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Li distribution within micron-scale battery electrode materials is quantified with neutron depth profiling
(NDP). This method allows the determination of intra- and inter-electrode parameters such as lithiation
efficiency, electrode morphology change, and Li transport. In this work, a Sn electrode was lithiated at
a constant potential and in situ Li movement was monitored and quantified. This contrasts to traditional
methods where Li diffusion is inferred based on the passed electrochemical charge. Diffusion constants
obtained through Fick's 1st and 2nd laws using this direct detection method, ranging from 1 x 1072 cm?
st to 10 x 1072 cm? s7%, are in good agreement with each other and reduce the range from the
literature reported values for this system by over an order of magnitude. A significant difference between
the electrochemical charge passed and Li incorporated into the Sn electrode as measured by NDP was
detected. This indicates that NDP can be used to separate lithiation current from other parasitic currents.

Received 9th November 2021
Accepted 14th December 2021

DOI-10.1039/d1ta096399 Advantages, challenges, improvements, and opportunities for using NDP to investigate many battery-

rsc.li/materials-a related phenomena are presented.

Published on 14 December 2021. Downloaded on 5/22/2024 2:27:12 PM.

Introduction

Sn, Si, and other intermetallic forming electrodes are promising
anode materials for their high Li storage capacity and inherent
safety attributes when compared to graphite anodes. However,
these materials can experience substantial capacity losses with
repeated cycling. This capacity fade is hypothesized to occur
due to material volume expansion, material pulverization, and
the formation of structural vacancies. For example, it has been
reported that up to 80% of Li atoms can be trapped in a vacancy-
rich Li,Sn; structure," even when attempting to delithiate the
electrode nanoparticle at a highly oxidizing potential. Such
issues along with the variability of laboratory-based measure-
ment procedures have resulted in a wide range of reported
diffusion constants for Li in Sn and Li,Sn alloys formed during
cell charging. Calculation of more accurate diffusion constants
is needed to better model Li-ion cells made with Sn electrodes
and to predict their performance.” This work aims to address
this need by measuring the diffusion coefficient of Li in a Li,Sn
alloy with an analytical neutron absorption analysis method
that is uniquely sensitive to Li.

Knowledge of the quantity of Li moved and the amount of
time to move them across a known volume are required to
calculate a diffusion constant. Diffusion coefficient
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measurements for Li in battery materials have been tradition-
ally executed with electrochemical methods such as potentio-
static intermittent titration (PITT®), galvanostatic intermittent
titration (GITT*), current-potential transients,” and electro-
chemical impedance spectroscopy.*® These methods can collect
data within operationally realistic timescales (s, min, h), but
they rely on the deduction of Li mobility through detected
electrochemical signals. As a result, detected ion diffusion
signals can be convoluted by signals from other electrochemical
reactions concurrently occurring within a cell. These side
reaction signals can be difficult to detect and separate from the
desired signal(s). In contrast, nuclear magnetic resonance
(NMR) is directly sensitive to both isotopes of Li ("Li and °Li)
and can be used to estimate Li diffusion coefficients. However,
quantification from NMR data is complex and may require the
use of a secondary, confirmatory technique.”

Li detection at relevant timescales (s, min, h) without the
need for additional instrumentation for quantification can be
achieved by neutron depth profiling (NDP). NDP is a neutron
absorption technique that can quantify °Li non-destructively. It
is a proven tool for the study of Li containing battery materials
in a variety of formats under static, in situ, and operando
conditions.>'"*%>33 Other depth profiling methods such as X-
ray photoelectron spectroscopy (XPS) and time of flight
secondary ion mass spectrometry (TOF-SIMS) can have better
depth resolution than NDP and can simultaneously detect
a wide range of elements. SIMS has also been reported to have
a better depth resolution than NDP for B as shown in Vander-
vorst et al.’s 1985 article on depth profiling of B through Si oxide
interfaces.” However, the sampling dimensions of XPS and

This journal is © The Royal Society of Chemistry 2022
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SIMS are smaller than NDP, making results locally relevant but
not representative of a whole cell unless completed in replicates
across a sample's surface. NDP data provides the average Li
concentration across the area of the aperture, which in this
study is very close to the size of the Sn electrode. XPS and SIMS
depth resolutions are dependent on the sputtering conditions;
these can be difficult to calibrate due to the heterogeneity of
battery electrodes containing both soft (e.g., a polymer binder or
SEI) and hard materials (e.g., an electrode material). Both XPS
and TOF-SIMS are destructive due to this sputtering require-
ment. In contrast, NDP is, as stated above, a non-destructive
method and enables the measurement of Li movements in
real-time (operando). Current TOF-SIMS and XPS methods are
not capable of operando depth measurements.

Despite these advantages of NDP, obtaining reliable NDP
measurements on operating Li-ion cells is non-trivial. Chal-
lenges of NDP include the low natural abundance and absorp-
tion cross-section of select analysable isotopes, (°Li =7%
naturally abundant, =940 barns), which can require longer
data collection times relative to enriched samples (e.g., h vs. s,
respectively)."** Sample homogeneity, tortuosity, and density
gradients can also influence data interpretation. High vapor
pressure components within a cell must be isolated from the
high vacuum inside and the NDP chamber or the atmosphere
within the chamber must be exchanged with gases conducive to
NDP experiments (e.g., He).” The presence of volatile electro-
lytes for in situ measurements necessitates a leak-proof window
during traditional, evacuated NDP experiments. Although
detracting, these challenges can be overcome through careful
sample and experimental design and data interpretation;
several solutions to which are herein presented.

In this study high purity Sn foils were measured in situ by
NDP as they were lithiated at a constant potential. A potential
resulting in the production of Li,Sns was selected (600 mV vs.
Li/Li") to minimize the overall expansion (=22% from original
film) and disintegration of the Sn electrode. Confirmatory
experiments were completed at 200 mV. Diffusion constants
were calculated using Fick's 1st and 2nd laws based on the Li
distributions obtained from the NDP profiles.

