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ABSTRACT: Transition-metal (TM) phosphides attract increasing attention with
applications for energy conversion and storage, due to their outstanding physical,
chemical, and electronic properties. The 3d transition metal tetraphosphides (TMP,,
TM =V, Cr, Mn, and Fe) possess multiple allotropies and rich electronic properties.
Here, we perform the investigations of the structural, electronic, and elastic properties
for 3d-TMP, (TM =V, Cr, Mn, and Fe) using density functional theory (DFT)
calculations. These compounds are featured with alternating buckled phosphorus
sheets with ten-numbered phosphorus rings and varied transition-metal layers. Hybrid
DFT calculations reveal that TMP, compounds exhibit a wide range of electrical
properties, ranging from metallic behavior for VP, to semiconducting behavior for
CrP, with the narrow direct band gap of 0.63 eV to enlarged semiconducting MnP,,
and FeP, with band gap of 1.6—2.1 eV. The bonding analysis indicates that P—P and

CrP

TM—P covalent interactions dominate in the phosphorus sheets and TMPy octahedrons, which are responsible for the

structural and electronic diversity.

B INTRODUCTION

Transition-metal phosphides (TMPs), in particular, phospho-
rus-rich phases, have attracted considerable interest due to the
earth-abundance and outstanding properties, such as high
activity, good electrical conductivity, and high lithium
capacity.l_4 For instance, FeP and FeP, nanowires (NWs)
exhibit excellent performance for hydrogen evolution reduction
(HER) in both strong acidic and basic aqueous solutions.’
Moreover, improved electrocatalytic efficiency and better
durability were achieved for FeP, NWs in comparison with
the FeP NWs because of the more negatively charged P anions
for active proton-acceptor sites and the high efficiency of the
richer P composition protecting metal ions against oxidation.
High efficiency for HER or oxygen evolution reaction (OER)
or both was also reported for CoP,° M0P2,7 and CoP38 because
of the good stability of TMPs in acidic and basic media
superior to their pure metal counterparts. The charge transfer
between the TM and P atoms is critical for the electrocatalysis
process, which promotes the adsorption and desorption of
reactant and product molecules. For HER, the positively
charged TM centers and the negatively charged basic P centers
could act as the hydride acceptor and proton acceptor centers,
respectively, and P centers can promote the formation of TM-
hydride, facilitating the following hydrogen evolution by
electrochemical desorption. While for OER, the same principle
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may be adopted that the metal sites in TMPs act as hydroxyl
acceptor and the phosphorus sites promote the adsorption of
hydroxyl on TM centers then in favor of oxygen evolution
through discharging and desorption.

CrP, was first synthesized by reaction of the constituent
elements at pressure of 1.5—6.5 GPa about half century ago.”
Later on, 3d transition-metal tetraphosphides (TMP,) of
VP, MnP,''~'* and FeP,"”™"" were prepared by high
pressure or chemical transport with iodine or bromine at high
temperature. The 3d TMP, compounds crystallize in different
crystal symmetry with covalent phosphorus networks, where
the cavities or channels may facilitate the migration of lithium
ion. The low-potential intercalation of lithium into MnP, was
first reported by Souza et al. in 2002,"® followed by the report
on topotactic intercalation of Li,VP, compounds by Doublet et
al."” Since then, numerous investigations have been performed
on the insertion/extraction of lithium into 3d transition-metal
phosphides, such as VP4,20 NiP,,>""** FeP,,**** CoP3,zs’26 and
TiP,.”” The high gravimetric and volumetric capacities (500—
1800 mAh g™') make them able to be alternative anode
materials for lithium ion battery (LIB).** So far, however, most
studies were focused on the physical and chemical properties
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Table 1. Lattice Parameters of TMP, in Comparison with Experimental Results, Relative Formation Enthalpy, AE;, and

