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alline: amorphous vanadium oxide
for sodium-ion batteries†
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Amorphous and nanocrystalline vanadium pentoxide (V2O5) were

prepared through a combination of sol–gel processing paired with

electrochemical deposition and investigated as cathodes for sodium-

ion batteries. Amorphous V2O5 demonstrated superior electro-

chemical properties upon sodiation as compared to its crystalline

counterpart. More specifically, amorphous vanadium pentoxide had a

measured capacity of 241mA h g�1, twice the capacity of its crystalline

contemporary at 120 mA h g�1. In addition, the amorphous vanadium

pentoxide demonstrated a much higher discharge potential, energy

density, and cycle stability. The development of amorphous materials

could enable the usage and design of previously unexplored electrode

materials; herein, the possible relationship between the improved

sodiation properties and the amorphous structure is discussed.
The progress of energy storage materials and devices appre-
ciably lags the rapid progression of other electronic compo-
nents in spite of the steady advancements in these technologies,
and has increasingly become a bottleneck impeding device
development.1,2 Among commercially available energy storage
media, lithium-ion (Li-ion) batteries constitute a mature and
robust technology and are extensively used in consumer devices
because of their high energy density and portability.3–6 Despite
great commercial success, lithium-based batteries have several
drawbacks associated with their use, such as potential safety
issues, high cost, and resource scarcity. Conversely, sodium-ion
batteries (Na-ion) have been gaining considerable traction as a
realistic candidate for large-scale energy storage applications
over the past several years.7–9

Na-ion batteries are attractive because sodium resources are
seemingly inexhaustible, as well as ubiquitous, and therefore
cost considerably less (by a factor of roughly 30–40 times) than
lithium. Moreover, sodium does not undergo an alloying
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reaction with aluminum at low voltages, as is the case with
lithium, meaning that aluminum can replace copper as the
anodic current collector, which equates to an overall cell cost
savings of �2%.10–12 The lower operating voltage of Na-ion cells
results in enhanced stability of the non-aqueous electrolyte,11

but also manifests itself in a lower energy density. The majority
of the proposed electrode materials for Na-ion batteries show
similar or slightly lower specic capacity and redox potential
than when used in Li-ion cells.13,14 Moreover, the accommoda-
tion of sodium in traditional host materials is difficult because
the ionic radius and reduction potential of sodium are strik-
ingly larger than that of lithium.15 Therefore, the de/sodiation
process induces large distortions in the host lattice that ulti-
mately lead to pulverization of the electrode and the impending
failure of the cell.

Crystalline materials have been the primary electro-active
species of choice in the battery eld for some time now, but their
synthesis can be time-consuming, energy intensive, and costly. It
has recently been demonstrated that disordered materials may
form percolation pathways via the opening of active diffusion
channels that could potentially facilitate ionic diffusion;15,16

moreover, several studies have revealed that Li-ion diffusion in
amorphous materials proceeds more rapidly than in crystalline
materials with similar particle size and morphology.17 Based on
these considerations, it is worth investigating amorphous or
structurally disordered transition metal oxides because of their
isotropic characteristics that may enhance Na-ion diffusion by
offering diffusion paths that are not highly anisotropic, as is the
case for crystalline materials.18 Short-range ordered materials
may also have a lower entropic energy associated with the
ordering of incorporated ions, and a more open framework to
facilitate ionic transport. In this sense, it is possible to describe
amorphous materials as homogeneously disordered, in terms of
anisotropy and potential defects, and crystalline materials as
heterogeneously disordered.

