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Abstract: Herein, the post-mortem study on 16 Ah graphite//LiFePO, pouch cells is reported. Aiming
to understand their failure mechanism, taking place when cycling at low temperature, the analysis of
the cell components taken from different portions of the stacks and from different positions in the
electrodes, is performed by scanning electron microscopy (SEM), X-ray diffraction (XRD) and X-ray
photoemission spectroscopy (XPS). Also, the recovered electrodes are used to reassemble half-cells
for further cycle tests. The combination of the several techniques detects an inhomogeneous ageing
of the electrodes along the stack and from the center to the edge of the electrode, most probably due
to differences in the pressure experienced by the electrodes. Interestingly, XPS reveals that more
electrolyte decomposition took place at the edge of the electrodes and at the outer part of the cell
stack independently of the ageing conditions. Finally, the use of high cycling currents buffers the low
temperature detrimental effects, resulting in longer cycle life and less inhomogeneities.

Keywords: lithium-ion; batteries; ageing; post-mortem analysis

1. Introduction

Li-ion batteries are required to operate for thousands cycles in a wide temperature range to
satisfy the market and end-user expectations. Usually accelerated ageing protocols are performed
to speed-up the degradation processes in order to study, in a relatively short time, the influence of
key parameters (such as temperature, charge/discharge rates, state of charge (SOC), cut-off voltages)
on the battery performance and to predict battery lifetime [1]. Performance degradation is mainly
attributed to complex chemical processes involving active and non-active electrode components and
the electrolyte. In part, they occur at the electrode/electrolyte interface due to the electrochemical
instability of the electrolyte at low (below 1 V) and high (above 4 V) voltages [2,3]. If the formation of a
solid electrolyte interface (SEI) at the anode is pivotal for ensuring battery operation, the uncontrolled
growth of this layer during cell lifetime contributes to the capacity decrease as the Li inventory
(corresponding to the cathode capacity) is continuously depleted [4]. Loss of lithium inventory (LLI)
can also be due to its deposition at the anode close to 0 V. This can happen in case of non-ideal
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cell’s capacity balance (normally a negative to positive capacity ratio >1.1 is used), or upon fast
charging at low temperature [5,6]. In addition, transition metals can be leached out of the cathode
structure, especially at high voltage where the reactivity between the delithiated cathode surface
and the electrolyte is the highest, inducing the active material leaching (LAM) resulting in the anode
poisoning [7,8]. Furthermore, the mechanical failure of the electrode and the loss of electric contact
generate electrochemically inactive areas [9] that adds to the LAM. Ageing tests can be followed by cell
autopsy and post-mortem analysis. Cell disassembly is generally conducted on the discharged cells to
limit the risk of thermal runaway. There is no standard procedure available and thus different methods,
depending on the cell architecture, are used to open the cell in an inert atmosphere to avoid altering
the physical-chemical state of the cell components [10]. The samples have to be carefully labelled
to track their position in the stack (in stacked cells) or in the jelly-roll (for wound cells). A series of
analytical techniques are then combined to find out the morphological, chemical and electrochemical
modifications that occurred in the components upon ageing [11].

Herein, we focus on the post-mortem analysis of stacked 16 Ah graphite//LiFePO, pouch cells
designed for automotive applications and produced within the European project SPICY (Silicon
and polyanionic chemistries and architectures of Li-ion cell for high energy battery). The cells were
subjected to cycle ageing (between 0% and 100% SOC) at different charge current rates and temperatures
(Figure S1). The results obtained at 5 °C, which is a moderately low temperature easily experienced in
electric vehicle (EV) applications, were surprising as a low C-rate led to lower cycle life when compared
to ageing results at 25 °C. That it is why cells cycled at 5 °C, were investigated deeply. Portions of
the cell components, especially the electrodes, were analysed before and after ageing using scanning
electron microscopy (SEM), X-rays diffraction (XRD) and X-ray photoemission spectroscopy (XPS),
and used to reassemble half-cells cells to determine the evolution of their electrochemical properties.
The tests were conducted using electrode parts taken from different portion of the stacks and from
different positions in the electrodes (edge vs. center) to detect non-homogeneous ageing effects.

2. Results and Discussion

2.1. Description of Cells, Ageing Conditions and Initial Visual Inspection of Components

The cells specifications are reported in Table 1. The cells were aged by cycling with a constant
charge current (0.3C or 2C) between 0% and 100% SOC (i.e., between 2.5 V and 3.6 V) at 5 °C inside a
ventilated climatic chamber. The discharge C-rate is kept the same (1C). The tests were interrupted
regularly to run a performance test at room temperature (RT) to follow up on the evolution of the
cell’s characteristics. The cell state of health (SOH) was determined from a 1C discharge constant
current/constant voltage (CC-CV) test performed during this reference test.

Table 1. Cells specifications.

