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Abstract 
Lithium-ion batteries are at the core of the democratisation of electric transportation and 
portative electronic devices. However, fast and/or low temperature charge induce 
performance loss, mainly through lithium plating, a degrading mechanism. In this report, 7Li 
operando Nuclear Magnetic Resonance spectroscopy is used to detect the onset of 
metastable lithium deposits in an NMC622/graphite cell at 0°C and fast charge. An operando 
setup, compatible with low temperatures, was developed with special attention to the 
pressure applied on the electrodes/separator stack and noise reduction to enable early 
detection and good time-resolution. Direct detection of metallic lithium enables drawing 
correlations between lithium plating and electrochemical data.  
 

1 Introduction 
 
Lithium-ion batteries (LiBs) are ubiquitous in our daily lives, from small portative devices to 
electrical vehicles. Societal demand urges reaching always faster charge (time savings), while 
retaining the autonomy of the battery (stored capacity) in the long term. Capacity loss in 
batteries is a multifactorial issue, with a strong interplay between environmental factors - 
especially temperature - and usage. Despite numerous studies the precise modelling of the 
state of health of a battery without exact knowledge of its history is extremely challenging [1–

5].  
Among the multiple degrading phenomena, lithium plating (reduction of Li+ ions into metallic 
lithium) is observed as a side-reaction competing with the normal redox behaviour of the 
negative graphite electrode in the battery [6]. Electroplating of Li on the surface of the 
graphite electrode occurs, rather than reductive insertion in graphite, when the potential is 
locally lower than that of the Li+/Li redox couple due to kinetic limitations. This highly reducing 
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metallic lithium may react irreversibly with the electrolyte components and the current 
collectors, hence reducing the energy available on discharge. An additional issue is the 
spatially inhomogeneous deposition of lithium (dendrites), which results in micro short-
circuits detrimental for the capacity retention of the battery and, in extreme cases, battery 
failure.  
Fast charge and charge to full capacity favour this side reaction, and conservative safety 
margins are currently taken in the charging protocols - at the expense of autonomy and 
charging times [7–10]. Better tuning of the charging protocols, while preserving safety, 
requires a better knowledge and understanding of the onset conditions for Li plating.  
 
Deposition of metallic lithium in batteries has been intensively researched and many 
approaches have been proposed [11,12]. They were classified in various ways such as direct 
or indirect, local or global, ex situ or in situ, etc…. Operando characterization, i.e. the 
characterization of the entire battery device while it is charging (or discharging), is highly 
desirable due to the high reactivity of metallic lithium [13,14]. Among all the available 
operando techniques, 7Li operando Nuclear Magnetic Resonance (NMR) spectroscopy 
appears as a direct and global technique, well-suited to the task of detecting Li plating [15–
21]. The specific Knight shift of metallic Li, signature of its metallicity, is well-resolved from 
the other lithiated components of the battery even in static conditions (240-270 ppm range) 
as already seen in the early days of in situ NMR with a metallic Li counter electrode [22–25]. 
 
Detecting lithium deposition on the graphite electrodes, as a degrading phenomenon, is more 
challenging owing to the lower quantities. The early 7Li NMR analyses of plating on graphite 
were reported on half cells, with metallic Li as the counter electrode [26–28].  
Artefacts can arise from the use of a metallic Li counter electrode rather than a positive 
electrode. Only a few reports focused on Li plating on graphite in batteries with a realistic 
positive electrode. Gotoh et al [29,30] were the first to characterize full cells with graphite 
and LiCoO2 electrodes to analyse the evolution in open circuit and overcharge conditions. 
Kayser developed another setup for long-term studies (100 cycles) on the same system in 
2018 [28]. Goward and Balcom used a smart design with a home-made flat electrochemical 
cell (cartridge) slid into a parallel plate resonator [31] to observe Li plating at high charging 
rates in a cell assembled with graphite and LiNi0.6Mn0.2Co0.2O2 (NMC622) electrodes harvested 
from an electric vehicle battery cell. [32,33].  
The effect of low temperature was less studied for full cells, with only two reports to the best 
of our knowledge. Arai et al [34] characterized full cells (LiCoO2/graphite) at different 
temperatures (5°C, 0°C, -5°C) and observed increased plated lithium with decreasing 
temperature. Märker et al [35] observed the same effect on LiNi0.8Mn0.1Co0.1O2 
(NMC811)/graphite full cells for temperatures ranging from -20°C to 25°C. 
 
