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Transient morphology of lithium anodes in
batteries monitored by in operando pulse electron
paramagnetic resonance
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Josef Granwehr!3

Enhancing lithium-ion battery technology in terms of specific capacity and charging time is
key for the advancement of the electrification of transportation. Particularly for fast charging,
inhomogeneous deposition of metallic lithium, for example on commercial graphite or
metallic lithium anodes, leads to cell degradation and safety issues. To understand
the underlying mechanisms and develop counter-measures, non-invasive online detection
techniques providing satisfactory time resolution are crucial. Here, we demonstrate in
operando pulse electron paramagnetic resonance to observe transient processes during
pulsed fast charging in cells with metallic lithium anodes. Sampling timescales of 100 ms
enable real-time monitoring of the formation and evolution of porous lithium during and after
charging pulses. It was observed that the generated morphology continued to evolve after the
end of a charging pulse, whereby surface features were fusing with a time constant that was
slower than their formation.
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echargeable lithium-ion batteries are a key enabling tech-
Rnology for electric vehicles due to their high gravimetric
and volumetric capacity!=3. A strategy to further increase
the stored energy is to use lithium metal anodes, which promise a
tenfold increase of specific energy density compared to state-of-
the-art graphite anodes*. So far, the formation of lithium
microstructures upon cycling has prevented its widespread use
because of a limited lifetime due to Coulombic efficiency loss and
considerable likelihood of short circuits>®.

Lithium microstructures are formed intrinsically during elec-
trochemical deposition and removal from a metallic surface?,
denoted as plating and stripping, respectively. Depending on the
cell chemistry, cycle age, and charging protocol, microstructures of
different morphologies are found; whiskers, moss, and dendrites
are discriminated when using liquid carbonate-based electrolytes’.
Their appearances can be strongly affected by the applied current
density (CD). For example, high CDs result in a large number of
deposition nucleation sites, facilitating smooth lithium plating®®
but may also cause needle-like dendrites, which are responsible for
rapid cell degradation and ultimately short-circuiting. The expo-
sure of freshly formed metallic lithium to electrolyte results in
decomposition products referred to as solid electrolyte interphase
(SEI). Decomposition products are found to be inorganic species
covering the metallic surfacel®. The morphology and defective
nature of the SEI contribute to irregular lithium growth!l.

Towards safe application of lithium metal anodes, the interplay
of cell characteristics and CD has to be investigated to optimise
homogeneous plating and suppression of dendrites. A promising
perspective is the recent qualitative finding of self-heating-induced
anode healing!?!3. Post-testing revealed smoothed structures
upon using large CDs of 10-15 mA cm~2, which induce extensive
surface diffusion through high local temperatures.

To actively monitor the emergence and evolution of micro-
structures, non-invasive diagnostics during operation are crucial.
Electron paramagnetic resonance (EPR) is one suitable technique.
Using microwave (MW) excitation, EPR enables low-energy
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probing of realistic cell designs'. In comparison to the closely
related nuclear magnetic resonance!>1¢ technique, EPR is more
selective regarding surface detection due to a lower skin depth at
higher frequency and shows higher sensitivity due to the larger
gyromagnetic ratio of electron spins compared to nuclear spins!4,
EPR observes spin transitions of lithium conduction electrons in
an externally applied magnetic field!7-19. The resonance signal
linewidth depends on the apparent relaxation time of the elec-
trons, which is largely affected by their mobility in different
environments!7>18, If conduction electrons leave the surface
region with a thickness of about 1.1 pm in our experiments, they
are not excited or detected anymore. Within porous lithium
structures, electrons are located comparatively long in the surface
region sensitive to EPR excitation because the diameter of
these structures is on the order of or below the skin depth and the
interconnected lithium metal structure confines diffusion away
from the surface. Thus, the apparent spin relaxation time is
increased in comparison to a bulk sample. The relaxation time
constants become sufficiently long to allow room temperature
pulse EPR (pEPR) experiments, which surpass the acquisition
rate of previously demonstrated continuous-wave EPRI420.21,
pEPR is based on MW pulses lasting only a few nanoseconds
followed by detection of the spin free induction decay (FID)?2.

