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We report a tunnel-type Vi sCrgs04sH/carbon-nanotube (T-VCr/C) nanocomposite as a new high-energy
cathode material for sodium-ion batteries. Structural analyses using Rietveld refinement and bond-valence-
energy landscape analysis based on X-ray diffraction reveal the Na™ diffusion paths and possible atomic sizes
of Na™ in the Vy 5Crg 504.5H structure. Through combined studies using first-principles calculations and various
experimental techniques, we confirm that the T-VCr/C nanocomposite delivers a large specific capacity of ~306
mAh g}, corresponding to 2 mol Na* de/intercalation at 15 mA g~*, with an average operation voltage of ~2.5
V (vs. Na/Na) in the voltage range of 1.0-4.0 V based on reversible v3t/v* and cr3t/Cr*t redox reactions.
Even at 900 mA g}, the T-VCr/C nanocomposite retains a specific capacity of ~214.9 mAh g1, corresponding
to ~70.2% of the capacity measured at 15 mA g~'. Furthermore, over 100 cycles at 300 mA g}, the T-VCr/C
nanocomposite exhibits capacity retention of ~77.1% compared with the initial capacity. Operando/ex-situ X-ray
diffraction and X-ray absorption spectroscopy analyses reveal the small structural change of Na,V; 5Crg 504 5H
(0 < x < 2) during Na* de/intercalation based on V**/V3" and Cr**/Cr®" redox reaction, leading to the
outstanding electrochemical performance of the T-VCr/C nanocomposite.

1. Introduction voltage range. As in the LIB system, layered-type materials have been

extensively studied as promising cathodes for SIBs owing to their large

Lithium-ion batteries (LIBs) are considered promising energy storage
systems (ESSs) for not only small portable electronic devices but also
large-scale applications such as electric vehicles owing to their high
energy densities and stable cyclability [1-4]. However, the relatively
small and localized Li resources in the Earth’s crust lead to difficulties in
satisfying the increasing demand for LIBs, which is a major drawback for
their grid-scale application [5-11]. Recently, sodium-ion batteries
(SIBs) have received great attention as one of the best alternatives to
LIBs owing to the abundant Na resources in the sea and the similarities of
the alkali-ion-based reaction mechanism of SIBs and LIBs [12-18]. To
enable the application of SIBs to large-scale ESSs, however, the specific
capacity of cathode materials must be increased under the available
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theoretical gravimetric capacity of ~240 mAh g~! [14,19-22]. How-
ever, the difference in the redox potentials versus standard hydrogen
electrode (SHE) between Na®/Na (—2.71 vs. SHE) and Li*/Li (—3.04 vs.
SHE) necessitates the development of novel cathode materials with ca-
pacities greater than 240 mAh g~ to compensate for the loss of energy
density arising from the lower operation voltage of SIBs [6,8,14,20,
23-25].

In this study, we developed a tunnel-type V; 5Crg 504 5H/carbon-
nanotube (T-VCr/C) nanocomposite as a novel high-energy-density
cathode material for SIBs. The T-VCr/C nanocomposite delivered a
large specific capacity of ~306 mAh g~! with an average operation
voltage of ~2.5 V (vs. Na'/Na) at 15 mA g!, corresponding to
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reversible storage of 2 mol Na* during charge/discharge. The detailed
structural information for V; 5Crg 504 5H was verified through Rietveld
refinement and bond-valence-energy landscape (BVEL) analysis and X-
ray diffraction (XRD). Moreover, we confirmed the theoretical proper-
ties of Na, V1 5Crg.504.5H in the Na-cell system, including the redox po-
tentials and the reaction mechanism during Na™ de/intercalation, using
first-principles calculation based on the structural information. The
specific capacity was measured to be ~214.9 mAh g~! at 900 mA g~ ?,
which was ~70.2% of that at 15 mA g ™!, demonstrating the outstanding
power-capability of the T-VCr/C nanocomposite as a cathode for SIBs.
The cycle test on the T-VCr/C nanocomposite at 300 mA g~ ! revealed
great cyclability with capacity retention of ~77.1% over 100 cycles
compared with the initial capacity. This outstanding performance was
attributed to the small structural change of the T-VCr/C nanocomposite
during charge/discharge identified through operando/ex-situ XRD ana-
lyses. In addition, we confirmed the reaction mechanism for Na™ storage
of the T-VCr/C nanocomposite based on V**/V3* and Cr**/3* redox
reaction through combined studies using X-ray absorption near edge
structure (XANES) spectroscopy, X-ray photoelectron spectroscopy
(XPS), and first-principles calculation.

