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Carbon-based nanomaterials are currently attracting a lot of interest in many fields,
ranging from medicine and biotechnology to electronics, energy storage, and sensing
applications [1,2]. They show a variety of shapes, from 0D fullerenes, nanodiamonds,
and quantum dots (QDs) to 1D carbon nanotubes (CNTs), and 2D graphene (G) and its
derivatives graphene oxide (GO) and reduced graphene oxide (rGO) [3]. Furthermore, new
carbon-based nanomaterials are currently under investigation, such as mutated graphene-
like nanomaterials, which have been found to be very effective for the removal of organic
pollutants from wastewater [4], as well 3D carbon monolithics, which have great potential
for the decontamination of radioactive substances [5].

One characteristic of all carbon nanomaterials is the possibility of functionalizing
them through non-covalent and covalent methods [6,7], which generally modifies their
hydrophilic, electronic, optical, and mechanical properties. Non-covalent approaches
are attained via π–π stacking, electrostatic forces, and Van der Waals forces. On the
other hand, covalent functionalization can be performed via simple oxidation, leading to
oxygen-containing groups suitable for reacting with functional groups of other molecules
or polymers. This Special Issue “Carbon-Based Nanomaterials 3.0”, with a collection of
10 original contributions and 2 literature reviews, offers select examples of the surface
modifications of carbon nanomaterials that adapt their physicochemical properties, as well
as their applications in a variety of fields, such as supercapacitors, sensors, antimicrobial
coatings, bioimaging, decontamination, and so forth.

With an enlarged global focus on tackling the challenges of environmental pollution,
the interest in novel energy devices as an alternative to petroleum-based ones has also
increased. In this regard, supercapacitors can be designed for use in environmentally
friendly vehicles and new renewable energy; however, the limitation of a low energy
density remains a challenge [8]. To further increase the power density of supercapacitors,
mesoporous carbon nanomaterials can be used. However, activated carbons with high
mesopore volumes generated via physical activation are not economically viable. Thus,
to develop cost-effective high-performance supercapacitors with high energy and power
densities, the preparation of novel mesoporous activated carbons should be investigated.
In this regard, Bang et al. [9] have recently synthesized a kenaf-derived activated carbon
(KAC) for a high-power density supercapacitor via phosphoric acid activation. Kenaf was
chosen as the precursor due to its high productivity, and phosphoric acid activation was
applied to create a high specific surface area and advanced mesoporous structure. The
pore-growth mechanism for KAC through phosphoric acid activation was explored by
analyzing the textural properties and crystal structures. The electrochemical properties of
KAC were compared with commercial activated carbon, and an improvement was found
both in the specific capacitance and the ion-diffusion resistance. Mesopore control of the
electrode material is crucial in improving the supercapacitor resistance and output.

Hierarchical porous activated carbon (HPAC) is another interesting active material for
supercapacitors due to its huge specific surface are. Preparing electrodes with high-mass
loading is interesting in providing high total capacitances and gravimetric or volumetric
energy densities [10]. Therefore, developing an HPAC that increases the mass loading of
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the resulting electrode is highly desirable. In this regard, Amirtha et al. [11] prepared a
novel hydrogel-derived encapsulated H-HPAC (H@H) composite material, with reduced
specific surface area and pore parameters but increased proportions of nitrogen species.
The free-standing and flexible H@H electrodes showed remarkable reversible capacitance,
rate capability, and cycling stability and are also promising electrode materials for other
energy storage fields such as metal–ion capacitors.

In another study, a novel carbonaceous material was prepared from cellulose car-
bonized via two-steps—hydrothermal and thermal carbonization, in order—without any
chemicals [12], giving high yields after a treatment at 600 ◦C under an inert atmosphere.
This led to nanospheres with increased specific surface areas, as confirmed by SEM,
FTIR, X-ray diffraction, and Raman spectroscopy, as well as enhanced conductivity. The
nanospheres were used as a dispersed phase in electrorheological fluids, displaying excep-
tional electrorheological effects, considerably surpassing recent state-of-the-art findings.
These new carbonaceous particles prepared from renewable cellulose have further potential
to be utilized in many other applications that require conducting carbonaceous structures
with high specific surface area such as adsorption, catalyst, filtration, and energy storage,
to mention but a few.

GO is well known for its outstanding fluorescence quenching capability. Sun et al. [13]
prepared a water-soluble positively charged graphene oxide by grafting polyetherimide
onto GO nanosheets via a carbodiimide reaction. Compared with conventional GO, the
fluorescence quenching ability of the DNA strand of the novel positively charged one was
significantly improved via an additional electrostatic interaction. The DNA probe was
almost completely quenched for concentrations of the positively charged GO as low as
0.1 µg/mL. This quenching ability was used to develop a sensor for Hg2+ detection, leading
to a linear concentration range of 0–250 nM, with a limit of detection of 3.93 nM, and it was
successfully applied to real samples of pond water, leading to recoveries in the range from
99.6% to 101.1%.

Based on the fluorescence quenching ability of nitrogen- and phosphorous-doped carbon
dots, a simple and selective sensor for glutathione detection was also developed [14]. The re-
ductant potential of the doped carbon dots was used to synthesize AuNPs and to subsequently
form composites, which were characterized via spectroscopic and microscopic techniques,
including electrophoretic light scattering and XRD. The overlap of the fluorescence emission
spectrum of the doped carbon dots and the absorption spectrum of AuNPs resulted in an
effective inner filter effect in the composite material, leading to a quenching of the fluorescence
intensity. In the presence of GSH, the fluorescence intensity of the composite was recovered,
leading to a sensing method with a limit of detection of 0.1 µM.

Nitrogen-doped amino acid-functionalized GQDs show enhanced photoluminescence
and photostability and lead to the generation of reactive oxygen species through two-
photon photodynamic therapy (PDT) [15]. This amino-N-GQDs can be used as two-photon
contrast probes to trail and localize analytes in in-depth two-photon imaging executed in a
biological environment along with two-photon PDT to eliminate infectious or multidrug-
resistant microbes.

Nitrogen oxides (NOx) are amongst the foremost atmospheric pollutants; hence, it
is imperative to screen and detect their presence in the atmosphere. For such a purpose,
low-dimensional carbon structures have been broadly used as NOx sensors. In particular,
CNTs have been applied for sensing toxic gases due to their high specific surface area
and excellent mechanical properties. Even though pristine CNTs have shown promising
performance for NOx detection, several strategies have been developed such as surface
functionalization and defect engineering to expand the NOx-sensing ability of pristine
CNT-based sensors. In this regard, the surface modification approaches used in the recent
decade to modify the sensitivity and the selectivity of CNTs to NOx have recently been
reviewed [16].

Other atmospheric contaminants that threaten the environment and life include CO,
CO2, CH4, and O3. Canales et al. [17] have explored the use of small fullerenes such as
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C30 for the adsorption of these pollutants. They performed computational simulations to
investigate their adsorption on graphene-semifullerene (C30) surfaces, considering two C30
geometries—hexagonal and pentagonal bases—and found that it is possible to dope all
surfaces with Li, Ti, and Pt, which can be used as effective catalysts.

On the other hand, given that the control over radioactive species is currently critical,
the development of functional materials for the decontamination of radioactive substances
has also become imperative. In this regard, Bae and coworkers [5] have recently developed
a 3D porous carbon monolith functionalized with Prussian blue particles via the removal of
colloidal silica particles from exfoliated graphene/silica composite precursors. The colloidal
silica acted as a template and provided enough surface area that could accommodate
potentially hazardous radioactive substances by adsorption. The exceptional surface and
pore structure of the novel carbon monolith was examined using SEM, XRD, FTIR, and XPS
analysis. Moreover, a nitrogen adsorption/desorption study showed that surface area and
pore volume increased significantly compared with the starting precursor. It was found
that the novel nanomaterial had a higher adsorption capacity than that of pristine porous
carbon monoliths to most radioactive ions and, hence, can be used for decontamination in
many fields.

Studying acoustic plasmons (APs) in single-layer, double-layer, and multilayer graphene
or in metal/dielectric/graphene superstructures is another active field of research. Al-
though the mechanism of the formation of these plasmons in electrostatically biased
graphene or at noble metal surfaces is well known, the mechanism of their formation in
alkali-doped graphene is not well understood yet. In this regard, Marušic and coworkers
have investigated the interplay of the p and s intraband transitions with plasmon res-
onance [18]. Their work illustrates the importance of understanding the nature of the
chemical bonding between alkaline atoms and graphene and the perpendicular dispersivity
of the dynamical response in theoretical simulations of low-energy plasmons.

On the other hand, the interaction between photons and polarization modes can
result in the formation of hybrid photon polarization modes, called polaritons. The same
authors [19] have shown that 2D layered nanomaterials enable the formation of well-
defined exciton–polaritons even at room temperature and that the exciton–photon coupling
can be manipulated simply by changing the number of single layers. These nanostructures
can be applied in photonic devices, such as LED, telecommunications, or chemical and
biological sensing.

As known, graphene is a versatile compound with many outstanding properties,
providing a combination of a huge surface area, a high strength, and thermal and electrical
properties, with a wide array of functionalization possibilities. However, the available
literature on graphene-based coatings in dentistry and medical implant technology is
scarce. Srimaneepong and coworkers [20] have recently provided a comprehensive and
well-organized review on graphene applications in such field. Graphene displays good
biocompatibility, corrosion prevention, and excellent antimicrobial properties to prevent
the colonization of bacteria. Moreover, graphene coatings improve cell adhesion and
osteogenic differentiation, and promote antibacterial activity to parts of titanium unaffected
by the thermal treatment. Additionally, the coating can improve the surface properties of
implants, which can then be used for biomedical applications. Hence, graphene and its
derivatives may hold the key to the next revolution in dental and medical technology.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: The properties of newly synthesized Cu2O/CuO-decorated TiO2/graphene oxide (GO)
nanocomposites (NC) were analyzed aiming to obtain insight into their photocatalytic behavior and
their various applications, including water remediation, self-cleaning surfaces, antibacterial materials,
and electrochemical sensors. The physico-chemical methods of research were photoluminescence
(PL), electron paramagnetic resonance (EPR) spectroscopy, cyclic voltammetry (CV), and differential
pulse voltammetry (DPV). The solid samples evidenced an EPR signal that can be attributed to the
oxygen-vacancy defects and copper ions in correlation with PL results. Free radicals generated before
and after UV-Vis irradiation of powders and aqueous dispersions of Cu2O/CuO-decorated TiO2/GO
nanocomposites were studied by EPR spectroscopy using two spin traps, DMPO (5,5-dimethyl-1-
pyrroline-N-oxide) and CPH (1-hydroxy-3-carboxy-2,2,5,5-tetramethylpyrrolidine), to highlight the
formation of hydroxyl and superoxide reactive oxygen species, respectively. The electrochemical
characterization of the NC modified carbon-paste electrodes (CPE) was carried out by CV and DPV.
As such, modified carbon-paste electrodes were prepared by mixing carbon paste with copper oxides-
decorated TiO2/GO nanocomposites. We have shown that GO reduces the recombination process
in TiO2 by immediate electron transfer from excited TiO2 to GO sheets. The results suggest that
differences in the PL, respectively, EPR data and electrochemical behavior, are due to the different
copper oxides and GO content, presenting new perspectives of materials functionalization.

Keywords: TiO2 nanocomposites; EPR; photoluminescence; electrochemistry

1. Introduction

Titania (TiO2)-based materials have attracted great scientific interest due to their
physico-chemical properties and numerous applications. By UV photoexcitation, these
materials are able to produce electron–hole pairs that can determine a series of consecutive
reactions, most often involving the formation of radical reactive species [1].

TiO2 nanoparticles have shown good optical, electrical, and photocatalytic
properties [2]. TiO2 is a substance with applications in various fields such as paints and
plastics, water remediation, paper, and sensors [3–5]. The modification of TiO2 using metals,
non-metals, carbon-based materials may lead to an improvement of its photocatalytic as
well as photoelectrochemical activity. TiO2 absorbs only ultraviolet light due to its large
bandgap (3.0–3.2 eV). The optical absorption performance in the visible region could be

5



Int. J. Mol. Sci. 2022, 23, 14703

enhanced by adding copper oxides and graphene oxide (GO) to TiO2 nanoparticles [6,7].
Various methods of obtaining TiO2 and GO based nanocomposites and their optical and
photocatalytic properties extensive characterization are reported [8–12].

The electrochemical response of TiO2-modified electrodes can be improved by the high
conductivity of TiO2. Such electrodes were used for electrochemical measurements of gua-
nine, adenine, and dopamine [13,14]. The TiO2 doped in the carbon paste electrode (CPE)
sensor was developed to detect methyldopa in pharmaceutical samples since it presented
excellent electrochemical behavior, correlated to better electrode applicability. This electrode
may promote analyte electro-oxidation, increasing method sensibility [15]. Carbon-paste
electrodes modified with Cu2O/CuO-decorated TiO2/graphene oxide nanocomposites
may be a valuable and cheap alternative to determine compounds such as neurotransmitters
in drug formulae.

The EPR measurements on solid TiO2 samples and on water suspensions of TiO2
samples evidenced the presence of an EPR signal due to the oxygen defects and/or to the
presence of cooper, as well as the formation of reactive oxygen species (ROS) in suspen-
sions. The generation of ROS (HO•, O2

•–, singlet oxygen, etc.) in water titania suspensions
recommends these systems as alternative oxidizing agents that can be used in the anni-
hilation of water pollutants or can find antibacterial applications. In other fields such
as cosmetics, titania-based materials should be carefully used in order to control their
ROS activity. In this context, the importance of this study consists in highlighting the
intimate relation between the composition, structure, and activity of Cu2O/CuO-decorated
TiO2/graphene oxide nanocomposites by using physico-chemical methods. The signifi-
cance of the work is high because the named nanocomposites may be used as advanced ma-
terials for various applications: environmental, medical textiles, self-cleaning surfaces, and
electrochemical sensors.

2. Results and Discussion

2.1. Photoluminescence (PL) Data

As shown in Figure 1, the pure TiO2 nanoparticles present clear PL emission bands:
at 412 nm, corresponding to the oxygen vacancy with two trapped electrons (center
F) [16]; at 426 nm, attributed to the recombination of self-trapped excitons (STE) or free
excitons [17,18]; at 451 nm, 468 nm, and 484 nm, assigned to electrons’ trapping in shal-
low traps resulting from oxygen vacancies of TiO2 [18]; and at 493 nm, corresponding to
emissions from the TiO2 surface states [18].

As a result of TiO2 decoration with Cu2O and CuO species (identified by XPS in the
previous study [9]), a lower PL intensity of TC1, TC2, and TC3 was observed, indicating
an efficient charge–carrier separation. This finding is in good agreement with the data
reported by M. Janczarek and E. Kowalska in their comprehensive review that presents
the Cu2O and CuO as active species in TiO2 photocatalytic system being efficient electron
trappers to prevent the recombination of the photogenerated electron–hole pairs [19]. This
trend is more pronounced after graphene oxide addition, confirming that GO reduces the
recombination process in TiO2 by immediate electron transfer from excited TiO2 to GO
sheets [20,21].

2.2. EPR Spectroscopy Data

2.2.1. EPR Spectra of Solid Samples

The EPR spectra of the solid TiO2 samples are presented in Figure 2. The g factors,
calculated from the values of the microwave frequency (ν) and magnetic field (B) as shown
in ref. [22], are given in Table 1. As can be observed from Figure 2, the EPR spectra of the
copper oxides-decorated TiO2/graphene oxide samples present a broad line corresponding
to copper (II) centers, with g factors in the range 2.1464–2.1516.
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Figure 1. PL spectra of prepared nanocomposites compared to those of TiO2 nanoparticles.

Table 1. The g factors of the solid samples investigated.

Sample ν (GHz) B (mT) g

TC1 9.046638 300.419 2.1516

TC1-GO 9.047555 299.914
310.639

2.1554
2.0810

TC2 9.046588 301.141 2.1464

TC2-GO 9.047630 298.793
310.079

2.1635
2.0848

TC3 9.047059 300.865 2.1485

TC3-GO 9.046954 298.233
309.038

2.1674
2.0916

In the case of Cu2O/CuO-decorated TiO2/graphene oxide, it can be noticed that the
line attributed to copper (II) becomes asymmetric, and this is due in fact to the contribution
of the EPR line of the free electron due to defects present in the carbon nanomaterial and to
copper (II) centers. The g values attributed to these signals are also included in Table 1 and
range from 2.0810 to 2.0916.

2.2.2. Spin-Trapping Measurements

The spin-trapping method was employed in order to investigate whether the TC3
and TC3-GO samples generate ROS. Since HO• and O2

•– are the radical species most
commonly reported in TiO2 systems [11,12,23,24], two spin traps were used: 5,5-dimethyl-
1-pyrroline N-oxide (DMPO), sensitive to the HO• radical, and 1-hydroxy-3-carboxy-2,2,5,5-
tetramethylpyrrolidine (CPH), having high affinity for the O2

•– radical.
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Figure 2. Solid state EPR spectra of the TC1/TC1-GO (a), TC2/TC2-GO (b), and TC3/TC3-GO
pairs (c).
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The EPR spectra of the TiO2 aqueous samples in the presence of spin traps are shown
in Figure 3. One may observe the characteristic 1:1:1 triplet signal of the stable 3-carboxy-
carproxyl nitroxide formed by oxidation of CPH by ROS [25] (Figure 3a) and the 1:2:2:1
quartet signal characteristic to the •DMPO-OH spin adduct [26] (Figure 3b). The hy-
perfine coupling constant of the stable nitroxide was determined from the experimental
spectrum as aN = 16.18 G, typical for a nitroxide. The hyperfine coupling constants of the
•DMPO-OH spin adduct, obtained by spectral simulation, are aN = 15.00 G and
aH

β = 14.56 G, in accordance to the data reported in ref. [27]. Signal intensities are
slightly lower for the sample containing graphene oxide. The weak signal recorded for the
•DMPO-OH spin adduct may indicate a fast consumption of the HO• radical in
these systems.

β

 
(a) 

 
(b) 

Figure 3. The EPR spectra of the TC3 and TC3-GO samples in the presence of (a) CPH and (b) DMPO.
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2.3. Electrochemical Characterization

2.3.1. Cyclic Voltammetry Study

The results show that the anodic peaks increase when the sweep rate is increased
and there is a move to positive potentials. Additionally, by increasing the sweep rate, the
peak shape does not change, which leads to the conclusion that the modified electrode is
sensitive regarding the electrochemical investigation of the ferri/ferro process. In Figure 4a,
cyclic voltammograms for TC2 are presented.

 

(a) 

 

(b) 

−
Figure 4. (a) Cyclic voltammograms for 1.0 mM K3[Fe(CN)6] in 0.1 M KCl solution on TC2 modified
carbon paste electrode, v = 50–150 mV s−1) and (b) I vs. v 1

2 plot.
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An analysis of the voltammetric peak height as a function of the square-root of the
scan rate reveals a highly linear response, with good correlation factors, as observed in
Figure 4b. This response indicates a diffusion-controlled electrochemical process.

The same experiments were performed for all modified electrodes. A comparison of
CV measurements at 100 mV/s for all electrodes is presented in Figure 5.

−

Figure 5. Overlay of the cyclic voltammograms for selected TC2 modified electrodes for the redox
process of 1.0 mM K3[Fe(CN)6] in 0.1 M KCl solution (scan rate was 100 mV s−1).

Electrochemical CV data for bare and modified carbon-paste electrodes are presented
in Table 2.

Table 2. Electrochemical data from CV measurements at 100 mV/s; Ia and Ic represent the anodic
and cathodic peak currents, and Ea and Ec represent the anodic and cathodic peak potentials.

Ec (V) Ic (A) Ea (V) Ia (A) ∆E (V)

CPE −0.568 −2.69 × 10−6 0.706 6.22 × 10−6 1.274
TiO2 −0.424 −4.69 × 10−6 0.567 7.28 × 10−6 0.991
TC2 −0.203 −5.00 × 10−6 0.466 7.08 × 10−6 0.669

TC2-GO −0.557 −1.07 × 10−6 0.768 6.04 × 10−6 1.325

Both anodic and cathodic peak potentials are shifted for TiO2 and TC2 when compared
with the potential of bare carbon paste electrode. An increase in the peak currents and
a decrease in the separation between the peak potentials (∆Ep) at 100 mV·s−1 were observed
for these two modified electrodes in comparison to the bare CPE, indicating that the electron
transfer reaction was kinetically and thermodynamically favored at the copper oxides-
decorated TiO2-modified electrode surface. Enhanced electron transfer capacity was also
found by CV by Mirza-Aghayan et al. for the CuO/rGO/TiO2 system [12]. In the case of
the electrode modified with copper oxide-decorated TiO2/graphene oxide, peak currents
and potentials decreased. By increasing the scan rate, the intensity of the peak increases
not only in the anodic direction but also in the cathodic side. The parameter of most
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significant importance is represented by the position of the voltammetric peak rather than
the magnitude of the wave. In the case of the metal-doped graphene modified electrodes,
the larger peak current is likely due to a slightly larger surface area at the electrode.

Large band gap narrowing of Cu2O/CuO-decorated TiO2/graphene oxide nanocom-
posites: TC1, 2.90 eV, TC2, 2.94 eV, TC3, 2.86 eV, TC1-GO, 2.75 eV, TC2-GO, 2.56 eV, TC3-GO,
and 2.76 eV as compared to pure TiO2, 3.2 eV reported previously [9] may explain their
enhanced electron transfer capacity.

2.3.2. Differential Pulse Voltammetry Results

To get a better understanding of the redox behavior at the modified electrodes, DPV
measurements were performed. Differential pulse voltammetry is a more sensitive tech-
nique than cyclic voltammetry. The DPV traces are presented in Figure 6.

 

(a) 

 

(b) 

− − −
−

Figure 6. Differential pulse voltammograms for TC2 modified electrodes for the redox process of
1.0 mM K3[Fe(CN)6] in 0.1 M KCl solution (with step potential 10 mV and modulation amplitude
25 mV): (a) anodic and (b) cathodic waves.
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Anodic peak potentials shifted positively for all carbon paste bare and modified
electrodes when compared with glassy carbon (0.175 V). The best response was obtained
for the TC2-GO electrode, as stated by the highest peak current values (increased by
2.5 to 5.5). For the reduction process, the peak potential and peak current at TC2-GO
(0.031 V and −1.41 × 10−6 A) were almost the same as those at glassy carbon (0.035 V and
−1.46 × 10−6 A). For all other electrodes, the peak potentials shifted cathodically, and
the peak currents were 4–5 times smaller. The electrodes investigated may be a useful
and cheap alternative for the determination of redox active compounds contained in
drug formulae.

Reported scientific data showed that the electrochemical response of graphene modi-
fied electrodes can be improved by increasing the amount of graphene in the electrode [28].

3. Materials and Methods

3.1. Nanomaterials Preparation

Cu2O/CuO-decorated TiO2/graphene oxide nanocomposites were prepared by the
liquid impregnation method as previously described [29]. Briefly, TiO2 powder (P25
Evonik) was dispersed in the appropriate solutions of copper (II) nitrate trihydrate under
magnetic stirring. Subsequently, the dispersing medium was evaporated, and the resulting
powders were calcinated in argon atmosphere at 450 ◦C, then in argon/hydrogen (10%
H2) at 280 ◦C. For high homogeneity, all three powders were dispersed in double-distilled
water, frozen, and freeze dried. The resulting powders were denoted TC1, TC2, and TC3
according to the copper content 1%, 2%, and 3%, respectively. The TC(1,2,3)-graphene
oxide nanocomposites were also prepared using the freeze-drying procedure by mixing
TC1, TC2, and TC3 powders with graphene oxide (GO) in a weight ratio of 10:1. The final
powders were denoted TC1-GO, TC2-GO, and TC3-GO. Graphene oxide was synthesized
according to an improved version of Hummer’s method that was reported elsewhere [30].

3.2. Photoluminescence and EPR Spectroscopy Characterization

Photoluminescence (PL) spectra of the nanocomposites were recorded using a Jasco
FP-6500 spectrofluorimeter equipped with a 150 W Xenon lamp. The excitation wavelength
used was 320 nm. The experiments were performed in triplicate.

The EPR spectra of the solid probes were recorded on a JEOL FA100 spectrometer
equipped with a cylindrical-type resonator TE011 using the following parameters: fre-
quency modulation 100 kHz, microwave power 0.998 mW, sweep time 1800 s, modulation
amplitude 1 G, time constant 1 s, and magnetic field scan range 1500 G. Each solid sample
was placed in a glass capillary and introduced in the spectrometer’s cavity.

For the spin-trapping measurements, two spin traps, 5,5-dimethyl-1-pyrroline N-oxide
(DMPO) and 1-hydroxy-3-carboxy-2,2,5,5-tetramethylpyrrolidine (CPH), purchased from
Sigma-Aldrich (St. Louis, MO, USA) and ENZO Life Sciences, Inc. (Lausen, Switzerland),
respectively, were used. The parameter settings of the EPR spectrometer for spin-trapping
experiments were frequency modulation 100 kHz, microwave power 0.998 mW, sweep time
60 s, modulation amplitude 1 G, time constant 0.1 s, and magnetic field scan range 100 G.

Aqueous dispersions containing TiO2-based samples (1 mg/mL), DMPO (25 mM),
and hydrogen peroxide (125 mM) were prepared and incubated for 10 min at 37 ◦C in the
dark. The samples were vortexed during the last 5 min of incubation and then centrifuged
at 15.000 rpm for 1 min. The supernatant was immediately transferred into a capillary tube
and exposed for 10 min to UVA radiation (370 nm, mercury arc lamp, 500 W, LOT-Quantum
Design, Darmstadt, Germany) directly in the spectrometer’s cavity; then, the EPR spectrum
was recorded.

A stock solution of CPH (10 mM) was prepared in phosphate buffer of pH 7.4. To
this solution, the chelating agent deferoxamine mesylate (100 µM) was added in order
to prevent the oxidation of CPH that is catalyzed by traces of transition metal ions [31].
Aqueous dispersions containing TiO2 (1 mg/mL) and CPH (0.5 mM) were prepared and
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treated similarly to the case of the DMPO-containing samples. The experiments were
performed in duplicate.

The simulation of the EPR spectra of spin adducts formed by the DMPO and CPH
spin traps with the ROS generated by TiO2 samples was performed using the WinSim
program [32,33].

3.3. Preparation of the Carbon Paste Electrodes

Graphite powder (GP) (<20 µm, synthetic, Sigma-Aldrich), mineral oil (MO) (Sigma-
Aldrich), and copper oxides-TiO2 graphene oxide powders were used for the preparation
of the electrodes. A certain amount of graphite powder was placed in a mortar and pestle
and was thoroughly hand mixed for 40 min with paraffin oil, until a consistent uniformly
wetted paste was obtained. The GP:MO ratio was approximately 3:1 (w/w). The obtained
paste was placed into a plastic syringe of 1.0 mL. The electrical contact was made by
forcing a copper wire down into the syringe and into the back of the graphite paste. The
surface of the electrodes was obtained by polishing it on a weighing paper and, when it
was necessary, a renewed surface was made by pushing a small excess of the paste out of
the tube and polishing it again. The bare carbon paste electrode will be denoted by CPE.
The modified electrodes were prepared by mixing certain amounts of carbon paste with
Cu2O/CuO-decorated TiO2 graphene oxide nanocomposites (97:3 w/w) and were denoted
by TC1, TC2, TC3, TC1-GO, TC2-GO, and TC3-GO. The obtained materials were pressed at
the end of carbon paste from syringes. For comparison, a few electrodes were also prepared
as follows: one was left unmodified (CPE), one modified with graphene oxide (denoted by
GO), and one modified with TiO2 powder (denoted TiO2). The surface of all electrodes was
smoothed by polishing on a piece of weighing paper. All electrodes were kept in distilled
water before and after measurements.

Electrochemical measurements were carried out in duplicate on a potentiostat galvano-
stat system AutoLabPGStat 12, controlled by a general purpose electrochemical system
(GPES) with interface for Windows (version 4.9.007). Three electrodes in a one compart-
ment cell (10 mL) were used in all experiments. A glassy carbon electrode (Metrohm, 3 mm
in diameter) and carbon-paste electrodes (unmodified and modified) served as working
electrodes. The counter electrode was a Pt wire of large area. All experimental potentials
were referred to Ag/AgCl/KClsat as reference electrodes.

3.4. Testing the Modified Carbon Paste Electrodes

The electrochemical characterization of the modified CPE electrodes was carried out
by cyclic voltammetry (CV) and differential pulse voltammetry (DPV). The CV experiments
were recorded in 0.1 mol L−1 KCl solution containing 1.0 mmol L−1 K3[Fe(CN)6] in the
potential range of (−1) to (+1.2) V at scan rates of 50 to 150 mV s−1. DPV curves were
recorded on the same potential domains at step potential (SP) 10 mV and modulation
amplitude (MA) 25 mV.

All modified electrodes were tested for the redox process of 1 mM potassium ferro-
cyanide(III) using 0.1 M KCl as electrolyte, being an one-electron reversible redox system.

[Fe(CN)6]3− + e− ↔ [Fe(CN)6]4−

A control experiment was first performed utilizing a bare carbon paste electrode. The
voltammetric profile of bare CPE and copper oxides-TiO2 ± graphene oxide-modified
electrodes was explored by sweep rate variation from 50 to 150 mV/s.

4. Conclusions

The enhanced free radical generation and electrochemical response of Cu2O/CuO-
decorated TiO2/graphene oxide nanocomposites are associated with modifications of
transition metal oxides. Their electron-accepting properties may enhance the oxidation of
analyte when anodic scans are performed. The potential application of the demonstrated
electrochemical properties of modified electrodes with nanostructured oxides may increase
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the efficiency of drug detection in electroanalysis through electro-catalytic effects. Addi-
tionally, it was shown for the first time that the obtained modified TiO2 nanocomposites
transfer electrons under UV irradiation and generate hydroxyl and superoxide radicals
reactive oxygen species (ROS), as emphasized by EPR spectroscopy. Further applications
of these new nanomaterials could be bacterial inactivation; obtaining self-cleaning surfaces;
sensors; and various uses in environmental remediation.
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Abstract: Glutathione (GSH) is a thiol that plays a significant role in nutrient metabolism, antioxidant
defense and the regulation of cellular events. GSH deficiency is related to variety of diseases, so
it is useful to develop novel approaches for GSH evaluation and detection. In this study we used
nitrogen and phosphorus co-doped carbon dot-gold nanoparticle (NPCD–AuNP) composites to
fabricate a simple and selective fluorescence sensor for GSH detection. We employed the reductant
potential of the nitrogen and phosphorus co-doped carbon dots (NPCDs) themselves to form AuNPs,
and subsequently NPCD–AuNP composites from Au3+. The composites were characterized by
using a range of spectroscopic and electron microscopic techniques, including electrophoretic light
scattering and X-ray diffraction. The overlap of the fluorescence emission spectrum of NPCDs and
the absorption spectrum of AuNPs resulted in an effective inner filter effect (IFE) in the composite
material, leading to a quenching of the fluorescence intensity. In the presence of GSH, the fluorescence
intensity of the composite was recovered, which increased proportionally to increasing the GSH
concentration. In addition, our GSH sensing method showed good selectivity and sensing potential
in human serum with a limit of detection of 0.1 µM and acceptable results.

Keywords: glutathione; NPCD–AuNP composites; inner filter effect (IFE); “turn on” fluorescence

1. Introduction

Glutathione (GSH) is a tripeptide compound produced by the liver that is composed
of three different amino acids: cysteine, glutamic acid and glycine ( (  ƴ  

in the body,
-Glu-Cys-Gly) [1].

GSH acts as an antioxidant and is involved in many processes in the body, including tissue
building and repair, cysteine transport and storage, signal transduction modulation, cell
propagation control and immune system response regulation [2,3]. Abnormal levels of GSH
have been reported to contribute to oxidative stress, which plays a key role in aging, and in
a variety of diseases, including cancer, neurotoxicity, psoriasis, liver damage, Parkinson’s
disease, and Alzheimer’s disease. Therefore, GSH is considered a universal biomarker in
the diagnosis and therapeutic monitoring of cancers [4,5].

Many techniques have been used for the identification and quantification of GSH,
such as HPLC [6], electrochemistry [7], fluorescence [8], electrochemiluminescence [9] and
surface enhanced Raman scattering (SERS) [10].

Fluorescence-based methods are widely used for sensing different analytes based on
photoinduced electron transfer (PET), photoinduced charge transfer (PCT), fluorescence
resonance energy transfer (FRET) and the inner filter effect (IFE). PET and PCT are in-
tramolecular processes, whereas IFE and FRET are intermolecular processes, all of which
involve energy transfer between at least two independent molecules [11–14]. We developed
FRET-based sensors in previous studies and designed detection methods that reply via IFE
in this study. The IFE is a decrease in the fluorescence intensity of a fluorophore (donor) due
to the absorption of the excitation/emission light by an absorber (acceptor). This occurs
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when the absorption spectrum of the absorber overlaps with the fluorescence excitation or
emission spectrum of the fluorophore [14]. The IFE is classified as primary when the excita-
tion beam is attenuated by the volume of the sample, and secondary when the emission of
the fluorophore is absorbed by a molecule present in the solution [15]. Unlike FRET-based
sensors, IFE-based sensors do not provide site-specific information and cannot be used to
determine donor–acceptor interactions. However, the IFE has been shown to be useful for
converting analytical absorption signals into fluorescence signals, which has been proven
to enhance sensitivity and selectivity [16,17]. Moreover, IFE-based sensors do not require
any surface modification, or covalent linking between a donor and acceptor, which makes
probe fabrication simpler and flexible [18].

Recently, the combination of carbon dots (CDs) and gold nanoparticles (AuNPs) has
been shown to be an effective IFE pair because of the outstanding properties of both
materials. CDs are a promising class of fluorescent carbon materials that have attracted
considerable interest because of their distinctive properties, such as excellent solubility, low
toxicity, good biocompatibility, high photostability, tunable surface functionalities and cell
membrane permeability [19,20]. AuNPs have been widely used in fundamental studies for
a variety of applications. It is worth noting that the AuNP solutions have different colors
depending on their size distributions and morphologies, which is advantageous for the
recognition of different target molecules [21–23]. In addition, AuNPs are ideal fluorescent
absorbers because of their high extinction coefficients, and extensive absorption spectrum
that can easily overlap with the excitation/emission spectra of CDs to produce an IFE
process [24,25].

Many previous studies have used CD/AuNP pair-based IFE mechanisms for sensing
analytes, such as hyaluronidase [26], aldicarb [27], metformin hydrochloride [28], cyanide
ion [29] and biothiols. For the analytes, AuNPs were obtained via the reduction of chloroau-
ric acid using tri-sodium citrate as a reductant and surfactant. This results in several
negatively charged citrate ions on the surfaces of AuNPs, which may affect the IFE process.
Most fluorescence-based sensors have focused on the fluorescence properties of CDs. How-
ever, it is beneficial to take full advantage of CDs, including their reducing and stabilizing
potential. CDs synthesized using the hydrothermal method contain a large number of
carboxyl and hydroxyl groups [30]. Negatively charged carboxyl groups on the CDs can
stabilize metal particles in solution [31]. In addition, the hydroxyl groups allow CDs to act
as green reducing agents in the synthesis of metal nanoparticles [32]. Hence, the CDs have
two important roles: (1) a fluorescence source, and (2) a reducing agent and stabilizer for
AuNPs in the fabrication of CD/AuNP pair-based IFE sensors.

