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We demonstrate a method to prepare graphene dmpersat high

concentrations, up to 1.2 mg/ml, with yields oftop4wt% monolayers. This
process relies on low-power sonication for longetsmup to 460 hours. TEM
shows the sonication to reduce the flake size flalke dimensions scaling as
2. However, the mean flake length remains aboyenifor all sonication

times studied. Raman spectroscopy shows defectsntneduced by the

sonication process. However, detailed analysis estggthat predominately
edge rather then basal-plane defects are introdudsd have used these
dispersions to prepare high quality free-standingphene films. The
dispersions can be heavily diluted by water with@&dimentation or
aggregation. This method facilitates graphene @%ng for a range of
applications.
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The unprecedented mechaniBalelectricdf! and thermal properti€s of graphene

1.0 Introduction

have sparked huge interest among researchersentrgeard ®. While many of the ground-
breaking experiments have been carried out on miechanically cleaved monolay&ts
future industrial applications are likely to reauilarge-scale, high-throughput processing
method¥’. Early progress in this area involved the oxidisatof graphite, followed by
exfoliation in water, to give aqueous dispersiofigrphene oxide (G3J.% This material
consists of spbonded carbon sheets decorated with large nundfecsvalently attached
hydroxyl and epoxide groups. The polar nature ekéhgroups, coupled with the Coulomb
repulsion associated with extensive proton dissiocta”, means that these dispersed GO
sheets are very stable in aqueous environment 8igpersions are very useful as they
facilitate both materials processing and fundameftaracterisation. For example, they have
been used to deposit individual sheets for spemtpis analysis™ 2, prepare polymer-
graphene compositésand develop graphene thin-filis 4.

However, GO faces some significant disadvantaDe&. to the disruption in the
orbital structure on oxidisation, GO is a poor @ieal conductd!®. The oxides can be
removed by thermal or chemical reduction resultm@ significant increase in conductivity
(15171 However, reduction adds yet another step in tleegssing procedure. In addition,
thermal reduction is most successfully carriedatut1000G* 8 1% 3 temperature which is
unsuitable for many applications. Moreover, reduttcannot remove the many structural
defects introduced by the oxidation procg¥$®2?* These defects disrupt the band structure
and completely degrade the electronic propertigsiwmake graphene unique.

In order to address these issues, our drouS and othefd’?? have developed
methods to exfoliate powdered graphite to give lgeaye in the liquid phase without oxidation
or defect formation. These methods rely on thel@tfon and stabilisation of graphene using
special solvents or surfactants and suffer fromenainthe problems outlined above. As such,
solvent or surfactant exfoliated graphene has tbeential to be useful in a host of
applications in both research and industry. Howevbese methods have one critical
disadvantage: The graphene can only be dispersesadively low concentration, typically
<0.01 mg mf. Such a low concentration makes many applicatimmmpletely impractical.
This gives graphene oxide a significant advantagyét @an be dispersed in some organic
solvents at concentrations of up to 1 mg-fit 3>*? and in water at concentrations of up to 7

mg mr* 33



NANO I I MICRO
Submitted tcs mu

In order to gain full advantage from dispersionpastine graphene in solvents, it will
be critical to increase the maximum concentratibtaimable while maintaining the quality of
the graphene flakes. In this work we demonstrath sumethod. We show that by applying
mild sonication for long times (up to 460 hours}he solvent N-methyl-pyrrolidone (NMP),
we can increase the graphene concentration to ~thihgWe use TEM analysis to show that
the dispersions almost exclusively contain flakeghwess than 10 layers. For the sample
sonicated for 100 hrs, over 90% of flakes had tleas 5 layers. Raman spectroscopy suggests
that minimal quantities of basal plane defects iateoduced. Finally we show that these
dispersions can be used to prepare films with restde electrical and mechanical properties.
2.0 Results and Discussion
2.1 Graphene concentration as a function of sorocetime

