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Abstract: Sodium-ion batteries are a very promising alterna-
tive to lithium-ion batteries because of their reliance on an
abundant supply of sodium salts, environmental benignity, and
low cost. However, the low rate capability and poor long-term
stability still hinder their practical application. A cathode
material, formed of RuO,-coated Na;V,0,(PO,),F nanowires,
has a 50 nm diameter with the space group of 14/mmm. When
used as a cathode material for Na-ion batteries, a reversible
capacity of 120 mAhg™" at 1 C and 95 mAhg™" at 20 C can be
achieved after 1000 charge—discharge cycles. The ultrahigh rate
capability and enhanced cycling stability are comparable with
high performance lithium cathodes. Combining first principles
computational investigation with experimental observations,
the excellent performance can be attributed to the uniform and
highly conductive RuQO, coating and the preferred growth of
the (002) plane in the Na;V,0,(PO,),F nanowires.

With the development of renewable energy sources,
sodium-ion batteries (SIBs) have attracted attention because
of their low cost and the abundant sources of sodium when
compared to lithium and lithjum-ion batteries.!! Considerable
attention has been paid to explore the intercalation hosts for
Na ions, such as Na,CoO,” Na,CrO,F NaFeO, " P2-
Nax[Fel/ZMnUZ]OZ’[S] 03‘N3[Ni1/3F31/3Mn1/3]027[6] and
Na,,,FePO,CO,."" Among them, fluorophosphates with
a Na super ionic conductor (NASICON)-type structure
have been proposed as promising cathode materials for
SIBs because of their highly covalent three-dimensional
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crystalline structure, good thermal stability, and high energy
density.®! However, several critical problems are still suffered
in the preparation and application of Na;V,0,(PO,)2F
including the larger particle size and the poor intrinsic
electrical conductivity.’ !

In recent years, well-designed nanomaterials have been
considered promising approaches to enhance the intercala-
tion—deintercalation rates because of the short distances for
Na-ion transport and their high surface-to-bulk ratio.? Many
studies have been conducted on the synthesis of nanoscale
low-dimensional cathode materials such as nanoparticles or
nanoplates to improve the rate capability and cycling
stability.™) However, to date the reported Na;V,0,(PO,),F
compounds have a size range of micrometers or sub-micro-
meters,’ 1% which shows a more inferior rate performance
in comparison with those of high-performance lithium
cathodes. According to our knowledge, there have been no
reports on Na;V,0,(PO,),F wires tens of nanometers in
diameter with the polymorph of I4/mmm. Moreover, the
evidence of reaction mechanism evolution and detailed
theoretical studies focused on Na;V,0,(PO,),F with the
space group of I4/mmm: still could not be obtained.

Herein, we report the preparation of ruthenium oxide
coated sodium vanadium fluorophosphate (Na;V,0,(PO,),F)
nanowires by microemulsion-mediated hydrothermal synthe-
sis. The morphology of Na;V,0,(PO,),F can be easily
controlled by adjusting the pH value of the solution. When
used as a cathode for SIBs, the RuO,-coated Na;V,0,(PO,),F
nanowires demonstrated an outstanding high-rate perfor-
mance with a reversible specific capacity of 120 mAhg ' at
1C and 95 mAhg ' at 20C after 1000 cycles. The high-rate
performance was comparable with that of high-performance
lithium cathodes. The first principles computation discloses
that preferred growth along the (002) plane is favorable to the
diffusion of Na ions at high rate for Na;V,0,(PO,),F.

Depending on the pH value, which was controlled by
adding drops of nitric acid to the precursor microemulsion,
Na;V,0,(PO,),F with different morphologies were synthe-
sized. When a mixed solution with pH 2-3 was hydrother-
mally annealed at 180°C for 24 h, the resulting Na;V,0,-
(PO,),F nanowires were coated with amorphous RuO, to
produce RuO,-coated Na;V,0,(PO,),F core-shell nanowires.
Details of the procedure are described in the Experimental
Section.

Figure 1a shows the X-ray diffraction (XRD) pattern of
the sample obtained at pH 2-3, which can be indexed to the
tetragonal Na;V,0,(PO,),F phase, demonstrating that a pure
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Figure 1. a) XRD patterns and Rietveld refinements of the Na;V,0,-
(PO,),F powder; the experimental data are represented by the black
line, the calculated pattern is represented by the red points, the Bragg
positions are indicated by the green bars, and the difference curve is
represented by the blue line. b),c) Rietveld refinement crystal structure
of the Na,V,0,(PO,),F powder in the b) ab-plane and c) ac-plane (the
yellowish-green circles represent the diffusion paths).

