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ABSTRACT: Oxide conversion reactions in lithium ion batteries are challenged by substantial
irreversibility associated with significant volume change during the phase separation of an oxide
into lithia and metal species (e.g., NiO + 2Li" + 2e” = Ni + Li;O). We demonstrate that the
confinement of nanometer-scale NiO layers within a Ni/NiO multilayer electrode can direct
lithium transport and reactivity, leading to coherent expansion of the multilayer. The
morphological changes accompanying lithiation were tracked in real-time by in-operando X-ray
reflectivity (XRR) and ex-situ cross-sectional transmission electron microscopy on well-defined
periodic Ni/NiO multilayers grown by pulsed-laser deposition. Comparison of pristine and
lithiated structures reveals that the nm-thick nickel layers help initiate the conversion process at
the interface and then provide an architecture that confines the lithiation to the individual oxide
layers. XRR data reveal that the lithiation process starts at the top and progressed through the
electrode stack, layer by layer resulting in a purely vertical expansion. Longer term cycling
showed significant reversible capacity (~800 mA h g'1 after ~100 cycles), which we attribute to a
combination of the intrinsic bulk lithiation capacity of the NiO and additional interfacial

lithiation capacity. These observations provide new insight into the role of metal/metal oxide
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interfaces in controlling lithium ion conversion reactions by defining the relationships between

morphological changes and film architecture during reaction.

KEYWORDS: lithium-ion battery, nickel oxide, conversion reaction, multilayer thin-film

electrodes
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INTRODUCTION

Nanostructured materials hold the key to fundamental advances in energy conversion and
storage.l'3 Interfacial space-charge effects at the nanoscale can result in substantial improvement
of properties. Consequently, extensive research is underway on nanostructured thin film
electrodes with various electrochemical reaction mechanisms based on nanometer-size effects,
chemical composition and structure.*"’

There have been several attempts to improve the electrochemical performance of thin films
electrodes for rechargeable lithium-ion batteries (LIBs) by introducing a secondary material
layer that is used to alleviate the volumetric change in the electrode and prevent the aggregation
of the active materials. For lithium ion anode materials, an effective implementation of this
concept is to use a multilayer thin film structure compromised of Si (or other high capacity
materials) and inert metal layers (e.g., Ti, Al, Zn). Recent studies of Si-based multilayer
electrodes show strong differences in reversible capacity and cycling stability as a function of the
thicknesses of the buffer and active layers.”"’

The technical challenges of Li-alloying reactions (e.g., with Si) are similar to those found in
the conversion reactions of metal oxide electrodes. First demonstrated by Tarascon et al., the
lithiation of NiO follows a displacement process with the reversible formation of Li,O
accompanied by the reduction of the transition metal leading to Ni nanoparticles in the range of
10-100 A in diameter.”® In particular, the electrochemically driven confinement of nano-sized
metal particles is believed to enhance their electrochemical reactivity towards the
formation/decomposition of Li,O.***? In order to explore the critical role of nanoscale
confinement and the role of the interfaces in controlling these reactions, we use our previously
demonstrated approach'? of multilayer electrodes that consist of alternating layers of active and
inactive materials (e.g., NiO and Ni layers, respectively) grown on flat substrates. In particular,
NiO, a prototypical Li-ion conversion material is a conceptually promising electrode material for
LIBs due to abundance, low cost, and high theoretical specific capacity (718 mA h g™).
However, the implementation of NiO and other conversion electrode in LIBs is greatly hindered
by a number of factors, including its poor long-term cycling stability and rate performance due to
the significant dimensional and volume changes during electrochemical cycling deformations
and degradation of the electrode, including fragmentation, disintegration, fracturing, and loss in

contact between current collectors and the active electrode materials.> A second significant issue
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is the substantial overpotentials®* that are observed with conversion materials that are associated
with the nucleation of metal nanoparticles within a Li,O matrix.

