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molecules, so GO is hydrophilic and can 
easily be dispersed in water. [ 2 ]  The free-
standing laminated GO membranes that 
are prepared from GO solutions can play 
an important role in many technological 
applications, including surface coatings, [ 3 ]  
ionic and molecular sieving, [ 4–6 ]  hydrogen 
storage, [ 7,8 ]  transparent and fl exible elec-
tronics, [ 9–12 ]  composites, [ 13,14 ]  micro- and 
nanoscale devices, [ 15 ]  and biology and 
medicine. [ 16,17 ]  GO papers require certain 
mechanical properties to provide adequate 
resistance to the mechanical loads and 
harsh environments that arise in commer-
cial applications and must retain struc-
tural integrity over their lifetimes. 

 Dikin et al. investigated the mechanical 
properties of GO papers with thicknesses 
varying from 2.5 to 25 µm with tensile 
testing. [ 2 ]  Kang et al. used nano-indenta-
tion on a dynamic contact module system 
to measure the mechanical properties of 
50- and 60-nm-thick GO fi lms. [ 18 ]  Park 
et al. characterized the mechanical prop-
erties of one, two, and three overlapped 

layers of GO platelets using atomic force microscopy (AFM). [ 19 ]  
The Young’s moduli measured with nanoresonators consisting 
of thin, stacked GO fi lms were found to surpass values obtained 
in previous measurements. [ 20 ]  These results suggest that the 
mechanical properties of GO fi lms or papers, such as stiffness 
and fracture strength, might vary with thickness; however, no 
systematic study of this issue has been carried out to date. 
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 Graphene oxide (GO) papers are candidates for structural materials in 
modern technology due to their high specifi c strength and stiffness. The rela-
tionship between their mechanical properties and structure needs to be sys-
tematically investigated before they can be applied to the broad range fi elds 
where they have potential. Herein, the mechanical properties of GO papers 
with various thicknesses (0.5–100 µm) are investigated using bulge and 
tensile test methods; this includes the Young’s modulus, fracture strength, 
fracture strain, and toughness. The Young’s modulus, fracture strength, and 
toughness are found to decrease with increasing thickness, with the fi rst 
two exhibiting differences by a factor of four. In contrast, the fracture strain 
slightly increases with thickness. Transmission electron, scanning electron, 
and atomic force microscopy indicate that the mechanical properties vary 
with thickness due to variations in the inner structure and surface mor-
phology, such as crack formation and surface roughness. Thicker GO papers 
are weaker because they contain more voids that are produced during the 
fabrication process. Surface wrinkles and residual stress are found to result 
in increased fracture strain. Determination of this structure–property relation-
ship provide improved guidelines for the use of GO-based thin-fi lm materials 
in mechanical structures. 
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  1.     Introduction 

 Graphene oxide (GO) has been receiving increasing attention 
from researchers because of its richness of oxygen-containing 
functional groups on its basal planes and along its sheet 
edges. [ 1 ]  These functional groups have a high affi nity for water 
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 Since GO papers have signifi cant potential for a variety of 
applications as mentioned above—especially as structural mate-
rials, the dependence of their mechanical properties on thick-
ness should be characterized. Additionally, because a property 
such as Young’s modulus is well known to be independent of 
the material’s size, discovering the mechanism behind this 
phenomenon will give us insight into the material behavior at 
the low-dimensional limit for this new type of layered structure 
with nanosized elements, whose properties on scale-depend-
ence have rarely been previously explored. In this study, we 
measured the Young’s modulus, fracture strength, fracture 
strain, and fracture toughness of free-standing GO papers with 
thicknesses in the range 0.5 to 100 µm using tensile and bulge 
test methods. Interestingly, these properties were found to all 
depend on thickness. Using transmission electron microscopy 
(TEM), scanning electron microscopy (SEM), and AFM, we 
determined how the mechanical properties of the GO papers 
vary with thickness. An understanding of the mechanism 
behind the structural assembly of GO papers and that of their 
macro- and microstructures, could lead to effi cient membrane 
fabrication and improved mechanical properties, enabling the 
practical application of GO in various fi elds.  

