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Abstract

An effective method of synthesis of tin phosphide SnyP; starting from metallic tin and amorphous red phosphorus by a low-
temperature (200 °C) solvothermal reaction in ethylenediamine is offered. The key parameters of this process — duration, temperature,
and the ratio of initial components (Sn/P) are studied. The structure, phase composition, and morphology of the products are
investigated using powder X-ray diffraction and scanning electron microscopy. Different synthetic ways for tin phosphide are discussed
and compared with the proposed one. The mechanism of solvothermal preparation of tin phosphide in ethylenediamine is discussed. It is
shown that the proposed solvothermal method opens up the possibility of preparing other metal-rich phosphides.

© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Metal phosphides show a great variety of compositions,
crystal structures, and properties. Nowadays, they have
become a key constituent class of compounds for exploring
new functional materials. Generally, initial material studies
focused on the so-called III-V phosphides such as GaP and
InP; the area of semiconducting electronics demanded the
exploration of the synthesis, structural and physical
properties of these compounds. Recently, other metal
phosphides have found interesting applications in the field
of anode materials [1] and catalysis [2] and thus have
stimulated works to explore d-metals (Mo, W, Fe, Co, Ni,
Cu) [la-le,2a-2j] as well as p-metals (Zn, Sn) [1f-1i,2k-21]
phosphides. The development of new and simple routes for
the preparation of the phosphides is one of the important
steps on the way to new materials.

In the review [3] wvon Schnering and Honle had
summarized all ways of preparation of the metal phos-
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phides known by the end of the 80th. The methods include
different kinds of ampoule techniques, arc melting, high-
pressure techniques, thermal decomposition of higher
phosphides, chemical transport reaction, synthesis in liquid
ammonia, reduction of phosphates, molecular beam
epitaxy, and electrolysis of phosphates. Later, Buhro has
extended this list by reviewing metallo-organic routes to
metal phosphides [4]. Most of the approaches demand
high-temperature conditions and/or special devices or
require operations with toxic/high-sensitive precursors;
therefore, the development of convenient and effective
routes for the fabrication of phosphides remains challen-
ging. Recent advances in this area have demonstrated that
some ‘‘soft chemistry” approaches can be successfully
applied for phosphides preparation, where solvothermal/
hydrothermal route is one of most promising and
convenient ways [see 5 and references therein].

Tin phosphide Sn4P; has a layered crystal structure
(Fig. 1). The alternating layers of phosphorus and tin
atoms are grouped into blocks seven layers thick, which
propagate along the c-axis. All phosphorus atoms are
octahedrally coordinated by tin atoms. Half of tin atoms
are octahedrally coordinated by phosphorus atoms, while
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Fig. 1. A general view of the cryst'gll structure ofa layered tin phosphide
SnyP; (hexagonal, R3m, a = 3.9677 A, ¢ = 35.331 A) [6a]. Tin atoms, gray
spheres; phosphorus atoms, orange spheres.

tin atoms confining each block have a 3+ 3 coordination
composed by three phosphorus atoms and three rather
distant (3.2 A) tin atoms from the adjacent block. The
question of oxidation numbers for the atoms in this
compound is open, but one can expect the possibility of
intercalation of cations in between two weakly bound tin
layers. Owing to the mentioned reason, SnyP; provides an
interesting material for lithium batteries [1g-1i] and is also
able to catalyze reactions of the silanes alkylation [2k,2l].
According to the literature, several approaches have been
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realized for the synthesis of the title compound, namely: (i)
the direct synthesis from tin and red phosphorus in
evacuated silica tubes at the relatively high temperatures
(>550°C) [6]; (i1) the chemical vapor deposition of SnyP3
films [7]; (iii)) the mechanochemical synthesis [1g-1i]; and
(iv) the solvothermal synthesis in nonaqueous solvents [8].
It should be emphasized, that the latter synthetic procedure
is the most convenient one, but the described solvothermal
routes require operations with hazardous/highly sensitive
reagents such as yellow phosphorus and potassium
borohydride KBH,4 [8a], or metallic sodium and sodium
phosphide NaszP [8b], which significantly limit the advan-
tages of the solvothermal synthesis.

