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Compression-induced resistance of singlet oxygen dissociation on phosphorene
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Phosphorene is a promising two-dimensional material for electronics, energy, and catalysis applications,
but its instability in ambient conditions is a major obstacle in its commercialization. The degradation begins
with dissociation of O2 onto the surface of phosphorene which is spontaneous in its singlet state. Focusing on
singlet O2 splitting, compressive strain is proposed as a method of inducing an activation barrier to this process.
Applying compressive strain introduced a barrier as large as 0.45 eV causing a decrease in the rate constant by
seven orders of magnitude. Introducing entropic effects via metadynamics biased ab initio molecular dynamics
allowed for the generation of free-energy landscapes. Through this method, the largest barrier was observed to
be 0.33 ± 0.04 eV causing a decrease in the kinetic rate constant by five orders of magnitude. These results
highlight compression as a method of inhibiting singlet oxidation of phosphorene and pave the way towards
further experimental investigation.
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Phosphorene is a novel two-dimensional (2D) material
analogous to graphene which has shown potential for areas
such as energy storage [1–4], photocatalysis [5], and electron-
ics [6]. For example, it has shown some of the highest specific
capacities to date as a composite anode in Na-ion batteries
[7], and few-layer flakes were also able to help limit the
shuttle effect in Li-S batteries [8]. From these demonstrated
successes, phosphorene holds much promise to carry energy
technologies forward.

Despite this material’s promise, degradation in ambient
conditions containing light, oxygen, and humidity has been
an obstacle preventing phosphorene from widespread imple-
mentation [1,2,6,9–11]. This process involves the bubbling
and collapse of the material and can severely hinder per-
formance as mobility decreases rapidly over exposure time
[12,13]. It is widely agreed upon that degradation begins
with excited O2 splitting on phosphorene [14]. Studies into
the dissociation mechanism of O2 onto phosphorene theorize
that after making a triplet-to-singlet transition, singlet O2 can
spontaneously split on the surface of phosphorene [15]. The
triplet state is the ground state where the two electrons in
the π∗ orbitals are aligned, whereas the singlet state is an
excited state where they are antialigned [15]. With the goal
of using phosphorene for applications in open-air conditions,
this ambient stability requires further investigation. Thicker
samples show slowed degradation as the band gap closes [14],
but this also can hamper catalytic performance, and fewer
layers can make easier access for molecules to the active
sites. Much work has been conducted to explore methods of
increased stability by prohibiting oxygen from reacting with
the phosphorene substrate including doping and encapsulation
[16–18]. In addition to these approaches, it was shown that
heat treatments could increase stability of few-layer black
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phosphorus in the presence of reactive oxygen species (e.g.,
singlet O2), possibly due to removal of intercalated H2O
[19]. However, these approaches have limited applicability as
encapsulation or doping restricts interaction with O2 which
may be necessary in some applications (e.g., Li-air batteries),
and increasing the temperature is not a viable option in all
applications (e.g., batteries, in general).

Studies into metal surfaces and silicene (two-dimensional
form of silicon) have highlighted strain engineering as an
avenue for tuning electronic and catalytic properties through
both theoretical and experimental methods [20–24]. Numer-
ous methods have been explored for which strain has been
successfully applied to 2D materials including bending of
a flexible substrate, deposition on a substrate to induce
wrinkling, and thermal mismatch between materials [25,26].
Additionally, lattice mismatch can yield strain, and, in the
context of phosphorene, there is a rising number of growth
methods on different substrates including Si/SiO2, polymers,
and polyester [27,28]. Recently, a top-down method has been
put forward which can yield phosphorene nanoribbons up to
0.075 mm in length [29]. Moreover, phosphorene’s electronic
properties have been shown theoretically to be receptive to
applied strains [30], and a recent density functional theory
(DFT) study investigated the role of applied strain with respect
to a lone O atom [31]. Experimentally uniaxial strain has
been applied to phosphorene through controlled wrinkling on
a gel film [32,33]. Also, phosphorene on a MoSe2 substrate
has been studied computationally to show increased resistance
[34]. However, it remains unclear whether specifically strain
engineering can be utilized to inhibit the O2 dissociation
process.

