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Sodium ion conductor materials hold promise to be an
affordable substitute for ever growing lithium demand. To
achieve high ionic conductivity in all-solid state ion conductor
materials, fundamental understanding of the atomic structure
of the materials as well as the structure-property relationship
are basic prerequisites. It has been recently shown that
phosphide-based materials such as the superionic conductor
Li9AlP4 or the lithium-rich Li14SnP6 show great ionic conductiv-
ities what makes them promising candidates for solid electro-
lyte materials. Here, we present the investigation of the sodium
rich phase Na8GeP4 that reveals a similar structure if compared

to the lithiated phases. Na8GeP4 is synthesized via a ball-milling
procedure and a subsequent annealing process. Crystallo-
graphic investigation by Rietveld method shows that Na8GeP4

crystallizes in the cubic space group Fd3
�

m (no. 227) with a cell
parameter of a=13.4230 Å at 298 K. While it shares many
structural motifs of Li8GeP4, it is not isotypic but crystallizes in
the Na8SnSb4 structure type. Impedance spectroscopy as well as
density functional theory calculations reveal that Na8GeP4 is a
good electronic conductor with a band gap of 1.9 eV.

Introduction

All solid-state lithium ion batteries hold promise to conquer
rising demand on high density energy storage materials while
at the same time reduce safety risks.[1] While there is a rapidly
increasing interest in the evolution of such battery systems for
various applications the, number of publications dealing with
alternatives aside from Li+ as the conducting ion is surprisingly
low. Sodium solid electrolyte materials are considered an
effective alternative for lithium and show great potential,
especially for stationary applications with the high abundance
of sodium resulting in far better affordability.[2] Thus, it is
needed to investigate material classes to provide sodium
containing solid electrolytes that can match the performance of
their lithium counterparts.[3] Criteria for archiving a high ionic
conductivity in a crystalline solid are firstly a high charge carrier
density as well as a number of available lattice sites to provide

the means for fast ionic motion. Secondly, the electrolyte
requires a low activation energy for the mobility of the ion
charge carrier as it can be found in structures where the cation
sites are located in face-sharing polyhedra formed by anions.
Lastly, a low electronic conductivity is needed to prevent
electronic leakage leading to reduced efficiency of the battery.[4]

These attributes can be found in phosphate materials like the
NASICON family[5] or in sulfide based materials like Na3PS4

[6]

which already achieves an ionic conductivity of up to 0.46 mS/
cm� 1. Optimization attempts on these materials have led to the
finding of compounds like Na11Sn2PS12

[7] where the ionic
conductivity can reach up to 3.7 mS/cm� 1.

The compound classes of lithium phosphidotrielates and
tetrelates also provide materials that exhibit these attributes
and since they possess similar but different structures, the
influence of atomic structure on the lithium ion mobility can be
studied. Supertetrahedral structures like L2SiP2 or LiSi2P3

[8,9a]

exhibit moderate low activation energies for ionic motion, a
prerequisite for good ionic conductivity. Compounds such as
the polymorphs of Li8TtP4 (Tt=Si, Ge, Sn)[9] comprise of discrete
[TtP4]

8� tetrahedra which in turn lead to very high concen-
trations of alkali cations and a good ionic conductivity. The
latter structures are closely related to the antifluoride type CaF2
comprising a cubic close packing (ccp) of phosphorous atoms
that creates eight tetrahedral and four octahedral voids per
formula unit with four P atoms. As only nine of these twelve
voids are filled (one with a covalently bound tetrel element and
eight with lithium atoms), the remaining vacancies allow for
ionic motion in the system. Since tetrahedral and octahedral
voids share faces in a simplistic view, the window for diffusion
pathways is greater compared to cases in which only edge-
sharing polyhedral are present. Further investigation led to the
finding of Li14TtP6 (Tt=Si, Ge, Sn)[10] that exhibit the so far
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highest lithium content in this class of materials. The formal
addition of two units Li3P to Li8TtP4 (2 Li3P+Li8TtP4=Li14TtP6)
arises in a complete disorder of Li and tetrel atoms in the
tetrahedral position. In addition, the aliovalent substitution of
the tetrel elements with triel elements to was investigated. The
increase of the numbers of charge carriers in Li9TrP4 (Tt=Al, Ga,
In),[11] which also exhibit structures of comprise discrete [TrP4]

