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Controlled growth and ion intercalation
mechanism of monocrystalline niobium
pentoxide nanotubes for advanced rechargeable
aluminum-ion batteries+
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Rechargeable aluminum-ion batteries (RAIBs) have attracted increasing attention owing to their high
theoretical volumetric capacity, high resource abundance, and good safety performance. However, the
existing RAIB systems usually exhibit relatively low specific capacities limited by the cathode materials. In
this study, we developed a one-step chemical vapor deposition method to prepare single-crystal orthog-
onal Nb,Os nanotubes for serving as high-performance electrode materials for RAIBs, showing a high
reversible capability of 556 mA h g™ at 25 mA g~* and good thermal endurability at elevated temperatures
(50 °C). A combination of a series of detailed ex situ structural characterization studies verified the revers-
ible intercalation/deintercalation of chloroaluminate anions (AlCl,™) into/from the (001) planes of mono-
crystalline Nb,Os nanotubes. It also revealed that the nanoarchitecture of Nb,Os nanotubes with thin

Received 10th March 2020,
Accepted 2nd May 2020

DOI: 10.1039/d0nr01981j

tube walls, hollow inner space and a short ion transport distance is conducive to the rapid kinetics of the
insertion/extraction process. This work provides a promising route to design high-performance electrode
materials based on transition metal compounds for RAIBs via the rational modulation of their structure
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1. Introduction

Owing to the rapid development of portable electronic devices,
electric vehicles and smart power grid systems, the worldwide
demand for advanced energy storage technology is ever-
growing.'™ Currently, lithium-ion batteries (LIBs) are regarded
as one of the most important mainstream products in the
battery market.>® However, the sustainable application of LIBs
is restricted by the uneven distribution and shortage of
lithium mineral resource.”'® Therefore, great efforts have been
made to develop alternative secondary batteries based on non-
lithium metals, such as sodium-ion batteries (SIBs),""'*> mag-
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nesium-ion batteries, zinc-ion batteries, potassium-
ion batteries'®*® and calcium-ion batteries.*"*> Among them,
rechargeable aluminum-ion batteries (RAIBs) that rely on the
electrochemical redox reactions of trivalent Al species possess
several distinctive merits compared to other multivalent-ion
batteries. Firstly, Al is the third most abundant element and
the most abundant metal element in the Earth’s crust;** the
mature aluminum mining industry can tremendously lower
the cost of RAIBs. Secondly, the three-electron process of the
AI**/Al redox pair leads to an ultrahigh theoretical specific
capacity (2980 A h kg™") and volumetric capacity (8046 A h
L™"). Moreover, the low flammability, low toxicity and high
stability of the Al metal electrode make RAIBs relatively safe,
and thus they have attracted broad attention and research
interest in academia.

To prevent the large overpotential, high corrosion and
hydrogen evolution of the Al electrode in aqueous electrolytes,
non-aqueous electrolytes based on anhydrous AlCl; solution in
ionic liquids, such as 1-ethyl-3-methylimidazolium chloride
([EMIm]CI) or 1-butyl-3-methylimidazolium chloride ([BMIm]
Cl), are usually employed in RAIBs.>*>' Considering that the
anode of RAIBs is normally Al metal foil, it is known that the
cathode material acts as the key component to realize high
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power and energy densities. Previous research on the develop-
ment of cathode materials for RAIBs can be classified into
several different categories, including carbonaceous materials
(such as graphite,®*2® fluorinated graphite,”” graphene,”®>°
3D graphitic foam and graphene foam®°~*?), inorganic com-
pounds (such as transition metal oxides and transition
metal sulfides’®**) and conducting polymers.***” In 2015,
Dai’s group utilized 3D graphitic foam as the cathode material
for RAIBs, which could work for over 7500 cycles at 4000 mA
g7 '.>° However, the state-of-the-art RAIBs usually suffer from
poor specific capacity, owing to the intrinsic capacity limits of
cathode materials. To improve the energy density of RAIBs,
great efforts have been made on non-carbon materials like
sulfur,*®° jodine®" and transition metal chalcogenides.**

Among transition metal oxides, Nb,Os is regarded as one of
the potential electrode materials for LIBs, SIBs and
supercapacitors,”> > owing to its adjustable morphologies,
controllable crystallinity and ease of preparation. When used
as the anode material for LIBs, Nb,O5 exhibits anomalously
rapid Li"-ion storage properties,®’®* suggesting that its crystal
structure may also be suitable for the high-rate intercalation/
deintercalation of multivalent metal ions. However, the redox
behavior and energy storage mechanism of Nb,Os in RAIBs are
yet to be explored, and the possible effect of structural modu-
lation is unclear.

