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Highly Concentrated Aqueous Dispersions of Graphene Exfoliated by
Sodium Taurodeoxycholate: Dispersion Behavior and Potential Application
as a Catalyst Support for the Oxygen-Reduction Reaction
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Abstract: A high-yielding exfoliation
of graphene at high concentrations in
aqueous solutions is critical for both
fundamental study and future applica-
tions. Herein, we demonstrate the for-
mation of stable aqueous dispersions of
pristine graphene by using the surfac-
tant sodium taurodeoxycholate under
tip sonication at concentrations of up
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sisted of monolayers and 82% of the
flakes consisted of less than five layers.
The dispersions were stable regardless
of freezing (—20°C) or heat treatment
(80°C) for 24h. The concentration
could be significantly improved to
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about 12 mgmL™' by vacuum-evapora-
tion of the dispersions at ambient tem-
perature. The as-prepared graphene
dispersions were readily cast into con-
ductive films and were also processed
to prepare Pt/graphene nanocompo-
sites that were used as highly active
electrocatalysts for the oxygen-reduc-
tion reaction.

to 7.1mgmL™'. TEM showed that
about 8% of the graphene flakes con-

tants

Introduction

Producing processable graphene (G) sheets in large quanti-
ties remains an ongoing challenge for large-scale applica-
tions. To that end, pioneering work has been carried out
through the aggressive oxidation of graphite, followed by ex-
foliation in aqueous or organic solvents to achieve graphene
oxide (GO).I" Subsequent chemical or thermal reduction is
necessary to remove any epoxide, carboxy, or hydroxy
groups, which complicates the processing. Whilst post-treat-
ment can allow GO to partly regain its electrical conductivi-
ty, many defects in the sp® carbon lattice that were induced
during the oxidation process cannot be fully reversed by re-
duction,” thus resulting in an undesirable degradation of
the unique electronic properties of graphene.
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To address these issues, a promising route is the exfolia-
tion of pristine powdered graphite in the liquid phase to
obtain graphene.*™3 This top-down approach has an aes-
thetic appeal owing to its simplicity, straightforwardness,
and its integration into various processes, such as impregna-
tion, blending, casting, or functionalization; it utilizes low-
cost and readily available graphite flakes and does not re-
quire transferring the graphene from the growth substrate.
High-quality dispersions of graphene have been obtained by
using such solvents, with Hansen solubility parameters that
matched reasonably well with those suggested for graphene
without oxidation or defect-formation.®®!>1%l Surfactant ex-
foliation is of particular interest as the solvent used is water.
The mechanism for graphene-dispersion presumably in-
volves hydrophilic and hydrophobic interactions, in which
attraction between the graphene surface and the hydropho-
bic groups of the surfactants promotes adsorption, whilst the
hydrophilic moieties associate with water."*'!! The stabiliza-
tion of dispersions in ionic surfactants results from the elec-
trostatic repulsion between the ionic hydrophilic heads that
coat adjacent graphene sheets.'”! For nonionic surfactants,
steric hindrance contributes to the prevention of exfoliated
graphene from re-aggregating. Despite recent advances in
this field, graphene can only be dispersed at relatively low
concentrations of the surfactants, typically no more than
0.3 mgmL~.5%% In addition, a high degree of exfoliation
usually requires rather long-lasting bath sonication of up to
400 h in some cases.”’) Both aspects bring unfavorable limita-
tions for many practical applications. Therefore, it is critical
to consider new dispersing surfactants and also to develop
efficient processes to enhance the maximum graphene con-

@WILEY i@

ONLINE LIBRARY

These are not the final page numbers! 77



CHEMISTRY

A EUROPEAN JOURNAL

centration. On the other hand, although a number of surfac-
tants have been used to disperse graphene, little research
has been carried out to compare the dispersibility of gra-
phene in different surfactants. In addition, optimal surfac-
tant concentrations, at which the relative amount of gra-
phene dispersed was maximized, have not been established.

