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A B S T R A C T   

Eco-friendly, biomass derived single component luminescent materials with dual emission bands hold immense 
potential in white light emitting devices (WLED). Compared to WLED fabricated from different color emitting 
carbon nanoparticles, self-reabsorption and degradation will be negligible in single system white light emitting 
materials which guarantees stability in long run. Herein, we report a facile, inexpensive and sustainable direct 
thermal decomposition method to synthesize carbon nanoparticles with dual emission bands. Addition of PVP 
could efficiently enhance the red emission band of carbon nanoparticles. The excitation dependent broad blue- 
green emission and excitation independent narrow red emission helps to obtain white light emitting carbon 
nanoparticles. Upon change in excitation wavelength from 410 nm to 370 nm, white light emissions are obtained 
with tunable CCT value from 2648 K to 8980 K respectively. By virtue of this tunable warm to cool white light 
emission, single system WLED can be designed suitable for both indoor and outdoor applications.   

1. Introduction 

Over the last few decades a sudden upsurge in the research of white 
light emitting materials occurred owing to their application in solid state 
lighting [1,2] displays [3] and fluorescent sensors [4]. Conventional 
white illumination systems use careful controlling of red-green-blue 
(RGB) color profiles of individual light emitting phosphor devices [5]. 
An alternate way for efficient white light perception is to coat suitable 
rare-earth phosphor materials on a single chip [6]. However, design, 
complexity, low reproducibility rate for color tuning, low color 
rendering index (CRI) and relatively higher color correlated tempera
tures (CCT) hamper with their routine applications [5,7]. Deepening 
concerns regarding the depleting sources of rare earth materials, their 
cost effectiveness and compatibility with the environment has also 
triggered minds to search for suitable alternatives [8]. Currently, great 
deal of efforts is put into white light emitting devices (WLEDs) exploiting 
various photophysical properties of semiconductor quantum dots [9, 
10], nanomaterials [11–13], polymers [14], metal-organic frameworks 
(MOFs) [15,16], lanthanide doped systems [17] and organic-inorganic 
hybrids [18,19]. 

Carbon based nanomaterials are often exploited for their hassle free 
and facile synthesis, low cost, biocompatibility, excellent photo
luminescence (PL) properties and high stability in various devices 

[20–22]. Extensive studies are done on these materials to understand the 
mechanism of photoluminescence, their correlation to the structure and 
synergistic contribution of various optical active centres [23,24]. Their 
sp2 hybridised graphitic core with varying surface appendages has al
ways been rigorously studied for application in catalysis [25], sensors 
[26,27], imaging [28] and other optoelectronic devices. Mn doped 
carbon dots with strong pH responsive blue, green and orange fluores
cence were utilized for white light emission (WLE) in a recent work [29]. 
Nitrogen and phosphorous doped carbon quantum dots synthesized by a 
one pot microwave route were reported to have a strong single WLE in 
solution as well as polymer frame [30]. Chen et al. recently reported a 
double band carbon nanostructures formed from the hydrothermal 
synthesis of 1,3-dihydroxynaphthalene and hydrochloric acid [31]. The 
single white light converter obtained was fabricated into a solid state 
WLED exhibiting a cold light source with CIE values (0.3122, 0.3429). 
However, adjustable white light emission parameters and CCT values 
with different excitation wavelengths from a single component material 
is still a matter to explore. 

Nevertheless, most of these reports use complex and skill demanding 
synthesis procedures and even costly carbon and amine precursors [24, 
32]. Natural sources being cheap, environment friendly with hassle free 
extraction procedures and strong fluorescence could pose as an alter
native to such lab-grown inorganic luminogens [33,34]. An aqueous dye 
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cocktail with pomegranate and curcumin extract in ethanol was recently 
used for WLE [35]. Though there are a few prior works in natural dye 
and dye derived quantum dots for WLE, these mostly use mixed emitter 
tuning [36,37]. Stable and highly photoluminescent carbon nano
particles synthesized by a one pot thermal degradation with panchro
matic emission remains conceptual and enigmatic to date. 

