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Chemo-Mechanical Degradation in V2O5 Thin Film Cathodes of 
Li-ion Batteries during Electrochemical Cycling

Yuwei Zhanga, Yuting Luob, Cole Finchera, Sarbajit Banerjeeb, Matt Pharra*

We have devised an approach to fabricate dense textured V2O5 thin films, which allows us to scrutinize the 
root cause of capacity fade in V2O5 cathodes of Li-ion batteries. Specifically, we performed in-situ 
measurements of stress of V2O5 thin films during 50 electrochemical cycles. Surprisingly, electrochemical 
cycling appears to induce elastic and rate-independent deformation over a voltage range relevant to battery 
operation (4 - 2.8 V). However, the compressive stresses gradually increase with cycle number during the 
first few cycles, likely due to side reactions and/or residual Li left in the V2O5, even after delithiation (to 4 V). 
Further cycling leads to accumulated mechanical damage (e.g., fracture, delamination) and structural 
damage (e.g., amorphization), which ultimately result in severe capacity fade. 

Introduction
The vast majority of studies on Li-ion batteries have focused on 
improving their electrochemical characteristics. Mechanics-based 
issues have been largely overlooked. Moreover, of the existing 
mechanics-based studies, relatively few have targeted cathode 
materials, likely due to their small volume expansion (~2-8%), 
compared to those of anodes (up to ~300%).1–8  However, it is 
important to note that a strain larger than 0.1-1% is considered 
severe for brittle ceramics, such as are many of the cathode 
materials.1 Thus, stresses generated during electrochemical cycling 
may result in fragmentation, disintegration and fracturing, and/or 
loss of contact to the current collectors, all of which can lead to 
severe capacity fade.9–15 Indeed, even volume changes during 
electrochemical cycling of commercialized cathode materials, such 
as LiCoO2 (2.6% volume change), LiFePO4 (6.8% volume change), and 
LiMnO2 (7.5% volume change) have been shown to produce 
mechanical degradation.1–6,16 

Vanadium oxide (V2O5) is a promising material for next-generation 
cathodes and can be stabilized as different polymorphs with varying 
atomic connectivities.17–22 Indeed, recent studies have suggested 
that several polymorphs of V2O5 are ideal candidates for hosting 
multivalent metal-ions with large volumes while maintaining 
excellent electrochemical performance.23–26 Likewise, ion-stabilized 
V2O5 with large interlayer spacing has shown enhanced 
electrochemical performance using pre-intercalation.25,27–31 The 
theoretical capacity of V2O5 is an enormous 442 mAh/g, as it can 
host up to 3 Li atoms per formula unit (V2O5).18,22 However, the 
extent of reversible intercalation has been found to be much 
lower.18 The crystal structure of  V2O5  remains intact if a voltage 
window is set such that cycling occurs only between the 

orthorhombic α-V2O5 and the δ-LixV2O5 phase.18,19 As such, pristine 
α-V2O5 presents a model system to study discharging/charging-
induced mechanical loading during electrochemical cycling, 
potentially without conflating the influence of crystal structure 
degradation. 

To this end, we investigated the electrochemical and mechanical 
performance of V2O5 cathodes during electrochemical cycling. To 
deconvolute the influence of binders and carbon matrices on their 
mechanical response (i.e., to measure intrinsic properties of V2O5), 
we fabricated dense textured thin films of V2O5 by plasma 
sputtering. We then performed in-situ measurements of 
mechanical stresses generated during cycling under various 
electrochemical conditions. Post-mortem observation of samples 
cycled to different extents allowed for understanding the damage 
evolution in these systems. Likewise, we investigated the evolution 
of electrochemical properties, crystal structure, and morphology 
during extended cycling. Overall, this paper links electrochemical, 
structural, and mechanical observations to develop mechanistic 
understanding of the root cause of capacity fade in V2O5 cathodes 
of Li-ion batteries. 