Herein, we demonstrate such a surfactant and the pro-
cessing procedure for the exfoliation of graphite to afford
graphene in aqueous solutions. We show that by applying tip
sonication for only 24 h, pristine graphene can be effectively
exfoliated and stabilized in aqueous solutions of sodium
taurodeoxycholate (STC) at very high concentrations of up
to 7.1 mgmL~'. A quantitative comparison of graphene dis-
persions in STC with the seven other commonly used surfac-
tants, each at their optimum concentration, was conducted
by using the absorbance per unit-cell-length at 660 nm. An
extremely high concentration (12 mgmL™") was achieved by
vacuum-evaporation of water from the graphene/STC dis-
persion under ambient temperatures. Finally, we show that
these dispersions have promising applications in making
conductive films and in preparing highly active graphene-
based electrocatalysts.

Results and Discussion

An anionic surfactant with a high zeta potential (), such as
STC, was chosen for the exfoliation because the repulsive
electrostatic potential barrier stabilizes the surfactant-coated
graphene sheets against aggregation. The || of STC at its
natural pH exceeds 60 mV, which may facilitate a high sur-
factant density on the graphene surfaces, thereby resulting
in facile exfoliation and efficient stabilization of the disper-
sion. Previous work on graphene that was dispersed in N-
methylpyrrolidone (NMP)®! or sodium cholate (SC)” has

demonstrated that the concentration of exfoliated graphene
increased significantly with longer sonication times. Part of
the reason for this has been hypothetically ascribed to the
reduction of flake-size, which is controlled by the amount of
sonic input energy. Alternatively, the input energy to the
sample is also directly related to the sonication amplitude.
In such a scenario, to optimize the processing procedure, we
first investigated the dispersibility of graphene in STC as
a function of sonication amplitude, and found a maximum
value at 10% of the maximum output power (see the Sup-
porting Information, Table S1). This value was surprising be-
cause we expected an enhancement of the dispersion con-
centration with increasing energy. One possible explanation
for this phenomenon was that too-high a sonication power
may have destroyed the aggregated structures of the surfac-
tant that was adsorbed onto graphene, thereby leading to
the degradation of its exfoliation level.

To find the optimum content of STC for graphene-exfolia-
tion, the absorbance per unit-cell-length at 660 nm (Agq/l)
was measured for a range of dispersions versus the STC con-
centration (at a fixed initial graphite concentration, cg;=
5mgmL™"), which showed a surfactant concentration peak
at 3mgmL~' (Figure 1). The STC concentration at which
the dispersed graphene was maximized remained unchanged
despite variation in the initial graphite concentration
(Figure 2, top inset). As such, we chose to prepare all subse-
quent dispersions with cs;c=3 mgmL~. The dispersibility of
graphene in STC, in terms of Ag// at their optimum con-
centrations, was twice as high as that in SC, which was re-
cently reported to be one of the best-dispersing surfactants
(Figure 1).”) This result was attributed to the higher effec-
tive charge density on the head-group of STC and therefore
to an increased repulsion between the graphene sheets. Fur-
thermore, the dispersion behavior of graphene in seven
other well-known surfactants was quantitatively studied in
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Figure 1. Agq/l, for the graphene dispersions (f,,. =35 h, centrifugation (CF): 5000 rpm for 90 min) as a function of surfactant concentration. The crossed-
rhombus symbol in the top-left panel is a G/SC dispersion that was prepared under identical conditions at an optimum SC concentration of 0.1 mgmL™".
The literature value (or range) of the CMC (mgL™") of each surfactant is shown in each panel (except for TPA, where it was unavailable).
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Figure 2. Concentration of graphene dispersion as a function of the start-
ing graphite concentration. Upper inset: Ay /!l versus cgspe for dispersions
with ¢g;=3 (0O), 10 (@), and 20 mgmL™" (<), respectively. Lower
inset: Agq/l as a function of sonication temperature (cg;=5 mgmL ™). In
all cases: f,; =45 min, CF=5000 rpm, 90 min.

