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Toward the development of high energy density and long lifetime batteries for behind-the-meter storage (BTMS) applications, Li-
and Mn-rich layered oxide cathode (xLi2MnO3·(1-x)LiMeO2, Me = Ni, Mn, and etc., LMR-NM) and Li4Ti5O12 (LTO) anode
system was examined. To mitigate the major degradation mechanisms at each electrode (i.e., loss of Li inventory (LLI) at the anode
and transition metal dissolution and oxygen release at the cathode), two approaches were taken—prelithiating the LTO electrode
and varying the electrolyte solvent compositions. The effect of prelithiation and electrolyte engineering on the long-term cycle
performance of LMR-NM/LTO cells were systematically evaluated via electrochemical analyses and post-mortem characteriza-
tions. By using a prelithiated LTO anode and supplying additional Li to the system, the capacity retention of LMR-NM/LTO
system was improved. The degree of enhancement was dependent on the types of electrolytes used, as their decomposition products
determined the level of LLI. With increased capacity retention, however, the cathode was utilized to a greater extent, resulting in
more severe loss of the cathode active material. Thus, all degradation mechanisms should be considered comprehensively when
designing high performance LMR-NM/LTO cells to account for their complex interplay.
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Behind-the-meter storage (BTMS) operates via energy storage
systems (ESS) installed at the consumer end which allow the on-site
generated energy to be stored and supplied upon demand without
going through the electric meter.1 BTMS is often integrated with
solar photovoltaics (PV) and electrical vehicle (EV) fast charging
facilities in buildings to provide an optimized energy solution for the
electrification of society. By shifting the time of use of electricity,
BTMS can improve flexibility and stability of the power system and
reduce the electricity cost. Successful BTMS systems require
batteries with ultra-long cycle life, good safety, low cost, and
relatively high energy density. The high energy density and good
cycling stability of lithium (Li)-ion batteries (LiBs)2–5 along with a
significant reduction in their cost achieved in the last decade make
them attractive technologies for BTMS.

The long lifetime and enhanced safety of BTMS batteries can be
achieved by using lithium titanate (Li4Ti5O12, LTO) as the anode
material. Its “zero-strain” property, which refers to negligible
volume changes upon Li insertion and extraction, provides extra-
ordinary long-term cycling stability.6–8 In addition, LTO exhibits
lithiation and delithiation plateaus around 1.55 V vs Li/Li+.6,9,10

This high operating potential eliminates possible Li plating and
dendrite growth, enhancing the safety and cycle life of batteries.11,12

On the cathode side, materials operating at a relatively high potential
are desired to compesate for the high potential of the LTO anode and
provide sufficient energy density. In addition, critical-material-free
cathodes are necessary to meet the cost requirements for BTMS.
Previously, we evaluated lithium manganese oxide (LiMn2O4,
LMO), a 4 V critical-material-free spinel cathode, paired with LTO
anode.13–15 While the LMO/LTO cells showed excellent cycle
stability, limited capacities (∼100 mAh g−1) were obtained from
the LMO cathode. Li− and manganese (Mn)-rich layered oxide
materials (xLi2MnO3·(1–x)LiMeO2, Me = Ni, Mn, and etc., LMR-

NM) are promising candidates to further increase the energy density
of full cells as they provide high specific capacities (>250 mAh g−1)
and high operating potentials (>4.5 V vs Li/Li+).16–18 In our
previous work on evaluating the LMR-NM/LTO chemistry for
BTMS applications,19 LMR-NM/LTO cells delivered capacities
above 190 mAh gLMR-NM

−1 after 500 cycles at C/2 rate which
corresponds to ∼75% capacity retention. While this is indeed an
impressive result, the cycle life can be further improved by
mitigating degradation pathways.

The main degradation mechanism at the LTO anode is loss of Li
inventory (LLI), which results from the decomposition of
electrolyte.14,20,21 Despite its high operating potential, LTO is
reactive toward electrolyte reduction and the decomposition pro-
ducts form a solid electrolyte interphase (SEI) at the anode
surface.10,14,22,23 LLI can be alleviated by tuning the electrolyte
properties to form an SEI that can effectively passivate the LTO
surface and prevent excess electrolyte decomposition. Another
method for improving the capacity retention is supplying additional
Li to the system (i.e., prelithiation). There are various prelithiation
methods developed for LiBs, especially for materials that experience
severe LLI, such as Si- and Sn-based anodes.24–28 Although
prelithiation of LTO is much less explored as the LTO anode
already provides a good cycle performance, it can be a promising
method to futher improve the long-term capacity retention of LTO-
based systems.14

At the cathode, transition metal dissolution and oxygen release are
the major degradation mechanisms.19,29–31 Recently, it was reported
that ethylene carbonate (EC)-free, ethyl methyl carbonate (EMC)-
based electrolytes show better high-voltage (>4.4 V vs Li/Li+)
performance than the conventional EC-based electrolytes for
LiNi(1−x−y)MnxCoyO2 (NMC)/graphite full cells.32–34 Klein et al.
demonstrated that the better performance of the EMC-only electrolyte
is due to greater amounts of salt decomposition products (LixPOyFz),
which can scavenge transition metals in the electrolyte and suppress
their deposition at the anode.32 In addition, Dose et al. showed that
oxygen release from the cathode and subsequent degradations are
suppressed in the EMC-only electrolyte for Ni-rich layered oxidezE-mail: yha@exponent.com
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cathodes.35 These findings suggest that EMC-only electrolytes could
also benefit the performance of LMR-NM cathodes.

