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Vollständiger Abdruck der von der Fakultät für Physik der Technischen Universität München
zur Erlangung des akademischen Grades eines

Doktors der Naturwissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitzender: Prof. Dr. Martin Zacharias
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Zusammenfassung

Die Neutronen-Tiefenprofilanalyse (engl.: Neutron Depth Profiling; kurz: NDP) ist eine zerstörungs-
freie Methode, mit der selbst kleinste Mengen oberflächennaher Isotopenkonzentrationen mit
hoher Tiefenauflösung quantifiziert werden können. Durch seinen hohen Einfangsquerschnitt
und einer großen Zerfallsenergie ist die 6Li(n,α)3H Reaktion ideal für die NDP geeignet. Hier-
bei kann aus einem Energiespektrum ein Isotopen-Konzentrationsprofil bis zu einer Tiefe von
mehreren zehn Mikrometern zerstörungsfrei gemessen werden. Da Lithium-Ionen-Batterien ak-
tuell eine der am stärksten wachsenden Technologien in der mobilen Energiespeicherung sind
und das 6Li Isotop mit seiner natürlichen Häufigkeit von ≈ 7.6 % in jeder dieser Zellen eingesetzt
wird, bietet die NDP ideale Bedingungen um die chemischen und physikalischen Vorgänge in
den Elektroden und im Elektrolyten auch während des Betriebs zu beobachten.
Im Rahmen dieser Arbeit wurden entscheidende Beiträge bei der Enwicklung des neuartigen
NDP-Instruments “N4DP” geleistet, um am Heinz Maier-Leibnitz Zentrum (MLZ) in Garch-
ing b. München eine orts- und zeitaufgelöste Tiefenprofil-Analyse zu etablieren und somit einen
wesentlichen Beitrag in der Batterieforschung zu liefern. Das entwickelte N4DP Instrument weist
ein hohes Signal-zu-Untergrund Verhältnis auf und der ausgewählte Strahlplatz der prompten
Gamma-Aktivierungsanalyse bietet den höchsten Fluss kalter Neutronen, der weltweit für die
NDP Methode verwendet wird, was Messungen mit maximaler zeitlicher Auflösung erlaubt. Zu-
dem ermöglichen siliziumbasierte Oberflächensperrschichtdetektoren mit höchster Energieauflösung
eine Tiefengenauigkeit nahe der physikalisch möglichen Grenze.
Im Rahmen dieser Arbeit konnten mittels NDP Lithiumeinlagerungen in einem breiten Spektrum
von Batterieanoden systematisch quantifiziert werden. Es wurden (ir-)reversible Lithiumein-
lagerungen sowohl in Graphit-basierten Anoden, ähnlich wie sie heutzutage in kommerziellen
Systemen Anwendung finden, als auch in neuartigen, Silizium-Graphit-basierten, Anoden ex situ
untersucht und mit elektrochemischen Methoden verglichen. Um möglichen Verlust von Lithium
beim Ausbau der Anoden zu vermeiden, wurden zudem operando Messungen an Graphit-basierten
Anoden durchgeführt. Hierzu wurde ein neuartiges Batteriedesign entwickelt, um eine Messung
der oberflächennahen NDP Methode zu ermöglichen und ein Sieden des flüssigen Elektrolyten
bei niedrigem Umgebungsdruck zu verhindern. Es konnten sowohl die gleichmäßige Einlagerung
von Lithium während des ersten Lade- Entladezyklus bei langsamen (Ent-)Ladevorgang, als
auch die Bildung von metallischem Lithium auf der Anode bei schnellem Laden beobachtet
werden.
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Abstract

Neutron Depth Profiling (NDP) is a non-destructive method to quantify even smallest amounts
of near-surface isotope concentrations with high depth resolution. Due to its high capture cross
section and a large decay energy, the 6Li(n,α)3H reaction is ideally suited for the NDP. Here,
an isotope concentration profile can be measured non-destructively from an energy spectrum
down to a depth of several tens of micrometers. Since lithium-ion batteries are currently one of
the fastest growing technologies in mobile energy storage and the 6Li isotope with its natural
abundance of ≈ 7.6 % is used in each of these cells, the NDP offers ideal conditions to observe
the chemical and physical processes in the electrodes and electrolyte during operation.
In the frame of this thesis, essential contributions to the development of the new instrument
“N4DP” were conducted, in order to establish a spatially and time-resolved depth profile analy-
sis at the Heinz Maier-Leibnitz Center (MLZ) in Garching b. Munich to significantly contribute
to battery research. The developed N4DP instrument offers a high signal-to-background ratio
and the selected facility of the prompt-gamma-activation analysis provides the highest flux of
cold neutrons used worldwide for the NDP method, which allows measurements with maximum
temporal resolution. In addition, silicon-based surface barrier detectors with highest energy
resolution allow depth accuracy close to the physically possible limit.
In the framework of this thesis, NDP was used to systematically quantify lithium accumulations
in a broad set of battery anodes. Here, (ir-)reversible lithium accumulations in graphite-based
anodes, similar to those used in commercial systems today, as well as in novel, silicon-graphite-
based, anodes could be quantified ex situ and compared to electrochemical studies. To avoid
possible loss of lithium during removal of the anodes, operando measurements were also per-
formed on graphite-based anodes. For this purpose, a novel battery design was developed to
enable measurement of the near-surface NDP method and to prevent boiling of the liquid elec-
trolyte at low ambient pressure. This allowed to study the homogeneous lithium accumulation
occurring at low (dis-)charging rates during the first (dis-)charge cycle and to observe the for-
mation of metallic lithium on the anode during fast charging.
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CHAPTER1Introduction

This work focuses on Neutron Depth Profiling (NDP) and mainly on its application on electrodes
for lithium-ion batteries. In this chapter, first the need for the reduction of greenhouse gases
is discussed and and the greenhouse gas emissions for different primary energy sources are
compared to each other. Afterwards, the energy transition in Germany is outlined and the
impact of the transformation of combustion engines to fuel-cell and all-electric vehicles on the
emission of greenhouse gases is discussed. In Sec. 1.3 lithium-ion batteries are shortly introduced.
In Sec. 1.4 neutron-based characterization techniques on lithium-ion batteries are discussed with
a focus on NDP. The N4DP instrument is shortly introduced and the beam flux density at the
measurement site is compared to other NDP facilities worldwide. An overview of the further
structure of this thesis is given in Sec. 1.5.

1.1 Emission of Greenhouse Gases

The global control of the climate change is an essential step for many of the 17 Sustainable
Development Goals decided by the United Nations to be achieved until 2030 [1]. While in 1998,
the United Nations agreed on the reduction of overall gas emissions in the Kyoto Protocol, they
deduced in 2015 during the Paris Agreement a global maximum temperature increase of 2 ◦C
compared to that of the pre-industrial times [2–4]. However, in 2018 a report commissioned by
the Intergovernmental Panel on Climate Change (IPCC) illustrated the importance of a temper-
ature increase not greater than 1.5 ◦C in order to reduce impacts on environment, economy, as
well as social inequality including global poverty [5]. Among other parameters, the authors high-
light the importance of the greenhouse gas emission to achieve the 1.5 ◦C temperature limit and
so they propose a reduction of the CO2 emission to 45 % of the level in 2010 until 2030, further
reducing to zero net emission around 2050 [5]. CO2, together with H2O vapor, O3, N2O, CH4

and fluorinated greenhouse gases is one of the main gases promoting the greenhouse effect [6–8].
On the other hand, in order to achieve the 2 ◦C goal suggested in the Paris Agreement, a CO2

reduction of 25 % until 2030 and zero net emission until 2070 would be necessary [5]. In order to
reduce the anthropogenic CO2 emission as well as other greenhouse gases, the development of
carbon-capture and carbon-storage systems together with low-to-zero carbon power generation
technologies is of utmost importance [9].
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Figure 1.1: Maximum (dark blue) and minimum (light blue) reported emissions of greenhouse gases for
different primary energy sources given in CO2-equivalent g per kWh with respect to their life cycle, i.e.
also including emissions during construction and dismantling of the facilities. While fossil-fuel-based energy
sources (brown coal, hard coal, crude oil and natural gas) induce the highest CO2-equivalent emissions,
renewable energy sources together with nuclear power show significantly lower emissions. Data obtained
from [10].

An overview of the CO2-equivalent emissions for one kWh of the most common energy sources is
shown in Fig. 1.1 with respect to their life cycles, i.e. taking also into account emissions during
construction and dismantling of the individual power stations [10]. Fossil-fuel-based power gener-
ation utilizing brown coal, hard coal, crude oil and natural gas induce the highest CO2-equivalent
emissions in the range exceeding 1000 down to ≈400 gCO2/kWh, respectively. The use of solar
power induces significantly less greenhouse gases in the range of (78–217) gCO2/kWh. The low-
est CO2-equivalent emissions are induced by power generation using wind (10–38) gCO2/kWh,
hydropower (4–36) gCO2/kWh and nuclear power (5–33) gCO2/kWh.
In 2018, ≈ 87 % of the global energy consumption was generated using fossil fuels and only
≈ 4 % and ≈ 2 % were generated using renewable energies and nuclear power, respectively [11].
In order to reduce the carbonization of the atmosphere and the ocean, environment degradation,
acid rain and global warming induced by the emission of greenhouse gases, fossil-fuel-based pri-
mary energy sources have to be replaced with energy sources emitting a low amount of CO2 [5,
12]. While nuclear power is suitable for the use of a constant energy baseload, renewable en-
ergy sources are volatile to natural fluctuations. In order to maintain a robust power grid and
to mitigate power fluctuations, electrical energy obtained in periods of surplus power gener-
ation needs to be stored for times with a shortage of electrical energy [13]. Energy can be
stored chemically using hydrogen storage, electrochemically using various types of batteries,
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mechanically using flywheels, hydraulic or compressed air systems, thermically by heating or
cooling systems or electromagnetically using superconducting magnetic energy storages or su-
perconductors [14–16]. Recently, a highly efficient superconductor with an energy density up to
73 Wh/kg and high durability of 10000 (dis-)charge cycles while maintaining 90 % of its capacity
was developed at TUM via attaching functionalized metal-organic frameworks on functionalized
graphene [17]. In the case of hydrogen storage using e.g. compressed, liquefied or metal hydride
systems, hydrogen can be converted to electrical energy using fuel cells when the energy demand
exceeds the available energy capacity [14]. It can be used as fuel for fuel-cell-based electric cars,
aviation fuel or can be further processed with methane to fuel for engine applications [14, 18, 19].

1.2 Energy Transition in Germany

The energy transition in Germany has heavily been influenced by the Renewable Energy Sources
Act (German: Erneuerbare Energien Gesetz; EEG), which replaced in 2000 the previous Elec-
tricity Feed-in Act from 1991 [20, 21]. It has continuously been and is still being reworked
since then and it mainly regulates the development of and the financial support for produced
electricity from renewable energy sources. While this promotes the growth of renewable en-
ergy sources, the costs are passed to the population. In 2020 the EEG reallocation charge was
≈ 6.8 ct/kWh, which is one of the reasons that in Germany the residential electricity prices were
with ≈ 31 ct/kWh in 2019 one of the highest in Europe [22, 23]. In 2020 the COVID-19 pan-
demic led to a significant reduction of the electricity consumption in Germany and consequently
the EEG reallocation charge would rise sharply in the following year but it was limited by the
government to 6.5 ct/kWh in 2021 using an economic stimulus package [24].
The Climate Protection Plan 2050 decided by the German government in 2010, which was later
continuously expanded, calls among other things a reduction of the greenhouse gas emissions
of 80 % compared to that of 1990, a reduction of energy usage of 50 % compared to that of
2008 and an usage of at least 80 % renewable energies of the total electricity consumption for
2050 [25–27]. The energy transition in Germany has progressed so far that the net energy pro-
duction which consisted of ≈ 60 % from fossil-fuel-based energy sources and only of ≈ 7 % from
renewable energy sources in the year 2000 changed to ≈ 49 % fossil-fuel-based energy sources
and ≈ 36 % renewable energy sources in 2018 [28]. However, on 11 March 2011 as a result of an
earthquake with a magnitude of 9.0 and a subsequent tsunami with over 13 m height the nuclear
accident in Fukushima took place [29, 30]. Due to the major release of radioactive material in
the atmosphere it was later rated with the highest level 7 (major accident) rank on the Inter-
national Nuclear and Radiological Event Scale (INES) [31, 32]. In response to this accident
and to the public reaction on it, Germany passed a law for its nuclear phase-out, where eight
power plants were immediately shut down in August 2011 followed by an incremental disman-
tling of the remaining nine power plants until end of 2022 [33]. Therefore, the contribution from
nuclear power generation to the net energy production was simultaneously to the expansion of
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renewable energies reduced from originally ≈ 30 % in the year 2000 to ≈ 12,% in 2018 and is
planned to be zero in 2023 [28, 33]. A part of the increased renewable energy production has
to be used for compensating the reduced contribution from the nuclear power sector [34]. As a
consequence, this fraction is no longer available for replacing fossil-fuel-based power generation
exhibiting a much higher CO2 footprint than nuclear power (c.f. Fig. 1.1) slowing down the
energy transition process towards low greenhouse gas emissions. Between 2002 and 2018 the
power generated from renewable energies increased by ≈ 180 TWh but only ≈ 44 TWh of it were
used to replace fossil-fuel-based power generation and ≈ 85 TWh had to be used to compensate
the reduction in nuclear power [34]. The remaining ≈ 52 TWh are in the same range as the in-
crease of the net export between 2002 and 2018 and a correlation between the fluctuating power
generation from photovoltaic power generation and the energy export can be found [34]. Due
to insufficient available storage systems and to maintain the energy baseload, the fluctuating
power from renewable energies were balanced in Germany via regulating fossil-fuel-based power
plants using curtailment and redispatch [34]. A permanent operation of fossil-fuel-based power
plants originally intended as reserve might be necessary in the future thus possibly compromising
the security of the energy supply [34]. In 2019 the resulting energy mix in Germany produced
CO2-equivalent greenhouse gases of ≈ 401 gCO2/kWh according to recent estimations, which
was below the average of ≈ 449 gCO2/kWh of the G20 states being an international cooperation
between 20 countries with the most advanced or emerging economies to govern the global econ-
omy [35, 36]. For comparison, the energy mix in France was generated in 2019 to ≈ 72 % from
nuclear power and to ≈ 19 % from renewable energy sources, which resulted in a CO2-equivalent
greenhouse emission of only 49 gCO2e.q./kWh [36, 37]. This comparison clearly illustrates why
the International Energy Agency (IEA) emphasizes the key role of nuclear power generation
alongside the development of renewable energy sources during the energy transition [34, 38].
Apart from energy industry (≈ 30 %) and energy and process-related emissions in industry
(≈ 23 %), the transport sector was with ≈20 % one of the main contributors to the emission
of greenhouse gases in Germany in 2019 [39]. In order to reduce the impact of automotive
applications on the emission of greenhouse gases, efforts are made to replace fossil-fuel-based
combustion engines with fuel-cell vehicles or all-electric vehicles. If a large amount of the gener-
ated energy would be stored using hydrogen, an allocation of the transport sector to fuel-cell cars
and all-electric cars seems to be a promising approach for the future [34]. For all-electric vehicles
the electric energy is typically stored using lithium-ion batteries, which are shortly outlined in
Sec. 1.3 and discussed in more detail in Chap. 5. Since the electricity originates from the power
grid, the CO2 emission of full-electric vehicles strongly depends on the country-specific energy
mix. Assuming an average electricity consumption of ≈ 0.2 kWh/km for a passenger car, the
CO2-equivalent emission for all-electric passenger cars can be estimated to be ≈ 80 gCO2/km in
Germany for 2019 [40]. This value is already smaller than ≈ 120 gCO2/km being the average
emission of passenger cars using combustion engines in 2018 and it is also below the EU target
of 95 gCO2/km proposed for all new passenger cars at the end of 2020 [41]. For comparison, the
CO2-equivalent greenhouse gas emission of an all-electric vehicle can be estimated in the same
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manner to ≈ 10 gCO2/km using the French energy mix of 2018. This shows that there can be
a large impact of greenhouse gas reduction of all-electric vehicles compared to passenger cars
using combustion engines but it also strongly depends on the country-specific primary energy
generation.

1.3 Lithium-Ion Batteries

Lithium-ion batteries have rapidly evolved in recent years since their commercialization in 1991
and are nowadays obiquious [42]. Due to their high energy density and low weight, they are
favorable especially for mobile applications like sensors, internet-of-things, mobile phones, hand-
held applications, medical applications, power tools (e.g. remote control, battery screwdrivers)
and aerospace applications [43–45]. They are also increasingly used to supply energy in hybrid
and all electric plug-in automotive applications, where combustion engines are replaced and the
emission of greenhouse gases is significantly reduced depending on the energy mix of the country,
as discussed above [43, 46, 47].
The range limitation of electric vehicles and high costs of the batteries currently limits the tran-
sition from fossil-fuel-based to electric mobility. Lithium-ion batteries need to be optimized for
sustainability, high capacity, light weight and peak power performance [15]. In order to increase
their energy density, novel electrode materials are studied, e.g. pure lithium anodes with specific
capacities of 3860 mAh/g or silicon-based anode compositions with specific capacities exceeding
4000 mAh/g substituting conventional graphite anodes with specific capacity of 372 mAh/g [48].
However, these systems respectively suffer from dendrite formation or fast degradation and only
small improvements of the optimized lithium-ion batteries with specific energies of ≈ 200 Wh/kg
are expected in the near future [49]. Furthermore, irreversible processes and limited diffusion
rates reduce the lifetime and charging speed of lithium-ion batteries [50, 51]. In the framework
of this thesis, aging processes in graphite- and novel silicon-graphite-based anodes are studied ex
situ using Neutron Depth Profiling. Furthermore, the lithium transport at low and high cycling
rates in commercially relevant graphite anodes is measured operando for the first time.

1.4 Neutron-Based Lithium-Ion Battery Characterization

Due to their high penetration, non-destructive properties and high nuclide sensitivity, neutrons
offer unique possibilities for sample characterization thus complementing techniques like X-ray-
based methods (XPS, XRD, GISAXS), secondary ion mass spectroscopy (SIMS), or scanning
electron microscopy (SEM). Especially when measuring light nuclides like 6Li in a matrix of
heavy nuclei like transition metals, as they are used in lithium-ion batteries (c.f. Chap. 5),
neutrons offer unique characterization possibilities without harming or influencing the battery
component or even the operating cell [52].
Neutron Powder Diffraction (NPD) techniques are used to reveal in situ and operando struc-
tural changes of electrodes used for lithium-ion batteries in the range of the atomic order [53–55].
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Morphological changes occurring in electrodes can be followed using Small-Angle Neutron Scat-
tering (SANS) [56]. Neutron Reflection allows to probe operando kinetics and structures near
interfaces [57, 58]. Neutron Radiography and Neutron Tomography are used to visualize in situ
the electrolyte filling process in lithium-ion batteries [59, 60]. Neutron Depth Profiling (NDP)
allows to probe in situ and operando the kinetics and transport dynamics in lithium-ion battery
components by measuring lithium concentrations with respect to depth [61, 62].
NDP, first applied conceptually around 1972 by Ziegler et al., is based on the residual energy
measurement of charged particles emitted by some isotopes after neutron capture [63, 64]. The
energy loss these charged particles experience on their way through the sample allows to deter-
mine the depth of their origin with depth resolutions up to a few tens of nanometers [65]. NDP
allows to directly probe the lithium accumulation in the cell, thus complementing electrochem-
ical insights on the performance of the whole battery.
In the framework of this thesis, essential contributions to the Neutron Depth Profiling instrument
“N4DP” at the Heinz Maier-Leibnitz Zentrum (MLZ) in Garching, Germany, were performed,
which was developed together with L. Werner and several samples for materials science appli-
cations like electrodes for lithium-ion batteries were characterized [66]. As listed in Tab. 1.1,
the N4DP instrument utilizes with 2×109 cm−2s−1 one of the highest cold neutron flux densities
worldwide available at an NDP experiment site, allowing to follow even fast kinematics with
high statistical significance. As discussed later (c.f. Chap. 3 and Sec. 9.2.1), it is planned to
utilize in the near future a focusing guide for NDP exceeding a neutron flux of 1010 cm−2s−1,
similar to that currently used for Prompt-Gamma-Activation techniques providing a flux of
5×1010 cm−2s−1 at its focal point.

Institution Location Neutron Flux Density
(

1
cm2s

)
Ref.

N4DP, TUM, MLZ Garching, Germany 2×109 (5×1010) [67]
NIST NCNR Gaithersburg, USA 1.22×109 [65, 68]

Maria, JCNS, MLZ Garching, Germany 0.7×109 [69]
CARR Beijing, China 4.8×108 [70]
CMRR Mianyang, China 2.1×108 [71]

HANARO Daejeon, Republic of Korea 1.8×108 [72]
PSBR Pennsylvania, USA 3×107 [73]

NARS, Ohio State Columbus, Ohio, USA 1.27×107 [74]
ÚJF NPI Řež, Czech Republic 1×107 [75]

RID Delft, Netherlands ≈ 107 [62]

Table 1.1: List of various NDP facilities operating worldwide, listed by the neutron flux density available
at the experiment site. The institutions are given together with their location and respective references.
Adapted, updated and extended from [66, 76, 77].
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1.5 Structure of This Work

In the framework of this thesis, major developments of the new N4DP instrument were performed
and a wide range of samples were characterized to gain novel insights into materials used for
lithium-ion batteries.
In Chap. 2 the theoretical background of neutron-based characterization methods is discussed
with a focus on Neutron Depth Profiling. In Chap. 3, the experimental setups of the neutron-
based methods used in this work are presented. While the focus is on the N4DP experiment, two
further NDP setups are discussed. NDP calibration procedures and data analysis are presented
in Chap. 4 on the basis of different reference measurements. Specifications, limitations, and
developments of lithium-ion batteries for NDP measurements are discussed in Chap. 5. Here,
a special cell design was developed which makes it possible to use the NDP method in real
time during battery operation. Applications of NDP on anodes for lithium-ion batteries are
presented in the three subsequent chapters. Here, different setups are studied and discussed
in order of increasing complexity: first in Chap. 6, ex situ NDP measurements on graphite
anodes are presented. Today, graphite-based anodes are used most frequently for lithium-ion
batteries in industry. In Chap. 7, results on ex situ NDP measurements on novel silicon-graphite-
based anodes are discussed. Silicon provides a high theoretical capacity but undergoes strong
irreversible processes upon operation which induce a significant change in composition [48]. A
forward-mapping method is also presented which can be used for the separation of different
signals. It enables to follow the irreversible anode mass swelling at different aging stages. In
Chap. 8, first operando NDP measurements on commercially relevant graphite-based anodes for
lithium-ion batteries are presented. Here, the focus is on the lithium accumulation during the
first (dis-)charge process and upon fast charging. A conclusion and an outlook are given in
Chap. 9.





CHAPTER2Fundamentals of Neutron
Depth Profiling

In this chapter, the fundamentals of Neutron Depth Profiling (NDP) are discussed and brought
into a greater context. First, the application of neutrons as characterization probe is discussed
in Sec. 2.1. Then, in Sec. 2.2, the capture of neutrons is presented focusing on two possible
capture reactions: γ and charged-particle emission. The energy loss of these particles in matter
is examined in Sec. 2.3. Eventually, the relation between energy loss and the depth of origin is
discussed in Sec. 2.4.

2.1 Neutrons as a Probe

Free neutrons are a suitable probe to non-destructively study materials using absorption, trans-
mission or scattering techniques [78]. They are used for a wide range of applications in physics,
chemistry material sciences, biology and medicine [79–83]. Their non-destructive nature is of
special interest for delicate applications like archaeometry, studies of solar cells and lithium-ion
batteries [52, 78, 84–86].
Neutrons are baryons and they consist of one u and two d valence quarks. They exhibit par-
ticle properties including a rest mass of mN ≈ 1.67×10−27 kg and a confinement radius of
R ≈ 0.7 fm [78]. They exhibit no electric properties, i.e. no (measurable) electric charge or elec-
tric dipole momentum, which results in a good penetration depth [78]. In order to use neutrons
as a probe, they are typically extracted from atomic nuclei using nuclear fission or spallation [78].
In contrast to stable neutrons bound in atomic nuclei, free neutrons undergo β− decay:

n→ p+ e− + ν̄e (2.1)

with a mean lifetime of (879.4±0.6) s [87]. Apart from their particle nature, free neutrons can
also be treated as waves with a corresponding de Broglie wavelength λ which is adjustable using
thermal heating or cooling [88]. Due to their high scattering cross section, neutrons are especially
sensitive to hydrogen [59, 89]. Furthermore, their magnetic moment µN ≈ 9.662×10−27 J/T and
spin IZ = −1

2 allow to probe local distributions of magnetic atoms and their spin orientation [78,

9
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87, 90–93]. For example, in 2009, lattices of skyrmions, which are quasi particles associated with
topologically stable field configurations, could be experimentally observed using neutrons for the
first time in a magnetic MnSi lattice [94].

2.2 Neutron Capture

If the investigated nuclides exhibit an energy level close to (above) the vacuum level Evac, which
is excitable by neutron capture, thermal or cold (hot) neutrons may be captured thus forming a
highly excited A+1Z∗ compound nucleus. It then either de-excites by the emission of prompt γ
cascades, charged particles or a combination of both. As shown in Fig 2.1, especially light ele-
ments like lithium and boron contain several nuclides (natural abundances) with extremely high
thermal neutron capture cross section σth and thus even small concentrations can be detected
in a matrix of heavy nuclei [95, 96]. For thermal and cold neutrons at an energy range close to
the vacuum level and outside of high-energetic resonances, the neutron capture cross section σ

can be described as a function of energy [78, 97]:

σ = σth

√
Eth
E

= σth
λ

λth
, (2.2)

where Eth = 25 meV and λth = 1.8 Åare the mean kinetic energy and wavelength of thermal
neutrons, respectively. In this work a polychromatic neutron beam with a mean energy of
Ē = 1.83 meV (λ̄ = 6.7 Å) is utilized [67]. Following Eq. (2.2), this cold (E < Eth) neutron
beam induces a 3.7 times higher capture cross section compared to a thermal one.
The non-destructive property of neutron-based methods, which states that the sample is not
altered in functionality or shape, can be understood using the principle of neutron capture. The
Beer-Lambert law describes the attenuation of a pristine neutron flux Φ0 of a single wavelength
after penetrating through a depth d of a material with individual nuclide densities ni and capture
cross sections σia [52]:

Φ(d) = Φ0 exp
(
−d

∑
i

σiani

)
. (2.3)

In the following an upper limit on the influence of neutron capture on the investigated lithium-
ion batteries in the experimental setup will be estimated based on Eq. (2.3). Here, an electrode
(typical thickness d ≈ 50 µm) is substituted with a sheet just as thick but composed of natural
lithium, which is the dominant origin of neutron capture in these devices. Based on Eq. (2.3),
a thermal neutron flux Φ would be reduced by ≈ 1.6 % of its pristine value Φ0. Using a thermal
equivalent neutron flux of 2×109 cm−2s−1 and a beam spot size of 0.126 cm2 at the experimental
facility, as described in Sec. 3.1.3, this translates to a lithium loss of 4×106 6Li/s, which is
negligible compared to the pristine number of lithium atoms (3×1019 natLi) in the illuminated
sample volume. During operando battery applications, this lithium loss would result in an
electric current of ≈ 1.9 pA assuming that all produced particles leave the sample leading to
a release of 3 e− per lithium atom, which is an overestimation due to the short range of the
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Figure 2.1: Capture cross sections of stable elements for thermal neutrons (λth = 1.8 Å). The capture cross
section changes with the neutron wavelength by σ ∝ λ, as shown in Eq. (2.2). The cross sections are weighted
by the natural abundance of the individual isotopes. Lithium (Li), boron (B), cadmium (Cd) and gadolinium
(Gd) are highlighted due to their high thermal neutron-capture cross sections. Data obtained from [98].

charged particles. This value is negligible when compared to the typical operation current in
the µA range.
Apart from absorption, neutrons also can coherently (σcoh) and incoherently (σinc) be scattered
resulting in a combined thermal neutron scattering cross section σs = σcoh + σinc [95, 99, 100].
Thermal neutron scattering cross sections are listed in Tab. 2.1 for all stable nuclides detectable
using NDP [77, 95]. For 6Li and 10B nuclides, being the two nuclides this work focuses on,
the combined scattering cross sections σs are negligibly small compared to the absorption cross
sections inducing charged-particle emission (c.f. Tab. 2.2).

Nuclide σcoh (barns) σinc (barns) σs (barns)
3He (4.42±0.10) (1.6±0.4) (6.0±0.4)
6Li (0.51±0.05) (0.46±0.05) (0.97±0.07)
10B (0.144±0.008) (3.0±0.4) (3.1±0.4)
14N (11.03±0.05) (0.5±0.1) (11.53±0.11)
17O (4.20±0.22) (0.004±0.003) (4.20±0.22)
33S (2.8±0.2) (0.3±0.6) (3.1±0.6)

35Cl (17.06±0.06) (4.7±0.6) (21.8±0.6)

Table 2.1: List of coherent, incoherent and total thermal neutron scattering cross sections of stable nuclides
detectable using NDP (c.f. Tab. 2.2). Data obtained from [95].
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2.2.1 γ Emission

Prompt γ cascades emitted from radiative AZ(n,γ)A+1Z reactions are characteristic [97]. This
is used in the Prompt Gamma Activation Analysis (PGAA) method to determine the number
n of atoms of certain nuclides by measuring the count rate R0

γ using

R0
γ = n · Φ · σγ · ε(Eγ) (2.4)

for thin samples [97]. Here, Φ is the thermal equivalent neutron flux, σγ describes the thermal
capture cross-section for the AZ(n,γ)A+1Z reaction and ε(Eγ) is the energy-dependent detection
efficiency. For thick samples, corrections for neutron self-absorption need to be taken into
account [99]. Due to the high penetration depth of γ radiation, only a small correction is needed
especially for low energies and heavy target material. PGAA is a bulk technique and probes the
mean composition in the irradiated volume.

2.2.2 Charged-Particle Emission

A few stable and mainly light nuclides, as listed in Tab. 2.2, emit charged p (i.e. 1H) or α (i.e. 4He)
particles and a residual charged particle upon neutron capture. Neutron Depth Profiling (NDP)
is based on the detection of these particles. It was first utilized in 1972 by Ziegler et al. for
determining boron distributions in ion-implanted silicon and other substrates [63, 64].
The charged particle emission will be discussed with focus on lithium and boron, since they
are the two prominent elements detected in this work. When a low-energetic (cold, thermal)
neutron close to the vacuum level Evac is captured by a AZ (6Li; 10B) nucleus, a highly exited
A+1Z∗ (E(7Li∗) = 7.25 MeV; E(11B∗) = 11.46 MeV) compound nucleus is formed [96, 101]. This
excitation energy originates from the difference in binding energies ∆BE = BE(A+1Z)−BE(AZ).

Nuclide Natural Reaction Thermal Neutron Capture Energies of Emitted
Abundance (%) Cross Section (barns) Particles (keV)

Particle 1 Particle 2
3He 0.000134 3He(n,p)3H 5316.00 572.465 191.291
6Li 7.59 6Li(n,α)3H 938.47 2055.55 2727.92
10B 19.9 10B(n,α)7Li 241.31 1776.53 1013.50

10B(n,α)7Li∗ 3600.48 1472.42 840.012
14N 99.636 14N(n,p)14C 1.8271 583.850 42.0202
17O 0.038 17O(n,α)14C 0.235 1413.67 404.075
33S 0.75 33S(n,α)30Si 0.168621 3081.95 411.554

35Cl 75.76 35Cl(n,p)35S 0.5 597.795 17.229

Table 2.2: List of stable nuclides detectable using NDP due to charged-particle emission upon neutron
capture. A few radioactive isotopes like 7Be, 22Na, 37Ar, 40K, 59Ni, 65Zn and 210Po can be detected as well.
Data obtained from [77].



