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Abstract: A real-time quantification of Li transport using
a nondestructive neutron method to measure the Li distribution
upon charge and discharge in a Li-ion cell is reported. By using
in situ neutron depth profiling (NDP), we probed the onset of
lithiation in a high-capacity Sn anode and visualized the
enrichment of Li atoms on the surface followed by their
propagation into the bulk. The delithiation process shows the
removal of Li near the surface, which leads to a decreased
coulombic efficiency, likely because of trapped Li within the
intermetallic material. The developed in situ NDP provides
exceptional sensitivity in the temporal and spatial measurement
of Li transport within the battery material. This diagnostic tool
opens up possibilities to understand rates of Li transport and
their distribution to guide materials development for efficient
storage mechanisms. Our observations provide important
mechanistic insights for the design of advanced battery
materials.

Lithium-ion batteries (LIBs) are the most promising tech-
nology amongst the rechargeable energy storage systems, and
their high gravimetric and volumetric energy density have led
to them being widely used in a broad range of industrial and
consumer applications. Although still dominating portable
electronics, LIBs are now being considered for the storage
and distribution of renewable energy sources and in the
automotive industry, for powering electric and plug-in hybrid
vehicles. The increasing demand for LIBs has stimulated the
development of advanced materials, diagnostic tools, and
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battery models that could lead to better performance in terms
of storage capacity, kinetics, and long-term cyclability.

A nondestructive method for the real-time visualization
and quantification of Li ions could be a powerful tool for
understanding Li storage properties and guide the develop-
ment of durable, cyclable, and efficient storage materials,
especially as Li insertion or diffusion through solids is often
the rate-limiting step in battery processes.!l A direct mea-
surement of Li distribution within a material in real time can
provide valuable information for modeling Li transport at the
fundamental and systems level.

In situ X-ray diffraction (XRD), Mdssbauer spectroscopy,
nuclear magnetic resonance, transmission electron microsco-
py, scanning probe microscopy (AFM, STM), and synchro-
tron X-ray tomography™ have been used to quantify crystal-
structure evolution and visualize the expansion/contraction of
electrode materials during lithiation and delithiation process-
es, with each having their own advantages and limitations. An
in situ neutron technique such as neutron depth profiling
(NDP),®! while relatively new for applications in battery
materials research, could be powerful because of its high
sensitivity to certain light elements (e.g. °Li, '’B, “N, "Be).
This selective nature of neutrons results in spectra that allow
the direct tracking and counting of Li atoms without resorting
to inferring Li transport phenomena from indirect observa-
tions.

A real-time quantification of Li transport using a non-
destructive neutron method to measure the Li distribution
upon charge and discharge is reported here. As a neutral
particle that has a selective interaction probability with
different isotopes, a neutron is ideal for probing Li atoms
deep inside the battery. We have developed an in situ
technique based on NDP to provide temporal and spatial
measurement of Li within a material and to visualize its
transposition during dynamic charging and discharging. Our
experimental design also allows for measurements in low
vapor pressure “wet” electrolyte inside the evacuated NDP
chamber, which opens up possibilities for probing a variety of
energy storage materials, ultimately providing information to
guide materials development for efficient energy storage.
Herein, we explored the onset of lithiation in a model Sn
electrode by using in situ NDP and visualized the enrichment
of Li atoms on the surface while monitoring the propagation
of Li into the bulk. NDP provides valuable mechanistic
insights for evaluating the transport of light elements.

NDP is a quantitative analytical technique for measuring
elements that exhibit a high probability of absorbing neutrons
as a function of depth (Figure 1). °Li absorbs neutrons (with
a probability of 940 barns for neutron energy at 25 meV and
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Figure 1. A) A schematic representation of the battery components.
B) lllustration of the NDP chamber at NCNR. C) Three snapshots of
the in situ NDP spectra showing Li transport during charging/
discharging a battery. EC=ethylene carbonate, DMC =dimethyl car-
bonate.

2116 barns at 5 meV) governed through the nuclear reaction
shown in Equation (1).

n+°Li — *He +°H + 4.8 MeV (1)

The initial and final energies of both emitted alpha (‘He)
and triton (*H) particles are quantified and the corresponding
Li depth profile can be directly determined from the atomic
composition and density of the electrode material. Figure 2
shows Li transposition through a dense 12.5 um Sn film and
various components of an electrochemical cell, with a total
traveling distance of approximately 20 pm.

