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Abstract

LiFePO4 (LFP) powders with 0.84 um and 0.24 um average particle sizes are studied as Li-ion
battery materials using a water-based electrode manufacturing process. Along with the
compatibility with aqueous processing, the impact of particle size and active material loading
on the performance of the electrodes is studied, especially in terms of capacity, rate capability
and stability. Decrease of rate capability and capacity with increasing electrode loading is
observed for both cases due to increase of internal resistance with increasing electrode loading.
However, the LFP with lower particle size is much less affected by the increase of electrode
loading due to considerably lower charge transfer resistance at the material surface.
Degradation upon cycling highly depends on the electrode loading, the phenomenon being
more and more acute as the electrode loading goes from 1.6 to 6.4 mg/cm?. Degradation is due
to the increase of both internal resistance and charge transfer resistance; however, it is pointed
out that degradation is lessened by decreasing the LFP particle size. In conclusion, both the
material morphology and the electrode design have to be taken into account for electrode

manufacturing.
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1. Introduction

In the current evolution of the world, the energy demand increases year by year, which calls
for better resource management. To change direction towards a more sustainable world, the
electrical energy generated by solar, wind and other renewable sources needs to be stored and
used more efficiently. Electrochemical storage devices are thus key technologies. For that
purpose, along with other systems, Li-ion batteries are one of the most popular energy storage
devices due to their high energy and power density [1]. However, since a battery is made of
several components, various design selections should be considered in the production process
of the batteries, depending among others on the final use. The main components of the battery
cells are the electrolyte, the electrodes (including current collectors) and the separator. Among
these, it must be pointed out that electrodes are usually composite media, including (i) the
active material that stores Li* ions, (ii) binders, (ii) conductive additives, all having an impact

on the cell properties; thus, the design of the electrode is highly important.

First, the selection of the electrode active material among various options is crucial. In the case
of the positive electrode, Lithium Cobalt Oxide (LCO) remains very common due to its high
insertion/deinsertion potential (~4 V vs. Li*/Li), which results in high energy density cells when
coupled to, e.g., graphite as negative electrode material (insertion/deinsertion potential ~0.5 V
vs. Li*/Li). However, due to high cost, as well as availability and safety issues associated with
cobalt, NMC (i.e. LiNi1-y-MnyCo,0>) are progressively taking the lead. To fully eliminate Co,
other active materials are also currently considered [1,2]. Among those, LiFePO4 (LFP) is one
of the most popular positive electrode materials for Li-ion batteries due to its increased safety,
abundancy of precursor materials and relatively high capacity [3]. However, LFP displays

relatively low density, poor electronic conductivity and low ionic diffusivity [4].

Second, the design of the electrode from its components must be carefully considered. In
particular, the active material must be blend with a binder in a solvent to finally be deposited
(usually by blade casting) onto a metallic current collector, the final electrode being obtained
after solvent elimination. Although current processes still use polyvinylidene difluoride
(PVDF) and N-methyl-pyrrolidone (NMP) as binder and solvent, respectively, it appears more
and more necessary to move towards water-based suspensions for both economic and

environmental reasons. In that field, Na-CMC-styrene-butadiene rubber combinations (CMC

2



standing for carboxymethylcellulose) have been widely used for aqueous formulation of
electrodes [5]. Alternatively, in previous works [6,7], our research group developed a water-
based spray-coating process using xanthan gum, which proved efficient to manufacture cells
with both LFP and LisTisO12 (LTO), in half cell and full cell configurations, with different
amounts of active materials as well as different current collectors. Comparison with traditional
PVDF/NMP was conducted and identical performance were obtained, proving XG/water is a
viable candidate to replace PVDF/NMP.

