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Sodium ion batteries (SIBs), as potential candidates for large-scale energy storage systems, have attracted
great attention from researchers. Herein, a V,Os-nH,O xerogel composed of thin acicular interconnected
nanowire networks has been synthesized via a facile freeze-drying process. The interlayer spacing of
V,0s5-nH,0 is larger than that of orthorhombic V,Os due to the intercalation of water molecules into the
layer structure. As the cathode of a SIB, V,Os-nH,O exhibits a high initial capacity of 338 mA h g~* at
0.05 A g~ and a high-rate capacity of 96 mA h g~* at 1.0 A g~%. On the basis of combining ex-situ XRD

Received 21st January 2015 and FTIR spectroscopy, the Na* ion intercalation storage reactions are discussed in detail. By modeling
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calculations, the pseudocapacitive behavior makes a great contribution to the high capacities. Our work

DOI: 10.1039/¢5ta005029 demonstrates that V,05-nH,O with large interlayer spacing is a promising candidate for high capacity

www.rsc.org/MaterialsA sodium-based energy storage.

Introduction

Electrochemical energy storage is becoming increasingly
important in our daily life."® Among the various energy storage
technologies, rechargeable lithium ion batteries (LIBs) have
been employed for mobile electronic devices and are now being
extended to electric vehicles (EVs) and large-scale energy storage
systems (ESS), owing to their high capacity and long cycle
life.*' However, the large-scale demand for lithium would
bring about a steep rise in price due to the low abundance of
lithium on Earth.? Sodium is an abundant source and low cost,
meanwhile, it has similar physical and chemical properties to
lithium. Na’ ions can also insert into and be extracted from
electrodes, working as a “rocking-chair” battery like LIBs."*™**
Therefore, the development of large-scale and cheap ESS based
on sodium ion batteries (SIBs) is a very reasonable choice.>****
It is noted that the radius of the Na" ion is 97 pm, ~1.43 times
larger than that of the Li" ion (68 pm), thus larger spacing is
required to store Na' ions. So, exploiting and optimizing
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electrode materials with suitable spacing are critical for the
development of SIBs.>**

Vanadium oxides, typical layered structure materials with
high theoretical capacity and large abundance, have been
extensively investigated for application in LIBs, while it is
limited in sodium-based energy storage systems.?*>* Ortho-
rhombic V,05 (a-V,05) with an interlayer spacing of ~4.37 A is
not suitable for long-term reversible Na® ion insertion/
extraction (Scheme 1a), since its capacity fades fast in the
second cycle.">*® However, layer-type vanadium oxides could
intercalate various organic or inorganic composites with
adjustable interlayer spacing.”® Recently, single-crystalline
bilayered V,0s nanobelts with enlarged interlayer spacing
(~11.53 A), reported by Su et al., exhibited a largely improved
sodium storage capacity (a high capacity of 231.4 mA h g~ ').*?
Water can also intercalate into vanadium pentoxide forming a
double layer stacked along the c-axis (Scheme 1b).>* The
hydrated vanadium pentoxide (V,05-nH,0) displays an inter-
layer spacing range from 8.8 to 13.8 A, which can be adjusted
by inserting different amounts of water.”® This kind of large-
spacing bilayer V,05-nH,O exhibited a large capacity of
~300 mA h g~* for Li" ion intercalation.?” In addition, larger
ions (Na" and K') can also insert into the layers in aqueous
electrolytes.”®*® However, its application to sodium storage in
the organic electrolyte system and the detailed mechanism
remain largely unexplored.

Herein, a V,05-nH,0 xerogel was synthesized through a
facile freeze-drying process. The V,0s5-nH,0O cathode displays
excellent sodium storage ability with a high capacity of
338 mA h g™ at a current density of 0.05 A g, which is much
higher than that of a-V,0s. Benefiting from the layer structure,
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Scheme 1 The structural models of a-V,Os5 (a) and V,05-nH,O (b)
viewed along the [010] direction. a-V,Os is not suitable for reversible
Na* ion insertion/extraction, while V,Os-nH,O is beneficial to
reversible and rapid Na* ion insertion/extraction.

it also exhibits excellent high-rate lithium storage ability with a
high capacity of 162 mA h g~ " at 6.0 A g~ . Further, the Na*/Li*
ions intercalation storage reactions are investigated systemi-
cally through ex-situ XRD and FTIR analyses. This work
demonstrates that V,05-nH,O with large interlayer spacing is a
promising candidate for the development of high capacity
sodium-based as well as lithium-based energy storage.

