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�

���������� In this work we investigate the electrode degradation mechanisms in a commercial 

2.5 Ah LiFePO4/graphite 26650 cylindrical cell. Aged and fresh electrode samples were prepared 
by cycling two cells respectively five and 22k times. Subsequently the cells were disassembled in a 
glovebox and the electrode samples were prepared for electrochemical testing in a 3-electrode 
setup, and for characterization with XRD, XPS and low-kV FIB/SEM tomography. A 1�m thick 
CEI (cathode electrolyte interface) layer was observed at the electrode/electrolyte interface of the 
aged LiFePO4 electrode. Relative to the fresh LiFePO4 electrode, the aged electrode exhibited a 
larger series resistance which indicates the observed degradation layer increases the ionic 
resistance. In addition, micron-sized agglomerates, probably a mixture of carbonaceous material 
and decomposition products from the electrolyte, were observed at the electrode/electrolyte 
interface of the aged graphite electrode. These layers may contribute significantly to the loss of 
lithium inventory (LLI) in the cell, and to the loss of active material (LAM) in the graphite 
electrode. Low-voltage FIB/SEM tomography was used to detect local charging effects of graphite 
particles in the carbon electrode, an effect of poor dissipation of the electric charge to the ground 
after the sample interaction with the electron beam. The charging effects were primarily observed in 
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the aged electrode and most of the locally charged particles were found to be close to the 
electrode/electrolyte interface, indicating a poorly percolating graphite network near this interface.   

 

� 	
������	�
�

Lithium ion batteries (LIBs) span a broad range of applications from portable devices to electric 
vehicles (EVs) [1], [2]. However, limited lifetime is still a challenge for several LIB materials and 
the relation between degradation mechanisms and loss of performance is still not fully understood.  

 Despite its poor ionic and electronic conductivity LiFePO4 (LFP) is one of the more interesting 
cathode materials for lithium-ion batteries due to its relatively high cycle-ability and safety [3], [4]. 
To increase electron percolation in the electrode, the LFP is usually mixed with a carbonaceous 
additive such as carbon black. Graphite (Gr) is one of the early anode materials for commercial 
LIBs and it is still one of the most used anode materials [5]. Gr has a layered structure and is able to 
intercalate lithium ions between the graphitic layers. A solid electrolyte interphase (SEI) layer, with 
a thickness in the range of 10-100 nm, needs to be formed on the anode/electrolyte interface to 
protect the anode from solvent intercalation, resulting in exfoliation of the graphite, and to protect 
the electrolyte from decomposition [6]�[10]. An ana logous less studied layer, called cathode 
electrolyte interface (CEI) layer, is also formed on the positive electrode surface and is usually 
thinner (~5 nm for LiFePO4) than the SEI layer on the negative electrode [11]�[14]. 

Several studies have, in lab scale, examined the degradation mechanisms of LFP [15]�[18] and 
Gr electrodes [19]�[21], and various models have be en presented to predict performance and 
lifetime of commercial LiFePO4/graphite cells [22]�[25]. Loss of lithium inventor y (LLI), loss of 
active material (LAM), loading mismatching between electrodes and decrease of the active 
electrode surface area are among the most common degradation processes responsible for the 
performance loss of Li-ion batteries [26]. However, strong links between several of the observed 
degradation mechanisms and the operation of the battery are still not fully established. It is therefore 
important to enhance these links by relating the morphological changes in the battery electrodes 
with the battery use. Very few studies are instead found on the evolution of the CEI layer on the 
positive electrode surface and they all include the use of surface sensitive techniques which only 
permit to analyze the layer within few nanometers of depth [11]�[14]. Even fewer investigations of 
the CEI layer after long-term battery cycling have been reported, and refer to solid state [27] and 
high voltage batteries [28]. 

This paper presents a comparative study of a fresh and a cycling-aged commercial 
LiFePO4/graphite 26650 cylindrical cell. The morphology changes in the electrodes due to cycling 
are characterized by a palette of complementary analysis techniques such as X-ray diffraction 
(XRD), X-ray Photoelectron Spectroscopy (XPS), Impedance spectroscopy and low-kV FIB/SEM 
tomography. The latter technique was developed to observe the electron percolation in SOFC anode 
Ni-networks [29] and has later been used to study the electron percolation in a laboratory 
LiFePO4/CB electrode [17], [30]. Here we use it to examine the electron percolation in the 
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commercial graphite electrodes, in order to identify disconnected particles in the aged anode. 
Conventional FIB/SEM tomography is used to study morphological degradation and the evolution 
of the electrode/electrolyte interface in both the LFP and Gr electrodes.  

� �����	��
����

Battery cycling. Two commercial LiFePO4/Graphite 26650 cylindrical cells with a nominal 
capacity of 2.5 Ah were tested and characterized. The first battery was used as reference and labeled 
�F26650�. It was cycled five times between 0% and 1 00% state-of-charge at room temperature at a 
constant C-rate of 0.1 (250 mA). The second battery labeled �A26650�, was cycled 22000 times 
between 25% and 75% SOC at room temperature but at a constant C-rate of 4 (10 A). The 4C 
charge-discharge (25-75%) protocol was chosen because provides a very low degradation per kWh 
stored and represents relevant operation conditions without compromising the possibility for 
analysis and relating the observed degradation mechanisms with the test conditions. The test 
conditions are outlined in Table 1 and described in further detail below. 

Battery disassembly. X-ray computed tomography (X-ray CT) was conducted on the batteries in 
part to prepare a suitable opening procedure. Further before disassembling the fresh and aged 
battery they were characterized with galvanostatic cycling with potentiostatic limitation (GCPL) 
and electrochemical impedance spectroscopy (EIS). The characterization methods are described in 
detail below. After X-ray CT, GCPL and EIS the two cylindrical cells were discharged to 2.8V at 
250mA.  

The two batteries were disassembled in an argon filled glovebox and the positive and negative 
electrodes were unrolled. The cylindrical cells consist of a 1.5 m LiFePO4/carbonaceous additive 
positive electrode cast on both sides of an aluminum foil, a 1.5 m graphite (Gr) negative electrode 
cast on both sides of a copper foil and 2 polymeric separators soaked with liquid electrolyte. The 
total area of each of the battery electrodes and separators was 1950 cm2. The battery configuration 
is schematically presented in Fig. 1. The carbonaceous additive in the positive electrode is 
unknown. In order to distinguish the additive from the graphite in the negative electrode we refer to 
the additive with �CB� and to the graphite in the n egative electrode with �Gr".  

