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Three-dimensional (3D) hierarchical heterostructures have been widely studied for energy storage be-
cause of their amazing synergistic effect. However, a detailed characterization how the branched
structure affects the backbone structure during electrochemical cycling, and the specific relationship
between the backbone and the branched heterogeneous structure (namely synergistic effect) have been
rarely revealed. In addition, the controllable synthesis of this system still remains a great challenge.
Herein, we developed a one-step gradient hydrothermal method to obtain a series of 3D hierarchical
heterogeneous nanostructures, including V,05/NaVs015, V,05/ZnV,06 and V,05/CoV,0g, through con-
trolling the sequence of nucleation and growth processes of different structural units in the same pre-
cursor. On the basis of time-resolved in situ X-ray diffraction (XRD) characterizations, we clearly eluci-
dated the synergistic effect between the branched and backbone structure. During the synergistic effect,
the branched NaVgO;s helps to reduce the potential barrier during lithium-ion insertion/extraction,
buffers the impact of crystal-system transformations during the charge/discharge process; the backbone
V,05 is beneficial to increase the charge/discharge capacity, inhibits the self-aggregation of branched
NaVg0;5 and maintains the stability of 3D structure. Consequently, 3D V,05/NaVgOs hierarchical het-
erogeneous microspheres exhibit the best electrochemical performance than pure V,0s5 and
V,05/NaVg0;5 physical mixture in lithium-ion batteries (LIBs). When tested at a high rate of 5A g™, 92%
of the initial capacity can be maintained after 1000 cycles. We believe this method will be in favor of the
construction of 3D hierarchical heterostructures and this specific synergistic effect investigated by in situ
XRD will be significant for the design of better electrodes.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

method, which exhibited superior supercapacitor performance to
single molybdate or their physical mixture [16]. However, a detailed

Three-dimensional (3D) hierarchical heterogeneous nanos- characterization how the branched nanostructure affects the back-

tructures, benefiting from the synergistic effect, a robust structure
and a large number of active sites, have been widely studied and
applied in the fields of optics, catalysis and energy storage [1-14].
Zhou et al. have synthesized 3D branched Fe,03/SnO, hetero-
structure by combining vapor transport deposition and hydro-
thermal growth methods to effectively improve the electrochemical
performance of lithium-ion batteries (LIBs) via a synergistic effect
[15]. Mai et al. have obtained 3D MnMoO,4/CoMoO, hierarchical
heterostructured nanowires through a microemulsion and refluxing
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bone structure during electrochemical cycling, and an in-depth
understanding of the relationship between the backbone structure
and the branched heterogeneous nanostructure, namely synergistic
effect, have been rarely revealed [17-26].

Hydrothermal synthesis provides a simple and controllable
bottom-up approach for fabricating various nanostructures, in-
cluding 0D, 1D, 2D and 3D nanostructures. Its advantages are con-
firmed as energy conservation, high yields and convenient process
[27-33]. To obtain a uniform morphology for a single substance, the
nucleation and growth process of both homogeneous and hetero-
geneous types are usually separated into two distinct steps. Many
efforts have focused on precisely controlling the synthetic condi-
tions of different steps to obtain different homogeneous nanos-
tructures [34-39]. However, the fabrication of 3D hierarchical
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heterostructures usually contains more than two different sub-
stances. The nucleation and growth stages of the various substances
in one system will become complicated and chaotic, leading to
nonuniform nanostructure mixtures. And few reports have suc-
cessfully realized these efficient separation in one system to obtain
uniform 3D hierarchical heterostructures [40,41].

Vanadium pentoxide (V,0s5), which exhibits high capacity, is in-
expensive and derived from an abundant source. This compound has
been widely studied as a cathode material in LIBs [42-45]. However,
its poor rate capability and low cycling stability seriously limit its
further application in energy storage field [46-48]. Nevertheless,
many vanadates, such as NaVgOs, ZnV,0g and CoV,0g, exhibit much
stable cycling performance when used as LIB electrodes, yet they
have relatively low discharge capacities [49-51]. Therefore, how to
design and fabricate these heterogeneous materials with synergistic
effect to combine the advantages of both high capacity and stable
cycling performance is important and challenging.