terms of Ag/l as a function of surfactant concentration
(Figure 1). The values of A/l for dispersions in Tween 60,
Pluronic F127, and Triton X-100 were most-probably overes-
timated at high surfactant concentrations, owing to the cor-
responding increase in surfactant viscosity that led to more
material being retained in the supernatant under fixed cen-
trifugation parameters. The peaks for the majority of the
surfactants occurred above their critical micelle concentra-
tion (CMC), which resembled carbon nanotube/surfactant
dispersions.'¥ The decrease in Ag/! at higher surfactant
concentrations may have been due to attractive depletion
interactions.™™ The discrepancy in the optimal surfactant
concentration partly resulted from their various micelle hy-
drodynamic radii, and thus from their different effects on
the extent of the depletion attraction.'! By comparing A/
I for the graphene dispersion in STC with seven other sur-
factants, each at their optimum concentrations, it was clear
that STC had superior efficiency for dispersing graphene.
Although non-ionic polymers Tween 60, Pluronic F127, and
Triton X-100 also showed interesting dispersion capabilities
for graphene, their large molecular weights, and thus highly
viscous nature, imposed constraints on their further applica-
tion. On the other hand, the optimum concentration of STC
was reasonably low in comparison with the other surfac-
tants. Another advantage of using STC for the exfoliation of
graphene was its relative lack of toxicity, thus making it
more user-friendly than traditional organic solvents and
some surfactants. The extinction coefficient (ag) was esti-
mated to be 2920 mLmg'm™' from the Beer-Lambert law
(A=agcgl), where cg was determined by TGA analysis (see
the Supporting Information, Figure S2) together with the
knowledge of the mass of graphitic material+STC after the
evaporation of water for known volumes of dispersions;
these values were in good agreement with those reported
previously.*!

Next, we considered the effect of sonication temperature
(Tyonic) on the dispersion. We found that the values of
Aggol/l for the dispersions increased with increasing 7Ty, in
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the range 5-25°C, followed by a decrease at T,,,;.>25°C. A
possible reason for this is that the effect of temperature on
the assembly of STC on graphene surfaces dominates at
Tionic <25°C; that is, higher T promotes better adsorption of
STC onto graphene and thus more-dispersed objects. Only
a slight change of input power (fn.=45 min, E,sec—FEsoc~
—1.5kJ) occurred as the T, was raised from 5 to 25°C.
However, the effect of temperature on cavitation played
a key role at higher T, >25°C; that is, it was more diffi-
cult for the cavitation to collapse with a rise in temperature,
thereby leading to a big reduction of input power (f;,,.=
45 min, Egyec— Eys.c~—10kJ), and consequently lower levels
of graphene exfoliation. Consequently, subsequent gra-
phene-dispersions were performed at 7. ~25°C.

Keeping cgrc constant at 3 mgmL™', c; was measured as
a function of cg; (Figure 2). An empirical relationship of
cG=0.0136x (cg)"> was observed (fon.=45min, CF:
5000 rpm, 90 min), even at very high cg;. ¢ increased steadi-
ly with cg; and reached 0.3 mgmL™" at cg;=200 mgmL™,
a value that was only achieved with SC at lower CF rate
(1500 rpm) and over a long sonication time (400 h). More-
over, the dispersed concentrations after centrifugation for
90 min at rates of 2000 and 5000 rpm were plotted as a func-
tion of sonication time (f,.; Figure 3a). In both cases, the
concentration increased steadily with .., and reached
values of about 3.4 and 1.3 mgmL™', respectively. Surpris-
ingly, the concentration after CF for 90 min at 500 rpm
(tonic=24h) was as high as 7.1 mgmL~', which was much
higher than both the best surfactant (SC)!”! and the best or-
ganic solvent (NMP),® and even surpasses the best results
for GO in organic solvents.'”? To our knowledge, this is the
highest concentration of pristine graphene in surfactants to
date, and compares favorably to that of GO in water (cgo
~7mgmL™). In fact, the sediment could be recycled to
obtain a further yield of graphene. Although we have ob-
tained a significant increase in concentration at cg;=
200 mgmL ™", the limit of what can be dispersed is unknown
and a larger graphene concentration may be achieved with
a higher starting graphite concentration. In addition, in
sharp contrast to 400 h of bath sonication required for gra-
phene in either NMP® or SC”! the processing period herein
(24 h) was dramatically reduced.