Parameter Description

Cathode active material Cathode composition (37 sheets)

: — 2
Cathode areal capacity LiFePO, (LFP) LEP/C/PVDF = 90.5/5/4.5 2.3 mAh/cm?/face

Anode active material Anode composition (38 sheets)

: _ 2
Anode areal capacity Graphite (Gr) Gr/C/CMC/SBR = 96/0/2/2 2.5 mAh/cm~/face

Electrolyte composition 1M LiPFg in EC:PC:DMC (1:1:3 vol.) + 2 wt. % VC
Separator (76 sheets) Celgard® PE/PP 2325 (Celgard, LLC)

Format Soft prismatic (pouch-cell)

Weight 39%¢g

Average capacity at RT @C @C/10 14.7 Ah 16.2 Ah

Specific energy at RT @C 115 Wh/kg

@C/10 134 Wh/kg
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Acronyms: LFP = LiFePOy; C = conductive carbon; PVDF = Polyvinylidendifluoride; Gr =
graphite; CMC = Sodium carboxymethylcellulose; SBR = Styrene Butadiene Rubber; LiPF¢ = Lithium
hexafluorophosphate EC = Ethylencarbonate; PC = Propylencarbonate; DMC = Dimethylcarbonate;
VC = vinylcarbonate; PE/PP = Polyethylene/polypropylene.

The ageing protocol was interrupted when the cell loses at least 20% of its initial capacity. As the
SOH is calculated during the performance test, it was not possible to interrupt the ageing at the exact
same SOH value. Nevertheless, they have very close SOH values (79.7% and 72%).

Table 2 summarizes the results of the ageing phase. The total capacity throughput indicates
the total capacity (charge and discharge) that the cells have cycled during ageing (including the
performance test). The equivalent cycle number is obtained by dividing the total capacity throughput
by the capacity of one complete cycle (about 32 Ah). Three cells were used for the study: a cell that
performed only the formation protocol (named fresh cell) and two cells aged by cycling at 5 °C and
0.3C (named Cell A) or 2C (named Cell B).

Table 2. State of health (SOH), total capacity throughput, equivalent cycle number, time required for
ageing and voltage of the cells before disassembly.

Ageing Parameters Fresh Cell Cell A Cell B
Ageing conditions / 5°C;0.3C 5°C;2C
SOH (%) 100 72 79.7
Total capacity throughput (Ah) / 16,982 20,753
Ageing time (Days) / 118 86
Equivalent cycle number / 533 660
Voltage (V) 2.462 3.02 2.63

After cycle ageing, the cells did not present any clear sign of degradation, such as swelling or
electrolyte leakage. Although the cells were completely discharged to 2.5V, a slightly higher value of
OCV was detected for Cell A shortly prior to cell disassembly.

Figure 1a,b shows the pouch cell as made and after opening. Each cell contains a stack (Figure 1c)
of double-side coated electrodes and separators as schematically depicted in Figure 1d. The electrodes
were harvested at the beginning (B), middle (M) and end (E) of the stack. The samples, taken from the
edge (e) and the center (c) of the electrode tape (Figure 1d), were dipped in dimethylcarbonate (DMC)
(except some cathode samples from the fresh cell for SEM analysis which were dipped in acetonitrile
(ACN) for 30 s and then dried under dynamic vacuum at room temperature for 30 min. Table S1 in the
Supplementary Materials reports a detailed description of the analysis performed on each sample and
its position in the stack.

Figure 2 compares the pictures of cells components harvested from the middle of the stack. The
separator of Cell A does not show a significant difference respect to the one from fresh cell, while that
taken from Cell B shows dark areas, probably due to detachment of active material from anode tape.
Compared to the fresh cell, the cathode from cell A and cell B show a grey/brown coloration after
cycling at 5 °C. Noteworthy, the cathode tape in different portions of the stack does not show any visual
difference (not shown). The anode tape, on the other hand, was rather shiny at the edges with a darker
area in the center. The silvery color may be an indication of plated lithium [5], in both cell A and cell B.
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d) Pouch-cell stacking of
electrodes

Middle (M)

End (E)

Figure 1. (a) Closed pouch cell; (b) view of the opened cell; (c) scheme of the stack defining the
sampling portions; (d) simplified view of double coated electrode indicating the two areas sampled;
and (e) definition of “edge” and “center” positions within a single electrode.

Separator Cathode (M) Anode (M)

Fresh cell

Figure 2. Visual inspection of cells components (separator, cathode and anode from the middle (M) of
the stack).

2.2. Adhesion Test

Table 3 summarizes the thickness and adhesion test results of electrodes portions sampled from
different position in the stack. The anode thickness increases already after cell formation while the
cathode thickness only increases upon ageing.
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Table 3. Thickness and adhesion strength of pristine and aged electrode tapes. Results are provided as
average of at least two tests per electrode sample with the standard deviation in brackets.

