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performance.[12,21–23] Considerable efforts 
have been devoted to improving their 
rate performance and long-term cycling 
stability. Recent studies show that the 
electrode performance of pure vanadium 
oxides can be greatly improved by addi-
tion of Na+ or other second metal cations 
into these host vanadium oxides.[12,24–26] 
These ions can act as “pillars” to increase 
the framework stability upon lithium 
insertion/extraction.[19,27,28] Furthermore, 
these pillars increase not only the inter-
layer space of the materials but also the 
ion diffusion rate.[29,30] Yang group has 
proven that the sodium vanadium oxides 
can deliver a capacity of 175 mAh g−1 
after 69 cycles.[28] Cao group prepared the 
Na1.25V3O8 nanobelts retaining 94% of 
the initial capacity even after 450 cycles at 
the current density of 200 mA g−1.[21] All 

of these literatures demonstrate the sodium vanadium oxide is 
a promising cathode materials for secondary lithium batteries. 
Another effective strategy, reducing the electrochemical reac-
tion voltage window, is also widely used to improve the perfor-
mance of vanadium oxides and other electrode materials.[31,32] It 
is considered that the deep lithium ion intercalation/deinterca-
lation may cause the disorder of layered structure, which leads 
to the fast capacity fading.[33,34] By reducing the voltage window, 
the cycling stability of electrode material is improved with the 
sacrifice of capacity.[35,36] The aforementioned behavior is tradi-
tionally explained with avoiding the side reaction and irrevers-
ible reaction.[37–39] The detailed observation and corresponding 
understanding under operando condition is still insufficient. 
The capture of structure evolution of electrode materials under 
different electrochemical reaction voltage windows is profitable 
to understand and further optimize the electrochemical perfor-
mance of vanadium oxides as well as sodium vanadium oxides.

In this work, a new compound among sodium vanadium 
oxides, Na0.76V6O15 is used to investigate the relationship 
between electrochemical performance and reaction voltage 
window by using in situ X-ray diffraction (XRD), ex situ X-ray 
photoelectron spectroscopy (XPS), ex situ Raman spectroscopy 
and transmission electron microscopy (TEM). It is demon-
strated that the deep intercalation/deintercalation of Li+ results 
in the more serious voltage drop, electrochemical polarization, 
and degenerated electrochemical activity. Moreover, the detailed 
structure evolution during electrochemical processes is fur-
ther explored. The Na0.76V6O15 undergoes a two phase reaction 

The Capturing of Ionized Oxygen in Sodium Vanadium 
Oxide Nanorods Cathodes under Operando Conditions

Mengyu Yan, Luzi Zhao, Kangning Zhao, Qiulong Wei, Qinyou An,* Guobin Zhang,  
Xiujuan Wei, Wenhao Ren, and Liqiang Mai*

The control of voltage window has been considered as a universal strategy in 
improving the cycling stability of cathode materials, which is supposed and 
explained by avoiding side reactions. To address the conjecture, the detailed 
structure evolution of Na0.76V6O15 nanorods is investigated with different 
electrochemical reaction voltage windows. High time resolution in situ X-ray 
diffraction, ex situ X-ray photoelectron spectroscopy, ex situ Raman spec-
troscopy, and transmission electron microscopy demonstrate the amorphiza-
tion of Na0.76V6O15 nanorods and formation of ionized oxygen in nanorods, 
leading to the increased polarization voltage and fast capacity fading. The 
amorphization and diffusion of ionized oxygen in nanorods is controlled by 
optimizing the voltage window, resulting in the great increase of capacity 
retention from 26% to 80%. It is demonstrated that controlling the voltage 
window and corresponding ionized oxygen diffusion can mitigate the fast 
capacity fading to achieve long lasting lithium ion batteries.

