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ABSTRACT: Silicon (Si) is a highly promising anode material for
lithium-ion batteries due to its high theoretical capacity. However,
its practical use is limited by significant volume changes and result-
ing degradation during cycling. To enhance the mechanical stability
of the Si anode, polyacrylic acid (PAA), a prominently used binder,
was cross-linked in situ during electrode fabrication with the bifunc-
tional and ion-conducting poly(ethylene glycol) diglycidyl ether
(PEGDGE). The resulting binder architecture was designed to
strengthen the binder network while accommodating substantial
volume changes during cycling. The epoxide-containing PEGDGE
was incorporated into the binder or as functionalization on the sili-
con particles. The resulting pure silicon anodes exhibited strong
/​665
adhesion and cohesion, contributing to improved electrochemical
43599/​ae-2026-01548
performance, as determined by cyclic voltammetry and long-term galvanostatic cycling (up to 150 cycles at 1C until state of health
80%). Post-mortem analysis revealed well-maintained electrode morphology and the formation of a LiF-rich, stable solid electrolyte
interphase (SEI) as identified by SEM and XPS, respectively. These results highlight the potential of the cross-linker to enhance
the structural integrity and the electrochemical performance of silicon anodes.
KEYWORDS: silicon-dominant anode, full cell, in situ cross-linking, polyacrylic acid, poly(ethylene glycol) diglycidyl ether (PEGDGE),
PAA-PEG binder, silicon microparticles
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Lithium-ion batteries (LIBs) play a pivotal role in advancing
clean energy technology, particularly in the mobility sector,
where sustainable energy solutions are urgently needed. As
the demand for higher energy densities grows, the traditionally
used graphite anodes are approaching their capacity limit, and
materials with higher capacities are needed. Silicon (Si), with
its high theoretical capacity of >3500 mAh g–1 at room temper-
ature and a low discharge potential of about 0.37 V vs lithium
(Li) metal, has emerged as a highly promising candidate for
next-generation anode materials. Additionally, Si is an abun-
dant, environmentally friendly, and low-cost element.1–5

Nevertheless, its use in current LIB applications remains limited
due to challenges associated with its Li storage mechanism.
During alloying with lithium, Si undergoes extreme volume
changes of more than 300%, which leads to electrode and par-
ticle cracking, loss of electrical contact, and excessive solid elec-
trolyte interphase (SEI) growth because of continuous exposure
of the fresh Si surface to electrolyte, leading to active Li
loss.1,2,5–7 Additional Li loss can occur due to Li trapping within
the particles.8–10 To overcome these issues and enable the use
of Si in industrial-scale cells, three key strategies are widely
adopted: (i) the design of nanostructured Si, integrated into a
tives, or (iii) the development of new binder systems capable
of accommodating Si volume expansion.2,5–7,11–15 While each
strategy has its benefits and drawbacks, it is important to con-
sider their interplay and targeted application. In many studies,
Si nanoparticles (SiNPs) are used in a small ratio with graphite,
as this approach prevents particle cracking.7,16–18 However, the
high surface area leading to strong electrolyte degradation as
well as the difficult processing resulting in electrodes with low
density16 hinders potential application of these SiNPs in graph-
ite anodes. Si microparticles (SiMPs) are the cost-effective
opposite with higher tap density of the Si powder, reduced sur-
face area, and therefore reduced loss of active Li due to side
reactions. Their internal strain and following particle fracture
upon cycling make their application challenging as well.19
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Therefore, an important aspect is the limitation of capacity to
minimize volume change20 and the design of suitable binder
systems, which are robust and at the same time flexible enough
to maintain electrode integrity. Many different variations have
been published, coming from more commonly used linear
binders like polyacrylic acid (PAA) to cross-linked binders
and even systems with self-healing ability.21–29 However, since
binders are electrochemically inactive materials and are used
in relatively small quantities within the cell, their suitability for
large-scale industrial application depends on being cost-effective
and easily processable in an aqueous environment.27–33

PAA, with abundant functional groups—carboxyl groups
(COOH)—does not only allow good interaction with the Si
surface and its silanol (Si–O–H) groups, but it also enables ver-
satile interactions with cross-linkers while itself providing great
properties as a binder for Si anodes. Furthermore, the chemical
interaction as well as the polymer conformation can be changed
by partial neutralization of the PAA carboxyl groups, which also
influences the homogeneity of polymer distribution around the
particles.34–39 Providing the option for cross-linking, the respec-
tive additive acting as a cross-linker needs to be chosen wisely
to add desired properties. Ideally, the cross-linker is incorpo-
rated via in situ cross-linking between PAA and the cross-
linker as shown in literature40,41 to create a drop-in solution
to the existing slurry preparation without extensive binder syn-
thesis. As reported in previous studies,21,22,24,28,29,42 strong
adhesion and cohesion are important binder properties, and
elasticity also plays a key role in accommodating the large vol-
ume changes of Si during cycling. The use of polar polymers
with functional groups enhances binder adhesion to Si and thus
improves the integrity of the anode. By creating strong binder
networks with cross-linking, the Si particles are kept in place.
Achieving an optimal balance between mechanical stability
(modulus) and elasticity is essential.24,28,30,43 Additionally, the
electrochemical properties of the binder and cross-linker are
important, as they influence the electronic and ionic conductiv-
ity of the electrode. Also, electrolyte uptake plays a role as it can
have a detrimental impact on the binder modulus. Lastly, the
binder also influences SEI formation, as it surrounds the active
material. As this passivation layer is mostly electronically insu-
lating and ionically conductive, these properties should be con-
sidered.44 A combination of binder and cross-linker can merge
beneficial properties of both components and may even pro-
duce synergistic effects.24,28,30 As already known from solid
polymer electrolytes, polyethylene oxide (PEO) and polyethyl-
ene glycol (PEG) exhibit both elasticity and Li-ion conductiv-
ity.45 Since these properties are expected to be beneficial for
Si anodes as well, some studies started to incorporate them in
the Si anode with promising results.29,46–48 Implementation of
PEG as a bifunctional oligomer offers easier ways of reaction
and can be achieved via ring-opening polymerization (ROP),
as already shown in solid electrolyte studies.49,50 Therefore,
poly(ethylene glycol) diglycidyl ether (PEGDGE) as a cross-
linker offers not only a desired combination between a soft elas-
tic cross-linker and rigid polymer chains of PAA but also poten-
tially easy cross-linking via epoxide ring opening and reaction
with the carboxyl groups of PAA via esterification. Based on this
idea, PEGDGE was implemented not only as a cross-linker in
acidic PAA (Li0PAA) and in 30% neutralized PAA (Li0.3PAA)
but also as a functionalization group on the Si surface to study
its impact on the Si anode.
1067
■ EXPERIMENTAL SETION

Binder and Electrode Preparation

The binder and electrode preparation were conducted under ambient
conditions. All reagent-grade chemicals were purchased from Sigma-
Aldrich and were used without further purification. The weight per-
centages (wt %) of electrode components were given based on the
dry electrode.

