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The relative intensity of the blue component of the total emission from light-emitting diodes (LEDs) can be
an important factor when assessing their biological safety. Carbon quantum dots (CQDs) are compatible

with many materials and present a high density of multiple surface states; the incorporation of such
CQDs thus offers a route to modifying the emission from a given LED matrix. Here we report the

fabrication of stable CQD/zinc pyrovanadate (Znz(OH),V,0;-2H,0) nanoplate composites via a facile

hydrothermal route. Structural and morphological analyses confirm that the nanoplates are hexagonal

phase and grew normal to the [0001] direction. X-ray photoemission spectroscopy, Raman and infrared

spectroscopy demonstrate that the CQDs combine with nanoplates via surface carbon—oxygen bonds.
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Wavelength resolved photoluminescence measurements show that the relative intensity of the blue (2.93

eV) component of the emission associated with the nanoplates is significantly reduced by incorporating
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1. Introduction

The biological safety of GaN-based light-emitting diodes (LEDs)
is a topic of on-going concern, following animal studies
showing that the blue (450-490 nm) light from such sources can
damage photoreceptor cells."” Other studies have suggested
that chronic blue light exposure may enhance the development
of age-related macular degeneration and other pathologies.>*
Traditional methods for modifying the spectral output of LEDs
include: (i) phosphor engineering, using a blue or near ultra-
violet chip as the pump source to activate a phosphor. This
strategy is heavily dependent on the availability of a suitable
host structure and activators for the phosphor, and typically
suffers from poor color rendering, poor thermal stability and
the cost of rare earth doping; (ii) combining multiple chips,
wherein red, green and blue emitting chips are integrated to
produce a target spectrum. A challenge with this approach is
that each chip contributes a relatively narrow spectral band-
width to the overall emission, so any differences in their
respective aging characteristics results in a color shift; (iii) one-
chip LEDs, involving multiple quantum well structures. These
are currently hampered by the complicated epitaxy required for
their fabrication, a low luminous efficacy and stability issues.>”
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CQDs. We suggest that this reduction arises as a result of preferential trapping of the higher energy
photoelectrons by surface defects on the CQDs.

Achieving any of these routes requires sophisticated instru-
mentation and time-consuming sample preparation. Devel-
oping a cost-effective, convenient and broadly applicable
method for modifying the relative intensity of the blue
component within a polychromatic light source remains
a desirable objective.

Carbon quantum dots (CQDs) display both size and wave-
length dependent photoluminescence (PL), which is inspiring
intensive research - particularly in the design and application of
multi-functional optical nanocomposites.**> CQDs offer the
advantages of large surface areas, short effective charge-transfer
lengths and available surface defects. The injection and
extraction of electrons/holes can be controlled by appropriate
surface functionalisation or by combining CQDs with a suitable
matrix, thereby offering a route for switching between excitation
and recombination processes.”® The present contribution
reports on the structure, morphology and optical properties of
nanocomposites involving blends of CQDs and zinc vanadium
oxide hydroxide hydrate nanoplates (NPs). Znz(OH),V,0;-2H,0
itself shows fascinating optical properties, owing to its
distinctive structure wherein alternate layers of Zn octahedra
are connected by pyrovanadate groups.'*** Previous studies of
Zn3(OH),V,0,-nH,0 samples with a range of morphologies
have reported strong visible light emission in the range 400-
700 nm, and attributed energy levels in the band gap to zinc
vacancies.'® Two-dimensional (2-D) ultrathin NP samples in
general (of which Zn;(OH),V,0,-2H,0 NPs are an obvious
example) are attracting particular interest. These NPs are highly
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anisotropic and endowed with charge transfer and separation
capabilities that are well suited for combining with CQDs in
such a way as to modify the PL properties.””**

Here we report the straight forward hydrothermal synthesis
of CQD/Zn;(OH),V,0;-2H,0 NP composites. The structure and
morphology of the as-prepared samples were characterized to
confirm the incorporation of CQDs and Zn;(OH),V,0,-2H,0
NPs. The PL properties of pure Zn;(OH),V,0,-2H,0 and of the
CQD/Zn;3(OH),V,0,-2H,0 NP composite samples were investi-
gated, compared and contrasted to demonstrate the effective
suppression of blue emission from the latter. Possible mecha-
nisms for the observed modification of the PL properties are
discussed.

