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ABSTRACT: Graphene is an ideal candidate for lightweight, high-strength composite materials given its superior mechanical
properties (specific strength of 130 GPa and stiffness of 1 TPa). To date, easily scalable graphene-like materials in a form of
separated flakes (exfoliated graphene, graphene oxide, and reduced graphene oxide) have been investigated as candidates for
large-scale applications such as material reinforcement. These graphene-like materials do not fully exhibit all the capabilities of
graphene in composite materials. In the current study, we show that macro (2 inch X 2 inch) graphene laminates and fibers can
be produced using large continuous sheets of single-layer graphene grown by chemical vapor deposition. The resulting composite
structures have potential to outperform the current state-of-the-art composite materials in both mechanical properties and
electrical conductivities (>8 S/cm with only 0.13% volumetric graphene loading and 5 X 10° S/cm for pure graphene fibers) with
estimated graphene contributions of >10 GPa in strength and 1 TPa in stiffness.
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arbon materials are very attractive for lightweight strong

materials because of stiff and high-strength sp* and sp®
C—C bonds combined with low densities of carbon allotropes.
Recently, graphene was proposed as an ideal candidate for
lightweight, high-strength composite materials given its
superior mechanical properties (specific strength of 130 GPa
and stiffness of 1 TPa)."! To date, easily scalable graphene-like
materials in a form of separated flakes (exfoliated graphene,
graphene oxide, and reduced graphene oxide) have been
investigated as candidates for large-scale applications such as
material reinforcement.”~"" Composites employing exfoliated
graphene-like materials as fillers enjoy a strong foundation of
polymer nanocomposites, which has been built by decades of
intensive research.'”"® In recent years, macro samples of
various carbon materials have been produced and tested. For
example, yarns/ropes were prepared from carbon nanotubes
(CNT)"'¢ and various types of graphene-like materials."” ™"
Performance of such materials was shown to be very promising,
but the demonstrated mechanical properties were still below

those of high-quality carbon fibers. Weak bonding between
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small graphene sheets (or CNTs) leads to poor load transfer.
Eliminating these weak links or using larger scale graphene
should result in better quality lightweight and electrically
conductive materials with mechanical properties approaching
those of individual graphene crystals measured at the micro
level.

Composite materials using various polymer matrices with
graphene and graphene oxide flakes as reinforcement elements
were described in literature, but the fillers either had a tendency
to agglomerate, which results in poor dispersion in the matrix
(in the case of graphene), or had inferior mechanical properties
because of introduced structural modifications (in the case of
graphene oxide).””® The small size of graphene sheets and poor
control over the number of graphene layers in exfoliated
samples also causes poor load transfer with polymer matrix and
limited electrical conductivity.
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Figure 1. Description of type-1 and -2 samples used in this work. (a) Scheme of laminates and fibers/scrolls. (b) (Gr/PMMA),4 laminate. (c) UV/
vis spectra of (Gr/PMMA),4 and (PMMA) laminates. (d) Photograph of (PMMA), fiber (left) and (Gr)s/(PMMA), fiber (right).

Graphene grown via chemical vapor deposition (CVD
graphene) can solve several of the aforementioned fundamental
problems typical for exfoliated graphene-like materials by
offering (a) large lateral size of continuous graphene and thus
efficient load transfer from matrix, (b) uniform and controllable
dispersion in the polymer matrix, and (c) controllable electrical
and thermal conductivities. In addition, potentially cost-
effective roll-to-roll production of 2D CVD graphene could
create the opportunity to construct composite structures that
were previously not possible with other carbon additives such
as CNTs or carbon black.

B RESULTS AND DISCUSSION

Graphene was grown by atmospheric pressure chemical vapor
deposition on Cu foils as described earlier.”>*' Our graphene
samples are almost exclusively single-layer (<5% of bilayer
coverage) with a polycrystalline structure where the average
size of domains (grains) exceeded 100 pm. The final defect
concentration inside the graphene domain was below the
detection limit of Raman spectroscopy (<1 defect per 0.25
um?). In this work, we prepared two different types of graphene
samples, which are illustrated in Figure la.

Type-1 samples are flat graphene laminates layered with
poly(methyl methacrylate) (PMMA) matrix. This geometry is
similar to cogper/graphene laminates prepared on a much
smaller scale*® and to the layer-by-layer assembly approach
used previously for clay and carbon nanotube laminates.”*”*°
We will refer to these samples as (Gr/PMMA), with n
identifying the number of consecutive Gr/PMMA layers that
were transferred one at the time with annealing upon
transferring of an additional Gr/PMMA layer onto the laminate
(Methods).

