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ABSTRACT
We demonstrate that changes in the unit cell structure of lithium battery cathode materials during
electrochemical cycling in liquid electrolyte can be determined for particles of just a few hundred
nanometer in size, using in situ transmission electron microscopy (TEM). The atomic
coordinates, site occupancies (including lithium occupancy) and cell parameters of the materials
can all be reliably quantified. This was achieved using electron diffraction tomography (EDT) in
a sealed electrochemical cell, with conventional liquid electrolyte (LP30) and LiFePO4 crystals,
which has a well-documented charged structure to use as reference. The structure refined for the
charged LiFePO4, i.e. FePO4, corresponds well to literature data. In situ EDT in a liquid
environment cell provides a viable alternative to in situ X-ray and neutron diffraction
experiments, due to the more local character of TEM, allowing to obtain single crystal diffraction
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data from multiphased powder samples and from sub-micron sized to nanometer sized particles.
EDT is the first in situ TEM technique to provide information at unit cell level in liquid
environment of a commercial TEM electrochemical cell. Its application to a wide range of
electrochemical experiments in liquid environment cells and diverse types of crystalline
materials can be envisaged.
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The development of efficient Li-ion batteries is vital for transforming our energy-greedy
society to one that is more sustainable, where renewable energy will be efficiently stored and
widely used1. So far, Li-ion batteries are mainly used in portable electronic devices.2,3 However,
there is an increasing demand for powering electrical vehicles and stabilizing the fluctuation of
renewable energy production, necessitating an optimization of electrochemical energy storage
focused on these applications. Ideally, for rechargeable and long-lasting batteries, the electrode
materials should be able to reversibly (de)intercalate Li-ions.4 Consequently, the active positive
electrode (cathode) materials of Li-ion batteries are commonly inorganic compounds with Liions residing in voids of a framework or between layers, consisting of transition metals
coordinated by oxygen, often combined with polyanion groups, such as phosphates or sulfates.3,5
Upon charging the battery, Li+ ions move from the cathode material to the anode material
through the electrolyte, whereas the transition metal atoms and, partly, oxygen atoms in the
cathode structure get oxidized to retain the charge balance3. During discharge, the Li+ ions are
reintroduced into the cathode3. This process can result in significant transformations of the
cathode’s structure while trying to accommodate the changing conditions, such as migration of
transition metals, loss of oxygen or rearrangements of the metal-oxygen polyhedra.5–9 It is crucial
to know which structural changes occur at unit cell level, in order to understand the evolution of
the electrochemical performance and degradation routes of the different cathode materials.
During the last decade new in situ and operando analytical tools have been developed to monitor
structural and chemical transformations, resulting in important advances in the knowledge on
electrochemical energy storage.10–13 For in situ tracking of structural changes, currently X-ray
(XRD) and neutron powder diffraction (ND) are typically applied.10,14 Using in situ transmission
electron microscopy (TEM), dynamic processes during battery operation can be visualized in
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real time and with high spatial resolution,15–18 however, not yet at atomic resolution when using a
liquid electrolyte environment. In situ electron diffraction has not been used yet for structure
determination within electrochemical cells. This technique has a very important advantage: it can
probe crystalline matter at a more local scale than powder X-ray and neutron diffraction. This
allows getting single crystal diffraction information from nanoparticles19 and multi-phased bulk
samples20.
Sealed liquid cells for TEM emerged twenty years ago and gradually became more complex,
with the integration of biasing devices to perform electrochemical measurements (Figure 1, a).
10,21–25

They permit the observation and analysis of battery processes at nanoscale in liquid high-

