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ABSTRACT: The capacity retention in lithium metal batteries needs to be improved if they are to be commercially viable, the 
low cycling stability and Li corrosion during storage of lithium metal batteries are even more problematic when there is no 
lithium excess in the cell. Herein, we develop in situ NMR metrology to study ‘anode-free’ lithium metal batteries where 
lithium is plated directly onto a bare copper current collector from a LiFePO4 cathode. The methodology allows inactive or 
‘dead lithium’ formation during plating and stripping of lithium in a full-cell lithium metal battery to be tracked: dead lithium 
and SEI formation can be quantified by NMR and their relative rates of formation are here compared in carbonate and ether-
electrolytes. Little-to-no dead Li was observed when FEC is used as an additive. The bulk magnetic susceptibility effects of the 
paramagnetic lithium metal are used to distinguish between different surface coverages of lithium deposits. The amount of 
lithium metal was monitored during rest periods and lithium metal dissolution (corrosion) was observed in all electrolytes, 
even during the periods when the battery is not in use, i.e. when no current is flowing, demonstrating that dissolution of 
lithium remains a critical issue for lithium metal batteries. The high rate of corrosion is attributed to SEI formation on both 
lithium metal and copper (and Cu+, Cu2+ reduction). Strategies to mitigate the corrosion are explored; the work demonstrating 
that both polymer coatings and the modification of the copper surface chemistry help to stabilize the lithium metal surface. 

INTRODUCTION 

Lithium (Li) metal is considered a promising future 
anode material for next-generation batteries owing to its 
highest theoretical specific capacity of all lithium-ion 
anodes (3860 mAh/g, calculated based on the lithiated 
anode material) and low negative potential (-3.04 V vs. the 
standard hydrogen electrode, SHE).1 Cycling of lithium 
metal batteries (LMBs) entails deposition of lithium metal 
during charging and dissolution (stripping) during 
discharging. The greatest obstacles to the 
commercialisation of LMBs are safety issues associated 
with dendrite growth of electrodeposited Li, as well as their 
low capacity retention and short cycle life.2  

The low capacity retention of LMBs is often overlooked 
because an excess amount of Li metal is typically used in 
research-scale cells, which leads to an artificially enhanced 
cycling efficiency.3–5   However, for practical, commercially 
viable cells, it is important to  limit the amount of excess Li 
in order to make use of the high specific capacity of Li metal 
anodes. Practical LMBs will need to have the so-called 
negative-to-positive (N:P) ratio as close to 1:1 as possible, 
that is, an amount of Li metal close to that needed to fully 
lithiate the positive cathode material.1,3 Realistic LMB 
designs thus either limit the amount of excess Li, e.g., by 
using thin Li foils3 or they operate in an ‘anode-free’ battery 
design where the Li metal anode is replaced with a bare Cu 

current collector.4,6 The latter design has the obvious 
practical advantage that it is easier to assemble as it does 
not require Li metal handling. Both these battery designs 
tend to have a fast capacity fade, which is directly associated 
with the irreversible loss of active Li in the cell. This has 
been ascribed to both the formation of the solid electrolyte 
interphase (SEI) that forms both spontaneously on the Li 
metal and during plating, and the formation of inactive Li 
metal typically known as ‘dead Li’.7,8 Dead Li corresponds to 
Li that no longer has electronic contact with the current 
collector.8–11 

Improvements in the capacity retention of LMBs have 
been attributed to both decreasing the extent of SEI 
formation and to the formation of more dense Li deposits, 
the latter decreasing the dead Li and SEI formation.4,12–14 
Dead Li formation is thought to be caused by faster 
stripping of Li at sites with relatively low impedance, e.g. on 
fresh Li deposits with relatively thin SEI or where the SEI 
has ruptured.15,16 Thus, electrolytes that result in fast SEI 
formation kinetics and ensure full and homogeneous SEI 
coverage on the Li metal surface, leading to more uniform 
plating, should stabilise these capacity losses in LMBs.17–19  

Methods to observe dead Li include scanning electron 
microscopy (SEM)3,9 and in situ optical microscopy.8,11,20 
Quantitative methods have been recently developed; using 
quantitative titration gas chromatography, Fang et al. 
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determined, for a range of electrolytes and additives, that, 
contrary to common belief, capacity losses in LMBs are 
mainly due to the dead Li formation and not SEI formation.19 
A recent study performed in situ nuclear magnetic 
resonance (NMR) on Li metal deposition on Cu and 
quantified the dead Li formation in a Cu-Li cell ex situ after 
disassembling the cell.21 A non-destructive in situ 
methodology that allows the dead Li formation to be 
quantified during the operation of the battery is preferable. 
Our previous work on in situ NMR in Li metal cells allowed 
direct quantification of the microstructures formed during 
plating.22,23 The methodology uses the intensity of the 
pristine 7Li metal peak before passing any current (with a 
known surface area) to calibrate the NMR intensity and 
allows the NMR intensity to be converted into mass of 
deposited Li.22 We recently demonstrated, using in situ 
NMR, that the Li metal deposition in a Cu-LiFePO4 (LFP) cell 
and the formation of dead Li can be monitored during 
constant current plating and stripping.24 We also used the 
rate of exchange between 6Li metal and 7Li+ in a natural 
abundance (92.5% 7Li) electrolyte to quantify Li exchange 
between the solid and liquid phases, quantifying both SEI 
formation and the (effective) exchange current on Li metal 
strips.23 Here, we develop and apply a quantitative in situ 
NMR metrology to determine the origin of lithium losses in 
the Cu-LFP full cell during operation. 

In an anode-free battery, the Li deposits and Cu metal are 
in intimate contact with each other and the electrolyte, 
potentially creating the conditions of a short-circuited 
galvanic cell. Two recent studies have drawn attention to 
this phenomenon, 25,26 the first attributing the enhanced 
rates of corrosion to electrolyte reduction to form the SEI 
on Cu, reduction on copper being promoted by the poorer 
(less protective/passivating) SEI formed on the Cu 
surface.25 A galvanic current can also result from the 
reduction of copper oxides, via the various reduction 
reactions having been widely studied on Cu.27–31 Li metal 
deposition on Cu is analogous to the formation of a 
sacrificial coating on a surface, where the Li metal serves to 
inhibit Cu corrosion: while desirable for the Cu, this 
phenomenon potentially results in enhanced rates of 
corrosion for the Li.27 

Li corrosion is defined here as the removal of Li, via (i) 
the chemical formation of the SEI directly on the Li metal 
surface, which is accompanied by Li oxidation and 
dissolution of Li+ ions, and (ii) the galvanic corrosion of Li 
by a Li-oxidation reaction which is coupled with the 
reduction of copper oxides and/or reduction of the 
electrolyte on the Cu electrode surface. It is crucial to 
understand how to mitigate the dissolution of Li metal by 
forming a protective SEI on the Li deposits, but it is equally 
important to passivate the Cu surface,25,26 both  limiting the 
corrosion current. The morphology of the Li deposits will 
have an influence on the galvanostatic corrosion 
mechanism, with both a smoother morphology and a 
greater surface coverage of Li (the latter minimising areas 
where Cu is in contact with the electrolyte) expected to 
result in lower corrosion current. We note that the terms 
dissolution and corrosion are used interchangeably here, 
and in prior literature,25,26 because both processes involves 
the loss of Li metal, however strictly the process is not 

straightforward dissolution as it first involves Li metal 
oxidation and subsequent Li+ ion dissolution. 