Experimental

Material preparation

Sn foils (9 um, Goodfellow, 99.75% purity, 515-715-48) and Cu
foils (6 wm, Goodfellow, 99.95% purity) were punched out into
discs with 16 mm and 14.5 mm diameters, respectively, then
soaked and rinsed in acetone, methanol, and isopropyl alcohol
for 5 min each, and then dried for =2 h at 60 °C. Kapton tape (64
mm, CS Hyde Company, 18-1S-2-36) was punched out into rings
with outer diameters of 18 mm and inner diameters of 10 mm.
Li foils (Albermarle, battery grade) were punched into 12.5 mm
diameter discs inside a glove box (LC Technologies). Punched
foils were transferred to a cell assembly Ar-filled glove box
(MBraun) in an airtight container. All coin cell parts (spacers/
EQ-CR20-Spacer-02/MTI Corp, springs/EQ-CR20Be-Spring/MTI
Corp, and CR2032 tops and bottoms/EQ-CR2032-CASE/MTI
Corp, SS304; all were made of 304 stainless steel) were
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sonicated in acetone, then methanol, and then isopropyl
alcohol for 5 min each and then dried for at =2 h at 60 °C.
Celgard 2400 separators were punched into discs with 16 mm
diameters and then soaked and rinsed in methanol for 15 min
before drying in air. Once dried, all materials were transferred
to an Ar-filled glovebox (MBraun) maintained at <0.5 pg g~ *
H,0/0, immediately. The separators were soaked in 1 M LiPFg
in ethylene carbonate (EC): dimethyl carbonate (DMC) at 1: 1
by volume LP30 electrolyte (Selectilyte) for 24 h prior to being
used in coin cell assembly.

Modification of the CR2032 coin cell for NDP measurements

NDP measurements were acquired under ultra-high vacuum
(=107’ Pa) and required special cell preparation to ensure
operation comparable to that measured under atmospheric
conditions. To achieve this, a portion of the top of a CR2032
coin cell casing was replaced with a 6 pm thin Cu foil serving as
both a current collector and a thin window. This allows triton
(*H) particles to escape the cell surface and be detected by the
NDP Si barrier detector (Ametek, AB-018-150-150). Fig. 1A shows
the schematic of the modified CR2032 cell. A 9.5 mm diameter
hole was punched through the top of the coin cell (panel 1 in
Fig. 1A). To eliminate rough metal edges, which could lacerate
the Cu window, the sides of the hole was sanded using a dia-
mond-studded drill bit and power drill. These punched and
sanded tops were cleaned using the same steps as described
above for the coin cells. The Cu windows were pressed by hand
onto the sticky side of the Kapton tape rings so that the outer
edges of the Kapton tape were unobstructed and available to
stick to the coin cell casing (panel 2 in Fig. 1A). This piece was
then pushed onto the internal side of the coin cell top gently by
hand so that the Cu window was in contact with the coin cell top
and the outer edges of the Kapton tape adhered to the internal
side of the coin cell top (panel 3 in Fig. 1A). Torr Seal vacuum
epoxy (Torr Seal-Hysol, IC A-B, TS10) was applied with a spatula
to the external side of the coin cell top around the edges of the
punched hole to seal the interface between the coin cell top and
the Cu window (panel 4 in Fig. 1A). It is imperative that the Cu
window be gently pressed (using the middle or index finger)
from the internal side against the hole in the coin cell top such
that it was flush with the external coin cell top surface during
the application of the Torr Seal epoxy. Finally, a razor was used
to remove excess Torr Seal from the external surface of the coin
cell top so that after curing (2 h, 60 °C, in air) the surface was
free of bumps. The surface of the coin cell top needed to be
relatively flat so that when it was compressed in the coin cell
crimper there was uniform crimping pressure applied across
the entire top surface. If this is not done the differential in
pressure between the coin cell top and the Cu window may
cause the window to tear, rendering the cell useless. Fig. 1C
shows that this modification does not affect the typical elec-
trochemical behaviour of the active Sn foil.

Coin cell assembly

Appropriate internal pressure and good contact between layers
were achieved by adding one spring and four spacers to each
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Fig.1 (A) Pictorial representation of the process used to modify the coin cell top for use as an in situ NDP cell. (B) Expanded view of the coin cells
used for the NDP in situ measurements. Component identities on the left side show (thickness, and diameter). (C) Cyclic voltammogram of a Sn
foil being cycled before (blue dashed), during (red solid), and after (black dotted) exposure to a high vacuum chamber. This data indicates the cell
is performing normally under varied pressure conditions.

cell. 10 pL of LP30 electrolyte were added to the separator of electrolyte that may seep through the edges of the Cu
during the assembly to ensure wetting of the Sn electrode. The window. The cells were then held under vacuum in the glove box
cells were crimped at 2.8 MPa to 4.1 MPa in a crimper (MTI, antechamber (=0.1 Pa) for about 30 min after fabrication and
MSK-110). All cells were visually inspected for tears or droplets then reinspected. Fig. 1B depicts the expanded view of the

Table 1 Diffusion constants calculated from Fick's 1st law®

dCy; D
Time interval dx J (x107? em*s™Y)
(h) Depth range (um) (x10*" Li atoms cm ® pm ™) (x10" Li atoms cm?* s~ ) (% uncertainty, 10)
10 to 20 5.60 to 8.85 1.61 + 0.42 3.99 £ 1.74 2.41 + 1.22 (51%)
20 to 29 3.36 to 8.67 1.33 £ 0.22 5.47 £ 2.70 4.11 + 2.14 (52%)

“ Diffusion constants calculated from the NDP spectra derived flux and gradients according to Fick's 1st law. Calculated constants increase over
time from =2.4 x 102 em®*s ' to =4.2 x 10" em® s L.
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contents of each coin cell. Selected cells were tested for leaks
under vacuum at 10~ Pa for a few days to a week. Following the
leak test, these cells were cycled under normal conditions to
ensure expected performance.

The process of optimizing the NDP cells was iterative
whereby the “normal” electrochemical behaviour of the Sn foils
was reproduced in standard CR2032 coin cells, and the internal
setup for the NDP cells was modified until the same electro-
chemical behaviour was observed in CR2032 cells with and
without the Cu windows. Because of the delicate nature and
multiple failure routes (incorrect internal pressure, window
tearing, poor current collector-Sn foil contact, excessive elec-
trolyte consumption) of the NDP coin cell set-up, failure rates
for these cells are quite high (50-90%). Once the configuration
described in this section had been optimized failure rates
dropped to 10-20%. Most cells using the optimized preparation
method performed as expected, exhibiting reproducible cyclic
voltammograms (as shown in Fig. 1C) as well as current tran-
sients as compared to the same material cycled in a standard,
non-modified CR2032. This suggests that the cells were well
sealed, and the internal contents isolated from the NDP
vacuum. Eleven cells were made for the experiments reported in
this manuscript. Seven were pre-cycled before being exposed to
the NDP chamber, one of which failed during the pre-cycling.
All cells from this group (pre-cycled and fresh) that were ana-
lysed by NDP exhibited typical Sn electrochemical behaviour.

