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ABSTRACT: Group IV intermetallics electrochemically alloy with Li
with stoichiometries as high as Li4.4M (M = Si, Ge, Sn, or Pb). This
provides the second highest known specific capacity (after pure lithium
metal) for lithium-ion batteries, but the dramatic volume change during
cycling greatly limits their use as anodes in Li-ion batteries. We describe
an approach to overcome this limitation by constructing electrodes using
a Ge/Ti multilayer architecture. In operando X-ray reflectivity and ex situ
transmission electron microscopy are used to characterize the heterolayer
structure at various lithium stoichiometries along a lithiation/delithiation cycle. The as-deposited multilayer spontaneously forms
a one-dimensional TixGe/Ti/TixGe core−shell planar structure embedded in a Ge matrix. The interfacial TixGe alloy is observed
to be electrochemically active and exhibits reversible phase separation (i.e., a conversion reaction). Including the germanium
components, the overall multilayer structure exhibits a 2.3-fold reversible vertical expansion and contraction and is shown to have
improved capacity and capacity retention with respect to a Ge film with equivalent active material thickness.
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■ INTRODUCTION

Electronic mobile devices and electrical vehicles rely on
increased energy capacity and power of batteries. Carbonaceous
materials have been the primary choice for anodes in
commercial Li-ion batteries for decades, primarily relying on
intercalation in graphite to form LiC6. In comparison,
conversion materials have much higher specific capacity,
especially group IV intermetallics (4200 mAh/g for silicon
and 1620 mAh/g for germanium compared to 372 mAh/g for
LiC6). However, the intrinsically large volume change during
cycling of group IV intermetallics (typically ∼4-fold expansion)
is problematic as it pulverizes the active materials, causing
delamination from the current collector and conductive binders
that leads to Li trapping and severe capacity fade. One common
approach for solving this problem is to reduce the size of the
electrode material structure to the nanoscale, such as forming
thin films,1,2 nanoparticles,3,4 mesoporous films,5,6 and nano-
arrays.7 Such systems are designed to reduce overall strain and
improve transport properties but often suffer from poor
Coulombic efficiency due to side reactions that scale with
surface area.
Previously, it was demonstrated that multilayers consisting of

alternating thin films of amorphous silicon and conducting
adhesive metal layers allowed the intrinsically high Li capacity
of silicon to be combined with the reversibility of ultrathin
silicon films and the conductivity of a composite material while
maintaining a high Coulombic efficiency.8−10 Though Si is

favored over other group IV elements, due to its high capacity,
low cost, and abundance, Ge is attractive due to its intrinsically
high electronic conductivity at room temperature (2.1 S/m),
which is 3 orders of magnitude higher than that of Si (1.6 ×
10−3 S/m).11 Also, Li diffusivity in Ge (6.25 × 10−12 cm2/s) is 2
orders of magnitude higher than Si (1.9 × 10−14 cm2/s).12

These electronic and ionic transport properties make Ge
electrodes more suitable for high power anodes. Ge also
benefits from its minimal surface native oxide, in contrast to
silicon,1 that reacts with Li during the initial charging to form
Li2O. This can lead to a large irreversible capacity for the first
cycle for nanostructured anodes that have intrinsically large
surface areas.
Here, the lithiation of sputter-deposited Ge/Ti multilayer

films were studied as a model nanostructured anode. Trans-
mission electron microscopy (TEM) images and X-ray
reflectivity (XRR) data (using a Patterson function analysis)
clearly show the development of TixGe alloy

13 formation at the
Ti−Ge interfaces within the as-deposited film. In operando XRR
measurements observed that TixGe alloy layers are electro-
chemically active and exhibit a reversible conversion reaction to
titanium plus lithiated germanium during lithiation/delithiation
reactions. That is, the TixGe framework acts both as a binding
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material that prevents Ge layers from delaminating when
undergoing the extremely large volume changes during
lithiation reactions and also as an active material for lithiation.
This creates a hybrid electrode chemistry in which the lithiation
of the Ge layers is a simple alloying reaction, while the lithiation
of the TixGe layers involves reversible phase segregation (e.g., a
conversion reaction) leading to Ti layers and lithiated Ge. The
results are discussed in the context of in operando X-ray analysis
at different stages of lithiation/delithiation.