In this Rapid Communication, we propose lattice compres-
sion as an approach towards significantly inhibiting singlet
O2 dissociation on phosphorene. We found that, at the ground
state, different methods of compression could induce barriers
towards singlet O2 splitting and used crystal orbital Hamilton
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FIG. 1. (a) Geometric properties of relaxed phosphorene. Each of the lattice parameters is given, and the zigzag and armchair directions
are defined and (b) electronic structure of bare relaxed phosphorene. The direct band gap at � is highlighted with red arrows.

population (COHP) analysis [35–37] to further study the
mechanisms. Introduction of thermal effects into the simu-
lations showed that compression via either applied strain or
thermal mismatch could also induce free-energy barriers to
the dissociation process.

Phosphorene’s structure gives it two in-plane anisotropic
symmetry axes: zigzag and armchair (Fig. S1a of the Sup-
plemental Material [38]). All systems were simulated from
a first-principles density functional theory approach using
QUANTUM ESPRESSO [39]. In order to avoid spin contamina-
tion (where the spin states are no longer eigenfunctions of
the total spin operator), singlet oxygen was modeled using
non-spin-polarized DFT as performed elsewhere [15]. Singlet
oxygen is the excited state of O2 due to Hund’s rule and,
thus, is in a higher-energy state than the spin-aligned triplet
state. Dissociation on lattices under uniaxial, biaxial, and
equibiaxial compressions were simulated using the nudged
elastic band method which gives the minimum energy path-
way at the ground state. This gives an estimate towards
activation barriers neglecting any thermal effects, such as
entropy. Further studying the electronic stability of these
structures, COHP analysis was used through the LOBSTER

[40] package. To introduce thermal effects, such as entropy
and zero-point energy, metadynamics biased ab initio molec-
ular dynamics (AIMD) was used through PLUMED [41] and
QUANTUM ESPRESSO [39] thereby giving free-energy barrier
predictions. Additional computational details are provided in
the Supplemental Material [38].

Relaxed phosphorene was found to be a direct band-
gap semiconductor with a band gap of 0.90 eV (Fig. 1).
Our lattice parameters of 3.3 and 4.6 Å were found to
be comparable to reported literature values of 3.35 and
4.62 Å [42] and 3.298 and 4.627 Å [30]. Moreover, our
band gap was found to be in agreement with previous re-
sults which reported gaps of 1 eV [42], 0.8 eV [43], and
0.91 eV [30]. The electronic structure and band gap are highly
dependent upon the choice of exchange correlation. Although
advanced functionals, such as hybrid functionals, can yield
band gaps closer to experimental results, they are signifi-
cantly more computationally expensive. As we are concerned
with differences in energy, we employ the Perdew-Burke-

Ernzerhof exchange-correlation functional [44]. Fixing the
armchair direction while applying compression in the zigzag
direction, conversely fixing the zigzag direction, and com-
pressing the armchair direction, both saw a decreasing band
gap [Fig. 2(a)] as seen elsewhere [30]. Since compression is
observed to influence the electronic properties of the system,
the question arises of how this will present itself in catalysis
scenarios. Relaxed phosphorene (0% strain) was able to dis-
sociate singlet oxygen spontaneously onto the phosphorene
surface with the charge-density difference shown in Fig. 2(b).
Through the charge-density difference, it is shown that each
O atom will pull charge from the lattice as oxygen is more
electronegative than phosphorus. It is also observed that the
O2 bond expands from 1.22 to 2.78 Å corresponding to a
128% increase. This unstrained scenario represents a baseline
for all subsequent landscapes and means that any barrier
introduced is an improvement in terms of oxidation resistance.
When introducing strain uniaxially in the zigzag direction, no
activation barrier towards splitting was observed in the studied
range where a barrier of 0.30 eV was found at 1% strain in
the armchair direction. Energy profiles and activation barrier
trends as a function of strain are given in Figs. S1a–S1c of the
Supplemental Material [38]. The dissimilar behavior between
these two conditions can be explained by different Poisson
ratios in phosphorene for each axis which results in different
magnitudes of lateral expansion. However, it is important to
note that these uniaxial scenarios allow free lateral expansion.

We next applied compression with the lateral direction
held fixed, which is analogous to biaxial loading owing to
Poisson’s contraction. Interestingly, compressing the armchair
direction with the zigzag dimension pinned shows similar be-
havior to that of the uniaxial armchair strain with a maximum
barrier of 0.38 eV (Figs. S1d and S1e of the Supplemental
Material [38]). However, the opposite scenario induced acti-
vation barriers for a larger range of strains with emergence of
a physisorbed state starting at 1% [Fig. 2(c)] with the barrier
reaching as high as 0.45 eV [Fig. 1(d)]. To summarize, for
strain applied in this manner, if the magnitude of compression
is larger than the threshold of 1%, then the oxidation process
will be slowed. The reader may note that the final energetic
state appears to be independent of strain in Fig. 1(c). This