Experimental details
Sample preparation of V2O5 thin film

We implemented two side mirror-polished T304 stainless steel 
(Metals Depot) as the substrates for the working electrodes. The 
sputtering process was performed at room temperature (25ºC). The 
substrate was cleaned with acetone and isopropanol and placed 
into a sputtering system (AJA Inc.) with a base pressure of ~3×10-8 

Torr. First, the machine sputtered 15 nm of titanium onto the 
stainless-steel substrate using a pressure of 3 mTtorr of argon and a 
DC power of 100 W for 5 min. The Ti underlayer is used to improve 
the adhesion between the V2O5 thin film and the stainless steel 
substrate. Next, the sputtering system deposited 330 nm of 
material from a vanadium target using a pressure of 2 mTorr with a 
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mixture of argon and oxygen (Ar: 20 sccm, O2: 4.4 sccm) and a DC 
power of 123 W for 5 hours. After deposition, we transferred the 
sample to a furnace (Thermo Fisher Scientific Inc.) and annealed it 
in air at 350°Ϲ for 10 hours. The working area of the electrode is 
1.69 cm2. A profilometer (Veeco Dektak 150 Profilometer) provided 
measurements of the thickness of the fabricated electrode. 

Structural and morphological characterization

A parallel beam geometry using a Bruker-AXS D8 X-ray 
diffractometer with a Cu Kα (wavelength λ = 0.154 nm) radiation 
source produced X-ray diffraction patterns and pole figures. A 
scanning electron microscope (SEM, JEOL JSM-7500F) operating at 
10 kV captured the surface morphology. An atomic force 
microscope (AFM, Bruker-Dimension Icon) determined the 
morphology and roughness of the surface of the electrode. An 
MPLN 100× microscope equipped with a Jobin-Yvon HORIBA 
Labram HR instrument was used to acquire Raman spectra with 
excitation from a 514.5 nm Ar-ion laser. A DXS 500 optical 
microscope captured images of the surface of sample after cycling 
to different extents.

Electrochemical cell preparation

A two-electrode electrochemical test cell with a quartz viewing 
window (MTI Corporation) facilitated simultaneous electrochemical 
and mechanical measurements (see our previous work for detailed 
information regarding configuration of the cell32,33). We assembled 
this cell in an argon-filled glovebox with oxygen and moisture levels 
less than 0.1 ppm. In addition to the V2O5 thin film described above, 
the battery consisted of a lithium metal ribbon (99.9% trace metals 
basis, Sigma-Aldrich) anode and a Celgard 2400 separator (MTI 
Inc.). The electrolyte was 1M LiPF6 (MTI Inc.) in a 3:7 ratio (volume 
ratio) of ethylene carbonate : dimethyl carbonate. Using a PARSTAT 
MC Multichannel Potentiostat (Princeton Applied Research), we 
conducted galvanostatic cycling at various current densities (C rate) 
as well as measurements using electrochemical impedance 
spectroscopy. The C rate is based on the theoretical capacity of 
V2O5 (294 mAh/g) between 4-2 V vs. Li/Li+.18,22. All experiments 
were conducted at room temperature (25°Ϲ).

Mechanical characterization

A multibeam optical stress sensor (MOS) from k-Space Associates 
monitored the curvature of the substrate ( ) during ∆𝐾
electrochemical cycling. The cell was placed on an antivibration 
table during testing. Using Stoney’s equation, we deduced the 
average stress change in the thin film during cycling34,35:

∆σ =
𝐸𝑠 ℎ2

𝑠

6ℎ𝑓(1 ― 𝜈𝑠)∆𝐾,

where is the elastic modulus of the substrate ( 203 GPa),  𝐸𝑠 𝐸𝑠 =  ℎ𝑠

is the thickness of the substrate ( 0.736 mm),  is the ℎ𝑠 =  𝜈𝑠
Poisson’s ratio of the substrate (  = 0.29), and  is the thickness of 𝜈𝑠 ℎ𝑓

thin film electrode (  nm). In this study, we take as ℎ𝑓 = 330 ℎ𝑓 
constant for each test, such that the stress represents the nominal 
in-plane engineering stress. Throughout this study, the sign 
convention for compressive stress is negative and for tensile stress 
is positive.

Results

Figure 1. Surface morphology and structural characterization of V2O5 thin 
films: (a) SEM image, (b) AFM image, (c) Raman spectroscopy, (d) X-ray 
diffraction pattern of as-deposited film on a stainless steel substrate, and 
(e) corresponding pole figure of V2O5 thin film, indicating high texture in 
the (110) direction. 