Coming back to the active material, its chemical nature is not the only parameter to be
considered. Given that electrodes are prepared from powders, the active material granulometry
has an impact on both the manufacturing process and on the final electrode properties [8,9]
given that the Li* ions have to diffuse within those particles during insertion/deinsertion. For
example, Sinha et al. [10] explain in a review how the particle size of the widely used positive
electrode materials powders (such as LCO, LFP, Lithium Manganese Oxide - LMO, etc.)
affects the performance of the cells. The coating thickness also has an impact due to electron
and ion conductivity limitations within the active material and the electrolyte. As an example,
in a study that focuses on the impact of the electrode thickness on the electrochemical and
thermal characteristics of Li-ion batteries, Zhao et al. [11] concluded that the thicker electrodes
release more heat by ohmic effect at the same discharge rate compared to thinner ones.
Additionally, those parameters affect diffusion distances and concentration polarization, both
having high impacts on the performance of the cells. Therefore, such parameters must be
controlled and chosen carefully to meet the expectations in terms of performance and stability

of the battery.

More specifically, with regard to LFP electrodes, a detailed study by Logan et al. [12] focused
on how the specific surface area and the particle size of the LFP powder affect the cell aging;
it concluded that, after long-term cycling, LFP particles with large size display micro-fractures
and lose their storage capacity. In another paper, the impact of the particle size distribution on
the rate capability of the electrodes was studied by Zhang et al. [13]. The results show that
broader particle size distribution of the LFP powders offers better pathways for electron
transport and reduces the contact resistance, hence improving the rate capability of the cells.
Although many studies focused on different design parameters, works considering the joint
impact of both the powder particle size and the electrode loading are less common, especially

when water-based formulations are considered.



The aim of the present study is to link the effects of the LFP particle size and electrode loading
with the performance and stability of LFP electrodes manufactured using a water-based
process. In particular, it aims at understanding how the impacts of those two design parameters
can compensate each other. To that aim, electrodes with two different LFP particle sizes and
various electrode loadings were prepared. The electrodes were assembled in half-cells and their
performance and stability were studied by galvanostatic charge-discharge method.
Electrochemical impedance spectroscopy was also performed to understand the origin of the
performance and stability differences observed. The whole study was performed on electrodes
prepared via the process previously developed at the laboratory, i.e. spray-coating of a water-
based electrode formulation using xanthan gum as a binder. The obtained results show a clear
impact of the particle size on the electrode performance, and allow to define electrode loading
limits with regard to the expected performance at high cycling speed.

2. Experimental

2.1.  Preparation of electrodes

Two different LiFePO4 (LFP) powders were selected for this study: P700 and P800 from
Prayon/PuLead and referred to as LFP-1 and LFP-2 hereafter. Following the manufacturer, the
two materials are carbon-coated (1.3 wt.) to enhance electron conductivity. The powders were
characterized and used as received. Electrodes were produced via robotic spray coating of a
water-based suspension by adapting a previously published method [6] where manual airbrush
was used. The aqueous suspension, prepared in MilliQ water, contained 12 wt% solids
including LFP, xanthan gum (Sigma-Aldrich) and conductive additive (carbon black Timcal
C-nergy Super C65) in a weight ratio of 75:20:5 (active material:conducting carbon:binder).
The mixture was stirred at room temperature with a magnetic stirrer for 3 h prior to electrode
manufacturing. The prepared ink was sprayed onto pre-weighted stainless-steel discs current
collectors (type 304, & = 15.5 mm, MT]I corp.) and dried overnight at 60°C under air in an
oven. Different LFP loadings were prepared: 3 mg (1.59 mg/cm?), 6 mg (3.17 mg/cm?) and 12
mg (6.35 mg/cm?). The coated discs were then weighted and dried again in an oven for 2 h
under vacuum (2000 Pa) at 110°C before being introduced into the glovebox. The half-cells
were assembled using LFP electrode as positive electrode, metallic Li disc (PI-KEM) as
counter and reference electrode, two Celgard® separators and 80 pL of electrolyte (1 M LiPFe

in an ethylene carbonate:diethyl carbonate:dimethylcarbonate — 1:1:1 mixture, Sigma Aldrich).