Calculated Band Gap, E,*

phase SG a b c a
vp, C2/c 5.216 11.007 5.802
5.259 10.997 5.879
CrP, C2/c 5.170 10.684 5.692
5.191 10.760 5.771
6-MnP, P1 16.288 5.831 5.082 115.5
16.347 5.847 5.108 115.66
8-MnP, C2/c 10.485 5.069 21.693
10.513 5.094 21.804
2-MnP, P1 5.847 5.080 5.814 93.6
5.847 5.080 5.814 93.61
y-MnP, Cc 5.084 10.503 10.855
5.105 10.540 10.875
y-FeP, C2/c 4.993 10.311 11.027
5.054 10.407 11.069
a-FeP, P2,/c 4.577 13.543 6.947
4.619 13.67 7.002
B-FeP, 222, 4.949 10.145 5.486
5.005 10.213 5.30

p ¥ AE; PBE-E,  HSEE, ref
1103
110.87 exptl'’
1103 0.63
110.648 exptl’
95.3 89.2 0 0.47 1.60
95.15 89.21 exptl"?
94.6 0.003 0.53 1.76
94.71 exptl"?
107.4 115.8 0.009 0.40 1.62
107.37 115.78 exptl"!
93.6 0.036 0.51 1.83
93.80 exptl"*
90.8 0 0.77 1.76
91.14 exptl'”
1014 0.011 0.87 2.13
101.48 exptl"®
0.064 0.88 1.83
exptllb

“a, b, and ¢ in A; a, B, and y in deg. TM =V, Cr, Mn, and Fe. AE; in eV/fu. E, in eV.

of TMPs for their practical applications. Theoretical
investigations on the crystal structures and chemical bonding
of TMPs, especially for TMP, are scarce.”” Theoretical
calculations can provide useful information for the under-
standing of phase stability and elastic and electronic properties
of the phosphides. For example, CoP and IrP were calculated
via first-principles calculations,’® > and the optoelectronic
properties were revealed for IrP. Elastic, magnetic, and
electronic properties of Ir,P were also calculated.” In addition,
TaP was studied theoretically to understand the Weyl
semimetal feature by Xu et al.’>* In this work, the systematic
investigations on the structure, chemical bonding, and elastic
properties of 3d TMP, (TM = V, Cr, Mn, and Fe) were
performed using first-principles calculations. Our findings may
inspire further explorations of TMP,, applications.

B COMPUTATIONAL METHODS

Our geometry optimizations were performed within the Cambridge
Serial Total Energy Package (CASTEP) code,® based on density
functional theory (DFT). For the exchange-correlation functional, we
employed the generalized gradient approximation functional
developed by Perdew, Burke, and Ernzerhof (GGA-PBE).*® A
plane-wave basis set cutoff energy of S00 eV was chosen and a
dense Monkhorst—Pack k-point grid of spacing 2z X 0.03 A™" was
used for the Brillouin zone to ensure the convergence of total energy
less than 1 meV per atom. All the compounds were fully relaxed until
the differences of the total energy were less than 1.0 X 107° eV, and
atomic forces were within 1 X 107 eV/A. The band structures and
density of states (DOS) calculations were performed with the Vienna
Ab initio Simulation Package (VASP),*” based on DFT with Heyd—
Scuseria—Ernzerhof (HSE06) hybrid functional. Crystal orbital
Hamilton population (COHP)*® was calculated for bonding features,
and the electron transfer via the Bader charge scheme® was also
calculated. Mulliken overlap populations (MOP) were calculated
using CASTEP code. The elastic constants (Cij) were determined by
calculating the stress tensor driven by strain changes. The bulk
modulus (B), shear modulus (G) and Young’s modulus (E) were
evaluated by the method of Voight—Reuss—Hill (VRH)* approx-
imation. Crystal structure figures were plotted using VESTA
package.*'
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B RESULTS AND DISCUSSION