Type-2 samples are scrolls of laminates, and we will refer to
them as fibers. These fibers were prepared by rolling up the
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layered structures on a wire with 0.7 mm diameter. For
example, a (Gr);/(PMMA), sample was prepared by rolling up
a laminate consisting of a single graphene layer on top of a
single PMMA layer into the fiber, whereas (Gr)s/(PMMA),
has six graphene layers on top of a single PMMA layer rolled up
into fiber. In every sample described above, individual PMMA
layer thickness was approximately 250 nm, as prepared by spin
coating. Finally, we have prepared pure graphene fibers and
denote them as (Gr), where the subscript identifies the
number of graphene layers in the fiber. It was produced by
dissolving PMMA from a (Gr)s/(PMMA), fiber.

Typical samples are presented in Figure 1. Figure 1b shows a
2 inch square sample of (Gr/PMMA),, which results in the
UV/vis spectrum given in Figure lc (red line). The 270 nm
absorption peak is due to graphene (red line), whereas the peak
at 215 nm comes from PMMA, as illustrated by comparison
with (PMMA),, sample in the same graph (black line).
(PMMA) ¢ reflects about 10% of incident light in the visible
range, as seen in Figure lc, and a greater optical density for
(Gr/PMMA),4 comes from absorption by graphene. Single-
layer graphene absorbs about 2.3% of visible light; thus, 16
layers should have optical transmission equal to ~0.69 =
(0.977)'¢, which is close to that observed in Figure lc. Figure
1d shows a second type of samples: a (PMMA), fiber (left) and
a (Gr)s(PMMA), fiber (right). The pure PMMA fiber is
translucent, whereas the fiber with graphene has distinct black
color. The wire diameter used for fiber preparation was 0.7 mm,
and because the original sample length was approximately S1
mm, the total number of layers in all samples of the second type
is close to 23. The sample shown in Figure 1d had six graphene
layers before it was rolled up; hence, the total number of
graphene layers is close 140 with only 4% of light transmission,
making it essentially black.
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Type-1 Samples. Samples similar to those shown in Figure
1b were cut into ~5 X 10 mm? strips and mounted on either a
microtensile setup designed for mesoscale testing or a
commercially available setup (Supporting Information and
Figure 2a) to obtain the stress—strain curves. Stresses were

Crack

Strain, %

Figure 2. Strain—stress curves for type-1 samples. (a) Photograph of a
(Gr/PMMA),4 sample mounted onto holders with double-sided
Scotch tape for strain—stress curves measurements; width is S mm. (b)
Zoomed-in image of a crack developed after sample breakage. (c)
Stress—strain data. Solid lines, (PMMA),¢ samples; dashed lines, (Gr/
PMMA),4 samples.

calculated by dividing the applied force by the laminate cross-
sectional area. The laminate thickness was measured on a
profilometer (Supporting Information). Typical stress—strain
curves for laminates without graphene, ie, (PMMA),, are
shown as solid lines in Figure 2c. The Young’s modulus, Epypya
= 2.5 + 0.4 GPa, and tensile strength, opypa = 53 = 4 MPa,
obtained as a result, fall within the published values for PMMA.
Incorporation of graphene monolayer between each PMMA
layer in the (Gr/PMMA),, sample resulted in a significant
improvement for both the strength and the modulus. The
stress—strain curves for such hybrid laminates are shown as
dashed lines in Figure 2c and correspond to the modulus of Ey
=4 + 0.5 GPa and strength of oy = 67.1 + 7.5 MPa. Thus,
addition of only 0.13% (by volume) of CVD graphene almost
doubled the modulus and increased the strength by 25% as
compared to the values of neat PMMA. Using a simple rule of
mixtures, one can estimate the effective graphene mechanical
properties in such composite by using the equations

0 = Opyvva Vemma 1 06, Vor
and
Eg = Epvivia Vomma + Ea: Vo

where o stands for the tensile strength, E stands for modulus, V'
stands for volume fraction (Vpypua + Vg, = 1), and the
subscripts denote pure PMMA (PMMA), pure graphene (Gr),
and graphene/PMMA laminate (E). Because the volume
fraction of graphene in the laminate is small, Vg, ~ (1.3 +
0.2)107% or 0.13%, and the rule of mixtures does not necessarily

represent the best description, the contributions of graphene
can be only viewed as estimates, giving o, = 11 + 6.7 GPa and
Eg: = 1.2 + 0.5 TPa, respectively. Note that graphene strength
here is rather on the low limit because the rule of mixtures is
less accurate for small volume fractions of filler (Supporting
Information). The lower bound of the graphene modulus falls
close to the recently measured modulus for CVD graphene in
PEMA/graphene sandwiches.*® When compared with small
single-crystal graphene samples,' the effective graphene
strength in our samples is an order of magnitude lower, but
the modulus is surprisingly ca. 20% greater, which can be
attributed to the possible orientation of the polymer chains on
the graphene/PMMA interface as discussed below.