In this work, we aim to improve the long-term cycle performance
of LMR-NM/LTO cells by engineering the electrolyte and pre-
lithiating the anode. Electrolytes containing lithium hexafluoropho-
sphate (LiPF6) in EC/EMC mixture and EMC-only solvents are
examined. The effect of salt concentration on the cell performance,
such as Li+ ion transport properties and the rate capability of the
cell,13 is not considered in this work as the goal is to understand the
interplay between the solvent systems and the electrodes, focusing
on their ability to passivate the LTO surface and stabilize the
cathode performance. In addition, we evaluate the full cell pefor-
mance using electrochemically prelithiated LTO anodes, factoring in
their interplay with the two electrolytes. Combining detailed
electrochemical analyses and post-mortem characterizations, we
show that the capacity retention of LMR-NM/LTO cells can be
enhanced via prelithiation of the anode. However, the cell perfor-
mance is highly dependent on the electrolyte and resulting SEI
composition. Since lithiated LTO is more reactive than its pristine
state,36,37 failure to create a stable SEI results in accelerated
electrolyte decomposition at the prelithiated anode, leading to
limited increase in the capacity retention. Moreover, while the
overall capacity retention is improved with additional Li inventory,
it leads to greater utilization of the cathode, resulting in more severe
loss of active material (LAM), which negatively impacts the cell
performance. Thus, all degradation pathways should be carefully
considered when designing cells as the interconnected mechanisms
could show opposite responses.

Experimental

Electrode preparation and cell assembly.—LMR-NM cathodes
were prepared by mixing 92.5 wt% active material powder (BASF
Corporation), 4 wt% carbon black (Timcal Super C65), and 3.5 wt%
polyvinylidene fluoride binder (PVDF, Solvay 5130) in N-Methyl-2-
pyrrolidone (NMP, 99.5%, Sigma Aldrich) and coating the slurry on
a 20 μm thick aluminum (Al) foil inside an argon (Ar)-filled
glovebox. Electrodes were dried at 120 °C under vacuum for 12 h
in a vacuum oven attached to the glovebox. Then, the dried
electrodes were calendered to have a total thickness of 47–49 μm
with an average coating loading of 7.1 mg cm−2. The LTO elec-
trodes were provided by the Cell Analysis, Modeling and
Prototyping (CAMP) Facility at Argonne National Laboratory.
87 wt% LTO (SamSung Fine Chemicals Company, Ltd.), 5 wt%
C45 conductive carbon (Timcal) and 8 wt% PVDF (Kureha 9300)
was coated on a 20 μm thick Al foil, with a total thickness of 122 μm
and a coating loading of 14.1 mg cm−2. Half-cell test results of the
pristine LMR-NM and LTO electrodes are shown in Supporting
Information (Fig. S1). Areal capacities of 1.89 mAh cm−2 and
2.05 mAh cm−2 are obtained from the LMR-NM and LTO elec-
trodes, respectively, during the second cycle. All electrodes were
dried at 120 °C under vacuum prior to use.

CR2032-type coin cells were assembled in an Ar-filled glove
box. LMR-NM/LTO full cells consisted of a 14 mm diameter
cathode, a 15 mm diameter anode, a 19 mm diameter Celgard
2325 separator, and 70 μl electrolyte. Half-cells consisted of a
14 mm diameter LMR-NM electrode or a 15 mm diameter LTO
electrode, a 15.5 mm diameter polished Li metal foil (99.9%,
0.75 mm thick, Alfa Aesar), a 19 mm diameter Celgard 2325
separator, and 70 μl electrolyte. 1.2 M LiPF6 in EC/EMC (3:7, w/
w) (Gen2, Tomiyama Pure Chemical Industries, Ltd.) and 1.0 M
LiPF6 (>99.99%, Sigma Aldrich) in EMC (Tomiyama Pure
Chemical Industries, Ltd.) were used as electrolytes.

To assemble prelithiated full cells, LTO electrodes were first
electrochemically prelithiated in half-cells by applying 0.74 mA
current and 0.3 mAh capacity limit. Then, the half-cell was
disassembled in an Ar-filled glove box and the retrieved LTO
electrode was paired with a pristine LMR-NM cathode to make a full
cell. Reassemble experiments of cycled full cells were performed by

disassembling the full cells, retrieving cycled anodes and cathodes,
and assembling half-cells with the retrieved electrodes. Prior to the
cycled cell reassembly, all retrived electrodes were soaked in 2 ml
dimethyl carbonate (DMC) for 1 min and residual DMC was
evaporated under the glove box environment.

Electrochemical testing.—Coin cells were tested using a
MACCOR Series 4000 Automated Test System. All cells were
placed in a MACCOR MTC-020 temperature chamber set to 45 °C.

