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Abstract
In this study, CD/ZnOnanohybrids were synthesised by a simple, one-pot, cost-effectivemethod and
their structure and properties were investigated by physicochemicalmethods. TheCD/ZnO
nanohybrid exhibits excellent sunlight induced photocatalytic and antibacterial activity validating the
development of remarkably efficient catalytic systems and effective bactericidal agents. The IV
measurements of CD/ZnOnanohybrid shows over 12-fold increase in photocurrent compared to
ZnO, opening pathways for the fabrication of efficient light harvesting system. Electrochemical
propertymeasurements demonstrate that CD/ZnOnanohybrid has large integral area of cyclic
voltammetry loop, demonstrating their potential for supercapacitor applications. The study presents
green chemistry strategy for the synthesis of CD/ZnOnanohybrids which exhibitmultifunctionalities
due to the synergy betweenCD andZnO. Thefindings of the study demonstrate the potential of CD/
ZnOnanohybrids for amultitude of energy and environmental solutions.

Introduction

Modern society faces humongous challenges both in terms of rapidly growing energy demand and
environmental protection, due to declining reserve of environmentally unfriendly fossil fuels, increasing
population and global warming [1]. Development of new sustainable technologies has become indispensable [2].
To ameliorate the problemof energy crisis and pollution, the scientific community have focussed on creating
new functional nanomaterials and technologies. In particular, state-of-art in hybridizing nanomaterials has
been demonstrated to be a dexterous and dynamic strategy as it leads to synergistic effects that couple thefinest
advantages of associated ingredients and accordwith newunusual attributes in addition to their intrinsic
properties [3]. In the realmof newly developed functionalmaterials, nanocomposites comprising carbon
nanostructures andmetal oxide nanoparticles emerged as excellent candidates for the fabrication of novel class
of devices for emerging applications fromhigh energy depository and conversion, solar cells, environmental
remediation, catalysis, sensors to electronic devices [4–16].

Carbon dot (CD) is a zero-dimensional, relatively new associate of carbon familywith closely arranged
carbon atoms and alluring photo luminescent properties [17, 18]. CDs have been explored extensively
considering their virtues such as ease of synthesis from any abundantly available carbon richmatrix, strong
photoluminescence, chemical stability, superior water solubility, strong chemical inertness, ease of chemical
functionalization, biocompatibility, little photobleaching, and low cost [19]. Based on thefluorescence and
biocompatible properties, applications such as photocatalysts, organic photovoltaics, bio-imaging, and
biosensors have been explored. Recently CDs have been employed in applications such as solar cells, LEDs,
photodetectors and sensors due of their homogenous shape, tuneable surface chemistry, and extremely small
sizewith high specific surface area, and optical and electronic properties [20]. CDs are also thought-out as recent
environmentally safematerial for electrodes [21] to enhance the ionicmotion, electron transport, and increase
the junction area amid electrode and electrolyte in supercapacitors [22, 23]. Besides aforementioned properties,
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mesoporous surface willmakeCD an outstandingmember due to high surface area, abundant pore volumes,
controllable pore sizes and shapes and other nano-attributes for amultitude of sustainable applications [24].

Zinc oxide (ZnO) has been an assuring n-type semiconductor due to its wide bandgap (approximately
3.37 eV), large exciton binding energy (approximately 60 meV), long term stability, good electrical and optical
properties, low-cost, non-toxicity, and ease of preparation. It has been explored for a variety of applications such
as photocatalyst, LEDs, photovoltaic units, UVdetectors, gas, chemical and biosensors [25–28]. However, the
large bandgap of ZnO limits its application in light harvesting. Owing to photocorrosion and rate of
recombination of photo-induced electron hole pairs, their real time application as a photocatalyst is still
challenging both technologically and fundamentally. These limitations could be resolved by bandgap
engineering and enhancing the optical properties of ZnO to visible spectrum [29]. ZnO could be promising for
supercapacitors owing to their large surface area and pseudo-capacitance through Faraday redox reaction but it
suffers during the charge/discharge step from low rate capability and reversibility during the charge/discharge
procedure [30].

