Article
Cite This: Chem. Mater. 2018, 30, 5951−5960

pubs.acs.org/cm

Transition of Graphene Oxide from Nanomembrane to Nanoscroll
Mediated by Organic Solvent in Dispersion
Bo Tang,† Enlai Gao,‡ Zhiyuan Xiong,† Bin Dang,§ Zhiping Xu,*,‡ and Xiaogong Wang*,†
†

Department of Chemical Engineering, Laboratory of Advanced Materials (MOE), Tsinghua University, Beijing 100084, P. R. China
Applied Mechanics Laboratory, Department of Engineering Mechanics and Center for Nano and Micro Mechanics, Tsinghua
University, Beijing 100084, P. R. China
§
State Key Laboratory of Power System, Department of Electrical Engineering, Tsinghua University, Beijing 100084, P. R. China
Downloaded via WUHAN UNIV on January 18, 2019 at 11:10:20 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

‡

S Supporting Information
*

ABSTRACT: Morphological transition of two-dimensional
(2D) nanomembranes, where multiple factors such as thermal
ﬂuctuation, wrinkling, crumpling, and the intersheet adhesion
play competitive roles, is a fascinating and intriguing problem
with both fundamental and applied interests. In this work, we
ﬁnd that the morphological transition from graphene oxide (GO)
nanomembranes to nanoscrolls can be mediated by N,Ndimethylformamide (DMF) in DMF-H2O dispersions. As the
DMF content is in the range from 30 vol % to 100 vol %, GO
membranes are rolled up to form nanoscrolls in the low GO
concentration regime (<0.05 mg/mL). The formed GO
nanoscrolls show features of tight rolling-up with interlayer
distance of 0.62 ± 0.04 nm and tubular structure with inner diameter of 5 nm. This morphological transition is proved to be
controlled by the surface negative charges of the GO membranes in the dispersions. The electric double layer interaction, which
hinders nanoscroll formation by introducing an electrostatic potential barrier in the scrolling nucleation and electrostatic
repulsion between adjacent layers in the overlapping region during the rolling-up process, is signiﬁcantly reduced by DMF.
Theoretical analysis identiﬁes the scrolling pathway through the energy barrier by considering the van der Waals interaction,
electrostatic repulsion, elastic resistance of the membranes, and steric exclusion. A theoretical model that can predict the
morphological phase diagram of GO in the space of the DMF content and GO concentration is established, which is essential to
further explore the GO scroll formation in the dispersions for fundamental and applied researches.

■

proper conditions.6 The existence of the functional groups and
defects/vacancies in the 2D crystal lattice will tune the
interaction of GO membranes with the dispersion media,
which can promote or inhibit the bending modes. Understanding of the morphological transition and phase diagram of
GO in dispersions is critically important to further explore the
chemical/physical behavior of GO and guide fundamental and
applied researches.
The planar GO membranes and tubular nanoscrolls are two
typical morphologies that can exist in dispersions.8,10,13 In the
past decade, dispersion of GO in solvents has attracted much
attention for modifying GO with functional groups,14−19 and
mass fabrication of reduced graphene oxide (RGO) via
chemical, thermally mediated or electrochemical reduction.11,16,17,20 Water is a solvent with the unique advantages
such as cheap and environment-friendly for large-scale
processing.7,10 GO membranes can be stably dispersed in
water to possess a nearly planar morphology due to the

INTRODUCTION
The morphological transition of two-dimensional (2D)
nanomembranes has raised tremendous research interest in
recent years because of their intriguing nature and great
potential for real applications.1−6 As a unique type of the 2D
nanomembranes, graphene oxide (GO) is featured by its
pristine one-atom-thick aromatic lattice and oxidized domains
with structural defects/vacancies, which include aliphatic sixmembered rings, hydroxyl, epoxy, and carboxyl groups.7−10
Reduced graphene oxide (RGO), an analogue of graphene, can
be fabricated from GO in large scale by chemical reduction for
various applications.7,11 Meanwhile, GO with functional groups
at graphene basal plane and edges with varied oxidation
degrees is an ideal model material to explore the morphological
transition of 2D membranes in dispersions.6,12 Typically, GO
nanomembranes with ﬁnite in-plane elasticity and bending
resistance display a nearly planar morphology, while thermal
ﬂuctuation or the presence of intrinsic defects can lead to the
morphological phase transition.6,10,12 For GO nanomembranes
suspended in dispersion media, their open edges are free and
allowed for diﬀerent bending modes with large magnitude,
which could dominate their thermal ﬂuctuation pattern under
© 2018 American Chemical Society
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Figure 1. TEM images of the GO morphologies existing in the dispersions with the diﬀerent DMF contents, from (A) to (F) ψ = 0, 10, 20, 30, 50,
and 70 vol %.

signiﬁcantly modiﬁed by DMF. Aligning with our experimental
ﬁndings, a theoretical model is established to predict
morphology phase diagram of GO in the space of the DMF
content and GO concentration in the dispersions.