■ EXPERIMENTAL DETAILS
Sample Fabrication and Testing. Ge/Ti multilayers were

deposited using dc magnetron sputtering. The rotary magnetron
sputtering system was customized with two sputtering targets set
horizontally. The base pressure was 5 × 10−7 Torr, the deposition
pressure was 2.3 mTorr of Ar, and the power for both targets was 215
W. Target masks were designed to achieve uniform films. The growth
rate was calibrated using XRR. The Ge/Ti multilayers were deposited
on fused quartz at room temperature by translating the substrate
holder between the Ti and Ge targets to grow alternating layers of 20
Ti/Ge bilayers, with a bottom layer of Ti and a top layer of Ge. The
sample used for XRR measurements had nominal film thicknesses of
20 Å Ti and 100 Å Ge, while that for the TEM results were 50 Å Ti
and 100 Å Ge. Galvanostatic measurements of the extended
electrochemical cycling performance of the Ge/Ti multilayers were
tested at a 1 C rate (using a multichannel Arbin cycler) to probe the
stability and performance of a 20 period multilayer with 100 Å Ge and
40 Å Ti layer thicknesses and is compared to a thin Ge film with the
same overall thickness (2000 Å).
Transmission Electron Microscopy. The cross-sectional TEM

samples were prepared by a FEI Helois focused ion beam (FIB). After
the thin section has been mounted on a FIB-grid, it is transferred into
a TEM. The Ge/Ti multilayers thin film was then studied by a JEOL-
2100F transmission electron microscope at 200 kV. High-resolution
electron microscopy (HREM) images showing phase contrast were
taken to study the interface structure.
X-ray Reflectivity Measurements. In operando XRR measure-

ments were performed at 33BM-C of the Advanced Photon Source
(APS) in Argonne National Laboratory (ANL) using an X-ray photon
energy of 20.00 keV with an incident flux of ∼1010 photons/s. The X-
ray beam (with cross section of 2 × 0.2 mm2 and divergence of 40
μrad = 0.0005 Å−1 along 2θ direction) illuminated a 2 mm wide by 3
mm long area on the sample. A specially designed transmission
electrochemistry cell8,14 was used to study the multilayer samples as a
function of applied electrochemical potential. The sample size is 10
mm wide and 3 mm along the X-ray beam direction. The
electrochemical potential of the working electrode and its associated
currents were controlled by a CHI760D potentiostat. Li metal was
used as both the counter and reference electrodes forming a half-cell,
and all potentials are reported versus the Li/Li+ redox couple. Data
were collected at fine intervals (Δq = 0.001 Å−1) using an area detector
(Pilatus 100k). Each XRR scan took 5 min. In the present data, the
statistical uncertainties in the experimental data are smaller than the
systematic errors (e.g., associated with inhomogeneites in the sample
thickness, for instance, as evidenced by the lack of Kiessig fringes), and
therefore we have assigned a nominal and uniform relative uncertainty
of 2% for each data point.
X-ray Reflectivity and Patterson Function Analysis. Thin film

X-ray reflectivity directly probes the vertical (i.e., laterally averaged)
electron density profile of heterolayer structures, both within the layers
and at the interfaces.9,15−19 Specifically, the X-ray reflectivity signal,
R(Q), is the fraction of the X-ray beam that is reflected from the
surface as a function of the angle of incidence, θ, of the X-ray beam.
For specular reflection, the scattering condition is characterized by a
scattering vector magnitude, Q = 4π sin(θ)/λ, where λ is the X-ray
wavelength. XRR is directly sensitive to the thickness, density, and
interface roughness of interfaces in a multilayer structure. For
simplicity, we limit the measurements to the kinematical regime,

where the reflectivity R ≪ 1, corresponding to Q > 3Qc, where Qc is
the scattering vector at the critical angle for total external reflection.17