021001-2



COMPRESSION-INDUCED RESISTANCE OF SINGLET … PHYSICAL REVIEW MATERIALS 4, 021001(R) (2020)

FIG. 2. (a) Band-gap variation of phosphorene under strains in each direction with the lateral direction fixed. (b) Charge-density difference
(isosurface set to 0.0036 eÅ−3) of dissociated O2 on phosphorene. Color code: purple = charge accumulation, red = charge depletion; (c)
energy profiles for strains applied in the zigzag direction with the armchair dimension pinned; energy barriers as a function of strain are plotted
for (d) fixed armchair dimension and zigzag compression and (e) fixed zigzag dimension and armchair compression.

can be explained through the initial reference state also being
a function of the applied strain. Moreover, this quantity is
essentially an adsorption energy which has been shown pre-
viously to have a strain dependence of order 0.1 eV in other
systems [20–22]. In addition to the uniaxial type compression,
equibiaxial strain was applied to the system with the energy
barriers shown in Fig. 2(e). A window of barriers emerges
reaching as high as 0.36 eV. Profiles corresponding to this type
of applied strain are shown in Fig. S1f of the Supplemental
Material [38]. The behavior seen here is almost identical to
armchair compression with and without pinned lateral dimen-

sions. Therefore, for applying equibiaxial strain, oxidation
can be slowed via compression of phosphorene if applied in
the appropriate regime. To summarize, compression can lead
to induced oxidation resistance at the ground state with an
overall maximum barrier of 0.45 eV. To place this result in
the context of the relaxed state, the Arrhenius equation can be
used

k = k0 exp

(−EA

kBT

)
,
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FIG. 3. COHP analysis was conducted for both P-O pairs to evaluate electronic instability of the transition states at varying compressions.
Antibonding states at the Fermi level indicates electronic instability. +ve is bonding and −ve is antibonding. (a) Illustration highlighting the
P-O interactions considered for COHP analysis. COHP profiles for (b) relaxed system, (c) 3% compression along the zigzag direction with
lateral pinning, (d) 1% equibiaxial compression, and (e) 3% equibiaxial compression.

where k is the kinetic rate constant, k0 is a prefactor, EA

is the activation barrier, T is the temperature, and kB is the
Boltzmann constant. Extrapolating the barrier to 300 K, the
kinetic rate constant will decrease by up to seven orders of
magnitude, significantly slowing the process.

To understand the different observed trends of induced
barrier versus applied strain, COHP [35] analysis was con-
ducted. Studies of metallic reactivity have showcased the
importance of occupation of antibonding states through the
prediction of the d-band center [21,22]. In this case, we
use COHP to obtain occupation of bonding and antibonding
states with a high number of antibonding states at the Fermi
level representing electronic instability. The bonds consid-
ered, here, were between each of the O atoms and their nearest
P atoms on the lattice [highlighted in Fig. 3(a)]. Selected
COHP plots of the transition states at various strains are
displayed in Figs. 3(b)–3(e) with negative (positive) represent-
ing antibonding (bonding). Starting with the relaxed system
[Fig. 3(b)], the green interaction has fewer antibonding states
at the Fermi level where the purple interaction does have

antibonding occupation at this level. Therefore, this state was
electronically unstable, and the system will reconfigure itself
via O2 dissociation. Increasing the applied strain to 3% via
zigzag compression with a fixed armchair length [Fig. 3(c)]
shows that the transition state remains the same, but the
presence of the physisorbed state requires energy to split. If,
instead, the compression is applied equibiaxially, then at 1%
this original mechanism is maintained with one bond forming
first [Fig. 3(d)]. Significantly, the mechanism changes upon
increasing strain in this manner to 3% as evidenced through its
COHP in Fig. 3(e), and the transition state is different. Here,
the bonds form simultaneously as shown through both COHP
trends being identical. It was observed that, at this strain,
the barrier returns to zero, so this mechanism shift can be
attributed as the source for this change. Considering armchair
compression with a fixed lateral dimension, COHP analysis
indicates that it also undergoes a mechanism change (Fig.
S2 of the Supplemental Material [38]). To summarize, when
compression is applied in the zigzag direction with pinned
lateral dimensions, the barrier increases as the mechanism
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FIG. 4. (a) Illustration of selected collective variables, (b) free-energy barriers at 300 K with boundary condition III, (c) kinetic rate constant
as a function of applied strain at 300 K; free-energy landscapes at strains of (d) 2%, (e) 3%, (f) 5%, and (g) 7%.

remains constant. On the other hand, when compression is
applied either along the armchair direction with or without
a fixed zigzag dimension or equibiaxially, a mechanism shift
occurs after 1% allowing spontaneous dissociation. In other
words, the lack of mechanism change allows for the system
to return to a spontaneous process for the armchair and

equibiaxial cases after a critical strain, whereas biaxial zigzag
compression does not undergo this shift.

