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ABSTRACT: Colloidal behavior is fundamental for many
applications. Methods for evaluating the stability of chemically
homogeneous nanoparticles have been developed well.
However, little attention has been paid to that of amphiphilic
Janus nanomaterials that have recently emerged. In polar
solvents, the signiﬁcant inﬂuence of hydrophobic interaction
complicated the evaluation of stability because of the lack of
generally accepted theoretical energy potential for the
interaction. To the best of our knowledge, this study is the
ﬁrst to investigate the colloidal stability of graphene-based
amphiphilic Janus nanosheets at diﬀerent salt concentrations
and temperatures by developing a theoretical model with an understanding of the chemical and physical properties of the ﬂuid.
The model predictions were in good agreement with experimental stability evaluations. This study could also serve as a
foundation for understanding the behavior of other amphiphilic Janus nanomaterials, achieving complex structures, and
stabilizing the amphiphilic Janus nanomaterials for applications in unfriendly environments, e.g., at high salinities or
temperatures.

1. INTRODUCTION
The colloidal stability of chemically homogeneous nanoparticles,1−6 including low-dimensional carbon nanotubes7
and graphene oxide (GO),8 has been extensively investigated
for various applications, in many of which colloidal stability is a
vital characteristic. Classical DLVO theory is a well-developed
method for understanding the colloidal behavior of surfacecharged homogeneous nanoparticles in polar solvents. This
theory considers the balance between van der Waals (VDW)
attractive forces and electrostatic repulsive forces.9 When
necessary, nanoparticle stability can be improved by adding
stabilizers to provide steric stabilization,10,11 generate depletion
stabilization,12,13 or enhance the electrostatic repulsion force.14
Amphiphilic Janus nanomaterials are colloids that have both
hydrophilic and hydrophobic faces. They can exist at
immiscible ﬂuid interfaces for relatively long periods of
time.15 When amphiphilic Janus nanomaterials are dispersed
in a polar solvent, hydrophobic force plays a signiﬁcant role in
determining the colloidal properties of these particles.
However, there is no generally accepted theoretical energy
potential for these hydrophobic interactions,16 which complicates stability evaluations. Recently, a graphene-based amphiphilic Janus nanosheet ﬂuid was discovered for oil recovery.
This nanoﬂuid showed record-high performance at very low
© 2017 American Chemical Society

concentrations because of the decrease in interfacial tension
and formation of climbing and interfacial ﬁlms at diﬀerent
hydrodynamic powers.17 Before any material can be used for
practical applications, however, such as implementation in
seawater or an underground environment, it is crucial to
understand the stability properties of the nanoﬂuid. However,
the stability of this material has not been theoretically or
systematically investigated.
Graphene-based amphiphilic Janus nanosheets were synthesized by hydrophobizing one side of GO with alkylamine.
Functionalization restored the graphitic sp2 network, which
altered the surface electronic structure of GO.18 This alteration
could produce physical properties diﬀerent from those of GO.
To calculate interaction energy potentials between these
colloids, the surface conjugation ratio (deﬁned as the ratio of
alkylamine-functionalized sites to the total available functional
sites on the GO surface) and physical properties of the material
must be determined. However, to the best of our knowledge,
no studies have investigated this topic. The aim of this study
was to develop a method for characterizing the colloidal
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constant surface charge density, the electrical double-layer interaction
energy can be calculated as follows.24

behavior of amphiphilic Janus nanomaterials and the factors
that aﬀect it. This work could also provide a foundation for
evaluating the stability of other amphiphilic Janus nanomaterials, controlling self-assembly to create more complex structures,
and stabilizing nanosheets for applications in extreme environments, e.g., at high salinities or temperatures.
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2. MATERIALS AND METHODS

