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High-performance phosphorene electromechanical actuators
Bozhao Wu 1, Hui-Xiong Deng2, Xiangzheng Jia 1, Langquan Shui 1, Enlai Gao1✉ and Ze Liu1✉

Phosphorene, a two-dimensional material that can be exfoliated from black phosphorus, exhibits remarkable mechanical, thermal,
electronic, and optical properties. In this work, we demonstrate that the unique structure of pristine phosphorene endows this
material with exceptional quantum-mechanical performance by using first-principles calculations. Upon charge injection, the
maximum actuation stress is 7.0 GPa, corresponding to the maximum actuation strain as high as 36.6% that is over seven times
larger than that of graphene (4.7%) and comparable with natural muscle (20–40%). Meanwhile, the maximum volumetric work
density of phosphorene (207.7 J/cm3) is about three orders of magnitude larger than natural muscle (0.008–0.04 J/cm3) and
approximately six times larger than graphene (35.3 J/cm3). The underlying mechanism of this exceptional electromechanical
performance in phosphorene is well revealed from the analysis of atomic structure and electronic structure. Finally, the influence of
charge on the mechanical behaviors of phosphorene is examined by mechanical tests, indicating the sufficient structural integrity
of phosphorene under the combined electromechanical loading. These findings shed light on phosphorene for promising
applications in developing nanoelectromechanical actuators.
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INTRODUCTION
Developing artificial muscles that can mimic the behaviors of
mammalian skeletal muscle has attracted much attention but
remains a long-term challenge1–5. Natural muscles boast reversible
mechanical responses in a large strain range under various
complex loads6–9. To mimic natural muscles, the selected materials
for artificial muscles must exhibit significant strokes, stress as well
as volumetric work densities at quite fast responses10. To date, the
extensively studied actuation materials include shape memory
alloys, electroactive ceramics, and polymers11. Shape memory
alloys have high work densities, but unpredictable deformation
and slow responses1. Electroactive ceramics possess fast responses
but their strokes are <1%12. Polymers, e.g., nylon, can generate
large stroke under heat stimulation, while their performance is
limited by the low heat transfer efficiency between actuation and
relaxation4,13.
With the increasing demands for nanoactuator devices and

the discovery of two-dimensional materials (2DMs)14–18, 2DM-
based actuators have attracted considerable interests. Remark-
able achievements made by Liu and his coworkers19–21

demonstrate that graphene and graphene oxide (GO) exhibit
extraordinary electromechanical performance. For example, as
GO changes from a metastable clamped configuration to a more
stable unzipped configuration, it generates a huge reversible
stroke of 28%20. Recently phosphorene arises after successful
exfoliation from its bulk form (black phosphorus)22, and a lot of
efforts have been made to investigate its structures, properties
as well as applications. For example, phosphorene possesses
remarkable in-plane mechanical anisotropy23–25, which is very
different from the in-plane elastic isotropy of graphene26.
Theoretical calculations demonstrated that the strains to failure
(tensile stiffnesses) of phosphorene along the armchair and
zigzag directions are as high as 30% (23 N/m) and 27% (92.3 N/m),
respectively23,24. The high strain to failure but small in-plane
stiffness as well as remarkable mechanical anisotropy makes
phosphorene highly promising in developing high-performance

actuators. However, the electromechanical performance of phos-
phorene has not been explored.
In this work, we investigate the electromechanical performance

of pristine phosphorene by using first-principles calculations. The
results demonstrate that the charging-induced maximum actua-
tion strain of phosphorene is ultrahigh (36.6%), which is much
larger than that of graphene (4.7%) and silicene (2.5%). Mean-
while, the volumetric work density is theoretically calculated as
207.7 J/cm3, much larger than the well investigated graphene
(54.1 J/cm3) and GO (144.1 J/cm3). The underlying mechanism of
this exceptional electromechanical performance in phosphorene
is well revealed from its electronic and atomic structure analysis.
Finally, the good structural integrity of phosphorene under the
combined electromechanical loading is examined.