DOI: 10.1002/adfm.201602134

M. Y. Yan, L. Z. Zhao, K. N. Zhao, Dr. Q. L. Wei,  
Prof. Q. Y. An, G. B. Zhang, X. J. Wei, W. H. Ren,  
Prof. L. Q. Mai
State Key Laboratory of Advanced Technology for  
Materials Synthesis and Processing
Wuhan University of Technology
Hubei, Wuhan 430070, China
E-mail: anqinyou86@whut.edu.cn; mlq518@whut.edu.cn

1. Introduction

Lithium-ion batteries (LIBs) have shown great power in revolu-
tionizing communications and transportation, enabling the rise 
of smartphones and electric cars with a practical range, which 
have further extended to large scale energy storage systems and 
shaken up the electricity grid.[1–4] However, the limited capacity 
and high cost of the current commercial cathodes block their 
further commercial applications.[5,6] It is of great challenge and 
importance to explore cathode materials with competitive spe-
cific capacity and low cost.[7]

Over the past decades, vanadium oxides, such as V2O5,[8–12] 
V2O4,[13] V2O3,[14] VO2,[15,16] V6O13

[17] have attracted much 
attention as electrode materials for LIBs due to their abun-
dant resources and low cost, as well as high capacities.[18–20] 
However, these generally studied bulk vanadium oxides 
suffer from intrinsic low lithium ion diffusion coefficient, 
poor electronic conductivity, and inferior long-term cycling 
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during intercalation process, while a nonequilibrium solid solu-
tion reaction during deintercalation processes, under the voltage 
window of 1.5–4.0 V. The asymmetric electrochemical reaction 
pathway results in the decrease of ionized oxygen migration 
energy, which is one of the archcriminal of cyclability. The fur-
ther electrochemical investigation shows that the Na0.76V6O15 
nanorods can deliver a high capacity of 213.5 mAh g−1 under the 
voltage window of 1.5–4.0 V. By optimizing the voltage window 
to 2.0–4.0 V, the capacity retention can achieve 80% after 50 
cycles, which is three times as high as that of 1.5–4.0 V. The 
understanding and unveiling of voltage window dependent elec-
trochemical reaction pathway can guide the practical application 
of LIB and further optimize the cycling stability.

2. Results and Discussion

The Na0.76V6O15 nanorods obtained with the addition of 100 mg 
acetylene black are shown in Figure 1a,b. With the increasing 
of acetylene black from 0–100 mg, it is demonstrated that the 
crystallinity of Na0.76V6O15 rises while that of V2O5 decreases 
(Figure 1c, Figure S2, Supporting Information). Meanwhile, it 
is found that the Na0.76V6O15 samples with less acetylene black 
(0, 20, and 50 mg) exhibit an agglomerated state and irregularly 
shaped rods (Figure S1, Supporting Information). The amount 
of sodium dodecyl sulfate (SDS) is also regarded as an impor-
tant factor in the synthesis of Na0.76V6O15. The theoretical reac-
tion ratio of SDS:V2O5 in Na0.76V6O15 nanorods are 1:1, 1.3:1, 