vapor conventional electrolytes.26 So far, the in situ experiments were mostly dedicated to
imaging either in TEM or scanning TEM (STEM) modes.21,26 Due to the presence of the
electrodes and a polymer protection layer avoiding extra reactions out of the observation window,
the minimal space between the windows in currently available commercial cells is 500 nm.
When filled with liquid, the windows bend outwards, creating an even thicker liquid layer.27 As a
result, it is not possible to image the crystal structure with atomic resolution as can be done in a
non-electrochemical liquid environment cell where the space between the windows can be
decreased to 50 nm.27–33 In this paper, we demonstrate that in situ electron diffraction
tomography in a Protochips electrochemical TEM cell can, on the contrary, give atomic-level
information on the structural changes of cathode materials upon cycling with conventional liquid
electrolyte.
Electron diffraction tomography (EDT) was developed by Kolb et al.19,34 to decrease the
multiple scattering effects in electron diffraction experiments and enable the quantitative use of
the measured reflection intensities within the kinematical approximation (i.e. assuming single
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electron scattering), as is preferable for structure solution. EDT is based on the acquisition of a
series of off-zone electron diffraction patterns by tilting a crystal around a single axis (Figure 1,
b). The off-zone character reduces the number of multiple scattering paths for the electrons. The
individual electron diffraction patterns (two-dimensional sections of the reciprocal lattice of the
crystal) are then combined with a reconstruction process into a three-dimensional collection of
reflections with their intensities. This method has already proven successful for the solution and
refinement of numerous crystal structures.20,35–41 The method was also already used for the ex
situ structure determination of cathode materials after electrochemical cycling, allowing to detect
the Li positions and refine their occupancy and to solve structures of unknown delithiated
phases.9,42,43 However, so far, EDT was only used in the vacuum environment of the
conventional TEM setup. In this paper, we demonstrate that in situ EDT in an electrochemical
cell with conventional liquid electrolyte (1.0 M LiPF6 EC/DMC (1:1) (LP30)) reveals lattice
parameter variations and changes in the crystal structure, including all atomic coordinates and
occupancies, even for the Li position. For this proof-of-concept, we use the well-studied and
commercially deployed material LiFePO4.44
LiFePO4 was synthesized by hydrothermal method followed by carbon coating (see Supporting
Information).43 The in situ EDT study was performed using a Protochips Poseidon
electrochemical TEM holder filled with 1.0 M LiPF6 EC/DMC (1:1) (LP30) electrolyte. The
pristine and in situ charged materials were investigated in two separate cells, to reduce the effect
of beam irradiation during this first demonstration experiment. We discuss below how, in future
experiments, the same crystal can be followed throughout the charge-discharge cycle in a single
cell. The electron diffraction patterns were recorded using a CMOS camera OneView from
Gatan (30fps at 2k 2k), because a conventional CCD camera provided insufficient quality of
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the pattern (Figure 2, a-b). More details about sample preparation and experimental setup are
given in the Supporting Information.
The minimum thickness of electrochemical cell provided by Protochips is 500 nm. Due to the
difference in pressure between the fluid within the cell (1 atmosphere) and the vacuum in the
microscope column (10-9 Torr), the silicon nitride windows bend outwards, increasing the
thickness up to 1 μm in the middle of the window.27 In literature, electron diffraction was
observed for cells with 130-500 nm space between the windows, with water based solutions.31,32
In case of thicker cells, no reflections could be observed due to scattering of the electron beam
by the liquid. For such cells, electron diffraction was reported only after accidental vaporization
of water by radiolysis and heat until only a thin liquid layer was left.30 Indeed, also in our
experiment, reflections could be observed only after reducing the liquid thickness by evaporating
or/and depleting part of the liquid, leaving a thin liquid layer around the crystals and top and
bottom inside surfaces of the chip due to wetting (Figure 1).45,21 We verified the presence of the
remaining liquid using electron energy loss spectroscopy (Figure S3).
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Figure 1. (a) Schematic side-view cross section of the in-situ electrochemical cell. The cell
contains a working electrode (WE), counter electrode (CE) and reference electrode (RE). The
crystals are stuck to the WE, which is made of electron-transparent glossy carbon. (b)
Representation of the electron diffraction tomography concept.
The tomography series was acquired manually, obtaining electron diffraction patterns 1° apart
over a total range of 60° (maximal possible tilt with the specific holder used in a FEI Tecnai
microscope with Super-Twin pole pieces). For the pristine sample, only 35° of this tilt were used,
discarding patterns that were obviously obtained after the crystal had been displaced, probably
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due to fluid movement induced by rotation of the cell. Under an intense electron beam, the
organic electrolyte decomposed, forming solid amorphous contamination. The precise nature of
the contamination is out of scope of the current paper. To avoid this contamination, it is
necessary to use short exposure times and short intervals between exposures, however, longer
exposure times give a better signal-to-noise ratio. Balancing the two resulted in our case in an 8
second acquisition time per pattern using a very weak beam intensity and dose (10 e-/nm2s). On
the resulting electron diffraction patterns, clear and sharp reflections are seen (Figure 2, a). The
3D reconstruction of the reciprocal space shows sphere-like intensity domains indicating good
quality tomography data and 3D reconstruction (Figure 2, b, c).
Up to 582 reflections were collected with I > 1(I) (Table S1). The PETS software was used
to analyze the data and make the 3D reconstruction.46 The crystal structure was refined using
Jana2006 software.47
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Figure 2. In situ electron diffraction in liquid electrolyte (1.0 M LiPF6 EC/DMC (1:1) (LP30))
obtained using (a) a regular CCD camera (b) a CMOS camera (similar orientation, similar
conditions as in (a)). (c) h0l section of the reconstructed reciprocal lattice. (d) Complete
reconstructed reciprocal lattice.
The cell parameters of LiFePO4 and FePO4 were in agreement with literature (accuracy better
than 1.3%) (Table 1)44. In case of FePO4, the full angular range of 60° could be used and the
accuracy was even better than 0.5%. This shows that as a first step, the evolution of unit cell
parameters upon electrochemical cycling can be tracked in in situ liquid electrochemical cells.
Table 1. Cell parameters for the pristine sample, LiFePO4, and the charged sample, FePO4.