The concentration after CF at various rates (w) is shown
in Figure 3b. As expected, a steady decrease was observed,
from about 7.1 mgmL~" at 500 rpm to about 0.6 mgmL™" at
13000 rpm. In addition, the cg value scaled empirically with
™" at @ >2000, as reported for G/SC.”! Nevertheless, cg de-
viated from the behavior at low o (500 rpm), the exact
reason for which is unclear at present.

We also found that a significantly higher concentration,
about 12mgmL~", could be achieved by vacuum evapora-
tion of the dispersion (fnc=24h, cg;=200 mgmL~', CF=
5000 rpm, 90 min) at room temperature. This result greatly
broadens the potential application of graphene dispersions.
The stability of the G/STC system was evaluated by moni-
toring A/l as a function of sedimentation time (Figure 3b,
inset). The profile exhibited an exponential decay and was
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Figure 3. a) Aggf/l Versus fyme (cg;=200 mgmL~', CF=90min) for CF
speeds of 2000 (M) and 5000 rpm ([J). The upper axis shows the total
energy output of the tip. b) Ae/l versus CF speed (cg;=200 mgmL !,
tionic =24 h, CF=90 min). Inset: A/l versus sedimentation time for the
concentrated dispersion. ¢) Absorbance spectra before and after freezing
(—20°C) and heat treatment (80°C) for 24 h. Inset: Photographs of the
frozen and molten dispersions under ambient conditions. The Tyndall
effect of the molten dispersion confirmed its colloidal nature. The right
axis in (A) and (B) shows the graphite concentration calculated by using
an absorption coefficient of 2920 mLmg'm™".

well-approximated by ¢ (t) =c,+(cr—co) xe ™", where ¢, rep-

resents the concentration of the stable phase, c¢r represents
the initial concentration of the sedimenting material, and 7
represents the sedimentation-time constant.®'>" Fitting the
data gave ¢y=10 mgmL', and =35 h, which indicated that
approximately 85 % of the graphene in the concentrated dis-
persion remained stably dispersed against sedimentation
over a reasonable long time. Small time constants suggested
that the sedimenting flakes were relatively large. Moreover,
no degradation of the dispersion occurred, even after freez-
ing (—20°C) or heating (80°C) for 24 h, which was reflected
by the maintenance of its absorption spectra after subjection
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to either treatment (Figure 3¢). The strong peak at about
267 nm arose from the m-plasmon resonance that is com-
monly observed in graphitic materials,"!! whilst the absorp-
tion spectrum was featureless up to the visible range
(800 nm), with a steady decrease in absorbance with increas-
ing wavelength.*!!

Figure 4a and the Supporting Information, Figure S3
show representative TEM images of a large number of gra-
phene flakes that were deposited onto a TEM grid; some
folded sheets were also observed (marked by arrows). Fig-
ure 4b shows a TEM image of an individual thin flake with
a high aspect ratio, Figure 4c shows a HRTEM image of
a four-layer graphene sheet, and Figure 4d shows mono-
layer- and bilayer graphene sheets. Most of the observed
flakes appeared to be of good quality with well-defined
edges and free of holes or other damage. In addition to
large sheets of up to several micrometers in length, flakes
with dimensions of less than 100 nm were also discerned,
primarily owing to sonication-induced cutting. By analyzing