NDP facility and measurements

The relevant nuclear reaction for °Li analysis by NDP is:*?

SLi+ dn — TH (2727.92 keV) + 3He (2055.55 keV)

A Li concentration vs. depth profile plot for a material can be
constructed by collecting the quantity and energy distribution
of the emitted particles. In this study the triton particles (3H'*)
were measured and analysed. This is because the alpha (;He*")
particles are stopped more readily than triton particles as their
masses and charges are relatively higher. Alpha particles are,
therefore, ill-suited for this in situ study that included a leak-
proof Cu window that either stopped or shifted emitted alpha
particles to low, difficult to evaluate energies.

Neutron depth profiling experiments were carried out at the
National Institute of Standards and Technology (NIST) Center
for Neutron Research in Gaithersburg, Maryland (USA) using
Neutron Guide 5 (NG-5). This neutron station provides a beam
of cold neutrons with a peak thermal equivalent neutron flu-
ence rate at =5 meV and a neutron fluence rate of =1.2 x 10°
em % s~ ', Coin cells were placed in a custom-designed holder
(NIST, in-house) and then mounted onto a 6 mm diameter
Teflon circular aperture that was affixed to an Al metal frame.
The coin cell windows were mounted and aligned normal to the
line joining the sample and detector, which is normal to the
surface of the main detector. All reference materials (NIST in-
house concentration, '°B, and energy, '°B, °Li, and *He, refer-
ence materials) were run with the same aperture and configu-
ration and used for data calibration. The holder leads were

This journal is © The Royal Society of Chemistry 2022
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attached to electrical cables with alligator clips, which fed
through the side of the chamber and connected to a CH
Instruments 760D potentiostat. All spectra were corrected for
detector dead time and normalized to slight variability in the
neutron fluence rate. The background signal of a blank coin cell
affixed to the aperture and support (all within the beam) was
taken regularly and found to be negligible in the analyzed
energy range. All sample spectra were binned to the approxi-
mate resolution of the detector (binned to 25 channel, =19
keV).

Depth calibration and concentration calibration

Depth scales were calculated from TRIM (transport of ions in
matter) modelling results.** TRIM simulates the transmission of
particles through a substrate. Input parameters for the particle
(charge, mass, initial energy) and substrate (elemental compo-
sition, density, phase) were specified and TRIM output the
ranges and energy losses for the particles that escaped the
material. Multiple simulations were run to calibrate the energy
of the detected *H's to the depths from which they originated in
the sample. A more detailed explanation of this process can be
found in the ESIf along with the energy-depth calibration
equation used in this work. The orange, blue and green shaded
regions represent the Cu window, Sn electrode, and electrolyte
regions, respectively, in all NDP spectral plots presented.

Electrochemical methods

Potential holds were carried out in the NDP chamber on a coin
cell where the anode was pre-lithiated. Anodes were pre-
lithiated to ensure that they will lithiate or delithiate in the
NDP chamber. Pre-lithiated cells were held at 600 mV vs. Li/Li"
until 60 mA h g~' Sn charge had passed, which took several
hours. NDP spectra were collected from the cells every 60 min
throughout the 29 h experiment.

Diffusion constants

Diffusion constants were calculated from the difference
between sets of NDP spectra using Fick's 1st and 2nd laws
(listed below) where J is flux in units of Li atoms cm® s, D is

. . . . . _, [dCrni\ .
the diffusion coefficient in units of cm®s™*, ( del) is the slope

of the Li atomic concentration gradient within the electrode in

, , dCyj
units of Li atoms cm™, dtLl
3 1

concentration over a time interval in units of Li atomsem™ > s™ -,

is the change in Li atomic

d*cy
and

dx?
the electrode in units of Li atoms cm ™.

is the curvature of the Li concentration profile within

Fick’s 1st law J = D(dCLi)
dx

Ay _ &y

Fick’s 2nd law 7 = Pan
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The total number of Li atoms added to the electrode during
each time increment was calculated to determine the flux across
the concentration gradient for Fick's 1st Law.

This measurement of Li transferred does not include the
region in the electrolyte with changing and increased Li. It is
possible that Li was in the electrode, but near the interface and
it appears (in the data) to be in the electrolyte due to resolution
smearing in NDP (as shown and discussed later in Fig. 4 and 6).
The uncertainty resulting from Li at the interface is discussed
later in this manuscript. For diffusion calculations, only the
change in Li that was decided to be unequivocally residing
within the electrode was considered. The relevant regions where
specific changes in Li concentration were quantified were
enclosed in irregular polygons shown by the red and purple
dashed lines in Fig. 4A and B. The area of the irregular polygons
formed by the difference in each spectrum was calculated by the
shoelace method*™** (Table S21t), and this area was related back
to the integrated Li atoms associated with a unit area on the
spectra as shown in Fig. 4A and B. According to the formula for
the area of an irregular polygon:

En:det [Xi Xit1 :| ‘
= Vi Vi1
where (x;,;) is a vertex in an irregular polygon with 7 vertices,
Xpi1 = Xq, and Ypeq = Y10

In Fig. 4A, the red polygon represents a total change of 2.89
x 10"® Li atoms + 1.26 x 10'® Li atoms within the Sn electrode

over 10 h. The flux for Fick's 1st law is calculated below, where S
is the cross-sectional area perpendicular to the Li flux:

1
Area = -
rea >

ALi 289 x 10" Li atoms + 1.26 x 10"

4 = — =
Ixel SAat 2.01 cm?(3600 s x 10)
—3.99 % 105 £ 1.74 x 1013 L A1OmS
cm- X s

The diffusion coefficient calculation associated with the

gradient (dg;cu, the slope of the NDP profile> and flux in

the red polygon in Fig. 4A is shown below. The gradient (d(fxu)

was measured between 6 pm to 8.5 um, 4.5 um to 8 um, and 2.5
pum to 8 pum, for the 10 h, 20 h, and 29 h data sets, respectively.
Details of uncertainity calculation and propagation can be
found in ref. 15:

J £ oJ

(&) (a)

=D=x6D

Li at
3.99 x 101 £ 1.74 x 101 002
_ cm? X s
L61x 10°ILi 042 x 10°Li) 10000 pm
cm? X pm cm? X pm cm

2
(241 +1.22) x 10712 %
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Because this method requires relatively large differences
between NDP spectra, diffusion analysis was not performed for
any spectra collected before 10 h into the hold as the observed
changes remained within the measurement uncertainty (10).
Table 1 lists the concentration gradients, Li fluxes, and calcu-
lated diffusion coefficient for 10 h to 20 h interval and 20 h to
29 h interval. Fick's 1st law assumes diffusion of a pre-existing
gradient, and the Li integration/flux was calculated only within
a region where a significant Li concentration change was
observed (Fig. 6, red shading).

