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ABSTRACT: Na+ preintercalated bilayered vanadium oxide
(NVOnH) with a large interlayer spacing of ∼11.1 Å is synthesized
via a hydrothermal method. As proven by mass spectrometry and
magnetization measurements, NVOnH is “oxygen-rich”. NVOnH
undergoes notable structural evolution and thermal instability
during heating due to crystal water and O2 release and
decomposition. NVOnH and dehydrated NVOnH (NVO) deliver
capacities of over 250 and 220 mAh g−1, respectively, despite their
fast capacity decay in the first 20 cycles and low capacity retention
after 100 cycles. Moreover, the reaction mechanism and
reversibility of NVOnH and NVO during Na+-ion (de)insertion
are investigated via in operando techniques. NVOnH experiences a two-phase and solid-solution reaction during discharge and
charge processes, while NVO undergoes a different phase evolution (NVO starting with charging: two-phase reaction for the first
charging and only solid solution for the following cycle; NVO starting with discharging: only a solid-solution reaction). In operando
X-ray absorption spectroscopy demonstrates the variation of the oxidation state and the local structural environment of the V ion
during Na+ (de)insertion.

1. INTRODUCTION
Recently, Na-ion batteries (SIBs) have received much
attention because of their low cost and abundant resources,
and they share a similar “rocking chair principle” as Li-ion
batteries (LIBs). Meanwhile, Al can be used as the current
collector in both cathodes and anodes for SIBs, whereas an
expensive and heavier Cu foil must be used as the current
collector in anodes for LIBs because of the Li−Al alloy
formation at low potentials.1,2 Therefore, SIBs are now
considered as promising candidates to meet the demand for
large-scale energy storage systems and are investigated in the
German cluster of excellence POLiS between the Karlsruhe
Institute of Technology (KIT) and Ulm University. Currently,
a variety of cathode materials including polyanionic com-
pounds,3,4 Prussian blue analogues,5,6 transition metal
oxides,7−9 and organic-based materials10,11 have been under
investigation. Recently, Contemporary Amperex Technology
Co., Limited (CATL) has launched commercial SIBs
consisting of a Prussian white cathode and porous structure
hard carbon anode, where the battery provides a high energy
density of 160 Wh kg−1 and fast charge to 80% state of charge
in 15 min.12 Despite this progress and the potential advantages
of SIBs, most of the cathode materials face structural
degradation, low capacity, and slow kinetic diffusion properties
during electrochemical cycling owing to the large size of Na+

ions (1.02 Å for Na+ vs 0.76 Å for Li+).13 Hence, it is essential
to explore and develop high-performance cathode materials for
SIBs. Moreover, the structural degradation could be improved
to some extent by using nanomaterials or open tunnel
structures or by employing layered materials as cathode
electrodes.

Bilayered vanadium oxide (V2O5·nH2O) is considered as a
promising high-capacity cathode material for Li-ion, Na-ion,
and Mg-ion batteries14−17 because of its large interlayer space
and multivalent redox capability. Each layer consists of double-
stacked ribbons of VO6 octahedra. The V−O layers are bound
by van der Waals forces, and the interlayer region is stabilized
by crystallization water.18 In addition, ion stabilization,
preintercalation in the interlayer space, is regarded as an
effective approach to improve the structural stability of layered
transition metal oxides during electrochemical cycling.
Preintercalated ions are believed to form bonds with the
oxygen atoms in transition-metal−oxygen layers to act as
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“pillars”. For example, Clites and Pomerantseva19 prepared
bilayered MxV2O5 (M = Li, Na, K, Mg, and Ca) and
demonstrated that the cyclability and rate performance of the
bilayered MxV2O5 improve with increasing interlayer spacing
(9.6−13.4 Å) in LIBs. However, only a few works have focused
on the study of preintercalated bilayered V2O5 for SIBs.20−23

For instance, Wei et al.20 reported that iron preintercalated
vanadium oxide in SIBs shows a discharge capacity of 184 mAh
g−1 at a current density of 0.1 A g−1 between 1.0 and 4.0 V vs
Na+/Na. The bilayered NaxV2O5 prepared by Clites et al.21

delivers a high initial discharge capacity of 365 mAh g−1 at 20
mA g−1 in 1.0−4.3 V vs Na+/Na and a discharge capacity of
179 mAh g−1 after 30 cycles in SIBs. Zhao et al.22 studied a
NaxV2O5·nH2O/ketjen black nanocomposite, exhibiting a
discharge capacity of 239 mA h g−1 at 20 mA g−1. Up to
now, the actual reaction mechanism of Na-ion preintercalated
bilayered V2O5 during the electrochemical processes is also still
missing and the role of crystal water in the bilayered NaxV2O5
remains unclear.

Herein, oxygen-rich Na+ preintercalated bilayered vanadium
oxide (NVOnH) nanowires with a large interplanar spacing of
∼11.1 Å were synthesized via the hydrothermal method. The
physical properties, thermal stability, and phase evolution of
NVOnH are first investigated. Then, the electrochemical
performance of the NVOnH cathode and dehydrated NVOnH
(NVO) in SIBs is studied and compared. Furthermore, the
reaction mechanism of NVOnH and NVO during sodium

intercalation/deintercalation in SIBs is carefully revealed using
in operando synchrotron diffraction and X-ray absorption
spectroscopy (XAS). This work provides a deep understanding
of the Na+ storage mechanism of bilayered vanadium oxide
cathode materials.

