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ABSTRACT  

Cell formation of lithium-ion cells impacts the evolution of the solid electrolyte interphase (SEI) 

and the cell cycle stability. Lithium metal anodes are an important step in the development of high 

energy density batteries owing to the high theoretical specific capacity of lithium metal. However, 

most lithium metal battery research has used a conventional lithium-ion formation protocol; this 

is time consuming, costly and does not account for the different properties of the lithium metal 

electrode. Here, we have used a recently reported promising phosphonium 

bis(fluorosulfonyl)imide ionic liquid electrolyte coupled with an NMC622 high areal capacity 

cathode (>3.5 mAh/cm2) to investigate the effect of cell formation rates. A faster formation 

protocol comprised of a pulsed 1.25C current decreased the formation time by 56 % and gave a 38 

% greater capacity retention after 50 cycles when compared to formation at C/20. Electrochemical 

impedance spectroscopy measurements showed that the fast formation gave rise to a lower-

resistance SEI. Column-like lithium deposits with reduced porous lithium domains between the 

particles were observed using scanning electron microscope imaging. To underline the excellent 

performance of these high energy-density cells, a 56 % greater stack specific energy was achieved 

compared to the analogous graphite-based lithium-ion cell chemistries. 
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The global demand for high energy rechargeable batteries has grown exponentially over the past 

decade[1]. Li-ion batteries play a major role in electric vehicles due to their attractive energy 

density and specific energy. However, the cost of a lithium-ion battery pack in electric vehicles 

accounts for ~40 % of the total cost of the vehicle[2]. In fact, one of the costliest processes in 

battery manufacturing is the formation step and typically this process can take between 3-7 days 

for Li-ion batteries[3]. During the formation step the electrolyte and the anode reacts to form a 

protective layer known as solid electrolyte interphase (SEI)[4]. The SEI protects both electrolyte 

and the anode from further decomposition. A good SEI is electronically insulating and ionically 

conducting. The stability and properties of the SEI affect the long-term cycling performance of the 

cell[5]. 

Lithium metal batteries could potentially increase the energy density by more than 50% above 

the current-state-of-the-art lithium-ion batteries (at the cell level)[6]. However, lithium metal is 

thermodynamically unstable in the presence of traditional organic electrolytes. This leads to a poor 

SEI, where lithium can deposit non-homogeneously. This could either lead to cell short-circuiting 

which poses a safety hazard or, due to the high-volume expansion of lithium, the SEI could rupture 

and freshly exposed lithium surfaces could continue to react with electrolyte and lead to cell death 

via electrolyte depletion. During the discharging process, deposited lithium can detach and form 

electrochemically inactive lithium and this leads to poor cycling performance[7]. Many strategies 

are proposed to overcome these barriers and to yield a better SEI which could deposit lithium 

homogeneously with a low surface area. Most of the proposed methods such as 3D current 

collector engineering[8–10], ex-situ protective coatings on lithium surface[11,12] and advanced 

separator engineering[13–15] will increase the cost due to complexity in manufacturing process 

compared to Li-ion batteries.  On the other hand, adopting similar strategies as those in use for Li-
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ion battery optimisation, such as electrolyte formulation and formation cycling protocols, may be 

a more cost-effective way to advance Lithium metal batteries (LMBs). 

Different electrolyte formulations have been widely investigated for LMBs, with ether-based 

systems being amongst the more popular solvents. Their intrinsic instability against high voltage 

cathodes (> 4V) and volatile nature at low concentrations is mitigated by super-concentrated 

electrolytes[16–19]. Ionic liquid electrolytes (ILEs) are well studied with lithium metal and offer 

good properties such as non-flammability, electrochemical stability at high voltages, thermal 

stability at high temperatures and near-zero volatility [20]. Super-concentrated ionic liquid 

electrolytes have also shown improved transport properties, such as higher lithium transference 

numbers up to 0.4[21,22]. In order to improve properties such as low viscosity, high conductivity 

and wettability to support high C-rate cycling in super-concentrated electrolytes, incorporation of 

diluents or additives into these electrolytes has also been investigated[23–26]. In all of these cases 

so far, a formation step at either C/20 or C/10 was used similar to Li-ion batteries. Li-ion batteries 

are vulnerable at high C rate formation due to lithium plating on the graphite anode which could 

deposit in dendritic form causing short-circuits and inducing thermal runaway in the cell. 

