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Lithiation of phosphorus at the nanoscale:
a computational study of LinPm clusters†

Dmitry V. Rybkovskiy, *a,b Sergey V. Lepeshkin, c Anastasiia A. Mikhailova, a,b

Vladimir S. Baturin a and Artem R. Oganov a

Systematic structure prediction of LinPm nanoclusters was performed for a wide range of compositions (0

≤ n ≤ 10, 0 ≤ m ≤ 20) using the evolutionary global optimization algorithm USPEX coupled with density

functional calculations. With increasing Li concentration, the number of P–P bonds in the cluster reduces

and the phosphorus backbone undergoes the following transformations: elongated tubular → multi-frag-

ment (with mainly P5 rings and P7 cages) → cyclic topology → branched topology → P–P dumbbells →

isolated P ions. By applying several stability criteria, we determined the most favorable LinPm clusters and

found that they are located in the compositional area between m ≈ n/3 and m ≈ n/3 + 6. For instance,

the Li3P7 cluster has the highest stability and is known to be the structural basis of the corresponding bulk

crystal. The obtained results provide valuable insights into the lithiation mechanism of nanoscale phos-

phorus which is of interest for development of novel phosphorus-based anode materials.

1. Introduction

Considering the global energy challenges and the requirement
for reliable and high-efficiency power sources, the efforts to
enhance the lithium-ion battery (LIB) technology have
emerged as a promising research field.1–4 Attempts to improve
the properties of LIBs include the search for more effective
functional materials for their components. Particularly, phos-
phorus is nowadays gaining popularity among researchers as a
promising anode material, due to its high theoretical capacity
(2596 mA h g−1) and low electrode potential (≈0.7 V relative to
Li/Li+).5–11 At the same time, phosphorus-based anodes have a
number of problems, including a significant change in their
volume during lithiation (up to 300% in LIB).12,13 One of the
suggested solutions is the encapsulation of phosphorus into
nanoscale cavities to reduce the volume expansion.14,15 This
effect can be achieved by producing composite materials of
phosphorus with carbon in the form of graphene,16,17

nanotubes11,18–22 and porous carbon.11,16,23

The investigation of the operation processes of phosphorus
anodes has stimulated a number of studies of the structural

changes of phosphorus during lithiation. In general, lithium
and phosphorus are known to form a wide range of phases
with different structures of the phosphorus backbone. The
experimentally known phases include LiP7 with tubular P
structures,24 LiP5 with a 3D network of P,24 Li3P7 with P7
cages,25 LiP with helical phosphorus chains26 and Li3P with
isolated P ions.27 Investigations of the lithiation process
suggest different mechanisms depending on the structure of
the initial phosphorus, which is known to exist in various
modifications. The amorphous red phosphorus (α-RP) was
shown to first form amorphous Li–P alloys, which eventually
transform into amorphous and then crystalline Li3P (α-Li3P
and c-Li3P, respectively). The suggested lithiation process was
α-RP → (LiP7, LiP5, Li3P7, LiP) → α-Li3P → c-Li3P → Li3+xP.

28 In
contrast, the lithiation of layered black phosphorus is sup-
posed to take place in two stages: intercalation at lower Li con-
centrations and the subsequent alloying reactions at higher
concentrations.29,30 The lithiation of fibrous phosphorus was
shown to result in the formation of LiP and Li3P phases.31

Although the lithiation process of macroscopic phosphorus
allotropes is actively studied, there is little knowledge of the
structural transformations of encapsulated phosphorus,
formed within nanoscale cavities. The investigation of such
nanosized phosphorus can be based on knowledge about the
smallest fragments of this material – the Li–P nanoclusters.
Although the structure of free-standing clusters is not necess-
arily the same as in the case of encapsulated systems, infor-
mation on the atomic geometry of Li–P clusters can provide
important insight into the transformations taking place in
nanosized phosphorus upon addition of Li atoms. However,
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the available studies of Li–P nanoclusters are limited to only a
few particular compositions.32–35 At the same time, the large
diversity of known macroscopic Li–P phases with different
arrangements of phosphorus atoms suggests complex behavior
of this system at the nanoscale.

In this work, we investigate a large group of LinPm nano-
clusters spanning a vast compositional range (0 ≤ n ≤ 10 and 0
≤ m ≤ 20). Their structures were obtained using global optim-
ization techniques coupled with density functional theory
(DFT) calculations. This allowed us to determine the structural
patterns of phosphorus appearing during the change in Li
concentration. Moreover, we applied stability criteria based on
second-order energy differences and fragmentation energies
and identified the clusters more likely to appear in
experiments.

