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Direct In Situ Determination of the Surface Area and
Structure of Deposited Metallic Lithium within Lithium
Metal Batteries Using Ultra Small and Small Angle Neutron
Scattering

Christophe Didier, Elliot P. Gilbert, Jitendra Mata, and Vanessa K. Peterson*

Despite being the major cause of safety and performance issues in lithium
metal batteries, experimental difficulties in quantifying directly the
morphology of lithium deposited at electrode surfaces have meant that the
mechanism of metallic lithium growth within batteries remains elusive. This
study demonstrates that quantitative detail about the morphology of metallic
lithium within batteries can be derived non-destructively and directly using in
situ ultra-small and small-angle neutron scattering. This information is
obtained over a large electrode area in cells where lithium deposition
processes are typical of real-world applications. Complex variations of surface
area and interfacial distances 1-10 um and 100-300 nm are revealed in size
that are influenced by current density and cell cycling history, providing
valuable insight into the growth of metallic lithium features detrimental to
battery performance. Such quantitative insight into the process of lithium
growth is required for the development of safer high-performance lithium

and rapid capacity fade.’) These LMB
performance issues are attributed pri-
marily to the formation of high surface
area microstructures at the lithium sur-
face, with these creating short-circuits be-
tween electrodes and irreversibly separat-
ing from the electrode after partial disso-
lution resulting in electrochemically in-
active “dead lithium”.1?*3] Preventing and
understanding the formation of lithium
structures detrimental to LMB perfor-
mance has been the aim of recent and in-
tensive research,*l the success of which
is underpinned by quantitative meth-
ods that can reliably probe such lithium
microstructures. The experimental diffi-
culty in observing deposited lithium has

metal batteries.

1. Introduction

Considerable effort to improve lithium-ion batteries (LIBs) over
the past 30 years(!! has enabled the use of portable electronics
and electric vehicles. There is interest to replace commonly used
LIB electrodes such as graphite with lithium metal because of its
order-of-magnitude larger specific capacity; however, recharge-
able lithium metal batteries (LMBs) are plagued by low efficiency
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meant that the mechanism of lithium

deposition and microstructure develop-

ment in LMBs is still poorly understood.

Electron and optical microscopy

studies have revealed the morphology of deposited lithium with
some success, with commonly reported structures in liquid elec-
trolyte LMBs being so-called whiskers, mosses, and dendrites,
while noting a lack of naming convention.**>] Whiskers are re-
ported to appear as needles ~ 100 nm wide and up to 10 um
long (Figure S1A, Supporting Information). The description of
mossy lithium is given to a porous layer up to several hundreds
of microns thick, comprising interconnected objects of diame-
ter 0.1 to 10 um (Figure S1B, Supporting Information). Mossy
lithium is reported to arise from the interweaving and broaden-
ing of whiskers,!>*<¢l although it is unclear if all whiskers be-
come mossy. Dendrites are reported as 100-500 pym long frac-
tal filaments ~ 1 um thick, sometimes forming dense bushes.>d!
Historically, deposited lithium has been examined post mortem
after extraction from the LMB — a mechanical process that poten-
tially changes the electrode surface. In situ techniques that exam-
ine lithium within the LMB have enabled remarkable progress
in understanding the parameters that influence lithium growth,
notably including optical and electron microscopy,?>>* 467 how-
ever, such methods are limited to examining a small sample area
within model cells that likely do not accurately represent the
typical LMB chemical environment.®] In situ nuclear mangetic
resonance (NMR) spectroscopy has enabled quantitative time-
resolved macroscopic determination of the amount of surface
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Figure 1. In situ cell construction. A) Side view schematic of the lithium pouch cell. B) Front view schematic of the lithium pouch cell. Top laminated
pouch omitted for clarity and distances in cm. The 1.2 cm diameter neutron beam corresponds to that used in the USANS experiment. C) Photograph
of the in situ cell between quartz plates held by clips (behind tape) mounted on a metallic holder. D) Photograph of the electrolyte-wet PVDF sealed in a
laminated pouch between quartz plates held by clips. PVDF = polyvinylidene difluoride.

deposited lithium, but the size information concerning mi-
crostructure is limited, and the technique also requires small
model cells that may not be representative of processes within
larger LMBs.[]

