
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
Ja

nu
ar

y 
20

17
. D

ow
nl

oa
de

d 
on

 2
/7

/2
02

6 
1:

52
:4

2 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A benzoxazine su
aDepartment of Chemistry and Biotechnolo

Technology, Swinburne University of Tech

E-mail: wangt0715@ustc.edu.cn
bSchool of Materials Science and Engineering

330031, China
cDepartment of Applied Mathematics, Resear

Australian National University, Canberra,

notley@anu.edu.au

† Electronic supplementary information
including structure and synthesis of BM1
of graphene before and aer surfactan
graphene exfoliated with other types of su

Cite this: RSC Adv., 2017, 7, 3222

Received 7th November 2016
Accepted 13th December 2016

DOI: 10.1039/c6ra26432h

www.rsc.org/advances

3222 | RSC Adv., 2017, 7, 3222–3228
rfactant exchange for atomic
force microscopy characterization of two
dimensional materials exfoliated in aqueous
surfactant solutions†

Tao Wang,*ab Matthew D. J. Quinnc and Shannon M. Notley*c

Liquid-phase exfoliation of two dimensional (2D) materials in aqueous solutions with stabilization via

surfactants or polymers shows great potential for large scale production and integration into a breadth

of applications. Atomic force microscopy (AFM) is able to characterize thickness and the distribution of

exfoliated 2D flakes, while often encountering difficulty because of re-aggregation during sample

preparation. Herein, we report a surfactant exchange method with a benzoxazine surfactant for AFM

sample preparation. Stable dispersions of 2D materials in chloroform could be obtained by switching

a range of commonly used surfactants to this benzoxazine surfactant. The Langmuir–Blodgett method

was used and flakes were kept intact with polydispersity of thickness. This method was utilized

successfully on graphene as well as boron nitride and MoS2, and shows feasibility on other 2D materials.
Two dimensional (2D) materials are attracting a lot of attention
from researchers due to their extraordinary properties.1–7 For
example, electron mobility, intrinsic material strength and
thermal conductivity allow potential applications for graphene
in electronic and energy storage devices, as well as nano-
composites.2,8,9 Transition metal dichalcogenides, such as
molybdenum disulphide (MoS2), are semiconducting and show
signicant potential for use as electronic devices and in cata-
lytic purposes.5,10,11 Top-down and bottom-up methods have
been exploited to produce 2D materials including chemical
vapor deposition (CVD), micromechanical cleavage and liquid-
phase exfoliation (LPE).7,12 Taking graphene as an example,
through aggressive oxidation of graphite, graphene oxide (GO)
is obtained by introducing carboxyl and hydroxyl groups as well
as the epoxy groups.13 In spite of the high yield and great
chemical viability of GO in many applications, developing large
scale methods which can produce pristine graphene sheets is
still crucial for the applications and technologies of graphene
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materials by avoiding the introduction of basal plane
defects.14–18 This is also a key challenge to overcome for wide-
spread use of other 2D materials. LPE in aqueous solutions via
the aid of shear force has signicant economic and environ-
mental benets in comparison to other manufacturing
methods of 2D materials.18,19 Different types of stabilizers along
with other production parameters have been optimized to
achieve high yield exfoliation and highly concentrated disper-
sions of 2D materials in water.14,20,21

The level of exfoliation of the 2D akes described by the
number of layers is commonly regarded as the key criterion for
successful production of 2D materials of the corresponding
bulk solids. Atomic force microscopy (AFM) can be utilized to
characterize the akes thickness and distributions, by depos-
iting 2D akes onto smooth surfaces such as silica wafer or
mica. Various methods have been used for the deposition step,
such as dip coating,22 drop coating,23 spin coating,24 as well as
a fast solvent evaporation on high temperature substrates.14