2. Experimental
2.1. Synthesis process

The T-VCr/C nanocomposite was prepared using a low-temperature
solvothermal method. Vanadium (V) oxychloride (VOCI; (purity: 99%))
and chromium(II) acetylacetonate (Cr(CsH;O2)3) (purity: 97%) were
used as precursors. First, ~1.3129 g of VOCl3 was slowly added to 40 ml
of benzyl alcohol (C¢HsCH0H) and stirred sufficiently in an Ar atmo-
sphere. After stirring, the color of the mixture changed from dark brown
to blue. After adding ~0.9003 g of Cr(CsH;02)3 and ~0.0271 g of car-
bon nanotubes (CNTs) to the blue mixture and stirring again, the molar
ratio of VOCl3 and Cr(CsH;03)3 was 3:1. The mixture was autoclaved at
150 °C for 24 h. The resultant was centrifuged and filtered using ethanol
and then dried at 60 °C for 12 h.

2.2. Materials characterization

The T-VCr/C nanocomposite was analyzed using XRD (PANalytical,
Empyrean) with Cu Ka radiation (A = 1.54178 f\), and structural data
were collected over the 26 range of 10°-50° and 10°-80° with a step size
of 0.01°. Rietveld refinement was performed using FullProf software.
The microstructure of each sample was examined using field-emission
scanning electron microscopy (FE-SEM; SU-8010, HITACHI) at an
accelerating voltage of 15 kV and high-resolution transmission electron
microscopy (HR-TEM; JEM-F200, JEOL) at accelerating voltages of
80-120 kV; elemental mapping was also performed using energy-
dispersive X-ray spectroscopy (EDS). V K-edge and Cr K-edge XAS
spectra were obtained at beamline 6D at Pohang Accelerator Laboratory
(PAL) using V and Cr metal foil as references. Chemical bonding of V, Cr,
O and C were analyzed by X-ray photoelectron spectroscopy (XPS, PHI
5000 VersaProbe, ULVAC PHI) at Korea Institute of Science and Tech-
nology (KIST). The atomic ratio of V and Cr was determined using
inductively coupled plasma optical emission spectrometry (ICP-OES)
(iCAP 6300 Duo (UK), Thermo Scientific Co.). The atomic ratio and
weight percent of organic compounds such as H, O and C were deter-
mined using elemental analyzers (EAs) (ONH2000 and CS800, ELTRA).

2.3. Electrochemical characterization

Electrochemical characterization was performed using 2030-type
coin cells assembled in an Ar-filled glovebox. To prepare the elec-
trode, V; 5Crp 504 5H/CNT, Super-P and polyvinylidene fluoride (PVDF)
in a 8:1:1 wt ratio was mixed with N-methyl-2-pyrrolidone using a egg
ball-mill. The mixed slurry was applied onto Al foil to a thickness of 180
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pm and dried in an oven at 80 °C. The dried electrode was punched into
disks of 10n-mm diameter. The mass loading was ~2.9 x 107> g cm™2,
and the total active material content was ~77.6 wt%. The coin cells
were assembled as half-cells using Na metal as the counter electrode,
Whatman GF/F glass fiber as the separator, and 1.0 M NaPF¢ in a
49:49:2 v/v mixture of ethylene carbonate (EC), dimethyl carbonate
(DMC), and fluoroethylene carbonate (FEC) as the electrolyte. Charge/
discharge tests were performed at various C-rates (15 mA g™}, 30 mA
g 1,60mA g, 150mA g7}, 300mA g, 600 mA g1, and 900 mA g 1)
in the voltage range of 1.0-4.0 V using an automatic battery charge/
discharge test system (WBCS 3000, WonATech).

