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Tassilo M. F. Restle,™™ Jasmin V. Dums,”® Gabriele Raudaschl-Sieber,”™ and Thomas F. Fassler*™

/Abstract: The lithium phosphidoaluminate Li,AlP, represents
a promising new compound with a high lithium ion mobility.
This triggered the search for new members in the family of
lithium phosphidotrielates, and the novel compounds Li;AlIP,
and Li;GaP,, obtained directly from the elements via ball
milling and subsequent annealing, are reported here. It was
unexpectedly found through band structure calculations
that Li;AIP, and Li;GaP, are direct band gap semiconductors
with band gaps of 3.1 and 2.8 eV, respectively. Rietveld anal-

yses reveal that both compounds crystallize isotypically in
the orthorhombic space group Cmce (no. 64) with lattice pa-
rameters of a=11.5138(2), b=11.7634(2) and ¢=5.8202(1) A
for Li;AIP,, and a=11.5839(2), b=11.7809(2) and c=
5.8129(2) A for Li;GaP,. The crystal structures feature TP,
(Tr=Al, Ga) corner- and edge-sharing tetrahedra, forming
two-dimensional ?[TrP,* ] layers. The lithium atoms are lo-
cated between and inside these layers. The crystal structures
were confirmed by MAS-NMR spectroscopy. D

Introduction

Lithium ion solid electrolytes have been intensively studied for
years due to the promising enhanced safety and electrochemi-
cal performances of all-solid-state-batteries."™ Thus, many
new materials with potentially high lithium ion conductivity
have been discussed in the literature.*”” Recently, with Li,,SiP,,
LigSiP, and a/f-LisGeP,, we introduced group 14 phosphide-
based lithium ion conductors, which achieve ionic conductivi-
ties up to 1 mScm "B Their structures are built by group 14
phosphorous tetrahedra [TtP,]* (Tt=Si, Ge). In the case of
LisSiP, and «/f-LisGeP,, isolated [TtP,]®" tetrahedra occur. At
lower Li contents we found that the tetrahedra are connected
in different ways and form dimers as in Li,,Si,P,, two-dimen-
sional slabs as in Li;Si;P,, or three-dimensional networks as in
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Li,SiP,.2" Interestingly, the phases LigSiP,, LisSiP; (= Li;Si,Ps),
Li,SiP,, and LiSi,P; are connected by a formal reduction of the
formula by units of Li;P™ A lower LisP content leads to a
higher connectivity of the tetrahedra.

Compared to the related sulfide-based lithium ion conduc-
tors,®%7'2 the anionic substructure of phosphido-based con-
ductors carry one additional charge (formal “P*™” versus a
formal “S*™), and thus the Li content that is required for
charge balance is higher. Recently, we expanded this concept
of highly charged tetrahedra to lithium phosphidoaluminates
by replacing the central group 14 metal by aluminium.™

Li;AlP, contains highly charged [TrP,]°~ tetrahedra and reach-
es high ionic conductivities of ~3.0 mScm at room tempera-
ture. Besides this first report of a structurally characterized lithi-
um phosphidoaluminate, another compound of the composi-
tion Li;AIP, was mentioned already in 1952 and described with
an orthorhombic distorted CaF,-type structure, in which the
phosphorus atoms form a distorted cubic close packing, al-
though without reliable crystallographic data." Two years
later, the corresponding gallium compound Li;GaP, was also
postulated.™ Despite the poorly characterized structure
model, quantum-chemical calculations of Li;AlP, and Li;GaP,
were performed, anticipating the model of vertex-sharing AIP,
tetrahedra.'*"® As for lithium phosphidotetrelates, lithium
phosphidoaluminates can also be connected on a line in a
Gibbs composition triangle (Finetti diagram). Li;AIP, is located
on the line in the phase system Li-Al-P connecting Li;P and AIP
(Figure S7, Supporting Information) by reducing Li,AlP, by two
units of LisP (Li;AIP,=Li,AIP,—2 X Li;P). Assuming a charge bal-
anced valence compound, the degree of connectivity of the
AIP, tetrahedra in Li;AIP, must be higher, and isolated tetrahe-
dra as observed in Li,AlP, cannot occur.

