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Novel K;V,(PO,)3;/C Bundled Nanowires as Superior
Sodium-lon Battery Electrode with Ultrahigh Cycling

Stability

Xuanpeng Wang, Chaojiang Niu, Jiashen Meng, Ping Hu, Xiaoming Xu, Xiujuan Wei,
Liang Zhou,* Kangning Zhao, Wen Luo, Mengyu Yan, and Ligiang Mai*

Sodium-ion battery has captured much attention due to the abundant sodium
resources and potentially low cost. However, it suffers from poor cycling
stability and low diffusion coefficient, which seriously limit its widespread
application. Here, K3V,(PO,4)3;/C bundled nanowires are fabricated usinga
facile organic acid-assisted method. With a highly stable framework, nano-
porous structure, and conductive carbon coating, the K;V,(PO,);/C bundled
nanowires manifest excellent electrochemical performances in sodium-ion
battery. A stable capacity of 119 mAh g~' can be achieved at 100 mA g~.

Even at a high current density of 2000 mA g~', 96.0% of the capacity can be
retained after 2000 charge—discharge cycles. Comparing with K3V,(PO,4);/C
blocks, the K;V,(PO,);/C bundled nanowires show significantly improved
cycling stability. This work provides a facile and effective approach to enhance

the electrochemical performance of sodium-ion batteries.

1. Introduction

With the development of renewable energy sources such as
solar and wind, we are facing the significant challenge of inte-
grating them into the grid.l! Thus, it is an urgent demand to
develop large-scale energy storage systems with high capacity,
long life, high safety, and low cost for grid utilization.[?”!
Among the various energy storage technologies, battery is
the best candidate for storing electricity in the form of chem-
ical energy due to its dexterity, convenience, and high-energy
conversion efficiency.*® Owing to its high energy density,
lithium-ion battery has expanded its application from portable
electronics to electric vehicles (EV) and hybrid electric vehi-
cles (HEV)."-1% However, lithium is not an abundant element
and the increasing cost has limited its widespread large-scale
application. By contrast, sodium is optimistically abundant in
nature (ranking fourth among the most abundant elements
in the earth crust) and fairly low in cost. In addition, sodium
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is located below lithium in the periodic
table and shares similar physical/chemical
properties with lithium in many aspects.
Thus, sodium is a promising candidate
for replacing lithium in energy storage
systems.['!] Recently, sodium ion batteries
have been widely reconsidered for large-
scale applications. Undoubtedly, the explo-
ration and development of sodium-ion
batteries is a new and important direction
in the field of energy storage.

Recently, potassium containing com-
pounds have been investigated in sodium-
ion batteries. Liu et al. found that the
potassium ion intercalated manganese
oxide (Kg,yMnO,) with large ion diffu-
sion channels shows superior cycling
stability and rate capability for sodium
storage.?l This inspiring work indicates
that the potassium-containing compounds have great potentials
in energy storage. On the other hand, phosphates have been
widely studied because of their high redox potential, good safety,
and low cost. Compared with metal oxides, phosphates possess
higher electrochemical voltage and thus higher energy density
due to the inductive effect of PO,>"*3 In addition, the phos-
phates also provide higher thermal stability for elevated tem-
perature operation. However, the phosphates face the defects of
regular impure phase and poor electronic conductivity.**! The
formation of impurity phases can be suppressed by thoroughly
mixing the reactants before sintering, and the conductivity can
be improved by compositing with carbon.3**1 Among the
phosphate compounds, Li;V,(PO,);?%?! and Na;V,(PO,);/?*2°]
have been widely studied as lithium or sodium-ion battery
cathodes. For example, Jian et al. reported the synthesis of
Na3V,(PO,)3/C composite by a one-step solid state reaction;
when used as the cathod for sodium-ion battery, it delivers an
initial discharge capacity of 93 mAh g 1.[23 Saravanan et al.
reported the preparation of porous Na;V,(PO,);/C with excel-
lent cycling stability and superior rate capability in sodium-ion
battery.?”! Despite the numerous reports on Li;V,(PO,); and
Na;V,(PO,)s, the crystal structure and electrochemical perfor-
mance of K3V,(PO,); has never been reported.

