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Na-ion batteries (SIBs), perceived as the most promising alternative energy storage technology, are
attractive for large-scale stationary applications due to the cost effectiveness and global abundance of
sodium. One of the formidable challenges in the way of their extensive commercialization is the
development of suitable low-cost positive electrode materials with high energy density and long cycle
life. In this study, a phosphite-based layered polyanionic material with the formula,
Nax[(VOHPO3),(C,04)]-2H,0, has been investigated as a novel positive electrode for SIBs. The material
was synthesized through a room temperature precipitation method and undergoes reversible Na*-ion
insertion at an average discharge voltage of 3.65 V which is higher than that of the same V**/V°" redox
couple of NaVOPOy, (3.4 V) in a non-aqueous Na cell. The material exhibits a high discharge capacity of
~101 mA h g™t at 0.1C rate in Na half-cells. Capacity fading encountered by the pristine material was
overcome with the help of ball-milling with carbon. The layered material facilitates the migration of large
Na™ ions, resulting in a superior rate performance (~80 mA h g~* at 10C rate). In addition, a long-term
cycling stability over 1000 cycles was demonstrated at 2C rate with 62% capacity retention. Operando
XRD studies reveal that the reversible Na*-ion insertion in the framework happens via a bi-phasic
mechanism. The feasibility of full cells was demonstrated using NaTi»(PO4)s as the negative electrode
and the full cell exhibited a reversible capacity of 7L mA h g~* at 0.1C rate and 65 mA h g~* at 1C rate
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Introduction

In recent years, the sales of electric vehicles have soared thanks
to the high energy densities offered by Li-ion batteries (LIBs).
The electrification of vehicles is also projected to rise expo-
nentially in the next decades. Another large-scale application of
LIBs is the stationary electrical energy storage (EES) in smart
grids to store renewable energy, such as wind and solar, an
important step to alleviate the problems of global warming.
Since the size of stationary storage in grids is of several MW h,
such large-scale projects using LIBs would rapidly increase the
demand for Li.* This may disrupt the supply chain of Li, given
the low abundance and the associated geopolitical issues in the
production of lithium, which in turn may trigger a tremendous
escalation of Li cost. Hence, the focus on alternative energy
storage technologies using other alkali ions as charge carriers
has increased recently. In particular, Na-ion batteries (SIBs) are
actively studied owing to the global uniform distribution and
high abundance of sodium resources, and an energy storage
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mechanism similar to that of LIBs has helped in a rapid prog-
ress in the field of SIBs.*™*

Exploration and development of suitable positive and nega-
tive electrode materials for the reversible Na storage with high
energy density and at low-cost are vital for the extensive
commercialization of SIBs. Hard carbon, as a promising nega-
tive electrode material for Na-ion batteries, delivers a high
capacity of >300 mA h g~ .5 Thus, the energy density of prac-
tical SIBs depends on the performance of positive electrodes. Of
the various prospective candidates such as layered transition
metal oxides”® and polyanionic frameworks,’ vanadium con-
taining phosphates and fluorophosphates such as
NazV,(PO,4)3,'° NaVOPO,," ™ NaVPO,F (ref. 15 and 16) and
NazV,(PO,),F; (ref. 17 and 18) have attracted huge attention due
to their satisfactory capacity, high redox potentials and ultra-
long cycle life. To understand the structural differences in the
frameworks, various polymorphs of NaVOPO, have been
studied and compared by Aparicio et al. They reported that
layered o;-NaVOPO, with tunnels in the layer exhibits high ionic
conductivity due to the high mobility of Na* ions and 3D Na
diffusion pathways with low activation energy which facilitate
better Na-storage properties.”> For the structural similarity,
hybrid inorganic-organic open framework materials such as
Na,[(VOHPO,),(C,0,)]-2H,0 (x = 3, 4) are interesting candi-
dates for SIB positive electrodes since they have a layered
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structure with tunnels in the layer and suitable interplanar
distance to host the large Na' ions.?! These metal-organic
phosphate/phosphite open frameworks (MOPOFs) were re-
ported earlier as reversible Li-ion and K-ion hosts with excellent
electrochemical properties.”** For example, K-half cells with
the rGO/K,[(VOHPO,),(C,0,4)] composite as a positive electrode
delivered a reversible capacity of >100 mA h g~ at an average
voltage of ~3.85 V and a superior rate performance.* In addi-
tion, an oxalate sulphate framework material, Na,Fe(C,0,)
SO,-H,0, demonstrated 3 V operation as a positive electrode for
SIBs.?* With two distinct channels of 5.907 and 4.126 A, the
material demonstrates facile Na migration and delivered
a capacity close to its theoretical value of 88 mA h ¢~ " and good
cycle stability over 500 cycles.

