de-
fects within the carbonaceous materials.[*>*}] Noteworthy, the ini-
tial irreversible peak during the first cathodic scan is less promi-
nent for the PAA/PVB-based electrode compared to the PAA-
based one. This observation aligns well with the higher ICE of the
PAA/PVB-based electrode. Furthermore, in Figure 1f, the long-
term cycling performance at 1 C of the PAA/PVB-based electrode
is provided to assess its cycling stability. Remarkably, even after
more than 750 cycles, the electrode retained a capacity of 213
mAh g1, corresponding to a capacity retention of 77% (versus
initial capacity) and CE of 99.9%. Kindly note that the cell was
tested at ambient laboratory temperature (up to 5 °C fluctuations)
and not thermally equilibrated at a fixed temperature.

EIS was conducted every ten cycles to elucidate the interfacial
behavior of electrodes with different binders and, more specifi-
cally, the effect of PVB as a binder. Figure 2a,b shows the Nyquist
plots recorded using PAA and PAA/PVB binders, respectively.
All impedance spectra exhibit similar characteristics (see the in-
sets of Figure 2a,b): i) a semicircle at high frequencies corre-
sponding to migration through the passivation layer, partially
overlapped by ii) a semicircle at mid frequencies associated with
the interfacial charge-transfer process; iii) a sloped line at low fre-
quencies linked to Na* ion diffusion in the bulk of the active
materials.[*+*] EIS data were fitted using the following equiv-
alent circuit model noted as R, j(Rgz; Csp)(RerCpr)WC; in the
notation of Boukamp. The model includes R, representing the
Na-ion resistance across the electrolyte solution; Ry and Cgp,
indicating the resistance and capacitance of the solid electrolyte
interphase; R and Cp;, denoting the charge-transfer resistance
and double-layer capacitance; Warburg diffusion (W), related to
the solid-state diffusion of Na-ions; and C,, representing differen-
tial intercalation. Due to the roughness of the electrodes, all ca-
pacitance elements (C) were replaced by constant-phase elements
(Q). The evolution upon cycling of calculated values of R, Rgg;
and R is shown in Figure 2c. The R values for both samples
remain constant during cycling; however, the PAA/PVB-based
sample exhibits lower resistance values, suggesting that the elec-
trolyte decomposes to a lesser extent. It clearly explains the better
ICE of PAA/PVB-based anode. In terms of passivation layer re-
sistance, the R values for both anodes increase with cycling.
Nevertheless, the PAA/PVB-based electrode demonstrates more
stable behavior after 80 cycles. Regarding R values, both elec-
trodes demonstrate stable behavior. However, the PAA/PVB an-
ode shows lower values than the PAA-based electrode, indicating
improved kinetics and overall performance.

GITT is a robust method that connects charge kinetics with
thermodynamics in insertion compounds, and it is suitable for
evaluating diffusion behavior. Therefore, GITT was conducted
on PAA and PAA/PVB-based anodes, and the apparent diffusion
coefficients were calculated, as illustrated in Figure 2d,e. Dur-
ing sodiation, the diffusion coefficient (Dy,,) steadily declines

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

85U8017 SUOLULLIOD BAITER1D 3|eo!(ddde 8y} Aq peuaAcb a1e 3P YO ‘8N JO S3|N1 Joj AIqIT BUIUO A8|IM UO (SUORIPUOD-PUR-SULIBY WO B 1M ARe.q U 1UO//SAIY) SUORIPUOD PUe SLLIB L 8U) 89S *[5202/80/.2] U0 ARiqITauliuO A3]IM ‘0UL0L 1A iod B [d1g IS OULIOL I 091U%BHIod AQ 520925202 WHPe/200T OT/I0p/L0 A 1M ARIq Ul UO"peoLeApe//SdIy Woi) papeolumod ‘0¢ 'SZ02 ‘82089TIT


