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ABSTRACT: The v an der Waals ( vdW) f orce dominated i nterface between
graphene a nd polymer matrix c reates weak points i n t he mechanical s ense.
Chemical f unctionalization was expected t o be an effective approach i n t ransfer
of t he outstanding performance of graphene across multiple l ength scales up t o
the macroscopic l evel, due to possible i mprovements i n the i nterfacial adhesion.
However, p ublished w orks s howed t he c ontradiction t hat i mprovements,
insensitivity, o r e ven worsening o f macro-mechanical p erformance h ave a ll
been r eported i n graphene-based polymer nanocomposites. Particularly central
cause o f s uch d iscrepancy i s t he v ariations i n g raphene/polymer i nterfacial
chemistry, which i s critical i n nanocomposites with vast i nterfacial area. Herein,
O3/H2O gaseous mixture was utilized to oxidize monolayer graphene sheet with
controlled f unctionalization degrees. Hydrogen bonds (H bonds) are expected
to f orm between oxidized graphene sheet/poly(methyl methacrylate) (PMMA)
at t he i nterface. On t he basis of i n s itu t ensile-micro Raman s pectroscopy, t he
impacts of bonding t ypes (vdW and H-bonds) on both key i nterfacial parameters (such as i nterfacial shear strength and critical
length) and f ailure modes of graphene/PMMA nanocomposite were clarified f or t he first t ime at t he microscopic l evel. Our
results show t hat owing t o i mproved i nterfacial i nteraction via H bonds, t he i nterface t ends t o be stiffening and strengthening.
Moreover, the mechanical properties of the functionalized graphene/PMMA i nterface will be set by the competition between the
enhanced i nterfacial a dhesion a nd t he degraded elastic modulus of graphene, which was c aused by s tructural defects i n t he
graphene sheet during the functionalization process and could l ead to catastrophic f ailure of graphene sheets i n our experimental
observation. Our r esults will be helpful t o design various nanofiller-based nanocomposites with high mechanical performance.
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1. I NTRODUCTION

Nanostructured c arbon materials s uch a s o ne-dimensional
carbon n anotubes ( CNT) a nd t wo-dimensional g raphene
sheets p ossess e xtremely h igh s tiffness a nd s trength, l arge
surface area, high aspect ratio, l ow mass density, and have been
envisaged t o b e t he i deal r einforcement f or p olymer n ano-
composites.1−4 O   ver t he past decades, c onsiderable a ttention
has b een g enerated t o f ully u tilize s uch e xtraordinary
mechanical p roperties o f n anofillers a t a macroscopic l evel.
To date, published works have s hown t hat macro-mechanical
performance of graphene-based polymer nanocomposites i s f ar
below t heoretical expectation. Several key i ssues i n nanofiller-
based composites have to be addressed, such as the reinforcing
role, the f racture modes, and i nterfacial properties. Classic view
of c onventional fi ber-reinforced c omposites i mplies t hat t he
mechanical reinforcement of composites i s not only determined
by t he i ntrinsic mechanical properties of r einforcing fillers but
also s trongly d ependent o n t he i nterfacial a dhesion q uality

between t he filler and surrounding matrix.5,6 Though graphene
and CNT b ehaved r emarkably i n t he f ormer, i t h as b een
gradually r ecognized t hat t he native i nterface between matrix
and atomically smooth surface, dominated by vdW i nteraction,
creates weak p oints i n t he mechanical t ransfer. I nterfacial
chemistry h as b een c onsidered a n e ffective a pproach t o
improve t he i nterfacial a dhesion between fi ller a nd polymer
matrix, e specially f or n anostructured c arbon material b ased
systems w here v ast i nterfacial a reas were c reated. S everal
strategies have been proposed t o modify t he nanostructured
carbon material s urfaces t o s trengthen t he i nterfacial
adhesion.7−11 T    he a pparently e nhanced s trength, s tiffness,
and f racture t oughness have been observed f or t he f unction-
alized c arbon nanofiller-incorporated nanocomposite t hrough
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strong c hemical bonds at t he i nterface, while i nsensitivity or
even worsening of macro-mechanical performance have all been
reported.12−14 P    articularly c entral c auses o f s uch a c ontra-
diction a re t he v ariations i n n anocarbon-polymer i nterfacial
chemistry. This i ssue, also of i mportance i n conventional fiber-
reinforced c omposites, might b e much more c ritical i n
nanocomposites due t o t heir vast i nterfacial area. Thus, efforts
to examine i nterfacial properties and t hen clarify t he i mpact of
interfacial bonding t ypes (e.g., VdW f orces, H bonds, covalent
bonds, a nd c oordinate b onds) on t he i nterfacial mechanical
behaviors a re c ritical a nd i ndispensable f or t hese n anoscale
interfaces.
In c onventional c omposite s ystems, t he fiber-matrix s tress