Electron spin relaxation times are largely affected by the particle
size and, thus, can be used to estimate structure dimensions?1>23, In
pPEPR experiments, morphology-dependent relaxation times facil-
itate a simple signal separation by selecting a detection window
optimised for a particular morphology of interest. Long-lived sig-
nals from microstructured lithium can be selectively detected by
placing an acquisition window at the tail end of the FID (Fig. 1a).
Such boxcar detection enables fast repetition of the experiment,
with an associated temporal resolution that is sufficient to observe
microstructure dynamics in a regime relevant for fast battery
charging. For a comparison of published sampling rates of estab-
lished techniques for online battery applications see Supplementary
Table 1.
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Fig. 1 Schematic representation of the utilised pulse EPR experiments of the electrochemical Li/Li cell during plating and stripping. a Time line of each
pEPR acquisition. A microwave pulse (grey bar) generates measurable electron spin coherence, which is decaying with a characteristic relaxation time. The
signal is detected by integrating a part of the FID (blue bar). b In operando cell containing a symmetric Li/Li setup. Diameter d and thickness 6 of

compartments are given. The cylindrical shape enables insertion into an X-band pulse EPR resonator. ¢ Exemplary electrochemical dataset applied to a
freshly assembled cell. An identical pulse charging protocol (inset) was used throughout. pEPR relaxation and nutation behaviour was studied in regions

where no current was passing.
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Fig. 2 In operando pEPR integrator signal during electrochemical plating and stripping of lithium. a, b Exemplary datasets with applied current densities
of 1.75mA cm~2 (red), 3.50 mA cm~2 (green), and 5.25 mA cm~2 (purple). For clarity, pEPR data was normalised to the interval [0,1]. Plating region Il
(a) is compared with the stripping region (b), visualised by schematic drawings. The inset in a shows a magnification and contains monoexponential fits

(coloured traces).

Here, in operando pEPR is demonstrated as a selective tech-
nique for real-time detection of the surface morphology of
lithium that is plated or stripped during cycling of a symmetric
lithium metal cell. Transient morphology changes of electro-
deposited lithium that depend on the applied CD are proposed
based on the pEPR data.

Results and discussion

In operando EPR. Figure 1b shows the utilised reusable quartz
glass housing accommodating a symmetric lithium cell. The
dynamics of deposited lithium was studied using a pulse charging
protocol with a repetition unit consisting of a 3 s current pulse
and a subsequent 18s resting period. Overall, nine identically
prepared cells with varying pulse CDs from 1.75 to 7.00 mA cm 2
are analysed. In operando pEPR measurements are performed
during electrochemical treatment at three periods indicated by
grey, orange, and green bars in Fig. 1c. To compare all nine cells,
these positions are identical regarding the areal charge, corre-
sponding to identical amounts of deposited lithium. These three
regions vary in duration for each cell since by using a higher pulse
CD yet identical charging protocol, the respective areal charge is
reached at different times. The regions where no current is
flowing for more than 10 min (Fig. 1c) were used for more time-
consuming in situ acquisition of the full FID and nutation
spectra. The signal amplitude was constant over this waiting
period, indicating the absence of side reactions or slower transient
changes than the ones reported.

Upon pulse charging, lithium is removed from one electrode
and plated onto the other. We verified that no pEPR signal is
contributed by the stripping electrode (Supplementary Fig. 1),
leaving only one electrode contributing to the in operando pEPR
signal. During a single current pulse, 101°-101° lithium atoms are
deposited on the electrode. As the sensitivity limit of EPR is
typically estimated to be around 10! electrons, EPR sensitivity is
sufficient for online detection. However, the onset of observable
signal occurred only about 5-10min after pulse charging
initiation. This is consistent with the formation of initial lithium
deposits that are still recognised as bulk species by EPRI4. The
delayed appearance of the signal is exploited when investigating
the stripping process upon reversing the current direction, as
signal interference from microstructured lithium on the second

electrode is delayed as well. To provide comparable results, the
electrochemical cell was positioned identically within the pEPR
spectrometer for all cells investigated (Supplementary Fig. 2).