In this work, we developed a one-step chemical vapor depo-
sition (CVD) method to prepare monocrystalline Nb,Os nano-
tubes, and systematically investigated their electrochemical per-
formance as an electrode material for RAIBs. Structural charac-
terization demonstrated that the dominant exposed facets of
single-crystal Nb,Os; nanotubes are the (001) planes with a
lattice distance of 0.393 nm, which would be suitable for the
insertion of tetrachloroaluminate ions (AICl,”). Moreover, com-
pared to commercial Nb,O5 powder, the nanostructural mor-
phology features of Nb,Os nanotubes with thin tube walls,
hollow inner spaces and high porosity provide a shorter
diffusion distance for the transport of charge carriers, leading
to superior ion insertion/extraction rates. Benefiting from the
above advantageous structural characteristics, RAIBs based on
the electrodes of Nb,Os nanotubes can deliver an ultrahigh
specific capacity (556 mA h ¢™' at 25 mA g') and stable cycle
life at 25 °C. Notably, even at an elevated temperature of 50 °C,
the assembled RAIBs can still achieve a relatively high capacity
of ~213 mA h g™" after 30 cycles at 100 mA g *, indicating their
remarkable thermal tolerance. A series of ex situ structural and
compositional characterization studies confirmed that the
energy storage mechanism of Nb,Os nanotubes in RAIBs
should be attributed to the reversible intercalation/deintercala-
tion of AICl, ions into the (001) planes of Nb,Os crystal lattices.

33-37

2. Experimental section
2.1. CVD growth of Nb,O5 nanotubes

Briefly, 2 g of anhydrous NbCl; was used as the sole precursor
and placed in a quartz boat inside an argon-filled glovebox
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and enclosed using a sealed packet. Then the quartz boat was
rapidly transferred from the sealed packet to the central zone
of a quartz tube furnace (with 1 inch diameter), as shown in
Fig. 1a. The tube furnace was heated at 600 °C with a ramping
rate of 5 °C min~" under a dry air flow (50 sccm) and kept for
4 h. Then, the tube furnace was cooled to room temperature,
and the as-prepared Nb,O5; nanotubes were collected from the
non-heating zone at the downstream of the quartz tube.

2.2. Characterization

The morphology and structure of Nb,Os nanotubes and
commercial Nb,Os powder were examined by SEM and
HAADF-STEM analysis using an FEI Nova NanoSEM 450 instru-
ment equipped with a Bruker X-flash 6|30 EDS accessory. TEM
and SAED were performed with a JEOL JEM-2100 apparatus at
200 kV. Powder X-ray diffraction (XRD) data were collected on a
Shimadzu LabX XRD-6000 instrument with a Cu Ka radiation
source (1 = 1.54178 A) in the 26 angular range of 10-80°.
Raman analysis was performed on a Horiba JY Evolution
Raman spectrometer using a 633 nm laser source. X-ray photo-
electron spectroscopy (XPS) was conducted on a PHI-5000
VersaProbe X-ray photoelectron spectrometer using an Al Ko
X-ray source.

2.3. Electrochemical measurement

The electrodes were prepared by mixing 80 wt% of Nb,Os
nanotubes with 10 wt% of polyvinylidene fluoride (PVDF)
binder (Sigma-Aldrich) and 10 wt% of acetylene black in
N-methyl-2-pyrrolidinone  (NMP) solvent (Sigma-Aldrich,
99.5%) to form a homogeneous slurry. The slurry was cast
onto a Mo foil (1.0 mm thick) as a current collector with an
areal loading weight of ~2 mg cm™. Mo foil was used as the
cathode collector because it has remarkable stability far
superior to Ni or Cu foils against corrosion in acidic ionic
liquid electrolyte systems. Then the electrode was dried at
120 °C overnight in an oven to remove the residual NMP
solvent. The electrolyte for RAIBs was prepared by mixing
anhydrous AlCl; and [EMIm]CI with a molar ratio of 1.3:1 in
an Ar-filled glovebox, and then heated to 140 °C under stirring
in the glovebox for 2 h and allowed to stand still for at least
12 h. 2032-type coin cells were fabricated by using the as-pre-
pared cathode and metal Al foil anode (1.0 mm thick,
99.999%), and a cellulose acetate fiber paper separator. An
additional Mo foil was placed between the cathode and the
stainless steel shell of coin cells to prevent the etching of the
shell. The amount of the electrolyte used in each cell was
~60 pL. CV and EIS analyses were performed with a CHI-760E
electrochemical workstation. EIS curves were obtained in the
frequency range between 100 kHz and 0.01 Hz with an applied
amplitude of 5 mV. Galvanostatic charge-discharge curves and
rate performance were measured on a multichannel battery
test system (LAND CT2001A).

