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In Situ TEM Investigation of the Lithiation and Delithiation
Process Between Graphene Sheets in the Presence of
Atomic Defects

Yueliang Li, Felix Börrnert, Mahdi Ghorbani-Asl, Johannes Biskupek, Xuemei Zhang,
Yongsheng Zhang, Dominic Bresser, Arkady V. Krasheninnikov, and Ute Kaiser*

Using advanced in situ transmission electron microscopy, the lithiation and
delithiation processes into graphene sheets are studied and significant
differences are detected in the structural evolution of the system. Thin fcc
lithium crystals with faceted shapes are formed between graphene sheets
during lithiation, but are transformed into irregular patches during
delithiation. It is found that defects such as vacancies in graphene and
impurity atoms play the key role in these processes. Specifically, during
intercalation the lithium crystals nucleate at vacancies in graphene, while
upon delithiation the impurity oxygen atoms initially embedded at octahedral
interstitial positions inside the lithium crystals agglomerate at the edges of
the crystals, thus giving rise to the formation of amorphous lithium oxide
patches, where lithium ions are trapped.

1. Introduction

The global demand for lithium-ion batteries (LIBs) has increased
dramatically in the last ten years due to the explosive growth of
the electric vehicle market.[1,2] Despite extensive research focus-
ing on improving performance such as energy and power den-
sity, LIBs suffer from capacity loss and resistance increase, lead-
ing to both energy and power fade during usage.[3] Numerous
studies have been carried out to understand the failure mecha-
nisms of LIBs in order to improve their lifetime.[4] The fading
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of LIBs is a consequence of many factors,[5]

such as the continuous growth of the solid
electrolyte interphase layer,[6,7] lithium
plating,[8] degradation of the positive
electrode,[9,10] and particle fracture in both
electrodes.[11] Crystal defects have been
proven to play a critical role in all these
factors.[12–15] For example, defects can cre-
ate hot spots of locally high electrochemical
activity, which can lead to lithium plating
at the negative electrode.[16] Moreover,
capacity loss and current leakage resulting
from the decomposition of the electrodes
and electrolyte are affected by the size
and position of the defects.[17] However,
defects do not always have a detrimental
effect on the LIB operation. The aliovalent
substitution of Fe3+ for Zn2+ in ZnO

anodes can lead to the formation of local defects such as cationic
vacancies, which serve as potential sites for an initial Li+ ion in-
sertion, thus, favouring the lithiation kinetics.[18–20] Defects can
also relieve strain between two phases during phase transfor-
mations in spinel LixMn2O4 cathode materials.[21,22] Therefore,
defect engineering has become an important approach to de-
sign the electrochemical properties and performance of electrode
materials.[14,23]

Among the crystal defects that can influence the functional-
ity of battery materials are impurity atoms in substitutional and
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interstitial positions, as well as vacancies. These defects can ap-
pear at the stage of materials synthesis, during electrochemical
cycling,[24] high temperature operation,[25] or irradiation[21] when
the battery is used in extreme environments, such as cosmic
space.

While defects in inorganic materials and their impact on
the de-/lithiation process have been in the focus of recent
research, [26] the impact of defects in graphite as the state-of-the-
art anode material of today’s LIBs[27] has attracted significantly
less attention. First-principles calculations,[28] in fact, indicate
that vacancies in graphene sheets strongly affect the intercalation
energetics and diffusion barriers of Li atoms. Greatly enhanced
capacities were also observed experimentally in disordered and
porous graphitic structures, thus, further highlighting the need
to better understand the impact of such defects for graphite and
other graphitic materials.[29,30]

To understand the effects that crystal defects may have on
battery electrode materials, atomic-scale imaging is one of the
most suitable tools. Recently, we succeeded in imaging the
lithiation and delithiation processes between sheets of bilayer
graphene at the atomic scale by using chromatic and spherical
aberration-corrected high-resolution transmission electron mi-
croscopy (CC/CS-corrected HRTEM).[31,32] These previous exper-
iments also verified that the lithiation can only occur between
graphene sheets and not on top or underneath of single-layer
graphene (for testing lithium was placed in addition on top of
single layers with no effect after biasing).[31] The graphene lay-
ers also have to fully cover the lithium, larger holes result in
a fast outgassing of the lithium into the vacuum.[32] We found
that in bilayer graphene, lithium adopts an ultrathin and super
dense close-packed phase with an in-plane lattice parameter of
3.1 Å, not the typical LiC6 phase observed after intercalation of
lithium cations into graphite. In fact, the presence of such su-
perdense lithium appears feasible only due to the possibility of
graphene to sufficiently expand in the vertical direction, which
is suppressed in graphite owing to required mechanical defor-
mation of a larger number of graphene sheets. Nonetheless, an
in-depth understanding of the underlying processes might help
to better understand also the lithiation and delithiation processes
occurring in graphite, while simultaneously providing guidelines
for further improved capacities in advanced active materials such
as nanostructured carbons that provide sufficient space in their
crystal structures.

