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ABSTRACT: Low-environmental-impact binder systems are re-
quired for lithium-ion battery electrodes that exhibit good cohesive
and adhesive strengths, flexibility, optimized microstructures for
ions, and electronic conductivities. In this work, carrageenan gum is
employed as a green binder system for graphite-SiOx anodes of
various physical characteristics (porosity and active mass). A simple
current interrupt test is used to elucidate the contributing ohmic
and charge transfer resistances, showing increase in both, related to
the mass loading, porosity, and state of charge. The contribution of
SiOx to the reversible capacity was observed to fade in the first 20−
30 cycles. To describe the cycle life, an empirical model that directly
relates the porosity and mass loading to the cycle life is presented. A
relationship between the physical and electrochemical properties
has been explored to achieve maximum cycle life. This method may enable faster screening of electrode formulations and prediction
of cycle life of this and other electrode types.
KEYWORDS: lithium-ion batteries, graphite, silicon suboxide, electrode manufacturing, carrageenan binder

1. INTRODUCTION
The rechargeable Li-ion battery is a fundamental necessity in
modern society, being used in devices including cell phones,
laptop computers, and digital cameras.1 Decades of incremen-
tal improvements have made today’s rechargeable batteries
safer, with longer life and higher densities that are now being
used in electric vehicles.2−4 With this broad applicability of Li-
ion batteries, it is important to take into account the
environmental impact that they have and design the
manufacturing, materials, processing, and recycling with this
in mind.5−9

The most common anode material for Li-ion batteries is
graphite, despite its relatively low specific capacity (372 mA·h/
g), because of its cycle life stability attributed to its low volume
expansion during lithiation and delithiation.10−13 In order to
improve the capacity performance, but not compromise on the
volume expansion, silicon suboxide (SiOx; 1965 mA·h/g) can
be mixed with graphite at low amounts to boost the specific
capacity that is attractive for high-energy requirements.14 SiOx
is less conductive than graphite (6.7 × 10−4 S cm−1 compared
to ∼104 S cm−1) and thus a conductive 3D network with
carbon black, or alternative conductive additives, is used to
increase the electrically conductive pathways and enable the
electron transfer from the surface of the electrode to the
current collector.15−17 In addition, the presence of the
polymeric binder also increases the resistivity of the coatings

despite its importance toward the mechanical stability of the
electrode, and thus its presence is preferred at a minimum.18

Its role is to bind the active materials and conductive additive
to the current collector and affect the electrode-current
collector adhesion properties.19,20 In order to reduce cost
and improve the environmental impact of Li-ion battery
electrodes, water-soluble binders can be utilized, most
commonly carboxyl methylcellulose (CMC) and styrene-
butadiene rubber (SBR).8,21−23 The ideal binder should
allow the volume expansion of the active mass during
lithiation/delithiation cycles and augment the pulverization
of the electrode and thus the failure of the battery after many
charge/discharge cycles.24 Other polymeric natural or
bioinspired binders like carrageenan have been introduced
and electrochemically investigated in the literature in the past
decade.25−28 Among other similar water-based binders,
carrageenan has the potential to replace the commonly used
oil-based SBR, thus simplifying the electrode manufacturing in
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a more environmentally friendly way, without compromising
the mechanical flexibility required.23 Compared to commer-
cially standard polymeric binders like CMC and PVDF, battery
cells with carrageenan exhibit superior specific capacity, more
stable cycle life performance, and improved conductivity
values.29−31

The microstructure of the electrodes is heavily influenced by
the manufacturing process (mixing, coating, drying, and
calendering) and consequently affects the resulting battery
performance and cost.32,33 By applying mechanical compres-
sion through twin-roll calendering, the porosity can be tuned in
order to achieve the optimum combination of electronic and
ionic conductivities by altering the pore size and conductive
network.34−36