Herein, we report a one-step gradient hydrothermal method to
synthesize a series of 3D hierarchical heterostructures, including
V,05/NaVg0;s5, V205/ZnV,06 and V,05/CoV,0g. This method is based
on different nucleation rates of two substances, realizing the se-
quence of nucleation and growth of different structural units derived
from a single precursor. The backbone vanadium oxide nanogears
are first formed using a solution with one concentration of reactants,
subsequently, the branched sodium vanadate nanospindles are ob-
tained and matched up to the backbone in the same precursor. Using
time-resolved in situ X-ray diffraction (XRD), we clearly elucidate the
synergistic effect between the branched vanadate (NaVg0;5) and the
backbone structure (V,0s) during the charge/discharge process.
Therefore, 3D V,05/NaVgO;s hierarchical heterogeneous micro-
sphere cathode can exhibit better electrochemical performance in
LIBs than pure V,0s, NaVgO;5 and V,05/NaVg0;5 physical mixture.

2. Material and methods
2.1. Preparation of hierarchical V,05 microspheres

NH4VO3 and CgHgO5 - H,O were added to 35 mL of H,O and stir-
red for 24 h at 50 °C until a homogeneous blue solution was ob-
tained. This solution was subsequently transferred to a 50 mL Teflon
autoclave and maintained at 180 °C for 24 h. After the solution was
cooled to room temperature, black powders were obtained by gently
washing and drying in air at 70 °C for 12 h. The final products were
obtained after sintering in air at 450 °C (2 °C min~') for 5 h.

2.2. Preparation of NaVs0;5 nanospindles

0.364 g of V,05 was dispersed in 30 mL of distilled water, 5 mL
of 30% H,0, and 1.5 g of NaCl were added under vigorous mag-
netic stirring at room temperature. The mixture was maintained
for 2 h until an orange suspension solution was obtained. Then
transferred to a 40 mL autoclave and heated in an oven at 200 °C
for 4 days. The final products were obtained after washing, drying
and sintering in air at 450 °C (2 °C min~!) for 5 h.

2.3. Preparation of 3D V,05/NaVs0;s hierarchical heterogeneous
microspheres

NH4VO0s, CsHgO7 - H,0 and C1,H,5504Na were added to 35 mL of
H,0 and then stirred for 24 h at 50 °C until a homogeneous blue
solution was obtained. Then transferred to a 50 mL Teflon autoclave
and maintained at 180 °C for 24 h. After cooling to room tempera-
ture, black powers were obtained by gently washing and drying in
air at 70 °C for 12 h. The final products were successfully synthe-
sized after being sintered in air at 450 °C (2 °C min~!) for 5 h.

2.4. Preparation of V,05/NaVs0;s physical mixture

The V,0s/NaVgOis physical mixture is prepared by mixing
NaVgO;5 nanospindles and V,0s microspheres, and the weight ratio
of NaVgO15 and V,0s is 1:2 in the physical mixture, which is similar in
3D V,05/NaVg015 hierarchical heterogeneous microspheres (1:1.96).

2.5. Preparation of 3D V,05/ZnV,0¢ hierarchical heterogeneous
microspheres

NH4VOs3, CgHgO7 - H,0 and Zn(CH3COO), - 2H,0 were added to
8 mL of H,0 and stirred for 4 h at 50 °C until a homogeneous blue
solution was obtained. Then transferred to a 15 mL Teflon auto-
clave and maintained at 180 °C for 15 h. After the solution cooled
to room temperature, black powers were obtained by gently
washing and drying in air at 70 °C for 12 h. The final products were
obtained after sintering in air at 450 °C (2 °C min~!) for 5 h.

2.6. Preparation of 3D V,05/CoV,0¢ hierarchical heterogeneous
microspheres

NH4VO3, CgHgO- - H,0 and Co(CH3COO), -4H,0 were added to
8 mL of H,0 and stirred for 4 h at 50 °C until a homogeneous blue
solution was obtained. Then transferred to a 15 mL Teflon auto-
clave and maintained at 180 °C for 24 h. After cooling to room
temperature, black powers were obtained by gently washing and
drying in air at 70 °C for 12 h. The final products were successfully
synthesized after sintering in air at 450 °C (2 °C min~ ") for 5 h.