The reduction of tensile strength in our macro samples of
polycrystalline graphene is not surprising, and several reasons
can be identified. First, the polycrystalline nature of graphene
with grain boundaries between individual domains is known to
significantly reduce its strength. A few reported experimental
and theoretical estimates of this effect su%gest an approximately
threefold reduction of the value.”’ " Second, large-scale
graphene always has defects such as vacancies that contribute
to further strength degradation.’’ Raman analysis of our
samples suggests that the defect densities are extremely low, at
a level that should not significantly affect the samples strength.
Nevertheless, for the samples of such “macro” size, it is
impossible to guarantee that there are not a few large defects at
random locations that could create weak points. Third, the
transfer procedure during sample assembling may introduce
ruptures and tears in graphene, which would have the highest
effect on the strength of large-scale graphene samples.>* These
micro- and nanoscale defects can affect the graphene strength
but should not significantly alter the measured modulus values.

Some papers report values for Young’s modulus for single-
crystal graphene higher than 1 TPa, for example, 2 TPa was
estimated by Raman spectroscogy,33 but the most widely
accepted is the 1 TPa value."” The effective stiffness of
graphene in our samples is 20% higher than that measured on
pure single-crystal graphene (1.2 TPa or higher vs 1 TPa). The
effect is within the error of the estimated effective modulus for
graphene in our laminates, but it can be rationalized because of
additional stiffness induced in the polymer by interaction with
graphene. PMMA chains do not experience confinement
effects,** ¢ as was confirmed by 2D GIWAXS (Supporting
Information). Indeed, the radius of gyration (Rg ~ 25 nm) of
495 kDa PMMA used in our laminates is an order of magnitude
less than the thickness of PMMA layer (250 nm) sandwiched
between the two graphene layers. However, PMMA chains in
proximity of the graphene surface (< Rg) are more oriented by
graphene, thus effectively appear to have a larger stiffness value.
Differential scanning calorimetry showed that (Supporting
Information) the glass transition temperature of PMMA in
(Gr/PMMA) s laminates was 3° lower than for pure
(PMMA) ¢, suggesting a weaker interaction between PMMA
and graphene as compared to the interaction between PMMA
globules. This indicates that the effect of increasing stiffness is
due not to efficient load transfer between graphene and PMMA
but more likely to polymer orientation at the interface.

Raman spectroscopy allows monitoring stress in (Gr/
PMMA),¢ laminates and the effect of phonons softening
under applied strain, which is well-characterized for a variety of
carbon materials.”” Several groups have reported redshifts in
the Raman spectra under strain for graphene prepared by
mechanical exfoliation. The reported redshift for G and 2D
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Figure 3. Shift of Raman bands vs applied strain for a (Gr/PMMA),4 sample. (a) 2D and G bands shift and (b) Raman spectra: initial, black; 1%

strain, redl and broken sample, blue.
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Figure 4. (a) LED lamp weighing 100 g suspended on the transparent and electrically conductive (Gr/PMMA) ¢ laminate. (b) Conductivity vs
graphene content chart for different polymers and graphene preparation methods (Supporting Information). (c) Conductivity vs modulus chart. In b

and c, results of this work are shown as red stars.

bands varied dramatically.**~*" For example, the 2D line varied
from 7.8 cm™'/% (percent of strain)>® to more than 60 cm™'/%
in ref 39. In the latter paper, the G line further splits into a G*/
G~ doublet with anisotropic behavior with respect to
orientations of strain and light polarization. Figure 3 shows
Raman shifts for both G and 2D lines versus applied strain for
the (Gr/PMMA),; sample. Note that the D line intensity is
almost undetectable, which indicates the high quality of our
graphene. The redshifts have apparent linear regions for strains
up to 1% with ~25 cm™'/% for 2D and ~10 cm™/% for G
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lines, respectively. These shifts are less than half of the
maximum ones reported for single-crystal small exfoliated
flakes.*® Notably, the maximum strain for linear response is
~1%, similar to those for single-crystal flakes. Upon further
strain increase, the positions of the Raman bands remained
unchanged until the breakage of the sample at ~5%. After that,
the peaks’ positions recover but incompletely. The depth of
field for our Raman setup is larger than the sample thickness, 6
um versus 4.1 pm; thus, we get the averaged signal from all 16
graphene layers that have random crystallographic orientations

