
Citation: Liu, J.; Chen, S.; Kong, D.;

Wu, M.; Liu, H. Interaction between

LMFP and NCMA and Its Effect on

Blending Cathode-Based Cells.

Energies 2024, 17, 808. https://

doi.org/10.3390/en17040808

Academic Editor: Carlos Miguel

Costa

Received: 22 December 2023

Revised: 30 January 2024

Accepted: 4 February 2024

Published: 8 February 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

energies

Article

Interaction between LMFP and NCMA and Its Effect on
Blending Cathode-Based Cells
Jingyuan Liu 1,*, Si Chen 2, Dewen Kong 1, Meiyuan Wu 2 and Haijing Liu 1,*

1 China Science Lab, Battery Materials and Systems Research Lab, General Motors Global Research & Development,
Shanghai 201206, China

2 China International Intellectech Corporation (CIIC), Beijing 100020, China
* Correspondence: jingyuan.1.liu@gm.com (J.L.); helen.liu@gm.com (H.L.)

Abstract: Li-ion cells with a LiMnxFe1−xPO4 (LMFP) and LiNi1−x−y−zCoxMnyAlzO2 (NCMA)
blending cathode show their benefits of lower cost and higher safety compared to barely NCMA
cathode-based cells. However, the rate capability of LMFP material is relatively poor compared
to NCMA or even LiFePO4, which is because of the low electronic conductivity of LMFP material
and the 1D diffusion channel in its structure. This work discusses the effect on electrochemical
performance when blends of various ratios of LMFP are used in an NCMA cathode, with data
verified by a 5 Ah pouch cell. This work further investigated the interaction between NCMA and
LMFP during charge/discharge. Combining results from experiment and simulation, it evidences
that blending more LMFP does not always lead to worse discharge rate but reduces charge rate.
Moreover, it is found that, in a constant current discharge/charge process, although the system is
under continuous discharge/charge, LMFP works intermittently. This leads to different diffusion
polarization states of LMFP in the discharge/charge process and further results in a difference in
discharge/charge rate capability. Therefore, to improve rate capability, especially charging rate, using
smaller-sized or doped LMFP to improve its diffusion coefficient is an optimized strategy.

Keywords: LiMnxFe1−xPO4 (LMFP); LiNi1−x−y−zCoxMnyAlzO2 (NCMA); blending electrode

1. Introduction

On the way to develop high-energy batteries, high-nickel layered-structure material is
widely applied as a cathode for Li-ion cells [1–3]. However, its relative unstable structure raises
concerns on safety issues [4–7]. Compared to conventional layered-structure cathodes, includ-
ing LiNi1−x−yCoxMnyO2 (NCM) and LiNi1−x−yCoxAlyO2 (NCA), LiNi1−x−y−zCoxMnyAlzO2
(NCMA) shows more benefits for (a) low cost—Al was selected to partially substitute ex-
pensive Co element while maintain the material’s high specific capacity; (b) extra cycling
stability—NCM volume contraction/expansion during the H2 ↔ H3 phase transition is
slightly reduced by Al doping; and (c) enhanced thermal stability—NCMA is structurally
stable due to the synergetic effect of Al and Mn ions stabilizing the layered structure and
delaying the thermally induced phase transitions [2,8]. However, there is still optimization
room to further improve safety and reduce cost after applying NCMA as a cell cathode.

Blending high-Ni cathode with other stable cathode active material is one of the most
adaptable solutions to reduce cell cost and the risk of thermal runaway [9–14]. Among
all potential material candidates, LiMnxFe1−xPO4 (LMFP) is the analogue of market main-
stream LiFePO4 (LFP); therefore, it has similar advantages of LFP, including low cost,
good cycling stability, and stable structure. By replacing part of the redox couple from
Fe(III)/Fe(II) to Mn(III)/Mn(II), LMFP shows similar specific capacity but much higher
working potential; therefore, LMFP has higher energy density compared to LFP. LMFP
shows benefits of improving cell safety and reducing material cost [15–17]; higher working
potential of LMFP compared to LFP makes it a more suitable candidate to blend with a
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high-nickel cathode. However, the drawbacks of LMFP are similar with LFP as well, which
has lower energy density (with a typical capacity value of 145 mAh g−1) and lower Li-ion
diffusion coefficient caused by the 1D diffusion structure [18–22].

