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ABSTRACT: Graphene oxide (GO) paper is an attractive
material because of high stiffness and strength, light weight, and
multiple functionalities. While these properties are now widely
exploited in nanoinclusions or flat sheets, three-dimensional (3D)
structures from GO paper are not widely studied because of a lack
of suitable processing methods. In this study, we report a layered
assembly method to make stiff and strong 3D GO structures with
the aid of a sodium tetraborate (borax) solution. By comparing
mechanical properties of assembled GO paper using water or borax
solution, we found that the borax-assembled layers had the highest
stiffness. To demonstrate the versatility of our assembly protocol,
we then fabricated a variety of 3D structures including I-beams, cylindrical tubes, and bridge-like structures from GO paper. These
GO structures were stiff and light weight, and the stiffness to mass ratio was around 2−4 times higher than other polymer samples
including cellulose, fluorinated ethylene propylene, and poly(vinyl alcohol). The versatile processing method to make stiff and strong
GO structures will enable new engineering applications where nonplanar GO structures are required.

1. INTRODUCTION
Graphene oxide (GO) has a partial sp2-bonded carbon
structure with oxygen-containing functional groups such as
hydroxyl, carboxyl, carbonyl, and epoxy groups.1,2 The
presence of these hydrophilic groups on the hydrophobic
surface of graphene gives GO an amphiphilic character.3 GO
can form stable aqueous suspension that can be assembled as
paper-like materials by simple solution processing methods,4

including directed-flow vacuum filtration,5−8 spin casting,9

spray coating,10 Langmuir−Blodgett assembly,11 and self-
assembly at the liquid/air interface.12 These fabrication
techniques are now well developed and finely tuned, which
enables a wide range of applications for GO: bacterial
inactivation and removal,13 wastewater treatment,14,15 elec-
tro-acoustic transduction,16 energy devices,17−20 and flexible
electronics.21,22 These applications are however restricted to
flat GO samples, and processing methods to make 3D
structures would greatly extend the variety of potential
applications.

Thus far, three-dimensional (3D) GO or reduced GO
structures have been mainly prepared by chemical reduction
with freeze-drying,23 hydrothermal treatment,24 plastic mold-
ing,25,26 and 3D printing by direct ink writing.27−31 Most of
these methods introduce a porous microstructure or cannot
work for pure GO, which decrease the stiffness and strength in
the 3D sample. However, structures with high stiffness and
strength are important in engineering applications since
structures with high stiffness can resist elastic deformation
and thus keep their shape and avoid unnecessary deformation

or distortion under working conditions, and structures with
high strength do not easily break. Therefore, developing
methods to create non-porous, high strength, and stiffness 3D
GO samples is crucial for structural applications.

The 3D GO structures are expected to achieve higher
mechanical properties: for example, the stiffness of an I-beam is
higher than that of a flat material because of the higher second
moment of area of the I-beam. However, current widely used
protocols to fabricate GO paper such as vacuum filtration and
drop-casting cannot be simply used for fabricating 3D
structures. Additional protocols are required to fabricate 3D
structures from flat GO paper.

A method proposed in the literature to build 3D GO
structures takes advantage of the capability of GO flakes to
restack in wet conditions: Luo et al.32 have recently
demonstrated this approach by constructing 3D structures
such as coils, weaves, and butterfly-shaped loops by pasting
vacuum-filtered GO paper together using water. However, no
mechanical tests were performed on these 3D structures; also,
other water-based cross-linking solutions could be used to
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assemble these 3D structures, which could further improve
their mechanical properties.

Many cross-linkers are reported to improve mechanical
properties of the GO paper, including Mg2+,33 Ca2+,33 Cu2+,34

poly(vinyl alcohol),35 polyallylamine,36 polyetherimide,37

10,12-pentacosadiyn-1-ol,38 borate ions,39 dopamine,40 gellan
gum,41 and glutaraldehyde.42 These cross-linkers can interact
with GO to form hydrogen or covalent bonds to produce
stiffer and stronger materials, but there are no reports to date
about the assembly of GO structures using a water-based cross-
linking solution to improve mechanical properties.