LMR-NM/LTO full cells were cycled by initially performing two
formation cycles, during which the cells were charged with a
constant current (CC) at C/15 (1C = 294 mA gLRM-NM

−1) to an
upper cutoff voltage (UCV) of 3.2 V followed by a constant voltage
(CV) hold at 3.2 V with a current limit of C/50 (CCCV step). The
cells were then CC discharged at C/15 to a lower cutoff voltage
(LCV) of 0.5 V. Following the two formation cycles, the cells were
CCCV charged to 3.0 V at C/2 rate with C/10 limit. During
discharge, 30 s rest followed by 30 s 2C discharge pulse was applied
to measure the voltage drop, which was used to calculate the area
specific impedance (ASI) at the corresponding state of charge
(SOC). After the 2C pulse, cells were rested for 30 s and then
discharged at C/2 rate until 1/10 of the discharge capacity of the
previous cycle was reached, followed by 5 min rest. The 30 s rest,
30 s 2C discharge, 30 s rest, C/2 rate discharge, and 5 min rest
sequence was repeated 10 times or until the cell voltage reached the
0.5 V LCV, which completed the third cycle. The cells were then
cycled 49 times at C/2 rate between 0.5 and 3.0 V with CCCV
charge (C/10 limit) and CC discharge. The ASI measurement cycle
and 49 aging cycles were repeated 10 times, resulting in total 500
cycles. Finally, two additional cycles at C/15 rate with voltage
window of 0.5–3.0 V with CCCV charge (C/50 limit) and CC
discharge were performed to complete the test.

Reassembled half-cells were cycled five times at C/15 rate (1C =
294 mA gLMR-NM

−1, same as the full cell) where the LTO and LMO
half-cells started with a lithiation and delithiation half-cycle,
respectively. LTO/Li cells were cycled between 1.0 and 2.5 V, and
LMR-NM/Li cells were cycled between 2.0 and 4.5 V with a voltage
hold at 4.5 V until the current became smaller than C/50.

Post-mortem analyses.—Once the electrochemical test protocol
was completed, the full cells were disassembled in an Ar-filled glove
box to retrieve the cycled electrodes. The retrieved electrodes were
soaked in 2 ml DMC for 1 min and dried under dynamic vacuum for
1 h prior to post-mortem analyses. Scanning electron microscopy
(SEM) images were collected using a Hitachi S-4800 SEM operated
at an acceleration voltage of 6 kV and a current of 5 μA. X-ray
photoelectron spectroscopy (XPS) measurements were performed by
a Physical Electronics Phi VersaProbe III with monochromatic Al
Kα X-ray excitation (hυ = 1.487 keV). XPS data processing and
curve fitting were carried out using a custom program based on Igor
Pro software previously described.38

Results and Discussion

Electrochemical performance of full cells.—The first cycle
voltage profiles and dQ/dV curves of LMR-NM/LTO full cells
with and without prelithiated LTO anodes containing Gen2 and
EMC-only electrolytes are shown in Fig. 1. Charge and discharge
capacity values and Coulombic efficiencies are provided in
Table S1. Comparing the Gen2 cells, slightly smaller capacity is
obtained during the first charge from the prelithiated cell (321.1 and
303.8 mAh g−1 from the cells without and with prelithiation,
respectively). Taking a closer look at the voltage profiles, the two
traces overlap until 3.0 V and then start to diverge, where the
prelithiated cell exhibits a steeper slope and results in a smaller
capacity obtained in this voltage range. The difference is also
observed in the dQ/dV plot where the peak above 3.0 V is smaller
in the prelithiated cell. This voltage range corresponds to the
activation of Li2MnO3 in the LMR-NM cathode to MnO2
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(Li2MnO3 → Li2O + MnO2), which takes place at ∼4.5 V vs Li/Li+

(equivalent to ∼3.0 V vs LTO) during the first charge process.16,39,40

Due to this limited cathode activation, the prelithiated cell
shows a smaller capacity during the discharge (301.3 and
286.7 mAh g−1 from the cells without and with prelithiation,
respectively). The LTO anode was prelithiated by applying
0.3 mAh capacity limit (0.17 mAh cm−2), which decreases its
available capacity from 2.08 mAh cm−2 to 1.91 mAh cm−2. The
areal capacities obtained from Gen2 cells without and with pre-
lithiation during first charge are 2.07 and 1.88 mAh cm−2, respec-
tively, which correlate with the available LTO capacity.

The EMC cells, on the other hand, show similar charge and
discharge capacities with and without prelithiation, and the values lie
between the capacities of Gen2 prelithiated and non-prelithiated
cells. Gen2 and EMC-only cells were fabricated exactly the same
except the type of electrolyte, and the electrodes in each cell have
similar loadings (Table S1). Thus, the differences observed between
Gen2 and EMC-only systems can be attributed to the electrolyte
properties. For example, the ionic conductivity of EMC-only
electrolyte (6.26 mS cm−1) is lower than that of the Gen2 electrolyte
(12.36 mS cm−1) at 45 °C (Fig. S2) which could be causing the
smaller capacity of the EMC cell for the non-prelithiated case.
However, an opposite trend is observed for the prelithiated case
(EMC cell exhibits higher capacity than the Gen2 cell) indicating
there are other factors affecting the cell performance. For example,
different compositions of the surface layers created from the two
electrolytes could affect the activation of cathode and the perfor-
mance of anode.