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

www.afm-journal.de

a) b) c)
PAA PAA/PVB
100 f
180 | 180 |
G
v 0 e e 8 o
. . o g 8 8
c b ) w £ 20 ) o 3 G C3 Frra—, S10F & 8 8
E 120 |- Cycle number :9 120 |cycle number g _ I -
) o 10 P70 N 10 <4 60 ] o
® 20 80 © 20 > 70 g o 5—=a
A - g—a—8—
A A 30 80 @ B m—
v v 40 * 90 8 1F o PAA PAA/PVB
60 | ¥
= Ry B Ry
® RSEI ° RSIZI
RCT RCT
0 1 1 0.1 1 1 1 1 1
0 0 60 . 120 180 0 20 40 60 80 100
Z'Q
Cycle number
d) e) f)
Sodiation PAA Desodiation PAA PAA/PVB
—o— PAA/PVB —o— PAA/PVB
DI(,D 15F L3t
| £
3] ° o <
~ P
=] e €
10} o2k =
© o
D——o— z Q =
uZ— o\o\ 5 2 \ 5
o L (@]
c 9, c -] °
s o S \
‘D [2]
205} \a. S \,
= o = \
a \’oe% o Y —o v
o % _).o""o \o\ - 2 Unit: mV s™
o 5
0.0 1 1 1 1 0 1 1 1 1 bd 6 1 1
0.8 0.6 0.4 0.2 0.0 0.0 0.3 0.6 0.9 1.2 1.5 0.0 0.5 1.0 15
E /Vvs. Na* /Na E /V vs. Na* /Na E/Vvs.Na'/Na

Figure 2. Nyquist plots of NIB electrodes prepared with PAA a) and PAA/PVB b) binders: resistance values upon cycling, as calculated by EIS data
analysis c); Na* apparent diffusion coefficients acquired from GITT for NIB electrode prepared with PAA and PAA/PVB binders during sodiation d) or
desodiation e); CV profiles of PAA/PVB based electrode acquired at different scan rates f).

until the voltage for Na* reached 0.1 V in the PAA-based elec-
trode and 0.05 V in the PAA/PVB-based electrode, despite some
fluctuations observed. Upon reaching the cut-off voltage in both
electrodes, there is an increase in the Dy, value for Na*, with a
notably higher value observed for the PAA/PVB-based electrode
(Figure 2e). During the desodiation process, the diffusion coef-
ficient initially decreases, followed by an increase; subsequently,
it decreases again before reaching the cut-off voltage (Figure 2d).
The initial high Dy, values during sodiation, aligning with the
sloping voltage region, are ascribed to the adsorption of Na* ions
at HC surface active sites (e.g., edges, defects, and micropore sur-
faces), facilitated by the ready access of Na* ions. It follows that
the repulsive forces induced by the preadsorbed Na* ions at high
voltage lead to a decrease in the Dy, value.®®! As these surface
sites gradually fill up, Na* ions begin inserting into the graphitic
layers and pore filling, marking the onset of the plateau region.
This increase is especially advantageous for fast charging. If the
diffusion rate of Na* ions is lower than the migration rate, metal-
lic sodium may deposit on the electrode surface. Consequently,
achieving a high sodium ion diffusion rate at the end of sodia-
tion can help minimise the risk of such plating.?*4¢] At the be-
ginning of sodiation, the PAA-based electrode exhibits a higher
Dy, value, likely due to its more defective structure, which en-
hances the sodium ion diffusion rate for adsorption. However,
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as sodiation progresses, the PAA/PVB-based electrode demon-
strates higher values, indicating that this blend facilitates a faster
process for sodium ions to pass through the pores and insert be-
tween layers.

To delve deeper into the ion carrier storage mechanism, CV
was carried out across a range of scan rates from 0.05 to 5 mV
s7! (see Figure 2f). The insertion of ions into layers typically fol-
lows a diffusion-controlled insertion/deinsertion process while
the adsorption of ions at defects (such as edges), surfaces, or func-
tional groups, is characterized by surface-driven pseudocapaci-
tive reactions. As shown in Figure 2f, as the scan rate increased,
a slight shift in the oxidation peak toward higher potentials was
observed, showing the onset of slow polarisation of the material.
The power-law relationship between scanning rate (8) and peak
currents (i) was calculated by fitting the data using the equation i
= a9® (where a and b are both adjustable constants),[*’! shown in
Figure S1 (Supporting Information). Specifically, a value of b =
0.5 signifies diffusion-controlled reactions, while b = 1 represents
surface-controlled reactions. Two peaks were selected for the ki-
netic analysis: the first is a broad peak at 0.7 V (denoted as i), cor-
responding to the sloping region, and the second is a sharp peak
at a lower potential of 0.01 V (denoted as i,). The relationship be-
tween the current peaks and scan rate, plotted on a logarithmic
scale, is shown in Figure Sla,b (Supporting Information). Both
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Figure 3. XPS spectra of C 1s a,d), O 1s b,e), and F 1s ¢,f) of cycled HC electrodes based on different binders; SEI formation and proposed composition

g); HRTEM images of cycled HC electrodes h).