In this study, we investigated if using a cross-linker can
increase the strength and stiffness of these cut-and-paste 3D
structures. We select borax (sodium tetraborate) because borax
cross-linked GO paper has Young’s modulus of 127 GPa,39

which is, to the best of our knowledge, the highest reported
value for GO paper. Borax dissolves in water forming boric
acid, B(OH)3, and borate ions, B(OH)4

−.44 The borate ions
can react with the oxygen functional groups on GO for cross-
linking.39 We previously showed that borax cross-linked
vacuum-filtered GO paper produced by mixing GO suspension
and borax solution before filtration had greater stiffness and
strength than pure GO paper.43 In this study, we compare if
this method of applying borax produces similarly better results
when building 3D GO layered structures. Using GO paper and
a borax solution, we made 3D GO structures including I-
beams, cylindrical tubes, and bridge-like structures. These GO
structures are stiff, strong, and light weight and outperform
similar structures made with polymeric samples including
cellulose, fluorinated ethylene propylene, and poly(vinyl
alcohol). This study will promote the application of GO
paper where stiff, strong, and lightweight 3D mechanical
structures are required.

2. EXPERIMENTAL SECTION
2.1. Materials. In this study, we used a GO paste (Abalonyx

Innovative Materials) that was identical to our previous reports:43,45

the lateral size of GO flakes was 1−25 μm (median value of 5 μm);
the atomic compositions were 64.3 ± 0.5% carbon and 35.0 ± 0.3%
oxygen, as measured by X-ray photoelectron spectroscopy (XPS); the
relative amounts of C−C, C−O, and C�O bonds and aromatic C
bonds (π−π* shake up band) were 54 ± 3%, 35 ± 2%, 10.3 ± 0.3%,
and 0.4 ± 0.3%, respectively, as calculated from C1s high-resolution
XPS spectra. A borax solution (0.1 mol/L) was prepared by dissolving
borax powder (Na2B4O7·10H2O, Sigma-Aldrich) in water and stirring
at 70 °C for 30 min. Poly(vinyl alcohol) (PVA, thickness 80 μm)
membranes were prepared by drop casting a PVA solution (Sigma-
Aldrich, Mw 89,000−98,000). Cellulose paper (CP, thickness of 80
μm) was acquired from Pacesetter, and fluorinated ethylene
propylene (FEP, thickness of 125 μm) membranes were acquired
from McMaster-Carr.
2.2. Vacuum Filtration. A GO suspension (10 mg/mL) was

prepared by dissolving the GO paste in water, stirring for 30 min to
exfoliate and disperse individual GO nanosheets. A controlled volume
of this GO suspension was poured on the surface of a hydrophilic
PVDF filter membrane (Sigma-Aldrich, GVWP09050, 90 mm
diameter and 0.22 μm pore size) that was mounted on a filtration
flask. The flask was connected to a vacuum pump to produce a −635
mm Hg pressure differential that forced the GO suspension through
the filter. The 10, 20, 30, 80, and 200 μm-thick GO paper used in this
study was prepared by using 14, 20, 26, 54, and 118 mL of GO
suspension for filtration, respectively. Once the entire solution was
filtered (24 h for the samples thinner than 80 μm and 48 h for the 200
μm sample), the GO paper was peeled from the filter membrane and
collected for further testing and/or assembling.

2.3. Layered Assembly of Pure GO Paper. For the layered
assembly of GO paper (Figure 1a), a rectangular sample (20 mm × 2

mm) was placed on a Teflon plate, and then, one side of another
sample was immersed in either water or borax solution (0.1 mol/L)
and attached to the previous one immediately. To study the influence
of layer thickness and number of layers, three types of multi-layered
samples were constructed for mechanical tests: six 10 μm-thick
samples, three 20 μm-thick samples, and two 30 μm-thick samples.
The GO paper was lifted by tweezers, and one side of the GO paper
was brought into contact with the surface of water or borax solution
(0.1 mol/L) for around 2 s. The 10 μm-thick GO paper became soft
and was not able to be lifted by tweezers if the sample was contacted
with water for longer than 2 s or if the sample was fully dipped into
the solution. Finally, the assembled sample was dried in air for 12 h
before other tests. The concentration of the borax solution (0.1 mol/
L) and the time of contact between the GO paper and the solution
(around 2 s) were kept constant to ensure a similar cross-linker
concentration in all samples.
2.4. Layered Assembly of Borax Cross-Linked GO Paper. A

series of materials were fabricated using borax as a cross-linker during
the preparation GO paper. Before filtration, a 14 mL GO suspension
was mixed with 1.5, 3.5, and 6.0 mL of borax solution; the
concentrations of borax solution were thus diluted from 0.1 to 0.01,
0.02, and 0.03 mol/L, respectively, to achieve different degrees of
cross-linking. The borax-containing GO suspension was filtered as
described in Section 2.2 that produces the cross-linked GO paper. Six
samples were assembled using either water or borax solution (0.1
mol/L) using the same procedure described in Section 2.3.
2.5. Layered Assembly of 3D Mechanical Structures.

