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Amphiphilic Egg-Derived Carbon Dots: Rapid Plasma Fabrication,
Pyrolysis Process, and Multicolor Printing Patterns™*
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Carbon-based photoluminescent nanoparticles have recently
received increased interest, owing to their favorable optical
properties along with their biocompatibility and low toxic-
ity."! Such nascent nanomaterials, the so-called carbon dots
(CDs or C-dots), are a promising alternative to more toxic
metal-based semiconductor quantum dots (QDs) for appli-
cations such as bioimaging.”) Recent advances in the synthesis
of CDs! allow them to be formed from fine carbon structures
(like graphene!® and multi-wall carbon nanotubes®) by top-
down methods, or from chemical precursors (like ammonium
citrate” and ethylenediaminetetraacetic acid!”!) by bottom-up
approaches. Typically, these CDs require surface oxidation
and/or further passivation to emit fluorescence, which also
makes them hydrophilic.®! Alternatively, some one-step
strategies to fabricate surface-passivated CDs have also
been shown.”’) We reported a one-step synthesis of multicolor
CDs from pyrolysis of epoxy-enriched polystyrene photonic
crystals and their potential for use in light-emitting diodes.!'"!
Herein, we present a simple and rapid strategy to fabricate
CDs from cheap and natural carbon sources and further
extend their application as printing “inks”.

The fluorescent CDs developed herein have the following
notable characteristics: 1) one-step generation in minutes
from low-cost, natural, edible chicken eggs by plasma-induced
pyrolysis; 2) good amphiphilicity with high solubility in
a broad range of aqueous and organic solvents; 3) resistance
to acids and bases; 4) versatile applications as fluorescent
carbon inks for luminescent patterns.

Figure 1 shows the fabrication of egg-derived fluorescent
CDs and their application as “inks” for luminescent patterns
using inkjet or silk-screen printing. We chose chicken eggs as
the starting material to maintain low toxicity and affordability
of the final product. Low-temperature plasma with high-
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Figure 1. Digital photographs of plasma-induced fabrication of egg-
derived CDs and their application as fluorescent carbon inks. Egg
white or yolk, after a few minutes of plasma treatment under ambient
conditions, were transformed into well-defined CDs with bright blue
emission under UV light. The CD solutions can also be used as inks
for making luminescent patterns by inkjet or silk-screen printing.

energy, inherently charged particles (electrons or cations) and
excited neutral species was used to create an active chemical
environment for the synthesis of the nanostructures.’'! As
shown in Figure 1, the egg was separated into egg white and
egg yolk, using an egg-separator, prior to use. A glass dish
filled with egg white or yolk was placed between two quartz
slides (height=1.5cm) of the plasma generator. Subse-
quently, intense and uniform plasma beams generated from
the upper electrode (voltage =50V, current=2.4 A) irradi-
ated the egg samples for 3 min to yield dark black products,
referred to as CD,,, and CD,., for the plasma-treated egg
white and yolk, respectively. The yield of CDs from the egg
sample was calculated to be approximately 5.96 % . Elemental
analysis showed an increase in the carbon content of the
products (62.42% for CD,., and 56.75% for CD,,) in
comparison to that of the starting material (57.55% for egg
yolk and 43.50% for egg white), implying carbonization
occurs during the plasma treatment (Supporting Information,
Table S1). Significantly, solutions of CD,,,, and CD,,, display
bright blue fluorescence under UV light (4., =302 nm).
Figure 2 shows high-resolution transmission electron
microscope (HRTEM) images of the CDs. CD,,, had uniform
dispersion without apparent aggregation and a mean particle
diameter (D,) of 2.15 nm (Figure 2a and Figure S2). Detect-
able rings in the selected-area electron-diffraction (SAED)
pattern revealed the crystalline structure of CD,,, (Figure 2a
inset). Well-resolved lattice fringes with an interplanar
spacing of 0.208 nm were observed (Figure2b), which is
close to the (100) facet of graphite.'*’! On the other hand,
CD,., was well distributed (D,=3.39nm) and appeared
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Figure 2. HRTEM images of CD,,, (a,b) and CD,,, (c,d) in aqueous
solution, with an individual carbon dot at higher magnification (b,d).
Inset: SAED patterns of the CDs. e) XPS spectra of CD,,, and CD,,,
and f) the corresponding expansion of the C 1s peak. g) Solid-state
*C NMR spectrum of CD,,,. h) Three-dimensional FTIR profile (40°C
at 0 min to 390°C at 35 min) and i) the FTIR spectra (230-390°C) of
the gases produced from egg white combustion.

