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Abstract: (Oxo)Nitridophosphates have recently been identi-
fied as a promising compound class for application in the field
of solid-state lighting. Especially, the latest medium-pressure
syntheses under ammonothermal conditions draw attention of
the semiconductor and lighting industry on nitridophosphates.
In this contribution, we introduce hot isostatic presses as a new
type of medium-pressure synthetic tool, further simplifying
nitridophosphate synthesis. In a second step, phosphorus
nitride was replaced as starting material by red phosphorus,
enabling the synthesis of Ca,PN; as model compound, starting
only from readily available compounds. Moreover, first
luminescence investigations on Euw’*-doped samples reveal
Ca,PN;:Eu*' as a promising broad-band red-emitter (1,,,=
650 nm; fwhm=1972 cm™). Besides simple handling, the
presented synthetic method offers access to large sample
volumes, and the underlying reaction conditions facilitate
single-crystal growth, required for excellent optical properties.

By now, (oxo/imido)nitridophosphates have evolved to one
of the best known nitride-based compound classes.!"! The
preparation of nitridophosphates, however, has ever been
a challenging issue. Initially, using ambient and medium-
pressure methods (i.e. (pressure-)ampoules and autoclaves),
research on nitridophosphates was significantly accelerated
within the last decade by employing high-pressure high-
temperature (HP/HT) methods (e.g., multianvil tech-
nique).'""

The reason for application of high pressure is that the
specially prepared and most commonly used starting material
P;N; is thermally not very stable. Therefore, reactions under
ambient and medium pressure have to be carried out under
gentle conditions, meaning low temperatures (7>850°C;
decomposition temperature of P;Ns) and extraordinary long-
term reactions (up to several weeks). According to Le
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Chatelier’s principle, reactions can be performed much
faster under HP/HT conditions, because high pressures
prevent thermal decomposition of phosphorus nitride and
high-temperature conditions enable reversible cleavage and
re-formation of covalent P-N bonds."] As reviewed, differ-
ent synthetic strategies within the high-pressure high-temper-
ature approach could be established, as there are nitride/azide
routes, metathesis reactions, Li;N (self-)flux approaches, and
the use of mineralizers."'**¥ Consequently, the number of
nitridophosphates has steadily been increased, and they have
been shown to feature an immense structural diversity."
Furthermore, investigations on their materials properties
revealed intriguing optical and physical properties, such as
luminescence or ion conductivity, illustrating the great
potential of nitridophosphates for practical applications.['®!*]
Therefore, nitridophosphate research diverged into two
different fields, recently. On the one hand, fundamental
research focuses on chemical and structural aspects using
more sophisticated conditions.'?*?!] Here, one may consider
the synthesis of BP;N; that starts from refractory h-BN and
uses in situ generated HCl as mineralizer, as well as the
observation of six-fold N-coordinated phosphorus under
extreme pressure (p >40 GPa).'®#2%21 On the other hand,
the second branch of nitridophosphate research concerns the
examination of their optical and physical properties, with
a special focus on luminescent materials, for example,
AEPN,,;:Eu*" (AE=Ca, Sr) has recently been proven as
promising host material for Eu’* doping.'” To enable
applications on an industrial scale, however, innovative
synthetic routes are required, as sufficient sample quantities
cannot be provided by established high-pressure techniques.
Therefore, an advanced ammonothermal approach using
improved autoclave materials was reconsidered, enabling
the access to various nitridophosphates in a medium-pressure
range and at higher temperatures.’>*! However, this method
is only restrictedly applicable for industrial use due to scaling
issues as it requires operations in supercritical ammonia.
Thus, the sought-after large-scale access to nitridophosphates
remains a stated goal, until now.