3. Characterization

The crystallographic information of the final products was
measured using a Bruker D8 Discover X-ray diffractometer
equipped with a Cu-Ko radiation source; the samples were scan-
ned over a 20 range from 10° to 80° at room temperature. Scan-
ning electron microscope (SEM) images were collected using a
JEOL-7100 F SEM. Transmission electron microscope (TEM) images
were collected using a JEM-2100 F TEM. The Brunauer-Emmett-
Teller (BET) specific surface area was calculated from nitrogen
adsorption isotherms measured at 77 K using a Tristar-3020 in-
strument. Energy-dispersive X-ray spectra (EDS) were recorded
using an Oxford IE250 system. UV-VIS spectra were obtained using
a UV/VIS/NIR Spectrometer (PerkinElmer, Lambda 750 S).

Type 2016 coin cells were assembled in a glovebox filled with
pure argon gas. Lithium foil was used as the anode and a solution
of LiPFg (1 M) in EC/DEC (1:1 vol/vol) was used as the electrolyte.
The cathode was composed of a ground mixture of 70% active
material, 20% acetylene black and 10% poly(tetrafluoroethylene).
Galvanostatic charge/discharge measurements were performed
using a multichannel battery testing system (LAND CT2001A).
Cyclic voltammograms (CV) and electrochemical impedance
spectra (EIS) were collected using an Autolab potentiostat/galva-
nostat. For in situ XRD measurement, the electrode was placed
right behind an X-ray-transparent beryllium window which is also
acted as a current collector. The in situ XRD signals were collected
using the planar detector in a still mode during the discharge-
charge process, and each pattern took 2 min to acquire.

4. Results and discussion

The formation process of 3D V,05/NaVgO;s hierarchical hetero-
geneous microspheres (noted as 3D microspheres) via a one-step
gradient hydrothermal method was studied with a series of ex-
periments (Fig. 1). The corresponding low-magnification SEM
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images show the overall morphologies (Fig. S1). During the initial
stage (Fig. 1a, e), cross V505 nanosheets are firstly obtained via re-
action for 2 h because of the abundant vanadium source and fast
nucleation and grown rate [42,48]. When the reaction time is in-
creased to 6 h (Fig. 1b, f), consistent with the lowest energy principle
[31,32,35,40], more and more fresh half V,0s nanosheets con-
tinuously grow at the junction of former cross nanosheets, forming
V5,05 nanogears composed of rectangular nanosheets (~100 nm in
thickness, ~4 pm in length and ~2 pm in width). As shown in the
SEM images of pure V,0s nanogears (Fig. 2a, b), only two nanosheets
cross over at the center, whereas the other half nanosheets grow
from their intersection. With a further increase in reaction time,
sodium vanadate nanospindles begin to form and preferentially
grow on the edges of the vanadium oxide nanosheets through
heterogeneous nucleation (Fig. 1c,g). Then, the sodium vanadate
nanospindles grow larger and denser, homogeneously covering the
whole surface of the vanadium oxide nanogears (Figs. 1d,h and 2c-
e), which is also evidenced by the EDS mapping (Fig. S2). The mass
ratio between NaVgO;s and V,0s in 3D V,05/NaVsO;5 hierarchical
heterogeneous microspheres is ~1:1.96 (Fig. S2e). Eventually, 3D
V,05/NaVgO;s hierarchical heterogeneous microspheres are ob-
tained after proper calcination. The corresponding SEM image and
XRD pattern clearly demonstrate the morphology and structural
phase of each stage (Fig. 1). As shown in the TEM images, the (101)
interlayer spacing of the V,05 nanosheets is 0.44 nm (measured at
the nanosheets edge), close to the 0.47 nm (200) interlayer spacing
of NaVgO;5 nanospindles (Fig. 2g, h). Therefore, the NaVgO;s na-
nospindles can directly fit into the V,05 nanosheets and continue to
grow, forming stable hierarchical heterostructure. The correspond-
ing SAED pattern exhibits well crystallinity (inset of Fig. 2h). When
the reaction time is extended to 48 h, the hierarchical NaVgOs na-
nospindles become swollen (Fig. S3).
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To explore the specific influence of the sodium source, we con-
ducted a series of control experiments by varying the quantity of
Cy2H35S04Na (sodium dodecyl sulfate, SDS) from O to 0.1, 0.3, 0.5 and
1.5 g (Figs. S4 and S5). Only pure V,0s nanogears are obtained in the
absence of SDS. After a small amount of SDS (0.1 g) is added, small
NaVe0;5 nanospindles emerge mostly on the edges of V,0s na-
nosheets. With an increasing amount of SDS, larger NaVgO;5 na-
nospindles appear and gradually cover the whole surface of the V505
nanogears, forming 3D V,0s5/NaVeO;s hierarchical heterogeneous
microspheres. When an excess amount of SDS (1.5 g) is added, only
pure NaVgO;s is obtained (Fig. S5). Furthermore, 3D microspheres
were also synthesized when SDS was replaced with another sodium
source, sodium dodecyl benzene sulfonate (C;sH,9NaOsS), demon-
strating the substitutability of the sodium source (Fig. S6).