curves exhibit an excellent linear fit with R? = 0.98 — 0.99. The
calculated b value for the sharp peak is 0.61, which points to a
diffusion-controlled process at lower potentials. In contrast, the
b value for the broader hump is 0.86, indicating a non-diffusion
mechanism, such as surface-driven or pseudocapacitive behavior
for the sodium storage in this potential range.[*®]

2.2. NIB Electrode Interface and Morphological Characterization

The SEI layer on the HC anode significantly influences the bat-
tery performance by impacting both impedance and the diffu-
sion ability of Na* ions. Figure 3 provides insights into the spe-
cific chemical components within the SEI layer obtained through
XPS analysis to better understand the impact of PVB as a copoly-
mer binder. The analysis unveils the composition of the SEI
layer formed during the cycling of HC electrodes. The evalu-
ation focuses on analysing Cls, Ols, and F1s peaks in cycled
HC electrodes prepared with PAA, PAA/PVB (80/20), PVDF, and
PVDF/PVB (80/20) binders. Table S1 (Supporting Information)
details the precise XPS fitting peaks and their corresponding
binding energies. In Figure 3a,d, distinct carbon fingerprints re-
flect the various carbon-based species in the SEI. These include
binding energy at 283.9-283.8 eV, which account for C associ-
ated with the sodiated Na,-HC electrode; 284.7-284.8 eV, sug-
gesting the presence of C atoms bound exclusively to H or other
C atoms (C-C/C-H), generally associated with aliphatic chains,
including the fraction of polymer binder,*>°l mixed degrada-
tion byproducts common hydrocarbon contaminations; 285.9 eV,
indicating C atoms bound to single oxygen (C-O); and 287.7-
287.4 eV, associated with C=0 moieties.[!] Such COO moieties
are likely associated with species originating from the degrada-
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tion of electrolyte solvents (EC and DMC). This process involves
breaking one C—O bond of the carbonate group, forming species
like R—COONa.l*?] The electrode based on PVDF/PVB (80/20)
exhibits the highest intensity of C—O and C=0 components,
whereas the PAA/PVB (80/20)-based electrode remains almost
similar to PAA- and PVDEF-based electrodes. This suggests that
Na, CO, and R—COONa are more prevalent on the surface of the
PVDEF/PVB (80/20)-based electrode. The peaks corresponding to
C-H, C-C also indicate organic species generated through the re-
duction of solvents within the SEI. Aliphatic chains (C—C/C—H
components) are found in the SEI for all electrodes;>}! however,
the quantity of these chains decreases for the PVDF/PVB (80/20)-
based electrode after cycling. Indeed, compared to other elec-
trodes, the PVDF/PVB (80/20)-based electrode exhibits a signif-
icantly weaker intensity of the Na,—HC signal in the C1s peaks.
This attenuation is attributed to the thick SEI layer formed on the
HC, which obstructs the Na,—HC signal.>#! In contrast, PVDF-
and PAA/PVB (80/20)-based electrodes show a slightly higher
Nax—HC signal intensity.

In Figure 3b,e, the Ols peak observed at ~533 eV (attributed
to O—H and O—C) is linked to the presence of organic species
resulting from the reduction of solvents within the SEI for-
mation. The PVB-based electrodes exhibit a slightly higher in-
tensity of this component compared to other electrodes, which
is reasonable considering that PVB itself is rich in O-H and
O—C moieties.*® The Ols peaks detected at ~531 and 536 eV
are associated with inorganic compounds containing Na—O and
Na—O—F, respectively. Notably, these inorganic compounds do
not involve reductions associated with solvent complexes.>* The
high intensities of these peaks in the PAA/PVB (80/20)-based
electrode suggest a heightened concentration of organic and
inorganic species within the SEIL.
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Figure 4. Rate capability and galvanostatic discharge/charge voltage profiles for LIB electrodes based on PAA, PAA/PVB, PVDF, and PVDF/PVB binders
a); galvanostatic discharge/charge voltage profiles for electrodes based on b,c); CV curves acquired during the first three cycles, scan rate 0.05 mV s~
for electrodes based on PAA and PAA/PVB d); cycling performances of PAA/PVB/based electrode at 1 Ce).