2.2 Neutron Capture 13

Together with the rest mass of the compound nucleus A+1Z (7Li; 11B) this energy is split forming
an α particle, a residual nucleus (3H; 7Li(∗)) and an excess of energy which is transferred to kinetic
motion of both particles. This residual energy is given by the Q-value, which is the difference
of the rest mass mi of the mother (m6Li+mn; m10B+mn) and mf of daughter nuclei
(mα+m3H; mα+m7Li(∗)):

Q = (
∑
i

mi −
∑
f

mf )c2 , (2.5)

where c ≈ 2.998×108 m/s is the speed of light in vacuum [102, 103]. The Q-value of the
6Li(n,α)3H reaction is 4.8 MeV, while for the 10B(n,α)7Li(∗) reaction 2.8 MeV can be transferred
to kinetic motion. All nuclides listed in Tab. 2.2 exhibit a Q-value in the keV–MeV range. Here,
energy and momentum contribution of the incoming neutron can be considered as negligible
being in the meV range (typically thermal (≈ 25 meV) or cold (< 25 meV) neutrons are used for
NDP and at the N4DP experiment a mean neutron energy of 1.83 meV is utilized) [67]. The
low energy of the neutron beam makes it possible to use a polychromatic neutron beam with its
full intensity and no velocity filtering is required, like for many neutron scattering techniques
using monochromatic beams [52, 78]. The contribution of thermal kinetics within the sample
(≈ 25 meV) is also negligible compared to the Q-values. Thus, the center-of-gravity of the reac-
tion can be considered as static leading to a split of the Q-value to the kinetic motion of both
particles following momentum conservation. Due to the two-body kinematics the two charged
particles are emitted back-to-back (opening angle of 180◦) isotropically with known kinetic en-
ergies, which are listed in Tab. 2.2.
Only for the 10B(n,α)7Li(∗) reaction two decay channels are observed, as shown in Tab. 2.2.
Here, the decay directly into the 7Li ground state is suppressed (σth = 241 barn). The excited
11B∗ compound nucleus preferably (σth = 3.6 kbarn) decays into an α particle and a 7Li∗ at a
well-defined energy level (478 keV) [101, 104]. It then de-excites with a half life of 73 fs into the
7Li ground state emitting a γ-photon at this energy [101, 104]. Since a fraction of the produc-
tion energy is used for the γ-photon, the kinetic energies of both charged particles is reduced
following energy conservation (c.f. Tab. 2.2). When detecting the γ ray of the 10B(n,α)7Li∗

reaction using PGAA, a 15.2-keV-broad peak is observed due to the Doppler effect induced by
the moving 7Li∗ recoil particle [104–107].
Thanks to the long range of neutrons in matter, the neutron flux is nearly constant in the sam-
ple. Consequently, the production rate of the charged particles reflects the local concentration
of the investigated nuclides. As mentioned for the γ emission, thick layers of materials with
high capture cross sections attenuate the neutron beam thus reducing the emission of charged
particles (neutron self-absorption) based on Eq. (2.3).
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2.3 Energy Loss of Charged Particles in Matter

After production, the charged particles penetrate through the sample until they reach its surface
and eventually emanate to the detectors. A particle with velocity v1 = βc can be slowed down
due to collisions with the electrons and atoms of the sample matrix inducing ionization, atomic
or collective excitation. The property of a material to decelerate a charged particle with kinetic
energy E within a certain thickness x is defined by the stopping power S(E) = −dE

dx , given in
energy loss per unit length (typically in the keV

µm range). The total stopping power

dE

dx
= dE

dx

∣∣∣∣
e

+ dE

dx

∣∣∣∣
n

(2.6)

consists of the electronic stopping power dE
dx |e induced by inelastic collisions with the electrons

and the nuclear stopping power dE
dx |n caused by quasi-elastic collisions with the atoms of the

host material. The electronic stopping dominates for particle energies E typically being in the
keV range and higher, i.e. high particle velocities v1 and a low atomic number Z1 of the charged
particle. It gives rise to a series of collisions with small energy losses per collision (typically
smaller than 100 eV) and only small path length deflections resulting in a rather straight travel
path [108]. The nuclear stopping, dominating at low particle energies E being in the low-to-sub
keV range (low velocities v1) and high Z1, gives rise to significant angular deflections of the
trajectory of the charged particle induced by large discrete energy losses [103, 109].
At intermediate particle velocities 0.05 < βγ < 1000, where β = v1

c describes the velocity of
the charged particle and γ = 1√

1−β2 is the Lorentz factor, the mean of the electronic stopping
power can empirically be described by the Bethe-Bloch formula [108–111]:

− dE

dx

∣∣∣∣
e

= 4πe4

mec2 · ne ·
Z∗21
β2

[
ln
(

2mec2β2

I(1− β2)

)
− β2 − C

Z2
− δ

2

]
, (2.7)

where
ne = NA · Z2 · ρ

A ·Mu
(2.8)

describes the electron density in the sample material [103, 109, 110]. Here, NA is the Avogadro
number and ρ is the bulk density of the host material. The molar mass M of the sample material
is described by A ·Mu, where A is the relative atomic mass number of the host material and
Mu ≈ 1 g/mol is the molar mass constant defined by the atomic mass of one atom of 12C [112].
The effective mean excitation potential I accounts for the accessible quantum mechanical energy
levels in the host material which depends on its atomic structure and is therefore different for the
individual host materials [109, 111]. Although the excitation potential shows resonances with Z2

which can be determined experimentally, it is typically on the order of I ≈ 10 · Z2 (eV) with Z2

being the atomic number of the host material [103, 108]. The shell correction term C
Z2

accounts
for the velocity contribution of the electrons in the host material at low particle energies and
the density correction δ

2 corrects for the dielectric polarization of the sample at high particle
energies when going towards relativistic velocities [111]. At relativistic particle velocities with
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βγ > 1000 radiative effects start to dominate, which are Z1-dependent [108]. It is to state that
the Bethe-Bloch formula given in Eq. (2.7) is only valid for “heavy” charged particles, meaning
mparticle >> me, which is the case for all charged particles emitted upon neutron capture listed
in Tab. 2.2 [111].
Furthermore, Eq. (2.7) shows a quadratic dependence of the energy loss on the effective charge
Z∗1 of the particle. At velocities v1 > v0Z

2
3
1 , the charged particle is a bare nucleus (fully stripped,

i.e. its total charge equals its atomic number Z1) and the effective charge is equal to the atomic
number of the nucleus (Z∗

1
Z1

= 1). Here, the particle velocity v1 is compared to that of the
electrons in the host material being in the order of the Bohr velocity

v0 = ~
mea0

≈ 2.188× 106 m
s , (2.9)

which describes the velocity of an electron in the inner orbit of the hydrogen atom at the Bohr
radius

a0 = ~2

mee2 ≈ 0.5292 Å . (2.10)

Hereby, ~ ≈ 6.582×10−16 eVs is the reduced Planck constant, me ≈ 9.1095×10−31 kg is the elec-
tron rest mass and e ≈ 1.6022×10−19 C is the electron charge [103]. At reduced kinetic energies,
however, an effective particle charge Z∗1 needs to be taken into account, because electrons from
the surrounding material can be captured in its electronic shell reducing its effective net charge
and consequently the electronic stopping power.
At low particle velocities β < 0.01, i.e. at particle velocities about the electron velocities in
the host material being in the range of the Bohr velocity v0, the electronic shells of the parti-
cle and the host material might overlap, thus forming a quasi-molecule [103, 109]. During the
duration of the collision and the lifetime of the molecule, electrons between the particle and
the host material can be exchanged, leading to quasi-classical momentum transfers [109]. When
electrons are transferred from the host material to the electron shell of the particle, they need
to be accelerated to the particle velocity and the momentum mev1 slows the particle down.
Electrons transferred from the particle to the host material do not alter the particle energies
and therefore only a particle deceleration is induced [103]. The electronic energy loss in this
velocity range is observed to be proportional to v1 and is described by Sugiyama based on the
theories of Lindhard and Scharff [113, 114]:

− dE

dx

∣∣∣∣
e

= ξe8πe2a0N
Z∗1Z∗2
Z∗S

v1
v0

, (2.11)

where ξe ≈ Z1/6
1 ,

N = NA · ρ
A ·Mu

(2.12)
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is the atomic density of the host material and Z∗S is the effective screening factor being a com-
bination of the screened atomic numbers of the particle ZS1 and the host material ZS2 [103,
109, 113, 114]. At particle velocities 0.01 < β < 0.05 the electronic stopping power can phe-
nomenologically be described by a fitting interpolation of the two regimes (Bethe stopping and
Lindhard-Scharff stopping) [108, 115, 116].
At low particle energies in the low-to-sub keV range, nuclear collisions dominate the particle
stopping [103]. They are dominated by quasi-elastic collisions with the atoms of the host mate-
rial described by classical momentum transfer and are the main cause for particle deflection [103,
109, 114]. It is to note that the experimental setup later presented in Chap. 3 exhibits a trigger
threshold in the range of ≈ 200 keV, i.e. only particles with higher energies are detected using
NDP. Therefore, electronic stopping is the dominant cause for energy loss in NDP. The nuclear
energy loss scales with (1 + M2

M1
)−1, while M1 and M2 respectively are the masses of the particle

and the host material [103, 109, 114]. This further reduces the influence of light particles passing
through heavier host materials, as it is the case for most applications investigated using NDP.
In summary, for the light particles produced after neutron capture (c.f. Tab. 2.2), the electronic
stopping is the dominant process giving rise to a straight travel path. This is exemplarily visu-
alized in Fig. 2.2 a, where the mean electronic and nuclear energy losses of 3H and α particles
in a silicon matrix are shown in the energy range between 10 keV and 10 GeV. The data were
obtained using the SRIM (Stopping and Range of Ions in Matter) software developed by James
Ziegler et al., which is based on experimental data of heavy-ion scattering experiments in various
materials [111, 117]. While the electronic stopping dominates the nuclear stopping for both
particles, the α particle (due to its higher atomic number Z1) exhibits a much higher electronic
energy loss than the 3H particle, which scales with Z∗1 at lower energies and with Z∗21 at higher
energies, as described by Eq. (2.7) and Eq. (2.11). The higher stopping power of the α conse-
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Figure 2.2: (a) Electronic and nuclear energy loss for 3H and α charged particles in silicon. Due to the
light ions passing through a heavy host material, the electronic energy loss dominates in the energy range
of 10 keV to 10 GeV. (b) Remaining energies of the 3H and α charged particles of the 6Li(n,α)3H reaction
depending on the travel path in silicon. Due to its lower atomic number, the 3H particle has an increased
penetration range compared to the α particle. All data were obtained using the SRIM software [111].
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quently leads to a shorter penetration depth, as shown in Fig. 2.2 b for 3H and α produced at
energies of the 6Li(n,α)3H reaction (c.f. Tab. 2.2).

2.4 Depth Analysis

When the depth where the particles are produced is not large enough to stop them within
the sample, they will eventually emanate from its surface and their remaining energy can be
detected. Since their production energy is well-defined (c.f. Tab. 2.2) the emission depth can be
determined from the remaining energy, similarly as shown in Fig. 2.2 b. This is only true when
the bulk host material density ρ is well-known, since the stopping power is proportional to it,
as shown in Eq. (2.7) and (2.11). Assuming a straight path and a constant (known) density ρ,
the distance d from the particle origin to the sample surface is correlated to the stopping power
S(E) by:

d =
∫ x=d

x=0
dx =

∫ E(d)

E0

dx

dE
dE = −

∫ E(d)

E0

1
S(E)dE =

∫ E0

E(d)

1
S(E)dE . (2.13)

The maximum penetration depth D of a charged particle produced at an energy E0 is then:

D(E0) =
∫ E0

0

1
S(E)dE . (2.14)

The shorter penetration depth of the α compared to that of the 3H particle results in a steeper
energy-to-depth relation shown in Fig. 2.2 b. Since the energies are measured in distinct intervals
(ADC channels, c.f. Sec. 3.1.3), this allows to measure near-surface layers with a resolution down
to the nm range for the α, while the 3H enables probing a greater penetration depth but with a
lower resolution [118]. As discussed in Sec. 2.3, the energy loss induced by collisions with the host
material is a statistical process thus reducing the depth resolution. It can be estimated based on
the signal broadening induced by energy straggling (σstragg) and multiple small-angle scattering
(σscatt) taking place upon collisions of the particles with the host material. As shown in Fig. 2.3
for α and 3H particles in a silicon matrix, the resulting broadening σ =

√
σ2

stragg + σ2
scatt increases

up to the µm range for thick samples (low residual energies). This broadening originating from
the statistical collisions imposes an upper limit of the depth resolution when using NDP on
an ideal sample. It is reduced by signal broadening induced from the experimental setup, as
discussed in Chap. 3 and Chap. 4, and by inhomogeneous material distributions (in the ţm
range) within a sample giving rise to various particle travel paths in the sample (c.f. Chap. 6–8).
The bulk density in many material-science applications is often poorly defined and it may also
vary locally as a function of depth. For example, anodes for lithium-ion batteries used in this
work were prepared via mixing active material particles of grain sizes in the µm range in a
liquid ink leading to a porous anode film after drying. While these anode films appear to be
homogeneous on the large scale, the charged particles are sensitive to density variations on the
µm-level.
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Figure 2.3: Statistical collisions of the particles with the host material give rise to a signal broadening
resulting in lower depth resolutions with greater travel path (lower residual energy). Here, the combined
signal broadenings σ induced by energy straggling σstragg and σscatt multiple small-angle scattering are
shown for α and 3H particles from the 6Li(n,α)3H reaction in a silicon matrix. The highest depth resolution
is provided by the α particle close to the surface. During measurements, this idealized depth resolution
is further reduced by the experimental setup and the sample itself. Data were obtained using the SRIM
software [111].

For the energy loss, inelastic collisions with the electrons of the host-material are necessary
and thus the charged particles do not lose energy in voids between the collision partners, as it
would be the case e.g. in a low-density material or in vacuum. The particles do not probe the
depth x itself, but are rather sensitive to the number of inelastic collisions on their travel path.
Consequently, a long path x in a material with low bulk density ρ would result in the same
energy loss, as a shorter path in the same material but with greater bulk density, e.g. produced
via material compression, and so these cases are indistinguishable in NDP [118]. Here, the mass
thickness mA (also referred to as “mass loading”, “surface mass density”, or “areal density”)
is commonly used as figure of merit, which accounts for the mass of material along the travel
path and defines the number of collisions with effective mean excitation potentials I. The mass
thickness mA is defined as mass per unit area:

mA = m

A
= x · ρ . (2.15)

Using the relation dmA = ρ · dx, the stopping power can be expressed as a function of mass
thickness:

− dE

dmA
= −1

ρ
· dE
dx

, (2.16)

which can then be used also for samples with an unknown bulk density. For most cases in this
work, the particle energies were translated to mass thickness mA and thus were translated to
depth x only when the uniformity of the bulk density ρ could be reasonably assumed.
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The experimental setups of the NDP instruments utilized in the framework of this thesis are
presented in this chapter. A special focus will be put on the newly developed “N4DP” instru-
ment at the Prompt Gamma Activation Analysis (PGAA) facility of the Heinz Maier-Leibnitz
Zentrum (MLZ). Major developments of it were performed in the framework of this thesis. It
was developed together with L. Werner and more information on technical details can be found
in [66, 119]. Two additional NDP setups will be presented: a demonstrator setup used for the
first NDP measurements which was later upgraded to the final version, and also the cold neutron
depth profiling instrument “CNDP” at the NIST Center for Neutron Research, Gaithersburg
(USA) where a measurement was performed during the reactor break at FRM II in 2019. Fur-
ther characterization methods complementary to the neutron-based techniques used within the
framework of this thesis are presented in the Appendix A.

3.1 The N4DP Setup at the MLZ

Unique opportunities at the research neutron source Heinz Maier-Leibnitz (FRM II) being part
of the Heinz Maier-Leibnitz Zentrum (MLZ) fostered the idea to develop a conceptually new
Neutron Depth Profiling (NDP) instrument for time resolved and position sensitive NDP. A
short overview of the research neutron source FRM II is given and the N4DP experiment is
presented this section, which is situated at the NL4b neutron guide of the FRM II.

3.1.1 The Research Neutron Source FRM II

The research neutron source FRM II is one of the leading facilities for neutron-based research
and became first critical in 2004 and is in regular operation since 2005 [120]. It generates free
neutrons by the nuclear fission of 235U. Besides typical heavy nuclides like 139Ba and 94Kr,
an average of 2.4 neutrons per fission is produced and 1-2 neutrons are available for scientific
use [121, 122]. At the nominal power of P = 20 MW the fuel element produces a maximum
thermal neutron flux density of 8×1014 cm−2s−1 in the D2O moderator. The total operation
time of FRM II is typically 240 days per year consisting of 4 cycles with 60 days each (one fuel
element per cycle) [120]. A hot graphite source at a temperature of 2300 K and a cold liquid
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D2 source at 18 K act as secondary sources and enable the use of neutrons at different energies
and wavelengths [88]. A converter facility provides fast fission neutrons using subcritical fission
in a uranium plate [123]. An additional ultra-cold neutron (UCN) secondary source is under
construction.

Figure 3.1: Schematic overview of the research neutron source FRM II. 33 experimental facilities are operat-
ing or under construction [124]. Neutrons are used at a wide temperature range depending on the individual
experimental requirements. Experiments situated in the Experimental Hall are close to the reactor core,
while longer neutron guides transport neutrons in the Neutron Guide Hall West. Experiments and neutron
guides in the Neutron Guide Hall East are under construction. The Neutron Guide Hall West ends on the
left side into the FRM, which was commissioned in 1957 as the first research power reactor in Germany and
was operated until 2000 [125]. It is famous for its egg-like structure and is used in the town coat of arms of
Garching since 1967 [126]. Taken from [127].

An overview of the FRM II site is shown in Fig. 3.1 a. There are 33 experimental facilities
under operation or partly under construction [124]. The ones utilizing hot neutrons e.g. the
diffractometers (HEIDI, POLI) are located in the Experimental Hall close to the hot source in
order to maximize the neutron flux of fast neutrons [128, 129]. Due to their larger de Broglie
wavelength, cold neutrons can be transported efficiently over larger distances through neutron
guides via constructive superposition. At FRM II, neutron guides with 58Ni coating exhibiting
a high neutron scattering length density, or super-mirror coatings with m values up to 3.0 are
being used [123, 130, 131]. For instance, cold neutrons are guided through the SR 1 into the
Neutron Guide Hall West up to a distance of 70 m (NL5-S neutron guide to RESEDA) [123,
132]. During reactor commissioning in 2004, the neutron guides were characterized by measuring
the neutron flux distributions and beam divergences using time-of-flight spectroscopy, gold foil
activation and software simulations [131].
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Due to a wavelength (λth ≈ 1.8 Å) on the order of the atomic structures, thermal neutrons are
used for various diffractometers (RESI, SPODI, STRESS-SPEC, POWTEX, SAPHIR) [133–
137]. They can be utilized for spectrometry (PUMA, TRISP, TOPAS), neutron radiography,
tomography (NECTAR) and for medical treatments (MEDAPP), too [138–142]. For NECTAR
and MEDAPP, a uranium-based converter plate can be moved into the thermal neutron beam
producing fast neutrons. At FRM II, most experimental facilities utilize cold neutrons, which are
due to their longer wavelengths (λcold ≈ 6 Å) suited to study mesoscopic distances in e.g. poly-
mers, proteins or macromolecules using the BIODIFF diffractometer [143]. They furthermore
exhibit significantly higher capture cross sections compared to thermal or fast neutrons which en-
ables the detection of uniquely low quantities by prompt gamma activation (PGAA) [144]. Cold
neutrons are at FRM II also utilized for (very) small angle scattering (KWS-1, KWS-2, KWS-
3, SANS-1), radiography and tomography (ANTARES), spectrometers (DNS, J-NSE, KOM-
PASS, PANDA, RESEDA, SPHERES, TOFTOF), reflectometers (MARIA, NREX, REFSANS),
a diffractometer (BIODIFF), magnetic structures (MIRA), or for particle physics (MEPHISTO,
under construction) [132, 145–162]. At FRM II, also a thermal-capture-induced positron source
is installed for the characterization of solid-state materials, surfaces and fundamental research
(NEPOMUC) [163, 164].

3.1.2 The NL4b Beam Line

The PGAA facility is located in the Neutron Guide Hall West and it is connected to the D2

cold neutron source via the NL4b guide of the SR 1. As shown in the photograph in Fig. 3.2 a,
the NL4b neutron guide is curved (radius: 390 m) in order to reduce influences from γ radiation
and fast neutrons from the reactor [96, 123, 166]. In this way an average cold neutron energy

Figure 3.2: (a) Photograph of the NL4b neutron guide transporting cold neutrons to the PGAA facility.
The curvature of the NL4b guide (r = 390 m) reduces contributions of γ radiation and fast neutrons. Taken
from [165] (Courtesy of W. Schürmann (TUM)). (b) Sketch of the PGAA facility. The end of the NL4b
neutron guide and the sample position are connected by a lead tunnel, in which an interchangeable neutron
collimator and a focusing guide are located. Adapted from [144].



22 Chapter 3 Experimental Setup

of E = 1.83 meV (λ = 6.7 Å) is obtained at the experimental setup [144]. A concrete shelter
surrounds the end of the NL4b guide and the PGAA facility in order to (i) reduce neutron-
induced radiation exiting the PGAA facility into the Neutron Guide Hall and (ii) minimize the
radiative influence from neighboring instruments on the sensitive germanium detectors used for
the PGAA.
The guide enters the concrete shelter as shown in Fig. 3.2 a, b and merges after about 55 cm
within the shelter into an 1 m-long lead tunnel connecting the guide with the measurement
position [144]. It accomodates a 95-cm-long collimator and a 1079-mm-long elliptical focusing
guide extension, both can be interchanged pneumatically [144, 166]. When using the collimator
consisting of three 20 mm×20 mm boron-carbide apertures, a thermal equivalent neutron flux
density of 2×109 cm−2s−1 is obtained [67, 144]. Using a set of three attenuators, the neutron
flux can be reduced to 47 %, 16 %, or 5.9 % of its initial intensity [67, 144]. The attenuators can
also be combined to further reduce the flux [144]. The focusing extension, which consists of an
elliptically tapered guide, increases the neutron flux density to 5×1010 cm−2s−1 [67]. An asym-
metry of the guide tapering gives rise to two different focal points [166]: The horizontal one is
located at a distance of 40 mm from the neutron guide exit, whereas the vertical point is situated
at (130±5) mm [166]. The position of the highest flux is located between them: At (75±3) mm
behind the neutron guide exit [166]. In each direction beam divergence is increased by the fo-
cusing, which are 5.4◦ and 6.2◦ for the horizontal and vertical directions, respectively [166]. The
beam profiles for both the collimated and focused guide at different distances from the exit of
the neutron guide was recorded with and without additional beam collimator using a radiation-
sensitive film1 and they are shown in Fig. App. B.1 a–d. In contrast to the focusing geometry
resulting in a large divergence, the beam profile shows a low divergence for the collimated geom-
etry. Here, also additional profile maxima evolve at greater distances, which might arise from
a combination of inhomongeneities of the supermirror and the curvature of the neutron guide
itself [166].
At the end of the tunnel, a combination of boron-containing plastic and lead shielding reduce
the background from neutrons and γ radiation produced in the collimation system. The beam
opening is 2 cm×1 cm and the beam area can be further reduced using a borated collimator.
Perpendicular to the neutron path, two high-purity germanium detectors are facing the sample
position for the detection of neutron-capture induced γ radiation. Their signals are processed
using a NIM-based read-out chain and a digital spectrometer2 [144]. Currently three differ-
ent experimental setups share the neutron beam at the NL4b target point: PGAA, Prompt
Gamma-ray Activation Imaging and Neutron Tomography (PGAI-NT), and N4DP. After ex-
iting the measurement chamber, neutrons are absorbed by the beam stop, which consists of
boron-carbide plates and lead bricks [144].

1Gafchromic Film, RTQA2-1010
2DSPEC-50 digital spectrometer, ORTEC
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3.1.3 The N4DP Experimental Setup

N4DP experimental setup at the PGAA facility

A top-view scheme of the N4DP (Neutrons for Depth Profiling) chamber is shown in Fig. 3.3 a.
In this thesis, this arrangement is referred to as “Setup I”. A CAD model of the 48-cm-tall cham-
ber is displayed in Fig. 3.3 b. It consists of two stainless-steel pipes (inner diameter of 35 cm) and
an octagonal aluminum section at the height of the neutron guide. Since neutron-capture and
-scattering reactions on structural materials may massively contribute to background, material
amounts should be reduced close to the neutron beam and the distance of the neutron beam to
the walls should be maximized. As indicated in Fig. 3.3 a, the chamber fills the free volume in-
side the lead shielding completely. In the octagonal centerpiece several CF100 and CF63 flanges
are attached. The flanges on the front and backside are equipped with 100-µm-thick aluminum
vacuum windows of ≈ 40 mm diameter attached with a special adhesive interface3 acting as
entry and exit windows for the neutron beam. Two flanges perpendicular to the neutron beam
serve as windows for γ detection using the PGAA detectors. The remaining four larger flanges
act as multi-purpose interfaces for electronics, e.g. cabling feed-throughs for the slow control
or connections to sample environments requested by the users, mainly given by electric device
connections (operating batteries or other electronic samples), temperature tracking, and tem-
perature control. The opening on top of the chamber has two KF40 connections currently used
for atmospheric changes, pressure control and pumping. Two feed-throughs on the top enable

Figure 3.3: (a) Top-view scheme of the N4DP experiment mounted in the center of the PGAA facility4 [119].
(b) CAD model of the N4DP measurement chamber. Its center consists of an octagonal aluminum part
aligned at the height of the neutron beam.

32 K Epoxy UHU Endfest
4Reprinted from “The new neutron depth profiling instrument N4DP at the Heinz Maier-Leibnitz Zentrum”,

L. Werner et al., Nuclear Instruments and Methods in Physics Research Section A, 2018, 911, 30–36, with
permission from Elsevier, license no. 4915850880785.
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the positioning of the preamplifier and the electric connection to the charged-particle detectors
directly on the chamber acting as a Faraday cage. A large 30 cm×15 cm opening on the top
also enables a fast and convenient sample change. This opening is closed via an aluminum lid
containing a glass window allowing for visual inspection of the targets during evacuation.

Neutron Beam

After leaving the NL4b guide (c.f. Fig. 3.3 a), the neutron beam enters the chamber through
a 100-µm-thick aluminum window. A combination of a ≈ 5-mm-thick boron-containing rubber
and an additional 25-mm-thick lead shielding in front of the chamber reduces neutron and γ

radiation emanating from the neutron guide. In the chamber, the neutron beam hits the sample
placed at a distance of ≈ 26 cm from the exit of the neutron guide mounted on a 2-axis target
stage. When using the elliptical guide extension, this sample position is currently behind the
position of the highest flux density (7.5 cm) and the vertical focal point (13.0 cm), as discussed
in Sec. 3.1.2. A focusing guide optimized for the N4DP geometry is under development. In-
stead of the divergent beam profile caused by the focusing, as discussed in Sec. 3.1.2, only the
highly collimated neutron beam was used for the experiments performed in the framework of
this thesis. An additional collimator with a circular bore hole of 4 mm was used as an insert to
the lead shielding in front of the chamber to ensure the beam size to be smaller than the sample
area, which is typically not smaller than 10 mm×10 mm. Keeping the NDP-active area constant
and smaller than the individual sample sizes allows for a direct and precise quantification, since
uncertainties arising from the individual sample geometry do not contribute. In Fig. 3.4 a, a
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Figure 3.4: (a) Photograph of the collimated neutron beam at the sample position using a radiation-sensitive
film with a 1 mm-thick scale for comparison. The beam area is reduced using a boron-containing collimator
with a hole of 4 mm diameter. (b) Horizontal beam profile optically measured by the gray scale in the
photograph from a horizontal cut (marked as dashed lines). A homogeneous beam profile is observed in the
center and it linearly decreases on the edges.
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photograph of the beam spot size at sample position is shown, which was recorded using a
radiation-sensitive film5. In Fig. 3.4 b, the gray scale in the horizontal cut shown in Fig. 3.4 a
is used as optical measure of the neutron beam intensity. It shows a rather homogeneous beam
profile at the sample position with smeared edges, while most of the intensity is within 4 mm.

Sample positioning

Especially for position sensitive NDP, an accurate and reproducible sample positioning is neces-
sary. Here, a combination of two linear stepper motors6 with digital encoder system was chosen
as a 2-axis target drive, as presented in the CAD-model of the bottom lid of the chamber shown
in Fig. 3.5 a [167]. As indicated in Fig. 3.5 a, this stage can be mounted at distinct angles of
15◦, 45◦ and 75◦ with respect to the neutron beam axis to vary the footprint of the beam area
on the sample and optimize the detector position. In this work it was kept at 45◦ resulting in a
relatively small beam area allowing for accurate illumination of the neutron beam on the sample
while the detector, which was placed parallel to the sample surface, had a sufficient distance to
the incoming neutron beam thus reducing background signal.

Figure 3.5: (a) CAD model of the inner part of the N4DP chamber. A 2-axis target stage is mounted
together with charged-particle detectors on the ground of the measurement chamber. (b) Photograph of the
custom-made detector holders. On the right side a charged-particle detector is mounted. The holder in front
of the detector can be used to place an aperture or a charged-particle separation foil in front of the detector.

5Gafchromic Film, RTQA2-1010
6VT-50L, Micronix USA, 200 mm travel range, 50 N max. load capacity, 50 nm resolution, ±3 µm accuracy
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Furthermore, the sample holder needs to be modular to meet the needs of the individual materials
science application. A sample holder mounting system was designed similar to that of a sliding
caliper to allow for quick and accurate positioning of the individual sample holder. The three
typical sample holders used in the framework of this thesis are shown in Fig. 3.6. Sample holders
for (a) up to 30 fragile samples, (b) up to 36 stable samples and (c) simultaneous operation of
4 coin-cell batteries (mounted together with 5 static samples) are shown. Static samples are
clamped using 0.60-mm-thick elastic nylon threads7. For operando (dis-)charging lithium-ion
batteries a commercial portable potentiostat8 was connected via electric vacuum feed-throughs.

Figure 3.6: N4DP sample holders for various applications: (a) a standard sample holder for 30 static
samples. The aluminum frame provides a good stability especially for thin and fragile samples. (b) Up to 36
mechanically stable samples could be mounted by a grid of strings, which reduces the background compared
to the massive aluminum holder. (c) A sample holder for operando measuring coin-cell shaped lithium-ion
batteries. Up to four lithium-ion batteries could be mounted and individually connected. On the top up to
five reference samples can be placed.

Gas Environment

For experiments using solid samples, the chamber was typically evacuated to 10−5 mbar in order
to minimize additional energy loss of the detected charged particles on their way from the sample
to the detector. At 10−5 mbar the energy loss of the charged particles (3H, α, 7Li) in the rest gas
is estimated to be in the sub-eV range [168]. This is negligible compared to both the energy of
the charged particles and the detector resolution being in the keV range. An oil-free combination
of a roughing pump9 and a molecular pump10 was used in order to avoid the accumulation of
thin hydro-carbon layers in the chamber.

7Rico Design GmbH, No. 7092.07.81
8Bio-Logic, SP-300
9ECODRY plus, Leybold

10Turbovac 350i, Oerlikon Leybold Vacuum
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When measuring liquid-electrolyte-based lithium-ion batteries, a typically small outer gas pres-
sure is necessary to prevent the liquid electrolyte within the cell from vaporization. A con-
stant gas pressure in the N4DP chamber was chosen to be above the vapor pressure of pvap <

100 mbar at 25◦ C of typically used liquid electrolyte components like ethylene carbonate (EC),
dimethyl carbonate (DMC), and ethylmethyl carbonate (EMC) [169]. When measuring a liquid-
electrolyte-based lithium-ion battery, the air in the chamber was replaced with a helium atmo-
sphere in order to (i) avoid signals induced by neutron capture of nitrogen (c.f. table 2.2) and
to (ii) minimize the energy loss of the charged particles. Due to the lower stopping power the
energy loss in helium is about ≈ 6-times smaller compared to that in air in the energy range of
particles of interest for NDP. In order to exchange the atmosphere after the battery was placed
inside the chamber, it was flushed ten times from 900 mbar to 300 mbar before the final helium
pressure was set (typically in the range between 150 mbar and 900 mbar). Using this flushing
method a helium atmosphere with air impurities < 10−4 could be established within the cham-
ber.
Already a 150 mbar helium atmosphere stops all charged particles with an atomic number of
Z > 3 produced by neutron-capture reactions (c.f. table 2.2) [168]. However, α and 3H parti-
cles from the 6Li(n,α)3H reaction and the 7Li from the 10B(n,α)7Li reaction respectively lose
≈ 0.5 MeV, ≈ 0.1 MeV and ≈ 0.7 MeV of its production energy before reaching the detector [168].
Furthermore, thin foils were used to avoid leakage of the liquid electrolyte. As discussed in
Chap. 5, a nominally 7.5-µm-thick Kapton® foil was used, in which α and 3H charged particles
lose about 2 MeV and 301 keV, respectively [168, 170]. The use of this foil (so-called “separa-
tion foil”) alone is sufficient to block the α particles with production energies of 2055.55 keV
(c.f. Tab. 2.2) and therefore only the 3H particles are used for these measurements.

