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Abstract

We have demonstrated a method to disperse andiagf@raphite to give graphene
suspended in water-surfactant solutions. Opticaradterisation of these suspensions
allowed the partial optimisation of the dispersipnocess. Transmission electron
microscopy showed the dispersed phase to conswstefl graphitic flakes. More than
40% of these flakes had <5 layers with ~3% of flakensisting of monolayers. These
flakes are stabilised against reaggregation by @ollrepulsion due to the adsorbed
surfactant. However, the larger flakes tend toreedt out over ~6 weeks, leaving only
small flakes dispersed. It is possible to form thims by vacuum filtration of these
dispersions. Raman and IR spectroscopic analystsesk films suggests the flakes to be
largely free of defects and oxides. The deposiletsfare reasonably conductive and are
semi-transparent. Further improvements may resultthe development of cheap

transparent conductors.

I ntroduction

The discovery of monolayer graphene in 20bds led to the demonstration of a host of novel
physical properties in this most exciting of nantenal$. Graphene is generally made by
micromechanical cleavage, a process whereby moaixdare peeled from graphite crystals. However,
this process has significant disadvantages in tevingeld and throughput. As such, there has been
significant interest in the development of a lasgale production method for graphene. In the lengnt
for many research areas the growth of graphene laggrs is by far the most desirable route. However,
progress has been slow and in any case, this spehmiill be unsuitable for certain applicationsu$h
in the medium term, the most promising route isaRfoliation of graphite in the liquid phase to giv

graphene-like materials. The most common technibas been the oxidisation and subsequent
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exfoliation of graphite to give graphene oxideHowever, this technique suffers from one significa
disadvantage; the oxidisation process results enftiimation of structural defects as evidenced by
Raman spectroscopy. These defects alter the electronic structureraplgene so much as to render it
semiconducting These defects are virtually impossible to remowmpletely; even after annealing at
1000°C, residual C=0 and C-O bonds are observed by Xphmtoelectron spectroscdpyEven mild
chemical treatments, involving soaking in oleunsutein non-negligable oxidisation which requires
annealing at 80T to removéa

Recently, a significant breakthrough was made wivem independent groups showed that
graphite could be exfoliated in the liquid phasegtoe defect-free monolayer graph&hé’ This
phenomena relies on using special solvents whasacsuenergy is so well matched to that of graphene
that exfoliation occurs freely However, this process is not without its drawlsackhese solvents are
expensive and require special care when handim@dtition, they tend to have high boiling points,
making it difficult to deposit individual monolayeon surfaces.

With these factors in mind, it is easy to see whateeded. We require a liquid phase process
that results in the exfoliation of graphite to giy@phene at reasonably high yield. The methodldhou
be non-oxidative and should not require high termjpee processes or chemical post treatments. In
addition it should be compatible with safe, userfdly, low boiling-point solvents, preferably wate

In this paper we demonstrate such a method. Wedisgyraphite in surfactant-water solutions
in @ manner similar to surfactant aided nanotutspetsion®””. By TEM analysis we demonstrate
significant levels of exfoliation including the adrsation of a number of graphene monolayers. Raman
and IR spectroscopy show the graphite/graphenee tdefect free and un-oxidised. These dispersions

can be vacuum filtered to make thin conductive $ilm

Experimental procedure

The graphite powder used in all experiments washaged from Sigma Aldrich (product
number 332461) and sieved through a 0.5 mm mestnove large particles. Sodium dodecylbenzene
sulphonate (SDBS) was purchased from Sigma Aldlmhno. 065K2511) and used as provided. Stock
solutions of SDBS of concentrations between 5 mgnad 10 mg/ml were prepared in Millipore water
by stirring overnight. A typical sample was prephigy dispersing graphite in the desired SDBS
concentration (25 ml sample volume in cylindricells) using 30 minutes of sonication in a low power
sonic bath. The resulting dispersion was left emdtfor approximately 24 hours to allow any unstabl
aggregates to form and then centrifuged for 90 tesmat 500 rpm. After centrifugation (CF), the fidp
ml of the dispersion was decanted by pipette atadrred for use.