The strategy of blending LMFP with NCMA demands an optimized way to balance
requirements of mileage, safety, fast charging ability, and low cost. To develop an optimized
blending recipe, it is important to understand functions of NCMA and LMFP in blending
materials. It is generally expected that higher LMFP content results in higher safety, lower
cost but lower rate performance, and lower energy density. However, the interaction
between NCMA and LMFP within the electrode is still unclear, which will possibly drive
the blending result to drift from expectation. In this work, to better understand the
electrochemical interaction between NCMA and LMFP in a blended cathode, we fabricated
5 Ah pouch cells with various NCMA/LMFP blending ratios. Based on cell performance
evaluation, material property characterization, and electrochemical simulation, we found
that, during charge/discharge in the blended electrode, LMFP plays its role intermittently,
while NCMA takes load continuously. This unique phenomenon helps to boost rate
performance, especially discharge rate performance. Moreover, based on the simulation
result, the intrinsic way to enhance charge rate performance is to improve the Li-ion
diffusion coefficient of LMFP, which could involve lower particle size or introducing
dopant into LMFP bulk.

2. Materials and Methods
2.1. Material Information

All electrode materials were purchased as commercialized powders. For NCMA, the
molar ratio of Ni, Co, Mn, and Al is 91:5:3:1. Its typical particle size is 12 µm. In LMFP, the
molar ratio of Mn and Fe is 70:30. Its typical particle size is 2 µm. The anode used artificial
graphite, with a typical particle size of 20 µm.

2.2. Cell Fabrication

Pouch cells of 5 Ah were fabricated to value different blending recipes. The cell size is
108 mm × 34 mm × 9 mm in length, width, and thickness. For all four cell designs, the
anode is 5.5 mAh cm−2 loading graphite, with an active material weight ratio of 95.2%,
conducting filler ratio of 0.6%, and CMC/SBR binder ratio of 4.2%.

For the cathode, four recipes with loading of 5 mAh cm−2 were fabricated; the weight
ratios of NCMA and LMFP are NCMA (G1), NCMA/LMFP = 9:1 (G2), NCMA/LMFP = 8:2
(G3), and NCMA/LMFP = 7:3 (G4), respectively. In the cathode for all four cell designs,
the active material weight ratio is 95%, with 3% conducting filler and 2% PVDF binder,
respectively.

The electrolyte of tested cells is 1.2 M LiPF6 in ethylene carbonate and ethylene methyl
carbonate (3:7 in volume ratio) solution with 2% vinylene carbonate in weight ratio.

Half coin cell assembling adopted the same electrodes as pouch cells, with Li metal as
the counter-electrode. For LMFP half coin cell, the electrode loading is 5 mAh cm−2, with
95% active material, 3% conducting filler, and 2% PVDF binder in weight ratio.

2.3. Testing Protocol

All pouch cell testing is performed under constant pressure of 9 psi. A fixture is
applied to maintain such pressure with soft foam to ensure pressure uniformity, as shown
in Figure 1g,h. The applied pressure was adjusted by foam’s pressure vs. deformation
calibration curve, as shown in Figure 1i.
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Figure 1. SEM images of materials: (a,d) NCMA, (b,e) LMFP, and (c,f) graphite. (g,h) Illustration of
cell testing fixture. (i) Foam’s response pressure vs. foam deformation plot.

Formation: cell formation is processed at room temperature by charging the cell to
100% SOC in C/20 constant current (CC), followed by a C/100 cut-off constant voltage
(CV) charge.

Cycling testing: cycling testing is processed at room temperature. The voltage window
of cycling is 3.0–4.2 V; in the charge process, it adopts a CC-CV protocol with CC current
of C/3 and CV cut-off current of C/20; in the discharge process, the CC current is C/3
without a CV step. After 100 cycles of charge/discharge, a reference performance test (RPT)
is performed, with the same charge/discharge process as the cycling test but a CV charging
cut-off current of C/100.

Rate performance testing: rate performance test is separated into two parts. In dis-
charge rate testing, the cell’s CC-CV charging rate is always C/3 with C/20 cut-off but
discharged at different C-rates (C/10, C/5, C/3, C/2, 1C, and 2C). In charge rate testing,
the cell is always CC discharged in C/3 and CC-CV charged at various C-rates (C/10, C/5,
C/3, C/2, 1C, 2C, and 3C) with the same CV cut-off current of C/20. Only capacity in the
CC part is adopted for comparison in this work.