Herein, we report the study on LiNi0.6Mn0.2Co0.2O2 (NMC622)/graphite full cells at low 
temperature and fast charging rates for the first time, to the best of our knowledge. We chose 
to focus on the early detection of the onset of Li plating, rather than quantifying precisely the 
amount of metallic Li. The transition from surface-dependence [36] of the NMR signal to 
volume-dependence [25] is indeed difficult to predict in real time without prior knowledge of 
the morphology [37]. 
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Applied or internal pressure on the battery stacked electrodes is another important factor 
that limits the onset of the Li deposit and impacts its morphology [38]. Smart approaches 
enabled the measurement of an indirect “fingerprint” of cells with commercial casings to 
identify faulty batteries [39–41], but the chemical information was lost. Recently, Walder et 
al. reported the measurement, with a hairpin lock resonator and on a stainless-steel coin cell, 
of a decent signal containing chemical information shift information about the electrodes 
[42]. This promising approach should be further explored in the future.  
Apart from these reports, the stainless steel container was usually replaced for operando 
NMR with  home-made aluminized plastic pouches or with purely plastic cell containers, as 
conductive parts attenuate and/or distort the NMR signal [15–20,43]. 
 
The electrochemical plastic cell developed at CEMHTI [44], is ideal for better control of the 
pressure on the battery core compared to home-made pouches or capsules. The top current 
collector is screwed towards the bottom current collector in a Kel-F homemade 
electrochemical cell container. It is similar to the “Swagelok battery container” commonly 
used in lab-scale studies, with electrodes stacked as in a coin cell. A similar design had been 
reported in literature a year earlier to perform stray-field imaging [45]. 
 
We worked on developing an operando NMR setup compatible with our plastic cell container, 
which could be operated at low temperatures. The small dimensions of the electrodes 
combined with good pressure result in low amounts of plated Li. We therefore optimized the 
electrical connections to lower the noise induced on the NMR measurements and we worked 
on the processing to enable the detection of Li plating as early as possible, even with noisy 
data. We demonstrate its efficiency with the detection of metallic deposition by 7Li operando 
NMR in a full cell, using commercial NMC622 (LiNi0.6Mn0.2Co0.2O2) and graphite industry-grade 
electrodes for the first time at low temperature and fast charging rates.  

2 Experimental details & Methods 

2.1 Operando NMR setup  
The general setup of an in situ measurement is described in Figure 1. The electrochemical cell 
(1) is located in the NMR probe at the magnetic centre of the NMR magnet.  
It is connected with electric cables (4,6) to a galvanostat-potentiostat (7) that controls 
current/voltage for charging and discharging the cell, while the probe (3) including the 
resonator (2) are used for NMR spectroscopy.  
Current running in the electric cables interfere with those in the vicinity of the NMR resonator. 
The resulting parasitic signals in the NMR measurement and/or for the electrochemical 
measurement are usually mitigated by the use of a low-pass filter (5) on the electrochemical 
cables.  
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Figure 1 : Schematics of the operando NMR setup 
 

2.2 Battery materials 
Data provided by the supplier for the commercial-grade one-sided NMC622 
(LiNi0.6Mn0.2Co0.2O2) and graphite electrodes are presented in Table 1. Approximatively 5 mm 
diameter disks were punched in the electrode foils and dried at 120°C overnight under 
vacuum. A 6 mm diameter separator (200 µm thick glass fiber, Whatman GF/D) and the 
homemade Kel-F electrochemical casing are dried at 60°C before assembly and activation in 
an argon-filled glovebox. The electrolyte is a 1 mol.L-1 solution of LiPF6 dissolved in 1:1%v 
ethylene carbonate-dimethyl carbonate (Solvionics). The cell is set to charge within 4 hours 
after activation by the liquid electrolyte. 
In the battery community, the charge that can be stored in the electrode is traditionally given 
per surface unit (mA·h/cm2) and named “areal capacity”. As a reminder 1 A·h=3600 A·s= 
3600 C. The values from the provider are indicated in Table 1. They are slightly lower than the 
purely theoretical capacities as they take into account the loss of capacity in the initial 
“formation steps” (four first cycles of charge-discharge) and the potential restraints on the 
voltage window. 
 
 

Electrode Thickness 
Active 
material 
content 

Coating areal 
density 
(𝒅𝑺𝒖𝒑𝒑𝒍𝒊𝒆𝒓,𝑳) 

Areal capacity 
(CSupplier,S) 

NMC 622 85 µm 90% 24.45 mg/cm² 3.52 mA·h/cm² 

Graphite 85 µm 96% 11.67 mg/cm² 3.92 mA·h/cm² 

 
Table 1: Supplier information for the electrodes. 
 
 
As the punching process is far from perfect, the real area of the electrodes was obtained by 
weighing the ~5 mm-disks after punching and assuming no variation in the thickness of the 
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deposit (surfaces of 0.213 and 0.194 cm2 respectively, for the positive and the negative 
electrode). The negative to positive capacity ratio (N/P) was obtained using the expected 
capacities, taking into account the exact areas. For the cell reported in this study, the 
expected capacities are 0.751 mAh for the positive and 0.759 mAh for the negative electrode 
and result in a N/P ratio of 1.01. This ratio should be higher than 1 in full cells to avoid 
overlithiation of graphite. 
 

