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High pressure chemical reactivity and structural study
of the Na-P and Li-P systems

River A. Leversee,” Kristen Rode,” Eran Greenberg,? Vitali B. Prakapenka,? Jesse S.
Smith,¢ Martin Kunz,” Chris J. Pickard,*s" Elissaios Stavrou*¢

The Na-P and Li-P chemical systems were studied under pressure using synchrotron x-ray diffrac-
tion in a diamond anvil cell up to 20 GPa, combined with the AIRSS ab — initio random structure
searching technique. The results reveal an enhanced reactivity of both alkali metals with phos-
phorous at slightly elevated pressures. This enables the synthesis of LisP and NazP at room
temperature (RT) starting from element precursors, bypassing the established chemical synthe-
sis methods. Both compounds undergo a pressure-induced phase transition from the hexagonal
NasAs-type structure (stable at ambient conditions) towards a Fm3m (FCC) structure that remains
stable up to 20 GPa. Attempts to synthesize compounds with higher alkali metal content (such as
LisP) using high-temperature and -pressure conditions (up to 2000+K and 30 GPa), inspired by

recent theoretical predictions, were not successful.

1 Introduction

Novel synthesis pathways have become critically important in the
development of materials that are precisely tailored to meet the
need for specific properties/applications, i.e. “materials by design”.
One way to overcome present barriers in the synthesis of materi-
als is to alter the fundamental chemistry that governs the rele-
vant chemical systems. In this context, tuning the composition
of a given chemical system beyond one that is thermodynamically
stable at ambient conditions represents an extremely promising
approach to the synthesis of novel materials. Recent experimen-
tal studies and theoretical predictions highlight that the chemical
properties of elements, and thus the more stable stoichiometries
of a chemical system, are not a priori the same at elevated pres-
sures as at ambient pressure 12, Indeed, thermodynamically stable
compounds with novel compositions that challenge our traditional
“textbook”picture were theoretically predicted and experimentally
synthesized even in relatively simple chemical systems3-8. These
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materials can be synthesized under pressure due to the formation
of chemical bonds and atomic arrangements that are absent, or

even forbidden, at ambient conditions®.

In the context of novel materials, the next generation of lithium
ion batteries (LIBs) and the practical realization of sodium ion bat-
teries (NIBs) are both directly related to the challenging effort of
finding suitable anode materials. These materials should simul-
taneously exhibit high specific capacity and small volumetric ex-
pansion to increase stability to electrochemical degradation, dur-
ing lithiation and sodiation!0-12, NIBs are a promising alterna-
tive to LIBs; however, the unsuitability of the traditional materials
(graphite and silicon) used for LIBs hinder practical applications
of NIBs. Successful synthesis of applicable anode materials can be
the basis of a major breakthrough in the field.

Recent theoretical studies strongly suggest that anode materials
for LIBs and NIBs based on phosphorous 10:13-16 are capable of ex-
hibiting record specific capacities (4326 mAhg-1) with much lower
volumetric expansion (<200%) than silicon via the formation of
novel compounds, such as NasP and LisP and LigP. These com-
pounds are predicted to be slightly above the ambient conditions
convex hull (i.e. the stable compositions at a given pressure and
temperature) and could be synthesized at very low pressures !>,
Lower synthesis pressure additionally increases the probability of
metastability. For instance, compounds with NasP and NagP stroi-
chiometries have formation enthalpies just above the convex hull
at ambient conditions '°. In addition to the possible applications of
Li-P and Na-P materials in batteries, very recently a LigP electride
was predicted that becomes a superconductor with a supercon-
ducting transition temperature Tc of 39.3 K17.
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To our knowledge, there are very limited published!® experi-
mental results (regarding chemical reactivity or structural proper-
ties) of the Na-P and Li-P chemical systems and compounds un-
der pressure which motivates the present study. We specifically
explored: a) the possible synthesis of LizP and Na3P, using path-
ways that go beyond traditional chemical synthesis routes, b) the
high-pressure structural behavior of LizP and Na3P and c) the pos-
sible synthesis of LisP and NasP or other Li- or Na-rich phospho-
rous compounds under pressure. The results reveal an enhanced
reactivity of both alkali metals with phosphorous at slightly ele-
vated pressures, enabling the synthesis of LisP and NasP at RT
starting from element precursors, bypassing the established com-
plicated chemical synthesis methods. A pressure induced phase
transition towards a Fm3m (FCC) structure, that remains stable up
to the highest pressure of this study, was observed for both com-
pounds. For both compounds, the Fm3m phase transforms back to
the P63/mmc phase (stable at ambient conditions) upon pressure
release, with negligible hysteresis. Finally, we unsuccessfully at-
tempted to synthesize compounds with higher alkali metal content
using high-temperature and -pressure conditions.

