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A B S T R A C T   

Mechanical performance of graphene-based polymer nanocomposites is reported to be far below theoretical 
predictions. A critical factor lies in the weak bonding of graphene/polymer interfaces. Chemical functionaliza-
tion is deemed as a common strategy to improve the interfacial adhesion between graphene and polymer, 
however, the creation of structural defects in graphene lattice is inevitable during such a chemical process. It 
hence calls for a balance in the design of graphene-based nanocomposites between the interface strengthening 
and mechanical degradation of graphene itself. Herein, mechanically exfoliated monolayer graphene is oxidized 
and atomic force microscopy (AFM) is performed to quantify the dependence of Young’s modulus of graphene on 
the functionalization degree. In situ tensile-micro Raman spectroscopy is utilized to measure the interfacial 
properties between functionalized graphene and poly (methyl methacrylate) (PMMA) at the microscopic level. 
An optimal functionalization degree is determined to maximize the reinforcing effect of nanocomposites. Our 
results will be helpful to design various nanofiller-based composites with high mechanical performance.   

1. Introduction 

Graphene possesses high stiffness and strength, large surface area, 
high aspect ratio, low mass density, and have been envisaged to be the 
ideal reinforcement for polymer nanocomposites [1–3]. However, 
numerous published works have shown that the mechanical perfor-
mance of graphene-based polymer nanocomposites is far below the 
theoretical predictions [4–6]. A main factor in this regard relates to the 
inefficient load transfer across graphene/polymer interfaces as domi-
nated by weak van der Waals (vdW) forces [7,8]. To this end, surface 
modification becomes an effective strategy to improve the interfacial 
adhesion between graphene and surrounding polymer matrix [9,10]. 
Among the various chemical and physical treatments [11,12], the 
chemical oxidation becomes the most widely utilized one not only to 
improve the dispersion of graphene nanofillers inside polymeric matrix, 
but also to enhance the interfacial adhesion [13,14]. Meanwhile, the 
mechanical degradation of graphene nanofillers caused by chemical 

oxidation has to be taken into account. For instance, compared to pris-
tine graphene, graphene oxide (GO) presented relatively lower Young’s 
modulus and breaking strength owing to the presence of structural de-
fects [15–18]. Recent molecular dynamics (MD) simulations revealed 
that by tuning the extent and chemistry of the functionalized species 
reaching ~10–20%, the graphene-based PMMA nanocomposites could 
achieve an increase of 46% in Young’s modulus and 119% in energy 
absorption during facture [19]. Employing the similar method, Singh 
et al. reported that ~10% carboxyl functionalized graphene-based 
composites resulted in 44% increase in the Young’s modulus at the 
interfacial region compared to pristine graphene-based composites [20]. 
Despite these progresses, from the experimental points of view, there is 
still lack of direct evidence to confirm the relationship between the 
optimized functionalized degrees and maximum reinforcing capability 
of graphene nanofillers. 

With the help of In situ tensile-micro Raman spectroscopy, mono-
layer graphene with micrometer lateral size makes it of promise for 
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monitoring the in-plane strain, and hence the detection of interfacial 
behaviors at the microscopic level [21–28]. For instance, Gong et al. 
have monitored the stress transfer in monolayer graphene sandwiched 
between the PMMA and the SU-8 polymer layer. The derived interfacial 
shear strength was on the order of 0.3–0.8 MPa [22]. Similar results 
were also reported for monolayer graphene-based polyethylene tere-
phthalate (PET) nanocomposites [23]. Later, our group systematically 
investigated the impact of chemical bonding types on the interfacial 
properties and failure modes of graphene/PMMA interface at the 
microscopic level [25]. Owing to the formation of hydrogen bonds (H 
bonds) between oxidized graphene and the PMMA substrate, the inter-
facial shear stress transfer efficiency was improved greatly. Neverthe-
less, it should be noted that the influence of degraded Young’s modulus 
of graphene fillers on the interfacial shear strength has not been 
considered yet in previous work. A balance between the improvement in 
interfacial load transfer efficiency and the degradation in Young’s 
modulus of graphene nanofillers still needs exploration. 