Here we report on the synthesis and structural characteriza-
tion of Li;AIP, and Li;GaP, by a simple ball milling approach.
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Figure 1. X-ray powder diffractograms and results from the Rietveld analysis of Li;TrP,. The red, black and blue lines indicate the observed and the calculated
intensities, and the difference between both, respectively. a) Rietveld analysis of Li;AIP,. Bragg positions are given in green dashes. b) Rietveld analysis of
Li,GaP,. Bragg positions for Li;GaP, and GaP are given in green dashes. The ratio of Li;GaP, to GaP is 98.58(3): 1.42(5) wt. %.

Both compounds are characterized by Rietveld analysis and
MAS-NMR spectroscopy. In addition, electronic band structure
calculations are discussed.

Experimental Section

Syntheses and sample preparation and all sample manipulations
were carried out inside an argon-filled glove box (MBraun, p(H,0),
p(0,) <0.1 ppm). Lithium (Li, rods, Rockwood Lithium, >99%) was
cleaned of oxide layers prior to use. Aluminium (Al, granules,
ChemPur, 99,99%), gallium (Ga, pieces, ChemPur, 99,99%) and
phosphorus (P, powder, Sigma-Aldrich, 97%) were used without
any further purification.

Synthesis of Li;TrP, (Tr=Al, Ga): Li;TrP, was synthesized from the
elements via ball milling and subsequent annealing. Li;AlP,: Lithi-
um (388.0mg, 553 mmol, 3equiv), aluminium (498.1 mg,
185 mmol, 1equiv) and phosphorus (1178.0 mg, 36.9 mmol,
2 equiv) were loaded in a WC milling set (50 mL jar, 3 balls with a
diameter of 1.5 cm) and ball milled using a Retsch PM100 Planetary
Ball Mill for 36 h at 350 rpm with resting periods (for 3 min every
10 min). Li;GaP,: Lithium (350.8 mg, 50.0 mmol, 3 equiv), gallium,
(1163.0 mg, 16.7 mmol, 1equiv) and phosphorus (1065.1 mg,
33.4 mmol, 2 equiv) were transferred to a WC milling set (45 mL jar,
7 balls with a diameter of 1.5 cm) and ball milled using a Fritsch
Pulverisette 6 for 18 h at 350 rpm with resting periods (for 5 min
every 10 min). For Li;AIP, an ochre, and for Li;GaP, a red powder is
obtained. The powders were pressed into pellets with a diameter
of 13 mm for 30 sec. at 5t using a hydraulic press (Specac Atlas
15T). The fragmented pellets were filled into niobium ampoules
which were sealed in an electric arc furnace (Edmund Buhler
MAMT1). The sealed ampules were enclosed in evacuated silica reac-
tion containers and heated in a tube furnace (HTM Reetz Loba) up
to 700°C at 5 Kmin~', dwelled for 24 h and subsequently cooled at
0.5 Kmin™" to room temperature. After grinding of the pellets, a
yellow-ochre powder is obtained for Li;AIP, and a brick-red
powder for Li;GaP, (see Figure S3 in Supporting Information).
Li;AlP, was obtained phase pure, whereas the sample of Li;GaP,
showed a few reflections of GaP with low intensity (see Figure 1).

In an alternative synthesis, Li;TrP, is obtained by reacting stoichio-
metric amounts of the elements in a tantalum ampule. For Li;AlP,,
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lithium (96.0 mg, 13.7 mmol, 3.0 equiv), aluminium (123.0 mg,
4.6 mmol, 1.0equiv) and phosphorus (291.0 mg, 9.1 mmol,
2.0 equiv), and for Li;GaP,, lithium (34.5 mg, 4.9 mmol, 3.0 equiv),
gallium (115.5 mg, 1.7 mmol, 1.0 equiv) and phosphorus (104.7 mg,
3.3 mmol, 2.0 equiv) were filled into a tantalum ampule. The am-
pules were sealed in an electric arc furnace (Edmund Buhler
MAM1), enclosed in a quartz reaction container under vacuum and
subsequently heated at 5 Kmin™' up to 550°C, dwelled for seven
days, and then cooled at 0.075 Kmin' to room temperature in a
tube furnace (HTM Reetz Loba 1200-42-600-1-OW with a EURO-
THERM S 14083 temperature controller), yielding Li;AIP, (light
ochre) and Li;GaP, (red). In contrast to the ball mill synthesis, both
products contain more impurities, with a few unknown reflections,
accompanied by reflections of TaP (Li;AIP,) and GaP (Li;GaP,) (see
Figure S4 and S5).

