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Sodium ion storage performance and mechanism in
orthorhombic V,0; single-crystalline nanowires

Yanwei Li'’, Jingcheng Ji', Jinhuan Yao'", Ying Zhang', Bin Huang' and Guozhong Cao”

ABSTRACT A fundamental understanding of the electro-
chemical reaction process and mechanism of electrodes is very
crucial for developing high-performance electrode materials.
In this study, we report the sodium ion storage behavior and
mechanism of orthorhombic V,0; single-crystalline nano-
wires in the voltage window of 1.0-4.0 V (vs. Na/Na"). The
single-crystalline nanowires exhibit a large irreversible capa-
city loss during the first discharge/charge cycle, and then show
excellent cycling stability in the following cycles. At a current
density of 100 mA g_l, the nanowires electrode delivers initial
discharge/charge capacity of 217/88 mA h g_l, corresponding
to a Coulombic efficiency of only 40.5%; after 100 cycles, the
electrode remains a reversible discharge capacity of
78 mA h g_1 with a fading rate of only 0.09% per cycle com-
pared with the 2™ cycle discharge capacity. The sodium ion
storage mechanism was investigated, illustrating that the large
irreversible capacity loss in the first cycle can be attributed to
the initially formed single-crystalline a'-Na,V,0; (0.02 < x <
0.88), in which sodium ions cannot be electrochemically ex-
tracted and the a'-Na,4V,0; can reversibly host and release
sodium ions via a single-phase (solid solution) reaction,
leading to excellent cycling stability. The Na* diffusion coef-
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ficient in a'-Na,V,0; ranges from 10 to 10
evaluated by galvanostatic intermittent titration technique

(GITT).

Keywords: sodium ion batteries, V,0Os, single-crystalline, nano-
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INTRODUCTION

Currently, lithium-ion batteries (LIBs) are widely em-
ployed in portable electronic devices, electrical vehicles,
and grid energy storage due to their high-power density,
large energy density, and long lifespan [1,2]. However, the
low abundance (only 0.0017 wt% in the earth’s crust) of

Li resource is a great obstacle for the massive develop-
ment of LIBs in large-scale energy storage applications
[3]. In this context, sodium-ion batteries (SIBs) are ex-
pected to be one of the most promising candidates for
post LIBs because of the abundant resource of Na (~2.83
wt% in the earth’s crust) and the similar chemical prop-
erties of Na and Li [4,5]. The radius of Na* (1.02 A) is
much larger than that of Li" (0.76 A), which leads to
sluggish sodiation/desodiation reaction kinetics and poor
cycling performance. The exploration of high-perfor-
mance electrodes is crucial for the development of SIBs
[6,7]. To date, a large number of cathode materials, in-
cluding layered transition-metal oxides [8], polyanion
cathodes [9], Prussian blue analogs [10], and organic
compounds [11] for SIBs have been explored. Among
these potential cathode materials for SIBs, vanadium
oxides have attracted more attention owing to their open
frameworks, rich oxidation states of V (from V> to V°"),
high theoretical capacities, and abundant source [12-17].
As a classical layered intercalation host, V,0; provides a
good model structure for exploring the structure/elec-
trochemical performance relationship of electrode mate-
rials [18]. Ali et al. [19] investigated the Na" intercalation
mechanism in nanosized V,05/C composite in a voltage
range of 1.2-4.0 V (vs. Na/Na'). However, the detailed
structural information of the intermediate phases upon
Na' intercalation and deintercalation processes was not
provided. The V,05/C composite gave a much lower in-
itial discharge capacity than the initial charge capacity,
which contradicts the results of pure V,05 materials [20-
23]. Most of the previous investigations focused on
polycrystalline and defective/amorphous V,05 systems.
Both amorphous and single-crystalline structures have
the same/similar structure over short range in terms of
bond length and coordination numbers. Compared with
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polycrystalline and amorphous structures, single-crystal-
line structure has no grain boundary and few structural
defects and, thus provides an ideal benchmark model for
investigating the intrinsic structure/performance re-
lationship and reaction/transport mechanism of materi-
als. The rationale of the single-crystalline V,O; for battery
electrodes could offer a scientific understanding of what
is the fundamental reason or one of the fundamental
reasons leading to a less desirable electrochemical per-
formance. Up to now, there is no report on the sodium
ion storage performance of single-crystalline V,05; ma-
terial.

In the present work, the sodium-ion storage property of
the V,0; single-crystalline nanowires was investigated
and the reason hindering the performance was analyzed
in detail. According to the ex-situ X-ray diffraction
(XRD), scanning electron microscopy (SEM), and trans-
mission electron microscopy (TEM) analyses, the initial
Na' intercalation into V,O5 single-crystalline nanowires
induces an irreversible phase transition from a-V,0 to a'-
Na,V,0s (x<0.88), in which Na® cannot be electro-
chemically extracted, thus leading to a large irreversible
capacity loss during the initial discharge/charge cycle; Na"
can be reversibly inserted into the o'-NaygV,05 via a
single-phase reaction with negligible variation of the in-
terlayer distance of the host structure. The electro-
chemical reaction kinetics was evaluated by means of
cyclic voltammetry (CV), electrochemical impedance
spectroscopy (EIS), and galvanostatic intermittent titra-
tion technique (GITT) techniques. It demonstrates that
the sodium-ion storage reaction in «a'-Na,V,05 is mainly
controlled by diffusion-controlled process and the Na*
diffusion coefficient ranges from 10 “to 10 ' cm’s .
This study sheds light on why the performance of singe-
crystalline V,O5 is worse, and thus pushes the researchers
to find ways to avoid or prevent such irreversible phase
transition.