Multilayer electrodes have the benefits of: 1) controlled nm-thick electrodes that can benefit
from nanoscale confinement while having substantially larger total active layer thicknesses than
a single thin film, and 2) enhancing the role of the interface between active and inactive
materials. Previous X-ray reflectivity (XRR) results confirmed the ability of multilayer
architectures to substantially enhance structural reversibility during lithium insertion and
extraction for Si and CrOy active layers under potentiostatic control."”” Ultimately, this digitized
vertical architecture provides the potential to combine the fast kinetics of nanostructured
electrodes with improved reversibility and significantly higher capacities.

For this study our multilayer is synthesized as a periodic set of Ni/NiO bilayers with
individual active layer thicknesses ranging from 20-100 A. We use a combination of in-operando
synchrotron X-ray reflectivity along with ex-sifu transmission electron microscopy (TEM) to
monitor the structural and morphological changes in NiO-based multilayer electrodes as a
function of applied potential during the first lithiation reaction to obtain an improved molecular-
based understanding of the processes that controls the performance of these conversions reaction.
The lithiation reaction leads to the phase separation of Ni nanoparticles dispersed within a Li,O
matrix, although the interstitial metal layers confine these species. We also observe that the Ni-
layer thickness increases upon lithiation, indicating that the interface is, in fact, an active
component in the reaction. Real-time measurements reveal the lithiation proceeds vertically,
layer by layer through the electrode. This structural mechanism is complemented by extended
cycling data that demonstrates how controlling nanoscale electrode morphology can be a

powerful design approach for improving the reversibility of conversion material electrodes.

EXPERIMENTAL SECTION

The nickel metal / nickel oxide multilayer films were grown by pulsed-laser deposition (PLD)
on 10x3x1 mm sapphire a-Al,O3 (1-102) substrates (CrysTec GmbH, Germany). The sample
was fully immersed in a ‘transmission-geometry’ X-ray compatible electrochemical cell® such
that the scattering plane aligned to the shorter 3 mm dimension, which called for the substrates to
be cut 3-mm wide along the glancing incident X-ray beam direction and 10-mm wide transverse

to the beam. Separate Ni and NiO PLD targets were used to grow 5 Ni/NiO bilayers with the
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1

2

2 thickness of each layer controlled by adjusting the number of laser pulses. The heterostructure

2 was masked from the bottom nickel layer, providing 3 mm tabs for electrical contact from top

7 spring electrodes.

g The in-operando XRR experiments were performed at the Advanced Photon Source (APS) at
ig photon energies of £ =20.00 keV and 17.50 keV. The X-ray beam size was collimated to

ig 1.0x0.25 mm? and the scattered X-ray intensity was acquired with a Pilatus 100k detector. Full
14 reflectivity data sets were measured in 15 min and were collected repeatedly during

ig electrochemical cycling. The samples were contained in an X-ray compatible electrochemical
g cell with a lithium metal counter/reference electrode® and fully immersed in a 1 M solution of
:zlg LiPF¢ or LiCIOy4 in 1:1 ratio of ethylene carbonate and dimethyl carbonate by volume.

g; XRR analysis used Motofit* with a multiple-slab model that included a sapphire substrate, 5
23 Ni/NiO bilayers, and an electrolyte. Structural parameters for sapphire and the electrolyte were
gg fixed, whereas the parameters for the buffer and active layers (electron density, interface

g? roughness, and layer thickness) were allowed to vary. The electron densities were initially

gg estimated based on the chemical composition of the multilayer electrode components. Table S1
30 lists calculated electron densities of bulk materials relevant to this study. For lithiated samples
g; the structural model included variable electron densities and thicknesses of active NiO-based

22 layers and variable Ni-layer thicknesses with an electron density that was fixed to a value

gg obtained from the analysis of the pristine as-deposited samples. In some cases, the fits made use
37 of a parameter that nominally varies the energy resolution of the X-ray beam. In this case, this
gg parameter is used as a phenomenological approach to incorporate the heterogeneity of the