2.4. Ex situ characterization of Nb,O; nanotube electrodes

For ex situ characterization, Swagelok cells were assembled
with Nb,O5; nanotube cathodes, metal Al foil anodes and cell-
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Fig. 1 Growth and microscopic characterization of monocrystalline Nb,Os nanotubes. (a) Schematic illustration of the CVD growth of Nb,Os nano-
tubes. (b and c) SEM images of Nb,Os nanotubes. (d) TEM image of Nb,Os nanotubes. (e) SEM image and the corresponding EDS elemental

mapping (Nb and O elements) of Nb,Os nanotubes.

ulose acetate fiber paper separators, similar to the coin cells.
The Swagelok cells were charged and discharged at a current
density of 25 mA g~'. After the 1% cycle, the cells were dis-
assembled in an Ar-filled glovebox in various charge-discharge
states during the 2™% cycle. For ex situ XRD analysis, the
cathode material was removed from the Swagelok cell and
placed between two glass slides and then wrapped in Scotch
tape, and moved out of the Ar-filled glovebox for XRD analysis.
For ex situ HRTEM, HAADF-STEM and EDS analyses, the
cathode material was removed from the Swagelok cell and dis-
persed in absolute alcohol, and then the mixture was added
dropwise onto a copper grid, and moved out of the Ar-filled
glovebox for the above-mentioned measurements. The
exposure time in air was less than 20 min before the
measurements.

3. Results and discussion

We developed an air-atmosphere chemical vapor deposition
(CVD) method for growing Nb,O5 nanotubes, as schematically
shown in Fig. 1a. Briefly, the anhydrous NbCl; powder was
firstly sublimated to the gaseous state in the tube furnace and
transferred to the downstream in a dry air flow, and then the
nucleation and growth of Nb,O5 nanotubes was induced at a

This journal is © The Royal Society of Chemistry 2020

high temperature of 600 °C. Thus, agminated Nb,Os nano-
tubes were grown in the non-heating zone at the downstream
of the furnace without the need for any catalyst. Field-emission
scanning electron microscopy (FE-SEM) and transmission elec-
tron microscopy (TEM) were used to characterize the micro-
structure of the as-prepared Nb,Os nanotubes. SEM images
(Fig. 1b and c) show that the Nb,Os; nanotubes are well
defined with 200-300 nm diameter and 20-40 pm length. The
TEM image (Fig. 1d) further confirms that the thickness of the
nanotube wall is around 8-13 nm. Energy-dispersive X-ray
spectrometry (EDS) elemental mapping (Fig. 1e) demonstrates
the co-existence and uniform distribution of Nb and O
elements in Nb,Os nanotubes. The corresponding EDS spec-
trum and calculated element contents are shown in Fig. Sia,f
and the data of commercial Nb,Os powder measured at the
same parameters are also provided in Fig. S1b.f For compari-
son, the SEM, high-angle annular dark-field scanning TEM
(HAADF-STEM) and corresponding EDS elemental mapping
analysis of commercial Nb,O5 powder are also provided in
Fig. S2,7 showing an irregular morphology with the size of
several microns.