Nevertheless, these methods result in scattered and hence
difficult to nd particles because of the use of overly diluted
dispersions making a truly statistical analysis of ake dimen-
sion difficult. In addition, an inevitable issue is the re-
aggregation of 2D akes during deposition on the solid
substrate leading to great difficulty for AFM characterization
and uncertainty in the true state of exfoliation.14 During the
evaporation of solvent, the surface tension changes to an
unfavorable region for stabilizing 2D akes with capillary action
drawing the particles together.25 The Langmuir–Blodgett (LB)
method is an alternative that has been used to fabricate AFM
samples suitable for imaging GO or graphene produced in
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 The extraction of graphene sheets with different surfactants
from aqueous solutions to chloroform. (a) Without the extra addition
of BM1000. From left to right: F108, L64, Tween 20, SDS, CTAB,
BM1000. (b) With the addition of BM1000. From left to right: F108, L64,
Tween 20, SDS, CTAB. (c) Removing surfactants using centrifugation
procedures followed by the addition of BM1000. From left to right:
F108, L64, Tween 20, SDS. (d) The chloroform layers were collected
form (c). From left to right: F108, L64, Tween 20, SDS.
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organic solvents.9,10,15,16,26 The re-aggregation of graphene could
be effectively avoided by conning akes on the water surface. A
volatile spreading solvent that is immiscible with water such as
chloroform, dichloromethane or toluene is essential in order to
spread 2D akes on a water surface in the LB method. Never-
theless, 2D akes that are originally produced in aqueous
surfactant solutions are not usually well maintained in the
exfoliated state when extracted or redispersed into those
solvents.

Different surfactants have been exploited to assist 2D
materials exfoliation for specic use in varied applications. For
example, Pluronic® surfactants were used to produce graphene
with high concentration and could be used for hydrogel prep-
aration of graphene or thin lm depositions.22,27–29 Tween 20
could be used to stabilize graphene for preparing biocompatible
graphene paper material.30 Different ionic surfactants were
found having different effects on transporting of graphene
through porous media.31 Recently, a benzoxazine surfactant
(BM1000, synthesis and structure are shown in Scheme S1,
ESI†) was developed that is cheap and easy to synthesize, to
exfoliate graphene in water and to fabricate freestanding gra-
phene lms with excellent electrical and mechanical strength.32

Subsequently it was demonstrated that this benzoxazine
surfactant not only stabilizes graphene sheets in water but
allows the akes to be easily extracted into chloroform while
maintaining the exfoliated state (transmission electron micro-
scope (TEM) images in Fig. S1† show no obvious change before
and aer extraction for more than one month of storage).
Furthermore, BM1000 can be simply exchanged with other
surfactants used in the production of 2D materials in aqueous
solution allowing straight forward extraction into chloroform.
This opens the possibility to use LB techniques to characterize
liquid phase exfoliated 2D materials using AFM imaging on
a statistically relevant scale.

In this work, six different surfactants (BM1000, Pluronic®
surfactant F108 and L64, Tween 20, cetyl trimethylammonium
bromide (CTAB) and sodium dodecylsulfate (SDS); structures
are shown in Scheme S2†) were used as stabilizers in the
production of 2D materials through liquid phase exfoliation.
The ability to extract these surfactant stabilized 2D materials
into chloroform was then investigated. Whenmixed and shaken
with chloroform, the graphene sheets with the non-ionic block
co-polymeric F108 and L64 surfactants aggregated together on
the water–chloroform interface but not into the chloroform
phase. The graphene sheets produced with Tween 20, CTAB or
SDS remain completely in the aqueous layer presumably due to
the relatively highly hydrophilic nature of the surfactants. Only
graphene sheets produced with BM1000 as the stabilizer could
be directly extracted into chloroform layer (Fig. 1a). The
nonionic surfactant of F108 and L64 are somewhat soluble in
chloroform. Extracting the aqueous graphene suspension with
chloroform results in the partitioning of some surfactant
molecule into the organic layer. This leads to a reduction in the
amount of surfactant available to stabilize the graphene sheets
in the aqueous layer.33 In organic layer, hydrophobic force
between surfactant and graphene layer is offset. That is, neither
in water nor in chloroform graphene akes could be stabilized.
This journal is © The Royal Society of Chemistry 2017
As a result, graphene sheets aggregated together to form
precipitates.33 However with BM1000, surfactant molecules will
also be distributed into chloroform with the p–p interactions
between graphene sheets and BM1000 assisting to stabilize
graphene sheets.24,34 This mechanism is illustrated in Scheme 1.