Herein, a novel potassium containing phosphate mate-
rial, K3V,(PO,)s, is designed and explored in energy storage.
The K3V,(PO,);/C bundled nanowires were synthesized by
a facile organic acid-assisted method. With a highly stable
framework for sodium storage, porous nanostructure for fast
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Figure 1. A) Schematic illustration of the K3V, (PO,4)3/C bundled nanowires with stable framework, fast Na* diffusion, and high electronic conductivity.
B) Schematic illustration for the fabrication process and proposed formation mechanism of the K;V,(PO,4);/C bundled nanowires.

sodium ion diffusion, and conductive carbon coating for rapid
electron transport (Figure 1A), the K;V,(PO,);/C bundled
nanowires manifest excellent electrochemical performances
in sodium-ion battery. When used as the cathode material, the
K3V,(PO,)3/C bundled nanowires exhibit an initial capacity of
119 mAh g! with a superior capacity retention of 99.4% after
100 cycles at 100 mA g~'. Even after 2000 cycles at a high rate
of 2000 mA g1, 96.0% of the initial capacity can be retained.
Such a facile and energy-saving strategy for constructing bun-
dled carbon-coated nanowires may be extended to the synthesis
of other active materials for energy storage applications.

2. Results and Discussions
2.1. Formation Mechanism of K;V,(PO,);/C Bundled Nanowires

In this work, the K3V,(PO,);/C bundled nanowires are syn-
thesized via a facile organic acid-assisted method (Figure 1B

wileyonlinelibrary.com
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and Figure S1, Supporting Information), which contains three
main steps. (I) V(V) reduction in solution: NH,VO;, KOH, and
phosphoric acid were dissolved in deionized water to form a
maroon solution. Oxalic acid (C,H,0,-2H,0) was then added.
After stirring for 4 h, the color of the solution turned into yel-
lowish green, indicating the partial reduction of V(V) to V(IV)
by the oxalic acid (2 H* + 2 VO5;™ + 3 C,H,0,-2H,0 =2 VO* +
2 C,044 + 2 CO, + 10 H,0; Figure S2A, Supporting Infor-
mation). (II) Organic acid-assisted assembly: the solution was
poured into a Petri dish, dried (solvent evaporation) at 60 °C,
and baked at 180 °C to form sponge-like solids with plate-
like morphology (Figures S1, S2C, Supporting Information).
During the solvent evaporation, the excess amount of oxalic
acid distributed at the interstitial space of potassium-vana-
dium—phosphate complex and acted as the structure directing
agent. Namely, the potassium-vanadium-phosphate complex
is surrounded by the oxalic acid (Figure 1B). (III) In situ crys-
tallization and carbon coating: the as-prepared sponge-like pre-
cursor containing potassium, vanadium, phosphate, and oxalic

Adv. Energy Mater. 2015, 1500716
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Figure 2. XRD patterns A) of the K;V,(PO,);/C bundled nanowires sintered at 700, 800, and 900 °C. SEM image B) and elemental mapping images
C) of the bundled nanowires sintered at 700 °C. SEM image D) and elemental mapping images E) of the bundled nanowires sintered at 800 °C. SEM image
F) and elemental mapping images G) of the bundled nanowires sintered at 900 °C. TEM images H—K) and HRTEM image L) of the K3V, (PO4);/C bundled
nanowires sintered at 800 °C. Inset of (I) is the SAED pattern of the bundled nanowires. The interplanar spacing M) of the K3V, (PO,)3/C bundled nanowires.

acid was decomposed into K3V,(PO,);/C. During the annealing,
the oxalic acid played two roles. On one hand, it acted as the
carbon precursor, confining the growth of K;V,(PO,)s; on the
other hand, it acted as the structure directing agent, promoting
the formation of K3V,(PO,)3/C bundled nanowires. If the solu-
tion obtained from step I was continuously stirred for another
8 h, more V(V) was reduced to V(IV), which can be indicated
from the dark blue color of the solution (Figure S2B, Sup-
porting Information).?2°l Meanwhile, more oxalic acid was
consumed. Due to the less amount of oxalic acid remaining in
the solution/precursor, it was not enough to act as the structure
directing agent. As a result, K3V,(PO,);/C blocks rather than
bundled nanowires were obtained after drying, baking, and sin-
tering (Figure S2D, Supporting Information).

2.2. Structure Characterization

X-ray diffraction (XRD) patterns of the samples prepared at
700, 800, and 900 °C clearly indicate the formation of a highly

Adv. Energy Mater. 2015, 1500716 © 2015 WILEY-VCH Verlag GmbH & Co.

crystalline phase (Figure 2A). No diffraction peaks originated
from carbon are discerned, indicating the amorphous feature
of carbon.%31 It should be mentioned that the XRD pattern
cannot be indexed to any known phase from the existing
JCPDS database, suggesting the formation of a possible new
crystalline phase. However, the detailed structure of this pos-
sible new phase is still under study. When the sintering tem-
perature is below 800 °C, the bundled nanowire morphology
can be well kept (Figure 2B-E). When the temperature is
increased to 900 °C, the bundled nanowire morphology is
partially destroyed (Figure 2F,G). Inductively coupled plasma
(ICP) results show that the molar ratio of K:V:P is close to
3:2:3 for all samples (Table S1, Supporting Information).
Elemental mapping results demonstrate the uniform distri-
bution of K, V, P, O, and C (Figure 2C,E,G). By combining
the XRD, ICP, and elemental mapping results together, the
obtained products are tentatively assigned to K3V,(PO,)3/C.
Scanning electron microscopy (SEM) and transmission elec-
tron microscopy (TEM) are utilized to elucidate the detailed