For the fresh battery, F26650, neither the anode nor the cathode foil showed any visible color 
difference between the various parts of the electrode; the part near the core of the battery and the 
part of the electrode near the skin of the battery as well as the edge and center parts looked the 
same. In contrast, a color difference was observed between the skin and the core part of the anode 
foil from A26650. As seen in the photos in the bottom part of Fig. 1, the anode foil is characterized 
by a blue shadowed region in the part of the foil close to the skin of the battery and a red region 
close to the core. In the presented photos the color saturation is increased to improve the visibility 
of the blue and the red region. The color covers almost completely the anode foil, with the 
exception of the sides of the electrode, where the original dark grey color of graphite is observed. 
Furthermore the edges appeared drier than the center regions, barely wetted by the electrolyte. 
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Sample set preparation. From each cylindrical cell the two electrode foils were rinsed with diethyl 
carbonate and vacuum dried at 120°C for 2h in order  to remove the liquid electrolyte. From the four 
foils ten sample sets were cut. Each sample set consisted of several samples cut from proximately 
the same place in the foil. From F26650 two sample set were cut. One set from the cathode foil 
(labeled LFP_F) and one set from the anode foil (labeled Gr_F). From A26650 four sample sets 
were cut from the anode and four from the cathode. The sample sets were cut from the skin and core 
at the edge and center, respectively. The sample sets are labeled with respect to their original 
position in the foil: E.g. �_CE� refer to �Core, Ed ge� whereas �_SC� refer to �Skin, Center�. An 
overview of the sample sets is given in the lower part of Table 1. The positioning of skin, center, 
core and edge are indicated in Fig. 1. Samples from each sample set were prepared for microscopy, 
XRD, XPS analysis, lithium dendrite tests and electrochemical testing. 

Characterization methods. 

X-ray computed tomography (X-ray CT). The fresh and aged batteries were characterized using 
x-ray computed tomography (CT) scans conducted with a lab-based Nikon Metrology XT H 225 ST 
CT scanner using a W reflection target at a power of 30 W. The scan was performed at a voltage of 
200 kV, with a 0.5 mm Cu filter, an exposure time of 0.5 s and a total of 1572 projections over a 
360° rotation, resulting in a pixel resolution in t he x-ray projection of 100 �m. The recorded data 
were reconstructed using a Feldkamp-Davis-Kress reconstruction algorithm. The CT scans didn�t 
seem to reveal any difference between the aged and the fresh battery. For this reason only the CT 
scan of the fresh battery is presented here.  

Galvanostatic Cycling with Potentiostatic Limitation (GCPL). F26650 was cycled five times 
between 2.8 � 3.6 V (the charge and discharge cut-o ff voltages are specified by the commercial 
supplier, i.e. here defined as 0% and 100% SOC, respectively) at room temperature and a nominal 
C-rate of 0.1 C (250 mA). Before disassembly, A26650 was characterized with the same GCPL 
cycle conditions.  

The electrode samples for the GCPL tests consisted of circular disk electrodes with a diameter of 
18 mm (area = 2.55 cm2) that were punched out of the foils. These samples were scratched with a 
spatula to remove the electrode layer on one side of the current collector layer. Subsequently the 
samples were used for electrochemical testing in an EL-CELLfi ECC-Combi 3-electrode setup 
using a lithium metal foil counter electrode, a lithium metal reference electrode and a glass fiber 
separator soaked with a standard 1M LiPF6 in 1:1 EC/DMC electrolyte.  

The samples were fully charged and discharged at approximately 0.1 C in order to determine the 
remaining capacity. More specifically the LFP electrode samples were cycled between 3.0 � 3.6 V 
vs Li(m) with a constant current of 330 µA (corresp onding to a C-rate of 0.1 (calculated for the 
fresh electrode), considering that its surface area is 2.55 cm2 and that the unrolled battery electrode 
was 1950 cm2). Further the Gr electrodes were cycled between 0.01 V and 0.5 V vs Li(m), also at 
330 µA. 
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Incremental Capacity (IC).  IC analysis is a useful technique that allows to distinguish the 
changes in the cell voltage and understand the electrochemical behavior of the cell. It converts the 
voltage plateaus, usually associated with phase transformations, or the inflection points, associated 
with solid solutions, into distinguishable peaks [31]. Here we use the IC analysis in a 3-electrode 
configuration to investigate the redox activity of the single electrodes and to transform the flat 
charge/discharge curves in dQ/dV peaks, each representative of a particular electrochemical 
process. These peaks have different shape, intensity and position and are associated with phase 
transformations inside the cell [32], [33]. 

Electrochemical Impedance Spectroscopy (EIS). EIS measurements on F26650 and A26650 
were conducted from 10 kHz to 1 mHz (10 pts per decade) and with an amplitude of –10mV. All 
measurements were performed at room temperature, 50% SOC, and at OCV after the cell had 
reached steady state defined by a voltage change rate < 5 mV/h. 

The spectra were modeled using an equivalent circuit model (ECM) previously developed for 
this type of battery [34]. The ECM is composed of two distinguished transmission line models 
(TLMs) in series to model separately the two porous electrodes (LFP and Gr) [35]�[37]. TLM Gr 
includes a Meyers (case 2) equivalent circuit [38] to model the impedance response from Li+ 
diffusion in a graphite particle and the graphite particle/electrolyte interface where the particles are 
covered with a thin ion conducting layer (n.b. SEI on graphite). SEI layer resistance RSEI, charge 
transfer resistance Rct, double layer capacitance Cdl and Li diffusion DLi within each graphite 
particle are calculated from best fit parameters obtained using CNLS fitting of the model to the 
experimental data as described in [22]. TLMLFP is characterized by a Randles circuit at the 
LiFePO4/electrolyte interface: Rct, Cdl and DLi values for LFP are also obtained from the best fit 
parameters of the model to full cell impedance spectra. The two TLMs involves among other 
parameters pore length L and particle radius r, which were obtained by analysis of the 3D 
reconstruction of the electrode microstructure created by FIB/SEM tomography, and are used in the 
calculations of the electronic resistance Rel of the electrodes (reflecting the integrity of the 
percolating carbon network) and ionic resistance Rion,L of the electrolyte filled pore phase 

Lithium Plating Test. Samples for the lithium plating test were square pieces cut from the 
electrode foils. The samples were prepared in the argon filled glove box, sealed under vacuum in a 
pouch bag and transferred outside. The samples were tested for lithium plating and dendrite 
formation by adding few drops of water on the sample surface. Any Li(s) reacts spontaneously with 
water forming LiOH (aq) and hydrogen. As such hydrogen bubbles indicate Li(s) at the sample 
surface.  The test was conducted immediately after the sample was pulled out from the pouch bag, 
in order to minimize the oxidation of some possible lithium metal on the electrode surface in 
contact with the air. 
 