and single-phased crystal was synthesized. The refined
pattern shows that it had lattice parameters of a=b=
6.4958 A and ¢=10.61366 A, with a space group of I4/
mmm, which is different from the result reported by Sauvage
et al."! The Na;V,0,(PO,),F phases obtained at different pH
values also showed the same XRD patterns (Supporting
Information, Figure S1), indicating that they all consisted of
tetrahedral [PO,] and octahedral [VOsF] units. The octahe-
dral [VOsF] units shared a F atom with each other along the c-
direction. The tetrahedral [PO,] and [VOsF] octahedral units
were connected by an O atom in the ab-plane, which can be
considered as a pseudolayered structure with intercalated Na
ions on the ab-plane.'! Based on the results of Rietveld
analysis, Figure 1b,c show the possible Na diffusion paths: the
ab-plane and along the c-axis from a Nal site to a neighboring
Nal site. The activation barriers were calculated by first
principles to be 0.415 eV in the ab-plane and 2.248 eV in the c-
axis direction (Supporting Information, Figure S2a,b). The
values suggest that the Na-ion diffusion path was favorable
along the ab-plane, that is, the (002) plane, indicating that
Na;V,0,(PO,),F with space group I4/mmm was a two-dimen-
sional diffusion path.

The scanning electron microscope (SEM) image in Fig-
ure 2a shows that Na;V,0,(PO,),F nanowires were obtained
at pH 2-3. Increasing the pH value of the mixed precursor
solution resulted in a morphological change of the samples,
such as the nanorods obtained at pH 3-5 and the nanosheets
obtained at pH 5-7 (Supporting Information, Figure S3a,b).
The Na;V,0,(PO,),F nanowires had lengths of more than
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Figure 2. SEM images of Na;V,0,(PO,),F nanowires with space group
14/mmm at a) low magnification (x10000) and b) high magnification
(x50000). c) HRTEM image of the Na;V,0,(PO,),F nanowires.

d) HRTEM image of the RuO,-coated Na;V,0,(PO,),F nanowires with
a 6 nm RuO, layer. e) A scanning transmission electron microscope
(STEM) image of RuO,-coated Na;V,0,(PO,),F nanowires; f) The Ru
mapping on the surface of RuO,-coated Na;V,0,(PO,),F nanowires.

several micrometers. In the enlarged SEM image of the
Na;V,0,(PO,),F nanowires, shown in Figure 2b, it can be
seen that most of the nanowires had diameters in the range of
about 50 nm. The high-resolution transmission electron
microscope (HRTEM) image in Figure 2c shows that the
distances between the neighboring lattice fringes had an
approximate value of 5.3 A, which corresponds to the d-
spacing of the (002) plane of the fluorophosphates. The
change in morphology with the pH value at 180°C can be
explained as follows. Under the hydrothermal conditions at
pH 2, a positively charged Na ion could be immediately
adsorbed onto the negatively charged molecular clusters,
which had been self-assembled along the normal direction of
the basal (002) plane, by pillaring the Na ions." The
interfacial free energy of the (002) plane of the Na;V,0,-
(PO,),F nanowires perpendicular to the c-axis was much
higher than that of the other surfaces. Na;V,0,(PO,),F could
thus grow with an anisotropic crystal structure as one-
dimensional nanowires in high-chemical-potential surround-
ings." Since the Na ion diffusion paths were perpendicular to
the nanowire growth direction, the preferred growth along
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the (002) plane was favorable to the diffusion of Na ions at
high rate.

Each Na;V,0,(PO,),F nanowire was further coated with
a RuO, shell to improve its sodium-storage performance
using hydrolysis precipitation, followed by post-deposition
annealing in ambient air. Figure 2d shows a TEM image of
the RuO,-coated Na;V,0,(PO,),F nanowires. The core—shell
structure with a shell thickness of 6 nm can be clearly
distinguished. The results of scanning transmission electron
microscope (STEM) and energy-dispersive X-ray spectrosco-
py (EDS) further confirmed the uniform existence of Ru on
the surface (Figure 2 e, f; Supporting Information, Figures S4a
and S5). Furthermore, the Na;V,0,(PO,),F nanowires coated
with RuO, shells of different thickness are also shown in the
Supporting Information, Figure S4b-d. Because each wire
was one-dimensional, it was easy to establish line-to-line
contact between the core and shell, which would enhance the
electrical contact and ion or electron transfer relative to the
point-to-point contact in powder electrodes.”” Such a well-
organized nanoscale core—shell structure could provide a high
specific area, significantly reduce the inert zones, promote the
diffusion of sodium ions, and thus enhance the rate proper-
ties.”! Moreover, the ruthenium K-edge X-ray absorption
near-edge structure (XANES) spectra (Supporting Informa-
tion, Figure S6) show the white line for the RuO, coating
shifting toward lower values relative to that of commercial
RuO,, which means that the valence state of ruthenium in the
RuO, coating was lower than the standard valence of Ru".
According to the principle of electrical neutrality, the
ruthenium oxide was oxygen-deficient in response to the
formation of a surface coating with high electrical conductiv-
ity.! Therefore, an enhanced rate performance of RuO.-
coated Na,V,0,(PO,),F nanowires was expected.