The energy efficiency and lost heat during the operation and
cycle life of a battery are heavily governed by the internal
resistance of the cell and therefore, understanding its precise
value is paramount to effectively design batteries for specific
applications.37,38 In order to obtain this information, the direct
current internal resistant (DCIR) or intermittent current
interruption (ICI) method can be applied.39 The DCIR
method provides a simple way to discern the individual
contributions on cell impedance (series, charge transfer, and
diffusion resistance) and can be implemented under different
conditions (temperature, pulse duration/magnitude, and state
of charge).40,41 By reducing the pulse duration down to several
milliseconds, the diffusion resistance attributed to mass transfer
is considered negligible and can be omitted, and therefore the
ohmic resistance and reaction overpotential (charge transfer
resistance) only are probed.42 Since there is a correlation
between resistance increase, capacity diminish, and battery
deterioration, DCIR is also an important piece of information
regarding cycle life performance.43 The information extracted
from the DCIR method can be compared with that obtained
from electrochemical impedance spectroscopy (EIS).44 The
voltage characteristics during and after a current pulse are
described in Figure 1 and in the literature.38 The voltage
relaxation (relaxation decay) is due to the gradient of lithium
ions that minimizes the energy state during lithiation or
delithiation. This relaxation process is affected by the
concentration of lithium ions and is characterized by the
relaxation time.45

In the present work, the effects of coat weight and porosity
upon graphite-SiOx electrodes employing carrageenan as
binder were investigated and the physical parameters mapped
against the electrochemical properties. Carrageenan was
chosen due to its promising electrochemical and cycle life
properties, as reported in the literature and mentioned earlier
in the text. The effects of active mass and porosity on DCIR
values right after formation are discussed. The aim is to find
the relationships of parameters that can be determined
accurately at an early stage of electrode manufacturing or cell
testing (active mass, porosity, open-circuit voltage, first cycle
loss, IR drop) with the resulting cycle life performance after
100 cycles (discharge specific capacity) for early screening. A
new empirical model based on the physical parameters that can
describe the discharge specific capacity in the present dataset is
proposed.

2. EXPERIMENTAL PROCEDURES
2.1. Electrode Formulation and Manufacturing. The graph-

ite-SiOx electrode composition included graphite 76.5% w/w and
SiOx (BTR) 13.5% as the active materials in an 85:15 ratio, carbon
black (C45, Timcal) conductive carbon at 5% w/w, and iota-
carrageenan (Fisher) at 5% w/w. The materials were added to a 150
mL mixing vessel and subsequently 1.25 g of carrageenan gum with 10
g of water was mixed in an ARE-250 Thinky Mixer for 3 min at 1300
rpm. Then, 1.25 g of C45 with 8.75 g of water was added, with the
sample was mixed again for 3 min at 1300 rpm. Finally, 19.125 g of
graphite and 3.375 g of SiOx with an additional 18.75 g of water were
added and mixed using the same parameters to produce an ink.

After mixing, the slurries were then coated into the copper current
collector using a doctor blade system. The coating speed was set at 0.1
m/min and a range of coating gap sizes were examined, resulting in
electrodes with varying thicknesses (11−48 μm) as seen in detail in
Table 1. Most electrodes were dried for at least 30 min at 50 °C
except electrodes 8, 10, and 11 that were dried at 30 °C. The
difference in drying temperature was initially designed as a separate
electrode-manufacturing protocol to study the effect. However, no
significant difference on electrochemical or cycle life performance
between the samples dried at 50 and 30 °C was observed. The copper
current collector had a thickness of 9 μm and a diameter of 14.8 mm.
Before cell assembly, all of the anodes were subjected to heat
treatment at 120 °C under vacuum overnight to remove any humidity
residuals. For cell assembly, the graphite electrode had a diameter of
14.8 mm, the lithium metal (Alfa Aesar, 99.9% metal basics) counter

Figure 1. Voltage response during a discharge DCIR pulse at 99% SoC.
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electrode had a diameter of 15 mm and mass between 7.9 and 20.4
mg, and a GF/A 1820-047 (borosilicate glass fiber) separator
manufactured by Whatman with a thickness of 260 μm and pore
size of 1.6 μm was cut to a diameter of 16 mm. The electrolyte used
was PuriEL Battery Electrolyte (R&D 281) 1.0 M LiPF6 in EC/EMC
(ethylene carbonate/ethyl methyl carbonate) = 3/7 (v/v) + 1% wt
VC (vinylene carbonate) from Soulbrain (Michigan). 100 μL of the
electrolyte was used per cell. The separator and coin cell components
were dried at 50 °C under vacuum for several days before use.

In the cases that underwent calendering before the cell assembly,
the anodes were calendered at room temperature (25 °C) at 4 mm/s
via a twin-roll calendering apparatus (MTI, MSK-HRP-01). The
thicknesses were determined by means of a HEIDENHAIN-METRO
2500 system with an accuracy of ±0.2 μm and repeatability of 0.09
μm. For all 18 samples, three individual cells were employed, and their
average is provided with the error bars being based on standard
deviation. The characteristics of each sample are provided in Table 1.
The areal mass loading of active material on the current collectors
ranges between 1.76 and 5.49 mg/cm2. The volume fraction and
hence porosity were calculated from the actual electrode densities and
the known densities of the electrode components.