Adv. Funct. Mater. 2016,   
DOI: 10.1002/adfm.201602134

www.afm-journal.de
www.MaterialsViews.com

Figure 1.  a) SEM image, b) TEM image, c) powder XRD pattern and XRD Rietveld refinement, d) EDS pattern, and e and f) HRTEM images of the 
Na0.76V6O15 nanorod. The inset in (f) is the corresponding FFT pattern. g) Schematic of the formation of the Na0.76V6O15 nanorods.
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and 1.7:1 when the amount of SDS are 46, 60, and 80 mg, 
respectively. (Table S1, Supporting Information) Although the 
nanorods architecture can be obtained in all amount of SDS 
of 46, 60, and 80 mg (Figure S3, Supporting Information), the 
deficiency of SDS (46, 60 mg) leads to the formation of V2O5. 
With the increasing amount of SDS from 46 to 80 mg, the XRD 
pattern peaks become sharp and intense, demonstrating the 
improvement of the crystallographic structure of Na0.76V6O15 
(Figure S4, Supporting Information). It can be supposed that 
the concentration of Na+ should achieve a critical value which 
can result in the formation of Na0.76V6O15 nanorods. During the 
stirring processes, the Na+ provided by SDS is consumed con-
tinuously. When the concentration of Na+ is lower than the crit-
ical value, the V2O5 forms. Thus, the excess Na+ source (SDS) 
is needed to avoid the formation of V2O5. Furthermore, the 
control experiments about annealing temperature are also con-
ducted. As shown in Figure S5 in the Supporting Information, 
at a lower temperature of 350 °C (Figure S5a, Supporting Infor-
mation), only nanoparticles are synthesized due to the limited 
driving force of nucleation and growth. The nanorod architec-
ture can be obtained with the temperature of 400 °C (Figure 1a). 
However, when the temperature increased to 500 °C, nanorods 
trend to aggregate together (Figure S5b, Supporting Informa-
tion). Thus, the Na0.76V6O15 attained at 400 °C with addition 
amount of 100 mg acetylene black and 80 mg SDS is chosen 
to further investigate its crystal structure, morphology, and cor-
responding electrochemical performance. The XRD Rietveld 
refinement of Na0.76V6O15 is performed by using total pattern 
solution (TOPAS) software. As shown in Figure 1c, all diffrac-
tion peaks are well indexed by a monoclinic Na0.76V6O15 phase 
with small GOF value of 0.56. Figure 1b shows the TEM image 
of the Na0.76V6O15 nanorods. The nanorods display uniform 
morphology with 50–100 nm wide and several micrometers 
long, which is consistent with the scanning electron micro
scopy (SEM) image results. The energy dispersive spectra 
(EDS) pattern of the Na0.76V6O15 nanorods in Figure 1d shows 
that it only consists of O, Na, V, Cu elements. The Cu is attrib-
uted to the copper grid. High-resolution TEM (HRTEM) image 
shows clear lattice fringes with spacing of 3.07 and 3.64 Å, 
which are in agreement with that of the (401) and (400) planes 
of Na0.76V6O15, respectively (Figure 1f). The fast Fourier trans-
form (FFT) result in Figure 1f demonstrates the single crystal-
line nature of the as-obtained Na0.76V6O15 nanorods.

Based on the experiment results above, the construct mech-
anism is proposed as follows (Figure 1g). The connection 
between V and O mainly depends on the pH value of the solu-
tion. The vanadium exists as a V4O12

4− tetramer when the V2O5 
sol is dispersed in the ethanol solution (8  PH  6).[40,41] Then 
the V4O12

4− tetramer absorbs on the acetylene black, which dis-
perses evenly in the solution due to the effect of the surface ten-
sion. After SDS is added, the V4O12

4− tetramer transforms into 
a VO4

3− tetrahedron with the rise in pH value (13  PH  9) 
due to the ionization of the SDS.[40,42] Then the acetylene black 
works as a template and adsorbs VO4

3− and Na+. Attracted by 
the electrostatic interactions between the Na+ species and the 
VO4

3− species, the VO4
3− tetrahedrons co-precipitate with Na+ 

to form particles and then heterogeneous grow on the dis-
persed acetylene black. Finally, VO4

3− tetrahedrons react with 
Na+ in the acetylene black template which form Na0.76V6O15 

nanorods during the calcination process. The acetylene black 
plays three main roles in the whole process.[43] (1) The dis-
persed acetylene black template works as a space blocking agent 
which effectively prevents the aggregation during the drying 
and calcination processes; (2) The acetylene black is consumed 
during the reaction, which provides the space for the oriented 
growth of the Na0.76V6O15 crystal and results in the formation 
of Na0.76V6O15 nanorods; (3) The combustion of the acetylene 
black provides extra heat for the formation of the Na0.76V6O15 
nanorods (Figure S6, Supporting Information).