EXPERIMENTAL SECTION

Preparation of orthorhombic V,0; nanowires

The orthorhombic V,0; nanowires were synthesized by a
hydrothermal method. In a typical procedure, 0.255 g of
commercial V,0; powder was dispersed in 4.28 mL of
deionized (DI) water; then 0.72 mL of 30% H,0, was
added to the above dispersion and vigorously stirred for
20 min to form a transparent orange-red solution. The
resulting solution was further diluted by adding 45 mL of
DI water and then transferred into a 100-mL Teflon lined
stainless autoclave. The autoclave was sealed and main-
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tained at 160°C for 12 h. After reaction, the yellow pre-
cipitates were collected by centrifugation and washed
with DI water several times. Finally, the collected pre-
cipitate was freeze-dried to constant weight and annealed
at 200°C for 2 h in air to obtain the orthorhombic V,04
nanowires.

Material characterization

The phase structure of the samples was studied by an
X-ray diffractometer (XRD, X'Pert’ Powder, Panalytical,
Netherlands) with Cu Ka radiation (A = 1.5406 A). The
morphology and detailed microstructure of the samples
were observed by field-emission SEM (FESEM, SU-5000,
Hitachi, Japan) and high-resolution TEM (HRTEM, JEM-
2100Plus, JEOL, Japan). The composition and valance
state of V in the samples were analyzed by X-ray pho-
toelectron spectroscopy (XPS, ESCALAB 250Xi, Thermo
Fisher Scientific, USA) with Al Ka X-ray as the excitation
source.

Electrochemical measurements

All electrochemical measurements were performed using
CR2016 coin-type cells at room temperature. The work-
ing electrodes were fabricated by mixing the as-prepared
V,0; nanowires (70 wt.%), super-P carbon black
(20 wt.%), and polyvinylidene difluoride (PVDF, 10 wt.%)
in N-methyl-2-pyrrolidone (NMP) to form a homo-
geneous slurry; the slurry was spread onto an Al foil and
then dried in a vacuum oven at 80°C; finally, the Al foil
was punched into disks with a diameter of 16 mm and
served as working electrode (the areal loading was
~0.7 mg cm ). Metallic Na foil (99.7%, Aladdin) was
used as a counter electrode, and 1 mol L' NaClO, in
ethylene carbonate (EC) and propylene carbonate (PC)
(I:1 in volume) was used as the electrolyte. Whatman
glass fiber membrane (Whatman GF/D) was used as a
separator. All the coin cells were assembled in a high
purity Ar-filled glove box (H,0<1 ppm, O,<1 ppm). CV
and EIS measurements were performed on a CHI760E
electrochemical workstation. For EIS measurement, the
frequency was between 100 kHz and 0.01 Hz with alter-
nating current (AC) amplitude of 5 mV. Galvanostatic
discharge/charge tests of the cells were carried out in a
voltage range of 1.0-4.0 V (vs. Na/Na") via a multi-
channel battery testing system (Neware, BTS-5V/10mA).
As for the ex-situ XRD, SEM, and TEM measurements,
the coin cells at different discharge/charge states were
disassembled in an Ar-filled glove box. Then, the dis-
assembled electrodes were thoroughly washed with PC to
remove the residual salt from the electrolyte, dried, and
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sealed in polypropylene bottles to avoid further reaction
with air and/or moisture before physical characteriza-
tions. GITT measurement was also performed on the
multi-channel battery testing system (Neware, BTS-5V/
10mA), where the cell was tested at a pulse current of
20 mA g ' for 15 min between 40 min rest intervals.

RESULTS AND DISCUSSION

Microstructures of the as-prepared sample

Fig. la presents the XRD pattern of the as-prepared
sample. All the diffraction peaks can be well indexed to
the orthorhombic V,0; phase (JCPDS, No. 41-1426). The
intense peaks show a high degree of crystallinity. The
calculated lattice parameters of the as-prepared sample
are a =11.505 A, b = 3.567 A, and c= 4.369 A, which are in
good agreement with the literature values [24-27]. The
V 2ps;, XPS spectrum (Fig. Sla) of the as-prepared sam-
ple is composed of two components: the major peak at
517.05 eV and the shoulder peak at 515.78 eV, which can
be ascribed to V>* and V**, respectively [28]. The molar
ratio of V*/(V*+ V*) is determined to be 10.3%. As
shown in Fig. 1b, ¢, the V,05 sample consists of smooth
nanowires with the lengths of hundreds of micrometers
and diameters ranging from 100 to 500 nm. The low-
magnification TEM images (Fig. 1d, e) further confirm
the long nanowire morphology. The selected area electron
diffraction (SAED) image (Fig. 1f) verifies that the as-
prepared V,0O5 nanowires are single crystalline and grow
along [010] direction. Fig. 1g shows the HRTEM image,

Intensity (a.u.)

