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Abstract: Although reports have shown shifts in carbon dot
emission wavelengths resulting from varying the excitation
wavelength, this excitation-dependent emission does not con-
stitute true tuning, as the shifted peaks have much weaker
intensity than their dominant emission, and this is often
undesired in real world applications. We report for the first
time the synthesis and photoluminescence properties of carbon
dots whose peak fluorescence emission wavelengths are
tunable across the entire visible spectrum by simple adjustment
of the reagents and synthesis conditions, and these carbon dots
are excited by white light. Detailed material characterization
has revealed that this tunable emission results from changes in
the carbon dots’ chemical composition, dictated by dehydro-
genation reactions occurring during carbonization. These
significantly alter the nucleation and growth process, resulting
in dots with either more oxygen-containing or nitrogen-
containing groups that ultimately determine their photolumi-
nescence properties, which is in stark contrast to previous
observations of carbon dot excitation-dependent fluorescence.
This new ability to synthesize broadband excitable carbon dots
with tunable peak emissions opens up many new possibilities,
particularly in multimodal sensing, in which multiple analytes
and processes could be monitored simultaneously by associat-
ing a particular carbon dot emission wavelength to a specific
chemical process without the need for tuning the excitation
source.

F luorescent carbon dots (CDs) exhibit great potential in
bioimaging and biosensing due to their biocompatible, non-
toxic, excellent chemical and photostability as well as superior
optical properties.'! They usually consist of a graphene-based
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core and carbonaceous surface.'*?! However, unlike pristine
graphene, which does not possess an electronic bandgap in the
visible light region,'*?** bandgap formation, and hence light
emission, in CDs is attributed to structural defects induced by
finite size and element doping (e.g., O, N).[*?44 This results
in the nonstoichiometric nature of CDs and thus tailor-made
control of their optical properties is extremely challen-
gil’lg.[ld’4cl

Obtaining fluorescence emission across the entire visible
spectrum has been recognized as a key requirement for
successfully implementing carbon dots in nearly all practical
applications.'*?4%1 Although many reports have presented
excitation-dependent fluorescence emission, the relative
wavelength shifts tend not to cover the entire visible
spectrum,?**%¢f typically being in the order of 100 to
150 nm and accompanied by a significant decrease in
fluorescence emission intensity.”43<61 Such optical shifts
cannot be truly labeled “tunable”. What is truly sought is
a means for varying the CDs chemical and physical properties
to achieve a shift in the emission wavelength, and which can
be excited by broadband light (similar to semiconductor
quantum dots) without compromising the peak emission
intensity. Whilst highly desired, achieving this has remained
elusive thus far. Synthesizing CDs capable of meeting these
criteria has proven challenging and, unlike with semiconduc-
tor quantum dots, this cannot be achieved by simply changing
the particle size alone.!'***%<l Although various synthesis
techniques have been developed in recent years, 4424l they
have not been shown to tune photoluminescence (PL) peak
emission wavelengths of CDs across the entire visible light
spectrum by one single method.

Herein we report for the first time an approach to shift PL
peaks of CDs to cover the entire visible spectrum (400-
710 nm) by controlling the dehydration reaction occurring
during synthesis. This is achieved by tuning the reagents. The
obtained CDs exhibit five colors spanning from blue to red
when excited by white light, and thus are extremely promising
for many applications, e.g., biolabeling, bioimaging, and the
sensitive determination of targets due to large penetration
depths, low harm, and background associated with using white
light excitation rather than UV.['>7]

CDs were prepared by modifying a previously reported
method® and our synthetic strategy is shown in Figure 1
(further details can be found in the Supporting Information,
SI). Citric acid (CA) or ethylene glycol (EG) was mixed with
ethylenediamine endcapped polyethylenimine (M, =600,
PEI-EC, purchased from Sigma-Aldrich) in MilliQ water.
The appropriate amounts of NaBH, (98 %, purchased from
Sigma-Aldrich) or H;PO, (99%, purchased from Sigma-
Aldrich) were added in the mixture based on the experimen-
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Figure 1. Synthesis of CDs with different emission colors.