Preparation of PAA-PEG and Partially Neutralized
PAA-PEG. A 10 wt % PAA solution was prepared by dissolving PAA
powder (average Mw ∼ 450,000 g mol–1) in deionized water using a
magnetic stirrer. 1 mol L–1 lithium hydroxide (LiOH) solution was
used for partial neutralization of PAA to 30% (Li0.3PAA). The neces-
sary amount of LiOH solution was calculated depending on the PAA
amount; for example, 12 mL of LiOH solution was added to 24 g of
PAA solution used for 1/10 cross-linked Li0.3PAA binder. The solution
was left for at least 1 h to reach equilibrium, and the neutralization
degree was checked via pH measurement compared to a titration-
based neutralization curve.

PEGDGE (average Mw ∼ 500 g mol–1) was used as a cross-linker.
The amount of PAA solution was determined by the cross-linking ratio
with PEGDGE to result in a total of 8% binder in the electrode (e.g.,
24 g for 1/10 cross-linking ratio). The amount of PEGDGE added to
the binder solution was calculated based on the number of functional
groups of both components to achieve the desired cross-linking ratio.
As acidic PAA provides one functional group per unit, the available
functional groups can be calculated with M(unit)/Mw. PEGDGE offers
two functional groups within one oligomer and given Mw. By matching
one PEGDGE oligomer with x times 2 functional PAA groups, the
cross-linking ratio x can be calculated. The resulting ratios of
PAA:PEGDGE were 1/4, 1/8, and 1/10, which were named in the fol-
lowing as LixPAA-PEGy with x = 0, 0.3 and y = 1/4, 1/8, 1/10. For the
pre-functionalized samples, the respective amount of PEGDGE was
added to silicon dispersed in water. The mixture was put in an ultra-
sonic bath for two cycles of 2 min each and then was dried at 70 °C
under vacuum for 1 h. The resulting powder was ground using a pestle
and could then be used as the active material. Those samples were
named as Li0,0.3PAA-PEG1/10@Si.

Fabrication of Electrodes Containing PAA-PEG and Partially
Neutralized PAA-PEG. Manufacturing of electrodes was done in
batches of ca 80 g slurry. By starting with premixing the main solid
components—88.5 wt % pestled silicon microparticles (Elkem e-Si
703, d50 = 3.59 μm) and 3 wt % carbon black (Imerys, Super
C45)—with a helix-type stirrer and an overhead mixer, it was ensured
that the conductive carbon black is well distributed around the active
material. The premixed powder was then added stepwise to the binder
solution (8% binder in the resulting dry electrode) and mixed with a
planetary centrifugal mixer (SpeedmixerTM DAC 700.2 VAC-P) in a
150 mL cup. If necessary, some deionized water was added in between
to adjust the viscosity and improve mixing efficiency. As a final step,
0.5 wt % single-walled carbon nanotubes (SWCNTs, Tuball) were
added to the slurry and mixed thoroughly. After degassing the slurry
with the Speedmixer, rheology (rheometer Anton Paar MCR 302) and
solid content were measured. If necessary, the solid content was adapted
to ∼40 wt %. A check for agglomerates was executed with a Hegman
gauge/grindometer before coating. Next, the slurry was cast on a
10 μm copper foil by a doctor blade on a table coater. Based on the solid
content, a thickness between 75 and 100 μm was chosen to target the
desired loading. The targeted loading was calculated based on the given
cathode loading to be matched with the N/P ratio mentioned in the sec-
tion of full cell assembly. The underlying Si capacity for the calculation
was chosen as 1500 mAh g–1 to later limit the Si capacity in the full cell
via the N/P ratio respectively oversizing of the anode. After casting, the
electrodes were dried under vacuum at 80 °C overnight (∼16 h).
Afterward, the dried electrodes were calendered once using an Ingecal
lab calender with preheating to 80 °C. With that procedure, the anodes
were calendered from ca 37 ± 1 μm to ca 33 ± 1 μm in thickness,
https://doi.org/10.1021/acsaem.6c01548
ACS Appl. Energy Mater. 2026, 9, 10674−10688
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resulting in a coating density increase from ca 0.87 g cm–3 to ca 1.00 g
cm–3. The final dry electrode thickness was measured using a microme-
ter gauge (Mitutoyo high accuracy), and the adhesion was analyzed via a
90° peel test (ZwickRoell) with electrode pieces of comparable loading.
For this purpose, the electrode stripes (∼3 cm broad) were attached
with the coating on an adhesive tape, and the copper foil was peeled
off. For cohesion measurement, it was done vice versa, namely, copper
foil was fixed on the adhesive tape and another adhesive tape on the
coating, which was then pulled away to create mechanical failure within
the coating layer.

Cell Preparation and Electrochemical Testing

Cell assembly was conducted in an argon-filled glovebox (O2 < 10 ppm,
H2O < 1 ppm). Both half and full cells were assembled using an electro-
lyte containing 1.2 M LiPF6/ethylene carbonate (EC), ethyl methyl car-
bonate (EMC), and dimethyl carbonate (DMC) + 1% vinylene
carbonate (VC) + 7% fluoroethylene carbonate (FEC) together with
polyethylene-based, ceramic-coated tri-layer separators (21 μm thickness).

Galvanostatic cycling was carried out using a Basytec battery tester,
while for cyclic voltammetry (CV) measurements, a Biologic potentio-
stat was used.

Half-Cell Assembly and Testing. CR2016-type coin cells were
assembled using a Si-based anode (Ø = 15 mm), a polyethylene-based,
ceramic-coated tri-layer separator (20 μm thick, Ø = 21 mm), 75 μL
electrolyte, and lithium metal counter/reference electrode (250 μm
thick, Ø = 16 mm). The spacer was used without a spring, and the cell
was crimped in the glovebox. The electrode coins were dried at 80 °C
under vacuum overnight before half-cell assembly in the glovebox.

The half-cells were cycled between 0.01 and 1.5 V vs Li+/Li at C-rates
of C/20 and C/10 in the first and second cycles, respectively, to allow
proper electrode formation. Subsequent cycles were conducted at C/3
with lithiation under constant current constant voltage (CCCV) and
delithiation under constant current (CC). In order to use the Si anode
only to a limited extent and therefore reduce volume change, the capacity
was limited during lithiation of Si to 1500 mAh g–1 within the program,
which was then also the basis for the C-rate calculation during C-rate
tests. CV was measured in the range of 0.01–1.5 V vs Li+/Li at a scan rate
of 0.1 mV s–1 at room temperature over four cycles.

Full-Cell Assembly and Testing. Full pouch cells were assembled
in a dry room with a dew point below –50 °C. For stacking, a double-
sided roll-to-roll coated cathode based on single-crystal NMC811
(94.5% commercial active material, 1% Super C65 carbon black,
1% multi-walled carbon nanotubes (MWCNTs), and 3.5% polyvinyli-
dene fluoride, PVDF) was used in the middle. Two single-sided, lab-
coated anodes described above were stacked sandwich-type on both
sides of the cathode. With the cathode loading of ∼3 mAh cm–2 and a
size of 4.8 × 4.8 cm2, the cell capacity was ∼150 mAh. The anode
(5 × 5 cm2) loading was calculated based on the capacity limitation of
1500 mAh gSi

–1 and to match the cathode loading with a negative/pos-
itive (N/P) capacity ratio of ∼1.01 to 1.17. The cells were dried at 80 °C
under vacuum overnight, then filled with 5 mL Ah–1 electrolyte and put
under vacuum (40 mbar) before sealing them in the glovebox. In prep-
aration for the cycling, each cell was pressed between two acrylic glass
plates with two foldback clamps and left to rest for 2 h.