2. RESULTS AND DISCUSSION
2.1. Physical Properties of NVOnH. Powder X-ray

diffraction (XRD) was carried out to investigate the phase
purity and structure of the synthesized vanadium oxide
NVOnH. The XRD pattern shown in Figure 1a cannot be
indexed according to any known structure type reported in the
literature, including a known compound NaxV2O5·nH2O,
which consists of δ-type V2O5 layer stacking along the c axis
and with hydrated Na+ ions in between interlayers.24−26

NVOnH shows a similar XRD pattern to electrolytic vanadium
oxide (e-V2O5)27 and e-MxV2O5+y·nH2O,28 demonstrating the
features of a xerogel structure, where it is composed of double-
layered VO6 octahedra and VO5 pyramids with water
molecules and metal cations residing between the interlayers.
NVOnH has a strong and sharp reflection at 2θ = ∼3.7° (Mo
Kα1, λ = 0.70932 Å), representing an interlayer spacing of
∼11.1 Å (Figure 1a). This value is much larger than those of
Zn0.25V2O5·nH2O (∼10.2 Å),29 ζ-V2O5 (∼9.5 Å),30 and
NH4V4O10 (9.8 Å)31 and close to those of V2O5·0.5H2O
(10.8 Å)32 and NH4V4O10·nH2O (10.9 Å).33 The large spacing
of NVOnH offers more space for Na+ storage and facilitates

Figure 1. XRD of NVOnH nanowires (Mo Kα1, λ = 0.70932 Å) (a), TGA-MS of m/z signals (b) of NVOnH under an Ar atmosphere, magnetic
susceptibility vs temperature measured at 1 T together with Curie−Weiss fit for NVOnH (c) and NVO (d), and in situ high-temperature
synchrotron diffraction patterns (λ = 0.20732 Å, 60 keV) of NVOnH during heating from 30 to 650 °C (e).
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Na+-ion diffusion. Le Bail fitting demonstrates that the XRD
patterns of the NVOnH material can be described by an
orthorhombic structure with a Pmmn space group with lattice
parameters of a = 11.548(2) Å, b = 3.657(1) Å, and c =
11.077(2) Å, which has a similar a−b plane to V2O5 (a =
11.510 Å, b = 3.563 Å, and Pmmn).34 Scanning electron
microscopy (SEM) demonstrates a nanowire morphology with
typical lengths of 300 nm to 2 μm and width of ∼50 nm
(Figure S1). Furthermore, thermogravimetric analysis (TGA),
X-ray photoelectron spectroscopy (XPS), and inductively
coupled plasma optical emission spectroscopy (ICP-OES)
were conducted to estimate the amount of crystal water and
the chemical formula of NVOnH. In the TGA curve (Figure
S2a), the weight loss of ∼8.7 wt % in the 100−400 °C range is
attributed to crystal water and minor residual organic
components. ICP-OES reveals that the ratio of Na/V in the
nanowires is 0.38:2. The V 2p spectrum of the pristine
NVOnH can be fitted by two doublets with V 2p3/2 at 517.4
and 516.0 eV,35 giving an average oxidation state of V4.89+

(Figure S2b). To maintain charge neutrality, more oxygen
should exist in the material, and thus, the chemical formula of
NVOnH nanowires is determined as Na0.38V2O5+δ·nH2O (δ ∼
0.1, n ∼ 1.1). TGA coupled with mass spectrometry (TGA-
MS) was performed under an Ar flow to investigate the
existence of additional oxygen. Figure 1b exhibits the observed
m/z signals of 16, 17, and 18 at ∼150 °C, where m/z = 17 and
18 are related to water release and m/z = 16 is ascribed to O2
release. Note that the observed m/z signals of 44 at ∼350 °C
are attributed to CO2 release resulting from the residual
organic acetate component during synthesis.

Magnetic properties of NVOnH were investigated to gain
more insights into the electronic configuration of the V ions.
The ZFC and FC branches are superimposed over the
complete temperature region, and therefore, only the ZFC
curve will be considered further. As shown in Figure 1c, the
susceptibility curve obtained from the ZFC curve exhibits a
clear 1/T-like behavior, particularly visible at temperatures
below ∼50 K, displaying a typical Langevin-type para-
magnetism of localized moments. From the Curie−Weiss fit
to the susceptibility data of NVOnH from 2 to 300 K (Figure
1c), the Curie constant, the Weiss constant, and the
temperature-independent paramagnetic contribution are esti-
mated to be 0.0104(1) cm3 K mol−1, −1.23(5) K, and 5.88(2)
× 10−4 cm3 mol−1, respectively. Therefore, the concentrations
of 1.972(1) V5+ (diamagnetic) and 0.028(1) V4+ (para-
magnetic with √3 ≈ 1.73 μB per ion) are determined, with
only a small portion of V4+ in the NVOnH material and a
correspondingly very weak paramagnetic signal only. With the
assumption that 0.38 Na+ is present next to the above-
mentioned amounts of V5+ and V4+, the demand of charge
neutrality indicates an oxygen excess of δmag ∼ 0.18 in the
NVOnH structure that is in accordance with the chemical
analysis and TGA-MS results. Moreover, a small bump in the
susceptibility curve between ∼50 and ∼80 K (indicated by a
double-arrow in the figure) is supposed to be related to a spin
glass-like behavior, as outlined below. Field scan at 2 K shows a
typical behavior of Langevin-type localized moments with
indications of saturation at high fields (Figure S3a). The
ordered moment at 2 K and 7 T is ∼0.028 μB, which exactly
matches with the concentration of V4+ as determined from the
Curie−Weiss fit and the fact that each V4+ would contribute
with a z-component of the magnetic moment of 1 μB to the
measured magnetization (z is the quantization axis as defined