A simplification of the analysis of XRR data is obtained by normalizing
the measured XRR signal by that of the calculated Fresnel reflectivity,
RF(Q), corresponding to a bare substrate crystal. Here, the normalized
XRR signal (nR) from a multilayer structure with electron density
profile ρ(z) can be expressed as20
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Analysis of XRR data for extended multilayer structures can be
challenging, especially when each of the 20 repeated layer pairs may
not be precisely identical. Such a structural analysis requires a model
with more than 60 parameters to describe the structure at every state
of charge. This challenge can be addressed with a model-independent
Patterson function analysis to define the changes in the multilayer
structure during lithiation reactions directly from the data. For the
specific case of XRR data in the Fresnel regime, the 1D Patterson
function, P(Δz), is defined, using Parseval’s theorem, from the Fourier
transform of the Fresnel-normalized reflectivity.21
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That is, the Patterson function corresponds to the autocorrelation of
the electron density gradient, ρ′(z), and can be obtained directly by a
numerical Fourier transformation of the data (without any special
considerations, such as a window function associated with the
termination of the data range). In the limit of a stepwise electron
density profile (i.e., as appropriate to a multilayer structure), each
interface in the density gradient, ρ′(z), can be described by a Gaussian
function defined by three parameters, corresponding to the interface
position, z0, an rms width, σ (describing the interface roughness), and
the interfacial density contrast, Δρ. Consequently, the Patterson
function is described by a sum of Gaussian functions that represent the
convolution of the contributions from separate interfaces associated
with the interference between X-rays scattered at each interface
described by separations zi − zj, widths, (σi

2 + σj
2)1/2, and magnitudes,

ΔρiΔρj , of the two interfaces (i and j). Therefore, the Patterson
function directly reveals the separations between sharp interfaces.
Combining this with a prior knowledge of the layer-by-layer synthesis
and TEM, we can determine a model for the electron density profile,
even for a relatively complicated structure. Ultimately, the structural
model derived from the insights from the Patterson function analysis
can be optimized and quantified by a χ2 optimization along with the
parameter uncertainties. We note that since the Patterson function
analysis involves interfacial electron density differences (rather than
the electron densities of the films, themselves), uncertainties in the
actual electron densities can be substantial (especially in the present
measurements where the multilayer structure is very thick and there
are no measurable Kiessig fringes, indicating that we do not have the
substrate as an internal reference for electron densities). Consequently,
our discussion emphasizes the structural changes in the sample rather
than the changes in electron density.

An illustration of the Patterson function analysis for a simple two-
layer multilayer is depicted in Figure 1. The simulated multilayer
system consists of NML = 10 periods of a 30 Å thick high density layer
followed by a 50 Å thick low density layer on top of a semi-infinite
substrate. It also shows the electron density profile for the first two
bilayers of the multilayer, along with its derivative. The simulated X-
ray reflectivity, R, from the entire multilayer structure (Figure 1b)
includes Bragg peaks associated with the multilayer periodicity (Q =
2π/dML, where dML = 80 Å) and high-frequency oscillations associated
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with the total multilayer thickness (with a period of δQ = 2π/
[NMLdML]). Also shown is the Fresnel reflectivity from the substrate,
RF (Figure 1b). The Patterson function (i.e., the Fourier transform of
normalized X-ray reflectivity) is compared with the autocorrelation of
the derivative of the election density in Figure 1c, providing a graphical

demonstration of the validity of eq 3. Here, it can be seen that first
three features in the Patterson function correspond to the thicknesses
of the high-density layer (at 30 Å), the low-density layer (at 50 Å), and
the multilayer period (at 80 Å). Note that in this case the individual
layer thicknesses appear as negative peaks while the multilayer period
appears as a positive peak, since the sign of these features are due to the
product of the interfacial density discontinuities associated with these
features (i.e., negative peaks in P(z) are due to interference between
interfaces with “up” and “down” density changes, while positive peaks
are associated with two “up” or two “down” interfaces). Also seen in
the derived Patterson function (Figure 1c) are small high-frequency
oscillations with period 2π/Qmax that are due to the truncation of the
Q range (0−1 Å−1) over which the Fourier transform was calculated.22