- pm

in which the clear lattice fringes with interplanar spacings
of 0.36 and 0.44 nm correspond to the (010) and (001)
planes of orthorhombic V,O;, respectively.

The formation process of this single-crystalline V,O;
nanowires can be described as follows: firstly, V,O;
powders dissolve in DI water by reacting with H,O, to
form the orange-red solution (Equations (1-5)) [29,30];
upon hydrothermal treatment, the [H,V,,0,]" under-
goes condensation and forms the solid nucleus of crys-
talline V,05 nanostructures (Equation (6)); since [010]
direction is the fastest growing direction for V,Os crystal
growth [31-33], the initially formed nucleus induces
surface condensation of [H2V10028]47 on the energetically
favorable (010) surface and finally results in the forma-
tion of ultralong single-crystalline nanowires (Fig. 1b, c).
Note that only commercial V,05 powders, DI water, and
H,0, (without using any templates, organic surfactants,
inorganic salts, and harmful solvents) are used in the
synthesis process. Thus, the resulting V,0; nanowires
obtained in the present work have a high purity and
crystallinity as compared with those reported in the lit-
eratures [31,34-37].

V,05t4H,0, — 2 VO(0,) (OH,)| +2H+H.0, (1)
V,02H " 12H,0,+3H 0 JVO(0,)(OHy)|, ()
2[VO(0,),(OH,)| +4H "+2H 0—

2[VO(0,)(0H,,) | 40, 1, 3)

'
d..=0.44 nm

001

1d,,,=0.36 nm

Figure 1 (a) XRD pattern, (b, c) SEM images, (d, e) TEM images, (f) SAED pattern, and (g) HRTEM image of the V,05; nanowires obtained by

hydrothermal growth followed by annealing at 200°C in air.
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2[VO(O,)(OH,),]" — 2[VO,]"+6H ,0+0, 1, (4)
10[VO,]"+8H D> [H,V,(0,]* +14H", (5)
[H,V,0,]* +4H" — V,0, nanowires +3H,0. (6)

Sodium ion storage properties of the V,0; single-
crystalline nanowires

Fig. 2a displays the cycling performance of the V,O;
single-crystalline nanowires electrode at 100 mA g '. In
the first discharge/charge cycle, the discharge capacity is
217mAhg ', while the charge capacity is only
88 mAhg ', corresponding to a Coulombic efficiency
(CE) of only 40.6%. The V¥ /(V*+V°") molar ratio in the
fully charged V,0s is estimated to be 46.7% (Fig. S1b),
much higher than that (10.3%) in the as-prepared V,O;
sample. This further verifies that a large amount of Na"
ions are trapped in the lattice of active material upon the
initial discharge/charge cycle. In the subsequent cycles,
the discharge capacity becomes stable and the CE im-
mediately increases close to 100%; after 100 cycles, the
electrode retains a reversible discharge capacity of
78 mA h g ', with a fading rate as low as 0.09% per cycle
compared with the 2™ cycle discharge capacity. Fig. 2b
presents the discharge/charge voltage profiles in the se-

lected cycles at 100 mA g '. Obviously, the electrode ex-
periences a large irreversible capacity loss during the first
discharge/charge cycle. In the first discharge process, the
voltage profile shows three plateaus at about 2.0, 1.73, and
1.31 'V, respectively, implying that the intercalation of
Na' in V,0Oj single-crystalline nanowires consists of three
steps. Similar discharge profiles were also observed for
commercial V,05 micro grains (0.5 um x 0.5 pm x 1.0
um) [23] and aggregated V,0O; particles (200-500 nm)
[38]. The discharge plateaus at 2.0, 1.73, and 1.31 V (vs.
Na/Na") for Na' intercalation is 1.4, 1.47, and 1.04 V
lower than those (3.4, 3.2, and 2.35V vs. Li/Li") for Li"
intercalation in orthorhombic V,0; [39]. In the first
charge process, the voltage profile exhibits one plateau at
~1.85 V followed by a progressively increasing slope up to
4.0 V. With the cycle number increasing from the 2 to
100" cycles, both the discharge and charge potentials shift
to higher voltages due to the formation of a surface layer
and local structural rearrangement of active materials
during cycling [22,23].

Fig. 2¢ presents the Nyquist plots of the electrode be-
fore cycling and after different discharge/charge cycles at
100 mA g . Before cycling, the EIS plot shows only one
depressed semicircle and an inclined line, which relate to
charge transfer resistance (R.,) at the electrode/electrolyte

