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ue to its unique physical proper-

ties, graphene has generated in-

tense interest in recent years.'?
While much interesting work has been car-
ried out on micromechanically cleaved
graphene, for many applications it will be
necessary to develop high-yield, high-
throughput processing methods.? Pioneer-
ing work in this area has been carried out by
Ruoff and co-workers, who have demon-
strated large-scale exfoliation of graphene
oxide (GO).*~® This material is prepared by
acid-treating graphite and consists of
graphene sheets decorated with epoxides,
carboxyl, and hydroxyl groups. GO is highly
exfoliated and very stable when dispersed
in aqueous environments. Such dispersions
are very useful as they facilitate both mate-
rials processing and fundamental character-
ization. For example, they have been used
to deposit individual sheets for spectro-
scopic analysis,”® prepare polymer—
graphene composites,* and develop
graphene thin films.>1°

However, GO is not ideal and suffers
from some important drawbacks. Because
of the presence of oxides, GO is a poor elec-
trical conductor.> While the oxides can be
removed by reduction,>'""'2 this adds yet
another step in the processing procedure.
A bigger problem is that reduction cannot
remove the many structural defects intro-
duced by the oxidation process.>'*~ 7 These
defects disrupt the band structure and com-
pletely degrade the electronic properties
that make graphene unique.

In order to address these issues, our
group and others have developed tech-
niques to disperse and exfoliate pristine
graphene in solvents'®~2 or using
surfactants?*~ % without oxidation or defect
formation. Surfactant exfoliation is of par-
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ABSTRACT A method is presented to produce graphene dispersions, stabilized in water by the surfactant

sodium cholate, at concentrations up to 0.3 mg/mL. The process uses low power sonication for long times (up to

400 h) followed by centrifugation to yield stable dispersions. The dispersed concentration increases with sonication

time while the best quality dispersions are obtained for centrifugation rates between 500 and 2000 rpm. Detailed

TEM analysis shows the flakes to consist of 1—10 stacked monolayers with up to 20% of flakes containing just

one layer. The average flake consists of ~4 stacked monolayers and has length and width of ~1 pum and ~400

nm, respectively. These dimensions are surprisingly stable under prolonged sonication. However, the mean flake

length falls from ~1 pum to ~500 nm as the centrifugation rate is increased from 500 to 5000 rpm. Raman

spectroscopy shows the flake bodies to be relatively defect-free for centrifugation rates below 2000 rpm. The

dispersions can be easily cast into high-quality, free-standing films. The method extends the scope for scalable

liquid-phase processing of graphene for a wide range of applications.
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ticular importance as it can be achieved in
aqueous environments. Originally, we were
only able to disperse graphene at low con-
centrations, typically <0.01 mg/mL for both
solvents and surfactants. Such a low con-
centration makes many applications com-
pletely impractical. This gives graphene ox-
ide a significant advantage as it can be
dispersed in some organic solvents at con-
centrations of up to 1 mg/mL>?73% and in
water at concentrations of up to 7 mg/mL3'
However, we recently showed that
graphene could be exfoliated in the sol-
vent N-methylpyrrolidone at concentrations
of ~1 mg/mL.2? Extension of this break-
through to surfactant-exfoliated graphene
would be a significant achievement.

In order to gain full advantage from dis-
persions of pristine graphene using surfac-
tants, it will be critical to increase the maxi-
mum concentration obtainable while
maintaining the quality of the graphene
flakes. In this work, we demonstrate such a
method. We show that by applying mild
sonication for long times (up to 430 h)
graphene can be effectively dispersed in

surfactant - sonication
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water—sodium cholate solutions at concentrations of
up to ~0.3 mg/mL. We use TEM analysis to show that
the dispersions consist of extremely well exfoliated
flakes. Finally, we show that these dispersions can be
used to prepare free-standing films with reasonable
electrical and mechanical properties.