KGaA, Weinheim wileyonlinelibrary.com (3 of 8) 1500716
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structure of the bundled nanowires (Figure 2H,I and Figure S4,
Supporting Information). The length of individual nanowire
is in the range of 5-30 pm, and the diameter is in the range
of 150-500 nm. It should be mentioned that the nanowires
tend to aggregate into bundles and the diameter of the bun-
dled nanowires may reach 1-5 pm. The K3V,(PO,); nanowire
is quasi-single-crystalline, as can be indicated from the selected
area electro diffraction (SAED) pattern (inset of Figure 2I). A
thin carbon layer with a thickness of =8 nm can be observed on
the surface of the K;V,(PO,); nanowire (Figure 2]). High-reso-
lution TEM (HRTEM) images of the K;V,(PO,);/C nanowires
(Figure 2K-M) display a lattice fringe of =0.5 nm.

XRD patterns of the K3V,(PO,)3/C blocks are illustrated in
Figure S5 (Supporting Information), which resembles that of
the nanowires. ICP test shows that the molar ratio of K:V:P
is close to 3:2:3, in line with the feeding ratio (Table S2, Sup-
porting Information). SEM images show that the K3V,(PO,);/C
blocks are porous in nature, with macropores randomly dis-
tributed throughout the whole particle (Figure S6, Supporting
Information). Elemental mapping results show that the K, V,
P, O, and C distribute homogeneously in the blocks (Figure S7,
Supporting Information).

Raman spectroscopy is employed to study the nature of the in
situ formed carbon in the K3V,(PO,);/C composites (Figure S8A,
Supporting Information). The characteristic peaks located at
around 1600 and 1350 cm™! can be attributed to the G-band (gra-
phitic carbon) and D-band (originating from disordered carbon)
of carbon, respectively. For all samples, the intensity of G-band is
comparable to that of D-band, indicating the partially graphitized
feature of carbon.3233 Fouriertransform infrared spectroscopy
(FT-IR) is carried out (Figure S8B, Supporting Information) to
gain more structural information. All samples exhibit similar
absorption bands in FTIR, suggesting their similar structure.
Specifically, the absorption band at 1630 cm™ can be attributed
to the —OH stretching vibration of absorbed H,0;13* the bands
located at 936, 997, 1106, and 1165 cm™ can be assigned to the
P—O stretching vibrations;*! the band centered at 878 cm™ can
be ascribed to the V—O stretching vibrations; the bands at
482, 540, 562, and 667 cm ™ can be assigned to O—P—O bending
vibrations.””] Thermo gravimetric analysis (TGA) curves of
K;3V,(PO,)3/C bundled nanowires and blocks are shown in Figure
S9 (Supporting Information). The TGA curves show that the
mass decreases with the increase of temperature before 500 °C,
and then increases with the temperature from 500 to 900 °C.
The weight loss before 500 °C is caused by the combustion of
carbon, while the weight gain after 500 °C is attributed to the
oxidation of V(III) to V(IV) and V(V). The carbon content of the
bundled nanowires and blocks is measured to be =6.0% and
~8.0%, respectively. X-ray photoelectron spectroscopy (XPS) is
conducted to study the chemical state of vanadium (Figure S10,
Supporting Information). The V 2p3/2 core level region shows
a single peak with a binding energy (BE) of 517.2 eV, which is
associated with the V3* oxidation state. The BE also matches well
with that observed in V,03 (517.3 eV).’840 The XPS characteri-
zation also suggests the chemical composition of K3V,(PO,)s,
highly consistent with the XRD, EDS, SAED, and ICP results.

The specific surface area and pore size distribution of the
K3V,(PO,)3/C are tested by nitrogen sorption. The bundled
nanowires present a typical hysteresis loop for porous materials
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at high relative pressures (Figure S11, Supporting Informa-
tion). The Brunauer—-Emmett-Teller (BET) surface area is calcu-
lated to be 44.0 m? g™! (Figure S11A, Supporting Information),
which is 13 times higher than that of the blocks (3.3 m? g7%;
Figure S11B, Supporting Information). The K;V,(PO,);/C bun-
dled nanowires exhibit a single pore size distribution, with the
peak centered at =21 nm (inset of Figure S11A in the Supporting
Information), while the K3V,(PO,);/C blocks exhibit no obvi-
ously peak in the pore size distribution (inset of Figure S11B
in the Supporting Information). The high specific surface area
and pore volume (0.17 cm® g!) of the bundled nanowires are
attributed to the existence of cracks/pores (Figure 2H).