An alternate method for calculating the diffusion constant is
from Fick's 2nd law.***” This law relates the curvature of the Li
profile to the change in the Li concentration (at a given position)
over time. Again, a relatively large difference between the

. . dcy . . .
spectra is required to calculate d—tm Since very little Li change

is observed between the 2 h, 5 h, and 10 h profiles (Fig. 3) the
diffusion constants were calculated by comparing the 10 h to
20 h, and 20 h to 29 h profiles. These are similar time scales to
those used for the Fick's 1st law calculation. The diffusion
calculation shown below is based on the change in Li concen-
tration between the 10 h and 20 h profiles (Fig. 4C).

(d2 CLi (X))
dx? t=10 hours

B d2(2.14 x 10°x2 —1.50 x 10*'x 4+ 3.44 x 102])
a dx?

=428 x 10° Li atoms cm™ pm™

(dz CLi (X ) )
dx? t=10 hours

. 10 000 pm’
=428 x 10 Li atoms cm™ pm™ (—um)

cm
=4.28 x 10°® Li atoms cm™

dCr;(x
For the () values, depth values were chosen for each

profile pair ggsed on the depth range that experienced
a significant Li concentration change. For the 10 h to 20 h
profiles, the depths and corresponding Li changes are listed in
Table 2.

A diffusion calculation was performed for each depth posi-
tion as the concentration change is depth dependent.

) o)
de (x=8.5 um) dr (x=8.5 pm)

d*Cy;
dx?

7.92 £2.81 x 10 Li atoms cm™
~ T 428 x 10® Li atoms cm3 s

D(X:S.S pum) —

=185 +£0.66 x 1072 cm™? s~
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Table 2 Depth dependent Li concentration changes. Time collection was 36 000 s*

Depth ACL

(um Sn) ACy; (x10*! Li atoms cm ™) Ar (x10' Li atoms em ™ s1)
8.5 2.85 + 1.01 7.92 +2.81

7.1 3.29 £ 0.76 9.14 £+ 2.11

6.0 3.45 + 0.56 95.8 + 15.4

4.0 2.02 + 0.32 5.60 £ 0.90

1.9 6.80 + 0.28 1.89 +£ 0.77

()

% Calculated dGi(x)
dt

Fig. 4E shows all diffusion constants calculated from Fick's
2nd law.

As noted, calculation of diffusion constants with Fick's 1st
law requires for there to be a change in Li concentration across
a measured depth. This change is not measurable at the diffu-
sion surface as the Li population is static and at its maximum
value. A concentration gradient is not required to determine

constants using Fick's 2nd law, but the calculation does require
2

that the Li profile, dd;m, be curvilinear. Fitting of these profiles

with the 2nd law becomes more -challenging for less
pronounced curvatures.

Uncertainty analysis

Integrated NDP profiles calculated prior to a depth calibration is
quantifiable. The units of these profiles are Li atoms cm ™2 (areal
density) vs. keV (energy). Conversely, decisions regarding
material density, morphology, and chemistry made during the
setup of the TRIM calculations, which are used to move from

values for the depth range in the 10 h to 20 h NDP spectra pair.

areal density to volumetric density, can affect the concentration
and depth values obtained for the final spectra (presented in
units of Li atoms cm > vs. nm or pm).!® Care has herein been
taken to provide transparency of such decisions made in the
processing of Sn film NDP data with more details on TRIM
modelling being provided in the ESIt and in ref. 15. In the first
part of this manuscript the in situ measurements were cali-
brated as a single-phase and as non-porous. In the discussion
section the limitations and uncertainties associated with this
choice are outlined and details of the effect of density gradients
within the Sn on the NDP results are presented.

The main contributors to the presented NDP data uncer-
tainty are the experimental counting statistics from the samples
and the depth calculations. The depth uncertainty is dependent
on the TRIM modelling and the accuracy to which one knows
the input parameters (e.g., material morphology, chemistry, and
density). The uncertainity is not the same at all depths and
spectra over time as illustrated in Fig. 4F. The uncertainty in the
depth-axis propagates to the y-axis when calculating for Li

6E+21
2.0E+21
~1.3% 10 moles Lifem? o® Electrode (Sn) region Cu window
1.5E+21 - x-axis calibrated to Sn I
5E+21 - S o fresh cell
o 1.0E+21 4 _7x 10®moles Lifem® <o L4 @ prelithiated cell initial
=] xeaxis calibrated o LP30 ° L3
: 5.0E+20 '~ ° o
o
E 4E+21 A 0.0E-+0p LEectoteregion ) '. a
« Depth (um) o
= ° i .
-’ ]
=  3E+21 A O .
2 . o °
g’ = % & e
o
E ° w &N .
g 2E+21 A B .
g . .
- e S o'
= g2 So o
..
Instrumental Electrolyte .
background region .
0 - : : y L R
10 5 0

Depth, calibrated to Sn (um)

Fig.2 Liconcentration vs. depth profiles of a fresh, unlithiated cell (grey squares) and a pre-lithiated cell before the 600 mV potential hold (black
circles). Note the transitions between the electrolyte/separator-Sn electrode regions (dashed green line) and the transition between the Sn
electrode-Cu window regions (dashed black line). There is an increased Li signal in the electrolyte/separator (green) and electrode (blue) regions
in the pre-lithiated Sn electrode. Orange, blue, and green shaded regions represent the Cu window, Sn electrode, and electrolyte regions,
respectively. The upper left inset is the fresh cell calibrated as LP30 electrolyte (blue) or Sn (orange).
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concentration in units of Li atoms cm >. As a result, the
uncertainty in the calculated diffusion coefficient range is
partially the result of the large uncertainty in the depth-axis
(0.3-0.6 pm) of the NDP spectra.