Vanadium oxide is an attractive multifunctional material
used in widespread applications in various elds, such as
catalysis,19 energy storage,20,21 and biomedical devices;22 a wide
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Representative SEM images of V2O5 films deposited on Ni-foil
for one hour: (a and b) low-resolution, (c) high-resolution, and (d)
cross-sectional images.
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assortment of V2O5 nanostructures have already been synthe-
sized by a variety of methods.23–26 For Li-ion battery applica-
tions, the intercalation of lithium into V2O5 has been well
documented and occurs with compensating electrons leading
to the formation of vanadium bronzes; however, reports con-
cerning the use of vanadium oxide for sodium-based energy
storage systems are limited. Tepavcevic et al. demonstrated that
the deintercalation of bilayered V2O5 electrodes was accompa-
nied with the loss of long-range order, while short-range order
was preserved. The bilayered V2O5 cathodes were able to
maintain 85% of their initial capacity aer 350 cycles, with the
current density varying from 20–630 mA g�1.27 Bilayered V2O5

nanobelts with a comparable performance have also been
reported more recently.28 NaV6O15 nanorods have shown
moderate capacity values but poor retention,29 while V2O5-based
Na-ion pseudo-capacitors have delivered a maximum specic
energy of 40 W h kg�1 and retained 80% of their original
capacity aer 900 cycles at a 60 C discharge rate.30 However, a
study concerning amorphous vanadium oxide has yet to be
reported. Herein, we detail the electrochemical deposition of
V2O5 using vanadium-based gels and their application in Na-ion
batteries.31,32 The amorphous V2O5 electrode displayed superior
electrochemical performance compared to its crystalline coun-
terpart, readily demonstrating that the use of amorphous
materials may be of considerable value for future electrode
design, pending further optimization.

The method used for V2O5 gel preparation was adopted
from previous work, and involved several parallel and
sequential chemical reactions, as described in the ESI†.33

Ultimately, hydrous vanadium oxide was deposited through
the electrochemical deposition of VO2 and the catalyzed
gelation of V4+, which served as a nucleation center that
initiated and catalyzed the formation of V2O5$nH2O. Following
the electrochemical deposition on Ni-foil, the electrodes were
processed under different thermal treatment conditions:
ambient (as-processed), 180 �C under vacuum (180 �C vac) for
3 hours, and 450 �C in air (450 �C air) for 3 hours. These
temperatures and atmospheres were chosen based on previous
results showing that V2O5 initiates crystallization at approxi-
mately 216 �C.34 The main reason for annealing under vacuum
at 180 �C is to remove a considerable amount of the crystalline
water, while preserving the amorphous homogeneity and
suppressing crystallization.

The morphology of the lms was observed by scanning
electron microscopy (SEM), a representative image of which is
shown in Fig. 1. SEM reveals that the V2O5 was homogenously
deposited and composed of layers stacked parallel to the
substrate that are composed of irregularly shaped nanoparticles
with an average size of 500 nm. The layered structure is a
product of the deposition process, which took place through a
combination of cathodic deposition and catalyzed gelation, and
imparts a signicant degree of structural stabilization unto the
sample.23,31,32 The overall morphology of the various samples
did not differ signicantly with thermal treatment, but the
observed roughness did increase with temperature. The slight
increase in roughness is most likely caused by minor coars-
ening effects brought on by exposure to higher temperatures.
This journal is © The Royal Society of Chemistry 2014
Nitrogen adsorption–desorption isotherms were collected, in
order to evaluate the surface area and pore characteristics. The
Barrett–Joyner–Halenda (BJH) pore size distributions (Fig. S1†)
obtained from the isotherms suggest that the 180 �C vac and
450 �C air annealed samples contain broadly distributed pores,
the majority of which are smaller than 15 nm, with a respective
average pore size of 3.22 and 3.19 nm; the overall pore volumes
were nearly identical as well. The Brunauer–Emmett–Teller
(BET) derived specic surface areas were 38.7 and 32.6 m2 g�1,
respectively, conrming that the varying thermal treatments
had little change on the morphology outside of the slight
coarsening and surface roughening effects.