Further structural characterization of Nb,Os nanotubes is
shown in Fig. 2. High-resolution TEM (HRTEM, Fig. 2a and b)
demonstrates that the exposed lattice planes are mainly the
(001) facets and the growth orientation of Nb,Os nanotubes is

Nanoscale, 2020, 12, 12531-12540 | 12533
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Fig. 2 Structural characterization of Nb,Os nanotubes. (a and b) HRTEM images of Nb,Os nanotubes. (c) shows a SAED pattern corresponding to
(b). (d) XRD patterns and (e) Raman spectra of Nb,Os nanotubes and commercial Nb,Os powder. (f) Survey XPS spectrum of Nb,Os nanotubes. (g
and h) High-resolution XPS spectra at (g) Nb 3d and (h) O 1s regions of Nb,Os nanotubes, respectively. (i) Schematic representation of the ortho-

rhombic Nb,Os crystal structure. White balls: Nb atoms; red balls: O atoms.

along the [001] direction. The lattice fringes of 0.393 nm and
0.315 nm can be indexed to the d-spacings of the (001) and
(180) planes, respectively. Fig. 2c shows the corresponding
selected area electron diffraction (SAED) pattern of Nb,Os
nanotubes, confirming that the nanotubes are single crystal-
line in nature. The calculated lattice fringes of 0.393 nm,
0.197 nm and 0.315 nm correspond to the d-spacings of the
(001), (002) and (180) planes, respectively. The HRTEM images
of commercial Nb,Os; powder are also provided in Fig. S3,f
showing the same d-spacing of the (001) planes. X-ray diffrac-
tion (XRD) was used to characterize the phase and crystalline
structure of the as-prepared Nb,Os nanotubes (Fig. 2d). All the
diffraction peaks are perfectly indexed to orthorhombic Nb,O5
with the following lattice parameters: a = 6.175 A, b = 29.175 A,
¢=3.93 Aand a = ff = y = 90°, which are well matched with the
standard values (JCPDS no. 30-0873). The clear peaks in the
XRD pattern confirm the formation of orthorhombic phase
Nb,Os nanotubes with high crystallinity. Remarkably, the
intensity of the (001) peak at 22.6° is relatively enhanced
because of the predominated (001) planes. Compared to com-
mercial Nb,Os powder, the intensity of the (001) peak of
Nb,Os nanotubes obviously increases, further indicating the
exposure of more (001) planes and the preferred growth orien-
tation along the [001] direction of Nb,O5 nanotubes.

12534 | Nanoscale, 2020, 12, 12531-12540

The Raman spectra of Nb,Os nanotubes and commercial
Nb,Os powder are compared in Fig. 2e. The strongest broad
peak between 800 and 1000 cm™' is the A,, band, which
corresponds to the longitudinal optical (LO) modes of the sym-
metrical Nb-O stretching (v;) associated with corner- and
edge-shared NbOg octahedra.®® The shoulder peak in the
range of 600-700 cm™' corresponds to the v, (E,) band and
transverse optical (TO) modes. The weak peaks observed
between 300 and 560 cm™' are designated to the vs (Tag)
modes and the fingerprint peaks observed in the range of
200-300 cm™" are assigned to the T,, modes. A sharp and
strong peak at around 140 cm ™" is assigned to the metal-metal
(Nb-Nb) vibration mode. The shifting of the A;, band from
~991 em ™" (for commercial Nb,O5 powder) to ~1005 ecm™" (for
Nb,Os nanotubes) and the intensity decay indicate that the
ratio of edge-shared octahedra in Nb,Os nanotubes is less
than that in commercial Nb,Os powder, which might arise
from the high specific surface area of the nanotube mor-
phology. The A;, band of corner-shared NbOs octahedra
(~886 cm™' for commercial Nb,Os powder) disappeared in
Nb,Os nanotubes, suggesting that the presence of this struc-
ture in Nb,O5 nanotubes is much less than that in commercial
Nb,O5 powder. The bands observed at 618 ecm™" and 670 cm ™"
in commercial Nb,Os powder might be ascribed to the an-

This journal is © The Royal Society of Chemistry 2020
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isotropy of the NbOg octahedra; the corresponding bands in
Nb,O5 nanotubes are shifted to 648 cm™" and 702 cm™" with
enhanced intensities, suggesting that the anisotropy of Nb,Os
nanotubes is stronger than that of commercial Nb,O5; powder
with a bulky morphology. The clearer spectral peaks of T,
(330-550 cm™"), T,y (200-303 cm™) and M-M (132 cm ™" and
184 cm‘j) bands of Nb,Os; nanotubes might be attributed to
the rapid crystallization process. X-ray photoelectron spec-
troscopy (XPS) was performed to further detect the surface
elemental compositions and chemical states of Nb,Os nano-
tubes. The survey XPS spectrum (Fig. 2f) shows the clear pres-
ence of O 1s, Nb 3s, Nb 3p and Nb 3d peaks. Fig. 2g shows the
high-resolution XPS spectrum at the Nb 3d region, showing
two peaks at 209.7 and 206.9 eV, respectively, corresponding to
the Nb 3d;,, and Nb 3ds/, bands. In the O 1s region (Fig. 2h),
the peak centered at 530.6 eV originated from the O-Nb
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bonds. Based on the above characterization, the crystal struc-
ture of orthorhombic phase Nb,Os nanotubes with the space
group of Pbam55 can be verified, as shown in Fig. 2i.

