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Abstract: A novel pyrophosphate Na7Ni3Fe(P2O7)4 was synthesized in two distinct forms, single-
crystal and powder. Single-crystal X-ray diffraction was used to determine the crystal structure,
and powder X-ray diffraction and scanning electron microscopy were used to examine the purity
and morphology of the elaborated powder. This phosphate crystallizes in the P1 space group
of the triclinic system with a = 6.3677 (2) Å, b = 9.3316 (4) Å, c = 10.8478 (4) Å, α = 65.191 (1)◦,
β = 80.533 (1)◦ and γ = 73.042 (1)◦. The crystal framework is assembled from the linkage of centro-
symmetrical clusters Ni2(Ni/Fe)2P4O28. Each cluster consists of two (Fe1/Ni1)O6 octahedra, two
Ni2O6 octahedra and two P2O7 units. The linkage of these clusters is provided by two other P2O7

units to generate a three-dimensional structure with distinct tunnels in the [100], [010] and [001]
directions, housing the Na+ cations. The infrared and Raman analyses show the characteristic bands of
the pyrophosphate anion P2O7

4−. Remarkably, the magnetic investigations revealed the coexistence
of two magnetic transitions at ~29 K and ~4.5 K with dominating antiferromagnetic interactions.

Keywords: pyrophosphate; single crystal X-ray diffraction; two magnetic transitions; antiferromag-
netic behavior

1. Introduction

Inorganic materials with layered and tunnel-like structures are currently the subject of
intense research across many disciplines, most notably in solid-state chemistry. Among
these materials, transition metal phosphates offer a promising field for a variety of applica-
tions, including optical, magnetic, and electrochemical ones [1–3]. These materials exhibit
an impressively diverse range of structural types associated with various physical and
chemical properties. For example, the NASICON (sodium super ionic conductor) material
is known for its exceptional ionic conductivity [4], KTP-type compounds (KTiOPO4) are
known for their non-linear optical properties [5] and Olivine structure is favored in lithium
batteries due to its high electrochemical activity [6]. However, the basic building unit in
these phosphates is the PO4 tetrahedron. This entity has the flexibility to combine with
other PO4 tetrahedra to generate different units by exchanging oxygen atoms, like P2O7,
P3O10, and (PO3)∞. These various anionic entities give a large and diverse structural family
ranging from orthophosphates to polyphosphates [7–9].

Indeed, the focus has been recently directed toward pyrophosphate-based materials
because of their rich crystal chemistry and outstanding physical and chemical proper-
ties [10–13]. One of the most notable physical properties of pyrophosphates is their high
melting points and thermal stability. These characteristics make them ideal candidates for
employment in high-temperature applications, such as thermal insulation, solid electrolytes
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and refractory materials [14,15]. Additionally, these materials show high potential, high
safety and high specific capacity. As a matter of fact, alkali-metal pyrophosphates, specifi-
cally lithium and sodium pyrophosphates, have been investigated as cathode materials for
sodium-ion batteries (SIBs) and lithium-ion batteries (LIBs), demonstrating good electro-
chemical activity and high ionic conductivity, making them a suitable electrolyte for (LIBs)
and (SIBs). In this context, we can mention the pyrophosphates Li2FeP2O7 and Na2FeP2O7,
which represent remarkable electrochemical performance and excellent thermal stability as
cathode materials for LIBs and SIBs [10,16].

Moreover, transition metals pyrophosphates demonstrate intriguing magnetic fea-
tures. For example, the AFeP2O7, with A, is a monovalent cation (Li, Na, K Rb, Cs and
Ag) exhibited an antiferromagnetic phase transition below ambient temperature. These
materials demonstrated promising characteristics such as potential ferroelectricity in addi-
tion to magnetic ordering and even a possible magnetoelectric effect [17]. Furthermore, the
mixed-valence iron pyrophosphate Fe2P2O7 showed both ferrimagnetism and spin glass
behavior, resulting in disordered magnetic moments of Fe2+ and Fe3+ ions due to competing
exchange behavior [18]. These magnetic properties make these materials appealing for
potential applications in various magnetic device technologies. It is worth noting that the
magnetic properties vary with the specific transition metals present in the structure as
well as the overall crystal structure of these compounds. Whereas the crystal symmetry,
the coordination environment and the arrangement of transition metal ions all contribute
to determining the resulting magnetic behavior. Additionally, the presence of different
transition metals can result in distinct magnetic interactions and spin arrangements [19,20].

