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in lithium-ion batteries by means of X-ray
spectrometry techniques
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Philipp Hönicke, a Martin Winter,bc Sascha Nowak b and Burkhard Beckhoffa

Each battery suffers from degradation effects which lead to capacity fading and life cycle reduction. With

electrochemical methods, the battery capacity decrease can easily be monitored, but they are

inappropriate to comprehend the underlying chemical and physical properties responsible for the

capacity fading. In the present paper, we demonstrate the power of X-ray spectrometry techniques to

investigate the transition metal dissolution (TMD) fading process for manganese in Lithium Ion Batteries

(LIBs). Regarding aging processes, quantitative analyses are important to evaluate the magnitude of

a certain process for the total capacity decrease. The challenge for the investigation of aged battery

materials is the lack of reference materials such that techniques based on them cannot be applied. With

the use of reference sample-free quantitative X-ray fluorescence analysis (XRF), we investigated the total

mass deposition of manganese deposited at the anode for an aged cell. For 50 full cycles with elevated

cut-off voltage, the capacity decreased by 12.5%, while up to 1.6& of cathodic manganese was found

deposited in the anode. Furthermore, the species of manganese deposited in the anode has been

studied with near-edge X-ray absorption fine structure analysis (NEXAFS) at the manganese L-edges and

K-edges. In addition to a different discrimination capability at L- and K-edges, the application of

significantly different excitation energies provides sensitivity to different sample depths. We determined

the manganese deposition to be in di- and tetra-valent states, whereby tetravalent manganese is solely

found in the anode bulk. The combination of the different methods generates a clearer understanding of

the chemical processes in the battery and can therefore help to improve the performance by exploring

the absolute mass deposition and the electronic structure of elements contained in enhanced material

combinations.
1. Introduction

One of the most promising compositions for cathodes for
lithium ion batteries (LIBs) is layered lithium metal oxides,
especially the ternary combination of nickel, cobalt and
manganese LiNi1/3Co1/3Mn1/3O2 (NCM111) due to its tailored
properties.1–3 Despite all the advantages offered by LIBs, one
major drawback is the decay of capacity with ongoing cell usage
assigned to the degradation of battery cell components, espe-
cially the cathode material.3–5 The solid electrolyte interphase
(SEI) acting as a passivation lm to inhibit further electrolyte
reduction is of immense importance for the stability of LIB
cells.4,6 For example in the case of LiMn2O4 (LMO) cathodes, it
bbestr. 2-12, 10587 Berlin, Germany.

ical Energy Technology, Corrensstraße 46,

lich, Corrensstraße 46, 48149 Münster,

36, 2056–2062
was reported that manganese dissolution deteriorates these
benecial properties on the carbonaceous anode side and,
therefore, negatively affects the life cycle. It has been proposed
that the dissolution of LMO – with manganese in the oxidation
states +III and +IV in equal parts – follows two dissolution
mechanisms which are either a disproportionation reaction:
2Mn3+ / Mn2+ + Mn4+ or acidic corrosion, catalyzed by HF or
other inorganic acids: Mn3+ + 2HF / MnF2 + 2H+.7–10 These
dissolution mechanisms were recently adapted to NCM layered
cathode materials at elevated charge cut-off voltages (>4.4 V vs.
Li/Li+), despite their different electrochemical environments. In
contrast to LMO, NCM cathodes contain the reactive trivalent
manganese just in minor impurities, while they mainly consist
of tetravalent manganese which has a stable oxidation state and
is electrochemically inactive and therefore does not easily
undergo disproportionation reactions or acidic dissolution
induced by HF.11,12 Thus, the aging of NCM LIBs cannot be
primarily caused by Mn3+ species.

For a deeper understanding of the transition metal dissolu-
tion (TMD) process in NCM LIBs it is highly important to
This journal is © The Royal Society of Chemistry 2021
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investigate the oxidation state as well as the quantity of the
formed manganese species deposited at the negative electrode.

We apply hereaer X-ray spectrometry techniques to inves-
tigate degradation effects aer 50 cycles with a rate capability of
1C and a cut-off voltage of 4.6 V for a NCM111 cell in the deli-
thiated state.