0 1.0 20 _ 30 40
tm

Figure 4. TEM images of a) large numbers of few-layer graphene flakes,
and b) an individual graphene layer with possibly a folded sheet (f;y=
24 h, CF=5000 rpm, 90 min). HRTEM images of c)a four-layer, and
d) monolayer and bilayer graphene sheets. ¢) AFM image of an individu-
al graphene flake deposited onto mica. f) Profiles of line-scan height
through the regions shown in (e).
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the flake edges, we estimated the monolayer and few-layer
(<5) number fractions to be about 8% and 82 %, respec-
tively, for a dispersion after CF at 500 rpm for 90 min.
Atomic force microscopy (AFM) analysis observed a flake
with a thickness of about 0.7 nm, which was consistent with
monolayer graphene (Figure 4¢)."® The rugged topographic
height profiles were probably due to the absorbed surfactant
molecules on the graphene surface (Figure 4 f).

X-ray photoelectron spectroscopy (XPS) analysis of the
surface composition of a deposited graphene film revealed
the presence of C (85.7at.%), O (11.6at.%), and S
(0.4 at. %, the small amounts of S result from the residual
surfactant in the film). The C 1s region was dominated by
a peak at around 284.8 eV, which corresponded to graphitic
carbon (Figure 5a). Deconvolution of the spectrum mani-
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Figure 5. a) XPS pattern for a graphene film prepared by vacuum filtra-
tion. b) Raman spectra of the starting graphite powder for thin films that
were prepared from dispersions (fyn.=24h) with CF=4000 and
2000 rpm, and for a sample that was prepared by drop-casting the disper-
sion onto silicon with CF=5000 rpm (these spectra were normalized to
the intensity of the G-band at 1582 cm™).

fested two additional small peaks at 285.9 and 287.2 ¢V,
which were assigned to C-O and C=0 groups, respectively,
thus indicating that a slight oxidation of graphite had oc-
curred during the exfoliation process. The level of oxidation
was small and the main C—C peak corresponded to about
86 % of the spectrum, which was similar to G/SDBS as well
as to the thermally annealed GO at 1100°C in vacuum.*!”
We expect that the degree of oxidation would be further de-
creased by introducing Ar (or N,) to remove O, in the
system during sonication.””

Raman spectroscopy enabled us to measure graphene
thickness and to study any generated defects. The Raman
spectra (Figure 5b) displayed three prominent peaks: a G
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band at about 1582 cm™!, a second-order two-phonon-mode
2D (or G’) band at about 2700 cm™', and a disorder-related
D peak at about 1351 cm™, as well as a weak D’ peak that
appeared as a high-frequency shoulder to the G band. The
G band is typically assigned to the first-order scattering of
the E,, mode of C sp’ atoms, whilst the D band is associated
with the breathing mode of x-point phonons of A;, symme-
try. The 2D line with a single peak for the film samples is
characteristic of thin flakes that are composed of less than 5
graphene layers that are positioned one on top of the other
in a random orientation.>'"*!! This result was in contrast
with the doublet 2D shape for graphite, which consisted of
two components (2D, and 2D,), which was indicative of an
unperturbed ABAB stacking sequence along the c-direction
of the bulk material.® A sharp and symmetric 2D band was
observed for the drop-cast sample, thereby confirming the
formation of single-layer graphene in STC,?'! whilst the
peak was significantly broadened compared to that of mono-
layer graphene that was grown by chemical-vapor deposi-
tion, which may be due to the small size of the graphene
produced herein.?!! The in-plane crystallite size of graphene
was estimated to be approximately 53 nm at CF=2000 rpm
by (2.4x107"2*(Ip/Ig)~", where A is the laser energy in
nanometers, and I, and I; are the intensities of the D and
G modes, respectively.’” Alternatively, a correlation of the
D/G ratio and flake length by using Lnm™'~260/(Alp/Ig)
allowed us to estimate the flake length to be 350 nm.['*"!
This result agreed reasonably with TEM and SEM observa-
tions. The exfoliation of graphene was also supported by the
observation that a shift (about 29 cm™) to lower wavenum-
bers occurred for the 2D band of graphene together with an
enhancement of its intensity as compared to graphite.*"!
Whilst the intensity of the D band relative to the G band
(Ip/Ig) increased with CF rate, thereby indicating more de-
fects for graphene sheets obtained with higher CF, the value
of Ip/l; with CF at rate of w <2000 rpm was less than 0.73.
This result compared better with graphene sheets that were
either produced from reduction of GO by hydrazine (Ip/Ig
~1.44)1" or by sodium-hydride reduction (Ip/Ig~1.08).!
The defect population may be dominated by edge defects
from small graphene flakes at rate w <2000 rpm, whilst the
defects associated with vacancies and grain boundaries were
also likely to be induced during intense sonication.”!!l