Figure 2 shows in operando pEPR data within one electro-
chemical repetition unit, detected via boxcar integration as
described above. During the plating (stripping) pulse, the pEPR
integral is increasing (decreasing) corresponding to an increase
(decrease) in amount of detected microstructured lithium. During
the resting period after a stripping pulse, the pEPR integral remains
invariable (Fig. 2b). After a plating pulse, however, the integral
declines, showing a monoexponential decay with a time constant of
several seconds (Fig. 2a). A time-resolved measurement of the FID
shows that this decay can be mainly attributed to a change in
electron relaxation time (Supplementary Note 1, Supplementary
Fig. 3, Supplementary Table 2), which effectively reduces the
measured integral (Fig. 1a). We preclude residual flowing current
to be responsible as the flanks of the current pulses are distinctly
shorter than the exponential decay of the signal (Fig. 2a). Heating
due to electrical resistance during the current pulse and subsequent
cooling is also precluded since the relaxation time of conduction
electrons in lithium is known to be largely independent of
temperature!7!8. Consequently, a dynamic change in particle
morphology is presumed to be responsible. The metal particle
dimension is known to alter the relaxation time, which was already
observed to change with charging time by cwEPR!4. The dynamic
process is assumed to initialise during the current pulse, explaining
the slightly non-linear EPR signal increase albeit constant lithium
deposition rate (Supplementary Figs. 4, 5, Supplementary Note 2,
Supplementary Table 3).

In analogy to Fig. 2a, plating datasets from all investigated cells
at plating regions I (grey) and II (orange) were fitted
monoexponentially, with the time constants displayed in Fig. 3.
Boxcar integration of FIDs with changing electron relaxation
times (Fig. 1a) makes it difficult to directly attribute the fitted
exponential decay constant to a real physical process. None-
theless, based on the hypothesis of a dynamic process, it gives a
phenomenological measure of the rate of the process, whose time
constant consistently decreases with increasing CD. For plating
region II, representing more pre-existing microstructured lithium,
the dynamic process slows down, particularly for large CDs.

Important factors for the pEPR experiments at various CDs are
the electron relaxation times and the effect of the MW pulse.
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Fig. 3 Exponential time constant of decaying pEPR signal during the
resting period between charging pulses. Current densities ranging from
1.75 to 7.00 mA cm~2 were analysed at plating region | (black spheres) and
plating region Il (orange spheres), corresponding to a deposited specific
charge of 0.18 and 0.25 mAh cm—2, respectively. Error bars originate from
the standard deviation of the fit. Lines are guides to the eye. The grey
hatched area indicates current densities without sufficient pEPR signal
intensity, thus no data are available.

The acquired FIDs can be fitted with a stretched exponential
function (Supplementary Note 3, Supplementary Fig. 6), which is
commonly used to model a distribution of relaxation times24. The
observed relaxation times are similar for all CDs. The effect of the
MW pulse is probed by varying its duration, referred to as a
nutation experiment, whereby local MW field strengths can be
estimated via the electron nutation frequency distribution
(Supplementary Note 4, Supplementary Fig. 7). For instance,
the average MW field is reduced due to the skin effect or changed
by induced eddy currents evoked by bulk lithium?>26. For all
cells, the nutation frequencies spread over roughly 20 MHz but
show no apparent correlation with the CD. Upon using a MW
pulse duration of 16 ns, the signal response was maximised.

Electron microscopy. SEM images of lithium microstructures on
electrodes formed during electrochemical pulse plating at CDs of
2.10 and 5.95mA cm~2 are shown in Fig. 4a, b, respectively.
Although lithium deposited at both low and high CDs can be
described as mossy, the microstructures substantially differ in
dimension. At high CDs, smaller structures occur in agreement
with previous findings®. However, electron relaxation times
within all cells are similar (Supplementary Fig. 6), hence micro-
structures formed at high CDs need to be well interconnected to
prevent a bottleneck for electron conduction and a corresponding
relaxation time increase. These connections prevent a localisation
of conduction electrons, giving rise to faster apparent electron
relaxation than expected for small microstructures?3, as was also
observed for dendrites in a harvested separator?l.

Dynamic evolution of electrodeposited lithium. It is known that
lithium nucleation is affected by local surface irregularities, the
SEI layer, and electrolyte kinetics®!1, ultimately leading to irre-
gular structures as shown in Fig. 4. However, lithium mobility at
the surface?” might result in restructuring and possibly smooth-
ing, which has previously been proposed based on electron
microscopy datal?. The deposition of amorphous microstructures
after initial nucleation, detected via cryo-TEM?829, followed by a

Fig. 4 SEM images of lithium microstructure on harvested Li electrodes
after pulse plating to 0.31mAhcm—2. Current pulses of a 2.10 mA cm—2
and b 5.95 mA cm~2 lasting 3 s were alternated with resting periods of 18s.

transition to a crystalline form might further provide a thermo-
dynamic driving force. Accordingly, the observed pEPR data can
be explained by fusing of freshly deposited lithium micro-
structures with their surroundings, resulting in more thermo-
dynamically stable structures. Correspondingly, decreasing
electron relaxation times following a plating pulse indicate that
the structures become more compact and electrically better
connected, thereby reducing the probability of forming elec-
trically disconnected dead lithium and slowing down the asso-
ciated cell degradation!4. The hypothesis is further supported by
post-test electron microscopy images showing particles that
appear partially fused (Supplementary Fig. 8). A competitive
process is the SEI layer formation that might ultimately terminate
the fusing process.

