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Mo�va�on and Introduc�on
► Adding silicon to graphite anodes increases the energy density, but leads 
to higher degrada�on due to volume expansion of silicon of over 300% [1].

► Two 18650 cell types with different silicon contents, namely Molicel M35A and LG 
M36T were used. Cyclic aging was done with C/2 CCCV for charge and discharge.

► To quan�fy impact of  par�al silicon use, cells are cycled star�ng from 95% SOC in 
the graphite-dominant region (TP07) and then using one third, two thirds, or all of  
silicon capacity (TP08 to TP10).

► The anodic capacity provided by silicon is ~30% for the M35A (~8 wt% SiOx) and 
~15% for the M36T (~3 wt% SiOx).

► Based on the Si2-peak in the DV of the discharge pOCV, the SOC is split into a 
silicon-dominant region (low SOC) and a graphite-dominant region.

► Cyclic tests are performed at fixed SOCs (TP01 to TP05) as reference.

►Occasional use of silicon (19 cycles TP07; one cycle TP10) to show path dependency 
of silicon usage (TP12).

►Degrada�on mode analysis (DMA) separa�ng silicon and graphite losses [3].        

➞ framework available at h�ps://github.com/tum-ees/Degrada�onModeAnalysis

► In mobile applica�ons, especially flight applica�ons, the cells are rarely 
completely discharged as the low SOC region serves mainly as a safety buffer.

► Avoiding fully delithia�on of silicon reduces aging. However, correla�on 
between usage of silicon capacity and addi�onal aging is not known yet. 

► A total of 63 cells were cyclically aged over 1600 equivalent full cycles (EFC), 
addi�onal 144 cells were calendar aged as reference.

► Silicon is predominantly used at low full-cell SOCs due to the higher 
poten�al vs Li/Li+ of silicon compared to graphite [2].
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► Par�al use of silicon capacity does not lead to increased aging of the full-cell 
up to a certain threshold (1/3 of its capacity), using only 2/3 of the silicon 
capacity s�ll at least doubles life�me compared to full usage (disch. to 0% SOC).

► Sporadic usage of silicon does not lead to strong addi�onal aging.

► Two cell types with different silicon contents show transferability of the 
results to cells with different silicon contents.

► With increasing degree of usage of silicon both loss of ac�ve silicon and 
loss of lithium increase in a strongly nonlinear way.

Discussion

► Using only part of the silicon capacity strongly reduces aging: 1/3 silicon capacity usage adds 
negligible fade (TP08 vs TP07), while using 2/3 of silicon capacity (TP09, 10-95% SOC for M35A, 
5-95% SOC for M36T) s�ll doubles life�me vs full discharge (TP10).

► Sporadic discharge (each 20th cycle) to end-of-discharge voltage does not lead to strong 
addi�onal LLI or LAMSi.

► Two cell types with different silicon contents confirm transferability to other silicon contents.

► Capacity fade, LAMSi, and LLI scale with silicon capacity use via a power law in both cell types 
with similar exponents (here shown for 600 EFC).

►As silicon use increases, capacity fade rises nonlinearly. DMA links it to added LLI with strong 
LAMSi driving the fade.

Outlook
► Parameteriza�on will be used for more precise modeling 
of aging of LIBs with silicon-containing anodes in PyBaMM.
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Impact of (par�al) silicon usage

Figure 1 The Si2 peak defines silicon-dominant (low) and graphite-dominant (high) SOC regions (a, b). Cycling uses silicon-only (TP06), graphite-
only (TP07), 1/3 to full silicon use (TP08 to TP10), sporadic full silicon use (TP12), plus fixed SOC references (TP01 to TP05; gray shade).

Figure 2 Capacity decay vs silicon usage degree. Min 
and max per testpoint are shown (three or two cells).

Figure 5 Resistance increase vs silicon usage degree. Min 
and max per testpoint are shown (three or two cells).

Figure 6 Capacity decay of testpoints in fixed SOC regions. 
Min and max per testpoint are shown (three or two cells).

Figure 3 Degrada�on modes differen�a�ng between loss of ac�ve silicon (LAMSi) and losses of graphite are determined by 
minimizing the difference between the measured and reconstructed pOCV and corresponding DV in discharge direc�on [3].  

Figure 4 Impact of degree of silicon usage (TP07 to TP10 at 600 EFC) on both cell types 
follows a power law, showing aging increases stronlgy nonlinearly with higher silicon use.
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