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Abstract
Controlling lithium-ion battery degradation is a major global challenge and essential to electrify transport, deploy storage on the grid, and extend the lifetime of portable electronics. Loss of lithium inventory (LLI) caused by side reactions in lithium-ion cells is one of the primary reasons behind reduced cycle life. Researchers in the last ~15 years have demonstrated that additives such as Lithium Iron oxide Li₅FeO₄ (LFO) in LFP-based chemistries can release lithium to compensate for LLI. More recently, CATL has commercialised LFO in LFP cells, while Rimac has also reported to have used LFP-LFO composite cells.  Both claim to have achieved zero degradation for extended periods compared to first-cycle capacity. However, the specifics of how they achieved this are neither fully disclosed by them nor sufficiently explored in the literature.
This work describes how LFO can be employed in commercial LFP cells using a full-cell physics-based model in PyBaMM to achieve so-called ‘zero degradation’. We first attempt to find the optimal methods to control lithium release from LFO by simulating 2000 charge/discharge aging cycles for five cases to investigate how controlled lithium release speed (slow or fast release) and timing (early or late in the cell cycle life) can impact cell degradation and its life. We then use the model to find an optimum volume fraction of LFO that can be added to the LFP cathode-based cell to maximize its life. Model results reveal that slow lithium release maintains the cell balancing and reduces the cell degradation rates. In contrast, rapid lithium release and excessive LFO content can accelerate cell degradation rates, resulting in lower cycle life. The results also reveal that having extra anode capacity can help prevent this accelerated degradation, but presents a trade-off between achieving higher cycle life and maintaining energy density. The model assumes that oxygen released during LFO delithiation can be managed by cell degassing and advanced cathode coating agents, and hence does not affect cell degradation. This work shows that achieving longer cell life requires not merely adding lithium-rich additives such as LFO, but also informed cell design changes, and can benefit from advanced lithium release control methods.









Introduction
Loss of lithium inventory (LLI) is one of the major consequences of degradation and the reasons behind capacity fade and reduced life cycle in lithium-ion batteries.1,2 LLI is particularly intense during formation and the first few cycles of operation because of the initial formation of the solid electrolyte interphase (SEI). As the formation of SEI continues during cycling and calendar ageing,3-7 LLI continues to occur. Other degradation mechanisms, such as lithium plating,8 also lead to the consumption of lithium ions and hence LLI. Recent breakthroughs in academic and industrial research have explored how LLI can be compensated by using an additive that can release additional lithium inventory, thus improving battery longevity.  
Lithium iron oxide (LFO or Li₅FeO₄) is seen as an excellent lithium-rich additive due to its antifluorite structure that stores as much as four times (per gram) more lithium ions9 compared to many conventional active materials, enabling it to achieve significantly higher theoretical and practical capacity per gram.10,11 The lithium ions stored in the LFO are released irreversibly in two stages, at open circuit potentials vs. lithium (OCP) of 3.5 V and 4.0 V,9,10 making it traditionally suitable only for primary cells. However, in a secondary cell, lithium release from the LFO has been demonstrated to compensate for LLI.9,10,11,12 The use of LFO as a sacrificial agent in lab-scale coin cells showed that LFO can successfully compensate for LLI during cell formation and subsequent early charge-discharge cycles and help maintain stable cell performance. Companies such as CATL and Rimac have demonstrated the commercial-scale viability of LFO being used in this way and claimed to have achieved zero apparent degradation.13, 14 CATL manufactured LFP cells with LFO as a cathode additive and reported zero apparent degradation for the first 1000 cycles.13 They hinted at operating the cell so that the release of lithium from LFO happens in the early phase of the cell's life. Rimac Energy reported to have operated the LFP-LFO composite cells using a slightly different approach. They focused on the gradual release of lithium from LFO to achieve zero capacity fade for two years.14 Rimac has also mentioned using an advanced power conversion system to achieve such performance. This highlights that beyond the cell design, the control over operational conditions might be crucial to tap into the full potential of LFO additives. However, neither of the two companies has disclosed the exact methods, mechanisms, and strategies for successfully employing LFO as an additive in commercial cells, leaving researchers to speculate about the underlying principles. The commercial-level use of LFO and the underpinning scientific principles of how to use it are also missing in the peer-reviewed literature. Using the above innovations as motivation, our work offers a detailed insight into how LFO can be employed in commercial LFP cells with composite LFP-LFO positive electrode (PE) and Graphite negative electrode (NE). To achieve this, we use simulations run on a purpose-built full-cell physics-based model in PyBaMM15 and analysed the model predictions. 
[bookmark: _Hlk201763049][bookmark: _Toc182482646]This work adds significantly to the scientific understanding and knowledge of the consequences of releasing additional lithium from LFO in a composite LFP-LFO cell, its impact on cell degradation, including SEI, lithium plating, and porosity clogging, cell discharge capacity, and cell life. Model predictions reveal that consequences are not always beneficial. Using the model, optimal methods to control lithium release from LFO, an optimum volume fraction of LFO, and the benefits of larger NE capacity/overhang in minimizing cell degradation and achieving long-lasting, zero-degradation batteries, are all explored. The work is organised into three sections: Main, Conclusions, and Methods. The Main section is divided into seven subsections. The first subsection discusses the mechanism of lithium and oxygen release from LFO in correlation with experimental half-cell open circuit potential (OCP) data for pure LFO. The second subsection provides the correlation of lithium and oxygen release to the full cell charging and discharging voltages in a single cycle. The third subsection focuses on lithium release from LFO during cell cycling with the help of a purpose-built PyBaMM model. The impact of released lithium from LFO on cell degradation, its capacity, and life is examined in the fourth subsection. A detailed analysis of control methods for optimal lithium and oxygen release, and optimal LFO volume fraction to be used in LFP-LFO cells for achieving maximum cell performance can be found in the fifth and sixth subsections, respectively. The final subsection presents a cell redesign approach to prevent cell unbalancing during an overlithiation scenario to achieve improved cell longevity.  The Methods section presents and discusses the model setup and its implementation, model assumptions, setting up virtual experiments, and methods for controlled lithium release from LFO in PyBaMM. 

