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A B S T R A C T

We present an in situ approach for the characterization of lithium intercalation/deintercalation in thin-
film Li-ion battery electrodes. The method allows simultaneous measurement of microstructural changes
during lithiation using micro-Raman (mRaman) spectroscopy in parallel with stress changes via optical
interferometry. We observe evolution in the microstructure and stress in the various crystal phases in the
Li-V-O system, including both reversible and irreversible phase transitions. We also correlate spectral
shifts in certain Raman active modes with changes in the electrode stress, and thus confirm previously
hypothesized origins of these observations. Ultimately, the combined stress/mRaman in situ technique
can be leveraged as a characterization platform for a wide variety of electrode materials for advancing
battery performance.

© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction

Lithium-ion batteries (LIBs) provide high energy density while
being compact and light-weight and are the most pervasive energy
storage technology powering portable electronic devices such as
smartphones, laptops, and tablet PCs. At the same time, new
electric transportation systems including hybrid electric vehicles,
plug-in hybrid electric vehicles, and fully electric vehicles are
becoming more and more important. These vehicles require
rechargeable batteries with even higher energy density and cycle
life as well as improved safety and lower cost [1]. Considerable
work have been made to develop new electrode materials that
maximize capacity and long cycle life. A key challenge in these
work have been characterizing the complex physico-chemical
processes occurring during operation in various LIB electrode
materials. As part of these efforts, Cabana et al. reviewed different
conversion reaction based metal oxides, sulfides, nitrides, phos-
phides, and fluorides [2]. Baddour-Hadjean and Pereira-Ramos
focused on Raman spectroscopy method for characterizing lithium
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metal and carbon-based electrode, transition metal oxide-based
compounds, and phospho-olivine LiFePO4 compound [3], while
Reddy et al. extensively reviewed metal oxides and oxysalts as
anode materials for LIBs [4]. Most LIB electrode materials react
with Li-ions via intercalation into interstitial sites or channels
within the host lattice or by alloying mechanism with the electrode
material [5,6]. While it is generally accepted that the repeated
strain/stress cycles play a role in the long-term capacity loss, the
detailed mechanisms still remain unclear [3,7–9]. Therefore,
development of techniques which are capable of capturing in real
time the microstructural changes and the associated stress during
operation are crucial for unraveling the LIB degradation mecha-
nisms and further improving the LIB performance.

While ex situ methods have yielded a great deal of information
for understanding underlying LIB function and degradation
processes under static conditions, the true dynamics of LIB
operation can be best revealed via in situ methods as the battery
system operates (in operando). Recently, various in situ or in
operando analysis methods have been utilized in order to
understand the mechanical strain/stress changes in LIB electrodes
[10–15]. Among these, the multi-beam optical sensor (MOS) has
proven to be an effective method for characterizing the stress
evolution in LIB thin film electrodes during cycling. In the MOS
technique, a silicon wafer is coated with a passivation layer, a
current collector, and a thin film active battery material of interest.
The stress generated in the active battery material during lithium
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cycling induces curvature in the wafer which is measured by an
array of parallel laser beams. Change in curvature is determined by
measuring the relative change in the spacing between the reflected
beams, and the stress is calculated using the Stoney equation. This
method enables the measurement of the average stress, biaxial
modulus and fracture energy for both silicon thin film and
commercial electrodes [8,9,14,16]. While the technique has proven
to be advantageous for mechanical characterization, the limited
ability to directly access the electrode restricts its potential
integration with other methods that could provide microstructural
and chemical composition information. Also, the stress value
determined using this method represents an average over the
entire wafer-scale area. Thus, the MOS technique is suitable for
materials that experience spatially homogeneous structural
changes over this length scale (typically tens of centimeters).