Different mechanical structures were assembled using the layered
assembly method. I-beams (Figure 4a) were fabricated using GO
paper (20 mm × 4 mm) with thicknesses of 30, 80, and 200 μm. The
fabrication started by dipping one GO paper in the borax solution and

Figure 1. Layered assembly of GO paper. (a) Schematic fabrication
process: first, a GO paper was placed on a Teflon plate; then, one
surface of another GO paper was dipped in either water or borax
solution and immediately placed on top of the first GO paper. The
process was repeated several times to fabricate assembled samples
with different numbers of the GO layer. Finally, the assembled sample
was dried in air while pressing between Teflon plates. (b) SEM image
of an assembled sample made of three 20 μm GO paper using borax
solution. The dashed regions highlight the regions at the interface
between different layers. A digital photograph of the assembled
sample is shown in the inset. (c) XRD pattern. (d) XPS survey
spectrum and elemental quantification table of the layered GO paper.
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placing it on a Teflon plate, providing a template for the flange. Then,
another sample was immediately attached vertically to the horizontal
piece and dried in air for 12 h to produce the web of the I-beam
section. Upon drying, another GO paper was dipped to attach it to the
other side of the web to produce the second flange. A holding
structure (two pieces of sponge) was used to support the I-beam to
ensure orthogonal joints, and the whole I-beam was finally dried for
another 12 h. The density of the GO I-beam was calculated from the
ratio of sample mass to volume. The mass of the sample was measured
by a high-resolution balance scale (Mettler Toledo). The thickness of
GO paper was measured by a micrometer before being assembled as
an I-beam, and the volume was calculated from the product of sample
length, width, and thickness. Cylindrical tubes (Figure 5a) were
fabricated using 30 mm × 2 mm, 30 mm × 4 mm, and 30 mm × 6
mm GO paper (thickness 20 μm). The sample was manually rolled
into a cylinder and was supported with a sleeve from the outside. The
borax solution was poured over the overlap region of the roll to fuse
the sheets, and the sample was peeled from the sleeve after 12 h of
drying. Miniature bridge-like structures were fabricated by multiple
GO layers with bridge profiles using the layered assembly method
with the borax solution, effectively realizing a lamination assembly
process. The filtered GO paper (thickness of 80 μm) was cut into
three different bridge-like profile shapes, and then, 15 layers were
assembled using the borax solution to produce 3D structures (the
same procedure in Section 2.3). The assembled structures were finally
dried in air for 12 h. All the rectangular GO paper and bridge-like
samples were cut by a laser (Model Vitrolux, Vitro Laser Solutions
UG, with a power of 354.8 mW and a wavelength of 355 nm) from a
large filtered GO paper. To compare mechanical properties of these
GO structures with other materials, we selected three widely used
engineering polymer membranes (i.e., CP, FEP, and PVA) to make
3D structures and perform mechanical tests. These polymer I-beams
and cylindrical tubes were fabricated by attaching the materials with
double-sided tapes (Scotch 3M).
2.6. Characterization. The cross-sectional morphology and

composition were characterized using a scanning electron microscope
(Hitachi S4800 field emission SEM, with an accelerating voltage of 5
kV) and an energy-dispersive X-ray spectra system (Octane super 60
mm2 EDS system, with an accelerating voltage of 10 kV). The
observed cross section of the GO paper was created by breaking the
sample after immersion in liquid nitrogen. The junction regions of
GO paper, I-beams, and cylindrical tubes were also characterized by
the SEM. The surface of the assembled GO paper was imaged using
an optical microscope (BX-51M, Olympus). X-ray diffraction (XRD)
analysis was performed using a Bruker D8 XRD system. The spectra
were recorded from 3 to 40° (2θ) using a Cu Kα radiation source.
XPS spectra were collected using a Thermo Scientific monochromatic
Al Kα photoelectron spectrometer.
2.7. Mechanical Tests. The samples for mechanical tests were cut