It is known that there exists a dynamic equilibrium for the
adsorption of surfactants. That is, there is a regular exchange of
molecules from the solution to the interface and vice versa,
however the time averaged adsorbed amount is constant. Hence
there is the possibility to exchange one adsorbing species with
another through simple addition to the aqueous solution. This
concept was explored here to investigate whether 2D materials
produced using different surfactants could be exchanged with
BM1000 in order to extract particles into chloroform. In the
cases of the ionic surfactants CTAB and SDS, aer simply add-
ing BM1000 into these two dispersions, graphene sheets still
remain in the aqueous layer. In the cases of F108, L64 and
Tween 20, aer simply adding BM1000 into these three
dispersions, some graphene sheets could be transferred to
chloroform while most of graphene sheets still remain aggre-
gated at the water–chloroform interface (Fig. 1b). Given that
under some conditions the 2D materials could be extracted to
chloroform through surfactant exchange by adding BM1000,
albeit with low efficiency, suggesting that a modied approach
could show potential.

Another method for the extraction of the 2D materials into
chloroform aer extensive surfactant exchange based on high
speed centrifugation showed greater success. For dispersions
RSC Adv., 2017, 7, 3222–3228 | 3223
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Scheme 1 Schematic illustration on the extraction of dispersion with different surfactants.
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with F108, L64, Tween 20 and SDS, aer surfactant exchange to
BM1000 using high speed centrifugation (procedure is detailed
in Experimental section), graphene sheets could be effectively
extracted to chloroform with stable dispersions achieved
(Fig. 1c and d). However this surfactant exchange procedure
always resulted in occulation for the graphene–CTAB disper-
sion (Fig. S2a†). The possible reason could be the reduced
repulsive barrier between CTAB stabilized graphene akes
during the surfactant exchange.35 The surface potential of gra-
phene stabilized with CTAB is positive due to adsorption of the
cationic surfactant (around +50 mV),36 while for nonionic
surfactants of BM1000 this value is negative (around�30 mV).32

During the surfactant exchange process graphene sheets may
re-aggregate together when the surface charge decreases from
a high positive value to near electrical neutrality where there is
negligible steric effect.33 This suggests that this surfactant
exchange method for 2D akes is not suitable for cationic
surfactants.

A LB method in principle could be used to prepare samples
for AFM characterization due to the dispersibility of graphene
with BM1000 in chloroform. Firstly, graphene with a typical
anionic surfactant of SDS was studied. Aer surfactant
exchange with BM1000 using high speed centrifugation and
freeze drying, a stable graphene dispersion was obtained with
chloroform as the solvent (inset, Fig. 2b). Here freeze dried
samples were used instead of the transferred akes to eliminate
effects of emulsication (Fig. 1a and S2b†) and the mild
aggregation on water–chloroform interface on AFM imaging.
Similar Raman spectra in Fig. S3† conrm that graphene akes
were kept in their highly exfoliated state aer surfactant
3224 | RSC Adv., 2017, 7, 3222–3228
exchange and redispersed in chloroform. Freeze dried graphene
sheets stabilized with other ve surfactants could not be
redispersed in chloroform without surfactant exchange proce-
dure to BM1000. A typical AFM image is shown in Fig. 2a with
a scan area of 10 mm � 10 mm. A polydispersity of thickness of
graphene sheet was well exhibited, except some features with
signicant thickness that could be the unexfoliated particles or
small aggregates formed during the surfactant exchange or LB
processes. The thinnest sheets with a �2 nm thickness were
found, and by cross-sectional analyses the ascending step of
thickness was found �2 nm either (Fig. 2b) that is consistent
with previous reports.14,37 In addition, through cross-sectional
analyses on several incompletely exfoliated graphene akes
(Fig. S4a and b†), an ascending step of thickness of 2 nm was
conrmed. Although 2 nm is much larger than the theoretical
thickness of 0.335 nm,38 graphene sheets with AFM height of
around 2 nm could be reasonably regarded as monolayer, while
4 nm as bilayer and 6 nm as the triple layer (Fig. 2b),14 where the
adsorbed surfactant and trapped solvent should contribute to
the redundant thickness.14,39 Noteworthily, the apparent thick-
ness of exfoliated graphene on AFM could be affected by
interaction difference between tip/substrate and tip/samples, as
well as the scanning parameters.14,40 Flakes thicknesses in this
image were analyzed (Fig. S4c†) and a histogram of the layer
numbers is included in Fig. 2c. The level of exfoliation of gra-
phene sheets could be identied with layer number smaller
than 4 for most of akes (�85%). Subsequently, a high
temperature treatment (350 �C in air in muffle furnace) was
employed in an attempt to remove the solvent and surfactant,
and the AFM image is shown in Fig. 3a with the cross-sectional
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 AFM image (a) and the corresponding cross-sectional analyses
(b) of the graphene exfoliated with SDS after surfactant exchange to
BM1000, and the corresponding flakes are numbered in the AFM
image. Inset is the stable graphene dispersion in chloroform after
surfactant exchange. (c) Histogram of number of layers by considering
2 nm as monolayer.