The specific capacity of Na;V,0,(PO,),F with different
morphologies was obtained (Supporting Information, Figur-
esS7 and S8). The pristine Na;V,0,(PO,),F nanowires
delivered a maximum capacity of 101 mAhg™' compared
with the capacity of 83 mAhg™! of nanorods and 75 mAhg™*
of nanosheets at 1C, suggesting that the pristine Na;V,0,-
(PO,),F nanowires exhibited enhanced rate performance.
After the nanowires were coated with RuO,, the capacity
increased as expected. The cycling stability was almost the
same for all of the nanowires with different coating thickness
in the initial cycles, while the sample with a coating thickness
of 6 nm delivered a maximum capacity of 120 mAhg ' at 1C
and 95 mAhg™" at 20 C. Hereafter, the data under discussion
correspond to only those of RuO,-coated Na;V,0,(PO,),F
nanowires with a coating thickness of 6 nm. Figure 3 a exhibits
the charge and discharge profiles of RuO,-coated Na;V,0,-
(PO,),F nanowires at a current density of 0.1 C in the voltage
range of 2.5-4.3 V versus Na“/Na. The initial discharge and
charge specific capacities were 134 and 126 mAhg ', respec-
tively, based on the total mass of the RuO,-coated Na;V,O,-
(PO,),F nanowires. The initial coulombic efficiency was as
high as 94.0%. After 1000 cycles, the electrode could still
deliver a reversible specific capacity of 95 mAhg™' with
a coulombic efficiency of 99.3% at a current rate of 20C
(Figure 3b). The cyclic voltammetry (CV) curves of RuO,-
coated Na;V,0,(PO,),F nanowires and uncoated Na;V,0,-
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Figure 3. a) Charge and discharge profiles of RuO,-coated Na;V,0,-
(PO,),F nanowires at a current density of 0.1C in the voltage range of
2.5-4.3 V versus Na'/Na. b) Long-term cycling performance of the
RuO,-coated Na;V,0,(PO,),F nanowires at a current density of 20 C.
c) Rate capacity of RuO,-coated Na;V,0,(PO,),F nanowires and
uncoated Na,;V,0,(PO,),F nanowires. d) Comparison between the
Nyquist plots of the RuO, coated and uncoated Na,;V,0,(PO,),F
nanowires.

(PO,),F nanowires at different scan rate (Supporting Infor-
mation, Figure S9) also demonstrate the excellent reversibil-
ity of the former. Figure 3c shows that the RuO,-coated
Na;V,0,(PO,),F nanowires had a better rate performance
compared with Na;V,0,(PO,),F nanowires under all inves-
tigated current densities. Under a current density that was as
high as 20C, the nanowires without RuO, coating showed
almost no capacity because of the intrinsic poor electrical
conductivity, while the RuO,-coated Na;V,0,(PO,),F nano-
wires still exhibited a favorable initial specific capacity of
105 mAhg" at 20C and 71 mAhg' at 40C. The high-rate
behavior can be attributed to the RuO, coating with
uniformly high conductivity and the preferred growth of the
(002) plane in the Na,V,0,(PO,),F nanowires.

Electrochemical impedance spectroscopy (EIS) was
employed to further understand the origin of the enhanced
electrochemical performance after the Na;V,0,(PO,),F
nanowires were coated by RuO,. Figure 3d compares the
Nyquist plots of the RuO,-coated and uncoated Na;V,0,-
(PO,),F nanowires. Based on the modified Randles equiv-
alent circuit (Supporting Information, Figure S10a), the
RuO,-coated Na;V,0,(PO,),F electrode showed a minimum
charge-transfer resistance of 106.1 Q compared to the value
of 468.4 Q for the electrode made of uncoated Na;V,0,-
(PO,),F nanowires. This result indicates that the RuO,-coated
Na;V,0,(PO,),F electrode had high electrical conductivity,
resulting in the better rate capability and higher reversible
capacity than those of the electrode of uncoated Na;V,0,-
(PO,),F nanowires. The charge-transfer resistance became
higher with increasing thickness of the RuO, coating (Sup-
porting Information, Figure S10b) because the thicker coating
suppressed charge transport.”!
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Ex situ XRD tests were performed to check the structural
evolution of RuO,-coated Na;V,0,(PO,),F composites
during charging and discharging; the results are shown in
Figure 4. It can be seen that the XRD patterns of the
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Figure 4. Ex situ XRD results of RuO,-coated Na,;V,0,(PO,),F compo-
sites during charging (XRD patterns at voltages of 2.5,3.0, 3.60, 3.63,
3.76, 3.97, 4.02, 4.05, and 4.3 V) and discharging (XRD pattern at
voltages of 4.05, 4.0, 3.98, 3.76, 3.60, 3.55, 3.52, and 2.5 V).