We hypothesised that the concentration of exfadiagjephene dispersed in solvents
such as N-methyl-pyrrolidone is limited by the ambof energy added during the sample
preparation process. This can be tested by momgotihe dispersion quality (dispersed
concentration, flake size & thickness etc) as aftion of sonication time. A large quantity of
graphene dispersion was bath sonicated (3.3 miy gréphite in 700 ml NMP, round
bottomed flask) for 460 hours. At various timesidgrthis period, aliquots were removed for
centrifugation (500 rpm) and subsequent analysis. Set of centrifuged dispersions appeared
darker in colour for longer sonication times asvaman figure 1, upper inset. In all cases, the
UV-vis absorbance spectra were measured, appeiatrand featurele&s!. The absorbance
per cell length, A/l, of these dispersions (660 maplotted versus sonication time in figure 1.
The concentration remaining after centrifugation, €an be measured from A/l once the

absorption coefficientq, is known (A=aC;l). We measuredr (660 nm) for a range of

sonication times and centrifugation rates by priegaarge volumes of dispersion, measuring
A/l, and then finding the dispersed mass by filtnatand weighing. The absorption coefficient
was relatively invariant with processing proced(figure S1), displaying a mean value of
a=3620 ml mg m?, slightly higher than our previous estimateosf2460 ml mg m™.[?°!
The calculated concentration is shown on the righis of figure 1. The concentration
increased steadily with sonication time from 0.0 mm* after 0.5 hrs before saturating at 1.2
mg mi* after 270 hrs as shown in figure 1.This value iscmlarger than our previous
maximum concentration (0.01 mg Mland is comparable to the best results for GO in

organic solvent&”. We note that empirically, this data closely fallCsVt.
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At this point, it is important to comment on thengation process. We have used bath
sonication (see Experimental section for detadsgn though the sonication times are very
long. This is because preliminary research in eaug showed that intense tip sonication was
relatively ineffective at exfoliating graphene frographite. Since we finished these
experiments, a paper has appeared which describ@ggon of graphite to give graphene in
surfactant solution$? In this work, intense tip sonication was used esstully. In the future,
it would be worthwhile to attempt to exfoliate ghgme in solvents using tip sonication. The
advantage of this would be that exfoliation coutd dchieved in much shorter times than
those used here. When using sonic baths, anotbblepn is reproducibility. This is because
the sonic energy input to the sample is sensitivihé water level, the exact position in the
bath, the volume of dispersion, vessel shape etaddition, sonic baths often have power
outputs different to the rated power output (sepdfixnental section). As a result, nominally
identically baths tend to give different resultaueDto this equipment related variability, the
concentration attained at any sonication time cany by a factor of ~2 from the presented
data. For example, after ~200 hours sonication e lobtained samples with concentration
varying from ~0.5 mg/ml to ~1.5 mg/ml depending the bath used. For this reason, all
presented time-dependent measurements were madgetiisisame stock, sonicated in a fixed
position in one sonic bath. We also note thatcaiiun for long times results in stabilisation
of bath temperature at elevated levels, leadingater evaporation. A siphon system must be
installed to keep the water level constant. Irhhpgwer baths the steady state temperature
can be greater than 50C, in some cases resultisgivent degradation. As a result we tried to
work at bath power outputs below 25 W.

2.2 Degree of exfoliation

Increasing the concentration of these dispersismsily useful if dispersion quality is
maintained at the higher concentrations. To tastwe carried out TEM analysis on a subset
of dispersions. A few drops, taken from dispersiearicated for 36, 96, 192 and 343 hrs,
were dropped on holey carbon grids and analysedguSEM. Shown infigure 2 are
representative TEM images of the flakes observeguré 2A shows a graphene monolayer
while figures 2 B&C show a multilayer. The monolayan easily be identified by its well
defined edges while the multilayer is typical o targer objects observed regularly. We note
that some very thick multilayers are observed ae m@ccasions. These objects are non-
transparent to the electron beam but have latémartsions similar to the thinner flakes. Of

>400 flakes observed, only 2 were such very thigjeds. We note that for short sonication
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times, the grids are sparsely coated by flakes,imgakem difficult to find by TEM. Shown
in figure 2D is a wide-field image of a TEM gridgmared from a long sonication time sample
(180 hrs). This image is covered by large numbéiftakes and is typical of those observed
for longer sonication times. The larger numberdlakes observed make statistical analysis
relatively easy for these samples.