Herein, various oxygen-containing groups (e.g., hydroxyl groups, 
carboxylic groups, and epoxide groups) were introduced to the mono-
layer graphene surface via UV-Ozone treatment. Similar to our previous 
work [25], H bonds are expected to form between oxidized graphene 
and PMMA substrate. Atomic force microscopy (AFM) nanoindentation 
tests were conducted to quantify the dependence of Young’s modulus of 
monolayer graphene on the functionalized degrees. Meanwhile, in situ 
tensile micro-Raman spectroscopy was used to monitor the interfacial 
shear stress transfer at the microscopic level, and further quantitively 
evaluate the impact of functionalized degrees of graphene on the 
interfacial shear strength. Our results revealed that the optimization of 
functionalized degrees of graphene nanofiller is important to maximize 
the reinforcing effect of nanocomposites. 

2. Experimental section 

2.1. Sample preparation 

The graphene samples were prepared by mechanical cleavage and 
adhered to Si wafer with a 300 nm SiO2 capping layer. Optical micro-
scopy was used to locate the graphene sheet and determine the layer of 
graphene preliminarily, and further confirmed by micro-Raman spec-
troscopy. A thin layer PMMA (Mw ≈ 30,000 g/mol, 4 wt% in acetone) 
was spin-coated on the silicon substrate at the speed of 3000 r/min, and 
heated for 3 min at 75 ◦C and then for 5 min at 120 ◦C. The resulting 
thickness of PMMA layer was nearly 300 nm as characterized by atomic 
force microscope (AFM) Afterward, 1 M NaOH aqueous solution was 
used to detach the PMMA/graphene layer from the silicon wafer by 
etching the surface of SiO2, which was then cleaned with deionized 

water. Finally, a thin PMMA membrane with graphene sheets attached 
was obtained. The monolayer graphene sheet was then successfully 
transferred onto the surface of the PMMA film as the substrate. Fig. 1a 
shows the whole experiment flow chart. The characteristic Raman peaks 
as shown in Fig. 1b indicate the success of the transfer process. Mean-
while, the identical lateral size and shape of graphene sheets are 
observed in two substrates as shown in the inset of Fig. 1b. 

2.2. Oxidation and characterization of monolayer graphene sheets 

Oxidization of individual graphene sheet was performed by UV- 
ozone (UVO) treatments (Jelight UV-Ozone cleaner model-24). Exfoli-
ated graphene sheets deposited onto Si substrate were placed into the 
chamber, in which the distance between the UV-source and the substrate 
were kept 20 mm. The reaction time was varied from 2 to 8 minutes in 
order to control the functionalization degrees of monolayer graphene 
sheets. Renishaw Raman spectrometer was used to identify the layer 
number of graphene and functionalization degrees (denoted by ID/IG). 
The laser wavelength was 514 nm and the laser power was kept below 
1.0 mW to avoid laser induced local heating of the sample. The focused 
laser spot was approximately 1 μm in diameter. Graphene sample was 
placed on calcium fluoride substrate and Microscopic Fourier transform 
infrared spectrometer (FTIR) (transmission mode, Thermo Fisher, 
Nicolet iN10) was used to identify various oxygen-containing groups 
attached on the graphene sheet. 

2.3. In situ tensile-micro Raman test 

The mechanical deformation of graphene sheet was carried out with 
a PMMA substrate (length: 30 mm, width: 5 mm, thickness: 0.2 mm) 
clamped by a home-made tensile stage. The tensile strain was applied 
with an increment step of ~0.05% to ~0.1%. All Raman bands of gra-
phene were fitted with Lorentzian functions. To obtain the strain dis-
tribution on the graphene sheet, the tested monolayer graphene sheets 
were moved with a step size of 300–500 nm depending on the graphene 
lateral size. Meanwhile, Raman spectra were recorded with an interval 
of 300 or 500 nm within the sheets. 

2.4. AFM nanoindentation test 

An array of circular holes was patterned onto silicon substrates 
covered with a 300 nm thick SiO2 layer through photolithography and 
reactive ion etching. The depth is ~1 μm and the diameter ranges from 3 
to 5 μm. Monolayer graphene was directly adhered to the pre-patterned 
substrates to cover the circular holes. A commercial AFM system 
(Asylum Research, MFP-3D Infinity) was used to perform the 

Fig. 1. (a) Schematic illustration of the sample preparation process. (b) Raman spectra of pristine graphene sheet deposited onto silicon and PMMA substrates. The 
insets are the optical images of the graphene sheet before and after transfer with the help of PMMA supporting layer. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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nanoindentation test on the suspended part of graphene. The AFM tip 
(Nanotec Instruments, radius: 60 nm) was centered in the geometric 
center of the circular hole. The cantilever spring constant (ranging from 
30 to 40 N/m) was calibrated by Sader method [29] before every series 
of testing. Young’s modulus of the tested samples was determined 
through the fitting force curves which were obtained from the AFM 
nanoindentation test as the force increased. All the measurements were 
conducted at the same loading/unloading rate (300 nm/s). 

