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Pore collapse and regrowth in silicon electrodes
for rechargeable batteries†

S. C. DeCaluwe,‡abc B. M. Dhar,‡de L. Huang,d Y. He,df K. Yang,d J. P. Owejan,g

Y. Zhao,f A. A. Talin,hi J. A. Dura*b and H. Wang*cde

Structure and composition of an 11 nm thick amorphous silicon (a-Si) thin film anode, capped with 4 nm

of alumina are measured, in operando, by neutron reflectivity (NR) and electrochemical impedance

spectroscopy in a lithium half-cell. NR data are analyzed to quantify the a-Si thickness and composition

at various states of charge over six cycles. The a-Si anode expands and contracts upon lithiation and

delithiation, respectively, while maintaining its integrity and low interfacial roughness (r1.6 nm)

throughout the cycling. The apparently non-linear expansion of the a-Si layer volume versus lithium

content agrees with previous thin-film a-Si anode studies. However, a proposed pore collapse and

regrowth (PCRG) mechanism establishes that the solid domains in the porous LixSi film expand linearly

with Li content at 8.48 cm3 mol�1 Li, similar to crystalline Si. In the PCRG model, porosity is first

consumed by expansion of solid domains upon lithiation, after which the film as a whole expands.

Porosity is reestablished at 5–28% upon delithiation. Data show that the alumina protective layer on the

a-Si film functions as an effective artificial solid electrolyte interphase (SEI), maintaining its structural

integrity, low interfacial roughness, and relatively small transport resistance. No additional spontaneously-

formed SEI is observed in this study.

1. Introduction

Rechargeable lithium ion batteries (LIBs) have become widely
used as indispensable mobile energy sources in modern
society.1–5 However, for extended applications it is desirable that
both the energy and power densities of LIBs be greatly increased.

While graphite has traditionally been used as an anode mate-
rial in commercial LIBs, silicon has recently emerged as a
promising alternative6–8 because of its high theoretical capacity
(B4200 mA h g�1), with 4.4 mol of lithium alloying per mole of
silicon (Li22Si5 phase). At room temperature, the Li22Si5 phase
is not realizable due to kinetic limitations and the Si lithiation
proceeds through the formation of the Li15Si4 phase,9 resulting
in a practically achievable capacity of 3579 mA h g�1.10 Accom-
panying this high lithiation capacity is a large volume expan-
sion (B370% volume change at the maximum capacity),
leading to cracking and fracturing of Si and irreversible and
quick loss in the energy storage capacity. The inability of Si
electrodes to withstand the volume change accompanying full
lithiation–delithiation cycling is a major impediment to their
use in commercial LIBs. Various morphological and materials
approaches, such as Si–carbon nanocomposites,11–13 nano-
wires,14,15 nanotubes,16,17 novel binders,18,19 very thin amor-
phous silicon (a-Si) films,6,20,21 and protective coatings22,23

have been demonstrated in the past to improve Si cyclability.
In this study, we have investigated the nano-structure evolution
of an a-Si thin-film anode with a protective alumina coating. We
offer an explanation for apparently non-linear expansion of the
a-Si film with lithiation, and suggest a mechanism to retain
structural integrity upon higher degrees of lithiation.

To better understand the mechanisms coupling the struc-
tural variation and electrochemical operation, in operando
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characterization of Si anodes in working LIBs is necessary.
Various in operando techniques have been used to characterize
lithium insertion and de-insertion in silicon anodes.9,24–34

Many are reviewed by Aurbach et al.,24 and we summarize here
a few notable examples. Dahn and coworkers25 have reported in
operando atomic force microscopy (AFM) studies on patterned
silicon anodes in LIBs and have observed electrolyte decom-
position as well as morphological changes in the anodes as a
result of cyclic charge and discharge. Huang and coworkers
have successfully performed in operando transmission electron
microscopy (TEM) studies on nanostructured anodes in LIBs27

showing reversible structural changes and dynamic defect
formation as a result of lithiation. They have also observed
anisotropic expansion of Si(110) nanowires during lithiation,
accompanied by large strains at the lithiation front. The
relationship between electrochemical lithiation and stress–
strain evolution in Si thin films has also been studied by
Sethuraman and coworkers using a reflected array of parallel
laser beams to correlate the changes in wafer curvature to the
lithium insertion and deinsertion during cycling.33,34 They have
observed a rapid increase in the compressive and tensile stress
during lithiation and delithiation, respectively, accompanied by
a transition from elastic to plastic deformation at a capacity of
roughly 355 mA h g�1.34 They have also observed stress-
potential coupling as a result of cycling, which has been
correlated to the relaxation in the open circuit voltage (OCV)
observed for Si anodes. Key et al.,30,31 have used ex situ and
in situ nuclear magnetic resonance (NMR) imaging to charac-
terize the changes in short-range order that occur during
cycling of Si anodes, elucidating atomistic mechanisms of
lithiation and delithiation. They have demonstrated that the
initial lithiation involves both Si–Si clusters and isolated Si
atoms, while the isolated Si atoms dominate the NMR signal
completely as lithiation proceeds. It has also been observed that
the amorphous silicides are reactive with the electrolyte, which
may also contribute to the relaxation in OCV, which has been
attributed to stress-potential coupling by Sethuraman et al.34

Although these findings offer meaningful insights into the
operation of Si electrodes, many important aspects of their
behavior remain unknown or ambiguous. For example, the role
of electrode surface structure in SEI formation remains poorly
understood. In addition, while the development of porosity in Si
nanowire electrodes has been illustrated using ex situ TEM,26 the
evolution of porosity in thin films and nanostructured electrodes
has not been characterized in operando. Furthermore, little is
known about the electrode structure evolution during non-
equilibrium lithiation and delithiation at high rates.