In this work we demonstrate the high-yield synthesis of
the high-quality Sn4P; by a new and facile solvothermal
route from conventional reagents, metallic tin and amor-
phous red phosphorus powders. The mechanism of the
phosphides formation during solvothermal synthesis is also

discussed.

2. Experimental

2.1. Materials

Amorphous red phosphorus powder (98.0% Wako), tin
metal powder (99.5% Wako), and ethylenediamine (1,2-
diaminoethane) (99.0% Wako) were used as received.

2.2. Solvothermal syntheses

Appropriate amounts (Table 1) of red phosphorus and

tin were mixed with 30cm

3

of ethylenediamine in a

polytetrafluoroethylene (PTFE) vessel (volume — 40 cm?),

Table 1

Summary of the selected solvothermal reactions in 30 cm® of ethylenedia-
mine starting from 5Smmol of metallic tin powder and appropriate

amounts of red phosphorus

Reference Ratio Sn/P Synthesis condition Phase composition
TP-1 4/3.1 160°C, 10h Sn + SnyP5*
TP-2 4/3.1 200°C, 40h SnyP; +Sn

TP-3 4/6 200°C, 40 h SnyP; +Sn*
TP-3w 4/6 200 °C, 40h® SnyP;

TP-4 4/6 200°C, 10h SnyP;+ Sn

TP-5 4/6 200°C, 70h SnyP3 + Sn?
TP-6 4/6.75 200°C, 40h SnyP; +Sn*
TP-6w 4/6.75 200°C, 40 h® SnyP5

TP-7 4/1.5 200°C, 40h SnyP3 +Sn® +X¢
TP-8 4/9 200°C, 40h SnyP; + Sn® + X¢
TP-9 4/15 200°C, 40 h SnyP3 +X¢
TP-10 4/6 300°C, 85h Sn + SnyP5*

“Minor amount of the phase.
®After solvothermal synthesis the sample was washed with diluted HCI

(0.1 mol/L) for 12h.

“According to X-ray diffraction several additional peaks at low 20
angles are present on the powder pattern, which cannot be attributed to
any known modification of phosphorus, tin or their phosphides/oxides
(supporting information, Figure S1).
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the vessel was then capped by a PTFE cover and placed
inside a stainless steel bomb. The bomb was sealed and
kept at 160 or 200 °C for 10, 40 or 70h. One additional
synthesis was performed in a high-pressure cell made up of
Hastelloy alloy at 300 °C for 85h.

The product of the solvothermal process was collected
by filtration, washed four times with distilled water and
once with ethanol, and then dried at 60°C in air. To
remove the admixture of metallic tin from the as-produced
samples, a washing of product was carried under vigorous
stirring in 0.1 mol/L HCI aqueous solution for 12 h.

Throughout this work, a set of acronyms is used
(Table 1). The first two letters mean the desired Tin
Phosphide (TP), the number of the sample follows; the last
letter indicates (if applicable) the applied further proces-
sing: w — washing in diluted HCL

2.3. Characterization

The grinded crystalline products were characterized by
powder X-ray diffraction (XRD) using a Rigaku RINT
2000 diffractometer with Ni-filtered CuKo radiation
(2 =1.54178 A), operating at 200mA and 50kV. Data
were collected in the 260 range of 5-90°, with a scan speed of
0.5°/min, and a step width of 0.02°. The unit cell
parameters were refined by least-square fits of diffraction
peak positions of the main phase in the hexagonal system
using LaBg as an internal standard (¢ = 4.15692 A) with
WinCSD software [9a]. The profile refinement was carried
out by Jana2000 software [9b], the summary of the results
is presented in Supporting information. The morphology
was studied by scanning electron microscopy (SEM) using
a Hitachi S-4500 microscope operating at 15kV. The
magnetic susceptibility () for the samples was measured in
the external magnetic fields of 0.01, 0.1, 2.5, and 5T over a
temperature range of 2-400K using an SQUID magnet-
ometer (MPMSSS, Quantum Design). Samples for magne-
tization were prepared by placing a small amount of the
sample in an AGC1 Gelatin capsule. The diamagnetic
contribution from the gel cap was measured for each of the
applied fields and subsequently subtracted from the sample
measurements.