2.4. Computational details

Density functional theory (DFT) calculations were performed using
the Vienna Ab initio Simulation Package (VASP) [26]. We used
projector-augmented wave (PAW) pseudopotentials with a plane-wave
basis set as implemented in VASP. Perdew-Burke-Ernzerhof (PBE)
parametrization of the generalized gradient approximation (GGA) was
used for the exchange-correlation functional [27,28]. For the DFT cal-
culations, a 9 x 2 x 2 k-point grid was used to calculatea 1l x 1 x 1
supercell structure of V; 5Crg 504 5H. The GGA + U method was adopted
to address the localization of the d-orbital in the V and Cr ions, with U
values of 4.0 and 3.7 eV previously determined for V- and Cr-based
electrode materials for SIBs, respectively [29-31]. All the calculations
were performed with an energy cut-off of 500 eV until the remaining
force in the system converged to less than 0.05 eV A~! per unit cell. The
phase stability of Na,V; 5Crgs5045H (0 < x < 2) was investigated by
calculating the formation energies for specific Na contents.
Cluster-assisted statistical mechanics (CASM) software was used to
generate all the Na/vacancy configurations for each composition, fol-
lowed by full DFT calculations on a maximum of 20 configurations with
the lowest electrostatic energy for each composition to obtain the
convex hull of Na, V7 5Cry5045H (0 < x < 2) for SIBs [32].

3. Results and discussion

The synthetic procedure for fabricating the tunnel-type
V1.5Cro.504 5H/carbon-nanotube (T-VCr/C) nanocomposite is illus-
trated in Fig. 1. We adapted the low-temperature solvothermal synthesis
method to achieve both nanosized V; 5Crg 504 5H particles and homog-
enous mixing with conductive CNTs. Detailed information on the syn-
thesis process is presented in the Experimental section. Through
Rietveld refinement and XRD analysis, we verified that the T-VCr/C
nanocomposite was well prepared without any impurities or second
phases with a tetragonal crystal system and I 4/m space group, similar to
hollandite-type [2 x 2] tunnel-based electrode materials, such as
a-MnO», K, TiO,, and FeOOH [33-35]. In addition, it was confirmed that
the crystal structure of V; 5Crg 504 5H in the T-VCr/C nanocomposite is
different from those of orthorhombic V505 and VO45(B) that have been
widely investigated in the rechargeable batteries. In case of ortho-
rhombic V,0s, it is the layered-type structure and each VOs pyramids in
each single layer are two-dimensionally interconnected with
corner-sharing [36], which is different from V; 5Crps045H structure
based on three-dimensionally edge-shared or corner-shared [V, Cr]Og
octahedra. It was reported that Na-ions can be intercalated into the
empty space between the layers in orthorhombic V205 structure [37,
38]. In case of VOo(B), its crystal structure is stacks of double layers
based on edge-sharing VOg octahedra [39,40]. Although there are
one-dimensional tunnels for alkali-ion diffusion in VO5(B) structure,
their sizes are not as large as [2 x 2] tunnel in V; 5Crg 504 sH structure.
The calculated lattice parameters for the T-VCr/C nanocomposite crystal
structure were a = 10.32830(10) A, b = 10.32830(10) A, ¢ = 2.95924(5)
/i’\, and V = 315.674(7) A3 (Fig. 2a). The low R-factors confirm the high
accuracy of the Rietveld refinement (Rp = 1.98%, R; = 6.46%, Rg =
5.69%, X2 = 5.19%). Detailed structural information, including the
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Fig. 1. Schematic illustration of synthesis process for T-VCr/C nanocomposite.

