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Abstract: A one-pot, fully water-based synthesis of blue- and
red-emitting C-dots is presented. To this concern, [ZrO]2+

[F6P]2� and [Eu(OH)]2+[F6P]2� precursor nanoparticles (F6P: D-
fructose-6-phosphate) are prepared in water and converted
to C-dot@[ZrO]2+[HPO4]

2� and C-dot@[Eu(OH)]2+[HPO4]
2�

composite nanoparticles in boiling water (100 °C) via micro-
wave heating. Composition, structure, and fluorescence of
the composite nanoparticles are validated by different

analytical methods (e.g., FT-IR, EA, TG, DLS, SEM, TEM, EDXS).
The resulting aqueous suspensions are characterized by high
colloidal stability and intense emission. Specifically, C-dot@-
[Eu(OH)]2+[HPO4]

2� exhibits Eu3+-type red emission in water.
The one-pot water-based synthesis with fructose-containing
precursor nanoparticles and the structure of the phosphate-
stabilized C-dot composite nanoparticles are reported for the
first time.

1. Introduction

Carbon dots (C-dots) represent a unique type of carbon
modification that contrasts with diamond, graphite, fullerenes,
graphene, carbon nanotubes, and carbyne.[1] Since their discov-
ery in 2004,[2] their synthesis, structure, and properties have
been intensely studied.[3] C-dots combine attractive properties
such as high stability, low cost, low toxicity, adaptable surface
functionalization, or good conductivity. The most outstanding
property, however, relates to the fascinating optical properties
of C-dots.[4] Although its origin is still a question of debate,[5] the
strong and tunable fluorescence of C-dots is interesting with
respect to their application in biomedicine, optoelectronics,
catalysis, or sensing.[6]

The synthesis of C-dots generally comprises three sequential
steps starting with a temperature treatment of a carbon source,
which is followed by a separation process, and a final surface
functionalization.[7] After their discovery, synthesis was most

often performed by physical methods and high-temperature
treatment of coal, carbon black, graphite, carbon nanotubes,
etc.[8] Very quickly it has turned out that a thermal treatment of
carbon-containing compounds is also suitable to obtain C-
dots.[9] This includes the thermal decomposition, for instance, of
carbohydrates or amino acids.[10] More curiously, but also
suitable is the thermal treatment of, for instance, eggs, oranges,
or leaves.[11] Meanwhile, well-controlled access to C-dots is also
possible via liquid-phase methods and most often involves the
dehydration of carbohydrates by concentrated mineral acids
(e.g. concentrated H2SO4),

[12] the thermal decomposition of
multivalent alcohols (so-called polyols),[13] or the thermal
decomposition of carbohydrates in polyols.[14] Moreover, surface
functionalization of the as-prepared C-dots with polyols, and
especially with polyethylene glycol (PEG) and its derivatives, is
usually necessary to obtain sufficient fluorescence.[4–6]

Despite various methods to obtain C-dots, a fully water-
based synthesis of emissive C-dots is lacking so far. Such one-
pot approach in water – including C-dot formation, colloidal
stabilization, and surface functionalization – is realized in the
following. Accordingly, [ZrO]2+[F6P]2� precursor nanoparticles
(F6P: D-fructose-6-phosphate) are converted to blue-emitting C-
dot@[ZrO]2+[HPO4]

2� composite nanoparticles by boiling in
water. This fully water-based synthesis can be also transferred
to C-dot@[Eu(OH)]2+[HPO4]

2� composite nanoparticles that
show intense Eu3+-driven red emission in water. Our material
composition compares to concepts with C-dots that were
formed or embedded in porous materials such as zeolites or
metalorganic frameworks.[15] C-dot@[ZrO]2+[HPO4]

2� and C-
dot@[Eu(OH)]2+[HPO4]

2� composite nanoparticles, however, are
obtained in a one-pot approach without the necessity of
subsequent C-dot infiltration into a matrix, and they are non-
porous with C-dots densely embedded in the phosphate matrix,
which is advantageous in terms of a dispersion in water and a
Eu3+-based red emission in water.
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2. Results and discussion

2.1. [ZrO]2+[F6P]2– precursor nanoparticles

Aiming at nanomaterials for drug delivery and multimodal
imaging, we have developed the concept of inorganic-organic
hybrid nanoparticles (IOH-NPs).[16] IOH-NPs have a general
composition such as [ZrO]2+[RFunctionOPO3]

