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A lithium-ion capacitor (LIC) was studied during an extensive
charge/discharge procedure. Changes in the interior three-
dimensional structure were investigated by means of X-ray
tomography during electrical cycling of the LIC. With increasing
number of cycles we found electrolyte accumulating at the bottom
of the capacitor. A clear correlation between electrolyte distribution
at the bottom and performance of the LIC was determined.

Introduction

Fuel cells and batteries are among the most important components needed for future mobile
and stationary energy suppiy. In many cases, e.g. during (de)acceleration of automotive
and railway systems, the storage systems have to withstand very high current densities.
Batteries can store large amounts of electric energy, but are highly sensible to heavy current
loads especially during charging cycles. Technical systems rely on a combination of high-
power components, mostly capacitors or superconductors, and high-energy storage systems
(batteries) to match the conflicting requireméfitsRecent development of capacitors
introduced lithium-ion capacitors (LIC), which can be regarded as hybrid systems, combining
parts of lithium ion batteries, e.g. lithiated carbon, with typical supercapacitor components,
e.g. electrolytes and porous graphite electr6tes

In recent years, tomographic and radiographic measurement techniques based on X-rays and
neutrons have been successfully applied to study batteries and fuel*@lisThese
techniques are non-destructive and non-invasive, i.e. structural changes can be monitored
without interfering with the operating conditions of the devidedNeutron tomography and
synchrotron X-ray tomography have been used for investigations of alkaline manganese
dioxide batterie$® Furthermore, X-ray tomography was applied for structural
investigations of lithium ion batterits

In this paper, we demonstrate the large potential of 3D X-ray imaging for the investigation
of lithium-ion capacitors. The focus of the present study is on the correlation between
electrolyte distribution and capacity.
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Experimental Method

Tomographic Imaging

The imaging experiments were performed at Helmholtz-Zentrum Berlin using an X-ray
micro-tomography (UCT) device (see Figure’1)Major components of this device are a
micro-spot X-ray tube, a translation-rotation unit and a 5.4 megapixel flat panel detector with
a pixel size ofd=50 um. According to the cone beam geometry generated by the X-ray
source, each camera pixel images a sample area oRsizbich is given by the source-
object-distance (SOD), the source-detector-distance (SDD) and the detector pixel size:

SOD )

R=spp ¢

SOD and SDD were set to 120 mm and 298 mm, respectively, corresponding to
R=19.76 um, which determines image resolution since the X-ray spot is much smaller. This
adjustment allowed for recording a tomogram of the entire LIC battery at highest possible
resolution. A complete radiographic scan comprises 1200 radiographic projections covering
an angular range of 360°. The exposure time for a single radiogram was 0.5 s resulting in a
total acquisition time of 1 hour and 11 minutes. A filtered back-projection algorithm was
employed to reconstruct the 3D volume from the radiographic data set.

(3)

SDD

_

(1) (4)

Figure 1. Schematic drawing of the setup of the uCT-measurement with the X-ray source
(1), the rotation unit (2) and the fixed sample (3) and the flat panel detector (4)
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Electrical setup

The LIC was cycled using a computer controlled voltage/current source (Yokogawa
GS610). All relevant electrical data were recorded on a PC that was also used to calculate the
performance data of the LIC, e.g. charged and discharged capacity, energy and efficiency.

Measuring procedure

Prior to cycling, a tomograph of the pristine LIC was recorded as a reference. The LIC was
cycled (2.2 V <= U <= 3.8 V,dnst= 3 A). During electrical cycling the LIC was fixed in a
horizontal position. Tomograms of the charged LIC were taken after 10, 100, 500, 5000 and
10000 cycles in the upright orientation, see figure 1.

Results and discussion

A typical radiogram of the LIC is shown in Fig. 2. A cylindrical metal container is used as
housing. The two current collectors are marked by arrows at the top of the capacitor (1). They
extend halfway down into the interior of the capacitor. One of the collectors is made of copper
(anode side), the other of aluminum (cathode side). The electrodes consist of a lithium-doped
graphite anode distributed on a copper foil and a cathode, which is made from activated
carbon and is applied to an aluminum foil. A separator is arranged between the two electrodes
to prevent a short circuit. This assembly of foils is tightly coiled up (2) in order to efficiently
utilize the space provided in the housing. The vertical lines in the radiogram displayed in
figure 2 are caused by the highly absorbing Cu-foil of the anode.