Herein we report in operando neutron reflectivity (NR) mea-
surements on a working a-Si thin-film anode with a protective
aluminum suboxide (AlOx) thin-film coating. AlOx is an elec-
trical insulator and impedes liquid electrolyte degradation and
SEI formation by preventing electronic charge injection from
the anode to the adsorbed electrolyte molecules. The alumina
does not block Li ion transport to the underlying Si and there-
fore acts as an electrolyte. Previous studies have shown that
thin conformal layers of alumina deposited via atomic layer

deposition (ALD) onto electrodes such as LiCoO2 films,28

natural graphite,29 or MoO3,35 have greatly improved the capa-
city retention, cycling stability, and rate performance. He
et al.23 have demonstrated increased Coulombic efficiencies
and cycling stability as well as suppressed SEI formation and
electrode fracturing during extended cycling of patterned silicon
anodes with conformal ALD alumina coatings.

NR is a useful technique for studying structures of surfaces,
interfaces, and thin films, and provides a depth profile of the
neutron scattering length density (SLD, which can be deter-
mined from the composition) with sub-Ångström precision for
features over E1.5 nm thick.36–39 Because NR averages struc-
tural features in the plane of a thin-film, it complements
localized characterization techniques such as TEM and AFM.
Several features of NR make it advantageous for probing LIBs in
operando. Neutrons are sensitive to light elements since neutrons
scatter by nuclear interactions, in contrast to X-rays or electrons
that probe structure through the electron density. Neutrons are
non-destructive, do not alter sensitive specimens, and easily
penetrate properly designed robust sample environments, making
in situ measurements feasible. NR has been previously used to
observe SEIs on a non-intercalating Cu anode.40 More recently, NR
has been used to explore the structure and chemical interactions
of a-Si anodes. Veith et al. report a 3.5 nm non-electrochemical
reaction layer (likely an SEI precursor) that forms spontaneously
upon exposure to electrolyte.41 Jerliu, Hüger, and coworkers have
carried out in operando NR on a-Si anodes, reporting a 7.0 nm thick
SEI and the change in SLD and thickness of an a-Si layer.42,43 Their
initial study shows that the LixSi layer’s fitted SLD values do not
match those predicted by the cumulative charge, which was
attributed to SEI formation and trace amounts of Cl and O from
the electrolyte in the a-Si.42 Their second study compared a-Si layer
thickness variations to the degree of lithiation based on the
electrochemical data and assuming complete lithiation to Li4.2Si
(SLD values were not reported), and found that the expansion
matched expected trends for moderate degrees of lithiation.43

However, there are interesting unresolved observations in that
report, e.g., results indicating zero expansion during the initial
1.5 hours of charging at 7.8 mA cm�2 (which represents 33% of the
total charge delivered), and a film thickness that is 50% greater
than the initial thickness after complete delithiation. The latter
observation was attributed to residual lithium in the anode, while
the former was left un-explained.

Herein, we utilize in operando NR to study the structural
evolution of a working a-Si/AlOx thin film electrode and correlate
structural changes with simultaneous electrochemical character-
ization (electrochemical cycling and impedance spectroscopy,
EIS) during shallow lithiation–delithiation cycles. Data show the
structural integrity of both the a-Si film anode and the AlOx

capping layer after undergoing multiple charge–discharge cycles.
This study extends those of Jerliu et al. and quantitatively
demonstrates that the differences between predicted and mea-
sured anode characteristics, such as the thickness and SLD, are
due to the evolution of porosity, which explains the lack of film
expansion during the initial charging in previous studies, and
residual lithium in the anode after delithiation.
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2. Methods
2.1. Thin film preparation

A crucial requirement for NR is a film with minimal roughness,
since roughness both degrades the signal and broadens inter-
faces (distributing interfacial structures over a larger depth
range) decreasing both sensitivity to the structure and accuracy
of thickness measurements. The multi-layered thin film anode
was prepared by consecutive electron-beam evaporation onto
polished silicon wafers, 76.2 mm in diameter and 3 mm in
thickness. The sample consisted of a 5 nm thick Cu film as the
current collector, followed by ca. 11 nm of a-Si and capped by
an Al layer, which was exposed to air to form a ca. 4 nm AlOx

film (Fig. 1(a)). A second sample without the AlOx layer was
similarly prepared for direct measurement of the a-Si density
and porosity.

2.2. Battery assembly

The anode wafer was annealed in a vacuum oven at 90 1C
overnight and assembled in an Argon-filled glove box as the
active electrode of a Li half-cell. Fig. 1(b) shows a schematic of
the complete battery stack, retained between Al compression
plates. A 19 mm thick Si wafer was placed behind the anode
wafer to provide a continuous Si transmission medium for the
incident and reflected neutrons and help prevent warping of
the anode substrate. For the counter electrode, which also
served as the reference electrode, a 50 nm thick Cu film was
deposited on a 1 mm thick silicon wafer as the current
collector, onto which Li metal was coated by rubbing Li foil.
A 700 mm thick Viton gasket was sandwiched between the two
electrodes to define the electrolyte volume, which was filled
with 1 M LiPF6 solution in a mixture of dimethyl carbonate and
ethylene carbonate (1 : 1 volume ratio). Another 19 mm thick
silicon wafer was placed over the counter electrode wafer to

support the thin wafer, and the entire assembly was clamped
between Al compression plates. The Al plates had a 25.4 mm
deep � 50.8 mm wide groove in the middle to remove Al from
the transmitted beam path to reduce background scattering.
The 3 mm anode substrate wafer used in this study, compared
to the 5 mm wafers typically used for NR, led to increased
warping and a small perturbation due to the reflection from the
back of the anode wafer. Techniques applied to correct for
these artifacts are discussed in the ESI.†

2.3. Neutron reflectivity measurements

NR measurements on the a-Si half-cell were performed at NIST
Center for Neutron Research (NCNR) using the Advanced
Neutron Diffractometer/Reflectometer (AND/R).44 NR measures
the intensity of neutrons undergoing specular reflection as a
function of the scattering vector Qz = 4psin y/l, where y is the
angle of incidence and l is the wavelength of the neutrons. The
reflectivity is a function of the SLD depth profile, which for a
given layer is:

SLD ¼
X
i

bini (1)

where bi is the scattering length and ni the number density per
unit volume of isotope i, summed over all isotopes in the layer.