2� , [LaO]+[RFunctionSO3]
� ,

or [GdO]+[RFunctionCOO]
� (RFunction: drug and/or fluorescent dye)

with an inorganic cation needed to make the IOH-NPs insoluble
in water and a functional organic anion, which is a drug and/or
a fluorescent dye. Specific examples include [ZrO]2+[FdUMP]2�

with the cytostatic agent 5’-fluoro-2’-deoxyuridine 5’-mono-
phosphate (FdUMP),[17] [ZrO]2+[BMP]2� with the anti-inflamma-
tory agent betamethasone phosphate (BMP),[17,18] [ZrO]2+[CLP]2�

with the antibiotic agent clindamycin phosphate (CLP),[19] or
[GdO]+[ICG]� with indocyanine green as infrared emitting dye
(ICG).[20] Aiming at the surface conditioning of such IOH-NPs, we
also introduced phosphate-functionalized carbohydrate mole-
cules such as D-fructose-6-phosphate ([F6P]2� ) as anions (Fig-
ure 1).

Initiated by this preliminary work, inorganic-organic hybrid
nanoparticles with a composition [ZrO]2+[F6P]2� could be
realized by injection of an aqueous solution of ZrOCl2 · 8H2O
into an aqueous solution of Na2[F6P] (Figure 1). Herein, [F6P]

2�

serves as the organic anion, which reacts to an insoluble
compound in the presence of [ZrO]2+ cations. In accordance
with the La Mer-Dinegar model of particle nucleation and
particle growth,[21] a fast addition (injection) of ZrOCl2 · 8H2O
under vigorous stirring and at slightly elevated temperature
(40 °C) leads to a high supersaturation and results in the
formation of small-sized particles. The formation of nano-
particles can be followed even with the naked eye and is
indicated by the change of a transparent solution to a
suspension showing light scattering (Figure 1). To remove all
remaining salts and starting materials, the [ZrO]2+[F6P]2� nano-
particles were twice centrifuged/redispersed in/from H2O.
Thereafter, they can be redispersed in water to obtain
colloidally stable aqueous suspensions, or they were dried at
room temperature in air to obtain powder samples.

Particle size and particle size distribution of the [ZrO]2+

[F6P]2� precursor nanoparticles were examined via dynamic
light scattering (DLS) (Figure 2a). The colloidally stable aqueous

Figure 1. Illustration of the aqueous, one-pot synthesis of [ZrO]2+[F6P]2� precursor nanoparticles and their conversion to phosphate-stabilized C-
dot@[ZrO]2+[HPO4]

2� composite nanoparticles.

Figure 2. Particle size of [ZrO]2+[F6P]2� precursor nanoparticles: a) Particle size distribution according to DLS analysis (in DEG and water) as well as according
to statistical evaluation of 150 particles on SEM images; b) SEM image.
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suspensions exhibit a mean hydrodynamic diameter of 80�
17 nm. In water, however, nanoparticles generally show larger
hydrodynamic diameters due to the rigid layer of adsorbed
solvent molecules.[22] This view was confirmed after centrifuga-
tion and redispersion in diethylene glycol (DEG) as a less polar
but more surface-active solvent. Herein, the mean diameter
with 60�12 nm is significantly smaller (Figure 2a). Scanning
electron microscopy (SEM) shows the presence of spherical,
non-agglomerated nanoparticles (Figure 2b). A statistical evalu-
ation of 150 particles on SEM images results in a mean diameter
of 48�7 nm, which is well in agreement with the larger
hydrodynamic diameters in DEG and H2O obtained by DLS
(Figure 2a).

According to X-ray powder diffraction (XRD), the [ZrO]2+

[F6P]2� precursor nanoparticles are non-crystalline and do not
show any Bragg reflection (ESI: Figure S1). In fact, this is not a
surprise and usually observed for water-based nucleation of
inorganic-organic hybrid nanoparticles.[17–21] To examine the
chemical composition of the nanoparticles, different analytical
techniques were used, including Fourier-transformed infrared
spectroscopy (FT-IR), energy-dispersive X-ray spectroscopy
(EDXS), thermogravimetry (TG), and elemental analysis (EA). FT-
IR spectroscopy confirms the presence of [F6P]2� (Figure 3a). A
comparison with the starting material Na2[F6P] as a reference
shows all characteristic vibrations of [F6P]2� , including ν(O� H):
3600–3000 cm� 1, ν(C� H): 3000–2800 cm� 1, ν(C=O): 1600 cm� 1,
ν(C� O): 1460 cm� 1, ν([PO4]

3� ): 1100–900 cm� 1. EDXS performed
in a scanning electron microscope proves the presence of
zirconium. A quantification of the EDXS data is not possible
since the X-ray lines of zirconium and phosphorus overlap. The
total organics content was obtained by TG (Figure 3b). Thus,
dried [ZrO]2+[F6P]2� nanoparticles show a weight loss of 43.8%
up to a temperature of 1200 °C, which is in good agreement
with the calculated weight loss of 43.9% for the total organics
combustion of the assumed composition [ZrO]2+[F6P]2� . The
thermal residue was identified via XRD to be Zr2P2O9 with traces
of ZrO2 (ESI: Figure S2). Accordingly, the thermal combustion
reaction can be rationalized as follows:

2 ½ZrO�2þ½C6H11PO9�
2� þ 12 O2 ! Zr2P2O9 þ 12 CO2 þ 11 H2O

Finally, the composition was verified by EA, resulting in C/H
contents of 18.1 wt-% C and 2.6 wt-% H (calculated: 19.7 wt-%
C, 3.0 wt-% H). Since the organics content is encapsulated by
the phosphate during combustion similar to the effect of
phosphate-based flame retardants, the observed C/H contents
are slightly lower as the calculated values. All-in-all, these
results confirm a 1 :1 ratio of zirconyl cation and carbohydrate-
type anion, and thus, a composition [ZrO]2+[F6P]2� of the as-
prepared precursor nanoparticles.

2.2. Conversion to C-dot@[ZrO]2+[HPO4]
2– composite

nanoparticles

In principle, the caramelization of carbohydrates is well-known,
but either requires a separation of C-dots from other carbon
remains and/or highly viscous solvents (e.g. polyols) as well as a
distinct surface functionalization.[10,12,14] These procedures are so
far essential pre-requisites to obtain dispersible C-dots that
show considerable fluorescence in water. The concept of
carbohydrate-containing precursor nanoparticles such as
[ZrO]2+[F6P]2� and their instantaneous conversion to C-dots in a
stabilizing matrix – to the best of our knowledge – has not
been suggested till now. Although this synthesis strategy can
be also performed with other carbohydrate-containing IOH-NPs,
D-fructose-6-phosphate seemed most promising since fructose
is known for its easy dehydration at low temperature.[23] Already
during the synthesis of [ZrO]2+[F6P]2� at 40 °C, a light yellow
color indicates the beginning decomposition, which is already
accompanied by weak bluish fluorescence (ESI: Figure S3). Since
neither zirconyl cations nor D-fructose-6-phosphate anions
show any fluorescence, the occurring weak emission must be
attributed to a beginning decomposition of [F6P]2� with
formation of C-dots. The formation of C-dots by thermal
decomposition of fructose was promoted by microwave heating

Figure 3. Chemical composition of [ZrO]2+[F6P]2� precursor nanoparticles: a) FT-IR spectra (Na2[F6P] as a reference); b) TG analysis.
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of the aqueous suspension (25 min, 100 °C, Figure 1). In this
regard, microwave heating allows a very fast heating and,
thereby, a rapid dehydration and carbonization. The advantage
of [ZrO]2+[F6P]2� in comparison to pure fructose relates to the
facts that the nanoregime is already established with the
precursor nanoparticles and that the carbon source and
stabilizing phosphate-matrix are already available in the
precursor nanoparticles. Moreover, it needs to be noticed that a
direct decomposition of fructose phosphate results in signifi-
cantly larger C-dots (>10 nm) that only show weak emission in
water (ESI: Figures S4–S7).

Subsequent to microwave heating, the resulting aqueous C-
dot@[ZrO]2+[HPO4]

2� suspensions exhibit mean hydrodynamic
diameters of 83�17 nm in H2O and 65�11 nm in DEG as well
as a mean diameter of 43�10 nm according to a statistical
evaluation of 100 particles on SEM images (Figure 4a,b). These
data are in agreement with the [ZrO]2+[F6P]2� precursor nano-
particles (Figure 2a,b). In difference to the weak yellow color of

[ZrO]2+[F6P]2� , aqueous suspensions as well as powder samples
of the C-dot@[ZrO]2+[HPO4]

2� nanoparticles exhibit a bright
yellow color (Figure 4c). Even more interesting, both aqueous
suspensions and powder samples show intense emission of
blue light (Figure 4c,d). The emission can be quantified based
on fluorescence spectra. Thus, aqueous suspensions of C-
dot@[ZrO]2+[HPO4]

2� show broad absorption at 300–400 nm
with its maximum at 350 nm (Figure 4e; SI: Figure S8). Emission
occurs at 400–650 nm. The observed luminescence features
already indicate the presence of C-dots. Particularly character-
istic is the dependence of the emission on the wavelength of
the excitation and the resulting red-shift with decreasing
emission intensity at increasing wavelength of excitation (Fig-
ure 4e).[4] Here, it must be noticed the amorphous [ZrO]2+