The F1s XPS peaks (Figure 3c,f) exhibit a distinct signal at
683.5 eV (attributed to Na-F) across all electrodes. Addition-
ally, a peak at 687.5 eV was observed exclusively in PVDEF-
based electrodes.’®! This peak may originate from the C-F
bond of PVDF.5¢! When comparing electrodes utilizing different
binders, electrodes based on PAA/PVB (80/20) exhibit a higher
concentration of NaF, which can play an important role in stabi-
lizing the SEI and allowing for a more efficient ion transfer.

Figure 3h displays HRTEM images of HC electrodes using
PAA and PAA/PVB (80/20) after 10 cycles, offering a clearer un-
derstanding of how PVB influences PAA to improve electrode
performance. Indeed, the SEI layer on the HC electrode with
PAA/PVB (80/20) is dense and uniform, consistent with XPS re-
sults. However, the SEI layer exhibits uneven thickness in the
HC-PAA electrode and lacks uniformity.

SEM analysis was carried out on electrodes made with vari-
ous binders—PAA, PAA/PVB (80/20), PVDF, and PVDF/PVB
(80/20)—Dboth before and after cycling to assess the impact of
these binders on the morphology and particle aggregation of the
electrodes. Figure S2 (Supporting Information) illustrate the sur-
face morphology of the electrodes prepared for NIBs. It is evi-
dent that electrodes utilizing PAA and PAA/PVB (80/20) binders
(panels a, b, e, f) demonstrate a more uniform particle distribu-
tion and reduced aggregation compared to those with PVDF and
PVDE/PVB (80/20) binders (panels ¢, d, g, h), both before and
after cycling. Notably, the PVDF/PVB (80/20) electrodes exhibit
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substantial particle agglomeration (panel d) and the formation of
intergranular microcracks upon cycling (panel h). These cracks
are believed to impair contact among the particles and between
the active material particles and the current collector. Moreover,
the formation of these cracks may increase the interfacial area ex-
posed to side reactions, leading to excess/thicker SEI formation,
as evidenced by XPS, thus in turn gradual loss of active material,
which could explain the observed capacity loss during the initial
cycles.

2.3. Li Storage Performance

The electrochemical performance of electrodes based on differ-
ent binders was confirmed in laboratory-scale Li-metal cells, by
carrying out galvanostatic cycling and CV, as shown in Figure 4.
In this study, we also attempted to increase the amount of
PVB to 50% in the electrode composition (namely, PAA and
PVB in a 50/50 mass ratio) and resulting electrode performance
was tested. Figure 4a shows the rate capability test of all elec-
trodes within the voltage window of 0.01 to 1.5 V versus Li*/Li.
Electrodes based on PAA, PAA/PVB (80/20), PAA/PVB (50/50),
PVDF, and PVDF/PVB (80/20) display discharge capacities rang-
ing from 365 to 520 mAh g=! at 0.05 C, in the first cycle, with
corresponding CE of x64.5%, 75.6%, 75.5%, 61.4%, and 77.4%,
respectively. As mentioned before, the irreversible capacity in the
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first cycle can be associated with the electrolyte decomposition
and subsequent SEI layer formation.[**] The enhancement of ICE
with the addition of PVB is also evident in Li-based cells. This
improvement is likely due to the PVB ability to provide better
coverage over the HC particles, thereby covering surface imper-
fections and reducing side reactions. In the 2nd cycle at 0.05 C,
the PAA/PVB-based (80/20) electrode exhibits a reversible dis-
charge capacity of 322.5 mAhg™!, whereas in the 30% cycle at 2 C
the exhibited value is still as high as 280.6 mAhg~!, accompanied
by a high CE of 99.97%. These values exceed those of electrodes
based on PAA, PVDF, and PVDF/PVB at high C-rates. Regard-
ing PAA/PVB (50/50)-based electrode, the cell exhibits capacity
loss at 0.05 C during the initial cycles, likely due to the electrode
softening in the electrolyte upon cycling,*”] resulting in the loss
of active materials. As a result, the PAA/PVB (80/20)-based elec-
trode is confirmed to exhibit superior rate performance also in
Li-metal cell configuration, surpassing even the performance ob-
served in the Na half-cell. This enhanced performance can be at-
tributed to the optimized binder composition, which effectively
integrates the strengths of both components.

