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Several studies have reported the synthesis of carbon nanoparticles (CNPs) by various methods. In this
study, an easy one-step process to unsheathe CNPs from date palm fronds through a top-down ball
milling method has been reported. The CNPs were characterized using various spectroscopic and
microscopic methods to determine their structural and morphological features, optical properties,
crystallinity, physicochemical properties, and particle stability. Transmission electron microscopy (TEM)
revealed that the obtained CNPs' size ranged from 4 to 22 nm in a crystalline form. Scanning electron
microscopy (SEM) confirmed their spherical shape, while the maximum photoluminescence (PL) intensity
was recorded at 464 nm when excited at 375 nm. The unsheathed CNPs produced a good quantum
yield (QY) of 3.24%. Furthermore, the CNPs exhibited high Raman ratios of Ip/lg and Ip/lg with values of
0.59 and 0.04, respectively, verifying their multilayer crystalline graphitic nature. These Raman ratios also
agree with the X-ray diffractometry (XRD) results. The CNPs' sp? and sp® carbon bonds were confirmed
by X-ray photoelectron spectroscopy (XPS), with oxygen on the surface forming carboxyl and carbonyl

iig:g;i??;iggiiféozz groups with no other observable impurities. Furthermore, the extracted CNPs showed excellent PL
properties for up- and down-conversion. These properties are exemplary for low-cost biomass with

DOI 10.1039/d2ra0418%h potential applications in biomedicine. Therefore, the extracted CNPs reported in this study have potential
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1. Introduction

Fluorescent nanoparticles (FCNPs) have attracted the attention
of the scientific community after the Scrivens group reported
a purifying technique for single-walled carbon nanotubes
(SWCNTSs) in 2004. Their group used an electrophoretic method
from an arc discharge process.' The technique also involved
further study of the fluorescent fractions to produce carbon
nanomaterials. Since then, several studies have investigated the
potential applications of FCNPs in different optoelectronic
fields, including biomedical applications,” while other studies
have focused on improving their potential use in theragnostics*
due to their unique PL emission properties.®

For the past two decades, numerous experiments and strat-
egies have been developed to determine the efficiency of
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FCNPs.*” The parameters responsible for CNP fluorescence are
passivation reagents and size reduction, which are the key
factors determining the emission wavelength.*” It has been
reported that passivating the CNP surface may drastically
increase the fluorescence QY%.® Sun et al. (2006)® and Liu et al.
(2009)° reported the effects of CNP size on the PL quantum yield
percentage (QY%). They stated that large CNP particles present
poor QY% and small CNP particles show high QY% in addition
to an increasing energy gap approaching that of quantum
dots.®® However, the preparation technique controlling the CNP
fluorescence remains a challenging factor. Previous reports
have stated that the important parameters behind the CNP
photoluminescence (PL) characteristics are the intensity and
wavelengths of the emission and excitation.’ Furthermore,
changes in the CNP PL characteristics may be related to the
tuning of surface-state properties such as the doping of
heteroatoms, functional groups, excitation of carbon, emission
traps, structures of the aromatic conjugate and free zigzag
regions.’**®

The PL mechanism changes with the different techniques
and passivating agents used during CNP extraction.** The major
CNP challenges till date are achieving large-scale production
with stable efficiency, their isolation techniques and their purity
studies.'®*>¢ Retrospective studies indicate that different CNP
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synthetic techniques may present different QY% values. For
example, a technique involving high-energy ion-beam radiation
may create point defects in the produced CNPs,” whereas
a thermal decomposition technique may produce CNPs with
low QY%. In addition, the gel-electrophoresis technique
produces CNPs that emit assorted colors for different carbon
materials derived from metal-organic frameworks by the
reduction of oxygen.'*'®* However, separating these CNP color
emissions remains a challenge.'*>12¢

FCNPs emit distinct colors. For instance, octadecyl amine
with carbon nanodiamond functionalization produces a blue
color,” while nitrogen doping produces red fluorescence.
Furthermore, techniques including thermal decomposition and
laser ablation produce ultrafine CNPs with full color emission
and low QY%.?*** FCNPs are important biomedical materials
due to their unique characteristics, including sensitivity, water
solubility, photovoltaic efficiency, photostability and biocom-
patibility with the target. It should be noted that the origin and
synthetic technique of the FCNPs determine their absorbance
and PL efficiency along with their functional groups.*®%16:20:2425