22 multilayer structure (e.g., the layer spacing)

jé The lithiated and partially lithiated thin film cross-sectional samples were prepared using a
jg focused ion beam (FIB) system (FEI Helios Nanolab 600 DualBeam FIB/SEM). A JEOL-2100F
46 transmission electron microscope (TEM) at 200 kV was used to characterize the films by both
j,; high-resolution electron microscopy (HREM) and Z-contrast STEM with a high angle annular
gg dark-field detector. X-ray energy dispersive spectra (EDS) and electron energy loss spectra were
> collected with the JEOL-2100F.
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RESULTS AND DISCUSSION

In-operando XRR measurements of the structural changes in Ni/NiO multilayer films during
the first discharge (i.e. lithiation) of a half-cell consisting of the film and a lithium metal
reference electrode were performed under potentiostatic control starting at the open circuit
condition (3.0 V). During the cycle, the potential was swept at a rate of 2 mV/s with potential
holds at 0.1-0.5 V intervals. XRR scans were repeated at all intermediate voltages until an
equilibrium structure was established as evidenced by no further changes in the XRR pattern. For
the in-operando experiment, a 5-bilayer film with nominal 20 A thicknesses for buffer Ni layers
and 50 A for the active layers of NiO was chosen. Figure 1 shows the sequence of XRR patterns
measured for this multilayer film during lithiation. To emphasize changes the reflectivity data,
R(g), is normalized to the reflectivity from a single interface by being multiplied by q4, where g
= (47/A)sin@ is X-ray momentum transfer along the surface normal. The corresponding
Patterson functions, P(z), shown in Figure 2 are obtained by taking the Fourier transform of the
Fresnel-normalized reflectivity data R(q)/Rp(g).”*® These directly indicate the presence of
electron density fluctuations in the films without any model assumptions or fitting procedures.
The positions of the peaks in P(z) correspond to the distances between interfaces where the
electron density changes. As seen in Figures 1 and 2, Li-ion insertion causes major structural
reorganization within the multilayer film as indicated by distinctive changes to the XRR patterns
and Patterson functions, which were drastically modified starting at 0.6 V.

At the open circuit condition (3.0 V) (pristine film), the XRR data reveals a complex 5-bilayer
structure for the film. The XRR pattern (top of Figure 1) exhibits prominent Bragg peaks due to
the repeated bilayer spacing that confirms the rather high degree of order for this multilayer
vertical architecture. As expected for N = 5 periods, there are N-2 subsidiary peaks (or Kiessig
interference fringes) between the Bragg peaks. The Patterson function (top of Figure 2) at this
initial open circuit condition shows a large primary maximum at 380 A corresponding to the

overall film thickness, and secondary peaks at positions corresponding to Ni/NiO interface
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Figure 1. In operando normalized XRR data collected during the first discharge (lithiation). The top
panel shows the first XRR scan. The bottom shows the last scan. The middle panel shows scans 1 through
120 along with the set voltage at the time of the scan (white open circles).
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Figure 2. Patterson functions derived from the XRR data shown in Figure 1. The curves are shifted
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separation distances consistent with the expected thicknesses of 20 A (Ni) and 50 A (NiO) in the
as-grown multilayer film. Temporal changes in reflectivity patterns and the corresponding
Patterson functions are seen to be small until the potential reaches 0.6 V, where the abrupt onset
of lithiation occurred. The flattening of Kiessig fringes (associated with the overall thickness of
the film) and Bragg peaks from the film bilayer structure in the beginning of insertion of lithium
ions transforms to an appearance of new Bragg peaks, which correspond to an increased d-
spacing of 140 A consistent with the conversion of the bilayer to Ni/Li,O. Kiessig fringes grow
prominently during the potential hold at 0.6 V suggesting that the surface becomes smoother and
more laterally uniform. The increase in Bragg peak intensity and the height of the Patterson
function also confirms that the bilayer d-spacing becomes highly uniform, indicating a constant
state of lithiation throughout the multilayer after 5 hours (this will be discussed in detail later).
A further evidence of drastic morphological changes in Ni/NiO multilayer film during lithium
ion insertion can be seen in Figure 3, where XRR data are presented for the region near the

critical angles for total external reflection from the sapphire substrate and the film. (A list of the

critical momentum transfer values q, « \/ Pe — pelecmﬂy * calculated from the modeled electron
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Figure 3. XRR data in the region of total reflection for the Ni/NiO multilayer film at various stages of
lithiation.