2.3. Ex Situ and In Situ XRD Analysis

To study the structural stability of the K3V,(PO,)3;/C bundled
nanowires during sodiation/desodiation, in situ and ex situ
XRD are performed. For the in situ XRD, the half cell is galva-
nostatically charged and discharged for two cycles at 100 mA g™
(Figure 3A, Figure S12, Supporting Information). Only tiny
changes can be observed at 23-27° and 30-34°, indicating the

(A) 1900 1700 1500 1300 1100 900 700
14400
10800
(7]
-
Q
7200
£
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3600
0
23 25 27 30 34 15 275 4.0
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Figure 3. In situ XRD patterns during galvanostatic charge and discharge
at 100 mA g~'. A) The image plot of the diffraction patterns at 23-27° and
30-34° during the first two charge—discharge cycles. The horizontal axis
represents the selected 26 regions, and time is on the vertical axis. The
diffraction intensity is color coded with the scale bar shown on the top.
The corresponding voltage curve is plotted to the right. B) Selected dif-
fraction patterns during the first cycle stacked against the voltage profile.
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slight variation of the lattice parameters during the charge—
discharge.f1*2 In the first charge process, the peak centered
at 24.2° weakens and the peak centered at 25.2° strengthens,
which are caused by the extraction of K*. This trend is reversed
during the first discharge process, corresponding to the inser-
tion of K*/Na* (Figure 3B). Interestingly, the peak located
at 31.4° exhibits a slight shift toward low angle at the end of
charge, and it shift back to its original position in the subse-
quent discharge process, indicting a reversible expansion/
extraction of the corresponding lattice distance.*>* The slight
shift and intensity variation in diffraction peaks in the pro-
cess of in situ characterization indicate that there is no severe
structural change in the process of K*/Na* insertion/extraction,
confirming the highly stable framework of K;V,(PO,);.1*>4) Ex
situ XRD results provide insights into the long-term structural
stability of the K3V,(PO,);. No obvious change can be observed
in the ex situ XRD patterns (Figure S13, Supporting Informa-
tion, 6.5-10.5°), except for the slight right-shift of the diffraction
peak. Due to the extraction of the large K* from the K;V,(PO,);
framework, the cell contracts along certain directions.*!] As a
result, the diffraction peak shifts from 8.5° to 9.0° during the
first charge. Even after 500 charge—discharge cycles, the diffrac-
tion peak can be well maintained at 9.0°, suggesting the high
stability of the K;V,(PO,); framework. By combining the in
situ and ex situ XRD results together, it can be concluded that
the framework of K3;V,(PO,);/C bundled nanowires is robust
enough to tolerate the K*/Na* insertion/extraction.

2.4. Electrochemical Performance of Bundled Nanowires
and Blocks

To study the theoretical capacity of K3V,(PO,)s, the galvanostatic
intermittent titration technique (GITT) test is conducted (Figure
S14, Supporting Information). The K;3V,(PO,); bundled nanow-
ires show a theoretical charge capacity of 174 mAh g, corre-
sponding to the extraction of 3.3 Na*/K* per formula. It is noted
that the K;V,(PO,); contains only three K*; however, 3.3 Na*/K*
can be extracted. To explain this discrepancy, ex situ ICP test is
conducted. The ex situ ICP results show that 0.8 Na* is preinter-
calated from the electrolyte into the K;V,(POy); before charging
(Table S3, Supporting Information). During the charge, 0.8 Na*
and 2.5 K" are extracted from the presodiated K3V,(PO,);. The the-
oretical discharge capacity of charged K3V,(PO,);is 159 mAh g7},
corresponding to the insertion of 3.0 Na* per formula.

The sodium storage performance of the K;V,(PO,);/C sam-
ples is then investigated by cyclic voltammograms (CV) and gal-
vanostatic charge-discharge tests. The CV curves (Figure 4A)
and dg/dv plots (Figure S15, Supporting Information) of the
K3V,(PO,)3/C bundled nanowires and blocks share the same
characteristics with two pairs of cathodic/anodic peaks. In the
first anodic process, two oxidation peaks are located at 1.55 and
3.61 V. In the subsequent cathodic process, two reduction peaks
appear at 3.65 and 1.75 V. Obviously, the K;V,(POy4);/C bundled
nanowires have larger curve area and higher redox peak current
than the K3V,(PO,);/C blocks, indicating the higher capacity
and faster kinetics for Na* insertion/extraction.

