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Revealing the Impact of Particle Size Distribution on
Ageing of Lithium-Ion Batteries with Frequency Response
Analysis
Hoon Seng Chan,[a] Lars Bläubaum,[a] Dandapani Vijayshankar,[b] Fridolin Röder,[c]

Christine Nowak,[d, e] André Weber,[a] Arno Kwade,[d, e] and Ulrike Krewer*[a]

In-depth analyses, including discharge behaviour, electrochem-
ical impedance analysis, and for the first time, nonlinear
frequency response analysis, are conducted on the ageing of
negative electrodes with varying particle size distribution. The
electrode-resolved analysis is used to distinguish the kinetic
and transport losses at the respective electrodes. For fine to
medium-sized particles at the negative electrode, ageing
impacts are found more on the positive electrode: the
impedance and nonlinear responses increase, suggesting that
the charge transfer process at the positive electrode is

worsened. Meanwhile, for coarse and broad negative particles,
the impedance and nonlinear responses at negative electrodes
decrease due to improved kinetics from micro-cracking. The
second harmonic reveals a change in the nature of the charge
transfer during ageing: the charge transfer process at the
positive electrode becomes asymmetric for fine and medium-
sized negative particles. Vice versa, the charge transfer process
at the negative electrode becomes symmetric for coarse and
broad negative particles.

Introduction

Lithium-ion batteries have become a rapidly growing technol-
ogy as the worldwide demand for cleaner and sustainable
energy supply increases. Therefore, they are attractive for
powering vehicles and energy storage in the electric grid.
Present challenges comprise ageing mitigation during long-
term operation, fast charging, and safety issues.

Depending on the operation requirements, the character-
istics of lithium-ion batteries are developed and adapted. For
example, high-power batteries are designed specifically with
thinner electrodes, lower coating mass, smaller active particles,
and a thicker separator, as compared to high-energy batteries.[1]

These features allow high-power batteries to store or release a
large amount of energy in a short amount of time. This leads to
reduced safety risk due to lithium plating and, in the worst
case, short-circuit and thermal runaway. Therefore, it is essential
to examine the impact of the physical properties of the
electrodes on battery performance.

One of the important physical properties of electrodes is
the particle size distribution (PSD) of the active material. Studies
on the impact of the active material particle size and its
distribution have been conducted on different materials of
positive electrodes in lithium-ion batteries, for example,
LiMnO4,

[2–4] LiCoO2,
[5–7] LiFePO4,

[8] LiNiMnO4,
[9] LiNiMnCoO2,

[10,11]

LiNiCoAlO2.
[12] Experimental and simulation results agree that

fine particles at positive electrodes are beneficial for the
electrochemical performance in lithium-ion batteries. Due to
their higher specific surface area and shorter diffusion pathway
compared to large particles, better utilization of the active
material[2,3] and higher C-rate capability[5,9] can be attained.
Nevertheless, fine particles have lower coulombic efficiency (CE)
and poorer cycling stability as they favour surface-related side
reactions due to larger specific surface area.[6,9] Furthermore,
broad PSD results in a non-uniformity of local current density
on the particle surface,[4,13] which causes a greater concentration
gradient across the electrode thickness and larger mechanical
stress in the batteries.[2] This leads to higher losses and thus
deteriorates the battery‘s performance.

As for negative electrode, the studied materials includes
graphite,[14–16] silicon,[17–19] carbon coke,[20,21] TiO2,

[22,23] and red
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phosphorus-graphite.[24] Like positive electrodes, the above-
mentioned works agreed that fine particles offer better C-rate
capability and electrochemical performance. However, some
works, depending on the materials, for example, graphite[14,15]

and coke,[20] revealed that fine particles favour surface-related
side reactions, such as the growth of a solid-electrolyte
interphase (SEI), due to larger specific surface area, which
results in a poorer initial CE and cycling stability than positive
electrode.[25] Nonetheless, silicon[18,19] and TiO2

[23] with fine
particles still show profound cycling stability. Yet, the same
group of carbonaceous negative electrode material but with
different forms or structures has led to a different ageing
pattern.[26]