Another novelty of this research is the use of nitrogen and phosphorus co-doped
carbon dots (NPCDs) in an IFE-based sensor for GSH detection. NPCDs possess enhanced
fluorescence properties and more negatively charged functional groups and amine groups
on the surface compared to pristine CDs [19]. The amine and thiol groups show strong
binding affinity to the surfaces of AuNPs [33,34], which can increase the effectiveness of
the IFE process between NPCDs and AuNPs. NPCDs can successfully reduce HAuCl4 salt
to AuNPs without adding any other reductant and surfactant. Once AuNPs are formed,
NPCDs act as fluorescence donors that trigger the IFE process with AuNP acceptors, which
leads to the quenching of the fluorescence of NPCDs. The fluorescence of NPCDs is “turned
on” after GSH is added. The introduction of GSH to the AuNP system can induce aggrega-
tion of AuNPs [24]. In addition, because of its specific multidentate and steric structure,
GSH molecules are able to preferentially enclose AuNPs and isolate them from NPCDs.
Hence, the interaction between NPCDs and AuNPs can be disrupted by GSH, leading to
a decrease in the IFE and a restoration in the fluorescence of NPCDs. The mechanism of
“turn on” fluorescence for detecting GSH is illustrated in Scheme 1. Compared to “turn
off” fluorescence sensors, the “turn on” fluorescence sensors are preferable because the
likelihood of false positives is reduced.
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Scheme 1. Demonstration of the glutathione detection based on inner filter effect happening in
NPCD–AuNP composite material.

2. Chemicals and Experiments

2.1. Chemicals

All chemicals including (NH4)2HPO4, citric acid monohydrate, HAuCl4·3H2O, glu-
tathione, cysteine, homocysteine, alanine, glycine, lysine, tryptophan, methionine, glutamic
acid, human serum and deionized (DI) water were obtained from Sigma-Aldrich.

2.2. Instruments

Photoluminescence (PL) and UV–Vis spectra were obtained using a QuantaMaster TM
50 PTI spectrofluorometer (Photon Technology International, San Diego, CA, USA) and
a G1103A UV–Vis spectrophotometer (Agilent, Santa Clara, CA, USA). Size distribution
measurements were performed using electrophoretic light scattering (ELS; Photal Otsuka
Electronics, ELS 8000, Osaka, Japan). The structural and morphological characterization of
the samples was carried out by scanning electron microscopy (SEM; S-4700, Hitachi Ltd.,
Tokyo, Japan) and transmission electron microscopy (TEM; Tecnai, F30S-Twin, Hillsboro,
OR, USA). X-ray photoelectron spectroscopy (XPS) and powder X-ray diffraction (XRD)
were performed using an X-ray photoelectron spectrometer (PHI 5000, Chigasaki, Kana-
gawa Prefecture, Japan) and X-ray source (Rigaku/Smartlab, Tokyo, Japan), respectively.

2.3. Preparation of NPCDs

NPCDs were fabricated according to the method presented in our previous work [19].
In particular, (NH4)2HPO4 (5 g) and citric acid (2 g) monohydrate (molar ratio of 4:1) were
mixed with DI water (30 mL). Subsequently, the mixture was transferred into a 50 mL
Teflon-lined stainless-steel autoclave and heated at 180 ◦C for 4 h. After cooling, the solution
was purified by filtering through a 0.22-µm polyethersulfone membrane into a dialysis
bag (MWCO: 1000 Da) to dialyze for 48 h. The obtained light-violet colored solution was
lyophilized to collect a powdery substance.

2.4. Synthesis of NPCD–AuNP Composites

The NPCD solution (1.2 mL, 0.075 g/mL) was added to DI water (10 mL). The solution
was heated to boiling before 1% HAuCl4 (100 µL) was dropped into the solution. The color
of the solution quickly changed to purple and then burgundy after 10 min, indicating the
successful formation of AuNPs.
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2.5. Fluorescence Sensing of GSH

GSH sensing was carried out at room temperature. First, NPCD–AuNP solution (300 µL)
was added to DI water (2700 µL) to obtain a solution concentration of 9.05 × 10−4 g/mL.
Subsequently, different volumes of GSH solution were added via dropping into the NPCD–
AuNP solution to obtain various concentrations from 0.1 to 300 µM. The solutions were
further diluted to the mark using DI water and kept in equilibrium for 60 min before
fluorescence measurements were made with an excitation wavelength of 340 nm. Each
concentration was measured three times to determine the standard deviation.

2.6. Detection of GSH in Human Serum

Human serum (30 µL) was added to DI water (2670 µL) followed by NPCD–AuNP
solution (300 µL). A quantity of GSH was dropped into the solution, followed by dilution
to the mark with DI water before fluorescence analysis without pretreatment. The sensing
of GSH in human serum samples was performed using the method described above.

2.7. Selectivity

To study the GSH specificity of the NPCD–AuNP-based fluorescence sensing approach,
the fluorescence responses of other biothiols, including HCys, Cys and some amino acids,
were investigated.

3. Results and Discussion

3.1. Characterization of NPCDs-AuNPs Composites

UV–Vis absorption and fluorescence spectroscopy were used to characterize the optical
properties of the NPCDs and NPCD–AuNP composites. The UV–Vis spectrum of the
aqueous NPCD solution (Figure 1) shows a peak appears at 234 nm and another at 334 nm,
which originate from the surface states [20,35,36]. There is a peak located at 521 nm in
the spectrum of AuNP solution synthesized using sodium citrate as a reductant. The
maximum absorption peak of AuNPs can redshift with an increase in size of AuNPs [37].
The spectrum of an aqueous solution of NPCD–AuNP composites shows the same peak of
NPCDs at 334 nm and a specific peak at 548 nm, which confirms the successful reduction
of NPCDs to form AuNPs.

– –
–

– ’

–
–

–

a’) and emissio b’) fluorescence spectra of the NPCDs (a’, b’) and –
–

–

Figure 1. UV–Vis spectra of NPCDs, NPCD–AuNP composites and AuNPs (inset: aqueous solution
of NPCDs (a), NPCD–AuNP composites (b) and AuNPs (c)).

The NPCD and NPCD–AuNP composites’ fluorescence emission peaks appeared at 447
and 442 nm under excitation wavelengths of 355 and 340 nm, respectively (Figure 2). There-
fore, there was a blue shift in the emission and excitation peaks for the NPCD–AuNP com-
posites. In comparison to the fluorescence intensity of the NPCDs, that of the NPCD–AuNP
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composites was considerably quenched. As shown in Figure 1, the absorption spectrum
of the NPCD–AuNP composites presents a broad peak between 440 and 650 nm with a
peak maximum at 548 nm because of the presence of AuNP components, and the emission
peak is located at 442 nm due to the NPCD components. Hence, an overlap between the
absorption and emission peaks in the composite material easily produced an IFE process,
leading to the quenching of fluorescence intensity.

– –
–

– ’

–
–

–

 

a’) and emissio b’) fluorescence spectra of the NPCDs (a’, b’) and –
–

–

Figure 2. Excitation (a, a’) and emission (b, b’) fluorescence spectra of the NPCDs (a’, b’) and
NPCD–AuNP composites (a, b) (inset: enlarged fluorescence spectrum of NPCD–AuNP composites).

The morphology and size of the NPCD–AuNP composites were analyzed by SEM,
TEM and DLS. Under the influence of NPCDs, the synthesized AuNPs were relatively
monodispersed and spherical. They had a narrow size distribution range of 19.2 to 51.5 nm
and an average size of 32.5 nm (Figure 3). A high-resolution (HR) TEM image (inset of
Figure 3D) shows a crystal of the AuNPs, which was further characterized by powder XRD.

 
–

–

–

–

Figure 3. SEM images of NPCD–AuNP composites in the (A) absence and (B) presence of GSH.
(C) TEM image. (D) High-resolution TEM image (inset: fast Fourier transform (FFT) pattern). (E) DLS
analysis of NPCD–AuNP composites.

The powder XRD pattern of the NPCD–AuNP composites is shown in Figure 4. The
composites exhibited six planes of (111), (200), (220), (311), (222) and (400), which were
assigned to sharp peaks at 38.2◦, 44.4◦, 64.5◦, 77.5◦, 81.7◦ and 98.1◦ and lattice fringe
distances of 2.36, 2.04, 1.44, 1.23, 1.18 and 1.02 Å, respectively. Hence, the pattern closely
matches with the XRD pattern of pure crystalline Au◦ with face-centered cubic crystal
structures (PDF 04-0784).
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–

–Figure 4. Powder XRD pattern of NPCD–AuNP composites.

The XPS profile (Figure 5A) presents typical peaks at 83.97, 133.71, 284.92, 336.14,
354.3, 400.5 and 532.33 eV, corresponding to Au4f, P2p, C1s, Au4d (Au4d5/2 and Au4d3/2),
N1s and O1s, respectively. The atomic percentages of Au, C, O, N and P were found to be
5.35%, 39.18%, 45.61%, 6.98% and 2.87%, respectively. The high-resolution XPS profile of
the Au4f peak is shown in Figure 5B. Two peaks of Au4f5/2 and Au4f7/2 located at 84.4
and 87.7 eV, respectively, correspond to the metallic state of Au0. Figure 5C shows that the
C1s peak can be parsed to four peaks at 284.2, 285, 286 and 288.4 eV, which are assigned as
C-C/C=C, C-N/C-P, C-O and C=O bonds, respectively. These peaks originate from the sp2

graphitic structure [38] and several carboxyl, hydroxyl, amine and phosphate groups on
the surfaces of the NPCDs. These assignments can be further confirmed from the P2p and
N1s spectra, which are similar to those measured in the our previous study [19].

are assigned as C‒C/C=C, C‒N/C‒P, C‒O and C=O bonds, resp

 

–

–

–

–
–

–

Figure 5. (A) XPS survey spectrum of NPCD–AuNP composites. High resolution XPS spectra of
Au4f (B) and C1s (C).
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3.2. Detection of GSH

3.2.1. Mechanism of Sensing

As previously discussed, the overlap of the absorption spectrum of the AuNP compo-
nents and the emission spectrum of the NPCD components led to a significant quenching in
the fluorescence intensity of the NPCD–AuNP composites compared to that of pure NPCDs.
This overlap is illustrated in Figure 6A. However, the intensity of the NPCD–AuNP com-
posites recovered in the presence of GSH. This phenomenon did not occur with NPCDs.
In other words, GSH cannot affect the fluorescence of NPCDs but can turn on that of
the NPCD–AuNP composites (Figure 7). This is explained by the fact that GSH can
bind to AuNP surfaces via Au–S bonding and subsequently induce the aggregation of
AuNPs [34,39]. This can be clearly seen in the SEM images of the NPCD–AuNP composites
in the presence and absence of GSH (Figure 3A,B). Moreover, the color of the composite
solution changed from red to purple blue, and the absorbance peak of the composites
redshifted (Figure 6B), further indicating the aggregation of AuNPs in the composites after
the addition of GSH. Aggregation may limit the ability of AuNPs to act as acceptors in
the IFE process. Furthermore, GSH shows a strong affinity to bind AuNPs through its
multidentate ligands, and has a steric structure that can keep the bound AuNPs separate
from the NPCDs, which results in fluorescence recovery of NPCDs.

–
–

–
–

–

Figure 6. (A) Overlap of absorption peaks and emission peaks of NPCD–AuNP composites. (B) Ab-
sorption spectra (inset: image of colored solution) of NPCD–AuNP composites in the presence and
absence of GSH (300 µM).

–
–

 

–
–

–

Figure 7. Variation in fluorescence intensity of NPCDs and NPCD–AuNP composites (inset: enlarged
fluorescence spectra of NPCD–AuNP composites) in the presence and absence of GSH (40 µM).
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After adding GSH to a fixed concentration of NPCD–AuNP composites, the fluores-
cence intensity was recorded every 10 min to investigate the kinetics of the IFE process.
As shown in Figure 8, the intensity of the composites increased steadily in the presence
of GSH from 0 to 60 min. Thereafter, the intensity remained relatively stable. Therefore,
60 min was chosen as the optimal time for the next step.

 

–
–

–

– –

–

Refer

–
–
–

Figure 8. (A) Fluorescence intensity of NPCD–AuNP composites with GSH over time. (B) Relative
fluorescence (I/I0) of NPCD–AuNP composites over time with 20 µM GSH.

3.2.2. GSH Sensing

Figure 9 clearly shows the fluorescence recovery of the NPCD–AuNP composites in
the presence of GSH. The fluorescence intensity of the composites increased steadily when
the GSH concentration was increased from 0 to 300 µM. When the GSH level was within
the range of 10–120 µM, there was a linear relationship between the NPCD–AuNP com-
posite intensity and the GSH concentration, I/I0 = 1.22872 + 0.00303CM, with a correlation
coefficient (R2) value of 0.99716. The measurement was performed three times, and the
data were plotted with standard deviations. In addition, the limit of detection (LOD) value
was determined to be approximately 0.1 µM. A comparison of the detection results using
our approach with those of other approaches is presented in Table 1.

–
–

–

– –

 

–

Refer

–
– [42]

– [43]

Figure 9. (A) Fluorescence spectra. (B) Relative fluorescence of NPCD–AuNP composites in the pres-
ence of various concentrations of GSH (inset: linear relationship between I/I0 and GSH concentration
in the range of 10 to 120 µM).
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Table 1. Comparison of the GSH detection results of our method to those of other methods.

Method Linear Range LOD Reference

Colorimetric 0.03 mM [40]
Fluorescence 0.07–70 µM 48 nM [41]
Fluorescence 0.5–300 µM 0.26 µM [42]
Fluorescence 0–50 µM 0.19 µM [43]

Electrochemical 10–250 µM 25 µM [44]
Electrochemical 10 µM–500 mM 703 nM [45]
Electrochemical 100 nM–10 mM 41.9 nM [46]

Photoelectrochemical 1–10 µM 0.8 µM [47]
Fluorescence 10–20 µM 0.1 µM Our method

3.2.3. Sensing in Serum

To further investigate the practicality and reliability of the NPCD–AuNP composite-
based sensor, we tested this material for GSH detection in human serum. The results are
displayed in Table 2. The recovery range of GSH was 90.74–107.04%. The experiment
was repeated three times, and all relative standard deviations (RSDs) were less than 5%.
These results indicate that the method has potential applications for practical the detection
of GSH.

Table 2. Determination of GSH in human serum.

Sample Added (µM) Founded (µM) Recovery (%) RSD (n = 3)

1 10 9.07 90.74 2.27
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2 30 31.49 104.96 4.54

3 80 78.19 97.73 2.75

4 100 95.43 95.43 4.35

5 120 128.45 107.04 1.55

3.2.4. Selectivity

High specificity is a necessary condition for a good sensor. To confirm that NPCD–
AuNP composites are specific to sensing GSH, the “turn on” fluorescence responses of
other biothiols—including Cys; HCys; and amino acids, such as glycine (Gly), alanine (Ala),
lycine (Lys), trytophan (Trp), glutamic acid (Glu) and methionine (Met)—were studied in
the absence and presence of GSH. As shown in Figure 10, all biothiols, such as GSH, Cys
and Hcys, enhanced the fluorescence intensity of the composites. On the other hand, the
addition of an amino acid did not increase the fluorescence intensity of the composites or
affect the role of the fluorescence “turn on” of GSH. The introduction of biothiols to the
fluorescent NPCD–AuNP composites can induce the aggregation of AuNPs in the order of
HCys >> Cys > GSH [48]. The intensity was the strongest in the presence of GSH, followed
by HCys and Cys. This is explained by the high denticity of GSH, which is typically two
or more parts of the molecule (–SH and –COO−). This chelation makes the GSH–metal
atom interactions stronger than interactions of metal atoms with the other two biothiols or
amino acids that possess either a single –SH, weak amine or –COO− binding group [49]. In
addition, the large steric hindrance effect created by GSH is greater than that of Cys or HCys,
so it is much more able to coordinate stably to the metal atoms or ions [50]. In addition,
many studies indicate that GSH is superior to Cys and HCys in the role of a capping ligand
for semiconductor nanocrystals [51]. For these reasons, the interaction between GSH and
AuNPs is much stronger than the interactions of the other molecules studied. This results in
significant enhancement in the fluorescence intensity of the composites only when GSH is

25



Int. J. Mol. Sci. 2022, 23, 190

added, which ensures that the sensor based on NPCD–AuNP composite material is highly
selective for GSH sensing.

–

–

–

–

– —

–

–

–

–

Figure 10. Fluorescence response of NPCD–AuNP composites on adding 200 µM of different biothiols
and amino acids.

4. Conclusions

In summary, we successfully synthesized NPCD–AuNP composites, which are ideal
IFE pairs for GSH sensing applications. We effectively utilized the enhanced fluorescence
properties of NPCDs and their reducing nature to synthesize AuNPs and the subsequent
composites from an Au3+ salt. The fluorescence of the NPCD–AuNP composites recovered
steadily with increasing concentrations of GSH. A linear relationship of fluorescence against
GSH concentration from 10 to 120 µM was determined, with an R2 value of 0.99716 and LOD
value of 0.1 µM. In comparison to the results of some previous studies, our sensing results
were not as sensitive. However, our NPCD–AuNP composite-based GSH sensor does not
require a complicated design or expensive instruments. Its simplicity, sensitivity, selectivity
and effectivity make it a potentially viable sensor for GSH detection. Thus, we have
introduced a new strategy for development of simple sensors for biomedical applications.
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Abstract: Granulated carbon nanotube-supported palladium and platinum-containing catalysts were
developed. By using these, remarkable catalytic activity was achieved in chlorate ion hydrogenation.
Nitrogen-doped bamboo-like carbon nanotubes (N-BCNTs) loaded gel beads were prepared by using
Ca2+, Ni2+ or Fe3+ ions as precursors for cross-linking of sodium alginate. The gel beads were
carbonized at 800 ◦C, and these granulated carbon nanocomposites (GCNC) were used as supports to
prepare palladium and platinum-containing catalysts. All in all, three catalysts were developed and,
in each case, >99 n/n% chlorate conversion was reached in the aqueous phase by using the Pd-Pt
containing GCNCs, moreover, these systems retained their catalytic activity even after repeated use.

Keywords: GCNC; N-BCNT; hydrogenation; gel beads; sodium alginate

1. Introduction

Carbon has one of the most versatile allotropic modifications on Earth. From powder
to fibers, there is a wide range of varieties, including activated carbon, fullerenes, carbon
nanotubes, carbon fibers, graphene and of course diamond. These carbon variants provide
special electrical, mechanical, and optical properties that led to previously unimaginable
applications including catalysis [1–6]. Carbon-based materials play an exceptional role in
the development of catalytic systems.

To achieve an environmentally friendly chemical industry, catalytic processes are
essential and need to be applied as widely as possible. Therefore, to increase the catalytic
activity and selectivity of the catalysts and to reduce the cost of catalyst production, the
necessary heat and amount of chemicals are inevitable [7]. In parallel with the development
of new active phases, intensive research is being carried out by both academic and industrial
groups to develop new catalyst supports that can modify the catalytic activity and selectivity
of existing active phases [8–13]. Besides cost-effectiveness, carbonaceous solid catalysts
have the unique ability of keeping their activity not only in organic solutions but also in
aqueous solutions [14]. It was revealed that heat treatment can improve the oxidation
resistance of porous graphene more efficiently than conventional porous carbon [6]. These
unique properties make this material promising catalyst support for catalytic reactions
conducted under oxidative conditions [6].

There are several examples in the literature where carbon-based catalysts have been
used for halogenate reduction by catalytic hydrogenation [15–18]. Nitrogen-doped bamboo-
like carbon nanotubes (N-BCNTs) and non-doped multi-walled carbon nanotubes were
compared in terms of their activity and the former was better because electron-rich N atoms
promote electron transfer processes [19,20]. N-BCNTs are special types of carbon nanotubes,
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made from nitrogen-containing carbon compounds. Due to the nitrogen-doping, defect
sites are also appearing in the structure of the nanotubes, which are potential binding sites
for the catalytically active metal particles [21].

The drawback of the most promising carbon forms is that they often fall into the
nano range in more dimensions, which makes their use difficult on an industrial scale
(especially in fixed-bed catalytic reactions) and, last but not least, makes them dangerous to
handle (e.g., inhalation). Consequently, it is important to search for and develop methods
that allow the large-scale synthesis of carbon nanostructures and their direct macroscopic
sizing for immobilization [6,22–25]. Structured catalyst support with oxygenated functional
groups from commercial graphite felt (OFG) raw material was prepared and applied in
Pd/OFG catalyst synthesis, which was tested through the liquid-phase hydrogenation of
cinnamaldehyde and it was found that the system expressed excellent catalytic activity,
and stability as well as recyclability [26]. Furthermore, monolithic biochar-based catalysts
decorated with graphitic carbon-covered metal nanoparticles were synthesized [27]. This
catalyst with the incorporation of Ni-Co alloy nanoparticles achieved a synergistic effect of
Co and Ni nanoparticles in tar decomposition, exhibiting higher activity and better stability
than the catalyst incorporating pure Co and Ni nanoparticles for both toluene cracking and
steam reforming processes [27]. Nanodiamond-based monolith within an N-doped meso-
porous carbon matrix was prepared [28]. Cheap food-grade components were used as glue
for the dispersion of nanodiamonds and this metal-free composite system served as a highly
stable and well-performing catalyst for the conversion of ethylbenzene to styrene [28]. It
has also been found that the incorporated nitrogen in this monolith contributes to increased
styrene selectivity [28]. The use of activated carbon cloth as platinum catalyst support
has also been investigated and used in catalytic hydrogenation [29]. In addition to their
activity and the particular shape of the cloth support, the possibility of being used in a wide
range of temperatures is very advantageous [29]. Granulated nitrogen-doped graphene
oxide aerogels (N-dGOA) were synthesized and showed encouraging electro-catalytic
activity in oxygen reduction, which makes them applicable in areas such as hydrogen and
thermal energy storage [30]. In addition, granulated platinum-decorated carbon nanotubes
were found to have much better catalytic activity in the liquid phase hydrogenation of
nitrobenzene than their platinum-decorated activated carbon (AC) counterparts [31]. The
granulated CNTs had larger pores than the AC particles, which gave a faster mass trans-
fer rate of H2 and helped to produce aniline with high selectivity [31]. Nitrogen-doped
carbon nanotubes (N-CNT) supported on a macroscopic structure of SiC have shown to
be an active and selective metal-free catalyst for the low-temperature oxidation of H2S
into elemental sulfur [22]. The macroscopic shaping allows us to avoid the problems with
the handling and transport of the nanoscopic system, and this hybrid metal-free catalyst
with controlled macroscopic shape can be efficiently employed in a fixed-bed configuration
without facing the problem with the pressure drop across the catalytic bed [22].

To combine the above-mentioned positive effects of carbon-based materials, N-BCNT
was used to prepare a granulated catalyst support and by using it sodium alginate nanotube-
loaded gel beads were created. These beads were carbonized and used as supports to
develop palladium and platinum catalysts and tested in catalytic chlorate hydrogenation.

2. Materials and Methods

2.1. Materials

For the CCVD synthesis of N-BCNTs, n-butylamine (Sigma Aldrich, St. Louis, MO,
USA) was used as a carbon source and nickel(II) nitrate hexahydrate (Ni(NO3)2 · 6H2O,
ThermoFisher GmbH, 76870 Kandel, Germany) was applied as a catalyst on magnesium
oxide (Sigma Aldrich). Nitrogen (99.995%) was used as carrier gas (Messer Hungary
Ltd, Budapest, Hungary). Sodium alginate (Sigma-Aldrich, 3050 Saint Louis, MO 63103,
USA) was applied to prepare the N-BCNT gelatine beads along with calcium-chloride
(CaCl2 · 2H2O, Merck Ltd, Darmstadt, Germany), nickel(II) nitrate hexahydrate (Ni(NO3)2
· 6H2O, ThermoFisher GmbH, 76870 Kandel, Germany), and iron(III) nitrate nonahydrate
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(Fe(NO3)3 · 9H2O, VWR Int. Ltd., B-3001 Leuven, Belgium). To prepare the final catalyst,
palladium(II) nitrate dihydrate (Pd(NO3)2 · 2H2O, Merck Ltd.) and hexachloroplatinic
acid (H2PtCl6, Merck Ltd.) were applied as Pd and Pt precursors, respectively. During the
chlorate hydrogenation tests, potassium iodide (KI, Merck), 35 wt% hydrochloric acid (HCl,
VWR), and potassium chlorate (KClO3) were applied.

2.2. Characterization Techniques

High-resolution transmission electron microscopy (HRTEM, FEI Technai G2 electron
microscope, 200 kV) was used to characterize the nanoparticles. The sample preparation
was carried out by using the aqueous suspension of the nanoparticles, which was dropped
on 300 mesh copper grids (Ted Pella Inc, Redding, CA, USA). The surface of the samples
was further examined by a Helios G4 PFIB CXe Plasma Focused Ion Beam Scanning
Electron Microscope (PFIB-SEM) equipped with an EDAX Octane Elect EDS System and
APEX Analysis Software. Carbon tape was used for sample preparation. EDS maps were
created with a 1024 × 800 resolution, and 1 frame was recorded with a 1000 µs collecting
time. The particle diameters of the nanoparticles were manually scaled using the ImageJ
program, based on the scale bar of SEM images. The qualitative and quantitative analysis
of the different metals and metal-oxide forms was carried out by using X-ray diffraction
(XRD) measurements with Rietveld analysis. Bruker D8 diffractometer (Cu-Kα source)
in parallel beam geometry (Göbel mirror) with Vantec detector was applied. The metal
(palladium and platinum) content of the catalyst samples was determined by using a Varian
720 ES inductively coupled optical emission spectrometer (ICP-OES). For the ICP-OES
measurements, the samples were burned in air, after the remaining ash was solved in aqua
regia. The specific surface area of the catalysts was also measured by CO2 adsorption
experiments using Micromeritics ASAP 2020 sorptometer and the calculations were carried
out based on the Dubinin-Ashtakov isotherm. The types of the incorporated nitrogen
atoms were determined by X-ray photoelectron spectroscopy (XPS), using a Kratos XSAM-
800 XPS instrument. The MgKα X-ray source was operated with 120 W (12 kV, 10 mA).
Samples were examined on double-sided carbon tape. Survey spectra were collected with
a pass energy of 80 eV and 1 eV step size. The N-BCNTs were examined by using Raman
microscopy (WITECH 3112973 instrument with HeNe laser, λ = 632.92 nm). The structural
defects were quantified by calculating the ratio of the intensities of the defect peak (D-peak,
~1340 cm−1) and the graphite peak (G-peak, ~1580 cm−1) (ID/IG).

2.3. Synthesis of the Nitrogen-Doped Bamboo-Like Carbon Nanotubes (N-BCNTs)

N-BCNTs were synthesized from n-butylamine by using the catalytic chemical va-
por deposition (CCVD) method in a quartz reactor, which was placed in a tube furnace.
Butylamine was dosed (16.2 mL h−1) into the quartz reactor with a syringe pump. The
carrier gas was nitrogen (100 scm), and the carbon nanotubes were synthesized at 750 ◦C
for 20 min by using of 5 wt% nickel-containing MgO catalyst (2.5 g). After the N-BCNT
synthesis, the catalyst was removed by cc. hydrochloric acid.

2.4. Preparation of Catalyst Supports and Pd-Pt Containing Catalysts

The preparation of the catalyst supports is similar to a method applied in our previous
work, with some modifications [32]. A mixture of 100 mL distilled water, 0.75 g sodium
alginate, and 1 g N-BCNT were prepared by using a Hielscher homogenizer. This mixture
was added dropwise to 300 mL 5.5 g CaCl2 or 7.5 g Ni(NO3)2 or 10.86 g Fe(NO3)3 solution
by using a syringe pump. After the preparation, the remaining solution was removed
and the spheres were washed with distilled water and then, dried at 370 K for 24 h. The
prepared beads were calcinated at 800 ◦C under a nitrogen flow for 60 min. For the calcium-
containing samples, a concentrated hydrochloric acid wash was also applied prior to heat
treatment. All in all, three different GCNC (granulated carbon nanocomposite) supports
were prepared.
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Palladium and platinum were added to the supports by using an impregnation method.
A total of 1.15 g catalyst support was added to a 50 mL metal solution containing 0.1 g of
Pd(NO3)2 · 2 H2O and 0.01 g of H2PtCl6. This was followed by vacuum evaporation and
reduction at 673 K in the H2 stream for 30 min.

2.5. Catalytic Hydrogenation of Chlorate Ions

The prepared catalysts were tested in catalytic chlorate hydrogenation. To test the
catalytic activity of each system, potassium chlorate (200 mg/dm3) was hydrogenated in
the presence of a 1 g catalyst in aqueous media. Gas supply was provided (40 sccm nitrogen
and 100 sccm hydrogen) during the experiments and the temperature was set to 80 ◦C
by using a Julabo circulator. The solution was placed in a side-inlet gas washing bottle
with a fritted disc. The hydrogenation was carried out for 3 h in each case, and sampling
took place at 0, 5, 15, 30, 45, 60, 90, 120, 150, and 180 min. Thereafter, distilled water
was used to wash the catalysts which then, were dried at 105 ◦C overnight. UV-6300PC
spectrophotometer was applied at 351 nm to determine the chlorate concentration in the
collected samples. During the measurements, the following redox reaction was considered
between iodide and chlorate ions:

KClO3 + 6 KI + 6 HCl→ 3 H2O + 3 I2 + 7 KCl (1)

The intensity of the color, and thus, the absorbance of the samples changed due to
iodine formation, from which the chlorate concentration can be determined by appropriate
calibration. Potassium chlorate solutions with different concentrations (0, 50, 100, 150, and
200 mg/dm3) were prepared for calibration. A total of 100 mg potassium iodide and 1 mL
HCl were added to 1 mL sample, and then, it was diluted by using 50 mL distilled water,
and this was measured by the spectrophotometer.

3. Results and Discussion

3.1. Characterization of the Catalyst Supports

By using transmission electron microscopy, the fibrous structure of the prepared N-
BCNTs was verified (Figure 1A). The graphene layers dividing the nanotubes into segments
are also visible at higher resolution (Figure 1B).

At the edge of the before-mentioned graphene layers, the carbon atoms are easily
oxidized, and thus, several hydroxyl and carboxyl functional groups can be formed on the
surface of the N-BCNTs. Due to the deprotonation of these functional groups in aqueous
dispersions, negative charges appear, which lead to the decreasing electrokinetic potential
of the N-BCNTs. This can be used effectively to anchor the catalytically metal ions (i.e.,
palladium- or nickel-ions) on the surface of the nanotubes by ion exchange adsorption and
electrostatic interactions. On the other hand, this can also promote the continuous, and
homogenous coverage of the surface of the nanotubes by metal nanoparticles. Moreover,
the interaction between the nanoparticles and the N-BCNTs will be favored. Thus, the
extraordinary bamboo-like structure formed due to the incorporation of nitrogen atoms in
the graphitic structure of the nanotubes is beneficial.

On the deconvoluted N1s band of the N-BCNTs’ XPS spectrum, three peaks were
identified at 398.4 eV, 401.2 eV, and 404.9 eV binding energy, which are associated with the
pyridinic, and graphitic nitrogen atom types, and nitrogen oxides, respectively (Figure 1C).
The C1s band of the N-BCNTs’ XPS spectrum was also deconvoluted and three peaks were
identified at 284.5 eV, 287.5 eV, and 291.2 eV binding energy which can be associated with
carbon atoms of the graphitic character (C=C- and -C-C- bonds), C=O, and C atoms in
carboxyl functional groups.
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Figure 1. HRTEM images (A,B), deconvoluted N1s (C) and C1s band (D) on the XPS spectrum and
Raman spectrum (E) of the synthesized nitrogen-doped bamboo-like carbon nanotubes (NBCNTs).

The characteristic bamboo-like structure of the nanotubes is achieved by the nitrogen
incorporation into the system. This also increases crystal lattice defects and disorder in the
graphitic structure, which makes the N-BCNTs less graphitic compared to conventional
non-doped multi-walled carbon nanotubes (MWCNTs). Raman spectroscopy was applied
to quantify the disordered character of the structure of the nanotubes (Figure 1E). The ratio
of the intensities of the defect peak (D-peak, ~1340 cm−1) and the graphite peak (G-peak,
~1580 cm−1) (ID/IG) was calculated [33]. The impurities or disorder in the nanotubes are
defined by the D-peak, while the G-peak is associated with carbon-carbon bond stretching.
The ID/IG ratio is relatively high, 1.21 in the case of the studied N-BCNTs. (For reference,
Kim et al used heat treatment to improve the degree of CNT crystallinity, resulting a ratio
of 0.4 [34]). Thus, due to the presence of lattice defects, the nitrogen-doped nanotubes are
prone to modification, and various functional groups (-COOH, -OH) could occur on their
surfaces which led to high dispersibility in polar solvents.

The N-BCNTs were embedded into alginate gel beads. Ca2+, Ni2+, or Fe3+ ions were
applied as precursors for cross-linking sodium alginate, and thus, three different N-BCNT
loaded gel beads (or granulated carbon nanocomposites, GCNC) were created, GCNC,
Ni-GCNC, and Fe-GCNC, respectively. The advantage of transition metals compared to
calcium is that they can show catalytic activity or influence the catalytic behavior of the
noble metal-containing hydrogenation catalysts. The nickel and iron-containing, N-BCNT
loaded alginate gel beads were carbonized at 800 ◦C in nitrogen flow.

On the SEM images of the carbonized supports (Supplementary Materials
Figure S1A,B), the fibrous structure of the N-BCNTs is visible and decorated with spherical
objects, which are nickel nanoparticles that remained from the CCVD synthesis. More
nanoparticles are visible on the SEM images of the Ni- and Fe-GCNC samples (Figure 2A,B)
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which contain not only the residual Ni from the CCVD synthesis, but also Ni and Fe
particles that have replaced Na from Na-alginate.
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Figure 2. SEM images of the nickel (A) and magnetite (B) containing N-BCNT loaded gel beads.

