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ABSTRACT: The negative to positive electrode capacity ratio (n:p)
is crucial for lithium-ion cell design because it affects both energy
density and long-term performance. In this study, the effect of the n:p
ratio on electrochemical performance has been investigated for
NMCS532/Si cells containing a reference electrode. By monitoring
individual electrode potentials, depths of lithiation/delithiation at the
anode and cathode could be determined. The superior performance
of the higher n:p cell, including greater reversibility, better capacity
retention, and lower impedance rise, can be attributed to smaller
volume changes in the silicon particles during electrochemical cycling.
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B INTRODUCTION

Lithium-ion batteries (LIBs) have revolutionized portable
electronics in recent decades and are poised to play a big role
in the transportation sector, with major automakers announc-
ing a transition to electric vehicles."”” As this field advances
rapidly, much effort has been spent on developing novel
materials to break through the energy and power density limits
of LIBs. Silicon, as the most promising next-generation anode
candidate, has been widely studied because of its high specific
capacity, but large volume changes during cycling produces
stress on particles, causing pulverization and electrical isolation
of silicon domains.”™> Moreover, stability of the solid
electrolyte interphase (SEI) is disrupted by the dimensional
changes, causing additional Li" ions to be trapped and leading
to capacity decay. Many strategies, such as new material
architectures®™® and electrode formulations,” '! have been
suggested for improving the electrochemical behavior of the
silicon anode by addressing its intrinsic challenges; however,
studies are often conducted in cells with a lithium counter
electrode, causing certain conclusions and claims to be
overstated.' "

Investigation of the silicon anode in full-cells is necessary for
practical applications because cell performance over time is
affected by the limited lithium inventory and the interplay
between the cathode and anode properties. An often
overlooked topic is cell capacity balancing, i.e., the areal
capacity ratio of the negative and positive electrodes (n:p
ratio), which is crucial for the safety and cycle life of practical
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LIBs."*~'® Here, an important consideration is lithium plating,
as the deposited Li can react with the surrounding electrolyte
to form products that immobilize Li* ions.'*'"~"” To mitigate
this risk, a slight oversizing of negative electrode capacity is
used in practical applications. Naturally, this surplus anode
weight requires a sacrifice in specific energy,”””' so the trade-
off between energy and safety must be considered during cell
design.

Capacity balancing is especially critical for cells with Si-
bearing anodes, as these can be designed such that the silicon
particles are utilized to a lesser extent, thereby decreasing
volume changes during cycling. Accurately identifying terminal
electrode potentials is difficult for silicon anodes because of
their sloped voltage profiles.'*'* Information on these voltage
profiles can be obtained in three-electrode cells, which contain
a reference electrode in addition to the positive and negative
electrodes. In this Letter, we present data obtained on three-
electrode cells and examine the effect of varying n:p ratios on
cell capacity, capacity retention, and impedance and on the
changes in electrode potentials during cycling. The cells
contain a LiNiysMny3Co0y,0, (NMC532) cathode, a Si-
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Table 1. Charge/Discharge Capacities Used to Determine n:p Ratios for the Two NMC/Si Cells

system 1
full-cell
mAh/cm?
Si half-cell
mAh/cm?

n:p ratio

charge
1.86
lithiation
2.64

discharge
1.30
delithiation
2.39

1.83

“CE = Coulombic efficiency, %.

CE %“
70.1
CE %
90.5

system 2

CE %
69.5
CE %
87.1

charge
1.80
lithiation
2.17

discharge
1.25
delithiation
1.89

1.51

dominant anode, and a Li-metal microprobe reference
electrode to monitor cathode and anode potentials; see
experimental details in the Supporting Information (SI). We
obtained n:p ratios of 1.51 and 1.83 by adjusting mass loading
of the silicon anode while keeping the same cathode.
Additional figures are included in the SI to complement data
shown in this text; these figures are designated by S, for
example, Figure S1. This study provides insights on how to
design full-cells with silicon anodes to achieve longer lifetimes.