In our previous study,[14] we investigated mesocarbon
microbeads graphite particles (MCMB), particles of spherical
form, with four different PSDs. It is shown that fine to middle-
sized PSD led to capacity loss mainly due to surface-related side
reactions such as SEI formation. Interestingly, lithium plating
was observed on the particle surface of coarse and broad PSD
right after formation due to the slow charge transfer and
diffusion kinetics. However, for cells with these PSD, a notable
decrease in overall kinetic and transport losses during cycling
was observed. There, micro-cracking could have taken place
because a small specific surface area leads to a high local
current density on coarse graphite particles, as also observed
in.[27–29] Also, cells with broad and coarse PSD showed significant
degradation behaviour as they contain the ageing effect of
both fine and broad particles.

Likewise, Zavalis et al.[30] studied the ageing behaviour of
MCMB graphite particles under a dynamic cycling profile with
high C-rates up to 5 C. The investigated MCMB graphite
particles have similar PSD and porosity as the coarse fraction
that we implemented in our previous study[14] but smaller
electrode mass loading and lower height. Contrary to our
results, Zavalis et al. reported that no lithium plating was
observed, but cracks were seen on the particle surface. Further,
the authors suggested accelerated growth of SEI film on the
cracked surface that leads to substantial kinetic and transport
losses.

Meantime, Buqa et al.[15] and Zhang et al.[31] analyzed the
effect of PSD on synthetic flake graphite (SFG). As compared to
MCMB, SFG attains a flakey, flat, plate-liked form. With SFG, the
authors didn’t observe any lithium plating occurrence at coarse
graphite particles even up to 20 C, although the studied particle
size is larger, and the electrode mass loading, as well as the
porosity, are in about the same range as reported in our
previous work.[14] The authors concluded that coarse particles
also show better capacity retention in long-term cycling.

In most of the above-mentioned studies, C-rate tests and
galvanostatic cycling were used to characterize the electro-
chemical performances of lithium-ion batteries. The former
analyses the combined kinetic behaviour of the batteries
concerning different current loads, while the latter investigates
the performance stability under continuous constant current
charge and discharge. However, both methods could not
characterize the internal state of the batteries distinguishably,
whereby the deconvolution of the losses into charge transfer,

mass transport, ohmic and contact losses can only be
determined via a specially constructed system[32] or sophisti-
cated characterization methods.

To mitigate these shortcomings, frequency response analy-
ses were used in our previous[33–35] and this study. For example,
electrochemical impedance spectroscopy (EIS) is performed to
identify the individual losses at a defined state-of-charge (SOC).
While EIS is limited to linear interpretation of the system
behaviour, nonlinear characterization via nonlinear frequency
response analysis (NFRA)[36–38] extends the analysis to the
nonlinear nature of the involved reactions in batteries. There-
fore, NFRA is used in this study. Several publications on NFRA
indicate its ability to extract additional information compared
to EIS, for example, charge transfer symmetry,[39,40] lithium
plating detection,[41] prediction of capacity fade, and identifica-
tion of ageing causes.[42,43]

In this work, we aim to build a deeper understanding of the
ageing behaviour of cells with negative electrodes with differ-
ent PSD. As mentioned before, apart from EIS, we additionally
consider NFRA to include ageing-induced changes in the
nonlinear behaviour resulting from different PSD. Contrary to
our previous study, both EIS and NFRA will be carried out in an
electrode-resolved manner to separate the contributions from
negative and positive electrodes, which will give new and
deeper insights into the performance degradation with different
PSD.

Results and Discussion

In the following, the effect of PSD on the performance of
formatted cells (pristine state), including their dynamic behav-
iour, is analyzed. This is followed by an ageing study, which
reveals the change in the performance and frequency response
spectra that can be related to ageing processes.

Pristine state

The states of the battery cells with different PSD were
characterized right after the formation step. Complementary to
EIS, the distribution of relaxation times (DRT) technique was
implemented for a clearer separation of processes with different
time constants.[44] These processes were then analyzed deeper
with NFRA to observe the nonlinear behaviour of these
processes.