by the direction of the external magnetic field). Interestingly,
the hysteresis loops between ∼50 and ∼80 K are not closed
(Figure S3b) due to time-dependent relaxation processes,
specifically a spin-glass like behavior (note the slow evolving
magnetization in this temperature region over time as shown in
Figure S3c). The temperature cycling experiment (Figure S3d)
also confirms the presence of this time-dependent feature,
specifically a spin-glass like behavior in the 50−80 K
temperature regime. The intrinsic semiconductor property of
NVOnH is demonstrated by the fit of measured electric
resistivity in the region from 180 to 300 K (Figure S4). The
semiconducting properties of the matrix together with the very
low concentration of the magnetic moment bearing V4+ ions
that are distributed within the nonmagnetic V5+ matrix
represent a typical arrangement for which a spin-glass like
behavior can often be observed,36 with a variation of magnetic
couplings that leads to frustration. Temperature-dependent
changes of lattice parameters and geometries of magnetic
coupling paths are supposed to find a special combination of
values in the temperature range from 50 to 80 K that then
leads supposedly to the spin-glass like behavior with the typical
observed slow evolution of magnetization over time. Due to
the low concentration of the magnetic ions and the low overall
magnetic signal, it was not possible to further confirm a spin-
glass-like behavior by ac susceptibility measurements.

For comparison, magnetic measurements were also con-
ducted for NVO (dried NVOnH) that is obtained from
NVOnH dried overnight at 300 °C under vacuum. ZFC and
FC curves of NVO are also overlapping over the complete
temperature region, and only the ZFC curve will be considered
further. The susceptibility vs temperature curve obtained from
the ZFC exhibits a clear 1/T-like behavior typical for Langevin-
type paramagnetism of localized moments. A Curie−Weiss fit
(Figure 1d) gets a Curie constant of 0.1262(5) cm3 K mol−1, a
Weiss constant of −4.49(4) K, and a temperature-independent
paramagnetic contribution of 7.54(6) × 10−4 cm3 mol−1.
Therefore, the concentrations of 1.66(1) V5+ and 0.34(1) V4+

are determined and agree well with charge neutrality
conditions for the composition Na0.38V2O5. This suggests
that considerably more V4+ ions are present in NVO compared
with that of NVOnH. A theoretical saturation magnetization of
0.34 μB per f.u. is predicted for the hypothetical free ion case.
Meanwhile, the field scan at 2 K shows a typical behavior of
Langevin-type localized moments and provides measured
saturation magnetization of 0.123 μB per f.u. at 2 K and 7 T
(Figure S5a), implying that some sort of anisotropies or
exchange is reducing the measured ordered moment compared
to the hypothetical case of 0.34 μB of the free ion. Moreover,
there are no indications any more for the presence of spin-glass
like behavior, which is also confirmed by the time-dependent
measurement of the NVO sample (Figure S5b).

2.2. Thermal Stability and Phase Evolution of
NVOnH. In situ high-temperature synchrotron diffraction was
carried out to probe the structural evolution and thermal
stability of NVOnH during heating (Figure 1e). At lower
temperatures (less than 125 °C), the main reflections are
attributed to bilayered NVOnH. As the temperature increased
to 125 °C, the reflection at 1.10° shifts to 1.14° with a
significant maximum intensity decrease, the reflection at 3.30°
completely disappears, and two reflections at 4.39 and 4.59°
show an intensity decrease. With the temperature increased to
150 °C, the reflection at 1.14° continuously shifts to 1.29° with
a further intensity decrease, and two reflections at 2.61 and

Chemistry of Materials pubs.acs.org/cm Article

https://doi.org/10.1021/acs.chemmater.4c01739
Chem. Mater. 2024, 36, 10176−10185

10178

https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01739/suppl_file/cm4c01739_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01739/suppl_file/cm4c01739_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01739/suppl_file/cm4c01739_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01739/suppl_file/cm4c01739_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01739/suppl_file/cm4c01739_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01739/suppl_file/cm4c01739_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01739/suppl_file/cm4c01739_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01739/suppl_file/cm4c01739_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01739/suppl_file/cm4c01739_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01739/suppl_file/cm4c01739_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.4c01739/suppl_file/cm4c01739_si_001.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.4c01739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