Powder X-ray diffraction: For powder X-ray diffraction (PXRD)
measurements, the samples were grounded in an agate mortar
and sealed inside 0.3 mm glass capillaries. PXRD measurements
were performed at room temperature on a STOE Stadi P diffrac-
tometer equipped with a Ge(111) monochromator for Cuy,, radia-
tion (A=1.54056 A) and a Dectris MYTHEN DCS 1 K solid-state de-
tector. The raw powder data were processed with the software
package WinXPOW.['”

Structure determination and Rietveld refinement: The structures
of Li;TrP, were determined by Rietveld refinements of the powder
X-ray diffraction data using JANA2006.°" The initial structure
model was gained using the subprogram Superflip.?" The space
group Cmce (no. 64) and the cell parameters were determined
with the subprogram system evaluation of WinXPOW."™ All cell pa-
rameters, all atom positions and the isotropic displacement param-
eters of Tr and P were refined freely. The isotropic displacement pa-
rameters of all Li atoms were refined coupled in Li;AlP, and uncou-
pled in Li;GaP..

CCDC 1979150 (Al) and 1979151 (Ga) contain the supplementary
crystallographic data for this paper. These data are provided free

of charge by The Cambridge Crystallographic Data Centre through
the CCDC/FIZ Karlsruhe deposition service.

Energy-dispersive X-ray spectroscopy (EDX): Pieces of LisTrP,
were measured on a Hitachi TM-1000 Tabletop (15 kV) scanning
electron microscope equipped with an energy dispersive X-ray an-

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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alyser (SWIFT-ED-TM). The samples were mounted onto an alumini-
um stub using graphite tape. To exclude aluminium impurities of
the stub in the EDX spectra, measurements of the graphite tape
on the aluminium stub without the samples were carried out, and
no aluminium signal was registered. All samples were measured
three times, and the values were averaged.

Differential scanning calorimetry (DSC): For thermal analysis sam-
ples of Li;TrP, were sealed in niobium ampules and measured on a
DSC instrument (Netzsch, DSC 404 Pegasus) under a constant gas
flow of 75 mLmin~". The samples were heated to 750°C and then
cooled to 150°C twice at a rate of 10°Cmin~". For the determina-
tion of the onset temperatures of the DSC signals, the PROTEUS
Thermal Analysis software was used.*?

Impedance spectroscopy: The electrochemical impedance spec-
troscopy for Li;TrP, was performed in an in-house designed cell.
The detailed setup and procedure are described in Restle et al."™
Impedance spectra were recorded on a Bio-Logic potentiostat (SP-
300) in a frequency range from 7 MHz to 50 mHz at a potentiostat-
ic excitation of +50 mV. Data were treated using the software EC-
Lab (V 11.27). The measurements were performed in an Ar-filled
glove box at 26°C.

NMR spectroscopy: Magic-angle spinning (MAS) NMR spectra have
been recorded on a Bruker Avance 300 NMR device operating at
7.04T in a 4mm ZrO, rotor. The resonance frequencies of the
nuclei are 44.17, 78.21, 91.53, and 121.46 MHz for °Li, ”Al, "'Ga,
and *'P, respectively. The rotational frequency was set to 15 kHz for
all nuclei. The MAS spectra have been obtained at room tempera-
ture with relaxation delays of 10 s (°Li), 2 s (’Al), 2 s ("Ga), and 30 s
('P), and 800 scans (°Li), 280 scans (¥Al), 200 scans ("'Ga), and
720 scans (*'P). All °Li spectra were referenced to LiCl (1 m, aq) and
LiCl (s) with chemical shifts of 0.0 ppm and —1.15 ppm, respective-
ly. The ?Al spectrum is referred to aluminium nitrate nonahydrate
(s) with a chemical shift of —0.54 ppm with reference to Al(H,0)s**
in aqueous solution. The "'Ga spectrum is referred to gallium ni-
trate monohydrate (1 m, aq) with a chemical shift of 0 ppm. The *'P
spectra were referred to ammonium dihydrogen phosphate (s)
with a chemical shift of 1.11 ppm with reference to concentrated
H,PO,. All spectra were recorded using single-pulse excitation.