Figure 1(a) shows the full cell DRT spectrum at SOC 50%
directly after formation for cells with different PSD at negative
electrode: F1 (fine), F2 (middle), F3 (coarse), and SM (broad).
Figure 1(b) displays the respective Nyquist diagram of the EIS.
From the full cell DRT spectrum, two to three main peaks can
be identified in the trusted region of the spectra: one peak
between 1 Hz to 10 Hz, another from 10 Hz to 102 Hz and the
third one above 102 Hz. Overall, characteristic frequencies and
peak height change with PSD. The peak height decreases with
decreasing particle size. Electrode-resolved analysis, as shown in
Figure 1(c and d) allows assigning these peaks and dynamic
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phenomena to negative and positive electrodes. Here, one can
identify that the peak in the low-frequency region (1 Hz to
10 Hz) is attributed to the positive electrode while the two
higher ones (10 Hz to 102 Hz and above 102 Hz) are mostly from
the negative electrode with minute contribution from the
positive electrode. The DRT spectra for the negative electrodes
in Figure 1(c) show three peaks in total. The first peak at a lower
frequency ranging from 10 � 1 Hz to 1 Hz arises from a measure-
ment artefact (for further details please see Supporting
Information S.2) and will not be considered in further analysis.
The assignment of the peaks in the DRT to physicochemical
processes in the cell is based on prior studies.[36,45] The second
peak at about 10 Hz to 102 Hz is related to the charge transfer
process, i. e., de-/intercalation at the negative electrode/electro-
lyte interphase and the third peak above 102 Hz is attributed to
the ionic transport across the SEI layer. Comparing the DRT
spectra of negative electrodes for the various PSD, it can be
generally observed that the peak height that can be correlated
to the charge transfer kinetics increase and the corresponding
characteristic frequency decreases with increasing particle size.
Finer particles have a larger specific surface area, which favours

a fast charge transfer process. Thus, a smaller impedance or
smaller DRT peak is observed for finer particles.

The DRT spectrum at the positive electrode in Figure 1(d)
shows two peaks. The peak at around 1 Hz to 10 Hz is attributed
to the charge transfer process, i. e., de-/intercalation at the
positive electrode/electrolyte interphase and the smaller peaks
at frequencies >10 Hz are attributed to ionic transport in the
pores of the positive electrode along the electrode thickness.[46]

All the impedance spectra and DRTs at the positive electrode
were initially expected to be identical for all cells since a similar
positive electrode is used in all cells. Yet, from Figure 1(d), it is
obvious that this is not the case. Considering the main peak,
the height and relaxation frequencies differ. Especially in the
case of a fine powder, a significant difference is observed. Only
a small part of these differences is related to the reproducibility
in cell manufacturing, as shown in Supporting Information S.3.
The major impact is the difference in the electrode balancing of
different PSDs during formation. Fine particles (F1) with a larger
mass-specific surface area exhibit smaller charge transfer kinetic
losses at the negative electrode and simultaneously favour
surface-related side reactions such as SEI formation, leading to
loss of active lithium and affecting electrode balancing overall
as shown in Figure 1(e and f). This results in the difference in
lithium concentration distribution or lithiation degree in the
positive electrode as indicated by the half-cell potential in
Figure (d), which can be therefore related to the change in the
EIS of the positive electrode for F1 (fine).

The attribution of peaks to certain processes is substanti-
ated by NFR analysis: charge transfer processes should show
significant nonlinearities, whereas transport across the SEI and
ionic transport should show negligible nonlinearities.[36,38] In
Figure 2, the full cell NFR spectrum of the cell with F1 (fine)
shows nonlinear behaviour only below 10 Hz. By comparing the
electrode-resolved NFR spectra, the nonlinear signal from the

Figure 1. Impedance and DRT spectra after formation at SOC 50% for cells
with F1 (fine), F2 (middle), F3 (coarse) and SM (broad) PSD at the negative
electrode recorded at 25 °C: full cell a) DRT and b) EIS spectra, electrode-
resolved DRT spectra at c) negative and d) positive electrodes. The shaded
area indicates less reliable DRT data. The given voltages indicate the open
circuit potentials that correspond to the SOC 50% adjustment. Half-cell
potentials at the e) negative and f) positive electrodes during formation.