In this study, NR was measured over the range 01 o y o 41.
For y4 0.51, two slits on the incident beam side and two on the
reflected beam side were opened linearly as a function of y,
with the former to maintain a fixed 43 mm-wide beam projec-
tion onto the sample plane, and the latter to minimize
the background scattering into the detector. For y r 0.51, the
resolution of the slit motors requires fixed slit widths. The
background was measured using two off-specular scans, with
the detector angle set to 1.5 � y and 2.5 � y, respectively, which
were then averaged to obtain an estimate of the background
signal at the specular (detector = 2y) condition. To obtain the
reflectivity, R, as a function of Qz, the background was sub-
tracted from the specular reflection intensity, which was then
normalized by the incident intensity, measured by an indepen-
dent slit scan in the direct beam transmitted through the incident
Si medium. Error bars on NR data were obtained by propagating
the counting statistics from the specular, background, and slit
scans, and indicate plus or minus one standard error.

NR data can be fitted to a model layered structure by
adjusting the parameters of layer thickness, scattering length
density, and layer interfacial width to arrive at a best fit
determined by minimizing the w2 goodness-of-fit statistic. Data
reduction was performed using Reflpak software45 and the
fitting utilized Refl1d.46 Refl1d uses the matrix formalism given
by Parrat,47 and the DREAM algorithm48 was employed to
effectively sample the model parameter space. More detailed
descriptions of Refl1d, including the calculation of confidence
intervals for parameter values and SLD profiles, can be found
elsewhere.39,40,46 In order to construct the initial layer model,
which served as a guide for fitting the NR data, the anode wafer
was characterized by X-ray reflectivity prior to battery assembly.

Fig. 1 Illustration of lithium half-cell. (a) Cross-section of the anode thin
film stack. (b) Schematic of the battery assembly for in operando NR
experiment.
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2.4. Experimental sequence

After X-ray characterization and battery assembly, the cell was
installed on the AND/R sample stage. Electrochemical cycling
and EIS of the battery was performed in situ using a Solartron
Modulab potentiostat/frequency response analyser.§ EIS of the
as-assembled cell was collected at the open circuit potential
(OCP) followed by NR (test point OC). Subsequently, the thin
film silicon anode underwent six alternating galvanostatic
lithiation steps (i.e. discharge, D1 to D6) and delithiation steps
(charge, C1 to C6) at a range of DC currents. The first cycle
(D1 and C1) occurred at a constant current of 100 mA, which is a
C-rate of about 0.5, and the anode voltage was kept between
0.03 V and 3.3 V vs. Li/Li+ for all measurements. Subsequent
cycles limited the anode potential to a maximum of 3.0 V vs.
Li/Li+. After the first full cycle, the battery was cycled at 1 mA for
4 cycles. The current was then set to 200 mA for the sixth
(D6 and C6) cycle. NR measurements were taken after the 1st
and 6th discharge/lithiation (test points D1 and D6, respectively)
and after the 1st and 6th charge/delithiation (test points C1 and
C6, respectively). All NR measurements were taken at OCP, after
the corresponding lithiation/delithiation step and lasted between
1.5 and 5.25 hours. In addition to NR and galvanostatic cycling,
EIS spectra were collected several times at each state of charge
(SOC) in order to characterize the electrochemical state of the
battery and ascertain any variations during the reflectivity mea-
surements. EIS spectra from 100 mHz to 500 kHz were analyzed
using E-Chem Analyst software (Gamry Instruments, Inc.). In this
study, the SOC was restricted to a shallow degree of lithiation in
order to explore the relationship between physical structure and
electrochemical characteristics in a-Si anodes without adverse
effects of excessive electrode degradation.

To relate the measured a-Si layer SLDs to the composition via
eqn (1), the porosity of an a-Si film and the density of its solid
domains in the as-deposited state were measured using NR on a
similarly-prepared, uncapped a-Si specimen with a Cu substrate
layer. NR data was measured on the specimen in air and in a cell
filled with D2O similar to that shown in Fig. 1(a) but without a
counter/reference electrode, using the Horizontal Sample Neutron
Reflectometer on beam line NG7 at the NCNR. The SLD difference
of the anode layer for the two measurements normalized by the
SLD of D2O is the porosity of the sample, which, along with the
measurement of the SLD of the sample in air, can be used to
determine the density of the solid domains of the a-Si. Details of
this measurement are given in the ESI.†

3. Results and discussion
3.1. Electrochemical lithiation and delithiation properties

Table 1 and Fig. 2 summarize the electrochemical charge–
discharge data collected during measurements. Throughout this

manuscript, numbers in brackets and error bars represent 68%
confidence intervals, the calculation of which is described pre-
viously.40,46 Table 1 shows the electrochemical properties at all
test points, including the charge–discharge capacities, lithium
content and the expected thicknesses, tc, derived from the
previously established relationship between the thickness and
the SOC:49

tc ¼ to 1þ 2:7

4:4
x

� �
(2)

where to is the thickness of the as-deposited film, as derived
from NR fits to test point OC and x is the Li content in the
formula LixSi, where the total moles of Li are derived from the
total charge delivered during the galvanostatic charging and
total moles of Si are derived from the thickness, an active anode
area of 34.4 cm2, and a measured density of 2.26 g cm�3 for a-Si
(as discussed below). Because the specific capacity and degree of
lithiation depend on the total Si mass and therefore on the Si
thickness and porosity at OC, the uncertainty in these measured
values are propagated through all of the electrochemical mea-
surements in Table 1. For clarity of presentation, the associated
error bars are omitted from Fig. 2.