3. Results and discussion 

3.1. Chemical functionalization of monolayer graphene sheet 

A tabletop UVO with a low-pressure mercury UV-light generating 
UV-emissions at 185 nm and 254 nm wavelengths, respectively, was 
used to induce oxygen-containing groups on the graphene sheets (see 
Experimental section). In principle, the 185 nm wavelength could be 
absorbed by oxygen, and accounted for the generation of ozone. 
Comparatively, the 254 nm radiation was only absorbed by ozone 
instead of oxygen, principally responsible for the destruction of ozone in 
the UV box. Therefore, in the case of both wavelengths available, ozone 
is continually formed and destroyed. An intermediate product of both 
the formation and destruction processes is atomic oxygen, which is a 
strong oxidizing agent [30]. Fig. 2a shows the typical micro-FTIR spectra 
of the monolayer graphene sheets treated by UVO at different times. The 
various oxygen-containing groups such as hydroxyl, carboxyl, and epoxy 
groups are successfully attached onto the surface of the graphene sheets. 
As expected, the stretching mode of ν(C––C) at 1580 cm− 1 in the gra-
phene backbone are observed for pristine graphene sheet. After oxida-
tion treatment, new peaks emerge at 1730 cm− 1 and 1250 cm− 1 related 
to stretching mode of ν(C––O) and ν(C-O-C) respectively, and the band 
around 1400 cm− 1 is assigned to the in-plane bending vibration of hy-
droxyl groups [31]. The relative intensity ratio of oxygen-containing 

groups with respect to C––C band apparently increases upon prolong-
ing the oxidation treatment times. After the ozone treatment, the 
oxidized monolayer graphene sheet was then transferred from silicon 
substrate to a flexible PMMA substrate as depicted in Fig. 1a. Expect-
edly, the H bonds will form between hydroxyl, carboxylic groups in 
oxidized graphene and ester groups in PMMA as depicted in Fig. 2b. 

Meanwhile, Raman spectroscopy was used to characterize mono-
layer graphene and oxidized graphene sheets. Fig. 2c shows the evolu-
tion of the Raman spectra of graphene and oxidized graphene with 
different reaction times. For pristine monolayer graphene, there are only 
G and 2D band at 1580 cm− 1 and 2680 cm− 1 respectively. Interestingly, 
there was no significant D band observed due to the insufficient ozone 
concentration in the reaction chamber within a short reaction time (1–2 
min). When the reaction lasts for 3 min, the apparent Raman D band at 
~1350 cm− 1 and D′ band near the G band at 1580 cm− 1 are observed for 
the oxidized graphene sheets, indicating the conversion of sp2 carbon to 
sp3 carbon due to the oxygen-containing groups grafted onto the gra-
phene sheet. With the prolonged reaction time above 5 min, Raman D +
D′ band appears at 2940 cm− 1. Typically, the intensity ratio of Raman D 
band and G band (ID/IG) has been involved to quantify the functional-
ization degrees of graphene sheet [32,33]. As depicted in Fig. 2d, the 
increased trend of the Raman intensity ratio of ID/IG as a function of 
reaction times was observed at earlier range (≤7 min), implying the 
increase in the functionalization degrees of the oxidized monolayer 
graphene sheets (e.g., ID/IG = 0.13 ± 0.09 for 3 min, ID/IG = 2.92 ±

0.25 for 7 min). After 7 min treatment, the ID/IG shows an apparently 
decreased trend along with the broadening of FWHM (full width at half 
maximum) of Raman D band from 33 cm− 1 to 57 cm− 1, which might 
relate to the generation of vacancy defects owing to the coalescence of 
point defects induced structural disorder of six-atom carbon rings [34]. 
It is worth noting that the Young’s modulus would significantly decrease 
once the functionalization degrees of graphene is relatively high. Thus, 
in the subsequent nanoindentation tests, we mainly concentrated on the 

Fig. 2. (a) Micro-FTIR spectra of monolayer graphene sheet treated at different oxidation times. (b) The schematic diagram of the formation of H bonds between 
oxidized graphene and PMMA matrix. (c) Raman spectra of oxidized graphene sheets treated at different reaction times. (d) The evolution of Raman ID/ IG as a 
function of reaction times. The black solid line is guide to eyes and gray shaded region is the interest in this work. 
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sp3-type graphene sheets. 