Saudi Arabia has more than 25 million date palm trees with
400 different varieties and a date production of approximately
40 kg per tree.”® Therefore, extracting CNPs from these date
palms fronds has several benefits including large-scale
production in an environmentally friendly, sustainable and
renewable manner. Most previous studies have reported CNP
preparation using bottom-up methods such as the hydro-
thermal procedure,*** with few studies reporting top-down
techniques using high-energy ball milling.** The ball milling
technique produces CNPs by crushing large-carbonized parti-
cles inside a steel jar. The inner part of the steel jar may accu-
mulate heat and pressure during crushing. CNPs produced
using ball milling have features such as excellent graphitic
character and low QY%.3'3*

In view of the above considerations and to the best of our
knowledge, no study has reported on the up-conversion PL
properties and chemical structures through Raman spectros-
copy for reduced-size CNPs extracted from date palm fronds.
Studying the chemical structures of the CNPs through Raman
spectroscopy may highlight the graphitic CNPs' purity and
presence of defects in the chemical structures. Therefore, this
study focuses on extracting CNPs from date palm fronds and
evaluating their optical properties, including PL up-conversion,
and their structural properties to determine their potential
applications in optical imaging.

2. Materials and methods
2.1 Synthesis of the CNPs

The date palm fronds used in this study were sourced from
Jeddah, Saudi Arabia, and prepared following the procedure in
Salah et al®** The fronds were cut into small pieces and
carbonized at 400 °C using a muffle furnace. Thereafter, ball
milling with a Retsch PM 400 instrument was used to synthesize
the novel CNPs by placing the carbonized particles (CPs) in the
machine for 15 hours at a speed of 200 rpm.** The stated CNP
preparation procedures are described in Fig. 1.
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2.2 Unsheathing the PL of the CNPs and their size

The size of the CNPs was further reduced by dissolving
25 000 mg of CNP powder in 1500 ml deionized water (DI) and
magnetically stirring for 24 hours at 80 °C. The mixture was
filtered using Whatman filter paper to collect particles of
homogeneous size. The mixture was further centrifuged at
4000 rpm for 1 hour to collect the smallest homogeneous
particles. Hence, the mixture was found to contain a 16.58 +
0.36 mg ml~" concentration of ultrafine CNPs at pH 7.23. The
mixture was prepared in three replicates to ensure the repro-
ducibility of the results and a yield value of 69.89% =+ 0.47% was
obtained. Furthermore, the CNP mixture is a light brown
aqueous hydrophilic mixture when exposed to sunlight and
emitted bright blue light under ultraviolet visible light at an
excitation wavelength of 365 nm.

2.3 Characterizations of the CNPs

2.3.1 Morphological characterization. = Morphological
studies of the CNPs were conducted using two different tech-
niques: high-resolution transmission electron microscopy (HR-
TEM) and scanning electron microscopy (SEM). The HR-TEM
system used in this study was an ARM 200F system with up to
0.07 nm precision and crystallinity. It can determine the surface
morphology as well as the material crystallinity. The CNP
samples were studied by applying two drops of sonicated CNP
mixture on the HR-TEM grid and allowing the drops to dry
before inserting the samples into the system. Additionally, the
surface morphology and porosity of the CNPs were studied
using a LYRA A3 TESCAN system with 10 kV applied voltage. In
this case, two drops of the mixture were applied on carbon tape
and the tapes were allowed to dry prior to investigation.

