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Abstract
In this study, electrochemical processes in a Li|LiPF6|LFP cell have been explored 
applying advanced solid-state NMR technologies. In  situ solid-state NMR allows 
to monitor structural changes in local environments in commercially available cell 
components during galvanostatic cycling. In collaboration with Dragonfly Energy, 
ePROBE GmbH and Bruker BioSpin GmbH & Co. KG, we have demonstrated an 
experimental procedure for routine application of in situ solid-state NMR for battery 
research. This points out the high potential of this approach for use in the energy 
storage industry.

1 Introduction

Lithium-ion batteries (LIBs) constitute one of the crucial components in the devel-
opment of energy storage technology [1]. Since their commercialization 30  years 
ago [2], continuous progress of LIB technology has been made leading to signifi-
cant improvement in high-power density [3], cycling life [4] and charging conditions 
[5] among the alternative battery technologies. Due to these outstanding properties, 
LIBs find wide range applications in portable digital devices [6], electric vehicles 
[7] as well as stationary energy storage [8]. According to the predictions made by 
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McKinsey [9], the global LIB demand will rise up to 4.7 TWh over the next decade, 
which is in line with an increase in use of lithium energy storage systems by a fac-
tor of seven compared to the year 2022 with a demand of ca. 700 GWh. LIB tech-
nologies, however, still face challenges in their safety concerns [10], life span [11], 
energy density [12], costs [13] as well as environmental sustainability [14], so that 
further research to overcome these limitations is crucial to make them applicable for 
future demands.

Metallic lithium has been considered as a prospective anode material for next-
generation LIBs [15]. Since lithium metal shows low electrochemical potential of 
− 3.04 V and high theoretical specific capacity of 3860 mAh/g [16], many research 
efforts have been made [17–21] in developing strategies to employ metallic lithium 
as anode to replace graphite offering a capacity of only 372 mAh/g [22]. Besides, 
according to recent studies [14, 23], lithium metal is eco-friendlier compared to 
graphite. Despite the lower environmental impact and higher energy density com-
pared to graphite, commercialization of lithium metal anodes is challenging due to 
their short lifetime and safety issues caused by the high reactivity of lithium that 
lead to multiple side reactions in battery cells [24, 25].

Elucidation of structural changes in an electrochemical system containing lithium 
as anode material, while charging/discharging processes take places, is essential for 
understanding battery failure and improving its design. Monitoring and identifica-
tion of structure moieties formed in lithium/lithium-ion electrochemical cells is still 
a challenging task. An electrochemical cell consisting of electrodes, electrolytes, 
etc., represents a complex multicomponent system, so that for its structural charac-
terization under working condition special analytical techniques are required. In situ 
solid-state NMR spectroscopy (ssNMR) has been proven as a powerful tool suitable 
to address structural changes in local environments of electrochemical cell compo-
nents during operation [26–32].

The main goal of this study is to enlighten the significance of innovative ssNMR 
technologies towards application for routine analysis in energy storage industry. 
In  situ ssNMR shows great potential to become a standard approach for routine 
monitoring of electrochemical processes under operating conditions.

In this work, an experimental approach for routine application of in situ ssNMR 
for future battery studies is introduced using commercially available materials for 
manufacturing of lithium battery cells. As an example, the technique is demonstrated 
for an electrochemical cell assembled from metallic lithium as reference and counter 
electrode,  LiFePO4 (lithium iron phosphate, LFP) as working electrode and  LiPF6 
(lithium hexafluorophosphate) in ethylene carbonate and dimethyl carbonate as elec-
trolyte. Insights into cell design, cell assembly and electrochemical cycling protocol 
for in situ ssNMR studies of Li|LiPF6|LFP cell are provided. Subsequently, plating 
and stripping of lithium metal in the cell are investigated. Hereby, it is demonstrated 
how in situ ssNMR allows to analyse ionic transport and to monitor microstructural 
changes in Li|LiPF6|LFP as well as to investigate degradation of the electrolyte and 
dendrite formation at different states of charge. Such understanding of lithium depo-
sition and degradation in electrochemical cells applying advanced ssNMR technolo-
gies significantly contributes towards the development of safe lithium metal anodes 
for next-generation battery technologies.
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2  Experimental Section

2.1  Materials and General Procedures

Commercially available lithium iron phosphate (LFP, MTI CORP) tapes containing 
93% active material and 7% PVDF/conductive carbon were baked under reduced 
pressure overnight (120 °C) prior to transferring into the glovebox. Lithium ribbon 
(Sigma-Aldrich) was freshly cut to remove any oxide layer formed on the surface. 
Glass fibre separators (Ahlstrom-Munksjö, thickness of ca. 0.5  mm) were baked 
under reduced pressure (12 h, 80 °C) and transferred into a glovebox. The electro-
lyte used was the following: 1 M  LiPF6 (lithium hexafluorophosphate) in ethylene 
carbonate and dimethyl carbonate (EC:DMC 1:1 volume ratio, E-Lyte Innovations 
GmbH). Cell assembly and handling of air-sensitive materials were performed in an 
argon glovebox (MBraun,  O2,  H2O < 1 ppm).