a 240 b 40 c 4000
b Current density: 100 mA g™
o 2104 35
< —O— Charge —~ 9 —a— 1% cycle
< 1801 —o— Discharge g —e— 2" cycle 3000 1
é 150+ © 3.0 4— 10" cycle —
= z —v— 50" cycle g
'S 1207 8 25 N 2000 A
g > 7 —<— 100" cycle h Bef .
2 > —=—Before cycling
o 90 TD/ 20 —e—After the 15 cycle
XS] ] ) i 4—After the 25" cycle
'“5 60 g 7 1000 —v—After the 50™ cycle
2 304 515 —e—After the 75" cycle
%) > 0 —<—After the 100" cycle
0 T T T T 1.0+ T T T T T T T T T
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R, Charge transfer resistance i 300 e . . % 504
Ry Surface film resistance (%’.
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Figure 2 (a) Cycling performance and (b) the selected discharge/charge profiles in different cycles of the V,05; nanowires electrode at the current
density of 100 mA g . (c) Nyquist plots of the V,05 nanowires electrodes before cycling and after different discharge/charge cycles. (d) The equivalent
circuit models used for fitting the EIS plots. (e) The evolutions of R, Ry, as well as their sum (R,,) with increasing discharge/charge cycles at the
current density of 100 mA g . (f) Rate performance of the V,05 nanowires electrode.
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interface and Warburg impedance (Na' diffusion in
electrode), respectively [40]; after the 1 discharge/charge
cycle, there appears an additional depressed semicircle in
the high frequency region, which can be assigned to the
resistance (Ry) of Na' migrating through the solid elec-
trolyte interface (SEI) film [41]. The formation of SEI
layer on the surface of the active material can be dis-
cerned from the TEM image of the electrode after the 1"
discharge/charge cycle (Fig. S2). The EIS plots were fitted
with the equivalent circuits (Fig. 2d) and the evolutions of
R, Ry and their sum (R, with increasing cycle num-
bers are presented in Fig. 2e. Before cycling, the R of the
electrode is 1372 Q. After the first cycle, the R decreases
to 610 Q. This reduction of R, is commonly observed in
other electrode materials for LIBs and SIBs, and is gen-
erally ascribed to the improved penetration of electrolyte
into the electrode [42-46]. After the 1" discharge/charge
cycle, the electrode shows a relatively stable R, (600-
615 Q), Ry (320-415 Q), and Ry, (916-1025 Q), imply-
ing a good stability during the repeated discharge/charge
processes.

Fig. 2f gives the rate performance of the electrode at
different current densities. The electrode delivers re-
versible capacities of 101, 81, 53, and 28 mA h g ' at the
current density of 50, 100, 500, and 1000 mA g ', re-
spectively. The reversible capacity can recover to the
original value when the current returns to 100 mA g . As
shown in Fig. S3, with the increase of current density, the
discharge voltage decreases and the charge voltage in-
creases gradually due to the growing polarization effect.
The polarization effect during the charging process is
more significant than that during the discharging process.
The exact reason for the polarization difference between
the charging and discharging processes is not fully clear
now. However, there are some possible reasons: (i) the

Table 1

composition of the electrode is always changing during
Na' intercalation and deintercalation processes. The
change of chemical composition of the electrode results in
the different polarization effects between charging and
discharging processes. (ii) The difference in kinetics be-
tween charging and discharging processes leads to the
different polarization effects. (iii) The counter electrode
(electrodeposition and dissolution of metallic Na anode)
may also influence the polarization of the half-cell during
charging and discharging processes.

Table 1 compares the sodium ion storage performance
of the as prepared V,0; single-crystalline nanowires with
the polycrystalline V,05 samples reported in literatures.
The V,0; single-crystalline nanowires shows an initial CE
of 40.6%, which is lower than that of the polycrystalline
samples, such as hollow V,0; microspheres (48.0%) [23],
aggregated V,0; particles (62.5%) [38], two-dimensional
V,0s5 nanosheets (~67%) [47], and V,05 hollow nano-
spheres (72.9%) [21]. The initial CE of polycrystalline
V,05 could be further increased by decreasing the crys-
tallinity and/or reducing the particle size. For example,
the V,05; nanobundles (with low crystallinity and thick-
nesses less than 20 nm) give an initial CE of 100.5% [23],
and the ultra-fine V,0s; nanoparticles (5-7 nm) en-
capsulated in nanoporous carbon show an initial CE of
109.1% [48]. Particularly, the nanosized V,05/C compo-
site with low crystallinity due to ball-milling treatment
exhibits an abnormal initial CE of 150.3% [19]. The first
discharge capacity (195 mA h g ') is much lower than the
first charge capacity (293 mA h g ). In the 10" cycle, the
discharge capacity increases to 255 mA h g ', while the
charge capacity is almost identical to the first charge ca-
pacity (293 mA hg"), corresponding to a CE of 115%.
The authors ascribed the abnormal CE to the formation
of the SEI layer during the charging process [19]. Thus,

A comparison of the sodium ion storage performance of orthorhombic V,05 materials from the literature

. Current densit
Electrode materials Y

1" Discharge/ char%e

Reversible capacity

Initial efficiency (%) Ref.

