
Contents lists available at ScienceDirect

Journal of Power Sources

journal homepage: www.elsevier.com/locate/jpowsour

Understanding of pre-lithiation of poly(acrylic acid) binder: Striking the
balances between the cycling performance and slurry stability for silicon-
graphite composite electrodes in Li-ion batteries

Bin Hua,1, Sisi Jianga,b,1, Ilya A. Shkroba, Jingjing Zhanga, Stephen E. Traska, Bryant J. Polzina,
Andrew Jansena, Wei Chenc,d, Chen Liaoa, Zhengcheng Zhanga, Lu Zhanga,∗

a Chemical Sciences and Engineering Division, Argonne National Laboratory, 9700 South Cass Avenue, Argonne, IL, 60439, USA
bDepartment of Chemistry, University of Tennessee, 1420 Circle Drive, Knoxville, TN, 37996, USA
c Institute for Molecular Engineering and Materials Science Division, Argonne National Laboratory, 9700 South Cass Avenue, Argonne, IL, 60439, USA
d Institute for Molecular Engineering, The University of Chicago, 5640 South Ellis Avenue, Chicago, IL, 60637, USA

H I G H L I G H T S

• Pre-lithiation treatment of PAA binder
was conducted by titration with LiOH.

• The treatment affords enhanced visc-
osity and shear-thinning but less co-
hesion.

• Cycling results indicated the pre-li-
thation can undermine the cell per-
formance.

• The treatment balances the opposing
trends in the cycling and slurry stabi-
lity.
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A B S T R A C T

Poly(acrylic acid) (PAA) is widely used as a polymer binder for high capacity silicon (Si) anodes in Li-ion
batteries. When used, the carboxyl (eCO2H) groups of PAA can be partially lithiated (known as pre-lithiation
treatment), which is believed to facilitates lamination process, especially for production on a large scale.
However, such treatment impacts numerous physico-chemical properties of the PAA binder that affect the cy-
cling performance of the electrode. Here we seek to quantify the pre-lithiation treatment effect on Li-ion cells
containing Si-graphite composite electrodes. The electrochemical cycling results indicated that such pre-lithia-
tion treatment of PAA can undermine the cycling performance, as more capacity loss was observed when pre-
lithitated PAA binders were used. On the other hand, the same pre-lithiation practice is indeed beneficial for the
lamination process, as it increases the viscosity of aqueous slurries at low shear rates (slows down sedimentation)
and prompts the shear thinning (so that the slurries can be more easily mixed). Thus, there is an uneasy balance
between the electrochemical performance that suffers from the pre-lithiation of PAA and the quality of slurry
processing which benefits from the same practice. An alternative approach to slurry treatment would be desired
to achieve better cycling performance without undermining the stability of slurry suspensions.
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1. Introduction

Graphite (Gr), which is commonly used as electrode material for
lithium-ion batteries (LIBs), has relatively low gravimetric (372 mAh
g−1) and volumetric (890 mAh cm−3) capacity, and these limitations
circumscribe possible improvements of LIBs using this material [1].
Among the alternative materials, silicon (Si) stands out due to its low
cost and high theoretical capacity (∼4200 mAh g−1 gravimetric ca-
pacity based on the Li4.4Si alloy and volumetric capacity of ∼9800
mAh cm−3 based on initial volume) [2–4]. However, large volumetric
changes in Si particles during Li alloying (∼320 vol%) cause their
fracture and electric isolation of silicon cores, while continuous for-
mation and breaking down of protective solid-electrolyte interphase
(SEI) formed on these unstable particles causes capacity fade [4–7].
Given these tendencies, stiff polymer binders that provide strong co-
hesion between particles in the electrode matrix and offer resistance to
volumetric changes in the Si particles can significantly improve the
cycling performance of Si-based anodes [8,9]. The conventional
polymer binder used in graphite electrodes, poly(vinylidene fluoride)
(PVdF), is not suitable for such Si-based anodes due to its low tensile
strength and poor adhesion to Si surface. Water soluble polymers with
hydroxyl or carboxylate groups, such as alginate, carboxymethyl cel-
lulose (CMC) and poly(acrylic acid) (PAA) show greater promise, as
their functional groups may help to form strong covalent bonds with
siloxyl (SiOH) groups on the Si surface maintaining cohesion during
volumetric changes [10–13].

