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uminescent semiconductor quantum

dots have been widely used in biol-

ogy and medicine for biolabeling and
bioimaging applications.! However, the
known toxicity and potential environmen-
tal hazard of these inorganic nanomaterials
limit their widespread use and in vivo appli-
cations in humans. Fluorescent carbon-
based nanomaterals including nanotubes,*?
fullerenes,* and nanoparticles,>® with their
well-known biocompatibility, may be a
more suitable alternative for in vivo biola-
beling. Recently, zero-dimension fluores-
cent carbon nanoparticles with relatively
high quantum yield have attracted intense
interest. These carbon nanoparticles have
been produced by the laser ablation of
graphite,>® by electrochemical route,”® or
by the chemical oxidation of candle soot.’
Although the preparation methods are di-
verse, the basic mechanism involves the ex-
foliation of carbon from a graphitic source
and its dissolution as particles. From the
perspective of synthesis, it is desirable to
identify a unified approach which can be
applied for preparing a diverse range of car-
bon nanomaterials, that is, nanotubes,
nanoribbons, graphene sheets, and nano-
particles. However, the development of fac-
ile and practical processing methods still re-
mains a challenging issue. Herein, our
search for a unifying approach in the
diversity-oriented synthesis of carbon nano-
materials leads us to the use of ionic lig-
uids for the electrochemical exfoliation of
graphite.

lonic liquids (ILs) have been proposed

as “green” alternatives to conventional
solvents'®™" because of their unique proper-
ties like negligible vapor pressure, thermal
stabilities, wide electrochemical potential
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ABSTRACT In this work we demonstrate a facile means to generate fluorescent carbon nanoribbons,

nanoparticles, and graphene from graphite electrode using ionic liquid-assisted electrochemical exfoliation. A

time-dependence study of products exfoliated from the graphite anode allows the reconstruction of the exfoliation

mechanism based on the interplay of anodic oxidation and anion intercalation. We have developed strategies to

control the distribution of the exfoliated products. In addition, the fluorescence of these carbon nanomaterials can

be tuned from the visible to ultraviolet region by controlling the water content in the ionic liquid electrolyte.
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electrochemistry - ionic liquids -

window, low viscosity, good ion conductiv-
ity, and recyclability. These properties ren-
der ILs a very useful medium for liquid/lig-
uid extraction, electrochemistry, chemical
syntheses, and catalysis.'>'* The high dielec-
tric constant of ILs provides shielding for
the stacking interactions caused by van der
Waals interaction and helps to disperse
these nanomaterials effectively. The mar-
riage between ILs and carbon nanotubes
forms a gel-like composite called “bucky
gel”.* These designer materials show great
versatility for applications in capacitors, sen-
sors, and actuators. Recently, Liu et al. dem-
onstrated the exfoliation of graphene
sheets from graphite anode in ionic lig-
uid.” This approach is promising because
generating exfoliated graphene sheets di-
rectly from graphite will circumvent the
problem of low conductivity faced by
graphene films chemically reduced from
graphene oxide derivatives. Graphene
oxide-derived materials possess a high den-
sity of defects which have deleterious ef-
fects on the carrier mobility.'®

However the detailed mechanism of the
exfoliation was not investigated in Liu's
work. Water is often the main impurity in
the ILs, and we suspect that water plays a
very important role in controlling the shape

fluorescent nanoparticles
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Figure 1. Time evolution of IL electrolyte and highly oriented pyrolytic graphite (HOPG) anode during exfoliation in 60 wt
% water/[BMIm][BF,] electrolyte. Stages of I, Il, and Il are shown correspondingly in panels b,c, and d. Heavily expanded

HOPG is obtained in panel f.

of the exfoliated products. In the course of investigat-
ing the role of water in the exfoliation mechanism, we
discovered that a diverse range of nanostructured car-
bon materials can be generated by controlling the ratio
of water to ILs in the electrolyte. In addition to the
graphene sheets, water-soluble fluorescent carbon
nanoparticles and nanoribbons could be generated
during the exfoliation. By tuning the water content and
type of counterions in the ILs, the fluorescence, as well
as the distribution of the nanomaterial, can be tuned.
This method of nanomaterial preparation is highly ver-
satile and industrially scalable.