RESULTS AND DISCUSSION

Surfactant Exfoliation of Graphene. The goal of this work
is to prepare surfactant-stabilized dispersions of
graphene at high concentration. In addition, the flakes
should be well exfoliated (i.e., few layers per flake), rea-
sonably large, and relatively defect free. Our chosen
method for preparing this type of nanomaterial disper-
sion requires the use of sonication followed by centrifu-
gation. Thus, we expect that optimization of disper-
sion parameters will result in enhanced final
concentration and dispersion quality. The main param-
eters are initial graphite concentration (Cg;), surfactant
concentration (Cyac), centrifugation rate (w), and sonica-
tion time (tsonic). We measured the concentration after
centrifugation, Cs, by measuring the absorbance spec-
trum. From the spectra, we measured the absorbance
per unit cell length, A/l. From the Lambert—Beer law,
this gives the concentration once the extinction coeffi-
cient, ag, is known (A = acCgl). We determined the ex-
tinction coefficient by measuring A/l at 660 nm for large
known volumes of dispersion across a range of o (Cg;
= 5mg/mL, Cyac = 0.1 mg/mL, tsonic = 24 h, ® from 500
to 5000 rpm). These dispersions (in excess of 400 mL
volumes) were filtered through a pre-weighed porous
membrane. The membranes were dried and re-
weighed to give the deposited mass. The proportion
of graphitic mass on the filter membrane was deter-
mined using TGA analysis. This gave a mean value of
ag = 6600 L g~ m~". This is significantly higher than
our initial measurement of 1390 L g " m™~" in low con-
centration systems.?> A plot of the measured data
points is given in the Supporting Information, Figure
S1.

As we aim to maximize the final dispersed graphene
concentration, we chose a reasonably high starting
graphite concentration, Cg; = 5 mg/mL. We optimized
the surfactant concentration by measuring the concen-
tration of graphene remaining dispersed after sonica-
tion and centrifugation as a function of Cyac (tsonic =
24 h, centrifugation: ® = 1000 rpm, tce = 30 min). We
chose the CF rate and time based on our experience
with solvent—graphene dispersions.?2 We note that this
sonication time is much longer than that used previ-
ously for surfactant/graphene systems.? The results are
shown in Figure 1A (inset). We see that the surfactant
concentration peaks strongly at Cy,c = 0.1 mg/mL.
This is rather surprising: we expected the peak to oc-
cur close to the critical micelle concentration of NaC (~
5 mg/mL) as was observed for graphene/SDBS disper-
sions.?> The reason for the discrepancy is unclear. Nev-
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Figure 1. (A) A/l as a function of centrifugation speed (Cg; = 5
mg/mL, Cyac = 0.1 mg/mL, tsonic = 24 h, centrifugation: 90 min).
Inset: Absorbance/cell length, A/l, as a function of surfactant
concentration (Cg = 5 mg/mL, tinic = 24 h, centrifugation:
1000 rpm for 30 min). Subsequently, a surfactant concentra-
tion of 0.1 mg/mL was used for all dispersions. (B) Photos of
surfactant-stabilized graphene dispersions; Cs; = 5 mg/mL,
Chac = 0.1 mg/mL, tonic = 24 h. Left to right: uncentrifuged,
centrifuged for 90 min at 1000 rpm, 1500 rpm, 2000 rpm, 3000
rpm, 5000 rpm. Note that the centrifuged dispersions have
been diluted by a factor of 10 to highlight the color change.
(C) A/l as a function of sonication time (Cg; = 5 mg/mL, Cyac =
0.1 mg/mL, centrifugation: 90 min) for centrifugation speeds of
5000 and 1500 rpm. Note that in both A and C the right axis
shows the graphitic concentration calculated using an absorp-
tion coefficient of 6600 Lg™" m~".

ertheless, we chose to prepare all subsequent disper-
sions with Cyac = 0.1 mg/mL.

The next question was the effect of CF rate on the
dispersion. We prepared a stock graphene dispersion
(Cs; = 5 mg/mL, Cyac = 0.1 mg/mL, tonic = 24 h) and
centrifuged portions of it at different rates, o, from 500
to 5000 rpm (25—2500g). In this and all subsequent ex-
periments, the samples were centrifuged for 90 min as
we found this to be more effective than 30 min. In all
cases, the dispersions were very dark, even after CF.
However, on dilution, it was clear to the eye that those
samples centrifuged at higher rates had lower concen-
trations (Figure 1B). In each case, we measured the con-
centration after centrifugation as shown in Figure 1A.
As o was increased, the concentration decreased from
0.2 mg/mL to 0.03 mg/mL. Interestingly, we observed
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an empirical scaling of Cg = o™, different from the ex-
pected o2 scaling. We note that at this point it is im-
possible to identify an optimum value of w as we have
no information to differentiate the qualities of the dis-
persions. We will discuss this later.

