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实验和理论研究石墨烯氧化物的铁电性 
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摘要  基于独特的结构和性质, 石墨烯在很多领域都表现出了巨大的潜力. 作为制备石墨烯的主要母体材料, 石墨烯

氧化物在室温条件下被观测到具有弱的铁电性. 石墨烯氧化物的表面和边界上会存在大量的羟基, 这些羟基有序重复

排列而构成了一维的氢键链, 这些有序氢键链可能是石墨烯氧化物呈现铁电性能的主要原因.  
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Abstract  Graphene shows promise as a functional material in wide fields owing to its unique structures and properties. 
Here, as its parent material, graphene oxides have been observed exhibiting weak ferroelectric properties at room tempera-
ture. It is found that the one-dimensional hydrogen-bond chains generated by hydroxyls arranged in an orderly repeating pat-
tern may play the key role in the electric ordering and may be responsible for this novel property of graphene oxide nano- 
ribbons. 
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1  Introduction 

Graphene, a single graphite layer, has attracted consid-
erable research interests both in experiment and theory due 
to its novel physical properties,[1-4] such as high carrier 
mobility[5] and room-temperature quantum hall effect.[6] 
Thanks to its extraordinary properties, this new material 
has an important role in semiconductor devices.[7,8] When 
the two-dimensional graphene sheet is cut into long rec-
tangle slices, graphene nanoribbons (GNRs) can become 
semiconductors with their band gap depending on the 
width of themselves.[9] Based on the widely used model of 
GNRs in calculation, Son’s group and Yang’s group have 
predicted that the half-metallicity in zigzag edge GNRs can 
be realized when an external electric field is applied across 
the ribbon in succession.[10,11] Various edge modified GNRs 
by chemical functional groups, such as hydroxyl, have 
been systematically studied recently, indicating chemical- 
potential mechanism and impurity-state mechanism can 
lead to half-metallicity in zigzag-edged GNRs.[9] On the 
one hand, it is hardly to avoid oxidation absolutely during 
graphene’s synthesis process or its use in practice, on the 
other hand, graphene oxides could be prepared by the well 

controlled oxidation of graphite and treatment of graphite 
oxide with organic isocyanates.[12] Hence, for the 
sp2-hybridized carbons of GNRs, the surface of GNRs and 
the sheet edge would yield a sea of hydroxyl and epoxy 
groups, forming graphene oxide nanoribbons (GONRs).  

Magnetic and optical properties of graphene both have 
been studied,[13,14] moreover, as a part of electric property, 
half-metallicity has also attracted much interest.[9] How-
ever, as we know, ferroelectricity of this material has not 
been paid attention to. Ferroelectricity is important and 
interesting in basic scientific concerns and has several po-
tential practical applications.[15-18] The fine switchable 
electric polarization is ideal for use in devices for memory 
storage and integrated microelectronics.[15] Take memory 
device for example, a ferroelectric field-effect transistor 
has been made with ferroelectric fluoropolymer.[19] Al-
though graphene and its parent material such as GNRs and 
GONRs have attracted lots of research, ferroelectricity of 
themselves other than borrowed from other materials have 
rarely been studied. Hydrogen bonds, which bind two or 
more electronegative atoms, can help the intra- or inter- 
molecular proton transfer, resulting in ferroelectricity.[20-22] 
It has been found the ferroelectricity of porous silicon ow-
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ing to the formation of Si—OH bonds on the surface asso-
ciated with Si nanostructure, which led to spontaneous 
polarization due to neighboring OH groups forming hy-
drogen bonds.[23] So, we have a notion that abundant 
chemical oxide groups could form hydrogen bonds and the 
ordered hydrogen bonds could display ferroelectricity. As 
mentioned above, GONRs contain abundant OH, etc. 
groups on their surfaces and at the edges, thus GONRs 
may also exhibit ferroelectricity as schematically shown in 
Figure 1. 

 
Figure 1  Schematic view of hydrogen bonding in GONRs caused by 
hydroxyl groups arranged in an orderly repeating pattern.  