RESULTS
Electromechanical strain response of phosphorene
The models used in the calculations of electromechanical
responses are the unit cells of these 2DMs (Fig. 1). Before
charge injection, the fully structural optimizations were per-
formed, resulting in optimized lattice constants a1= 4.572 Å, a2
= 3.296 Å for pristine phosphorene, a1= 4.274 Å, a2= 2.467 Å
for pristine graphene and a1= 6.702 Å, a2= 3.867 Å for pristine
silicene. The in-plane strains are measured as the change of a1
and a2 upon charge injection into phosphorene, graphene and
silicene along the armchair and zigzag directions, respectively.
The electromechanical responses of pristine phosphorene upon
charge injection are depicted in Fig. 2, in which the electro-
mechanical responses of graphene and silicene monolayer are
also calculated for comparison. It is clear that phosphorene
monolayer can generate ultrahigh expansion (36.6%) along the
armchair direction upon hole injection (0.13 e/atom), which is 14
times larger than that along the zigzag direction (2.6%) (Fig. 2).
The highly anisotropic electromechanical responses originate
from the remarkable structural and mechanical anisotropies of
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phosphorene23–25. Furthermore, the charge-induced maximum
actuation strain of phosphorene is remarkably larger than that
of graphene, silicene, and even the maximum value reported of
GO (28.2%)20,21, indicating that monolayer phosphorene exhi-
bits an ultrahigh actuation performance. Upon low concentra-
tion hole injection (e.g., 0.02 e/atom), contraction (−0.16%)
along the armchair direction is initially observed followed by
large expansions (up to 36.6%) with the increasing of hole
injection (Fig. 2). This phenomenon is also observed for the hole-
induced C4O-asym-unzip GO21, which is explained by consider-
ing the molecular orbitals associated with the C-O-C bonds. The
hole-induced maximum strain of phosphorene is about 10–14
times greater in magnitude than that of monolayer graphene
(3.5%) and silicene (2.5%) upon charging 0.13 e/atom in this
work. Whereas, electron-induced contraction in the zigzag
direction is distinctly different from the expansion of pristine
graphene and silicene, and it is contrary to the quantum-
mechanical actuation of covalent carbon materials, such as
carbon nanotubes and graphene, where injected electron is

believed to fill antibonding states and thus induces interatomic
bond length expansions15,27,28.

Insights into the mechanism of electromechanical strain response
To understand the mechanism of unusual electromechanical strain
response in phosphorene, we calculated the interatomic deforma-
tions upon charge injection projected along the armchair and
zigzag directions, respectively (Fig. 2b–c). As shown in Table 1,
upon 0.13 e/atom hole injection, phosphorene undergoes a net
interatomic expansion with bond B2 expanding by a considerable
amount (0.235 Å) due to the increment of bond angle β of 12.41°.
B1 shows neglectable contraction (−0.009 Å) due to the decreasing
(3.87°) of the bond angle α, yet this is more offset by the large
expansion of bond B2. On the other hand, it is clear that B2 shows a
large expansion (0.906 Å) along the armchair direction but zero
expansion along the zigzag direction. In spite of the projected
deformation of B1 (−0.062 Å) along the armchair direction, the
overall expansion of the unit cell along the armchair is 0.782 Å,
leading to the massive expansion of 36.6%. While the projected
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Fig. 1 Atomic configurations of phosphorene, graphene and silicene. a Side and b top views of monolayer phosphorene, c graphene and
d silicene, respectively. The unit cells with lattice parameters of a1 and a2 are denoted by the dash lines. These labels of B1-2 and α-β in (a–b)
denote two types of P-P bonds and two types of P-P-P angles in phosphorene, respectively.
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Fig. 2 Electromechanical strain responses of phosphorene, graphene and silicene. a Electromechanical strain responses of pristine
phosphorene upon injecting electron (negative) and hole (positive) along the armchair and zigzag directions, respectively, compared with
that of pristine graphene and silicene. (b) and (c) are the side views of phosphorene from the armchair and zigzag directions, respectively.
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deformation of B1 along the zigzag direction is only 0.042 Å,
resulting in the total expansion of the unit cell of 0.084 Å (2.6%)
along the zigzag direction. Based on these observations (Fig. 2), we
further increased the injected electron (up to −0.13 e/atom),
expansion of 1.7% and contraction of −0.6% along the armchair
and zigzag directions, respectively, were observed. Similarly, the
interatomic projected deformations along the armchair and zigzag
directions upon −0.13 e/atom electron injection were determined
(Table 1). Such small increment of bond angle β of 0.445° leads to a
small expansion of B2 with a value of 0.034 Å, whereas the small
reduction (−0.357°) of bond angle α causes a small contraction
(−0.005 Å) of B1.
To provide further insights into the essential physics of the