Representative potential testing: representative potential testing is performed by half
coin cell with active material containing electrode and Li metal counter-electrode. After
the formation protocol, the cells are charged/discharged in C/64 for 3 cycles. The average
between charge/discharge voltage profiles in the third cycle is calculated and adopted as
representative of open-circuit voltage.

Self-discharge testing: after formation, pouch cells are charged to 100% SOC in C/10
and rested for 7 days. Voltage is recorded during charge and rest steps.

Impedance: to obtain exchange current and Li-ion diffusion coefficient, the impedance
spectra of each material are collected by half coin cells, with an active material electrode
and Li metal counter electrode. The cells are first fully charged and then discharged every
10% SOC to test electrochemical impedance spectra. The frequency range is from 0.01 Hz to
1 MHz, with an amplitude of 10 mV using Solartron 1470E (Solartron Metrology Limited,
Leicester, UK) electrochemical workstation.



Energies 2024, 17, 808 4 of 16

2.4. Physical Characterization

X-ray diffraction (XRD) is characterized by Bruker D8 advance diffractometer by
Cu Kα radiation (Bruker Corporation, Billerica, MA, USA). 2θ range is 10–90◦ with a
data collection rate of 0.01◦ s−1. Materials’ morphology is collected by scanning electron
microscopy (SEM, MERLIN Compact, ZEISS, Oberkochen, Germany).

2.5. Simulation

A 1D Doyle–Fuller–Newman (DFN) model was built to investigate the electrochemical
processes during the pouch cell’s charge/discharge. Controlling equations have been
summarized in Table A1 [23–25] and parameters for simulation in Table A2. Material data
fed into the model were collected from the coin cell or physical characterization mentioned
above; cell design parameters were based on the fabricated 5 Ah pouch cells. Simulation is
performed in COMSOL multiphysics.

3. Results

Four types of 5 Ah pouch cells were fabricated to evaluate the electrochemical perfor-
mance of NCMA and NMCA/LMFP blending designs. In these cells, the anode design
is the same and the active material is graphite; the cathode design involves NCMA and
NCMA blending chemistries, which are NCMA, NCMA/LMFP (90:10), NCMA/LMFP
(80:20), and NCMA/LMFP (70:30) in weight ratio, respectively. The particle sizes of NCMA,
LMFP, and graphite materials are 12 µm, 2 µm, and 20 µm, respectively, as shown in
Figure 1a–f. Cells with four cathode recipes were labelled as G1, G2, G3, and G4 with
increasing LMFP content. A constant pressure of 9 psi is applied to all electrochemical
performance testing with fixture illustrated in Figure 1g,h.

Electrochemical performance of these cells was first tested, and their cycling stability is
shown in Figure 2a. The cycling stability was the average value based on three parallel cells’
testing results. For all cells, their capacity increased slightly after the 100th cycle. This is
due to the RPT test after 100 cycles involving a lower cut-off current in the CV charge step,
and more Li-ions were de-intercalated from cathode and became cyclable in this stage,
leading the capacity to raise from the 100th to 101st cycle. In 200 cycles, all cell batches
show similar capacity retention, with a slight variation in retention G4 > G3 > G2 > G1.
The result shows that, by blending LMFP into NCMA material, cycling stability is not
obviously affected. Self-discharge of the pouch cell was evaluated as well. G1–G4 pouch
cells were first charged to 100% SOC and then rested for 7 days while recording their
terminal voltage. As displayed by Figure 2b, after a slight voltage drop in the initial stage
due to a fade of diffusion polarization, voltage of all pouch cells remains stable in 7 days’
rest, indicating self-discharge is negligible to cells in this work.