atomic positions, Biso, and occupancies for the T-VCr/C nanocomposite
crystal structure are presented in Table S1. TEM analyses indicate that
the V7 5Crg 504 5H nanorods of 100-200-nm size were connected to each
other along the CNTs (Fig. 2b), and the morphology of CNTs present in
the bulk T-VCr/C nanocomposite was confirmed through scanning
electron microscopy (SEM) as shown in Fig. S1, which is well matched
with the illustration shown in Fig. 1. The existence of the CNT network
enabled facile electron conduction, implying that the T-VCr/C nano-
composite exhibited improved power-capability compared to that of
pristine Vi 5Crps5045H. In addition, fast Fourier transform (FFT) and
high-resolution TEM analyses of the V; 5Crg5045H nanorods revealed
that the V; 5Crg.504.5H nanorods consisted of (031), (130), (310), (121),
and (211) planes with a tetragonal-based single-crystalline structure
rather than agglomeration of nanocrystals (Fig. 2c), which is consistent
with the Rietveld refinement results based on the XRD pattern of the
T-VCr/C nanocomposite. Moreover, as shown in Fig. 2d, EDS elemental
mapping revealed that vanadium and chromium were homogenously
dispersed in the V; 5Crg 504 5H nanorods, and the elemental ratio of V:Cr
in the T-VCr/C nanocomposite was estimated to be ~1.51:0.5, which
agrees well with the inductively coupled plasma (ICP) spectroscopy
results (Table S2). In terms of organic elements such as O and H, we
applied the organic elemental analyses using elemental analyzers (EAs).
Through the EA analyzer, it was verified that the weight percent of
hydrogen (H) and oxygen (O) in the as-prepared material was 0.57 wt%
and 41.12 wt% respectively, which is consistent with presence of 1 mol
H* and 4.5 mol 0%~ ions in Vi 5CrgsO4sH. Thus, we confirmed that
chemical formula of the as-prepared material determined to be
V1.5Cro.5045H. In case of the XPS data of V; 5Crg 504 5H (Figs. S2a-b),
their V 2p; » and V 2p3/» peaks were observed at 523.7 eV and 516.3 eV
respectively, which are consistent with those in the XPS data of VO, with
Vv* ions [41,42]. Moreover, Cr 2p peaks in the XPS data of

V1.5Cro.5045H were located at 586.6 eV (Cr 2p1/2) and 577.0 eV (Cr
2p3/2), which are similar with those in the XPS data of CrO; with crtt
ions [43,44]. In addition, it is supposed that oxidation from Cr3t ions in
Cr(CsH703)3 precursor to cr*t jons in the synthesis process results from
reduction from V>* ions in VOCI3 precursor to V** ions, because we did
not use reducing agents for the hydrothermal synthesis process. These
results indicate that vanadium and chromium ions in the V; 5Crg 504 5H
have an oxidation number of +4, which maintained (V**, Cr*H)-02%~
bonding [44,45] corresponding to octahedra, and the —-OH bonding
(532.0 eV) in the V; 5Crg5045H was also located in the O 1s spectra
(Fig. S3) [46,47]. Moreover, elemental analyzer (EA) data (Table S3)
shown that the weight percent of hydrogen (H) was 0.55 wt% in the
T-VCr/C nanocomposite, which means that 1 mol H" ion was present at
V1.5Cro.504.5H phase. In addition, it was confirmed through the EA an-
alyses that the total contents of carbon in the T-VCr/C nanocomposite is
~3.08 wt%. As these ICP and EA results, we confirmed the chemical
formula of V1.5Cr0.504.5H in T-VCr/C nanocomposite.