Sonication of the dispersions was carried out iBranson 1510E-MT bath sonicator. Mild

centrifugation was done using a Hettich Mikro 22Rsorption measurements were taken with a Varian
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Cary 6000i using quartz cuvettes. Sedimentatiofilpsowere taken with a home-made apparatus using
an array of synchronised pulsed lasers and phcdee‘i% Annealing of some deposited films was
carried out in a GERO Hochtemperaturéfen GmbH. fffgeld TEM images were taken with a Jeol
2100, operated at 200 kV. SEM analysis was carmigidin a Hitachi S-4300 field emission SEM.
Raman spectra were taken on a Horiba Jobin YvorRBAD-HR using a 100X objective lens with a
532 nm laser excitation. Attenuated total reflecearrTIR spectra were taken on a Perkin Elmer
Spectrum 100. Thermogravimetric analysis was aroiet using a Perkin Elmer Pyris 1 TGA in an
oxygen atmosphere. The temperature was scanne®Bdm900 °C at 10 °C /minute.

Zeta potential measurements were carried out onadvdvh Zetasizer Nano system with
irradiation from a 633 nm He-Ne laser. The samplese injected in folded capillary cells, and the
electrophoretic mobility ) was measured using a combination of electropiiasd laser Doppler
velocimetry techniques. The electrophoretic mopitiélates the drift velocity of a colloid (v) toeh

applied electric field (E)v = 4E . All measurements were conducted at 25 °C andeahatural pH of

the surfactant solution unless otherwise state@.Fpotential can be calculated (in Sl units) from the
electrophoretic mobility using the Henry equatiém;orporating the Smoluchowski approximatfibn

{ =nul e, wheren is the solution viscosity, is the solution permittivity = £, &,. This equation is only

rigorously valid for spherical particles. Howevas, it is known to predid@-potential values for rod-like
particles to within 20% of the true value we ushete for these disk-like systems accepting thateso

systematic error may be introduced.

Results and discussion

The absorption coefficient,, which is related to the absorbance, A, throughltambert-Beer
law (A=aCl, where C is the concentration and | is the ¢etigth), is an important parameter in
characterising any dispersion. To accurately datexm we prepared a dispersion (~400 ml) with initial
graphite concentration,{3 = 0.1 mg/ml, and SDBS concentrationspgs = 0.5 mg/ml. This was then
centrifuged and decanted and the absorption spectreasured (inset Figure 1). As expected for aiquas
2-dimensional material, this spectrum is flat aedtfirelesS everywhere except below 280 nm where
we observe a strong absorption band which scaledadly with SDBS concentration but was
independent of the graphite concentration; wehattei this band to the SDBS. A precisely measured
volume of the dispersion was filtered under higlbuan onto an alumina membrane of known mass.
The resulting compact film was washed with 1 L @fiter and dried overnight in a vacuum oven at room
temperature. The mass of material in the filteretime of stock dispersion was then determined using
a microbalance. From TGA analysis (not shown) efdhed film, we found that 64 = 5 % of the film

was graphitic; the remainder was attributed todwsi surfactant. This allowed us to determine thal f
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concentration of the stock dispersion. A samplthefstock dispersion was then serially diluted \Qith
mg/ml SDBS solution allowing the measurement of Hiesorbance per unit length (A/l) versus
concentration of graphite (after centrifugatiors),Cas shown in Figure 1. A straight line fit thréug
these points gives the absorption coefficient & B® ofa. = 1390 ml mg m™ in reasonable agreement
with the value measured for graphite/graphene iioua solvents. The non-zero intercept in Figure 1
is attributable to the A/l of residual SDBS in ttispersion (intercept of A/l=0.72 tcompares with
residual absorbance of A/I~0.5for SDBS at Gpes=0.5 mg/ml).

Usinga for our dispersions, it is possible to determingf@ all subsequent samples. Thus, the
fraction of graphite material remaining for any gdenafter centrifugation can be calculated from the
ratio of dispersed graphite after CF to that befoFe Gs/Cg ;. Using this fraction-remaining as a gauge,
the concentrations & and Gpgs could be optimised. Holding<4ggs constant at a relatively high value

of 10 mg/ml, G was measured as a function of i¢Figure 2). Interestingly, we observe an empirical

relationship of the formC, = 001,/C; . The largest fraction remaining was ~3wt% &, G 0.1

mg/ml (top inset, Figure 2). This graphite concatidn was then fixed andsgss varied. Measurement