f (d) = ln{[1 + exp( − κd)]/[1 − exp( − κd)]}

2.1. Modeling Methods. To maximize the transport properties of
graphene-based amphiphilic Janus nanosheets in rock pores, the lateral
dimension was optimized to 100−300 nm. Following alkylamine
conjugation, the nanosheet thickness was evaluated using atomic force
microscopy (AFM) (Figure S1). The thickness was approximately 3.7
nm, which is similar to the previously reported value.19 The nanosheet
aspect ratio (the ratio of the lateral length to the thickness) ranged
from 25 to 85, with all values being <100. Therefore, it is reasonable to
use a two-sphere model to characterize interactions between
nanosheets. We here considered VDW attractive potential, electrostatic repulsive potential, and hydrophobic interactive potential when
modeling the interaction potential of the amphiphilic Janus nanosheets. The balance among these interactions deﬁnes the behavior of
the nanosheets in aqueous solution.
The VDW interaction energy between two spheres is shown in eq
1:20
ØVDW = −

κ = [2e 2NAI /(ε0εmkT )]1/2
where ε0 is the vacuum permittivity, εm is the solvent permittivity, ψ0,1
and ψ0,2 are the surface potentials of nanoparticles, κ is the inverse
Debye length, e is the elementary charge, NA is Avogadro’s number, I is
the ionic strength, k is Boltzmann’s constant, and T is the absolute
temperature. We used the ζ potential as the surface potential. We
calculated the temperature-dependent dielectric constant of water (εm)
as 87.73 × 10−0.002(T−273.15).25
The hydrophobic surfaces of amphiphilic Janus nanosheets
inherently attract each other and avoid water to minimize the free
energy of the system. To quantify this interaction, we used an
empirically derived potential in which the hydrophobic energy is
related to interfacial tension and the amount of exposed hydrophobicity.16,26 Because exposed hydrophobicity is closely correlated to
the degree of surface conjugation, the interaction potential could be
modiﬁed as follows:
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Øphobic = − 2Aγfpho/(pho + phi) exp(− d /Do)

(4)

where A is the surface area of the hydrophobic side of the nanoparticle,
γ is the interfacial tension of an alkylamine hydrocarbon molecule in
water (40 mN/m), Do is the hydrophobic decay length (1 nm),27 and
f pho/(pho+phi) is the surface conjugation ratio. The value of the surface
conjugation ratio can be extracted from X-ray photoelectron
spectroscopy (XPS) measurements.
2.2. Experimental Methods. The graphene-based amphiphilic
Janus nanosheets were synthesized as described previously.17 Brieﬂy,
graphite was ﬁrst exfoliated and oxidized. Then, single-surface
functionalization of the oxidized graphene with alkylamine was
performed via a wax microsphere covering method. The nanoﬂuid
was prepared in deionized water followed by sonication. The refractive
index of the amphiphilic Janus nanosheets was measured with
reﬂection spectroscopy using the angle interrogation method, in
which the light reﬂectivity is monitored as a function of the incident
angle. A He−Ne laser (λ = 633 nm) was used as a light source, and
only p-polarized light was used for the reﬂection measurement. The
sample was prepared using drop casting, in which a few drops of
nanoﬂuid were placed on a glass slide and dried on a hot plate. We
used atomic force microscopy (AFM) (Veeco Dimension 3000) to
characterize the morphology of graphene-based amphiphilic Janus
nanosheets. AFM was performed in tapping mode with a resolution of
512 × 512. Silicon AFM probes (HQ:NSC15/AL BS, Mikromasch)
with tip radii of ∼8 nm were used to perform the measurement. The
resonant frequency of the measurements was ∼325 kHz, and the force
constant was ∼40 N m−1. The ζ potential was measured using a
Zetasizer Nano Z. The distance between particles was visualized using
a Malvern Nanosight NS300 instrument. The chemical composition of
amphiphilic Janus nanosheets was recorded using XPS (Physical
Electronics model 5700). A Cary 5000 UV−vis−NIR spectrophotometer was employed to obtain UV−vis spectra.