To determine the composition of the nickel and iron-containing beads, XRD measure-
ments were carried. On the diffractogram of the Ni-GCNC, peaks were identified at 44.4◦

and 51.8◦ two theta degrees, which can be associated with (111) and (200) reflexions (PDF
04-0850), and characteristic to the metallic nickel phase (Figure 3A). The reflexions at 25.8◦

(002) and 43.1◦ (100) indicate the presence of a carbon phase as well (PDF 75-1621). In the
case of the Fe-GCNC sample, the (111) and (200) reflexions at 43.7◦ and 50.9◦ 2 θ degrees
(PDF 06-0696) belong to the α-Fe phase (Figure 3B). Furthermore, the reflexion at 44.6◦ (110)
confirmed that the carbonization of the gel beads led to the formation of a γ-Fe phase. The
presence of elemental metallic particles can be explained by the reducing effect of carbon at
high temperatures (800 ◦C).
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3.2. Characterization of the Noble Metal Containing Catalysts

The GCNC, Ni-GCNC and Fe-GCNC supports were used for catalyst preparation,
which was impregnated with the solutions of palladium and platinum precursors. The
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dried impregnated supports were activated in a hydrogen atmosphere at 400 ◦C. The sur-
face of the grains is richly covered by metal nanoparticles in the case of the Pd-Pt/Ni-GCNC
and Pd-Pt/Fe-GCNC catalysts (Figure 4A,C). A significant amount of these nanoparticles
is aggregated, but the fibrous structure of the N-BCNTs is still visible at higher resolution
(Figure 4B,D). The Pd-Pt/GCNC sample is similar in terms of surface coverage and ag-
gregation (Supplementary Materials Figure S1C,D). In the case of the Pd-Pt/Fe-GCNC
catalyst, the particle size of the anchored Pd and Pt crystallites on the N-BCNT surface is
smaller compared to those in the case of the Pd-Pt/Fe-GCNC (Figure 4). To confirm this,
the SEM images were used to prepare size distribution diagrams (Supplementary Materials
Figure S2). The smallest average particle size was measured in the case of Pd-Pt/Ni-GCNC
(14.4 ± 7.0 nm), while the largest value corresponds to Pd-Pt/Fe-GCNC (105.2 ± 58.1 nm)
and Pd-Pt/Ca-GCNC is in the middle in terms of this property (46.5 ± 14.3 nm). The
median values were 12.5 nm, 89.1 nm, and 46.5 nm for Pd-Pt/Ni-GCNC, Pd-Pt/Fe-GCNC,
and Pd-Pt/Ca-GCNC, respectively. Based on the mean and standard deviation values, the
nickel-containing sample was the most homogeneous with the smallest particles and the
most uniform in terms of particle size.
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Figure 4. SEM images of the nickel (A,B) and magnetite (C,D) containing, palladium and platinum
decorated granulated carbon nanocomposites (GCNC). Pd-Pt/Ni-GCNC—(A,B) and Pd-Pt/Fe-
GCNC (C,D).

Elemental mapping was carried out on the Pd-Pt containing catalysts, to examine the
metal distribution and coverage of the catalyst support. Elemental maps of the Pd-Pt/Ni-
GCNC system indicates that the distribution of the nickel particles is homogenous and the
bigger particle aggregates are mainly based on palladium, but where the Pd is enriched, Pt
is also found in greater amount (Figure 5A). In the case of the Pd-Pt/Fe-GCNC catalyst, the
large aggregates contain mostly iron, while the palladium and platinum nanoparticles are
located in homogenous distribution on the surface (Figure 5B).
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On the diffractogram of the iron and nickel-free Pd-Pt/GCNC catalyst, the reflexions
of the palladium were identified at 40.1◦ (111) and 46.8◦ (200) two theta degrees (Figure 6A)
(PDF 046–1043). The presence of elemental platinum was also verified by peaks located at
40.3 ◦ (111) and 46.0◦ (200) 2 θ degrees (PDF 04-0802).
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In the case of the Pd-Pt/Fe-GCNC catalyst, reflexions at 18.4◦ (111), 30.1◦ (220), 35.5◦

(311), 43.1◦ (400), 53.4◦ (422), 57.1◦ (511), and 62.6◦ (440) two Theta degrees were located,
and these can be associated with Fe3O4 (Figure 6B) (PDF 89-0691). The presence of elemental
iron was also verified by the peak at 44.6◦ (110) two theta degrees (PDF 06-0696). The (111)
and (200) reflexions of palladium and platinum are found at 40.3◦ and 46.7◦ as well as
40.1◦ and 46.0◦ two theta degrees, respectively (PDF 46-1043 and PDF 04-0802). Reflexions
indicating the presence of carbon are visible at 25.8◦ (002) and 43.1◦ (100) 2 θ degrees (PDF
75-1621).

The presence of elemental Ni and Ni oxide in the nickel-containing system, Pd-Pt/Ni-
GCNC, was verified (Figure 6C). The characteristic reflexions of Ni are found at 44.4◦ (111)
and 51.7◦ (200) two theta degrees (PDF 04-0850). Peaks of the NiO phase are found at 37.2◦

(111) and 43.3◦ (200) two theta degrees (PDF 47-1049). Elemental palladium and platinum
are also found in the sample.

The reductive treatment of the samples in a hydrogen atmosphere at 400 ◦C was
enough to form palladium and platinum nanoparticles. However, despite the reductive
atmosphere, due to the decomposition of the nitrate salt of palladium, nitrogen oxides were
developed, which led to the formation of NiO and Fe3O4 nanoparticles. The reduction
time at 400 ◦C was not enough to produce only the metallic form Ni and Fe, because of the
difficulty to access NiO and Fe3O4 particles. Moreover, due to the palladium and platinum
precursors being in hydrated form, water was present which further retards the reduction
of oxides [35].

The specific surface area of the catalysts was determined before and after applying
them in catalytic chlorate hydrogenation (Table 1). All in all, the surface area of the catalytic
systems only slightly changed after using them five times. The largest deviation occurred
in the case of the nickel-containing sample, while the smallest in the case of the Pd-Pt/Fe-
GCNC.

Table 1. Specific surface area of the developed granulated carbon nanocomposite supported Pd-Pt
decorated catalysts before and after using them 5 times.

Sample SSA (m2/g)

Pd-Pt/GCNC 75
Pd-Pt/GCNC 5× used 81

Pd-Pt/Ni-GCNC 214
Pd-Pt/Ni-GCNC 5× used 192

Pd-Pt/Fe-GCNC 177
Pd-Pt/Fe-GCNC 5× used 179

Based on the ICP results, the GCNC sample contained 2.66 wt % Ca despite acid
washing (Table 2). In the case of the Ni-GCNC and Fe-GCNC samples, ~22 wt % nickel
and ~18 wt % Fe were found, respectively. All samples contain nickel, even the GCNC and
Fe-GCNC supports include ~3.5 wt %, which is due to the fact, that the carbon nanotubes
contain a small amount of nickel since a nickel-containing catalyst was used to synthesize
the N-BCNTs. The Pd content of the noble metal-containing catalysts varied between 2.38
and 3.03 wt %, while the Pt content was between 0.28 and 0.45 wt %.
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Table 2. Quantitative analysis of the granulated carbon nanocomposite supported Pd-Pt decorated
catalysts based on ICP-OES measurements.

Weight %

Ca Fe Ni Pd Pt

GCNC 2.66 ± 0.22 - 3.87 ± 0.21 - -

Ni-GCNC - - 21.66 ± 0.77 - -

Fe-GCNC - 17.76 ± 0.36 3.23 ± 0.11 - -

Pd-Pt/GCNC 2.11 ± 0.13 - 3.56 ± 0.10 3.03 ± 0.18 0.38 ± 0.03

Pd-Pt/GCNC5× used 0.24 ± 0.01 - 3.16 ± 0.16 3.54 ± 0.22 0.42 ± 0.02

Pd-Pt/Ni-GCNC - - 21.07 ± 0.55 2.68 ± 0.42 0.45 ± 0.01

Pd-Pt/Ni-GCNC5×
used - - 12.72 ± 0.86 1.41 ± 0.11 0.15 ± 0.01

Pd-Pt/Fe-GCNC - 13.69 ± 4.27 3.19 ± 0.25 2.38 ± 0.28 0.28 ± 0.03

Pd-Pt/Fe-GCNC5×
used - 9.20 ± 0.89 3.22 ± 0.12 1.64 ± 0.16 0.20 ± 0.02

3.3. Comparison of the Catalytic Activity of the Developed Catalysts in Chlorate Hydrogenation

In the first experiments, the Pd-Pt/Ni-GCNC (Figure 7A) and the Pd-Pt/Fe-GCNC
(Figure 7B) catalysts showed better performance, converting almost all of the chlorate to
chloride in 60 min. The Pd-Pt/GCNC sample (Figure 7C) took about twice as long to
achieve this level of conversion. Although some decline after the first use is experienced,
significant change in the catalytic behavior of the Pd-Pt/Ni-GCNC and Pd-Pt/GCNC
catalysts was not detected (Figure 7A,C). In the case of the Pd-Pt/Fe-GCNC catalyst, after
the first cycle, the catalytic activity decreased to a greater extent (Figure 7B). Nonetheless,
the Pd-Pt/Fe-GCNC retains this decreased catalytic activity until the end of the fifth cycle.
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ICP measurements were also performed after the reuse tests (5×) of the catalysts
(Table 2). The results show a significant reduction in the precious metal content after the
fifth cycle in the case of the Pd-Pt/Ni-GCNC and Pd-Pt/Fe-GCNC samples. As the iron
and nickel contents also significantly decreased, it is likely that the palladium and platinum
crystallized on these metals have also leached from the samples’ surface during the catalytic
process. This metal leaching may have caused the decrease in activity experienced during
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the catalytic tests (Figure 7). The Pd-Pt/GCNC sample only shows a significant decrease in
its Ca content. There is no decrease in its precious metal content, but even a small increase
can be seen due to sample inhomogeneity.

4. Conclusions

Three different catalyst supports were developed by embedding nitrogen-doped
bamboo-like carbon nanotubes into alginate gel beads. Ca2+, Ni2+ or Fe3+ ions were applied
as precursors for cross-linking of alginate. The prepared granulated carbon nanocomposites
were carbonized and used as supports to create Pd and Pt-containing catalysts. All in all,
three catalysts (Pd-Pt/GCNC, Pd-Pt/Ni-GCNC, and Pd-Pt/Fe-GCNC) were prepared by
the impregnation method and successfully tested in chlorate hydrogenation. >99 n/n%
chlorate conversion was achieved in each case. Reuse tests were also carried out, and it was
found that the systems retained their activity after repeated use. Although, in the case of
the nickel and iron-containing samples, a not too significant decrease in their activity was
observed compared to the first cycle, which does not affect substantially their applicability.
Therefore, the developed noble metal-containing catalysts are highly efficient and well
applicable in chlorate hydrogenation.
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Abstract: A kenaf-derived activated carbon (KAC) for a high-power density supercapacitor was
developed in this study through phosphoric acid activation. The N2/77K isothermal adsorption–
desorption curve was used to estimate the textural properties of KAC based on BET and BJH and the
pore size distribution based on NLDFT. The electrochemical properties of KAC were analyzed by
using the coin-type cell applying 1 M SPBBF4/PC electrolyte, and the specific surface area and total
pore volume were 1490–1942 m2/g and 1.18–3.18 cm3/g, respectively. The pore characteristics of
KAC varied according to the activation temperature, and most KAC showed a mesoporous structure.
As the activation temperature increased, the mesopore volume increased up to 700 ◦C, then decreased.
The mesoporous structure of KAC resulted in a substantial decrease in the Warburg impedance as the
ion diffusion resistance decreased. Hence, the specific capacitance of KAC decreased from 82.9 F/g to
59.48 F/g as the charge–discharge rate increased from 1 mA/g to 10 mA/g, with the rate of reduction
at approximately 30%. The rate of reduction of KAC’s specific capacitance was 50% lower compared
with commercial activated carbon; hence, KAC is a more suitable electrode-active material for high
power density supercapacitors.

Keywords: supercapacitor; electric double-layer capacitor (EDLC); activated carbon (AC); power
density

1. Introduction

With an increased global focus on addressing the challenge of environmental pollu-
tion, the interest in new energy devices that can replace petroleum has also increased [1].
Lithium ion batteries (LiB) and fuel cells serve as the main energy-storage devices based on
high energy density; however, the limitation of low energy density remains a challenge [2].
Supercapacitors are characterized by semi-permanent life and high output characteristics,
which makes them suitable for use as auxiliary power with LiB or fuel cells [3,4]. Superca-
pacitors contain a hybrid system with LiB or fuel cells to support regenerative breaking
in environmentally friendly vehicles or a pitch peak and voltage dip in new renewable
energy [5,6]. Numerous studies have shown that supercapacitors are beneficial as the
auxiliary power in the hybrid system for generating the auxiliary output as well as securing
the system’s stability and enhancing battery life [7–9]. In the past, supercapacitors were
mainly applied in electronic devices, and the focus was on improving the energy density;
however, with the recent increase in their utilization in environmentally friendly vehicles
and new renewable energy, there is an urgent need to improve the power density.

In supercapacitors, the energy-storage mechanism involves the adsorption of ions
to the pores of activated carbon such that the electrochemical performance relies on the
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characteristics of the pores of activated carbon [10]. Previous studies on supercapacitors
mostly focused on improving the energy density, and as a result, the specific capacitance
of supercapacitors was shown to have a strong correlation with the volume of the pore
that can store the ions [11–14]. The market demand for supercapacitors with high power
density has recently increased, which has prompted research that is focused on decreasing
the impedance of activated carbon to increase both energy and power densities [15,16].
The electrode materials, such as the 3D building blocks, 3D activated graphene, and 3D
carbon frameworks, all contain a high specific surface area that ensures outstanding energy
density, whereas the high conductivity (production with nanocarbon) and low-ion diffusion
resistance (high mesopore volume) were found to result in outstanding electrochemical per-
formance (high energy density & power density) [17–19]. The drawbacks regarding these
electrode materials, however, are the requirements for a complex synthesis, production
process, and the consequential high process cost. In our previous study, a bamboo-based
activated carbon for a high power density supercapacitor was produced, which had a meso-
porous structure [20]. The ion diffusion resistance was found to decrease with an increase
in mesopore volume. The results showed that the mesopore volume of bamboo-based
activated carbon was approximately 26% higher with an approximately 11% increase in
specific capacitance, compared with commercial activated carbons. To further increase
the power density of supercapacitors, the mesopore volume of activated carbon should
be increased further. However, if the activated carbon with a higher mesopore volume is
produced by using the physical activation based on a mesopore growth mechanism via
the oxidation of crystal grain boundaries, the activation yield falls below 5%, causing low
economic feasibility. Thus, to develop a high-performance supercapacitor with high energy
and power densities, the production of novel mesoporous activated carbons should be
investigated.

Phosphoric acid activation is a manufacturing technology for producing activated
carbon having a higher mesopore ratio than the physical activation method. In particular,
phosphoric acid activation of biomass precursors has a pore-development mechanism in
which phosphate linkages formed by crosslinking with phosphoric acid are decomposed
at 723 K to form mesopores [21]. Therefore, in order to increase the mesopore ratio of the
biomass-based activated carbon prepared by phosphoric acid activation, a high cellulose
content required for the crosslinking reaction is required. Kenaf is a very useful biomass
precursor of activated carbon with a high yield per unit area, fast growth rate, and high
fixed carbon. In particular, kenaf has a high cellulose content, so it has a high utilization
value as a precursor of mesoporous activated carbon by phosphoric acid activation [22].

In this study, a mesoporous kenaf-derived activated carbon (KAC) with a high specific
surface area was prepared to enhance the diffusion resistance of supercapacitors. Kenaf
was chosen in place of activated carbon as the precursor based on its high productivity,
and phosphoric acid activation was applied to create a high specific surface area and
advanced mesoporous structure. The pore-growth mechanism for KAC through phosphoric
acid activation was examined by analyzing the textural properties and crystal structures.
The electrochemical properties of KAC were comparatively analyzed with reference to
commercial activated carbons.

2. Results and Discussion

The isothermal adsorption–desorption curve is the most effective method for analyzing
the characteristics of porous carbon materials. The isothermal adsorption–desorption
curves and textural properties for activated carbons (KAC and commercial activated
carbons) are given in Figure 1 and Table 1, respectively.
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Figure 1. N2/77K isothermal adsorption-desorption curves of kenaf-derived activated carbons as a
function of activation temperature.

Table 1. Textural properties of kenaf-derived activated carbons as a function of activation temperature.

Samples
SBET

a

(m2/g)
VTotal

b

(cm3/g)

VMicro
c (cm3/g)

VMeso
d

(cm3/g)

Activation
Yield
e(%)

DR
Method

αs
Method

KAC-5 1490 1.18 0.54 1.06 0.82 31
KAC-6 1800 2.78 0.62 1.17 2.42 30
KAC-7 1940 3.18 0.65 1.37 2.80 27
KAC-8 1940 2.25 0.64 1.36 1.86 25

YP-50F 1780 0.83 0.69 0.76 0.17 -
YP-FW 1820 0.91 0.70 0.86 0.26 -
CEP-21 2230 0.86 0.83 0.96 0.14 -

a SBET: Specific surface area; BET method P
v(P0−P) = 1

vmc + c−1
vmc

p
P0

. b VTotal: Total pore volume; BET method.
c VMicro: Micropore volume. d VMeso: Mesopore volume; BJH method rp = rk + t, (rp = actual radius of the pore,

t = thickness of the adsorbed film). e Activation yield: Weight of activated sample
Weight of carbonized or stabilized sample input × 100.

In Figure 1, KAC and commercial activated carbons display entirely different types
of isothermal adsorption–desorption curves based on the IUPAC criteria [23]. The isother-
mal adsorption–desorption curve for KAC showed that only KAC-5 had the type I curve,
whereas all others had the type II curve. That is, the KAC activated at 500 ◦C mainly expe-
riences micropore growth and the pore structure mostly comprises micropores, whereas
the KAC activated at a higher temperature experiences mesopore growth and the respec-
tive pore structure comprises both micropore and mesopore. However, for commercial
activated carbons (YP-50F, YP-FW, and CEP-21), the isothermal adsorption–desorption
curves were all type I based on the IUPAC criteria. That is, the pore structure of commercial
activated carbons mostly comprises micropores, which is presumed to be for storing a
greater amount of ions to ensure a high energy density [23]. YP-FW among commercial
activated carbons had the volume adsorbed fall in the range between YP-50F and CEP-21
at a relative pressure of 0.05. As the relative pressure increased, the continuous increase
in the volume adsorbed led to the highest level among commercial activated carbons at
relative pressure 0.99. YP-FW, therefore, showed the largest total pore volume due to high
mesopore volume despite the micropore volume falling between YP-50F and CEP-21.

Table 1 shows the textural properties of activated carbon. Textural properties such
as specific surface area, micropore volumes, mesopore volume, and pore size distribution
of porous carbon materials are important factors to be considered when designing new
materials as well as in their applications. Nitrogen adsorption has shown to be adequate
to determine the textural properties of microporous and mesoporous carbon materials.
However, assessing microporosity is not an easy task. As a result, several methods and
models such as the Brunauer–Emmett–Teller (BET) method, the Dubinin–Radushkevich
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(DR) method, alpha-s plot (αs-plot), the Barrett–Joyner–Halenda (BJH) method, and the
non-linear density functional theory (NLDFT) have been proposed, with each method
presenting different assumptions, physical criteria, or application ranges, resulting in
underestimation or overestimation of the final results in some cases. In conclusion, because
KACs have a mesoporous pore structure, the two methods (DR plot and as-plot) determine
the micropore volume differently depending on different assumptions, physical criteria, or
application ranges in Table 1.

In Table 1, the activation yield of KAC showed a continuous fall as the activation
temperature increased, which is presumed to be due to the increase in crystal oxidation
with an increase in activation temperature. For KAC, the micropore volume increased
until 700 ◦C and stabilized, but the mesopore volume increased until 700 ◦C and then de-
creased. The specific surface area and total pore volume of KAC were 1490–1940 m2/g and
1.18–3.18 cm3/g, respectively. Nonetheless, the specific surface area and total pore volume
of commercial activated carbons were 1780–1950 m2/g and 0.83–0.91 cm3/g, respectively.
Thus, for all except KAC-5, the specific surface area was similar to commercial activated
carbons, whereas the total pore volume was two to three times higher. The results indicated
that, with the exception of KAC-5, a micropore volume of KAC was similar to commercial
activated carbons, whereas the mesopore volume was 5–10 times greater, so that the total
pore volume became 2–3 times higher than commercial activated carbons.

The completely different pore structures between the KAC and commercial activated
carbons may be attributed to the different pore growth mechanism through the activation
process. The pore characteristics of activated carbons are known to be influenced by
the precursor, stabilization and carbonization processes, and the activation process, the
last factor having the most significant effect [24,25]. The coconut-based activated carbon
(YP-50F and YP-FW) and cokes-based activated carbon (CEP-21) were each produced
through the steam activation and KOH activation processes, which share the pore-growth
mechanism through the crystal oxidation mediated by CO2 or H2O despite differences in
the chemical activation due to intercalated metallic K. Thus, the activated carbons produced
through the steam and KOH activation processes mostly display a microporous structure,
whereas mesopore growth is preceded by the fall in the micropore volume, which is caused
by low activation yield or pore destruction [26,27]. Therefore, it is generally very difficult
to produce activated carbons with a high level of mesopores through the steam activation
and KOH activation processes.

Kenaf-derived activated carbons exhibit a different mechanism of pore growth via
phosphoric acid activation. The dehydration, degradation, and condensation (crosslinking)
of kenaf occur due to phosphoric acid. The phosphorous compound forms an ester bond
with –OH groups at 200 ◦C for the crosslinking in polymer chains, and thermal degradation
of phosphate linkages at 450 ◦C or above causes the expansion of the crystal structure to
increase the mesopore volume [28]. Hence, the unique pore-growth mechanism of KAC
compared to commercial activated carbons is thought to underlie the high proportion of
mesopores at approximately 40–60% in spite of the high activation yield.

The Non-Localized Density Functional Theory (NLDFT) is a method for monitoring
the pore-size distribution in activated carbons based on the thermodynamic data. The
pore-distribution curves for KAC and commercial activated carbons of EDLC are shown
in Figure 2. First, compared to KAC, commercial activated carbons present narrower and
smaller pore diameters on the pore-distribution curves. CEP-21, YP-50F, and YP-FW each
show a curve with main pore diameters of 1.14 nm, 1.2 nm, and 1.66 nm, respectively.
CEP-21, in particular, as it is formed through KOH activation, displays the narrowest pore
distribution curve with the smallest pore diameter. Although YP-50F and CEP-21 have a
microporous structure with pore distribution curve of <3 nm pore diameter, the mesoporous
structure was most distinct for YP-FW among the commercial activated carbons with the
pore growth of up to a 100-nm pore diameter.
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Figure 2. Pore size distribution curves of kenaf-derived activated carbons as a function of activation
temperature.

However, a highly broad pore-distribution curve with more than two peaks was
observed for KAC. The center of the peak was also observed at 3.0–4.0 nm. In line with
the previously described isothermal adsorption–desorption curve of KAC, the mesopore
volume with ≥10 nm pore diameter increased as the activation temperature increased
up to 700 ◦C, then decreased. Thus, despite the similar specific surface area, KAC and
commercial activated carbons showed completely different pore ranges on the micropore
distribution curve, whereas KACs were found to have the pore growth with relatively
larger pore diameters.

XRD is the most useful analytic method for the monitoring of the crystal structure of
porous carbons. The XRD curve for KAC is presented in Figure 3. The XRD spectra agree
well with the standard International Centre of Diffraction Data (ICDD) file (ICDD-PDF
#411487), which confirmed the formation of crystalline structures of the graphitic carbon.
The obtained peaks are indexed to the corresponding peaks for C(002), C(100), and C(101)
crystal planes of graphitic carbon. However, the C(100) and C(101) crystal planes of porous
carbon are marked as C(10l) because they are difficult to distinguish due to their low
crystallinity and isotropic crystal structure. In the diffraction pattern of KAC, an Al(PO3)3
peak was observed at approximately 20◦ and 25◦, which is considered to be formed by the
reaction between phosphoric acid and an alumina tray.

Figure 3. X-ray diffraction patterns of the kenaf-derived activated carbons as a function of activation
conditions.

The peak fitting of the XRD curve in Figure 3 is used to show the changes in the La
(width) and Lc (height) is shown in Figure 4. The La and Lc increased as the activation
temperature increased as shown in Figure 5. In the XRD analysis, an increase in the La
of a carbon material is observed due to two reasons: (1) the crystal growth, and (2) the
oxidation of a non-crystalline substance. It is a well-established fact that the crystal of
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carbon material grows at a high temperature [29]. The activation of KAC was mediated
without carbonization after stabilization at 200 ◦C. Thus, the crystal growth is presumed to
have occurred as the temperature increased in the activation process. As the XRD shows
the mean values after statistical analyses, the oxidation of non-crystalline parts is observed
with a relative increase in crystal growth [29]. As shown in Table 1, an increase in the
activation temperature caused an increase in the specific surface area; this means that with
the increase in activation temperature, the oxidation of non-crystalline parts increased to
form micropores. As a result, the La of KAC is determined to be increased due to crystal
growth, and oxidation of amorphous material at a high activation temperature.

Figure 4. Structural characteristics of kenaf-derived activated carbons as a function of activation
temperature.

Figure 5. (a) Raman spectrum of kenaf-derived activated carbons as a function of activation tempera-
ture. (b) Band parameters derived from raw spectra decompositions.

The Raman spectrum and band parameters for KACs are shown in Figure 5. As can
be seen in Figure 5a, a clear separation of G and D bands was observed with a gradual
increase in ID/IG in direct proportion to the activation temperature. In our previous study,
an increase in ID/IG was observed upon the oxidation of non-crystalline substances during
the physical activation process [30]. Hence, the oxidation is thought to prioritize non-
crystalline over crystalline substances during the chemical activation by phosphoric acid, in
conformance with the previously discussed XRD result. The G1, G2, D1, and D2 calculated
through peak fitting in the Raman spectrum are shown in Figure 5b. G1 is the in-plane bond
stretching motion of sp2 hybridized carbon atoms pairs, D1 indicates defects/disorder,
G2 indicates amorphous carbon, and D2 indicates a disordered graphitic lattice [31]. With
an increase in activation temperature, a negligible change was observed in G1 across all
KAC samples, whereas the FWHM decreased in G2, D2, and D1. Phosphate activation
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has a pore-development mechanism similar to that of physical activation in which crystal
edges are oxidized by oxygen generated by the decomposition of phosphate linkages [21].
Therefore, negligible change was observed in G1, unlike G2, D1, and D2, because the crystal
structure change due to the oxidation reaction of phosphoric acid activation is mainly made
at the edge of the crystal. In addition, as the activation temperature increases, the oxidation
due to phosphoric acid activation is likely to be more active in amorphous carbons or at the
crystal grain boundaries.

CV curves give a useful method for monitoring the charge–discharge behavior of
EDLC. The CV curve for KAC at a 5–400 mV/s scan rate is shown in Figure 6. It is known
that the CV curve for EDLC takes a rectangular shape as the most ideal form, with constant
current in accordance with changes in voltage. The CV curves for all KAC samples, as
shown in Figure 6, display the change to a leaf form from a rectangular form as ion-diffusion
resistance increased with an increase in the charge–discharge rate. In Figure 6a, the CV
curves of all KAC was observed in a rectangular form due to low ion-diffusion resistance
at the slowest charge–discharge rate of 5 mV/s. The CV curve area was also highly similar
across all KAC types. Thus, at slow charge–discharge rates, all KAC are presumed to have
a highly similar specific capacitance.

Figure 6. Cyclic voltammetry curves up to (a) scan rate 5 mV/s, (b) 50 mV/s, (c) 100 mV/s, and
(d) 400 mV/s of AC/AC capacitors in 1 M SBPBF4 in PC electrolyte.

The CV curve for KAC-5 displayed the fastest change from a rectangular to leaf form
with an increase in the charge–discharge rate, whereas the leaf form was observed from
50 mV/s. Next, the CV curves for KAC-6 and KAC-8 were highly similar, whereas the
leaf form was observed from 100 mV/s. The CV curve for KAC-7 stably maintained
the rectangular form even at a high charge–discharge rate, whereas the leaf form was
observed from 400 mV/s. It is worth noting that, at 5 mV/s, KAC-7 had the narrowest
CV curve area, but at 400 mV/s, the broadest CV curve area was found; hence, despite
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the most outstanding levels of specific surface area and total pore volume, KAC-7 had the
lowest specific capacitance at a low charge–discharge rate. At a high charge–discharge
rate, however, the low ion-diffusion resistance led to the highest specific capacitance. In
our previous study, the specific capacitance of EDLC was shown to be more dependent
on the pore distribution required for ion storage than the specific surface area [32]. Thus,
the smallest CV curve area of KAC-700 is thought to be due to low pore volume for better
ion adsorption, despite the most outstanding pore characteristics. Nonetheless, the high
proportion of mesopores of KAC-700 led to low ion-diffusion resistance to increase the scan
rate, and to cause the highest specific capacitance.

Galvanostatic technique allows a highly useful analytic method for monitoring the spe-
cific capacitance of activated carbons. Figure 7 shows the specific capacitance of commercial
activated carbons and KAC in relation to various current densities in a 0.1–10 A/g range.
At relatively low current densities of 0.1–0.2 A/g, the specific capacitance decreased from
the KAC with the highest proportion of micropores, as follows: CEP-21 > YP-50F > YP-FW
> KAC-700. Although the micropore volume of KAC-700 was higher than YP-50F or YP-FW,
the specific capacitance was lower at 0.1–0.2 A/g current densities. In our previous study,
compared to specific surface area and micropore volume, pore size distribution was shown
to have greater influence on the specific capacitance [33]. As the previous pore distribution
curves showed, YP-50F, YP-FW, and KAC-700 had completely different pore-distribution
curves despite sharing identical specific surface area and micropore volume, and YP-50F
with the pore volume indicating closer space among ions is presumed to have the highest
specific capacitance.

Figure 7. Specific capacitance curves of commercial activated carbons and kenaf-derived activated
carbons with different current densities.

The specific capacitance across all activated carbons showed a linear decrease with an
increase in current density. The slope of decrease in specific capacitance for each activated
carbon was shown to be lower for higher mesopore proportions. Thus, at ≥2.5 A/g
current densities, each activated carbon acquires an altered position in the order of specific
capacitance; at 10 A/g current density, the specific capacitance was in reverse order as
follows: KAC-700 > YP-FW > YP-50F > CEP-21. Notably, KAC-700 was shown to maintain
67% specific capacitance as the current density increased from 0.1 A/g to 10 A/g. Thus,
to increase the energy density for EDLC, a microporous structure with a pore distribution
comparable to that of the ion diameter is required, and to increase the power density,
a mesoporous structure is required.

Electrochemical impedance spectroscopy is the most useful analytic method for mon-
itoring the impedance of EDLC. The Nyquist plot for KAC and commercial activated
carbons are presented in Figure 8. The Nyquist plot consists of a semi-circle and a 45◦ slope,
each indicating the charge transfer resistance and the Warburg impedance. The semi-circle
diameter for KAC-7 was shown to be greater than that across commercial activated carbons.
Compared to commercial activated carbons based on the precursor of high-temperature
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physical activation or high-level conductivity, KAC-7 is likely to show low conductivity
through the activation at a relatively low temperature [33], and the resulting increase in
charge transfer resistance may account for the larger semi-circle diameter.

Figure 8. Nyquist plot of commercial activated carbons and kenaf-derived activated carbons.

In the Nyquist plot, the length of the 45◦ slope was in the following order: KAC-7
< YP-FW < YP-50F < CEP-21, with KAC-7 having the smallest slope. The result agreed
with the rate of reduction of specific capacitance in the Galvanic technique result, based
on the increase in current density. The Warburg impedance indicates the ion-diffusion
resistance that decreases as the proportion of mesopores increases [32]. Thus, as KAC-7 has
the highest mesopore volume, the reduction rate of the specific capacitance is presumed to
be the lowest despite the high current density.

The results of the Galvanostatic technique and electrochemical impedance spec-
troscopy for the EDLC produced through the blending of KAC and commercial activated
carbons are presented in Figure 9. After blending of KAC with CEP-21 and YP-50F in the
ratio 8:2, the commercial activated carbons with a microporous structure, the consequent
electrochemical behavior was monitored. In Figure 9a, the specific capacitance had a
positive charge–discharge effect for commercial activated carbons through the blending
with KAC. A trend of decreasing reduction rate of specific capacitance was noted after the
blending of KAC with commercial activated carbons based on the high current density. At
low current density, an improvement in specific capacitance was also observed.

Figure 9. Specific capacitance and Nyquist plot of electrodes. (a) Specific capacitance of activated
carbon and blended activated carbon electrode at different scan rates calculated from the Galvanostatic
charge–discharge curve. (b) Nyquist plot for activated carbon and blended activated carbon electrode.
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In Figure 9b, the Nyquist plot showed an improvement in impedance after the blending
of KAC with commercial activated carbons. No significant change was observed for the
semi-circle of commercial activated carbons even after the blending with KAC, but the
Warburg impedance was greatly improved. The KAC was thus found to have a positive
effect on greatly enhancing the original EDLC performance through the blending with
commercial activated carbons with a microporous structure, although it may also serve
independently as an active electrode material in EDLC for high power density.

3. Methods and Materials

3.1. Materials

Kenaf and phosphoric acid were obtained from the Jeonbuk Agricultural Research &
Extension Services (Iksan, Korea) and Sigma-Aldrich (St Louis, MO, USA), respectively.
Kenaf was immersed in phosphoric acid for 24 h, and stabilized at 150 ◦C. The stabi-
lized kenaf was placed in a self-produced alumina tubular furnace for the activation at
500–800 ◦C in N2 atmosphere for 30 min. At the end of activation, the furnace was cooled
to room temperature. Subsequently, the KAC was washed with distilled water until pH7
was reached. The KAC was then pulverized to 10 µm particle size by using a ball mill
(pulverisette 23, Fritsch GmbH, Idar-Oberstein, Germany) and dried in a 120 ◦C oven for
48 h. Subsequently, the KAC was compared with commercial activated carbons such as
YP-50F, YP-FW (coconut based, steam acid activated; Kuraray, Tokyo, Japan), and CEP-21
(cokes based, KOH activated; power carbon technology, Gumi, Korea). The KAC was
named KAC-activation temperature to show the experimental conditions.

3.2. Characteristics

The N2/77K isothermal adsorption-desorption curve for activated carbons was drawn
by using the BELSORP-max (MicrotracBEL Corp., Osaka, Japan). For the pore characteristics,
the volumes of micropore and mesopore were calculated by using the isothermal adsorp-
tion curve and Brunauer–Emmett–Teller (BET), Barrett–Joyner–Halenda (BJH), Dubinin–
Radushkevich (DR), and alpha-s plot (αs-plot) equations [34–37]. For the crystal structure of
activated carbons, the X-ray diffraction (RINT2000 vertical goniometer) was used in 10–90◦

range at 2◦/min injection rate, and the structure was analyzed via Raman spectroscopy
(NTEGRA; NT-MDT Instruments, Moskow, Russia) in the 500–2000 cm−1 range.

3.3. Electrochemical Test

The electrode was produced by combining KAC, carbon black (Super-P, Timcal, Bodio,
Switzerland), and polytetrafluoroethylene solution (PTFE 60 wt%, Sigma-Aldrich, St Louis,
MO, USA) in an 85:10:5 ratio. After mixing the electrode materials in isopropyl alcohol,
a manual roller was used for the mulling, and by applying the roll press at 120 ◦C, a
sheet electrode of 200 µm thickness was produced. The KAC electrode was attached
to an etching aluminum foil of 20 µm thickness with conductive glue, then dried in a
150 ◦C vacuum oven for 24 h. The KAC electrode punching set to ϕ12 mm diameter was
used to form a cell with identical cathodes and anodes. The separation membrane was
composed of a ϕ18 mm diameter cellulose (TF4035, NKK, Hyogo, Japan); the electrolyte
was 1 M spirobipyrrolidinium tetrafluoroborate (SBPBF4) in propylene carbonate (PC). The
electrochemical properties of supercapacitors were measured at room temperature by using
the Maccor 4300 battery tester (Maccor Inc., Tulsa, OK, USA) and VSP electrochemical
workstation (Bio-Logic Science Instruments, Grenoble, France). For the galvanostatic
charge/discharge (GCD) tests, a 0.1–10 A/g current density was applied at a voltage of
0.0–2.5 V with 20 cycles each of charge and discharge. From the 20-cycle discharge curve,
the specific capacitance was calculated by using Equation (1):

Cs =
∆T × I

∆V × m
. (1)
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Here, I is the discharge current (A), ∆V is the range of constant voltage, m is the
mass of the active material, and ∆T is the time taken for the discharge. The specific
capacitance per unit mass (F/g) was calculated based solely on the mass of the active
material without incorporating the binder and conductor weights. The cyclic voltammetry
(CV) measurements were taken in the 0.0–2.5 V range at 5–400 mV/s scan rate. The
electrochemical impedance spectroscopy (EIS) was conducted in the 300 kHz–10 MHz
range at 10 mV amplitude.