Alternatively, deposited lithium could react with the electrolyte, resulting in loss of 

electrochemically active lithium and leading to a rapid fading of cell capacity[27].   

Only a few studies have explored different avenues to improve the formation step in lithium 

metal batteries by means of electrochemistry. Wang et al., used a cyclic voltammetry pre-

modulation technique to improve lithium electrodeposition kinetics on Li metal in Li || Li and Li 

|| Cu cells using a diluted solvate ionic liquid electrolyte [28]. Aleshin et al., applied high voltage 

pulses to rapidly oxidize and reduce the Lithium metal in Li || Li symmetric cell studies using 

organic electrolyte [29]. The increased surface reactivity on the lithium surface eliminates 
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heterogeneous reaction pathways and improves lithium morphology. In our previous study, we 

used high current density pulses to improve lithium morphology as a result of an inorganic rich 

SEI formation during pre-condition cycles[30]. The Li || Li symmetric cell was able to retain its 

compact structure while maintaining low cell impedance in long term cycling. 

In this study we compared the effect of high current density pulses (4.38 mA/cm2, 1.25C) with 

medium (0.88 mA/cm2, C/4) and low (0.18 mA/cm2, C/20) current densities during formation in 

long -term cycling under an industrially applicable current density (1.75 mA/cm2, C/2), in both 

anode-free cells as well as lithium metal cells, by coupling a high voltage single crystal NMC 622 

cathodes (3.5 mAh/cm2) with an upper cut-off voltage of 4.5 V. The cells with fast formation were 

able to deliver significantly higher capacity retention compared with those that underwent a slow 

formation.  This is shown by improving cell impedance and supporting a favourable lithium 

morphology after formation.  

Anode-free cells offer rapid feedback on cell performance due to limited lithium inventory in 

the cell [35]. However, the deposition on a copper substrate is sensitive to the surface preparation 

and may not accurately reflect Li cycling on a lithium metal substrate. As such, both anode-free 

cells (SC NMC 622 || Cu) and Li metal full cells (SC NMC 622 || Li) were prepared in order to 

gain a more complete picture regarding the effect of formation conditions (and to some extent the 

role of lithium inventory) on the long-term cycle performance. Table 1 summarizes the key 

electrochemical parameters of these cells when subjected to two formation cycles carried out at 

selected current profiles (C/20, C/4 and pulsed-1.25C). 1.25C was chosen for the pulsed-current 

formation regime as rate limitations at the cathode are encountered at higher C-rates that 

effectively reduce the capacity achieved during charge. This effect is still observed, to a lesser 

extent, for the pulsed 1.25C charge whereby only 4.03 mAh/cm2 is obtained upon the first 
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formation cycle charge step. This is compared to 4.50 mAh/cm2 when charged at C/20. In our 

previous report, we also showed that the pulsed-charge approach is able to effectively mitigate the 

tendency for dendrite-induced short-circuit when cycled at high rates in Li|Li symmetric cells [30]. 

The improved performance here was found to be a result of the fluorine rich SEI with improved 

Li diffusion kinetics through the SEI, leading to large-grained and columnar lithium metal 

deposits. 

During the first formation cycle, the NMC || Li cells experience an irreversible capacity loss of 

0.24, 0.41, and 0.55 mAh/cm2 for the C/20, C/4, and pulsed 1.25C cells, respectively. Given that 

the amount of charge that is consumed during SEI is recovered upon the subsequent discharge due 

to the over-supply of Li in the underlying substrate, the majority of the capacity loss is assigned to 

the kinetics of Li+ insertion into the NMC cathode when operating at a discharge cut-off of 2.8 V. 

It has been shown that a deep discharge down to 1.5 V versus Li+|Li is required in order to achieve 

full lithium-ion insertion into the NMC structure[36]. Comparing the first formation cycle 

Coulombic Efficiency (CE) with the Cu cells, shows that there is only a minor difference in CE of 

around 0.5-2% across the various formation rates. 