Detectors

For the detection of the charged particles, silicon surface-barrier detectors11 (SSD) were used. A
thin (manufacturer specification: 80 nm silicon equivalent) entry window minimizes the charged-
particle energy loss and energy straggling when entering the detector. Conceptually the detector
thickness has to be optimized for three different parameters. For the energy measurement the
detector has to be thick enough to stop all particles of interest. A thicker detector would pro-
vide a lower capacity reducing the electric noise signal that can be achieved. However, thicker
detectors would also increase the active volume and therefore increase the background from γ

interactions and the average energy deposit from β particles. We have chosen a (totally de-
pleted) thickness of 100 µm, which is thick enough to stop light particles with energies of up
to E(p) ≈ 3.2 MeV, E(3H) ≈ 4.8 MeV, E(α) ≈ 13 MeV and E(7Li) ≈ 25 MeV [168]. This is
sufficient for the detection of charged particles of interest, which carry production energies of
E(p) ≈ 0.6 MeV, E(3H) ≈ 2.7 MeV, E(α) ≈ 3.1 MeV and E(7Li) ≈ 1 MeV (c.f. Tab. 2.2). Since

11ORTEC AMETEC, Model no. AD-025-150-100, with an active area of 150 mm2
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the particles produced upon neutron capture (c.f. Tab. 2.2) are completely stopped within the de-
tector, the intrinsic detector efficiency is close to unity, independent of the particle energy [171].
Furthermore, a rather large active area of 150 mm2 was chosen. A large active area increases
the detector capacity thus worsening the electronic noise but allows due to its larger geometrical
acceptance for measuring even small nuclide amounts in the sample.
As shown in Fig. 3.5 a and b, the SSDs were mounted in custom-made holders which could be
placed at angles between 0◦ and 90◦ with 15◦ intervals with respect to the neutron beam both
in front and back of the target stage. If not stated otherwise, the detector used was placed at
45◦ to the neutron beam, i.e. parallel to the target stage surface. As shown in the photograph
in Fig. 3.5 b, a sliding grid in front of the detector allows for the positioning of different sepa-
ration foils or pinhole apertures in front of the detector. In this work, a nominal 7.5-µm-thick
Kapton® foil was positioned for some measurements on it. The detectors are positioned on
custom-made bottom pieces, which allow not only the angular adjustment but also an adjust-
ment of the sample-to-detector distance (SDD). Here, SDDs between 87.1 mm and 141.1 mm in
9 mm intervals could be selected. Typically, the detector was placed at a distance of 96.1 mm
from the sample holder. From this experimental arrangement an upper limit of the geometri-
cal acceptance angle of the charged particles can be estimated. Assuming a maximum diameter
(d = 5.66 mm) of the illuminated sample area, SDD = 96.1 mm and the detector active diameter
D = 13.8 mm, the maximum acceptance for the straight particle travel path can be estimated to
≈ 5.8◦. This angle results in a maximum elongation of ≈ 0.5 % compared to the particle path
length perpendicular to the sample surface, which is small compared to the signal broadenings
caused by the statistical energy losses observed in Chap. 6–8 and so a straight particle travel
path can reasonably be assumed.

Data Acquisition

Energies of charged particles are measured using conventional VME (Versa Module Europa bus)
and NIM (Nuclear Instrumentation Module standard) based modular crate electronics and data-
acquisition system. A NIM-based high-voltage (HV) supply12 was used to operate the detectors
at 130 V. The detector signal is subsequently amplified using a charge-sensitive preamplifier
module13 and a shaping amplifier14 with a shaping time of 1 µs. The analog signal was then
forwarded to a peak-sensing VME analog-to-digital converter (ADC)15. An event-based data
acquisition was performed using the MARaBOU software [172], which is based on the data
analysis framework ROOT [173] and MBS [174]. In order to avoid pile-up, the event rate was
kept below 1000 s−1 by attenuating of the neutron flux, as discussed in Sec. 3.1.2.

12MHV-4, Mesytec
13WA1422H090F2, CAEN
14MSCF-16, Mesytec
15V785, CAEN
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3.2 Additional NDP Setups

In this section, two other NDP setups used for some measurements discussed in the following
chapters are presented: first, the N4DP demonstrator experiment is shown, which was used at
the PGAA facility before the upgrade to the N4DP setup discussed in the previous section. Due
to a reactor brake of the FRM II, some NDP measurements discussed in this work were carried
out at the cold neutron depth profiling instrument at the NIST Center of Neutron Research
using their setup, which is described in the later section.

3.2.1 The N4DP Demonstrator Setup

In the frame of this work, a vacuum chamber donated from R. G. Downing from the National
Institute of Standards and Technology (NIST) was installed at the PGAA facility of the MLZ
and used as demonstrator experiment (Setup II). This chamber allowed to measure and gain
experience on NDP on a very early stage of the N4DP project and had major influence on the
later N4DP chamber design (Setup I). Its top-view is schematically shown in Fig. 3.7 [118]. It
is a cylindrical chamber with an inner diameter of 21.4 cm. The neutron beam enters and exits
the chamber through 100-µm-thick aluminum windows. Additional boron-containing tube colli-
mators inside the chamber reduce the geometrical angle of neutron scattering from the windows
to the charged-particle detectors. A 300-µm-thick surface barrier detector16 was installed at
a SDD of 53 mm on a rotatable holder. As shown in the photograph in Fig. 3.8 a, two stages
on mechanically-driven planetary gears mounted on the lid of the chamber allowed for manual
angular adjustment for up to two detectors. In the center of the lid a sample holder was located,

Figure 3.7: Top-view scheme of the NDP demonstrator setup installed at the PGAA facility, as published
in [118]. The neutron beam hits the sample at an angle adjustable by a mechanic feed-through. Both
detectors are at a fixed SDD of 53 mm and can be individually rotated around the sample position.

16Model Nr. BE-19-450-300, Ortec
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where up to four different samples could be mounted (c.f. Fig. 3.8 b). The sample holder could
be rotated and vertically moved using a manual vacuum feed-through. During this work, the
sample holder was fixed at an angle of 45◦ with respect to the neutron beam with the detectors
parallel to the sample surface, if not stated otherwise.
On the lid of the chamber a KF flange allowed the connection of the vacuum system consist-
ing of a roughing and a molecular pump. In the demonstrating experiment, a vacuum of only
10−3 mbar was achieved. This can be attributed to leakage in the vacuum-sealing of the me-
chanical feed-throughs of the detectors and the sample holder which could not be repaired. In
comparison to the later N4DP setup (Setup I), the worse vacuum induces energy losses of less
than 10 eV for both 3H and α particles produced in the 6Li(n,α)3H reaction. However, this is
again negligible compared to the particle energy as well as the detector resolution (keV range).
Energies of charged particles were recorded using the VME-/NIM-based electronics and data
acquisition system, as discussed in Sec. 3.1.3 with some minor differences: The signals from the
detectors were amplified using a MMPR1 preamplifier17 and shaped with a STM 16+ shaping
amplifier18.
The N4DP demonstrator setup was used for testing, defining specifications, and optimization of
the later N4DP setup (Setup I). In the demonstrator experiment, detectors, sample stage and
pumping equipment were connected to the chamber lid, which had to be moved and opened after
measuring every four samples. This can be harmful for the electric connection of the detectors,

Figure 3.8: (a) Photograph of the chamber lid used in the N4DP demonstration experiment. Charged-
particle detectors can be mounted on two stages connected to the planetary gears. The sample stage can be
mounted on a rotatable stage in the center. (b) Photograph of the sample stage. Up to four samples could
be mounted simultaneously.

17MMPR1, Mesytec
18STM 16+, Mesytec
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which was sensitive for mechanic changes. In the later design (Setup I), the lid, target stage and
detectors are mechanically separated and all electric connections are fixed. The chamber diam-
eter is increased from 21.4 cm to 35 cm to keep the detectors outside of the halo of the neutron
beam and provide more flexibility on the SDD. The originally 300-µm-thick particle detectors
were replaced by 100-µm-thick ones in transmission geometry. This significantly reduced the
low-energy background caused by energy deposition of β and γ radiation passing through the
active volume of the detector. As shown, the dimension of the target stage was increased and
up to 36 samples can now be measured before sample change, which reduces evacuation times
and increases the duty cycle of efficient use of the beam.

3.2.2 The Cold Neutron Depth Profiling Instrument at the NCNR

The neutron-beam split core reactor (NBSCR) is operated by the National Institute of Stan-
dards and Technology (NIST) Center for Neutron Research (NCNR) situated at the NIST site
in Gaithersburg, Maryland, USA. It became first critical in 1967 and was operated at 10 MW
until 1985 and at 20 MW since then, which gives rise to a peak flux of 3.5×1014 cm−2s−1 [175,
176]. It contains 30 highly enriched fuel elements interchanged in cycles of 38 days [176]. In
2019 the reactor operated for 212 days with a duty factor greater than 98 % [177]. The NBSCR
provides thermal and cold neutrons using graphite and D2O moderators and D2O and liquid
hydrogen cold sources [176]. The NCNR offers 30 experimental stations, where a major part,
i.e. 18, are beam facilities used for neutron scattering research [177].
Based of a beamtime proposal within the NCNR user program, several NDP measurements
were performed in 2019 at the cold neutron depth profiling (CNDP) instrument of NCNR in the
frame of this work. At the CNDP instrument, NDP measurements are performed on various
applications, like boron implantation profiles in silicon, lithium distributions in shielding glasses
and in lithium-ion batteries [178–180]. The CNDP setup (Setup III) is situated at the end of
the Neutron Guide-5 (NG-5), where a cold neutron beam (≈ 4 meV) with a thermal equivalent
neutron flux density of 1.22×109 cm−2s−1 is achieved using a combination of a cryogenic-cooled
hydrogen moderator and Be-Bi crystal filters [68, 177, 181].
NDP measurements were performed in a stainless-steel vacuum chamber with a diameter of
61 cm [182]. A photograph showing the view inside the measurement chamber is shown in
Fig. 3.9 a. The neutron beam enters the vacuum chamber on the right through a 100-µm-thick,
hardened aluminum window. Due to a spin-polarized triple axis spectrometer (SPINS) located
upstream, the neutron spectrum might vary on a percentage level. Therefore, the neutron flux
is monitored using a combination of a boron-containing sample and a charged-particle detector
directly behind the entry window [65]. The beam then illuminates the sample placed in the
center of the chamber at an angle of 45◦ (c.f. Fig. 3.9 a). Charged particles emanating from the
samples are detected using a silicon surface-barrier detector19 at a sample-to-detector distance
(SDD) of ≈ 22 cm parallel to the sample surface.

19ORTEC AMETEC, Model no. AB-018-150-150, active area 150 mm2
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Figure 3.9: (a) Photograph from the top of the inside of the CNDP target chamber at the NCNR. The
neutron beam enters the vacuum chamber through an entry window on the right-handed side and is monitored
using a boron-containing sample and a SSD. In the center of the chamber, a sample holder is positioned.
(b) Photograph of the plastic sample holder, where up to 9 different samples could be taped behind custom-
made holes to define the area from where charged particles can emanate. (c) An aperture between sample
holder and detector prevents charged-particle signals from samples other than the investigated sample. All
photographs were recorded at the NIST Center for Neutron Research20and are courtesy of Philip Rapp
(TUM).

The design of the gauge volume, i.e. the volume defined by the overlap of neutron beam, sample
volume and charged-particle pathway towards the detectors, is conceptionally different from the
previously discussed N4DP setups (Setup I and II), where the neutron beam area was reduced
using a collimator before entering the measurement chamber. At CNDP, the neutron beam size
was not reduced before entering the measurement chamber and thus it illuminates a major part
of the sample holder with diameter of 12 cm shown in Fig. 3.9 b. Here, the area from where
charged particles can emanate towards the detector, was restricted by using a plastic sample
holder, which is impermeable for the charged particles, containing custom-made holes (diameters
of 8–11 mm). As shown in Fig. 3.9 b, up to 9 different samples could be taped behind the holes,
which can be moved in the neutron beam using a 2-axis stage motor. As shown in Fig. 3.9 c an
additional aperture was placed between sample and detector to avoid charged particle signals
from neighboring samples also illuminated by the large neutron beam.
In terms of signal-to-background the beam collimation with subsequent secondary radiation sup-
pression outside of the chamber (Setup I and II) seems favorable: Guiding the full beam cross
section inside the NDP chamber causes additional neutron activation and scattering, which in-
creases background signals. However, the design at CNDP is highly flexible and can be adjusted
to various sample sizes by a simple exchange of the plastic sample holder and the aperture. Since
the neutron beam is larger than the holes, the hole areas define the area from where charged
particles can emanate towards the detector. Since their diameters are varying, the NDP-active
areas were individually calibrated using a reference sample behind each hole. This increased
20We acknowledge the support of the National Institute of Standards and Technology, U.S. Department of Com-

merce, NIST Center for Neutron Research and Material Measurement Laboratory in providing the neutron
research facilities used in this work.
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the systematic uncertainties by about 2.2 % compared to the measurements performed with a
reduced beam area (Setup I and II), where the illuminated area from where charged particles
can emanate to the detector, i.e. the surface projection of the gauge volume, was constant for
all samples.





CHAPTER4Data Analysis of
Neutron Depth Profiling

As discussed in Chap. 2, the detected count rate scales with the nuclide concentration in the
sample while the spectral shape reveals its depth distribution by measuring residual particle
energies. Therefore, a qualitative interpretation of the concentration profiles can often be de-
rived from the measured energy spectra. For a quantitative interpretation, absolute energy and
quantity calibrations are necessary. Reference samples emitting particles with well-defined en-
ergies are used for the energy calibration. The count rate scales with the reaction rate in the
sample (or even the activity for α sources) by the detection efficiency and is determined using
a reference standard with well-known nuclide content. Both calibrations are presented in this
chapter. Concentration profiles can then be obtained taking into account the non-linear energy
loss. In order to compare the measured spectra with a modeled nuclide concentration, a forward
mapping method is presented.

4.1 Calibration

NDP spectra are measured in digitized channels, apriori being arbitrarily chosen, from the
analog-to-digital converter (ADC). An energy calibration is needed to convert the ADC channels
to an absolute energy scale. Furthermore, the count rate is normalized to an absolute quantity
using a reference sample.

4.1.1 Energy Calibration

When converting ADC channels to an absolute energy scale, charged particles with well-defined
energies are used. In order to generate the production energies of the particles listed in Tab. 2.2,
thin surface layers of these elements are placed in the neutron beam. This minimizes the
particle energy loss in the sample. Since the reaction rate scales with the film thickness, nuclides
undergoing (n,p) or (n,α) reactions with a high thermal capture cross section are required. As
listed in Tab.2.2, 3H (5316 b), 10B (3842 b) and 6Li (938 b) are the stable nuclides exhibiting by
far the highest partial thermal capture cross sections branch for particle decay. Thin surface

35



36 Chapter 4 Data Analysis of Neutron Depth Profiling

Figure 4.1: (a) Spectra of thin surface layers containing lithium (6LiF, blue line) and boron (10B4C, red
line). The spectra show well-defined peaks in the range of 0.8 MeV to 2.7 MeV. (b) An absolute energy scale
is obtained by describing the six reference signals using a quadratic fit. The residuum below shows that the
fit function describes the signals well within ±2 keV.

layers containing enriched 10B and 6Li were used as reference samples for energy calibration:
A nominally 10-nm-thick 10B4C film sputtered on a silicon substrate and a ≈ 6-µg/cm2-thick
(≈ 23 nm) 6LiF deposited on a 2-µm-thick Mylar® foil provide particles over a wide energy range.
As shown in Fig. 4.1 a, neutron capture in these two samples gives rise to six reference signals at
well-defined energies between 0.8 MeV and 2.7 MeV originating from the 10B(n,α)7Li(∗) (red line)
and 6Li(n,α)3H (blue line) reactions. At low energies (< 500 keV) background originating from β

and γ radiation induced by neutron capture in the experimental setup and the sample is observed,
which rises exponentially towards lower energies [119]. A trigger threshold at ≈ 200 keV limits
the total rate for the data acquisition. As shown in Fig. 4.1 b, the positions of the six energy
peaks in the ADC spectrum are then determined and plotted against the absolute energies
expected for each signal while taking into account the energy loss caused by the so-called detector
“dead layer” (typ. equivalent to 80 nm silicon). It refers for a surface layer on top of the signal
producing volume in the detector, where charged particles undergo an energy loss before entering
the active detector volume. Although an almost linear relation is found, we account for possible
remaining non-linearities by including a second order polynomial. The minor non-linearity
(≈ 10−5) is probably induced by the pulse-height defect (PHD), which describes the detector
response depending on the particle type [119, 183–185].

4.1.2 Normalization of Concentrations

While the measured particle energies correlate to the depth where the nuclides are situated
in the sample, the measured signal rate reveals the nuclide concentration at a certain depth.
When a th. eq. neutron flux Φ illuminates the sample, the signal rate R of charged particles is
R = n ·Φ ·σ · ε, similar to Eq. (2.4). Here, n = ρnuclide ·∆dtot ·A is the total number of nuclides,
ρnuclide is the concentration of nuclides, dtot is the total implantation thickness from where the
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charged particles can emanate, A describes the illuminated sample area and σ is the thermal
neutron capture cross section of the nuclides (c.f. Tab. 2.2). Therefore, the signal rate can be
rewritten as

R = ρnuclide · dtot · σ ·A · Φ · ε . (4.1)

Here, a precise knowledge about the illuminated area, the absolute neutron flux and the detector
efficiency dominated by the detector efficiency is necessary. While the illuminated area is A ≈
12.56 mm2 (circle with a diameter of 4 mm), Φ ≈ 2×109cm−2s−1, the detector efficiency mainly
given by the geometrical acceptance is ε ≈ 10−3 while taking into account the active detector area
(150 mm2) and the SDD (96.1 mm). In contrast to detectors for γ radiation, where the intrinsic
detector efficiency is dependent on the energy of the γ, the intrinsic efficiency of charged-particle
detectors can be assumed to be close to unity and independent of the charged particle energy,
since their thickness is sufficient to stop charged particles at even higher energies than typically
emitted using NDP (c.f. Sec. 3.1.3). A variation of the SDD changes the solid angle covered
by the detector area and thus the measured signal intensity. For sample holders where the top
surface of the sample is at fixed position (c.f. Sec. 3.1.3), the SDD to the front detector is
constant. However, when the backside of a sample (massive sample holder) or its center (string
holder) is fixed, the SDD changes with the sample thickness. From this, correction factors ∆(d)
for the measured signal rates can be derived: ∆(d) = (r(d))2

(r0)2 , assuming a point-like source [118].
Here, r0 is the original distance and r(d) the SDD altered by the sample thickness d. This
correction is non-negligible: Using the massive sample holder in the N4DP experiment (Setup I)
the SDD is 96.1 mm and therefore the correction factor is ∆(1 mm) ≈ 2 % [118].
The major systematic uncertainties for the determination of the absolute nuclide concentration
ρnuclide from the signal rate R originate from A · Φ · ε. Since the neutron flux at the NL4b at
the FRM II is extremely stable and the experiment geometry is kept constant during the whole
beamtime, the measured signal rates are compared to that of a reference standard with a known
quantity and normalized to it [119]. This method results in a high quantitative accuracy of
the NDP technique mainly limited by the uncertainty of the standard itself, which needs to be
added as a systematic uncertainty to all our results. Here, the SRM2137 NIST standard is used
as a reference sample, which consists of a single-crystal silicon substrate with a disordered Si
implantation avoiding channeling effects for the subsequent 10B implantation [186]. The 10B
implantation profile is shown in Fig. 4.2 a. It exhibits a concentration maximum at a depth of
d = 188 nm and contains (1.018±0.035)×1015 10B/cm2 in total [186]. As shown in Fig. 4.2 a, the
boron implantation is completely contained within the first 0.4 µm. The maximum penetration
depth of 7Li and α nuclei in silicon is 2.4 µm and 5.2 µm, respectively, and thus, particles from
the whole implantation profile can be detected using NDP [168].
Based on Eq. (4.1), taking into account the total of n = (1.28 ± 0.04)×1014 10B atoms in
the vicinity of the illuminated area, the thermal capture cross-section of σ10B = 3.8 kb and
neutron flux and geometrical acceptance as previously discussed, the signal rate R is estimated
to R ≈ 1.26 s−1. Since this result strongly depends on the exact measurement setup, it can only
be used as a rough estimation and is compared to the measured signal rate in the following.
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The energy spectrum from the SRM2137 sample is shown in Fig. 4.2 b, where four signals
stemming from both 10B(n,α)7Li(∗) reactions are observed. The peak areas are proportional
to the total amount of 10B. Due to increasing background at low energies, only the two α

signals were integrated, resulting in a signal rate of (1.136±0.012) s−1. This value agrees with
the geometrical estimation within 10 %, but is only limited by counting statistics. The scaling
factor S relating the signal rate R to the total 10B content via ρnuclide·dtot = S ·R is determined to
S10B = (8.96± 0.32)×1014 cm−2s−1, where the systematic uncertainty of the reference standard
contributes to the uncertainty of the signal rate. The scaling factor determined using signal
integration strongly depends on the exact experimental setup, i.e. A·Φ·ε given by the illuminated
sample area, the neutron beam flux and the geometrical detector efficiency and needs to be
calibrated for each beamtime again.
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Figure 4.2: (a) 10B depth profile in the SRM2137 standard reference material [186]. (b) Measurement
of the SRM2137 NIST standard. Apart from the low-energetic background, four charged particle signals
from the two branches of the 10B(n,α)7Li(∗) reactions resemble the 10B depth distribution. Due to its high
penetration, the resulting γ radiation is not observed using the 100-µm-thick silicon surface barrier detectors.

When determining the distribution of the element boron, the natural abundance of 10B (≈
19.9 %) needs to be taken into account, as NDP is only sensitive to 10B nuclides. When detecting
elements Z other than boron, the scaling factor S needs to be corrected for both, the (natural
or artificially modified) abundances NAAZ and the thermal neutron capture cross sections σAZ
of the isotope AZ (c.f. Tab. 2.2):

SnatZ = S10B ·
σ10B + σ10B∗

σAZ ·NAAZ
, (4.2)

where σ10B = 241.31 b and σ10B∗ = 3600.48 b are the thermal capture cross sections of the
two decay channels of the 10B(n,α)7Li(∗) reaction, as discussed in Sec. 2.2.2. For example,
the scaling factor S for detecting natural lithium is then SnatLi = S10B ·

σ10B+σ10B∗

σ6Li·0.0759 , where
7.59 % is the natural abundance of 6Li [77]. Taking into account the previously determined
S10B = (8.96 ± 0.32)×1014 cm−2s−1, then for natural lithium the scaling factor is SnatLi =
(4.83± 0.17)×1016 cm−2s−1.
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4.2 Particle Energy Spectra and Concentration Profiles

After energy calibration and signal rate normalization, the measured residual energy of the
particles is correlated to their travel distance before detection, i.e. particle energies close to
their production energy (c.f. Tab. 2.2) originate from regions close to the sample surface, while
particles with lower energies correlate to larger depths. In order to obtain a concentration
distribution from the energy spectra, the stopping powers (c.f. Sec. 2.3) of the sample material
and of any layers between it and the detector need to be taken into account. Here, the SRIM1

software and the WebAtima2 tool were used [117, 168]. Both are empirical models based on a
large set of experimental data covering the full parameters space of projectile-target combinations
and energies. We use a kind of back-tracking algorithm starting at the measured energy in the
active volume of the Si detector and calculate then all the particle energy losses induced by the
materials between the detector and the sample, i.e. the typically 80 nm Si equivalent dead layer
of the detector (c.f. Sec. 3.1.3). Depending on the application, a combination of different layers
like a 100-nm-thick copper current collector, a nominally 7.5-µm-thick Kapton® foil, as well as
a helium atmosphere with different pressures were considered. The whole energy spectrum is
treated accordingly, which then reflects the particle energy distribution directly after emanating
from the sample surface. In this way, also the spectrum distortion induced by the energy-
dependent energy loss of particles passing the different layers is corrected for.
The sample often consists of a compound mixture. For example, anodes for lithium-ion batteries
studied in this work consist of a dried mixture of electrochemically-active particles, additives,
binder material and solvent. In order to model the stopping power of these mixtures, a mean
and homogeneous elemental composition is assumed [118]. The resulting stopping power is then
calculated using Bragg’s rule of additivity by assuming thin layers of pure elements in the given
ratio:

dE

dmA
=
∑
j

wj
dE

dmA

∣∣∣∣
j

, (4.3)

where wj = mj

M and dE
dx |j are the mass fraction and stopping power of the j-th element, re-

spectively [108, 111, 187, 188]. In a well-defined sample, i.e. where the bulk density ρ and the
individual elemental densities ρi are known, the mean stopping power can be calculated based
on the volume fractions vj = Vj

V [62]:

dE

dx
= ρ · dE
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= ρ ·

∑
j

wj
ρj

dE

dx

∣∣∣∣
j

= M

V
·
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∣∣∣∣
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=
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vj
dE

dx

∣∣∣∣
j

. (4.4)

Typically, Bragg’s rule of additivity describes the stopping power reasonably well with a devia-
tion below 20 % [188–190]. The largest deviations (≈ 20 %), occurring at low particle energies
in several pure compounds containing mainly light elements, could be reduced to an average of
1.1 %, if core and bound corrections are taken into account [188].

1Stopping and Range of Ions in Matter, developed by J. Ziegler
2WebAtima, developed by the GSI
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Based on these calculations, the maximum penetration range dmax of charged particles in the
modeled sample matrix is extracted from the SRIM software as a function of energy, i.e. in the
range between 10 keV and 4 MeV, and the data are interpolated [117]. Even though the charged
particles lose energy almost linearly for a wide energy range (c.f. Fig. 2.2 b), a ROOT-based
cubic spline interpolation is used here to ensure continuous transitions at the boundaries and
to sufficiently describe the curvature of the energy loss function, visible in Fig. 2.2 b [191–193].
Together with the particle production energy E0, the maximum penetration range dmax can be
used to calculate the depth d from which the particle with residual energy E emanated:

d(E) = dmax(E0)− dmax(E) . (4.5)

The count rate R within a given energy interval ∆E can be ascribed to a certain depth interval
∆d. As shown in Fig. 4.3 a for the energy loss of 3H (E0 = 2.7 MeV) in carbon, the energy widths
∆E correspond to different depths intervals ∆di, since the stopping power is not constant but
depends on the particle velocity. When the charged particles carry a rather high energy they
need to pass through more material to lose the energy ∆E than at lower energies. As shown in
Fig. 4.3 a, at low residual energies (< 200 keV) the curvature inverts again. For example for 3H
and α particles in carbon matrix the inverted slopes are listed in Tab. 4.1 for different residual
energies. Due to its higher energy loss, the α particles undergo a greater energy loss resulting
in a better depth resolution.

Energy (MeV) ∆d
∆E (nm/keV) ∆d

∆E (nm/keV)
3H α

2.7 18.0 3.7
2.0 14.9 3.2
1.0 9.9 2.5

0.2 MeV 6.0 2.5
0.1 MeV 7.4 3.6

Table 4.1: Inverted slope of the energy loss of 3H and α particles in a carbon matrix as a function of energy.
The stopping power depends on the velocity of the particle. Over a wide range, ∆d

∆E
decreases, resulting in a

slope in the measured energy spectra. At low energies in the range of the trigger threshold the slope inverts.
The α particles lose their energy on a shorter travel path than the 3H particles.

Similar to Eq. (4.1), the signal rate stored in each energy bin reflects the total number of
nuclides I = ρnuclide ·∆d(E) in the depth interval ∆d(E), which is a function of E for constant
∆E intervals (c.f. Tab. 4.1). Over a wide range the energy intervals ∆E integrate over a
larger thickness ∆d(E), which increases the number of nuclides I measured in this interval. As
schematically shown in Fig. 4.3 b, this intrinsic effect originating from probing the concentration
not in depth but in energy space leads to a gradient in the energy spectra. This gradient is present
in all NDP spectra and is even present for samples with a homogeneous element distribution.
It is to note that over most of the energy range accessible in NDP (> 200 keV, c.f. Sec. 3.1.3), a
decreasing slope towards lower energies is observed, as it is schematically indicated in Fig. 4.3 b
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Figure 4.3: (a) The energy loss of 3H nuclei from the 6Li(n,α)3H reaction in a carbon matrix is shown in
black [118, 168]. NDP spectra are recorded in energy space in defined ∆E channels, which are shown as
blue and red arrows. Due to the non-linear energy loss these channels translate into different depth widths
∆di. Even if a uniform lithium density is present in a sample, the different integration volumes in real space
induce a slope when measuring in energy space, as indicated in sketch (b).

and listed in Tab. 4.1, and only in the low energy regime this trend is inverted, depending on
the curvature in Fig. 4.3 a.
In order to calculate the concentration c (atoms/g), the individual depth intervals ∆d(E) of
each energy bin need to be taken into account:

c = I

ρ ·A ·∆d(E) , (4.6)

where A is the area illuminated by the neutron beam and ρ is the bulk density of the material.
This procedure corrects for the intrinsic gradient observed in the energy spectra and flattens the
profile for a homogeneous distribution of the measured nuclide.

4.3 Signal Broadening and Depth Mapping

In NDP, an element concentration at the depth x is measured at an energy E(x), but the signal is
smeared within an energy interval ∆E around E(x) caused by the statistical nature of the energy
loss (c.f. Sec. 2.3) as well as uncertainties form the setup and the sample itself. Upon knowledge
of the response function F (E), the original concentration profile can be obtained using various
approaches presented in literature [70, 169, 194–198]. Since the statistical smearing of the signal
is a non-injective operation, the so-called spectra “deconvolution” is a non-unique function and
possible artifacts induced by the individual deconvolution method need to be considered, too.
Therefore, a forward mapping method is used in this work. An assumed concentration profile can
be tested by smearing it with the known response function and comparing it to the measured
signal. This approach is utilized in Chap. 7 where the lithium concentration is measured in
such a thick sample that the signals of the two charged particles from the 6Li(n,α)3H reaction
overlap and a quantitative analysis is hampered. Due to energy and momentum conservation,
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the released binding energy upon neutron capture is split between the two particles produced
upon neutron capture (c.f. Tab. 2.2) in such a way that always the lighter particle exhibits
the higher kinetic energy. Since its atomic number is also smaller, it is deeper penetrating
than the heavier particle, as discussed in Sec. 2.3. A near-surface concentration profile can
be approximated from the region between the high-energetic signal onset, e.g. when detecting
lithium ≈ 2.7 MeV for 3H, and the signal overlap of the heavier charged particle, e.g. ≈ 2 MeV
for α. From the obtained lithium concentration the energy signal of the particle with higher
atomic number can be derived and both signals are separated allowing a quantitative analysis.
The broadening can be described by the response function F (E) for an atomic monolayer of
emission at a depth x of a homogeneous target material as a normalized Gaussian distribution:

F (E) = 1√
2πσE(x)

exp

−1
2

(
E − E(x)
σE(x)

)2
 , (4.7)

where E is the detected energy of particles emanating from the depth x with an expected mean
energy E(x) [194]. It is to note that the response function is area conserving, i.e. it does not
affect the total signal rate representing the element concentration. Therefore, the total element
amount obtained by signal integration is independent of the signal broadening, as it is e.g.
used for the total quantity calibration described in Sec. 4.1.2. Assuming a straight travel path
(c.f. Sec 3.1.3), the signal broadening

σE(x) =
√∑

i

(σi)2 (4.8)

consists of the independent broadenings σi originating from intrinsic noise of the detector σdet,
electronic noise of the read-out chain σelec, particle-dependent broadening σion caused by statis-
tical processes in the detector upon particle detection, particle straggling σstragg, and multiple
small-angle scattering σscatt [118, 194]. Inhomogeneous materials, like porous electrodes for
lithium-ion batteries, broaden the path length distribution of the charged particles and there-
fore the energy loss distribution and depth information [118]. Due to the geometry of the N4DP
experimental setup the contribution of the geometrical acceptance is small compared to the
other signal broadenings observed in Chap. 6–8 and an upper limit of the particle path length
elongation was estimated in Sec. 3.1.3 to be ≈ 0.5 % [199].
The signal broadening from the intrinsic noise of the detector and the electronics read-out chain
was determined from the width of the electronic-noise-charge (ENC):

σ2
ENC = σ2

elec + σ2
det (4.9)

and was measured to be σENC ≈ 5 keV. Measuring the signal width originating from charged
particles produced in a thin 6LiF surface layer, the system noise (SN) is measured:

σ2
SN = σ2

elec + σ2
det + σ2

ion , (4.10)
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from which σion was determined to be 5 keV for 3H (2.7 MeV) and 7 keV for 4He (2 MeV) [118].
The energy-/depth-dependent particle straggling σstragg and multiple small-angle scattering
σscatt were determined using the SRIM software for the individual sample material [117].
When using a forward mapping method, a known concentration profile is assumed, e.g. a rect-
angular distribution is expected (c.f. Sec. 4.4) or a concentration profile is approximated from
the signal shape of the lighter particle (c.f. Chap. 7), and is subdivided into depth intervals
and corresponding energy bins. Each interval gives rise to a signal broadening described by the
response function F (E) being a normalized Gaussian distribution (c.f. Eq. (4.7)) and is weighted
with the nuclide concentration of the individual layer. The final signal is then the superposition
of the broadened signals of the individual layers.