presence of surface negative charges from carboxyl and
hydroxyl groups.21,22 Planar GO membranes have also been
observed to form the isotropic, liquid-crystal, and gel phases at
diﬀerent concentrations,23,24 which can be further processed
into monolayers, ﬁbers, ﬁlms, and other forms.8,21,24−26 In the
processes, the density of functional groups on individual
platelets, the water content and drying condition can play
important roles to aﬀect the structure and properties of the
ﬁnal GO materials.27−29 On the other hand, under proper
conditions, GO membranes can transform from a planar
morphology to nanoscrolls through diﬀerent approaches.30−36
Compared to the extremely ﬂexible 2D membrane, the
nanoscroll is known as the one-dimensional (1D) nanostructure. Carbon nanoscrolls have exhibited excellent performances
in a wide spectrum of applications such as lubrication,37
hydrogen storage,38 and gas sensing.39 The tight-rolled
nanoscrolls with a tubular structure and ordered interlayer
gallery can be expected for applications in ﬁltration and
separation processes by selective mass transport.40−42 Previous
studies have shown that carbon nanoscroll formation from
graphene is controlled by two opposite energetic contributions,
where bending the graphene sheet causes the elastic energy
increase and the van der Waals interaction in overlapping
regions of the graphene sheets reduces the free energy.43,44
However, due to the existence of the oxidized domains with
structural defects/vacancies and various functional groups, the
scrolling process of the GO membranes in dispersion media is
much more complicated and less understood. To our
knowledge, despite the widely spreading interests and few
preliminary results, the understanding of the morphological
transition behavior of GO in dispersions and its phase diagram
have not yet been reported in the literature.
In this work, we report the morphological transition of GO
from nanomembranes to nanoscrolls mediated by N,Ndimethylformamide (DMF) in DMF-H2O dispersions. The
phase behavior of GO is controlled by GO concentration,
energy barrier in the nanoscroll nucleation, and competition of
the elastic resistance of the GO sheets, electrostatic and van
der Waals interactions in the overlapping regions. The energy
barrier in the nanoscroll nucleation and electrostatic
interaction in the overlapping regions are found to be

■

RESULTS AND DISCUSSION
We ﬁrst experimentally explored the morphological transition
of GO from nearly ﬂat nanomembranes to nanoscrolls.
Monolayer GO sheets were fabricated via the modiﬁed
Hummers’ method and characterization results of the GO
samples are given in Figure S1 (Supporting Information, SI).
The freeze-dried GO sample possessed the porous and loosely
stacking structure (Figure S2), which could be easily exfoliated
and dispersed in water after sonication. Although no 1D
nanostructures were perceived in the freeze-dried GO sample,
the formation of nanoscrolls was readily observed by dispersing
the freeze-dried GO sample in H2O−DMF media with a
relatively high DMF content. Figure 1 shows the typical case of
the morphological transition induced by DMF with the
diﬀerent contents (ψ) at the GO concentration (c) of 0.03
mg/mL. The membrane to scroll transition occurs with the
relatively high DMF contents for the GO samples after being
sonicated (40 kHz, 200 W) for 2 h. GO membranes keep their
nearly planar morphology in water (Figure 1A), which is
consistent with the previous reports.7,10,15 The membrane
morphology is also observed for GO existing in the dispersions
with ψ = 10 and 20 vol % (Figure 1B, C). However, as ψ
increases to 30, 50, and 70 vol %, the morphological transition
of GO from membranes to 1D nanostructures is clearly
demonstrated (Figures 1D−F and S3A). The transition from
nanomembranes to 1D nanostructures is reversible for those
scrolls formed in the DMF-H2O dispersion. As shown in
Figure S3B, the scrolls formed in the dispersion with ψ of 30
vol % revert to the original membrane state when ψ is reduced
to 5 vol %.
To conﬁrm that DMF has the eﬀect to induce the scroll
formation, the freeze-dried GO sample was dispersed in DMF
(0.03 mg/mL) via sonication under the same condition. GO
membranes were also observed to form scrolls in the DMF
dispersion (Figures 2A, B) with the average length of ∼2070
nm (Figure S4). But, it should be noted that there are some
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interaction between sheets can overcome the bending
resistance, stabilize the newly formed nanoscroll nucleated by
thermal ﬂuctuation, and drive the following rolling-up
process.43,44 For GO with oxygen-rich surface functional
groups and basal-plane defects, the presence of defects
facilitates the transition from ﬂat sheets to nanoscrolls.6,12 As
presented below in detail, our results show that the repulsive
electric double-layer interaction of GO sheets in the
dispersions is a critically important factor to control the
morphology, which is determined by the DMF content in the
dispersions (Figure 3B). The DMF content has eﬀects on both
the nucleation of a nanoscroll with the signature of the ﬁrst
cylinder and the continuous rolling-up process toward the ﬁnal
stable 1D nanoscrolls.
The surface negative charge density of the GO sheets, which
is from the ionization of carboxylic groups and other negative
charges on the surfaces, is determined from the zeta potential
of GO membrane based on the Gouy−Chapman equation:22
σ=
Figure 2. (A, B) The TEM images of the GO nanoscrolls formed by
dispersing the freeze-dried GO sample in DMF, (C) the intermediate
state of the scroll formation, and (D) the high-resolution TEM image
of a typical nanoscroll.