Although these results demonstrate that barriers can be
induced at the ground state, they neglect thermal effects. Seek-
ing free-energy barriers, metadynamics biased AIMD simula-
tions were conducted with collective variables illustrated in
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FIG. 5. (a) Energy barriers for fixed lattice parameters as a function of temperature, free-energy landscape for the system with fixed
dimensions at (b) 5 K, and (c) 600 K.

Fig. 4(a). Considering the ability of zigzag compression and
fixed armchair length strain at introducing a barrier for a range
of strains at the ground state, this method of strain will be
further examined. Figure 4(b) shows the acquired barriers for
this scenario. As strain was introduced, a barrier developed
with a peak of 0.33 ± 0.04 eV. However, beyond this point,
the barrier begins to decrease, implying that there is a limit to
the benefits of compression. Since these runs give free-energy
barriers, the Eyring equation may be used to obtain the kinetic
rate constant as a function of applied strain [Fig. 4(c)],

k = kBT

h
exp

(−GA

kBT

)
,

where h is Planck’s constant and GA is the free energy of
activation. It is observed that the kinetic rate constant rapidly
declines up to five orders of magnitude from 6.5 × 1012 to
1.3 × 107 Hz. Free-energy landscapes for the corresponding
strains are illustrated in Figs. 4(d)–4(g). As the strain in-
creased towards 5%, the physisorbed precursor state becomes
deeper in energy like that seen in Fig. 1(c). However, beyond
5%, the well shallows which yields the decrease in activation
barrier for this strain. Therefore, in order to minimize the
oxidation process at finite temperatures using compression in
this manner, the optimal magnitude of applied strain is 5%.

Thermal mismatch where the thermal expansion coeffi-
cients differ between the material and the substrate is an-
other method of applying strain to 2D materials which has
been successfully used on MoS2 with dielectric layers as
well as polydimethylsiloxane [25] and similarly with WSe2

[26]. Here, it was simulated by fixing the ground-state lattice
parameters and varying the temperature between 5 and 600 K

as phosphorene was shown to be unstable at around 673 K
[45]. The system stability at each temperature was verified
through plotting energy as a function of time (Fig. S3 of
the Supplemental Material [38]). To account for the different
possible trajectories a system may explore, three independent
trials were performed (see Fig. S4 of the Supplemental Mate-
rial for 400 K [38]). Figure 5(a) shows the free-energy barrier
increases as a function of the system temperature where 400 K
yielded the maximum barrier of 0.28 ± 0.06 eV. The dip in
barrier size shows that there is a limit to the use of strain
to increase the barrier. Landscapes for the extremes of the
temperature range 5 and 600 K are presented in Figs. 5(b)
and 5(c) (see Fig. S6 of the Supplemental Material for the rest
[38]). At 5 K, the landscape is flat where, at 100 K and beyond,
a physisorbed local minimum emerged creating the barrier
to dissociation. Therefore, if phosphorene is deposited on a
substrate with a lower coefficient of thermal expansion, then
thermal mismatch can induce singlet oxidation resistance.

In conclusion, this Rapid Communication proposes com-
pression to induce oxidation resistance in phosphorene. It
was observed that, at the ground state, applying compression
can introduce a barrier to singlet O2 dissociation as large as
0.45 eV thereby decreasing the kinetic rate constant by as
much as seven orders of magnitude. COHP analysis indicated
a change in the dissociation mechanism thereby explaining the
different trends depending on the nature of the compression.
To confirm these findings are still valid at finite temperatures,
AIMD was used. Fixing the armchair dimension and applying
zigzag compression was studied in this manner and demon-
strated a maximum induced barrier of 0.33 ± 0.04 eV. This
corresponds to a kinetic rate constant as much as five orders
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of magnitude less than the relaxed system. Thermal mismatch
was also considered and showed an induced barrier reaching
as high as 0.28 ± 0.06 eV. Consequently, compressive strain
engineering has been identified as a means of increasing the
singlet oxidation resistance for phosphorene, opening the door
towards future experimental studies.
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