Herein, we report dual emitting carbon nanoparticles produced from 
the leaves of Hemigraphis colorata for White Light Emission (WLE). 
Commonly known as the red flame ivy, these exotic perennial herbs 
belonging to the Acanthaceae family are often exploited for their anti- 
inflammatory, antibacterial and wound healing potencies [38,39]. Its 
dye extract was reportedly used as a photosensitizer in combination with 
mesoporus TiO2 for photovoltaic application [40]. A one step, facile low 
temperature thermal decomposition route is adopted which can ensure 
easy, large scale, inexpensive and sustainable synthesis. The optical 
properties, Commission Internationale d’Eclairage (CIE) coordinates 
and CCT values of the fluorescent nanoparticles are calculated. Encap
sulation of the nanoparticles in a matrix like silica xerogel could inhibit 
undesirable aggregation induced quenching (AIQ) in the nanomaterials, 
prevent degradation and facilitate easy device fabrication. 

2. Experimental section 

2.1. Materials 

Fresh Hemigraphis colorata leaves were picked from the home garden. 
The leaves were washed thoroughly with water and air-dried prior to 
use. Polyvinyl pyrrolidone (PVP, MW=40,000) was bought from stan
dard sources and used without any further purification. Distilled water 
was used throughout the experiment. 

2.2. Characterization 

The X-Ray Diffraction (XRD) analysis was done on Aeris Research 
XRD Diffractometer, (PANalytical, The Netherlands) with a scanning 
range of 2θ = 10− 90◦ with Cu Kα radiation (λ = 1.540598 Å). The 
surface functional groups were identified from Fourier-transform 
infrared (FT-IR) spectra recorded in transmission mode on a FTIR 
spectrometer (Thermo Nicolet, USA) at room temperature in the range 
4000–400 cm− 1. A high-resolution transmission electron microscopy 
(HRTEM) data using a TALOS F200S G2 transmission electron micro
scope (200 kV, FEG, CMOS Camera 4 K × 4 K) was used to identify the 
morphology of the sample. Ultraviolet/Visible (UV/Vis) absorption 
spectra in the range 200–700 nm were obtained from the Shimadzu UV 
1800 spectrophotometer. All photoluminescence measurements were 
made on a Fluorolog NIR spectrofluorometer (Horiba Jobin Yvon, USA). 
WLED properties like color rendering index (CRI), color coordinate 
(CIE), and correlated color temperature (CCT) were evaluated from 
Color Calculator software. 

2.3. Synthesis of carbon nanoparticles (CNP) 

The carbon nanoparticles were synthesized through direct thermal 
decomposition of the precursor. The leaves of Hemigraphis colorata were 
washed, air-dried at room temperature and crushed using a mortar and 
pestle to obtain fine powder. 1 g of PVP was dissolved in 200 mL distilled 
water. 10 g of leaf powder was added to the above solution and agitated 
homogeneously. The mixture was kept in the oven at 95 ◦C for 24 h and 
then allowed to cool naturally to room temperature. The solution was 
filtered using a Whatman filter paper and dark brown supernatant so
lution obtained (CNP) was used for further experiments. The carbon 
nanoparticles made in a similar manner without adding PVP was named 
CN. 

3. Results and discussion 

The XRD pattern (Fig. 1a) of CNP shows a wide peak centered at 
2theta value of 23◦. This suggests the graphitic structure of the nano
particles corresponding to (002) plane [41]. FTIR spectrum (Fig. 1b) 
helps to identify the surface functional groups and moieties attached to 
the graphitic core. The broad band from 3050 to 3550 cm− 1 can be 
attributed to the stretching vibrations of hydrophilic groups –OH and 
–NH. These surface groups are responsible for water dispersibility of the 
synthesized nanoparticles. The bands peaked at 580, 1636, 2080 cm− 1 

correspond to –OH bending vibration, stretching vibration of –C=O, 
-C-N, respectively [42]. This confirms that the structural skeleton of CNP 
contains electron donating groups and porphyrin groups attached to the 
surface or core. 

The morphology of the sample was studied by Transmission Electron 
Microscopy (TEM). Fig. 2a shows monodispersed quasi spherical carbon 
nanoparticles in PVP polymer. The statistical particle size histogram 
(Fig. 2b) evaluated from the TEM image shows a distribution in the 
range of 28–42 nm. 

EDX spectrum (Fig. 3) reveals that CNP contains C, N, O, Mg, Cl, Ca. 
Presence of magnesium indicates the existence of chlorophyll within the 
dual emissive CNPs. Also, peaks corresponding to Cl and Ca are observed 
due to trace amount of elements present in leaf. 