3.2. Monitoring the load transfer of graphene and oxidized graphene/ 
PMMA interface by in situ tensile micro-Raman spectroscopy 

Raman spectroscopy has been successfully employed to detect the 
deformation of graphene sheets at the microscale [35–37]. Given the 
fact that Raman 2D peak shift rate is approximately twice higher than 
Raman G peak in tension [38], herein, we monitor the strain in graphene 
sheet based on the shifted trend of Raman 2D band as presented in 
Fig. 3a. Fig. S3a presents the relationship between Raman 2D peak po-
sition and the applied strain, indicating − 46 cm− 1/% Raman 2D band 
shift rate for monolayer graphene/PMMA model system, which is 
consistent well with the values reported previously for a graphe-
ne/PMMA laminate (− 51 cm− 1/%) and a graphene/PET laminate 
(− 52.5 cm− 1/%) [23,25,39]. Meanwhile, owing to formation of 
hydrogen bonding between functionalized graphene and PMMA, the 
Raman 2D peak shift rate shows apparently decreased trend with 
increasing functionalized degrees. Detailed information is summarized 
in Fig. S3. 

To describe the interfacial stress transfer process in the monolayer 
graphene polymer nanocomposite, the conventional shear lag model 
was utilized in earlier works [22,23,40]. Assuming that the graphe-
ne/PMMA interface was elastic at low strain level (e.g., εm ≤ 0.2%), the 
strain distribution in the graphene sheet (εg) as a function of the position 
(x) along the length direction could be predicted by the following 
Equation (1): 

εg = εm

(

1 −
cosh(βx)

cosh(βL/2)

)

(1)  

where εm is the applied strain of PMMA matrix, L is the length of gra-
phene along the deformation direction, β =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
km/Egt

√
is the shear-lag 

parameter which is typically treated as an effective measure for the ef-
ficiency of interfacial stress transfer. The value of β depends on the 

effective stiffness of the substrate (km) and the in-plane stiffness of 
monolayer graphene (Eg) [6,23]. Based on Equation (1), it is indicated 
that the maximum strain of graphene occurred at the center (x = 0) and 
maximum interfacial shear stress occurred at the edges (x = ±L/2). 
According to our experimental results shown in Fig. 3c, the strain dis-
tribution of the graphene sheet can be fitted well by Equation (1) at the 
relatively low strain level (e.g., ε = 0.16%) (red curves in Fig. 3c and d). 
Beyond the critical applied strain (εc), graphene starts sliding from edges 
and the sliding zones at two ends gradually approach the center of the 
sheet, where s represents the length of sliding zone. Consequently, 
Equation (1) no longer predicts the strain. However, Equation (1) is still 
applicable to the non-sliding zone, the boundary condition requires the 
axial force in graphene to be continuous at (x = ±L/2 − s) [41]. 
Therefore, the strain distributions in graphene are calculated by the 
non-linear shear-lag analysis via the following Equation (2) [22,23,42]: 

εg = εm −
τc

βEgt
cosh(βx)

sinh(β(L/2 − s))
(2) 

In the sliding zone, based on the linear slope of the triangle-like 
strain distribution feature, the interfacial shear strength τc can be 
derived by the following Equation (3): 

τc =Egt
dε
dx

≈ Egt
εp

L/2
(3)  

where Eg is the Young’s modulus of graphene sheet, t is the thickness of 
graphene, dε

dx is the slope of strain gradient in sliding zones, and εp is 
plateau strain. Fig. 3c shows the strain distribution of pristine monolayer 
graphene sheet along the tensile direction at different applied strain 
levels. Thus, the derived shear strength for vdW dominated monolayer 
graphene/PMMA interface is 0.25 ± 0.03 MPa by taking Eg = 964 ± 81 
GPa, t = 0.34 nm, dε

dx = 0.077 ± 0.004 %/μm, which is consistent with 
the previously reported values [25]. 