Coin cells were assembled to investigate the electrochemical 
performance of the Na0.76V6O15 nanorods. First, the Na0.76V6O15 
nanorods electrode was measured in a wide voltage window 
between 1.5 and 4.0 V versus Li+/Li to obtain high capacity. Cyclic 
voltammetry (CV) curves measured at a scan rate of 0.1 mV s−1 
show three pairs of cathodic/anodic peaks, at about 3.24/3.34, 
2.82/3.22, and 2.40/2.88 V (Figure 2a). However, an isolated oxi-
dation peak at about 1.84 V is also captured. Traditionally, such 
irreversible electrochemical reaction leads to a poor cycling per-
formance. Thus, the voltage window of CV curves is reduced to 
2.0–4.0 V, which can avoid the formation of irreversible phase at 
1.84 V (Figure 2b). Similar with that of 1.5–4.0 V, three pairs of 
oxidation and reduction peaks are observed. It is worth noting 
that the polarization of the redox peaks at 2.82/3.22 V under 
the voltage window of 1.5–4.0 V is three times as high as that 
of 2.0–4.0 V, which may be attributed to the irreversible elec-
trochemical reaction at 1.84 V. The cycling performance within 
the two voltage windows is further evaluated by long-term gal-
vanostatic charge/discharge testing (Figure 2c). Although, a 
high capacity of 213.5 mAh g−1 is achieved under the voltage 
window of 1.5–4.0 V, only 55.5 mAh g−1 is maintained after 
50 cycles, corresponding to a capacity retention of 26%. To 
optimize the cycling performance of Na0.76V6O15, the voltage 
window is reduced to 2.0–4.0 V. It is found that the capacity 
retention greatly increases to 80%, which is three times as high 
as that of 1.5–4.0 V, although the initial capacity of Na0.76V6O15 
is sacrificed.

In order to understand the improved cycling performance 
obtained within 2.0–4.0 V than that of 1.5–4.0 V, the ex situ 
SEM and TEM measurements of the Na0.76V6O15 electrode after 
cycled are performed. Figures S7 and S8 in the Supporting 
Information are the SEM images of the Na0.76V6O15 nanorods 
electrode discharged to 2.0 and 1.5 V, respectively. The mor-
phology of Na0.76V6O15 nanorods is maintained when discharge 
to 2.0 V, while broken after discharged to 1.5 V. The TEM and 
HRTEM images of the Na0.76V6O15 nanorods after cycled within 
1.5–4.0 V are shown in Figure S9a,b in the Supporting Infor-
mation. The nanorods fracture into small pieces and aggregate 
together. Interestingly, HRTEM result suggests that the edge 
of nanorods is partially amorphous (Figure S9b, Supporting 
Information). TEM image shows that the nanorods after cycles 
within 2.0–4.0 V are preserved (Figure S9c, Supporting Infor-
mation). Moreover, the lattice fringes in the HRTEM image are 
clearly visible, which indicates the excellent structural stability 
(Figure S9d, Supporting Information).

The in situ XRD technique has been applied to further inves-
tigate the insertion/extraction mechanism of the Na0.76V6O15 
nanorods with the two voltage windows. The 2θ are recorded 
from 21.0° to 35.5°, a range which can well reflect the structural 
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changes of the Na0.76V6O15 as electrode for LIBs during cycling 
within the two voltage windows at different current densities. 
It is demonstrated that a solid solution phase transforma-
tion occurs with the potential over 3.00 V, followed by twice 
two-phase transformations corresponding to the redox peaks 
of 2.86/2.99 and 2.41/2.71 V in the CV results, respectively 
(Figures 2b, 3a). Furthermore, the intensity of the diffraction 
peaks have not decreased after cycling at the current density 
of 100, 200, and 500 mA g−1, respectively, which further indi-
cates the high reversibility of the Na0.76V6O15 nanorods under 
the voltage window of 2.0–4.0 V. Figure 3b shows the corre-
sponding in situ XRD patterns collected within 1.5–4.0 V. An 
obvious asymmetric reaction pathway is observed during the 
lithiation and delithiation processes. Furthermore, the intensity 
of diffraction peaks decrease fast during cycling, which is con-
sistent with the HRTEM image of the electrode after cycle. It 
is demonstrate the amorphism of crystal structure, which may 
results in the fast capacity degradation.

