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Abstract

Recently, LiVP,0O; has been investigated as a possible high-voltage substitute for
Li,FeP,O;. However, its Na-equivalent, NaVP,O7;, as an economic replacement for
Li,FeP,O; has not yet been well understood. Here, for the first time, we report the
feasibility of NaVP,0; as a 3.4 V cathode material for Na-ion battery. Having a

theoretical capacity of 108 mAh.g™, it shows an initial discharge capacity of 38.4

mAh.g'1 at 1/20 C (1C = 108 mA.g_l) in the voltage range of 2.5-4.0 V. Our study
suggests that part of the sodium ions in the lattice structure exists as structural
stabilizer and brings lattice distortion upon desodiation. This study also shows that the
title compound, NaVP,0, suffers from high intrinsic internal resistance, which limits

the phase transition kinetics between pristine NaVP,0O7; and desodiated Na; x\VP,O7.

Keywords: Sodium-ion batteries, pyrophosphate, NaVP,0, lattice distortion, migration

barrier energy
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1. Introduction

Polyanionic host materials such as LiMPOy, LixM>(POy);, LixMSiO4, and Li,MP,0;
have been widely explored and implemented as promising Li-ion battery electrode
materials due to their high thermal stability and the inductive effect of the hetero atoms in
the polyanion group, which effectively increases the operating voltage of transition metal
redox couples.'” However, limited availability of Li-containing minerals considerably
restricts the adoption of lithium-ion batteries in the large-scale energy storage systems. One
of the promising alternatives to current Li-ion secondary batteries are Na-ion batteries,
which have potential price competitiveness due to the abundance of Na in the nature. So far,
many Na-ion battery host materials were rooted from their well-known Li-equivalents such
as NaMPO,, NaM;,(PO4);, and NayMP,O; with promising electrochemical

10-12
performances.

The overall operational principle of the lithium-ion and sodium-ion
batteries is the same, i.e. reversible (de)insertion of the Li* or Na* between the cathode and
the anode. With the suitable selection of electrolytes and anodes, the sodium-ion
technology could be considered as borrowed from lithium-ion energy storage systems.
Nevertheless, due to the larger ionic size of sodium relative to lithium, crystallographic
symmetries and electrochemical performance of Na-based electrode materials are in most
of the cases different from those of their Li-equivalents, which impose a huge driving force

for exploration of other Na-containing novel electrode materials.' "

Especially, these
differences make the polyanionic sodium hosts interesting subject for fundamental

investigations, where the comparison between isocompositional Li-ion and Na-ion hosts

depicts interesting behavior with wide contrast.
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Exploring phosphate-based polyanionic systems, recently Li,FeP,O; has been

investigated as a potential cathode material with high theoretical capacity of 220 mAh.g'1
through two electron reactions involving two redox pairs: Fe’*/Fe’* and Fe*/Fe’*.'® "
However, the instability of high redox potential Fe**/Fe’* couple limits its practical
capacity close to that of LiVP,07,” having slightly higher operating voltage of V*/V?*

redox pair (vs. Li). To the best of our knowledge, electrochemical properties of its Na-

equivalent, NaVP,0; with theoretical capacity of 108 mAh.g_l, have not yet been reported
in the literature. If NaVP,0; could show comparable electrochemical properties to its Li-
equivalent, it would qualify as a promising cathode material for sodium-ion batteries. The
current study aims to evaluate the feasibility of NaVP,0; as a cathode material for Na-ion
secondary batteries and explore its intrinsic electronic property upon partial desodiation by

synergizing experimental study and theoretical calculations.

2. Experimental

A stoichiometric mixture of the commercial precursors, NaH,PO, (Wako), NH4VO;
(Wako), (NH4),HPO4 (Wako), and citric acid (10% by the weight of the precursors) acting
as a reducing agent, was ball-milled at 250 rpm for 1 h. This mixture was sintered at 800
°C for 12 h under steady Ar-flow. Powder XRD pattern of NaVP,0O; was recorded by a
Rigaku X-ray diffractometer (Cu-Ko, 50kV, 300mA) in the 20 range of 10-90° at a scan
rate of 0.09°/min (step size of 0.02°) and was refined by the Fullprof Suite refinement