electromechanical strain response of phosphorene upon charge
injection, the excess charge density distribution upon charge
injection (e.g., ±0.02, ±0.06, and ±0.13 e/atom) was calculated. As
shown in Fig. 3a–b and Supplementary Fig. 2, we found that there
is excess charge distributed in phosphorene, suggesting that the
charge density of phosphorene has been redistributed. To show
the influence of the excess charge on the bonds and angles of
phosphorene, the evolutions of bonds (B1, B2) and angles (α, β)
were plotted in Fig. 3c. Upon 0.13 e/atom injection (Fig. 3b and
Supplementary Fig. 2d), the excess hole (shown in green)
aggregates around P atoms and in B2, resulting in a remarkable
repulsive interaction (red arrows) as illustrated in Fig. 3d. Hence,
the β and B2 exhibit significant deformation. Besides, we found
that there is some excess electron (shown in yellow) assigned
upon P atoms and in B1, which results in a slight contraction (blue
arrows) of B1 (Fig. 3d). Upon electron injection of −0.13 e/atom
(Fig. 3a and Supplementary Fig. 2a), the excess charge density
shows about half of that upon hole injection of 0.13 e/atom, but it
exhibits very smaller deformations of B2 and β than those upon
hole injection of 0.13 e/atom. In addition to the interaction
between excess charge, mechanical tests of the charged
phosphorene demonstrate that the in-plane stiffness of hole
charged phosphorene significantly decreases with increasing of
hole injection, but the in-plane stiffness of electron charged
phosphorene almost keeps constant with increasing of electron
injection (Supplementary Fig. 3), suggesting that hole injection
(depletion of electron) significantly weakens the structure of
phosphorene. Therefore, the repulsive interaction of excess
charge and the softening of phosphorene upon hole injection
combinedly help us to understand the large actuation strain
response in phosphorene.
Furthermore, we probe the influence of charge injection on

the electronic structure of phosphorene. The projected densities
of states (PDOS) upon hole injection and the corresponding
excess charge density distributions were plotted in Fig. 4 and
Supplementary Fig. 2. It can be found that the P atom has zero s-
and p-DOS close to the Fermi level (0 eV) before charge injection.
However, for low concentration hole injection (0.02 e/atom), it’s
clear to find that P atom has non-zero s- and p-DOS near the

Fermi level, which is further verified by the excess charge density
distributions (Fig. 4c and Supplementary Fig. 2e and 2f),
indicating the shift of Fermi level with the value of −4.7 eV. As
further injecting hole (0.06 e/atom), the calculated shift value can
be −13.6 eV. Conversely, as electron injection, the Fermi level
would shift to left, e.g., −0.02 e/atom, the shift value is calculated
as 3.3 eV. Furthermore, the band structures of phosphorene with
electron and hole injection were calculated as depicted in
Supplementary Fig. 4. Clearly, without charge injection, pristine
phosphorene shows a direct band-gap of 0.84 eV, which is
consistent with the previous report (0.89 eV) at the PBE level24. As
upon electron injection, we find that the Fermi energy level shifts
to the conduction band corresponding to the right shift of that in
PDOS. Electron injection induces the decreasing of the band-gap,
e.g. phosphorene shows a band-gap of 0.66 eV under −0.06 e/
atom injection (Supplementary Fig. 4b). While hole injection
induces the Fermi energy shift to valence band as well as the
enlarging of the band-gap of 1.06 eV upon 0.06 e/atom injection
(Supplementary Fig. 4e). Additionally, based on Fermi-level shift
value measured from the integrated density of states as used in
previous work20,29, the voltages required to inject charge (±0.13
e/atom) into phosphorene are estimated as about 1.1–3.0 V that
is much lower than the withstand voltage of phosphorene30,
suggesting that the maximum charge explored in this work is
within the scope of security permission.

