Published on 04 February 2019. Downloaded by Sungkyunkwan University on 4/24/2021 5:44:29 AM.

A

ROYAL SOCIETY
OF CHEMISTRY

Joumal of

Materials Chemistry A

View Article Online

View Journal | View Issue

Nb-Doped titanium phosphate for sodium storage:
e i1 v crem 2 2010, €1ECtrochemical performance and structural
5748 - insightst

i '.) Check for updates ‘

Natalia Voronina, Jae Hyeon Jo, Ji Ung Choi, ® Chang-Heum Jo, Jongsoon Kim ®
and Seung-Taek Myung ©*

The effect of Nb>* doping on the electrochemical and structural characteristics of NaTi>(PO4)s was
investigated. The Nb>* substitution lowered the band gap energy from 2.8 to 1.4 eV according to density
functional theory calculations. Subsequent carbonization of pitch carbon on the surface of
NaNb,Ti,_,(PO4)s (x = 0.05) significantly increased the electrical conductivity, thereby improving the
capacity and high-rate capability. The excellent cyclability and superior electrode performance result

from facile Na* insertion and extraction that occur via a biphasic redox mechanism, namely, the Ti
redox couple for the cathode and a sequence of two biphasic redox reactions associated with the Ti
2* redox couple for the anode, as revealed by operando X-ray diffraction and ex situ X-ray absorption
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spectroscopic studies. Moreover, the possibility of application of NazgNbg osTiigs5(PO4)s as both
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Introduction

The last couple of decades have witnessed an increasing
demand for large-scale batteries for energy storage systems. To
meet the growing demand for energy storage, the development
of alternative batteries and electrode materials has become
extremely important. More significantly, the price and safety of
new types of batteries are the most crucial elements for their
further commercialization success. Rechargeable sodium ion
batteries (SIBs) with titanium-based electrodes have recently
attracted increasing attention because of their material abun-
dance, low cost, efficient storage activity, chemical durability,
and nontoxicity.”” On the anode side, the titanium redox
provides a suitable insertion potential and superior structural
stability, thereby ensuring the safety and long-term operation of
SIBs.>® In addition, on the cathode side, titanium incorporated
into layered structures plays an important role in stabilizing the
two-dimensional structures of layered Na/Ti-containing oxides,
adjusting the electrochemical potential, smoothening the
voltage profiles, and extending the cycle life.>**
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a cathode and anode material was demonstrated in a symmetric cell, which delivered a capacity of 105
mA h g™t after 100 cycles at 0.2C with a capacity retention of 83%.

Among all titanium-based electrode materials for SIBs, Na
superionic conductor (NASICON)-type NaTi,(PO,4); has attracted
significant interest because of its unique structure. In the
NASICON framework, TiOg octahedra are connected by corner-
sharing PO, tetrahedra, forming an open structure with some
vacant sites for sodium ions, which allow ultrafast and stable
Na' intercalation/extraction. NaTi,(PO,); was first reported as
an electrode material for SIBs in 1987 by Delmas et al.;** it was
characterized by a flat voltage plateau at ~2.1 V vs. Na'/Na,
attributed to the Ti*"** redox. A recent revisit of NaTi,(PO,); by
Palacin et al.™® revealed the existence of an additional low-
voltage plateau at ~0.4 V, which was attributed to the reduction
of Ti*" to Ti*". According to this work, the redox reaction
occurring at 2.1 V represents the phase transformation between
NaTiy(PO,); and NasTi,(PO,); (Ti*"**), whereas the voltage
plateau at 0.4 V reflects the transformation between NajTi,(-
PO,); and Na,Ti,(PO,); (Ti*"*").

NaTi,(PO,); has a large band gap, resulting in a very low
electronic conductivity"* and thus leading to unsatisfactory
cycling performance. Recently, several approaches have been
proposed to improve its electrochemical properties, namely,
particle size reduction accompanied by carbon coating to
shorten the electron and ion diffusion distances, which is
intended to increase the electronic conductivity and enhance
the rate performance. Surface modifications using electro-
conductive layers, such as porous carbon, graphene, and carbon
nanotubes and nanofibers, together with nanostructuring such
as the use of hierarchicalization and mesoporous nano-
assemblies have been implemented as promising methods to
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improve the electrode performance of NaTi,(PO,);."*2" Specifi-
cally, nanosized NaTi,(PO,); anchored on reduced graphene
NaTi,(PO,);/rGO displayed good electrochemical performance
as an anode, delivering a high reversible capacity of 130 mA h
g ' at 0.1C with high rate capability and long stable cyclability.**