(1)

f1 (R1, R 2 , d) = d 2 + 2R1d + 2R 2d
f2 (R1, R 2 , d) = d 2 + 2R1d + 2R 2d + 4R1R 2
where H is the Hamaker constant, d is the separation of the
nanoparticle surface, and R1 and R2 are the radii of the nanoparticles.
The challenge of quantifying the VDW potential is determining the
Hamaker constant. Because of the lack of a Hamaker constant of the
nanosheets, the geometrical mixing rule was not applicable. Therefore,
we used an approach based on Lifshitz theory to obtain the Hamaker
constant for media 1 and 2 interacting across medium 3. All media
were assumed to have the same absorption frequencies. Because the
zero-frequency contribution is usually small, the approximate
expression of the Hamaker constant can be reduced, as shown in eq
2.21
H≈

(3)

3hve
8 2
(n12 − n32)(n2 2 − n32)
(n12 + n32)1/2 (n2 2 + n32)1/2 [(n12 + n32)1/2 + (n2 2 + n32)1/2 ]

(2)
where h is Planck’s constant, ve is the primary electronic absorption
frequency in the UV region, and n is the refractive index in the visible
regime. ve is approximated as ve = vI 3/(ni 2 + 2) ,8 where vI is the
absorption frequency of a Bohr atom (3.3 × 1015 s−1) and ni the
refractive index of the nanosheets. The nanoﬂuid is composed of
graphene-based amphiphilic Janus nanosheets dispersed in water. If a
refractive index of 1.3325 is used for water,22 the Hamaker constant
can be estimated by determining the refractive index of graphenebased amphiphilic Janus nanosheets.
The ζ potential of amphiphilic Janus nanosheets in deionized (DI)
water is approximately −22 mV, smaller than that of GO.23 The
reduced ζ potential is probably due to covalent bonding of an oxygencontaining group with alkylamine. For low surface potential at a

3. RESULTS AND DISCUSSION
Six reﬂectivity measurements of the glass substrate were ﬁrst
collected in two diﬀerent spots, as shown in Figure 1a. All of
the graphs overlap each other, demonstrating that the
measurement is repeatable. As depicted in Figure 1b, one of
the six data sets was selected for simulation to ﬁnd the
Brewster’s angle of the glass substrate, which was conﬁrmed as
3455
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Figure 1. Refractive index measurements of the glass substrate. (a) Six
measurements of the reﬂectivity of the glass substrate in two diﬀerent
spots. (b) Simulation result for calculating the refractive index of the
glass substrate.

56.84°. The result is consistent with the refractive index of glass
(1.53). Then, the refractive index of the amphiphilic Janus
nanosheets was determined, and the experimental data were
ﬁtted using Fresnel’s equation for a three-layer structure
(Figure 2). The ﬁrst layer was air; the second, nanosheets; and
the third, the glass substrate. Reﬂectivity R for p-polarized light
is given as follows.28
P 2
| =
R = |r123

P
r12P + r23
exp(2iβ)
P
1 + r12P r23
exp(2iβ)

Figure 2. Refractive index measurements of graphene-based
amphiphilic Janus nanosheets. Blue circles are experimental data,
and solid red lines are simulated data. Insets show an optical image of
the sample on glass substrates and the laser spot.

2

(5)

where
β=

2π
n2 cos θ2d
λ

and
rijP =

nj cos θi − ni cos θj
nj cos θi + ni cos θj

where i and j equal 1, 2, or 3. The real part of the refractive
index of the amphiphilic Janus nanosheets on the glass
substrate was 1.58. Compared with the refractive indices of
graphene and its related materials reported in the literature,29−34 as shown in Table S1, the value falls into the
reasonable range, and the diﬀerence was produced by the
increased thickness of the nanosheet and single-side-functionalized oxidized graphene altering the conductivity, which
aﬀected the dielectric property and, thus, modiﬁed the
refractive index.
On the basis of the use of a Shirley background, Gaussian
convolution of the nanosheet C 1s XPS results yielded ﬁve
ﬁtted peaks (Figure 3) that were assigned as -C-C- (284.8 eV),
-C-N- (285.4 eV), -C-OH (286.6 eV), -C-O-C- (287.1 eV), and
-O-CO (288.8 eV). Compared with GO, the additional -CN- peak was introduced because of alkylamine conjugation,
which corresponds to hydrophobic sites as the hydrocarbon
chains.35,36 In addition, the N peak around 400 eV was also

Figure 3. XPS measurement of graphene-based amphiphilic Janus
nanosheets. The inset table shows the integrated areas of each ﬁtted
curve.