program using atomic coordinates obtained from the previously reported NaVP,0;.%!
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In our preliminary research, the electrode pellets prepared via mild ball-milling (e.g. 1 h)
showed almost no electrochemical activity. Therefore, in this study a mixture of 70 wt%
electrode active material and 25 wt% acetylene black was ball-milled for 12 h at 550 rpm
before 5 wt% of polytetrafluoroethylene (PTFE) binder was added to prepare electrode
pellets. The average weight of each pellet was approximately 5 mg. These electrodes were
vacuum-dried at 100 °C for 24 h to remove traces of water. 2032 coin cells were
assembled in Ar-filled glove box (MBRAUN, Germany) with frost point below -
100°C and oxygen content less than 1 ppm. All electrodes were cycled against Na

metal using 1M NaPFg in PC:FEC (95:5 in volume) electrolyte at various C-rates (1C =

108 mA.g_l) in the voltage range between 2.5V and 4.0 V. The morphology of the pristine
and partially desodiated NaVP,0O; samples was observed by Field emission electron
microscope (FE-TEM, JEM-2100F). Electrochemical impedance spectroscopy (EIS) was
recorded in the frequency range between 100 kHz and 0.01 Hz at room temperature before
the galvanostatic cycling and after 20" cycles with an AC signal of 10 mV to investigate
intrinsic resistances.

X-ray photoelectron spectra (XPS, JPS-9010MC/IV) were recorded using excitation
radiation of Mg-K, (1253.6 eV) to investigate atomic environments of phosphorus and
vanadium and fitted by CasaXPS software. To investigate changes in pyrophosphate
groups, pristine NaVP,0; before galvanostatic cycling, and the electrode pellets taken out
after initial charging and discharging were dried for 24 h and ground with KCIl powder
(95:5 in weight) before their transmittances were recorded using Attenuated total

reflectance Fourier transform infrared (ATR-FTIR, FT/IR-680 Plus) spectrometer.
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To understand the possible structural variations of NaVP,07, periodic plane wave density
functional theory calculations were performed using Vienna ab initio simulation package
(VASP) within the projector augmented-wave approach using the Perdew-Burke-Ernzerhof

1223 Perdew-Burke-Ernzerhof

generalized-gradient approximation (GGA) functiona
parameterization of the generalized gradient approximation (GGA-PBE) was employed
using projector-augmented wave (PAW) pseudopotentials with an electron cutoff energy of
400 eV. (3x3x3) Monkhorst-Pack k-point sampling was used in the calculations. The

energy barrier of single vacancy-assisted Na-ion diffusion between two closest Na-ions

was calculated by the nudged elastic band (NEB) method.**

3. Results and Discussion
3.1. Structural characterization

The XRD powder diffraction pattern of the solid-state synthesized title compound
(NaVP,07) matches well with the previously reported data®! without any distinct impurity
and adopts the space group of P2,/c (Z = 4) (Fig. 1). The background of XRD profile was
fitted with linear interpolation between a set of 63 points with refinable heights and the
peak shape was refined with the convolution of a pseudo-Voigt function. The atomic

coordinates obtained from previously reported data® were adopted for the structure

refinement. The refinement was carried out until satisfactory Rp of 6.54% and Ry, of 10.23%

were obtained with the cell parameters of a = 7.3169(2) A, b =7.9350(2) A, ¢ =9.567(2)
A, B=111.905(2) °, and V = 515.4(2) A® as illustrated in Fig. 1. NaVP,07is comprised of
VOg octahedra linked together with five unique P,O; groups, making narrow bottleneck

channels for Na-ions to reside in. It has slightly distorted MOg octahedra, which is in good
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agreement with its previously reported isostructures, NaMoP,O; and [S—NaTiP207.25'26