2.3 Electrochemical cell casing 
The electrochemical core (electrode disks separated by a glass-fiber separator) is placed in 
the home-made Kel-F casing developed at CEMHTI [44]. As shown in Figure 2, the outer 
diameter of the casing is 10 mm to fit inside saddle coil resonators designed for 10mm NMR 
tubes. Threading of the top part controls the pressure applied to the battery core and o-rings 
ensure air-tightness. The 5.5 mm-diameter copper and aluminium current collectors are 
2mm-thick for rigidity and they are embedded into the Kel-F guide to ensure uniform pressure 
on the electrodes. The collector wires are connected to the in situ cable for the charge and 
discharge. 

 
Figure 2 Schematics of our Kel-F battery casing for operando NMR 

 

2.4 NMR probe modifications 
 
The electrodes are deposited on metallic foils acting as current collectors. As conductors repel 
magnetic fields perpendicular to their surface (shielding), the orientation of the electrodes 
should be parallel to the RF excitation field [28,46]. The cell geometry and available space in 
the probehead therefore constrain the choice of the resonator.  
 
In the literature [16–21] two types of cell geometries were developed: 1/ rectangular 
electrodes in pouch [23,24,29] or capsule cells [16,31,47] and 2/ disc electrodes in Swagelok-
type containers [44,45,26,28]. The cell geometry constraints the resonator type to fit inside 
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the probe: geometries#1 require a longitudinal resonator (such as solenoids or parallel 
plates), while for geometries#2 transversal resonators should be used (e.g. saddle coils) [48]. 
 
For space reasons our battery container must be positioned vertically in the probehead and 
we are therefore constrained to use a transversal resonator. In previous studies [44,49–51], 
we used a commercial saddle coil in a modified diff50 probe from Bruker to allow the passage 
of the electrochemical cable through the body of the probe. The gradient coil and water-
cooling system of this probe would be too sensitive for measurements at very low 
temperature, so we used a more robust Bruker single channel broadband static probe (SOL5), 
such as those typically used for pouch-cell in situ NMR. 
The SOL5 probe was further modified to use our pressure-controlled cell by removing the 
commercial solenoid coil and its top cover, which were replaced with an in-house designed 
holder for a commercial saddle coil (1 cm diameter). This approach is closest to Kayser’s 
design [28], which used a home-made saddle coil to study plating at room temperature on a 
graphite//Li electrochemical cell.  
 
Figure 3a shows the coil and cell holder, which also helps for the electric connections for 
charge and discharge. The saddle coil is connected to the electronic circuit of the SOL5 probe. 
Low temperature is reached with a flow of cold nitrogen gas sent to the cell through the 
quartz dewar running accross the probe. The shape of the holder guides the flow towards the 
cell. 
In Figure 3b, a cell is connected with the positive electrode on top connected to a brass screw 
on the right. The cell negative electrode is connected to the metallic cover of the probe acting 
as ground by clamping connections. A short description of the connexions is detailed in 
supplementary information (Figure S1 in SI). 
The brass screws connect to the in situ cable for charging the cell, labelled (4) in Figure 1. As 
little space remains inside the probe, the in situ cable is connected from the top of the 
magnet. In this configuration the connections between the in situ cable and the cell are fragile 
and can easily be pulled out when installing the probe in the magnet. The probe cover was 
adapted with a customized polypropylene cable holder to hold the in situ electrical cable and 
protect the cell connections (Figure S1 in SI). 
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Figure 3 : (a) Saddle coil and its holder on the SOL5 probe, b) Setup and connections with 
our NMR cell. 
 

2.5 Electrochemical connections and noise reduction 
The electrochemical circuit connects the electrochemical cell (1 in Figure 1) to the galvanostat 
(7 in Figure 1). All in situ designs typically include a low-pass filter to reduce interferences 
between the constant current running in the battery and the RF current running in the NMR 
spectrometer. This is perfectly efficient to avoid disturbance by the RF pulses of the electrical 
charge of the battery. We noticed however that RF parasitic signal propagated to the NMR 
resonator through the electrochemical chain. This additional signal can preclude the 
detection of the interesting signal as shown in Figure 4a. 
 

 
Figure 4: In situ 7Li NMR spectra for the pristine cell with the in situ cable connected to the 
galvanostat with (a) no connecting box and no low-pass filter, (b) connecting box only, (c) 
low-pass folder only and (d) connecting box and low-pass filter. The spectrum of the 
disconnected cell is shown in (e). The signal-to-noise ratio (S/N) was determined using the 
SINO command in Topspin (noise region: [106;450] ppm; signal region: [-10;13] ppm). 
 