To further reveal the effect of H bonds on the interfacial shear 
strength as well as its dependence on the functionalization degrees of the 

Fig. 3. (a) Evolution of Raman 2D spectrum of monolayer graphene sheet with increasing applied strain. The black solid line is guide to eyes. (b) The relation 
between ID/IG and Raman 2D band shift rate. All the data can be found at Figure S3 (c-e) Strain distribution in the direction of the tensile axis of the (c) pristine 
graphene sheet and oxidized graphene sheet (d, e) at different strain levels. The Raman data points in sliding zone are fitted by the black solid lines based on the 
nonlinear shear-lag model to extract dε

dx. The colored solid lines (blue, green and purple) represent the fitted curves by Eq. (2). (f) The strain gradient as a function of 
the Raman intensity ratio of ID/IG in graphene/PMMA composites. Data points are summarized in Table S1. The red solid line is a linear fitting curve. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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oxidized graphene sheet, herein, the monolayer graphene sheets with 
varied functionalization degrees are investigated. Fig. S1 shows the 
typical Raman mapping image of the oxidized graphene sheet with ID/
IG = 1.55 ± 0.22. The uniformly distributed ID/IG values within the 
whole sheet implied the successful introduction of oxygen-containing 
groups onto graphene surface. Fig. 3d and e shows the strain distribu-
tion of oxidized graphene sheet ( ID/IG = 0.83±0.13, ID/IG =

1.55±0.22) along the tensile direction at different applied strain levels. 
It can be seen from the fitting results that the corresponding slopes dε

dx for 
H bonds dominated interface are higher than those of vdW dominated 
interface. Fig. 3f shows the trend of the dε

dx values as a function of ID/ IG of 
the oxidized graphene sheet. The dε

dx tends to increase from 0.077%/μm 
to 0.230%/μm, and the corresponding β value tends to increase from 
0.5 μm− 1 to 1.6 μm− 1 linearly with the increasing ID/IG of up to ~1.55, 
indicating that the H bonds at the interface enhances the interfacial 
shear transfer efficiency unambiguously. Furthermore, the specific dε

dx 
value with respect to a given ID/IG can be estimated roughly through the 
fitting formula in Fig. 3e. Comparatively, the derived dε

dx values are 
aligned with the previous results for PMMA/graphene/SU-8 laminate 
(dε

dx = 0.088–0.240%/μm) [22] and oxidized graphene/PMMA laminate 
(dε

dx = 0.14–0.50%/μm) [25]. 

3.3. Measurement of Young’s modulus of oxidized monolayer graphene 

Suspended monolayer graphene sheets were directly exfoliated on 
pre-patterned silicon substrates as shown in Fig. 4a. To oxidize mono-
layer graphene sheet, each sample was exposed to UVO for a given time 
followed by micro-Raman characterization. Likewise, the Raman 
parameter of ID/IG ratio was used to quantify the degrees of function-
alization of the oxidized graphene sheets. Detailed information is pre-
sented in Fig. S2. Fig. 4b shows typical force-displacement curves for 
pristine monolayer graphene and oxidized monolayer graphene. It is 
obvious that the maximum breaking force of functionalized graphene 
decreases significantly, reflecting the reduction of graphene breaking 
strength, which is in accord with the previous data [15]. The 

relationship between breaking strength and ID/IG ratio as presented in 
Fig. S7. In order to obtain Young’s modulus of functionalized graphene, 
the indentation process was modeled as clamped circular membranes 
with a central point loading, which offered Equation (4) consisting of a 
linear and cubic deflection term to determine in-plane elastic modulus: 

