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ABSTRACT: Exploring stable two-dimensional (2D) crystalline structures of %
phosphorus with tunable properties is of considerable importance partly due to
the novel anisotropic behavior in phosphorene and potential applications in
high-performance devices. Here, 21 new 2D phosphorus allotropes with
porous structure are reported based on topological modeling method and first-
principles calculations. We establish that stable 2D phosphorus crystals can be " = =)
obtained by topologically assembling selected phosphorus monomer, dimer,
trimer, tetramer, and hexamer. Nine of reported structures are predicted to be
more stable than white phosphorus. Their dynamic and thermal stabilities are
confirmed by the calculated vibration spectra and Born—Oppenheimer
molecular dynamic simulation at temperatures up to 1500 K. These
phosphorus porous polymorphs have isotropic mechanic properties that are
significantly softer than phosphorene. The electronic band structures calculated
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with the HSEO6 method indicate that new structures are semiconductors with band gaps ranging widely from 0.15 to 3.42 eV,
which are tuned by the basic units assembled in the network. Of particular importance is that the position of both conduction
and valence band edges of some allotropes matches well with the chemical reaction potential of H,/H" and O,/H,0, which can
be used as element photocatalysts for visible-light-driven water splitting.

B INTRODUCTION

Since the discovery of graphene in 2004," exploring additional
two-dimensional (2D) crystals with widely tunable properties,
such as bang gap, has attracted tremendous interest either for
fundamental research or practical applications in high-perform-
ance electronic and optoelectronic devices. Except for various
graphene-like inorganic compounds,z_4 of particular interest
are single-element-based sheets, which possibly possess rich 2D
allotropic structures as their bulk counterparts with versatile
properties related to the arrangements of atoms in 2D
networks.”™"? For example, carbon has versatile bonding
characteristics and various allotropes in nature ranging from
graphite to graphene. Since the discovery of graphene, a big
family of 2D carbon allotropes with mixtures of sp, sp*, and sp*-
hybridized carbon in networks has been reported theoretically
and experimentally.”~ " Particularly, remarkable properties,
such as moderate-size band gap,” high catalytic activity,”’
anisotropic Dirac behavior, > inherent ferromagnetism,
potential superconductivity,”® and ultrahigh ideal strength,”
are predicted in some 2D carbon allotropes that even
outperform graphene. Another example is the element boron.
Theoretical works have predicted that boron has multiple 2D
allotropes due to its distinct capability to form multicovalent
bonds with itself.”*~>* Experimentally, flat boron clusters and
nanosheets have been realized very recently.”” >
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Phosphorus is a group-V element with typical 3-fold
coordination. Experimentally, phosphorus also has a large
number of allotropes ranging from black phosphorus,® a-, $-,
y-phases of white phosphorus,** violet or Hittorf’s,** fibrous,*’
to some kinds of nanorods phases®” belonging to so-called red
phosphorus. Recently, the successful fabrication of phosphor-
ene’®™* (also named as a-P), a single layer of black
phosphorus, has attracted intense attention for its novel
properties distinctly different from other 2D materials.**~**
With a unique puckered structure, phosphorene exhibits novel
anisotropic physical’®*~* and mechanical properties,” >
such as anisotropic thermoelectric,*~* topological insulator,”*
superconductivity,”® integer quantum Hall effect,’® negative
Possion’s ratio,”' ~>° and promising applications in elec-
tronics, —40 energy storage, photovoltaic, 263 and gas
sensors.”* Therefore, it is of profound interest to explore new
2D phosphorus allotropes complementary to phosphorene with
tunable properties.