Prepared half-cells were then used for electrochemical characterization. Note that the pH of
both slurries (containing either P700 or P800) was measured equal to 8.8 and 9.2 for P700 and
P800 slurries, respectively. This observation rules out any current collector corrosion issue,
304 SS being quite stable under those conditions [14]. Also, taking into account the very fast
drying time of the coating upon spray drying (a few seconds), this slurry composition should
not bring any issue either should Al be used instead of SS [15], as already observed in our

previous study [6].

2.2. Characterization

2.2.1. Physico-chemical characterization

The LFP powders were analysed by nitrogen adsorption-desorption. The isotherms were
measured at -196°C using a Micromeritics ASAP 2420 automatic device (Micromeritics,
Norcross, USA). The samples were degassed overnight at 270°C under vacuum (133 Pa) prior
to the measurements. The specific surface area, Ager, was calculated using the Brunauer-
Emmett-Teller (BET) equation, the adsorption data being taken in the adequate range of
relative pressure (P/Po), accounting for the Rouquerol criterion. Scanning electron microscopy
(SEM) images were obtained on a FEG-SEM Tescan CLARA at 15 kV under high vacuum
conditions. The samples were coated with a 15-nm gold layer by sputtering and mounted with

carbon adhesive prior to observation.

2.2.2. Electrochemical characterization

LFP half-cells were characterized using a BioLogic VMP3 multichannel potentiostat. Prior to
any electrochemical test, cells were first submitted to formation cycles between 2.0 and 4.2 V
vs. Li*/Li by using galvanostatic charge and discharge cycling in the following sequence: 10
cycles at C/5 (i.e. 5 h of charge and 5 h of discharge) and 10 cycles at C (i.e. 1 h of charge and
1 h of discharge). Then, the overall cell performance was assessed by performing 10 cycles at
C/5, C/2, C, 2C, 5C. Finally, to compare the stability of the cells, 100 cycles of galvanostatic
charge-discharge cycles at C were added and the cycling finalized with a second performance
assessment sequence including again 10 cycles at C/5, C/2, C, 2C, 5C. Cells were compared

according to their capacities at given C-rates and capacity retention after long-term cycling.



Note that all applied current densities were calculated considering a theoretical capacity of 170
mAh/g for LFP [16].

Electrochemical impedance spectroscopy (EIS) was conducted with the same device in the 10
2-10° Hz frequency range at 25°C. Apart from the frequency range, the State Of Charge (SOC)
level of the cells greatly affects the results of EIS spectra; therefore, its value should be chosen
beforehand. According to literature, SOC levels were selected separately for performance and
stability investigations. Indeed, in earlier studies, it has been observed that EIS spectra
differences are more apparent at 100% SOC for stability investigations [17]; the same SOC
was thus chosen for stability studies. For performance investigations, SOC was fixed as 40%
since it has been stated in literature that limit potentials, compared to mid potentials, leads to
higher polarization, possibly due to side reactions [18]. EIS was performed after the formation
cycles and at the end of the second performance cycling sequence to highlight the impact of

aging on the electrode properties.

3. Results and discussion
3.1. Physico-chemical characterization of the LFP powders

LFP powders were first observed by SEM (Figure 1) to check their morphology and determine
their particle size distribution. LFP-1 is constituted of particles of very variable size (Figure
1a) while LFP-2 displays a much more homogeneous structure (Figure 1b). A minimum of 90

particles were randomly selected and their diameter measured manually to calculate the mean

particle size (along with its standard deviation, ) of both samples (Figure 2). Values were




calculated equal to 0.84 and 0.26 pum for LFP-1 and LFP-2 powders, respectively. The
corresponding standard deviations, o, equal 0.45 and 0.26 um, meaning that LFP-2 presents

smaller particles with much narrower size distribution than LFP-1.
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Figure 2. Particle size distribution of LFP-1 (==) and LFP-2 (==) powders observed via SEM.