Experimental section
Materials synthesis

Synthesis of V05 sols. The V,05 sols were prepared by a melt
quenching process as described previously.*>* In brief, V,05
powder (30 g) was placed in a ceramic crucible and heated in air
at 800 °C for 20 min at a rate of 10 °C min ', resulting in the
molten liquid. Then, the molten liquid was quickly poured into
distilled water with stirring, and the suspensions were
obtained. The suspensions were heated to the water boiling
point beforehand and then naturally cooled to room tempera-
ture. Finally, the suspension was filtered and brownish V,05
sols were obtained.

Synthesis of V,05-nH,0 xerogel. The as-prepared sol was
frozen and then underwent a freeze-drying process to remove
residual water. Finally, the V,05-nH,0 xerogel was dried at
120 °C in air for another 5 hours.

This journal is © The Royal Society of Chemistry 2015
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Synthesis of a-V,05 xerogel. For comparison, the crystalline
a-V,05 was obtained after annealing the V,05-nH,O xerogel at
450 °C in air for 2 hours.

Materials characterization

X-ray diffraction (XRD) measurements were performed to
investigate the crystallographic information using a D8 Advance
X-ray diffractometer with a non-monochromatic Cu Ko X-ray
source. Fourier transformed infrared (FTIR) transmittance
spectra were recorded using a 60-SXB IR spectrometer. X-ray
photoelectron spectroscopy (XPS) measurements were per-
formed using a VG MultiLab 2000 instrument. TG analysis was
performed using a NETZSCH-STA449¢/3/G thermoanalyzer.
Brunauer-Emmett-Teller (BET) surface areas were measured
using a Tristar II 3020 instrument. The morphology and struc-
ture of the product were observed through scanning electron
microscopy (SEM, JEOL-7100F) and transmission electron
microscopy (TEM, JEM-2100F microscope).

Electrochemical measurements

The electrochemical properties were evaluated by assembling
2016 coin cells in an argon-filled glove box (O, = 1 ppm and
H,0 = 1 ppm). For the preparation of the electrodes, 70% active
material, 20% acetylene black and 10% poly(tetrafluoro-
ethylene) (PTFE) were mixed in isopropanol. Then, the mixed
clay was rolled using a roller mill to form a freestanding film.
Then, the film was cut into disks with a diameter of 8 mm and
dried. The loading of the active material was 2-3 mg cm™ 2. For
the fabrication of the sodium batteries, sodium pellets were
used as the anode, a 1 M solution of NaClO, in ethylene carbon
(EC)/propylene carbonate (PC) with a volume ratio of 1 : 1 was
used as the electrolyte. For the fabrication of the lithium
batteries, lithium pellets were used as the anode, and a 1 M
solution of LiPF¢ in EC/dimethyl carbonate (DMC) with a
volume ratio of 1 : 1 was used as the electrolyte. Galvanostatic
charge-discharge cycling was studied with a multi-channel
battery testing system (LAND CT2001A). Cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS) were
performed with an electrochemical workstation (Autolab
PGSTAT302N).

Results and discussion

The XRD pattern of the as-prepared product (Fig. 1a) shows the
typical (00/) reflection peaks, which are consistent with those of
the layered structure of V,05-1nH,O (JCPDF no. 40-1296).%%>® The
hydrated V,Os has a layered structure consisting of VO4 octa-
hedral layers stacked along the c-axis (Scheme 1b).>* This
structure was also confirmed by the FTIR spectrum, as shown in
Fig. 1b. The peaks centered at 503 and 757 cm™ " are assigned to
the V-0-V stretching modes and that at 1013 cm™ " to the V=0
stretching band.* The absorption bands at 3426 and 1637 cm ™"
are attributed to the stretching and bending modes of the O-H
vibrations, respectively, which confirms the intercalation of
water molecules into the vanadium oxide layers.**** The TG
curve (Fig. 1c) of the hydrated sample exhibits obvious weight
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Fig.1 XRD pattern (a), FTIR spectrum (b), TGA profiles (c) and V2p XPS
spectra (d) of the as-synthesized V,0s5-nH,O xerogel.