4.71° appear. With the further temperature increase to 175 °C,
all reflections grow up, demonstrating a two-phase transition in
the temperature range of 125−175 °C, accompanying crystal
water release and O2 release as proved by TGA-MS. In the
temperature range of 175−300 °C, all reflections display no
notable changes except slight shifts in their positions, which are
caused by the thermal expansion during heating. At 300 °C,
some very small reflections appear at 1.63, 3.52, 4.05, 4.36,
5.42, and 8.53°. Then, many other reflections such as 1.24,
1.71, 2.03, 2.23, 2.35, 2.49, 3.06, 3.25, 3.39, 3.71, 3.84, 3.98,
4.05, 4.09, and 4.35° also appear and grow as the temperature
is increased to 450 °C, while all reflections of Na0.38V2O5
gradually disappear. These new reflections at 450 °C
correspond to two new phases 67(1) wt % of Na0.33V2O5

37

(C2/m, a = 15.582 Å, b = 3.613 Å, c = 10.143 Å, β = 109.45°)
and 33(1) wt % of Na1.2V3O8

38 (P21m, a = 7.317 Å, b = 3.609
Å, c = 12.226 Å, β = 107.17°), as shown in Figure S6,
indicating the decomposition of Na0.38V2O5 in the temperature
range of 350−450 °C. Upon further heating to 550 °C, the
reflections of Na0.33V2O5 slowly shift to lower angles with a
slight increase in their intensities related to the thermal
expansion at high temperatures. Meanwhile, the reflections of
Na1.2V3O8 also gradually shift to lower angles, but with a
decrease in their intensities. With the further increase in
temperature to 650 °C, only small changes, such as the
intensity decrease of the reflection at 1.68° and the shifting to
lower angles of most of the reflections, can be obtained,
indicating the lattice expansion and high stability of both
materials at high temperatures. Note that crystalline water is
critical to expanding the spacing of the layered structure and
can significantly impact the electronic structure of vanadium
oxides. Meanwhile, the crystal water can also improve Na-ion
diffusion in the crystal host and at the interface due to the
shielding effect of the large Na+ ions, thus affecting the
electrochemical performance (capacity and rate capability).

2.3. Electrochemical Properties of NVOnH and NVO.
The electrochemical properties of NVOnH and NVO were
studied at 20 mA g−1 starting with the first discharge and
charge. For NVOnH, starting with the first discharge, it

displays slope-like discharge/charge profiles and delivers a first
discharge/charge capacity of 273/265 mAh g−1, resulting in
97% initial Coulombic efficiency (CE) (Figure 2a). NVOnH
can offer a discharge capacity of 252 mAh g−1 for the fifth
cycle, while it displays a fast capacity decay to 100 mAh g−1 for
the 20th cycle and down to 46 mAh g−1 with 17% capacity
retention after 100 cycles (Figure S7a). For NVOnH, starting
with the first charge (Figure 2b), it shows a multiple slope
profile for the first discharge and slope-like discharge/charge
profiles for the rest. It delivers a first charge capacity of only 4
mAh g−1 and a much higher first discharge capacity of 309
mAh g−1, indicating that no Na+ ions can be extracted from the
NVOnH structure. This is in good agreement with the
existence of additional oxygen in the structure. It exhibits a
sharp capacity decay to 94 mAh g−1 for the 20th cycle and
down to 23 mAh g−1 for the 100th cycle with 7% capacity
retention (Figure S7b).

In contrast, the NVO also shows slope-like discharge/charge
profiles. In the case of starting with the first discharge, NVO
only provides a first discharge/charge capacity of 185/212
mAh g−1, resulting in 115% initial CE (Figure 2c) over 100%.
This is attributed to the fact that part of Na+ ions are extracted
out from the initial Na0.38V2O5 structure. It displays the highest
discharge capacity of 222 mAh g−1 for the second cycle and a
capacity fade down to 46 mAh g−1 for the 100th cycle with
21% capacity retention after 100 cycles (Figure S7c). For the
cycling starting with the first charge (Figure 2d), it delivers a
first charge capacity of 46 mAh g−1 (0.33−0.36 Na+) and a first
discharge capacity of 214 mAh g−1, implying that almost all
Na+ ions are extracted from the NVO structure. This is in line
with the result of magnetic measurements performed for NVO.
It also exhibits a capacity decay to 44 mAh g−1 for the 100th
cycle with 21% capacity retention (Figure S7d). Unfortunately,
both materials undergo fast capacity fading over the initial 20
cycles. The main reason for the degradation could be
attributed to the irreversibility of the materials, the (partial)
dissolution of vanadium oxide, and the side reaction during
cycling. It is rather complicated and challenging to understand
the cause of capacity decay with cycling since it relies on many

Figure 2. Charge−discharge curves of NVOnH (a, b) and NVO (c, d) starting with the first discharge and charge.
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factors and the interplay of components in the cell. However,
detailed investigations should be performed in future work.

2.4. Reaction Mechanism of NVOnH and NVO. To
illustrate the structural evolution of NVOnH upon Na+

(de)insertion, in operando synchrotron diffraction was
conducted during the initial cycle, as displayed in Figure 3.