In the past years, many 2D phosphorus allotropes with
compacted honeycomb or nonhoneycomb structures have been
proposed from first-principles calculations, including blue
phosphorene (- P),657 P, 5-P,°° h-0-P,"¢-P, {-P, n-P, 6-P, o8
red phosphorene, three novel structures with 2-, 3-, and 4-fold
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coordination (@-Pg, f-Pg, and 558-P),”” some special structures
noted as 4—8-, 3 12 (or Kakome P),”" 5—7-, 5—8-P by their
membered rings,’” and five very stable structures B1, B2, G1,
G2, and G3 proposed by gene recombination methods.72
Among them, p-P, y-P, 6-P, h-0-P, and red phosphorene have
honeycomb structures, as does a-P, that they can be
transformed into each other without bonds broken.”® All 2D
allotropes are semiconductors, and a-P, €-P, and a-P4 have
direct band gaps of 1.59, 0.94, and 1.36 eV, respectively.®””°

Here we report 21 new 2D phosphorus allotropes with
porous structures by assembling phosphorus monomer, dimer,
trimer, tetramer, and hexamer based on topological method and
first-principles calculations. Nine of them are predicted to be
more stable than white phosphorus ranked based on the
calculated energy. Both crystal and thermal stabilities are
confirmed by the calculated phonon spectrum and Born—
Oppenheimer molecular dynamics simulations at high temper-
ature up to 1500 K. These allotropes are semiconductors with
widely tunable band gap ranging from 0.15 to 342 eV. In
particular, the band structures of eight 2D phosphorus
allotropes, that have a moderate-size band gap starting from
1.69 eV, match well with the chemical reaction potential of H,/
H* and O,/H,0. These results demonstrate their potential
applications as element photocatalysts for visible-light-driven
overall water gg)httlng that might outperform a-P and violet
phosphorus.*'

B COMPUTATIONAL DETAILS

All calculations are carried out with density functional theory
(DFT) method implemented in Vienna ab initio simulation
package (VASP)7 The projector augmented wave (PAW)
method”” is applied to describe the electron—ion interaction,
and plane-waved energy cutoff is 500 eV with treatment of
valence electron on element phosphorus in configuration of
3s?3p’. The exchange—correlation interaction functional is the
generalized gradient approximation (GGA) in Perdew, Burke,
and Ernzerhof (PBE) functional.”® Note that because pure
DFT always underestimates the band gap of semiconductors,
the Heyd, Scuseria, and Ernzerhof (HSE06)”” screened hybrid
density functional method is used to obtain the electronic
structures. The convergences of force between atoms for
optimization and total energy for wave function self-consistent
are set to 0.01 eV/A and 107° eV, respectively. The vacuum size
is chosen as 20 A to avoid interaction between two layers for all
structures. The first Brillouin zone integration using I'-center
scheme is sampled with a k-point separation of <0.02 A~ for
optimization and <0.01 A™" for energy calculation. Specifically,
the k-points setting is 15 X 15 X 1, 9 X 9 X 1 for small
hexagonal cells (<7 A) and large hexagonal cell (>8 A) and 16
X 16 X 1 and 10 X 10 X 1 for small tetragonal cells (<7 A) and
large tetragonal cell (>8 A) to obtain static total energy and
properties, respectively. For photon absorption calculation in
HSE06 method, k-point is 9 X 9 X 1 for v-Mono-(P,),..s and
Mono-(P,) and § X S X 1 for large systems including v-Hex-
(Pz)trans) V'Hex'(PZ)trans P'Hex'(PZ)ciJ P'Hex'(PZ)trans) and Tetr-
(P,). The phonon spectrum calculation is obtained with finite
displacement method implemented in CASTEP package.”® A
plane-wave energy cutoff of 400 eV with ultrasoft pseudopo-
tential is used. Born—Oppenheimer molecular dynamic
simulation (BOMD) is performed at the DFT level for selected
systems. The constant volume and constant temperature
ensemble (NVT) is used. The time step is 1 fs, and the total
simulation time is S ps. To consider the effect of layer—layer
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interaction, DFT-D2 method”” with van der Waals force
correction is employed to simulate bilayer structure. Addition-
ally, G-SSNEB method™ is employed to estimate the activation
energy for transformation between structures with the force
convergence of 0.02 eV/A.