Figure S16 (Supporting Information) shows the cycling and
rate performances of the three nanowire samples prepared at

Adv. Energy Mater. 2015, 1500716
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different sintering temperatures. Among the three samples,
the sample prepared at 800 °C exhibits the best electrochem-
ical performance. Thus, 800 °C is considered to be the opti-
mized sintering temperature. Representative charge—discharge
curves of the K3V,(PO,);/C bundled nanowires at 100 mA g
are presented in Figure 4B. Two weak discharge plateaus can
be observed at around 1.6 and 3.6 V, in agreement with the
CV results.

The electrochemical performances of the K;V,(PO,);/C bun-
dled nanowires and blocks are compared in Figure 4C-F. In
general, the bundled nanowires manifest better cycling sta-
bility and rate capability than the blocks. At a current density of
100 mA g, the bundled nanowires deliver an initial discharge
capacity of 119 mAh g!, maintaining 118.2 mAh g! after
100 cycles (capacity retention of 99.4%). The initial Coulombic
efficiency is 73.8%. It increases gradually to 97.3% after 30 cycles
and then can be stabilized at 98.0% (Figure S17, Supporting Infor-
mation). The blocks deliver an initial capacity of 109 mAh g
under the same current density, retaining 61.3 mAh g after
100 cycles (capacity retention of 56.2%). At 200 mA g!, the
bundled nanowires show a stable capacity of =90 mAh g! for
600 cycles (Figure 4D). In contrast, the capacity of the blocks
decays to below 50 mAh g! in 100 cycles. At 500 mA g', the
bundled nanowires can be charge—discharged for 1000 cycles
with a capacity retention of 93.8% (Figure 4E).

When tested at various current densities ranging from
100 to 1000 mA g’!, the bundled nanowires exhibit higher
capacity at each current than the blocks, demonstrating the
superior rate performance (Figure 4F; Figure S18, Supporting
Information). When the current density is reduced from 1000 to
100 mA g!, =100% of the initial capacity can be recovered for
the bundled nanowires, while only =63% of the initial capacity
can be recovered for the blocks. The most appealing property of
the bundled nanowires is their excellent cycling stability at high
rate (Figure 4G). At a current density of 1000 mA g, 99.0% of
the initial capacity can be retained after 2000 cycles; at a cur-
rent density of 2000 mA g!, 96.0% of the initial capacity can
be retained after 2000 cycles. Compared to previous literatures
on phosphate-based cathode materials for sodium-ion batteries,
the cycling stability of the K;V,(PO,);/C bundled nanowires is
among the best (Table S4, Supporting Information). In sharp
contrast to the bundled nanowires, the blocks exhibit very low
capacity and poor cycling stability at high rate (Figure S19, Sup-
porting Information).

The structural stability of the K;3V,(PO,);/C bundled
nanowires and blocks is further studied by ex situ SEM and
TEM (Figures S20-S22, Supporting Information). The struc-
ture of the bundled nanowires can be well maintained after
100 cycles at 100 mA g and 2000 cycles at 1000 mA g!
(Figures S20 and S21, Supporting Information). Although the
morphology of the blocks can be generally maintained after
100 cycles at 100 mA g7, the size significantly decreases, which
may be caused by the pulverization during cycling (Figures S22,
Supporting Information).*”#8] The better structural stability of
the bundled nanowires than the blocks underpins their signifi-
cant difference in cycling stability.

The apparent diffusion coefficients for semi-infinite
diffusion of Na* into K;V,(PO,); are calculated based on the
Randles—Sevick equation.*’!
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Figure 4. Electrochemical performances of the K3V, (PO,);/C bundled nanowires and K3V, (PO,);/C blocks sintered at 800 °C in sodium-ion batteries:

A) cyclic voltammograms (CV) of K3V, (PO,)3/C bundled nanowires at a scan rate of 2 mV s™

in the electrochemical window of 1.5-4.0 V versus Na/Na™.

B) Charge—discharge curves at 100 mA g~'. C-E) Cycling performance of the K3V, (PO,)3/C bundled nanowires and blocks at 100, 200, and 500 mA g~!
in the electrochemical window of 1.5-4.0 V. F) Rate performance of the K3V,(PO,);/C bundled nanowires and blocks. G) Long-life cycling performance

of the K3V, (PO,);/C bundled nanowires at 1000 and 2000 mA g'.