The two powder samples were characterized by N. adsorption-desorption technique to
determine their specific surface areas. Values calculated by the BET method, AgeT, were found
to be 10.7 m?g and 13.1 m?/g for LFP-1 and LFP-2, respectively. Those surfaces much
certainly correspond to the external surface of LFP particles: indeed, the adsorption isotherms
(Figure 3) correspond to a type Il isotherm (non-porous or microporous material) following
IUPAC’s classification. Although those values do not seem to be very different, it has been
noted in several studies that such a discrepancy is significant enough to impact the

performances of Li-ion battery electrodes [12,19].
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Figure 3. N2 adsorption-desorption isotherms of the LFP-1 (=) and LFP-2 (==) powders.

3.2. Electrode performance

Galvanostatic charge and discharge was performed to determine the electrode capacity
retention as a function of both the electrode thickness (i.e. the LFP loading) and cycling rate.
The results are compared according to the LFP loading of the electrodes (Figure 4).
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Figure 4. (a) Comparison of LFP-1 electrodes capacity vs. C-rate as a function of the LFP
loading. (m) Below 2 mg, (®) 2-4 mg, (A) 4-6 mg, (%) 6-8 mg, (¢) 8-10 mg, (+) 12 mg. (b)
Comparison of LFP-1 (==) and LFP-2 (==) electrode vs. C-rate as a function of the loading
on the electrodes; 3 mg (m), 6 mg (@), 12 mg ( A). The dashed line on both figures represents
the theoretical capacity of LFP. Measurements performed at 25°C.



Table 1 shows all the data obtained from the experiments performed on electrodes of various
loadings prepared with samples LFP-1- Firstly, it was aimed at observing the direct effect of
material loading on the capacity of the electrodes. In order to do that, a wide range of LFP-1
loadings starting from below 2 mg up to 12 mg has been selected and minimum of 2 cells used
each time. Then, in order to observe how the particle size affects phenomena observed with
LFP-1 electrodes of various loadings, a second set of charge-discharge tests was performed
with LFP-2. For the sake of simplicity of comparison, electrodes prepared with loadings around
3 mg (0.5 mg), 6 mg (0.5 mg) and 12 mg (0.5 mg) have been used. Those selected
electrodes are noted as 3 mg, 6 mg and 12 mg LFP loading electrodes from now on for simpler
notation. Results are gathered in Table 2. In that table, the values indicated are the average

values obtained on at least 3 cells displaying LFP loadings within the mentioned range.

Table 1. Average capacities of the LFP-1 electrodes with various LFP loading at various
cycling speed.

Capacity®
(mAh/qg)
LFP loading® C/5 C/2 C 2C 5C

(mg)

<2 159 (+2) 155 (+3) 148 (#2) 138 (+2) 127 (#5)

2-4 154 (+5) 150 (+2) 144 (+2) 132 (1) 111 (+6)
4-6 154 (+2) 150 (+2) 141 (£2) 126 (5) 81 (+8)

6-8 153 (+1) 149 (+4) 142 (#6) 123 (+10) 63 (+10)
8-10 158 (+2) 150 (+2) 134 (+3) 91 (+6) 41 (+9)
10-12 153 (+3) 144 (+1) 124 (+4) 71 (+7) 34 (+8)

2 Range of loading for the LFP-1 electrodes considered. ® Average capacity on at least 3 cells.

In the case of LFP-1 (Table 1), for all electrodes, the capacity observed at a low C-rate (C/5)
is very similar (153 — 159 mAh/g), even though it slightly decreases with increasing loading.
At low loading (below 2 mg), the capacity also decreases from 159 to 127 mAh/g when
increasing the C-rate from C/5 to 5C. Capacity decrease is observed for all electrode loadings.
As expected, it gets more pronounced as the LFP loading increases and is especially dramatic
for the high C-rates: at 5C and for the highest LFP loading, the difference is about 100 mAh/g

compared to the lowest loading. The reasons of the decrease in capacity at high C rates can be



explained by charge transport limitation within the electrode: as the electrode gets thicker,
charge transport across the electrode gets more difficult, which explains the change in observed

electrochemical properties.