The final processing parameter we must explore is
the sonication time. Previous work on graphene dis-
persed in the solvent N-methylpyrrolidone (NMP) has
shown that the concentration of exfoliated graphene
can be increased significantly by increasing the sonica-
tion time.?? Thus, we prepared a large volume of stock
dispersion (400 mL dispersion in a 500 mL round bot-
tomed flask, Cg; = 5 mg/mL, Cyac = 0.1 mg/mL). We bath
sonicated this stock for ~430 h. At a number of times dur-
ing this period, we removed two aliquots of ~5 mL each.
These were each centrifuged for 90 min at different rates:
1500 and 5000 rpm. In all cases, the concentration after
CF was measured optically. These concentrations are plot-
ted as a function of sonication time, t, in Figure 1C. In
both cases, the concentration increases dramatically with
concentration, reaching values of 0.3 and 0.05 mg/mL
for the 1500 and 5000 rpm dispersions, respectively. We
note that graphene dispersions prepared in NMP exhibit
well-defined behavior characterized by Cg « \/tsonic. 2
While Cg scales sublinearly with ts., the data presented
in Figure 1C do not scale well with \/t;onic.

We have shown that the sodium cholate stabilized
graphene dispersions can be prepared at reasonably
high concentrations, reaching 0.3 mg/mL. This is signifi-
cantly higher than the maximum values of ~0.06
mg/mL achieved previously.? In addition, it is higher
than the concentrations of ~0.09 mg/mL obtained by
Green et al. by intense tip sonication of graphite in so-
dium cholate.?* It is not clear why extended low power
sonication gives greater concentrations than high
power tip sonication. However, it is likely that the cited
tip sonication method is not fully optomized and could
be tuned to give better results.

In addition, we probed the stability of our dispersions
by conducting sedimentation measurements on a typi-
cal dispersion (Cg; = 5 mg/mL, Cyac = 0.1 mg/mL, tsonic =
24 h, @ = 1500 rpm, diluted by a factor of 2 in 0.1 mg/mL
NaC solution). These data are presented in the Support-
ing Information, Figure S2, showing that 97% of the
sample remained suspended after 5 days. This indicates
that the centrifugation regime used yielded very stable
dispersions and successfully removed the vast majority of
thick objects. This compares very favorably with our ear-
lier work on low concentration graphene/surfactant sys-
tems where ~60% of the dispersed material was retained
over a similar time frame.?

Exfoliation Quality. Despite high yield and good stabil-
ity, it is critical to evaluate the quality of the disper-
sions. We do this in two ways; we measure the flake
size and thickness by TEM and then assess the defect
content by Raman spectroscopy. We choose to mea-
sure the flake size by TEM as this method has a num-
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Figure 2. (A) Wide field and (B) closeup TEM images of a
highly exfoliated graphene monolayer and multilayer flakes,
(C) a monolayer graphene flake, and (D) a graphene ribbon.
These samples were deposited from dispersions prepared
with the following parameters: (A) Cg; = 5 mg/mL, Cyac = 0.1
mg/mL, tsnic = 72 h, centrifugation: 1500 rpm, 90 min); (B)
Csi = 5 mg/mL, Cyac = 2.5 mg/mL, tsonic = 48 h, centrifuga-
tion: 1000 rpm, 30 min); (C and D) Cg; = 5 mg/mL, Cnac = 0.1
mg/mL, tsonic = 144 h, centrifugation: 1500 rpm, 90 min).

ber of advantages; sample preparation is straightfor-
ward, and the lateral flake dimensions are easily
measured. In addition, one can count the numbers of
graphene layers per flake by examining the edges of
the flakes.?? In TEM images of graphene multilayers, the
edges of the individual flakes are almost always distin-
guishable. Thus, by carefully counting the flake edges it
is possible to measure the number of layers per flake.
The downside of this technique is that smaller flakes
may be lost through the holes in the grid. This means
that data on lateral flake dimensions may be biased to-
ward higher values. We note that most researchers use
atomic force microscopy to measure flake thickness and
size. We have not done this here. In previous work, we
found that the presence of surfactant on the substrate
makes AFM characterization difficult. In addition, we
were unable to remove all residual surfactant.