R(q)

ACS Paragon Plus Environment



Page 9 of 22

©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces

densities (o) for the components of the lithiated Ni/NiO multilayer film can be found in Table
S1.) The g. values can be expected to shift from 0.053 A™! (corresponding to the average electron
density of the pristine 5-bilayer Ni/NiO film), to an intermediate value of 0.041-0.043 Al
(during major lithium ion insertion) to a lower value for the sapphire substrate in contact with the
electrolyte of 0.034-0.036 A™ (most appropriate for the last stage of lithiation). At the end of
lithium insertion, the structural adjustment to the equilibrium morphology with stoichiometric
ratio between Ni and Li,O takes place. Abrupt changes to the critical angle just after lithiation
begins and the coexistence of different critical angles, which correspond to different components
or states of the multilayer electrode (sapphire, partially and fully lithiated film, pristine film),
indicate that the observed structural changes exhibit non-uniform character in both the normal
and lateral directions.

Starting with the model dependent XRR data analysis for the structurally stable morphologies
of Ni/NiO multilayer film, the specular X-ray reflectivity data (solid circles) and best fits (solid
lines) are shown for the pristine film and fully lithiated 5-bilayer Ni/NiO film (at 0.6 V) in Figure
4. The corresponding electron density profiles determined from the best fits are presented in
Figure 5. The pristine film consists of five bilayers of Ni and NiO with slightly varied
thicknesses of individual layers: 16-18 A for Ni and 58-62 A for NiO, with an overall thickness
of ~377 A and surface roughness of 5.2 A (these values are close to the expected thicknesses
from the PLD process). The experimentally obtained electron densities 2.59 ¢’A~ (for Ni) and
2.04 A7 (for NiO) are in agreement with calculated bulk values of 2.60 ¢A” and 1.97 ¢A”,
respectively. (See Table S1.) The overall thickness of the fully lithiated multilayer film increased
to 740 A (approximately twice the original thickness) accompanied by a lowering of the electron
density of the active layers to 1.1 e’A~ corresponding to a film of Ni nanoparticles within a Li,O
matrix. This is close to the calculated value of 1.20 ¢’A™, which corresponds to the
stoichiometric composition of Ni and Li,O after NiO is fully lithiated as a result of the
conversion reaction. The top layer of the multilayer film has a 10% lower density, which most
probably corresponds to a slightly greater fraction of Li,O in this outermost layer.

The XRR data analysis indicates a uniform electron density profile within each oxide layer,

implying that the reduced Ni nanoparticles are randomly distributed within the Li,O matrix
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R(q) (arb. u.)

lithiated (at 0.6 V)

Figure 4. The specular XRR data (solid circles) and best fits (solid lines) for a 5-bilayer Ni/NiO film:
pristine film (red) and fully lithiated film at 0.6 V (green). The experimental and theoretical curves are

shifted vertically for clarity.
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Figure 5. Electron density profiles obtained from best fits of the XRR data shown in Fig. 3 (solid red line:

pristine film and dashed green line: lithiated film). Calculated electron densities for the electrolyte, Ni,
NiO, Li,O and expected electron density of the fully lithiated NiO layer (Ni+Li,O) are shown by dotted

lines for comparison.
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without locally expressed variation both within each layer and between different layers of the
multilayer film. Analysis of the electron density profiles shown in Figure 5 reveals an increased
thickness of each buffer Ni layer by 6-7 A for the lithiated sample as compared to the pristine as-
grown multilayer. This effect can be explained as nucleation and growth of reduced Ni on both
sides of the original Ni layers. In comparison, the bulk crystal (111) atomic layer spacing of Ni is
2.0 A, suggesting that the amount of Ni that nucleated at the Ni-NiO interface from the lithiating
NiO layer consisted of 1-2 atomic layers of Ni*’ (corresponding up to 10% of the total Ni in the
NiO film). Moreover, the shifting of the broad lobes of scattering (near ¢ = 0.2 and 0.4 A" in
Figure 1) shows that the Ni layer thickness begins to increase well before the reappearance of
Bragg peaks due to periodic multilayer structure. This suggests that the interfacial nucleation
precedes the 3D (random) nucleation of nickel in each oxide layer.