We can use TEM images of the type shown in figute @enerate statistical data on
the exfoliation state of the graphene in theseeat@pns. We measure the lateral dimensions
of large number of flakes per sample (typically 6J1an general, the flakes are irregularly
shaped, so we measure the dimension along theabdsgand designate this as the length,
We designate the dimension perpendicular to thg boais as the widthy. In addition, we
estimate the number of layers per flakg,by examining the edges of the flakes. In TEM
images of graphene multilayers, the edges of tlviolual flakes are almost always
distinguishable. For example, the image in figu@ i2 a magnification of the portion of
figure 2B surrounded by the dashed box. Here fayed edges can clearly be seen (see
arrows), showing this flake to be a 5-layer. Thugcarefully counting the flake edges, it is
possible to measure the number of layers per flkeaccept that for some multilayers, it is
difficult to count the number of edges exactlyslrch cases, only estimationfs possible.
However, we expect the errors involved to be randowh so cancel out when data for many
flakes are combined in a histogram. Using the emtgeyting method, it is particularly easy to
identify mono-layers. We previously demonstratece tleffectiveness of monolayer
identification in a previous publication by confirmg their identification by edge counting
with electron diffraction dat&> As before we can confirm the identification of ntayers
by analysis of electron diffraction patterns sushtl@at shown in figure 1A inset. That the
inner spots are more intense than the outer sgotefinitive confirmation that the flake
consists of one layer onf§”!

We analyse approximately 100 flakes for each stinicdime. The full results of the
flake thickness, length, width and aspect ratiéwj results are shown in supplementary
information, figure S2-5 respectively. (We note ttmaost researchers use Atomic Force
Microscopy to measure flake thickness. However ihisot possible here. Due to the high
boiling point of most successful graphene solveitakes tend to aggregate during deposition
onto surfaces, rendering quantitative AFM analysipossible). We acknowledge that one
problem with statistical analysis of TEM imageshat some small flakes may be lost through

the holes in the TEM grid. This would result in oestimation of lateral flake size. However,
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the agreement between predicted and measuredrdéitpuie 1 suggests that our flake size
stats are reasonably accurate.
Shown infigure 3A is a histogram showing the distribution of flakécknesses for

the 343 hrs sample which had=<1.2 mg mf". Even at this high concentration, the graphene

is highly exfoliated. In figure 3B-D, we shofiN), (L) and(w) as a function of sonication

time as calculated from the distributions in figei®2-4. The mean number of layers per flake

<N> is close to 3 for all sonication times. Howevdre tateral dimensions of each flake

decreased significantly with sonication time, witlte mean length falling from #8n to
~1um and the mean width falling from +n to ~300 nm. The data for both flake length and

width scale well with the inverse square root ohei (L) Ot™?and (w)Ot™?. This

behaviour was previously observed for carbon navestand is expected theoreticaify.We
note that this time dependence explains a numbasects of the data outlined below.

Additional statistics relating to the degree of adgdtion and flake dimensions as a

function of sonication time are shown in figure $&e mean flake aspect ratid, / w) was

constant at 2.5-3 for all sonication times. Thiaf w) # 1 suggests that the exfoliation/cutting

process favours asymmetric flakes. From the dafagime S2, we found that the fraction of
flakes with <5 layers, N/Nt, was roughly constant between 80% and 90% faaatiples. In
addition, the fraction of monolayers,;/Nt, increased from ~10% for the short sonication
times to 21% for the 343 hr sample. A monolayectiom of 21% corresponds to a mass
fraction of 7% (se25] for details). Accounting for the fall-out duringdimentation, we can
calculate a yield of 4% monolayer mass relativeh® starting mass of graphite. This is
significantly larger than the early values of <9.
2.3 Correlation of concentration and flake size

We suggest that the increase in graphene condentiatcorrelated with the decrease
in flake dimensions as sonication time is increas@d dispersions of nanotubes in NMP, the
equilibrium bundle diameter is set by the concdiutna such that the total volume of solvent
per bundle is proportional to the volume of theephwhose diameter equals the bundle
length (see figure 1, lower inset, I€ff). The physical basis of this is that when the busdle
are brought closer, say by debundling, collisioas ©ccur between diffusively rotating
adjacent bundles resulting in aggregation. Giveat ttanotubes in NMP can spontaneously

split from the bundles by desorpti6#, this results in a dynamic equilibrium which séts t
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relationship between bundle diameter and conceoralf such a correlation exists here, the
solvent volume per graphene flake should be prapwt to the volume of the sphere defined
by the flake length (see figure 1, lower insethtjg Then, we can relate the graphene
concentration as proportional to the mass of trexagge flake divided by the volume of the
associated sphere. In this scenario, the concemtngtgiven by:

i Pl W)N)d _, 60.d (W)N)
¢ ~kp4n<|_/2>3/3 K [;T (LY? e @

Where k is the proportionality constapt is the graphitic density (2200 kg¥nand d is the
interlayer spacing (0.35 nm). In addition, equatloaxplains the observed scaling of With