In this study, we thus extend our previous work by a detailed
TEM analysis supported by electron energy loss spectroscopy and
density functional theory calculations. We are focusing on the
role that atomic defects (such as carbon vacancies in graphene
and foreign oxygen atoms in the growing Li crystal) may have dur-
ing cycling between graphene sheets. We observe how ultrathin
lithium crystals nucleate and grow, and how impurities inside
the Li crystal can affect the delithiation process. The resulting in-
sights may be essential for gaining an in-depth understanding of
the role of defects during charging and discharging processes in
LIBs.

2. Results and Discussion

The setup for carrying out biasing and cycling experiments in
the electron microscope is described in our previous paper.[32]

Figure 1. Schematic of the set-up of our graphene device. The graphene
sheets are under the chip inside the microscope because the sample
holder is turned by 180° when being inserted into the column of the mi-
croscope.

We report on the evaluation of data obtained for bi- and also tri-
layer graphene to extend the system more toward graphite. We
find that the behavior of lithiation and delithiation is the same
for the bi- and trilayer devices, which will be shown in detail be-
low. Figure 1 shows a schematic of the setup where the graphene
sheets are placed freely suspended over the holes in the Si3N4
membrane. A drop of a solid polymer electrolyte covers one edge
of the graphene. For the detail on the custom-designed TEM sam-
ple carrier chip we refer to ref. [32]. The de-/lithiation experi-
ments (a positive voltage UG of 5 V is applied to insert Li ions into
the graphene sheets, while UG = 0 V is applied for the subsequent
delithiation) were performed in situ in the chromatic- and spher-
ical aberration-corrected (CC/CS) SALVE (Sub-Angstrom Low-
Voltage Electron microscopy) instrument operated at 80 kV.[33]

(See the Experimental Section).
Figure 2 presents a sequence of the images recorded during

the first-cycle lithiation process (bilayer system) and a subse-
quent delithiation process (trilayer system). The Li crystals grow
with faceted shapes during lithiation (Figure 2a), while during
delithiation they do not simply shrink in shape but transform
into unfaceted irregular structures (Figure 2b). Before the lithia-
tion starts (t = 0 s, Figure 2a), the pristine graphene is rather free
of contamination. The inserted Fourier transform pattern con-
firms the presence of graphene (lattice constant of a = 2.46 Å).
Already after 5 s of cycling, many Li nucleation seeds are formed
and identified by their dark contrast (one dark patch is marked
by the white arrow), their density is estimated as ca. 0.02 nm−2

(see the Experimental Section). When the lithiation progresses
further, the Li seeds grow into larger ultrathin crystalline plates
with faceted shape (most of them have a triangular shape) and
merge with each other. The arrows in Figure 2a mark the same
Li crystal at different times of the lithiation. The inset in the
image recorded at t = 93 s shows the corresponding Fourier
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Figure 2. An overview image of lithiation and delithiation between graphene sheets. a) A series of TEM images showing the first-cycle lithiation process
in bilayer graphene. A large underfocus is used to increase the contrast of the Li crystals. Before the lithiation (t = 0 s), the inset Fourier transform
shows only graphene reflections. Li crystals start to nucleate at t = 5 s. From 35 s to 93 s, the Li seeds grow into larger faceted plates. The arrows
mark the same Li crystal. The inset Fourier transform of the image recorded at t = 93 s shows the reflections of a super dense Li phase (marked by the
half ring, representing a real-space periodicity of 1.6 Å). b) A series of TEM images of a delithiation process. The inset Fourier transform of the image
recorded before the delithiation shows both Li and graphene reflections. After the delithiation starts, deintercalation and shrinking of the Li crystals
(darker contrast) are observed. The arrows mark the deintercalation of Li in two different interlayers. The inset Fourier transform of the image at the
final state shows no Li reflection but broader rings, indicating the amorphous state of the residuals. (Scale bars of equal size are colored identically but
labeled only once.).