2.3.2 Structural and optical analysis. X-ray photon spec-
troscopy (XPS) was used for identify the elemental content and
related functional groups present in the CNPs. Drops of the CNP
mixture were poured into a silicon substrate for XPS analysis.
The CNPs' PL emission/excitation spectra were studied using
spectral fluorophotometry (RF 5301, Shimadzu, Japan). In this
case, the CNP mixture was studied directly by adding the
mixture into a cuvette tube and recording the PL emission and
excitation spectra. The photon absorption spectra were inves-
tigated using a PerkinElmer Lambda 750 with a similar cuvette
as that used in the PL study. The CNPs' molecular fingerprints
were analyzed using micro-Raman spectroscopy (Thermo Fisher
Scientific, Boston, USA) in addition to Fourier transform
infrared (FTIR) spectroscopy (Nicolet IS10 FTIR spectrometer
(Thermo-Scientific)). The Raman system used an excitation
wavelength of 532 nm and a power of 6 mW. The CNPs' crys-
talline structure was investigated using X-ray diffractometry
(XRD) on an Ultima-IV system with an accelerating voltage of 40
kv, current of 30 mA, and Cu Ka wavelength of 1.541 A. The
other preset parameters were an angular range of 10° to 80° with
a step size of 0.05°. Additionally, the CNPs were further analyzed
using high-resolution confocal scanning microscopy (CM) with
a LSM 780 system (Carl Zeiss, Germany).

The CNPs' fluorescence images were captured using CM
scanning at excitation wavelengths ranging from the blue

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of the CNPs extracted from date palm fronds through the carbonization and ball milling processes, and finally
filtered with DI water and centrifuged to obtain homogeneous CNPs. Liquefied CNPs were excited under UV light and exposed to natural light.

region to near-infrared (NIR). The samples were prepared by
simply drying a few drops of the CNP mixture on glass slides
and these glass slides were used for the FTIR, Raman, XRD, and
CM studies. Lastly, the stability and colloidal behavior of the
CNPs were studied using zeta potential analysis. The samples
were prepared in a disposable cuvette that was specific for the
instrument and measured at room temperature while moni-
toring the pH value.

2.3.3 Quantum yield (QY) determination. The PLQY% of
the CNPs were calculated using William's method.***¢ In this
calculation, quinine sulfate®” was used as a reference sample for
analyzing the QY.

_ FrAsQOvr ﬁ

= 1
st FsAr ng? ( )

where Fg denotes the integral area of the CNPs' PL emission at
464 nm, Fr denotes the integral area of quinine sulfate PL
emission, Ag denotes the CNPs' absorbance at the excitation
wavelength of 375 nm, Ay denotes the quinine sulfate absor-
bance, Qs denotes the CNPs' QY, Qyr denotes the quinine
sulfate (QS) QY, and n, and n, are the refractive indexes of the
CNPs and QS, respectively. The QY calculation results are
summarized in Table 1.

3. Results and discussion
3.1 Physiochemical properties of the CNPs

Morphological TEM images were taken at different magnifica-
tions and are presented in Fig. 2(a-c). The images show
a dendrite-like network at low magnification, as depicted in
Fig. 2(a), while at higher magnification, the particles were well

separated from each other, as shown in Fig. 2(b). In addition,
Fig. 2(c) shows clear lattice fringes, confirming the crystallinity,
as depicted in Fig. 2c(i and ii), and the hexagonal rings of
carbon in the HR-TEM images, as shown in Fig. 2c(iii). Fig. 2(d)
shows the frequency distribution of TEM images with the
particle diameter ranging from 4 to 22 nm and an overall
average diameter of 12 nm. The CNP particle sizes recorded in
this study agree with those of previous studies.””>* Additionally,
the CNP particles in the SEM images depicted in Fig. 2(e-h)
appear to be uniformly distributed without agglomeration, as
recorded in the low-magnification TEM images. It can be
observed that small CNP particles were attached to big particles,
which also revealed good porosity. The CNPs were found to be
hydrophilic with a transparent color. Moreover, the HR-TEM
image revealed an inter-fringe distance of 3.35 A, correspond-
ing to a carbon material index of (002) and attributed to the
crystalline graphitic phase with sp> graphene (002).*”

Fig. 3(a) shows the X-ray diffraction patterns of the CNPs.
The patterns exhibit a few diffraction peaks with a prominent
peak centered at 28.70° and a corresponding interlayer d-
spacing of 3.108 A. The peak also has a shoulder at 25.8° with
a d-spacing value of 3.441 A% Another peak was recorded at
59° with a d-spacing value of 1.569 A.* The sharp peak repre-
sents bulk graphite with oxygen functional groups and was
recorded due to the small size of the graphitized CNPs' crys-
talline nature.*® Meanwhile, the small peak recorded at 59° is
attributed to graphitic diffraction. Furthermore, the recorded
XRD d-spacing value of 3.441 A with an index value of (002) is
identical to the inner lattice spacing also observed in the HR-
TEM image.