Among these materials, PAA based binders are particularly attrac-
tive due to a combination of excellent performance in the electrodes
and low cost [12,14,15]. The protons in the eCO2H (carboxylate)
groups of PAA can be partially exchanged by Li+ ions (this is known as
pre-lithiation treatment), which is a common practice for fabrication of
Si-containing anodes. Such "pre-lithiated PAA" (that is, PAA titrated
with LiOH to pH∼7) has become the standard binder material for Si-
licon Deep Dive program that is funded by DOE [16,17]. While PAA
binder is becoming increasingly used, the factors controlling its per-
formance in the LIBs are not fully understood [18]. In particular, it is
believed that the pre-lithiation treatment benefits the lamination pro-
cess (especially for a large scale production) by yielding mechanically
cohesive and uniform electrodes at relatively high loadings of active
materials [19]. However, very few study has been conducted to look
into the mechanism behind. Moreover, this practice involves the strong
base, LiOH, which can considerably increase the pH of the slurries,
changing many properties of the binder both in solution and the elec-
trode matrix and potentially causing undesired reactions. For example,
even a brief exposure of Si particles to hydroxide can causing oxidation
of Si particles and H2 evolution [13,16,20,21]. A better understanding
of the multiple roles played by the pre-lithiation of PAA binder in the
electrode performance and fabrication would allow to find the optimum
lamination condition as well as improved Si electrode.

In this study we quantify the effects of pre-lithiation treatment of
PAA binder on the properties of such binder in solutions and slurries
and characterize the performance of silicon-graphite (Si-Gr) composite
electrodes fabricated using these binders. To reduce volume expansion
in the electrode during electrochemical cycling, this composite elec-
trode contained only ∼15wt% Si. For a fair comparison, the pre-li-
thation of the binder, the fabrication and coating of the slurries, the
thermal treatment of the laminate, and the testing protocols have been
standardized.

2. Experimental section

2.1. Materials

PAA (Mn=147 kDa, PDI= 4.9) and lithium hydroxide mono-
hydrate were obtained from Sigma-Aldrich. Silicon nanoparticles
(70–130 nm) were obtained from NanoAmor; graphite flakes (MagE,

2–4 μm) were obtained from Hitachi; conductive carbon particles (C45,
50–60 nm) were obtained from Timcal. The Si-Gr electrodes contained
73wt% graphite, 15 wt% Si nanoparticles, 2 wt% conductive C and
10wt% PAA binder. The active material loading was 2.6–3.0 mg cm−2

(see Table 1 for more detail) with a coating thickness between 20 and
25 μm. NCM523 cathodes contained 90wt%
Li1.03(Ni0.5Co0.2Mn0.3)0.97O2, 5 wt% conductive carbon, and 5wt%
PVdF binder with a loading of 11.3 mg cm−2. Copper (10 μm thick) and
aluminum (20 μm thick) foils were used as current collectors for the
anode and cathode, respectively. These electrodes were produced by
the Cell Analysis, Modeling, and Prototyping (CAMP) facility of the
Argonne National Laboratory. Before cell assembly, the electrodes were
dried in a vacuum oven at 150 °C for 8 h. The specific capacities are
reported per the total weight of the active materials; the discharge
capacities are given unless stated otherwise.

Gen 2 electrolyte, which consists of 1.2M LiPF6 in a mixture of
ethylene carbonate and ethyl methyl carbonate (3:7 w/w), was pro-
vided by Tomiyama Pure Chemical Industries. Fluoroethylene carbo-
nate (FEC) used as the solid electrolyte interphase building additive was
purchased from Solvay.

2.2. Preparation of pre-lithiated PAA solutions

PAA binders were weighed and dissolved in deionized water. After
stirring the mixture overnight, calculated amount of LiOH and addi-
tional water were added to adjust the concentration of PAA to 10wt%.
The solutions were stirred for another 4 h, and the pH was determined
using a Thermo Scientific Orion Star A215m. The samples in Tables 1
and S1 are numbered in the order of the increased Li content (and pH).

2.3. Rheological measurements

Rheological characterization was carried out at 25 °C using a TA
Instruments model Discovery HR-3 rheometer operating in a cone-plate
geometry with a cone diameter of 20 mm and an angle of 2° (truncation
52 μm). To minimize water evaporation, a solvent trap cover was used.
The apparent viscosity at different shear rates was measured in a flow
ramp.

2.4. Peeling test

Peeling test of the Si-Gr composite electrode was conducted using an
Instron 3343 universal tester. Laminates (25mm×75mm) were at-
tached to 3M 600 Scotch adhesive tape. The electrode was peeled by
pulling this tape at an angle of 180° and a constant displacement rate of

Table 1
The loading density, initial specific capacity and coulombic efficiency, capacity
retention and average capacity for half cells using Si-Gr electrodes fabricated
with lithiated PAA binders.