[HPO4]
2� matrix material (without C-dots) does not show any

specific fluorescence (ESI: Figures S9, S10).
To prove the formation of C-dots and to examine the

structure of the composite nanoparticles formed by thermal

Figure 4. Size and luminescence of C-dot@[ZrO]2+[HPO4]
2� composite nanoparticles: a) Particle size distribution according to DLS analysis (in DEG and water)

as well as according to statistical evaluation of 100 particles on SEM images; b) SEM image; c) Powder samples under daylight and with excitation (366 nm); d)
Aqueous suspension with 366 nm excitation; e) Fluorescence spectra of aqueous suspensions with excitation (λem=400 nm) and emission at different
excitation wavelengths.
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decomposition of the [ZrO]2+[F6P]2� precursor nanoparticles,
the yellow C-dot@[ZrO]2+[HPO4]

2� composite nanoparticles
were separated via centrifugation. Thereafter, different analy-
tical methods were consulted, including transmission electron
microscopy (TEM), energy-dispersive X-ray spectroscopy (EDXS),
fluorescence spectroscopy, infrared spectroscopy (FT-IR, SI:
Figure S4), nuclear magnetic resonance spectroscopy (NMR, SI:
Figure S5) and ultraviolet-visible spectroscopy (UV-Vis, SI: Fig-
ure S6). FT-IR, NMR, and UV-Vis spectroscopy already point to
the formation of C-dots through thermal decomposition of
Na2[F6P]. These C-dots, however, are significantly larger (15–
20 nm), and they show only very weak emission in water (ESI:
Figure S7). High-angle annular dark-field (HAADF) STEM over-
view images of C-dot@[ZrO]2+[HPO4]

2� composite nanoparticles
indeed show a complex heterogeneous structure (Figure 5a).
Herein, the light areas indicate the presence of strongly
scattering material containing high-weight atoms, whereas the
darker regions indicate a material with lower-weight atoms.
These dark regions have diameters of 2–3 nm, which is a typical
size of C-dots. EDXS linescans along the red line in Figure 5a
show strongly fluctuating element concentrations of Zr, P, O,
and C (Figure 5d) and confirm the presence of strongly and

weakly scattering material. As-expected, the dark regions show
carbon as dominating element (Figure 5d: black line), whereas
the matrix in between exhibits high concentrations of Zr, P and
O. EDXS also indicates a 1 :1 ratio of Zr and P, which again
confirms the composition of the composite nanoparticles. Based
on the electron microscopic data, moreover, the C-dot: [ZrO]2+

[HPO4]
2� volume ratio can be estimated to 20 :80. Finally, high-

resolution (HR)-TEM images of C-dots near the surface show
distinct lattices fringes (Figure 5b). The Fourier-transformed
HRTEM image of the C-dots (Figure 5c) is compatible with the
bulk graphite structure (space group: P63/mmc, lattice parame-
ters: a=2.460 Å, c=6.704 Å) in [211] zone-axis orientation.[24]

All-in-all, this proves the presence of highly crystalline C-dots
encapsulated in a [ZrO]2+[HPO4]

2� matrix.

2.3. Red-emitting C-dot@[Eu(OH)]2+[HPO4]2– composite
nanoparticles

Based on the results of the [ZrO]2+[F6P]2� and C-dot@-
[ZrO][HPO4] nanoparticles, we have considered to obtain red-
emitting C-dot nanoparticles via a similar approach (Figure 1).

Figure 5. Structure and composition of C-dot@[ZrO]2+[HPO4]
2� composite nanoparticles: a) HAADF-STEM image; b) HRTEM image of encapsulated C-dot with

lattice fringes; c) Fourier-transformed HRTEM image of C-dot in [211] zone-axis orientation with indexed Bragg reflections (ZB marks the zero-order beam); d)
EDXS line scan (black: C (O� Kα), red: O (O� Kα1), blue: Zr (Zr� L α1), green: P (P� Kα1).
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Red emission is of particular relevance for biomedical applica-
tions due to the significantly higher tissue penetration of red
light in comparison to light of shorter wavelength.[25] Aiming at
red light, the characteristic line-type emission of Eu3+, predom-
inately at 614 and 695 nm, is well known.[26] However, the
parity-forbidden f–f-transitions on Eu3+ are typically quenched
under aqueous conditions due to competitive relaxation via
O� H vibrations.[27] With this background, we have intended to
realize precursor nanoparticles by combining [Eu(OH)]2+ (in-
stead of [ZrO]2+) as inorganic cation with fructose phosphate
([F6P]2� ) as carbohydrate-type anion. Similar to [ZrO]2+[F6P]2� ,
the injection of an aqueous solution of EuCl3 · 6H2O into a
solution of Na2[F6P] resulted in the formation of precursor
nanoparticles with a composition [Eu(OH)]2+[F6P]2� (Figure 6a).
According to DLS, they exhibit mean hydrodynamic diameters
of 84�19 nm in H2O and 55�11 nm in DEG (Figure 6a). SEM
confirms the presence of spherical nanoparticles with a mean
diameter 50�13 nm (based on a statistical evaluation of 100
particles, Figure 6b).