In addition to stress, significant advances have been achieved in
in situ microstructural characterization of LIB electrodes. For
example, in situ transmission electron microscopy (TEM) provides
Fig. 1. MEMS optical stress sensor geometry. (a) 3D schematic of MEMS optical stress se
panel: Cross-section SEM image of the membrane in the MEMS optical stress sensor. Rig
image of a V2O5 layer grown on top of Au layer.
direct imaging of the microstructural changes of individual
nanowire or nanoparticle electrodes with near-atomic resolution
in real time [17–19]. Crystallographic changes which occur inside
the battery electrode as it is lithiated and delithiated have also
been investigated using in situ X-ray diffraction [20–23] (XRD) and
absorption methods [20,24]. Recently, Liu et al. utilized a soft X-ray
absorption spectroscopy technique for revealing distinct Li-ion and
electron dynamics attributed to charge conductivity, phase
transformation mechanism, and mesoscale morphology in LiCo1/
3Ni1/3Mn1/3O2 and LiFePO4 electrodes [25]. In situ nuclear magnetic
resonance spectroscopy and neutron scattering have also been
applied to study structural changes in silicon electrodes [26,27]
and a large format LIB [28], respectively. Compared to the
aforementioned techniques, which rely on bulky external equip-
ment and complex electrochemical cells, mRaman spectroscopy is
an alternative tool for probing structural and chemical variations in
LIB electrodes in a relatively simple fashion and with high spatial
resolution [3,29,30]. Information that can be gleaned using Raman
nsor. (b) Cross-section diagrams of a single membrane (not drawn to scale). (c) Left
ht panel: Enlarged view of the membrane, showing multi-layer structure. (d) TEM
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includes crystallinity/disorder, strain, and composition, including
Li content [3,31]. In situ Raman spectroscopy has been applied to
various anode and cathode materials including graphite [32],
transition metal oxides [29,33–37], and phospho-olivine LiFePO4

[30], providing rich structural and chemical information relevant
to the lithiation mechanisms [3]. Combining in situ mRaman
spectroscopy with stress measurement could provide additional
insights into the battery operation and degradation mechanisms
such as identification of which phases are present during abrupt
changes in stress.

In this work, we have developed a platform, in which a
microelectromechanical systems (MEMS) based optical stress
sensor is integrated with mRaman spectroscopy enabling in situ
characterization of both the qualitative stress and microstructural
changes in a thin film LIB electrode over multiple charge/discharge
cycles. An interferometric method is applied to analyze stress
evolution, including observation of phase transitions. Throughout
Fig. 2. Schematic illustration. (a) Schematic of the coin cell parts (from top to bottom:
stainless steel, spring, and anode cap) for in situ experiment and simplified schematic d
relative to the Raman microscope. (b) Optical image of the experimentally obtained interf
as-deposited V2O5 thin film electrode underneath the glass wafer and membrane.
this work, vanadium pentoxide (V2O5) thin film is selected as a
model electrode to demonstrate capabilities of the platforms. V2O5

is an attractive material as cathode in LIB due to its high capacity. It
can accommodate up to three lithium ions per mole of oxide,
providing a specific capacity of 450 mAh/g within the voltage range
from 1.5–4 V [3]. As the electrochemical performance of LIB
electrodes are strongly dependent on the structural changes
caused by the lithium insertion/extraction process and different
preparation conditions [38], considerable efforts have been made
to study the structural dependent characteristics of V2O5 and its
lithiated LixV2O5 phases, which make it suitable for verifying the
feasibility of the platform. Our results reveal that the stress
induced during lithium insertion/extraction is asymmetric with
respect to the preferred crystallographic orientation of the LixV2O5

thin film electrodes, consistent with previous structural analyses
[3]. This in situ stress and Raman measurements confirm the
puckering in the V2O5 planes during early lithiation followed by
 cathode cap, adhesive tape, MEMS optical stress sensor, separator, lithium anode,
iagrams of the experimental setup showing the location of the coin cell under test
erence pattern from the membrane. (c) Experimentally obtained Raman spectrum of
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irreversible formation of highly disordered rocksalt-type structure
upon further discharge. Additionally, low frequency Raman peak
shifts associated with long range vibrations are correlated to
specific changes in stress confirming earlier hypothesis regarding
the origin of these shifts.