The optical properties of CNP were studied from UV-visible and 
fluorescence spectra as shown in Fig. 4a. The absorption spectrum of 
CNP has characteristic bands corresponding to the electronic transition 
in carbon centres and surface states.  The strong band centered at 336 
nm can be attributed to n→π* edge transition of the aromatic sp2 -C=O 
bond in nanocarbon [43]. It is primarily responsible for surface trapping 
of excited energy and the blue emission mostly observed in carbon cores. 
To gain better insights into the role of PVP on the optical properties of 
synthesized nanoparticles, carbon nanoparticles were prepared without 
using PVP (CN). Similar to UV-visible spectrum of CNP, band peaked at 
333 nm can be attributed to n→π* transitions of the aromatic sp2 carbon 
system [43]. In CNP, the absorption bands in the visible region 
(400–700 nm) are mainly due to the transitions of surface groups [44]. 
The absorption bands at 405  and 655 nm can be ascribed to the π →π* 
and n→π* electron transition (Soret band and Q-band) of the -C=O and 
-C=N bonds in the chlorophyll-derived porphyrin [45,46]. For CN, weak 
absorption band in the visible region suggests that lack of PVP results in 
less surface passivation with nitrogen-containing molecules. The fluo
rescence spectra of CN and CNP exhibit dual and distinct emission bands 
at ~480 and 665 nm upon UV excitations (Fig. 4b). The broad emission 
band observed in the blue-green region is due to surface states and 
trapping centers for electron hole pairs which originated from O-, N-, 
and S- containing groups of CQDs. The cluster luminescence responsible 
for the blue green emission bands of CNP is formed by the aggregation of 
heteroatoms containing functional groups attached to the surface states 
via weak forces [47,48]. While carbon core with cluster of surface states 
acts as the center of blue green luminescence, the strong red lumines
cence observed can be ascribed to the molecular state transitions asso
ciated with chlorophyll and pheophytin [45,49]. Addition of PVP 
enhanced the red emission intensity by about 8 times in carbon nano
particles due to molecular state transitions. Increase in red emission is 
accompanied by decrease in blue emission which indicates energy 
transfer from carbon core to porphyrin rings. Due to the presence of 
intense red emission, the blue-green emitting CN could turn into a good 
white light emitter as shown in the inset of Fig. 4b. 

From Fig. 5, it can be observed that excitation spectrum of CN and 
CNP overlaps with blue-green emission and a donor-acceptor pair is 
established between carbon nuclei and porphyrin. Additionally, it can be 
inferred that characteristic excitation peaks of pheophytin are enhanced 
in CNP which suggests the interaction between PVP and pheophytin. 
Moreover, in presence of PVP, the average exciton life time of blue green 
emission peaked at 480 nm is decreased while average decay time of red 
emission peaked at 665 nm is increased (Table. 1). This confirms the 
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energy transfer between carbon nuclei and porphyrin from chlorophyll/ 
pheophytin to obtain enhanced red emission. 

It was reported that carbon quantum dots synthesized from withered 
leaves emit blue color while those prepared from green leaves exhibit 
dual blue-red emission [50]. Here, the leaves are air dried at room 
temperature using a hairdryer, which causes degradation of chlorophyll 
compared to fresh leaves. This results in less surface modification of CN 
by chlorophyll derived porphyrin groups. Additionally, when the leaves 
are dried at 90 ◦C and crushed for synthesis, the red emission is almost 
quenched (Fig. S1). This reduction in red emission is due to decrease in 
the amount of chlorophyll and pheophytin. To investigate dependence 
of leaf drying temperature, PL spectra of carbon nanoparticles (Fig. S2) 
prepared by air dried leaves (~40 ◦C) (CN), with leaves dried at oven at 
60 ◦C (CN-60) and at 90 ◦C (CN-90), respectively are studied. As the leaf 

