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ABSTRACT:

We describe a method for direct determination and visualization of the distribution of charge
in a composite electrode. Using synchrotron x-ray microdiffraction, state-of-charge profiles in-
plane and normal to the current collector were measured. In electrodes charged at high rate, the
signatures of non-uniform current distribution were evident. The portion of a prismatic cell
electrode closest to the current collector tab had the highest state of charge, due to electronic
resistance in the composite electrode and supporting foil. In a coin cell electrode, the active
material at the electrode surface was more fully charged than that close to the current collector
because the limiting factor in this case is ion conduction in the electrolyte contained within the

porous electrode.
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Lithium ion batteries have made a great impact on consumer electronics and are about to
revolutionize the transportation area.' Although they were introduced almost two decades ago,
there are still some “black boxes”, such as charge distribution within battery electrodes. Non-
uniform charge distribution within battery electrodes may impact performance in a variety of
ways, including reduced energy and power, underutilization of capacity, localized heat
generation, and overcharge or overdischarge. While several current distribution models have
been developed,”'? there has been no simple way to obtain experimental data on composite
electrodes such as those used in lithium-ion batteries. Dynamic potentiometric methods such as
those employed by Diéz-Pérez et al.'' are not readily applicable to the thin composite electrodes
of lithium-ion cells. Sever Skapin et al.'> measured local conductivities in composite electrodes
using microcontact impedance spectroscopy, but the method does not address the current

distribution in the electrode as a whole. Kim et al.”""°

measured in-plane thermal profiles of thin
Li(NiCoMn)O, batteries, which reflect the current distribution during discharge. When an active
material undergoes charge and discharge via a two-phase mechanism, as is the case with
LiFePOQ,, although there is minor relaxation of concentration gradients in the electrolyte upon
interrupting the charge or discharge current, redistribution of charge within the active material is
negligible. Here we present a novel experimental method for direct determination and
visualization of the charge distribution in a composite electrode using synchrotron x-ray
microdiffraction."® LiFePO,4 was chosen as active material for this study, because (i) it is a safe
and promising cathode material for plug-in hybrid electric vehicle application;' (ii) its two-
phase charge-discharge reaction produces a charge distribution that is “frozen” when the current

is interrupted."” Since non-uniform charge distribution may develop either in the cross section or

in the plane of the electrode depending on cell configuration and current density, two LiFePO4



composite electrodes in different cell configurations were studied. One was a circular electrode
(diameter is 13 mm) in a Swagelok-type cell (equivalent to a coin cell), in which the charge
distribution is non-uniform in cross section at high current density. The other was a larger
rectangular electrode (40 mm x 45 mm) with a tab centered at one end in a “pouch cell”
configuration, in which the charge distribution varies in-plane.

The cross section of the circular LiFePOy electrode is shown in the scanning electron
microscope (SEM) image in Figure 1 a. Due to its small size, an Fe x-ray fluorescence image
was used to locate the area of interest, and the approximate locations of vertical and horizontal x-
ray microdiffraction (uXRD) scans are shown in Figure 1 b. In an electrode charged to 50 %
overall SOC (state of charge) at a current density of 20 mA g of active material (a rate of 0.11C,
where C is the rate at which the full charge capacity is delivered in one hour), the FePO4 phase
concentration, which reflects the local SOC, was nearly constant in both the vertical
(perpendicular to the current collector, Figure 1 ¢) and horizontal (in-plane, Figure 1 d)
directions. When the charging rate was increased to 3 A g™ (18 C), the SOC was high at the top
surface of the electrode and decreased steadily as it neared the current collector (Figure 1 e). The
in-plane distribution (Figure 1 f) remained constant. During charging, lithium ions are extracted
from the cathode and diffuse toward the anode, producing a concentration gradient within the
electrolyte and drawing anions toward the cathode. The reverse is true on discharging. Non-
aqueous lithium electrolytes have limited ion conductivities and the ion diffusion paths in the
porous electrode are narrow and tortuous. At low charge/discharge rates, diffusion in the
electrolyte phase is sufficient to maintain uniform charging at all depths in the porous electrode.

If the charging rate is high, however, the electrolyte at the greatest distance from the anode may



becomes sufficiently polarized that charging is impeded, and only the portions near the separator

can participate fully in the charging process.
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Figure 1. (a) SEM image; (b) Fe fluorescence image of the cross-section of a circular LiFePO4

electrode. The approximate locations of the vertical and horizontal scans are superimposed.