At the beginning of long-term cycling at C/2, a significant drop in discharge capacity occurs for 

the cells formed at C/20 and C/4; for the pulsed-current cell the discharge capacity actually 

increases (Figure 1a and 1b). Further, the cumulative discharged capacity over the 100 cycles is 

significantly higher (35 %) for the 1.25 C pulsed-current formation cells than for the C/20 cells 

(see Figure S4). It is interesting to note that the pulsed-current cells cycle the lowest capacities 

during formation but achieve the highest discharge capacities from the outset of long-term cycling. 

The 1.25C pulsed-current formation had the largest irreversible capacity loss during formation 

(0.66 mAh/cm2 and 0.56 mAh/cm2 for SC NMC622 || Cu and SC NMC622 || Li, respectively), 
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indicating that its superior C/2 discharge capacity is not related to the loss of lithium inventory 

during formation. The consistent trends observed between both anode-free cells and lithium metal 

full cells is evidence of the fact that the formation cycling conditions are primarily responsible for 

differences in long term cycling performance, rather than the presence of an excess lithium 

reservoir at the anode. The superior discharge capacity and retention of the pulsed-current 1.25C 

formation step is thus attributed to the composition and morphology of the deposit that is 

established during the formation cycles.  

 

 

Table 1. Summary of electrochemical performance during C/2 cycling of SC NMC 622 || Cu and 

SC NMC 622 || Li cells with various formation rates.  

Cell 

formation 

1st formation cycle Long-term C/2 cycling 

Charge 

capacity 

(mAh/cm2) 

Discharge 

capacity 

(mAh/cm2) 

Coulombic 

Efficiency 

Irreversible 

capacity 

loss;  

1st 

cycle/total 

(mAh/cm2) 

1st cycle 

discharge 

capacity 

(mAh/cm2) 

Capacity 

retention  

(after 50 

cy) 

Average 

CE 

(1-50 

cy) 

SC NMC 622 || Cu 

C/20  4.50 4.24 94.18 % 0.26/0.32 3.37 52.4 % 99.03 % 

C/4 4.40 3.97 90.30 % 0.43/0.46 3.59 54.9 % 99.11 % 

1.25C pulse 4.03 3.41 84.64 % 0.62/0.66 3.67 55.5 % 99.15 % 

SC NMC 622 || Li 

C/20  4.55 4.31 94.64 % 0.24/0.27 3.10 58.2 % 99.52 % 

C/4 4.51 4.10 90.84 % 0.41/0.43 3.75 74.3 % 99.79 % 

1.25C pulse 4.03 3.48 86.27 % 0.55/0.56 3.80 80.6 % 99.91 % 
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Figure 1. Areal discharge capacity and coulombic efficiency for (a) SC NMC 622 || Cu and (b) 

SC NMC 622 || Li cells at 50 °C. Cells were cycled 2 formation cycles at C/20 (orange), C/4 (blue) 

and 1.25C pulse (red) followed by 50 cycles at C/2; rest voltage after charge (closed circles) and 

after discharge (open circles) for (c) SC NMC 622 || Cu and (d) SC NMC 622 || Li cells 

Recently Gao et al. introduced a technique to evaluate the major failure mechanisms for metal-

based batteries[38]. This technique evaluates the failure mechanism based on rest voltage, which 

reflects the state of charge of the cell. Based on this technique we evaluate the major failure 

mechanism responsible for the anode-free cells and lithium metal based full cells. Figure 1c 

indicates that, in anode-free cells, the rest voltage after discharge (Vd) slowly increases and the 

rest voltage after charge (Vc) is stable throughout its cycle life. The Vd increase is due to lithium 
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inventory loss, owing to limited lithium inventory in these cells. Figure 1d indicates for lithium 

metal based full cells, Vd is stable and Vc decreases with cycle number. This indicates the major 

failure mechanism is due to increase in cell impedance. Vd is stable due to excess of lithium present 

in the cell, therefore the cathode is able to re-lithiate completely after the discharge process. 