transfer mechanism i s r elatively well u nderstood b y c lassic
composite elastic models, and the i nterfacial properties are also
well evaluated by various experimental methods.5 By contrast,
as the filler size dropped i nto nanoscale, monitoring the matrix-
nanofiller ( especially f or t wo-dimensional g raphene s heet)
stress t ransfer i s o nly i n a n i nitial s tage. The n anopullout
technique p roposed b y Wagner’s g roup fi rst measured t he
interfacial s hear s trength b etween i ndividual n anotubes a nd
polymer matrix with t he value of 50 MPa, on t he same l evel of
conventional c arbon fi ber b ased c omposites.15 However,
experimentally, i t i s s till c hallenging t o directly measure t he
interfacial strength and t hen efficiency of stress t ransfer i n t he
individual g raphene s heet b ased i nterface b ecause o f i ts
atomically t hin s hape a nd d imensions which i nvalidate t he
nanopullout techniques. Consequently, the underlying reinforc-
ing mechanism as well as i mpact of i nterfacial bonding types on
the i nterfacial p roperties a nd f ailure modes o f g raphene/
polymer i nterface has not been deeply understood yet at t he
nanoscale.
Raman s pectroscopy i s a powerful t ool t o evaluate whether

stress t ransfer t akes p lace i n c onventional fi ber ( Carbon o r
Kevlar fi ber)-based model c omposites a s w ell a s c arbon
nanostructured materials b ased n anocomposite s ystems
through monitoring t he specific peak shifts under strain.5,16−18

Our g roup h as s uccessfully e mployed i n s itu R aman
measurements t o a ssess t he s hear s tress t ransfer a nd r eveal
the possible f ailure modes of macroscopic SWNT films a nd
fibers as well as graphene papers.19−22 Recently, through i n situ
Raman s pectroscopy, t he monolayer nature of graphene with
micrometer l ateral s ize makes i t of particular promise f or not
only nanofiller but also sensor applications, allowing t he direct
measurement of t he i n-plane strain and hence t he detection of
interfacial behavior as well as speculating shear properties at the
microscopic l evel.23−31 For i nstance, we have i nvestigated t he

in-plane b iaxial c ompression b ehavior o f PMMA/graphene/
PMMA s ystems, a nd t he c ompressive i nstability i nduced
interfacial debonding was directly observed by i n s itu Raman
spectroscopy.30 Gong et al. have monitored t he stress t ransfer
in monolayer graphene s andwiched between t he PMMA a nd
the SU-8 polymer l ayer. The derived i nterfacial s hear strength
was o n t he o rder o f 0 .3−0.8 MPa, which i s 2 o rders o f
magnitude l ower t han t hat of t he c onventional c arbon fiber
material-based composites.25 Similar results were also observed
for monolayer g raphene-based p olyethylene t erephthalate
(PET) matrix nanocomposites.29

Herein, i n situ tensile Raman spectroscopy i s utilized and the
impact of i nterfacial bonding types on the i nterfacial properties
and f ailure modes of graphene/PMMA i nterface are systemati-
cally i nvestigated f or t he first t ime at t he microscopic l evel. I n
efforts t o t une t he i nterfacial a dhesion t hrough H-bond
interactions, v arious oxygen-containing groups ( e.g., hydroxyl
groups, c arboxylic g roups, a nd e poxide g roups) w ere
introduced t o t he monolayer g raphene s urface a nd t he
functionalization degrees were e xactly c ontrolled. Our r esults
show that the i nterfacial strength was measured to be i mproved
with i ncreasing f unctionalization degrees of the graphene sheet.
However, p lateau was a lso o bserved with f urther i ncreasing
functionalization degrees, and i nstead, the domain with oxygen-
containing groups might act as defects t o i nduce i nitiation and
propagation o f c racks o f t he g raphene s heets d uring
deformation. To t he best of our knowledge, experimentally, i t
is fi rst t ime t o d emonstrate t hat t he i mpact o f s urface
functionalization a nd f unctionalization d egrees o f n anofillers
on t he i nterfacial a dhesion o f n anocomposites c larifies t he
importance o f o ptimized c hemical f unctionalization o n t he
interfacial s tress t ransfer a nd f racture mechanism a t a 
microscopic l evel. The r esults will p rovide v aluable i nsight
and d esign g uidelines f or h igh mechanical p erformance
graphene and other nanofiller-based nanocomposites.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. The graphene s amples were prepared

by micromechanical cleavage32 and adhered t o Si wafer substrate with
a 300 nm SiO2 capping l ayer. Optical microscopy was used t o l ocate
the g raphene s heet, a nd t he c orresponding t hickness was f urther
confirmed b y R aman s pectroscopy a nd a tomic f orce microscopy
(AFM). AFM i mages were recorded using a Dimension 3100 Veeco i n
the Peak Force t apping mode. Using t he same method as reported i n
our earlier work,30 a thin l ayer of PMMA (2 wt % i n chloroform) was
spin-coated o n t he s ubstrate p rior t o t he t ransfer. Afterward, t he
detachment of the PMMA−graphene l ayer f rom the i nitial surface was