9�

tetrahedra, result in very similar crystals structures as the
phosphido-tetrelates and exhibit the so far highest ionic
conductivities of up to 4.5 mS/cm� 1 at room temperature for
Li9GaP4.

These findings led us to the investigation whether the
structural principles and related properties of phases with
discrete tetrahedra could be transferred to the heavier homo-
logue Na. For compounds with supertetrahedral phosphidosili-
cates comprising SiP4 tetrahedra fast ionic conductivity has
been reported for heavier alkali metals Na und K.[12] The class of
sodium phosphidogermanates has been shown to exhibit a
great structural variety with compounds that crystallize in
different kinds of polyanionic frameworks resulting in two or
three-dimensional infinitely connected structures such as
NaGe3P3, Na2Ge3P3 and Na5Ge7P5 comprising heteroatomic Ge� P
polyanions mimicking the structure of fibrous red
phosphorus.[13] The Ge� P frameworks share the motif of
connected tetrahedral units, where at least two tetrahedra
share P atoms and the degree of connectivity is determined by
the amount of sodium atoms per formula unit.

We report on the synthesis and characterization of the
compound Na8GeP4 where we achieved to synthesize a sodium
phosphidogermanate with isolated [GeP4]

8� building units by
using a synthesis protocol involving mechanical alloying and
subsequent annealing. The compound is characterized via X-ray
diffraction, the crystal structure was solved using the Rietveld
method. Thermal properties of the sample were analyzed using
differential scanning calorimetry and the electronical structure
of the material was investigated by electrochemical impedance
spectroscopy and density functional theory calculations.

Experimental Section
All steps of synthesis and sample preparation were carried out
inside an argon-filled glove box (MBraun, p(H2O), p(O2)<0,1 ppm)
or in under Ar atmosphere and vacuum (<2×10� 2 mbar) sealed
containers. Prior to use, sodium (Na, rods, Merck–Schuchardt,
>99%) was cleaned from oxide layers. Germanium (EVOCHEM
GmbH, 99,999%) Phosphorus (P, red, powder, Sigma–Aldrich, 97 %)
were used without any further purification. All obtained com-
pounds are sensitive to oxygen and moisture with the latter
showing vigorous reaction that results in flammable and toxic
gases. Therefore, the disposal must be addressed under proper
ventilation and in small amounts at a time.

Synthesis of Na8GeP4

Na8GeP4 was synthesized in a two-step synthesis from the elements
via ball milling and subsequent annealing (XRD in the supporting
information). To achieve higher phase purity, an excess of
phosphorus resulting in the stoichiometry “Na8GeP4.2” was used.

Sodium pieces (1427.1 mg, 62.07 mmol, 8.0 equiv.), germanium
powder (563.6 mg, 7.75 mmol, 1.0 equiv.) and red phosphorus
(1040.6 mg, 33.59 mmol, 4.2 equiv.) were treated in a ball mill
(Retch PM 100 planetary mill) for 18 hours at 350 rpm in intervals of
10 min with direction reversal and subsequent 5 min resting using
a WC milling set (50 mL jar with 3 balls with a diameter of 15 mm
each). The obtained black mixed powder was pressed into pellets
of 8 mm diameter and sealed in silica glass ampules in batches of
200 mg. The tubes were heated with 4 Kmin� 1 to 633 K and
dwelled for 40 h in a muffle furnace (Nabertherm, L5/11/P330) and
cooled down at a rate of 1 Kmin� 1. After grinding, a black powder
was obtained. The product contains Na10Ge2P6 according to PXRD
measurements.

