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We propose a facile and simple synthesis of photoluminescent (PL) carbon dot self-assembled monolayer films (CD-SAMFs) at oil-
water interfaces. By using styrene both as the carbon source and the oil phase medium, we got our amazing CD-SAMFs under the
copper acetate and hydrogen peroxide (Cu(Ac)2-H2O2) catalytic-oxidation system. Without any surface modification, the
spontaneously formed CD-SAMFs exhibit ultrathin thickness (<10 nm), bright luminescence, high transparency, and
hydrophobicity, which have the potential as a new alternative to be used on multifunctional coating films, anticounterfeiting,
displays, sensors, and optical devices.

1. Introduction

The advent of two-dimensional (2D) materials opens up new
opportunities and challenges [1]. Most notably, self-
assembled monolayers (SAMs) have served as an excellent
candidate for the fabrication of technologically important
ultrathin film materials for sensors, optical devices, and mag-
netic storage media [2–7]. In particular, semiconductor
quantum dot (QD: CdTe or CdSe/ZnS) SAMs have advanta-
geous features in the field of luminescent materials [8–10].
However, compared to these traditional quantum dots,
carbon quantum dots (CDs), as a new class of nanomater-
ial, possessed captivating properties such as excellent
photostability, low toxicity, low cost, and easy synthesis
[11, 12]. Recently, the self-assembly monolayers of the car-
bon nanoparticles on metal surfaces hold great potential
for novel electronic and optoelectronic properties [13–16].
However, there is rarely any report about the methods of
CD self-assembled films.

Here, we developed a simple and one-pot synthesis of
carbon dot self-assembled monolayer films (CD-SAMFs).
By using styrene both as the reactant (carbon source) and

oil phase medium, the CD-SAMFs formed at the oil-water
interfaces through copper acetate and hydrogen peroxide
(Cu(Ac)2-H2O2) catalytic oxidation. Without modified
agents or harsh conditions (such as Chemical Vapor Deposi-
tion (CVD), electrophoresis deposition, and layer-by-layer
(LBL) self-assembly) [13–18], the as-produced hydroxyl-
enriched CDs can be spontaneously self-assembled into
the carbon dot monolayer films via hydrogen bond inter-
actions. The ultrathin CD-SAMFS (<10 nm) possessed
brightly luminescent, highly transparent, and hydrophobic
properties. Besides, this method can also help other benzene
series including benzene, benzyl alcohol, and xylene be
converted to CDs under the same conditions, which is an
environmentally friendly way to reuse these volatile organic
compound (VOC) wastes and is very promising for indus-
trial application.

The one-pot synthesis of the CD-SAMFs is as follows:
deionized water, Cu(Ac)2, H2O2, and styrene were added to
a 100mL conical flask with stopper under stirring at 60
degrees Celsius. The system was sealed at the designated
temperature for 12 hours. As shown in Figure 1(a), when
the H2O2 was added into the blue Cu(Ac)2 solution, the color
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Figure 1: Preparation and structural characterization of CD-SAMFs: (a) Synthetic procedure; (b, c) HRTEM images and SAED; (d) AFM
images, inset: height profile of cross-sections of the monolayers, Z: height (nm); s: distance (μm); (e) PL emission spectra based on
different excitation wavelength; (f) Raman spectrum; (g) FTIR spectrum.
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of the solution rapidly turned from blue to red brown, then
became yellow. About one and a half hour later, the solution
turned green eventually. Some cream-colored products were
suspended on the surface of the solution. It is possible that
a lot of copper intermediates of different oxidation state
were produced; meanwhile, a large quantity of CDs was
produced, which then self-assembled to the carbon dot
nanofilms at the oil-water interfaces between the styrene
oil phase and the solution. As shown in Figures 1(b) and
1(c), the high-resolution transmission electron microscopy
(HRTEM) images revealed that the CDs were self-
assembled to the ultrathin carbon dot nanofilms. The CDs
were well dispersed with a Gaussian size distribution and
an average size of 4 75 ± 0 58 nm (Figure S1), which
presented good uniformity. HRTEM images confirmed the
CDs’ crystalline nature and revealed a lattice spacing of
0 203 ± 0 003 nm (Figure 1(c)), which corresponds to the
(111) diffraction plane of the diamond structure [19]. The
atomic force microscope (AFM) images showed that the