(a)

Fig. 1 a) and b) Schematic representations of the ambient conditions
crystal structure of (Na/Li);P. c) Schematic representations of the
high-pressure FCC crystal structures of (Na/Li);P.

2 METHODS

2.1 Experimental Methods

High purity, commercially available lithium (Sigma-Aldrich,
>99.9% purity), sodium (Sigma-Aldrich, >99.95% purity) and
amorphous red phosphorous (Sigma-Aldrich, >99.9% purity) were
used for the synthesis experiments in this study. Rhenium gas-
kets (preindented to 40-50 um thick using 400-500 um diamond
culets) were used. Initial sample chamber diameters were nomi-
nally 100-200 um. Red phosphorous was ground to a fine powder
for the angle-dispersive X-ray diffraction (XRD) measurements and
was loaded into a diamond anvil cell (DAC), filling about 10-25%
of the DAC cavity volume. The remaining volume was filled with
either Li or Na and small quantities of pressure sensors (gold and
ruby) inside a glovebox at room temperature (RT). Pressure was
determined through ruby luminescence?, gold equation of state

(EOS) 20 and the previously published EOSs of Na2! and Li22. All
readings were in agreement within 1 GPa at pressures >10 GPa.

A Pilatus 1M CdTe detector was used at the undulator X-ray
diffraction (XRD) Beamline 13-ID-D at GeoSoilEnviroCARS, sec-
torl3, APS, Chicago; a Pilatus 1M Si detector was used at the
undulator X-ray diffraction (XRD) Beamline 16-IDB at High Pres-
sure Collaborative Access Team (HPCAT), at the Advanced Photon
Source (APS); and a MAR-345 image plate detector was used at
the Advanced Light Source, Lawrence Berkeley National Labora-
tory Beamline 12.2.2 to collect pressure dependent X-ray diffrac-
tion data. The X-ray probing beam spot size was focused to approx-
imately 2-4 um at GeoSoilEnviroCARS and HPCAT and to 10 um at
beamline 12.2.2 using Kirkpatrick-Baez mirrors. Additional details
on the XRD experimental setups are given in Prakapenka et al. 23
and Kunz et al. 24. XRD data were collected in situ at high tempera-
ture and on the quenched samples. Double-sided CW laser heating
(LH) was performed using ytterbium (Yb:YAG) fiber laser 1064 nm
wavelength) focused to a flat top around 10-30 um in diameter
(FWHM) spot23:24, Temperature was measured spectroradiomet-
rically simultaneously with XRD measurements with a typical un-
certainty of 150 K23-24, Integration of powder diffraction patterns
to yield scattering intensity versus 26 diagrams and initial analysis
were performed using the DIOPTAS program?2°. Calculated XRD
patterns were produced using the POWDER CELL program2°, for
the corresponding crystal structures according to the EOSs deter-
mined experimentally and theoretically in this study and assuming
continuous Debye rings of uniform intensity. Indexing of XRD pat-
terns was performed using the DICVOL program2’ as implemented
in the FullProf Suite.

2.2 Computational methods

The ab initio random structure searching (AIRSS) technique 28:29

is used to search for candidate structures. AIRSS is a stochastic
method which generates structures randomly with a given num-
ber of formula units. A minimum atom-atom separation is spec-
ified for the generated structures. These separations are cho-
sen based on short AIRSS runs. Symmetry constraints are im-
posed on our generated structures. This strategy tends to speed
up the searches because low-symmetry structures are unlikely to
have low energies according to Pauling’s principle393!, although
we allocate part of our searching time to check low symmetry
structures, for completeness. The generated structures are relaxed
using first-principles quantum mechanical density functional the-
ory (DFT) methods as implemented in the CASTEP code.3? Com-
putational details and all predicted structures could be found in
https://doi.org/10.6084/m9.figshare.12866975. This procedure
is carried out in parallel to ensure a high throughput of results.
AIRSS has a proven track record of predicting structures in a di-
verse variety of systems that have subsequently been verified by
experiment, such as in compressed silane, 28 aluminium hydride, 33
high-pressure hydrogen sulfide,3* and xenon oxides.3> We limit
our searches to a maximum of eight formula units 32 atoms) per
cell. A plane-wave basis set energy cutoff of 340 eV was used for
the structure searches, and a cutoff of 700 eV was used for the final
reported converged results. The Perdew-Burke-Ernzerhof general-
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ized gradient approximation (GGA-PBE)3¢ exchange correlation
functional was used, as implemented in CASTEP code32. The Bril-
louin zone was sampled using a Monkhorst-Pack k-point grid 37
of spacing 27x0.07A~! for the structure searches, and a k-point
mesh with 27x0.07A~! spacing for the final converged results.