Appropriate shielding and grounding of the galvanostat cable and in situ cable was crucial to 
limit the perturbations in the NMR detection. The cable layout also played a role on the 
amount of noise pickup. 
Our setup uses the commercial galvanostat cable (6 in Figure 1) connected to a 1.9 MHz low-
pass filter (5 in Figure 1, supplier Mini-Circuits®), then to an in situ cable (4 in Figure 1) running 
through the magnet bore to connect to the electrochemical cell. We used an HDMI cable, 
with a global aluminium foil and a global braiding. Wires shielded by an extra aluminium foil 
inside the HDMI sheath were used to transport current to the current collectors. Finally, we 
designed a connecting box (Figure S1) to change quickly the configuration of the incoming 
galvanostat connections. It also enables grounding the braid of the in situ and the galvanostat 
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cable while acting as a “Faraday cage” for the less-shielded home-made connections. Figure 
4 shows the enhancements of the signal-to-noise ratio with the low pass filter only (Figure 4c) 
and with the connecting box only (Figure 4b). The combination of the two in Figure 4d leads 
to a significant increase in the signal-to-noise ratio (10.0 compared to around 5.5 for the 
connecting box only and 5.1 for the filter only). 
 

2.6 Temperature control 
A Bruker Cooling Unit I was used with nitrogen gas cooled down by circulating in a liquid 
nitrogen bath. The temperature is measured by a thermocouple at the bottom of the holder 
and regulated by controlling the nitrogen flow and a small heating resistance at the top of the 
glass dewar. 
 

2.7 Galvanostatic charging of the electrochemical cell 
A VSP 200 Biologic cycler with the EC lab software was used during the whole study. The cell 
was charged in galvanostatic mode with a constant current I, defined in the community from 
the full expected charge C: I=C/Tcharge(hours). A current of C/10 means charging the cell with the 
current that should bring the battery from empty to full charge in 10 hours. We used the areal 
capacity of the graphite electrode (as provided by the supplier) and the current densities are 
reported using the real area of the graphite electrode (see paragraph 2.2). 
 
The initial “formation” of the cell was performed at room temperature and is composed of 2 
cycles of charge and discharge between 2.7 V and 4.2 V at a C/10 current (392 μA/cm2) 

followed by 2 cycles at a C/5 current (expected full charge in 5 hours: 784 μA/cm2). Each 
charge during formation was ended by a constant voltage (CV) step at 4.2 V which stopped 
when the current dropped below a threshold: here, C/50 current (78 μA/cm2): the current 
that would be used to fully charge an empty battery in 50 h. We obtained a formation capacity 
(capacity of 4th charge) of 2.95 mAh/cm², which is not as good as the constructor data (3.52 
mAh/cm2), but deemed sufficient for this proof of concept. 
 
Charge-discharge cycles 5 to 10 were performed in the NMR probe inside the NMR magnet, 
at a temperature of 0°C and at a constant current amounting to 2C (a charge from empty to 
expected capacity in ½ h: 7.84 mA/cm2) until reaching a potential of 4.2 V. This limit is defined 
to reduce electrolyte decomposition, another degradation phenomenon in batteries. As in 
the formation cycles, the voltage was maintained at this maximum voltage during a constant-
voltage step (CV), except for cycle 5, to enable kinetically-limited redox reactions to proceed 
further and reach the best available stored capacity. Discharge was performed at a lower 
current (D/2, theoretical full discharge in 2 h: 1.96 mA/cm2) to avoid battery degradation and 
to decorrelate limitations from fast discharge and fast charge.  
 
Cycles 11 to 20 were performed with the battery in the NMR probe placed outside of the 
magnet to assess that the battery was still performing reasonably well at room temperature 
and low currents (charge in 10 h, discharge in 10 h: 392 μA/cm2). These cycles were 
performed in the NMR probe placed out of the NMR magnet for reducing the NMR 
spectrometer use. 
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Table S1 in SI provides the capacities in charge (at the end of the CV step) and discharge, as 
well as coulombic efficiencies and capacity ratio for readers interested in the detailed 
electrochemical performance of the battery. 
 

2.8 NMR spectroscopy acquisition 
1316 single-pulse 7Li NMR spectra were recorded one after the other during the whole 
operando experiment (except in the middle of the 8th cycle), for a recording duration of 
23.8 hours. The measurements were performed on a Bruker Avance III 4.7 T spectrometer 
with a modified SOL Bruker probe. Each spectrum was obtained by co-addition of 256 
transients to increase the signal to noise ratio, for a total duration of 65 s per spectrum. A 
one-pulse NMR sequence is used; with a square pulse followed by a dead time of 12 µs and 
free induction decay sampling for 82 ms (spectral window of 50 kHz). The RF excitation pulse 
was a square 18.2 µs pulse at 50 W (13.7 kHz), determined prior to the operando 
measurement on an aqueous solution of 1 mol.L-1 lithium chloride used as a reference. The 
carrier frequency was always set next to the electrolyte signal (~1 ppm). 
A short interscan delay of 0.172 s was used to optimize the signal-to-noise ratio for metallic 
lithium, as we focus on the onset of plating. As most of the components in the battery have 
slower longitudinal relaxation, all 7Li peaks were partially saturated and quantitative 
conditions were not met.  
 