The crystallinity of the samples was initially assessed using
X-ray diffraction (XRD, Fig. 2a). The 450 �C air annealed spec-
imen could be indexed to the orthorhombic form of vanadium
pentoxide, V2O5 (space group: Pmmn (59), a¼ 11.516, b ¼ 3.566,
c ¼ 3.777 Å; JCPDS card no. 41-1426), with no detectable
impurities or secondary phases. There were no detected peaks
in the as-processed and 180 �C vac samples. The lack of any
diffraction peaks serves as a strong indication and conrmation
of their amorphous quality, and this was further conrmed by
TEM, Fig. S2.†However, the XRD spectra offer little information
in terms of bonding, coordination, and chemical identication.
Fourier transform infrared (FTIR, Fig. 2b), X-ray photoelectron
(XPS, Fig. 2c), and X-ray absorption (XAS, Fig. 2d) spectroscopy
were therefore conducted in order to reliably distinguish the
chemical nature and structural characteristics of the different
specimens.

FTIR was utilized to chemically identify the seemingly
amorphous compounds. As shown in Fig. 2b, the absorption
peak stemming from the symmetric stretching mode of the
vanadyl V]O bond is observed at approximately 1012 cm�1 for
all the samples. However, the same stretching vibration was
shied to a slightly higher value (1019 cm�1) for the 450 �C air
sample. For the as-processed and 180 �C vac samples, the peaks
localized at 767 and 532 cm�1 are assigned to the 3-fold-coor-
dinated oxygen asymmetric and the symmetric stretching
J. Mater. Chem. A, 2014, 2, 18208–18214 | 18209



Fig. 2 (a) XRD patterns, (b) FTIR spectra, (c) high-resolution XPS spectra, and (d) k3-weighted Fourier transform of the V k-edge EXAFS of the
V2O5 samples.
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vibrations modes of V–O–V, respectively. The lack of a long
range crystallographic order in the samples thermally treated at
lower temperatures leads to a homogeneously disordered
material, and is ultimately accountable for the wide distribution
and shiing of the peaks at lower wavenumbers.

The FTIR absorption peak at 1615 cm�1 is assigned to the
hydroxyl group (O–H) stemming from absorbed water and is
also not detected in the fully crystallized material.35 The incor-
poration of crystalline water may account for some of the
disparity among the vibration modes;36,37 thus, water molecules
incorporating themselves within or on the surface of the
amorphous material can effectively alter the ionic transport
pathways.38,39 It has been demonstrated for V2O5$nH2O xerogel
that the presence of water molecules can expand the interlayer
distance, which correspondingly enhances the intercalation
capacity as a result.40 This modication is usually detected by
XRD, where the (100) peak will shi from its standard value
(2q ¼ 20.258�) to a lower value (2qz 8�), but this fact cannot be
used in this investigation given the amorphous nature of the
180 �C vac sample. Consequently, such effects can lengthen the
bond distance and decrease the strength of the V]O bond,
while simultaneously strengthening the 3-fold-coordinated
V–O–V bond, leading to the shi in the detected bond
18210 | J. Mater. Chem. A, 2014, 2, 18208–18214
vibrations. These spectra match well with those for amorphous
V2O5 previously reported in the literature.34,35,37 The amount of
water in the samples was examined using thermogravimetric
analysis (TGA), and was quantied at approximately 12% and
0.4% for the vacuum and air annealed materials, respectively
(Fig. S1c†). These results were substantiated by bulk density
measurements, using the specic gravity method that measured
the density of the 180 �C vac and 450 �C air materials to be 2.1
and 2.7 cm3 g�1, respectively. XAS results elucidated the loca-
tion of the water, and will be covered later.

XPS was carried out on the samples prior to sodiation, in
order to obtain more information on the chemical state of the
vanadium species present and for additional phase identica-
tion. High-resolution scans, emphasizing the V2p and O1s
peaks, and broad survey scans were collected, and are shown in
Fig. 2c and S3,† respectively. All materials were indexed as V2O5

with the only vanadium species present being V5+. The trends
between the peak position, peak spacing, and their literature
comparisons are shown graphically in Fig. S3 and numerically
in Table S1.† Slight shis in the peak positions were attributed
to the lack of long-range order and the homogeneously disor-
dered makeup of the structure. The V2O5 phase was conrmed
by the spin–orbit splitting of approximately 7.5 eV between the
This journal is © The Royal Society of Chemistry 2014



