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ABSTRACT: Oxide conversion reactions are an alternative
approach for high capacity lithium ion batteries but are known
to suffer from structural irreversibility associated with the
phase separation and reconstitution of reduced metal species
and Li2O. In particular, the morphology of the reduced metal
species is thought to play a critical role in the electrochemical
properties of a conversion material. Here we use a model
electrode with alternating layers of chromium and chromium
oxide to better understand and control these phase changes in
real-time and at molecular length scales. Despite lacking
crystallinity at the atomic scale, this superstructure is observed
(with X-ray reflectivity, XR) to lithiate and delithiate in a
purely one-dimensional manner, preserving the layered structure. The XR data show that the metal layers act as nucleation sites
for the reduction of chromium in the conversion reaction. Irreversibility during delithiation is due to the formation of a ternary
phase, LiCrO2, which can be further delithiated at higher potentials. The results reveal that the combination of confining
lithiation to nanoscale sheets of Li2O and the availability of reaction sites in the metal layers in the layered structure is a strategy
for improving the reversibility and mass transport properties that can be used in a wide range of conversion materials.

■ INTRODUCTION

Intercalation materials have long been the foundation for
commercial lithium ion batteries (LIBs) but are intrinsically
limited in charge capacity by the number of Li sites necessary to
preserve the electrodes’ crystal structure during cycling.1

Conversion reactions of MX compounds (M = metal and X
= O2−, S2−, F−, P3−, etc.), such as the well-known phase
separation of a metal oxide into Li2O and reduced metal species
(e.g., MOx + 2xLi+ ↔ M + xLi2O),

2 provide an alternative
storage mechanism that is not limited by the electrode crystal
structure. As a result, conversion reactions are capable of
multiple electron transfers with higher specific capacity than
intercalation materials.3,4 However, these reactions typically
have multiple challenges, including reduced discharge plateaus
well below Nernstian behavior, significant overpotentials,
sluggish kinetics, and large volume changes that can reduce
particle cohesion, much like intermetallic reactions found in Si
and Sn electrodes.5,6 Each of these factors has been attributed
to competition between interfacial and bulk thermodynamics7

and is highly dependent on electrode morphology.8

During lithiation, conversion leads to phase-separated
lithium-rich and reduced metal species, as depicted in Figure
1a. Ideally, this phase separation occurs at the nanoscale,

providing a high concentration of interfaces and short
interparticle diffusion lengths that would enable reversibility.9

As illustrated in Figure 1a, the metal species typically nucleate
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Figure 1. Illustration of phase separation for (a) bulk and (b) layered
conversion reactions. The nucleated metal species (M), lithiated phase
(Li-X), and their interfaces are indicated by the blue, yellow, and green
components respectively with arrows indicating the growth direction
of the metal species.
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as 2−5 nm nanoparticles embedded in an amorphous Li-rich
matrix.2 This nanophase morphology plays a significant role in
these reactions: both at the onset, where partial [re]oxidation of
the metal species impedes both charge and mass transport,
leading to substantial irreversibility and overpotentials during
the first cycle; and over time, where particle ripening can
gradually slow mass transfer at the LinX-M interface.10 The
interface itself is also thought to play a significant role for
electronic transport across and electrocatalysis at the metal/
lithia interface and for ionic transport (of both Li+ and O2−).
Additional charge storage mechanisms have been attributed to
this region as well. However, a fundamental understanding of
electrochemical processes at these interfaces has been stymied
by the difficulties accessing the extreme environment of a LIB
and the inherent, three-dimensional complexity of a reacting
conversion material.
To better understand the role of interfaces in conversion