The chemical composition of the [Eu(OH)]2+[F6P]2� precur-
sor nanoparticles was again validated by EDXS and FT-IR
spectroscopy, which confirm the presence of europium and F6P
(ESI: Figure S11a). For quantification, TG and EA were employed
and showed a weight loss of 41.8% due to total organics
combustion as well as C/H contents of 16.3 wt-% C and 1.6 wt-
% H, which are again slightly lower than the expected values
due to the encapsulation of the organics content in the
phosphate matrix (calculated total organics combustion: 42.2%,
SI: Figure S11b; calculated C/H content: 16.8 wt-% C, 2.8 wt-%
H). According to XRD, EuPO4 was obtained as thermal remnant
of the TG analysis (ESI: Figure S12). Similar to [ZrO]2+[F6P]2� ,
precursor nanoparticles with 1 :1 ratio of europium cation and
carbohydrate-type anion were obtained as expressed by the
formula [Eu(OH)]2+[F6P]2� .

In the case of [Eu(OH)]2+[F6P]2� , the conversion to C-
dot@[Eu(OH)]2+[HPO4]

2� nanoparticles can be also initiated and

followed by fs-transient absorption spectroscopy (Figure 7a).
Thus, laser-driven excitation at 267 and 400 nm resulted in
comparable transient spectra for single transient excerpts at
probe wavelengths of 350 (i. e. emission of C-dot) and 460 nm
(i. e. emission of Eu3+) and a slow rise within 2 ps (Figure 7b). In
contrast, solutions of Na2[F6P] as a reference show quasi-
instantaneous population with a long lifetime up to the ns
regime after 267 nm excitation (ESI: Figures S13, S14). The
transient response does not recover within the experimental
time window of 1 ns. The slower rise of the [Eu(OH)]2+[F6P]2�

suspension compared to the Na2[F6P] reference solution may
indicate a more complex energy distribution within the nano-
particle before reaching the luminescent state. Interestingly,
transient spectra after 267 nm excitation show a shorter lifetime
of few hundred ps (ESI: Figures S13, S14), which supports this
assignment as well as a negligible intensity of luminescence in
the UV range. Please note that the narrow Eu3+ emission lines
cannot be observed under these conditions. Moreover, it needs
to be noticed that transient absorption spectroscopy of C-
dot@[Eu(OH)]2+[HPO4]

2� composite nanoparticles failed due to
dominant light scattering. In sum, transient absorption spectro-
scopy as well as UV-Vis spectra indicate the successful
incorporation of Eu3+ into the nanoparticles.

As next step, the [Eu(OH)]2+[F6P]2� precursor nanoparticles
were as well thermally decomposed by microwave heating of
aqueous suspensions at 100 °C. Subsequent to the decomposi-
tion, TEM was used to evidence the structure of the resulting
composite nanoparticles and to prove the presence of C-dots
(Figure 8). Similar to C-dot@[ZrO]2+[HPO4]

2� , HAADF-TEM im-
ages of the here obtained composite C-dot@[Eu(OH)]2+[HPO4]

2�

nanoparticles show a structure with light areas indicating high-
weight atoms and darker regions indicating low-weight atoms
(Figure 8a). The dark regions with sizes of 2–3 nm are again
typical for C-dots. EDXS linescans along the red line in Figure 8a
show the expected strongly fluctuating element concentration
and evidence the matrix to predominately contain Eu, P, O,

Figure 6. Particle size of [Eu(OH)]2+[F6P]2� precursor nanoparticles: a) Particle size distribution according to DLS analysis (in DEG and water) as well as
according to statistical evaluation of 100 particles on SEM images with inset of a photo of an aqueous suspension; b) SEM image.
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whereas the dark regions contain C as dominating element
(Figure 8d). EDXS also indicates a 1 :1 ratio of Eu and P, which

confirms the composition of the composite nanoparticles. The
C-dot: [Eu(OH)]2+[HPO4]

2� volume ratio can be again estimated

Figure 7. Transient absorption traces for [Eu(OH)]2+[F6P]2� precursor nanoparticles in aqueous suspension at 350 and 460 nm probe wavelengths after
excitation at 400 nm (symbols) and fit curves (lines) from global analysis (OD: optical density) (see ESI).