amorphous in nature, as evidenced from the diffuse ring in the
SAED pattern and the HRTEM image of an individual
particle (Figure 2c,d). The difference in the morphologies of
CD,., and CD,., might be explained by the higher lipid
content in egg yolk (33%) than in egg white (0.01%; see
Table S2). The lipids increase the density and viscosity of the
egg yolk, which may enhance the residence time for the
plasma to impose stronger electron-ion recombination on the
sample surface, thus helping nanoparticle crystallization and
shaping CD,,, into a crystalline form.[3

The chemical compositions and structures of the as-
prepared CDs were investigated. X-ray photoelectron spec-
troscopy (XPS) of CD,., and CD,,, showed the existence of
carbon (C1s, 284 eV), nitrogen (N 1s, 399 eV) and oxygen
(O 1s, 532 eV; Figure 2¢). In the expanded image of the C 1s
peak (Figure 2f), the signals at 284.5eV, 286.4 eV, and
288.6 eV demonstrate the presence of C=C, C—OH and C—
O—C, and C=0 functional groups,**!¥ which were further
confirmed by FTIR spectroscopy (Figure S4).l°! The solid-
state. "CNMR spectrum of CD,., shows peaks at &=
176.2 ppm (C=0), 1338 ppm, 132.0ppm (C=C), and
73.1 ppm and 66.2 ppm (C-OH; Figure 2¢).") An apparent
G band at 1590 cm™' and a weak D band at 1360 cm™' were
observed in the Raman spectrum of CD,, (Figure S5),
implying there are mainly sp* carbons with some sp® hybrid
carbons in CD,,,. Therefore, we concluded that the egg-
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derived CDs are mainly composed of sp? graphitic carbons
with sp® carbon defects and abundant hydroxy and carbonyl/
carboxylate groups at their surfaces.

To study the formation of egg-derived CDs, thermogravi-
metric analysis (TGA)/FTIR spectroscopy were used for the
first time to record the pyrolysis procedure of egg white and
CD,., As shown in Figure 2h, the egg white started to
produce gases at approximately 230°C (19 min), generating
a massive amount of CO, (2358 cm™ and 669 cm™) along
with less NH; (965 cm™ and 931 cm™") and H,O (3593 cm™)
gases. We noticed that no gas was released from 40 to 230°C,
which makes us hypothesize that the egg white may undergo
complex reactions at this stage. As proposed in Figure S6, the
high-temperature plasma initially gave powerful energy to
pyrolyze albumens with nitrogen- and oxygen-containing
functional groups, which was conducive to denaturing the
protein through the breakage of hydrogen bonds and uncoil-
ing of polypeptide chains."”? Meanwhile, the egg white reacted
with the activated species in the plasma, leading to partial
carbonization and oxidization of the sample. With continued
plasma processing, the long and short chains of the peptides
were further broken down into shorter chains and eventually
CDs with abundant point effects.' As seen in the FTIR
spectra of egg white combusted from 230 to 390°C (Fig-
ure 2i), the CO, and NHj; content gradually increased because
of the combustion reaction of C and N atoms. This result
resembled the pyrolysis process of CD,., from 40 to 330°C
(Figure S7) and demonstrated the formation of CD,,,, after
230°C. The use of TGA/FTIR spectroscopy to record the
formation of CDs is meaningful for other systems. Interest-
ingly, this plasma-induced synthesis of fluorescent CDs can be
extended to various precursors, like glucose, polyacrylamide,
or amino acids (see details in Figure S9).