reactions, we study a model electrode consisting of well-
defined, vertically aligned layers of Cr and CrOx, like those
depicted in Figure 1b. This type of heterostructure is ideal for
X-ray reflectivity (XR) which is directly sensitive to interfacial
structure and reactivity and can be measured in situ with
Ångstrom vertical resolution. Remarkably, we show that the
initial nanoscale layering in the electrode provides a template
for guiding the subsequent conversion reaction, in that the
metal layers act as pre-existing nucleation sites for the reduction
of the metal oxide reducing the barrier for reaction. This
effectively confines the Li2O and Cr products, providing a well-
defined architecture for delithiation. The stability of the
architecture is suggested by the observation that the internal
electrode layering becomes even more pronounced during
subsequent cycling and is amenable to aggressive charge/
discharge conditions. These results point to a possible new
strategy for controlling the morphology of conversion materials
during electrochemical cycling.

■ EXPERIMENT
The thin film sample was grown by DC magnetron sputtering at room
temperature as a silicon/chromium bilayer on R-plane sapphire. As
described more fully in the Supporting Information, the 10 × 3 mm2

sample was immersed in an electrolyte of 1.0 M LiPF6 in 1:1 ethylene
carbonate/dimethyl carbonate during the in situ measurements.
Chronoamperometric measurements were performed using the sample
as the working electrode and separate lithium counter and reference
electrodes. We also characterized the as-grown samples using X-ray
reflectivity (XR), transmission electron microscopy (TEM), and
depth-resolved X-ray photoelectron spectroscopy (XPS). XR was
measured at the Advanced Photon Source, sector 33BM at 20 keV (λ
= 0.6198 Å) using a four-circle diffractometer and area detector
(Pilatus 100k).11 The beam was focused and collimated to 1.5 × 0.2
mm2 at the sample and illuminates a 1.5 × 3 mm2 area on the
electrode surface. As shown by rocking curves collected during the
lithiation/delithiation process (Figure S7 in the Supporting
Information), the scattered X-rays showed no signs of broadening or
diffuse scattering during the entire measurement, indicating that
changes to the vertical structure of the sample were laterally uniform
within the footprint of the beam.
As shown in Figures 2a and 2b, the Si/Cr bilayer was found to have

significant structural density modulations within the buried metal
layer. As seen in Figure 2b, fits to the reflectivity indicated that the
buried chromium film actually consisted of alternating 10.2 Å-thick
layers with densities ranging from 1.5 to 1.8 e−/Å3 (±0.05 e−/Å3),
buried beneath a silicon capping layer. These range from the density of
bulk Cr2O3 up to densities approaching chromium metal. This type of
layering gives rise to a weak multilayer diffraction peak in the XR data
(Figure 2a). This broad feature is centered at q = 0.28 Å−1 with a full-

width Δq = 0.046 Å−1 and is indicative of a repeated multilayer
structure with “d-spacing” of 2π/(q2 − qc

2)1/2 ≈ 20.4 Å and six
repeated bilayers, in close agreement with the extracted density profile.

TEM results (Figures 2c and 2d) confirmed the layering in the
underlying chromium layer. The sample was found to be amorphous
apart from weak crystalline CrSi2 electron diffraction found at the Si/
Cr interface. From the XR and TEM measurements, which only are
sensitive to the total electron density, it was unclear whether the initial
modulated density was due to silicon/chromium intermixing or the
presence of an oxide or other impurity. The sample was also analyzed
using depth resolved XPS (as shown in the Supporting Information),

Figure 2. Characterization of the initial film by (a) X-ray reflectivity
(XR) and (c-d) transmission electron microscopy (TEM) confirms the
underlying layered structure. The fit to the reflectivity shown in (a)
corresponds to the layered slab model shown in (b). The electron
density in the multilayer region is between the bulk Cr and Cr2O3
values. TEM (c and inset, d) confirm this overall structure and the lack
of crystallinity in each layer. The XR data were fit to a layered slab
model using a genetic algorithm approach and then refined using
traditional nonlinear regression.12The electrode structure shown in
(b), consisting of alternating 10.2 Å-thick layers with densities ranging
from 1.5−1.8 e-/Å3 (±0.1 e-/Å3), was determined by balancing the
overall quality of fit with the propagated errors in the density profile, as
previously discussed.13All parameters (thickness, density, and inter-
facial roughness) were allowed to vary except for the known densities
of the sapphire substrate and electrolyte.
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which confirmed that only Si, Cr, and O are present in the film and
that both the oxygen and chromium core-loss spectra are consistent
with a mixed Cr/CrOx phase in the layered region. Consequently, this
thin-film structure provides an ideal architecture for understanding
conversion reactions without the complications of the crystallinity.

