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Some highly ordered compounds of graphene oxide (GO), e.g., the so-called clamped and unzipped

GO, are shown to have piezoelectric responses via first-principles density functional calculations. By

applying an electric field perpendicular to the GO basal plane, the largest value of in-plane strain and

strain piezoelectric coefficient, d31 are found to be 0.12% and 0.24 pm/V, respectively, which are

comparable with those of some advanced piezoelectric materials. An in-depth molecular structural

analysis reveals that the deformation of the oxygen doping regions in the clamped GO dominates its

overall strain output, whereas the deformation of the regions without oxygen dopant in the unzipped

GO determines its overall piezoelectric strain. This understanding explains the observed dependence

of d31 on oxygen doping rate, i.e., higher oxygen concentration giving rise to a larger d31 in the

clamped GO whereas leading to a reduced d31 in the unzipped GO. As the thinnest two-dimensional

piezoelectric materials, GO has a great potential for a wide range of micro/nano-electromechanical

system (MEMS/NEMS) actuators and sensors. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4890385]

Actuators have been adopted in a diverse range of

micro/nanoelectromechanical systems (MEMS/NEMS),

including medical devices,1 microrobotic,2 artificial mus-

cle,3–5 and many other smart structures.6,7 There has been an

immense effort towards the development of advanced actua-

tion materials in the past decade. The extensively studied

electromechanical actuation has several actuation

schemes.8,9 For example, the electrostatic force between

charged objects can generate a mechanical motion, a piezo-

electric strain is generated when piezoelectric materials are

subject to an external electric field (i.e., the material remains

charge neutral), and the electro-active actuation arises from

electron or hole injection into electro-active materials (i.e.,

the material is charged). The piezoelectricity is widely

used, because it exhibits a linear strain-electric field relation

and a high response rate.8–10 To be applied in NEMS, the

dimension of piezoelectric materials should be reduced to a

nanometer scale. Two-dimensional piezoelectric materi-

als,11–13 such as BN, MoS2, MoSe2, MoTe2, WS2, WSe2,

and WTe2, are promising to address this demand. Graphene,

as a representative of two-dimensional materials, have

attracted a lot of interest because of its unique atomistic

structure and excellent physical properties.14–23 It is an ideal

candidate for the design of two-dimensional piezoelectric

materials.

Recently, Ong et al. used density functional theory

(DFT) calculations to study the piezoelectric properties of

graphene-based materials.24 It is well known that the piezo-

electric effect only exists in crystalline materials with no

inversion symmetry. To break the inversion symmetry of

pristine graphene, Ong et al. introduced adatom (e.g., Li, K,

H, and F) onto the graphene surface. As a result, a maximum

piezoelectric linear strain around 0.15% was generated.24,25

However, the main drawback of their materials is the weak

interactions between the adatom and graphene surface,26

which may lead to desorption at a relatively high operation

temperature or under a high actuation frequency, causing

potential failures of materials and devices.27

Graphene oxide (GO), usually as the pre-product of syn-

thesizing graphene, has generated huge interest for different

types of applications.28,29 The vast diversity of GO atomistic

structures gives rise to different electronic and mechanical

properties that are potentially useful for actuation material

designing.30–34 Recent experiments by Pandey et al. have

shown highly ordered doping of oxygen (O) atoms on the

hexagonal lattice of pristine graphene. Approximately 50%

of the GO surfaces characterized using scanning tunneling

microscope was found to comprise these periodic struc-

tures.19 There are two possible O atom doping configura-

tions: so-called clamped and unzipped (Fig. 1).35 These two

types of GO compounds break the inversion symmetry of

pristine graphene, therefore inducing piezoelectricity in GO.

For the unzipped GO, the oxygen atoms form strong covalent

bonds to two neighboring carbon atoms as shown in Fig.

1(b). For the clamped GO (Fig. 1(a)), the calculated adsorp-

tion energy of oxygen atoms at the bridging sites is 4.8 eV,

which is more than three times larger than that of Li, K, and

H, and about two times higher than F.26 In addition, the

migration energy of oxygen on a graphene surface is about

1 eV, which is much higher than that of Li and K (e.g.,

0.3 eV and 0.12 eV, respectively).26 It is known that if the

migration energy is less than 0.5 eV, the adatom is mobile on

a graphene surface at room temperature.26 The ease of bulk

fabrication, diversity of atomistic structures, and good stabil-

ity render GO compounds good candidates for two-

dimensional piezoelectric materials.a)Email: zhe.liu@monash.edu
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In this paper, we use first-principles calculations to

investigate piezoelectric response of GO with different struc-

tural configurations. The obtained strain piezoelectric coeffi-

cients d31 are compared with results of the graphene with

some physisorbed atoms. We also conduct an analysis to

understand the structural origin of the piezoelectric strain in

GO, which can explain the dependence of d31 on oxygen

doping rate for the clamped and unzipped GO.