2εmε0κkBT
sinh(zeξ /2kBT )
ze

(1)

where σ is the surface charge density, εm is the relative
dielectric constant of the H2O−DMF mixture, ε0 is the
permittivity of vacuum, κ is the reciprocal of Debye screening
length (m−1), z is the valence of the counterions, e is the unit
charge (1.6 × 10−19 C), and ξ is the average zeta potential of
GO sheets. Here, εm is calculated as εm = xwaterεwater + (1 −
xwater) εDMF, where xwater is the volume fraction for water, εwater
and εDMF are the relative dielectric constants of water and
DMF (εwater, 80.1; εDMF, 36.7).47,48 As shown in Figure 3C, the
absolute value of ξ is 50.3 ± 6.4 mV for GO in water (pH = 7,
c = 0.03 mg/mL), which declines rapidly from 50.3 ± 6.4 to
18.2 ± 4.3 mV with ψ increasing from 0 to 30 vol %, then
slowly decreases to 12.6 ± 3.9, 9.1 ± 2.1, and 7.3 ± 2.1 mV as
ψ further increases to 50, 70, and 100 vol %. According to the
reported σ of 0.625 e/nm2 (100 mC/m2) for ξ of GO in water
(−50 mV),22 the value of κ can be obtained from eq 1, which is
used to calculate other σ values. As shown in Figure 3D, the
normalized σ (NCD) of the GO membranes is reduced with
the increase of ψ. The electrostatic potential barrier in the
nucleation and the electrostatic repulsion in the overlapping
regions will hinder the morphological transition from planar
GO membranes to scrolls. DMF as an organic solvent is
unfavorable for the ionization of carboxylic groups and also
prevents the association of water molecules on the GO surface
to form the “iceberg” structure. As the negative charge density
of GO is reduced by DMF, GO sheets can overcome the
energy barrier in the nanoscroll nucleation. Meanwhile, the
electrostatic repulsion in the overlapping regions is also
reduced in the following rolling-up process, which can be
overcome by the van der Waals interaction in the overlapping
regions of GO membranes. The statements are quantitatively
veriﬁed by the results from calculations and experiments as
discussed below.
The electrostatic potentials (EP) are calculated by using
COMSOL Multiphysics software for the nucleation of planar
membrane to form the ﬁrst roll of the scroll. Figure 3E shows
the result for the nanoscroll nucleation of a typical GO
membrane with the size of 2070 × 2070 nm2, which is based
on the average length of GO nanoscrolls (Figure S4). The
eﬀect of initial radius (r0) on the electrostatic potential barrier
(EPB) of nanoscroll nucleation is explored as shown in Figure
3F, when ψ is 100 vol %. It indicates that EPB has the positive

GO membranes with relatively large size that cannot be rolled
up in the process as shown in Figure 2A. Because the initial
bending energy barrier is closely related to the rolling width,
DMF can only induce the GO membranes with relatively small
sizes to curl up to form nanoscrolls.13 Therefore, the average
length of the formed nanoscrolls is smaller than the average
lateral size of the GO nanomembrane (Figure S4). Figure 2C
shows a TEM image of the intermediate state of 1D nanoscroll
formation in DMF dispersion, where roll-up from the edge can
clearly be seen. The high-resolution TEM result of a typical
GO nanoscroll suggests that it has the ordered interlayer
gallery (Figure 2D), which diﬀers to lose-packed nanoscrolls.30−35 The interlayer distance of 0.62 ± 0.04 nm is
larger than those of MWCNT and graphene nanoscrolls (0.34
nm),45,46 owing to the existence of functional groups on the
GO sheets. As the sizes of the scrolls are relatively large, which
can be observed with an optical microscope (OM). Figure S5
shows the OM images of the GO nanoscrolls formed in the
DMF dispersion. It conﬁrms that nanoscrolls are formed in the
dispersion, not from the drying process for the TEM
observation. The inner structure was observed with the highresolution TEM on a relatively small GO nanoscroll with the
diameter about 30 nm for electron beam penetration (Figure
S6A). The hollow structure with an inner diameter of about 5
nm can be clearly seen for the scroll formed through the rolling
up. Figure S6B provides the Raman spectra of the GO
nanoscrolls and GO sheets. The intensity ratio between the D
band and G band of the GO nanoscrolls is 1.12, which is
slightly larger compared to that of GO sheets (1.10). The G
band of GO nanoscrolls is red-shifted from 1595 cm−1 (GO
sheets) to 1589 cm−1, which is consistent with the previous
observation on GO nanoscrolls.33 The above results all conﬁrm
that GO membranes are tightly rolled up to form GO
nanoscrolls with ordered interlayer packing and a hollow core.
Figure 3A illustrates the scrolling process of the GO
membrane, which is controlled by the competition between
the bending resistance and face-to-face van der Waals
interaction in the overlapping regions. The van der Waals
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Figure 3. (A) The schematic illustration of nanoscroll formation from GO membrane, (B) the cartoon of nanoscroll nucleation from an isolated
GO sheet with low (left) and high (right) surface charge densities, (C) the average zeta potential of GO membranes measured at varying DMF
contents, (D) the relation between normalized charge density (NCD) of GO sheets and DMF content, (E) the electrostatic potential (EP) of
planar GO membrane and scroll nucleation obtained by COMSOL Multiphysics calculation, (F) the electrostatic potential barrier (EPB) in the
nucleation of nanoscrolls with diﬀerent initial radius (r0), (G) the bending energy barrier (BEB) in the nucleation of nanoscrolls with diﬀerent r0,
(H) the total energy barrier of electrostatic potential and bending energy in the nucleation of nanoscrolls with diﬀerent r0, (I) EPB for the
nucleation of nanoscrolls at various DMF contents, and (J) the relation between the normalized electrostatic repulsion (NER) in the overlapping
regions of GO membranes and DMF content.