We have used TEM to characterize a range of disper-
sions prepared with sonication times from 6 to 433 h
(o = 1500 rpm) and with rotation rates from 500 to
5000 rpm (tsonic = 24 h). Shown in Figure 2A—D are four
sample TEM images of exfoliated graphene flakes. In
general, we observe well-exfoliated graphene multilay-
ers (Figure 2B) and monolayers (Figure 2C,D). The level
of exfoliation can be seen visually by the transparency
of the flakes to the e-beam. A few thick objects opaque
to the TEM beam were observed across the entire TEM
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Figure 3. Flake size as a function of sonication time and centrifugation speed: (A) mean number of layers per flake (N); (B)
mean flake length (L); (C) mean flake width (w) as a function of centrifugation speed; (D) (N), (E) (L), and (F) (w) as a func-

tion of sonication time.

grid at the lowest rotation rate of 500 rpm. We believe
these are nanographite particles with approximately
4—15 um lateral sizes. By examining several low mag-
nification images of samples at 500 rpm (Cg; = 5 mg/
mL, Cnac = 0.1 mg/mL, tonic = 24 h), we estimate the
number fraction of these thick objects to be less than
2%. At rotation rates of 1500 rpm and above we ob-
served no such very thick objects in the samples. It is in-
teresting to note that some of the monolayers have
relatively large aspect ratios. An example is the ribbon
shown in Figure 2D.

We can use TEM images of the type shown in Fig-
ure 2 to generate statistical data on the exfoliation
state of the graphene in these dispersions. For each
flake observed, we measure the length, L, and width,
w, and estimate the number of layers per flake, N. To de-
termine N, we examine the edges of the individual
flakes as described in detail elsewhere.?*?? For some
multilayers, we acknowledge that exact edge counting
is not trivial; in such cases, only an estimation of N is
possible. We expect that the random errors involved
will cancel each other out when compiling statistical
data. We analyze approximately 100 flakes for each son-
ication time. We found a monolayer number fraction,
N1/Nr, of ~10% for the samples prepared at a rotation
rate of 1500 rpm for all sonication times. This corre-
sponds to a monolayer mass fraction of ~1.1 wt %.%°
This is in line with our previous work on liquid-phase
graphene exfoliation in solvent systems, suggesting
that these yields are controlled by the sonication proce-
dure rather than by the dispersant/stabilizer.?° We
found that the fraction of flakes with <3 layers, N;_,/N¢
= 50% while N;_4/Nt = 80%. For the 5000 rpm sample,
the population of monolayers was higher at N;/N; =
19%. The mean flake aspect ratio (L/w) was fairly con-
stant between 2.0 and 2.7; this is in agreement with pre-
vious work and suggests that sonication-induced exfo-
liation favors asymmetric flakes.?? The full results of the
flake thickness, length, width, and aspect ratio (L/w) re-
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sults are shown in the Supporting Information, Figures
S3(A—D) and S4(A—D), as functions of sonication time
and rotation rate, respectively.

We can analyze this statistical data in a number of
ways. We have calculated the mean number of layers
per flake, (N), and the mean flake length, (L), and width,
(w), as a function of both CF rate and sonication time.
These data are shown in Figure 3A—C and D—E, respec-
tively. As the CF rate is increased, (N), (L), and (w) all de-
crease to some degree. Going from 500—5000 rpm,
(N) falls from 5 to 3.5, (L) falls from 1.2 to 0.5 wm while
(w) falls from 600 to 300 nm. It is not surprising that
centrifugation preferentially removes the larger flakes,
thus reducing the mean flake size. These data are in
agreement with our previous work on NMP-dispersed
graphene, where we found the flake length and width
to fall by a factor of 2 over a similar range of rpm. Sur-
prisingly, as the sonication time is increased, (N), (L),
and (w) hardly vary at all, displaying relatively constant
values of ~4, 800, and 350 nm, respectively. For NMP-
dispersed graphene, we observed (L) and {(w) to fall as
t12.22 Such size reduction was expected and is caused
by sonication-induced cutting.3? The absence of such
behavior in the surfactant-dispersed samples suggests
that sonication has cut the flakes to a certain size within
the first 6 h, but beyond this time, sonication induced
scission is suppressed. Sonication-induced scission is a
tensile process that relies on stress being transferred
from fluid to dispersed object.323? If the transferred
stress exceeds the tensile strength of the dispersed ob-
ject, it will fracture. That fracture becomes rarer for son-
ication times above 6 h may indicate that the
fluid—graphene stress transfer is limited. This can prob-
ably be explained by surfactant slippage at the
graphene/surfactant/water double interface.

