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Formation of ultra-long nanoribbons by
self-assembly of carbon dots and anionic
oligomers for multi-colored fluorescence and
electrical conduction†

Guiyang Zhang,‡a Manqing Yan,‡a Xiyao Teng,a Hong Bi,*a Yuyan Han,b

Mingliang Tianb and Mingtai Wang*c

We report a facile and scalable synthesis of ultra-long (4100 lm)

nanoribbons based on self-assembly of positively charged carbon dots

(C-dots) and anionic oligomers of styrene and 4-styrenesulfonate

(PS-PSS) in a mixture of ethanol and water (4/1, v/v). The obtained

hybrid (PS-PSS)/C-dot nanoribbons show a multi-colored fluorescence

and an electrical conductivity of 3.368 S m�1.

Graphene nanoribbons (GNRs) are attracting more and more
attention due to their appealing semiconducting properties,
namely with a finite band gap in contrast to graphene which
itself is a zero band gap semimetal.1–6 Various ‘top-down’ routes
offer limited control over edge structures and ribbon widths,
which promotes an atomically precise ‘bottom-up’ chemical
synthetic strategy based on cyclodehydrogenation of tailored
polyphenylene precursors,7–11 resulting in GNRs of broad
absorption extended to the near-infrared region.10,11 Neverthe-
less, the reported longest GNRs prepared by the bottom-up
solution synthesis are only 200 nm in longitude,11 and the rather
high polydispersity of the polyphenylene precursors means that
the resulting GNR products have a wide range of lengths.12

Additionally, boron-doped GNRs prepared by a vacuum activa-
tion method are also 150–200 nm in length.13 To date, there has
been no report on the reliable fabrication of ultra-long (41 mm)

GNRs with a well-defined structure. Obviously, this task encoun-
ters some fundamental challenges in synthetic chemistry.

On the other hand, the assembly of quantum dots (QDs) in a
geometrically well-defined fashion opens up opportunities to
achieve one-dimensional (1D) architectures by using zero-
dimensional (0D) nanodots as building blocks. Graphene
quantum dots (GQDs), single or few-layer graphenes with a
tiny size of only several nanometers, represent a new type of
QDs.14 Due to quantum confinement and edge effects, GQDs
exhibit unique properties such as tunable fluorescence, high
quantum yield (QY), and low cytotoxicity.15,16 The hierarchically
porous nanotube of graphene quantum dots (GQDs) has been
prepared by electrophoresis deposition within a nanoporous
anodic alumina template.14 However, this template-based
method is generally limited by a rather tedious post-synthesis
process of removing the template with the risk of destroying the
desired structure. In contrast, the wet chemical methods based
on self-assembly can offer simple, economical and scalable
routes to such 1D nanosystems.17 For example, a successful
self-assembly of o-phenylenediamine (oPD) oligomers into 1D
structures from a AgNO3-oPD aqueous solution was a coopera-
tive result of p–p interaction and electrostatic repulsion.18

Moreover, by combining organic and inorganic nanodots in a
controlled manner, the complexity and functionality can be
considerably enhanced. New properties and hierarchical archi-
tectures of 1D nanomaterials, which do not exist in any building
block, can be attained through the interfacial interaction among
the organic and/or inorganic phases in a 1D hybrid.19 Recently, a
single inorganic–organic hybrid nanowire was found with ambi-
polar photoresponse,20a and luminescent 3D microstructures
were formed by carbon quantum dots (C-dots)–polypeptide
hybrids and their self-assemblies.20b

Here we demonstrate a facile and scalable synthesis of ultra-
long (4100 mm) nanoribbons with a multi-colored fluorescence
and a high electrical conductivity based on self-assembly of
positively charged C-dots and anionic oligomers of styrene (St)
and 4-styrenesulfonic acid sodium salt (NaSS) in a mixture of
ethanol and water (4/1, v/v), so the obtained nanoribbons are
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denoted as (PS-PSS)/C-dots. Although each nanoribbon is an
inorganic–organic 1D hybrid, it has a very ordered and
morphologically-defined structure that was supported by infra-
red, Raman, MALDI-TOF mass spectroscopy, ultraviolet-visible
(UV-vis) absorption and nuclear magnetic resonance (NMR)
spectroscopies.