Another notable feature of NaVP,O; (V, =77.6 cm’ mol'l) is that it crystallizes in the high
symmetric space group of P2,/c similar to other AVP,0O; [A = K (V,, = 87.5 cm’ mol'l,
ICSD #68625), Rb (V,y = 90.2 cm® mol ™, ICSD #300101), Cs (Vyy = 93.5 cm’ mol ™', ICSD
#65678)] family of compounds, while LiVP,O; (Vy, = 77 cm’ mol'l, ICSD #80551) and
VP,0; (Vin = 74.6 cm® mol™', ICSD #93022) crystallize in less symmetric space group of
acentric P21.27 This observation indicates that competitively large alkali metal A* (Na, K,
Rb, Cs) in this lattice structure could exist as structural stabilizer of centrosymmetrtic P2,/c
and NaVP,0; could undergo irreversible phase transformation to acentric P2; and/or may
coexist as two separate phases when Na-ions are partially reacted during charge and
discharge processes. If this assumption is correct, the title compound, NaVP,07, may show
electrochemical properties different from previously reported Na,FeP,0O; and Na,MnP,0;

with the lowest centric space group of p-112282

3.2. Electrochemical properties

Although NaVP,07 has been known to chemists for over two decades, surprisingly there
has been no report on its electrochemical (de)sodiation behavior. In this study, the partial
extraction of Na* from the title compound with good reversibility was observed as depicted

by the charge/discharge profiles of NaVP,O; vs. Na (Fig. 2). The working cell showed

initial discharge capacity of 38.4 mAh.g_1 at 1/20 C (1C = 108 mA.g_l) in the voltage
range of 2.5-4.0 V with the average V**/V>* redox potential centered at 3.4 V (vs. Na/Na*).

The steep recharge curve of NaVP,0O; can be attributed to the prolonged solid-solution



RSC Advances

regions due to the reduction of miscibility gap between the sodiated and the desodiated
phases.’**? The morphology of carbon-coated and desodiated electrode pellet of NaVP,0;
observed by FE-TEM is illustrated in Fig. 3. Fine nanoscale particles in the size range of
20-60 nm are observed with a thin coating of carbon. This formation of nanoscale
morphology with carbon coating is suitable for enabling the electrochemical activity of
target phase. The Nyquist plots obtained from electrochemical impedance spectroscopy
(EIS) are shown in Fig. 4, where the intercepts in the high frequency area correspond to the
electrolyte resistance (R.), the two slightly depressed semicircles in the middle frequency
area correspond to the contact resistance (R1), charge transfer resistance (R2), and their
constant phase elements (CPE), and the inclined lines at low frequency area correspond to
the Warburg element (Z,,). Initial electrolyte resistance of 11.27 € and contact resistance
of 198.6 Q have shown only small shifts upon cycling to 13.57 Q and 205.5 Q after 20
cycles, respectively, while initial charge transfer resistance of 430 € has been almost
doubled to 820 €. Previously reported similar impedance study suggests that dislocations
or cracks of the initial framework during charge and discharge processes increase the
internal resistances and hinder phase transition kinetics,'' which should be mainly
attributable to two phases; pristine NaVP,0; and partially desodiated Na; \VP,0;.

This explains why as-prepared NaVP,0; only reached less than 50% of its theoretical
capacity even at low current rate (1/20 C) with relatively high polarization. To investigate
further its electrochemical activity, XPS (Fig. 5) data were collected to estimate atomic
coordination and valence states of P and V. As expected, only small peak shifts in slightly

high initial V3 peaks at 518.1 eV (V2ps2) and 524.5 eV (V2p;p) to 518.2 eV (V2ps2) and
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524.8 eV (V2p1) respectively were observed upon charging and the peaks reverted back
to their original positions upon discharging. Peak at P 2p core level (135.2 eV) shifted to
slightly lowered binding energy of 134.9 eV upon charging and 134.5 eV after the initial
cycle, which indicates that the pristine structure undergoes irreversible bond order
reduction of phosphorus in P,O; when Na-ion is inserted/extracted by electrochemical
means.” Meanwhile, weak peak in P 2p core level (137.8 eV) appeared upon desodiation,
which could be only observed when the peak was not fitted using two separate background
functions. As the known spin-orbit splitting (A) between P 2p;,, and P 2p3,, is rather small
(~ 1 eV), this peak should be attributable to trace amount of pure metaphosphate group
(POs) different from bridged-POj; in P,O; group.