2. Experimental
Preparation of CQDs

A mixture of 2.5 g sucrose (C;,H,,04;) dissolved in 50 ml
deionized (DI) water was transferred into a 50 ml Teflon-lined
stainless steel autoclave and heated at 180 °C for 5 hours.
After completion of the reaction, the resulting dark brown
solution was centrifuged to yield CQDs.

Synthesis of Znz(OH),V,0--2H,0 nanoplates

1 mmol vanadium pentoxide (V,0s), 5 mmol hexamethylene-
tetramine (C¢H;,N,), 1 mmol zinc acetate dihydrate (CHj;-
C00),Zn-2H,0 and 3 mmol sodium sulfate (Na,SO,) were
dissolved in 30 ml DI water. The obtained homogeneous
suspension was transferred into a 50 ml Teflon-lined autoclave
and heated in an oven at 140 °C for 24 hours. The resulting
white product was washed and dried in a vacuum oven (0.08
Mpa) at 60 °C for 12 hours.

Fabrication of CQD/Znz(OH),V,0;-2H,0 NP composites

10 ml of CQD solution and 30 ml of Znz(OH),V,0;-2H,0 solu-
tion with respective concentrations of 1 and 10 mg ml~" were
mixed and then placed in an autoclave. The mixture was heated
in an oven at 80 °C for 5 hours. The product was washed with
distilled water and dried in a vacuum oven (0.08 MPa) at 50 °C
for 12 hours.

Characterization

The structure, morphology and composition of the products
were characterized by X-ray Diffraction (XRD), Field Emission
Scanning Electron Microscopy (FE-SEM), High Resolution
Transmission Electron Microscopy and Selected Area Electron
Diffraction (HRTEM and SAED), X-ray Photoelectron Spectros-
copy (XPS), Raman (532 nm excitation) and Fourier Transform
Infrared (FTIR) Spectroscopy. The electronic absorption spec-
trum of the CQDs in aqueous solution was recorded using a UV-
Vis spectrophotometer, and fluorescence emission spectra were
measured following steady state/transient illumination at
selected wavelengths (A, at 20 nm intervals in the range 320-
500 nm) from the continuum emission of a high pressure xenon
lamp. PL spectra of the Znz(OH),V,0;-2H,0 NP sample and the
CQD/Zn;3(OH),V,0-2H,0 NP composites were measured using
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a Raman spectrometer with a He-Cd (325 nm) excitation laser at
room temperature.

3. Results and discussion

The microstructure of the as-grown CQD/Zn;(OH),V,0;-2H,0
NP composite samples has been characterized by several
complementary techniques. All diffraction peaks in the XRD
spectrum match with the documented pattern for hexagonal
phase Znz(OH),V,0;-2H,0 (JCPDs, no. 50-0570). The full-width
at half maximum (FWHM) values of the peaks are sensitive to
their (hkl) indices, indicating a highly anisotropic structure.*
No diffraction peak attributable to carbon was detected,
reflecting the small volume fraction and low crystallinity of the
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Fig. 1 (a) XRD pattern, (b) SEM, (c) TEM and (d, f and g) HR-TEM
images, along with (e) the SAED pattern of the as-prepared CQD/
Zn3(OH),V,07-2H,0 NP composites.
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Fig.2 (a) Survey XPS spectrum of the as-prepared CQD/Znz(OH),V,0,-2H,O NP composites along with expanded views of the (b) C 1s, (c) V 2p

and (d) O 1s binding regions and illustrative deconvolutions as described in the text.

CQDs (Fig. 1(a)). Numerous NPs with smooth surfaces, regular
edges and lateral dimensions of the order of several to tens of
microns are observable in the SEM image (Fig. 1(b)), which
bodes well for applications that might require high levels of
surface interactions.”