Small- and ultra-small-angle neutron scattering (SANS and
USANS, respectively,) can be used to study the morphology of
structures within objects on length scales typically 1 nm to 10 um
and within the range reported for deposited lithium structures.
These techniques are sensitive to neutron scattering length den-
sity (SLD) inhomogeneities in a sample, with the scattered inten-
sity proportional to the inhomogeneity quantity and surrounding
contrast given by the square of the difference of the SLD. SLD
inhomogeneities arise from elemental and isotopic density vari-
ations, as found at the interface between two phases. Scattering
intensity variations with scattering vector Q depend on the spa-
tial distribution of such inhomogeneities, which can be related
to the size and shape of those objects. There are large advantages
to studying LIBs and LMBs using SANS and USANS, where the
high penetration of neutrons easily permits full transmission in
situ measurements of components within typical electrochemi-
cal cells, and where information is averaged over a very large por-
tion of the cell, in contrast to microscopy studies. Despite these
advantages, only a limited number of in situ SANS and no US-
ANS studies of batteries have been reported. Relatively good sen-
sitivity of SANS to electrode surface changes has been shown,
such as to lithium sulfide deposition within porous carbon,!*’!
to the formation of the solid electrolyte interphase (SEI) on the
surface of lithiated graphite(!!l and lithium titanate,['?) and to in-
terfacial changes between lithiated graphite phases.!'*] Increased
SANS intensity from a symmetrical LMB post-cycling confirmed
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the sensitivity of SANS to changes at a lithium electrode, al-
though morphological details were not derived,['® and SANS
profile changes from an LMB on cycling revealed the formation
of lithium features 1-10 nm, although a quantitative description
of the scattering from lithium was not able to be made.'*]

Here, we build on these previous concepts to demonstrate that
in situ SANS and USANS can provide a quantitative description
of the morphology and growth process of metallic lithium de-
posited within a symmetrical LMB containing liquid electrolyte.
We first characterize the signal from individual components to
guide the construction of the LMB and our understanding of the
scattered intensity, which we subsequently evaluate using simple
models to quantitatively describe the in situ SANS and USANS
data. Using this approach, we derive for the first time parameters
such as the surface area and particle size of deposited lithium
structures after applied galvanostatic cycling, over an electrode
area that has lithium deposition processes representative of the
whole cell.

2. Results

A flat laminated pouch cell with a relatively simple and flexible
assembly (Figure 1), similar to that used in other work,!*3] was
chosen. Component selection and contribution to scattering are
discussed in Note S1 (Supporting Information) with Figures S2—
S8 and Tables S1 and S2 (Supporting Information). Several cells
were made, one underwent two “charge” and “discharge” cycles at
a current density of 20 mA cm~2, while the other underwent four
consecutive “charge” followed by four consecutive “discharge”
processes at 2 mA cm~2, followed by one further “discharge” at
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Figure 2. Scattering data from the in situ cell before and after electrochemical processes. A) B) C) Slit-smeared USANS scattering shown as the differential
cross-section per unit volume of lithium after subtraction of scattering from electrochemically inactive components from an in situ cell A) before cycling
and after one, two, three, and four consecutive “charges” at 2 mA cm~2, and B) after four “charges” and followed by one, two, three, and four consecutive
“discharges” at 2 mA cm~2, and an additional “discharge” at 20 mA cm™2. C) From an in situ cell before cycling and after alternating “charges” and
“discharges” at 20 mA cm~2. Arrows are visual guides emphasizing intensity change. Corresponding raw data before subtraction for A), B), and C) are
shown in Figure S8A-C (Supporting Information), respectively. D) Desmeared USANS (open symbols) and SANS (closed symbols) scattering shown
as a differential cross-section per unit volume for lithium in the cell before (blue circles) and after (red diamonds) two cycles at 20 mA cm~2. Power-law
exponents for lithium in the cell after two cycles were extracted by fitting A X Q™ to smeared USANS data and A X Q™" + B to SANS data, between
4x107° <Q<2x107* AT and 3 x 1073 < Q < 107" A", respectively. Refined values were A = 1.5(2) X 1073 and n = 2.665(16) for USANS, and
A =5.33(18) x 1077, B = 0.130(4), and n = 4.082(7) for SANS. Corresponding data before desmearing for D) are shown in Figure S9A (Supporting

Information).

20 mA cm™2. Each galvanostatic step was applied for 1 h and the
circuit was left open for 3-5 h during which USANS data were
measured. SANS data of the 20 mA cm~2 battery were measured
prior to and following cycling in the USANS experiment.
USANS data measured between each galvanostatic step for the
cell cycled at 2 mA cm™ are shown in Figure 2A for the first
four charges and Figure 2B for the following four 2 mA cm™
discharges and the discharge at 20 mA cm~2. USANS data of
the cell charged and discharged twice at 20 mA cm~ are shown
in Figure 2C. Overall scattered intensity from the cell charged at
2mA cm~2 increased gradually during the first three charges with
only minor variation post maximum, including after discharge at
20 mA cm™2. At 20 mA cm 2, the maximum scattering intensity
is reached after the first cycle, with little variation thereafter. Both
cells have a similar maximum scattering intensity, reaching an
order of magnitude greater than before cycling; the initial inten-
sity is never recovered, confirming the irreversibility of lithium
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surface transformations. Overall USANS data of the cell after gal-
vanostatic cycling follows similar trends with an initial power-law
decrease in intensity at Q < 10~* A~ that becomes a gentler slope
at intermediate Q and a steeper slope at Q > 107> A~1.