transform where only the second order reflections of the Li
phase[32] can be seen; however the first order reflections are miss-
ing. The reason for the latter extinction after evaluating the actual
crystal structure of the ultrathin close-packed lithium phase will
be discussed later, as we would first like to discuss the lithiation
process. The whole process in a larger field of view can be seen in
Video S1 with a frame interval of 2 s; in each frame, the coverage
of Li crystals is measured by the ratio of the area of the Li crys-
tals divided by the area of the field of view, and thus the growth
rate was estimated (see Figure S1, Supporting Information). As
seen, the growth rate of the Li crystals is rather constant with time
and results in 5.2 ± 0.1 × 10−3 s−1. This value is related to the Li
diffusion in graphene,[30] which cannot be directly measured in
our experiment due to the limited field of view. According to the
measured growth rate of the Li crystals, the field of view is filled
by Li within ≈3 min. If the lithiation progresses further when
2D Li crystals have already completely filled the lateral space be-
tween the graphene, the Li grains grow vertically, stretching the
space between the graphene sheets. Figure S2 (Supporting Infor-
mation) shows an image after the vertical growth of the Li crys-
tals. The strong diffraction contrast and the moiré patterns indi-

cate large (ca. 20–30 nm) and thick Li grains. Note that the verti-
cal growth happens only after a very long lithiation process and
added for completeness. However, in the following discussion we
focus only on 2D Li without considering the subsequently verti-
cally grown structures.

In our previous publication[32] the Li crystals formed outside
the field of view and the growth of the crystals expanded into the
field of view. Therefore, only the growth of coalesced grains was
recorded. In the present work, as shown in Figure 2a, the Li crys-
tals nucleated inside the field of view, so their behavior in the
early stages of lithiation, such as nucleation, growth, and coales-
cence of Li nanocrystals, could be directly observed and therefore
better understood.

Figure 2b shows an overview image of a delithiation pro-
cess within a trilayer-graphene. To minimize irradiation damage,
the lithiation was carried out without continuous simultaneous
imaging but “off-screen”, thus this sample in Figure 2b is not
identical to that of Figure 2a (this sample could not be used for
delithiation because of damage during 2 h of HRTEM imaging).
At the beginning (time index t = 0 s) the field of view is fully
filled by 2D Li from the previous lithiation cycle and now the

Adv. Funct. Mater. 2024, 2406034 2406034 (3 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202406034 by K
arlsruher Institut F., W

iley O
nline L

ibrary on [01/08/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

Figure 3. Observing lithiation at atomic scale. a) A series of CC/CS-corrected HRTEM images acquired during a lithiation experiment, with bilayer
graphene lattice removed by Fourier filter. The white arrows mark the C vacancy defects in graphene. The yellow arrows mark some foreign O atoms
inside the Li crystal. Colored orientation maps of Li crystals are obtained and overlaid on the images by applying a colored bandpass mask to the second
order reflections of Li in the Fourier transforms (see the inset Fourier transform). b-left) Another graphene removed HRTEM image containing the
contrast of the C vacancy defects marked by the arrows. b-right) The same image as the left but with Li lattice removed, leaving the graphene lattice.
c) Extracted line profiles from (b). d) Calculated configurations of interaction between graphene and an isolated Li atom (left: Li adsorption on pristine
graphene, right: Li adsorption on single vacancy).

delithiation was started by setting the voltage UG to 0 V. The in-
set Fourier transform shows clearly the reflections of metallic Li,
confirming the presence of crystalline Li between the graphene
sheets. When the delithiation begins, the Li crystals become dis-
ordered and shrink gradually (darker contrast). A difference to
the lithiation process is clearly observed: the solid Li phase has
now irregular edges and no facets. The final state of the delithi-
ation process after ≈30 min (t = 1764 s) shows residual Li-
containing patches. As seen in the inserted Fourier transform
no Li reflection but broader rings indicate an amorphous state of
the residual material. The whole delithiation process viewed in a
larger field of view can be seen in Video S2.1.

The arrow in Figure 2b at t = 305 s marks the deintercalation
of Li within one interlayer, while the arrow at t = 605 s marks
the deintercalation within the other one (at t = 605 s, only a few
remaining patches are still visible in the first interlayer). This ob-
servation evidences that Li is intercalated into both interlayers
of the trilayer graphene. Compared to Figure 7 which shows the
delithiation process in bilayer graphene, the Li atoms exhibit the
exact same behavior inside trilayer graphene during delithiation
except for the diffusion rate. A lithiation process inside trilayer
graphene is also shown in Video S3, where faceted Li crystals
grow in both interlayers successively. Therefore, we confirm that
the behavior during lithiation and delithiation is the same for the
bi- and trilayer devices. The data which best show the lithiation
and delithiation process were used in Figure 2, independent of

the number of graphene layers. One general challenge of direct
imaging lithiation or delithiation behavior especially in the very
first moments of the processes such as the nucleation, is the ran-
dom nature when they occur. The visible area (a ≈200 nm hole in
the SiN support film) is relatively small to the whole dimensions
of the chip including variations of the size of the Li droplet and
distance to the area of observation (some tens of μm). As a con-
sequence, the sample has to be imaged constantly with the side
effect of electron irradiation damage. We observed time intervals
of few minutes for a full lithiation, but almost 2 h for the much
more complex defect-determined delithiation.