Electrode (Position within the Stack

Cell B = Beginning, M = Middle, E = End) Thickness (um) Peel Force (N/m)
Pristi Anode 117 (3) 5.4 (2)
ristine Cathode 183 (5) 504 (17)
Anode 127 (2) 2.2(0.4)
Fresh Cell Cathode 188 (2) 372 (56)
Anode 3 (B) 147 (2) 5 (1)
Anode 16 (M) 157 (2) 3.3 (9)
o Anode 34 (E) 150 (7) 3.2(8)
Cell A5°C-03C Cathode 3 (B) 195 (3) 336 (85)
Cathode 16 (M) 202 (5) 358 (41)
Cathode 34 (E) 192 (4) 534 (73)
Anode 3 (B) 155 (6) 47 (2)
Anode 16 (M) 154 (7) 8(2)
3 Anode 34 (E) 146 (1) 3.5 (3)
Cell BS°C-2C Cathode 2 (B) 199 (1) 579 (53)
Cathode 16 (M) 198 (1) #
Cathode 34 (E) 197 (2) 342 (8)

# above equipment measurement range (>550 N/m).

Overall, the adhesion of the anode is quite poor compared to that of the cathode. Additionally,
the anode adhesion significantly drops after formation (see fresh cell results), although it recovers
nearly the values for the pristine electrode over cycle ageing (see Cell B results). The cathode adhesion
appears also to be lower in the fresh cell than in the pristine electrode (never in contact with the
electrolyte) but still retains high values (>330 N/m) on aged cells. For both electrodes adhesion values
vary along the stack, which may be correlated with a different pressure distribution throughout the
cell stack, also lead to variations of the electrode capacity.

2.3. Morphology of Cells” Components

The SEM images in Figure 3 show the appearance of the LiFePOy (LFP) electrodes at the beginning
of the stack in the center position of the Fresh Cell, Cell A and Cell B. The electrodes are composed
of a mixture of spherical particles and small amount of carbon fibers (used as conductive agent) of
micrometric length. The larger spherical particles show a diameter comprised between 0.5 and 1 pm
while the smaller particles have a diameter lower than 100 nm. Comparing the SEM images, no
significant differences are observed. Additionally, no specific damage or deposit is visible.

Figure 3. SEM images comparing the morphology of the LFP electrodes taken from (a) the fresh cell
(after formation), (b) Cell A and (c) Cell B. All the samples were harvested from the beginning of
the stack.

Also, the cathode morphology did not show any relevant difference when sampled from different
position in the stack and in the tape (edge vs. center) (see, respectively, Figures S2 and S3 in the
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Supplementary Materials). Furthermore, the energy dispersive X-ray (EDX) analysis (Figure 54 in the
Supplementary Materials) does not reveal differences between Cell A and Cell B, nor the presence of
contaminants. The elemental composition (Figure S4) is also similar to that of the fresh cell (only Fe, P,
O and C are detected).

Figure 4 shows a few SEM images of the graphite electrode at the beginning of the stack in the
center position, extracted from Fresh Cell (EDX spectra reported in Figure S5 in the Supplementary
Materials), Cell A and Cell B. While no major difference between the electrodes from Fresh Cell and Cell
A is observed, the anode of Cell B (cycled at 2C) shows the occurrence of graphite exfoliation (notice
that several SEM images were taken using different samples to confirm the observed differences).
Noteworthy, such exfoliation is not observed in the edge of the electrode (see Figure 5). Thus, a major
difference between the center and the edge of the anode electrode is confirmed using both visual (see
Figure 2) and SEM observations.

Figure 4. SEM images comparing the graphite electrodes of the (a) Fresh Cell (i.e., after formation),
(b) Cell A and (c) Cell B (cycled at 0.3C and 2C, respectively). All the samples were taken from the
electrode at the beginning of the cell stack.

LITEN 1 pm
o —

Figure 5. SEM images of the graphite anode of Cell B sampled at the (a) center and (b) edge of the tape.
Both samples were taken from the middle (M) of the stack.

EDX analysis was performed on the samples extracted from both the center and the edge of the
anode of Cell B (Figure S6 in Supplementary Materials). Surprisingly, no significant difference in terms
of elemental composition was observed. EDX indicates the presence of O, P and F in both samples,
due to electrolyte salt residue and the SEI. However, Fe traces were detected in the center (but not
in the edge of the electrode) resulting from the cathode (LFP) decomposition. The Fe traces could be
one of the reasons for the graphite exfoliation detected in the center of the electrode, even if Fe is not
expected to be intercalated inside graphite.

The SEM pictures of the separator (Figure S7 in Supplementary Materials) do not show any
damage upon ageing. The separator retained its porous structure upon cell ageing.

2.4. Residual Capacity Measurement

All samples used for the residual capacity determination were harvested from the electrode tapes
taken from Area 2 in Figure 1d. The samples are named using the abbreviation given in Table 4, which
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describes their position in the stack and the electrode. Due to the poor adhesion of the anodic tape, the
half-cell assembly with aged graphite anodes was not always possible therefore the residual capacity is

analyzed using only the cathode.

Table 4. Description of sample positioning in the stack and within the electrode, sample coding and

residual capacity.