■ RESULTS AND DISCUSSION
Determination of the As-Deposited Ge/Ti Multilayer

Structure. The as-deposited multilayer film was characterized
by transmission electron microscopy (TEM) (Figure 2) and X-

ray reflectivity (Figure 3a). The TEM image clearly shows a
well-defined periodic multilayer structure, as expected. The
nominal film thicknesses from the TEM image are 40 Å for Ti
and 100 Å for Ge, similar to that expected from the growth
conditions. The image contrast is proportional to variations in
the local electron density. Instead of the expected repeated
bilayer structure with alternatively stacking between the Ge/Ti
layers, it is apparent that the structure is more complex than
expected. The TEM image has the appearance of a “pin-stripe”
morphology, with a thin denser layer (dark) appearing at each
interface between the Ge and Ti layers. This interfacial layer
between the Ge and Ti layers is consistent with the formation
of a higher density TixGe alloy layer.23

The X-ray reflectivity data show regular Bragg peaks
associated with the multilayer structure, but without any
evidence for the expected high-frequency oscillations associated
with total film thickness (e.g., Kiessig fringes). This suggests
that the multilayer structure and its morphology had a
significant roughness. The derived Patterson function (Figure
3b) shows a more complex structure than expected for the
multilayer with the simple bilayer substructure. Instead of the
expected structure shown in Figure 1 with three distinct
spacings within each period, the Patterson function of the Si/
Ge structure has seven distinct intracell spacings. This is direct
evidence that there are more than two layers in each unit
multilayer period. The simplest multilayer structure consistent
with the TEM image is one in which there are four layers within

Figure 1. Patterson function simulation for an idealized periodic
multilayer with N = 10 periods grown on a substrate. (a) Multilayer
model for simulation (direct view of this multilayer architecture,
electron density profile for two bilayers and its derivative). (b)
Simulated X-ray reflectivity, R, and Fresnel reflectivity of the substrate,
RF. (c) Comparison between the derived Patterson Function (by
Fourier transform (FT) of the normalized X-ray reflectivity signal,
calculated to Q = 1 Å−1) and the autocorrelation of the derivative of
the election density. The position of each peak within the first period
of the Patterson function has been assigned to the associated film
thickness.

Figure 2. HREM image of the as-deposited Ge/Ti multilayer film. The
contrast change is related to the electron density (darker areas
correspond to higher electron densities).
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each unit period, corresponding to a core−shell structure
embedded within a Ge matrix, fully consistent with the TEM
images. Model fitting of the Patterson function gives the
average thickness for each layer (7.2 ± 0.1 Å for Ti layer, 115.7
± 0.1 Å for Ge layer, and 7.2 ± 0.1 Å for an intervening TixGe
alloy layer) revealing that the thicker layer seen in the TEM
images corresponds to Ge. Simulated electron density profile
from model fitting is shown in Figure 3c. This result is largely
consistent with the intended deposition thicknesses (20 Å Ti
and 100 Å Ge). The simulated XRR signal, using fitted
parameters (thickness, roughness, and density contrast) from
Patterson function, is then compared with the measured data in
Figure 3a. The good match indicates the effectiveness of our
Patterson function analysis method for determining the layer
thicknesses, densities, and interface profiles in our complicated
multilayer system. The small oscillations between the major
peak in the Patterson function result from the termination of
the Fourier transformation due to the finite measured range in
Q (Qmax = 0.6 Å−1).