USANS and SANS data for lithium in the cell before and af-
ter 2 cycles at 20 mA cm™2 are shown in Figure 2D. Subtraction
of inactive components does not substantially change the scatter-
ing after cycling (Figure S5B, Supporting Information) as a result
of the order of magnitude increase of scattering from lithium,
this being a larger increase than previously reported using in situ
SANS for lithium metal cells,*>'*] possibly as a result of the
relatively higher current density. The transmission of neutrons
through the cell in the USANS region decreased substantially af-
ter cycling (Table S1, Supporting Information) as a result of this
increased coherent scattering, while attenuation from absorption
and incoherent processes remained constant, as expected. Trans-
mission after attenuation from coherent scattering (T g = 53%)
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suggests the potential for some multiple scattering contamina-
tion that may slightly decrease intensity at lower Q, noting a rela-
tively small effect is expected for samples with Tg,g &~ 50% mea-
sured on the same instrument.[’]

Since lithium metal being the only electrochemically active
material in the cell, the coherent scattering increase is assumed
to originate from the lithium surface. Data contain information
from both electrodes, even though the lithium surface on each
side of the cell may differ following reversible lithium deposi-
tion. Data show a distinct change in shape before and after cycling
(Figure 2D), with post-cycling data exhibiting two approximately
power-law decreases separated by a broad shoulder in the inter-
mediate Q range, having Q2519 slope in the USANS region
from Q=4 x 107° to 2 x 10~* A~ and Q~*%2() slope in the SANS
region from Q =3 x 10~ to 10™" A~'. The Q* variation at low
Q is consistent with smooth interfacial scattering and increased
surface area post-cycling, as observed using other techniques.*®!
Scattering from the bulk foil volume that dominates pre-cycling
is negligible post-cycling.

3. Discussion

3.1. Surface Area from Porod’s Law

In non-particulate, non-uniform systems, scattering can origi-
nate from interfaces between volumes of different SLD, known
as phases,'”] and we therefore, postulate that scattering from
the cell post-cycling originates from the lithium—electrolyte in-
terface, with lithium metal and electrolyte taken as separate ho-
mogeneous volumes. A sharp change of SLD around “smooth”
boundaries at the nanoscale between phases results in the dif-
ferential scattering cross-section per unit volume (%) following
Porod’s law at sufficiently high Q:(*”]

ax 4

— =PX B 1
S =PxQ+ (1
with B accounting for the background and the Porod exponent P
the contribution from all surfaces:

P =2y [(Api)z x %] 2)

where S; is the surface area at interface i between two phases, Ap,
is the SLD contrast between the phases either side of the inter-
face, and Vis the volume occupied by the phases. The model can
be extended to any number of phases, and development consider-
ing two or three phases for lithium in the cell is given in Note S2
(Supporting Information).

The increase of scattering in the cell post-cycling is consistent
with increased surface area.l'! The Q~* slope from the cell post-
cycling is sustained at Q> 2x 107> A~! (Q~! < 50 nm), suggesting
the absence of particles or porosity < 50 nm, noting that features
< 100 nm are rarely observed for deposited lithium, despite com-
plex micrometer scale morphology shown for deposited lithium
by optical and scanning electron microscopy.**3! A Porod’s law
description of the differential scattering cross-section per unit
volume of the cell after two cycles at 20 mA cm~2 in the SANS
range 2 X 103 < Q < 10~' A~! (Figure S9B, Supporting Informa-
tion) yields P = 78.0(3) x 10® A~*.cm~! and B = 0.118(4) cm™,
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corresponding to a surface area per unit volume S, = 19.08(7)
x 10> cm? cm™ in the two-phase system and S, = 35.57(14) x
10 cm? cm™3 in the three-phase system.

The surface area determined from Porod’s law is compared
to quantitative measurements of surface area reported using
in situ X-ray tomography’*!8 and post mortem gas adsorp-
tion using Brunauer-Emmett-Teller (BET) theory!'®! in Table 1.
Quantitative reports of the surface area of cycled lithium are
scarce, with qualitative descriptions from microscopy measure-
ments substantially more common. We note inconsistency in
reported surface areas per unit volume for lithium determined
with X-ray tomography with Sadd et al.'®] reporting values ~
18 x 10° cm? cm™3, Taiwo et all’3 between 0.05 and 0.6 X
10* cm? cm™3, and Pan et al.'%] & 0.05 x 10° cm? cm™. Only
Taiwo et al. report a surface area per unit area that can be used for
comparison with our data reported here, while the surface area
they determined using in situ X-ray tomography!’?] is smaller
than that measured using SANS or gas sorption (Table 1). X-
ray tomography severely underestimates lithium surface area be-
cause of its & 1 pum resolution limitation. Description of US-
ANS data by the Debye-Anderson—-Brumberger (DAB) model
(see later section) confirms that micrometric-scale lithium fea-
tures contribute to surface area.