Figure 8. Structure and composition of C-dot@[Eu(OH)]2+[HPO4]
2� composite nanoparticles: a) HAADF-STEM image; b) HRTEM image of encapsulated C-dot

with lattice fringes; c) FT-HRTEM image of C-dot in [100] zone-axis orientation with indexed Bragg reflections (ZB marks the zero-order beam); d) EDXS line
(black: C (O� Kα), red: O (O� Kα1), blue: Eu (Eu� L α1) line, green: P (P� Kα1).
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to about 20 :80. The presence of C-dots was further validated
by HRTEM images, which show distinct lattices fringes (Fig-
ure 8b).[24] The Fourier-transformed HRTEM image of the particle
is compatible with bulk graphite in [100] zone-axis orientation
(Figure 8c). In sum, the nanoparticles can be concluded to
contain highly crystalline C-dots encapsulated in a [Eu(OH)]2+

[HPO4]
2� matrix as expressed by the description C-dot@[Eu-

(OH)]2+[HPO4]
2� . In difference to totally amorphous C-dot@-

[ZrO]2+[HPO4]
2� , XRD analysis of the C-dot@[Eu(OH)]2+[HPO4]

2�

composite nanoparticles shows few Bragg reflections that
indicate certain crystallinity (ESI: Figure S15). These Bragg
reflections are of course broad and low in intensity, which is not
a surprise when considering the low synthesis temperature
(100 °C). A comparison with the most intense Bragg reflections
of bulk-EuPO4 as a reference suggests certain similarity, which is
further confirmed after heating (ESI: Figure S15).

Finally, the optical properties of the C-dot@[Eu(OH)]2+

[HPO4]
2� nanoparticles were examined by UV-Vis and

fluorescence spectroscopy. The most important result is already
visible with the naked eye. Thus, powder samples as well as
aqueous suspensions clearly show red emission (Figure 9a,c).
Excitation spectra recorded at maximum emission of the C-dots
(λem=365 nm) show broad C-dot-related absorption (250–

350 nm). Excitation spectra recorded at maximum emission of
Eu3+ (λem=615 nm) show the characteristic f!f transitions and
prove the presence of Eu3+ (Figure 9b). Emission spectra were
recorded at different excitation wavelengths and show broad C-
dot-related emission at 350–450 nm (Figure 9d). Most interest-
ing, the characteristic Eu3+ emission lines are visible for all types
of excitation, and naturally most intense if the excitation was
performed on Eu3+ itself (e. g. at 394 nm). The most intense
emission lines of Eu3+ at 615 and 695 nm, however, are visible
for all types of excitation. This finding is most relevant since
these parity-forbidden f!f transitions are typically quenched in
the presence of water.[26,27] In this respect, the observation of
Eu3+-related red emission also points to certain crystallinity of
the [Eu(OH)]2+[HPO4]

2� matrix, which was already suggested by
XRD. The observation of Eu3+-based red emission in aqueous
suspension, on the one hand, proves the successful energy
transfer from C-dots to Eu3+ in the [Eu(OH)]2+[HPO4]

2� matrix,
and on the other hand, the efficient shielding of Eu3+ in the
matrix from vibrational quenching processes. Finally, it needs to
be noticed that the [Eu(OH)]2+[HPO4]

2� matrix material (without
any C-dots) also shows Eu3+-related luminescence, naturally
without any contribution from C-dots (ESI: Figures S16, S17).

Figure 9. Luminescence of C-dot@[Eu(OH)]2+[HPO4]
2� composite nanoparticles: a) Powder samples under daylight and with excitation (366 nm); b) Excitation

spectra of aqueous suspensions, c) Photo of aqueous suspension with 366 nm-excitation; d) Emission spectra of aqueous suspensions with excitation at
different wavelengths (*Raman scattering of water visible as low intensity emission).
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3. Conclusion

Aiming at a fully water-based one-pot synthesis of emissive C-
dots, C-dot@[ZrO]2+[HPO4]

2� and C-dot@[Eu(OH)]2+[HPO4]
2�

composite nanoparticles were realized via [ZrO]2+[F6P]2� or
[Eu(OH)]2+[F6P]2� precursor nanoparticles. The synthesis con-
cept starts with the formation of insoluble [ZrO]2+[F6P]2� or
[Eu(OH)]2+[F6P]2� precursor nanoparticles after injecting a
solution of ZrOCl2 · 8H2O or EuCl3 · 6H2O into a solution of
Na2[F6P] (F6P: D-fructose-6-phosphate). The resulting [ZrO]2+

[F6P]2� and [Eu(OH)]2+[F6P]2� precursor nanoparticles exhibit
mean particle diameters of 43�10 and 50�13 nm, respec-
tively.