4.4 Experimental Verification

In the following, the concentration profile calculation and the forward mapping method is ex-
emplarily shown for a well-defined reference material with a homogeneous lithium concentration
and an extremely precise layer thickness. Here, the lithium distribution within a nominally
403.1-nm-thick (determined by the company using non-contact optical measurements) single
crystal lithium niobate thin film (natural 6Li abundance is assumed) deposited on an insulating
SiO2 layer (LNOI) on a 2 cm×2 cm silicon wafer3 was measured using NDP (Setup II) at two
distinct spots 1 cm apart of each other [118]. The optical properties of lithium niobate can be
used for photonic waveguides and resonator applications and has also been previously studied
using NDP [200, 201]. The energy spectrum is shown in Fig. 4.4 a. Two distinct signals of
the 3H and α particles from the 6Li(n,α)3H reaction (c.f. Tab. 2.2) are observed. Within the
measurement accuracy the integrals are equal, indicating that the detector efficiency is the same
for both particles. Due to the higher stopping power of the α particles, the α particles undergo
a larger energy loss in the thin film resulting in a broadened signal with higher depth resolution
(c.f. Chap. 2).
The mass layer thickness mA of the lithium niobate layer is calculated using the energy loss de-
rived from the width of the α particle signal assuming a homogeneous film density and LiNbO3

composition. The mass layer thicknesses are found to be (173±4) µg/cm2 and (172±4) µg/cm2

for the two measurement spots. These values indicate a homogeneous layer thickness of the
lithium niobate and the average mass thickness can be determined with an uncertainty of ≈ 3 %
to be (172.5±5) µg/cm2. In order to validate this energy loss calculation, the mass loading was
determined using a second approach: Integration of the α signals results in a lithium loading of
(6.90±0.25)×1017 Li/cm2, with 3.6 % being the uncertainty composed of the systematic uncer-
tainty of the SRM2137 reference standard and counting statistics. Considering the molar mass
of LiNbO3 being 147.85 g/mol, a mass layer thickness of (169±8) µg/cm2 is derived. This value
corroborates well with the previously found averaged mass layer thickness of (172.5±5) µg/cm2

thus validating the depth calculation based on the energy loss. Furthermore, no channeling
3NanoLN Jinan Jingzheng Electronics Co. Ltd.
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Figure 4.4: (a) Energy spectrum of a nominal 403.1-nm-thick LiNbO3 film. (b) Concentration profile
obtained from the α signal, as published in [118]. On the right side, lithium concentrations for different
LiNbOx compositions with integer x from x = 2 to x = 5 are shown. The measured concentration profile
shows a LiNbO3 composition.

effects could be observed in this measurement, which can possibly occur in highly-oriented
single-crystal films [115].
Taking into account the optically measured film thickness of 403.1 nm and the previously found
mass thickness (172.5±5) µg/cm2, a material density of (4.28±0.17) µg/cm3 can be derived. Al-
though this finding is in good agreement with previous NDP measurements on lithium niobate
thin films, this value deviates ≈ 7.5 % from the reported density of ρsoil = 4.63 g/cm3 for lithium
niobate [117, 202, 203]. This deviation might originate from the preparation of the thin film,
measurement uncertainties or uncertainties in the stopping power calculated using SRIM [117,
118].
In Fig. 4.4 b, the depth profiles obtained from the α signals are shown for both measurement
spots (blue and red dots) assuming a homogeneous material density of 4.28 g/cm3 across the film
thickness, as previously determined. The error bars consist of the systematic uncertainty of the
reference sample and statistical uncertainties of the measurement. A 403.1-nm-thick LiNbO3

layer is indicated as black dashed line showing the nominal lithium profile. Due to the well-
defined properties of the lithium niobate thin film, NDP furthermore allows for the validation of
the composition of the apriori LiNbOx thin film. In Fig. 4.4 b, lithium concentrations originating
from LiNbOx layers with x = 2 to x = 5 are shown as horizontal lines. Within insignificant
uncertainties < 3 % the formation of x = 3 is observed.
Taking into account the depth-dependent response function, the expected signal is obtained using
forward mapping (drawn through black line). It agrees well with the measured signals thus val-
idating the forward mapping method and indicating that the previously assumed rectangularly-
shaped lithium distribution is correct. Due to the statistical nature of the energy loss, the
intrinsic signal resolution degrades from σ = 10.6 keV at the surface to σ=13.2 keV at the bot-
tom of the lithium niobate layer. Taking into account the stopping power of α particles in the
lithium niobate layer and assuming a constant density of 4.28 g/cm3, these values translate to



4.4 Experimental Verification 45

depth resolutions of 28 nm and 34 nm for single particles, respectively. It is to note that the
mass thickness of the total layer, which is defined by the position of the inflection point, can be
determined with a greater precision (≈ 3 %) than the intrinsic uncertainty of the signal broad-
ening (≈ 8 %) [118].





CHAPTER5Battery Research Using
Neutron Depth Profiling

In the frame of this work, NDP is applied on different materials for lithium-ion batteries. There-
fore, the basic working principle of lithium-ion batteries is discussed in this chapter first. Af-
terwards, the application of NDP on lithium-ion batteries is discussed. The short range of the
charged particles utilized in NDP defines the application of ex situ electrode layer thicknesses
and limits the use of conventional lithium-ion battery casings for operando measurements. A
novel battery cell casing adapted for measuring NDP is presented in Sec. 5.3.

5.1 Working Principle of Lithium-Ion Batteries

In contrast to aqueous-based battery systems like lead-acid batteries still being used as starter
batteries in cars, lithium-ion batteries exhibit a relatively high volumetric and gravimetric en-
ergy density [43, 204]. Due to these properties, they are increasingly used in mobile applications
like cell phones, notebooks, or power tools, as well as automotive applications like electric bicy-
cles, cars, or scooters [43]. The lithium-ion battery technology revolutionized the energy storage
enabling mobile applications and has a great impact on daily life. John B. Goodenough, M.
Stanley Whittingham and Akira Yoshino were in 2019 awarded with the Nobel Price in chem-
istry for their discoveries in this field [204].
In contrast to single-use (“primary”) lithium batteries, “secondary” lithium-ion batteries are
rechargeable. Commercial battery cells appear in various shapes like cylindrical, prismatic,
coin, or pouch cells [43]. Typically, several electrochemical cells are interconnected to one bat-
tery module parallel and/or serial depending on the application [205]. In this thesis, the focus
of discussion and research is on the electrochemical cell, which is the elemental building block
for the lithium-ion battery pack.
A schematic overview of the working principle of an electrochemical cell is shown in Fig. 5.1 a.
First, the charging process is discussed. In state-of-the-art lithium-ion batteries electric power is
stored via lithium intercalation. In earlier days, metallic lithium was used as negative electrode
(anode) material, but due to lithium dendrite formation resulting in a short circuit and a po-
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tential fire hazard, lithium intercalating materials were developed as electrodes [207–211]. Typ-
ically, the cell is charged using a CC-CV (constant current, constant voltage) procedure. First,
an external electric voltage is applied to achieve a constant current (CC) and subsequently the
applied voltage is kept constant (CV) until the electric current has fallen below a certain value
and the battery is fully charged [43]. The electrochemical cell, as shown in Fig. 5.1 a, consists
out of four main components: positive electrode (cathode), electrolyte, separator and negative
electrode (anode). The cathode is often composed of lithium-containing transition metal com-
pounds. Typically, layered structures of the chemical form LiMO2 (M=Co, Ni, Mn, Al), spinel
structures like LiM2O4 (M=Mn, Ni), or phosphates with the composition LiMPO4 (M=Fe, Mn,
Co, Ni) are used [43]. During charging, electrons are extracted via an external electric circuit
connected to both anode and cathode by metallic contacts (so-called “current collectors”). At
the cathode (anode) typically aluminum (copper) is used as a current collector. Upon charging,
electrons are transferred through an external load from the cathode (oxidation) to the anode
(reduction). The electric charge is counterbalanced by Faradaic reactions leading to lithium
deintercalation from the cathode material thus releasing positively-charged lithium ions into the
(liquid) electrolyte [212].
Carbonated organic solvents are used as liquid electrolytes to avoid chemical reactions of lithium,
which is highly reactive when brought into contact with aqueous-based solvents [204]. Lithium-
containing additives like lithium hexafluorophosphate (LiPF6) provide a good lithium-ion trans-
fer and the whole electrolyte is insulating for electrons [204, 212]. A plastic-based and highly
porous separator material prevents mechanical contact of both electrodes, which would lead
to a short circuit. Due to the externally applied electric field, positively-charged lithium ions
are transported within the electrolyte through the separator towards the anode. Two distinct
lithium transport mechanisms are possible: first, positively-charged lithium ions can directly be

Figure 5.1: (a) Scheme of an electrochemical cell used for lithium-ion batteries. Here, the discharging
process is shown: Lithium-ions are deintercalated from the graphite anode and moving to the cathode,
while electrons generate an external electric current [43]. (b) Schematic overview of the energy potentials of
cathode, electrolyte, and anode in the electrochemical cell. The difference of the electrochemical potentials
of anode and cathode µC,A define the maximum output voltage Voc [206].
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transported through the electrolyte. Due to its charge and small size, a solvent shell is formed
around the lithium ion or it can be bound to the polymer electrolyte backbone thus hampering
its mobility ν+ defined by ~vD = ν+ ~E, where ~vD is the ion drift velocity and ~E is the applied
electric field [213, 214]. The second transport process is based on the Li+ release of LiPF6

molecules at the electrolyte/anode interface and subsequent diffusion of PF−6 ions towards the
cathode. In contrast to the lithium ions, where a solvent shell can form thus hampering the
mobility, the PF−6 ions can be transported unhampered and so its mobility ν− is larger than ν+

of the lithium ions. The transport number, which represents the fraction of the total current
carried by the individual processes, is then given by [213, 214]:

t+/− =
ν+/−

ν+ + ν−
. (5.1)

Typically, t+ ≈ 0.3 and thus the lithium transport is dominated by the migration of PF−6 [213,
214]. Since a major part of the current originates from lithium consumption at the interface of
the electrode, a salinity gradient can form in the electrolyte limiting the maximum (dis-)charge
rate [213, 214].
Eventually, the lithium-ions are transported to the anode and charge neutrality is achieved with
the externally transported electrons. For secondary lithium-ion batteries mostly graphite is used
as active material in the anode [43]. Typically, binder material and conducting additives are
mixed with the active graphite particles to allow for mechanical adhesion on the current collector
and a good electronic contact within the anode, respectively [43, 204]. In graphite, the carbon
atoms are sp2-hybridized and ordered in a hexagonal lattice with a layered ABAB structure and
a layer distance of ≈ 3.35 Å [43, 215–218]. The layered structure of graphite allows for a well-
defined lithium intercalation, which can spatially be followed by a visible color transition from
the pristine gray color of pure graphite over dark blue (LiC18) and red (LiC12) to a golden color
when the graphite is fully lithiated and LiC6 has formed (AA-layer structure) [219]. Assuming
the molar mass of carbon of MC = 12.01 g/mol and full LiC6 formation, 13.88 mmol/gC lithium
ions can be intercalated into the graphite. Taking into account that each lithium ion could
transfer a single charge, the maximum theoretical capacity for graphite is 372 mAh/gC. During
operation the graphite anode is expanded and contracted by ∆V ≈ 10 % [43]. Typically, ethylene
carbonate (EC) is added to the liquid electrolyte, as it was found to prevent exfoliation, i.e. the
peeling of active material from the electrode, and an ongoing decomposition of carbonaceous
anode materials [220, 221].
In summary, the electrochemical processes at the cathode and anode during battery charging can
be described by the following equations for anode/cathode components graphite and LiFePO4

(LFP) typically used [43, 222]:

Anode (Reduction): C6 + Li+ + e− −−⇀↽−− LiC6

Cathode (Oxidation): LiFePO4 −−⇀↽−− FePO4 + Li+ + e−.
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Upon battery discharging, these reactions are inverted. When externally connecting the elec-
trodes with a load RL, as shown in Fig. 5.1 a, electrons spontaneously move from the anode
through the load to the cathode and lithium-ions are transported within the cell in the same
direction, thus converting chemically stored energy in electrical energy [205, 212]. By the electric
current I and voltage V an electrical power of P = IV can be achieved. Hereby, the voltage
V = Voc−IRb is theoretically limited by the open-circuit voltage Voc, but it is in reality reduced
by the (assumed ohmic) internal battery resistance Rb caused by ionic transport resistances in
the electrolyte, surface resistances at the electrode/electrolyte interfaces, and internal resistances
within the electrodes and current collectors [205].
The open-circuit voltage Voc is defined by the electrochemical potentials µC,A of the chosen
electrode materials:

Voc = µA − µC
−nF

, (5.2)

where n is the number of charges carried per working ion (e.g. n = 1 lithium ions) and
F ≈ 96.5 × 103 As/mol is the Faraday constant [205]. The work function χC,A = eΦC,A de-
fines the energy needed to raise a bound electron to the vacuum level (Φvac = 0). Hereby
ΦC,A are the electric potentials of the electrodes below the vacuum level and thus define the
energetic position of the electrochemical potentials µC,A, as shown in Fig. 5.1 b [206]. However,
in practice the electrochemical potentials are measured relative to a given standard, which is
either the standard hydrogen electrode potential (vs. S.H.E.) at ΦH+/H2, 25◦ C = (4.44± 0.02) V
below vacuum potential, or typically for lithium-ion batteries it is measured with respect to
the deposition of metallic lithium (vs. Li+/Li), which is ΦLi+/Li ≈ 1.46 V below the vacuum
level [223, 224]. Therefore, the electrochemical potentials µC,A vs. Li+/Li correlates with the
electric potentials ΦC,A by µC,A = ΦC,A − ΦLi+/Li.
In order to maximize Voc, materials with low electrochemical potentials are used as anodes, like
graphite which exhibits a potential of 0.1–0.2 V vs. Li+/Li, and a cathode compound with a
high electrochemical potential is utilized, like LiFePO4 with a potential of 3.45 V vs. Li+/Li [43,
222]. Both potentials can not be tuned arbitrarily, but have to be located within the energy
gap Eg defined by the highest occupied molecular orbital (HOMO) and the lowest unoccu-
pied molecular orbital (LUMO) of the organic electrolyte, which is typically in the range of
0–5 V vs. Li+/Li [43, 205]. Here, the electrochemical potential µA of the anode needs to be
situated below the LUMO level of the electrolyte, otherwise electrons can be transported from
the anode into the electrolyte and the electrolyte is reduced. The situation is similar for the
cathode, where its electrochemical potential µC must be above the HOMO level of the elec-
trolyte, otherwise the electrolyte will be oxidized. It is to note that metallic lithium would be
an ideal anode material, since its electrochemical potential is defined by 0 V vs. Li+/Li and it
exhibits a high capacity of 3860 mAh/g [43]. As mentioned above, the usage of metallic lithium
gives rise to potential fire hazards and a short battery lifetime [43].
When using carbonaceous anode materials, the anode potential typically increases above the
LUMO during battery charging and thus the electrolyte near the anode is electrochemically
reduced. It forms the so-called “Solid Electrolyte Interphase” (SEI) on the interface between
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the anode and the electrolyte. Similarly, electrolyte can locally be oxidized at the cathode when
its potential drops below the HOMO level, forming a passivation layer, too. Both passivation
layers protect the active material from direct contact with the electrolyte and further decom-
position of the electrolyte [206, 220, 221]. Typically, the formation of the passivation layers
consumes previously active lithium ions, which reduces the reversible capacity. As discussed in
Chap. 6–8, a major part of the electrochemically observed capacity loss originates from lithium
ions irreversibly attached to the SEI in the anode.

5.2 NDP on Anodes for Lithium-Ion Batteries

The sensitivity of NDP on the 6Li nucleus makes it possible to probe intercalation of active
lithium in the electrode and furthermore to quantify the irreversible loss of active lithium con-
sumed in the passivation layer. In previous works at MLZ the lithium intercalation in graphite as
well as the formation of metallic lithium and the subsequent relaxation has been followed using
Neutron Diffraction [53, 55, 225–227]. Neutron Diffraction probes the overall atomic structure
and so a partial change of the lattice distances can be precisely quantified during (de-)lithiation
but no spatial information within the measured Gauge volume is obtained. Here, NDP acts as
a complementary method mapping the lithium density with respect to depth from which again
conclusions can be drawn about the sample composition. However, while Neutron Diffraction
can be applied on commercial lithium-ion batteries, the short penetration range of the inves-
tigated charged particles restricts the NDP method to thin film applications. Two technical
approaches for NDP measurements are discussed in the following: first, anodes can be removed
post mortem from the lithium-ion battery and measured ex situ, second, the non-destructive
and non-invasive NDP method enables to perform operando measurements on a working cell.

5.2.1 Ex situ NDP Measurements

For some measurements it is extremely important to study the electrode surface with the highest
resolution or to look as deep as possible into the bulk material of the electrode. In order
to minimize the charged-particle energy loss and maximizing the viewing depth of NDP into
the investigated anodes, they need to be removed post mortem from the lithium-ion battery.
The electrochemical cells are operated to well-defined (dis-)charging states and opened under a
protective atmosphere in a glovebox. The anodes are carefully rinsed using organic solvents also
used in the electrolyte in order to remove electrolyte residuals. They are then sealed within a
dry atmosphere, transported to the NDP experiment and subsequently measured.
When measuring post mortem a graphite anode, the energy loss of the 3H particle enables to
study anode mass thicknesses of up to ≈ 6.9 mg/cm2, which is ≈ 45 µm when assuming a typical
anode porosity of φ = VV

Vtot
≈ 30 % [168, 170]. Here, VV is the volume of the void and Vtot is the

total anode volume. Previous ex situ NDP studies made it possible to quantify the formation
of SEI in graphite anodes at different ageing processes [228, 229]. In this work, the influence
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of a lamination technique of graphite anodes on the SEI formation is studied, as discussed in
Chap. 6 [230]. Furthermore, both active lithium and lithium irreversibly attached to the SEI of
silicon-graphite based anodes are studied ex situ and presented in Chap. 7 [118, 231, 232].
Due to their higher stopping power, the α particles from the 6Li(n,α)3H reaction can be used to
study ex situ near-surface phenomenons in the electrode (c.f. Chap. 2). The deeper penetrating
3H particles reveal the lithium distribution in thicker electrodes. In thick electrodes, however,
the α signals beginning at 2 MeV to lower energies might overlap with the 3H signal, hampering
the quantitative analysis from it. To simplify the analysis for these experiments, particle-filter
foils are used to block the α particles [180]. However, the use of these foils limits the maximum
penetration range for the 3H particle, too: for example when using a nominally 7.5-µm-thick
Kapton® foil, as presented in Chap. 6, the viewing depth for NDP is reduced to ≈ 5.7 mg/cm2

(≈ 37 µm at a porosity of ≈ 30 %) [168]. Since e.g. Tesla uses anodes with thicknesses of
≈ 100 µm for automotive applications, NDP is suitable to study thin-film anodes or the upper
bulk of thicker anodes [233].

5.2.2 Operando NDP Experiments

When studying anodes ex situ, unwanted lithium losses can not be completely excluded, which
might occur during cell opening, anode rinsing or transportation. This can be avoided when
measuring the lithium distribution in closed cells during operation. However, energy losses
induced by the battery packaging can not be avoided, which limits the near-surface resolution
of the investigated particles. Operando NDP experiments reveal new and direct insights into the
battery during (dis-)charging thus complementing conventional electrochemical measurements.
In the framework of this thesis, operando NDP measurements were performed on lithium-ion
batteries with graphite-based anodes. Here, NDP allows to directly study the lithium (de-
)intercalation during the first (dis-)charging process, where initial passivation layers start to
form. Furthermore, the lithium transport during fast charging could be investigated, which
reveals novel insights into the build-up and equilibration of lithium accumulations in the anode.

5.3 Coin Cell Battery Development for operando NDP

Conventional battery casings are non-transparent for the charged particles exhibiting penetration
ranges in the µm range. Therefore, a special battery cell casing was developed to measure lithium
accumulations in the anode operando and is presented in this section. The operando coin cell
concept was developed in cooperation with F. Linsenmann and P. Rapp from the Lehrstuhl
für Technische Elektrochemie (TEC) group of the Chemistry Department at TUM, who also
prepared, operated and electrochemically analyzed all operando batteries investigated in this
work.
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5.3.1 NDP Battery Cell Concept

The battery cell for operando NDP experiments needs to fulfill several requirements: (i) a low
material budget is necessary using materials with low activation in the neutron beam to mini-
mize neutron scattering and activation of the samples. Here, stainless steel parts, i.e. spacers
in the cell, were replaced with aluminum which exhibits a short half life of a few minutes. (ii)
The battery cell should be based on commercial standards, which allows for mass production
and a large series of measurements. Typically lithium-ion battery cells are embedded in a T-,
pouch-, cylindrical- or coin-cell to avoid electrolyte leakage or any contact with the atmosphere.
These casings are all impermeable for the charged particles and therefore (iii) a thin (µm-thick)
window transparent for the charged particles is essential. However, since also a (iv) vacuum or
low pressure atmosphere had to be applied for NDP measurements, vaporization or leakage of
the liquid electrolyte needs to be prevented by the thin window. (v) Even though the window
is thin it needs to be stiff enough assuring good electric contact over the whole anode. All these
requirements need to be fulfilled in a way, that (vi) anodes as close as possible to the industrial
standard can be measured.
In previous studies, the lithiation in various thin film applications was followed operando using
pouch cells either with thin Kapton® or a thin (≈ 10 µm) copper or aluminum (≈ 10–16 µm)
current collector [62, 234–237]. However, previous works focus on a variety of thin-film elec-
trode compositions e.g. Sn, LiFePO4 and Li4Ti5O12 or directly probe the lithiation in and on
different metals like aluminum and copper, but until now, no operando NDP measurements on
typical graphite anodes are presented in literature, as they are commonly used in the industry
nowadays [62, 170, 234–237]. A novel cell design based on commercial coin cells was developed,
which allows for measuring operando on graphite anodes as close as possible to the commercial
standard, while making it possible to probe the complete anode thickness.

5.3.2 Charged-Particle Window

First, the three possible candidates acting as charged-particle window will be discussed, which
were mentioned before. Aluminum has a density of ≈ 2.7 g/cm3, which might be reasonable for
a charged-particle window. However, it is known to electrochemically alloy with lithium at low
electric potentials and it thus is only used as cathode current collector [238, 239]. Therefore,
copper is commonly used as current collector for the anode in lithium-ion batteries. However,
its high density of ≈ 8.96 g/cm3 induces also a high energy loss of the 3H charged particles even
in µm-thick foils, e.g. a 10 µm-thick copper foil would induce an energy loss of ≈ 1.3 MeV on
the 3H at 2.7 MeV (c.f. Tab.2.2) [168]. Therefore, similarly to previous studies, a nominally 7.5-
µm-thick Kapton®1 foil was purchased and used as charged-particle window. Its low density of
≈ 1.42 g/cm3 reduces the energy loss of the charged particles passing through it. From previous

1DuPont, USA
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measurements, the energy loss of the nominally 7.5-µm-thick Kapton® foil was determined to be
(301.0±0.6) keV for the 3H (at 2.7 MeV), whereby it is impermeable for α particles. However,
a copper current collector is still needed to electrically contact the graphite anode. In order
to minimize the additional energy loss induced in this layer, a thin (nominal 100 nm) copper
film was sputtered2 on the Kapton® foil (shown in Fig. 5.2 a). The energy loss of 3H charged
particles in this thin layer can be estimated to ∆E ≈ 11 keV [168, 170].

5.3.3 Graphite Anode

Energy loss of the charged particles in the battery cell casing limit the viewing range into the
investigated anode. In this section, the maximum viewing range is estimated and the anode
preparation is outlined. The influence of anode compression on the viewing range for operando
NDP is discussed.

NDP Viewing Range in Working Graphite Anodes

The NDP viewing range into a graphite anode installed in a battery cell depends on several
parameters discussed here. First, the composition of the anodes with pores completely filled
with liquid electrolyte needs to be taken into account. Similar to the composition of commercial
graphite anodes, the graphite anodes consist of 91:9 wt % graphite and PVDF binder [170]. The
volume within the pores (≈ 47 % porosity) is filled by the liquid electrolyte consisting of 3:7 wt %
ethylene carbonate (EC):ethyl methyl carbonate (EMC) in which either 1 mol/l or 0.31 mol/l
(c.f. Tab. 5.1) of conductive LiPF6 salt3 was dissolved.
The charged particles need to travel through the window which reduces their maximum penetra-
tion range in the anode. Furthermore, as discussed in Chap. 3, the measurement chamber was
filled with helium to keep the coin cell above the vaporization pressure p > 100 mbar at 25◦ C of
the liquid electrolyte to prevent gas formation [169]. For the operando formation (plating) stud-
ies, a nominal pressure of pHe ≈ 400 mbar (pHe ≈ 150 mbar) was applied. Taking into account
the composition of the anode filled with electrolyte and the additional energy losses induced
by the Kapton® foil and a 400 mbar helium atmosphere in the N4DP measurement chamber
(Setup I, SDD = 96.1 mm), the maximum viewing depth of 3H particles can be estimated at
≈ 4.4 mg/cm2 (≈ 26 µm assuming a bulk density of 1.7 g/cm3) [170].

2Movatec, Eching
3LP57, BASF, Germany
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Graphite Anode Preparation

Comparing the estimated NDP viewing range and thus the aimed anode thickness to the typical
graphite particle size of d50 = 19 µm, i.e. the diameter of 50 % of all particles is smaller than
19 µm, shows that the prepared anode would only mostly consist of a single layer of these
particles. Since this structure would not be representative to a commercial graphite anode
(≈ 100 µm thickness), where several layers of graphite particles form the anode, the graphite
particles were sieved leading to a particle size distribution of d50 = 5.8 µm. This particle size
is sufficient to form a homogeneous anode layer with the desired thickness. Even though the
increased surface area per graphite mass alters the electrochemical performance compared to
commercial graphite anodes, fundamental processes in this setup can already be studied.

Figure 5.2: Schematic overview of the anode preparation for operando measurements. A 100-nm-thick
copper layer serving as current collector is deposited on the nominally 7.5-µm-thick Kapton® foil, as shown
in (a). The liquid anode ink is doctor-blade-coated on the current collector using a 80-µm-thick PTFE-coated
spacer shown in (b). After removal of the spacer (c), the anodes are dried for 3 h at 50◦C (d), before they
were compressed to their final porosity (e).

The graphite anodes were prepared by the TEC group at the chemistry department of TUM.
After sieving the graphite particles, the anode material (91:9 wt % graphite and PVDF) was
mixed with N-methyl-pyrrolidone (NMP)4, reaching a solid content of 28 wt% in a planetary
mixer5, and stirred for 15 min [170]. As shown in Fig. 5.2 b and on the photograph in Fig. 5.3 a,
the resulting ink was then doctor-blade coated onto the Cu-sputtered Kapton® foil using a 80-
µm-thick PTFE coated fiberglass gasket6 mask containing circular holes with 12 mm diameter
and subsequent annealing at 50◦C for 10 min in a convection oven. After removing the mask
(Fig. 5.2 c) several graphite-anode coatings could be obtained from a Cu-sputtered Kapton® foil,
as shown in the photograph in Fig. 5.3 b. Then, the ink was dried for another 3 h at 50◦C
(Fig. 5.2 d) and excess of anode material was removed leading to well-definded graphite anodes
with a diameter of 12 mm coated on the Cu-sputtered Kapton® foil later serving as charged
particle window. The thin substrate foils were punched out into discs of a diameter of 15 mm
centered around the 12 mm-thick graphite anode, as shown in the photograph in Fig. 5.3 c.
The exposed 3-mm-thick free copper ring-shaped area is later used to electrically contact the
thin current collector coating. Eventually, the anodes were compressed using a KBr press (PE-
011, Mauthe, Germany). This compression leads to a reduction of pores between the graphite

4NMP, anhydrous, 99.5 %, Sigma-Aldrich, Germany
5Thinky, USA
6Fiberflon GmbH & Co. KG, Germany
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Figure 5.3: Photographs of the anode preparation procedure, as published in [170]. Courtesy of P. Rapp. (a)
First, the anode ink is doctor-blade coated on the sputtered Kapton® foil. (b) After removal and subsequent
drying, up to 20 anodes could be prepared per foil. (c) The anodes (12 mm diameter) were punched out at a
diameter of 15 mm, which allows to later electrically contact the copper layer from the 3-mm-thick exposed
ring outside of the anode. (d) Eventually, the anodes were compressed to their final porosity and glued into
the coin cell cap thus sealing the laser-cut hole grid.

particles and subsequently to a reduction of the porosity and anode film thickness, as indicated
in Fig. 5.2 e.

Influence of Anode Compression on NDP Viewing Depth

In industry, e.g. automotive applications, the increase of battery energy density, power density
and a reduction of costs are of great interest [240, 241]. In order to achieve a high packing
density, the electrodes are compressed, which was performed here using a KBr press. However,
anode compression also influences the range accessible using NDP: as shown in Sec. 2.4, the
range of NDP depends on the mass thickness mA = ρ × d. The volumetric mass distribution
plays a minor role, i.e. a 10 µm-thick graphite anode with a porosity φ = 0.5 is equivalent to an
artificially 5 µm-thick and dense graphite anode (porosity φ = 0). For ex situ measurements the
elemental composition and areal mass thickness of the anode therefore defines the NDP range,
and it is apriori independent of φ or the bulk density defined by ρbulk = (1− φ)ρsoil, where ρsoil

is the density of the of the pure anode material. While this is true for ex situ measurements,
this relation changes for operando measurements. Here, a liquid electrolyte fills the pores of the
anode and it adds to the anode mass thickness mA depending on the anode porosity φ. During
the anode preparation, the mass mAnode is coated on the substrate and the final anode thickness
after compression is given then by

dAnode = mAnode
A(1− φ)ρsoil

, (5.3)

where A is the area covered by the circular anode. However, the range dNDP accessible by
NDP does not increase in the same manner when going to higher porosities, but is affected by
the additional mass from the liquid electrolyte filling the pores. For the following estimation,
any minor changes in the energy loss due to a porosity-induced modification of the elemental
composition is neglected. Finally, dNDP can be estimated by

dNDP = mA
ρsoil − φ(ρsoil − ρEl)

, (5.4)
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where mA is the maximum mass thickness accessible using NDP and ρEl is the density of the
liquid electrolyte. In Fig. 5.4, the ratio of dNDP/dAnode is shown as a function of the anode
porosity, normalized to the starting value. Here, it can be understood that a perfect compression
(porosity φ = 0) leads to the maximum NDP range, which was previously accessible for ex situ
samples, too. As shown in Fig. 5.4, the accessible NDP range is reduced when going towards
higher porosities φ, i.e. lower anode compression. Here, additional electrolyte mass located in
the pores of the anode reduces the NDP range, i.e. at φ = 0.8 only ≈ 30 % of the maximum depth
are accessible, while anode compression to φ = 0.5 leads to ≈ 64 %. The anodes investigated
operando were compressed to porosities of ≈ 47 %. It is to note that a sufficient wetting, i.e. an
increased surface area of the electrode in contact with the liquid electrolyte, is essential for the
battery performance [241]. Therefore, the ideal case for NDP resulting in a maximum viewing
depth, i.e. a non-porous anode (φ = 0), is not favorable for the battery performance.
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Figure 5.4: Estimation on the influence of the anode compression (porosity reduction) on the accessible
range in NDP. Here, the composition of the soil anode material and the EC/EMC liquid electrolyte mixture
was taken into account.