However, Vc decreases due to build-up of SEI and dead lithium in these cells. In anode-free cells 

the amount of dead lithium build-up is less due to limited amount of lithium present therefore the 

impedance increase is slower than in lithium based full cells. By closely monitoring Figure 1d, we 

observed the rate of voltage decay in Vc for C/20 formation cells is higher than the cells with C/4 

or 1.25C pulse formation cells. This indicates that either dead lithium or SEI build-up (or both) are 

much higher for C/20 formation cells compared to the other cells. This could be arising from a less 

stable SEI formed during the formation stage in these cells and/or from differences in the initial 

deposit morphology and hence electrode surface area. 

To probe the cell resistance of the cycled cells, PEIS spectra were acquired at open circuit 

voltage (OCV) after the cells were completely charged. Figure 2a compares the PEIS spectra of 

SC NMC 622 || Cu cells and Figure 2b compares the PEIS spectra of SC NMC 622 || Li cells. Both 

cells clearly show that the formation process has a significant impact on the initial and long-term 

cell impedance. The cells with C/20 formation yield the highest cell impedance and the cells with 

1.25C pulse formation yield the lowest cell impedance. This data is in agreement with our previous 

study using the same super-concentrated phosphonium IL electrolyte, where Li symmetrical cells 

showed lower impedance at higher current densities after pulse formation, compared to cells 

cycled at low current densities with constant current formation[30]. For the anode-free cells, the 

cell impedance increased after 50 cycles for C/4 and 1.25C formation cells. However, for C/20 

formation the cell impedance slightly decreased. This cell impedance is still higher than the C/4 
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and 1.25C cell impedance after 50 cycles. For the lithium metal-based cells, the cell impedance 

increased for all the cells after 100 cycles. Given that these cells were cycled for twice the number 

of cycles, the increase in cell impedance is comparable. However, the cell impedance after 

formation for the Li-metal based full cells is higher than the anode-free cells. Due to the excess 

lithium present in these cells, inactive lithium continued to accumulate throughout the cycling 

process, forming a more resistive SEI and thus increasing the cell impedance after long-term 

cycling. For the 1.25C pulse formed cells, the cell impedance after cycling is still lower compared 

to the C/20 formed cells. This implies that during cycling the SEI in the pulsed formed cells was 

stable and led to less inactive lithium formation and accumulation during cycling. This data agrees 

with the previous data in Figure 1b by retaining high-capacity retention and Figure 1d by 

maintaining a relatively stable Vc during the cell rest stage. 
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Figure 2. PEIS spectra taken at OCV at top of charge for (a) SC NMC 622 || Cu, (b) SC NMC 622 

|| Li coin cells after 2 formation cycles and after long-term cycling at C/2. 

 

Figure 3 shows the lithium morphology after formation and after 50 cycles for the anode-free 

cells at 100 % state of charge (SOC). After C/20 formation (Figure 3a), most of the lithium 

particles were uniform, column-like compact structures with an average particle size of around 16 

μm. However, there are porous lithium domains in-between these particles. For the C/4 formation 

lithium surfaces (Figure 3c), similar column-like particles with an average particle size of around 

9 μm are obtained and there were less porous domains in between the column-like particles, 

compared with the C/20 formation cells. The 1.25C pulse formed cells (Figure 3e) had the smallest 

column-like particles with an average diameter of around 7 μm and there were no porous domains 

in between the particles. This data agrees with previous studies, where the number density of nuclei 

was shown to increase and the particle size decrease with increased current density[39][40]. After 

50 cycles, both C/20 and C/4 lithium surfaces (Figure 3b and 3d) were dominated by porous 

lithium domains and few column-like particles. For the 1.25C pulsed cells after 50 cycles (Figure 

3f), porous lithium domains were also evident. However, they were less porous than the other cells 

(Figure 3b and 3d). We can postulate that the highly porous lithium may be inactive lithium that 

resulted from continuous lithium metal consumption during cycling due to a less stable, more 

resistive SEI being formed at the grain boundary of the particles. More comparisons of the porous 

lithium network and column-like structures are shown in Figure S3. 
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Figure 3. SEM images after 2 formation cycles (a) C/20, (c) C/4, (e) 1.25C pulse followed by 50 

cycles at C/2 (b) after C/20, (d) after C/4, (f) after 1.25C in SC NMC 622 || Cu cells. Images were 

taken at the charged state. 