Our next question is related to the structural changes observed in Figures 1 and 2 for the
individual layers of the multilayer during the first 2.5 hours of lithiation. These observations are
complicated by structural changes due to kinetic effects occurring during the 15 minutes of XRR
data collection for each scan. Moreover, such analysis is also hampered by lateral
inhomogeneities within the multilayer. Despite these problems, we were able to produce
reasonable fits to some of the experimental XRR data for the early stages of lithium-ion
insertion. Figure S1 shows the XRR data and best fits, and Figure 6 shows the corresponding
electron density profiles for the multilayer at 0.5 and 2.5 hours after the voltage was set to 0.6 V
(where the abrupt onset of lithiation occurred). Electron density profiles for the pristine film and
for the fully lithiated film are shown for comparison. For the 0.5 and 2.5 hour cases, lateral non-

uniformity was considered as a major factor that smeared out the distinctive features of the XRR
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data (Kiessig fringes and Bragg peaks) and was accounted for by increasing the uncertainty in ¢
during fitting procedure (see Figure S1). It is interesting to see from Figure 6, that lithium
insertion and the related conversion reaction starts at the top layers of the multilayer film and
diffuses inward as time progresses. After 0.5 hours at 0.6 V, the electron density of the three top
active layers drops to a value nearly equivalent to the electron density of all active layers after
2.5 h and 5.0 h (fully lithiated film). The density changes are accompanied by twofold expansion
of these layers that leads to an increasing of the overall thickness of the film from 377 A to 575
A. The thicknesses of the adjusted Ni layers increase by 6.6 A on average. After 0.5 hrs at 0.6 V,
the structural parameters of the two bottom active and buffer layers remain practically

unchanged. These layers begin to lithiate after 2.5 hours and the overall film thickness

agoo1iom
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aooiom;m

g -a-3
Electron density (e’A”)
O NN OSSNN O2=NN OSSN

ocogowm

Sfstectrolyte N
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Figure 6. XRR determined electron density profiles for 5-bilayer Ni/NiO film during Li-ion insertion at

early stage of lithiation. Electron density profile for the fully lithiated film (at 0.6 V + 5.5 h) is shown for
comparison.
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reaches ~655 A after 2.5 hours, but complete lithiation, coinciding with the new multilayer
Bragg peaks, requires five hours.

Such a mechanism for lithium ion incorporation also adequately explains the changes

©CoO~NOUTA,WNPE

observed in Figure 3 for the XRR region near the critical angles of the film and substrate; namely
11 different and multiple critical angles occurring at intermediate stages of lithiation and the
existence of one critical angle for the fully lithiated film. It should be noted that a simple

14 calculation of the average electron density from Fig. 6 of the fully lithiated film is ~1.20 ¢'A~.
16 This corresponds to gcexp = 0.034 ¢’A~, which coincidently matches that for the sapphire

18 substrate (see Table S1).

