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ARTICLE INFO ABSTRACT

Keywords: The development of sodium-ion batteries (SIBs) remains a great challenge due to poor stability and sluggish
Sodium-ion batteries kinetics of cathode materials. Here, we present Ti-substituted Nas_,V,_, Ti,(PO4)3/C (NVP-Ti,/C , 0 < x < 0.2) as
Cathode

high-performance cathode materials for SIBs. Crystal structure and Na storage properties are investigated by
experiment and theoretical calculation. X-ray diffraction results reveal that NVP-Ti, have same rhombohedral
structure as NVP but shrunk lattice parameters. Pair distribution function spectra and the calculated crystal
structure suggest that the local structural distortion of the doped samples originates from slight decrease of V-O
bond. As SIB cathode materials, greatly enhanced structural stability and electrochemical performance are
achieved by Ti substitution. Especially, NVP-Tip 15/C exhibits excellent rate capability and cyclability with
capacity retention of 60% after 2000 cycles at high rate of 10 C. Importantly, even at 20 C, a reversible capacity
of 63 mAh g~! is maintained after 300 cycles at elevated temperature of 60 °C. Density functional theory
calculations demonstrate that the superior electrochemical performance of the Ti-doped samples can be
attributed to the enhanced intrinsic electronic conductivity, low Na* diffusion energy barrier and high structural

Ti-Substitution
Superior performance
X-ray pair distribution function

stability.

1. Introduction

In recent years, due to natural abundance and low cost of sodium,
an increasing attention has been paid to sodium-ion batteries (SIBs),
the promising alternatives to lithium-ion batteries for the potential
application especially in large-scale energy storage [1-6]. However, the
ionic radius of Na ion is far larger than Li ion, resulting in much lower
rate capability and poorer cycle life for SIBs as compared with the
lithium counterparts. The larger Na* radius severely restricts the
diffusion kinetics of Na* ions in host materials, especially in cathode
materials [7-10]. Therefore, improving Na* diffusion kinetics of is
crucial for developing high-performance electrode materials for SIBs.

Recently, plenty of layered transition oxides have been studied as
the promising candidates of electrode materials for SIBs to pursue
reversible and rapid Na-ions insertion/extraction [11-16]. However,
the low intrinsic electrical conductivity, irreversible phase transition
and Na-ion storage instability greatly affect the electrochemical per-
formance. Compared with oxides, polyanionic phosphate Na3V>(PO4)3
(NVP) shows open 3D host frameworks and large tunnels for Na*
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migration, resulting in good stability and safety [17-22]. However, the
intrinsic poor electronic conductivity leads to poor cycle life and rate
capability, which seriously hinders the practical application. To date,
there are three major methods to overcome these fundamental short-
comings: coating with various carbon materials, reducing the particle
size to the nanoscale, and doping with foreign ions [23—-27]. In general,
the electric conductivity of NVP can be improved by carbon coating,
while the ionic conductivity can be enhanced by decreasing particle size
due to shortened Na-ion diffusion distance. However, it is difficult for
NVP to change the intrinsic characteristics by these methods.
Cationic doping is considered as an effective strategy to improve the
intrinsic properties. Various metallic ions with different valences and
ionic sizes (such as Cr®*, Fe®*, K*, etc.) have been employed to partially
substitute V or Na in NVP to achieve high capacity and excellent rate
capability. When doping cations with higher valence than V3* are used
to substitute in NVP, Na* vacancies might be formed for valence
balance, which are favorable for the diffusion of Na ions [28]. Since the
ionic radius of Ti** (0.064 nm) is smaller than that of V3* (0.074 nm)
and TiOg octahedral is more stable than VOq octahedral, Ti** is often
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chosen as a dopant for V-containing materials [29,30]. It has been
recognized that Ti doping is helpful to increase the electrical con-
ductivity, suppress phase transition and stabilize the structure.