Figure 2. Full cell NFR spectra for cells with fractions a) F1 (fine), b) F2
(middle), c) F3 (coarse) and d) SM (broad) recorded after formation at 25 °C
and SOC 50%: Y2 (solid lines) vs. Y3 (dashed lines). The insets show the
corresponding NFR spectra of the negative electrode. The red regions
indicate unreliable regions for NFRA.
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negative electrode is about two orders of magnitude smaller
than the full cell, as shown in the inset of Figure 2(a). Thus, the
nonlinear signals in full cell stem mainly from the positive
electrode, and a correct attribution of this area to the charge
transfer process at the positive electrode is confirmed. In
contrast to F1 (fine), the full cell NFR spectra of cells with
fractions F2 (middle), F3 (coarse) and SM (broad) feature
nonlinear responses starting already from higher frequencies
around 102 Hz, which is characteristic to charge transfer
processes at the negative electrode. For F3 (coarse) and SM
(broad), the nonlinear response at the negative electrode is
similarly large as the full cell response. This confirms the
attribution of the nonlinear responses within the designated
frequency range to the de-/intercalation at the negative
electrode. For F2 (middle), at a higher frequency range (roughly
between 10 Hz and 200 Hz), NFR spectra (especially third
harmonic Y3) for full cell and the negative electrode are almost
identical, i. e., de-/intercalation at the negative electrode
dominates, whereas similar as in DRT, contributions from
positive electrode come into play at lower frequency range.

In general, similar to impedance, a monotonous relation
between PSD and nonlinear responses in the characteristic
frequency range of the charge transfer process at the negative
electrode can be drawn: The larger the particle size, the smaller
the surface area, which is unfavourable to the charge transfer
process. Thus, larger impedance and nonlinear response,
especially Y3, are observed. In none of the cells, significant
nonlinearities are observed in the frequency range of 102 Hz to
1 kHz. This confirms that the processes observed in DRT at this
frequency range are no charge-transfer processes but most
probably SEI processes and ion transport processes. Interest-
ingly, it seems that the amplitude of the second harmonic, Y2
and the third harmonic, Y3, have different sensitivities to
negative and positive electrodes: the positive electrode causes
significant Y2 responses (see F1), whereas the negative
electrode causes more Y3 (see F3). This indicates asymmetry in
the charge transfer kinetics, meaning that the energy for de-/
intercalation at positive electrode/electrolyte interphase is
different, or in other words, the charge transfer coefficient as
typically used in the Butler-Volmer equation deviates stronger
from 0.5 for the positive electrode.

In summary, by combining EIS and NFRA, a clear attribution
of frequency response features at certain frequencies to specific
processes could be established. F1 (fine) is more dominated by
charge transfer at the positive electrode, whereas F3 (coarse)
and SM (broad) have very high contributions by charge transfer
at the negative electrode.

Ageing

Having established an in-depth understanding of the losses in
cells with different active particle sizes of the negative electrode
and how they can be monitored with EIS and NFRA, the
following section focuses on ageing-induced changes in these
cells and their losses.

Figure 3 shows the ageing-related changes in the discharge
behaviour and half-cell potential at the negative electrode
during cycling for all four PSDs. Thereby, the fine (F1) and
medium-sized PSD (F2) have strong similarities to each other,
and the coarse (F3) with broad PSD (SM), respectively. Cells with
F1 (fine) and F2 (middle) show monotonous capacity fade with
cycle number. This is mostly attributable to losses at the
positive electrode, as half-cell potential at the negative
electrode remains almost constant (see inset). In contrast, cells
with F3 (coarse) and SM (broad) show an instantaneous
decrease and later increase in capacity. The instantaneous
decrease in capacity is attributed to plating at early cycles,
which occurs when the potential at the negative electrode
drops below zero (see inset). A fraction of the plated lithium
reacts irreversibly with electrolyte, forming a new SEI film and
leading to a loss in lithium inventory, thus, significant capacity
fade. Another possible reason for the capacity fade could be
that the micro-cracking leads to the electrical isolation of the
active material and is no longer usable for further lithium
deintercalation and intercalation. However, as the cells continue
to age, the cells recover in capacity. This similar occurrence has
also been pointed out in our previous publication.[14] One
possible reason is the changing of the cycling current (1 C). A
significant capacity loss for F3 (coarse) and SM (broad) was
observed until the 50th cycle, and thus, a current decrease of ca.
3% for SM (broad) and 8% for F3 (coarse) was adapted from
the 51st, leading to higher capacities (see Supplementary
Material S.4). This effect is no longer visible after 100th cycle.
Therefore, the further capacity increase in SM (broad) might be
attributed to the overall kinetic improvement and will be
investigated in-depth via EIS and NFRA.