B RESULTS AND DISCUSSION

To enumerate possible 2D phosphorus polymorphs, we use a
periodic graphs strategy by assembling “nodes” and “bridges” in
2D networks, in which “nodes” and “bridges” are represented
by phosphorus atoms or clusters. This strategy has been widely
used to predict new structures of crystals and metal organic
frameworks (MOF).*'~% Figure la illustrates the examples of
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Figure 1. (a) Strategy to assemble “nodes” with 3-fold coordination
and “bridges” with either 2-fold or 4-fold coordination into 2D
topological networks. For 4-fold coordinated “bridge”, both “vertical”
and “parallel” modes are considered. (b) Phosphorus monomer,
trimer, tetramer, and hexamer are chosen as four kinds of “nodes”. (c)
Phosphorus tetramer and dimer are chosen as 2- and 4-fold
coordinated “bridges”. The labels of “cis” and “trans” in 4-fold
coordinated “chain” indicate two isomerized structures of phosphorus
dimer. (d) and (e) Two examples of 2D phosphorus networks
obtained by assembled with monomer “node” and >(P,) < “chain”
in parallel or vertical methods. Both purple and red balls here denote
the phosphorus atoms. The red balls here illustrate the phosphorus
atoms contributed by “chain”.

one 3-coordinated “node” and two “bridges” with either 2- or 4-
fold coordination, respectively; “node” can be connected by
two proposed bridges or assembled directly to form 2D
“networks”. For 4-fold coordinated bridges, “vertical” and
“paralle]” modes are considered to build 2D networks, i.e.,
“bridges” are perpendicular or parallel to the 2D plane, as
illustrated in Figure la. Varying “node” structures can extend
the structure of 2D phosphorus allotropes.

Since phosphorus has typical 3-fold coordination, four types
of nodes and two types of bridges are chosen to build 2D
phosphorus crystalline networks, including phosphorus mono-
mer, dimer, trimer, tetramer, and hexamer, shown in Figure
1b,c. Phosphorus timer, tetramer, and hexamer have ring-like
structures that can be surrounded by three, four, and six
neighbors, respectively. The 2-coordinated bridge is a
phosphorus tetramer with quasi-tetrahedron structure, labeled
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with “—(P,)—". The 4-coordinated bridge is a phosphorus
dimer with two isomerized structures, labeled with “>(P,) ;<"
and “>(P,)yans<’, respectively, as shown in Figure lc.
Therefore, 2D phosphorus allotropes based on these basic
units can be categorized in two types defined with the nodes
and bridges in 2D networks. Type I allotropes only contain
nodes in 2D networks, named as “node—node suffix” that
“suffix” is used to distinguish different arrangement of nodes if
needed. Type II allotropes contain both “nodes” and “bridges”,
named as “prefix—node bridge”. The “prefix” denotes the
orientation of bridges in 2D networks, i.e., parallel or vertical to
the 2D plane, labeled with “p” or “v”, respectively. Figure 1d,e
illustrates two examples of 2D phosphorus allotropes assembled
with phosphorus monomer and “>(P,)..<” bridge, ie., p-
Mono'(PZ)trans and V'Mono'(PZ)transl in which “>(P2)trans<”
bridge is parallel and vertical to 2D plane, respectively. We
conceive totally six Type I and 20 Type II 2D phosphorus
allotropes based on four types of nodes and two types of
bridges. The optimized structures are displayed in Figures S1—
3 (see Supporting Information), and comprehensive details of
their structural parameters, including symmetry, lattice
constants, thickness, pore size, bond lengths and angles, are
listed in Table S1 (see Supporting Information).