RESULTS AND DISCUSSION

According to the proposed mechanism by Liu,'® the
positively charged imidazolium ion is reduced at the
cathode to form the imidazolium free radical'” which
can insert into the  bonds of the graphene plane. At
the fundamental level, there are several questionable
aspects about the radical-insertion mechanism pro-
posed by Liu,™ especially when the ILs are mixed with
water at 1:1 ratio and where an operational voltage as
high as 15 V is applied. When we carried out the experi-
ments using twin graphite electrodes, we observed
that the exfoliation of the graphite occurs only at the
anode and the graphite cathode is intact throughout
the course of the experiment. If the imidazolium radi-
cals were generated at the cathode, the cathode should
be attacked by the radicals and became exfoliated, but
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this did not happen. Typically, the voltages applied in
these electrochemical experiments exceeded the rather
narrow electrochemical potential window of water.
This results inevitably in the generation of hydroxyl
and oxygen radicals from the dissociation of water.
Even at 10% water content, sufficient quantities of
these radicals can attack the anode to result in its sacri-
ficial corrosion during the electrochemical reactions. In-
trigued by these questions, we used a water-miscible
ionic liquid 1-butyl-3-methylimidazolium tetrafluorobo-
rate [BMIm][BF,] and mixed it with water at different
fractions to be used as electrolyte for the electrochemi-
cal exfoliation of graphite. The viscosity and conductiv-
ity of the ILs is affected significantly by the presence of
water, its major impurity. In an IL, there is a complex in-
terplay of forces such as Coulombic, van der Waals, hy-
drogen bonding, and 7—r interactions which control
its solvation and internal order. The addition of water
within the ionic liquids disrupts the internal organiza-
tion and modifies the liquid structure by forming a new
hydrogen-bonded network. This decreases the cohe-
sive energy and lowers the viscosity of the ILs.'>'®

The effect of water on the electrochemical proper-
ties of ILs can be investigated using cyclic voltammetry
(CV) as shown in Supporting Information Figure-S1. It is
observed that the electrochemical potential window of
the IL/water mixture narrows with the addition of water,
decreasing dramatically from 4.2 V at 0 wt % H,0 to
2.8 Vin 10 wt % H,0 and finally to 2.2 V at 90 wt % H,0.

www.acsnano.org



Parallel with the narrowing of the electrochemical po-
tential window as well as the lowering of the electrolyte
resistance with increasing water content, the onset of
exfoliation is observed to occur at lower activation volt-
ages. For example, in 90 wt % water/[BMIm][BF,] elec-
trolyte, the exfoliation can be activated at 1.5—2.0 V.
This potential has to be increased to 2.5—3 Vin the case
of 60 wt % and 7—8 V in the case of 10 wt %. We can in-
fer that the trend of decreasing activation voltages
with increasing water content is correlated to the
smaller overpotential required for the electrochemical
oxidation of water. As such, hydroxyl radicals released
from the oxidation of water may play an important role
in the first stage of exfoliation.

Three stages in the electrochemical exfoliation,
which reflect the time evolution in the dynamic pro-
cess of electrochemical oxidation, intercalation, and ex-
pansion of the graphite anode, are typified by the se-
quential images of the electrochemical cell shown in
Figure 1. In stage |, there is an induction period before
visible signs of exfoliation can be detected. The color
of the electrolyte changed from colorless to yellow and
then dark brown. In stage Il, a visible expansion of the
graphite anode can be seen. In stage lll, the expanded
flakes peel off from the anodes and form the black
slurry with the electrolyte. The intensity of the colora-
tion varied for ILs with different water content. A more
concentrated IL electrolyte will develop a dark colora-
tion faster, as opposed to light coloration for a more di-
luted IL electrolyte. Some precipitation could be found
at the bottom in stages Il and Ill. The demarcation of
these stages is significant because different products
are obtained from the graphite anode when the elec-
trolyte assumed a specific color. The products from the
different stages were extracted and purified to have
their structure analyzed by transmission electron mi-
croscopy (TEM).