Hybrid hetero-nanostructures formed by combiningmesoporousCD and photo luminescent ZnO could be
the best strategy to overcome the limitations of individual components and bestow the hybridwith improved
properties [31]. For instance, doping ofmesoporousCDwith ZnO could alter the band gap because of transfer
of charge fromCD toZnO and thus augments the charge separation, enabling photocatalytic and photovoltaic
applications [32].With respect to supercapacitors, double-layer capacitance ofmesoporousCD and pseudo
capacitance of ZnO could enhance the total capacitive performance [21, 23]. To the best of authors’ knowledge,
this is perhaps thefirst study on hybridizingmesoporous CDwith ZnOnanorods to assess their potential for a
multitude of applications such as visible light photocatalysts, solar cells, supercapacitors and antibacterial
materials.

In this study, we demonstrate a simple route for the synthesis of CD/ZnOnanohybrid complyingwith green
chemistry principle (see figure 1). The as-preparedCD/ZnOnanohybridmanifests CDwithmesoporous
morphology and spherical shape of diameter∼50 nmand rod shaped ZnOwith a diameter of around 50 nmand
length of 200–250 nm. The optical attributes were studied byUV–vis and PL spectra. Amethodological
investigation of photocatalytic and antibacterial activity towards degeneration ofmethyl orange dye and E.coli
bacteria, respectively was carried out in the presence of CD, ZnOandCD/ZnOnanohybrid under visible light
and the nanohybrid exhibits the excellent results. The IV characteristics and electrochemical properties were
also studied to assess the potential of CD/ZnOnanohybrid for energy applications.

Experimentalmethods

Chemicals
The date palm fronds (DPFs) harvested fromMasdar City landscapes in AbuDhabi, UAEwere dried in open
atmosphere to obtain drymatter (total solid content of approximately 92%). DPFswere compressed into
particles of size less than 2 mmusing IKAWerkeMF 10.1mill and stored in zipper bags. Zinc nitrate
hexahydrate was purchased fromSigmaAldrich and used as such.Deionizedwater with resistivity 15MΩ-m
was used for the entire analysis.

Synthesis of CD, ZnOandCD/ZnOnanohybrids
TheCDswere synthesized by pyrolysis (300 °C ) ofDPFs following our previous report [24]. The ZnO ismade by
simple thermal decomposition of Zinc nitrate hexahydrate at 350 °C for 3 h and used as obtained. TheCD/ZnO
nanohybrids were prepared by the addition of 1 g of ZnO into 10 ml aqueous solution containingCD (0.2 g)

Figure 1. Schematic of the synthesis route of CD/ZnOnanohybrids.
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followed by stirring at 350 rpm for 2 h. The resultant solutionwas then centrifuged at 9500 rpm to remove any
unreactedCD anddried.

Characterization ofCD, ZnOandCD/ZnOnanohybrids
The structural study of CD andZnOwere conducted using aQuanta 250 ESEM,UKby coatingwithAu of 10 nm
thickness. A transmission electronmicroscopy (TEM) study for CD andCD/ZnOnanohybrids was done in
Tecnai TF20, 200 kV instrument. TheXRD experiments of CD/ZnOnanohybrids were performed onXRD
PANalytical Empyrean. TheUV–vis and photoluminescence (PL) spectrum studies were conducted on aUV/
Vis spectrophotometer thermo scientific genesys 10 S and LS-55fluorescence spectrometer, respectively. The
semiconductor behavior of ZnO andCD/ZnOnanohybrid were investigated by two-probemethod using probe
station (CASCADE,USA). Electrochemical properties weremeasured using a conventional three-electrode
experimental cell equippedwith a standard calomel reference electrode, working electrode, and a platinum foil
counter electrode. All electrochemicalmeasurements were carried outwith 0.10 MNa2SO4 as electrolyte and the
cyclic voltammetry (CV) curves were recorded on electrochemical work station (CHI600, CH
Instruments, USA).