Fig. 2 shows the galvanostatic charge (delithiation) and
discharge (lithiation) data for the first and sixth cycles. To
prevent Li plating on the anode, lithiation was stopped at
0.03 V. The first discharge curve in Fig. 2 starts at 0.4 V, with
the lower-than-expected open circuit potential likely due to
trace amounts of lithium deposited during EIS measurements
collected before the first cell discharge. The lithiation steps D1
and D6 achieved capacities of 811 [753, 1047] mA h g�1 and
719 [667, 928] mA h g�1, respectively, corresponding to 22.7
[21.0, 29.3]% and 20.1 [18.6, 25.9]% of the achievable capacity
of 3579 mA h g�1, as measured for bulk materials.50 To achieve
the desired capacities, the current was paused periodically
during lithiation and de-lithiation and the voltage allowed to
equilibrate, before resuming. Owing to non-equilibrium lithium
insertion and removal, the lithiation and delithiation processes
showed a larger voltage drop or gain, respectively, as a function
of specific capacity than previous reports, with the voltage
relaxing to equilibrium values upon cessation of the current, a
phenomena previously observed by Sethuraman et al.33,34 As
repeated NR scans at each test point did not show significant
structural changes in the anode to accompany the observed
voltage relaxation, possible causes of the voltage relaxation
include the kinetic limitation of the charge transfer, surface
chemical reconstruction, and the coupling with the mechanical
stress relaxation.34 As seen in Fig. 2, the delithiation capacities of
1150 [1068, 1485] mA h g�1 and 778 [722, 1005] mA h g�1 for
steps C1 and C6, respectively, were higher than those during the
preceding lithiation steps (D1 and D6, respectively). This slight
degree of over-charging could be attributed to higher leakage
currents at higher voltage or may imply that parasitic reactions
are more significant during delithiation than during lithiation.
The effect of the higher current density during the sixth cycle
is also apparent in Fig. 2, with lower capacity and higher

§ Certain commercial equipment, instruments, materials, suppliers, or software
are identified in this paper to foster understanding. Such identification does not
imply recommendation or endorsement by the National Institute of Standards
and Technology, nor does it imply that the materials or equipment identified are
necessarily the best available for the purpose.
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under/overpotentials observable for the sixth discharge–charge
relative to the first cycle.

3.2. SLD profiles determined via NR

Fig. 3 presents the NR data and fitting results. Fig. 3(a) shows
the measured reflectivity (symbols) of the anode at various
SOCs, along with the confidence intervals of the calculated
reflectivity for the best fits (shaded bands). The data in the plot
are offset vertically for clarity. Results show an oscillation
period that decreases with lithiation, indicating swelling of
the anode film, and generally returns toward the open circuit
periodicity upon delithiation. To quantify these effects by
model fitting, test points OC and D1 were first fitted simulta-
neously to accurately determine fitting parameters for the
substrate and electrolyte layers – specifically the thickness of
the Cu layer, roughness and thickness for the Si substrate and
SiO2 layers, and SLD for the electrolyte – which were fit to
common values in the simultaneous fit, then held fixed for all
subsequent fits. SLDs for the Si substrate, native SiO2, and Cu
current collector were held fixed at bulk values for all fits. While
assuming bulk values for the first two layers has been found to
be valid in many studies, we also have confidence in using the
bulk Cu SLD, given the high quality of the fits obtained (the w2

value is less than 1.25 for all fits reported here). In all sub-
sequent fits, the SLD, thickness, and surrounding interfacial
widths of the a-Si and AlOx layers were allowed to vary to achieve
the best fits. In order to carefully investigate for the presence of

an SEI layer at the AlOx-electrolyte interface, an additional series
of fits to models that included an SEI layer were performed. These
fits did not improve w2 for any of the tests points. Fig. 3(b) shows
the 68% confidence intervals for the SLD depth profile corre-
sponding to the fits shown in Fig. 3(a), plotted as a function of the
depth z (as measured from the surface of alumina layer for OC).

Fig. 2 The galvanostatic charge–discharge curves for 1st lithiation (D1)
and 1st delithiation (C1) occurred at 100 mA; the 6th lithiation (D6) and 6th
delithiation (C6) occurred at 200 mA.

Fig. 3 In operando NR from a-Si anode. (a) NR data and best fits for
various SOCs of the battery. Shaded regions represent 68% confidence
intervals for the best fits to the data. Individual reflectivity curves are
y-offset for ease of visualization. (b) Profiles of SLD vs. depth (z) for the
Si anode at various SOCs. Shaded curves represent 68% confidence
intervals. Inset shows a detailed view of the AlOx layer with profiles co-aligned
at the AlOx/electrolyte interface.

Table 1 Summary of the electrochemical cycling results. Calculations assume density of 2.26 g cm�3 for a-Si, an active anode area of 34.4 cm2, and an
initial porosity of 10.0 [5.4–28.0]%. The lithium content assumes 1 atom per electron delivered to the anode

OC D1 C1 D6 C6
open circuit 1st lithiation 1st delithiation 6th lithiation 6th delithiation

Capacity (mA h g�1) — 814 [755, 1051] 1154 [1071, 1490] 718 [666, 927] 779 [723, 1005]
x in LixSi 0 0.85 [0.79, 1.10] 0.00 [0.00, 0.00] 0.75 [0.70, 0.97] 0.00 [0.00, 0.21]
Predicted a-Si thickness (nm) 11.1a [10.8, 11.3] 16.9 [16.0, 18.9] 11.1 [10.8, 11.3] 16.2 [15.6, 18.0] 11.1 [10.8, 12.8]

a The thickness at test point OC, 11.1 [10.8–11.3] nm, is taken from fits to NR measurements at that test point. Other than test point OC, the
predicted thickness is calculated using eqn (2).
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The remaining profiles are shifted to co-align at the interface
between the native oxide and the Cu layer in the main figure
and at the AlOx/electrolyte interface in the inset. The narrow
confidence intervals in Fig. 3 demonstrate that the fitting
procedure determines the layered structure with high preci-
sion. The SLD profiles also demonstrate how the AlOx layer
enhances the SLD contrast of the a-Si layer for these NR
measurements.