2.2. Characterization. 2.2.1. Electrochemical Performance
Testing. A BCS-805 battery cycler (Biologic, France) was used to
carry out electrochemical testing. After a resting period of 4 h and
open-circuit voltage (OCV) measurement, a formation step was
initially performed on all cells in the voltage window 1.5−5 mV,
consisting of two discharge−charge cycles, at a constant specific
current of 25 mA/g. After the formation step, the cells underwent a
direct current internal resistance (DCIR) test for five states of charge
(SoC). The DCIR test consisted of two discharge and two charge 5 s
pulses separated by a 5 min resting period at a constant specific
current of 50 mA/g. To decrease the SoC by 25%, a constant current
was applied for 2.5 h at the same specific current followed by a rest
period of 1.5 h. A battery capacity determination (BCD) test was
performed at a discharge specific current of 100 mA/g. Finally, the
cells were cycled 100 times, discharged at 50 mA/g, and charged at
100 mA/g (C/10 and C/5 rates, respectively) in the voltage window
of 1.5 V to 5 mV. Three cells were used for each of the 18 electrodes
we examined. The voltage−time profile of the protocol is presented in
Figure 2 with the DCIR method highlighted for clarity.

3. RESULTS AND DISCUSSION
The observed DCIR is equivalent to the sum of the series
resistance, the charge transfer resistance and the diffusion
resistance, or simply the IR drop and forced regime as
presented in Figure 1.38 The discharge and charge resistances
are provided separately to compare the difference in lithiation
and delithiation due to the reaction kinetics. The discharge and
charge resistances are the averages of two pulses each, as it can
be observed in Figure 2. Figure 3a shows the DCIR values for
three porosities and similar active masses (∼3.1 mg). It is clear
for all states of charge that the lower porosity values decrease
the DCIR. This can be attributed to the reduction in ohmic
resistance from the resistance contribution of the electrolyte in
the electrode pores and subsequent enhancement of electronic
conductivity because of the improved conductive network due
to less pores.36 At low porosities, the lithium-ion diffusion can
be hindered due to reduced pore size, increased tortuosity, and
hence more difficult lithium-ion diffusion paths and a larger
mass transport overpotential.35 However, in this work due to
the short length of the pulse (5 s), we expect to be probing the
ohmic resistances and instantaneous reaction kinetics only.
The relationship between DCIR and active mass is shown in
Figure 3b where it is visible that higher active mass values
reduce the DCIR that is indicative of the greater conductive
pathways that overall reduce the series resistance.46 In Figure
3a,b, it is evident that lithiation (black symbols) results in
higher values of resistance attributed to intercalation hindrance
in the porous electrode and larger charge transfer resistances
compared to delithiation (red symbols).47 Interestingly, this is
not the case for 1% SoC were delithiation produces higher
resistance values than lithiation. This provides an indication
that the remaining Li ions are intercalated at the inner layers of
the porous electrode (high pore length) thus impeding
delithiation.48 Furthermore, at 1% SoC, the DCIR values
were significantly higher than 25, 50, 75, and 99% SoC, which
is due to the low lithium concentration in the active material
and hence high reaction overpotential.
After the applied current pulse, a voltage decay curve is

observed upon 5 min rest, which relates to the diffusivity of the
charged ions. It is likely that the relaxation decay also occurs
due to the dispersion of the double layer capacitance at the
surface of the particle. At longer times, this is also related to
diffusion and any equilibration of lithium ions in the electrolyte
and active material. However, due to the short current pulses,
negligible levels of lithium are expected to be transported
across the surface. These processes occur at different time
scales and time constants, and are also characterized by
different surface charge. Hence the voltage decay for double

Table 1. Electrode Characteristics of All Examined Samples
Included in This Study in Ascending Active Mass

sample
no.

active mass
(mg)

electrode
thickness (μm) density (g/cm3) porosity (%)

