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Carbon dots (CDs) are an emerging class of photoluminescent material. Their unique optical properties
arise from the discrete energy levels in their electronic states, which directly relate to their crystalline and
chemical structure. It is expected that when CDs go through structural changes via chemical reduction or
thermal annealing, their energy levels will be altered, inducing unique optoelectronic properties such as
solid-state photoluminescence (PL). However, the detailed structural evolution and how the opto-
electronic characteristics of CDs are affected remain unclear. Therefore, it is of fundamental interest to
understand how the structure of CDs prepared by hydrothermal carbonisation (HTC) rearranges from a
highly functionalised disordered structure into a more ordered graphitic structure. In this paper, detailed
structural characterisation and in situ TEM were conducted to reveal the structural evolution of CDs
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during the carbonisation process, which have demonstrated a growth in aromatic domains and reduction
in oxidation sites. These structural features are correlated with their near-infrared (NIR) solid-state PL pro-
perties, which may find a lot of practical applications such as temperature sensing, solid-state display
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Introduction

CDs are emerging luminescent nanomaterials for energy, bio-
imaging, optoelectronic and catalysis applications.'™ In par-
ticular, CDs resemble semiconductor materials with small
energy gaps, excellent luminescence properties and high
carrier mobilities and concentrations, making them good can-
didates to replace the more traditional materials such as semi-
conductor quantum dots and graphene. Thermally treated
CDs have recently emerged as electrode materials for various
applications such as supercapacitors,® batteries,” electrocata-
lysts,® as well as NIR emitting ink materials for security
applications.®'°

CDs structure contains saturated sp® carbon atoms bound
to oxygen, as well as conjugated sp” carbon atoms forming gra-
phene flakes. Generally speaking, these complexed structures
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lighting and anti-counterfeit security inks.

govern the optical properties of the CDs, which may arise from
the n-conjugated core, dopant containing functional groups
and/or fluorescent molecules attached to the surface.'’*?
While current research has primarily focused on understand-
ing the structure of pristine CDs for direct utilisation,"* under-
standing their structural evolution during thermal treatment is
lacking in the literature. This is important if thermally treated
CDs materials are to be applied for the above-mentioned appli-
cations, as the necessary insight into the graphitisation
process and in changing the oxygen functionalities may
provide guidance for designing carbon materials with well-
defined chemical and electronic structures. For example, the
structural transition via chemical or thermal annealing
leading in gradual oxygen removal can alter their electronic
structure and energy gaps,''>'® inducing unique opto-
electronic properties such as solid-state PL.

Herein, in this paper, a set of freshly hydrothermally pre-
pared CDs from glucose at 200 °C for 12 h were further carbo-
nised under an inert atmosphere at different temperatures to
produce different degree of graphitisation and tune their oxy-
genated states. Structural analysis by ex situ transmission elec-
tron microscopy (TEM), X-ray diffraction (XRD) and Raman
spectroscopy has revealed that all of the nanostructured CD
materials exhibit local-range crystallinity but lack of long-range
order (i.e. high crystallinity). While these traditional
approaches are insightful, it is difficult to reveal local atomic
structures.'” Thus, we have employed the atomic pair distri-

This journal is © The Royal Society of Chemistry 2022


www.rsc.li/nanoscale
http://orcid.org/0000-0002-5876-0294
http://orcid.org/0000-0002-8082-3693
http://orcid.org/0000-0003-0773-2100
http://crossmark.crossref.org/dialog/?doi=10.1039/d1nr07015k&domain=pdf&date_stamp=2022-01-17
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1nr07015k
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR014003

Open Access Article. Published on 25 December 2021. Downloaded on 8/1/2025 3:19:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