Table 1 Parameters required to calculate the quantum yield; the measured parameters for QS were taken from a reference at an excitation of

380 nm
Integrated intensity UV absorbance at Refractive index Quantum yield%
Sample of emission (F) the desired excitation nm (4) of the sample (1) QY)
Quinine sulfate 380 0.0195 1.33 54 29
CNPs 375 0.399 1.33 3.24 This

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM images of the CNPs at different magnification, describing their size, morphology, and nature. (a) Images at 1 um and (b) 200 nm,
describing their size. (c) Image at 50 nm displaying the crystallinity of the CNPs, hexagonal rings and the interlayer lattice spacing. (d) CNP
histogram of the measured size distribution. SEM analysis of the CNPs, with images at different magnifications: (e) 10 um, (f) 2 um, (g) 1 pm and (h)

200 nm.

There are a few studies that have reported the synthesis of
CNPs sourced from date palm fronds. For instance, Kavitha
et al.”” carbonized date palm fronds through manual grinding
and obtained an average size of 32 nm. However, the CNPs’'

nature. Another study conducted by Athinarayanan et al*®
synthesized CNPs using a hydrothermal technique and ach-
ieved CNP sizes ranging from 5 to 15 nm with an inner lattice
spacing and XRD d-spacing of 3.36 and 3.34 A, respectively. In

mesoporous form was more amorphous than crystalline in addition, another version of the study reported by
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(a) XRD spectrum describing the diffraction angle of the CNPs. (b) Raman spectrum of the CNPs, with the baseline subtracted Raman

spectrum showing sharp peaks of D and G bands along with a 2D band. XPS spectra of the CNPs obtained and its surface-state elements. (c)
Survey spectra of (d) C 1s and (e) Ols. (f) FTIR spectrum describing the transmittance % of functional groups present in the CNPs.
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Athinarayanan et al® synthesized CNPs using the same
hydrothermal technique, which yielded CNP sizes of 2 to 15 nm,
while inner lattice XRD d-spacings of 0.238 and 0.356 A were
recorded. In contrast, the CNPs reported herein, as shown in
Fig. 2c(iii), show the presence of hexagonal rings of graphitic
crystalline carbon with excess oxygen functional groups. This
was also confirmed through the XRD peak centered at 28.70°,
which is attributed to bulk graphitic carbon with 2D hexagonal
reflections.*”** Therefore, the CNPs synthesized from date palm
fronds in most previous studies show less graphitic content
compared with those reported herein. This indicates that the
nature of CNPs depends on the source of the date palm fronds
and the synthetic technique.

Raman analysis detects structural disorder and defects in
CNPs, including the functional groups, vacancies, doping,
and edges.* Fig. 3(b) shows sharp D and G bands at
1603 cm™ " and 1370 em™ " with a small 2D band at 2700 cm "
attributed to graphitic carbon. A peak at 1300 cm ™" near the
carbon nanodiamond Raman peak was also recorded®® and
a similar FTIR transmittance peak was also recorded at
1335 ¢cm ™, indicating sp® hybridized carbon atoms and
defects. Since the D band indicates impurity and the effects of
graphitic carbon, the splitting of the sp® hybridized D-peak
into two peaks is possibly associated with the amount of
carbon disorder defects, functionalization effects and CNP
edge effects.** In contrast, the G band indicates the presence
of sp” hybridized carbon atoms. The peak at 1603 cm™ ' was
assigned to the vibrational stretching bands, describing how
the vibrations affect the structural order and purity of
graphite. The graphene layers are identified with the 2D band
by determining the I,p/Is value, and the value recorded herein
is 0.04, corresponding to a multilayer structure. The obtained
CNPs Ip/lg ratio with a value of 0.59 indicates a graphitic
nature. The Ip/I ratio recorded in this study is high compared
with that of previous studies.*>*>** Hence, the CNPs reported
in this study are predominantly carbon nanocrystalline
particles, which are attributed to crystalline graphitized
carbon.**> 4