This model is sketched in Fig. 5. The CD largely affects the size
of deposits and the evolution of their morphology (Fig. 4). When
using low CD pulses, the SEM image shows comparatively large
lithium microstructures. Due to a lower overpotential, the
activation barrier to form nucleation sites is overcome less often
leading to fewer of these sites which grow larger in size. The
resulting metallic domains are thicker and less branched. After
the current pulse, restructuring of the fresh lithium takes longer
for larger deposits as their surface to volume ratio is low and
lithium diffusion is mostly driven at the surface?’. Utilising high
CD pulses, a large number of irregular lithium nucleation sites are
formed electrochemically due to a high overpotential. Their
comparably high surface area and close distance of the lithium
metal structures grown out of them promotes accelerated fusing,
leading to earlier pEPR signal equilibration. Additionally, the
fusing rate differs depending on whether considering plating
region I or II. As the charging protocol is identical, their only
difference is the amount of pre-existing microstructure. In
general, fresher SEI layers and local electric field maxima lead
to the deposition of lithium on pre-existing microstructures as
opposed to the bulk surface!l. At earlier stages of plating, the total
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Fig. 5 Schematic drawing summarising the fusing behaviour of lithium. The yellow shaded area depicts the development of Li microstructure on a large
time scale. Blue shaded areas show exemplary current pulses leading to freshly deposited Li (pink). Grey shaded areas show the result of deposited Li
fusing to a more stable configuration during the resting period. Particularly for small microstructures, this process is accelerated by ripening of adjacent Li

deposits (orange circles).

surface area of the existing lithium microstructure is comparably
small. Hence, in region I the distance between fresh lithium
deposits along the surface is likely to be smaller. The fusing
process of adjacent deposits is accelerated due to more diffusion
pathways at their surface to form a final stable structure. At later
stages of plating, fresh lithium deposits are statistically more
dilute. The proposed mechanism is less likely to occur.

Conclusion

In conclusion, we present the application of in operando pEPR for
the detection of electrochemically plated lithium microstructure
with a temporal resolution of 100 ms. This technique is especially
suitable to investigate fast-charging of lithium-ion batteries and to
test prevention strategies of battery failure* such as electrolyte
engineering, artificial SEI generation, electrode host material
variations, or charging protocol optimisation. pEPR was shown to
be capable of real-time monitoring dynamic processes, which
inherently require in operando techniques. Specifically, pEPR was
used to track fusing of freshly deposited lithium on a metallic
lithium anode with its surroundings. The process was found to
last several seconds after deposition of fresh lithium until equi-
librium was reached. The fusing rate was correlated with the
applied pulse CD and the pre-existing lithium microstructure.
The awareness of fusing processes will complement the funda-
mental understanding of lithium deposition and help to design
safe metallic lithium anodes.

Methods

Battery cell design. Li metal ribbon was purchased from Sigma Aldrich with
0.38 mm thickness and a purity of 99.9% trace metal basis. Electrode discs with a
diameter of 3 mm were punched out and positioned centrally at either side of a
Celgard 3401 separator with 4 mm diameter and 25 um thickness between the
quartz glass half cells. The quartz glass cell compartments were manufactured by
LightFab GmbH via laser induced etching. Copper wires from Goodfellow with

0.075 mm diameter and 99.994% purity were used as current collectors. The two
half cells were pressed together by PFA rings at the top and bottom insets. The
separator was wetted with 5 pL of the standard electrolyte LP30 (1 M LiPF¢ in 1:1 v/
v ethylene carbonate:dimethyl carbonate). The assembled cell was pushed into a
Wilmad CFQ EPR tube with an outer diameter of 5mm and sealed air-tight. All
procedures involving metallic Li were performed in an Ar-filled glovebox with
water and oxygen levels below 0.1 ppm.