Cell Position in the Position in Code Residual
Stack-Electrode Number the Electrode Capacity ! (%)
.. Edge A_BE 70.7
Beginning (B)-2 Centre A_BC 62.8
A5°C-03C Ed A_ME 65.6
. . &e - )
Middle (M)-15 Centre A_MC 88.9
. Edge B_BE 79
B B)-2 B
eginning (B) Centre B_BC 684
B5°C-2C Ed B_ME 66.4
. ) ge — ’
Middle (M)-15 Centre B_MC 68.4

! The residual capacity is calculated from the first charge of the reassembled half-cells as a percentage of the capacity

of the pristine electrode (2.53 mAh) in Figure S7.

The voltage profile obtained at 0.15 mA-cm~2 (corresponding to 0.065C) for a pristine cathode
tape is reported in Figure S8 in the Supplementary Materials. The voltage profiles of the first cycle
(charge comes first) of the aged cathodes performed in the same conditions are shown in Figure 6. It
can be noticed that the residual charge capacity, i.e., the amount of Li* extracted from the electrode, is

not homogeneous along the stack and across the electrode tape.

Figure 6. First cycle voltage profile of the aged cathodes in half-cells. (a-d) samples from cell A.
(e-h) samples from cell B. Electrode area ~ 1.13 cm?; C-rate 0.065C.
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For the cell aged at 0.3C, the sample A_MC delivered a high charge capacity of ca. 2.25 mAh, a
value close to that of the pristine electrode. On the other hand, for the sample A_ME only 1.66 mAh
were obtained. The situation is inverted for the samples taken at the beginning of the stack as the
sample from the edge (A_BE) delivered a higher capacity (1.79 mAh) than that from the center (A_BC)
(ca. 1.59 mAh). It is worth noting that, upon the subsequent lithiation, a “step” in the voltage profile
appears. Its position matches well with the capacity value obtained during the previous de-lithiation.
Therefore, we attributed this feature to the insertion of lithium into the LFP cathode, which did not
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occur during the ageing test. This means that, for all the samples, part of the cathode material was
inactive during the ageing test, but not damaged. A similar situation is found for the voltage profiles
of the aged cathodes from cell B (see Figure 6e-h). Here, the sample from the beginning of the stack
and edge of the electrode (B _BE) delivered a capacity (ca. 2.0 mAh) higher than all the other samples
(ca. 1.7 mAh). It is also noted that the resistance of Cell A cathode is higher than that of Cell B
cathode as a marked overvoltage is present at the very beginning of the charge process (Figure S9 in
the Supplementary Materials).

After the first discharge (lithiation of LFP), all the electrodes perform equally in the rate capability
test shown in Figure 7 (cycling protocol described in Table S2 in the Supplementary Materials),
indicating that the cathode material structure did not undergo significant damages independent on
the position in the stack and across the tape. Therefore, the loss of active material (LAM) is negligible
compared to the loss of lithium inventory (LLI).

A BC 1 B BC

Discharge capacity / mAh
&

0.8} A ME T B_ME

0.8f A_MC T B_MC ]

03 . di e . )]

1 6 11 16 21 26 31 1 6 11 16 21 26 31
Cycle number

Figure 7. Rate capability test of cathodes harvested from aged cell A (a-d) and cell B (e-h) (1C =
2.3 mA-cm™2). The detailed test protocol is reported in Table S2 in the Supplementary Materials.

Overall, the same trend of the residual capacity is observed for both aged cells, i.e., MC > ME and
BE > BC, but the non-uniformity is more marked for Cell A than Cell B. The observed inhomogeneous
LLI can be attributed to a different extent of side reactions (e.g., SEI formation at the facing anode)
caused by variations of the electronic contact (due to differences in the internal pressure) and/or ionic
conduction through the electrode (inhomogeneous electrode wetting).

It can be inferred that, in the middle of the stack and in the center of the electrode (MC), more LFP
is reversibly cycled than at the edge, probably due to the better contact induced by the higher internal
pressure. This would also result in a better anode SEI, with a lower consumption of the Li* inventory
to repair it upon cycling. On the contrary, at the beginning of the stack, the edge part of the electrode
(BE) is more electrochemically active. Recalling the SEM results for Cell B, graphite exfoliation was
observed in the center of the electrode, but not at the edges.

2.5. Structural Analysis

The inhomogeneity revealed by the electrochemical tests is confirmed by phase quantification
via Rietveld refinement of the XRD patterns of aged cathode electrodes (Figure 510 in Supplementary
Materials). The results are summarized in Table 5. Considering that the cells were opened in the
fully discharged state, the cathode material should mostly consist of LiFePO,4 but FePO, could also
be present if the discharge process is not complete due to lack of available lithium. For Cell A, the
trend that a higher fraction of LiFePOy is present in samples BE than BC is confirmed (and double
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checked with the samples taken at the end of the stack EE). On the other hand, discrepancies are found
for electrodes in the middle of the stack for which the XRD investigation detects more LiFePO;, at the
edge than in the center, revealing that the inhomogeneity is more pronounced in this part of the stack.