All cells underwent initial formation (2 cycles at C/10, followed by
2 cycles at C/5, and then 3 cycles at C/3) before cycling. Subsequent
cycling was done at 1C in the potential range of 3.0–4.2 V vs Li+/Li,
using CCCV in charge and CC in discharge direction, with C/3
check-up cycles every 50th cycle to determine the state of health
(SOH) of the cell by comparing the measured C/3 capacity with the
initial C/3 capacity. The check-up cycles were also used to include
direct internal resistance (DCIR) tests. The cycling of the cells pro-
ceeded until SOH = 80%.

Characterization

Fourier-Transform Infrared Spectroscopy (FTIR). FTIR spec-
tra were acquired using a Thermo Scientific Nicolet
1067
iS20 spectrometer (Thermo Fisher Scientific, Waltham, USA) with
an air-cooled deuterated triglycine sulfate (DTGS) detector in attenu-
ated total reflection (ATR) mode. All spectra were recorded at room
temperature in the spectral range of 4000–400 cm–1 (resolution of
0.25 cm–1) and baseline corrected using OMNIC (Thermo Fisher
Scientific, Waltham, USA).

Differential Scanning Calorimetry (DSC). DSC measurements
were done with a Waters Q100 system using aluminum pans
under nitrogen and air flow in a temperature range between –60 and
300 °C at a rate of 10 K min–1.

Thermogravimetric Analysis (TGA). TGA was conducted using
a Waters Q5000 system with platinum pans and nitrogen/air flow.
The measurement was done between 20 and 600 °C with a rate of
20 K min–1.

Scanning Electron Microscopy (SEM)–Energy-Dispersive X-
ray Spectroscopy (EDX). SEM images were taken with a TESCAN
Mira3 using a 15 keV electron beam and equipped with a
ThermoFisher EDX system. A Hitachi IM 4000 Plus with cross-
section milling was used for ion polishing.

X-ray Photoelectron Spectroscopy (XPS). A Specs XPS system
with monochromatized Al Kα (1486.6 eV) radiation was used for XPS
measurements. Survey and detail spectra were recorded with pass ener-
gies of 90 and 30 eV at the analyzer, respectively. To compensate for
charging effects on the surface, the samples were neutralized with elec-
trons from a flood gun. The C 1s peak of conductive carbon was set to
284.4 eV for binding energy calibration. CasaXPS was used for peak fit-
ting with Shirley-type backgrounds and Gaussian–Lorentzian peak
shapes (GL30). For the Si 2p spectra, a peak doublet (Δ = 0.61 eV)
was inserted for elemental Si, while a (broader) single peak was
adopted for the oxidized Si species (SiOx and SiO2). A peak at
532.7 eV was added in the O 1s spectra of pristine samples due to
SiO2. The intensity of this peak was derived from the SiO2 Si 2p signal,
considering the stoichiometry and the atomic sensitivity factors of Si
2p and O 1s peaks.

■ RESULTS AND DISCUSSION

Since the pronounced volume changes of Si anodes lead to poor
electrode integrity and limited cycling stability, the objective of
this work was to design a binder specifically optimized to
address this challenge. Cross-linkers are known to enhance
binder performance by reinforcing the polymer network and
thereby improving its mechanical resilience. Based on that, we
pursued a strategy in which a flexible segment was introduced
between rather rigid binder strands. To achieve this, a straight-
forward approach—in situ cross-linking—was used to incorpo-
rate a suitable cross-linker into the binder.28 The bifunctional
oligomer PEGDGE was selected for its ability to enable in situ
cross-linking with the PAA binder in aqueous media via an
epoxide ring-opening reaction, which is shown in Scheme 1.
Additionally, the beneficial properties of PEGDGE with regard
to ionic conductivity, flexibility, dispersion of slurries, and cohe-
sion22,51 have already been proven in various applications, such
as polymer electrolytes.50 The same properties are highly desir-
able for Si anodes since they can contribute to enhanced ion
conductivity and flexibility of the binder structure and a better
accommodation of the volume changes upon lithiation/delithia-
tion, leading overall to improved performance. In order to
prove the in situ cross-linking concept, pre-studies with both
dissolved PAA binder and PEGDGE were conducted. It is
known that ions from the copper foil can influence the binder
cross-linking and adhesion of PAA on the copper substrate via
copper carboxylates.34 Therefore, a mixture of PAA and
PEGDGE was put on both copper foil and a polymeric foil as
a reference and left in the oven under vacuum for drying.
https://doi.org/10.1021/acsaem.6c01548
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Scheme 1. (a) Broad Scheme Highlighting the Networking by Cross-Linking of PAA and PEGDGE; (b) Proposed Epoxide
Ring-Opening Cross-linking Reaction between PAA and the Cross-linker PEGDGE

Figure 1. FTIR results of the PAA-PEGDGE mixture with successful
cross-linking on copper foil (violet) or unsuccessful cross-linking on
the polymer foil substrate (green). For comparison, results of pure
PAA (black), pure PEGDGE (red), and pure cross-linked PEGDGE
(blue) were added. The cross-linking on the copper foil substrate is
indicated by the C–O–C stretching vibrations of the PEG segments
at 1081 and 944 cm–1, significantly increased C–H stretching vibra-
tions of methylene in PEG at 2875 and 2910 cm–1, new absorption
bands at 1349 and 839 cm–1, and C–C stretching vibration at
1247 cm–1, all marked in the figure with a *.
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FTIR analysis of the dried films (see Figure 1) demonstrates
that the substrate plays a significant role in polymerization
and cross-linking reactions. Notably, the C–O–C stretching
vibrations of the PEG segments at 1081 and 944 cm–1 are
observed for the film on copper foil but not for the polymeric
foil. Additionally, the C–H stretching vibrations of methylene
1067
in PEG at 2875 and 2910 cm–1 significantly increased compared
to the sample cross-linked on polymer foil. Also, new absorp-
tion bands at 1349 and 839 cm–1, as well as the C–C stretching
vibration at 1247 cm–1 are observed in the copper-supported
film.52 All other peaks are the same as in either pure PAA or
pure PEGDGE. Therefore, the listed changes indicate cross-
linking of PAA and PEGDGE only on copper foil.
The successful cross-linking of PAA and PEGDGE on copper