  2.     Results and Discussion 

 GO papers with various thicknesses were fabricated by fi ltering 
GO solutions of various concentrations through aluminum 
oxide fi lter membranes (Anodisc, Whatman, cat. no. 6809–
5012). Each GO paper was peeled off from the membrane and 
cut into rectangular strips with a width of 2 mm and lengths 
in the range of 20 to 30 mm ( Figure    1  a–c and Figure S1 in the 
Supporting Information (SI)) using laser cutting for the ten-
sile test, which is described below. Because of the functional 
groups in GO, its mechanical properties will vary as a result of 

the humidity in air. In order to avoid the inconsistency of data 
due to atmospheric humidity, we kept our samples in a vacuum 
chamber for weeks to prevent excessive exposure to moisture. 
Also we prepared the samples and performed the experiments 
in an environment where the temperature and humidity were 
maintained constant. 

  Figure  1 d and e show schematic diagrams of the bulge and 
tensile test set-ups, respectively. Thick GO papers (thicker than 
2 µm) were characterized with the tensile test method. The ten-
sile tests were carried out using a microtester (Deben, N200) 
(Figure S2a, SI) with a constant displacement rate of 1.7 µm s −1 . 
The gap between the clamps was 12 mm. The fracture strength 
and strain were recorded as the highest values obtained when 
fracture occurs, and the Young’s modulus and fracture tough-
ness were calculated from the slope of the stress–strain curve 
and from the product of the measured fracture stress and 
strain, respectively (Figure S3, SI). 

 In general, the strip-type specimen has been widely adapted 
for the tensile test of GO papers. [ 2,21–23 ]  If the design of the spec-
imen—e.g., length-to-width ratio—is not suitable, the fracture 
strength cannot be measured precisely because strain distribu-
tion will not be uniform over the gauge length as a result of 
the large effect of grip confi nement. It has also been reported 
that strain distribution within the gauge length of a specimen 
becomes uniform when the length-to-width ratio of a specimen 
is higher than 4. [ 24 ]  In our experiments, we fi xed the gauge 
length for specimens to 12 mm to adapt it to the experimental 
set-up and chose the width to be 2 mm for minimum deviation 
of strain within the gauge length in order to obtain more accu-
rate mechanical properties. We evaluated the compatibility of 
the specimen using a fi nite element analysis tool (Abaqus) and 
found that strain is uniform in the gauge length region with a 
negligible difference between the strain in gauge length and the 
grip-to-grip strain. In this experiment, proper gripping force was 
also required to avoid sample sliding at the grip or specimen 
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 Figure 1.     GO samples and mechanical testing methods. a) Transparent thin GO papers for the bulge test. b) Free-standing thick GO papers with a 
diameter of 47 mm. c) Laser-cut GO strips. d) Schematic diagram of the set-up for the bulge test for thin (<2 µm) GO samples. e) Schematic diagram 
of the tensile testing apparatus for the thick (≥2 µm) GO paper strips.
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fractures near the grip. When the sample thickness increases, 
the gripping force also increases to counter the sample sliding, 
but it should not be strong enough to cause sample damage 
near the grip. For a specifi c thickness, we repeated the tensile 
tests on at least 5 samples, and we observed that most of the 
specimens fractured within the gauge length area and that no 
sliding occurred. In addition, we could see that the deviation in 
mechanical properties is not so signifi cant for each thickness. 

 The tensile test method is suitable for thick samples, but 
it is not applicable to fi lms thinner than 2 µm, which are too 
brittle to be clamped to the measurement apparatus. Further-
more, since thinner GO papers (less than 2 µm) are fragile, it is 
diffi cult to prepare thin strips for tensile testing; hence, it was 
necessary to use the bulge test for thinner samples. 

 For the bulge test, since the length-to-width ratio of the slit 
in the SiN  x  /Si substrate D/b(12/2) (Figure S2b–d, SI) is greater 
than 4, it can be assumed that the membrane is under plane 
strain. [ 25 ]  In this case, the stress ( σ ) and strain ( ε ) of the mem-
brane can be expressed as
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 where  E ,  ε  0 , and  σ  0  are the Young’s modulus, residual strain, 
and residual stress, respectively. Assuming that Poisson’s ratio 
 ν  = 0.165 and fi tting Equation  ( 3)   to the stress–strain data from 
Equation  ( 1)   and  ( 2)  , [ 26 ]  the Young’s modulus and the residual 
stress can be determined. 