2  Results and discussion 
In order to verify the correctness of our idea, the meas-

urements of polarization-electric field hysteresis loops 
were carried out. The graphene oxide (GO) was prepared 
using the pressurized oxidation method.[24] The FTIR  
spectroscopy characterized on this prepared GO sample is 
shown in Figure S1(a). There is a strong broadening     
O—H stretching vibrational absorption band at 3408 cm－1, 
which is between 3600—3200 cm－1, a red shift of the vi-
brational frequency was occurred compared to free OH 
groups (3600—3700 cm－1), indicating hydrogen bonds 
formed.[23,25] And this vibrational absorption band is also 
close to that at 3370 cm－1 induced by hydrogen bonds in 
GO observed by Kimmel.[26] C＝O (1732 cm－1), O—H 
(1624 cm－1), carboxyl C＝O (1401 cm－1), epoxy C—O 
(1233 cm－1) and alkoxy C—O (1054 cm－1) could be iden-
tified according to Reference,[27] which indicates rich oxide 
groups in this sample. In the Raman spectrum shown in 
Figure S1(b), the intensity of ID (ca. 1359 cm－1) is weaker 
compared to IG (ca. 1601 cm－1), indicating there are few 
defects and disorder existing in the GO sheets.[28,29]  

Figure S2 displays the schematic view of the prepared 
electrode sample and Figure 2 shows a typical polariza-
tion-electric field hysteresis loop measured from a 
Si/GONR/Au capacitor. The clear polarization hysteresis 
curve makes it sure that GONR exhibits ferroelectric be-
havior. The saturated polarization and its remnant polariza-
tion with the field E sweeping back to zero are 0.288 and 
0.256 μC•cm－2, respectively. 

Although the traces of water remain in GONRs also give 
a O—H stretch in FTIR spectra, they will not contribute to 
ferroelectricity. Carbon atoms in graphene are arranged 
symmetrically, indicating there is no net dipole induced by 
the carbon rings, so the spontaneous polarization in this 
sample should be produced by hydrogen bonds caused by 

chemical functional groups mentioned above. Moreover, 
the coercive field is relatively small, about 0.063 kV•cm－1, 
hence, a hysteresis curve is easily measured at ambient 
pressure for the room-temperature ferroelectricity.[21]  

 

Figure 2  Typical polarization-electric field hysteresis loop of a GONR 
sample. The Au electrodes were evaporated onto the surface of the sam-
ple using a shadow mask with holes of 0.3 mm in diameter. The applied 
driving voltage is 3 V. 

The measured saturated polarization and remnant po-
larization were in the same order of magnitude compared 
to 5,5'-dimethyl-2,2'-bipyridine (55-DMBP) and the porous 
silicon,[21,23] indicating good ferroelectric property of GO 
and well ordered hydrogen-bond chains formed in the pre-
pared GO sample. It is accepted that hydroxyl groups at-
tached to GONRs at the edge arrange in line orderly, 
forming ordered hydrogen bonds, and the two lines of hy-
drogen bonds at the opposite edges will stay in the same 
direction,[9] leading to spontaneous polarization. So the 
edge modified chemical groups could have a contribution 
to ferroelectricity. Furthermore, hydroxyl groups on the 
surface, especially on the opposite sides of GONRs at the 
out-of-plane distortion, will also arrange in the parallel 
direction, resulting in net dipole and contributing to ferro-
electricity (to be discussed later). Consequently, both the 
edge-modified and surface-decorated chemical oxide 
groups are beneficial to ferroelectricity.  

Figure 3 shows the applied voltage evolution of the 
electric polarization. It is seen the loop was not saturated 
even voltage is up to 5 V, although the leakage current will 
become more apparent when the voltage is increased. This 
could be explained by different energy barriers for polar-
izing different domains. It is evident that hydrogen-bond 
chains can not be perfect long chains fully decorated by 
OH groups without any defect, and they will be terminated 
by C＝O, C—H or other groups, forming many shorter 
chains which we call domains. In addition, because the 
sample is constituted with different sizes of ribbons, there 
will be many domains with different sizes formed. The 
large domains with more ordered hydroxyls form longer 
one-dimensional hydrogen-bond chains, while the chain 
for a smaller domain is shorter. Smaller domains require 
less energy to rotate following electric fields, so they can 
be polarized under a smaller voltage. In the contrast, larger 
domains need higher energies, thus it remains original state 
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Figure 3  Polarization-electric field hysteresis loops of the prepared GO sample with different applied voltages. (a) Curves measured at 0.5 and 1 V re-
spectively. (b) Loops characterized at 3 and 5 V, respectively. 

under a smaller voltage. Increasing voltage helps larger 
domains cross its energy barrier, making them contribute to 
polarization. From the loops it seems that there are lots of 
large domains have not been polarized even 5 V voltage 
was applied in our experiment. 

