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ABSTRACT: Mixed polyanionic compounds have been studied
extensively as viable cathode materials for sodium-ion batteries.
Mixed phosphates, Na,M;(PO,),P,0, (M = Mn”} Fe’} Co®™",
Ni*"), provide a low barrier for Na-ion diffusion, b eing advanta-
geous in comparison to phosphates and pyrophosphates. The
reported order of sodium extraction is ambiguous and remains
unclear. Despite being structurally similar, electrochemical
performance differs f or all f our a nalogues w ith d ifferent degrees
of (de)sodiation, according to the transition element present. Here,
high-temperature oxide melt solution calorimetry has been used to
establish the relation between thermodynamic phase stability and
observed capacity for this series of mixed phosphates. Thermody-
namic phase stability largely depends on the kind of structure, type
of bonding, and size of the cations present. So, according to our results, the thermodynamic phase stability follows the order
Na,Mn;(PO,),P,0, > Na,Fe,(PO,),P,0, > Na,Co,(PO,),P,0, > Na,Niy(PO,),P,0,. The thermodynamic studies serve as
guidelines for the selection of compositions with the potential for fabricating advanced cathode materials with maximum
performance.
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INTRODUCTION

Mixed phosphates with a general formula of
Na,M;,(PO,),P,0, (M = Mn?*, Fe¥, Co**, Ni**) are a
promising class of polyanionic materials that can be used as
cathodes for Na-ion batteries (NIBs). They have garnered
attention because of the presence of low migration barriers and
are advantageous as compared to simpler phosphates or
pyrophosphates.' ™ They provide three-dimensional diffusion,
high operating voltage, and small volume change during
electrochemical cycling with the persistence of the structure. In
the Fe analogue, Fe*?/Fe™® redox leads to a higher value of
voltage (3.1 V) than for NaFePO,, Na,FeP,0, and
Na,FePO,F.*™° The higher operating voltage is attributed to
the inductive effect via the constituent phosphate and

that of sodium metal phosphates, NaMPO,.""~"* According to
first-principles calculations, it is possible to exchange all four
Na* ions in the cobalt analogue Na,Cos(PO,),P,0;, where
during the last sodium deinsertion, electron transfer happens
from the oxygen sublattice instead of by Co™*/Co**
oxidation."> However, there is a narrowing of the channel
during the last sodium-ion deinsertion. Large volume changes
accompany the deinsertion at around 4.83 V, where the
stability of the electrolyte also becomes an issue.’ The
theoretical capacity of Na,Co4(PO,),P,0; is calculated to be
~170 mAh/g, considering possible four Na*-ion deinsertion.
For the iron analogue Na,Fe;(PO,),P,0,, theoretical capacity
(129 mAh/g) is calculated based on three sodium-ion

pyrophosphate groups. With the presence of more polyanionic
units, a greater number of resonating structures are possible,
which weakens the M—O covalent bond. So, there is a shorter
distance between bonding and antibonding orbitals, which
leads to a slightly higher voltage.7 The redox potential can also
be altered by changing the transition metal. Replacing Fe**
with Mn**, Co*, or Ni** increases the redox potential. The
iron analogue Na,Fe;(PO,),P,0; also shows less volume
change during Na-ion (de)insertion (<4%) than NaFePO,
(17%).° Degradation by moisture attack is also not observed in
these mixed phosphates.’

Theoretically, if all four sodium ions are exchanged in
Na,M,(PO,),P,0,, the capacity obtained will be higher than

deinsertion, which is due to the narrowing of Na tunnels
after the third Na-ion extraction and the improbable oxidation
of Fe*? to Fe*™. Similar theoretical capacity calculations based
on three sodium-ion (de)insertion have been reported for Mn
and Ni analogues as well. >
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Mixed phosphates, Na,M;(PO,),P,0, (M = Mn*', Fe*,
Co*, Ni?*), are isostructural with an orthorhombic Pn2,a
space group with sl'6ght changes in cell volume (Mn > Fe > Co

> Ni) (Table 1)."*° It consists of [M;P,0,,], alternate double

Table 1. Space Group, Unit Cell Volume, Ionic Radius
(M?*), and Discharge Capacity