5.3.4 Coin Cell Assembly

After processing the graphite anodes on the Cu-sputtered Kapton® substrate, the foils were
inserted into a lithium-ion-battery cell casing. First testings with pouch cells showed a mechan-
ical instability of its flexible lamination foils at low ambient pressures as they are used in NDP.
Therefore, a coin cell battery design was modified. In order to allow transmission of charged
particles through the impermeable 0.25 µm-thick CR20327 stainless-steel cap, holes with various
diameters were processed into the cap by an external company8 and the different hole designs
(8 mm, 4 mm diameter single holes, and grids of 0.5 mm and 0.3 mm holes) later tested upon
operation. The prepared Kapton® foils with graphite anodes were glued9 into the caps thus

7Hohsen Corp., Japan
8Halder Schneidtechnik, Eching, Germany
92 K Epoxy UHU Endfest
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sealing the processed holes and subsequently annealed at 80◦C, as shown in the photograph in
Fig. 5.3 d. A schematic overview of the full operando coin cell is shown in Fig. 5.5.

Figure 5.5: Schematic overview of the whole operando coin cell, as published in [170]. A laser-cut hole
grid in the stainless-steel coin cell cap allows transmission of charged particles. A 7.5-µm-thick Kapton® foil
with a 100-nm-thick copper current collector on it was glued on the coin cell cap using epoxy resin, thus
preventing leakage of the liquid electrolyte through the processed hole grid. A copper annulus enables to
contact the anode current collector. The graphite anode was processed to a diameter of 12 mm and 6 glass
fiber separators were used as separator material. A LFP electrode with a diameter of 10 mm was used as
cathode.

A 20-µm-thick copper annulus (di = 13 mm, da = 19 mm) was used to electrically connect the
coin cell cap with the exposed copper current collector around the graphite anode. Six glass-fiber
separators with uncompressed thicknesses of 250 µm were used to electrically isolate the graphite
anode from the LiFePO4 (LFP) counter electrode. The separators were then soaked with 270 µl
of 1 mol/l (or 0.31 mol/l) LiPF6 in a mixture of ethylene carbonate and ethyl methyl carbonate
(EC:EMC = 30 : 70 wt %; LP57, BASF, Germany) serving as ion-conductive electrolyte. The
LFP counter electrode was punched out smaller than the graphite anode (10 mm diameter), in
order to avoid edge effects caused by a slight off-centered misalignment of the electrodes during
fabrication [170]. Aluminum spacers were used to replace the original stainless-steel spacers
behind the cathode thus reducing neutron-capture-induced material activation which causes ad-
ditional β and γ signals in the spectral background.
For operando studies presented in Chap. 8, graphite anodes (91:9 wt % graphite and PVDF
binder) with comparable thicknesses and similar porosities were prepared, as listed in Tab. 5.1 [68,
170]. While for the formation study 1 mol/l of conducting LiPF6 salt was dissolved in the elec-
trolyte, a lowered LiPF6 content of 0.31 mol/l (c.f. Table 5.1) was used for the latter study.
The lowered LiPF6 content reduced the lithium transport in the electrochemical cell, resulting
in lithium plating already at charging rates of ≈ 2C, which could be followed using NDP with
a time resolution of 2 min.
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Study Anode Thickness Anode Porosity LiPF6 Content Hole Grid
Formation (17±2) µm (47±6) % (1.00±0.01) mol/l 17×0.5 mm

Fast Charging (23±2) µm (47±5) % (0.31±0.01) mol/l 139×0.3 mm

Table 5.1: Overview of the samples measured using operando NDP presented in Chap. 8. The anodes for
both studies (formation study, fast charging study) are of similar thickness and comparable porosity. In order
to enforce lithium plating at charging rates of ≈ 2C, the LiPF6 content was lowered to 0.31 mol/l compared
to the standard used for the formation study (1 mol/l). A hole grid containing 17 holes with a diameter of
0.5 mm was processed in the coin cell cap for the formation study. For the latter fast charging study, an
improved hole grid of 139 holes with diameters of 0.3 mm was used to increase the anode area accessible
using NDP.

5.3.5 Optical Performance of the Operando Coin Cell

In the next step, the performance of the graphite anodes was electrochemically tested in the
coin-cell batteries. Therefore, coin-cell batteries with different caps were operated and they
were opened in their fully charged state, i.e. when the graphite anodes should be in their fully
lithiated state. Photographs of the extracted anodes are shown in Fig. 5.6. It shows a graphite
anode lithiated in a coin-cell with a standard cap in Fig. 5.6 a, i.e. no perforated holes in the
cap. It has a golden color which is typical for a pure LiC6 phase [242]. For both, the 8 mm
and 4-mm-thick hole (Fig. 5.6 b, c) a dark red color can be seen in the center of the processed
hole, indicating a preliminary lithiation phase where a pure LiC6 phase could not be formed.
It shows a completely inhomogeneous electrochemical behavior depending on the position on
the current collector probably caused by a lack of contact pressure in the center of the holes.
Therefore any NDP measurements, which measure only charged particles emanating from the
processed hole, would not be representative for the whole anode. However, in both cases a
≈ 0.5-mm-thick and fully lithiated ring is observed to form at the edges of the processed holes,
indicating that the contact pressure is still sufficient in this small region at the edges of the
processed holes. Therefore, the hole diameter size was reduced to 500 µm, in order to ensure

Figure 5.6: Photographs, as published in [170], of the inside of graphite electrodes lithiated at C/20 in a)
standard coin-cell casing with b) 8 mm diameter, c) 4 mm diameter holes and d) a grid of 0.5 mm holes. In
the standard casing, the full formation of LiC6 is optically observed. In both cells with large holes, different
lithiation states can be distinguished. In the cell with the grid consisting of 0.5 mm holes, the image indicates
complete LiC6 formation.
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sufficient contact pressure also within the hole. In order to increase the signal obtained from the
charged particles, a grid of 17 holes with diameter of 500 µm were processed in a circular area
of 8 mm in the coin-cell cap. In this way, a total area of 3.3 mm2 could be probed with NDP,
which is about 3.0 % of the whole graphite anode area. As shown in Fig. 5.6 d after opening
the battery where the hole grid was processed into the cap the whole anode surface displays
a homogeneous golden color. This indicates that the lithiation process is not altered by the
grid of holes and thus any NDP measurements obtained through them probe the undisturbed
electrochemical process in the graphite anode. The presented grid design was for the later fast
charging study (c.f. Sec. 8.2) improved to increase the accessible area using a grid of 139 holes
with diameter of 300 µm, as shown in Tab. 5.1. Here, about 8.7 % (9.8 mm2) of the graphite
anode area could be probed while ensuring a good contact compression.

5.3.6 Influence of the Coin Cell Design on the NDP Signal

Two distinct hole grids were used for the two operando studies presented in Chap. 8 (c.f. Tab. 5.1).
As discussed before, they allow for the measurement of charged particles emanating from the
anode while maintaining sufficient electronic contact between the copper current collector and
the anode. In contrast to ex situ studies, they reduce the effective area of the measurement.
Therefore, the NDP signal rate can not directly be compared to that of the reference standard
for a quantitative analysis (c.f. Chap. 4). The reduced area needs to be taken into account,
increasing the systematic uncertainty of the measurement. In the formation study (c.f. Sec. 8.1)
performed at N4DP (Setup I), the reduction of the area is calculated based on the geometry of
the hole grid (17×0.5 mm) within the neutron beam (beam diameter of 4 mm) at an angle of 45◦.
The sample holder allowed for a lateral displacement of 1 mm of the cell, and it could arbitrarily
be rotated. Furthermore, a maximum angular misalignment of 3◦was assumed, induced by a
1 mm misalignment over the 20-mm-thick coin cell diameter. These displacements result in
the geometric uncertainty of max. 9.1 %, which adds to the uncertainties from the SRM2137
reference standard (3.4 %) and the calibration procedure (0.9 %) to 9.8 % using Gaussian error
propagation [170]. In the fast charging study presented in Sec. 8.2, which was performed at the
NIST Center for Neutron Research in Gaithersburg, a 6LiF reference sample on a Mylar foil was
placed behind the 139×0.3 mm hole grid and so the geometric uncertainty could experimentally
be determined with a higher precision of 1.9 %. Together with the uncertainty of 2.2 % arising
from the custom-made sample holder (c.f. Chap. 3), the uncertainty of 1.4 % of the in-house NIST
calibration standard RR8B16, the calibration uncertainty of 0.4 % and an observed neutron flux
variation of 2.3 % (c.f. Chap. 3), a total systematic uncertainty of 4.0 % was obtained using
Gaussian error propagation.



CHAPTER6Passivated Lithium
Accumulations in Graphite Anodes

In this chapter, ex situ Neutron Depth Profiling is presented quantifying lithium accumulations
in graphite anodes for lithium-ion batteries. First, a novel electrode lamination technique is
introduced, followed by the sample preparation. In order to study the effect of this lamination
technique on the lithium accumulation, XRD measurements on the ex situ anodes are presented.
They give insight into the anode crystal structure thus complementing the NDP measurements
discussed afterwards.
All findings presented here are results of a collaboration of the Physics Department of TUM,
the Technologiezentrum Energie at Hochschule Landshut and the MLZ. M. Frankenberger from
Hochschule Landshut prepared all investigated samples and performed the electrochemical mea-
surements and S. Seidlmayer from MLZ obtained the XRD data. The NDP results performed
and presented here are also part of the Bachelor Thesis of J. Dittloff supervised in the frame of
this work and they are published in [230].

6.1 Electrode Lamination in Li-Ion Batteries

Currently graphite is one of the most frequently used anode materials for lithium-ion batter-
ies [243]. It reaches a theoretical specific capacity of 372 mAh/gC when LiC6 formation is
completed, while providing reasonably good aging and safety properties [244, 245]. In order
to further improve the lifetime of a lithium-ion battery especially for fast charging/discharging
procedures, Frankenberger et al. (2019) recently proposed a lamination process which can be
individually applied on the electrodes or on both [246]. The capacity aging of the battery is
reduced by the lamination technique, as shown in Fig. 6.1, where the discharge capacities of
fully laminated Li-ion battery cells are shown. At a charge/discharge speed of 1C, the battery
capacities age for both the laminated and non-laminated cells in a similar way. However, at an
elevated cycling rate of 2C the non-laminated cells show faster aging than the laminated cells
during the first 500 charge/discharge cycles. This indicates that during the first 500 cycles the
lamination process is beneficial for the electrochemical cell aging especially at higher charge/dis-

61



62 Chapter 6 Passivated Lithium Accumulations in Graphite Anodes

Figure 6.1: Relative discharge capacities of fully laminated (blue) and non-laminated (red) lithium-ion
batteries at (a) 1C and (b) 2C cycling rate1 [246]. At 2C, the laminated cells show a better stability over
aging within the first 500 cycles.

charge rates.
Battery aging can be driven by many mechanisms, the three main causes are 1) consumption of
active lithium ions, 2) insulation of active material and 3) an increased ohmic resistance due to
contact degradations in the electrodes (which affects only the OCV) [247]. Especially in the first
charge/discharge cycles, the consumption of active lithium caused by side reactions at the anode
surface is known to form a solid-electrolyte-interphase (SEI). Impedance measurements indicate
that the lamination process could reduce reductive side reactions of the active lithium [246].

6.2 Sample Preparation

In order to probe the accumulation of immobilized lithium in aged anodes, 50 differently aged an-
odes (laminated/non-laminated) were prepared by our collaboration partner M. Frankenberger
from the Technologiezentrum Energie at the Hochschule Landshut [230, 246]. The graphite an-
odes consist of 90 %wt active graphite particles (particle size of 22 µm), 2 %wt carbon black2,
1 %wt conductive graphite3, and 7 %wt PVDF (CH2CF2) binder. They were blade coated
on a 10-µm-thick copper current collector foil. A capacitively limited NMC cathode (93 %wt
NMC111, 3 %wt conductive carbon, 1 %wt conductive graphite, 3 %wt PVDF binder) was used
as counter electrode (using an aluminum current collector) to avoid any deposition of metal-
lic lithium on the anode surface. A ≈ 31-µm-thick and 55 % porous separator (67 % Al2O3,
33 % PVDF) was either mounted loosely in between the electrodes (non-laminated anodes) or it
was laminated with both of the electrodes at elevated temperatures (fully-laminated cells [246]).

1Reprinted from “Laminated Lithium Ion Batteries with improved fast charging capability”, M. Frankenberger
et al., Journal of Electroanalytical Chemistry, 2019, 837, 151–158, with permission from Elsevier, license no.
4917530977255.

2Carbon Black, Super C65
3Conductive Graphite, SFG6L



6.2 Sample Preparation 63

Figure 6.2: (a) Cross-section SEM image of a laminated anode-separator interface. The flexible separator
mimics the rough surface of the anode thus filling the anode pores and increasing the contact area4 [246].
Photographs of a non-laminated (b) and laminated (c) anode prepared for ex situ measurements. The black
graphite layer can be seen for the non-laminated anode, which is hidden by the white separator for the
laminated anode.

As shown in the SEM cross-section image in Fig. 6.2 a, the flexible separator material mimics
the rough graphite surface by filling the pores of the anode, which enhances its contact area.
Ionic conductivity was assured using a liquid electrolyte consisting of 98 %wt of 1M LiPF6 in
EC/EMC 3/7 w/w and 2 % vinylene carbonate (VC).
The batteries were then cycled for several times using a CTSD-LAB BaSyTec battery tester [230,
246]. For charging, a constant current (CC) mode was used from 3.0 V to 4.2 V, followed by a
constant voltage (CV) phase until a cutoff current meaning that the C/20 was reached. Due to
the capacitive cathode limitation, the anodes were only charged up to 80 % of their theoretical
capacity. Discharging was always performed at the same rate as charging and a CC mode was
used from 4.2 V to 3.0 V until the cells were fully discharged (100 %). In order to study effects
of the initial formation process, all anodes were (dis-)charged during the first two cycles using
rates of 0.1 C, 1 C or 2 C. The three groups of anodes with different formation history were then
aged using cycling rates of either 1 C or 2 C.
All anodes were then extracted from the battery cells in their fully discharged state and rinsed
using pure EMC to remove lithium residuals. Therefore, all remaining lithium in the anodes
could be assigned to lithium situated irreversibly in the anode. Eventually, the anodes were cut
into discs with a diameter of 14 mm. As shown in the photographs in Fig. 6.2 b, c, the graphite
layer of the non-laminated anode can be seen, which is hidden for the laminated anodes, where
the white separator is permanently merged with the anode surface.

4Reprinted from “Laminated Lithium Ion Batteries with improved fast charging capability”, M. Frankenberger
et al., Journal of Electroanalytical Chemistry, 2019, 837, 151–158, with permission from Elsevier, license no.
4914250963651.
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6.3 Characterization of Immobilized Lithium in Graphite An-
odes

6.3.1 XRD Measurements

X-ray Diffraction (XRD) was used to measure ex situ the crystal structure of the anodes with
a high statistical significance. Details of the XRD technique are presented in Appendix A. The
XRD spectra of the non-laminated pristine, at 0.1 C formed and at 1 C 500× cycled anodes are
shown over the full measurement range in Fig. 6.3 a. The spectra exhibit signals corresponding
to a pure graphite phase, indicated with gray markers, and copper from the current collector,
marked in orange. Depending on the individual anode thicknesses, the heights of the graphite
signals slightly vary. Residuals of Al2O3 from the separator were detected and their signals are
marked in blue. In Fig. 6.3 b the 2θ-region between (10.5–12.5)◦is shown as magnification. The
signal at 2θ ≈ 12.2◦could be assigned to pure graphite with a layer distance of ≈ 3.35 Å [43, 215–
218]. The double-peak-shaped signal originates from individual positive interference of the two
emitted characteristic wavelengths (Kα1/Kα2 = 0.5) on the sample lattice structure (c.f. App. A).
If lithium would be intercalated into graphite, its inter-layer distance would be increased and
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Figure 6.3: (a) XRD measurements of three representative non-laminated anodes upon greater cycle number.
Signals from graphite (gray) and from the copper current collector (orange) are observed. Only residuals
of Al2O3 (blue) from the removal of the separator were detected. (b) In the magnified range only a pure
graphite signal and no signals at lower 2θ angles are observed, which could be assigned lithium intercalation.
Therefore, all lithium later measured using NDP is irreversibly situated outside of the graphite crystal
structure.
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a significant shifting of the graphite signals towards lower 2θ angles would be observed [53,
225, 226]. For a complete lithium intercalation, i.e. LiC6 formation, the inter-layer distance
is increased from originally ≈ 3.35 Åto ≈ 3.70 Åand a signal at 2θ ≈ 11.1◦would be expected
following Bragg’s law of diffraction (c.f. App. A) [225]. In Fig. 6.3 b no signals other than graphite
were found indicating that independent of their cycle number all reversibly intercalated lithium
was extracted during the final discharge of the anodes. Thus, any immobilized lithium later
detected using NDP has to be 1) in a non-crystalline phase and 2) not situated within the
crystal structure of the graphite material.
Accordingly to the non-laminated anode spectra, the spectra of three representative laminated
anodes are shown in Fig. 6.4 a. Additionally to peaks originating from graphite (gray markers)
and the copper current collector (orange markers) signals were found which could be assigned to
Al2O3 (blue marker) and semi-crystalline PVDF (green marker) originating from the separator.
In the magnified 2θ region shown in Fig. 6.4 b also signals from Al2O3 are observed close to
the signals assigned to graphite. Apart from these signals no further peaks indicating a lithium
intercalation are found. Therefore, also for the laminated anodes all lithium later measured
using NDP originates from non-crystalline lithium outside of the graphite lattice.
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Figure 6.4: (a) XRD measurements of three representative non-laminated anodes upon greater cycle number.
Signals from graphite (gray) and the copper current collector (orange) are observed. Also dominant signals
from Al2O3 (blue) and semi-crystalline PVDF binder (green) are found originating from the laminated
separator. (b) In the magnified range only an Al2O3 and a pure graphite signal are observed. No signals
at lower 2θ angles are observed, which can be attributed to lithium intercalation. Therefore, also for the
laminated anodes all lithium later measured using NDP is irreversibly situated outside of the graphite crystal
structure.
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6.3.2 NDP Measurements

Shape of Anode Spectra

The NDP measurements presented in this study were conducted using Setup 1 with the massive
sample holder (c.f. Sec. 3.1.3). In order to suppress any overlap of α and 3H signals, a nominal
7.5-µm-thick Kapton® foil was placed in front of the detector (c.f. Sec. 3.1.3). In Fig. 6.5,
NDP spectra of (non-)laminated pristine anodes measured directly after fabrication are shown
as (blue) red line. The spectra are dominated at low energies by the β- and γ-induced back-
ground (c.f. Chap. 4). Although no nominal lithium is present in the reference samples, signals
corresponding to a lithium depth distribution are observed in the region 0.8–2.4 MeV. This can
be rationalized by neutron scattering into samples mounted in close vicinity of the investigated
reference anode [119]. The scattered neutron intensity is higher for the laminated reference
where an additional ≈ 31-µm-thick separator material is located on the graphite anode [230].
The reference measurements were subtracted from the anode spectra, as it is shown in Fig. 6.6
for the (non-)laminated anodes formed and aged to 50 cycles at 1C (i.e. 1C-1C-50x). Therefore,
the remaining signals entirely stem from lithium situated in the anodes. Due to the use of a
Kapton® separation foil, the signals purely originate from 3H particles from the 6Li(n,α)3H reac-
tion and the signals are shifted to 2.4 MeV, which corresponds to the surface of the samples, i.e.
the separator surface for the laminated and the graphite anode surface for the non-laminated
samples (c.f. Fig. 6.2 b, c).
The non-laminated-anode spectrum can be subdivided into three distinct regimes: 1) A peak
at 2.4 MeV–2.3 MeV, corresponding to the anode surface, 2) a region with shallow gradient
from ≈ 2.3 MeV–1.5 MeV and 3) a region with a steep gradient down to the trigger thresh-
old (200 keV). The peak at the surface might originate from a true lithium enrichment at the
surface, but it is indistinguishable from a lithium aggregation morphologically situated on the
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Figure 6.5: NDP spectra of the pristine non-laminated (blue) and laminated (red) anodes. Apart from
the exponential low-energy background signal, neutron scattering into neighboring anodes mounted on the
sample holder is observed, resulting in low-intensity signals up to 2.4 MeV.
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Figure 6.6: (a) NDP spectra of non-laminated (blue) and laminated (red) anodes from the 1C-1C series
extracted after 50 cycles. The energy spectra after pristine background subtraction are shown in (b). The
separator on top of the anode shifts the laminated-anode spectra to lower energies, thus reducing the viewing
depth.

graphite particles giving rise to volumes with lower lithium content within the particles [118].
This morphological lithium distribution would corroborate well with the findings of the XRD
measurements (c.f.section 6.3.1), indicating that the immobilized lithium is situated on the sur-
face of the graphite particles, i.e. the graphite active-material/electrolyte interface, thus forming
a non-crystalline solid-electrolyte-interface (SEI). As discussed in Sec. 4.2, a shallow slope (re-
gion 2) originates from the NDP measurement principle and it indicates a homogeneous lithium
distribution within the bulk of the anode. The inflection point of the intensity decrease at lower
energies (region 3) indicates the end of the anode (anode/current collector interface) [118]. It
is measured with a broadened energy resolution and is much larger than the broadening of
σE ≈ 30 keV expected for pure energy straggling [168]. This deviation might originate from the
porous material distribution of the anode (c.f. SEM cross-section in Fig. 6.2 a), which gives rise
to various path lengths of the 3H particles in the anode material [118].
For the laminated-anode spectra the lithium distribution of the graphite anode is shifted to even
lower energies (1.3 MeV), since the charged particles lose additional energy on their way passing
through the nominal 31-µm-thick separator before reaching the detector. Therefore, the view-
ing depth in the laminated anodes is reduced from previously ≈ 5.7 mg/cm2 (c.f. Chap. 5)
to 2.3 mg/cm2 [168]. Furthermore, the resolution at the anode surface being in the range
(1.0–1.7) MeV is worsened in comparison to the spectra of the non-laminated samples. This
energy broadening can not be ascribed to energy straggling of the 3H particles in the separator,
which can be estimated to σ∆E ≈ 15 keV, but it probably originates from the filling of the
separator material within the rough graphite anode surface, which is shown in Fig. 6.2 a. As it
can be seen in Fig. 6.6, lithium residuals which could not be removed via rinsing are present
within the separator material. In the region, where both materials are blended (≈ 1.0 MeV to
≈ 1.7 MeV), this signal can not be distinguished from signals originating from lithium in the
anode. Since the viewing depth of the non-laminated anodes differs vastly from the laminated
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samples, first all non-laminated anodes will be discussed, followed then by a comparison to the
laminated samples.

Lithium Immobilization in Non-Laminated Anodes
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Figure 6.7: All spectra are background subtracted. (a) Spectra of the 2C-1C-series, measured after different
cycle number. An increase of immobilized lithium upon higher cycle number is observed, thus indicating
that the formation of the passivated layer is not fully completed after two cycles. (b) Comparison of all
measured aging series extracted after 500 cycles. Small fluctuations can be observed, which arise from the
statistic nature of the sample production process. Different cycling histories do not indicate a systematic
effect on the lithium immobilization in the graphite anodes. At low energies artefacts from the background
subtraction can be observed for both images.

Representative for all aging series, the immobilized lithium accumulation within the anodes up
to 500 cycles is shown in Fig. 6.7 a by the spectra of the anodes formed at 2 C and aged at
1 C (2C-1C-series). Measurements of the other series are listed in Appendix C. Most of the im-
mobilized lithium is formed during the formation phase in the first two cycles. However, upon
extended cycling the immobilized lithium in the anode still increases, indicating that the reduc-
tion process of active lithium is even at 500 cycles not fully completed. This may be caused by
the formation and exposure of new anode surfaces and subsequent SEI formation upon extended
cycling. It is to note that the shape of the spectra remains similar, indicating that during all
cycles the distribution of the immobilized lithium stays constant.
In Fig. 6.7 b the spectra of all non-laminated anodes with different cycling histories are exem-
plarily shown after 500 cycles of aging. The spectra indicate small variations in their lithium
profiles, which are mainly caused by minor uncertainties during sample preparation [230]. The
spectra of anodes acquired after different number of cycles are shown the Appendix C. Similar
to Fig. 6.7 b, no systematic evolution of the lithium distribution could be observed with respect
to the cycling rates.
In Fig. 6.8 a, the concentration profiles of the 2C-1C-series are shown assuming the anode sam-
ple composition described in Sec. 6.2. The previously shallow gradient (c.f. Fig. 6.7 a) shows a
constant depth distribution indicating that the measured gradient of region 2 originates from the
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NDP measurement principle. Thus, the lithium distribution within the anode was immobilized
homogeneously with respect to depth, independent of the aging history. The depth profiles of
all non-laminated anodes extracted after 500 cycles are shown in Fig. 6.8 b. Here, layer thick-
ness variations due to sample preparation are visible, which are displayed by the varying mass
thicknesses. Within the anodes, no systematic influence of the cycle history on the immobilized
lithium distribution was found. The other depth profiles are shown in the Appendix C.
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Figure 6.8: (a) Lithium concentration profiles of the anodes from the 2C-1C-series calculated from the NDP
energy spectra. (b) Comparison of the lithium concentration profiles of the different series after 500 cycles.

The inflection point of the decreasing slope marks the end of the lithium distribution, i.e. the
anode/current collector interface when assuming that lithium is immobilized throughout the
whole depth of the anode [118]. Since the inflection point is below the trigger threshold, the de-
creasing slope was extrapolated using a Gaussian as the signal response function (c.f. Chap. 4).
The determined inflection points are shown in Fig. 6.9 a. Here, the anode material thickness
variation within the samples is observed. In order to validate the obtained anode mass loadings
obtained from NDP, the anodes were weighed and their areal mass thicknesses are shown in
Fig. 6.9 b. Both measurements agree well within +6

−3 %, as shown in the mass thickness ratios in
Fig. 6.9 c. These findings support the previous assumption that the anodes are filled with im-
mobilized lithium and the inflection point of the lithium depth profile depicts the anode/current
collector interface.
The integral of the spectra represents the total lithium amount in the anodes and it was corrected
by Gaussian extrapolation of the signals detected in Fig. 6.7. Assuming a single charge transport
per lithium ion, the total lithium amount obtained from the NDP spectra was then interpreted
as the capacity which was immobilized throughout the whole anode depth. The capacities corre-
sponding to immobilized lithium in the anodes are shown in Fig. 6.10 a as drawn-through lines.
As previously discussed, most of the immobilized lithium is observed to be formed during the
first two cycles. However, a systematic irreversible capacity increase is observed upon greater
cycle numbers. The dashed lines in Fig. 6.10 a illustrate the irreversible capacity observed during
(dis-)charging of the batteries. The irreverisble capacities measured using NDP are systemati-
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Figure 6.9: (a) Mass thicknesses determined from the lithium concentration profiles. (b) Mass thicknesses
determined by weighing of the anode discs. (c) Ratio of the mass thicknesses determined from the lithium
depth profiles and the weighed mass thicknesses. It shows a good agreement of both data sets within +6

−3 %.

cally smaller than the measured irreversible capacities of the whole batteries. Only for the anode
formed at 0.1 C an irregularly low capacity was measured during battery cycling, which probably
arises from differences in ohmic overpotentials from the lowered C-rate in the 1st two cycles,
what apparently reduces the calculated capacity losses compared to subsequent cycles [230]. As
shown in Fig. 6.10 b, between 55 % and 80 % of the irreversible capacities could be detected as
immobilized lithium in the anodes. This confirms that the main part of the irreversible capacity
is caused by lithium immobilization in the anode forming SEI. However, deviations could be
caused by lithium losses occurring during anode extraction, separator removal or during wash-
ing the anodes before measured ex situ. Also electronic or mechanic contact losses of the active
material might cause a capacity fading without forming an SEI [248]. Further capacity losses
outside the anode, like structural and phase changes in the cathode, could be possible [248].
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Figure 6.10: (a) Comparison of the irreversible capacities observed during battery operation (dashed lines)
plotted together with the capacity directly detected as immobilized lithium in the anodes (drawn-through
lines). The irreversible capacity stored within the anodes is systematically lower than the observed capacity
loss. (b) Ratio of the irreversible capacities detected in NDP and the measured irreversible capacity indicates
that about 55 % to 80 % of the irreversible capacity originates from immobilized lithium in the anodes.

Lithium Immobilization in Laminated Anodes

The viewing depth for the laminated anode spectra is limited by the additional separator material
to ≈ 2.3 mg/cm2 and thus the lithium immobilization in this accessible region can be compared
between laminated and non-laminated anodes [168]. In order to exclude lithium residuals from
the separator near the graphite anode surface, only the interval between (1000–400) keV of the
laminated-anode spectra (c.f. Fig. 6.6 b) was integrated for the immobilized lithium amount
in this region. The corresponding irreversible capacities are shown in Fig. 6.11 a. The chosen
energy interval corresponds to a depth region of (0.96–2.06) mg/cm2 carbon equivalent, which
corresponds to the energy range (2160–1830) keV for the non-laminated anode spectra [168]. The
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Figure 6.11: Irreversible capacity in form of immobilized lithium within non-laminated (a) and laminated
(b) anodes. For a direct comparison the energy spectra were integrated over an energy region corresponding
to the same depth interval.
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amount of immobilized lithium in this interval is shown in Fig. 6.11 b. The increasing lithium
immobilization upon extended cycling is visible for both cases.
The differences of both irreversible capacities are shown in Fig. 6.12, taking into account the
varying sample preparation fluctuations and statistical uncertainties. It shows no clear depen-
dence of the capacity difference to the cycle number or series. Assuming a constant capacity
difference with respect to the cycle number, an average capacity difference of (-0.3±4.2) µAh/cm2

is obtained and therefore no variation from zero is observed within the uncertainties of the mea-
surement. Based on these findings, the lamination procedure shows no systematic effect on the
development of immobilized lithium at different cycling rates in the investigated depth interval,
as it was observerd previously for the capacity aging [246].
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Figure 6.12: Difference of lithium immobilized in the same depth interval in non-laminated and laminated
anodes (c.f. Fig. 6.11)

6.4 Conclusion

Electrode lamination was previously shown to be beneficial for the capacity aging of lithium-ion
batteries [246]. Since the reason for this aging phenomenon is yet not fully understood, the
effect of lamination on the accumulation of immobilized lithium was studied. Here, previous
active lithium is known to be immobilized at the anode via forming a SEI, which is one major
aging mechanism in lithium-ion batteries [247, 248].
Independent of their cycling history or lamination, XRD measurements indicated neither a crys-
talline lithium phase nor remaining lithium-graphite intercalation in the fully discharged anodes.
On the macroscopic level, NDP measurements on the non-laminated anodes showed a homo-
geneous lithium immobilization with respect to depth, while indicating that the immobilized
lithium is situated on the surface of the graphite particles, thus forming a non-crystalline SEI.
NDP measurements showed that ≈ 80 % of the lithium immobilized over 500 cycles is formed
during the first two charge-discharge cycles and about (55–80) % of the total electrochemically
observed irreversible capacity could be assigned to immobilized lithium in the anode.
For the non-laminated cells, the viewing depth for NDP was sufficient to probe the complete
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anode layer, whereas for the laminated anodes the viewing depth was reduced by the addi-
tonal separator material. Therefore, only depth regions accessible for both, laminated and
non-laminated anodes, could be compared. Here, no systematic effect of the lamination on the
amount of immobilized lithium was observed, which indicates that the beneficial lamination
effect on the battery capacity aging might originate from other effects than the lithium immo-
bilization in the upper bulk layers of the anode, but could originate from an improved contact
area directly at the anode/separator interface [230].





