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Abstract: Changes in the internal state of a high-power capacitor during progressive charge–discharge
cycling were measured non-destructively using high-energy synchrotron X-ray Compton scattering.
The stacked structure of a laminated capacitor was clearly indicated by a Compton scattered X-ray
intensity analysis and a line shape (S-parameter) analysis of a Compton scattered X-ray energy
spectrum. Moreover, apparent differences in the progress of charge and discharge cycles were
observed in the correlation between Compton scattered X-ray intensities and S-parameters obtained
from the center and edge positions within the in-plane of the electrode. This difference in the
correlation was obtained from the shifting of the stacked structure at the edge position, induced by
the drift of the electrolyte material within the capacitor cells.

Keywords: high-power capacitor; non-destructive operando analysis; Compton scattering

1. Introduction

Electrochemical capacitors (ECs), such as electric double-layer capacitors (EDLCs),
super-capacitors, lithium-ion capacitors, and hybrid capacitors play a large role in achieving
a sustainable society [1–3]. ECs have characteristics of high power per unit mass of the
electrode, high stability for high-speed cycles, and high safety [4–6]. However, their
energy density is at least one order of magnitude lower than that of lithium-ion batteries
(LIBs) [7,8]. The differences in the characteristics between ECs and LIBs originate from
their charge storage mechanisms. In ECs, charge storage is achieved by the formation of an
electric double layer at an electrode–electrolyte interface, which consists of electrolyte ions
adsorbed onto the electrode surface. In LIBs, charge storage is achieved via intercalation,
alloying, and conversion [8]. ECs are used in many applications, including regenerative
braking in hybrid and electric vehicles and energy storage systems in other electric devices,
robots, and smart grid systems [2]. These applications require the high capacity of the ECs.
While increasing the size of devices is the general strategy for increasing their capacity, it is
thought that large unit sizes lead to an inhomogeneous ion distribution within the storage
cells, which deteriorates the capacity more quickly and affects the structural stability of the
cells. This is also a common problem for LIBs [9–11]. So far, observations of inhomogeneity
in the ion distribution have only been performed using a disassembly analysis. However,
it is difficult to fully understand the mechanism of the inhomogeneous distribution from
a disassembly analysis because the distribution can be altered after cell relaxation or as a
result of damage related to the disassembly.
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Compton scattering technique using high-energy synchrotron X-rays of over 100 keV
is a potential candidate method for the observation of large-sized closed electrochemical
cells non-destructively. High-energy X-rays possess a high matter-penetrating power that
can be used to probe inside an assembled (or commercialized) electrochemical cell without
requiring any laboratory-based test cells or disassembly. This is the main advantage of
the Compton scattering technique over other in-situ techniques such as nuclear magnetic
resonance spectroscopy [3], infrared spectroscopy [3], and small-angle X-ray scattering
techniques [12]. Furthermore, experimentally obtained Compton scattered X-ray analysis
can reveal non-destructively the type of matter in the capacitor cell because the intensity of
the Compton scattered X-rays is largely proportional to the electron density in the probing
volume. Recently, we have developed an ion quantification method using the line shape of a
Compton scattered X-ray energy spectrum, called S-parameter [13]. So far, the S-parameter
analysis has quantitatively revealed the lithiation state of coin-type lithium rechargeable
battery [14] and inhomogeneous spatiotemporal lithiation pattern on the cathode in a
cylindrical LIB [15]. These advantages of Compton scattering have the potential to allow
an operando observation of the ion distribution in large-size capacitors.

In this study, the high-energy synchrotron X-ray Compton scattering technique is used to
investigate a large-size capacitor cell and non-destructively observe the changes in the internal
state of the cell during charge–discharge cycling. Our technique, which is also applicable to
commercialized capacitors, opens a novel pathway for operando analysis of capacitors that
should accelerate the development of advanced high-performance capacitors.