One strategy is to replace the natural SEI with an artificial 
SEI, to help ensure chemical passivation of the electrodes 
and to mitigate side reactions with the electrolyte.32 
Polymer-coatings are an attractive option as they are easily 
scalable and have been shown to enhance the cycle life of 
LMBs by promoting homogeneous plating and 
stripping.1,33,34  Here we chose to study three common 
polymers (PEO, PMMA and PVDF) with different chemical 
and mechanical properties,35 as a case study for screening 
different artificial SEIs. PEO is a common solid polymer 
electrolyte and PVDF and PMMA are used as part of gel 
polymer electrolytes.35–39 Furthermore, PVDF is 
commercially used as a binder in composite battery 
electrodes.40  

In this work we develop a 7Li in situ NMR metrology to 
study the corrosion and cycling behaviour of Li metal in an 
anode-free LMB cell assembled with a Cu current collector.  
LFP was chosen as a stable cathode material with a flat 
voltage profile at 3.5 V vs. Li/Li+,41 but in principle, any 
lithiated cathode material can be used. Based on  
quantitative NMR and  coulombic efficiency (CE) 
measurements, the amount of dead Li and SEI formation is 
quantified and compared in three different electrolytes, 1 M 
LiPF6 in EC/DMC (LP30), with a fluoroethylene carbonate 
additive (LP30 + FEC) and 1 M LiTFSI in DOL/DME + 2% 
wt LiNO3 (DOL/DME). The FEC additive has been shown to 
be beneficial for plating and stripping Li, resulting in higher 
CE in Li-Cu cells and better capacity retention in Li-NMC 
cells.42,43 The DOL/DME electrolyte is widely used in Li-S 
battery research44 and the Li deposits have been shown to 
have a characteristic round-shape morphology.45–47 In 
addition, we use the bulk magnetic susceptibility (BMS) 
effects of Li metal and LFP, performing a careful analysis of 
the 7Li NMR shift, to provide insight into the surface 
coverage and the Li deposit morphology.48,49 The Li metal 
dissolution that occurs during rest periods was monitored 
by in situ NMR, the results revealing that the total corrosion 
of Li (both the chemical SEI formation and galvanic 
corrosion) remains a major concern for rechargeable LMBs 
and is expected to be especially important for batteries with 
a limited amount of Li present in the cell. The effect of Cu 
surface treatments, electrolytes, and polymer-coatings on 
the Cu current collector (PEO, PVDF and PMMA) is then 
studied as an approach to mitigate Li corrosion. 

MATERIALS AND METHODS 

Materials. LiFePO4 (LFP) positive electrode contained 
90% active material, 5% wt SuperP-Li (Timcal) and 5% wt 
PVDF (Arkema, HSV 900) was casted with N-methyl-2-
pyrrolidone (NMP, Sigma Aldrich, 99.5%, anhydrous) on an 
aluminum foil, initially dried at 80 °C and calendared. 
Hydrochloric acid (Honeywell Fluka) was diluted to 1.1 M 
HCl in deionised water. The Cu foil was soaked in 1.1 M HCl 
(aq.) for 10 minutes for a surface oxide removal, followed 
by a rinse with ethanol. The Cu foil was then quickly 
transferred into a glovebox antechamber, where it was 
dried under vacuum before transferring into an Argon 
glovebox for storage. For the experiment using AcH-treated 
Cu, the Cu foil was soaked in concentrated acetic acid 
(Fischer Chemical, lab reagent grade) for 10 minutes and 
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dried with N2 gas before being transferred into a vacuum 
oven at 100°C where it was dried for 24 hours. This 
procedure ensures a homogeneous passivation layer on the 
Cu surface.24,50 Poly (ethylene oxide) (PEO, Mw = 600.000, 
Sigma Aldrich), poly (vinylidene fluoride) (PVDF, Kynar 
HSV 900) and poly (methyl methacrylate) (PMMA, Mw = 
75.000, Polysciences) were used as received. The PEO and 
PMMA were dissolved in 0.02 g/ml acetonitrile (Sigma 
Aldrich) and the PVDF dissolved in 0.02 g/ml NMP. All 
polymers were spin-coated on Cu foil (15 mm diameter) at 
4000 rpm for 30 seconds. The copper foil was not treated 
beforehand. After the spin-coating, the polymer-coated Cu 
foil was allowed to dry at room temperature overnight. 
Then, the PEO-coated foil was dried at 50°C overnight, while 
the PVDF and PMMA coatings were vacuum dried at 100°C 
overnight.  

Cell assembly and handling of air sensitive materials was 
done in an Argon glovebox (MBraun, O2, H2O < 1 ppm). The 
electrolytes used were the following; 1 M LiPF6 in ethylene 
carbonate and dimethyl carbonate (EC:DMC 1:1 volume 
ratio, Sigma Aldrich, battery grade), termed LP30 in this 
study. LP30+FEC was prepared by mixing LP30 with 
fluoroethylene carbonate additive in 10:1 volume ratio 
(FEC, Sigma Aldrich, 99%). The electrolyte referred to as 
DOL/DME was prepared using 1 M lithium bis-
(trifluoromethanesulphonyl)imide (LiTFSI, Acros Organic, 
99%) in 1,3-dioxolane (Sigma Aldrich, anhydrous, 99.8%) 
and 1,2-dimethoxyethane (Sigma Aldrich, anhydrous, 
99.5%) (DOL/DME in 1:1 volume ratio) with 2 wt % lithium 
nitrate (LiNO3, Alfa Aesar, anhydrous, 99%). The LiTFSI and 
LiNO3 salts were dried for 20 hours at 100°C under vacuum 
before use. A capsule cell (NMR Service) made out of PEEK 
(polyether ether ketone) was used for all in situ NMR 
experiments, and has been described before.51 Working 
electrodes consisted of either a bare Cu current collector or 
polymer-coated Cu foil. The amount of electrolyte added to 
each cell was 75 μL for the carbonate electrolytes and 80-
100 μL for the DOL/DME electrolyte. Glass fiber (Whatman 
GF/A) separators were used after being dried in vacuum at 

100°C. Cells with polymer-coated Cu were rested for 2 
hours after assembly before any current was applied. 