Structure and Stability. The calculated lattice parameters
and relative formation enthalpy (AE;) of 3d TMP, are
presented in Table 1 in comparison with available experimental
results. The relative formation enthalpies for MnP, and FeP,
modifications are defined as AEM™ = E{(MnP,) — E{6-
MnP,), and AEF®** = E{FeP,) — E{y-FeP,). The deviations
between the experimental and calculated values are within the
typical DFT errors (~2%). As listed in Tablel, 6-MnP, and y-
FeP, show the lowest formation enthalpy (AE; = 0) among
different configurations of MnP, and FeP,, respectively
Moreover, the phase formation of 6-MnP,, 8-MnP,, and 2-
MnP, is very competitive during synthesis due to small energy
difference within 10 meV/fu, in good agreement with previous
experiment observations.''~'® For y-MnP,, the metastable
nature is revealed by its formation enthalpy, higher than that of
6-MnP, by 36 meV/fu; this agrees well with the high annealing
temperature (923—1073 K) during synthesis, and it is difficult
to separate from the mixture of manganese tetraphosphides."*
For iron tetraphosphide (FeP,), the formation enthalpy of a-
FeP, is close to that of y-FeP, (higher by about 11 meV/fu),
whereas f-FeP, is higher than y-FeP, by about 64 meV/fu,
agreeing with the synthesis at high temperature and high
pressure conditions (1373 K and 6 GPa) for S-FeP,.'°
Additionally, the calculated phase transition can be found for
FeP, in Figure 1, y-FeP, transforms into a-phase at 2.8 GPa
then to B-phase at 4.9 GPa. The transition pressure can be
easily reached by the current capability of high-pressure
techniques; further verification is expected.

The crystal structures of 3d TMP, (TM = V, Cr, Mn, and
Fe) are shown in Figures 2 and 3. All the phases could be seen
as the black phosphorus*’ layered structure (Figure 2i)
intercalated by the TM atoms, accompanied by reordering of
atomic stacks from AB to AC, similar to that of Na
intercalating into black phosphorus.43 Besides, due to the
intercalation of TM atoms, the sharing edge of the two
neighboring P, rings is broken up to form Py, rings (Figure
2j,k). Consequently, a sandwiched structure, consisting of
alternating buckled phosphorus sheets with P, rings and wave-
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Figure 1. Relative formation enthalpies (AE;) of a-FeP, and f-FeP,
with respect to y-FeP, as a function of pressure.

like/planar metal layers, are built for TMP, (TM =V, Cr, Mn,
and Fe). The different stacking pattern of the layers and sheets
is reflected by their individual symmetry. The P atoms in Py,
rings are all tetrahedral-coordinated and can be classified into
two different groups: one (four P atoms) is covalently bonded
with two adjacent P atoms and two TM atoms, and the other
(six P atoms) is covalently bonded with three neighboring P
atoms and one TM atom.

The packing of the metal atoms is quite different for
individual TMP, despite of the similar phosphorus layers. In

VP,/CrP,, the zigzag chains of V/Cr atoms are extended along
[0 0 1] direction with the uniform distance of 3.208/3.119 A.
In MnP, with four different modifications, Mn atoms prefer
Mn—Mn dimers with distance of 2.899—2.931 A, and the
distances within the dimer are varied within 3.719—4.205 A. Tt
should be noted that the distance of the Mn—Mn dimers is
much longer than the sum of Mn atomic radius (1.27 A) and
that of MnB, (2.674 A) as well.** For FeP,, trimetric Fe atoms
with intradistance of 3.482 A and interdistance of 4.091 A are
found in a-FeP,, and also Fe—Fe distance of 4.001 and 3.512 A
are uniformly distributed in f-FeP, and y-FeP,, respectively,
indicating the isolation of Fe atoms in the FeP, phases. The
greater Fe—Fe distances in FeP, structures are even larger than
those in the semiconducting tI40-FeB, and cP20-FeB,, the
proposed high pressure phases of FeB,."> The P—P bond
lengths in the P, rings are depicted in Figure 4a. In general,
for the P—P bond lengths in the phosphorus sheets, the
maximum increases from VP, to FeP,, the minimum is just
converse, and the average values show almost no changes.
Interestingly, there is no significant variation for the P—P bond
lengths in CrP,, which is in contrast to that in S-FeP,, well
agreement with the shorter TM distance in CrP, (Cr—Cr,
3.119 A) than in FeP, (Fe—Fe, 4.001 A).

2
(Do*aé;".%..3‘5§°"0a.°(g)°'~., a,ss}!n.,

‘0

Figure 2. Crystal structures of 3d-TMP, (TM =V, Cr, Mn, and Fe): (a) VP, or CrP, (the value of Cr—Cr bond length is shown in parentheses);
(b) 2-MnPy; (c) y-MnP,; (d) 6-MnP,; (e) 8-MnP,; (f) a-FeP,; (g) f-FeP,; (h) y-FeP,. The TM and P atoms are represented as big yellow and
small green spheres, respectively. VP, is isostructural with CrP,, so we just show one phase of both isostructural phases here. Panel i shows the
black phosphorus crystal structure; panel j shows the phosphorus layer in black phosphorus with Pg rings, and panel k shows the phosphorus layer
in TMP, with P, rings. The structural variation is shown in the two dashed black boxes of panels j and k.
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Figure 3. Crystal structures of 3d-TMP, (TM =V, Cr, Mn, and Fe) polyhedron view. The TM and P atoms are represented as big yellow and small

green spheres, respectively.
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Figure 4. Variation of bond lengths for (a) P—P bonds and (b) TM—P bonds in TMP, (TM = V, Cr, Mn, and Fe) phases.