[bookmark: _Ref201592290]Main
[bookmark: _Ref201592358][bookmark: Subsection1][bookmark: _Ref201696821][bookmark: _Ref205472364]Mechanism of Lithium and Oxygen release from LFO in correlation with its experimental OCP
LFO ( material as a sacrificing agent in lithium-ion (Li+) cells releases its lithium inventory as a result of the following two reactions: 
[bookmark: Eq1]         (1)
					


[bookmark: _Hlk202209329]Two irreversible releases of  Li+ from LFO take place: one between LFO half-cell open-circuit potential (OCP) of 3.5 V and ~3.75 V (equation (1)) and the other between ~3.75 V and 4.5 V (equation ).10 Fig. 1 shows the half-cell OCP of pure LFO material10 vs stoichiometry, exhibiting the two plateaus that correspond to the two stages of lithium release. Overall, each mole of LFO releases 4 moles of lithium across the full OCP range.

	[bookmark: _Ref203084277][bookmark: _Hlk203069273]Fig. 1: Half-cell open circuit potential (OCP) of a pure LFO material 
[image: ]

Delithiation OCP of a pure LFO material with its stoichiometry.10,16 The figure shows two voltage plateaus at OCP ~3.5 V and ~4.0 V, corresponding to equation (1) and equation 



We define the stoichiometry of fully lithiated LFO (i.e. ) as 1 with an OCP of 2.5 V and the stoichiometry of fully delithiated LFO (i.e. )  as 0 with an OCP of 4.5 V. As LFO releases its lithium irreversibly, its stoichiometry decreases monotonically from 1 to 0 and correspondingly its OCP increases from 2.5 V to 4.5 V.  When the composite PE potential drops below the OCP of LFO, no Faradaic reaction occurs on the LFO interface i.e., lithium release from LFO stops until composite PE potential increases above the LFO OCP again. As apparent from equations (1) and , oxygen is co-released each time there is lithium release from the LFO. While rarely discussed in the literature on LFO, the presence of oxygen is known to contribute to different degradation mechanisms.17-20 In this work, the oxygen-induced degradation is ignored, as it is assumed that most oxygen released from LFO is removed through cell degassing during the formation cycles.21 We assume any oxygen released later in the cell's life does not impact its degradation. While unlikely to be true, there is a distinct lack of experimental data that would enable a meaningful inclusion of this mechanism in the model. It is worth noting that the moles of oxygen released depend upon the initial LFO moles and the LFO OCP. As 75% of the oxygen is released when the OCP of LFO reaches the second voltage plateau (~4.0 V), a lower LFO content and avoiding high cell charging voltages to avoid high OCPs of LFO would lead to significantly less oxygen release. Meanwhile, attempts are made to modify LFO by suitable coating layers and lattice engineering22,23,24 to mitigate oxygen evolution and enhance performance. Oxygen release and its precise effect on cell degradation may be worthy of further experimental and modelling studies. 

[bookmark: _Ref205480268]Correlating the composite LFP-LFO cell charging voltage to the LFO OCP and the associated lithium-oxygen release: insights relative to pure LFP cell
Equation 1 shows that the first irreversible lithium release from LFO is triggered when the composite PE OCP exceeds the first plateau of LFO OCP of 3.5 V. Therefore, to use the Li stored in the LFO for a cell with a composite LFP-LFO cathode, the upper voltage cut-off during cell charging must be set to a value higher than 3.5 V.   The operational voltage range for a pure LFP cathode-based cell is typically below 3.5 V, with the voltage plateau for normal operation located between 3.2-3.4 V, depending on state of charge and hysteresis. Even when accounting for overpotentials during operation, it is possible to keep the normal operating window for a pure LFP cathode-based cell below 3.5 V. As a result, the release of lithium and oxygen from the LFO component of a composite LFP-LFO cell can be fully controlled by carefully setting the upper cutoff voltage without affecting normal LFP cell operation. To demonstrate the above expected behaviour, a beginning of life (BoL) PyBaMM model was built (the detailed discussion on PyBaMM model can be found in the first part of the next subsection and Supplementary Note 1). The model was used to find the correlation of cell charging and discharging voltages to the lithium and oxygen release from LFO and its bulk average OCP, and the variation in bulk average OCP of LFP and Graphite. For this purpose, the two separate virtual experiments, each consisting of a single cycle of constant-current constant-voltage (CC-CV) charge followed by a constant-current (CC) discharge (both done at 0.1C with CV hold until the current reaches C/100), were simulated in the built PyBaMM model. An upper voltage cutoff for cell charging was set at 3.6 V (Fig. 2(a)), and at 4.2 V (Fig. 2(b)), for the first and second experiment, respectively. The lower discharge voltage cutoff for both experiments was kept at 2.5 V.  Because the upper charging voltage cutoff of 3.6 V only slightly exceeds the first LFO OCP plateau of 3.5V,  this case releases only a small percentage (~10 %) of total lithium moles in LFO (Fig. 2(a)). The released lithium moles shift the OCP of LFO slightly from ~3.5 V to ~3.65 V. On the other hand, charging the cell to an upper cutoff of 4.2 V (Fig. 2(b)) leads to the release of ~45% of the total lithium ion in LFO and a larger OCP shift  (from ~3.5 V to ~3.85 V). also It is expected that the second case would cause the release of significantly more oxygen than the first case, as the OCP here is close to the second plateau of LFO OCP (equation ). The above analysis indicates that the lithium release from LFO can be fully controlled by setting the appropriate cutoff voltages during cell charging. Both figures also show that the cell discharging voltages do not impact the total lithium moles in LFO (flat dashed purple lines), which is the result of the informed assumption that cell discharging only lithiates the LFP component of the cathode, i.e. the LFO component of the cathode does not lithiate because of its irreversible sacrificial nature (equation (1) and equation ).  