CHAPTER7Silicon-Graphite Anodes
for Li-Ion Batteries

In this chapter, the lithium accumulation in silicon-containing anodes during the first cycle
(c.f. Sec. 7.1) and during extended (dis-)charge cycling (c.f. Sec. 7.2) probed by NDP is pre-
sented. NDP reveals the anode swelling as well as the homogeneity of the (ir-)reversibly ac-
cumulated lithium concentration profile.While this work focuses on the analysis of the NDP
measurements, the investigated SiG electrodes were prepared and operated by our cooperation
partner M. Wetjen from the Lehrstuhl für Technische Elektrochemie (TEC) group of the Chem-
istry Department at TUM. Based on the results presented in this chapter, three articles are
published [118, 231, 232].

7.1 Lithium Accumulation During the First (Dis-)Charge Cycle

Silicon is one of the most promising candidates for lithium-ion battery anode materials for the
near future [48, 249]. In contrast to graphite, where upon charging lithium is physically interca-
lated into the layered graphite structures forming LiC6, silicon is undergoing an amorphous LixSi
phase until a crystalline Li15Si4 or Li22Si5 compound alloy has formed [249–251]. Hence, also
the theoretical capacity of silicon, exceeding 4000 mAh/gSi, vastly outperforms the theoretical
capacity of conventional graphite of 372 mAh/gC [48]. However, silicon anodes show volumetric
changes during cycling and a rapid capacity fade over a few (dis-)charge cycles, which hampers
their applicability in secondary lithium-ion batteries [249].
Here, an established composite silicon-graphite (SiG) system was examined, which had previ-
ously been investigated in several studies [252–256]. They consist of a porous mixture of 35 wt.%
silicon nanoparticles (≈ 200 nm length), 45 wt.% graphite particles (≈ 20 µm length), 10 wt.%
carbon fibers, and 10 wt.% lithium poly(acrylate) binder (LiPAA) doctor-blade coated onto a
20-µm-thick copper current collector.
A major contribution to the irreversible capacity loss at the anode is caused by chemical reduc-
tion of previously active lithium at the anode/electrolyte surface. This SEI formation plays a
dominant role during the first (dis-)charge cycles in order to form the initial passivation layer

75
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covering the graphite particle surface. Here, the lithium accumulation within SiG-based anodes
was studied during the first (dis-)charge cycle. Twelve identically coated SiG anodes with an
average mass loading of (1.41±0.02) mg/cm2 were assembled in CR2032 coin-cells1 and cycled
versus lithium metal serving as lithium donor at a symmetric (dis-)charging rate of C/10, i.e.
one complete (dis-)charge within 10 hours. The SiG anodes were then extracted after defined
state-of-charges (SOC) and depth-of-discharges (DOD) of 20, 40, 60, 80, and 100 %, respec-
tively. After subsequent disassembling in an argon-filled glovebox, the anodes were rinsed using
dimethyl carbonate (DMC) to remove residues of the liquid electrolyte. Hereby also the relax-
ation of possible concentration gradients was slowed down. The disassembled anodes were then
ex situ examined using the N4DP demonstration experiment (Setup II). In total, 12 different
anodes were investigated.
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Figure 7.1: (a) Ex situ measured energy spectra obtained from SiG anodes during the first (dis-)charge
cycle, as published in [232]. (b) Spectra of separated 3H signals, which where then used to obtain the lithium
concentration profile in the SiG anodes [232].

In Fig. 7.1 a, the energy spectra obtained from the SiG anodes at different SOC (DOD) are
shown. A pristine anode was measured (black line), also to quantify the lithium content from
the LiPAA binder only. After the initial formation stopped at 0.25 V vs. Li/Li+ a higher 3H
signal intensity is observed (i.f., red line) to that of the pristine anode (black line), indicating a
lithium accumulation in the formed SEI layer. Towards greater SOC the signal intensity further
increases, indicating an ongoing lithium accumulation in the anode. Upon battery operation,
three sources of lithium are present in the anode: 1) lithium from the LiPAA binder, 2) active
lithium ions reversibly incorporated into the anode, and 3) lithium irreversibly immobilized via
electrochemical reduction on the SiG particle surface forming a SEI. Since NDP is not sensitive
to the chemical state of the detected lithium, these sources are indistinguishable [232].
After fully charging (100 % SOC), the batteries were discharged (towards greater DOD), lead-
ing to a depletion of active lithium in the anode: the signal intensity decreases again towards
greater DOD, where more and more reversibly attached lithium ions are transferred back from
the anode to the counter electrode. Eventually, the fully discharged state (100 % DOD, brown

1CR2032, Hohsen, Japan
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line) is reached, where all active lithium ions were extracted and the measured signal originates
only from the LiPAA binder and the immobilized lithium.
Furthermore, the 3H signal width broadens to lower energies upon charging (greater SOC) and
returns upon discharging (greater DOD). This indicates that the anode mass loading increases
(decreases) upon greater SOC (DOD). This is caused by the additional material accumulation
(depletion) on the anode upon charging (discharging). Starting from ≈ 2 MeV to lower energies,
the α charged-particle signals from the 6Li(n,α)3H reaction partially overlap with some of the
3H signals at greater SOC, where the anodes show an increased mass loading. In contrast to
the previous study (c.f. Chap. 6), the charged-particle signals could not be separated during
the measurement using a separation foil: A holder for the reproducible use of a separation foil
at a fixed position was only implemented later in the N4DP setup and was not available in this
preliminary demonstration experiment.
Due to their higher penetration depth, the 3H particles probe the whole SiG anodes, whereas the
α particles only arise from their near-surface volume. Therefore, the 3H distribution was used as
a measure for the lithium concentration profile in the SiG anodes. Integration of the 3H signals
was used to quantify and compare the total amount of lithium accumulated in the anodes. Since
the integration is biased by the overlap with the α signals, a mathematical separation method
was derived, which is based on the well-known difference of the energy losses of the 3H and α

particles. This method is discussed and verified on a measurement with a separation foil in more
detail in the next section. The mathematically separated 3H signals are shown in Fig. 7.1 b.
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Figure 7.2: Capacity stored in the SiG anodes measured using NDP (black triangles) compared to the
capacity measured during cell operation (red squares). The two measurements are in good agreement [232].

Integrating the signals yields the total amount of lithium accumulated in the anodes. Assuming
a single electric charge for the lithium ions during operation, the capacity in the form of lithium
ions within the SiG anode was compared to the electrochemical capacities observed during (dis-
)charging. The contribution from the LiPAA binder was subtracted from the results, since the
lithium in the binder carries no electric charge during battery operation. As shown in Fig. 7.2,
the capacity observed in the lithium distribution within the SiG anodes agrees quantitatively
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with the capacity measured during battery cycling and only a few data points are outside of
the measurement uncertainties probably originating from variations during sample preparation.
Therefore, the major part of the electric charges is transferred as lithium ions to the SiG anode,
and no other parasitic reactions could be observed. The integrated capacities accumulated in
the anodes show that (76.6±0.4) % of the SEI accumulated after the first (dis-)charge cycle at
100 % DOD was already formed after the initial formation (i.f.) step.
Eventually, the separated 3H signals were used to determine the lithium concentration profiles of
the SiG anodes. The composition of the SiG anodes varies over a wide range due to the different
SOC and DOD states, which influences the specific energy loss of the 3H charged particles as
described in Sec. 4.2. In order to take into account this variation of the material stopping power,
the SiG anode compositions were modeled based on three different mass contributions: (i) the
well-known composition of the pristine SiG anode (35 wt.% Si, 55 wt.% C, 10 wt.% LiPAA),
(ii) the mass of the observed lithium accumulated in the anodes at different SOC/DOD states,
and (iii) the mass of the decomposition products (SEI) formed in the anodes determined by
weighing each anode and subtracting the masses of the previous contributions. Previous studies
on SiG anodes revealed the elemental composition of the SEI [252]. The modeled elemental
anode compositions are listed in Tab. 7.1. Based on the SRIM software, the variation in the
stopping power due to the composition change was estimated to be < 1 % in the investigated
region [117]. Due to its lower elemental mass, the influence of lithium on the stopping power is
small, even though its contribution to the material composition changes by more than an order
of magnitude, as shown in Tab. 7.1.

Anode H Li C O F Si
(mol%) (mol%) (mol%) (mol%) (mol%) (mol%)

pristine 5.5 1.8 71.1 3.7 0.0 17.9
i.f. 6.6 6.0 65.7 5.0 0.6 16.1

20 % SOC 7.0 12.5 59.7 5.6 0.9 14.3
40 % SOC 6.7 20.8 53.5 5.4 0.9 12.7
60 % SOC 6.1 27.9 48.8 4.9 0.8 11.6
80 % SOC 5.8 33.5 44.7 4.7 0.8 10.6
100 % SOC 7.3 35.9 40.0 6.4 1.5 8.9
20 % DOD 5.9 33.6 44.3 4.9 0.9 10.4
40 % DOD 6.5 25.7 49.7 5.3 1.0 11.8
60 % DOD 6.8 21.5 52.7 5.6 1.0 12.5
80 % DOD 7.5 12.4 59.0 6.0 1.0 14.0
100 % DOD 7.1 7.8 63.5 5.5 0.8 15.3

Table 7.1: Elemental composition change of the SiG anodes induced by battery operation. In the pristine
state, the anode composition is known. The composition was modeled for the different (dis-)charge states
by taking into account the accumulated lithium as well as additional decomposition products of the SEI
formation.
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Assuming a homogeneous material composition with respect to depth, the lithium concentra-
tion profiles were calculated using the SRIM software and they are shown in Fig. 7.3 [117, 232].
Like in the previous study (c.f. Chap. 6), the concentration profiles can qualitatively be di-
vided into three parts: (i) a peak near the surface, which could indicate a lithium formation
around the investigated particles, but in NDP this effect would be indistinguishable from a true
lithium enrichment (c.f. Chap. 6). The peak is already present for the pristine SiG anode,
i.e. where lithium can only originate from the LiPAA binder interconnecting the SiG particles,
which supports the peak formation based on the morphology when assuming a homogeneous
binder distribution with respect to depth. The surface peak grows significantly after the initial
formation (i.f.) procedure, indicating that the first SEI layer has formed around the particles
within this step. It grows only slightly throughout the subsequent (dis-)charging cycle until
eventually 100 % DOD is reached and only irreversibly attached lithium is present within the
anode. These findings indicate that the major part of the SEI has formed at the anode sur-
face during the initial formation (i.f.) step, which matches the previous observation that after
formation, (76.6±0.4) % of the lithium irreversibly attached at 100 % DOD is present. (ii) For
all SOC/DOD states a homogeneous lithium concentration is observed throughout the depth
of the anodes. Therefore, the accumulation of active lithium as well as immobilized lithium in
the SEI are both formed uniformly across the anodes with respect to depth. (iii) The end of
the signals reveal the decreasing depth resolution due to the statistical nature of the energy
loss of the charged particles. Here, the mass swelling of the anodes upon charging becomes
visible with the inflection point at the end of the signal indicating the anode/current-collector
interface. The mass thickness of the SiG anodes is observed to increase ≈ 2-times from pristine
to 100 % SOC before it decreases again until at the fully discharged state (100 % DOD) a mass
thickness ≈ 18 % larger than the pristine is reached.
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Figure 7.3: Lithium concentration profiles measured in SiG anodes during the first (dis-)charge cycle.
Upon charging, lithium is accumulated in the anodes until 100 % SOC is reached. During discharging, active
lithium is removed from the anodes, while irreversibly attached lithium remains even in the fully discharged
state (0 % SOC). Independent of the SOC states, a homogeneous lithium distribution with respect to the
depth is observed. Reproduced from [232].
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7.2 Lithium Immobilization During Extended Cycling

In a next step, the development of the lithium immobilization during extended (dis-)charge cy-
cling was studied. First, the SiG anodes were operated at two formation cycles at a C-rate of 1/10
(≈ 0.2 mAh/cm2) between ≈ 0.01 V and ≈ 1.25 V vs. Li+/Li to form an initial SEI layer [231].
In order to study the passivation layers formed upon extended cycling, the anodes were then
symmetrically cycled at a C-rate of 1/2 (≈ 1.0 mAh/cm2) with respect to their theoretical ca-
pacity of ≈ 2.0 mAh/cm2. Using a final lithiation to 0.01 V vs. Li+/Li and full delithiation to
≈ 2.0 V vs. Li+/Li at a C-rate of 1/50 all active lithium was extracted from the SiG anodes.
The anodes were then harvested after 1, 5, 20, 40, 60, 80, 100, 120 and 140 completed number
of (dis-)charge cycles in an argon-filled glovebox2 (H2O and O2 concentration < 0.1 ppm) and
rinsed using 50 µl of dimethyl carbonate (DMC) to remove residuals of the lithium salt from
the liquid electrolyte. Therefore, the remaining lithium in the SiG anodes could be ascribed to
originate from the LiPAA binder or the lithium-containing electrolyte decomposition products
(SEI), observed as irreversible capacity loss. After sealing the anodes in argon-filled boxes, the
anodes were transported to the PGAA facility and were measured using the N4DP demonstrator
experiment (Setup II).
The NDP energy spectra of the SiG anodes are shown in Fig. 7.4. For the pristine anode
(0 cycles, black line), the 3H and α signals are separated. Upon charging, immobilized lithium
accumulates in the anodes, thus increasing the signal intensity. Furthermore, the 3H signal
broadens towards lower energies for greater cycling, indicating a mass thickness growth induced
by the immobilized lithium in the anode. Starting from 20 cycles, the onset of the α signal
starts superimposing with the low-energety tail of the 3H signal. Even at greater cycle numbers,
an additional signal arising at 1.47 MeV is observed, which superimposes with the two signals
from lithium detection. This signal was ascribed to α particles from boron stemming from glass
fiber residuals from the separator located on top of the anodes. Both α particle contributions
(1.47 MeV, 2 MeV) superimpose with the 3H signal and affect a quantitative concentration anal-
ysis.

Therefore, a mathematical signal-separation approach is presented and exemplarily shown for
the SiG anode which was (dis-)charged 60 times. The measured signal is shown as black line
in Fig. 7.4 b. Both 3H and α signals from the 6Li(n,α)3H reaction arise from the same lithium
profile within the SiG anodes. Only the specific energy losses of the charged particles is dif-
ferent which probe this lithium distribution. The differences of the two energy losses originate
from the well-known particle properties and were used to calculate one signal shape from the
other. Therefore, the lithium concentration distribution in the upper layers of the SiG anode
was determined from the high-energy part of the 3H signal, as shown as red-line in Fig. 7.4 b.
This layer represents the whole region from which also the α particles can reach the detector
before losing their kinetic energy. Since the actual concentration profile at the near surface is
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Figure 7.4: (a) Energy spectra ex situ obtained from extended SiG anodes. Upon greater cycles the signal
intensity increases, which indicates an ongoing lithium immobilization in these anodes. Furthermore, the
3H signals broaden to lower energies, until they eventually overlap with two α contributions. Reproduced
from [118]. (b) Mathematical separation method showed on the 60 cycles anode (black). From the onset of the
3H signal (red) the α contribution is calculated (pink). For boron a homogeneous distribution was assumed
(purple). A measurement of the anode using a separation foil (green) proves the shape of the separated 3H
signal(blue) taking into account the influence of the separation foil (yellow). Reproduced from [118].

measured by the detector resolution, the 3H signal was extrapolated to the surface and an ideal
step-function was assumed. This assumed lithium distribution was then forward mapped using
the response function of α particles in the SiG matrix (c.f. Chap. 4). The expected α signal is
shown as pink line in Fig. 7.4 b. The signal height difference arises from the different stopping
powers of α and 3H particles. It was then subtracted from the measured curve (black line).
Even though the α signal superposition from lithium accounts for the main part of the 3H signal
distortion, also a small correction was performed taking into account the boron contribution
from the glass fibers. A homogeneous boron distribution was assumed within the glass fibers.
The respective α signal of a homogeneous boron distribution is shown as a purple line. The
height of the signal reflects the amount of glass fiber residuals on top, which was different for
each sample. The signal height was chosen such that the resulting 3H signal was continuous
in the region of overlap. The resulting 3H signal after subtracting both α contributions (pink,
purple) is shown as blue line.
In order to verify the mathematically separated 3H signal, the 60 cycled SiG anode was addition-
ally measured using a nominally 6-µm-thick Mylar separation foil between sample and detector.
In the NDP demonstrator setup (Setup II) no standard holder was present for the separation
foil and thus the foil was placed between the sample and the detector on a provisional frame.
The measured signal is shown in Fig. 7.4 b as green line. Contributions by charged particles
with atomic numbers Z > 1 are moved outside of the 3H signal. The energy loss and broadening
induced by the separation foil was then calculated based on the SRIM software and applied to
the previously mathematically separated signal (blue line) [117]. Since the separation foil could
not be placed directly on sample or detector, additional scattering and straggling effects might
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have lowered the signal rate of the green curve and so the height of the calculated profile (yellow
line) was reduced to match that of the green curve. Hereby, the shape of the calculated (yellow
line) and measured signal using a separation foil (green line) was found to match, which con-
firms the shape of the 3H signal (blue line) previously obtained by the mentioned mathematical
separation method.
The 3H signals after subtracting α contributions from boron and lithium are shown for all SiG
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Figure 7.5: (a) Mathematically separated 3H signals of the SiG anodes upon extended cycling. Reproduced
from [118]. (b) The total lithium accumulated in the SiG anodes (black triangles, obtained by integrating the
energy spectra) are compared to the irreversible capacity obtained during battery operation (red squares).
The main driving mechanism for the capacity fade was identified as the lithium immobilized in the anode.
Reproduced from [231].

anodes in Fig. 7.5 a. The spectra were then integrated to calculate the total lithium amount ir-
reversibly attached throughout the whole SiG anode. Assuming a single charge, the irreversibly
attached lithium in the anodes was compared to the irreversible capacity loss observed during
battery operation and it is shown in Fig. 7.5 b. Hereby the lithium amount stemming from the
LiPAA binder was subtracted by taking into account the lithium amount in the pristine SiG
anode. Both curves show the same trend, i.e. a growth with subsequent saturation of irreversible
capacity and irreversibly attached lithium in the anode. On average, (75.2±9.8) % of the elec-
trochemically measured irreversible capacity is observed using NDP as inactive lithium in the
SiG anodes, showing that the loss of active lithium on the anodes is the main driving process
of the electrochemical capacity fade. The difference might arise from the rinsing procedure of
the SiG anodes after dismounting them, but further side reactions during operation can not be
excluded, either. The 80-times cycled anode showed a slightly different (dis-)charging behavior
during operation probably caused by a difference in the manufacturing of the lithium-ion bat-
tery and thus an unusually high irreversible capacity was observed. At the same time, a lithium
depletion in the anode was seen using NDP. This hints to lithium-consuming side reactions in
the lithium-ion battery outside of the SiG anode, which might be dominant for this sample due
to an unwanted variation in the fabrication process.
In order to later calculate the concentration profiles from the separated 3H signals shown in
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Fig. 7.5 a, first the SiG anode composition change upon operation was taken into account, since
it influences the specific energy loss for the charged particles. Not only the irreversibly attached
lithium contributes to the composition change, but also the electrolyte is reduced when the SEI
is formed. Jung et al. reported that for the SEI formation in SiG-based anodes 4 lithium ions
are consumed to chemically reduce one C3H3FO3 molecule from the electrolyte, and it forms
different reduction products like CO2, LiF, Li2O, Li2CO3, and H2, which can then be further
reduced at the anode [252]. Even though the exact ratio of the reduction products are un-
known, the elemental ratio stays constant, which means four lithium ions are consumed for one
C3H3FO3 molecule and the anode composition was corrected for the elemental composition of
this reaction. The entire irreversibly attached lithium in the anode, obtained from the integrals
shown in Fig. 7.5 b, were assumed to be consumed in this reduction reaction. The resulting
compositions are listed in Tab. 7.2.

Anode H Li C O F Si
(mol%) (mol%) (mol%) (mol%) (mol%) (mol%)

pristine 5.5 1.8 71.1 3.7 0.0 17.9
1 cycle 7.6 5.4 64.5 6.0 0.9 15.5
5 cycles 8.0 6.0 63.5 6.4 1.1 15.1
20 cycles 10.2 9.8 56.3 9.0 2.1 12.5
40 cycles 14.0 16.1 44.7 13.1 3.8 8.4
60 cycles 15.3 18.2 40.6 14.6 4.4 6.9
80 cycles 15.5 18.6 39.9 14.8 4.5 6.6
100 cycles 16.0 19.5 38.2 15.4 4.7 6.0
120 cycles 16.1 19.7 38.0 15.5 4.8 5.9
140 cycles 16.2 19.8 37.8 15.6 4.8 5.9

Table 7.2: Elemental composition of the SiG anodes. The elemental composition changes during battery
operation due to reduction reactions occurring in the SiG anodes. In the pristine state, the anode composition
is known. The composition was modeled for the different (dis-)charge states by taking into account the
accumulated lithium as well as additional decomposition products of the SEI formation.

The SiG anode composition change affects the specific energy loss of the 3H particles in the
investigated energy regime up to pristine

140 cycles ≈ 4 % [117]. Assuming homogeneous compositions
throughout the depth of the anodes, the 3H signals were then translated to lithium concen-
tration profiles, which are shown in Fig. 7.6 a. Here, the mass thicknesses of the SiG anodes
are swelling over 100 (dis-)charge cycles to ≈ 3-times of that of the pristine anode [118]. At
the same time, complementary cross-section SEM images, shown in Fig. 7.6 b, reveal a swelling
of the previously (18.7±0.3)-µm-thick pristine anode to (57.7±1.2) µm when cycled 100 times,
which is (309±11) % [118]. Both observations agree well, and so the mass thickness mA = dρ

probed with NDP is almost completely based on a thickness increase, while the bulk anode
density stays fairly constant for all (dis-)charging states.
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Figure 7.6: (a) Lithium concentration profiles obtained from the 3H particle signals assuming the individual
SiG anode compositions [118]. (b) Cross-section SEM images showing the thickness change of the SiG anodes
upon extended (dis-)charge cycling, as published in [231]. On top of the anodes, residuals from the boron-
containing glass fiber separator are observed.

Until the first five (dis-)charge cycles, the shape of the concentration profiles of the immobilized
lithium shown in Fig. 7.6 a stays constant while the intensity increases, indicating that during
each cycle more lithium is immobilized homogeneously over the depth of the SiG anode. From
20 cycles on, a small lithium enrichment at the backside of the SiG electrodes (i.e. the electrode-
current collector interface) starts growing, which extends for further cycle numbers. This might
indicate a slightly improved active material utilization close to the electrode-current collector
interface. The risk of the electrical isolation of silicon particles may be higher in the outermost
electrode layers compared to the electrode bulk. In contrast, no ionic transport limitation can be
observed which would favor the active material utilization in layers near the anode/electrolyte
surface. Overall, an almost homogeneous active material utilization across the electrode depth
is observed upon further cycling.
The peak at the anode surface, which might originate from the morphological formation of
lithium on the surface of the SiG particles, decreases during the first 60 cycles and eventually
vanishes up to 140 cycles. This might indicate a morphological change of SiG particles on which
the lithium is irreversibly attached. First, lithium could only accumulate on the surface of the
SiG particles, giving rise to volumes with lower lithium content within the SiG particles. This
might not be the case for greater cycle numbers where the NDP signals indicate a lithium in-
corporation into the volumes previously protected from the electrolyte, resulting in an ongoing
depletion of the peak at the surface. This morphological change has previously been observed
by Wetjen et al. using transmission-electron-microscopy (TEM) on SiG anodes [254]. The SiG
particles were observed to form at first closed volumes, which swell up at larger cycle numbers
allowing for electrolyte reduction within volumes which were previously not in contact with the
electrolyte. This clogging of the particles was later also confirmed in a different study based on
Small-Angle Neutron Scattering (SANS) [56].
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7.3 Conclusion

Here, the lithium accumulation in silicon-graphite-based (SiG) anodes was studied using NDP.
Due to its high theoretical capacity, silicon is a promising material to substitute common
graphite-based anodes. However, SiG anodes undergo a huge volumetric change upon oper-
ation, which was directly observed using NDP. Here, a mass thickness swelling of ≈ 2-times
upon the first charging and subsequent decrease to ≈ 118 % of the pristine mass thickness
was observed during discharging. Upon extended cycling, also the mass thickness in the fully
discharged anode increases to ≈ 3-times during 100 (dis-)charge cycles. Furthermore, a large
lithium immobilization in the SiG anodes was observed, leading to a fade of the initial capacity
of ≈ 50 % after 140 complete (dis-)charge cycles. Here, ≈ 75 % of the irreversible capacity was
observed to be present as immobilized lithium in the anodes, leading to particle clogging. This
lithium immobilization in the anodes is hence the main driving process of the capacity loss.





CHAPTER8Operando Investigation of
Lithium Transport in
Graphite Anodes

In order to avoid possible lithium losses induced by harvesting anodes post mortem for ex situ
NDP measurements, operando NDP measurements on commercially relevant graphite anodes
were performed here for the first time. Two operando studies are presented in this chapter. In
Sec. 8.1, the lithium accumulation during the first (dis-)charge cycle at a low symmetric (dis-
)charging rate (C/16) is probed (formation study). In Sec. 8.2, the lithium accumulation at
elevated charging rates up to 2C is followed and lithium plating could be observed for the first
time in graphite-based anodes using NDP (fast charging study). While this work focuses on
the analysis of the NDP spectra, all findings presented in this chapter result from a cooperation
with F. Linsenmann and P. Rapp from the Lehrstuhl für Technische Elektrochemie (TEC) group
of the Chemistry Department at TUM, who prepared and operated the electrochemical cells.
These results of the formation study are published in [170] and an article based on the findings
of the fast charging study is in preparation [68].

8.1 Operando Lithium Intercalation During Formation

First, the lithium accumulation in a graphite anode during the first (dis-)charge cycle of bat-
tery operation was followed using the N4DP Setup I. The lithium-ion battery was symmetrically
(dis-)charged at C/16 (≈ 39 µA) for three half cycles.The voltage profiles of the investigated
graphite/LFP cell is shown in Fig. 8.1 a. The (dis-)charging processes are indicated with ar-
rows. A reversible capacity of ≈ 348 mAh/ggraphite was observed, which is close to that of
≈ 355 mAh/ggraphite of a conventional coin cell, showing a good performance of the operando
coin cell [170]. A rather high irreversible capacity of ≈ 98 mAh/ggraphite was observed, prob-
ably originating from the increased surface area (BET area) of the sieved graphite particles
(c.f. Chap 5) [170].
The continuous NDP spectra were divided into 1 h intervals and are shown in Fig. 8.1 b for

87
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seven distinct SOC states. The first three profiles (black lines) show the profiles during the
first half cycle (charging) in the pristine state (1), at ≈ 50 % SOC (2) and at 100 % SOC (3),
the blue lines indicate the profiles during the second half cycle (discharging) at ≈ 50 % DOD
(4) and 100 % DOD (5) and the spectra of the last half cycle (charging) is shown as red lines
at ≈ 50 % SOC (6) and 100 % SOC (7). The positions of the different SOC are also indi-
cated in Fig. 8.1 a. The high-energy onset of the spectra are at (2163±10) keV, which depicts
the anode/charged-particle window interface. No signal shift to greater energies was observed
during the experiment indicating that the Kapton® foil was indeed impermeable for the lithium-
containing electrolyte. The signal onset can be used as a precise measure of the gas pressure
within the NDP chamber: taking into account the experimentally determined energy loss to
(301±0.6) keV for the Kapton® foil and the calculated energy loss to ≈ 11 keV for the 100-
nm-thick copper current collector, about (248±10) keV can be ascribed to 3H energy loss in the
helium atmosphere [168]. It corresponds to a helium mass thickness of (0.72±0.03) mg/cm2 [168].
Assuming a sample to detector distance of 96.1 mm (c.f. Sec. 3.1.3), this translates to a helium
gas pressure of (420±18) mbar.

C
g

mAhSpec. capacity 

0 50 100 150 200 250 300 350 400 450

 (
V

)
ce

ll
E

1.8

2

2.2

2.4

2.6

2.8

3

3.2

3.4

3.6

1

2 3

4

5

6 7(a)

Energy (keV)
500 1000 1500 2000

 1
6 

ke
V

×
se

c C
o

u
n

ts

0

0.2

0.4

0.6

0.8

1 (b)

1

2

3

4

5

6

7

Figure 8.1: (a) The cell potential profiles for the operando formation study over three half cycles at C/16. A
good reasonable capacity (≈ 348 mAh/ggraphite) is observed [170]. (b) NDP spectra recorded over the course
of 1 h for distinct states of (dis-)charges also indicated in a. Upon (dis-)charging, the signal intensity increases
(decreases) indicating lithium enrichment (depletion) within the anode. At low energies the exponential
background dominates the spectra.

At low energies (< 500 keV), the spectrum is dominated by the exponential background induced
by β and γ radiation (c.f. Chap. 4). During cell operation, the lithium content in the graphite
anode represented by the 3H signal intensity rises from the pristine state (1) upon charging
(2, 3), decreases (4, 5) in the second half cycle until the fully discharged state (5), and increases
during the third half cycle upon charging again (6, 7). In the pristine state, the only source
of lithium is the LiPF6 salt in the liquid electrolyte. This contribution is still present in all
following SOC, while both the reversibly and irreversibly attached lithium accumulates in the
graphite anode. Since NDP is not sensitive to the chemical state of the lithium, they are indis-
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tinguishable. Only in the fully discharged state (5) no reversibly intercalated lithium is present
and the main lithium contribution is the lithium irreversibly attached in the SEI.
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Figure 8.2: (a) Energy spectra of the operando graphite anode at distinct SOC states. In order to remove
the low-energy background and to distinguish the accumulated lithium from that in the electrolyte, the
spectrum of the pristine graphite anode was subtracted, where lithium entirely originated from LiPF6 in the
electrolyte [170]. (b) Lithium concentration profiles obtained from the background-subtracted energy spectra
(c.f. Fig. 8.2 a). While during operation reversibly and irreversibly attached lithium are indistinguishable,
the concentration profile in the fully discharged state (5) consists only of irreversibly attached lithium in the
SEI.