2. Method and experimental

2.1. MEMS optical stress sensor design

Fig. 1a shows our MEMS optical stress sensor, composed of an
array of mechanically flexible circular membranes. The
Fig. 3. Electrochemical discharge curve of ALD-deposited V2O5 thin film electrode in th
LixV2O5 structure. (a) Galvanostatic Li-ion insertion curve at C/12 rate. Phase-transforma
2.05 V (g- to v-phase) are observed (labeled in blue). (b-d) Perspective view of the Lix
membranes separate the sensor into two cavities, referred to as
the ‘optical’ and ‘battery’ cavities. The optical cavity is created by
anodically bonding glass and silicon wafers. The deeper battery
cavity is formed on the other side of the membrane, enabling the
deposition of an insulating layer, current collector and cathode/
anode material, as well as providing a channel for the liquid
electrolyte. We selected thin film V2O5 as a cathode material to
demonstrate the capability of our approach. The detailed fabrica-
tion procedure is described in our previous work [39] (see
Supplementary Fig. 1 for simplified fabrication process). Fig. 1b
illustrates the cross-section of a single membrane with 150 mm
diameter, formed by the 700 nm thick Si3N4 and 200 nm thick SiO2
e customized cell and schematic representation of the electrochemically produced
tion plateaus at 3.4 V (a- to e-phase), 3.2 V (e- to d-phase), 2.3 V (d- to g-phase), and
V2O5 structure in different phases: (b) a-phase, (c) d-phase, and (d) g-phase.
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layers inside the 12 mm deep optical cavity. Inside the 288 mm
deep battery cavity, a 50 nm thick SiO2 is used as a barrier coating
to prevent lithium intercalation into the silicon wafer, followed by
thin layers of Cr/Au as the current collector. Finally, a 137 nm thick
V2O5 thin film electrode (0.81 Å per cycle) is conformally coated as
the cathode material by atomic layer deposition (ALD). The cross-
section scanning electron microscope (SEM) image of the
fabricated sensor is shown in Fig. 1c. Additional structural and
compositional characterizations of the membrane shown in
Supplementary Fig. 2 indicate well-defined, uniformly coated
various layers inside the battery cavity. It has been reported
previously that the V2O5 film shows preferential growth along
(001) direction on an Au-coated stainless steel [40]. This
preferential growth on the Au-coated membrane is confirmed
using transmission electron microscopy (TEM) (Fig. 1d) and by X-
ray diffraction (XRD) (Supplementary Fig. 3).

The optical cavity of the sensor is utilized for monitoring the
membrane deflection due to the stress change in the electrode
using optical interferometry. At the same time, the optical cavity
allows mRaman spectroscopy to probe the V2O5 thin film electrode
layer through the transparent glass wafer and the multi-layer
membrane, which is sufficiently thin to be semi-transparent. Thus,
this unique design of the sensor addresses the challenge of in situ
characterization of both the stress and structural changes during
battery operation.

2.2. Coin cell assembly

A modified coin cell with an optical window is devised to
facilitate the experiment during battery operation. The optical
window (5 mm in diameter) is machined into the coin cell cap, and
double-sided adhesive aluminum foil tape (1170 tape, 3 M) is
placed in between the cathode cap and the MEMS optical stress
sensor (Fig. 2a). The hermetic sealing of the coin cell is achieved
using the aluminum foil tape with conductive adhesive to interface
the sensor to the conductive top coin cell manifold for proper
battery operation. The optical cavity side of the MEMS optical
stress sensor is positioned to face the optical window of the coin
cell and the cell is assembled in an argon-filled glove box. A
polymer separator (Celgard 3501) soaked in lithium-conducting
electrolyte (1 M LiPF6 solution in ethyl carbonate/dimethyl
carbonate (EC/DMC, 1:1 by volume), Novolyte Technologies) is
placed on top of the MEMS optical stress sensor, and metallic
lithium is included as the counter electrode to form a lithium half-
cell. After the cell is closed in the glove box, all experiments are
carried out in air under normal ambient conditions. The assembly
of the coin cell has been demonstrated in our previous work [39]
and evaluated again in this work (Fig. 3).

2.3. Experimental set-up

The assembled coin cell is connected to the potentiostat and
placed under the Raman microscope (Yvon Jobin LabRam ARAMIS,
Horiba, Ltd.) for a galvanostatic cycling test (Fig. 2a). The white-
light illumination source of the Raman microscope is replaced with
a despeckled laser (Fig. 2a, 532 nm interferometric laser) for
interferometric measurement of the membrane deflection [39,41].
By employing the interferometric method, the same microscope
used for the mRaman spectroscopy analysis can be used to collect
information on the membrane deflection, thus enabling multi-
modal, real-time monitoring in a unified setup.

When the interferometric laser illuminates one of the
membranes in the optical cavity of the sensor, it produces an
interference pattern (Fig. 2b). The as-fabricated sensor membranes
have some residual stress associated with the fabrication and the
anodic bonding processes which result in upward curvature [39]
(See Supplementary Fig. 1). Due to this pre-deflected circular
membrane, the initial interference pattern already shows multiple
concentric rings [41]. The Raman laser (532 nm Nd:YAG laser) is
used as the excitation source for mRaman spectroscopy measure-
ments to probe the V2O5 electrode underneath the membrane. A
10 � objective is used to focus the Raman laser onto the electrode
surface (spot size �6.76 mm2) and the spectra are measured in a
back-scattering configuration. To avoid local heating of the
electrode, the power of the laser beam is adjusted with a neutral
density filter. Each spectrum is recorded for 30 seconds with three
accumulations. The Raman spectrum of the as-deposited V2O5 thin
film exhibits nine peaks in the 100–1000 cm�1 range, located at
145, 197, 284, 304, 405, 484, 526, 700, and 996 cm�1 (Fig. 2c), in
agreement with previously reported Raman spectra [42], indicat-
ing that the excitation laser penetrates the glass wafer and the
semi-transparent multi-layer membrane to probe the V2O5

electrode underneath.
The assembled cell is connected to a potentiostat (COMPACT-