Fig. 4 shows the thicknesses and SLD values from the NR fits
for both the a-Si layer and the AlOx artificial SEI at each SOC.
Both the SLD and the thickness of the a-Si layer change with
SOC, as suggested by the NR data in Fig. 3(a) and seen in
the fits in Fig. 3(b). The as-deposited a-Si anode is 11.10
[10.79, 11.32] nm thick with a layer SLD of 1.96 [1.90, 2.02] �
10�4 nm�2. The incorporation of Li (which has a negative
scattering length) into the a-Si increases the thickness and
decreases the SLD of the alloy film in the discharged state.
The thickness increases to 14.46 [14.33, 14.65] nm and 13.48
[13.34, 13.53] nm, and the layer SLD decreases to 0.98
[0.89, 1.06] � 10�4 nm�2 and 1.11 [1.11, 1.17] � 10�4 nm�2

for test points D1 and D6, respectively. Upon delithiation, the
a-Si layer thickness and SLD return back toward the initial
values; the thickness decreases to 11.43 [11.47, 11.84] nm and
12.42 [12.59, 12.88] nm, and the layer SLD increases to 1.88
[1.66, 1.91] � 10�4 nm�2 and 1.75 [1.62, 1.74] � 10�4 nm�2 for
test points C1 and C6, respectively. Despite roughly equi-
valent capacities, the thickness and layer SLD values during
the 6th cycle do not completely return to the values seen after
the first cycle. This is shown clearly by both the SLD profile
plots in Fig. 3(b) and the SLD and thickness plots in Fig. 4.
The physical interpretation is discussed below. The SLD and
thickness of the AlOx layer can be considered constant with
charge–discharge, within the margins of error, as shown in
Fig. 4 and the Fig. 3(b) inset, indicating the integrity of the AlOx

capping layer throughout the battery operation.

3.3. Modelling porosity via a reduced average density

NR fits show that incorporation of Li into the Si anode affects
both the anode thickness and SLD. To correlate the a-Si layer
SLD with the Li content, we employ the concept of ‘‘integrated’’
SLD of the a-Si layer (SLDI) to simplify the conservation of Si
mass across all of the measured SOCs,

SLDI ¼ SLD� t ¼
X
i

binit ¼
X
i

bini;I; (3)

which relates the SLD to the total amount of both Si and Li per
unit area of the layer. Here, t is the thickness of the layer and bi

and ni are defined in eqn (1). The parameter, ni,I, is the area
density, or number of isotope i per unit area of the anode film.
Multiple previous studies of a-Si do not directly incorporate
porosity effects into their analysis.25,42,43 If one assumes that
vacancies and pores are inaccessible, and do not evolve with
time or processing, their effects can be modeled as a reduction
of the average density of the macroscopic a-Si layer (i.e. the
density averaged over both the pores and the solid Si domains
within the layer). To explore this common usage in the litera-
ture, we assume that the a-Si anode consists entirely of Si and
Li, and eqn (3) therefore becomes:

SLDI = bSinSi,I + bLinLi,I (4)

where bLi and bSi are physical constants known from the
literature.51 By limiting the number of terms in eqn (4) using
this approximation, it is possible to determine the Si moles per
unit area, nSi,I, from the SLD at OC, assuming that the as-
deposited state is free of Li, nLi,I = 0, and therefore nSi,I = SLDOC

� tOC/bSi. By employing conservation of Si (nSi,I is constant), the
Li content per unit area can then be calculated at each SOC:

nLi;I ¼
SLD� t� bSinSi;I

bLi
(5)

The Li composition, x in LixSi, calculated by dividing nLi,I from
eqn (5) by nSi,I, is shown in Fig. 5, lower panel, and the a-Si layer

Fig. 4 Thickness and SLD of a-Si and AlOx layers for test points, according
to NR fits. Lines connecting a-Si quantities in the upper panel are guides to
the eyes, while the lines through AlOx quantities represent the best fitted
average values.

Fig. 5 Thickness (upper) and composition (lower) of the LixSi at various
SOCs. Filled symbols are values from NR fits assuming no open porosity,
open symbols are from electrochemical data and the predicted linear
relationship expansion, and dots represent composition calculations
according to the PCRG model, as discussed below.
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thickness from Fig. 4, upper panel, is reproduced as closed
squares in the upper panel. As a comparison, the open symbols
in Fig. 5 are the corresponding t and x values calculated based
on electrochemical data and eqn (2), assuming that the total Li
ionic current transported into and out of the a-Si layer equals
the cumulative electric charge measured by the potentiostat.
While x from NR and electrochemical measurements are com-
parable, there are large discrepancies between the corres-
ponding thickness values. The differences are more prevalent
for lithiated states, and increase with the cycle number. To
understand these thickness discrepancies in terms of funda-
mental physical properties of the LixSi, the data in Fig. 5 are
converted to volume per mole of the lithiated a-Si,

�
VLixSi, and

plotted as a function of x in Fig. 6(a). Because the film can only
expand and contract in the direction normal to the substrate
surface, t is proportional to its volume, and discrepancies in t
indicate a difference between

�
VLixSi values determined by NR

and those expected from linear volume expansion. Fig. 6(a)
shows the calculated

�
VLixSi as a function of x for each test point

(symbols), compared to predictions for c-Si (blue line) a in situ
AFM measurements of a-Si micro-pillars reported by Dahn and
coworkers (green curve).49,52 Because none of the cases expli-
citly accounts for the layer porosity, there is no distinction
between the molar volume of the macroscopic layer itself and
the molar volume of solid domains of Si within the layer in
Fig. 6(a). Note that the AFM data was reported as a ‘‘fractional
volume change’’ by Chevrier and Dahn.49 Therefore to calculate
the absolute molar volume, an initial volume of 12.31 cm3 mol�1

is assumed, which is an average of previous literature values for
bulk a-Si.53–55 It is also noteworthy that Chevrier and Dahn
reported a fractional volume change of 15% for fully delithiated
a-Si, relative to the initial state. While this effect is not remarked

upon explicitly in their report, such macroscopic volumetric
irreversibility is consistent with the volume expansion between
points OC and C6 in this study. While the molar volumes for the
fully delithiated tests points in Fig. 6(a) therefore agree well with
previous measurements, this does not explain the physical origin
of the irreversibility. Furthermore, the obvious under-estimation
of
�
VLixSi for D1 and D6 indicates the need to re-examine the

method for evaluating
�
VLixSi.