However, nanotexturing of active materials is not likely to be
favored for large-scale production because of the high cost and
difficulty of implementation. Several earlier studies suggested
significant improvement in electrochemical performances by
partial replacement of Ti*" by pentavalent ions such as Nb** and
Ta’" in Li;M,Ti5s_,0;, (M: Nb and Ta),?>* which resulted in the
formation of some Ti*" for charge compensation in the oxide
matrix. A similar effect has been seen in Nb°*-doped Nb,Ti;_,-
0,.2* Also, we experimentally proved that the presence of Ti** in
TiO, increases the resulting electrical conductivity to facilitate
improvement of electrode performances.?® Using this concept, it
should also be possible to modify the intrinsically low electrical
conductivity of NASICON-type electrode materials such as
Li3V,(PO,)s, NazV,(PO,); and NaTi,(PO,);. Transition metal
ions such as Mn, Cr, Co, Fe, and Mo have previously been
introduced into LizV,(PO,); and NazV,(PO,4); compounds.”*
The replacement of Ti by several aliovalent elements such as Al,
Fe, and Nb has also been achieved and resulted in improved
cycling stability of NaTi,(PO,4);.**¢

Herein, Nb°" was used as a dopant to modify the properties
of NaTiy(PO,);. Nb®' is a typical transition metal ion with
aradius of 0.64 A, which is slightly larger than that of Ti** (0.605
A). The formation of a thin layer of pitch carbon together with
introduction of the aliovalent dopant can dramatically increase
the electrical conductivity in both the bulk and surface. The use
of carbon-coated Nb**-doped titanium phosphate as both the
cathode and anode material resulted in excellent structural
stability and outstanding rate capability.

The Na-storage mechanism was also investigated in carbon-
coated NaNby ¢s5Ti; 95(PO,)s using operando X-ray diffraction
(XRD) and ex situ X-ray absorption near edge spectroscopy
studies. Sodium ions were shown to reversibly migrate into and
out of the host structure via a biphasic redox mechanism
involving the Ti*"** redox couple at 2.1 V vs. Na*/Na and a Ti*"/>*
redox pair associated with two biphasic reactions at 0.4 V vs.
Na'/Na. Moreover, the carbon-coated Na, ¢Nbg o5Tiy.05(PO4)s//
carbon-coated Na, ¢Nby ¢5Ti;.05(PO,); symmetric cell exhibited
zero-strain characteristics because of the inversed volume
changes of the cathode and the anode during charge and
discharge, leading to excellent cycling performance (105 mA h
g~ " after 100 cycles at 0.2C, 83% capacity retention) and flexi-
bility for practical applications.

Experimental
Synthesis of materials

The co-precipitation method was used to prepare the NaNb,-
Tiy_»(PO4)s (x = 0; 0.05) materials. First, Ti(OC,Hs), (Aldrich) was
dissolved in ethanol. In a separate beaker, NH,H,PO, (Samchun)
and NaNO; (Samchun) were dissolved in water. After complete
mixing of the two solutions, NbCls was added. The molar ratio of
the precursors was Na:Ti,_y:Nby:P = 1:2 — x:x:3. This
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final solution was then mixed at room temperature for 1 h.
Following the evaporation of the solvent on a hot plate at 100 °C,
the mixture was dried in a convection oven at 120 °C. The ob-
tained powders were subsequently calcined at 900 °C in air for 6 h
and naturally cooled to room temperature. These powders were
denoted as NTP and NNbTP, respectively. Next, 10 g of each
powder was mixed with pitch carbon and further heat-treated at
750 °C for 2 h in an Ar atmosphere to obtain carbon-coated NTP
(NTP-C) and carbon-coated NNbTP (NNbTP-C).

Characterization

XRD (PANalytical, X'Pert) was used to investigate the crystal
structure of the samples. The XRD data were obtained in the 26
range of 10-80° using a step size of 0.03°. The FULLPROF
program®” was used to refine the recorded XRD patterns of the
NTP, NNbTP, NTP-C, and NNbTP-C powders and electrodes.
The morphologies of the obtained powders were examined
using scanning electron microscopy (SEM; JXA-8100, JEOL) and
high-resolution transmission electron microscopy (HR-TEM; H-
800, Hitachi). The compositions of the synthesized materials
were analyzed by ICP-atomic emission spectroscopy (ICP-AES,
OPTIMA 8300, Perkin-Elmer). The electrical conductivities of
NTP, NNbTP, NTP-C, and NNbTP-C were measured using the
direct volt-ampere method (CMT-SR1000, AIT) using the four-
point probe technique. Raman spectra were obtained in the
region of 200-3000 cm ' using Raman spectroscopy (inVia,
Renishaw). The amount of carbon in the materials was deter-
mined using an elemental analyzer (EA110, CE Instruments).
Structural studies during cycling were carried out using oper-
ando XRD (PANalytical, X'Pert) and ex situ X-ray absorption near-
edge structure (XANES) spectroscopy. The XANES measure-
ments were performed at the 8C beamline of the Pohang
Accelerator Laboratory (PAL), Pohang, South Korea, and the
data were analyzed using the Athena software package.®®