■ RESULTS

Having delineated the structure and components present in the
film using ex situ methods, we proceeded to observe the thin-
film structure with in situ XR as a function of electrochemical
potential (E, reported as V vs Li/Li+) during lithiation/
delithiation reactions using a custom X-ray-compatible electro-
chemical cell (described in the Supporting Information). We
compared structural changes during a gradual potential sweep
(ΔE = 0.2 mV/s) and in response to a large potential step
between 3 and 0.02 V. Changes in the normalized reflectivity in
both cases are shown in the color plot versus time in Figure 3.
The dominant feature throughout the reaction is the multilayer
Bragg peak, which shifts to lower and higher q as the multilayer
expands and contracts during lithiation and delithiation,
respectively. In Figure 3, the position of the peak’s maximum
(and its second order diffraction peak) are tracked with blue
dots as a guide. The persistence and intensification of the
diffraction peak at all conditions indicate that the layering is
preserved throughout the lithiation and delithiation reactions,
despite vertical expansion and contraction by up to 50%.
Much like “bulk” conversion reactions, the structural changes

in the multilayer are most pronounced during the first lithiation
cycle and are highly reversible thereafter. This initial
conditioning can be seen during the cyclic voltammogram
(CV) in Figure 2a, where there is a discontinuity in the
reflectivity at 0.3 V. This is partially due to the dampening of
the highest frequency oscillations corresponding to the overall
thickness of the electrode from the interference of X-rays
scattering from the substrate and the top silicon surface. As the

silicon expands and roughens, these oscillations are diminished.
Immediately following this transition at 0.3 V, the multilayer
(ML) diffraction peak shifts to lower q indicating the coherent
expansion of the multilayer by ∼50%. Likewise, oxidative
current (primarily from the delithation of the silicon capping
layer at 0.1−0.5 V) precedes the positive shift of the ML Bragg
peak as the structure contracts. The increase in the ML
diffraction peak intensity after the first discharge is caused by
stronger contrast between the lower-density lithiated layers and
the higher-density metallic layers, but the persistence of this
first order Bragg peak and the emergence of the higher order
diffraction peaks during cycling indicates unequivocally that the
ML structure remains intact throughout the conversion
reaction.
Beyond the wholescale changes seen at low potential, a

smaller, reversible change in the multilayer d-spacing can also
be seen near the upper voltage limit (3.5 V). A portion of this
region is shown in Figure 4. Such a high voltage reaction could
possibly involve oxygen or the decomposition of residual Li2O.
However, closer examination of the CV reveals weak, reversible
redox features at 3.3 and 1.8 V (Figure 4b) that correspond well
to finer shifts in the multilayer Bragg peak corresponding to a
5% change in bilayer d-spacing. As discussed below, these
changes are consistent with a new LixCrO2 phase that forms
after the initial discharge. The lower density of this phase
(compared to Cr2O3) is largely responsible for the increased
Bragg peak intensity and expansion of the multilayer after one
full cycle.
The XR data clearly indicates the structural stability of the

multilayer structure during the conversion reaction, but the
alignment of the chromium layers could inhibit lithium
transport. The role of lithium transport in such a layered
structure was measured with real-time observations of the
structural and electrochemical response to potential steps
between 3 and 0.02 V. The current response to the step is