electrodes are similar to that of the as-prepared Na;V,0,-
(PO,),F powder (Figure 1a), apart from variations in inten-
sity of some diffraction peaks during the charge—discharge
process. Upon closer observation, during the charging pro-
cess, the diffraction peaks at 16.28° and 16.76° consistently
overlapped, the peaks at 28.86° vanished, and the peaks at
28.01°,31.40°, 40.62°, 43.43°, and 44.95° shifted positively, and
the diffraction peaks shifted back to original positions during
the discharging process. This shift in peak positions was
related to the change in lattice parameters. It is worth noting
that no new phase appeared during charging and discharging,
suggesting that the process involved a simple single-phase
reaction of the Na;V,0,(PO,),F electrode. A sustained
decrease in lattice parameter a (the lattice parameter a is
equal to b) is shown in the Supporting Information, Fig-
ure S11. Conversely, the lattice parameter ¢ continues to
increase over the whole process of charging. Besides, the rate
of change in the lattice parameters (a,b) is lower than the
lattice parameter ¢ during charging (Supporting Information,
Figure S11, inset), meaning that the distortion between the ab
plane is larger than that within the ab plane upon Na ion
intercalation or deintercalation.

Moreover, the volume change of 2.79% for Na;V,0,-
(PO,),F at the end of the charging process is also smaller than
that of olivine NaFePO, (ca. 17.5%),*! Na,V,(PO,); (ca.
8.1%), and Na,Fe;(PO,),(P,0; (ca. 5.1 %), resulting in
excellent cycling performance.

In conclusion, we have developed a new strategy to
fabricate a promising structure of a circa 50 nm-diameter
RuO,-coated Na;V,0,(PO,),F nanowires with the I4/mmm
space group. As a cathode material for Na-ion batteries, the
nanocomposite exhibited excellent cycling performance and
rate capability in comparison with uncoated Na;V,0,(PO,),F
that can be attributed to the electronically conductive RuO,,
the growth of nanowires in a preferred orientation, and the

Angew. Chem. 2015, 127, 65526556

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

o

small volume change during charging. This enhanced strategy
and theoretical direction could offer an effective and basic
approach to improving the cyclability and rate capability of
sodium-ion electrode materials.

Experimental Section

Na;V,0,(PO,),F nanowires were prepared by microemulsion-medi-
ated hydrothermal synthesis.” A microemulsion consisting of
cetyltrimethylammonium bromide (CTAB), water, cyclohexane,
and n-pentanol was selected as the nanoreaction system. C,H,0,
(analytical reagent (AR) grade), NaF (AR grade), NH,H,PO, (AR
grade), and NH,VO; (AR grade) were dissolved in the molar ratio
3:2:2:3 in deionized water to form a 0.2 mol L' dark-blue stabilized
solution. A transparent mixed solution of CTAB (2 g, AR grade),
cyclohexane (50 mL), and n-pentanol (2mL) was prepared by
vigorous stirring. These two solutions (mol ratio of water/surfac-
tant=>5:1) were mixed together with substantial stirring to form
a transparent microemulsion, and its pH value was adjusted to
approximately 2-3 with HNO;. The resulting transparent micro-
emulsion was transferred into a 100 mL Teflon-lined stainless-steel
autoclave and tightly sealed with heating at 180°C for 24 h. The gray—
black powder produced was collected through suction filtration. After
washing several times with deionized water and ethanol, the powder
particles were dried overnight in a vacuum oven set at 80°C.

The RuO,-coated Na;V,0,(PO,),F core-shell nanowires were
synthesized as follows. Anhydrous RuCl; (1 g, AR grade, Shanghai
Ourchem Chemical Reagent Co., Ltd, China) was dissolved in about
96 mL of deionized water to form a stabilized black solution. To coat
the amorphous RuO, onto the Na;V,0, (PO,),F nanowires, 0.75 mL
of the black RuCl; solution was added to 20 mL of the Na,;V,0,-
(PO,),F suspension using a peristaltic pump at a uniform speed. The
amount of RuO, in the synthesized RuO,-coated Na;V,0,(PO,),F
core—shell nanowires was determined by inductively coupled plasma
(ICP) to be similar to the theoretical quantity. The resultant gray-
black powder was then collected by suction filtration. After washing
several times with deionized water and ethanol, the powder particles
were dried in air for 20 h in a tube furnace set at 150°C.

More experimental and characterization details (for example,
XRD, refined XRD, SEM, TEM, STEM-EDS mapping, and electro-
chemical characterization) are described in Supporting Information.

Keywords: fluorophosphates - nanowires -
ruthenium oxide coating - sodium-ion batteries - vanadium
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