Synthesis of Na10Ge2P6

Na10Ge2P6 that has been described before[14] was synthesized in
analogy by a two-step synthesis from the elements via ball milling
and subsequent annealing. Sodium (1024.5 mg, 44.6 mmol,
5.0 equiv.), germanium (647.3 mg, 8.91 mmol, 1.0 equiv.) and red
phosphorus (853.8 mg, 27.56 mmol, 3 equiv.) were treated in a ball
mill applying the same procedure as described above. The obtained
black mixed powder was sealed into niobium crucibles in batches
of 200 mg using an arc furnace (Edmund Bühler MAM1). The sealed
ampules were enclosed in evacuated silica reaction containers. The
containers were heated in a tube furnace (HTM Reetz Loba) with
4 Kmin� 1 up to 873 K, dwelled for 12 h and cooled down at a rate
of 2 Kmin� 1. After grinding, a black powder was obtained.

Powder X-ray diffraction

For powder X-ray diffraction (PXRD) measurements, the samples
were ground in an agate mortar and sealed inside 0.3 mm glass
capillaries. PXRD measurements were performed at room temper-
ature on a STOE Stadi P diffractometer (Ge(111) monochromator,
Cu Kα1 radiation, λ=1.54056 Å) with a Dectris MYTHEN 1 K detector
in Debye–Scherrer geometry. The raw powder data were processed
with the software package WinXPOW.[15]

Rietveld refinement

Rietveld refinements of Na8GeP4 were executed using the full
profile Rietveld method within the FullProf program package.[16]

The structure of Na8SnSb4 by Eisenmann et al. was used as
structural model.[25] The Thomson-Cox-Hermann functional was
used to model the peak profile shape. Background contribution
was determined using a linear interpolation between selected data
points in non-overlapping regions. Scale factor, zero angular shift,
profile shape parameters, resolution (Caglioti) parameters, asymme-
try and lattice parameters as well as fractional coordinates of atoms
and their displacement parameters were refined freely. Further
details of the crystal structure investigation may be obtained from
the Cambridge Crystallographic Data Centre, CCDC, 12 Union Road,
Cambridge CB21EZ, UK (Fax: +44-1223-336-033; E-mail: depos-
it@ccdc.cam.ac.uk) on quoting the depository number CSD-
2279391.

Differential scanning calorimetry (DSC)

For thermal analysis, samples were sealed in a niobium ampoule
and measured on a DSC machine (Netzsch, DSC 404 Pegasus) under
a constant gas flow of 75 mLmin� 1. The sample was heated to
973 K and cooled to 473 K twice at a rate of 5 Kmin� 1. To determine
the onset temperatures of the DSC signals, the PROTEUS Thermal
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Analysis software was used[18] and visualization was realized using
OriginPro 2021.

Raman-Spectroscopy

Raman spectra were measured using an inVia Raman microscope
(Renishaw, RE04), equipped with a CCD detector. The powdered
sample was sealed into a 0.3 mm glass capillary and irradiated with
a 785 nm laser beam for 1 s at 0.1% laser power using a microscope
equipped with a 50-fold magnifying objective and a grating with
1800 linesmm� 1. For the final spectrum, 100 single measurements
were averaged. The software WiRe 4.2[19] (build 5037, Renishaw
2002) was used for data recording.