After 2.5 h at 0.6 V (i.e., near scan number 96), we observe distinctive changes in XRR

21 patterns with a growth of the characteristic diffraction features in the XRR data (Figures 1 and
23 2). Figure S2 represents the XRR data (solid circles) and best fits (solid lines) during the last 1.5
25 hours of lithiation at 0.6 V. As can be seen, the positions of the Bragg peaks remain practically
fixed in ¢ for all XRR patterns, whereas the peak intensities grow until the lithiated film reaches
28 its equilibrium state at this potential. Such structural behavior can be explained by the opposite
30 process to smearing of XRR patterns due to increasing of non-uniformity that was observed

32 during early stage of lithiation. We have obtained good fits of the presented XRR curves when
34 relative uncertainty of X-ray momentum transfer was varied from 5% to 1.5% as the lithiated
film became laterally uniform. The corresponding electron density profiles are presented in

37 Figure 7. Some changes of

ACS Paragon Plus Environment



©CoO~NOUTA,WNPE

ACS Applied Materials & Interfaces Page 14 of 22

14

v T
08V *35h
” 0.6V+4.0h

e
o
—

——0.6V+4.5h/
——06V+50h

(:lt '_

e
o

Electron density (e’ A®)
(é]

1.0
0.5¢
L electrolyte
0 200 400 600 800
z (A)

Figure 7. Electron density profiles of a 5-bilayer Ni/NiO film for the latter stages of lithiation.

the electron density profiles can be interpreted in terms of slight adjustments in coherency
between bilayers of the lithiated multilayer film in the vertical direction and strong increases in
their lateral uniformity, especially within the top active layers. Such a structural recovery of
multilayer digital topology occurring after film expansion during the last hour of lithiation can be
explained by a confinement effect in thin active layers of the multilayer structure. The ultrathin
morphology of the digitized architecture of Ni/NiO multilayer film affects the electrochemical
processes in different active layers of this film during lithium-ion insertion that results in
anisotropic structural rearrangement at the intermediate stage of lithiation and requires additional
time for structural adjustment to the equilibrium state during the final stage. Analysis of the Fig.
7 XRR data shows a slight decrease in the electron density (by 5-10%) of the lithiated active
layers that can be interpreted in terms of additional accumulation of lithium ions inside the Li,O
volume. Larger changes to electron density of top layer were observed to support our conclusion.
Similar structural changes were observed for Ni/NiO multilayer films with thicker NiO active
layers. The specular X-ray reflectivity patterns and the corresponding Patterson functions are
shown in Figures S3 and S4 for 5-bilayer Ni/NiO film with ~10 A of Ni and 105 A NiO layers
before and after complete lithiation. This fully lithiated sample with double expansion was used
for ex-situ cross-sectional transmission electron microscopy. The TEM images for the pristine

and fully lithiated samples are shown in Figures S5 and 8. These images confirm the general
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results found by XRR data, namely the two-fold expansion of each oxide layer during lithiation

and the confinement of these active regions between the nanometer-thick Ni interlayers.

©CoO~NOUTA,WNPE

10 q,protectlon Ia er
11 i ‘ %vy.mlojr

14 Lithiated™«
15 [Ni/NiOJz-

26 Figure 8. Cross-sectional TEM image of the lithiated 5-bilayer Ni/NiO (10 A / 105 A) film (the darker
contrast represents heavier elements).

The electron nano-beam diffraction patterns (Figures 9 and S6) reveal clear Ni diffraction rings
32 and weak rings for nanocrystalline Li,O. No rings appear that can be indexed as NiO; consistent
34 with the full lithiation and conversion of the NiO layers in this multilayer film. These results

36 suggest that discrete Ni and Li,O particles form within each layer, and the TEM images
(especially the high-resolution image in Figure S5B) reveal some non-uniformity of density at
39 length-scales up to 100 A within the lithiated active layers. This non-uniformity was not

41 observable by specular XRR
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Figure 9. Nano-beam electron diffraction patterns of the lithiated 5-bilayer Ni/NiO (10 A / 105 A) film.

analysis, but should be observable with future off-specular grazing incidence small angle
scattering experiments.