Electrochemistry. Galvanostatic cycling was performed 
using current density of 0.5 mA/cm2 for an areal capacity of 
1 mAh/cm2 on the Cu current collector, unless otherwise 
stated. At the end of each charge/discharge step the cell was 
rested for 10 minutes to make sure there were around 3-5 
NMR experiments measured in order to get an accurate 
value of the integrated Li metal intensity. A cut-off capacity 
of 1 mAh/cm2 was used for plating and stripping and a cut-
off voltage of 2.8 V during stripping. Note that the LFP 
cathode is not fully delithiated, the areal capacity of the LFP 
cathode is roughly 2.3 mAh/cm2. The first cycle for plating 
and stripping on PVDF-coated Cu was performed using 0.1 
mA/cm2 current density and the subsequent cycles were all 
performed at 0.5 mA/cm2. The lower current density of 0.1 
mA/cm2 for PVDF was originally chosen as a pre-cycling 
step to limit the influence of ionic resistance at the PVDF-
polymer/Cu interface. All in situ experiments on Li 
corrosion used 0.5 mA/cm2 unless otherwise stated. For the 
experiments with longer SEI formation periods on Cu, a 
current density of  0.02 mA/cm2 was used before the Li 
deposition at 0.5 mA/cm2. The Coulombic efficiency was 
calculated as follows:  

CE =
Cstripping

Cplating
 (Eq. 1) 

 

In situ nuclear magnetic resonance. The in situ NMR 
experiments were conducted on a Bruker Avance 300 MHz 
spectrometer (the respective Larmor frequency for 7Li 
being 116.6 MHz) using a solenoidal Ag-coated Cu coil. The 
spectra were recorded using an in situ automatic-tuning-
and-matching probe (ATM VT X in situ WB NMR probe, 
NMR Service) that allows for an automatic recalibration of 
the NMR rf-circuit during an in situ electrochemistry 
experiment. The re-tuning of the rf-circuit becomes 
essential in order to quantify the NMR signals when the 
sample
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Figure 1. Schematic of the 7Li in situ NMR technique used to study dead Li formation and the resulting 7Li NMR spectra. a) The Cu-
LiFePO4 (LFP) cell before cycling and the corresponding 7Li NMR spectrum showing the resonance of the diamagnetic Li (the SEI and 
Li+ ions) and the absence of the Li metal peak. b) Charging the cell results in Li deposition, as shown in the 7Li NMR spectrum of the 
Li metal region. c) At the end of discharge the Li metal signal can still be observed, which is attributed to dead Li. d) Further cycling 
of the Cu-LFP cell results in an accumulation of dead Li over the next cycles (cycle 2-5), the intensity of the Li metal signal increasing 
at the end of stripping in each cycle. 

conditions are changing during the electrochemistry.52 
The probe has highly shielded wire connections to the 
electrochemistry with low-pass filters (5 MHz) attached to 
the probe, minimizing the interferences between the NMR- 
and the electrochemistry-circuit, as described in a previous 
publication.52 Overall, the in situ setup allows for highly 
reproducible NMR measurements. Single-pulse 
experiments were used to collect the NMR data, with a 
recycle delay of 1 s ( > 5 × T1) and 128 transients recorded. 
This resulted in an experimental time of about 2.5 minutes. 
The shift of 7Li was referenced to 1 M LiCl in water at 0 ppm. 
The spectra were processed in the Bruker Topspin 
software, using the automatic phase and baseline 
correction. Further data processing was done in R. The total 
intensity of the Li metal peak was integrated over the 7Li 
shift range 310-220 ppm and normalised to the intensity 
measured at the end of plating in the first cycle.  

RESULTS 

Quantifying dead Li formation on Cu. In situ NMR was 
performed to study Li deposition and stripping in a Cu-LFP 
full cell. Figure 1a shows the 7Li in situ NMR spectra of the 
Cu-LFP cell before cycling. The resonances in the 7Li 
diamagnetic region at around 0 ppm correspond to the 
electrolyte (and the SEI after its formation).53 The LFP 
cathode resonance is extremely broad, spreading over 
thousands of ppm, with a range of hyperfine and BMS shifts 
being seen that depend on the LFP particles’ aspect ratio, 
packing density of the film and orientation in the magnetic 
field.54,55 The broad resonance consequently overlaps with 

the diamagnetic (and Li metal) peaks, and in the current 
study, with an NMR spectral window range of 800 ppm, and 
the carrier frequency centred at around 257 ppm, it will 
simply be seen as a contribution to the broad baseline.52 
This is adjusted automatically in our data-processing via a 
baseline correction. Upon charging the Cu-LFP cell, Li 
electrodeposition takes place on the Cu electrode and the Li 
metal resonance appears in the spectrum (Figure 1b). The 
Li metal resonates on average at around 260 ppm, the shift 
arising from the Knight shift, a measure of the density of 
states at the Fermi level (as probed by the Li 2s orbital).56 
Thus, the Li metal resonance is easily distinguishable from 
the diamagnetic electrolyte-SEI peak.53 The Li metal peak 
still remains at the end of discharge (stripping, Figure 1c), 
indicative of the formation of electrically isolated Li 
deposits, termed ‘dead LiNMR’ to denote the dead Li 
measured by NMR. Upon further cycling, the intensity of the 
Li metal peak seen at the end of stripping grows, indicating 
a further accumulation of the dead Li in the cell (Figure 1d).  

Skin depth effects must be considered when NMR is 
performed on metallic samples.22,57 The rf-field used to 
excite the nuclear spins penetrates conductors only up to a 
certain depth on the order of the skin depth, which is 12.1 
μm in this study (SI, Equation S2). The skin depth effects can 
be observed in a so-called nutation experiment, described 
in the SI, which is used here to measure the radio frequency 
(rf) field felt by the Li metal spins. A nutation experiment 
was performed after plating Li on to Cu for 1 mAh/cm2. The 
sinusoidal nutation curve of the Li deposits (Figure S1), 
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typically observed for samples that do not experience skin 
effects, confirms that the Li deposits are fully excited and 
are thus less than 12 μm in thickness.58 For the remainder 
of the study we assume that the whole volume of the Li 
metal deposits are being excited.  

 

Figure 1. In situ 7Li NMR measurement of a Cu-LFP cell cycled 
in LP30 electrolyte with 0.5 mA/cm2 current density and 1 
mAh/cm2 capacity for each plating step. a) The 7Li NMR spectra 
acquired during the plating and stripping of Li metal. The 
resonance of Li metal appears at around 270 ppm. b) The 
corresponding integrated intensity of the Li metal peak 
normalised to the intensity at the end of plating in the first 
charge c) and voltage profile for the galvanostatic cycling. 

The effect of the electrolyte on Li metal cycling. Figure 2 
shows one in situ NMR dataset for measurements in LP30 
during galvanostatic plating and stripping at a current 
density of 0.5 mA/cm2 and a capacity of 1 mAh/cm2 on 
charge (Li plating). The integrated intensity of the Li metal 
peak grows linearly with charge (Figure 2b). Upon 
discharge (Li stripping), the metal peak decreases in 
intensity until the cell hits the cut-off voltage (Figure 2c) 
and the active Li  
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Figure 3. The average value of the a) normalised total LiNMR intensity at the end of plating, b) normalised dead LiNMR intensity at the 
end of stripping and c) electrochemically obtained CE for the first five cycles in the three electrolytes, LP30 (green), LP30 + FEC 
(orange) and DOL/DME (purple). The error bars represent the standard deviation of the average values obtained in three different 
experiments. d) The dead LiNMR measured in the first cycle plotted against the CE showing three separate experiments for each 
electrolyte. e) The difference in dead LiNMR between subsequent cycles plotted against the capacity loss (mAh/cm2) calculated from 
the CE. f) The SEI capacity (mAh/cm2) calculated in each cycle against the corresponding capacity loss (mAh/cm2).

metal has been stripped of the Cu electrode. As can be 
seen in Figure 1b, the normalised intensity at the end of 
discharge is not equal to zero due to the formation of dead 
LiNMR. 