of the fraction remaining showed a broad peak (loimset, Figure 2), similar to those observed for
nanotube-surfactant dispersidhswith reasonably high quantities of graphite remr for Gs;
between 0.5 mg/ml to 1 mg/ml. The fall-off in disped graphite below 4gss~0.5 mg/ml is reminiscent

of the destabilisation of nanotube dispersions hes durfactant concentration is reduced below the
critical micelle concentratidft 2°(~0.7 mg/ml for SDBS). Keeping the concentration of surfactant to a
minimum is desirable for many potential applicaipso, all subsequent experiments were performed on
standard dispersions withsggs = 0.5 mg/ml and €; = 0.1 mg/ml. (NB the fraction remaining in the
experiment described in Figure 1 was much smatian twould be expected from the data shown in
Figure 2. This is due to the fact that in the farreeperiment a much larger volume was used regultin

in less efficient sonication.)

At this point we know we are dispersing graphité ot in what form. To further characterise
the dispersions, we conducted TEM analysis on taundsard dispersion. TEM samples were prepared by
pipetting a few milliliters of this dispersion ontmley carbon mesh grids (400 mesh). TEM analysis
revealed a large quantity of flakes of differenpdg as shown in Figure 3. A small quantity of
monolayer graphene flakes were observed (Figure BAprger proportion of flakes were few-layer
graphene, including some bilayers and trilayerstemvn in Figure 3B and C. In addition, a number of
rather disordered flakes with many layers, simitathe one in Figure 3D were observed. The disorder

suggests that these flakes formed by reaggregatiemaller flakes. Finally, a very small number ¢2)
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very large flakes were observed (Figure 3E). It barshown that these are graphite by the observatio
of thin multilayers protruding from their edgesdéie 3E, Inset). Note that while these large flades

rare when counted by number, they are expectedrttilbute disproportionally by mass. It is possitae

estimate the number of layers per flake for evéakef observed. This data is illustrated in thedgstm

for the standard dispersion in Figure 4A (the viamge flakes are ignored in this histogram). These
statistics show a reasonable population of fewflay@phene. For example ~43% of flakes has <5
layers. More importantly, ~3% of the flakes werenolayer graphene. While this value is considerably
smaller than that observed for graphene/solventedisons’, working in aqueous systems brings its
own advantages. In general, the majority of these-layer flakes had lateral dimensions of ~1um.
Thicker flakes, with more than a few graphene laymer flake, were larger, ranging up to 3 pm in

diameter.

The sediment remaining after centrifugation canré®ycled to improve the overall yield of
graphene exfoliation. The sediment was dried aedhfr0.5 mg/ml SDBS solution was added. This
sediment dispersion was then processed in the sanaer as the original dispersion and TEM analysis
carried out. In this case, we also observed thegmae of isolated monolayer graphene in about 3% of
cases (Figure 3F). In addition, the flake thicknais¢ribution shifted towards thinner flakes witrde
guantities of bilayers and trilayers; 67% of flak#sserved had <5 layers (Figure 4B). Notably, there
were no large flakes with greater than 10 layerseoked, indicating that the reprocessing of redycle
sediment gives better exfoliation than processihthe original sieved graphite. We suggest that the
second sonication breaks up the already partiafigliated chunks of graphite into even smaller p&ec
from which exfoliation occurs more easily. As suiths unlikely that simply doubling the sonication

time would yield equivalent results.

The zeta potential is useful parameter we can aisgharacterise our dispersions. SDBS is an
ionic surfactant that is expected to adsorb ontogitaphene flakes and impart an effective charge. W
expect that the dispersions will be stabilised Igcteostatic repulsion between surfactant-coated
graphene flakes. This mechanism has allowed theesatul dispersion of carbon nanotubes in a range
of surfactants® " ?* #The zeta potential is the potential at the int=fdetween the adsorbed
surfactant molecular ions and the diffuse regiomaobile counterions. As such it is a measure of the
electrostatic repulsion between surfactant codeda$. Our dispersions are in aqueous media wagh fr
Na" counterions and so have high ionic conductivityatidition, we make the (crude) approximation
that our planar graphene flakes can be treateplaarisal particles whilst in dispersion. Hence, we

apply the Smoluchowski approximation in our measweet$* this is in line with previous work on
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carbon nanotube dispersions in SDBS? The natural pH of our dispersions was 7.4, whicttames a

literature value for SDBS stabilised carbon nanetdispersions?