from the filtered GO paper with a precision laser cutting tool to
ensure high control over the sample geometry and to minimize
sample damage. All the mechanical tests were performed on a
miniature loading stage (Ernest F. Fullam, Inc.). The assembled GO
paper was tested by three-point bending to measure the stiffness and
the maximum force with a 20 g load cell and a 0.02 mm/s rate to load
the sample until complete failure. Some samples were highly
deformable and did not break during the test; for these samples,
the test was considered complete when the sample reached the largest
measurable displacement allowed by the testing fixture. The load cell
for testing I-beams and cylindrical tubes was 10 lbs, and the loading
rate was 0.02 mm/s. The I-beams were also tested by three-point
bending until complete failure of the sample. The cylindrical tubes
were tested by compression because the compression test is widely
used for tube structures and can assess the resistance to buckling. The
compression test was performed in the axial direction between two
stiff ceramic plates until complete failure of the sample.

3. RESULTS AND DISCUSSION
3.1. Layered Assembly of GO Paper. We used vacuum-

filtered GO paper for the whole study. The prepared GO paper
had a stacked and lamellar microstructure observed by SEM
(Supporting Information, Figure S1a). The EDS spectrum
(Supporting Information, Figure S1b) detected carbon,
oxygen, and sulfur elements, with atomic percentages of 61.3
± 1.2%, 38.1 ± 1.4%, and 0.22 ± 0.04%, respectively. Figure 1b
shows the SEM image of a multilayer sample made with three
pieces of 20 μm-thick GO paper assembled by the borax
solution. The connected regions (highlighted by the dashed
boxes) show no delamination between different layers, so this
process effectively assembled different layers, with compact
microstructures. The optical image in the inset shows that the
three layers were assembled together as one sample and not
detached when they were lifted by tweezers. Figure 1c and
Figure 1d show the XRD pattern and XPS survey spectrum of
the GO paper, respectively. The XRD spectrum shows a sharp
diffraction peak at 2θ = 11.2°, indicating an ordered structure
for the material with an approximate interlayer spacing of 0.79
± 0.01 nm. In addition, XPS confirmed the presence of boron.

Figure 2 shows the mechanical properties for both
assembled and unassembled layers (i.e., several layers simply

stacked together but not dipped by any solution). Figure 2a
shows the force-displacement response of the unassembled
samples: the maximum force was below 10 μN, a low force
which we explained by the sliding and limited interactions
between different layers. The 10 μm × 6 sample had the lowest
force because there were more gaps within the sample. Figure
2b shows the force-displacement curve of the water-assembled
samples. The assembled samples had higher stiffness and
maximum force: for example, the stiffness of the 10 μm × 6
assembled layers increased by 15.2 times, and the maximum
force increased by 7.2 times, compared with the unassembled
layers. Figure 2c shows the force-displacement curve of the
borax-assembled samples, and Figure 2d summarizes the
flexural stiffness and maximum force of all samples. Compared
with the unassembled GO paper, the layered sample had

Figure 2. Three-point bending test of layered GO paper (six 10 μm-
thick samples, three 20 μm-thick samples, and two 30 μm-thick
samples) prepared by different methods: (a) unassembled layers; (b)
assembled by water; (c) assembled by borax solution; (d) comparison
of mechanical properties. UN: unassembled; WA: assembled by
water; BO: assembled by borax solution.
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higher mechanical performance after drying because of the
improved interlayer bonding caused by water or borax
solution. The borax-assembled samples had higher mechanical
properties than the samples assembled using water because
borate ions can react with hydroxyl groups on GO to achieve
cross-linking.39 The 10 μm × 6 sample had the highest
stiffness, most likely because more borate ions were able to
diffuse in between the GO paper for cross-linking. The stiffness
of the 10 μm × 6 sample assembled by the borax solution is 6.1
times that of the water-assembled sample. Based on the
maximum flexural force (results shown in Figure 2d), we also
calculated the flexural strength of the layered sample using this
formula

FL
bh

3
2f

s
2=

(1)

where F is the force, Ls is the span of the fixture, b is the width,
and h is the thickness of the sample. Based on this calculation,
the flexural strength of the 10 μm × 6 sample layered with
water was 32 ± 4 MPa, while the strength of the same sample
layered with the borax solution was increased to 105 ± 14
MPa. The flexural strength of vacuum-filtered GO paper
ranged between 30 and 45 MPa in our previous study.43 This
comparison shows that, while the flexural strength of the
sample layered using water was close to that of the vacuum-
filtered sample, using borax significantly improved the strength
of the layered sample. Our results show that the water
molecules and the borax cross-linker played key roles in this
improved method: the water molecules provided a humid
environment to fuse GO paper together, while the borax
significantly improved the mechanical properties of the layered
structures.