FIB/SEM tomography. The ten electrode samples (Table 1) prepared for the FIB/SEM 
tomography were vacuum infiltrated with a silicon resin (Wacker Chemie) for 30 minutes. The 
silicon resin improves phase contrast between CB particles and pores [39]. Subsequently the 
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samples were infiltrated with epoxy resin to enable high-quality grinding and polishing of the 
sample. 

The FIB tomography and SEM imaging was carried out on a Zeiss 1540XB CrossBeam 
microscope, using a lateral E-T (Everhart-Thornley) detector and an In-lens detector. A Gallium 
FIB slicing probe of 2nA was used to mill the LFP electrodes. For the softer Gr electrodes the 
current had to be reduced to 1nA to enable high-quality imaging.  Table 2 shows the volume and 
voxel sizes of the ten 3D datasets. In the table the slice thickness is given as the �X� of the voxel 
size. The Y and Z refer to respectively the pixel width and height in the SEM images. The slice 
thickness is calculated by measuring the progress of the milling front in each image during the stack 
alignment post processing step. 

The LFP particles in the cathode are much smaller (around one-tenth in size) than the Gr 
particles in the anode. In order to perform an accurate image segmentation of LFP particles it was 
necessary to collect high-resolution images with increased magnification as can be seen from table 
2. 
Low-voltage analysis. The FIB/SEM serial sectioning imaging has been performed and combined 
with a low-voltage SEM (1 kV) scanning in order to identify the electron percolation in the CB and 
Gr network. Low-voltage analysis was first described and used by ThydØn et al. [29] to identify 
electron percolation in SOFC anode Ni-network. Secondary electrons (SEs) emitted from the 
sample have by definition energies <50 eV. At low voltage several materials have an SE yield 
different than 1 [40], [41], resulting in either positive or negative charge occurring at the sample 
surface. If the material is insulating or not connected to ground, it will not be able to dissipate this 
charge (to ground). Instead an equilibrium is rapidly established where the charge (electrons) hitting 
the sample equals the emitted charge (electrons). The difference in emitted electrons can be 
detected by the microscope In-lens detector that is sensitive to low energy electrons, giving rise to 
contrast between percolated and isolated particles. 

The combination of low-voltage SEM and FIB/SEM have recently been used for 3D electron 
percolation analysis of a CB additive in a laboratory LiFePO4/CB positive electrode [17], [30]. 

Image processing. Segmentation of the 3D FIB/SEM image data was performed with the program 
ImageJ (NIH). Because of uneven illumination, setting a single threshold for all the micrographs 
was not feasible. Therefore the Sauvola algorithm [42], [43] was used to perform local thresholds of 
the data.  

The particle and void size distributions (PSD) in all electrode samples were analyzed based on 
the method introduced by Münch et al. [44]: The seg mented 3D volumes are filled with overlapping 
spheres of the largest radius that will fit into each part of the volume structure. Each voxel is 
assigned the radius of the largest sphere that overlaps the voxel. The cumulative PSD is then 
obtained as the distribution of the voxel sphere radii. 

Visualizations of the 3D reconstructions of the analyzed data were performed with the program 
Avizo (FEI). 
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X-ray photoelectron spectroscopy (XPS). XPS measurements were conducted at an in-house 
spectrometer (PHI 5500) using monochromatized Al K� radiation. The XPS spectra were energy 
calibrated by setting the adventitious carbon peak to 285 eV. The XPS samples were also prepared 
in the argon filled glove box. They were sealed under vacuum in a pouch bag and transferred into 
the analyzing chamber of the XPS instrument without any exposure to atmosphere using a special 
transfer cup. No edge samples were analyzed with XPS. 

X-ray diffraction (XRD). The XRD samples were prepared by scratching off the electrode from 
the current collector, grounding it with a mortar and sealing in a borosilicate glass capillary in argon 
atmosphere, to avoid any air contamination. Beamline BL04 at the ALBA Synchrotron was used for 
the XRD measurements of the ten electrode samples with a wavelength of 0.4950 ¯. The data were 
normalized to the background and fitted in the software Winpow [45], for Rietveld refinements, as 
single pseudo-Voigt peaks and a background described by a 5th order Chebyshev function.  

 

� �������

X-ray computed tomography (X-ray CT). The results from the x-ray tomography show the 
placement of four current collector tabs at the edge of the battery roll (Fig. 2). Further, the gas vent 
system is seen at the top of the battery. The vent system is used to vent of gasses originating from 
electrolyte decomposition. A video of the X-ray tomography is provided in the supplemental info.  

Galvanostatic Cycling with Potentiostatic Limitation (GCPL) and IC analysis. Before 
disassembly F26650 and A26650 was cycled a couple of times at 250 mA, in order to quantify the 
capacity fade. Fig. 3a shows the charge/discharge curves for F26650 and A26650. The measured 
charge capacity is scaled to the electrode area (1950 cm2). Fig. 3b and 3c show the area specific 
charge/discharge curves for the five LFP/CB and the five Gr electrodes, respectively.  

The total specific discharge capacity in F26650 is 1.27 mAh cm-2, while A26650 shows a 
specific discharge capacity of around 0.98 mAh cm-2, indicating a capacity loss equal to 22.5%. The 
capacities measured from the GCPL cycles are summarized in Table 3. For the LFP samples, the 
LiFePO4 [mol.%] is calculated as the ratio between the charge capacity and the discharge capacity. 
Similar for the Coulumbic efficiency for the Gr samples.  

The charge/discharge curves for the LFP electrode samples (Fig. 3b) show a flat voltage plateau 
at around 3.45 V, typical for Li1-xFePO4 with 0�x�1 vs. Li(m) [46], [47]. In the first cycle, the 
charge capacity for LFP_F is 1.32 mAh cm-2 which is comparable to the F26650 charge capacity 
(Fig. 3a), while the discharge capacity is 1.46 mAh cm-2. The ratio between the first charge and 
discharge capacity correspond to the amount of LiFePO4 in the electrode (Table 3). 

LFP_SC and LFP_CC electrodes show a charge capacity of 0.83 and 0.73 mAh cm-2 
respectively, equal to the 57% and 50% of the discharge capacity of LFP_F. However, the discharge 
curves for the aged electrodes completely resemble the initial capacity, showing that there are no 
electrochemically inactive LFP particles in the two samples. A little step in lithium intercalation is 
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observed in the discharge curves of LFP_SC and LFP_CC, as shown in the inset in Fig. 3b. The 
zoomed view shows also that the over polarization for the aged samples is about 5 mV higher than 
that for LFP_F. Also LFP_SE and LFP_CE show a smaller charge capacity than the subsequent 
discharge capacity, although the discharge capacity doesn�t fully reach that of LFP_F.  