EIS and NFRA allow a deeper look into ageing, and here
especially into kinetic changes of the different PSDs. For cells
with F1 (fine) and F2 (middle) in Figure 4(a and c), we observe
during ageing a significant increase in DRT peak at frequencies

Figure 3. Change in 1 C discharge behaviour during cyclic ageing of cells
with a) F1 (fine), b) F2 (middle), c) F3 (coarse) and (d) SM (broad) with
respective half-cell potential at negative electrode given in insets.
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below 10 Hz, which is attributed mainly to a worsened charge
transfer process at the positive electrode. The peak shifts to
lower frequencies as the cell ages, further supporting that
charge transfer at the positive electrode becomes slower. The
ageing-induced increase in the third harmonic Y3, Figure 4(b
and d), is visible in the same frequency range and thus
attributed to worsening charge transfer kinetics of the positive
electrode. The increase with worsening charge transfer kinetics
is expected, as increased nonlinearity has been shown before
for decreased charge transfer kinetic constants, i. e., exchange
current densities.[39,40] In the frequency range of the negative
electrode (>10 Hz), no significant increase in DRT peak or
nonlinearities can be seen for cells with F1 (fine). In contrast,
negative F2 (middle) electrodes, which already exhibited non-
linear and linear responses for the pristine cells, show a
decrease in impedance and nonlinear responses (Y3) during
ageing. This suggests a kinetic improvement of the correspond-
ing charge transfer processes at the negative electrode of F2
(middle).[47] Contrary to Y3, the second harmonics Y2 provide
additional information about the asymmetry behaviour of the
charge transfer process.[39,40,48] For both F1 (fine) and F2 (middle),
Y2 does not show a monotonous increase. Instead, Y2 increases
mainly at the beginning of cycling up to the 50th cycle and only
in the frequency range of the positive electrode (see insets of
Figure 4 b and d). This implies that the charge transfer process
at the positive electrode becomes asymmetric at the beginning
of ageing while the kinetics of the charge transfer process at
the positive electrode, represented by Y3 and EIS, continues to
deteriorate as the cells age. The change in charge transfer
symmetry suggests a qualitative change in the nature of the
reaction during ageing. A possible reason may be the migration
of transition metals into lithium vacancies in the early cycles,
which causes the energy difference in intercalation and

deintercalation as lithium is inserted or removed from different
locations.[49,50]

For cells with F3 (coarse) and SM (broad) shown in Figures 6
and 7, as they age, the DRT peaks, which are attributed to the
charge transfer process as well as ionic transport through SEI at
negative electrode decrease and shift to a higher frequency
range, which is similar to F2 (middle) and suggests an improve-
ment of the respective kinetics. The kinetic improvement was
hypothesized in our prior work[14] and also in other
publications[51] to be caused by the micro-cracking that
generates more active surface area and lowers the over-
potential for the respective processes. In this study, we prove
such microstructural changes and cracks at the negative
electrode with scanning electron microscopy for SM (broad)
and F3 (coarse) electrodes, as shown in Figure 5.