Vt. Given the invariance fN) with time and the observed scaling(af) and (w) with t™'2,

the Vt dependence emerges naturally from equation ladt) by inserting the fit formulae
shown in figure 3 into equation 1, we can fit itth@ data shown in figure 1. The dashed line
in figure 1 is the fit to equation 1 and, ratherpsisingly, gives k=1.0. This particular value of
k is consistent with the situation where the cotregion is such that each flake exactly
occupies its spherical volume. This shows thattreentration and aggregation state interact
to keep the system close to a critical concentmasionilar to the overlap concentration in
polymer physic$®

This behaviour, described by k=1, is not geneudlrbpresents the state of the system
when the concentration is close to its maximum edket by flake size as described above).
We observe this behaviour because we apply a wsvycentrifugation rate (500 rpm). This
rate was chosen as the lowest rotation rate pmedirgi experiments showed to remove all
large aggregates (ie those visible optically). Thils scenario represents the maximum
concentration of well dispersed flakes. Higher tiotarates would result in the removal of
more material, leading to reduced concentratioalsvaitues of k<1.

2.4 Centrifugation dependence.

As described above, one can reduce the concemtrhyiovarying the centrifugation
parameters; we would expect higher rotation radegite lower concentrations. To test this,
we chose one sonication time (146 hours) and peepa number of dispersions by
centrifugation at four different rates from 500 rptm 4000 rpm. We measured the
concentration of graphene in each case. This dapaeisented ifigure 4. Here we see the
concentration fall off monotonically with rotatiaate, from 0.5 mg/ml for 500 rpm to 0.13

rpm for 4000 rpm. (The 500 rpm data does not quikch that presented in figure 1 because
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these samples were made separately and so diffgrtlgl from the previous results as
described in section 2.1) We note that this dedags not scale as (rpfhs might be
expected from centrifugation theory. It is also artant to point out that this decay does not
invalidate equation 1, rather it suggests that & fanction of rpm with k=1 representing the
maximum value.

In the simplest case, we would expect smaller 8akeremain at higher rotation rates.
To test this, we performed TEM analysis on samplepared at all four rotation rates. The

measured mean lengths, <L>, and widths, <w>, amvshin figure 4 inset. Both flake

dimensions fell from(L)=1.02t0.07 um, (w)=0.38:0.03 um and(N)=3.1 for the 500 rpm

sample to{L)=0.540.05 um, (w)=0.19-0.01 pm and(N}=2.9 for the 4000 rpm sample.

This clearly shows that only smaller flakes rendispersed at longer centrifugation times.
2.5 Defect formation?

We have demonstrated a method to produce highblietdd graphene dispersions at
reasonably high concentration. However, as thisguare requires sonication for long times,
the possibility of defect formation must be consgdke To test this we prepared thin films
(~50nm) by filtering a number of graphene disparsithrough porous alumina membranes.
We measured Raman spectra for at least 20 diffeymwis on each film before normalising
and averaging the spectra. The resultant specatrthéo36 hrs and 192 hrs sonication films
(500 rpm) and the 146 hrs sonication films (500 @ml 4000 rpm) are shown figure 5.
Also shown is a spectrum of the graphite powdern@te are three banéf& the D band
(~1350 cnit), the G band (~1600 chy and the 2D band (~2700 &n The D band gives
evidence of the presence of defects; either éiffes topological defects in the sheet. We
note that the starting powder displays a small dgfepulation. We can quantify the defect
level by the D to G band intensity ratig/l. As shown in figure 5 (inset)p/lg increases
gradually from the powder value with increasingisation time. In addition, we found that
Io/lg increases smoothly with rpm.