Tonic Unit cell Discharge
radius Space volume capacity
Sample (pm) group (A% (mAh/g)
Na,Mn;(PO,),P,0, 83 Pn2,a 1286.80 1217
Na,Fe,(PO,),P,0, 78 Pn2ja 1260.53 121%
Na,Co,(PO,),P,0, 74.5 Pn2,a 1236.73 95!
Na,Ni,(PO,),P,0, 69 Pn2,a 1194.30 51%°

layers with corner-sharing and edge-sharing PO, tetrahedra
and MOy octahedra, present parallel to the bc plane. The
double layers are connected along the g-axis by pyrophosphate
(P,0;) groups, which act as pillars to provide structural
stability. A tunnel network is formed due to this linkage along
the three crystallographic directions ([100], [010], [001])
containing Na cations. The transition metal occupies three
distinct sites, and sodium ions are in four different crystallo-
graphic sites connected by three different channels (A, B and

C) along the three axes (Figure 1i). Na(1) and Na(2) have a
curved pathway, while Na(3) and Na(4) have a linear
pathway.”'* The coordination number for Na ranges from 3
to 7, with the Na ion with a lower coordination number
extracted first. This leads to a steep discharge profile and
multiple redox peaks in the electrochemical curves (Figure
1k1). The discharge potential for Na,M;(PO,),P,0, (M =
Mn**, Fe?*, Co?*, Ni**) with an M*2/M*?® redox activity is in
the order Ni > Co > Mn > Fe due to different d-orbital
splittings.” Based on the constituent transition metal present in
the Na,M;(PO,),P,0; family, average redox potential values
for sodium intercalation are Ni (4.8 V), Co (4.5 V), Mn (3.8
V), and Fe (3.1 V).°

Previous calorimetric studies from our group have provided
insights into thermodynamic influence on the structure—
property relationships in suites of battery materials. The
observed energetics and electrochemical behavior were
attributed to their structure, the difference in their ionic
radii, and the corresponding effect on bonding, acid—base
interactions, enhanced stability owing to hydration, and
polymorphic phase selection.'~>* In this paper, we have
employed high-temperature oxide melt solution calorimetry to
measure enthalpies of formation to elucidate the observed
electrochemical behavior in the Na,M;(PO,),P,0, family. We
found a strong correlation between the energetic stability and
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Figure 1. (a—d) Rietveld refinement of XRD patterns of Na,M;(PO,),P,0, (M = Mn**, Fe?*, Co**, Ni**) made by solution combustion synthesis.
Experimental data points (orange), calculated pattern (black), their difference (olive green), and Bragg reflections (blue ticks) are shown. (e—h)
SEM images of the mixed phosphate analogues indicating porous particles, their size, and agglomeration. The inset shows the TEM images of the
nanometric particles (100—500 nm scale). (i) Structural illustration of Na,M;(PO,),P,0, with pyrophosphate linkages. MOy octahedra (green),
PO,/P,0; tetrahedra (orange), oxygen (red), and sodium (yellow) atoms are shown. (j) Comparison of theoretical and experimental capacity. (k,
1) Representative galvanostatic (dis)charge voltage profiles for Na,M;(PO,),P,0, (M = Fe**, Co*").
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ionic radii of the transition metal (M = Mn?*, Fe**, Co*,
Ni**), which provides insights into the observed trend in

capacity.

EXPERIMENTAL METHODS

Synthesis and Characterization. Na,M,(PO,),P,0, (M

= Fe™, Co®, Ni**) materials were prepared by solution
combustion synthesis (SCS) using different precursors.
Stoichiometric proportions (1:1) of sodium dihydrogen
phosphate (NaH,PO,-H,0) and different nitrate precursors
for each analogue along with ascorbic acid were dissolved in
distilled water with thorough mixing to make a homogenous
solution. Ascorbic acid acted as fuel as well as a reducing agent.
The precursor solution was heated at 120 °C to evaporate
excess water, and the temperature was then increased to 300
°C to start the exothermic combustion reaction. Gradual
release of gases was observed, leading to a porous amorphous
intermediate product that was ground, pressed into pellets, and
calcined in a tubular furnace at 600 °C for S h (for Co, Ni
analogues) and 600 °C for 12 h (for Fe analogue) under steady
Ar flow to get the final products. For Na,Mn,(PO,),P,0,, a
conventional solid-state reaction was followed.”” Stoichiomet-
ric amounts of MnC,0,-2H,0, Na,P,0,, and NH,H,PO,
were mixed together by wet ball-milling in acetone media at
400 rpm for 12 h. The slurry was dried at 70 °C for 12 h, and
the resulting mixture was calcined at 300 °C for 6 h in air. The
as-obtained intermediate powder was pelletized and calcined at
600 °C for 6 h (in air) to yield the final product.