TEM and SAED analysis revealed additional subtleties con-
cerning these CQD/Zn;(OH),V,0;,-2H,0 NP composites. The
low resolution TEM image (Fig. 1(c)) accords with the SEM
results and the associated SAED pattern (Fig. 1(e)) exhibits clear
diffraction spots in a hexagonal configuration, showing that the
dominant phase is hexagonal (P3m1) with a high degree of
crystallinity, and that the preferred growth direction is normal
to [0001]. The HRTEM image (Fig. 1(d)) shows that the CQDs are
well dispersed and have small diameters in the range 5-7 nm.
Lattice fringes associated with both CQDs (I) and Zn3(OH),V,-
0;-2H,0 NPs (1) can be seen in the enlarged patterns (Fig. 1(f)
and (g), respectively). The 0.27 nm lattice spacing is associated
with the CQDs, which is a little larger than the spacing of the
(020) plane of graphitic carbon (0.25 nm), while the 0.30 nm
spacing corresponds to the (012) plane of the Zn3;(OH),V,0,-
-2H,0 NPs.t

The composition and the surface properties of the CQD/
Znz(OH),V,0,-2H,0 NP composites were also investigated by
XPS. The full survey spectrum (Fig. 2(a)) indicates the presence
of zinc (Zn 2p), carbon (C 1s), vanadium (V 2p) and oxygen (O
1s). An enlarged view of the C 1s binding energy region is shown
in Fig. 2(b), wherein the peaks were fitted as four components
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corresponding to C-C, C-dots, C-O and C=O0 bonds, respec-
tively.”>** No peaks attributable to Zn-C or V-C bonds were
identified, implying that the CQDs are not present as dopants in
the composite material. Fig. 2(c) shows V 2p3/, and V 2p,, peaks
at 517.8 and 524.8 eV, respectively, attributable to the V-O
bonds in the [V,0,]'" anions. Peaks at binding energies asso-
ciated with O 1s are identified at 530.2, 531.6 and 533.0 eV
(Fig. 2(d)) and ascribed to Zn-O and V-O bonding, to C=0
bonding and to H,0, respectively.>*>*

FTIR and Raman spectra of the as-prepared Zn3;(OH),V,0-
-2H,0 NPs and the CQD/Zn3(OH),V,0;-2H,0 NP composites
are compared in Fig. 3. The clear Raman peaks at 250, 329, 434,
478, 796 and 869 cm ' (Fig. 3(a)) are all characteristic of
hexagonal Zn3;(OH),V,0-2H,0. No extra features attributable
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Fig. 3 (a) Raman and (b) FTIR spectra of the as-prepared Zns(OH),-
V,07:2H,0 NPs (black) and of the CQD/Zn3(OH),V,0,-2H,O NP
composite (red).
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Fig. 4 UV-Vis absorption and PL spectra of the as-prepared CQDs
following illumination at progressively longer excitation wavelengths
(stepped in 20 nm increments across the range 320 =< Ao, = 500 nm).
The corresponding normalized emission spectra are shown in the
inset.

to bonding in the CQD/Zn3(OH),V,0,-2H,0 NP composites
were observed in this region, indicating the stability of the
matrix structure.”’?® FTIR features attributable to intrinsic
Zn;(OH),V,0,-2H,0 NPs are found in two wavenumber
regions. Peaks in the 600-950 cm ™" region are associated with
symmetric and asymmetric V-O-Zn and V-O-V vibrations,
while both symmetric stretching and bending vibrations of H,O
and the vibrations of any surface adsorbed CO, molecules
typically fall at higher wavenumber (in the range 1600-
3600 cm™").*** The additional features at 621 and 1137 cm ™",
which do not match with the documented peaks of hexagonal
Zn;(OH),V,0,-2H,0 and can be associated with C-O and C=0
stretching vibrations,* hint at contributions from the CQDs.
Thus it is tempting to propose that the CQD/Znz;(OH),V,0,-
-2H,0 NP composites are constituted by the formation of C-O
and C=0 bonds between the surfaces of the CQDs and Zn;(-
OH),V,0,-2H,0 NPs.

The UV-Vis absorption and fluorescent properties of the
CQDs were investigated in aqueous solution: results are shown
in Fig. 4. The absorption curve (black line) shows an intense
peak at ~284 nm that can be assigned to C=C bond localized
7* « T excitations and a much weaker tail stretching to longer
wavelengths consistent with a C=0 bond localized ©* < n
transition.***> The PL spectra taken at progressively longer
excitation wavelengths (), stepping in 20 nm increments
between 320 and 500 nm (colored line), reveal a clear Aey-
dependence to the peak emission wavelength (A.,) and its
intensity, though we recognize that the latter dependence must
be convoluted with the A..-dependent excitation light intensity.
As noted elsewhere, such observations point to the existence of
a range of emission traps at surface sites on the CQDs.***