As indicated above, LFP-2 half-cells were characterized in the same way to highlight the effect
of the material particle size on the performance of the battery (Figure 4b). The obtained
capacities are reported in Table 2, along with those of LFP-1 with similar LFP loadings. Firstly,
one observes that the rate capability (i.e. electrode ability to accommodate different C-rates) of
LFP-2 is significantly different from that of LFP-1. When comparing the 3 mg LFP coatings,
the capacity at 5C drops to 67% of that observed at C/5 in the case of LFP-1. By comparison,
LFP-2 can sustain up to 85% of its capacity when the cycling rate increases from C/5 to 5C.
Secondly, the drastic capacity difference at high C-rates observed between 12 mg LFP coatings
from LFP-1 and LFP-2 shows that LFP-2 electrodes are much less affected by the increase of
coating thickness. For LFP-1, the capacity retentions compared to C/5 (considered as 100%)
are 94%, 80%, 42% and 18% for C rates of C/2, C, 2C, 5C, respectively. For LFP-2, those
values increase to 98%, 92%, 66%, 27% for the same C rates.

10



Table 2. Average capacities at various cycling speed and resistances of the LFP-1 and LFP-2 electrodes with various LFP loadings.

Capacity® Resistance
(mAh/qg)
LFP loading? C/5 C/2 C 2C 5C Ro Ri Ret
(mg) (Q2.mg) (Q.mg) (Q.mg)

3 155 (+3) 150 (+2) 144 (#1) 131 (x1) 109 (#5) 31 15 93

LEP-1 6 153 (+1) 151 (+2) 144 (£2)  127(x6)  75(#3) 30 32 96
12 155 (+3) 143 (6) 125 (*3)  77(#10)  32(%7) 32 56 98

3 162 (+2) 159 (+1) 158 (+2) 150(+2) 134 (3) 26 17 53

LFP-2 6 160 (+2) 156 (+2) 150 (+3)  138(+9) 96 (+12) 27 40 70
12 158 (+3) 153 (+6) 148 (+8) 106 (+¥2) 39 (%5) 29 61 88

2 Range + 0.5 mg. ® Average capacity on at least 2 cells.
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The reason for these discrepancies between electrodes prepared either using LFP-1 or LFP-2
was further investigated by Electrochemical Impedance Spectroscopy (EIS). The high
frequency region (10 kHz to 1 kHz) and mid frequency region (1 kHz to 1 Hz) of the Nyquist
plot is used to quantify interface resistance (Ro), the internal resistance (Ri) and the charge
transfer resistance (Rct). Following the literature, Ro would correspond to the resistance between
the coating and the current collector [20] while R; corresponds to the internal resistance value
of the bulk of the electrode, including current collector, active material, electrolyte and
separator [21,22]. In the meantime, Rct represents the charge transfer resistance at the
electrode/electrolyte interface [21-23]. While the intersection between the EIS spectra and the
X-axis corresponds to Rj, Rt is obtained from the radius of the semi-circle in mid-frequency
range [24,25].
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Figure 5. Electrochemical impedance spectra of (a) LFP-1 and (b) LFP-2 cells with LFP loading of 3
mg (e), 6 mg (e), 12 mg (®). Measurements performed at 25°C.