To the best of our knowledge, there is no report on the effect of Ti
substitution on the performance of NVP. We herein present Ti-
substituted Nas_V,_, Ti(PO,4)3/C (NVP-Ti,/C, 0 < x < 0.2) as cathode
materials for SIBs. The effects of Ti substitution on crystal structure,
reaction kinetics and Na-ion diffusion have been demonstrated by
experimental and theoretical studies. By optimizing the electrochemi-
cal properties of NVP-Ti,/C, we find that NVP-Ti ;5/C exhibits the best
cyclability, rate capability and Na-ion diffusion kinetics. Operando X-
ray diffraction (XRD) patterns reveal that the Ti-substituted samples
undergo small volume change during insertion/extraction process,
indicative of stable structure. Density functional theory (DFT) calcula-
tions indicate that the improved Na* migration derives from enhanced
intrinsic electronic conductivity, low Na* diffusion energy barrier and
high structure stability.

2. Experimental section
2.1. Materials synthesis

A series of NVP-Ti,/C (0 < x < 0.2) samples were synthesized
through a facile one-step solid-state method with Na>CO3, NH,H,POy,,
V,0s, TiO» and glucose as raw materials. Glucose served as carbon
source. The weight ratio of glucose to other raw materials was 6: 100.
Stoichiometric raw materials were put into a nylon jar with 10 mL
ethanol. The mixture was high-energy ball milled for 30 min before
being dried at 80 °C for 10 h. Finally, the dried precursor was sintered
at 800 °C for 10h in 5% H,/Ar atmosphere to obtain pure NVP-Ti,/C
(0 < x < 0.2) samples.

2.2. Materials Characterization

The in-situ XRD patterns of the electrode materials during cycling
were collected on a PANalytical Empyrean diffractometer equipped
with a Cu Ka radiation. The phase of the as-prepared samples was
confirmed by Rietveld refinement with General Structure Analysis
System (GSAS) [31]. The pair distribution function (PDF) data were
obtained on a PANalytical Empyrean outfitted with Ag K, radiation and
Rh Kg filter detector. The total collection time of PDF data was 6.8 h for
each sample. The data conversion was performed on Highscore soft-
ware provided by PANalytical Corporation. The morphology of samples
was observed by scanning electron microscope (SEM, FEI Nova
NanoSEM 450). Elemental analysis was conducted on an energy-
dispersive X-ray spectroscopy (EDS) device attached to SEM equip-
ment. The microstructure was obtained using a high-resolution trans-
mission electron microscope (HR-TEM, JEOL JEM-2100). The oxida-
tion state of V was investigated by X-ray photoelectron spectroscopy
(XPS, AXIS-ULTRA DLD-600W). The carbon coating on samples was
verified by Raman spectroscopy with an operating power level of 2 mW
on a confocal Raman spectrometer (Thermfisher US).

2.3. Electrochemical tests

The electrochemical measurements were carried out with 2032 coin
cells assembled in an argon-filled glove box. The cathode electrodes
were prepared by pasting a slurry containing active material, super P
and poly(vinyl difluoride) (PVDF) (7: 2: 1 by weight) coating onto Al
foil substrate and dried at 120 °C for 12h under vacuum. The mass
loading of the electrode was around 2.1 mgcem™2. 1.0 mol L™! NaClO,
in propylene carbonate (PC) with 2vol% 4-fluoro-1,3-dioxolan-2-one
(FEC) additive was adopted as electrolyte. Sodium metal foil was used
as counter electrode. The separator was made from glass fiber
membrane (Whatman). Galvanostatic charge/discharge was performed
on LAND battery system (CT2001A, Wuhan, China) within a voltage
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range of 2.3 — 3.9V vs. Na/Na" at 25°C and 60 °C. Electrochemical
impedance spectroscopy (EIS) was measured on an electrochemical
workstation (Princeton, USA) over a frequency range from 100 kHz to
10 MHz with an applied amplitude of 5mV.

2.4. Computation methods

First-principles calculations were performed based on density
functional theory (DFT) with Vienna ab initio simulation package
(VASP) [32,33]. The interaction between core ion and valence electron
was described by the projector augmented wave method (PAW) [34].
The exchange-correlation function was calculated using generalized
gradient approximation (GGA) described by the Perdew, Burke, and
Ernzerhof (PBE) with Hubbard U corrections [35,36]. The value of U =
4.2 eV was used for Coulomb corrections to the d states on the basis of
previous work in cobalt oxides [28]. An energy cutoff of 500 eV was
used with Monkhorst k-points sampling scheme (4x4x2 for geometry
optimization, while a larger grid 8x8x4 was used for electronic
structure computation [37]. Conjugated gradient method was em-
ployed to the geometry optimization and all the atomic coordinates
were fully relaxed till the maximal force on each atom was less than
0.02eVA~L, and the convergence condition for energy was 10~* eV.
The Na* migration pathway and the corresponding energy barrier were
optimized with the nudged elastic band (NEB) method [38].