Electronic Structure Calculations

The computational analysis of Na8GeP4 was performed using the
Crystal17 program package and hybrid density functional
methods.[20] A hybrid exchange correlation functional after Perdew,
Burke and Ernzerhof (PBE0),[21] and triple-zeta valence+polarization
level basis sets for Na, Ge and P derived from the Karlsruhe basis
sets were applied (further details are in the Supporting
Information).[22] The starting geometry was taken from the exper-
imental data, and the structure was fully optimized within the
constraints imposed by the space group symmetry. Band structure
and density of states (DOS) were calculated. The Brillouin Zone
path of Na8GeP4, Γ� X� U jK� Γ� L� W� X was provided by the web
application SeeK-path.[23] The nature of a stationary point on the
potential energy surface was confirmed to be a minimum by a
frequency calculation at Γ-point. No imaginary frequencies were
observed. Using the results of the frequency calculation, a
theoretical Raman spectrum was calculated by utilizing a analytical
CPHF/CPKS scheme (coupled perturbed Hartree Fock/Kohn Sham).
The full width at half maximum (FWHM) was set to 8 cm-1, the
pseudo-Voigt broadening to 50 :50 Gaussian:Laurenzian and the
laser wavelength to 785 nm. To assign signals in the spectrum to
vibrations of the lattice, the software Jmol 14.14.1[24] was used for
visualizing of theoretical vibration modes.

Impedance spectroscopy and DC conductivity
measurements

The electrochemical impedance spectroscopy for Na8GeP4 was
performed in an in-house designed cell. The detailed setup and
procedure have been described by us before.[10a] Powdered samples
of Na8GeP4 (330 mg) were placed between two 8 mm dies, and the
screws were fastened with a torque of 30 Nm, compressing the
sample to ca. 72% of the theoretical density. Impedance spectra
were recorded on a Biologic potentiostat (VMP-300) in a frequency
range from 7 MHz to 100 mHz at a potentiostatic excitation of
10 mV. Data was treated using the software EC-Lab (V 11.36). The
measurements were performed in an Ar-filled glove box at 299 K.
The electronic conductivity was determined with the same setup
using a potentiostatic polarization procedure, applying voltages of
50, 100 and 150 mV for 7 h each.

Results

Synthesis and structure of Na8GeP4

During our search for new materials in the class of sodium
phosphidogermanates we managed to synthesize and resolve
the compound Na8GeP4 which crystallizes in the Na8SnSb4
structure type[25] and marks the first compound with this 8/1/4
stoichiometry in the system of sodium phoshidotetrelates to
the best of our knowledge. The compound can be obtained in
gram scale from the elements via a two-step synthesis
procedure. A reactive mixture of elemental sodium, germanium
and red phosphorous with the formal stoichiometry “Na8GeP4.2”
is received via ball milling procedure and subsequent anneal-
ing. Obtaining a phase pure sample has proven critical since
slow decomposition of Na8GeP4 into Na10Ge2P6 and Na3P
(2 Na8GeP4=Na10Ge2P6+2 Na3P) starts occurring at roughly
350 °C. DSC measurements (Figure S8 in the supporting in-
formation) do not show signals that can be attributed to a
reversible reaction but instead reveal, that an irreversible
decomposition of a previously annealed sample occurs at
around 460 °C. Samples annealed at 420 °C already exhibit
Na10Ge2P6

[14] as main product in the XRD pattern (Figure S2), so
it is likely that the decomposition starts at even lower temper-
atures. However, only incomplete reaction is observed at this
temperature with longer annealing times not leading to better
results. Taking all this into account the highest purity was
obtained with the above given procedure.

According to Rietveld analysis of the powder XRD data
shown in Figure 1a a ratio of 82(1) wt.% of Na8GeP4 and
18(1) wt.% of Na10Ge2P6 has been achieved. Atomic coordinates
and isotropic displacement parameters are given in Table 1.R-
ietveld refinement data is given in Table 2. Interatomic
distances and angles of Na8GeP4 are given in the Supporting
Information (Table S1).

Na8GeP4 crystallizes in the space group Fd3
�

m (no. 227) with
a lattice parameter of a=13,4230 Å at 298 K. Comparison of the
data with compounds having the same stoichiometry with the
lighter alkali homologue lithium instead of Na (Li8TtP4 (Tt=Si,
Ge, Sn))[9b,c] show that Na8GeP4 is not isotypic. Thus, Na8GeP4
represents the first compound in the system of alkali-metal
phosphide-tetrelates that adapts this structure type. Structure
determination was performed by Rietveld analysis based on
powder X-ray diffraction using the structure of Na8SnSb4 as a
start model.[25] The structure contains one Ge-position, one fully
occupied P-position and two crystallographic independent Na
positions (Ge1, P1, Na1 and Na2). Like the lithium compounds,
it is closely related to the antifluoride structure type (or Li3Bi-

Table 1. Atomic coordinates and isotropic displacement parameters for Na8GeP4 from Rietveld analysis.