On the basis of the afore-mentioned experiments, a one-step
gradient hydrothermal method is proposed to further clarify the
formation mechanism of 3D hierarchical heterostructures (Fig. S7).
The complicated process can be divided into two parts according to
the different nucleation and growth rates of different materials. The
first part is the nucleation and growth of vanadium oxide, denoted as
VO (Fig. S7), with a low nucleation energy barrier and a fast growth
rate. The second part is the nucleation and growth of the vanadates,
denoted as M-VO, with a high nucleation energy barrier and a slow
growth rate. Because the formation of M-VO requires higher energy
and longer time than the formation of VO when they are synthesized
under the same conditions (Figs. 1, S4 and S5). Taking the formation
process of 3D V,0s/NaVgO¢s hierarchical heterogeneous micro-
spheres as an example, the precursor solution initially contains two
monomers: an abundant of vanadium source and a small amount of
sodium source. The solution firstly reaches supersaturation of vana-
dium oxide, owing to the low nucleation energy barrier and abun-
dant source, vanadium oxide nucleates homogeneously, grows into

[
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Fig. 1. Schematic of the formation process of 3D V,05/NaVgO;5 hierarchical heterogeneous microspheres through a one-step gradient hydrothermal method. SEM images
(a-d) of samples prepared at 2, 6, 12 and 24 h, the corresponding XRD patterns (e-h) after annealing in air for 5 h at 450 °C.
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Fig. 2. (a-b) SEM images of V,0s nanogears. SEM images (c-e), TEM images (f-g), high resolution TEM image (h) and SAED pattern (inset of h) of 3D V,05/NaVsO15

hierarchical heterogeneous microspheres.

nanosheets and forms nanogears. This process results in a decrease of
the vanadium monomer concentration. Then sodium vanadate
reaches the supersaturation level, heterogeneously nucleates and
grows into nanospindles on the edge of vanadium oxide nanogears.
Therefore, the nucleation and growth processes of vanadium oxide
and sodium vanadate are efficiently separate and occur sequentially.
After sintering in air, 3D V,05/NaVgO;5 hierarchical heterogeneous
microspheres are obtained (Table S1).

To confirm the generality of this one-step gradient hydro-
thermal method, 3D V,05/ZnV,0¢ and V,05/CoV,0¢ hierarchical
heterostructures were also synthesized on the basis of this me-
chanism (Fig. 3). The corresponding low-magnification SEM ima-
ges show the overall morphologies (Fig. S8). The XRD patterns of
their precursors for V205/N3V6015, VzOs/Zl’leOe and V205/COV205
heterogeneous microspheres have also been characterized (Fig.
S9). Similar to the formation process of 3D V,05/NaVgOi5 hier-
archical heterogeneous microspheres, pure V,0s microspheres,

which are made up of small nanosheets, are first obtained in ac-
cordance with the curve of VO. Then, fresh ZnV,0 and CoV,0g
nanoparticles nucleate on the edge and surface of V,0s micro-
spheres, respectively, in accordance with the curve of M-VO.
Eventually, 3D V,05/ZnV,06 and V,0s5/CoV,0¢ hierarchical het-
erogeneous microspheres are obtained (Figs. S10, and S11), de-
monstrating the universality of this feasible method.