Surfactant-stabilized graphene dispersions can be used in
a range of applications, including the formation of films.
SEM of a typical film showed that the flakes lay flat on top
of each other, and many of the flakes were small, with diam-
eters of 100-300 nm (Figure 6a). The edge of the film
showed a well-defined layered morphology (Figure 6b). The
as-shown film had a thickness of about 8 um and a mean
conductivity of about 13000 Sm™" after annealing at 600°C
for 2 h under an Ar/H, atmosphere. This value was compa-
rable to that of graphene films that were prepared from
NMP dispersions®! and compared favorably with reduced
GO films that had been annealed."

High-concentration graphene dispersions also elegantly
offer the possibility of using a mild solvent-based approach
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Figure 6. SEM images of a) the surface and b) the edge of a graphene
film that was prepared from a dispersion after CF=2000 rpm for 90 min.

to design new G-based nanocomposites. Although recent re-
ports have shown the decoration of metal nanoparticles
(NPs) on GO or on reduced GO,>?" it remains an under-
explored area of research and the creation of heterostruc-
tures of pristine graphene with unique intrinsic electrical
properties is highly desirable. Herein, we demonstrate that
Pt NPs with a quasi-uniform size and narrow size-distribu-
tion were deposited onto the surface of graphene by em-
ploying a sonication-facilitated decoration method (Fig-
ure 7a).”! The mean size (diameter) of Pt NPs, as deter-
mined by directly measuring 100 particles by TEM analysis,
was estimated to be approximately 2.48(£0.56) nm (Fig-
ure 7 a, inset). HRTEM measurements (Figure 7D, inset) in-
dicated the high crystallinity of the NPs, with an interplanar
spacing of 0.23 nm, which corresponded to the {111} facet of
Pt°.® We performed RDE voltammograms to investigate
the electrocatalytic activities of Pt/G with respect to the
oxygen-reduction reaction (ORR) in acidic electrolyte. Ex-
ceptionally high electrochemically active surface areas
(ECSAs; for the calculations, see the Supporting Informa-
tion) were found for Pt/G (up to 91.8 and 123.8 m’g ' at
20% and 10% Pt loading, respectively), in contrast to Pt-
ETEK (79.0 m?’g~!; 20% Pt on Vulcan carbon). To the best
of our knowledge, this is one of the highest values reported
to date and was most likely a result of the high dispersion of
Pt NPs onto graphene sheets with a large surface area. On
the other hand, graphene that was support with high electri-
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Figure 7. a) TEM image of 10% Pt/G. Inset: Size-distribution histogram
of Pt NPs. b) Linear-sweep voltammograms for 10% Pt/G, 20% Pt/G
,and Pt-ETEK in an O,-saturated 0.1m HCIO, solution (5 mVs™, rota-
tion speed: 400 rpm). Inset: HRTEM of a Pt NP that was deposited onto
G. c¢) Electrochemical surface area (ECSA), specific activity, and mass ac-
tivity at 0.9 V for these three catalysts.

cal conductivity allowed an effective electron-transfer be-
tween the catalyst and the electrode surface. Significantly,
the onset potential of the ORR for Pt/G at both 10 and
20% metal-loading was higher than that for the Pt-ETEK
catalyst by at least 20 mV (Figure 7b). In addition, both the
specific and mass activities (for the calculations, see the Sup-
porting Information) of Pt/G catalysts were superior to
those of Pt-ETEK (Figure 7c). These results suggested that
graphene has promising applications as a competitive sup-
port in electrocatalysis. Studies are now underway with
regard to a full mechanistic understanding of its activity.