Table 1. Electrostatic Repulsion and van der Waals Interaction Energy in the Overlapping Regions of GO Sheets during the
Nanoscroll Formation
DMF content (vol.%)

0

10

20

30

50

70

100

ΔW
electrostatic repulsiona
bending energya
van der Waalsa

>0
2.60
0.78
1.33

>0
1.43
0.78
1.28

>0
0.60
0.78
1.23

<0
0.22
0.78
1.18

<0
0.09
0.78
1.09

<0
0.03
0.78
1.00

<0
0.02
0.78
0.86

The energy unit is 10−3 J/m2.

a

correlation with r0. Figure 3G exhibits that the bending energy
barrier (BEB) decreases with r0 when ψ is 100 vol % (see the
SI for more details). As shown in Figure 3H, the total energy
barrier including EPB and BEB is the lowest as r0 is about 2.5
nm, which is also consistent with the experimental result
(Figure S6A). Hence, r0 is taken as 2.5 nm to calculate EPB for
diﬀerent ψ. Figure 3I shows that EPB decreases with the ψ
increase from 0 to 100 vol %, when the bending energy is the
constant value as r0 is ﬁxed as 2.5 nm. It suggests that the
nucleation of nanoscrolls is easier with the increase of ψ for the
lower total energy barriers.

After the nucleation of the nanoscrolls, the morphological
transition of GO from ﬂat membranes to the ﬁnal nanoscrolls
can be characterized by the following:
ΔW = We + Wb − WvdW

(2)

where We and WvdW are the electrostatic repulsion energy and
van der Waals interaction between GO sheets in the
overlapping regions, and Wb is the bending energy of GO
sheets. We can be obtained via the following:19
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Figure 4. TEM images of the nanoscrolls and GO membranes separated from the DMF dispersions with the diﬀerent GO concentrations indicated.

We =

2σ 2
exp( −κh)
κεmε0

possible variation of the core size is relative small (few
nanometers), which is also consistent with the previous
studies,50,52 the value r0 = 2.5 nm is adopted for the following
discussion. This approximation is in the same accuracy order as
the others used in this study.
To further verify the critically important role of the
electrostatic potential barrier, the freeze-dried GO sample
was also purposefully dispersed in an aqueous medium (c =
0.03 mg/mL) with pH = 2.2 by adding a suitable amount of
HCl, the absolute value of ξ for the GO membranes is
decreased from 50.3 ± 6.4 to 22.9 ± 2.7 mV and σ is reduced
accordingly (Figure S8A). As predicted by the calculation, GO
nanoscroll formation is observed in the dispersions (Figures
S8B−E and S9). It conﬁrms the key role of the repulsive
double layer interaction in the morphological transition of GO,
which can be adjusted by adding an organic solvent or
inorganic acid.
Another remarkable observation of this study is that the
membrane-to-scroll transition of GO is controlled by the GO
concentration in the dispersion media (Figure 4). GO
nanoscrolls can be ubiquitously observed in the DMF
dispersions with c = 0.03 and 0.05 mg/mL (Figures 2 and
4A), but are absent for c = 0.1, 0.15, 0.4, 0.6, and 0.8 mg/mL.
As shown in Figures 4B−F, GO membranes touch with each
other and only crumples are observed instead of any signature
of scrolling. To conﬁrm this observation, we extended our
investigation to various ψ, and ﬁnd that as ψ arrives at 30, 50,
and 70 vol.%, the transition into nanoscrolls can only be
observed at c = 0.05 mg/mL, but not for the dispersion with
the higher concentration such as c = 0.1 and 0.15 mg/mL
(Figures S10−S12). This value below c = 0.1 mg/mL for the
formation of nanoscrolls is consistent with the result that the
nanoscroll formation from reduced graphene oxide (RGO)
occurs only in the low concentration region.53 The eﬀect of
GO concentration on the scroll formation is also observed for
other organic solvents, such as pyridine, methanol, isopropyl
alcohol, ethanol, isobutyric acid, and acetic acid.13
As discussed above, one of the key factors controlling the
morphological transition of GO is electric double-layer
interaction, which is quantiﬁed by ξ of GO membranes. Our
measurements show that ξ is insensitive to c at the ﬁxed ψ

(3)