In Figure 1, we show the surface morphology and crystal structure 
of polycrystalline V2O5 thin films via different characterization 
techniques. In Figure 1a, the SEM image shows that the film is flat 
without discernible any bulges or pits. The contrast (white lines) in 
the SEM image likely indicates the location of grain boundaries. 
Likewise, in Figure 1b, an AFM measured the surface roughness and 
morphology over a 5 μm by 5 μm region. Raman spectroscopy in 
Figure 1c shows eight bands that match with a previous study of 
polarized Raman spectra of V2O5, based on phonon state 
calculations and several experimental results.17,18,36,37 Figure 1d 
displays the x-ray diffraction pattern of a V2O5 film grown on a 
stainless steel substrate with a PDF of powder V2O5 for comparison.  
In Figure 1e, we conducted XRD pole figure analysis using the MTEX 
toolkit, which indicated a high texture of the V2O5 films in the (110) 
direction.

Figure 2. Crystal structures of various phases during lithiation of V2O5: α-
V2O5, ε-LixV2O5, δ-LixV2O5, and γ-LixV2O5, and the corresponding volume 
expansion during each phase transformation.

Figure 2 shows the crystal structures of various phases in this 
system. The structures shown have been rendered using Vesta 
based on structures derived from the ICSD database. Overall, 
lithiation-induced volume expansion from α-V2O5 to δ-LixV2O5 is 
near 11%. It is important to note that the subsequent intercalation-
induced phase transformation from δ-LixV2O5 to γ-LixV2O5 induces 
volume contraction. In Table S1, we further detail the dimensional 
parameters associated with the different phases.
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Figure 3. Electrochemical tests of V2O5 thin films. (a) Galvanostatic discharge/charge profiles measured during 50 cycles between 4.0 – 2.8 V vs. Li/Li+ at a 
current density of 5.92 μA/cm2 (0.2 C). (b) Corresponding coulombic efficiency and volumetric capacities. (c) Corresponding differential capacity curve at 
selected cycles.

Figure 4. Optical microscopy images of V2O5 thin films after galvanostatic cycling between 4.0 – 2.8 V vs. Li/Li+ at a current density of 5.92 μA/cm2 (0.2 C). 
The scale bar in the figures indicates 300 μm. (a1-a3) Optical images of V2O5 thin film after 1 cycle, (b1-b3) after 5 cycles, and (c1-c3) after 50 cycles. (d) 
Evolution of XRD patterns of a V2O5 thin film during cycling.

Figure 5 (a) Potential and corresponding stress response during 50 galvanostatic cycles of a V2O5 thin film between 4.0 – 2.8 V vs. Li/Li+ at a current 
density of 5.92 μA/cm2 (0.2 C). (b) Enlarged view of stress response during cycles 1-5. (c) Enlarged view of potential and corresponding stress response 
during cycles 46-50.
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Figure 3 shows the electrochemical performance of a V2O5 thin film 
during galvanostatic cycling at a current density of 5.92 µA/cm2 (0.2 
C). In Figure 3a, we lithiated a pristine V2O5 thin film from the open 
circuit voltage to 2.8 V as a cutoff voltage, which corresponds to the 
δ-LixV2O5 phase, followed by de-lithiation back to 4 V. We cycled the 
battery 50 times. Through the lithiation process, we found two 
voltage plateaus at 3.4 V (α-LixV2O5 to ε-LixV2O5) and 3.16 V (ε-
LixV2O5 to δ-LixV2O5). Figure 3b shows the corresponding coulombic 
efficiency and volumetric capacity variation during cycling. Figure 3c 
shows the corresponding differential capacity curves during cycling. 

Figure 4 (a1-a3), (b1-b3), and (c1-c3) show optical microscope 
images after galvanostatic cycling of V2O5 between 4.0 – 2.8 V vs. 
Li/Li+ at a current density of 5.92 μA/cm2 (0.2 C). The circled regions 
and arrows indicate some regions of interest. Figure 4d shows XRD 
patterns of pristine V2O5 thin films and after cycling to different 
extents. 

Figure 5 shows the potential and corresponding stress results of 
galvanostatic cycling a V2O5 thin film between 4.0 – 2.8 V vs. Li/Li+ 
at a current density of 5.92 μA/cm2 (0.2 C). By using a dense 
polycrystalline thin film of  V2O5, the stress here represents the 
average in-plane stresses intrinsic to V2O5 during electrochemical 
cycling, i.e., as compared with previous studies that use composite 
materials (with conductive additives and binders) or fabrication 
techniques that produce non-dense structures (e.g., as in Figure 
S2b).32,38,39 Due to the film having a relatively small thickness on the 
order of nanometers, we expect that the stress is likely uniform in 
the film. To analyze the results in details, we delineated two regions 
based on features of interest in Figure 5a. Figure 5b shows an 
enlarged view in Region 1 during cycles 1-5.  Figure 5c shows an 
enlarged view in Region 2 during cycles 46-50.  