In another set of experiments, we evaluated the TEM images
taken during lithiation and delithiation at higher magnification
to determine what role atomic defects may play in the different
behavior. Figure 3a shows a series of CC/CS-corrected HRTEM
images recorded during another lithiation experiment inside
bilayer graphene, where the graphene lattice is removed by fil-
tering in each image by Fourier filtering (see Figure S3, Support-
ing Information). The removal of the regular crystal lattice reflec-
tion of graphene has the positive side effect that lattice defects in
graphene are recognised very easily as additional contrast. Be-
fore the lithiation starts (t = 0 s), no Li crystal lattice can be ob-
served. However, we easily recognise dark spots (two examples
are marked by the white arrows), which we will later identify as
single vacancies in the graphene lattice (see below). At t = 24 s, al-
ready a few Li nanocrystals are visible. As the lithiation proceeds,
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Figure 4. The fcc phase of lithium. a) an atomic-resolved Li crystal with graphene lattice removed, showing bright-atom-contrast. b) Magnified view of
the boxed area in (a). c) The top view and the side view of the configuration of fcc Li. d) Fourier transform of (a). The red half rings mark the reflection
of graphene, while the blue solid ones mark that of Li. The yellow dash half ring marks the missing 1st order reflections of Li.

the crystals grow with different orientations, and then merge into
one single crystal at t = 145 s. This can be easily seen as the
crystals are colour-coded according to their orientation.[34] The
corresponding-coloured mask can be seen in the inserted FFT
(fast Fourier transform) in the very right image in Figure 3a (see
also the Experimental Section). The typical size of the individual
Li grains is ≈20–30 nm (compare Figure S2, Supporting Infor-
mation). Therefore, we can suppose the following lithiation pro-
cess: very small (several nm) Li nanocrystals adjust their orienta-
tion and merge into larger (until ≈20–30 nm) crystals. When the
larger (≈20–30 nm) crystals grow further and get in contact with
each other, grain boundaries form. In fact, such “critical” size of
the Li grains (≈20–30 nm) is in good agreement with the observa-
tion in our previous work.[32] In addition to the appearance of the
Li crystals, point defects are observed during the lithiation pro-
cess. We already noticed these defects in graphene at t = 0 s. At
t = 24 s, the Li crystals cover these point defects, indicating that Li
crystals begin to form at these point defects. All point defects orig-
inating in graphene maintain their positions during the lithiation
process (as marked by the white arrows in Figure 3a). To identify
the nature of the point defect, we show in Figure 3b two versions
of one HRTEM image; three identical point defects are marked in
both versions. In the left image, the graphene lattice is removed
so that only the Li lattice is visible, while in the right image, the Li
lattice is removed so that the atomically resolved graphene lattice
(with bright-atom-contrast) remains. The line profiles of the im-
age intensity of the graphene lattice in Figure 3b are extracted as
shown in Figure 3c. As can be seen, one carbon atom is missing
in the graphene lattice. Therefore, we have identified the point
defect as a carbon vacancy.

We note that in our experiments the concentration of vacan-
cies in the graphene – Li system is much higher than in isolated
graphene sheets studied by TEM.[35,36] To understand the reason
for this, we carried out DFT calculations of the vacancy forma-
tion energy using the energy of an isolated carbon atom and a
carbon atom in Li-C molecules as a reference (see Figure S4,
Supporting Information). It is evident that the energy penalty is
much lower, as expected. Although these are the results of static
calculations, the energy barrier for creating a vacancy should
also be lower when a displaced recoil carbon atom interacts
with nearby Li atoms present in the system, and formation of
new bonds makes the displacement process energetically less
costly.

DFT calculations also confirm that vacancies in graphene can
act as nuclei for the growth of Li crystals as the presence of under-
coordinated atoms at point defect site enhances the interaction
between Li atoms with the graphene lattice (Figure 3d). The cal-
culated adsorption energy of Li on the single vacancy is −2.78 eV,
while the energy gain regarding adsorption of Li on pristine
graphene is ≈1.7 eV. Similar behavior has also been reported
for the interaction of Li into graphene with double vacancies.[37]

However, the adsorption of Li atom on a single vacancy is ener-
getically more favorable than on double vacancies.

Another type of atomic defects, seen in Figure 3a, shows dark
contrast (marked by the yellow arrows) and was not seen in the
pristine graphene before the lithiation. Such defects always ap-
peared at the position of the Li atomic columns in all the lithia-
tion experiments; these defects seem to be related to the Li crystal
structure. Therefore, we first want to understand the stacking or-
der of the close-packed Li, before unravelling the nature of this
type of defects.

