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to Equation (1), to determine the Hamaker constant, the vdW 
interaction energy needs to be determined for a known separa-
tion distance. Several investigations have been made to estab-
lish the strength of vdW interactions between graphene and Si 
by measuring the adhesion energy.[13] However, the effective 
distance between a graphene sheet and a Si surface could not 
be determined precisely in these experiments. The effective 
separation distance of two “touching” surfaces varies from 1 to 
2 Å depending on the surface roughness.[14] At small separation 
distances, the limited accuracy of the distance measurement 
(typical error of 1 nm) leads to a huge error in the calculated 
value of the Hamaker constant according to Equation (1). In 
principle, this problem could be solved by a spacer with a pre-
cisely known thickness of about 1 nm. At such distances, the 
magnitude of the vdW energy is sufficient for accurate meas-
urement, and the retardation effect is unimportant.[15] The ideal 
spacer would be one that “consists of vacuum,” so that it would 
not contribute to the interactions.

Capillary[9] and electrostatic[10] forces complicate determina-
tion of the vdW energy even further.

Figure 1 illustrates the experiment that mimics the application 
of a vacuum spacer in an atomic force microscopy (AFM) force 
measurement, by measuring the adhesion force between an 
AFM tip and both mono- and bilayers of GO on an Si/polymer 
substrate. From the difference between the measured adhesion 
force on GO monolayer and on GO bilayer (Figure 1a,b, respec-
tively), capillary and electrostatic forces, and the vdW interactions 
between tip and underlying substrate cancel. Hence, we obtain 
the interaction force between a levitating GO nanosheet and the 
AFM tip, at a distance d corresponding to the thickness of the 
GO top layer, as if they were separated by a vacuum spacer with a 
thickness equal to that of the intervening GO top layer.

Sample preparation and morphology of the Si/poly-ethylene-
imine (PEI)/GO structures depicted in Figure 1a,b are summa-
rized and illustrated in Figure 2, and described in the sample 
preparation section.

The surface morphology of the Si/PEI/GO sample as drawn 
in Figure 2c.5, was characterized using HybriD Mode AFM, 
by which we obtain simultaneously a height image and an 
adhesive-force image (for details see the Instrumentation and 
methods part in the Experimental Section). Figure 3 shows 
results collected at different locations of the same sample. 
Height images are shown in Figure 3a,d. GO flakes are recog-
nizable by their larger height, by about 5 nm, relative to the sil-
icon. This 5 nm represents the combined thickness of GO and 
underlying PEI. Features in the adhesion-force image coincide 
with features in the height counterpart. However, inspection 

In nanoscience, control of the separation between surfaces, 
with sub-nm accuracy, is often important. For instance, when 
studying van der Waals (vdW) forces[1] or creating nanogaps 
for molecule detection and separation.[2] At nanometer scales, 
1D or 3D spacers, such as nanotubes and nanoparticles, are 
susceptible to deformation.[3] A 2D spacer is expected to yield 
a more accurately defined separation, owing to the high atom 
density and strength in planar direction. Herein, atomically thin 
2D graphene oxide (GO) was used as nanometer-scale spacer 
with sub-nm accuracy, to study vdW interactions. However, 
using such a physical spacer introduces additional interactions, 
obscuring the interactions of interest. We demonstrate how 
these contributions can be eliminated by effectively mimicking 
the use of a “vacuum spacer.” In this way, we obtain the effec-
tive Hamaker constant between GO and silica.

Following the excitement about graphene, GO is drawing 
more and more attention.[4] Using GO as a precursor, many gra-
phene derivatives and heterostructures[1] have been made, and 
used in various areas such as composites,[5] energy storage, and 
conversion,[6] bioscience, mechanical, and electronic devices 
and sensors.[7]

In all these applications, graphene-based materials are used 
in combination with other materials. Hence, the relevance 
of interfacial forces such as vdW,[1,8] capillary,[9] and electro-
static[10] forces. The vdW forces, which are always present, can 
be quantified by the so-called Hamaker constant.[11] The unre-
tarded vdW interaction energy UvdW(d) between two material 
surfaces is[11,12]

π( ) = − /12vdW 12
2U d A d 	 (1)

where d is the separation distance, and A12 is the Hamaker 
constant.