In the next cycles, a capacity of 1 mAh/cm2 can still be 
passed in each plating-step as the LFP cathode has not been 
fully delithiated (it holds ~2.3 mAh/cm2 areal capacity). 
The dead LiNMR accumulates over the first five cycles 
reaching approximately 40% of the Li metal deposited in 
the first cycle. Similarly, the intensity of Li metal at the end 
of plating, termed ‘total LiNMR’ hereafter, increases in each 
cycle (Figure 2b). The increase in total LiNMR and dead LiNMR 
does not fully correlate, as seen in Figure 2b where the dead 
LiNMR is roughly 8% of the metal deposited in the first cycle 
but the increase at the end of plating in the second cycle is 
only 5%. This can be explained in terms of the changes in 
the charge wasted in parasitic reactions and the SEI 
formation (termed SEI capacity), which affects the amount 
of total LiNMR measured in each cycle. 

The methodology and cycling protocol were 
implemented in the electrolytes LP30, LP30 + FEC and 
DOL/DME, with three sets of in situ cells measured for each 
electrolyte. For the average total LiNMR (Figure 3a, green) in 
LP30 electrolyte we see the same trends as in Figure 2, with 
a roughly 20% increase over the first five cycles and the 

accumulation of the average dead LiNMR accounting to 
roughly 40% of the initial Li (Figure 3b, green). The average 
CE is 82-85% over the first five cycles. For LP30 + FEC 
almost no dead Li is detected (Figure 3c, orange), consistent 
with the study by Fang et al.19 The average CE was 
noticeably lower for DOL/DME in the first cycle compared 
to the other electrolytes, around 75%, and correlates with 
greater amount of dead Li being formed. High CE in 
DOL/DME is typically reported in Cu-Li cells.19,47  Low CE in 
the DOL/DME electrolyte was however observed in Cu-LFP 
cells.47 The use of an anode-free cell is more stringent 
because degradation is typically exacerbated due to finite 
lithium content.5 

The capacity loss due to the electrochemical SEI 
formation (the SEI capacity, defined here as the capacity 
lost due to all irreversible side reactions when current is 
being passed) can be estimated from the dead LiNMR 
measured by NMR and the capacity loss from the 
electrochemistry (see SI for full derivation). Briefly, the 
total capacity loss measured electrochemically is defined as 
CL = 𝐶𝑝𝑙𝑎𝑡𝑖𝑛𝑔 − 𝐶𝑠𝑡𝑟𝑖𝑝𝑝𝑖𝑛𝑔 , i.e. the difference between the full 

plating capacity and the stripping capacity. The CL results 
from a combination of the capacity lost due to dead Li 
formation and the SEI capacity, 𝐶𝑆𝐸𝐼,𝑛 described as: 
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CL𝑛 = 𝐶𝑑𝑒𝑎𝑑 𝐿𝑖,𝑛 + 𝐶𝑆𝐸𝐼,𝑛 (Eq. 2) 

where the subscript 𝑛 denotes the cycle number 𝑛. The 
dead LiNMR value measured by the NMR denoted here as 
𝜒𝑑𝑒𝑎𝑑 𝐿𝑖𝑁𝑀𝑅

, is the fractional amount of dead Li measured by 

NMR normalised to the Li metal intensity at the end of the 
charge in the first cycle (which depends on both the charge 
passed and the charge consumed in forming the SEI).  Thus, 

𝐶𝑑𝑒𝑎𝑑 𝐿𝑖,𝑛 is not directly proportional to 𝜒𝑑𝑒𝑎𝑑 𝐿𝑖𝑁𝑀𝑅
 and a 

correction is needed to account for the capacity used to 
form the SEI electrochemically in the first cycle.  The dead 
Li capacity, 𝐶𝑑𝑒𝑎𝑑 𝐿𝑖,𝑛 is instead given: 

𝐶𝑑𝑒𝑎𝑑 𝐿𝑖,𝑛 =   (𝐶plating  − 𝐶𝑆𝐸𝐼,𝑛=1)  × 𝜒𝑑𝑒𝑎𝑑 𝐿𝑖𝑁𝑀𝑅 ,𝑛      (Eq. 3) 

𝐶plating  − 𝐶𝑆𝐸𝐼,𝑛=1 corresponding to the capacity used to 

deposit the Li metal that gives rise to the resonance 
observed at the end of the charge.  Equation 2 can now be 
rewritten as: 

CLn =  (𝐶plating  − 𝐶𝑆𝐸𝐼,𝑛=1)  × 𝜒𝑑𝑒𝑎𝑑 𝐿𝑖𝑁𝑀𝑅 ,𝑛 + 𝐶𝑆𝐸𝐼,𝑛   (Eq. 

4) 

By solving for 𝐶𝑆𝐸𝐼,1 in the first cycle, 𝐶𝑆𝐸𝐼,𝑛 and 𝐶𝑑𝑒𝑎𝑑 𝐿𝑖,𝑛 

can now be determined.  

As an example of this method, the SEI capacity is now 
calculated for the set of data presented for LP30 in Figure 2. 
The CLn= 1 on first cycle is 0.17 mAh/cm2 and  
𝜒𝑑𝑒𝑎𝑑 𝐿𝑖𝑁𝑀𝑅 ,𝑛=1 is 0.08 after one cycle (Figure 2b). This 

results in an SEI capacity of approximately 0.1 mAh/cm2 
and dead Li capacity of 0.07 mAh/cm2. This indicates that in 
the case of LP30, the CE is influenced significantly by both 
the dead Li formation and the SEI formation capacity. The 
average CE in the first cycle as well as the SEI capacity and 
dead Li are displayed in Table 1. A slightly higher value for 
the SEI capacity is observed for each electrolyte compared 
to the amount of dead Li. It should be noted that this 
calculation neglects Li corrosion, that is, the processes 
involving dissolution of Li due to chemical SEI formation 
and galvanic corrosion that do not result in a net current in 
the cell. We explored the effect of this assumption in the SI, 
taking into account the Li corrosion current as quantified 
below, and the effect was seen to be negligible.   

 

Table 1. The average CE, SEI formation capacity and 
dead Li capacity in the first cycle calculated using the 
dead LiNMR intensity determined by in situ NMR and the 
CE determined from electrochemistry. The standard 
deviation is that derived from the three separate in situ 
NMR experiments. 