Atom Wyck. x/a y/b z/c Uiso [Å2]

P1 32e 0.22852(6) 0.22852(6) 0.22852(6) 0.0137(5)
Ge1 8a 1/8 1/8 1/8 0.0170(5)
Na1 16c 0 0 0 0.028(1)
Na2 48f 0.4005(1) 1/8 1/8 0.0279(6)

Journal of Inorganic and General Chemistry

Zeitschrift für anorganische und allgemeine Chemie

RESEARCH ARTICLE

Z. Anorg. Allg. Chem. 2023, 649, e202300166 (3 of 9) © 2023 The Authors. Zeitschrift für anorganische und allgemeine Chemie published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 19.10.2023

2320 / 319180 [S. 20/26] 1



type) with P atoms on Ca positions forming a cubic closed atom
packing and Ge and Li atoms on F positions filling the
tetrahedral voids. In the present compound the P atoms form a
slightly distorted ccp lattice. Space group symmetry allows for
three different Wyckoff positions centering the tetrahedral
voids, namely 8a, 8b and one 48f position. The 8a as well as
the 48 f position are fully occupied by Ge and Na, respectively,
while the 8b Position remains vacant. The remaining sodium
atoms are located at a fully occupied 16c position, which

centers an octahedral void in the ccp of P atoms. In this way
isolated highly charged [GeP4]

8� tetrahedra are formed, which
are surrounded by eight Na+ per formula unit. In summary,
87.5% of the tetrahedral and 50% of the octahedral voids are
occupied by Ge and Na atoms in an ordered manner. The Ge� P
bond length of 2.4068(8) Å is within the characteristic range of
Ge� P interactions such as in related compounds like Na10Ge2P6
(2.334(1)–2.425(1) Å).[14] With respect to the CaF2 unit cell, the
present structure represents a 2×2×2 superstructure based on
the ccp of P atoms, just as for Li8TtP4 (Tt=Si, Ge, Sn).[9b,c] The
arrangement of the Ge atoms (or GeP4 tetrahedra) can be
rationalized within the unit cell in a hierarchical view as a
bicapped hexagon in chair conformation (Figure 2b). The
distortion of the ccp lattice comes in form of a shift of the P-
atoms towards the Ge position leaving the [GeP4]

8� tetrahedra
perfectly Td-symmetric with an P� Ge� P angle of 109.47°. On the
contrary, the tetrahedra around the Na2 position are heavily
distorted wherein the central atom is shifted towards a
triangular plane. This shift can be explained structurally as the
neighboring octahedral void sharing this triangular plane are
not occupied. A visual representation of the polyhedral network
as well as each single polyhedron is given in the Supporting
Information (Figure S4, S5). The occupation parameters of
sodium atoms were first refined without restrictions and
resulted in site occupancy factors (S.O.F) of 0.989 for Na1 and
0.987 for Na2 hinting for a full occupation within the standard

Figure 1. Rietveld refinement of the powder X-Ray pattern of Na8GeP4. The red line indicates observed intensities, the black line the
calculated intensities and the blue line shows the difference. Bragg positions are depicted as green dashes. The Na8GeP4 :Na10Ge2P6 ratio is
81,3(4) wt.%: 18,6(2) wt.%.

Table 2. Rietveld refinement data of powder x-Ray diffraction on
Na8GeP4 at 293 K.