where h is the spacing distance between GO sheets. Figure 3J
shows that the normalized We declines rapidly with ψ. The
value of We here is calculated to be 2.60 × 10−3 J/m2 for h =
0.62 nm as ψ is 0 vol %, WvdW is calculated to be 1.33 × 10−3 J/
m2 for h = 0.62 nm (see the SI for more details), and the
maximal value of Wb = D/2r20 is 7.81 × 10−4 J/m2 by
considering the fact that r0 = ∼2.5 nm (Figure S6A), where D
is the bending stiﬀness of GO sheets (1kBT).49 From the date
listed in Table 1, we conclude that the nanoscrolls cannot form
in water as WvdW is not big enough to overcome the energy
barriers resulting from Wb and We (ΔW > 0). In other words,
the high σ introduces a signiﬁcant energy barrier for the
formation of nanoscrolls. The morphological transition of GO
is absent for ψ of 10 and 20 vol % as ΔW > 0. However, as ψ
increases to 30, 50, 70, and 100 vol %, the formation of
nanoscrolls is favored in energy as σ and We are signiﬁcant
reduced, signaled by ΔW < 0. Moreover, the radius of
curvature of nanoscrolls increases as scrolling proceeds, and
Wb will become smaller and the potential energy becomes even
lower for ΔW < 0, which indicates that the ﬁnal state of the
nanoscrolls has the lower energy compared to that of planar
membranes as shown in Figure S7.
As indicated by previous theoretical studies without
considering the solvent eﬀect, a stable equilibrium core size
of CNS should depend on the basal graphene length, the
interlayer spacing, the interaction energy between layers of
CNS and the bending stiﬀness of graphene.50−52 It has also
been reported that the stacking manner of GO sheets is closely
related to the water content and drying condition.27,28 These
factors could similarly aﬀect the core size. Our above
calculation shows that after the nanoscroll nucleation, the
scroll formation is the downhill process, where the potential
energy decreases with the rolling length (Figure S7, see the SI
for details). Therefore, the core size should mainly be
determined by the initial value (r0). As shown in Figure 3H,
the total potential energy for the nucleation shows a shallow
minimum around 2.5 nm, and the core size could be varied in a
range around this value under diﬀerent conditions. As the
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Figure 5. (A) The energy barrier for the scrolling of GO; (B) the morphological phase diagram of GO.

mass of GO sheets travels during t. Meanwhile, ΔV is about 4.4
× 10−21 m3 considering that the average area for one piece of
GO sheet is ∼8.6 μm2 (Figure S4A). As Va ≪ V, so eq 4 can
then be written as follows:
ÄÅ
ÉN
Å
ΔV ÑÑÑÑ
pi = ÅÅÅÅ1 − α(t , D′)
Ñ = exp[−α(t , D′)ϕ]
ÅÅÇ
(6)
V ÑÑÑÖ

(Figure S13), which veriﬁes that the c eﬀect on the scroll
formation is irrelevant with EPB in the scroll nucleation and
We between layers in the overlapping regions. As reported in
the literature, the GO dispersion demonstrates nematic and gel
phases at c > 0.05 mg/mL, where no scroll formation can be
observed.23−25 A vital diﬀerence between these phases and the
diluted dispersion concerned in this study is the spatial
distance between GO membranes. In a GO dispersion with
relatively high concentration, the spatial distance is small and
GO membranes strongly interact with each other to form
sandwich-like structures of GO-water-GO as We is reduced,
where the bending barrier cannot be overcome by WvdW to
cause scrolling.54,55 In the diluted dispersion, it is diﬃcult for
the GO membranes to aggregate and form the GO−water−
GO structures via the face-to-face pattern, while rolling up to
form nanoscrolls is more preferable with the reduced EPB, We
and ΔW < 0.
On the basis of the above understanding, a morphological
phase diagram of GO in the space of GO concentration and
DMF content is obtained through the following approach. As
discussed above, the formation of GO nanoscrolls is energetically favorable and spontaneous after the scroll nucleation.
While the nucleation of nanoscrolls from isolated GO
membranes has to overcome the total energy barrier from
the elastic bending and EPB (Figure 5A). To proceed to the
formation of GO nanoscroll, two criteria have to be met: (1)
isolation of individual GO membranes in the dispersion; (2)
nanoscroll nucleation with a reasonably high probability
through the dynamic process, which are presented below,
respectively.
First, the isolation condition is determined from steric
consideration, and the probability of isolated GO sheets (pi) is
identiﬁed as follows:
Éαϕ
ÅÄÅ
N
V / αΔV Ñ
ÑÑ
ÅÅij
αΔV yz
αΔV yz
ij
ÑÑ
Å
zz = ÅÅjj1 −
zz
pi = jj1 −
ÑÑ
ÅÅk
ÑÑ
V {
V
k
{
(4)
ÅÇ
ÑÖ

By neglecting the density diﬀerence between DMF and water,
ϕ can be linearly related to c for speciﬁc ψ (0.05 mg/mL vs
2.27 × 10−5).23 pi can thus be expressed as pi(t, D′, c).
Second, to obtain the condition for overcoming the energy
barrier of the nucleation, we evaluate the probability of
nanoscroll nucleation (pn) from a reduced 2D model with a
GO nanoribbon, the width of which is the lattice constant of
graphene (0.24 nm), and the thermal ﬂuctuation on the order
of kBT is the driving force for the nanoscroll nucleation. The
simpliﬁcation into a 2D model is valid because once one
bending mode of the nanoribbon is activated, displacive
ﬂuctuation in the perpendicular directions will be suppressed.6
On the basis of the First-Passage-Time (FPT) model, pn from
2D GO nanoribbons can be expressed as follows:
ÄÅ
É ft
ÅÅ
ij Ee + E b yzÑÑÑÑ
Å
pn = 1 − ÅÅÅ1 − expjjj−
zzÑÑ
j
ÅÅ
kBT zz{ÑÑÑÑÖ
(7)
k
ÅÇ
where Ee and Eb = ∼0.3 kBT are the electrostatic potential
barrier and the bending energy barrier in the nanoscroll
nucleation from the GO nanoribbon, f = 1.49 × 108 s−1 is its
natural ﬂexural frequency in the bending mode of GO
nanoribbon (see SI for details), which is the number of
attempts to nucleate a nanoscroll per second. The results show
that Ee depends on ψ (Figures 3J and S14), and pn can then be
expressed as follows:
ÄÅ
É ft
ÅÅ
ij E b + Ee(ψ ) yzÑÑÑÑ
Å
j
z
Å
pn (t , ψ ) = 1 − ÅÅ1 − expjj−
zzÑÑÑ
j
zÑÑ
ÅÅ
k
T
B
(8)
k
{ÑÖ
ÅÇ