Figure 1. (a) Schematic i llustration of t he sample preparation process. For pristine graphene/PMMA nanocomposite systems, step 2 was skipped.
(b) Raman spectra of pristine graphene sheet deposited onto silicon and oxidized graphene deposited onto silicon and PMMA substrates. The i nsets
show optical i mages of t he graphene sheet on silicon and PMMA substrates.
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done b y partially e tching t he s urface o f S iO2 with a 1 M NaOH
aqueous solution. As a result, a PMMA membrane was obtained with
all o f t he g raphite/graphene s heets a ttached t o i t. F inally, t he
monolayer graphene s heet was t hen s uccessfully t ransferred onto t he
surface of t he PMMA bar as s hown i n Figure 1a. The close s pecific
Raman peak positions as well as the constant Raman i ntensity ratio of
ID/IG of oxidized graphene sheet as shown i n Figure 1b i ndicates t he
success of t he t ransfer process. Remarkably, t he s light v ariations i n
Raman f requency (up t o 3 cm−1) might be due t o t he doping effect
(Figure 1 b). Meanwhile, t he i dentical l ateral s ize a nd s hape o f
graphene sheets are observed i n two substrates as shown i n the i nset of
Figure 1b. Note, i nstead of embedding graphene sheet i nside PMMA
matrix, herein, t he monolayer graphene s heet was exposed on t op of
PMMA beam, which would f acilitate t he morphology characterization
by AFM before t he t ension and after t he r elease.
2.2. F unctionalization o f Monolayer G raphene S heet.

Oxidization of i ndividual graphene s heet was performed by using a 
O3/H2O gaseous mixture as an oxidizing agent based on our previous
work.33 An exfoliated graphene sheet deposited onto silicon wafer was
placed i nto a homemade r eactor, i n which O3 ( 5 wt % i n O3/O2
mixture) was c ontinuously p assed t hrough t he r eactor c hamber a t
room t emperature during t he oxidation process. The oxygen gas flow
rate was kept at 150 L/h, and the humidity i nside the reactor was kept
around 60% a s monitored by a hygrometer. The r eaction t ime was
varied f rom 0 .5 t o 7 h t o c ontrol t he f unctionalization d egree o f
graphene sheets. Microscopic f ourier t ransform i nfrared spectrometer
(FTIR) ( Reflection mode) ( ThermoFisher, Nicolet i N10) w as
employed t o i dentify t he various oxygen-containing groups a ttached
on t he g raphene s heet. The Raman s pectra were o btained with a 
Renishaw Raman spectrometer using the 514.5 nm l ine of an Ar l aser.
The l aser power was kept below 1.0 mW on the sample to avoid l aser-
induced l ocal heating of t he sample. The i ncident l ight was polarized
along the strain direction. The f ocused l aser spot was approximately 1
μm i n diameter, and t he spectral r esolution was ∼1 cm−1.
2.3. I n S itu T ensile-Micro R aman T est. T he mechanical

deformation was carried out with a PMMA cantilever beam mounted
onto a piezoelectric stage with a r esolution of 600 nm i n a Renishaw
Raman spectroscope setup, as depicted i n Figure S1. The tensile strain
applied t o t he i ndividual graphene sheet deposited on t he t op surface
of t he beam i s given by t he f ollowing eq 1,34

ε δ= −⎜ ⎟
⎛
⎝

⎞
⎠x

t t L x
L

,
2

3 ( )
2 3           (1)

where x i s the distance between the graphene sheet and the fixed end, t
is t he t hickness of t he beam, L i s t he span of t he beam, and δ i s t he
deflection of the beam at the l oad point. To ensure the validity of eq 1
experimentally, t he a spect r atio of s pan t o maximum deflection was
ensured to be greater than 10 and the deformation strains were within
the r ange f rom −1.5% t o +1.5%.35 I t i s n oting t hat, d ue t o t he
considerably s mall s ize, t he s train gradient across t he graphene flake

along t he cantilever beam was no more t han 0.005% which could be
neglected. T hus, t he a pplied s train t o t he g raphene fl akes w as
supposed t o be c onstant. I n our e xperiment, t he t ensile s train was
applied with an i ncrement step of ∼0.05% or ∼0.1%. All bands i n t he
Raman spectra of graphene were fitted with Lorentzian f unctions. To
obtain t he strain distribution based on t he l ine profile of Raman 2D-
band f requency, t he t ested monolayer graphene s heets were moved
with a step size of 600 nm and Raman spectra f rom every spot of t he
sample were recorded. To convert t he Raman 2D peak shift t o strain,
the r ate of −51 cm−1/% was used as a r eference.