1 3.03 ± 0.08 14.1 ± 2.1 1.663 ± 0.221 33.0 ± 8.9
2 3.08 ± 0.24 18.3 ± 1.4 1.285 ± 0.006 48.2 ± 0.23
3 3.19 ± 0.21 11.4 ± 0.6 2.121 ± 0.070 14.6 ± 2.8
4 3.52 ± 0.40 22.1 ± 3.0 1.218 ± 0.043 50.9 ± 1.8
5 3.56 ± 0.33 18.1 ± 0.9 1.494 ± 0.071 39.8 ± 2.8
6 3.90 ± 0.6 17.4 ± 0.6 1.706 ± 0.040 31.3 ± 1.6
7 3.97 ± 0.15 23.2 ± 1.0 1.305 ± 0.040 47.4 ± 1.6
8 4.46 ± 0.31 20.6 ± 1.4 1.645 ± 0.053 33.7 ± 2.1
9 4.47 ± 0.29 17.7 ± 0.7 1.917 ± 0.044 22.8 ± 1.8
10 4.83 ± 0.32 22.1 ± 1.3 1.667 ± 0.065 32.8 ± 2.6
11 4.91 ± 0.27 31.7 ± 3.6 1.192 ± 0.151 52.0 ± 6.1
12 5.11 ± 0.22 29.0 ± 1.6 1.344 ± 0.021 45.8 ± 0.8
13 5.54 ± 0.33 32.9 ± 2.5 1.286 ± 0.062 48.2 ± 2.5
14 5.93 ± 0.23 26.0 ± 2.1 1.741 ± 0.079 29.9 ± 3.2
15 6.74 ± 0.10 41.7 ± 0.6 1.229 ± 0.008 50.5 ± 0.3
16 6.92 ± 0.38 26.5 ± 2.3 1.996 ± 0.083 19.6 ± 3.3
17 8.21 ± 0.28 30.0 ± 0.9 2.078 ± 0.020 16.3 ± 0.8
18 9.45 ± 0.28 48.3 ± 0.5 1.487 ± 0.050 40.1 ± 2.0

Figure 2. Voltage−time profile with the DCIR method highlighted.
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layer capacitance (DLC) or electric double layer (EDL) is
proportional to t−1, whereas the diffusion voltage decay is
proportional to t−1/2.49 To account for both contributions,
namely, diffusion and electric double layer, the relaxation decay
Ecell can be modeled as

= × [ ] × [ ]E t V V V( ) e et t
cell 0 diff

/
EDL

( / )diff EDL

(1)

where V0 is the plateau voltage with Vdiff and VEDL being the
amplitude voltage values for the diffusion and EDL
contributions, respectively. τdiff and τEDL are the relaxation
decay time constants for diffusion and EDL, respectively, with t
being the absolute time. In the voltage transient during the
current interrupt, the voltage change relating to the EDL and
diffusion can be elucidated. An example of the relaxation decay
fittings based on eq 1 can be observed in Figure S1. The time
constant associated with the surface charge is larger than that
of the diffusion, and therefore the initial rate of change of
voltage is larger and dominated by the EDL, and at the end of
the current interrupt period, the rate of change of voltage is
lower and related to diffusion. The fact that relaxation times
can be obtained from the DCIR test from the various
contributions to relaxation decay indicates that it could be
employed as an alternative technique to EIS. Thus, DCIR
could save time and resources in an industrial complex and
obtain a comparable result. However, it should be noted that
EIS is a frequency-dependent technique, and thus direct
comparison with DCIR should be done with caution.
The various charge transport and polarization contributions

can be discerned by both DCIR and EIS and are described by
different time scales or relaxation times, respectively. For

example, the voltage transient relating to the surface charge is
proportional to 1/t, whereas the voltage transient relating to
diffusion is proportional to 1/√(t) as it follows Ficks law of
diffusion. Under the framework of linear response theory, the
relationship between the time domain and frequency domain is
possible through Fourier transformation while the resulting
frequency-dependent real and imaginary parts of the complex
function obey the Kramers/Kronig relations,50 which is the
mathematical foundation of the Nyquist plot. The results from
the voltage relaxation decay fittings during the first lithiation
step at the DCIR tests are presented in Figure 4.
In Figure 4a, the effect of state of charge (SoC) upon the IR