In recognition of the observed ferroelectricity is not 
caused by other factors such as Si wafer, we have also 
tested the loop between two electrodes on Si wafer without 
GO (seen in Figure S3). There is no ferroelectricity, sug-
gesting it is GO that should be responsible for the ferro-

electric property. Experiments regarding lower concentra-
tion of GO solution and different directions on electrodes 
were also in progress and the results were collected in Fig-
ure 4. A lower concentration sample containing less hy-
droxyl groups exhibits weaker ferroelectricity, which also 
reveal the observed ferroelectric properties is originated 
from GO rather than Si substrates. The curves in the two 
directions are similar under different applied voltages, es-
pecially for higher voltages (also seen in Figure 4). This 
indicates our sample is uniform and the repeatable per- 

 
Figure 4  (a) Polarization-electric field hysteresis loops tested with different concentrations of GO under 1 V. (b) Polarization-electric field hysteresis 
loops tested with different concentrations of GO under 3 V. A, B and C stand for 1 mL GO slurry with 2, 5 and 10 mL deionized water, respectively. (c) 
Sample A tested in two directions under 1 V. (d) Sample A tested in two directions under 3 V. T and H were defined as different electrode points in the 
vertical direction (seen in Figure S2). 
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formance of ferroelectricity is well. 
To further validate GO’s ferroelectricity, single-layered 

graphene oxide was bought from Shanghai Risun Instru-
ment Co., Ltd. and without any treatment. The character-
ized correlative properties are shown in Figure S4 and 
ferroelectricity has also been obtained (seen in Figure S5). 
Although the saturated polarization is not high for the 
bought sample, however, it is enough to prove that GO has 
ferroelectricity. Its weak saturated polarization could be 
explained by low density of ordered hydrogen-bond chains 
formed and larger domains not be polarized with this driv-
ing voltage. The epoxy C—O (1225 cm－1) and alkoxy C—
O (1055 cm－1) peaks are obvious stronger than those of 
our prepared sample in FTIR spectra and the intensity of ID 
in Raman spectrum for the bought sample is also stronger, 
indicating more defects and disorder existing in the GO 
sheets,[28,29] which have negative influences on ferroelec-
tricity caused by hydrogen-bond chains.  

The ferroelectricity in GONRs is related to the hydrogen 
bonds tightly, so we have attempted to reduce GONRs to 
obtain the reduced GONRs (RGONRs) sample with less 
hydrogen bonds and their properties were measured to fur-
ther confirm the ferroelectricity of GONRs. The FTIR of 
the RGONR is shown in Figure 5, for comparison, the 
FTIR of GONR has also been displayed in this figure. It 
could be seen after the reduction treatment, almost all of 
the chemical groups have been removed, and the corre-
sponding hydroxyl peaks such as O—H stretching vibra-
tional absorption band at 3408 cm－1 have also decreased 
significantly. Figure S6 demonstrates its polarization-  
electric field hysteresis loops tested at three different areas 
on the RGONRs, and they all show no ferroelectricity. The 
solubility for RGONR is lower than GONR, therefore the 
uniformity of the prepared film for RGONR is worse, 
showing difference between the three loops. The conduc-
tivity of RGONR is better than GONR, thus their configu-
rations of the tested loops are similar to that obtained on a 
Si wafer. These prove further the important role of the ex-
isting hydrogen bonds in ferroelectricity. 

 

Figure 5  FTIR spectra of the prepared GONR and RGONR (graphene). 

Now, we have already shown three samples with differ-
ent ferroelectricity performances. The contents of hydroxyl 
groups for them are: prepared GONR＞bought GONR＞
prepared RGONR, correspondingly, their ferroelectricity 

properties are in the same order, showing the close rela-
tionship between ferroelectricity and the hydrogen bonds. 
It is noted that our tested hysteresis loops all show a certain 
degree of leakage, this may be due to the oxidation in the 
sample is not complete and uniform, which will leave 
some areas pristine with no oxygen groups, leading to local 
conductivity. In addition, the GONR sheets are too thin, 
which could easily be electrically broken with the applied 
electric fields.   