STAT, Ivium Technologies) and galvanostatic lithium cycling
experiment is conducted. The imaging software installed on the
computer connected to the Raman microscope supports automa-
tion functions controlled by user specific operations programmed
in Visual Basic Script. This enables automatic switching between
the two laser sources repeatedly throughout the experiment and
computerized recording of the corresponding data. The recorded
interference pattern and Raman spectra are automatically saved in
the computer.

2.4. Fringe radius change

To analyze the stress changes in the V2O5 electrode during
lithiation, the recorded interference patterns are processed using
MATLAB. First, the interference pattern of the pristine electrode is
compared to the interference patterns of the electrode under
testing (Supplementary Fig. 4a). Each of the interference patterns is
composed of multiple concentric rings and the edge of the inner
most ring is utilized to track the radius change (fringe radius
change, Supplementary Fig. 4b). In our previous work, it was
verified that the fringe radius change varies linearly with the stress
residing in the membrane [39] (R2 = 0.987). Therefore, expansion of
the fringe radius is denoted with a positive sign, and corresponds
to compressive stress, with negative values conversely indicating
tensile stress.

3. Results and discussion

3.1. In situ visualization of structural changes of V2O5 electrode

The MEMS optical stress sensor coated with ALD-deposited
V2O5 thin film electrode is first used to evaluate the electrochemi-
cal properties of the V2O5 inside the modified coin cell (Fig. 3a). The
discharge curve shows several resolved plateaus corresponding to
well-known phase transitions during lithiation of V2O5 [3,43,44].
The a-, e-, d-, g-, v-V2O5 phases are identified within the voltage
range from 3.75 to 1.5 V according to the following equation:
V2O5 + xe� + xLi+$ LixV2O5 with 0 < x �3. The a- to e-phase and e-
to d-phase transformation plateaus appeared at 3.4 and 3.2 V,
respectively. Then the d- to g-phase and g- to v-phase transitions
are observed at the 2.3 and 2.05 V plateaus, respectively. The
observed electrochemical behavior validates that the customized
cell is functional both in terms of its design to provide good
electrical contacts to the cathode layers, as well as adequate
hermetic seal such that the cell can be reliably operated in the
ambient.

In Fig. 3b–d, we show schematically the structural trans-
formations in LixV2O5 as x increases from 0 to �3, corresponding to



232 H. Jung et al. / Electrochimica Acta 242 (2017) 227–239
the series of a- to v-phases [43–45]. During lithiation, the
structure of the LixV2O5 layer remains stable in the a-, e-, and
d-phases (Fig. 3b and c). However, a light puckering of the V2O5

layers is observed in the d-phase (Fig. 3c) due to the decrease in the
a lattice parameter [43] (Table 1). When the voltage reaches the
2.3 V plateau (1 < x < 2 in LixV2O5), the d-phase is transformed into
the g-phase, a substantially distinct structure (Fig. 3d). While the
V2O5 layers remain perpendicular to the c-axis, the Li-ions are
shifted along the a-axis direction and the puckering of the V2O5

layers becomes more pronounced as the a lattice parameter
further contracts [3,43,45]. Finally, when the voltage reaches the
2.05 V plateau (x > 2), the g-phase is irreversibly transformed into
the v-phase.

Fig. 4a displays galvanostatic discharge-charge curves of the
ALD-deposited V2O5 thin film electrode at a current of 4.563 mA in
three different voltage windows. These voltage ranges are chosen
in order to induce different phase transitions in the LixV2O5

electrode [3,43,44]. The first window (3.75–2.8 V) corresponds to
the reversible a-, e-, and d-phase transitions and the pristine V2O5

phase is recovered upon lithium extraction [3]. In this voltage
range, the pristine V2O5 structure remains intact except for a minor
puckering occurring along the a axis (Fig. 3b and c). However, in the
second window (3.75 – 2.1 V) the d-phase is transformed into the
metastable g-phase at 2.3 V. This transformation is accompanied
by irreversible structural changes in the LixV2O5 film. The third
window (3.75–1.5 V) leads to a weakly crystallized v-phase with a
tetragonal [46] or cubic [47] structure when the voltage reaches
the 2.05 V plateau. Corresponding to Fig. 4a, differential capacity
curves (dQ/dV vs. V) are presented in Fig. 4c–e. Differential capacity
analysis enables observation of the potentials at which the
majority of charge going into or out of an electrode over a given
voltage increment [48]. This technique also offers greater
sensitivity in probing cell degradation over a cycle life test [49].