The depth-axis uncertainty can also be dependent on the
distribution of the energy of the escaping particle. Fig. S1t
illustrates a TRIM model example of a triton escaping from a 1
pm thick Sn layer vs. a 9 um Sn layer (with and without another 6
pm Cu window). The triton particle energy distribution
becomes larger as it travels through a thicker or denser elec-
trode material (aka undergoes energy broadening). This
broadening is well illustrated for TRIM modelled particles
traversing first the 9 um Sn layer followed by the 6 pm Cu
window/current collector (Fig. S17). Particles passing through
both layers have a noticeably larger range of exit energies
compared to those passing through only the first layer. Calcu-
lated results based on these models indicate that the addition of
the Cu window may increase the depth axis uncertainty by up to
half a micron. The approach used herein to account for
uncertainty in the measurement is not standardized across NDP
practitioners and this methodology may result in an over or
underestimation of the uncertainty. Uncertainty values are re-
ported 1o unless stated otherwise.

Results

An NDP spectrum of a fresh, unlithiated cell was collected to
establish where the electrolyte, Sn electrode, and Cu window
regions are located before cycling and to verify the parameters
used for the depth calibration. The volumetric Li concentration
vs. depth of an unlithiated cell and the initial profile of a pre-
lithiated cell at 600 mV, calibrated to the triton escape depth
in Sn, are shown in Fig. 2.
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The depth calibration in Fig. 2 confirms that the Sn foil is 9
pum thick. The Sn electrode region (0 pm to 9 um) of a fresh cell
(grey squares in Fig. 2) gave no Li signal, consistent with
a pristine Sn electrode. Without an applied potential, the flat
plateau in the electrolyte-separator region (from 9 pm to 14 pm
in Fig. 2) is consistent with a constant Li concentration in the
electrolyte. The Li concentration shown in Fig. 2 in the fresh cell
“electrolyte” plateau region is =1 x 10>" Li atoms cm . This is
higher than the theoretical value of 6 x 10*° Li atoms cm ™ for
a 1 M LiPFs electrolyte because the electrolyte region was
modelled with the density of Sn. The plateau in the electrolyte
region for a fresh cell gave the expected concentration of 6 x
10*° Li atoms cm > once the same region was calibrated with
a TRIM model consisting of a LP30 layer (1 M LiPFq in 1 : 1 vol
EC : DMC, i.e., LP30; see inset in Fig. 2).

The Li signal at the electrode-electrolyte interface region (at
ca. 10 um in Fig. 2) is a combination of Li in the solid electrolyte
interphase layer (SEI) deposited during the pre-lithiation step as
well the interfacial Li-Sn alloy formed. A small peak at the Sn-
Cu window interface (0 pm to 3 um) is likely the result of small
amounts of the electrolyte seeping around the Sn electrode into
the Sn-Cu interface during assembly. This results in a limited
amount of lithiation from the electrode-window side of the
electrode during the pre-lithiation step. Increased Li in this area
during the first 10 h of in situ lithiation was not observed,
suggesting that the electrolyte does not continue to seep into
this region.

A 600 mV potential hold was performed in situ on the pre-
lithiated cell, the current transient of which is shown as an
inset in Fig. 3. NDP spectra were collected at every 5th hour
because of the low current and relatively low amount of mobile
Li involved in the 600 mV holds (see Fig. 3). Ours and other
groups' previous work report that the lithiation of Sn to its first
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Fig. 3 NDP spectra were collected at various times during the 600 mV hold current transient. The rate of lithiation increases over time in
agreement with the current transient. Inset: cathodic current transient from the in situ 600 mV potential hold. Uncertainty bars are omitted for
this data to ensure readability, but they are on the order of 5% to 10%. OCP stands for open circuit potential.
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Fig. 4 (A) NDP spectra at 10 h (green circles) and 20 h (black triangles) into the 600 mV potential hold. One region of the 10 h spectra is linearly
fitted (Fig. S31) to provide dCy; dx ! values for Fick's 1st Law. The Li flux (Li atoms cm? s™%) is calculated from the integrated Li concentration
difference within the polygon (red dashed lines) between the spectra. The upper and lower limits of the uncertainty in this area are shown
enclosed by the cyan and maroon polygons. The pink patterned square represents a unit area on this plot. (B) NDP spectra at 20 h (orange circles)
and 29 h (blue squares) into the 600 mV potential hold. One region of the 20 h spectra is linearly fitted (Fig. S41) to provide dCy; dx~* values for
Fick's 1st Law. The Li flux (Li atoms cm? s™%) is calculated from the integrated Li concentration difference within the polygon (purple dashed lines)
between the spectra. Upper and lower uncertainty limits of the uncertainty in this area are shown enclosed by the orange and pink polygons. The
pink patterned square represents a unit area on this plot. (C) NDP spectra 10 h (orange circles), 20 h (purple diamonds), and 29 h (black triangles)
into the 600 mV hold. The 10 h (green squares/black dotted curve) and 20 h (blue crosses/black dashed curve) spectra are fitted with a second-
order polynomial. (D) Diffusion constants obtained from Fick's 1st law and figures (A) and (B). Values range from 2 x 1072 Li atoms cm? s to 4 x
107*2 Li atoms cm? s, Uncertainty is high (=50%) due to large slope uncertainty in the fitted dC,; dx~* regions as shown in the ESI (Fig. S3 and
S4%). (E) Diffusion constants with total uncertainty bars at various depths calculated from each NDP spectra pair in C. Values range from 1 x 10712
Li atoms cm? s 1 to 6 x 10712 Li atoms cm? s~1. Uncertainty ranges from 20% to 65%. (F) NDP spectrum (grey circles) 10 h into the 600 mV hold
with associated total concentration and depth position uncertainty bars. Percent concentration uncertainty (blue triangles, right-hand axis) is
shown and ranges between 5% and 10% within the relevant range.

intermetallic phase, Li,Sns, starts at =700 mV. The second phases are thermodynamically favourable, and that the
intermetallic phase, LiSn, is formed at potentials negative of maximum expansion of the volume of the Sn unit cell does not
<600 mV. Therefore, a 600 mV hold ensures that only Li,Sns; exceed 22% (Table S17).
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Diffusion from Fick's 1st law (600 mV hold)

As described in the Experimental section, Fick's 1st law,

dCri\ . . . . . .
( de ) , is obtained by fitting a model to the linear Li gradients

in each spectrum (Fig. 4A and B) and converting the depth unit
from pm to cm to obtain a slope in units of Li atoms cm™*.
Typically, one would assume the flux (/) used in Fick's 1st law to
be the electronic current passed during the hold following the
assumption that every electron (e) transfer in or out of the active

material is accompanied by a Li addition or subtraction in the

1E+22

8E+21

6E+21

4E+21 A

2E+21 -

Li concentration (Li atoms cm™)