4. Conclusions

In this study, a mesoporous kenaf-derived activated carbon was developed for the
high-power density supercapacitor. Generally, KAC showed a mesoporous structure based
on the kenaf decomposition, dehydration, and crosslinking via the use of phosphoric acid.
The results in this study showed that kenaf is a suitable precursor in the production of
activated carbon as it satisfies the ratio of the specific surface area and mesopore volume.
The specific surface area and total pore volume were shown to be 1490–1942 m2/g and
0.83–3.18 cm3/g, respectively, for KAC. The specific surface area, total pore volume, and
mesopore volume for KAC-7 were 1940 m2/g, 3.18 cm3/g, and 2.80 cm3/g, respectively.
The specific surface area and micropore volume were similar between KAC and commercial
activated carbons, but the mesopore volume was 2–3 times higher for KAC than for
commercial activated carbons. The high mesopore volume of KAC-7 lowered the ion-
diffusion resistance, exhibiting the highest output characteristics. The specific capacitance
of commercial activated carbons decreased at the rate of approximately 66–68% as the
current density increased from 0.1 A/g to 10 A/g, whereas the blending of KAC-7 with
commercial activated carbons led to an improvement not only in the specific capacitance,
but also the ion-diffusion resistance. In conclusion, the KAC produced through phosphoric
acid activation exhibited more outstanding output characteristics based on the mesoporous
structure, and this implied that the mesopore control on the electrode material is the key
determinant in improving the supercapacitor resistance and output in the future.
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Abstract: If an exciton and a photon can change each other’s properties, indicating that the regime of
their strong bond is achieved, it usually happens in standard microcavity devices, where the large
overlap between the ’confined’ cavity photons and the 2D excitons enable the hybridization and the
band gap opening in the parabolic photonic branch (as clear evidence of the strong exciton–photon
coupling). Here, we show that the strong light–matter coupling can occur beyond the microcavity
device setup, i.e., between the ’free’ s(TE) photons and excitons. The s(TE) exciton–polariton is a
polarization mode, which (contrary to the p(TM) mode) appears only as a coexistence of a photon
and an exciton, i.e., it vanishes in the non-retarded limit (c→ ∞). We show that a thin fullerene C60

crystalline film (consisting of N C60 single layers) deposited on an Al2O3 dielectric surface supports
strong evanescent s(TE)-polarized exciton–polariton. The calculated Rabi splitting is more than
Ω = 500 meV for N = 10, with a tendency to increase with N, indicating a very strong photonic
character of the exciton–polariton.

Keywords: eksciton-polaritons; molecular crystals; optical conductivity; photonics

1. Introduction

The interaction between photons and polarization modes can result in the formation of
hybrid photon polarization modes, called polaritons [1]. Very common platforms for study-
ing strong light–matter interactions are the gapped systems, such as semiconductors [2,3]
or molecules [4], placed in microcavity devices, where the cavity exciton–polaritons are
formed. The quantum nature of a cavity exciton–polariton manifests in the form of the Bose–
Einstein condensation, which has recently been experimentally detected [2,5,6]. The cavity
exciton–polaritons are routinely observed in bulk [7–10] and quantum well systems [3,11],
e.g., devised from GaAs [3]. Two-dimensional (2D) materials, such as semiconducting
monolayers, thin heterostructures, and films, are even more attractive than their bulk
counterparts, due to the reduced Coulomb screening and the corresponding large exciton
binding energies [12–19] that enable the formation of well-defined exciton–polaritons even
at room temperatures [20]. The first 2D exciton–polaritons were obtained in a monolayer
of a transition metal dichalcogenide (TMD) MoS2, where the Rabi splitting between the
exciton and the cavity photon of ∼50 meV was observed [21]. Further photoluminescence
studies showed clear anti-crossing behavior and splitting of the exciton–polariton in other
2D TMD cavity devices, e.g., in MoSe2 [22], WS2 [23], WSe2 [24,25], and in the MoSe2-WSe2
heterostructure [26]. In addition, the real-space imaging of the exciton–polaritons has
been done by means of near-field scanning optical microscopy for WSe2 thin films [27].
Finally, a remarkable Rabi splitting of 440 meV was theoretically predicted in the monolayer
hexagonal boron nitride cavity device [28], suggesting extraordinary strong light–matter
interaction in 2D heterostructures.

The strongest exciton–photon coupling is achieved in the organic dye molecule thin
films placed in a microcavity [29]. For example, Rabi splitting of Ω ≤ 450 meV [30–32],
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0.7 eV [33], and even more than 1 eV [34,35] have been detected when various organic dye
molecules were placed in a planar microcavity. The theoretical approach to such systems
is mostly based on the two-level or boson–boson Hamiltonian model with an arbitrary
coupling constant [4,36]. Using graphene [37] or perovskite [38]-layered heterostructures,
one can obtain tunable microcavity devices of high performance, which can be applied
as photonic detectors or emitters [38,39], but also as platforms for studying the exciton–
photon coupling.

All these studies use the same concept: an exciton in a semiconducting nanostructure
hybridizes with a photon ’confined’ in a metallic microcavity. Such cavity photons and
excitons are expected to interact stronger as the photon is more confined (i.e., the overlap
between the exciton and photon is larger) and as the exciton oscillator strength [28] is
larger. In this paper, we change the concept and explore the coupling between the ’free’
photons and the excitons in the 2D nanostructures. The coupling between the ’free’ photons
and the polarization modes (such as plasmons, phonons, or excitons at surfaces or in 2D
nanostructures) is a well-known, widely explored phenomenon [40–47]. The inherent
property of all these eigenmodes (called plasmon polaritons, phonon polaritons, or exciton–
polaritons) is their evanescent character, i.e., they are well-defined eigenmodes with the
electromagnetic field (wave function) strongly localized at the interface or within the
2D nanostructure. Moreover, these modes usually have p or transverse-magnetic (TM)
polarization, i.e., the electric field (and, therefore, the currents as well) has a component
parallel to the direction of propagation. The most relevant point is that the p(TM) polarized
plasmon polariton, phonon polariton, or exciton–polariton branches reduce to the plasmon,
phonon, or exciton branches in the non-retarded (c → ∞) limit. On the other hand, the
electric field and the current of s or transverse-electric (TE) electromagnetic eigenmodes
are perpendicular to the direction of their propagation. An especially attractive aspect
of these polarization modes is that they do not exist in the non-retarded (c → ∞) limit,
i.e., they appear only as the coexistence of a photon and an exciton. The extent of the
photon’s participation in the s(TE) exciton–polariton is determined from the bending
of the horizontal exciton branch (ωex) at the exciton–photon crossing (ωex = Qexc/

√
ǫ,

where Qex is the photon wave vector at the exciton–photon crossing point), which we call
the Rabi splitting Ω, to keep the terminology compatible with the cavity systems. Even
though the s(TE) surface or 2D polaritons do exist [40] for some conditions, there is still no
experimental evidence of such modes. However, the hybridization between the s(TE) Bloch
surface waves (BSWs) (i.e., the photons confined between a truncated photonic crystal and
a semi-infinite dielectric), and the excitons has been experimentally demonstrated in both
inorganic (quantum well and TMD monolayer) and organic systems [48–51].

We show that very strong s(TE) exciton–polaritons may occur in layered van der
Waals (vdW) heterostructures. The prototypical layered nanostructure we investigate
in this paper is a thin film of the FCC fullerite (crystalline fullerene) cut along the (111)
planes so that it formed several (N) molecular (C60) layers. The crystalline C60 films were
also deposited on a dielectric Al2O3 surface to make the simulation more realistic. The
epitaxial growth of the C60 thin films of various thicknesses on various metallic or dielectric
substrates under ambient conditions and in high vacuum was studied in references [52–58].
Some experimental studies even show that the crystalline growth of the C60 thin films on
pentacene buffer layers is exclusively (111)-oriented [55]. Theoretical, molecular dynamic
simulations of the C60 multilayer epitaxial growth and stability on various substrates were
investigated in references [58–61]. These experimental/theoretical studies suggest that our
model system is indeed highly realistic.

In this paper, the light–matter interaction was studied using our quantum electrody-
namic Bethe–Salpeter equation approach (QE-BSE) developed in references [28,47]. This
approach describes both excitons and photons by bosonic propagators σ and Γ, respectively,
derived from the first principles. The C60 optical conductivity σ was calculated using ab
initio G0W0-BSE method [47,62], and the free proton propagator Γ was derived by solving
Maxwell’s equation at the vacuum/dielectric interface [63,64]. The dielectric surface was
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described by the local dielectric function ǫM(ω), also determined from the first principles.
The exciton–photon coupling was achieved by dressing the free-photon propagator Γ with
excitons at the random phase approximation (RPA) level. We studied the s(TE)-polarized
exciton–polariton in the C60 thin crystalline film as a function of the number N of the C60
single layers. We obtained a very strong hybridization between the exciton in the C60 thin
film and the s(TE) free photons. The hybridization increased with N, and for N = 10, we
achieved the Rabi splitting Ω even larger than 1000 meV and 500 meV for self-standing
and supported C60 films, respectively.

The paper is organized as follows. In Section 2, we present the geometry of the
system and the derivation of the optical conductivity σ̃ of the C60 single layer using the
G0W0-BSE approach with the solution of Dyson’s equation for the electric field propagator
E = Γ + Γσ̃E . In Section 3, we present the spectra of the electromagnetic modes S = ReE ,
as well as the dispersion relations and intensities of the s(TE)-polarized exciton–polaritons
in the C60 thin films of different thicknesses N, in vacuum, and at a Al2O3 surface. The
conclusions are presented in Section 4.

2. Theoretical Formulation

We assume the the C60 molecules, upon deposition on the crystal surface, self-assemble
in a regular FCC structure (the most stable bulk structure of crystalline fullerene) forming
a (111) surface, as shown in Figure 1a. The FCC crystal lattice constant is taken to be
a3D = 14 Å [61], and the separation between the layers is fixed to be ∆ = a3D/

√
3 =

8.1 Å. Each crystal plane forms a 2D hexagonal Bravais lattice with the lattice constant
a2D = a3D/

√
2 = 9.9 Å, as shown in Figure 1b. The C60 films, occupying z > 0 half-

space, are immersed in a dielectric medium described by a dielectric constant ǫ0. The
dielectric response of the substrate, occupying z < 0 half-space, is approximated by a local
macroscopic dielectric function ǫM(ω).
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Figure 1. (a) C60 molecules upon deposition on the surface self-assemble in a regular FCC structure
forming a (111) surface. The C60 layers, occupying z > 0 half-space, are immersed in a dielectric
medium described by a dielectric constant ǫ0. The dielectric response of the substrate, occupying
z < 0 half-space, is approximated by a local macroscopic dielectric function ǫM(ω). The FCC lattice
constant is a3D = 14 Å so that the separation between the layers is ∆ = a3D/

√
3 = 8.1 Å. (b) Each

crystal plane forms a 2D-hexagonal Bravais lattice with lattice constant a2D = a3D/
√

2 = 9.9 Å.

2.1. Calculation of Electric Field Propagator E
The quantity we used to extract the information from the electromagnetic modes in

the C60 films deposited on a dielectric surface was the electric field propagator Eµν, which
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provides the electric field produced by an external oscillating point dipole p0e−iωt placed
at point r′ as [63,64]

Eµ(r, ω) = ∑
ν=x,y,z

Eµν(r, r′, ω)p0
ν. (1)

The propagator E is the solution of Dyson’s equation [28,47,64,65]

Eµν(r, r′, ω) = Γµν(r, r′, ω) + ∑
α,β=x,y,z

∫

dr1

∫

dr2 Γµα(r, r1, ω)σαβ(r1, r2, ω)Eβν(r2, r′, ω),

(2)
where the integration is performed over the entire space, σ is the nonlocal conductivity
tensor of the deposited C60 thin film, and Γ is the electric field propagator in the absence of
the C60 film, i.e., when σ = 0 [64,65]. The propagator Γ also includes the electromagnetic
field scattering at the medium/substrate interface. If each molecule is approximated as a
point polarizable dipole, then the optical conductivity of the C60 film can be written as

σµν(r, r′, ω) =
N

∑
i=1

∑
R‖

σ
µν
i (ω)δ(ρ− R‖)δ(z− zi)δ(ρ

′ − R‖)δ(z
′ − zi), (3)

where σ
µν
i (ω) is the optical conductivity tensor of a single molecule in the i-th molecular

layer. This approximation is fully justified in the optical limit 2πc/ωlight >> RM, where
RM is the radius of a C60 molecule. Note that although all the molecules are equal, we
distinguished between their conductivities in different layers σi; i = 1, N, due to the
different influences of the substrates on a molecule in a different layer. The 2D Bravais
lattice translation vectors spanning the molecular crystal are

R‖ = na1 + ma2; n, m ∈ Z, (4)

where a1 and a1 are the primitive vectors, as illustrated in Figure 1b. The molecular layers
occupy the planes

zi = z0, z0 + ∆, z0 + 2∆, . . . , z0 + (N − 1)∆,

where N is the number of molecular layers. Due to the planar translational invariance of
the substrate, the Fourier transform of the propagator Γ is

Γµν(r, r′, ω) =
∫

dQ

(2π)2 Γµν(Q, ω, z, z′)eiQ(ρ−ρ′), (5)

where Q = (Qx, Qx) are the two-dimensional wave vectors. The propagator E should also
include the effects of the electromagnetic field Bragg scattering at the 2D crystal lattice, so
that its Fourier transform is

Eµν(r, r′, ω) = ∑
g‖

∫

dQ

(2π)2 E
µν
g‖ (Q, ω, z, z′)eiQρe−i(Q+g‖)ρ

′
, (6)

where
g‖ = nb1 + mb2; n, m ∈ Z (7)

are 2D reciprocal vectors, while b1 and b1 are primitive reciprocal vectors. After inserting
(3), (5), and (6) in (2), it becomes an equation in the (Q, ω, z) space

Eµν
g‖ (Q, ω, z, z′) = Γµν(Q, ω, z, z′) +

∑
α,β=x,y,z

∑
i

∑
g′‖

Γµα(Q, ω, z, zi)σ̃
αβ
i (ω)E βν

g‖+g′‖
(Q− g′‖, ω, zi, z′), (8)
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where the surface optical conductivity is

σ̃
αβ
i (ω) =

1
Sfcc

σ
αβ
i (ω), (9)

and Sfcc = (a1 × a2)ẑ = a2
2D

√
3/2 is the area of the 2D unit cell. If we neglect the electro-

magnetic field Bragg scattering, by introducing g‖ = g′‖ = 0 in Equation (8), and inserting
z = zi and z′ = zj, the equation becomes the matrix tensor equation:

Eµν(Q, ω, zi, zj) = Γµν(Q, ω, zi, zj) + ∑
α,β=x,y,z

∑
k

Γµα(Q, ω, zi, zk)σ̃
αβ
k (ω)Eβν(Q, ω, zk, zj), (10)

where Eµν(zi, zj) is the electric field propagator within (i = j) or between (i 6= j) the C60
layers. The electrical field propagator in the absence of the C60 film can be written as

Γ = Γ
0 + Γ

sc, (11)

where the propagator of the ’free’ electric field (or free photons propagator) is [63,64]

Γ
0(Q, ω, z, z′) = − 4πi

ǫ0ω
δ(z− z′)z · z− 2πω

β0c2 eiβ0|z−z′ | ∑
q=s,p

e0
q · e0

q. (12)

The propagator of the scattered electric field in the region z, z′ > 0 is [63]

Γ
sc(Q, ω, z, z′) = −2πω

β0c2 eiβ0(z+z′) ∑
q=s,p

rq · e+q · e−q . (13)

Here, the unit vectors of the s(TE)-polarized electromagnetic field are

e0,±
s = Q0 × z.

and the unit vectors of the p(TM) polarized electromagnetic field are

e0,±
p =

c

ω
√

ǫ0
[α0,±β0Q0 + Qz],

where α0 = −sgn(z− z′), α± = ∓1, and Q0 and z are the unit vectors in the Q and
z directions, respectively. The reflection coefficients of the s(TE) and p(TM) polarized
electromagnetic waves at the medium/substrate interface are

rs =
β0 − βM

β0 + βM

and
rp =

β0ǫM − βMǫ0

β0ǫM + βMǫ0
,

respectively, and the complex wave vectors in perpendicular (z) direction are

β0,M =

√

ω2

c2 ǫ0,M(ω)− |Q|2.

The β0 and βM determine the character of the electromagnetic modes at the medium/dielectric
substrate interface. To simplify the interpretation, we assume that the dielectric medium is
vacuum, i.e., ǫ0 = 1, and that the dielectric function of the substrate is constant ǫM(ω) = ǫM,
which is a plausible approximation for many wide band gap insulators. In the vacuum,
for ω > Qc, β0 is a real number; therefore, the electromagnetic modes have a radiative
character, and for ω < Qc, β0 is an imaginary number so that the electromagnetic modes
have evanescent character. The two regions are separated by the so-called ’light-line’
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ω = Qc, as illustrated by the magenta line in Figure 2a. In analogy to that, the two regions
in the substrate are separated by the ω = Qc/

√
ǫM line, as illustrated by the green line in

Figure 2a. Since ǫM > 1, the slope of the light-line in the substrate is smaller than in the
vacuum, so in the gap Qc/

√
ǫM < ω < Qc, the light propagates freely into the substrate

but has an evanescent character in the vacuum region, as illustrated in Figure 2a. Therefore,
the exciton–polariton mode ωex-pol is expected to appear in the fully evanescent region
ω < Qc/

√
ǫM, since in that region it cannot be irradiated into the surrounding media. The

evanescent character of the electric field produced by the exciton–polariton in the C60 film
is illustrated in Figure 2b.

Qc Qc εM
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ε
M
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E  (z)µ
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z z

z

ωex

ωex-pol

ε
M
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(b)

E (z)

C60
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Figure 2. (a) The character of the electromagnetic modes at the dielectric/vacuum (ǫM/ǫ0) interface.
In the region ω > Qc, the electromagnetic modes are entirely radiative (both in vacuum and in the
dielectric), in the region Qc/

√
ǫM < ω < Qc, they are radiative in the dielectric and evanescent in

vacuum, and in the ω < Qc/
√

ǫM region, they have fully evanescent character. In the latter region,
the photon and molecular exciton (ωex) hybridize, and an exciton–polariton (ωex-pol) occurs. The
measure of the coupling strength between the exciton ωex and the photon is given by Rabi splitting
Ω. (b) The evanescent electric field Eµ(z) produced by an exciton–polariton in the C60 film.

We chose the electromagnetic modes to propagate in the Q0 = y directions. In
this case, the Dyson Equation (10) decouples into the independent matrix and the matrix
tensor equations for the s(TE) and p(TM) polarizations, respectively. Here, we explore the
s(TE)-polarized electromagnetic modes, which satisfy the matrix equation:

Exx(|Q|y, ω, zi, zj) = Γxx(|Q|y, ω, zi, zj) + (14)

∑
k

Γxx(|Q|y, ω, zi, zk)σ̃
xx
k (ω)Exx(|Q|y, ω, zk, zj),

where after using (11)–(13)

Γxx(|Q|y, ω, zi, zj) = −
2πω

β0c2

[

eiβ0|zi−zj | + rseiβ0(zi+zj)
]

. (15)

The first term in (15) represents the incident electromagnetic field, while the second term
represents the one reflected at the vacuum/substrate boundary. In the electrostatic or
non-retarded limit c→ ∞ and

lim
c→∞

Γxx(|Q|y, ω, zi, zj) = 0, (16)

so that all the properties presented below are a direct consequence of the binding between
the s(TE)-polarized light (photons) and the molecular excitons, and they vanish, i.e., do not
exist in the electrostatic limit.
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2.2. Calculation of the Optical Conductivity of a Single Molecule

First, we explain the calculation of the molecular conductivity σ
µν
i (ω) in a ‘self-

standing molecule’(z0 → ∞), and then we extend that to the case when the molecule
is close to a dielectric surface, i.e., when z0 is finite, and chosen to be a characteristic vdW
distance. The basic ingredients we need to calculate the molecular conductivity σµν(ω)
are the molecular orbitals φn(r) and the energies En, which can be obtained by solving
the Kohn–Sham equation self-consistently. We assume that the molecules are periodically
repeating so that they form a simple cubic (sc) Bravais lattice with the unit cell a and volume
Ωsc = a3. The unit cell a is chosen so that there is no intermolecular overlap. This allows
the molecular states |φn〉 to be calculated at the Γ point only. It should be emphasized that
the sc lattice and the unit cell a are not related to the previously described FCC lattice with
the unit cell ‘a3D’. The purpose of the sc lattice is only to determine the molecular states
|φn〉 at the Γ point using the plane-wave DFT code. From now on, the conductivity of the
3D molecular crystal will be denoted as σ3D

µν (ω).
The nonlocal optical conductivity tensor in the 3D molecular crystal is [62,64–66]

σ3D
µν (r, r′, ω) =

2i

ω ∑
nm

∑
n′m′
Km←m′

n→n′ (ω)j
µ
nm(r)[j

ν
n′m′(r

′)]∗, (17)

where
jα
nm(r) =

eh̄

2im
{φ∗n(r)∂αφm(r)− [∂αφ∗n(r)]φm(r)} (18)

represents the current produced by the transition between the molecular states |φn〉 → |φm〉.
Considering that the Bloch wave functions at the Γ point φn are periodic functions, ten-
sor (17) can be expanded in the Fourier series

σ3D
µν (r, r′, ω) =

1
Ωsc

∑
GG′

eiGre−iG′r′σ
µν
GG′(ω), (19)

where the Fourier coefficients are

σ
µν,3D
GG′ (ω) =

i

ω

2
Ωsc

∑
nm

∑
n′m′

j
µ
nm(G)Km←m′

n→n′ (ω)[jν
n′m′(G

′)]∗, (20)

and the current vertices are

jα
nm(G) =

∫

Ωsc
dre−iGr jα

nm(r). (21)

The four-point polarizabilityK can be obtained by solving the Bethe–Salpeter (BS) equation [28,47]

Km←m′
n→n′ (ω) = Lm←m′

n→n′ (ω) + ∑
n1m1

∑
n2m2

Lm←m1
n→n1 (ω) Ξ

m1←m2
n1→n2 L

m2←m′
n2→n′ (ω), (22)

where the time-ordered electron–hole propagator is defined as

Lm←m′
n→n′ (ω) = δnn′δmm′

∫ ∞

−∞

dω′

2πi
Gn(ω

′)Gm(ω + ω′). (23)

The propagator (or Green’s function) of an electron or a hole in a molecular state |φn〉 is

Gn(ω) =
1

ω− En + EXC
n − ΣX

n − Σ
C,0
n (ω)

, (24)

where the exchange of self-energy is

ΣX
n = − 1

Ωsc
∑
m

fm ∑
GG′

ρ∗nm(G)VC
GG′(Q)ρnm(G

′). (25)
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The correlation self-energy in the G0W0 approximation is

ΣC,0
n (ω) =

1
Ωsc

∑
m

∑
GG′

ρ∗nm(G)ρnm(G
′)
{

(1− fm) Γ0
GG′ (ω− Em)− fm Γ0

GG′ (Em −ω)
}

, (26)

where the correlation propagator is defined as

Γ0
GG′(ω) =

∫ ∞

0
dω′

S0
GG′(ω

′)
ω−ω′ + iδ

, (27)

and fn = θ(EF − En) is the Fermi–Dirac distribution at T = 0. The spectrum of the
electronic excitation in a self-standing molecule is

S0
GG′(ω) = − 1

π
ImW0

GG′(ω). (28)

To avoid double-counting, we excluded the DFT exchange–correlation contribution EXC
n

from the KS energy En in Equation (24). In the quasi-particle (QP) approximation, the
electrons and holes have energies EQP

n , which are the real poles of Green’s function (24), i.e.,
they satisfy the equation

En − EXC
n + ΣX

n + ReΣC,0
n (EQP

n ) = EQP
n . (29)

The electron/hole Green functions can now be approximated as

GQP
n (ω) =

1− f QP
n

ω− EQP
n + iδ

+
f QP
n

ω− EQP
n − iδ

, (30)

and after they are used in (23), the time-ordered electron–hole propagator becomes

Lm←m′
n→n′ (ω) =

f QP
n − f QP

m

ω + EQP
n − EQP

m + iδsgn(EQP
m − EQP

n )
δnn′δmm′ , (31)

where δ = 0+. The ’time-ordered’ screened Coulomb interaction is the solution of Dyson’s
equation

W0
GG′(ω) = VC

GG′ + ∑
G1G2

VC
GG1

χ0
G1G2

(ω)W0
G2G′(ω), (32)

where the matrix of the ‘time-ordered’ irreducible polarizability is

χ0
GG′(ω) =

2
Ωsc

∑
nm

( fn − fm)ρnm(G) ρ∗nm(G
′)

h̄ω + En − Em + iδsgn(Em − En)
, (33)

and the charge vertices are

ρnm(G) =
∫

Ωsc
dr φ∗n(r)e

−iGrφm(r). (34)

Since we calculate the optical conductivity of a single isolated benzene molecule, we have to
exclude the effect on its polarizability due to the interaction with the surrounding molecules
in the sc lattice. This is accomplished by using the truncated Coulomb interaction [67]

VC(r− r′) =
Θ(|r− r′| − RC)

|r− r′| , (35)
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where Θ is the Heaviside step function, and RC is the range of the Coulomb interactions,
i.e., the radial cutoff. The Coulomb interaction matrix to be used in (32) is then

VC
GG′ =

1
Ω

∫

Ω
dr

∫

Ω
dr′e−iGrVC(r, r′)eiG′r′ =

4π

|G|2 [1− cos |G|RC]δGG′ . (36)

The Bethe–Salpeter kernel is

Ξm←m′
n→n′ = Ξ

H,m←m′
n→n′ − 1

2
Ξ

F,m←m′
n→n′ (37)

where the BS–Hartree kernel is

Ξ
H,m←m′
n→n′ =

1
Ωsc

∑
G1G2

ρ∗nm(G1) VC
G1G2

ρn′m′(G2), (38)

and the BS–Fock kernel is

Ξ
F,m←m′
n→n′ =

1
Ωsc

∑
G1G2

ρ∗nn′(G1)W
0
G1G2

(ω = 0)ρmm′(G2). (39)

Here, the index ‘0’ in W, S, Γ, and ΣC emphasizes that we consider the screened interaction
in a self-standing molecule. Finally, considering that the interaction VC prevents the
correlations between the conductivities in the adjacent cells, the conductivity of an isolated
molecule is equal to the conductivity per unit cell

σµν(ω) =
∫

Ωsc
dr

∫

Ωsc
dr′σ3D

µν (r, r′, ω). (40)

After using (19) in (40), the optical conductivity of a single molecule becomes

σµν(ω) = Ωscσ
µν,3D
G=0G′=0(ω). (41)

After combining Equations (9), (20), and (41), we determine the explicit expression for the
surface optical conductivity

σ̃µν(ω) =
2i

ωSfcc
∑
nm

∑
n′m′

j
µ
nm(G = 0)Km←m′

n→n′ (ω)[jνn′m′(G
′ = 0)]∗, (42)

which can be used in Dyson’s equation for the electric field propagator (10). It is important
to note that the dimension of the conductivity (42) is exactly the quantum of conductance
G0 = 2πe2

h , already the standardized unit for describing the optical conductivity in 2D
crystals [28,47,65]. Accordingly, the σ̃µν(ω) represents the optical conductivity of one (e.g.,
i-th) molecular layer.

2.3. Optical Conductivity in a Molecule Physisorbed at a Dielectric Surface

We assume that a fullerene molecule, centered at z = zi, is physisorbed at the support-
ing crystal occupying the z < 0 half-space, as illustrated in Figure 3.
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Figure 3. The fullerene molecule C60 centered at z = zi is physisorbed at the supporting crystal
occupying the half-space z < 0, with the dielectric properties approximated by the macroscopic
dielectric function ǫM(ω).

We further assume that the bonding between the molecule and the supporting crystal
has the vdW character, which implies a small electronic overlap between the molecule and
the substrate and, therefore, a small impact on the short-range electronic correlations to the
molecular QP and optical properties. More precisely, the processes involving the electronic
hopping between the molecule and the supporting crystal are neglected. However, we
shall retain the processes of scattering an electron or a hole or an excited electron–hole pair
by the potential induced at the crystal surface, ∆V.

If we have two valence electrons at points r and r′ in a self-standing molecule, they
interact via the bare Coulomb truncated potential VC (35), but they also polarize the
molecule itself so that the total interaction between them is given by the potential W0,
obtained as the solution of Equation (32). After the polarizable surface is brought close to
the molecule, the electrons at r and r′ polarize the surface as well so that the interaction
between them, neglecting the polarization of the molecule, becomes

VS(r, r′, ω) = VC(r, r′) + ∆VS(r, r′, ω), (43)

where ∆VS(r, r′, ω) is the induced dynamic Coulomb potential coming from the excitations
of the electronic modes or phonons at the surface. The total interaction between the electrons
(including the polarization of the molecule) is then the solution of Dyson’s equation

WS
GG′(ω) = VS

GG′(ω) + ∑
G1G2

VS
GG1

(ω)χ0
G1G2

(ω)WS
G2G′(ω), (44)

where
∆VS

GG′(ω) =
1

Ωsc

∫

Ωsc
dr

∫

Ωsc
dr′e−iGr∆VS(r, r′, ω)eiG′r′ . (45)

Here, the integration is constrained within the unit cell Ωsc centered at r0 = (0, 0, zi) (to
avoid interaction with the neighboring molecules, via ∆VS), as shown in Figure 3. The
induced interaction in the region z > 0 can be written as [62]

∆V(r, r′, ω) =
∫

dQ

(2π)2 vQD(Q, ω)eiQ(ρ−ρ′)e−Q(z+z′), (46)

where vQ = 2π
|Q| . Since the supporting crystal dielectric response is approximated by the

local 3D macroscopic dielectric function ǫM(ω), the surface excitation propagator can be
approximated as [68]

D(Q, ω) ≈ D(ω) =
1− ǫM(ω)

1 + ǫM(ω)
. (47)
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After (46) and (47) are used in (45), we have

∆VS
GG′(ω) =

D(ω)

Ωsc

∫

dQ

(2π)2 vQe−2Qzi FG(Q)F∗G′(Q), (48)

where the form factors are defined as

FG(Q) = 8(−1)nz
sin[(Qx − Gx)

a
2 ] sin[(Qy − Gy)

a
2 ] sinh[Q a

2 ]

(Qx − Gx)(Qy − Gy)(Q + iGz)
.

The reciprocal vectors of the sc lattice are G = (Gx, Gy, Gz), where Gx = 2πnx
a , Gy =

2πny

a ,
Gz =

2πnz
a and nx, ny, nz ∈ Z. After we determine the ’bare’ potential (which includes the

polarization of the surface) VS and the ’total’ potential (which includes the polarization of
the surface and of the molecule) WS, the calculation of the QP and optical properties of
a molecule near the dielectric surface is equal to the procedure described in Section 2.2,
except for that in the BS–Hartree kernel (38), we need to replace

VC
G1G2

→ VS
G1G2

(ω),

in the BS–Fock kernel (39)

W0
G1G2

(ω = 0)→WS
G1G2

(ω = 0),

and the spectrum of the electronic excitations (28) used to calculate the correlation self-
energy (26) is

S0
GG′(ω)→ SS

GG′(ω) = − 1
π

ImWS
GG′(ω). (49)

2.4. Computational Details

The fullerene KS orbitals φn(r) and energies En were calculated using the plane-
wave self-consistent field DFT code (PWSCF) within the QUANTUM ESPRESSO (QE)
package [69]. The core-electron interaction was approximated by the norm-conserving
pseudopotentials [70,71] so that the number of occupied valance states was 120. The
exchange-correlation (XC) potential was approximated by the Perdew–Burke–Ernzerhof
(PBE) generalized gradient approximation (GGA) functional [72]. The plane-wave cut-off
energy was 60 Ry. The molecules were arranged in the simple cubic Bravais lattice of the unit
cell a = 18 Å with one molecule per unit cell. Since there was no intermolecular overlap, the
ground state electronic density was calculated at the Γ point only. The geometries were fully
relaxed, with all forces .0.02 eV/Å. The RPA ’time-ordered’ screened Coulomb interactions
W0,S (Equations (32) and (44)) were calculated using the energy cut-off 2 Ry (∼27 eV), and
the band summations ‘(n, m)’ in the irreducible polarizability (33) were performed over
240 molecular states. The exchange self-energy (25) was calculated using the energy cut-off
8 Ry (∼109 eV) and the correlation self-energy (26) was determined (according to the cut-off
in W0) using the energy cut-off 2 Ry (∼27 eV); the band summation ‘m’ was performed
using 240 molecular orbitals. The BS–Hartree kernel (38) and the ‘bare’ BS–Fock kernel (the
Equation (39), derived using the bare interaction VC), were calculated using the energy cut-
off 8 Ry (∼109 eV); the induced Fock kernel (the Equation (39), derived using the induced
interaction W0,S −VC), was calculated using the energy cut-off 2 Ry (∼27 eV). During the
evaluation of the BSE–HF kernels, we used 42 occupied (HOMO − 41, . . . , HOMO) and 42
unoccupied (LUMO, . . . , LUMO + 41) molecular states, i.e., the dimensions of the BSE–HF
kernel matrix was 2× 42× 42 = 3528. To achieve the accurate (experimental) exciton
energy, the calculation was performed beyond the Tamm–Dancoff approximation. The
damping parameters δ used in (31) and in (33) were 50 meV and 200 meV, respectively. We
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assume that the dielectric medium was vacuum (i.e., ǫ0 = 1), and that the substrate was
the aluminum-oxide Al2O3, described by the macroscopic dielectric function

ǫM(ω) = 1/ǫ−1
G=0G′=0(q ≈ 0, ω), (50)

where the dielectric matrix is ǫ̂ = Î− V̂χ̂0. The irreducible polarizability χ0 is determined
using Equation (33) for Ωsc → Ω, n → (n, k) and m → (m, k + q). Here k, q, and
G are the 3D wave vector, the transfer wave vector, and the reciprocal lattice vector,
respectively, corresponding to the bulk Al2O3 crystal. The bare Coulomb interaction is
VGG′(q) =

4π
|q+G|2 δGG′ . The ground state electronic density of the bulk Al2O3 is calculated

using 9× 9× 3 K-mesh, the plane-wave cut-off energy is 50 Ry, and the Bravais lattices are
hexagonal (12 Al and 18 O atoms in the unit cell) with the lattice constants aAl2O3 = 4.76 Å
and cAl2O3 = 12.99 Å. The Al2O3 irreducible polarizability χ0 is calculated using the
21× 21× 7 k-point mesh and the band summations (n, m) are performed over 120 bands.
The damping parameter is δ = 100 meV and the temperature is T = 10 meV. For the
optically small wave vectors q ≈ 0, the crystal local field effects are negligible, i.e., the
crystal local field effects cut-off energy is set to zero. Using this approach, the ReǫM is
almost constant (ReǫM ≈ 3) for low frequencies (ω < 3 eV), i.e., in the IR and visible range,
while ImǫM is equal to zero up to the band gap energy (Eg∼6 eV). Therefore, Al2O3 is a
good choice for the substrate in the visible and near-UV frequency range, since its electronic
excitations are above that range, and its IR active SO phonons (at ωSO < 100 meV) [73] are
far below the C60 excitons, which means that in the frequency range of interest, there is no
dissipation of the electromagnetic energy in the substrate (it is transparent). In addition
to that, the dielectric function is mostly constant, but in this calculation, we used the
fully dynamical and complex ǫM(ω). The integration in (48) was performed over the
two-dimensional wave vectors Q = (Qx, Qx) using a 121× 121 rectangular mesh and the
cut-off wave vector QC = 0.5 a.u. For the radial cut-off in the truncated interaction (36), we
used RC = a/2 = 9 Å.