Stack energy density is an important metric to compare across different battery technologies 

without the interference of different cell types or cell factor. In the presence of excess lithium 

relative to the cathode (N/P > 5), the energy density can be lower than lithium-ion batteries[41]. A 

stack is comprised of two layers of cathode, anode, separator and a single layer of cathode and 

anode current collector. The mass of electrolyte was not included to allow comparison with 

literature reports. The cell parameters used for the calculation are given in Table S2. Both stack 

specific energy and stack energy density was calculated and compared against a Li-ion analogue 

of the lithium metal cell cycled after 1.25C formation (Figure 4). The lithium metal cell offers ~56 

% increase in specific energy and 14 % increase in energy density compared to its Li-ion analogue 

cell. This advantage in specific energy was maintained throughout 100 cycles and the advantage 

in energy density persisted for around 75 cycles. Therefore, in terms of stack energy density it is 
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important to improve the coulombic efficiency of these cells to above 99.9 % while maintaining 

an Negative electrode capacity to Positive electrode capacity ratio (N/P < 3) for this technology to 

become competitive against Li-ion for applications such as mobile devices, drones and electric 

vehicles[42,43]. If the lithium electrode was thicker than 80 μm (N/P > 4), then the energy density 

will be below that of its Li-ion analogue. The increase in specific energy for lithium metal cells is 

highly appealing for electric vertical take-off and landing (eVTOL) aircraft and drone 

applications[44,45]. This advantage could be further enhanced by using anode-free cells. 

 

Figure 4. Comparison of stack specific energy and stack energy density for Li metal and Li-ion 

cells based on a SC NMC 622 cathode. 

Molecular level understanding of the electrode/electrolyte region under applied potential bias was 

obtained by means of molecular dynamic (MD) simulations. The theoretical model consisted of 

50 mol% LiFSI in P1222FSI confined between two flat Au (111) electrodes (Figure S1), as 

previously reported for metal anode interface structural analysis [33][46].  
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The Au (111)|50 mol% LiFSI in P1222FSI interface was examined without applied bias and at -

3.7, -8.6, and -14.4 μC/cm2. As shown in Figure 5a, the overall number of interfacial layers 

detected for the examined system was found to be around 2-3 regardless of the surface charge, 

similar to observations for super-concentrated NaFSI and LiFSI in pyrrolidinium FSI IL 

systems[46,47]. The innermost layer was defined within a distance of 0.61 nm from the Au (111) 

surface and the corresponding chemical compositions were examined in more detail. It was found 

that electrode polarization has a clear impact on the electrolyte composition in the innermost layer 

(Figure 5a and 5b). Specifically, the application of a negative electrode polarization of -3.7 μC/cm2 

noticeably increased the number of [P1222]
+ cations compared to the uncharged system, while the 

fraction of other ion species was reduced by up to 20%. However, further negative polarization of 

-8.6 μC/cm2 drove the [P1222]
+ cations from the innermost layer towards values similar to those 

found at 0.0 μC/cm2, while the [FSI]– and [Li]+ content simultaneously increased, resulting in a 

[Li]+ concentration 12% higher than that at 0.0 μC/cm2. Further applied bias of -14.4 μC/cm2 

reinforced this trend by dragging more [LixFSIy]
x-y molten-salt-like clusters to the Au(111) surface 

and forced the [P1222]
+ cations to stay in the outer-layer, near the bulk electrolyte phase. This is 

again consistent with our previous observations for Na and Li salt in pyrrolidinium FSI ILs, 

confirming that molten-salt-like-clusters replace the IL cation species under a negative bias in 

super-concentrated IL electrolytes [46,47]. 

As shown in Figure 5c, the large interfacial coverage of [P1222]
+ at low negative surface charge 

might lead to parasitic decomposition of [P1222]
+ on the Li anode surface or simply blockage of 

sites that allow more uniform Li plating. Meanwhile, the use of higher negative polarization can 

eliminate these issues and bring more [LixFSIy]
x-y

 aggregates to the surface, leading to the 
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formation of a more favourable solid electrolyte interphase (SEI) and/or resulting in homogeneous 

Li deposition morphology[46]. 