ultrathin carbon dot nanofilm was about <10 nm high
(Figure 1(d) inset), which was consistent with the lateral
sizes of the CDs and further demonstrated that the film was
a monolayer. The resultant fluorescence spectra obviously
showed that CD-SAMFs possessed a multiemission nature
depending on the excitation wavelength, which might rely
not only on the energy gap governed by the surface
oxidation states and the size of the CDs [20] but also on the
different emissive sites on each carbon dot [21] (Figure 1(e)
and Figure S2 for other benzene series VOCs). As the
excitation wavelength changed from 300nm to 500nm, the
emission exhibited an obvious red shift from 400 nm to
540 nm correspondingly, which displayed an emission
maximum at 450nm under excitation at wavelength
340 nm. The UV-Vis spectra of benzene series-CDs
presented a broad absorption band (200-600 nm) as
previously reported [21]. A clear shoulder absorption peak
of styrene CDs at 230nm was attributed to the π-electron
system, suggesting the existence of the sp2 aromatic
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Figure 2: PL properties of CD-SAMFs: (a) time-based PL spectrum; (b) temperature-dependent PL spectra from 293 to 353K at 320 nm
excitation; (c) pH-dependent PL spectra; (d) PL emission spectra of CD-SAMFs dispersed in different polar solvents.
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structure units [22], which might originate from the
impurities of the styrene (Figure S2). As shown in
Figure 1(f), a strong Raman signature from the G band
assigned to sp2 carbons appeared at the energy peak of
1590 cm-1. Its intensity was much higher than the sp3

Raman peak (D band at 1338 cm-1), which indicated the
large degree of graphitization of CDs (Figure S3) [23].
FTIR results further indicated that all the CDs are

abundant oxygen-containing functional groups (carbonyl
and hydroxyl group) (Figure 1(g) and Figure S4).

The CD-SAMFs possessed high photostability at 1000s
(Figure 2(a)) and reversible thermosensitivity with the tem-
perature varying from 293K to 393K (Figure 2(b)). Another
interesting phenomenon was the pH-dependent behavior as
the PL intensities increased in solutions with high pH values,
while they almost kept stable when the pH was changed from
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Figure 3: Fluorescent images of CD-SAMFs at different reaction times: (a) 10min, (b) 60min, (c) 12 h, and (d) PL emission spectra of
CD-SAMFs (Ex = 340 nm). Scale: (a, b) 100μm, (c) 200μm.
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1 to 11 (Figure 2(c)). Without any surface passivation, the
acquired CDs exhibited fluorescent properties and well dis-
persion in organic solvents (such as methanol, methylene
chloride, tetrahydrofuran, acetone, acetonitrile, and toluene)
(Figure 2(d)).

The formation mechanism of the CD-SAMFs in the
Cu(Ac)2-H2O2 system is through the catalytic-oxidation
reaction at the oil-water interfaces. Different from the self-
assembled nanospheres via CDs in a copper sulfate and
hydrogen peroxide (CuSO4-H2O2) catalytic-oxidation sys-
tem as our previous work presented [24], copper acetate is
a weak acid and weak base salt (pH4.8), so the divalent
copper ion and the acetate radical were hydrolyzed to form

copper hydroxide and acetic acid firstly (step 1). When
H2O2 was added to the solution, the whole possible reaction
could be proposed as follows:

Cu C2H3O2 2 + 2H2⇌Cu OH 2 + 2CH3COOH 1

Cu OH 2 + H2O2 → CuO2 + 2H2O 2

2CuO2 ≜ 2CuO +O2↑ 3

3CuO + 4CH3COOH + 4H2O→ 2Cu C2H3O2 2
⋅ CuO ⋅ 6H2O

4
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Figure 4: Optical transmittance and hydrophobicity test. (a) Transmittance of the control (quartz glass) and multilayer CD-SAMFs on the
quartz glass. (b) Water contact angle of the control and CD-SAMFs on the quartz glass. (c) PL emission spectra of CD-SAMFs (Ex = 365 nm).
(d) Photographs of these CD-SAMFs under visible light (top) and UV irradiation (365 nm) (down).
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Then, copper hydroxide reacted with hydrogen peroxide
to form copper peroxide (step 2). With the heating of the
reaction process, the brown copper peroxides decomposed,
accompanied by a large amount of heat and O2 (step 3). In
the weak acid solution, the resulting copper oxide reacted
with acetic acid to form copper acetate. Meanwhile, a large
amount of oxygen produced in the whole process acted as
the oxidant for the oxidation of the styrene, resulting in the
formation of carbon clusters C2, C3, C2H2, other small

molecules, and hydrogen ions, which finally crystallized into
CDs in the solution rather than further be oxidized into COx
owing to the weak oxidation of the O2. In addition, the
brownish copper peroxide gradually disappeared after the
reaction, and the solution became green instead of the
original blue, which means the basic copper acetate salts
([2Cu (C2H3O2)2]·[CuO]·[6H2O]) were formed (step 4).

During the reaction process, more and more CDs are
produced. As the unreacted reactant styrene and the solution
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Figure 5: Degradation of benzene series VOCs by GC-MS test. (a, b) The content and the photograph of the styrene after reaction at different
temperatures (24 h). (c) The content of styrene after reaction at different reaction times at 60°C. (d–f) The raw solution, the content, and the
butyl acetate extract of benzene series VOCs after reaction (24 h) at 25°C, respectively.
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formed two phases, self-assembled CD monolayer films
appeared at the oil-water interfaces. As is shown in
Figure 3, the fragments of the CD-SAMFs were first formed
after 60 minutes as observed by the fluorescence microscope
(Figures 3(a) and 3(b)). Then, about 12 hours later, these
small fragments self-assembled into large-scale monolayer
films (Figure 3(c)). In general, the fluorescence of CDs is
always strongly quenched when large quantities of CDs are
deposited on glass, metal, silicon, or plastic substrates owing
to the formation of aggregates. However, the bright emission
of the CD-SAMFs may have resulted from the self-assembly
of the CDs via hydrogen bonding interaction, preventing
aggregation-induced quenching [25, 26]. The fluorescence
spectra also recorded this phenomenon exactly. About 60
minutes later, the fluorescence emission intensity dramati-
cally rose to almost the maximum and then increased gently
within four hours (Figure 3(d)).

Moreover, the CD-SAMFs possessed high transparency
and hydrophobicity. As is shown in Figure 4(a), the transmit-
tance of these CD-SAMFs decreased slowly with the multi-
layer number varying from 2 to 8. And the transmittance of
different numbers of multilayers was all above 80% at the
UV-Vis and near infrared band (>480nm), which indicated
that the CD-SAMFs can become favorable candidates for
optics applications [27]. In addition, it was found that the
water contact angle (WCA) with increasing multilayer CD-
SAMFs was increased from 98° to 108° (>90°), which means
the ultrathin CD nanofilms possessed a hydrophobic surface
(Figure 4(b)). Like the diamond-like carbon (DLC) films, the
good transparency and hydrophobicity of the CD-SAMFs is
possibly attributed to the diamond-like structures of the
CDs [28]. Although small vacancies between adjacent CDs
and the aggregation still existed, the WCA of the multilayer
CD-SAMFs increased with the increasing number of the
multilayers. It is possible that the multilayer CD-SAMFs
make up for those minor defects in the CD monolayer [10].
Moreover, the PL emission spectra of CD-SAMFs showed
that the PL intensities of the fluorescence bands at about
500nm increased gradually with the increasing number of
multilayers n and the CD-SAMFs emitted green light under
UV irradiation (Figures 4(c) and 4(d)). Additionally, it was
noteworthy that there was no significant shift or broadening
of the emission band for different values of n, which demon-
strated that there were no obvious changes in intermolecular
interactions or of the nature of CDs in the whole assembly
process as per previous reports [10].