3. Results and Discussion

Strong exciton–photon hybridization usually occurs due to the large overlap be-
tween excitons of large oscillatory strengths and confined photons. This is experimentally
achieved by placing nanostructures or molecules of large oscillatory strength in a metallic
cavity. Our goal here was to explore the electromagnetic eigenmodes, which are a mixture
of ‘free’ s(TE) photons and excitons, i.e., a ‘free’ traveling photon (not confined between
metallic walls) captured by an exciton and ‘trapped’ in a molecular nanostructure. This
concept makes it possible to clearly estimate the contribution of the ‘free’ photon in the
hybrid exciton–photon mode.

First, we determined the QP and optical properties of a self-standing layer of the C60
molecules, which corresponded with the properties of the gas-phase molecule, since at the
G0W0-BSE stage of the calculations, the molecules were not coupled. The calculated G0W0
HOMO-LUMO gap was Eg = 4.66 eV, which is in good agreement with the experimental
value 5 eV [74–77]. When a molecular layer is deposited on an Al2O3 dielectric surface, the
band gap reduces to Eg = 4.26 eV. Here, the separation was chosen to be z0 = 6.5 Å which
corresponds to the characteristic vdW atom–atom separation of 3 Å (Note that z0 is defined
as the distance between the substrate and the center of the molecule, as denoted in Figure 1,
so the C60 molecule radius (3.57 Å) has to be added to the vdW atom–atom distance).
For comparison, we determined the HOMO-LUMO gap for the molecule at a silver (Ag)
surface also described in terms of the ab initio macroscopic dielectric function. For the
same separation (z0 = 6.5 Å), the gap was Eg = 3.81 eV; compared with the insulator
surface, the reduction is twice as strong. The image theory estimation of the HOMO-LUMO
gap at the metallic surface is Eg∼3.56 eV which, as expected, overestimates the G0W0
result. Figure 4a shows the calculated G0W0-BSE optical conductivities σ̃x(ω) in the self-
standing molecular layer (black solid) and in the molecular layer deposited at the Al2O3
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dielectric surface (cyan dashed). For comparison, the experimental optical absorption in
the fullerene C60 [78] is presented by the red circles. This experimental study, as well as
some others [79,80], show three broad excitation bands at ωex1∼ 3.9 eV, ωex2∼4.9 eV and
ωex3∼6 eV, which is in very good agreement with our results. It should be emphasized
that, since the band gap is Eg = 4.66 eV, only the excitation band ωex1 can be considered as
an exciton by definition, and its binding energy is Eg − h̄ωex1∼0.76 eV. In the literature, the
strong maximum ωex3 is usually referred to as the π plasmon [81,82]. All three excitons are
the result of the electronic transitions within the C60 π-complex [83]. When the molecule
is deposited at the Al2O3 surface, the excitation band barely changes at all, due to the
well-known cancellation effect: the substrate weakens the interaction between the excited
electron and the hole, which reduces the exciton binding energy and, therefore, cancels
the gap reduction. This phenomenon was studied in detail in references [62,66,84]. Since
the influence of the dielectric surface on the molecular optical conductivity is weak, we
shall further approximate σ̃x

i (ω) ≈ σ̃x(ω), where σ̃x(ω) is the optical conductivity in the
self-standing molecular single layer, i.e., for z0 → ∞.
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Figure 4. (a) The optical conductivities σ̃xx(ω) in the C60 single layer in vacuum (black solid),
in the C60 single layer at the Al2O3 dielectric surface (cyan dashed) (where z0 = 6.5 Å), and the
experimental optical absorption in the gas phase fullerene C60 (red circles). (b) The lower and upper
exciton–polariton branches, LPB and UPB, respectively, in the self-standing C60 film (blue dots) and
the C60 film deposited at the Al2O3 surface (red dots). The LPB corresponds to the dispersion relation
of the exciton–polariton ωex1-pol(Q) appearing in Equation (53). The number of C60 layers is N = 6.
(c) The spectra of the s(TE)-polarized electromagnetic modes S(Qex1, ω) in the self-standing C60 films
for Q0

ex1 = 0.02 nm−1 (blue solid) and in the C60 films at the Al2O3 surface for Qex1 = 0.035 nm−1 (red
dashed). The number of the single layers is N = 0, 1, 2, 3, . . . , 10, where the case N = 0 corresponds to
the spectrum of the free photons in vacuum or at the vacuum/Al2O3 interface (the photon continuum).
All spectra for the supported films are multiplied by factor 2.

This means that the impact of the dielectric substrate on the electromagnetic modes
in the C60 films is reduced to the propagator Γsc, which appears in Dyson’s Equation (14).
The spectra of the s(TE)-polarized electromagnetic modes in the C60 films will be analyzed
using the real part of the propagator E in the topmost molecular layer

S(Q, ω) = ReExx(|Q|y, ω, zN, zN). (51)
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As already mentioned, the spacing parameters were chosen to be z0 = 6.5 Å and ∆ = 8.1 Å.
In the near field spectroscopy experiment, the incident photon of the wavelength

λex1 =
2πc

ωex1
√

ǫ(ωex1)
(52)

couples to polarization modes in some sub-wavelength nanostructure (e.g., AFM tip) and
is scattered (diffracted) to all λ > λex1 and λ < λex1 so that it could excite all radiative
electromagnetic modes, as well as all evanescent ones at a fixed frequency ωex1. The Rabi
splitting (the measure of the free-photon participation in the exciton–polariton mode) is
defined as the difference between the exciton ωex1 and the exciton–polariton ωex1-pol

h̄Ω = h̄ωex1 − h̄ωex1-pol(Qex1), (53)

where Qex1 = 2π/λex1 is the wave vector at which the exciton ωex1 and the photon cross.
Figure 4b shows the dispersion relations of the exciton–polaritons ωex1-pol(Q) in

the self-standing C60 film (blue dots), and in the C60 film deposited at a Al2O3 surface
(red dots). The number of C60 single layers in the film was chosen to be N = 6. The
energies of the exciton–polaritons ωex1-pol(Q) correspond to the maxima in the spectral
function S(Q, ω), appearing below the exciton energy ωex1 [see Figure 4c]. For the self-
standing film, ǫ(ω) = 1, so that the crossing wave vector, according to the Equation (52),
was Q0

ex1 = 0.02 nm−1, and the Rabi splitting, according to the Equation (53), was
h̄Ω0 = 650 meV. The red dots in Figure 4b show that the presence of the substrate reduces
the bending of the exciton–polariton dispersion relation significantly, therefore reducing
the corresponding Rabi splitting. In this case, ǫ(ω) = ǫM(ω), which gives the crossing
wave vector QS

ex1 = 0.035 nm−1 and, thus, the Rabi splitting h̄ΩS = 103 meV.
Figure 4c shows the spectra of the s(TE)-polarized electromagnetic modes S(Qex1, ω)

in the self-standing C60 films for Q0
ex1 = 0.02 nm−1 (blue solid) and in the C60 films

deposited at the Al2O3 surface for QS
ex1 = 0.035 nm−1 (red dashed). The number of layers

is set to be N = 0, 1, 2, 3, . . . , 10, where the case N = 0 corresponds to the spectra of the
free photons in vacuum or at the vacuum/Al2O3 interface (photons continuum). Due to
the lower intensity, all spectra for the supported films were multiplied by factor 2. We
can clearly see the exciton–polariton peaks separating from the photon continuum as the
number of layers increases. In the self-standing films, the exciton–polariton is already well
separated for N = 2, while in the supported films, it occurs for N = 4. For N = 10, the giant
light–matter coupling was achieved providing large Rabi splitting Ω0 = 1334 meV and
ΩS = 670 meV in the self-standing and the supported films, respectively. Here we limited
our study to the exciton–polaritons in the quasi-2D nanostructures so that the maximum
number of the molecular layers was limited to N = 10, still satisfying the sub-wavelength
limit λex1 > (N − 1)∆. For a further increase of the number of layers N, the Rabi splitting
continued to increase, but the experimental limitations in the realization of such a system
raise the question of the plausibility of such a result.

We need to emphasize that the anti-crossing behavior and the Rabi splitting into
the lower polariton band (LPB) and the upper polariton band (UPB) is a well-defined
concept only when describing the interaction between the well-defined eigenmodes, such
as excitons and cavity photons [33] or BSWs [48]. In our case, the only well-defined
modes (boson) were the excitons ωex1-ωex3. On the other hand, the photons appeared as
a continuum of eigenmodes above the light lines Qc or Qc/

√
ǫM. This means that it only

made sense to observe the deformation of the exciton dispersion ωex1, characterized by the
exciton bending parameter Ω. However, in Figure 5, it seems that the edge of the photon
continuum Qc or Qc/

√
ǫM behaves similar to a well-defined eigenmode, so in Figure 4b,c

we also introduced and denoted the LPB and UPB, exactly as they appear in Figure 5b,e.
The LPB corresponds to the exciton–polariton dispersion relation ωex1-pol(Q) appearing
in (53).
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To present a more extensive picture of the electromagnetic modes in the C60 films, in-
cluding the hybridizations of the photon and the higher excitons ωex2 and ωex3, Figure 5a–c
show the spectral intensity of the s(TE)-polarized electromagnetic modes S(Q, ω) in the
self-standing C60 films for N = 3, 6, and 9, respectively. Figure 5d–f show the same for the
C60 films deposited at the Al2O3 surface. It is immediately obvious that the most intensive
electromagnetic modes occur in the evanescent regions ω < Qc and ω < Qc/ǫM(ω), for
the self-standing and supported films, respectively. These modes produce an electric field,
which spreads within the film and exponentially decays outside of the film [as illustrated
in Figure 2b], which is one of the inherent properties of the 2D exciton–polaritons. More-
over, as the field is more confined, it is stronger, so that the polariton modes confined at a
sub-wavelength scale are very interesting for many applications. The free photon continua
can be seen as the low-intensity patterns in the regions ω > Qc, and ω > Qc/ǫM(ω) in
the self-standing and supported films, respectively, with their intensity weakening with
the number of layers N. If the electromagnetic eigenmode, for example in the C60 film
at the Al2O3, would occur in the region ω > Qc/ǫM(ω), it would be irradiated (decay
radiatively) into the Al2O3 crystal, so that these modes appear only as weak resonances.
Such weak resonances can be seen as weak horizontal patterns (parallel with the excitons
ωex1-ωex3) entering the radiative region.

(a) (b) (c)

(d) (e) (f)

Figure 5. The spectral intensity of the s(TE)-polarized electromagnetic modes S(Q, ω) in the self-
standing C60 films for (a) N = 3, (b) N = 6, and (c) N = 9. Figures (d–f) show the same for the
C60 films deposited at the Al2O3 surface. In both cases, the strong electromagnetic modes (ωex1-pol,
ωex2-pol, and ωex3-pol) occur in the evanescent regions ω < Qc and ω < Qc/ǫM(ω).

In Figure 5a, we can see the beginning of the hybridization between the free photon
and the three C60 excitons (ωex1-ωex3), which visibly intersect the photon line ω = Qc.
In Figure 5b,c, the photon line is already significantly deformed between the excitons
and pushed far into the evanescent region, which means that the photon Qc and the
three excitons ωex1, ωex2, and ωex3 are strongly coupled and converted into three exciton–
polaritons ωex1-pol, ωex2-pol, and ωex3-pol. In Figure 5d–f, the exciton–polaritons are less
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intense and pushed into the evanescent region ω < Qc/ǫM(ω), the use of the substrate
obviously weakens the intensity of the exciton–polaritons. However, in Figure 5e,f, we can
see the formation of the three strong exciton–polariton modes ωex1-pol–ωex3-pol, for larger
numbers of layers N = 6 and 9, respectively. Finally, this confirms that the strong binding
between the transverse s(TE) photon and the molecular excitons is a realistic physical
phenomenon that can be achieved experimentally. The use of a metal substrate is not
recommended because a metallic surface will strongly quench the exciton–polariton modes.
To support this argument, we performed the same calculation using a silver (Ag) substrate
and obtained much weaker exciton–polariton modes.

Finally, we noticed that the hybridization between the exciton and the photon increases
weakly if just the exciton oscillatory strength (e.g., S) increases, but strongly if the number of
spatially separated molecular layers N increases. For example, the exciton–photon binding
is much stronger in the N-separated layers of the oscillatory strength S than in one layer
of the oscillatory strength N× S. This suggests that the photon-exciton coupling can be
increased simply by increasing the number of layers N in a multilayered van der Waals
heterostructure.

4. Conclusions

We showed that the 2D-layered heterostructures, consisting of a larger number of
exciton-active single layers or 2D crystals (e.g., N > 5), can support evanescent s(TE)-
polarized exciton–polaritons with strong photonic character. We obtained giant Rabi
splitting of more than Ω0 = 1000 meV and ΩS = 500 meV in the self-standing and
supported C60 films for N = 10, respectively. This investigation has fundamental and
practical contributions. We predict the existence of the evanescent s(TE) polarization modes
with significant photonic character, which vanish exactly without the photon admixture
(for c→ ∞). Unlike the well-known p(TM) polarization modes (e.g., the plasmon polariton
for c → ∞ collapses into a plasmon), this is a new fundamental contribution. We also
demonstrated that exciton–photon coupling can be manipulated simply by changing the
number of single layers (N) in a vdW-layered heterostructure. Moreover, due to the fact
that the vdW heterostructure with a thickness of just a few molecular (or atomic) layers
supports the confined photons, it can be easily implemented in the photonic integrated
circuits or photonics chips. The disadvantage of these types of photonic modes is that
they do not couple directly to the free photons (external light). However, once excited,
these modes can be easily manipulated (since they are trapped in the nanostructure). For
example, by patterning the vdW nanoribbons on a dielectric wafer (patterning the photonics
circuits), the direction of the photon propagation can easily be modified. Moreover, the
exciton–polaritons can be easily switched (at the contact) into evanescent modes in another
nanostructure. Finally, these layered vdW heterostructures can be applied in photonic
devices, such as light sources (LED), telecommunications (as waveguides or optical cables),
or chemical and biological sensing.
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Abstract: Hierarchical porous activated carbon (HPAC) materials with fascinating porous features
are favored for their function as active materials for supercapacitors. However, achieving high mass-
loading of the HPAC electrodes remains challenging. Inspired by the concepts of carbon/carbon
(C/C) composites and hydrogels, a novel hydrogel-derived HPAC (H-HPAC) encapsulated H-HPAC
(H@H) composite material was successfully synthesized in this study. In comparison with the original
H-HPAC, it is noticed that the specific surface area and pore parameters of the resulting H@H are
observably decreased, while the proportions of nitrogen species are dramatically enhanced. The
free-standing and flexible H@H electrodes with a mass-loading of 7.5 mg/cm2 are further prepared
for electrochemical measurements. The experiments revealed remarkable reversible capacitance
(118.6 F/g at 1 mA/cm2), rate capability (73.9 F/g at 10 mA/cm2), and cycling stability (76.6% of
retention after 30,000 cycles at 5 mA) are delivered by the coin-type symmetric cells. The cycling
stability is even better than that of the H-HPAC electrode. Consequently, the findings of the present
study suggest that the nature of the HPAC surface is a significant factor affecting the corresponding
capacitive performances.

Keywords: supercapacitors; hierarchical porous activated carbon; hydrogel; composite materials;
clean energy technology

1. Introduction

Electrochemical-based energy storage devices such as metal–ion batteries/capacitors
and supercapacitors are recognized as alternative choices for electricity storage owing to
their high flexibility, remarkable reversibility, and simple maintenance as compared to
other electric storage technologies [1,2]. Recently, preparing electrodes with high-mass
loading has attracted much attention because the active material ratio in devices should
be increased as much as possible to provide high total capacitances and gravimetric or
volumetric energy densities [3–5]. However, challenges associated with this target still
remain, especially in employing the hierarchical porous activated carbon (HPAC) as the
active material for supercapacitors. This can be attributed to its huge specific surface
area (typically more than 1000 m2/g), leading to the limited mass loading (normally 1 to
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2 mg/cm2 by a doctor blade method) [6]. Therefore, developing an HPAC that retains the
distinctive textural properties and increases the mass loading of the resulting electrode is
of interest and highly desirable [3,4,7–9].

Carbon/carbon (C/C) composites are demonstrated to possess a variety of charac-
teristics, i.e., high specific strength, remarkable electrical and thermal conductivities, and
excellent dimensional stability [10]. Given the diverse properties, they are beneficial in the
field of biomedical, automobile industries, and aeronautics. To realize the C/C compos-
ites, it is reported that polymer infiltration pyrolysis and chemical vapor infiltration were
commonly adapted [11,12]. As a result, compact and dense C/C composites were obtained,
particularly from the repeatedly manufacturing processes. Such a configuration would be
beneficial to enhance the mass loading, but not favorable in terms of electrolyte penetration
and ionic transportation.

To maximize the electrolyte storage and ionic conductivity within a high mass loading
electrode, the hierarchical porosities including micro-, meso-, and macro-pores are crucial.
For example, the charges are primarily adsorbed/desorbed inside the micropores. As for the
latter two, they can contribute to (i) an electrolyte reservoir, (ii) enlarging the ionic diffusion
rate, and (iii) facilitating the migration of large ions/molecules [13–16]. Undoubtedly, utilizing
a template and activation are straightforward approaches for synthesizing the HPAC [14,17].
Even so, it will be highly appreciated if the greener templates and activators were chosen
owing to resolve environmental issues and promote cost-effectiveness issues [9,18–21].

In our recent study, hydrogel-derived HPAC (H-HPAC) synthesized by pyrolysis of
polyvinylpyrrolidone hydrogel under an argon atmosphere at 900 ◦C was successfully
obtained [9]. The merits of H-HPAC can be attributed to (i) numerous water molecules
encapsulated within PVP hydrogel efficiently serving as green templates, and (ii) the
simultaneous function of K2CO3 as an initiator for hydrogel formation and an activator to
enable rich porous conformations. Accordingly, the resultant H-HPAC revealed fascinating
structural features and distinguished capacitive performances for electrochemical storage
applications. Inspired by the concepts of C/C composites and hydrogels, an alternative
H-HPAC encapsulated H-HPAC (H@H) composite material was proposed in the present
study. After systemically investigating the physicochemical and morphological properties,
the H@H electrodes with a mass loading of 7.5 mg/cm2 were prepared to evaluate the
electrochemical performances of supercapacitors that were assembled with an organic
electrolyte. Moreover, various factors such as the physicochemical and textural properties
that affect the corresponding electrochemical performances were also explored. On the
basis of the results and viewpoints reported here, it is reasonably anticipated that such
a strategy also has general applicability to other C/C composites.

2. Results and Discussion

2.1. Characterizations of Hydrogel-Derived Hierarchical Porous Activated Carbon
(H-HPAC)-Encapsulated H-HPAC (H@H) Composite Material

To explore the physicochemical and morphological properties of H@H composite
material, it was systematically investigated by PXRD, Raman, SEM, TEM, BET, EA, and
XPS, with the corresponding characteristics compared with those of H-HPAC. Figure 1
depicts the normalized PXRD pattern of H@H to show its crystalline structure. As can be
seen, only two broad peaks, assigned to the (002) and (100) planes of carbon (JCPDS No.:
41-1487), were reflected, which was consistent with the original H-HPAC and other acti-
vated carbon materials [9,14,17,20,22]. In line with the possible formation mechanism for
PVP hydrogel proposed in our previous study, the cross-linking reactions among the poly-
mer chains were initiated by the coordination between potassium cations (K+) and oxygen
anions (O−) [9]. When the K2CO3 solution was added to the PVP/H-HPAC solution, it is
reasonably postulated that the K+ would also interact with the H-HPAC because 4.7% of
the oxygen present in the original H-HPAC was verified by elemental analysis [9]. If so, the
K+ coordination among the H-HPAC would be covered by the PVP hydrogel. Even so, no
peaks associated with unreacted K2CO3 were observed from the PXRD pattern, implying
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that the purity of H@H was not affected by the presence of H-HPAC after thoroughly
rinsing with DI water.

 

− −

Figure 1. Normalized PXRD pattern of H@H composite material.

Raman characterization is another approach that can directly examine the crystallinity
of carbonaceous materials. The normalized Raman spectrum illustrated in Figure 2 shows
two distinct peaks representing the D (~1327 cm−1) and G (~1593 cm−1) bands. Besides,
it is meaningful to discuss the intensity ratio between D and G bands (ID/IG) because
the degree of defects within the carbonaceous materials can be further evaluated. The
value calculated from the H@H was 1.16, the same as the H-HPAC and close to that
of the A-PVP-NC (1.18) [21]. The high ID/IG ratio suggests that many defects and/or
highly disordered degrees exist, as is generally observed in the carbonaceous materials
with numerous functional groups [23,24]. Consequently, we could ascribe this result to
the presence of heteroatoms (i.e., N and O) and lower crystallinity, as demonstrated in
the original H-HPAC [9]. On the other hand, the corresponding Raman spectrum was
sequentially deconvoluted into four peaks (labeled peaks (1)–(4)) since the integrated area
ratio of sp3 to sp2 (Asp

3/Asp
2) has been shown to provide helpful information on the nature

of carbon, e.g., a low Asp
3/Asp

2 ratio indicates that a large amount of carbon exists as
the sp2 type [25,26]. Among them, peaks (2) and (4) are associated with sp2-type carbon,
whereas the others are related to sp3-type carbon [27]. The integrated area ratio of sp3 to
sp2 (Asp

3 / Asp
2) was calculated to be 0.28, which was identical to that of H-HPAC [9]. This

result signifies that the H@H still retained a high proportion of sp2-type carbons, even with
intrinsically lower crystallinity.

 

→ → →

Figure 2. Fitted Raman spectrum of H@H composite material.

79



Int. J. Mol. Sci. 2022, 23, 6774

To examine the morphological features of H@H, micrographs were captured using
SEM and TEM. The hierarchically porous architectures constructed by interconnected car-
bonaceous frameworks were clearly visible from the low-magnification SEM micrographs
in Figure 3a,b. It is worth mentioning that rough surfaces with numerous voids were
found, as indicated by white circles in Figure 3b. The diverse porous configurations are
reasonably attributed to the water molecules encapsulating within PVP/H-HPAC hydrogel
being evaporated and the activation process by interacting the carbonized residues with
K2CO3 under 900 ◦C (i.e., K2CO3 + 2C → 2K + 3CO, K2CO3 → K2O + CO2, C + CO2
→ 2CO) [18,19]. Based on the morphologies found in SEM, it is expected that similar
characteristics were also exhibited, as shown in Figure S2 and Figure 3c at different TEM
magnifications. Moreover, it is seen that the short-range disorders, such as carbon lattices,
highlighted by white circles were displayed in Figure 3d, which might be correlated with
skeleton collapse after high-temperature pyrolysis [28].

 

μ μFigure 3. (a,b) SEM and (c,d) TEM micrographs of the H@H composite material. Scale bar: (a) 10 µm,
(b) 5 µm, (c) 50 nm, and (d) 10 nm.

Given the positive results found in SEM and TEM, it is believed that the textural
characteristics of H@H would not be significantly affected. To accurately classify pores and
determine the specific surface area (SSA), the nitrogen adsorption–desorption measurement
was conducted, and the corresponding isotherm is shown in Figure 4. As plotted, not
only a high volume of nitrogen gases were adsorbed and desorbed at low relative pressure
(i.e., Type I isotherm), but also the predominant pore diameter was less than 2 nm (inset
of Figure 4), confirming the microporous feature for H@H [9,21,29]. However, all values
diminished except for the pore size distributions of ultramicropores as compared with
H-HPAC (see Table 1). For instance, the SSA value determined by the Brunauer–Emmett–
Teller (BET) method decreased by about 35%. Accordingly, the SSA values contributed
by micropores and mesopores were decrease to 1246 m2/g and 45 m2/g, respectively.
In particularly, the latter was reduced by even approximately 84%. When preparing the
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PVP/H-HPAC composite hydrogel, these pores within the H-HPAC would be filled with
the viscous PVP solution so that the PVP blocked the original pores after drying of the
composite hydrogel at 120 ◦C. In addition to the issue mentioned above, the decrease in the
textural parameters might also be actuated by the possible interaction between H-HPAC
and K+. Such a phenomenon is rationally postulated to affect the cross-linking degree of
the PVP/H-HPAC composite hydrogel, as shown by the XRD characterization, leading to
fewer sites for activation.

 

Figure 4. Nitrogen adsorption–desorption isotherm of H@H composite material collected by
an accelerated surface area and porosimetry system at 77 K. Inset shows the pore size distribu-
tion curve determined by the 2D-NLDFT model.

Table 1. Textural properties of H@H composite material and H-HPAC.

Samples

Properties SSA
(m2/g)

Vt
1

(cm3/g)
Vultra

2

(cm3/g)
Vmicro

3

(cm3/g)
Vmeso

4

(cm3/g)

H@H 1316 0.62 0.21 0.51 0.11
H-HPAC 5 2012 1.16 0.11 0.69 0.47

1 Vt: total pore (single-point) volume obtained from the amount of adsorbed nitrogen at P/P0 = 0.995. 2 Vultra:
volume of ultramicropores (pores < 0.7 nm). 3 Vmicro: volume of micropores (pores < 2.0 nm). 4 Vmeso: volume of
mesopores (difference between Vt and Vmicro). 5 The values were obtained from Ref. [9].

The compositional information and chemical environments of H@H were identified
through EA and XPS, respectively. As quantified by the former, the proportions of carbon,
nitrogen, and oxygen in the as-synthesized H@H were 76.2%, 0.58%, and 4.5%, respec-
tively. In comparison with the original H-HPAC, the carbon content was decreased (76.2%
vs. 95.1%), but the nitrogen species was enhanced (0.58% vs. 0.23%), while the oxygen
species was similar (4.5% vs. 4.7%). It would be attributed the variation in carbon to
the cross-linking degree of PVP/H-HPAC composite hydrogel. As for the increase in the
nitrogen species, the following possible reasons could be given. It is reported that the
nitrogen species included in the carbon precursor/char were preferentially removed during
chemical activation with K-based salts [20]. However, as previously mentioned in XRD
characterization, K+ would also interact with the original H-HPAC due to the presence of
oxygen, reducing the concentration of K+ that was coordinated to the PVP as compared
to the preparation of the original H-HPAC. According to Ref. [20] and our experimental
results [9,21], the higher nitrogen percentage in the H@H could be attributed to the lower
interaction between the K+ and carbonaceous residues.

Figure 5 provides the high-resolution XPS spectra that were analyzed using the
Gaussian–Lorentzian fitting method. From the EA result, the presence of nitrogen atoms
within the H@H was already demonstrated. Therefore, the C-N bonding in the C 1s spec-
trum did not particularly point out for better reading. As revealed in Figure 5a, the C 1s
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spectrum was deconvoluted into four peaks: (1) C=C bond at 284.8 eV, (2) C-O bond at
285.9 eV, (3) C=O bond at 287.8 eV, and (4) O=C-O bond at 290.2 eV [30,31]. It is known
that the first peak was assigned to the sp2-type carbon, while the rest corresponded to the
contribution of sp3-type carbon [27]. As for the O 1s spectrum (Figure 5b), three peaks
fitted at 531.5 eV, 533.1 eV, and 535.0 eV have appeared, representing (1) O=C-O, (2) C=O,
and (3) C-O bonds, respectively [32]. Even though lower nitrogen content was shown in
the EA results, the N 1s peak in the binding energy between 396 eV and 402 eV still can be
detected (Figure 5c) [9,21,33].

 

−
− − −

Δ

Figure 5. High-resolution XPS spectra of H@H composite material: (a) C 1s ((1) for C=C, (2) for C−O,
(3) for C=O, and (4) for O=C−O bonds), (b) O 1s ((1) O=C−O, (2) C=O, and (3) C−O bonds), and
(c) N 1s.

Based on the results discussed in this section, the as-prepared H@H produced from
thermal pyrolysis of the PVP/H-HPAC composite hydrogel combines various benefits,
such as good purity, hierarchical porous characteristics, and high proportions of sp2-type
carbons, as well as nitrogen species. Although the structural parameters were significantly
altered, it is of interest to consider the influence of physicochemical and textural features of
the H@H on the corresponding electrochemical performance as organic supercapacitors.

2.2. Electrochemical Performances of H@H in Symmetric Supercapacitor

To evaluate the capacitive efficiencies of the H@H electrode, coin-type symmetric cells
were fabricated to conduct the cyclic voltammetry (CV) and galvanostatic charge-discharge
(GCD) measurements in the voltage window between 0 V and 2.7 V by different scanning
rates and current densities. Although the SSA values and relative textural parameters were
less than the H-HPAC, as discussed previously, the typical curves in nearly rectangular
shapes with good symmetries were reflected from the H@H (Figure 6a), despite gradually
increasing the scanning rate to 10 mV/s. During CV cycling, the integral area from the
cyclic voltammogram is associated with the charges adsorbed and desorbed among the
active materials. Figure 6b compares the integral area of H@H and H-HPAC acquired in
terms of the forward and backward scanning. As can be seen, the values linearly increased
with the scanning rate. In addition, the values for the H@H electrode were superior those
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for the H-HPAC electrode; this was correlated with the different mass loading (7.5 mg/cm2

vs. 5.1 mg/cm2). On the other hand, the voltage delay (∆V) is regarded as an important
indicator providing similar information to the IR drop. To discuss this discrepancy, we
consider the voltage that reached zero for a current density at 1 mV/s as a reference. The
∆V values were then calculated by comparing the difference between the voltage recorded
from each scanning rate and the reference; the corresponding data are visible in Figure
S3. Under the voltage range of 0 V to 2.7 V and a scanning rate of 1 mV/s, the reference
data for each free-standing electrode were 45 mV (HPAC electrode: 230 µm [7]), 22 mV
(H@H electrode: 160 µm) and 12 mV (H-HPAC electrode: 100 µm [9]), respectively. With
increase in scanning rate to 10 mV/s, it was found that the ∆V value was 128 mV, i.e.,
a 64% increase as compared to that of the H-HPAC (78 mV) [9]. This could be ascribed to
the thickness of the H@H electrode, which was ~60% more than the H-HPAC electrode,
prolonging the pathway for electron transportation.

Δ

μ
μ μ

Δ

 

Figure 6. (a) Cyclic voltammograms collected in the voltage range between 0 and 2.7 V at scanning
rates from 1 to 10 mV/s and (b) dependence of the integral area on scanning rate, with the values
acquired from (a) and Ref. [9] for H@H and H-HPAC, respectively.

Figure 7a presents the GCD profiles measured using the same voltage window as in
the CV test but with current densities from 1 mA/cm2 to 10 mA/cm2. Contributing to
the ideal electric double-layer behavior and high reversibility, as shown in Figure 6a, the
linear and symmetric charge–discharge behavior at each current density was observed. The
specific capacitance discharged from the H@H electrode at the 100th cycle was 118.6 F/g at
1 mA/cm2 with 99% Coulombic efficiency. This result was slightly higher than that out-
putted from the H-HPAC electrode (117.5 F/g [9]), implying that the specific capacitance
was not appreciably affected by the thickness when applying a small current density. Addi-
tionally, the stable discharge capacitances of 110.2, 98.8, 81.6, and 73.9 F/g are compared in
Figure 7b. The tendency for capacitance decay was the same as the H-HPAC, but the values
were observably declined while the current densities were above 4 mA/cm2, which could
also be attributed to the change in thickness. However, 96.4% of the recovery in capaci-
tance after 100 cycles was obtained when the current density was returned to 1 mA/cm2.
Figure 7c shows the EIS spectra that were recorded before and after rate-capability testing.
It is recognized that charge transfer resistance (Rct) includes ionic and electronic resistances.
The former is the resistance to the mobility of ionic electrolytes inside the textual pores of
the electrode, while the latter comprises the intrinsic resistance of the electrode material
and the contact resistance between the active layer and the current collector [34]. For the
rate-capability testing, the same electrode conditions (i.e., composition, working area, and
thickness) were used, based on the hypothesis that the electronic resistance should be no
significant differences. Following repeated charging–discharging processes, the Rct value
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increased from 18.5 Ohm to 29.1 Ohm. As reported, the diameter of solvated ions for TEA+

and BF4
− are 1.35 nm and 1.40 nm, respectively [35]. Hence, the bulky solvated ions would

accumulate within the pores of H@H, further blocking the ionic transport and causing an
increase in Rct as well as capacitance decay [36].

The energy and power densities calculated from the data presented in Figure 7b and
the equations shown in Section 3.4 are plotted in Figure 7d. As indicated, the values ranged
from 30.0 Wh/kg (@ 1 mA/cm2) to 18.7 Wh/kg (@ 10 mA/cm2) for the former, and from
88.1 W/kg (@ 1 mA/cm2) to 881.7 W/kg (@ 10 mA/cm2) for the latter. To compare with
the H-HPAC electrode, ~74% of the power density was outputted by the H@H electrode
for all current densities. On the basis of the same electrolyte and similar voltage window,
the H@H electrode exhibits reasonable energy and power densities, comparable with
the results reported previously (Figure 7d) [9,15,37–43]. Considering the cycling stability,
the accelerated experiment conducted in the voltage ranged from 1.35 to 2.7 V (i.e., 50%
of the state of discharge) and the current of 5 mA was used; the corresponding result
is displayed in Figure 7e. The initial capacitance discharge to 1.35 V was ~0.5 F. After
30,000 cycles, about 76.6% of capacitance retention and ≥99.5% of Coulombic efficiency
were found, respectively. Although the Rct value increased from 32.8 Ohm to 45.1 Ohm
(see Figure S4), the H@H electrode provided a better lifespan than that of the H-HPAC
electrode (capacitance retention: 76% after 10,000 cycles) [9]. It is reported that increasing
the mass loading or electrode thickness leads to a decrease in capacitance and the rate
capability of the electrode materials, which is related to the decreased accessible surface
area, increased electrical resistance, prolonged ion transport channels, and poor electrolyte
wetting [4]. Besides, the variety of heteroatom dopants and their corresponding amounts,
as well as the porosity characteristics, within HPAC were also significant influences [17,44].
The comparison of the electrochemical performance of H@H and that reported for HPAC
in symmetric supercapacitors using 1 M TEABF4/PC electrolyte is listed in Table S1. The
variations in the electrochemical performance of H@H can be attributed to the following.
First, even though the SSA value and pore parameters were lower than those for H-HPAC,
the increased thickness of the H@H electrode would compensate for their active sites of
capacitive storage, because the specific capacitance generated from the H@H electrode
at 1 mA/cm2 was slightly enhanced. Second, the number of nitrogen species doped in
the H@H was increased by up to 152% in comparison with the H-HPAC, so the GCD
profiles of the first and last five cycles in Figure 7f showed high symmetry, meaning that the
overall resistance was not significant, even when increasing the thickness by 60% and after
30,000 cycles.