Figure 4a shows another atomically resolved HRTEM image
of a small faceted Li crystal (the graphene lattice is removed).
Figure 4b is a magnified view of the framed region in Figure 4a,
showing clearly the Li lattice with sixfold symmetry. The distance
between two next-nearest-neighbor atomic columns is 3.1 Å,
which is in good agreement with the earlier result.[32] Each Li
atomic column has 6 nearest neighbors. Figure 4c shows the
fcc model with ABC stacking (A, B, C positions are shaded dif-
ferently) between two graphene sheets (grey); above in top view
along the [111] zone axis and below in side view. The top view
projection agrees well with the experimental view and thus char-
acterises the fcc system rather than the hcp (in an hcp system,
each atomic column has only three nearest neighbours in the
[0001] projection). HRTEM image simulations are presented in
Figure S5 (Supporting Information) for fcc Li along [111] and hcp
Li along [0001] directions with 1–6 atomic Li layers. As can be
seen, an agreement between experimental and simulated images
is only given for the fcc Li with a thickness of 3 or 6 layers. Fur-
ther evidence that Li crystallises in the fcc structure is the extinc-
tion of the first order reflections. Figure 4d shows the Fourier
transform of the raw data of Figure 4a (Li and graphene reflec-
tions are present). The spatial frequencies of the 1st to 3rd or-
der reflections of graphene are marked by three red half rings,
while those of the 2nd and 3rd order of the Li are marked by two
blue solid half rings. The 1st order reflections of the Li crystal
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Figure 5. Foreign O atoms inside fcc Li. a) EELS spectra acquired before and after lithiation. Both an obvious Li signal and a weak O signal are seen after
the lithiation. b) Atomic model of an O atom at the octahedral interstitial position inside fcc Li relaxed by the DFT optimisation, with the side view above
and the top view below. c) Experimental HRTEM images containing O atoms recorded with different defoci and the corresponding simulated images
(electron dose 1 × 105 e−Å−2) using the model in (b) as input. The defocus values are listed, respectively.

at the spatial frequency of 3.7 nm−1 (the yellow dash half ring)
are missing. Fourier transforms of each HRTEM simulation are
calculated and shown in Figure S5 (Supporting Information). It
can be seen that all the Fourier transform patterns are very sim-
ilar except for those marked by the yellow boxes, which lack the
1st order reflections for fcc Li with 3 or 6 atomic layers. In con-
junction with the HRTEM simulation and the fact that the 1st or-
der reflections of the Li crystals are missing in the Fourier trans-
forms in Figures 2–4, it can be concluded that the crystal struc-
ture of Li between the graphene layers is fcc (ABC stacking, and
not hexagonal with AB stacking). After carefully comparing ex-
periment and calculation, we identify in Figure 4a a thickness
gradient from the top left to the bottom right corner from 3 to
at least 6 single-layer Li. In most of our HRTEM images, sta-
ble Li layers with multiple of three (or six layers) were observed.
However, as mentioned above, depending on the duration of the
lithiation processes, we also observed Li grains that were much
thicker due to vertical growth at the very late stage of the lithia-
tion process (see Figure S2, Supporting Information). Based on
our measurement of the first visible reflection in the experimen-
tal Li image with a spatial frequency of 6.3 nm−1, indexed 220
in an fcc system along <111> zone axis, we determine the lat-
tice constant of the Li crystals between graphene sheets as 4.4 Å,
in agreement with that reported in the literature for fcc Li.[37] Our
DFT calculations with the PBE functional report a lattice constant
of 4.33 Å for bulk fcc Li, which will be used for further calculations
later on.

As already mentioned, we observed the appearance of the sin-
gle atomic defects with dark contrast in the Li lattice. Some ex-
amples are marked by the yellow arrows in Figure 3a. First, we
find by HRTEM simulation that the defect is not a single Li va-
cancy (see Figure S6, Supporting Information). The comparison
suggests that the defect should be a heavier foreign atom. We
speculate that these atoms may be introduced together with the
Li ions during lithiation. To identify the nature of the foreign
atoms, local electron energy-loss spectroscopy (EELS) data were
acquired before and after lithiation (Figure 5a). When compar-
ing the two spectra, a Li signal is seen after lithiation, confirming
the insertion of Li ions during the lithiation. Moreover, a weak
oxygen K-edge signal is observed after lithiation, indicating that
the heavier foreign atoms introduced during lithiation are oxy-
gen. To understand the interaction of the foreign O atoms with