Electrolyte  
 

Coulombic 
efficiency 

SEI formation 

capacity 

(mAh/cm2) 

Dead Li  

capacity  

(mAh/cm2) 

LP30 85 ± 2% 0.09 ± 0.005 0.06 ± 0.02 

LP30 + FEC 90 ± 1% 0.09 ± 0.01 0.01 ± 0.001 

DOL/DME 75 ± 3% 0.16 ± 0.01 0.11 ± 0.03 

 

The difference in the dead Li value between cycles, “Δ 
dead Li”, which corresponds to the dead Li formation per 

cycle, and the SEI capacity per cycle are shown against the 
corresponding capacity loss (Figure 3 e, f). Both the dead Li 
and SEI capacity displayed a linear relationship with the 
capacity loss per cycle, demonstrating that both processes 
determine the cycling stability of LMBs. The same values 
(per cycle) are shown as a function of cycle number to 
visualize whether any stabilization occurs with cycling 
(Figure S2). For the carbonate electrolytes there is 
continuous SEI formation in each cycle, the SEI capacity 
remaining steady at around 0.05-0.1 mAh/cm2. For the 
DOL/DME however, the SEI capacity drops significantly 
after the first cycle before stabilising at around 0.1 
mAh/cm2 (Figure S2). Similarly, the dead Li formation in 
DOL/DME drops with cycling in contrast to in LP30 where 
it increases slightly (Figure S2).  

Bulk magnetic susceptibility effects. The shift of the 7Li 
metal peak is sensitive to orientation and morphology of the 
Li deposits. Chandrashekar et al. showed with 7Li MRI how 
the shift of Li metal can be used to distinguish between 
electrodeposits growing close to the Li metal (at around 
260 ppm) and dendritic structure extending further away 
from the surface (at around 270 ppm).48 This was later 
confirmed in a detailed study by Chang et al., where 
different resonances in the in situ NMR spectra were 
correlated with SEM images of Li microstructure 
morphology formed under different stack pressures and 
using different separators.49  

To understand the shifts observed in the in situ Cu-LFP 
cells, the effect of the paramagnetic LFP cathode on the 7Li 
metal shift is first studied in a pristine Li-LFP cell, since 
previous studies have shown that paramagnetic cathode 
electrodes can cause significant BMS effects and 
broadening, the shifts depending on the orientation of the 
electrode films with respect to the static magnetic field.55 
The Li metal peak of a pristine Li-Li cell (when the 
electrodes are oriented perpendicular to the static, applied 
magnetic field) appears at 245 ppm but when paired with 
the LFP cathode, the Li metal peak shifts to 260 ppm (Figure 
S10).  In a Li-Cu cell, there is no significant shift in the 7Li 
metal peak (Figure S10), since Cu metal has only a small 
diamagnetic contribution (see SI). Thus, the 7Li metal peak 
in Cu-LFP cells is expected to be shifted by approximately 
15 ppm to higher frequencies from the signal typically 
observed in Li-Li cells. 

The 7Li metal peak in the Cu-LFP cells emerges at around 
275 ppm at the start of plating (Figure 4a, in LP30 
electrolyte) and shifts to lower ppm values both during 
plating and on further cycling (as seen for the NMR spectra 
on fourth cycle, Figure 4b). The shift of the peak maximum 
was extracted (Figure 4c) and interestingly is shown to 
cycle with the electrochemistry, moving to lower shifts 
during Li plating and to higher shifts during Li stripping. 
During plating, the LFP cathode is delithiated (charged) and 
the oxidation state of iron changes from Fe2+ in LiFePO4 to 
Fe3+ in FePO4, which increases the susceptibility of the 
cathode.59 Thus, the change in shift observed for the Li metal 
can either be due to changes in the susceptibility of the LFP 
cathode that will influence the susceptibility of the whole 
cell or due to the dependence of the shift on the Li 
morphology as reported in previous studies.49,59  
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Figure 4.  BMS effects for the Li metal peak in the LP30 electrolyte. a) Stack plot of the Li metal spectra during charge (plating) in the 
first cycle (where the same metal spectra are shown vs. time in Figure 2a).  b) The Li metal spectra during plating in the fourth cycle. 
c) The frequency of the 7Li metal shift, measured at the maximum intensity of the Li metal resonance, during cycling. d) The 
deconvoluted intensities of the Li metal spectra during cycling. e) An example of the fitted spectra at the end of charge in the first 
and fourth cycle. 

To gain more insight into this phenomenon the spectra 
were fitted using the least-squares method with three 
overlapping peaks (using pseudo-Voigt curves, Figure 4e); 
peaks at 260.5 ppm (Peak 1), 268.5 ppm (Peak 2) and 272.5 
ppm (Peak 3) were used and their position was allowed to 
vary ± 2.5 ppm from the set values. In order to explore the 
sensitivity of the deconvolution method, a fit with two 
components (two peaks) was attempted but found that in 
later cycles, at least three peaks were essential to obtain a 
reasonable fit. The normalised intensity of the 
deconvoluted peaks shows how the Li metal resonance is 
mainly captured with Peak 3 in the first cycle (at the highest 
Li metal shift, Figure 4d, in blue). Upon further cycling, Peak 
2 and Peak 1 become more dominant, indicating that the 
main resonance is moving towards lower shifts. Of note, the 
dead LiNMR at the end of stripping and the initial Li deposits 
resonate at shifts of around 272-275 ppm at the same 
position as Peak 3 (Figure 4d).  

Taking into account the additional shift observed for a 
pristine Li metal strip assembled with an LFP electrode (15 
ppm higher than in Cu-Li cell), a measured shift at 275 ppm 
can be corrected for the LFP BMS effect; this results in a shift 
of approximately 260 ppm, which is consistent for the 
Knight shift of Li metal (261 ppm)60 and explains the 
generally higher Li shifts seen in this system as compared to 
those seen in Li-Li symmetric systems.22 

The 7Li shift in LP30 + FEC and DOL/DME shows a 
different behaviour to the LP30 with the Li metal signal 
appearing at lower values after plating (Figure S13 and 
Figure S14). For both electrolytes Peak 1, at the lowest shift, 
is more pronounced in the deconvolution during cycling of 
the cell. This difference between electrolytes indicates that 
the Li metal shift is not dictated wholly by the state of charge 
of the LFP cathode (which is similar for all the cells) but that 
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the nature of the Li deposits – both morphology and surface 
coverage - must influence the shift.   

Susceptibility calculations were then performed to 
explore the shifts observed during plating in more detail 
(described in detail in the SI). The surface coverage of Li 
microstructures (randomly placed voxels on the electrode 
surface) was varied between 2.5-95% on both Li metal and 
Cu foil (Figure S12). The overall trend is that a higher 
surface coverage of Li leads to a lower 7Li NMR shift due to 
BMS effects, the deposits starting to resemble more bulk Li 
metal (Figure S12b).  On the basis of these susceptibility 
calculations the lower shift seen for Li metal plated in 
DOL/DME and LP30 + FEC vs in LP30 only, is, therefore, 
ascribed to the more homogeneous coverage of Li deposits 
that are formed in these electrolytes during plating and on 
further cycling. 

The trends in metal shift observed for the different 
electrolytes is summarised in Figure S15, showing the 
intensity of the fitted peaks at the end of plating and the end 
of stripping.  The peak at the lowest shift becomes more 
apparent in all electrolytes with cycling, suggesting the Li 
coverage on Cu is becoming greater. The intensity of Peak 1 
is greatest in the DOL/DME electrolyte (Figure S15a, green), 
which is consistent with ether-based electrolytes having 
more complete surface coverages compared to the LiPF6 – 
carbonate electrolytes.16 Of note, the high shift of the dead 
Li peak, close to 275 ppm, indicates that it is affected by the 
LFP BMS effect and not by the BMS effects due to Li metal. 
This is consistent with the removal of smoothly deposited 
Li and the formation of randomly oriented and 
disconnected Li deposits in a diamagnetic (SEI) matrix. 