In stage I, 8—10 nm sized, hexagonal-shaped, water-
soluble, and fluorescent carbon nanocrystals are pro-
duced, as shown in Figure 2a. The HR-TEM image in Fig-
ure 2b reveals that these nanocrystals have a lattice
spacing of 0.21—0.25 nm which is comparable to the
(100) facet of graphite. In stage I, the predominant
products are fluorescent nanoribbons of 10 nm X (60
*+ 20) nm size with flat rectangular edges, as well as
some graphene sheets. The carbon nanoribbons have
a lattice distance of 0.34 nm that corresponds to the
(002) plane of graphite, as shown in Figure 2¢,d. The
TEM images of ultrathin graphene sheets (200 nm X
500 nm) are presented in Figure 2ef.

The mechanism of the exfoliation could be de-
duced from the sequences of the appearance of the ex-
foliated products, which we further confirmed by study-
ing the effects on the exfoliated products by changing
the counterion and magnitude of voltages applied. The
time evolution of the exfoliation process is illustrated
in Scheme 1, and summarized as follows:
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Figure 2. TEM images of carbon nanoparticles (a,b), carbon nanorib-
bons (c,d), and graphene sheets (e,f) produced in the one-pot electro-
chemical exfoliation.

(1) Anodic oxidation of water produced hydroxyl

and oxygen radicals.
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Scheme 1. lllustration of the exfoliation process showing the attack of
the graphite edge planes by hydroxyl and oxygen radicals, which facili-
tate the intercalation of BF,~ anion. The dissolution of hydroxylated
carbon nanoparticles gives rise to the fluorescent carbon nanoparti-
cles. Oxidative cleavage of the expanded graphite produces graphene
nanoribbons.
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Scheme 2. The interplay of (1) anodic oxidation of water as well as
(2) intercalation of BF,~ anions controlled the shape of the exfoli-
ated products.

The hydroxylation or oxidation of graphite by these
radicals results in the dissolution of fluorescent carbon
nanocrystals from the anode. The corrosion process oc-
curs initially at edge sites, grain boundaries, or defect
sites and takes place before the expansion of the graph-
ite electrode.

(2) The oxidation of the edge planes opens up the
edge sheets, facilitating intercalation by the anionic
BF,~, which leads to the depolarization and expansion
of the graphite anode'®?

(3) Oxidative cleavage of the expanded graphene
sheets generates graphene nanoribbons.

(4) Some expanded sheets precipitate as graphene
sheets.

The electrochemical reactions involve the interplay
of the BF,~ anion from the ILs, as well as water. The
equations?' are represented as seen in Scheme 2

Tuning the composition of the IL/H,0 affects the ex-
foliation mechanism and changes the shape and size
distribution of the exfoliated products. BF,~ ion has a
higher oxidation potential than water,? thus water will
be sacrificially oxidized at the anode to generate hy-
droxyl and oxygen radicals. BF,~ plays the role of inter-
calator in the graphite planes. Two limiting cases can
be highlighted:

(1) Increasing the IL/water ratio increases the pro-
portion of BF,™ ion to water; this facilitates the interca-
lation process by BF,~ and the expansion of graphene

anode. The heavily expanded graphite is more suscep-
tible to oxidative cleavage to form nanoribbons.

(2) Increasing the water/IL content results in larger
concentration of OH and O radicals; these species oxi-
dize the graphite anode and results in its dissolution as
hydroxylated carbon particles.