Nanoscale

bution function (PDF) derived from synchrotron based high-
energy X-ray total scattering to probe the average nano-crystal-
line structure evolution process.'® This function gives a
measure of the probability of finding atom pairs located by
certain distance and is sensitive to local structure.'®*° Fourier-
transform infrared spectroscopy (FTIR) and X-ray photon spec-
troscopy (XPS) were then conducted to investigate the different
characteristics involving oxygen species at each annealing
stage. Dynamical in situ TEM was further applied to study
structural changes during carbonisation. Combining findings
from multiple experimental methods and their interpretation
by both ex situ and in situ methods, a “complex model”* is
then proposed to unveil the structural evolution of CDs under
thermal treatment. The solid-state PL of CDs at different car-
bonisation stage was investigated, which may arise from the
phosphorescence induced by electron transition in narrowed
energy gap between excited singlet S; and triplet T states, as a
result of higher graphitisation degree and oxidation densities,
but the correlation with structural evolution needs further
investigation. The correlation between pyrolysis temperature
and physico-chemical properties should guide further devel-
opment of CDs applications such as forming conductive elec-
trode materials for electrochemical applications,® inducing
distinctive optical properties for security applications, such as
solid-state display lighting and security inks.’

Results and discussion

CDs were prepared via hydrothermal carbonisation of glucose
in water at 200 °C for 12 hours,>' denoted as HTC-CDs.
Detailed characterisation on this sample can be found in our
previous published work.”> Further carbonisation under
different temperatures at 350 °C, 550 °C and 750 °C in N,
atmosphere was carried out to investigate the structural evol-
ution of the CDs. The samples presented in this work are
denoted CDs_350_N,, CDs_550_N,, CDs_750_N,, respectively.

The ex situ TEM images of the HTC and pyrolyzed CDs
shown in Fig. 1 display the presence of crystalline regions in
all samples. The spots in the diffraction patterns (insets in
Fig. 1) suggest that crystallisation/graphitisation is present in
all specimens. With increasing temperature, the CDs become
more crystalline, especially in CDs_750_N, sample, where
highly ordered lattice fringes with d-spacing at 0.353 nm can
be seen, corresponding to extended graphitic (002) crystal
planes.*

XRD and Raman spectroscopy are employed to study the
crystallinity in the above-mentioned samples. The XRD pattern
(Fig. 2a) of the original HTC-CDs displays a single broad peak
centered around 21° indicating a low level of structural order-
ing in the sample. The peak corresponds to a set of sp’
carbons-graphitic carbons with stacking faults, known as tur-
bostratic carbons.>® When the annealing temperature reaches
550 °C, the peak showed a shift towards 20 = 25°, corres-
ponding to (002) crystal plane of graphitic carbon, and indi-
cates a decrease in the average interlayer spacing.”” This is
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Fig.1 Ex situ TEM images of (a) HTC-CDs, (b) CDs_350_N,, (c)
CDs_550_N; and (d) CDs_750_N,, insets correspond to the fast Fourier
transforms (e.g. digital diffraction patterns) of each image. The
d-spacing labelled here are read from the diffraction patterns by
DigitalMicrosgraph software.
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Fig. 2 (a) XRD patterns and (b) Raman spectra of all CD samples.

probably attributed to the removal of functional groups at
higher temperature which increased the molecular orientation.

The spectrum of CD_750C_N, displays a second peak at 26 =
43° related to two-dimensional order in graphene-like regions
and therefore may be assigned to the (100) reflection of a gra-
phene plane, suggesting a higher degree of crystallization.
The evolution in XRD patterns with temperature reveals that
annealing process makes the graphitic planes grow larger as
well as more ordered, consistently with the observations from
TEM images (Fig. 1). The broadness and low intensity of the
(002) and (100) peaks compared to the background suggests
the topological distortion still remains at a significant level.
Thus, only a small fraction of carbon is located in graphene
like clusters that have sufficiently high orders to contribute to
an electron diffraction peak. The majority of carbon atoms is
assumed to be in a more disordered, amorphous environment/
state and in small, distorted aromatic clusters.?®
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Raman spectroscopy provides a measure of disorder in the
carbon bonding network®” and is a convenient tool to study
the structure of carbon materials with low long-range order.
Completely graphitized carbons present two prominent spec-
tral features: a characteristic G band originated from the
stretching of sp> carbon atoms, and a dispersive D band,
which is activated by structural disorder and defects and sp®
coordination. The Raman spectra of all CD samples were fitted
with a combination of Lorentzian + Breit Wigner Fano (BWF)
line pair (Fig. 2b). The strength of this combination is the
better fit quality, and it enables fitting spectra of different
shapes with the same set of functions.*® The Ip/I ratios were
calculated from peak heights®® and the results were summar-
ised in Table 1.