For the assembled layers using borax cross-linked GO paper,
we found that the assembly became more difficult with an
increasing amount of borax used for cross-linking: for the 0.03
mol/L borax cross-linked GO paper, the assembled samples
(both dipped with water and borax solution) became
delaminated immediately upon drying. The three-point
bending test (Supporting Information, Figure S2) shows
when using the borax cross-linked GO paper, the stiffness
and maximum force were all lower than the pure GO paper
assembled after dipping with borax solution (see the results in
Figure 2d and Supporting Information, Figure S2c). Optical
micrographs of the sample surface (Figure 3a−c) have many
crystals on the borax cross-linked GO paper (0.03 mol/L)
assembled after wetting with borax solution (Figure 3c). XPS
spectra collected in the regions with crystals (Figure 3d)
showed an evident increase in the amount of boron and
sodium compared to that observed on samples that did not
have such crystals (Figure 1d). The crystals also have the same
rod-like shape as previously reported borax crystals,46,47 and
since no other chemicals were used for the fabrication, it is
likely that borax crystals were precipitated on the surface of
GO paper. We did not observe these crystals in sample cross
sections (Supporting Information, Figure S3), possibly because
after dipping the GO paper in the borax solution, most
solution was on the sample surface. Crystals were more likely
to nucleate and grow from the sample surface where the
concentration of borate ions was higher due to drying, so the
borax crystals were found only on the sample surface. We did
not wash the sample further because the layered sample was
already delaminated, and we wanted to keep the overall steps
identical for comparison. These results indicated that the GO

paper was already saturated with borax, and no more borate
ions were able diffuse into the samples. The mechanical
properties of the layered cross-linked GO paper with a lower
borax concentration (0.01 and 0.02 mol/L) were lower than
those achieved using the pure GO paper (Supporting
Information, Figure S2). Fewer interlayer interactions were
likely responsible for the lower mechanical properties of the
layered borax cross-linked GO paper: since borax cross-linking
occurred during filtration, most of the hydroxyl groups already
reacted with borate ions and were not available for either
reaction with borax or hydrogen bonding during the following
layered assembly process.

In summary, of all the methods we tested, assembling the
uncross-linked GO paper after dipping them with borax
solution resulted in materials with the highest stiffness. For
example, the stiffness of the 10 μm × 6 sample assembled by
the borax solution is 6.1 times that of the water-assembled
sample. We therefore used this protocol to construct the 3D
structures described in the next section.
3.2. Layered Assembly of 3D GO Structures. I-beams

are widely used in structural engineering to maximize the
second moment of area (∫ y2dA, where A is the cross-sectional
area and y is the distance from the neutral axis) so that flexural
stiffness is maximized while weight is minimized. Figure 4b
shows the fabricated GO I-beam by the layered assembly
method, and it had nearly parallel samples (flanges) at the two
sides of the central sample (web). SEM imaging of the junction
of different GO paper (Figure 4c,d) shows that individual
samples were completely attached, with a compact micro-
structure. Figure 4e shows the flexural force-displacement
curves of the GO I-beams. The bending stiffness of the I-beam
increased with the larger sample thickness, which is as expected
due to the higher second moment of area for the thicker
sample. Moreover, the thicker sample had a larger contact area
between different GO paper, so more borate ions could diffuse
into the thicker samples for cross-linking and contributed to

Figure 3. Surface characterization of the layered GO paper: (a)
optical micrograph of pure GO paper assembled by borax solution;
(b) optical micrograph of borax cross-linked GO paper (0.03 mol/L)
assembled by water; (c) optical micrograph of borax cross-linked GO
paper (0.03 mol/L) assembled by borax solution; (d) XPS survey
spectrum of the sample in panel (c) and elemental quantification
table.
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the higher stiffness. The density of the 80 μm-thick GO I-beam
is 1.70 ± 0.05 g cm−3. The value is significantly higher than
freeze-dried GO aerogels, whose density has been reported to
range between 0.014 and 0.081 g cm−3.48 The I-beam showed
different failure modes: for the 30 and 80 μm samples, the web
gradually collapsed and the load dropped slowly after reaching
a peak value (Supporting Information, Figure S4a,b); for the
200 μm sample, the web remained vertical throughout the test
and the failure came from the sudden breaking of the sample,
with a drop of the load (Supporting Information, Figure S4c).
This is mainly because a thicker web of the I-beam can prevent

distortion of the structure and thus remained vertical during
the loading process and suddenly broke when the material
reached its ultimate strength. This can be visualized from the
photographs of the GO I-beams after the flexural tests
(Supporting Information, Figure S5): neither the flanges nor
the web of thin samples (80 or 30 μm) were damaged because
the failure of the structure came from the detachment of
different components; however, a large crack formed in the
web piece of thick samples (200 μm), causing the failure of the
structure. From the cross-sectional SEM image (Supporting
Information, Figure S6), the fractured surface of the 200 μm