2. Methods

The ground-state structures of lithium–phosphorus nano-
clusters were determined using the evolutionary variable-com-
position global optimization algorithm implemented in the
USPEX code.36–38 This procedure shows a major increase in
efficiency compared to previous techniques due to the
exchange of structural information between clusters of
different compositions.

The global optimization search of LinPm clusters was con-
ducted in two stages. Initially, the entire compositional area (1
≤ n ≤ 10, 1 ≤ m ≤ 20) was divided into 8 subregions (1 ≤ n ≤ 5,
1 ≤ m ≤ 5; 1 ≤ n ≤ 5, 6 ≤ m ≤ 10; …; 6 ≤ n ≤ 10, 16 ≤ m ≤ 20);
in each of the subregions the evolutionary search proceeded
independently and the clusters were allowed to exchange struc-
tural information. Subsequently, a new evolutionary search
was performed, in which the starting structures were taken
from the results of the previous search, and the entire compo-
sition area was divided into 12 smaller subregions in order to
spread the structural information among the original
subregions.

Structure relaxations during the global optimization pro-
cedure were carried out using DFT with the use of the projector
augmented wave method39 and the Perdew–Burke–Ernzerhof
(PBE) exchange–correlation functional,40 implemented in the
VASP software.41,42 The 3s2 and 3p3 electrons of phosphorus
and 2s1 electrons of lithium were treated as valence electrons.
We used a 255 eV plane wave energy cutoff, and the cluster’s
periodic images were isolated by a vacuum space of 8 Å in all
directions. Spin polarization was taken into account during
these calculations. In total, approximately 1 million structure
relaxations were performed.

For each composition, the energies of the top 15 structures
were further refined using the GAUSSIAN43 software with the
B3LYP hybrid functional44,45 and Def2TZVPP basis set.46,47

The lowest possible spin multiplicity (M = 1 for even-electron
clusters and M = 2 for odd-electron clusters) was selected
during the refinement process, which corresponded to the
spin states obtained in VASP. The multiplicity of the isolated P

atom was set to 4. The resulting ground-state structures and
corresponding total energies of all calculated LinPm clusters (0
≤ n ≤ 10 and 0 ≤ m ≤ 20) are given in ESI Section S4.† For all
the cluster’s ground states, the vibrational modes have been
calculated. The absence of imaginary modes indicates the
dynamic stability of the obtained structures.

3. Results and discussion
A. Energetics

For all the obtained ground-state structures, the atomization
energies have been calculated. The values of atomization ener-
gies per atom increase with the increase in the number of
atoms in the cluster (see ESI Table S1†). This observation is
consistent with the fact that larger clusters usually have greater
stability and the most thermodynamically stable state is the
bulk material. It is known, however, that nanoclusters can be
obtained experimentally and some clusters appear much more
often than others. The theoretical determination of such clus-
ters is typically based on the application of different local
stability criteria, one of which is based on the calculation of
the second-order finite difference in total energy with respect
to the number of atoms. For single-element clusters this quan-
tity (Δ2E), characterizing local stability, is expressed as:

Δ2EðnÞ ¼ Eðnþ 1Þ þ Eðn� 1Þ � 2EðnÞ; ð1Þ
where E(n) is the total energy of a cluster ground state with n
atoms. This stability criterion was used for pure Lin and Pm
nanoclusters. The positive value of Δ2E means the stability
with respect to the transfer of one atom between two identical
clusters, while negative Δ2E indicates the tendency toward
“disproportionation” into neighboring compositions. Clusters
with positive Δ2E are called “magic” clusters. Many studies of
single-element nanoclusters have shown that compounds with
high values of Δ2E are indeed more likely to appear in
experiments.48–51

For multicomponent systems, such as the considered LinPm
clusters, this criterion can be generalized by calculating the
energy differences with respect to the number of atoms of
different types and taking the lowest value among them:

Δ2
minðn;mÞ ¼ minfΔ2

LiEðn;mÞ;Δ2
PEðn;mÞg; ð2Þ

where

Δ2
LiEðn;mÞ ¼ Eðnþ 1;mÞ þ Eðn� 1;mÞ � 2Eðn;mÞ; ð3Þ

Δ2
PEðn;mÞ ¼ Eðn;mþ 1Þ þ Eðn;m� 1Þ � 2Eðn;mÞ;

and E(n, m) is the total energy of the LinPm cluster ground
state. In our previous studies we applied this approach to
various multicomponent systems38,52–55 and found that higher
values of Δ2

min indicate higher abundance of the corres-
ponding clusters or molecules in experiments.