Table 5. Phase quantification obtained by XRD of fresh and aged electrode. For comparison also the
value obtained for a fresh cathode (after cell formation) is reported.

Sample Name Electrode Number LiFePOy (%) FePOy (%)
Fresh n/a 91 9
A_BC 3 70 30
A_BE 3 80 20
A_MC 16 75 25
A_ME 16 85 15
A_EC 34 74 26
A_EE 34 82 18
B_BC 3 75 25
B_MC 16 74 26
B_EC 34 97 3

The diffraction patterns of the anodes have been analysed for the shift of the first graphite peak at
26.8° (Figure S11). The shift towards lower angle of the 00! reflection is linked with graphite interlayer
expansion upon lithium intercalation [12] The shift is larger in the Fresh Cell, while among the aged
samples, Cell B showed the smallest shift, indicative of a lower amount of Li* remaining trapped into
the graphite layers (the cells are opened in the fully discharged state, i.e., Li* ions should be fully
removed). This translates into a higher lithiation of the cathode. Indeed, a higher LiFePO,4 content is
observed in the cathode sample B_BC than A_BC (75% and 70%, respectively), which matches well
with the slightly higher residual capacity (Figure 6) obtained for the B_BC cathode than the A_BC
cathode (1.73 and 1.59 mAh, respectively).

2.6. Surface Analysis

The XPS spectra of graphite samples, harvested from the middle of the stack and at the center
of the electrodes (MC), from fresh and aged cells are compared in Figure 8. The average atomic
compositions are reported in Table 6. Sputter depth profiling was conducted to obtain information on
the SEI composition and thickness.

F1s - P 2p

Fresh

Coon €oc

Cell A

/k -

690 687 684 681 536 532 528 204 291 288 285 282 140 138 136 134 132
Binding Energy [eV] Binding Energy [eV] Binding Energy [eV] Binding Energy [eV]

Figure 8. F 1s, O 1s, C 1s and P 2p core peaks XPS spectra of graphite electrode from fresh and aged
cells (MC samples). Non-sputtered samples.
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Table 6. Average atomic percentages (% at.) determined from three measurement spots on fresh and
aged graphite electrodes.

Region = Components Fresh Cell MC Cell AMC Cell BMC

Sputtering Time (s)
0 60 120 600 0 60 120 600 0 60 120 600

Average Atomic Percentages (% at.)

F1 LiPFy 562 312 458 367 960 1230 717 749 858 639 619 478
s LiF 6.17 981 732 288 899 981 1384 465 3.66 398 437 436
RCO;3 478 545 464 260 734 668 527 325 510 429 407 4.06

O1ls Li,CO3 724 447 403 18 744 712 824 498 868 9.01 1021 9.78
Li,O 009 011 016 004 019 029 084 146 132 131 149  1.63

Cls 56.69 56.16 60.15 7450 4659 4137 34.00 4531 3826 3878 4499 44.66

CMC-COC 6.05 3.02 442 410 418 394 366 192 416 299 274 293
Cls CMC-COOH 3.02 283 28 230 269 266 284 135 291 240 244 190

Li-C 0.00 0.00 0.00 0.00 157 3.00 1035 1929 296 215 262 202
PEO 033 459 192 246 118 128 087 283 266 282 200 170
LiPEy 090 036 028 021 064 042 031 014 141 1.19 1.09 0.79

P2
p LiPO«Fy 031 041 039 021 036 049 041 021 043 045 054 046

Upon ageing, the SEI on graphite is expected to grow, consuming lithium and thus contributing to
the LLI. Figure 8 shows the typical LiPFg (electrolyte salt) decomposition products, i.e., LiF, LiPF, and
LiPO«Fy, that are detected in the F 1s and P 2p regions [13]. Their relative ratio changes upon ageing.
The sum of the atomic fractions derived from these three peaks after 600 s of sputtering (Table 6)
represents 3.3, 5.0 and 5.6 % at. for the Fresh Cell, Cell A and Cell B, respectively, showing that a
slightly higher salt decomposition occurred in Cell B upon cycling, as also highlighted by the higher
signal detected for LiPFy (P 2p region).

The O 1s spectra of the graphite electrodes (Figure 8) consists of three peaks. The first peak, at the
lowest energy, is assigned to lithium oxide, which is a well-known component of the inner part of
the SEI [14], but it also corresponds to the degradation product of Li;COj3 induced by the sputtering
process itself [15]. After ageing, the Li,O feature is more pronounced in the cell cycled at 2C (cell B).
The sputtering results in Table 6 indicate more Li;O in the inner layer of the SEI of aged graphite
electrodes. The second peak, assigned to LiCO3, also grows slightly upon ageing. The peak at the
highest binding energy, assigned to organic carbonates, increases more on the surface of the electrode
during ageing at 0.3C (cell A), while after 600 s sputtering more organic carbonates are found in Cell B.
Before sputtering, the oxygen containing components found in the O 1s region of the graphite from the
fresh cell represent 12.11 % at., which increases to 14.98 % at. upon cycling at 0.3 C and 15 % at. 2C.