2. Samples and Experimental Methods

We used a laminated capacitor cell composed of four alternatively stacked cathode
layers and five anode layers, with each layer separated from the next by a polymer film,
as shown in Figure 1a. Each cathode layer is composed of an Al current collector (20 µm
thickness) that is coated on both sides with activated carbon (100 µm thickness), while each
anode layer, also with an Al current collector, is coated with Li4Ti5O12 (26 µm thickness).
The total thicknesses of the cathode and anode layers were 220 µm and 72 µm, respectively.
The inside of the cell is filled electrolyte of a solution of 1 mol of LiBF4 in propylene
carbonate (PC). The top view (x/y) of the electrodes (of 100 mm lengths and 80 mm widths)
is shown in Figure 1b. Compton scattering measurements were performed at the two
positions marked by crosses in Figure 1b. One of these positions is located in the center of
the electrode in the x-direction, which is called the center position, and the other is 45 mm
away from the center position, which is called the edge position. The y-coordinate of both
positions is located 30 mm from the end of the electrode. In the z-direction (i.e., the stacked
view), the measurement positions are located between the 2nd and the 3rd cathode layers,
as marked with the dashed red rectangle in Figure 1a.

Compton scattering measurements were performed at high-energy inelastic scattering
beamline 08W of SPring-8, Japan. The experimental configuration is shown in Figure 2.
Incident X-rays emitted from the multipole wiggler were used. The energy of the inci-
dent X-rays was monochromatized to 115.56 keV, and the scattering angle was fixed to
90◦. The Compton scattered X-ray energy spectrum from the sample cell was measured
by nine-elements pure Ge solid-state detectors. The sample cell was placed on a 5-axis
movable stage, which allowed the movement of the sample in the x-, y-, and z-directions,
as well as with respect to the tilt angle, θ, and azimuthal angles. This flexibility allowed
the measurements to be made in specific internal regions within the sample cell. The
observation region in the sample cell was determined by the incident and collimator slits,
as shown in the enlarged view in Figure 2. The dimensions of the incident and collimator
slits were 10 µm in height, 1 mm in width, and 1 mm in diameter. In this study, we ignored
the degradation of the sample by X-rays because the Compton scattering cross-section and
the size of incident X-rays were very small. The state of charge of the sample cell was
adjusted using a potentiostat/galvanostat. The Compton scattered X-ray energy spectra at
charged and discharged states were measured after 1, 2, 3, 4, 10, 15, 20, and 25 cycles. One
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cycle was performed by first charging the cell using a constant current of 400 mA until the
cell was fully charged, and then discharging it using a constant current of 400 mA until
fully discharged. All measurements were performed at room temperature.
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Figure 1. (a) Side view of stacked structure of laminated capacitor cell. Compton scattering X−ray
energy spectra are measured within the dashed region using scanning incident X−rays; (b) top
view of the electrode in the cell. Compton scattering measurements are performed on two positions
marked by orange crosses.

Figure 2. Schematic image of Compton scattering measurement system at BL08W of SPring−8. The
enlarged view shows the detail of the observation area inside a capacitor cell.
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Measured Compton scattered X-ray energy spectra were analyzed by Compton scat-
tered X-ray intensity and the S-parameter. The Compton scattered X-ray intensity, dN, is
described by Equation (1) [16], as follows:

dN = Φ0t1t2ρedV
dσKN
dΩ

, (1)

where Φ0 is the photon flux of the incident X-rays; t1 and t2 are the path lengths of the
incident and scattered X-rays in the sample, respectively; ρe is the average electron density
in the probing volume; dV is the probing volume; and dσKN/dΩ is the Klein–Nishina
differential cross-section. From Equation (1), when the X-ray path lengths can be treated as
constants, the Compton scattered X-ray intensities are proportional to the electron density
in the probing volume. Therefore, we can observe the change of the electron density with
charge–discharge cycling in the electrodes. Compton scattered X-ray intensity analysis has
been used for densitometry [16] and imaging [17]. Analytically, the dN corresponds to the
area of the Compton scattered X-ray energy spectrum.