To start with, significant difference in interface resistance Ro can be observed between LFP-1
and LPF-2, whatever the active material loading. Following this, in the case of the LFP-1
electrodes, R; is observed equal to 15 Q.mg, 32 ©Q.mg and 56 Q2.mg for 3 mg, 6 mg and 12 mg
electrodes, respectively (Figure 5a). In other words, an increase in the internal resistance of the
electrode with increasing LFP loading is observed, as expected. When the electrode loading
increases, charge transport within the coating becomes more difficult, which is reflected in the
EIS spectra as a shift of the semi-circle intersection with the X-axis towards higher values. This
phenomenon is also seen in other studies and explains the differences in the electrochemical

performance such as capacity, rate capability, etc. (Figure 4a) [23,26]. Meanwhile, LFP-2 cells
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were also characterized using the same procedure. The same phenomenon is observed: with
increasing LFP loading, Ri increases as well. R; for 3 mg LFP coating is measured equal to 17
Q.mg while it increases to 40 Q.mg and 61 Q.mg for 6 mg and 12 mg LFP coating, respectively
(Figure 5b). Therefore, an increase of the internal resistance can be the cause of capacity drop
at high C-rates. However, Rt does not change as drastically as Ri: values are determined as 93,
96 and 98 Q.mg for 3 mg, 6 mg and 12 mg LFP-1 loadings respectively. This observation was
expected since the charge transfer resistance depends mainly on the active material particle size
[27]. However, more apparent changes can be observed for LFP-2 since the charge transfer
resistances are equal to 53, 77 and 88 Q.mg for 3 mg, 6 mg and 12 mg LFP-2 loadings,
respectively. Therefore, one can argue that the advantage of having more surface area with
lower particle size fades away with increased electrode loading. The increase of loading, and
therefore the increase of coating thickness, possibly leads to a decrease of electrolyte

accessibility to the LFP surface.
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Figure 6. Electrochemical impedance spectra of LFP-1 (e) and LFP-2 (e) for (a) 3 mg LFP and
(b) 12 mg LFP. Measurements performed at 25°C.

Following this, LFP-1 and LFP-2 cells are compared (Table 2); for both 3 mg and 12 mg LFP
cells, one realizes that the R; values do not differ much from each other. However, huge
differences between Rct values measured on 3 mg LFP electrodes can be observed: indeed, one
obtains Rt values of 93 QQ.mg and 53 Q2.mg for LFP-1 and LFP-2, respectively (Figure 6). This

is expected as higher surface area offers more area for electrons to transfer, which reduces the
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charge transfer resistance [23,26]. Therefore, the better rate capability of the LFP-2 can be
explained by reduced charge transfer resistance (Figure 5b). However, when observing the 12
mg LFP electrodes, the difference between charge transfer resistances of LFP-1 and LFP-2
electrodes is much less pronounced: indeed, one obtains 98 and 88 Q.mg for LFP-1 and LFP-
2, respectively. Although a difference is observed between the two different LFP powders, the

impact of the particle size gets lower with increasing electrode loading.
3.2. Stability

The electrode stability was studied by galvanostatic charge and discharge method. Electrodes
were first submitted to 5 different C-rates (C/5, C/2, C, 2C, 5C) to obtain the results shown
previously in Figure 4; then, they underwent 100 cycles at C and, finally, were tested again at
the same 5 different C-rates. Results are now compared on the basis of capacity retention at the
same C-rates before and after the series of 100 cycles at C. Also, the first 5 cycles of the 100-
cycle sequence were compared with the last 5 cycles to quantify the impact of long-term
cycling at stable C-rate on the electrode capacity. The stability study was conducted for both
LFP-1 and LFP-2 samples and for different LFP loadings (3, 6 and 12 mg). Table 4 gathers the
results obtained; those results are presented as the percentage of capacity retention between the
two sequences. As an example, the column “C/5” displays the percentage of capacity remaining
at C/5 between the two sequences at variable rate, before and after the series of 100 cycles at
C. The last column, labelled as “C x 100", corresponds to the capacity retention between the

beginning (first 5 cycles) and end (last 5 cycles) of the sequence of 100 cycles at C.