The C-dots of ca. 2 nm in size as shown in Fig. S1 in ESI† were
prepared by pyrolysis of konjac flour (KF) as previously reported in
our lab,21 and the as-prepared C-dots possessed a positive Zeta
potential of ca. +3.8 mV (see Experimental details, ESI†).
The preparation of the (PS-PSS)/C-dot nanoribbons included
modified precipitation copolymerization of NaSS and St by adding
C-dots into the system after the polymerization proceeded for a
few minutes, which is similar to generating the Au–PS hybrid
particles reported by Ohnuma et al. in 2009.22 It includes two
stages as illustrated in Fig. 1. First, NaSS and excessive potassium
persulphate (KPS) were dissolved in a mixture of ethanol and
water (4/1, v/v) under stirring and then the mixture was heated to
70 1C. Very shortly, St was added into the mixture to produce
PS-PSS oligomers under KPS initiation at 70 1C for 2 minutes.
Second, a small amount (7.26 wt%) of C-dots in ethanol was
added dropwise into the mixture to induce the self-assembly and
formation of (PS-PSS)/C-dot nanoribbons, which was the white
precipitate collected from the reactant system (see Experimental
details, ESI†). As a control, only PS-PSS microspheres were
obtained when the C-dots were not added into the reaction system
(Fig. S2, ESI†).

Transmission electron microscopy (TEM) (Fig. 2A) and scan-
ning electron microscopy (SEM) (Fig. 2B) images show that the
obtained nanoribbons have a width of 1–2 mm and an ultra-long
length of tens to hundreds of micrometers. The atomic force
microscopy (AFM) image (Fig. S3c and d, ESI†) reveals that the
surface of nanoribbons is convex with a thickness of ca. 80–
120 nm. It should be noted that the nanoribbons have not been
stained with any heavy metals when preparing the specimen for
TEM observations, but the high-energy electron beam of 200 kV
from the electron microscope will destroy the microstructures of
the nanoribbons in a very short time (see Fig. S4, ESI†), so the
TEM pictures should be taken very quickly. The high-resolution
TEM (HRTEM) image in Fig. 2C shows that there are many
bright areas with prominent zigzag patterns on a single nano-
ribbon, where the selected area electron diffraction (SAED)
pattern indicates its single crystallinity with a lattice distance

of 0.346 nm, in accordance with the inter-layer distance of
graphite. In addition, Fig. 2D shows another HRTEM image of
one more nanoribbon exhibiting clear lattice fringes with a
regular spacing of 0.230 nm (inset to Fig. 2D), which is in
agreement with an (1120) in-plane lattice spacing of C-dots of
0.213 nm (Fig. S1c, ESI†) or 0.217 nm as previously reported.21

This result indicates the presence of C-dots in the nanoribbons,
and the zigzag pattern is a typical feature of oriented super-
structures of assembled C-dots and oligomers (see also Fig. S3b,
ESI†), which reveals that the nanoribbon is internally hetero-
geneous owing to inorganic–organic hybrids.23

Furthermore, the chemical components of the nanoribbons
were characterized by employing FT-IR, Raman, 1H NMR and
MALDI-TOF mass spectroscopy. Fig. 3A shows FT-IR spectra of

Fig. 1 Schematic preparation procedures of (PS-PSS)/C-dot nanoribbons
and PS-PSS microspheres, respectively.

Fig. 2 (A) TEM and (B) SEM images of (PS-PSS)/C-dot nanoribbons.
(C) HRTEM image of a single nanoribbon, the inset shows the SAED
pattern. (D) HRTEM image of another single nanoribbon, the inset shows
the corresponding lattice fringes of the area within the dotted circle.

Fig. 3 (A) FT-IR spectra of (a) C-dots, (b) PS-PSS microspheres and
(c) (PS-PSS)/C-dot nanoribbons. (B) Raman spectra of (PS-PSS)/C-dot
nanoribbons and C-dots (lex = 325 nm). (C) MALDI-TOF mass spectrum
(negative mode) of the (PS-PSS)/C-dot nanoribbons. (D) UV-Vis absorption
and photoluminescence spectra of the (PS-PSS)/C-dot nanoribbons and the
C-dots, the inset shows the blue fluorescence of (PS-PSS)/C-dot nano-
ribbons (up) and C-dots (down) in ethanol under UV light (lex = 365 nm).
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C-dots, PS-PSS microspheres and the as-prepared nanoribbons.
Although the FT-IR spectrum of C-dots is essentially feature-
less, FT-IR spectra of both PS-PSS microspheres and the
nanoribbons are quite similar and informative, particularly
exhibiting a strong –SO3