Photocatalytic experiments
Todemonstrate the visible light photocatalytic activity of CD, ZnO andCD/ZnO, 0.1 mg ofmethyl orange
(MO)model dyewas supplemented into 10 mlwaterwith 0.1 mg of CD, ZnOandCD/ZnOnanohybrid,
respectively and stirred in the dark for 30 min to attain equilibrium and irradiatedwith sunlight. JascoV-650
UV–visible spectrophotometer was used tomeasure the concentration ofMO from2ml of sample taken out
every 60 min.

Antibacterial experiments
Antibacterial activities of CD, ZnOandCD/ZnOnanohybrids were evaluated againstE.coli by optical density
measurements. In the 96well plate, 170 μl of bacterial suspensionwas dropped into 30 μl CD, ZnOandCD/
ZnOnanohybrids (50 μg ml−1), respectively and exposed to 50WLED light. The optical densitymeasurement
was used to assess the viability of cells and the structure of bacteria after 6 h treatmentwith CD/ZnO
nanohybrids.

Results and discussion

The synthesis of CD/ZnOnanohybrids involvesmixing and sonication of CD andZnOnanorods,
centrifugation, washing and drying. The attachment ofmesoporous CDonto ZnOnanorodsmatrix is achieved
through non-covalent intermolecular interactions such as charge - transfer interactions and van derWaals
forces [33]. These interactions at the interface of CD andZnOcould play a vital role in bestowing theCD/ZnO
nanohybrids with synergistic properties.

Figure 2(a) shows the SEM image of ZnOnanostructures exhibiting rod likemorphology. The ZnO
nanorods are nearly uniformwith a typical diameter of around 50 nmand length of 200–250 nm. Their
structure appeared to be defect-free. TEM image of CD reveals (figure 2(a)) sphericalmorphology with uniform
size,mesoporous surface, excellent dispersion and an average diameter of 35 nm. Themonodisperse nature of
CDwith hydrodynamic diameter of 1575 nmwas confirmed fromdynamic light scattering study. InTEM
images of CD/ZnOnanohybrids, the apparent contrast betweenCDandZnOnanorods demonstrate strong
evidence for the formation of CD/ZnOnanohybrids. The intimate contact of CDonZnO illustrates the
interactions between them and is expected to improve the properties of CD/ZnOnanohybrids.

TheXRDpattern of theCD/ZnOnanohybrid is presented infigure 3. Itmanifests peaks of ZnOnanorods at
2Ɵ=28.4°, 31.6°, 36.3, 47.7°, 56.6°, 62.8°, 66.3°, 68.1°, 69.1°, 75.6°, 77.2°which could be accredited to (100),
(002), (101), (102), (110), (103), (200), (112), (201), (004) and (202) crystalline planes of hexagonal ZnOwurtzite
structure (JCPDSNo. 396-1451), respectively. The peak at (101) plane describes that the preferred orientation of
ZnOnanorods is along (101) crystalline plane. The peak at 2Ɵ=25.5° could be accounted for (002) graphitic
plane from amorphousCD [25]. The results confirmed the presence of amorphous CDand crystalline ZnO in
CD/ZnOwith no apparent impact on the purity and crystallinity of the nanohybrids.

Figure 4 epitomizes the absorption and emission spectra of CD, ZnO andCD/ZnOnanohybrid inwater. In
figure 4(a), theUV–vis spectrumofCD inwater shows a clear band of absorption at 203 nmwhich could be
accredited to theπ-π* changeover of the aromatic sp2 hybridized carbon core ofmesoporous CD
(bandgap=5.01 eV ) [34]whereas ZnOnanorods have absorption at 375 nm [35]. The absorption spectrumof
CD/ZnOnanohybrid shows the absorption band of bothCD andZnO,while the ZnOhas an absorption cut-off
edge at 396 nm, featuring a red shift. This shift could be ascribed to the interaction ofmesoporousCDonZnO
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nanorods and thus extending the absorption edge to visible regime fromUV. The doping of ZnOwith
mesoporousCDwhich comprises only C, would have established an intermediate energy level just above the
valence band of ZnO and decreased the band gap [36]. At room temperature, PL ofmesoporous CD
(figure 4(b)), photo excited at 205 nm, revealing a predominant emission peak at 475 nmdue to bandgap
transitional changes in the conjugatedπ-domains. The PL spectra of pure ZnO excited at 396 nm emits around
500 nmwhich is generally accredited to stoichiometry related defects, zinc vacancies, alongwith interstitial zinc