3. RESULTS AND DISCUSSION

3.1. Chemical F unctionalization of Monolayer Gra-
phene S heet. I n a ccordance with o ur p revious work, t he
gaseous mixture of ozone and water vapor (O3/H2O) i s j ointly
involved a s a n o xidizing r eagent t o o xidize t he monolayer
graphene sheet at room temperature.33 The chemical oxidation
is performed i n a homemade reactor as i llustrated i n Figure 1a
(step 2). Through a f acial 1,3-dipolar c ycloaddition r eaction
following t he Griegge’s mechanism, t he o xygen-containing
functional groups such as hydroxyl, carboxyl, and epoxy groups
as shown i n Figure 2a are successfully attached onto the surface
of t he g raphene s heet.36 Figure 2 b s hows t he t ypical FTIR
spectra of t he graphene s heets t reated by a O3/H2O gaseous
mixture a t d ifferent t imes. As e xpected, n o a pparent FTIR
bands could be observed for a pristine graphene sheet due to i ts
infrared i nactive carbon−carbon double bonds. After oxidation
treatment, t he peak at 1720 cm−1 r  elated t o carbonyl groups, a
broad b and a round 1 200 c m−1 a ssigned t o t he c oupling of
ν(C−O) of a lkoxyl a nd e poxide g roups, a nd t he s tretching
mode of ν(CC) at 1580 cm−1 i n t he graphene backbone are
observed.22 With a further i ncreasing oxidization time up to 3 h,
the band i ntensity of carbonyl groups at 1720 cm−1 r  elative t o
that of t he CC backbone at 1580 cm−1 t ended t o i ncrease,
indicating an enhancement of oxygen-containing groups i n t he
oxidized graphene samples. Meanwhile, the apparent Raman D-
band a nd D′-band a re o bserved f or t he o xidized g raphene
samples, i mplying t he conversion of s p2 carbon t o s p3 carbon
due t o t he oxygen-containing f unctional groups grafted onto
the graphene sheet.37 Figure 2c shows t he evolution of Raman
D-band a nd D′-band i ntensity i n t he c onsecutive s pectra, i n
which t he c ontinuous a ttachment of oxygenated groups onto
graphene sheet l eads t o changes i n t he relative i ntensity of t he
D-band normalized t o t he G-band greatly. Earlier works have
successfully utilized t he i ntensity r atio between t he Raman D-
band a nd t he G-band t o q uantify t he c ovalent c hemical

Figure 2. (a) Schematic of an oxidized graphene sheet having various oxygen-containing groups and i nteracting with the carbonyl groups of PMMA
through hydrogen bonds. (b) FTIR spectra of oxidized graphene treated at different reaction times. (c) Raman spectra of oxidized graphene sheets
treated at different r eaction t imes.
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reorganization of t he π bonds of graphene,37 f unctionalization
degree o f a rylated g raphene,38 a nd t he a mount o f d efects
induced by i on bombardment.39 As presented i n Figure S2, a
monotonically i ncreased t rend of t he Raman i ntensity r atio of
ID/IG a s a f unction of r eaction t imes was observed a t earlier
range, i mplying t he i ncrease i n t he f unctionalization degrees of
the o xidized monolayer g raphene s heets. B eyond c ertain
reaction t imes, t he Raman D′-band t ended t o merge i nto t he
G-band39 a nd t he Raman i ntensity r atio of I D/IG e ventually
reached a p lateau r egion. Following t he c hemical o xidation
treatment, t he oxidized g raphene s heet was t hen t ransferred
from a r igid silicon substrate t o a flexible PMMA substrate.
3.2. I nvestigation o f I nterfacial Adhesion between

Oxidized G raphene/PMMA N anocomposites. I n s itu
tensile Raman measurement h as b een v iewed a s a v ersatile
methodology t o i nvestigate t he i nterfacial behavior of c arbon
nanomaterial-based n anocomposites a t a m icroscopic
level.23,25,29 Here, a Raman 2D-band was s elected t o measure
the l ocal s train i n g raphene, c onsidering i ts h igher s train-
induced shift compared with that of the Raman G-band. Figure
3a p resents t he e volution o f t he Raman 2 D s pectrum o f
monolayer g raphene measured a t t he c enter o f a g raphene
sheet, i n which t he f requencies a re t empting t o decline with
increasing a pplied t ensile s trains. Figure 3 b s hows t hat t he
Raman 2D-band r ed s hifts l inearly a t a r ate of −51 c m−1/ %
until r eaching t he s train l evel of 0.7% a nd t hen s teps i nto a 
plateau which i s a scribed t o t he i nterfacial s liding. S imilar