drying temperature increases, chlorophyll/pheophytin content in the 
leaves decreases remarkably which is accompanied with the reduction 
in red luminescence. Additionally, as drying temperature increases, high 
degree of carbonization occurs which helps CN-90 to exhibit greater 
blue green emission intensity. However, PVP could form complexes with 
porphyrin compounds through hydrogen bonds or coordination bonds 
which are capable of photoinduced electron transfer [51]. From the 
excitation spectrum (Fig. S3) it is clear that addition of PVP causes 
partial conversion of chlorophyll to pheophytin. Moreover, the presence 
of characteristic peaks at 505 and 535 nm suggests the absence of any 
other metal substituted derivatives of chlorophyll. Even though chlo
rophyll and pheophytin has characteristic red emission peaked at 665 
nm wavelength [49] excitation spectra for chlorophyll and pheophytin 
for 665 nm has different characteristic absorption peaks. While ab
sorption band peaked at 405, 435 and 604 nm is characteristic excita
tions of chlorophyll, the peaks at 405, 505 and 534 nm can be attributed 
to prominent excitation peaks pheophytin emission. This confirms the 
existence of porphyrin containing chlorophyll and pheophytin on CNP. 
Thus, direct thermal decomposition of organics from dried leaves in the 
presence of PVP gives carbon nanoparticles with surface functionalized 
with porphyrins from chlorophyll and pheophytin. The schematic rep
resentation depicting the synthesis of such dual emissive carbogenic 
nanoparticles has been shown in Fig. 6. The presence of PVP effectively 
functionalizes the CNP surface with more porphyrin groups to absorb 
more in the visible region (400–700 nm). Moreover, these molecular 
states are predominantly responsible for the enhanced bright red emis
sion in CNPs under UV excitation [50,52]. 

The room-temperature photoluminescence quantum yield (QY) is 
obtained as 0.81 which can be attributed occurrence of less passivated 

Fig. 1. (a) XRD pattern and (b) FTIR spectrum of CNP; the inset of the figure (b) shows the structure of surface functionalized carbon nanoparticles.  

Fig. 2. (a) TEM image of CNP and (b) corresponding particle size distribution.  

Fig. 3. EDS spectrum of CNP.  
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surface states and defects in prepared CNP at low pyrolysis temperature. 
This results in defect-mediated nonradiative recombination from surface 
states and trap sites [53]. Increase in the pyrolysis temperature can in
crease the QY of nanoparticles, but temperature beyond 100 ◦C cause 
degradation of chlorophyll and pheophytin. Similar QY values have 
been reported for certain carbon nanoparticles [54] due to the presence 

of surface states and defects. 
The Fig. 7a shows the fluorescence of the CN upon varying excitation 

wavelength. Interestingly, the blue peak has an apparent excitation 
dependent emission with peak center varying from 475 to 510 nm while 
the red peak shows an excitation independent emission peak centered at 
665 nm. Also, the intensity of the peak centered at 480 nm is almost the 
same with the peak centered at 665 nm wavelength. Upon different 
excitation wavelengths, blue-green emission together with the narrow 
red emission band could exhibit color varying from light blue to greenish 
yellow as obtained from CIE 1931 chromaticity chart of CN. 

Subsequently, as observed for CN, the low energy emission peak at 
655 nm wavelength is narrow and excitation independent (Fig. 8) for 
PVP capped carbon nanoparticles. As seen from the inset of Fig. 8a, the 
blue- green emission is broad and excitation dependent like exhibited by 
CN. Upon different excitation wavelengths from 370 to 420 nm, tunable 
dual-band emission gives white to yellow color as obtained from the CIE 
1931 chromaticity chart of CNP. The CIE chromaticity coordinates ob
tained for all excitations from 370 to 420 nm confirms that the fluo
rescence obtained from CNP under broad excitation wavelengths lies in 
white light trajectory (Table S1). As nanoparticles suffer aggregation 
induced quenching, the concentration effect of the nanoparticles is 
studied by analyzing the fluorescence spectra of CNP at varying volume 
% (1–4) of carbon nanoparticles (Fig. 8c). According to Chen, the fluo
rescence band is red shifted at higher concentrations of nanoparticles 
[55]. It is evident that there is no discernible shift in major peak position 
of both fluorescence bands, upon varying concentration of the nano
particles. This is due to the effective wrapping of nanoparticles with 
PVP. The intensity of the PL spectral peak is maximum for an interme
diate concentration (3 vol% carbon nanoparticles) and decreases 
slightly with increase of concentration. As concentration is increased 
there will be higher number of particles and spacing between the par
ticles will be less than the Förster distance (R0). This might cause 

Fig. 4. (a) UV-visible absorption spectra of CN and CNP (b) fluorescence spectra of CN and CNP at 390 nm excitation wavelength (inset of Fig. 4a and b shows the 
photographs of CN and CNP solution in daylight and under UV excitation, respectively). 