 By using these two methods, we obtained the Young’s mod-
ulus, fracture strength, fracture strain, and fracture toughness 
of GO papers for various thicknesses, as shown in  Figure    2  . 
The Young’s modulus and the fracture strength decrease with 
increasing thickness. The Young’s modulus and the fracture 
strength of the thinnest sample (0.5 µm) are approximately four 
times the values of the thickest sample (100 µm). On the other 
hand, the fracture strain appears to increase with thickness; 
however, in contrast to the trends of the other properties, this 
increase is quite small, and the dependence on the thickness 
is weaker. The fracture toughness appears to slightly decrease 
with increasing thickness. Since the fracture strain does not 
vary much with thickness, the fracture toughness is expected 
to decrease with thickness. According to conventional fracture 
mechanics theory, a material’s fracture strength is expected to 
decrease with increasing thickness due to the resulting increase 
in the number of defect sites, which increases the possibility 
of crack initiation. [ 27 ]  The trend in the fracture strength results 
appears to follow the predictions of this theory; however, the 
Young’s modulus does not usually depend on thickness since 
it is a material’s intrinsic property, which is not signifi cantly 
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 Figure 2.     The mechanical properties of the GO papers with various thicknesses. The standard deviation (±s.d.) is displayed at each data point. 
a) Young’s modulus, b) fracture strength, c) fracture strain, and d) fracture toughness.
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affected by defects. There have been some reports of the 
thickness dependence of the Young’s modulus of some mate-
rials; [ 28–31 ]  however, these materials were all of nanometer-scale 
thickness less than 100 nm, unlike the materials examined in 
our study. At the nanoscale, unbound atoms and surface con-
tamination have signifi cant infl uence on mechanical properties. 
At the micro- and macroscale however, such surface effects are 
usually negligible due to the decreased surface-to-volume ratio. 
As a result, this type of thickness dependence is unexpected 
for the materials considered in our study. Since GO paper is 
not crystalline or a highly ordered material—but rather a meta-
material consisting of a random stack of microsized fl akes, we 
speculate that its stack structure might affect its mechanical 
properties. 

  In order to investigate the thickness dependence of the 
mechanical properties of the GO papers, we characterized 
their micro- and nanostructures. We fi rst determined the 
spacings between the stacked layers of GO in the papers 
with X-ray diffraction (XRD); the stack spacing can refl ect the 
strength of the bond between the layers and affect the stiff-
ness and strength of a layered structure. There was little vari-
ation however in the measured spacing data with thickness 
(Figure S4, SI), so the spacing does not seem to be related 
to the mechanical properties. Since the GO papers attached 
to the Anodisc membrane were sucked by the aspirator and 
have different expansion coeffi cients, these free-standing thin 
fi lms are subjected to signifi cant stress during drying and the 
separation from the Anodisc membranes, which could cause 
fracture, deformation, or some other type of defect in their 
structures. Visible wrinkles or deformations can manifest in 
the GO papers, especially the thicker ones, due to the prepara-
tion process. 

 TEM was used to examine the microstructures of the GO 
papers. The lamella structure of each GO sample was cut 
into small pieces and the cross-section of the GO paper was 
thinned with a focused ion beam (FIB) and then extracted and 
welded onto a Cu TEM grid with 4 posts using an omniprobe. 
Finally, we examined the cross-sections of the lamella GO sam-
ples with TEM. In  Figure    3  , the TEM images show that there 
are vacancies in the lamella structures of all the GO samples; 
however, in the thinnest sample, the length and thickness of 
the vacancies are much smaller than those of the thicker sam-
ples. Furthermore, the density of the defects is lower for the 
thinner samples. This kind of defect in the lamella structures 
is likely to have been generated during the preparation of the 
GO papers ( Figure    4  ). During this process, the vacuum pump 
generates a pressure difference across the fi lter membrane, and 
water passes through the fi lter membrane while the GO fl akes 

stack over time. During fi ltration, the membrane is expected to 
bend due to the pressure difference. After fi ltration, the pres-
sure difference is removed; hence, the (GO paper)/Anodisc 
stack tries to return to a fl at shape. Since the GO paper was 
synthesized with a bent structure, a bending stress is generated 
in the paper, and ripples are formed. Since the bonding energy 
between the GO fl ake layers is relatively low, delamination 
or cracking can occur, which leads to the formation of vacan-
cies. Since the stored shear strain energy is higher in the thick 
papers, the voids from the delamination should be larger than 
those of thinner papers, as can be seen in Figure  3 . 