To further investigate the asymmetric reaction pathway 
in Na0.76V6O15, the Rietveld structure refinement is applied 
with TOPAS. It can be confirmed that the phase of the elec-
trode material is attributed to Na0.76V6O15 without lithium ion 
insertion, when charged to 4.0 V (Figure 4b). There are three 
phase transformations while discharging to 2.5 V. (1) As the 
discharge process proceeds, the corresponding phase changes 
to Li0.74Na0.76V6O15 at 3.3 V (Figure 4c). (2) Another 0.5 Li+ 
inserts into the lattice when discharged to 2.8 V and the phase 
transfers to Li1.24Na0.76V6O15 (Figure 4d). The electrode material 
undergoes a single phase reaction during the aforementioned 
processes. (3) The phase changes to Li0.914Na0.253V2O5 with 
expanding a-axis from 15.992 to 16.374 Å, while discharged to 

2.5 V (Figure 4e). Meanwhile, it can be found that the primary 
phase of Na0.76V6O15 transforms to Li0.914Na0.253V2O5 at the 
beginning of the in situ test, which is regarded to be linked to a 
self-lithiation process during the fabrication process. The reac-
tions and corresponding phase transitions above occur under 
the voltage window of both 1.5–4.0 V and 2.0–4.0 V. However, 
less amount of Li0.914Na0.253V2O5 forms during delithiation 
under the voltage window of 1.5–4.0 V than that of 2.0–4.0 V. 
To understand the above phenomenon, the deeper lithiation 
state is captured and refined, which is attributed to the frame-
work of [Na0.38V3O7] (Figure 4f). By comparing with the orig-
inal phase, Na0.76V6O15, ionized oxygen, forms during the deep 
discharging process, which finally results in the formation of 
new phase. Two main differences are captured by comparing 
the in situ XRD results with different voltage windows. (1) The 
peak at 24.6° undergoes symmetrical transformations when 
charging and discharging in the voltage window of 2.0–4.0 V, 
but asymmetrical shift processes under the voltage window of 
1.5–4.0 V. Although a two phase transformation occurs while 
discharging from 2.5 to 1.5 V, a solid solution transformation 
pathway is captured while charge under the voltage window 
of 1.5–4.0 V. These results are also consistent with the isolate 
peaks (1.84 V) in the CV curves. (2) Furthermore, the crystal-
linity degree decreases while further discharge to 1.5 V which 
may contribute to the excess lithium intercalation. It can be 
expected that the decrease of crystallinity degree leads to poor 
electron conductivity, increased polarization and overpoten-
tial.[44,45] Meanwhile, the amorphization of crystal structure 
can lead to the diffusion of ionized oxygen.[46] Thus, the frame-
work of [Na0.38V3O7] cannot transform to that of [Na0.253V2O5] 
directly with the diffused ionized oxygen while discharge to 
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Figure 2.  Cyclic voltammograms at a scan rate of 0.1 mV s−1 within a) 1.5–4.0 V and b) 2.0–4.0 V. Cycling performance at a current density of c) 0.1 A g−1 
and d) the rate performance of the Na0.76V6O15 nanorods within 1.5–4.0 V and 2.0–4.0 V.
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1.5 V which undergoes a solid solution reaction. With lithium 
ion intercalation/deintercalation, the amorphization gets more 
and more severe, while the ionized oxygen aggregates, leading 
irreversible transferring between [Na0.38V3O7] and [Na0.253V2O5]. 
Thus fast capacity fading is observed under voltage window of 
1.5–4.0 V which can be avoided by reducing to 2.0–4.0 V.

The ex situ XPS, ex situ Raman spectroscopy and cor-
responding electrochemical analysis are further applied to 
verify the result deduced from in situ XRD. The XPS results 
of Na0.76V6O15 with the states of original, charge to 4.0 from 
2.0 V and charge to 4.0 from 1.5 V are displayed in Figure 5a–c, 
respectively. All of these three samples contain V4+ and V5+, 
for which the binding energy of the V2p3/2 band is 514.8 and 
516.3 eV, respectively.[47] Importantly, the peak area ratio of V5+ 
and V4+ changes greatly in different samples. In the original 