Recently, efforts in the development of LIB electrode
materials have focused on a class of elements that form stable
intermetallic compounds with Li and provide Li storage
capacities 3 to 10 times that of conventional graphite
anodes.*! Lithiation and delithiation of high energy density
intermetallic electrode materials, such as LiSi, LiSn, LiGe,
LiPb, LiSn, LiAg, and combinations thereof, are often
accompanied by phase transitions and transformations that
result in electrochemically driven amorphization® and large
volume changes that influence cyclability. For example, in the
case of Sn, the lithiation process transforms Sn through its
thermodynamically stable phases of Li,Sns, LiSn, Li,Sn;,
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Figure 2. Lithium concentration profiles within a 12.5 um Sn foil as

a function of time. Dashed lines: before electrochemical lithiation.

A) Lithiation spectra plotted every 60 min interval from 20 min to

740 min at 0.4 V versus Li/Li" (reaching ca. 200 mAhrg™'). B) Delithia-
tion spectra plotted every 60 min interval from 10 min to 200 min
delithiation at 1.0 V versus Li/Li*.

LisSn,, Li;3Sns, Li;Sn,, and Li;;Sn, with increasing Li content,
and has been observed to expand up to 300 % in volume at full
charge, which results in mechanical deformation and frac-
ture.?>¢] Materials structures such as nanowires, 3D archi-
tectures, and inactive core/active shell systems allows the
accommodation of changes induced by these transformations,
thereby offering improved performance and lifetime.") How-
ever, the transport properties of lithium and its resulting
distribution within the material are largely inferred by using
ex situ and often invasive techniques.

The experimental study was performed by designing
a sealed electrochemical cell (Figure 1) for keeping low
vapor pressure “wet” electrolytes in a vacuum while allowing
nuclear reaction products to pass through a thin Kapton film
(ca. 7.5 um) to the detector. An all-solid-state thin film
battery has been previously reported to avoid any liquid
components for NDP study.”” Our design allows depth
resolution that enables lithium transport properties to be
elucidated as particles travel through a material with known
atomic composition and densities. Additionally, this design
allows quantification of changes in the Li concentration in the
electrode directly without having to first obtain a background
spectrum. The electrochemical cell consists of a uniform thin-
layer metallic Sn foil (12.5 um) to ensure a well-defined
current distribution across the electrode during the lithiation
and delithiation processes. The working electrode, a 300 um
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Li foil, serves as both the counter and reference electrode
separated by a 25 um Celgard immersed in a conventional
carbonate electrolyte (Im LiBF, in EC:DMC), which mimics
an operating battery. Lithiation potentials and the total
charge passed were carefully selected to minimize mechanical
fracture.

The distribution of Li in working batteries undergoing
charge/discharge cycles reported herein was measured using
the NDP facility at the National Institute of Standards and
Technology’s (NIST) Center for Neutron Research (NCNR),
while the optimization of the electrochemical design and
preliminary in situ testing were initially performed at The
Ohio State University Research Reactor. Although neutrons
will only interact with °Li, all the lithium concentrations
reported herein account for the total Li content assuming
a natural abundance of 7.5% for °Li. Lithium and boron
standards were used to calibrate the channel number to
energy, and the counts per channel to the Li concentration
(see the Supporting Information). With the aid of a simulation
code called “Stopping and Range of Ions in Matter” (SRIM),
the energy loss of the triton particle to the different cell
components was calculated and used for calibrating depth
penetration. NDP spectra collected during charge and
discharge cycles were recorded every 5 min during a potentio-
static hold at + 0.4 V versus Li/Li* (lithiation) over a period
of approximately 12 h, which amounts to approximately
200 mAhrg". The 1o relative counting uncertainty shown in
Figure 1 C of about 3 % is mainly due to the random nature of
nuclear counting. Counting each spectrum for longer would
give better counting statistics, however, at the price of
worsening time resolution for the insitu NDP study. The
dominant error in the NDP spectra stems from a systematic
error used to calibrate depth. Herein, the density of a pure
12.5 um Sn was used to calibrate the depth, while in reality the
electrode composition changes as a function of charge and
discharge, which could influence the stopping power of the
materials for the charge particles. Taking into account the
differences in the physical properties of lithiated Sn and the
components in the electrochemical cell, an overall conserva-
tive estimate of about 10% uncertainty is assumed for the
NDP spectra.