Knowing the Hamaker constant between graphene-based 
materials and other materials (e.g., silicon (Si) with native silica 
layer as used in electronic devices) is important for their appli-
cation, but measuring this constant is challenging. According 
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of the adhesion-force image reveals features not visible in the 
height image. Folding and overlapping of GO, which forms a 
bilayer at some places, causes variations of the adhesion force. 
In adhesion-force images (Figures 2e and 3b) and profiles 
(Figure 3c,f) we recognize two distinct levels at the GO flakes. 

In Figure 3d,e we observe a straight edge, quite different from 
other more irregular edges of the GO flakes, which represents a 
fold of a flake. Adjoining this edge there must be a GO bilayer. 
Indeed, in the adhesion-force image (Figure 3e), and profile 
(Figure 3f), we clearly recognize the bilayer patch adjoining this 
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Figure 1.  Schematic illustration of the experiment. a) Silicon tip in contact with Si/PEI/GO monolayer. b) Si tip in contact with Si/PEI/GO bilayer. The 
measured adhesion forces between the Si tip and the Si/PEI/GO layer in (a) and (b) are due to vdW forces, capillary forces, electrostatic forces and 
specific interactions between chemical moieties such as hydrogen bonds. c) The difference between situation (a) and (b) mimics the AFM tip inter-
acting with a GO monolayer in vacuum at a distance d, equal to the thickness of a GO monolayer. Capillary, electrostatic, and other forces cancel out.

Figure 2.  a) AFM height images of GO deposited on a Si/PEI surface. GO flakes are clearly visible with thickness of about 1 nm,[21] as well as areas 
exhibiting a twofold increase of the height. The latter is interpreted as two GO nanosheets overlapping (indicated by the green circle). b) AFM height 
images of the Si/PEI/GO sample after tape treatment. The inset of 2b shows the sample being pressed on the tape. c) Schematic illustration of the 
sample preparation. Clearly, GO flakes have remained at the sample upon the tape treatment. Their height increased to 4 nm, the heights for monolayer 
and bilayer sections are now the same. Furthermore, the surface roughness increased. There are two possible explanations for the increased height 
of the GO-covered regions: (c.3) the tape/PEI interaction is so strong that (part of) the PEI next to GO flakes was removed by the tape, and the tape/
GO interaction is so much weaker that GO and PEI covered by it were not removed. (c.4) polymer molecules from the tape were left behind, and their 
quantity on GO was larger than that on PEI. After plasma treatment, the sample has flakes of GO with PEI underneath on Si. The area not covered 
by GO is simply bare Si, as illustrated in (c.5). As discussed in detail, this structure is confirmed by AFM height and force images, simultaneously 
obtained by the HybriD Mode method.[29]
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fold. The bilayer is characterized by a larger adhesive energy 
than the monolayer patches. Also in other places (e.g., image 
2.b and profile 2.c) we recognize patches with this higher-level 
adhesive force. After the tape treatment, both the GO mono
layer and bilayer are rough. For the subsequent analysis, we 
selected regions on the monolayer and on the bilayer where 

the height is the same. This procedure is explained in detail 
in Section 3 of the Supporting Information. Figure 3c,f rep-
resents typical single scan profiles along the white lines in 
Figure 3a,b,d,e, respectively.

According to the Derjaguin approximation,[16] the interaction 
force F between a spherical surface of radius R (e.g., the AFM 
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Figure 3.  Surface morphology and adhesion-force images and profiles of Si/PEI/GO samples with a structure as illustrated in Figure 2c.5, obtained 
using HybriD Mode AFM. a) Height image. b) Normalized adhesion-force image of the same area. c) Height and normalized adhesion-force profiles 
along the white line indicated in (a) and (b). S marks bare Si, M marks PEI/monolayer GO on Si wafer, and B marks PEI/bilayer GO on Si wafer. Values 
of normalized adhesion forces averaged over 5 points at a GO monolayer and at a bilayer are FM/R  =  76  ±  3 mN m−1  and FB/R  =  151  ±  4 mN m−1,  
respectively, and the difference between these is 75 ±  5 mN m−1. (d–f) The results of a repeated experiment at a different location of the same 
sample using the same AFM tip are shown. These were obtained on another day, when temperature and humidity were somewhat different. Values 
FM/R  =  63  ±  2 mN m−1 and FB/R  =  136  ±  3 mN m−1 are quite different from the ones mentioned before, but the difference between these is the 
same within experimental accuracy (73 ± 4 mN m−1). The straight edge, indicated by the red circles represents a fold of the GO flake.
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tip) and a flat surface (e.g., the Si/PEI/GO surface) is related 
to the interaction energy per unit area U between two planar 
surfaces via 