All the aged Gr samples had less capacity than the fresh sample (Fig. 3c). Further, a difference 
between charge and discharge curves equal to 10-15% is observed for all the aged samples. 

Fig. 3d show the IC curves for the fresh and aged cylindrical cell. The typical 5 peaks of an 
LFP/Gr cell are observed, which are reported to correspond to the intercalation stages of lithium in 
the graphite electrode convoluted with a single peak relative to the flat plateau of the 
LiFePO4/FePO4 phase transformation [32], [33]. It is possible to observe a decrease in intensity and 
shift toward lower voltage for peak 1 during discharge. Peak 2 is instead characterized by only a 
smaller intensity, while no changes are observed for the other peaks.  

The IC curves of the LFP electrode (Fig. 3e) shows the typical peak for LFP at around 3.45 V 
[48]. It is interesting to notice that during discharge, the peak tends to decrease in intensity and shift 
to lower voltage for the aged samples. Further an additional peak is observed for the samples 
harvested from the center.  

The graphite electrodes IC curves (Fig. 3f) shows different peaks, corresponding to the different 
intercalation stages. All the aged samples are characterized by a reduction in the peak intensities 
and a shift toward higher voltage.  

Electrochemical Impedance Spectroscopy. The impedance spectra recorded on F26650 and 
A26650 at 50% SOC are presented in Fig. 4. The spectra were modeled using an ECM previously 
developed for this type of battery [34]. The model results are presented in Table 4.  Fig. 4a,b show 
the Nyquist and Bode plots of the two spectra, with relative fittings. The series resistance is 
observed to be larger for A26650 than for F26650 (Fig. 4a and Table 4). In contrast to this, the 
impedance around 50 Hz is observed to be smaller for A26650 than for F26650 (inset in Fig. 4b). 
Finally the low-frequency branch is larger for A26650 than for F26650.  

Nyquist and Bode plots of the impedance spectra for the fresh (Fig. 4c,e) and the aged (Fig. 4d,f) 
cell, after removal of the wire inductance and including the elements of the ECM, are also shown. 
The polarization processes observed at different frequency ranges, could be ascribed to different 
processes in the cylindrical cells. The semicircle at relative high-frequency (red solid line) 
represents the aluminum current collector polarization [49], [50], and the resistance associated with 
it is observed to slightly increase with degradation, as shown in the Bode plots (Fig. 4e,f) and 
reported in Table 4. The mid- and low- frequency part are modelled by two TLMs for the LFP and 
Gr porous electrodes. The process observed at 50 Hz, ascribed to the resistance furnished by the SEI 
layer on the graphite particles, shows a smaller RSEI in the aged cell. The low frequency branch is 
modeled by the two TLMs. Gr electrode in A26650 is characterized by an increase in the charge 
transfer resistance Rct and a huge drop in DLi, observed to be an order of magnitude smaller (Table 
4). No big changes are observed for the ion resistance in the infiltrated pores Rion,L. Rct slightly 
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increases in the aged LFP electrode, while no change in Li diffusion in the LiFePO4 electrode are 
noticed. Rion,L and Rel slightly raises with degradation. 

Lithium plating test. 10 samples were tested for lithium plating and dendrite formation by adding 
few drops of water on the sample surface. Both the fresh samples from F26650 (Fig. 5a,f) had no 
reaction after water addition. The aged Gr electrode samples from the skin (Fig. 5b,c) had a fizzing 
reaction while the aged Gr samples collected from the core (Fig. 5d,e) were characterized by a 
stronger bubbling. No bubbling was observed for the four aged LFP electrodes (Fig. 5g-j). 

FIB/SEM. Figure 6 shows cross-sectional SEM images of the 10 electrode samples from each of 
the sample sets specified in Table 1. The images were recorded with a lateral E-T detector and 1 kV 
acceleration voltage after FIB milling. The top of Figure 6 displays five circles with the numbers 
1,2 and 3a, 3b, and 4. The SEM images are vertically arranged such that (1) indicates an area in the 
SEM image showing a current collector, (2) indicates an area showing the anode, (3a) displays the 
region adjacent to the anode where the electrolyte filled separator sat before the battery was 
disassembled, (3b) show the same as 3a, but adjacent to the cathode, and (4) shows the cathode. The 
top part of the individual SEM images shows a bright region which is the polished sample surface. 
Three different phases could be distinguished in the LFP samples: light gray LiFePO4 particles, 
dark gray pores (infiltrated with silicon resin) and black CB particles. In LFP_F (Fig. 6b) some of 
the LFP and CB particles are separated from the rest of the electrode. The detachment possibly 
occurred during sample preparation. LFP_SC and LFP_CC (Fig. 6h,j) show a dark layer at the 
electrode/electrolyte interface assumed to be carbon and CEI layer formed by electrolyte 
decomposition products. This layer is thickest and most homogeneous in LFP_CC. The remaining 
separator area in (3b) is filled with silicon resin (dark gray bulk) or epoxy resin (black bulk). 

Only two phases could be distinguished in the Gr samples: dark graphite particles and gray pores 
infiltrated with silicon resin. The larger darker parts to the right of the electrode areas are filled with 
epoxy resin, the larger brighter areas with silicon resin. All the electrodes are characterized by a 
porous structure of graphite grains. However Gr_SC and Gr_CC show smaller graphite particles 
than Gr_F, as confirmed below with PSD. Additionally Gr_CC have big black agglomerates at the 
electrode/electrolyte interface. 

Three-dimensional reconstruction and structure analysis. The three-dimensional reconstructions 
of the ten segmented datasets are shown in Fig. 7. Each dataset consists of a stack of images as 
those presented in Fig. 6, see detailed description in the experimental section. To highlight the 
electrode interior the reconstructed volume is only a part of the volume represented by the stack of 
images. In Fig. 7 Gr samples are seen to the left and LFP electrodes to the right. The circled 
numbers in the top of the figure refer to the same areas as for Figure 6. The sub-volumes labeled 
with (2) and (4) in Fig. 7 were used for the PSD analysis of active material, CB additive and pores. 
The sub-volumes (3a) and (3b) were only used for the PSD analysis of the agglomerates. 

As can be seen from Figure 6 the microstructure is quite inhomogeneous and varies significantly 
in appearance between the analyzed locations. From the present analysis, we cannot say to which 
degree the observed differences are due to local variations in the structure or due to differences in 
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the test conditions. This combined with the limited resolution and volume sizes means that only the 
particle size distribution results are included here. 