DOI: 10.1021/acsami.5b01367
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to the laser excitation polarization that was parallel to the
applied strain. We did not observe any noticeable G band
splitting, but both G and especially 2D bands were broadened
indicating nonuniform stress among the layers, making it hard
to estimate the Young modulus from the Raman shifts for our
geometry.'”* Smaller Raman band shifts also indicate
nonuniform stress distribution, potential interface slippage, as
reported earlier for much smaller sample sizes,”***® and
possible graphene wrinkles.*** Nevertheless, Raman spectra
taken at different positions across the sample were almost
identical, pointing to a rather uniform stress distribution across
the sample’s plane.

Type-2 Samples. (Gr);(PMMA), graphene fibers demon-
strated similar improvements in the strength compared to bare
(PMMA), fibers, giving an estimated graphene strength of 19 +
9 GPa (Supporting Information). The scroll-like structure
(Figure 1a) of the samples allowed for the layers sliding against
each other, which would result in a greater variation of the
measured modulus, thus making it harder to reliably estimate
the contribution of graphene to the modulus in the produced
fibers. Notably, (Gr),(PMMA), samples had much better
reproducibility in stress—strain curves compared to (PMMA),
fibers.

The fibers which involved a PMMA dissolution step, such as
(Gr)s(PMMA), and (Gr)s samples, showed slightly lower
strength, 2.2—4 GPa, but this is still higher than most of those
reported for CNTs and graphene yarns that did not exceed 2.1
GPa.'®'® The modulus for (Gr)g fiber was measured up to 0.3
TPa (the highest value), which is also less than the effective
modulus of graphene in the laminate structures but higher than
that of other carbon materials, such as graphene and CNT
papers/yarns. We attribute the lower values for the fibers
without PMMA to solvent trapped between graphene layers
(Supporting Information) and possible ruptures of graphene by
surface tension during PMMA dissolution and solvent drying.

To demonstrate the outstanding properties of produced
composite materials, we suspended a commercially available
LED with a mass of approximately 100 g on the transparent
and flexible graphene laminates as well as on fibers (Figure 4a).
Electrical conductivity of these samples was determined to be
8.1 S/cm (Supporting Information), which is higher than that
reported for various graphene composites (Figure 4b,c). Pure
graphene fibers have a conductivity of § X 10° S/cm
(Supporting Information), which is similar to the values
measured earlier for CNT yarns.***” We did not observe a
decrease in conductivity with samples bending or aging.

Figure 4b shows a conductivity/graphene content chart for
different polymers and graphene preparation methods along
with the results of this work. Reported percolation thresholds
for composites to become electricallg conductive varies, but is
usually around 0.5% (volumetric).**~>> Our proposed lami-
nates have the highest conductivity reported so far (8.1 S/cm),
with the lowest graphene volume loading percentage, 0.13%.
Such high electrical conductivities were never reached using
graphene-like flake fillers, even with more than 2 orders of
magnitude higher loadings. Figure 4c shows conductivity/
modulus plot for various polymers and graphene preparation
techniques. The reported values in this work fall among the
highest reported in the literature.

Bl CONCLUSIONS

We produced macro-scale polymer/graphene laminates and
fibers as well as pure graphene fibers that demonstrate the use

of graphene as a reinforcing material for production of strong,
flexible, transparent, and electrically conductive composite
materials. We have shown that large scale CVD graphene is
superior to previously employed carbon additives such as
CNTs, carbon fibers, and graphene-like materials used in
production of yarns, mats, and fibers, especially when it comes
to producing strong conductive composites. Single-layer
graphene produced by CVD allows for the circumvention of
problems accompanying exfoliated graphene materials, such as
difficulties with dispersion and small size flakes of poorly
controlled thickness, which require high filler loadings for
decent electrical and thermal conductivities. The strength of
graphene/PMMA laminates is double of that for PMMA with
only a 0.13% load of graphene corresponding to the effective
strength of graphene in excess of 10 GPa. The effective
contribution of graphene to stiffness in laminates is greater than
1 TPa, which exceeds that of monocrystalline graphene and is
in part due to the orientation of polymer near the graphene
surface. Mechanical properties for pure graphene scrolls (fibers)
are less impressive, 2.2 GPa strength and 0.3 TPa modulus, but
are still competitive with those of carbon fibers. Better control
in sample preparation can further improve mechanical
properties of pure graphene samples and composites. Reported
electrical conductivities for laminates are 8.1 S/cm at only
0.13% graphene volumetric loadings and S X 10° S/cm for pure
graphene fibers.