loss slopes. The total weight loss from V,05-nH,0 to crystalline
a-V,05 (annealed at 450 °C, Fig. S17) is 4.8%, which can be
estimated to n = 0.55 (V,05-nH,0 — V,05 + nH,0).

To identify the chemical composition of the as-prepared
hydrated vanadium oxide, XPS was carried out. The V2p3/, state
has a broad peak and can be deconvoluted into two synthetic
peaks.** The deconvoluted V2p;,, binding energies of 517.3 and
516.5 €V are consistent with the typically reported values for V>*
and V**".®® The V**/V*" ratio is ~16.8%, indicating the presence
of oxygen vacancies in the lattice.?* The existence of V** is due to
the reduction reaction between molten V,05 and cold water
during the preparation process of the vanadium oxide sols. A
previous study demonstrated that such oxygen vacancies can
enhance the electrochemical performance.*® SEM and TEM
were used to characterize the morphology and detailed struc-
ture of the samples. The as-dried xerogel is a fluffy sponge (inset

Fig. 2 SEM images (@ and b) and TEM images (c and d) of the
V,0s5-nH,0O xerogel. Inset of (a) is the optical image of the xerogel.
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of Fig. 2a). The SEM images (Fig. 2a and b) show a thin large-
area two-dimensional flake structure, which is due to the ice-
template effect during the freeze-drying process.** As shown in
the TEM images (Fig. 2c and d), the flakes are composed of thin
acicular nanowires with lots of pores. Additionally, nitrogen
adsorption-desorption was further measured. The xerogel has a
BET surface area of 17.6 m®> g ' and a pore volume of
0.034 cm® g~ ™.,

Detailed electrochemical measurements were conducted to
investigate the sodium storage performance. The electro-
chemical performances were evaluated firstly by cyclic voltam-
metry (CV), as shown in Fig. 3a. The V,05-nH,0 cathode
displays three couples of distinct redox peaks in the potential
range of 1.0-4.0 V, corresponding to the multi-electron reaction
along with the changing of various vanadium valence states.
The three anodic peaks situated at 3.71, 3.17 and 2.14 V corre-
spond to the cathodic peaks at 3.44, 2.40 and 1.61 V. Fig. 3b
shows the charge-discharge curves at a current density of
0.1 A g'. A high capacity of 306 mA h g~ ' is obtained at a
current density of 0.1 A g~ * (Fig. 3b), according to about 2.32
Na' ions per unit formula. The calculation is based on the
equation n = (3.6MC)/F, where n represents the inserted ion
amount (mol), F represents the Faraday constant (C mol™ %), C
represents the capacity (mA h g¢™'), and M represents the
molecular weight (g mol~*).% This capacity is much higher than
those of the a-V,05 xerogel (170 mA h g~ ") (Fig. 3¢), V,05 hollow
nanospheres (230.0 mA h g ' at 23 mA g~ ' at 1.0-4.2 V),
bilayered V,05 nanobelts (231.4 mA h g~ " at 80 mA g " at 1.0-
4.0 V)" and V,05/C nanocomposites (170 mAh g ' at 40 mAg™*
at 1.5-3.8 V);*® the details are listed in Table S1. The second
discharge capacity of the V,05-nH,0 cathode is 300 mAh g . A
capacity loss of only 6 mA h g~ ' indicates a highly reversible
reaction during the Na' ion insertion/extraction. However,
for the a-V,05 cathode, the capacity quickly fades to 71 mAh g™*
in the second cycle, corresponding to a capacity loss of
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Fig. 3 SIB performance of the V,0s5-nH,O cathode. CV curves (a) and
discharge—charge curves at current density of 0.1 A g~* (b). Cycling
performance at the current density of 0.1 A g~ (c) and the rate
performance (d).
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99 mA h g~ %; the large capacity loss is due to the fact that the
phase transition (from the «-V,05 phase to the NaVv,05 phase) is
irreversible (Fig. S21).»' The Coulombic efficiency of the
V,05-nH,0 cathode is around 97.5% in the overall battery
testing process (Fig. S31), which is much higher than that of the
a-V,05 cathode. The rate performance shows that V,05-nH,O
delivers a capacity of 338 mAh g~ ' at 0.05 A g~ ' and considerable
rate capacities of 145 and 96 mA h g¢”" at 0.5 and 1.0 A g,
respectively (Fig. 3d). The good rate capability is due to the large
interlayer spacing which is helpful for the storage of Na' ions."