Empirical Formula Na8GeP4

T/K 293
formula weight/gmol� 1 380.4
space group (no) Fd�3m (227)
unit cell parameters/Å a=13.4230(2)
Z 8
V/Å3 2418.53 (5)
1calc./gcm� 3 2.08943
θ range/deg 5–90.3
Rp 4.67
Rwp 6.27
Rexp 3.57
Χ2 3.09
RBragg 3.4
Rf 2.38
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deviation. Hence, the occupancy was set to 1 in the final
refinement steps. An electron precise valence compound
Na8GeP4 is reached when both sodium positions are fully
occupied.

To further investigate and confirm the structure, Raman
measurements were conducted on a sample of Na8GeP4. Since
the sample contains Na10Ge2P6 as an impurity, phase pure
Na10Ge2P6 was measured for comparison as well. For both
compounds theoretical Raman spectra were calculated. All data
are shown in Figure 3. Na10Ge2P6 shows Raman signals with
high intensity predominantly in the range of 300–350 cm� 1

which matches nicely with the expected spectrum (pink and
yellow spectra, respectively). The intense signals can be
attributed to asymmetric Ge� P stretching vibrations that fit to
the characteristic dimeric building unit found in this
compound.[14]

The calculated spectrum of Na8GeP4 exhibits one character-
istic signal at 152 cm� 1 which originates from symmetrical
Na� Ge stretching vibrations and which is observed in the
measured spectrum as well (Figure 3, red and blue spectra,
respectively). As expected; the measured spectrum shows both
characteristic signal groups of both compounds.

Group-Subgroup relationship

As the substitution of lithium with the heavier homologue
sodium leads to an ordering of Ge atoms that is not isotypical
to either one of the two polymorphs existing for the lithium
analogous compounds, the question arises how the symmetry
of the new polymorph is connected to the others. Therefore,
we applied the Bärnighausen method to determine the group-
subgroup relationship via a crystallographic tree. The crystal

structure shows the same isolated [GeP4]
8� tetrahedral building

units like the lithiated compounds and crystallizes in a cubic
structure as well. The lattice parameter is larger due to
substitution of lithium by sodium but fits the cell expansion
observed when comparing binary lithium and sodium phos-
phides Li3P and Na3P.

[26] All polymorphs can be connected to
the antifluoride CaF2 aristotype and form a slightly distorted ccp
of P-atoms. Additionally in all the polymorphs the tetrahedral
voids are occupied with alkali-metal ions and Ge atoms in an
ordered manner while the octahedral voids are partially filled
with alkali ions to balance the charge. The relationship of the
cubic space groups of the α-Li8GeP4 polymorph Pa�3 and the β-
Li8GeP4 polymorph P�43n has been investigated in a previous
work[9b] and shows that these are surprisingly not related via a
direct group-subgroup relation but instead via the space group
of the aristotype CaF2 Fm�3m.

The space group of the Na8GeP4 polymorph Fd�3m exhibits
the same behavior as it is not directly related to any of the two
polymorphs of the lithiated compounds α- and β-Li8GeP4 but
shares the same aristotype CaF2 (Figure 4, symmetry degrada-
tion corresponding to Bärnighausen is given in the Supporting
information S11). Thus, the conversion of the present com-
pound into another polymorph is most likely kinetically
hindered as described in the previous work. The transformation
might occur at higher temperatures, however rapid decom-
position of Na8GeP4 at elevated temperature was observed
during our synthesis protocol. This emphasizes again that a
different synthesis route is needed to further investigate the
compound Na8GeP4.

Figure 2. a) The crystal structure of Na8GeP4. Sodium is located surrounding the GeP4 tetrahedra in tetrahedral and octahedral voids of the
phosphorous ccp lattice. b) Arrangement of Ge atoms as a hexagonal bipyramidal structure with a tilted graphite-like basis. The Na, Ge and
P atoms are drawn in grey, blue and pink respectively. The GeP4

8� tetrahedra are highlighted in turquoise. The displacement ellipsoids are
shown at a 90% probability level.
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Investigation of the electronic properties of Na8GeP4