Herein, we propose a phosphite based layered open frame-
work, Na,[(VOHPO;),(C,0,)]-2H,0 (NVPox), as a novel positive
electrode material for Na-ion batteries. The material was
prepared by a facile room temperature precipitation synthesis
and is scalable. Owing to the combined inductive effects of the
oxalate***® and phosphite ligands on vanadium, the material
results in an average discharge voltage of 3.65 V which is higher
than the 3.4 V of NavOPO, for the same V**/V®* redox couple in
non-aqueous Na cells. A high discharge capacity of
101 mA h g~ * at 0.1C rate and a superior rate performance of
80 mA h g~ " at 10C were delivered by the material. The material
demonstrated long-term cycling stability for 1000 cycles with
62% capacity retention at 2C rate.

Experimental
Synthesis

Na,[(VOHPO;),(C,0,)]- 2H,0 was prepared in an earlier study
by a hydrothermal synthesis at 120 °C for 3 days using V,Os,
oxalic acid, NaOH, and H;PO,.** In this study, the material has
been prepared at room temperature as reported for another
MOPOF material, K,[(VOHPO,),(C,0,)]-6H,0.>* 10 mmol of
V,0s5, 20 mmol of tartaric acid, 20 mmol of NaOH and 100 mmol
of H;PO; were dissolved in deionized water by sonication and
the resulting blue solution was stirred at room temperature for
12 h. After slow evaporation of the solvent from the reaction
mixture under ambient conditions, a green precipitate of NVPox
was obtained. The suspension was filtered and the residue of
the green NVPox was washed with deionized water and dried in
air at room temperature. To improve the crystallinity, the
material was reheated solvothermally in isopropyl alcohol at
150 °C for 2 h and thus obtained NVPox is referred from here on
as p-NVPox. The pristine material was ball-milled with acetylene
black using ZrO, balls at 300 rpm for 6 h resulting in a black
powder which is referred from here on as bm-NVPox.

Characterization

Structure of the prepared samples was analysed by powder X-ray
diffraction (PXRD) using a Rigaku SmartLab diffractometer with
Ni-filtered Cu-Ka radiation. The obtained XRD pattern was
fitted by the Pawley method using TOPAS software. Morphology
of the materials was studied using a scanning electron
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microscope (FE-SEM, JEOL, 4500 FE). The thermal behaviour of
as-synthesized NVPox was tested by thermogravimetric analysis
using a DTG-60, Shimadzu Corporation, Japan. The electronic
conductivity of the samples was determined using a Loresta-GX
MCP-T700 resistivity meter. In this study, pellets of the material
with a uniform surface were prepared without any binder. The
thickness and diameter of the pellets were ~1.5 mm and 10
mm, respectively. The instrument uses a 4-pin probe which
directly measures the electronic conductivity. The particle size
of the samples was measured using a LA-350 laser diffraction
particle size distribution analyser, Horiba, Japan. Samples were
dispersed in water by ultrasonication for 2 min and used for the
particle size measurement.