A real-time evolution of the Li profile during charge and
discharge was determined (see Movie S1 in the Supporting
Information). Figure 2 depicts snap shots of the Li distribu-
tion (smoothed using a running median filter) at 60 min
intervals, tracking the Li distribution as a function of charge
and discharge. The depth intervals (Figure 2) are generally
classified as the electrolyte region (—5 to O um), “near
surface” region (0 to 1pum), and the bulk Sn (>5 um),
where 0 um is assigned to the Sn electrode/electrolyte inter-
face. Prior to lithiation (Figure 2 black dashed line), the Li
signal in the electrolyte region (—5 to 0 um) corresponds to
6.2(£0.6) x 10* atom cm , which is equivalent to the concen-
tration of Li in 1M LiBF,. Upon lithiation, it is evident that an
enrichment of Li at the near surface region (up to 2 um) of Sn
is prevalent (0 to 260 min), which is followed by the diffusion
of Li into the bulk. The surface concentration of Li reaches
a steady state at 1.9(£0.3) x 10*? atomscm™ by 680 min
(equivalent to ca. 200 mAhrg™").
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An asymmetric Li peak centered at about 0.6 um with
a decreasing lithium concentration in the bulk is observed
starting at 260 min (ca. 90 mAhrg ') into the potential hold,
after which the rate of Li transport into the bulk increased
considerably, propagating through the entire depth of Sn
(125 pm) at 320 min (ca. 110 mAhrg!). The rate of Li
incorporation into Sn at the near-surface region is equivalent
to about 0.125 mA, while the actual electrochemical current is
twice the amount at 0.2 mA (details of the data processing are
described in the Supporting Information). This finding
indicates parasitic losses of roughly 50% possibly towards
solvent reduction, formation of the solid electrolyte inter-
phase at the interface, and the reduction of naturally
occurring surface SnO to Sn prior to Li transport into the
material. Our observation (Figure 3) also points to a region

no
lithiation Eappied delithiation OCP
(ocP)

2.0x10%

1.5x10%

1.0x10%

5.0x10%"
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Figure 3. Lithium concentration at various regions of the battery as

a function of lithiation (0 to 740 min) and removal of the applied
potential (740-860 min), delithiation (860-1060 min), and removal of
the applied potential (1060-1140 min).

between the near surface and the bulk (0.05 to 1 um region)
that shows faster rates of lithiation (i.e. steeper slopes, dashed
lines in Figure 3) compared to lithiation of the bulk. From the
observations of delithiation, it is also apparent that delithia-
tion rates at the near-surface region occur much faster than
the bulk (Figure 3).

The concentrations of lithium in pure Li,Sn, LiSn, Li;Sn;,
LisSn,, Li;;Sns, Li;Sn,, and Li;;Sn, are also plotted in Figure 2.
It is evident that our material has not reached full lithiation, in
part, to minimize electrode fracturing. Nevertheless, an
expansion at the edge of the electrode/electrolyte (indicated
by “d” between the vertical dashed lines in Figure 2) that is
equivalent to an approximate 12% increase in thickness at
200 mAhrg' is observed. Most of the expansion seems to
occur between 0 and 260 min, which arguably corresponds to
literature reports on Li,O formation.

The Li diffusion dynamics in the electrode can be
modeled by Fick’s law,®l starting from the change in the
concentration obtained from the NDP spectra and the flux of
lithium from the electrochemical current. Two regions are
apparent from our data (Figure 4 A), where a high diffusion
coefficient of (ca.1.5x107-6x1077 cm?s™") is observed
during the initial charge and reaches relative consistent
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Figure 4. A) Li diffusion coefficient as a function of lithiation. B) Total
integrated Li within the electrode (blue squares) and the change in Li
concentration for every 10 min interval (red triangles). C) Ratio of
electrochemical charge passed to the charge equivalent to the inte-
grated Li (blue squares), and the ratio of the change in electrochemical
charge passed and the corresponding change in the Li concentration
for every 20 min interval (red triangles).

diffusion coefficient values of 0.7x1077-2.5x 1077 cm?s™!