Electronic structure calculations: The computational analysis for
the structures Li;AlP, and Li;GaP, was performed using the Crys-
tal17 program package and hybrid density functional methods.?*%
A hybrid exchange correlation functional after Perdew, Burke and
Ernzerhof (PBE0)*>?® and triple-zeta valence + polarization level
basis sets derived from the Karlsruhe basis sets for the elements Li,
Al, Ga, and P were applied (further details are in the Supporting In-
formation).?”’-?! The starting geometry was taken from the experi-
mental findings, and all structures were fully optimized within the
constraints imposed by the space group symmetry. Band structures
and density of states (DOS) were calculated for both structures.
The nature of a stationary point on the potential energy surface
was confirmed to be a minimum by a frequency calculation for
each compound at I'-point. No imaginary frequencies were ob-
served. For data processing and visualization Jmol was used.®”

Results and Discussion
Synthesis and characterization of Li;TrP,

Phase-pure Li;AIP, and almost phase-pure Li;GaP, were synthe-
sized from the elements via a two steps procedure. Firstly, stoi-
chiometric amounts of Li, Tr and P were ball milled resulting in
reactive mixtures which showed the most intense reflections
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with large half width of the corresponding compound in the
X-ray powder diffractogram (see Figures S1 and S2 in Support-
ing Information). Subsequently, pellets of the reactive mixtures
were annealed in niobium ampules at 700 °C for one day, yield-
ing phase-pure Li;AIP, and Li;GaP,, which contained small
amounts of GaP as a side phase (see Figure 1). Powdered
Li;AlP, is yellow-ochre, powdered Li;GaP, is brick-red (see Fig-
ure S3). Energy dispersive X-ray spectroscopy (EDX) investiga-
tions of the products show the absence of W and Nb and are
in very good accordance with the Al/P und Ga/P ratios used in
syntheses (see Table S1). Li;AIP, and Li;GaP, can also be syn-
thesized by heating stoichiometric amounts of the respective
elements at 550 °C for one week. However, an unknown phase
accompanied by TaP remains as impurity in Li;AlP,, whereas
the sample of Li;GaP, contains GaP plus another unknown
phase (see Figures S4 and S5). Due to the good quality of the
powder diffractograms the structures of Li;AIP, and Li;GaP,
could be solved and refined from the powder X-ray diffraction
data. The results from the Rietveld refinement are shown in
Figure 1, and parameters are listed in Table 1.

Li;AIP, and Li;GaP, crystallize in the orthorhombic space
group Cmce (no. 64) with five independent crystallographic po-
sitions (P1, P2, Tr1, Li1, and Li2) (Table S2). Compared to the
earlier reported cell (a=11.47, b=11.61 and c=11.73 A), which
corresponds to a 2x2x2 orthorhombic distorted supercell of
the anti-CaF, structure type,"” we observe a corresponding 2 x
2x1 orthorhombic supercell. A 3x1x1 unit cell of the ortho-
rhombic crystal structure is displayed in Figure 2a. The crystal
structure is built up by an orthorhombic distorted cubic close
packing of P atoms. The Tr atoms occupy one quarter of the
tetrahedral voids, forming AIP, tetrahedra. The occupation
occurs in a fully ordered manner and is found only in every
second layer. Within the layer the Tr atoms occupy 50% of the
tetrahedral voids. Pairs of the resulting AIP, tetrahedra are con-
nected by sharing edges through P1, and the resulting dimers
share corners through P2, resulting in a two-dimensional

Table 1. Crystallographic data of Li,AlP, and Li;GaP, obtained by Rietveld
analysis of the powder diffraction data.