	[bookmark: _Ref203756713][bookmark: _Ref203756701]Fig. 2: Relating the composite cell charging and discharging voltages to the lithium release from LFO and corresponding variations in the OCP of Negative Electrode (Graphite) and Positive Electrode components (LFP and LFO)

	(a)
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	(b)
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	The variation intrinsic to the model assumptions in the total lithium in LFO (in percentages, purple line, lower triangular markers), its bulk open circuit potential (OCP) (green lines, diamond markers), and the bulk OCP of Graphite (red line, upper triangular markers) and LFP (blue line, square markers) during cell charging and discharging when the upper voltage cutoff for charging is set to (a) 3.6 V and (b) 4.2 V. The markers show the start and end points of the variations in the different variables during the charge and discharge process. The direction for cell charging (round markers, solid lines) and discharging (round markers, dashed lines) is represented by forward arrows (‘>’) and backward arrows (‘<’), respectively. The high upper charging voltage cutoff (4.2V in Fig. 2(b)) triggers the significant lithium release from LFO and permanently shifts the OCP of LFO to high OCP values. Cell discharging does not affect the lithium inventory in LFO and its OCP. The lower upper charging cutoff voltage (3.6 V in Fig. 2(a)) results in negligible lithium release from LFO.




[bookmark: _Ref205480322]Exploring lithium release from LFO during cell cycling using PyBaMM
To fulfil the goal of developing insights on how LFO can be employed and used in commercial LFP cells, we created a physics-based model in the open-source battery modelling environment, PyBaMM, which can simulate a large composite LFP-LFO cell. First, an isothermal beginning-of-life (BoL) composite full cell model was built, which was then modified to create a cell degradation model with SEI layer growth and lithium plating at the negative electrode. A brief description of the model setup and assumptions is included in part 1 of the methods section. More details on equations used in developing a composite beginning-of-life (BoL) model and degradation (ageing) model are given in Supplementary Notes 1 and 2 of the Supplementary Information document, respectively. 
The final model was used to simulate lithium release from LFO and its consequences on cell degradation under 0.5C charge and 0.5C discharge. A reference performance test (RPT) was virtually performed every 25 charge-discharge aging cycles, to emulate experimentally-relevant protocols. Before each RPT, a controlled lithium release charging event was performed. During our baseline lithium release charging event, the cell is overcharged until the cell voltage reaches 4.2 V, and then the cell is rested for 1 minute. Although this represents an extreme lithium and oxygen release event, and it is possible to release them in a more controlled way by overcharging to lower voltages and/or for shorter times, this is similar to how LFO has been used and studied in most academic research to date.9,12,10 Five lithium release control methods/cases were developed using controlled charging events to create different patterns of lithium release from LFO.  These methods were evaluated based on how their corresponding lithium release pattern impacted cell life. Cases 1 to 4  were designed to investigate the impact of lithium release speed (fast or slow) and timing (early or late in cell cycle life) on cell life, while Case 5, a non-conventional lithium release control method, was designed based on coulomb counting controlled charging (fixed capacity charging). As described previously, for each case, the simulation include a break-in cycle and an initial reference performance test (RPT) (both happen only once), followed by the set of 25 charge-discharge aging cycles, a controlled lithium release event (which is either a normal charging, an overcharging, or a coulomb counted controlled charging) and a RPT, all three repeated 80 times to achieve 2000 charge/discharge aging cycles. Detailed information on setting up virtual experiments in PyBaMM and designing all five cases can be found in Part 2 (Fig. 9) and Part 3 (Fig. 10) of the methods section, respectively.
	[bookmark: _Ref203084357][bookmark: Fig2]Fig. 3: Lithium release from LFO with cycling & its effect on the open circuit potential (OCP) of LFO
[image: ]
Model prediction shows how lithium release affects the bulk OCP of LFO. As lithium is released from LFO, the percentage of lithium moles in LFO (‘Total lithium in the secondary phase in positive electrode [%]’, blue line, left-hand side y-axis) drops with cycling, and that leads to increased bulk OCP (‘Positive electrode secondary bulk open-circuit potential [V]’, red line, right-hand side y-axis). The change in bulk OCP and percentage of lithium, i.e. stoichiometry of LFO is permanent and one-way; this is as expected from experiments (shown by Fig. 1). The above model result is for a cell with 4% LFO fraction, cycled as per the protocol defined for Case 1. The abrupt drop in lithium moles in LFO and the accompanying momentary spikes in its OCP of LFO are triggered by overcharging event performed before each reference performance test (RPT) in Case 1. For simplicity only first seven RPTs (175 aging cycles) are shown in this figure.  For simplicity only the aging cycles (175 aging cycles) completed between the first seven reference performance tests (RPTs) are shown in this figure. The data points correspond to start of the discharge step in the aging cycles (refer virtual experiment, Fig. 9).