Before discharge, all reflections can be indexed according to
pristine NVOnH. During the initial Na+-ion insertion in
Region I (Figure 3a), minor changes can be observed, such as
the intensity decrease of the reflection at 1.09° and the slight
shifts to lower angles for reflections at 3.40, 6.21, 6.61, and
7.72°, indicating a short solid-solution reaction. Upon further
Na+-ion insertion in Region II, the reflection at 1.09°
significantly decreases in intensity and then disappears,
accompanied by the appearance of a broad reflection at
1.30° and disappearance of reflections at 3.64, 3.88, 4.57, and
6.20°. Meanwhile, new reflections appear at 3.70, 3.96, 4.69,
and 6.14° and several reflections (3.40, 6.60, 7.73, and 9.05°)
move toward lower angles (3.39, 6.57, 7.67, and 9.00°,
respectively). This indicates the coexistence of a two-phase
transition and solid-solution process, which can probably be
attributed to disordered Na+ ions leading to a nonequilibrium

condition. In Region III, notable shifts to lower angles are
observed for all reflections at 3.39, 3.68, 4.69, 6.57, 6.70, 7.67,
and 9.00°, while the reflection at 1.30° remains in the same
position until the “black line” and then shifts to a higher angle,
implying that a solid-solution reaction is present in this region.
Note that all reflections slowly decrease in their intensities after
the “black line” in Region III, suggesting the presence of a
strong disordered structure after Na-ion insertion (Figure S8).
During the charge process, it displays a reversible evolution of
the diffraction pattern, and all reflections almost return back to
their original positions except for the two reflections at 1.09
and 3.40° with lower intensities (Figure S8).

In the case of NVO starting with the first charge (Figure 3b),
the reflection at 1.25° disappears, and a new reflection at 1.02°
appears and slowly grows up, while the other reflections remain
at the same positions, indicating a short two-phase transition
during Na-ion deinsertion. Upon further Na-ion deinsertion
(at 4.0 V), the reflection at 1.02° shifts to 0.99°
(corresponding to a lattice distance of 11.9 Å), while the
reflections at 3.42, 6.53, and 8.97° slightly shift toward higher
angles (3.44, 6.56, and 9.00°), indicating a short solid solution
to form Na-free V2O5. Note that the Na-free V2O5 does not
match with any known V2O5 polymorphs such as α-, β-, δ-, γ-,
ζ-, and ε-V2O5,39 suggesting a new structure of V2O5. During
the first discharge, all reflections except the one at 0.99°
gradually move toward lower angles, while the one at 0.99° first
shifts to a higher angle of 1.01° before the “black line” in
Figure 3b and then shifts to a lower angle of 0.96°. This
suggests that the Na-free V2O5 undergoes a solid-solution
reaction accompanying the Na-ion insertion, where the
interlayer spacing first shrinks upon the initial Na-ion insertion
and then expands with enough Na-ion storage between the
layers due to the strong interaction of Na ions inside the
structure. During the second charge, all reflections except the
one at 0.96° gradually shift back to their original positions
(Figure S9), while the one at 0.96° first shifts to 0.93° before
the “olive line” in Figure 3b, then shifts to a higher angle of
1.01° (light gray line), and finally returns back to 0.99°. This
indicates that the material experiences a reversible but
unsymmetric solid-solution reaction during the Na-ion (de)-
insertion.

In the case of NVO, starting with the first discharge (Figure
3c), NVO demonstrates a completely different structural
evolution compared with the described two cases. During the
first discharge, all reflections except the one at 1.25° gradually
move toward lower angles, while the one at 1.25° first shifts to
a higher angle of 1.34° before the “black line” in Figure 3c is
reached and then remains in the same position, implying that
NVO only experiences a solid-solution reaction. During the
first charge, all reflections show a reversible and symmetric
process and finally return back to their original positions with
slightly lower intensities (Figure S10), indicating the high
reversibility during Na-ion insertion and deinsertion. However,
the crystal structure of both NVOnH and NVO does not
exhibit the same structural evolution as other vanadium oxides.
For example, Muller-Bouvet et al.40 reported that upon Na
insertion, α-V2O5 maintained its structure without significant
changes at low sodium amounts (x ≤ 0.2 in NaxV2O5) and
experienced a solid-solution mechanism in the range 0.2 ≤ x ≤
1.6. The irreversible NaV2O5 phase is formed during the first
Na insertion, and the NaV2O5 phase can reversibly insert 0.8
sodium ions in the range of 1.4−3.0 V vs Na+/Na. Meanwhile,
Ali et al.41 proposed a different reaction mechanism: A two-

Figure 3. In operando synchrotron diffraction (λ = 0.20734 Å, 60 keV)
of NVOnH (a), NVO starting with the first charge (b), and NVO
starting with the first discharge (c) during the first cycles at 25 mA
g−1.
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phase mixture composed of a major phase of NaV2O5 and a
minor phase of Na2V2O5 was observed during the discharge
process, where the Na2V2O5 phase exists in the presence of
crystalline and amorphous-like phases. Upon the charging
process, it returns back to its original structure of V2O5 with a
minor phase of NaV2O5. Baddour-Hadjean et al.42 reported
that chemically synthesized γ′-V2O5 experienced a two-phase
mechanism in the region of 0 ≤ x ≤ 0.7 (γ-Na0.7V2O5) and a
single-phase region in the region of 0.7 < x ≤ 0.97. Later on,
they reported that ball-milled γ′-V2O5 demonstrated a
shortening of the two-phase region and enlarged single-phase
region (0 ≤ x < 0.2 and 0.4 ≤ x ≤ 0.94 in γ-NaxV2O5).43

Tepavcevic et al.44 revealed that bilayered V2O5 underwent the
expansion of layer spacing upon Na+-ion insertion, while it lost
the long-range order and maintained its short-range order after
Na+-ion deinsertion. Wei et al.20 obtained a lattice breathing
for bilayered V2O5 during Na+-ion insertion and the lattice
breathing can be greatly inhibited for the iron-ion preinterca-
lated bilayered V2O5 via ex situ XRD. Dong et al.45 claimed
that NaV6O15 underwent a single-phase reaction during Na+-
ion insertion/deinsertion. However, the appearance of two
new reflections at 20 and 35° in the in situ/operando XRD data,
accompanying the disappearance of 200 and 31−1 reflections,
probably suggests the formation of a new phase. Up to now,
limited in situ and operando XRD analyses of vanadium oxides
for SIBs have been reported. Therefore, more efforts are
needed to understand the structural evolution of vanadium
oxides.