In order to remove the low-energy background and to probe the change in lithium concentra-
tion upon battery operation, the pristine signal (1) was subtracted from all other signals, as
shown in Fig. 8.2 a. For the calculation of the stopping power, the elemental composition of the
pristine anode, based on its preparation procedure (c.f. Chap. 5), was used together with the
composition of the liquid electrolyte (containing 1 M LiPF6) assuming a complete filling of the
≈ 47 % porous graphite anode. The composition change of the filled electrode upon operation
was determined with integrating the subtracted energy spectra (Fig. 8.2 a). The electrode com-
positions at different SOC were then corrected for the additional lithium amount observed in
the anode and they are listed in Tab. 8.1.
During battery operation, the liquid electrolyte (EC/EMC with 1 M LiPF6) is electrochemi-
cally reduced at the anode surface and thus forming various reduction products mainly given
by LiF, lithium ethylene dicarbonate (LEDC), lithium methyl carbonate (LMC), and lithium
ethyl carbonate (LEC) [257]. Therefore, upon harvesting the anodes, additional SEI material
would be observed on the anode for an ex situ measurement. However, for operando anodes, the
elements of the liquid electrolyte then being electrochemically reduced at the anode surface are
already present around the graphite particles and were therefore previously considered for the
calculation of the pristine composition within the anode pores.
This is shown in Fig. 8.3 for greater clarification. In the pristine state (Fig. 8.3 a), the liquid
electrolyte surrounds the graphite particle and thus all elements later forming the SEI other
than lithium are already present within the graphite anode. Lithium in the SEI stemming from
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Figure 8.3: Composition change of the electrolyte-filled anode. First, the graphite particles (gray) are
surrounded by liquid electrolyte (blue), as shown in (a). Upon electrochemical reduction, the liquid electrolyte
is forming an SEI around the particles, as shown in (b). As a good approximation, the density of the nm-
thick SEI layer is considered to be similar to that of the electrolyte and the elemental composition remains
constant. In reality, the SEI forms a thin layer around the particles with a slightly higher density, thus
allowing for electrolyte afterflow (yellow) into the anode, as shown in (c).

lithium ions electrochemically transferred from the LFP cathode into the graphite anode and
will be separately considered. At an elevated anode potential, electrochemical reduction of the
liquid electrolyte occurs, as shown in Fig. 8.3 b. Hereby, the reduced elements are still located
surrounding the graphite particle and therefore the elemental composition of the whole system
is not altered. It is to state that in reality also more complex reduction processes like gas forma-
tion might occur which can also be further reduced at the anode surface. However, due to the
liquid-solid phase transition of the electrolyte, the material density might slightly increase from
that of the liquid electrolyte (≈ 1.2 g/cm3). The reduced electrolyte volume would then allow a
consecutive afterflow of fresh liquid electrolyte (orange volume in Fig. 8.3 c) which would then
change the total elemental composition. Even though to the best of our knowledge the exact
molecular SEI composition as well as the resulting SEI density are unknown, the graphite density
of ρgraphite ≈ 2.2 g/cm3 may serve as a realistic upper limit. Assuming a maximum SEI density
equivalent to that of graphite (ρgraphite ≈ 2.2 g/cm3), the previous liquid electrolyte would be
electrochemically reduced to V = ρEl

ρgraphite
V0 ≈ 55 % of its liquid volume and thus ≈ 45 % could

be refilled with fresh electrolyte. Taking into account that over 50 % of the graphite particles

Anode H Li C O F P
SOC (mol%) (mol%) (mol%) (mol%) (mol%) (mol%)

Pristine (1) 22.0 0.3 64.8 9.1 3.6 0.3
50 % (2) 21.3 3.5 62.7 8.8 3.5 0.3
100 % (3) 20.5 6.9 60.5 8.5 3.3 0.3
50 % (4) 21.1 4.3 62.2 8.7 3.4 0.3
0 % (5) 21.8 1.4 64.1 9.0 3.5 0.3
50 % (6) 21.0 4.6 62.0 8.7 3.4 0.3
100 % (7) 20.5 6.9 60.5 8.4 3.3 0.3

Table 8.1: Elemental composition of the graphite anode upon operation, as published in [170]. The pristine
anode composition was obtained from the composition of the graphite anode upon operation, while assuming
complete pore filling with the liquid electrolyte. Upon operation, lithium accumulating in the electrode was
determined with integrating the NDP spectra across their depths.
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exhibit a diameter of d50 ≈ 6 µm and assuming a final SEI formed around the particle with a
typical thickness in the (10–100) nm range, then ≈ (0.8–8) % of the graphite volume could be re-
filled with fresh electrolyte around the particle [258]. Furthermore, the graphite anode exhibits
a porosity of ≈ 47 %, meaning that 53 % of the anode volume consists of a graphite/PVDF
mixture. Thus, ≈ (0.4–4) % of the total anode volume could be refilled with fresh electrolyte,
which is only (0.9–9) % of the total electrolyte volume previously present within the pores of the
graphite anode. As a good approximation, the electrochemical reduction itself does not signifi-
cantly influence the elemental composition of the pristine anode filled with electrolyte. However,
the major part of the composition change given by lithium ions electrochemically transferred
from the LFP cathode into the graphite anode was determined with integrating the NDP spectra
(c.f. Tab. 8.1).
The elemental compositions listed in Tab. 8.1 were used to calculate the combined stopping power
of the graphite anode assuming a constant composition with respect to depth. The lithium con-
centration profiles of the separated SOC signals (c.f. Fig. 8.2 a) are shown in Fig. 8.2 b. The
previously discussed uncertainty of the NDP measurement (9.8 %) is indicated, mainly (9.1 %)
originating from the geometrical uncertainty of the coin cell grid placed in the neutron beam. It
is to note that this is a systematic uncertainty being constant for all SOC and thus the ratio of
the different SOC can be determined with higher precision. After translating the energy spectra
to depth profiles, a rather flat lithium concentration profile is observed indicating that a rather
homogeneous lithium accumulation takes place within the graphite anode. However, a slight lin-
ear gradient towards greater depths is still visible. Although an uncertainty of the SRIM-based
energy loss calculation can not be excluded, it might originate from partial scattering of the 3H
particles into the edges of the stainless-steel cap. This would artificially lower the signal near
the surface and it would be driven by the geometrical aspect ratio of the 500 µm holes in the
250-µm-thick coin cell cap.
The observed lithium concentrations at 100 % SOC after the first half cycle (spectrum 3) and
after the third half cycle (spectrum 7) show an almost identical profile. This indicates that
the SEI formation was completed prior to the first fully charged state (first half cycle) and
in the later charging process no significant amount of SEI layers have formed. Therefore, the
difference of the lithium concentration observed in the fully charged state (spectra 3, 7), be-
ing (7.42±0.73) mmolLi/gelectrode and the lithium concentration (1.15±0.12) mmolLi/gelectrode ob-
served as irreversibly attached lithium in the SEI (spectrum 5) reflects the reversibly intercalated
lithium concentration of (6.28±0.61) mmolLi/gelectrode in the anode. Based on the electrochem-
ically observed reversible capacity of ≈ 348 mAh/ggraphite, the mass of the charged electrode
of (4.04±0.23) mg, a LiPF6 concentration in the electrolyte of (1.00±0.01) mol/l and a ratio of
1 Li/e−, a lithium concentration of (6.41±0.48) mmolLi/gelectrode is obtained. This value agrees
well with the intercalated lithium concentration of (6.28±0.61) mmolLi/gelectrode previously de-
rived from the NDP measurements thus confirming these calculations [170].
In the next step, the concentration of the SEI of (1.15±0.12) mmolLi/gelectrode obtained from
the NDP measurements is considered. Based on the irreversible capacity of ≈ 98 mAh/ggraphite
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observed for the electrochemical cell and the electrode mass of (3.86±0.23) mg for the fully dis-
charged electrode, a lithium concentration of (1.89±0.15) mmolLi/gelectrode would be expected,
when assuming a ratio 1 Li/e−. A lithium consumption of one lithium atom per electric ir-
reversible charge would be a reasonable assumption, since the major decomposition of EC
was previously found in literature to form lithium ethylene dicarbonate (LEDC) and ethy-
lene (C2H4) [170, 259]. In contrast to the reversible lithium concentration, a significant dif-
ference of the lithium concentration in the SEI expected based on the irreversible capacity of
(1.89±0.15) mmolLi/gelectrode is observed compared to that of (1.15±0.12) mmolLi/gelectrode based
on the NDP measurements. This indicates that the Li/e− ratio of the lithium immobilizing in
the SEI is (0.61±0.08) being significantly lower than unity. To our knowledge, this difference
was observed in this operando study for the first time. This value was independently verified by
measuring the irreversibly attached lithium in identically fabricated operando cells using ex situ
inductively coupled plasma optical emission spectroscopy (ICP-OES) performed by an external
company1 [260]. Here, (62±4) % of the irreversible capacity could be detected as lithium in the
electrode, which agrees well with the results of the NDP measurements.
A possible explanation would be that the intrinsic Li/e− ratio is indeed smaller than 1, but
the solubility of the SEI products within the liquid electrolyte might be sufficient to result in
a partial dissolution of SEI products thus reducing the amount of irreversibly attached lithium
remaining in the electrode [170, 260]. It is to note, that in the electrochemical single cell the
mass ratio of the liquid electrolyte compared to graphite is ≈ 160/1, which is ≈ 200-times higher
than in the large-scale lithium-ion batteries [260–262]. Therefore, a potential SEI dissolution
might be favored in the investigated single cell but might be restricted by the SEI solubility
within the electrolyte for large-scale lithium-ion batteries.
Apart from the lithium concentration within the graphite anode upon cycling, a lithium enrich-
ment near the surface (the anode/Kapton® charged-particle window) is formed during operation,
which stays present even in fully discharged state. This lithium accumulation probably origi-
nates from a lithium accumulation within the copper current collector, as it has previously been
observed using NDP [237, 263]. In order to validate this assumption and exclude a lithium
enrichment in the anode itself, two additional cells were measured in situ. Here, an uncoated
(pure) copper current collector sputtered on the charged-particle window were directly brought
into contact with the liquid electrolyte, i.e. the same electrochemical cell but without the
graphite anode. One of the cells was then scanned to 20 mV vs. Li/Li+, while the other was
kept at open circuit voltage (OCV) at 25◦C, i.e. without an external electric contact between
the electrodes. The in situ spectra of the two electrodes are shown in Fig. 8.4 a. While for the
reference cell kept at OCV (black line) only lithium in the electrolyte is observed, a lithium
enrichment on the inside of the Kapton® foil is visible for the cell operated to 20 mV vs. Li/Li+.
When subtracting the reference measurement from it, the lithium peak is separated, as shown
in Fig. 8.4 b. Though the resolution is ≈ 25 keV, which means ≈ 200 nm in copper, the total
amount of lithium in copper was found to be (1.77±0.17)×1016 Li atoms/cm2 by integrating

1Mikroanalytisches Labor Pascher, Remagen
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Figure 8.4: (a) In situ NDP spectra of a pure 100-µm-thick copper current collector within the electrochem-
ical cell used for operando NDP. In contrast to the reference cell kept at open circuit voltage (OCV, black
line), where only lithium within the liquid electrolyte is detected, a lithium accumulation within the copper
is observed when scanning the cell potential to 20 mV vs. Li/Li+. (b) Difference of the spectra reveals the
lithium amount intercalated into the copper current collector to be (1.77±0.17)×1016 Li atoms/cm2. Pictures
taken from [170].

the signal and taking into account the previously discussed uncertainties. Since this amount
equals ≈ 0.1 % of the reversible capacity, it is hardly visible using electrochemical (dis-)charge
measurements. This lithium amount agrees well with previous findings on 10-µm-thick copper
current collectors and was also verified using an ex situ XPS study [170, 237].

8.2 Lithium Transport Process During Fast Charging

After studying the fundamental process of lithium accumulation during the first (dis-)charge
cycle and the ongoing SEI formation, the lithium transport at elevated charging rates was also
studied. Here, the cold neutron depth profiling instrument at the NIST Center for Neutron Re-
search (Setup III) was used. The spectra were recorded in intervals of 2 min. In order to increase
counting statistics, all lithium sources were enriched in 6Li to an abundance of ≈ 95 % using
6Li-enriched LFP cathodes from the TEC group of TUM Chemistry Department and a com-
mercial 6LiPF6 conductive salt [68]. As discussed earlier, a low LiPF6 salt content of 0.31 mol/l
was dissolved in the liquid EC/EMC (3/7 wt. %) electrolyte to allow lithium plating already at
low charging rates of ≈ 2C (c.f. Tab. 5.1). After preparation, the cell was formed using three
cycles at constant current using a C-rate of C/10, followed by a constant voltage step until the
cutoff current of C/40 was reached. It was then sealed under a protective argon atmosphere in
an air-thight pouch foil and inertly transported to NIST. Ten days after the preparation, the
cell was measured using operando NDP.
In order to probe the influence of different charging rates on the lithium accumulation within
the graphite anode, the cell was charged at increasing rates of C/4, C/2, 1C, and 2C, while the
anodes were always discharged at a rate of C/4 to ensure a complete delithiation of the graphite
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electrode. The voltage profile during the operando experiment is shown in Fig. 8.5. Here, the
end of charge was defined by the cell potential cutoff voltage of 3.41 Vcell, followed by a constant
voltage phase until the cutoff current of C/20 was reached. For faster charging rates, i.e. C/2,
1C, and 2C, charging was stopped when the theoretical capacity limit of 355 mAh/ggraphite was
reached [68]. The anode potential may drop below 0 V vs. Li/Li+ to maintain sufficient currents
for the elevated charging rates, thus allowing for lithium plating to occur.
The spectra of the anode prior to charging (pristine, 0 % SOC) and at 100 % SOC are shown in
Fig. 8.6 a. These signals mainly originate from 3H signals which are dominated at low energies by
an exponential background from β and γ radiation (c.f. Chap. 4). At the beginning of the exper-
iment (pristine, 0 % SOC), the signal in the anode consists of lithium signal from the electrolyte
and irreversible lithium accumulated during the three previous formation cycles. At ≈ 1 MeV,
a step-like increase was observed. It does not originate from the NDP setup since it was not
observed in the exponential-shaped reference spectrum (gray line Fig. 8.6 a) of an identical ref-
erence cell without lithium. It shows 6Li enrichment rising at the end of the electrode and might
stem from an unusually high lithium content in the volume where the electrolyte is situated.
However, a possible formation of an additional SEI at the top surface of the electrode is cur-
rently investigated further [68]. Although the origin of the higher lithium concentration outside
of the electrode, the lithium accumulation within the electrode can be studied independently
with time intervals of 2 min. During charging, the signal intensity from the anode increases,
indicating a lithium enrichment in the anode. Here, the previously observed step-like signal was
not observed, indicating a shift of the end of the anode to lower energies, i.e. an increase of
the electrode mass thickness. This is even better visible in Fig. 8.6 b, where the background
was subtracted from the anode spectra. Background was subtracted from all spectra for further
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Figure 8.5: Cell voltage profile during the operando measurement. While the cell was always discharged
(blue areas) at C/4 to ensure complete lithium deintercalation, the charging rate (red areas) was increased
from C/4, C/2, 1C up to 2C. While for C/4 a constant voltage phase (CV, green area) was applied until the
cutoff current of C/20 was reached, faster charging rates were stopped when the theoretical capacity limit of
355 mAh/ggraphite was reached. The cell was held for 30 min at open circuit voltage (OCV) after each half
cycle (gray areas).
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Figure 8.6: (a) Spectra of the graphite anode at the beginning (blue line) and end (red line) of the first
operando charging process at C/4. The cell has previously been cycled for three formation cycles at C/10.
Lithium in the pristine electrode originates from 6LiPF6 in the electrolyte and irreversible lithium formed
as SEI during the formation cycles. The lithium content in the fully charged anode (100 % SOC) increases
due to reversibly intercalated lithium. Due to the mass swelling of the anode the end of the anode is shifted
to smaller energies. The gray spectrum is a background using an identical reference sample without lithium.
(b) Background-subtracted anode spectra at the beginning (blue line) and end (red line) of the first operando
charging process at C/4.

evaluation.
Analog to the concentration profile calculation of the previous formation study, the change of
the lithium content was taken into account for the different SOC states, while ≈ 62 % of the
electrochemically observed irreversible capacity during the formation cycles was assumed to be
present within the anode (c.f. Sec. 8.1). Hereby, the lithium content in the uncharged anode (0 %
SOC) of the SEI is expected to be 20.5-times higher than that of the pure electrolyte (0.31 M
LiPF6). All other lithium contributions were obtained by integrating the NDP spectra, there-
fore only the lithium truly present in the anodes was taken into account for the composition,
independent of the electrochemical data. The assumed elemental compositions at the different
SOC are listed in Tab. 8.2.
Taking into account the compositions listed in Tab. 8.2, as well as the energy losses of the cop-
per current collector (≈ 11 keV), the Kapton® particle window ((301±0.6) keV) and the nominal
≈ 150 mbar helium atmosphere (≈ 51 keV), the lithium concentration profiles were determined
from the energy spectra. They are shown as 2D graph in Fig. 8.7. During discharging at C/4 a
homogeneous lithium delithiation is observed for all half cycles and a homogeneous lithiation is
observed for charging rates up to 1C. A step-like lithium distribution is formed at a charging rate
of 2C, indicating lithium plating on the top of the graphite anode. The concentration profiles
at the beginning and end of each half cycle are shown in Fig. 8.8 a–d for greater understanding.
Similar to the formation study, a minor slope remains in the concentration profiles, probably
originating from additional energy loss within the stainless-steel casing in which the hole grid
was processed (c.f. Sec. 8.1). The lithium concentrations expected from the electrochemical mea-
surements are shown, assuming that ≈ 62 % of the irreversible capacity is present as irreversibly



96 Chapter 8 Operando Investigation of Lithium Transport in Graphite Anodes

Anode H Li C O F P
SOC (mol%) (mol%) (mol%) (mol%) (mol%) (mol%)

Pristine 22.3 0.1 65.8 9.2 2.5 0.1
0 % (1) 22.0 1.7 64.7 9.0 2.4 0.1

100 % (2) 20.5 8.5 60.3 8.4 2.3 0.1
0 % (3) 21.9 2.1 64.5 9.0 2.4 0.1

100 % (4) 20.4 8.7 60.1 8.4 2.3 0.1
0 % (5) 21.9 2.2 64.4 9.0 2.4 0.1

100 % (6) 20.4 8.9 60.0 8.4 2.3 0.1
0 % (7) 21.9 2.2 64.4 9.0 2.4 0.1

100 % (8) 20.6 7.7 60.8 8.5 2.3 0.1

Table 8.2: Elemental compositions of the graphite anode at different SOC states. While the composition of
the electrolyte-filled pristine anode is well-known, the contribution of the SEI formation was calculated based
on previous results, i.e. ≈ 62 % of the irreversible capacity was present as SEI in the anode after formation.
All further lithium contributions were obtained by integrating the signals.

attached lithium after the formation cycles (c.f. Sec. 8.1). The uncertainty bands are composed
of the systematic uncertainty of the NDP measurement (±4.0 %) and the uncertainty of the
concentration calculation based on preparation uncertainties (c.f. Tab. 5.1) and uncertainties of
the electrochemical data (±4 %) [68].
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Figure 8.7: 2D plot of the lithium concentration profiles obtained during the operando experiment. While
the discharging rate was kept at C/4, the charging rate is increased from C/4 to C/2, 1C and 2C. During
discharging, as well as for low charging rates, lithium is homogeneously (de-)intercalated within the graphite
anode. At a charging rate of 2C, an inhomogeneous lithium transport is observed in the graphite anode.

For all discharged states (blue lines in Fig. 8.8 a–d), the original lithium concentration was ob-
tained indicating that (i) during the experiment no further SEI has formed, (ii) the discharging
rate of C/4, which was kept constant for all cycles, is sufficient to homogeneously remove re-
versibly attached lithium from the anode, and (iii) the cell exhibits a good cycling repeatability.
This is also true for the first three charging rates of C/4 (Fig. 8.8 a), C/2 (Fig. 8.8 b), and 1C
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Figure 8.8: Lithium concentration profiles within the graphite anode at 0 % SOC (blue line) and 100 %
SOC (red line) after charging at rates of C/4, C/2, 1C and 2C are respectively shown in a, b, c and d.
For charging rates of C/4, C/2 and 1C the obtained concentration profiles agree well with the expected
concentrations obtained from electrochemical data assuming an SEI formation of ≈ 62 % of the irreversible
capacity (c.f. Sec. 8.1), which are shown as dashed lines. Combined concentration uncertainties originating
from the sample preparation and the NDP measurement are highlighted. For all discharge states, the same
concentration profile is obtained. Furthermore, at 100 % SOC after C/4, C/2 and 1C the same concentration
profile is obtained, indicating a good cycling repeatability of the operando NDP cell. At 2C, lithium plating
occurs and a highly inhomogeneous concentration profile is observed directly after complete charge (100 %
SOC).

(Fig. 8.8 c), where a rather homogeneous lithium distribution was observed meaning that these
charging speeds are well suited to a homogeneous lithiation of the graphite anode. This changes
for the charging rate of 2C (red line in Fig. 8.8 d), where a highly inhomogeneous lithium con-
centration profile is obtained directly after charging. The measured lithium concentration at
the anode/electrolyte interface exceeds the highest lithium concentration possible assigned to
complete LiC6 formation (horizontal red band), suggesting an accumulation of pure lithium,
i.e. deposition of metallic lithium (lithium plating) on the anode surface. The formation of
metallic lithium has previously been detected using Neutron Diffraction and now also its spatial
distribution is revealed using NDP [53, 226].
In order to study the build-up of this inhomogeneous profile in more detail, as well as the



98 Chapter 8 Operando Investigation of Lithium Transport in Graphite Anodes

g
m

m
o

l
L

i c
o

n
ce

n
tr

at
io

n
 

0

2

4

6

8

10

12

Time (min)
30− 20− 10− 0 10 20 30 40 50

2
cmm

g
M

as
s 

th
ic

kn
es

s 

0

1

2

3

4
(a)

)2cm
mg

Mass thickness (
0.5− 0 0.5 1 1.5 2 2.5 3 3.5 4

g
m

m
o

l
L

i c
o

n
ce

n
tr

at
io

n
 

0

2

4

6

8

10

12

 0.63)±(8.51 

2 min
4 min
6 min
8 min
20 min

(b)

Figure 8.9: (a) 2D graph of the concentration profiles with time resolution of 2 min. The lithiation with
respect to depth is observed during the charging process, until lithium plating starts at the anode surface
(yellow area). After charging, the cell is held at OCV and the lithium concentration starts to balance within
the anode. (b) Lithium concentration profiles for distinct times after charging at 2C. Three distinct regions
(0–2 mg/cm2, 2–3.5 mg/cm2, > 3 mg/cm2) are observed directly after charging (red line), with a high lithium
concentration at the anode/separator interface indicating lithium plating. The lithium equilibration across
the anode is followed with a time resolution of 2 min, until equilibrium is reached after ≈ 8 min [68].

lithium transport ongoing in the anode in the subsequent OCV phase, the process is more
shown in Fig. 8.9. Fig. 8.9 a shows a 2D map of the lithium concentration with respect to depth
(mass thickness) over time. The time interval splits into charging and relaxation time, while
0 depicts the transition between these two. During the first ≈ 5 min, a rather homogeneous
lithium concentration level is obtained in the anode. At ≈ 10 min, lithium enriches in the upper
layers of the graphite anode (> 3 mg/cm2), while its concentration in the lower layers of the
electrode remains at a low level. Starting from ≈ 10 min, until the end of the charging, a lin-
ear lithium transport across the anode is observed expanding towards the lower anode domain
until it eventually reaches the ≈ 1.5 mg/cm2. Furthermore, starting at 20 min, a local lithium
enrichment is built up at the outermost anode layer, i.e. the anode/electrolyte interface at
≈ 4 mg/cm2, which clearly shows the formation of metallic lithium, i.e. lithium plating. After
charging was completed (0 min), the cell was kept at OCV to follow the lithium redistribution
within the anode during this relaxation phase. As shown in Fig. 8.9 a, the highly inhomogeneous
lithium distribution levels out within minutes until a final homogeneous profile is reached. This
relaxation can be better followed in Fig. 8.9 b, where the concentration profiles are shown at
distinct time intervals. At the beginning of this relaxation (first 2 min), the lithium profile is
highly inhomogeneous. It consists of three distinct regions: at 0–2 mg/cm2 (near the anode/cur-
rent collector interface) lithium is depleted. At 2–3.5 mg/cm2, a lithium concentration close
to the expected value of fully lithiated LiC6 (100 % SOC) is seen. Towards greater depths at
the end of the anode (> 3.5 mg/cm2), a lithium enrichment assigned to lithium plating is ob-
served, which vastly exceeds the concentration expected from LiC6 (100 % SOC, horizontal line).
The inhomogeneous concentration profile starts leveling out with increasing relaxation time and
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lithium is transported to the depletion region (0–2 mg/cm2) while the amount of plated lithium
decreases. At ≈ 3 mg/cm2, i.e. where the LiC6 (100 % SOC) phase was already reached at
the beginning of the relaxation, the lithium concentration stays constant during the relaxation
process. Here, lithium is constantly transported from the upper region (> 3 mg/cm2) towards
the anode/current collector region and thus this inflection point is solenoidal, i.e. the divergence
of the concentration gradient 5cLi is 5(5cLi) = 0. Until 8 min almost the whole relaxation is
complete and the concentration profile after 8 min is close to that of the reference signal chosen
at 20 min after charging was completed.
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Figure 8.10: (a) Magnified region of the voltage profile (c.f. Fig. 8.5) showing the charging at 2C (orange
area) At 0 min (vertical dashed line) the charging process is stopped and the cell is held at OCV and relaxation
occurs. (b) Measured lithium concentrations for distinct depth intervals between 1 mg/cm2 and 4.2 mg/cm2

within the anode during charging at 2C and subsequent relaxation. The horizontal orange line indicates the
lithium concentration for fully lithiated graphite (100 % SOC) [68].

The time-dependent relaxation is better understood when separately considering the concen-
tration levels at distinct depth intervals during the charging at 2C and the subsequent OCV
phase (c.f. Fig. 8.10 a). As shown in Fig. 8.10 b, the previous findings are also observed but
in greater detail: during the first 10 min, the lithium concentration in the anode rises in the
same manner and stays at a constant level for the uppermost layer (1.0–1.3 mg/cm2). While
for the intermediate layer (2.2–2.5 mg/cm2) an almost linear lithium increase is seen, the con-
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centrations in the outer layers rapidly increase until finally in the two outermost layers lithium
concentrations become higher than that of lithiated graphite (100 % SOC). During relaxation,
this trend is reversed: In the uppermost layer (1.0–1.3 mg/cm2), far from equilibrium, a fast
accumulation of lithium is observed, simultaneously to a depletion of metallic lithium at the
outer layers (4.0–4.2 mg/cm2).

8.3 Conclusion

In this chapter, graphite anodes for lithium-ion batteries were measured using operando NDP.
In contrast to ex situ measurements, where the anodes need to be harvested from the battery in
a post mortem state, subsequently washed and measured after a certain time delay, the lithium
concentration profiles could be directly measured during battery operation. A coin-cell-based
operando cell design was developed to overcome the limited range of the NDP technique and
furthermore to extend the viewing depth into the graphite anode. Hereby, the electrochemical
performance of the cell was shown to be undisturbed and thus the measured spectra are rep-
resentative for common cells. In order to probe throughout the complete anode, its thickness
was reduced to ≈ 20 µm via using commercial graphite particles with reduced particle sizes.
Therefore, the effective surface area of the graphite anode was increased, which influences their
performance compared to commercial anodes. However, fundamental processes could still be
studied.
It was observed that during the first (dis-)charge cycle, most of the irreversible solid-electrolyte-
interphase (SEI) was formed. However, only ≈ 62 % of the electrochemically measured irre-
versible capacity was found to be irreversibly attached to the graphite anode. Although the
exact origin of this is unknown, a partial dissolution of SEI into the electrolyte might be the
reason [260]. A lithium accumulation within the copper current collector is also seen, which is in
accordance with previous studies [170, 237, 263]. At a low charging rate of C/16 the formation
of LiC6 is found, like it was also previously observed using Neutron Diffraction [53, 55, 225–227].
For the first time, the formation of metallic lithium (lithium plating) on graphite-based anode
could be observed using NDP and was resolved with a time resolution of 2 min. Due to a reactor
brake of the FRM II, these measurements were performed at the NIST Center for Neutron Re-
search (c.f. Sec. 3.2.2). When comparing the absolute count rates from operando measurements
of both facilities (c.f. Fig. 8.1 b and Fig. 8.6 a) in the range of (300–400) keV, i.e. in a region
where the exponentially-shaped background signal dominates the measurement signal while be-
ing above the trigger threshold, the N4DP instrument shows a (28–67) % lowered background
intensity compared to the Cold Neutron Depth Profiling Instrument at the NCNR. Addition-
ally, the N4DP instrument exhibits a ≈ 1.6-times higher cold neutron flux density (c.f. Tab. 1.1)
which is planned to be increased further to 5×1010 cm−2s−1 (c.f. Sec. 3.1.2). Based on these
numbers a ≈ (1.3–6.4)-times shorter time resolution would be expected at the N4DP instrument
while the statistical significance of the measurement is maintained.
In order to favor lithium plating, a low LiPF6 concentration of 0.31 M was dissolved in the
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liquid electrolyte. Different charging rates of C/4, C/2, 1C, and 2C were applied. While for the
slower rates a homogeneous graphite lithiation was observed, a highly inhomogeneous lithium
accumulation was found for the 2C charging rate resulting in the formation of metallic lithium
at the surface of the anode. The lithiation process in the anode could be studied operando
showing distinct depth regions in which the lithiation progresses. During a subsequent OCV
phase, the relaxation towards the equilibrium was studied. Hereby, the lithium profile was ob-
served to homogenize within ≈ 8 min. This is much faster than findings from previous Neutron
Diffraction measurements on commercial lithium-ion batteries with graphite anodes [53, 226].
These batteries were cooled to low temperatures of −2◦C and −20◦C so that lithium plating
occurred already at charging rates of C/2 and C/5, respectively. Relaxation times of ≈ 2 h and
(17–20) h were founds [53, 226]. Since the electrochemical cells which were investigated in this
NDP study were cycled at room temperature and the porous graphite anode thicknesses were
kept thin allowing for charged-particle penetration, faster kinetics and transport mechanisms
would be expected compared to measurements obtained at low temperatures, which eventually
resulted in this study in a shorter relaxation time of ≈ 8 min [53, 68, 226].
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The major findings of this work are first summarized in Sec. 9.1. In the framework of this thesis,
a total of six articles are published and two are in preparation: findings on irreversible lithium
accumulations in graphite anodes discussed in Chap. 6 are published in [230]. Ex situ NDP
measurements on silicon-graphite composite anodes presented in Chap. 7 are published in [118,
231, 232]. Results on operando NDP, presented in Chap. 8, during the initial formation cycle
for graphite anodes are published in [170]. A publication based on the findings on fast charging
is in preparation [68]. In Sec. 9.2, near-future developments and applications for the N4DP
instrument are presented. Many of the technical developments are under development.

9.1 Conclusion

In the scope of this work, essential contributions to the development of the N4DP instrument at
the Heinz Maier-Leibnitz Zentrum were performed and several samples from different material
science applications were investigated. Thanks to the high sensitivity of NDP in particular to 6Li
nuclei, concentration profiles of lithium can non-destructively be probed with highest precision.
This is of special interest for lithium-ion batteries, which play an increasingly important role on
the daily life.
In order to translate the obtained spectra to concentration profiles, a software tool was developed,
which is based on the experimental stopping range tables provided by the SRIM software [117].
A signal forward mapping method was also presented, which substitutes the use of particle filter
foils in special applications.
Here, two different anode materials (graphite-based and silicon-graphite-based) for lithium-ion
batteries were investigated. In a cooperation with the Hochschule Landshut, the influence of a
special lamination technique on the SEI formation within the graphite anodes was probed. The
laminated separator was irreversibly attached to the post mortem anodes harvested from the
battery, limiting the NDP viewing depth. Therefore, the SEI formation could only be followed in
the upper bulk layers. Here, during 500 cycles no significant influence of the lamination technique
on the SEI formation was observed for C-rates between 0.1 C and 2 C. For the non-laminated
anodes, the NDP viewing range was sufficient to probe the concentration profile across the whole
thickness. A surface-near peak was observed for the first time, which could possibly be ascribed
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to a lithium formation at the surface of the particles, indicating that an SEI has formed on the
particles, i.e. at the contact surface of the active graphite with the electrolyte. Furthermore,
NDP revealed that (55–80) % of the electrochemically observed irreversible capacity was present
as irreversibly attached lithium in the anodes. Therefore, lithium immobilization due to SEI
formation in the anode is the main driving mechanism for capacity fading. Lithium loss induced
by harvesting the post mortem anodes could not be excluded.
In contrast to commercial graphite anodes, silicon-based anodes offer a higher theoretical capac-
ity, but they induce a faster capacity aging upon operation. Within a cooperation with the TEC
group of the chemistry department of TUM, anodes with a silicon-graphite mixture as active
material were investigated ex situ. Here, NDP enabled to follow the accumulation of the active
lithium and the formation of passivated lithium forming an SEI during the first (dis-)charging
process. Furthermore, a mass swelling of the anodes of ≈ 2-times of that of the pristine could
be directly followed. After the first completed cycle, the anodes gained ≈ 18 % in mass caused
by irreversible SEI formation in the anodes. The SEI formation was then followed for extended
battery operation up to 140 cycles. After 100 cycles, the anodes reached a ≈ 3-times mass thick-
ness compared to their pristine state due to SEI formation. The irreversibly attached lithium
in the SEI accounts for ≈ 75 % of the irreversible capacity observed. Using NDP, a shrinking
of the surface-near lithium peak is observed for larger (dis-)charge cycle numbers, indicating a
morphological change within the anode, as it was observed in an earlier TEM study and later
verified at MLZ using GISANS [56, 254].
Lithium losses could not be excluded for both ex situ studies during anode harvesting or sub-
sequent washing. Therefore, operando NDP measurements were conducted to directly measure
the lithium concentration in the operating cell. Due to the depth limitation of the NDP tech-
nique and the mechanical and electrical demands of a lithium-ion battery, a novel cell design
was developed together with the TEC group. It prevents a leakage of the liquid electrolyte and
was shown to ensure a good electrochemical performance of the cell. Here, electrochemical cells
containing graphite anodes could be measured, which were as close as possible to the commercial
standard while enabling to probe their complete depth. NDP was used to quantify operando the
lithium accumulation during the first (dis-)charge cycle, i.e. during formation, and at elevated
charging speeds where lithium plating was induced. During formation, the accumulation of the
active lithium could be quantified showing a good agreement with the electrochemically observed
reversible capacity. On the other hand, similar to the previous ex situ studies, only ≈ 2/3 of the
irreversible capacity was observed as irreversibly attached lithium in the anodes. This was ver-
ified by an independent commercial ex situ ICP-OES study on identically constructed graphite
anodes, which showed that indeed ≈ 62 % of the irreversible capacity is present as irreversible
lithium within the anode [260]. Although the mechanism of this SEI reduction is still unkown
in literature, a possible explanation could be the partial dissolution of SEI into the electrolyte
during battery operation [260]. The direct lithium measurement during operando NDP made
it also possible to study non-destructively the lithium accumulation at higher charging speeds.
Here, for the first time lithium plating in graphite anodes at a charging rate of 2C could be di-
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rectly measured using NDP with a time resolution of 2 min complementing earlier findings using
Neutron Diffraction [53, 226]. In a subsequent relaxation phase, the diffusion of the previously
plated lithium into the graphite anode could be directly studied and was observed to take place
within ≈ 8 min.