Figure S3 shows zoomed-in dQ/dV profiles in the 0.1–2.0 V
voltage range during the first charge. A small oxidation peak appears
at ∼1.5 V from the non-prelithiated EMC cell, which can be
attributed to decomposition reactions of the EMC-only electrolyte.
This peak is absent from the non-prelithiated Gen2 cell, indicating
the presence of EC in the electrolyte alters decomposition pathways.
Similar behavior was observed previously from NMC/graphite full
cells containing 1 M LiPF6 in EMC electrolyte, which exhibited a
strong peak between 3.1 and 3.2 V due to the decomposition of EMC
at the anode during the first charge.34,41 The peak disappeared when
cyclic carbonates, such as EC, were added to the electrolyte, as they
formed a passivating layer on the graphite surface preventing the
EMC reduction. EC has a similar effect on the LTO anode as well,14

which will be further discussed in the later section along with post-
mortem characterization results. Another noticeable feature in this
plot is the difference between prelithiated and non-prelithiated cells,
where the prelithiated cells show higher open circuit voltage (OCV)
values compared to the non-prelithiated cells. This ∼1.4 V voltage
difference can be attributed to the different anode potentials—
prelithiated LTO will be at its plateau (∼1.55 V vs Li/Li+) while the
OCV of pristine LTO electrodes are ∼2.6 V vs Li/Li+.

Figure 2 shows the long-term cycle performance of Gen2 and
EMC cells with and without prelithiation. For both Gen2 and EMC
electrolytes, prelithiated cells exhibit better capacity retention than
the non-prelithiated cells after 500 cycles, demonstrating that the
additional Li inventory can successfully mitigate the capacity loss
due to LLI. Comparing the first and last C/2 rate cycles (cycle 4 and
502), prelithiated and non-prelithiated Gen2 cells show 81% and

Figure 1. (a) First cycle voltage profiles and (b) dQ/dV curves of LMR-NM/LTO cells with and without prelithiation containing Gen2 and EMC-only
electrolytes. Cells were cycled between 0.5 and 3.2 V with CCCV charge (C/50 limit) and CC discharge at C/15 rate (1C = 294 mA gLMR-NM

−1). All tests were
performed at 45 °C.
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73% capacity retention, respectively, and prelithiated and non-
prelithiated EMC cells show 70% and 68% capacity retention,
respectively. Thus, while both electrolytes exhibit enhanced capacity
retention with prelithiation, the extent is greater when using Gen2
electrolyte. Gen2 electrolyte shows a superior performance to the
EMC-only electrolyte when there is no prelithiation, and as a result
the prelithiated EMC cell shows a smaller capacity than the non-
prelithiated Gen2 cell at the end of the 500 cycles.

Another common behavior observed from the prelithiated cells is
a larger increase in the discharge capacity when the C-rate is
changed from C/2 to C/15 at the end of cycling compared to the non-
prelithiated cell of the same electrolyte. This observation indicates
there is a greater impedance growth in the prelithiated cells. Indeed,
higher ASI values are observed from the prelithiated cells (Fig. S4).
The difference between ASI values of prelithiated and non-pre-
lithiated cells is negligible initially, but it becomes noticeable upon
cycling as the ASI of prelithiated cells exhibit a faster rise. The
higher impedance of prelithiated cells can also be correlated with the
evolution in their Coulombic efficiencies. During the first ∼150
cycles, prelithiated cells exhibit higher Coulombic efficiencies
compared to the non-prelithiated cell of the same electrolyte, as
the Li consumed in parasitic reactions during charge can be restored
using the excess Li in the anode. However, upon cycling, the non-
prelithiated cells start to show higher Coulombic efficiencies since
the extra Li inventory in prelithiated cells will be exhausted at some
point. In addition, other degradation mechanisms such as LAM can
become more dominant and affect the Coulombic efficiency in these
later cycles. Degradation mechanisms and their impact on the full
cell performance will be discussed in more detail in the following
section with half-cell reassembly experiment results.

Voltage profiles and dQ/dV curves of the 50th and the 500th
cycles are shown in Fig. 3. For the Gen2 electrolyte, the prelithiated
and non-prelithiated cells exhibit overlapping dQ/dV profiles at the
50th cycle. A slightly smaller capacity of the prelithiated cell
observed from the voltage profile can be attributed to the limited
cathode activation during the first cycle (Fig. 1). After 500 cycles,
the dQ/dV peaks during charge exhibit varying degrees of voltage
shift and intensity decrease. Distinct differences between the
prelithiated and non-prelithiated Gen2 cells are observed during
discharge, where the non-prelithiated cell exhibits a sharp drop in the
voltage profile below 1.3 V while the prelithiated cell exhibits a
gradual slope and provides additional capacity in this lower voltage
region (Figs. 3a and 3b). The prelithiated cell exhibits a greater
polarization compared to the non-prelithiated cell, which could be
caused by the increase in the impedance and/or irreversible cathode
structure changes, such as layered-spinel phase transformation.30,39

For the EMC-only electrolyte, the prelithiated and non-pre-
lithiated cells exhibit differences at the 50th cycle, where a smaller
dQ/dV peak at ∼1.6 V during charge and a steeper tail in the voltage
profile at the end of discharge are observed from the non-prelithiated
cell. After 500 cycles, the ∼1.6 V dQ/dV peak during charge
becomes negligible from both cells and other dQ/dV peaks also
exhibit decrease in their intensities. While the prelithiated EMC cell
exhibits higher capacity and larger polarization in the lower voltage
region during the discharge similar to the behavior observed from
the Gen2 cells, the magnitude of the difference between the
prelithiated and non-prelithiated cells is much less. The limited
capacity increase with prelithiation from the EMC cells indicates a
severe LLI occurring upon cycling. Moreover, both the non-
prelithiated and prelithiated EMC cells exhibit smaller polarization
compared to the corresponding Gen2 cells (Figs. 3b and 3d)
suggesting a relatively mild irreversible structural degradation
from the EMC-only electrolyte considering the similar level of the
impedance values of the cycled cells containing the two different
electrolytes (Fig. S4).