2.2  Electrochemical Cell Setup and Cycling

In Fig. 1, an electrochemical cell used for 7Li in situ solid-state NMR studies with a 
cylindrical geometry and an outer diameter of 15 mm is illustrated; plastic cell cap-
sule short OD15 was provided by ePROBE [33, 34]. The cell consists of two separa-
ble cavities and a casing made from polyether ether ketone (PEEK). Inside each cell 
cavity, cell components such as electrodes, separator sheets, and electrolyte can be 
placed before assembling the cell parts by screwing a capsule/casing over the cavi-
ties. For preparing of a stable Li|LiPF6|LFP electrochemical system, 8 mg of metal-
lic lithium and about 15.4 mg of LFP electrode (with mesh/foil) were supported on 
Teflon sheets and connected to the Ag/Cu wires.

The LFP electrode wetted with 50 µL of the electrolyte solution was separated 
from lithium metal by placing three layers of glass fibre membranes wetted with 
50 µL of the electrolyte solution. Prior to cell assembly, the electrolyte solution was 
allowed to fully saturate the LFP electrode and separators for 5  min. After inser-
tion of the separators into a cell cavity, an additional amount of ca. 100 µl of the 

Fig. 1  The cylindrical cell design used for assembling an Li|LiPF6|LFP electrochemical cell containing 
two separable cavities and a casing. Inside the cell cavities, the cell components, Teflon sheets, Ag/Cu 
wires, lithium metal, LFP electrode and separator sheets with  LiPF6 electrolyte, were inserted. The cell 
cavities were attached together and fixed by the casing
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 LiPF6 electrolyte solution was distributed over the separator/membrane sheets. Sub-
sequently, the two cell cavity parts were aligned and compressed by a capsule/cas-
ing leading to a densely sealed electrochemical cell. The cell was soaked (1 h) after 
assembly before any current was applied. The as-prepared Li|LiPF6|LFP cell showed 
a stable voltage of about 3.4 V.

The electrochemical cycling was performed on a Bio-Logic SP-150 cycler using 
the EC-Lab software version 11.40. Galvanostatic cycling was carried out with 
potential limitation (GCPL). First, the cell voltage was increased up to 4.1 V with 
a rate of C/20 applying a constant current of 80 µA. Subsequently, the cell was held 
at this voltage for 1 h. Afterwards, the cell voltage was decreased at the same rate 
down to 2.7 V where it was kept for 1 h.

2.3  7Li In Situ Solid‑State NMR

7Li in situ ssNMR measurements were carried out on a Bruker Avance III 300 MHz 
NMR spectrometer at 7  T corresponding to a frequency of 116.65  MHz for 7Li. 
Experiments were performed according to our previous works [26, 27] using a 
static, single-channel in situ NMR probe with automatic tuning and matching capa-
bilities by ePROBE [29, 33, 34]. After assembling a stable Li|LiPF6|LFP cell, it was 
inserted to the Ag/Cu coil, oriented perpendicular with respect to the static external 
field  B0. The probe was connected to the external electrochemical cycler (potenti-
ostat) and automatic tuning/matching controller of the probe system [29, 33, 34]. 
Automatic recalibration of the carrier frequency was achieved applying low power 
continuous wave (cw) excitation with 0.1  W. The standing wave ratio calculated 
from the forwarded and reflected power was modulated to adjust capacitor posi-
tions, ensuring optimal resonance tuning. 150 MHz broadband low-pass filters were 
attached to the automatic tuning/matching controller in- and output ports for for-
warded and reflected powers, respectively, to cut off potentially interfering frequen-
cies during the recalibration sequence. A pseudo 2D echo sequence was used for 
recording of the 7Li in situ ssNMR spectra employing pulses of 1.5 and 3 µs length, 
respectively. These pulse lengths were adjusted on LiCl powder and correspond to 
45° and 90° pulses. Note that the 45° pulse was applied to consider different quad-
rupolar couplings. The repetition delay was set to 1 s and 1600 scans were accumu-
lated per each single spectrum. The 7Li chemical shift was referenced with respect to 
the signal of a 1 M LiCl aqueous solution (0 ppm).