π= 2
F

R
U 	 (2)

This relation applies to, e.g., the vdW interactions and 
screened electrostatic interactions when the distance between 
the surfaces is considerably smaller than the radius R. It does 
not apply to interactions associated with capillary bridges. 
According to the Hamaker-de Boer approximation,[11,17] the 
vdW interaction energy per unit area between a planar silica 
surface and a Si/PEI/GO surface at a distance D, with a GO 
thickness hG and a PEI thickness hP, is described by 
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(3)

where ASG, ASP, ASSi are the Hamaker constants of Silica/GO, 
Silica/PEI and Silica/Si, respectively (Section 1, Supporting 
Information).

The capillary force ( ≈F
R

, the surface tension of water)[18] has 

a similar order of magnitude as the measured normalized force. 
However, its exact value is difficult to establish as it depends on 
humidity and the local surface morphology. Furthermore, the 
electrostatic force depends on the physical and chemical prop-
erties of the surface such as the surface charge densities, which 
are not known.

Assuming additivity, the measured normalized force F/R is 

π ( )= + +/ 2 , , / /vdW G P c eF R U D h h F R F R 	 (4)

where Fc and Fe represent the capillary and electrostatic forces, 
respectively.

It is not possible to obtain the Hamaker constant ASG using 
separate values for FM/R or for FB/R as reported in Figure 3, 
because there are four unknown variables (ASG, D, Fc, Fe). In 
order to obtain the Hamaker constant, the capillary and electro-
static forces have to be eliminated from analysis. Making some 
reasonable assumptions, it is possible to obtain the Hamaker 
constant from the difference between FM/R and FB/R. These 
assumptions are the additivity principle (Equation (4)), and 
the assumption that the electrostatic and capillary forces are 
the same for GO monolayers and GO bilayers. This is reason-
able as these contributions are largely determined by the nature  
of the outer surface, which is the same for GO mono and 
bilayers.

The capillary force Fc in AFM force measurement can be 
described as,[19] Fc =  2R(cosθ1 + cosθ2), where γ is surface ten-
sion of water, R is the radius of the AFM tip, θ1 is the contact 
angle of AFM tip(silica), θ2 is the contact angle of sample 
surface. The folded under layer has very limited effect on θ2. 
The effect on the capillary force itself is even smaller.

The plasma treatment of the GO surfaces will probably 
induce some changes. However, this does not influence our 
final result, as the upper layer does not contribute to the final 
results and acts as a protecting layer for the second layer during 
the plasma treatment.

According to these assumptions, the normalized force for 
a levitating GO nanosheet positioned below the AFM tip at a 
distance d corresponding to the thickness of the GO top layer, 
equals 

π
π

( )
( )

( )

− = + + 
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d

	 (5)

Here, the separation distance d is equal to hG. The second 
equality assumes that capillary and electrostatic forces are the 
same for the GO mono- and bilayer, so that these cancel. This 
relation enables us to calculate ASG from the force difference, 
once R, d and ASP are known.

The value for d  =  hG is 0.89 ± 0.06 nm (Section 4, Sup-
porting Information). The radius R of the AFM tip is 10.6 nm 
(Section 6, Supporting Information). To estimate ASP we refer 
to Berthelot principle[16]

( )≈SP SS PP
1/2A A A 	 (6)

For polymers such as, e.g., PEI, the Hamaker constant is 
smaller than 16 kBT, that of water is 10 kBT. Thus, for APP the 
Hamaker constant of the hydrated PEI/PEI layer we use the 
value 13 3 kBT.[16] ASS, the Hamaker constant of Silica/Silica 
equals 16.09 kBT.[20] All Hamaker constants are expressed in 
units of kBT at room temperature (4.0710−21J).

Using the measured value for the force difference of 
75  5 mN m−1 (see Figure 3; Section 3, Supporting Informa-
tion), Equations (5) and (6) yield the value of the Hamaker 
constant of GO/Silica of 124.6 16.6 kBT (Section 7, Supporting 
Information). This result is well reproduced when choosing 
different locations on the sample and when doing the experi-
ment at different temperature and humidity as demonstrated 
in Figure 3d–f.