We observed a zeta potential distribution for atrgraphite/graphene dispersion centred at -44
mV (Figure 5A). The shoulder at -76 mV is proballye to free surfactant, as it matches well to the
position of the zeta spectrum of a 0.5 mg/ml SDB&uton at -71 mV (Figure 5A). For fresh
graphite/graphene, the peak zeta potential of -A4isnwell below the accepted value for colloidal
stability of -15mV, indicating that reaggregatiohosld be minimised. For comparison, the zeta
spectrum of a 6 week old graphene/graphite disperns also shown. This spectrum is peaked at -78
mV with a shoulder at -103 mV. We suggest the psalue to unbound surfactant while the shoulder is
due to surfactant coated graphite/graphene flakieat the zeta potential has shifted to more negativ
values over six weeks strongly suggests that gherephotetic mobilityp, has increased in magnitude.
One explanation for this could be a reduction irmam#ake size which may increase the electrophoreti

mobility in non-spherical samples. The origin o€lka size reduction will be discussed below.

The pH of the fresh dispersion was varied by additf HCl and NaOH with the results given in
Figure 5A (inset). There is a trend towards morgatige zeta potential values as the pH is raidad; t
suggests that inter-particle repulsions are ine@ass more negative Oldharges are added to the
flakes. For acidic dispersions at lower pH valudssa negative zeta potential is found, consisiettt
charge neutralisation and destabilisation of thetesy. The zeta potential vs pH trend is in linehwit
trends reported for graphene oxide and reducechgrepoxide colloid$.By lowering the pH, the zeta
potential approaches the limit of stability in aystem but it does not pass through the isoelegotritat.
This maybe due to very high surface coverage gilurae flakes by SDBS ionic molecules and perhaps

also due to a buffer-like action by the free sudatin the dispersion.

To determine the temporal stability of these dispers, we conducted sedimentation
experiments on a centrifuged, decanted dispersigr(q.006 mg/ml, Gps=0.5 mg/ml). The optical
absorbance of the sample at 650 nm was monitoredfasction of time as shown in Figure 5B. The
measured absorbance fell steadily, indicating sedtation of approximately two thirds of the matkria
over a considerable period of time. A bi-exponérftiaction could be fitted to the profile, indicat
one stable and two sedimenting compor&ni&he fit parameters indicate that 35wt% of the [sianis
stable over the timeframe of 35 days. We attriltite component to small flakes. Of the rest, 19 wit%
the flakes fall out rapidly, with a time constarfit2i.5 hrs while a further 46 wt% fall out over b
time scales (time constant ~208 hrs). As the timastant is related to the dimensions of the

sedimenting objet} we can attribute the slowly and rapidly sedimebjects to medium and large
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sized flakes respectively. We suggest that thgelflakes are fragments of graphite that inadvésten
remained in the dispersion after decantation anidiwdve can identify with the type of flake observed
in Figure 4E. We identify the medium sized flakastlaose objects represented at the right sideeof th
histogram in Figure 4A. TEM analysis of the 6 wex#t sample used for zeta measurements showed
only small flakes remain; these were typically fewer graphene flakes less than 500 nm in diameter.
This confirms both that medium to large flakes @mstable and sediment out over 6 weeks (~1000 hrs)

and that the increase if] |s due to an increase i faused by the reduction in flake size over time.

To examine the potential uses of aqueous grapheperdions, films were cast onto porous
membranes by vacuum filtration. Film preparationswearried out immediately after CF using
nitrocellulose membranes (pore size 25 nm) or alanmembranes (pore size 20 nm) supported on a
fritted glass holder. These films were dried ovghtiin a room temperature vacuum oven at ~I%10
mbar to remove the water. Figure 6 shows SEM atidalpmages of a typical film (the segment of the
film used for SEM was coated with 10 to 20 nm oldyolt can be seen from the SEM image that many
of the flakes are small with diameters ~1 um. Iditah, there are some large flakes ~5 pm in diamet
which we associate with the flake shown in FiguEe B contrast to films cast from solveHisthe
flakes lie flat on top of each other, suggesting plossibility of good electrical contact betweeakés.
The small flakes are not visible in the optical gaaappearing as a constant background. Howewer, th
large flakesare apparent, appearing as bright regions. Significprantities of these large flakes are

present.