where ΔV is the average volume for a piece of GO sheet, V is
the volume of GO dispersion, ϕ = NΔV/V is the volume
fraction of GO sheets, N is number of GO sheets, and α is a
dimensionless factor, deﬁned as the ratio between the activated
space of one GO sheet (Va) and ΔV (Va = αΔV). Here Va is
related to the Brownian motion of GO sheets, which can be
obtained from the following:
Va(t ) =

4
4
π ( ⟨r 2⟩ )3 = π ( 6D′t )3
3
3

Hence, the probability of nanoscroll nucleation from isolated
GO sheets (p) is expressed as follows:
p = pi (t , D′, c) × pn (t , ψ )

(9)

and the morphological phase diagram of GO is then
constructed by using eq 9. The theoretical prediction based
on the criterion of the nanoscroll nucleation can be directly
compared to the experimentally identiﬁed phase diagram. As
shown in Figure 5B, the theoretical results suggest that p is
relatively high in the top-left region of the diagram with
relatively high ψ and low c, where the experimental observation

(5)

where D′ is the translational diﬀusion coeﬃcient of a GO
sheet, t is time, and r is the diﬀusion length that the center of
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Figure 6. Morphological phase diagram of GO nanoscrolls for the diﬀerent time lapse and translational diﬀusion coeﬃcients of the GO sheets.

■

CONCLUSIONS
In this work, the morphological transition of GO from planar
membranes to nanoscrolls in DMF-H2O dispersions is
elucidated by considering the eﬀects of DMF and GO
concentration. The surface charge density of GO membranes
decreases as the DMF content increases from 0 to 100 vol.%,
which reduces both the electrostatic potential barrier in the
nucleation of nanoscrolls and the electrostatic repulsion in the
overlapping regions in the nanoscroll formation. GO remains
the planar morphology at the low DMF content (0, 10, and 20
vol.%), but transition into nanoscrolls is activated at the DMF
content higher than 20 vol.%. In addition, the nanoscroll
formation depends on the GO concentration that deﬁnes the
isolation condition of the dispersed GO membranes. Nanoscrolls are barely observed when the GO concentration is
higher than 0.1 mg/mL. Finally, the morphological phase
diagram of GO in the space of the DMF content and GO
concentration is obtained by the theoretical analysis and
calculation, which can be employed to explore the phase
behavior of GO in dispersions and guide the fabrication of GO
nanoscrolls in large scale.

on GO nanoscrolls is well identiﬁed. This set of parameters t =
0.01 s and D′ = 3 × 10−10 m2/s is chosen to match
experimental observations on the scroll formation at c = 0.03
and 0.05 mg/mL, where the condition of ΔW < 0 is fulﬁlled
for ψ > 20 vol.%. In contrast, p is extremely low, approaching
zero, at c = 0.1 and 0.15 mg/mL, and the scroll formation is
absent.
We also explore the morphological phase diagram of GO
over diﬀerent t and D′, and the results are summarized in
Figures 6 and S15. The morphological phase diagram can be
distinctly modiﬁed by changing these two parameters. As t
increases to 0.1 s while D′ is ﬁxed at 3 × 10−10 m2/s, the
critical ψ for morphological phase transition reduced to ∼20
vol.% (Figure 6A), which can be explained by the fact that pn
increases with time at the same ψ, as predicted by eq 8, while
the critical ψ for morphological phase transition increases to
∼30 vol.% as t decreases to 0.001 s (Figure 6B). Although the
formation of nanoscrolls could be a reversible process, the
decrease of the potential energy in the scrolling process is
much larger in magnitude than the total energy barrier in the
nanoscroll nucleation and then GO nanoscrolls tend to form at
the long time limit. However, Figure 6C, D present the
morphological phase diagrams of GO nanoscroll for diﬀerent
D′ at the ﬁxed value of t = 0.01 s, which is reasonable as
discussed above. When D′ decreases to 1 × 10−10 m2/s, the
critical c for morphological phase transition becomes higher
than 0.15 mg/mL, which is not consistent with the
experimental results. It can be explained by the fact that pi
increases as D′ is reduced at the ﬁxed c (eqs 4, 5, and 6).
Meanwhile, the critical c for morphological phase transition
becomes lower than 0.05 mg/mL as D′ increases to 5 × 10−10
m2/s, which is also against the experimental results. Therefore,
D′ can be reasonably adopted the value of 3 × 10−10 m2/s to
match the morphological phase diagram of GO. The
calculations prove that the set of parameters t = 0.01 s and
D′ = 3 × 10−10 m2/s can best ﬁt our experimental results and
be used for further investigations.