The values of Δ2
min(n, m) for binary clusters can be con-

veniently visualized as a 2-dimensional stability map. Fig. 1a
shows the interpolated map of Δ2

min(n, m) for LinPm with n
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and m up to 9 and 19, respectively. Red color corresponds to
higher values of Δ2

min, whereas blue color corresponds to clus-
ters with Δ2

min < 0.
The LinPm clusters, which are stable according to the Δ2

min,
form, show with few exceptions a chessboard order for Li/P
ratios lower than ∼2. This pattern is associated with the elec-
tronic structure – clusters with even numbers of electrons have
closed electronic shells and are more stable. Such behavior
was observed experimentally in charged phosphorus
nanoclusters.56,57 Clusters can also be stable due to their struc-
tural features, like closed structural shells. To separate such
clusters, an extended criterion can be used:

Δ2
extðn;mÞ ¼ minfΔ2

LiEðn;mÞ;Δ2
PEðn;mÞ;Δ2

2LiEðn;mÞ;Δ2
2PEðn;mÞg;

ð4Þ

where

Δ2
2LiEðn;mÞ ¼ Eðnþ 2;mÞ þ Eðn� 2;mÞ � 2Eðn;mÞ; ð5Þ

Δ2
2PEðn;mÞ ¼ Eðn;mþ 2Þ þ Eðn;m� 2Þ � 2Eðn;mÞ;

In this case, the cluster is compared not only to the nearest
neighbors in the composition space as in Δ2

min, but also to
the second nearest neighbors. This allows to filter out the
rather trivial stability pattern, arising due to closed electronic
shells. For example, a similar approach allowed us to identify
the most stable structural fragments of 1D-tubular phosphorus
nanoclusters.50

Fig. 1b shows the interpolated map of Δ2
ext(n, m). Since the

computation of Δ2
ext requires the energies of clusters with ±2

atoms of Li and P, the composition space is limited to n ≤ 8
and m ≤ 18. Moreover, for n < 2 or m < 2 some of the deriva-
tives on the right-hand sides of eqn (2) and (4) can’t be calcu-
lated and were not considered. The chessboard order of the
stable compositions is clearly missing. Instead, only 41 compo-
sitions (including pure Li and P clusters) are highlighted on
the map. The values of Δ2

min and Δ2
ext have also been com-

puted based on the Gibbs free energies at T = 300 K. The
resulting stability maps show only a slight difference when
compared to Fig. 1a and b (see ESI Fig. S1a and b†).

B. Structure classification

The obtained ground states of LinPm clusters revealed a large
variety of structural patterns, depending on the cluster size
and Li/P ratio. However, the bonding patterns of phosphorus
in the Li–P system can be described within the Zintl–Klemm
concept and 8 − N rule. In pure phosphorus, each atom has 8
− N = 3 covalent P–P bonds (N being the number of valence
electrons in the atom). Each Li atom donates one electron, so
when Li/P = 1, phosphorus atoms get one more electron (so, N =
6) and imitate their right-hand side neighbor in the periodic
table, i.e. sulfur, having 8 − N = 2 covalent bonds (leading to
various rings or chains of phosphorus atoms). When Li/P = 2,
phosphorus atoms imitate their second right neighbor, chlor-
ine, and have 8 − N = 1 covalent P–P bonds per phosphorus
atom, which leads to isolated P–P dumbbells. By the same
reasoning, when Li/P = 3, 8 – N = 0, phosphorus atoms will have
a closed-shell noble gas configuration and no P–P bonds will be
formed, i.e. we will have isolated P3− ions. Generally, the
average number of bonds per phosphorus atom in Li–P clusters
can be written as 8 − (5 + Li/P) = 3 − Li/P. The calculated
average coordination numbers and average number of P–P
bonds for all LinPm clusters revealed that the obtained ground
states generally follow this relation (see ESI Section S2†).