3. Results and discussion

Phase analysis of NVP-Ti,/C was confirmed by XRD patterns, as
plotted in Fig. 1a. All diffraction peaks can be assigned to a rhombohe-
dral NASICON structure with R-3c space group, agreeing well with the
previous report [39]. No impurity phase is detected, indicating that the
substitution of Ti in NVP/C does not alter the pristine structure. XPS
further confirms that there is no obvious change in the oxidation states
of both V and Ti in NVP-Ti,/C. Figs. 1b and 1c, as well as Figure S1
display the high-resolution XPS spectra of V 2p and Ti 2p of NVP-
Tip15/C and NVP/C. The peaks of binding energy at 517.2 and
524.1€V correspond to 2pz» and V 2p;j» of V3*, respectively [40].
There are no higher binding energies near 519-520 eV belonging to
V* or V°* for the Ti-doped samples. It can be concluded that Ti ions
are successfully doped into the structure of NVP/C without forming
other phases.

The SEM images of NVP-Ti,/C (Figure S2) show irregular morphol-
ogies with inhomogeneous particle size. EDS mapping illustrates that
Ti element is uniformly distributed in each particle without segregation
(Figure S3). HR-TEM images (Figure S4) of NVP/C and NVP-Ti, 15/C
demonstrate that the particles are coated by carbon layer with a
thickness of around 2 nm. Interplanar spacings of 0.62 and 0.40 nm
correspond to the (012) and (104) planes of NVP/C and NVP-Tij 15/C,
respectively. The Raman Gaussian numerical simulation spectra are
shown in Figures S4c and S4f. The fitted peak 2 at 1360 cm ™' and peak
4 at 1600 cm™! are related to sp® type carbon while peak 1 at 1200 cm™!
and peak 3 at 1530 cm™! can be assigned to sp® type carbon. The area
ratio between sp® and sp® (Asp3/Asp2) can be used to verify the
structural characteristic of the carbon layer [41]. The calculated
AP [Ag,? values are 0.48 and 0.42 for NVP/C and NVP-Tig;5/C,
respectively, suggesting that a large amount of coated carbon in both
samples exist in sp? type. As seen in Figure S5, both of NVP-Ti,/C (0 <
x < 0.2) contain a small amount of carbon, and the carbon layer plays
role in both samples for the electrochemical properties is similar.

In order to understand the structural change induced by Ti
substitution at V sites, Rietveld refinement was conducted for NVP-
Ti,/C (Fig. 1d and S6). Based on the XRD refinement, the changes of
lattice parameters and sodium occupancy with Ti content are presented
in Fig. 2a—c. With increasing Ti content, the lattice parameters a, ¢ and
V decrease obviously, which is because the radius of Ti** is smaller
than that of V3*. The occupancies of Nal and Na2 sites dependent on Ti
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Fig. 1. (a) XRD patterns of NVP-Ti,/C (0 < x < 0.2). (b, ¢) High-resolution XPS of V2p and Ti2p for NVP-Ti, 15/C. (d) Rietveld refined XRD patterns of NVP-Ti, 15/C.

substitution are plotted in Fig. 2d. The occupancy at Nal site increases
slightly whereas the occupancy at Na2 site decreases with increasing Ti
content, resulting in more vacancies at Na2 sites. The polaron would
form at the first nearest-neighbor V site to the Na vacancy when Na
vacancy is introduced [28]. Diffusion of Na ions was treated as a
process of the polaron—Na vacancy complexes. Fig. 2e—f display the
rhombohedral NASCON structure and hexagonal bottlenecks of NVP/
C. The NASCON structure is a three-dimensional framework built from
[V2(PO4)3] units formed by corner-sharing of VOg octahedra and PO,
tetrahedra along c-axis direction (Fig. 2e). Corner-sharing of three VOgq
octahedra and three PO, tetrahedra forms the hexagonal bottlenecks
with short diameter of 4.74 A (Fig. 2f). Na ions can diffuse in the large
interstitial sites provided by these hexagonal bottlenecks. The bond
lengths obtained from the refinement are listed in Table S1. The