In this contribution, we report on the explorative nitrido-
phosphate synthesis in a hot isostatic press (HIP) that is
typically used for sintering and annealing processes in
ceramics production and powder metallurgy, but is also an
established large-scale technique for nitridosilicate synthe-
sis.?31 The HIP approach enables fast chemical reactions
under elevated nitrogen pressure, which yield large-volume
and crystalline sample quantities, representing a milestone in
nitridophosphate synthesis. In order to demonstrate the
benefits of HIP syntheses, Ca,PNj; serves as model compound
in this contribution. Ca,PNj is a lowly condensed (x = n(P)/
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n(N) = 1/3) nitridophosphate, which was initially obtained as
microcrystalline powder by reaction of Ca;N, and P;Ns in N,
filled ampoules at 800°C over a period of 14 d [Eq. (1)].[%”

2Ca,N, + P;N; — 3Ca,PN, (1)

Employing hot isostatic conditions (150 MPa N,, 1200°C),
this synthesis was initially performed in 10 h (Figures S1 and
S2 in the Supporting Information). Subsequently, an alter-
native protocol starting from Ca(N;), was established

[Eq. (2)]-

6Ca(N;), + P;,Ng — 3Ca,PN, + 16N, )

As a third approach, P;N; was replaced by red phosphorus
P..q as an alternative starting material for further simplifica-
tion, as shown for ammonothermal synthesis of Ca,PN;.*!
Until now, P4 could only be used for synthesis of nitrido-
phosphates in combination with (supercritical) ammonia,
forming intermediates like “P(NH,);5” and
“NP(NH,),”.?>?*32 Applying the HIP approach the use of
ammonia can be circumvented. Here, P, 4 initially transforms
most likely into gaseous/molecular and highly reactive
phosphorus P, (or P,) under the given conditions [Eq. (3)],
followed by oxidation into the PV state. Depending on the
starting materials, either azide ions or nitrogen itself serve as
redox partner [Egs.(4) and (5)]. Ca,PN; can thus be
synthesized in N, atmosphere using only commercially
available starting materials, which serves as a far-reaching
proof-of-principle for nitridophosphate synthesis in general.

4P, — P, 3)
8Ca(N;), + P, — 4Ca,PN; + 18N, (4)
8Ca;N, + 3P, + 10N, — 12Ca,PN;, (5)

All products of the syntheses above arise as colorless to
light beige sinter cakes and are highly sensitive towards air
and moisture. For the first time, rod-shaped single crystals
(>100 pum) of the title compound were obtained (Figure 1).

Therefore, Ca,PN; was for the first time investigated by
means of single-crystal X-ray diffraction. Its crystal structure
was refined in space group Cmce with cell dimension of
a=5.1987(4), b =10.3145(10) and c = 11.2834(14) A, which is
in good agreement with previous refinements on the basis of
powder X-ray diffraction data (Table $1).7*! A projection
of the crystal structure is displayed in Figure 2, and Figure 3
shows the coordination polyhedral of the two crystallographic

Figure 1. SEM images of Ca,PN;. Rod-shaped single-crystals >100 um
are observed.
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Figure 2. Top: Zweier single chains in Ca,PN;; bottom: projection of
the crystal structure of Ca,PN; along [100]; Ca: gray, N: blue, PN,
tetrahedra: blue; atoms are displayed with 95% probability.
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Figure 3. Coordination polyhedra of the two crystallographic Ca*" sites
in Ca,PN;, as obtained from single-crystal XRD refinement.

Casites. A more detailed description of the crystal structure is
provided in the literature.[®”

The as-refined crystallographic data and a brief compar-
ison to the data provided in literature are given in the
Supporting Information (Tables S1-S4).%7)

Phase purity of the Ca,PN; samples was confirmed by
Rietveld refinement of powder X-ray diffraction data.
Although no additional reflections are observed using the
obtained structure model from single-crystal X-ray diffrac-
tion, significant deviations in intensities arose during Rietveld
refinement (Figures S3 and Table S5). This observation is
discussed in more detail in the Supporting Information
(Figures S4-S6).

The chemical composition was verified by energy dis-
persive X-ray (EDX) spectroscopy. The averaged stoichiom-
etry Cay o)P;o1)N3 40, is in good agreement with the expected
sum formula, while trace amounts of oxygen are assigned to
surface hydrolysis. Additional traces of chlorine originate
from EuCl, as dopant. The points of measurement and
determined values for all elements are documented in the
Supporting Information (Figure S7 and Table S6).