Figure 1 shows the unit cells of clamped and unzipped

GO with a C/O ratio, RC/O of 4:1. For the unzipped GO, the

C-C bond below oxygen atom is broken. Following the ter-

minology from Xu and Xue, we term them as symmetrically

clamped GO (sym-clamped) and symmetrically unzipped

GO (sym-unzipped), respectively.35 With the epoxy groups

attached to one side, the crystal symmetry will be changed

from a point group of 6/mmm for pristine graphene to a non-

inversion symmetric point group of mm2. In this study, the

clamped GO crystals with a RC/O of 2 and 4 are examined.

Our DFT calculations show that for RC/O> 4, the clamped

GO is unstable. For the unzipped GO crystals, a RC/O of 4, 8,

or 16 is studied. It is found that an unzipped GO crystal with

RC/O< 4 is unstable.

The Vienna ab initio simulation package (VASP

v.5.3.3) is used to perform density functional calculations on

piezoelectric responses of symmetric GO. Projector aug-

ments wave pseudopotentials and the generalized gradient

approximation are employed,36,37 with a plane-wave cutoff

energy of 800 eV. A Monkhorst-Pack gamma-centered k-

points grid of dimensions 24� 42� 1 is adopted for the

C2O-sym-clamped and C4O-sym-clamped cells, while a

10� 40� 1 is used for the C8O-sym-unzipped GO cell. As

periodic boundary conditions are employed in VASP, very

thick vacuum layers are included to minimize interlayer

interactions. An interlayer spacing of 20 Å is used through-

out, which represents a good balance between computational

accuracy and efforts.38 To hold this interlayer space constant,

the VASP source code is modified to allow the simulation

cells to relax within the plane of GO, but not in the perpen-

dicular direction.39 In all cases, the C and O atoms are

allowed to relax in all directions. Prior to being subjected to

an external electric field, all structures are fully relaxed to

determine their equilibrium lattice constants. The relative

change of in-plane lattice constants under an applied electric

field with respect to the equilibrium values are defined as

piezoelectric strains.

Figure 2(a) shows the in-plane piezoelectric strains as a

function of electric field strength from �0.5 to 0.5 eV/Å. A

linear relation is observed for the sym-clamped GO crystals

with RC/O of 2 and 4 and for the sym-unzipped GO crystals

with RC/O of 4 and 8. Note that the magnitudes of the applied

electric fields are experimentally achievable in graphene-

based devices.40 Overall, the sym-clamped GO has a better

FIG. 1. Symmetrically clamped (a)

and unzipped (b) GO configurations

with a C/O ratio, RC/O of 4:1. Unit cells

are depicted by dotted lines with in-

plane lattice parameters shown as a
and b. Black and red spheres represent

the C and O atoms, respectively.

FIG. 2. (a) Piezoelectric strain of symmetric GO configurations being sub-

ject to an applied electric field perpendicular to the basal plane (inset). (b)

The strain piezoelectric coefficient, d31 as a function of oxygen doping level

for sym-clamped GO and sym-unzipped GO.

023103-2 Chang et al. Appl. Phys. Lett. 105, 023103 (2014)
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strain output than the sym-unzipped GO. The maximum

strain output of 0.12% at an applied field of 0.5 eV/Å is close

to the results from Ong et al. for graphene with some physi-

sorbed adatoms (0.15%).24

Figure 2(b) shows that the strain piezoelectric coeffi-

cient, d31 (i.e., the slope of strain vs. electric field curve) as a

function of oxygen concentration. Overall, the d31 coeffi-

cients for the clamped GO are significantly larger than those

of the unzipped GO. A higher oxygen concentration in sym-

clamped GO leads to a larger d31, whereas an opposite trend

is observed for the sym-unzipped GO. The C2O-sym-

clamped GO crystal has the maximum d31 (i.e., 0.24 pm/V),

which is comparable with the maximum d31 coefficient

obtained for the engineered piezoelectric graphene (i.e.,

0.3 pm/V)24 and the d31 coefficients of some three dimen-

sional piezoelectric materials such as wurtzite boron nitride41

and wurtzite GaN42 (0.33 pm/V and 0.96 pm/V, respec-

tively). But the d31 value is far smaller than the most widely

used piezoelectric ceramics, Lead Zirconate Titanate (PZT),

119 pm/V.43 It should be noted that for piezoelectric ceramic

thin films with a thickness lower than 10 nm, the depolariza-

tion field generated by the accumulated surface charges will

completely suppress the piezoelectric effects. Our proposed

piezoelectric GO will not suffer this problem, giving rise to

great potentials in NEMS applications.

To gain an in-depth understanding of piezoelectric prop-

erties of sym-clamped and sym-unzipped GO, we decom-

posed the in-plane deformation of GO crystals into two

contributions. As shown in the insets of Fig. 3, the in-plane

projection of interatomic distance of the two carbon atoms

bonded by the oxygen atoms is defined as segment-1. The

segment-2 is the in-plane projection of rest of the crystal. The

total deformation, Dtot as shown in Fig. 3, is the summation of

the length change in segment-1 and segment-2. For the sym-

clamped cases (Figs. 3(a) and 3(b)), it is evident that the

length change of segment-1, D1 dominates the overall piezo-

electric strain output. It appears that D1 for C2O-sym-clamped

is almost twice of that of C4O-sym-clamped GO, which is

consistent with increase of oxygen concentration (or the

increase of portions of segment-1). The length change in

segment-2, D2 is approximately the same for the two clamped

GO crystals. Thus, it is reasonable to understand that the strain

output as well as the strain piezoelectric coefficient d31 is

nearly doubled in C2O-sym-clamped GO when comparing

with the results of C4O-sym-clamped GO (Fig. 2). In contrast,

for the unzipped GO (Figs. 3(c) and 3(d)), D1 is virtually neg-

ligible and the deformation mainly comes from segment-2.