tal design to yield either blue or red shifts in the peak PL
emission, and the mixtures were heated to 180°C with
a heating mantle. When the gel was formed, 2 mL of MilliQ
water was added to prevent it from scorching and heating was
continued. This procedure was repeated five times until
finally CDs with tunable PL peaks were obtained and the
solution adjusted to 20 mL with MilliQ water. The concen-
trations of the obtained CDs are 0.32-0.37 gL ™". For each
synthesized type of carbon dot there was an optimal emission
peak, though in some cases (at longer wavelengths) a shift in
emission with varying excitation was observed (Figure 2 a—f).
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strongest PL peaks of the prepared six samples are around
400, 460, 500, 540, 610, and 710 nm, and are named V-, B-, G-,
Y-, O-, and R-CDs, respectively. According to Figure 2 g, PLE
peaks also change with the samples and exhibit a shift to the
red light region. Five different colors (Figure 2h) are obtained
upon irradiation of B-, G-, Y-, O-, and R-CDs with white light.

Although changing the reaction temperature did cause
a shift in the peak PL emission (increased temperature
causing red shifts), these shifts were small and limited to only
a very narrow range, demonstrating that reaction temperature
did not play a vital role in tuning. Interestingly, the CDs
whose strongest PL peaks occurred at 530-550 nm could be
obtained by directly pyrolyzing either CA or EG in the
presence of PEI-EC; however, despite having a similar PL
emission range, there were differences in their PL and PLE
spectra (see Figure S2a). Under the same synthesis condi-
tions, the EG-based CDs show broader PL spectra and more
PLE peaks than the CA-based CDs, possibly arising from the
changing molecular types as carbon sources.

The PL peak emission was tuned by adding either
a dehydrating agent (H;PO,) or a reducing agent (NaBH,)
to the reaction system (CA + BPEI-EC or EG + BPEI-EC),
see Figure S2b and c.'**! Adding H;PO, to EG-based CDs
caused the strongest PL peak to redshift, and the degree of
redshifting was proportional to the amount of added H;PO,.
However, adding H;PO, to the CA-based CDs
did not change their PL properties(Figure S2b).
Conversely, adding NaBH, to CA and EG reac-

—isenm  tion systems resulted in a blueshift of the CDs
—a44snm  strongest PL peak (Figure S2c). Here the degree
465nm

of blueshifting increases with the amount of
NaBH, added to the CA solution only, whereas
further NaBH, additions to EG had little effect.
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Although the PEI-EC itself cannot shift the peak
® PL position, it can influence the PL intensities of
CDs prepared from CA, whilst having little effect
on the PL intensities of those prepared from EG
(Figure S2d). From these results it is clear that the
strongest PL can be tailored by controlling the
amount of H;PO, and NaBH, added to the CA
and EG starting solutions, respectively. In this

340 410 480 550 620 690 400 470 540 610 680 750
Wavelength / nm Wavelength / nm
Y-CDs:600nm (h)
--0-CDs:650nm
- R-CDs:710nm

PL intensity

200 290 380 470 560 650
Wavelength

Figure 2. a—f) PL spectra of V-, B-, G-, Y-, O-, and R-CDs, showing different strongest
emission peaks. g) PLE spectra of the six samples; h) emission photos of different

CDs excited by white light.

In each case, however, only one optimal excitation wave-
length, commonly corresponding to the PL excitation (PLE)
peak, was found to excite the strongest emission (Figure 2 g).
This strongest emission peak reflects the CDs most dominant
energy gap, and for each sample it depends on the synthesis
reagents and reaction conditions. From Figure 2a—f, the
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way it was possible to shift the CDs peak PL
emission across the entire visible spectrum (Fig-
ure 2a—f), that is, adding NaBH, to CA solutions
tunes the emission from violet to yellow, and
adding H;PO, to EG solutions shifts the emission
from yellow to red. Based on the synthetic
mechanism of CDs with organic molecules, the
addition of H;PO, and NaBH, could change the
dehydrogenation reactions occurring during the
carbonization of CA and EG (see SI), thus
resulting in different optical properties of CDs.
The obtained CDs’ size distributions were
measured by dynamic light scattering (DLS). The particle
diameters in B-, Y-, and R-CDs range from 1-12 nm, 2-8 nm,
and 5-11 nm, respectively (Figure 3a). These results were
further confirmed by TEM (Figure 3b and c). According to
Figure 2b,d and f, B-CDs with a broader size distribution
show less excitation-wavelength-dependent PL behavior than
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Figure 3. a) DLS results of B-, Y-, and R-CDs; b) and c¢) TEM and HRTEM images of