 

Figure 5. (a) Ion number densities for Au (111) | 50 mol% LiFSI in P1222FSI obtained at 0.0 (top), 

-3.7, -8.6, and -14.4 μC/cm2 (bottom). Dashed line represents the Au(111) surface position. (b) 
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The number ions ([P1222]
+, [FSI]–, [Li]+) in the innermost layer within 0.61 nm from Au(111) 

surface at different applied surface charging. (c) 2D Kernel densities for the innermost layer near 

Au (111) surface representing Lix(FSI)y aggregates (top) and [P1222]
+ (bottom) coverage at different 

electrode charging; Radial distribution function g(r) calculated and coordination number (CN) for 

(d) Li-FSI pair (through Nitrogen atom) and for (e) Li-OFSI (all oxygens of FSI to Li-ion) at the 

innermost layer within 0.61 nm from Au(111) under different applied bias. 

The nature of Li-FSI coordination within the innermost layer was also examined through 

calculating their radial distribution function (RDF) in order to better understand the effect of 

electrode charging (Figure 5d and 5e). In Figure 5d, the RDFs for Li-FSI (through the Nitrogen 

atom) show three obvious peaks before 0.5 nm, corresponding to A1 (Li+ coordinates to the N 

atom), A2 (bi-dentate, Li+ coordinates to the oxygen atoms on both sides of the N atom), and A3 

(mono-dentate, Li+ coordinates to oxygen atoms on one side of the N atom) types of coordination 

that were previously found for other FSI and TFSI anion based electrolytes [48,49]. It is shown 

that the negative charge can affect the Li-FSI coordination structures, and that the mono-dentate 

A3 coordination becomes dominant at the highest negative surface charge, along with an increase 

in A1 coordination, whereas the A2 is still the most remarkable peak at the other three surface 

polarization charges, and this should be related to changes in the number of Li+, FSI– and their 

ratio in the innermost layer. For the three relatively low surface charge densities (from 0.0 to -8.6 

μC/cm2), this FSI/Li ratio is 1.285, 1.26 and 1.03, respectively, but it significantly decreases to 

0.69 at -14.4 μC/cm2. The number of anions coordinating with one Li+ is barely affected, whereas 

that of OFSI shows a decrease from ~ 4.5 to ~ 3.0 (Figure 5e), which also consistently responds to 

the change in the FSI/Li ratio. These observations were also found for LiFSI and NaFSI systems 

in pyrrolidinium FSI electrolytes, which implies that the trend in Li(Na)-FSI coordination changes 
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upon applied bias, under the conditions given here for a Au metallic substrate, is more affected by 

salt concentration and additives than by the nature of the IL cation [46,47].  Molecular orbital 

energy analysis showed that these Li-FSI coordination changes affect both HOMO and LUMO 

levels [46], which suggests that the [Li(FSI)3]
-2 unit is reductively unstable upon charging to -14.4 

μC/cm2, and this is important for active formation of an homogeneous inorganic rich-SEI 

layer[46].  

 

We have shown that the electrochemical cell formation conditions strongly influence the cycling 

stability of anode-free and lithium metal based full cells when using a phosphonium based super-

concentrated ionic liquid electrolyte. When a 1.25C pulsed formation step was applied, a better, 

less resistive SEI was generated compared to a C/20 constant current formation step. Rest voltage 

analysis showed that anode-free cells lost capacity due to a loss of lithium inventory whereas, 

lithium metal full cells lost capacity due to increased cell impedance resulting from inactive 

lithium build-up. The 1.25C pulsed formation step formed a SEI that was able to retain its 

favourable properties throughout long-term cycling by minimising the accumulation of inactive 

lithium and SEI thickening. PEIS spectra for 1.25C pulsed formed cells had the lowest impedance, 

whereas C/20 cells had the highest impedance after cell formation and long-term cycling. The size 

of columnar-like packed lithium particles and the amount of porous lithium domains decreased 

with increasing current density after formation. However, the amount of porous-lithium domains 

grew after long-term cycling. MD simulations showed that the formation of molten-salt like Li-

FSI aggregates near the electrode at higher electrostatic potential is accompanied by the exclusion 

of [P1222]
+ cations. RDF analysis near the electrode surface showed that the nature of Li-FSI 

coordination changes with applied electrode potential, and high negative polarization increased 
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the amount of A3 mono-dentate Li-FSI coordination with low oxygen bonding. This in turn 

increased electron withdrawal leading to easier reduction of the FSI anion and therefore, super-

concentrated electrolytes are able to form a favourable SEI during high current pulse formation 

cycling. The lithium metal cell with a N/P ratio < 3 offers ~500 Wh/kg stack specific energy and 