Figure 4. Fabrication and three-point bending test of I-beams. (a) Schematic fabrication process of the GO I-beam assembled by borax solution
(the numbers indicate the three layers used for making the I-beam): first, the flange 1 was dipped in the borax solution and placed on a Teflon
plate; then, the web 2 was vertically placed on top of the flange 1 and dried for 12 h; finally, flange 3 was dipped in the borax solution and placed
onto the top side of the web 2. The whole structure was dried for another 12 h with the help of a holding structure. (b) Photograph of a GO I-
beam. (c, d) SEM images of the GO I-beam at the junction with different magnifications. (e) Flexural force-displacement curve of the GO I-beam
with different thicknesses (30, 80, and 200 μm). (f) Flexural force-displacement curve of I-beams pasted by CP, FEP, and PVA. (g) Comparison of
stiffness to mass and ultimate force to mass ratios.

Figure 5. Fabrication and compression test of cylindrical tubes. (a) Schematic fabrication process of the GO cylindrical tube assembled by borax
solution: first, the GO paper was manually rolled into a cylinder and supported with a sleeve from outside; then, the borax solution was poured over
the overlap region; finally, the sample was peeled from the sleeve after 12 h of drying. (b) Photographs of GO cylindrical tubes with different
heights. (c) SEM image of the GO cylindrical tube (4 mm height) at the overlap region. (d) Compressive force-displacement curve of cylindrical
tubes made by GO, CP, FEP, and PVA. The schematic loading figure is shown in the inset. (e) Comparison of stiffness to mass and ultimate force
to mass ratios.
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sample had a layered structure similar to that of the sample
that was broken in liquid nitrogen after fracture (Supporting
Information, Figure S1a). Figure 4f shows the flexural force-
displacement curves of I-beams made by other polymer
membranes (including CP, FEP, and PVA) for comparison.
The flexural modulus of CP, FEP, and PVA were 2.1 ± 0.2,
0.59 ± 0.05, and 1.86 ± 0.05 GPa, respectively, from the three-
point bending test (Supporting Information, Figure S7). We
calculated the stiffness, ultimate force (Supporting Informa-
tion, Figure S8), and the ratio of stiffness or ultimate force to
mass to compare the different sample properties (Figure 4g,
the mass of the polymeric samples was considered after
subtracting the tape mass). As stiff and lightweight structures
are desirable for many mechanical applications, we compared
the overall performance of these structures by normalizing the
stiffness (or ultimate force) to the sample mass. The GO I-
beams had higher ratios than all other materials, which
highlights that they are light weight while maintaining good
mechanical properties. We were not able to use water or borax
solution to attach samples made of these polymers as they were
easily detached upon drying. For this reason, we used double-
sided tape to make 3D structures out of these polymers. The
double-sided tape created a very strong junction for these
samples, as shown by the fact that, during mechanical tests,
when the polymeric strips failed, the junction region was still
connected (Supporting Information, Figure S9a,b). Failure of
the polymeric I-beams occurred due to the sudden twisting of
the web and collapse of the three pieces during loading
(Supporting Information, Figure S9c).

Cylindrical tubes are another widely used type of structural
elements. With a proper height, the two ends of the GO paper
were able to attach to each other leading to well-sealed GO
cylindrical tubes, as shown in the photographs in Figure 5b.
The height of the cylinders could be changed by changing the
dimension of the GO paper, up to a maximum of 6 mm
(Figure 5b); beyond this value, the cylinder bent and wrinkled
upon drying because of poor distribution of the borax solution
in the overlap region. Figure 5c shows the SEM image of the
overlap region in a 4 mm height cylinder. A shadow can be
observed because of the height difference at the overlap region.
Figure 5d shows the compressive force-displacement curves of
cylindrical tubes made of GO, CP, FEP, and PVA with a fixed
height of 4 mm. Among these materials, GO did not have the
highest stiffness and ultimate force (Supporting Information,
Figure S10), but when comparing the ratio of stiffness or
ultimate force to sample mass, GO performed the best (Figure
5e). Cyclic loading and unloading of the GO cylindrical tubes
showed that the structure was able to keep its high stiffness
after 10 cycles (Supporting Information, Figure S11).