To further analyze the XPS results, each sample was characterized by Attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectrometer as illustrated in Fig. 6.
The doublet symmetric vibration modes of PO3; were observed at 1034 cm’! and 1053 cm'l,
respectively. The symmetric and asymmetric vibration peaks of P-O-P bonds, which are
indicative of pyrophosphate group, were observed at 743.2 cm™ and 934 cm’, respectively.
The distinctive peaks below 639 cm™ are attributable to O-P-O bonds.> The initially
observed peaks were maintained upon cycling. However, doublet symmetric vibration
modes of PO; at 853 cm™ and 838 cm™ were observed after initial charging, which
confirms that a part of the bond order for P-O in pyrophosphate group is decreased after

Na-extraction, while the rest of P,O5 retains their unique vibration modes.

3.3. Theoretical considerations
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DFT calculation can shed crucial insights to understand structural variations in solid
phases. NaVP,07 has one crystallographically unique Na and V sites along with two P sites
with 4-fold symmetry, generating the centrosymmetric space group of P2;/c. It means the
treatment of removing any Na-atom from the lattice structure will break the local
symmetry, thereby forcing the initial structure to be noncentrosymmetric. To simulate
possible phase transitions and changes in atomic environments, each atom in the same
equivalent position was assigned as independent site and the ground-state NaVP,0O; (a =
7.2806 A, b = 7.8217 A, ¢ = 9.5371 A, B = 111.8932 °, and V = 517.005 A%) was
calculated as an initial model. In this simulation, Na-atoms in Na(iii) and Na(iv) sites,
which were generated by inversion center from Na-atoms in Na(i) and Na(ii) sites, were
taken out and then the rest of Na-ions were removed to predict possible peak splitting upon
(de)sodiation due to the lowered symmetry as shown in Fig. 7 Interestingly, the simulated
XRD pattern of NagsVP,0;(a=7.2410 A, b=7.8319 A, c =9.4543 A, p = 111.626 °, and
V =498.42 A’) is similar to that of the pristine NaVP,0; except for a slight separation of (-
212) peak induced by decreases in 3 and c-axial length, while the simulated pattern of
VP,0; clearly showed the distinctive peak splitting at around 26 °, 28 ° and 30 °.
Considering this simulation is based on asymmetrical removal of Na-atoms in its ground
state, the actual changes in unit cell volume may be much smaller in experimental results
than those of the simulated, which explains seemingly the same ex-situ XRD patterns with
pristine pattern.

Single vacancy-assisted Na-ion migration was also calculated and the result is shown in

Fig. 8. To simulate the lowest energy diffusion pathway, the migration path with the
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shortest inter Na-ionic distance of 3.383 A was considered, which resulted in the migration
energy barrier of 0.47 eV. The obtained value is in a good agreement with previously
reported disodium metal pyrophosphates, Na,FeP,O; (0.49 eV) and Na,MnP,0O; (0.58
eV)."? However, this result suggests that the limited electrochemical activity of the title
compound is not merely attributable to sluggish Na-ion migration kinetics, but also to high
intrinsic resistance induced by Na-extraction from initial framework, which limits the
phase transition kinetics between NaVP,0; and VP,05. It is in agreement with the recent
study on isostructural NaFeP,O7, which is electrochemically inactive regardless of the

presence of open tunnels for Na* migration.™

4. Conclusions

Single-phase sodium vanadium pyrophosphate, NaVP,0;, was synthesized via
conventional solid-state reaction. NaVP,07 adopts a centrosymmetric space group of P2,/c.
Reversible Na* (de)insertion involving partial V**/V>* redox activity (at 3.4 V vs. Na/Na®)
was observed in NaVP,0O; for the first time. DFT calculation, XPS, FT-IR and ex-situ
XRD results show that partial Na-ion extraction brings a slight distortion in the
pyrophosphate groups, which accompanies only small changes in lattice structure with
lowered symmetry. The single-vacancy assisted migration barrier energy of NaVP,0;
calculated by NEB calculation was similar to those of disodium metal pyrophosphates,
which itself could not account for low specific capacity of the title compound. However,

EIS and galvanostatic charge/discharge data further show that the limited electrochemical
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activity of NaVP,0; is associated with intrinsically high resistance, which limits phase

transition kinetics between NaVP,07 (P2,/c) and Na; . VP,07 (P2,).
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Figure Captions
Fig. 1 Schematic view of VOg octahedra (a), P,O7 isolated pyrophosphate units (b), and
NaVP,0; (c) along b-axis and the XRD profiles of the observed and calculated pattern for

NaVP207 .