To examine the effect of morphology on the electrochemical performance of the Ni/NiO
multilayer film as an electrode, charge/discharge cycling tests were conducted on a single bilayer
Ni/NiO (20 A /250 A) film and 5-bilayer (20 A / 50 A) film grown directly on Cu foils by
pulsed laser deposition. Coin cells were fabricated using Li metal as the counter electrode,
Celgard 2320 as the separator, and 1M LiPF¢ in 1:1 (v/v) EC/DMC as the electrolyte. The
specific capacities of the Ni/NiO bilayer and 5-bilayer electrodes measured at a 0.5 C current rate
and within a voltage window of 0.1 V to 2.4 V are shown in Figure 10. The values of the specific
capacities are both normalized based on the mass of NiO layers only. The first cycle charge
capacities in both cases are about 1500 mA h g™, which is twice the theoretical value for NiO
(718 mA h g™"). After the batteries are cycled for about 50 cycles, the capacities for both cases
become stabilized and plateau at the value of 820 mA h g'. The specific capacity of NiO

being higher than the theoretical value has been reported previously’

and has been attributed
to the reversible formation and deformation of a solid electrolyte interface (SEI).**>** More

interestingly, the specific capacities for both cases after reaching the plateau at 100" cycle
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Figure 10. Specific capacities and coulombic efficiency of the coin cell batteries made by bilayer Ni/NiO
(20 A /250 A) and 5-bilayer Ni/NiO (20 A / 50 A) films and Li metal as counter electrodes.

remain higher than the theoretical value, indicating the fact that the reversible side reactions do
not completely vanish even after prolonged electrochemical cycling. Comparing the bilayer

Ni/NiO electrodes to the multilayer ones, the electrochemical performances are very similar.

CONCLUSIONS

Real-time in-operando synchrotron XRR and ex-situ cross-sectional TEM have been used to
characterize the morphological changes in 5-bilayer Ni/NiO sandwich-like thin films as electrode
materials for lithium-ion batteries during lithiation. Analysis of the XRR data shows that the
lithiation process of multilayer Ni/NiO electrodes start at the top layers and then progresses
vertically toward the bottom of the stack. The observed structural changes have been
accompanied with volume expansion of lithiated active layers and development of the lateral
non-uniformity within the multilayer structure that was distinctively indicated by smearing out of
Kiessig fringes and Bragg peaks in XRR patterns. We believe that the ultrathin topology of the
multilayer structure promotes fast anisotropic Li-ion insertion inside the film that leads to
expected film expansion but this process is accompanied by development of lateral non-
uniformity. When lithium-ion insertion reaches its limit, volume of the lithiated NiO layers has

increased to twice the original value for the pristine films. Thereafter, the structural modification
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resulting in improvement of lateral uniformity of the lithiated multilayer architecture and its
coherent adjustment is observed that resulted in distinctive enhancement of the characteristic
features (Kiessig fringes and Bragg peaks) of the XRR patterns during the last stage of lithiation.
This structural rearrangement without noticeable changes in overall film thickness can be
attributed to effect of confinement conditions of ultrathin active layers in the vertically digitized
multilayer structure of Ni/NiO electrodes. The XRR does not show any electron density
fluctuation inside the fully lithiated active layers of the multilayer film within the limits of
experimental accuracy that attests that the reduced Ni is rather uniformly distributed inside the
Li,O matrix after the completion of the conversion reaction. In addition, one or two atomic
layers of reduced Ni are accumulated at the surfaces of the Ni buffer layers. This results in XRR
measured increased thicknesses of 6-7 A for all Ni interlayers of the fully lithiated multilayer
film.

Our in-operando structural studies of vertically digitized multilayer electrodes were designed
to allow one to establish relationships between the morphological changes and the film
architecture during lithiation. We analyzed the mechanisms of the observed structural
transformations and discovered the process of incorporation of lithium ions into ultrathin
multilayer films during the first discharge of the NiO-based electrodes. This work will thus
inform ongoing efforts to understand and improve the performance of oxide conversion reactions

in lithium ion batteries.
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momentum transfer values of assumed components of the Ni/NiO multilayer electrode; the
parameters used in the profiles obtained by the best fits of X-ray reflectivity (XRR) data; XRR
data for a 5-bilayer Ni/NiO film during Li-ion insertion at the early and the later stages of
lithiation; XRR data and the corresponding Patterson functions for pristine and lithiated 5-bilayer
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