The CV curves of 3D V,05/NaVs0;5 hierarchical heterogeneous
microspheres, pure V,0s nanogears, NaVgO;s nanospindles were
obtained to characterize the phase transformation and ionic diffusion
process that occurs during the reaction when measured in 2.4-4.0 V
at a scan rate of 0.1 mV s~ ! (Figs. 4a-c, S12). 3D microspheres exhibit
six pairs of peaks, three pairs of peaks on the two sides (2.67/2.53 V,
2.95/2.90V, 3.75/3.61V) are associated with NaVgO;s, while the
middle two pairs of peaks (3.25/3.17 V, 3.45/3.38 V) belong to V,05
|45,46]. This indicates that the lithium ions first diffuse into the outer
branched NaVs0;5 nanospindles and then intercalate into the V,05

Fig. 3. The extension of gradient hydrothermal method. (a-c) SEM images of 3D V,05/ZnV,0¢ hierarchical heterogeneous microspheres prepared at 3, 9 and 15 h, re-
spectively. (d-f) SEM images of 3D V,05/CoV,0¢ hierarchical heterogeneous microspheres prepared at 6, 15 and 24 h, respectively.
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backbone during the discharge process. Another pair of peaks (3.27/
3.30 V) is also attributable to NaVO,s. The middle V,05 peaks of the
3D structure exhibit a lower overpotential (80 and 70 mV) than those
(160 and 110 mV) of pure V,0s nanogears, indicating smaller polar-
ization during the lithium-ion insertion and extraction processes.
Compared with pure V,0s nanogears and V,0s5/NaVgO¢5 physical
mixture, 3D microspheres exhibit better rate capability and cycling
performance; they recover 97% of their initial capacity after being
tested at various rates of 100, 200, 500, 1000, 2000, 5000 and again
at 100mA g~ ! (Fig. 4d). However, the pure V,0s nanogears and
V505/NaVs0;5 physical mixture recover only 85% and 67% of their
initial capacities, respectively. After cycling 200 times at
2000mA g~ !, the discharge capacities of V.05 nanogears and
V,05/NaVs0;5 physical mixture fade obviously, with capacity reten-
tions of 75% and 67%, respectively. Their retention rates are much
lower than that of 3D microspheres (98%) (Fig. 4e). When tested at a
low rate of 500 mA g~ ', 3D microspheres remain a discharge capa-
city of 112 mA h g~ ! after cycling 200 times, corresponding to a ca-
pacity retention of 100% and the coulombic efficiency is close to
100%. Notably, even when measured at a high rate of 5000 mAg~',

a 0.3 b 0.3

3D microspheres remain stable for 1000 cycles, with a capacity re-
tention of 92% and a capacity fading of 0.0083% per cycle (Fig. 4h),
demonstrating outstanding high-rate and long-term cycling perfor-
mance. For 3D V,05/ZnV,0g and V,05/CoV,0¢ hierarchical hetero-
geneous microspheres, CV measurements were carried out to char-
acterize the electrochemical reactions in 2.4-4.0V at a scan rate of
0.2 mV s~ (Fig. S13). In both V,05/ZnV,0¢ and V,05/CoV,0g hier-
archical heterogeneous microspheres, two pairs of peaks belong to
V,0s, demonstrating that ZnV,0g and CoV,0g contribute little in the
electrochemical performance of V,05/ZnV,0g and V,05/CoV;0g.