The S-parameter is used to characterize the modification of the line shape of a Compton
profile [13]. The Compton profile, J(pz), is defined by the following equations [18–20]:

J(pz) =
x

ρ(p)dpx py, (2)

ρ(p) = (2π)−3/2 ∑
j

nj

∣∣∣∣∫ Ψj(r)exp(−ip·r)dr
∣∣∣∣2, (3)

where p = (px, py, pz) is the electron momentum, ρ(p) is the momentum density distribution,
Ψj(r) is the wavefunction of an electron in the j-state, and nj is the electron occupation.
From Equation (3), J(pz) is linked directly to the wavefunction of the electrons. With this
connection, the redox orbital studies regarding lithium insertion and extraction in LIB
materials were performed by combining the Compton scattering measurement and first-
principles calculations [21–26]. The line shape of the Compton profile depends on the
distribution of ρ(p), and its distribution is different for each atom. In our previous work,
we found that the line shape of the Compton profile was sensitive to changes in right
elements, such as Li [13]. Therefore, analyzing the line shapes of the Compton profiles
allows us to quantify each element in the material. Analytically, the Compton profile was
obtained by converting the x-axis of the Compton scattering X-ray energy spectrum from
the X-ray energy to the electron momentum along z-direction, which can be achieved using
the following conversion equation:

pz

mc
=

E0 − Ei +
(
EiE0/mC2)(1 − cos θ)√

E2
i + E2

0 − 2EiE0 cos θ
, (4)

where mc is 1/α and α is the fine structure constant; E0 and E1 are the incident and scattered
X-ray energies, respectively; mc2 is the rest mass energy of the electron; and θ is the
scattering angle. Here, we introduce the S-parameter to analyze the line shape of the
Compton profile. The S-parameter is defined as follows:

S =

∫ d
−d J(pz)dpz∫ −d

−l J(pz)dpz +
∫ d

l J(pz)dpz
, (5)

where d and l are two parameters used to distinguish the contributions of lithium-rich
and lithium-poor regions, respectively, on a Compton profile. The values of d and l were
fixed to 1 atomic unit (a.u.) and 5 a.u., respectively, because the contribution of lithium
was localized to −2 < pz < 2 a.u. [27]. Our previous studies on lithium-ion rechargeable
batteries have shown that the S-parameter can accurately indicate the lithiation state of
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working batteries [14,15]. This study used the S-parameter for the analysis of high-power
capacitor cells for the first time.

3. Results and Discussions

Figure 3a shows a Compton scattered X-ray energy spectrum for the correspond-
ing regions inside the cell, including Al collector, activated carbon cathode, anode layers
(including Li4Ti5O12 anode active material and Al collector), and separator, which was
obtained by scanning the incident X-rays along the stacking direction of the cell. As the
Compton scattered X-ray energy spectrum of the cathode and separator regions shows a
narrow distribution as compared with that of the anode and collector regions, the line shape
of this energy spectrum is representative of the different materials in the cell. Generally,
the inside of a capacitor cell is filled with electrolyte. A fitting analysis was performed
on the Compton scattered X-ray energy spectrum obtained from the cathode to evaluate
the contribution of the electrolyte, as shown in Figure 3b. Energy spectra of the active
material and electrolyte, which were obtained from the pellets of activated carbon and a
solution of 1 mol of LiBF4 in PC, respectively, were used for the fitting analyses. From
Figure 3b, the contributions of the active material and electrolyte to the Compton scat-
tered X-ray energy spectrum of the cathode region are 86% and 14%, respectively. The
non-destructively obtained Compton scattered X-ray intensity and S-parameter for the
observation region marked in Figure 1a are shown in Figure 4a,b. The background shades
in Figure 4 correspond to the different cell components, including the Al collector, cathode,
separator, and anode. Notably, while the peaks corresponding to the Al collector, cathode,
and separator are clearly visible, this study did not obtain enough spatial resolution to
distinguish between the active material layer of the anode and Al collector, thereby, re-
sulting in only a single peak for the anode region. Nonetheless, Figure 4 confirms that
the Compton scattering technique can facilitate the internal-state analysis of a large-scale
capacitor non-destructively.
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Figure 3. (a) Compton scattered X-ray energy spectrum obtained from Al collector, separator, activated
carbon cathode and anode layer; (b) fitting analysis of the Compton scattered X-ray energy spectrum.