Only two reports of gas adsorption determined lithium sur-
face area are found,!'! perhaps due to the experimental need
to extract foils from the cell, requiring washing and drying un-
der an inert atmosphere, and unconventional use of argon as
the adsorbent. A comparison of surface area per unit mass S,,
excluding excess lithium is presented in Note S3, Figure S10,
and Table S3 (Supporting Information) and substantial differ-
ences are observed between SANS and gas adsorption, and be-
tween gas adsorption reports. The surface area per unit area S,
obtained from SANS here, less prone to thickness uncertainty
(Note S4, Supporting Information), and by Weber et al. using
gas adsorption are within an order of magnitude (Table 1). A
smaller S, is reported from gas adsorption than from SANS,
likely as a result of the limited probing of internal surface in
gas adsorption measurements, seen in Figure S1B (Supporting
Information), as evidenced by the increase in surface area mea-
sured for pulverized samples.!'®! Insufficient information was
given by Saito et al. to enable the determination of surface area
per unit area. We note experimental differences likely influenc-
ing the surface area of lithium between this work and that of
Saito et al. and Weber et al., including differences in cycling
protocol, electrolyte, cell construction, as well as the substantial
amount of lithium remaining attached to the separator after ex-
traction from the cell in the work of Weber et al. These results
highlight the applicability of SANS for the direct and represen-
tative determination of the surface area of lithium metal within
a cell during cycling, however, further experiments are needed
to discriminate between the suitability of two- and three-phase
models.

3.2. Surface Area and Whisker Size Obtained from
Debye—-Anderson—-Brumberger Modeling

The slope at Q < 10~* A~! and shoulder ~10~* A~! in the US-
ANS data cannot be modeled by Porod’s law and the DAB model
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Table 1. Surface area determined from SANS and that reported using X-ray microtomography and gas adsorption. Surface area of deposited lithium
calculated from SANS data of the in situ cell after two cycles at 20 mA cm~2 (Figure S9B, Supporting Information) using Porod’s law for two- and
three-phase models, alongside the reported surface area of lithium metal in cells post-cycling obtained using X-ray tomography and gas adsorption
with Brunauer-Emmett-Teller (BET) theory. Weber et al. report ex situ data for lithium after 10 cycles extracted from the cell as foil plated on copper or
powder scraped from copper, indicated as “foil” and “powder”, respectively. Standard uncertainties estimated from least-square regression are shown

in parentheses.

Surface area per unit volume

Surface area per unit mass

Surface area per unit area

[Sy, 10> cm? cm™3] [Sm, 10° cm? g7 1] [Sa, cm? cm™2]
SANS Porod model
2 cycles 20 mA cm™2 (2 phase) 19.08(7) 38.56(15) 381.7(1.5)
2 cycles 20 mA cm™2 (3 phase) 35.57(14) 71.8(3) 711(3)
Gas adsorption (Weber et al.)
1 cycle 1.2 and 0.48 mA cm™2 Not reported 30 (foil) 30 (foil)
4 cycles 1.2 and 0.48 mA cm™2 75 (foil) 75 (foil)

10 cycles 1.2 and 0.48 mA cm™2

Gas adsorption (Saito et al.)

2

1 h discharge 3 mA cm™ Not reported

6 cycles Tand 0.2 mA cm™2
6 cycles 1and 3 mA cm™

X-ray tomography (Taiwo et al.)

10 cycles 0.05
70 cycles 0.4
135 cycles 0.6

150 (foil) & 250 (powder) 150 (foil) & 250 (powder)

25 Not reported
132
258
Not reported 0.175
5.2
10.8

was used to describe data in the combined SANS and USANS
region.l”] The DAB model considers a non-particulate multi-
phase system characterized by a correlation length L that is re-
lated to the average distance between interfaces, with differential
scattering cross-section %:“93]

ds L
o= Dx———s (3)

|1+ (QL)2]2

where D is a scaling factor and D/L is related to the surface area
similarly to Porod’s constant:[1%]

D/L= 2z [(Api)z X SV] (4)

where S, is the surface area at the interface i between two phases,
Ap; is the SLD contrast between phases either side of the inter-
face and V is the volume occupied by all phases. Derivation of
the surface area for two and three-phase systems follow those for
Porod’s law.

