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Effects of modifying the surface of lithium excess layered rock-salt type electrodes by Li3 POy is investi-
gated using epitaxial Li;RuO3; model electrodes. A 3.6-nm-thick amorphous Li;PO4 layer is deposited on
a 25.5-nm-thick Li;RuOs3 film by pulsed laser deposition. X-ray absorption near edge structure reveals
that the modified Li,RuO3 surface had different electronic states of Ru from the unmodified Li;RuOs
surface, indicating that Li;PO4 deposition changes the structure of the Li;RuO3 surface. Li3PO4-modified
LiRu03; has a much higher first discharge capacity (296 mAhg-') between 2.8 and 4.2V than unmod-
ified Li;Ru03 (190 mAh g-!). The modified and unmodified Li;RuOs have irreversible capacities in the
first charge/discharge process of 22 and 148 mAh g, respectively. The surface modification induced by
Li3PO4 deposition enhances the structural stability of the Li,RuOs surface during the initial charging
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1. Introduction

Lithium excess layered compounds, Li;MO3 (M=4d and 5d
transition metals) [1-5] and Li[Li,M]O, [6-9], have attracted con-
siderable interest since they are promising intercalation cathodes
as their discharge densities (over 200mAhg-1) are potentially
higher than that (140 mAh g~1) of the commercial layered cathode
material, LiCoO,. However, an irreversible phase transition occurs
in lithium excess layered compounds at about 4.5V (vs. Li metal)
during the first charge, which causes a large irreversible capacity
during the subsequent discharge. In an effort to solve the capac-
ity loss and low rate capability, the crystal structures, intercalation
mechanism, and surface phenomena of lithium excess layered com-
pounds have been investigated. Oxygen evolution from the crystal
surface was found to be a key factor for the irreversible phase
transition at a high operating voltage [10-13]. The development
of a stable surface during the electrochemical process is of tech-
nical importance to improve the discharge capacity and the rate
capability of lithium excess-layered electrodes.
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Surface modification is one technique that has been used to
improve the cycling stability of layered rock-salt type cathodes
during high-voltage (i.e., >4 V) operation. Coated oxides [14-17]
and phosphates [18,19] are considered to function as protec-
tive layers that reduce the contact area between electrodes and
the electrolyte and thus suppress side reactions at the elec-
trode/electrolyte interface such as the dissolution of electrode
species and/or excessive decomposition of organic electrolytes.
Consequently, surface-modified electrodes exhibit better cycling
stability during operation above 4V than unmodified electrodes.
However, surface modification may affect the crystal structure; to
date, no studies have investigated this.

We have recently developed techniques for directly observ-
ing the surface structures of intercalation electrodes using
a model epitaxial model electrode and total-reflection X-ray
scattering measurements [20-26]. The electrode surface was
found to undergo a drastic structural change during the first
charge/discharge cycle [23,24,26]; thus, the electrode stability may
depend on the stability of the reconstructed surface [24]. Direct
observation of the surfaces of the modified electrodes may provide
information about the surface stability of practical electrodes.

In this study, we fabricated a model epitaxial electrode sys-
tem, 25.5-nm-thick Li;RuO3 (002) film, and we modified the
Li;RuOs surface by depositing Li3PO4 lithium-ion-conducting solid
electrolyte by pulsed laser deposition (PLD). The unmodified
and LizPO4-modified Li;RuOs3 electrodes were characterized by
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thin-film X-ray diffraction (XRD), X-ray reflectivity (XRR), and
X-ray absorption near edge structure (XANES) and electrochemi-
cal charge/discharge measurements. The Li3PO4-modified LiRuO;
had a different surface structure from the unmodified Li;RuO3; and
exhibited a higher electrochemical activity with a higher discharge
capacity than the unmodified Li;RuOs.