In Operando Observations of ML Lithiation and
Delithiation. The normalized X-ray reflectivity data for the
Ge/Ti multilayer sample under potentiostatic control are
shown in Figure 4a. The calculated Patterson functions from
XRR are shown in Figure 4b. The measurements were
performed as the applied electrochemical potential was
subsequently held at 0.6, 0.3, 0.02, 0.01, 1, 3, and 3.5 V for a
period. The seven-peak pattern in the Patterson function (with
3 positive and 4 negative peaks) observed at the start of cycle
begins to diminish at voltages below 0.6 V as the multilayer
loses coherence in response to lithiation (as seen previ-
ously).8,24,25 At the same time, the whole pattern gradually
moves to larger distances, z, revealing that the multilayer period
is increasing as expected for the lithiation of Ge and suggesting
that the whole multilayer increases in thickness. As the
potential approaches 0.01 V, the shape of the Patterson
function changes and evolves into a distinct three-peak pattern
(with 1 positive and 2 negative peaks) that slowly appears and
becomes more defined as the potential is held at 0.01 V.
Gradually sharper peaks result from the increasing coherence of

Figure 3. Patterson function analysis of the unlithiated multilayer. (a)
Specular X-ray reflectivity data (green circle) of the unlithiated Ge/Ti
multilayer sample and the calculated XRR signal (black line) using
parameters obtained by fitting the observed Patterson function. (b)
Calculated Patterson function (blue circle) for the as-deposited
(unlithiated) state and its fitting curve (black line). (c) Idealized model
of electron density profile (red line) and calculated electron density
profile from the Patterson function analysis (blue line).

Figure 4. (a) In operando Fresnel-normalized X-ray reflectivity during electrochemical cycling. (b) The associated Patterson function. The first
measurement at each potential is denoted with its applied potential (right-hand side).
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the layers. This suggests that the whole film becomes
homogeneously lithiated after being held at 0.01 V. Compared
with the initial seven-peak pattern, the spacings in the three-
peak pattern for the lithiated sample are found at much larger
separations, indicating an expansion to more than two times
that of the original thickness. The model fit to the Patterson
function (Figure 5) at 0.01 V gives numerical results for the

average thickness of each layer (22.3 ± 0.2 Å for the Ti layer
and 259.7 ± 0.2 Å for the lithiated Ge layer). The Ti layer
thickness is close to the sum of the Ti layer and two TixGe alloy
layers that were found in the original core−shell structure,
which indicates that the Ge in TixGe alloy has been displaced
from the original alloy layer and participated in the lithiation
process. This implies that the Ti layer in the lithiated structure
consists of the original Ti core as well as Ti from the Ge/Ti
interfacial alloy coating to form a single Ti layer of increased
thickness. At the same time, the lithiated Ge layer has expanded
by 228% as expected for its lithiation.
Upon delithiation (0.01−3.5 V), the Patterson function

pattern peak heights initially decrease in magnitude at high z,
which is likely due to the loss of coherence between the layers.

The peaks gradually move to smaller heights as the potential is
increased, and additional peaks appear in the Patterson
functions as the applied potential approaches 1 V, where the
Patterson function becomes sharper and more distinct. The
reappearance of features in the Patterson function at large
separations z indicates the recovery of coherence between the
layers. We also find that the Patterson function reverts to the
original seven-peak pattern toward the end of delithiation
process, similar to that found for the as-deposited sample,
revealing that Ge/Ti alloy observed for the as-deposited film re-
forms spontaneously upon delithiation. Model fitting of the
Patterson function in the delithiated state (Figure 6) verifies

this structure with average thicknesses of 7.7 ± 0.1 Å for Ti,
118.3 ± 0.1 Å for Ge, and 7.6 ± 0.1 Å for the TixGe alloy layer.
The multilayer period of the delithiated structure is within 3%
of the as-deposited structure even it had expanded by ∼105%
upon lithiation. This reveals that the multilayer structure
provides a mechanism for high structural reversibility. These
results are consistent with previous measurements using Si-
based multilayers that also included galvanostatic cycling
measurements that revealed functional reversibility for more
than 70 cycles.8 Compared with the original as-deposited state,