In this model, scattering at large Q follows Q~*, as consistent
with Porod’s law, and approaches a soft maximum at Q = 1/L,
where the shoulder at ~ 10> A~! yields a correlation length
close to 100 nm. The slope at Q < 10~* A~ in our data is at-
tributed to scattering from SLD heterogeneities >1/Q,,., & 2 pm,
where Q. is the smallest experimentally accessible scatter-
ing wavevector. This slope can be modeled by a second DAB
term with larger L. To distinguish between the two contri-
butions, the scaling factor and correlation length of lithium fea-
tures of size < 1 ym and > 1 um are denoted D,,,, and L,,,,,
and D, and L respectively The complete model used to

micro micro’

Adv. Energy Mater. 2023, 2301266 2301266 (5 of 10)

describe the differential scattering cross-section Z—; is therefore
given by:
3
dx L
=D X$+Dmicm (5)

d_Q nano [1 . (QLWM)Z]Z

3

x micro - - +B
[1 + (QLmicru) ]

with background constant B. Assuming both micrometric and
nanometric inhomogeneities arise from lithium-electrolyte inter-
faces, the surface area is given by the sum:

Dnano/Lnano + Dmicro/ Lmicm = 2rx Z [(Apz)z X %:| (6)

The bimodal DAB model for two different-sized inhomo-
geneities provides a reasonable description of USANS and SANS
data for lithium in the cell post-cycling at 20 mA cm~? (Figure 3).
Refined model parameters (Table S4, Supporting Information)
reflect information from both electrodes, where lithium is alter-
nately deposited on one side and removed from the other in a pro-
cess involving the partial redissolution of previously deposited
lithium. Microscopy confirmed the growth of highly divided sur-
face features on the electrode where deposition occurs, however,
dissolution from an initially smooth lithium surface results in the
formation of > 10 pm pits that generate large surface area mor-
phologies only after current reversal.[?l As a consequence, SANS
measured during the first set of “charges” may be mostly influ-
enced by the electrode where deposition occurs first, whereas on
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Figure 3. Bimodal DAB modelling of scattering data of the in situ cell.
SANS (closed symbols) and desmeared USANS (open symbols) data of
lithium in the in situ cell after 2 cycles at 20 mA cm™2 and the correspond-
ing DAB model calculation. The model was simultaneously refined against
SANS and slit-smeared USANS data, with smearing applied to the model,
as shown in Figure S9C (Supporting Information), and refined parameters
in Table S4 (Supporting Information).

“discharge” extracted parameters may reflect averaged informa-
tion from both electrodes.

The sum of D,,/Line a0d D io/Lnice IS 78.9(7) X
10® A* cm™!, in agreement with the refined Porod pa-
rameter P = 78.0(3) x 10® A~*.cm™!, confirming consis-
tency of the derived surface area between the two methods.
Dano/Lane >> Duicro/Lmicro» €NCE, 98% of surface area arises
from nanometric features, with the surface area arising from
micrometric features close to Sy(2) = 0.4 x 10° cm? cm™
(S, = 8 cm? cm™2), comparable to the surface area of surface de-
posited lithium obtained using in situ X-ray tomography (Table 1)
as limited by the micrometric resolution of the technique.[7218a]
The refined correlation length corresponds to the average dis-
tance between lithium/electrolyte interfaces separating statisti-
cally homogeneous volumes, which can be related to the size
of deposited lithium features and electrolyte-filled pores be-
tween them through Babinet's principle.?!l The determined
Lo = 169.4(11) nm is similar to the width of so-called whiskers
(Figure S1A, Supporting Information) as well as the nanoporosity
within mossy layers observed using electron microscopy.l*>5¢¢22l
The determined value of L ., = 2.06(5) pm is similar to the
size of microscopic pores within mossy lithium (Figure S1B,
Supporting Information) and to the width of dendrites observed
using optical and electron microscopies.**5<dl D “and D, ...
are quantitatively related to the lithium/electrolyte interface sep-
arating statistically homogeneous volumes at distances L, ,,, and
L,.icro» Tespectively. As lithium volume expansion is not consid-
ered, D,,,, and D, scale with the areal quantity of surfaces
and not the volume concentration of surfaces conventionally ex-
pected. The background parameter B may be related to inhomo-
geneities within the SEI. as explained in Note S2 (Supporting In-
formation), however, this contribution is small in our data lim-
iting further interpretation. A schematic illustration of lithium
structures visible in SANS at different length scales is shown in
Figure S16 (Supporting Information).
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The bimodal DAB model was fitted to USANS data post gal-
vanostatic cycling, with B fixed t0 0.117 cm™ in line with the neg-
ligible background, as shown in Figure S11 and Table S5 (Sup-
porting Information), with microstructural parameters and de-
rived surface area shown in Figures 4 and 5. The reliability of
parameters refined using USANS data is discussed in Note S5,
Figures S12-S14, and Table S6 (Supporting Information). L, ,
was ~240 and 170 nm for the cell cycled at 2 and 20 mA cm=2,
respectively, comparable to the width of lithium “whiskers” ob-
served by electron microscopy,°*>¢?*! and where a reduction of
whisker width was observed with increasing current density.[>22]
The surface area is found exclusively dependent on D, ,,, and
L,ano» With negligible influence from micrometric lithium. This
corresponds to surface area per unit area S, from 60 to 300
cm? cm™ in the 2 mA cm™? cell and ~ 400 cm? cm™ in the
20 mA cm™2 cell, within an order of magnitude of those deter-
mined by gas adsorption (Table 1). Cycling history of the cell had
a major impact on the evolution of surface area, where 1 h at
20 mA cm~? caused a smaller increase in S, when the cell was
previously cycled at 2 mA cm~2 compared to 20 mA cm™2, noting
that capacity may have been limited by dendrite-induced short
circuits. With increasing cycling, parameters for the cell cycled
at 2 mA cm~? approached values obtained for the cell cycled at
20 mA cm™2. A fuller description of lithium structural informa-
tion derived from the bimodal DAB model is given in Note S6
(Supporting Information).