B RESULTS AND DISCUSSION

Following the convention proposed in our previous study,”” we
calculated the n:p ratios as being the first delithiation areal
capacity of the silicon half-cell (in the 0.01—1.5 V cycling
range) divided by the discharge areal capacity of the first cycle
of each full-cell. As shown in Table 1 and Figure S1, the n:p
ratios of the NMC//Si cells were 1.51 and 1.83. Despite
employing Si anodes with loadings varying by 26%, both cells
exhibited similar initial Coulombic efficiencies; this happens
because of the interplay between various factors in the cell. For
example, in the thicker electrode, the increase in surface area is
counterbalanced by a lower Si expansion and higher cathode
utilization, decreasing the initial capacity losses. In fact, the cell
with a higher n:p ratio exhibited a higher initial discharge
capacity.

Three-electrode cells can monitor the real-time evolution of
electrode potentials (Figure 1a), providing unique information
to explain cell behavior. The voltage profiles for both
electrodes during the third formation cycle (C/20 rate) are
shown in Figure 1b. At the end of charge (EOC), a higher n:p
ratio causes both cathode and anode ending potentials to be
higher, indicating differences in electrode utilization. With
higher n:p ratios, more Li" is extracted from the cathode, but a
smaller fraction of the total anode capacity is utilized, i.e., the
degree of lithiation/delithiation of the electrodes is different
for different n:p ratios.

Cycling data for NMC/Si cells with different n:p ratios are
compared in Figure 2, with high and low n:p ratios indicated
by blue and magenta symbols, respectively. The electrode
potential profiles at cycles 1, 2, and 100 (all at C/20 rate) are
given in Figure S2. The specific capacities with respect to
weight of oxide in the cathode are shown in Figure 2a.
Although initial capacities are similar, the rate of fade is visibly
faster for the cell with a lower n:p ratio. At the beginning of the
C/3 cycles, discharge capacity of the lower n:p cell is slightly
higher than that of the higher n:p cell. This transient superior
capacity, which lasts about 5 cycles, is probably due to the
lower polarization and better rate capability of the initially
thinner Si anode. At the end of the test, specific capacities are
~55 and ~78 mAh/g for cells with an n:p ratio of 1.51 and
1.83, respectively. The capacity loss at cycle 100 relative to that
of cycle 2 is ~39% for the higher n:p cell compared with the
~52% loss for the lower n:p cell. Coulombic efliciencies were
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Figure 1. (a) Full-cell voltage, positive electrode potential, and
negative electrode potential vs time. Location of HPPC pulses is
marked by arrows. (b) Positive electrode potential and negative
electrode potential profiles for the 3rd cycle from cells with n:p = 1.83
(blue profiles) and n:p = 1.51 (magenta profiles) when the full-cell is
cycled between 3 and 4.1 V.

consistently higher for the higher n:p ratio (Figure 2b), in
agreement with the improved capacity retention. Figure 2c
shows the capacities normalized by the combined weight of Si
and carbon in the anodes, as both materials are electrochemi-
cally active. During the formation cycles, the capacities are
higher in the cell with a lower n:p ratio by ~200 mAh/gg;, ¢,
illustrating the higher utilization of anode capacity. However,
the cell capacities also decrease faster; at cycle 100, the
accessible anode capacities of the higher and lower n:p cells are
833 and 731 mAh/gg,, respectively (also see Figure S2).
The anode potentials at the end of charge (EOC, at 4.1 V)
and end of discharge (EOD, at 3 V) for all cycles are shown in
Figure 2d. At the beginning of the test, anodes experience
potentials as low as 87 mV vs Li/Li" at a lower n:p ratio, but
only 109 mV vs Li/Li" at a higher n:p ratio. The final anode
lithiation potential increases steadily during the test, at a
similar pace for both systems. This is not what would be
expected on the basis of Figure 2c: as anode-normalized
capacities converge, one would expect electrode potentials to
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Figure 2. Full-cell data from cells with n:p = 1.83 (blue plots) and n:p = 1.51 (magenta plots). (a) Specific capacity based on mass of oxide cathode.
(b) Coulombic efficiency vs cycle number. (c) Specific capacity based on mass of (Si + C). (d) negative electrode potential and (e) positive
electrode potential at the end of charge (EOC) and discharge (EOD). (f) Cell ASI at cycle 4 (initial) and cycle 96 (final), obtained at the locations