Figure 2. (a) FESEM image of ZnOnanorods, andTEM images of (b)CD, (c) and (d)CD/ZnOnanohybrids.

Figure 3.XRDpattern of CD/ZnOnanohybrids.
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and structural defects [37]. PL spectra of CD/ZnOnanohybrids showphotoluminescence at 525 nmwhen
excited at 475 nmwith red shift and increased intensity. The luminescence with increased intensity could be due
to themaximum interfacial contact betweenCD andZnOnanorods, which plays a part in the establishment of
the surface defects and thus contributing to intense photoluminescence [38]. The red shift supports the electron
transfer fromZnOnanorods toCD [39]. Hence, figure 4 illustrates electron and energy transfer fromZnO toCD
due to the interfacial contact, playing an influential part in exemplifying the properties of the CD/ZnO
nanohybrids.

The visible light catalysed degradation ofMOdye byCD, ZnO andCD/ZnOnanohybrid is illustrated in
figure 5(a). It shows that over 90%ofMOwas decomposed byCD/ZnOnanohybrid within an hour and hence
featuring an excellent photocatalytic activity compared to its individual constituents. The improved
photocatalytic activity could be due to better dispersion of CDonto ZnOnanorods, improving photo absorption
limit in the visible specturmof light. The photocatalyst reusability is one of the assets of heterogeneous catalyst
and therefore we assessed the stability of photocatalyst over 5 cycles as shown infigure 5(b). There is no
significant decrease in photocatalytic activity and hence CD/ZnO could serve as stable and reusable visible light
photocatalyst.

The detailedmechanism for improved visible light catalytic activity of CD/ZnOnanohybrid could be
derived as follows: first themesoporousCDs adsorb the dyemolecules due to its high adsorption capacity, then
with irradiation, photo-induced electron transfer occurs fromZnO toCDwhile hole stopovers structurally and
electronically near ZnOwhich can efficaciously impede the electron-hole pair recombination and reduce
interfacial transfer time and thus photodegrade the organic dye adsorbed ontoCD [5]. Shortly, the exemplary

Figure 4. (a)Absorption spectra of CD, ZnO andCD/ZnOnanohybrid inwater and (b) photoluminescence spectra of CD, ZnO and
CD/ZnOnanohybrid inwater.

Figure 5. (a)Visible light catalysed decomposition ofMOdye byCD, ZnO andCD/ZnOnanohybrid, and (b) reusability of CD/ZnO
nanohybrids.
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sunlight driven photocatalytic activity of CD/ZnOnanohybrid is perhaps, due to attributes such as high
adsorption capacity of CD, charge separation and efficient interfacial charge transfer.

Figure 6(a) illustrates the development curves ofE.coli under visible light inmedium loadedwithCD, ZnO,
andCD/ZnOnanohybrid at different time intervals. The control experiment with no nanoparticle showed
highest bacterial growth, indicating that visible light radiation alone could not control bacterial growth. Under
visible light radiation, CD/ZnOnanohybrid has exemplary antibacterial activity compared toCD andZnO.
Thus, the line of antibacterial activity againstE.coli under visible radiation is CD<ZnO<CD/ZnO. As shown
infigure 6(b), themorphology ofE.coli treatedwithCD/ZnO for 6 h under visible light demonstrates that the
cell wall was corrugated and break open resulting in endoplasmic spill over with serious alteration in structure of
bacterial cell emanating cell death. The phenomenal photo-enhanced antimicrobial activity of CD/ZnO
nanohybrid is perhaps on the grounds of synergy betweenCD andZnOand reactive oxygen species production
through effective interfacial charge transfer fromZnO toCD.The detailedmechanismof cell death byCD/ZnO
nanohybrids could be explained as follows: Absorption of light results in electron-hole pair production due to
excitation fromZnO toCD,where photo excited electrons present in the conduction band reduces dissolved
oxygen in the system to superoxide radicals, whereas the hole loaded at valence band combines withwater
physically captivated on the oxide surface and produces hydroxyl radicals, hydrogen peroxide, and/or
protonated superoxide radical. These ROS thus authoritatively result in cell death through cell wall rupture and
endoplasmic spill over [40].