According to the above mechanism, the O and OH
radicals derived from the anodic oxidation of water
plays the role of an electrochemical “scissors” in its oxi-
dative cleavage reaction. An “unzipping” mechanism
has been invoked to explain the cutting of carbon nano-
tubes and graphene, where the strain induced by the
formation of oxygenated groups such as epoxy encour-
aged further oxidative attack and cleavage.”

The interplay of water and ILs anion in controlling
the types of products generated in the exfoliation can
be illustrated by changing the counterion in the ILs to
one that has a lower oxidation potential than water,
such that this counterion becomes preferentially anodi-
cally oxidized. In this case, even in water-rich IL, the
products are predominantly influenced by the action
of the IL anion. The IL 1-methyl-3-butylimidazolium
chloride ([BMIm]CI) has the same cation but a different
anion in the form of Cl~. At 90 wt % water content, the
major products obtained in the exfoliation are now car-
bon nanoribbons, as opposed to carbon nanocrystals
when BF,;~ is the anion. The products obtained were
also less oxidized. This is due to the lower overpoten-
tial for the oxidation of CI™. In ionic liquid, the two-step
oxidation of CI~ anion results in the formation of Cl; an-
ion." The Cl; anion plays the role of the anion interca-
lator, which leads to the ready expansion of the graph-
ite electrode and its oxidative cleavage. The TEM
images of carbon nanoribbons are shown in Figure 3.
It can be seen that the nanoribbons are surrounded by
an adventitious layer of ILs, these could be readily re-
moved by ion exchange. The HR-TEM image in Figure
3b reveals that the carbon nanoribbons have similar lat-
tice constant as that of graphite.

Figure 3. TEM images of carbon nanoribbons produced by electrochemical exfoliation using 90 wt % water/[BMIm]CI

electrolyte.
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Figure 4. “Bucky” gel produced by electrochemical exfoliation in pure ionic liquid [BMIm][BF,]. (a) The supernatant contains
ILs-functionalized carbon nanoparticle (ILCN) that emits in the blue, as shown in panel b. (c) Extrusion of the bucky gel; (d
and f) TEM images showing ILCN found in the supernatant; (e) carbon nanosheets found in bucky gel.

The exfoliation experiment was also carried out in changes from light yellow, brown, dark brown, to black.
pure ionic liquid [BMIm][BF,] which had been exten- The electrolyte becomes highly viscous after some
sively bubbled with argon to remove dissolved oxy- time. A “bucky gel” can be recovered from the bottom
gen. Higher activation voltages of 6—8 V are needed of the tube after the mixture is centrifuged at 15000
to initiate the exfoliation. Similar to the exfoliation pro-  rmp to remove excess ionic liquid, as shown in Figure
cess as shown in Figure 1, the color of electrolyte 4a. These gels can be extruded to form a paste useful

Figure 5. Graphite rod exfoliated in IL-BF,/water (40:60) mixture solution: (a,b) color change of the electrolyte solution with
the corrosion of the graphite rod; (c) the expanded graphite rod is immersed into DMF after washing with acetone; (d) the ex-
panded portion of the anodic graphite rod is exfoliated in DMF; (e and f) the supernatant solution emits blue fluorescence
upon irradiation with 254 nm UV light; (g) bulk quantities of carbon nanopariticles (6—8 nm) can be recovered; (h) carbon
nanoparticles can be dispersed in water.
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are readily displaced during washing. The main
modification appears to be oxidation. With in-
creasing water content in the IL, XPS analysis re-
veals the growth of a chemically shifted compo-
nent attributable to C—0, (=0, COOH as shown
in Figure 6c. This proves that the oxidative disso-
lution of the graphite electrode is related to the
presence of water. The oxidation imparts water
solubility on the nanoribbons and nanoparticles,
and also influences the optical properties of the