Figure 6. Potential and corresponding stress response during 4 cycles of a 
V2O5 thin film between 4.0 – 2.8 V vs. Li/Li+ at varying current densities of 
5.92 μA/cm2 (0.2 C), 11.83 μA/cm2 (0.4 C), 17.75 μA/cm2 (0.6 C), and 5.92 
μA/cm2 (0.2 C).

To investigate the effects of the charging rate on performance, we 
cycled a V2O5 thin film four times between 4.0 – 2.8 V vs. Li/Li+ at 
various current densities (5.92 μA/cm2 (0.2 C), 11.83 μA/cm2 (0.4 C), 
17.75 μA/cm2 (0.6 C), and 5.92 μA/cm2 (0.2 C)), as shown in Figure 
6. After the end of the third cycle, we used the same current 
density as during the first cycle to compare in terms of 
repeatability.

Figure 7. Potential and corresponding stress response during 3 
galvanostatic cycles of a V2O5 thin between 4.0 – 2.0 V vs. Li/Li+ at a current 
density of 5.92 μA/cm2 (0.2 C). (b) Enlarged view of the first cycle. 

Figure 7 shows the potential and corresponding stress during deep 
galvanostatic cycling of a V2O5 thin film between 4.0 – 2.0 V vs. 
Li/Li+ at a current density of 5.92 μA/cm2 (0.2 C). Of particular note, 
compared with all of the previous results, here we are interested in 
investigating the stress variation during a transformation from δ-
LixV2O5 to γ-LixV2O5, which is known to be an irreversible phase 
transformation.22 Likewise, it is important to note that this phase 
transformation involves volume contraction during lithiation, as 
indicated in Figure 2.

Discussion

Structure and surface morphology of as-fabricated V2O5 
thin films 

The SEM and AFM studies revealed that the as-fabricated V2O5 thin 
films comprise oriented platelet-like grains spanning a few 
micrometers. Specifically, over the scans, the variation in height is 
less than 10% of the total thickness of the film. Figure S1 shows that 
the roughness of the stainless-steel substrate is on the same order. 
As such, the roughness of the V2O5 thin film likely stems directly 
from the roughness of the substrate. As a result of this minimal 
spatial variation in thickness,  we can input the thickness of the film 
measured from profilometery directly into Stoney’s equation 
without any further modifications.38–40 In general, growth of such a 
flat crystalline thin film is difficult. For instance, by comparison in 
Figure S2, we show SEM and AFM scans of films fabricated through 
the more standard approach – high temperature sputtering. The 
morphology of this latter film produces discrete particles that 
resemble nanopillars. However, to produce meaningful 
measurements of intrinsic stress that develop in these systems, we 
must have thin films that are continuous and as flat as possible, 
while maintaining crystallinity. As such, our studies show that post-
annealing is a key process in fabricating flat thin films from physical 
vapor deposition. 
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In addition to surface morphology, we also investigated the crystal 
structure of the V2O5 thin film. Raman spectroscopy provides a 
means of studying the phase and local structure of V2O5 thin films 
with regard to the structural units and different vibrational 
modes.41 As shown in Figure 1c, the low frequency modes at 145 
and 196 cm-1 are external modes corresponding to the relative 
motion of [VO5] square-pyramidal units with respect to each other, 
thereby reflecting the strength of in-plane bonding vanadium-
centered polyhedra. In the medium- and high-frequency regions, 
Raman bands at 285 and 404 cm-1 derive from bond rocking 
oscillations of the vanadyl oxygen, whereas the Raman band at 304 
cm-1 can be ascribed to the vibration of intra-ladder oxygen atoms 
within the lattice. The 485 and 530 cm-1 bands are assigned to the 
bending of O-V-O units and stretching of V-O bonds, respectively. 
The 707 cm-1 band is ascribed to the anti-phase stretching of V-O 
bonds, whereas the prominent Raman band at 997 cm-1 is 
associated with the stretching mode corresponding to the shortest 
bond of vanadyl V=O.42 Figures 1d and e show results from X-ray 
diffraction. Figure 1d shows relatively few reflections as compared 
with the PDF from pristine V2O5 powders, thereby suggesting that 
the sample is a highly-textured V2O5 film.17 The pole figure 
presented in figure 1(e) further indicates that the V2O5 thin film is 
indeed highly textured in the (110) direction. 