 

Figure 5.  Li metal intensity for the 7Li in situ NMR measurements when cycling Cu-LFP cells in LP30 with polymer-coated Cu. a) The 
normalised total LiNMR intensity at the end of plating, b) the normalised dead LiNMR intensity at the end of stripping and c) the CE for 
PEO- (blue), PMMA- (yellow) and PVDF-coated (red) Cu electrodes. The measurements for bare Cu (in green) are shown here to aid 
comparison.

Polymer-coated Cu. To extend the in situ NMR method 
further, three common polymers (PEO, PMMA and PVDF) 
that have been heavily studied in batteries were 
investigated. The polymers were cast onto copper current 
collectors, the cell was assembled and then left to rest for 
two hours before any current was passed.  

The in situ NMR data of the polymer-coated Cu electrodes 
cycled in LP30 and the CE calculated from the 
electrochemistry are presented in Figure 5. The PEO- and 
PVDF- coatings show considerably lower first cycle CE of 
about 65% (Figure 5c) compared to 85% on bare Cu and 
83% with PMMA-coated Cu. Interestingly, lower dead Li 
formation was detected (Figure 5b), which indicates 
increased capacity losses due to SEI formation when using 
these coatings. The cycling efficiency for both the PEO- and 
PVDF-coated Cu increases, however, after the first cycle 
indicating that surface reactions have occurred to form a 
more stable SEI/coating on the Cu. The PMMA presents a 
similar CE to that of a bare Cu in LP30 but less dead Li 
formation is seen. The SEI capacity and dead Li values are 
summarised for the first cycle in Figure S3. In all cases, less 
dead Li formation but higher SEI capacity is measured on 
the polymer-coated compared to bare Cu, indicating more 
side reactions in the polymer systems (Figure S3). Although 
we have not explored the effect of polymer swelling and/or 

interaction with the electrolyte, and we did not optimize 
polymer coating thickness,33,35 the results demonstrate the 
power of the quantitative NMR technique to deconvolute 
the contributions to the capacity losses, which cannot be 
determined from the electrochemistry alone. The NMR 
spectra of the Li metal on polymer-coated Cu was 
deconvoluted into three peaks using the same method as 
described above. The Li metal peak for PMMA and PEO-
coated Cu appears at a higher shift than that seen for the 
PVDF system, as seen via the greater contribution of Peak 3, 
indicating less homogeneous deposition on cycling (Figure 
S16). The lower shift for the PVDF-coated Cu is likely due to 
the lower current used in the first cycle resulting in 
smoother deposition and is further discussed in the SI. 

Dissolution of Li metal by in situ NMR. In practice, 
batteries are not constantly in use and it is important to 
understand the processes that occur during the periods 
when no current is passed. To investigate what occurs 
during the rest period in LMBs, Li metal was again 
deposited using a 0.5 mA/cm2 current density and 1 
mAh/cm2 plating capacity and the evolution of the Li metal 
signal recorded during the open circuit voltage (OCV) using 
in situ NMR. Note that this experiment tracks capacity loss 
in a charged battery, which is particularly critical in anode-
free batteries. The intensity of the Li metal grows for the 
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first two hours during the plating (Figure 6b), a decrease in 
intensity is seen during the OCV period, indicating loss of Li 
metal. The dissolution (or corrosion) of Li metal can be due 
to both the chemical SEI formation on Li and the galvanic 
corrosion between Li and Cu that are in direct contact with 
the electrolyte (see the schematic, Figure 6a).25,26  

Figure 6b shows that different electrolytes have a 
significant impact on the rate of Li dissolution. The 
electrolyte effect on corrosion observed here is influenced 
by the Li morphology and bare Cu areas, and a ‘protective 
coating effect’ due to formation of a stable SEI. Amongst the 
three electrolytes studied here, the fastest dissolution of Li 
metal is seen in the LP30 electrolyte and the greatest 
stability is in LP30 + FEC (Figure 6a). The stabilisation due 
to FEC is likely due to the interplay of greater surface 
coverages (as indicated by the lower 7Li metal shift seen 
after plating in LP30 + FEC, Figure S15) as well as the 
difference in the SEI formed with FEC both on Li and Cu.30,61  

The same set of experiments were performed on the 
polymer-coated Cu current collectors in LP30 electrolyte 

(Figure 6c), demonstrating that all the coatings have a 
stabilising effect on the Li dissolution. This is likely due to 
the passivating effect of the coating, passivating both the Li 
deposits and the Cu current collector. Interestingly, the 
PMMA-coating has the greatest stabilising effect and 
correlates with the higher CE observed in Figure 5.  

To investigate the effect of the Cu surface on corrosion, 
the same experiments were performed on a Cu current 
collector pre-treated in concentrated acetic acid (denoted 
AcH, the Cu used in all other experiments was pre-treated 
in HCl acid). The surface treatments on Cu current 
collectors and the corresponding SEI have been studied in 
detail in our previous work24 where using X-ray 
photoelectron spectroscopy (XPS) it was shown that the 
surface of the AcH-treated Cu (prior to assembly in a battery 
cell) was better passivated with high concentrations of 
Cu(OH)2/CuO on the surface whereas the HCl-treated 
showed the Auger Cu metal peaks, indicating either a 
thinner or a more heterogeneous surface oxide layer on the 
Cu electrode with no Cu(OH)2 observed.24 

 

Figure 6. In situ NMR experiments of Li metal dissolution during the OCV period. a) A schematic representation of the processes 
that lead to Li metal corrosion: the chemical formation of the SEI on Li results in the spontaneous reduction of the electrolyte and 
oxidation of the Li metal. Galvanic corrosion results in the dissolution of Li metal (Li oxidation) and a cathodic reaction on the Cu 
electrode. b) Integrated intensity of the Li metal signal during the NMR experiment. The intensity increases during deposition for 
the first 2 hours of the experiment (corresponding to 1 mAh/cm2) of charge, and decreases constantly during the rest period at OCV 
for the three electrolytes, LP30, LP30 + FEC and DOL/DME. Plating and resting experiments for c) different polymer coatings: PEO-, 
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PMMA- and PVDF-coated Cu current collector and d) different Cu treatments in LP30 electrolyte: Cu treated with HCl acid (green), 
Cu treated with glacial acetic acid (AcH, black). The grey curve shows the effect of a slow SEI formation step before deposition on 
HCl-treated Cu at 0.02 mA/cm2 followed by a 12 hours voltage hold at 3.2 V before deposition at 0.5 mA/cm2 (grey). The green curve 
in b, c and d) is for the same experiment, performed on bare Cu treated in HCl-acid and in LP30 electrolyte.  Each experiment was 
performed twice, and the rate of dissolution was found to be highly reproducible (Figure S6 and Figure S7). 