The stability of the electrodes greatly depends on their loading. Whatever the LFP sample
chosen, the electrodes with 3 mg of LFP seem to be the most stable at any C-rate while 12 mg
LFP electrodes are observed to be the least stable ones. The deviation from that trend, observed
at 2C and 5C for 6 mg and 12 mg electrodes, probably comes from the already low capacity

values measured at high C-rates.
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Table 4. Capacity retention values of LFP-1 and LFP-2 electrodes with various LFP loadings
at different C-rates.

Capacity retention

(%)
LFP loadingg C/5  C/2 C 2C 5C  Cx100°
(mg)
3 95 95 94 92 73 96
LFP-1 6 92 74 52 36 49 68
12 84 48 28 42 67 32
3 95 94 94 90 81 97
LFP-2 6 94 89 82 69 53 88
12 87 56 33 37 68 36

2 Range * 0.5 mg.® Comparison between the 5 first cycles and the last 5 cycles of the 100-cycle series at C.

Those results show that, although the stability is similar for LFP-1 and LFP-2 with thin
electrode coatings, the difference gets quite significant in the case of thicker coatings, i.e. with
6 mg and 12 mg loadings. When results obtained with 6 mg LFP coatings are thoroughly
examined, significant differences between LFP-1 and LFP-2 can be observed. At 2C especially,
the capacity of LFP-1 after the series of 100 cycles at C falls to 36% of the value measured
before. By contrast, after long-term cycling, sample LFP-2 can hold 69% of its initial capacity
at the same cycling speed. For the 12 mg LFP coatings, a difference between LFP-1 and LFP-
2 electrodes is still observed; however, that difference is not as significant as in the case of 6
mg LFP coatings as LFP-1 can hold 66% of its initial capacity while LFP-2 can hold 88%.

Therefore, 12 mg LFP coatings in general are not so appropriate regarding stability aspect.

EIS was conducted at the end of the 100-cycle series, using the same procedure as earlier. All
resistances, Ro, Ri and Rct, generally increase with electrode aging (Table 5) [28-30]. The R;
increase might be ascribed to phenomena such as microcracks appearance, gas evolution,
corrosion of current collector, etc. and it is usually difficult to distinguish which one is the main
reason without intensive post mortem analysis. The above-listed potential physical changes in
the electrode could also explain the increase of Ro. Regarding Rc, one can argue that the
decrease of total electrode surface due to the decrease of loading results in decreasing the
contact surface between the active material and the electrolyte. Therefore, more limited area
for charge transfer would result as charge transfer resistance increase [23]. Although increase
of resistances by aging of the electrodes has been reported many times in literature, the impact

of particle size and electrode loading on this phenomenon is not inspected thoroughly.

15



Im(Z) (Q2.mg)

However, measurements could not be performed properly for 6 mg and 12 mg electrode groups
as the cells were severely damaged by cycling and were not able to provide meaningful EIS
signals. Therefore, the comparisons are made between 3 mg electrodes only, for both LFP-1
and LFP-2 samples. In the case of LFP-1, the EIS spectra before and after long-term cycling
(Figure 7a) shows obvious differences. The intersection between the EIS curve and the X-axis
shifts towards higher values; therefore, R increases. In the meantime, the radius of the semi-
circle at medium frequencies, which corresponds to Rct, gets bigger. Before long-term cycling,
Ri is equal to 16 Q.mg while, after the 100-cycle sequence, it doubles to 32 Q.mg (Table 5).
Increase of R;i by aging is observed in many studies and can be ascribed to losses of active
materials by dissolution of active substances, lithium plating, etc. [17,29-31]. A significant
increase of Rt is also observed: from 42 to 65 Q.mg. Therefore, the decrease in capacity and
rate capability from the beginning to the end of the testing sequence can be explained by the

increase of both resistances.
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Figure 7. Electrochemical impedance spectra of (a) 3 mg LFP-1 electrodes and (b) 3 mg LFP-2
electrodes before (e) and after (®) cycling. Measurements performed at 25°C.