Rate performance of four cell designs was tested and results are shown in Figure 3.
Capacities in various C-rates were normalized into percentages referring to nominal capac-
ity in C/3 to make a distinct comparison. As generally expected, due to poor electronic
conductivity and sluggish Li-ion diffusion, blending LMFP material to NCMA electrode
will reduce the rate performance of the cell in some content. This confirmed such estimates
in charge rate evaluation. When charging C-rate went higher than C/2, the capacity in
constant current charging differentiated and ranked as G1 > G2 ≈ G3 > G4. However, in
discharge rate, especially under high discharge C-rate, rate performance ranking changed
to G3 > G4 > G1 ≈ G2. Based on such observations, it is not appropriate to directly esti-
mate the performance by simply overlaying the performance of NCMA and LMFP in a
NCMA/LMFP blending chemistry system. Beyond this, there must be interactions between
these two materials. Since this interaction affects the discharge/charge rate ability, this
interaction should be kinetic-related.
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Figure 4 shows representative charge and discharge voltage profiles in different C-
rates. C-rates of C/10, C/3, and 2C were plotted to reflect polarization in low, medium, and
high current density, respectively. As LMFP content increased from G1 to G4, there was a
longer voltage plateau appearing at ~3.90 V and ~3.80 V in C/10 and C/3 discharge profiles,
respectively (Figure 4a,b). This plateau can be also seen at ~4.05 V and ~4.15 V in C/10 and
C/3 charge profiles, respectively (Figure 4d,e). However, because this voltage plateau is
too close to the charge cut-off voltage (4.2 V), it disappeared completely in higher C-rate
(2C) charging voltage profiles (Figure 4f). Combining results in Figures 3 and 4c,f, it could
be found that the discharge capacity rank of G1–G4 cells was different from the charge. Cell
G1 with only an NCMA cathode had a better performance rank in charge than discharge.
This is due to the high polarization in high C-rate pushing the voltage plateau of LMFP
higher than cut-off voltage in the charge process, leading to loss of capacity belonging to
LMFP in G2–G4 cells.
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Clues to explain this C-rate performance rank variation between charge and discharge
can be found in representative voltage vs. SOC curves of NCMA and LMFP materials.
In Figure 5a–c, half-coin cells with NCMA, LMFP, and graphite were tested in C/64; the
obtained voltage profiles involved a very low polarization; thus, they could be treated as
representative of open-circuit voltage. Generally, polarizations push cells’ voltage to deviate
from equilibrium state, leading to a higher voltage in the charge process and lower voltage
in the discharge process. As shown in Figure 5a, the representative voltage profile of NCMA
is a roughly sloped curve from 3.3 to 4.2 V, leaving similar room for charge/discharge
polarizations before voltage is pushed to hit cut-off voltages. Therefore, polarizations give
roughly equal drawback to NCMA material’s charge and discharge process. However,
LMFP showed a quite different voltage curve from NCMA. It has two flat voltage plateaus:
a shorter one refers to redox of Fe(III)/Fe(II) centered around 3.5 V and a longer one refers
to redox of Mn(III)/Mn(II) centered around 4.0 V (Figure 5b). The length ratio of these
two plateaus is according to the atomic ratio of Fe and Mn. In this case, Fe/Mn ratio is 3:7;
thus, the Mn redox plateau in high potential is much longer than the Fe redox plateau. It is
worth noticing that Mn(III)/Mn(II)redox plateau is very close to the upper cut-off voltage,
as shown in Figure 5d. Thereby, in the charge process, there is not much room to handle
polarizations caused by voltage rise before the voltage of LMFP hits the upper limitation.
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This leads to intensive capacity loss belonging to the Mn(III)/Mn(II)redox plateau. In turn,
during the discharge process, because Mn(III)/Mn(II)redox plateau is overall high in a
cyclable voltage window, there is large room to handle polarizations causing voltage drop.
Thus, in the discharge/charge process, the cell can bear more polarization than charge
before hitting the bottom cut-off voltage. This assumption was evidenced by comparing
discharge/charge performance of LMFP-based half-coin cell. As shown in Figure 5e, it is
obvious that, for LMFP material, its discharge rate performance is much better than charge
rate performance. It is worth noting that the difference between charge and discharge
capacity in the LMFP + Li coin cell is bigger than that of LMFP/NCMA + Gr pouch
cell; the reason for such a difference in electrode and cell level will be discussed in the
following section.
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half-coin cell, percentages referring to capacity in C/3.

4. Discussion

According to classic electrochemical theory, polarizations of Li-ion batteries consist
of three types: (1) ohmic polarization caused by internal resistance, including separator,
current collector, and electrodes; (2) electrochemical polarization caused by Li ion mi-
gration crossing material/electrolyte interface in the lithiation and de-lithiation process;
and (3) concentration polarization caused by Li ion diffusion, which is mainly caused by Li
concentration gradient in electrodes and within cathode/anode material particles. As dis-
cussed above, overpotential is the key reason leading to rate difference between G1 and G4
cells. Therefore, it is crucial to understand the root cause leading to overpotential to identify
key factors requiring further improvement. Doyle–Fuller–Newman (DFN) model-based
P2D simulation is adopted to dig out information not able to be observed by experiment.
To ensure accuracy of the simulation, key parameters of materials, including NCMA, LMFP,
and graphite, were carefully collected by experiments, including materials’ OCV, charge
transfer resistance and diffusion coefficient. Since both NCMA and LMFP material are
obtained by doping from originate structure, not “standard” structure, X-ray diffraction
pattern and refinement were performed to identify their crystal parameters. Those material
data are summarized and shown in Figure 5a–c, Figure 6, and Figure 7.
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Figure 7. X-ray diffraction pattern and refinement result of (a) NCMA and (b) LMFP.