Electrochemical tests

For electrode fabrication, the synthesized NTP, NNbTP, NTP-C,
and NNbTP-C were mixed with a conducting agent (Super P) and
polyvinylidene fluoride (PVDF) at a weight ratio of 8 : 1 : 1 in N-
methyl-2-pyrrolidone (NMP) to form a homogeneous slurry. The
slurry was applied onto Al foil and dried overnight at 120 °C
under vacuum. The electrochemical properties of the products
were evaluated using 2032 coin-type cells. The Na metal was
used as the anode, Whatman GF/C glass fiber was used as the
separator, and 0.5 M NaPF, solution in a 98 : 2 volume mixture
of polyethylene carbonate (PC) and fluoroethylene carbonate
(FEC) was used as the electrolyte. All the cells were prepared in
an Ar-filled glove box with oxygen and moisture contents below
0.1 ppm. The cells were tested in galvanostatic mode at different
current densities in the voltage ranges of 1.5-3 Vand 0.01-1.5V
vs. Na'/Na at 25 °C. Galvanostatic intermittent titration tech-
nique (GITT) measurements of the electrodes were conducted
with 30 min charge or discharge and open-circuit periods of 1 h.

In order to see if the NNbTP-C material has the potential for
industrial use as both the cathode and anode, the laminated-
type full cell wrapped with an Al pouch was fabricated. The
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electrode size of the full-cell was 3 cm x 5 cm. The cell was
cycled between 1.2 and 2.6 V with a rate of 5C.

Computational details

First-principles calculations were performed to estimate the
energies of the given materials based on the spin-polarized
generalized gradient approximation (GGA) proposed by Per-
dew-Burke-Ernzerhof (PBE) using density functional theory
(DFT).* We used a plane-wave basis set and the projector-
augmented wave (PAW)* method implemented in the Vienna
ab initio simulation package (VASP).** PAW potentials have
shown good predictive capability for cathode materials of
various rechargeable batteries. The Hubbard U parameter (GGA
+U)*> was added to correct for the self-interaction of GGA. A Ueg
value for Ti of 4.2 eV was selected, which was previously deter-
mined from the self-consistent calculation of Nb-doped TiO,.*
A plane-wave basis with an energy cutoff of 500 eV was used. All
the structures were optimized until the force in the unit cell
converged to within 0.05 eV A%,

Results and discussion
Material synthesis

To investigate the crystal structures of the pristine NTP, NNbTP,
NTP-C, and NNbTP-C materials, Rietveld refinement of the XRD
patterns was performed assuming the rhombohedral R3C space
group (Fig. 1, Table S1 and Fig. S1, ESIf). The results indicate
that Nb*>* incorporation and carbon coating do not alter the
structure of NTP. As observed in Table S1,T compared with NTP
and NTP-C, the Nb*>* doping in NNbTP and NNbTP-C resulted in
slight increases in the unit cell volume due to the slightly larger
ionic radius of Nb®* (0.64 A) than that of Ti** (0.605 A), implying
that the replacement of Ti*" by Nb>" was successful. Five
batches of the as-synthesized NTP and NNbTP were measured
by ICP-AES to determine the chemical compositions of both
compounds. The analyzed chemical formulas of NTP and Nb-
doped NTP are exhibited in average as follows: Nag 99Ti1.000(-
PO,); and Najg9,Nbg 040Ti1.051(PO,)s. The resulting crystal
structures of NTP-C and NNbTP-C are shown in the insets of
Fig. 1a and b, respectively; the structures consist of TiOs/NbOg
octahedra and PO, tetrahedra, interlinked by corner sharing.
Sodium ions occupy only interstitial sites with octahedral (M1)
geometries.