Within the first window of 3.75 to 2.8 V where the pure V2O5

layer structure is preserved, the optical interference patterns from
the circular membrane remain relatively symmetric (Fig. 4b(1), (2),
(3)), as expected since there are no significant asymmetric
contractions in the V2O5 lattice (Table 1). The differential capacity
plot in this voltage window (Fig. 4c) also displays almost perfectly
overlapping curves between the first and second cycles, indicating
no major degradation in the electrode. In the second window
(3.75–2.1 V) the d-phase is transformed into the g-phase with
pronounced puckering of the V2O5 layers. This structural change is
reflected as loss in symmetry in the interference pattern (Fig. 4b
(4)). Given that the d- to g-phase transition is irreversible [43], it is
not surprising that the interference pattern remains asymmetrical,
even as the potential is cycled back to 3.75 V (Fig. 4b(5)). This
irreversible structural change is also evidenced in the differential
capacity plot (Fig. 4d). The peak height located at 2.3 V (Fig. 4d,
denoted in star) is significantly reduced and shifted to the right in
the fourth cycle after the irreversible structural change in the third
cycle. Additionally, all the peak heights in the differential capacity
curve are observed to decrease in the fourth cycle, indicating the
degradation in the electrode [49]. A video showing the evolution of
the interference pattern from the d- to g-phase is available as
Supplementary Video 1. In the third window (3.75–1.5 V), LixV2O5
Table 1
Lattice constants change reported in the literature for different phases of LixV2O5 char

Lattice parameters LixV2O5

x = 0.0 (a-V2O5) x = 0.4 (e-V2O5) x = 1.0 

a (Å) 11.51 [3], 11.51 [50] 11.38 [3], 11.44 [50] 11.24 [
b (Å) 3.56 [3,50] 3.57 [3,50] 3.60 [3
c (Å) 4.37 [3], 4.38 [50] 4.52 [3], 4.50 [50] 9.91 [3
is transformed from the g- to the v-phase with significant
structural rearrangement [44], which is again captured well by the
evolution of the interference patterns during the lithiation process
(Fig. 4b(6), (7), (8)). The previously observed asymmetric
interference patterns becomes even more pronounced due to
the further asymmetric contraction in the a lattice parameters
during the d- to g-phase transition. However, after when the
g-phase is completely transformed into the v-phase, the a and b
lattice parameters becomes equal, resulting in the recovery of the
symmetric interference pattern (Fig. 4b(8)). Since the v-phase is
irreversible, the symmetric interference pattern remains un-
changed throughout further electrochemical cycling (Fig. 4b(9),
(10)). The differential capacity plot displays a dramatic change
after the transformation to the v-phase (Fig. 4e). The peaks
observed in the fifth cycle discharge process are disappeared and
resulted in much broader peaks in the sixth cycle, showing a sign of
an amorphous structure which we discuss in more detail later. The
video showing the evolution of the interference patterns during
the g- to v-phase transformation is available as Supplementary
Video 2. These results demonstrate how structural changes in
electrode material during lithiation can be optically imaged in real
time using our in situ experimental platform. This visualization is
enabled by the unique design of the optical stress sensor, which has
the thin and flexible membrane inside the optical cavity, which
allows monitoring of significant structural evolution in the
electrode by merely observing the series of interference pattern
images recorded during the experiment.

3.2. In situ analysis of qualitative stress

Correlation between the stress change and electrochemical
discharge-charge of the first two cycles (Fig. 4a, first voltage
window) are show in Fig. 5a and b. Upon lithium intercalation, the
stress in the electrode becomes more tensile. This result can be
explained in accordance with changes in the a and b lattice
constants of the LixV2O5. As previously shown in Fig. 1d, the V2O5

film has a preferred (001) orientation with respect to the
membrane. Therefore, changes in the c parameter do not affect
the stress in the membrane since it is free to expand. However,
elongation (contraction) in the a and b lattice parameters result in
an increasing compressive (tensile) stress. Previous XRD studies
have shown that the a lattice parameter continuously decreases as
LixV2O5 changes from a- to d-phase while the b parameter remains
relatively constant (Table 1). This agrees with our observed
increase in the tensile stress in the electrode. Inflections in the
stress-potential curves such as regions I and II in Fig. 5b likely
correspond to a- to e-phase and e- to d-phase transitions which
we discuss in more detail later. Upon lithium extraction, the stress
returns its initial value.