3. Results and discussion

The summary of selected solvothermal syntheses in
ethylenediamine is given in Table 1. All our attempts to
use other solvents failed. Using ethyleneglycol as a solvent
led to low yields of the desired product, while the syntheses
in water resulted in the formation of the tin hydropho-
sphate SnHPO;. All discussion below is devoted only to the
syntheses in ethylenediamine.

Analysis of the obtained data reveals that important
parameters for the synthesis of SnyP; by solvothermal
method are duration, temperature, and the initial
components ratio. The powder XRD analysis of
the sample TP-1 shows that the reaction between tin

and red phosphorus does not result in the formation of
significant amount of Sn4P3 at low temperature (160 °C)
and short synthetic time (10h). The sample is mostly
consisting of metallic tin with a minor admixture of the title
compound.

Increasing of the reaction temperature leads to signifi-
cantly higher yields of SnsP;. When the stoichiometric
amounts of the tin and red phosphorus are introduced into
the reaction the remarkable amount of metallic tin remains
unreacted. For example, for the sample TP-2 the rough
estimation from the profile refinement results in 25 wt% of
metallic tin and 75wt% of Sn4P;. The syntheses started
from a 2 or 2.25 times excess of red phosphorus lead to
practically single phase samples with small admixtures of
metallic tin, samples TP-3 and TP-6. Fig. 2 shows the
result of the Rietveld refinement of the two-phase sample
TP-3, from which it is estimated that the total amount of
the tin admixture is ~1 wt%. For the sample TP-6 this is
even lower, being close to the detection limit of the XRD
Rietveld analysis. Further decreasing of the Sn/P ratio
(samples TP-7, TP-8, and TP-9), i.e. increasing the
phosphorus excess up to 5 times, leads to diminishing of
tin admixtures in the samples, but simultaneously the
samples become contaminated with an unidentified phase,
which diffracts poorly. The requirement of phosphorus
excess during the solvothermal synthesis of copper
phosphide was mentioned by Brock et al. [10]. Apparently,
some equilibrium is achieved in the system between the
metal, dissolved phosphorus and metal phosphide, and
excess of phosphorus shifts this equilibrium towards the
formation of the metal phosphide. If the solution after the
solvothermal synthesis was stored in air for several days,
the formation of the amorphous precipitate was observed,
which was probably phosphorus.

No homogeneity range was detected for SnyP3, which is
inconsistent with the earlier reported wide homogeneity
range [6b]. The refined unit cell parameters of SnyP; for all
synthesized samples (least-squares refinement of the peak
positions using the external standard) did not differ from
one another within 3 e.s.d.; moreover, no systematic
changes of the unit cell parameters with increasing
phosphorus excess in the initial mixture were detected.
For the most pure sample TP-6w the refinement of the unit
cell parameters gives the following values (Sp. Gr. R3m):
a=3.96813(8) A, ¢=35.3426(9)A. The obtained values
are in agreement with those reported for the bulk powder
sample of SnyP3: a = 3.9677(3) A, ¢ = 35.331(4) A [6a], but
differ from the unit cell parameters reported for the SnyP;
nanopowder: a = 3.9701 A, ¢ = 35.012 A [8a].