The electrochemical performances of Nb,Os nanotubes as a
cathode material in the coin cells of RAIBs were evaluated
within the voltage range of 0.1-2.0 V (Fig. 3). The areal loading
weight of Nb,O5 nanotubes is kept at ~2 mg cm™>. A mixture
of AICl; and [EMIm]CI with a molar ratio of 1.3 : 1 was used as
the electrolyte, and metal Al foil was used as the anode, as
detailed in the Experimental section of the ESL{ Fig. 3a and b
show the charge-discharge curves of RAIBs based on the cath-
odes of Nb,Os nanotubes and commercial Nb,Os powder
during the initial two cycles at a current density of 25 mA g~
and a temperature of 25 °C. Interestingly, the charge/discharge
capacities in the 2" cycle are larger than those in the 1° cycle,
indicating the process of electrode activation. During the 1%
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Fig. 3 Electrochemical performances of Nb,Os nanotubes in RAIBs. (a and b) Galvanostatic charge—discharge profiles of (a) Nb,Os nanotubes and
(b) commercial Nb,Os powder at a current density of 25 mA g~* and a temperature of 25 °C. (c) CV curves and (d) rate performance of the Nb,Os
nanotube-based electrode in RAIBs at 25 °C. (e) Cycling performances and coulombic efficiencies of the RAIBs assembled with the cathodes of
Nb,Os nanotubes and commercial Nb,Os powder at a current density of 100 mA g~ and a temperature of 25 °C. (f) Cycling performances of the
RAIBs assembled with the cathodes of Nb,Os nanotubes and commercial Nb,Os powder at a current density of 100 mA g~ and an elevated temp-