exfoliated nanomaterials, as shown later.
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Figure 6. XPS spectra of products generated by electrochemical exfoliation in
electrolyte with water content (a) more than 10 wt %; (b) less than 10 wt %; (c)
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C 1s spectrum of oxidized carbon nanomaterials.
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for the modification of electrodes to enhance conduc-
tivity and sensing (Figure 4c). Figure 4 panels d and e
show the nanoparticles and graphene sheets isolated
from the bucky gel. X-ray photoelectron spectroscopy
(XPS) analysis reveals that the graphene sheets are func-
tionalized with the ILs; the latter may interact with the
w-electronic surface of the graphene sheets by cat-
ion—1 and/or w—r interactions. The supernatant is
found to contain IL-functionalized blue-emitting ma-
terials, as shown in Figure 4b.

Fluorescent nanomaterials are abundant in the su-
pernatant containing the soluble exfoliates. Figure 5 il-
lustrate the ease of generation and recovery of these
fluorescent nanomaterials. We began by dipping a
graphite rod into the ionic liquid mixture together with
a Pt counter electrode and applied DC voltage for 240
min. The pictures show the dissolution of carbon nano-
materials into the ILs electrolyte, and the expansion of
the graphite rod. The expanded graphite rod can be re-
moved from the ILs and dip into pure DMF for 2 min,
and upon illumination with UV light, strong fluores-
cence from the DMF solution can be seen. TEM analy-
sis of the solution finds abundant nanoribbons and
nanoparticles in the solution and separation of these
products reveals that both materials are fluorescent (re-
fer optical characterization section). Very importantly,
bulk quantities of fluorescent carbon nanomaterials can
be recovered by this method. A rough estimate re-
vealed a yield of close to 80% weight percent transfor-
mation from graphite rod into fluorescent carbon
materials.

X-ray photoelectron spectroscopy (XPS) was used
to monitor the composition of the exfoliated products
after rigorous purification of the products and multiple
washing. As shown in the XPS survey scan in Figure 6a,
no trace of IL can be detected in the exfoliated
nanosheets, nanoparticles, or nanoribbons when the
electrolyte contains less than 10% by weight of water.
The absence of peaks corresponding to B, F, and N,
which will be expected if the IL is linked to the exfoli-
ated products, proves that the intercalated BF,~ anions

NI ) ]
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Figure 7 shows the XPS C 1s of the various ex-
foliated carbon nanomaterials generated in ILs
mixed with water at different weight percentages.
It is very clear that higher water content results
in a greater degree of oxidation. For ILs mixed
with the same amount of water but differing in the
type of counterions, for example, BF,~ versus ~Cls, it is
found that using Cl; anion results in a lesser degree of
oxidation of the carbon, due to the lower oxidation po-
tential of CI~ to form Cl; anion compared to water.
Thus the anodic oxidation of water can be suppressed
by using a sacrificial anion which can undergo preferen-
tial oxidation.

The functionalization of the graphene sheets by ILs
occurred only when a concentrated IL with less than
10% water was used as the electrolyte. The presence
of the imidazolium moiety as well as the BF,~ counter-
ion can be seen clearly in the XPS survey scan in Figure
6b as well as the high resolution spectra in Figure 8. A
well-defined peak at 400.2 eV can be assigned to the N
1s of the imidazolium ion. The presence of B 1s peak at
193.3 eV and F 1s at 686.5 eV supports the presence of
the BF,~ anion. The origin of these peaks is due to a te-
naciously bound IL coat around the surface of graphene
sheets.

Raman spectroscopy was applied to evaluate the
crystalline quality of the exfoliated materials. The Ra-
man spectrum in Figure 9 was collected from exfoliated

Intensity (a.u)

288 285 282
Binding Energy(eV)
Figure 7. XPS C 1s spectra of (a) graphene precipitates and
soluble graphene produced by electrochemical exfoliation

in (b) 90 wt % water in [BMIm]CI, (c) 60 wt % water in
[BMIm][BF,], (d) 90 wt % water in [BMIm][BF,].
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Figure 8. XPS spectra of graphene sheets exfoliated in con-
centrated ILs with less than 10 wt % water. The presence of
N 1s, B 1s, and F 1s evidenced the functionalization of the
graphene sheets by ILs. The top picture shows various pos-
sibilities of attachment of ILs to graphene, via covalent or
noncovalentinteractions.