Depth (um Sn)

Fig.6 The black shaded area between the spectra represents the total
Li content added to the electrode between 10 h and 20 h of the
600 mV hold. The red shaded area represents the portion of that Li
added which diffuses into the electrode down a pre-existing
concentration gradient (red squares). When calculating the flux for
Fick's 1st law only the Li content which diffuses down a gradient
(purple arrows) is included. The Li added to the electrode at the
interface (pink dotted line) for which there is no previous gradient (pink
dotted arrows) is not included in the flux calculation.
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material. However, it is well established that electrons can also
react with the electrolyte forming an SEI layer,'" and, there-
fore, a significant amount of parasitic losses are observed
during the first few cycles of anodes,* including with Sn.** The
formation of an SEI layer is evident in both Fig. 2 and 3 where
the electrolyte region of a lithiated cell (9 pm to 14 pm) has
significantly higher Li counts compared to a fresh unlithiated
cell. In this work, we observed the continued formation of SEI
layers on Sn, even on a pre-lithiated cell.

Fig. 5 illustrates that there can be as much as 4x the number
of electrons added to the Sn as there are total Li atoms added
into or alloyed with the electrode. This depends on the region of
the spectra integrated for total Li count (Fig. 6). Quantifying the
amount of Li within the Sn region of 2 pum to 9 pm gives a Li e~
ratio of 0.25 to 0.5, signifying a 75% to 50% parasitic loss.">*7**
These parasitic losses appear to decrease with time. In
comparison, a Li e ! value range from 0.5 to 0.75 was calculated
when the Li at the electrode-electrolyte interface was also
included in the quantification calculation (region spanning —2
pm to 13 pum). This ratio value range suggests that some elec-
trons are being consumed and causing the formation of non-Li
containing species in the SEI or species are re-dissolving into
the bulk electrolyte, especially during the early parts of the hold.
Based on this observation a higher J value (from Fick's 1st law)
than what is estimated by NDP would be calculated from the
current transient. Use of the current transient data only would
result in a 4x higher diffusion constant than estimated from
the NDP data.

Diffusion coefficients at the 200 mV hold

A fresh cell was lithiated with an applied potential of 200 mV to
form the thermodynamically favoured intermetallic phase of

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 NDP spectra were collected at various times during the 200 mV hold current transient. The interface concentration increases to a static

value very rapidly. The rate of the lithiation in the bulk and interface is

much faster and much higher Li concentrations are reached than in the

600 mV potential hold. Uncertainty bars are omitted for this data to ensure readability but are on the order of 5% to 10%.

Li;Sn,. Sn must undergo transitions from Sn to Li,Sns, LiSn,
Li,Sns, LisSn,, Li;3Sns, and Li,Sn, to reach Li,Sn,." Diffusion
coefficient calculations were attempted for each listed phase
using NDP results. How these coefficients were calculated are
presented first, followed by a discussion of the challenges in
assigning Li diffusion to a specific intermetallic phase in the
presence of a density gradient.

Fig. 7 shows spectra collected during a 200 mV hold. 1 h into
this hold the Li concentration at the interfacial region (9 um)
reached a maximum. The interface region was observed to
extend further into the electrolyte region as the hold persisted.
This is consistent with an interfacial region that might be
forming a more highly lithiated Li,Sn intermetallic with a larger
unit cell volume, which can potentially expand up to 300% of
the initial Sn volume. The presence of an expanded interface
was independently verified by scanning electron microscopy
(SEM) as there was a measurable expansion as Sn was lithiated
to a Li-concentrated Li,Sn phase. This resulted in cracking of
the Sn foil during a 200 mV hold. Using the same methodology
described for the 600 mV hold, the diffusion constant near the
interfacial region was calculated to range between 2 x 10~
em®s 'to4 x 107" cm?® s~ (Fig. 8). In the bulk of the electrode
(0 pm to 4 um), where the Li concentration is low, the constants
associated with the bulk diffusion were found to be lower with
values between 8 x 107> cm® s~ " to 15 x 10~ > em® s~ " (Fig. 7
through 9).

Discussion

The analysis and interpretation of collected results are influ-
enced by how uncertainties were computed, and a short
discussion of uncertainty calculation methodology is war-
ranted. Other assumptions, e.g., the role of Li migration, are
also discussed.

This journal is © The Royal Society of Chemistry 2022

Uncertainty from NDP cell window

The *H particle energy distribution becomes larger as it travels
through a thicker or denser electrode material (aka undergoes
energy broadening). A significant broadening of the distribu-
tion results in larger uncertainty in the energy axis (x-axis).
Although not logistically feasibly, if the Cu window were to be
completely removed the uncertainty values would reduce by 30
to 40%. One way to reduce this uncertainty is either by
decreasing the thickness of the Cu window or replacing it with
a lower stopping power material. Coating Kapton films with Cu
is another possible solution, although this requires no pinholes
in the Kapton film."* If studying a cathodic material, Al would be
a good window material due to its lower density (2.7 g cm™>).

Exclusion of Li migration

It is possible that the applied potential could affect Li transport
within the Sn electrode through migration. Migration was
assumed negligible for all experiments performed in this study
as Li within the Sn electrode must be charged or have some
positive character for migration to occur. XPS data, which can
indicate charge state, was collected from Sn at various stages of
lithiation. Binding energy results indicate that both species
were elemental. This suggests that the migration of Li within
the Sn matrix may be negligible, and is assumed so, for the
600 mV and 200 mV potential hold treatments in this
manuscript.

Assumed alloy resistivity

Van der Marel et al.®* reports that the resistivity increases up to
850 uQ cm for a liquid Li-Sn alloy of composition 80% Li and
20% Sn, from an initial resistivity of =50 pQ cm for pure Sn
liquid. This work suggests that the alloy analysed here should
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have remained an electrical conductor under given experi-
mental conditions. However, the lithiated Sn electrode in this
work is not in the liquid phase (as utilized in the cited study),
which may make its composition-based conductivity deviate
from the reported liquid alloy values. No other conductivity data
on the Li-Sn alloy was found in the literature.