detected in XPS spectra, which further demonstrated the
successful conjugation of alkylamine as depicted in Figure S2.
Therefore, the surface conjugation ratio was quantiﬁed using
the ratio of the -C-N- peak integrated area (2164.54) to the
total integrated area of surface functional groups (4500.91).
The surface conjugation ratio of the graphene-based
amphiphilic Janus nanosheets was approximately 0.48.
The coordinates of amphiphilic Janus nanosheets were
captured and visualized using a Nanosight NS300 at a
nanosheet concentration of 0.005 wt %. This is the
concentration used for oil recovery in our previous reports.17
3456

DOI: 10.1021/acs.chemmater.6b05148
Chem. Mater. 2017, 29, 3454−3460

Article

Chemistry of Materials

Figure 4. Interparticle distance. (a) The nanosheets were imaged using a Nanosight NS300 instrument. (b) Shortest interparticle distances of every
reference nanosheet in ﬁve areas. (c) Minimal interparticle distances in ﬁve areas (1 pixel ≈ 160 nm).

The interparticle distance was calculated using light scattering
(Figure 4a). One nanosheet was designated as the reference
point. The interparticle distance between the reference and all
other nanosheets in the same frame was calculated. Then, a
diﬀerent nanosheet was selected as a reference, and the
calculation was repeated for every visible nanosheet. The
shortest distance observed for each reference nanosheet and the
minimal interparticle distance in ﬁve diﬀerent areas are shown
in panels b and c of Figure 4, respectively. The distance unit
used was a pixel, and one pixel represents approximately 160
nm here. The averaged hydrodynamic diameter of the
nanosheets was reported previously to be 120 nm.17 After
subtraction of the size of the nanosheet, the interparticle
distance was at the micrometer level.
Once the refractive index and surface conjugation ratio were
determined, we quantiﬁed the total interaction potential.
Negative interaction potentials predict an unstable ﬂuid system.
For amphiphilic Janus nanomaterials, hydrophobic interactions
cause a loss of stability in a polar solvent. Therefore, we ﬁrst
investigated the inﬂuence of hydrophobic interactions. When
hydrophobic force is not included in the calculation, the
nanoﬂuid is theoretically stable at 0.01 mol of NaCl/L (Figure
5a). However, stability is lost once hydrophobic force is added
to the calculation (Figure 5b). Experiments showed that
amphiphilic Janus nanosheets aggregate and precipitate in 0.01
mol of NaCl/L because of ion screening eﬀects (Figure 5d).
Therefore, classical DLVO theory, which includes only VDW
and electrostatic interaction, failed to evaluate the stability of
amphiphilic Janus nanosheets. In practice, atmospheric carbon
dioxide dissolves in DI water, leading to an ionic strength
equivalent to 10−6 mol of NaCl/L at equilibrium.37 In theory,
the ratio of interaction potential to thermal energy at that ionic
strength would be >30 at an interparticle distance of 1000 nm
(Figure 5b), i.e., the experimentally determined distance of the
nanosheets mentioned above. On the basis of this ratio,
graphene-based amphiphilic Janus nanosheets should stably
disperse in DI water. This theory was consistent with our
experimental observations (Figure 5d). In addition, the
hydrophobic force increased the minimal requirement for
stable interparticle distances, which is highlighted by the

Figure 5. Stability evaluation. (a) Interaction potential at varying
interparticle distances for diﬀerent salt concentrations without
accounting for hydrophobic force. (b) Interaction potential at varying
interparticle distances for diﬀerent salt concentrations when
accounting for hydrophobic force. (c) Interaction potential at varying
interparticle distances for diﬀerent temperatures. (d) Stability testing
of the nanoﬂuid at diﬀerent temperatures (left red dashed box) and
salt concentrations (right red dashed box) for several hours.