   We also used SEM and AFM imaging in our surface struc-
ture investigation. The SEM and AFM images reveal that the 
roughness of the GO papers increases with their thickness 
( Figure    5  ). At the fi rst stage, as shown in Figure  4 , the water 
will penetrate the membrane fast because there is no GO paper 
formed. Once the GO fl akes stack, the fl ow path is blocked, and 
the vertical fl ow rate will decrease with increasing thickness of 
the GO. When the fl uid fl ow is blocked by the GO paper, it is 
expected to try to fi nd a fl ow path with less resistance, and the 
lateral direction fl ow velocity, which we denote ‘lateral distur-
bance’, increases. This lateral disturbance will cause wrinkle 
formation and an increase in the roughness of the surface 
with increasing thickness of the GO paper due to the reduced 
stacking speed as shown in  Figure    6  . It is common sense that 
the fabrication of thicker GO papers requires more time than 
that of thinner ones, which means that the residual stress of 
thicker GO papers is larger than that of thinner ones. It is well 
known that the bulk strain has a signifi cant infl uence on the 
structure of the surface. A rough surface has a larger surface 
area and a higher surface free energy as a consequence of 
bulk strain, which is counteracted by a reduction in the strain 
energy near the surface. [ 32,33 ]  

   According to the conventional theories of buckling of thin 
fi lms on top of bulk materials, its wavelength is proportional 
to the thickness. [ 34,35 ]  Our result is the opposite because the 
wavelength increases with decreasing thickness as shown in 
 Figure    7  . Hence, the thickness dependence of the wavelength 
should be explained with another mechanism. As explained 
above, the voids are formed during the fabrication of GO 
papers, and they are larger in thicker samples. As a result, the 
increased void size in thicker papers makes them more cor-
rugated. The corrugation structure inside the papers should 
infl uence the fracture strain because the papers with more 
corrugation will be stretched further, like springs before frac-
ture. Figure  7  also shows that the corrugation in the paper 
increases the roughness on the surface by raising a long-range 
undulation level; hence, it appears that the surface wrinkles, 
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 Figure 3.     Cross-sectional TEM images of GO papers with various thicknesses: a) 2, b) 52, and c) 100 µm. The slashes in (b) are due to the FIB thin-
ning process. The circles are visual guides indicating the voids.



FU
LL

 P
A
P
ER

3760 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the voids in the bulk, and the corrugation structure affect each 
other’s formation along with the mechanical properties of GO 
paper. 

  Of the three structural factors that are likely to affect the 
mechanical properties of GO papers, we propose that the voids 

inside the GO papers are the dominant infl uence. The surface 
wrinkles act as surface defects that mainly reduce the fracture 
strength, but not signifi cantly, and the corrugation structure 
lowers the Young’s modulus, but not the fracture strength. In 
contrast, the voids in a paper decrease both its Young’s modulus 
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 Figure 4.     Presumable formation of the structural defects in GO paper during fabrication using the vacuum-assisted fi ltration.

 Figure 5.     a–c) SEM images of the surfaces of GO samples with a thickness of a) 4, b) 36, and c) 63 µm, and d–f) AFM roughness images of 
d) 4, e) 36, and f) 63 µm. The arithmetic averages of the absolute values of the surface roughness of the GO papers are 47.8, 68.89, and 153.8 nm, respectively.
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and its fracture strength at the same time because they weaken 
the overall structure. 

 We can treat the voids as pores in a porous structure and 
apply models that relate such porosity to the mechanical prop-
erties of materials. The Young’s modulus ( E ) and the fracture 
strength ( S ) of porous materials can be described by using the 
Spriggs [ 36 ]  and Ryshkewitch–Duckworth [ 37 ]  equations

     0
( )E E e b p= ⋅ − ⋅

  (4) 

      0
( )S S e a p= ⋅ − ⋅

  (5) 

 respectively, where  E  0  is the zero-porosity Young’s modulus and 
 S  0  is the zero-porosity fracture strength,  a  and  b  are material 
constants, and  P  is the volume-fraction porosity. The mate-
rial constants describe the bonding capacity of the material 
and indicate the effects of a change in porosity on the fracture 
strength and the Young’s modulus. By fi tting the measured 
data, we obtained values of 6.35 and 5.64 for  a  and  b , respec-
tively, and 46.68 GPa and 181.56 MPa for  E  0  and  S  0 , respectively. 
Here,  E  0  and  S  0  are the maximum Young’s modulus and frac-
ture strength, respectively, of the material without any voids. In 
GO papers, these values can be achieved when the thickness 
approaches zero, which means there are no cracks or voids due 
to delamination in the lamellar structure. 