Chemical changes and NDP depth uncertainty estimation

As previously mentioned, the energy of the escaping *H was first
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interface reaches a maximum within 2 h of lithiation. At this
potential, it is thermodynamically favourable to form Li,Sn,,
where the theoretical concentration per unit volume equals 1.09
x 10> Li atoms em™>. When the NDP spectra were initially
calibrated to the Sn density the interface concentration of Li for
the 200 mV hold is =2.5 x 10** Li atoms cm ™. The same
spectra calibrated to the density of Li,Sn, gave a Li interfacial
concentration of =1.2 x 10**> Li atoms cm > (Fig. 7 and 10).
This supports previously reported observations*® that Li,Sn,
phase is formed at 200 mV.

calibrated to the density of pure Sn for simplicity. This cali-

.. . . It is important to note that the 200 mV data is much more
bration is most appropriately applied to the uncycled Sn sample

complex than presented above. At 200 mV, the thermodynami-
cally favoured intermetallic phase is Li,Sn,. However, our group
as well as others have previously shown that Li undergoes
a serial transition from being first dissolved as a solid solution

NDP profiles but can provide misleading Li volumetric density
values if applied to electrodes with varying gradients across. For
example, Fig. 7-10 show that when potential is held at 200 mvV,
sufficient current flows such that the Li concentration at the
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Fig. 8 (A) NDP spectra at 0.5 h (orange open circles) and 1 h (blue open squares) into the 200 mV potential hold. One region of the 0.5 h spectra
is linearly fitted (green circles) to provide dC,; dx* values (Fig. S51) for Fick's 1st Law. The Li flux (Li atoms cm™2 s7%) is calculated from the
integrated Li concentration difference within the polygon (green dotted lines) between the spectra. Upper and lower uncertainty limits of the
uncertainty in this area are shown by polygons enclosed by the dark blue and red polygons. The pink patterned rectangle represents a unit area
on this plot. (B) NDP spectra at 1 h (blue open squares) and 2 h (green triangles) into the 200 mV potential hold. One region of the 1 h spectra is
linearly fitted (purple squares) to provide dCy; dx~* (Fig. S6) values for Fick's 1st Law. The Li flux is calculated from the integrated Li concentration
difference within the polygon (purple dashed lines) between the spectra. Upper and lower uncertainty limits in this area is shown by polygons
enclosed by the pink and brown polygons. The pink patterned rectangle represents a unit area on this plot. (C) NDP spectra at 2 h (green triangles)
and 4 h (open red diamonds) into the 200 mV potential hold. One region of the 2 h spectra is linearly fitted (black dashes) to provide dCy; dx7t
(Fig. S77) values for Fick's 1st law. The Li flux is calculated from the integrated Li concentration difference within the polygon (black dashed lines)
between the spectra. Upper and lower uncertainty limits in this area are shown by polygons enclosed by the orange and violet polygons. The pink
patterned rectangle represents a unit area on this plot. (D) Diffusion constants obtained from Fick’s 1st law and figures (A—C). Values range from
25x 107" ecm? s to 8 x 10712 cm? s7L. Uncertainty is high (60—75%) due to large slope uncertainty in the fitted dCy; dx~* regions as shown in
the ESI (Fig. S5-S71), as well as large polygon area uncertainties.
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Fig. 9 (A) NDP spectra 0 h (open blue circles), 0.5 h (open black
squares), 1 h (open green diamonds), 2 h (open blue triangles), and 4 h
(brown dashes) into the 200 mV hold. The O h (orange circles), 0.5 h
(purple squares), 1 h (red diamonds), and 2 h (pink triangles) spectra are
fitted with polynomials (black dashed curves). The vertical grey dashed
arrows mark the depth positions at which diffusion constants were
calculated. The pink patterned rectangle represents a unit area on this
plot. Polynomial fits for the O h, 0.5 h, 1 hour, and 2 h spectra are found
in Table S3.1 (B). Diffusion constants with total uncertainty bars at
various depths calculated from each NDP spectra pair in C. Values
range from 4 x 107 cm? st to 1 x 1072 cm? s~1. Uncertainty values
ranges from 10% to 40%.

in Sn, then to the formation of Li,Sns, to LiSn, to Li;Sns, to
Li5Sn,, to Li;3Sns, to Li,Sn, (Table S17). Therefore, while the Li
concentration found at the interface of the 200 mV data implies
the presence of Li,Sn,, the gradient suggests the possible
presence of a mixture of Li,Sn intermetallic. This mixture has
a density range from 6.2 g cm > to 2.9 g cm ™ ® (Table S17).
The profile from the 600 mV hold experiment provides
another example of the data calibration issue. The thermody-
namically favourable Li intermetallic phase at this potential is
Li,Sns. As such, the Li gradient observed, and the diffusion
coefficient calculated from the NDP data could reflect the
changing Li concentration dissolved in a matrix of Sn or the

This journal is © The Royal Society of Chemistry 2022
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diffusion of Li,Sns; in a matrix of Sn. It is not possible to
determine which phase is being measured by NDP at a given
depth based on the NDP results alone. In previous work,
however, it was shown that the formation of the Li,Sn; structure
is observed as positive as 720 mV."

As illustrated by these examples, a main uncertainty for the
estimated diffusion coefficient is the variability of the material's
density as a function of depth. In this work, the diffusion
coefficients are calculated based on depth calibration using the
density of Sn (7.3 g cm™®). However, highly lithiated phases of
Sn have a corresponding lattice expansion, resulting in a lower
density, e.g., Li;Sn, (2.9 g cm™3). Fig. 10 shows NDP spectra of
the 200 mV data, calibrated to the Sn and Li,Sn, densities,
respectively. Profile calculations using less dense Li,Sn, result
in a lower stopping power for a *H, which affects both the depth
calibration and volumetric concentration calculation. This
issue can be overcome by focusing calculations on the integra-
tion of the total Li in a region. Doing so from the areal density
NDP profiles (Li atoms cm ™ vs. keV) makes the final values
independent of material density assumptions. This method is
used in the remainder of this manuscript.

These findings underline the need for depth calibrations
that use depth-dependent density functions to accurately model
an electrode of non-uniform density. This is a difficult calcu-
lation to execute with TRIM in the software's current form and
will require accurate parameter input values. The Li depth
calibration is ultimately limited by the need to know the true
composition and form of the material(s) within the system,
which is extremely difficult as the chemistry evolves dynami-
cally. Such parameters could be obtained with in situ X-ray
reflectometry for very thin and flat samples® or in situ X-ray
diffraction for thicker, rougher samples.*® Execution of NDP
data processing using this methodology will provide more
robust Li concentration values for use in the calculation of the
needed diffusion coefficients.