For further analysis, we divided all obtained LinPm clusters
into 8 classes according to the structural features of the phos-
phorus fragments in the cluster: (1), (2), and (5) clusters with
one connected P fragment; (3) and (4) clusters with multiple P
fragments (each fragment consists of more than 2 P atoms); (6)
and (7) clusters containing P–P dumbbells and isolated P ions,
respectively; (8) pure lithium clusters. Fig. 1c shows the
scheme in which the compositional areas corresponding to
each class are presented in different colors. The Li/P ratios
equal to 1, 2 and 3 are depicted by dashed lines. Clusters with

Fig. 1 Interpolated heat maps showing the stability of LinPm clusters
according to two criteria: (a) Δ2

min and (b) Δ2
ext (in eV) as functions of n

and m. Regions of instability are marked in blue. (c) Classification
scheme of LinPm clusters. The composition space is divided into 8
classes according to the structural features of phosphorus fragments
and painted in different colors. Numbers of each class (1–8) are also
shown. Clusters with Δ2

ext > 0 are marked by black circles. The dashed
lines depict Li/P ratios equal to 1, 2 and 3.
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Δ2
ext > 0, which are assumed to be more stable than others,

are marked by black circles. The structures of these clusters
are shown in Fig. 2. Below we discuss each of these classes,
focusing on their structural features and comparing with struc-
tures of similar bulk Li–P compounds when possible. For this
purpose, besides the experimentally known Li–P phases, we
also used the metastable (lying slightly above the convex hull)
structures proposed theoretically in ref. 58 and 70.

The 1st class contains pure phosphorus clusters and LinPm
clusters with a few Li atoms, which possess one connected

phosphorus fragment. Such clusters have m ≥ 9 and the Li/P
ratio of up to ∼1/5 and are marked in yellow in Fig. 1c. As dis-
cussed in ref. 50 and 59, pure phosphorus nanoclusters have an
elongated tubular shape and are composed of a sequence of well-
defined building blocks. Our results show that at low Li concen-
trations the phosphorus backbone inherits this feature. At the
same time, the addition of Li to pure phosphorus clusters
changes the stability behavior of the phosphorus structures. Pn
clusters with even n are stable due to closed electronic shells
(clusters with positive Δ2

ext are P14 and P18; see Fig. 2a). The

Fig. 2 (a–h) LinPm clusters with Δ2
ext > 0 from classes 1–8, distinguished by the topology of the phosphorus backbone. Large green and small

purple spheres denote Li and P atoms, respectively. The dashed line between the Li atoms is used as a guide to the eye.
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addition of a Li atom introduces one extra valence electron and
closes the electronic shell for odd-numbered P clusters (see
Fig. 1a). Clusters of this class with n > 0 and positive Δ2

ext are
LiP13 and LiP17 (Fig. 2a). The crystalline LiP7 phase

24 can be con-
sidered as the closest solid-state analogue of the clusters of this
class. The structure of this material is made of tubular helices of
covalently bonded P7 groups and Li atoms between them.

For Li/P ratios from ∼1/5 to ∼1, the LinPm clusters can
contain different numbers of disconnected P fragments and
can be divided into three classes according to the number of
such fragments. The 2nd class (red color in Fig. 1c) contains
clusters with one P fragment with a cyclic topology (containing
one or several closed rings of P atoms). It includes the follow-
ing clusters with positive Δ2

ext: L2P4, LiP5, Li4P6, Li3P7, Li4P8,
Li8P8 and Li6P10 (see Fig. 2b). It is worth noting that two struc-
tures of this class, L3P7 and LiP5, have the largest values of
Δ2

ext (and Δ2
min) among all LinPm clusters studied here and

often appear as part of other stable structures, as discussed
below. L3P7 can be described as a P7 cage with a threefold sym-
metry axis, surrounded by 3 Li atoms. This P7

3− structure is
the well-known Zintl anion,33,60,61 which contains 3 two-
bonded P atoms and 4 three-bonded P atoms. The crystalline
phase P212121 - Li3P7 is structurally similar: it has the same
P7

3− groups, and Li+ ions are located between them.25 The LiP5
cluster has the structure of a phosphorus pentagon with one
lithium atom above its center and is known as a stable aro-
matic molecule.32 It can also be described as a ‘half-ferrocene’
molecule, where the P atoms can be considered as an isoelec-
tronic analogue of the C–H groups, and the Li atom with a
single valence electron as a half of the Fe2+ center. The LiP5
crystalline phase is known as well; however, unlike the case of
Li3P7, it cannot be described as a collection of P5 pentagons,
but has an extended phosphorus network.