Figure 3 shows the optical properties of the egg-derived
CDs. Both CD,,,, and CD,,, exhibited an obvious absorption
feature at approximately 275 nm in their UV/Vis absorption
spectra. When excited at 360 nm, the CDs showed strong
photoluminescence (PL) centered at approximately 420 nm,
which gave blue fluorescence under UV light (Figure 3a). Itis
worth noting that the original egg sample was non-emissive
under UV light; therefore, the luminescence arises from the
nanoparticles, which have been shown to have radiative
recombination of excitons at the particle surface.' The
functional groups on the surface of the CDs might also be
responsible for the PL emission.™ The PL intensity of CD,ey
appears higher than CD,,, with their quantum yields
determined to be 8% (CD,,.,) and 6 % (CD,,) using quinine
sulfate (54% in 0.5M sulfuric acid) as a reference. This
variation is likely caused by more effective electronic
transition in CD,,. It has frequently been reported that the
PL emission wavelength is dependent on the excitation, and
we found the PL peaks of CD,,., in aqueous solution to be red-
shifted from 420 nm to 560 nm by changing the excitation
wavelength from 360 nm to 500 nm (Figure S11). Moreover,
the PL intensities could be adjusted by the time of plasma
treatment, in which gradually higher PL emission peaks were
detected when the plasma treating intervals were increased
from one minute to three minutes (Figure S12). Surprisingly,
no obvious photobleaching was observed over a broad
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Figure 3. a) PL emission and UV/Vis absorption spectra of CD,,,, and
CD,,, in aqueous solution (A,=360 nm). Inset: digital photographs of
CD,, (left) and CD,, (right) solutions under UV light. b) PL intensities
of 1 wt% CD,,, in hydrophilic and hydrophobic solvents
(l =360 nm). c) A typical time-resolved fluorescence-decay curve of
Dpey (Aex=405 nm) measured at 474 nm. d) PL spectra of fresh CD,,,
and CD;.., after one year of storage (lines 1,2), and similar prepara-
tions of CD,,, (lines 3,4; A,,=360 nm).

pey

pH range of 1-14, demonstrating the good PL stability of CDs
in different acidic/basic media (Figure S13).

These plasma-induced CDs are amphiphilic owing to the
functional groups on their surfaces. As listed in Table S3,
CD,., has excellent solubility in water and various organic
solvents (for example, 221 mgg ™' in water and 665 mgg ™' in
DMF). As seen in the FTIR spectra (Figure S4), the relative
absorption intensities for the —OH (3405cm™'), C-O
(1262 cm™!, 1118 cm™'), and —COO~ (1664 cm™!, 1384 cm™!)
groups on the CDs were higher than those of the starting
materials, which may be related to the interaction between
egg samples and the activated oxygen species (primarily O*
and O%*) produced by the plasma.'” Therefore, the use of
plasma not only produces CDs from eggs in a simple manner,
but also causes the formation of functional groups on the CD
surface to give good solubility in a variety of solvents. We
found that CD,,, showed different PL emission wavelengths
and PL intensities in different hydrophobic and hydrophilic
solvents (Figure 3b and Table S4). We believe that higher
solubility of CD,,, in different solvents might be responsible
for the stronger PL emission in both hydrophilic and hydro-
phobic solvents.

The fluorescence lifetime (z) of CD,,, was assessed by
time-resolved photoluminescence measurements. As seen in
Figure 3¢, the decay trace for CD,., was fitted using
biexponential functions Y(¢) based on non-linear least squares
analysis in Equation (1).

Y () = a, exp(—t/1,) + o, exp(—t/73) (1)
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where «, and a, are the fractional contributions of time-
resolved decay lifetime of 7, and 7,.””! According to Equa-
tion (2),

7= altf + azrg 2)
a7y + LT,

we calculated the average lifetime (7) of CD,,, as 6.37 &
0.05ns (y*<1.1), which was comparable to reported
values.”! Moreover, these CDs exhibited favorable photo-
stability with approximately 10% improvement in their PL
intensities after storage for one year under ambient con-
ditions (Figure 3d).

Finally, we applied these CDs as fluorescent carbon inks
for printing versatile fluorescent patterns. Inkjet printing is
a useful technique for creating highly-defined patterns, which
can be used for conductive circuits, flexible electronics, and
fingerprint recognition, for example.” So far, single-walled
carbon nanotubes, luminescent CdTe nanocrystals/polymer
composites, and fluorescein have been patterned using this
method.”! Whereas, to our knowledge, the use of CDs for
versatile patterns still remains rare. Figure 4 a shows the inkjet
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- e -

Figure 4. a) Scheme of piezoelectric inkjet printing. Inset: the as-
prepared fluorescent carbon ink. b) Photograph of the fluorescent
pattern representing blue and white porcelain by inkjet printing.
Photographs of fluorescent Tai Chi patterns by silk-screen printing
from different mixtures of CDs: c) CD/SA, d) CD-calcein/SA, e) CD-
CdTe/SA, and f) CD-RhB/PMMA under UV light. Scale bar=1 cm.