marked by the arrows in Figure la.

also approach similar values. This apparent contradiction can
be resolved by considering that Si electrodes can experience a
severe loss of accessible capacity during cycling, as Si domains
become isolated due to cycling-induced particle fracturing.*
Due to higher utilization of the anode at lower n:p ratios,
particles are expected to undergo larger levels of expansion,
facilitating mechanical damage that leads to permanent
capacity loss. Combining the information from Figure 2¢,d, it
can be concluded that lower n:p ratios lead to more prominent
isolation of Si domains, causing the smaller amount of
incoming Li" to suffice to achieve high levels of anode
utilization. In other words, faster aging decreases the number
of active sites available at the anode, causing low anode
potentials to be achieved even at decreasing capacities. This
n:p ratio dependent Si capacity loss is in agreement with
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observations from tests with harvested electrodes made in our
previous study.”” Here, the use of a reference electrode makes
this information available without the need for post-test
experiments.

The EOC and EOD potentials for the cathode are shown in
Figure 2e. The higher cutoff potentials observed for the anode
at higher n:p ratios cause the potentials for the cathode to be
proportionally larger. Clearly, both charge and discharge
cutoffs are larger by ~26 mV for the cell with n:p ratio equal
to 1.83. In principle, this could accelerate an impedance rise at
the cathode, caused by oxygen loss at the particle surface and/
or electrolyte oxidation.”” To investigate whether this logic
applies to cells with Si-dominant electrodes, area-specific
impedances (ASIs) were measured and are shown as a function
of full-cell voltage in Figure 2f. Unexpectedly, although the

https://doi.org/10.1021/acsaem.2c00665
ACS Appl. Energy Mater. 2022, 5, 5513-5518


https://pubs.acs.org/doi/10.1021/acsaem.2c00665?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00665?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00665?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaem.2c00665?fig=fig2&ref=pdf
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.2c00665?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

Negative ASI, ohm-cm?

60
(a) n:p=1.83 Initial
’:E_, 50 + ‘\\ - =% - n:p=1.83 Final
é \ n:p=1.51 Initial
5 40 - N - =< - n:p=1.51 Final
o 30 4 N Al R
2 Ny
= RS
3 =
a 20 - DL TE EtE aRpe
10 T T T T T T T T T T T T T
3.25 3.35 3.45 355 3.65 3.75 3.85 3.95
Cell voltage, V
60
1 (c)
‘e 50 ‘\\
< i \
E \
S 40 '
2 1 x>
o 30 * BT T SN
2 "
= s AN
(%) S ¢
& 20 + X e ye oo x
10 T T T T T T T T T T
3.7 3.8 3.9 4 4.1 4.2

Positive potential, V vs. Li/Li*

Negative ASI, ohm-cm?

60
(b)

T
1
W
\
\

w
o

Y
o

w
o

N
o

10 T T T T T T T T T T T T T
3.25 3.35 3.45 3.55 3.65 3.75 3.85 3.95
Cell voltage, V

4 (d) "

T

1

1

/ 1
I

8

10 T T T T T T T T T T T
0.2 0.25 0.3 035 04 0.45
Negative potential, V vs. Li/Li*

0.5

Figure 3. Area-specific impedance (ASI) of (a) positive electrode and (b) negative electrode as a function of full-cell voltage, (c) positive ASI as a
function of positive electrode potential, and (d) negative ASI as a function of negative electrode potential for the cells with n:p = 1.83 (blue
profiles) and n:p = 1.51 (magenta profiles). The ASI values at cycle 4 and cycle 96 (see Figure 1) are termed initial and final, respectively.

initial ASI was similar for both systems, the impedance rise
during testing was observed to be higher for the cell with lower
n:p ratio.