Compared to the original HTC-CDs sample, annealing
leads to an increase of the D peak intensity and a shift of the
G peak position to higher wave numbers. This is in accordance
with increasing order of the carbon phase in stage 2 of the
Ferrari-Robertson model, which describes the transition
between amorphous carbon and nanocrystalline graphite.”®
This behaviour is a result of stronger clustering of sp> carbon
in aromatic rings (Ip/Ig ratio) and a shortening of the average
C=C distance with higher vibration frequency (G peak
shifts).>® The development of D band stems from the increased
amount of six-fold aromatic rings clustering in small regions,
creating distortion in the long-range order. The full width at
half maximum (FWHM) of G peaks decrease with increasing
order, according to the lower bonding-angle distortion.”**’

The X-ray PDFs for the CDs annealed at different tempera-
ture are derived from the Fourier transform of the background
signal corrected, baseline normalised total scattering data
(Fig. 3a). The spectra plotted over a wide interatomic distance
range can be found in Fig. S1 (ESIt). All samples display sharp
peaks at the low-r region, with only HTC-CDs showing some
fluctuation above 20 A. As these fluctuations indicate the pres-
ence of largely amorphous domains, it might correspond to
some unreacted glucose residues or water molecules re-crystal-
lized and have been removed during carbonisation process.
The spectra of CDs_350_N, and HTC-CDs are quite similar
with peaks only up to 5.5 A, indicating similar structural
arrangements. The PDF peaks of CDs_550_N, sample also
appear only up to 5.5 A, however, the peak shapes have
become sharper and show higher intensity, especially at
~4.3 A and ~5 A. By further annealing to 750 °C, CDs showed
intermediate ordering, with peaks up to 12 A and even higher
intensity. Variation in the peak positions and intensities of

Table 1 Summary of the analysis of Raman data for all CDs. Data fitting
has been carried out using Lorentzian + BWF peaks

D band position (cm™) G band position I/
Samples Lorentzian/FWHM (em™) BWF/FWHM  Ig
HTC-CDs 1357/156 1583/65 0.19
CD_350_N, 1355/135 1595/58 0.27
CD_550_N, 1364/200 1599/39 0.46
CD_750_N, 1355/160 1604/39 0.61
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Fig. 3 PDF spectra of all CD samples (a) and the graphene model used
to calculate PDFs of (b) CDs_350_N,; (c) CDs_550_N, and (d)
CDs_750_N,. For PDF calculation, the isotropic atomic displacement
parameter, Ui, = 0.006 A% was used.

particular correlations in the PDFs reflect subtle changes in
the short-and intermediate-range order of annealed CD struc-
ture. The increased peak intensity and longer range signals
occurred with high temperature treatment are attributable, in
part, to an ordering phenomenon involving structural
rearrangement of basic structural units and the local molecular
orientation occurrence.’®*' The peak positions corresponding
to interatomic distances within the CDs structure are well-
matched to those in graphene fragments.*> With increasing 7,
the PDF peaks became dampening, indicating the presence of
structural disorder. In addition, the absence of peaks that
corresponds to graphene-sheet interlayer distances suggests
that the disorder is turbostratic, in line with the XRD results.>*

The experimental PDF spectra of different CDs are simu-
lated with cluster models. Aromatic clusters with various sizes
and shapes were cut from the graphite structural model shown
in Fig. S2,f and the corresponding PDFs were calculated.
Fig. 3b-d show the best cluster models that reproduce the
experimental PDF features.>” These results indicate that with
increasing annealing temperature, the carbon backbones of
HTC-CDs are mostly preserved up to 350 °C. Further annealing
to 550 °C results in higher concentration of aromatic clusters,
but their sizes are not expanded significantly. When tempera-
ture reaches 750 °C, a rapid growth of graphitic planes takes
place, which results in an ordering of intermediate ranges. No
obvious peaks beyond 12 A give the indication of disorder
within the structure, which possibly arises from a combination
of sheet curvature and termination of the carbon fragments.*?
These observations are in line with the TEM, XRD and Raman
results. However, to thoroughly understand the experimental
PDF data, further investigation to couple with materials
dynamic simulation will need to be carried out.**

As functional groups are known to alter the emission
mechanism of CDs,”> FTIR and XPS spectra were used to

This journal is © The Royal Society of Chemistry 2022
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detect the presence of oxygenated sites on the surface of the
CDs.