As previously discussed, 3D hierarchical heterostructure pro-
duces a synergistic effect during the lithium-ion insertion/extraction
and can improve the overall electrochemical performance [19-
23,52,53]. To clearly reveal this synergistic effect inherent to 3D
hierarchical heterostructure, we characterized the structural evolu-
tions of 3D V,0s5/NaVg0;s hierarchical heterogeneous microspheres,
V,05/NaVg0;5 physical mixture, pure V,0s nanogears and pure
NaVe0;5 nanospindles by in situ XRD during lithium-ion insertion
and extraction process (Fig. 5). The clean and high-quality XRD
patterns were obtained during the original cycles of galvanostatic
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Fig. 4. (a-c) CV curves of 3D V,05/NaVs0;s hierarchical heterogeneous microspheres (a), V,0s nanogears (b) and NaVs0;5 nanospindles (c) tested over 2.4-4 V at a scan rate
of 0.1 mV s~ 1. (d-f) Rate performance (d), cycling performance (e) and AC-impedance spectra (f) of 3D V,05/NaVgO;s hierarchical heterogeneous microspheres, V505
nanogears and V,05/NaVgOs physical mixture. (g) Cycling performance and Coulombic efficiency of 3D V,05/NaVgO;s hierarchical heterogeneous microspheres tested at
500 mA g~ . (h) Long cycling performance of 3D V,05/NaVs0;s hierarchical heterogeneous microspheres tested at a high rate of 5000 mA g~
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charge and discharge at a current density of 50 mA g~ . An appre-
ciable variation of the positive region within a 20 range of 12-34°
was observed, indicating the existence and phase transition with
different lattice parameters during the charge and discharge process.

These in situ XRD patterns exhibit three main characteristics
(Fig. 5a-d). First, the (001) and (101) reflection peaks of V,0s shift
and recover repeatedly during the charge and discharge processes
(Fig. 5c). The corresponding selected individual diffraction pat-
terns were also provided to confirm the fully recovery of the
structure (Fig. S14). When the lithium ions are inserted into the
V,05 along these directions, the corresponding peaks shift toward
lower angles. When the lithium ions are extracted, the peaks re-
turn to their original positions, corresponding to the main con-
ventional steps of lithium storage. However, the XRD patterns of
3D microspheres exhibit distinct plateaus during lithiation/de-li-
thiation (Fig. 5a). These plateaus do not appear in the profiles of
the V,05/NaVg015 physical mixture or those of the pure NaVgOis
nanospindles (Fig. 5b, d). Second, the (300) reflection peak of
NaVgO;5 fluctuates in the XRD patterns of 3D microspheres, but it
shifts slightly and tends toward a straight line in the pattern of
pure NaVgOqs nanospindles and V,05/NaVgO;5 physical mixture.
Third, the patterns of both pure NaVs0;5 nanospindles and 3D
microspheres show a stable reflection peak at 17.8°. However, the
corresponding peak of the V,05/NaV0s physical mixture exhibits
an obvious intermittent phenomenon. This instability may be at-
tributed to the junction of V,05 and NaVgO;s, which strengthens
the solid solution and weakens changes in the lattice caused by
phase transformations. The first two characteristics demonstrate
that the 3D hierarchical heterostructure can effectively improve
the reaction kinetics and increase the transport efficiency of li-
thium ions during the charge and discharge processes.

To further reveal these features, we elucidated the time-resolved
phase evolution for the second discharge process of the 3D
V,05/NaVe015 hierarchical heterogeneous microspheres by com-
bining in situ XRD, the corresponding discharge curves and XRD
Rietveld refinements (Figs. 5e-g, S15-S21). During the discharge
process, six stages of phase transformations are observed and ex-
hibited accurately with increasing time (Table 1). At the beginning
of the constant-current reduction process from 0 to 410 s (stage I,
the second discharge process starts at 20,801 s, and the discharge
current density is constant at 50 mA g~ 1), no obvious peak evolu-
tion occurs (Figs. S15 and S16). Only a slight phase transformation is
evident between Na;;5V,0s and Li;1sNa; 53V20s, without a change
of the crystal system. This transformation leads to a tiny increase in
the length of the c-axis in the unit cell of Na;;3V,0s. As the dis-
charge time increases from 410 to 1665 s (stage II), the evolution of
a distinct peak associated with V,0s5 occurs. This peak evolution
indicates a phase transformation from V,0s5 to €-Lig5V,0s. The
crystal structure of V,0s correspondingly changes from orthor-
hombic to a monoclinic phase with an increase of the length of the
c-axis in the V,05 unit cell (Figs. S16 and S17). From 1665 to 2500 s
(stage III), the Li;;1sNaq3V20s5 phase transforms to LijgNaq;3V20s,
corresponding to no variation of the crystal system, but resulting in
a slight increase of the lattice parameters for Na;;3V,05 (Figs. S17
and S18). With the sequential discharge process from 2500 to
3745 s (stage IV), another peak evolution of V,0s is evidenced,
which reveals the phase transformation from e&-LipsV,05 to
8-LiV,05 and the crystal-structure phase transition from monoclinic
to orthorhombic. However, the structure of Li;gNaj/3V,05 remains
stable (Figs. S18 and S19). When the discharge time reaches 5000 s
(stage V), an evolution of Na;;3V,05 is observed, indicating the
phase transformation from Li; gNa;3V20s5 to Liy;3Na;53V,05 with an
expansion of the lattice. However, the structure of 8-LiV,0s remains
unchanged (Figs. S19 and S20). During the final stage from 5000 to
10,000 s (stage VI), only the evolution of Na;;3V,05 occurs, which
results in a new phase of LiNa;;3V,0s and large changes in the