For the as-synthesized mixed polyanionic materials, powder
X-ray diffraction (XRD) patterns were collected with a
PANalytical X'Pert Pro diffractometer with a Cu Ka target
of a monochromatic wavelength of 4 =1.5404 A operating at
40 kV/30 mA. Diffractograms were acquired in the 26 range
10—50° with a scanning step of 0.0268°/s in Bragg—Brentano
geometry. Rietveld analysis was performed using the FullProf
program, and the structures were illustrated using VESTA
software.””** The morphology of the mixed phosphate samples
was characterized by combining a Carl Zeiss ULTRASS
FESEM scanning electron microscope (SEM) operating at S
kV and an FEI Tecnai F20 S-Twin transmission electron
microscope (TEM) operating at 200 kV.

Electrochemical Cell Testing. The pristine mixed
phosphate powder was mixed with Super-P conducting carbon
black and poly(vinylidene fluoride) (PVDF) binder in a ratio
of 8:1:1 to form the working electrode. The composition was
mixed thoroughly with N-methyl 2-pyrrolidone (NMP) to
form a thick slurry, which was coated on an aluminum foil and
dried at 80 °C under a vacuum. Prototype CR2032 type coin
cells were assembled in an Ar-filled glovebox (MBraun LabStar
GmbH, Germany) using the working electrode (cathode) and
a sodium metal foil (anode) separated by a sheet of Whatman
GF/C glass fiber separator soaked with a 1 M NaPF/ethylene
carbonate (EC)/diethyl carbonate (DEC) (1:1 (v/v))
(Kishida Chemicals, Japan) electrolyte. The electrochemical
activity of these half-cells was tested using a Neware BTS 4000
(Shenzhen, China) battery tester (at 25 °C).

High-Temperature Oxide Melt Solution Calorimetry.
High-temperature oxide melt solution calorimetry was done
using a Setaram AlexSYS Tian-Calvet twin microcalorimeter
using methods standard to our laboratory and described in
previous reports.”*>* This calorimeter allows the direct
determination of the enthalpy of formation (AH%,) of
multicomponent compounds from the binary oxides. In a

typical experiment, ~5 mg of a Na,M;(PO,),P,0; sample was
pelletized and dropped from ambient temperature into the
calorimeter at 800 °C containing the solvent molten sodium
molybdate (3Na,0-4MoQ;) in a platinum crucible. The
measured enthalpy of drop solution (AHy,) is a sum of the
sample heat content from the ambient temperature to 800 °C
and its heat of solution in the solvent at 800 °C. At least 8—10
experiments were done per sample, and the results are reported
as average values with errors reported as two standard
deviations of the mean. The calorimetry glassware was flushed
by oxygen gas at a flow rate of 65 mL/min to maintain a
constant atmosphere, and the solvent was bubbled with the
same gas at S mL/min to remove liberated evolved gases, aid
dissolution, and prevent local saturation of the solvent. The
calorimeter was calibrated using the heat content of S mg
pellets of a-Al,05 (99.997%). The details of the calorimeter
and procedures have been described previously.'”*’

RESULTS AND DISCUSSION

Structure and Electrochemical Performance. The
combustion-synthesized Na,M;(PO,),P,0, (M = Mn*,
Fe*, Co**, Ni**) powders were confirmed to be phase pure
from Rietveld refinement (Figure la—d and Tables S1—S4).
The powders were well crystallized with particle size in the
nanometric range with porous agglomerates formed in the
micrometric range (Figure le—h). The production of nano-
scale particles can be attributed to the solution combustion
synthesis (SCS) method. This method generates a substantial
amount of gaseous byproducts, causing a significant expansion
of the solid product and a rapid decrease in temperature after
the reaction is complete. These characteristics result in a final
product that is porous, finely dispersed, and nanometric. The
crystal structure for the mixed phosphate family is
orthorhombic with space group Pn2,a (Table 1). Edge- and
corner-shared MOy octahedra and PO, tetrahedra form
[M;P,0,3],, double layers parallel to the bc plane. The layers
are interconnected by P,O, (pyrophosphate groups) along the
a-direction. A three-dimensional tunnel network is formed
along three crystallographic directions [100], [010], and [001],
where sodium jons can also be hosted.