Type | Allotropes. As shown in Figures 2a and S1b, self-
assembling of phosphorus monomers in PMNA and P-3M1
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Figure 2. Top and side views of four Type I phosphorus allotropes are
displayed, including (a) Mono—Mono-A (also a-P), (B) Tri—Tri (also
3—12"-P), (c) Tetr—Tetr-A (also ‘4—8-P), and (d) Hex—Hex. The
shapes of unit cell are labeled with a black dotted line.

symmetries brings two Type I phosphorus allotropes of
Mono—Mono-A and Mono—Mono-B, which corresponds to
black and blue phosphorene (a-P and f-P), respectively.”®®
Meanwhile, Tri—Tri allotrope has the same structure as
previously reported ‘3—12’-P, as shown in Figure 2b, where
phosphorus atoms are packed in a mosaic of triangles and
dodecagons. With 4-fold coordination, phosphorus tetramers
can be assembled into two allotropes of Tetr—Tetr-A and
Tetr—Tetr-B, which share same structures with ‘4—8-P and &-
P, as shown in Figures 2¢ and S1e.°”°% The tetramer-based
allotropes have a mixture of quadrangles and octagons, and they
can be converted to each other only by locally rotating P—P
bonds in networks. In these allotropes, each node is surrounded
by same number of neighbors as that of its coordination, and
phosphorus atoms are packed in compacted 2D networks with
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the largest pore size of 5.55 A in Tri—Tri allotrope. Differently,
in Hex—Hex allotrope, each phosphorus hexamer is surrounded
by three hexamers in plane, and the rest of the three dangling
bonds are saturated by an underneath phosphorus hexamer, as
shown in Figure 2d. In fact, the Hex—Hex allotrope can be
looked at as a covalent bonded graphene bilayer in AA-stacking
with each carbon atom replaced with phosphorus hexamer unit.
Hex—Hex has the largest pore size of 7.16 A in Type I
phosphorus allotropes.

To evaluate the relative stability, their energies are calculated
compared to the most stable phosphorene (a-P), as
summarized in Table 1. Mono—Mono-B (f-P) is slightly less

Table 1. Relative Energy E. (in unit of eV per atom), Band
Gap E, (in unit of V), Number of Atoms in Unitcelln, and
Young s Stiffness Y, (in unit of N/m) of 2D Phosphorous
Allotropes are Summarized

(PBE/
structure E. lg-IPSE06) n Y,
Mono—Mono-A (a-P) 0 0.90/1.58 (D) 4 21, 91
Mono—Mono-B (4-P) 0.002  1.94/2.78 (I) 2 77
Tri—Tri (3—12-P) 0.121 0.92 (I) 6
Tetr—Tetr-A (4—8P) 0106  1.96/2.82 (I) 8
Tetr—Tetr-B (&-P) 0.149 0.28 (D) 8
Hex—Hex 0.115 0.97/1.96 (D) 24 52
p-Mono-(P,) 0.306 0.60 (1) 10
p-Mono-(P,)ans 0.188 143 (1) 10
v-Mono-(P,)., 0.098  093/1.59 (1) 10 54
v-Mono-(P,) ans 0.049  144/2.15 (1) 10 47
p-Tri-(P,) s 0200 067 () 18
P-Tti-(P3)irane 0157 178 (1) 18
V-Tri-(Py) e 0445 026 (1) 18
V-Tti-(Py)ns 0290 051 (1) 18
p-Tetr-(P,) 0.195 0.70 () 24
p-Tetr-(P,) rans 0141 113 (D) 12
v-Tetr-(P,) 0367 0.7 (1) 24
v-Tetr-(Py)gane 0291 0.5 (1) 24
p-Hex-(P,). 0.083  146/219 (D) 30 8
p-Hex-(P,)rans 0.037  1.97/2.78 (1) 30 10
v-Hex-(P,) 0.039 1.52/2.25 (1) 30 22
v-Hex-(Py)ans 0.049  186/2.68 (D) 30 27
Mono-(P,) 0.094  2.55/342 (1) 14 2
Tri-(P,) 0.180 1.93 (1) 18
Tetr-(P,) 0.090 1.99/2.83 (I) 24 2
Hex-(P,) 0.160 1.49 (I) 18
white phosphorus 0.115 4.93/6.15 4

stable than a-P with energy of 0.002 eV per P atom, consistent
with previous theoretical results.”>**”° In particular, Hex—Hex
allotrope has the same energy per atom as that of white
phosphorus molecular calculated at the same level (0.115 eV/
P), which is more stable than Tetr—Tetr-B(&-P) and Tri—
Tri(‘3—12’-P) with energies of 0.149 and 0.121 eV, respectively.