The transformation of glucose under hydrothermal con-
ditions produces CDs with relatively high amounts
(20-40 wt%) oxygen functionalities.>"*> The CDs chemical
composition was calculated from the XPS results and pre-
sented in Fig. 4a. The C/O ratio in all CD samples follows a
linear relation with increasing carbonisation temperature,
where higher carbonisation temperature brings lower percen-
tage of O atoms (18.0, 14.1 and 9.7 at% for CDs_350_N,,
CDs_550_N, and CDs_750_N,, respectively), confirms that
increasing temperature would results in less oxidised sites.
The FTIR spectra coupled with the deconvolution of XPS
spectra show that HTC-CDs exhibit more chemical states (see
Table 2 for the corresponding wavelength and binding ener-
gies). Because of the unreacted glucose residues conjugated at
the CDs surface, as indicated from the fluctuation about 20 A
in PDF, the surface sensitive XPS showed higher contents of C-
C sp® and C-C/C-O sp®, results in a lower content of C-O-
C/C=0 bonds. At the low annealing temperature of 350 °C,
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Fig. 4 (a) The composition of CDs (C/O ratio) carbonised at different
stage calculated from XPS spectra, following a linear relation with
increasing annealing temperature; (b) FTIR spectra of all CDs showing
the surface functionality changes with increased annealing temperature;
C 1s XPS spectra of CDs: (c) HTC-CDs, (d) CDs_350_N,, (e)
CDs_550_Np, (f) CDs_750_N,.
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Table 2 FTIR wavelength, chemical composition by atomic percentage
and C 1s binding energy of different functional groups in all CD samples

C-C/C-O0 C-O-
Samples C-C sp® sp® C C=0 COOH
FTIR wavelength ~ 1500-1600 1045 1160  ~1750 1700,
(em™) 1394
XPS binding 284.6 285.2 286.1 2872 288.6
energy (eV)
HTC-CDs 66% 23% 8% 3%
CD_350_N, 56% 23% 15% 4% 2%
CD_550_N, 82% 11% 5% 1% 0%
CD_750_N, 83% 13% 4% 0% 0%

the glucose residues are removed, yet most of these functional
groups are retained in CD_350_N, (Fig. 4b-d). However, a
further increase in annealing temperature decreases the
number of functionalities. Ketone (~1750 cm™") and carboxylic
acid groups (1700 and 1394 cm™') decompose first between
350 and 550 °C as the corresponding peaks disappear on the
FTIR and XPS spectra (Fig. 4b-f). The same case happened
with C-H from aliphatic bridge structure at 1445 cm™", which
disappeared at 550 °C in FTIR. Other bonds, such as the C-H
alkane bonds at 871 cm™" and 785 cm™*, and C-O/C-OH from
lactone bridges at 1045 cm™', gradually disappeared during
temperature increase between 550 °C and 750 °C.*° The dra-
matic decrease of hydroxyl/epoxy group percentage and carbo-
nyl/carboxyl groups drop towards 0 in XPS spectra of
CDs_550_N, sample has further confirmed it.>’*° At 750 °C,
most of the functional groups have decomposed. The carbon
matrix highly absorbs IR and display a nearly flat line in FTIR.
Solely the more stable C-O-C bonds are retained as shown on
the FTIR (1160 cm™"') and XPS spectra. The slight shift of the
C-O-C bonds towards lower wavelength number on the FTIR
is characteristic of the chemical environment changes with
increased temperature as the carbon matrix becomes more
condensed. This transformation is coupled with the more pro-
nounced peaks at 1500-1600 cm™" stem from C=C groups in
FTIR,* and the sharper peaks with a broader asymmetric tail
towards higher binding energy for C=C groups in XPS, which
indicate that larger sp> carbon domains form with increasing
temperature.’” These results are consistent with the PDF
model of CDs_750_N,, further proves the enlargement of the
graphitic fragment during annealing process. However, still
more than 10% sp3 carbon atoms exist in CD_750_N,,
suggesting a graphitisation process with considerable disorder
in the structure, in agreement with the changes in the Raman
spectra.