Half-cell reassembly and degradation mode analysis.—To
analyze the degradation mechanisms, half-cells were assembled
using LTO and LMR-NM electrodes retrieved from the cycled full
cells. Figure 4 shows reassembled LTO half-cell voltage profiles.
Additionally, a Gen2 full cell was disassembled after the initial
formation cycles and the reassembled LTO half-cell result is shown
in Fig. S5a. The first lithiation capacities of reassembled half-cells
after formation show a noticeable difference between the prelithiated
and non-prelithiated cells. The prelithiated cell capacity is
13.6 mAh gLTO

−1 (=0.295 mAh) smaller than the non-prelithiated
cell capacity, and the difference is very close to the amount of Li
pre-stored in the LTO electrode (0.3 mAh). Thus, the prelithiated Li
is well preserved during the half-cell disassembly and full cell
assembly process, and it is hardly lost during the formation cycles.
Looking at the reassembled Gen2 cells after 504 cycles (Fig. 4a), the
electrodes cycled with and without prelithiation show similar first
lithiation capacities (164.7 and 164.9 mAh gLTO

−1 with and without
prelithiation, respectively), indicating all pre-stored Li was con-
sumed during cycling. The capacities are slightly smaller than the
first lithiation capacity of the half-cell reassembled after formation
(166.9 mAh gLTO

−1), and the difference can be attributed to the loss
of active material. The cycled prelithiated cell electrode shows a
more gradual increase at the end of the voltage profiles suggesting a
slightly higher impedance compared to the cycled non-prelithiated
cell electrode, but overall the two reassembled LTO Gen2 half-cells
exhibit similar behavior.

Figure 2. Long-term cycle performance of LMR-NM/LTO cells with and without prelithiation containing Gen2 and EMC-only electrolytes. Discharge
capacities (mAh g−1) and Coulombic efficiencies (CE, %) are plotted as a function of cycle number. Cells were cycled at C/15 rate for two cycles followed by
500 cycles at C/2 rate, and ended with final two cycles at C/15 rate (1C = 294 mA gLRM-NM

−1). Voltage range of 0.5–3.2 V was used for the first two cycles and
0.5–3.0 V was used for the rest. All tests were performed at 45 °C.

Journal of The Electrochemical Society, 2023 170 090521



Figure 3. (a), (c) Voltage profiles and (b), (d) dQ/dV curves of LMR-NM/LTO cells with and without prelithiation containing (a), (b) Gen2 and (c), (d) EMC-
only electrolytes at the 50th and the 500th cycles. Corresponding cycle results are shown in Fig. 2.

Figure 4. Voltage profiles of LTO/Li half-cells containing electrodes cycled in (a) Gen2 and (b) EMC-only electrolytes with and without prelithiation. Half-cells
are fabricated with the same electrolyte that each electrode was cycled in. Cells were lithiated and then delithiated at C/15 rate (1C = same as the full cell)
between 1.0 and 2.5 V, repeated two cycles.
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Half-cells containing LTO electrodes cycled in EMC full cells
(Fig. 4b) show distinctly different voltage profile shapes compared
to the Gen2 cells. First, a small plateau appears at ∼1.8 V during the
first lithiation, which can be attributed to the lithiation of TiO2.

42–44

This peak is absent when a pristine LTO electrode is lithiated
(Fig. S6), indicating the formation of TiO2 occurs during the long-
term cycling. The EMC-cycled LTO half-cells also show large
lithiation over potentials and the cell capacities rapidly decrease.
This fast failure could be attributed to the aged LTO electrodes and/
or the incompatibility between Li metal and the EMC electrolyte.
Although the voltage profiles of pristine LTO electrode showed a
more stable performance during the first two cycles (Fig. S6), its
overpotential also increased especially during the lithiation half-
cycles. Moreover, when Li/Li symmetric cells containing Gen2 and
EMC electrolytes were cycled (Fig. S7), the EMC-containing cell
exhibited a significantly larger polarization than the Gen2-containing
cell. Thus, the rapid failure of reassembled LTO half-cells con-
taining EMC-only electrolyte can be attributed to both Li metal
effect as well as the degradation products on the cycled electrode.

Figure 5 shows reassembled half-cells of cycled LMR-NM
electrodes. Reassembled cathode half-cells after the formation cycles
in Gen2 full cells are shown in Fig. S5b. Although the prelithiated
full cell showed a slightly smaller capacity during the initial cycles
compared to the non-prelithiated full cell due to limited cathode
utilization (Figs. S5c and 1), discharge capacities obtained from the
reassembled half-cells after the first charge up to 4.5 V show similar
values, indicating the prelithiation of LTO does not lead to
degradation of the cathode active material during the formation.
Electrodes after 504 cycles, on the other hand, show clear difference
between prelithiated and non-prelithiated cells. The reassembled
LMR-NM half-cells containing cathodes retrieved from the Gen2
full cells (Figs. 5a and 5b) exhibit a larger first charge capacity
(206.5 and 183.8 mAh g−1 with and without prelithiation, respec-
tively) and a lower OCV (2.98 and 3.10 V with and without
prelithiation, respectively) from the prelithiated cell (Table S2).
These differences can be attributed to the extra Li inventory in the
LTO anode mitigating LLI in the full cell. For example, Li loss
during charge will result in less Li returning to the cathode during
discharge, leaving the cathode at a partially charged state (i.e., higher

OCV). However, when the anode is prelithiated, the cathode can be
fully discharged as additional Li is available from the anode.