3 Results and Discussion

3.1 Synthesis of NazP and Li;P under pressure

Synthesis of Nas;P and Li3P usually requires extended and com-
plicated chemical procedures, including prolonged stepwise heat-
ing > 400 °C of elements or precursors (e.g. LiP+Li) in an au-
toclave 3840, At ambient conditions both NazP and LizP com-
pounds crystallize in a hexagonal structure (NazAs-type, space
group: P63/mmc (194)) with two formula units (Z=2) per unit
cell3%:41-43 " The main structural characteristic of this structure is
the presence of Na/Li-P graphite-like layers (in AB stacking) inter-
calated by two layers of Na/Li atoms*1:42 see Figures 1(a),(b). P
atoms are five-fold coordinated by Na/Li atoms forming P(Na/Li)5
trigonal bipyramids linked by corner sharing.

In this study, the Na-P and Li-P mixtures were sealed in DACs
inside a glovebox (argon filled) at RT and the pressure was slightly
increased to prevent any exposure of Na and Li to atmospheric air
during the XRD experiments. More than 4 independent loadings
were prepared for each mixture, with varying initial pressure in
the range of 0.8-3 GPa. The XRD measurements were performed
a few days (one to four) after initial pressure increase. In all in-
dependent loadings a direct reaction between Na-P and Li-P was
observed towards the formation of Na3P and Li3P, respectively. The
XRD patterns of the synthesized compounds are in excellent agree-
ment with the known crystal structures of Na3P and Liz;P at ambi-
ent conditions, see Figure 2. Detailed XRD mapping of the sam-
ples inside the DAC revealed a complete reaction of P, while an
excess of Na and Li remained. Moreover, the size and the morphol-
ogy of the synthesized Na3P and Li3P are practically identical with
the starting piece of the powdered red-P. Given that the melting
lines of both Na and Li are well above RT in the 0-3 GPa pressure
range*47 it is plausible to assume a solid-solid reaction between
Na/Li and P.

Calculated Li,f}
n n
6

n n s
8 10 12 14
Diffraction angle 2theta (deg)

LIP synthesized at <1 GPa
Starting from P (red)+Li

T T T
Na,P synthesized at <2 GPa
Starting from P (red)+Na

Excess Li
Excess Na

Calculated Na,p

s L s . s . L
16 18 6 8 10 12 14 16
Diffraction angle 2theta (deg)

Fig. 2 Diffraction patterns of the synthesized Li;P (left) and NasP (right)
in comparison to the calculated diffraction patterns of the published
crystal structures of Li;P and Na3P 4'42. The x-ray wavelengths are
2.=0.3344 A for LisP and 1=0.2952 A for Na;P.

The critical pressures (lowest limit) for the synthesis of LisP and
Na3P was not examined in detail, due to the experimental condi-
tions that precluded in-situ XRD measurements upon initial pres-
sure increase inside the glovebox. However, in both mixtures suc-

cessful synthesis was achieved for the lowest starting pressure for
each mixture i.e. 0.8 GPa for Li-P and 1 GPa for Na-P. Upon full
pressure release both the Li;P and NazP compounds remained sta-
ble.

3.2 High pressure structural study of Li;P

After successful synthesis of LizP the pressure was increased up
to 20 GPa. Figure 3 shows integrated diffraction patterns of Li;P
at selected pressures. The evolution of the LisP XRD data shows
discontinuous changes >6 GPa, revealing the occurrence of a phase
transition. The previously reported% b.c.c.— f.c.c. transition of
Li was also observed near 7.5 GPa. The observed Bragg peaks
of the high-pressure phase of Li3P can be very well indexed with
the Fm3m (FCC) structure predicted by Zhao et al. 1> (LizSb-type,
S.G.:Fm3m (225), Z=4) with a=5.565 A at 13 GPa, see Figure
4(a). The phase transition is likely induced by a collapse of the
P63 /mmc phase c-axis, combined with the lithium atoms aligning
into a single plane and a slight shift of the phosphorous atoms to a
symmetric spacing, see Figure 1(c).