μ μ

Figure 7. Cont.
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Figure 7. (a) Galvanostatic charge–discharge profiles, (b) rate capabilities, (c) electrochemical
impedance spectra, (d) Ragone plots, (e) discharge capacitance as a function of cycle number of
the H@H electrode in a coin-type symmetric cell, and (f) galvanostatic charge–discharge profiles of
the first and last five cycles received from (e). The inset of (c) illustrates the equivalent circuit model
used for the parameter fitting [45].

3. Materials and Methods

3.1. Chemicals

All reagents, including polyvinylpyrrolidone (PVP, (C6H9NO)n, average MW: 1,300,000,
Sigma-Aldrich, St. Louis, MO, USA), potassium carbonate (anhydrous, K2CO3, 99%, Alfa
Aesar, Heysham, UK), carbon black (Super P®, Timcal Ltd., Bodio, Switzerland), vapor-
grown carbon nanofibers (VGCFs, 7 µm in length and 0.11 µm in diameter, Yonyu Applied
Technology Material Co., Ltd., Tainan, Taiwan), and colloidal polytetrafluoroethylene
(PTFE) dispersion (D1-E, Daikin Industries Ltd., Osaka, Japan), were adopted without fur-
ther purification. Deionized (DI) water produced from a Milli-Q Integral water purification
system (Millipore Ltd., Burlington, MA, USA) was utilized throughout the experiments.

3.2. Preparation of Hydrogel-Derived Hierarchical Porous Activated Carbon (H-HPAC)
Encapsulated H-HPAC (H@H) Composite Material

To construct the H@H composite material, PVP powders and K2CO3 were well-
dissolved in DI water individually. Here, the mass ratio between K2CO3 and PVP was
controlled at 2 as no hydrogel is formed when the ratio was less than 2, as demonstrated in
our previous study [9]. The concentrations of PVP and K2CO3 solutions were 14.3 wt.%
and 40.7 wt.%, respectively. The volume ratio between PVP solution and K2CO3 solution
was 2. Then, 0.5 g of H-HPAC was carefully added to the PVP solution, whereas the
resultant was vigorously stirred to ensure homogenous mixing. Following the addition of
K2CO3 solution dropwise to the PVP/H-HPAC solution, the black elastomer-like sample
was completely obtained within 5 min (see Figure S1). The resulting composite hydrogel
was dried in an oven at 120 ◦C for 12 h to completely evaporate the water molecules that
were encapsulated within the matrix. The residues were then thermally pyrolyzed in
a tube furnace at 900 ◦C for 2 h under an argon atmosphere with a flow rate of 200 mL/min,
so the newly formed H-HPAC converted from the PVP would encapsulate the original
H-HPAC. After repeated rinses with DI water, drying, and grinding procedures, the loose
H@H powders can be obtained.

3.3. Characterizations

The crystalline structure of the as-prepared H@H composite material was identified
using a powder X-ray diffractometer (XRD, D2 PHASER, Bruker AXS Inc., Karlsruhe,
Germany) with a Cu target (λ = 1.541 Å) that was excited at 30 kV and 10 mA. The
corresponding PXRD pattern was recorded in the range of 2θ from 10◦ to 70◦ at a scanning
rate of 0.5 s/step. The Raman spectrum was collected between 1000 cm−1 and 1800 cm−1

by a confocal Raman microscope (inVia, Renishaw, UK) equipped with a 633 nm laser
source. For morphological observations, the micrographs were acquired from the scanning
electron microscope (SEM, JSM-IT200, JEOL Ltd., Tokyo, Japan) and a transmission electron
microscope (TEM, JEM-2100, JEOL Ltd., Tokyo, Japan). To examine the textural properties,
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the N2 adsorption–desorption isotherm was measured at 77 K on a surface area and
porosity analyzer (ASAP 2020 V3.00, Micromeritics Instrument Corporation, Norcross, GA,
USA) after degassing under vacuum at 160 ◦C for 8 h. An elemental analyzer (FLASH
2000, Thermo Fisher Scientific Inc., Waltham, MA, USA) was applied for determining
the percentages of carbon, nitrogen, and oxygen in the H@H composite material. The
chemical environments were analyzed with X-ray photoelectron spectroscopy (XPS, PHI
5000 VersaProbe III, ULVAC-PHI, Inc., Kanagawa, Japan) with a beam size of 100 µm under
Al Kα radiation (λ = 8.3406 Å). Their corresponding high-resolution spectra were further
deconvoluted by the Gaussian–Lorentzian fitting method using an XPSPEAK 4.1 software.

3.4. Electrochemical Measurements

The electrochemical tests throughout this study were conducted in the symmetric
two-electrode configuration at ambient conditions. To prepare the free-standing H@H
electrodes, the ingredients (80 wt.% of H@H, 5 wt.% of Super P®, 5 wt.% of VGCFs, and
10 wt.% of PTFE) were mechanically blended and repeatedly calendared. The as-prepared
H@H electrodes with a thickness of 160 ± 7 µm and a mass loading of 7.5 ± 0.8 mg/cm2

were obtained after drying at 130◦C. To assemble the coin-type cells, 1 M TEABF4/PC
and cellulose-based membrane (TF4535, NKK, Kochi, Japan) were used as the organic
electrolyte and separator, respectively. The cyclic voltammograms (CVs) and electrochemi-
cal impedance spectroscopy measurements were recorded using a multichannel electro-
chemical workstation (VSP-3e, Bio-Logic, Seyssinet-Pariset, France). The electrochemical
impedance spectra (EIS) were recorded at open circuit potential (OCP) from 100 kHz to
0.01 Hz with an AC potential amplitude of 5 mV. The galvanostatic charge–discharge
(GCD) profiles and the cycling stabilities were evaluated through a computer-controlled
system (CT-4008T-5V50mA, Neware Technology Limited, Shenzhen, China). To determine
the specific capacitance (Cs, F/g) of the H@H electrode in the symmetric supercapacitor,
the value can be calculated from the GCD profiles by Cs = 2 It/mV, where I is the ap-
plied current (A), t is the recorded discharge time (s), m is the mass of active material
at one electrode (g), and V is the voltage window (volts). As for the energy density (E,
Wh/kg) and power density (P, W/kg), they can be further acquired based on the equations
E = CsV

2/(2 × 4 × 3.6) and P = 3600 E/t, respectively [9,15].

4. Conclusions

In summary, this study presents an alternative concept for the construction of the
hydrogel-derived HPAC (H-HPAC) encapsulated H-HPAC (H@H) composite material
through the thermal pyrolysis of a PVP/H-HPAC hydrogel under an argon atmosphere
at 900 ◦C. Compared to the original H-HPAC, the as-prepared H@H retains good purity,
lower crystallinity, and high proportions of sp2-type carbons. However, H@H has a lower
specific surface area and decreased pore parameters, but a substantial increase in the
percentage of nitrogen species. Even with the notable change in the textural features,
the symmetric supercapacitor assembled by the H@H electrode with a mass loading of
7.5 mg/cm2 and organic electrolyte still exhibits good reversible capacitance, comparable
rate capability, and excellent cyclability. The results presented in this study support the
H@H as a promising electrode material for other electrochemical energy storage fields,
such as metal–ion capacitors.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ijms23126774/s1.

Author Contributions: Conceptualization, T.-F.H.; methodology, T.-F.H., R.M.A. and H.-H.H.; vali-
dation, T.-F.H., R.M.A., H.-H.H., M.M.A. and S.G.M.; investigation, T.-F.H., R.M.A., H.-H.H., M.M.A.
and A.A.; resources, T.-F.H. and C.-C.Y.; writing—original draft preparation, T.-F.H. and R.M.A.,
writing—review and editing, T.-F.H., R.M.A., M.M.A., S.G.M. and C.-C.Y.; visualization, T.-F.H.,
R.M.A., H.-H.H., M.M.A. and A.A.; supervision, T.-F.H.; funding acquisition, T.-F.H. All authors have
read and agreed to the published version of the manuscript.

86



Int. J. Mol. Sci. 2022, 23, 6774

Funding: This research was funded by the Ministry of Science and Technology (MOST) of Taiwan
(grant number: MOST 110-2222-E-131-001-MY3) and Ming Chi University of Technology (grant
number: VK003-6100-110).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Yu, L.; Chen, G.Z. Supercapatteries as high-performance electrochemical energy storage devices. Electrochem. Energ. Rev. 2020,
3, 271–285. [CrossRef]

2. Iqbal, M.Z.; Faisal, M.M.; Ali, S.R. Integration of supercapacitors and batteries towards high-performance hybrid energy storage
devices. Int. J. Energy Res. 2021, 45, 1449–1479. [CrossRef]

3. Vijayakumar, M.; Santhosh, R.; Adduru, J.; Rao, T.N.; Karthik, M. Activated carbon fibres as high-performance supercapacitor
electrodes with commercial level mass loading. Carbon 2018, 140, 465–476. [CrossRef]

4. Dong, Y.; Zhu, J.; Li, Q.; Zhang, S.; Song, H.; Jia, D. Carbon materials for high mass-loading supercapacitors: Filling the gap
between new materials and practical applications. J. Mater. Chem. A 2020, 8, 21930–21946. [CrossRef]

5. He, W.; Chen, K.; Pathak, R.; Hummel, M.; Reza, K.M.; Ghimire, N.; Pokharel, J.; Lu, S.; Gu, Z.; Qiao, Q.; et al. High-mass-loading
Sn-based anode boosted by pseudocapacitance for long-life sodium-ion batteries. Chem. Eng. J. 2021, 414, 128638. [CrossRef]

6. Lin, Y.T.; Chang-Jian, C.W.; Hsieh, T.H.; Huang, J.H.; Weng, H.C.; Hsiao, Y.S.; Syu, W.L.; Chen, C.P. High-performance Li-ion
capacitor constructed from biomass-derived porous carbon and high-rate Li4Ti5O12. Appl. Surf. Sci. 2021, 543, 148717. [CrossRef]

7. Hung, T.F.; Hsieh, T.H.; Tseng, F.S.; Wang, L.Y.; Yang, C.C.; Yang, C.C. High-mass loading hierarchically porous activated carbon
electrode for pouch-type supercapacitors with propylene carbonate-based electrolyte. Nanomaterials 2021, 11, 785. [CrossRef]

8. Guo, W.; Yu, C.; Li, S.; Qiu, J. Toward commercial-level mass-loading electrodes for supercapacitors: Opportunities, challenges
and perspectives. Energy Environ. Sci. 2021, 14, 576–601. [CrossRef]

9. Abdelaal, M.M.; Hung, T.C.; Mohamed, S.G.; Yang, C.C.; Hung, T.F. Two birds with one stone: Hydrogel-derived hierar-
chical porous activated carbon toward the capacitive performance for symmetric supercapacitors and lithium-ion capacitors.
ACS Sustain. Chem. Eng. 2022, 10, 4717–4727. [CrossRef]

10. Zhang, S.; Ma, Y.; Suresh, L.; Hao, A.; Bick, M.; Tan, S.C.; Chen, J. Carbon nanotube reinforced strong carbon matrix composites.
ACS Nano 2020, 14, 9282–9319. [CrossRef]

11. Han, Y.; Li, S.; Chen, F.; Zhao, T. Multi-scale alignment construction for strong and conductive carbon nanotube/carbon
composites. Mater. Today Commun. 2016, 6, 56–68. [CrossRef]

12. Lee, J.; Kim, T.; Jung, Y.; Jung, K.; Park, J.; Lee, D.M.; Jeong, H.S.; Hwang, J.Y.; Park, C.R.; Lee, K.H.; et al. High-strength carbon
nanotube/carbon composite fibers via chemical vapor infiltration. Nanoscale 2016, 8, 18972–18979. [CrossRef] [PubMed]

13. Liu, T.; Zhang, F.; Song, Y.; Li, Y. Revitalizing carbon supercapacitor electrodes with hierarchical porous structures. J. Mater. Chem. A

2017, 5, 17705–17733. [CrossRef]
14. Wu, L.; Li, Y.; Fu, Z.; Su, B.L. Hierarchically structured porous materials: Synthesis strategies and applications in energy storage.

Natl. Sci. Rev. 2020, 7, 1667–1701. [CrossRef]
15. Wu, J.; Xia, M.; Zhang, X.; Chen, Y.; Sun, F.; Wang, X.; Yang, H.; Chen, H. Hierarchical porous carbon derived from wood tar using

crab as the template: Performance on supercapacitor. J. Power Source 2020, 455, 227982. [CrossRef]
16. Yin, J.; Zhang, W.; Alhebshi, N.A.; Alshareef, H.N. Synthesis strategies of porous carbon for supercapacitor applications. Small Methods

2020, 4, 1900853. [CrossRef]
17. Díez, N.; Fuertes, A.B.; Sevilla, M. Molten salt strategies towards carbon materials for energy storage and conversion.

Energy Storage Mater. 2021, 38, 50–69. [CrossRef]
18. Díez, N.; Ferrero, G.A.; Fuertes, A.B.; Sevilla, M. Sustainable salt template-assisted chemical activation for the production of

porous carbons with enhanced power handling ability in supercapacitors. Batter. Supercaps 2019, 2, 701–711. [CrossRef]
19. Díez, N.; Ferrero, G.A.; Sevilla, M.; Fuertes, A.B. A sustainable approach to hierarchically porous carbons from tannic acid and

their utilization in supercapacitive energy storage systems. J. Mater. Chem. A 2019, 7, 14280–14290. [CrossRef]
20. Sevilla, M.; Díez, N.; Fuertes, A.B. More sustainable chemical activation strategies for the production of porous carbons.

ChemSusChem 2021, 14, 94–117. [CrossRef]
21. Abdelaal, M.M.; Hung, T.C.; Mohamed, S.G.; Yang, C.C.; Huang, H.P.; Hung, T.F. A comparative study of the influence of nitrogen

content and structural characteristics of NiS/nitrogen-doped carbon nanocomposites on capacitive performances in alkaline
medium. Nanomaterials 2021, 11, 1867. [CrossRef] [PubMed]

22. Plachy, T.; Kutalkova, E.; Skoda, D.; Holcapkova, P. Transformation of cellulose via two-step carbonization to conducting
carbonaceous particles and their outstanding electrorheological performance. Int. J. Mol. Sci. 2022, 23, 5477. [CrossRef] [PubMed]

23. Vatankhah, A.R.; Hosseini, M.A.; Malekiec, S. The characterization of gamma-irradiated carbon-nanostructured materials carried
out using a multi-analytical approach including Raman spectroscopy. Appl. Surf. Sci. 2019, 488, 671–680. [CrossRef]

87



Int. J. Mol. Sci. 2022, 23, 6774

24. Hsu, C.H.; Chung, C.H.; Hsieh, T.H.; Lin, H.P. Green and highly-efficient microwave synthesis route for sulfur/carbon composite
for Li-S battery. Int. J. Mol. Sci. 2022, 23, 39. [CrossRef] [PubMed]

25. Duan, W.; Zhu, Z.; Li, H.; Hu, Z.; Zhang, K.; Cheng, F.; Chen, J. Na3V2(PO4)3@C core-shell nanocomposites for rechargeable
sodium-ion batteries. J. Mater. Chem. A 2014, 2, 8668–8675. [CrossRef]

26. Zolkin, A.; Semerikova, A.; Chepkasov, S.; Khomyakov, M. Characteristics of the Raman spectra of diamond-like carbon films.
Influence of methods of synthesis. Mater. Today Proc. 2017, 4, 11480–11485. [CrossRef]

27. Hung, T.F.; Cheng, W.J.; Chang, W.S.; Yang, C.C.; Shen, C.C.; Kuo, Y.L. Ascorbic acid-assisted synthesis of mesoporous sodium
vanadium phosphate nanoparticles with highly sp2-coordinated carbon coatings as efficient cathode materials for rechargeable
sodium-ion batteries. Chem. Eur. J. 2016, 22, 10620–10626. [CrossRef] [PubMed]

28. Lv, Y.; Ding, L.; Wu, X.; Guo, N.; Guo, J.; Hou, S.; Tong, F.; Jia, D.; Zhang, H. Coal-based 3D hierarchical porous carbon aerogels
for high performance and super-long life supercapacitors. Sci. Rep. 2020, 10, 7022. [CrossRef]

29. Kim, J.H.; Jung, S.C.; Lee, H.M.; Kim, B.J. Comparison of pore structures of cellulose-based activated carbon fibers and their
applications for electrode materials. Int. J. Mol. Sci. 2022, 23, 3680. [CrossRef]
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Abstract: Graphene oxide is well known for its excellent fluorescence quenching ability. In this study,
positively charged graphene oxide (pGO25000) was developed as a fluorescence quencher that is
water-soluble and synthesized by grafting polyetherimide onto graphene oxide nanosheets by a
carbodiimide reaction. Compared to graphene oxide, the fluorescence quenching ability of pGO25000
is significantly improved by the increase in the affinity between pGO25000 and the DNA strand,
which is introduced by the additional electrostatic interaction. The FAM-labeled single-stranded
DNA probe can be almost completely quenched at concentrations of pGO25000 as low as 0.1 µg/mL.
A simple and novel FAM-labeled single-stranded DNA sensor was designed for Hg2+ detection to
take advantage of exonuclease I-triggered single-stranded DNA hydrolysis, and pGO25000 acted as a
fluorescence quencher. The FAM-labeled single-stranded DNA probe is present as a hairpin structure
by the formation of T–Hg2+–T when Hg2+ is present, and no fluorescence is observed. It is digested
by exonuclease I without Hg2+, and fluorescence is recovered. The fluorescence intensity of the
proposed biosensor was positively correlated with the Hg2+ concentration in the range of 0–250 nM
(R2 = 0.9955), with a seasonable limit of detection (3σ) cal. 3.93 nM. It was successfully applied to real
samples of pond water for Hg2+ detection, obtaining a recovery rate from 99.6% to 101.1%.

Keywords: positively charged graphene oxide (pGO); exonuclease I; fluorescence quencher; hairpin
structure; T–Hg2+–T

1. Introduction

Water-soluble mercury(II) ion (Hg2+), as one of the most familiar environmental pol-
lutants, is a toxic heavy metal that can exist in metallic, inorganic, and organic forms,
especially in freshwater and marine ecosystems [1]. After prolonged exposure, it is ex-
tremely toxic to the brain, kidney, and other organs of organisms at very low mercury(II)
concentrations [2]. The accumulation of heavy metals can occur in animal and human
bodies via the food chain and damage the reproductive, gastrointestinal, and cardiovascular
systems. Based on the guidelines of the United States Environmental Protection Agency
(EPA), the Ministry of Health of the People’s Republic of China (MOH), and the World
Health Organization (WTO), the maximum mercury(II) concentration in drinking water
should be as low as 10 nM [3].

Currently, many traditional techniques have been developed for Hg2+ analysis and de-
tection, including inductively coupled plasma–optical emission spectrometry (ICP-OES) [4],
chemical vapor generation–inductively coupled plasma–optical emission spectrometry
(CVG-ICP-OES) [5], inductively coupled plasma–mass spectrometry (ICP-MS) [6], cold va-
por atomic absorption spectroscopy (CVAAS) [7], atomic fluorescent spectroscopy [8], and
electrochemical methods. Hg2+ can be detected at pM concentrations by most of the above-
mentioned methods. However, high-cost, complex sample preparation and professional
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operation are also needed. Therefore, it is essential to explore rapid, specific, sensitive,
cost-efficient, convenient, and real-time biosensors instead of traditional approaches for
monitoring heavy metal ions.

Fluorescence-based methods have been widely used as potential techniques for Hg2+

detection. In view of the sensitivity improvement for Hg2+ detection, an increasing number
of researchers have paid attention to signal amplification in DNA-based strategies by
exonucleases, including exonuclease I and III (Exo I and III) [9–13]. For example, Exo I
is a 3′–5′ exonuclease that can cleave single-stranded DNA (ssDNA) without sequence-
dependence [14,15]. Hg2+ can promote the formation of a DNA duplex (dsDNA) via
T–Hg2+–T formation, which is not allowed to be digested by Exo I. However, Exo I can
hydrolyze ssDNA. Thus, there is potential for applying Exo I in Hg2+ detection on the basis
of DNA-based signal amplification strategies.

However, traditional fluorescent DNA probes, such as Taqman probes, molecular
beacons (MBs), and scorpions, cannot meet the requirements [16,17] because no free 3′-OH
is present. For this reason, a label-free assay has been developed based on the fluorescence
“turn-on” caused by dye intercalation into special DNA structures [18–20]. However, such
label-free dyes have a non-negligible fluorescent background.

To solve these problems, guanine bases [16] and nanostructures [21] have been
used as quenchers for DNA probes. Various nanostructures, such as gold nanoparticles
(AuNPs) [22,23], single-walled carbon nanotubes (SWCNTs) [24], graphene oxide (GO) [25],
fullerene (C60) [26,27], multiwalled carbon nanotubes (MWCNTs) [9], and positive car-
bon dots (P-CDs) [28], have been successfully used as nanoquenchers for mercury(II) ion
detection. As a two-dimensional (2D) material, GO exhibits high-efficiency fluorescence
quenching, good water dispersibility, low cost, and various surface modifications. There-
fore, it is frequently used in biosensors [29]. Previous studies have confirmed that ssDNA
is labelled with a fluorescent dye, which can be quenched by GO due to fluorescence
resonance energy transfer (FRET) [12,30]. This result is attributed to the hydrogen bond
and π–π stacking caused by nucleobases and GO, which make FRET more efficient. The
fluorescence quenching efficiency of GO is dependent on the GO quantity used. A high
concentration of GO can limit its application in Hg2+ detection, e.g., in cells. Therefore, it
is necessary to improve the fluorescence quenching ability and efficiency of GO. In addi-
tion, the fluorescence quenching efficiency of GO can be increased by partially reducing
graphene oxide due to the increase in π–π stacking interaction [25].

In this work, positively charged graphene oxide (pGO25000) was synthesized by
grafting polyetherimide (PEI) onto GO nanosheets by a carbodiimide reaction. The first use
of positively charged pGO25000 as an efficient fluorescence quencher was demonstrated.
Compared to GO, the fluorescence quenching efficiency of pGO25000 can be enhanced by
the positively charged surface that allows attraction of the negatively charged DNA strands
via electrostatic interaction. Based on the special property of pGO25000, a FAM–ssDNA
probe was designed for the highly selective and ultrasensitive detection of mercury(II) ions
with the assistance of the Exo I enzyme under mild conditions.

2. Results and Discussion

2.1. Strategy for Ultrasensitive Detection of Hg2+

A FAM–ssDNA probe was designed for the highly sensitive and highly selective
detection of Hg2+, with pGO25000 being a fluorescence nanoquencher and Exo I being a
special enzyme for hydrolyzing ssDNA in the 3′→5′ direction, as shown in Scheme 1. GO,
as a fluorescence quencher, can quench fluorescent dye via FRET when GO and fluorescent
dye are sufficiently close to each other. Considering the binding affinity of ssDNA to
GO, which results from π–π stacking and hydrogen bonding between ssDNA and GO, the
dye-labelled ssDNA probes were designed for Hg2+ detection based on the GO fluorescence
quenching ability. Positively charged GO (PEI-GO) has been reported as a fluorescence
quencher of anionic dyes (i.e., Merocyanine 540) via electrostatic interactions [31]. However,
dye-labelled DNA probes have never been reported as fluorescence quenchers. In this work,
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pGO25000 was synthesized by grafting PEI (M.W. = 25,000) onto GO nanosheets, which
can selectively bind to ssDNA/dsDNA at very low concentrations. Thus, the fluorescence
quenching efficiency was enhanced based on the additional electrostatic attraction between
the phosphate group and positively charged PEI. The fluorescence was almost quenched
for the FAM–ssDNA probe by pGO25000; however, FAM–dsDNA can be also quenched
by pGO25000. To solve this problem, enzyme-based technology was applied in the FAM–
ssDNA/pGO25000 system. Exo I is a sequence-independent 3′–5′ exonuclease that cleaves
ssDNA. It has been reported that the digestion of Exo I is limited by binding to the targets to
form the DNA duplex and G-quadruplex structures [11,14,15,32]. In this study, pGO25000
was synthesized as an efficient nanoquencher of fluorescence for the proposed strategy to
detect Hg2+. After adding Exo I, the special enzyme efficiently digested the FAM–ssDNA
in the direction of 3′ to 5′, and the fluorescence was restored. However, if dsDNA was
present because of the formation of the T–Hg2+–T construct after adding Hg2+, which could
suppress the activity of Exo I, no fluorescence was restored. Therefore, the fluorescence
“turn-on” indicated that no Hg2+ was present in the analytical sample, and vice versa.
It is expected that this strategy could provide a novel method to detect Hg2+ with great
sensitivity and high selectivity.

′ ′

′ ′

 

Scheme 1. Schematic diagram of the designed fluorescence “turn-off” strategy for Hg2+ detection
with the assistance of Exo I nuclease using a FAM–ssDNA probe.

2.2. Characterization of pGO25000

GO has good water solubility due to the abundance of hydrophilic groups (hydroxyl,
carboxylic, epoxy) that have been introduced onto the surface of GO after a series of
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chemical modification processes. Because pGO25000 was prepared by grafting PEI onto
GO nanosheets, pGO25000 also has good dissolvability. To study the surface charge of
GO and pGO25000, zeta potential analysis was performed at concentrations of 1 mg/mL
GO and pGO25000 solution. The GO solution showed a negative zeta potential level of
−37.6 Mv, as shown in Figure 1, while pGO25000 had a positive zeta potential level of
25 mV because the PEI linkers completely changed the pGO25000 surface charge; thus,
positively charged GO (pGO25000) was obtained [33]. To investigate the structural change
in the condensation reaction of pGO25000 synthesis, Raman spectroscopy, FT-IR analysis,
and high-resolution XPS were performed. Figure 2A shows the Raman spectra of GO
and pGO25000, and two bands located at approximately 1320 cm−1 and 1596 cm−1 can
be attributed to the D and G bands of graphitic materials, respectively. It is well known
that the defect level of graphene sheets can be evaluated by the peak intensity ratio of
the D band to the G band (ID/IG), and a higher ID/IG commonly indicates an increase
in the degree of disorder [34]. pGO25000 gave a higher ID/IG ratio of 2.30 compared
with GO (1.85), which can be attributed to the condensation reaction by incorporation of
PEI, reducing the oxygen functional group and increasing the sp3 carbon form [35–37].
Figure 2B shows the FT-IR spectra of GO and pGO25000. Peaks located at ~1720 cm−1,
~1620 cm−1, ~1400 cm−1, and ~1090 cm−1 can be assigned to the stretching vibrations of
the C=O, C–C, C–OH, and C–O (epoxy) groups [35,38,39]. Of note, the FT-IR spectrum
of pGO25000 showed that PEI was successfully grafted onto the GO surface. Compared
to GO, the N–C=O peak at 1650 cm−1 appeared with the disappearance of the C=O peak
at 1720 cm−1 in pGO25000. Meanwhile, the C–O (epoxy) peak was replaced by the C–N
peak (1384 cm−1) on pGO25000. The N–C=O and C–N groups were produced by the amine
reacting with the COOH and C–O (epoxy) groups. The band at 1580 cm−1 appeared first,
which corresponded to the C=N stretch by Schiff’s base reaction [40,41].

−

− −

− −

− −

−

−

 

Figure 1. Charge analysis of GO and pGO25000.

As shown in Figure 3A, there was almost no N1s signal in the spectrum of GO,
whereas the spectrum of pGO25000 presented a clear N1s peak. After calibration of the
binding energy position with C1s (284.4 eV) in XPS spectra, the five main peaks of carbon
bonding in the C1s XPS spectra of GO with binding energies at 283.7, 284.4, 286.1, 286.9,
and 288.3 eV (Figure S1A) were attributed to the C=C, C–C, C–O (hydroxyl and epoxy),
C=O, and C(O)O bonds, respectively [25,42]. After reacting with PEI, the signal at 285.3 eV
(C–N bond) appeared along with the disappearance of the C(O)O bond signal, which
indicated that the condensation reaction between the amino group and carboxyl group
was completed. The peak at 286.0 eV (C–O) was dramatically decreased due to the epoxy
reacting with PEI (Figure 3B). The N1s spectrum had fitted curves at 400.4, 399.1, and
398.2 eV (Figure 3C), corresponding to the binding energies of nitrogen atoms in NH3

+,
CONH, and PEI [40,43,44]. Compared to the O1s spectrum of GO (Figure S1B), pGO25000
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was deconvoluted into four peaks (Figure 3D), three of which were similar to those of GO,
i.e., C=O (530.5 eV), C–OH (531.7 eV), and C–O (532.4 eV) [43]; a new peak with a bonding
energy of 530.9 eV appeared, corresponding to the CONH bond. These results indicated
that pGO25000 was successfully obtained by GO reacting with PEI.

 

Figure 2. Characterization of GO and pGO25000 by (A) Raman spectroscopy and (B) FT-IR.

Figure 3. High-resolution XPS spectra of GO and pGO25000: (A) wide scan, (B) C1s spectrum of
pGO25000, (C) N1s spectrum of pGO25000, and (D) O1s spectrum of pGO25000.
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2.3. Fluorescence Quenching of FAM–ssDNA by pGO25000

To better understand the fluorescence quenching efficiency of positively charged GO
depending on the pH values, a solution with a pH range of 7.5–9.0 was investigated. The
fluorescence intensity of FAM–ssDNA in a 600 nM Hg2+ solution significantly increased
and then slightly decreased with increasing pH values, as shown in Figure S2A. At pH
8.5, the maximum fluorescence signal was obtained. After adding 0.1 µg/mL pGO25000,
there was a sharp reduction in fluorescence intensity due to fluorescence quenching caused
by pGO25000, and there was no large difference under various pH values from 7.5 to 9.0.
Hence, pH 8.5 was the optimum pH according to the ratio of the fluorescence intensity
without pGO25000 and in the presence of pGO25000. It has been mentioned that fluores-
cence quenching by pGO25000 can be completed immediately; thus, fluorescence detection
was instantly performed after adding pGO25000.

To demonstrate that the positively charged GO (pGO25000) is more efficient in fluo-
rescence quenching for DNA probes, GO and pGO25000 were analyzed. The fluorescence
of FAM–ssDNA was quenched by various concentrations of GO from 0.01 to 30 µg/mL,
as shown in Figure S3B. As the amount of GO increased, the fluorescent signal was re-
duced, and fluorescence quenching was not efficient even if the concentration was en-
hanced to 30 µg/mL. However, the fluorescence was almost quenched by pGO25000 at
0.1 µg/mL (Figure 4). Thus, positively charged PEI plays a crucial role in the affinity
between pGO25000 and FAM–ssDNA, which can promote the fluorescent dyes to be close
to pGO25000, thus increasing the FRET efficiency to quench fluorescence. The fluorescence
spectra of FAM–ssDNA quenched by pGO25000 in the range from 0 to 30 µg/mL with
excitation at 495 nm are shown in Figure 4 and Figure S3A. The signal intensity of the FAM–
ssDNA probes was moderately reduced with increasing pGO25000 concentration, clearly
increased with a pGO25000 concentration higher than 0.1 µg/mL, and then decreased again
until the concentration of pGO25000 was greater than 6 µg/mL. The fluorescence quench-
ing ability of pGO25000 was induced by electrostatic and π–π stacking interactions, which
were dependent on the concentration of pGO25000. This result indicated that pGO25000
had a better binding affinity with the FAM–ssDNA probes at very low concentrations from
0 to 0.1 µg/mL due to electrostatic interactions. As pGO25000 increased from 0.1 µg/mL
to 6 µg/mL, fluorescence quenching was not efficient. This was possibly caused by the
steric hindrance of PEI in pGO25000, which impeded the interaction of FAM–ssDNA with
GO in pGO25000, reducing π–π stacking and hydrogen bonding between nucleobases and
GO. However, the fluorescence quenching efficiency was improved when the pGO25000
concentration was more than 6 µg/mL. This phenomenon was observed because the elec-
trostatic interaction between FAM–ssDNA and pGO25000 was increased, and fluorescence
quenching was mainly dependent on the electrostatic interaction.

The influence of various metal ions on the fluorescence quenching ability of pGO25000
was also assessed by measuring the fluorescence intensity, and different metal ions were
used, including Hg2+, K+, Sn2+, Al3+, Ni2+, Mn2+, Mg2+, Cu2+, and Co2+. Figure S4 shows
that there was no influence on the fluorescence quenching ability. Therefore, pGO25000
was synthesized as an efficient nanoquencher of fluorescence.

2.4. Fluorescence Detection of Hg2+

Fluorescence quenching efficiency is dependent on the interaction between DNA and
GO, which is determined by the length of DNA [45,46], GO surface modification [25], size
of GO [30], and concentrations of DNA and GO [47]. Compared to GO, the positively
charged modified GO (pGO25000) had a perfect fluorescence quenching ability at very
low concentrations. However, there was no large change in the fluorescence quenching
of FAM–ssDNA by 0.1 µg/mL pGO25000 with or without Hg2+. However, FAM–ssDNA
exists in the hairpin structure due to the formation of T–Hg2+–T after adding Hg2+. It
was indicated that fluorescence quenching was efficient for the same sequences of DNA
with different structures. Based on this result, an Exo I-assisted strategy to detect Hg2+

is proposed.
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π–π 

π–π 

Figure 4. Effect of pGO25000 concentrations from 0 to 0.1 µg/mL on fluorescence quenching of
FAM–ssDNA.

To demonstrate the effect of pH values on T–Hg2+–T complex formation and the
activity of Exo I, the Exo I/pGO25000-assisted FAM–ssDNA sensor was studied for Hg2+

detection, as demonstrated in Figure S2B. The fluorescent signal was significantly improved
with increasing pH values in the absence of Hg2+. It is well known that FAM is a pH-
dependent dye, and the optimal pH value is >8.5 [48,49]. FAM–ssDNA can be digested
by the 3′–5′ Exo I and releases FAM dyes in a range of pH 7.5~9.0; thus, the fluorescence
response can be recovered without Hg2+. When Hg2+ was present, all samples at various
pH values were fluorescence-quenched except for the conditions at pH 7.5 and 9.0. Thus, the
FAM–ssDNA probe could be subjected to the conditions at pH 8.0 and 8.5. The fluorescence
signal was not restored because of the FAM–hairpin DNA structure formation, which was
caused by the T–Hg2+–T construction, which prevented digestion by Exo I. However, at
pH 7.5 and 9.0, the fluorescence was slightly recovered, and the reason could be attributed
to the overactivity of Exo I under these conditions. As a result, 10 mM Tris–HNO3 buffer
(40 mM NaNO3) with a pH value of 8.5 was used during Hg2+ detection.

2.5. Sensitivity of Hg2+ Detection

The Hg2+ concentration has a large effect on the FAM–ssDNA probe with the pGO25000/
Exo I-assisted strategy. The sensitivity of this proposed method was determined using
various concentrations of Hg2+ solution. Figure 5A shows that the emission signal was
gradually reduced by excitation at 495 nm with increasing Hg2+ concentrations from 0
to 800 nM, and fluorescence was nearly quenched when the concentration of Hg2+ was
greater than 600 nM. In a certain range, the higher the concentration of Hg2+, the more
efficient the fluorescence quenching. This occurred because Exo I activity was restricted
by the DNA hairpin structure, which was formed by the T–Hg2+–T complexes, and the
FAM dye could not be released from the DNA strand, which was quenched by pGO25000.
Without Hg2+ added, the fluorescence signal was perfectly recovered after digestion by
Exo I. It was attributed to the destruction of the interaction between the DNA strand and
pGO25000 during the hydrolysis of DNA; thus, the FAM dye was released from the DNA
strand and kept far away from pGO25000; then, the fluorescence was restored.