Figure 4D,c shows the voltage versus specific capacity profiles
of electrodes using different binders at rates of 0.05 C and 0.2 C,
which are typical of HC for LIBs.’’] Similar to NIBs, the mech-
anism of Li-ion insertion in HC remains a topic of ongoing de-
bate. However, based on the analysis of numerous research find-
ings, there is growing support for the “adsorption-intercalation”
mechanism.[*8] It is important to note that Li* ions can inter-
calate into graphitic layers more easily than Na* ions, forming
a stable lithium-graphite intercalation compound (Li-GIC), such
as LiC,. The less favorable intercalation of Na* ions is primarily
due to their larger ionic radius and the thermodynamic instability
of the Na-rich GICs (NaC; and NaCy). Yang and colleagues used
’Li NMR to investigate lithium in porous carbon discharged to
0.0 V and lower.*®) They observed ’Li signals near 0 ppm from
carbon-lithium compounds as well as lithium ions, suggesting
that both intercalation between graphite layers and adsorption
were taking place. However, no signal shift indicating lithium
filling the pores was detected until the carbon was discharged
below 0.0 V. These results led them to support an adsorption-
intercalation mechanism.[*8>]

The CV curves for PAA- and PAA/PVB- based electrodes in
Figure 4d reveal that the anodic peak shifts from 0.13 V for Na
(Figure 1c) to #0.05 V for Li, highlighting the impact of ionic size.
Additionally, a distinct anodic peak ~1.0 V versus Li*/Li for Li,
which is hardly detectable for Na, suggests that chemical binding
interactions weaken as the alkali metal ions increase in size.l’]
These observations are consistent with the voltage profile data.

Figure 4e highlights the long-term cycling performance of the
PAA/PVB-based electrode, tested to assess its stability over time.
The electrode was subjected to galvanostatic charge/discharge cy-
cling ata 1 C rate and delivered outstanding results, maintaining
a capacity of 250 mA h g=! even after 1000 cycles, corresponding
to a capacity retention of 81.4% (versus cycle 10th), with a CE of
99.9%. The measurements were carried out at ambient temper-
ature; the capacity fluctuations observed during the prolonged
cycling are attributed to day/night temperature variations.

To clarify the interfacial behavior of PAA- and PAA/PVB-based
electrodes, EIS was performed every ten cycles for LIBs as well
(Figure 5a,b). EIS data were analyzed using the same equivalent
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circuit model employed for NIBs, with the calculated values of
R.,, Rgp, and Ry shown in Figure 5c. As observed, the R
values remain constant during cycling for both anodes. How-
ever, the PAA-based anode exhibits significantly higher values
compared to the PAA/PVB-based anode, indicating reduced elec-
trolyte decomposition in the latter, which explains its superior
ICE. For the Ry, values for the PAA-based anode increase up
to 40 cycles, whereas the PAA/PVB-based anode shows stable
R values. In terms of Ry, the PAA-based anode experiences
an increase in R with cycling, while the PAA/PVB-based an-
ode maintains constant values, indicating enhanced kinetics and
overall electrochemical performance.