The effect of Nb doping of NTP was verified using first-
principles calculations. Using the structural information
calculated from Rietveld refinement, we predicted the theoret-
ical value of the band gaps of NTP and NNbTP. As shown in
Fig. 1c and d, it was observed that with Nb>" doping of NTP,
a defect state in the band gap separated from the conduction
band was generated, indicating that Nb>* doping resulted in
a decrease of the band gap of NTP. This result is similar to
previous findings on the effect of Nb>* doping on TiO,.** Note
that the average oxidation state of Ti for the NNbTP was slightly
lower than that of the NTP in Fig. 1e. This indicates that the
incorporation of Nb into the NTP structure induced the
formation of Ti** in the crystal structure. The spectrum for Nb
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in NNbTP overlaps with that for Nb,Os, suggesting that the
oxidation state of Nb is close to that of Nb°" after introduction
into the Ti site (Fig. 1f). As mentioned in Fig. 1c and d, the
observation of a new band gap at ~1.38 eV is likely due to the
presence of Ti*" induced by the incorporation of Nb>" into
NaNby 5Ti;.05(PO4)3. More importantly, the increase in the
electrical conductivity of the NNbTP is evidence of the presence
of Ti*" in the phosphate lattice (Table S1, ESIt). The electrical
conductivities of NTP and NNbTP were ~7 x 10 ° and ~3 x
107° S em ™', respectively. Although the electrical conductivity
was more improved by the larger amount of Nb introduced into
NaNbg 1 Ti; o(PO,);, ~5 x 107> S cm™ ' with a single phase
(Fig. S2, ESIT), we excluded the composition for further inves-
tigation due to its low crystallinity that may affect poor capacity
retention during the cycling test. As we mentioned in the
Introduction, the mixed valence of Ti, Ti** as a majority together
with a small amount of Ti**, in the crystal structure is respon-
sible for the reduction in the band gap energy and electrical
conductivity. It is also notable that carbon coating increased the
conductivity even more approximately 9 x 10~* for NTP and 2 x
10 S cm ™! for NNbTP. These high electrical conductivities are
attributed not only to the Nb>" doping but also to the presence
of the uniformly distributed carbon layer on the surface of NTP
and NNDbTP derived from the pitch, as confirmed by the
appearance of both D and G bands at 1350 and 1600 cm™ " in the
Raman spectra (Fig. S3, ESIT). The carbon content was approx-
imately 6.25 wt% for both carbon-coated composites. The peaks
observed between 800 and 1200 cm ' are typical peaks of NTP,
which support the formation of a pure NTP phase. The peak
positions did not vary with the substitution of Ti*" by Nb>*,

The morphological and structural features of the NTP-C and
NNbTP-C were characterized using SEM and TEM. As observed
in the SEM images, the primary particle sizes of NTP and
NNDbTP ranged from 50 to 250 nm in diameter (Fig. S4, ESIT).
Neither the primary particle size nor the particle size distribu-
tion noticeably changed after the Nb>" doping. The TEM image
shows that a uniform thin carbon coating layer with a thickness
of approximately 2.5 nm grew on the surface of the particles.
The selected area electron diffraction (SAED) patterns of NTP
(Fig. 1g) and NNDbTP-C (Fig. 1h) along the [001] zone axis
confirm that there was no change in the symmetry after the
surface modification with pitch carbon and Nb>" doping. The
TEM elemental energy-dispersive X-ray spectroscopy (EDX)
results reveal that Na, Ti, Nb, P, and O were homogeneously
distributed in the NNbTP sample (Fig. 1i).

Electrochemical performance in Na cells

The synthesized NTP, NNbTP, NTP-C, and NNbTP-C were tested
in Na cells in the voltage range of 0.01-3 V at a rate of 0.2C (1C =
130 mA g ') (Fig. 2a). The discharge curves contain three
distinct voltage plateaus: a long well-defined plateau at ~2.1V,
a sloppy plateau at ~1.25 V, and a flat plateau at ~0.4 V. The
upper flat plateau observed at 2.1 V is associated with the Ti*"**
redox couple, which usually appears in the NASICON-type NTP
material. However, this plateau was much shorter for the NTP
and NNbTP materials than for the carbon-coated samples,

This journal is © The Royal Society of Chemistry 2019
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Fig. 1 Rietveld refinement of XRD patterns for (a) NTP-C (inset: digital image of the powder and crystal structure drawn based on refinement
results presented in Table S1, ESIf) and (b) NNbTP-C. Band gap of (c) NTP and (d) NNbTP obtained from DFT calculations. (e) XANES K-edge
spectra of Ti for NTP and NNbTP. (f) XANES K-edge spectra of Nb for NNbTP. TEM images of (g) NTP (inset: SAED pattern along the [001] zone
axis) and (h) NNbTP-C (inset: SAED pattern along the [001] zone axis). (i) TEM image and the corresponding EDX mapping of NNbTP, (i-1) Na, (i-2)

Nb, (i-3) Ti, (i-4) P, (i-5) O.