I, = 0.4463n FAC( NFvD
RT

12
) =[269000 x n*?AD"’Cp"> (1)

where I, is the peak current, n is the number of electrons
transferred per molecule during the electrochemical reac-
tion (here 1), A is the active surface area of the electrode (here
3.752 x £ mm?), C is the concentration of sodium ions in the
cathode (here 1), D is the apparent Na* diffusion coefficient
of the whole electrode involving the diffusion of both sodium
ions and electrons, and v is the scanning rate. From the slope
of the fitting line collected from the peak ¢ (Figure 5A and
Figure S23A, Supporting Information), the apparent diffusion
coefficients D of the bundled nanowires are determined to be
1.6 x 10® cm? s7! (Figure 5B), which is 4.0 times higher than
that of the blocks (4.0 X 1072 cm? s7!) (Figure S23B, Supporting
Information) and 10* times higher than that of Na;V,(PO,);/

C (1.51 x 10712 cm? s71).'Yl The Nyquist plots indicate that
the charge transfer resistance (Rct) of the bundled nanowires
is only 84 Q before cycling, lower than that of the blocks

wileyonlinelibrary.com
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(182 Q) (Figure 5C). After 100 cycles at 100 mA g7!, the Rct
of the bundled nanowires is 90 Q, while that of the blocks is
312 Q (Figure 5D), suggesting the fast electronic mobility of the
bundled nanowires. The diffusion coefficient and EIS results
indicate that the constructed K;V,(PO,);/C bundled nanowires
can enhance the ionic transport kinetics and electronic conduc-
tivity, leading to better rate capability than the blocks.

The remarkable electrochemical properties of the
K3V,(PO,)3/C bundled nanowires can be attributed to their
unique structural features and crystal structure. First, the
K3V,(PO,); possesses a highly stable framework, which is
beneficial to the cycling stability. Second, the K;V,(PO,);/C
bundled nanowires exhibit a considerable amount of porosity,
resulting in rapid Na* diffusion and thus high rate capability.
Third, the surface carbon coating on the bundled nanowires
improves the conductivity of the nanocomposite, and further
boosts the electrochemical reaction kinetics (rate performance).
The surface carbon layer can also prevent the aggregation of
the nanowires and guarantees the effective electron contact

Adv. Energy Mater. 2015, 1500716
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stirring for 10 min, KOH (7.5 mmol) was added,
and the system gradually became transparent. After
stirring for another 10 min, H;PO, (7.5 mmol)
was slowly added, and the color of the solution
quickly turned into brown red. C;H,04-2H,0 (2.0 g)
was then slowly added and vigorously stirred for
4 h at 25 °C, during which the color of the solution
gradually turned into yellowish green. After than,
the solution was transferred into a Petri dish with

40 35 30 25 20 15
Potential / V vs Na/Na*

0.020 0025 0030 0.035 0.040 0.045
vy

a diameter of 15 cm, dried at 60 °C, and baked at
180 °C for 24 h to obtain a sponge-like solid. Finally,
the sponge-like solid was calcined in air at 300 °C

(C) e (D)

o K.V, (PO,) -Bundled Nanowires
300 v K\V,(PO) -Blocks |,

Z"1Q
N
o
=5
°

o K.V, (PO,) -Bundled Nanowires
4001 ¢ K,v,(PO,) -Blocks |

for 4 h and then sintered in argon at 700-900 °C
for 10 h with a heating rate of 5 °C min™' to
obtain the K3V,(PO,)3/C bundled nanowires. As
a controlled experiment, the K3V,(PO,);/C blocks
were synthesized by keeping the yellowish green
solution under vigorously stirring for another 8 h
until the solution turned into dark blue, while the
100th other synthesis conditions were kept unchanged.

0 100 200 300 400 0 100 200

Z'/Q zZ'/Q

Figure 5. A) CV curves of the bundled nanowires in the electrochemical window of 1.5-4.0 V
at different scan rates. B) Cycling response of the bundled nanowires analyzed by the Randles—

Sevick equation. C,D) AC plots of the bundled nanowires and blocks.

between neighboring nanowires, leading to the attractive struc-
ture stability and thus remarkable ultralong cycle life. Fourth,
the bundled nanowires with large surface area (44.0 m? g
provide more active sites and larger electrode—electrolyte con-
tact area than the blocks, resulting in the excellent electro-
chemical performance. By combining all the above advantages,
the K3V,(PO,4);/C bundled nanowires demonstrate impressive
electrochemical performances with outstanding cyclability and
exceptional rate capability.

3. Conclusion

In summary, novel K;V,(PO,);/C bundled nanowires have been
synthesized by a facile organic acid-assisted method. When
used as the cathode in sodium-ion battery, the K3V,(PO,);/C
nanowires exhibit an initial capacity of 119 mAh g
at 100 mA g! and a superior capacity retention of 99.0% at
1000 mA g! for 2000 cycles. The remarkable electrochemical
performance is attributed to the highly stable framework,
nanoporous structure, and in situ surface carbon coating. Our
study demonstrates that the K;V,(POg4);/C bundled nanowire
is a promising cathode material for high-performance sodium-
ion battery, which is important for the development of large-
scale energy storage systems. Besides, the organic acid-assisted
strategy also shows great potential in the preparation and
modification of other active materials for energy storage.