sample and the cycled sample which charge to 4.0 from 2.0 V, 
the peak area ratio is 3.67 and 3.33, respectively. However, in 
the cycled sample which charge to 4.0 from 1.5 V, the peak area 
ratio of V5+ and V4+ greatly decreases to 1.53, which demonstrate 
the existence of irreversible reaction when cycling in the range 
of 1.5–4.0 V. The Raman spectrum of Na0.76V6O15 powder and 
corresponding samples at different charge/discharge states are 
shown in Figure 5f. In original Na0.76V6O15 powder, the highest 
frequency modes located at 142 cm−1 represents the stretching 
vibrations of particular VO bonds in the (V1)O6, (V2)O6, and 
VO5 polyhedral.[48] The Raman band at 259 cm−1 are assigned 
to the bending δ(VOV). It is difficult to determine pre-
cisely the frequency distribution for these modes because of 
considerable coupling. The 440 cm−1 mode corresponds to 
the V2O5 stretching and V1O5V3 bending vibrations.[49] 
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Figure 3.  In situ XRD patterns collected during galvanostatic charge/discharge of Na0.76V6O15 half-cell within a) 2.0–4.0 V and b) 1.5–4.0 V at different 
current densities.
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(Figure S10, Supporting Information) The stretching vibra-
tions of V3O7 and the antisymmetric V1O2V1 stretching 
mode locate at 490 and 693 cm−1, respectively. The mode at 
1004 cm−1 originates from the V2O6.[48] However, almost all 

the modes disappear when both discharge to 1.5 and 2.0 V, 
except the mode located at 142 cm−1. The characteristic signa-
tures located at around 1350 and 1600 cm−1 are attributed to 
the D-band (disordered carbon) and G band (graphitic carbon), 
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Figure 5.  a) The X-ray photoelectron spectra of Na0.76V6O15 with the states of original, b) charge to 4.0 from 2.0 V, and c) charge to 4.0 from 1.5 V. 
d) The voltage drop of Na0.76V6O15 electrode. The batteries are charged to 4.0 V or discharged to 1.5 and 2.0 V firstly. Then, the batteries rest for 
30 s. e) The changes of charge plateau voltages at ≈2.5 V when cycling within 1.5–4.0 and 2.0–4.0 V. f) Raman spectra of Na0.76V6O15 with different 
electrochemical states.

Figure 4.  a) In situ XRD patterns collected during galvanostatic discharge/charge of Na0.76V6O15 half-cell within 1.5–4.0 V. The crystal structure of the 
sample after XRD refinement during the discharging process of 4.0 to 1.5 V: b) 4.0 V, c) 3.3 V, d) 2.8 V, e) 2.5 V, f) 1.7 V.
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respectively, due to the conductive carbon additives.[50] When 
charge to 4.0 from 2.0 V again, the 259 cm−1 mode is observed, 
while no obvious mode recovers in the Raman spectrum when 
charge to 4.0 from 1.5 V. Figure 5d illustrates the voltage drop 
at each cycle within the two voltage windows. When charged 
to 4.0 V under the voltage window of 2.0–4.0 V, the voltage 
drop decreases from 125 mV at the first 11 cycle and remains 
stable at ≈83 mV during the following cycles. However, the 
voltage drop start from 125 mV and increases to 145 mV after 
50 cycles, when charge to 4.0 V under the voltage window of 
1.5–4.0 V. High voltage drop is observed when discharged to 
1.5 V (158 mV), which is 1.5 times to that of 2.0 V (98 mV). 
The changes of charge plateau voltage at ≈2.5 V are investigated 
(Figure 5e). The plateau voltage within the two voltage windows 
shift to higher potential as the cycling proceeds. The shifts of 
the plateau voltage make great differences with the two voltage 
windows. The plateau voltage shifts 68 mV (from 2.468 to 
2.536 V) within 2.0–4.0 V, while that shifts 81 mV (from 2.475 
to 2.556 V) within 1.5–4.0 V. These results above indicate that 
the polarization of the Na0.76V6O15 electrode within 2.0–4.0 V is 
weaker than that within 1.5–4.0 V, which can benefit the cycling 
reversibility and control the diffusion of ionized oxygen. Even-
tually, the great enhanced stability is obtained by controlling the 
voltage window from 1.5–4.0 V to 2.0–4.0 V.