For all the TMP, phases, TM atoms are all octahedral-
coordinated by six P atoms. Different from the P—P bonds, the
average distances of TM—P monotonically decrease (Figure
4b) due to the changes of the metal radius from V to Fe. As
shown in Figure 3, edge-sharing TMPy octahedrons show the
linear arrangements in VP,, CrP,, and 2-MnP,, and wave-like
arrangements in 6-MnP,, y-MnP,, and y-FeP,. For 8-MnP, and
a-FeP,, the TMP; octahedrons form TMP, groups (four units
for 8-MnP,, and three units for a-FeP,) by edge-sharing, and
the neighboring groups are connected with the corner sharing.
Exceptionally, FePs octahedrons in p-FeP, are connected
together by corner-sharing only.
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Electronic Structure. Electronic structures provide a
useful clue to explore the origin of the outstanding physical
and chemical performance of materials. To analyze the
electronic character, the band structure and density of states
(DOS) curves of TMP, calculated within HSE hybrid function
are depicted in Figures 5 and 6. Metallic behavior is observed
for VP, in good agreement with previous experimental
results.'” The good electronic conductivity of VP, suggests
the potential applications on the water splitting (HER or
OER), just like MoP,.” For CrP,, a direct band gap of 0.63 eV
is found at the I" point with the HSE functional; however, the
standard PBE calculations give a semimetal character, which is
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Figure S. Band structures for (a) VP,, (b) CrP,, (c) 2-MnP,, (d) 6-
MnP,, (e) 8-MnP,, (f) y-MnP,, (g) a-FeP,, (h) f-FeP,, and (i) y-

FeP,.
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Figure 6. Total and partial density of states for (a) VP,, (b) CrP,, (c)

6-MnP,, and (d) y-FeP,. The vertical line at zero is the Fermi energy
level in DOS photographs.

also suggested in a previous report.”” The calculated band gap
of CrP, by HSE is comparable to CoP;;>*® excellent
bifunctional electrocatalytic activity and durability for HER
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and OER were found for the latter.*” For MnP,, 8-MnP, is also
a semiconductor with direct band gap 1.76 eV, whereas 2-
MnP, 6-MnP, and y-MnP, are quasi-direct band gap
semiconductors with indirect band gaps of 1.62, 1.60, and
1.83 €V, respectively (see Table 1). The differences between
the indirect and direct band gaps at the I" point are only about
0.17, 0.09, and 0.01 eV, respectively (Figure S). Furthermore,
the calculated band gaps of the different modifications of MnP,
are very close to each other. All of a-, f-, and y-FeP, are
indirect band gap semiconductors with equivalent or larger
band gaps with those of MnP,, 2.13, 1.83, and 1.76 eV,
respectively.

As described above, a trend from metal to semiconductor
was observed from VP, to CrP, by HSE methods, although
they adopt the same symmetry (C2/c) and very similar
phosphorus arrangements. The V (Cr) atoms in VP, (CrP,)
are uniformly distributed in V (Cr) chains along [0 0 1]
direction with distance of 3.208 (3.119) A, which is
considerably larger than the sum of atomic metallic radius of
1.34 A for V (128 A for Cr). The metallic interactions
between the neighboring V (Cr) atoms are negligible. From
Figure Sa,b, the general profile of the energy bands of VP, and
CrP, are very similar, the difference can be observed from the
four bands of the 3d electrons (marked 1, 2, 3, and 4) around
Fermi level (Eg). The four bands for VP, all crossed the Fermi
level and are more dispersed in the energy from —1.5 to 1 eV,
whereas for CrP,, it is compressed in the energy from —2 to 0
eV near the Fermi level. Through DOS analysis (Figure 6a),
both the partial densities of states (PDOS) of P and V atoms
are prominent at Fermi level, indicating the important
interactions between P and V atoms for VP,, consistent with
no charge density wave phenomenon being observed
experimentally, despite the chains of metal atoms extended
in the [0 0 1] direction.”” For MnP, and FeP, phases, as shown
in Figure Sc—i, the energy bands are more depressed and
smooth, resulting in larger band gaps opening at Ep.