3  Results and Discussion

7Li in situ ssNMR spectra of the Li|LiPF6|LFP cell and the corresponding voltage 
profile between 4.1 and 2.7 V are presented in Fig. 2a. In Fig. 2b, c, an enlarged 
view is displayed of the 7Li in situ ssNMR spectra in the range between − 30 and 
30 ppm, representative of ionic lithium species, and in the range between 220 and 
300 ppm, representative of metallic lithium species, respectively.
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The analysis of the spectral region between − 30 and 30 ppm of the 7Li in situ 
ssNMR spectra obtained for the Li|LiPF6|LFP cell shows resonances at the initial 
state of charge at 3.4 V before starting the plating/stripping process. The observed 
resonances are attributed to lithium ions originating from the  LiPF6 electrolyte [32, 
35]. Hereby, it has to be noticed that the chemical shift range between −  30 and 
30 ppm of the 7Li in situ ssNMR spectra is significantly broadened due to the bulk 
magnetic susceptibility effect of the lithium metal and the LFP electrode. Influence 
of the bulk magnetic susceptibility of electrodes on chemical shift and line broaden-
ing in 7Li ssNMR spectra have been explained in more details by Grey and co-work-
ers [29, 32, 35, 36]. With increasing voltage, the signals in the region between − 30 
and 30 ppm become narrower and at 4.1 V two clearly distinguishable resonances, a 
sharper one at ca. 7 ppm and a broader one at 0 ppm, become visible. These changes 
in the 7Li in situ ssNMR spectra are related to the mobility of lithium ions that move 
from the LFP electrode to the lithium metal at higher state of charge during plating. 

Fig. 2  a 7Li in  situ ssNMR spectra of the Li|LiPF6|LFP cell and corresponding voltage profile. b and 
c Enlarged view of the chemical shift range between − 30 and 30 ppm and of the chemical shift range 
between 220 and 300 ppm. Note: extracted spectra at different states of charge (3.4, 4.1 and 2.7 V) are 
displayed to indicate changes observed in the 7Li in situ ssNMR spectra more distinctly
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When the voltage is decreased down to 2.7 V, the signals in the region between − 30 
and 30  ppm become broader again. Overlapping resonances as visible at the ini-
tial cell state of 3.4 V are obtained. This observation clearly illustrates reversibil-
ity of structures formed during the plating/stripping of the Li|LiPF6|LFP cell. Note 
that a detailed comparison of the spectrum extracted at the initial state of charge 
at 3.4  V (Fig.  2b, green spectrum) and after the first cycle at a cutoff voltage of 
2.7 V (Fig. 2b, blue spectrum) shows only minor changes in line shape and intensity. 
These differences are referred to the formation of the solid electrolyte interphase 
(SEI) as a result of electrolyte decomposition during the cell plating/stripping [28].

In the range between 220 and 300  ppm, all 7Li in  situ ssNMR spectra of the 
Li|LiPF6|LFP cell (Fig.  2c) show a significant signal centred at 257  ppm that is 
present during the whole charging/discharging process. This signal is attributed to 
lithium metal applied as counter electrode [35]. The rises in intensity of this signal 
with higher voltage clearly demonstrates that the detectable lithium metal amount 
changes. Next to this signal, a shoulder peak at 271 ppm is visible which evolves 
significant intensity growth during cell plating. The changes in intensity and broad-
ening of this shoulder peak are strongly pronounced, so that the shoulder signal at 
271 ppm and the lithium metal signal at 257 ppm cannot be distinguished at 4.1 V. 
This finding suggests deposition of lithium metal on the lithium metal electrode and 
its further accumulation with cycling [28, 32]. The shoulder peak of plated lithium 
metal drops down in intensity when the voltage is decreased and vanishes com-
pletely at the cutoff voltage of 2.7 V. From these observations, it can be assumed 
that the formed lithium metallic structures were stripped away from the lithium 
metal electrode.

4  Conclusion

An electrochemical Li|LiPF6|LFP cell was successfully prepared showing an initial 
voltage of 3.4 V. The cell was cycled in the voltage window between 4.1 and 2.7 V 
to monitor structural changes applying 7Li in  situ ssNMR during lithium plating/
stripping. All 7Li in situ ssNMR spectra show changes depending on the state of the 
cell charge. In the spectral range between − 30 and 30 ppm, a significant narrowing 
of line width with increasing voltage is visible which is reversible when decreasing 
the voltage and thus indicates mobility of lithium ions. At the same time, a signal at 
271 ppm close to the lithium metal peak at 257 ppm appears, suggesting that active 
lithium metal had been plated on the lithium metal electrode.

In summary, it has been shown that the commercially available in  situ battery 
ssNMR setup is suitable to investigate new electrochemical cells using commer-
cially available cell compounds. Successful application of in situ ssNMR technology 
is demonstrated to investigate electrochemical processes in a multicomponent sys-
tem during cell operation. Based on our studies performed on an Li|LiPF6|LFP cell, 
we proposed that our in situ ssNMR approach is suitable for routine use in industrial 
energy storage applications.
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