2.9 NMR data processing 
The NMR data consist of a series of 1D 7Li NMR spectra. Each 7Li NMR spectrum was zero-
filled to 16384 points and apodized before Fourier transform in Topspin. An exponential 
apodization (Bruker exponential apodization parameter LB of 50 Hz) was applied on all the 
spectra to enhance the signal-to-noise ratio without unnecessary line broadening for the 
signals of interest.  
The first order phase correction parameter phc1 in Topspin was set based on the dead time 
de, the dwell time dw and the pulse length p1 using the formulae that gave empirically the 
best results in our more general experience (most probably an effect of the proprietary digital 
filters applied by Topspin): 

𝑝ℎ𝑐1 = −
360

𝑑𝑤
∙ (𝑑𝑒 + 0.36 ∙ 𝑝1) 

 
 
The spectra were then loaded directly in MATLAB (version R2017b, The Mathworks, Inc) using 
a set of matNMR [52] routines. Baseline distortion, due to the probe dead time and potentially 
probe ringing, must be removed before integration of the metallic Li range. In addition, the 
broad contribution from NMC622 appears in the baseline of the spectrum, is too broad for 
proper fitting, and evolves with the state-of-charge of the electrode. Baseline correction 
tools, such as MY-Baseline-Corrector [53], could not be used here. The NMC broad 
contribution indeed perturbs the automatic determination of the “baseline range” and the 
“signal range” in MY-Baseline-Corrector and will induce spectrum-dependent variations in the 
areas that may hide small (but real) trends in the metallic lithium range. Instead, we chose to 
perform a 3rd order polynomial fit of the “baseline” in MATLAB, using the regions considered 
without exploitable signal (-65 ppm to -30 ppm, 60 ppm to 260 ppm, and 330 ppm to 
580 ppm). The polynomial coefficients are plotted as a function of spectrum number in Figure 
S3. Variations in the coefficients are principally a signature of the changes in the positive 
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electrode, even though the intensities should be commented carefully due to the partial 
saturation of the signal. 
 

2.10 Integration of spectra and uncertainty  
A homemade MATLAB code was then used to correlate the electrochemistry data with the 
NMR processed data. An NMR timeline was created from the NMR data. 
The electrochemical data (current, voltage, differential capacity as a function of time) were 
exported from EC-LAB (Biologic) as text and imported in MATLAB. They were re-gridded on 
the NMR timeline. 
 
Two spectral ranges were integrated, described as “metallic lithium” (260 to 330 ppm) and 
“other constituents”: -30 to 60 ppm for lithium in graphite (central transition), electrolyte and 
passivation layers. The results were not smoothed to keep the best time resolution and avoid 
over-confidence in the treatment of the data. 
A detection threshold was defined using the noise maximum amplitude in the region without 
signal: the onset of Li plating will be considered as certain for metallic lithium areas above 
that limit. This threshold is rather conservative; it could be optimized by taking into account 
the integration range, much larger for the residual area compared to the metallic Li area. 
 

3 Results & Discussion 
As a proof of concept we study the kinetic limitations of a commercial graphite electrode at 
fast charging rate and low temperature (0°C). We try to respect as much as possible “real” 
conditions: commercial positive electrode NMC622, pressure applied to the stacked 
electrodes thanks to our Kel-F swagelok-type cell container [44], and charging protocol 
validated in industry. Materials and Methods provide details on the electrodes and 
electrochemical protocol. 
 

3.1 Electrochemical data 
 
Figure 5 gives insight into the battery evolution with cycles of charge and discharge. It shows 
the experimental areal capacity (stored charge per unit surface) of the battery as histograms 
for all the charge-discharge cycles experienced by the battery. The current for the charge is 
indicated as C/T or D/T on top of the histograms (with T the time needed for a full charge or 
discharge). Note that the charge capacities are divided in two stacked histograms: the 
capacity obtained through the initial constant-current step (CC, in pink) and the capacity 
obtained during the 4.2 V constant-voltage step (CV) at the end of each charge (in yellow). 
The discharge was made at a lower current, so that no CV step was applied and the areal 
discharge capacity is a single green histogram for each cycle. 
 



 

 11 

 
Figure 5: Histograms of areal capacities (stored charge per cm2) for the 20 cycles of charge-
discharge of the battery. The capacities for charge are separated in two contributions: the 
capacity obtained by constant current charge (CC, pink) and the extra capacity obtained by 
holding the voltage at 4.2 V (CV, yellow). The discharge capacity appears in green. Cycles 5 
to 10 are performed at 0°C in the operando NMR setup. Cycles 11 to 20 are performed at 
room temperature in the NMR probe but out of the NMR magnet (optimization of 
spectrometer time). 
 
 
In Figure 5 the four initial charge-discharge cycles are used as a “formation” step to stabilize 
the battery capacity (detailed descriptions in Materials & Methods). In this step, irreversible 
capacity loss is mainly due to the formation of solid electrolyte interphases (SEI) on the 
graphite electrode. 
 