4. Conclusion

In conclusion, we have studied a lithium metal battery (LMB)
with relatively simple pouch construction using in situ small an-
gle neutron scattering (SANS) and ultra-small angle neutron scat-
tering (USANS) and demonstrate how these data can be used to
derive details of the structural development of deposited lithium
within LMBs. We show that structural characteristics of the de-
posited lithium can be evaluated with good precision and much
less difficulty compared to other techniques such as X-ray to-
mography, microscopy, or gas adsorption. We demonstrate the
sensitivity of SANS and USANS to the development of lithium-
electrolyte interfaces arising from lithium deposition and quan-
tify the surface area and average distance between these inter-
faces using relatively simple Porod’s law and Debye—Anderson—
Brumberger models applied to the SANS and USANS data, re-
spectively. Complex variations of surface area and distance be-
tween interfaces were observed depending on the cell cycling his-
tory. This work paves the way for future investigations probing
the influence of parameters such as current density, charge du-
ration, and alternating lithium deposition/dissolution processes
on the surface area and interfacial distances within the deposited
lithium, with such information necessary to address the limita-
tions that lithium dendrite growth has on LMB technology appli-
cation.

5. Experimental Section

Battery Components: Three separators were investigated: polypropy-
lene (Celgard 2400 Polypore, 25 um thickness, 40 nm pore size, 40%
porosity), polyvinylidene difluoride (PVDF) (Immobilon-P, Merck, 110 um
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Figure 4. Microstructural parameters of surface lithium extracted from the bimodal DAB model. Refined parameters of the bimodal DAB model for
lithium using USANS data of the in situ cell after each galvanostatic step, where “Ch.” and “Dch.” refer to “charge” and “discharge”, respectively.
A) Scale factor of micrometric features D,y,;.,,, B) correlation length L,,..,,, C) Scale factor of nanometric features D,,,,,, and D) correlation length L,,,,,-
Error bars are standard uncertainties estimated from least-squares regression.

thickness, 450 nm pore size, 70% porosity), and quartz glass microfibre
(Whatman QM/A, Sigma—Aldrich, 450 pm thickness, 2.2 pm pore size).
Four current collectors were investigated: nickel mesh (TOB New Energy,
180 um aperture, 50 um threads), copper mesh (99.9%, The Mesh Com-
pany, 204 um aperture, 50 um threads), electrodeposited copper foil with
one rough and one smooth side (> 98%, MTI, 9 um thickness), and roll-
annealed copper foil smooth on both sides (99.9%, Goodfellow, 25 pm
thickness). Current collectors and separators were dried overnight at 80 °C
under vacuum before their introduction into an Ar glove box. The elec-
trolyte was made by dissolving 1 m lithium hexafluorophosphate (LiPFg)
(99.99%, Sigma—Aldrich) in a 1:1 volume mixture of ethylene carbonate
(EC) (anhydrous, 99%, Sigma—Aldrich) and dimethyl carbonate (DMC)
(anhydrous, 99.7%, Sigma-Aldrich). Solvents were dried overnight under
4A molecular sieves prior to dissolution of LiPFg at room temperature for
two days within an Ar-filled glove box with <1 ppm O, and H,O. Lithium
metal (99.9%, Goodfellow, 200 um thickness) was used as electrodes. Al-
though lithium was stored in an Ar-filled glove box with <1 ppm O, and
H,0, a thin and uneven coating of a black or white crust as a result of
oxidation or nitridation, respectively, was present on the lithium metal,
which was removed by abrasion using a rough polypropylene block un-
til a metallic surface of color typical for lithium metal was obtained. Alu-
minum laminated film (MTI, 115 um thickness), referred to as laminated
pouch, was used for isolating air-sensitive battery components, consisting
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of an inner polypropylene layer facing battery components and an outer ny-
lon 6,6 polyamide layer, with the two layers encasing a layer of aluminum
metal, attached with adhesive of unknown composition (not provided by
the manufacturer).