Figure 5. Patterson function analysis of the lithiated multilayer
structure. (a) Specular X-ray reflectivity data (green circle) of the
lithiated Ge/Ti multilayer sample and the calculated XRR signal (black
line) using parameters obtained by fitting the observed Patterson
function. (b) Calculated Patterson function (blue circle) for the
lithiated electrode and the model optimized Patterson function (black
line). (c) Ideal model of electron density profile (red line) and
optimized density profile obtained from Patterson function analysis
(blue line).

Figure 6. Patterson function analysis of the delithiated multilayer
structure. (a) Specular X-ray reflectivity data (green circle) of the
unlithiated Ge/Ti multilayer sample and the calculated XRR signal
(black line) using parameters obtained by fitting the Patterson
function. (b) Calculated Patterson function (blue circle) and its fitting
curve (black line). (c) Ideal model of electron density profile (red line)
and calculated electron density profile from the Patterson function
(blue line).
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the thickness of all layers have increased slightly, which is
presumably due to an increase in porosity or trapped lithium
within the layers.
In order to better understanding the separate processes of

the lithiation of the Ge layer and that of the TixGe alloy, we
show the systematic variation of two characteristic spacings
found in the Patterson function as a function of applied
potential (Figure 7). The first minimum position of the

Patterson function (green triangle) corresponds to the
thickness of thinnest layer, which is the central Ti layer in
our multilayer system, while the period of the multilayer, which
is observed as the maximum of the Patterson function (blue
circle), indicates the unit cell thickness. As the applied potential
drops from 0.6 to 0.3 V, the unit cell thickness gradually
increases while the thickness of Ti layer remains the same,
suggesting lithiation of only the Ge layers. Upon decreasing the
potential to 0.01 V, the thickness of the Ti layer changes to a
value of triple the original thickness and then remains constant.
At the same time, the thickness of unit cell also exhibits a small
jump, but the Ge layer thickness keeps increasing continuously
until it is fully lithiated. The delithiation process shows similar
behavior. When the applied potential increases, the Ti layer
thickness returns to its original value, while the unit cell
thickness decreases gradually until it is fully delithiated. This
result reveals that this multilayer structure undergoes two
separate reactions. The lithiation and delithiation reactions of
the Ge layers occur gradually below 0.6 V (and are presumably
strongly influenced by lithium ion transport through the
multilayer structure). In addition, the lithiation of the TixGe
alloy core

+ ↔ +Ti Ge Li Ti Li Gex x

is a reversible reaction that occurs between 0.3 and 0.01 V. This
reaction is better characterized as a conversion reaction due to
the need to phase segregate the Ti and Ge components.
The schematic depiction in Figure 8 illustrates the overall

changes to the multilayer structure in the first lithiation cycle.

TixGe alloy layers are found in the unlithiated state. Then
during lithiation, the Ti and Ge in these alloy layers phase
segregate, with the Ti from the surrounding alloy layers
nucleating and growing at the TixGe/Ti interface to form a
thicker pure Ti layer, while the Ge in the alloy layers becomes
lithiated along with the pure Ge layers. At this point, the
lithiated multilayer structure consists of only two distinct layers
per multilayer period: a Ti layer and a lithiated Ge layer. The
reversibility of the reaction within the TixGe alloy layer during
delithiation is interesting, as it suggests that Ge diffuses into the
Ti layer and re-forms a TixGe alloy layer upon delithiation.
From this observation, we infer that this central alloy layer
exhibits multiple functionalities. It is active for lithiation as a
conversion material, leading to a phase separation between the
Ti and Ge, with the pre-existing Ti layers acting as a nucleation
site for the phase segregation and contributing to a portion of
the lithium capacity. It also acts as an adhesive that binds the
Ge and Ti layers, preventing the working material from
cracking or delaminating. Finally, the Ti layer acts as current
collector, which ensures electrical conductivity within the
multilayer structure.