2. Experiments

Epitaxial Li,RuO3 (00 1) thin films were grown on Al,03 (000 1)
substrates (10 mm x 10 mm) using a KrF excimer laser with a
wavelength of 248 nm and a PLD system (AOV, Inc.). The detailed
conditions for synthesizing Li,RuOs3 thin films have been described
elsewhere [27]. Li3PO4 solid electrolyte was deposited on the
epitaxial Li;RuOs film by PLD using the following conditions: oxy-
gen pressure, Po, = 6.6 Pa; distance between substrate and target,
d=70mm; laser frequency, f=10Hz; deposition time, t; =30 min;
energy density, E=2.17]cm~2; temperature, t=25°C. A y-Li3POy4
pellet sintered at 1000 °C for 2 h was used as the PLD target.

Thin-film XRD data were recorded using a thin-film X-ray
diffractometer (ATX-G, Rigaku, Inc.) with Cu Kaq radiation. The film
orientations were characterized by both in-plane and out-of-plane
measurements. The thickness, density and roughness were deter-
mined by XRR analysis using Parratt32 software. Charge/discharge
measurements were performed in a two-electrode configuration.
An Au film was coated on the lateral and back sides of the sub-
strate to improve current collection. The cells were assembled in
an argon-filled glove box with a lithium metal counter electrode
and a Li;RuO3 thin-film working electrode. The weight of Li;RuO3
was calculated using deposition area, thickness, and density of
the Li;RuOs films to evaluate charge and discharge capacities. The
electrolyte was ethylene carbonate/diethyl carbonate with a molar
ratio of 3:7 as a solvent with a supporting electrolyte of 1 M LiPFg.
The charge/discharge characteristics of the epitaxial films were
examined in the range 2.8-4.2 V for a current density of 2 wAcm—2.

XANES measurements were performed on the Li;RuOs film and
the LizPO4-modified Li;RuOs film in a fluorescence mode using a
germanium single-element solid-state detector (Ge SSD) installed
in beamline BL14B2 at SPring-8, Japan. XANES data were col-
lected for oblique incidence and a low glancing angle (<critical
angle) using a 6#-26 stage mounted on the beamline to investi-
gate electronic structural changes in the electrode bulk and surface,
respectively. Bulk XANES spectra collected using an incident angle
of 4° correspond to the oxidation states of Ru ions throughout
the films. Surface XANES spectra collected using a low glancing
angle enhance the X-ray fluorescence from the top surface (several
nanometers) of the electrode.

3. Results and discussion
3.1. Structural characterization

Fig. 1 shows XRR spectra of Li;RuO3 and Li3PO4/Li;RuOs3 films
synthesized on a Al,03 (000 1) substrate. The spectra are plotted as
a function of the scattering vector, Q; =41 sin8/A, where A is the X-
ray wavelength (1.541 A) and @ is the incident angle. Calculated XRR
spectra are also shown. A four-layer model consisting of a surface
layer on Li;RuOs, Li;RuO3, an interfacial layer between Li; RuO3 and
Al,03, and Al, 03 provided the best fitting results for the reflectivity
curve. Table 1 lists the parameters obtained by fitting the data. The
LiRuO3 layer had a density of 5.12 gcm—3, which is similar to that
of the layered rocksalt Li;RuO3 (5.15gcm=3) [1]. The interfacial
layer had a lower density (3.89 gcm~3) than the Al,03 substrate
(3.95gcm™3). Based on this model, a Li3sPO4/LiRuOs/interfacial
layer/Al; 03 model provided the best fitting for the reflectivity curve
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Fig. 1. XRR spectra and simulated curves for: (a) LiRuO3 and (b) Li3PO4/Li;RuO3
films. The insets show simulation models.

for the Li3PO4/Li;RuO3 film. The Li;RuO3; and Li3PO4-modified
Li;RuO3 films exhibited no significant differences in thickness,
density, or roughness. The Li3PO,4 film was calculated to have a
thickness and a density of 3.6 nm and 1.90 g cm~3, respectively. The
lower density of the Li3PO,4 film relative to that of the y-Li3PO4
target (2.43 cm~3) was attributed to the low tap density of the
amorphous Li3PO, film due to room-temperature synthesis.