graphene sheets which were spin-coated on silicon
oxide-coated silicon wafers. The major Raman features,
common to all chemically processed graphene samples,
are the D band at 1361 cm ™', G band at 1580 cm ™',
and 2D band at 2683 cm~'.2*% The D band is related
to the presence of sp® defects. The G band is related to
the in-plane vibration of sp? carbon atoms which is a
doubly degenerate (TO and LO) phonon mode (E,g sym-
metry) at the Brillouin zone center. The presence of a
sharp and symmetric 2D band which originates from a

2D
I

|/ W"’ -

(a) 2000 3000

Intensity(arb.units)

1250 1500 1750 2000
wavenumber(cm™)

Figure 9. Raman spectra of (a) graphene precipitates; (b)
ILs-functionalized graphene in DMF; (c) oxidized carbon
nanoribbons and carbon nanoparticles. The inset shows the
sharp 2D peak corresponding to panel b.
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Figure 10. UV—vis absorption and fluorescence spectra (in-
set figure) obtained for 8—10 nm carbon nanoparticles (red
curve) and carbon nanoribbons (blue curve). The emission
spectrum was obtained using 260 nm excitation.

two phonon double resonance Raman process is used
as a fingerprint to identify single or bilayer graphene.
The Raman data proves that the thin imidazolium-
decorated graphene sheets have significantly lower
density of defects compared to exfoliated nanomateri-
als based on its relatively weak D band and its sharp 2D
band (fwhm 70 cm™"). In contrast, the exfoliated car-
bon nanoribbons and nanocrystals have a high density
of defects as judged from the stronger D peak in the Ra-
man spectrum in Figure 9c. The exfoliation of these
products involves the oxidation process at the graph-
ite anode; the decoration of the surfaces of these ma-
terials by oxygen groups gives rise to surface defects. As
the D band is related to edge defects, the relative in-
crease of the D band in the exfoliated carbon nanorib-
bons and nanocrystals can also be explained by the in-
creased proportions of surface defects as well as the
larger surface-to-volume ratio of these materials.

The UV—vis absorption and fluorescence spectra of
the carbon nanoribbons (10 nm X (60 * 20) nm) and
carbon nanoparticles (8—10 nm) are shown in Figure
10. The PL of carbon nanoribbons is distinct from that
of the carbon nanoparticles (Figure 10 inset). The PL
peak is centered at 395 nm (3.13 eV), which is red-
shifted from that of the carbon nanoparticles at 364
nm (3.40 eV). The PL spectra of the carbon nanoparti-
cles are generally broad and dependent on excitation
wavelengths, which may be due to the size heterogene-
ity and distribution of different emissive sites on the car-
bon nanoparticles.

Figure 11 shows that both the UV adsorption and
PL peaks shift to short wavelength as the water con-
tent in the IL increases. In terms of the size of the par-
ticle, this trend is opposite to what one would expect
from quantum confinement effects. In pure ILs, the car-
bon nanoparticles are 2—4 nm in diameter and emit at
440 nm (Figure 4d). In water-rich ILs, the size of the car-
bon nanoparticles is larger (8—10 nm), and the emis-
sion is centered at 364 nm (3.40 eV). This indicates that
chemical composition, rather than size, is the major fac-
tor controlling the emission. XPS analysis reveals that
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Figure 11. UV adsorption and PL peak of carbon nanoparti-
cles electrochemical exfoliated using IL electrolytes contain-
ing different water content. The emission spectra were ex-
cited using 260 nm light: (a, blue curve) 10 wt % water; (b,
black curve) 60 wt % water; (c, pink curve) 90 wt % water. A
blue shift of the emission is apparent with higher wt % of
water in the electrolyte.