Based on the structural information for the T-VCr/C nanocomposite,
we verified the crystal structure of the V; 5Crg 504 5H nanorods, and
based on this result, we predicted the possible atomic sites and diffusion
pathways for Na ions in the crystal structure through BVEL analyses
using the Bond Str program implemented in the FullProf package [48,
49]. As shown in Fig. 3a, the crystal structure of the V; 5Crgs5045H
nanorods consisted of infinite chains of VOg and CrOg octahedra sharing
their edge or point with each other, resulting in large vacant sites in the
crystal structure, such as [2 x 2] and [1 x 1] tunnels. In the [2 X 2]
tunnels, oxygen and hydrogen ions bonded with each other. It was re-
ported that the tunnel-type structure can result in the outstanding
electrochemical performances of electrode materials for SIBs [50-52].
The BVEL analyses indicated that Na* ions were intercalated into the
vacant sites in the [2 x 2] and [1 x 1] tunnels, and the Wyckoff positions
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Fig. 2. (a) Rietveld refinement of XRD pattern of T-VCr/C nanocomposite (Rp = 1.98%, R; = 6.46%, Rg = 5.69%, X2 = 5.19%). (b) TEM image and (c) FFT analysis of
T-VCr/C nanocomposite. (d) TEM-EDS map of T-VCr/C nanocomposite (atomic ratio of V:Cr = 75.2: 24.8).

and atomic coordinates (x, y, 2) for Na ions in the crystal structure were (Fig. 3c) and ac plane (Fig. 3d) present the diffusion pathways for Na*
predicted to be 4c (0.5, 0, 0) and 8h (0, 0.125, 0.5). This prediction ions in the structure more clearly. To understand the theoretical prop-
indicates that 3 mol of Na™ ions per 2 mol of transition metal ions such as erties of V15Crgs045H during Na® de/intercalation, we performed
V and Cr can be intercalated into the crystal structure of V; 5Crg 504 5H first-principles calculation. Various Na'/vacancy configurations for

nanorods (Fig. 3b). Two-dimensional view of the BVEL along ab plane Na,V; 5Cr5045H compositions (0 < x < 2.5) were prepared using
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Fig. 3. (a) Crystal structure of V; 5Crgs04sH. (b) 3D BVEL analysis of V; 5Crg 504.5H with all possible Na™ ion positions and diffusion paths. 2D BVEL analysis of
V1.5Cro.504.5H with all Na* ion diffusion paths in the crystal structure along (c) ab plane and (d) ac plane. (e) Formation energy of Na,V; 5Cro5045H (0 < x < 2)
determined using convex-hull method. (f) Charge/discharge profile of Na,V; 5Crg5045H (0 < x < 2) in the voltage range of 1.0-4.0 V (vs. Na'/Na).

CASM software, and the formation energies of the various configura-
tions were predicted. Fig. 3e shows the arrangement of the formation
energies of the Na,V; 5Crg5045H configurations (0 < x < 2.5). The
theoretical redox potentials of Na,V; 5Cros045H during Na® de/in-
tercalation were calculated using the following equation:

V=

_ E[NaX1V1V5Cr0_5O4_5O] — E[Nax2V1_5Cr0V504_5H] — ()Cz 7X1)E[Na]

(xa —x))F

In this equation, V is the average redox potential in the range of x; <
x < Xy, E represents the calculated formation energy for the most stable
configurations of each Na,V; 5Crg 504 5H composition (0 < x < 2.5), E
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[Na] is the Na metal energy, and F is the Faraday constant. It was pre-
dicted that 2 mol of Na™ ions could be reversibly de/intercalated in the
Na,V; 5Cr5045H structure in the available voltage range, indicating
that the theoretical capacity of Na,V; 5Crg 504 sH is approximately 306
mAh g™, Moreover, the existence of stable intermittent phases between
NagV1 5Crp 504.5H and NayV; 5Crg 504 sH indicates the single-phase re-
action of Na,V;s5Crgs045H during charge/discharge. As shown in
Fig. 3f, we confirmed that the theoretical properties of Na,Vjs.
Cr.5045H (0 < x < 2) predicted by first-principles calculation, such as
the redox potentials, 2 mol Na™ de/intercalation single-phase reaction,
are well matched with the electrochemically measured charge/
discharge curve at 15 mA g~ L.