 We obtained the volume-fraction porosities of the papers by 
measuring their masses and volumes and comparing their den-
sities with GO particles, which do not contain voids.  Figure    8   

shows that the porosity increases with thickness and saturates 
above 60 µm. The trend in the saturation exactly follows those 
for the Young’s modulus and the fracture strength. At a thick-
ness of 100 µm, the porosity is approximately 27%, which indi-
cates that thick GO papers contain signifi cant voids in their 
lamellar structures. This dependence of the porosity on thick-
ness supports our argument that the voids in the GO papers 
are the main contributor to the variation in their mechanical 
properties. 

    3.     Conclusion 

 We have characterized the thickness dependence of the 
mechanical properties GO papers; these include the Young’s 
modulus, fracture strength, fracture strain, and fracture tough-
ness. The Young’s modulus and fracture strength were found 
to decrease with thickness, ranging from ≈44.6 to ≈8.5 GPa 
and from ≈170.2 to ≈40 MPa, respectively. The macrostructure, 
microstructure, and surface morphology—such as crack forma-
tion, roughness change, and corrugation—are the factors that 
determine the variations of the mechanical properties of GO 
papers with differing thicknesses. The porosity data revealed 
that the voids in the GO papers are closely associated with the 
trends in the mechanical properties, and thus are the main con-
tributing factor to these variations. Surface roughness and cor-
rugation structure however also weaken the GO papers or make 
them less stiff. In particular, corrugations in the bulk increase 
the fracture strain because the paper becomes more stretched 
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 Figure 6.     Suggested mechanism of the thickness-dependent wrinkle formation on the surface of GO papers.

 Figure 7.     Cross-sectional SEM images of GO samples showing corrugation structures with varying thicknesses: a) 2, b) 8, and c) 22 µm.
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under load. This study has provided signifi cant insights into 
the relationship between the manufacturing process, structure, 
and mechanical properties of stacked materials. As a result, we 
envision that by modifying the fabrication process, such as by 
varying the fi ltration speed, fi lter material, and GO properties, 
the mechanical properties of GO papers can be controlled for a 
diverse range of applications.  

  4.     Experimental Section 
  Preparation of the GO Solution : The GO solution was prepared from 

natural graphite fl akes using the modifi ed Hummer method (Figure S1a, 
SI). Graphite (12 g; Alfa Aesar, 99.8%, 325 mesh), 740 mL of H 2 SO 4  
(purity 95%), and 10 g of NaNO 3  were successively added to a beaker 
with a magnetic stirrer. KMnO 4  (48 g) was slowly added into this mixture 
after 1 h of cooling in an ice-water bath. The mixture was stirred until it 
became a highly viscous liquid at room temperature. A H 2 SO 4  aqueous 
solution (1200 mL; 5 wt%) was added to the above solution, which 
was then stirred for 1 h. Then, 30 wt% H 2 O 2  aqueous solution was 
slowly added until the mixture became yellow, which was then stirred 
for another 1 h. The products were washed more than 15 times using a 
mixture of 5 wt% H 2 O 2  and 3 wt% H 2 SO 4 , and then they were washed 
with deionized (DI) water until neutral to obtain the GO solution. The 
concentration of the resulting GO aqueous solution was approximately 
20 mg mL −1  (Figure S1a inset, SI). This solution was sonicated for 
5–10 min until the GO was dispersed in the DI water into individual 
sheets (Figure S5, SI) with an average lateral dimension of more than 
1 µm and that remained stable in vials for longer than one year (see the 
inset in Figure S1a inset, SI). 