Fig. 3 (a) Charge–discharge curves for the (a) crystalline (450 �C air),
and (b) amorphous (180 �C vac) V2O5 against Na/Na+ at a current
density of 23.6 mA g�1 (0.1 C); the rate capability of the (c) crystalline
(450 �C air), and (d) amorphous (180 �C vac) V2O5 when discharged at
current densities ranging from 23.6 (0.1 C) to 1170 mA g�1 (5 C).
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V2p3/2 and V2p1/2 orbitals and the energy difference of 12.9 eV
between the binding energy of the V2p3/2 and the O1s orbitals
for all of the samples. These ndings are consistent with liter-
ature reports.41–43

XAS was carried out in transmission mode at the Advanced
Photon Source, sector 13ID-E, and the data-sets were processed
using the IFFEFIT soware package.44 The normalized extended
X-ray absorption ne structure (EXAFS) and V k-edge X-ray
absorption near edge structure (XANES) plots are shown in
Fig. 2d and S4,† respectively. The pre-edge peak in the XANES
spectra corresponds to the 1s to 3d electronic transition, for
which the position and intensity are very responsive towards the
crystal eld symmetry surrounding the vanadium and the
distortion of the local structure, as it inuences the degree of
hybridization between the O2p and the V3d orbitals.34 A
decrease in the pre-edge peak intensity suggests an increase in
the vanadyl V]O distance, which decreases the degree of
distortion of the local structure and effectively increases the
local symmetry within the VO5 square pyramid.45,46 The
absorption edge itself is associated with the 1s to 4p dipole
transition. Comparison of the crystalline and amorphous
absorption spectra further veries that both the thermally
treated specimens are in fact V2O5.

The k3-weighted Fourier transform of EXAFS can provide
information on the coordination shell distance between atomic
neighbors. The direct comparison of the crystalline and amor-
phous Fourier transforms (see Fig. 2d) displays the radial
structure functions for the central absorbing vanadium atom
and highlights the variation in the local structures. The
amplitude of the peaks for the 180 �C vac material is lower than
that of the 450 �C air material, indicating a higher degree of
structural disorder and diminished extending coordination.47,48

The experimental data for the crystalline material shows three
well-dened peaks at 1.50, 2.70, and 3.25 Å that are derived
from the V–O single scatter contribution (1st coordination
sphere), V–V (2nd sphere), and V–V (3rd sphere), respectively. As
expected, the intensity of these peaks drops with increasing
coordination because of the increased scattering events. The
amorphous material shows similar rst and second degree
coordination, but drastic differences in the third. This is also
expected, provided that the amorphous structure lacks long
range order, and the third shell contains contributions from a
large number of overlapping single, as well as multiple-scat-
tering, contributions. Moreover, the 180 �C vac spectrum is
extremely similar to the others gathered for amorphous V2O5, as
presented in the literature.34,46 The manifestation of this
diminished coordination would be a more open structure,
which would be conducive towards improved sodiation. Based
on these results, it is probable that the majority of the water
detected by TGA corresponds to surface adsorbed water. If
anything, the water will add to the disorder between neigh-
boring domains, which could potentially expand the pathways
for Na-ion transport.

The storage performance of the electrochemically deposited
V2O5 was investigated as a Na-ion battery positive electrode
candidate using a half-cell conguration. However, prior to this,
the 450 �C air annealed V2O5 was tested as a Li-ion battery
This journal is © The Royal Society of Chemistry 2014
cathode, in order to establish a baseline merit of performance.
Lithium and sodium ion batteries function in a matching
manner to one another, with the main differences being the
reduction potential, ionic size, and electronegativity of the
alkali species. The results of this initial baseline test (Fig. S5a†)
veried the high electrochemical capability of the 450 �C air
annealed material towards lithium, and hence, substantiated
its use in this study.