We note that TEM-based stats may be biased by very
small flakes being lost through the TEM grid. However,
in addition to observing large flakes (length up to few
pm), we have observed flakes as small as 50 nm in all
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Figure 4. (A) Raman spectra for the starting graphite pow-
der and for thin films prepared from 1500 rpm, 24 h sonica-
tion; 1500 rpm, 433 h sonication; and 5000 rpm, 24 h sonica-
tion. We note that the D band intensity is surprisingly
insensitive to sonication time but increases strongly with in-
creasing centrifugation rate. (B) Ratio of D to G band inten-
sity as a function of mean flake perimeter/mean flake area
(w)~" + (L)™") for the samples with varying centrifugation
speed and varying sonication time. A straight line on this
graph would be consistent with edge defects only contribut-
ing to the Raman signal. The dashed line represents data
previously found for solvent exfoliated graphene, while the
star represents the data reported by Green et al. for sodium
cholate exfoliated graphene. The bottom left most point
represents the powder.

cases. We can compare this with results by Green et al.,
who used a high power sonic tip and observed severe
cutting. They used density gradient centrifugation to
separate flakes by size. They observed typical flake (lat-
eral) sizes of ~100 nm with maximum sizes of ~250 nm.2*
Defect Content. We must also consider the defect con-
tent of the exfoliated graphene. For all dispersions stud-
ied by TEM, we formed thin films by vacuum filtration.
For each film, we measured Raman spectra at a number
of points on the film. Shown in Figure 4A are represen-
tative Raman spectra for the samples with varying son-
ication time and CF rate [(tsonic/hs, rate/rpm) = (24,
1500), (433, 1500), (24, 5000)]. The spectrum for the
starting powder is shown for comparison. The defect
content is indicated by the intensity of the D band
(~1350 cm™") relative to the G band (~1580 cm™").
We note that all spectra have D bands significantly
larger than that of the starting powder, indicating that
processing induces defects. We can divide such defects
into two main types: body defects such as point de-
fects on the basal plane and edge defects. The introduc-
tion of edge defects is unavoidable during processing
as sonication cuts the initially large crystallites up into
smaller flakes. These smaller flakes have more edges per
unit mass resulting in an increase in edge defect popu-
lation. We present the mean D/G band intensity ratio,
In/lg, for all samples in the Supporting Information, Fig-
ure S5. As a function of sonication time (o = 1500 rpm),
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the D/G band ratio is surprisingly invariant around an
overall mean value of 0.57. This shows that significant
quantities of new edges are not being created by pro-
longed sonication and hence that the flakes are not get-
ting cut dramatically. This is in good agreement with
the TEM flake-size data (Figure 3). However, Ip/lg in-
creases significantly with CF rate, indicating that the
flakes retained at higher rotation rates have more de-
fects. This suggests that the flakes retained at higher ro-
tation rates have more basal plane defects and/or are
smaller than those obtained at low CF rates.

We can attempt to determine whether the increase
in total defect population is due to the introduction of
edge or body defects. We do this by noting that, for
edges only, the ratio of D to G band intensity must be
proportional to the ratio of mean flake edge length to
area (because Ip « edge length while /g « flake area).
Modelling the flakes as rectangles,?? this means