To study the perdurability of this interesting ferroelec-
tricity, the samples have been tested again and their results 
are shown below. The selected hysteresis period normally 
is 0.5 ms, owing to its good configuration of the obtained 
hysteresis loops. Figure 6(a) shows the influence of the 
hysteresis period on its ferroelectricity. As the period be-
comes longer, the creepage performance will become more 
apparent. We have also tested its loops at the same area for 
50 times with the period of 0.5 ms, as illustrated in Figure 
6(b). It could be seen after 50 times tests, the ferroelectric-
ity almost remains as before, demonstrating a good perdu-
rability.  

 
Figure 6  (a) Polarization-electric field hysteresis loops tested on 
GONRs with different hysteresis periods, (b) hysteresis period tested for 
10, 30 and 50 times at the same area, respectively.  

To understand the origin or mechanism of the ferro- 
electricity in GONRs, we have also studied ferroelectricity 
of GONRs by ab initio calculations. First, whether hydro-
gen bonds could exist in GONRs and could they arrange in 
order should be identified. Compared to hydrogen bonds 
existed in water molecule, we have proved directly there 
are also abundant hydrogen bonds in GONRs (seen in Fig-
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ure S7). The length of O…H bond in water is 1.9 Å, while, 
it is 1.5 Å in GONRs. In addition, it is reported the hydro-
gen bonds formed with short O…N distance (2.68 Å for 
O(1)—N(1) and 3.02 Å for O(2)—N(1)),[22] however, the 
O…O distance between two neighbor hydroxyls (either at 
the edge or on the surface) in GONRs is 2.46 Å. The 
shorter distance of GONRs means more probability for the 
formation of hydrogen bonds. The charge distribution at 
the edges of GONRs is ordered and each unit is similar to 
that of water, indicating hydrogen bonds arranging in line 
orderly. Besides, based on previous models,[9,30,31] we have 
analyzed the ordered hydrogen bond structure from two 
aspects: on the surface and at the edge of GONRs in simu-
lation. In the edge modified case, parallel and anti-parallel 
alignment of hydrogen-bond chains at two edges of 
GONRs were considered, and the optimized result shows 
the energy of former model is lower, indicating parallel 
alignment of the two polarized structures is more stable 
(seen in Figure S8). For the circumstance on the surface, 
we took the model of Scholz,[31] which has a corrugated 
carbon network including the narrowest ribbon-like ar-
rangement of flat carbon hexagons. Hydrogen-bond chains 
upper on and below carbon lattice polarized in the same 
and opposite direction are also optimized respectively, and 
it is found the parallel polarized model is more stable, in 
accordance to the edge case. Hence, it is concluded that 
hydrogen-bond chains either at the edge or on the surface 
of GONRs tends to arrange orderly and polarize toward the 
same direction, which will induce net polarization and 
contribute to ferroelectricity. Next, the performance of 
domains in line will also be discussed.  

The hydrogen-bond domains have been simulated using 
an 8-zigzag graphene nanoribbon in Figure S9, which is 
used to study the polarizations of different domains staying 
in a line. On the one edge it is terminated with H atoms 
and on the other edge domains are separated by a few C—
H bonds. The length ratio of domains and distance between 
them are different, and two cases, parallel and anti-parallel 
polarized domains have been considered as above. Epoxy 
groups have also been used to separate the domains as they 
exist in GONRs abundantly, and its result is the same. It is 
concluded that for all the models, parallel polarized ge-
ometries are more stable compared to anti-parallel polar-
ized, which is beneficial to net polarization and ferroelec-
tricity. If the hydrogen bonds chains are anti-parallel po-
larized, the net polarization will be zero, and this is not 
beneficial to ferroelectricity.    

3  Conclusions 
In summary, the weak ferroelectricity of GO has been 

observed in experiment and studied in simulation. It is 
speculated that the one-dimensional hydrogen-bond chains 
both on the surface and at the edges of GONRs may have 
contributions to this surprising finding. Graphene and its 
derivate have been hot research materials nowadays, and 
the discovery of GO’s ferroelectricity would become a new 
hot spot. Hydrogen-bond chains could be optimized to 
form a great deal of small and easy polarized domains by 
using atom manipulation or other methods, improving the 
performance of ferroelectricity. Further characterizations 
such as remanent piezoelectric and pyroelectric effect are 

in progress. With the development of preparing technology, 
it is expected this property of GO will be elevated and 
could be applied in wide fields. 