Following this baseline test, the 450 �C air and 180 �C vac
materials were cycled against Na/Na+ at 23.6 mA g�1 (0.1 C), the
results of which are shown in Fig. 3a and b, respectively. When
cycled against Na/Na+, the crystalline 450 �C air V2O5 electrode
demonstrated a substantial potential drop, followed by a
moderate discharge plateau at approximately 2.3 V and a
discharge capacity of approximately 120 mA h g�1. Contrary to
its crystalline form, the 180 �C vac material featured a smooth
discharge prole, concurrent with the evolution of sodium-ion
incorporation, and culminating in a discharge capacity of
approximately 241 mA h g�1. The energy density of the amor-
phous material (625.3 W h kg�1) was also markedly greater than
that of its crystalline contemporary (282.6 W h kg�1).

The rate performances of the crystalline (Fig. 3c) and amor-
phous (Fig. 3d) materials were also investigated. Again, the
amorphous V2O5 outperformed its crystalline associate. Based
on the discharge proles, the absence of a phase transformation
in the amorphous material during Na-ion incorporation can
potentially be ascribed to the combination of intercalation and
pseudo-capacitive behavior over a wide range of compositions,
which leads to an improved reversible cycling performance.
Diffusion in disordered materials can be facile, because the
percolation of certain diffusion channels become active, thus
effectively opening a new avenue for the design of disordered or
amorphous electrode materials with high capacity and energy
J. Mater. Chem. A, 2014, 2, 18208–18214 | 18211



Fig. 4 (a) Cyclic voltammograms for the amorphous (180 �C vac) and
crystalline (450 �C air) V2O5 at 1.0 mV s�1; (b) the cycle stability; and (c)
coulombic efficiency gathered at a current density of 23.6 mA g�1.
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density.16 These effects work to improve the charge and ionic
transfer, respectively, at the electrode–electrolyte interface
during the sodiation process.

Crystalline transition metal oxides have been the primary
framework investigated for ionic-based storage applications,
because of their open, yet ordered, structures that offer ample
sites for accommodating guest species during intercalation.49,50

Moreover, there are multiple Faradic charge storage mecha-
nisms, which can simultaneously contribute to the overall
capacity. For layered oxides, these mechanisms either occur at
the particle surface or within the interlayer spacing of the
material. Surface storage is pseudo-capacitive in nature, and
can manifest itself via the monolayer adsorption of ions or
through surface redox reactions. Intercalation-based storage
mechanisms, on the other hand, can ensue with or without an
accompanying material phase change during the insertion of
the ion into the layered structure.51

Previous studies have shown that the character of the
discharge prole shows a strong dependence on the particle
size and on the degree of order of the electro-active species;
more specically, these factors can be independently correlated
to the sloped discharge prole seen here (Fig. 3b).52–54 For
nanoparticles below a critical size, pseudo-capacitive behavior
stemming from the fast and reversible Faradaic reactions
occurring at or near the particle surface culminates in a sloped
discharge prole, occurring over a wide potential window.55,56

Contrastingly, disordering has been shown to lead to sloped
potential proles, given that there is a wider distribution of
intercalation site energies in a disordered material; these
discrepancies in the intercalation site energy may be negated by
the diminished interaction between the intercalation species
and the distribution of the activation barrier varying with the
local atomic environment, meaning that the Na-ion diffusivity is
more independent of the Na-ion concentration.16

For amorphous nanomaterials, it is possible that both the
nano-based pseudo-capacitive and amorphous-based homoge-
neous disorder effects can contribute toward the sloped
discharge prole. It may be possible to distinguish between
these two effects in amorphous materials by synthesizing crys-
talline nanoparticles of equivalent morphology over a decre-
mental size range and by then monitoring the cyclic
voltammetry (CV) for the attenuation of any redox peaks and the
adoption of a rectangular CV prole, which is a characteristic
trait of pseudo-capacitive storage. Regardless, the obtained
results indicate that Na-ion insertion/extraction in amorphous
V2O5 is not accompanied by an abrupt phase change or alter-
ation of the structure, as is seen in its crystalline equivalent; this
attribute ultimately supports the improved cycling stability and
makes it possible for the potential to serve as a direct read of the
depth of discharge.