Analysis on the stress change and electrochemical discharge-
charge of the third and fourth cycles (Fig. 4a, second voltage
window) are shown in Fig. 5c and d, with similar stress change
upon discharge as seen in Fig. 5a and b. However, further lithiation
(discharge) alters this trend with stress becoming more compres-
sive stress (Fig. 5c, region I). This can be attributed to the
elongation of the a lattice parameter during the d- to g-phase
acterized using XRD.

(d-V2O5) x = 1.4 (d-V2O5) x = 2.0 (g-V2O5) x = 3.0 (v-V2O5)

3], 11.26 [50] 11.42 [50] 9.69 [3] 4.1 [44]
,50] 3.57 [50] 3.60 [3] 4.1 [44]
], 4.96 [50] 4.96 [50] 10.67 [3] 4.1 [44]



Fig. 4. Electrochemical discharge-charge, differential capacity curves of the different voltage windows, and corresponding interference pattern images. (a) Galvanostatic
discharge-charge cycling curve of the ALD-deposited V2O5 electrode achieved from the in situ experimental setup. The phase transitions corresponding to the voltage
windows are specified in blue. Red circles correspond to the point where the interference patterns are recorded. Cycle numbers are specified in green. (b) Series of
experimentally obtained interference patterns collected along the discharge-charge curve (red circles) indicated with the potential and phase (in yellow). Initial deformation
of symmetric interference pattern is observed (4), followed by dramatic interference pattern change (6-7), and symmetric interference pattern is recovered (8). (c, d, and e)
Differential capacity curves of first and second, third and fourth, and fifth and sixth cycles. *Start denotes d- to g-phase transformation plateau in the third cycle.

H. Jung et al. / Electrochimica Acta 242 (2017) 227–239 233
transformation [50]. However, upon further discharge, the stress in
the electrode becomes more tensile (Fig. 5c, region II). This change
coincides with the pronounced puckering of the V2O5 layer in the
g-phase (Fig. 3d) due to the contraction in the a lattice parameter
(Table 1), as indicated by the emergence of the asymmetric
interference pattern (Supplementary Fig. 5). Upon charge, the
same trend is observed as the relative stress returns to its initial
value. The fourth cycle exhibits a similar stress change as observed
for the third cycle (Fig. 5d), even though the LixV2O5 electrode is
transformed from d- to g-phase. This indicates that the overall
V2O5 layer structure is generally preserved in the g-phase
compared to the d-phase structure, except the puckering of the
V2O5 layers (Fig. 4b(5)).

Superpositions of the discharge-charge curves with the stress
changes for the fifth and sixth cycles (Fig. 4a, third voltage
window) are show in Fig. 5e and f. The same trend is observed until
the voltage reaches 2.1 V (Fig. 5e, region I). Upon further discharge,
stress in the electrode becomes more compressive (Fig. 5e, region
II) due to the more pronounced puckering of the V2O5 layer in the
g-phase, as indicated by the augmented asymmetric fringe pattern



Fig. 5. Qualitative stress characterization. (a,b) Correlation between the stress change and potential variation during discharge-charge of the first and second cycles. (b)
Circles in green and rectangles in magenta correspond to the representative points where in situ mRaman spectra are analyzed during the second discharge-charge cycle,
respectively. (c,d) Correlation between the stress and discharge-charge curves of the third and fourth cycles. (c) Circles in green and rectangles in magenta correspond to
representative points where in situ mRaman spectra are analyzed during the third discharge-charge cycle, respectively. (e,f) Correlation between the stress change and
discharge-charge curves of the fifth and sixth cycles. (e) Circles in green and rectangles in magenta correspond to the representative points where in situ mRaman spectra are
analyzed during the fifth discharge-charge cycle, respectively.
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(Fig. 4b(6)). Still further lithiation induces a sudden change in the
stress (Fig. 5e, region III) which rapidly becomes highly tensile,
indicating the electrode experiences a dramatic structural
transformation from the g-phase to the tetragonal v-phase
[44]. This tetragonal structure has significantly shorter lattice
parameter (a = 4.1 Å) compared to the g-phase (Table 1), which
explains the sudden increase in the tensile stress [51]. The v-phase
remains stable even after lithium extraction [47] consistent with
the completely different stress change during the sixth cycle
(Fig. 5f). Upon lithium insertion, the stress in the electrode
becomes more compressive, implying that the LixV2O5 thin film
electrode became amorphous [51]. However, upon charge, the
stress in the electrode becomes more tensile initially but turns into
more compressive stress again in the middle of the process. This
may be attributed to the rocksalt-type structure of the v-phase,
resulting in the non-linear stress change. The stress evolution
during lithiation is in good agreement with the previously reported



Fig. 6. Detailed view of in situ Raman spectra. Detailed view of the in situ Raman spectra collected during the second discharge (lithium insertion) process of the LixV2O5

electrode. *Stars denote LiPF6/EC/DMC bands.