Once the reassembled cathode goes through one full charge and
discharge cycle, the second charge capacity is no longer affected by
the LLI from the full cell. Thus, the second charge capacity reflects
the full capacity obtained from the remaining active material, and the
difference between the 2nd and the 1st charge capacities can be
correlated with the magnitude of LLI in the full cell. Both
reassembled cells show increasing second cycle capacities, even
the cathode cycled with the prelithiated LTO electrode, as all extra
Li inventory was consumed during cycling (Fig. 4a). However, the
non-prelithiated cell shows a greater difference between the two
charge capacities (25.6 and 56.9 mAh g−1 with and without pre-
lithiation, respectively). Interestingly, when the pre-stored capacity
(0.3 mAh or 31.6 mAh g−1) is added to the 25.6 mAh g−1 capacity
difference observed from the prelithiated cell cathode, the value
(57.2 mAh g−1) becomes close to the charge capacity difference
obtained from the non-prelithiated cell cathode (56.9 mAh g−1). This
result indicates that the magnitude of LLI is similar regardless of the
prelithiation state of the anode for the LMR-NM/LTO full cell
containing Gen2 electrolyte.

The reassembled LMR-NM half-cells containing EMC cathodes
(Figs. 5c and 5d) also show a larger first charge capacity and a lower
OCV from the prelithiated cell cathode, but the difference is much
smaller compared to the that observed from the Gen2 cells. The
capacity and OCV values are listed in Table S2. Similar behavior of
the prelithiated and non-prelithiated cell cathodes indicate that the
extra Li inventory was rapidly exhausted via parasitic reactions,
failing to benefit the long-term capacity retention. As LTO is more
reactive toward (electro)chemical decomposition of the electrolyte
when lithiated,36,37 LLI will be accelerated in the prelithiated full
cell unless the LTO surface is successfully passivated. Thus, these
results indicate that the SEI formed in the EMC electrolyte is
unstable and leads to continuous electrolyte decomposition, while
that formed in the Gen2 electrolyte can stabilize the LTO surface
and protect the Li inventory. The severe LLI of the EMC electrolyte
is also manifested in the full cell cycle result (Fig. 2), where the
capacity enhancement observed with prelithiation was much less
from the EMC cells compared to the Gen2 cells. We note that unlike

Figure 5. (a), (c) Voltage profiles and (b), (d) dQ/dV curves of LMR-NM/Li half-cells containing electrodes cycled in (a), (b) Gen2 and (c), (d) EMC-only
electrolytes with and without prelithiation. Half-cells are fabricated with the same electrolyte that each electrode was cylced in. Cells were delithiated and then
lithiated at C/15 rate (1C = same as the full cell) between 2.0 and 4.5 V with a voltage hold at 4.5 V untile the current became smaller than C/50, repeated two
cycles.
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the reassembled LTO half-cells, the cathode half-cells containing
EMC electrolyte do not exhibit rapid increase in the polarization and
cell failure. The difference could be due to different degradation
products on the anode vs cathode surfaces. Also, while Li stripping
happens during the first half-cycle in the LTO/Li cells, Li deposition
takes place in the LMR-NM/Li cells, which could result in different
Li morphologies and affect the overall half-cell performance.

Another degradation mode that can be evaluated from the
reassembled cathode half-cells is LAM by analyzing the discharge
capacities (Figs. 5a and 5c). Both Gen2 and EMC electrolytes
exhibit smaller discharge capacities (i.e., greater LAM) from the
prelithiated cell cathodes, and the difference between the prelithiated
and non-prelithiated cells is greater in the Gen2 electrolyte. This
trend is opposite from the full cell performance (Fig. 2), where the
Gen2 with prelithiation exhibited the highest capacity and the EMC
without prelithiation exhibited the lowest capacity among the four
cells. Thus, the greater LAM can be correlated with more active
material utilization during cycling, which is reflected as higher
average discharge capacity over the 504 cycles (Table S2).
Comparing the discharge capacities of the Gen2 cycled cathode
half-cells (Fig. 5a) with the reassembled cells after formation
(Fig. S5b), the difference is 41.7 and 33.9 mAh gLMR-NM

−1 for the
prelithiated and non-prelithiated cell cathodes, respectively. These
values are greater than the difference calculated from the reas-
sembled LTO half-cells (Figs. S5a and 4a), which are 2.2 and
2.0 mAh gLTO

−1 for the prelithiated and non-prelithiated Gen2 cells,
respectively. Thus, the cathodes exhibit more severe LAM compared
to the anodes. LAM is also manifested in the dQ/dV profiles
(Figs. 5b and 5d), which exhibit intensity changes in multiple peaks.
If LLI were the only degradation mode, all features would remain
the same except the lower voltage dQ/dV peak decaying due to the
OCV shifting higher.14,20 Although assigning detailed mechanisms
for each peak changes is beyond the scope of this work, the degree of
LAM in different electrolytes with and without prelithiation is
clearly demonstrated in the dQ/dV plots. Finally, the prelithiated
cells exhibit a greater polarization during discharge compared to the
non-prelithiated cells containing the same electrolyte, which agrees
with the higher impedance rise observed from the prelithiated full
cell upon cycling (Fig. S4).