Former studies that investigated the aging mechanism in
this system revealed different results:

Wandt et al. applied for the aged anode operando Mn K-edge
NEXAFS (near-edge X-ray absorption ne structure analysis) with
reference samples and found a manganese dissolution rate of
roughly 0.0017% per cycle in NMC cells.13 Evertz et al. used
total-reection XRF (TXRF) and found aer 100 cycles
a manganese loss of 0.165% by investigating the separator and
the anode.11 Therefore, the graphite anode had to be prepared
with ball milling aer cycling and an internal standard was used
as a reference for quantication. Buchberger et al. applied
prompt-gamma-activation-analysis (PGAA) and determined the
loss of transition metal for the 3 metals together to be 0.77%
aer 325 cycles.14 We investigated the aged anode with
reference-sample free, thus physically traceable X-ray uores-
cence analysis.15

Regarding the oxidation state of deposited manganese in
aged anodes, former analyses are somewhat ambiguous: ex situ
Mn K-edge NEXAFS studies revealed that deposited manganese
is in an elemental,16 di-,17 tri- or tetra-valent18 state. Wandt et al.
found divalent manganese by applying operando Mn K-edge
NEXAFS and suggested that elemental manganese is only
formed during ex situ studies.13 We applied so and tender X-
rays to probe the manganese L-edge and K-edge absorption
ne structure for revealing the manganese oxidation state in
different depths of the aged anode.

2. Experimental setup & methods
2.1 Cell assembly and cycling procedure

For the battery cell, a MesoCarbon MicroBead (MCMB)
graphite/hard carbon composite (MTI Corporation) serves as
the anode material and lithium nickel cobalt manganese oxide
(NCM) (Toda Kogyo Corp.) as the cathode material. Both elec-
trodes were prepared on a pilot plant at the University of
Münster (MEET Battery Research Center). The organic solvent-
based electrode preparation process uses polyvinylidene
diuoride (PVDF, KynarFlex® 761) as the binder dissolved in N-
methyl-2-pyrrolidone (NMP) (99.5%, Acros Organics) as the
processing solvent for slurry preparation. The active mass
loadings for the cathode and anode were set at 93% and 95% for
NCM and MCMB, respectively. In addition, carbon black
(99.7%, SuperP®, Timcal) was added as a conductive agent. The
slurries were coated on thin aluminum (cathode) and copper
(anode) foil with an active mass dry thickness of 93 mm and 79
mm for the cathode and anode, respectively.

For the constant current cycling investigation, a coin cell was
assembled using electrode areas of 1.13 cm2 for the cathode and
the anode, respectively. As a separator, hybrid non-woven ber/
polypropylene foil (Freudenberg 2190/Celgard 2500) was used
with an area of 2.67 cm2 and 100 mL of 1 M LiPF6 in ethylene
This journal is © The Royal Society of Chemistry 2021
carbonate/ethyl methyl carbonate (EC/EMC, 50/50 wt%) (LP 50,
Selectilyte®, BASF) solution acted as the electrolyte.

Cycling was performed using a Maccor series 4000 battery
test system (Maccor Inc.) in a voltage window from 3.0–4.6 V.
Furthermore, three SEI formation cycles at 32 mA (0.2C) were
carried out with subsequent 50 aging cycles using a specic
current of 160 mA (1C).

Aerwards, the aged cell in the discharged state was dis-
assembled in an argon lled glovebox and the carbonaceous
anode was washed with 1 ml dimethyl carbonate (DMC) to rinse
off electrolyte residues.
2.2 Quantication of the elemental mass deposition with X-
ray uorescence analysis

XRF is a conventionally used method for elemental analysis
which has detection limits in the low ppm (parts per million)
range and is therefore well suited to investigate the anode
regarding transition metal depositions originating from the
cathode, where mass depositions are typically in the sub-mg
cm�2 region. The determination of the inuence of the different
fading processes on the overall capacity loss of the cell is
accessible only by using quantitative methods. We applied
therefor an approach with no need for reference samples for
quantitative elemental speciation: reference- or reference-
sample-free XRF is based upon radiometric and dimensional
knowledge of all instrumental and experimental parameters as
well as good knowledge on X-ray fundamental parameters. Its
physical traceability chain addresses the lack of (certied)
referencematerials or calibration specimens used as a reference
sample in chemical traceability chains.15,19,20

The X-ray spectrometry measurements were performed in
the PTB laboratory at the synchrotron radiation facility BESSY II
in Berlin. All measurements were realized in an ultra-high
vacuum (UHV) environment of around 2 � 10�7 mbar.20 We
used two different synchrotron radiation beamlines for the re-
ported experiments. So X-ray experiments were carried out at
the plane grating monochromator beamline21 and tender (hard)
X-ray experiments at the four crystal monochromator beam-
line.22 The measurement set-up used at both synchrotron radi-
ation beamlines is shown in Fig. 1.