Structural integrity of phosphorene under the combined
electromechanical loading
The mechanical stability of phosphorene under the combined
electromechanical loading plays an essential role for practical
applications. Herein, uniaxial tensile tests of the pristine and
charged phosphorene were implemented (Fig. 5). It can be found
that the fracture strain (εmax, defined as the change of length
divided by the actuated length of charged phosphorene) of
electron charged phosphorene is larger than that of pristine
phosphorene, while εmax of hole charged phosphorene is smaller
than that of pristine phosphorene (Supplementary Table 1). The
increased fracture strain of phosphorene upon electron injection
can be attributed to the excessive electron and the tiny actuation
strain that almost has no effect on the capacity of structural
deformation, while the reduced fracture strain of phosphorene
upon hole injection can be attributed to the depletion of electron
and the large actuation strain that exhausts the capacity of
structural deformation (Fig. 3c). Herein, it should be noted that
even upon hole injection of 0.13 e/atom, phosphorene still
possesses a fracture strain of 4.4%, indicating that the structural
integrity is maintained under external mechanical loading.

Actuation stress and volumetric work density of phosphorene
To assess the feasibility of phosphorene as the building block for
constructing actuators, the actuation stress and volumetric work
density (Wvol) of phosphorene as a function of charge injection are
investigated. To be specific, the actuation stresses are calculated
for the configurations with charge injection but fixed lattice
constants of charge-free equilibrium configuration (Supplementary
Fig. 5a), which generates high actuation stresses of 7.0 and 4.1 GPa
along the armchair and zigzag directions, respectively. Herein, the
thickness of 5.55 Å of phosphorene was adopted23. The actuation
stress of charged phosphorene is lower than the reported GO
(>100 GPa)20 due to the smaller stiffness (21.7 N/m in the armchair
direction and 89.9 N/m in the zigzag direction) of phosphorene
than that of GO (~204 N/m in the armchair direction and ~321 N/m
in the zigzag direction)31. Based on the method used in previous
work32,33, Wvol of phosphorene was calculated (Supplementary Fig.
5b). Upon charge injection of −0.13 and 0.13 e/atom, Wvol were
calculated as 0.43 and 207.7 J/cm3 along the zigzag and armchair
directions, respectively, corresponding to the actuation strains of

Table 1. The interatomic and its projected deformations (Å) along the
armchair and zigzag directions of phosphorene upon change
injection.

Charge Injection Interatomic Armchair Zigzag

Hole (0.13 e/atom) B1 −0.009 −0.062 0.042

B2 0.235 0.906 0.000

total 0.217 0.782 0.084

Electron (−0.13 e/atom) B1 −0.005 0.001 −0.009

B2 0.034 0.035 0.000

total 0.024 0.037 −0.018
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1.67% and 36.6% along the armchair direction. The maximum Wvol

of phosphorene upon hole injection is larger than that of graphene
(35.3 J/cm3) and silicene (3.16 J/cm3) (Supplementary Fig. 5b),
mainly resulting from its large actuation strain. Compared to other
well studied actuation materials (Supplementary Table 2), the
maximum Wvol of phosphorene is approximately 1.4 times greater

than that of GO (144.1 J/cm3)21, and about 6–700 times greater
than the CNT-based actuation material32 and the widely used
ferroelectric materials33. The gravimetric work density (Wg) can be
calculated as Wvol/ρ, where ρ is the density. The calculation
demonstrated that phosphorene possesses an ultrahigh Wg of
~1076.2 J/g upon 0.13 e/atom injection, which is much larger than
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natural muscle, CNT-based materials and other traditional materials
(Supplementary Table 2 and Fig. 6). Considering the extreme large
actuation strain, remarkable actuation stress and ultrahigh work
density, phosphorene holds great promise in the applications of
electromechanical actuators. Herein, it should be noted that
Wvol and Wg were calculated using the in-plane stiffness (Young’s
modulus) deduced from the pristine materials (Supplementary
Note 2). However, our above calculations demonstrate that, the in-
plane stiffness of the charged phosphorene shows a significant
reduction (Supplementary Fig. 3) upon hole injection. Therefore,
Wvol and Wg can be seen as nominal values. The realistic actuation
stress σr and Wvol-r are obtained as shown in Supplementary Fig. 6
(see Supplementary Note 2 for details). The maximum Wvol-r

(154.1 J/cm3) and Wg-r (798.4 J/g) are slightly smaller than their
nominal values (207.7 J/cm3 and 1076.2 J/g, respectively), resulting
from the reduced in-plane stiffness.
Additionally, it is worth mentioning that we investigated the

electromechanical response of free-standing monolayer phos-
phorene in this work, which can be seen as the ideal
electromechanical performance of phosphorene. In practical
applications, the pristine phosphorene is unstable upon exposure
to air, and thus phosphorene-based devices should be protected
by other materials to avoid degradation. However, the large
actuation strain of phosphorene upon charge injection would
induce significant mismatch with other materials. Fortunately,

robust superlubricity of layered heterojunctions was recently
reported34. Hence, future efforts should be directed, but not
limited at discovering atom-smooth substrates having incom-
mensurate contacting surface and thus ultralow sliding friction
with phosphorene, which may make phosphorene almost freely
actuate upon charge injection. In this way, the effect of substrate
on the strain output of phosphorene would be reduced.