The aqueous suspension of the precursor nanoparticles was
instantaneously converted to C-dot@[ZrO]2+[HPO4]

2� and C-
dot@[Eu(OH)]2+[HPO4]

2� composite nanoparticles in boiling
water via microwave heating. The mean particle diameter (43�
10 nm) of the composite nanoparticles is very comparable to
the precursor nanoparticle and points the instantaneous
conversion. Electron microscopy and electron spectroscopy
elucidate the structure of the C-dot@[ZrO]2+[HPO4]

2� and C-
dot@[Eu(OH)]2+[HPO4]

2� composite nanoparticles with highly
crystalline C-dots (2–3 nm in size) encapsulated in a [ZrO]2+

[HPO4]
2� or [Eu(OH)]2+[HPO4]

2� matrix. These C-dot@[ZrO]2+

[HPO4]
2� and C-dot@[Eu(OH)]2+[HPO4]

2� composite nanopar-
ticles show intense blue and red emission in water. The novel
water-based synthesis strategy and the resulting composite
structure now can be a subject for further variation and might
specifically become interesting for biomedical applications.

Experimental Section

Synthesis details

[ZrO]2+[F6P]2– precursor nanoparticles. In a first step, 50 mg of D-
fructose-6-phosphate disodium salt (Na2[F6P], Biomol, 98%) were
dissolved in 50 mL of demineralized water. This solution was heated
to 40 °C and stirred vigorously. Thereafter, 0.5 mL of an aqueous
solution containing 50.4 mg of ZrOCl2 · 8H2O (Sigma Aldrich, 99%)
was injected. The instantaneous formation of [ZrO]2+[F6P]2� nano-
particles is indicated by the change of a transparent solution to a
colorless suspension, showing the expected light scattering of
nanoparticles. After 2 min of intense stirring, the nanoparticles
were separated via centrifugation (25000 rpm, 15 min). To remove
all remaining salts, the [ZrO]2+[F6P]2� nanoparticles were centri-
fuged/redispersed two times in/from H2O. Finally, the [ZrO]2+

[F6P]2� precursor nanoparticles were redispersed in 20 mL of
demineralized water.

C-dot@[ZrO]2+[HPO4]
2– composite nanoparticles. An aqueous suspen-

sion of redispersed [ZrO]2+[F6P]2� nanoparticles was heated to
100 °C by microwave treatment (25 min, 800 W). During heating,
the color of the suspension turned from colorless to yellow, which
indicates the proceeding decomposition of [F6P]2� and the
formation of C-dots. The resulting C-dot@[ZrO]2+[HPO4]

2� nano-
particles were separated via centrifugation (25000 rpm, 15 min). For
purification, the nanoparticles were resuspended/centrifuged in/
from H2O. For analytical characterization, the C-dot@[ZrO]2+

[HPO4]
2� nanoparticles were dried to a powder samples or

redispersed in water.

C-dot@[Eu(OH)]2+[HPO4]
2� composite nanoparticles. The synthesis

was performed similarly to the aforementioned C-dot@[ZrO]2+

[HPO4]
2� nanoparticles. Thus, 50 mg of D-fructose-6-phosphate

disodium salt (Na2[F6P], Biomol, 98%) were dissolved in 50 mL of
demineralized water. This solution was heated to 40 °C and stirred
vigorously. Thereafter, 0.5 mL of an aqueous solution containing
57.4 mg of EuCl3 · 6H2O (Sigma Aldrich, 99%) were injected, followed
by an addition of 2.5 mL of 0.1 M NaOH to increase the pH to a
value of 7. After 2 min of intense stirring, the resulting nano-
particles were separated via centrifugation (25000 rpm, 15 min) and
washed twice by redispersion/centrifugation in/from H2O. After
redispersion in water, the nanoparticles were heated to 100 °C by
microwave treatment (25 min, 800 W) and converted to C-dot@[Eu-
(OH)]2+[HPO4]

2� nanoparticles. Separation and purification were
then performed as described before.

Na2[F6P] reference sample. 25 mg of D-fructose-6-phosphate diso-
dium salt (Na2[F6P], Biomol, 98%) were dissolved in 25 mL of
demineralized water and heated to 100 °C by microwave treatment
(25 min, 800 W). The yellow color of the suspension indicated the
proceeding decomposition of Na2[F6P] and the formation of the C-
dots. The as-prepared highly stable C-dot suspension can be
destabilized by addition of an excess of acetone with a ratio of 5 : 1.
After sedimentation, the as-prepared C-dots also can be easily
separated from non-decomposed Na2[F6P], which remained in
solution. After decantation and evaporation of the solvent, a yellow
powder was obtained. It needs to be noticed that C-dots obtained
by direct decomposition of Na2[F6P] are significantly larger in
diameter (>10 nm) and show only weak emission in water (ESI).