Electrochemical measurements were carried out with NVPox
working electrodes fabricated from an aqueous slurry contain-
ing 7:2:1 ratio of the active material, acetylene black and
sodium polyacrylate (PANa) binder. The amount of conducting
carbon in the electrodes of p-NVPox and bm-NVPox was the
same. However, acetylene black and the active material were
ball-milled in the case of bm-NVPox prior to electrode prepa-
ration. Coin cells (R 2032) were assembled in an Ar-filled glove
box with the prepared electrodes, sodium metal foil as the
counter electrode, 1 M NaPF, dissolved in EC : PC (1: 1 v/v) as
the electrolyte and a glass fiber filter (GB-100R, ADVANTEC) as
the separator. Similarly, Li-cells and K-cells were fabricated
using lithium and potassium metal foils, respectively, as the
counter electrodes. 1 M LiPFs and 1 M KPF¢ dissolved in
EC : DEC (1 : 1 v/v) were used as electrolytes for Li- and K-cells,
respectively. Na-ion full cells were fabricated as coin cells with
bm-NVPox as the positive electrode and carbon coated NaTi,(-
PO,); (NTP) as the counter (negative) electrode with a capacity
ratio of 0.8 : 1 (positive : negative). Structural changes of NVPox
during the charge/discharge tests were examined using an
operando XRD technique with a two-electrode cell (Rigaku Co.,
Ltd.). Electrochemical impedance spectroscopy measurements
were carried out in a frequency range of 200 kHz to 0.01 Hz
using a VMP3 potentiostat (Biologic). The Nyquist plots were
fitted with an equivalent circuit using ZView software (Scribner).

Results and discussion
Crystal structure

X-Ray powder diffraction pattern of p-NVPox is shown in Fig. 1a.
The XRD data show that the structure is similar to that of the
hydrothermally obtained Na,[(VOHPO;),(C,0,)]-2H,0, re-
ported earlier** and without any impurity phases. Whole powder
pattern fitting of the peaks by the Pawley method indicates that
it can be well indexed to a triclinic lattice of the P1 space group.
The lattice parameters were calculated as @ = 6.3257(10) A, b =
6.7612(10) A, ¢ = 8.0855(16) A, « = 104.997(8)°, f =
101.636(16)°, and y = 98.975(11)°, which are close to the
previously reported values. The material has a layered open-
framework structure consisting of two-dimensional anionic
sheets of [(VOHPO;)(C,0,)], stacked along the b-axis with Na*
ions and H,O in the interlayer space (shown in Fig. 1c). The
anionic sheet (shown in Fig. 1d) parallel to the (01—1) plane is
composed of the one-dimensional chains of VOHPO; along the

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ta10517a

Open Access Article. Published on 13 January 2021. Downloaded on 1/22/2026 10:06:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Journal of Materials Chemistry A
. = o Observed
=1 = Calculated
d — o o  — Difference”
- 8 ~ | Bragg position
>
=
)
¢ (a)
(]
whd
£
. L1l II]III_III
10
Fig. 1 (a) Whole pattern fitting results (Pawley method) of the XRD pattern of p-NVPox. Red circles represent the experimental values while the

calculated pattern is shown as blue lines. The black line represents the difference between the calculated and observed intensities. The vertical
bars correspond to the positions of Bragg reflections. (b) The SEM image of p-NVPox. (c and d) Schematic illustrations of crystal structures for
Na[(VOHPO3),(C,04)1- 2H,0; (c) the layered structure with Na* ions in the interlayer space (H,O in the interlayers is not shown for clarity) and (d)
the intralayer structure of the [(VOHPO3),(C,04)] sheet parallel to the (01-1) plane.

a-axis, which are interconnected by oxalate ligands to form the
2D open frameworks having a large tunnel in the sheet. In the
VOHPO; chains, VOg¢ octahedra are corner-shared with three
different (HPO,)*~ tetrahedra. The interlayer space was calcu-
lated to be 5.8 A from the peak position of 01—1 reflection in
Fig. la. Further details on the crystal structure of Na,[(-
VOHPO3),(C,0,)]-2H,0 can be found in a previous paper.>* TGA
of the material (shown in Fig. S11) infers that the dehydration
occurs in two steps with formation of an intermediate mono-
hydrate compound. While the first dehydration occurs at 80-
125 °C, the subsequent dehydration happens at 170-220 °C. The
TGA also infers that the oxalate group decomposes at temper-
atures of >360 °C, indicating its good thermal stability. The SEM
image of p-NVPox (Fig. 1b) demonstrates that the material
contains primary particles with plate-like morphology which
aggregate to form secondary particles with a size of several
microns.