The relative fluorescence intensity (F/F0) decreased proportionally as the Hg2+ con-
centration increased. It showed excellent analytical performance with a linear relationship
in the range of 0 to 250 nM Hg2+, following a linear correlation equation described as
y = −0.0031x + 0.9804 (y represents F/F0, x represents the concentration of Hg2+ in so-
lution, R2 = 0.9955). Based on the 3σ slope, the limit of detection (LOD) for the Exo
I/pGO25000-assisted FAM–ssDNA sensor was estimated to be 3.93 nM, which was far
below the largest permissible dose of Hg2+ in potable water (10 nM) by the U.S. Environ-
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mental Protection Agency (EPA) [21,50]. The obtained result indicates that this biosensor
strategy has potential applications in the quantitative analysis of Hg2+ at certain concen-
trations. Various nanomaterials were used as the nanoquencher of DNA probes, which
were designed for Hg(II) detection, and the results are shown in Table 1. The sensitivity
and fluorescence quenching efficiency of the nanoquenchers were compared using the
previously presented analytical methods. Note that the proposed scheme presented a
lower LOD and higher sensitivity compared with that using GO, SWCNTs, or MWCNTs
as the nanoquencher, and pGO25000 had a more efficient fluorescence quenching ability
compared to C60.

′ ′

Figure 5. (A) Fluorescence emission spectra upon addition of various Hg2+ concentrations ranging
from 0 to 800 nM in Tris–HNO3 buffer (10 mM, pH 8.5) containing 40 mM NaNO3. The Hg2+

concentrations were as follows: 0, 2, 5, 10, 30, 50, 120, 150, 200, 250, 300, 400, 600, and 800 nM.
(B) Linear response of the relative fluorescence intensity (F/F0, F: fluorescence-detected, with various
Hg2+ concentrations from 0 to 800 nM, F0: fluorescence-initial, without Hg2+). An amount of 50 nM
FAM–ssDNA was used for each reaction, and the reactions were performed in Tris–HNO3 buffer
(10 mM, 40 mM NaNO3, pH 8.5). Ex = 495 nm, Em = 520 nm.

Table 1. Comparison of different nanomaterials as nanoquencher for Hg(II) detection.

Nanomaterials
Fluorescence Quenching

Ability (µg/mL·nM)
Quenching Efficiency Liner Range (µM) LOD (nM) Reference

GO 0.4 µg/mL·nM 90% 0–1.0 / [9]
SWCNTs 0.4 µg/mL nM 72% 0.05–8.0 14.5 [24]
MWCNTs 0.2 µg/mL nM 91% 0–0.5 / [9]

C60 3.0 µg/mL nM 88.4% 0.03–0.15 0.5 [26]
pRGO3 0.075 µg/mL nM 97% / / [25]
P-CDs 0.125 µg/mL nM 79~84% / / [28]

pGO25000 0.002 µg/mL nM 95.5% 0–0.25 3.93 This work

2.6. Selectivity of Hg2+

Confirming the selectivity for Hg2+ is the key point to evaluate the performance of
the developed DNA biosensor. To estimate the selectivity of Exo-I/pGO25000 by the FAM–
ssDNA sensing system, experiments were performed to detect the fluorescence intensities
of the Exo I/pGO25000-assisted FAM–ssDNA probes in the presence or absence of Hg2+

(600 nM) solution mixed with other metal ions (K+, Fe2+, Sn2+, Al3+, Ni2+, Mn2+, Mg2+,
Cu2+, and Co2+) at a concentration of 6 mM, as shown in Figure 6. Hg2+ produced a
remarkable decrease in fluorescence intensity, indicating that only Hg2+ could bind to two
thymine bases, and T–Hg2+–T mismatched base pairs formed, resulting in the formation
of a hairpin structure; thus, degradation by Exo I was hindered. As a result, the FAM–
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hairpin DNA remained for fluorescence quenching by pGO25000. The obtained results
also revealed that the proposed method could still detect Hg2+, which mixed with other
probable interference metals. Clearly, the biosensor based on FAM–ssDNA probes and Exo
I/pGO25000 has an excellent selectivity towards Hg2+.

μ

Figure 6. Selectivity of Hg2+ detection by the FAM–ssDNA probe. The fluorescence intensities of the
Exo I (2 U)/pGO25000 (0.1 µg/mL)-assisted FAM–ssDNA probes were recorded without or with
Hg2+ (600 nM) and mixed with other possible interfering metal ions (K+, Fe2+, Sn2+, Al3+, Ni2+, Mn2+,
Mg2+, Cu2+, and Co2+, 6 mM). Ex = 495 nm, Em = 520 nm. Each sample was repeated three times.

2.7. Application in Real Samples

To assess the approach feasibility, the Exo I/pGO25000-assisted FAM–ssDNA biosen-
sor strategy was used for the Hg2+ analysis of pond water samples collected from a pond at
Zhejiang Sci-Tech University. The impurities of pond water were removed by filtration us-
ing NY 0.22 µm, and three concentrations of Hg2+ (25 nM, 50 nM, 200 nM) were diluted by
the pond water, which were individually detected by the sensor system. The recoveries of
Hg2+ in pond water were in the range of 99.6%–101.1%, and all relative standard deviations
(RSDs) were as low as 5% (n = 3) (Table 2). It is revealed that the quantitative detection of
Hg2+ can be performed by this sensitive biosensor method. Meanwhile, it illustrated that
the proposed sensor has good feasibility and accuracy to measure the Hg2+ concentration
in real samples.

Table 2. Average recoveries of Hg2+ in the pond water samples (n = 3).

Added/nM Repeats F/F0 Calculated Value/nM Avg./nM Recovery

25
1 0.900 25.9

24.9 99.6%2 0.904 24.6
3 0.905 24.3

50
1 0.819 52.1

49.9 99.8%2 0.825 50.1
3 0.833 47.5

200
1 0.340 206.6

202.2 101.1%2 0.357 201.1
3 0.364 198.8
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3. Experimental

3.1. Chemicals and Materials

The oligonucleotide (FAM–ssDNA probe: 5′-FAM-TATCGTGCTCCCCTGCTCGTTA)
was purified by HPLC and purchased from Sangon Biotech Co., Ltd. (Shanghai, China). The
oligonucleotide stock solution (50 µM) was prepared with double distilled water (ddH2O).
Exonuclease I (Exo I, 20 U/µL) was provided by Bio Basic Inc. (Canada). A 10 mM
Tris–HNO3 buffer including 40 mM NaNO3 (pH 8.5) was used in the experiments. Hg2+

solutions with different concentrations were prepared from a standard mercury ion solution
(5.0 mM), which was purchased from Aoke Biology Research Co., Ltd. (Beijing, China).
All metal salts and tris(hydroxymethyl)aminomethane (Tris) were obtained from Macklin
(Shanghai, China) and Aladdin (Beijing, China). Graphene oxide (GO) was supplied
by XFNano Material Tech Co., Ltd. (Nanjing, China). PEI (average MW = 25,000) was
purchased from Sigma-Aldrich. All other chemicals and reagents used in this work were of
analytical grade and used without further purification. The pond water was prefiltered
with an NY 0.22 µm filter.

3.2. Apparatus

Fluorescence spectra were measured by an F-4600 fluorescence spectrometer (Hitachi,
Japan) at RT (room temperature, approximately 27 ◦C). The emission spectra data were
acquired from 511 nm to 620 nm after illuminating at the maximum excitation wavelength of
495 nm, and the fluorescence intensity was measured at 520 nm (Emmax). Both the excitation
and emission slit widths were set at 5 nm and 10 nm, respectively. High-resolution X-ray
photoelectron spectroscopy (XPS) was performed using a Thermo Scientific K-Alpha XPS
spectrometer (Kratos Analytical, Manchester, UK). The charge polarity and density of
GO/pGO25000 colloids were obtained by zeta potential measurement (Malvern Zetasizer
Nano ZS90, Great Malvern, UK). The Raman spectrum was recorded by an Optosky
ATP3007 (Xiamen, China) Raman spectrometer with a 785 nm excitation lase. A Nicolet
iS50 spectrometer (Thermo Fisher Scientific, Waltham, USA) using KBr pellets was used for
Fourier-transform infrared (FT-IR) characterization.

3.3. Preparation of pGO25000

Positively charged GO (pGO25000) was synthesized by grafting PEI (MW = 25,000)
onto GO nanosheets via a condensation reaction between amino groups and carboxyl
groups. Briefly, 120 mg of GO, 1.0 g of PEI, and 300 mg of EDC were sequentially dissolved
in 40 mL of ddH2O. Then, the pH value of this mixture was adjusted to pH 7.0 by adding a
certain amount of diluted HCl (1.0 M) and stored at 4 ◦C for 24 h. Then, the mixture was
dialyzed against ddH2O for two weeks to remove foreign ions. After diluting this mixture
with ddH2O and ultrasonication, the pGO solution (1 mg/mL) was successfully prepared.

3.4. Fluorescence Quenching Assay

A 50 nM FAM–ssDNA probe was incubated in 200 µL of Tris–HNO3 buffer (10 mM,
40 mM NaNO3, pH 8.5) with different concentrations of pGO25000/GO (0, 0.0001, 0.001,
0.005, 0.01, 0.02, 0.05, 0.1, 1, 3, 6, 15, and 30 µL/mL). The mixtures were immediately
measured by a fluorescence spectrometer, and the fluorescence emission was monitored
in the wavelength range from 511 to 620 nm. Each sample solution was repeated and
measured at least three times.

3.5. Study of Exo I Activity in Hg2+ Detection

A 0.01 nmole FAM–ssDNA probe (50 µM, 0.2 µL) and 1 µL of Hg2+ solution (600 nM)
were added to a 0.5 mL centrifuge tube, followed by dilution to 10 µL with Tris–HNO3
buffer (10 mM, 40 mM NaNO3, pH 8.5). The FAM–ssDNA probe/Hg2+ solution was added
to 2 U of Exo I and incubated for 30 min at 27 ◦C (RT) or 5 min at 40 ◦C in an oven. Then,
pGO25000 (0.1 µL/mL) was mixed with the FAM–ssDNA probe/Hg2+/Exo I mixture and
diluted with Tris–HNO3 buffer (10 mM, 40 mM NaNO3, pH 8.5) to a final volume of 200 µL.
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Exo I nuclease was denatured by heating at 80 ◦C for 15 min before the fluorescence test.
To evaluate the sensitivity of Hg2+ detection, the final concentrations of Hg2+ were 0, 2,
5, 10, 30, 50, 120, 150, 200, 250, 300, 400, 600, and 800 nM. To evaluate the selectivity of
Hg2+ detection, 6 µM K+, Na+, Cu2+, Mn2+, Ni2+, Pb2+, and Fe3+ and 600 nM Hg2+ were
used. The fluorescence emission was analyzed from 511 to 620 nm for all samples with an
excitation wavelength of 495 nm, and the maximum fluorescence intensity was measured
at 520 nm. To assess the application of the DNA sensor in the real samples, a 50 nM
FAM–ssDNA probe was incubated in 10 µL of Tris–HNO3 buffer (10 mM, 40 mM NaNO3,
pH 8.5) with three different concentrations of Hg2+ solution (25 nM, 50 nM, 200 nM), which
were prepared from the pond water. Each sample solution was analyzed three times.

4. Conclusions

In summary, positively charged GO (pGO25000) was synthesized by modification of
the GO surface with PEI and used in fluorescence quenching of a DNA probe. Compared to
GO, the fluorescence quenching efficiency of pGO25000 was dramatically improved due to
the additional electrostatic interaction induced by PEI. Electrostatic attraction plays a vital
role in the interaction between pGO25000 and DNA strands, which increases the affinity of
pGO25000 to the DNA strands. As a result, when pGO25000 is at a very low concentra-
tion (0.1 µg/mL), it possesses a higher and more efficient fluorescence quenching ability
compared to GO. In view of the perfect fluorescence quenching efficiency of pGO25000, the
pGO25000 and FAM–ssDNA probes were designed for Hg2+ detection with the assistance
of Exo I, and fluorescence was specifically prevented by adding Hg2+. The FAM–ssDNA
probe was formed in a hairpin structure in the presence of Hg2+ due to the formation of
T–Hg2+–T complexes, which imposed restrictions on the degradation by Exo I. However,
the fluorescence was recovered without Hg2+ because of the hydrolysis of FAM–ssDNA
caused by Exo I. Therefore, the limit of detection of 3.93 nM was obtained. Compared to
other metal ions, the Exo I/pGO25000-assisted FAM–ssDNA sensor has a great selectivity
for Hg2+. In addition, the designed strategy is applicable for Hg2+ detection in real sam-
ples with satisfactory recoveries. In consideration of the efficient fluorescence quenching
property of pGO25000, as well as the absolute quantification ability by the Exo I-assisted
FAM–ssDNA sensor, the biosensor mechanism can be applied in more toxic substances and
in gene mutation analysis (e.g., SNP).
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Author Contributions: Conceptualization, J.Q.; methodology, X.J. and Z.W.; software, X.L.; valida-
tion, T.S. and X.L.; formal analysis, X.J.; investigation, Z.W.; resources, X.L.; data curation, Z.W.;
writing—original draft preparation, T.S.; writing—review and editing, J.Q. and X.C.; visualization,
J.Q.; supervision, J.Q.; project administration, J.Q.; funding acquisition, J.Q. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by Zhejiang Sci-Tech University grant number 16042017-Y.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: We thank all members of the Xiachao Chen Laboratory for many productive discussions.

Conflicts of Interest: The authors declare no conflict of interest.

99



Int. J. Mol. Sci. 2022, 23, 6326

References

1. Boening, D.W. Ecological effects, transport, and fate of mercury: A general review. Chemosphere 2000, 40, 1335–1351. [CrossRef]
2. Valko, M.; Morris, H.; Cronin, M.T.D. Metals, toxicity and oxidative stress. Curr. Med. Chem. 2005, 12, 1161–1208. [CrossRef]
3. Duan, J.L.; Zhan, J.H. Recent developments on nanomaterials-based optical sensors for Hg2+ detection. Sci. China-Mater. 2015, 58,

223–240. [CrossRef]
4. Covaci, E.; Senila, M.; Tanaselia, C.; Angyus, S.B.; Ponta, M.; Darvasi, E.; Frentiu, M.; Frentiu, T. A highly sensitive eco-scale

method for mercury determination in water and food using photochemical vapor generation and miniaturized instrumentation
for capacitively coupled plasma microtorch optical emission spectrometry. J. Anal. At. Spectrom. 2018, 33, 799–808. [CrossRef]

5. Baika, L.M.; Dos Santos, E.J.; Herrmann, A.B.; Grassi, M.T. Simultaneous determination of As, Hg, Sb, and Se in mineral fertilizers
using ultrasonic extraction and CVG-ICP OES. Anal. Methods 2016, 8, 8362–8367. [CrossRef]

6. Xing, Y.Q.; Han, J.; Wu, X.; Pierce, D.T.; Zhao, J.X. Aggregation-based determination of mercury(II) using DNA-modified single
gold nanoparticle, T-Hg(II)-T interaction, and single-particle ICP-MS. Microchim. Acta 2020, 187, 56. [CrossRef] [PubMed]

7. Chan, M.H.M.; Chan, I.H.S.; Kong, A.P.S.; Osaki, R.; Cheung, R.C.K.; Ho, C.S.; Wong, G.W.K.; Tong, P.C.Y.; Chan, J.C.N.; Lam,
C.W.K. Cold-vapour atomic absorption spectrometry underestimates total mercury in blood and urine compared to inductively-
coupled plasma mass spectrometry: An important factor for determining mercury reference intervals. Pathology 2009, 41, 467–472.
[CrossRef] [PubMed]

8. Liu, S.J.; Nie, H.G.; Jiang, J.H.; Shen, G.L.; Yu, R.Q. Electrochemical Sensor for Mercury(II) Based on Conformational Switch
Mediated by Interstrand Cooperative Coordination. Anal. Chem. 2009, 81, 5724–5730. [CrossRef]

9. Liu, W.; Yang, L.J.; Yu, K.L.; Li, Y.Y. Enzyme-Assisted Cyclic Signal Amplification by Using Carbon Nanomaterials for Hg2+

Detection. ChemistrySelect 2020, 5, 4267–4272. [CrossRef]
10. Xie, S.B.; Tang, C.Y.; Liu, H.; Zhang, T.E.; Tang, Y.; Teng, L.M.; Zhang, J. An electroanalytical platform for nereistoxin-related

insecticide detection based on DNA conformational switching and exonuclease III assisted target recycling. Analyst 2020, 145,
946–952. [CrossRef] [PubMed]

11. Wei, Z.W.; Lan, Y.F.; Zhang, C.; Jia, J.; Niu, W.F.; Wei, Y.L.; Fu, S.L.; Yun, K.M. A label-free Exonuclease I-assisted fluorescence
aptasensor for highly selective and sensitive detection of silver ions. Spectroc. Acta Pt. A-Molec. Biomolec. Spectr. 2021, 260, 119927.
[CrossRef]

12. Xing, X.J.; Zhou, Y.; Liu, X.G.; Pang, D.W.; Tang, H.W. Graphene Oxide and Metal-Mediated Base Pairs Based “Molecular Beacon”
Integrating with Exonuclease I for Fluorescence Turn-on Detection of Biothiols. Small 2014, 10, 3412–3420. [CrossRef] [PubMed]

13. Wang, S.C. Construction of DNA Biosensors for Mercury (II) Ion Detection Based on Enzyme-Driven Signal Amplification
Strategy. Biomolecules 2021, 11, 399. [CrossRef]

14. Wei, Y.L.; Chen, Y.X.; Li, H.H.; Shuang, S.M.; Dong, C.; Wang, G.F. An exonuclease I-based label-free fluorometric aptasensor for
adenosine triphosphate (ATP) detection with a wide concentration range. Biosens. Bioelectron. 2015, 63, 311–316. [CrossRef]

15. Lan, Y.F.; Qin, G.J.; Wei, Y.L.; Wang, L.; Dong, C. Exonuclease I-assisted fluorescence aptasensor for tetrodotoxin. Ecotoxicol.

Environ. Saf. 2020, 194, 110417. [CrossRef]
16. Zhang, J.X.; Ma, X.; Chen, W.H.; Bai, Y.F.; Xue, P.L.; Chen, K.H.; Chen, W.; Bian, L.J. Bifunctional single-labelled oligonucleotide

probe for detection of trace Ag(I) and Pb(II) based on cytosine-Ag(I)-cytosine mismatches and G-quadruplex. Anal. Chim. Acta

2021, 1151, 338258. [CrossRef]
17. Wang, H.M.; Hou, S.N.; Wang, Q.Q.; Wang, Z.W.; Fan, X.; Zhai, J. Dual-response for Hg2+ and Ag+ ions based on biomimetic

funnel-shaped alumina nanochannels. J. Mater. Chem. B 2015, 3, 1699–1705. [CrossRef] [PubMed]
18. Zhang, H.; Wang, Q.; Yang, M.; Fu, X. Exonuclease III-assisted Dual-Cycle Isothermal Signal Amplification for Highly Sensitive

“Turn-on” Type Detection of Mercury Ion (II). Chin. J. Anal. Chem. 2019, 47, 899–906.
19. Yuan, M.; Zhu, Y.G.; Lou, X.H.; Chen, C.; Wei, G.; Lan, M.B.; Zhao, J.L. Sensitive label-free oligonucleotide-based microfluidic

detection of mercury (II) ion by using exonuclease I. Biosens. Bioelectron. 2012, 31, 330–336. [CrossRef]
20. Huang, H.L.; Shi, S.; Zheng, X.Y.; Yao, T.M. Sensitive detection for coralyne and mercury ions based on homo-A/T DNA by

exonuclease signal amplification. Biosens. Bioelectron. 2015, 71, 439–444. [CrossRef]
21. Sahin, S.; Caglayan, M.O.; Ustundag, Z. A review on nanostructure-based mercury (II) detection and monitoring focusing on

aptamer and oligonucleotide biosensors. Talanta 2020, 220, 121437. [CrossRef]
22. Qi, Y.Y.; Ma, J.X.; Chen, X.D.; Xiu, F.R.; Chen, Y.T.; Lu, Y.W. Practical aptamer-based assay of heavy metal mercury ion in

contaminated environmental samples: Convenience and sensitivity. Anal. Bioanal. Chem. 2020, 412, 439–448. [CrossRef]
23. Tan, L.; Chen, Z.; Zhang, C.; Wei, X.; Lou, T.; Zhao, Y. Colorimetric Detection of Hg2+ Based on the Growth of Aptamer-Coated

AuNPs: The Effect of Prolonging Aptamer Strands. Small 2017, 13, 1603370. [CrossRef]
24. Zhang, L.B.; Tao, L.; Li, B.L.; Jing, L.; Wang, E.K. Carbon nanotube-DNA hybrid fluorescent sensor for sensitive and selective

detection of mercury(II) ion. Chem. Commun. 2010, 46, 1476–1478. [CrossRef]
25. Wang, Y.H.; Deng, H.H.; Liu, Y.H.; Shi, X.Q.; Liu, A.L.; Peng, H.P.; Hong, G.L.; Chen, W. Partially reduced graphene oxide as

highly efficient DNA nanoprobe. Biosens. Bioelectron. 2016, 80, 140–145. [CrossRef]
26. Li, H.L.; Zhai, J.F.; Sun, X.P. Nano-C-60 as a novel, effective fluorescent sensing platform for mercury(II) ion detection at critical

sensitivity and selectivity. Nanoscale 2011, 3, 2155–2157. [CrossRef]
27. Liu, Y.; Kannegulla, A.; Wu, B.; Cheng, L.J. Quantum Dot Fullerene-Based Molecular Beacon Nanosensors for Rapid, Highly

Sensitive Nucleic Acid Detection. ACS Appl. Mater. Interfaces 2018, 10, 18524–18531. [CrossRef]

100



Int. J. Mol. Sci. 2022, 23, 6326

28. Guo, R.B.; Chen, B.; Li, F.L.; Weng, S.H.; Zheng, Z.F.; Chen, M.; Wu, W.; Lin, X.H.; Yang, C.Y. Positive carbon dots with dual roles
of nanoquencher and reference signal for the ratiometric fluorescence sensing of DNA. Sens. Actuator B-Chem. 2018, 264, 193–201.
[CrossRef]

29. Cui, X.; Zhu, L.; Wu, J.; Hou, Y.; Wang, P.Y.; Wang, Z.N.; Yang, M. A fluorescent biosensor based on carbon dots-labeled
oligodeoxyribonucleotide and graphene oxide for mercury (II) detection. Biosens. Bioelectron. 2015, 63, 506–512. [CrossRef]

30. Zhang, H.; Jia, S.; Lv, M.; Shi, J.; Zuo, X.; Su, S.; Wang, L.; Huang, W.; Fan, C.; Huang, Q. Size-Dependent Programming of the
Dynamic Range of Graphene Oxide–DNA Interaction-Based Ion Sensors. Anal. Chem. 2014, 86, 4047–4051. [CrossRef]

31. Bayraktutan, T.; Meral, K. Merocyanine 540 adsorbed on polyethylenimine-functionalized graphene oxide nanocomposites as a
turn-on fluorescent sensor for bovine serum albumin. Phys. Chem. Chem. Phys. 2016, 18, 23400–23406. [CrossRef]

32. Sun, Y.; Wang, Y.A.; Lau, C.; Chen, G.L.; Lu, J.Z. Hybridization-initiated exonuclease resistance strategy for simultaneous
detection of multiple microRNAs. Talanta 2018, 190, 248–254. [CrossRef]

33. Oh, B.; Lee, C.H. Development of Man-rGO for Targeted Eradication of Macrophage Ablation. Mol. Pharm. 2015, 12, 3226–3236.
[CrossRef] [PubMed]

34. Eigler, S.; Dotzer, C.; Hirsch, A. Visualization of defect densities in reduced graphene oxide. Carbon 2012, 50, 3666–3673. [CrossRef]
35. Jiang, F.W.; Zhao, W.J.; Wu, Y.M.; Wu, Y.H.; Liu, G.; Dong, J.D.; Zhou, K.H. A polyethyleneimine-grafted graphene oxide hybrid

nanomaterial: Synthesis and anti-corrosion applications. Appl. Surf. Sci. 2019, 479, 963–973. [CrossRef]
36. Tong, W.; Zhang, Y.; Zhang, Q.; Luan, X.; Duan, Y.; Pan, S.; Lv, F.; An, Q. Achieving significantly enhanced dielectric performance

of reduced graphene oxide/polymer composite by covalent modification of graphene oxide surface. Carbon 2015, 94, 590–598.
[CrossRef]

37. Yuan, Z.; Tai, H.L.; Ye, Z.B.; Liu, C.H.; Xie, G.Z.; Du, X.S.; Jiang, Y.D. Novel highly sensitive QCM humidity sensor with
low hysteresis based on graphene oxide (GO)/poly(ethyleneimine) layered film. Sens. Actuators B-Chem. 2016, 234, 145–154.
[CrossRef]

38. Krishnamoorthy, K.; Veerapandian, M.; Yun, K.; Kim, S.J. The chemical and structural analysis of graphene oxide with different
degrees of oxidation. Carbon 2013, 53, 38–49. [CrossRef]

39. Chen, J.H.; Xing, H.T.; Guo, H.X.; Weng, W.; Hu, S.R.; Li, S.X.; Huang, Y.H.; Sun, X.; Su, Z.B. Investigation on the adsorption
properties of Cr(vi) ions on a novel graphene oxide (GO) based composite adsorbent. J. Mater. Chem. A 2014, 2, 12561–12570.
[CrossRef]

40. Pan, N.; Li, L.; Ding, J.; Wang, R.B.; Jin, Y.D.; Xia, C.Q. A Schiff base/quaternary ammonium salt bifunctional graphene oxide as
an efficient adsorbent for removal of Th(IV)/U(VI). J. Colloid Interface Sci. 2017, 508, 303–312. [CrossRef] [PubMed]

41. Khatri, P.K.; Choudhary, S.; Singh, R.; Jain, S.L.; Khatri, O.P. Grafting of a rhenium-oxo complex on Schiff base functionalized
graphene oxide: An efficient catalyst for the oxidation of amines. Dalton Trans. 2014, 43, 8054–8061. [CrossRef]

42. Lin, Z.Y.; Yao, Y.G.; Li, Z.; Liu, Y.; Li, Z.; Wong, C.P. Solvent-Assisted Thermal Reduction of Graphite Oxide. J. Phys. Chem. C 2010,
114, 14819–14825. [CrossRef]

43. Liu, H.; Zhou, Y.; Yang, Y.; Zou, K.; Wu, R.; Xia, K.; Xie, S. Synthesis of polyethylenimine/graphene oxide for the adsorption of
U(VI) from aqueous solution. Appl. Surf. Sci. 2019, 471, 88–95. [CrossRef]

44. Li, F.; Yang, Z.; Weng, H.; Chen, G.; Lin, M.; Zhao, C. High efficient separation of U(VI) and Th(IV) from rare earth elements in
strong acidic solution by selective sorption on phenanthroline diamide functionalized graphene oxide. Chem. Eng. J. 2018, 332,
340–350. [CrossRef]

45. Ding, S.; Cargill, A.A.; Das, S.R.; Medintz, I.L.; Claussen, J.C. Biosensing with Förster Resonance Energy Transfer Coupling
between Fluorophores and Nanocarbon Allotropes. Sensors 2015, 15, 14766–14787. [CrossRef]

46. Nitu, F.R.; Burns, J.S.; Ionita, M. Oligonucleotide Detection and Optical Measurement with Graphene Oxide in the Presence of
Bovine Serum Albumin Enabled by Use of Surfactants and Salts. Coatings 2020, 10, 420. [CrossRef]

47. Reina, G.; Chau, N.D.Q.; Nishina, Y.; Bianco, A. Graphene oxide size and oxidation degree govern its supramolecular interactions
with siRNA. Nanoscale 2018, 10, 5965–5974. [CrossRef]

48. Sjöback, R.; Nygren, J.; Kubista, M. Absorption and fluorescence properties of fluorescein. Spectrochim. Acta Part A Mol. Biomol.

Spectrosc. 1995, 51, L7–L21. [CrossRef]
49. Le Guern, F.; Mussard, V.; Gaucher, A.; Rottman, M.; Prim, D. Fluorescein Derivatives as Fluorescent Probes for pH Monitoring

along Recent Biological Applications. Int. J. Mol. Sci. 2020, 21, 9217. [CrossRef]
50. Nolan, E.M.; Lippard, S.J. Tools and tactics for the optical detection of mercuric ion. Chem. Rev. 2008, 108, 3443–3480. [CrossRef]

101





Citation: Plachy, T.; Kutalkova, E.;

Skoda, D.; Holcapkova, P.

Transformation of Cellulose via

Two-Step Carbonization to

Conducting Carbonaceous Particles

and Their Outstanding

Electrorheological Performance. Int. J.

Mol. Sci. 2022, 23, 5477. https://

doi.org/10.3390/ijms23105477

Academic Editor: Ana

María Díez-Pascual

Received: 21 March 2022

Accepted: 12 May 2022

Published: 13 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

 International Journal of 

Molecular Sciences

Article

Transformation of Cellulose via Two-Step Carbonization to
Conducting Carbonaceous Particles and Their Outstanding
Electrorheological Performance

Tomas Plachy, Erika Kutalkova *, David Skoda and Pavlina Holcapkova

Centre of Polymer Systems, University Institute, Tomas Bata University in Zlin, Trida Tomase Bati 5678,
76001 Zlin, Czech Republic; plachy@utb.cz (T.P.); dskoda@utb.cz (D.S.); holcapkova@utb.cz (P.H.)
* Correspondence: ekutalkova@utb.cz; Tel.: +420-576-031-730

Abstract: In this study, cellulose was carbonized in two-steps using hydrothermal and thermal
carbonization in sequence, leading to a novel carbonaceous material prepared from a renewable source
using a sustainable method without any chemicals and, moreover, giving high yields after a treatment
at 600 ◦C in an inert atmosphere. During this treatment, cellulose was transformed to uniform
microspheres with increased specific surface area and, more importantly, conductivity increased
by about 7 orders of magnitude. The successful transition of cellulose to conducting carbonaceous
microspheres was confirmed through SEM, FTIR, X-ray diffraction and Raman spectroscopy. Prepared
samples were further used as a dispersed phase in electrorheological fluids, exhibiting outstanding
electrorheological effects with yield stress over 100 Pa at an electric field strength 1.5 kV mm−1

and a particle concentration of only 5 wt%, significantly overcoming recent state-of-the-art findings.
Impedance spectroscopy analysis showed clear interfacial polarization of this ER fluid with high
dielectric relaxation strength and short relaxation time, which corresponded to increased conductivity
of the particles when compared to pure cellulose. These novel carbonaceous particles prepared from
renewable cellulose have further potential to be utilized in many other applications that demand
conducting carbonaceous structures with high specific surface area (adsorption, catalyst, filtration,
energy storage).

Keywords: cellulose; renewable; carbonization; electrorheology; suspension; conducting

1. Introduction

Nowadays, sustainability demands and the emphasis on utilizing renewable material
sources are increasing in many applications. Cellulose is the most abundant and renewable
natural polymer, and is used in many applications as a fiber material, including wood,
construction material, cotton, cellulose particles, etc. It is well known that many organic
materials can be carbonized in an inert atmosphere to produce novel carbonaceous con-
ducting structures, further expanding their possible application areas. The carbonization of
cellulose, however, commonly gives very low yields, even during its treatment in an inert
atmosphere [1], and cellulose is, therefore, mainly carbonized hydrothermally at higher
temperatures and pressures [2–6]. Such approach gives, however, rise to non-conducting
particles due to the disorder in the structure caused by the transformation of cellulose to
polyaromatic hydrochar [5,7]. Since cellulose is an abundant and cheap source, which is
often a part of waste material that is not further effectively utilized, it is crucial to introduce
a way to transform cellulose particles to conducting carbonaceous structures that could
be further widely utilized in many applications instead of conducting polymers, as many
hazardous chemicals are used during their synthesis. Contrarily, during carbonization the
process, only heat is utilized without any other potential risk.

One of the proposed applications for cellulose particles is their utilization as a dis-
persed phase in electrorheological (ER) fluids [8–10], which are systems whose rheological
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behavior can be controlled via applied external electric fields [11]. While, in the absence
of an electric field, electrically polarizable particles are randomly dispersed in continuous
non-conducting medium and the fluid exhibits Newtonian behavior, in its presence, parti-
cles align to its direction creating rigid chain-like structures [12]. The fluid then behaves
as viscoplastic material with a certain yield stress. This transition from a liquid-like to
solid-like state, accompanied with an abrupt change in rheological parameters (viscosity,
elastic modulus, yield stress, etc.) is called the ER effect, and can be utilized in many
applications to suppress vibration (dampers), to serve as a medium for motion control
(haptic devices, brakes, joints), or for controlled lubrication [13].

Since unmodified cellulose-based ER fluids exhibit only slight changes in viscosity,
their derivatives, such as cellulose tartrate, carbamate, cellulose phosphate, carboxymethyl-
cellulose, etc., are commonly used. These systems exhibit a moderate ER effect confirmed by
a high difference between viscosity in the presence of an electric field and its absence [14–18].
For moderate effects of ER fluids based on pure cellulose, some moisture or adsorbed water
on cellulose particles must be present [19–21]. Zhang et al. found that the optimal content
of water in cellulose particles, regarding values of the yield stress, is around 8.5 wt% [21].
From the application point of view, however, the present moisture is undesirable and
can cause the corrosion of the device, or other unpleasant phenomena can occur due to
low boiling temperature of water. Therefore, the ER fluids based on cellulose derivatives
utilized as an anhydrous dispersed phase are prioritized. Liu et al. combined cellulose
and laponite into composite particles leading to values of yield stress of 150.1 Pa at an
electric field of strength 2 kV mm−1 [22], and modified cellulose with urea for even higher
yield stresses of over 270 Pa in the same field and a mass fraction of 15 wt% in anhydrous
ER fluids [23]. Cellulose can also be prepared in various forms, such as nanocrystals and
nanofibers [13], microfibrillated [24], microcrystalline [25], etc. Recently, an ER fluid based
on nanocellulose particles dispersed in castor oil has been used as a biolubricant for the
electroactive control of friction behavior [13]. Moreover, as a renewable material, cellulose
obtained from spent coffee grounds [26], rice husk-based microcrystalline cellulose [25,27],
and kenaf cellulose [17] have been utilized as the dispersed phase in ER fluids.

Besides using derivatives of conventional ER materials to enhance their ER perfor-
mance, carbonization is another process to develop new carbon-based structures with high
specific surface and significantly enhanced electric and dielectric properties. Carbona-
ceous materials such as carbonaceous nanotubes [28,29], graphene-enriched carbonaceous
sheets [30], or carbon nanotubes [31] are commonly used as a dispersed phase in ER
fluids due their mild conductivity and excellent dielectric properties giving high ER ef-
fects of their silicone–oil fluids. Furthermore, in electrorheology, carbonized particles of
polyaniline [32], its oligomers [33], poly (p-phenylendiamine) [34], polyaniline-derived
carbonaceous nanotubes [35], and carbonaceous materials prepared by the carbonization
of starch/silica precursor [36] have been utilized as a dispersed phase. These particles
have exhibited outstanding ER performance and, moreover, can be utilized in many ap-
plications implementing conducting or semiconducting materials, or generally as carbon
materials with high specific surface area, such as catalysts [37], energy storage material [38],
filtration [39], etc.