B- and R-CDs; d—f) Cls, N1s, and O1s spectra of B-, Y-, and R-CDs, respectively;

g) PLE and absorption spectra of B-CDs; h) PL of B-CDs excited at 355 and 260 nm

and PLE spectra collected at different emission wavelengths; i) Absorption of O-CDs

CDs to CA solution showed no obvious changes
in their PL features except for a narrower full
width at half maximum (Figures2a and S2b),
though their composition and C 1s, N 1s, and O 1s
spectra show some differences in contrast to CA-
based Y-CDs (Figure S3b-d). Accordingly, the
energy gap in the CDs not only relies on the total
N and O content, but on the relative amount of
different types of carbon bonding with N and O,
which is also supported by theoretical calculations
and experimental results reported previously.**!"
Such appropriate conditions in CDs could be
attributed to the changes of molecular types as
carbon sources and even the addition of H;PO,
and NaBH, in reaction system.

All samples show a shoulder absorption peak
at 300400 nm, attributed to n—m* transitions of
C=0"?I (Figure S5). In particular, this absorption
peak of B-CDs (or V-CDs) almost overlaps with
their PLE peak (Figure 3g). As shown in Fig-
ure 3h the B-CDs PLE peak positions remain
unchanged (except for their intensities) for each
emission wavelength recorded. Even when
higher-energy wavelengths were employed to

and their PLE spectra collected at different emission wavelengths.

Y- or R-CDs with a narrower size distribution. CDs with
much wider size ranges were obtained by adding H;PO, to
a CA solution (Figure S3a), despite exhibiting the same PL
peak with Y-CDs (Figures 2d and S1b) and therefore the
particle size alone cannot be the limiting factor for tuning
CDs PL properties. This observation has also been made
recently.”) High-resolution TEM images suggest that CDs’
have complicated structures. Carbon nanocrystals are found
in both B- and R-CDs (inset of Figure 3b and c), whereas
many amorphous structures are also observed. Although
structural defects have been proposed to create bandgaps in
CDs, 'l an explanation of the relationship between structural
defects and bandgaps remains the subject of much debate.
Many efforts have indicated that an alternative way to realize
energy gap changes in CDs is tailoring their surface-related
defective sites through surface compositions, 46101

The CDs compositions were determined by X-ray photo-
electron spectroscopy (XPS), showing the CDs oxygen
content increases with the redshift of the strongest PL
peaks. For example, 22.25%, 24.34 %, and 48.34% O atoms
are contained in B-, Y-, and R-CDs, respectively, and their
corresponding N contents are 14.49 %, 14.395 %, and 2.29 %,
respectively. The C 1s, N 1s, and O 1s signals of B-, Y-, and R-
CDs present clear differences in the N- and O-related bonds
(Figure 3d—f). C—O bonding can be observed in all samples,
whereas the amount of C-O—C bonds in the R-CDs is greater
than those in both B- and Y-CDs. Compared to the B- and Y-
CDs, the R-CDs have much less C=0O and C—N bonds. These
results were confirmed by *C NMR spectra (Figure S4), in
which the stronger C-O—C and weaker C=O signals were
observed in R-CDs than in the B- and Y-CDs. Moreover, the
CDs prepared by adding the same amount of H;PO, with O-
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excite fluorescence, such as 260 nm, which is