(b)

average lengths of V-O and P-O bonds for NVP-Tij ;5/C are shorter
than those for NVP/C, indicating that the structure becomes more
stable by Ti substitution. Na ions diffusion in the hexagonal bottlenecks
for NVP-Tig.15/C are much easier than that of NVP/C. Moreover, the
average length of Na-O bond in NVP-Ti, 15/C is longer than in NVP/C.
A longer Na-O bond has a smaller binding energy, leading to an easier
migration of Na* due to the reduction of the energy barrier. Thus the
longer Na-O bond is beneficial to the electrochemical performance of
embedded materials especially at high current density [42].

To further explore the effect of Ti substitution in NVP/C, the X-ray
pair distribution function (PDF) analysis was introduced to gain local
structural insight. This powerful method has been successfully used to
understand the behavior of cathode materials [43,44]. The PDF
curves of NVP/C and NVP-Tiy 5/C are plotted in Fig. 2g (0.5-6 A)
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Fig. 2. Dependence of (a—c) lattice parameters (a, ¢ and V) and (d) occupancy of Nal and Na2 on x for NVP-Ti,/C (0 < x < 0.2) based on Rietveld refinement. (e) Crystal structure: V and
Ti ions are shown in red, VOg appears as octahedra. (f) The Na-ion migration channel. (i) The PDF profiles of NVP-Tij 15/C and NVP within 7A.
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and Figure S7 (0.5-50 A). The atomic PDF (Fig. 1c) for both samples
shows a series of sharp peaks, each of which corresponds to an
interatomic distance.

As expected, the PDF curve of the doped sample (Figure S7) shows
similarity with the pristine material, which indicates that Ti doping
would not significantly change the structure of NVP/C. The slight
difference in peak position and intensity between undoped and doped
NVP/C indicates little local structure change (e.g. disordered extent,
vacancies, etc.). In particular, the peaks locate below 2.1 A related to
the P-O and V-0 pairs show a slight contraction as the titanium
introduced, causing broadening of the channels for Na ion diffusion.
The third peak relates to Na—O correlations, whose intensity of Ti
substitution sample is lower than that of the pristine sample, indicating
a higher concentration of sodium vacancies in Ti substitution sample.
Moreover, the decrease in intensity of this peak is direct evidence of Ti
doping in V site.

Cyclic voltammetry (CV) and galvanostatic intermittent titration
technique (GITT) were employed to observe the effect of Ti substitution
on the reaction kinetics and voltage hysteresis between charge and
discharge profiles. We compared the sodium storage performances for
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NVP/C and NVP-Tip15/C. CV curves at a scan rate of 0.1 mVs™!
(Fig. 3a) exhibit a couple of redox peaks from V3* to V** [45]. NVP/C
shows a potential interval of ~ 37 mV, whereas the NVP-Tig 15/C show
much smaller intervals. Moreover, the redox peak profile of NVP-
Tip.15/C is more symmetric and sharper than that of NVP/C, which
suggests that the redox kinetics is enhanced due to the improvement of
conductivity and the reduced activation energy [46]. In general, GITT is
designed for studying chemical diffusion coefficient in solid solution
systems, but it can provide comparative information on the electrode
kinetics of a two-phase system through analyzing the voltage relaxation
time to equilibrium potential and the magnitude of overpotential. As
shown in Fig. 3b, NVP/C shows an equilibrium voltage gap of about
20 mV after relaxation, which is twice than that of NVP-Tig 15/C (ca.
10 mV). The substituted electrode also exhibits a narrower equilibrium
potential hysteresis than the pristine electrode. Lower overpotential
and reduced polarization indicate that the Ti substituted sample has
much faster kinetics than the pristine NVP/C [47,48].