lattice parameters (Figs. S20 and S21).

These evidences clearly demonstrate a synergistic effect between
the branched NaVgO;5 and V,0s backbone of the 3D V,05/NaVgO1s
hierarchical heterogeneous microspheres during the lithium-ion in-
sertion/extraction, which can efficiently enhance the electrochemical
performance. First, the branched NaVgO;s effectively reduces the
potential barrier associated with lithium-ion insertion/extraction and
increases the ionic conductivity. Test results, i.e., CV (Fig. 4a-c) and
in situ XRD (Fig. 5), demonstrate that lithium ions initially penetrate
the outer branched NaVs0;5 nanospindles and then insert into the
V,0s5 backbone during the discharge process. 3D microspheres ex-
hibit a small charge transfer resistance of 110 Q (Fig. 4f), much lower
than pure V,0s nanogears and V,0s5/NaVgO;5 physical mixture
(196 Q@ and 390 Q), showing faster ion mobility. To assess the li-
thium-ion diffusion kinetics of different electrodes, the calculations
based on the impedance data in low frequency region were carried
out (Fig. S22). Obviously, 3D V,0s/NaVsO;5 hierarchical hetero-
geneous microspheres exhibit the lowest slope value (k;=14.3)
compared with pure V,05 nanogears (k,=21.6) and V,05/NaVgO15
physical mixture (k3=71.3). The corresponding diffusion coefficient
values of lithium-ion are 2.8*10~7, 1.3*10~7 and 1.1*10~8 cm? S~}
respectively. The open circuit potentials for the EIS measurement
(Fig. 4f) are 3.68, 3.55 and 3.62V, respectively. And the EIS under
different depth of 3D V,05/NaVs0;s hierarchical heterogeneous mi-
crospheres during the discharge process are also performed to
characterize the electrochemical reactions under different potentials
(Fig. S23). The EIS curves from 3.68V to 3.21V during the V505
discharge process have two semicircles, the corresponding R values
are much smaller than that at 3.00 V. Moreover, the band gap value
of NaVgO15 is 1.6 eV, smaller than that of V,05 (2.2 eV), which is also
beneficial to facilitate electronic diffusion (Fig. S24) [54,55]. Second,
the branched NaVs0;5 can greatly buffer the impact of crystal-system
transformations during the charge and discharge process, thereby
reducing the stress caused by lithium-ion insertion and extraction,
thus decreasing the polarization of the electrodes. The NaVgOs
features have (V,0s5)c-framework tunnels along their b axis and the
sodium ions are aligned in these tunnels, which exhibits a crystal
structure similar to that of V,0s, with good lattice matching. This
similarity is also confirmed in the high-resolution TEM image
(Fig. 2h), where the (200) interlayer space of NaVs0;s is 0.47 nm and
the (101) interlayer space of V505 is 0.44 nm. During all six stages,
the NaVgOss (Nay;3V20s5) has a constant crystal structure, the
monoclinic structure is kept stable throughout the charge and dis-
charge processes (Table 1). Third, the backbone V,Os is beneficial to
increase the charge and discharge capacity of 3D microspheres, in-
hibits the self-aggregation of branched NaVg¢0;5 and maintains the
stability of 3D hierarchical heterogeneous structure. Compared with
pure V505 nanogears and V,0s5/NaVgO;5 physical mixture, 3D mi-
crospheres exhibit the highest discharge capacity at each current
density (Fig. 4d, e). After cycling 50 times at the current density of
500 mA g~ !, the 3D microspheres structural integrity are kept very
well, while pure V,05 nanogears are broken and aggregate together
(Fig. S25). And 3D microspheres exhibit a higher specific surface area
(22 m? g~ 1) than that of V,05 nanogears (14 m? g~ ). Consequently,
this synergistic effect can greatly improve the electrochemical per-

formance of 3D V,0s/NaVgO;5 hierarchical heterogeneous
microspheres.
5. Conclusions