B METHODS

Graphene Synthesis. Graphene was grown by CVD as
described earlier.”®*! In brief, electropolished copper foils (25
or 125 um thick) were loaded into an atmospheric pressure
CVD reactor and annealed at either 1010 °C (25 um foil) or
1065 °C (125 pm foil). Foil annealing was done under a flow of
2.5% H, in Ar for 30 min. Graphene growth was performed by
addition of methane with gradual increase of its concentration
from 14 to 20, 40, and 100 ppm for 30 min in each step. After
growth, Microchem PMMA 495A4 solution was spin-coated at
1500 rpm on top of graphene on copper foil. Graphene from
the back side of copper was etched away by oxygen plasma, and
the copper was dissolved by 1 M FeCl; in 3% HCL The
graphene/PMMA sandwich floating on the surface of water was
washed by DI water and transferred on the substrate of interest.
As was shown before,***! such a procedure leads to a high-
quality graphene with domain size in excess of 100 gm and less
than 5% of second-layer coverage.

Graphene Volumetric Loading. Graphene loading of
0.13% was calculated using measured thickness and the number
of graphene layers in the laminate according to eq S1. (See
section IX, Supporting Information, for details.) The number of
graphene layers was independently confirmed by UV—vis
measurements (Figure 1c and description in the text).

Type-1 Sample Preparation. Graphene laminates were
prepared by sequential transfer of Gr/PMMA sandwiches
(grown on 25 pum thick foil) onto the top of the previous layer.
Graphene grown on 125 um thick copper foil served as the
bottom substrate for all transfers because thicker foils are easier
to handle. After each layer, the structure was allowed to dry for
several hours and then annealed at 150 °C for S min on a hot
plate. (Gr/PMMA),; was prepared from two (Gr/PMMA);,
laminates annealed together. (PMMA),; was prepared in a
similar way, with each PMMA layer spin-coated on an annealed
copper foil without graphene.
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Type-2 Sample Preparation. (Gr),/(PMMA); films were
prepared in a way similar to that for type-1 samples, but after
each sequential graphene/PMMA sandwich transfer and
baking, PMMA was dissolved in acetone for 1 h, rinsed with
IPA, and dried under air gun. The (Gr),/(PMMA), structure
released from copper, floating on top of DI water, was rolled
onto a 0.7 mm diameter wire in a manner similar to the
previously reported procedure of scroll preparations for
fabrication of optical structures.”® The wire surface was
lubricated with Dow Corning high-vacuum silicone grease for
easy (Gr),/(PMMA), scroll removal from the wire. After
rolling, the fiber/scroll was dried under ambient conditions
overnight and carefully pulled from the wire. (Gr) fiber was
prepared by dissolving PMMA of (Gr)s(PMMA), fiber in
acetone overnight. After PMMA dissolution, the fiber was
transferred to IPA, soaked for several hours, and then dried on
a paper tissue.

Measurements. Type-1 samples were mounted either on a
homemade setup (Supporting Information) or a Linkam
Instruments TST350 stage with a 20 N load cell. Mounting
was performed using double-sided Scotch tape in the following
order: Scotch tape was put on the stage clamps first, followed
by having the sample being carefully pressed onto the Scotch
tape, and finally, another tape was added on top of the laminate.
All samples broke in the middle of the gauge section, as Figure
2 shows, indicating that the process for transferring load to the
test specimen did not influence the failure process. Type-2
samples were measured on an MTS Alliance RT/S instrument
with a 5 N load cell. Mounting was typically performed with
double-sided Scotch tape in a manner similar to that used with
typel samples. (Gr)s samples were mounted by either double-
sided Scotch or superglue without a noticeable difference in
these two approaches. Type-2 samples had a tendency to break
close to the mounting point, but the presented data are only for
fibers that broke at least 2 mm away from the mounting point.
Displacement rates for measurements with type-1 samples were
0.4 mm/min (initial strain rate = 4%/min) and 0.1 mm/min for
measurements with type-2 samples (initial strain rate &~ 0.5—
1%/min). Typical gauge length was 1 cm for both sample types.
Eg, 05 Epvima, and opypva values were derived from at least
three independent stress—strain measurements. Ultimate
strength (og and opyps) Was calculated from maximum stress
that the sample had to withstand before fracture. Ey and Epypya
were calculated on the initial linear part (up to 1% strain) of the
stress—strain curves. For the electrical conductivity measure-
ments and LED suspension, fibers or laminates were mounted
by conductive epoxy. The electrical resistance was measured in
a two-point scheme, and the conductivity was calculated from
sample dimensions (Supporting Information).
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