fcc Li between graphene sheets, DFT calculations were performed
with O atoms placed between graphene but outside the Li crystal.
The result suggests that the O atoms prefer to be “sucked” into
the Li crystal instead of being located between the graphene layer
and the Li slab. The behavior is similar to C atoms implanted
into Cu foils reported by Riikonen et al.[39] Calculations[37] in-
deed show that, of the two possible interstitial positions in an
fcc crystal,[40] O atoms prefer the octahedral one because its for-
mation energy is lower than the other. The atomic model with an
O atom in octahedral interstitial position, shown in the side and
top view in Figure 5b, is used as the input data for the subsequent
HRTEM simulation. Figure 5c presents experimental HRTEM
images recorded with different defoci containing the defects (top
row) and the corresponding simulated images (bottom row). The
contrast of an interstitial O atom in the simulated images with
different defocus matches very well that of the defects in the ex-
perimental images. The defocus values are proven to be correct
by other experimental images with larger field of view, contain-
ing amorphous nanoparticles as reference for the determination
of the defocus (see Figure S7, Supporting Information). Thus, the
single atomic defects with dark contrast are confirmed to be for-
eign O atoms located at the octahedral interstitial positions inside
fcc Li. Given the experimental setup, it appears most likely that
the O atoms originate either from the electrolyte or the lithium
metal counter electrode, which is known to commonly comprise
traces of oxygen (amongst others). (See Supporting Information
for the estimation of the concentration of oxygen.)

After identifying the nature and position of the defects, we an-
alyzed how they affect the shape of Li crystals during lithiation
and delithiation, respectively. As discussed above, during lithia-
tion, foreign O atoms are randomly located inside the Li crystals
at octahedral positions. We never found them near the edge of
the Li crystals. In fact, the edges are clean during lithiation (see
Figures 3a and 4a). Therefore, the faceted shape of the Li crys-
tals during lithiation should be governed by edge and interface
energies. The analysis of the TEM images of the Li crystals indi-
cates that one of the (111) Li surfaces is oriented parallel to the
graphene sheets.

To rationalise the observations, we calculated the surface en-
ergies of different possible surfaces of fcc Li crystals with low
indices, see Figure 6a and Table 1, which proved to be in good
agreement with the previously reported values.[41,42] Interestingly

Adv. Funct. Mater. 2024, 2406034 2406034 (6 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 6. a) Top view and perspective view of a triangular Li cluster. The Li atoms are coloured according to their z-coordinate. b) The simulation model
of the graphene/Li (111) interface was constructed using a 5 × 5 graphene supercell on top of a (111) 4 × 4 × 4 Li slab, with a total strain of ∼0.47%,
containing 114 atoms. For the graphene/Li (100) interface, the structure includes using a 7 × 2 graphene supercell on top of a (100) 4 × 2 × 4 Li slab,
with a total strain of ∼0.54%, containing 60 atoms. In the case of graphene/Li (110) interface, the model represents a 5 × 2 graphene supercell on top
of a (100) 4 × 2 × 4 Li slab, with a total strain of ∼0.68%, including 36 atoms.

enough, our calculations indicated that the (111) surface is the
highest in energy. To explain this contradiction, one should also
consider the energy of the interface between graphene and Li
crystal, which can partially compensate for the energy penalty
upon surface creation (with regard to the infinite slab). The cal-
culation setup is presented in Figure 6b. The interface between
the (111) Li surface and graphene is energetically most favorable
(Table 1), and a sum of the interface and surface energies is the
smallest, indicating that this type of the interface must form. The
edges then should be represented by (100) surfaces, which in turn
have the lowest formation energy, so that the whole picture is con-
sistent.

During delithiation, the position of the impurity O atoms
changes. Figure 7a shows a series of HRTEM images recorded

Table 1. Surface energies of Li fcc crystals and interface energies of the
surfaces facing graphene.

Li Surface Surface energy, meV Å−2 Interface energy, meV Å−2

100 30 −25

110 31 −28

111 34 −32

during another delithiation process inside bilayer graphene (the
graphene lattice is removed and the orientation maps of Li are
overlaid). The edges of the Li phase in each image are marked
by the white dotted lines. The image series shows clearly that the
Li phase shrinks (as the coloured area decreases), which is as-
sociated with the transfer of the Li ions back into the electrolyte
during the delithiation. The edges of the Li phase are jagged and
no facets can be found, although most part of the Li phase is still
crystalline. Figure 7b shows magnified views of the boxed areas
in Figure 7a, and it is clearly seen that many O atoms (a few exam-
ples are marked by the arrows) gather at the edges of the Li crystal,
forming a ca. 1 nm thick oxidized surface layer. Thus, the Li crys-
tal shows no facets during the delithiation. The reason for this
observation is presumably a relatively fast (interstitial) oxygen
diffusion in the lithium metal, as observed for other metals,[43]

and the thermodynamically favorable formation of lithium oxide
at the surface of the lithium crystal, at which electrons are re-
leased when the lithium is oxidized. As the delithiation proceeds
in time, the Li crystals shrink further as the foreign O atoms move
together and are located inside the shell. The oxidized surface ar-
eas merge at a certain time, forming residual LixOy, as marked
by the arrows in Figure S8 (Supporting Information). From the
Fourier transform in Figure 2b it is seen that the residual LixOy
is amorphous. It should be noted that there is already LixOy