DISCUSSION
In this work, the electromechanical performance of pristine
phosphorene was systematically investigated by using first-
principles calculations. It was demonstrated that phosphorene
possesses excellent electromechanical actuation performance. The
maximum actuation strain, stress, and volumetric work density of
phosphorene are as high as 36.6%, 7.0 GPa, and 207.7 J/cm3,
respectively. The underlying mechanism was then explored and
well explained by the analysis of the atomic structure, electronic
structure and mechanics. Moreover, we found that the charge
injection has a significant impact on the electronic properties of
monolayer phosphorene: hole injection enlarges the band-gap
while electron injection narrows the band-gap. Finally, uniaxial
tensile tests of charged phosphorene demonstrate the remarkable
mechanical stability of phosphorene under the combined electro-
mechanical loading. Our findings show that phosphorene holds a
great promise for constructing nanoelectromechanical actuators.

METHODS
We explored the electromechanical performance of phosphorene,
graphene, and silicene by performing first-principles calculations in the
framework of plane-wave basis set based density functional theory (DFT)
methods. The Perdew-Burke-Ernzerhof (PBE) parameterization35 of the
generalized gradient approximation (GGA)36 was used for the exchange-
correlation functional. To correct the dispersion interactions, additional van
der Walls correction by using DFT-D3 method was considered37. Projector
augmented wave potentials were used to treat ion-electron interactions38.
All calculations were carried out by the Vienna Ab initio Simulation
Package (VASP)39,40. For all results presented in this work, energy cut-off of
130% of the default value was used to ensure the accuracy. Monkhorst-
Pack grid k-points41 with the density > 40 Å were used for the Brillouin
zone sampling in all calculations. With the conjugated gradient algorithm,
all structures were fully relaxed to their ground states before charge
injection. For the geometry relaxation, the convergence criteria is less than
0.01 eV/Å for the force on each atom. Previous calculation of graphene and
GO suggests a vacuum layer of 60 Å is necessary for the calculations of
electromechanical behaviors to minimize the interlayer electrostatic
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interactions19,21. Considering a balance between computational accuracy
and efficiency (Supplementary Note 1 and Supplementary Fig. 1), a thick
vacuum layer of 70 Å was adopted and held constant through modifying
the VASP code to relax the cell within the basal plane of phosphorene only
to minimize the interaction between periodic images. Additionally,
considering that the homogeneous background charge also contributes
to the total energy of the system, we adopted the energy correction
method proposed by Reed et al.42 to calculate the total energy of the
charged phosphorene (Supplementary Fig. 7).
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Supplementary Note 1: Effect of the vacuum layer on the electromechanical 

performance of phosphorene 

The effect of vacuum layer thickness on the strain output of phosphorene was investigated, which 

demonstrates that the strain output of phosphorene upon the same amount of electron injection 

converges to a limited value as the thickness of vacuum layer increases to about 70 Å, while the 

strain output of phosphorene upon the same amount of hole injection depends on the thickness of 

vacuum layer, resulting from the Jellium background. However, it is worth mentioning that the key 

performance (maximum actuation strain, about 37%) of phosphorene upon hole injection almost 

doesn’t change with the increasing of vacuum layer thickness, and the increasing of vacuum layer 

thickness only slightly reduces the amount of injected hole to produce the maximum actuation strain 

(Supplementary Figure 1). It is remarked here that there is no or very little background charge in 

practical applications, and thus it can be speculated that the amount of injected hole from our 

calculation is overestimated for practical uses, which results from the limit of currently used 

method. 