Fig. 3 AFM image (a) and the corresponding cross-sectional analyses
(b) of the graphene exfoliated with SDS after surfactant exchange to
BM1000, and the corresponding flakes are numbered in the AFM
image. Sample was calcined at 350 �C in air in a muffle furnace.
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analyses in Fig. 3b. A smallest thickness of �0.9 nm could be
identied, which should correspond to those sheets of 2 nm
before calcination. The �1.8 nm and �2.7 nm for bilayer and
triple layers could be identied as well. It should be noted here
aer calcine the AFM scan becomes more convoluted presum-
ably due to contamination of the cantilever from carbon
residue.41

The same method was also applied for graphene samples
exfoliated with F108, L64 and Tween 20. AFM images are shown
in Fig. S5a, S6a and S7a† respectively. With these three nonionic
This journal is © The Royal Society of Chemistry 2017
surfactants, similar results to that with SDS were obtained.
Graphene sheets with different thicknesses were well exhibited
except some particles with signicant thickness that could be
the unexfoliated particles or aggregates during surfactant
exchange or LB processes. Likewise, a smallest thickness of
�2 nm and an ascending step of similar thickness (�2 nm)
could be identied from the AFM images. The cross-sectional
analyses were shown in Fig. S5b, S6b and S7b† respectively,
where monolayer, bilayer, triple layers or four layers sheets were
shown and referred in AFM images. Samples with these three
surfactants were also calcined at 350 �C in air and AFM images
and cross-sectional analyses were shown Fig. S8–10† respec-
tively. Single layer with the thickness of �0.9 nm could be
identied as well in all of them.

Boron nitride (BN) and MoS2 were also studied with SDS as
the surfactant for exfoliation to demonstrate that this method is
suitable for other types of 2D materials. Raman spectra in
Fig. S11† conrm that their exfoliated state was well maintained
aer surfactant exchange and re-dispersed in chloroform. The
AFM images and cross-sectional analyses are shown in Fig. 4
and 5. Insets show stable particle dispersions in chloroform. By
RSC Adv., 2017, 7, 3222–3228 | 3225
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Fig. 4 AFM image (a) and the corresponding cross-sectional analyses
(b) of the BN exfoliated with SDS after surfactant exchange to BM1000,
and the corresponding flakes are numbered in the AFM image. Inset is
the stable BN dispersion in chloroform after surfactant exchange.

Fig. 5 AFM image (a) and the corresponding cross-sectional analyses
(b) of the MoS2 exfoliated with SDS after surfactant exchange to
BM1000, and the corresponding flakes are numbered in the AFM
image. Inset is the stable MoS2 dispersion in chloroform after surfac-
tant exchange.
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the cross-sectional analyses, a smallest thickness of�2.5 nm for
BN and �3.0 nm for MoS2 were found, which could be assigned
to the monolayer, as well as the ascending steps with similar
values to the thickness was found. These thicknesses of BN and
MoS2 are consistent with previous reports, with the adsorbed
surfactant and trapped solvent layer contributing to the
measured values.20,21,42,43 The slightly increased thickness for
MoS2 compared with BN and graphene might be attributed to
the bigger monolayer thickness of MoS2 (�0.8 nm)44 compared
with BN (0.334 nm)45 and graphene (�0.335 nm).38 The AFM
images for BN and MoS2 show the imperfect exfoliation in SDS
aqueous solution for these materials reected by the many
much thicker sheets. Additionally, the lack of p–p interactions
between BM1000 and MoS2 and BN compared with graphene
may lead to some overlaps during the LB process as shown in
Fig. 4 and 5.