Fig. 3c shows the initial charge/discharge profiles of NVP-Ti,/C (0
< x < 0.2) in voltage range from 2.3t03.9Vat1C(1C=117mAg™)).
All curves display flat charge and discharge plateaus at around 3.4 and
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Fig. 3. (a) CV curves of NVP-Tij 15/C and NVP/C electrode. (b) GITT experiment at 0.05 C for 1 h followed by 4 h relaxation. (c¢) Charge-discharge profiles of NVP-Ti,/C (0 < x < 0.2)
electrodes. (d) Capacity of NVP-Ti,/C (0 < x < 0.2) at various rates. (e) Long-term cycling stability of NVP-Ti,/C (0 < x < 0.2).
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3.35V, corresponding to the redox couple of V3*/V** [49]. Compared
with pristine NVP/C, Ti-doped NVP-Ti,/C electrode deliver lower
initial specific discharge capacity. The decreased capacity may result
from the substitution of inactive element Ti for V. Besides, replacing
V3* with Ti** reduces Na content in NVP/C. From the inset in Fig. 3c,
the gap between charge and discharge of NVP-Ti, 15/C is the narrowest,
suggesting that it has the lowest overall resistance and the fastest
kinetics. Rate performance measurements at current densities from 1
to 20 C were conducted to investigate the effect of Ti substitution on
rate performance, as shown in Fig. 3d. It is apparent that all doped
samples deliver better rate performances than pristine one. And it is
noted that the substituting level of Ti has a significant impact on the
rate performance. Obviously, NVP-Tig 15/C shows the best rate cap-
ability among various NVP-Ti,/C electrodes. All samples do not show a
clear difference in specific capacity when charged/discharged at 1C,
but NVP-Tig 15/C electrode exhibits remarkably enhanced electroche-
mical performance at high current densities. NVP/C displays a
discharge capacity of 95.2, 78.4, 49.1 and 8.5 mAh g™ ! at rates of 2,
5, 10 and 20 C, respectively. In contrast, NVP-Tig 15/C shows remark-
ably enhanced rate capability and delivers a discharge capacity of
101.5, 97.5, 92.6 and 70.8 mAh g™! at 2, 5, 10 and 20 C, respectively.
Moreover, it can maintain 70% of initial capacity even at a very high
rate of 20 C. When the current density turns back from 20C to 1 C, it
can recover the capacity up to 106.5 mAh g1, indicative of excellent
reversibility. In comparison, NVP/C delivers an extremely low dis-
charge capacity of only 8.5 mAh g! at 20C, almost no charge/
discharge ability. Therefore, it can be concluded that the rate capability
of NVP/C, particularly at high rates, can be significantly improved
through Ti substituting. At same rate, with increasing Ti substituting
level x, the discharge capacity of NVP-Ti,/C first increases, reaches
the maximum value at x = 0.15, and then decreases with further
increasing x.

Cyclic stability is an important factor for application of SIBs. A
comparison in discharge capacity during cycling for NVP-Ti,/C (0 < x <
0.2) is presented in Fig. 3e. We can see that Ti-substituted NVP/C
materials exhibit better long-term cycle stability than the pristine one
at 10 C. NVP-Tig ;5/C shows the best cycle performance at 10 C: the
capacity is 86 mAh g ! at first cycle and keeps to 60% retention of 51.3
mAh g~ after 2000 cycles. As a comparison, NVP/C delivers an initial
capacity of 50 mAh g™! and lost the cycle ability after 200 cycles. For
NVP-Tig.15/C, even at 20 C, it still exhibits a capacity as high as 78 mAh
g1 and keeps 58% of its initial capacity after 1200 cycles (Figure S8).
Moreover, its Coulombic efficiency is almost 100% throughout the
cycling. The chart of Fig. 3 indicates that the stabilization effect of Ti
substituting is spectacular and obvious. Such excellent rate capability
and cyclic stability are quite impressive when compared to results from
the reported literature (Table S2).