F(δ)= πσ0δ + Egtδ3/a2 (4)  

where F is the loading force, δ is the indentation displacement at the 
central point, a is the radius of patterned holes, t is thickness of graphene 
(0.34 nm here) [43], σ0 is the pretension accumulated in the sheets. 
However, a number of recent advances have pointed out the possibly 
error of this equation [44,45], present data were analyzed in Fig. S5 to 
check how the experimental results deviate from this equation. For 
pristine monolayer graphene, the extracted Young’s modulus ranges 
from 800 to 1100 GPa, with an average of 964 ± 81 GPa in good 
agreement with previous reports [1,15,46]. Apparently, Young’s 
modulus decreases significantly with increasing ID/IG for oxidized 
monolayer graphene sheets, even reaching ~50% of the pristine sheet at 
ID/IG ≈0.91. It should be noted that the suspend graphene sheets will fail 
once the ID/IG ratio was relatively high, hence, the nanoindentation tests 
were concentrated on the samples with ID/IG < 1. Fig. 4c shows the 
evolution of the Young’s modulus as a function of the Raman ID/IG ra-
tios. The decreased trend of Young’s modulus with increasing func-
tionalized degrees was in accordance with the earlier reports for plasma 
treated graphene sheets [9]. Fig. S6 presents the relationship between 
Young’s modulus and ID/IG ratio. All the data can be found at Table S2. 

3.4. Optimization of reinforcing effect of graphene-based nanocomposites 

As stated earlier in Equation (3), the value of τc is affected by dε
dx and 

Eg. In our earlier work [25], the value of Eg was considered as the 
constant for the oxidized graphene sheets, so the τc tends to increase 
linearly and then reaches a plateau region with the increasing Raman 
intensity ratio of ID/IG. However, when we consider the effect of Young’s 
modulus of oxidized graphene sheets on the interfacial shear strength, 

Fig. 4. (a) Schematic representation of AFM nanoindentation test on suspended monolayer graphene sample. The insets are is optical image and AFM image of 
suspended monolayer graphene. (b) Typical force curves for pristine and oxidized monolayer graphene samples (Insets are curves in the black box). (c) Histogram of 
Young’s modulus for pristine and oxidized monolayer graphene samples. Solid lines represent Gaussian fits to the data. 
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the conclusion will be different. Based on our experimental design, the 
relationship between dε

dx , Eg and ID/IG can be easily revealed. From an 
experimental viewpoint, however, it is hard to have the exact same ID/IG 
ratios for the samples utilized both for nanoindentation and in situ 
tensile-Raman tests owing to the substrate effect [47]. Herein, for a 
given ID/IG ratio, the value of Eg was derived directly from nano-
indentation tests while the value of dε

dx is given through the fitting for-
mula as shown in Fig. 3e. Fig. 5a shows the trend of the interfacial shear 
strength as a function of the Raman intensity ratio (ID/ IG) of the 
oxidized graphene sheets. The τc tends to increase from 0.2 to 0.4 MPa 
and reaches a maximum value with the increasing Raman intensity ratio 
of ID/IG from 0 to 0.8, indicating the H bonds at the interface enhance 
the interfacial interaction. With a further increasing Raman intensity 
ratio of ID/IG, the τc tends to decrease significantly, implying that the 
weakening of Young’s modulus plays a dominant role in Equation (3). 
Based on our experimental results, we demonstrated that the enhanced 
load transfer for oxidized graphene/PMMA system with functionaliza-
tion degrees located in the range of 0.6–0.8. The values in Fig. 5a can be 
found in Table S3. 

As well known that the mechanical reinforcement of nanocomposite 
is critically dependent on the quality of interfacial interaction and the 
load bearing capability of nanofillers [48]. The high interfacial strength 
and large aspect ratio favor efficient load transfer from matrix to filler, 
and then the filler could carry more loads to reinforce the composites 
[6]. As stated earlier, however, the introduction of oxygen-containing 
groups would create defects in the graphene lattice, and then compro-
mise the intrinsic mechanical property of graphene. Therefore, the 
weakening in Young’s modulus of graphene sheets and its impact on the 
reinforcement in nanocomposites has to be considered. To quantita-
tively evaluate the impact of various parameters on the loading bearing 
capability of graphene sheets in nanocomposites (e.g., orientation, 
agglomeration, interfacial interaction, and defects), the effective 
modulus (Eeff ) of graphene nanofillers is expressed by the following 
Equation (5): 

Eeff = ηoηaηLEg =Eg

⎡

⎢
⎢
⎣1 −

tanh
( βL

2

)