Within the mixed phosphate family, varied discharge
capacities according to the transition metal present have
been reported. Different values are attributed based on three or
four Na-ion (de)insertion. Some reports suggest the extraction
of the fourth sodium ion from Na,Co,;(PO,),P,0, (NCPP)
occurring at a high voltage of 4.8 V (vs Na), which would give
a theoretical capacity value of 170 mAh/g. Possible reasons for
this could be the Co**/Co** transition or oxidation of the
lattice oxygen."” For Na,Fe;(PO,),P,0, (NFPP), Kim et al.
highlighted the importance of the fourth sodium ion in the
stability of the orthorhombic structure. Extraction of three
sodium ions was found to be possible, indicating the
theoretical capacity value to be 129 mAh/g.'’ In accordance
with this analysis, most reports use three sodium-ion
(de)insertion to calculate the theoretical capacity for
Na,Mn;(PO,),P,0, (NMPP) and Na,Ni,(PO,),P,0,
(NNPP) as well.

Figure 1j shows theoretical capacity values for the mixed
phosphate family along with obtained experimental values. The
observed capacity for the mixed phosphates is in the order
NMPP (121 mAh/g, 2.8 Na*) = NFPP (121 mAh/g, 2.8 Na*)
> NCPP (95 mAh/g, 2.2 Na*) > NNPP (51 mAh/g, 1.3 Na*)
(Table 1). Figure S1 shows the cycling stability for



Table 2. Thermodynamic Cycles Used to Calculate Formation Enthalpies (AH®

Co?*, Ni**) at 25 °C from the Oxides”

) of Na,M,(PO,),P,0, (M = Mn**, Fe**,

f,ox.

Reaction AH
Cycle 1 (M = Co?', and Ni*")
NagM3(PO4)2P207 (s, 25 °c) = 2Na20 (stn, 800°c) + 3MO (sin, 800°c) + 2P205 (s1n, 800°C) AH;
NayO (5, 25 °c) = NazO (sin, s00°c) AH,
MO s, 25 °c) = MO (sin, 800°C) AH3
P205 s, 25 °c) = P20s (s1n, 800°C) AH4
2Na;0 (s, 25°c) + 3MO (5,25 °¢) + 2P205 (s, 25 °c) = NasM3(PO4)2P207 (s, 25 °c) AH0x

AH°qox=—AH1+ 2AH2+ 3AH3 + 2AH4

Cycle 2 (M = Fe*")

NaO (5,25 °c) = Naz2O (sin, s00°c)
FeO (s, 25°c) + 0.250; g, 25 °c) = 0.5F €203 (s1n, 800°C)
P20s5 s, 25 °c) = P20s (s1n, 800°C)

NagFe3(PO4)2P207 (s, 25°c) + 0.7503 (g, 25 °c) = 2NazO (sin, s00°c) + 1.5F€203 (stn, 800°c) T 2P205 (sin, 800°c) AH;s

2Na,O (s,25°0) T 3FeO (s,25°0) T 2P,05 (s,25°C) —> NMFC}(PO4)2P207 (s,25°C)
AH°t0x=—AHs+ 2AHs+ 3AH7 + 2AHs

AHsg
AH;
AHg
AHof,ox

Cycle 3 (M = Mn*)

NayO (s, 25 °c) = Naz2O (sin, s00°c)

MnO (s,25°C) + 0.2502 (g, 25°C) e d O.SMn203 (s, 25°C)
Mny O3 s, 25 °c) = Mn2053 (s1n, 800°C)

P20s5 (s, 25 °c) = P205 (sin, 300°)

NayMn3(PO4)2P207 (5,25 °c) + 0.7502 (g, 25 °c) = 2Naz0 (sin, s00°c) T 1.5Mn203 (sin, s00°c) + 2P205 sin, s00°c) | AHo

2Na0 (5,25 °c) + 3MnO (5,25 °c) + 0.7502 (g, 25 °c) + 2P205 (5, 25 °c) = NagFes(PO4)2P207 5, 25°c)
AH°fox=—AHo+ 2AH10+ 3AH11 + 1.5AH12 + 2AH13

AHyo
AHn
AHi2
AHj3
AHof,ox

“AH,, = AH,, = [0.5AH%, (Mn,0;()) — AH%, (MnO(,)] = —94.30 + 0.71 kJ/mol. s = solid; g = gas; sln = solution.