empirical formula Li,AlP, Li,GaP,
formula weight [gmol~"] 109.75 152.49

T IK] 300 300
radiation wavelength A=1.5406 A A=1.5406 A
Colour yellow ochre brick red

orthorhombic
Cmce (no. 64)

orthorhombic
Cmce (no. 64)

crystal system
space group
unit cell dimension

a[A] 11.5138(2) 11.5839(2)
b [A] 11.7634(2) 11.7809(2)
c[A] 5.8202(1) 5.8129(2)
Vv [A%] 788.29(2) 793.28(2)
z 2 2

p (calc) [gem ] 1.8496 2.5536

O range [’] 5.062-110.002 5.029-109.999
R, 0.0287 0.0533
Rup 0.0381 0.0710
Rexp 0.0320 0.0364
goodness-of-fit 1.19 1.95
depository no. 1979150 1979151

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) 3x1x1 Unit cell of the crystal structure of Li;TrP,. b) 3x3 on
top view of one layer in Li;TrP, in b direction. Li, Tr and P are depicted in
grey, orange and purple, respectively (displacement ellipsoids are set at 90 %
at room temperature).

«2[TrP,>7] layer (Figure 2b). All remaining tetrahedral voids
based on a ccp packing of P atoms are occupied with lithium,
whereby Li1 is located within the ..?[TrP,> ] layers, and Li2 oc-
cupies the tetrahedral voids between the layers. The stacking
sequence of the _*[TrP,>"] layers is ABAB, as shown in Fig-
ure S6, in which the edge-sharing Al,P¢ dimers of the adjacent
layers are located above the neighbouring tetrahedral sites,
which are occupied by Li (shift along a by a/2). Li;TrP, has a
similar structure as LiNa,AIP,, in which exclusively Na atoms
are located between, and Li atoms within the _ *[AIP,>"] layers,
resulting in a larger separation of the layers (longer b-axis with
13.592(3) A in LiNa,AIP, compared to 11.7634(2) A in Li;AIP,).5"

The bond lengths in the TrP, tetrahedra are in the narrow
range between 2.398(3) and 2.410(3) A for the AI1-P1 and
Al1—P2 distances, respectively, and between 2.404(2) and
2.419(2) A for the Gal—P1 and Gal-P2 distances, respectively.
As expected, the Al-P bonds are slightly shorter than the Ga—
P bonds. The Al-P bond lengths are very similar to those in Li-
Na,AIP, (2.410(3)-2.426(3) A) and are in the range of other
known compounds with strong Al-P interactions like in AIP
(2360 A), Na,AIP, (2.376(4)A) or in SrALP, (2.377(3)-
24172 A) and weaker Al-P interactions like in LiAlP,
(2.423(2)-2.434(1) A).33139 |n the case of Tr=Ga, the Ga—P
bonds are longer than in GaP (2.3601(1) A) and slightly shorter
than in Ba;GaP; (2.43(1) A), where [Ga,P4]°~ dimers occur.??
Due to the edge- und corner-sharing situation of the TrP, tetra-
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hedra, these TrP, units are distorted. This distortion is exempli-
fied by the deviation of the P-Al-P angles between 101.70(1)°
and 111.57(1)° and of the P-Ga-P angles between 100.6(1)° and
112.18(1)° from the ideal tetrahedral angle of 109.47°. The Li-P
bond lengths in Li;AIP, range from 2.51(1) to 2.61(1) A and
from 2.50(1) to 2.65(1) A in Li;GaP,. Overall, these distances are
in good agreement compared to other binary or ternary
phases containing Li and P®°"™ Considering three positively
charged lithium atoms and the threefold negatively charged
2[TrP,37] 2D layer, Li;TrP, can be written as an electronically
balanced formula (Li);. 2[TrP,> .

The lattice parameters of Li;AIP, and Li;GaP, vary only slight-
ly in the b- and c-axes, whereas the g-axes are significantly dif-
ferent. Hence, the substitution of the aluminium atoms within
the tetrahedra by the larger gallium atoms (ionic radii 0.53 for
AP" and 0.61 A Ga’>" by Shannon and Prewitt)®” leads to an
anisotropic enlargement of the . *[TrP,> | 2D layer due to the
fact that in a-direction the tetrahedra share edges and corners,
whereas in c-direction they are exclusively connected by cor-
ners (as shown in Figure 2b and Figure S6).