Clusters with a larger number of atoms in this composition
area contain phosphorus in the form of disconnected frag-
ments. There are 91 such clusters in total, of which 69 have
two P fragments (the 3rd class, light blue color in Fig. 1c), and
23 structures have 3 fragments (the 4th class, dark blue color
in Fig. 1c).

We found that most clusters with positive Δ2
ext of these

classes (see Fig. 2c and d) contain P fragments equivalent to
those appearing in structures of the 2nd class: the P4 tetrahe-
dra, square P4 from Li2P4, pentagonal P5 from LiP5, P6 from
Li4P6 and P7 from Li3P7. The position of Li atoms surrounding
the P cages in multi-fragment structures are, in general, also
similar to the abovementioned class 2 structures, but may be
slightly displaced or, in some cases, absent (see, for example,
the P4 square with only 1 Li atom in the Li8P18 cluster in
Fig. 2d). These P fragments can be present in different combi-
nations, depending on the chemical composition. The preva-
lent P fragment is the P7 cage, which appears in 28 LinPm
nanoclusters with positive Δ2

min, with the Li/P ratio between 1/
4 and 9/11. Such clusters can be considered as seeds of the
Li3P7 crystal.25 Another frequently appearing fragment is the
pentagonal P5, which is present in large clusters with Li/P
ratios of up to 8/19.

At the boundary of the 2nd class (Li/P = 1) are the LinPn
nanoclusters, which have been widely discussed in the litera-
ture due to their suggested double-helix structures.34,35 These
helices also form the crystalline LiP phase.24 In the present
study, the helical structures are found as isomers with energies
0.05–0.52 eV higher than the ground states. An additional ana-
lysis of helical and non-helical clusters revealed that their rela-
tive stability at the DFT level is dependent on the choice of the
basis set (see ESI Section S3†). It is worth noting that the
ground state of Li7P8 obtained in the present study is also a
double-helix structure, which, however, turned out to be
unstable according to the Δ2

min criterion. Recent theoretical
studies suggest that the long 1D LiP helices can be stabilized
by encapsulation in nanotubes of appropriate size.62

At Li/P ratios between ∼1 and ∼2, the phosphorus back-
bones have a branched topology without closed cycles. The
corresponding clusters are attributed to the 5th class (orange
color on Fig. 1c). The clusters with positive Δ2

ext of this class
are Li3P3, and LinPn−2 with n = 6–8 (see Fig. 2e). Phosphorus
backbones in these clusters are characterized by multiple
boundary atoms with a single P–P bond, and a few internal
atoms with the number of bonds equal to 2 (Li3P3), 3 (Li6P4
and Li8P6) and 4 (Li7P5). The average numbers of bonds per
phosphorus atom in these clusters fulfill the 3 − Li/P relation.
The most stable cluster (according to Δ2

ext) in this class is
Li7P5, whose phosphorus skeleton consists of atoms located at
the center and vertices of a tetrahedron.

As the proportion of lithium atoms increases further, the P–
P dumbbells start to appear. If a cluster contains no isolated P
ions, but at least one P–P dumbbell, we attribute it to the 6th
class. The calculated interatomic P–P distance in the dumb-
bells varies rather significantly (between 1.98 and 2.51 A) com-
pared with the single-bond length (∼2.23 A in black phos-
phorus). The compositional region of the 6th class is located
in a narrow strip on the boundary of class 5 (violet color in
Fig. 1c). The only cluster of this class with lithium atoms and
positive Δ2

ext is Li4P2 (see Fig. 2f). The P–P dumbbells were
previously found in the theoretically proposed bulk LixP for
1.33 < x ≤ 2; however, all of them were shown to be meta-
stable.58 Examples of such phases are the Li2P-P21/c and Li3P2-
Pm, in which the P–P distances are equal to 2.36 and 2.18 A,
respectively.