Fig. 3 and Fig. 4 show model predictions for a commercial cell with 4% LFO active material volume fraction (extra added LFO volume fraction as a percentage of LFP active material volume fraction, equation S11 in Supplementary Table 1), subjected to controlled lithium release via an overcharging event before each RPT, i.e., Case 1. 
For simplicity, both figures display the performance during the first seven RPTs only (175 aging cycles), because nearly all LFO lithium is released in this timeframe. As discussed earlier, each mole of LFO releases 4 moles of lithium; therefore, an active volume fraction of 4% is assumed to release sufficient lithium to compensate for ~16% of LLI. This level of LLI is typically observed over the entire first life of a cell (~80% State-of-Health). Hence, 4% LFO, in principle, is sufficient to achieve zero degradation and was thus chosen in this study. This choice is also supported by announcements from CATL and Rimac, which hinted toward 4 to 5 % LFO content in their cells. Additionally, a low LFO fraction ensures that less oxygen is released, thereby avoiding oxygen-triggered degradation. 
Fig. 3 shows that during the break-in cycle, first RPT and the first set of 25 normal charging-discharging aging cycles (before RPT 2), some lithium was released from the LFO (left-hand y-axis in Fig. 3), as each of these normal charges had an upper voltage cut-off of 3.6 V. This voltage exceeds the first plateau of LFO OCP of 3.5 V (equation 1), triggering irreversible lithium release from LFO, causing the stored lithium to drop from 100% to  ~67%. The first overcharging event (just before RPT 2), with an upper voltage cut-off of 4.2 V, leads to a further release of ~12% lithium moles from LFO, decreasing the stored lithium percentage to ~55%. Overall, a significant amount of lithium was released (~45%) into the cell by the time the cell operation reached the end of the first overcharging event. For a cell with optimal balancing at the beginning of life, this release results in an already unbalanced cell. The consequence of this imbalance on cell degradation, its capacity, and life is explored in the next subsection (Fig. 4). The early and fast lithium release from LFO also increases its OCP significantly (right-hand y-axis in Fig. 3), with the LFO OCP rising to ~3.8 V by the end of the first overcharge. During the next 25 normal charging-discharging aging cycles, no further lithium release occurs (stored lithium in LFO lithium kept at 55%), as the upper cutoff voltage limit for normal charging remains capped at 3.6 V, which is insufficient to overcome LFO OCP of 3.8 V (flat lines between RPT 2 and RPT 3 in Fig. 3). The second overcharge event (just before RPT 3), with upper voltage cut-off of 4.2 V, exceeds the LFO OCP of 3.8V, triggering a further lithium release from LFO and dropping its storage percentage to ~47%. Note that only 8% of lithium is released in the second overcharging event (from 55% to 47%), compared to the 12% (from 67% to 55%), lithium release during the first event, and decreases significantly in the subsequent overcharging events. This indicates that, as LFO depletes its lithium inventory, further lithium release from the LFO becomes increasingly difficult. This is because the LFO OCP eventually reaches close to the cell’s upper voltage cutoff of 4.2 V, and then even higher overcharging cutoff voltage limits would be required to access the remaining lithium stored in the LFO.
[bookmark: _Ref205472469]Most previous academic research10,12  has explored the use of lithium inventory as a sacrificial agent, either in a one-off event10 (i.e., all lithium released during the first overcharge) or through the first few overcharges.12 With the aim of explaining how LFO additives may be used optimally, we study a more controlled and gradual lithium release, the benefits of which are explained in the following subsections
[bookmark: _Ref205480420]Consequences of Lithium release from LFO on SEI growth, lithium plating, and cell usable capacity
When lithium is released from LFO, it can have both a positive and a negative impact on cell performance. In Case 1,  the lithium is released fast and early, at a rate faster than lithium consumed by the side reactions. This disturbs the cell balancing as the electrodes are forced to host the extra unconsumed lithium inventory, leading to the over-lithiation of NE and primary phase in PE  (i.e., LFP), as shown in Fig. 4(a) and Fig. 4(e). This causes the average OCP (particle surface OCP) of the NE to shift to lower potentials at the end of the charge, pushing it closer to zero (Fig. 4(b)) and increasing the reaction overpotentials (Fig. 4(c)). This accelerates the side reactions for SEI layer growth1525,25 and dead lithium plating,15,26 leading to faster degradation and faster loss of lithium inventory. Therefore, if lithium from the LFO is released too fast, it accelerates the precise problem it is there to mitigate. However, it is not all bad; the amount of lithium lost due to the accelerated side reactions does take time to equal the amount released and leads to a temporary higher discharge capacities (usable as well as cyclable lithium discharge capacity) their BoL values. As shown in Fig. 4(d) at around 25 kAh throughput, ~0.15 moles have been consumed by side reactions, whilst ~0.4 moles were released from the LFO, the remaining 0.25 lithium moles are responsible for increased usable discharge capacity than its BoL value (Fig. 4(f)).
	[bookmark: _Ref203084364][bookmark: Fig3] Fig. 4: Lithium release from LFO and its impact on cell performance

	[bookmark: Fig3a] (a)
[image: ]
	[bookmark: Fig3b](b)
[image: ]

	[bookmark: Fig3c] (c)
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	(a) ‘Total lithium in the secondary phase in positive electrode [mol]’(blue line, left-hand side y-axis), and ‘Total lithium in negative electrode [mol]’(red line, right-hand side y-axis) vs ‘Throughput capacity [kA.h]’. Dashed horizontal black line marks the balanced negative electrode at the beginning-of-life (BoL)
(b) ‘Total lithium in the secondary phase in positive electrode [mol]’ (blue line, left-hand side y-axis), and ‘X-averaged negative electrode open-circuit potential [V]’(red line, right-hand side y-axis) vs ‘Throughput capacity [kA.h]’ 
(c) ‘Total lithium in the secondary phase in positive electrode [mol]’ (blue line, left-hand side y-axis), and ‘X-averaged negative electrode reaction overpotential [V]’(red line, right-hand side y-axis) vs ‘Throughput capacity [kA.h]’ 
(d) ‘Total lithium in the secondary phase in positive electrode [mol]’(blue line, left-hand side y-axis), ‘Total lithium lost to side reactions [mol]’(red line, right-hand side y-axis), ‘Loss of lithium to negative SEI [mol]' (green line, right-hand side y-axis) and 'Loss of lithium to negative dead lithium plating [mol]' (black line, right-hand side y-axis) vs ‘Throughput capacity [kA.h]’ 
(e) ‘Total lithium in negative electrode [mol]’(blue line, left-hand side y-axis), and ‘Total lithium in primary phase in positive electrode [mol]’(red line, right-hand side y-axis) vs ‘Throughput capacity [kA.h]’. Dashed horizontal black line marks the balanced negative electrode and primary positive electrode at the beginning-of-life (BoL)
(f) ‘Total lithium in the secondary phase in positive electrode [mol]’(blue line, left-hand side y-axis), and ‘Discharge capacity [Ah]’(red line, right-hand side y-axis) vs ‘Throughput capacity [kA.h]’. For simplicity, plot only shows the variation in the usable discharge capacity of the cell. The discharge capacities obtained from the discharge step in aging cycles are referred to as usable discharge capacities. The discharge capacities obtained from discharge reference performance tests (RPTs) is referred to as cyclable lithium discharge capacities. Though not shown in this plot, cyclable lithium discharge capacities are usually higher than the usable discharge capacities as RPTs are done at lower c-rates than aging cycles.  
In all the above plots except in Fig. 4(e), the ‘Total lithium in the secondary phase in positive electrode [mol]’ (i.e. total lithium moles in LFO ) is shown on the left-hand y-axis (blue line). The above model results are for a cell with 4% LFO fraction, cycled as per the protocol defined for Case 1. The abrupt drop in total lithium moles in LFO and the accompanying abrupt changes in the values of variables on-right hand side y-axis are triggered by overcharge event performed before each reference performance test (RPT) in Case 1. In Fig. 4(e) both the spikes i.e. spike in the value of the variable plotted on left-hand side y-axis and the variable plotted on right-hand side y-axis corresponds to the overcharge event discussed above. For simplicity only the aging cycles (175 aging cycles) completed between the first seven reference performance tests (RPTs) are shown in these figures.  The data points correspond to start of the discharge step (i.e. end of charge step) in the aging cycles (refer virtual experiment, Fig. 9).