The lithium storage performance was also measured, as
displayed in Fig. S4.f The as-prepared V,0s-nH,O cathode
delivers an initial discharge capacity of 340mAhg 'at0.1Ag ™"
at 1.5-4.0 V vs. Li'/Li, corresponding to ~2.56 Li" ions per unit
formula (Fig. S4bt). The cycling performance measured at a
current density of 0.5 A g " is shown in Fig. S4c.t The initial
capacity is 311 mA h g ! at 1.5-4.0 V and the capacity of
227 mA h g~ ' was retained after 50 cycles. The rate performance
with a progressively increasing current density (ranging from
0.1t0 6.0 A g~ ') was measured (Fig. S4d1) and a high capacity of
162 mA h g~ ! was achieved at 6.0 A g ' at 1.5-4.0 V. Although
suffering from the rapid change of the current density, the
electrode exhibits a stable capacity at each current density. The
rate capacity is much higher than that of the a-V,05 cathodes
(Fig. S51), indicating that the large interlayer spacing is bene-
ficial to the rapid ion diffusion.

It is known that the surface reaction is usually faster than
that in the inner diffusion region. Therefore, when a battery
material is engineered at the nanoscale, most of the ion storage
sites are on the surface or in the near-surface region, where
capacitance will occur, leading to a good rate performance.’”
Since the xerogel consists of very thin acicular nanowires and
delivers an excellent high-rate performance for both lithium
and sodium storage, it is supposed that the cathode may exhibit
significant capacitance. So, it is necessary to find out the
different charge-storage mechanisms for the diffusion-
controlled Faradaic reaction and the capacitive behavior (non-
Faradaic electrical double layer capacitance and pseudocapa-
citance). Gradually increasing voltammetric scan rates are used
to calculate and identify the capacitive contribution.*® Fig. 4a
displays the cyclic voltammetry (CV) curves of SIBs at various
rates. For the calculation, the total current response (i) at a fixed
potential (V) can be described as the combination of these two
separate mechanisms (eqn (1)):***

i(Vy =k + kpy'? 1)

where k;v represents the total capacitive contribution, while
k,v'? stands for the contribution of the diffusion-controlled
Faradaic intercalation process. The linear plot of i/v'/? versus v*/?
was used to determine k; and k,. Thus, the diffusion processes
and those from capacitive effects can be distinguished, as
previously demonstrated.**° Fig. 4b and S7t show the total
stored charge for SIBs and LIBs at various scan rates, respec-
tively. The diffusion contribution is 72.8% at 0.2 mV s~ ', while it
decreases with increasing scan rate from 0.2 to 1.0 mV s~ " and
the proportion of the capacitive contribution increases

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 CV curves (a) and corresponding capacity contribution (b) of
the total stored charge at various scan rates for the SIB test.

(Fig. S6%1). The diffusion contribution for SIBs is 49.3% at
1.0 mV s~ . This behavior was also observed in the LIB testing
(Fig. S71). These results show that the capacitive charge storage
accounts for a significant proportion of the total capacity (for
both sodium and lithium storage), particularly at high scan
rates. Notice that the capacitive contribution is related to the
surface area and crystal structure.***° However, the surface area
of the as-synthesized xerogel is only 17.6 m> g~ . Therefore, the
result of the high-rate capacity and pseudocapacitive behavior is
due to the fact that ions can be rapidly stored in the large layer
space of the hydrated vanadium oxide structure.