As part of studying the structural and magnetic features of new materials, we dis-
cuss in the present paper the synthesis of the novel sodium nickel iron pyrophosphate
Na7Ni3Fe(P2O7)4 in two distinct forms, single-crystal and powder, as well as its structural
characterization and magnetic properties.

2. Materials and Methods
2.1. Synthesis

Single crystals of the novel pyrophosphate Na7Ni3Fe(P2O7)4 were produced by melt-
ing a mixture of NaNO3 (≥99%, Merck, Darmstadt, Germany): 0.2735g, Ni(NO3)2·6H2O
(≥99%, Merck, Darmstadt, Germany): 0.4009g, Fe(NO3)3·9H2O (≥99%, AnalaR, Leuven,
Belgium): 0.1857g and NH4H2PO4 (≥99%, AnalaR, Leuven, Belgium): 0.4228g reagents in
the molar ratio of Na:Ni:Fe:P = 7:3:1:8. After dissolving the precursors in 75 mL of distilled
water, the resultant solution was stirred and held at 353 K until dryness. The collected
residue was deposited into a platinum crucible and heated in a furnace to 1163 K, where it
remained for two hours before being cooled gradually to 963 K at a rate of 5 K/h. The de-
scribed procedure yielded yellow single crystals suitable for structure determination. Addi-
tional structural details can be acquired through the joint online deposition service provided
by CCDC/FIZ Karlsruhe, accessible at https://www.ccdc.cam.ac.uk/conts/retrieving.html
(accessed on 23 May 2023) by specifying the CSD number 2264902.

The title phosphate was also elaborated as a powder by a sol-gel method, employing
the same precursors with identical masses and molar ratios employed to synthesize single
crystals. Initial preparation involved dissolving the reagents homogeneously in 75 mL of
distilled water with some drops of HNO3. Thereafter, citric acid was added to the first
solution, in the following molar ratio (Na + Fe + Ni + P): citric acid (≥99%, VWR Chemicals,
Leuven, Belgium), = 1: 1.5, to chelate the metal ions. The resulting solution was then
subjected to evaporation at 353 K to remove the water and generate highly viscous gel. The
resultant residue was deposited into an alumina crucible and underwent a series of heat
treatments, wherein the temperature was increased in steps of 473 K, 673 K, 873 K, 923 K
and, finally, 973 K, with each step lasting for 24 h. A yellow powder was acquired, and its
purity was evaluated via X-ray diffraction analysis.

https://www.ccdc.cam.ac.uk/conts/retrieving.html
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2.2. Characterizations

A suitably sized single crystal was selected under the microscope for the purpose of
conducting X-ray diffraction analysis. A Bruker D8 Venture Super DUO diffractometer that
is equipped with a PHOTON100 CMOS area-detector and monochromatic MoKα radiation
(λ = 0.71073 Å) was used to collect the diffraction data. Data collection was performed
utilizing the APEX3 software [21], and the absorption correction was conducted using the
SADABS program through multi-scan semi-empirical process [22]. The crystal structure
was initially solved by the direct method with SHELXT 2014 program [23], followed by
refinement using the SHELXL 2018 program [24] integrated into the WinGX software [25].
To generate the structural depictions, the DIAMOND software was utilized [26].

Powder X-ray diffraction analysis of the pyrophosphate Na7Ni3Fe(P2O7)4 was con-
ducted at ambient temperature utilizing a Shimadzu 6100 diffractometer with Cu Kα

radiation (λ = 1.5406 Å). The diffraction data were acquired with a step size of 0.02◦ and a
2.4◦/min scan speed covering an angular range of 10◦ ≤ 2θ ≤ 100◦. The refinement of the
experimental powder XRD pattern was performed using Rietveld method with FullProf
software package [27]. The morphology and elemental analysis of the powder sample were
analyzed using the JEOL JSM-IT100 InTouchScopeTM scanning electron microscope (SEM).

The Perkin Elmer RX-I model spectrometer was utilized to register the infrared (FT-IR)
spectrum of the Na7Ni3Fe(P2O7)4 pyrophosphate within the range of 400 to 4000 cm−1.
Additionally, a Renishaw micro-Raman spectrometer was employed to generate the Raman
spectrum within the range of 50–1300 cm−1. The data were collected using an excitation
wavelength of 532 nm to stimulate the powder, while the laser power was carefully set at
0.5 mW to avoid any potential overheating of the sample.