What is more, this method may also provide a new
approach to highly effectively degrade benzene series VOC
waste water. During the reaction, the higher the temperature,
the more CDs are produced. As is shown in Figure 5, when
the temperature was increasing from 25°Cto 80°C, the styrene
was greatly reduced from 56% to 36% after the reaction for
24 h (Figures 5(a) and 5(b)). Keeping the reaction tempera-
ture at 60°C, Figure 5(c) indicates that the content of styrene
decreased from 51% to 21% along the reaction from 1.5 h to
48 h. Other benzene series VOCs could also be converted to
CDs (Table S1), and the content of the xylene and benzyl
alcohol was about 55% and 45%, respectively, but the
content of benzene was greatly decreased to 12.8% after

24 h reaction at 25°C, which was possibly attributed to the
stronger reducibility than that of other benzene series
(Figures 5(d)–5(f)).

2. Conclusions

In summary, we have developed a facile and one-pot syn-
thesis of PL CD-SAMFs at the oil-water interfaces by
Cu(Ac)2-H2O2 catalytic-oxidation reaction. Different from
the semiconductor QDs, the hydroxyl-enriched CDs can
be spontaneously self-assembled to the carbon dot mono-
layer films via hydrogen bond interactions at the oil-water
interfaces without any surface modification. The as-
produced CD-SAMFs by the diamond-like CDs possessed
ultrathin thickness (<10 nm), which was comparable to the
diamond-like carbon (DLC) films. With increase of the mul-
tilayer number, the PL intensities and the hydrophobicity
were also enhanced. Moreover, their superior performances
with high transparency and hydrophobicity showed potential
application for multifunctional coating films, anticounter-
feiting, displays, sensors, and optical devices. What is more,
it is effective not only for removing organic contaminants
(such as VOCs) but also for reducing the industrial waste
gas CO2 emissions which greatly protects the environment.

Data Availability

(1) The HRTEM, AFM, PL spectra, Raman, FTIR, and fluo-
rescent image data used to support the findings of this study
are included within the article. (2) The additional HRTEM,
UV-Vis spectra, Raman, FTIR, and GC-MS of other benzene
series data used to support the findings of this study are
included within the supplementary information file(s). (3)
Previously reported data were used to support this study
and are available at [doi:10.1039/c8ra03723j]. These prior
studies (and datasets) are cited at relevant places within the
text as references [20].

Additional Points

Notes and References. In a typical procedure, styrene (0.208 g,
Aladdin, purity > 98%) and H2O2 (400μL) were added to
Cu(Ac)2 (0.4g) solution (10mL) at 60°C under stirring for
12 h. The final CD-SAMFs were purified by extracting with
butyl acetate and water several times to remove the impuri-
ties including the residual organic and inorganic molecules.
Then, the purified CD-SAMFs were dried at 60°C for
structural characterization and measurements. The synthetic
procedure for the CDs by using other benzene series VOCs
was similar to that of the styrene CDs except for the addition
of different benzene series in the same media: 0.2mol/L
benzene, 0.2mol/L benzyl alcohol, and 0.2mol/L xylene.
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Supplementary Materials

Figure S1: HRTEM of carbon dot self-assembled monolayer
films (CD-SAMFs). (a, b) The related size distribution of
carbon dots in the CD-SAMFs. Figure S2: UV-Vis spectra
of the benzene series (a) and PL emission spectra of CDs
by other benzene series: (b) benzene, (c) benzyl alcohol,
and (d) xylene. Figure S3: Raman spectra of CDs synthe-
sized by other benzene series. Figure S4: FTIR spectra of
CDs synthesized by other benzene series. Table S1: GC-
MS test. (Supplementary Materials)
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