The electrochemical performance of the T-VCr/C nanocomposite was
evaluated in a Na-cell system using Na metal as the counter electrode
and 1 M NaPFg in EC:DMC:FEC (49:49:2 v/v%) as the electrolyte. We
investigated cyclic voltammogram (CV) analyses on T-VCr/C nano-
composite under the SIB system with various sweep rates of 0.1, 0.2, 0.4,
0.6, 0.8 and 1.0 mV s~ in the voltage range between 1 and 4 V (vs. Na*™/
Na) (Fig. S4), which indicates reversible Na® de/intercalation at
V1.5Crg.5045H structure in the T-VCr/C nanocomposite. Fig. 4a and b
shows the specific capacities of the T-VCr/C nanocomposite measured at
C-ratesof 15mA g, 30mA g™ },60mA g}, 150 mA g%, 300 mA g *,
600 mA g}, and 900 mA g ! in the voltage range of 1.0-4.0 V (vs. Na*/
Na). At 15 mA g}, the T-VCr/C nanocomposite delivered a capacity of
~306 mAh g}, which corresponds to 2 mol Na* de/intercalation in the
T-VCr/C nanocomposite. Even at 900 mA g’l, a specific capacity of
~214.9 mAh g~! was maintained, corresponding to ~70.2% of the ca-
pacity measured at 15 mA g~!. These electrochemical performances of
T-VCr/C nanocomposite manifested competitiveness of electrochemical
performances compared to previously reported various orthorhombic
V3205 and VO2(B) electrodes for SIBs [53-56]. In addition, Fig. S5
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indicates that pristine V; 5Cr 504 5H exhibited poor power-capability
compared with that of the T-VCr/C nanocomposite. These results indi-
cate that the outstanding power capability of the T-VCr/C nano-
composite results from not only the presence of large tunnel-type
pathways for Na* diffusion but also the enhanced electrical conductivity
achieved through the CNT branches in the T-VCr/C nanocomposite. It
was verified that the electrical conductivities of the T-VCr/C nano-
composite and pristine V; 5Crg 504 5H are 7.6 x 103Sem~!and 6.2 x
107° s em™! respectively, which indicates enhanced electrical conduc-
tivity of the T-VCr/C nanocomposite by CNT compared to pristine
V1.5Crg5045H. Moreover, the T-VCr/C nanocomposite exhibited ca-
pacity retention of ~77.1% with a high coulombic efficiency of more
than 99% over 100 cycles compared with the initial cycle, indicating the
outstanding cycle performance of the T-VCr/C nanocomposite in the
Na-cell system. In addition, Fig. 5 and Table S4 presents that T-VCr/C
nanocomposite delivered the energy density of 765 Wh kg !, which is
larger than the other reported cathode materials for SIBs. This result also
indicates the excellent electrochemical performance of T-VCr/C nano-
composite as the promising cathode material for SIBs. In addition,
Fig. S6 presents the initial charge/discharge curves of the T-VCr/C
nanocomposite. It was verified that the initial discharge capacity of the
T-VCr/C nanocomposite is similar with its initial charge capacity with
the high Coulombic efficiency of ~97.7%, which indicates that irre-
versible reactions such as formation of the solid electrolyte interface
(SEI) layer is hardly occurred during initial discharge process of the
T-VCr/C nanocomposite in the voltage range of 1.0-4.0 V (vs. Na*/Na).
This result is consistent with the previously researches reporting that
formation of the SEI layer is occurred at the voltage of lower than 0.8 V
(vs. Nat/Na) [57,58]. Moreover, to confirm the contribution of CNT on
the specific capacity of the T-VCr/C nanocomposite during charge/di-
scharge, we prepared the Al;O3 electrode with same weight ratio as the
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0 0.5 1 15 2
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Fig. 4. (a) Charge/discharge profiles of T-VCr/C nanocomposite in the range of 1.0-4.0 V at various current density. (b) Power capability of T-VCr/C nanocomposite
at various current density. (c) Charge/discharge capacities and coulombic efficiency of T-VCr/C nanocomposite over 100 cycles at 300 mA g1
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Fig. 5. Comparison of energy density of various cathode materials for SIBs up
to now.