From the above analysis, it is clear that releasing too much lithium, although temporarily beneficial in proving a boost to the cell discharge capacity, eventually leads to accelerated side reactions (SEI and dead lithium plating) and therefore potentially reduced cell lifetime. In the next sections, we show that the key to achieving longer lifetimes lies in the careful control of the lithium (and thus oxygen) release from LFO. The best control method may be the one that either delays the lithium release and avoids overlithiation from the start or the one which matches the lithium release rate from LFO with the lithium lost to side reactions, without unbalancing the cell and accelerating the side reactions. This is explored in the next subsection. 

[bookmark: _Ref205472522][bookmark: Subsection5]Lithium release control methods and their effect on cell performance
With the help of Case 1, we showed how fast and early lithium release from LFO can impact cell performance. We now investigate four additional patterns/cases (Case 2 to Case 5) of lithium release in a cell with 4% LFO content and their impact on its performance.  The cell performance was compared by studying how the discharge capacity and cell degradation indicators, such as loss of lithium inventory, SEI, lithium plating, and NE porosity, evolve with cell capacity throughput. For simplicity, only figures related to the comparison of Case 1, Case 4, and Case 5 are shown here; the figures for the comparison of Case 1 with Case 2 and Case 3 and all five Cases can be found in the Supplementary Information document (see Supplementary Fig. 1 and Fig. 2).  
As for Case 1, Case 2  to Case 4, show that whenever the overcharge events occur, the release of lithium from LFO happens rapidly (Fig. 5(a)), leading to increased cyclable lithium discharge capacity (Fig. 5(b)), as well as increased total lithium loss to the side reactions (increased SEI growth and dead lithium plating) (Fig. 5(c) to 5(e)). The formation of SEI and plating clogs the porosity of the negative electrode in the model, leading to its decreasing trend in Fig. 5(f). Case 1 offers higher discharge capacities because of early and fast/frequent lithium release, but significantly accelerates cell degradation and negative electrode pore clogging. Case 2 delays the lithium release, and hence can provide higher discharge capacities later in the cell life. Case 3,  due to just four overcharge events, preserves most of the available lithium inventory from LFO, resulting in relatively slower cell degradation, but also lower discharge capacity. In this latter case, the cell remains balanced due to less lithium released from LFO. Case 4 offers a better trade-off between degradation rates and discharge capacities, due to the periodic nature of its lithium release. Periodic delays in lithium release provide enough time for side reactions to consume extra lithium from LFO. This helps in maintaining the cell closer to its balanced state, despite the short imbalance caused every time an overcharge event triggers the fresh lithium release from LFO. As a result of insights gained from Case 1 - 4, Case 5 was designed, in which the cell is overcharged until the cell charge (coulomb counted charging) exactly matches its BoL cyclable lithium discharge capacity value (first RPT cycle discharge capacity), or the charging voltage reaches the maximum cutoff value of 4.2 V, whichever is earlier. This contrasts with the other Cases, in which every overcharge event has a charge voltage cutoff limit of 4.2 V. Case 5 ensures that the released lithium moles from LFO is close to equal and, most importantly, do not overly compensate the lithium lost to the side reactions since the last overcharge/RPT. This more balanced and gradual release of lithium moles from LFO (Fig. 5(a)) results in close to constant cyclable lithium discharge capacity (Fig. 5(b)), moderate degradation rates, and reduced pore clogging (Fig. 5(d) to 5(f)). For all those Cases when lithium moles from LFO get depleted and/or are not enough to compensate for lithium loss due to side reactions, the sudden drop in discharge capacity is observed. This is because of the shift from overcharging/coulomb counted charging to normal charging, where the charging is capped to the voltage cutoff limit of 3.6 V. 
The maximum charging voltage during the controlled lithium release events in Case 5 is variable, as the charging is controlled by fixed capacity, i.e., until the cell’s charging capacity equals its BoL cyclable lithium discharge capacity. As a result, the average LFO OCP (particle surface OCP) increases gradually with cycling (Supplementary Fig. 3). Since the cell in this case operates below 4.2 V LFO OCP for most of the lithium release events, it is expected that the associated oxygen release would be gradual, potentially allowing cathode coating agents to effectively scavenge it. In real applications, charges are often done with a CV hold, if all five cases were to include one, Case 5 is expected to perform even better than Case 1 and Case 4 because of its lower operational LFO OCP. This is because holding the cell at high charging voltages (or high LFO OCP) is expected to accelerate oxygen evolution. For this reason, Case 1 and Case 4 would need careful consideration if implemented in real systems, while Case 5 has the most potential for real application.
These findings indicate that details of the exact control method adopted for lithium and oxygen release can significantly alter the performance of an LFO-enriched cell. Hence, based on the targeted operating conditions and cell performance requirements, LFO-aware control algorithms must be designed and implemented to tailor the timing and rate of lithium release.  