The cathode LAM is also observed from XRD patterns of the
cycled cathodes shown in Fig. S8. The diffraction peaks are indexed
based on a rhombohedral phase with a layered R3¯m space group
α-NaFeO2-type structure.45,46 All cycled cathodes exhibit a shift in
the (018) peak to a lower 2θ value (i.e., a larger d-spacing) compared
to the pristine electrode, indicating a layered-spinel structure
transformation.47–49 In addition, a new peak appears between the
(018) and (110) peaks in the cycled electrodes, which can be indexed
as a (440) peak of a cubic spinel phase, futher supporting the
layered-spinel transformation.46,47 Interestingly, the ratio between
the cubic (440) peak and rhombohedral (110) peak is larger from the
electrodes cylced in the Gen2 electrolyte compared to those cycled
in the EMC-only electrolyte, suggesting greater cathode degration of
the Gen2 cells.

Post-mortem characterizations.—To understand the origin of
varying performance observed from prelithiated vs non-prelithiated
and Gen2 vs EMC cells, cycled full cells were disassembled and the
retrieved electrodes were characterized via microscopic and spectro-
scopic techniques.

SEM images of LTO and LMR-NM electrodes presented in
Fig. 6 show the morphology of electrodes. First, looking at the LTO
images, the pristine electrode (Fig. 6a) consists of multifaceted LTO
active material exhibiting smooth surface and sharp edges, and
smalller conductive carbon particles distributed throughout the
electrode coating. The active material in the Gen2 without prelithia-
tion electrode (Fig. 6b) also exibits smooth surface, but the particle
edges are less defined, indicating the electrode is likely covered with
a relatively uniform surface layer. The EMC without prelithiation
electrode (Fig. 6d, on the other hand, has scattered islands-like

features on the LTO particles which exhibit sharp edges. Electrodes
from prelithiated cells show similar surface texture as the non-
prelithiated cell of the same electrolyte (i.e., smooth layer in Gen2
(Fig. 6c) and island-like morphology in EMC (Fig. 6e)), with a
higher coverage of the islands on the EMC without prelithiation
electrode surface.

LMR-NM electrodes also exhibit distinct morphologies de-
pending on the test conditions. While the SEM image of the prisitne
electrode shows a clear view of the cathode active material and
conductive carbon mixture (Fig. 6f), cycled electrodes are covered
with a relatively thick layer appearing as darker areas (Fig. 6g
through 6j). Energy dispersive X-ray spectroscopy (EDS) analysis of
the Gen2 without prelithiation electrode (Fig. S9) exhibits higher
intensities of phosphorous signal from the darker regions. For
example, while the oxygen signal traces the active material particles
in the corresponding SEM image, the phosphorous signal is more
homogeneously distributed and shows highest intensities where the
active material particle is covered with a darker area in the SEM
image. Although an EDS map of the pristine electrode is not
provided, the XPS analysis presented in the next section did not
reveal any phosphorous signals from the pristine electrode. Thus, the
dark surface layer observed from the cycled electrode likely
represents cathode electrolyte interphase (CEI) resulting from the
decomposition of electrolyte. The EMC without prelithiation elec-
trode (Fig. 6i) shows much fewer dark areas in the SEM image
compared to the Gen2 cycled electrodes, which exhibit similar
coverage of the darker area with and without prelithiation (Figs. 6h
and 6g, respectively). The EMC with prelithiation electrode (Fig. 6j),
on the other hand, exhibits a higher coverage of the darker area
compared to the without prelithiation electrode. Thus, less decom-
position products are formed on the cathode surface from the EMC
electrolyte compared to Gen2, but when the anode is prelithiated the
coverage at the cathode increases for the EMC electrolyte.

SEM images revealed different morphologies of electrolyte
decomposition products formed on the electrode surface from the
two electrolytes and with and without prelithiation of the LTO
anode. Chemical compositions of the surface layers were further
analyzed with XPS to understand the nature of these decomposition
products and demonstrate how they correlate with the electroche-
mical performance of full cells. The extremely surface sensitive
nature of XPS measurements (probe depth 5–10 nm with Al Kα
X-rays (hυ = 1.487 keV))14,40,50 can provide information on the
surface layer with minimal bulk signal contributions, and any signals
obtained from the active material can be used to estimate the
thickness and coverage of the surface layers.

Figure 7 shows XPS spectra of LTO (C 1s, Ti 2p, and P 2p core
levels) and LMR-NM electrodes (C 1s, O 1s, and P 2p core levels).
Additional core level spectra are presented in Figs. S10 and S11.
Strong LTO active material signals (Ti4+ 2p1/2 peak at 465.1 eV and
2p3/2 peak at 459.5 eV)51,52 are detected from the pristine LTO
electrode, along with the PVDF binder and conductive carbon
signals (Fig. 7a). When the electrodes are cycled in Gen2 electrolyte
(Figs. 7b and 7c), the Ti4+ peaks as well as other pristine electrode
signals, such as Ti-O (O 1s, 531.1 eV),42,53,54 carbon black (C 1s,
284.4 eV), and CF2 from the binder (F 1s, 688.3 eV)50,53,55

(Fig. S10) noticeably decrease. Simultaneously, electrolyte decom-
position product signals such as C-O containing species and
fluorophosphates appear in the C 1s and P 2p core levels,
respectively,14,50,53–57 indicating that the formation of SEI layer is
responsible for the reduction of the pristine electrode signals from
the cycled Gen2 electrodes.