Fig. 2 shows XRD patterns obtained by out-of-plane measure-
ments of the Li;RuO3 and Li3PO4/Li,RuOj films. Both Li; RuOs films
exhibited diffraction peaks at 18.3, 37.2, 57.1, and 79.2°, which
were respectively indexed as 002,004, 006, and 008 based on
a monoclinic lattice with a C2/c space group. This indicates that
the Li;RuO3 films on Al;03 (000 1) substrates have a 00! orienta-
tion. Li;RuO3 and LizPO4/Li;RuO3 films had intensity ratios of the
002 to 004 diffraction peaks, Ipg2/Ipo4, of 4.05 and 4.75, respec-
tively. For layered rock-salt materials, this intensity ratio depends
on lithium and transitional metal mixing at the lithium sites [26];
higher mixing ratios give lower intensity ratios. This indicates that
the Li3PO4-modifed Li;RuO3 film had a lower mixing ratio than
the unmodified Li;RuO3 film. Thus, surface modification by Li3 PO,
altered the atomic arrangement in the 25.5-nm-thick Li;RuOs3 elec-
trode.

The bulk and surface structures of the Li;RuO3 and LizPO4-
modified Li;RuO;3 films were investigated by surface XANES
measurements. Fig. 3 shows a schematic diagram of bulk and sur-
face XANES. When the incident angles were lower and higher
than the critical angle of Li;RuOs3, the XAFS data reflect the elec-
tronic structures at the surface (i.e., to a few nanometers below

Table 1
XRR analysis results for Li;RuOs (0 02) thin films before and after Li; PO, deposition.
Thickness, t (nm) Density, d Roughness,
(gem~2) r(nm)
(a) Li;RuO5 (002) film
Surface layer 4.5 3.30 2.1
LiRuO3 235 5.12 2.8
Al, O3 surface layer 214 3.89 0.5
Al,03 substrate - 3.95 0.8
(b) Li3sPO4 modified Li;RuO3; (002) film
LizPO4 3.6 1.90 2.0
LiRuOs3 255 5.18 2.4
Al, 05 surface layer 21.1 3.89 0.4
Al 03 substrate - 3.95 0.8
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Fig. 2. Out-of-plane XRD patterns of: (a) Li;RuO3; and (b) Li3PO4/Li;RuO3 films
deposited on corundum Al;03 (000 1) substrates.

the surface) and throughout the film, respectively. Fig. 4a shows
normalized bulk and surface XANES spectra of the Ru-K edge from
the Li;RuOs film; it also shows a XANES spectrum of polycrystalline
Li;RuOs3 obtained in transmission mode. The two absorption peaks,
A and B, correspond to the transition from the Ru 1s state to the Ru
5p state [28]. The absorption edge was at 22,120eV in the bulk
XANES spectrum for the as-grown Li;RuO3 film, which is identi-
cal to that of polycrystalline Li;RuO3, a standard sample of Ru?*.
In the bulk of the Li;RuOs3 film, Ru ions have a valance state of 4+.
The absorption edge in the surface XANES spectrum was located at
a lower energy (22,116 eV) than that for the Li;RuO3; bulk. XANES
spectra reflect the coordination environment of the Ru ions due
to their high sensitivity to the arrangement of nearest-neighbor
atoms [29]. The greater overlap between the Ru and O orbitals when
the Ru ion is in a more oxidized state causes the energies of these
outer molecular levels to increase relative to those of the core lev-
els, giving rise to a higher threshold absorption energy. The surface
XANES spectrum indicates that Ru exists in a low oxidation state
at the Li;RuO3 surface. These results reveal that the Li;RuO3 sur-
face has a different structure from the bulk. It has been reported
that the crystal structures at surfaces are modified to stabilize the
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Fig.3. Schematic diagram of XAFS measurements. Fluorescence from the top surface
and from throughout the films was detected by surface and bulk XAFS measure-
ments, respectively, by controlling the incident X-ray angle (0.1 and 4°).
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Fig.4. Bulk and surface XANES spectra of: (a) Li;RuOs3 and (b) Li3sPO4/Li;RuOs3 films.
XANES spectrum of standard polycrystalline Li;RuO3; measured by fluorescence
mode is also shown.

termination structure in air [24]. Furthermore, the surfaces of
lithium intercalation materials are known to react with carbon
dioxide and moisture in air, forming Li;CO3 and LiOH phases on
the surface [20-22]. Therefore, the surface structure of the Li;RuO3
film may change on contact with air.