~800 Wh/L stack energy density, compared to its lithium-ion analogue which had ~320 Wh/kg 

and ~700 Wh/L respectively. Nevertheless, it is important to develop not only new electrolyte 

formulations but new formation protocols for next generation lithium metal battery 

commercialization.  
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Supplementary Information  

Experimental  

Material Preparation and cell assembly 

Triethylmethylphosphonium bis(fluorosulfonyl)imide [P1222][FSI] (Boron Molecular) ionic liquid 

and LiFSI (>99.5%, Nippon Shokubai) salt were vacuum-dried at 50 °C for 48 hours on a Schlenk 

line. The water content was measured using Karl-Fischer titration (831 Karl Fisher Coulometer, 

Metrohm) and it remained <50 ppm. Ionic liquid electrolyte was prepared inside a glovebox (Korea 

Kiyon, O2 and H2O < 5 ppm) by mixing ionic liquid: salt in 1:1 (mol:mol). The copper electrodes 

(10 mm diameter) were punched and washed with 1M HCl solution for 2 minutes followed by 

washing with DI water for 2 minutes and finally with acetone for 2 minutes. The electrodes were 
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vacuum dried for 24 hours at 100 °C and transferred into the glovebox. Single crystal NMC 622 

(SC NMC 622) (Li-FUN technology Co., LTD) electrodes (8 mm diameter) were used as cathodes. 

50 μm thick Li foil (Gelon LIB Co., Ltd) was brushed using a soft-bristled toothbrush and punched 

into 10 mm diameter Li discs using a steel punch for SC NMC 622 || Li coin cells. A single 16 mm 

diameter; 25 μm thick polypropylene was used as the separator (3501 Celgard Inc.) and 45 μl of 

electrolyte was used to assemble each CR2032 type coin cell (Hohsen). 

Cell cycling and cell disassembly 

All cells were galvanostatic cycled between 4.5 V – 2.8 V using a Neware BTS4000 battery tester. 

First 2 formation cycles were carried out at either at C/20 (0.175 mA/cm2), C/4 (0.88 mA/cm2) or 

1.25C pulse (4.38 mA/cm2, 15 s/120 s on/off) and then at C/2 (1.75 mA/cm2) for 50 cycles in the 

case of the anode-free cells and 100 cycles for lithium metal full cells. All cells included a 15 min 

rest step after each charge and discharge step and were rested for 24 hours prior to cycling at 50 

°C. Potentiostatic Electrochemical Impedance Spectroscopy (PEIS) measurements were taken at 

Open Circuit Voltage (OCV) after charge step (after 30 mins rest) with an amplitude of 10 mV 

from 1 MHz to 100 mHz at the end of formation and long-term cycling using a Bio-logic VMP3 

multipotentiostat. C-rates applied in this study are based on the nominal capacity (3.5 mAh/cm2) 

of the electrode, as given by the manufacturer for 4.3 V vs Li+/Li 

The coin cells were disassembled using a coin cell disassembly unit (Hohsen) inside an Ar 

glovebox (O2, H2O < 5 ppm). The working electrode was immersed in dimethyl carbonate (DMC, 

Sigma Aldrich 99%) for 1 minute to remove the residual electrolyte. Samples were transferred via 

an air-sensitive holder to the Scanning Electron Microscope (SEM, JEOL JSM-IT300, 5 kV) for 

secondary electron imaging. 