Sam-ple pHa Loading
density,
mg cm−2

Initial
specific
capacity,b

mAh g−1

Average
capacity,
mAh g−1c

Initial
Coulombic
efficiency,
%d

Capacity
retention,
%e

1 2.1 2.7 682 525 98.1 60
2 4.2 2.9 679 499 96.7 58
3 4.8 2.8 634 438 95.7 51
4 6.0 2.6 565 377 89.8 48
5 7.0 2.8 546 331 91.3 41
6 10.0 2.6 353 272 95.5 73
7 12.3 3.0 265 273 99.3 103

a From Table S1.
b Determined at the third formation cycle.
c Averaged capacity over 100 cycles.
d For the first cycle at a C/3 rate, after formation cycles at a C/20 rate.
e After 100 cycles at a C/3 rate.
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10mm s−1. The applied force was measured, and the load/displace-
ment plots were obtained [22,23].

2.5. Cell assembly and electrochemical characterization

Cycling performance was evaluated using 2032-type stainless steel
coin cells. The half cells were configured with a lithium metal electrode,
a microporous polypropylene separator (Celgard 2325), a Si-Gr com-
posite electrode, and 25 μL of Gen 2 electrolyte containing 10wt% FEC.
The cells were first subjected to three formation cycles at a C/20 rate
followed by 100 cycles at a C/3 rate with the cell voltage maintained
between 0.01 V and 1.5 V during this cycling. The current rate was
derived from the actual capacity during the formation cycle. The
electrochemical performance of each binder was determined by two
parallel cells.

In full cells, the Si-Gr anode was paired with the NCM523 cathode.
The cell testing protocol consisted of (i) three formation cycles at a C/
20 rate, (ii) a hybrid pulse power characterization (HPPC) sequence to
measure area specific impedance (AIS) at different depths of discharge
(DOD), (iii) 92 aging cycles at a C/3 rate, (iv) another HPPC sequence,
and (v) three final cycles at a C/20 rate to measure capacity fade. This
gives a total of 100 cycles with the cell voltage maintained between
3.0 V and 4.2 V. In the HPPC test, the cells are charged at a C/3 rate to
4.2 V, discharged at C/3 rate to 10% DOD, and then rested at the open
circuit voltage for 1 h. The hybrid pulse sequence includes a rectangular
discharge pulse at a 3C rate applied for 10 s, a rest for 40 s, a charge
pulse at a 2.25C rate applied for 10 s, and another rest for 60 s. The
impedance was calculated by using the known current and the end-of-
pulse voltage differences.

2.6. Post-cycling analysis

For the post-cycling characterization, the cells were disassembled in
argon; the harvested electrodes were rinsed with anhydrous dimethyl
carbonate and dried in a vacuum oven. The morphologies of the pristine
and cycled electrodes were examined using a Hitachi S-4700-II scan-
ning electron microscope (SEM). The energy dispersive X-ray (EDX)
analysis was performed using a Bruker XFlash 6160 instrument.
Fourier-transform infrared (FTIR) spectra of these electrodes were ob-
tained using a Thermo Scientific Nicolet iS5 spectrometer.

3. Results and discussion

Pre-lithiated PAA samples were prepared by mixing the aqueous
PAA solutions with LiOH as described above. Proticities and composi-
tions of 10 wt% solutions are given in Table S1. Fig. 1a gives pH of these
solutions as a function of the molar ratio x% of LiOH relative to the
eCO2H groups calculated from the known stoichiometry. This pH de-
pendence is reminiscent of the textbook strong base - weak acid titra-
tion curve. Below x=90%, the pH slowly increases from 2 to 6, which

is followed by an abrupt change from 6 to 12, when x increases from
90% to 92%. As the Li+ substitution progresses further, the pH in-
creases from 12.0 to 12.6. The observed equivalence point of 92% is
lower than expected from the stoichiometry, which we attribute to
structural defects in the PAA polymer. In the following, the pre-lithiated
PAA samples are denoted as PAA-pH and referred by pH of solutions in
Fig. 1 that can be converted back to the lithiation ratio using Table S1.