9.2 Outlook

The N4DP project was funded by the Federal Ministry of Education and Research (BMBF)
no. 05K16WO1. During this time, 17 proposals were accepted and measured at the N4DP
instrument. While 6 proposals deal with test measurements and instrument development, a
broad range of materials used for different applications were measured based on the 11 proposals
submitted by our collaboration partners. This high demand from users even in the early stage of
the project reflects the great impact of the N4DP instrument on the materials science community.
Recently, a follow-up BMBF project (no. 05K19WO8) was successfully approved. It aims to
transfer the N4DP instrument to a complete user facility. In order to meet the increasing demand
of the users, numerous technical improvements are planned and the major developments are
presented here. An overview of possible future applications is also shown.

9.2.1 Technical Developments

Segmented 2D Detectors

The use of segmented double-sided silicon strip detectors allows for the reconstruction of the
lateral distribution of ions in the sample. The detectors could measure not only static lateral
reconstructions, but also to study directly a 3D concentration evolution also with a good time
resolution in the minute range. Here, we aim for a two-dimensional particle mapping with a
good lateral resolution of ≈ 100 µm, while maintaining the energy resolution of the current
setup [66]. Therefore, highly homogeneous and thin dead layers are required for the charged-
particle detectors [66]. The segmented detectors with 64×128 strips, 150 nm implantation depth
and thin dead layers close to the physical limit are under development as part of the work of
L. Werner and first prototypes have been produced by the company CiS [66]. Within the work
of L. Werner and C. Berner, a custom readout system is developed, based on the TRB-readout
including the SKIROC1 readout chips and a custom GEAR frontend [66, 264]. The detector
prototypes and the novel readout system could already be tested using a triple-α radioactive
source. Here, the α signals could be resolved with a FWHM of 24 keV, which is comparable to
the resolution of 21 keV (FWHM) achieved using the current N4DP setup [66].

1SKIROC 2A and SKIROC CMS
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Elliptical Guide Extension

In order to achieve a reasonable time resolution when mapping the evolution of 3D concentra-
tion profiles using segmented detectors, a high neutron flux is needed to maximize the signal
originating from the small probing volumes being in the ≈ 100 µm×100 µm×20 µm range. An
elliptical guide extension increases the neutron beam to a maximum of 5×1010 n cm−2 s−1 ther-
mal neutron equivalent, but at a position of ≈ 7.5 cm behind the guide exit [67, 166]. It also
shows a highly inhomogeneous beam profile [166]. When going towards time-resolved 3D mea-
surements, a homogeneous beam profile with a high intensity close to the sample position at
≈ 26 cm is needed. Here, E. Kluge could already compare various guide geometries based on
simulations using McStas, which is a software used for simulating neutron scattering in materials
with defined geometries [265–268].

Coincident γ-Detection

The N4DP instrument is situated at the PGAA facility. This could be further exploited when
measuring concentration profiles of 10B. As discussed in Chap. 2, the 10B(n,α)7Li reaction under-
goes a γ-ray emission with a probability of 93.7 % upon cold neutron capture. The high-purity
germanium detectors of the PGAA facility placed at an angle of 90◦with respect to the neutron
beam could be used to coincidently detect this γ radiation. It could be used to trigger the NDP
electronic and thus to isolate boron signals from background radiation. While this approach
seems rather straight-forward, it is currently limited by the detection efficiency for coincidence.
The high purity germanium detectors alone give rise to a efficiency in the 10−4 range [144].
Combined with the geometrical acceptance of the NDP detectors being in the 10−3 range, the
total detection efficiency for coincidence is estimated to be 10−7. The geometrical acceptance
of both detectors can be increased by reducing the distance from the sample to the detectors,
while keeping detector damage induced by radiation on a minimum level.

Determination of the Matrix Composition

In this work, the material stopping power was calculated based on the knowledge of the prepa-
ration procedure. However, non-coincident PGAA could be used to probe the bulk composition
of the investigated material simultaneously to NDP. This would make it possible to detect even
impurities and correct for their stopping power. The N4DP chamber allows for the simultaneous
PGAA measurement through the aluminum windows connecting the sample position with the
germanium detectors, thus optimizing the beamtime. However, this approach is only of inter-
est for static, isolated, samples and not for e.g. anodes in operando batteries. Here, the bulk
composition of the whole battery (anode/separator/electrolyte/cathode) and its casing would
be measured using PGAA, which is constant throughout operation. On the other hand the
composition at the anode side, which solely defines the local stopping power for the charged
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particles there, might change during operation. The isotope-specific detection limits of PGAA
should be considered when measuring the sample matrices, too [67].

Sample Environment

Apart from technical developments of the N4DP instrument itself, also different sample envi-
ronments are of high interest. In this work, an exchangeable gas atmosphere was applied which
enabled to measure operando lithium-ion batteries. As a next step, sample cooling (≈ −20◦C)
and heating (≈ 80◦C) could be implemented in the current setup using a cooling fluid circu-
lator2 and electric heaters with additional thermocouples for temperature control, respectively.
Here, the previously used sample holders could be adjusted for these applications. However, a
thermal contact of the heated sample with the N4DP chamber should be avoided, which might
be achieved using temperature-resistant plastic connectors. Furthermore, a glovebox with con-
trolled atmosphere might be favorable to be installed in connection with the N4DP chamber. It
would enable an inert sample transfer into the measurement position which is of special interest
for air-sensitive samples like e.g. lithium metal.

N4DP User Facility at MLZ

The main goal of the follow-up BMBF project (no. 05K19WO8) is the development of the
current setup to an instrument open to users. Here, several components (hard- and software)
need to be installed to enable an independent and easy user handling of the measurement and
the evaluation. In this context a crane has already been installed in the PGAA bunker for a
simple mounting of the instrument.

9.2.2 Future Applications

The developed operando coin-cell design as well as the above discussed sample environment al-
low for further applications of the NDP method. Low temperature (≈ −20◦C) operando studies
on lithium-ion batteries might reveal insight into the slowed-down kinetics occurring at reduced
temperatures. On the other hand, sample heating is also of special interest for lithium-containing
light-emitting diodes (LED). First ex situ NDP test measurements were performed within de-
vices produced by cooperation partners at the Linköping University, Sweden. Here, an elevated
temperature of ≈ 70◦C is typically applied for operation.
Furthermore, our operando coin-cell design can be adjusted for many “wet” applications con-
taining a liquid beyond lithium-ion battery research and as protection for atmosphere-sensitive
samples.

2Julabo, Germany





APPENDIXAComplementary Character-
ization Methods

The experimental setups of characterization methods complementary utilized to NDP are pre-
sented in this section. First, X-ray diffraction is discussed, followed by microscopy methods.

A.1 X-Ray Diffraction

X-rays are well-suited to complement neutron-based methods, since they allow for probing the
sample in a non-invasive and non-destructive way, while providing on a large sample volume with
high-statistical information [269]. X-rays can be treated as electromagnetic waves at energies in
the keV range and can be described as a plane wave [270]:

Ψ(~r) = Ψ0 exp
(
i~k · ~r

)
, (A.1)

where Ψ0 is the wave amplitude, ~k is the wave vector, and Ψ(~r) is the excitation at position
~r. Energies between 1 keV and 20 keV respectively correspond to wavelengths λ of 12.4 Å and
0.62 Å. This is in the regime of the sample morphology (nm regime) and the atomic lattice
structure (Å regime) and therefore X-rays are a suitable tool to resolve both structures.
In X-ray diffraction (XRD) the electromagnetic waves impinge the sample at an angle θ with
a wavelength of λ of atomic scales, and they scatter on variations of the electron density in
the periodic crystal lattice giving rise to the propagation of spherical waves emanating from
the scattering centers [270]. In poly-crystalline samples, where the crystal layers are randomly
oriented, interference of the waves leads to the evolution of Debye-Scherrer rings and their
intensity maxima are measured in XRD at an angle of 2θ with respect to the incoming beam [270].
The scattering of the impinging wave on the local electron density of a single atom is described
by the form factor fj , which is the Fourier transform of the electron density:

fj(~G) =
∫

atom

ρje(~r)e−i
~G·~rd3~r . (A.2)
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Here, ~r is the space vector from the center of atom j to a volume element of its electron shell.
The structure factor SG describes the local arrangement of atoms in an elementary unit cell and
is given by:

SG =
∑
j

fje
−i ~G·~rj . (A.3)

The position of the center of atom j is given by ~rj . ~G depicts the reciprocal lattice vector defined
by the Miller indices (h, k, l) [270]. The intensity maxima are described by the Laue condition

∆~k = ~k′ − ~k = ~G , (A.4)

where the momentum transfer ∆~k of the incident plane and the scattered spherical waves need
to match the reciprocal lattice vector. Considering only elastic scattering, where |~k′| = |~k|, the
Laue condition gives rise to the construction of the Ewald sphere, which defines the momentum
transfers possible.
The Laue condition is also often referred to as the Bragg’s law of diffraction:

2dhkl sin(θ) = nλ , (A.5)

where dhkl is the lattice spacing in the given direction [270].
X-ray diffraction (XRD) measurements were conducted at the Materials Science Lab of the
MLZ. A molybdenum-based PANalytical Empyrean X-ray diffractometer at an acceleration
voltage of 55 kV and a current of 40 mA was used to generate X-ray radiation with characteristic
wavelengths of Kα1 = 0.709319 Å, Kα2 = 0.713609 Å, Kβ = 0.632305 Å [271, 272]. Hereby, the
intensities had the relations of Kα1/Kα2 = 0.5 , Kβ/Kα1 = 0.011 [273]. All measurements were
performed by Stefan Seidlmayer and Armin Kriele of the Materials Science Lab. XRD spectra
were then evaluated using the freeware software VESTA [274]. Spectral lines were identified
using the Crystallography Open Database [275].

A.2 Optical Microscopy

Surface textures of samples, i.e. their lateral structure and homogeneity, were optically charac-
terized using a Leitz Ergolux AMC optical microscope at the Central Technology Lab (ZTL) of
the Physics Department of TUM. The microscope provided magnifications up to 1000× using
a lens. A CCD-camera connected to a remote computer enabled a digitization of the images.
Depending on the size of the structure, magnifications between 100× and 500× were chosen,
which respectively correspond to lateral areas of 1144×858 µm2 and 229×172 µm2.
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A.3 Atomic Force Microscopy

Atomic Force Microscopy (AFM) was used in the tapping-mode to mechanically probe the height
profile of a sample surface. Here, an atomic force microscope MFP-3D by Asylum Research at
the Center for Nanotechnology and Nanomaterials (ZNN) of TUM was used and controlled
using a remote computer. A cantilever with a spring constant of 2 N/m (Asylum Research) was
oscillated below its resonance frequency (50 kHz) while its 14 µm-high tip (tip radius was 7 nm)
was approaching the sample. Close to the surface Van-der-Waals forces and Lennard Jones
Potentials alter the oscillation of the tip caused by sample deformation and the spring force of
the cantilever. Changes of the oscillation frequency were recorded using a laser beam adjusted
to the backside of the cantilever, which reflected signal was detected by a photo diode. The
beam was previously aligned to the center of the photodiode via adjusting the deflection signal.
Depending on the hardness of the material, the AFM provided a nearly damage-free surface
height profiling down to a precision of several Å. The recorded data were treated and analyzed
using the freeware software Gwyddion [276].





APPENDIXBBeam Profile Images

Figure B.1: (a) Column showing the evolution of the collimated neutron beam at distances of up to 20 cm
after the neutron guide exit. (b) Column showing the evolution of the collimated neutron beam when using
an additional circular collimator. (c) Column showing the evolution of the focused neutron beam profile after
the guide exit. (d) Column showing the evolution of the focused neutron beam when using an additional
circular collimation. For the focused neutron beam a divergence is observed inducing a broadening of the
beam profile. Furthermore, several beam maxima are observed probably caused by inhomongeneities of the
supermirror and subsequent reflection at the curvature of the neutron guide [166]. Photographs were taken
using a radiation-sensitive film.
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Spectra

Energy Spectra of Non-Laminated Anodes

Anode Spectra for Different Cycling Rates
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Figure C.1: (a) Anode spectra of the non-laminated 0.1C-1C series after background subtraction. (b)
Anode spectra of the non-laminated 0.1C-2C series after background subtraction. (c) Anode spectra of the
non-laminated 1C-1C series after background subtraction. (d) Anode spectra of the non-laminated 2C-1C
series after background subtraction.
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Figure C.2: Anode spectra of the non-laminated 2C-2C series after background subtraction.

Anode Spectra for Different Numbers of Cycles
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Figure C.3: (a) Background subtracted spectra of the non-laminated anodes after 2 cycles. (b) Background
subtracted spectra of the non-laminated anodes after 10 cycles. (c) Background subtracted spectra of the
non-laminated anodes after 50 cycles. (d) Background subtracted spectra of the non-laminated anodes after
100 cycles.
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Figure C.4: Background subtracted spectra of the non-laminated anodes after 500 cycles.

Energy Spectra of Laminated Anodes
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Figure C.5: (a) Anode spectra of the laminated 0.1C-1C series after background subtraction. (b) Anode
spectra of the laminated 0.1C-2C series after background subtraction. (c) Anode spectra of the laminated
1C-1C series after background subtraction. (d) Anode spectra of the laminated 2C-1C series after background
subtraction.
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Figure C.6: Anode spectra of the laminated 2C-2C series after background subtraction.

Concentration Profiles

Concentration Profiles for Different Cycling Rates
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Figure C.7: (a) Concentration profiles of non-laminated anodes of the 0.1C-1C series. (b) Concentration
profiles of non-laminated anodes of the 0.1C-2C series. (c) Concentration profiles of non-laminated anodes
of the 1C-1C series. (d) Concentration profiles of non-laminated anodes of the 2C-1C series.
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Figure C.8: Concentration profiles of non-laminated anodes of the 2C-2C series.

Concentration Profiles for Different Numbers of Cycles
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(d)

Figure C.9: (a) Concentration profiles of non-laminated anodes of after 2 cycles. (b) Concentration profiles
of non-laminated anodes of after 10 cycles. (c) Concentration profiles of non-laminated anodes of after
50 cycles. (d) Concentration profiles of non-laminated anodes of after 100 cycles.
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Figure C.10: Concentration profiles of non-laminated anodes of after 500 cycles.
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(d)

Figure C.11: (a) Gaussian fit to determine the inflection point of the concentration profiles of the 0.1C-1C
series. (b) Gaussian fit to determine the inflection point of the concentration profiles of the 0.1C-2C series.(c)
Gaussian fit to determine the inflection point of the concentration profiles of the 1C-1C series. (d)Gaussian
fit to determine the inflection point of the concentration profiles of the 2C-1C series.
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Figure C.12: Gaussian fit to determine the inflection point of the concentration profiles of the 2C-2C series.
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[58] B. Jerliu, E. Huüger, L. Dorrer, B.-K. Seidlhofer, R. Steitz, V. Oberst, U. Geckle, M.
Bruns, and H. Schmidt, “Volume Expansion during Lithiation of Amorphous Silicon
Thin Film Electrodes Studied by In-Operando Neutron Reflectometry”, The Journal of
Physical Chemistry C, vol. 118, no. 18, pp. 9395–9399, 2014.

[59] W. Weydanz, H. Reisenweber, A. Gottschalk, M. Schulz, T. Knoche, G. Reinhart, M. Ma-
such, J. Franke, and R. Gilles, “Visualization of Electrolyte Filling Process and Influence
of Vacuum during Filling for Hard Case Prismatic Lithium Ion Cells by Neutron Imaging
to Optimize the Production Process”, Journal of Power Sources, vol. 380, pp. 126–134,
2018.



128 Bibliography

[60] J. B. Habedank, F. J. Günter, N. Billot, R. Gilles, T. Neuwirth, G. Reinhart, and M. F.
Zaeh, “Rapid Electrolyte Wetting of Lithium-Ion Batteries Containing Laser Structured
Electrodes: In Situ Visualization by Neutron Radiography”, The International Journal
of Advanced Manufacturing Technology, vol. 102, no. 9-12, pp. 2769–2778, 2019.

[61] H. Wang, R. G. Downing, J. A. Dura, and D. S. Hussey, “In Situ Neutron Techniques
for Studying Lithium Ion Batteries”, in Polymers for Energy Storage and Delivery: Poly-
electrolytes for Batteries and Fuel Cells, ACS Publications, 2012, pp. 91–106.

[62] T. W. Verhallen, S. Lv, and M. Wagemaker, “Operando Neutron Depth Profiling to De-
termine the Spatial Distribution of Li in Li-ion Batteries”, Frontiers in Energy Research,
vol. 6, p. 62, 2018.

[63] J. Ziegler, B. Crowder, G. Cole, J. Baglin, and B. Masters, “Boron Atom Distributions in
Ion-Implanted Silicon by the (n,4He) Nuclear Reaction”, Applied Physics Letters, vol. 21,
no. 1, pp. 16–17, 1972.

[64] J. F. Ziegler, G. W. Cole, and J. E. E. Baglin, “Technique for Determining Concentration
Profiles of Boron Impurities in Substrates”, Journal of Applied Physics, vol. 43, no. 9,
pp. 3809–3815, 1972.

[65] R. Downing, G. Lamaze, J. Langland, and S. Hwang, “Neutron Depth Profiling: Overview
and Description of NIST Facilities”, Journal of Research of the National Institute of
Standards and Technology, vol. 98, no. 1, p. 109, 1993.

[66] L. Werner, “The N4DP Instrument”, Dissertation, Technische Universität München, 2020.

[67] Heinz Maier-Leibnitz Zentrum. (Jun. 2020). PGAA - Bildgebende Verfahren & Analyse
- Instrumente & Labore - MLZ - Heinz Maier-Leibnitz Zentrum, [Online]. Available:
https://mlz-garching.de/pgaa/de (visited on 10/22/2020).

[68] F. Linsenmann, P. Rapp, M. Trunk, J. Weaver, B. Märkisch, H. Gasteiger, et al., “Spatially-
and Time-Resolved Detection of Lithium Plating during Fast-Charging of a Graphite-
Based Lithium-Ion Battery”, in preparation,

[69] E. Vezhlev, A. Ioffe, S. Mattauch, S. Staringer, V. Ossovyi, C. Felder, E. Hüger, J. Vacik,
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at the PGAA Facility of MLZ–Prompt Gamma-Ray Neutron Activation Analysis and
Neutron Tomography”, Journal of Archaeological Science: Reports, vol. 20, pp. 303–306,
2018.

https://sites.google.com/site/nistndp/home
https://sites.google.com/site/nistndp/home


130 Bibliography

[85] C. Stieghorst, G. Hampel, B. Karches, P. Krenckel, P. Kudějová, C. Plonka, Z. Révay,
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Revay, and H. Gasteiger, “A Liquid Electrolyte-Based Lithium-Ion Battery Cell Design
for Operando Neutron Depth Profiling”, Journal of the Electrochemical Society, vol. 167,
no. 10, p. 100 554, 2020.

[171] C. Sheehan, W. Lennard, and J. Mitchell, “Measurement of the Efficiency of a Silicon
Surface Barrier Detector for Medium Energy Ions Using a Rutherford Backscattering
Experiment”, Measurement Science and Technology, vol. 11, no. 8, p. L5, 2000.

[172] R. Lutter, O. Schaile, K. Schoeffel, K. Steinberger, and C. Broude. (May 2019). MARaBOU:
MBS and Root Based Online Offline Utility, [Online]. Available: https://www-old.mll-
muenchen.de/marabou/htmldoc/ (visited on 10/22/2020).

[173] R. Brun and F. Rademakers, “ROOT—An Object Oriented Data Analysis Framework”,
Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrom-
eters, Detectors and Associated Equipment, vol. 389, no. 1-2, pp. 81–86, 1997.

[174] J. A.-M. G. Nikolaus Kurz. (Oct. 2020). Multi-Branch-System, MBS, [Online]. Available:
https://www.gsi.de/work/forschung/experimentelektronik/datenverarbeitung/
datenerfassung/mbs.htm (visited on 10/22/2020).

[175] NIST Center for Neutron Research. (Nov. 2011). The NIST Center for Neutron Research:
40 Years Serving NIST/NBS and the Nation, [Online]. Available: https://www.ncnr.
nist.gov/NCNRHistory_Rush_Cappelletti.pdf (visited on 10/22/2020).

[176] NIST Center for Neutron Research. (Oct. 2020). NIST Center for Neutron Research
(NIST), [Online]. Available: https://www.nist.gov/ncnr (visited on 10/22/2020).

[177] NIST Center for Neutron Research. (Apr. 2020). NIST Center for Neutron Research
Accomplishments and Opportunities 2019, [Online]. Available: https://nvlpubs.nist.
gov/nistpubs/SpecialPublications/NIST.SP.1242.pdf (visited on 10/22/2020).

[178] R. G. Downing, J. Maki, and R. Fleming, “Analytical Applications of Neutron Depth
Profiling”, Journal of Radioanalytical and Nuclear Chemistry, vol. 112, no. 1, pp. 33–46,
1987.

[179] J. L. Weaver and D. Turkoglu, “Natural Alteration of 6Li Alumino-Silicate Glass”, Jour-
nal of Nuclear Materials, vol. 512, pp. 56–64, 2018.

[180] Y. He, R. G. Downing, and H. Wang, “3D Mapping of Lithium in Battery Electrodes
Using Neutron Activation”, Journal of Power Sources, vol. 287, pp. 226–230, 2015.

[181] R. G. Downing, “NIST Neutron Depth Profiling Facility: 2013”, Transactions, vol. 109,
no. 1, pp. 527–528, 2013.

http://www.thegoodscentscompany.com/
https://www-old.mll-muenchen.de/marabou/htmldoc/
https://www-old.mll-muenchen.de/marabou/htmldoc/
https://www.gsi.de/work/forschung/experimentelektronik/datenverarbeitung/datenerfassung/mbs.htm
https://www.gsi.de/work/forschung/experimentelektronik/datenverarbeitung/datenerfassung/mbs.htm
https://www.ncnr.nist.gov/NCNRHistory_Rush_Cappelletti.pdf
https://www.ncnr.nist.gov/NCNRHistory_Rush_Cappelletti.pdf
https://www.nist.gov/ncnr
https://nvlpubs.nist.gov/nistpubs/SpecialPublications/NIST.SP.1242.pdf
https://nvlpubs.nist.gov/nistpubs/SpecialPublications/NIST.SP.1242.pdf


138 Bibliography

[182] National Institute of Standards and Technology. (Oct. 2020). Material Analysis Using
Neutron Depth Profiling — NIST, [Online]. Available: https://www.nist.gov/labora
tories/tools-instruments/material-analysis-using-neutron-depth-profiling
(visited on 10/22/2020).

[183] W. Lennard, H. Geissel, K. Winterbon, D. Phillips, T. Alexander, and J. Forster, “Non-
linear Response of Si Detectors for Low-Z Ions”, Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equip-
ment, vol. 248, no. 2-3, pp. 454–460, 1986.

[184] W. Lennard and K. Winterbon, “Response of Silicon Detectors to 1H and 4He Ions”,
Nuclear Instruments and Methods in Physics Research Section B: Beam Interactions
with Materials and Atoms, vol. 24, pp. 1035–1038, 1987.

[185] E. Finch and A. Rodgers, “Measurements of the Pulse Height Defect and Its Mass De-
pendence for Heavy-Ion Silicon Detectors”, Nuclear Instruments and Methods, vol. 113,
no. 1, pp. 29–40, 1973.

[186] National Institute of Standards and Technology. (Aug. 2010). Certificate of Analysis
Standard Reference Material 2137, [Online]. Available: https://www- s.nist.gov/
srmors/certificates/2137.pdf (visited on 10/22/2020).

[187] W. H. Bragg and R. Kleeman, “On the α Particles of Radium, and their Loss of Range
in Passing Through Various Atoms and Molecules”, The London, Edinburgh, and Dublin
Philosophical Magazine and Journal of Science, vol. 10, no. 57, pp. 318–340, 1905.

[188] J. Ziegler and J. Manoyan, “The Stopping of Ions in Compounds”, Nuclear Instruments
and Methods in Physics Research Section B: Beam Interactions with Materials and Atoms,
vol. 35, no. 3-4, pp. 215–228, 1988.

[189] Y. Zhang and W. J. Weber, “Validity of Bragg’s Rule for Heavy-Ion Stopping in Silicon
Carbide”, Physical Review B, vol. 68, no. 23, p. 235 317, 2003.

[190] E. Bär, P. Andreo, A. Lalonde, G. Royle, and H. Bouchard, “Optimized I-Values for Use
with the Bragg Additivity Rule and Their Impact on Proton Stopping Power and Range
Uncertainty”, Physics in Medicine & Biology, vol. 63, no. 16, p. 165 007, 2018.

[191] CERN European Research Laboratory. (Oct. 2020). ROOT: A Data Analysis Framework,
[Online]. Available: https://root.cern.ch/ (visited on 10/22/2020).

[192] CERN European Research Laboratory. (Dec. 2015). ROOT: Interpolation Classes, [On-
line]. Available: https://root.cern.ch/doc/v606/group__Interpolation.html
(visited on 10/22/2020).

[193] A. Kvarving, Norwegian University of Science and Technology. (Oct. 2008). Natural Cubic
Splines, [Online]. Available: https://www.math.ntnu.no/emner/TMA4215/2008h/
cubicsplines.pdf (visited on 10/22/2020).

https://www.nist.gov/laboratories/tools-instruments/material-analysis-using-neutron-depth-profiling
https://www.nist.gov/laboratories/tools-instruments/material-analysis-using-neutron-depth-profiling
https://www-s.nist.gov/srmors/certificates/2137.pdf
https://www-s.nist.gov/srmors/certificates/2137.pdf
https://root.cern.ch/
https://root.cern.ch/doc/v606/group__Interpolation.html
https://www.math.ntnu.no/emner/TMA4215/2008h/cubicsplines.pdf
https://www.math.ntnu.no/emner/TMA4215/2008h/cubicsplines.pdf


Bibliography 139

[194] J. T. Maki, R. F. Fleming, and D. H. Vincent, “Deconvolution of Neutron Depth Pro-
filing Spectra”, Nuclear Instruments and Methods in Physics Research Section B: Beam
Interactions with Materials and Atoms, vol. 17, no. 2, pp. 147–155, 1986.

[195] K. J. Coakley, “A Cross-Validation Procedure for Stopping the EM Algorithm and De-
convolution of Neutron Depth Profiling Spectra”, IEEE Transactions on Nuclear Science,
vol. 38, no. 1, pp. 9–15, 1991.

[196] V. Hnatowicz, J. Vacik, and D. Fink, “Deconvolution of Charged Particle Spectra from
Neutron Depth Profiling Using Simplex Method”, Review of Scientific Instruments, vol. 81,
no. 7, p. 073 906, 2010.

[197] X. Yang, R. Downing, G. Wang, D. Qian, H. Liu, and K. Wang, “A Monte Carlo Code to
Get Response Spectrum of Ions for Neutron Depth Profiling”, Journal of Radioanalytical
and Nuclear Chemistry, vol. 301, no. 1, pp. 213–220, 2014.

[198] B. Park and G. Sun, “Analysis of Depth Profiles of 10B and 6Li in Si Wafers and Lithium
Ion Battery Electrodes Using the KAERI-NDP System”, Journal of Radioanalytical and
Nuclear Chemistry, vol. 307, no. 3, pp. 1749–1756, 2016.

[199] J. Shultis, “Notes on Neutron Depth Profiling”, Engineering Experiment Station Report,
vol. 298, 2003.

[200] C. Wang, M. J. Burek, Z. Lin, H. A. Atikian, V. Venkataraman, I.-C. Huang, P. Stark,
and M. Loncar, “Integrated High Quality Factor Lithium Niobate Microdisk Resonators”,
Optics Express, vol. 22, no. 25, pp. 30 924–30 933, 2014.

[201] P. Kolarova, J. Vacik, J. Spirkova-Hradilova, and J. Cervena, “Neutron Depth Profiling
Study of Lithium Niobate Optical Waveguides”, Nuclear Instruments and Methods in
Physics Research Section B: Beam Interactions with Materials and Atoms, vol. 141, no. 1–
4, pp. 498–500, 1998.

[202] I. Paulini, W. Heiland, A. Arnau, E. Zarate, and P. Bauer, “Stopping Cross Section
of Protons and Deuterons in Lithiumniobate near the Stopping Power Maximum”, Nu-
clear Instruments and Methods in Physics Research Section B: Beam Interactions with
Materials and Atoms, vol. 118, no. 1-4, pp. 39–42, 1996.

[203] R. Weis and T. Gaylord, “Lithium Niobate: Summary of Physical Properties and Crystal
Structure”, Applied Physics A, vol. 37, no. 4, pp. 191–203, 1985.

[204] The Royal Swedish Academy of Sciences. (Oct. 2019). Scientific Background on the Nobel
Prize in Chemistry 2019: Lithium-Ion Batteries, [Online]. Available: https://www.nob
elprize.org/uploads/2019/10/advanced-chemistryprize2019-2.pdf (visited on
10/22/2020).

[205] J. Goodenough, G. Li, H. Ikuta, M. Whittingham, J. Yamaki, M. Winter, J. Besenhard,
Y. Nishi, and B. Scrosati, Lithium Ion Batteries: Fundamentals and Performance. Wiley-
VCH: Weinheim, Germany, 1998, isbn: 3-527-29569-0.

https://www.nobelprize.org/uploads/2019/10/advanced-chemistryprize2019-2.pdf
https://www.nobelprize.org/uploads/2019/10/advanced-chemistryprize2019-2.pdf


140 Bibliography

[206] A. Wang, S. Kadam, H. Li, S. Shi, and Y. Qi, “Review on Modeling of the Anode Solid
Electrolyte Interphase (SEI) for Lithium-Ion Batteries”, NPJ Computational Materials,
vol. 4, no. 1, pp. 1–26, 2018.

[207] G. N. Lewis and F. G. Keyes, “The Potential of the Lithium Electrode”, Journal of the
American Chemical Society, vol. 35, no. 4, pp. 340–344, 1913.

[208] C. Glaize and S. Genies, Lithium Batteries and other Electrochemical Storage Systems.
Wiley Online Library, 2013, isbn: 978-1-118-76112-0.

[209] M. Armand, “Intercalation Electrodes”, in Materials for Advanced Batteries, Springer,
1980, pp. 145–161, isbn: 978-1-4684-3851-2.

[210] M. Armand and P. Touzain, “Graphite Intercalation Compounds as Cathode Materials”,
Materials Science and Engineering, vol. 31, pp. 319–329, 1977.
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• M. Trunk, L. Werner, R. Gernhäuser, R. Gilles, B. Märkisch, Z. Revay, “The Neutron
Depth Profiling Instrument N4DP at the Heinz Maier-Leibnitz Zentrum in Garching, Ger-
many”, European Conference on Neutron Scattering (ECNS), Saint Petersburg (Russia),
30.06.–05.07.2019.
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