Li diffusion constants for 600 mV and 200 mV potential holds

A direct comparison between the 600 mV and 200 mV hold
experiments can still be made despite the uncertainties in
modelling the *H escape depth as outlined above. Using the
above-described methodology that relies on the areal density of
NDP profiles it is observed that both 600 mV and 200 mV
electrodes have similar Li content between 0 pm and 7 pm when
calibrated with the density of pure Sn (Fig. 11, focusing on
a region with less than 6 x 10>" Li atoms cm™?). Diffusion
constants obtained from both electrodes within this region
should be reliable due to the region being far from the interface
where the composition, especially for 200 mV, could be
a complex mixture of Li,Sn intermetallics with densities varying
between 2 g cm ™ to 7 g cm ™. The concentration of Li required
to form the first intermetallic phase, Li,Sns, is 6 x 10°' Li atoms
cm . Below this value it is assumed that there are no higher
lithiated phases beyond Li,Sns, and that the distribution of Li
reflects either dissolved Li in a matrix or nucleated Li,Sns in
a matrix of Sn. This region is here referred to as the “low Li
content region”. The diffusion coefficient values obtained in
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Fig. 10 (A) dC,; dx~* for the 2 h spectra during the 200 mV hold calibrated as pure Sn. (B) dC; dx~* for the 2 h spectra during the 200 mV hold
calibrated as pure Li;Sn,. (C) 2 h and 4 h spectra in the 200 mV hold calibrated as pure Sn. Irregular polygons are drawn to calculate the Li flux for
Fick's 1st law. (D) 2 and 4 h spectra in the 200 mV hold calibrated as pure Li;Sn,. Irregular polygons are drawn to calculate the Li flux for Fick's 1st
law. Note that the concentration and depth values change radically when different calibrations are used. The diffusion gradient is significantly
shallower in the more lithiated phase, yet the area (integrated Li) between the two spectra remains the same regardless of calibration. This yields

a significantly higher diffusion constant in the Li;Sn, calibration.

this region were found to be comparable, ranging from 1 x
107" ecm?® s7' to 6 x 107> em® s ', This contrasts with the
higher Li concentration region in the 200 mV data set where the
diffusion coefficient obtained near the interface is an order of
magnitude higher (=107"" em® s7") and then decreases in the
bulk region.

Comparison with literature results

Literature reports on the diffusion constant for Li in Sn range
from 107" cm?® s' to 107" cm® s ' (Table 3). These
measurements were predominantly measured using electro-
chemical methods such as potentiostatic intermittent titration
(PITT) and galvanostatic intermittent titration (GITT) at varying
states of charge and degrees of aging. Li diffusion

2348 | J Mater. Chem. A, 2022, 10, 2336-2351

measurements on a highly complex material such as Sn can be
quite challenging; a factor that can be compounded using these
indirect detection methods. It is for this reason that a direct Li
detection method, such as NDP, can be preferable. The diffu-
sion constants calculated from the presented NDP results fall
within the range of previously published values. The small
range of values for the diffusion constant is a noted difference
between the NDP calculated range, which accounts for the
estimated uncertainty associated with the measurements and
data processing methodology, and the range of values reported
in the literature. From both data sets it is apparent that the
overall Li diffusion in Sn is relatively slow. Therefore, at
potentials negative enough to form highly lithiated Li,Sn;
phases, the slow Li diffusion results in a mixture of Li,Sn

This journal is © The Royal Society of Chemistry 2022
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Fig. 11 (A) NDP spectra were taken during the 600 mV potential hold collected at 10 h (open orange circles), 20 h (open purple diamonds), and
29 h (open black triangles) during the 600 mV potential hold. (B) NDP spectra were taken during the 200 mV potential hold collected at 1 h (open
green diamonds), 2 h (open blue triangles), and 4 h (brown dashes) during the 200 mV potential hold. Diffusion constants are calculated for
multiple regions of the electrode. The pink patterned rectangle represents a unit area on this plot.

Table 3 Diffusion coefficients of Li in LiSn intermetallic from the literature

Author, year Technique

D obtained (cm?*s™*) Notes

Pridatko, 2006 (ref. 26) GITT run at multiple temperatures.

Sn thickness about 1 pm

Churikov et al., 2006 (ref. 27) EIS, multiple equivalent circuits

analyzed. Sn thickness was
0.1to1pum

Besenhard et al., 1999 (ref. 28) Coulometric titration

Fok et al., 2013 (ref. 24) GITT of electrodeposited Sn films

(1 pm thickness)

Wang et al., 1986 (ref. 33) GITT of Li-Sn alloy

Xie et al., 2010 (ref. 29) GITT

intermetallics. This is consistent with the interpretations made
for the observed Li gradient changes in the NDP profiles.

Conclusions

In situ lithiation of micron-scale Sn foils at two different poten-
tials was monitored via NDP using a robust, customized Li-ion
coin cell design that provides reproducible cycling data and is
compatible with NDP operating conditions. Based on the time
and position-dependent Li concentration changes, diffusion
constants were calculated using Fick's 1st and 2nd laws. The
NDP spectra obtained revealed electrodes with large, continuous
Li concentration gradients, but without definable, mono-phasic
regions. This feature made NDP data processing and interpre-
tation complex, requiring final Li diffusion constants to be
calculated from NDP areal density profiles and utilizing select,

This journal is © The Royal Society of Chemistry 2022

1x10"*to1 x 107" Potential dependent, faster
diffusion below 0.4 V. Temperate
dependence is non-linear

Potential dependent, faster
diffusion below 0.4 V. EIS is
significantly affected by the
conditioning of the Sn electrode
Polycrystalline SnSb alloys and thin-
film nano-crystalline SnSb
Potential dependent

1x10°to1 x 104

-
X

107'° (polycrystalline),
10~ "2 (nanocrystalline)
107 t01 x 107"

U
X X

1x107to1 x 1078 Room temperature diffusion was

obtained for the Li, ,Sn and Li, 33Sn
alloys
1x10"to1 x 107 —

known chemistry regions of the NDP spectra. Calculated Li
diffusion coefficients fell within the range of literature reported
values, albeit with a smaller range. Herein reported NDP results
and previously published studies indicate that Li diffusion in Sn
is slow and progresses through the formation of multiple Li,Sn
phases. This study provides further evidence of the benefit of
using NDP to measure lithiation phenomena in situ to operating
Li-ion cells. Executing improvements suggested for NDP data
processing and Li-ion cell designs may extend NDP utility in the
field of Li-ion battery research.
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