Molecular dynamic simulations 

The all-atom classic molecular dynamic simulations were conducted with customized 

GROMACS software package[31]. The Canongia Lopes-Padua (CL&P) force field 

parameters were used in this work for P1222FSI ionic liquids, which we also adopted previously 

for bulk phase investigation of the same IL[32]. The Lennard-Jones potential parameters 

(ε=22.1333 kJ/mol and σ=0.2629 nm) for the Au electrode were adopted from literature, 

which were previously validated for IL/Au(111) interface structure analysis[33]. The bulk 
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phase densities of all systems based on 216 ion pairs (Supplementary Table 1) were calculated 

first. The initial configuration was created using Packmol code[34]. The system was equilibrated 

firstly at 298, 323, and 393 K for more than 10 ns using the NPT ensemble and the Nose-Hoover 

and Parrinello-Rahman methods for temperature and pressure coupling. The extra 7 ns MD 

trajectory was used for density calculation. The pressure is set at 1 bar. The electrostatic 

interactions were computed using PME methods. The cut-off distance of 1.2 nm was adopted for 

electrostatics and Van der Waals interactions. The LINCS algorithm was used to constrain the C-

H bond. The Velocity Verlet integrator was adopted with a time step of 1 fs. The simulated bulk 

phase densities are given in Supplementary Table 1 and are compared with available experimental 

data, and the errors are within 1.6% for 50 mol % LiFSI in P1222FSI, which confirms consistency 

between the simulation and experimental results. The interface model was constructed with the 

IL electrolyte confined between two Au (111) electrodes (Supplementary Figure 1).  

The simulation box consisting of electrodes and electrolyte has the x and y dimensions equal 

to the size of the gold electrode, and the z-electrode separation length was calculated based on 

the IL bulk density. An extra vacuum space twice the length of separation distance was also 

introduced outside of cell in order to eliminate the artefact images resulting from simulation in 

a slab geometry. The surface charging was introduced on the top surface layer of the gold electrode by 

ascribing the excess of elementary charge. An annealing process was simulated at first by changing 

the temperature from 393 K to 700 K and to 393 K again before a long equilibration 

calculation at 393 K for a total of 12 ns using an NVT ensemble and the Nose-Hoover 

thermostat. The annealing process allows the system to gain sufficient dynamics to obtain a 

reasonable initial structure for equilibration calculation. Both energies and pressures were 

checked to determine whether the system reaches the equilibrium. An additional 50 ns 

production run was performed at 393 K for structural and dynamics analysis. The trajectory 

file was written every 2 ps. 

 

Table S1: MD and experimental density for 216 ion pairs calculated and different temperature and 

pressure of 1 bar. The charge scaling factor is 0.7. The error of density is given in = (DMD-

Dexp)/Dexp  100%. 
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Temperature, K MD density, kg m
-3

 Experimental density, kg m
-3

 △, % MD box volume, nm
3
 

393 1443.31 —  62.17 

323 1519.50 1495.33 1.61 59.05 

298 1542.52 1522.59 1.30 58.17 

 

 

Figure S1: Visual representation of simulation cell for Au (111) |50 mol% LiFSI in P1222FSI|Au 

(111) at 393 K. 
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Figure S2: Interlayer snapshot (within 0.61 nm from Au (111)) taken only for 1 frame (not 

averaged within whole trajectory) at (a) without applied bias and at (b) -3.7, (c) -8.6, and (d) -14.4 

μC/cm2 of electrode charging 
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Figure S3: SEM images after 2 formation cycles (a) C/20, (c) C/4, (e) 1.25C pulse followed by 

50 cycles at C/2 after (b) C/20, (d) C/4, (f) 1.25C in SC NMC 622 || Cu cells. Images were taken 

at charged state. The porous regions appear in lighter colour and the dense packed, column-like 

structure appears in dark colour. 

 

Figure S4: Discharge capacity throughput for Li || SC NMC 622 at different formation C-rates for 

100 cycles 

 

Table S2: Stack energy cell parameters for Li-ion (Graphite || SC NMC 622) and Li metal (Li || 

SC NMC 622) used in this study. A cell stack is comprised as both side coated SC NMC 622 on 

Al current collector | separator | both side coated graphite electrode | separator. For lithium metal 

cell the coated graphite electrode was substituted by a pure lithium metal. The extra lithium from 

the cathode plated on the lithium electrode was taken into calculation. However, upon cycling the 

lithium metal electrode will undergo expansion and this was not taken into stack thickness 

calculation. 
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 Li-ion Li metal 

Stack mass (mg/cm2) 79 55 

Stack thickness (μm) 362 345 

Average voltage 3.7 3.63 

Stack specific energy (Wh/kg) 319 498 

Stack energy density (Wh/L) 695 800 

 