Phase

Method

a, Å

LiFePO4

XRD

10.3298(3) 6.0049(2) 4.6936(2)

EDT

10.198(6)

Neutron

10.3333(3) 6.0095(2) 4.6949(1)

EDT

9.840(3)

5.742(4)

4.779(2)

Neutron

9.823(2)

5.786(1)

4.784(1)

FePO4

b, Å

6.016(2)

c, Å

4.752(2)

Accuracy, %
a

b

c

Ref.
*

1.3

0.1

1.2

*
1

0.4

0.5

0.1

*
1

*Experimental data
The quality of the electron diffraction tomography series was sufficient to perform ab initio
solution of the crystal structures of LiFePO4 and FePO4. The atom positions were obtained using
the charge flipping algorithm as implemented in Superflip.48 For both the pristine and the
charged material, the Fe, P and O positions were correctly located, with less than 0.01 difference
in the relative coordinates compared to those in literature. The oxygen positions were further
refined using soft constraints on the P-O interatomic distances. The refined positions of the Fe, P
and O atoms were in agreement with those refined from our own powder XRD data (pristine
10

material) and with the literature data (pristine and charged) (Table S4-7). The reliability factor is
around 30%, which is acceptable for refinements based on electron diffraction tomography data,
where the intensities are treated as due to single scattering events. (Table S1).20 At this point, the
Li positions still needed to be added to the structure.
The Li position in LiFePO4 was detected using the difference Fourier map of the electrostatic
potential. In Figure 1, a positive peak can be seen at the (0.5, 0, 0.5) position (Figure 3, b),
corresponding to the Li position (4a: 0.5, 0, 0.5) according to literature. After adding Li in this
position, the refined Li occupancy was 1.1(2). In case of FePO4 (Figure 3, c), this peak was not
observed, showing that Li was effectively removed from the structure.
The average Fe-O distance shrinks from 2.18Å in LiFePO4 to 2.03Å in FePO4 in accordance
with oxidation of Fe2+ (r = 0.78Å) to Fe3+ (r = 0.65Å) upon full Li extraction. This corresponds
to a change in bond valence sum for Fe from 1.91 for LiFePO4 to 3.15 in FePO4, indicating that
the refined structures are chemically sensible.
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Figure 3. The crystal structure of LiFePO4 (a). Difference Fourier maps of scattering density for
the section marked by the grey plane in (a), for LiFePO4 (b) and FePO4 (c) before inclusion of
any Li atoms to the structure refinement. A pronounced peak of scattering density indicates the
presence and location of Li in LiFePO4 (position indicated with a yellow disk). In FePO4 the
positive peak is absent.
These results demonstrate that it is possible to solve and refine the crystal structure of
electrode materials from data obtained in situ in liquid environment cells in the course of
electrochemical cycling. For electron diffraction, the beam can be kept at low intensity, reducing
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the radiolysis effects of the beam on the electrolyte. The effect of the beam on the different
electrolytes has been thoroughly studied in literature, and the LiPF6 EC/DMC electrolyte (used in
the current paper) was shown to result in the appearance of nanoparticles after one minute
exposure time, due to the decomposition of the lithium salts.49,61 In the case of the
electrochemical cell, where partial evaporation by the beam was necessary to obtain a thinner
layer of fluid and observable reflections, we indeed saw the appearance of such nanoparticles.
We did not see any ring patterns nor reflections that could originate from these nanoparticles on
our electron diffraction patterns, meaning they are either amorphous or do not scatter strong
enough to be seen next to the reflections originating from FePO4. Our experiment clearly shows
that the resulting charged structure (FePO4) corresponds very well to that found in literature with
other techniques, and thus that our result is not affected. We propose that the radiolysis does not
noticeably interfere with electron diffraction tomography experiments on crystals several
hundred nm in size. Possibly, only the surface layer is affected, and the surface layer contributes
only marginally to the intensities of the reflections compared to the much larger volume of the
bulk.
In future experiments, continuous acquisition of electron diffraction patterns should allow to
track the structural changes for a single particle throughout the charge-discharge cycles. In the
continuous acquisition mode, the data can be acquired within a few minutes (as compared to
about an hour for the manual experiment used in the current experiment), reducing
contamination and possible radiolysis. Datasets can then be obtained at different states of charge,
before the accumulated contamination will significantly decrease the signal-to-noise ratio.
Although this fast acquisition technique is already used in literature57-59, we could not use this
method in our demonstration experiment as it needs a possibility to tilt continuously at a steady
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speed without having to reposition the crystal, not available at the TEM facility used, while
taking a burst of photographs using a fast camera/detector. Although numerous electrode
materials have been studied in situ using powder diffraction with synchrotron and/or neutron
radiation sources, electron diffraction tomography offers the unique possibility to perform in situ
single crystal diffraction studies, owing to submicron crystal size which maintains its
electrochemical activity. Indeed, achieving uniform delithiation for large single crystals would
be impossible within reasonable time (for instance, chemical delithiation of a mm-sized LiFePO4
single crystal for 100 h results only in ~22 mm delithiated FePO4 layer)60. Electron diffraction
also has a good sensitivity towards lithium, for which otherwise neutron diffraction experiments
are required. According to the Vainshtein’s criterion of “light” atom detectability52, the
advantage of electron diffraction compared to X-ray diffraction scales as