In summary, a simple and versatile method has been develop
that could be utilized for AFM characterization of 2D materials
which are exfoliated in aqueous surfactants solutions. The
broad application of the method was demonstrated through
surfactant exchange from several commonly used types of
3226 | RSC Adv., 2017, 7, 3222–3228
surfactants (including anionic surfactants and nonionic
surfactants) to a type of benzoxazine surfactant. 2D materials
stabilized with cationic surfactants are not suitable for this
method because of the occulation during the surfactant
exchange. Furthermore, this LB method allows a future work in
the preparation of transparent 2D materials lms.

Experimental section
Exfoliation of 2D materials

The concentration of surfactants used depended on the chem-
istry and inuence on the reduction in surface tension in
aqueous solution. 1 mg mL�1 F108, 1 mg mL�1 L64, 1 mg mL�1

Tween 20, 0.5 mg mL�1 CTAB, 0.5 mg mL�1 SDS were used
respectively. 5 mg mL�1 initial graphite akes was used for
graphene exfoliation. Typically, 200 mL graphite and surfactant
solution was sonicated for 2 h at 40% amplitude. Then the
suspension obtained was centrifuged at 3000g for 30 min to
remove any large unexfoliated or aggregated particles. The
supernatant was collected to use. BN and MoS2 were produced
using the same method with SDS as the stabilizer.
This journal is © The Royal Society of Chemistry 2017
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Surfactant exchange

High speed centrifugation of 25 000g (Thermal Scientic sorvall
rc 6+ centrifuge) was used. Firstly, the obtained dispersion was
centrifuged for 2 h to receive the precipitate by removing all
liquid. Then the precipitate was re-dispersed in 5 mg mL�1

BM1000 solutions by stirring and mild sonication. This centri-
fugation and re-dispersing process was repeated three times in
order to remove the original surfactants as much as possible.

Fabrication of AFM samples

A NIMA LB trough was used. Aer surfactant exchange to 5 mg
mL�1 BM1000, dispersions were freeze-dried and then re-
dispersed in chloroform (�0.1 mg mL�1) with the aid of mild
sonication. Before using LB method, fresh chloroform was used
to dilute the dispersion to a concentration around 0.01 mg
mL�1. The diluted chloroform suspensions were carefully
dropped on water surfaces using a glass syringe by a syringe
pump (Harvard PHD2000) with a infuse speed of 6 mL min�1.
Faint black colored lms on water surface were formed. Then
the lms were compressed by LB trough barriers. The akes
were collected by vertically dipping silicon wafers into the
trough and pulling them up slowly. The surfaces were dried at
room temperature, followed by rinsing with water and ethanol,
and blown to dry using N2 ow. Followed the initial AFM
scanning, the silica wafers were calcined at 350 �C in air in
a muffle furnace for 24 h to remove the surfactant or trapped
solvent.

AFM characterization

A Multimode 8 AFM from Bruker was used for imaging of the
graphene sheets. AFM imagings were carried out in ScanAsyst-
Air mode using Bruker ScanAsyst-Air probes (tip radius,
2–12 nm and silicon nitride cantilever; spring constant, 0.4 N
m�1. Analyses were conducted in NanoScope Analysis soware
(V1.5, Bruker) and only the atten process was used.
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1679–1683.

34 M. S. Kang, K. T. Kim, J. U. Lee and W. H. Jo, J. Mater. Chem.
C, 2013, 1, 1870.

35 A. Griffith and S. M. Notley, J. Colloid Interface Sci., 2012, 369,
210–215.

36 R. J. Smith, M. Lotya and J. N. Coleman, New J. Phys., 2010,
12, 125008.
3228 | RSC Adv., 2017, 7, 3222–3228
37 S. Wang, M. Yi, Z. Shen, X. Zhang and S. Ma, RSC Adv., 2014,
4, 25374.

38 Z. H. Ni, H. M. Wang, J. Kasim, H. M. Fan, T. Yu, Y. H. Wu,
Y. P. Feng and Z. X. Shen, Nano Lett., 2007, 7, 2758–2763.

39 O. Ochedowski, B. K. Bussmann and M. Schleberger, Sci.
Rep., 2014, 4, 6003.
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