Raman p eak s hift r ate was o bserved i n a g raphene/PET
laminate.29

To describe the i nterfacial stress transfer process as well as i ts
possible d eformation modes i n t he monolayer g raphene/
polymer nanocomposite, t he conventional shear l ag model was
utilized i n earlier works a s r eported by Gong et a l.25 At l ow
strain l evel, t he graphene/PMMA i nterface was assumed t o be
elastic, and the strain distribution i n the graphene sheet (εg) as
a f unction of t he position (x) along t he l ength direction could
be predicted by t he f ollowing eq 2:

ε ε β
β

= −
⎡
⎣⎢

⎤
⎦⎥

Lx L
L

1
cosh( / )
cosh( /2)g m

(2)

where εm i s t he applied strain of bulk matrix, L i s the l ength of
graphene i n t he x d irection with x = 0 a t t he c enter a nd
β = k  E/ 2Dm i s t he s hear-lag parameter depending on t he
effective i nterfacial stiffness km (also called effective stiffness of
the near-graphene s urface of t he matrix)29 a nd t he i n-plane
stiffness o f monolayer g raphene E 2D. By E quation 2 , i t i s
suggested that the maximum strain of graphene occurred at the
center (x = 0) and maximum i nterfacial shear stress occurred at
the edges (x = ± L/2). I n accordance with our experimental
results, at t he r elatively l ow s train l evel (e.g., εm ≤ 0.2%), t he
strain distribution of the graphene sheet can be fitted well by eq
2 with fitting parameter β = 0.6 as shown i n Figure 4a. Beyond
the critical sliding strain (εc), eq 2 no l onger predicts the strain

Figure 3. (a) Evolution of Raman 2D spectrum of monolayer graphene with i ncreasing applied strain. (b) Raman 2D band tends to red shift l inearly
during t ension at a r ate of −51 cm−1/% until r eaching t he strain of 0.7% and t hen step i nto a plateau which i mplies t he occurrence of i nterfacial
sliding.

Figure 4. Strain distribution i n the direction of the tensile axis of the (a) pristine graphene sheet and (b) oxidized graphene sheet at different strain
levels. The i nsets are (a) t he AFM i mage and (b, l eft panel) optical i mage of t ested graphene sheets and (b, right panel) i ts corresponding Raman
contour map of I D/IG. The Raman data points are fitted by t he solid l ines based on t he nonlinear shear-lag model.
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distribution i n g raphene s heet because t he i nterfacial s liding
occurs a t t he e dges ( x = ± L/2). The maximum i nterfacial
shear s tress r eached a t t he onset of i nterfacial s liding c an be
quantified by t he i nterfacial shear strength (τc).
To describe the i nterface region which consists of two sliding

zones emerged f rom t he graphene s heet edges and an elastic
(nonsliding) zone, a nonlinear shear l ag model i s proposed by
considering i nterfacial s liding s tress a s a constant.29,40 Recent
works s uggested t hat t he r epetitive r eforming and breaking of
interaction a t t he i nterface r egion would o ccur d uring t he
sliding process f or both vdW and H-bond i nteraction.41−43 I    n
other words, the shear stress would be nearly equal to the shear
strength and be kept constant. Therefore, the strain distribution
near t he edges of t he graphene s heet would t end t o be l inear
after t he onset of i nterfacial s liding, and eventually, t he s train
distribution of t he whole g raphene s heet would t end t o be
triangle-like when t he s liding z ones develop t o a pproach t he
center of t he graphene s heet. Such i nterfacial s liding f rom t he
edges of the graphene sheet was observed i n our i n situ Raman
mapping as evidenced by t he almost l inear strain distributions
at s liding zones when i ncreasing t he applied s train l evels after
0.2% as shown i n Figure 4a. With further i ncreasing the applied
strain above 0.7%, the sliding zones progressively extend to the
center of the graphene sheet and with the plateau strain (εp) of
0.7%. The i nterfacial s hear s trength (τc) can be derived based
on t he l inear s lope of t he t riangle-like s train distribution a s
presented by eq 3,

τ ε ε
= ≈E t

x
E t

L
d
d /2c gra gra

p

(3)

where Egra i s 1 TPa, t i s 0.35 nm3,44 ε
dx
d is t he s lope of s train

gradient i n s liding zones. The i nterfacial s hear s trength i n our
graphene/PMMA nanocomposite s ystem was on t he l evel of
0.6 MPa, w hich w as c onsistent w ith t he v alues r eported
previously f or a P MMA/graphene/SU8 l aminate ( 0.3−0.8
MPa) a nd a g raphene/PET l aminate ( 0.7 MPa).25,29 The
relatively l ow i nterfacial shear strength i ndicates the poor stress
transfer e fficiency c aused b y v dW i nteraction b etween t he
graphene sheet and t he surrounding matrix.
To enhance t he i nterfacial s hear s trength i n t he graphene/