In addition to our previous work, in which only a small
number of cycles were examined, long-term cycling revealed
that charge transfer kinetics at the positive electrode, which is
presented by the DRT peak in the low-frequency range,
interestingly first improves and then worsens as the cell ages.
Such a phenomenon has not been observed before and is only
visible in longer-term ageing. Y3 again has a similar trend as
impedance, except for the later ageing stage of the cells with
F3 (coarse), where only impedance increases at the lower

Figure 4. Ageing-related changes of cells with F1 (fine) PSD in full cell. a)
DRT and b) NFR spectra of Y3 (Y2 in inset) and with F2 (middle) PSD in full
cell. c) DRT and d) NFR spectra at 25 °C and SOC 50%. Electrode-resolved
measurements are given in Figures S.10 and S.11 (DRT), while NFR measure-
ments are in Figures S.12–17 (NFRA).

Figure 5. Cross-sectional cut by focused ion beam and scanning electron
microscope (FIB-SEM) scan of the negative electrode for a) F3 (coarse) and b)
SM (broad) show exfoliation and micro-cracking (red-framed region) within
the particles. The vertical white stripes are artefacts during sample
preparation.
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frequency. Meanwhile, for cells with SM (broad), a further
increase in Y3 at lower frequencies is visible and identified to be
arising from the positive electrode, as shown in Figure 7(d). Y2
for both cases behaves similarly to Y3, whereby it decreases
significantly in the frequency range of the negative electrode.
This indicates that micro-cracking not only improves the charge
transfer kinetics at the negative electrode, represented by EIS
and Y3, but the charge transfer nature becomes more
symmetric. Again, for cells with SM (broad), Y2 increases after
the 100th cycle. While comparing the electrode-resolved meas-
urements in Figure 7(c and d), one could notice that the charge
transfer process at the positive as well as negative electrodes
becomes asymmetric as the cells age.

Information content of NFRA vs. discharge curves and EIS

Overall, discharge curves, EIS (DRT) and NFRA were shown to
give complementary insights into the effect of electrode design
and the ageing behaviour of Li-ion batteries. NFRA is a new
technique, so we would like to compare the techniques
regarding their information content. Discharge curves yield
combined kinetic and mass transport losses, which affect the
discharge trajectory and the gained capacity. Via discharge
curves alone, one cannot deconvolute the losses attributed to
the kinetic or transport losses. Frequency response analysis fills
this gap. EIS enables the identification of losses by different
underlying processes. For example, kinetic losses for the charge
transfer process at respective electrodes and the transport loss
through SEI can be separately identified. NFRA allows discrim-
ination between charge transfer and transport processes
through SEI by their nonlinear behaviour, whereby the transport
process through SEI is almost linear and is not visible in NFR
spectra. NFRA provides additional information on the symmetry
of the charge transfer process via Y2, suggesting qualitative
surface changes, e.g., due to mechanistic changes. Furthermore,
the ageing trend of Y2 is different from Y3, which might give
extra information on the nature of ageing nature. Thus, NFRA
yields highly valuable information on the nature and degree of
ageing.

Conclusions

The ageing behaviour of lithium-ion batteries with different
PSD of negative graphitic electrodes and NMC-111 is assessed
in detail using various electrode-resolved measurements. Dis-
charge curves are complemented by EIS and, for the first time,
NFRA to separately analyze kinetic and transport processes.
NFRA allows additional identification of the nonlinear kinetic
contributions. In addition to our prior work, we found out that
the PSD of the negative electrode determines whether the
negative or positive electrode is showing the highest charge
transfer kinetic losses. Strongly different ageing behaviour is
observed for cells with different PSD, which are dominated by
either negative or positive electrode ageing. On the one hand,
for cells with small to middle-sized particles at the negative
electrode, we observed before cycling, the charge transfer
kinetic loss at the positive electrode is more dominant than the
negative electrode. As cycling begins, the positive electrode is,
therefore, more stressed and aged, causing a consistent
reduction in discharge capacity; specifically, in this work, we
identified the increase in EIS and NFRA due to the dominant
degradation of charge transfer at the positive electrode. On the
other hand, for cells with coarse and broad PSD at the negative
electrode, we observed firstly a decrease and then recovery in
discharge capacity, EIS and NFRA. This finding is due to the
kinetic improvement of the charge transfer process at the
negative electrode, resulting from the micro-cracking as
suggested in our previous publication and first-time evidenced
by the FIB-SEM scan in this study. Meanwhile, the charge
transfer process at the positive electrode also shows a slight

Figure 6. Ageing-related changes of cells with F3 (coarse) PSD in full cell. a)
DRT and b) NFR spectra of Y3 (Y2 in inset) and electrode-resolved NFR spectra
at c) negative and d) positive electrodes at 25 °C and SOC 50%.