� absorption feature at 1081 cm�1,
which confirms the presence of the PSS segment in the nano-
ribbon. Meanwhile four characteristic peaks at 699, 757, 1453
and 1493 cm�1 assigned to unsubstituted phenyl rings indicate
the co-existence of the PS segment in the nanoribbon.24 The
Raman spectrum of the nanoribbons (Fig. 3B) shows a promi-
nent peak at 1084 cm�1 of PS,25 and the typical D (at 1376 cm�1)
and G (at 1608 cm�1) bands of graphitic materials.26 It is well-
known that the intensity ratio of the D and G bands (ID/IG) is a
measurement of the extent of the disorder, and the ratio of
sp3/sp2 carbon atoms.26,27 The ID/IG value of our nanoribbons is
0.50, which is obviously smaller than that in the original C-dots
(0.77). The main reason is that after the self-assembly of PS-PSS
and the C-dots, the introduction of a large amount of sp2

carbon atoms in benzene groups of PS and PSS will increase
the content of sp2 carbon atoms in the ribbons, thus reducing
the ratio of sp3/sp2 carbon atoms and consequently decreasing
ID/IG. Moreover, the nanoribbons were found to be soluble in
organic solvents such as CHCl3 and THF, and then C-dots
would be released from the nanoribbons. As shown in Fig. S5,
ESI,† an entire nanoribbon exhibits bright blue, green, and red
fluorescence under a fluorescent microscope, however, many
fluorescent aggregated dots will be seen when the nanoribbons
dissolved in THF. This result demonstrates that the C-dots locate
along a whole nanoribbon acting as important building blocks.
Fig. S6 (ESI†) shows the 1H NMR spectrum of the supernatant
after the nanoribbons dissolved in D-substituted chloroform
(CDCl3), confirming three features of PS at (a) d = 6.0–7.25,
(b) d = 1.42, and (c) d = 1.80 ppm. Moreover, a little white
flocculent precipitate will still be seen when the nanoribbons are
dissolved in H2O, confirming the presence of the hydrophobic
PS segment in the nanoribbons. Fortunately, the nanoribbons
cannot be dissolved in ethanol, and they have a good dispersion
in ethanol which can be stable at room temperature even after a
few days (Fig. S7, ESI†). Therefore, both suspensions of nano-
ribbons and the original C-dots in ethanol show blue fluores-
cence under UV light (lex = 365 nm, inset to Fig. 3D). The UV-Vis
spectrum of the nanoribbons in ethanol possesses a distinct
strong absorption of the PSS segment at 250 nm.28,29 More
interestingly, the fluorescence emission spectrum of the sus-
pended nanoribbons blue shifts obviously compared to that of
the primary C-dots (Fig. 3D), this up-conversion PL phenomenon
probably resulted from the interaction between PS-PSS oligo-
mers and C-dots, since the up-conversion PL feature was also
found in surface passivated C-dots attributed to the multiphoton
active process.30

The aforementioned results indicate that the nanoribbons
are composed of C-dots and PS-PSS oligomers. Furthermore,
molecular weights and polydispersity of the oligomers have
been determined by gel permeation chromatography (GPC)
using THF as a mobile phase (Fig. S8, ESI†). However, for these
low-molecular-weight samples GPC is not a very precise method

to determine the molecular weight.18 Thus, the more accurate
molecular weights of the oligomers can be obtained by the
MALDI-TOF mass spectroscopy technique. The negative-mode
MALDI-TOF spectrum of (PS-PSS)/C-dot nanoribbons (Fig. 3C)
gives a similar molecular weight distribution (Mn = 1408.69 Da,
Mw = 1693.32 Da, PDI = 1.20) to the GPC traces in Fig. S8 (ESI†).
The interval between two neighboring peaks is 104, equal to the
molecular weight of St.31a,b The observed mass of the peaks, for
example, the major peak at 1076.4 Da in Fig. 3C, corresponds
to those PS-PSS oligomer chains with 6 St repeating units and
2 NaSS units plus one end group (–OH) and Na+ from the
cationizing agent NaTFA (see Experimental details, ESI†), thus
those oligomer chains symbolized as 2 : 6. In addition, Fig. S9
(ESI†) shows the MALDI-TOF mass spectrum of the remanent of
the (PS-PSS)/C-dot nanoribbons after being dissolved in H2O,
which confirms that the remanent is mainly hydrophobic
PS-PSS with longer PS segments and thus has higher molecular
weights since the PS-PSS oligomers with shorter PS segments
are soluble in water. Furthermore, the Zeta potential of the
nanoribbons in the mixture of ethanol and water (4/1, v/v) was
measured to be about �18.2 mV, which demonstrates the
polyelectrolyte character of the PS-PSS nanoribbons.