increase and the diffusion characteristics (voltage amplitude
Vdiff and relaxation decay constant τdiff) are examined. It is
evident that with increasing SoC, the voltage amplitude
gradually decreases. However, at 99% SoC, the voltage
amplitude enhances significantly, indicating the increase of
resistance when the graphite/SiOx electrode is almost
completely intercalated. This is supported by the similar
trend observed between the IR increase and Vdiff values against
SoC, indicating that at intermediate charge states, diffusion is
augmented, while resistance is limited (Ohm’s law) with the
internal resistance increasing significantly at 99% SoC. The
reciprocal trend is observed for the relaxation time of diffusion,
thus showing that diffusion occurs faster despite the higher
resistance at 99%. It should be noted that the presence of EDL
was found significant only at 99% SoC, thus at the rest charge
states only, the contribution of diffusion was employed during
fittings. The fact that EDL was found insignificant at the rest
states of charge could imply that its time scale is much shorter
than diffusion, as discussed elsewhere.39 In other words, in our

Figure 3. DCIR values obtained at five different states of charge ((i) 1%, (ii) 25, (iii) 50%, (iv) 75%, and (v) 99%) as a function of (a) porosity, for
samples with active mass ∼ 3.1 mg, and (b) active mass for samples with porosity ∼ 47%. The black and red symbols correspond to the values
obtained during discharge (lithiation) and charge (delithiation).
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study, the 5 min relaxation decay is mostly affected by the
contribution of diffusion.
As such, the following comparisons between IR increase and

the diffusion and EDL fitted voltage amplitudes are solely
given at 99% SoC as a function of active mass and porosity in
Figure 4b,c, respectively. In either case, the voltage amplitude
values for diffusion are significantly higher than EDL,
indicating that diffusion is the dominant contribution at the
relaxation decay profiles. In Figure 4b, the diffusion and EDL
amplitude voltages and the IR increase are provided as a
function of active mass for relatively high porosity values (49 ±
2.4%). It is expected that the internal resistance of the
electrodes will increase with active mass,51 which is evident by
the gradual enhancement of IR increase values, particularly at
the high active mass edge. Since the relaxation decay is
recorded after the interruption of the applied current, our
findings indicate that at high active masses, the intercalated
lithium ions are trapped in the inner layers of the active mass
and thus only the ions at the outer layers move. As a result, the
diffusion and EDL voltage amplitude values decrease with
active mass as depicted in Figure 4b.
In Figure 4c, the diffusion and EDL amplitude voltages and

the IR increase are shown against porosity for electrodes at the
low active mass regime (3.1 ± 0.1%). A linear trend is
observed in both diffusion and EDL cases, suggesting that the
pore size is essential for the relaxation of the lithium ions at
open-circuit conditions. Between 15 and 35%, the IR increase
appears to be constant, while it increases at the high-porosity
edge. In comparison to Figure 3a(v), the IR increase exhibits a

similar trend with the DCIR with porosity with the latter
indicating a sharper increase at the high-porosity edge. This
fact indicates that the forced regime enhances at high
porosities (greater pore size and hence easier ionic mobility
over the short current pulse) that explains the obtained
enhancement of the diffusion and EDL voltage amplitudes
after the removal of the applied current during the relaxation
decay regime. Since diffusion is the dominant contribution, we
examine the effect of porosity and active mass at 99% SoC
upon diffusion relaxation time, combined at a contour plot
presented in Figure 4d. A clear trend is observed with high
relaxation time values being observable at the low- and high-
porosity edges. Our observations follow the notion that there is
an optimum porosity range at which diffusion is facilitated (in
agreement with the literature of different graphite-based
electrodes51), which could be translated as a lower relaxation
time (faster process). At low porosities, the pore size is small
and thus electrolyte wetting is poor, while at high porosities,
the electronic resistance increases significantly.36 The
variations we observe are in the range of 10% (green and
red areas at the bottom of the contour plot, Figure 4d).
Interestingly, the lowest relaxation time values for diffusion
were found for high electrode active masses. As lithium ions
are increasingly entrapped in the deeper layers of thicker
electrodes, the relaxation decay regime in such high active
masses is the result of the mobile ions at the outer layers and
hence the lower relaxation times. In any case, over various
electrodes, the relaxation times do not differ significantly.