With the above-mentioned inputting data, a 1D electrochemical model based on
cell design of a 5 Ah pouch cell was built. To verify the correctness of the built model,
terminal voltage of G1–G4 cells under C/3 constant current discharge was calculated; the
comparison of simulation results of three parallelly tested cells’ data is shown in Figure 8.
The simulation result showed good fitness to experimental data and, in most SOC ranges,
the variation was controlled below 0.01 V. The good voltage fitness in the cell rest stage
after discharge further proved the accuracy, especially in particle diffusion. This provided
strong evidence that the built model accurately reflected cells’ testing and, therefore, was
able to provide reliable information for further simulation-based analysis.
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Figure 8. P2D simulation results of (a) G1, (b) G2, (c) G3, and (d) G4 cells under C/3 constant current
discharge and comparison to experimental testing results.

To better understand polarization distribution within cell components, we tracked
the voltage distribution in three main cell components, cathode, anode, and separator, and
calculated normalized voltage loss according to the following equations:

Vi,normalized =
Vloss, i(

Vloss, cathode + Vloss,anode + Vloss,separator

) (1)

where i represents cell components: cathode, anode, and separator, Vloss is the voltage drop
in examined components, and Vnormalized is the normalized voltage drop. To calculate the
voltage drop of every component, we first obtained four average voltages in various cell
positions by simulation, which were V1: voltage in anode side close to current collector,
V2: voltage in anode side close to separator, V3: voltage in cathode side close to separator,
and V4: voltage in cathode side close to current collector; thereby, the voltage loss of each
component was:

Vloss, anode = |V 2 − V1
∣∣ (2)

Vloss, separator = |V 3 − V2

∣∣∣ (3)

Vloss, cathode = |V 4 − V3
∣∣ (4)

Figures 9 and 10 show the voltage loss contribution of cell components, including the
cathode, anode, and separator. They reflected the affection of ohmic and electrochemical
polarization and were valued based on normalized voltage loss. In the charge process, it
represented how much voltage deviated positively from OCV and, in the discharge process,
it was the value negatively deviating from OCV. The voltage loss contribution of all parts
kept relatively stable in the whole charge/discharge process. For each component, voltage
loss contribution in the charge and discharge process is roughly the same.
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In detail, voltage loss contributed by Li ion crossing through the separator remained
~10% of the total value. The cathode’s contribution increased with higher LMFP content
in the electrode but, in all batches G1–G4, voltage loss contribution from the cathode was
always lower than that from the anode. This means that, to improve the rate capability of
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the chemistry system NCMA/LMFP + Gr, ameliorating kinetics in the anode side is equal
or more important, especially considering the application of fast charge raises the risk of
Li plating in the anode side. It is worth noting that, with the increase in LMFP content,
contribution from the cathode side kept approaching that from the anode side. For G4
cell with 30% of LMFP blended, voltage loss resulting from the cathode was very close to
the anode in the charging process, which strongly implied that, in a system with higher
blending of LMFP above 30%, even more attention should be paid to the current stage in
kinetics amelioration in the cathode side.