FePO, phase concentration vs. scan distance along (c) vertical direction and (d) horizontal

direction of the electrode at 50 % SOC (charged at 20 mA g'). FePO, phase concentration vs.

scan distance along (e) vertical direction and (f) horizontal direction of the LiFePOy electrode at

50 % SOC (charged at 3 A g™).



Commercial rechargeable lithium ion batteries consist of many layers of rectangular
electrodes and separators in prismatic stacks or spirally wound, with current collector tabs at the
edges of the electrodes. In contrast to the coin cell configuration, electronic conductivity in the
plane of the electrodes influences the charge distribution. This is shown graphically in Figure 2.
A rectangular electrode with a tab centered at one end was charged at 2 A g”' (12 C) to an
average SOC of 50 % in a single layer “pouch cell” configuration similar to that found in a
prismatic stack. The phase distribution (Figure 2 b) shows a high SOC near the tab, steadily
decreasing toward the unconnected end. Also notable are islands of uncharged areas in the
charged regions. These represent portions of the electrode that have been isolated by
delamination or cracking during electrode cutting and/or cell assembly.'® The somewhat higher
SOC evident along the sides of the electrode is probably due to reduced electrolyte polarization
in the presence of excess electrolyte in the separator extending beyond the active area of the cell.
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Figure 2. (a) Optical image of the 40 mm x 45 mm rectangular LiFePOj electrode; (b) FePO,
phase concentration profile of the prismatic electrode at 50 % SOC (charged at2 A g™).



Examination of electrodes prepared with different porosities, thicknesses and loadings, in
conjunction with the use of models will be used to develop improved electrode architecture that

will maximize performance and utilization in lithium ion cells.

EXPERIMENTAL METHODS

An LiFePO,4 composite laminate with a thickness of about 50 pm was fabricated by coating
an aluminum foil current collector with a slurry comprising 80 wt. % C-coated LiFePO4 powder
(kindly provided by IREQ, Montreal, Canada), 10 wt. % carbon black and 10 wt. %
polyvinylidene difluoride binder. Two discs 13 mm in diameter were assembled into Swagelok-
type cells with lithium foil anodes, Celgard polypropylene separators, and 1M LiPF; electrolyte
in 1:1 ethylene carbonate/diethylcarbonate. After one charge and discharge at 20 mA/g to assess
their capacity, the electrodes were charged to 50 % SOC at 20 mA/g and 3 A/g, respectively. A
thinner (< 30 um) LiFePO,4 laminate was cut into a 40 mm x 45 mm rectangle. This electrode
was charged to 50 % SOC at 2 A g' in a beaker cell after one charge and discharge at C/5 rate.
The electrodes were removed and rinsed with dimethylcarbonate to remove the residual
electrolyte. After vacuum drying overnight at 80 °C, the circular electrodes were cast into epoxy
and sliced to expose their cross-sections.

The x-ray microdiffraction experiments were conducted on beamline 12.3.2 at the
Advanced Light Source in Lawrence Berkeley National Laboratory. The samples were step
scanned using a monochromatic (6.02 keV) x-ray beam 2 um x 5 um for the cross-section scans
and 2 pm x 25 pm for the in-plane scan. At each step a diffraction pattern was collected using a
MARI133 x-ray CCD detector at a distance of 390 mm from the sample and at an angle of 45 °©

with respect to the beam. For the cross-section, line scans were measured both perpendicular and



parallel to the Al substrate with a step size of 2 um. For the in-plane study, two-dimensional
(2-D) scan were performed with a step size of 140 micrometers. The x-ray scan diffraction data
were processed by XMAS software and an in-house software package for monochromatic
microdiffraction analysis."> uXRD data collected in stereographic projection (Figure 3) was
integrated along the 20 arcs to create 1-D powder diffraction patterns. Peak areas for the 020
reflections for each phase were used for quantitative analysis due to their relatively high

intensity/noise ratios (see Supporting information).

Figure 3. Stereographic XRD patterns of partially charged (50 % SOC) LiFePOj collected at an
energy of 6.02 keV (A =2.06 A). Selected peaks for LFP (LiFePO,) and FP (FePO,) are labeled.
The color bar indicates the intensities of the diffraction peaks. Integrated ring intensities

correspond to the diffraction peaks in Fig. S1.

SUPPORTING INFORMATION AVAILABLE XRD, Charge-discharge plots, SEM. This

material is available free of charge via the Internet at http://pubs.acs.org.
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