Figure 3. Real-time, normalized XR plotted during (a) cyclic voltammetry and (b) potential step measurements. In each case the electrochemical
data are shown on the left, and the reflectivity intensity is indicated by a logarithmic color scale (shown on the right). Note that the applied potential
E and the measured current I are overlaid and have different axis ranges, as noted. The color scale on the reflectivity scales logarithmically from
q4R(q) = 0.01−50. The first and second order Bragg peaks are indicated by the blue points on each plot to highlight the coherent expansion and
contraction of the CrOx multilayer during lithiation and delithiation. A subset of the reflectivity marked by a box in (a) is shown in Figure 4.
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largely exponential but with fast (30−60 s) and slower (130−
480 s) decay constants (Table 1), likely related to the lithiation

of the silicon and CrOx layers, respectively (see the Supporting
Information for fits used to obtain these relaxation times). In
support of this conclusion is the observation that the slower
time constant coincides with the response time of the layered
oxide’s shifting XR Bragg peak (tXR). Note that this time scale
in combination with the 20 nm thickness of the silicon buffer
layer gives an estimated diffusion constant of ∼10−12 cm2/s, in
line with reported literature values for Si,12 indicating that the
rate of lithiation of the Cr2O3 is limited by diffusion through the
entire heterostructure. This also implies that lithium transport
occurs vertically through the entire thin film heterostructure,
fully consistent with the lack of X-ray diffuse scattering that
would otherwise indicate the presence of lateral heterogeneity
(e.g., cracks for fast diffusion paths or random nucleation
events). For each cycle, the positive current (corresponding to
delithiation) typically has a faster time constant, most likely due
to the larger applied overpotential at 3 V.

■ DISCUSSION
The high degree of complexity that is resolved in the XR
observations of conversion reactions in this model structure
raises multiple points for discussion:

Chromium Oxide Phase Identification and Nuclea-
tion. Changes in the species and size of each layer are obtained
by quantitatively fitting the reflectivity data over the entire first
cycle CV (Figure 3a) in a manner similar to the ex situ sample
shown in Figure 2. The resulting electron density profiles
(EDPs) at the extreme conditions (i.e., at the open circuit and
following lithiation and delithiation over the first cycle and
lithiation during the second cycle) are shown in Figure 5a-d.
The data confirm that the multilayer structure persists
throughout the reaction, as suggested by the shifting Bragg
peak in Figure 3. Moreover, the thickness of both the oxide and
metal layers increases during the first lithiation cycle, indicating
that the pre-existing chromium layers act as nucleation sites for
the metal reduction during the conversion reaction.
The extracted electron densities can be used to identify the

species present in the reaction. Based on a comparison of the
observed densities with the values of known chromium and
lithium oxides (labeled in each panel of Figure 5) and the
changes in each layer’s thickness, we propose the following
reactions:

+ ⎯ →⎯⎯⎯ ++Cr O 6Li 2Cr 3Li O2 3
0.2 V

2 (i)

+ + +
∼ +X Yoooooo2Cr 3Li O 1.5LiCrO 0.5Cr 4.5Li2

0.2 V

1.0 V
2 (ii)

+ + + +X Yoooo1.5LiCrO 0.5Cr CrO 0.5Cr 1.5Li2
1.8 V

3.3 V
2 (iii)

Reaction i occurs during the first discharge. As seen in Figure
5b, lithium insertion begins to lower the oxide layer’s electron
density, while the nominal metal layers densify and increase in
thickness from the displacement reaction. Note that the phase
separation of low density Li2O and the Cr species is most
pronounced near the surface of the oxide multilayer, as might
be expected with vertical transport through the ML structure.
The theoretical volume change of reaction i is 92%, which is in
line with the measured volume changes since roughly half of
the heterostructure reacts with lithium.
Reaction ii connects the profiles seen in Figure 5b and 5c.

Conversion reactions are, with few exceptions,13 irreversible
during the first cycle, often stopping at the first stable oxidation
state during delithiation. Along these lines, previous authors
suggested that divalent CrO was the delithiated phase,14,15 in
analogy to the lithation of cobalt16 and iron oxides,17 i.e.