Fig. 3(c) shows the elemental structure of the CNPs through
their XPS spectra. It can be observed that the CNPs' atomic
percent composition was 74% and 24% carbon and oxygen,
respectively, which was dissimilar to the original carbon soot
before ball milling. The original carbon prior to ball milling
contained 96% and 4% carbon and oxygen, respectively.
Therefore, the ball milling technique, which involves crushing
carbonized carbon particles into CNPs, is an oxide cutting
technique, with potential oxidation causing the oxygenated
groups to bind with the resultant CNPs, thereby making the
CNPs negatively charged carriers.*

The carbon C 1s spectrum presented in Fig. 3(d) shows
several peaks, including peaks at 284.78 eV, 286.08 eV and
288.56 €V, which are attributed to sp*(C=C), sp*(C-C) and (C=
O) with FWHM (intensity counts) of 1.74 (1360.70), 1.34 (325.24)
and 1.30 (298.7),**°*°* respectively. Fig. 3(e) shows the oxygen O
1s spectrum with peaks at 530.69 eV and 532.06 eV, which are
attributed to C=0 and C-O, with FWHM (intensity counts) of
1.86 (763.20) and 1.42 (753.86), respectively.®** In addition,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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elemental analysis indicated relatively high oxygen content that
may have been caused by oxidation during sample preparation.
The FTIR spectra also show similar functionalized carboxylic
and carbonyl groups, indicating the dominance of oxygen with
carbon.

It was also observed that the CNPs are mostly composed
(71.34%) of the sp” spectrum, representing the CNPs' graphitic
nature, with sp® hybridized crystalline carbon with a binding
energy of 286.08 (eV) covering an area of 16.98%, attributed to
m-1* conjugation. These confirm the lower defects in the
crystalline graphite.’” However, this could also be formed by
carbon nanodiamond (CND) oxygen defects with blue-colored
emission. According to previous studies, small CNP particles
present high fluorescence.?*

Fig. 3(f) presents the CNPs' FTIR spectra. The spectra show
a strong band at 3400 cm ™" attributed to the C-OH stretching
vibration, while the peaks at 3163, 3013, 2900 and 2763 cm !
were assigned to C-H stretching vibration of the symmetric and
asymmetric hydrocarbons of CH,. Similarly, the sharp peaks
recorded at 1523, 1700, 1398, and 1131-1335 cm ™' are assigned
to C=C, C=0, C-0O-C and C-O vibrational stretching.’*** The
strong peak at 2350 cm ' represents O=C=O vibrational
stretching. However, some studies have attributed this peak to
carbon dioxide,*** followed by a weak peak at 2214 cm™'.>>%
The presence of oxygen as a functional group in the CNPs
confirms it to be one of the major causes of the increase in the
PL property. In previous studies,**** CNPs with date palm
fronds have shown traces of nitrogen and a low percentage of
oxygen and its defects. However, some studies show nearly the
same percentage of C and O as the results reported herein,
without a trace of nitrogen and with oxygen as the single
functional group.*

The CNPs C 1s spectrum presented in the XPS results with
the corresponding peak at 288.5 eV covering an area of 11.67%
ascribed to carboxylic groups is analogous to the FTIR results.
Therefore, the XPS results indicate that the CNPs reported in
this study are composed of crystalline nanodiamonds with
structural defects, which agrees with the TEM, Raman and FTIR
characterization.*® However, further studies are needed to verify
the presence of the carbon nanodiamonds detected in this
study.

The results reported in this study could be compared with
those of a previous study conducted by Salah et al.** Salah et al.**
reported a CNP extraction technique from date palm fronds and
characterized them using various techniques, including TEM
and HR-TEM, SEM, Raman, UV absorption, XPS, XRD and
electrical conductivity. They studied the CNPs in the powder
form rather than the liquefied form reported in this study.
Although they did not mention the exact CNP size they ob-
tained, they mentioned that they were less than 100 nm, which
is much larger than the size reported herein. In addition, this
study investigated the physiochemical properties using FTIR to
assess their chemical composition in addition to the CNPs'
Raman intensity ratios of Ip/Ig and I,p/Ig, which are investi-
gated herein to determine the graphitic purity and presence of
multilayers, which were not previous reported by Salah et al.®*