exfoliated particles obtained under water-rich condi-
tions are oxidized, hence these particles resemble
graphene oxide. It can be expected that oxidation pro-
duced a disruption of the 7 network and opened a di-
rect electronic band gap, and that the size of these gaps
will increase with the degree of oxidation.?”-2

The exfoliated carbon nanoparticles produced in
water-poor ILs (water content <10%) have strong pho-
toluminescence with a quantum yield of 2.8—5.2%.
These carbon nanoparticles are functionalized by the
ILs. The emission window is wide and extends from 400
to 600 nm. (Supporting Information Figure S2). The
photoluminescence from these carbon nanoparticles
may be attributed to the presence of surface energy

EXPERIMENTAL SECTION

Methods. All other chemicals were purchased from Sigma-
Aldrich and used directly without further purification. High-
purity graphite rods and highly oriented pyrolytic graphite
(HOPG) (1 cm X 1 cm X 1 mm) were purchased from the SPI
Co. Ltd. The graphite rod and HOPG were inserted as anode into
the ionic liquid (IL)/water solution, placed parallel to the Pt wire
as counter-electrode with a separation of 2 cm. In our experi-
ment, the ionic liquid 1-methyl-3-butylimidazolium tetrafluorob-
orate (or 1-methyl-3-butylimidazolium chloride) was mixed with
water with different ratios. Static potentials of 1.5—15 V were ap-
plied to the two electrodes using a DC power supply. The exfoli-
ation products were washed with water and ethanol until the
pH was neutral and the products were separated by filter and ul-
tracentrifugation at 15000 rmp (23400g) at 20 °C.

Characterization. Transmission electron microscopy (TEM) mea-
surements were conducted with a JEOL JEM-3010 microscope
at an acceleration voltage of 300 kV. SEM images were obtained
on JEOL 6701 FESEM (field emission scanning electron micros-
copy) at 30 kV. X-ray photoelectron spectroscopy (XPS) was per-
formed with the Phobios 100 electron analyzer equipped with
five channeltrons, using an unmonochromated Mg Ka X-ray
source (1253.6 eV). The UV—vis absorption and photolumines-
cence spectra were recorded on a Shimadzu UV 2450PC spectro-
photometer and Perkin-Elmer LS 55 luminescence spectrom-
eter, respectively. The Raman spectra were recorded by a
Renishaw inVis Microscope Raman spectrometer with an argon-
ion laser at an excitation wavelength of 514 nm. All the measure-
ments were taken at room temperature without special mention.

traps that become emissive upon stabilization as a re-
sult of the surface passivation by ILs. The functionaliza-
tion by IL moieties improves the dispersion of the nano-
particles and diminishes the quenching effects due to
interparticle interaction.?

CONCLUSIONS

We have developed a unified one-pot electrochem-
istry method to prepare fluorescent carbon nanorib-
bons, nanoparticles, and graphene sheets from the ex-
foliation graphite electrode. The mechanism of the
exfoliation is due to a complex interplay of anodic oxi-
dation of water and anionic intercalation from the ionic
liquid. Using ILs with high water content (>10% wa-
ter) as the electrolyte, water-soluble, oxidized carbon
nanomaterials are generated. In the case of electrolyte
using concentrated ILs (<10% water), IL-functionalized
carbon nanomaterials are generated instead. For the
first time, we demonstrated that carbon nanoribbons
could be produced directly from graphite by the con-
certed action of anionic intercalation and oxidative
cleavage. The chemical composition and surface passi-
vation of the exfoliated carbon nanoparticles can be
controlled by changing the water/IL ratio in the electro-
lyte, thus allowing the fluorescence from the exfoli-
ated nanoparticles to be tuned from the ultraviolet to
visible regions. It is clear that this method allows up-
ward scalability in terms of the production of bulk quan-
tities of fluorescent and biocompatible carbon nanoma-
terials which could be applied in biological labeling
and imaging.
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