presumably because of the low electrical conductivity. The
second sloppy plateau at 1.25 V is irreversible, which can likely
be attributed to the formation of a solid-electrolyte interphase
(SEI) layer and the irreversible reaction of sodium with amor-
phous carbon such as the added conducting carbon agent and

coating layers. Notably, the third two-step plateau at approxi-
mately 0.4 V vs. Na'/Na was clearly observed only for the NTP-C
and NNbTP-C electrodes and is attributed to the Ti**/Ti*" redox.
The voltage profile was not reversible on charge for the bare NTP
and NNbTP materials, as the feature of the two plateaus was not
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(a) First discharge (reduction) and charge (oxidation) curves in the voltage range of 0.01-3 V: bare NTP (blue line), bare NNbTP (orange

line), carbon-coated NTP-C (black line), and carbon-coated NNbTP-C (red line). (b) Resulting dQ/dV profiles of NTP-C and NNbTP-C. (c) GITT
curves of NTP-C and NNbTP-C in the voltage range of 0.01-3 V at 0.1C.
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observed. Surprisingly, the plateaus at 2.1 and 0.4 V were clearly
observed on charge for the NTP-C and NNbTP-C electrodes.
From the discharge profile and the dQ/dV curve (Fig. 2b), a low-
voltage two-step plateau can be clearly resolved at 0.43 and 0.39
V for NNbTP-C (0.42 and 0.36 V for NTP-C); however, these
plateaus merged into a one-step plateau on charge. Both the
high-voltage (2.1 V vs. Na'/Na) and low-voltage (0.4 V vs. Na'/Na)
two-step plateaus are quite flat, suggesting that these plateaus
are associated with a two-phase reaction during the insertion of
Na' ions.

Further experiments were performed using only the carbon-
coated NTP-C and NNbTP-C electrodes because the samples
without carbon coating exhibited unsatisfactory performance.
As revealed in Fig. 2c, the voltage difference between charge and
discharge was lower for the NNbTP-C electrode than that for the
NTP-C electrode. To demonstrate that Nb®* doping improves
the kinetics, GITT measurements were performed at a scan rate
of 0.1C with 30 min discharge or charge with an open-circuit
period of 1 h. The relaxation spikes of the NTP-C electrode were
elongated, indicating slower intercalation/deintercalation
reaction kinetics with larger polarization and slower equilibra-
tion at both voltage plateaus. We compared the diffusion coef-
ficlents at Na;;Tiy(PO4); and  Na; 1Nbg osTiq.05(PO4)3
compositions at a high-voltage plateau, where the sodium-poor
R3C phase is dominant. The resulting diffusivities of Na, ;-
Tiy(PO4); and Na; ;Nbyg osTi; o5(PO,); are 1.76 x 10" ecm? s~*
and 4.35 x 107" cm”® s7', respectively, on sodiation
(discharge). On desodiation (charge), we also calculated the
diffusion coefficients at the same compositions, Na, 1Tiy(PO,4)3
and Na; ;Nbg o5Ti; o5(POy)s, namely, 5.02 x 10~ em” s™* and
8.92 x 10~ ™ em?® 577, respectively. The Nb°>* doping is evidently
beneficial for the improvement of Na" diffusion, and the efficacy
appears to be more significant on discharge because Na*
diffusion occurs somehow slow during Na' insertion
(discharge) into the structure. From the above results, the effect
of Nb>* inducing the formation of Ti*" in NaNby o5Tiy.05(PO4)s
appears more positively on the improvement of Na* diffusion.

The distinct voltage plateaus at 2.1 and 0.4 V urged us to test
both NTP-C and NNbTP-C as cathodes between 1.5 and 3 V and
as anodes between 0.01 and 1.5 V in a half-cell configuration. As
shown in the inset of Fig. 3a, the NTP-C electrode delivered
a capacity of 122.6 mA h g~ " at 0.2C, which is lower than that of
the doped NNbTP-C electrode (125.3 mA h g~ ' at 0.2C). The
cycle performances of the undoped and doped NTP-C and
NNbTP-C electrodes at 0.2C are compared in Fig. 3a. It is
evident that the NNbTP-C electrode exhibited higher capacity,
although both electrodes showed a similar tendency for
capacity retention, 92.6% and 95% over 100 cycles for NTP-C
and NNbTP-C, respectively. Fig. 3b displays the rate perfor-
mance of the NTP-C and NNbTP-C electrodes at different
currents from 0.5C to 100C. It is clear that the NNbTP-C elec-
trode provides better rate capability than the undoped NTP-C
electrode, especially for the delivery of capacity at 100C (though
the NTP-C did not have capacity over 70C). The capacities of
both electrodes were restored to their initial values when the
current returned to 1C after 100C (Fig. 3c). To test the longer
cycling stability, NTP-C and NNbTP-C electrodes were tested at
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5C and exhibited a markedly good capacity retention of 88%
and 91% after 1000 cycles, respectively (Fig. 3d). Achieving good
high-rate capabilities is challenging in SIBs because of the large
size of Na' ions, which usually results in severe volume changes
in the host materials.