■

EXPERIMENTAL SECTION

Preparation of GO. The modiﬁed Hummers’ method was
employed to fabricate GO sample.14,56−58 Under the condition of
ice-bath cooling, 300 mesh graphite power (3.0 g) and potassium
nitrate (3.6 g) were added into the concentrated sulfuric acid (138
mL). After the mixture was stirred for 30 min, potassium
permanganate (18 g) was slowly added. Then the mixture was placed
in an oil-bath (35 °C) for 48 h. Then, excess water (300 and 1500 mL
in two batches) was slowly added with ice-bath cooling, and 18 mL
H2O2 (30%) was dropwise added with the color change from brown
to yellow. The GO dispersion was repeatedly washed with abundant
water and concentrated by the centrifuge with the speed of 18 000
rpm for 30 min until pH reached about 7. The concentrated GO was
obtained by the centrifuge at the speed of 6000−12 000 rpm for 30
min. Finally, GO sample was obtained from the concentrated GO via
freeze-drying for 24 h.
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■

Morphology Transition Study. DMF with spectral purity and
HCl (36.5% water solution) were purchased from Sigma-Aldrich. A
Milli-Q water puriﬁcation system was employed to prepare the
deionized water (resistivity >18 MΩ·cm). The morphological
transition was studied by dispersing the freeze-dried GO in DMFH2O media with diﬀerent DMF contents via sonication (40 kHz, 200
W, 2 h). For comparison, the freeze-dried GO was also dispersed in
water with pH of 2.2 via adding HCl. The dispersions without further
treatment were dropped onto the copper TEM grids. Before TEM
observation, the samples were exposed to the air under ambient
condition to evaporate the dispersion media for 24 h and dried under
vacuum for 12 h at room temperature.
Characterization. Atomic force microscopy (AFM), X-ray
diﬀraction (XRD), X-ray photoelectron spectroscopy (XPS), and
Raman spectroscopy were employed to investigate GO. The singlelayer GO sheets were conﬁrmed by an AFM apparatus from Bruker
Corporation (Dimension ICON-PI). The used probe had a tip radius
of 6∼8 nm, and the tapping mode was adopted in the experiment with
an amplitude set-point about 340 mV. XRD curves were obtained
from a Bruker D8 Advance X-ray diﬀractometer with Cu Kα radiation
(1.5406 Å). The binding energy of the elements was observed by an
X-ray photoelectron spectrometer (ESCALAB250Xi) using a
monochromatized Al Kα X-ray source of 1486.6 eV under normal
incidence. A Renishaw 1000 microspectrometer with an excitation
wavelength of 633 nm was used to obtain Raman spectra. The zeta
potentials of GO membranes in the dispersions were measured by
Malvern Zetasizer Nano. A ﬁeld-emission scanning electron microscope (SEM: Zeiss Merlin, 5.0 kV) was employed to investigate the
freeze-dried GO and nanoscrolls. The TEM observations of GO
membranes and GO nanoscrolls were realized via Hitachi H-7650B
with the electron beam of 80 kV. The high-resolution TEM images of
nanoscrolls were obtained by JEM2010 (03006800) with the electron
beam of 120 kV. Optical microscopic images were captured by a
Nikon LV 100 POL microscope equipped with Nikon DS-ﬁ2 CCD
camera.
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I.

Supplementary Notes

1. Bending Energy Barrier of Nanocroll Nucleation

The typical size of GO sheets is estimated to be 2070 × 2070 nm2 based on the
average length of nanoscrolls. The nanoribbon with the length of 2070 nm and width of
0.24 nm is used to obtain the bending energy of the graphene lattice. The rolling length
of the nanoribbon is 2π ( is the curvature radius, 2.5 nm). The bending energy

density of GO sheets is calculated by ⁄2 , where  is the bending stiffness
(1 ).S1 The bending energy ( ) of nanoscroll nucleation is 0.24 × 2π ×  ⁄2

(0.3  ).

2. Electrostatic Potential Barrier of Nanoscroll Nucleation
The electrostatic potential barrier of nanoscroll nucleation for the GO nanoribbon
with the width 0.24 nm is calculated by COMSOL Multiphysics software. First, the
electrostatic potentials of flat morphology and the nanoscroll nucleation for the GO

membrane (the rolling width is 2070 nm and the rolling length is 2π) are calculated

from surface charge density of GO sheet and dielectric constant of mixture solvents via

COMSOL Multiphysics software. In this simulation, the thickness is so smaller
compared to the size of GO sheets, and it is ignored in the simulation. Second, the
obtained electrostatic potential barrier between two morphologies is normalized by using
the GO nanoribbon with the width of 0.24 nm.
3. Van Der Waals Interaction in the Overlapping Regions
The van der Waals interaction in the overlapping regions during the nanoscroll
formation is calculated as S2
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where ! is the area of GO sheets, " is the Hamaker constant for GO in solvent

("#$% & : 49 x 10-21 J; "'() : 32 x 10-21 J), * is the interlayer distance and + is the
thickness of a GO sheet. " is calculated for different DMF contents.
4. Potential Energy of Scrolling GO Membrane

Taking the total energy of individual sheets as a reference (,  0), the total energy

between interlayer-adhesive sheets is ,  



 .