In order to further investigate the layer structure changes of
the V,05-nH,0 cathodes during charging and discharging, ex-
situ XRD patterns and FTIR spectra of the electrodes at different
charge states were obtained (Fig. 5)."****° The main (001)
reflection peak is visibly shifting toward higher angles along
with the decrease in crystallinity (the intensity ratio of (001)/
*PTFE is reduced) during the discharge process (Fig. 5a). The
shifting to higher angles reflects the decrease of interlayer
spacing, which is because the intercalation of Na' ions
enhances the coordination reaction with the stacked layer and
makes the interlayer spacing contract drastically.”*** These
phenomena are also observed after the intercalation of Li" ions
(Fig. S87). The related calculated d,,, values at each state are
displayed in Fig. 5b. The reduction of interlayer spacing
becomes negligible after more ions intercalate. For the

J. Mater. Chem. A, 2015, 3, 8070-8075 | 8073
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following charging process, the extraction of Na' ions restores
the layer structure of the hydrated vanadium pentoxide. In the
FTIR spectra, after a deep discharge (Fig. 5¢(iv)), the red shift of
the V=0 stretching bond demonstrates the reduction of V> to
v 4 while the peak of the out-of-plane V-O-V vibrations
(503 em™") almost remains unchanged during cycling, indi-
cating the stability of the vanadium oxide layer after Na* ion
insertion. These bands were reproduced after the extraction of
Na' ions (Fig. 5¢(vii)). The above data indicate that the layer of
V,05-nH,0 is shrinking/expanding along with the Na’ ion
insertion/extraction and it is reversible, which is different from
the irreversible phase transition of o-V,05 (Fig. S27). It is noted
that the interlayer spacing of V,05-nH,0 was not totally recov-
ered to its initial state (with a very small reduction). The
collapsing of the layer structure becomes worse after 10 cycles,
while it seems that the structure is more stable after repeated
Li" ion insertion/extraction (Fig. S8a and bf). Therefore, the
shrinkage and collapse of the layer structure for long-term
cycling may be the main reason for the fast capacity fading of
SIBs. Further repressing the large shrinkage/expansion during
the Na' ion intercalation/extraction would improve the cycling
stability. In addition, it is important to identify and discuss the
extraction of structural water during cycling. As demonstrated
previously, the interlayer spacing of V,05-nH,O is closely
related to the amount of intercalated water.>® Therefore, the
good recovery of the interlayer spacing of V,05-nH,O after one
full cycle (Fig. S8bt) indicates the resistance of water in the
material during cycling. In addition, the bands at 1622 and
3421 cm™" in the FTIR spectra still exist (Fig. 5¢), which may
also reflect that the crystal water is not totally exchanged during
the ion intercalation.>®*>

Conclusions

The V,05-nH,0 xerogel composed of thin acicular inter-
connected nanowire networks was synthesized through a facile
freeze-drying process. The V,05-nH,O cathode exhibits an
excellent electrochemical performance for SIBs as well as LIBs,
which are correlated to its large interlayer spacing and the

8074 | J. Mater. Chem. A, 2015, 3, 8070-8075

shortened ion diffusion pathways of the ultrathin acicular
nanowires. This open layer structure provides continuous
channels for Na* ion insertion/extraction. For sodium storage,
the V,05-nH,0 cathode delivers a high initial capacity of
338mAhg 'at0.05A¢ ' and a high-rate capacity of 96 mAh g™ *
at 1.0 A g~ '. Computational modeling indicates that the pseu-
docapacitive behavior accounts for a significant portion of the
total capacity. Verified by the ex-situ XRD and FTIR analysis, the
shrinkage and collapse of the layer structure during long-term
cycling is one of the main reasons for the capacity fading. Our
work demonstrates that V,05-nH,0O with large interlayer
spacing is a promising candidate for the development of high
capacity sodium-based energy storage. We believe that adjust-
ing the interlayer spacing by ion pre-exchange would lead to a
great advance in stabilizing the structure and improving the
cycling performance.
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