SANS and USANS data from individual battery components were col-
lected to quantify their contribution to the overall scattering signal from
the cell and to inform the construction of a symmetrical pouch cell favor-
able to the observation of changes in the deposited lithium. Laminated
Al pouch, separators, and current collectors were handled in air. Lithium
metal and separators wetted with ~ 200 pL electrolyte were sealed in the
laminated Al casing within an Ar glove box. Components, aside from the
electrolyte, were maintained flat between two quartz plates and taped to a
flat sample holder during SANS and USANS measurements (Figure 1D).
Electrolyte was introduced between two quartz plates separated by 300 um
and sealed with a compressed O-ring during USANS measurements and
introduced into a quartz cuvette (Hellma cell) of T mm thickness and
sealed by a Teflon cap for SANS measurements. Quartz plate and cuvette
scattering measurements were also made and formed part of the empty
cell measurements used in the background subtraction during data pro-
cessing.

Preparation of Symmetrical Cells and Electrochemical Cycling During
In Situ SANS and USANS Data Collection:  Two symmetrical lithium metal
pouch cells were prepared in an Ar-filled glove box with <1 ppm O, and
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Figure 5. Surface area derived from the bimodal DAB model. Refined sur-
face area per unit volume S,,(2) considering two phases (lithium and the
electrolyte) calculated from refined parameters of the bimodal DAB model
using USANS data for lithium in the in situ cell after each galvanostatic
step. Error bars are standard uncertainties estimated from least-squares
regression.

H,O. Lithium foil electrodes 2.5 cm x 2.5 cm, comprising ~10 mg cm™2

(38.6 mAh cm~2), were placed on 3.0 cm X 4.0 cm roll-annealed cop-
per current collectors and aligned on each side of a PVDF separator wet-
ted with ~200 uL of 1 m LiPFg in EC/DMC electrolyte. Measurements of
cut lithium square electrodes post abrasion showed a thickness of 200 +
10 um, edge length of 2.5 + 0.1 cm, and initial mass 62 + 4 mg. The assem-
bly was sealed in a laminated aluminum pouch and electrical connections
made with Ni tabs mechanically welded to current collectors. A represen-
tation of the cell is shown in Figure 1A-C.

Batteries were maintained flat between quartz plates with a slight pres-
sure applied by bulldog clips to prevent misalignment of electrodes. The
two nominally identical symmetrical lithium metal in situ cells each un-
derwent electrochemical cycling at different applied current density, which
influences the rate at which lithium was deposited and extracted from elec-
trode surfaces. Although the terms “charge” and “discharge” have no real
meaning in a symmetrical cell where lithium is in excess, they were used
here to indicate when the direction of applied current is reversed. One cell
underwent two cycles (alternating “charge” and “discharge” processes)
at 20 mA cm™2 and the other cell underwent four consecutive “charges”
followed by four consecutive “discharges” at 2 mA cm™2, with a final “dis-
charge” at 20 mA cm~2.

Each galvanostatic step was applied for 1 h using a PG302N (Autolab)
potentiostat/galvanostat and the circuit was left open for 3-5 h during
which USANS data were measured. SANS data of the 20 mA cm~2 battery
were measured prior to and following cycling in USANS studies. Applied
current and measured voltage are shown in Figure S15 (Supporting Infor-
mation). The calculated amount of lithium exchanged after each galvano-
static step is 5.2 + 0.4 and 0.52 + 0.04 mg cm™2 at 20 and 2 mA cm~2,
respectively, and the calculated mass of lithium in each electrode is shown
in Figure S10 (Supporting Information), assuming this as a total inventory
with no loss from side reactions and the complete reinsertion of previously
deposited lithium on current reversal. The mass of lithium m,; exchanged
between electrodes after a current | was applied for a time t was calculated
by m;; = 'iFt X M,; where F = 96 485 A.s mol~' is the Faraday constant
and M|; = 6.94 g mol~! is the molar mass of lithium. After cycling, both
cells showed tighter compression against quartz plates, consistent with
lithium volume expansion from increased surface porosity.!?4l
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Small and Ultra-Small Angle Neutron Scattering Measurements and Cal-
ibration: USANS data (approximate Q range = 3.5 x 107> — 1072 A~1)
were measured on the slit-geometry instrument Kookaburra at the Aus-
tralian Nuclear Science and Technology Organization (ANSTO)[?! in high
flux mode with a neutron wavelength of 4.74 A and vertical resolution pa-
rameter of 0.0586 A~1. The beam aperture diameter was 29 mm for in-
dividual components and 12 mm for cells. Multiple scattering was esti-
mated from USANS data using the beam transmission Ts,s method!'>:26]
using neutron counts measured with and without the sample to estimate
neutron transmission through the sample after attenuation by coherent,
incoherent scattering, and absorption combined (T, ), by absorption
and incoherent scattering combined (T, ), and by coherent scattering only
(Tsas), the latter with < 70% may be an indication of multiple scattering.