3. Conclusion

The Na0.76V6O15 nanorods are applied to reveal the essence of 
voltage window dependent electrochemical reaction pathway. 
The corresponding structure evolutions are investigated through 
high time resolution in situ electrochemical XRD within dif-
ferent voltage windows of 1.5–4.0 and 2.0–4.0 V. The ionized 
oxygen is captured and demonstrated by combining in situ 
XRD and structure refinement when discharge to 2.0 V. Further 
decrease voltage to 1.5 V will lead to the asymmetric electro-
chemical reaction pathway, decrease of crystallinity degree due 
to the excess lithium intercalation. The amorphization of crystal 
structure can result in poor electron conductivity, the decrease 
of ionized oxygen migration energy, and increase of polariza-
tion and overpotential, which is further demonstrated by ex 
situ SEM, XPS, Raman spectroscopy, TEM, and corresponding 
electrochemical analyses. By optimizing the voltage window 
from 1.5–4.0 V to 2.0–4.0 V, the diffusion of ionized oxygen and 
amorphization of crystal structure are inhibited and the capacity 
retention greatly increases from 26% to 80%. Based on these 
results, the understanding of voltage window dependent electro-
chemical reaction pathway can guide the practical application of 
LIB and further optimize the cycling stability.

4. Experimental Section
Materials Synthesis and Characterization: V2O5, SDS, alcohol and 

acetylene black were analytical pure and purchased from Sinopharm 
Chemical Reagent Co., Ltd. (Shanghai, China). For a typical synthesis, the 
V2O5 sols were first prepared by a melt quenching process as reported 
previously.[51] In brief, the V2O5 powder (30 g) was heated in air at 800 °C 
for 20 min, resulting in a molten liquid. Then, the melt was poured into 
deionized water under vigorous stirring to obtain the suspension, which 

was then heated to the boiling point of water beforehand and cooled 
to room temperature naturally. After aging for 7 d, the brownish V2O5 
dispersion was filtrated with a piece of filter paper (purchased from 
Whatman) to remove the aggregated V2O5 particles. Then, the filtrate 
(brownish V2O5 sols) was collected. For the synthesis of Na0.76V6O15 
nanorods, V2O5 sols (10 mL, 0.623 mmol) and acetylene black (100 mg) 
were added into alcohol (50 mL) and vigorously stirred for 30 min to 
obtain the homogeneous suspension. Then SDS (80 mg) was added 
into the suspension, which was further stirred for 2 h followed by 
drying at 70 °C to get precursor. In the end, the Na0.76V6O15 nanorods 
were obtained by calcinating the precursor at 400 °C for 2 h. A series 
of experiments with different annealing temperatures and amounts of 
SDS and acetylene black were carried out in order to identify the optimal 
synthesis recipe. The XRD patterns of the samples were obtained 
with a D8 DISCOVER X-ray diffractometer, using Cu Kα radiation 
(λ = 1.5418 Å). For in situ XRD testing, an electrochemical cell module 
with a beryllium window was used, while the slurry was directly cast on 
the beryllium window. Field emission scanning electron microscopy 
(FESEM) images and EDS were collected with a JEOL JSM-7100F 
microscope. TEM and HRTEM images were recorded with a JEM-2100F 
microscope. Raman spectra were acquired using a Renishaw RM-1000 
laser Raman microscopy system. XPS measurements were performed 
using a VG MultiLab 2000 instrument.

Electrochemical Characterization: The electrochemical measurements 
were carried out using 2016 coin cells in a glove box filled with 
pure argon gas. The working electrodes were obtained using 70% 
Na0.76V6O15 nanorods active material, 20% acetylene black, and 10% 
poly tetrafluoroethylene (PTFE). The mass loading of the electrode was 
1.2–1.5 mg cm−2. Lithium pellets were used as the anode. The electrolyte 
was composed of 1 m LiPF6 dissolved in ethylene carbon (EC)/dimethyl 
carbonate (DMC) with a volume ratio of 1:1. Galvanostatic charge/
discharge measurements were performed using a multichannel 
battery testing system (LAND CT2001A). CV was recorded using an 
electrochemical workstation (CHI 760D).
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Supporting Information is available from the Wiley Online Library or 
from the author.
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