To eliminate the error caused by the overlapping of graphite and amorphous carbon signals,
the sum of their contributions is labeled C 1s in Table 6. This contribution decreases upon cycling
indicating that the SEI becomes thicker, thus hiding the graphite contribution. The Li-C signal at 600 s
increases in the cycled electrodes, being more pronounced for Cell A (0.3C). This further confirms that
the SEl is thicker in the cell cycled at higher C-rate (Cell B).

To investigate the effect of electrode position on the SEI build-up, Figure 9 compares the atomic
fraction observed at the center and edge of the electrode tape from the beginning and the middle of the
stack for the aged cells. The LiPFy, LiF and LiPOxFy % at. compositions are overall higher at the edge
of the graphite tape, which means that LiPF4 degrades more extensively there. Additionally, more
LiPFq degradation products are detected in the outer layers of the stack. Overall, the amount of salt
decomposition products is higher, whatever the position, in the cell cycled at 0.3C.
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Cell A: cycled at 5°C and 0.3C

s3]
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= LiPF, mLiF #RCOs Li2COs = LiO uCls
® binder mLi-C LiPF, LiPOFy ®Li
Cell B: cycled at 5°C and 2C
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o
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u LiPF, ® LiF " RCOs Li2COs = L0 uCls
® binder mLi-C LiPF, LiPOFy ®Li

Figure 9. Atomic concentration at the center and edge of the electrode sheet in different position of the
stack of (a) Cell A and (b) Cell B.

In Cell A, the C 1s and binder features decrease dramatically in the beginning of the stack, which
indicates that the SEI is thicker than in the middle of the stack. On the other hand, the carbon features
in the beginning of the stack in Cell B is higher than Cell A, which is an opposite trend comparing to
the middle of the stack. For Li compounds there is no clear trend, which makes it challenging to obtain
a reliable relation between different positions.

Generally, for both cycled cells, the differences due to sample location are in the same range as the
differences between the two cells. These findings can be correlated to the visual observation of several
variations in color and thickness along the electrode stack and across each electrode tape.

The XPS spectra and fitting results for the cathodes extracted from fresh and aged cells are
compared in Figure 10. Table 7 reports the averaged atomic concentration for the different components.
Due to the uncertainties caused by the overlap between the Fe 2p and Fe 3p core level spectra and
the fluorine plasmon and, in the Li 1s core spectra, the overlap between Fe and Li contributions, the
corresponding spectra were not used for cathode analysis. All samples investigated were taken at the
center of electrode at the middle of the stack.
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F1s O 1s C1s < P 2p P-0P=0

P-F CO3/POy from conductive carbon

Fresh

LiF CFy-CHy CHy-CF,

Metal oxide

PEO

/k -

Cell B

AN

690 687 684 681
Binding Energy [eV]

536 532 528
Binding Energy [eV]

204 291 288 285 282 140 138 136 134 132 130

Binding Energy [eV]

Binding Energy [eV]

Figure 10. F 1s, O 1s, C 1s and P 2p core peaks XPS spectra of LiFePO4 electrode from fresh and aged

cells (MC samples). Non-sputtered samples.

Table 7. Average atomic percentages (% at.) determined from three measurement spots on fresh and

aged cathodes.
. Cell A Cell B
Region Components FreshMC
MC MC
F1 P-F 12.810 13.433 15.393
s LiF 2.751 3.704 0.866
C-O0 4171 6.512 6.761
O1s CO3/POy4 9.101 6.508 7.043
Metal Oxide 0.053 0.043 0.043
Conductive carbon 15.365 18.827 16.033
CH,-CF, 4.783 3.812 4575
c1 CF,-CH,» 4.463 3.809 4.268
S RCO; 2.720 4.885 2.964
PEO 0.451 1.823 4401
amorphous carbon 9.657 8.814 14.020
P2 P-F 0.643 0.787 1.131
P P-O/P =0 1.135 0.762 0.792

The F 1s spectra show traces of LiF at 685 eV on the fresh and aged LFP electrodes. As found for
the anode, LiF represents a higher fraction of the cathode electrolyte interphase (CEI) layer in the cell
cycled at 0.3C (Cell A) than at 2C (Cell B).

In the O 1s region, the amount of signal attributed to oxygen atoms in the phosphate group
(POy4)%~ of LFP decreases upon cycling (Figure 10). This peak is well pronounced for the fresh cathode,
indicating the very thin nature of the CEI layer. The peak at higher binding energy (C-O) is attributed
to the oxygenated species at the electrode surface and increases in aged cathodes. Upon ageing, the
difference between these two peaks decreases, as a result of the growth of the CEI layer. For Cell B the
(PO4)3~ contribution remains dominant (see Table 7) while the fraction of oxygenated species in Cell A
equals that calculated from the LFP feature.