SANS data were measured on the pinhole-geometry instrument
Quokka at ANSTOI?”] in four configurations: at a neutron wavelength of
~5.0 A and sample-to-sample detector distances of 20.1, 8.0, and 1.3 m,
and at a wavelength of ~ 8.1 A and sample to detector distance of 20.1 m
using MgF, focusing optics. The minimum available Q was 6 x 107 A~
while the upper cut-offwas determined to be ~ 0.1A~" as a result of attach-
ing the samples to the front face of the automatic sample changer. Quokka
features a 1x 1 m? area detector that was used to identify anisotropic scat-
tering from individual cell components.

The experimentally measured scattering intensity was converted to
differential macroscopic scattering cross-section per unit volume (ab-
solute calibration) using empty-beam and direct beam attenuation
measurements, 28] and taking into account the thickness of components
given previously. For each component i, the differential scattering cross-
section per unit area I, (in cm?.cm™2) and per unit volume I, (in cm™")
are related by the thickness t (in cm) of the component:

la () =1y () xt() ™

When a sample contains several components i (sample = Y'i) and com-
ponent scattering is independent - as demonstrated for those comprising
the in situ cell except for separator and electrolyte treated together - scat-
tering intensities per unit area are additive:

Iy (Z,) = z L () ®)

and scattering per unit volume is obtained after multiplication by the thick-
ness:

(X i)x e =Yl () xt 0] ©)

For example, the differential scattering cross-section per unit volume
for the in situ cell corresponds to the sum of scattering of each component
multiplied by their thickness:

ly (cell) x [t (Li) + ¢ (Cu) + t (PVDF) + ¢t (pouch)] = (10)
Iy (Li) x £ (Li) + I, (Cu) x £ (Cu) + I, (PVDF)
Xt (PVDF) + Iy (pouch) X t (pouch)

where Li, Cu, PVDF and pouch denote lithium foils, smooth copper foils,
electrolyte-wet PVDF and the laminated pouch. The scattering per unit vol-
ume for lithium in the in situ cell is:

Iy (cell) x [t (Li) + £ (Cu) + ¢ (PVDF) + t (pouch)]

ey (11)
—Iy (Cu) x t (Cu) — Iy (PVDF) x t (PVDF) — I, (pouch) x t (pouch)

Iy (Li) =

using thicknesses as given previously, with t(Li) = 2 x 200 um, t(Cu) =2
X 25 pum, t(PVDF) = 110 pm and t(pouch) = 2x 115 um. Scattering data
for lithium within in situ cells are shown as a differential cross-section per
unit volume and considers the constant initial volume of lithium in the cell
(2 x 200 um X beam area) ignoring volume changes.
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Data were subsequently processed using Python manipulations in
Mantid[?®] for additions, subtractions, and, in the case of USANS data,
desmearing. Data additions and subtractions were performed indepen-
dently for SANS and slit-smeared USANS after a spline interpolation of
the data to a common Q grid of evenly spaced points on a log-scale. For
plotting purposes, USANS data were desmeared as the last step using
the Lake algorithm.[3%] Differential scattering cross-sections are given with
solid angles expressed in units of steradians but steradians were omitted
from unit labels by convention.[3' In plot axis labels, “differential scatter-
ing cross-section” is simplified to “scattering intensity”. Model fitting was
done using the program SASView 5.0.5 for slit-smeared USANS and/or
SANS data, with horizontal slit-smearing applied to the model when US-
ANS data were included. Standard uncertainties of refined parameters are
estimated from least-squares regression following recommendations of
the International Union of Crystallography.[3?]

Surface Area Conversions:  For calculations of surface areas, the coher-

ent neutron scattering length density (SLD) was calculated using SLD =
Nar

X Y. pibc; where Ny is Avogadro’s number, p is the bulk density, M is

1
the molar mass, b¢; are the atomic coherent scattering lengths(33] of the
i element in atomic proportion p;.

The surface area per unit volume S, (cm? cm™3) extracted from the
coherent scattering cross-section per lithium volume corresponds to the
surface contributing to scattering S; divided by the initial volume of lithium
introduced in the cell:

2

S.
S, = ——' 12
v initial Li volume (12)

S.

i

beam area x foil thickness X number of foils

with two 200 um-thick lithium foils in our experiment, neglecting thickness
changes after cycling. The surface area per unit mass Sy, (cm? g7') is
derived from S,

S; S

i i

"~ initial Limass  beam area x mass loading X number of foils

_ Sy X foil thickness (13)

mass loading

with a mass loading of #9.9 + 1.4 mg cm~2 in the experiment. Both S,
and S, average the surface of the lithium—electrolyte interface over the
total lithium inventory, including excess lithium, precluding comparison
between cells with different amounts of lithium. Since surface scattering
scales with sample area rather than volume,[34] the surface area per unit
area S, (cm? cm™2), where only active lithium surfaces are considered,
can be derived from Sy, considering one active electrode surface on each
foil:

5, 5,
" active Li surface in the beam ~ beam area x number of foils
=S, X foil thickness (14)

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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