Electrochemical Na extraction/insertion

The Na extraction/insertion performance of the layered NVPox
was investigated using Na half-cells at a current density of
11 mA g ' (~0.1C) in the potential range of 2.0-4.3 V vs. Na.
Charge-discharge profiles of p-NVPox for selected cycles are
shown in Fig. 2a. The charge processes, during which Na* ion
extraction and the simultaneous oxidation of V** to V** should
occur, are characterized by three distinct plateaus at 3.58, 3.82
and 3.97 V in Fig. 2a and from the peaks in the corresponding

This journal is © The Royal Society of Chemistry 2021

dQ/dVv plot (Fig. 3a). However, the discharge processes involve
the insertion of Na into the framework in two steps at 3.73 V and
3.49 V (Fig. 2a). The difference in the number of charge and
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Fig.2 (a) Charge—discharge profiles for selected cycles of p-NVPox at
0.1C current rate in the potential range of 2.0-4.3 V and (b)
comparison of the cycling stability of p-NVPox and bm-NVPox at 0.1C
rate.

J. Mater. Chem. A, 2021, 9, 5045-5052 | 5047


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ta10517a

Open Access Article. Published on 13 January 2021. Downloaded on 1/22/2026 10:06:33 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

400 F l\

200 | .

2 M

-200 | Vi
- 400 [ Na- cell
> RS FErEEd S B S8 T
T 20 25 30 35 40 45
(@))
é 200 F

i &

Swf (b)) A
~ 0 [ eoee oy
0L K- cell '\ Y
%'200"-...l...nl....l.nn.ln-n.
< 20 25 30 35 40 45
O
©

100 [

N,
100 - 1 i- cell ]
'200 = 1 ol g L 1

20 25 30 35 40 45
E/Vvs.A
(A=Li, Na, K)

Fig. 3 The dQ/dV plots of p-NVPox in (a) Na, (b) K and (c) Li cells for
the 10" cycle.

discharge plateaus can be inferred as the difference in the
number of intermediate compositions formed during the
charge/discharge. A similar phenomenon was reported for the
NaFePO, phase in Na cells, in which an intermediate compo-
sition of Nay ;FePO, was formed during the charge processes
while the discharge processes happened without any interme-
diate composition.?>* The initial discharge capacity of p-NVPox
was 101 mA h g™, which is reasonably close to the theoretical
capacity of 115 mA h g~ . However, the initial charge capacity of
177 mA h g~ ' is higher than the theoretical capacity. The excess
oxidative capacity may be attributed to the side reactions of the
material with the electrolyte.** As shown in the dQ/dV plots of
charge curves (Fig. S27), the intensity of the 3.97 V peak
decreases from the 1% cycle to the 4™ cycle which can be
attributed to the side reaction with the electrolyte.

To compare the Li- and K-insertion properties of the mate-
rial, Li//p-NVPox and K//p-NVPox half-cells were cycled at 0.1C.
During the initial charge, Na' ions are removed from the
framework while the initial discharge predominantly involves
the insertion of Li and K in the Li- and K-cells, respectively.
Charge/discharge curves of the material in the three half-cells
and the dQ/dV plots of the 10™ cycle are compared in Fig. S31
and 3a-c, respectively. The dQ/dV plots indicate that the Li
insertion/extraction into/from the framework happens at
a higher potential than in Na cells. Similarly, a higher potential
was observed for the same redox couple during K insertion/
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extraction. Average discharge voltages of 3.76 V and 3.75 V
were exhibited by the Li- and K- half cells which is ~0.12 V
higher than that of Na-half cells. However, the discharge
capacities of Na cells were higher than those of the Li- and K-
cells (Fig. 2a and S47). From the dQ/dV curves in Fig. 3a-c, it is
found that the number of plateaus in the discharge curves
increases in the order of Li < Na < K and a similar trend is re-
ported for layered transition metal oxide cathode materials.*