For the LFP samples light gray particles represent LFP grains, black particles signify CB, and 
transparent blue show pores. For LFP_SC and LFP_CC a dark layer is observed at the 
electrode/electrolyte interface. The layer is approximately 0.5 µm and 1 µm thick for LFP_SC and 
LFP_CC respectively. The average sizes for particles, pores and agglomerates were retrieved from 
the reconstructions, and are presented in Table 5, the size distribution (PSD) for the LFP electrode 
is reported in Fig. 8a� Due to the high uncertainty on these values, no significant changes in particle 
size can be confirmed from this analysis. 

For the Gr samples the orange region represents the copper current collector. In the electrode 
part two phases can be distinguished. Dark gray particles are graphite grains. Pores are represented 
as transparent blue. Large agglomerates with a diameter between 5-10 µm in diameter are seen at 
the Gr_CC electrode/electrolyte interface. The average sizes for particles, pores and agglomerates 
were retrieved from the reconstructions, and are presented in Table 5 and the size distribution of Gr 
particles (PSD) is reported in Fig. 8b. The average Gr particle size measured to be smaller in all 
four aged samples. However, the thinner volume analyzed in Gr_SE, Gr_CE and Gr_SC could 
affect the PSD calculation with a consequent underestimation of the average particle diameter. 
Accordingly, only Gr_F and Gr_CC are quantitively compared in the PSD analysis. The PSD 
analysis of the dark agglomerates only counts a few big particles and is consequently not very 
accurate.  

Low-voltage analysis. Figure 9 shows cross-sectional In-lens images recorded at 1 kV after FIB 
milling of the Gr electrodes. The low accelerating voltage enables a detection of charging effects on 
carbonaceous materials [17], [30]. Dark gray particles are graphite grains which are observed to 
dissipate electron charging (induced by the SEM electrode beam) to the ground. In contrast, light 
gray particles are graphite grains which show some local charging effects during the low-voltage 
imaging. Almost no graphite grains are observed to charge in Gr_F, and a higher amount of 
particles are observed to charge in the aged Gr samples in particular in the part of the electrodes 
closest to the electrode/electrolyte interface (dotted black circles in Fig. 9d,e). A movie showing the 
full FIB/SEM segmentation of Gr samples is provided in the supplemental info. The movie shows 
how the brightness flickers between charging and non-charging particles for several of the Gr 
particles in the aged electrode.  

XPS. Figure 10 shows F 1s and O 1s spectra for fresh, skin center and core center samples collected 
from both LFP and Gr electrodes. As mentioned no edge samples were analyzed with XPS. The 
fluorine signal is mainly generated by the PVdF binder and LiF formed by decomposition of the 
LiPF6 salts (see the peak assignments in Figure 10a) [51], [52]. The peak at 685 eV, which represent 
LiF, has high intensity on all the graphite samples and on LFP_CC. The O 1s spectra (Fig. 10b) 
contain at least two peaks, one at about 532 eV attributed to C=O bond in carbonates and 
carboxylates generated by decomposition of solvent, and another one at 534 eV attributed to C-O 
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containing species [53], [54]. All the LFP samples show the presence of -CO3 containing species on 
their surfaces, but a higher amount of C-O species (534 eV peak) is observed in the aged samples. 

X-ray diffraction. XRD analysis of the LFP samples are presented in Fig. 11a,b. The diffraction 
patterns were analyzed for peaks related to LiFePO4 and FePO4. From the Rietveld refinement the 
amount of LiFePO4 was retrieved. The results are presented in Table 6. Fig. 11a shows a zoom on 
the (020) reflection in LFP, and the (211) and (020) reflections in FP. The XRD patterns in Fig. 
11a, normalized to the (020) reflection in LFP, show the decreasing LiFePO4/FePO4 ratio in the 
different regions of the aged electrode, as reported in Table 6. XRD patterns of the Gr samples are 
presented in Fig. 11c,d.  From the Rietveld refinement no lithiated graphite was found (Table 6). 
The zoom on the peak in part c) shows peak broadening of (002) reflection in graphite, in particular 
for the Gr_SE and GR_CE samples. No significant changes in the unit cell parameters for LiFePO4, 
FePO4 and graphite are observed (Table 6). 

�
� �	����	�
�

Morphological changes. No degradation to the LFP lattice seems to occur according to the cell 
parameter values calculated by XRD. Furthermore, results from EIS fitting show that the diffusivity 
of Li ions in the LFP does not change in the aged sample. A change in the heterogeneity of the CB 
network distribution is indicated by the increased electron resistance in the electrode Rel, calculated 
in TLMLFP by EIS modeling. 

The most important degradation process seems to be the formation of a CEI layer [11]�[13], [17] 
at the electrode/electrolyte interface. The layer is possibly a mixture of carbon and electrolyte 
decomposition products [11]�[13], [17], [26], [30],  [55] and is expected to partially block the 
electrolyte passage thereby increasing the ionic resistance. This increases the polarization of the 
aged electrodes during charge/discharge cycling, as shown by GCPL results in previous section and 
confirmed by the increased ohmic resistance RE in the impedance spectra of A26650. As mentioned, 
the layer at the electrolyte/electrode interface is probably composed by a mixture of CB and 
decomposition products from the electrolyte, i.e. Li-organic species, fluorophosphates and LiF [13] 
and could thus in part explain the loss of lithium inventory (LLI). This was confirmed by XPS 
results which showed a higher amount of LiF and alkoxides on the aged electrodes surface. No Li 
plating occur on the cathode CEI layer, as no bubble formation occurred after dropping water on the 
cathode samples surfaces (Fig. 5). The layer is found to be thickest in the sample collected from the 
core of the cylindrical battery, which could be an effect of the accelerated degradation of the 
electrolyte caused by the higher temperature [56], [57] developed in the core of the cylindrical cell 
[58].  

FIB/SEM tomography of the Gr electrodes also revealed formation of large agglomerates at the 
electrode/electrolyte interface. They are most likely a mixture of SEI layer (LiF and carbonates), as 
confirmed by XPS analysis (Fig. 10). The Li plating test revealed bubble formation on the cycled 
Gr electrode samples (Fig. 5) which indicates substantial Li plating, in agreement with previous 
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results [55], [59], [60]. Although lithiated graphite may react with water and form lithium 
hydroxide in the deeper part of the SEI layer [61], the observed bubbling reaction is most likely 
attributed to the presence of lithium metal on the surface: no lithiated graphite was indeed found by 
XRD and GCPL analysis. From the PSD analysis it is also seen that the graphite particles are 
significantly smaller in the aged samples than in Gr_F, in particular in the edges of the battery. This 
is confirmed by the XRD peak broadening analysis. The smaller particle size is probably an effect 
of cracking of Gr particles with cycling [62], [63].  