Table 3. Drop Solution Enthalpies (AHy,) in 3Na,0:4MoOj; at 800 °C and Calculated Formation Enthalpies from Oxides
(AH%,,) at 25 °C of Na,M;(PO,),P,0, (M = Mn**, Fe*, Co’*, Ni**) Samples”

Sample AHg, (kJ/mol)
Na,Mn;(PO,),P,0, 775.10 + 0.64
Na,Fey(PO,),P,0, 524.89 + 0.75
Na,Co,(PO,),P,0, 698.32 + 0.91
Na,Ni,(PO,),P,0, 666.94 + 0.99
Na,O —195.90 + 423"
Mn,0, 175.69 + 0.48 (7)
MnO
FeO —80.50 + 0.54 (6)
CoO 21.92 + 0.36 (8)*
NiO 45.42 + 0.58 (7)
P,0; —-153.99 + 0.68 (15)**

AH?%,, (kJ/mol)
—1494.25 + 8.78
—1466.18 + 8.75
—1332.35 + 8.68
—1230.47 + 8.80

AH%, (kJ/mol)

—959.00 + 1.00**
—385.20 + 0.50°*

“Value is the mean of the number of experiments indicated in parentheses. Two standard deviations are given as errors.

Na,Fe;(PO,),P,0, and Na,Co;(PO,),P,0, materials at a
cycling rate of C/10. Na,Mn;(PO,),P,0, delivers a discharge
capacity of 121 mAh/g at C/20 with an average redox
potential of ~3.84 V. Na,Fe;(PO,),P,0, exhibits a discharge
capacity of 121 mAh/g with an average redox potential of 3.1
V. The full capacity value is considered unachievable in the
case of Na,Co;(PO,),P,0, because of the activity of Co™>** at
4.8 V (vs Na). Na,Ni;(PO,),P,0, delivers the lowest
experimental capacity of all four due to lower ionic
conductivity and collapse of [Ni;P,0,;], layers leading to
sodium irreversibility. Due to a significant narrowing of the
channels with each sodium-ion extraction from the
Na,Ni;(PO,),P,0, material, major volume changes occur in
the structure upon desodiation as sodium atoms act as pillars
holding the [Ni;P,0,;], layers together. This can lead to the
collapse of these layers, accompanied by significant capacity
loss with each subsequent cycle.® The ionic conductivity values
of the Na,M;(PO,),P,0; family have been reported to exhibit
significant differences. At a temperature of 330 °C, the ionic

conductivity (o399) for Na,Mn;(PO,),P,0,,
Na,Co;(PO,),P,0,, and Na,Niy(PO,),P,0, is ~107%, 1075,
and 1077 S/cm, respectively.1 To better understand the
different values of capacity obtained for the four analogues
and the possibility of different degrees of (de)sodiation, we
have investigated the thermodynamic stability of this mixed
phosphate family.

Thermodynamic Studies. Thermal analysis (TG-DSC)
measurements were performed before the calorimetric
measurements to detect adsorbed water on the sample due
to exposure in the ambient atmosphere prior to calorimetric
experiments. There was no mass loss confirming the absence of
any adsorbed water on the samples.

The enthalpies of formation (AH%,,) from Na,O, the
corresponding transition metal oxide, MO (M = Mn?*, Fe?*,
Co®™, Ni**), and P,O; were calculated at 25 °C using the
thermochemical cycle in Table 2. The enthalpies of the drop
solution (AH,,) for series of Na,M;(PO,),P,0,, FeO, and
NiO were measured, and values for Na,O, CoO, Mn,03, and
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P,0; are taken from previously published work.”' ~** Enthalpy
of the drop solution of MnO is calculated using the enthalpy of
formation from elements®* for the oxidation reaction of MnO
to Mn,O; in order to maintain uniformity in assessing the
enthalpy of the formation values obtained for Fe, Co, and Ni.