Conclusion
We have produced stable aqueous dispersions of graphene
through an efficient tip-sonication process by using the sur-

factant sodium taurodeoxycholate. The surfactant showed
the highest dispersion ability for graphene reported to date.
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Dispersions of Sodium-Taurodeoxycholate-Exfoliated Graphene

The dispersed concentration increased with the initial graph-
ite concentration and reached an unprecedentedly high con-
centration of up to 7.1 mgmL™". Vacuum evaporation of the
dispersion gave a significantly improvement of the concen-
tration (up to 12 mgmL™"), 85% of which was stable over
a long time. The dispersions have potential applications in
conductive films and in highly efficient graphene-based elec-
trocatalysts.

Experimental Section

Materials: Graphite powder was purchased from Sigma-Aldrich (product
number 332461) and used as received. Anionic surfactants sodium tauro-
deoxycholate (STC), sodium cholate (SC), and sodium dodecylsulfate
(SDS), cationic surfactants cetyltrimethylammoniumbromide (CTAB)
and tetrasodium 1,3,6,8-pyrenetetrasulfonic acid (TPA), and nonionic sur-
factants Tween 60, Pluronic F-127, Triton X-100, and Brij 35 were pur-
chased from Sigma-Aldrich and used as received. The structures of these
surfactants are shown in the Supporting Information, Figure S1.

Surfactant-exfoliation of graphene: Stock surfactant solutions were pre-
pared at the required concentration in Millipore water by stirring over-
night. Herein, concentration is defined as the mass of solute/dispersed
phase per volume of solvent. Graphene dispersions were prepared by
adding graphite at various initial concentrations to solutions of surfactant
(80 mL) in a 100 mL beaker. Various surfactant concentrations were ex-
plored. Ultrasonication was carried out by using a tip sonicator (Bandelin
Sonoplus HD3100, 100 W, 20 kHz, 13 mm-diameter tip). To maintain
sonication efficiency and to prevent overheating, the beaker was kept in
an ice-water bath. Samples were pipetted from the beaker and left to
stand overnight to allow any unstable graphite aggregates to form and
then centrifuged for 90 min (Milipore-amicon MC-13). After centrifuga-
tion (CF), the top two-thirds of the dispersion were gently extracted by
pipette.

Preparation of thin films: Thin films were prepared by vacuum filtration
onto porous alumina membranes (Millipore, pore size 0.02 um, mem-
brane diameter 47 mm) and drying in a 60°C oven.

Synthesis of Pt/G: In a typical procedure, a dispersion of G/STC (20 mL,
foonic =24 h, CF=5000 rpm for 90 min) was first subjected to tip sonication
for 2 min (30% of output amplitude), followed by the dropwise addition
of H,PtCl¢6 H,O and an aqueous solution of NaBH, (cnapu, = S¢u,picip6m,0
(c is concentration), respectively, within 2 min sonication in either case.””’)
All synthetic procedures were conducted under ambient conditions. The
obtained mixture was centrifuged, and the collected precipitate was
washed repeatedly with EtOH and subsequently with distilled water. Af-
terwards, the precipitate was re-dispersed in an EtOH bath and heated to
reflux for 6 h to remove any remaining STC. Then, the obtained sample
was vacuum-dried at 60°C for 6 h.
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Highly Concentrated Aqueous Disper-
sions of Graphene Exfoliated by
Sodium Taurodeoxycholate: Disper-
sion Behavior and Potential Applica-
tion as a Catalyst Support for the
Oxygen-Reduction Reaction

The great dispersion: Stable aqueous concentrations (up to 7.1 mgmL™).
dispersions of pristine graphene were The dispersions have potential applica-
achieved by using the superior surfac- tions in conductive films and in highly
tant sodium taurodeoxycholate with active electrocatalysts (see figure).

the aid of tip sonication at very high
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