From density of states (DOS; Figure 6 and Figure S1) for all
phases, we can see that DOS of P atoms are analogous to each
other due to the similar atomic packing. Furthermore, the
almost equal contributions from p,, p,, and p, of P atoms are
extended in a wide range from —8 eV to Eg, indicating the
strong sp® hybridization, which is vital for the stability of
phosphorus sheets. Additionally, the hybridizations between P
p and TM 3d orbitals can be found in a wide range of the
middle energy of the valence band, suggesting a TM—P
covalent interaction as well. As focused on the TM atoms, the
DOS near E; of TMP, phases are mostly dominated by TM
atoms. Although all TM atoms are six-coordinated, forming
TMPg octahedrons, the 3d orbital degenerations are not
identical to each other. More detailed electronic structure of
the TM atoms can be obtained by the analysis of PDOS. For
VP, (Figure 6a), in the energy range of —4.5 and —1.5 eV, the
contributions of d,, d,,, and d.> can be observed, which are
hybridized with the P p orbitals, resulting in a V—P covalent
interaction. From —1.5 eV to Ep V d orbitals are most
dominant. Especially, the partial atomic orbitals, d2_p, d,, d,.
and d.> contribute to the Ep, whereas the contributions of d,,
can be neglected. Moreover, the contribution of dg2_ is
distinctly larger than the others. For CrP, (Figure 6b), Cr d
orbitals are dominant in the energy range of —2 and 0 eV, the
contributions of d,>_, d,,, d,. are greater than those of d,, and
d,>. Similar phenomena can also be observed for y-FeP, (d), 8-
MnP, (Figure S1b), and y-MnP, (Figure Slc). From —2 €V to
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Eg in 6-MnP, (c), the contributions of d,, d,,, d,,, and d> are
comparable, and slightly greater than that of d/_. f-FeP,
(Figure Sle) is analogous to 6-MnP,, with the contribution of
d,, lower than others. For 2-MnP, (Figure Sla), Mn d orbitals
also occupy the zone of —2 and 0 eV with contributions of d,,
and d,, > d,, d,;_ > d. indicating a different orbital feature of
the 3d orbital. a-FeP, (Figure S1d) is unique among the TMP,
phases; the contributions of the partial 3d orbitals of a-FeP,
are almost equal in the whole valence band zone, indicating
that there is no energy splitting in a-FeP,, in line with the
slight difference of the TM bond lengths in FeP octahedrons.
Consequently, one can conclude that the different 3d orbital
degenerations result from the diverse structural modifications
of TMP, and hence play a key role in their structural stability.

Distributions of valence electron density provide a further
perspective to understand the atomic interactions of these
phosphides. As shown in Figure 7 and S2, the remarkable

Figure 7. Valence electron density distribution (in e-A™%) for TMP,

(TM =V, Cr, Mn, and Fe): (a) VP,, (b) CrP,, (c) 6-MnP,, and (d) y-
FeP,.

electron accumulations for all TMP, are revealed between P—P
atoms, verifying the covalent P—P interactions in the
phosphorus layers, which were also confirmed by the COHP
and integrated crystal orbital Hamiltonian population
(ICOHP) analysis. A wide bonding state can be observed for
P—P from —1S to —3 eV (Figure 8). On the other hand, the
electron accumulations between P and TM atoms are also
visible (Figure 7 and S2); the bonding states (Figure 8)
dominate in almost the whole valence band, further supporting
the covalent interactions. The ICOHP of V—P (—3.145), Cr—
P (—3.234), and Mn—P (—3.328) are close but higher than
Fe—P (—2.901), due to the larger contribution of antibonding
states near the Fermi level for y-FeP, than the others. The
COHP (ICOHP) for TM—TM in Figure 8, as expected, shows
the weaker interactions between the TM atoms and can be
neglected, despite the appearance of dimers and trimers in
MnP, and a-FeP,. The covalent interactions of P—P in Py,
rings and TM—P in TMP¢ octahedrons are further confirmed
by the calculated Mulliken overlap populations (MOP). The
MOP values of P—P bonds for all TMP, phases are within
0.5—0.6, MOP values of TM—P bonds vary significantly, 0.39—
0.52 for VP,, 0.41-0.58 for CrP, 0.22—0.50 for MnP,, and
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Figure 8. COHP curves and ICOHP values (in eV per pair) for
various interatomic interactions in (a) VP, (b) CrP, (c) 6-MnP,,
and (d) y-FeP,.