Fig. 4b shows normalized bulk and surface XANES spectra for
the Ru-K edge of the Li3PO4-modified Li,RuOj3 film. The absorption
edge in the bulk XANES spectrum is located at 22,117 eV, indi-
cating that Ru ions in the Li3PO4-modified Li;RuO;3 film have a
lower oxidation state than those in the Li;RuO3 film and polycrys-
talline Li;RuO3. The absorption edge in the surface XANES spectrum
was also at 22,117 eV. The similar spectra of the bulk and sur-
face regions indicate that surface modification by Li3PO4 makes
the structure of Li;RuO3 homogenous from the surface to a depth
of 25.5nm. The Li3PO4 layer prevents the Li;RuOs surface from
reacting with carbon dioxide and moisture in air. Furthermore,
the surface modification could cause a space charge layer forma-
tion between two different phases to minimize the difference in
the chemical potentials. We have reported the surface structural
changes when intercalation electrodes contact an organic liquid
electrolyte due to migrations of cations between the electrode and
the electrolyte to form an electric double layer [23-26]. Similar
to the electrode/liquid electrolyte interface, the space charge layer
could be formed at the Li;RuO3 electrode/Li3POg4 solid electrolyte
interface, resulting in a different structure of the modified Li;RuO3
from that of the unmodified Li;RuOs.
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Fig. 5. Charge/discharge curves of: (a) Li;RuO3 and (b) Li3PO4/Li;RuO; films. The
current density is 2 pAcm—2.

3.2. Effects of surface structure modification on charge/discharge
properties

Fig. 5a shows charge/discharge curves of the 25.5-nm-thick
Li;RuOs3 film. The Li;RuO; film/organic electrolyte/Li metal cell
exhibited initial charge and discharge capacities of 338 and
190mAh g1, respectively, representing an irreversible capacity of
148 mAh g~1. The 25.5-nm-thick Li;RuOs electrode had a lower ini-
tial voltage (2.2V) than microsized Li;RuO3 electrodes (3.2V) [1]
and a plateau was obtained around 2.4V in the first charge curve.
The electrochemical reaction at 2.4V was one cause for the irre-
versible capacity in the first cycle. The two plateaus around 3.4 and
3.6V are attributed to several reaction processes; the deintercala-
tion of lithium from Li;RuO3 proceeded from the monoclinic to the
rhombohedral phase through the two-phase mixture region with
the monoclinic phases [1]. A plateau region was observed around
4.1V, but it disappeared in the subsequent cycle. The irreversible
reaction at 4.1V was another cause for the irreversible capacity in
the first cycle. The charge and discharge capacities in the fifth cycle
were 206 and 200 mAh g1, respectively.

Lithium  excess layered electrodes consisting of
Li[LixMngCogNiy |0, (x+a+B+y=1) systems have been reported
to have an irreversible capacity loss [10-13]. Li[LixMnyCogNi,, |0,
electrodes exhibited a plateau above 4V during the first charge,
but it disappeared in subsequent processes. XRD and nuclear
magnetic resonance studies have revealed that, at high voltages,

oxygen evolution produces oxygen vacancies in the electrode
simultaneously with lithium deintercalation and structural rear-
rangement then occurs to eliminate these oxygen vacancies
[12,13]. Consequently, the new phase may have lower and higher
occupancies of lithium and transition metals in the transitional
metal layer, respectively, leading to a small discharge capacity
(large irreversible capacity) in the first cycle. The phase exhibited
reversible lithium (de)intercalation in subsequent processes. Sim-
ilar to Li[LixMngCogNiy |0, electrodes, Moore et al. have reported
that Li;RuOs (Li[Lij;3Ruy3]0;) electrodes have a plateau region
around 4V during the first charge and an irreversible capacity loss
[30]. Although they did not report any structural changes in the
plateau region, the changes in the charging curves between the
first and subsequent cycles indicate that an irreversible structural
change occurs in Li;RuO3 in the plateau region during the first
charge.