The GITT was used to study the PAA- and PAA/PVB-based
anodes in LIBs as well, with the apparent diffusion coefficient
(Dy;,) calculated according to Fick’s second law of diffusion, as
described in section 3.1. The findings are shown in Figure 5d.e.
During lithiation, the diffusion coefficients for both anodes grad-
ually decrease until the cut-off voltage is reached (Figure 5d). This
suggests that once Li* ions initially occupy high-energy sites, sub-
sequent ions tend to occupy less energetically favourable sites,
which prolongs the diffusion pathway. In contrast to the behavior
observed in NIBs, where the diffusion coefficients increase again
below 0.1V, the Dy;, values for LIBs do not exhibit a similar rise
(this is additional proof for the absence of the pores filling step
in LIBs). During de-lithiation, the diffusion coefficient decreases
with increasing voltage, indicating that as Li* ions are released
from lower-energy sites at low voltages, the remaining ions des-
orb from higher-energy sites at elevated voltages. Notably, the dif-
ference between the two anodes becomes apparent at the end of
the lithiation and de-lithiation processes, where the Dy;, is higher
for the PAA/PVB-based anode, indicating enhanced diffusion ki-
netics. In the CV curves (Figure 5f), two distinct peaks are ob-
served at ~0.01 V (i,) and 0.70 V versus Li*/Li (i,) during cathodic
scans. The calculated b value (Figure S1c,d, Supporting Informa-
tion) for the sharp peak is 0.56, suggesting a diffusion-controlled
process at lower potentials. On the other hand, the b value for
the broader hump is 0.78, indicating that lithium storage in this
potential range is primarily dominated by a surface-controlled or
non-diffusion mechanism. This difference highlights the varying
lithium-ion storage mechanisms at different voltage regions.[*"]

2.4. Recycled PVB-Based Electrode

As we mentioned, the global PVB market is expected to experi-
ence significant growth in the coming years, driven by increas-
ing industrialization and urbanization rates. Projections estimate
that the market will reach approximately USD 3641.25 million
by 2031.10] However, despite this growth, end-of-life manage-
ment for PVB remains inadequate, with large volumes of PVB
film ending up in landfills. Recycling valuable PVB waste has
thus become increasingly important within the context of circu-
lar and sustainable material practices, and the European “SUN-
RISE” project specifically addresses this need by focusing on
the recycling of PVB, and reuse of the non-recyclable fraction in
high-value-added applications like energy storage devices. Given
the unique properties of PVB films and the limited research
on applications involving recycled PVB (re-PVB), this study
initially employed commercial PVB to determine the optimal
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Figure 5. Nyquist plots of LIB electrodes prepared with PAA a) and PAA/PVB b) binders; resistance values upon cycling, as calculated by EIS data analysis
c); Lit apparent diffusion coefficients acquired from GITT for LIB electrode prepared with PAA and PAA/PVB binder during lithiation d) and de-lithiation

e); CV curves of PAA/PVB based electrode acquired at different scan rates

composition. Once identified, we proceeded to test a blend of
PAA and re-PVB in a 80:20 mass ratio (Figure 6), with the re-
PVB sourced from automotive glass waste through a patented
mechanochemical process!®?] Previous studies have analyzed this
particular re-PVB using FT-IR, TGA, and NMR, demonstrating
that the mechanochemical recycling process does not affect the
molecular weight of the polymer (ca. 135000 g mol~!, with a
broad distribution), and identifying the presence of various plas-
ticisers, all from the diester class, with an estimated polymer-
to-plasticiser weight ratio of ~1:1.1°] All the experimental proce-
dures were performed following the same approach as with com-
mercial PVB.

As clearly shown in Figure 6a, the laminates made from flake-
shaped re-PVB exhibit excellent flexibility and strong mechanical
properties with no particle detachment. These laminates adhere
well to copper and aluminum current collector foils, ensuring
good structural integrity.

The lithium and sodium storage performance of the
PAA/rePVB electrode was characterized by galvanostatic
discharge/charge and CV (Figure 6b—e). When tested as an-
odes, the electrodes with the PAA/rePVB binder exhibited
reversible discharge capacities of 294.7 and 319.0 mAhg™' at
0.05 C laboratory-scale LIB and NIB cells, respectively. Even at
2 C, they retained capacities of 213.2 (LIB) and 211.2 mAhg™!
(NIB), highlighting their strong rate performance across both
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f).

technologies (Figure 6b). Additionally, the CE of both elec-
trodes is relatively low at lower C-rates, which is ascribed to
the presence of plasticisers and impurities in the recycled PVB
undergoing degradation upon the first discharge/recharge
cycles. Noteworthy, the CE improves significantly at higher
C-rates.