Low-voltage charge contrast The low-voltage analysis was previously used to detect charging 
effect in the CB network of a laboratory LFP electrode to study the changes in the electron 
dissipation capability in the CB network [17], [30]. Similar to the cathode sample from F26650 the 
cathode samples from A26650 reveal no significant charging effects.  

The low � kV FIB/SEM was useful to detect locally c harged particles in the Gr samples. As 
shown in Fig. 9 (and in the full FIB/SEM dataset of Gr samples furnished in the supplemental info), 
from the identification of locally charged Gr particles in the negative electrode sample, a distinction 
between �percolating� and �non-percolating� graphit e particles was possible. The bright graphite 
particles are predominantly found in the region of the electrode closest to the electrode/electrolyte 
interface. These charging effects are not fully understood yet, however they are believed to describe 
graphite particles that are disconnected from (or at least loosely connected with) the electron 
percolating network. Several Gr grains show in fact a flickering intensity between two consecutive 
images during the milling job. This is probably an effect of connection/disconnection of the same 
particle from the percolating network concurrently with the ion milling. Furthermore, cracking of 
graphite particles with cycling, as previously suggested by PSD calculation, would create new 
carbon/electrolyte interfaces which would be covered by SEI layer. The SEI layer is known to be 
electron insulating [64]�[66]. This would of course  create new secondary smaller graphite grains 
and increase the amount of SEI layer in the Gr bulk, resulting in an increased electronic resistance.  

Use of low � kV FIB/SEM analysis could be a good co mplementary technique to the 
conventional computed connectivity analysis [17], [30] for structures with features close to the 
resolution limit of the imaging technique.  

Loss of Lithium Inventory (LLI) and Loss of Active Material (LAM) As discussed in the 
previous section, A26650 shows a capacity loss of 22.5% after being cycled 22000 at 4C between 
25% and 75% SOC (Fig. 3a). The charge/discharge capacities of LFP_F and GR_F match the 
F26650 capacity well. The discharge capacity of LFP_F is 10% higher than that of F26650, which 
is expected to account for the amount of lithium spent for the initial SEI layer formation at the 
graphite electrode [7]�[9].  

The results from the IC analysis (Fig. 3d) indicate that LLI and LAM are the main causes of the 
capacity loss. As described in literature [67], LAM causes a loss in peak intensity in the IC analysis, 
while LLI results in a combined shift and loss in peak intensity. Both phenomena are observed for 
peak 1 and 2 (Fig. 3d). 
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LLI is observed to be the main degradation occurring at the positive electrode. Similar to 
previous observations [26], [55] LFP_SC and LFP_CC show a lower capacity during the first 
charge (57 and 50% of the fresh electrode capacity, respectively). This means that only a fraction of 
the LFP was fully lithiated to LiFePO4 during the final discharge and that a substantial part of the 
LFP remains as FePO4. After the first discharge both LFP_SC and LFP_CC are able to recover 
completely the initial capacity, also in agreement with previous observations [26], [55]. This shows 
that there are no electrochemically inactive parts of the material at the core, and that all the regions 
of the electrode are accessible to lithium ions. This suggests that almost no capacity fade occurs to 
the LFP electrode� due to cycling. However, a higher polarization was observed in the aged 
electrodes (Fig. 3b). This is possibly related to a decreased electronic conductivity in the carbon 
phase and/or a decreased ionic conductivity in the electrolyte phase. The decreased ionic 
conductivity is most likely related to the partially blocking layer at the electrode/electrolyte 
interface on the aged samples (Fig. 7). The LiFePO4/FePO4 ratios calculated in the LFP samples 
after GCPL (Table 3) were found to be similar to the ones obtained from Rietveld refinements 
(Table 6). More specifically, LFP_F, LFP_SC and LFP_CC samples characterized by XRD were 
observed to have the same ratios (within 4% difference) of the samples cycled by GCPL. Ratios for 
LFP_SE and LFP_CE XRD samples are 10% and 16% higher than the ratios obtained for the GCPL 
samples. This means that a part of the LFP electrode at the edge is electrochemically isolated and, 
even though the amount of �stranded� LFP could be d etected by XRD, it still results in a permanent 
discharge capacity loss at the edges, as shown in Fig. 3b and Table 3. The IC analysis for the LFP 
electrodes (Fig. 3e) confirms that LLI is the main aging mechanisms occurring at the cathode. The 
lower inset in Fig. 3e shows that the discharge peak is influenced by a combined shift to lower 
voltage and decrease in intensity for the aged samples [67]. The additional peaks observed for the 
most degraded samples harvested from the center are not fully understood. They could be attributed 
to an increasing amount of amorphous LiFePO4, known to insert lithium at a lower voltage [68], 
[69]. 

The capacity fade observed in the cylindrical cell is most likely due to the capacity fade of the Gr 
electrode. The charge capacity of the Gr samples was substantially decreased compared with that of 
GR_F in agreement with previous observations [26], [55].  Gr_CC had the lowest capacity followed 
by Gr_SC, Gr_CE, and Gr_SE. This indicates that the edges are substantially less degraded. The 
difference in electrode color is most likely related to this. For all the aged Gr samples the discharge 
(or lithiation) capacity of the first cycle was observed to be 10-15% higher than the charge (or 
delithiation) capacity. This means that the majority of the lithium ions were extracted from the Gr 
electrodes during the final discharge before disassembling and all the regions are fully delithiated. 
Otherwise - as for the LFP samples - the discharging capacity would be substantially smaller than 
the subsequent charge capacity. On the contrary, it looks like an amount of lithium was spent to 
build additional SEI layer in the aged samples. The Rietveld refinement results confirm that the Gr 
samples are fully delithiated.  

A possible explanation to the capacity fade in the Gr electrode is the combined loss of active 
material and loss of lithium inventory used to build new SEI layer [70]. Fracturing of graphite 
agglomerates, as observed by PSD analysis, will lead to the exposure of new surface to the 



ACCEPTED MANUSCRIPT

electrolyte with consequent loss of lithium from the LFP electrode, spent to build additional SEI 
layer. Graphene layers exfoliation after particles and SEI fracturing is also considered a possible 
degradation mechanism [23], [71], [72]. The results from the IC analysis for the Gr electrodes (Fig. 
3f) seems to confirm the LAM. A loss in peak intensities, proportional to the capacity loss, is 
indeed observed for all the aged samples. It is interesting to notice how all the aged samples present 
a shift to higher voltage during discharge. This reduction in the anode resistance could be explained 
by an increase of the surface area and/or cracking of the SEI layer. 