During the initial cycles of p-NVPox, high capacities of
~100 mA h g~' were demonstrated which gradually fades
during the cycling. At the end of 100 cycles, a discharge capacity
of only 53 mA h g~ " was delivered by the p-NVPox electrodes as
shown in Fig. 2b. The inferior cycling stability may be linked to
the poor electronic conductivity of the material (2 X
1077 S cm™ ). In earlier reports of MOPOF materials in Li and K
cells, improvement in the cycling stability was achieved through
enhancement of electronic conduction in the electrode by
compositing with reduced graphene oxide (rGO).>** Since
NVPox was prepared in this study by a slow precipitation
method, compositing with rGO would result in an inhomoge-
neous mixture of NVPox and rGO. Therefore, an alternative
process was adopted to improve the electronic conductivity of
NVPox. The pristine material was ball-milled with acetylene
black at 300 rpm for 6 h. The bm-NVPox exhibits a high elec-
tronic conductivity of 2.05 x 10" S cm™'. This ball-milling
process did not induce any phase change as confirmed by the
XRD pattern of bm-NVPox (Fig. S51). However, broadening of
the peaks infers that the crystallite size was mechanically
reduced due to the milling. This is further supported by the
SEM micrographs (Fig. S6f) and particle size distribution
measurements (Fig. S7t) indicating a decrease in the size of
aggregated particles. As shown in Fig. 2b and S8,7 bm-NVPox
exhibited better cycling stability. The discharge capacity of
bm-NVPox for the initial cycles was ~93 mA h g~ " and after 100
cycles, a discharge capacity of 81 mA h g~" was retained. In
comparison, the p-NVPox electrodes demonstrated a poor
capacity retention of only 53 mA h g~' after 100 cycles at the
same current density. The improvement in the capacity of bm-
NVPox can be attributed to the following two factors. The
average particle size of Na,[(VOHPO3),(C,0,4)]-2H,0 is smaller
in bm-NVPox as observed from the particle size measurement
and SEM micrographs. In addition, the ball-milling results in
improved contact of NVPox and acetylene black carbon due to
the smaller particle size of NVPox, enhancing the electronic
conductivity.

To further investigate the improved performance of bm-
NVPox, EIS measurements of p-NVPox and bm-NVPox were
carried out. Nyquist plots (Z, vs. Zin) of the two electrodes are
compared in Fig. 4a. Fitting of these Nyquist plots with an
equivalent circuit (show in the inset of Fig. 4a) reveals that the
charge transfer resistances (R.) of p-NVPox and bm-NVPox
electrodes were 475 and 203 Q, respectively. The significant
decrease in the resistance after the ball-milling shows the
improved electronic conductivity of the material. The bm-
NVPox electrodes also exhibited lower R . than p-NVPox at the
charged state (4.3 V) and the discharged state (2.0 V) as shown
in Fig. 9.1 The Na*-ion diffusion coefficient in the material was

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 (a) Nyquist plots of p-NVPox and bm-NVPox before cycling,

and (b) Ze vs. w2 plots of p-NVPox and bm-NVPox before cycling.

calculated by determining the Warburg coefficients (¢) from the
low-angular frequencies of the impedance spectra. The slope of
a linear plot of Z. versus the reciprocal root-square of the
angular frequencies (w %) gives the Warburg coefficient.
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Fig. 4b compares the Z, vs. @ *? plots of p-NVPox and bm-
NVPox electrodes. Using the calculated slope (o) values, the
diffusion coefficient (Dy,) can be deduced from eqn (1).
RT?

Dng= — o
N D 2 FAC2 g2

(1)
where R is the gas constant, T is the absolute temperature, F is
the Faraday's constant, A is the geometrical electrode area, n is
the number of electrons per molecule, and C is the molar
concentration of Na* ions. The Dy, of bm-NVPox (3.14 x 10~ **
ecm” s~ ') was nearly twice that of p-NVPox (1.7 x 10~ " cm®s™ ).
The downsizing and modifying crystallinity of NVPox particles
by ball-milling could result in a faster Na*-ion diffusivity in the
bm-NVPox. Thus, the bm-NVPox electrodes exhibit lower charge
transfer resistance and higher diffusion coefficients in the
framework.