, where Z

is the atomic number, making detection and refinement of the occupancy for “light” atoms such
as Li more reliable with electron diffraction.

This allows to closely follow the stepwise

introduction of Li into the structure upon discharging, as demonstrated ex situ for (K,Li)VPO4F42.
Collecting in situ diffraction datasets from the same single crystal at different states of charge
would enable quantification of defects (as already successfully done ex situ for antisite defects7
and stacking faults53).
Combining precession electron diffraction with in situ EDT experiments50,51 will further
improve the quality of crystallographic information as it will allow taking into account
dynamical diffraction contribution intrinsic in electron diffraction. However, performing such
experiments will require an electrochemical holder to be present next to the precession electron
diffraction attachment in the same microscope, a rare experimental setup. However, in the case
of lithium-ion battery cathodes comprising 3d transition metals as the “heaviest” elements the
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dynamical effects are not very severe and kinematic refinement (as used in the current paper) is
sufficient to retrieve reliable information.43
Also the use of very sensitive cameras and direct electron detectors with high dynamic ranges
can further increase the signal-to-noise ratio, allowing shorter exposure times while collecting
more reflections, thus further improving the quality of the refinement while decreasing the beam
damage effects. An electrochemical cell with considerably less space between the windows, and
thus a thinner liquid layer, would also improve the acquisition of the electron diffraction data and
would allow to work without the need for evaporating part of the liquid by the beam. However,
currently, no such cells are commercially available.
In conclusion, we have demonstrated that electron diffraction tomography data can be
successfully collected in the in situ regime in an electrochemical cell with liquid electrolyte,
mimicking the Li-ion battery. The quality of the diffraction data is sufficient to detect the
structural changes occurring in the positive electrode (cathode) material upon charge, including
variations in the unit cell parameters, and changes in the occupancy of the Li positions and
interatomic distances. This opens up numerous possibilities for the structure solution and
refinement of a wide range of nanosized particles from in situ transmission electron microscopy
experiments, ranging from battery materials to electrocatalysts, as well as any nanosized particles
that undergo changes or crystallization in a liquid environment.
ASSOCIATED CONTENT
Supporting Information
The following files are available free of charge:
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Synthesis and experimental conditions and details of TEM experiment, crystal structure data
(Supporting_Information.pdf).
The reconstruction of reciprocal space of FePO4 obtained from in situ electron diffraction
tomography (FePO4_reciprocal_space.mp4)
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