Figure 2. X-ray radiogram of the LIC under investigation. In the upper part the two current
collectors (1) are shown. The bulk of the LIC consists of the coiled electrical double layer (2).

Figure 3 gives an overview of the reconstructed volume of the LIC. The tomogram was cut

in different ways to provide insight into its internal structure. The vertical cross sections in
figure 3(b) show the spiral electrical double layer as well as one of the embedded current
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collectors. The detail in figure 3(c) displays the bottom area where the electrolyte tends to
accumulate. Furthermore, a horizontal cross sedsiatisplayed in figure 3(d) showing the
winding of the electrode assembly. This perspective allows for identifying delamination
effects and other manufacturing irregularities, as demonstrated in the detail of figure 3(e).

e N

Figure 3. Overview of the interior structure of the LIC. (a) Side view of the metal container
with the current collectors on top; (b) side view after virtual removal of a part of the volume;

(c) enlargement of the bottom section; (d) horizontal cross section; (e) enlargement of the part
of (d) where a delamination is visible.

We focus on horizontal slices selected at a height within the bottom region of the LIC in
order to study the electrolyte distribution at different stages of component lifetime, i.e. for an
increasing number of charge-discharge cycles. Figure 4 shows a reconstructed tomogram of
the pristine LIC. Two horizontal cross sections taken from the tomogram at two different
locations are shown in figures 4(b) and 4(c). The first cross section was taken at about
medium height within the electrochemically active region of the LIC. The other one was taken
from the bottom area, i.e. underneath the active region, were the electrolyte tends to
accumulate.
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(a)

Figure 4. (a) 3D view of a pristine LIC including two horizontal cross sections through the
middle (b) and the bottom (c) part of the tomogram (a). The highly absorbing components in
the active region are the current collectors.

In order to analyze the electrolyte distribution in the bottom region quantitatively, the
tomographic data was binarized. Figure 5 illustrates the binarization approach for a selected
tomographic slice of an uncycled LIC. A region of interest (ROI) is defined that excludes the
highly absorbing cell housing (see figure 5b). After this, the image data is binarized using an
appropriate threshold, see figure 5c.

Figure 5. Basic approach to binarize the image data. (a) cross section through the bottom
area; (b) region of interest without highly absorbing casing; (c) binarized cross section, using
an appropriate threshold.

Figure 6 shows an image series of the cross sections from the bottom region of the LIC at
cycle numbers ranging from 0 to 10000. The accumulation of electrolyte at the bottom
indicates that there is a loss of electrolyte from the active coil in the LIC. The strongest
increase of leaked electrolyte was found between 500 and 5000 cycles.
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Figure 6. Binarized images of the same reconstructed slice taken after (a) O; (b) 10; (c) 100;
(d) 500; (e) 5000; (f) 10000 cycles.

Table 1 shows a summary of the binarized images. The accumulation of the leaked
electrolyte after 10000 cycles increases by 20 %. During the first 100 cycles the amount of the
electrolyte shows no significant increase. The effect becomes clearly visible after 500 cycles.

Table I. Quantification of the electrolyte content for increasing cycle number as derived from Fig. 6

cycle number 0 10 100 500 | 5000 | 10000

amount of electrolyte in % 52 53 54 58 70 72

This information can be correlated to the electrical performance of the LIC. In figure 7, the
dependence of discharge time per cycle (fig 7a) and nominal capacity (fig 7b) on the cycling
number is plotted. After 500 cycles the nominal capacity and the discharge time per cycle
were decreased by about 8 %. After 5000 cycles the nominal capacity was about 70%. This
corresponds to the electrolyte accumulation observed in the imaging experiments (see table 1
and figure 6). The correlation of electrical and imaging data suggests that the electrolyte
distribution is closely linked to ageing mechanisms of the LIC.
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Figure 7. Discharge time (7a) and nominal capacity (7b) of the LIC after different cycling
numbers; a strong decrease occurs during the first 5000 cycles, after which the nominal
capacity and time per discharge cycle approaches a constant value.

Summary

It was shown that X-ray tomography is ideally suited for a non-destructive and non-invasive
investigation of the electrolyte distribution in lithium-ion capacitors. We found a clear
correlation between the amount of electrolyte leaked from the active coil and accumulated at
the bottom of the housing and the capacity of the LIC. In future experiments, studies on the
correlation of electrolyte distribution and capacitor performance will be extended to other
types of capacitors.
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