The mass deposition
mi

Fi
is calculated from the count rate of

a uorescence line of a given element i by using the transformed
Sherman equation15

mi
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¼ �1
mðE0Þ
sin w0
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sin wout

ln
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>>>>:
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4p

9>>>>=
>>>>;

(1)

where _N0 represents the photon ux of the excitation photons
with energy E0, _Ni the photon ux of the detected uorescence
photons, U the solid angle of detection, w0 the angle between
the incident photon beam and the sample surface, wout the
angle between the emitted uorescence photons and the
sample surface, uXi the uorescence yield and gXi(Ef) the tran-
sition probability for element i and subshell X for uorescence
J. Anal. At. Spectrom., 2021, 36, 2056–2062 | 2057
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Fig. 1 Measurement setup for quantitative XRF and NEXAFS
experiments.
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energy Ef. m is the total mass attenuation coefficient and si the
partial photo ionization cross section. _N0 is determined by
measuring the direct beam current I0 with a radiometrically
calibrated photodiode with known energy-dependent efficiency
sD.

N0 ¼ I0

sDE0

(2)

The photon ux _Ni of uorescence photons is calculated with
the determined countsNi from the spectrum deconvolution (see
Fig. 1) using a known response function23 divided by integration
time t and energy-dependent detector efficiency 3SDD of the
calibrated silicon dri detector (SDD).

N i ¼ Ni

t3SDD

(3)

For the fundamental parameters (m, QXi, si) either tabulated
data are used or dedicated experiments are performed to
determine the values in a physically traceable manner.24,25 For
the quantication of the manganese mass deposition, the
uorescence yield as well as photoionization cross sections were
taken from the xraylib database.26
2.3 Near-edge X-ray absorption spectrometry

NEXAFS is a contactless and non-destructive technique and
allows for element sensitive investigations of the unoccupied
valence structure of atoms in the sample. From these
2058 | J. Anal. At. Spectrom., 2021, 36, 2056–2062
investigations, the chemical species of an element can be
derived. It is applicable to solid, liquid, gaseous, crystalline and
amorphous structures, which is especially for battery materials
an advantage since the structure of the active material oen
changes during the battery performance. NEXAFS measure-
ments can be realized either in transmission or in uorescence
mode. The requirements for the incident radiation are high-
energy resolution, energy-tunability and, in the case of
measurements in uorescence mode, a high incident ux. All
parameters are typically fullled when using synchrotron radi-
ation. For the presented measurements, the energy of the
incident photons is varied in the energy range around the
absorption edge and the resulting uorescence photons are
detected using an energy-dispersive detector. The intensity of
the recorded X-ray uorescence line is then proportional to the
absorption cross section in the case of small sample thickness.
The ne structure observed around the absorption edges is
caused by the transitions of core electrons to unoccupied
atomic or molecular orbitals. For the post-edge region scat-
tering and interference of the electron potential with the
Coulomb potential of neighboring atoms are the underlying
processes modulating the measurement signal and provide
coordination information. The near-edge resonances contain
information about the valence states as well as atomic binding
partner, binding distance and local structure. NEXAFS provides
information about 1s / 4p transitions in the case of K-edge
investigations and 2p / 3d transitions in the case of L3,L2-
edge investigations. Especially for transition metals such as
manganese, L-edge NEXAFS is advantageous since it enables
access to transitions to unoccupied electronic levels in the 3d
shell and determines the oxidation state of a species.

To investigate the oxidation state of the aged anode
described above, materials with known manganese valence
states – manganese(II)nitrate, manganese(III)oxide and man-
ganese(IV)oxide – were measured as reference NEXAFS
compound samples for di-, tri- and tetra-valent manganese.
While the references for tri- and tetravalent manganese (man-
ganese(III)oxide and manganese(IV)oxide) were measured as
powders, droplets of manganese(II)nitrate in 2% nitride acid
were applied on a Freudenberg separator. NEXAFS measure-
ments for the aged anode, the pristine NCM cathode, and the
reference NEXAFS compounds were performed at the K and the
L3,L2-edges of manganese. For the L2 and L3 edges, the emitted
uorescence was recorded while scanning the incident photon
energy between 635 eV and 660 eV in 0.25 eV energy steps. For
the K-edge measurements, the incident photon energy range
between 6525 eV and 6600 eV was monitored in 0.5 eV steps for
the near edge region and in 1 eV steps for the post-edge region.