The magnetization versus temperature M(T) and the magnetic field versus magne-
tization M(H) data of the Na7Ni3Fe(P2O7)4 powdered sample (35.2 mg) were collected
on a Physical Property Measurements System (PPMS) DynaCool magnetometer. The
Temperature-dependent magnetization was recorded using both zero-field-cooled (ZFC)
and field-cooled on-cooling (FCC) modes, exploring the temperature range of 2–300 K with
a step size of 2 K and in various magnetic fields 0.1 kOe ≤ H ≤ 20 kOe. The isothermal
magnetization measurements were carried out by applying magnetic fields varying from
−90 kOe to 90 kOe at various temperatures ranging from 2 to 300 K. The collected data
were corrected from diamagnetism (−437.6 × 10−6 emu·mol−1).

3. Results and Discussion
3.1. Crystal Structure

The pyrophosphate Na7Ni3Fe(P2O7)4 can be considered a new member of the isostruc-
tural family, including Na3.64Ni2.18(P2O7)2, Na3.64 Mg2.18(P2O7)2 [28], Na7Mg4.5(P2O7)4 [29],
Na2.84Ag1.16Co2(P2O7)2 [30], Na3.32Fe2.34(P2O7)2 [31], Ag3.68Co2(P2O7)2 [32], Na3.12
Fe2.44(P2O7)2 [33] and Na2CoP2O7 [34]. Except for the sodium cobalt diphosphate Na2
CoP2O7, which crystallizes in the non-centrosymmetric space group P1 because of sodium’s
deviation from its special position, all the remaining materials exhibit a centrosymmetric
structure and crystallize in the P1 space group. Indeed, the Na7Ni3Fe(P2O7)4 pyrophos-
phate crystallizes in the P1 space group of the triclinic system with a = 6.3677 (2) Å,
b = 9.3316 (4) Å, c = 10.8478 (4) Å, α = 65.191 (1)◦, β = 80.533 (1)◦, γ = 73.042 (1)◦ and
V = 559.00 (4) Å3. A comparison of lattice parameters of some isostructural pyrophosphates
is presented in Table 1. In the structure of this pyrophosphate, all atoms occupy the 2i
general position of the P1 space group, excluding for Na2 cation, which is sited in the 1b
special Wyckoff position. Importantly, the sites of Na, Ni2, P and O atoms are completely
filled, while the Fe1 and Ni1 atoms share equally the 2i Wyckoff position with an occupancy
of 50% each. The final structural model results in the following stoichiometric formula
Na7Ni3Fe(P2O7)4. The obtained low values of the reliability factors attest to the efficacy
of this structural model with R = 2.6%, wR = 6.6% and S = 1.09. A summary of the crystal
data and parameters obtained from the structure refinement of this phosphate is provided
in Table S1 (Supporting Information). The final atomic coordinates and bond valence
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sum calculations (BVS) can be found in Table S2, the anisotropic atomic displacement
parameters and the selected bond distances and angles are displayed in Tables S3 and S4,
respectively. The bond valence sums are in line with the expected oxidation state of each
atom in the structure.

Table 1. Lattice parameters comparison of some reported Na7Ni3Fe(P2O7)4 isotypes.

Compounds
Lattice Parameters

Space Group Ref.
a (Å) b (Å) c (Å) α (◦) β (◦) γ (◦)

Na7Mg4.5(P2O7)4 6.3932 (7) 9.4219 (10) 10.9116 (10) 64.711 (7) 80.374 (8) 73.543 (7) P1 [29]
Na3.32Fe2.34(P2O7)2 6.4106 (6) 9.3948 (0) 10.9795 (6) 64.965 (1) 86.005 (0) 73.054 (8) P1 [31]
Ag3.68Co2(P2O7)2 6.521 (4) 9.623 (6) 10.969 (7) 64.23 (2) 80.14 (3) 72.10 (2) P1 [32]

Na3.12Fe2.44(P2O7)2 6.424 (2) 9.440 (1) 10.981 (2) 64.77 (1) 86.21 (2) 73.13 (2) P1 [33]
Na7Ni3Fe(P2O7)4 6.3677 (2) 9.3316 (4) 10.8478 (4) 65.191 (1) 80.533 (1) 73.042 (1) P1 This work