Electrochemical and mechanical performance during 
galvanostatic cycling between 4.0 - 2.8 V 

A multibeam optical stress sensor (MOS) monitored the change in 
curvature (ΔK) of V2O5 thin films during electrochemical cycling. Our 
previous paper provides details of this experimental setup.32,33 The 
results from electrochemical cycling and simultaneous 
measurements of stresses are shown in Figure 3 and Figure 5. 
Corresponding results from optical microscopy and XRD 
characterization are shown in Figure 4. Likewise, Figure S3 (b) 
shows an SEM image of a V2O5 thin film after 50 cycles. 

From a structural chemistry perspective, several papers have found 
that the phase transformations in the 4.0 – 2.8 V range from 
pristine α-V2O5 to δ-LixV2O5 is reversible.18,19 However, we found 
that the capacity of the thin film electrode degraded substantially 
during cycling, as indicated in Figure 3a. Likewise, during the first 10 
or so cycles, voltage plateaus occur, which correspond to distinct 
phase transformations: α-LixV2O5 to ε-LixV2O5 at 3.4 V and ε-LixV2O5 
to δ-LixV2O5 at 3.1 V. However, Figure 3a indicates that these 
plateaus diminish upon extended cycling. From a mechanics 
perspective, the lithiation-induced volume expansion from pristine 
V2O5 to δ-LixV2O5 is ~11%, as indicated in Figure 2. As such, due to 
the constraint provided by the substrate, compressive stresses are 
generated in the thin films during lithiation, as expected (Figure 5). 
It is important to note that a strain larger than 0.1-1% is considered 
severe for brittle ceramics, as we expect V2O5 may be. However, 
quite surprisingly, the compressive stress still increases linearly in 
time (i.e., linearly in capacity), as shown in Figure 5a-c during 
lithiation during all 50 cycles, thereby suggesting a predominately 
elastic response of the film. At the end of lithiation, the stress value 
reached 400-500 MPa, which is on the same order of reported 
stress values extrapolated from strain measurements via STXM in a 
previous study.7 We should note that the absolute value of stress 
could be somewhat different than the value mentioned above 
offset by the residual stress induced during fabrication (which was 
not measured). This value (400-500 MPa) is on the same order of 
(but smaller than) stressed observed during cycling of Si thin films 

(~1200 MPa)12 and Ge thin films (~900 MPa)43. These two materials 
(Si and Ge) are known to exhibit fracture under most conditions 
during cycling.9,12,39,43–46 Additionally, these two materials represent 
high-capacity anode systems that undergo much larger volume 
changes (~300%) than that of V2O5 (~11% volume over this capacity 
range). Despite these differences in volume expansion, the induced 
stresses are on the same order of magnitude, thereby 
demonstrating that even in cathode materials with relatively low 
volume changes, enormous mechanical stresses can be generated 
during electrochemical cycling. As such, the measurements 
provided herein underscore the importance of fully characterizing 
the mechanical performance of all electrode materials in Li-ion 
batteries prior to practical applications.

With these mechanical issues in mind, we investigated the 
evolution of mechanical damage in these systems upon cycling. In 
Figure 4 (a1-a3), we do not observe any obvious evidence of 
physical damage after the 1st cycle in all of our tested samples (we 
show images from three such samples in Figure 4). Likewise, as 
shown in Figure 4d, the diffraction pattern is restored suggesting 
that the crystal structure appears to remain intact after the first 
cycle. As shown in Figure 3b, upon further cycling (1-10 cycles, 
‘Region 1’), the coulombic efficiency increased significantly from 0.7 
to 0.9, which often occurs in lithium-ion batteries during the first 
few cycles47–49. Additionally, the peak heights shown in the 
differential capacity curves of Figure 3c decreased but without any 
noticeable shift in the locations (potentials) of the peaks. 
Additionally, small cracks begin to appear, as shown in locations 
indicated by the red circles in Figure 4 (b1-b3). Additionally, the 
color contrast that begins to appear in some regions after 5 cycles 
may indicate the onset of delamination from the substrate. Still, 
most of the area of the sample maintains mechanical integrity from 
cycles 1 to cycle 5 Likewise, our XRD results (Figure 4d) show that 
after 5 cycles, the reflections are not substantially shifted and only 
minimal changes in intensity are observed, thereby indicating 
retention of the integrity of the crystalline phase (α-V2O5). Finally, 
Figure 5b shows that the stress curves maintain the same trend 
over this cycle range with only a slight downwards shift during each 
cycle. 