The size of the alkali-metal atom has a strong impact on the
connectivity of the AIP, tetrahedra. In LiNa,AlP,, the identical
2D ’[AIP,*] layers of AIP, tetrahedra exist like in Li;AIP,, al-
though with larger distances between the layers due to the
larger Na ions that are located between the layers. The same
applies to LiK,AIP,. Interestingly, in Na;AIP, a one-dimensional
« [AIP,*7] chain with exclusively edge-sharing tetrahedra is ob-
served. The reason might be that the large Na atoms do not
allow a filling of the tetrahedra. More space is provided, when
the Na atoms are located between the chains.®™ In the case of
Cs;AlP, a different structure is adopted.*® The Al atoms are co-
ordinated in a trigonal planar manner by phosphorus atoms,
leading to dimers of edge-sharing triangles. In the case of re-
lated gallium compounds, only ternary alkali metal phosphido-
gallates with trigonal planar GaP; triangles are reported
(NasGaP;, K,GaP,, Rb,GaP,, Cs,Ga,P,),**" and Li;GaP, repre-
sents the first ternary alkali metal-based phosphidogallate with
gallium in a tetrahedral coordination environment. Further, in
quaternary mixed-alkali metal phosphidogallates, such GaP,
tetrahedra already exist, for example, in K,NaGaP, and
Cs,NaGaP,.*"* As observed for phosphidoaluminate deriva-
tives with larger alkali metals like NajAIP,, in K,NaGaP, and
Cs,NaGaP,, the GaP, tetrahedra are arranged in edge-sharing
1D chains. Related alkaline earth metal phosphidotrielates con-
tain the same polyanion . ?[TrP,*>"]. Formally three Li ions are
replaced by one and a half alkaline earth metal, such as in
Ca;ALP, Ca,Ga,P, Sr;Ga,P, and BasAlP,B** A structural
change depending on the size of the alkaline earth metal
atom can also be observed in these species. In the case of the
smaller Ca and Sr atoms the structures contain distorted 2D
layers of edge- and corner-sharing TrP, tetrahedra. However, in
Ba;AlLP,, the larger Ba atoms lead to a segregation into twisted
chains with only edge-sharing AlP, tetrahedra.

© 2020 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Differential scanning calorimetry

DSC measurements of both compounds were performed (Fig-
ures S9 and S10) and show that Li;AlIP, is stable up to 750°C,
whereas Li;GaP, is stable only up to about 710°C. Above this
temperature Li;GaP, might melt or decompose into other un-
known phases, as also supported by the PXRD data after the
measurement (Figures S11 and S12).

Impedance spectroscopy

The Nyquist-plots for Li;AlP, and Li;GaP, are shown in Fig-
ure S17 and Figure S18. The Nyquist-plots display only the be-

haviour of a capacitor. Hence, no lithium diffusion was ob-
served by electrochemical impedance spectroscopy.

MAS-NMR spectroscopy

For Li;AIP, and Li,GaP,, °Li, ?’Al, "'Ga, and *'P MAS-NMR meas-
urements were performed (see Figure 3). In agreement with
the crystallographic multiplicity, two independent °Li signals
occur in the expected ratio of 1:2 (4.00 and 2.96 ppm in Li;AlP,
and 4.14 and 3.39 ppm in Li;GaP,). The lithium atoms inside
the . 2[TrP,>7] layers are shifted more downfield than the
others. In comparison to the signals of the aluminium phase,
the resonances of both lithium signals in the gallium phase are
shifted to lower fields. Hence, the layer itself and the more
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Figure 3. °Li (a, b), ?’Al (c), 'Ga (d) and *'P (e, f) MAS-NMR spectra of Li;AIP, (left) and Li,GaP, (right). Spinning sidebands are marked with an asterisk.
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electronegative metal gallium lead to a higher deshielding of
the signals. For both compounds the chemical shift of the Li
atoms are in the same range as those for related phosphidosili-
cates like LigSiP, and Li;Si;P,®" The #Al, respectively "'Ga
NMR spectra show only one signal in accordance with the crys-
tal structure. The Al shift of 137 ppm utterly fits to the one of
tetrahedral aluminium phosphines in solution and matches
almost perfectly to the tetrahedrally coordinated Al in AlP
(142 ppm).#**! The chemical shift of 304 ppm of Ga also is in
good agreement with the tetrahedral environment of Ga in
GaP (307 ppm).”* The shape of the 7'Ga signal is slightly asym-
metric due to small GaP impurities at 307 ppm. Li;AIP, shows
two singlets in the *'P MAS-NMR spectrum. Both signals can
be integrated with a value of one. Their chemical shifts are in
the range of isolated P*~ in Li;P and tetrahedrally coordinated
P in LigSiP,.®*® For Li;GaP, two main signals occur with almost
the same integrated intensity. The *'P signals are shifted slight-
ly more to lower fields than in Li;AIP,. The small signal at