In the structure of this phosphate, the two P2O7 groups each adopt an almost eclipsed
configuration and the angles P(1)-O(3)-P(3)ix and P(2)-O(8)-P(4)VI of 132.97 (8)◦, 124.54 (7)◦,
respectively. However, we note that the P(1)O4 and P(2)O4 tetrahedra are more regular
than the P(3)O4 and P(4)O4 tetrahedra (see Table S4). Moreover, the structure of this
phosphate consists of two octahedra (Fe1/Ni1)O6 and Ni2O6 sharing a corner and form-
ing the Ni(Fe/Ni)O11 group. The latter is connected on one side to the P2O7 group by
sharing an edge, while on the other side, the Ni(Fe/Ni)O11 group is linked to another
diphosphate P2O7 by sharing corners. The junction between two Ni(Fe/Ni)O11 groups is
provided by two diphosphate units P(1)P(3)O7 and P(3)P(1)O7, leading to the formation
of Ni2(Fe/Ni)2P4O28 cluster (see Figure 1). The interconnection between these clusters is
ensured by two other diphosphate groups, P(2)P(4)O7 and P(4)P(2)O7, sharing corners
with (Fe1/Ni1)O6 and Ni2O6 octahedra generating three-dimensional framework as shown
in Figure 1. The latter reveals the existence of distinct tunnels in [100], [010] and [001]
directions, housing the Na+ cations as depicted in Figure 2. A similar arrangement is found
in the structure of the diphosphates (Na0.71Ag0.29)2CoP2O7 [30], Ag3.68Co2(P2O7)2 [32], and
Na3.12Fe2.44(P2O7)2 [33]. In the latter compound, the tunnels are filled with Na and Fe atoms,
with some of them occupying partially or mixed sites, while for the Na7Ni3Fe(P2O7)4, the
tunnels accommodate only Na cations. It is worth noting that Na1 and Na2 atoms show
relatively elongated thermal ellipsoids, and this is likely due to the distortion present in the
Na sites. Notably, the distortion calculations reveal that Na1 and Na2 sites exhibit a high
degree of distortion compared to Na3 and Na4 sites (refer to Table S4).

3.2. Powder X-ray Diffraction and Scanning Electron Microscopy

To assess the purity of the polycrystalline form of the Na7Ni3Fe(P2O7)4 pyrophosphate,
a refinement of the XRD pattern was performed utilizing the Rietveld technique [35]. The
structural parameters obtained from the single crystal study were utilized as the initial
model for the refinement process. After optimizing the profile parameters, the structural
parameters were refined. The pseudo-Voigt function was employed to accurately assimilate
the shape of XRD peaks. Figure 3a demonstrates a notable fit between the experimental and
the calculated patterns, as evidenced by the satisfactory R-values, thereby confirming the
produced powder pure phase. The refined unit cell parameters are presented in Table S5.
A summary of the Rietveld refined crystallographic parameters, including the atomic
positions and isotropic displacement parameters, can be found in Table S6. The selected
bond distances and angles obtained from the Rietveld refinement are displayed in Table S7.
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The scanning electron microscopy (SEM) micrographs of the polycrystalline sample
reveal the presence of irregularly formed particles with micrometer-scale sizes (Figure 3b).
The energy-dispersive X-ray spectroscopy (EDS) analysis confirms that the powder exhibits
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a homogeneous dispersal with the presence of Na, Ni, Fe, P and O atoms only. Moreover, the
atomic ratio of these elements closely aligned with the desired composition, as evidenced
by the Na/Fe, Ni/Fe and P/Fe ratios of 7.01, 3.09 and 7.99, respectively (Figure 3c).

The average crystallite size can be estimated from XRD data using the Debye–Scherrer
equation: DSC = Kλ/β cos θ [36]. DSC represents the average crystallite size (nm), K denotes
the Scherrer constant approximately equal to 0.9, λ corresponds to the wavelength of the
X-ray radiation, β is the FWHM of the intense diffraction peaks (radians) and θ is the peak
diffraction angle. Using the three most intense peaks (122), (130) and (030)), the obtained
average crystallite size is 40.24 nm.