Type Il Allotropes. Introducing “bridges” into 2D
crystalline network enriches the structures of 2D phosphorus
allotrope family. Figure 3 displays eight Type II phosphorus
allotropes that are more stable than white phosphorus ranked
by the calculated energy. Other conceived structures are
summarized in Figures S2 and S3. The 2-fold coordinated “—
(P,)—" bridges can be directly inserted between two
neighboring nodes in the networks of Type I allotropes. Figure
3a,b displays the optimized structures of Mono-(P,) and Tetr-
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Figure 3. Top and side views of eight Type II phosphorus allotropes
that are more stable than white phosphorus are displayed. The
phosphorus atoms contributed by “bridges” and “nodes” are labeled
with red and purple balls, respectively. The shapes of the unit cell are
illustrated with black dotted lines.

(P,) with P6 and P-42 M symmetries, respectively. The other
two allotropes, ie., Tri-(P,) with P6 symmetry and Hex-(P,)
with P31 M symmetry, are displayed in Figure S3b,d. It is clear
that inserting “bridges” into networks generally enlarges the
pore size in 2D phosphorus allotropes. The diameters of pores
in Mono-(P,), Tri-(P,), and Tetr-(P,) are 9.07, 11.62, and 6.93
A, respectively, which are significantly larger than those of
Mono—Mono-A/B, Tri—Tri, and Tetr—Tetr-A/B allotropes.
One exception is Hex-(P,), which has smaller pores than Hex—
Hex allotrope since each node is surround by six neighbors that
are connected by a “—(P,)—" bridge as in the former, while by
three neighbors in the latter, as shown in Figure S 3d and 2d.

Different from the 2-fold coordinated “—(P,)—" bridge, the
“>(P3)gis or trans< bridge with 4-fold coordination has two
orientations when bridging four nodes, i.e., parallel or vertical to
the plane. When “>(P,) or trans<” i vertical to the plane, 2D
phosphorus allotropes have AA-stacked bilayer structures, and
two layers are bonded with inner P—P bonds in “>(P,)<”
bridges. Figure 3cf displays the optimized structures of v-
Mono-(P,) s or trans 20d v-Hex-(P,) g or trany Where “bridges” are
labeled with red.

In contrary, 2D phosphorus allotropes with “>(P,)<” parallel
to the plane have compacted sandwich-like structures, where
“nodes” in upper and lower layers are stacked in AA mode and
“>(P,)<” bridges are sandwiched between them. Figure 3g and
3h display the optimized structures of p-Hex-(P,)qs or trans:
Similar with allotropes built with “—(P,)—" bridges, Type II
phosphorus allotropes with “>(P,)<” bridges have large pores
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with the diameter ranging from 3.96 to 11.97 A, where p-Hex-
(P3)rans has the largest size of pore, as shown in Figure 3g.

As summarized in Table 1, the calculated energy indicates
that p-Hex-(P, )., is the most stable structure in all conceived
allotropes with energy of 0.037 eV per P atom, and v-Hex-
(P,).s is second stable with the energy of 0.039 eV per P atom.
Although these structures are less stable than @-P, their energy
is significantly smaller than white phosphorus (0.115 eV per P
atom at same calculation level). Meanwhile, the calculated
energy of other six allotropes, including Mono-(P,), Tetr-(P,),
V- Mon0-(P2)es o s p-HEx-(Py) sy and v-Hex (P, ranges
from 0.049 to 0.098 eV per P atom, which is also smaller than
that of white phosphorus, indicating the possibility to obtain
these allotropes in experiments.

To investigate the key factors to stabilize these new
allotropes, we plot the deformation charge density, which is
defined as the difference between the total charge density of 2D
phosphorus allotropes and that of atoms, as shown in Figure
S4. It can be found that P atoms are sp’ hybridized with
formation of strong covalent bonds with three neighboring
phosphorus atoms, which majorly contribute to the stabilization
of whole framework.