RSC Adv, 2022, 12, 27411-27420 | 27415
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3.2 Optical properties of the CNPs

The photon absorption analysis is presented in Fig. 4(a). A sharp
absorption peak located at 287 nm with a weak shoulder at
around 364 nm was recorded. These peaks described w-7*
transitions representing graphitic carbon C=C bonds and n-m*
transitions attributed to carboxyl and carbonyl groups (C=
0).*”%* These sharp absorption peaks confirm the delocalization
of m-state formation due to the predominance of sp>like
graphitic carbon. In contrast, in the n-m* transitions, the
carboxylic and carbonyl functional groups attached to conju-
gated carbon are responsible for the PL emission at 464 nm, as
presented in Fig. 4(b and c). Such CNP behavior has been
previously reported in the literature.*® The PL emission spectra
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show wide broadband emission with a shift from the visible to
green-yellow region. The optimum PL excitation was recorded at
375 nm with a corresponding absorption intensity of 0.399.
Therefore, the Stokes shift was found to be 89 nm, and it has
been previously reported that a high Stokes shift exhibits better
fluorescence.®

There are various sources of CNPs; however, the excitation
wavelength of natural CNPs mainly depends on the PL emission
wavelength, and this behavior characterizes their structural
complexity.>®

The CNPs' PL emission is not only dependent on the
intrinsic or outer surface emission but it can also explain the
CNPs' chemical composition. This is because CNPs have
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Ilustration of the optical properties of the CNPs obtained in liquid form. (a) PL spectra of CNP emission, which were excited sequentially

from 375 nm to 500 nm. (b) PL emission spectra with normalized intensity, excited sequentially from 375 nm to 500 nm. (c) CIE 1931 chromaticity
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CNPs with normalized intensities. (e) Emission spectra of up-conversion,

sequentially excited from 682 nm to 850 nm. (f) Normalized PL emission

spectra of up-conversion, sequentially excited from 682 nm to 850 nm and its shift.
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different layers and different sizes, which can lead to selective
excitation. The graphitic carbon reported in this study showed
the presence of multilayers, describing its imperfection. When
the CNPs' PL emission primarily depends on the presence of
a conjugated sp® matrix rather than the CNPs' size, it is referred
to as down-conversion photoluminescence.””*®* Furthermore,
Fig. 4(c) shows the observed systematic shift when the CNP
samples were excited with a wavelength ranging from 375 to
500 nm, and the corresponding the PL emission was recorded at
wavelengths ranging from 464 to 560 nm, with the PL intensi-
ties normalized for convenient observation of the shifts. The
shifts may be attributed to the different particle sizes in the
samples, with the abundant oxygen contained as a functional
group on the surface causing emission traps. Additionally,
Fig. 4(d) depicts the chromaticity diagram displaying the
emission color shift of the CNPs along with their x and y axes.
Here, the CNPs showed a blue color at the highest emission
intensity and near-yellow at the lowest emission. Fig. 4(e)
presents the up-conversion PL emission, which is considered
one of the vital CNP optical properties. The up-conversion PL
emission is recorded using excitation wavelengths ranging from
426 to 485 nm and a considerable red-shift was recorded when
the PL emission was recorded with the excitation wavelength
ranging from 682 nm to 850 nm. This unique property appar-
ently indicates excitation-independent emission, referred to as
up-conversion. This property is required for biomedical appli-
cations such as bioimaging, cell labeling and theragnostics.”
The computed CNPs' quantum yield is found to be 3.24%,
showing good fluorescence, as presented in Table 1. Incorpo-
ration of nitrogen and oxygen can also lead to increased
quantum yield according to previous reports. The fluorescence
of the defect structure of diamonds is well known from previous
studies. Thus, an abundant amount of oxygen and sp’ crystal-
line diamond-like carbon can possibly be responsible for the
blue-colored PL emission.?®

There are several ways to produce carbon dots with different
optical results and modifications. It has been reported that
various CNP emissions originate from the transition of surface
electrons to valence holes, emission from the intrinsic band
surface to the ground state, and electron-phonon coupling,
which occurs due to dipole emission excitations by self-trap-
ping,* but mostly from the presence of organic molecules.
Furthermore, another report on PL emission stated that it
depends on excitation, and its characteristics are mostly
determined through centers of multiemission.*® Generally, the
CNP optical property is dependent on various factors, such as
the environment and the interaction of the CNPs with the
environment.*