Figure 6¢,d shows the voltage versus specific capacity profiles
of electrodes in both Li-ion and Na-ion laboratory-scale battery
cells at rates of 0.05 C and 0.2 C, which are comparable to those
observed with commercial PVB. Notably, the two cells exhibit dif-
ferent behaviors in the plateau regions for LIBs and NIBs, likely
due to pore filling in the HC, which is confirmed in the case of
NIBs. CV was performed for both systems to investigate the reac-
tion mechanisms further during reversible lithium and sodium
storage (Figure 6e). The resulting voltammograms closely resem-
ble those obtained with commercial PVB, indicating that the side
reactions of plasticisers are almost negligible and no additional
redox processes and/or significant side reactions are introduced
by the recycled PVB binder. Thus, re-PVB proves to be an effective
binder for carbon-based energy storage materials in both LIBs
and NIBs, aligning with sustainable development goals. This ef-
ficient strategy enhances both sodium and lithium storage perfor-
mance, presenting a promising pathway for the development of
low-cost, sustainable advanced anode materials by circular econ-
omy approach.
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Figure 6. Digital photograph of the re-PVB and laminate with PAA/re-PVB a), rate capability b), galvanostatic discharge/charge voltage profiles c,d) and

CV e) for LIB and NIB electrodes based on PAA/re-PVB.

3. Conclusion

The growing demand for high-performance renewable energy
technologies, paired with socio-economic and environmental
concerns, underscores the need for innovative, sustainable en-
ergy storage solutions. Under the accelerated REPowerEU plan,
advanced rechargeable batteries are critical to achieving green en-
ergy systems and ensuring energy security. By 2050, Europe’s
demand for battery production could increase by 3500%, ne-
cessitating new recycling facilities to reduce reliance on fluc-
tuating global critical raw material markets. Recycling could
supply 40-70% of needed battery metals from 2040 onward,

Adv. Funct. Mater. 2025, 35, 2426075 2426075 (10 of 13)

but immediate investment is vital to build a comprehensive
European battery recycling industry. Effective waste manage-
ment is also crucial to transforming waste into valuable energy
resources.

In such scenario, this study presents a novel approach by uti-
lizing PVB as a binder for HC, aiming to address critical chal-
lenges in the development of sustainable but robust and high-
performing HC-based anodes for commercial LIBs and NIBs.
Initially, commercial PVB was tested to determine the optimal
composition, followed by using recycled PVB sourced from au-
tomotive glass waste via a patented mechanochemical process.
The results demonstrate that electrodes bound with a PAA/PVB
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mixture exhibit superior rate capability and high ICE in both
LIB and NIB laboratory-scale battery cells, surpassing the per-
formance of those with other binders tested. This work not only
advances the performance of HC in energy storage but also pro-
vides a sustainable solution for converting waste materials into
high-value-added, high-performance components, contributing
to both battery technology innovation and environmental sustain-
ability in a circular economy perspective.

4. Experimental Section

Electrodes Preparation and Li/Na Cell Assembly: ~ All the polymers used
as binder were purchased from Sigma-Aldrich: PVDF (M,, = 534000 g
mol~"), PAA (M,, = 450000 g mol~'), and PVB (M,, = 135600 g mol~").
For electrode preparation, solutions were made dissolving either PVDF
or PVDF/PVB blend (80/20 mass ratio) in N-methylpyrrolidone (NMP),
and PAA only, or PAA/PVB (80/20), or PAA/PVB (50/50) in ethanol, upon
proper stirring till clearness. HC (hard carbon) active material (Kuran-
ode Type 5 um, Kuraray, Japan) and conductive carbon (Super C65, Tim-
cal) were dry-mixed and ground. This blend was then incorporated into
the prepared solutions, resulting in slurries with an active material:Super
C65:binder mass ratio of 90:5:5. Stirring continued for 6 h without heat-
ing, in very mild conditions to avoid the formation of bubbles and allow
the uniform dispersion of the components, which were then cast onto alu-
minum or copper current collector foils for NIBs or LIBs, respectively, by
using a doctor blade to ensure a consistent film thickness (200 um wet
thickness) and then dried at 80 °C. The laminates were pressed and sub-
jected to a second drying step under vacuum overnight at 120 °C (the areal
active mass loading in electrodes were up to 4 mg cm~2, with ~150 um dry
thickness). For comparison, all electrodes, regardless of the binder used,
were prepared with the same thickness and a solid content of 20% to en-
sure consistency in the evaluation.