  Preparation of GO Papers : GO papers with various thicknesses were 
fabricated by performing vacuum-assisted fi ltration of the GO solutions 
with various concentrations through an Anodisc membrane (Whatman, 
diameter 47 mm, pore size 0.2 µm). The duration of the whole fi ltration 
process was 6 h to one week, depending on the desired thickness, which 
ranged from hundreds of nanometers to hundreds of micrometers. In 
the initial state, the GO fl akes assemble on the membrane very rapidly 
due to the vertical water fl ow. Once a thin GO fi lm has formed, the water 
fl ow becomes slower and slower due to the clogging of the fi lter by the 
deposition of GO sheets. The structure of the top layer of GO paper is not 
as ordered and dense as that of the bottom layer because the water fl ow 
becomes slower and evaporation occurs at the end point from the top. [ 2 ]  
Furthermore, the increase in thickness with deposition of the GO thin 
fi lm means that the pressure varies throughout the whole process. The 
residual stress persists in the GO papers, especially in the thicker ones. 

  Preparation of GO Strips : Samples with various thicknesses for tensile 
testing were cut into rectangular strips (Figure S1c, SI) with a width of 
2 mm and lengths in the range of 20–30 mm by using laser cutting, 
which results in less mechanical damage or microdefects than cutting 
with scissor or a razor blade; this enables precise control of the sample 
width (Figure S1c inset, SI). A micrometer (Mitutoyo) with a minimum 
resolution of 1 µm was used to measure the samples with thicknesses 
above 10 µm. The thicknesses of thinner samples were measured with 
fi eld-effect SEM (FESEM; JEOL, JSM-700F). 

  Tensile Test Device : As mentioned in the Results and Discussion 
section, the mechanical properties of thicker strips were measured by 
performing tensile tests. Uniaxial tensile measurements were carried 
out under room conditions with a gap between the clamps of 12 mm 
(Figure S2a, SI). The fracture strength was recorded as the highest stress 
obtained, and the stiffness was calculated from the slope of the stress–
strain curve (Figure S3, SI) after initial strain hardening for all samples. 

  Bulge Test Device : The thinner GO papers were cut into specimens with 
areas of 16 mm × 16 mm. The samples were attached to a Si substrate 
with a hole size of 2 mm × 12 mm using epoxy (Figure S2b, SI). 

  Computational Details : The mass ( m ) of each GO paper was 
measured with an electronic balance (Table S1, SI). The volume ( v ) of 
each GO paper was measured by using Archimedes’ method in oil. The 
densities of the papers with various thicknesses were calculated using 
the equation ρ = m v/bulk . Additionally, the density of the GO particles 
could be calculated by drying the GO solution at room temperature 
under vacuum until no further weight loss was observed. A value for the 
porosity (Table S1, SI) can be calculated from the bulk density  ρ bulk   and 
the particle density  ρ  particle :

     

ρ
ρ= −1 bulk

particle
P

  
(6)

 

    XRD : Thin-fi lm XRD (SmartLab, Rigaku) was used to determine the 
crystallinity and structural variations in the GO membranes. The layered 
structures of the GO papers were revealed in the XRD spectra (Figure S4, 
SI). The peak in the spectrum of a GO paper specimen corresponds to 
the average layer distance. There are no signifi cant differences between 
the spectra of the samples. The average  d -spacing is 0.78 nm. 

  AFM : AFM was carried out using an SII NanoTechnology Inc. SPI 
4000 in tapping mode. The resulting images shows that the majority 
of the GO fl akes synthesized with the modifi ed Hummers method are 
signifi cantly larger than 1 µm and that the thickness of the monolayer is 
approximately 1 nm (Figure S5, SI). 

  X-Ray Photoelectron Spectroscopy (XPS) : XPS was performed using 
a monochromatic Al Kα X-ray source (K-Alpha, Thermoscientifi c). The 
spot size of each measurement was 0.5 µm 2 . In the high-resolution XPS 
spectra (Figure S6, SI), the C 1s spectrum for GO clearly shows that 
it contains four kinds of carbon atoms in different functional groups, 
namely C–C (284.6 eV), C–O (286.8 eV), carbonyl C = O (288.5 eV), and 
carboxylate O = C–O (290.2 eV). [ 14 ]  

  Raman Spectroscopy : A Raman spectrometer (LabRam ARAMIS) 
equipped with a 514-nm laser line and a 100× objective was used in this 
study. The back-scattered Raman light was diffracted by 1800 gratings 
per millimeter. To avoid local heating effects, the laser power density was 
kept below 100 µW µm −2 . The typical GO Raman spectrometer can be 
seen in the SI (Figure S7).  
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