Li,P Pressure (GPa)

16.8

Excess FCC Li

6 8 10 12 14 16 18 20
Diffraction angle 2theta (Degrees)

Fig. 3 Diffraction patterns of Li;P and excess of Li at selected pressures
measured on pressure increase. The XRD patterns of the P63 /mmc and
Fm3m phases are shown by black and red, respectively. The x-ray
wavelengths is 1=0.3344 A.

From the XRD data of LizP, we have obtained lattice param-
eters and the cell volume per formula unit (V,,) of the two
Li3P structures as a function of pressure. The results are pre-
sented in Figure 5. The plot of relative V, s, versus pressure
show a volume reduction of 9% for the P63/mmc to FCC transi-
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Fig. 4 a) Comparison between the experimental pattern of the Li;P+Li
mixture at 13 GPa and the calculated pattern of Fm3m Li;P and FCC Li
and b) Comparison between the experimental pattern of the Na;P+Na

mixture at 12 GPa and the calculated pattern of Fm3m NazP and BCC

Na. The x-ray wavelength is 1=0.3344 A.

tion at 6 GPa. Usually, such large volume decrease is indicative of
major atomic rearrangements which in this case involve the rear-
rangement of the two Li layers into one. We have fitted a third-
order Birch-Murnaghan equation of state*® to the experimental
pressure-volume data and determined the bulk modulus B and its
first derivative B’ at zero pressure for the P63 /mmc and at the ex-
perimental onset pressure for the FCC phase. The elastic parame-
ters obtained in this way are given in Table 1.

. Li,p |
®This study
s MBrauer et al.
o /mmc @ Zhao et al. (theory)
L ®Leonova et al. T
=
250}
Q
Q
£
2
o
= a5t
40 +

Pressure (GPa)

Fig. 5 Volume-pressure data for the P63 /mmc and Fm3m phases of Li;P
as determined in this study together with the results from Refs. 43
(ambient conditions), 18 (P=4 GPa, T=700°C and P=9 GPa,T=RT) and
15 (calculated Fm3m). The solid lines are unweighted third-order
Birch-Murnaghan EOS*8 fits to the experimental data points.

3.3 Attempts to synthesize LisP under pressure

Two independent approaches were followed aiming to synthesize
LisP (or Li-rich compounds in general): a) prolonged heating at
temperatures of ~200 °C and b) short (few seconds) heating at
temperatures >1000K. In both cases, the pressure of the LisP+Li
mixture was increased at various pressures above 10 GPa, i.e. the
predicted pressure by Zhao et al. 1> above which LisP becomes sta-
ble, and up to max 20 GPa to avoid failure of diamond anvils22.
In the case of prolonged heating, the DACs were placed inside a

Table 1 Experimental and calculated structural parameters of P63 /mmc
and Fm3m phases of LizP at selected pressures: space group (SG),
number of formula units in the unit cell Z, lattice parameters, volume per
formula unit, bulk modulus B and its pressure derivative B’.

Page 4 of 7

P(GPa) SG /A a(A) c(A) Vpru. B3 B(GPa) B’
OBraueretal ¥ P63/mmc 2 4.2730 7.5940 60.04
1.54 P63 /mmc 2 4.210(1)  7.492(3) 57.48(4) 303)  6(2)
13 Fm3m 4 5.565(4) 43.08(7) 65(3)  5(D
20 Zhao et al. 1% Fm3m 4 5.4216 39.84

furnace at temperatures of ~200 °C for more than 48h, while XRD
measurements aiming to trace any reaction were performed every
12h. Laser heating was used for the high-temperature attempts
and we experienced several failures of diamond anvils especially
at pressures close to 20 GPa. Nevertheless, we were able to per-
form few synthesis attempts at pressures between 15 to 20 GPa
and temperatures between 1000-2000K. No sign of the formation
of a new compound was observed in either of the approaches and
in all combinations of pressure and temperature while, Li3P re-
mained stable even at high temperatures.

3.4 High pressure structural study of Na;P

After successful synthesis of Na3P the pressure was increased up to
20 GPa. Figure 6 shows integrated diffraction patterns of NazP at
selected pressures. The evolution of the NazP XRD data shows dis-
continuous changes >5 GPa, revealing the occurrence of a phase
transition between 4 to 6 GPa, depending on the time scale of pres-
sure increase. A preliminary indexing of the XRD pattern at 12 GPa
shows that it has a I-type cubic cell with Z = 1 (f. u. per unit cell).
However, this solution is not conclusive without the knowledge of
atomic positions in the unit cell.