Rate capability

The rate performance of the bm-NVPox electrodes in Na cells
was examined at different current rates ranging from 0.2C to
10C (1C corresponds to 115 mA g~ ') on discharge. The charge
current was kept constant at 11 mA g~ throughout the cycling.
Fig. 5a shows the comparison of discharge curves of the bm-
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Fig. 5 Rate capability and long-term cycling of NVPox: (a) discharge profiles of bm-NVPox at current rates of 0.2, 0.5, 1, 2, 5 and 10C; (b)
comparison of capacity retention of p-NVPox and bm-NVPox at these current rates; and (c) capacity retention plots of bm-NVPox at 2C rate for
1000 cycles. The inset figure in (c) shows the dQ/dV plots of discharge curves of selected cycles.
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NVPox electrode at these rates. The ball-milled sample
demonstrated a better rate capability than the p-NVPox elec-
trodes (Fig. 5b). The bm-NVPox electrode delivered higher
reversible capacities of 91, 88, 86, 84, 82 and 80 mA h g’1 at 0.2,
0.5, 1, 2, 5, and 10C rates, respectively, compared to 90, 83, 74,
64, 57 and 34 mA h g~ ' of the p-NVPox electrode (Fig. S101 and
5b). When the rate was reduced to 0.2C, both bm-NVPox and p-
NVPox delivered 86 mA h g~ which corresponds to ~95% of
initial discharge capacity. The excellent capacity retention of the
bm-NVPox electrodes, at high current rates of up to 10C, high-
lights the facile Na-ion migration in the framework.

Long-term cycling

The long-term cyclability of the material was evaluated at
a current rate of 2C. Both the charge and the discharge
processes were carried out at 2C rate with a constant voltage
charging step at 4.3 V for 15 min. As shown in Fig. 5c, the
capacity of the bm-NVPox electrode for initial cycles was
~80 mA h g '. The capacity gradually decreases during the
cycling and a capacity retention of 62% was observed after 1000
cycles. Throughout the cycling of bm-NVPox, the average
discharge voltage remained at 3.6 V (as shown in the inset of
Fig. 5¢). In contrast, p-NVPox demonstrated a poor cycling
stability at 2C rate as shown in Fig. S11.1 The capacity fading of
p-NVPox is more pronounced at 2C rate than at 0.1C rate,
delivering only 17 mA h g ' after 200 cycles. The excellent
voltage stability and high capacity retention of bm-NVPox
demonstrate the stability of the layered open framework struc-
ture during the long-term cycling.

Structural evolution

Structural evolution of NVPox during the sodiation/de-sodiation
was studied by operando XRD using an in situ XRD cell assem-
bled in the Na//p-NVPox cell configuration. Contour maps of the
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Fig. 6 Structural evolution during Na extraction/insertion from/into
p-NVPox: (a) contour maps of operando XRD during the first cycle for
selected 26 regions and (b) Charge—-discharge profile during the
operando XRD measurement.
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XRD patterns of the first cycle for selected 26 regions are shown
in Fig. 6a and the corresponding charge-discharge profile is
shown in Fig. 6b. Using differential voltage (dV/dQ) analysis of
the first charge curve (Fig. S1271), it is estimated that a single-
phase domain exists in region I (Fig. 6b). In this region, Na
extraction from the framework results in a solid solution and
111, 2—10 and 102 Bragg peaks initially observed at 26 = 28.9°,
30.1°, and 31.2°, respectively, shift to higher angles. It is fol-
lowed by a biphasic reaction (region II) and a monophasic
reaction (region III) to form intermediate materials, Nay (-
VOHPO;),(C,0,)]-2H,0. Since the peak positions are closer to
the initial phase, it is estimated that the structure of the inter-
mediate phases is similar to the initial phase. Upon further Na
extraction, another biphasic reaction proceeds in region IV. The
region is characterized by increasing intensities of peaks at
16.9,17.6, 19.6, 30.4, and 31.6°, which can be assigned to the de-
sodiated phase, [(VOHPO3),(C,04)]-2H,0. The decrease in the
interplanar distance upon charging is inferred by the higher-
angle shift of the 01—1 peak. The side reaction of the material
with the electrolyte, which results in a large irreversible
capacity, overlaps in region IV. As seen in Fig. S12 and S13,7 the
capacity in the plateau region at 3.97 V is larger during the
operando XRD measurement than in coin cells. The fact indi-
cates that the side reactions with the electrolyte are more
pronounced in the in situ cell configuration compared to coin
cells due to the more complicated internal structure of the in
situ cell and very slow in situ operation at a low current density.
During the first discharge, the intensity of the peaks at 17.6 and
19.6° assigned to the [(VOHPO3),(C,0,4)]-2H,0 phase decreases
with increasing amount of Na. This is indicative of a biphasic
reaction in region V, and the de-sodiated phase coexists with an
intermediate phase Na,,[(VOHPO;),(C,0,)]-2H,0. Followed by
this two-phase domain, there is a monophasic region until the
lower cut-off voltage (region VI). At the end of discharge, the
peak position of the main diffraction peaks is slightly different
from that of the initial phase. However, an ex situ XRD pattern at
the discharged state (Fig. S14f) displays almost the same
pattern as that of the pristine electrode. The fact indicates that
the structural changes during Na extraction and insertion are
completely reversible. The different peak position at the end of
the first discharge in the operando XRD pattern may be
explained by incomplete Na-insertion as only the higher-voltage
plateau region was observed in the initial discharge curve
during the operando measurement. During the second cycle
(Fig. S157), the charged state has the same interplanar distance
as the first charge as inferred from the peak position at 17.6° for
both cycles. However, due to the significantly low intensities of
the peaks and closely related structures of the intermediate
phases, it is difficult to understand the complete mechanism of
Na storage in the material with the current data. Measurements
with synchrotron XRD or neutron diffraction may provide
further insight into the mechanism.