foil was also confirmed by XPS measurements. The survey spec-
tra are shown in Figure S1 with spectra of (a) Si powder with Si
2p and 2s peaks, along with C 1s and O 1s peaks; (b) PAA with
C 1s and O 1s peaks; and (c) cross-linked PAA-PEG with C 1s
and O 1s peaks as well. Both polymer samples were dried on
copper foil before the measurements. The corresponding detail
spectra are shown in Figure S2. As expected, the Si powder
exhibited a SiOx/SiO2 layer on the Si0 substrate together with
organic residues likely originating from the processing. The
PAA on copper shows respective peaks corresponding to the
polymer backbone and carboxylic acid groups, along with some
cross-linked part with C–O ether groups. In contrast, the C 1s
spectrum of the PAA-PEG sample on copper shows a pro-
nounced increase of the C–O peak intensity due to the ether
groups of PEG and additional cross-linking.
In order to analyze the thermal properties of the polymers,

thermogravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC) were conducted. TGA results are shown in
Figure S3a–d. For pure PAA powder (Figure S3a), an initial
weight loss can be observed already in the lower temperature
range (from 50 to 100 °C), which is attributed to the removal
of water from the sample. In contrast, the cross-linked PAA
shows the onset of water loss at a slightly higher temperature
(∼80 °C), which may be related to further cross-linking generat-
ing water. Both seem to be thermally stable until>200 °C. A sim-
ilar observation can be made for pure PEGDGE (Figure S3c).
Therefore, both polymers match well from a thermal-stability
perspective. The main difference becomes obvious in the derived
mass, that is, mass loss per °C. For cross-linked PAA
(Figure S3b), the loss occurs stepwise at 150–200 °C,
which could be due to a minor decarboxylation reaction, then
https://doi.org/10.1021/acsaem.6c01548
ACS Appl. Energy Mater. 2026, 9, 10674−10688
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Figure 2. Adhesion (red bars) and cohesion (blue bars) of electrodes
containing Li0PAA, Li0.3PAA, Li0PAA-PEG1/10, Li0.3PAA-PEG1/10, and
Li0.3PAA-PEG1/10@Si.
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225–300 °C with anhydride formation, and finally 300–350 and
350–480 °C from thermal degradation of the corresponding
polyacrylic anhydride53 with ∼7% remaining residual mass at
600 °C. PEGDGE (Figure S3c) only shows one big peak from
200 to 425 °C with almost no residual mass left above this
temperature. The decomposition then occurs for both C–O
and C–C bonds.54 Finally, the combination of both—the cross-
linked PAA-PEGDGE—shows characteristics from both PAA
and PEGDGE (Figure S3d). The initial weight loss at around
100 °C is attributed to remaining cross-linking releasing water,
along with desorption of moisture still trapped in the polymer
after drying. A smaller peak at ∼300 °C seems to be the same
decomposition process observed as a shoulder in the pure
PEGDGE diagram. At 400 °C the decomposition of PAA anhy-
dride occurs, followed by a sharp peak at around 425 °C showing
the decomposition of PEGDGE C–O and C–C bonds. As for
pure cross-linked PAA, a residue of ∼7% remains at 600 °C.

The DSC results are shown in Figure S3e,f. The pure cross-
linked PAA (Figure S3e) shows a small peak at 59.7 °C and a
glass transition at Tg 158.7 °C. At Tc 220 °C, a strong crystalliza-
tion peak occurs. For pure PEGDGE, the used temperature range
cannot properly show its low Tg, which lies between –60 and –
45 °C.49,50,55,56 The cross-linked PAA-PEGDGE (Figure S3f)
shows a Tg at ca –5 °C (compared to 102–126 °C for pure
PAA57,58). Lowering of the Tg of the PAA in the composite poly-
mer due to the PEG segments results in increased flexibility and
mobility (less crystallinity of the polymer) and therefore higher
ionic conductivity.45 The DSC of PAA-PEGDGE also shows a
broad crystallization peak at Tc 105 °C together with an endo-
thermic melting peak at Tm 160 °C.

After investigation of the different polymers (without Si),
both TGA and DSC analyses were also carried out on anodes
containing pure PAA and cross-linked PAA-PEGDGE. In
TGA (Figure S4a–d), up to 250 °C, all samples only show
water loss, and a different behavior of the samples can only be
observed at temperatures beyond. The pure Li0PAA anode
(Figure S4a) shows only a strong peak at 280 °C and then again
faster mass loss at 450 °C. For the Li0PAA-PEG1/10 anode
(Figure S4b), the same peak at 280 °C is observed, but with a
shoulder at 320 °C. The faster mass loss at higher temperatures
starts at ∼475 °C. In the case of Li0.3PAA-PEG1/10
(Figure S4c), the strong peak is shifted to 300 °C and accompa-
nied by another peak at 340 °C, which has a shoulder at 390 °C.
In the case of the functionalized sample Li0.3PAA-PEG1/10@Si
(Figure S4d), the peak at 280 °C and a second peak at
330 °C with a shoulder at 350 °C are followed by a rather con-
stant mass loss. This sample also shows the highest residual mass
of all samples at the end of the ramp at 600 °C. Generally, the
samples containing PEG have slightly higher residual mass at
600 °C than the pure PAA anodes, which could be an indication
of higher thermal stability. In DSC (Figure S4e–h), only minor
differences can be observed. In all cases, there are two small exo-
thermic peaks at 75 and 240 °C; only for Li0PAA (Figure S4e),
the second peak is slightly shifted to 225 °C. Furthermore,
Li0PAA and Li0PAA-PEG1/10 have roughly the same peak
intensities for both peaks (Figure S4e,f). In contrast, for the par-
tially neutralized samples Li0.3-PEG1/10 and Li0.3-PEG1/10@Si
(Figure S4g,h), the second peak at a higher temperature has
much lower intensity than the one at 75 °C, showing the impact
of the neutralization on the polymer properties.

Important parameters determining the quality of electrodes
are adhesion of the electrode layer to the substrate and
1067
cohesion within the layer, especially to quantify the impact of
a binder on the mechanical behavior. As shown in Figure 2,
Li0PAA exhibits much higher adhesion compared to
Li0PAA-PEG1/10; however, the cohesion improves for the latter.
Both samples show lower performance in this regard compared
to the partially neutralized samples. For the partially neutralized
PAA, the incorporation of PEG (Li0.3PAA-PEG1/10) signifi-
cantly increases adhesion in comparison to Li0.3PAA. This is
likely due to stronger interaction between the binder and the
Cu substrate at this pH, with its naturally passivated surface
with species including Cu2+ ions. Due to the ion-transport abil-
ity of PEG, the interaction with Cu cations could be enhanced,
explaining stronger adhesion of the Li0.3PAA-PEG1/10 binder.