The deposited films were further characterised bgnBn spectroscopy. Examples of typical film
spectra are given in Figure 7, alongside a specfanrthe starting graphite powder (these spectreewe
normalised to the intensity of ti&-band at 1582 ci). Spectra of graphitic materials are characterised
by aD-band (1350 cif), aG-band (1582 ci) and a2D-band (2700 ci). The studied film had been
deposited on an alumina membrane and rinsed with rh¥ of water before drying. As was the case in
the film shown in Figure 6, this film consists afde flakes (diameter~31461) embedded in a matrix of
small flakes (diameter4dn). Shown in Figure 7 are Raman spectra collecyeldtusing the laser spot
both on the region of small flakes and on a latgkef Like the starting graphite powder, Beband
(1350 cnt) is observed in the spectrum associated withdhgel flake. This shows that the dispersion
process does not result in the formation of defentthe graphitic basal plane. In addition, #eband
of this large flake strongly resembles 2i2-band for graphite. This indicates that this flakeelatively
thick with >5 graphene layers The relatively large diameter and thickness ahsflakes allows us to
associate them with the large flakes observedgureéi 3E and those which rapidly sediment out of the
dispersions measured in Figure 5B. In the caséh@fspectrum associated with the region of small

7
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flakes, aD-band is observed. We stress that thiband is both narrower and less intense than that
reported in literature for graphene oxide and &atuced graphene oxide® We attribute this feature to
edge effects as the Raman excitation beam spobéize2 um is larger than most of the flakes in the
deposited film. The relatively loWd-band intensity observed for the small flakes cedpWith the
complete absence oflxband for the bigger flakes strongly suggests ttinatilms we are producing are
composed of very low defect material. In additiby,comparison to literatufe the shape of thaD-
band observed for the small flakes is charactertithin flakes composed of less than five graghen
layers. This shows that while re-aggregation untledlip occurs during filtration, the degree of re-

aggregation is limited.

Attenuated total reflectance (ATR) FTIR spectradeposited films were also measured as a
function of washing regime (Figure 8A), along widtierence spectra for SDBS powder and the alumina
membrane (Figure 8B). These spectra show only sl features at ~ 1100 &hand ~ 2900 ci. By
comparison with the reference spectra, it is dlear these features are attributable to residudhciant
trapped in the film. A key feature of the spectmaHigure 8A is the complete absence of peaks
associated with C—OH ( ~1340 djrand —COOH ( ~1710 to 1720 &ngroups® 2>?®0ur spectra are in
contrast to those in the literature for films méidem reduced graphene oxfté or chemically derived
graphen@ This is further evidence that our exfoliationheifjue does not chemically functionalise the

graphene/graphite and that our films are compos&tgely defect free material.

In order to test the optical and electrical projsrbf these films, we measured the transparency
(632 nm) and sheet resistance of a number of vadepusited films (nominal thickness ~ 30nm). As-
deposited films typically had transmittance of ~626tipled with sheet resistance of ~9Z0 k. This
corresponds to a DC conductivity of 35 S/m. The lmlue is probably attributable to the presence of
large quantities of residual surfactant. As disedsabove, up to 36wt% of filtered films is residual
surfactant which can be difficult to remove by wagh We attempted to remove the surfactants by
annealing @ 250°C in Ar/Nor 2 hrs prior to re-measuring the transmittaacd sheet resistance. After
annealing the transparency was unchanged whilshet resistance had fallen to 22(% k, consistent
with a nominal DC conductivity of 1500 S/m. Thislwa is significantly lower than that recently
measured for similar films prepared from N-methytrplidone based dispersions (~6,500 S/m). In
addition, films of reduced graphene oxide have ldigsl conductivities ranging from 7,200 $/to
10,000 S/m. In comparison, graphene dispersed in dimethyiaaciele has been spray-cast into films
with conductivities as high as 18/m° Thus the presence of residual surfactant sevarggdes the
electrical properties of our films. However, weibeé that the combination of aqueous environmedt an

lack of defects give our dispersion / exfoliatioethrod great potential. Complete removal of surfacta
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may result in a material which can challenge ndmeduas an indium tin oxide replacement material.

Future work will focus on removal of residual setnt from films, the maximisation of electrical

conductivity and the deposition of individual mosgrs.