	[bookmark: _Ref203084724][bookmark: Fig4]Fig. 5: Comparison of cell performance for Case 1, Case 4, and Case 5 at 4 % LFO fraction


	[bookmark: Fig4a](a)
[image: ]
	[bookmark: Fig4b](b)
[image: ]

	[bookmark: Fig4c](c)
[image: ]
	[bookmark: Fig4d](d)
[image: ]

	[bookmark: Fig4e](e)
[image: ]
	[bookmark: Fig4f](f)

[image: ]

	(a) Lithium release from secondary phase i.e. LFO, (b) cyclable lithium discharge capacity (RPT cycles discharge capacity), (c) total lithium lost to side reactions, (d) lithium lost to negative electrode SEI, (e) lithium lost to negative electrode dead lithium plating, and (f) the average negative electrode porosity (spatially averaged in the x-direction) in LFP-LFO composite cell; for Case 1 (red line, circle markers), Case 4 (blue line, diamond markers), and Case 5 (brown line, triangle markers).



[bookmark: _Ref205472649][bookmark: Subsection6]Effect of LFO volume fraction on cell performance
In the previous section, Case 5 is shown to have relatively better performance and most potential in real applications compared to other cases at a 4% LFO fraction. Therefore, we now choose  Case 5 to explore the effect of 0.1%, 1% and 10% LFO volume fractions on cell performance and compare it with the previously discussed case of 4% LFO. The case of 0.1% LFO is intentionally chosen as the cell behaviour in this case would be the close representation of the pure LFP-Gr cell.
For the 0.1% and 1% LFO, the initial available lithium inventory is low (Fig. 6(a)), and as the cell degrades, the lithium from LFO becomes depleted early and hence the added benefit is short-lived. For 0.1% LFO, all the lithium in LFO is depleted at around 90 k.Ah (Fig. 6(b)) throughput capacity and hence the sudden drop in capacity is observed. For both the fractions, the total degradation rate due to side reactions (SEI and dead lithium plating) and NE porosity clogging is comparatively lower than for the 4% and 10% LFO fraction (Fig. 6(c) and 6(d)). Because of the relatively small amount of lithium added by the LFO, the cell balancing remained relatively stable. 

	[bookmark: _Ref203084807][bookmark: Fig5]Fig. 6: Comparison of cell performance for Case 5 at 1%, 4 %, and 5% LFO fraction
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	(a) Lithium release from secondary phase, i.e., LFO, (b) cyclable lithium discharge capacity (RPT cycles discharge capacity), (c) total lithium lost to side reaction (SEI + Dead lithium plating), and (d) the average negative electrode porosity (spatially averaged in the x-direction) in LFP-LFO composite cell; for 1% LFO (brown line with square markers), 4% LFO (blue line with circle markers), and 10% LFO (red line with triangle markers).


The 10% LFO cell contains significantly more lithium inventory to begin with, leading to cyclable lithium discharge capacity that is considerably higher (Fig. 6(a) and 6(b)) than 0.1%, 1% and 4% LFO cells. This benefit, however, is temporary; a steep drop in the discharge capacity is observed later in cell life (Fig. 6(b)). Also, excessive availability of lithium inventory from LFO for longer periods keeps the cell in a highly unbalanced state (highly overlithiated NE) for longer, leading to accelerated side reactions (Fig. 6(c)) and NE porosity clogging (Fig. 6(d)). This leads to cell failure when NE gets clogged completely (zero porosity). The effect of 10% LFO fraction on cell performance for all five cases can be found in the Supplementary Information document (see Supplementary Figs. 4 and 5).
These findings reveal a clear trade-off between discharge capacity and long-term cell performance for a chosen LFO fraction. Additionally, a higher fraction of LFO would also lead to excess oxygen evolution, whose effect on degradation cannot be ignored. Hence, one must carefully choose the optimal volume fraction of LFO by looking at the desired cell performance over time. 

[bookmark: _Ref205480565][bookmark: Subsection7]Redesigning the cell to avoid cell unbalancing due to NE overlithiation
The model results in the previous sections revealed that, when the cell is perfectly balanced for BoL, even with moderate LFO content (e.g., 4% LFO), the lithium release from LFO overlithiates the electrodes, creating an unbalanced cell and accelerating degradation. We explored some of the possible control methods to manage cell overlithiation and degradation, but even the best control could not erase the negative effect of lithium release on cell balancing. For this reason, we conclude that a cell with LFO additive must be balanced to accommodate the extra lithium to be released from LFO during controlled lithium release events, rather than for BoL performance. Here we propose a way to achieve such balancing by redesigning our composite LFP-LFO PyBaMM cell using a higher capacity NE. 

	[bookmark: _Ref203084906][bookmark: Fig6]Fig. 7: Comparison of cell performance when starting with perfect balancing (NP ratio of 1.1) vs starting with an imbalanced cell (NP ratio of 1.25) for Case 1 at 4% LFO fraction
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	(a) cyclable lithium discharge capacity (RPT cycles discharge capacity), and (b) total lithium lost to side reaction (SEI + Dead lithium plating) for NP ratio of 1.1 (red line with round marker) and NP ratio of 1.25 (green line with square marker). The NP ratio is referred to as the ratio of negative electrode capacity (i.e., Graphite capacity) to primary phase positive electrode capacity (i.e., LFP capacity).