Figure 7. Ageing-related changes of cells with SM (broad) PSD in full cell. a)
DRT and b) NFR spectra of Y3 (Y2 in inset) and electrode-resolved NFR spectra
at c) negative and d) positive electrodes at 25 °C and SOC 50%.
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increment in EIS as well as NFRA in the later cycling stage for
coarse and broad PSDs that was not observed in our prior work
due to only a small cycle number, which suggests the
degradation of the positive electrode becomes increasingly
significant when the cells continue to age in the long term. Via
second harmonic Y2, we further identified that the positive
electrode shows stronger charge transfer asymmetry, whereas
the negative electrode is dominated by third harmonic Y3 due
to inferior charge transfer kinetics. Also, Y2 shows a different
ageing trend than impedance and Y3, which we believe could
be related to the change in charge transfer symmetry during
cell ageing.

As an outlook, NFRA has proven to be an essential tool for
obtaining additional information on the nature of kinetic and
surface-related processes. We consider it highly interesting to
correlate NFRA with surface analysis tools, which should give
more information on the physical processes causing the change
in charge transfer symmetry. NFRA may become a standard tool
for easy and early detection of mechanistic surface changes. We
also suggest widespread usage of this tool, also for other
battery chemistries and analysis tasks. Overall, we have shown
for the first time in this study that the strong interplay of the
ageing behaviour between both positive and negative electro-
des depends on the PSDs of the negative electrode. Thus, for
electrode engineering, it is critical to always inspect and
optimize both negative and positive electrodes simultaneously.

Experimental Section

Electrode production

In this study, we used the negative electrodes published in[14] with
three fractions of different PSD and the source material. The active
material for the negative material was artificial graphite mesocar-
bon microbeads powder (MCMB) from Osaka Gas Chemicals Co.
Ltd, which has an average specific capacity of 325 mAhg� 1.[14]

Table 1 shows the characterization results of the negative electro-
des. Positive electrodes from Customcells were used in this study.
The selected positive electrode has an average specific capacity of
145 mAhg� 1 and contains 86 wt.% of active material (NMC-111)
and 14 wt.% of additives and binder. The material of positive and

negative electrodes with different PSD in this study is the same as
that reported in our previous work.[14]

Cell assembly and ageing experiment

Electrochemical characterization was done in a commercial three-
electrode setup (PAT-Cell) from EL-CELL GmbH. In between positive
and negative electrodes, a commercial separator (EL-CELL GmbH,
ECC1-00-0210-V/X) of polypropylene (PP) and polyethylene (PE)
with a thickness of 220 μm and a built-in lithium reference ring was
used. As the electrolyte, 103 μL mixtures of ethylene carbonate (EC)
and dimethyl carbonate (DMC) with a ratio of 1 :1 (v/v) and 1 M
lithium hexafluorophosphate (LiPF6) were used. The whole cell
assembly process was completed inside an argon-filled glovebox
(O2 and H2O<0.1 ppm). For reproducibility, three cells were built
for each fraction of a given PSD. The freshly built cells were first
rested for 12 hours in a temperature chamber (ESPEC EUROPE
GmbH, SU 642) at 25 °C. After that, the cells were subjected to
formation and cycled using a battery cycler (MACCOR INC., Series
4000). During the formation step, the cells were charged and
discharged with C/10 in the constant current (CC) step for two
cycles and constant current-constant voltage (CC-CV) step for one
cycle between 2.9 V and 4.2 V at 25 °C. The CV step was stopped
when the charging current was reduced to C/20. Within a similar
voltage window and temperature, the ageing experiment was
conducted at 1 C in CC-CV step. The abort criterion for the ageing
experiment was when either of the cells had reached the State of
Health (SOH) 60% (60% of its initial capacity) or 200 cycles. The
protocols for the formation cycle and the ageing experiment are
detailed in Table 2.