Figure 6d (black) shows that the corrosion of Li metal is 
slowed down using AcH-treated Cu, demonstrating the 
importance of surface passivation on Cu. In addition and 
following the approach of Lin et al.,25 the corrosion was 
monitored on an (HCl-pretreated) Cu electrode, following 
an initial low-current step of 0.02 mA/cm2 prior to Li 
deposition, the electrolyte reduction products precipitating 
on the Cu surface resulting in an SEI that grows in thickness 
during polarization.24,30 This was followed by Li deposition 
at 0.5 mA/cm2 (Figure 6d, grey).  As shown previously by 
electrochemical measurements, the long SEI formation step 
on Cu slows down the Li metal dissolution under OCV 
consistent with passivation of the Cu electrode surface.25 
This stabilization is likely a combined effect of the reduction 
of the copper oxides/hydroxides on the Cu surface, 
minimising possible galvanostatic reduction reactions 
involving Cu2+ and Cu+, which will be driven to an extent by 
the differences in Cu2(1)+/Cu  and the Li+/Li couples, and the 
formation of a more stable SEI layer, reducing the SEI 
reduction rate. 

A linear fit was used to extract the slope of the dissolution 
curve during the OCV period, 𝜒𝑠𝑙𝑜𝑝𝑒  in s-1, (data in Figure 6) 

as shown in the bar chart Figure S8. The corrosion current 
can be estimated from the slope by using the SEI capacity 
determined above. The full plating capacity is 𝐶plating = 1 

mAh/cm2 or 𝐶plating = 3.6 C/cm2. The corrosion current 

density, 𝑖𝑐𝑜𝑟𝑟, becomes: 

𝑖𝑐𝑜𝑟𝑟 = (𝐶plating − CSEI,1) × 𝜒𝑠𝑙𝑜𝑝𝑒  (Eq. 5) 

The corrosion current for each electrolyte was calculated 
using the mean of two separate experiments (Figure S6), 
with the values listed in Table 2. The values assuming 100% 
current efficiency for Li deposition (that is ignoring any 
electrochemical SEI formation) are listed in Table S1 in the 
SI. The highest corrosion current is for LP30 on bare Cu, 
around 30 μA/cm2. 

  

Table 2. The mean of the slope (for two sets of 
experiments) obtained from a linear fit to the 
decreasing intensity of the 7Li NMR metal signal during 
the OCV period (Figure 6). For experiments using the 
polymer-coated Cu, LP30 electrolyte was used in all 
cases. 

Electrolyte/ 

Polymer coating  

𝜒𝑠𝑙𝑜𝑝𝑒  /s-1 𝑖𝑐𝑜𝑟𝑟  /μA cm-2 

LP30 -8.7 29 

LP30 – 6th cycle -9.6 31 

LP30 –  

Cu passivation 
/SEI formation  

-1.7 5.6 

LP30 + FEC -1.7 5.5 

DOL/DME -5.8 18 

PEO-coating -2.1 5.3 

PMMA-coating -1.7 5.2 

PVDF-coating -3.9 10 

 

The long-term corrosion behaviour of the Li 
electrodeposits was probed in LP30 and LP30 + FEC by 
acquiring ex situ NMR spectra over a 50-80 hour period at 
different time intervals, storing the cells in an inert Argon 
glovebox in between measurements (Figure S4). Both 
electrolytes show a continuous Li corrosion throughout the 
measurement that does not seem to slow down notably 
with time. The Li metal deposits in LP30 have completely 
disappeared after 50 hours, whereas there is still Li metal 
left in LP30 + FEC after ~ 80 hours, albeit only a small 
amount. The dissolution of the Li metal was also probed 
after the 6th deposition cycle in LP30 (Figure S4, black). 
Interestingly, the corrosion rate does not decrease after 
further cycling, as indicated by the similar slope of the two 
dissolution curves.  

 

DISCUSSION 

The in situ NMR technique allows the capacity losses due 
to SEI formation and dead Li to be quantified during cycling. 
Importantly, it demonstrates that both the SEI formation 
and dead Li formation contribute significantly to the cycling 
stability of LMBs. In all cases, electrochemical SEI formation 
was shown to contribute more to the capacity losses in the 
anode-free battery compared to dead Li formation. This is 
in contrast to the results reported by Fang et al., where the 
authors concluded that the dead Li is the main reason 
behind capacity losses in LMBs in the first cycle as well as in 
subsequent cycles.19 The studies are not entirely 
comparable as Fang et al. performed the measurements in 
Cu-Li coin cells.19 Having Li foil in the cell has been shown 
to boost the cycling performance and the CE compared to 
anode-free cells.5 The Li foil not only supplies the battery 
with enough reservoir of Li+ ions but critically may also act 
as a scavenger for any impurities or electrolyte degradation 
products in the electrolyte, which likely influences the 
amount of SEI that forms on the Li deposits on Cu.  

In LP30 + FEC small amount of dead Li was observed on 
the first cycle (0.01 mA/cm2) and on cycle five the total dead 
Li capacity amounted to 0.04 mAh/cm2, although the CE 
remained 90-93% over the first five cycles demonstrating 
that the SEI needs reforming and continues to grow every 
cycle. This is consistent for all three electrolytes as shown 
in Figure S2 where the SEI formation capacity for the 
carbonate electrolytes remains around 0.05-0.1 mAh/cm2. 
This is also consistent with the corrosion rate seen on the 
6th cycle in LP30 (Figure S4) where a stabilization after five 
cycles of plating and stripping was not observed. This is 
probably due to the volume changes associated with the 
complete stripping of Li metal in an anode-free battery, 
damaging the SEI in each cycle. But it also indicates that the 
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film formed on Cu is still poorly passivating, even after 6 
cycles.  By contrast, the corrosion current drops by a factor 
of five (Table 2) when a passivating film is formed 
electrochemically on Cu prior to deposition. In this case, a 
larger contribution to the corrosion current is presumably 
coming from Li corrosion due to chemical SEI formation 
(Figure 6a). Further studies are needed to explore this 
phenomenon, additives such as FEC clearly affecting both 
the galvanic and chemical SEI formation.  This may also 
indicate that the full stripping of the Li is too extreme in 
LMBs and a gentler approach where a reservoir of Li is left 
on the anode after fully discharging the cell may help 
stabilise the SEI in later cycles.62  

In contrast to the carbonate electrolytes, the CE of the 
DOL/DME increased in the first five cycles with a 
concurrent drop in dead Li formation and SEI formation 
(Figure S2). In addition, the Li deposits in DOL/DME appear 
at a lower shift (Figure S14) indicating formation of a more 
homogeneous coverage of Li on the Cu electrode.  The CE on 
the PEO- and PVDF-coated Cu was low in the first cycle 
compared to that on bare Cu (Figure 5) without an increase 
in the observed dead Li concentration, indicating increased 
side reactions during plating. This may partly be due to less 
homogeneous deposition, which causes enhanced SEI 
formation. This is indicated in the 7Li metal shift analysis, 
where the shift to lower frequencies with cycle number 
seen on bare Cu is not seen for the polymer-coatings 
(compare Figure 4 and Figure S16). This may indicate that 
instead of an increased Li metal coverage on further cycling, 
the polymer coating instead breaks/fractures with 
continued cycling, which leads to even less homogeneous 
plating. Assegie et al. demonstrated the importance of 
optimizing the PEO-film on a Cu current collector, where 
high CE was only achieved with a uniform and defect-free 
PEO coating.34 Further experiments are required to explore 
how different current rates and optimization of the polymer 
film affect the homogeneity of deposition in these polymer 
coated systems. 