34

However, the cohesion is reduced to approximately half of that
of Li0.3PAA, which can be attributed to smaller interactions
between carboxylic acid groups and the Si particle surface, since
the groups get partially occupied by crosslinks to the soft and
flexible PEG. With Si functionalization (Li0.3PAA-PEG1/

10@Si), the interaction between the Si surface and binder gets
focused on the comparably short-chained PEG, which allows a
more organized interaction with the Si surface and PAA, result-
ing in a kind of bridging. This can be the reason for a further
increase in cohesion, while the adhesion is comparable to
Li0.3PAA-PEG1/10. Therefore, it can be concluded that both
Li0.3PAA-PEG1/10 and Li0.3PAA-PEG1/10@Si show improved
mechanical stability by the addition of PEG, as reflected by their
high adhesion values, which should significantly mitigate delam-
ination. Even though cohesion is lower than that of Li0.3PAA, it
is still sufficient to ensure interparticle stability. This balance
between high adhesion and adequate cohesion is critical for
maintaining electrode integrity, particularly in applications
where mechanical stress due to repeated lithiation/delithiation
could otherwise compromise performance.
To gain further understanding of the impact of the PEG

cross-linker on the anode and to be able to interpret the later-
shown post-mortem results, SEM images were taken of the
pristine anodes. The top-view and cross-section images of the
samples Li0PAA-PEG1/10, Li0.3PAA-PEG1/8, Li0.3PAA-PEG1/

10, and Li0.3PAA-PEG1/10@Si are shown in Figure S5. Without
partial neutralization of PAA or with a higher amount of PEG,
the distribution of conductive additive in the anodes is rather
inhomogeneous. This seems to be much improved for
Li0.3PAA-PEG1/10 and especially the functionalized sample
https://doi.org/10.1021/acsaem.6c01548
ACS Appl. Energy Mater. 2026, 9, 10674−10688

8

https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01548/suppl_file/ae6c01548_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01548/suppl_file/ae6c01548_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01548/suppl_file/ae6c01548_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01548/suppl_file/ae6c01548_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01548/suppl_file/ae6c01548_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01548/suppl_file/ae6c01548_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01548/suppl_file/ae6c01548_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01548/suppl_file/ae6c01548_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01548/suppl_file/ae6c01548_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01548/suppl_file/ae6c01548_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01548/suppl_file/ae6c01548_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01548/suppl_file/ae6c01548_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01548/suppl_file/ae6c01548_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01548/suppl_file/ae6c01548_si_001.docx
https://pubs.acs.org/doi/suppl/10.1021/acsaem.6c01548/suppl_file/ae6c01548_si_001.docx
http://www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.6c01548


ACS Applied Energy Materials www.acsaem.org Article

D
ow

nloaded 
Li0.3PAA-PEG1/10@Si. To further probe the pristine electrode
surfaces and assess possible chemical variations introduced by
different binder modifications, XPS measurements were carried
out. The survey spectra of anodes with Li0PAA-PEG1/10,
Li0.3PAA-PEG1/10, and Li0.3PAA-PEG1/10@Si are shown in
Figure S6. As expected, all samples show Si 2p and 2s peaks
of the active material and C 1s and O 1s peaks of the binder
and conductive additives.

Figure 3 shows the detail spectra in the Si 2p, C 1s, and O 1s
regions for Li0PAA, Li0PAA-PEG1/10, Li0.3PAA,
Li0.3PAA-PEG1/10, and Li0.3PAA-PEG1/10@Si. The Si 2p peaks
are comparable for all three samples and similar to the pattern
of pure Si powder (see above). In the C 1s region, four peaks
due to sp2-C (C=C), sp3-C (C–C/C–H), C–O, and O–C=O
species can be observed with increasing binding energy for all
samples. Similarly, three features due to C–O, SiO2, and C=O
Figure 3. XPS detail measurements in the Si 2p, C 1s, and O 1s regions fr
Li0.3PAA-PEG1/10, and Li0.3PAA-PEG1/10@Si.

1067
species are observed in the O 1s spectra.59 When comparing
the spectra of Li0PAA-PEG1/10 and Li0PAA (see also our previ-
ous work38), the impact of PEG is visible. The intensity of the
C–O peak is compared to both sp2-C and sp3-C and is much
higher for Li0PAA-PEG1/10 than for Li0PAA, and this increase
of C–O can also be seen in the O 1s spectra. The increased
C–O contribution is consistent with the formation of C–O–C
cross-linking between PAA and PEG in Li0PAA-PEG1/10,
although a contribution from PEG itself cannot be excluded.
In the case of Li0.3PAA- PEG1/10, the intensity of the C 1s C–
O peak is even higher, especially when compared to the sp3-C
peak. As the amount of added PEGDGE to the anode is exactly
the same as for Li0PAA-PEG1/10, this observation can indicate a
higher cross-linking ratio between PAA and PEGDGE for the
neutralized sample. This trend is even more pronounced for
the functionalized sample Li0.3PAA-PEG1/10@Si. It can be
om pristine electrodes containing Li0PAA, Li0PAA-PEG1/10, Li0.3PAA,

https://doi.org/10.1021/acsaem.6c01548
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explained by the PAA polymer conformation, which is coiled in
acidic form and rather stretched and detangled in the neutral-
ized form.60 Therefore, the acidic form tends to form intramo-
lecular interactions, causing steric hindrance for the PEGDGE
oligomer to interact with the carboxylic acid groups. For the
rather decoiled conformation of Li0.3PAA, PEGDGE has a bet-
ter chance to cross-link with the carboxylic acid groups. The
even higher C–O contribution for the functionalized
Li0.3PAA-PEG1/10@Si sample indicates that the Si functionaliza-
tion with PEGDGE enables an even stronger interaction with
Li0.3PAA, and therefore a higher cross-linking ratio. It is neces-
sary to point out potential physical adsorption of PEGDGE on
the Si surface besides cross-linking. Nevertheless, a comparable
study with another implementation scenario of PEG47 shows
the covalent bonding of PEGDGE, which could help to increase
the number of PAA chains bonding with the Si surface by a
more ordered steric situation. This would then lead to higher
stability and therefore cohesion, as already shown in Figure 2.

In order to get a first impression on the impact of PEGDGE
on the electrochemical properties of the electrodes, CV
Figure 4. Cyclic voltammograms of the first four cycles of pristine an
(d) Li0.3PAA-PEG1/10, and (e) Li0.3PAA-PEG1/10@Si in the voltage range 0.0
a contact issue during the first cycle but cycled correctly in the subsequent c

1068
measurements were conducted, as displayed in Figure 4. Two
cathodic peaks and two anodic peaks can be observed for all
samples. The first cycle (black) is different, as the microcrystal-
line Si (or part of it, when capacity is limited) first has to form
amorphous LixSi phases during alloying. For the ongoing
cycling, the first cathodic peak at 0.18–0.20 V vs Li+/Li is
assigned to the lithiation of amorphous Si to P-I phase (LiSi)
together with the phase transition from P-I to P-II (Li7Si3).
The second cathodic peak at 0.01 V vs Li+/Li is related to
the P-III formation, that is, lithiation of Si in metastable Li-Si
amorphous phases to Li3.16Si and then probably crystalline Si
(<50 mV vs Li+/Li). The anodic peaks show delithiation of
the Si–Li alloys in a two-step lithium extraction process to
amorphous Si. First, (partial) decomposition of the highly
lithiated phase P-III with Li3.16Si takes place toward P-II at
0.4 V vs Li+/Li (for Li0PAA at 0.36 V vs Li+/Li); then further
removal of Li toward P-I happens at 0.53 V vs Li+/Li.61–64 For
the samples Li0PAA-PEG and Li0.3PAA-PEG, where PEGDGE
is added to the binder, the first cathodic and the second anodic
peaks are slightly shifted to 0.2 V vs Li+/Li and 0.515 V vs Li+/
odes containing (a) Li0PAA, (b) Li0.3PAA, (c) Li0PAA-PEG1/10,
1–1.5 V vs Li+/Li with a scan rate of 0.1 mV s–1. The cell in (e) had
ycles.
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ACS Appl. Energy Mater. 2026, 9, 10674−10688