attributed to m-m* transitions of C=C,'*3 the

same emission wavelength was observed as that
from 355 nm excitation. Therefore, the CDs emission could be
derived from the radiative recombination of the excited
electrons from the n—m* transitions of C=0.'*'? For the G-,
Y-, O-, and R-CDs, an absorption tail is observed that extends
to the visible region (Figures 3i and S5), and their PLE peaks
cannot overlap with the shoulder in their absorption peaks.
Furthermore, their PLE peaks change with the collected
emission wavelengths (Figure 31). Fluorescence lifetimes are
on the ns timescale, revealing the singlet state nature of their
emission (Figure S6). CDs exhibit different fluorescence
lifetimes and they become longer with the increase of the
amount of C—O bonds (e.g., O-CDs have longer lifetime than
B- and Y-CDs), confirming the existence of different types of
electronically excited states. According to theoretical predi-
cations reported by Chien et al.,l'!! a series of new absorption
bandgaps is gradually created as the O content increases.
Accordingly, there should be a series of energy transitions
between bandgaps and a pathway to radiative recombination
in the most popular manner, resulting in broad PL spectra
with only one dominant peak. Because more electronic
structures cause more possible recombination, including
nonradiative recombination, quantum yields of CDs decrease
as their PL emission becomes red-shifted (Figure S1).

Based on first-principle calculations of Yan et al.,”* the
C—-O—C and C—OH groups on sp*hybridized carbons can
induce significant local distortion and then create various
energy gaps. Such new energy gaps could be located in the
band tail of the m—x* gap. Due to the formation of C=O in
CDs, the n—t* transitions become predominant. Thus, V- and
B-CDs exhibit excitation-wavelength-independent emission
and their PLE peak and shoulder absorption peak are
overlapped. With the increase of C-OH and C-O-C
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Figure 4. lllustration of the tunable PL emission from CDs containing
different O-related surface groups.

groups in CDs, a large number of epoxide (or hydroxy)-
related localized electronic states are expected to form below
the m* state,''!! creating numerous new energy levels between
n—t* gaps (schematized in Figure 4). Consequently, many
kinds of the radiative recombination could occur,'? causing
a wide range of excitation energies and excitation-wave-
length-dependent PL (Figure 2c—f). In fact, from Figure 2 f,
two PL peaks are observed in R-CDs due to more recombi-
nation possibilities.'*'?l PEI-EC with NH, groups could act as
surface passivation, facilitating more effective radiative
recombination of surface-confined electrons and holes,
though some believed that C—N bonds can alter electronic
structures."*8! However, CDs or graphene oxide without
amino groups can still emit fluorescence.""'? Hence, the O-
containing groups in CDs could play a key role in the creation
of energy gaps and result in tunable PL.

This new ability to tune the fluorescence emission peak
across the entire visible spectrum is not only beneficial in
terms of the novel chemistry and understanding the reagents’
role in the CD structure and PL properties, but also enables
new research opportunities in the application of CDs. One
key application area for multicolored emission CDs is multi-
modal sensing,®! particularly in biology. Owing to the
biocompatibility of CDs, functionalization with, or attach-
ment to, biological species could allow direct observation of
multiple biological reactions and processes simultaneously by
assigning a different colored CD to a different process.
Irradiating the entire system with broadband white light could
yield a sensory color map based on the acquired fluorescence
images, in which the CDs’ color distribution or intensity could
be used to analyze parameters such as reaction rate, kinetics,
or bonding specificity. Another application area is tracers for
inline downstream processing, in which different colors could
be coupled to analyte species of interest, say blue for pH,
green for a specific molecule, yellow with dissolved oxygen,
etc. Clearly the ability to tailor light emission means color can
be associated to specific chemistries in chemically sensitive
environments.

In conclusion, an approach to tailor the energy gap and
hence the fluorescence emission wavelength in CDs that are
excited by white light has been developed. This resulted in the
peak emission wavelength being tunable across the entire
visible spectrum, from blue all the way through to deep red,
by a simple adjustment of the reagents and synthesis
conditions. We found that this was largely a result of the
dehydrogenation reactions occurring during carbonization,
which significantly alter the nucleation and growth process,
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resulting in dots with either more oxygen-containing or
nitrogen-containing groups. Accordingly, the energy gap in
the CDs not only relies on the total level of N and O content
but also on the relative amount of different types of carbon
bonding with N and O, which is also supported by theoretical
calculations and experimental results reported previously.
Therefore, this work provides requirements for the successful
implementation of carbon dots. We anticipate these carbon
dots can be utilized in wide ranging applications such as
illumination, electronic devices, and particularly in biosens-
ing, opening the possibility for monitoring multiple analytes
or species simultaneously without the need for tuning the
excitation source.
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