CV was accordingly performed to elucidate the redox
processes at play for V2O5 in its amorphous and crystalline
states, the results of which are shown in Fig. 4a, as well as in
Fig. S5.† The test cells were successively probed at sweep rates of
0.1, 0.5, and 1.0mV s�1 and within a voltage window of 3.8–1.5 V
vs. Na/Na+. The amorphous material did not exhibit any peaks
over the CV scan, but the current response marginally scaled
18212 | J. Mater. Chem. A, 2014, 2, 18208–18214
with the potential and was greater than the equivalent for the
crystalline material; such CV performance is tied to the broad
energy dispersion of the sodiation sites, occupied through a
percolation mechanism, that gives way to a wide distribution of
redox events.57 Conversely, the CV scans for the crystalline V2O5

showed broad anodic peaks, ranging between 3.2 and 3.3 V.
When paired with the discharge proles, these results clearly
highlight how the structural differences between the amor-
phous and crystalline phases can directly impact the Faradaic
processes at play.
This journal is © The Royal Society of Chemistry 2014
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The cycle stability and coulombic efficiency of the half-cells
was examined at a 0.1 C discharge rate, the results of which are
shown in Fig. 4b and c, respectively. The amorphous V2O5

material exhibited an initial discharge capacity of 216 mA h g�1,
but increased to 241 mA h g�1 with the second cycle. However,
there was a drop in capacity following this peak, which even-
tually stabilized at approximately 160 mA h g�1. Similarly, the
crystalline V2O5 material showed an increase in capacity
following the initial cycle and peaked in the second cycle at
120 mA h g�1, but then experienced steady capacity degradation
throughout the cycling process, which increased towards the
end of the cycling. One would expect these results to be attrib-
uted to differences in the ionic diffusivity, based on the char-
acteristic pore discrepancies as induced by the different
annealing proles; however, these differences, as determined
from nitrogen sorption analysis, were negligible. Thus, it can be
surmised that the disparity in electrochemical performance is
directly correlated to the differences in crystallinity, or the
apparent lack thereof, and the associated ionic insertion/reac-
tion and diffusion processes. It is worth mentioning that when
reproduced, the capacity values can vary slightly, given the
non-monotonous cycle stability behavior, but the overall trends
hold true.

Given these ndings, the use of amorphous V2O5 with short-
range order has proven to be benecial for Na-ion battery
performance, at least when compared to its crystalline coun-
terpart. The discrepancy in performance is primarily accredited
to the low entropic energy associated with the ordering of
intercalated atoms and the more open framework. The less
structured andmore open channels reduce the diffusion barrier
for sodium ions to transition between sites, leading to a high
rate capability and energy density. The amorphous surface may
also make it possible for the sodium ions to more easily pene-
trate the crystal, thereby diffusing deeper into the material.
These effects can lead to a larger capacity at higher current
densities, since more of the electro-active material can be
inltrated more rapidly, which ultimately supports the further
development and optimization of amorphous electrode mate-
rials for future sodium-ion battery application.

Conclusions

In summary, amorphous V2O5 electrodes have unambiguously
demonstrated that their sodiation capacity, energy density, and
cyclic stability are far better than their crystalline contempo-
raries. The amorphous V2O5 electrode, with short range order
and amore open framework, demonstrated a discharge capacity
of 241 mA h g�1 when examined as a positive electrode material
for Na-ion battery application, while its crystalline counterpart
only had a capacity of 120 mA h g�1. The signicant difference
between the crystalline and amorphous phases arises from the
fast Faradaic reactions that occur in amorphous V2O5, stem-
ming from the percolated diffusion network. Moreover, because
diffusion now occurs through isotropic percolation and is not
conned along a preferential pathway, the overall charging–dis-
charging rates are much faster, as evidenced by the 78 mA h g�1

capacity at a current density of 1180mA g�1. Given these results,
This journal is © The Royal Society of Chemistry 2014
the investigation of amorphous electrode materials is expected
to be a promising development, and worthy of further research
towards yielding high energy density and cycle-life rechargeable
sodium batteries.
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