erature of 50 °C.
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charging process, the electrode of Nb,Os nanotubes exhibited
two clear charge voltage plateaus in the range of 1.06-1.21 V
and 1.25-1.31 V, while in the 2™ cycle, obvious charge voltage
plateaus in the range of 0.76-0.96 V and 1.16-1.32 V were
observed. These might be attributed to the staging mechanism
of the intercalation of AICl,™ ions into the Nb,Os lattice®® com-
bined with the formation of a solid-electrolyte interface (SEI)
layer during the 1% charging process.?” During the discharging
process, the plateaus between 0.66-0.52 V and 0.23-0.15 V
could be attributed to the staging mechanism of the deinterca-
lation of AICl,” ions from the Nb,Oj lattice. The Nb,O5 nano-
tubes showed the charge-discharge plateaus similar to those
of commercial Nb,Os5 powder, indicating that the same electro-
chemical reactions occurred. The discharge capacity of Nb,Os
nanotubes during the 1°* cycle is 492 mA h g™, respectively,
much higher than that of Nb,O5; powder (372 mA h g™'). The
coulombic efficiency (CE) of Nb,Os nanotubes during the 1%
cycle is nearly 100%, also higher than that of commercial
Nb,O5 powder (98.15%). The discharge capacity of Nb,Os
nanotubes during the 2™ cycle increased to 556 mA h g~ and
the CE is still higher than 98%, better than those of commer-
cial Nb,Os powder (386 mA h g~ and 94%, respectively). As
shown inFig. 3c, cyclic Cyclic voltammetry (CV) tests were per-
formed to characterize the electrochemical behavior of Nb,O5
nanotubes by pairing with the metal Al anode at a scan rate of
1 mV s~ within a voltage window from 0.01 to 2.0 V. In the 1%
anodic scan, the weak peak at 1.25 V and the strong peak at
~1.06 V were attributed to the insertion of AlCl,” ions, which
can be further verified by ex situ STEM and EDS elemental
mapping. In the cathodic scans, the peaks centered at around
~0.55 V could match with the discharge voltage plateaus in
Fig. 3a and b. The good repeatability of CV curves indicates
that the RAIBs based on Nb,Os nanotubes might have good
cycling stability. The rate performance of Nb,Os nanotubes
was also examined (Fig. 3d), which is much superior to that of
commercial Nb,Os powder (Fig. S4t1). The assembled RAIBs
using Nb,Os nanotubes as a cathode material were tested at
current densities from 50 to 500 mA g~'. When the current
density was set to 50 mA g~ the discharge capacity reached
~270 mA h g~'. When the current density increased to 100
and 150 mA g~ ', the RAIBs based on Nb,O; nanotubes still
exhibit discharge capacities of 147 and 136 mA h g~*, respect-
ively. However, when the current density further increased to
200 mA g, the capacity decreased rapidly, possibly owing to
the inherent drawback of slow kinetics between the interface
of the ion liquid electrolyte and the metal oxide electrode. The
room temperature cycling performance of the RAIBs based on
Nb,O; nanotubes at a current density of 100 mA g~ is shown
in Fig. 3e. The cell can work stably for over 110 cycles with an
average CE of nearly 100% and a capacity retention of
~113 mA h g~". The discharge capacity and cycling perform-
ance of Nb,O;5 nanotubes are much better than those of com-
mercial Nb,O5 powder (Fig. 3e), which can be attributed to the
high utilization ratio of the active material originated from the
shorter ion diffusion pathway and higher porosity of Nb,Os
nanotubes. This result can be further explained by the electro-
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chemistry impedance spectra (EIS, Fig. S5t), which shows that
the electrode based on Nb,Os; nanotubes possesses lower
charge-transfer resistance than commercial Nb,Os powder.
Interestingly, we also tested the galvanostatic charge-discharge
performance of Nb,Os nanotube-based RAIBs at an elevated
temperature of 50 °C (Fig. 3f). The discharge capacity of Nb,O5
nanotubes increased to ~290 mA h g™' at the initial cycles
under a current density of 100 mA g™ at 50 °C, and it was still
maintained at ~213 mA h g™' after 30 cycles. The discharge
capacity of commercial Nb,Os powder was also increased to
~140 mA h g7' under 100 mA g~' at 50 °C. The improved
capacity retention of Nb,Os nanotubes superior to Nb,Os
powder at elevated temperatures could be ascribed to the
better ion transfer kinetics and higher active material utiliz-
ation of Nb,Os nanotubes.®®®” The Nb,O5 nanotubes with thin
walls and hollow inner spaces could further facilitate the ion
transfer and thus are more beneficial for high-temperature per-
formances. Therefore, the Nb,Os nanotubes exhibit competi-
tive electrochemical performances compared to the other tran-
sition metal oxide- or sulfide-based cathode materials for
RAIBs reported in previous literature (Table S1t).'>?%3471°

To further study the energy storage mechanism of Nb,Os
nanotubes in RAIBs, Swagelok cells with Nb,Os nanotubes as
the cathode and metal Al foil as the anode were assembled for
detailed ex situ characterization. Ex situ XRD analysis was used
to analyze the crystalline structural variations of Nb,Os nano-
tubes during the charge-discharge processes (Fig. 4a and b).
The broad shoulder peaks at around 25° are derived from
acetylene black used as the conductive additive in the electro-
des. The XRD peak intensities of acetylene black are almost
unchanged during the repeated charge/discharge processes;
however, the peak intensities of Nb,Os are changed period-
ically owing to the reversible intercalation/deintercalation of
AICl,” ions. In the initial state (before the test, point 1 in
Fig. 4a), the XRD pattern (Fig. 4b, line 1) shows clear diffrac-
tion peaks, and the (001) peak at 22.6° has the strongest inten-
sity. When charged to 2.0 V in the 1% cycle (Fig. 4a, point 2),
the crystallinity of Nb,O5 nanotubes (Fig. 4b, line 2) decreased,
and the intensity of the (001) peak diminished when compared
to that of the (180) peak. After being fully discharged to 0.1 V
(Fig. 4b, line 3), the (001) peak turned back to the strongest
diffraction peak. When recharged to 0.8 V in the 2™ cycle
(Fig. 4a, point 4), the intensity of the (001) peak (Fig. 4b, line
4) is comparable to that of the (180) peak. After being
recharged to 2.0 V (Fig. 4a, point 5), the intensity of the (001)
peak further decreased and the (180) peak became the stron-
gest peak (Fig. 4b, line 5). During the discharge process to 0.7
V (Fig. 4a, point 6), the relative intensity of the (001) peak
increased again compared to that of the (180) peak (Fig. 4b,
line 6). When fully discharged to 0.1 V (Fig. 4a, point 7), the
intensity of the (001) peak recovered and became the strongest
peak again (Fig. 4b, line 7). These results indicate the occur-
rence of reversible insertion/extraction of AICl,” ions in/from
the crystalline lattice of Nb,Os nanotubes. The TEM and
HRTEM images of Nb,O5 nanotubes in the fully charged state
are also shown in Fig. 4c-e. It can be observed that the Nb,O5