+ ↔ + +2Cr 3Li O 4Li 2CrO Li O2 2

instead of reaction ii. Based solely on the extracted electron
density alone, we cannot identify which phase is present since
CrO and LiCrO2 have similar densities that are both in line
with our results. However, such a reaction would lead to some
residual Li2O and that the metal layers would return to their
original thickness or even smaller if adjacent metal layers
became partially oxidized. Instead, we find that the oxide layers
are nearly the same thickness and that the metal layers are
thicker than at the start. This finding is summarized in Table 2
and is highlighted by the marked layers in Figure 5. Also, we see
no evidence for any residual, lower density Li2O phase in the
delithiated structures. Furthermore, LiCrO2 is also the most
stable phase in the Li/Cr/O phase diagram, whereas CrO is

Figure 4. Redox changes at high potential from Figure 3a can be seen
clearly both in the cyclic voltammetry (a) and in the reflectivity. The
electrochemical data in (a) is plotted as a function of time, as in Figure
3 with a background profile given by a cubic spline extrapolated from
potentials outside the redox reaction. The background subtracted CV
is shown in the inset to emphasize the reversibility of the reaction. The
dashed white lines in the XR data are times corresponding to the redox
voltages. (b) The shift of the second order Bragg peak indicates
contraction of the multilayer structure at 3.3 V by 5%, followed by a
more gradual expansion near 1.8 V.

Table 1. Kinetics of Potential Step Measurementsa

Qtot (mAh) t1 (s) t2 (s) tXR (s)

first lithiation −0.00421 36.8 296 310
first delithiation +0.00237 29.2 162 200
second lithiation −0.00248 64.1 484 470
second delithiation 0.00200 28.6 130 NA

aThe electrochemical response and shift in XR diffraction peak during
the potential step measurements shown in Figure 3b. The response
was fit to two exponentials plus an overall constant (fits to
electrochemical data and reflectivity are provided in the Supporting
Information). The integrated charge of the combined exponential
response (Qtot) and its two time scales (t1 and t2) are shown with the
time scale of the shift in the reflectivity for comparison. For reference,
the theoretical charge of 20 nm Si + 5 nm Cr2O3 is 0.00573 mAh/g.
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thermodynamically unstable and is likely to decompose to more
stable Cr and Cr2O3 phases.
The 3.3 V delithiation event is described by reaction iii, and

both endmembers are shown in Figure 5c. We believe this
reaction is similar to the intercalation reaction between LiCrO2

and CrO2 that has been reported at similar potentials with a
comparable 5.5% volume change.18 However, the species found
in this reaction are likely amorphous, and the large 1.5 V
hysteresis found between the redox peaks in Figure 4 could
result from diffusion limitations and overpotentials associated
with conversion. In this conditioned state, the multilayer
expands even further during the second lithiation reaction, as
seen in Figure 5d. Both the metal and oxide layers expand by

∼75% from their initial thicknesses with the oxide layers
reaching the theoretical density of Li2O and the metal layers
maintaining their original density. Compared to the first
lithiation event (Figure 5b), the lithiated layers are more
uniform in density suggesting that lithiation proceeds more
uniformly, perhaps owing to lateral defects created by the
significant volume changes during the first cycle. Such porosity
may also explain the lower overall density in the metal layers
than seen in the first cycle (Figure 5b). Nonetheless, the
vertical modulation of the ML structure is even more ordered
after the second lithiation reaction than at the start suggesting
that the multilayer architecture may be beneficial for balancing