Besides ohmic and electrochemical polarization, diffusion-caused polarization is also
important. Compared to the former two, diffusion polarization is more complicated because
it is time-dependent. In this work, the diffusion bottleneck is Li-ion diffusion in the solid-
state phase within active material particles. The sluggish diffusion property leads to a
concentration gradient along the particle radius. For example, in the charging process,
because Li ions diffuse from cathode particle bulk to electrolyte, Li ion concentration in
the particle surface is lower than in the center; therefore, SOC in the particle surface is
different from SOC in the particle center. It is obvious that higher diffusion polarization
leads to bigger Li ion concentration difference between the center and surface and a bigger
gap in SOC value between particle’s surface and bulk. In this work, we introduced an
index, which was the difference between a particle’s surface SOC and average SOC, to
represent the content of diffusion polarization. G3 (cathode NCMA/LMFP = 8:2) cell was
investigated in this part because it shows the largest rate capability difference in charge
and discharge processes. To distinguish the difference between the cathode and anode, in
this part, we defined the cathode in fully lithiation status and anode in fully de-lithiation
status as an SOC value of 1. The analysis started from the discharge process as shown in
Figure 11. In Figure 11a, the voltage profile of G3 was different from G1, with barely NCMA
as cathode, for it had two relatively flat regions corresponding to SOC range 0.2–0.45 and
0.85–1, where LMFP contributed more capacity in these regions than the rest. This is more
obvious in active materials’ average SOC change profile in Figure 11c. LMFP’s SOC did
not increase when the discharge process started; it began to rise after the full cell’s SOC
reached 0.2 and stopped at around 0.45 full cell’s SOC. LMFP’s SOC remained stable in
the afterwards region until the full cell’s SOC reached 0.85, followed by a continues raise
until the end of discharge. According to the voltage profile in Figure 11a and LMFP’s OCV
profile in Figure 5b, it is easy to identify that the first discharge stage of LMFP corresponded
to Mn redox and the second was due to Fe redox. In contrast, NCMA material experienced
a continuous discharge in the whole discharge process, but its SOC change was not always
as linear as graphite because LMFP joined discharge intermittently. Another interesting
phenomenon was, at the end of discharge in Figure 11c, tracking the average SOC of
graphite, it stopped changing and remained as a flat line because there was no more Li ion
going out from the graphite particles. However, the average SOC of NCMA and LMFP
kept changing as NCMA dropped a little bit when LMFP rose, which means that there is
Li-ion exchange between NCMA and LMFP particles; NCMA gave parts of its Li ion to
LMFP due to their voltage variation.
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change along full cell’s SOC in discharge process, (d) difference between active material particle’s
surface SOC and average SOC along full cell’s SOC, and (e) SOC distribution in LMFP particle in 4
typical stages.

Therefore, the total discharge part was separated into four stages, according to LMFP
SOC change, as stage I and III: NCMA discharging and stage II and IV: NCMA + LMFP
discharging. The diffusion polarization in these four stages was valued by the difference
between the active material particles’ surface SOC and average SOC in Figure 11d. In stage
I, SOC difference in LMFP kept near to 0 as the value in NCMA and graphite increased,
indicating that Li-ion intercalation and de-intercalation mainly happened between NCMA
and graphite, respectively. In stage II, it was observed that SOC difference in LMFP sharply
increased in the beginning while the value in NCMA dropped a little bit, meaning that
LMFP joined to discharge. SOC difference in LMFP then slowly decreased back to 0 in
later stage II and stage III, meaning that LMFP removed its load and experienced a “rest”
period, as usually observed at the end of discharge. In the final stage, SOC difference in
LMFP increased again until the end of discharge, representing its second part of discharge.
The SOC difference of the LMFP particle is also plotted in the sphere section in Figure 11e
to show the gradient from particle center to surface. Two interesting items worth noting
are that (1) SOC difference in LMFP was dramatically larger than that in NCMA, meaning
Li-ion diffusion in LMFP was much slower than NCMA; this can be verified by the tested
diffusion coefficient shown in Figure 6d,e; (2) the SOC difference in LMFP in stage IV
was much lower than stage II, which is because diffusion polarization is time-dependent
in a constant current process and it increased with time. In this work, the formula of
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LMFP adopted was LiFe0.3Mn0.7PO4; therefore, capacity according to Mn redox was above
twice that of Fe redox and the longer discharging time led to higher diffusion polarization.
Namely, in the discharge process, we observed the interaction between NCMA and LMFP;
LMFP discharged intermittently and ended with a relatively small diffusion polarization.
This benefits improving discharging rate, compared to a continuous discharging process.