As an example, we increased the NE capacity by increasing the NE thickness, such that the NP ratio increases from 1.1 (reference case) to 1.25, taken as the ratio of the NE capacity (Graphite) to the primary phase of PE (LFP) capacity. The reference case is that of a BoL balanced cell, discussed in previous sections. While increasing the NE capacity, the other fundamental physical properties (maximum surface concentration, active material volume fraction, and electrode area) of the NE were kept unchanged. To compare the performance of the redesigned cell with that of the reference cell, the BoL performance of both was matched by adjusting the initial stoichiometries of NE and primary PE. To compare the long-term performance of the redesigned and reference cell, we choose Case 1 as the lithium release control method, because the frequent overcharges in Case 1 were found to cause the most severe cell imbalancing. Also, frequent overcharges, like in Case 1, are expected where the cell designers or process engineers may choose to intentionally perform frequent overcharge events (as in Case 1) so that oxygen can be released and degassed early (for example, during early cell life after formation). Moreover, CATL also hinted at releasing lithium from LFO early in cell life. This makes Case 1 a useful scenario for studying the benefits of cell redesign. 
Fig. 7 compares the Case 1 performance for the reference case NP ratio of 1.1 and the redesigned NP ratio of 1.25 for 4% LFO content. A high cyclable lithium discharge capacity in case of 1.25 NP ratio was maintained for much longer cycle life than 1.1 NP ratio (Fig. 7(a)). This is due to less overlithiation and cell degradation rates, leading to lower lithium loss to the side reactions (Fig. 7(b)). The benefit of cell redesign on cell performance is expected to be more pronounced for a cell with a higher LFO fraction (e.g., 10%), as observed in Supplementary Figure 6. 
Clearly, the redesign of the cell can benefit its longevity considerably. A larger NE overhang, however, would lead to lower cell energy density. While the NP ratio of 1.25 was chosen as a proof of concept, further studies should aim to find the optimal NP ratio, depending on the lithium release control strategy chosen and targeted LFO fraction.
[bookmark: _Toc182482650][bookmark: _Ref201759322]Conclusions
We have modelled for the first time the effect of lithium iron oxide (LFO) additives on the long-term performance and degradation of lithium iron phosphate (LFP) cells to retrieve the behaviour of so-called ‘zero-degradation’ lithium-ion batteries. A composite cathode (LFP-LFO) was developed, implemented in the open-source battery modelling environment PyBaMM, coupled with a graphite anode, and parametrised to simulate a large commercial composite LFP-LFO cell. The model included degradation because of SEI layer growth and lithium plating at the negative electrode. This enabled us to study the consequences of degradation, including capacity loss, cell unbalancing, and porosity clogging on the life performance of the cell. 
Different patterns of releasing the lithium from the LFO were explored to enhance capacity and to compensate for the effects of degradation. It was found that rapid release of excessive lithium could temporarily enhance cell capacity but led to intra-cell imbalances and increased degradation rates, resulting in reduced capacity in the long run. Gradual release of lithium to match and compensate for lithium lost due to degradation could maintain capacity for as long as LFO was not fully depleted of its lithium inventory. The direct consequences of oxygen evolution, associated with delithiation of LFO, were not modelled; this phenomenon is expected to affect lithium release strategies and needs to be studied further, both experimentally and in models. Various amounts of LFO, 0.1%, 1%, 4%, and 10% (by volume added LFO), were explored: 0.1% and 1% was too little to deliver a significant benefit, 4% was sufficient, but required careful control strategies, 10% was too high for a cell balanced for beginning of life and caused excessive degradation and rapid capacity loss. Finally, we explored the effect of rebalancing/redesigning the cell not just for beginning-of-life but to account for the excessive lithium that might be released from LFO later in the cell’s life. This was found to have a large positive impact on cell capacity throughout its cycle life, enabling the primary phase of positive electrode (i.e., LFP) to be fully utilised, whilst maintaining a reasonable negative electrode capacity excess/overhang to prevent accelerated degradation. 
In conclusion, LFO can be a useful additive, capable of delivering zero observable degradation for significant periods of time. To ensure its benefits, however, it requires careful optimisation of: the amount of LFO, initial balancing of the cell, charging strategy and controlled lithium release rate and management of the oxygen released. The optimum combination of these factors is likely to be different for different applications and operating conditions. Multi-objective optimisation problems are expensive to explore experimentally, but ideal for a model-based approach. Therefore, the model presented in this paper should be of significant interest to anyone developing or considering the use of LFO-enriched lithium-ion battery cells. The model can also be easily adapted for other pre-lithiation or re-lithiation technologies being developed for any lithium-ion battery technology.

[bookmark: _Ref201759332]Methods
[bookmark: _Ref201866491]Part 1: PyBaMM Model setup and model assumptions
The standard Doyle-Fuller-Newman (DFN)27 model was set up in PyBaMM15 using the model options listed in Fig. 8. The details about all the model options listed in Fig. 8 can be found in the PyBaMM documentation28. A pure LFP ||Graphite full cell BoL model was built and parameterized using Prada et.al.29 and estimated parameters, such that it represents the performance characteristics of a typical large commercial pure LFP cell. The model equations and parameter values were then adapted to simulate a large composite LFP-LFO ||Graphite full-cell. This was done by including an additional set of equations accounting for different active material volume fractions of LFO and its electrochemical behaviour. Since the NE was assumed to be graphite-only, it's considered to have a single phase, whereas the composite PE had two phases: LFP as the primary phase and LFO as the secondary phase. Charge transfer kinetics for the NE single phase and PE primary phase (LFP) were modelled using Butler-Volmer kinetics. Tafel kinetics was chosen to model the LFO kinetics, as lithium release from LFO, i.e., its delithiation is a one-way irreversible process (equations (1) and  in first subsection). Hysteresis in LFP was accounted for by considering the current sigmoid model in PyBaMM. To ensure simplicity and not to deviate from the primary goal of showing the proof of concept for designing a zero-degradation battery, the model was made to perform such that it is a close representative of actual LFP-LFO commercial cell behaviour. 