Analytical methods

Dynamic light scattering (DLS) was used to determine the hydro-
dynamic diameter of the nanoparticles and their size distribution in
suspension. Measurements were performed in polystyrene cuvettes
applying a Nanosizer ZS (Malvern Instruments, United Kingdom).

Scanning electron microscopy (SEM) was carried out with a Zeiss
Supra 40 VP (Zeiss, Germany) with a field emission gun (accel-
eration voltage 5 kV, working distance 3 mm). Samples were
prepared by placing a droplet of diluted aqueous suspension on a
silica wafer.

Energy-dispersive X-ray spectroscopy (EDXS) was performed with an
Ametec EDAX system (Ametec, USA) mounted on a Zeiss SEM Supra
35 VP scanning electron microscope. For EDXS analysis, the
nanoparticles were pressed to dense pellets and fixed with
conductive carbon pads on aluminum sample holders. EDXS was
only used to validate the presence of zirconium and phosphorus
since light elements (H, C, N, O) cannot be reliably quantified.

Transmission electron microscopy (TEM), high-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM),
and energy dispersive X-ray spectroscopy (EDXS) were conducted
with a FEI Tecnai Osiris microscope (FEI, USA) at 200 keV electron
energy, equipped with a Super-X EDXS system comprising four
silicon drift detectors. High-resolution transmission electron micro-
scopy (HRTEM) was performed with an aberration-corrected FEI
Titan3 80–300 microscope operated at 300 keV electron energy.
TEM samples of the as-prepared C-dots were prepared by vacuum
evaporation of aqueous suspensions at 50 °C on ultrathin amor-
phous carbon films (3 nm) mounted on amorphous carbon (lacey-)
film-coated copper grids.

Fourier-transformed infrared spectra (FT-IR) were recorded with a
Bruker Vertex 70 FT-IR spectrometer (Bruker, Germany) in the range
4000–400 cm� 1 with a resolution of 4 cm� 1. 1–1.5 mg of the dried
sample were pestled with 300 mg of KBr and pressed to a pellet.
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X-ray powder diffraction (XRD) measurements were conducted with
a STADI� P diffractometer (Stoe, Germany) with Ge-monochromat-
ized Cu-Kα-radiation (λ=1.54278 Å) and Debye-Scherrer geometry.
The transmission samples were placed on sodium acetate foils and
fixed with an amorphous adhesive film.

Thermogravimetry (TG) was performed with a STA409 C device
(Netzsch, Germany). The vacuum-dried nanoparticles (20–30 mg)
were heated to 1200 °C with a rate of 1 K/min in air.

Elemental analysis (EA, C/H/N/S analysis) was performed via thermal
combustion with an Elementar Vario Micro Cube (Elementar,
Germany) at a temperature of 1100 °C.

Fluorescence spectroscopy (FL). Excitation and emission spectra were
recorded with a resolution of �1 nm using a photoluminescence
spectrometer Spex Fluorolog 3 (Horiba Jobin Yvon, France),
equipped with a 450 W Xe-lamp and double monochromators.

Stationary absorption spectra. Absorption spectra were obtained
with an UV/Vis/NIR spectrometer Cary 500 (Varian) in aqueous
suspension in a wavelength range between 200 and 2000 nm.
Spectra were measured at room temperature in cuvettes made of
fused silica (Hellma) with 1 mm optical path length.

Transient absorption spectra. An experimental setup of the appara-
tus for obtaining transient spectra in the UV-Vis spectral regime is
described elsewhere.[28] Briefly, one small part of the 800 nm
(Astrella (Coherent), 7 mJ, 35 fs, repetition rate 1 kHz) laser output
was focused into a movable 2 mm CaF2 crystal (Nortus Optronic
GmbH) to generate a white-light continuum between 350 and
720 nm. After passing the sample, the white-light is refracted by a
fused silica prism and recorded by a CCD Camera (Series 2000, Si
photodetector, Entwicklungsbüro Stresing). Pump wavelengths at
400 and 267 nm (both 400 nJ per pulse) were generated by second
harmonic generation and sum frequency mixing of the 800 and
400 nm pulses. Spot size in the sample was about 200 μm, which
was more than twice the white-light spot size. Delay of the pump
pulse was managed by a computer controlled translation stage
(maximum delay ~1.2 ns, Thorlabs), whereby every second pulse
was blocked with an optical chopper (Thorlabs), resulting in spectra
with and without excitation. Differentiation results in ΔOD spectra
with a time resolution better than 100 fs. Data were collected with
an in-house written Labview program.

Supporting Information
Additional information is available on the characterization of
[ZrO]2+[F6P]2� precursor nanoparticles, the C-dot@[ZrO]2+[HPO4]

2�

composite nanoparticles, and the C-dot@[Eu(OH)]2+[HPO4]
2� com-

posite nanoparticles.
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