Fig. 5. Photoluminescence excitation spectra (Blue line) and Photoluminescence emission spectra (red line) of (a) CN and (b) CNP, respectively.  

Table. 1 
The fluorescence life time parameters of CNP monitored for blue green (B-G) and 
red (R) peak.  

Sample code α1 τ1 

(ns) 
α2 τ2 

(ns) 
α3 τ3 

(ns) 
Τavg 

(ns) 

CN - (B-G 
peak) 

1.237 0.678 0.241 2.587 0.035 0.581 0.979 

CN - (R peak) 0.429 3.971 0.377 4.085 0.365 0.834 3.029 
CNP- (B-G 

peak) 
0.713 0.733 0.682 0.361 0.325 1.624 0.753 

CNP – (R 
peak) 

0.300 3.072 0.266 4.712 0.235 5.743 4.400  

Fig. 6. Synthesis of dual emissive CNP from Hemigraphis colorata leaves.  
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reabsorption of emission which results in self-quenching of the fluo
rescence. Moreover, an increase in the number of particles results in 
aggregation induced quenching which can also affect the fluorescence 
efficiency. 

Tunable correlated color temperature (CCT) values from warm to 
cool emission are obtained upon different excitation wavelengths 
(Fig. S4). At 400 nm excitation wavelength, all concentrations give 
warm white color emission (2500 K) which changes to cool white color 
emission at UV excitations (4623–8117 K). Inspired by the excellent 
tunability for CCT and CIE color coordinates, cool white emissions are 

obtained for CNP (Fig. 9a) at 370 nm excitation wavelength. White 
emissions having CIE color coordinates (0.2860, 0.2983) with CCT of 
8980 K and CRI value of 68 are achieved for CNP (3 vol% carbon 
nanoparticles) and is marked in CIE 1931 color space (Fig. 9b). The color 
point lies on the black body Planckian locus. For the sake of overcoming 
the agglomeration of nanoparticles, solid matrix of CNP - silica xerogels 
were fabricated and white emissions are observed (inset of Fig. 9a). 

To check the stability of CNP solutions in normal room temperature, 
the temporal stability of the PL intensity of CNP was evaluated for an 
interval of one week (Fig. 10a). It can be identified that the intensity of 

Fig. 7. (a) Excitation wavelength dependent emission spectra and (b) CIE 1931 chromaticity chart of CN.  

Fig. 8. (a) Excitation wavelength dependent emission spectra of CNP (b) CIE 1931 chromaticity chart of CNP, (c) Emission spectra of CNP at varying volume% (1–4) 
of carbon nanoparticles (CNP1 to CNP4) at 380 nm excitation and (d) corresponding CIE 1931 chromaticity chart. 
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the blue peak at 480 nm stays relatively constant. Even though the peak 
at 665 nm shows a slight decrease in PL intensity, it remains almost the 
same after the second week of storage. From the CIE 1931 color space, it 
is evident that the white emission remains unchanged for a period of 4 
weeks. All the results demonstrate the enormous potential applications 
of the biomass derived CQD-based phosphors in high-performance 
WLEDs. 

4. Conclusion 

Dual emitting carbon nanoparticles were prepared through one step, 
facile, low temperature thermal degradation of Hemigraphis colorata 
leaves. Detailed characterizations proved that nanoparticles have an 
average size range of 28–42 nm. The surface states of nanoparticles are 
rich in electron donating groups and porphyrin groups, ultimately 
determining the dual color of their PL, which peaked at 480 and 665 nm 
wavelengths. With the addition of PVP, the intensity of red emission 
enhances sharply. While the blue emission band was excitation depen
dent, the red emission band was excitation independent. This strategy 
elucidates the design of efficient white light emitting devices with broad 
band excitation. Upon different excitation wavelengths, dual emissive 
carbon nanoparticles could show tunable correlated color temperature 
(CCT) values from warm to cool emission which promises for 
environment-friendly, indoor, and outdoor lighting applications. 
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Fig. 9. (a) PL spectra of CNP at excitation wavelength of 370 nm showing dual emission at 480 nm and 665 nm; the inset shows the photograph of silica glass dipped 
in CNP under daylight and UV illumination (b) CIE plot of PL emission from CNP exhibiting indices values (0.2860, 0.2983). 

Fig. 10. (a) Plot of PL intensity maximum of CNP solution and storage time. (B) corresponding CIE plot.  
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