4  Experimental section and calculations 
4.1  Materials 

Expandable graphite (60 mesh) was supplied by Qing-
dao Tianhe Graphite Co., Ltd. Potassium permanganate 
(KMnO4), sulphuric acid (H2SO4, 98%), hydrochloric acid 
(HCl), and hydrogen peroxide (H2O2, 30% aq.) were pur-
chased from the Shanghai Chemical Factory, China. 
Chloroauric acid (HAuCl4•4H2O) was from the Shanghai 
Reagent Company. All chemicals were used as received 
without further purification. 
4.2  Preparation of graphene oxides 

In a typical synthesis, 0.5 g expandable graphite, 2.5 g 
KMnO4 and 25 mL H2SO4 were loaded into a Teflon-lined 
stainless autoclave (volume of 50 mL) and heated at 100 
℃ in an oven for 1.5 h. After cooling down to room tem-
perature, a red-brown product was obtained. The product 
was then dissolved into 300 mL deionized water carefully. 
With mechanical stirring, 10 mL H2O2 was dripped into the 
suspension. The suspension was washed with HCl five 
times to remove residual impurities and then washed with 
deionized water until the pH reached 7, forming GO slurry 
for further use. 
4.3  Preparation of graphene 

5 mL GO slurry was dissolved in 10 mL deionized water 
system in a conical beaker, after that, 100 μL ammonia 
water and 50 μL hydrazine hydrate were added in turn. 
After shaking for a while, the mixture was heated at 85 ℃ 
for 2 h and the reaction was aged at room temperature for 
another 6 h. The result products graphene sheets were col-
lected, washed several times by deionized water and etha-
nol, and dissolved in 15 mL deionized water again for fur-
ther use.  
4.4  Preparation of graphene oxides film for measur-
ing ferroelectricity   

To measure ferroelectricity, 1 mL GO slurry was dis-
persed in 2 mL deionized water system with mechanical 
stirring. Then a drop of solution was dropped on a 1 cm×1 
cm silicon wafer. Until the drop was dried completely in 
room temperature forming one piece of thin film, a mask 
was covered tightly. After being steamed of gold, the mask 
was removed, and the sample was characterized by Preci-
sion LC equipment (tester serial number: PLC0210-892) to 
measure ferroelectricity. Electric field was applied in ver-
tical direction traditionally when measuring ferroelectric-
ity. However, considering GONR was tiled on the Si wafer, 
which would result in hydrogen bonds arranging in the 
horizontal direction, transverse voltage was applied in our 
experiment to induce hydrogen bonds into ordered ar-
rangement better. To simplify data processing, here, the 
product of thickness of graphene oxide film and diameter 
of Au electrode was considered as conventional sample 
area. The length which was the differential value between 
two centers of the nearby electrodes and diameter of an Au 
electrode was taken as traditional sample thickness (seen in 
Figure S2c). 
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4.5  Characterization 
Transmission electron microscopy images were obtained 

on a Hitachi H-700 transmission electron microscope, us-
ing an accelerating voltage of 100 kV. The FTIR spectra 
were obtained using a Magna-IR 750 spectrometer in the 
range of 500—4000 cm－1. Raman spectroscopy was ob-
tained using a Labram-HR confocal laser micro-Raman 
spectrometer with excitation by a 514.5 nm argon laser 
source. 
4.6  Calculations 

Our calculations are performed with the Vienna ab initio 
simulation package (VASP 4.6), which implements density 
functional theory (DFT) using a plane-wave basis set. The 
generalized gradient approximation functional of Perdew, 
Burke and Ernzerhof is adopted. The projector augmented 
wave method is used to describe the electron-ion interac-
tion, and the cutoff is set to 400 eV. The energy is con-
verged to 10－4 eV for electrons optimization. For the edge 
case, the slabs were repeated periodically with a 10 Å of 
vacuum region in vertical direction and a 15 Å of vacuum 
region in horizontal direction, and the Brillouin zone inte-
grations are performed of 1×1×3 Monkhorst-Pack spe-
cial points. For the surface case, considering the corrugated 
sheet is infinite in XY plane, so 7×7×1 Monkhorst-Pack 
special points were taken with a 10 Å of vacuum region in 
Z direction. The geometry optimizations are converged 
until all the forces are below 0.02 eV/Å.  
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