Utilization of the Ti*”?" redox couple in NASICON-type
materials is beneficial for anode materials. Therefore, investi-
gation of the structural stability of the low-voltage plateau is
important. The charge-discharge profiles and the cycle life of
NTP-C and NNbTP-C in the voltage range of 0.01-1.5 V at 0.2C
are shown in Fig. 3e. NTP-C and NNbTP-C delivered reversible
capacities of 82 and 86 mA h g™, respectively. In addition, the
materials exhibited stable cycle performance, and the capacities
were maintained at 65 and 73 mA h g~ ', respectively, for NTP-C
and NNbTP-C after 100 cycles (Fig. 3e). Upon increasing the C-
rate to 5C, NTP-C and NNbTP-C delivered capacities of 63 and
77 mAh g, respectively (Fig. 3f and g). The capacities were also
restored to their initial values when the electrodes were tested at
1C after application of 50C. Further cycling tests at 5C revealed
acceptable levels of capacity retention over 1000 cycles, 72% for
NTP-C and 78% for NNbTP-C (Fig. 3h).

The above electrochemical data demonstrate that both the
cycling stability and power capability were affected by the Nb>*
doping, presumably attributed to the improved electrical
conductivity of NNbTP-C compared with that of NTP-C. Notably,
it is reported for the first time that the reversible capacity
delivered on the lower plateau for long-term cycling over 1000
cycles confirms the structural stability of the present NASICON-
type NNbTP-C electrode material.

Sodium insertion and extraction into/from
NaNbO,OSTil,gs(PO4)3-C (1.5—3 V)

Operando XRD measurements were performed for the NNbTP-C
cell that was discharged and charged at 0.2C (Fig. 4a and b).
Upon discharging, several new diffraction peaks gradually
appeared at 20.1°, 23.6°, 28.5°, 31.1°, 32.0°, and 35.1° (26)
(Fig. 4b). Their intensities became more intense whereas the
diffraction peaks from the initial phase gradually decreased and
disappeared upon further discharging, which is a typical feature
of a biphasic reaction, consistent with the flat electrochemical
plateau observed at 2.1 V. This leads to a phase transition from
the sodium-poor NaNbyg ¢5Ti; 05(PO4); (R3C) phase to the
sodium-rich Na, ¢Nbg 5Ti1.05(PO4); (P1) phase. To prove the
formation of Na, ¢Nbg 5Ti;.05(PO4); with the P1 space group,
Rietveld refinement was performed for the NNbTP-C electrode
discharged to 1.5 V (Fig. 4c), and the results are summarized in
Table S2, ESL.T The parameters of the refined XRD pattern
matched well with those reported for Na;Tiy(PO,4); by Palacin
et al.*® It should be noted that 1.9 mol of sodium insertion
corresponds to a change of approximately 7.5% in the unit cell
volume with respect to that of the sodium-poor NaNb ¢s-
Tiy 05(PO4); phase. During charge, peaks from NaNb ¢5Ti; o5(-
PO,); appeared again, although they coexisted with those of the
sodium-rich Na, ¢Nby ¢5Ti; o5(PO,); phase. At the end of charge,
the structure of the material was restored to that of the original
NaNby o5Ti;.05(PO4); (Fig. 4b), as evidenced by the Rietveld
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Fig. 3 Electrochemical performance of NTP-C and NNbTP-C in the voltage range of 1.5-3 V: (a) cycling performance and charge/discharge
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discharged to 1.5V and charged to 3 V.
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refinement results of the electrode charged to 3 V (Fig. 4d and
Table S2, ESIT).

The K-edge spectra of Ti and Nb were used to follow the
variation in the oxidation states of Ti and Nb in NNbTP in the
voltage range of 1.5-3 V. The XANES spectrum of the fresh
NNbTP-C electrode was similar to that of anatase TiO,,
including the pre-edge region (Fig. 4e), which indicates that the
oxidation state of Ti is tetravalent. As the cell was discharged to
1.5 V, the main peak shifted toward the lower-photon-energy
direction because of the decrease in the Ti oxidation state. A
similar tendency was also observed in the pre-edge; specifically,
the related pre-edge spectrum was close to that of the Ti*'N
reference. Again, charging to 3 V resulted in the spectrum
shifting back to higher photon energy, where even the pre-edge
spectrum was identical to that of the fresh state of the NNbTP
electrode. Unlike the reversible variation in the oxidation state
of Ti, there were no changes in the oxidation state of Nb on
discharging and charging (Fig. 4f). It is thought that Nb does
not participate in the electrochemical reaction but supports the
crystal structure stability during sodiation and desodiation in
the range of 1.5-3 V.