Figure 4. Results obtained from the first lithiation during the DCIR testing. (a) Diffusion characteristics at various states of charge (SoC) for
sample 15. (b) Dependence of voltage amplitude against active mass for average porosity values 49 ± 2.4% at 99% SoC for IR increase, diffusion,
and EDL. (c) Dependence of voltage amplitude over porosity for average active mass values of 3.1 ± 0.1% mg at 99% SoC for IR increase, diffusion,
and EDL. Contour plot representation of the active mass and porosity dependence of the relaxation decay time constant for diffusion at 99% SoC
(d). The error bars correspond to standard deviation from the use of three individual cells for each sample and the linear fittings are presented in
Table S2.
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Understanding the associations between several physical and
electrochemical parameters is an important tool to effectively
predict the end electrochemical performance of a battery.51,52

To achieve this purpose, the first OCV value during the initial
rest phase before formation, first cycle loss (FCL), IR drop
(measured right after the SEI formation step), and the active
mass were combined and presented in Figure 5a−c. The OCV
value straight after cell assembly is commonly tested (often by
means of a multimeter) as an early indicator of successful cell
manufacturing without the requirement of special equipment.
Hence, as an early predictor of performance, the first measured
value during an open-circuit voltage experiment prior to
formation is considered and its relation to FCL and IR drop is
shown in Figure 5a,b, respectively. In either case, a linear
dependence was found with OCV that is electrode-thickness-
dependent, thus indicating that thinner electrodes tend to have
higher FCL values but lower IR drops at the present C rate.53

The electrode thickness effect is also illustrated in Figure S2.
The relationship between IR drop and the mass of the
electrode is further highlighted in Figure 5c with the values
increasing significantly for heavier electrodes.
The discharge specific capacity at the 100th cycle after

formation (D100) is given in association with two physical
parameters, FCL and the mean of the resistance R, and the
discharge specific capacity at an early cycling stage (D5), all
presented in Figure 5d−f, respectively. In Figure 5d, D100 has
a sigmoidal trend with FCL, highlighting the drop in capacity
retention after 100 cycles with increasing irreversible capacity
losses obtained during SEI formation. Electrochemical cycle

life performance (D100) and “good” SEI formation are
strongly correlated; however, there is still significantly more
that we need to understand in how to measure or monitor the
interface growth.3,54−56 In order to better understand the
mechanism behind the drop in capacity with cycle life, the IR
drop values for every 10 cycles were obtained and the
corresponding resistance values were calculated with the
corresponding discharge currents and presented in Figure S3.
It is evident that for most samples, there is a slight increase of
resistance with time, being attributed to deterioration from the
consecutive lithiation/delithiation cycles that gradually in-
creases the resistance of the SEI layer.57 To summarize the
resistance values over cycle life into one value and thus show
the whole resistance history of the cells, we here propose the
use of R that is the mean of resistance R over cycle numbers x
and is defined according to eq 2 as shown below

=
R x

n

( )d
(2)

where n is the total number of cycles; in this study, n = 100. A
clear decrease of D100 with increasing resistance is visible,
indicating that the cells that exhibit the lower average
resistances are expected to perform better overall in terms of
capacity retention.
A summary of all 18 samples examined in this paper is

presented in Figure 5f in a D100 vs D5 representation of the
data. A strongly linear trend is observed highlighting that even
at the earliest stages of cycling, it is possible to predict the

Figure 5. (a) FCL vs the first value of OCV, (b) IR drop obtained just after the formation vs OCV, (c) IR drop vs the active mass, (d−f) discharge
specific capacity at the 100th cycle (D100) as a function of (d) FCL, (e) mean of the resistance over cycle life, and (f) discharge specific capacity at
the 5th cycle (D5). With closed symbols are the experimental data considered for the fittings and with open symbols are the outliers (as cells that
significantly deviated from the general trend that in most cases correspond to the cells with the highest active mass). The R2 values of the fittings
are included in each graph and the parameters of the fitting are provided in Table S1 with all being linear fits apart from panel (d).
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capacity fade later. The correlation between the early stage of
cycling (D5) with various cycle numbers (D10, D20, D50, and
D100) is presented in Figure S4. Therefore, optimization in an
industrial or academic environment can rule out faster cells
that do not exhibit the desirable properties and mark them as
outliers without investing time, effort, and resources to fully
test them. The decay curve for capacity and cycle life is similar
for all of these composite electrodes, as the initial high
observed specific capacity fades within the first few cycles and
reaches equilibrium capacity for the specific capacity of
graphite. The contribution to capacity from SiOx decreases
rapidly, likely due to the poor electronic contact after
undergoing significant volume expansion. The exact cycle
number at which the discharge specific capacity decreases
below 372 mAh/g (the theoretical value for graphite) is
presented in Table 2. Although the cycle number at which the

specific discharge capacity is below 372 mAh/g exhibited no
correlation with the physical properties of the electrodes, the
plateau value after decay can be connected to initial physical
properties as shown later.
In all cases, the plateau behavior was observed prior to the