0.37—0.58 for FeP, phases. Charge transfer was also observed
in TMP, by the calculations of Bader charges. A trend of
decreasing electron transfer is found, 1.07e (VP,), 0.75e
(CrP,), 0.46—0.49¢ (MnP,), and 0.25—0.3e (FeP,) are
transferred from the TM atom (per TM atom) to phosphorus
sheets, which may be due to the increase of the first ionization
energy (6.75 eV for V, 6.77 eV for Cr, 7.43 eV for Mn, and
7.90 eV for Fe). Therefore, the degree of ionicity for TM—P
bonding decreases from VP, to FeP,.

Mechanical Properties. Mechanical properties are also
important for the potential technological and industrial
applications. The elastic constants (C,-j), bulk modulus (B),
shear modulus (G), and Young’s modulus (E) are calculated
according to Voight—Reuss—Hill (VHR) methods, listed in
Table S1 and Figure 9. Cy; of VP, (191 GPa) and CrP, (207
GPa) are remarkably lower than the corresponding C,; and
C,,, indicating more compressibility along the ¢ axis. The C,,,
C,y, and Cy; of MnP, and FeP, phases fluctuate in a narrower
range, suggesting similar compressive behaviors along 4, b and
¢ axes. Cy, Css, and Cg are closely related to the shear
modulus and can be used as a measurement for the shear
resistance. As shown in Figure 9, VP, possesses the lowest C,,
(37 GPa), while -FeP, exhibits the largest Cys (187 GPa). It is
very interesting that for a-FeP, the difference of individual
elastic moduli is minor, agreeing with the slight difference of
Fe—P bond length in FeP4 octahedron. Furthermore, the
calculated B, G, and E, show a slight increase from V to Fe. VP,
has the lowest B (114 GPa), G (73 GPa), and E (180 GPa),
while -FeP, has the largest B (146 GPa), G (129 GPa), and E
(299 GPa), which is in good line with ionic characters of the
TM—P bonds as described above. Pugh’s ratio (B/G) can
estimate usually the ductility of materials with a critical value of
1.75. As listed in Table S1, the B/G values of the all phases are
lower than 1.75, indicating their brittle features. The Poisson’s
ratio (v) is also used for evaluation of the directionality of
covalent bonding. As listed in Table S1, VP, possesses the
highest v (0.24) due to the metallic nature, while the others
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bulk modulus (B), shear modulus (G), and Young’s modulus (E) in TMP, (TM =V, Cr, Mn, and Fe).

adopt similar values because of their semiconducting
characters.

B CONCLUSIONS

In summary, systematic investigations were performed on the
crystal structure, electronic structure, and mechanical proper-
ties for 3d TMP, (TM =V, Cr, Mn, and Fe) phases using first-
principles calculations based on DFT. TMP, are composed of
similar buckled phosphorus layers with P, rings and varying
metal atomic arrangements: infinite metal chains in VP, and
CrP,, pseudo-Mn—Mn dimers in MnP,, and isolated Fe atoms
in FeP, structures. With a state-of-the-art hybrid functional,
VP, was confirmed to be metallic, while CrP, is a
semiconductor with a narrow direct band gap opened at the
I' point. MnP, and FeP, phases are also semiconducting with
varied band gaps, 1.6—2.1 eV. As unveiled by the DOS
analysis, the covalent interactions are prominent for both P—P
and TM—P bonds, and the different 3d orbital degenerations
of the TM atoms play a crucial role in their varied symmetries
and structural stability. The results obtained in this work are
anticipated to provide good insight and guidance to future
experimental investigations on transition-metal phosphides.
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