Sodium insertion and extraction into/from
Na, oNby o5Ti.05(PO4)5-C (0.01-1.5 V)

To further investigate the sodium insertion into NNbTP-C,
operando XRD measurements were performed in the voltage
range of 0.01-1.5 V (Fig. 5a and b). Reduction of Na, ¢Nby o5-
Ti; 05(PO4); resulted in the gradual growth of new peaks at
19.6°, 23.4°, 28.2°, 31.2°, 31.3°, and 34.8° (26) when sodiated to
Najz 4Nby 05Ti;.05(PO4); at approximately 0.41 V, which is the
intermediate point between the upper step (0.43 V) and the
lower step (0.39 V) on the low-voltage plateau, showing
a downslope. Surprisingly, these peaks gradually shifted toward
the lower angle in this short sloppy voltage variation range
between 0.43 and 0.39 V. Later, these peaks further converted
into those of the newly developed single phase of Naj;gys-
Nby 05Ti1.05(PO,4); with diffraction peaks at 20.1°, 23.3°, 28.2°,
30.5°, 32.0°, and 34.4° (26). Compared with the earlier work by
Palacin et al.*® indicating that the reaction occurred via one
biphasic reaction, the present phase evolution from Na, -
Nby.05Ti1.05(PO4)3 to Nag g75Nbg o5Ti1.05(PO,4); clearly consists of
two types of biphasic reactions upon discharge in the voltage
range of 0.01-1.5 V, as demonstrated by the two distinct
plateaus at 0.43 and 0.39 V in the dQ/dV curve on discharge
(Fig. 2b). Notably, the capacities delivered at the two plateaus at
0.43 and 0.39 V are almost equal, implying the presence of an
intermediate phase, Najz4Nbg 05Ti;.95(PO,4);, between the two
terminal phases of Na, ¢Nbg ¢5Ti;.05(PO4); and Najz g;5NDg o5~
Ti;.05(PO4)3. The peaks at 19.6°, 23.4°, 28.2°, 31.1°, 31.3°, and
34.8° (26) are thus attributed to the intermediate phase of
Naj 4Nbyg 05Ti;.05(PO4)3. The unit cell parameters of the terminal
Naj g75NDg 05Ti1.05(PO4); with the R3C space group were
retrieved from the operando XRD data of the NNbTP-C electrode
discharged to 0.01 V (Fig. 5¢ and Table S2, ESIf). Rietveld
refinement of the Nas g;5Nbg ¢5Tiq.05(PO4)3 revealed the varia-
tion in the unit volume of approximately 3.17% compared with
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that of Na, oNDb 5Ti;1.05(PO4); when the electrode was charged
to 1.5 V (Fig. 5d and Table S2, ESI}). This volume change is
roughly half of that for the 1.95 mol insertion of Na' into
Na, oNby 5Ti;.05(PO,)s, which is tolerable for Na insertion and
extraction throughout long-term cycles.

During charge, the peaks of Naj g75Nby ¢5Ti;.05(PO,)s started
to disappear and coexist with Najz ,Nby ¢5Ti;.05(PO4)s peaks,
which were then converted to those of the Na, ¢Nby ¢5Ti1.05(-
PO,); phase (Fig. 5b). The intensity of the peaks of the inter-
mediate Naj4NDbg ¢5Ti;.05(PO4); phase was weaker on charge
than on discharge (Fig. 5b-4), which is consistent with the gal-
vanostatic data, where the voltage step almost disappeared at
~0.4 V.

Notably, the operando XRD study revealed that the structural
change is highly reversible during the charge-discharge process in
the low voltage region between 0.01 and 1.5 V. To validate the
change of the valence state of Ti and Nb in the lower voltage
region, XANES was employed upon sodiation to 0.01 V. It is clear
that Ti K-edge spectra shifted to lower binding energy, indicating
the tendency of decreasing of the average oxidation state of Ti
during sodiation upon 0.01 V (Fig. 5¢). The pre-edge of Ti at 0.01 V
showed a mixed valence state of Ti’* and Ti** because the
adsorption edge energy of the electrode was lower than that of
Ti**N, but higher than that of Ti**0. During charge, energy posi-
tions of Ti K-edge XANES spectra reversibly shifted back toward
higher energy regions (Fig. 5e). On the contrary, Nb K-edge XANES
spectra displayed no change in the pre-edge and white lines,
indicating that the Nb>" valence did not vary after the cell was
completely discharged to 0.01 V and charged back to 1.5 V (Fig. 5f).

The Rietveld refinement and XANES results indicate that the
delivered reversible capacity of 64 mA h g~ " resulted from the
redox reaction of Ti*"/?* attributed to 0.975 Na" intercalation. In
contrast, the capacity determined from galvanostatic measure-
ments of NNbTP-C in the low-voltage range was 86 mA h g~*
(Fig. 3e). This discrepancy arises from the capacity contribution
of the amorphous carbon added as a conducting agent or coated
carbon product in the low-voltage range of 0-1.5 V. Indeed,
amorphous carbon materials, such as Super P and pitch carbon,
can store Na" ions with high reversible capacities.*#*> Therefore,
the electrode prepared with the same conductive additive ratio
as in NTP-C and NNbTP-C electrodes (Super P : pitch carbon =
2:1) contributed to a reversible capacity of ~23 mA h g~*
(Fig. S5, ESIf). The remaining capacity of 63 mA h g~ for
NNbTP-C agrees well with the Rietveld refinement results and
XANES data.