b 1, 1
W W

We can calculate Ip/lg from the Raman data and
(LY~ + (w)~") from the TEM statistics. If these quanti-
ties scale linearly, with an Ip/Ig intercept close to the
value of Ip/Is for the powder, we can conclude the intro-
duced defects are due to new edges only. We have cal-
culated these quantities for both data sets (varying
tsonic and w) and plotted them in Figure 4B. It is clear
from this graph that these data do not sit on one
straight line. This is in contrast to results we obtained
for NMP-dispersed graphene where all data (like here
from samples with varying t and ) sat on a well-
defined straight line.?2 We will consider the sonication
time data first. Here, Ip/lg does not vary much because
the flake size did not vary significantly with sonication
time. Thus, the open squares in Figure 4B are clustered.
However, we note that for NMP dispersions??> we found
that the data scaled as Ip/lc = 0.19 + 0.065({L)~" +
(w)~1). This curve is plotted in Figure 4B as the dashed
line. We find that all the sonication time data and the
rpm data with @ < 2000 rpm sit reasonably close to this
line. In addition, if we take the flake size and Raman
data from Green et al. and plot it in Figure 4B (filled star),
it also sits very close to this line. This means that the ma-
jority of our data, as well as Green'’s data, are consis-
tent with the formation of edge defects during sonica-
tion. However, the w-dependent data tend to deviate
from the line for rates >2000 rpm. Part of this discrep-
ancy may be explained by the loss of small flakes
through the grid for the higher rpm samples resulting
in an overestimation of flake size. However, the true val-
ues of <L> and <w> would have to be exceptionally
low (required values of <L> = 190 nm, <w> = 95 nm
at 5000 rpm) for this to fully explain the data. Thus, it
appears clear that flakes processed using our procedure
and centrifuged at rates greater than 2000 rpm tend
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Figure 5. (A) Free-standing film prepared from a NaC/
graphene dispersion (Cg; = 5 mg/mL, Cyoc = 0.1 mg/mL,
tsonic = 171 h, centrifugation: 1000 rpm, 30 min). (B) SEM im-
age of a crack on the surface of a free-standing film (Cg; =
5 mg/mL, Cyac = 0.1 mg/mL, tsonic = 24 h, centrifugation:
1500 rpm, 90 min).

to have excess body defects. It is possible that flakes
with body defects are more stable against sedimenta-
tion at high rotation rates, although the mechanism for
this remains a mystery. In any case, these data suggest
that the defect population is dominated by edge de-
fects for rates <2000 rpm. By extension, this suggests
that the samples prepared at lower rpm have low lev-
els of body defects. This gives us our criterion to deter-
mine the optimized rpm for our system. The rotation
rates used should be above 500 rpm (the minimum re-
quired to remove large aggregates) but below 2000
rpm (where body defects begin to dominate).

We can also consider the 2D band. The shape of this
band is indicative of the number of layers per flake 343
For flakes thinner than ~5 layers, the Raman spectrum is
considerably different from that of graphene. None of the
spectra measured for the thin films described above dis-
played graphite-like character. Rather, all spectra were
consistent with flakes of three to five layers in good agree-
ment with the TEM data.

Film Formation. Surfactant-stabilized graphene disper-
sions can be used in a range of applications. We have al-
ready shown that they can be used to prepare transpar-
ent conducting thin films.?” In addition, we expect a
role for them in the formation of composites of
graphene with water-soluble polymers. In fact, by anal-
ogy with carbon nanotubes, the ability to prepare
good-quality, water-based dispersions should facilitate
many applications. Here, we demonstrate that such dis-
persions can be used to prepare free-standing films.
These were prepared by vacuum filtration onto porous
alumina membranes followed by drying in a 70 °C oven.
Although we prepared free-standing films with thick-
ness in the range 50—120 wm, there is no real limit to
what can be done. We have already demonstrated the
preparation of films with thickness as low as 10 nm.?’
Thicker films can be easily peeled from the filter mem-
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brane. They tend to be shiny on the side which faced
the membrane but matt black on the other side. They
are surprisingly robust and can be mildly bent and
flexed without breaking (see Figure 5A). These films dis-
play densities between 1000 and 1440 kg/m3. This fig-
ure includes the effects of residual surfactant. These
densities correspond to porosities between ~55 and
~35%. By performing thermogravimetric analysis on
the films, we can correct for the residual surfactant con-
tent giving graphitic density of between 850 and 1050
kg/m?3. SEM analysis shows the films to consist of
graphene flakes well aligned in the plane of the film
(Figure 5B). Raman analysis of these films shows 2D
bands consistent with graphene flakes of three to five
layers. This shows that while the graphene must aggre-
gate to form the film, the flakes do not aggregate in