Adv. Funct. Mater. 2024, 2406034 2406034 (7 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 7. Observing delithiation at the atomic scale. a) A series of CC/CS-corrected HRTEM images with graphene lattice removed, recorded during
another delithiation inside bilayer graphene. The edges of the Li crystal are highlighted by white dots. Two LixOy islands remaining from the previous
cycle are marked by the arrows. Orientation maps of Li are overlaid. b) Magnified views of the boxed areas in (a). Many O atoms gather at the edges,
some examples are marked by the arrows. The O atoms move with the edges as the Li crystal decreases in size.

material in the system as residual from the last cycle, some ex-
amples are marked by the arrows in Figure 7a. We found that
the residual LixOy marked by the arrows kept its shape, indicat-
ing that the “trapped” Li was not active anymore in the delithia-
tion process. During the following lithiation process, the residual
amorphous LixOy acted as nucleation seeds in addition to the car-
bon vacancies (O has more available electrons and is easy to bond
with Li, thus, Li crystals grew around the amorphous LixOy), but
the amorphous LixOy itself did not change anymore (see Video
S3). Hence, we conclude that once residual LixOy forms, the Li
bound in this LixOy could not be deinserted anymore and re-
mained between the graphene sheets, which is also known as
the formation of “dead lithium” – though this term has been
commonly used for lithium oxide and lithium carbonate residues
outside the electrode active material so far.[44,45] In fact, when con-
tinuing the cycling, more and more LixOy formed, immobilising
an increasing fraction of Li in LixOy residuals, accumulating be-
tween the graphene layers.

3. Conclusion

In this work, we studied in detail how the nucleation and crys-
tal formation take place during lithiation and delithiation into
graphene sheets at the atomic scale using in situ spherical-
and chromatic aberration-corrected transmission electron mi-
croscopy. Our detailed analysis of the TEM images and our theo-
retical study revealed that the Li crystals nucleate at carbon vacan-
cies in graphene and grow further showing well-formed facets.
We further identified the crystals as face-centered cubic (fcc) and
observed single foreign oxygen atoms inside the crystals.

We find that the shape of the Li crystals often changes from
faceted to irregular early in the delithiation process, and sug-
gest that the foreign oxygen atoms play the key role. These oxy-
gen atoms diffuse to the crystal surface and initially form only
an amorphous lithium oxide rim. The crystals shrink during
further delithiation, forming amorphous lithium oxide patches.
When the lithium oxide forms, the lithium ions can no longer be

Adv. Funct. Mater. 2024, 2406034 2406034 (8 of 10) © 2024 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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active in subsequent cycles, resulting in a loss of capacity during
cycling.

4. Experimental Section
Fabrication of the Custom-Made Device for (de)lithiation: Nearly 200

sample carrier chips were prepared (see ref. [32] for fabrication de-
tails). Bi-/trilayer graphene, exfoliated from bulk natural graphite, was dry-
transferred over the holes in the Si3N4 membrane on the custom-made
TEM carrier chip, covering the electrical contacts made of either 60 nm-
thick Ti or Pt. A drop of polymer electrolyte was casted on the chip, cov-
ering one edge of graphene and several selected contacts. The electrolyte
was protected from outgassing into vacuum by covering a 200 nm-thick
SiOx layer onto the surface of the electrolyte.

In Situ TEM Measurements: All the in situ TEM measurements were
carried out using the CC/CS-corrected SALVE microscope (https://www.
salve-project.de/) operated at 80 kV.[33] An FEI NanoEx-i/v in situ holder
was used to provide a bias voltage into the custom-made chip. Prior to
each lithiation experiment, the sample was current annealed using pre-
fabricated electric contacts connected to the graphene flake, but not to
the Li reservoir. This provided atomically clean and defect-free regions of
free-standing graphene for the subsequent lithiation.[46] A constant volt-
age of UG = 5 V was applied for lithiation, while UG = 0 V was applied for
delithiation. It has to be mentioned that only ≈1 out of 10 chips yielded
in successful lithiation/delithiation experiments that could be observed ei-
ther because of not working contacts or broken graphene flakes. For each
functional chip, up to dozens of full cycles were probed until the contacts
were broken due to the large current.

The overview images of lithiation and delithiation were recorded using
a 4k × 4k FEI CETA2 CMOS camera. The exposure times were typically
1 s and the doses were in average 1 × 106 e− nm−2. The images were ac-
quired at 71 000 × magnification resulting in ca. 164 nm × 164 nm field
of view. This setting allowed a good sampling of ca. 0.04 nm pixel−1 with
the possibility of HRTEM imaging (reflections of both graphene and Li
were visible in FFT at the same time). However, a large underfocus had
to be used to increase the contrast of Li at this magnification, so that be-
havior of Li could be noticed during the experiment. In general, lithiation
was much faster than delithiation in our overview experiment. It took only
several minutes to fully fill the graphene during lithiation, while it took
up to hours for delithiation which resulted in damage of the sample by
continues electron irradiation. Beam blanking was applied and dose rates
(1 × 105 e− nm−2) were reduced to minimize electron beam damage when
waiting during delithiation processes.