PMMA nanocomposite, we utilize a O3/H2   O gaseous mixture
to oxidize graphene and build i nterfacial H bonds between t he
oxidized g raphene s heet a nd t he P MMA s ubstrate. E arlier
works have demonstrated t hat t he pendant hydroxyl g roups
across t he s urface of graphene could f orm H bonds with t he

carbonyl groups of PMMA.7,45 To reveal t he effect of H bonds
at t he i nterface on t he i nterfacial s hear s trength as well as i ts
dependence on t he f unctionalization degrees of t he oxidized
graphene s heet, herein, t he monolayer g raphene s heets with
varied f unctionalization d egrees a re i nvestigated. F igure 4 b
shows t he s train distribution of oxidized monolayer graphene
sheet along t he dashed l ine at different applied strain l evels. I t
can be seen f rom the fitting results that both the fitted β values
and the c orresponding s lopes ε

x
d
d

f   or t he o xidized g raphene

sheet a re h igher t han t hose o f t he p ristine g raphene s heet
having similar l ateral sizes (e.g., β = 2.5 and ε

x
d
d

= 0.35%/μm vs

β = 0.6 and ε
x

d 
d

= 0.16%/μm) This i s a clear i ndication of t he

better s tress t ransfer p erformance o btained f or o xidized
monolayer g raphene s heet, which c ould be a ttributed t o t he
formation of H bonds at t he i nterface. The i nsets i n Figure 4b
present t he optical i mage of t he i ndividual oxidized monolayer
graphene s heet and i ts corresponding contour map of Raman
intensity ratio (ID/IG). Obviously, within an i ndividual oxidized
monolayer graphene s heet, t he r ed r egion s hown i n t he r ight
inset exhibits a higher f unctionalization degree t han t he yellow
region. Thus, t he l ocal strain value i n t he r ed region appears a
bit higher than that of yellow region, i mplying a relatively l arger
β value for the highly f unctionalized part (β = 3.3 vs β = 2.5 for
H-bond i nterfaces and β = 0.6 f or native i nterface).
In order t o s ystematically c larify t he i nfluence of f unction-

alization degrees of t he oxidized monolayer graphene sheet on
the i nterfacial p roperties o f n anocomposites, i n s itu Raman
measurements were p erformed f or a t l east 9 s amples with
various l ateral s izes a nd f unctionalization d egrees. Detailed
information i s s ummarized i n T able S 1. Considering t he
nonuniform distribution of t he f unctionalized g roups i n t he
individual o xidized monolayer g raphene s heet, t he s tandard
deviation of t he a veraged Raman i ntensity r atio of I D/IG was
analyzed based on at l east 5 point tests at a given reaction time.
Figure 5a shows t he t rend of t he i nterfacial shear strength as a
function of t he Raman i ntensity r atio (ID/IG) of t he oxidized
graphene sheet. The τc t ends t o i ncrease f rom 0.6 t o 1.7 MPa
linearly with the i ncreasing Raman i ntensity ratio of ID/IG up to
∼3.0 a nd i mproves b y n early f our t imes c ompared w ith
previous r esults (averaged 0.4 MPa),25,26,46 i ndicating t hat t he
H b onds a t t he i nterface e nhances t he i nterfacial a dhesion
unambiguously. With a f urther i ncreasing Raman i ntensity ratio
of I D/IG beyond ∼3.0, while t he τ c r eaches a plateau r egion,
indicating t hat t he i nterfacial adhesion i s hard t o i mprove any

Figure 5. (a) The i nterfacial s hear s trength (τc) and (b) critical l ength as a f unction of t he Raman i ntensity r atio of I D/IG i n graphene/PMMA
nanocomposite system. The solid l ines are guided f or eyes.
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more. S imilar p henomenon i s a lso o bserved f or t he c ritical
length ( Lc), which s hows a notable decline a s presented i n
Figure 5 b, f ollowed b y a p lateau s tage. Actually, Lc i s t he
minimum l ength r equired t o e stablish a n i sostrain c ondition
between t he graphene and t he matrix via shear stress, and i t i s
commonly taken as the double of the distance f rom t he end to
where t he l ocal strain r eaches 95% of t he maximum, as shown
in Figure S3. Clearly, the reduced Lc i s corresponding to higher
β a nd h ence t he e nhanced s tress t ransfer e fficiency, which
results from the H-bond i nteractions. Note that the obtained Lc
for the pristine graphene i n our work i s around 5.4 μm, which i s
approximated t o t he r eported v alue ( 3 μ m).25 With a n
increasing Raman i ntensity r atio of I D/IG, Lc c ould decrease
to a s l ow a s 1 .2 μ m. As mentioned e arlier, t he i nterfacial
interaction b etween t he p ristine g raphene s heet a nd t he
underlying polymer s ubstrate i s only v dW a nd i s not s trong
enough t o ensure efficient s tress t ransfer. On t he basis of our
work, i n e fforts t o t ake a dvantage of t he v ery high Young’s
modulus and strength of the graphene sheet more effectively, i t
is e ssential t o a ttach o xygenated g roups o nto t he g raphene
sheet t o s trengthen t he i nterfacial i nteraction b etween t he
graphene and the PMMA substrate via H bonds. However, i t i s
also noteworthy that the i nterfacial shear strength gets saturated
with further i ncreasing numbers of oxygenated groups, i mplying
that t he o ptimized f unctionalization d egree i s r equired t o
maximize t he i nterfacial a dhesion. Otherwise, t he e xcess
oxygenated g roups g rafted o nto t he g raphene s heet might
create defects i n the graphene l attice and then compromise the
mechanical properties of t he i ndividual graphene sheet i tself.48