an ordered way (i.e., do not AB stack), but rather small
multilayers tend to restack randomly on top of each
other. This random stacking retains the electronic struc-
ture of the multilayers resulting in the observed Ra-
man spectra.® These free-standing films have Young’s
moduli ranging from ~4 to ~10 GPa (Supporting Infor-
mation, Figure S6). Ultimate tensile strengths ranged
from 15 to 33 MPa. These values are similar to free-
standing films we made from NMP/graphene disper-
sions but lower than reported values for graphene
oxide®*” and reduced graphene oxide films.3%38 This is
probably due to the presence of residual surfactant in
our films, measured at between 15 and 30% by TGA
analysis. These films have mean conductivity of 7000
S/m before annealing, comparable to films made from
reduced graphene oxide without annealing.® The
mean conductivity rises to 17500 S/m after annealing
at 500 °C for 2 h under argon/hydrogen atmosphere
(Supporting Information, Figure S7). Again, this value
closely matches that measured for free-standing
graphene films from NMP dispersions and compares fa-
vorably to reduced graphene oxide films that have
been annealed.>®

CONCLUSIONS

In conclusion, we have demonstrated a low-cost
and scalable process to prepare stable dispersions of
graphene at concentrations up to 0.3 mg/mL in surfac-
tant/water systems. The dispersed concentration in-
creases sublinearly with sonication time, while high-
quality dispersions are obtained for centrifugation rates
between 500 and 2000 rpm. The process yields a mono-
layer number fraction of ~10% (1 wt %) with a large
proportion of material consisting of less than five
graphene layers (up to 80% of flakes). The scaling of Ra-
man D-band to G-band intensity ratio (/p/lg) with soni-
cation time is consistent with new edges being formed.
However, the Ip/lg scaling with centrifuge rotation rate
may indicate an excess of body defects in the smaller
graphene flakes produced. The dispersions can be eas-
ily cast into free-standing films with good electrical and
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mechanical properties. We believe this method will sup-
port the development of a range of new graphene-

EXPERIMENTAL METHODS

Natural flake graphite was purchased from Branwell Graph-
ite Ltd. (Grade RFL 99.5, cost ~$5 kg~") and used as provided. So-
dium cholate (NaC) was purchased from Sigma Aldrich (Sig-
maUltra >99%) and was dissolved in Millipore water at various
concentrations between 0.01 and 20 mg/mL. Graphene disper-
sions were prepared by adding graphite at an initial concentra-
tion of Cg; = 5 mg/mL to 400 mL NaC solution in 500 mL capped
round-bottomed flasks. Various surfactant concentrations (Cyac)
were explored. Ultrasonication was carried out in a low power
sonic bath (Branson 1510E-MT). While the nominal power out-
put for this bath was 80 W, we estimated the true power out-
put (by measuring the temperature increase while sonicating a
known mass of water) to be 16 W. Due to the long sonication
times used in these experiments, continuous refilling of bath wa-
ter by siphoning from a water reservoir was necessary to main-
tain sonication efficiency and prevent overheating. Samples ex-
tracted from the flasks by pipet (10—28 mL) were left to stand
overnight to allow any large unstable graphite aggregates to
form and then centrifuged in 14—28 mL glass vials for times (tc)
of either 30 or 90 min (Hettich Mickro 22R and Hettich Mickro
220R). After centrifugation (CF), the top two-thirds of th edisper-
sion was extracted by pipet and retained for use.

Optical absorption measurements were taken with a Varian
Cary 50 and Cary 6000i using optical grade glass or quartz cu-
vettes. Sedimentation measurements were performed with a
homemade apparatus consisting of an array of synchronized
pulsed lasers and photodiodes.3? Samples for TEM analysis were
prepared by drop-casting a few milliliters of dispersion onto
holey carbon grids (400 mesh). Bright-field TEM images were
taken with a JEOL 2100, operated at 200 kV.

Deposited thin films were prepared by vacuum filtration
onto porous mixed cellulose ester membranes (Millipore, 0.025
pm pore size, 47 mm diameter). Free-standing films were pre-
pared by vacuum filtration onto porous alumina membranes
(Millipore, 0.02 um pore size, 47 mm membrane diameter, final
graphene film diameter 36 mm) and drying in a 70 °C oven. The
Raman measurements were made on these films with a Horiba
Jobin Yvon LAbRAM-HR using a 633 nm laser and either 100X or
10X objective lenses. In all cases, five spectra were collected,
and the Ip/Ig ratio was averaged. SEM analysis was carried with
a Zeiss Ultra Plus SEM. Thermogravimetric (TGA) analysis was
performed on a Perkin-Elmer Pyris 1 in an oxygen atmosphere.
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