Figure 5. Extracted electron density profiles from the XR data in Figure 3a at (a) the open circuit condition, (b) at 0.035 V during the first lithiation,
(c) 3 and 3.5 V during the first delithiation, and (d) 0.035 V during the second lithiation. EDPs at intermediate conditions during the first lithiation
cycle are vertically staggered in (e) to highlight the evolution of the multilayer structure and the changing density of the silicon overlayer. In (a)-(d),
bulk electron densities for CrOx and Li2O, the individual layers, and the overall size of the multilayer are provided for reference. To highlight the
changing thickness of both oxide and metal layers, the individual metal, metal oxide, and lithiated phases are colored gray, blue, and red, respectively.
In (e), the electron density is also defined by the color scale provided at the bottom of the plot.
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strain, mass transport, and charge transfer in a conversion
reaction.
Li Stoichiometry and Excess Charge. The electron

density profiles also provide a complementary route for
measuring the Li concentrations within the layered electrode
structure. By comparing the integrated electron density in the
multilayer region (QXR) to the initial condition, the number of
additional charge species in the lithiated structure can be
determined using

∫

∫

ρ

ρ
Δ =Q

z z

z z

( )d

( )d

zML
lithiated

zML
initial

XR
0

0

f

i

(1)

This quantity can be related to the conversion process itself
using the additional charge from each lithium atom and the
atomic number (Z) of each species in the reaction. This
quantity can be directly converted to stoichiometry, assuming
that the initial reactive species is Cr2O3. Using the atomic
number (Z) of each species, we obtain the following relation
for ΔQXR:

Δ =
+

→ = Δ −Q
Z x Z

Z
x Q24( 1)XR

Cr O Li Li

Cr O
Li XR

2 3

2 3 (2)

For complete conversion, x = 6. Table 3 lists ΔQXR obtained
using eq 2 for each condition shown in Figure 5. As expected
from the volume changes given in Table 3, the additional
electron density present after a complete cycle of lithaition and

delithiation indicates that the process is somewhat irreversible
at 3 V, nominally consistent with LiCrO2, which would leave
1.5 Li per Cr2O3 molecular species. At 3.5 V, the structure
contracts further, and the integrated electron density reaches
the same value as the initial open circuit structure, indicating
that (apparently) complete delithiation can be achieved with
sufficiently large overpotentials.
The amount of lithium inserted during each discharge (using

eq 1 or 2) is actually larger than theoretically expected,
consistent with the integrated charge measured during cyclic
voltammetry (−0.0077 and −0.071 mAh for the first two
cycles, well beyond the expected −0.057 mAhg for 20 nm of Si
and 5 nm of Cr2O3). The observation of lithiation capacities
that go beyond theoretical expectations is a well-known
phenomenon in conversion materials and has beeen ascribed
to a variety of mechanisms, including the following: (i)
electrolyte decomposition;19 (ii) a pseudocapacitive “poly-
meric/gel” species forming at low potentials;20 (iii) the
reduction of LiOH forming additional, active Li2O species;21

and (iv) a space-charge layer at the interface between the
charged metal products and the Li-conducting Li2O.

22 The
results in Table 3 are derived from the buried electron density
profiles of the CrOx layers. Hence, mechansims (i), (ii), and
(iii) which occur at the electrode surface likely do not play a
significant role in these results (although they would
contributed to the electrochemical signal). The remaining
explanation involving a buildup of Li+ in response to charge
accumulation at the metal under anodic potentials could explain
the additional charge (and expansion) measured by both the
XR and electrochemical data, especially given the high
concentration of buried interfaces in the model heterostructure.
However, the 4 Å vertical resolution from the XR data is not
sufficient to resolve these individual layers. The interfacial
accumulation of lithia at the buried interfaces may explain the
unexpectedly high density in the chromium-rich layers in Figure
4b, since XR is sensitive to the change in density across each
interface. Higher resolution data (i.e., taken to higher
momentum transfers) could provide a definitive answer to
this mechanism.