The quantitative in situ NMR allows the corrosion current 
of Li metal on Cu to be estimated. The corrosion current 
density (with respect to the Cu electrode area) of Li 
electrodeposits on Cu was measured as 28 μA/cm2 in LP30 
and 5.5 μA/cm2 in LP30 + FEC. The lower corrosion current 
measured for LP30 + FEC is likely due to both a denser Li 
morphology and differences in the SEI that forms.  Our 
previous work, quantifying the rate of SEI formation, 
showed a noticeably faster SEI formation in LP30 + FEC at 
the open circuit voltage, that led to faster stabilisation of the 
SEI on Li metal.23 This will lead to more effective passivation 
of Li metal and slower Li corrosion at later times. In 
addition, the chemical composition and the nanostructure 
of the SEI on both Li metal and Cu has been shown to be 
different in LP30 + FEC.30,42,43,61 

The rate of galvanic corrosion measured here should be 
contrasted with the values measured by zero resistance 
ammetry (ZRA).26 Kolesnikov et al. found the corrosion rate 
to be highly dynamic with the initial corrosion current > 
160 μA/cm2 that decreased rapidly to < 1 μA/cm2 after 10 
hours of measurements, reaching a steady-state value of 0.2 
μA/cm2 after 100 hrs in LiPF6 – carbonate electrolyte. They 
again attribute this decrease in the corrosion current to the 

formation of a passive film on the Cu, which decreases the 
reduction reactions at the Cu surface.26 The passivation of 
the Cu is consistent with the reduced corrosion rate when 
using a slow SEI formation step on Cu prior to Li deposition, 
which indicates that if the Cu electrode is properly 
stabilised the Li corrosion can be mitigated (Figure 6c). The 
results are also consistent with the data for LP30, where an 
enlargement of measurements of Li corrosion immediately 
after the current is switched off show an enhanced rate of 
corrosion (initially around 50 μA/cm2, Figure S9) that 
settles to a steadier value after two hours. However, no 
complete stabilisation was observed here over longer time-
periods in the carbonate electrolytes (Figure S4). Finally, 
Kolesnikov et al. describe the corrosion effect in terms of 
the differences in the standard electrode potentials of two 
metals – here Li and Cu.  Strictly this is only true if the Li 
corrosion is coupled with either Cu+ or Cu2+ reduction to Cu 
metal; this process can be mitigated for example, by 
applying a current above the 0 V (vs Li+/Li) to reduce any 
oxidised Cu species on the Cu surface24 as was performed 
for example in Figure 6d. Instead it is more appropriate to 
view galvanic corrosion as arising from a difference in the 
rates of SEI formation on Li and Cu, which will arise from 
both a difference in the passivating nature of the SEI on the 
Cu as discussed in reference 25, and also simply due to 
differences in surface area of the two metals. A factor that is 
also important in galvanic corrosion is the transport of Li+ 
ions in the SEI and the electrolyte, as Li dissolution at the Li 
metal deposits releases a Li+ ion, which is then charge 
balanced by Li+-ion transport through the SEI on the Li 
metal, the electrolyte and through the passivating layer on 
Cu, and which combines with an anion to precipitate a 
(Li+electrolyte-) salt (such as LiF, Li2CO3 or an organic, e.g., 
lithium diethylcarbonate) on the Cu surface. Therefore, 
both electronic contact (of Li and Cu) and ionic pathways 
are required for galvanic corrosion. The shorter path for 
ionic transport favours, for example, corrosion near the 
Li/Cu  interface, a mechanism which itself could lead to 
dead Li formation (as seen by  Kolesnikov et al.).26 This does 
suggest, however, that the formation of a better SEI on Li 
will play role in mitigating galvanic corrosion.   

 

CONCLUSIONS 

We have demonstrated the application of in situ 7Li NMR 
to study the plating and stripping, and the corrosion of Li 
metal on Cu current collector. The in situ NMR method is 
shown to be a valuable technique for deconvoluting the 
multiple capacity losses that occur in lithium metal 
batteries, which will enable further studies on different 
electrolytes as well as on the compatibility of protective 
coatings and artificial SEIs for Li deposition.   

Almost no dead Li is observed in LP30 + FEC although the 
CE is < 100% (~92%) indicating that capacity losses are 
mainly due to the SEI formation. Similarly, for LP30 and 
DOL/DME electrolytes the dead Li accumulates 
continuously for the first five cycles but cannot account for 
the entire capacity loss and again the SEI formation is a 
significant part of the coulombic losses. The bulk magnetic 
susceptibility shifts caused by Li metal results in lower 7Li 
shift of the deposits formed in DOL/DME and LP30 + FEC, 
indicating higher surface coverage of Li as suggested by the 
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susceptibility calculations. In contrast, the 7Li metal shift in 
LP30 on both bare Cu and polymer-coated Cu is at a higher 
metal shift indicating less dense coverage of the deposits. Of 
note, the dead Li deposits show essentially no BMS effect 
due to the Li metal, consistent with their random 
orientations on the electrode and their more distant spatial 
proximity from Cu; their shift is dominated by the BMS 
effect arising from the LFP electrode (and the Li Knight 
shift).   

The evolution of Li metal was monitored under OCV 
conditions by in situ 7Li NMR and revealed that the Li metal 
corrosion rate is highly sensitive to the type of electrolyte 
and the surface of the Cu current collector. The rate of 
corrosion is high and remains a critical issue for lithium 
metal batteries to be a viable option for energy storage 
technologies. Strategies to protect the Li metal deposits 
need to be studied systematically and with quantitative 
techniques such as those presented here. Polymer coatings 
were shown to protect the Li metal deposits from 
dissolution and may be studied further with respect to 
reactivity, conductivity  and coating homogeneity and 
thickness.33 Furthermore, it is crucial to perform more 
controlled study of the Cu films, to correlate Cu surface 
chemistries and the passivating films that form with the 
rates of galvanic corrosion.  We note, however, that simple 
pre-treatments of the Cu metal to remove surface oxides, 
and to reduce Cu2+/Cu+ species electrochemically and form 
an SEI on Cu before Li deposition were shown to noticeably 
reduce the corrosion rate.   

The in situ NMR technique can be used to study corrosion 
in Li-S batteries that remains a critical issue due to the 
dissolution of polysulfides.63 Strategies that aim to mitigate 
Li corrosion and will be interesting to study include 
artificial SEI layers such as Al2O363 and metal coatings64–67 
and inactive additives such as hydrocarbons that have been 
shown to decrease the corrosion rate and lead to more 
homogeneous Li plating and lower Li+ solvation 
energies.68,69 Furthermore, this technique could be used to 
study corrosion in Na metal batteries using 23Na in situ NMR 
spectroscopy. 
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