Fig. 1b shows the apparent viscosity of pre-lithiated PAA solutions
as a function of the shear rate (note the logarithmic scales in both axes).
As seen from this plot, at low shear rates, the viscosities of PAA solu-
tions dramatically increase as PAA becomes more lithiated. For in-
stance, from pH 2.1 to pH 7.0, the viscosity at 1 s−1 increases nearly ten
times from 1.1 to 10.7 Pa s. This significant increase can be attributed to
the reduced mobility of the particles. As higher ionization of carboxylic
groups in PAA can be expected at higher pH, their mobility would be
much constrained, likely leading to much increased viscosity [24].

On the other hand, the shear thinning, which refers to the non-
Newtonian behavior of fluids whose viscosity decreases under shear
strain, was observed in all solutions. According to the power-law model,

=
−η γ K γ( ˙ ) ( ˙ )n 1 (1)

where η is the apparent viscosity, γ̇ is the shear rate, K is the con-
sistency index, and n is the flow index. The fluid is pseudoplastic (shear
thinning) when n < 1, and a smaller n indicates stronger shear thin-
ning. The parameters in eq. (1) were determined by fitting the apparent
viscosity in the shear rate range of 102–103 s−1 (Table S2). It is seen
that n decreases from ∼0.83 at pH=2.1 to ∼0.40 at pH 12.3, in-
dicating that a greater lithiation leads to a more pronounced shear
thinning effect.

As we know, a higher viscosity of the continuous phase at a low
shear rate can significantly improve the stability of aqueous suspen-
sions by slowing down sedimentation and coalescence of suspended
particles [25]. On the other hand, the shear thinning occurring at high
shear rates makes it easier to mix slurries during their preparation,
which is important for producing high quality laminates. Therefore,
sufficiently high viscosity at low shear rates combined with sufficiently
shear thinning (low viscosity at high shear rates) is a desired combi-
nation of properties for blending of Si nanoparticles in thick suspen-
sions for a large scale lamination process.

It was observed at the Cell Analysis, Modeling, and Prototyping
(CAMP) facility of Argonne National Laboratory that the PAA-6.0
binder yields stable and uniform slurries, while PAA-2.3 polymer yields
poor-quality, coagulated slurries that result in uneven laminates. This
behavior is partially rationalized by our results. Fig. 2 compares rheo-
logical properties of the slurries containing PAA-6.0 and PAA-2.1
binders (see the caption for the composition used). Compared to the
binder solutions in Fig. 1, the viscosities of these slurries are much
higher, but the same trends are observed. Compared to the PAA-2.1
slurry, the PAA-6.0 slurry has ten times higher viscosity at a low shear
rate (better slurry stability during lamination), but the two viscosities

Fig. 1. A plot of pH vs. LiOH/CO2H mole ratio
(a) and the apparent viscosity vs. the shear rate
(b) for 10wt% aqueous solutions of PAA. The
pH of the solutions is color coded in panel b.
Note the logarithmic scales in panel b. (For in-
terpretation of the references to color in this
figure legend, the reader is referred to the Web
version of this article.)
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become comparable at the shear rates exceeding 20 s−1 (these lower
viscosities facilitate the mixing during preparation of the slurries).
Thus, from the bulk processing point, the lithiated PAA-6.0 binder does
appear to have advantages over the untreated PAA-2.1 binder.

To characterize the electrochemical performance, the binder solu-
tions shown in Fig. 1 were used to fabricate Si-Gr composite electrodes
as described in the experimental section, which were first evaluated in
half cells (where these Si-Gr electrodes are paired with Li metal).
Table 1 summarizes the cycling parameters, including the initial de-
lithiation capacity, average capacity, and capacity retention. (Table 1
and Fig. 3). According to these tests, the cells using less lithiated PAA
binders consistently demonstrated better performance in terms of their
initial and average specific capacities and capacity retention after 100
cycles. For instance, during the formation cycles (Fig. 3a), PAA-2.1 cell

exhibited the highest initial specific capacity of 682 mAh g−1. As pH
increased to 7.0, the initial capacity decreased to 546 mAh g−1. Strong
capacity loss is seen in PAA-10.0 and PAA-12.3 cells. The observed
capacities (353 mAh g−1 and 265 mAh g−1) are similar to or lower than
the specific capacity of graphite (372 mAh g−1), suggesting that Si
particles became consumed in reactions with LiOH (see the Introduc-
tion). The differential capacity profiles (Fig. 4 and Figure S1) confirm
this conclusion. The characteristic peak of Li15Si4 at 0.43 V vs. Li/Li+ is
reduced as pH increases, and it disappears entirely at pH 12. Using
voltage-capacity profiles, we estimate that the Si capacity decreased
from 535 mAh g−1 for PAA-2.1 electrode to 480 mAh/g for PAA-7.0
electrode to 199 mAh g−1 for PAA-10.0 electrode to just 19 mAh g−1

for PAA-12.3 electrode. This dramatic loss of capacity indicates that Si
particles become digested during fabrication of the electrode from basic
solutions [13].