To demonstrate the versatility of the layered assembly
method and the ability to create complex 3D structures, we
fabricated three miniature bridge-like structures, as shown in
Figure 6a−c. The assembled samples could keep their shapes
and stand like miniature bridges. The GO bridges were light
weight and able to hold a heavy weight (Figure 6d−f): As a
demonstration, two samples of the shape shown in Figure 6b
with a total weight of 0.38 g successfully supported a 200 g
weight. The GO bridges delaminated and cracked if loaded
with a weight of 500 g (Supporting information, Figure S12).
3.3. Discussion. In this study, we proposed a layered

assembly method for GO paper using borax solution as the
wetting agent instead of water32 and tested their performance
on flat samples and on 3D structures that duplicate widely used

mechanical elements. Our results show that, while water-
assembled GO paper (Figure 2d, six layers) increased stiffness
by 15-fold compared with simply stacked unassembled layers
(similar to that observed by Luo et al.32), the borax-assembled
sample boosted the stiffness by 90-fold.

We now discuss a theoretical framework based on solid
mechanics principles49 to assess our mechanical results for
these multi-layered GO samples. For a laminated structure that
consists of n non-interacting layers of linear, elastic,
homogeneous, and isotropic materials, the total bending
stiffness Dn is

D nDn 0= (2)

where D0 is the bending stiffness of a single layer. For a bulk
structure with the same total thickness, the bending stiffness
becomes

D n Dn
3

0= (3)

Therefore, improving interlayer bonding can significantly
improve the overall stiffness; we achieved this by attaching GO
using water and borax solutions. After measuring the flexural
stiffness of a 30 μm-thick GO sample, we calculated the
bending stiffness of two layers without interactions (eq 2) and
a bulk structure (eq 3). By comparing these theoretical values
with the experimental results, we found that while the stiffness
of the unassembled samples matches the theoretical value for
non-interacting layers, the stiffness of the borax-assembled
sample is also higher than the calculated bulk pure GO
structure (Figure 7). The calculation in eq 3 does not include
chemical reactions, so the higher experimental result may be
due to the chemical cross-linking with borax. This is
schematically shown in Figure 8. At the connection region
between different GO paper, borate ions were able to react
with oxygen groups on GO for cross-linking, which
contributed to the enhancement of mechanical properties of
3D structures. Similar to a classical shear-tension model
developed by Jager and Fratzl,50 when the 3D GO structures
were subjected to external force, the GO nanosheets carried
high tensile stresses, while the borax cross-link between GO
nanosheets carried shear stresses.

The average size of the GO nanosheets is also an important
factor that influences the mechanical properties of the
assembled macroscopic GO paper. Lin et al.51 reported that
GO paper made from larger GO nanosheets has higher
Young’s modulus and ultimate strength because of closer-

Figure 6. GO bridges assembled by borax solution. (a−c) Different
bridge structures assembled by 15 pieces of 80 μm-thick GO paper.
All the samples can stand vertically without any support. (d−f)
Photographs showing that two pieces of the GO bridge (0.38 g in
total) can hold a 200 g weight. The scale bar represents 5 mm.
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stacked structures and better alignment. Therefore, we expect
that the mechanical properties of assembled 3D GO structures
will be enhanced further if we use GO paper filtered from
larger-sized GO nanosheets.

Previous reports showed that 3D structures made with GO
paper used an origami folding method52,53 and an embossing
method,45 but since the pure GO paper is brittle, these
methods only worked for GO composite samples such as GO-
cellulose45,52 and GO-poly(acrylic acid-co-(4-acrylamidophen-
yl) boronic acid).53 Another widely used method to create 3D
GO structures in the literature is by 3D printing with direct ink
writing.27−31 This is an extrusion-based additive manufacturing
method where a GO ink is dispensed out of small nozzles to
make 3D structures. However, the structures made by 3D
printing are very porous (most reports call them aerogels),
which leads to lower stiffness and strength than the structures
made by compact GO paper. The layered assembly method
first introduced by Luo et al.32 allowed the fabrication of 3D
structures with pure GO paper using water. Here, we
demonstrate that stiffer and stronger mechanical structures
can be assembled using borax as a cross-linker between the
layers. Although borax cross-linking for GO has already been
widely reported,39,43,44 previous works reported improved
mechanical properties when GO and borax solutions were
mixed before39,44 or during43 filtration. Here, we found that the
borax cross-linked GO paper did not work well for the layered
assembly process because of the decreased interlayer bonding
ability, whereas greater mechanical properties could be
achieved by dipping pure GO paper in the borax solution to
paste together different parts of the 3D structures.