Dynamic Stability. The dynamic stability of nine 2D
phosphorus allotropes that are more stable than white
phosphorus, including Hex—Hex in Figure 2d and Type II
allotropes in Figure 3, is confirmed with phonon spectrum
calculations based on density functional perturbation theory. As
shown in Figure S5, basically the phonon spectra show no
imaginary phonon modes, suggesting that these nine 2D
phosphorus allotropes are locally stable without any dynamic
instability. The highest vibration frequency is 582 and 578 cm™
for Mono-(P,) and Tetr-(P,) allotropes, respectively, signifi-
cantly higher than those of the other seven 2D phosphorus
allotropes. This behavior is due to the P—P bonds in “—(P,)—"
bridge.

Thermal Stability. In addition, the thermal stability at
elevated temperature is another important indicator to test
structure stability. For this purpose, BOMD is performed at
DEFT level for selected systems. The NVT ensemble is used.
The initial structures are taken from the above optimized
structures at zero temperature. The temperature of BOMD
simulations are controlled at 300, 500, 700, 1000, 1200, and
1500 K. Snapshots at S ps for each allotrope are plotted at given
temperatures, as shown in Figure S6. With NVT simulation, it
can be seen that a- and f-P are stable up to temperature of
1000 K and are likely to break their structures at a temperature
around 1200—1500 K, while the phase-change temperature is
between 500 and 700 K for v-Mono-(P,);, 700 and 1000 K for
v-Mono-(P,) s Mono-(P,), Tetr-(P,), and v-Hex-(P,)ans
allotropes, 1000 and 1200 K for p-Hex-(P,), and p-Hex-
(P2)trany and 1200 and 1500 K for v-Hex-(P,) s respectively.
One exception is Hex—Hex allotrope that changes phase when
the temperature is over 300 K. The relative thermal stability of
these allotropes is consistent with the calculated energy. Note
that BOMD simulation here is artificial due to the limitation of
simulation time scale and size of cells. Still, these results can
indicate that most of these new low-energy 2D phosphorus
allotropes are thermally stable above room temperature.

Mechanical Properties. The calculated elastic constants
and Young’s stiffness of the nine allotropes are summarized in
Tables 1 and S3. As a benchmark, the elastic constants of Cy;,
Cyy Cyy, and Cy, of @-P are 103, 17, 24, and 24 N/m, consistent
with previous results.”” The Young’s stiffness are anisotropic
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with the values of 91 and 21 N/m. Taking the value of 5.55 A
as the thickness of a-P, the estimated Young’s stiffness values
are 164 and 38 GPa, respectively, agreeing well with previous
theoretical values (166 and 44 GPa).”” Differently, -P has
isotropic mechanic properties with C;; = C,; = 78 N/m and
Young’s stiffness of 77 N/m. Similar with S-P, nine new 2D
phosphorus allotropes also have isotropic mechanical proper-
ties. The estimated elastic constant C,; is equal to C,, with the
values ranging from 11 to 56 N/m, which are significantly
smaller than those of f-P (78 N/m) and C,; of @-P (103 N/m).
The calculated Young’s stiffness of nine new 2D allotropes
varies from 2 to 54 N/m. In particular, Mono-(P,) and Tetr-
(P,) are the softest allotropes with the Young’s modulus of 2
N/m, which are significantly smaller than a-P. It is clear that
2D phosphorus allotropes with large pore and “—(P,)—"
bridges have smaller values than those with smaller pores and
“>(P,)<” bridges.

Electronic Structure. The electronic band structures of all
allotropes, together with density of states, are obtained at PBE
calculation level, as shown in Figure S7. The calculated values
of band gap are summarized in Table 1. It is clear that all of the
considered 2D phosphorus allotropes are all semiconductors
with the band gaps widely ranging from 0.15 to 2.55 eV. Only
a-P, &P, Hex—Hex, p-Hex-(P,),, and v-Hex-(P,)y.ns phos-
phorus allotropes are direct semiconductors, while others are
indirect semiconductors. v-Hex-(P,)y.ns has the largest direct
band gap of 1.86 €V, and Mono-(P,) allotrope has the largest
indirect band gap of 2.55 eV at PBE calculation level.