The electrochemical performance of NVP-Ti,/C (0 < x < 0.2)
electrodes was also investigated at relatively high temperature of
60 °C (Fig. 4). Fig. 4a exhibits rate performance of NVP-Ti,/C (0 < x
< 0.2) electrodes at current rates from 2 C to 20 C. It is clear that the
rate capability of all substituted samples is better than that of pristine
NVP/C, especially at high current densities. The capacities for all
electrodes do not show a clear difference at 2C and 5C, but NVP-
Tig.15/C electrode exhibits remarkably improved electrochemical prop-
erty when tested at higher current density. The capacity of NVP-Tig 15/
Cis 101.2 and 81.6 mAh g™! at 10 C and 20 C, respectively. However,
NVP/C electrode delivers only the capacity of 40 mAh g™! at 10 C and
has lost the ability to charge/discharge at 20 C. It can be concluded that
Ti substituting can improve both the specific capacity and rate
performance, especially at high current density. The charge/discharge
profiles of NVP-Ti 15/C and NVP/C at various high rates are presented
in Fig. 4b and Figure S9. It can be seen that with increasing current
density, the voltage gap between the charge and discharge plateau
increases for both samples. NVP-Tij15/C exhibits a more smooth
voltage plateau and a narrower voltage gap between the charge and
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discharge profile compared to NVP/C, further indicating that the
kinetics of electrochemical reaction at high temperature are improved
by Ti substitution on V. At current rate higher than 10 C, NVP-Tig ;5/C
delivers a pair of apparent charge/discharge plateaus. Whereas, NVP/C
shows declined slopes at rates higher than 5 C. The cycling stability of
NVP-Ti,/C (0 < x < 0.2) electrodes at high temperature are displayed in
Fig. 4c. The cycling stability of all doped materials is obviously better
than the pristine one at high rates, indicating that the cycling
performance is enhanced by Ti substitution. It is easy to find out that
NVP-Tig.15/C exhibits the best cyclability at 10 C. NVP-Tiy ;5/C delivers
initial specific capacity of 93 mAh g™! and maintains ~ 80 mAh g™*
after 500 cycles, indicating only 14% capacity lost. Even at very high
rate of 20 C (Fig. 4d), it still exhibits excellent cyclability with only 21%
loss over 300 cycles. However, NVP/C only delivers initial capacity of
50 mAh g~! and loses cycle capability after 25 cycles.

The CV curves of NVP/C and NVP-Tig 5/C at various scan rates are
shown in Figure S10. With increasing scan rate from 0.1 to 1 mV s,
NVP-Tig.15/C exhibits smaller potential polarization between oxidation
and reduction peaks than NVP/C at same rate, indicative of weaker
electrode polarization and faster ionic migration. In Figure S11, the
peak current shows a linear relationship with the square root of scan
rate for NVP/C and NVP-Ti 5/C. Diffusion coefficient of Na ions (D)
can be calculated from the slope of the line using Randles-Sevcik
equation:

i/m = 0.4463(FY/RT) "n**AD"*Cop'"?

The slope from the fitting result for NVP-Ti, 15/C is higher than that
of NVP/C, indicating that the Dy, of the former is higher than that of
the latter during sodiation/desodiation process. Faster kinetics can be
contributed to the enhanced ionic and electronic conductivities due to
Ti substitution.

EIS is a very useful electroanalytical technique for evaluating
kinetic and interfacial parameters such as charge-transfer (R.),
double-layer capacitance (Cq;) and surface film capacitance (Cp).
Figure S12 shows Nyquist plots tested at full desodiation state for
NVP/C and NVP-Tiy 15/C electrode after different cycles at 10 C. The
R, of the former is smaller than that of the latter, which indicates that
the Ti substituting has a surface effect, namely, the increased charge
transfer rate and rapid Na ions diffusion through the electrode-
electrolyte interface. When tested at fully desodiation state after
different cycles at 10 C, it can be observed that R decreases due to
the activation effect after initial cycle. Subsequently, R, of NVP-Tig 15/
C tends to stabilize throughout 600 cycles, indicative a superior high-
rate electrochemical performance. The R, of NVP/C is unstable after
600 cycles. For NVP-Tiy ;5/C, the stable R.; during cycling indicates a
good long-term cycling stability, which is highly potential for practical
application.