Uniform 3D  hierarchical heterogeneous microspheres

(V205/NaVg01s, V205/ZnV,06 and V,05/CoV,06) were synthesized
by a one-pot gradient hydrothermal method. This strategy was
realized by controlling the sequence of nucleation and growth stages
for different substances in the same precursor. This technique
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Fig. 5. In situ X-ray diffraction patterns of 3D V,05/NaVO15 hierarchical heterogeneous microspheres (a), V,05/NaVs0;5 physical mixture (b), pure V,0s nanogears (c) and
pure NaVg0;5 nanospindles (d), during galvanostatic charge and discharge at 50 mA g~ . The horizontal axis represents the selected 26 regions from 12-34°, and time is
plotted on the vertical axis. The corresponding voltage curve is plotted to the right. The diffraction intensity is color coded according to the scale bar in the bottom right
corner. (e-g) Magnified time-resolved evolution of 3D V,05/NaVgO;s hierarchical heterogeneous microspheres in one discharge process from 4.0 to 2.4 V. (e) In situ X-ray
diffraction patterns selected from 28° to 31° in the white box of (a). (f) In situ X-ray diffraction patterns selected from 18° to 21°in the red box of (a). (g) The corresponding
discharge curve.
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Table 1
Summary of the Rietveld Refinement Results.

C. Niu et al. / Nano Energy 27 (2016) 147-156

Time NaVgO0;5 V,05

(s) Phase a b c Crystal system Phase a b c Crystal system
0 Na;3V,05 10.039 3.605 15.355 Monoclinic V,05 11.510 4.369 3.563 Orthorhombic
410 Liy18Nay/3V20s 10.126 3.629 15.534 Monoclinic V505 11.510 4.369 3.563 Orthorhombic
1665 Liyj18Naq3V205 10.126 3.629 15.534 Monoclinic Li;/2V205 10.814 3.772 14.310 Monoclinic
2500 Liy6Naj;3V205 10.287 3.666 15.534 Monoclinic Li12V20s5 10.814 3.772 14.310 Monoclinic
3745 Liy6Naq3V205 10.287 3.666 15.534 Monoclinic Li; V205 9.898 3.573 10.478 Orthorhombic
5000 Liy;3Naq3V205 10.543 4.517 15.415 Monoclinic Li; V205 9.898 3.573 10.478 Orthorhombic
10,000 Li;Na;;3V,05 15.201 10.00 20.776 Monoclinic Li; V505 9.898 3.573 10.478 Orthorhombic

provides a specific bottom-up approach toward hierarchical het-
erostructures and can also be extended to other systems. Moreover,
the synergistic effect between the branched vanadate (NaVgO;5) and
the backbone structure (V,0s) of 3D hierarchical heterostructure
was clearly and detailed illustrated by in situ XRD. As concluded
from this characterization, during the synergistic effect, the bran-
ched NaVgO1s effectively reduces the potential barrier and greatly
buffers the impact of crystal-system transformations during the
charge and discharge process; while the backbone V,05 increases
the charge/discharge capacity of 3D microspheres, inhibits the self-
aggregation of branched NaVg0;s and maintains the stability of 3D
hierarchical heterogeneous structure. As a consequence, 3D
V,05/NaVgO;s hierarchical heterogeneous microspheres exhibit ex-
cellent high-rate and long-life cycling performance. We believe
these characterizations of synergistic effect demonstrate out-
standing electrochemical performance of 3D hierarchical hetero-
structure and bring a new understanding of lithiation/delithiation,
which is also beneficial to sodium-ion batteries, lithium-sulfur bat-
teries and other systems.
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