Note that PBE always underestimates the band gaps of
semiconductors. The electronic band structures of nine 2D
phosphorus allotropes, which are more stable than white
phosphorus, are calculated with the HSE06 screened hybrid
density functional theory method, as shown in Figure 4. The
calculated band gaps are summarized in Table 1. It is clear that
the band gap of a-P is significantly underestimated at PBE
calculation level (0.90 eV), while the HSE06 method increases
this value to 1.58 eV, consisting with previous theoretical and
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Figure 4. Band structures of nine phosphorus allotropes with the
energy smaller than that of white phosphorus. The Fermi energy level
is set to zero.
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experimental results.""*>”" For the direct-semiconducting 2D

phosphorus allotropes, the band gap values are 1.69, 2.19, and
2.68 eV for Hex—Hex, p-Hex-(P,)y, and v-Hex-(P,)qans
allotropes, respectively. Mono-(P,) allotrope is an indirect
semiconductor with the largest band gap of 3.42 eV. Generally,
the HSE06 method increases the band gap by about 0.66—0.82
eV for phosphorus allotropes investigated here.

Typically, the interlayer interaction will affect the band
structures of 2D materials. Our test calculations with DFT-D2
method on 2D phosphorus bilayer indicate that the interlayer
interactions are weak with the values ranging from —11 to —39
meV per atom, and a-P bilayer has the largest interlayer
interaction energy of —39 meV per atom. The optimized bilayer
structures are displayed in Figure S8. The band gaps reduce
from 0.06 to 0.93 eV, and B-P has the largest reduction of 0.93
eV in band gaps. The calculated band structures of nine 2D
phosphorus allotropes are displayed in Figure S9, the interlayer
interaction energy and band gap values are summarized in
Table S2.

Band Alignments and Optical Properties. Our PBE
calculation indicates that the work function of 2D phosphorus
allotropes varies from 4.55 to 6.17 eV, as summarized in Table
S4, and HSEQ6 calculation increases these values by about 0.4—
0.5 eV. These values are close to the standard reduction
potential of H*/H, (—4.44 eV vs vacuum level (set as 0 eV))
and oxidation potential of O,/H,0 (—5.67 €V vs vacuum
level),** thus 2D phosphorus allotropes with moderate sizes of
band gaps may be used for visible-light-driven overall water
splitting. To elucidate this possibility, the energy position of
valence band margin (VBM) and conduction band margin
(CBM) are calculated at the HSE06 level, as shown in Figure
Sa. It can be seen that the CBM and VBM of a-P are more
positive than the reduction potential of H*/H, and oxidation
potential of O,/H,0, respectively, thus a-P can only be used as
a visible-light-driven photocatalyst for hydrogen reduction in
water splitting. Though both CBM and VBM of f-P match the
hydrogen reduction potential and oxygen oxidation potential,
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Figure S. (a) The band alignment of 2D phosphorus allotropes
calculated based on the HSE06 method. Vacuum level is set as 0 eV.
The chemical reaction potentials for H'/H, and O,/H,0 are plotted
with dotted lines. (b) The imaginary part of dielectric function of 2D
phosphorus allotropes.
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PB-P is an indirect semiconductor with a wide band gap.
Interestingly, except for v-Mono-(P,) g, the calculated positions
of VBM and CBM of other eight 2D phosphorus allotropes
indicate that they have great possible potential to be used as
element photocatalysts for visible-light-driven water splitting.

The optical adsorption spectra of 2D phosphorus allotropes
are further examined with the HSE06 method. Figure S5b shows
the computed imaginary part of the frequency-dependent
dielectric function. We can see that the optical adsorption is
fairly strong over a wide energy range between 2 and 5 eV, a
range important for visible-light-driven water splitting.