(mA g capacity (mAhg ) (mAhg")
V,05 single-crystalline nanowires 100 217/88 40.6 78 after 100 cycles This work
Hollow V,05 microspheres (3-5 pm) 20 304/146 48.0 ~112 after 5 cycles [23]
Aggregated V,0; particles (200-500 nm) 29.42 208/130 62.5 59.5 after 40 cycles [38]
V,0; nanosheets 100 170/114 ~67 ~20 after 30 cycles [47]
V,05 hollow nanospheres
(less than 20 nm) 80 225/164 72.9 ~118 after 100 cycles [21]
V,0;5 nanobundles (low crystallinity and N
the thicknesses below 20 nm) 20 195/196 100.5 170 after 5 cycles [23]
V505 nanoparticles (5-7 nm) 40 276/301 109.1 ~268 after 20 cycles (48]
encapsulated in nanoporous carbon
Nanosized V,0,/C composite (low 14.7 195/293 150.3 243 after 30 cycles (19]

crystallinity due to ball-milling treatment)
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there is a tradeoff between the increased reactivity asso-
ciated with the low crystallinity of nanostructured V,O;
and the related side reactions. From the above compar-
ison, the single-crystalline V,05 has the lowest initial CE,
and most of the intercalated sodium ions are trapped in
single-crystalline V,05 during the first discharge/charge
processes; in contrast, polycrystalline V,0; materials
show much improved initial CE; especially, the initial CE
of polycrystalline V,0; can be further increased by re-
ducing its particle size and/or crystallinity. The possible
reasons causing such less desirable electrochemical
properties of the single-crystal nanostructures is deser-
ving more research; however, the possible reasons in-
clude: (i) surface and/or interface defects in bulk
polycrystalline electrodes have been well reported and
demonstrated in literature by multiple research groups to
benefit the redox reaction, and (ii) bulk defects, im-
purities and imperfections in common bulk polycrystal-
line electrodes have also shown to promote and enhance
the storage capacity and transport properties [49-51].
The present work adds a significant weight that proper
surface and bulk imperfections are desirable to attain
desired electrochemical properties and enhance the re-
action and transport kinetics.

Fig. 3a shows the initial six consecutive CV curves of

the electrode at a scan rate of 0.2 mV s . The first cycle
CV curve exhibits an intense reduction peak at ~1.80 V, a
shoulder reduction peak at ~1.70 V, and an obvious re-
duction peak at ~1.17 V, indicating that the intercalation
of Na" into V,05 host occurs in three steps. In the reverse
scan, only one obvious oxidation peak appears, demon-
strating the large irreversible capacity loss during the
initial sodiation/disodation processes. The above CV
features are consistent with the previously reported re-
sults [23]. In the subsequent CV curves, the intense re-
duction peak at ~1.8 V disappears and the left redox
peaks become broad and shift to high voltage side gra-
dually, which will be discussed later. The above CV re-
sults are in good agreement with the discharge/charge
profiles (Fig. 2b).

To determine the origin of the large irreversible capa-
city loss during the initial discharge/charge cycle, we
performed CV measurement in a narrow voltage range of
1.4-4.0 V (vs. Na/Na') as shown in Fig. 3b. During the
first cathodic scan, a broad reduction peak is in the po-
tentials ranging from 2.15 to 1.40 V due to the inter-
calation of Na'; however, no corresponding oxidation
peak appears in the reverse anodic scan. The featureless
and well-overlapped CV curves in the 2" and 3" cycles
evidence a typical double-layer capacitive behavior of the

a 008 b 0.08 c 008
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< 0.00 | < 0.00 —~ 0.004
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€ -0.04 —— 2" ¢cycle € -0.04 =~ -0.041
2 39 oycle g —s— 1" cycle (1.4-4.0 V) @ —+— 4" cycle (1.0-4.0V)
8 -0.08 —s— 4" cycle 8 -0.084 —e— 2" cycle (1.4-4.0V) 5 -0.081 —— 5" cycle (1.0-4.0 V)
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© ——osmvst | @ —1.67 Slope =064 § 0.03;
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Figure 3 (a) CV curves of the V,0; nanowires electrode in the voltadge range of 1.0-4.0 V. (b, c¢) The six consecutive CV curves of the V,05; nanowires
electrode in the narrow voltage range of 1.4-4.0 V (from the 1% to 3" cycle) and extended voltage range of 1.0-4.0 V (from the 4" o 6™ cycle). (d) CV
curves of the V,05 nanowires electrode at various scan rates in the voltage range of 1.0-4.0 V. (e) log-log plots of the oxidation peak current (i) against
the scan rate (v) and (f) the oxidation peak current (i) against the square root of scan rate (vm) for the V,05 nanowires electrode (symbols and lines

represent the experimental data and fitted linear lines, respectively).
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electrode, indicating that an irreversible phase transition
occurs during the initial sodiation process in the voltage
range of 1.4-4.0V (vs. Na/Na"). Thus, the intercalated
Na® above 1.4V remains in the Na,V,0; lattice, and
cannot be electrochemically extracted in the subsequent
cycles. This is totally different from that of Li" inter-
calation in V,0s, which shows excellent reversibility for
one Li" intercalation in per V,O; unit cell [52-54]. This
difference may be due to the much higher diffusion
barrier of Na* in V,0; (1.06 eV) than that of Li" diffusion
(0.24 eV) [55]. The huge energy barrier for Na" migration
prevents the extraction of Na' from V,0s lattice. After
CV measurement in the voltage range of 1.4-4.0 V, we
performed CV test on the same electrode in an extended
voltage range of 1.0-4.0 V as presented in Fig. 3c. It is
found that Na' can be reversibly intercalated into the
initially formed Na,V,O phase, and with the increase of
CV number, both the reduction peak and oxidation peak
broaden and gradually shift to high voltage due to the
local structural rearrangement of active material during
the initial cycling.