3. Results and discussion

The used cycling procedure for SEI formation and aging as well
as the resulting capacity and efficiency are shown in Fig. 2.

Aer the cycling procedure, we determined a 12.5% capacity
decrease.

The uorescence spectrum of the aged anode irradiated with
X-ray photons with an energy of 8500 eV and measured during
This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Cycling procedure with 3 SEI formation cycles and 50 subsequent cycles to induce degradation effects (left) as well as the resulting
capacity and the coulombic efficiency (right).
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a detector integration time of 800 s is shown in Fig. 3. Under
these conditions, decent discrimination with the SDD between
coherently scattered photons E0 and Mn Ka uorescence
photons is achieved. The various uorescence lines originate
from different elements in the cell components. While the
phosphorus Ka line contribution originates from the conduc-
tive salt lithium hexauorophosphate (LiPF6) in the electrolyte,
the uorine Ka line originates from the polyvinylidene
diuoride (PVDF) binder used in the electrode preparation as
well as from the conductive salt LiPF6. The iron contributions
occur since the incident photon energy is high enough to
transmit through the whole anode and even excite the sample
holder consisting of steel.

The detected count rate of the manganese Ka uorescence
NMn is determined by means of spectral deconvolution which is
essential to subtract the non-negligible contributions from
Compton scattering and resonant Raman scattering of the
excitation radiation. The deconvolution of XRF spectra based on
experimentally determined detector response functions and
using only physical contributions enables an advanced
Fig. 3 X-ray fluorescence spectrum of the aged anode for the
determination of manganese mass deposition with an excitation
energy E0 of 8500 eV.

This journal is © The Royal Society of Chemistry 2021
quantitation. The resonant Raman scattering of the incident
photons at the copper K-edge is caused by the excited current
collector foil which is located under the active carbon material
of the anode. Aer solving the Sherman equation, a Mn mass
deposition of 0.14 mg cm�2 was determined for the aged anode.
With respect to the anode area and under the assumption of
a homogeneous deposition, it corresponds to a total Mnmass of
0.16 mg deposited on the entire anode.

The aim for the characterization of an aging effect is to
correlate it with the capacity decrease. While the capacity
decreased by 12.5% (Fig. 2), the amount of cathodic manganese
deposited at the anode is in range of 0.03–0.16% assuming that
the pristine NCM cathode contains typically about 100 mg to 500
mg manganese per cm2. The ndings of former quantitative
studies by Wandt et al.,13 Evertz et al.11 and Buchberger et al.14

mentioned in the Introduction part are within the range of our
results.

Although only a low amount of Mn is transferred, an exact
assessment of the impact on the observed capacity fading
requires further investigation. While this insight only reects
the mass deposition aer 50 cycles, and hence the occurrence of
Mn dissolution and deposition, future ex situ or in situ time-
resolved studies will allow for a more detailed insight into the
exact mechanism.

Regarding the chemical speciation of Mn, the NEXAFS
results are shown in Fig. 4.

For the reference NEXAFS compounds, the absorption edge
shis to higher energies with a higher valence state, which is in
accordance with theory. While the main peak for divalent
manganese occurs around 6551 eV, for trivalent Mn it is at
6556 eV and for tetravalent Mn at 6558 eV. For all samples a pre-
peak at 6540 eV is detected, which can be attributed to the
transition from 1s to unoccupied 3d orbitals or valence shells.
Especially for compounds of manganese with oxygen, there is
a signicant pre-peak because of Mn 3d–O 2p orbital mixing.27

For tetravalent manganese, like in the NCM cathode, a pre-peak
is found at 6543 eV; hereby, the intensity of the pre-peak
provides insights into the molecule coordination.