Note that the band alignment is one fundamental require-
ment for photocatalysis water splitting; the performance also
depends on the recombination of photoexcited electrons and
holes and the microkinetic process of reaction on materials.
The charge distribution profiles of CBM and VBM are plotted
for 2D phosphorus allotropes, as shown in Figure S10, featuring
the delocalized characteristics in these states and possible long
diffusion distance of photoexcited electrons and holes. We also
perform test calculations on p-Hex-(P,)y..s allotrope to
investigate the microkinetic process of water splitting. The
computation details can be found in Supporting Information.
As shown in Figures S11—12, the calculated free energy profile
of oxygen evolution reaction indicates that the irradiation of
sample couple provide enough energy for water oxidation half
reaction. Meanwhile, hydrogen evolution reaction can be driven
with an ignorable external bias of 0.04 eV for the p-Hex-(P,) s
allotrope. Moreover, since black phosphorene is sensitive to
moisture,”~*” the stability of 2D phosphorus allotropes in
photocatalystic water splitting is another issue to be considered
in practice. Experimentally, Favron et al. demonstrate that three
environment parameters, i.e., oxygen, water, and visible light,
are needed concurrently to induce the degradation of black
phosphorene.®® In particular, Wang et al. have recently reported
the synthesis of water stable phosphorene via liquid exfoliation
and demonstrate its application in photocatalytic oxygen
generation and organic composition decomposition,”” indicat-
ing one possible solution to overcome the stability problem of
phosphorus allotropes in water splitting application.

Possible Fabrication Process. Due to their porous and
multilayer structures, it is difficult to obtain them with normal
experimental methods, such as chemical vapor deposition
technique. However, some of them with lower energy may be
synthesized with suitable pure phosphorus cluster via poly-
reaction reaction or P, X, (X = H or halogen atom) via
polycondensation, as that in synthesis of covalent organic
framework.”""!

Here, we choose white phosphorus molecule P, as an
example unit. In polyreaction, P, molecules with ordering
orientation in a 2D confined space or on substrate can be
assembled into Tetr—Tetr-A (‘4—8"-P) or Tetr-(P,) allotropes
with small energy barriers of 0.13 and 0.0S eV per atom with G-
SSNEB method," as shown in Figure 6, respectively. This value
is significantly smaller than the transition energy barrier from a-
P to f-P with the value of about 0.47 eV per atom.®

Bl CONCLUSION

In conclusion, we proposed 21 2D phosphorus allotropes based
on topological method and first-principles calculations. By
assembling selected “nodes” and “bridges”, represented by
phosphorus monomer, dimer, trimer, tetramer, and hexamer,
2D phosphorus allotropes are built with tunable pores ranging
from 3.87 to 11.97 A. Nine new allotropes are predicted more
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Figure 6. Minimum energy pathways of polyreaction from ordering P,
units to (a) Tetr—Tetr-A (4—8) and (b) Tetr-(P,) allotropes,
respectively. The structures of initial, transition, and intermediate
states are inserted. The phosphorus atoms are plotted with purple
balls.

stable than white phosphorus, ranked by the calculated energy.
p-Hex-(P,) s is the most stable one in the conceived allotropes
with the calculated energy of 0.037 eV per P atom compared
with a-P. The vibration spectra calculation and BOMD
simulation confirm both dynamic and thermal stabilities of
these 2D allotropes. All conceived allotropes are semi-
conductors with a tunable band gap. v-Hex-(P,) .y has the
largest direct band gap of 2.68 eV at the HSE06 calculation
level, which is larger than that of a-P (1.58 V), and Mono-(P,)
has the largest indirect band gap of 3.42 eV. In particular, the
band alignments of eight phosphorus allotropes match well
with the chemical reaction potential of both H"/H, and O,/
H,0O, indicating their potential application as element photo-
catalysts for visible-light-driven water splitting. Experimentally,
some 2D phosphorus allotropes may be formed by phosphorus
clusters or P,X,, (X = H or halogen atom) via polyreaction or
polycondensation.
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