During the initial stage of cycling, the battery is still near a “fresh” 
state of pure V2O5. Side reactions, such as the decomposition of 
electrolyte and growth of solid electrolyte interface on both 
cathode and anode side may lead to relatively low coulombic 
efficiencies before reaching a steady value after a few cycles. For 
instance, Qi et al. found that the electrolyte can decompose, even 
at ~3.4 V, which can lead to the deposition of so-called cathode 
electrolyte interface (CEI)50. The deposition of CEI on the cathode 
side may cause the accumulated compression upon cycling 
observed in Region 1. Additionally, during each cycle, some Li atoms 
may remain in the cathode after delithiation to 4 V, which would 
also lead to accumulated compression during cycling. Previous 
Raman and powder diffraction measurements of nanowires and 
micron-sized particles have indeed established irreversible 
lithiation, which results in expansion of the interlayer spacing of 
V2O5.17 Overall, despite the measured stress indicating nearly linear 
elastic behavior during each cycle, residual compressive stresses 
remain after each cycle. In region 1, this produces incrementally 
increasing levels of compression during cycling.

Upon further cycling (10-50 cycles, ‘Region 2’), the coulombic 
efficiency seemingly reaches a steady state (Figure 3b). Additionally, 
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as shown in Figure 3c, the peak height from the differential capacity 
curves not only drops drastically but also shifts (to left during 
lithiation and to right during de-lithiation). This trend suggests that 
the internal resistance of the active material increased.51–53 To 
further substantiate this trend, we performed electrochemical 
impedance spectroscopy (EIS), which indicated that the resistance 
of the active material indeed increases tremendously after 50 cycles 
(Figure S4). We should note that the majority of the resistance in 
our battery system comes from the cathode.54 Additionally, from 
the optical microscopy images after 50 cycles, (Figure 4 (c1-c3)), 
active material detaches from the substrate in the form of 
delamination (e.g., as indicated by the arrow in Figure 4c2). 
Likewise, large cracks formed (e.g., as indicated by the arrow in 
Figure 4c3) over large regions of the electrode. Although the phase 
transformations from pristine α-V2O5 to δ-LixV2O5 are commonly 
regarded as reversible,18,19 here we observed that mechanical 
degradation can still occur during these transformations in the form 
of fracture, delamination, and concomitant loss in contact after 
extended cycling. Likewise, from the XRD results shown in Figure 
4d, the reflections are substantially diminished in intensity after 50 
cycles as a result of material loss from the substrate. Additionally, 
we did not detect any new reflections which would indicate the 
appearance of any new crystalline phases or local nucleation of 
highly lithiated domains. Generally speaking, amorphization and/or 
the observed significant loss of active material via detachment from 
the substrate (Figure 4c) represent potential sources of this decay 
of the XRD intensity and the changes in internal resistance. 
Correspondingly, in Region 2 of Figure 5a, the amplitude of the 
stress change decreases with increasing cycle number. Figure 5c 
shows an enlarged view of the behavior for cycles 46-50. Fracture, 
delamination, and concomitant loss in contact with the current 
collector all lead to this observed decrease in the measured levels 
of changes in stresses during each cycle (Figure 5). We should also 
note that delamination and fracture can also influence our 
measured values of the stresses. As such, quantitative 
interpretation of the data at large cycle numbers is somewhat 
convoluted by the mechanical damage. However, it is still quite 
indicative of what is occurring qualitatively (e.g., the changes in 
stress during each cycle get smaller with further cycling). 

In summary, despite the relatively small volume changes (e.g., as 
compared to anode materials) and phase transformations that are 
generally regarded as reversible in literature (i.e., reversible 
structure/chemistry), extensive structural and mechanical damage 
can still occur in V2O5 thin films, thereby leading to loss of active 
material and associated capacity fade during extended 
electrochemical cycling. 