0

rg/​aaem
cq/​article-pdf/​9/​16/​10674/​66543599/​ae-2026-015488.​pdf by KIT BIBLIO

TH
EK user on 02 N

ovem
ber 2026

http://www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.6c01548


ACS Applied Energy Materials www.acsaem.org Article

D
ow

nloaded from
 pubs.​acs.​org/​aaem

cq/​article-pdf/​9/​16/​10674/​66543599/​ae-2026-015488.​pdf by KIT BIBLIO
TH

EK user on 02 N
ovem

ber 2026
Li, respectively. Therefore, these peaks come closer together,
which can indicate higher reversibility induced by PEGDGE.
For all samples, increasing peak intensities are observed with
increasing cycle number, meaning higher Li+ concentration
and therefore facilitated Li+ diffusion paths allowing storage
of more Li+. None of the samples show irreversible peaks,
which verifies that all of them are electrochemically stable. It
can already be seen by comparison of the results from Li0PAA
and Li0.3PAA that the partial neutralization of PAA makes a dif-
ference in the Li insertion as well as extraction direction.
Especially, the cathodic peak at ∼0.2 V vs Li+/Li is different,
and the superimposed transition peaks are visible as shoulders
of the main peak for Li0.3PAA. In addition, the intensity
increases significantly; hence, the diffusion and storage of lith-
ium ions into the silicon are significantly larger. This can be
caused by the presence of Li+ ions in the binder and also by bet-
ter contact and transport of ions due to decoiled PAA polymer
conformation.34,60 In the dealloying direction, the peak intensi-
ties are also higher for Li0.3PAA, and the ratio is not equal to
that for Li0PAA, but the peak of transition P-III–II is higher
than that of P-II–I. Generally, these observed differences indi-
cate better electrode integrity of partially neutralized PAA and
more homogeneous alloying of Si as the anodes are oversized;
therefore, all parts get only partially lithiated. In case of acidic
PAA, the anodes seem not as mechanically stable; thus, detach-
ing particles will not be included in alloying anymore, while
other parts then will be lithiated more. This inhomogeneity will
then lead to a shift of higher lithiated phases and generally less
intensity. In the case of Li0PAA-PEG1/10, the cathodic P-I–II
peak and anodic P-II–I peak are more pronounced than in
Li0PAA with generally higher intensities, which could indicate
better Li+ transport/storage due to PEG addition and its ion
transport ability. Li0.3PAA-PEG1/10 and Li0.3PAA-PEG1/10@Si
show the same peak ratios as the non-neutralized sample, but
with the cathodic peak including shoulders of a superimposed
transition like Li0.3PAA. Interestingly, compared to the latter,
the intensities of both samples are slightly smaller, which shows
lower ion concentration and therefore less beneficial diffusion
paths because of the cross-linkage.

Next, galvanostatic cycling tests were carried out to further
examine the electrochemical performance of the anodes in both
half-cell and full-cell configurations. The half-cell results, with
limited capacity to 1500 mAh g–1Si, are shown in Figure 5, split
into anodes based on Li0PAA (Figure 5a) and Li0.3PAA
(Figure 5b). The respective coulombic efficiencies (CEs) are
shown in Figure 5c,d. For the anodes based on Li0PAA
(Figure 5a), the standard Li0PAA anode obviously shows the
most stable cycling behavior, while the incorporation of PEG
gradually deteriorates capacity retention. Among these,
Li0PAA-PEG1/10 maintains relatively stable cycling up to
approximately 20 cycles, after which capacity fading becomes
evident. Interestingly, when PEG is grafted directly onto the
Si surface (Li0PAA-PEG1/10@Si), cycling performance further
declines. One reason could be that the high amount of PEG
at the active material surface induces less favorable side reac-
tions during cycling. These observations are also supported by
the CE (Figure 5c) with a slightly lower CE of Li0PAA-PEG1/

10 during cycling compared with that of Li0PAA.
The partially neutralized Li0.3PAA (Figure 5b) shows a some-

what different trend. Even though Li0.3PAA again offers highly
stable cycling, Li0.3PAA-PEG1/10 maintains the same stability
for ~40 cycles—about twice as long as the non-neutralized
1068
counterpart—highlighting the beneficial effect of partial lithium
neutralization on binder elasticity and ionic conductivity. Again,
both the first cycle efficiency (FCE) and CE (Figure 5d) of
Li0.3PAA-PEG1/10 are, however, slightly lower than those of
Li0.3PAA. The Li0.3PAA-PEG1/10@Si electrode, despite its less
stable capacity retention beyond 20 cycles, shows an improved
FCE of 93.5%, exceeding that of Li0.3PAA (92.2%). This sug-
gests that the covalent anchoring of PEG on the Si surface
may initially mitigate irreversible Li consumption by stabilizing
the interfacial chemistry, although long-term cycling stability
remains limited—likely due to progressive detachment or frac-
ture of active particles.
The rate capability measurements (Figure 5e) show favorable

performance for both Li0.3PAA and Li0.3PAA-PEG1/10, with
slightly better capacity retention of Li0.3PAA-PEG1/10 at high
C-rates, possibly owing to enhanced Li+ transport through the
flexible cross-linked network. In contrast, Li0.3PAA-PEG1/10@Si
suffers from significant capacity fading at C-rates higher than
1.5 C, and it does not recover its initial capacity at C/3 after
the C-rate test.
To assess the binder modification effects in a more practical

system, the optimized anodes were further tested in full pouch
cells against NMC811 cathodes. The cells were cycled at 1C,
with C/3 check-up cycles every 50th cycle until the state of
health (SOH) reached 80%. Each sample was tested with 3 cells
to ensure reproducibility (Figure 6). The performance of the
Li0PAA-based anodes is shown in Figure 6a and that of the
Li0.3PAA-based anodes is shown in Figure 6c. The correspond-
ing CEs of the formation process for the Li0PAA-based anodes
and the Li0.3PAA-based anodes are shown in Figure 6b,d,
respectively. Similar to the findings in half-cell tests, the
Li0PAA electrode shows better capacity retention than
Li0PAA-PEG1/10 and very comparable CEs in the formation
cycles, whereas increasing the PEG amount leads to severe
capacity fading and poor cycling performance. A possible reason
could be that an excessive amount of PEG weakens the cohe-
sion of the anode and could partly bind Li+ ions.
In the case of Li0.3PAA-based anodes (Figure 6d), the FCEs

in formation are very comparable; Li0.3PAA-PEG1/10@Si offers
slightly higher FCE, but within measurement tolerances. The
cycling results in Figure 6c again reveal decreasing performance
with a higher PEG ratio, but interestingly, the Li0.3PAA-PEG1/