 2/01 2, where 2 and .

are rolling width and length of sheet, 01 is the initial radius,
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van der Waals interaction energy density and electrostatic repulsion energy density.
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where D is the bending stiffness (1 ),S1 B is the radius of curvature at length l.

There is also electrostatic potential barrier (EPB) in the nucleation of nanoscrolls. Hence,
the total energy of scrolling sheets can be expressed as ,  ,3  , 

CD.

5. Natural Flexural Frequency of GO Nanoribbon

E  0.5 >

4

GH ?I

(S3)

GO nanoribbon can be simplified as cantilever beam with the rolling length (.  2π)

to estimate the natural flexural frequency. Here J is the in-plane mass density (0.77

mg/m2) of GO nanoribbon,  is the bending stiffness (1 ).S1 Then the natural
flexural frequency of GO sheet can be calculated as 1.49×108 s-1.

II. Supplementary Figures

Figure S1. (A) AFM image of a single-layer GO sheet; (B) the height of a single-layer
GO sheet; (C) XRD curves: 2 theta degree shifts from 26.6° (graphite) to 10.9° (GO);
(D) Raman spectra: the intensity ratio between D and G bands is about 1.10; (E) XPS
curves: the binding energy shows peaks at 284.8 eV(C-C), 286.6 eV(C-O), 287.3
eV(C=O) and 289.1 eV(O-C=O),S4 and O/C (atomic percentage) is 36%. Figures S1A
and S1B prove that the single-layer GO sheet has the typical thickness of about 1 nm. As
shown in Figure S1C, the interlayer spacing of GO is larger showing by the XRD peak
at 2K = 10.9° compared to graphite (2K = 26.6°). Figure S1D shows the intensity ratio
of 1.10 between D peak (1338 cm-1) and G peak (1589 cm-1).

Figure S2. The SEM images of freeze-dried GO sample, (A) low magnification, (B)
high magnification.

Figure S3. (A) The TEM images of GO nanoscrolls formed in the dispersion with the
GO concentration of 0.03 mg/mL and the DMF content of 30 vol.%. The scale bar for
all the TEM images is 2 µm. (B) The TEM image of GO membranes obtained from the
reversible transition from nanoscrolls to nanomembranes in dispersion with the scale bar
of 1 µm. In the process, the GO nanoscrolls were firstly formed in the dispersion with
the GO concentration of 0.03 mg/mL and the DMF content of 30 vol.% (Figure S3A);
Then, an appropriate amount of water was added into the dispersion to reach the DMF
content of 5 vol.%. The formed GO nanomembranes were separated, dried and observed
with TEM.

Figure S4. (A) The size distribution of GO sheets measured from at least 100 pieces of
GO sheets. The average size is 8.6 µm2, which is used to calculate the average volume
for a piece of GO sheet; (B) the length distribution of nanscrolls obtained from at least
100 GO scrolls as shown in Figure 2A. The average length is 2070 nm.

Figure S5. (A) and (B) The optical microscope images of GO nanoscrolls formed in the

DMF dispersion with the GO concentration of 0.03 mg/mL, viewed at two locations.

Figure S6. (A) The high-resolution TEM image of a typical GO nanoscroll; (B) Raman
spectra of GO nanoscrolls and GO sheets.

Figure S7. (A) After the nanoscroll nucleation, the relation between the potential energy
and rolling length (.) for scrolling GO sheet with the initial radius of 2.5 nm and the
interlayer distance of 0.62 nm. The size of GO sheet is typically considered as 2070 x
2070 nm2 based on the average length of nanoscrolls. It indicates that GO nanoscrolls
have the relatively lower potential energy compared to the planar GO sheets. (B) The
enlarged plot for the small rolling length region.

Figure S8 (A) The relation between surface charge density and zeta potential of GO
membranes, which is obtained from the literature;S4 the aqueous dispersion with the pH
of 2.2 and average zeta potential of −22.9 mV, (B) just after the sonication; (C) placed

for 12 h after the sonication and some sediment is observed to be formed in the
dispersion; (D) GO nanoscrolls; (E) the intermediate state of GO nanoscrolls.

Figure S9. GO nanoscrolls formed in the aqueous dispersions with pH = 2.2 and the
average zeta potential of −22.9 mV.

Figure S10. Freeze-dried GO samples dispersed in the DMF-H2O mixed media (0.05
mg/mL) after sonication for 2 h. (A) to (E) DMF content is 10, 20, 30, 50 and 70 vol.%,

respectively.

Figure S11. Freeze-dried GO samples dispersed in the DMF-H2O mixed media (0.1
mg/mL) after sonication for 2 h. (A) to (E) The DMF content is 10, 20, 30, 50 and 70
vol.%, respectively.

Figure S12. Freeze-dried GO samples dispersed in the DMF-H2O mixed media (0.15
mg/mL) after sonication for 2 h. (A) to (E) The DMF content is 10, 20, 30, 50 and 70
vol.%, respectively.

Figure S13. The average zeta potentials of the GO sheets in the DMF-H2O dispersion
media with the different GO concentrations (0.03, 0.05, 0.10 and 0.15 mg/mL) and
different DMF contents (0, 50, 100 vol.%).

Figure S14. The electrostatic potential barrier (Ee) in the nucleation of nanoscrolls for
GO nanoribbon with the width 0.24 nm.

Figure S15. The morphological phase diagram of GO for different values of t and D.
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