L3-edge resonances between 639 eV and 645 eV result from
2p3/2 to 3d transitions and L2-edge resonances between 652 eV
J. Anal. At. Spectrom., 2021, 36, 2056–2062 | 2059
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Fig. 4 Near-edge X-ray absorption spectrometry of manganese for the K-edge (left) and the L2 und L3 edges (right). Spectra are vertically shifted
for better visualization.
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and 656 eV result from 2p1/2 to 3d transitions. The resonance at
640 eV is oen used as an indicator for divalent manganese. For
higher oxidation states, the L-edge resonances shi to higher
energies.

To identify the distribution of the oxidation state of the aged
anode, linear combination of the three reference spectra has
been performed for both NEXAFS measurements, see Fig. 5.

The best t for the K-edge NEXAFS spectra of the aged anode
is composed of 59% divalent and 41% tetravalent manganese.
In contrast, the spectrum for the L-edges is best approximated
by divalent manganese solely. The different peak ratios in the L-
edge spectra of the anode and the divalent reference could be
explained by the different sample environments and thus
various self-absorption contributions as manganese(II)nitrate is
aqueous and dropped on separator foil. The incorporation of
Fig. 5 Results of the linear combination of reference spectra to appro
analysis; right: for the L2,L3 edge NEXAFS). The measurement of the aged
spectrum of L-edge NEXAFS is best approximated by divalent manganese
components (blue and green graphs).

2060 | J. Anal. At. Spectrom., 2021, 36, 2056–2062
divalent manganese into the SEI results in either blocking of
lithium ion diffusion paths into/from carbonaceous materials
and/or growth of an anode SEI by further decomposition of the
electrolyte, both resulting in capacity decay.

Information derived from L-edge and K-edge NEXAFS
measurements originates from different depths in the anode
because of the signicantly different exciting photon energies.28

While the entire anode thickness can be analyzed with K-edge
NEXAFS, the maximum penetration depth in the case of L-
edge investigation is around a few hundred nm. Thus, we can
conclude that tetravalent manganese is only formed inside the
anode, while in the region near the surface only divalent
manganese is present. The combination of Mn L-edge and Mn
K-edge NEXAFS therefore allows for discriminating the chem-
ical state of Mn in different sample volumes or probing depths.
ximate the spectrum of the aged anode (left: for the K-edge NEXAFS
anode is shown in black, and the best approximation in red. While the
solely, the K-edge approximation is composed of di- and tetra-valent

This journal is © The Royal Society of Chemistry 2021
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Moreover, we did not detect any trivalent manganese in the
anode. Since the anode was investigated aer the battery was
completely discharged, we additionally analyzed whether diva-
lent manganese could be further reduced due to the negative
potential. Therefore, manganese foil was measured as the
reference NEXAFS material for elemental manganese and
spectral deconvolution with linear combination approximation
was repeated, but we did not detect any elemental manganese in
the anode.

4. Conclusion

We applied reference sample-free X-ray spectrometry as
a traceable method to quantify lost manganese as ageing
products at the anode surface. We found that aer 50 cycles up
to 1.6& of the cathodic manganese has been deposited at the
anode, while the capacity decreased by 12.5% in agreement with
former quantitative analyses.

With high-resolution X-ray absorption spectrometry, we
could identify the oxidation states of the degradation products
in LIBs, which is crucial to know since various species undergo
different reactions. For the information of the species of
manganese, wemeasured the X-ray absorption ne structure for
a set of different manganese containing components with
oxidation states between +II and +IV. Mn deposited at the aged
MCMB anode was found to be di- and tetra-valent. With the
combination of so (Mn-L edges) and tender X-ray radiation
(Mn K-edge), we could reveal that tetravalent manganese is
solely present in the anode bulk, while divalent manganese is
found both in the bulk volume and close to the anode surface.
So, as for LMO cells, divalent Mn species are found in the anode
of NCM cells although the cathode does not contain reactive
trivalent Mn. In addition, we did not detect any elemental
manganese or trivalent manganese in the aged anode.

Further quantitative investigations, especially for the electro-
lyte, would be helpful to understand the transport mechanism of
the transition metals from the positive to the negative electrode.
The next step will be to perform these measurements under in
situ or even operando conditions to avoid perturbations or
modications by cell opening. While the amount of manganese
in the anode should not differ from the used analysis mode, the
results for the oxidation state from ex situ investigations should
be further validated by operando characterization since results
from different groups differ signicantly.

Finally, we would like to emphasize that our methodological
approach can be readily applied for the investigation of further
transition metals like nickel and cobalt relying on the good
knowledge of their fundamental parameters.
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