shifting zero-potential points for these curves at very low salt
concentrations, i.e., 5 × 10−6, 1 × 10−5, and 1 × 10−4 mol/L.
Furthermore, when the temperature was increased from 25 to
75 °C, the interaction potential curve did not change
appreciably and the nanoﬂuid maintained its stability (Figure
5c). When the nanoﬂuid was tested experimentally, there was
no observable aggregation in the nanoﬂuid after several hours at
75 °C (Figure 5d).
A UV−vis spectrophotometer was further used to characterize the colloidal stability as the decrease in intensity may reﬂect
a change in particle concentration, which may be caused by
agglomeration. After the samples had settled for 5 h, the spectra
of amphiphilic Janus nanosheet dispersions with the same
concentrations in DI water as well as in three other NaCl
solutions (10−5, 10−4, and 10−2 M) were recorded as shown in
3457
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Figure 6. (a) UV−vis spectra of graphene-based amphiphilic Janus nanosheets in diﬀerent solutions after a certain period of settling. (b) Visual
stability evaluation after nanosheets had settled for 5 h and 7 days.

Figure 6a. Amphiphilic nanosheets in 10−4 and 10−5 M NaCl
solutions after settling for 5 h and in DI water after settling for
0 and 5 h all displayed quite similar spectra with little
diﬀerence. On the other hand, the spectrum of amphiphilic
nanosheets in a 10−2 M NaCl solution gave a signiﬁcantly lower
intensity. After settling overnight, the nanosheets dispersed in a
10−2 M NaCl solution completely precipitated. However,
amphiphilic nanosheets in water and NaCl solutions at
concentrations of 10−5 and 10−4 M displayed negligible
precipitation even after settling for 7 days.
At certain interparticle distances, the hydrophobic attraction
would become the dominant interaction compared with
electrical double-layer repulsive interaction as calculated and
shown in Figure S3. The domination distance is ∼80 nm. For a
Debye length at the same level of that distance (approximately
95 nm for a solution with a 10−5 M NaCl concentration and
134 nm in DI water), the interaction potential of an electrical
double layer for nonspherical particles beyond the hydrophobic
domination distance can be expressed as the potential of its
eﬀective spherical particles times the anisotropic function.38,39
The anisotropic function depends on the value of inverse
Debye length κ, multiplied by half the length of the lateral size
of the nanosheets (lhalf) and also on the angle between them. As
mentioned above, the aspect ratio of the nanosheets with a 3.7
nm thickness is between 25 and 85 (<100). Therefore, the
range of κlhalf is from 0.34 to 1.7 (<2), which shows the
anisotropic eﬀect is not signiﬁcant under the constant surface
charge density assumption.39 In addition, the particle distance
for DI water was measured at the micrometer level, and the
interaction itself was weak. Therefore, using a two-sphere
model here with an aspect ratio of <100 is reasonable, and the
modeling results match well with those of the experimental
testing.
As mentioned above, 0.01 mol/L (0.05844 wt %) NaCl
destabilizes the nanoﬂuid. To disperse amphiphilic Janus
nanosheets on the surface with seawater or in high-saline
water for oil recovery in the future, we will need to ﬁnd
appropriate stabilizers that permit this dispersion while
maintaining the unique interfacial behavior of the nanosheets
when reaching underground.

4. CONCLUSIONS
In summary, we devised a method of theoretically investigating
the colloidal stability of graphene-based amphiphilic Janus
nanosheets and the factors aﬀecting it.
The Hamaker constant of graphene-based amphiphilic Janus
nanosheets has been determined by obtaining the refractive
index of the nanosheets with the help of reﬂection measurement, which was the key to quantifying the van der Waals
interaction potential.
A modiﬁed expression for calculating the hydrophobic
interaction was proposed by using the parameter of the surface
conjugation ratio of the nanosheets, which can be extracted
from XPS data.
The inﬂuence of hydrophobic interaction on stability
evaluation was also investigated and veriﬁed by experiments,
which demonstrated that classical DLVO theory failed to study
the colloidal behavior for amphiphilic Janus nanomaterials.
The factors, including ionic strength and temperature,
aﬀecting the ﬂuid stability have been discussed. The results
were in good agreement with results of both UV−vis and visual
stability testing under such conditions, validating the method
presented here for colloidal stability evaluation of the
amphiphilic Janus nanosheets.
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