An important question is whether we introduce bgdane defects or defects
associated with new edges. As the flakes get smaitk time, the total edge length increases
with time. This would be consistent with the datdigure 5 (inset). In addition, if edges are
responsible for the defect content, we would expgt to increase with centrifugation rate.

We found thatd/lg increase smoothly with rpm.



NANO I I MICRO
Submitted tcs mu

We can quantitatively test the idea that the dgdepulation is dominated by the edge
defects by noting that, for edge defectsshould scale with the flake edge length whie |

should scale with the flake area. Approximating fla&kes as rectangular, this means the

average Raman ratio should scalglag/| ;) O [<L>_l +<W>_l] This is shown to be the case

in figure 6 for both the samples prepared for different sdroocatimes and different rotation
rates. It is interesting that both data sets falighly on the same straight line. We reiterate
that this scenario is consistent with the hypothdsat the increase in/lg can be explained
solely by the introduction of new edges as the tshegt cut. However, we cannot
categorically rule out the possibility that bas&ne defects are induced by sonication and
that their formation is flake size dependant. K flake size dependence of the basal plane
defect formation rate was just right, this mechancould result in the behaviour observed in
figure 6. However, we feel that this second expianais unlikely as it would require a very
specific size dependence of the body defect foonatate. It is more probable that the
observed defects are in fact associated with tlgesednd the bodies of the flakes are

relatively defect free. This is an important issunel will be studied in more detail in a future

paper. Given the behaviour displayed in figure @ #re observed time dependenceilo)f

and<w> , it can be shown thag/ll should scale with/t . That this is approximately the case

is illustrated by the dashed line in figure 5 (ise

We can also consider the 2D band. The shape ob#nd is indicative of the number
of layers per flak&€® Y For flakes thinner than ~5 layers, the Raman spectis
considerably different from that of graphene. Nafighe 70 spectra measured for the thin
films described above displayed graphite-like cbima Rather, all spectra were consistent
with flakes of 3-5 layers in good agreement wita TEM data.
2.6 Film formation

Access to high quality, high concentration grapheligpersions will facilitate a
number of areas of research such as compositelmarférmation. We illustrate this by
preparing thick, free-standing films from disperssonicated for a range of times. The films
were prepared by vacuum filtering the dispersiam® @orous membranes to give films ~40-
80 pm thick with densities of 1200-1350 kgnfand so porosities of 40-45%). We performed
all measurements on as-produced films; no anneakveghing or post-treatment was
performed. Raman measurements (not shown) werdasitoithose measured for thin films

and were representative of few layer graphene.llitases, the films displayed a shiny
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metallic sheen as shown filgure 7A. This is similar to previously reported films a&duced
graphene oxid€% Scanning electron microscopy of a film edge shawse display a well
defined layered morphology (figure 7 B&C). Evenubb the porosity is relatively high, the
flakes making up the films appear reasonably watked.

We measured the DC conductivity of the films to tedatively invariant with
sonication time, with a mean conductivity of #081x10* S mi'. This value is considerably
lower than the conductivity of graphite (~%18° S mi'). We expect the reason for this is that
carriers must cross many inter-sheet junctionshay pass through the material. It has
recently been confirmed that such junctions lihé& tonductivity of nanotube filmMi& This
conductivity compares well with free-standing filne$ reduced graphene oxide reported
recently which displayed conductivities of up t680" S mi* (after annealing at 350Ef: +°!
However, we note that similar, reduced GO filmspared without annealing displayed
conductivities of ~7000 S 1'% *3!

We also performed mechanical measurements on fise We cut strips from each
film and performed tensile testing. Mechanicallpust films were only formed for sonication
times above 50 hrs. Representative stress-strawegiware shown in figure 7D. For films
prepared with sonication times >50 hrs, the Youmgtdulus ranged from ~5-11 GPa. The
film strength as a function of sonication time wn in figure 7E. For times <50 hrs, the
strength is negligible; indeed these films wereraaxely delicate and very hard to remove
from the filter. For longer times, the strength vi2s18 MPa. We note that these moduli and
strength are lower than those reported for filmbath G&** and reduced G&' probably
due to the reduced inter-sheet stress transfeciasso with the absence of oxides and an
interfacial layer of residual NM®' rather than oxides. By analogy with polymer-nabetu
composites, such a layer is likely to promote iatginl slippagé® We note that these films
have strengths similar to nanotube films cast fiP [*°!