In the C 1s spectrum, the peak at 284.5 eV corresponds to conductive carbon, which conceals the
peak of amorphous carbon related to carbon coating [16]. The two other peaks toward higher energy
at 286.3 eV and 290.4 eV are attributed to CF,CH;, and CH,CF,, corresponding to the PVdF binder [17].
Moreover, two small peaks are due to polyethylene glycol (PEO) and RCOj3 [7]. PEO and RCOj3 have
been proved to be part of both the SEI and the CEI [18,19]. It can be seen that both contributions
increase upon cycling in both cases.
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In the P 2p region, the peak of PO, (at 133.3-133.5 eV, labeled P-O/P = O) declines with ageing,
which indicates for the CEI growth. The higher amount of phosphate feature in the cell cycled at 2 C is
in good agreement with results from the O 1s region, indicating thinner CEI layer. The higher amount
of P-F compound (LiPFg decomposition products) is detected in the cell cycled at higher C-rate, the
same result was obtained for graphite electrode.

Figure 11 compares the atomic percentages at the center and edge of the electrode tape from
different positions of the stack (beginning and middle of the stack) of the aged cathodes. In both
cells, a higher LiF amount is detected at the edge of each electrode tape, which means more LiPFg
degradation. Overall, the amount of LiF is higher at any positions in the cell cycled at 0.3C. However,
higher amounts of LiF are found in the middle of the stack, while the opposite is observed for the cell
cycled at 2C. Nonetheless, the total amount of fluoride species are found to be higher in the middle of
the stack for both cells.

Cell A: cycled at 5°C and 0.3C
a 40

30
20

) IDH || IDD || IE.D || Iuﬂ I

mP-F mLiF mC-O © COsPO: mmetal oxide ®Cls ®binder = P-F = P-O/P=0

Concentration (at%)

b) Cell B: cycled at 5°C and 2C
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Concentration (at%)

Figure 11. Atomic concentrations of cathode electrolyte interphase (CEI) components at the center and
edge of the electrode tape in different position of the stack of (a) Cell A and (b) Cell B.

In O 1s and P 2p regions, the amount of oxygenated species (C-O and P-F) is lower at the edge
of each stack, while the LFP feature stays more pronounced at all the edges. Thus, we can conclude
that the formed CEI is thinner at the electrode edge in both cells. Moreover, the LFP feature (PO, and
P-O/P = O) in O 1s and P 2p region is more pronounced in the beginning of the stack, which implies
that the CEI at the middle of the stack is thicker.

Generally, for both cycled cells greater differences were found in electrodes of different stacks.
However, the trend of the features in the F 1s, O 1s and P 2p regions suggest that the dissimilarities
caused by varying the C rates are as marked as the differences between different locations in the cells.

3. Conclusions

The post-mortem analysis conducted on 16 Ah graphite//LiFeOy cells after formation and aged at
5 °C by cycling either at 0.3C (Cell A) or 2C (Cell B) revealed inhomogeneous ageing of the electrodes
along the stack and from the center to the edge of the electrode tapes. Differences in the residual
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capacity values and LiFePO,/FePO, phase distribution were detected. Although a clear trend could
not be identified between C-rates, one of the possible reasons for the non-uniform ageing can be related
to differences in the pressure experienced by the electrodes, which are higher in the middle of the stack
and at the center of the electrode. Furthermore, the inhomogeneities are more marked for the cell
cycled at low rate (Cell A) than for that cycled at 2C (Cell B). The cell cycled at 2C (Cell B) performed
higher number of equivalent cycles compared to that cycled at 0.3C (Cell A). It is reasonable to assume
that the higher current also results in more heat generated, therefore the temperature experienced by
the cell could have been higher than the 5 °C of the environmental temperature, and has positively
influenced the cell performance. From XPS analysis it appears that more electrolyte decomposition
took place at the edge of the electrodes and at the outer part of the cell stack independently of the
ageing conditions. Therefore, in these areas, more Li is consumed by SEI formation and side reactions,
which contributed to the inhomogeneity in the cathode residual capacity values. In both aged cells the
most evident signs of graphite electrode ageing are the increased thickness of the SEI and the increase
of salt decomposition products (compared with fresh cells) and they are more pronounced in Cell A.
Overall, the cathode is less affected by cycling and able to recover the initial capacity for both aged
cells. On the other hand, the anode of the cell cycled at 2C (Cell B) displayed graphite exfoliation in the
central parts of the electrode and the presence, in the same areas of Fe contamination.

4. Materials and Methods

The 16 Ah pouch cells were manufactured by CEA-LITEN. The stack contained 38 anodes 76
separators and 37 cathodes. The stacks with tabs as terminal were placed between two half shells
based of aluminium and heat sealed before the electrolyte filling.

The ageing tests on the 16 Ah pouch cells were carried on in a custom-made climate chamber
using a PEC battery tester with a maximum of 5 V and 50 A per channel.