The following cycles (5 to 10) were performed in the operando NMR setup to study kinetic 
limitations in the battery. Two conditions known to favour Li plating at the negative electrode 
were used: high currents (current for a full charge in ½ h) and low temperature (0°C). 
Discharge was performed at a lower current to avoid additional battery degradation and to 
decorrelate fast discharge effects from fast charge limitations. 
A drastic loss of capacity was observed for the charges and discharges in these cycles, with 
capacities reduced to 34%-42% of the experimental capacity at the end of formation (cycle 
4). Coulombic efficiencies (energy retrieved on discharge versus energy provided on charge) 
remained however good (table S1 in SI). This behaviour hints at an increased polarization of 
the cell, as expected for low temperature and faster charge. The cut-off voltage of 4.2 V was 
indeed reached in less than 30 s and the constant current (CC) step amounted to almost no 
capacity storage at high currents. The constant-voltage (CV) step is an absolute requirement 
to store capacity in the cell when charging fast. This is obvious in the 5th cycle, for which no 
CV step was applied: the battery reaches the upper cut-off voltage due to strong polarization 
and no energy is available for discharge. 
Upon further charges-discharges performed at room temperature and low charging rates 
(cycles 11-20), a better capacity was partially recovered but a constant degradation of the 
battery performance was observed afterwards. 
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3.2 Operando 7Li NMR spectroscopy 
Operando 7Li NMR one-pulse spectra were acquired and analyzed to detect Li plating for the 
whole duration of the charge-discharge cycles 5 to 10 of the battery in the operando NMR 
setup, at a temperature of 0°C and using a fast charging rate (current for a full charge in ½ h). 
The electrochemical data were recorded simultaneously (voltage, current, capacity).  
 
As we focus on the detection of the onset of plating, we aimed at increasing our sensitivity, 
without trying to be fully quantitative. This was attained by using an optimized interscan delay 
to increase the signal-to-noise without decreasing the time resolution (more scans per 
minute). As most of the components in the battery have slower longitudinal relaxation 
compared to that of metallic bulk Li (150 ms on our 4.7 T), all 7Li peaks were partially saturated 
and quantitative conditions were not met. A repetition time above 30 s would be necessary 
to ensure that the measured spectra of all lithiated phases are quantitative. The loss of time 
resolution, even with an Ernst angle approach as proposed by Lorie Lopez et al. [27], would 
be prohibitive for detecting the onset of metallic Li. 
 
Another challenge consisted in the broad contribution of the positive paramagnetic electrode. 
The 7Li NMR spectrum of LiNi0.6Mn0.2Co0.2O2 (NMC622) is much broader than NMC811 [35], 
so that it appears as a “baseline distortion”, which varies as the redox state of NMC622 is 
modified upon charge-discharge. The conductivity of the sample also changes as the battery 
is cycled, resulting in slight changes in the tuning of the probe and eventually the phase of the 
spectra. We relied on using a fixed 1st order phase correction calculated based on the 
deadtime of the probe, and we fitted the “baseline” as a whole using a third order polynomial 
in MATLAB (details in Materials and Methods).  
 

 
Figure 6: Typical spectrum after processing and “baseline” fit, showing the integration zones 
 
After processing, the operando NMR data consist of a series of 1D 7Li NMR spectra, correlated 
to the electrochemical data of the battery. Figure 6 shows a spectrum extracted from the data 
after complete processing and indicates the two integration areas used in the following: 
metallic lithium from 260 to 330 ppm and other constituents (lithiated graphite, lithiated 
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compounds in the solid-electrolyte interface, lithium ions in the liquid electrolyte…) from -30 
to 60 ppm. 
 

 
Figure 7: Operando NMR characterization of the cell from 6th to 10th charge - discharge. a) 
Series of 7Li spectra (vertical) as a function of time (horizontal), shown as contour plot; b) 
Evolution of the total area of spectrum with time; c) Absolute area of other constituents 
(OC, yellow) ; d) Absolute area of the residual noise, used for uncertainty assessment; e) 
Absolute area of metallic lithium (blue) ; d) Voltage (blue) and current profile (in red). The 
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green background corresponds to discharges, the pink and yellow backgrounds indicate CC 
and CV charging steps, respectively. The blue background shows open circuit voltage steps. 
The red dashed line represents the uncertainty. Data are reported against time (with the 
origin at the beginning of the first formation cycle). 

 
Figure 7 correlates the electrochemical data in f) to the operando 7Li NMR characterization 
during the low temperature experiment from 6th charge to 10th charge. Every spectrum is the 
signature of the environment of the 7Li atoms in the battery averaged over 65 s and more 
than a thousand spectra were recorded in a row.  
Figure 7f shows the voltage and current intensity for cycles 6-10. These profiles do not display 
any obvious malfunction of the cell. The 4.2V cut-off is reached in less than 30 s for fast charge 
at low temperature, due to the large polarization of the battery cell.  
 