Another observation is that in O 1s spectra (Fig. S31) all the
signals from carbon-oxygen bonds have shifted towards
higher binding energy, as listed in Table S1.t It is considered
that the respective atoms are more positively charged, which
can be assigned to the changes of oxygen chemical environ-
ment in the sample. At higher temperatures, the volatilization
process leads to the disappearance of some carbon atoms,
mainly the ones connected with oxygen. In this case, the
oxygen atoms also vanish with them, mainly from lower

Nanoscale, 2022,14, 910-918 | 913
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binding energy, while the oxygen with higher binding energy
will preserve, therefore the overall average binding energy
shifts towards higher values. The changes in structure and oxi-
dation sites consequently impact the PL properties as dis-
cussed later in this paper.

The ex situ characterisations of the different CD samples
presented above are indicative of the graphitization process
and changes in the oxygenated functional groups induced by
thermal treatment. To visualise the structural evolution during
pyrolysis, the morphology and structure of CDs were investi-
gated with dynamical high-resolution in situ TEM,*' which
enables to observe continuously the carbonisation process of
CDs. An overview of the structural changes of the amorphous
matrix containing CDs can be seen in Fig. S4,1 which demon-
strates the higher crystallisation degree in CDs structure
during the carbonisation process from room temperature to
750 °C. The digital diffractograms (insets in the Fig. S4T) show
a very weak diffraction patterns at room temperature. Upon
heating to 750 °C, the same area displays highly crystalline fea-
tures, indicating the structural evolution of CDs from semi-
crystalline structure within amorphous matrix towards crystal-
line CDs with graphitic structure, consistent with the obser-
vation from ex situ TEM and XRD results.

During the first stage, temperature was increased from
room temperature to 350 °C at a ramping rate of 20 °C min "
and held at 350 °C for several minutes. No obvious changes
were observed from the area of interest (Fig. S5 and Movie
S1t), suggesting that under 350 °C, the structure of CDs
remains the same as the pristine HTC-CDs. This is in line with
the ex situ structural analysis results, which have shown that
the functional groups on the CDs are retained, as well as the
degree of disorder.

The structural changes start occurring when the tempera-
ture increased to 550 °C at the time of 1 h 12 min, where the
same area starts to show crystalline diffraction patterns (Fig. 5
and Movie S27). At this stage, according to FTIR, most of the
functional groups have decomposed, leaving the C atoms to go
through thermal dynamic rearrangements to form stable and
ordered structures, as can be deduced from the narrowed

Fig. 5 In situ TEM images taken at (a) 350 °C (35 min) and (b) 550 °C
(1 h 12 min). Insets correspond to the fast Fourier transforms of each
image. Weak diffraction pattern can be seen when temperature
increased to 550 °C.
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Raman G bands in CDs_550_N, sample and the slightly larger
aromatic clusters with higher concentration derived from the
X-ray PDF spectrum.

Further holding at the temperature of 550 °C leads to con-
tinued graphitisation process, as displayed in Fig. 6, from 1 h
17 min (a) to 19 min (b), some localised area started to show
higher degree of graphitised structure, a phenomenon that has
increased with time (Fig. 6c¢).