Effects of varying current density on electrochemical and 
mechanical performance 

Upon changing the current density, we did not observe any changes 
in the slope of the stress profile, as shown in Figure 6. Using 
different current densities effectively imposes different strain rates 
on the material, i.e., larger current densities induce larger 
volumetric changes per time. As such, for current densities of 
practical relevance to real battery systems, this material does not 
exhibit any marked mechanical strain-rate sensitivity, despite such 
effects having been observed in other materials.55–57  Additionally, 
during 4th cycle, when we changed the current density back to the 
initial value (5.92 μA/cm2 (0.2 C)), the stress at the end of lithiation 
is smaller than at the end of the initial lithiation. However, the 

slopes of the curves are still almost identical. This trend occurs due 
to the fading of the capacity during cycling. During the 4th cycle, the 
material exhibits a smaller capacity, i.e., it is lithiated less, and as 
such, a smaller stress is induced. We also note that a moderate 
level of tension occurs (Figure 6) after subjecting this sample to 
various current densities. This tension may stem from a number of 
sources including slight plastic deformation, additional CEI 
formation at larger current densities, or delamination releasing 
residual compressive stresses induced during fabrication.

Effects of deep discharge (4.0 - 2.0 V vs. Li/Li+) on 
electrochemical and mechanical performance

We examined the effects of deep discharge of the pristine V2O5 thin 
film battery to a voltage range (4.0 – 2.0 V) known to induce an 
irreversible phase transformation (to γ-LixV2O5)22. The phase 
transformation from δ-LixV2O5 to γ-LixV2O5 is predicted to induce 
~7% volume contraction as a result of the orthogonal rotation of 
two square-pyramidal VO5 units in opposite directions, despite 
additional lithium insertion, as indicated in Figure 2. Such a phase 
transformation defines tetrahedral environments for Li-ions. 
Interestingly, the phase transformation from δ-LixV2O5 to γ-LixV2O5 
(observed at ~2.2 V) initially induces relative compression of the 
film, followed by relative tension upon further lithiation. De-
lithiation initially induces relative tension, followed by a stress 
profile that is nearly flat. The difference of stresses after the first 
cycle is indicative of plastic deformation, i.e., a relatively large 
residual tensile stress remains after the first cycle. Such large tensile 
stresses can potentially induce fracture, particularly in relatively 
brittle materials (as we expect V2O5 to be). In the following cycles, 
no obvious voltage plateaus exist, thereby suggesting that 
subsequent lithiation/delithiation occurred in solid solution (no 
two-phase coexistence), attesting to irreversible transformation to 
a γ-LixV2O5 phase followed and cycling between this discharged 
phase and the empty γ' metastable phase of V2O5

19. Additionally, 
the stresses are relatively small in these cycles as compared to the 
first cycle. It appears likely that significant mechanical and 
structural damage occurs during deep discharge as a result of the 
energy dissipative distortive structural transformation, which 
warrants further investigation but is beyond the scope of this 
paper. 

Conclusions

In this work, we have shown that significant stresses arise during 
electrochemical cycling of V2O5 thin film cathodes. Extended cycling 
leads to accumulated mechanical damage (e.g., fracture, 
delamination) and structural changes (e.g., amorphization), which 
ultimately result in severe capacity fade. Despite the relatively small 
volume changes in cathodes during cycling, the observations 
provided herein highlight the intimate coupling between 
electrochemistry and mechanics in cathodes of lithium-ion 
batteries. Our results imply that mechanical and/or electrochemical 
processes can lead to their degradation, ultimately producing 
capacity fade. Specifically, in terms of electrochemistry, parasitic 
reactions during cycling (decomposition of electrolyte, deposition of 
CEI and SEI, etc.) may consume active materials or lead to 
irreversible structural changes (e.g., amorphization). In terms of 
mechanics, stresses generated during cycling may produce fracture 
or delamination, increasing resistivity and/or directly leading to loss 
of active materials. Likewise, stresses may accumulate during 
extended cycling, ultimately becoming large enough to induce 
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chemo-mechanical damage in the system and correspondingly 
leading to significant capacity fade. Overall, beyond presenting 
fundamental behavior specific to V2O5 systems, we hope that this 
study will provide a general cautionary message to battery 
researchers in designing next-generation cathodes. In particular, in 
characterizing new materials, we believe that in addition to 
performing standard chemical and electrochemical analysis, it is 
equally as important to perform comprehensive mechanical 
evaluation, thereby ensuring that the battery is robust over 
extended cycling.
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