4. Experimental Section

Synthesis of K3V,(PO,) 3/C Bundled Nanowires and K3V,(PO,)3/C Blocks:
NH,VO;, KOH, H3;PO,, and other chemical reagents were analytical
pure and purchased from Sinopharm Chemical Reagent Co., Ltd.
First, NH4VO; (5.0 mmol) was dispersed in deionized water (20 mL)
under vigorous stirring at 25 °C to obtain a white suspension. After

Adv. Energy Mater. 2015, 1500716
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300 400 500 Material Characterization: In situ X-ray diffraction
experiments during electrochemical measurement
of the batteries were performed on a D8 Discover
X-ray diffractometer with a nonmonochromated
Cu Ko X-ray source scanned between 16° and 41°
26 ranges. An in situ battery was designed with a
Be window for X-ray penetration. Cathodes were
prepared with 50% active material, 40% acetylene
black, and 10% PVDF (using N-methyl-2-pyrrolidone solvent). 1
NaClOy4 in a mixture of ethylene carbon/dimethyl carbonate (1:1 w/w)
with 2.0 wt% propylene carbonate (electrolyte additive) was used
as the electrolytel*® and Celgard 2400 microporous membrane as a
separator. The cathode was then cut into square slice with =0.49 cm?
in area and =0.1 mm in thickness. The loading of active material is
approximately 2.5-2.8 mg cm2. X-ray diffraction (XRD) measurements
were performed to obtain the crystallographic information using a D8
Discover X-ray diffractometer with a nonmonochromated Cu Kot X-ray
source. Field emission scanning electron microscopic (FESEM) images
were collected using a JEOL-7100F microscopy. Thermogravimetric-DSC
analyses were conducted using a STA-449C. Energy-dispersive
X-ray spectra were recorded using an Oxford IE250 system. X-ray
photoelectron spectroscopy analysis was conducted on a VG Multilab
2000. Transmission electron microscopic (TEM) and HRTEM images
were recorded using a JEOL JEM-2100F TEM. The BET surface area was
calculated from nitrogen adsorption isotherms measured at 77 K using a
Trwastar-3020 instrument.

Electrochemical Measurements: The electrochemical measurements
were carried out by assembly of 2016 coin cells in a glove box filled with
pure argon gas, using sodium discs as both the counter electrode and
the reference electrode, 1 m NaClO, in a mixture of ethylene carbon/
dimethyl carbonate (1:1 w/w) with 2.0 wt% propylene carbonate
(electrolyte additive) as the electrolyte,*9l and Celgard 2400 microporous
membrane as the separator. Cathodes were obtained with 70% active
material, 20% acetylene black, and 10% PVDF (using N-methyl-2-
pyrrolidone solvent). The cathode was cut into square slice with
=0.49 cm?in area and =0.1 mm in thickness. The loading of active material
is approximately 3.5-3.9 mg cm™. Galvanostatic charge-discharge
tests were performed at a potential range of 1.5-4.0 V versus Na/Na*
using a multichannel battery testing system (LAND CT2001A). Cyclic
voltammetry (CV) and electrochemical impedance spectra (EWAS) were
tested with an electrochemical workstation (Autolab PGSTAT 302N and
CHIBOOE).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Figure S1. Schematic illustration for the fabrication process and proposed formation
mechanism of the K3V3(PO,4)3/C bundled nanowires and blocks.
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Figure S2. The photos for solution precursor of K;V2(PO4); bundled nanowires (A)
and blocks (B). The photos for dried precursor of K3V,(PO,)3 bundled nanowires (C)
and blocks (D).

Figure S3. (A, B) SEM images of the K3V,(PO,)3 precursor baked at 180 °C for 2h.

Table S1. The ICP test results of the K3V2(PO,4)s/C bundled nanowires.

Temperature K:V:P
700°C 3.0:2.04:297
800°C 3.0:2.06:3.04

900°C 3.0:1.99:3.08




Figure S4. SEM images of the K3V2(PO4)3/C bundled nanowires sintered at 800 °C.

Table S2. The ICP test results of the K3V2(PO,4)3/C blocks sintered at 800 °C.

Temperature K:V:P
Blocks 800 °C 3.00:2.03:3.01
KSVZ(PO‘t)3
Bundled Nanowires

3
©
—
>
b —
o
B KSVZ(PO4)3
= Blocks
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2 Theta/°
Figure S5. XRD patterns of the K3V2(PO,4)3/C bundled nanowires and blocks sintered
at 800 °C.
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Figure S8. Raman spectra (A) and FT-IR spectra (B) of the K3V,(PO,)3/C samples.
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Figure S9. TGA curves of the K3V,(PO,4)s/C bundled nanowires and blocks sintered
at 800 °C.
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Figure S10. XPS spectra of the V 2p3/2 core level region of the K3V,(PO,)s/C
bundled nanowires.