βL
2

⎤

⎥
⎥
⎦ (5)  

where ηo is the orientation factor, ηa is the agglomeration factor, ηL is the 
length factor which represents the stress bearing efficiency of different 
sizes of graphene in the polymer matrix, and Eg is the modulus of 
oxidized graphene and dimensionless group βL is the fitting parameter 
as mentioned above (Table S1). In our model composite system, there is 
no question of orientation and agglomeration, so we have ηo = 1 and 
ηa = 1. The dependence of β and Eg on the ID/IG ratio can be clarified by 
the fitted results as presented in Fig. S4 and S6. Fig. 5b shows the bearing 
efficiency of model graphene composites as a function of sheet size. The 

solid lines are drawn by the formula ηL =
[
1 −

tanh(βL/2)
βL/2

]
. Obviously, for 

the graphene sheet with smaller size, it cannot effectively bear stress 
even if β is large (e.g., β = 2, L = 3 μm, ηL = 0.67). In contrast, the 
graphene sheet with sufficient lateral size exhibits a higher load- 
carrying capability regardless of β (e.g., β = 0.5, L = 40 μm, ηL = 0.9). 
Consistently, the experimental data with β ranged from 0.34 to 1.36 are 
scattered within those theoretical curves. For instance, for the graphene 
sheet with a given length (e.g., ~15 μm), the increased trend of β values 
would favor the efficient load-bearing capability. Together with the 
experimental results, Fig. 5c summarizes the effective modulus of gra-
phene filler as a function of ID/IG ratios. The solid line and the points 
represent the theoretical prediction and experimental results respec-
tively, and the color bar corresponds to a change in the length of the 
graphene sheet. It is clear that, in a proper range of ID/IG ratio and 
similar sample size, the chemical functionalization, though decreasing 
the Young’s modulus of graphene, could improve the effective modulus 
through the stiffening effects on the interfacial stress transfer efficiency. 
However, with further increase in the functionalized degrees, the rein-
forcing role reaches the saturation and cannot counteract the structural 
defects induced mechanical degradation, finally leading to counterpro-
ductive results. Interestingly, for the pristine graphene, due to the large 
sample size (the red point), the calculated value of effective modulus is 

Fig. 5. (a)The interfacial shear strength (τc) as a 
function of the Raman intensity ratio ID/IG in gra-
phene/PMMA nanocomposite system. The solid red 
line is guided for eyes. (b) The length factor ηL as a 
function of the length of graphene with various β 
values. (c) The effective modulus of oxidized gra-
phene in the nanocomposite as a function of the in-
tensity ratio (ID/IG), corresponding with various β 
values. (d) Theoretical prediction of effective 
modulus of graphene of different intensity ratio ID/IG 

and lengths. (For interpretation of the references to 
color in this figure legend, the reader is referred to the 
Web version of this article.)   
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larger than that of oxidized graphene, which further proves that a large 
aspect ratio is conducive to effective load transfer. Thus, the optimal 
functionalized degrees and sample size should be considered in efforts to 
design graphene-based nanocomposites with high mechanical perfor-
mance. Based on the experimental results and formula fitting, Fig. 5d 
further shows the synergistic effect of the functionalized degrees and 
sample length on the effective Young’s modulus in composites. Analo-
gous to conventional composites [49,50], large aspect ratio of graphene 
sheet, from the perspective of interface, would benefit the efficient load 
transfer and the effective modulus. Especially, considerably large gra-
phene flakes, with less functionalization and hence defects, could fully 
realize the mechanical properties of graphene. 

4. Conclusion 

The effect of the oxidation of graphene nanofillers on the interfacial 
shear strength was examined for the monolayer graphene/PMMA 
nanocomposite system by means of in situ tensile micro-Raman and 
AFM nanoindentation technique. Due to the formation of H bonds be-
tween graphene and PMMA matrix, the interface was stiffening with 
increasing functionalization degrees. Meanwhile, the chemical oxida-
tion degraded elastic modulus and strength of graphene sheets signifi-
cantly. Therefore, there is a balance to be struck in the design of 
graphene-based nanocomposites between the ability to achieve effi-
cient load transfer and the reduction in the elastic modulus of the 
oxidized graphene. The optimal functionalization degree (ID/IG =

0.78 ± 0.22) is proposed to achieve the maximum effective modulus for 
the nanocomposite. Our work on the interfacial mechanics between 
graphene and PMMA offer valuable insight and a design guideline for 
the enhanced functionalization of graphene with proper surface chem-
ical groups as well as implementing reinforcing effects. 
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