Electrochemical characterization

EIS and NFRA were conducted at 25 °C and SOC 50% right after the
formation step at the 4th cycle, after the 50th cycle and after every
consecutive 100 cycles using Zahner Zennium electrochemical
workstation. SOC 50% was adjusted by discharging the cell from a
fully charged state at 4.2 V by C/10 for 5 hours, whereby the SOC-
adjustment current depended on the capacity that was measured
from the previous characterization series. For example, the SOC-
adjustment current for the characterization at the 100th cycle is
determined from the capacity that was characterized at the 50th

cycle. For EIS, the cells were measured under galvanostatic mode
with an excitation amplitude of 500 μA and a frequency range
between 10 mHz and 10 kHz. As for NFRA, the cells were measured
under a similar measurement mode but at a higher excitation
amplitude of 10 mA and a smaller frequency range between
100 mHz and 1 kHz. The amplitudes of up to nine harmonics Y2-9
were measured, which correspond to multiples of the fundamental
frequency f1. During NFR measurement, the cells were moderately
excited, giving rise to only the second harmonic Y2 and third
harmonic Y3 with sufficient signal-to-noise ratio so that the
interaction between the higher harmonics can be minimized.[36]

Table 1. Characteristic of the different particle fractions and their corre-
sponding source material from negative electrode.[14]

Material Acronym X50
[a]

[μm]
ɛC,ML[b]
[%]

d[c]

[μm]
Sv

[d]

[m2 cm� 3]
Ctheo

[e]

[mAh]

Source
material

SM
(broad)

12.90 50 74 1.36 5.05

Fraction 1 F1
(fine)

1.53 45 78 4.31 4.99

Fraction 2 F2
(middle)

5.86 45 69 1.06 5.19

Fraction 3 F3
(coarse)

17.45 59 66 0.38 5.15

[a] median particle size. [b] porosity based on the coating mass loading on
the electrode, the resulting mass loading for all negative electrodes was
8.9 mgcm� 2. [c] electrode thickness. [d] volumetric specific surface area.
[e] theoretical electrode capacity calculated based on the positive
electrode.

Table 2. Protocol for the formation and ageing experiment.

Formation Ageing experiment

Temperature: 25 °C
No. of cycles: 3 cycles 200 cycles

Dis-/charging pattern: CC: 2 cycles CC� CV: Charge
CC� CV: 3rd cycle CC: Discharge

Abort criterion for CV: I > C/20
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Measurement reliability and data treatment

We are aware that the utilization of a reference ring electrode may
lead to artefacts during frequency response measurements, for
example, inductive loops in certain frequency ranges of AC
impedance[52,53] or NFR spectra. Still, it is a useful in-operando
analysis technique to obtain the DC potentials and overpotentials
of negative and positive electrodes. Symmetrical cells were not
applied as the measurements had to be performed during the
ageing procedure in a working full cell.[53] We identified the
frequency range in EIS, where the artefact appears and disregarded
the DRT analysis in the artefact range by greying out the specific
frequency region in the spectra.

In addition, the measured NFR data must be conditioned according
to an algorithm developed in-house The algorithm diminishes
artefacts originating from the potentiostat itself: the measured
response signals contain not only responses from the battery but
also responses of the battery corresponding to the undesired
higher harmonics in the input signal. Furthermore, we only consider
those NFRA data as reliable where nonlinear response signals
(normalized against the linear signals) are at least 1% of the linear
response signals. The unreliable NFRA region is marked in red.

The derivation of DRT from EIS spectra was performed using the in-
house established software tool “All-Fit” in MATLAB. For the DRT
computation, the regularization parameter λ has shown to be a
significant input parameter that could affect the accuracy of DRT
analysis: large λ leads to poor deconvoluted DRT peaks (under-
fitting), while small λ causes erroneous splitting of DRT peaks
(overfitting). For more information, please refer to Supporting
Information S.1. In this work, an intermediate value of λ=10 � 3 was
selected for the DRT computation.
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