—143 ppm can be assigned to GaP.*”’ Summing up, the NMR
measurements are in very good agreement with the crystal
structure evaluation on the basis of the Rietveld analyses.

Electronic structures

For Li;AlP, and Li;GaP, a computational analysis was carried
out at a DFT-PBEO/TZVP level of theory. The optimized struc-
ture for Li;AIP, and Li;GaP, exhibit a maximum deviation of
1.95% for all parameters and average atomic distances, which
reassures the experimental findings (Table 2). Band structure
calculations show that both compounds are semiconductors
with direct band gaps (Figure 4). Due to the usage of hybrid
functional the calculated band gaps are typically in good
agreement with the experiment. The calculated band gap of
Li,GaP, of 2.8 eV is significantly smaller than the one of Li,AIP,
(3.1 eV). This divergence is in accordance with the two differ-
ent colours of the phases: Li;AlP, with a larger band gap is of

a) 6 | Apl—_
5 L Li =— ]}

Total ——
4 J

Energy/ eV

-
T
L
T

DOS (states/eV unitcell) T

b) 6| P

Total

Energy/ eV

N
l
[

Ny

DOS (states/eV unitcell) T

S Y z r Y T z
k

Figure 4. Density of states (DOS) (left) and Band structure (right) of a) Li;AIP, exhibiting a direct band gap of 3.1 eV and b) Li;GaP, exhibiting a direct band
gap of 2.8 eV. The Fermi level is located at 0 eV. Blue points in the band structure diagram correspond to the top and bottom of the valence and conduction

band, respectively.
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Table 2. Atomic distances (d) and cell parameters a, b and ¢ for Li;AlP, B}
and Li;GaP, as well as deviation (Ad) from experimental data in percen- B3]
tages.
Li;AIP, d [A]  Li;AIP, Ad [%] LisGaP, d [A] Li;GaP, Ad [%] E:}
a 11.5388 0.22 11.5910 0.02
b 11.7560 0.06 11.7834 0.02 (6]
c 5.8267 0.1 5.8289 0.24
Av. Al/Ga—P 241 0 2.43 0.62
Al/Ga—Al/Ga 3.05 0.66 3.10 0 (71
Li—Li 2.89 0.35 2.88 1.95
Al/Ga—Li 2.92 1.85 2.92 0
(8]
[9]
yellow-ochre colour, whereas Li;GaP, with a smaller band gap
is brick red. The densities of states reveal that the contribution (ol
of phosphorus is the highest at the valence band maximum,
whereas in the conduction band minimum aluminium and gal-
lium have the highest contributions. The calculated band struc-  ['1]
ture is typical of a direct band gap semiconductor. 12
Conclusions 3l
Li;AlIP, is a new representative of lithium phosphidoaluminates. [4]
It is the first lithium phosphidoaluminate with interconnected (15
AlIP, tetrahedra. In the orthorhombic distorted lattice, the AIP,  [16]
tetrahedra are connected via edges and corners to give
«’[TrP,*>7] 2D layers. The lithium atoms are located between Hg
and within these layers. Li;GaP, represents the first lithium
phosphidogallate. Both phases are easily accessible through  [19]
ball milling of the elements and subsequent annealing and  [20]
show thermal stability up to 700°C. In the respective MAS- g;}
NMR spectra all different positions can be assigned individually.
Though both compounds are poor ion conductors, band struc-  [23]
ture calculations reveal that Li;AIP, and Li;GaP, are direct band
gap semiconductors with band gaps of 3.1 and 2.8 eV, respec-
tively. These results demonstrate that lithium phosphidotrie- |4
lates can—depending on the content of Li;P—also exhibit
structures with connected TrP, tetrahedra. 5]
[26]
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