The charge storage mechanism of the electrode was
illustrated by the CV data (Fig. 3d) and power-law
equation: i=axv’, in which i and v denote the peak cur-
rent and scan rate, respectively; a and b are adjustable
parameters. When the b value is close to 1, the sodium
storage is mainly contributed from surface pseudocapa-
citance; when the b value is 0.5, the sodium storage is
totally dominated by diffusion-controlled intercalation
process [56]. The b value determined from the linear
relationship between log(i) versus log(v) (Fig. 3e) is 0.64,
implying that the sodium storage in the electrode is
mainly dominated by diffusion-controlled intercalation
process. This is dramatically different from the case of
V,0; nanoparticles (5-7 nm) encapsulated in nanopor-
ous carbon that exhibits significant pseudocapacitance
behavior during sodiation/desodiation processes [48]. For
the diffusion-controlled process, the Na* chemical diffu-
sion coefficient (Dy,+) in the electrode can be evaluated
according to the Randles-Sevcik equation (Equation (S1)).
Based on the linear relationship between oxidation peak
current and the square root of scan rate (Fig. 4f), the Dy,+
value corresponding to the oxidation peak is
4.81x10 *cm’s . This Dy, value is comparable to that
of hydrated V,0s; nanosheets (2.59x10 " em’s ") [57],
V,0s/graphene composites (1.14x10 7 cm’s™") [58],
Na;V,(PO,)/C  composite (2.18x10 P em’s ) [59],
NaV,0,snH,0 nanowires (4.03x10 " cm®s ") [60], and
carbon-coated NaV,O,; nanotubes (3.10x10 " cm’s ")
[61].
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To reveal the structural changes of the V,0O; single-
crystalline nanowires during discharging and charging
processes, ex-situ XRD were performed on the electrode
at various discharge-charge states (Fig. 4). At the begin-
ning of the first discharge (from state 1 to 3), the XRD
peak positions remain unchanged but the peak intensity
decreases drastically, implying that the sample still pre-
serves the orthorhombic phase (a-V,0;) but accom-
panied by declined crystallinity. In the following
discharge process from state 4 to 7, the diffraction peaks
corresponding to the orthorhombic phase (a-V,0s) gra-
dually disappear, and meantime a new phase, a'-Na,V,0;
(JCPDS No. 24-1157, P21mn), gradually develops, sug-
gesting the formation of a biphasic domain. The phase
transition from a-V,05 to o'-Na,V,0; due to electro-
chemical intercalation of Na' was also observed in the
previous literatures [22,23,38]. Further discharging from
state 7 to 10 and charging from state 10 to 16, the XRD
patterns remain unchanged, implying that intercalation
and extraction of Na" in this region proceed via a single-
phasees (solid solution) reaction. In the following dis-
charge/charge processes (from state 16 to 27), the iden-
tical XRD patterns shown in Fig. 4c demonstrate that the
initially formed o'-Na,V,05 phase possesses a rather high
structural stability, which leads to excellent cycling per-
formance after the first cycle (Fig. 2a).

The variation of interlayer distance (c value calculated
from (001) diffraction peak position) of the material in
different discharge/charge states was also presented in
Fig. 4a. For the initial discharging from state 1 to 3 (Stage
I), the interlayer distance of the sample almost keeps the
original value of ~4.37 A. Further discharging from state
3 to 6, the interlayer distance expands gradually from
~4.37 to ~4.78 A, reflecting the phase transition from a-
Na,V,0; to «'-Na,V,0; upon Na' intercalation. From
state 6 to 27, the interlayer distance shows negligible
variation (only ~0.42% decrement from fully discharged
state 22 to fully charged state 27). This result is in good
agreement with the very little change (0.4%) of ¢ para-
meter when 0.6 Na' is intercalated in the electro-
chemically formed a'-NaV,0; [22]. Based on the above
analysis, the sodium storage reaction mechanism in the
V,0; single-crystalline nanowires is proposed as follows:
during the first discharge process, ~0.02 mol Na" can be
intercalated in per a-V,0O; unit cell without changing the
phase structure (Stage I as expressed in Equation (7)).
Further Na' intercalation results in an irreversible phase
transition from a-V,05 to o'-Na,gV,05 (Stage II as ex-
pressed in Equation (8)) accompanied with a swelling of
interlayer distance from ~4.37 to ~4.78 A. In the follow-
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Figure 4 (a) The first cycle and second cycle discharge/charge profiles for the V,05 nanowires electrode at a current density of 100 mA g . (b, ¢) Ex-
situ XRD patterns of the V,05 nanowires electrode at different states in Fig. 4a. (d) Schematic illustration of the structural changes of V,05 upon Na*

intercalation and deintercalation.

ing discharge/charge processes, ~0.6 mol Na" can be re-
versibly intercalated in the initially formed a'-NagV,05
through a single-phase reaction (Stage III as expressed in
Equation (9)) with only ~0.42% variation of interlayer
distance. The interlayer distance is determined by two
competing forces: (i) the size exclusion and (ii) the elec-
trostatic attraction between the inserted Na* and the V,05
slab. Thus, the negligible change in the interlayer distance
in Stage III is due to the offset of the two competitive
interactions.
Stage I