Operando XRD technique was employed to investigate the effect of
Ti substituing on insertion/extraction mechanism. Fig. 5 and S13
shows the contour plots of operando XRD patterns for NVP-Ti, 15/C
and NVP/C collected at different states during initial desodiation/
sodiation process within a voltage range of 2.3 — 3.9V at 0.1 C. At the
beginning of charging, all diffraction peaks are indexed to NASCON
structure, except for the peak of binder. During Na* extraction process,
all peaks shift to higher angles and some new peaks appear. The new
peaks can be indexed to NaV,(POy4); [17,50]. The intensities of these
new peaks increase while those of NazV»(PO4); decrease with contin-
uous charging. The two phases coexist when charging at plateau ~
3.4V, but the peak intensity of NazV,(PO,4)3 gradually decreases with
further charging, indicating a typical two-phase transfer between
Na3V>(PO4); and NaVy(PO4)s. When the charging is ended at 3.9V,
all peaks can be well indexed to NaV»(PO4)3 phase. During discharging,
the peaks of NazV,(PO4); appear again and coexist with NaV,(PO4)3
till discharging to 2.3V, in which all peaks are indexed to NazV,(PO,)s.
This means that the material completely transforms back to NASCON
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Na3V,(PO4); at the end of discharge. Upon sodium insertion/extrac-
tion, the peaks shift for Nay g5V1 g5Tig 15(PO4)3 is lower than that for
Na3zV,(PO,)s (Figure S13), demonstrating that the volume change from
Na2,85V1,85Ti0,15(PO4)3 to NaV1,85Ti0,15(PO4)3 is not so obvious. The
smaller volume change is favorable for cycle stability, especially at high
temperature.

We carried out first-principle calculations to explore the effects of
substitution on intrinsic electronic conductivity and Na ions migration
energy barrier. As seen from the projected DOS of pristine and Ti-
substituted samples in Fig. 6a and b, the states at low-energy regions
are mainly contributed by 2p states of O atoms, while those at high-
energy regions are dominated by 3d states of V atoms. The calculated
band gap is ~ 1.08 eV, which agrees with previous report [28]. When Ti
ions are introduced, the overall DOS of NVP does not change except for
the downshift of the conduction band, demonstrating the improved
electronic conductivity.

Furthermore, we also observe the effects of vacancies on electronic
conductivity (Figure S14). When Na vacancies are introduced, one of
the V atoms would change its oxidation state from V3* to V**, resulting
in the formation of a small polaron and hence the enhancement of
intrinsic electronic conductivity. The synergistic effect of doping and
vacancy gives rise to enhanced conductivity and thus contributes to the
high-rate capability. In order to figure out the effect of Ti substituting
on ionic conduction, the Na ion diffusion barriers along the intra-layer
pathway were calculated. Fig. 6¢ displays the Na ions diffusion pathway
along Nal-Na2-Nal, where a Na ion would migrate through the
hexagonal bottleneck of VOg octahedra and PO, tetrahedra. As plotted
in Fig. 6d, the Na ions migrate energy barrier in NVP is 420 meV,
whereas the barrier in Ti-substituted material is reduced to 350 meV,
which definitely confirms the improved Na ions diffusion by Ti
substituting. This can be ascribed to the distance shrinkage of Na2-
Nal and the expansion of Na jion migrate channel after Ti substitution.
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4. Conclusion

In summary, a series of Ti substituted NVP-Ti,/C (0 < x < 0.2) have
been successfully prepared by a facile solid-state reaction method. The
XRD and PDF characterizations reveal that Ti substitution does not
change the crystal framework of parent material in the doping range of
0 < x < 0.2 but arouses local structure distortion with a shrink of the
crystal lattice. DFT calculations show that the energy barriers of Na-
ions migration in the Ti-substituted materials are lower than that in
NVP. The Ti substitution significantly enhances the reaction kinetics,
structure stability and electrochemical performance of NVP/C. NVP-
Tip.15/C shows the best cycling stability (a capacity retention of 62%
after 2000 cycles at 10 C) and rate capability (70.8 mAh g™ at a high
rate of 20C); it also exhibits outstanding property even at high
temperature of 60 °C. Confirmed by operando XRD measurement,
the reversible volume change during cycling for Ti-substituted materi-
als is smaller than that of NVP, thus leading to an excellent cycling
performance at both room and high temperature. We believe that such
structure modification strategy is applicable for developing high-
performance NASCON-type cathodes for practical application of SIBs.
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