10 sample does not show cycling performance comparable to
Li0.3PAA, as expected from the results of half-cell cycling. In
contrast, Li0.3PAA-PEG1/10@Si achieved comparable capacity
retention based on C/3 check-up cycles with a slightly weaker
1C performance in between but with rather linear degradation
instead of an increasing fading rate with a higher cycle number.
This indicates a different fading mechanism, which is investi-
gated next with post-mortem studies.
After cycling to SOH = 80%, the cells were disassembled,

and the anodes were subjected to post-mortem analysis. Post-
mortem CV was performed to evaluate residual electrochemical
activity and possible degradation mechanisms (Figure S7). All
samples show a difference in the first cycle compared to the sub-
sequent cycles. These changes can be explained by the fact that
the post-mortem electrodes were drawn from a rather Li+-
depleted system and put in a half cell with fresh Li and electro-
lyte. Therefore, the post-mortem anodes are, compared to the
aged full cell system, in a relatively high lithiation state, and a
certain passivation occurs. The Li0PAA-based electrodes
(Figure S7a), Li0PAA-PEG1/10 (Figure S7c) and
https://doi.org/10.1021/acsaem.6c01548
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Figure 5. Half-cell C/3 cycling performance of anodes based on (a) Li0PAA and respective modifications and (b) Li0.3PAA and respective modifi-
cations. (c) and (d) corresponding Coulombic efficiencies. (e) Half-cell C-rate test with anodes based on Li0.3PAA, Li0.3PAA-PEG1/10, and
Li0.3PAA-PEG1/10@Si with constant lithiation at C/3 and varied delithiation C-rates up to 3C. All of the above tests were conducted with a minimum
of three cells each.
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Li0PAA-PEG1/10@Si (Figure S7e) still show the same type of
peaks in the cathodic and anodic directions; and no drastic
changes can be found when comparing with the pristine sam-
ples (Figure 4), indicating that the fundamental Si alloying/
dealloying mechanism remains largely preserved after extended
cycling. Only the second anodic peak shifted to a slightly lower
voltage (from 0.53 to 0.5 V vs Li+/Li) for the samples with
Li0PAA and Li0PAA-PEG1/10@Si, suggesting improved revers-
ibility and reduced polarization. In contrast, the voltage
increased from 0.515 to 0.53 V vs Li+/Li for Li0PAA-PEG1/10,
indicative of increased overpotential and kinetic hindrance after
prolonged cycling. Furthermore, the peak intensities of the lat-
ter sample increased significantly compared to the sample with-
out PEGDGE, which can indicate facilitated Li+ transport. In
the case of Li0.3PAA-based samples, the post-mortem CVs show
notably different features. Both Li0.3PAA and Li0.3PAA-PEG1/10
show merged cathodic peaks and one anodic peak, implying
structural and interfacial degradation that disrupts the typical
multi-step alloying/dealloying behavior of Si. In contrast,
1068
Li0.3PAA-PEG1/10@Si shows a comparable pattern to the
Li0PAA-containing anodes, preserving the cathodic and anodic
double peaks. This could mean that the alloying mechanism is
still maintained for these samples at SOH = 80%, while
Li0.3PAA and Li0.3PAA-PEG1/10 degraded differently at the
same SOH after 150 cycles. This observation emphasizes that
the covalent anchoring of PEG to the Si surface may mitigate
mechanical degradation, preserving reversible Si lithiation path-
ways during extended cycling.
Regarding mechanical degradation, post-mortem SEM

images were taken for the anodes with Li0PAA,
Li0PAA-PEG1/10, Li0.3PAA, Li0.3PAA-PEG1/8, Li0.3PAA-PEG1/

10, and Li0.3PAA-PEG1/10@Si to elucidate the damage induced
by the volume changes upon cycling (see Figure 7). Surface
morphologies are shown in the left and middle-left, while the
cross-sections are depicted in the middle-right and right.
Among the binder systems, the Li0PAA-PEG1/10 seems to

have fewer cracks than the other samples (also compared to
Li0PAA), suggesting that the incorporation of PEGDGE helps
https://doi.org/10.1021/acsaem.6c01548
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Figure 6. Full cell cycling performance of anodes based on (a) Li0PAA and its respective modifications and (c) Li0.3PAA and its respective modi-
fications, cycled against NMC811 at 1C with C/3 check-up cycles every 50th cycle. (b) and (d) corresponding Coulombic efficiencies. All the above
tests were conducted with a minimum of two cells each.

Figure 7. SEM images from a top-view perspective (left and middle -left) and cross-section (middle-right and right) with different magnifications
of post-mortem electrodes containing (a) Li0PAA, (b) Li0PAA-PEG1/10, (c) Li0.3PAA, (d) Li0.3PAA-PEG1/8, (e) Li0.3PAA-PEG1/10, and
(f) Li0.3PAA-PEG1/10@Si after 1C cycling until SOH = 70–80%.
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to maintain the electrode structure and partially suppresses
crack propagation. In the more detailed view (middle-left),
Li0PAA-PEG1/10 shows some darker spots attributed to poly-
meric aggregation, which are not visible for most of the other
anodes except to a very low extent in the image of Li0PAA.
These aggregates may originate from the more coiled confor-
mation of PAA in acidic form, and it seems that the tendency
for this conformation is somehow enhanced by PEGDGE.

In the cross-section images (middle-right), cracks and some
horizontal cracks or partial delamination from the current col-
lector can be seen for the acidic PAA-based samples (Li0PAA
and Li0PAA-PEG1/10), while only smaller cracks are observed
for Li0.3PAA-PEG1/8 and almost none for Li0.3PAA,
Li0.3PAA-PEG1/10, and Li0.3PAA-PEG1/10@Si. When having a
closer look, the images of Li0PAA, Li0PAA-PEG1/10, and
Li0.3PAA-PEG1/8 show even voids within the anode, while for
Li0.3PAA, Li0.3PAA-PEG1/10, and Li0.3PAA-PEG1/10@Si, the
anode is still rather compact and homogeneous. It indicates that
even though their surfaces show cracks and therefore degrada-
tion, the cross-sections stay in better condition for the
Li0.3PAA-based modifications. The only exception is
Li0.3PAA-PEG1/8, where the higher PEGDGE amount leads to
visible voids and interlayer separation, implying that excessive
cross-linker incorporation reduces binder flexibility and compro-
mises film adhesion. In the images of Li0.3PAA-PEG1/10@Si, some
bright regions between the particles can be observed, possibly
corresponding to conductive domains. This might be related to
the PEG-functionalization on the Si particles. When looking at
the detailed cross-section of the particles (right images),
Li0PAA-PEG1/10 shows low particle degradation and a thin, uni-
form dark interfacial layer attributed to SEI. The presence of a
coherent and continuous SEI film, together with restrained parti-
cle degradation, highlights the beneficial role of moderate PEG
cross-linking in accommodating Si volume expansion while
maintaining electrical connectivity.

