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A BS T RAC T
In situ high pressure synchrotron X-ray diﬀraction measurements were performed on icosahedral boron
phosphide (B12P2) to 43.2 GPa. No structural phase transition occurs over this pressure range. The bulk
modulus of B12P2 is KOT = 207 ± 7 GPa with pressure derivative of K′OT = 6.6 ± 0.8 . The structure is most
compressible along the chain formed by phosphorus and boron atoms in the crystal structure. It is believed that
the compressibility of boron-rich compounds at close to ambient pressure is determined by the boron
icosahedral structure, while the inclusive atoms (both boron and non-boron) between the icosahedra determine
the high-pressure compressibility and structure stability.

1. Introduction
Boron and boron-rich compounds are of interest for their extreme
properties such as their high hardness, chemical inertness, good
thermal stability, and resistance to radiation damage. [1–26] These
properties are a consequence of their unusual chemical bonding: it
contains unusual “electron deﬁcient” bonds, the 2-electron-3-center
bond, where one pair of electrons are shared among three atoms. [1,5]
As a result, the boron atoms tends to form various types of chains and
clusters, for example a twelve boron atom icosahedra, in elemental
boron and boron-rich compounds. The boron icosahedra are piled
together in a close packed arrangement, and when other elements are
present, they ﬁt in the gaps between icosahedra. The structure of B12P2
(shown in Fig. 1(a)) is similar to other rhombohedral elemental boron
and other boron-rich compounds such as boron carbide and boron suboxide. [23,25] Eight boron icosahedra occupy each vertexes of the
rhombohedron and a chain of two phosphorus atoms occupy the body
diagonal of the rhombohedron. The two phosphorus atoms are bonded
together and to three boron icosahedra assembled along the a- and baxis. Previous Raman studies have reported that B12P2 experience no
structural phase transition until 80 GPa before a reversible transition

⁎

to a distorted structure is caused by the deformation of the icosahedral
structures. [7].
Due to the close-pack structure of these icosahedra based boronrich compounds, high hardness is usually expected. Boron carbide, for
example, is the third hardest material in nature next to diamond and
cubic boron nitride, yet brittleness has signiﬁcantly limited its application. [26–28] Recently, An and Goddard predicted that boron suboxide
(B6O) and icosahedral boron phosphide (B12P2) should be much less
brittle than boron carbide due to their ability to reform bonds between
planes as they slip past each other. [10] In contrast, boron carbide does
not have this ability. Thus B6O and B12P2 may be superior to boron
carbide in applications in which the material is subjected to high strain
rates such as in armor.
To better assess whether B12P2 might be useful in such applications,
it is necessary to better establish its physical and mechanical properties. Previously, using an ab initio method with density functional
theory (DFT), Gao et al. [29] predicted the bulk moduli of B12P2 and
B12As2 as 208.3 GPa and 204.6 GPa, respectively. Using the in-situ
high-pressure x-ray diﬀraction which we reported here, Wu et al. [24]
measured the bulk modulus of B12As2 (a compound similar in structure
to B12P2) as 204 GPa. The present study was undertaken to experi-
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Fig. 1. The crystal structure of B12P2. The black and grey spheres represent the boron and phosphorus atoms, respectively. (a) the unit-cell of B12P2; (b) the chained structure of B12P2
along c-axis; (c) the tetrahedral structure of B12P2 assembled along a-axis (looking from c-axis)..

Fig. 2. X-ray diﬀraction images of B12P2 at pressures. (a) at 0.4 GPa, (b) at 43.2 GPa..

A sheet of rhenium was pre-indented to 43 µm with a hole of 150 µm in
diameter being drilled in the center of the indentation by a laser
drilling device. A chip of B12P2 sample was loaded into the sample
chamber with two ruby spheres aside for pressure calibration. Neon gas
was also loaded in the sample chamber as pressure transmitting
medium. The x-ray diﬀraction experiment was performed at 13-BMD
station of Advanced Photon Source (APS), Argonne National
Laboratory (ANL). The x-ray wavelength was 0.3344 Å. A Mar165
CCD detector recorded the diﬀraction images, which were processed
and analyzed using Dioptas. [30] The integrated diﬀraction patterns
were used to determine the diﬀraction peaks with peakﬁt and the
reﬁnement was done by UNITCELL. [31] Due to the nature of the
sample (multiple crystals) and the resultant limited number of diﬀraction peaks, positional reﬁnement was not performed during analysis.

mentally measure the bulk modulus of icosahedral boron phosphide,
and to compare with relevant compounds to reveal their common
behavior under pressure inﬂuence.
2. Experiment details
The icosahedral boron phosphide (B12P2) crystals were produced by
dissolving cubic boron phosphide (BP) powder in molten nickel at
1350 °C under a ﬂow of phosphine, then slowly cooling to 1000 °C.
During the cooling process, the B12P2 crystals precipitated instead of
BP, due to the loss of phosphorus. The solidiﬁed nickel ﬂux was
removed by etching in acid.
A symmetric diamond anvil cell was employed for pressure
generation. A pair of 400-µm ﬂat culet diamond anvils was selected.
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Fig. 3. (a) Integrated x-ray diﬀraction patterns of B12P2 under pressures. Star, pattern acquired during decompression, vertical bar, the reference diﬀraction peak position, and numbers
on the curve, pressure in GPa. (b) Pressure dependence of d-spacings of B12P2. The numbers marked aside the lines are the corresponding Miller indices..