& 120 E 8
(A) &7 K,V,(PO,) ,-Bundled Nanowires (B) - K.V, (PO,) -Blocks

,; 1001  BET Surface Area:44.0 m’ g"; .g § BET Surface Area:3.3m’g"

__u_ 80+ :; 04| KV, (PO} Bundied Nanowires -] :’_ ;;u- K, (PO Blocks_~

g . 505

£ 604 i 2 45n

8 i A

g 40! g,]"

=y 2 4

‘s‘ 20' E

g o e — I oo —
00 02 04 06 08 1.0 00 02 04 06 08 1.0

Relative Pressure / P/Po Relative Pressure / P/Po

Figure S11. The nitrogen adsorption-desorption isotherms of the K3V,(PO4)s/C
bundled nanowires (A) and blocks (B). The pore size distribution of the K3V,(PO,)s/C
bundled nanowires (inset of A) and blocks (inset of B).
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Figure S12. In situ X-ray diffraction patterns during galvanostatic charge and
discharge of the K5V2(PO4)s/C bundled nanowires at 100 mA g™,
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Figure S13. Ex situ XRD patterns of the K3V,(PO,)s/C bundled nanowires.
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Figure S14. The galvanostatic intermittent titration technique (GITT) for K3V2(PO4)3
bundled nanowires.
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Figure S15. Cyclic voltammograms (CV) and corresponding dg/dv plots of the
K3V2(PO4)3/C bundled nanowires (A and B) and blocks (C and D) at a scan rate of 2.0
mV s in the electrochemical window of 1.5 to 4.0 V vs. Na/Na".
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Figure S16. (A) Cycling performance of the three K3V,(PO4)s/C bundled nanowires
at 100 mA g™ in the electrochemical window of 1.5 — 4.0 V. (B) Rate performance of
the three samples. (C, D) AC impedance plots of the three samples before and after
100™ cycles (from 0.1Hz to 100 kHz).



Table S3. The ex situ ICP test results of the K5V2(PO,4)3s/C bundled nanowires.

K: Na: VvV

Before cycle 3.02:0.81:2.00
Chargeto 4.0V 1.01:0.01:2.00
Discharge to 1.5V 1.16:2.10: 2.00
After 2 cycles 1.07:2.26:2.00
After 30 cycles 1.02:2.25:2.00
After 100 cycles 1.01:2.24:2.00
After 500 cycles 1.02:2.25:2.00
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Figure S17. Columbic efficiency of the K3V,(PO,)s/C bundled nanowires and blocks
at 100mA g™,
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Figure S18. Charge-discharge curves of the K3V,(PO,4)s/C bundled nanowires (A)
and blocks (B), at various current densities from 100 to 1,000 mA g™,
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Figure S19. The cycle performances of the K3V,(PO,4)s/C blocks at 1,000 (A) and
2,000 mA g™ (B).

Table S4. Comparison of the electrochemical performance of phosphate based
electrodes for sodium-ion batteries.

Per
. Initial
. Current density . Cycle cycle
Material 1 capacity Referance
(mA g™ 1 numbers decay
(mAh g™)
(%)
100 119 100 0.0213
500 71.0 1,000 0.0026
1 K3Vy(POu)s Our work
1,000 66.0 2,000 0.0023
2,000 45.7 2,000 0.0016
2 588 100.6 200 0.0015 S1
3 1,176 103 1,000 0.0029 S2
4 4,700 60 30,000 0.013 S3
5 NazVy(POyu)s 1,176 86 300 0.023 S4
6 11.76 109 80 0.088 S5
7 588 95 700 0.0056 S6
8 5.88 50 50 0.146 S7
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Figure S20. SEM images of the K3V,(PO,)s/C bundled nanowires before cycling (A,
B), after 100 cycles at 100 mA g (C, D), and after 2,000 cycles at 1,000 mA g™ (E,
F).

Figure S21. (A, B) TEM images of the K3V,(PO,)3/C budl_ed nanowires after 100
cycles at 100 mA g™,
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Figure S22. SEM images of the K3V,(PO,4)3s/C blocks before cycling (A) and after
100 cycles at 100 mA g™ (B). TEM images of the K3V2(PO4)3/C blocks after 100
cycles at 100 mA g* (C, D).
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Figure S23. (A) CV curves of the K3V3(PO,)3/C blocks in the electrochemical
window of 1.5 — 4.0 V at different scan rates. (B) Cycling response of the
K3V2(PO,)s/C blocks analyzed by the Randles-Sevick equation.
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