The I-V characteristics of ZnO andCD/ZnOnanohybrids under illuminationwere studied to augment and
envisage the intricate photocatalytic degradationmechanismof nanohybrid as presented infigure 7. Compared
to ZnO, theCD/ZnOnanohybrid demonstrates∼12 times increased photocurrent due to the synergy between
CDandZnO in the nanohybrid. This proves that upon visible light irradiation, photo-induced electron transfer
takes place fromZnO toCDwhile hole halts electronically and structurally near ZnO. This could efficaciously
impede the electron-hole pair recombination and reduce interfacial transfer time, bestowing the best
photocatalytic efficiency [41]. Additionally a 12 fold increase in photocurrent could open up promising strategy
for designing light harvesting systembased on sustainable CD/ZnOnanohybrids [42].

To explore the synergistic effects of CD andZnO,we studied electrochemical performances of CD, ZnO and
CD/ZnOnanohybrid. Figure 8(a) shows box shapedCV curve of CD signifying excellent charge propagation at
the surface of electrode [23], whereas ZnOnanorod (figure 8(a)) shows anamorphic CV response owing to
internal resistance of the electrode and pseudo capacitance [43]. Figure 8(b) shows that the CV curve of CD/
ZnOnanohybrid is neither box type nor anamorphic but has the largest integral areawithin the loop justifying
the positive synergistic effects of CD andZnO.. TheCV curve of CD/ZnOnanohybrid is the resultant of
synergism of electrical double layer capacitance and pseudo capacitance due to the reaction betweenZnO and
electrolyte, i.e., the intercalation and deintercalation ofNa+ from electrolyte into ZnO. In addition, the large
surface area could have increased the sufficient liquid-solid interfacial area and the unique structure of CD/ZnO
nanohybrid could have facilitated the rapid transfer of electrons amidst the activematerials and charge collector
leading to enhanced supercapacitance of the nanohybrid [30]. These results evidence the good electrochemical
behaviour of CD/ZnOnanohybrids whichmake thempotential electrodematerial for supercapacitors.

Figure 6.Proliferation profile ofE.coli treatedwithCD, ZnO andCD/ZnOnanohybrid under light with incubation period and (b)
SEM image of E.coli post 6 h treatment withCD/ZnOnanohybrid.
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Conclusions

Wehave successfully synthesized CD/ZnOnanohybrid via a simple, one-pot, cost-effectivemethod adhering to
green chemistry principles. Themorphology, crystallinity, and optical physicochemical attributes of CD/ZnO
nanohybridwere studied by appropriate analytical techniques. The potential of the CD/ZnOnanohybrid as
photocatalyst was demonstrated by photocatalytic decomposition of an organic pollutant,methyl orange, under
sunlight. They also exhibited exemplary photocatalytic antibacterial activity under visible light irradiation. The
enhanced light driven catalytic activity was due to the production ofmore free radicals through increased
separation efficiency. TheCD/ZnOnanohybridmanifests a∼12-fold increase in photocurrent compared to
ZnOnanorods. Furthermore, it exhibited superior electrochemical behaviour. Themultifunctionalities of CD/
ZnOnanohybrid were due to the synergy betweenCD andZnO andwe believe thismultifunctional, non-toxic,
metal free, highly efficient CD/ZnOnanohybrid could be a promising candidate as photocatalyst, visible light
bacteriocide, light harvesting system and supercapacitor.
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