In the case of LFP-2, EIS measurements conducted on the 3 mg coating (Figure 7b) also show
a shift of spectra to X-axis increasing values and an increase of the radius of the semi-circle in
the mid-frequency range, but not to the same extent as LFP-1. The value of R; slightly increases,
from 18 to 20 Q.mg ; however, the charge transfer resistance, R, displays the highest increase

by going up from 28 to 43 Q.mg. An increase in charge transfer resistance upon ageing was
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observed in other studies [28,32]. However, those works do not highlight the impact of the
particle size effect aging phenomena while it is obvious in the present study. Although both 3
mg LFP-1 and 3 mg LFP-2 electrodes show R;j and Rt increases upon aging, the impact is much
less pronounced for LFP-2. Small particles are thus much less prone to aging than large ones.

Table 5. Interface resistance, internal resistance and charge transfer resistance of LFP-1 and
LFP-2 electrodes with 3 mg LFP loading before and after cycling.

LFP-1 LFP-2
Before  After Before After
Ro (Q.mg) 17 35 12 29
Ri (Q.mg) 16 32 18 20
Ret (Q.mg) 42 65 28 43

4. Conclusion

LiFePO4 (LFP) electrodes with two different LFP particle sizes were manufactured using a
water-based process and xanthan gum (XG) as binder. The impact of both the particle size of
the LFP and the electrode loading on the performance and stability of the electrodes was
studied. Dramatic differences were observed between two different electrode groups made of
LFP powders with different particle size distribution. Increased active material loading affects
both electrode groups, especially at high C-rates, but differences are striking when the particle
size distribution changes. While both electrode groups can hold their initial capacity at low C-
rates (e.g. C/5), the results diverge for cycling rates of C and above. On the one hand,
multiplying by 4 the LFP loading (from 3 to 12 mg on 1.88 cm? disc electrodes) has a significant
impact on cells made of LFP with larger particles (0.84 um); the capacity of those electrodes
decreases almost by half at 2C. On the other hand, the capacity of the cells only decreases by
about 30% at 2C when the particle size is decreased to 0.24 pum. The better rate capability of
smaller LFP particles can be explained by the differences in charge transfer resistance, which
is significantly lower when the particle size decrease. The difference of resistances results in
performance modification, as observed in other works with classical electrodes manufactured
using PVDF and NMP.
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For the stability study, both groups were subjected to long-term cycling (100 cycles at C rate)
and electrodes made of both LFP materials were affected by degradation. However, within the
same group (i.e. same particle size), the capacity of cells with low loading (3 mg) was much
less impacted than that of the cells with high loading (12 mg). While capacity retention was
kept around 73% of its initial value for low loading, it can drop as low as 28% for high loading.
In the meantime, cells prepared with smaller LFP particles gets much less degraded by long-
term cycling. This phenomenon can be explained by Electrochemical Impedance Spectroscopy
measurements. Indeed, one observes that both the interfacial and the charge transfer
resistances, Riand R, increase for both LFP materials. However, the increase of R and Rct

upon cycling is less pronounced in the case of small LFP particles.

This work shows that, when considering manufacturing, one must take into account both the
raw materials properties and the electrode design parameters such as its maximum thickness.
Indeed, both are interrelated when considering the final electrode response to cycling.
Depending on material and assembly costs and on the final battery use, one might adjust the
electrode design to best fit the target. Finally, performance and phenomena observed were quite
similar to those of polyvinylidene difluoride (PVDF)/ N-Methyl-2-pyrrolidone (NMP)-based
electrodes and XG is thus confirmed to be a viable alternative to this classical toxic
binder/solvent duo for LFP electrodes. Also, given the similarities between the two systems,
observations done with the XG/water pair and related to the active material (i.e. particle size
distribution) and electrode design (thickness) can be safely transposed to more classical
electrodes made using the PVDF/NMP pair, even though the replacement of organic-based

processing by water-based technique should be a priority in the very near future.
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