2.7 Aqueous dispersions

Using the solvent NMP has a number of disadvantagsably its high boiling point.
For many applications, water would be a bettereutivHowever, the surface energy of water
is too high for it to act as a solvent for graphBrleWe note however that aqueous
dispersions of reduced graphene oxide have beewihhafiluted with organic solvents
without large scale destabilisatiBfl. With this in mind, we diluted an (homogenised Iy 1
min bath sonication) NMP dispersion (0.7 mg*m2ml) with water by a factor of 99:1
(water:NMP). For comparison, we diluted the sanatisig dispersion with NMP at 99:1.
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Each dispersion was then bath sonicated for adutB mins to homogenise. We measured
the resulting sedimentation by tracking opticalaabance using a home built appardffis.
Sedimentation curves for both water and NMP dillX®dP dispersions are shown figure
8A. Both samples were very stable over 160 hours slyppw25% sedimentation. Each
sedimentation could be well fit to an exponentietal*”! (see figure 8). Here the parameter
Ao represents the fraction of graphene stable ags@wsientation. This wasyA80% for the
NMP sample, falling to A70% for the water diluted sample. This stabilitya@st
sedimentation when exposed to a non-solvent (wet@Qt understood but will be very useful
for many applications as long as signification aggtion does not occur. To test this we
carried out TEM analysis on the dispersions imntetiaafter dilution. In both cases mono-
and multi-layers were observed. An example of geaphflakes observed in the water diluted
sample is shown in figure 8 inset. Shown in figBBzand C are statistical data for the flake
thickness in the NMP and water diluted sampleseesgely. While the water diluted sample
has fewer monolayers, the exfoliation state i$ gédsonably good.
3.0 Conclusion

In conclusion we have demonstrated a method toapeegispersions of graphene in
NMP at concentrations of up to 1.2 mgnily extended sonication. The flake dimensions
decrease with sonication time a%*t while the concentration is directly related te take
size. The intensity of the Raman D band increaststime as ¥, indicating that new edges
rather than basal plane defects are formed. Diutiith water causes little aggregation or
sedimentation. These dispersions can be formed fre standing films with reasonable
mechanical and electrical properties. We believie thethod will greatly facilitate the

preparation of materials such as composites ospiament films.

4.0 Experimental Section

A set of identical graphene dispersions were pexpény adding powdered graphite
(Branwell natural graphite, grade 2369, www.brahwetet.com/) to N-methyl-pyrrolidone
(NMP) (spectroscopic grade, Aldrich) at a concdiraof 3.3 mg mf (700 ml, round
bottomed flask). These dispersions were then stado@Branson 1510E-MT bath sonicator)
for various periods from 0.5 hrs to 462 hrs. Dursagnication over such a prolonged period,
the bath water tends to heat up to ~50C and carditieevaporation occurs. To combat this,
a siphon system must be used to allow water to flom a reservoir to keep the water level

constant. We note that the true power output (eg&thfrom the measured rate of temperature
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increase (K 3) when sonicating a known mass of water) tends &oy \between (even
nominally identical) sonic baths. In this work, weed one bath which had a measured power
output of 23W. If significantly higher power bathse used, the bath-water tends to heat
significantly, degrading the solvent and resultingpoorer results. After sonication, the
dispersions were transferred to vials and centeifugt S00rpm for 45 minutes (Hettich Mikro
22R) (500-4000 rpm for the centrifugation rate ekpent). After centrifugation, the top
20ml (out of 28 ml) was carefully removed and ne¢ai for further use.