In comparison to Li0PAA, the morphology of Li0PAA-PEG1/10
shows a notable improvement. In the case of Li0.3PAA, the parti-
cles seem to be a bit more degraded and have a thick SEI around
the particles. Both anodes did not sustain many cycles; therefore,
the degradation of particles is rather modest. In contrast, the
particles of Li0.3PAA-PEG1/10 show a substantially higher degree
of particle degradation accompanied by a porous, moss-like
SEI. Interestingly, the particle degradation is much more pro-
nounced than for the sample without PEGDGE (Li0.3PAA). In
Li0.3PAA-PEG1/10@Si, the particle degradation is again lower,
and the surrounding SEI is thinner and more uniform; both seem
to be the reason for better cycling performance of this anode com-
pared to the one with Li0.3PAA-PEG1/10.

Further evidence supporting these observations is provided
by the high-resolution cross-section SEM–EDX analysis
(Figure S8). Interestingly, the EDX elemental mapping of sam-
ple Li0.3PAA-PEG1/10@Si shows that the bright conductive parts
between the particles are related to Cu. This could be an indi-
cation of a continuous ion-conducting network of PEG around
the particles because the copper ions were transported across
the electrode from the already known copper carboxylates of
PAA at the binder-copper substrate interface.34

Finally, XPS was used on the post-mortem electrodes to get a
more detailed insight into the degradation products at the surface
of the anodes and the influence of PEG cross-linking. The survey
spectra of (a) Li0PAA, (b) Li0 PAA-PEG1/10, (c) Li0.3PAA,
(d) Li0.3PAA-PEG1/10, and (e) Li0.3PAA-PEG1/10@Si are
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displayed in Figure S9 showing the C 1s and O 1s peaks from
binder and electrolyte decomposition products together with F
1s and P 2p peaks from electrolyte decomposition. Only very
small Si 2p peaks are visible, most probably due to a rather thick
SEI formed during cycling. In the detail spectra in Figure 8, the
influence of the anode binder on the electrolyte degradation
products can be seen. The Si 2p peaks are mostly comparable
between the samples and rather low in intensity due to electro-
lyte degradation products on the particle surface. The spectra
in the C 1s region show peaks related to carbonates and binders,
all of them with comparable peak ratios between the samples.
Peaks related to C–O (at 533.5 eV) and C=O/PO4

3–

(at 532 eV)59 can be discerned in the spectra in the O 1s
region, with comparatively lower intensity of C–O for the
samples Li0PAA-PEG1/10 and Li0.3PAA-PEG1/10. In case of
Li0.3PAA-PEG1/10@Si, the intensity ratio is similar between both
peaks, which could indicate less degradation products as less
C=O/PO4

3– is observed. According to the F 1s spectra, the
amount of residual LiPF6 is highest for Li0PAA and
Li0.3PAA-PEG1/10 and lowest for Li0.3PAA. All Li0.3PAA-based
samples show higher intensities for LiF at 685 eV, which could
hint to a higher contribution of inorganic species to the SEI,
which is more rigid and stable to avoid further electrolyte decom-
position.65,66 In the P 2p spectra, a lower amount of phosphates
can be observed for Li0.3PAA-PEG1/10@Si. Other than that, the
spectra are very comparable for all samples. Therefore, the
decomposition of the electrolyte seems to happen in a similar
way for all the samples, but with higher LiF content in the
SEI for Li0.3PAA-PEG1/10 and Li0.3PAA-PEG1/10@Si and
with slightly fewer phosphorous decomposition products for
Li0.3PAA-PEG1/10@Si.

■ CONCLUSIONS

In this work, in situ cross-linked binder variations of polyacrylic
acid (PAA) with poly(ethylene glycol) diglycidyl ether
(PEGDGE) were studied, and their beneficial effect on the
mechanical and electrochemical performance of pure Si anodes
was demonstrated. The use of partially neutralized PAA facili-
tates decoiling of the polymer chains and improves cross-
linking efficiency with PEGDGE, resulting in increased thermal
stability and adhesion. XPS analysis and mechanical tests indi-
cate a higher cross-linking ratio for the Li0.3PAA-based anodes,
which correlates with improved electrode integrity.
Electrochemical analysis reveals that PEGDGE, although added
in small quantities, influences the alloying of Si and lithium-ion
transport. An optimal PEGDGE-to-PAA ratio of 1:10 yields the
most stable cycling performance, with Li0.3PAA-PEG1/10 show-
ing comparable stability to PAA binders and slightly improved
rate capability.
In full pouch cells with NMC811 as the cathode, the

Li0.3PAA-PEG1/10@Si-containing anode showed a comparable
cycle life as Li0.3PAA considering the C/3 check-up cycle, but
with stronger 1C degradation, which is nevertheless more linear
than for Li0.3PAA, which accelerated toward 150 cycles. The
Li0.3PAA-PEG1/10@Si sample maintained its alloying/dealloying
mechanisms, as confirmed by post-mortem CV analysis. Also, in
the post-mortem SEM-EDX analysis, the Li0.3PAA-PEG1/10 and
Li0.3PAA-PEG1/10@Si anodes showed a well-maintained elec-
trode structure with homogeneous particle degradation. XPS
proved that a more inorganic and stable SEI formed on the sam-
ples including Li0.3PAA-PEG1/10 and Li0.3PAA-PEG1/10@Si,
https://doi.org/10.1021/acsaem.6c01548
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Figure 8. XPS detail measurements in the Si 2p, C 1s, O 1s, F 1s, and P 2p regions from post-mortem electrodes containing Li0PAA, Li0PAA-PEG1/

10, Li0.3PAA, Li0.3PAA-PEG1/10, and Li0.3PAA-PEG1/10@Si after 1C cycling until SOH = 70–80%.
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which is characterized by increased LiF and reduced phosphate
content, further supporting the improved long-term
performance.

In conclusion, these findings highlight the potential of
PEGDGE as a functional cross-linker in Si anodes. It can be
introduced easily as an in situ cross-linker for the PAA binder
and systematically improves the mechanical integrity, electrode
microstructure, interfacial chemistry, and electrochemical per-
formance of the Si-dominant anode. The method of implemen-
tation—either via binder modification or Si-particle
functionalization—plays a critical role in determining the result-
ing electrode performance and degradation behavior. Therefore,
future work should focus on optimizing the balance between
PAA neutralization, PEGDGE content and Si-surface functiona-
lization to tailor binder architecture, electrode integrity, and
interfacial stability. Such optimization will be essential for trans-
lating cross-linked PAA-PEG binder systems into more durable
Si-dominant anodes for Li-ion full cells.
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partially lithiated/neutralized polyacrylic acid
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 molecular weight

MWCNT
 multi-walled carbon nanotubes

N/P ratio
 negative-to-positive ratio

PAA
 polyacrylic acid

PEG
 polyethylene glycol

PEGDGE
 poly(ethylene glycol) diglycidyl ether

PEO
 polyethylene oxide

PVDF
 polyvinylidene fluoride
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 ring-opening polymerization

SEI
 solid electrolyte interphase

SEM
 scanning electron microscopy
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SiMP
 Silicon microparticles

SiNP
 Silicon nanoparticles

SOH
 state of health
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