33.7%. Thus, B12-P-P-B12 chain (shown in Fig. 1(b)) along the cdirection, is more compressible than other spacial conﬁgurations of
atoms (shown in Fig. 1(c)). Such compressible anisotropy was also seen
with B12As2 [24] and β-boron, where the B12-As-As-B12 and the B12B10-B-B10-B12 chain structures are much more compressible.
It is also observed that, lattice parameters in the decompression
process diverge from those in compression (shown in Fig. 5). When
decompressed from 43.2 GPa, the compressibility curve of a-axis is
slightly below its compression curve. The c-axis has opposite behavior
above 11.1 GPa. This sluggish recovery from compression along the caxis also indicates the weakness of bonding along the P-P chain. Hence
the application of high pressure exerts a larger impact on the chained
structure than the boron icosahedra. Inclusion of the compressibility
anisotropy above, the B12 icosahedral structure is more rigid in B12P2,
which is consistent with observation in β-boron and B12As2 [24]. This
may indicate that the boron icosahedral structure has low (possibly the
lowest) energy structural conﬁguration.
The pressure dependence of unit-cell volumes of B12P2 are shown in
Fig. 6. The volume is reduced by 12.4% as the pressure increases from
0.1 to 43.2 GPa. Fitting the data to 2nd order Birch-Murnaghan
[32,33] equation of state yield a bulk modulus of KOT = 234 ± 3 GPa ,
while the 3rd order equations of state yield a bulk modulus of
KOT = 207 ± 7 GPa and its pressure derivative K′OT = 6.6 ± 0.8. As
shown in Fig. 6, regarding the distribution of data points and the ﬁtted
curves, the 3rd order model has demonstrated a better ﬁt than the 2nd

3. Result and discussion
From the diﬀraction images (shown in Fig. 2), diﬀraction spots can
be clearly observed, indicating that the sample was initially a single
crystal and broke into a number of smaller single crystal pieces as
pressure was elevated. At diﬀerent pressure the position of the
diﬀraction spots varies, which may be caused by the reorientation of
the crystals in the sample chamber. Fig. 3(a) shows the integrated x-ray
diﬀraction patterns of B12P2 at selected pressures. No anomaly related
to structure change is observed during compression and decompression processes, thus there is no structural phase transition over the
tested pressure range. Fig. 3(b) displays the variation of d-spacings of
the sample with pressures. The d-spacings of B12P2 consistently
decrease with increasing pressures. The relative intensity variations,
as well as the appearance and disappearance of peaks may be caused by
the crystal reorientation in the sample chamber under pressure.
The pressure dependence of the cell parameters is presented in
Fig. 4 and the speciﬁc cell parameters and unit-cell volumes under
pressure are listed in Table 1. Since at each pressure that all peaks
observed are used in the cell parameter reﬁnements and that the
variation of the number of peaks and their intensities are observed, the
reﬁned cell parameters show scattering at pressures. It is observed that
the B12P2 is slightly more compressible along c-axis than a-axis at
lower pressures, and this anisotropy continuously increases with
pressure elevation. At 43.2 GPa, the axial compression rate diﬀers by
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Table 1
The cell parameters and unit-cell volumes of B12P2 at pressures.
P (GPa)

a (Å)

c (Å)

V (Å3)

0.0a
4.8
6.0
8.0
9.7
11.1
11.1a
13.1
15.5
19.3
21.2
21.2a
23.7
25.6
27.8
29.6
31.3
32.5a
34.3
38.7
40.7
43.2

5.9930(3)
5.9525(3)
5.9444(3)
5.9322(3)
5.9178(3)
5.9171(3)
5.9055(3)
5.9023(3)
5.8604(3)
5.8505(4)
5.8446(4)
5.8417(4)
5.8323(4)
5.8276(6)
5.8172(4)
5.8151(5)
5.8044(5)
5.7840(3)
5.7935(3)
5.7785(3)
5.7482(4)
5.7607(9)