Consequently, the structural evolution of Nb’'-doped
NaNby o5Ti;.95(PO,4); agrees well with that of undoped NaTi,(-
PO,); (Fig. S6 and Table S2, ESIf) and previous reports on
phase transition in the NTP structure,'>*® indicating that Nb>*
doping of NaTi,(PO,4); does not have any harmful effects on
the structure or electrochemical performance. Specifically,
Nb>* doping improves the Na-ion reaction kinetics compared
with that of undoped NTP. This enhancement was clearly
confirmed by the low polarization in the GITT data (Fig. 2c),
increased electrical conductivity measured using the direct
volt-ampere method (Table S1, ESIf), and impedance
measurements (Fig. S7, ESIT).
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Post cycle analysis of electrodes

To prove the structural stabilities of NTP-C and NNbTP-C during
long-term cycling, Rietveld refinement of the XRD data was per-
formed and TEM images with SAED patterns were obtained after
1000 cycles (Fig. 6 and S8, ESIt). No obvious structural changes
were observed in the Rietveld refinement data (Fig. 6a, S8a and
Table S3, ESIT). The lattice parameters remained almost constant
after 1000 cycles for both the NNbTP-C and NTP-C electrodes. The
corresponding SAED patterns along the [100] zone axis of NNbTP-
C and NTP-C were also identical, indicating the excellent structural
stability of both materials during cycling (Fig. 6b and S8b, ESIY).
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Symmetric battery

In summary, the natural multi-step redox reaction of Ti
enabled the assembly and testing of a symmetric NNbTP/
NNbLTP SIB, which demonstrated the practicality of simulta-
neously using the prepared NNbTP-C as both a cathode and an
anode in SIBs (Fig. 7a). Prior to symmetric cell fabrication, the
full pre-sodiation of the NNbTP-C anode was performed to
alleviate the irreversible capacity of the amorphous carbon.
The cell balance was achieved by setting the cathode/anode
mass ratio to 0.6 (the cathode loading mass is approximately
1.5 mg cm ™ ?).
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coulombic efficiency at 0.2C (inset: charge/discharge curves in the voltage range of 1.5-2.8 V). (c) Cycling performance of the symmetric pouch
NNbTP/NNbBTP cell and coulombic efficiency at 5C (inset: charge/discharge curves in the voltage range of 1.2-2.6 V and a digital photo of the
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The average potential of the symmetric cell was approxi-
mately 1.7 V, with a single voltage plateau and an initial
discharge capacity of 126 mA h g~ based on the mass of the
cathode. As observed in the inset of Fig. 7b, the charge-
discharge profiles exhibited symmetric characteristics with no
obvious polarization in this symmetric cell configuration. The
cell delivered a capacity of 105 mA h g™, reaching 83% capacity
retention over 100 cycles at 0.2C (Fig. 7b).

To examine the industrial applicability of the NNbTP-C mate-
rial, a symmetric pouch full cell was manufactured. It should be
noted that the cell was cycled at a quite rapid discharge/charge rate
of 5C to investigate the cycling ability. In Fig. 7c, the corresponding
discharge/charge curves and cycling performance are presented.
The symmetric pouch cell showed very stable retention charac-
teristics during 200 cycles (65%). Therefore, the efficiency of the
symmetric cell based on NNbTP-C electrodes confirmed the
stability of the material at low and high working potentials, thereby
proving the potential of this material in practical applications.

Conclusions

To improve the cycling performance of NaTi,(PO,);, Nb**-doped
carbon-coated NaNb, o5Ti;.05(PO4); materials were prepared.
The electronic conductivity associated with the lowered band
gap energy of NaNby ¢sTi; 95(PO,); was significantly improved
after the dual treatment of Nb>' doping and carbon coating.
This improved electronic conductivity was beneficial for facile
electron transfer, thereby improving the electrode performance.
Combined operando XRD and XANES investigations revealed
that the reversible structural evolution accompanying Na*
insertion and extraction occurred via a biphasic redox mecha-
nism involving Ti*"** and Ti*"*" redox pairs, which enabled the
operation of symmetric cells with stable cycle performance
(capacity retention exceeding 83% over 100 cycles). Our findings
demonstrate that doping with aliovalent metal ions is an effi-
cient strategy to optimize NASICON-structured materials as
high-rate and stable electrode materials for SIBs.
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