Theoretical s imulation b ased o n molecular d ynamics h as
observed a bout a 4 8% a nd a n 1 83% i ncrease o f i nterfacial
shear f orce i n graphene with hydrogen a nd oxygen f unction-
alization of 3%, r espectively, c ompared t o pristine monolayer
graphene. Further i ncrease of oxygen coverage up t o about 7%
led t o a s aturated i nterfacial s hear f orce.47 Herein, o ur
experimental r esults a re c onsistent well with t he t heoretical
expectation, i ndicating t hat t he optimization of f unctionaliza-
tion degree i s a c ritical i ssue t o i ncrease t he i nterfacial s hear
strength without compromising i ntrinsic mechanical properties
of graphene sheet i n nanocomposites.
3.3. Failure Modes of t he Oxidized Graphene/PMMA

Nanocomposites at the I nterface. As mentioned earlier, f or
the v dW-dominated i nterface i n t he graphene/PMMA nano-
composite, t he i nterfacial s lippage i nitiates a t e dges a t t he
critical strain l evel and t hen gradually propagates t o t he center

of t he graphene s heet with t he i ncrease of s train as s hown i n
Figure 4 a. Once t he a pplied t ensile s train i s r eleased, t he
interfacial shear stress would t ransfer i n t he opposite direction
and apply compressive f orce t o t he graphene nanosheet. The
formation o f r andomly d istributed wrinkles a nd b uckles a s
characterized by AFM i n Figure S5h was due t o t he r elease of
the compressive strain i n t he composite system. Particularly, i n
some c ases, t he b idirectional wrinkles r ather u nidirectional
wrinkles w ere o bserved i n F igure S 5h, w hich c ould b e
attributed t o P oisson’s r atio e ffect d uring t he l oading/
unloading, as well as the i nfluence of geometry and orientation
of i ndividual graphene s heets with r espect t o t he s train axis.23

Comparatively, a monolayer graphene s heet with a moderate
functionalization d egree ( ID/IG = 3 .5) e xhibited t he s imilar
interfacial failure modes as shown i n Figure S4a, where both the
compression-induced wrinkles and buckled delamination could
be observed simultaneously as shown i n Figure S4c. Owing t o
the enhancement of i nterfacial shear strength f or the H-bonded
interface s ystem, t he wrinkles i n Figure S4c exhibited a l arger
height a nd wavelength c ompared w ith t he v dW i nterface
system (e.g., h = 9.1 nm, w = 169 nm vs h = 5.3 nm, w = 145
nm b ased o n t he a veraged r esults o f s everal l ocations).
Moreover, t he b uckled d elamination was a lso o bserved i n
both vdW i nterface and H-bonding i nterface systems as shown
in Figure S5, panels h and i . The r elatively l arge delamination
height and width (h = 15.2 nm, w = 189 nm vs h = 5.3 nm, w =
145 nm) i mplies t he i mprovement of t he i nterfacial adhesion
energy via t he H-bonded i nterface.29

With f urther i ncreasing t he f unctionalization d egrees o f
oxidized g raphene s heets, t he i nterfacial s hear s trength ( τc)
would r each a plateau as s hown i n Figure 5a. Meanwhile, t he
excessive oxygen-containing groups would create defects i n t he
graphene l attice and weaken t he mechanical properties of t he
individual g raphene s heet.48 To e xperimentally c larify s uch
influence of an excessively functionalized graphene sheet on the
interfacial properties as well as t he f ailure mode of i ndividual
graphene s heet, herein, we monitor t he s train distribution of
the highly oxidized i ndividual graphene sheet with ID/IG = 5 at
various strain l evels. Similar to the strain profiles of the oxidized
monolayer g raphene s heet with a moderate f unctionalization
degree a s s hown i n F igure S 4a, a t l ower s train l evel, t he
interfacial shear stress can be efficiently transferred f rom matrix
to t he i ndividual graphene s heet and t he plateau s train of t he
oxidized graphene s heet carried i s close t o t hat of t he matrix
shown i n Figure 6a. However, with f urther i ncreasing s train