The Coulombic efficiency (CE) during the formation cycles shown in
Fig. 3b shows some dependence of pH values. From pH 2.1 to 10, the CE
of the second and third cycles generally decreases as a function of pH
value of PAA. The pH 12.3 cell is an outlier with the exceptional high
CE as well as the exceptionally low capacity. The low capacity of PAA-
12.3 cell is due to the total loss of Si particles. Since the capacity is
mainly from graphite, the higher CE is mainly due to more stable cy-
cling of the graphite compared to Si. There is no clear trend for the first
formation cycle, however, as this metric is related to the SEI formation.
As at high pH the Si particles become more corroded, it is more than
just the effect of the binder that affects the SEI formation process.

Following the formation cycles, all cells underwent 100 normal
cycles at a C/3 rate. As shown in Fig. 3c, once again, the cells using less
lithiated PAA binders (lower pH) exhibit better cycling performance
and PAA-2.1 cell shows the best cycling performance. Figure S2 plots
the initial capacity, average capacity (based on the 100 cycles) and
capacity retention in different cells vs. the pH. Below pH∼7, the initial
cell capacities slightly decrease with the increasing pH; this decrease
(from 600 mAh g−1 to under 400 mAh g−1) becomes more significant
above pH 10, which is consistent with the loss of Si particles. The

Fig. 2. A plot of the apparent viscosity vs. the shear rate (mind the logarithmic
scales) for aqueous slurries containing 5wt% PAA, 7.5 wt% Si, 36.5% graphite,
and 1 wt% carbon particles. The pH of the aqueous solutions of the PAA binder
is given in the plot.

Fig. 3. Specific delithiation capacity (a and c)
and coulombic efficiency profiles (b and d) of
half cells assembled using lithiated PAA during
formation cycles at a C/20 rate (a and b) and
after 100 cycles at a C/3 rate (c and d). The pH
of PAA solutions in Fig. 1 is color coded in panel
d. (For interpretation of the references to color
in this figure legend, the reader is referred to the
Web version of this article.)
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average capacity also decreases at pH > 4, following the same trend as
the initial capacity. From pH 4 to pH 7, the average capacity decreased
by 36% from 500 mAh g−1 to ∼320 mAh g−1. Further increase in the
pH led to a smaller decrease, and the average capacity stabilized at
∼273 mAh g−1.

Based on the cycling results, it is reasonable to expect that these
trends could reflect the ability of the PAA binder to provide structural
cohesion in the matrix, as it is a known concern for Si-Gr electrodes due
to large volumetric changes in the Si particles during their lithiation
and delithiation. In Fig. 5, a peeling test was used to assess the ad-
hesive/cohesive strength of the electrode [26]. It shows a clear trend
that average load/width values are higher for the binder with lower pH
values (1.06 N cm−1 for PAA-2.1 compared to 0.64 N cm−1 for PAA-
12.3). This test suggests that the increased lithiation of PAA decreases
the cohesion in the matrix. This can be attributed to the reduced
number of eCO2H groups that esterify siloxyl groups on the surface of
Si particles, forming strong bonds between the polymer chains and the

Si nanoparticles [27]. Clearly, the reduced cohesion also makes the PAA
binder less efficient in countering the effects of volumetric changes of Si
particles in the electrode matrix. We remind that according to previous
report [28] pre-lithiated PAA is 40% less stiff than non-lithiated PAA, so
the two trends (the cohesion and tensile strength) act in the same di-
rection.

Surface characterization of the pristine and aged Si-Gr electrodes
was conducted using the scanning electron microscopy (Fig. 6 and S3)
and energy-dispersive X-ray spectroscopy (Figure S4 and Table S4). As
shown in Fig. 6, pre-lithiation of PAA does not change the morphology
of the pristine electrodes. However, there are notable differences in the
oxygen content. For the PAA-2.1 electrode, 2 at% O is present. As the
lithiation progresses, the O content increased to 5–6 at% at pH 7.0 and
16 at% at pH 12.3, respectively, suggesting the increased Si oxidation
due to partial digestion of Si nanoparticles by the hydroxide in solution.
After 100 cycles, SEM images indicate multiple cracks for all electrodes
excepting the pH 10 and 12.3 electrodes. As these cracks develop

Fig. 4. Differential capacity (dQ/dV) for half cells containing Si-Gr composite electrodes using several PAA binders during the formation cycles at a C/20 rate. The pH
of the PAA solutions in Fig. 1 is indicated in each panel.