0-V,05+0.02Na" + 0.02¢ — 0-Na ;,V,0; (7)

564

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020

Stage II

0-Na ;1,V,0510.86Na’+ 0.86e — o'-Na ;¢,V,0s; ®)
Stage II1

o'-Na (4V,05+0.60Na’+ 0.60e <> o'-Na | ,oV,0x. )

The Na' storage behavior is totally different from that
of Li" storage in V,0;. For Li" intercalation in V,0s, the
Li,V,05 (x<2) undergoes a series of phase transitions
[18]: a(x<0.1), e-phase Li,V,0; (0.35<x<0.7), 8-phase
Li,V,05 (0.7<x<1.0), and y-phase Li,V,05 (1.0<x<2.0),
suggesting that Li" intercalation in V,0j is more complex
than that of Na'; moreover, two Li" can be reversibly

March 2021 | Vol.64 No.3



SCIENCE CHINA Materials

ARTICLES

intercalated/extracted from V,0s. These differences can
be due to the larger ionic radius and higher electronic
polarizability of Na® [62]. Larger ionic radius means
higher migration barrier for ions, and therefore only
partial intercalated Na" can be reversibly extracted from
the Na,V,0; system. Higher electronic polarizability of
the intercalated ion means larger deformation of its
electronic distribution in the electric field generated by
the ions of the V,05 framework. Thus, the interaction of
Na" induces relatively less structural changes of V,0s
framework as compared with Li" intercalation.

Ali et al. [19] investigated the Na' intercalation me-
chanism of the nanosized V,05/C composite achieved by
a ball-milling method and reported a rather different
sodium intercalation behavior and mechanism. The
nanosized V,05/C composite shows a much higher initial
charge capacity (293 mA h g ') than the initial discharge
capacity (195 mA h g '). The fully discharged products of
the nanosized V,0s in the composite are crystalline
NaV,0; as a major phase and partially amorphous
Na,V,0; as a minor phase; during the recharge process,
Na® ions are extracted and orthorhombic V,Os is re-
covered, but along with NaV,0; as a minor phase. The
difference between the reaction mechanisms of the single-
crystalline V,05 nanowires reported in this work and the
nanosized V,0;/C composite is believed to be associated
with the crystallinity of the two materials [49-51,63]. In
the V,0; single-crystalline nanowires, both the diffusion
paths and intercalation sites for Na" are highly restricted
in the long range well-ordered structure. While for the
nanosized V,0s/C composite achieved by a ball-milling
method, the nanosized V,0; possesses large amounts of
structural defects (such as unsaturated chemical bonds,
vacancies, and structural disorders) and has higher Gibbs
free energy than that of the V,0; single-crystalline na-
nowires. These structural defects are highly reactive and
could offer more sites for Na' intercalation and more
open structure for Na® diffusion, which results in the
reversible phase transition from V,05 to NaV,0; of the
nanosized V,0;/C composite during discharge/charge
cycling. Uchaker et al. [64] also found that amorphous
V,0; demonstrated superior Na' storage properties as
compared with its crystalline counterparts, in terms of
capacity, energy density, and cycling stability. Therefore,
single-crystalline structure is not necessarily good for
electrodes and fabricating highly defected and/or amor-
phous nanostructures are expected to be promising
strategies, and worthy of further investigations for high-
performance electroactive materials.

Fig. 5a, b present the typical GITT discharge/charge
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profiles of the V,0; electrode in the 1* and 10" cycles.
The typical potential profile of the electrode for a single
titration (current pulse) is shown in Fig. 5e, in which both
AE, and AE, are labeled schematically. In both GITT
profiles, the voltage response during consecutive current
pulse exhibits a good linear relationship with the square
root of pulse time (Tm) (Fig. 51). In this case, the diffusion
coefficient of Na* (Dy,+) in the electrode can be calculated
by the following equation [65,66]:

4 mBVM][AES }2

T

D= (10)

MyS || AE.
where my, My and V) are the mass, molar mass, and
molar volume of active materials, respectively; S is the
surface area of the electrode; AE; is the change in open
circuit voltage during the relaxation period; AE, is the
total change in cell voltage during the current pulse time.
The Dy,+ values of the electrode during the 1% and 10"
discharge/charge cycles were calculated by Equation (10)
based on the GITT profiles. As shown in Fig. 5c, during
the initial discharge process, the Dy,+ values can be
broadly divided into three regions. The first region is
associated with the Na' intercalation in a-V,Os as ex-
pressed by Equation (7); the Dy,+ value in this region
decreases from 6.51x10 > to 5.74x10 “cm’s . The
second region is associated with the phase transition re-
action from a-Nay,V,0;5 to a'-Nag,,,V,05 due to fur-
ther Na" intercalation as expressed by Equation (8); in
this region, the Dy,+ value increases from 2.74x10 " to
1.07x10 *cm’s ' due to the expanded interlayer distance
of a'-Na,V,0; (Fig. 4a). In the third region, the Dy,+ value
drops sharply from 8.75x10 ° to 1.12x10 “*cm’s ',
suggesting that Na" intercalation in this region is rather
sluggish. During the first charge process (Fig. 5c), the
Dy, value varies between 3.45x10 °  and
2.19x10 " cm’s”', much higher than that during the in-
itial discharge process. At the end of the first charge
process, the polarization of the electrode increases ob-
viously and the Dy,+ value decreases sharply, implying
that the extraction of Na' in this state becomes more and
more difficult. Fig. 5d gives the Dy,+ of the electrode
during the 10" discharge/charge cycles. The Dy,+ values
between the 10" discharge and charge processes show a
symmetric feature, indicating the superior electro-
chemical reversibility of the electrode. The Dy,+ values
during the 10" cycle (corresponding to the reversible
electrochemical reactions shown in Equation (8)) range
from 10 “to 10 " em’s ', which is in accordance with
the results (4.81x10 “cm’s ') from CV measurement
(Fig. 3d). These Dy,+ values are significantly higher than
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Figure 5 (a, b) GITT curves of the V,05 nanowires electrodes during the first and tenth discharge/charge cycles as a function of time. (c, d) Na"
diffusion coefficient (Dy,+) calculated from the GITT data in Fig. 5a, b. (e) Typical potential profile of the electrode for a single titration (current pulse)
step. (f) Linear relationship between the potential and the square root of pulse time (1'%).