Electrodes cycled in the EMC electrolyte (Figs. 7d and 7e) show
similar electrolyte decomposition species as those observed from the
Gen2 electrodes, but their Ti 2p core level spectra exhibit distinct
features. While the LTO active material signal was hardly detected
from the cycled Gen2 electrodes (both with and without prelithia-
tion), the non-prelithiated EMC electrode shows strong Ti4+ peaks.
This behavior can be correlated with the morphology of SEI layers
observed from the SEM images (Fig. 6), where the Gen2 electrolyte
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formed a uniform layer and the EMC electrolyte created island-like
features. Bare LTO surface exposed between the islands are detected
as strong Ti4+ signals from the EMC without prelithiation electrode.
On the other hand, the prelithiated EMC electrode exhibits weak
Ti4+ peaks, which also agrees with the SEM images where the
coverage of island-like features increased on the EMC with
prelithiation LTO electrode. Continuous electrolyte decomposition
at the exposed LTO active material sites was manifested as LLI in

the full cells (Figs. 4 and 5). The different morphologies of the SEI
layers formed in the Gen2 and EMC electrolytes can be attributed to
different organic species created from these electrolytes. Comparing
the C 1s core level spectra, stronger C=O/O–C–O (287.7 eV) and
O–C=O (289.8 eV) peaks14,50,57 are detected from the Gen2
electrodes. These peaks represent the presence of poly(ethylene
oxide)-type species resulting from the polymerization of EC,58–60

which has been shown to benefit the performance of LTO

Figure 6. SEM images of LTO (left) and LMR-NM (right) electrodes. (a), (f) Pristine and (b)–(e), (g)–(j) cycled electrodes retrieved from (b), (g) Gen2 without
prelithiation, (c), (h) Gen2 with prelithiation, (d), (i) EMC without prelithiation, and (e), (j) EMC with prelithiation full cells after 504 cycles. Images (a)–(e) and
(f)–(j) have the same scales as shown in images e and j, respectively.

Figure 7. XPS spectra of LTO (left) and LMR-NM (right) electrodes. (a) Pristine and (b)–(e) cycled electrodes retrieved from (b) Gen2 without prelithiation, (c)
Gen2 with prelithiation, (d) EMC without prelithiation, and (e) EMC with prelithiation full cells after 504 cycles. C 1s, Ti 2p, and P 2p core levels are presented
for the LTO electrodes, and C 1s, O 1s, and P 2p core levels are presented for the LMR-NM electrodes.
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anodes.14,61 The severe decomposition of EMC electrolyte due to the
lack of protective SEI layer on the LTO surface also leads to the
formation of TiO2 species,36,62 which are detected as additional
peaks in the Ti 2p core level spectra (Figs. 7d and 7e) at 466.5 eV
and 460.9 eV.63,64 The presence of TiO2 in the LTO electrodes
cycled in EMC electrolyte was also observed from the reassembled
half-cells (Fig. 4b) as a plateau at ∼1.8 V during the first lithiation.

On the cathode side, a strong metal-O (M-O) peak from the
active material is detected from the pristine electrode (O 1s,
529.7 eV)4,12 and this peak appears in the O 1s core level spectra
of all cycled electrodes, indicating that relatively thin and/or porous
CEI layers are formed on the cathode surface. Intensities of Ni 2p
and Mn 2p signal (Fig. S11) show the same trend as the M-O peak
intensities from different electrodes. The EMC without prelithiation
electrode exhibits strongest M-O peak among the cycled electrodes,
which agrees with the SEM image of this electrode showing the least
coverage of darker regions which represented the CEI (Fig. 6).
Although the intensities of active material signals vary among the
cycled electrodes, the differences are much less compared to the
intensity variations of Ti4+ peaks observed from the anodes. Also,
the organic species of CEI layers show similar compositions in the C
1s core level spectra. Similar salt decomposition products are
observed from all cycled electrodes as well, although the prelithiated
EMC electrode shows strongest LiPF6 salt decomposition signals
such as LixPFy (P 2p, 136.7 eV and F 1s, 688.7 eV) and LiF (F 1s,
685.0 eV) (Fig. S11)14,50,54 due to its thicker CEI layer.

Conclusions

In this work, we evaluated the effect of prelithiating the LTO
anode on the long-term cycle performance of LMR-NM/LTO cells
containing Gen2 and EMC-only electrolytes. Combining electro-
chemical analyses and post-mortem characterizations, we identified
the major degradation mechanisms in prelithiated vs non-prelithiated
systems, factoring in the electrolyte properties. By using prelithiated
LTO anodes, capacity retention of the LMR-NM/LTO cells con-
taining Gen2 and EMC-only electrolytes were increased by 8% (73
to 81%) and 2% (68 to 70%), respectively, after 500 cycles at C/2
rate performed at 45 °C. The difference between Gen2 and EMC-
only electrolytes were attributed to the nature of electrolyte decom-
position products formed on the LTO surface, which determined the
extent of LLI. Without a good passivating layer on the LTO surface,
electrolyte decomposition was accelerated when the anode was
prelithiated, and resulted in a limited increase of the capacity
retention. Interestingly, the prelithiated cells with good anode
passivating layer exhibited a greater cathode active material loss
due to their higher utilization. Thus, comprehensive understandings
of the degradation mechanisms and how the cell performance reacts
to the cell design changes (e.g., prelithiation, choice of electrolyte)
should be obtained to develop high performing LMR-NM/LTO
cells.
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