Fig. 2 The first (solid line) and second (dashed line) charge/discharge curves of NaVP,0;
measured at C/20 rate (a) and its cyclic performance at various C-rates (b) in the voltage

range between 2.5 and 4.0 V.

Fig. 3 TEM images of 12 h ball-milled NaVP,O;/C (a, b) and partially desodiated

NaVP,0/C electrode (c, d).

Fig. 4 Nyquist plots measured before galvanostatic cycling (white circles) and after 20™

cycle (black circles). The applied equivalent circuit (upper left) is plotted in solid lines.

Fig. 5 The X-ray photoelectron spectroscopy (XPS) of pristine NaVP,0; (a), after charging

(b), and after discharging (c).

Fig. 6 FT-IR spectra of pristine NaVP,0; (a), NaVP,0; after charging (b), and NaVP,0;

after discharging (c) between 500 and 1200 cm’™".
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Fig. 7 Ex-situ XRD data measured before cycling (a), after charging (b), after initial cycle
(c), and the simulated powder X-ray diffraction patterns of NaVP,0,(d), NaysVP,O; (e),

and VP,05 (f).

Fig. 8 The single vacancy-assisted Na-ion diffusion path and corresponding migration

energy barrier.

Table 1. Fractional atomic coordinates of the experimentally obtained (a) and the
calculated (b) pristine NaVP,0,. Equivalent sites assigned as independent sites for DFT
calculation are generated using following symmetry operators: (i) X, y, z, (ii) —x, y+1/2, -

z+1/2, (iii) =X, -y, -z, (iv) X, -y+1/2, z+1/2.
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Fig. 1 Schematic view of VOg octahedra (a), P,O7 isolated pyrophosphate units (b), and
NaVP,07 (c) along b-axis and the XRD profiles of the observed and calculated pattern for

NaVP,0.
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Fig. 3 TEM images of 12 h ball-milled NaVP,0,/C (a, b) and partially desodiated

NaVP,05/C electrode (c, d).
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cycle (black circles). The applied equivalent circuit (upper left) is plotted in solid lines.
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Fig. 5 The X-ray photoelectron spectroscopy (XPS) of pristine NaVP,05 (a), after charging

(b), and after discharging (c).
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Fig. 6 FT-IR spectra of pristine NaVP,05 (a), NaVP,0; after charging (b), and NaVP,0,

after discharging (c) between 500 and 1200 cm™.
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Fig. 7 Ex-situ XRD data measured before cycling (a), after charging (b), after initial cycle
(c), and the simulated powder X-ray diffraction patterns of NaVP,07(d), NaysVP,07 (e),

and VP,07 ().
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Fig. 8 The single vacancy-assisted Na-ion diffusion path and corresponding migration

energy barrier.



Table 1. Fractional atomic coordinates of the experimentally obtained (a) and the
calculated (b) pristine NaVP,0;. Equivalent sites assigned as independent sites for DFT

calculation are generated using following symmetry operators: (i) X, y, z, (i) —x, y+1/2, -

RSC Advances

z+1/2, (iil) =X, -y, -z, (iv) X, -y+1/2, z+1/2.

(a) X y z (b) X y z

vV  0.242(3) 0.510(4)  0.252(3) vV 0.2391 0.5074 0.2519
P1  0.168(4) 0.216(4) 0.4554) | P1  0.1717 0.2139 0.4576
P2 05785 0.261(5) 0.454(4) | P2 05773 02550  0.4582
Na 0212(6) 0.978(5) 02094) | Na 02115 09806  0.2077
Ol 0.517(1) 0.077(8)  0.848(7) | Ol  0.5179  0.0799 0.8652
02 0.198(9) 0.1948) 0.636(9) | O2 0.1923  0.2056 0.6230
03 0.303(1) 0.780(1) 0.860(8) | O3 03096 0.7814  0.8724
04 0374(1) 0.1548) 0427(7) | 04 03765 0.1545  0.4416
05 0.025(1) 0.084(8) 0.3387) | O5 0.0334  0.0841 0.3514
06 0.128(1) 0.396(9) 0.399(8) | O6 0.1306  0.3991 0.4021
07 0.673(1) 0.136(9) 0.384(8) | O7 0.6885 0.1323 0.3980
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