The measured AHy, values for Na,M;(PO,),P,0, are
endothermic, ranging from 524.89 + 0.75 to 775.10 + 0.64
kJ/mol. The calculated AH®,, values are —1494.25 + 8.78,
—1466.18 + 8.75, —1332.35 + 8.68, and —1230.47 + 8.80 kJ/
mol, for Na,Mn;(PO,),P,0,, Na,Fe;(PO,),P,0,,
Na,Co,(PO,),P,0,, and Na,Niy(PO,),P,0,, respectively.
AH®,, values are highly exothermic, confirming the
thermodynamic stability in Na,M;(PO,),P,0, series. Table 3
and Figure 2a show the correlation of formation enthalpies
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Figure 2. Enthalpy of formation as a function of (a) ionic radius and
(b) discharge capacity for Na,M;(PO,),P,0, (M = Mn**, Fe**, Co™,
Ni**) series.

with the ionic radius; AH®,, becomes less exothermic with a
decrease in the ionic radius of the M**, attributing to stronger
M-O interaction (Figure 2a). A similar trend has been
observed in AH%,, for NaMO,'® and both monoclinic and
orthorhombic Li,M(SO,), except for Ni.**

Figure 2b shows formation enthalpy as a function of
discharge capacity. Na,Mn;(PO,),P,0; is most energetically
stable with AH®,, = —1494.25 + 8.78 kJ/mol with the highest
discharge capacity (121 mAh/g), while Na,Ni;(PO,),P,0; is
least stable with AH%,, = —1230.47 + 8.80 with the lowest
discharge capacity (51 mAh/g). The discharge capacity varies

linearly with the energetic stability of these materials. Kim et al.
attribute the high power capability and cycle stability of a
manganese-based cathode in sodium-ion cells to the unique
Jahn—Teller distortion in this material.>> Furthermore, they
show that the sodium-ion mobility in this structure is not
diminished by the structural changes induced by Jahn—Teller
distortion (Mn’*) as seen in most other manganese-based
electrodes. In contrast, mobility is enhanced due to the
distortion, which opens the sodium diffusion channels, as
shown by DFT calculations.”® A three-dimensional network for
sodium-ion diffusion is observed without an increase in the
activation barrier for Na hopping post distortion. Since ionic
mobility depends directly on the diffusion pathways, enhanced
ionic mobility is observed. This feature favors high cycle
stability and high-power performance for sodium rechargeable
batteries.”> The enhanced sodium-ion mobility allows rapid
sodium (de)insertion at various stages of charge of the
electrode. The material also shows the largest Mn>/Mn">
redox potential, i.e., 3.84 V, reported till now for manganese-
based cathodes, as well as the highest energy density of 416
Wh/kg. The high voltage is due to the strong electron-
withdrawing pyrophosphate P,0, groups with a greater
inductive effect present around the Mn octahedra. Also, in
the desodiated structure, there is a Mn">~Mn*? repulsion that
leads to destabilization of the charged stage and increases the
voltage obtained.”® Because of the high voltage and large
energy density with good cycling stability, Na,Mn;(PO,),P,0,
can be employed as a cathode material for Na-ion batteries.

CONCLUSIONS

Na,M,(PO,),(P,0;) have gained attention as potential
sodium battery cathodes owing to the fast diffusion of Na
ions with a low migration barrier and enhanced performance
compared to individual phosphate and pyrophosphate
compounds. The Na,M;(PO,),(P,0,) (M = Mn*, Fe™,
Co®, Ni*") series exhibits highly exothermic enthalpies of
formation. There is a strong correlation between the
thermodynamic stability and the ionic radius of the transition
metal. The stable Na,Mn;(PO,),(P,0,) delivers higher
discharge capacity compared to least stable
Na,Ni;(PO,),(P,0,). Thermodynamic stability relative to
binary oxides diminishes in the order Na,Mn,(PO,),P,0, >
Na,Fe;(PO,),P,0, > Na,Co;(P0O,),P,0, >
Na,Niy(PO,),P,0,. The high voltage, large energy density,
cycle stability, and the use of low-cost Mn give
Na,Mn,;(PO,),(P,0,) significant potential as a promising
cathode material for large-scale Na-ion batteries.
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