Electrochemical impedance spectroscopy was performed in
order to investigate the ionic conductivity of Na8GeP4. Since
no phase pure sample of Na8GeP4 could be prepared and
only a mixture with roughly 18 mass% impurity of Na10Ge2P6
could be measured, only qualitative analysis can be per-
formed on the impedance data. The impedance spectra at
different temperatures are displayed in the Supporting
Information (Figure S10). The measurement was performed in
a blocking electrode configuration. The spectra feature
partially the high-frequency semicircles however due to the
very low resistance the front part was at the limit of the
measurement setup. The semicircles were fitted by a parallel
circuit of a resistor and a constant phase element (R/Q) in
which R represents contribution of both electric and ionic
conductivity of the sample. The constant phase element
could be fitted to α-values of �0.87 and had a capacitance of
�4×10� 9 F. The conductivity obtained from the PEIS meas-
urement was determined to be σ(Na8GeP4)=
9.57×10� 3 S cm� 1. Additionally, DC polarization measurements
were performed to investigate the electronic conductivity of
the compound. Measurements in the range of 50 to 150 mV
reveal an electronic conductivity of 3.29×10� 3 S cm� 1 at 298 K.
As the conductivity value obtained by DC polarization is in
close range to the value obtained by the PEIS measurement,

the Nyquist plot can be interpreted as showing only the
electronic conductivity and no semicircle for the ionic
conductivity can be measured.

The side product Na10Ge2P6 was not characterized via
electrochemical methods up to date. Hence, we developed a
protocol (see experimental for details) to synthesize a phase
pure sample and performed PEIS and DC measurements. The
impedance spectra measured at different temperatures are
given in the Supporting information (Figure S10). The spectra
feature a high-frequency semicircle but no low frequency tail.
The semicircles were again fitted by a parallel circuit of a
resistor and a constant phase element (R/Q) in which R
represents contribution of both electric and ionic conductiv-
ity of the sample. For the constant phase element, the fit of
the data acquired at 298 K resulted in α-values of �0.96 and
capacitance of �0,7×10� 9 F. The ionic conductivity deter-
mined by the PEIS is σ(Na8GeP4)=1.94×10� 5 S cm� 1. DC polar-
ization was performed equivalent to Na8GeP4 and revealed an
electronic conductivity of 1.27×10� 5 S cm� 1 at 298 K. Hence,
the first semicircle of the Nyquist plot of Na10Ge2P6 represents
electronic conductivity. A second very small semicircle could
be interpreted into the tail of the first one but the resolution
of the measurement did not allow for a more concrete
interpretation. Thus, we determined Na10Ge2P6 as a pure
electronic conductor.

Figure 3. Measured Raman spectra of the product “Na8GeP4” and phase pure Na10Ge2P6 depicted in blue and magenta, respectively.
Additionally depicted are the calculated Raman spectra of Na8GeP4 and Na10Ge2P6 in red and black, respectively. Intensities are scaled to
ensure readability, as they differed gravely between the two measured samples.
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In conclusion, the measurements reveal a range of two
orders of magnitude between the electronic conductivities of
the mixed compound and the phase pure Na10Ge2P6 com-
pound. Therefore, it can be concluded that Na8GeP4 shows
purely electronic conductivity in the upper range of 10� 3 S/
cm� 1 at room temperature.

The electronic property calculations were performed
using quantum chemical methods at a DFT-PBE0/TZVP level
of theory for all basis sets. The optimized structures of
Na8GeP4 are in line with the experimental crystal structures
and the deviation of the cell parameter are smaller than
1.35%. The compound has an indirect band gap with a width
of 1.9 eV (Figure 5). The direct band gap at Γ-point is only
slightly larger, about 0.01 eV, thus it can be assumed that the
compound has a pseudo-direct band gap. The valence bands
show only a low dispersion, which could hint that the
electrons are rather localized. The density of states (DOS)
further shows that the top valence bands are centred around
the eight P atoms with small contributions of Ge. In the lower