As a conclusion, on one hand, we found that 2D materials 
can be used as a nanometer-scale spacer, with sub-nm accuracy. 
On the other hand, we demonstrated that mimicking a “vacuum 
spacer” is possible in AFM force measurements. This leads to 
an accurate determination of the Hamaker constant between 
GO and silica, which is crucial to many GO based applications. 
This “vacuum-spacer method,” that was in this paper applied to 
GO, can in principle be applied to other 2D materials as well. 
We believe that this will open new applications of 2D materials 
in nanoscience and nanotechnology.

Experimental Section

Chemicals and Materials: GO, synthesized using Hummer’s method, 
was purchased from Graphene Supermarket. The elemental composition 
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of GO was characterized using X-ray photoelectron spectroscopy 
(Section 5, Supporting Information). A stable dispersion of 0.5 g GO in 
1 L Milli-Q water was prepared using ultrasonication for 1 h, using an 
USC-TH ultrasonic bath from VWR Scientific. The dispersion was then 
centrifugation at 4000 rpm for 1 h, using a Megafuge 2.0R centrifuge 
from Heraeus Instruments with rotor radius of 20 cm. The supernatant 
was decanted and used for the sample preparation. Polyethylenimine 
(PEI, Mw =  25 000 g mol–1) was purchased from Sigma-Aldrich and used 
as received. A 0.1 g L–1 PEI aqueous solution was prepared using milli-Q 
water. A chip of about of 1 cm × 1 cm was cut from a (100) Silicon 
wafer with a native oxide layer of about 2 nm obtained from Sil’Tronix 
Silicon Technologies. The silicon chip was first rinsed with demi-water 
and ethanol followed by sonication using ethanol and acetone for 5 min, 
respectively. Plasma treatments of samples were performed with oxygen 
plasma for 1 min at a pressure of 1600 mTorr using a Harrick plasma 
cleaner (Anadis Instruments). After plasma treatment, the silicon wafer 
was stored in milli-Q water for more than 24 h to equilibrate.

Sample Preparation: The Si surface was coated with a monolayer of 
PEI by dipping the Si chip in an aqueous PEI solution (0.1 g L–1) for 
15 min. The sample was then rinsed in milli-Q water for 5 min to remove 
nonadsorbed PEI. Subsequent coating by GO was done by immersing 
the sample for 15 min in the aqueous GO dispersion prepared as 
described above. To remove excess GO, the sample was dipped in 
milli-Q water for 5 min. Due to carboxyl groups, GO is negatively 
charged and adsorbs at the positively charged PEI layer. All these steps 
in the sample preparation were done while the solution was stirred.

After deposition, a tape treatment was performed. The tape was 
pressed onto the sample using a finger as shown in inset of Figure 2b, 
and then torn off. To remove the polymer (PEI and/or residue of the tape 
treatment), the sample was treated with oxygen plasma for 1 min. This 
completes the sample preparation.

Instrumentation and Methods: A NTEGRA AFM instrument from NT-MDT 
was used in all AFM experiments. High sensitivity measurements 
were performed using the “HybriD Mode” method, developed and 
implemented by NT-MDT. This method combined height imaging and 
tip-sample force tracking simultaneously.[22] With hybrid mode AFM, a 
vertical oscillation of the sample was implemented at frequencies well 
below the resonances of the probe and the piezoelement to improve 
the signal to noise ratio. In the HybriD Mode method, at each point 
the tip performed a cycle of approaching and retracting. The range of 
approaching and retracting was set at 20 nm. In the approaching phase, 
the tip goes from nontouching to the touching regime, and the deflection 
signal of the cantilever records the force that the tip experiences. In 
the retracting phase of the cycle, the tip experiences strong adhesive 
interactions reflected by a jump by which the tip detaches. The latter 
jump is proportional to the magnitude of the adhesive force F. As a 
result, the surface morphology height image as well as the normalized 
adhesion-force image were obtained at the same time.

A NSG 03 silicon tip purchased from NT-MDT, with nominal 
value for the tip radius of 7 nm (guaranteed < 10 nm) and a nominal 
spring constant of 0.4–2.7 N m–1 was used with the hybrid mode 
measurements. Using high-resolution SEM, it was determined that 
the tip radius equals 10.6 nm (Section 6, Supporting Information). The 
actual value of the spring constant was measured using the thermal 
noise method.[23] Scanning the surface morphology, 512 × 512 points 
were recorded in 4 µm × 4 µm area. HA_NC AFM probes from NT-MDT 
with a silicon tip radii of about 10 nm were used for the standard tapping 
mode height scanning. The HybriD Mode images and standard tapping 
mode height images were all scanned with a rate of 0.5 Hz.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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