Fig. 7. Raman shift and stress change. Correlation between the peak shift of the
Raman translational mode at 145 cm�1 (associated with long range order) and the
stress change as a function of the lithium insertion in LixV2O5 electrode.
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phase changes and lattice parameters changes in LixV2O5,
confirming the high sensitivity of the platform.

3.3. In situ analysis of microstructural changes

Concomitant with the stress measurements, a series of in situ
Raman spectra of the LixV2O5 electrode are collected and analyzed.
The Raman spectra reveal a complete recovery of the pristine V2O5

electrode, with regard to relative intensities and peak positions
(Supplementary Fig. 6) during the second cycle. This finding is
consistent with the high electrochemical reversibility associated
with the first voltage window (3.8 � 2.8 V) [52,53].

It is a well-known fact that in situ Raman spectroscopy generally
suffers from lower signal-to-background ratio upon lithiation in
the presence of the electrolyte [3,54,55]. While ex situ experiments
do not have the added effect of the electrolyte and it is easier to
increase the signal-to-background ratio by increasing the Raman
accumulation time. This would be ineffective in an in situ
experiment because the electrolyte background signal would also
increase. The in situ Raman spectra (Figs. 6 and 8) presented in this
work also affected by this phenomenon and as a result, some of the
Raman modes are not detected upon lithium insertion. Also, the
evolution of the Raman spectra upon lithiation depends on the
V2O5 material preparation methods. Baddour-Hadjean et al.
extensively characterized the V2O5 material prepared using
different methods (ALD, RF magnetron reactive sputtering, and
powders) and the evolution of the Raman spectra differs
[3,33,42,56,57]. Depending on the deposition method, preferential
growth of the crystallites of V2O5 films changes and the structural
response varies upon lithiation [56]. In this regards, discussion of
the Raman modes identified in this work is compared with the
previously reported work where the Raman spectra are measured
in situ or the V2O5 material is prepared using ALD.
During the second cycle discharge process (Fig. 5b), a
progressive decrease in the intensity and the Raman shift (145–
154 cm�1) are observed for the low frequency vibration modes
(mixture of B1g and B3gmodes) sensitive to long range order in the
LixV2O5 structure (Fig. 6). There is also a considerable loss of
intensity for all the Raman peaks in the 195 to 705 cm�1 range. The
overall loss in Raman intensity during Li insertion into LixV2O5 is
consistent with similar loss in intensity during Li extraction from
LixCoO2 [58]. In the case of LixCoO2 Li extraction oxidizes Co3+ to
Co4+ forming positive electronic charge carriers [59], while in the
case of Li insertion into V2O5 V5+ reduces to V4+ forming negative
charge carriers [60]. In either case, the host cathode material
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becomes more metallic which substantially reduces the optical
skin depth of the Raman excitation light thus reducing intensity.
Finally, in the vanadyl stretching mode (996 cm�1), a new peak at
983 cm�1 is observed at potential of 3.39 V while the initial peak
(996 cm�1) disappears at potential of 3.27 V. The new peak
progressively shifts down to 972 cm�1 as more Li-ions are inserted
into the electrode. These findings are consistent with previous
Raman studies of LixV2O5 electrodes [3,33]. The emergence of the
Fig. 8. In situ Raman spectra of the third and fifth cycles. Detailed view of the in situ R
electrode in the voltage range of (a) 3.08 to 2.10 V and (b) 3.20 to 3.70 V. (c) Detailed view
the LixV2O5 electrode. *Stars denote LiPF6/EC/DMC bands.
new peak at 983 cm�1 in the vicinity of the 996 cm�1 at potential of
3.39 V has been previously related to a coexistence of the a- and
e-phases [33] and the 973 cm�1 peak at the potential of 3.20 V has
been ascribed to the presence of e- and d-phases [61]. This
coexistence of two distinct phases of LixV2O5 as suggested by
Raman spectra coincides with the abnormal stress changes
observed with our optical stress sensor during the second cycle
discharge process (Fig. 5b, region I and II).
aman spectra collected during the third discharge and charge cycle of the LixV2O5