The same analysis was taken on the charging process. Similarly, the charge process
could be separated into four stages in a constant current charge stage, followed by constant
voltage charge stage. LMFP was charged intermittently in stage I and stage III. Differing
from the discharge situation, the high polarization part happened in the third stage of the
charge process, leaving not enough time for SOC rebalance before the cell’s voltage hit
the cut-off value. Comparing Figures 11d and 12d, in stage IV, LMFP ended with higher
diffusion polarization in the charge than discharge process. This variation could be bigger
in high charging/discharging C-rate. Moreover, diffusion polarization in the graphite
side was big as well. Therefore, to improve the rate performance of the chemistry system
NCMA/LMFP + Gr, improving Li-ion diffusion coefficient in graphite and LMFP material
is the most effective way. A potential method for improving Li-ion diffusion in LMFP could
be introducing material with smaller particle size and bulk doping.
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Figure 12. (a) Voltage profile of G3 cell in charge process, (b) active material particle’s surface SOC
change in charge process along full cell’s SOC, (c) active material particle’s average SOC change in
charge process along full cell’s SOC, (d) difference between active material particle’s surface SOC
and average SOC along full cell’s SOC, and (e) SOC distribution in LMFP particle in 4 typical stages.
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5. Conclusions

In summary, in this work, we observed the interaction between NCMA and LMFP in
the cathode side, due to the unique two-plateau OCV curve of LMFP. In both charge and dis-
charge processes, LMFP took its load intermittently. Accompanied by the different voltage
polarization room between discharge and charge, rate performance of all cells with various
LMFP ratios showed a divergence trend in charge and discharge processes. Although
amelioration of anode kinetics is important, the intrinsic way to improve rate ability of
NCMA/LMFP blending system is to improve Li-ion diffusion behavior in LMFP materials.
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Appendix A

Table A1. Equations involved in simulation.

Equations Boundary Conditions

Electrolyte
Phase

il = −σl,e f f ∇Φl +
2σl,e f f RT

F

(
1 +

∂ln f
∂cl

)
(1 − t+)∇ln cl

∇.il = iv,total
∂ϵlcl

∂t
+∇.Jl = Rl

Jl = −Dl,e f f ∇cl +
il t+

F
Dl,e f f = ε

brugg
l Dl

σl,e f f = ε
brugg
l σl

Rl = −∑
m

(
νLi+,miv,m

F
−

νLi+iv,dl
nmF

)

x = 0 x = Ln + Ls + Lp

il = 0

−Dl,e f f
∂cl
∂x

= 0

il = 0

−Dl,e f f
∂cl
∂x

= 0

Solid Phase
Potential

is = −σs,e f f ∇Φs
∇.is = −iv,total

σs,e f f = ε
brugg
s σs

iv,total = ∑
m

iv,m

x = 0 x = Ln x = Ln + Ls x = Ln + Ls + Lp

is = −Iapp is = 0 is = 0 is = −Iapp

Transport
in Solid

∂cs

∂t
= ∇.(Ds∇cs) = Ds

1
r2

∂

∂r

(
r2 ∂cs

∂r

) r = 0 r = rp

∂cs

∂r
= 0 −Ds

∂cs

∂r
= ∑

m

νLiθ,miv,m

nmF
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3ϵs

Kinetics

η = Ect − Eeq
Ect = Φs − Φl

iv = aviloc

iloc = i0

(
exp

(
αaFη

RT

)
− exp

(
−αcFη

RT

))
i0 = i0,re f

(
cs

cs,re f

)αc
(

cs,max − cs

cs,max − cs,re f

)αa
(

cl
cl,re f

)αa

cs,re f = cs,max/2
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Appendix B

Table A2. Main parameters input for simulation.

Parameter Notation Value

Solid diffusivity Ds Values according to Figure 6d–f

Reference exchange current i0,ref Values according to Figure 6a–c

Particle radius rp

NCMA: 6 µm
LMFP: 1 µm

Graphite: 10 µm

Volume fraction of electrolyte εl

separator: 0.45
cathode: 1 − εs − 0.05

anode: 0.3

Volume fraction of active
material εs

NCMA: G1-0.645, G2-0.567, G3-0.472, G4-0.4
LMFP-G1: 0, G2-0.086, G3-0.167, G4-0.235

Graphite: 0.643

Open circuit voltage Eeq Values according to Figure 5a–c

solid/electrolyte interfacial
area per unit volume av

3εs
rp

temperature T 298 K

Bruggeman coefficient brugg 3.3

Reference Li concentration cl,ref 1000 mol/m3

Transfer coefficient of anodic
reaction αa 0.5

Transfer coefficient of cathodic
reaction αc 0.5

Anode thickness Ln 109 µm

Cathode thickness Lp 98 µm

Separator thickness Ls 16 µm

Faraday’s constant F 96,485 C/mol

Ideal gas constant R 8.314 J/(mol K)
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