Insets of (d), (e) and (f) are photographs of patterns from calcein/SA,
CdTe/SA, and RhB/PMMA mixtures, respectively, under UV light for
comparison.

printing process; the piezoelectric materials change their
shape when an electric field is applied, which generates
a pressure pulse, and actuates the connecting pump to inject
ink droplets out of the nozzle. We prepared a printable
fluorescent ink by blending CD,., with glycol, a benign
humectant that helps prevent the nozzle from clogging. The
optimal surface tension and viscosity (the two most important
factors of inks) were determined to be 44.0 mNm™' and
3.51 cP, respectively, after several trials. Additionally, this CD/
glycol mixture has high electrical conductivity (6.76 Sm™),
making it promising for optoelectronic devices. The CD/
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glycol mixture was printed using a Dimatix DMP 2831 printer,
a fluorescent image of blue and white porcelain was formed
on the paper substrate in 20 minutes (Figure 4b). Moreover,
a cheaper and simpler method, silk-screen printing (with
promise for applications such as solar cells),* was also used
for making fluorescent patterns. We chose sodium alginate
(SA) as a matrix owing to its benign affinity to the CDs
(Figure S14). The CD/SA ink was screened through woven
meshes onto a paper substrate by extrusion using a scraper
blade, and was transferred as a bright blue-emitting “Tai Chi”
pattern (Figure 4c). Furthermore, this fluorescent ink can
also be used with the pen-on-paper technique,™ a unique
approach for the fabrication of flexible devices (Figure S15).

To expand the CD patterns beyond a single fluorescent
color in the patterns, we tuned the PL emissions by doping
CD,,, with a small amount of organic dye or semiconductor
QDs in the water- or oil-phases owing to the amphiphilic
nature of the CDs. A series of homogeneous and transparent
solutions were prepared by blending CD/SA aqueous sol-
utions with calcein (4., =534 nm) and CdTe QDs (i.,=
562 nm) and by mixing a chloroform solution of CD,., with
rhodamine B (RhB) (4., =615 nm) in a poly(methyl meth-
acrylate) (PMMA) matrix. The PL spectra of these compo-
sites showed two emission peaks, assigned to the character-
istic emissions of CD,; (4., =430nm) and the introduced
fluorescent materials, that is, calcein, CdTe QDs, or RhB (the
longer wavelength emission, shown in Figure S16), which
indicates that the mixture contains the properties of both
fluorescent components. Moreover, as the concentration of
the fluorescent material increases, the PL intensity gradually
increases, while the PL intensity of the CDs simultaneously
undergoes some fluorescence quenching. This result implies
that fluorescence resonance energy transfer (FRET) from
CDs to the introduced materials may occur in these sys-
tems.®! Because the PL emission spectra of CDs overlap with
the absorption spectra of calcein (400455 nm), CdTe QDs
(380-525 nm) and RhB (455-500 nm), the CDs can act as
a donor and non-radiatively transfer their excitation energy to
the proximal molecules of the fluorescent materials (the
FRET acceptor), thereby resulting in the changes in the PL
intensities and emission peaks of both components. In
Figure 4d-f, at a typical weight ratio of calcein, CdTe QDs,
or RhB to CDs of 0.0375, we obtained bluish-green, yellow-
ish-green, and pink Tai Chi patterns from these composite
solutions, respectively, which are different from the green,
verdure, and red colors of pure calcein/SA, CdTe/SA, or RhB/
PMMA solutions. This suggests that the combination of CDs
with an appropriate fluorescent material allows for the
manipulation of photoluminescence for multicolor patterns.

In summary, we have described a rapid plasma-induced
method for accessing fluorescently stable carbon dots (CDs)
using cheap and natural chicken eggs as the precursor. The
plasma treatment offers amphiphilicity to the CDs, making
them dispersible in water and most organic solvents. A
possible mechanism for egg-derived CD formation has been
proposed from the results of FTIR spectroscopy on evolved
gases during the pyrolysis process. We have extended the use
of CDs as fluorescent inks for multicolor patterns using inkjet
and silk-screen printing, which may be useful in optoelec-
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tronic fields. This method can be used to produce CDs from
a wide range carbon sources for many different applications.
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