 of the in situ Raman spectra collected during the fifth discharge and charge cycle of
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It has been proposed that the Raman shift from 145 cm�1 to
154 cm�1 is due to an increase in the restoring force as a
consequence of tensile stress in the LixV2O5 film [62]. Our
combined approach is now able to confirm this hypothesis by
correlating the evolution of the Raman shift at 145 cm�1 with the
stress change as a function of the lithium insertion in LixV2O5

electrode (Fig. 7). The Raman shifts, which are indicated in blue
circles, are quantified by analyzing the Raman spectra measured in
situ during the second discharge process (Fig. 5b). As the amount of
lithium increases during lithiation, the translational mode at
145 cm�1 progressively increased to 154 cm�1.

The in situ Raman spectra collected for the third discharge and
charge processes (Fig. 5c) are shown in Fig. 8a and b. Due to the low
signal-to-background ratio in our Raman spectra, not all the
Raman modes are identified upon further lithiation. However, the
same stretching mode (972 cm�1, Fig. 6 at 3.08 V) is observed at
3.08 V (Fig. 8a). Also, the peak shifts to higher wavenumbers upon
further lithiation, which is also observed in the ex situ Raman study
of ALD-deposited V2O5 during d- to g-phase transformation [61],
and completely disappears at 2.10 V (Fig. 8a). These spectral
changes can be attributed to irreversible loss in crystallinity during
formation of the g-phase [45]. This irreversible change is also
evidenced by the fact that some of the modes (196, 302, 484, and
700 cm�1) are no longer observed after the electrode is charged
back to 3.70 V (lithium extraction) (Fig. 8b). Similarly, the peaks at
144 cm�1 and vanadyl stretching mode at 997 cm�1 do not recover
their original intensity, indicating high degree of disorder in the
V2O5 layer. Finally, the peak at 975 cm�1 associated with the
g-phase is still observed even after all the lithium extraction
(Fig. 8b, 3.70 V), which is consistent with the irreversibility of this
phase [43].

The in situ Raman spectra collected for the fifth discharge and
charge processes (Fig. 5e) shown in Fig. 8c display no discernable
peaks, indicating that Raman is not able to detect the g- to v-phase
transition in contrast to the already shown results with the in situ
optical stress sensor (Fig. 4(6), (7), (8)) (Fig. 5e, region III). Even
after the electrode is charged back to 3.75 V, no detectable peaks
are found, suggesting that the electrochemically formed weakly
crystalline v-phase has a nearly amorphous structure and remains
in this metastable state even all the lithium extraction [47].

The in situ mRaman spectroscopy measurement results
achieved using our platform match well with the previously
Raman study of V2O5 electrodes [3,33,61], indicating this technique
is capable of characterizing both the stress and microstructural
changes concurrently. Fully reversible a- to d-phase transitions are
observed as well as the irreversible transformation in the g-phase
are evidenced in a single, continuous experiment for the first time
using in situ mRaman spectroscopy technique.

4. Conclusion

A full understanding of the stress-microstructure relation in the
Li/V2O5 system is challenging due to the complex physico-
chemical transformations during Li insertion/extraction reactions
[3]. We have shown that the combination of our MEMS optical
stress sensor with commercially available Raman microspectro-
scopy setup allows in situ analysis on the qualitative stress changes
and characterization of the microstructural evolutions in different
phases of the LixV2O5 electrode. The integrated setup demonstrates
a unique advantage in the visualization of the phase evolutions in
the LixV2O5 electrode which enables confirmation of the pro-
nounced puckering in the V2O5 electrode structure due to phase
evolution and formation of the rocksalt-type structure upon
further discharge. We have also shown that the electrode
experiences a dramatic change when the phase of the electrode
is transformed from g- to v-phase. The stress variation with
different phases of the electrode are also characterized through
analysis of the interference patterns and corresponding structure
evolutions using mRaman spectroscopy which indicates fully
reversible structural changes from the a- to d-phase, irreversible
g-phase with the permanent bond breaking, and weakly crystal-
lized v-phase.

All these results are achieved through an one-time experiment
in an unified setup. By selecting the complex Li/V2O5 as a model
system to demonstrate the utility of the MEMS optical stress sensor
and methodology, our approach demonstrates its applicability to
other battery electrode materials. Thus, our approach opens up a
new way to investigate critical factors affecting LIB performance,
which is also applicable to various thin film LIB electrodes.
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