To record atomic resolved HRTEM images, CS was set to ca. −10 μm.
However, it was difficult to judge the local defocus value when the
graphene and Li crystals overlapped and only moiré patterns could be
seen during the experiment. Therefore, defocus was always adjusted dur-
ing the continuous recording at high magnification. All the HRTEM images
were later Fourier filtered by removing the graphene (Li) lattice, leaving Li
(graphene) lattice visible (see Figure S3, Supporting Information for an
example). Only the filtered images with good quality, which were recorded
coincidently with the correct defocus value for either Li or graphene, were
used for further analysis at the atomic scale.

A Gatan Quantum ERS energy filter attached to the microscope was
used for local EELS spectra. EELS spectra were acquired in diffraction
mode using a typical probe of 200 nm width (slightly larger than the field
of view). The dispersion of the spectrometer was 0.1 eV pixel−1.

HRTEM image calculations were carried out with the following pa-
rameters: focal spread 0.5 nm, image spread 35 pm, convergence angle
0.2 mrad, C5 = 2.8 mm, C3 = −8.74 μm, optimum defocus 6 nm. The
focal range were −20 nm to +20 nm around the optimum focus.

Estimation of the Nucleation Density of Li at the Beginning of Lithiation:
The images of Figure 1a recorded at 0 s (shortly before the beginning of
the lithiation) and 5 s (the first well-recorded image after the beginning
of the lithiation) were used to estimate the nucleation density of Li. The
images between 0 and 5 s were recorded with low quality and could not
be used because the sample shortly drifted in the first 5 s due to the start

of the biasing. A clean area in the original image at 0 s was selected so
that the estimation of the nucleation density was independent of dirt or
contamination. The number of the Li seeds (shown as dark patches in the
image) were counted in the image at 5 s, and the nucleation density D was
then estimated by the following equation:

D = nseeds∕A (1)

where nseeds is the number of the seeds in the field of view. A is the area
of the field of view.

Orientation Mapping in the HRTEM Images of Li Crystals: The
ImageJ plugin OrientationMapping (https://github.com/mmohn/
OrientationMapping) was used for the orientation mapping in the
HRTEM images of Li crystals.[34] With this plugin, an RGB bandpass filter
mask with a sixfold symmetry (the rotational symmetry was based on the
symmetry of the Li crystals) was applied to the second order reflections
of Li (the first order reflections are missing due to the fcc structure, as
already described in the text) in the Fourier transform of the HRTEM
images. The “number of orientations”, which determines the number of
segments per reflection, was set to 30 (thus, the resolution of orientation
in the orientation maps was 2°), and a stack of 30 filter masks were
created. Each mask was separately applied to the FFT of the original
images, and the inverse FFT was then used to obtain the Fourier filtered
images. Finally, colours were assigned to the RGB filtered images such
that each orientation showed up with a different colour.

Computational Details: Density functional theory calculations
were performed using the Perdew–Burke–Ernzerhof (PBE) exchange-
correlation[47] functional as implemented in Vienna ab-initio Simulation
Package (VASP).[48,49] The structures were relaxed with a force tolerance
of 0.01 eV Å−1 and electronic convergence criteria of 10−5 eV. The Bril-
louin zone of the fcc-Li and graphene primitive cells were sampled using
(12 × 12 × 1) and (14 × 14 × 14) Monkhorst-Pack k-points, respectively.
Additionally, van der Waals interactions were accounted for using the
DFT-D2 method.[50]

The energetics of Li facets were assessed by evaluating the surface en-
ergy as:

Esurface = (Eslab − Ebulk)∕2A (2)

where Eslab and Ebulk are the energies of the Li slab and bulk fcc phase,
respectively. A refers to the surface area.

The behavior of point defects at the graphene/Li interface and impu-
rity atoms in Li crystals were studied by calculating their energetics using
periodic supercells.[37]

The simulation model of the graphene/Li (111) interface was con-
structed using a 5× 5 graphene supercell on top of a (111) 4× 4× 4 Li slab,
with a total strain of ≈0.47%, containing 114 atoms. For the graphene/Li
(100) interface, the structure includes a 7 × 2 graphene supercell on top
of a (100) 4 × 2 × 4 Li slab, with a total strain of ≈0.54%, containing 60
atoms.
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Supporting Information is available from the Wiley Online Library or from
the author.
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