To address the structure, we have carried out first principles
structural searches using AIRSS. The AIRSS results revealed that
a Fm3m (FCC) structure, of the same structural type (Li3Sb-type,
S.G.:Fm3m (225), Z=4) as the one predicted by Zhao et al. 15 in
the case of Li3P, is the most stable structure for NazP above 5 GPa,
see Fig. 7. The observed Bragg peaks of the high-pressure phase
of Na3P can be very well indexed with the Fm3m (FCC) structure
with a=6.428 A at 12 GPa, see Figure 4(b).

From the XRD data of Na3P, we have obtained the lattice pa-
rameters and the cell volume per formula unit (V,, r,.) for both of
the two Na3P structures as functions of pressure. The results are
presented in Figure 8. The plot of relative V, ¢, versus pressure
shows a volume reduction of 9.5% for the P63 /mmc to f.c.c. tran-
sition at 4.4 GPa. We have fitted a third-order Birch-Murnaghan
equation of state8 to the experimental pressure-volume data and
determined the bulk modulus B and its first derivative B’ at zero
pressure for the P63/mmc and at the experimental onset pressure
for the FCC phase. The elastic parameters obtained in this way are
given in Table 2.

3.5 Attempts to synthesize NasP under pressure

The same two main approaches followed in the case of the Li3P+Li
mixture were also used in the case of the NazP+Na mixture with
the exception that the pressure was increased up to 30 GPa. Sim-
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Nla P ' Pressure (GF5a)
3

18
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9.3

4.4

1 l 1 l 1 l 1 l 1
3 A" 4
Fig. 6 Diffraction patterns of Na;P and excess of Na at selected

pressures measured on pressure increase. The XRD patterns of the
P63 /mmc and Fm3m phases are shown by black and red, respectively.

ilarly with LizP+Li, no sign of the formation of a new compound
was observed in either approach and in all combinations of pres-
sure and temperature while, Na3P remained stable even at high
temperatures.

4 Conclusion

The chemical reactivity of the Na-P and Li-P systems and the struc-
tural behavior of the relevant compounds were studied under high
pressure conditions using synchrotron x-ray diffraction in a dia-
mond anvil cell up to 20 GPa combined with ab initio random
structure searching technique. An enhanced reactivity of both al-
kali metals with phosphorous was observed at slightly elevated
pressures facilitating the synthesis of Li3P and NasP at RT bypass-
ing established chemical synthesis methods. It is plausible to as-
sume that the slight increase of pressure substantially decreases
the relevant energy barriers, facilitating the relevant chemical re-
actions at RT. A pressure-induced phase transition towards a Fm3m
(FCQC) structure that remains stable up to 20 GPa was observed,
supported by the random structure searching techniques used in
this and previous studies. In contrast to recent theoretical pre-
dictions, the attempts to synthesize compounds with higher alkali
metal content were not successful. Further theoretical studies are

5 GPa

AH (eV per atom)

0.2

04 0.6 1.0

Na/(Na+P)

Fig. 7 Convex hull diagram of the Na-P system at 5 GPa. Solid circles
represent stable phases and open circles metastable phases. The crystal
structures of of the stable phases are noted.

Table 2 Experimental and calculated structural parameters of P63 /mmc
and Fm3m phases of Na;P at selected pressures: space group (SG),
number of formula units in the unit cell Z, lattice parameters, volume per
formula unit, bulk modulus B and its pressure derivative B'.

P(GPa) SG z a®) c(A) Vp. . 33 B(GPa) B
0 Brauer et al. ¥ P63 /mme 2 4.98 8.797 94.47
2 P63 /mme 2 4.865(1) 8.693(2) 89.09(4) 26.5(6) 4 (fixed)
55 Fr3m 7 6.639(d) 73.15(6) 47.8(20) 334
5 (theory this study) Fm3m 4 6.675 74.352

needed to completely elucidate the high-pressure chemical reactiv-
ity of the Na-P and Li-P systems. Moreover, it is possible that there
is a large energy barrier for the (Li/Na);P +2(Li/Na) —(Li/Na)sP
reaction, requiring higher temperatures, or other approaches, to
overcome the barrier. However, in the case of Li this will be exper-
imentally challenging due to diamond anvils failure.
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