Conclusion
We have developed a method to disperse graphiseirfiactant-water solutions with the aid of

ultrasound. This results in large scale exfoliatiomgive large quantities of multilayer graphen¢hw5
layers and smaller quantities of monolayer graphditee exfoliated flakes are stabilised against
reaggregation by Coulomb repulsion due to the dgsbsurfactant molecular ions. The dispersions are
reasonably stable with larger flakes sedimentingawer ~6 weeks. These dispersions can be used to
form films by vacuum filtration. Characterisatiohthe films by Raman and IR spectroscopy suggest
the absence of defects or oxides on the graphese plane. These films are reasonably conductide an

can be made semi-transparent. It is anticipatetttiear properties can be significantly enhanced by

improved surfactant removal.
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Figure 1: Absorbance per unit length=660 nm) as a function of graphite concentratiofie(a
centrifugation) for an SDBS concentration,spgs=0.5 mg/ml. Graphite concentration before
centrifugation was €;=0.1 mg/ml. NB, the curve does not go through thgio due to the presence of a
residual SDBS absorbance. (Intercept of A/I=0.72aompares with residual absorbance of A/I~05 m
for SDBS at Gpes=0.5 mg/ml). Inset: Absorption spectrum for a sampith Gpgs=0.5 mg/ml and
Cs=0.0027 mg/ml. The portion below 400 nm is domidabg the surfactant absorption and has been
scaled by a factor of 1/8 for clarity. The porti@bnove 400 nm is dominated by graphene/graphite with
some residual SDBS absorption.
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Figure 2: Graphite concentration after centrifugati(CF) as a function of starting graphite
concentration (6pss=10 mg/ml). Upper inset: The same data represeasethe fraction of graphite
remaining after CF. Lower inset: Fraction of graphafter centrifugation as a function of SDBS

concentration (g;=0.1 mg/ml).
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Figure 3: Selected TEM images of flakes preparedurfactant processing. A) a monolayer (albeit with
a small piece of square debris close to its lefidhedge). B) A bilayer. C) A trialyer. D) A disoreel

multilayer. E) A very large flake. Inset: A closeop an edge of a very large flake showing a small
multilayer graphene flake protruding (scale bar 50@). F) A monolayer form a sample prepared by

sediment recycling.
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Figure 5: A) Zeta spectra for a fresh graphene-SBBpersion (gpss=0.5mg/ml, G=0.006mg/ml), an
SDBS dispersion (§pss=0.5mg/ml) and an aged (6 week old) graphene-SDBSpetsion
(Cspes=0.5mg/ml, G=0.0002mg/ml). NB the aged sample had a redugedu@ to sedimentation over
the course of 6 weeks. Inset: Zeta potential asirection of pH for SDBS-graphene dispersions
(Cspes=0.5mg/ml, G=0.005mg/ml). The natural pH of the as prepareglyae-SDBS dispersion was
7.4 and the pH was varied by addition of HCI or Ra&olution. B) AbsorbanceA€650 nm) as a
function of time for a €=0.006 mg/ml, Gpes=0.5 mg/ml sample. The curve has been fitted towbkk

exponential decay with the fit constants showrhadnnotation.
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Figure 6: A) SEM and B) optical images of the scefaf a graphene film. This film was ~150 nm thick
and had been deposited on a cellulose membraneltatidn from an SDBS based dispersion
(Cspes=0.5mg/ml, &=0.003mg/ml). This film was not rinsed and was driender vacuum at room

temperature.
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Figure 7: Raman spectrum of a graphene film (theskn~300nm) deposited on an alumina membrane
by filtration from an SDBS based dispersionsggs=0.5mg/ml, G=0.005mg/ml) and rinsed with 17.5
ml of water. Spectra associated with both larg&kelta (diameter~34@n, top) and small flakes
(diameter~fum, middle) are shown. For comparison, a spectruliected from the starting graphite

powder is included (bottom).
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Figure 8: ATR-FTIR spectra of materials used irsthiudy. A) Spectra of three graphene films with
different washing regimes. The films were ~300nmektland were deposited on alumina by vacuum
filtration from an SDBS based dispersionsfgs=0.5mg/ml, &=0.005mg/ml). B) Control spectra of
SDBS powder and the alumina filter membrane usqutdpare the graphene films.
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