The 7th class contains LinPm clusters with at least one iso-
lated P ion, surrounded by Li atoms. The Li/P ratio of these
clusters is more than ∼2 (see light green area in Fig. 1c). The
structures of such clusters with positive Δ2

ext are shown in
Fig. 2g. Among the bulk Li–P phases, the isolated P ions are
observed in LixP structures with x ≥ 3. An example of such a
structure is the well-known Li3P crystal, which is the most
lithiated phase found on the convex hull and generally
observed at the end of discharge in electrochemical
experiments.58

The 8th class contains pure Li clusters, which have been
widely discussed in the literature.63–67 This class is marked by
dark green color in Fig. 1c. Li clusters with positive Δ2

ext are
Li2, Li7 and Li8 (Fig. 2h). In a previous study of Lin clusters (n =
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5–20), the authors have shown that the Li7, Li8, Li19 and Li20
clusters have a shape consistent with the ellipsoidal jellium
model,64 and are64 particularly stable, which is in agreement
with our Δ2

ext stability criterion.

C. Fragmentation behavior

As another stability criterion, the energy required for the sep-
aration of the cluster into two smaller fragments, is often
used. One of the approaches is the determination of the
energy required to separate an individual atom from the nano-
cluster.68 In the case of phosphorus cluster lithiation, the cal-
culation of Li atom detachment energies is of particular inter-
est, since this quantity indicates the binding energy of the Li
atom in the Li–P cluster:

EdetLiðn;mÞ ¼ Eð1; 0Þ þ Eðn� 1;mÞ � Eðn;mÞ ð6Þ
The interpolated map of EdetLi(n, m) is shown in Fig. 3a.

The inspection of this map allows us to distinguish three main
regions. The lowest values of Li detachment energies (EdetLi <
1.5 eV) correspond to the Li-rich clusters with the Li/P ratio

above 3. The composition region with Li/P ratios between 3
and 1/2 is characterized by intermediate EdetLi values mainly
between 1.5 and 2.5 eV. The P-rich area with Li/P ratios lower
than 1/2 contains clusters with the highest Li detachment
energies up to 3.57 eV (for LiP5). This result clearly shows that
the Li atom binds more strongly to the P backbone, rather
than to other Li atoms.

A more general approach to investigate the stability of the
clusters towards separation is the study of the fragmentation
energy (Efrag), which is equal to the lowest energy of fission of
a cluster into two smaller fragments, defined as

Efragðn;mÞ ¼ mink;lfEfragðn;m; k; lÞg; ð7Þ

where

Efragðn;m; k; lÞ ¼ Eðk; lÞ þ Eðn� k;m� lÞ � Eðn;mÞ: ð8Þ

A complete set of fragmentation energies and fission pro-
ducts is given in ESI Table S2.† The interpolated map of
Efrag(n, m) for all studied LinPm clusters is given in Fig. 3b.
Higher values correspond to more stable clusters since they
require more energy to break down into smaller fragments.

The clusters with high values of Efrag (more than 1.5 eV) are
localized on a ridge with compositions between m ≈ n/3 and m
≈ n/3 + 6 (see orange and red areas in Fig. 3b). These clusters
contain phosphorus in the form of cyclic and branched back-
bones (classes 2 and 5), dumbbells (class 6) and isolated ions
(class 7). The area on the left of the stability ridge is occupied
by clusters with the highest Li/P ratio (m ≤ n/3) and Efrag values
between 1.0 and 1.5 eV. Clusters in this region belong to
classes 7 and 8. The area on the right of the stability ridge (m
≥ n/3 + 6) can be roughly divided into two subregions. The
first subregion with 1.0 ≤ Efrag ≤ 1.5 eV contains several clus-
ters with cyclic phosphorus (class 2) and multiple P fragments
(classes 3 and 4). The second subregion contains clusters with
lower lithium content and lower fragmentation energies (Efrag
< 1.0 eV). Besides the structures of classes 3 and 4, it contains,
at lower Li concentrations, elongated phosphorus clusters
(class 1).

Besides the values of fragmentation energies, the investi-
gation of the lowest-energy fragmentation paths can also
provide insight into the behavior of the nanoclusters and
corresponding bulk materials. We discovered that some of the
fragmentation products appear much more often than the
others. The most frequently appearing fragments are the
single Li atom, P2 and P4 molecules, and Li2P4, LiP5, Li3P7
clusters. The information about the nanocluster fission is
summarized visually in Fig. 3c. Here, each composition is
associated with an arrow, which points in the direction of the
largest fragment obtained during fission. The color of each
arrow corresponds to the structure of the smallest of the two
fragments (Li, P2, P4, Li2P4, LiP5, Li3P7 or others).