In order to investigate luminescence properties of Ca,PNj,
Eu’"-doped (~3 mol% Eu*" with respect to Ca*") samples
were synthesized using EuCl, as an additional starting
material. The as-obtained samples show deep-red emission
(Aem =650 nm) upon excitation with blue light (4., =440 nm,
Figure 4). Considering the full width at half maximum (fwhm)
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Figure 4. Normalized excitation (blue) and emission spectra (red) of
Ca,PN;:Eu’". The small picture section shows a particle of
Ca,PN;:Eu”" under illumination with UV to blue light.

of 84 nm/1972 cm™' Ca,PN;:Eu’" represents the nitridophos-
phate phosphor with the most narrow red emission band
reported so far. Moreover, Ca,PN;:Eu*" shows remarkable
internal quantum efficiency (IQE) of ~32% for as-synthe-
sized samples. Besides a concentration series for Eu*"-doping
in order to increase quantum efficiency, the thermal quench-
ing behaviour could be investigated for potential application.
Such narrow-band red-emitters are still subject of today’s
research as they are essential to compensate the low
sensitivity of the human eye in the near infrared region.***!
Avoiding any infrared spillover facilitates high luminous
efficacy and allows for a high color rendering index (CRI) and
low correlated color temperature (CCT).?**! In general, the
hitherto obtained results make Ca,PN;:Eu’" look competitive
in terms of luminescence properties with established red-
emitting phosphors from related compound classes, such as
CaAIlSiN, (CASN, 4., = 650 nm, fwhm = 90 nm/2166 cm™") or
Sr,SisNg  (Sr-258, A, =630 nm, fwhm=85nm/2150 cm™),
emphasizing the great potential of nitridophosphates. A
brief comparison of relevant red-emitting phosphors and
their characteristic emission values is provided in Table 1.
Recapitulating, we present a novel synthetic route to
nitridophosphates that uses only readily available precursors

Table 1: Comparison of emission properties of Ca,PN;:Eu*" with
relevant red-emitting Eu’*-doped phosphors.

Compound Ao [NM]  Aem[nm]  fwhm [nm]  fwhm [ecm™]
Ca,PN; 440 650 84 1972
Sr;P;N,2 450 681 162 3402
Sr,SisNg®e! 450 630 85 2150
CaSiN,?" 450 630 110 2790
CaAlSiN,*%3) 450 650 90 2166
SrAISi,N,“ 450 632 - 2955
SHMg;SiN,J*" 450 615 43 1170
Ba[Mg;SiN,]i** 450 670 78 1970
Sr{LIAIN,J*! 440 650 50 1180
Sr[Li,AlL,O,N,]*! 460 614 48 1286
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and gentle reaction conditions, thus providing industrial
scalability of luminescent nitridophosphates for the first
time. Especially, the recently introduced PN-based phosphors
(e.g.: AEP¢N,,:Eu*" or Ba,PsN,,Br:Eu’") underpin the quest
for such an innovative access, as hitherto established methods
are sophisticated (supercritical ammonia, specially prepared
starting materials), require long reaction times (ampoules,
e.g., Ca,PN;: 14d), or provide only insufficient sample
quantities (HP/HT). By introducing nitridophosphate syn-
thesis in a hot isostatic press, all above mentioned circum-
stances can be evaded. Besides easy handling, large-volume
samples (>400mg) can be produced at gentle conditions
starting from P4 and other commercially available precur-
sors. Thus, the overall duration of nitridophosphate synthesis
is speeded up (Ca,PN;: 10 h) by hot isostatic pressing. This
synthetic tool may considerably accelerate fundamental
research on nitridophosphates in particular and on nitrido-
metallates in general. For instance, next to the radically
reduced reaction times, fast screenings are enabled, which will
facilitate a more thorough characterization of physical
properties. Combined with the impressive single-crystal
growth, hot isostatic pressing may also simplify structure
elucidation of unknown nitride compounds. Accompanied
with the possibility of ammonia-free synthesis on a large scale,
our work has brought nitridophosphates a step closer to
industrial application. In this context, Ca,PN;:Eu*" is a prom-
ising phosphor and offers numerous possibilities for further
investigations of optical properties. Especially, the synthesis
of solid solutions Sr,Ca, ,PN;:Eu®" should be in focus, as
substitution of Ca®" by larger Sr** ions may lead to a blue shift
of the emission band ending up in the favored emission region
between 610 and 620 nm with an even smaller fwhm, avoiding
IR spillover. Closing, the synthetic limits of this medium-
pressure method should be investigated by the preparation of
highly-condensed nitridophosphates.
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