Electrochemistry. Experiments were performed with a Biologic SP-200 poten-
tiostat. For all experiments, pulse charging/discharging with CDs ranging from 1.75
to 7.00 mA cm~2 is applied. A fixed current pulse duration of t,, = 3 s is alternated
with a resting period of t,¢= 18 s, resulting in a ratio t,¢/t,, = 6. The fresh cell was
used immediately after assembly without any electrochemical pre-treatment.

For time-resolved measurements, plating is firstly carried out up to 0.22 mAh cm—2
followed by a 10-20 min resting period for additional EPR experiments which require
static electrochemical conditions (addressed in Supplementary Figs. 6, 7). Secondly,
plating is continued to 0.31 mAh cm~2 followed by another resting period. Ultimately,
the current direction is reversed to detect stripping. A detailed exemplary
electrochemical dataset can be found in Supplementary Fig. 9 with experiment
specifications in Supplementary Table 4 and explanation in Supplementary Note 5.

Pulse EPR spectroscopy. EPR data was acquired on a Bruker ElexSys E580 X-
band spectrometer in an ER 4118X-MD5 resonator. For in operando experiments,
a homebuilt setup was designed, which is compatible with Bruker’s Flexline series:
A holder for the probehead, a probehead tube which was wrapped with copper foil,
and a sample holder were 3D-printed in-house with a Prusa i3 MK3S (details in
Supplementary Fig. 10). To minimise exterior disturbances, the spectrometer as a
whole was covered with a silver blanket. Cells inside quartz glass tubes of 5 mm
outer diameter were inserted into the resonator from below and centred in

the cavity. Li electrodes were positioned parallel to the static magnetic field
(Supplementary Fig. 2). A constant flow of nitrogen gas tempered at 20 °C directed
towards the resonator provided temperature stabilisation.

During electrochemical charging/discharging, time-resolved measurements
were performed by adjusting the magnetic field to resonance and the phase in such
a way that signal is merely existent as real part. Following a MW pulse with pulse
length £, =16 ns, the integrated intensity of the FID in a window of 400 ns was
recorded. Acquisition started 380 ns after the pulse was applied. MW pulses were
generated using a X-band 1 kW travelling-wave tube with 6 dB attenuation. Shot
repetition time (srt) was set to 100 ps and 1000 scans were averaged.
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Time-resolved pEPR experiments were conducted during electrochemical
treatment. To increase the sensitivity, six pulse charging repetition units at the
indicated states of charge were monitored (Supplementary Fig. 11).

EPR data analysis. The datasets are divided into packages of 210 data points,
corresponding to a repetition unit of a current pulse and a subsequent resting
period lasting 21s. For each package, the minimal value is subtracted and 3-6
packages are summed together, omitting packages with high noise level. Noise
occurs irregularly from ambient sources due to incomplete shielding of the MW
resonator. To compare datasets at different CDs, the summed Intensity I is finally
normalised to the interval [0, 1] by the formula

= (I — min(I))/(max(I) — min(I)) (1)

Inorm

with min(I) and max(I) denoting the minimum and maximum value of I. For
plating datasets, monoexponential fits were performed in the resting period range
from 3 to 21 s (Fig. 2a inset), using

Inorm = Lnomo + A- eXP(_t/T) (2)

with 7 being analysed as the exponential decay constant. Datasets that are not
displayed in the main text are given in Supplementary Fig. 12.

SEM. A Quanta FEG 650 scanning electron microscope (FEI) was used to record
SEM images, detecting secondary electrons. Electron beam acceleration voltage was
5-10 keV (specified in figure caption). Lithium electrodes were obtained from cells
identically prepared as for EPR experiments described above. Assembled cells were
pulse charged (fo, = 3, tor= 18 's) at CDs of 2.10 and 5.95 mAh cm~2 up to

0.31 mAh cm™2, in order to represent the lower and upper current regime of the
EPR experiments. Directly after electrochemical Li deposition, the cells were
transferred back to the glovebox and disassembled. Harvested electrodes were
washed three times with 150 pL dimethyl carbonate (DMC) and positioned on a
SEM sample holder with carbon adhesive. Residues of DMC were removed by
drying under dynamic vacuum for 5 min. Subsequently, the sample holder was
transferred to the microscope chamber being exposed to ambient atmosphere no
longer than 30s.

Data availability
The data that support the findings of this study are enclosed in the supplementary
material or are available from the corresponding author upon reasonable request.
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