Most clusters on the right-hand side of the composition
area of the Fig. 3c release a P4 tetrahedron during fragmenta-
tion and have smaller values of fragmentation energies.
Therefore, the phosphorus-rich clusters can easily eject a white

Fig. 3 (a) and (b) Interpolated heat maps of EdetLi(n, m) and Efrag(n, m),
respectively. (c) Scheme illustrating the composition changes of clusters
during fragmentation. For each point (n, m), an arrow is drawn pointing
towards the largest fragment obtained during the fission of the LinPm

cluster. Arrows are colored depending on the type of the smallest frag-
ment. Here, the classification scheme from Fig. 1c is used as the back-
ground. The structures with the highest Efrag are located in the area
between m ≈ n/3 and m ≈ n/3 + 6, marked by dashed lines in (a) and by
solid lines in (b).
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P4 phosphorus molecule and lower their phosphorus content
(the corresponding arrows in Fig. 3c point to the left). This
finding is in agreement with the experimental data on bulk Li–
P phases. Heating phosphorus-rich Li3P7 transforms the
material to phases with higher Li content due to the evapor-
ation of phosphorus.69

Most clusters on the left-hand side of Fig. 3c decompose by
the detachment of one lithium atom. These clusters include
pure Li clusters (class 8), clusters with isolated P ions (class 7)
and P–P dumbbells (class 6) and the part of the clusters with
cyclic and branched phosphorus (classes 2 and 5).

The Li3P7, LiP5, and Li2P4 products are present in the frag-
mentation of structures with sufficiently large numbers of
atoms, and mostly with Li/P ratios around 1/2. Clusters in this
area are multi-fragment, and one of these fragments is
detached during fission. For example, Li6P14 is made up of
Li3P7 clusters (see Fig. 2c).

In general, the data in Fig. 3c show that clusters with a high
fraction of P are easily decomposed and emit P4 tetrahedra,
while clusters with excess of Li emit a single Li atom with rela-
tive ease. With the rise of temperature, such fission becomes
more favorable and we can expect that fragmentation will
move all the LinPm clusters towards the region of high Efrag (n/3
≤ m ≤ n/3 + 6) (see ESI Fig. S1c†). The structures with Efrag >
2.0 eV and Δ2

ext > 0 in this area are the following: 3 clusters
with cyclic phosphorus (LiP5, Li2P4 and Li3P7), 2 clusters with
branched phosphorus (Li8P6 and Li6P4), 1 cluster with two sep-
arate phosphorus fragments (Li6P6), and 2 clusters containing
single P ions (Li3P and Li7P3). Having positive Δ2

ext and high
Efrag values, these compounds are assumed to be more likely
observed in experiments.

4. Conclusions

In this work, we performed a search for stable LinPm nano-
clusters in a wide compositional range (0 ≤ n ≤ 10 and 0 ≤ m
≤ 20) using the global optimization algorithm USPEX and DFT
calculations. With the obtained data, we can draw conclusions
about the structural transformations of phosphorus during its
interaction with lithium at the nanoscale. The addition of a
small number of Li atoms to pure P clusters does not lead to
significant changes in the structure of phosphorus, which
retains its elongated shape. The increase in the Li/P ratio leads
to the appearance of clusters with a cyclic topology of phos-
phorus in the form of one or multiple disconnected P frag-
ments, surrounded by Li atoms. The most common fragment
is Li3P7, whereas for lower Li concentrations the LiP5 fragment
occurs often as well. At Li/P ratios between ∼1 and ∼2, clusters
with one branched phosphorus backbone are formed. For Li/P
ratios around 2, phosphorus forms dimers, separated by
lithium. At Li/P ratios between ∼2 and ∼3, P–P dumbbells and
isolated P ions, surrounded by lithium, coexist. Finally, for Li/
P ≥ 3, all P atoms in the cluster are present in the form of iso-
lated ions. The revealed structural transformations of phos-
phorus can be understood within the Zintl–Klemm concept.

To identify the most preferred nanoclusters we applied
stability criteria based on the second energy difference and
fragmentation energy. LinPm clusters satisfying both criteria
were found in the compositional area located between m ≈ n/3
and m ≈ n/3 + 6. Among them, the locally stable clusters with
the highest fragmentation energies are LiP5, Li2P4 and Li3P7
with a cyclic phosphorus backbone, Li8P6 and Li6P4 with a
branched phosphorus topology, Li6P6 with two separate phos-
phorus fragments and Li3P and Li7P3 containing isolated P
ions. These clusters are expected to appear more likely in
experiments.
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