The increase of oxygen concentration reduces the proportion

of segment-2 in the unzipped GO, thus leading to a reduction

of d31 in Fig. 2(b).

With the oxygen concentration of GO reduced to 0.0625

(i.e., RC/O¼ 16), some distinctive electromechanical proper-

ties were observed. Figure 4 shows the in-plane electrome-

chanical strain as a function of the applied external electric

FIG. 3. Strain analysis of (a) C2O-

sym-clamped, (b) C4O-sym-clamped,

(c) C4O-sym-unzipped, and (d) C8O-

sym-unzipped GO compounds. The

change in total length, lengths of

segment-1, and segment-2 of the

supercells are represented by blue,

black, and red symbols, respectively.

Inset: side view of GO compounds

with indications of segment-1 and

segment-2. Black and red spheres rep-

resent the C and O atoms, respectively.

FIG. 4. In-plane strain of C16O-sym-unzipped GO as a function of applied

electric field perpendicular to the basal plane. The dashed line represents a

second order polynomial fitting result.
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field. It appears to be a parabolic relation with a clear shift

toward the side of positive electric fields. We believe that the

observed strain should originate from a combination of the

electrostriction and piezoelectric effects. Fitting the non-

linear strain-electric field relationship using a second order

polynomial yields e11 ¼ �0:00303E2
3 þ 0:0009E3 � 1:79

�10�5, in which e11 is the in-plane strain and E3 is the

strength of electric field along the perpendicular direction.

The linear term arises from the piezoelectric effect. The

deduced coefficient d31¼ 0.09 pm/V is shown in Fig. 2(b),

which is consistent with the d31 results of other GO com-

pounds. The electrostriction effect44 shows e11 ¼ M13E2
3,

from which the electrostriction coefficient M13 is determined

as �3� 1023 m2/V2. The results shown in Figure 4 indicate

that the electrostriction dominates the electromechanical

strains of C16O-sym-unzipped GO. In contrast to most elec-

trostrictive polymers, our GO crystal has a negative M13

coefficient. In other words, our C16O-sym-unzipped GO

crystal shows a contraction in the transverse direction upon

the application of a perpendicular electrical field, whereas

most electrostrictive polymers exhibit a transverse elonga-

tion. Physical origins for this distinctive electrostriction

effect are not clear, which is worth of future investigations.

It is known that bulk materials without a band gap can-

not exhibit piezoelectricity because a conductor is unable to

produce sufficient electric polarization. Our DFT simulations

show that only C2O-sym-clamped and C4O-sym-clamped

GO have a band gap, i.e., 2.9 eV and 1.5 eV, respectively,

whereas other compounds have a zero band gap. It appears

that the observed piezoelectricity of our GO compounds with

a zero band gap is contradictory to the well-accepted knowl-

edge. However, it is worth to note that the GO crystals are

only conducting in the basal plane of the sheet. Upon an

applied electric field in the perpendicular direction to the ba-

sal plane, polarization can be induced and thus piezoelectric-

ity can exist. This is a unique feature of two-dimensional

materials, which is recognized by Ong et al.24 Note that in

VASP calculations, being subject to an electric field parallel

to GO basal plane, indeed no piezoelectric effect is observed

(i.e., d11¼ 0). We also notice that the insulators (sym-

clamped GO) have a larger d31 than the conductors (sym-

unzipped GO) (Fig. 2(b)). But due to the limited results, it is

hard to conclude this correlation.

In summary, piezoelectric properties of GO with different

structural configurations and oxygen concentration are studied

using the first-principles density functional calculations. The

maximal values of in-plane strain and strain piezoelectric coef-

ficient are obtained for C2O-sym-clamped GO, i.e., a strain of

up to 0.12% and d31¼ 0.24 pm/V. An increase of oxygen con-

centration in the clamped GO enhances the piezoelectric strain

output and the d31 coefficient, whereas an opposite trend is

observed for the unzipped GO. Through an in-depth structural

analysis, we find that the deformation of the oxygen-doped

region dominates the piezoelectric strain of the clamped GO.

On the contrary, deformation from the “graphene” region with-

out oxygen dopant makes the major contribution to the piezo-

electric strain of the unzipped GO. Interestingly, at a low

oxygen concentration, the GO exhibits a much more profound

electrostrictive deformation than the piezoelectric deformation.

A negative electrostriction coefficient, M13, is obtained for

C16O-sym-unzipped GO, in contrast to most of the electrostric-

tive polymers. Due to the excellent piezoelectric properties, the

robust molecular structures, and an atomic thickness, GO crys-

tals are promising two-dimensional piezoelectric materials for

MEMS/NEMS actuators and sensors.
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