11.8161(7)
11.7482(7)
11.6962(8)
11.6699(7)
11.6118(7)
11.6058(7)
11.610(1)
11.5783(7)
11.5583(7)
11.4923(7)
11.4623(7)
11.4916(7)
11.4230(5)
11.340(3)
11.359(1)
11.3529(7)
11.3588(8)
11.3291(7)
11.3123(6)
11.2518(6)
11.2657(7)
11.2038(8)

367.53(4)
360.49(4)
357.92(4)
355.65(4)
352.17(4)
351.90(4)
350.64(5)
349.32(4)
343.78(4)
340.67(5)
339.09(4)
339.62(5)
336.50(5)
335.28(6)
332.89(5)
332.46(5)
331.42(5)
328.23(3)
328.82(4)
325.38(4)
322.36(4)
322.00(9)

a

Data points acquired during decompression process.

compounds. The present results further indicate that the compressibility is mainly determined by the B12 icosahedra at ambient pressure
and by the structure and component of elements (other than boron in
the form of B12 icosahedra) in the body diagonal of the rhombohedral
structure at high pressures. It is interesting that these chained atoms in
the rhombohedral boron-rich compounds aﬀect and only aﬀect the
high-pressure compressibility. It may be a clue for design and synthesis
of boron-rich materials with superior high-pressure performance.

Fig. 4. The pressure dependence of cell parameters of B12P2. The lines are the ﬁtting
results. The error bars represent the error resulted during the reﬁnement. Inset (a): the
pressure dependence of c/a ratio. Open circle, decompression data; solid square,
compression data; dashed lines, decompression curve; black lines, compression curve.
(the large error is resulted from the reﬁnement yet it is realized that the diﬀerent number
of d-spacings adopted in the reﬁnement can cause the data scattering).

4. Conclusion

order model. Thus the ambient pressure bulk modulus of B12P2 is
determined to be 207 GPa, which is in good agreement to the value
predicted by Gao et al. [29].
The unit-cell volumes of B12P2 as a function of pressure are shown
in Fig. 7 along with those of α- and β-rhombohedral boron and B12As2
for comparison (Birch-Murnaghan equation of state for B12P2, β-boron,
and B12As2, Vinet [34] equation of state for α-boron). As shown in
Table 2, the ambient pressure bulk moduli for each material are
207.1 GPa for α-boron [6], 205 GPa for β-rhombohedral boron [9],
204 GPa for B12As2 [24], and 207 GPa for B12P2. Considering the
uncertainty, the bulk moduli of these materials are considered identical. Yet the volume reduction value of B12P2 is clearly lower than
these materials, indicating the lower compressibility of B12P2 at high
pressures. Fig. 7 inset (a) are the high-pressure bulk moduli of B12P2,
α- and β-boron and B12As2 based on their pressure derivatives (shown
in Table 2). It is discovered that B12P2 and B12As2 are respectively the
most and least rigid at high pressures, while α- and β-boron have
almost identical bulk moduli through the pressure range.
It was previously determined by Wu et al. [24] that the boron
icosahedral structures play a dominant role in compressibility for
boron-rich compounds based on the comparison of the bulk modulus
of B12As2 to that of β-boron. An and Goddard's10 theoretical study also
predicted that the speciﬁc conﬁguration of the doping structures
incorporated inside the rhombohedral cage of boron icosahedra is also
a major factor inﬂuencing the shear strength of such boron-rich

X-ray diﬀraction experiments on B12P2 were performed to 43.2 GPa
in a diamond anvil cell. There is no phase transition in the pressure
range. As pressure elevation, c-axis is more compressible than a-axis.
The bulk modulus of B12P2 is 207 GPa. By comparison of B12P2,
B12As2, α-, and β-boron, it is believed that the compressibility of boronrich compounds is determined by the boron icosahedral structure at
close to ambient pressure while the inclusive atoms (both boron and
non-boron) in non-icosahedral structure determine the high pressure
compressibility and structural stability.
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Fig. 5. The pressure dependence of cell parameters of B12P2 from compression and decompression, (a) a/a0, (b) c/c0. Open square, compression data; solid square, decompression
data; solid lines, compression curve; dashed lines, decompression curve. The error bars represent the error resolved during the reﬁnement (the large error is resulted from the
reﬁnement yet it is realized that the diﬀerent number of d-spacings adopted in the reﬁnement can cause the data scattering)..

Fig. 6. The pressure dependence of unit-cell volume of B12P2. The solid squares
represent the data from decompression. The error bars represent the error resulted
during the reﬁnement (the large error is resulted from the reﬁnement yet it is realized
that the diﬀerent number of d-spacings adopted in the reﬁnement can cause the data
scattering)..

Fig. 7. Comparison of the pressure dependent unit-cell volume of B12P2, B12As2, α-and
β-boron. The pressure dependence of bulk moduli for B12P2, B12As2, β-boron and αboron is shown in inset (a).
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