The contour plot of the evolution of the NMR spectra is shown as a function of time in Figure 
7a. Metallic lithium appears in the 260-330 ppm region of the spectrum. The other lithium-
containing species (OC, for other constituents) appear in the -30 to 60 ppm region. Notably, 
this region contains signals from lithium ions in the electrolyte, lithiated graphite (central 
transition), lithium-containing decomposition products (solid-electrolyte interphases - SEI). 
Note that the recording conditions are not quantitative, so that intensities of the various 
components are weighted down owing to their longitudinal relaxation, which changes 
depending on the state of charge. 
 
As shown in Figure 7b the full spectrum area is varying with time, even after the baseline fit. 
These changes are expected, as the repetition time is too short to be quantitative: a decrease 
in the longitudinal relaxation rate T1 of the components results in an increase of the 
experimental areas at fixed repetition time and vice versa.  
 
Figure 7c indicates that most of the signal (>85%) is contained in the -30 to 60 ppm region 
(OC, other components). Even though the measurements are not quantitative, we can still 
qualitatively observe the lithiation and delithiation mechanisms of the graphite through the 
satellite peaks near 30 ppm.  
An additional experiment (Part 4 in SI) indicates that a slightly longer repetition time enables 
better following the lithiation and delithiation stages of graphite with the area. The 
longitudinal relaxation time T1 is indeed shorter for the concentrated stages, so that the 
increased signal from the larger amount of Li in graphite adds up with a better relaxation of 
the signal between transients. The repetition time has therefore to be chosen to strike a 
balance between the materials of interest in the battery and the time resolution/detection 
limit.  
 
Turning now to our initial goal, we concentrate on the integration of the metallic Li range in 
the 7Li spectra acquired with the shortest repetition time to identify the onset of metallic Li 
plating as early as possible. In Figure 7e, as expected, the abusive conditions - fast charge 
combined with low temperature - result in metallic Li plating. It is detected at the beginning 
of the CV step (yellow) in charge, for each cycle. Even though the conditions are optimized to 
enhance the proportion of metallic lithium detection over the other components, the metallic 
lithium peak amounts to less than 10% of the maximum total 7Li signal.  
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In order to determine the onset of lithium plating, we estimated the uncertainty on the 
integrated areas. We consider that the main source of error on the integrated area originates 
from the “baseline” fit. The residual area (Figure 7d) was obtained by integration of the 
regions considered without signal after the “baseline” fit (330 to 579 ppm, 60 to 260 ppm, -
65 to -30 ppm). The maximum amplitude of this residual area over the 1316 operando spectra 
was used as our detection threshold for this battery. The criterion for stating (with good 
confidence) that Li plating occurred was therefore defined as follows: the area for the 260-
330 ppm region should be higher than this threshold (2.2% of the maximum total area for the 
battery in this report). It appears as a red dashed line in Figure 7. Note that this detection 
threshold is rather conservative and could be improved by taking into account the integration 
range, much larger for the residual area compared to the metallic Li area. 
 
All cycles 6 to 10 show a similar behaviour, with metallic lithium deposition during charge and 
stripping/change in morphology during discharge. Interestingly, the maximum amount of 
metallic lithium detected in charge decreases with the cycle number, either because less Li is 
plated or because the morphology changes the relationship between the NMR area and the 
amount of metal.  
 

3.3 Linking onset of Li plating (as determined by NMR) and electrochemical data 
This approach enables the determination of the electrochemical descriptors of the battery as 
close as possible to the onset of Li plating. The current in the constant-voltage step (CV) 
measured at the onset of Li plating is given in Table 2 for each cycle. In CV steps, the current 
decreases from its initial value (the value used in the previous constant-current step, 1.518 A) 
until all reactions that were kinetically hindered have taken place.  
 

Cycle 
steps 

Capacity of 
step 

(mAh∙cm-2) 

Capacity 
retention 

Discharge 
coulombic 
efficiency 

Charge 
coulombic 
efficiency 

Current 
(for CC 

charge or 
discharge) 

Current and 
Voltage at 
onset of 
plating 

Metallic 7Li 
area at end 

of steps 

Q(n)/Q(4) (QDn/QCn) (QCn/QDn-1)  

Expressed as 
% of total Li 
signal at that 
time 

C6 +CV 
* 

2,47 84%  88% 
2C 

(1.52 mA) 
0.27 mA 

4.2 V 
8.4 

OCV11 *  -     6.0 

D6 * 1,26 43% 51%  
D/2 

(0.38 mA) 
Li consumed (1.9) 

OCV12*  -     (1.2) 

C7+CV * 1,24 42%  98% 2C 
0.15 mA 

4.2 V 
6.8 

OCV13*  -     4.8 

D7 * 1,07 36% 86%  D/2- Li remains 2.8 

OCV14*  -     3.2 

C8+CV * 1,08 37%  101% 2C Li remains 5.9 

OCV15 *  -     3.7 

D8 * 0,99 34% 92%  D/2 Li consumed 2.3 



 

 16 

 
Table 2: Overview of cycling steps and information about appearance and evolution of 
relative areas of metallic lithium from cycle #6 to charge #10. The detection threshold for 
metallic Li is 2.2% of the maximum total area (mainly partially saturated graphitic 
compounds). 
 