The use of a three-electrode cell helps decouple the
contributions of each electrode to the overall impedance rise
observed in the full-cell. Figure 3a,b shows the positive and
negative electrode impedances, respectively, as a function of
full-cell voltage. The n:p ratio had little effect on the anode
behavior, which consistently exhibited an impedance rise
below 3.7 V. Markedly different results are seen for the
cathode; despite the lower cathode potentials throughout the
test (Figure 2e), the impedance rise was higher for the lower
n:p ratio cell (Figure 3a). To investigate further, we present the
electrode ASIs plotted as a function of their respective
potentials in Figure 3c,d. Interestingly, the increase in anode
impedance reported in Figure 3b is caused by shifts of the
electrode potential (slippage) as the full-cell ages (see Figure
S3). When the ASI data are plotted as a function of electrode
potential, it is seen that the anode impedance remains
relatively constant (Figure 3d). For the cathode, however,
the impedance rise at lower n:p ratios remains visible in Figure
3c.

What is the origin of this higher cathode impedance rise? It
is difficult to postulate a mechanism operating directly at the
cathode/electrolyte interface, which can produce a higher
impedance rise at lower electrode potentials. One possibility is
that processes at the anode can affect the aging behavior of the
cathode, i.e., cross talk is taking place.””** We previously
proposed that cracking of Si particles allows HF-mediated
acidolysis to occur on the freshly exposed surfaces, which can

5516

cause partial dissolution of Si-containing species.”” Some of
these species have been observed to deposit and oxidize at the
cathode, forming SiO,-like deposits.”> The higher utilization of
the anode capacity at lower n:p ratios (Figure 2d), and the
consequent higher levels of anode deterioration, suggests that
particle cracking/dissolution would be more prevalent in this
system, which could make the transport of Si species to the
cathode more likely. Although this mechanism could explain
the observation of a higher impedance rise at lower cathode
potentials (at lower n:p ratios), a direct link between the
formation of SiO,-like regions at the cathode and an increase
in impedance remains to be demonstrated. Nevertheless, our
observations suggest that this conjecture merits future
investigation.

B CONCLUSIONS

This study utilized three-electrode cells to investigate the effect
of n:p ratio (1.83 and 1.51) on electrochemical performance of
cells with an NMCS32 cathode and 70 wt % Si anode. The
cycling results showed that full-cells with a larger n:p ratio
exhibit an improved capacity retention, a higher Coulombic
efficiency, and a lower capacity fade. Measurements of
electrode potentials indicated that increasing the n:p ratio
limited utilization of the anode and, thus, the volume
expansion of the Si particles during lithiation, justifying the
improved levels of cell and electrode capacity retention.
Using a reference electrode also allowed us to track
individual electrode impedances as the cell aged. When
impedances were analyzed as a function of same electrode
potential, the n:p ratio had negligible effects on anode
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impedance. For the cathode, the impedance trends were
unexpected, as the cathode exposed to lower maximum
potentials (in cells with lower n:p ratio) exhibited a much
larger impedance rise. We hypothesize that processes at the
anode are ultimately responsible for this unexpected behavior.
At a lower n:p ratio, utilization of the anode increases, which
also increases the dilation of Si particles during lithiation.
These greater volumetric changes would increase fracturing of
Si particles, making them more susceptible to acidolysis and
dissolution into the electrolyte; subsequent migration and
deposition of Si-bearing species at the cathode could increase
impedance. This connection between the crossover of anode
species and cathode impedance rise is interesting and will be
evaluated in future work.
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