Compton scattered X-ray energy spectrum of the cathode was then measured at
charged and discharged states after 1, 2, 3, 4, 10, 15, 20, and 25 cycles. Figure 5 shows
the modification of the S-parameter at the center and edge positions at each charged and
discharged state. The S-parameters are normalized by the S-parameter value of the initial
(discharged) state, after averaging in S-parameters obtained from the cathode region which
are highlighted by the dark gray background color in Figure 4. Evidently, the S-parameter
values decrease as the capacitor cell is charged, and then increase to the value of the
initial state as the capacitor cell is discharged. The S-parameter changes by about 1% with
each charge and discharge, indicating that lithium moves between the cathode and the
anode during each cycle, as expected. To investigate the structural changes inside the
capacitor cell resulting from the cycling, we plotted and analyzed the correlation between
the rate of change in the X-ray intensity and the rate of change in the S-parameter at the
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center and edge positions, as shown in Figure 6. The plot of the initial state corresponds
to the origin in Figure 6. The correlation at the center position appears to be relatively
concentrated, with the distribution in the Compton scattered X-ray intensity ranging from
−5% to 5% and that in the S-parameter from −1.5% to 0%. Interestingly, the correlation at
the edge position shows a different distribution as compared with that of the center position.
Furthermore, the Compton scattered X-ray intensities show an especially large modification
with the progress of the charge–discharge cycles. The change in the correlation between the
Compton scattered X-ray intensities and the S-parameters with progressive cycling has also
been shown in our lithium rechargeable battery studies, where the correlation has shown
a clear difference by degrading the battery [28]. Therefore, the changes observed in the
correlation shown in Figure 6b indicate the presence of capacitor cell degradation. Figure 7
shows the amount of movement in the cathode Al collector position until four cycles. The
amount of movement of the cathode Al collector position from 10 cycles to 25 cycles could
not be measured because we did not have enough time. Although the Al collector position
shifts with the cycles in both the center and edge positions, the amount of movement in the
center position is relatively small as compared with the large movement detected in the
edge position. Since the Compton scattered X-ray intensity reflects the electron density at
the probing volume, as shown in Equation (1), and because the capacitor cell is filled with
an electrolyte, the change in the Compton scattered X-ray intensities at the edge position
implies that the drift observed is due to the movement of the electrolyte. Therefore, the
drift of the electrolyte material caused by the repeated use of the capacitor cell is likely to
influence the ion distribution in all subsequent charge–discharge cycles.
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Figure 4. Schematic view of (a) Compton scattered X-ray spectrum; (b) S−parameter obtained
non−destructively from inside the structure of the capacitor cell. Background shades correspond to
the regions of the component of the capacitor cell.
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positive value of the y-axis corresponds to the z−direction shown in the coordinate in Figure 1a.

4. Conclusions

In this study, high-energy synchrotron X-ray Compton scattering techniques were used
for a non-destructive investigation of a high-power capacitor cell during charge–discharge
cycling. The Compton scattered X-ray intensity and the S-parameter clearly show the
stacked internal structure of the capacitor cell. The S-parameter obtained at the cathode
shows a variation corresponding to the charged and discharged states. Furthermore,
the correlation between the rate of change of Compton scattered X-ray intensities and
S-parameters with the progressive cycling differs between the center and the edge positions.
It is thought that the shift in the stacked structure is induced by the drift of the electrolyte.
Therefore, we have shown that Compton scattered X-ray intensity and S-parameter analysis
allow monitoring of the lithiation of the capacitor cell.
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