GO is regarded as a functional material with interesting
electrical, magnetic, or thermal properties after proper

modifications and with applications such as batteries17−20

and flexible electronics.21,22 Although the functionalization of
GO is widely studied with many possible applications, the
research of GO for real-life applications as a structural material
is still at a preliminary stage. Most current reports discussing
GO mechanical properties only showed the fundamental
mechanical properties (such as Young’s modulus, strength, and
density) of GO paper. Fabricating 3D GO structures that
mimic real-life structures and performing mechanical tests on
3D structures rather than simply on GO paper are crucial to
enable the application of GO paper in load-bearing structures.
In this study, we showed the possibility of using GO as a
structural material to construct I-beams, cylindrical tubes, and
bridge-like structures.

Our results pave the way toward using GO for
manufacturing stiff, strong, and lightweight mechanical
structures. Still, many challenges will need to be overcome
for real-life applications of these structures and to make them
competitive with other widely used structural materials (e.g.,
metals, alloys, and ceramics). One example is the difficulty of
scaling up the manufacturing process for large structures. The
samples in this study were formed by hand, and automatic
methods (such as using engineering robots) will need to be
developed when manufacturing large-scale samples. Another
limitation for the broader applications of GO-based materials
and structures is high cost. For example, the raw GO material
we used in this study costs $6 per gram, which is many times
higher than commonly used engineering materials. The
discovery of low-cost methods to synthesize GO will therefore
be necessary to enable applications on large scales. The
stability of these GO structures is also an important issue that
needs to be considered. For example, the GO structures are
sensitive to humidity and we found that the GO I-beam
dissolved in water after 36 h with mild shaking (Supporting
Information, Figure S13). The stability of GO structures in
water may be improved by cross-linking with Al3+54 or by
hydrophobic coatings. The mechanical properties of GO paper
also change with humidity and temperature. Hu et al.16

reported that the storage modulus of GO paper decreased from
around 23 to 12 GPa when the relative humidity increased
from 10% to 85% at 30 °C. The storage modulus of GO paper
decreased as temperature increased from −80 °C, reaching a
minimum value in the 60−70 °C range, and subsequently
increased with temperature until the onset of thermal
reduction.16 The stability of the 3D GO structures as a
function of temperature or light irradiation should be studied
in future work.

4. CONCLUSIONS
In conclusion, we reported a new protocol to achieve stiff and
strong 3D GO structures where GO paper is layered using
borax solution. Pure GO paper cross-linked with borax had
higher stiffness and strength than simply stacked samples or
using water as an interlayer wetting agent. The water-
assembled GO layers (six layers) increased stiffness by 15-
fold compared with simply stacked unassembled layers, while
the borax-assembled sample boosted the stiffness by 90-fold.
Borax-assembled GO paper could be further assembled into
3D structures including I-beams, cylindrical tubes, and bridges.
These GO structures showed higher stiffness to mass and
ultimate force to mass ratios than other samples made of
polymer membranes including CP, FEP, and PVA. While the
adoption of large-scale 3D GO structures in real-life

Figure 7. Stiffness comparison of the two 30 μm-thick GO paper
assembled with different methods. The D0 value is the flexural
stiffness of a 30 μm-thick GO paper tested by three-point bending,
and the two lines are the results calculated based on two non-
interacting layers or a bulk structure, as per eqs 2 and 3, respectively.
The other experimental results (unassembled, water-assembled, and
borax-assembled) are the same, as shown in Figure 2d, reproduced
here to facilitate the comparison.

Figure 8. Schematic showing cross-linking between different GO
sheets that is responsible for the mechanical performance enhance-
ment of 3D GO structures using borax cross-linking.
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applications requires further work to address GO cost and
difficulties in manufacturing large-scale products, the produced
small-scale structures in this study demonstrate the possibility
of using GO as a structural material with excellent mechanical
properties.
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