The electrodes were transferred into a glove box (Jacomex GP concept)
with water and oxygen levels below 0.9 ppm for assembling Swagelok-type
3-electrode cells. Sodium metal (Sigma—Aldrich) was used as both the
counter and reference electrodes for NIBs, while lithium metal (Sigma—
Aldrich) served the same purpose for LIBs. For all cells, glass fiber (What-
man GF/A) was employed as the separator. Electrolytes used were 1 M
NaFSl in a 1:1 v/v mixture of ethylene carbonate (EC) and dimethyl car-
bonate (DMC), preformulated by E-lyte Innovations (Germany) for NIBs,
and 1 M LiPFg in a 1:1 v/v mixture of EC and DMC, preformulated by
Solvionic (France), for LIBs. After assembly, the cells were removed from
the glove box for electrochemical testing.

Electrochemical Characterization: The long-term cycling performance
of the electrodes was evaluated using a constant current-constant voltage
(CC-CV) protocol with 1C equal to 300 mA g~', with respect to the HC
active material mass, within a voltage (E) range of 0.01-1.5 V, using a BT-
2000 battery testing system (Arbin, USA). The response of electrode films
at various current densities was further examined with a C-rate capability
protocol. The current rate began at C/20 and increased every five cycles
up to 2C (C/20, C/10, C/5, C/2, 1C, and 2C), followed by a return to C/20.
Cyclic voltammetry (CV) studies were performed at a scan rate of 0.05 mV
s~!, using a VMP-3 multichannel potentiostat (Biologic, France). Addition-
ally, to better understand the Na storage characteristics related to surface
capacitive and bulk diffusive behaviors, CV was recorded at various scan
rates between 0.05 and 5 mV s~

Electrochemical impedance spectroscopy (EIS) was performed after the
first cycle and then at every ten cycles at a voltage of 0.5 V to evaluate the in-
terfacial behavior of the anodes based on different binders. The measure-
ments were conducted on the VMP-3 potentiostat with an AC amplitude
of 5 mV over a frequency range of 300 kHz to 5 mHz. RelaxIS software
(RHD instruments, Germany) was utilized to fit the EIS data. To evalu-
ate the diffusion behavior, galvanostatic intermittent titration technique
(GITT) measurements were conducted at a C/10 rate, with a pulse time of
20 min followed by a relaxation period of 3 h. According to Fick's second
law of diffusion, the diffusion coefficient of Na* (Dy,,) can be determined
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as follows (for simplification in computations, it was assumed to remain
constant throughout the process, and it was calculated according to the

parallelepiped geometry of a thin film, V = S.L):33]

2 2
p=4C < A, > m
nt \ AE,

where 7 is the pulse duration, L stands for the thickness of the electrode
material, AE; denotes the voltage fluctuation when the system was at rest
(no current flow), and AE, signifies the voltage shift observed during a
current pulse. These parameters can be derived from GITT curve for each
current increment.

SEI Analysis and Morphological Characterization: The surface compo-
sition and structure of the solid electrolyte interphase (SEI) layer on HC
anodes with different binders were investigated using X-ray photoelectron
spectroscopy (XPS) and transmission electron microscopy (TEM). These
analyses were performed on HC electrodes recovered from cells imme-
diately after 10 cycles at 1C. Cells were opened inside the Ar-filled glove
box, and the electrodes were rinsed using DMC for 10 s before exami-
nation. XPS analyses were conducted using a PHI 5000 VersaProbe in-
strument from ULVAC-PHI (Physical Electronics Inc., Kanagawa, Japan).
Two distinct pass energy values were applied, viz. 187.75 and 23.5 eV for
the survey and the high-resolution (HR) spectra, respectively. Throughout
the measurements, charge compensation was achieved through a com-
bination of an electron beam and a low-energy Ar beam system. A Talos
F200X (Thermo Scientific) was used for TEM analysis, equipped with a
Field Emission Gun (FEG) emitter and operated at an accelerating volt-
age of 200 kV. Additionally, SEM measurements were performed using a
Benchtop SEM (JCM-6000Plus, Jeol) to investigate the morphologies of
HC electrodes produced using the different binders.
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