3.3. FT-Infrared and Raman Spectroscopy

The FT-IR and Raman vibrational spectra of the studied phosphate are illustrated
in Figure 4. The vibration of the [P2O7]4− moieties can be viewed as a combination of
P–O, P–O–P, and O–P–O vibrations. For the infrared spectrum, the bands observed at high
frequencies, specifically 1154 cm−1 and 1094 cm−1, can be ascribed to the P–O asymmetric
stretching vibrations (υas), whereas the band located at 1034 cm−1 can be attributed to the
P–O symmetric stretching vibrations (υs) within the PO3 groups of the diphosphate units.
Additionally, the bands located between 999 and 897 cm−1 are related to the asymmetric
stretching vibration (υas) of P–O–P, while the one seen at 737 cm−1 is attributed to the
symmetric stretching vibration (υs) of P–O–P bridges. Moreover, the absorption peaks in
the range of 600–699 cm−1 correspond to the asymmetric bending vibration (δas) of O–P–
O, whereas the low bands at less than 600 cm−1 could be ascribed to O–P–O symmetric
bending mode (δs). All the suggested assignments for the vibrational modes of P2O7 groups
are consistent with those of pyrophosphates reported previously [37–39].
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Figure 4. FT-IR (a) and Raman (b) vibrational spectra of Na7Ni3Fe(P2O7)4 powder.

The assignment of the Raman data in the region 400–1300 cm−1 resembles closely
to that of the IR spectrum. As a result, the strong Raman bands noticed within 1217
and 1090 cm−1 can be attributed to P–O asymmetric stretching vibrations (υas), whereas
the bands observed between 1090 and 1008 cm−1 can be attributed to P–O symmetric
stretching vibrations (υs) within the PO3 groups of diphosphate units. Furthermore, the
bands located between 1008 and 893 cm−1 can be attributed to the asymmetric stretching
vibration (νas) of P–O–P bridges, while that seen at 755 cm−1 is assigned to the symmetric
stretching vibration (νs) of P–O–P bridges. The Raman bands located in the region between
373–600 cm−1 can be ascribed to O–P–O bending modes: the bands observed at 638 and
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600 cm−1 are attributed to the asymmetric bending vibration (δas) of O–P–O, whereas the
bands located at 568–373 cm−1 region originate from the O–P–O symmetric bending mode
(δs). The low-frequency bands below 300 cm−1 can be identified as lattice vibrations which
mainly arise from the external modes [40]. These distinctive peaks provide more evidence
of the presence of P2O7 dimers in this phosphate.

3.4. Magnetic Behavior

The resulting magnetic susceptibility (χ = M/H) in a magnetic field of 0.1 kOe is
illustrated in Figure 5a. The inverse magnetic susceptibility χ−1(T) is presented in Figure 5b.
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pound reveals two distinctive features. Firstly, a broad peak is observed at approximately 
29 K, indicating the occurrence of antiferromagnetic ordering. As the temperature further 
decreases, a second notable sharp increase in susceptibility is observed around 4.5 K, fol-
lowed by a sudden decline at approximately 3.5 K. This behavior is indicative of the pres-
ence of antiferromagnetic ordering of another sublaĴice. The magnetic anomaly observed 
at ∼29 K decreases and disappears at higher applied magnetic fields (≥1 kOe) (Figure 5c). 

Figure 5. (a) χ vs. T of Na7Ni3Fe(P2O7)4 in ZFC and FC modes at H = 0.1kOe. (b) χ−1 vs. T data; the
orange dotted line is the fit of the Curie–Weiss law (refer to the text). (c) The magnetic susceptibility
as a function of temperature in in ZFC and FCC regimes in various magnetic fields up to 5 kOe. (d) M
vs. H curves of Na7Ni3Fe(P2O7)4 at various temperatures.

As depicted in Figure 5a, the magnetic susceptibility (χ) in the Na7Ni3Fe(P2O7)4
compound reveals two distinctive features. Firstly, a broad peak is observed at approxi-
mately 29 K, indicating the occurrence of antiferromagnetic ordering. As the temperature
further decreases, a second notable sharp increase in susceptibility is observed around
4.5 K, followed by a sudden decline at approximately 3.5 K. This behavior is indicative of
the presence of antiferromagnetic ordering of another sublattice. The magnetic anomaly
observed at ∼29 K decreases and disappears at higher applied magnetic fields (≥1 kOe)
(Figure 5c). This confirms that the first sublattice ordering is more susceptible to applied
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magnetic fields, resulting in significant variations in susceptibility as a function of the
magnetic field.