Discharge mechanism at the edge The degradation mechanisms investigated in this manuscript 
find many similarities with the ones observed in previous works [26], [55]. However Klett et al [55] 
found that some of the graphite electrodes harvested from the edges were at a lithiation degree 
higher than expected. No lithiated graphite was found in any of our samples. The higher lithiation 
degree observed in [55] could probably be explained by the higher C-rate  used to completely 
discharge the battery before disassembling (1.3C in Klett�s work instead of 0.1C in our work). DLi 
in aged graphite electrode was observed to be an order of magnitude lower than in the fresh cell and 
a lower C-rate is then required to fully delithiate the Gr electrode. Furthermore, the edges of the 
electrodes are not in direct contact because of some void created by the thickness of the copper tabs, 
as shown in Fig. 2b. It would not be a significant issue if the cylindrical cell was filled with the 
electrolyte as in the fresh cell (Fig. 12a). However gases from electrolyte decomposition [70], [73] 
released via the gas vent, would result in dry electrodes, as observed at the edges after 
disassembling the cell. According to this, if an electrolyte connection is not guaranteed between 
anode and cathode (Fig. 12b), the lithium ion path from Gr to LFP during the discharge would be 
much longer and a slower C-rate is then needed to fully delithiate the graphite. A schematic 
representation of the Li ions path is shown in Fig. 12. Capillary forces and electrolyte wettability in 
the electrodes is believed to explain why the larger voids near the tabs dries before the micropores 
in the electrodes. 
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 In this work the electrode degradation mechanisms in a commercial 2.5 Ah LiFePO4/Graphite 
26650 cylindrical cell were examined. Galvanostatic cycling with potentiostatic limitation (GCPL) 
shows that the extracted LFP electrode samples from the aged battery are not completely lithiated 
despite the battery being fully discharged before disassembling. A noticeable difference between 
the edge and center of the battery roll is observed. Loss of lithium inventory (LLI) contributes to the 
capacity loss observed in the aged 2.5 Ah cell. This seems to be most extensive for the samples 
extracted from the center of the battery roll. Additionally, the core exhibits a higher LLI than the 
skin of the roll. After the first charge/discharge cycle the LFP samples extracted from the center of 
the aged battery roll were able to completely recover the initial capacity, showing that there are no 
electrochemically inactive regions in those samples. This is previously observed for the LFP 
electrodes. The LFP samples extracted from the edge of the roll only partially regained the full 
capacity. Graphite electrode samples from the aged battery roll (anodes) exhibit a significant 
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capacity fade due to loss of active material (LAM) where the center part of the roll show more loss 
than the edge part, and the core show more loss than the skin.  

FIB/SEM tomography analysis showed that the anode Gr particle size is smaller in the cycled 
battery than in the fresh battery whereas no significant change in cathode LFP particle size could be 
observed. The decrease in the Gr particle size could be an effect of mechanical stress during 
lithiation/delithiation process. The smaller Gr particle size in the aged anode is confirmed with 
XRD peak broadening. In addition, the cycling seems to produce a layer of what is believed to be 
electrode/electrolyte decomposition products at the LFP electrode/electrolyte interface. A 
decomposition layer is also produced at the electrode/electrolyte interface of the cycled anode. The 
layers at the anode and cathode electrode/electrolyte interfaces are composed of LiF and Li-organic 
species as shown by XPS analysis, and are believed to be the main degradation mechanism causing 
loss of lithium inventory (LLI) in the cylindrical cell. The layers are thicker on the core of the 
cylindrical cell, suggesting that the higher temperature accelerate the electrolyte decomposition. 
Gas evolution, and consequent drying of electrolyte, is believed to be an additional aging 
mechanism, since it affects the ionic pathway at the edges. 

Low � kV FIB/SEM tomography was also used to study the electron percolation in the graphite 
network in 3D, and several graphite particles in the aged anode were found incapable of dissipating 
the electric charge induced by the microscope electron beam. This was predominantly observed in 
the region close to the electrode/electrolyte interface and could be an effect of cracking of Gr 
particles upon cycling. This correlates with the GCPL measurement which shows significant 
capacity loss for the cycled samples, i.e. it indicates loss of active material.  
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Figure 1. Schematic representation of the unrolled 26650 LiFePO4/Graphite battery packaging 
design (on the top). Photos of the four pieces of the aged Li1-xFePO4 and LixC6 negative electrode 

(on the bottom). The images have increased color saturation to emphasize the color difference.  

 

Figure 2. X-ray tomogram of a) F26650 and b) cross-section. 

 

Figure 3. Charge/Discharge curves of a) F26650 and A26650, b) LFP electrodes and c) Gr 
electrodes. d-f) Corresponding Incremental Capacity curves of a-c). The fresh samples in b,c) are 
labeled with �_F� and the aged ones with respect to  their original position in the foil: E.g. �_CE� 

refer to �Core, Edge� whereas �_SC� refer to �Skin,  Center� 

 

Figure 4. a) Nyquist and b) Bode plot of the fresh and aged cylindrical cells at 50% SOC. The 
insets show rescaled Nyquist and Bode plots to highlight the high-frequency part of the spectra. 

Nyquist plots and relative fittings of c) fresh and d) aged cell at 50% SOC. Zoomed view of Bode 
plots and relative fittings of e) fresh and f) aged cell at 50% SOC. 

 

Figure 5. a) Fresh and b-e) aged Gr electrodes after water addition. f) Fresh and g-j) aged LFP 
electrodes after water addition. 

 

Figure 6. SEM images at 1 kV recorded with Lateral E � T det ector of a) Gr_F, b) LFP_F, c) 
Gr_SE, d) LFP_SE, e) Gr_CE, f) LFP_CE, g) Gr_SC, h) LFP_SC, i) Gr_CC, and j) LFP_CC. 

 

Figure 7. 3D reconstructions of the segmented datasets: a) Gr_F, b) LFP_F, c) Gr_SE, d) LFP_SE, 
e) Gr_CE, f) LFP_CE, g) Gr_SC, h) LFP_SC, i) Gr_CC, and j) LFP_CC. 

 

Figure 8. Particle size distributions for the various samples mentioned in Table 1. 
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Figure 9. SEM images at 1 kV recorded with In-lens detector of a) Gr_F, b) Gr_SE, c) Gr_CE, d) 
Gr_SC, and e) Gr_CC electrodes. The black dotted circles highlight particles appearing brighter, 

supposedly charging, thus partially disconnected, particles. This phenomenon is in particular seen in 
the degraded electrode samples.   