50th cycle; hence, for representation purposes, the discharge
specific capacity over the cycle life (DX) was normalized with
that of D50 and shown in Figure 6. The normalized discharge
capacity was found to vary significantly from sample to sample
at the first 30 cycles. In order to investigate this variation
between samples, we introduce a new model based on the
initially measured physical properties of the electrodes. The
empirical model is based on simplicity to serve as a “rule of
thumb” in an industrial environment to produce estimations
rather than extremely accurate physical predictions. Our goal is
to provide a good estimation based on the least physical
parameters that can be determined as early as possible, i.e.,

right after the formation step. An empirical model is proposed
in Figure 7 to describe the discharge specific capacity as a
function of cycle life based on resistance and porosity shown in
eqs 3 later. This effectively shows that the decay in capacity
contribution from SiOx is related to the porosity and resistance
and can be easily modeled.
The empirical model proposed here to describe the cycle life

response is defined according to eqs 3 where DX and x are the
discharge specific capacity over cycle life and the cycle number,
respectively, as introduced below

= ×D D5 (1 e )X
x

1
2 3 (3a)

with a1, a2, and a3 being empirical parameters calculated as

=

=

±
±

±
±

l

m
oooooooo

n
oooooooo

D5
D50

0.7647 0.0161
( 2%)

for porosities over 45%

0.7128 0.0359
( 5%)

for porosities under 45%

1

(3b)

= × ×V P( ) ( ) (OCV)2 IR (3c)

= × P
OCV3

3 2

(3d)

where D5 and D50 are the values of experimentally measured
discharge specific capacities (mA·h/g) at the 5th and 50th
cycles after formation, respectively. It was observed that D5/
D50 strongly related to porosity, with two distinctive groups
being found above and below 45% porosity values, and hence
the two different empirical constants. However, the α1
parameter could be defined in more detail given a larger
dataset. VIR corresponds to the IR drop (V) as obtained at the
first cycle after formation, P is the porosity fraction (i.e., 50% is
0.5), OCV (V) corresponds to the first value measured during
an open-circuit voltage experiment before formation, and ρ is
the density (g/cm3) of the electrode. Porosity fraction and
density are interconnected but for simplicity reasons they both
appear in the proposed empirical model, with the relation
connecting the two been presented in eqs 4 later. Extremely
good fits to the capacity fade are observed with this equation

Table 2. Electrochemical Characteristics of the Samples
Including Their Cycle Life Information as Presented in
Figures 5 and S5a

sample
no. IR drop (mV)

first cycle loss
(%)

D100
(mAh/g)

no. of cycle
below

372 mAh/g

1 12.54 ± 3.59 17.58 ± 0.59 294.8 ± 13.9 13
2 19.05 ± 6.73 16.21 ± 0.38 316.8 ± 1.7 13
3 14.86 ± 3.96 18.84 ± 0.56 290.9 ± 10.1 13
4 19.51 ± 1.55 7.00 ± 0.75 312.0 ± 8.7 17
5 13.92 ± 1.82 25.08 ± 6.37 262.4 ± 14.0 8
6 15.96 ± 0.29 21.20 ± 0.09 259.0 ± 1.9 7
7 19.56 ± 0.77 7.38 ± 0.38 323.9 ± 1.9 19
8 22.88 ± 0.47 19.16 ± 0.33 266.4 ± 2.5 6
9 14.34 ± 2.09 17.36 ± 0.66 330.6 ± 21.1 21
10 21.65 ± 0.46 18.78 ± 0.85 272.5 ± 3.5 6
11 26.73 ± 1.34 15.49 ± 0.43 311.8 ± 1.6 10
12 25.21 ± 1.29 15.59 ± 0.54 302.7 ± 6.2 9
13 23.55 ± 0.96 15.15 ± 1.27 351.2 ± 3.1 28
14 30.57 ± 3.03 13.81 ± 0.22 330.6 ± 5.5 13
15 24.75 ± 3.18 13.76 ± 0.20 342.4 ± 3.3 15
16 42.12 ± 23.84 18.66 ± 0.96 128.6 ± 15.2 NA
17 28.86 ± 0.79 18.41 ± 0.90 failed at cycle

70
11

18 33.97 ± 1.65 12.28 ± 0.07 failed at cycle
65

25

aSample 16 was below the theoretical specific capacity of graphite
(372 mAh/g) throughout the whole cycle life.