Changes Related to Silicon and Sapphire. Beyond the
pronounced structural changes found in the CrOx conversion
reaction, other components of the electrode also respond to
lithiation. These changes can be seen in Figure 5(e), which
shows the changes in ML electron density profiles from fits to
the reflectivity during the first CV cycle. For example, the
density of the silicon layer reduced by a factor of 2 at low
potentials, in agreement with the reduced electron density of
fully lithiated silicon (Li22Si5) (the thickness of the lithiated
silicon layer was, however, difficult to identify due to its large
surface roughness following lithiation and the similar electron
densities of Li22Si and the electrolyte). The CrSi2 layer at the
Si/Cr interface, identified by TEM in Figure 2c, also undergoes
a sudden reduction in density (starting at E = 0.17 V)
associated with a conversion reaction, CrSi2 → Cr + 2LixSi.
Upon lithiation, this region also shows a modulated structure,
corresponding to phase-separated LixSi- and Cr-rich layers.
Eventually the reduced chromium from this reaction coalesces
with the top metal layer from the underlying ML structure
(from 0.27 to 0.7 V). While insulating sapphire is not typically
considered an active material for lithium batteries, electron
density at the interface between the substrate and the bottom
chromium layer was found to reversibly decrease in density at
low potentials. This could involve lithium reacting with the

Table 2. Changes in Average Oxide and Metal Layer
Thicknesses at Each Condition Shown in Figure 5a

average oxide layer
thickness (Å)

average metal layer
thickness (Å)

start 10.4(1) 11.1(1)
first lith (0.05 V) 15.6(7) 15.6(7)
first lith (1.0 V) 13.2(2) 14.9(2)
first delith
(3.0 V)

11.0(1) 14.6(1)

first delith
(3.5 V)

10.9(1) 13.5(1)

2nd lith (0.05 V) 18.2(3) 19.0(3)
aThese numbers do not include the top metal layer which includes
contributions from the adjacent CrSi2 phase. Oxide and metal layers
included in the table are labeled 1−10 in Figure 5a-b. The increase in
thickness of the oxide layer during lithiation is due to the insertion of
up to six Li per Cr2O3 molecule. The change in thickness of the metal
layer confirms that the chemically neutral chromium plays a key role in
reducing the CrOx layer during lithiation.

Table 3. Change in Charge, Stoichiometry, and Volume in
the CrOx Regions Using XR Dataa

ΔQXR xLi (eq 2) Δz (total)

first lithiation 1.407 9.77 46.3%
first delith (3 V) 1.080 1.92 15.6%
first delith (3.5 V) 0.991 −0.22 9.8%
second lithiation 1.285 6.84 54.9%

aThe change in integrated charge density (ΔQXR) from the profiles in
Figure 5b-d relative to the open circuit condition (Figure 5a) were
used to calculate the additional Li stoichiometry using eq 2. For
reference, the fractional volume change is also shown for each case.
For reference, the theoretical volume change for Cr2O3 → 2Cr +
1.5Li2O is 92%.
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oxygen-terminated surface of R-plane Al2O3
23 or possibly a

ternary lithium aluminate phase as seen in studies involving
amorphous alumina coatings on anodes using atomic layer
deposition.24,25

■ CONCLUSIONS
We tracked the molecular-scale processes in a Li-conversion
reaction of a model layered Cr/CrOx thin film by combining
electrochemistry with the interfacial sensitivity of operando X-
ray reflectivity. In such a heterostructure, the electrochemically
driven phase separation and recombination of the oxide into
reduced Cr and lithiated Li2O species is confined to one-
dimension, preserving its layering throughout the subsequent
electrochemical cycles. This structure enables a detailed view of
the reactions and processes that are present at the interfaces
between nanoscale species formed in bulk oxide electrodes.
Such an intentionally layered structure provides a new strategy
toward improving the structural and electrochemical reversi-
bility of oxide conversion reactions by providing a pre-existing
template (i.e., nucleation sites) for the reactions and controlling
overpotentials. These in situ measurements provide new
insights into the interplay between structural kinetics, volume
changes, and chemical species of conversion reactions at the
molecular scale.
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