In operando XAS was conducted to look into the electronic
and structural environments of V ions in NVOnH and NVO
during cycling. Figure 4a displays the normalized V K-edge
spectra of NVOnH during the first cycle. The oxidation state of
V in NVOnH is estimated to be +4.87 using linear
combination fitting (LCF) (Figure S11a), which is in good
agreement with the XPS result. Moreover, an intense pre-edge
peak for the V K-edge is observed owing to the 5-fold
coordinated V ions by oxygens in a distorted tetragonal
pyramid, which is attributed to the transitions between the 1s
and bound p-hybridized d-states.46,47 NVOnH shows a similar
XAS feature to a xerogel material, suggesting a similar structure
comparing NVOnH with electrolytic vanadium oxide e-
V2O5,27 which is also close to that of V2O5. Upon Na+

insertion, the V K-edge of NVOnH and pre-peak gradually
move to lower binding energies, indicating the reduction of the
V oxidation state (Figure 4a). At the same time, the pre-peak
exhibits a simultaneous decrease in intensity, implying the
symmetry increase of local V environments. The increase in
symmetry would reduce the probability of the 1s−3d
transition, thus causing a reduction of the peak intensity.48

Notable changes in both shape and intensity of edge resonance
(B in Figure 4a) are observed, which is attributed to the
absorption of photons accompanied by core−electron
excitations.47,49 Two small broad peaks at 5488 and 5493 eV
progressively merge into one big broad peak at ∼5489 eV with
a slight increase in intensity, while the peak at 5507 eV
significantly moves to a lower energy of 5502 eV. A distinct

Figure 4. In operando V K-edge XANES spectra of NVOnH (a, b), NVO starting with the first charging (c, d), and NVO starting with the first
discharging (e, f) during the first cycle; the isosbestic points are pointed out by red arrows.
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isosbestic point50 at ∼5494 eV (red arrows in Figure 4a,b) can
be observed for discharge and charge, respectively, suggesting a
two-phase reaction50 during Na+ (de)insertion, as demon-
strated by in operando synchrotron diffraction. The V oxidation
state at 1.25 V is estimated as +4.0 using LCF (Figure S11b),
which is close to the value from the electrochemistry (+3.84).
Upon Na+ deinsertion, the positions of the V K-edge, of the
pre-edge peak, and of the edge resonance recover their initial
positions. This means that the oxidation state and the local
structure of the V ions behave reversibly (Figure 4b).
Meanwhile, the slight difference in XAS for OCV and 4.0 V
can be due to the minor Na+ extraction from the initial
structure (Figure S12).

The normalized V K-edge spectra of NVO with starting
discharge and charge are shown in Figure 4c−f. Compared
with that of NVOnH, the V K-edge spectrum at the OCV
(Figure S13a) exhibits a slightly lower energy for its edge
position and pre-peak with decreased intensity, implying the
reduction of V ions as indicated by the results from magnetic
measurements and electrochemistry. Moreover, only two
broad peaks centered at 5489 and 5504 eV are observed,
which is similar to a certain amount of Na+-ion insertion for
the pristine NVOnH. In contrast, NVO starting with the first
charge displays the oxidation of V ions during the initial Na+-
ion deinsertion owing to the clear shifting toward a higher
energy of the edge positions and pre-peak with a slight increase
in the intensity of the pre-peak (Figure 4c). During the initial
Na+-ion insertion (Figure 4d), it also exhibits a shift to a lower
energy of the edge positions and pre-peak with a gradual
decrease in intensity, indicating the reduction of V ions and
symmetry increase of local V environments. Interestingly, the
V K-edge spectra of NVO and NVOnH at 1.25 V are close to
each other, suggesting a similar oxidation state of V ions in the
three cases (Figure S13b). Moreover, a distinct isosbestic
point50 at ∼5474 eV (red arrow in Figure 4c) is observed and
no isosbestic point (Figure 4d) is observed, implying a two-
phase reaction50 during Na+-ion deinsertion and solid-solution
reaction during the initial Na+-ion insertion, as revealed by in
operando synchrotron diffraction. In the case of NVO with the
starting discharge (Figure 4e,f), it demonstrates a similar XAS
feature evolution to NVOnH including its edge positions and
pre-peak shifting toward a lower energy with a gradual decrease
in the intensity of the pre-peak and edge resonance.
Nevertheless, unfortunately, the data collection of the
discharging process is not complete because of a beam loss
during the experiment. Note that no distinct isosbestic point is
obtained during the discharge and charge, implying the solid-
solution reaction, in good agreement with in operando
synchrotron diffraction.