The surface structure of CNPs is responsible for the changes
in their optical property, leading to the transfer of electrons
from the nanoparticles to other species. It has been reported
that the type of solvent also plays a major role in the solubility
and interaction of particles. The scientific community has not
yet come to a common understanding and agreed explanation
of the CNPs’ optical properties.* Fig. 3(b) shows both the sp®
and sp® bonds of hybridized carbon atoms, which are related to
their optoelectronic properties through the delocalized electron

© 2022 The Author(s). Published by the Royal Society of Chemistry
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sites, number of double bonds and spatial distribution. The PL
emission dependent on excitation originates from the CNP
cores and the uniformity of their surfaces in addition to the CNP
size. Here, the maximum excitation peak is recorded at 375 nm
with a corresponding maximum emission at 464 nm. These also
present a Stokes shift of 89 nm and a full width half maximum
(FWHM) of 94 nm, indicating low energy loss and good peak
absorption.*>*°

CNPs have a unique electron-transfer property by quenching,
whereby the molecules can accept or donate electrons. Although
graphene nanoparticles (GNPs) have less defects and better
crystallinity than CNPs, CNPs have consistent graphene lattice
spacing, graphite, and diamond. CNPs are mainly composed of
C and O, which play a significant role in PL enhancement.
Having carbonyl and carboxyl surface groups with better solu-
bility also plays a vital role as a functionalizing agent. Overall, it
is easy to alter the surface of these functionalized CNPs to
improve their PL, solubility, and sensitivity for potential appli-
cations in optical imaging and ultimately biomedical applica-
tions. It has been reported that the efficiency of the fluorescent
quantum yields mostly depends on the incorporation of oxygen
elements and the subsequently produced fluorescent centers in
the CNPs.** Oxygen functional group can cause deprotonation
in the CNPs due to changes in the environment and pH value.
Since the PL also depends on the CNPs' graphitic pH value and
the presence of oxygen, a change in pH might lead to a decrease
in fluorescence intensity.*® Therefore, a pH value near 7 may be
required to achieve excellent luminescence, as reported in this
study. GNPs are a subclass of carbon materials produced mostly
through top-down methods, having structures with w* conju-
gation, and containing one or more layers of graphene oxide. In
this study, XPS and FTIR analyses confirmed that our CNPs
show the presence of excess oxygen components as oxygenated
functional groups, and hence it is possible that our CNPs were
formed by oxidative routes. The PL chromaticity diagram shows
high wavelength excitation, indicating a shift from the blue
region to green. A possible reason for this shift might the
formation of electron traps due to the oxygenated functional
groups, directing the blue emission at 464 nm. At relaxation,
this was followed with green emission, which could be due to
the large wavelength excitation causing a disruption in the
highest unoccupied molecular orbital (HUMO). Therefore, this
optical study revealed that the PL emission reported in this
study does not depend on excitation. However, other factors
such as the functional groups, amount, and preparation
method determine several aspects of the CNPs' PL. The CNPs
reported herein exhibit light-capturing capability and therefore
potential applications in optical imaging.®*

3.2.1 Up-conversion property of the CNPs. To record the
up-conversion PL, the unsheathed aqueous CNPs were excited
at high wavelengths from 682 nm to 850, with a long-pass
wavelength excitation filter placed in front of the light source
to cut half of the excitation wavelength. The maximum excita-
tion wavelength was achieved at 682 nm with a corresponding
maximum emission intensity at 426 nm, followed by excitation
wavelengths of 700, 725, 750, 800, 825, and 850 nm with the
corresponding emission ranging from 426 to 485 nm, as
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(a—d) Confocal microscopy images of the CNPs excited at 405 nm (blue), 465 nm (green), 535 (yellow), and 568 nm (red). (e) Normalized

fluorescent emission spectra of the CNPs recorded by confocal microscopy, which were excited sequentially at 405, 465, 536 and 568 nm. (f)

Zeta potential measurement of the unsheathed CNPs.