T-VCr/C nanocomposite. The weight ratio of the Al,O3 electrode is
Aly03 (77.6 wt%), CNT (2.4 wt%), Super-P (10 wt%) and PVDF (10 wt
%). As presented in Fig. S7 below, it was confirmed that the Al,O3
electrode exhibits very low specific capacity even at the low current
density of 15 mA g, which indicates that the capacity contribution of
CNT in the T-VCr/C nanocomposite is negligible.

We speculated that the outstanding electrochemical performance of
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the T-VCr/C nanocomposite results from the stable and reversible
structural change during Na® de/intercalation. Thus, we performed
operando/ex-situ XRD analyses of the T-VCr/C nanocomposite during
charge/discharge. Fig. 6a and b and Fig. S8 shows that the crystal
structure of the Na,V; 5Crg 504 5H phase in the T-VCr/C nanocomposite
electrode was well maintained without structural degradation during
Na® de/intercalation. In particular, the XRD peaks of the Na,Vis.
Crg 5045H phase, including (111), (020), (310), (040), (121), (031), and
(141) peaks, continuously shifted toward lower 20 angle with Na*
intercalation into the structure and returned to their original positions
during Na™ deintercalation from the structure. This structural change
indicates the single-phase reaction of Na,V1 5Crg5045H during Na* de/
intercalation, which is consistent with the first-principles calculation
results. Moreover, we determined the variation of lattice parameters for
the Na,V; 5Crg5045H phase as a function of Na content using Rietveld
refinement based on the operando/ex-situ XRD patterns. As observed in
Fig. 6¢ and d, the lattice parameters a, b, and ¢ of the Na,V; 5Crg5045H
phase in the T-VCr/C nanocomposite electrode monotonously increased
during the intercalation of ~2 mol Na™, and the total volume difference
between the NayV;sCrgs045H and NagVi sCrgs045H phases was
approximately 3.24%, which is consistent with the structural change of
Na,V1.5Cro5045H predicted by first-principles calculation (Fig. 6e).
Moreover, the lattice parameters a, b, and c of NagV; 5Crg 504 5H (a =
10.3287 A, b = 10.3287 A and ¢ = 2.9593 A) of fully charged electrode
were almost same with T-VCr/C nanocomposite (a = 10.32830(10) f\, b
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Fig. 6. (a) and (b) Operando XRD pattern of Na,V; 5sCrg5045H (0 < x < 2). Change in (c) lattice parameter a, (d) lattice parameter ¢, and (e) volume of Na,V; 5.

Cr.504.5H (0 < x < 2) (error bars, black).
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= 10.32830(10) A, ¢ = 2.95924(5) A). Although the Na,V; 5Crg5045H
phase in the T-VCr/C nanocomposite electrode underwent a non-
negligible volume change during charge/discharge, the crystallinity,
lattice parameters, and volume of the Na,V; 5Cro 504 5H phase in the T-
VCr/C nanocomposite were well retained without severe degradation
after 100 cycles (Fig. S9 and Table S5). In addition, we illustrated crystal
structure of T-VCr/C nanocomposite after 100 cycles based on its
structural information verified through Rietveld refinement (Fig. S10),
which indicates that OH group stays in the lattice after cycling of the
material. These results suggest that the high structural stability with the
existence of CNT branches is the main reason for the outstanding cycle
performance of the T-VCr/C nanocomposite.