Extended Electrochemical Cycling. Electrochemical
stability of these multilayers was tested by lithiation/
delithiation cycling in a coin cell (CR2032, 20 mm diameter
and 3.2 mm thick) with half-cell geometry (i.e., versus a lithium
metal counter electrode). For these tests, the electrodes were
deposited on copper foils. The performance of a multilayer
having 20 periods of 100 Å Ge and 40 Å Ti layer thicknesses is
compared to a thin Ge film with the same overall thickness
(2000 Å) (Figure 9). Galvanostatic cycling was performed
between 3 and 0.01 V with respect to Li/Li+. The cycling rate
was fixed at a current of 0.32 mA corresponding to a 1 C rate.
Both electrodes show a trend of increasing capacity (calculated
based on nominal mass of Ge) during the first ∼20−50 initial
cycles followed by a slow capacity loss. However, the measured

Figure 7. Time evolution of the applied voltage (black line) and the in
operando measurements of the current (red line) as well as associated
structural changes derived from the Patterson function analysis,
including first minimum (i.e., negative peak) position (green triangles)
and the multilayer unit cell period (blue circles). Dotted lines in the
top panel are drawn to guide the eye. The first minimum position is
associated with the Ti layer thickness, and the period of the Patterson
function is related to the thickness of one period in multilayer system.

Figure 8. Schematic of the structural changes that occur during
lithiation and delithiation of the Ge/Ti multilayer structure.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.6b14783
ACS Appl. Mater. Interfaces 2017, 9, 8169−8176

8174

http://dx.doi.org/10.1021/acsami.6b14783


capacity of the multilayer is ∼30% higher than that of the Ge
film (1100 mA/g vs 750 mA/g, respectively), and the
multilayer capacity retention is substantially above that of the
film after 250 charge cycles (600 mAh/g vs 100 mAh/g,
respectively). These results are consistent with the smaller
Coulombic efficiency of the Ge thin film with respect to the
multilayer. These results reveal that the multilayer architecture
has superior electrochemical properties with respect to a
comparable single-layer Ge thin film.

■ CONCLUSIONS
These studies demonstrate that a Ti/Ge multilayer structures
exhibits high structural reversibility during lithiation/delithia-
tion cycles. The choice of Ti for these structures, which was
originally chosen as conductive current collector, exhibited
additional unexpected functions. The structural changes that
take place during lithiation of these multilayers were observed
by in operando X-ray reflectivity and understood through
analysis of the associated Patterson functions. At the
(unlithiated) as-deposited state, Ti and Ge spontaneously
form an alloy layer TixGe at the interface between the Ti and
Ge layers. While the Ge layers begin to lithiate below 0.6 V, the
Ti/Ge alloy layer phase separates into Ti and Ge at potentials
below 0.3 V. At that point, the TixGe/Ti/TixGe core
transforms into single Ti layer with a thickness of ∼3-fold
larger than the original Ti layer. During delithiation, the Ge
spontaneously alloys with Ti leading to the reversible formation
of TixGe alloy layers. Consequently, the alloying of Ti with Ge
also acts as an adhesive material which helps stabilize the
morphology of the active Ge layer to prevent cracking,
delamination, and pulverization. The success of this strategy
is demonstrated in the improved capacity and capacity
retention of the multilayer structure with respect to a Ge film
with equivalent thickness. The present observations provide a
new strategy for addressing the dramatic (up to 2.3-fold)
volume changes that occur during the lithiation/delithiation
cycles of Ge and opens up a new route for stabilizing the
lithiation of group IV intermetallics.
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