Figure 6. (a) Strain distribution of monolayer graphene with I D/IG = 5 at different strain l evels. Cracks t end t o occur at high strain l evels. AFM
images of oxidized graphene sheet (b) before the tension and (c) after the release; the i nsets show the height profile of the tested graphene sheet. (d)
Raman i mage of D-band i ntensity of oxidized graphene s heet a fter t ension. ( e) Schematic i llustrating t he c rack growth behavior of graphene
provoked f rom t ensile stress.
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level up to 0.7%, unlike the sliding behavior at the edges of the
moderate f unctionalized graphene sheet as shown i n Figure 4b
and Figure S4a, a s light drop of t he g raphene s train a t t he
plateau r egion occurred, i ndicating t he i nitiation of t he cracks.
Once the strain up to 0.9%, the apparent drops of the graphene
strain t o l ow v alues a re observed f or t he oxidized g raphene
sheet, i ndicating t he p ermanent f racture o f t he o xidized
monolayer graphene s heet. I n c omparison, no a pparent drop
of s train i s observed f or t he g raphene s heet with moderate
functionalization degrees even suffered f rom high t ensile strain
levels. AFM was utilized t o characterize t he damage modes of
the oxidized graphene s heet before t he t ension a nd a fter t he
release, r espectively. As s hown i n F igure 6 b, t he o xidized
monolayer graphene sheet i nitially presents t he i ntactness with
a r elatively fl at s urface. Once s ubjected t o a xial t ensile
deformation up t o 0.9%, s everal c racks perpendicular t o t he
stretching direction a re i nclined t o propagate i n t he oxidized
graphene s heet s hown i n Figure 6c. The height profile across
the cracks i n Figure 6c pronouncedly displays the gaps at three
marked sites, which was consistent with t he obvious graphene
strain dropped s ites a s s hown i n Figure 6a. Additionally, t he
Raman i mage of D-band i ntensity i n Figure 6d a fter t ensile
deformation r eveals t hat t he c racks a re prone t o f orm a t t he
sites with higher D-band i ntensity, i mplying t hat t he e xcess
oxygen-containing groups i n t he oxidized graphene sheet acted
as defect sites to i nduce the i nitiation of cracks. In comparison,
the buckled morphology was observed f or t he graphene s heet
with moderate f unctionalization d egree a fter mechanical
unloading a s s hown i n Figure S4c. The f racture mechanism
of t he oxidized graphene s heet could be f urther elucidated by
the s chematic d rawing a s s hown i n Figure 6 e. The v arious
oxygen-containing g roups s uch a s OH, C−O−C, or COOH
grafted onto t he graphene s heet during t he oxidation process
would naturally l ead to configuration changes caused by orbital
hybridization from a p lanar sp2- hybridized g             eometry t o a 
distorted s p3- hybridized geometry.49,50 Once t he external l oad
is applied to the highly oxygenated graphene sheet, the i nitiated
or p re-existing d efects a re p ropagated p erpendicular t o t he
loading d irection a nd r esulted i n c atastrophic f ailure o f t he
graphene s heet. With d ependence o n t he f unctionalization
degrees of t he oxidized g raphene s heet i n t his work, f ailure
modes i ncluding t he i nterfacial s liding, f racture of g raphene
sheet under t ension, and buckling under mechanical unloading
are i dentified a nd s ummarized i n Figure S5. Such s ystematic
investigation o f t he e volution o f d eformation modes o f
graphene fillers a s a f unction of t he f unctionalization degrees
in nanocomposites has never before been r eported.

4. CONCLUSION
In summary, the effect of the f unctionalization of nanofillers on
the i nterfacial adhesion and t he f ailure modes were examined
first a t t he microscopic l evel f or t he monolayer g raphene/
PMMA n anocomposite s ystem b y means o f i n s itu t ensile
micro-Raman and AFM t echnique. Due t o t he f ormation of H
bonds between graphene and t he PMMA matrix, t he i nterface
was strengthened with i ncreasing functionalization degrees. The
interfacial s hear s trength of t he f unctionalized g raphene was
found to reach up to 1.7 MPa, which approximately quadrupled
that of pristine g raphene. However, distinct f rom t he f ailure
mode of i nterfacial sliding observed for the graphene sheet with
moderate f unctionalization degree, excessive oxygen-containing
groups would create defects i n t he graphene sheet and i nduce
the c rack i nitiation a nd propagation under t ension. There i s

therefore a balance to be struck i n the design of graphene-based
nanocomposites between the ability to achieve higher i nterfacial
adhesion a nd t he r eduction i n t he e lastic modulus o f t he
functionalized graphene sheet. The optimized f unctionalization
degree i s proposed t o achieve t he maximum effective modulus
for t he nanocomposite. The present work on t he i nterfacial
mechanics between graphene and PMMA could offer valuable
insight and a design guideline f or t he enhanced f unctionaliza-
tion of graphene with proper surface chemical groups as well as
implementing r einforcing effects.
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