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Luminescent nanostructures are very attractive because of their
promised applications in optoelectronic devices,1,2 biology labeling,3

and biomedicine.4 To maintain a benign environment, silicon5-7

and carbon8 nanostructures are preferred in many fields. The search
for a good carbon emitter is very challenging because neither of
the two bulk carbon allotropes, graphite and diamond, give strong
luminescence, given that the former is a conductor and the latter is
an insulator having an indirect band gap of 5.5 eV. Molecular and
nanostructured carbon forms, including fullerene, single-walled
carbon nanotubes (SWCNTs), and multiwalled carbon nanotubes
(MWCNTs), show a wealth of properties that are different from
their bulk counterparts.9 However, these carbon complexes are still
not efficient emitters, particularly in the visible region. These carbon
nanostructures are being studied in the areas of separation,
purification, dispersion, and functionalization.10 Some carbon
nanostructures have been reported to emit efficiently in the visible
range,3,8,11 which shows promise in the development of efficient
carbon emitters. Here we report a novel method for preparing carbon
nanocrystals (NCs), which give off strong blue luminescence, by
electrochemical treatment of MWCNTs.

The electrochemical preparation of carbon NCs was performed
in a degassed acetonitrile solution with 0.1 M tetrabutylammonium
perchlorate (TBAP) as the supporting electrolyte. MWCNTs used
in the experiments were grown on a carbon paper by the chemical
vapor deposition (CVD) method as described elsewhere.12 The
MWCNT-covered carbon paper was cut to a suitable size and was
placed in a Teflon jacket designed for making an electrical contact
and exposing a disk shaped surface. The electrochemical cell
consisted of this working electrode, a Pt wire counter electrode,
and an Ag/AgClO4 reference electrode. The applied potential was
cycled between-2.0 and 2.0 V at a scan rate of 0.5 V/s. Figure 1
shows the cyclic voltammograms (CVs) recorded on a carbon paper
(curve a), the paper fully covered with MWCNTs (curve b), and
1000 cycles (curve c). A large capacitor charging current was
expected, as is shown by the curves b and c in Figure 1, given the
large surface area. The CV of the CNTs after 1000 cycles (curve
c) shows a larger charging current than that after 100 cycles, which
in turn, exhibits a larger current than that of pristine CNTs. This
can be attributed to the increase of effective electrochemical area.
CVs of the MWCNTs demonstrate that oxidations occurred at 0.40,
0.51, and 1.7 V and reductions occurred at-0.71 and-1.68 V.
These peaks can be assigned to redox reactions involving defects
and sidewalls. Electrochemical reactions of MWCNTs at a glassy
carbon electrode in aqueous solution were reported although the
redox peaks were not assigned.13 Similar to surface functionalities
of porous carbon materials,14 these reactions are associated with

surface oxygen complexes and increasing defect densities in
MWCNTs, which increase the hydrophilicity.

The electrolyte solution was found to change from colorless to
yellow and finally to a dark brown color that emitted blue
luminescence upon irradiation with an UV lamp. The luminescent,
water soluble product was purified by evaporating the acetonitrile
from the solution, dissolving the remaining solid in water, and then
dialyzing the aqueous solution with a cellulose ester membrane bag.
These processes removed most supporting electrolyte, TBAP, from
the NCs. The UV-vis absorption spectrum shown in Figure 2
reveals that the first absorption band at 270 nm (4.59 eV) has a
narrow fwhm of 50 nm (0.86 eV). The photoluminescence (PL)
spectrum shows a peak position at 410 nm (3.02 eV), a 140 nm
(1.57 eV) red shift from the absorption first peak (Figure 2). The
inset in Figure 2 shows bright blue emission from the product
excited by the UV lamp as we monitored the solution during the
electrochemical process. The emission spectrum also shows the
excitation dependent feature (Figure S1 in the Supporting Informa-
tion (SI)). The quantum yield was determined to be 0.064, excited
at 340 nm (Figure S2 in SI).