UV-vis-IR absorption spectroscopy was carried aihg a Varian Cary6000i£1mm
cuvette). Samples for TEM were prepared by pipgtanfew milliliters of dispersion onto
holey carbon grids (400 mesh). Bright field TEM mea were taken with a Jeol 2100
operating at 200 kV. Thin films were prepared ugiogous alumina membranes (Whatman
Anodisc 47mm, pore size =040). Raman spectra (633 nm) were recorded on a &orib
Jobin Yvon LabRAM-HR (100x objective lens). Thicknfs were prepared by vacuum
filtering the dispersions onto porous membranegive films ~40-80um thick. They were
dried for 24hrs in a 65 C oven followed by 48hrsainac oven at 60 C. Tensile tests were
carried out using a Zwick Roell with 100 N loadl@la strain rate of 2700 mm/min.
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Figure 1. Concentration of graphene after centafiogp as a function of sonication time. On
the left axis is the measured absorbance per esdith, A/l, while on the right axis is the
concentration calculated using an absorption cdefft of 3620 ml mg m™. The line
illustrates vVt behaviour and is a fit to equation 1. The uppeds ahows the total energy
outputted by the bath calculated using the measpogcer output of 23 W. The upper inset
shows 1mm cuvettes containing dispersions afterd6l&0 hrs. The lower inset illustrates the
hypothesis that the concentration of both nanoauttegraphene dispersions is determined by

the volume of the solvent sphere defined by the tutflake dimensions.
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Figure 2. TEM images of graphene flakes observenhguhis work. A) A typical monolayer,
inset: A diffraction pattern taken from a monolayB)y A multilayer C) a magnified version
of the portion of B in the dashed box. The arromthis image show the position of the edges
of the individual flakes comprising this multilayéfive edges can be seen showing that this is
a 5-layer flake. D) A widefield image showing tterde quantities of flakes observed after

long sonication times (180 hrs)
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Figure 3. A) Histogram showing the number of laypes flake measured for the 343 hr
sonication times. B) Mean number of layers perdlak) and D) Mean length and width of
flakes respectively. Note that both flake lengtld andth scale well with the inverse square
root of time (/2.
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Figure 4. Concentration of graphene as a functibrcemtrifugation rate for a constant

sonication time of 146 hours. Inset: Flake siza &mction of sonication time.
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Figure 5. Raman spectra of starting graphite povader of thin filtered films prepared after
36 and 192 hrs sonication (500 rpm) and after IalG&dhsonication but centrifuged with rates
of 500 rpm and 4000 rpm. Inset: The ratio of D b&amd> band intensity as a function of

sonication time. The errors are standard errorthefdistribution of >20/lg values. The
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dashed line shows the behaviour expected if thaghan D band intensity is due to edge

formation.
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Figure 6: Mean Raman D:G ratio as a function ofecléggth to flake area ratio, <W»<L>™.

If the D band increase is due to the formation @ivrflake edges, a straight line would be

expected in this graph. The errors inMAd> are standard errors of the distribution of >20
In/lg values while the errors in <w#<L>" are calculated from the standard errors of the
flake length and width distributions. Note that tieta point at the bottom left of this graph

represents the graphite powder.
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Figure 7. A) A photograph of a free standing filmepared from a 96 hr sample. B) SEM
image of the edge of the film in A). C) Close upB)f D) Representative stress-strain curves

for a number of films studied. E) Ultimate tensteength of films as a function of sonication

time.
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Figure 8: A) sedimentation behaviour for grapherspeatsions (diluted from 0.7 mg/ml to
0.007 mg/ml) by addition of either NMP or water.cBacurve fits well to an exponential
decay described by the parameters shown. InseEM image of a graphene monolayer from
the water dilution. TEM statistics showing the aggation state of the dispersion diluted with
B) NMP and C) water.

TOC Graphic

A graphene flake deposited from a 99:1 water:NMdpelision.
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Figure S1: Absorption coefficientr,of graphene dispersions as a function of sonindtioe

and centrifugation rate. The absorption coefficisrelatively invariant, displaying a mean of

3620 ml mg' m™.
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Figure S2: Histograms showing the number of layms flake measured for a number of

sonication times. Note that monolayers were obskeivall cases.
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Figure S3: Histograms of the length of graphenkeffaocbserved by TEM as a function of

sonication time.
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Figure S4: Histograms of the width of graphene dilobserved by TEM as a function of

sonication time.
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Figure S5: Histograms of the aspect ratio of graphitakes observed by TEM as a function

of sonication time.
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Figure S6: Statistical data derived from the hisdots in figures S1-4, plotted in all cases as a

function of sonication time. A) Fraction of monomsehli/Nt. B) Fraction of flakes with less

than 5 layers, NJ/N+1. C) Average flake aspect ratio, <L/w>. All ertmars represent standard
errors.
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