3.4. Pore collapse and regrowth (PCRG) mechanism

A possible cause for both the thickness irreversibility and the
molar volume discrepancies for lithiated states is the presence
of nanopores in the a-Si and their evolution during electro-
chemical cycling. Dealloying of metal alloys has been used in
the past to create nanoporous morphologies,56 and Hu et al.
have used electrochemical lithiation and delithiation of metal
oxides as a strategy to synthesize nanoporous materials.57

Recently, Choi et al. have demonstrated that when silicon
nanowires are subjected to electrochemical lithium insertion
and deinsertion, the nanowires become porous and the pore
size increases with cycling, analogous to Ostwald ripening in
nanoparticles.26 Similarly, Chen and Sieradzki have explored
kinetic and transport effects for the control of nanoporosity
formed during electrochemical delithiation of Li–Sn.58 Such
effects have also been observed in germanium nanowires using
in situ TEM.59 Similar to the LixSi compounds formed in this
study, Dura et al. have found that volume expansion from
hydrogenation of Mg thin films to form a MgH2 compound
thin film is irreversible upon dehydrogenation, due to pores
that are formed when the sample is de-hydrogenated.60

While the interpretation presented in Fig. 6(a) allows for
closed pores in the as-deposited a-Si film via a nominal SLD,

Fig. 6 Volume per mole of the solid domains of LixSi as a function of the lithium content. As a comparison the values for crystalline silicon (blue dashed
line) and amorphous silicon (green dashed curve) have been plotted. (a) Volume expansion calculated assuming a static porosity that is inaccessible to the
electrolyte. (b) Volume expansion of the solid domains according to the PCRG mechanism. Black dashed line represents a linear fit to test points OC, D1,
and D6. The inset to (b) illustrates the PCRG mechanism whereby, while the solid portions of the Si expand linearly, the macroscopic film thickness
expansion is flat at low Li content (as shown in the green curve) until the porosity is collapsed. Error bars represent 68% confidence intervals. a-Si values
adopted from Chevrier and Dahn.49
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it does not account for either pore evolution during cycling or
for filling of the pores by electrolyte. It is plausible in the case of
thin a-Si films that the evolution of electrolyte-filled pores
contributes to the thickness irreversibility and the lower than
expected volume changes during cycling. We propose here a
‘‘pore collapse and regrowth’’ (PCRG) mechanism: (i) during
lithiation, Si solid domains in the anode film initially expand
isotropically, collapsing pores that exist in the as-deposited
anode. (ii) After the porosity is eliminated, subsequent volume
expansion is anisotropic, along the surface normal direction
(due to substrate clamping), increasing the film thickness.
(iii) During delithiation, volume contraction occurs first aniso-
tropically, via decreased film thickness, then isotropically, via
the re-growth of collapsed pores. Thus, with each cycle the
porosity of the a-Si film evolves; the volume expansion is
absorbed by the pores during lithiation, and pores form during
delithiation, resulting in the observed thickness discrepancies.
Calculating volume expansion based solely on thickness variations
would thus underestimate the full degree of volume expansion of
the solid Si domains within a porous film. Such a mechanism is
consistent with the porosity evolution observed by Choi et al.,26

and could explain the absence of any thickness change at low
degrees of lithiation, as observed by Jerliu et al.,43 and by Chevrier
and Dahn, as seen by the significantly smaller slope of the green
dashed line in Fig. 6 for x o 0.249.25

Here, in operando NR goes beyond previous observations to
quantify this phenomenon by determining the porosity and
composition in the delithiated states. The calculation of x and
�
VLixSi in Fig. 6(a) does not explicitly account for open porosity in
the a-Si layer, but rather assumes a constant unfilled porosity
resulting in a reduced macroscopic density of the a-Si film. The
PCRG mechanism, however, takes into account pores that are
open and entirely filled with electrolyte in the as-deposited and
delithiated films, and are completely collapsed upon lithiation.
Because the as-deposited film (OC) is assumed to be free of
lithium and decomposition products, the porosity fOC can be
determined:

fOC ¼
SLDaSi-s � SLDOC

SLDaSi-s � SLDelec
(6)

where SLDaSi-s, SLDelec, and SLDOC refer to the SLDs of the solid
a-Si domains, the electrolyte in the pores, and the volume-
weighted average SLD of the layer (solid a-Si plus electrolyte-
filled pores), respectively. SLDOC is obtained from fitting the NR
at OC, and SLDelec (1.57 � 10�4 nm�2) is taken from the
simultaneous fit to NR at OC and D1. Calculating SLDaSi-s

requires an accurate estimate of the density of the solid
domains in a-Si. Literature values for a-Si density range from
2.21 to 2.40 g cm�3,53–55 a wide range which would result in a
fOC between 0.0% and 41.4%. An additional set of NR mea-
surements was therefore performed on a similarly prepared,
uncapped a-Si thin film in air and in D2O to directly determine
the SLD (and therefore the density) of the solid Si domains, as
described in the ESI.† The best fit to this data yielded SLDaSi-s =
2.01 [2.00, 2.02] � 10�4 nm�2, corresponding to a density for
the solid a-Si domains of 2.26 [2.25, 2.27] g cm�3, which is 97.0

[96.6, 97.4]% that of c-Si and well within the range of previously
reported values. Using eqn (6), fOC was found to be 10.0
[5.4, 28.0]%.

Incorporating the PCRG mechanism requires re-calculation
of the composition at each test point, via eqn (4) and (5).
Allowing for a volume fraction of electrolyte-filled pores at OC
changes the calculated amount of Si (nSi,I) and the initial
volume that it occupies, which therefore impacts the amount
of lithium nLi,I calculated at all other test points via eqn (5).
Furthermore, the integrated SLD at each test point j now
consists of silicon, lithium, and electrolyte-filled pores, adding
an additional term to eqn (4):

SLDI, j = bSinSi,I + bLinLi,I, j + belecnelec,I, j (7)

Note that the area number density of silicon nSi,I is assumed not
to vary with SOC, and thus does not have a subscript j.
Furthermore, nelec,I is related to the porosity:

fj ¼
Velecnelec;I; j

tj
(8)

where
�
Velec, j is the volume per mole of electrolyte. The molar

volume of the solid portion of the LixSi can be calculated by
dividing the solid volume of the anode by nSi:

VLixSi; j ¼
1� fj

� �
Aanodetj

nSi
¼

1� fj

� �
tj

nSi;I
(9)

and the degree of lithiation x is found by dividing the number
density of lithium by that of silicon:

xj ¼
nLi;I; j

nSi;I
(10)

Using eqn (7) through (10),
�
VLixSi and x are calculated for OC by

assuming nLi,I,OC = 0, and for D1 and D6 by assuming zero
porosity (nelec,I, j = 0). For C1 and C6, both nLi,I and nelec,I are
unknown, requiring an additional assumption. Fig. 6(b) shows
the molar volume,

�
VLixSi of the solid portion of the anode vs. the

degree of lithiation x, after incorporating porosity. As seen by
the black dashed line, a linear fit through OC and the lithiated
states D1 and D6,

�
VLixSi follows the linear relationship similar to

that seen for c-Si with remarkable accuracy. The slope indicates
a volume expansion coefficient of 8.48 cm3 per mole of Li
inserted, 10% lower than the coefficient in eqn (2), but gen-
erally in good agreement with previous measurements and
calculations.43,49,52,61 Given the linear volume expansion from
x = 0 for OC through x 4 0.5 for the lithiated states, the
departure from linearity at small x is likely minimal. For
delithiated states C1 and C6, we therefore assume that the
volume expansion of the solid portion of the LixSi layer also
follows this linear trend:

VLixSi; j ¼ 8:48xj þ 12:42 cm3 mol�1: (11)

By solving eqn (7)–(11), fj and nLi,I, j are calculated for the
delithiated states, C1 and C6. Results show that the a-Si
porosity is roughly recoverable with cycling. The porosity is
9.69 [2.97, 13.77]% at C1 and 13.08 [10.02, 15.73]% at C6,
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compared to 10.0 [5.4, 28.0]% at OC. The x values calculated
using the PCRG mechanism are displayed in Fig. 6(b) and in
Fig. 5 as the red dots. Results show a small but noticeable
discrepancy between the fitted x and that predicted by the
electrochemical data. This discrepancy increases with addi-
tional cycling.

3.5. Electrochemical impedance spectroscopy

Simultaneous electrochemical measurements collected during
the NR are consistent with the proposed PCRG mechanism. The
EIS spectra are shown in Fig. 7(a) for the delithiated test points
(OC, C1, and C6) and 7(b) for the lithiated test points (D1 and
D6). The symbols are the experimental data and solid curves are
the best fits to data using the equivalent circuit model shown in
Fig. 8(a). For delithiated test points, significant relaxation and
reduction of the electrochemical impedance occurred over a
period of several hours before reaching a steady state, whereas
little variation is observed after lithiation (see ESI†). The data in
Fig. 7 are for the anode in the relaxed state, taken more than
2 hours after the charge–discharge, except for C6, for which the
only data available was taken 21 minutes after delithiation. It is
apparent that the C6 spectrum differs significantly from those
of OC and C1, particularly in the low frequency/high impedance
regime. In general, the delithiated states in Fig. 7(a) are marked
by much larger impedance values than the lithiated states in
Fig. 7(b). For all relaxed test points, the impedance as a
function of SOC increases with additional cycling – the impe-
dance is greater at C1 than at OC, and greater at D6 than at
D1 – but the Nyquist plots generally maintain the same
shape and features, implying a consistent lithiation/delithia-
tion mechanism.

Fig. 8(a) shows the equivalent circuit model used to fit the EIS
data. Each solid layer in the cell is modelled as a resistor-constant
phase element (CPE) pair. The model and interpretation is based

Fig. 7 EIS spectra collected during NR measurements. Nyquist plots of: (a) the delithiated anode, Open Circuit (OC), after first charge (C1), and after sixth
charge (C6), with the inset comparing the data and fitting at low impedance; (b) the lithiated anode, after first discharge (D1) and sixth discharge (D6).
Frequency for all measurements ranged from 0.1 to 5 � 105 Hz.

Fig. 8 EIS fitting results. (a) The equivalent circuit model. (b) Fitted
resistance of a-Si, interfacial layers, and electrolyte at various SOCs. The
lines connecting symbols are guides to the eye. C6 is partially relaxed, and
the corresponding RSi is connected with a dashed line. The inset is an
expanded plot to compare Rint and Relec.
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on previous work by Aurbach.62 The high frequency intercept
(B106 Hz) corresponds to ion transport in the electrolyte. The
medium frequency range (103–104 Hz) represents the ionic trans-
port through interfacial layers, in our case the protective AlOx layer
and any additional SEI that may have formed during cycling. The
low-frequency features (0.1 –102 Hz) correspond to the charge
transfer and lithium insertion into the a-Si film. The model also
covers very low frequency (10 to 100 mHz) regimes corresponding
to the double layer response, which has been modelled as a CPE
in series. While the impedance was not measured in this fre-
quency range, this element determines the asymptotic behaviour
of the fits in the lowest frequencies measured, and was necessary
to obtain suitable fits to the EIS data taken in the relaxed state.

Fig. 8(b) shows the variation in resistance of the a-Si film,
interfacial layers, and the electrolyte at each SOC. A complete
listing of the EIS fitting parameters is given in Table S1 of the
ESI.† The resistance of the electrolyte is relatively invariant, in
the range of 20–30 O for all SOCs. The resistance related to
interfacial layers increases monotonically but moderately with
cycling, from 130 O at OC to 210 O at C6. The resistance of the
a-Si layer, meanwhile, varies dramatically with the SOC. For the
four data points obtained at equilibrium (test points OC
through D6), RSi varies reversibly between the two states, from
RSi = 1145 and 1153 O for delithiated test points OC and C1 to
60.1 and 62.3 O for lithiated test points D1 and D6. Similarly,
the characteristic frequency of a-Si was significantly higher in
the lithiated states, o4 395 Hz, compared to o o 20 Hz in the
delithiated states. For the partially relaxed C6, a much larger
resistance value, ca. 5000 O, is observed. Suitable fits to EIS at
C6 were obtained only after removing the serial CPE from the
equivalent circuit. As fitting of the C6 spectrum implies some-
what mixed states, we restrict ourselves from drawing signifi-
cant conclusions on the basis of the EIS at C6.