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Ex situ characterization of Nb,Os nanotubes after battery tests. (a) Galvanostatic charge—discharge voltage profiles of Nb,Os nanotubes at a
current density of 25 mA g™*. The points labeled with 1 to 7 indicate the different discharge—charge states in which the XRD patterns in (b) were col-
lected. (b) Ex situ XRD patterns of the Nb,Os nanotube electrode collected at the initial 2 cycles in various discharge—charge states. (c) TEM and (d
and e) HRTEM images of fully charged Nb,Os nanotubes after 2 cycles. The inset in e shows the corresponding FFT pattern. (f) The variations of
elemental contents in the Nb,Os nanotube electrode in various discharge—charge states measured by EDS analysis.

nanotubes in the fully charged state exhibit low crystallinity,
indicating that the intercalation of AICl,™ ions could reversibly
reduce the periodicity of the Nb,Os crystal structure. The TEM
and HRTEM images of fully discharged Nb,Os nanotubes
after 2 cycles (Fig. S6t1) show almost no change in the crystal-
line structure, indicating the reversible AICl,” insertion/
extraction and well-maintained structural integrity of Nb,Os
nanotubes.

To verify the intercalation/deintercalation mechanism of
AICl,” ions in Nb,Os nanotubes, EDS analysis and ex situ
STEM characterization were performed during the 2" cycle at
a current density of 25 mA g~'. The elemental contents
measured by EDS analysis in different charge-discharge states
are shown in Fig. 4f, revealing the reversible elemental

This journal is © The Royal Society of Chemistry 2020

content variations of Al and Cl species induced by the interca-
lation/deintercalation of AICl,~ ions. Fig. 5 also shows the ex
situ HAADF-STEM images and the corresponding spatial
elemental mappings of Nb,Os nanotubes in different charge—
discharge states. Fig. 5a shows the presence of residual Al and
Cl elements after the discharge process of the 1% cycle, indi-
cating the incomplete deintercalation of AICl,” ions in the
fully discharged state. Fig. 5b—-e show the elemental distri-
butions after charging to 0.8 V and 2.0 V, and then dischar-
ging to 0.7 V and 0.1 V, respectively. Overall, the HAADF-STEM
images show the even distribution of Nb, O, Al and Cl
elements in the Nb,Os nanotubes, suggesting that the inser-
tion of AICl,” ions happened inside the nanotubes rather
than only on the surface.
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Fig. 5 Ex situ HAADF-STEM images and the corresponding elemental mappings of Nb,Os nanotubes in different charge—discharge states during
the 2nd cycle: (a) the initial state (fully discharged to 0.1 V); (b) partially charged to 0.8 V; (c) fully charged to 2.0 V; (d) partially discharged to 0.7 V;

(e) fully discharged to 0.1 V. Scale bar: 500 nm.

4. Conclusions

In summary, we have developed an efficient CVD approach
to grow monocrystalline Nb,Os nanotubes as a novel
cathode material for RAIBs. Structural characterization
suggests that the dominant lattice planes of Nb,Os nano-
tubes are mainly the (001) planes. The as-synthesized Nb,Os
nanotubes exhibit high specific capacity and high reversible
stability in RAIBs at room temperature or even at 50 °C.,
much superior to those of commercial Nb,Os powder.
Detailed ex situ characterization in different charge-dis-
charge states reveals that the electrochemical energy storage
mechanism involves a reversible AICl,” insertion/extraction
into/from single-crystal Nb,Os nanotubes. Benefiting from
the advantageous nanostructural features of Nb,Os nano-
tubes with a short ion diffusion distance originated from the
thin tube walls, hollow inner spaces and high porosity, the
Nb,Os nanotubes exhibit improved kinetics, good rate per-
formance and a high utilization ratio in RAIBs. This study
suggests that the structure and morphology modulation of
transition metal compounds as high-performance electrode
materials is a promising strategy for realizing advanced
multivalent ion batteries.
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