	[bookmark: _Ref203084939][bookmark: Fig7]Fig. 8: Snapshot of the PyBaMM code selecting the model options
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Once the BoL model was built and its performance was checked, the model was modified to create a full cell degradation model. Only negative electrode degradation is considered in this work. The degradation mechanisms, such as SEI formation, partially reversible lithium plating, and the resulting porosity clogging at the NE, were added to the PyBaMM model using the options listed in Fig. 8. The SEI model considered in this study is adopted from Single et al.30 and von Kolzenberg et al.31. The partially reversible lithium plating model is unchanged from O’Kane et al.26 Any degradation on primary phase of PE (LFP) i.e. due to its overdischarge/charge (which would have different magnitudes when different upper voltages cutoffs are chosen for LFO use) is not considered in this work.
BoL model equations are as listed in Supplementary Table 1, and the degradation model equations are as listed in Supplementary Table 2. The detailed discussion on these equations can be found in Supplementary Note 1 and Note 2. The input parameters used in the BoL model are summarised in Supplementary Tables 3 and 4. The parameter values for developing the degradation model are mentioned in Supplementary Table 5. The description of model variables, constants, their meaning, and symbols is summarised in Supplementary Table 6. 
As the work specifically focuses on the electrochemical effects of LFO additives in a commercial cell, an isothermal model was considered to intentionally omit the influence of temperature evolution, thermal gradients, and inhomogeneities on cell behaviour. As the work was primarily aimed at demonstrating and explaining the science behind employing LFO by building a cell model that closely mimics the characteristics of real-life commercial LFP-LFO composite cells, hence, the work intentionally omits the influence of temperature evolution, thermal gradients, and inhomogeneities on cell degradation. Additionally, the maximum charge discharge rates in the modelled were up to 0.5C, which were assumed sufficiently low to ignore the thermal effect in LFP-LFO cells. Also, the work does not focus on experimental validation and performing a sensitivity analysis on various degradation-related parameters. These topics are recommended for future work. 

[bookmark: _Toc182482644][bookmark: _Ref201871510]Part 2: Setting up a virtual experiment in PyBaMM
The virtual experiments were designed in PyBaMM to simulate the long-term aging of a composite LFP-LFO full cell (Fig. 9). The virtual experiment performs a break-in cycle, followed by a baseline reference performance test (RPT) and then multiple repetitions of aging cycles, interspersed with characterization reference performance tests (RPTs). The test starts with a breaking cycle that involves constant-current (CC) constant-voltage (CV) charging (CC charge to upper voltage cutoff and CV hold till C/100), followed by CC discharge to a lower voltage cutoff and 1 hr rest, and then CC-CV charging again. After that, the first reference performance test (RPT 1) was done with CC discharge to a lower voltage cutoff to measure BoL discharge capacity, and then the aging cycles were performed. Aging cycles consist of a set of 25 cycles of CC charge to upper voltage cut-off-rest (1 min)-CC discharge to lower voltage cut-off-rest (1 min) steps. This set of 25 Aging cycles is followed by one controlled lithium release charging event, i.e., CC charge-rest (1 min) and a reference performance test (RPT).  Depending upon the lithium release control pattern/case adopted (a discussion on cases can be found in Part 3 of the methods section), the controlled lithium release charge event could either be a normal charge, an overcharge (higher voltage cut-off), or capacity-controlled/coulomb-counted charging (fixed capacity charging). The set of 25 aging cycles, one controlled lithium release charging event, and a characterization RPT is then repeated 80 times to achieve 2000 aging cycles. The discharge capacity obtained from discharges done during aging cycles was denoted as usable discharge capacity (or aging cycles discharge capacity), whereas discharge capacity obtained from RPT 1 and the ‘80’ other RPTs is collectively referred to as cyclable lithium discharge capacity (or RPT cycles discharge capacity).
The charge & discharge rates considered for aging cycles and breaking cycles were 0.5C, whereas the discharge rate for characterization RPTs was 0.2C. For normal charging, the lower and upper cutoff voltage limits were 2.5 V and 3.6 V, respectively. For overcharging, the voltage limits considered were 2.5 V and 4.2 V, respectively. 


	[bookmark: _Ref203084975][bookmark: Fig8]Fig. 9: Snapshot of virtual experiment considered in the PyBaMM model
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[bookmark: _Toc182482645][bookmark: _Ref201871100][bookmark: _Ref202477277]Part 3: Setting up lithium release patterns (cases) in PyBaMM
[bookmark: Case1][bookmark: Case2][bookmark: Case3][bookmark: Case4][bookmark: Case5]We designed five methods for lithium release, also called cases (Fig. 10). These cases are designed to control the speed (fast or slow) and timing (early or later part of cell life) of lithium release from LFO. Case 1 represents the early, fast, and frequent lithium release from LFO, in which overcharges are done before every RPT, thus totalling 80 overcharges. Case 2 illustrates fast and frequent lithium release starting later in the cell life, after cell throughput capacity becomes equivalent to 1000 aging cycles. Here, overcharge is done starting from the 40th RPT (i.e. delayed lithium release from LFO) and repeats regularly, before each RPT between 41st and 80th, thus totalling 40 overcharges. Case 3 represents slow and infrequent lithium release, in which an overcharge is done regularly, before the 20th, 40th, 60th, and 80th RPTs, thus totalling only 4 overcharges. Case 4 represents the case of fast and frequent, but periodic lithium release, in which overcharges are done continuously between the 20th to 40th RPT and then the 60th to 80th RPT, with a total of 40 overcharges. Case 5 performs coulomb counted controlled charging, i.e. fixed capacity charging, in which the cell continues to charge until it achieves its BoL usable discharge capacity, or it hits the charging voltage upper cutoff safety limit of 4.2 V. This represents the case where we are indirectly calibrating lithium release to match the lithium lost to side reactions and hence avoid overlithiation of the NE.






	[bookmark: _Ref203084992][bookmark: Fig9]Fig. 10: Different patterns of lithium release events and their repetition/frequency 
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The figure shows the number of lithium release-controlled charging events just before characterization RPTs. Cases represent the different patterns of lithium release events. The green triangles represent an overcharging event, which is done just before its respective characterization RPT (RPT number on the y-axis). The red dots represent a normal charging event done before the respective characterization RPT. The yellow squares represent a Coulomb counted (fixed capacity) charging event, which is done just before its respective characterization RPT. 



Data availability
The source data used for creating the plots in the manuscript is provided at Zenodo as a reference.32 
Code availability
[bookmark: _Hlk205220669]The PyBaMM codes used to create the source data, as well as the separate custom codes used to make the plots from the source data, are provided at Zenodo as a reference.32 The PyBaMM codes would also be made available on the PyBaMM website as an example notebook (https://docs.pybamm.org/en/stable/source/examples/index.html)
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