In the high-temperature zone, χ−1(T) obeys the Curie–Weiss law: χ(T) = C/(T − θcw),
where C and Өcw represent the Curie constant and Weiss temperature, respectively (Figure 5b).
Therefore, the resulting Weiss temperature is Өcw = −33.8 K, and the obtained Curie constant
is C = 7.87 emu K mol−1 per formula unit, which gives an effective magnetic moment of
µeff = 7.93 µB. This obtained effective experimental moment is in accordance with the theo-

retically calculated one µeff =

√
3
(
µeff

(
Ni2+

))2
+
(
µeff

(
Fe3+

))2
= 7.68 µB based on Ni2+

(t2g
6 eg

2, S = 1, µeff (Ni2+) = 2.828 µB and Fe3+ (t2g
3 eg

2, S = 5/2, µeff (Fe3+) = 5.916 µB). The
negative Weiss temperature suggests that antiferromagnetic interactions are predominating in
the material. The χ(T) curves show a noticeable bifurcation between the ZFC and FC regimes,
indicating the possibility of a spin-glass state at lower temperatures, as previously reported
on nickel-iron phosphate K4NiFe3(PO4)5 [41]. This divergence decreases with increasing
magnetic field and approaches convergence at 5 kOe (Figure 5c). This magnetic behavior can
be attributed to the occurrence of spin frustration, which decreases when a high magnetic
field is applied since a higher field strength can direct more magnetic spins even at lower
temperatures. This is evident from the frustration ratio, f = (|θcw/TN|) = 1.16 [42,43].

To elucidate the magnetic state of this pyrophosphate, isothermal magnetization as a
function of the magnetic field (M vs. H) was measured at various temperatures from 2 K to
300 K in the field range of −90 kOe and 90 kOe. A selection of M(H) curves is presented in
Figure 5d, revealing an S-shaped M(H) curve at 2K indicating the AFM order.

Considering the structural features displayed by this pyrophosphate, various exchange
pathways could potentially contribute to the observed magnetic behavior. The most
dominant interactions occur within Ni2(Fe/Ni)2P4O28 clusters, which are built up from
(Fe1/Ni1)O6 and Ni2O6 octahedra sharing a corner and forming the Ni(Fe/Ni)O11 group.
This group is connected on one side to the P2O7 dimer by sharing an edge and on the other
side to another diphosphate P2O7 by sharing corners, as illustrated in Figure 1. Within
the clusters, there are various magnetic superexchange interactions, one of which implies
the corner sharing between (Fe1/Ni1)O6 and Ni2O6 octahedra, the distance between the
centers is 3.67 Å and the angle (Ni1/Fe1)–O–Ni is 118.7◦. This lead to the Fe(1) –O–Ni(2)
and Ni(1)–O–Ni(2) AFM superexchange interactions [44]. Another pathway involves the
magnetic couplings via the PO4 groups resulting in competition between Ni–O–P–O–Ni and
Ni–O–P–O–Fe superexchange interactions, which are all required to be antiferromagnetic
according to GKA rules [45,46]. The third exchange pathway involves the coupling between
consecutive clusters via PO4 groups, which should be antiferromagnetic consistently, with
the overall antiferromagnetic behavior comparable to that reported for other transition
metal phosphates [47,48].

4. Conclusions

In summary, the Na7Ni3Fe(P2O7)4 pyrophosphate was synthesized in two distinct
forms, single-crystal and powder. This synthesized powder was analyzed through X-ray
diffraction, SEM, FTIR and Raman spectroscopies. It crystallizes in the P1 the space group
of the triclinic system and its structure has an open framework with distinct tunnels in the
[100], [010] and [001] directions, housing the Na+ cations. The magnetic measurements
uncovered the presence of a distinct AFM ordering at 4.5 K, which is preceded by another
sublattice AFM ordering around 29 K.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/magnetochemistry9070162/s1. Table S1: Crystal data, data
collection and structure refinement for Na7Ni3Fe(P2O7)4. Table S2: Atomic coordinates and equiv-
alent isotropic displacement parameters (Å2) for Na7Ni3Fe(P2O7)4 obtained by Single-Crystal X-
ray Diffraction. Table S3: Anisotropic atomic displacement parameters (Å2) for Na7Ni3Fe(P2O7)4.
Table S4: Selected interatomic distances (Å) and angles (◦) for Na7Ni3Fe(P2O7)4. Table S5. Rietveld
refined parameters of Na7Ni3Fe(P2O7)4 powder. Table S6: Atomic positions, isotropic displacement
parameters for Na7Ni3Fe(P2O7)4 obtained by Rietveld refinement. Table S7: Selected interatomic
distances (Å) and angles (◦) for Na7Ni3Fe(P2O7)4 obtained by Rietveld refinement.
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