Surprisingly, carbon NCs were observed by examining the
product with high-resolution electron transmission microscopy
(Figure 3a). It can be seen clearly that high-density carbon NCs
have a uniform spherical shape and a narrow size distribution being
2.8( 0.5 nm in diameter. These results agree with the distribution
information drawn from the absorption and PL spectroscopy shown
in Figure 2.15 NCs likely have variable emission sites and/or surface
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Figure 1. Cyclic voltammetry of carbon paper (a), pristine CNTs (b), and
treated CNTs (c) in acetonitrile with 0.1 M TBAP supporting electrolyte.

Figure 2. UV-vis absorption and PL spectra of carbon NCs in acqueous
solution. PL spectrum was obtained under excitation at 365 nm. Inset is
the solution illuminated by an UV lamp.
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states on individual NCs.8 Raman spectrum (Figure S6 in SI) shows
the characteristics of both sp2 and disordered carbons. Furthermore,
the observed lattice spacing distance is from 3.1 to 3.4 Å (Figure
S3 in SI). The inset in Figure 3a illustrates a lattice spacing of
3.3 Å that is very close to the graphite 002 lattice spacing.9 The
spacing is confirmed by XRD (Figure S7 in SI). This lattice
contraction in the above range is common for materials in nano
scale regime.

Since our MWCNTs were formed with scrolled graphene layers
(SI), we envision that TBA cations most probably intercalated into
the gaps during electrochemical cycling and broke the tubes near
the defects. Carbon NCs were then exfoliated, entering into the
electrolyte solutions. While electrochemical intercalation of some
organic molecules into CNTs was reported in the literature,16 this
is the first time that the breaking of CNTs to generate luminescent
carbon NCs by cycling the applied potential is observed.

The structure evolution of the MWCNTs during electrochemical
treatments was monitored by SEM ex situ as shown in Figure 3b-
d. Before the electrochemical cycling, the as-synthesized MWCNTs
reveal very straight and well isolated shapes (Figure 3b). However,
after the treatments, the MWCNTs become entangled together with
swelling and curled features (Figure 3c). Further treatment results
in serious deformation, and openings along the tube walls (Figure
3d). These results are consistent with the CV results, showing an
increase in active area and surface reactions during the cycling. It
is clear that the electrochemical treatment process is very complex
in this system, and the details are still under investigation in our
lab.

The carbon paper as well as the substrate deposited with Co/Ni
catalyst by CVD12 were treated following the same electrochemical
procedure as described above. No NCs were obtained. This confirms
that the luminescent carbon NCs were generated from the CNTs
rather than the carbon paper with the catalyst. When the same
procedure was applied to the CNTs in the potential window of an
aqueous solution with either KCl, or KClO4 as the electrolyte, no
luminescence was observed. This indicates that TBA plays a role
in the electrochemical process.

The luminescence mechanism of this carbon emitting material
is still not clearly understood.3,8,11 Besides C60 adducts11a,f and
carbon nanotubes in aromatic amine solvent11b from which the
luminescence is from the charge transfer from N to carbon, a widely
accepted mechanism for luminescent NCs is the radiative recom-
bination of excitons from not only carbon NCs of different sizes
in the sample but also a distribution of different emissive trap sites
(Figure S1 in SI).8 This is similar to luminescence from silicon
NCs.5,6

In conclusion, we have developed a method by employing
electrochemistry to convert MWNTs into highly efficient lumines-
cent carbon NCs, which can be easily dispersed in various solvents.
It is anticipated that these NCs will find a wealth of applications
in biology labeling and optoelectronic devices.
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Figure 3. HRTEM images of carbon NCs (a); SEM images of pristine
MWCNTs (b); MWCNTs after 100 cycles where the applied potential was
scanned between 2.0 and-2.0 V at 0.5 V/s (c); and MWCNTs after 1000
cycles (d). Inset in panel a is the HRTEM image of a typical carbon NC.
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