The graphitisation continues rapidly at a higher tempera-
ture (750 °C), where from Fig. 7 the pronounced crystalline
structure of CDs can be observed. At this stage, nearly all the
oxygen groups are gone, as demonstrated by the FTIR and XPS
results. Combined with the Raman results, where CDs_750_N,
sample show similar G band as CDs_550_N, but narrower D
band, here we infer that the remaining sp> C atoms form large
graphitic domains, whereas the sp® C atoms undergo aromati-
sation to form aromatic domains. The electron energy loss
spectroscopy (EELS) Carbon K-edge spectrum of a large area
(400 nm in diameter) in Fig. 7 shows a pre-peak at 284 eV (1s
— 71*) characteristic for the graphite and a broad ¢* peak at
293 eV (1s — o*). The low intensity n* and rather broad c*
peak (typically observed from amorphous carbon materials)
suggest that despite of locally graphitized areas the matrix is
amorphous and dominates the EELS signal. These results are
consistent with the analysis from the PDF data, which indicated
non-graphitized amorphous carbon matrix with embedded CDs.

Based on the above observations, we propose the structural
evolution process of CDs under thermal treatment in an inert
atmosphere. As illustrated in Fig. 8, the structural model at
25 °C represents the chemical structure of the HTC-CDs before
any thermal treatment. After HTC process, the surface is
covered with various oxygen containing functional groups, and
the carboneous core is formed by conjugated sp> carbons with

Fig. 6 In situ TEM images of CDs held at 550 °C from (a) 1 h 17 min to
(b) 1 h 19 min and (c) 1 h 42 min (d) and (e): zoom in of the same area at
1 h 17 min and 1 h 19 min with corresponding fast Fourier transforms,
respectively.

This journal is © The Royal Society of Chemistry 2022
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Fig. 7 (a—c) in situ TEM images with corresponding fast Fourier trans-
forms diffraction patterns of CDs held at 750 °C; (d) EELS spectrum at C
K-edge. The two peaks are assigned to 1s — n* and 1s — ¢*, respectively.

Fig. 8 Illustration of structural evolution process of CDs under thermal
treatment. The model at 25 °C represents HTC-CDs.

turbostratic disorder, whose morphology and crystallinity
remain unchanged up to 350 °C. Slight changes in the chemi-
cal structure take place due to the removal of some HTC resi-
dues (glucose and/or water molecules) and alter the function-
ality and elemental composition. Further increasing the car-
bonisation temperature to 550 °C leads to the removal of
weakly bonded oxygen functional groups and to the ordering
of the conjugated sp> carbon atoms into aromatic clusters.
Those clusters have limited sizes but high local molecular
orientation, which means those basic structural units are
mostly parallel in extended domains as lamellae.*™** Upon
heating to 750 °C, most of the oxygen groups have been
removed, the remaining sp® carbon atoms undergo aromatisa-
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tion to form small aromatic clusters, resulting in a more dis-
ordered structure in the matrix, while the basic structural
units continue graphitisation process to form larger graphitic
structure, i.e. CDs.** This process follows the two-stage graphi-
tization process described by Oberlin et al., which demonstrate
that the first step eliminates most noncarbon components and
initiates formation of an aromatic skeleton consisting of a
network of six-membered, planar rings of carbon.** It is fol-
lowed by the second step consisting mostly of polymerization
and structural rearrangement of the aromatic skeleton towards
the thermodynamically stable layered graphitic structure.*®

It has been proposed that carbon materials with different
band structure modulated by local control of oxidation profiles
can induce solid-state PL, thus acting as a useful photonic
material when incorporated in solid state devices.’® While
there are many reports on solid-state PL properties from
various CDs materials, PL intensity tend to gradually decrease
due to the aggregation between CDs, resulting from the reso-
nance energy transfer, n-n stacking interaction as well as
surface charge.”” Furthermore, their unknown thermal stabi-
lity also limits their potential applications in the solid-state
devices. The current approach to overcome this issue is to
incorporate CDs in other matrices such as nanoporous glass,*”
Polyvinyl acetate (PVA), Poly(methyl methacrylate) (PMMA),
Polyvinylpyrrolidone (PVP) polymers*®*® or microcrystal
materials,®® which may need to sacrifice the optical properties
of the as-prepared CDs. Therefore, if the CDs material can
emit solid-state PL without aggregation quenching and pre-
serve high thermal stability, it is possible to be quickly and
massively applied for practical industrial production.