In addition, we investigated the reaction mechanism of the
Na, V1 5Cro.5045H phase in the T-VCr/C nanocomposite through ex situ
XANES analyses. As presented in Fig. 7a and b, the V K-edge and Cr K-
edge shifted toward lower energy during discharge, and their pre-edge
was remarkably changed; they returned to the original status after
charge. This result is similar to previously reported data on V**/v3" and
cr*t/Cr3t redox reactions. Furthermore, the V*/v3t and cr*t/cr3t
redox reactions of the Na,V; 5Crg5045H phase in the T-VCr/C nano-
composite during charge/discharge were confirmed using XPS. Fig. 7c-d
presents XPS data of V 2p and Cr 2p on the as-prepared, fully discharged
and fully charged T-VCr/C nanocomposite. It was verified that both Cr
and V ions in the as-prepared T-VCr/C nanocomposite exhibit the
oxidation state of +4. The binding energies of V 2p and Cr 2p on the as-
prepared T-VCr/C nanocomposite are well matched with those on
V0, [41,42] and Cr*P0, [43,44]. After discharging to 1.0 V (vs.
Na'/Na), the new peaks of V 2p and Cr 2p were observed at lower
binding energies than those of V 2p and Cr 2p corresponding to V*" and
Cr*" ions. Their binding energies are consistent with those in V 2p and
Cr 2p of the XPS data on V®),05 and Cr®,03 [59,60]. These results
indicate reduction from V** to V3" and from Gr** to Cr®* are occurred at
the T-VCr/C nanocomposite during discharge. Moreover, after charging
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to 4.0 V (vs. Na™/Na), V 2p and Cr 2p of the XPS data on fully charged
T-VCr/C nanocomposite are consistent with those on the as-prepared
T-VCr/C nanocomposite, which indicates that oxidation from V3* to
v+ and from Cr" to Cr*" are occurred at the T-VCr/C nanocomposite
during charge. Through these ex-situ XPS analyses, we confirmed the
reversible V**/V3" and Cr**/Cr®t redox reaction of the T-VCr/C
nanocomposite during Na* de/intercalation. Furthermore, we predicted
the integrated spin moments of NagVjsCrgs0450H and NagVis.
Cro 504 ,50H using first-principle calculation. During 2 mol of Na™ ions
intercalated into NagV7 5Cr 504 50H, total electron spin counts of V and
Cr ions in Na,V; 5Crg 504.50H were changed from +4 to +3 (Fig. 7e-f).
These results indicated that the V4*/v3" and Cr**/Cr®" redox reactions
can be occurred by 2 mol of Na' ions intercalated/deintercalated
into/from Na,V; 5Crg 504 50H.

4. Conclusion

We successfully demonstrated that the T-VCr/C nanocomposite is a
promising cathode material for SIBs. The crystal structure was verified
using Rietveld refinement based on XRD data, and the diffusion path and
possible positions for Na™ ions in V;5Crg50350H were determined
using BVEL analysis. Through first-principle calculation, we predicted
the redox potential of ~2.5 V (vs. Na*/Na) based on the Na content (0-2
mol). Electrochemical tests revealed that the T-VCr/C nanocomposite
delivered a specific capacity of ~303.5 mAh g™ in the voltage range of
1.0-4.0 V at 15 mA g’l, which is over 99% of the theoretical capacity.
Even at 900 mA g™, a capacity of 214.9 mAh g~! was retained, corre-
sponding to capacity retention of ~70.2%. Moreover, in the cycle test,
the specific capacity retention was ~77.1% of the initial capacity after
100 cycles, and the coulombic efficiency was over 98% in all cycles.
These distinguished capacities and cycle performance were attributed to
the 2 x 2 tunnel structure and reversible V**/v3" and Cr**/Cr®* redox
reactions during the de/intercalation of 2 mol of Na™ ions from/into the
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structure. We speculate that this remarkable T-VCr/C nanocomposite
cathode material will be the cornerstone of the development of high-
energy cathode materials for SIBs.
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