Full cells

To evaluate the feasibility of the material for application in Na-
ion full cells, coin cells were fabricated using bm-NVPox as the

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Demonstration of full cells of NVPox: (a) Charge—discharge
profiles for the first three cycles of the NTP//bm-NVPox cell at
a current rate of 0.1C; (b) capacity retention plot at 1C rate (the
capacity is calculated based on the weight of the positive electrode).

positive electrode and carbon coated NaTi,(PO,); (NTP) as the
negative electrode. Fig. S16f shows the charge-discharge
profiles of the NTP electrode in Na half-cells. The half-cells
delivered a reversible capacity of ~104 mA h g~ ' at 2.1 V vs.
Na with good capacity retention (shown in Fig. S171) indicating
its suitability as a negative electrode for full cell studies. Voltage
profiles of the full cell NTP//bm-NVPox cycled at a current rate of
0.1C are shown in Fig. 7a. In the first cycle, a discharge capacity
of 71 mA h ¢~ was obtained. Charge capacities of the initial few
cycles were higher as noticed in the half-cells. The current rate
was increased to 1C after 5 cycles and the discharge capacity
decreased slightly to 65 mA h g~ . The full cell manifests a good
capacity retention as shown in Fig. 7b, delivering 61 mA h g~*
after 50 cycles at 1C rate.

Conclusions

A vanadium based hybrid inorganic-organic open framework
material, Na,[(VOHPO;),(C,0,)]-2H,0, with a layered structure
was investigated as a Na insertion positive electrode for the first
time. It was prepared via a room temperature precipitation
method which enables scaling-up. A high discharge capacity of
101 mA h g~ ' was delivered by Na-half cells at an average
discharge voltage of 3.65 V which is slightly higher than the
working potential of the pure inorganic material NavVOPO,
(~3.4 V) functioning on the same V**/V>" redox couple. Since
the pristine material (p-NVPox) suffered from capacity decay
due to its poor electronic conductivity, ball-milling was
employed. The bm-NVPox exhibited higher capacities at high
current rates up to 10C (80 mA h g~ ') while p-NVPox delivered
only 32 mA h g~' at 10C. In particular, the material can be
cycled over 1000 cycles with a satisfactory retention rate of 62%

This journal is © The Royal Society of Chemistry 2021
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at a high rate of 2C. The enhanced performance of bm-NVPox
electrodes can be attributed to the enhanced -electronic
conductivity and faster Na diffusion due to smaller particles and
modified crystallinity. The feasibility of the full cell was also
demonstrated using NaTi,(PO,); as the counter electrode. The
NTP//bm-NVPox full cells exhibited discharge capacities of 71
and 65 mA h g™' at current rates of 0.1C and 1C, respectively,
with good capacity retention for 50 cycles.
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