conduction bands the contributions of Ge and P are equal,
except for bands between 3–5 eV, which have more P atom
contribution (Figure 5). Over the whole calculated energy
range, the contribution of Na atoms seems large, however
this is an artifact of the chosen basis set, which results in
more possible states that are reflected in the DOS. In general,
alkali metal atoms are described by a SVP basis set to
decrease the cost of the calculations while maintaining
accuracy. In our case a Na TZVP basis set was chosen to get a
more accurate value for the band gap, since the calculations
with a SVP basis set resulted in a rather large band gap.
Considering a systematic error of overestimating the band
gap of semiconducting materials up to +0.5 eV when using a
PBE0 level of theory, the conductivity measurements hint a
conductivity in the range of elemental Si, which has a band
gap of about 1.2 eV, thus the band gap should be much
smaller than the calculated 3.0 eV for a Na SVP basis set.[27]

Since more than 50% of the atoms in the unit cell are Na, we
recalculated the band structure and DOS using a more
accurate TZVP basis set for Na, resulting in an identical shape
of the bands and DOS of Ge and P but much smaller band
gap. This resulted in a gap of 1.9 eV, which is more in line
with the conductivity measurement.

The crystal orbital overlap population (COOP) shows Ge
and P bonding states just below the Fermi Level (Figure 6).
Since there is a considerable higher high density of states in
the same energy region, those extra states of the valence
band can be assigned with non-bonding character expressing
the various lone pairs located at the P atoms. This is in line
with the high PDOS arising from P atoms as shown in
Figure S12 (Supporting Information). At around � 2.5 eV the
number of bonding interactions increases. In combination
with a simultaneous high PDOS of Ge and P atoms, the COOP
curves are in agreement with covalent Ge� P interactions. As
expected, for the conduction bands the COOP shows Ge� P
anti-bonding interactions.

Conclusions

Na8GeP4 represents a new sodium rich phosphidotetrelate
and the first representative in the system of sodium
phosphidotetrelates that crystallizes with isolated [GeP4]

8�

tetrahedra as structural motif. As it shows great similarities to
the lithium-containing derivatives, that show high lithium ion
mobility, it seemed to be a very interesting candidate for
investigating the sodium ion conduction. Comparing Na8GeP4
to lithium phosphidotetrelates of the same stoichiometry,
they share the same structural motif, however exhibit a
different arrangement of the TtP4 (Tt= Si, Ge, Sn) tetrahedra.
Na8GeP4 crystallizes in the space group Fd�3m (no. 227) which
traces back to the same CaF2 aristotype as α- and β-Li8GeP4
but does not show a direct symmetry relationship to either of
these two. Nevertheless, it shares many structural aspects
such as for example a ccp of phosphorous atoms or an
ordering of the tetrel atoms and alkali ions in the voids of the
packing resulting in overall 87,5% occupation of tetrahedral

Figure 4. Bärnighausen tree of Group-subgroup relationship be-
tween CaF2 and the three known polymorphs the 8/1/4 composi-
tion in alkali-phosphidogermanates. All polymorphs are degraded
from the aristotype CaF2. The new polymorph of Na8GeP4 is
obtained by two klassengleiche transitions of which the latter
introduces a doubling of the cell parameters.
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Figure 5. Band structure and density of states of Na8GeP4.

Figure 6. Crystal orbital overlap population of Ge and P. The red horizontal line marks the Fermi-Level, bonding interactions show positive
values regarding the x-axis, anti-bonding interactions negative values.
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voids and 50% occupation of octahedral voids. Investigation
of the electronic structure revealed that Na8GeP4 exhibits
solely electronic conductivity and has a considerable band
gap as confirmed by PEIS and DC measurements as well as
DFT calculations, respectively.

Supporting information

The Supporting information contains Details on Experimen-
tal-powder-XRD Measurements as well as additional crystallo-
graphic data. Furthermore, it contains experimental data on
DSC and PEIS Measurements as well as details on the
quantum chemical calculations. It also contains information
on the symmetry relationship of Na8GeP4.
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