We have found that C-dots play an important role in
formation of the nanoribbons. In fact, each component is
indispensable in the present case since no nanoribbons can
be obtained if the reaction feed lacks any of the three reagents
of St, NaSS and C-dots. We further found that the thickness of
nanoribbons would increase upon prolonging the self-assembly
time to 3 h, together with the change in the nanoribbon
morphology (Fig. S10a, ESI†). When the self-assembly time
increased to 4 h, the nanoribbons became poorly crystallized
with many stacking faults due to the layer-by-layer self-
assembly (Fig. S10b, ESI†). Therefore, it is proposed that the
architecture of the nanoribbon is built on C-dots and PS-PSS
oligomer blocks, which combine into a repeating unit and then
each unit self-assembled into an ordered 1D nanostructure
based on an electrostatic interaction between a positively
charged C-dot and the negatively charged PS-PSS oligomer,
and the C-dots stack along the length direction with intermedi-
ate polymer layers, as illustrated in Fig. S11 (ESI†).

The fluorescence microscopy images shown in Fig. 4 indi-
cate that the nanoribbons have a multi-color fluorescent prop-
erty. Selecting Rhodamine 6G as a standard, the calculated QYs
of the C-dots and the nanoribbons in ethanol according to
photoluminescence (PL) spectra in Fig. 3D were 18% and 17%,

Fig. 4 Fluorescence microscopy images of the (PS-PSS)/C-dot nanoribbons
in (a) the green channel (ex. 405 nm and em. 480–520 nm), (b) the red
channel (ex. 534 nm, em. 580–620 nm) and (c) the blue channel (ex. 385 nm,
em. 470 nm), respectively.
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respectively (the procedures for measuring the QYs are pro-
vided in Experimental details, ESI†). The strong PL intensity as
well as an up-conversion property (as shown in Fig. 3D) of the
nanoribbons make them promising for the application in
optical devices and sensors.

The electrical characteristic of the (PS-PSS)/C-dot nanoribbons
was obtained with a table-top cryogenic probe station (Lake Shore,
Model TTPX) using a Keithley 2400 sourcemeter under vacuum
conditions. As shown in Fig. 5A, a randomly selected nanoribbon
was carefully pressed onto two 25 mm-spaced Pt electrodes in an
OFET device (Fig. S12, ESI†), where a small beam current of 2.3 nA
was applied under 30 kV acceleration voltage in order to avoid the
milling of the nanoribbon. The conductivity obtained from the
quasi-linear range from �40 V to �20 V in the I–V curves (shown
in Fig. 5B) was estimated on the basis of the known nanoribbon
dimensions (Fig. S12, ESI†) to be 3.368 S m�1, which is 3 orders of
magnitude more compared to the conductivity of graphene
quantum dots in air.32 The conductivity of the (PS-PSS)/C-dot
nanoribbons is in accordance with that in poly(3,4-ethylene-
dioxythiophene) (PEDOT):PSS, which is the most widely applied
transparent organic semiconductor in organic electronics and
conductivity typically o10 S cm�1 is used.33

In summary, ultralong (PS-PSS)/C-dot nanoribbons were
prepared by self-assembly of C-dots and PS-PSS oligomers on
the basis of electrostatic interactions. The obtained nano-
ribbons exhibit not only a multi-colored fluorescence but also
an electrical conductivity of 3.368 S m�1. The strong PL
intensity and suitable conductivity make the (PS-PSS)/C-dot
nanoribbons more advantageous and promising to be applied
in organic light emitting diode pixels and millimeter-sized lab
scale photovoltaic cells. Moreover, the obtained nanoribbons
can be used as feasible templates to prepare other multi-
functional 1D nanostructures such as Ag-(PS-PSS)/C-dot nano-
belts (see Fig. S13, ESI†).
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