presented in Fig. 4(e). The up-conversion is of the anti-Stokes
emission type. In this emission type, two or more photons
absorb and emit light at a shorter wavelength than the excita-
tion wavelength. Having the highest intensity of emission at
426 nm, the recorded shift between each emission peak could
be clearly distinguished, as depicted in Fig. 4(f). It can be
observed that at each excitation wavelength, there is an inten-
sity decrease with increasing excitation. Therefore, the NIR shift
clearly indicates up-conversion PL with applications in optical
imaging.*® Furthermore, this study investigated the PL optical

properties of the CNPs and the QY%, which were not reported
previously by Salah et al.**

3.2.2 Optical imaging of the CNPs. Salah et al** did not
study the optical imaging potentiality of the CNPs, which was
demonstrated in this report. In addition, the surface charges of
the CNPs assessed by zeta potential are reported herein. Images
of the fluorescent CNPs were captured using confocal microscopy
with excitation at four different wavelengths of 405, 465, 535 and
568 nm. The resultant emission was recorded at 468, 520, 516
and 668 nm, matching blue, green, yellow, and red emission,

Table 2 Summarized parameters of the CNPs obtained during their characterization

Aex/Aem FWHM (nm) QY% Raman I/l TEM size (nm)

Stokes shift pH

Zeta potential

(mv) Surface-state functional groups

375/464 nm 94 3.24 0.59 4-22 nm 89

27418 | RSC Adv, 2022, 12, 27411-27420

7.23 —24.10 C-C/C=C, C=0, C-0-C, C-OH, C-H

0=C=0/0-C=0
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respectively, as presented in Fig. 5(a—d). The fluorescence spectra
from confocal microscopy were recorded to show the shift from
the blue to NIR region, as depicted in Fig. 5(e), which is
comparable with the up-conversion PL property in the phenom-
enon of the CNPs' organic emission for the four different exci-
tations that lead to the NIR region.®* Therefore, Fig. 5(f) shows the
measured CNPs' zeta potential to determine their stability and
colloidal strength for possible optical imaging applications. They
show a negatively charged value of —24.10 mV, indicating good
stability and low electrostatic repulsion between the CNPs, which
is also apparent in the SEM images. The negative value recorded
also indicates possible safe interaction with cells during optical
imaging, allowing for biomedical usage.*

As previously reported, the energy attributed to Brownian
motion hinders the agglomeration of nanoparticles, thereby
making them soluble in water and stable. Optical bioimaging
requires nanoparticles that emit at a certain excitation wave-
length, are compatible with the environment, and are be water
soluble without functionalization after extraction.®® The charac-
terized results obtained for the CNPs are summarized in Table 2.

4. Conclusions

We report a simple and easy way to extract CNPs via the ball
milling technique. Date palm fronds were employed as an
organic source of unsheathed CNPs. The structural and optical
properties of the CNPs were studied using various techniques,
such as HR-TEM, XRD, XPS and FTIR, Raman, UV, and PL
spectroscopy. The extracted CNPs’ size was found to range from
4 to 22 nm, having a hydrophilic and crystalline graphitic
nature. The crystallinity of the CNPs and the presence of bulk
graphite were confirmed by XRD characterization. A Raman
ratio (Ip/lIg) of 0.59 was recorded, confirming the presence of
multilayer graphite, indicating an agreement between the
Raman and XRD patterns. FTIR spectroscopy confirmed the
presence of carboxyl and hydroxyl functional groups. The high
percentages of sp> hybridized graphitic carbon and low sp® were
validated using XPS. Furthermore, the CNPs demonstrated
exemplary PL properties, such as down-conversion and up-
conversion, justifying the excitation independence of the
emission within the blue region to NIR. The QY% was also
computed and the value recorded is 3.24% at pH 7.23. The QY%
and pH value confirmed the high recorded PL intensity. The
extracted CNPs showed excellent optical behavior with particle
stability, having a zeta potential value of —24.10 mV, suggesting
their potential application in optical imaging. These statements
were also verified using confocal microscopy. Therefore, the
optical properties of the extracted CNPs reported in this study
are favorable for optical bioimaging and biomedical applica-
tions. However, their toxicity and interaction with different
types of cells need to be further investigated to ensure their
potential biomedical applications.
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