Prior the opening, the cells have been discharged to Vmin (2.5 V) using a constant current (C/2)
step followed by a constant voltage step (10 h or C/50). The cells were opened inside the glove box
under Ar atmosphere (H,O < 1 ppm, O, < 1 ppm) cutting the long side of the bag with ceramic scissor
and scalpel avoiding to damage the stack or to induce a short circuit.

The adhesion strength of the coated electrodes on the current collector is measured via the 90°
peel test carried out in ambient conditions at 20 mm/min crosshead speed on 20 x 90 mm (Width x
Length) electrode strips cut from the ~6 X 9 cm samples to obtain a peeling strength value (N-m™).

The morphological analysis of the cell components was conducted using a Scanning Electron
Microscope (SEM) using an inert transfer chamber to protect the sample from the external atmosphere.

X-Ray Diffraction measurements were carried out directly on electrodes using a Bruker D8
Discover diffractometer equipped with a Cu Ka source (A = 0.154 nm) where 20 range was between
10 to 85°. Refinements of the cathode materials diffraction patterns were performed by the Rietveld
Method using the FullProf program [20].

XPS measurements were conducted on an Axis UltraDLD (Kratos, U.K.) equipped with a
monochromatic X-Ray source (Al Kg, filament current and voltage 15 mA and 15 kV respectively, with
charge neutralizer to compensate for the charging of samples, and 20 eV pass energy for core spectra)
The investigated sample area was ca. 700 um X 300 um. The XPS equipment is equipped with an
antechamber, preventing atmospheric exposure when loading samples. Samples were not washed for
XPS investigation. Sputter depth profiling (sputter times 60, 120 and 600 s) was done using an Argon
ion gun (a coronene ion source with a filament voltage of 0.5 kV and an emission current of 8§ mA, with
a sputter crater diameter set to 1.1 mm and the incident angle between the sample surface and the ion
gun beam at 45°. Measurements were done in the field of view 2 with a 110 um aperture and a pass
energy of 40 eV). The fitting of the spectra was done with the CasaXPS software (Version 2.3.16 PR
1.6, Casa Software Ltd., Teignmouth, UK). Core peaks were analyzed using a nonlinear Shirley-type
background. The peak positions and areas were optimized by a weighted least-square fitting method
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using 70% Gaussian, 30% Lorentzian peak shapes. The intense C 1s peak at 284.5 eV was used as
reference. For each XPS sample, at least 3 spots per sample were measured to test reproducibility.
The electrochemical tests were carried out using coin cells 2032 assembled in argon-filled glove
box (H,O < 0.1 ppm, O, < 0.1 ppm). Half-cells were assembled using the pristine electrodes (never
assembled into a cell) and aged electrodes. The glass fibre separator (Whatman, GF/D) was soaked with
the electrolyte 1 M LiPFg in EC:PC:DMC (1:1:3 vol.) + 2 wt. % VC. One side of the coated electrode was
removed to eliminate artefacts at low current density [21]. In the argon-filled glove box, the cathode
layer, made with PVDF binder, was removed using a paper tissue wet with N-methyl-2-pyrrolidone
(NMP) solvent while the anode layer was removed using a sand paper. The removal of the coating
from one side of the electrode resulted in heavy damage of the anode. Afterwards, small discs (area =
1.13 cm?) were punched out of the electrode sheet and dried under vacuum in order to remove any
residues of solvent and electrolyte. Galvanostatic cycling was carried out at a constant temperature
of 20 + 0.1 °C (Binder KB 400) using a battery tester (MACCOR 4300) following the test protocols

described in Table S2 in Supplementary Materials. A C-rate of 1 C corresponds to 2.3 Ma cm™2.

Supplementary Materials: The following are available online at http://www.mdpi.com/2313-0105/5/2/45/s1,
Figure S1. Results of 16 Ah soft prismatic cells cycled at different temperatures: 5 °C (blue), 25 °C (green) and
45 °C (red) at 1 C discharge rate and 0.3 C (circle), and 2 C (square) in charge. Table S1. Summary of measurements
performed in different stack’s positions. Figure S2. SEM images of LFP electrode extracted from different parts of
the stack of Cell A. Figure S3. SEM images of LFP samples. Figure S4. EDX spectra of aged cathodes. Figure S5.
EDX analysis of the fresh graphite electrode. Figure S6. EDX spectra of negative electrode extracted from Cell B.
Figure S7. SEM of separators from Fresh Cell, Cell A and Cell B. Figure S8. Voltage profile of the first cycle of a
pristine cathode. Figure S9. Comparison of first de-lithiation of aged cathode in freshly re-assembled half-cells.
Table S2. C-rate test protocol for half-cells with aged cathodes. Figure 510. Examples of Rietveld refinement
of XRD patterns of aged cathodes. Figure S11. XRD patterns (focus on 001 peak at 26.8°) of pristine, fresh and
aged anodes.
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