  



Supplementary Note 2: Calculation of volumetric and gravimetric work density 

In previous work1, the volumetric work density (Wvol) is defined as: 

 2
vol max

1
=

2
W Yε  (2.1) 

where Y is the Young’s modulus, εmax is the maximum strain upon external stimulus. Herein, for the 

two-dimensional materials, Eq. (2.1) can be written as:  

 
2
max

vol = 2

SW
z

ε
  (2.2) 

where S is the in-plane tensile stiffness, and z represents the vacuum layer. The in-plane stiffness of 

340 N/m is used for monolayer graphene2. For monolayer phosphorene, the in-plane tensile 

stiffnesses of 21.7 N/m along armchair direction and 89.9 N/m along zigzag direction are adopted. 

The in-plane stiffnesses of silicene monolayer are 63.51 N/m along armchair direction and 60.06 

N/m along zigzag direction3. Therefore, the volumetric work density can be obtained 

(Supplementary Figure 5b). Furthermore, the gravimetric work density (Wg) can be calculated by 

 
2

2 max
g max

1
= / =

2 2

SW Y
z

εε ρ
ρ

  (2.3) 

where ρ is the density of material. However, considering the change of in-plane stiffness of 

phosphorene upon charge injection (Supplementary Fig. 3), the volumetric and gravimetric work 

density needs to be polished. Herein, we define the realistic stress (σr) as: 

 r = ( )S q dσ ε  (2.4) 

where S(q) is the in-plane stiffness of phosphorene upon charge injection of q, Furthermore, the 

realistic volumetric work density (Wvol-r) can be calculated by 

 vol-r

1
( )

2 rW q d
z

σ ε=    (2.5) 



Finally, the realistic gravimetric work density (Wg-r) can be calculated by 

 vol-r
g-r

W
=W

ρ
  (2.6) 

The realistic volumetric and gravimetric work densities are shown in Supplementary Fig. 6. 

 

  



Supplementary Note 3: Energy correction of charged phosphorene 

In the ab initio calculation of a monolayer (slab) upon charge (q) injection with periodic boundary 

conditions using Vienna Ab-initio Simulation Package (VASP)4, 5, a homogeneous background 

charge (-q) is automatically added in the vacuum region to keep the periodic cell electrically neutral. 

However, the homogeneous background charge also contributes to the total energy of the system, 

which calls for energy correction. For a charged monolayer, the background potential Vbg generated 

by the uniform background charge should be subtracted from the total Kohn-Sham potential Vtotal 

calculated by using the ab initio calculation. Hence, the realistic electrostatic potential V can be 

written as 

 total bg( , ) ( , ) ( , )V q z V q z V q z′ ′ ′= − −   (3.1) 

where –q' is the additional homogeneous background charge, and Vbg(–q', z) is the plane-averaged 

background potential, which can be given according to Gauss theorem: 

 2 2
bg

0

1
( , ) ( )

2ε 4 z
z

qV q z z L
AL

′−′− = −   (3.2) 

where ε0 is the permittivity of vacuum and A is the area of the monolayer. Taking the phosphorene 

monolayer upon charging 0.05 e/atom as an example. After subtracting the background potential, 

the realistic electrostatic potential V(–q', z) (the red solid line Supplementary Fig. 7a) can be 

obtained, agreeing the behaviors of a uniform electric field induced by a charged monolayer6. 

Therefore, the total energy of a charged monolayer can be obtained by adding the excess 

charge-induced realistic electrostatic energy to the total energy of the charge neutral system, which 

was proposed by Reed et al.6, the total energy of the charged monolayer can be calculated by 

 total 0 f ref

0

2 ( , , )
q

E E V z z q dq′ ′= + Δ  (3.3) 



where the first item E0 is the ground-state energy of an electrically neutral monolayer without 

charge doping. The integral is the energy of moving the charge q from the reference plane (zref, a 

reference plane far away from the monolayer) to the Fermi level position of the monolayer (zf). 

According to the previous work6, zf can be taken to be the plane at which the total plane-averaged 

Kohn-Sham potential is equal to Fermi level, and zref can be defined as Lz/2, Lz is the supercell size 

along the z direction. An expression of ΔV(zf, zef, –q') can be obtained by performing a linear fitting6 

 f ref( , , )V z z q a bq′ ′Δ = +  (3.4) 

where a and b are the constants. Putting Eq. (3.4) into Eq. (3.3), the total energy of the charged 

phosphorene is calculated as shown in Supplementary Fig. 7b. 

  



Supplementary Figures, Tables and Captions 

 

Supplementary Figure 1. Effect of vacuum layer thickness on the maximum actuation strain 

response of phosphorene and the amount of injected hole to produce this maximum actuation strain. 