those during the first discharge process, which can be
attributed to the activation of the electrode upon the in-
itial cycling. Because of the larger ionic radius of Na', the
Dy,+ values are lower than the previous reported Li"
diffusion coefficient in V,Os (10°-10"° em’s ™) [67].
The Dy, values are significantly higher than the previous
reported value for Mg diffusion coefficient in V,0s
(10 ®em’®s ) [68]

The morphology evolution of the electrode before cy-
cling and after 100 cycles was observed by SEM as illu-
strated in Fig. 6a-f. Before cycling, the V,05 nanowires
are uniformly loaded on the as-prepared electrode
(Fig. 6a—c). After 100 discharge/charge cycles at the cur-
rent density of 100 mA g ', the nanowire morphology of
the V,0; sample is well retained (Fig. 6d-f), confirming
the excellent structural integrity of the material during
cycling. The TEM image (Fig. 6g) further verifies that the
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nanowire morphology is well preserved after 100 cycles;
however, the surface of the V,0; nanowires after 100
cycles gets coarse and the edge of the nanowires becomes
blur as compared with the original nanowires (Fig. le, f).
The SAED pattern (Fig. 6h) obtained from a typical na-
nowire shows a highly symmetrical dotted lattice, re-
vealing the single-crystalline nature of the nanowires even
after 100 cycles. The lattice fringe observed in HRTEM
image (Fig. 6i) is about 0.34 nm, which can be ascribed to
the (110) lattice plane of a'-Na,V,0;. The HRTEM and
SAED results are consistent with the ex-situ XRD patterns
of the electrodes after different (the 1%, 3", 5™, and 100™)
discharge/charge cycles (Fig. S4); with the cycle number
increasing, the XRD patterns of the electrodes show
negligible change and the «'-Na,V,05 (JCPDS No. 24-
1157, P21mn) phase is well preserved even after 100 cy-
cles. The superior stability of morphology and crystal
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Figure 6 SEM images of the V,05 nanowires electrodes (a-c) before cycling and (d-f) after 100 discharge/charge cycles. (g) TEM image, (h) SAED
pattern, and (i) HRTEM image of the V,05 nanowires after 100 discharge/charge cycles.

structure upon repeated sodiation/desodiation cycling
accounts for the excellent cycling performance of the
V,05 nanowires electrode after the first cycle.

CONCLUSIONS

Orthorhombic V,0; single-crystalline nanowires pre-
pared by the hydrothermal method show a large initial
discharge capacity of 217 mA h g ' at a current density of
100 mA g '; however, there is an appreciable irreversible
capacity loss with a rather low CE of 40.5%. After the first
cycle, the electrode exhibits excellent cycling performance
with a fading rate of 0.09% per cycle and a specific dis-
charge capacity of 78 mAhg ' at the 100" cycle. The
initial Na" intercalation into the V,O5 single-crystalline
nanowires was found to induce an irreversible phase
transition from a-V,0 to a'-Na,V,0; (x<0.88), accom-
panied with an expanded interlayer distance from ~4.37
to ~4.80 A; notably, the Na' in a'-Na, V,0; (x<0.88)
cannot be electrochemically extracted, leading to the large
irreversible capacity loss during the initial discharge/
charge cycle in addition to the formation of SEI; however,

March 2021 | Vol.64 No.3
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Na' can be reversibly inserted into the a'-Nay 4 V,O5 via a
single-phase (solid solution) reaction with a negligible
variation of the interlayer distance of the host structure,
consequently leading to the excellent cycling performance
of the electrode after the 1% discharge/charge cycle. The
Na" diffusion coefficient during the first discharge pro-
cess ranges from 10 “to 10 *cm’s '; after the first dis-
charge process, the Na' diffusion coefficient of the
electrode significantly increases (10 *-10 " cm’s ")
due to the expanded interlayer distance of the
a'-Na,V,0;. Single-crystalline electrodes are not ne-
cessarily the best for electrochemical intercalation; highly
defective and/or amorphous nanostructures with more
open diffusion paths and intercalation sites are favorable
for attaining high transport kinetics and storage capacity.
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