As mentioned before, CDs after carbonisation display dis-
tinctive crystalline and oxidation sites characteristics, which is
directly linked to their energy gap and is predicted to results in
different optical properties. To correlate the physico-chemical
properties with their optical properties, we measured the solid-
state PL comes from the annealed CDs intrinsically using UV
(325 nm) and visible (442 nm) laser irradiation (Fig. 9). It was
surprising to find that none of the samples showed fluo-
rescence under 325 nm excitation. When switched to a 442 nm
laser, while the original HTC-CDs showed no obvious emission
signal, the carbonized samples showed broad peaks, starting
from 650 nm (red light range) and extended to the NIR regime.
Increasing the carbonization temperature results in a blue-
shift of the emission peak. The NIR emission behaviour is
similar with the PL property reported in solid graphene oxide
(GO), where broad PL suggests a dispersion of hard gaps,
which may arise from bond alternation within the GO plane
giving rise to interval scattering, and the peak shifting is
ascribed to the optical gap change from different oxidization
density.”® In our case, we hypothesize that the growth in gra-
phitic domains and changes in local oxidation sites induced
by thermal oxygen removal modulates the discrete energy
levels within the CDs structure.’® Therefore, we propose that
the raise of solid-state PL is induced by phosphorescence. As
shown in Fig. 9 insert, upon light excitation, the electron tran-
sitions from the ground state (S,) to the first excited singlet
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Fig. 9 (a) Solid-state PL spectra of all CD samples with 442 nm laser
excitation (insert is the visible range emission from HTC-CDs). (b)
Electron transition diagram for phosphorescence.

state (S;), then towards the triplet state (T;) through inter-
system crossing. This transition is generally spin-forbidden in
pristine CDs, but the structural evolution via thermal treat-
ment closed the gap between singlet-triplet energy (less than
0.4 eV), thus making this electronic transition possible, result-
ing in the solid-state PL produced by phosphorescence.>
Because the energy gap between T, and S, is smaller than that
between S; and Sy, the wavelength emitted through phosphor-
escence is significantly red-shifted compared to the normal
fluorescent emissions (in visible light region).> The optical
properties of all CD samples in diluted solution are also inves-
tigated to gain more information about electronic energy tran-
sition. As shown in Fig. S6,1 compared to the HTC-CDs, which
showed clear visible region emission and UV region absorption
associated to n — z* transition, the annealed CDs show no dis-
tinctive features, possibly due to the low solubility and aggre-
gation in aqueous solution. More systematic investigations are
thus needed to better understand the mechanism behind the
NIR emission process.

Conclusions

In conclusion, the structural evolution of hydrothermally pre-
pared CDs under thermal treatment was monitored to under-
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stand the graphitisation process and the evolution of oxygen
functionalities. Structural analysis by ex situ TEM, XRD,
Raman, X-ray PDF, FTIR and XPS was conducted, as well as
dynamical in situ TEM, to investigate the different character-
istics at each annealing stage. The results have shown that,
under N, atmosphere, the morphology and chemical structure
of HTC-CDs are stable under 350 °C, while further increasing
carbonisation temperature leads to the removal of weakly
bonded oxygen functional groups and ordering of the conju-
gated sp> carbon atoms into graphitic planes. At 750 °C, most
of the oxygen groups have been removed, the remaining sp®
carbon atoms undergo aromatisation to form small aromatic
clusters, resulting in a more disordered structure in the
matrix, while the graphitic flakes continue graphitisation
process to form highly crystalline structure. Such information
provides an opportunity to tailor the morphological properties
of pyrolyzed CDs for specific technological applications. The
optical property of such CDs was also studied, which showed
NIR solid-state PL, resemble that of thermally reduced gra-
phene oxide. The distinctive optical properties of annealed
CDs may arise from the phosphorescence induced by electron
transition in narrowed energy gap between excited singlet S;
and triplet T, states, which is a result of higher graphitisation
degree and oxidation densities, but the correlation with struc-
tural evolution needs further investigation. Since the annealed
CDs with high thermal stability show optical response without
incorporating in other metrices, it is possible to be quickly
and massively applied for practical industrial production and
find applications in optics and electronics fields.
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