3. CONCLUSIONS
Oxygen-rich NVOnH is successfully synthesized via a hydro-
thermal method, which is proven by mass spectrometry and
magnetic results. The bilayered NVOnH has an orthorhombic
structure and a large interlayer spacing of ∼11.1 Å. NVOnH
and NVO exhibit a typical Langevin-type paramagnetism of
localized moments, while only NVOnH shows a spin-glass like
behavior. NVOnH undergoes several notable structural
evolutions and thermal instabilities during heating due to
crystal water and O2 release (125−175 °C) and decomposition
of Na0.38V2O5 (350−450 °C). As a cathode, NVOnH delivers a
capacity of over 250 mAh g−1 in the initial few cycles and NVO
provides a capacity of 220 mAh g−1. However, both NVOnH

and NVO demonstrate fast capacity decay in the first 20 cycles
and low capacity retention after 100 cycles. Moreover, the
reaction mechanism and reversibility of NVOnH and NVO
during Na+-ion (de)insertion are investigated via in operando
techniques. NVOnH experiences a two-phase reaction and
solid-solution reaction during discharge and charge processes,
respectively, whereas NVO goes through different reaction
mechanisms starting with charging and discharging. In
operando XAS demonstrates the variation of the oxidation
state and the local electron environment of V during Na+

(de)insertion. This work provides a deep understanding of the
Na+ storage mechanism of cathode materials.

4. EXPERIMENTAL AND CALCULATIONS DETAILS
4.1. Synthesis of NaxV2O5+δ·nH2O Nanowires. NaxV2O5+δ·

nH2O (NVOnH) nanowires were prepared via a hydrothermal
method. Briefly, 0.5 g of commercial V2O5 powder (Alfa Aesar,
99.99%) was added to 20 mL of deionized water under vigorous
stirring for 10 min to form a light orange suspension. Then, 5 mL of
30% hydrogen peroxide (H2O2) was dropwise added to the above
suspension with stirring for 20 min to get a transparent reddish-brown
solution. Afterward, a solution consisting of 0.11275 g of Na-
(CH3COO)2 dissolved in 5 mL of deionized water was added into the
above reddish-brown solution with stirring for 10 min. The obtained
solution was transferred to a 50 mL Teflon-lined stainless-steel
autoclave and kept at 200 °C for 48 h. The precipitate was washed
with deionized H2O and ethanol several times and dried at 75 °C for
12 h. The dehydrated sample NVO was prepared in a vacuum oven
(Büchi Labortechnik GmbH) at 300 °C for 24 h.

4.2. Morphological and Structural Study. The morphologies
were studied with a Zeiss Supra 55 Scanning Electron Microscope
(SEM) with a primary energy of 15 keV. The structural character-
ization was performed on a STOE STADI P diffractometer operated
with Mo Kα1 radiation (λ = 0.70932 Å). The powders were filled in
0.5 mm Ø borosilicate capillaries, and diffraction patterns were
collected in capillary geometry. Thermogravimetric analyses (TGA)
were done on an STA 449C (Netzsch GmbH) under Ar flow to
determine the crystal water content in NVOnH. Simultaneous
thermogravimetric analysis and mass spectrometry (TGA-MS) were
conducted with a Setaram thermal analyzer SENSYS evo TGA
equipped with a Pfeiffer OmniStar mass spectrometer for the analysis
of the evolved gas. The measurement was conducted from room
temperature to 650 °C with a heating rate of 5 °C min−1 under argon
flow. X-ray photoelectron spectroscopy (XPS) was performed using a
K-Alpha spectrometer (ThermoFisher Scientific, UK) equipped with
a microfocused, monochromated Al Kα X-ray source (λ = 1486.6 eV)
with a spot size of 400 μm. A charge compensation system was
employed during measurement, using electrons of 8 eV energy and
low-energy Ar ions to prevent localized charge accumulation. Thermo
Avantage software was used in data acquisition and processing, as
described elsewhere.51 The analyzer transmission function, Scofield
sensitivity factors, and effective attenuation lengths for photoelectrons
were applied.52 The standard TPP-2 M formalism was used for the
calculation of effective attenuation lengths.53 All spectra were
referenced to the carbonaceous C 1s peak (C−C and C−H) at
285.0 eV binding energy.

Magnetic properties were measured by using the Vibrating Sample
Magnetometry (VSM) option installed onto a DynaCool Physical
Property Measurement System (PPMS) from Quantum Design.
Magnetic moment vs temperature was measured at a magnetic field of
10 kOe (1 T) from 2 to 300 K with a temperature resolution of ΔT =
1 K and temperature settle mode for 2−50 K and a scan rate of 2 K/
min for 50−300 K. The sample was first cooled down from RT to 2 K
without a field (zero field cooling; ZFC) prior to the measurement,
and then, the procedure was repeated with a field set to 1 T (field
cooled; FC). The measured raw data of the temperature scans was
corrected for diamagnetic contributions from the sample holder (

holder
dia = −2.5 × 10−8 cm3/holder) and for diamagnetic contribution
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from the Na+, V5+, and O2− ions and from the water by the
incremental method54 ( closed shells

dia = −8.434 × 10−5 cm3 mol−1). The
other data sets were not corrected for diamagnetic contributions. The
amount of crystal water was set to n = 1.1 for the calculation of molar
mass and diamagnetic susceptibility.