The influence of the duration of the synthesis on the
nature of the product was also investigated. Three
syntheses with the constant Sn/P ratio (4:6) but different
reaction time were performed at 200 °C. For the sample
TP-4 (duration 10 h) ~30 wt% of metallic tin was found in
the product, while for the sample TP-3 (duration 40 h) only
~1wt% of metallic tin was found. Further increase of the
duration of the synthesis (sample TP-5, 70h) leads to
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Fig. 2. Rietveld analysis of the X-ray diffraction pattern of the sample TP-3. Experimental data points are shown as dots and theoretical fits are shown as
solid curves. Tick marks below the fit correspond to the positions of the Bragg reflections expected for the f-tin (upper row) and tin phosphide Sn P3
(lower row) structures. The curve at the bottom represents the difference between the observed and calculated patterns.
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Fig. 3. Comparison of the powder diffraction pattern for the samples TP-3 and TP-3w, green and blue lines, respectively. An inset shows the enlarged
region from 29.2° to 32.4° 20, where two most intensive peaks of f-tin are expected. The positions of the SnyP5 diffraction peaks are shown by red vertical

lines, while the tin diffraction peaks are marked with black arrows.

further reduction in tin content, although a complete
removal of the tin admixture could not be achieved even in
this case.

The most pure samples were synthesized at 200 °C
starting from the tin/phosphorus ratio 4:6 or 4:6.75. The
minor tin admixture (less than 1 wt%) in these samples can
be easily removed by washing with diluted hydrochloric
acid, thus the phase pure samples of Sn4P; can be obtained
as demonstrated for the sample TP-3w (Fig. 3, inset). The
Sn,P; phase is not affected by acid washing, it preserves its
crystallinity as revealed by XRD (Fig. 3).

The morphology of a solvothermally produced poly-
crystalline SnyP; observed by SEM is shown in Fig. 4A.
The sample TP-3 consists of relatively big aggregates
without any texturing, the particles size ranges from several
hundred nanometers to a few micrometers. In addition, the
presence of trace amounts of a raw metallic tin was
detected by SEM in the TP-3 sample (Fig. 4A, inset), which
is in agreement with the XRD data. The morphology of the
initial tin metal powder is shown in Fig. 4C. Washing of the
TP-3 sample with diluted HCI does not lead to significant
changes in the microstructure (Fig. 4B), but at the same
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Fig. 4. SEM microphotographs are shown for (A) a solvothermally
prepared polycrystalline SnyP; with the inset illustrating an observed trace
of the metallic tin (sample TP-3); (B) a view of the morphology of the
same sample after washing in diluted HCI (sample TP-3w); (C) a typical
morphology of the initial tin metal powder.

time a slight decreasing of the average size of the
aggregates was observed. That may be related to a
milling-like effect during the 12h vigorous stirring of the
small amount of a powder in a relatively large volume of
the aqueous solution, but seems not to be caused by the

acidic treatment. It should be noted that no admixture of
tin metal was detected by SEM for the washed TP-3w
sample.

Preliminary investigations of the magnetic properties of
synthesized samples (TP-3w and TP-6w) reveal a diamag-
netic behavior of the SnyP; compound. It should be noted
that low field measurements (0.1 and 0.01 T) did not show
strong decrease of the signal around 3 K, which is typical
for the presence of even very small admixture of tin in the
samples (superconductivity critical temperature for metal-
lic tin is 3.7K) [11].