after 300 min. It was also observed that there is a delay in
the lithiation deeper in the material (at 5-10 um). A range of
values have been reported for the diffusion constant of Li in
Sn and other intermetallic compounds. The values obtained
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herein are in good agreement with literature values for Sn and
Sn-based anodes at room temperature;”! it is also comparable
to Li diffusion coefficients in other Group IV elements,'"
Ge!""'and Si,™® while values in the range of 107>-107"° cm?s™!
have also been suggested for some Sn-based alloys.['¥] Notice-
ably, Li continues to diffuse into the material upon the
removal of a lithiating potential (Figure 3), as evidenced by
the decline in the near-surface Li concentration with time
(from 740-860 min, when the electrode is at the open-circuit
potential), while an increase in concentration is observed in
the bulk of the electrode (at 5-10 um in Figure 3). Clearly, Li
continues to diffuse into areas of lower concentrations even
after the applied potential is removed. Our previous studies
on the insitu XRD analysis of a similar Sn film also
corroborates this result, where Li,Sn is observed to rearrange
three hours after the removal of an applied potential after
lithiation. As expected, an overall decrease in the Li concen-
tration is observed during delithiation (860-1060 min), with
a higher delithiation rate occurring at the Sn/electrolyte
interface and the near-surface region (0.05 and 0.9 pm)
compared to the bulk (10 pm). Upon removal of the applied
delithiation potential, the remaining Li concentration within
the bulk remains unchanged (1060-1140 min).

The total amount of Li atoms present in the electrode was
obtained by integrating the lithium concentration over the
entire Sn film (013 um). The change in Li atoms within the
electrode for every 10 min interval was plotted against the
total integrated Li over the lithiation period (Figure 4B). Our
data show that while Li is detected on the electrode
immediately during lithiation, significant amounts of Li
incorporation into the material occurs between 200 and
500 min (ca.50 to 100 mAhrg™), reaching a maximum
increase at about 350 min (100 mAhrg™"). It is apparent that
the lithiation of Sn does not occur in uniform increments,
despite the relatively constant current transient within the
lithiation timeframe discussed. The amount of Li atoms
detected by neutrons was converted into an “equivalent
charge” which represents the charge consumed that resulted
in a lithiated Sn electrode. A comparison between the
electrochemical charge passed and the total Li atoms within
the Sn film as a function of lithiation time is also plotted in
Figure 4C.

A ratio of 1:1 between the electrochemical and Li NDP
charge indicates that all of the electrochemical charge went
into the conversion of LiSn, between 300 and 500 min
(Figure 4 C), whereas regions where the ratio is > 1:1 implies
that a portion of the measured electrochemical charge was
consumed in “parasitic side reactions”.'"¥ These parasitic
reactions can be due to the electrochemical reduction of
electrolyte species to form the solid electrolyte interphase
(SEI) layer™ and/or the reduction of native Sn surface
oxides!'® to form a Li,O matrix. Our results in Figure 4C
indicate significant parasitic losses occurred during the first
230 min of charge. The rate of lithiation started to increase, as
evidenced by the upward slope between 100 and 200 min and
a downward slope between 230 and 320 min, while some
electrochemical charge is still lost to parasitic reactions. After
approximately 300 min, the ratio between the change in the
electrochemical charge and the change in the NDP charge
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appears to reach a plateau. This result indicates that
a significant portion (70-100%) of the electrochemical
charge was utilized for lithiation of the electrode material.

The experiment conducted also elucidates an interesting
phenomenon occurring in the electrolyte region. Figure 2
shows an increase in the concentration of the electrolyte upon
charging at relatively uniform increments with time. This
increase in the Li concentration, which extends significantly
into the electrolyte region (—5 to 0 um) can be attributed to
the concentration of the Li salt as a consequence of solvent
consumption during the formation of the SEI or due to
a decrease in the volume from the expansion of the electro-
des. Another possible reason for this observation is the
preferential migration of °Li towards Sn during lithiation,['"]
which induces an enrichment of °Li at the surface.

The experiments presented here illustrate the capability
of in situ NDP to probe Li transport and distribution across
the electrode interface and in the electrode in real time. This
method can be used to investigate an extensive range of
anodes and cathodes, not limited to intermetallic-forming
materials. The insitu NDP technique is a very promising
diagnostic tool for the development of a comprehensive range
of materials as architectures for specific purposes (high
energy versus high power applications). For example, this
method can resolve some of the issues concerning the Li
trapped within localized pockets in the electrode that result in
low coulombic efficiencies; provide understanding of require-
ments for optimum materials architecture that promote
efficient Li transport, which is often the rate-limiting phe-
nomenon in battery processes; gain insight in materials
properties for high rates of Li transport; and provide
a direct experimental verification method for models predict-
ing mass and charge transfer in Li-ion cells, including failure
and aging mechanisms.

We have shown in situ NDP to be an invaluable technique
that complements other methods for the characterization of
materials that are necessary to contribute to our comprehen-
sion of the complex interrelation between electrochemistry,
kinetics of Li reactions, intercalation, and transport. This
understanding is indispensable for the development of
reactions and morphologies that will enable the advancement
of materials for energy storage.
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