3.6. PCRG effect on electrochemical performance

Despite cumulative charge data in Table 1 and Fig. 2 that imply
complete delithiation, the assumption of linear expansion for
test points C1 and C6 in Fig. 6(b) shows residual lithium
content that increases with cycle number. Several explanations
exist for this phenomenon. The fact that the capacity at each
charge is greater than that at the immediately-proceeding
discharge (Table I) does not indicate the violation of charge
conservation, but instead implies the existence of parasitic
processes. Parasitic side-reactions could result in discrepancies
between the potentiostat-measured current and the Faradaic
current (i.e., the rate of lithiation and delithiation at the anode).
Incomplete delithiation could therefore imply that parasitic
processes are more severe during delithiation than during
lithiation. It is also likely that leakage current at higher voltages
during delithiation leads to greater potentiostat-recorded elec-
tric charge transfer than the actual Faradaic current. Finally, if
the a-Si pores are present at voltages below the electrolyte
stability limit, it is also possible that Li-rich electrolyte decom-
position products are produced and retained within the pores
of the anode thin film. Modifying the PCRG mechanism and
eqn (7) through (10) to accommodate such an effect is beyond

the scope of this study, but given the low SLD of Li-rich
decomposition products,40,63 modelling them here as residual
Li serves as a suitable first approximation.

The EIS data also imply a degree of irreversible electro-
chemical deactivation of the thin-film anode during the
delithiation step that may explain a fraction of trapped lithium
that no longer participates in anode charge–discharge. As
shown in Fig. 8(b), Rint values do not vary upon lithiation, but
increase slightly after each delithiation (charge) step. The
values in Table S1 and Fig. S3 (ESI†) show that this trend is
repeated for the relative admittance associated with equivalent
circuit parameters Rint, QSi, and Qdl. They all decrease by
20–30% after each delithiation whereas they either remain
constant or increase upon lithiation. Even though the PCRG
analysis suggests that the porosity in the delithiated states is
roughly constant and the a-Si film appears to maintain its
mechanical integrity (with no roughening or increased pore
volume which would accompany significant cracking of the
electrode), this does not preclude electrical isolation due to
nano-scale mechanical degradation. The electrochemical
results are consistent with the scenario that portions of the
anode become electrochemically isolated and therefore irrever-
sibly deactivated during each delithiation. The trapped Li after
delithiation implied by the PCRG calculations in Fig. 6(b) is
also consistent with this interpretation, because electrochemical
isolation would prevent Li extraction from those regions.

The EIS fitting results, as detailed in the ESI,† also support
the PCRG mechanism. While the large estimated errors for CSi

in the lithiated states (due to overlapping frequencies for the
a-Si and double-layer circuit elements) make it difficult to draw
conclusive evidence, the pseudo-capacitance CSi of the a-Si layer
in Fig. S2(b) (ESI†) appears to be higher in the delithiated states
than in the lithiated states, which would correlate with higher
surface area in the porous delithiated films. Additionally, the
transient relaxation of CSi observed for Li-poor states OC and
C1 may indicate that the surface area is initially larger (hence
higher CSi) and decreases with time (lower CSi). The agglomera-
tion of smaller pores to form larger ones while conserving the
total pore volume, as in Ostwald ripening would explain these
transient shifts in CSi and also correlate with the prominent
decrease of transient Ra-Si at OC and C1, as shown in Fig. S2(a)
(ESI†), via the formation of less tortuous transport path upon
pore merging. Such a process is consistent with the diffusion of
atomic Si and slow evolution of pores, as reported by Choi
et al.26 These observations provide additional evidence of pore
regrowth and evolution upon delithiation, further supporting
the PCRG mechanism.

4. Conclusions

In summary, we report the successful application of in operando
neutron reflectivity measurements with simultaneous electro-
chemical characterization as a diagnostic tool to study amor-
phous thin film silicon anodes in operating LIBs. It is shown
that the a-Si film expands and contracts as a result of lithiation
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and delithiation, respectively. The cycling was accompanied by
irreversible electrochemical degradation of the electrode, pos-
sibly associated with portions of active materials becoming
electrically isolated during the delithiation step. However, both
the a-Si anode and the AlOx artificial SEI layer remained
structurally stable during the six shallow lithiation–delithiation
cycles. We did not observe SEI formation due to electrolyte
decomposition or reaction with Si, indicating the efficacy of the
deposited AlOx artificial SEI.

While the macroscopic volume expansion based on thick-
ness changes alone does not follow the empirical linear rela-
tionship reported for crystalline silicon, evidence suggests that
pores in the film collapse to absorb the isotropic volume
expansion during lithiation, and that pore volume is recovered
during delithiation, as described by the proposed PCRG (pore
collapse and regrowth) mechanism. The changes in porosity are
associated with significant changes in the electrochemical
characteristics of the a-Si thin film, i.e., a significant increase
in the electrical resistance of the a-Si layer in the delithiated,
porous state. This study employs fundamental measurements
to quantify the porosity evolution and demonstrates that linear
expansion of the solid portion of the a-Si thin is achieved within
the PCRG mechanism. In this and other studies, apparent
departures from linear expansion of the overall film thickness
are observed for low Li content due to the porosity evolution
and accumulation of trapped lithium in the electrode. The
reversible pore collapse and regrowth in a thin a-Si film, while
demonstrated here for a shallow degree of lithiation and a few
cycles, can help improve Si anode durability if it can be
extended to more severe cycling conditions. The findings from
this study therefore offer insights into the electrode design
strategies to improve the cycling life of silicon anodes in LIBs,
which include incorporating a sufficient volume fraction of
nanopores in active materials to support subsequent volume
expansion, and attaching active anode materials to a rigid
support (similar to substrate clamping in thin films), if needed,
to promote reversible recovery of the porosity. However, while
catastrophic electrode failure due to pulverization is not
observed here, lithiation steps are accompanied by an increase
in resistance associated with interfacial processes, which would
need to be mitigated for long-term durability. Further studies
on the application of the PCRG mechanism to deeper lithia-
tion–delithiation and larger cycle numbers are needed for
better understanding the role of porosity in Si anodes.
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