Two ways of solvothermal synthesis of Sn4P; were
reported by the group of Qian [8]. In their first work [8a],
the reaction between tin chloride SnCl, - 2H,O, potassium
borohydride KBH,, and yellow phosphorus P, was
performed in absolute ethanol. The nonhomogeneous
distribution of the nanoparticles of SnyP; was observed,
which makes careful analysis of the XRD data difficult.
However, the X-ray photoelectron spectroscopy study
showed that the Sn:P ratio in the synthesized sample was
4.32:3, which is close to the stoichiometric ratio. The
disadvantage of this synthesis is the use of highly air and
water sensitive materials: yellow phosphorus sponta-
neously burns in air, while KBH,4 decomposes under the
contact with water. The authors [8a] stated that the
interaction of other different precursors, including the
reaction between yellow phosphorus and metallic tin, did
not lead to the formation of tin phosphides. As it shown in
this work, the reaction of metallic tin with the less active
modification of phosphorus, red phosphorus, in other
solvent than ethanol, namely, ethylenediamine, results in
the formation of Sn4P; in very high yields. In another
report of the same group [8b] the nanorods of tin
phosphide Sn4P; were synthesized by the solvothermal
reaction in ethylenediamine. In that case, the two-step
synthesis was performed. At the first stage sodium
phosphide Naz;P was made by the reaction of metallic
sodium and yellow phosphorus; at the second stage the
reaction between tin chloride SnCl, and sodium phosphide
Nas;P was carried out resulting in the formation of
nanorods of SnyP3. The byproducts of the reaction, such
as NaCl, unreacted sodium phosphide, or phosphorus,
were removed by subsequent washing with benzene,
ethanol, and water. It was assumed [8b] that ethylenedia-
mine played an important role in the formation of the
nanorods due to its N-chelation properties and also served
as a template. The disadvantage of working with metallic
sodium is clear. Moreover, no rod-like particles formation
was obtained in our synthesis using ethylenediamine
(Fig. 4A). In addition, it was shown [10] that an N-donor
ligand is not necessary for the solvothermal synthesis of
Cu;P phosphide, as was suggested earlier by Qian et al.
[12]. However, the understanding of the mechanism of tin
phosphide formation during solvothermal synthesis is quite
important, since it opens the ways to the synthesis of new
metal phosphides or to varying the sample morphology, i.e.
fabrication of the nanoparticles. In light of this, one very
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important question appears, why even in the syntheses with
large excess of phosphorus always only one metal-rich
phosphide is formed? Actually, three other tin phosphides
are known, namely, SnP, Sn;P,, and SnP; [6,13], each
containing more phosphorus than SnyP;. Furthermore, the
latter two phosphides are stable at ambient conditions [13].
The similar result was observed for the hydrothermal
synthesis of copper phosphide CusP [10], where even in the
case of the 30 times excess of phosphorus only one copper-
rich phosphide was obtained. Again, according to the
Cu-P phase diagram, another phosphorus-rich compound
CuP, is stable at ambient conditions [13].

The SEM revealed that tin particles, which are present as
an admixture in the sample TP-3 (Fig. 4A, inset), have
exactly the same shape and size as the initial tin metal
powder used for the syntheses (Fig. 4C). This indicates that
tin does not dissolve in ethylenediamine under the
solvothermal conditions. In order to shed some light on
this problem, a synthesis at higher temperature (300 °C)
and longer reaction time (85 h) was performed (sample TP-
10). One can expect that the increase of the temperature
and duration of the reaction should lead to the enhanced
yield of the product. But this was proved not to be the case.
The product of the TP-10 synthesis is one big drop-like
piece of the metallic tin on top of which the reaction took
place. XRD confirms that the powder from the top of the
metallic drop is a mixture of Sn4P; and, seemingly,
amorphous phase — which is probably red phosphorus.
As tin was placed into a vessel as a powder, one can assume
that the melting of tin occurs during the reaction (melting
point 232 °C). This is direct evidence that metallic tin does
not dissolve in the subcritical ethylenediamine (7,~320 °C).
A significant decrease of the tin surface area leads to
considerably lower reactivity of the metal. Apparently, the
mechanism of the reaction is the following: red phosphorus
dissolves solely in ethylenediamine and the solution reacts
with metal (tin in our case). During the reaction the metal-
rich phosphide forms and does not further react with
phosphorus, presumably due to kinetic reasons.

4. Conclusions

A bulk, polycrystalline, phase pure tin phosphide SnsP;
was prepared from the elements, metallic tin and red
phosphorus, by a convenient solvothermal reaction in
ethylenediamine. The reported synthesis is much simpler
than the solvothermal ways described in the literature,
since it does not require the operations with toxic/high-
sensitive precursors. The investigation of the influence of
the duration and temperature of the solvothermal synthesis
as well as the starting components ratio on the phase
composition of the product has resulted in the optimization
of the synthetic conditions, leading to the high-yield
synthesis. The analysis of the synthetic data has led to
the assumption that the formation of SnyP; proceeds
through the reaction of the metallic tin with the solution of
phosphorus in subcritical ethylenediamine.
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