Figure 6. Normalized values of discharged specific capacity over cycle
life with the value at the 50th cycle.
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(Figure 7) and may give us an alternative route to predicting
capacity vs cycle life for mixed composite electrodes. It is
interesting to highlight that this model described the cycle life
down to the plateau value but not during cell degradation as
shown by samples 17 and 18 (Figures 6 and S5). In order to
describe the degradation of the cells, a larger dataset is
required, and the empirical model of eqs 3 could be built
further and predict the full discharge specific capacity.
Porosity fraction (P) relates to density (ρ) via eqs 4 seen

below

=
i
k
jjjjj

y
{
zzzzzP

w
1

n

n

n (4a)

= m
l A

e

e e (4b)

where n is the number of solid constituent materials used
during mixing with wn and ρn being the weight fraction and
density of each individual constituent, respectively. me, le, and
Ae are the electrode’s mass, thickness, and active area as
determined experimentally during cell making.
In Figure 8, the two key parameters of eqs 3, IR drop and

porosity fraction, are isolated to examine how they individually
affect the model. It should be noted that here, according to eqs
4, all information of density variation is considered within the
porosity fraction variation. It is evident that both physical
properties affect the rate at which discharge capacity fades at
the initial stage of cycle life. The inset within Figure 8a shows
that the model accurately describes the dependence of

discharge capacity upon IR drop.51,53 IR drop is a measure
of the internal resistance of the electrode and hence is reversely
associated with the discharge capacity. On the other hand, the
effect that porosity has is more complicated, as shown in
Figure 8b inset. Two peaks are observed at 30 and 50%,
respectively. However, the second peak could be artificial since
a higher α1D5 constant for porosities over 45% is employed, as
discussed previously in eqs 3. It is generally accepted that a
fine-tuned porosity value is required to achieve the optimum
discharge capacity, a porosity value that depends on the
characteristics of the electrode.36 According to the proposed
model, this fine-tuned porosity value is in the vicinity of 30%,
which is close to experimentally observed values for graphite-
based electrodes.51

4. CONCLUSIONS
In the present study, graphite-SiOx composite electrodes were
developed and tested with carrageenan gum as a water-soluble
binder. In total, 54 individual cells were developed, divided
into 18 cases. The cases were categorized by active mass in the
range of 3−10 mg and various porosities between 15 and 50%.
The electrochemical characterization was categorized in three
sections: the formation step, a current pulse and relaxation test
(DCIR) at various states of charge, and the cycle life. The fast
DCIR characterization employed here gives a simpler
alternative to EIS to obtain information of the contributing
factors, ion diffusion, and EDL from the relaxation decay. In
the examined time scales, the contribution of the active mass
and porosity to the ohmic resistance is notable. The porosity of

Figure 7. Discharge specific capacity as a function of cycle number of 10 samples, namely, samples (a) 2, (b) 7, (c) 8, (d) 10, (e) 11, (f) 12, (g) 13,
(h) 14, (i) 15, and (j) 16. The solid symbols correspond to the experimental values (averages of three individual cells) and the red fitting lines
follow eqs 3 first introduced here. Complete information about the cells is given in Table 1. The fittings of the remaining samples are provided in
Figure S5.
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the electrode is important for obtaining better electrical
contact over time, as shown via the DCIR test; however,
improvements in the flexibility of the active material with
binders and conductive additives is required.
During the cycle life of the developed cells, it became

evident that the capacity contribution of SiOx degrades rapidly
over the first 20−30 cycles. The decay in cycle life can be fitted
using an empirical model proposed here (eqs 3), thus relating
the porosity and resistance of the electrode to the discharge
specific capacity over cycle life. The overall electrochemical
behavior of the investigated cells showed that the decrease in
the capacity contribution from SiOx is due to the decrease in
the connectivity of SiOx with the electronic additives, causing
likely isolation of SiOx particles and thus not participation in
the active mass. This effect results in a gradual internal
resistance increase over cycle life and indicates a connection
with porosity. The empirical model fitted to the capacity decay
with cycle life indicates that porosity and electronic
conductivity are key parameters. This method can lead to
early indication of cycle life failures, resulting in faster
electrode optimization. Future work to investigate this further
will be with other mixed material and single material electrodes
with different binder systems.
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