 

Figure 10. a) F1s and b) O1s spectra of fresh, skin center and core center samples. 

 

Figure 11. XRD patterns from a-b) LFP electrodes and c-d) Gr electrodes. The intensities in a) 
were normalized to the (020) reflection in LFP. The intensities in b), c) and d) were normalized to 
the strongest peak 

 

Figure 12. Schematic representation of the ionic pathways at the center and the edge of the 
electrodes in the a) fresh and b) aged battery roll. 
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Table 1.  Test conditions for the examined samples 
Battery name F26650 A26650 
Cycle number 5 22000 

C-rate 0.1 4 
SOC range 0 – 100 % 25 – 75 % 

Comment 
Before disassembling, F26650 and A26650 were discharged to 2.8V at 250mA. Samples were cut from the washed and dried 

electrode rolls. For A26650 the samples were cut at the skin and core at the edge and center, respectively (Fig. 1) 
Sample set  LFP_F Gr_F LFP_SE LFP_CE LFP_SC LFP_CC Gr_SE Gr_CE Gr_SC Gr_CC 

 

 

Table 2.  Volumes of collected datasets. 
Dataset 

Volume (voxels) 
X x Y x Z 

Voxel size (nm3)  
X x Y x Z 

Volume (µm3) 
X x Y x Z 

LFP_F 80 x 850 x 400 27 x 15 x 15 2.2 x 12.8 x 6.0 
LFP_SE 80 x 670 x 290 27 x 15 x 15 2.2 x 10.0 x 4.3 
LFP_CE 162 x 600 x 270 13 x 15 x 15 2.1 x 9.0 x 4.1 
LFP_SC 81 x 870 x 450 32 x 15 x 15 2.6 x 13.1 x 6.8 
LFP_CC 185 x 800 x 360 14 x 15 x 15 2.6 x 12.0 x 5.4 

Gr_F 328 x 750 x 150 14 x 49 x 49 4.6 x 36.8 x 7.4 
Gr_SE 182 x 468 x 174  13 x 49 x 49 2.4 x 22.9 x 8.5 
Gr_CE 116 x 399 x 101 23 x 59 x 59 2.6 x 23.5 x 6.0 
Gr_SC 197 x 489 x 164 15 x 59 x 59 3.0 x 28.9 x 9.7 
Gr_CC 381 x 920 x 130 23 x 59 x 59 8.8 x 54.3 x 7.7 

 

 

Table 3.  Cell parameters of LFP and Gr electrodes. 

 
Charge 
capacity 

[mAh cm-2] 

Discharge 
capacity 

[mAh cm-2] 

LiFePO4 
[mol.%]  

 
Discharge 
capacity 

[mAh cm-2] 

Charge 
capacity 

[mAh cm-2] 

Coulombic 
efficiency [%] 

LFP_F 1.32 1.46 90.6 Gr_F 1.36 1.36 99.9 

LFP_SE 1.13 1.19 77.2 Gr_SE 1.14 1.06 92.2 

LFP_CE 0.91 1.18 62.1 Gr_CE 1.05 0.89 84.9 

LFP_SC 0.83 1.46 56.6 Gr_SC 0.88 0.79 89.7 

LFP_CC 0.73 1.46 50.1 Gr_CC 0.83 0.67 81.0 
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Table 4.  Results from EIS fitting of F26650 and A26650 at 50% SOC. 

 
RE RAlQAl element 

Transmission Line Graphite Transmission Line LiFePO4 

Meyers element Pores Randles element Pores Electrode 

RE 

(� cm2) 
RAl 

(� cm2) 
CAl 

(mFcm-2) 
RSEI 

(� cm2) 
CSEI 

(mFcm-2) 
Rct 

(� cm2) 
Cdl1 

(Fcm-2) 
D 

(cm2s-1) 
Rion,L 
(� cm) 

Rct 
(� cm2) 

Cdl 
(Fcm-2) 

D 
(cm2s-1) 

Rion,L 
(� cm) 

Rel 
(� cm) 

F26650 28.0 1.74 0.20 4.77 0.36 23.6 0.78 4.8�10-11 321 11.9 1.80 2.4�10-13 810 40 

A26650 29.2 2.12 0.24 4.10 0.38 31.1 0.67 6.6�10-12 312 13.2 2.07 2.4�10-13 864 66 

 

 

Table 5.  Average particle diameters for the electrodes. 

Phase 

Average diameter [nm] 

Fresh Edge Center 

F SE CE SC CC 

 LFP 

LiFePO4 76 77 80 71 68 
CB Additive 49 30 25 28 42 

Pores 39 18 15 45 48 
Agglomerates - - - 141 169 

 Gr 
Graphite 1096 158 217 370 564 

Pores 159 128 69 220 302 
Agglomerates - - - - 875 

 

 

Table 6.  Unit cell parameters of LFP and Gr electrodes (the standard deviations given are from the 
Rietveld refinement and are therefore underestimated). 

 a [Å] b [Å] c [Å] V [Å 3] Fraction [mol.%] 

LF
P

 e
le

ct
ro

de
s 

LiFePO4  
F 10.3044(3) 5.9944(2) 4.6958(1) 290.06(3) 90.3 
SE 10.3034(3) 5.9926(2) 4.6937(1) 289.81(2) 86.9 
CE 10.3068(3) 5.9948(2) 4.6956(1) 290.13(2) 77.7 
SC 10.3017(3) 5.9929(2) 4.6960(1) 289.92(2) 60.8 
CC 10.2991(3) 5.9915(2) 4.6954(2) 289.74(3) 51.8 

FePO4  
F 9.8305(10) 5.7953(4) 4.7791(4) 272.27(7) 9.7 
SE 9.8225(7) 5.7905(3) 4.7791(3) 271.82(5) 13.1 
CE 9.8285(4) 5.7939(2) 4.7808(2) 272.24(3) 22.3 
SC 9.8255(3) 5.7923(2) 4.7804(1) 272.07(2) 39.2 
CC 9.8242(3) 5.7912(2) 4.7793(2) 271.91(3) 48.2 

G
r 

el
ec

tr
od

es
 

Graphite  
F 2.4596(1) - 6.7284(2) 35.25(1) ~100% 
SE 2.4585(9) - 6.7316(8) 35.24(4) ~100% 
CE 2.4591(1) - 6.7330(1) 35.26(1) ~100% 
SC 2.4582(1) - 6.7267(3) 35.20(1) ~100% 
CC 2.4580(7) - 6.7245(1) 35.19(2) ~100% 

 