  



 

Supplementary Figure 2. Top views of the excess charge density distribution. The excess charge 

density distribution of phosphorene upon charge injection of (a) -0.13 e/atom and (d) 0.13 e/atom 

with the iso-surface value of 0.0003 and 0.0006 e/Bohr3, respectively. (b, e and c, f) are the excess 

charge density distribution of phosphorene upon charge injection of ±0.06 and ±0.02 e/atom with 

the iso-surface value of 0.0002 e/Bohr3. Color coding of yellow and green represents excess 

electron and hole, respectively. 

  



 

Supplementary Figure 3. In-plane stiffness of charged phosphorene. In-plane stiffnesses were 

obtained by linearly fitting the stress-strain curves with a step of 0.2% below strain of 2%. 

  



 

Supplementary Figure 4. Influence of charge on the electronic structure of phosphorene. (a) 

Illustration of the first Brillouin zone for pristine phosphorene. (b-f) Evolution of band-structures 

for phosphorene upon different charge injections.  

  



 

Supplementary Figure 5. Actuation stress and volumetric work density. (a) Actuation stress of 

phosphorene as a function of the injected charge. (b) Volumetric work density of pristine 

phosphorene, graphene and silicene. 

  



 

Supplementary Figure 6. Realistic actuation stress (σr), volumetric work density (Wvol-r) of 

phosphorene along armchair direction. (a) The relationships between σr, Wvol-r and injected 

charge, (b) the relationships between σr, Wvol-r and actuation strain upon hole injection. 

  



 

Supplementary Figure 7. Energy correction of the charged phosphorene. (a) The black line 

represents the total potential (Vtot) consisting of the potentials from the charged monolayer and the 

homogeneous background charge (Vbg). The red solid line is the realistic electrostatic potential (V) 

of the charged monolayer only, V = Vtotal – Vbg. (b) Energy of the charged phosphorene relative to 

the pristine phosphorene. 

  



Supplementary Table 1 Fracture strain (εmax) and stress (σmax) of phosphorene upon 0.00, ±0.06 

and ±0.13 e/atom. 

Injection (e/atom) Armchair direction Zigzag direction 

εmax σmax (N/m) εmax σmax (N/m) 

-0.06 35% 4.8 28% 10.5 

-0.13 35% 4.3 29% 10.0 

0.00 33% 5.1 26% 11.5 

0.06 30% 3.7 22% 9.8 

0.13 4.4% 0.2 13% 4.8 

  



Supplementary Table 2 Maximum electromechanical actuation strain εmax, volumetric work 

density Wvol (J/cm3) and gravimetric work density Wg (J/g) of phosphorene compared with other 

materials. 

Experiment εmax  

(%) 

Wvol  

(J/cm3) 

Wg 

(J/g) 

Notes 

Natural muscle7 40 0.04 0.0386  

Magnetostrictor8 0.2 0.2 0.0216  

PZN-PT single crystal9 1.7 1.1 0.131  

Polyurethane elastomer10 4 0.016 0.013  

P(VDF-TrFE)11 4 0.3 0.16  

CNT aerogel sheets12 1.5 5×10-5 0.03  

CNT buckypaper1 1 32 24  

Coiled graphene/CNT yarn13 19.4 N/A 2.6  

Coiled CNT/rGO yarn14 8.1 N/A 0.236  

CNT@nylon6 SRAM15 4.7 N/A 0.99 Frequency of 1 

Hz  

Two-ply coiled CNT yarn16 16.5 N/A 2.2  

Nanoporous Pd rod17 3.3 3.57 1.27  

Nanoporous Au-Pt alloy rod18 1.3 2 0.4  

Polyaniline yarn19 0.28 0.001 0.0056  

Computation εmax (%) 

(e-/h+) 

Wvol (J/cm3)  

(e-/h+) 

Wg 

(J/g) 

 

GO-C4O-asym-unzip20 9.6 144.1 1022.8  

GO-C4O-sym-clamp21 6.3 52.9 329.3  

Pristine graphene21 4.7 54.1 429.4 0.15 e/C-atom 

Pristine graphene 3.5 35.3 280.2 0.13 e/C-atom 

Pristine phosphorene 36.6 207.7 1076.2 In armchair 

Pristine silicene 2.5 3.16 23.07 In armchair 
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