Magnetic moment vs field (full loops) were measured at 2, 10, 20,
30, 80, 100, 150, 200, 250, and 300 K with maximum field of μ0H = 7
T. The full loop was first measured at 2 K (with the sample cooled to
2 K in 7 T), and then, the temperature was increased to the next
temperature with the field still set to 7 T to measure another loop.

Time-dependent magnetization measurements were carried out
under zero field cooled from 100 K to 10, 20, 30, 40, 45, 50, 55, 60,
65, 70, 75, 80, 90, and 100 K with 10 K/min with a magnetic field of
2500 Oe for 120 min. The temperature cycling experiment was
performed with a field of 1 T to trace magnetic moment during
heating from 20 to 110 K and cooling again to 20 K several times at 1
K/min rate. Electric transport measurements were carried out with
the ETO transport option and the Wimbush press contact assembly
for PPMS (4 pins in line: I+V+V−I-; pin-pin distance 2 mm). Four-
wire measurements were performed using a pellet of 8 mm diameter
from 180 to 200 K (ΔT = 2 K) and 10−4 mA ac-excitation and from
210 to 300 K (ΔT = 10 K) and 10−5 mA ac-excitation (both with 0.5
Hz). However, the four-wire measurement is not possible anymore at
temperatures below 180 K due to the high resistivity over 10 MOhm.
Data were collected with 5 s averaging time each per temperature.

In situ high-temperature synchrotron diffraction was performed at
beamline P02.1, PETRA-III at DESY in Hamburg, Germany, using
synchrotron radiation λ= 0.20734 Å (60 keV). The quartz capillary
filled with NVOnH powder was heated in a Hot Air Blower, Oxford
(RT to 1200 K) oven under Ar from room temperature to 650 °C
with a ramp of 50 K/min. DAWN software is used to process the 2D
powder diffraction.55

4.3. Electrochemical Characterizations. The electrode was
prepared by coating a slurry mixture on a stainless steel foil (SS) or Al
foil, consisting of an active material (NVOnH using SS foil or NVO
using Al foil), C65 (Timcal), and a polyvinylidene difluoride (PVDF)
binder in a mass ratio of 70:20:10 using an N-methyl-2-pyrrolidone
solvent. The electrode (mass loading of 1.6−2.3 mg cm−2) was dried
at 65 °C overnight and then cut into discs of 12 mm diameter and
then dried again under vacuum at 65 °C overnight before being put
into a glovebox. The electrochemical performance of the cathode
materials was investigated in 2032-coin cells, where metallic sodium
was used as a counter electrode with a Whatman glass fiber separator.
The electrolyte was 1 M NaClO4 in a mixture of ethylene carbonate
(EC):propylene carbonate (PC) (1:1 by volume) and 5% fluoro-
ethylene carbonate (FEC). Galvanostatic cycling with potential
limitation (GCPL) and cyclic voltammetry (CV) measurements
were conducted in a working potential of 1.25−4.0 V vs Na+/Na on a
VMP3 potentiostat (BioLogic) at 25 °C.

4.4. In Operando Synchrotron Diffraction and In Operando
X-ray Absorption Spectroscopy (XAS). In operando synchrotron
diffraction was performed at the Material Science and Powder
Diffraction beamline (MSPD) at ALBA, Spain and at PETRA-III
beamline P02.1 at DESY in Hamburg, Germany. The electrochemical
cells consist of 2025-type coin cell with glass windows of 5 mm
diameter for beam entrance. The positive electrode (active materials,
2 mg, and ∼7 mg cm−2) was prepared by pressing the electrode
mixture on Al mesh within a 5 mm hole in the center.

In operando synchrotron diffraction was conducted at ALBA with
radiation λ= 0.4131 Å wavelength (30 keV) and position sensitive
detector MYTHEN, where preliminary data were collected with an
effective exposure time of 60 s in steps of 0.006° during the first cycles
at 20 mA g−1. In operando synchrotron diffraction was conducted at
DESY with radiation λ= 0.20734 Å wavelength (60 keV), where data
were collected with an effective exposure time of 40 s during the first
cycles at 25 mA g−1. DAWN software was used for the integration of
the 2D images collected with Varex XRD 4343CT detector (150 ×
150 μm2 pixel size, 2880 × 2880 pixel area) into 1D pattern. Powder
of LaB6 standard (NIST SRM6 60c) was used for the detector

calibration.55 The diffraction data analysis was carried out by the
Rietveld method using the Fullprof software package.56In operando
XAS measurements were performed at synchrotron beamline P65 at
PETRA III (DESY, Hamburg).57 XAS was conducted during the first
cycle at a current of 25 mA g−1 in the same coin cell configuration
with a Kapton window. XAS spectra at the V K-edge were recorded in
quick-XAS (6 min/spectrum) mode in fluorescence geometry using
PIPS (passivated implanted planar silicon) diode detector. The
monochromator was calibrated using a vanadium foil and V K-edge
spectra for NVOnH and NVO. V2O3, VO2, and V2O5 were used as the
standard materials. All data were collected at room temperature with a
double crystal monochromator of Si(111) crystal, and all XAS spectra
were processed using the DEMETER software package.58
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