Fig. 5 shows further analysis of the CQD PL data. In all cases,
the energy corresponding to the peak of the emission spectrum
(Eem) lies below the excitation energy (Ecx), i.e. below the Ee,, =
E line, confirming that the Stokes' shift is positive throughout
the range 320 =< A, = 500 nm. The origin of the phenomenon is
not yet entirely understood, but it is generally assumed that the

This journal is © The Royal Society of Chemistry 2018
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Fig.5 Plot showing the variation of E¢py, With Eey. Eemn = Ecyx IS Shown by
the red line, and each data point is additionally labelled by the corre-
sponding Aex value (in nm).

emission and its shift with E., arise from the radiative recom-
bination of excitons located at surface energy traps.**-*

Data such as those shown in Fig. 4 and 5 have attracted
interest, both from a fundamental perspective and in the
context of practical applications. These data for the as-prepared
CQDs are now compared with the room temperature PL spectra
(Aex = 325 nm) of a CQD/Zn;(OH),V,0,-2H,0 NP composite
sample and of pure Zn;(OH),V,0,-2H,0 shown in Fig. 6 (red
and blue curves, respectively). Both spectra show two broad
emission bands, centered at energies below the band gap of
Zn3(OH),V,05-2H,0 (~3.35 eV)."*'**° As noted elsewhere, these
emissions are likely to arise from energy levels in the band gap
induced by local defects such as zinc vacancies.'® As Fig. 6 also
shows, these PL spectra can both be decomposed as the sum of
two Gaussian features centered at 2.33 and 2.93 eV, but the
relative peak intensities are substantially modified when CDQs
are attached. Specifically, the relative intensity of the higher
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Fig. 6 PL spectra (Aex = 325 nm) of the as-prepared Znz(OH),V,05-
-2H,0 NPs (blue) and CQD/Zn3(OH),V,05-2H,0O NP composites (red).
The corresponding best-fits in terms of a sum of two Gaussian features
centered at 2.33 and 2.93 eV are shown by the solid and dashed lines,
respectively. The two PL spectra have been normalized to the same
peak intensity, but have been offset vertically by 0.1 a.u. for display
purposes.
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Fig.7 Schematic illustration of the mechanism for the modification of
the PL from CQD/Znz(OH),V,057-2H,0O NP composite samples.

energy (blue) emission feature is reduced by ~50% relative to
that of the lower energy feature.

Fig. 7 suggests, schematically, how the presence of the
CQDs could influence the PL spectrum of the CQD/Zn;(OH),-
V,05-2H,0 NP composite samples. The CQDs, which are both
excellent electron donors and electron acceptors, are well
dispersed on the surface of the Zn;(OH),V,0,-2H,O NPs.
Incident 325 nm photons (with energy Av,) are absorbed by the
CQD/Zn;3(OH),V,0,-2H,0 NP composite, generating photo-
electrons. Some of these result in light emission from the
Zn;(OH),V,0,-2H,0 NPs themselves at energies hv; (2.33 eV)
and hv, (2.93 eV), but other photoelectrons transfer to lower
energy sites on the surface of the CQDs resulting in (relatively)
increased visible and reduced blue emission.'**** Such
proposed selective absorption of photoelectrons by the CQDs
lacks systematic definition at this time, but we speculate that
the CQDs support a high density of energy states (as a result of
size quantization, irregularly spaced surface defects and
adsorbed functional groups) that offer a wide range of chem-
ical potentials and enable modification of the PL emission.
Clearly, there is a pressing need for more detailed investiga-
tions of, for example, the excited state dynamics and recom-
bination processes in CQD/Zn;(OH),V,0;-2H,0 NP composite
materials.

4. Conclusions

We report the characterization of CQD/Znz(OH),V,0;-2H,0 NP
composites prepared via a simple hydrothermal process. The
CQDs appear to be accommodated through C-O and C=0
bonds to the surfaces of the Zn;(OH),V,0;-2H,0 NPs. Further,
PL measurements show that CQDs can be used to modify the PL
properties of Zn;(OH),V,0-2H,0 NPs, specifically reducing the
relative intensity of the blue component within the overall
emission - thereby ameliorating the possibility of blue-light
induced damage to, for example, photoreceptor cells. Such
novel composites offer new insights into the design of efficient
optoelectrical devices and could serve to inspire future tech-
nological applications in this field.
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