Fig. 5. The 180° peeling test for the Si-Gr electrode composed using different PAA binders (left). The load/width ratios averaged over a range of 50mm for different
electrodes (right). The pH of PAA solutions in Fig. 1 is indicated in the plots.
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mainly in response to volumetric changes in Si particles, this observa-
tion suggests the depletion of Si particles in the latter two electrodes,
which is in full agreement with our other results.

Fig. 7 shows the Fourier-transform infrared spectroscopy (FTIR) of
the pristine and cycled electrodes. In the pristine electrodes, the in-
tensities of the eCO2

−Li+ bands, which include the symmetric and
antisymmetric stretching of the carboxylate groups at 1414 and
1562 cm−1, respectively, and the CH2 stretching of PAA at 1453 cm−1,
increase with the increasing pH, while the intensity of the C]O band
from the eCO2H groups at 1685 cm−1 decreases, and the signal dis-
appears entirely at pH > 10. The broad peak at 900-1250 cm−1 which
corresponds to the SieO band increases in the amplitude in basic so-
lutions, implying the growing oxidation of silicon due to its digestion by
base. After cycling, all electrodes show the eCO2

−Li+ bands. The in-
tensities of these bands decrease for pre-lithiated PAA samples with
pH > 7, suggesting gradual decomposition of these binders.

The cycling performance of the full cells, in which the Si-Gr elec-
trode is paired with an NCM523 cathode, is shown in Fig. 8. The N/P
ratio, initial and average capacities, the capacity retention, and the area
specific impedance (ASI) are summarized in Table S5 and Figure S5.
Low-pH cells still exhibited the superior performance, and PAA-2.1 cell
showed the best performance. As pH increased, the cycling performance
generally deteriorated; the PAA-6.0 cell demonstrated the second best

performance. Compared to the half-cell results, the trend was not as
clear possibly due to the cathode/anode matching issues (Table S5), yet
we can confidently state that the pre-lithiation of PAA binder did not
improve quantifiable metrics of the cycling performance.

4. Conclusion

In this study, we examine the effect of H+/Li+ exchange in the
carboxylic groups of PAA binders (referred to as the pre-lithiation of
PAA) on various properties of these polymers in solutions, slurries, and
the electrodes; we also compared electrochemical cycling performance
of Li-ion cells with Si-Gr composite electrodes containing these binders.
Our study indicates that the pre-lithiation of PAA binder can indeed be
beneficial from the technological standpoint; specifically, for slurry
processing during fabrication of the electrode. At low shear rates, the
pre-lithiation increases the viscosity of the aqueous slurries tenfold (so
that they become less prone to sedimentation) while the viscosity at
high shear rates (> 20 s−1) is not notably increased, so these slurries
can be well stirred and homogenized during their preparation. These
concerns are important on the industrial scale when processing time
and slurry stability become important. However, from the standpoint of
materials chemistry, the pre-lithiation of PAA binder can be detri-
mental, as it not only causes reduced adhesion/cohesion between the

Fig. 6. SEM images of the Si-Gr composite electrodes harvested from the indicated cells before (first row, 1,500X magnification), and after (second row, 400X
magnification), (third row, 1,500X magnification) 100 cycles at a C/3 rate. The pH of PAA solutions in Fig. 1 is indicated in the plots.

Fig. 7. FTIR of the Si-Gr electrodes before (left) and after (right) 100 cycles. The pH of PAA solutions in Fig. 1 is indicated in the plots. The vertical lines indicate the
bands attributed at the top of the two panels.
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particles in the electrode matrix, as suggested by our peeling test, but
also erodes the Si particles, evidenced by our post analysis results. As a
result, the pre-lithiation of PAA binder can cause inferior cycling per-
formance in both half and full cells. This detrimental behavior becomes
more visible as pH increases over 7.

Thus, it appears that the current pre-lithiation treatments of PAA
binder (favoring pH∼6–7) straddle the opposing trends in the cycling
performance and rheological properties that benefit the large scale
slurry preparation and electrode lamination process. To our knowledge,
this is the first time that these two competing factors have been ex-
plicitly connected. We hope that this realization will lead to developing
new binders or slurry formulas that do not require such an uneasy
compromise.
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