Fig. 5b shows charge/discharge curves for 25.5-nm-thick
Li;RuO3 modified by Li3PO,4. No plateau regions were observed
below 3V or above 4V during the first charge. The Li3s PO4-modified
Li;RuOs film had first charge and discharge capacities of 318 and
296 mAh g1, respectively. The Li3PO4-modified Li;RuOs film had
a much higher capacity and a much smaller irreversible capac-
ity (22mAhg-1) than the unmodified Li;RuOs film. Although the
discharge capacity gradually decreased in subsequent cycles, the
discharge capacity in the fifth cycle was 283 mAhg-1, which is
higher than that of the unmodified Li;RuOs3 film (200mAhg-1).
The similar shapes of the charge/discharge curves to those of the
unmodified Li;RuO5 filmindicates that no significant changes in the
electrochemical reaction occurred in the Li3PO4-modified Li;RuO3
film.

The XRD, XANES, and charge/discharge measurements clarified
the differences in structural changes and electrochemical proper-
ties of unmodified and Li3PO4 modified Li;RuOs3 electrodes with a
thickness of 25.5 nm. The Li3PO4-modifed Li;RuO3 electrode had
a higher electrochemical capacity than the unmodified Li;RuO;
electrode. The high performance of the LizPO4-modifed Li;RuO3
electrode could be explained by stabilization of the Li;RuO3 surface
at the electrochemical interface:

(i) Deposition of a 3-nm-thick LizPO4 layer altered the structure
of the Li;RuO3 surface and reduced cation mixing of lithium
and ruthenium ions between the lithium and transition metal
layers.

(ii) The Li3PO4-modifed Li;RuO3 had a homogenous structure
from the surface to a depth of 25.5 nm. Surface modification
suppressed surface structural changes caused by interfacial
reactions with moisture and carbon dioxide in air.

(iii) The modified Li;RuO3 electrode underwent a reversible elec-
trochemical reaction during cycling, whereas the unmodified
Li;RuOs3 electrode exhibited an irreversible capacity of over
100mAh g1 in the first cycle. Surface modification by Li3PO,4
may suppress irreversible structural changes such as oxygen
evolution from the surface.

The present study presents experimental evidence for the effect
of surface modification on surface structure changes in lithium
excess layered electrodes. The surface structure changes were
induced by surface modification by Li3; PO4. When the electrode is in
contact with a material with a different composition, the electrode
surface will change to minimize the chemical potential difference
between the materials. For intercalation materials, both electrons
and lithium ions can migrate between the electrode surface and
the coated material due to their different lithium concentrations.
The highly improved electrochemical performance of Li;RuOj;
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electrodes indicates the large effect that surface modification has
on electrode stability.

4. Summary

Surfaces of epitaxial Li;RuO3 (002) film electrodes were modi-
fied by coating them with a 3.6-nm-thick Li3POy4 solid electrolyte.
The surface modification caused the structural changes at the
Li;RuO3 surface and suppressed interfacial reactions with moisture
and carbon dioxide in air, resulting in a homogenous structure from
the surface to a depth of 25.5 in Li;RuO3. The modified electrode
gave a reversible electrochemical reaction with a high discharge
capacity of 296 mAh g~!, whereas a bare electrode had a discharge
capacity of 190 mAh g~! with anirreversible structural change dur-
ing the first cycle. The improved electrochemical performance due
to surface modification may be related to the reconstructed surface
being more stable than the unmodified surface. Control of the sur-
face structure by surface modification may be a viable approach for
overcoming the irreversible capacity loss of lithium excess layered
electrodes.
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