In cycle 6 the current decreased to 18% of its initial value during the CV step before the onset 
of Li plating. In cycle 7, plating set for an even lower current (10% of the initial current). We 
do not observe a clear correlation between the current at the onset of plating and the 
coulombic efficiency or the capacity retention. More data will be necessary to extract 
meaningful trends, but this interesting behaviour will be further explored in the future.  
 
In the following we comment on the evolution of the area of detected metallic Li signal, 
assuming that no drastic change in the morphology or conductivity of metallic Li happen. 
Knowing that this assumption has to be confirmed in the future, we provide hypotheses for 
the evolutions. As can be seen in Figure 7e, the amount of metallic Li increases during charge 
and decreases upon discharge. The discharges of cycles 6-10 reuse part of the plated Li but, 
even at low currents, they do not oxidize completely the Li deposit, so that after the 7th charge 
metallic Li signal remains detected at all times. Metallic lithium particles remaining at the end 
of each discharge probably react with the electrolyte to form inactive (“dead”) lithium 
embedded in a passivation layer. Interestingly, the maximum detected amount of metallic Li 
in the CV step does not increase with cycle number. This could be related to a varying 
morphology of the metallic Li deposit or a change in the overpotentials leading to less metallic 
Li deposition. 
 
The open-circuit voltage steps (OCV, blue blocks in Figure 7), performed at the end of each 
charge, reveal an evolution in the detected area of metallic lithium. It may indicate that plated 
lithium is available for chemical reaction and can react with the electrolyte to form passivation 
layers or with the surface of the graphite electrode to form lithiated graphite as seen by 
Sanders et al. at room temperature [33]. No electrochemical-driven reaction can occur, as no 
current is passed through the electrodes in open-circuit. 
 
Interestingly, the assessment of the battery after stopping the abusive conditions (low-
temperature, fast-charge cycling) demonstrated a recovery of 62% of the capacity initially 
obtained at the end of the 4th charge (formation step), while the capacity was only 32% (of 
that in the last formation step) at 0°C and at a high charging current (Figure 5). We therefore 
assume that the battery behaviour at 0°C was reasonably representative of a commercial 
battery in similar conditions. However, from cycle 10 to 20 the coulombic efficiencies and the 
reversible capacities decreased drastically (Table S1 in SI). We assign that irreversible capacity 

OCV16*  -     2.6 

C9+CV * 1,00 34%  101% 2C 
0.34 mA 

4.2 V 
5.4 

OCV17*  -     5.4 

D9 * 0,93 32% 93%  D/2 Li remains 3.6 

OCV18*  -     3.9 

C10+CV
* 

1,33 45%  143% 2C Li remains 5.5 
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either to the continuing formation of dead lithium along time, with formation of a passivation 
layer, or to other side reactions, for example on the positive electrode.  
The above degradation hypotheses should be validated using a larger ensemble of cells for 
reducing the error, to draw final conclusions from robust statistics. This is out of the scope of 
the present proof-of-concept; it will be the subject of future studies. 
 

4 Conclusion 
As a conclusion, we showed that operando NMR characterization could be tuned to detect 
the onset of small metallic lithium deposits during electrochemical cycling of a full cell with 
industry-grade electrodes and control over the pressure applied to the electrodes. We 
developed a new operando NMR setup for low temperature experiments, with special 
emphasis on increasing the limit of detection. We adapted a probe to our already-functional 
Kel-F cells (Swagelok-type) with the development of a cell holder and optimized the cabling 
setup for robustness and to attenuate the induced electric noise.  
This setup, applied to the operando 7Li NMR characterization of a NMC622/Graphite cell fast-
charged at 0°C, was able to detect lithium plating and to follow the evolution of the detected 
metallic Li area in open circuit conditions and subsequent discharge. Several observations 
were reported that call for further studies, using large sets of cells to obtain statistical results, 
ideally using commercial cells. A partial stripping upon discharge was reported and suggests 
that dead lithium is formed. Interestingly, the amount of detected metallic lithium during CV 
did not increase with cycle number. The evolution of the detected amount of deposited 
lithium under open circuit conditions, assigned to reaction with graphite or SEI formation, 
should also be analyzed further in the future. Dead lithium or other side reactions could be 
related to the fast decay in capacity observed upon cycling after bringing the cell back to room 
temperature.  
 
This approach extends the toolkit available for operando NMR characterization of 
electrochemical devices to low temperature and fast charge, with a relative control on 
pressure. We hope that this report will raise the interest of the community and will pave the 
way to robust and detailed studies of Li-ion batteries, towards a better understanding of the 
parameters responsible for lithium plating and improvement of the charging protocols at low 
temperature for commercial cells. 
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