This study introduces a unique two-step carbonization process that combines hy-
drothermal carbonization with subsequent carbonization in an inert atmosphere at high
temperature to obtain carbonized cellulose. Due to the former treatment, the thermal
carbonization gives significantly high yields (>40%) of novel conducting carbonaceous
structures from hydrochar-prepared cellulose. Its utilization as a renewable dispersed
phase in electrorheology led to outstanding ER effects of their fluids even at low concen-
tration (5 wt%). It should be further mentioned that there are many other applications
besides electrorheology demanding conducting and semiconducting particles that could be
obtained from green sources by inexpensive and ecological synthesis.
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2. Results and Discussion

Carbonization is a process commonly used for the transformation of carbon-containing
materials into novel materials with enhanced properties. In the case of cellulose, unfor-
tunately, thermal carbonization even in an inert atmosphere gave very low yields of the
carbonaceous traces (Figure 1). Before thermal carbonization, therefore, cellulose was hy-
drothermally carbonized, giving rise to particles further labeled as HTC-Cellulose, which
were subsequently thermally carbonized in an argon atmosphere at 600 ◦C (HTC-TC600-
Cellulose), giving a significant yield of novel carbonaceous materials prepared using a
green synthesis without any chemicals. For a closer description of the particle preparation
process, please see the Section 3. Materials and Methods.

 
Figure 1. TGA analysis of the cellulose and HTC-Cellulose samples. Measurement ran in a nitrogen
atmosphere.

HTC-Cellulose during TGA analysis exhibited a low decrease in weight (~44%), even
at 600 ◦C, thus giving the opportunity to meaningfully use this material as a precursor for
the preparation of thermally carbonized materials without the needed addition of any other
substances (Figure 1). Since cellulose is one of the most abundant renewable materials, it
is desirable to find an approach to transform it to carbonaceous structures with various
morphologies, conductivities, etc., that can be further utilized in many applications. It
should be mentioned that a yield of the HTC-TC600-Cellulose after the carbonization
process in a furnace was slightly lower (~45%) when compared to the TGA analysis,
since the sample was held at 600 ◦C for one hour. Thus, according to mass balance, the
hydrothermal carbonization gave a yield of 34.35% of HTC-Cellulose from cellulose. After
thermal carbonization, 44.7% of HTC-Cellulose was transformed to HTC-TC600-Cellulose.
Overall, approximately 15.35% of the original cellulose was successfully transformed to
HTC-TC600-Cellulose using above-mentioned two-step carbonization process. Further
optimization of the hydrothermal conditions could lead to significantly higher yields of
both HTC-Cellulose and HTC-TC600-Cellulose [6].

While, in the case of pure cellulose, it is hard to obtain yields over 40% after thermal
carbonization due to its limited carbon content (commonly 44% at the highest), during
hydrothermal carbonization, the carbon amount in the sample increased to approximately
70% depending on the hydrothermal carbonization temperature. This enabled us to obtain
high yields after thermal carbonization [4].
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XRD analysis was performed to describe the transformation of cellulose during its
carbonization. The pristine cellulose exhibited, in its diffractogram, three typical peaks
(Figure 2), where the former two represent the crystalline part of the cellulose and the
former stands for its longitudinal structure [5]. For the HTC-Cellulose sample, no clear peak
was observed since, during hydrothermal carbonization, crystalline structures within the
sample were disordered and the amorphous irregular structure was obtained. It has been
shown [5] that the critical temperature for hydrothermal carbonization of pristine cellulose
is at least 220 ◦C, and that when the temperature is only slightly lower (210 ◦C), almost no
transformation occurs and the XRD pattern of such material is very close to the XRD pattern
of pristine cellulose. The XRD pattern of the HTC-TC600-Cellulose sample exhibited broad
diffraction peaks, indicating the amorphous character of the sample. The slightly different
shape of the diffractogram may be explained as a consequence of carbonization at the
higher temperature that leads to the short-range order of the amorphous structure [40].
Moreover, the additional features of morphology and porosity can be considered to affect
the shape of the XRD pattern. The carbonization of the particles further significantly affected
the conductivity of the particles. While pristine cellulose and HTC-Cellulose particles
were non-conducting with conductivities of 1.09 × 10−13 S cm−1 and 2.81 × 10−13 S cm−1,
respectively, their carbonized analogue HTC-TC600-Cellulose exhibited a conductivity of
3.48 × 10−6 S cm−1. This increase in conductivity enables the utilization of HTC-TC600-
Cellulose in many applications where conducting polymers are commonly used, and the
obtain conductivity is, for example, desirable for ER fluids to exhibit high ER effects.

− − − −

− −
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Figure 2. XRD patterns of the prepared particles: cellulose, HTC-Cellulose and HTC-TC600-Cellulose.

Fourier transform infrared spectroscopy and Raman spectroscopy were used to ana-
lyze the chemical composition changes in the carbonized cellulose when compared to pure
cellulose. For pure cellulose particles, a typical spectrum representing cellulose was ob-
served. Namely, the broad spectral band at 3334 cm−1 and the spectral band at 2896 cm−1

represent hydroxyl group and C–H stretching, respectively, while a dominant band at
1029 cm−1 stands for the etheric C–O group present in the ring (Figure 3a) [3]. After the
hydrothermal carbonization process (Figure 3a), the intensity of the cellulose wide stretch-
ing band attributing to the vibrations of the hydroxyl group at 3320 cm−1 decrease, and
during the thermal carbonization the peak disappears completely. Furthermore, during
hydrothermal carbonization, benzene units are possibly created which is reflected by the
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bands at 1606 cm−1 representing C–C vibration at the aromatic ring [1], a low disordered
peak around 1520 cm−1, and a peak at 796 cm−1 standing for the C–H bond at the aromatic
ring [4–6]. The presence of the carbonyl group C=O at 1701 cm−1 further corresponds
well with the wide band at ca 3700–3000 cm−1, representing the stretching of the O–H
group in the hydroxyl or carboxyl groups, which are possibly formed [4,5] (Figure 3a). The
spectrum for HTC-TC600-Cellulose is very disordered, confirming the significant change
in the structure during thermal carbonization. A Raman spectrum of cellulose exhibits
typical spectral bands (C–O, C–H stretching and bending); however, after carbonization, the
Raman spectra of both samples of HTC-Cellulose and HTC-TC600-Cellulose contain bands
that can be assigned to carbon-like materials with two characteristic bands representing
graphitic (G) and disordered (D) states of carbon (Figure 3b). For HTC-Cellulose, the D peak
shoulder can only be found, which can be connected with the incomplete transformation
into carbonaceous structures.

  

Figure 3. FTIR (a) and Raman (b) spectra of the cellulose, HTC-Cellulose and HTC-TC600-Cellulose
particles.

The carbonization process significantly affected particle size and morphology (Figure 4).
While particles of pure cellulose were of irregular shape up to 100 µm (Figure 4a), after the
hydrothermal process the HTC-Cellulose particles were uniform microspheres sized from
hundreds of nanometers up to micrometers (Figure 4b). After thermal carbonization, the
particles preserved their spherical shape and size and became more uniform (Figure 4c);
nevertheless, it has to be said that the transition does not seem to have been completed,
since some irregular complexes were found within the sample (Figure 4d).

Nitrogen adsorption/desorption isotherms are displayed in Figure 5 and they exhibit
type II shape [41] characteristics for microporous carbon-based materials. Based on the
results from the BET method, it is shown that the carbonization process increased the
surface area, as, of the samples by about two orders of magnitude. While pristine cellulose
possessed as only 1.22 m2 g−1, its carbonized analogue HTC-TC600-Cellulose had as
103.7 m2 g−1, which can significantly increase the ER effect of its ER fluids. Since the
adsorption of nitrogen takes place at low pressures and the hysteresis loop was open, it
can be assumed that HTC-TC600-Cellulose sample exhibited microporous character [41]
(Figure 5). The surface of the HTC-Cellulose sample was 26.6 m2 g−1, which is only slightly
higher than the reference sample.
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Figure 4. SEM images of (a) cellulose, (b) HTC-Cellulose, and (c,d) HTC-TC600-Cellulose particles.
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Figure 5. Nitrogen adsorption–desorption isotherms of the tested samples: cellulose, HTC-Cellulose,
HTC-TC600-Cellulose. Abbreviations: ADS and DES stands for adsorption and desorption cycle,
respectively.

The rheological behavior of the prepared ER fluids at the concentration of 5 wt%,
under various external electric field strengths in the range of 0.5–1.5 kV mm−1, as well
as without it, is presented in Figure 6. In the off-state, the ER fluids displayed almost
Newtonian behavior where shear stress increased nearly linearly with the applied shear
rate. In the on-state, particles created the internal chain-like structure within the silicone
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oil leading to an increase in the rheological parameters of the prepared ER fluids, which
was most prominent in the ER fluids based on HTC-TC600-Cellulose particles. For the ER
fluids based on pristine cellulose or HTC-Cellulose, a slight increase in shear stress at low
shear rates reflecting the low ER effect due to poor electrostatic forces among the particles,
and thus the low reorganization of the structures, was observed (Figure 6a,b). The ER
fluid based on the HTC-TC600-Cellulose particles exhibited a wide plateau of shear stress
independent of the shear rate, reflecting a high ER effect due to the increased conductivity
of the carbonized particles and the strong electrostatic forces among the particles, which
were stronger than the hydrodynamic forces in a broad range of shear rate values.

−

τ

−

𝜏௬~q × 𝐸

 

 
 

Figure 6. Log–log dependence of shear stress on the shear rate for prepared ER fluids based on
(a) cellulose, (b) HTC-Cellulose and (c) HTC-TC600-Cellulose. The concentration of the particles was
5 wt%.

The fluid containing HTC-Cellulose (Figure 6b) showed a very low ER response
due to the low conductivity and disorder of the structure character of cellulose by the
hydrothermal carbonization. On the other hand, due to the enhancement of the conductivity
after the carbonization process, the ER fluid based on HTC-TC600-Cellulose reached ER
effects two orders of magnitude higher than the fluids based on pure cellulose. The value
of yield stress, τy, expressing the stress which the liquid had to overcome to begin to
flow, was more than 100 Pa for the ER fluid based on HTC-TC600-Cellulose at the electric
field strength of 1.5 kV mm−1 (Figure 6c). The found ER performance is outstanding in
comparison to the other published cellulose-based works of research [26]—where such
results have not been achieved at such concentrations—and even exceeds most of the
so-far-presented results for ER fluids based on other carbonized systems [32,34,42] or state-
of-the-art materials [12,43,44]. The increased conductivity of HTC-TC600-Cellulose further
influences the leaking current through its ER fluid, determining interactions between
the particles. While in the case of ER fluids based on cellulose and HTC-Cellulose, the
measured leaking current densities were ~0 µA cm−2, in the case of ER fluids based on
HTC-TC600-Cellulose, the high leaking current occurred due to the conductivity of the
particles, which led to a strong interaction between the particles and the further high ER
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effects (Table 1). With a higher leaking current, stronger interactions between particles
occur and the structure can then withstand higher stress before its distortion.
Table 1. Leaking current density of the prepared ER fluids.

Electric Field
Strength (kV mm−1)

Leaking Current Density (µA cm−2)

Cellulose HTC-Cellulose HTC-TC600-CelluLose

0.50 0 0 63.03
0.75 0 0 176.03
1.00 0 0 319.90
1.25 0 0 × *
1.50 0 0 × *

* Leaking currents were over the limit of the measuring device.

The yield stress of ER fluids is proportional to the applied electric field and obeys
a power law dependence (Equation (1)) where symbols τy, q, E, and a represent yield
stress value, internal rigidity of the system, electric field strength, and slope of the curve
fitting the data, respectively. In our work, due to simplicity and the low ER effect of ER
fluids based on pristine cellulose or HTC-Cellulose, shear stress values at a low shear
rate (~0.03 s−1) were taken as the values representing yield stress. For the ER fluid based
on HTC-TC600-Cellulose, the slope had a value 2.07, which is close to the theoretical
polarization model, indicating that the polarization between the particles was the most
relevant force directing its ER effect. For the ER fluids based on pristine cellulose or HTC-
Cellulose, on the other hand, the values of the slope were 2.88 and 1.36, respectively, which
were not possible to connect with either the conduction (slope ~1.5) or polarization models
(slope ~2) (Figure 7) [45]. This can be explained by a very weak or nearly absent ER effect;
thus, the values of shear stress at low shear rates correspond to chain-like structures that are
not fully developed, and which later undergo their reformation and distort the measured
values.

τy ∼ q× Ea (1)

−

−
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Figure 7. A log–log dependence of yield stress values taken as shear stress at low shear rates on
electric field strength for the prepared ER fluids.

Dielectric spectroscopy is a suitable tool for the evaluation of ER fluids, as it is closely
related to ER activity. After the application of the external electric field, the interfacial
polarization occurs in the ER fluids at the particle interface and carrier medium. The
polarization rate and the forces generated between the polarized particles are described
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by a complex permittivity. It has already been proposed [46,47] that the most important
quantities connected with ER effects are dielectric relaxation strength, ∆ε′, and relaxation
time, trel, which should be as high and as short as possible, respectively. The Havriliak–
Negami model was used to analyze the dielectric behavior of ER fluids according to the
following equation (Equation (2)) [48–50]:

ε∗(ω) = ε′∞ +
(ε′0 − ε′∞)

(

1 + (iω·trel)
α)β

(2)

where ε∗(ω) is a complex permittivity, ε′0 is a relative permittivity at zero frequency, ε′∞ is
a relative permittivity at infinite frequency, ω is angular frequency (2π f ), and α and β
are shape parameters both in the range of 0–1, describing the asymmetry of the dielectric
function. In the case of the α value differing significantly from zero and the β value from
one, the relaxation is more asymmetrical.

Frequency dependencies of relative permittivity and the dielectric loss factor of the
prepared ER fluids at the concentration of 5 wt% are shown in Figure 8. Among the
prepared ER fluids, only the one based on HTC-TC600-Cellulose particles displayed a clear
relaxation process in the region of interfacial polarization at higher frequencies, which
is desirable for a high ER effect. Its relaxation time was estimated to be 2.52 × 10−7 s
using the Havriliak–Negami model, with a very high value of dielectric loss factor (~0.4).
Hao [51] has proposed that, for a high ER effect, this value should be >0.1 (Figure 8b). The
find value ~0.4 is further comparable, and even exceeds values found for most carbonized
materials used in electrorheology, showing high ER effects [33,34,36]. For cellulose or
HTC-Cellulose-based ER fluids, no dielectric relaxation appears at all in the measured
frequency range, which likewise affirms a weak or even non-existent ER effect under the
electric field applied. The two-step carbonization of cellulose thus confirmed a proper
approach for the preparation of electrically polarizable particles used in ER fluids.

  

ε ε

α

Figure 8. The frequency dependence of relative permittivity, ε′ (a) and dielectric loss factor, ε′′

(b), for 5 wt% silicone oil ER suspensions based on prepared particles. Solid lines represent the
Havriliak–Negami model fit.

3. Materials and Methods

3.1. Cellulose Carbonization

In this study, cellulose particles (fibers, (medium size), moisture content < 10%, Sigma
Aldrich; St. Louis, MI, USA) were carbonized in two steps, giving high yields, in order to
obtain novel carbonaceous particles from a renewable source (Figure 9). The commercial
cellulose was characterized by a content of 67.54% α-cellulose and a degree of polymer-
ization (DP = 451) determined using the methods described in the Section 3.2. Particle
Characterization. Firstly, hydrothermal carbonization was performed using a teflon au-
toclave with a total volume of 100 mL. Then, 2 g of cellulose was dispersed in 60 mL of
demineralized water and poured into an autoclave. After its fixation in a steel autoclave,
the autoclave was put into the oven and heated to 220 ◦C, which has been demonstrated
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as the lowest temperature for the transformation of cellulose into microspheres [5]. The
hydrothermal carbonization ran for 14 h; afterwards, the autoclave was left to cool down to
room temperature in the oven and the yield was thoroughly filtered with demineralized
water and ethanol, and subsequently dried at 70 ◦C in a vacuum. Such particles were
labelled as HTC-Cellulose.

α λ

α

  α β γ α β

γ α β γ
α

αሾ𝜂ሿ α

ሾ𝜂ሿ = 𝐾 × 𝐷𝑃ఈ
≥

α

Figure 9. Illustration of the two-step carbonization process of cellulose particles utilizing consecutive
hydrothermal and thermal carbonization.

Subsequently, the thermal carbonization of HTC-cellulose particles was performed
using a tube furnace (Compact 1600c Tube Furnace; MTI Corporation, Richmond, CA, USA).
The oven was heated to 600 ◦C in an argon atmosphere at a heating rate 3.3 K/min and
the temperature was kept for 1 h; then, the oven was switched off. The obtained particles
were labelled as HTC-TC600-Cellulose. The carbonization temperature of 600 ◦C was
sufficient for the transformation of HTC-Cellulose particles to particles with conductivity
high enough for an outstanding ER performance, and mild enough not to short-circuit the
measuring instruments [31,34]. A brief scheme of the preparation is captured in Figure 9.

3.2. Particle Characterization

The powder XRD diffractograms were recorded on a Rigaku MiniFlex 600 diffrac-
tometer (Tokyo, Japan) equipped with a CoKα (λ = 1.7903 Å) X-ray tube (40 kV, 15 mA).
Data processing was performed using Rigaku PDXL2 software. The surface area value
of the samples was obtained by the physical adsorption of nitrogen gas using a surface
area analyzer (Belsorp-mini II, BEL Japan, Inc., Osaka, Japan) using the Brunauer, Emmett
and Teller (BET) multipoint method. Samples were outgassed for 18 h at 90 ◦C prior to the
measurements. The prepared particles were further characterized using Fourier transform
infrared spectroscopy (FTIR; Nicolet 6700, Thermo Scientific, Waltham, MA, USA) and
dispersive Raman microscopy (Nicolet DXR, Thermo Scientific, Waltham, MA, USA). The
morphology and size of the particles were observed with a scanning electron microscope
(SEM; Vega II LMU, Tescan, Brno, Czech Republic). Thermogravimetric (TGA) analysis
was performed in a temperature range of 25–800 ◦C at a heating rate of 10 K/min under a
nitrogen atmosphere using a thermogravimeter (TGA Q500; TA Instruments, New Castle,
DE, USA). Conductivity of the compressed powders was measured via a two-point method
using an electrometer Keithley (Keithley 6517B, Cleveland, OH, USA).

In the case of pure cellulose particles, their content of α-cellulose was determined
using the simplified ISO Test Method 692 Pulps-determination of alkali solubility. Briefly,
pure cellulose was treated with 17.5% NaOH solution (w/w) for 1 h at 25 ◦C. A weight of
delignified cellulose (mcellulose) can be calculated as mcellulose = wα + wβ + wγ, where wα,
wβ and wγ stand for weight of α-cellulose, β-cellulose and γ-cellulose, respectively [52].
Since the latter two are soluble in the alkali mixture, the α-cellulose was obtained as a solid
fracture using centrifugation and decantation methods after the treatment. The sample
was washed several times with 17.5% NaOH solution (w/w) to remove all the traces, and
further washed several times with water and dried overnight at 60 ◦C. It was found that
the used cellulose consisted of 67.54% α-cellulose.
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The DP of cellulose was determined using Mark–Houwink equation (Equation (3)),
where [η] stands for intrinsic viscosity and K and α are parameters describing certain
polymer–solvent systems.

[η] = K× DPα (3)

In this work, a solution consisting of dimethyl sulfoxide/tetrabutylammonium
hydroxide/H2O in a ratio of 8:1:1 (w/w) was used as a suitable solvent for cellulose.
The solvent dimethyl sulfoxide with purity ≥99.5% was supplied by Sigma Aldrich; St.
Louis, MI, USA, as well as tetrabutylammonium hydroxide (~40% in H2O). Bu et al. [53]
found that the parameters K and α possess values of 0.24 and 1.21 for the solvent used in
Equation (3). The intrinsic viscosity was found to be 391.15 mL/g and, subsequently, the
DP of cellulose was calculated to be 451.

3.3. Preparation of Electrorheological Fluids and Their Characterization

Electrorheological fluids at the concentration of 5 wt% were prepared by dispersing
the cellulose, HTC-Cellulose or HTC-TC600-Cellulose particles within the silicone oil
(Lukosiol M200, Chemical Work Kolín, Czech Republic; dynamic viscosity = 194 mPa s
at 25 ◦C). Before the measurements, the prepared fluids were mechanically stirred and
then treated using an ultrasonicator (UP400S, Hielscher, Teltow, Germany) at the 30%
vibration amplitude after 0.4 cycles for 1 min, which ensured a thorough homogenization.
A rotational rheometer Bohlin Gemini (Malvern Instruments, Malvern, UK) with plate–
plate geometry (20 mm in diameter with a gap of 0.5 mm) was used to investigate the ER
behavior of the prepared ER fluids. The steady shear testing was performed in a controlled
shear rate mode in the absence of the external electric field, as well as in the presence of the
electric field at the strengths of 0.5–1.5 kV mm−1. Before each subsequent measurement, the
sample was sheared for 1 min at the shear rate of 20 s−1 to destroy any residual structures,
and after that the electric field was applied for 1 min to form chain-like structures within a
fluid.

Novocontrol Concept 50 (Novocontrol, Montabaur, Germany), an impedance analyzer,
was used to investigate the dielectric properties of the prepared ER fluids in the frequency
range of 0.003 Hz to 10 MHz. The Havriliak–Negami model was used to analyze the
obtained dielectric spectra to obtain the relevant dielectric parameters, as discussed.

4. Conclusions

In this study, novel conducting carbonaceous material from the renewable and abun-
dant source of cellulose was prepared by implementing a two-step carbonization process.
Firstly, hydrothermal carbonization at 220 ◦C for 14 h was used, followed by thermal
carbonization at 600 ◦C for 1 h in an argon atmosphere. During thermal carbonization,
cellulose is commonly fully combusted even in an inert atmosphere; in our study, the
yield of the conducting cellulose-based carbonaceous structure after thermal carboniza-
tion was around 45%. The transformation of cellulose into the amorphous carbonaceous
microspheres during hydrothermal carbonization was confirmed via XRD analysis, FTIR
and Raman spectroscopy. The particles preserved their size and shape after the thermal
treatment; however, their surface area increased about two orders of magnitude when
compared to pure cellulose and, most importantly, increased from 1.09 × 10−13 S cm−1

to 3.48 × 10−6 S cm−1. The particles were further used as a dispersed phase in elec-
trorheological fluids at the concentration of 5 wt%. The suspensions based on two-step
carbonized cellulose exhibited a considerably enhanced ER effect when compared to pure
cellulose and the values of shear stress were more than 100 Pa at the electric field strength
of 1.5 kV mm−1, which surpasses the so-far-published results for cellulose particles. The
observed electrorheological effects corresponded well to the dielectric properties, which
further confirmed the transformation from non-conducting particles to semiconducting
carbonized microspheres. The two-step carbonization process of cellulose thus seems to be
a novel approach to prepare new carbonaceous materials from renewable sources, with the
potential to be used in a variety of industrial applications besides electrorheology, such as
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adsorbents, catalysts, the stationary phase of liquid chromatography, or electrode materials.
The main benefits of the carbonaceous material come from its enhanced conductivity and
large surface area, which are desirable in the mentioned applications.
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Abstract: As the control over radioactive species becomes critical for the contemporary human life,
the development of functional materials for decontamination of radioactive substances has also
become important. In this work, a three-dimensional (3D) porous carbon monolith functionalized
with Prussian blue particles was prepared through removal of colloidal silica particles from exfoliated
graphene/silica composite precursors. The colloidal silica particles with a narrow size distribution
were used to act a role of hard template and provide a sufficient surface area that could accommodate
potentially hazardous radioactive substances by adsorption. The unique surface and pore structure
of the functionalized porous carbon monolith was examined using electron microscopy and energy-
dispersive X-ray analysis (EDS). The effective incorporation of PB nanoparticles was confirmed using
diverse instrumentations such as X-ray diffraction (XRD), Fourier-transform infrared (FT-IR), and X-
ray photoelectron spectroscopy (XPS). A nitrogen adsorption/desorption study showed that surface
area and pore volume increased significantly compared with the starting precursor. Adsorption
tests were performed with 133Cs ions to examine adsorption isotherms using both Langmuir and
Freundlich isotherms. In addition, adsorption kinetics were also investigated and parameters were
calculated. The functionalized porous carbon monolith showed a relatively higher adsorption capacity
than that of pristine porous carbon monolith and the bulk PB to most radioactive ions such as 133Cs,
85Rb, 138Ba, 88Sr, 140Ce, and 205Tl. This material can be used for decontamination in expanded
application fields.

Keywords: exfoliated graphene; porous carbon; functionalization; radionuclide; decontamination

1. Introduction

Recently, the need for intensive energy sources has increased dramatically, because
human life and activities are becoming complex and energy-consuming. At the same
time, a significant interest has been drawn to nuclear energy and technology dealing
with dangerous radioactive substances to increase energy production capacity/efficiency,
leading to a rapid increase in nuclear waste production. Therefore, it becomes even
more important for us to control the potentially hazardous nuclear wastes effectively.
Even if several methods have been developed to remove the nuclear wastes, it is still
a challenging task to remove the radioactive substances or produce functional media
materials for contamination control [1–6].

Since the Fukushima accidents, a desire for the development of environmentally
benign and functional materials for decontamination of radioactive substances is ever
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increasing. Among various strategies to remove the radioactive species, adsorption with
porous materials can be promising, because of easy preparation and simple use [7–12]. It
is known that the porous materials can be manufactured easily from various precursor
materials and accommodate a large amount of substances due to high surface area and pore
volume [13–18]. To date, numerous porous materials have been produced using diverse
methods, such as the template approach, porogen addition, and self-assembly [19,20].
The selection of precursor and methodology has become wider and the resulting porous
materials can be customized depending on their usage and purpose, for example, storage
and release of chemical species such as energy, gas molecules, and drugs [21–27].

In this study, a functional porous carbon monolith (PCM) decorated with the Prussian
blue (PB) nanoparticles (PB@PCM) was produced for removal of the radioactive substances
by selective removal of colloidal silica microparticles working as the hard template and
porogen from exfoliated graphene/silica composite precursors, which was easily obtained
by direct mixing of graphene and colloidal silica particles. This approach was simple
because the preparation and removal of the hard template with a complicated and tai-
lored structure could be avoided. In addition, it was expected that an unprecedented pore
structure could be generated because graphene/silica composite precursors possessing an
irregular pore structure were introduced. An interconnected 3D pore structure with an
increased surface area was generated after removal of the colloidal silica particles, as a con-
trolled pore structure with a similar pore size was not mandatory for this study. However,
it was important to analyze the pore structure and surface properties to see if the obtained
material could be used for the decontamination of radioactive species. As the removal of
radioactive materials was strongly dependent on the adsorption mechanism, a high surface
area of the PCM was one of the most critical prerequisites. Moreover, the surface properties
and pore structure were analyzed extensively using various instrumentations.

On the other hand, the adsorption of radioactive species was promoted by the addition
of PB nanoparticles to the internal structure of the PCM material, because it was reported
that the PB, known as ferric(III) hexacyanoferrate(II), has been the most effective adsorptive
material for cesium (Cs+) ions. [28–32]. In particular, the cage size of PB crystal is similar to
the hydration radius of a cesium ion, resulting in excellent binding ability and selectivity of
the Cs+ ions [33–39]. Due to the unique internal pore structure and increased surface area of
the PCM material, the incorporation of the PB nanoparticles into the PCM materials could
be promoted. Subsequently, adsorption tests were conducted with a typical radioactive ion,
133Cs, to observe adsorption isotherms using both Langmuir and Freundlich isotherms and
calculate kinetic parameters associated with the adsorption behavior. The PB-decorated
PCM showed a higher adsorption capacity to typical radioactive ions 133Cs, 85Rb, 138Ba,
88Sr, 140Ce, and 205Tl than the precursors and the bulk PB. The newly developed material
and method might offer an opportunity for future research and investigation of nuclear
waste control. Moreover, it can be transplanted to diverse technologies for waste removal
and treatment.

2. Results and Discussion

2.1. Preparation of the Porous Carbon Monolith with Tailored Pore Structure

The overall production procedure to obtain the PB@PCM is presented in Figure 1. In
general, it is important to disperse the silica particles into the exfoliated graphene (EG)
network. This was difficult to achieve because the EG-silica interactions were unfavorable
and uniform mixing was almost impossible due to mild self-aggregation of the silica
particles. To improve the EG-silica interactions, the surface of the silica particles was
modified with amino silane coupling agent. The zeta potential value of silica particles
increased from −4.03 to +6.17 mV after surface treatment (Supplementary Information, S1).
Hence, the aggregation of silica particles could be suppressed and dispersion was promoted.
The SEM image in Figure 1a shows no apparent trace of silica particle aggregation.
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Figure 1. A schematic illustration for fabricating PCM through etching of the silica particle templates
in EG/SiO2 composite and obtaining PB@PCM by a subsequent decoration of PB nanoparticles into
the PCM. FE-SEM images of (a) EG/SiO2 particles composite, (b) PCM, and (c) PB@PCM.

The particle locations were random and any regular texture was not observed. The
external appearance of the EG/silica composite precursor was monolithic, because stacking
of the EG sheets occurred spontaneously. In addition, this shape could be retained in the
final product, PB@PCM.

Subsequently, the silica particles were removed by etching with HF and the PCM
material was produced as shown in Figure 1b. A silica trace was clearly observed in the
center of the FE-SEM image. Note that the PCM possessed an interconnected open pore
structure and relatively small window pores. The formation of the window pores might
be associated with local dewetting of the thin EG sheets, because the EG-silica particle
interface was still less friendly after silane treatment. However, it could be inferred that the
transport of radioactive ion species could be facilitated due to the presence of the window
pores. The irregular pores might have originated from the inherent internal voids. It could
be expected that the surface area increased after the silica etching.

The PB decoration into the PCM materials led to the formation of the PB@PCM
monolithic material, which would be used for removal of radioactive species. After the
decorating with the PB nanoparticles, the rough surface of PCM material becomes smooth
compared with that before the decoration, but there is no obvious difference in the structure
or pore shape (Figure 1c). It was known that the PB decoration process was spontaneous
and the average size of the PB nanoparticles was indiscernible [40–43]. The detailed internal
structure of the PB@PCM is observed further in Figures 2 and 3.

Figure 2 shows the macro and microscopic morphology of the PCM, which was
uniform, and variation in appearance was negligible. This was because the components,
EG and silica, in the precursor were homogeneous. It was difficult to observe any regular
pore pattern and the pores were open and interconnected. The features shown in Figure 1b
were observed analogously at the center and outer regions of the PCM monolith. It was
concluded that the internal and external structure of the PCM was identical. This seemed
desirable, because adsorption performance would be constant and independent.
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Figure 2. FE-SEM images of the 3D porous carbon monolith at different sections (edge, top, cross-section).

 

Figure 3. High-angle annular dark-field scanning TEM (HAADF-STEM) image and EDS elemental
mapping images of PB@PCM for carbon ©, nitrogen (N), and iron (Fe). PB particles uniformly
distributed over the whole PCM surface.

2.2. Characterization of the Functionalized Porous Carbon Monolith

In this work, effective introduction of the PB nanoparticles and retention of porous
structure were critical for PB@PCM production. A high-angle annular dark-field scan-
ning TEM (HAADF-STEM) image of the PB@PCM indicates that the porous structure
remained intact after PB addition (Figure 3). In addition, successful introduction of the PB
nanoparticles was examined with EDS mapping analysis. It was verified that a coating
layer of PB nanoparticles was introduced along the surface of the PCM. Several major
elements such as C, N, O, and Fe were observed and traces of K and Cl also appeared
(Supplementary Information, S2). The EDS mapping also provided the elemental composi-
tions of the PB and PB@PCM. The Fe composition was high for PB nanoparticles, whereas
C ratio increased for PB@PCM due to the presence of EG. The N and O compositions were
almost constant regardless of the PB nanoparticle addition.
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The PB@PCM was further characterized using diverse instrumentations. The FT-IR
spectrum of the EG showed weak peaks for C-O and C-C bending because there was a
small amount of carbonyl groups on the EG (Figure 4a). A sharp peak for C≡N stretching
appeared in the PB spectrum. All those features were seen in the PB@PCM spectrum,
indicating that PB nanoparticles were successfully introduced to the surface of PCM. A
similar trend was observed from the XRD profiles in Figure 4b. Peaks for highly crystalline
PB nanoparticles were observed at 17(200), 25(220), 36(400), and 40(420) degrees, whereas
that for crystalline EG was seen at 27(002) degrees [44].

≡

≡

α

Figure 4. Characterization of Prussian blue, exfoliated graphene and PB@PCM with (a) FT-IR,
(b) XRD. XPS survey spectra of PB@PCM (c) wide scan, (d) C(1s), (e) N(1s) and (f) Fe(2p).

Those representative diffraction peaks of PB and EG could also be assigned in the
PB@PCM profile. The formation of a PB nanoparticle layer on the PCM was further
confirmed by XPS. The survey spectrum of the PB@PCM in Figure 4c exhibited C(1s)
(284.6 eV), O(1s) (531.2 eV), N(1s) (397.4 eV), and Fe(2p) (710.5 eV) peaks, indicating the
substantial introduction of the PB nanoparticles into the PCM. The Gaussian fitting of
the C(1s) peak in Figure 4d led to the occurrence of the three peaks: non-oxygenated
C=C (288.3 eV, 69.41 at%), C=N (285.3 eV, 21.8 at%), and O-C=O (284.5 eV, 69.4 at%). The
second one was highly associated with the presence of cyanide (C≡N) groups in the PB
nanoparticles. The N(1s) peak was also fitted using the Gaussian method (Figure 4e) and
showed the presence of two peaks: C-N (399.31 eV, 57.1 at%) and C=N (391.2 eV, 42.9 at%).
In the fitted curve of the Fe(2p) in Figure 4f, two characteristic peaks of Fe (2p1/2) and Fe
(2p3/2) were observed at 724.6 and 710.9 eV, respectively, both indicating the presence of
α-FeOOH, whereas the peak at 708.2 eV was attributed to [Fe(CN)6] [45,46].

As an increase in surface area was important to achieve a high removal capacity,
porous structure was introduced to the PB@PCM. N2 adsorption/desorption isotherms
(BET) provided critical information regarding surface characteristics of the PB@PCM for
practical application (Supplementary Information, S3). Note that the PB@PCM showed a
stable adsorption behavior, indicating that it could adsorb a significantly higher amount of
volume at relatively low pressure than the PCM. The structural parameters closely related
to the surface properties were measured and are summarized in Table 1.
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Table 1. Comparison of the parameters obtained from BET and Mercury Porosity Analysis.

Sample [a]
Bulk

Density
Total

Pore Area
Specific

Surface Area
Porosity

Avg. Pore
Diameter

(g/mL) (m2/g) (m2/g) (%) (µm)

PCM 0.41 21.76 43.49 78.04 0.35
PB@PCM 0.46 20.23 128.76 61.82 0.27

[a] These values are estimated by using the BET and mercury porosimeter.

The specific area of the PB@PCM (128.76 m2/g) was approximately three times larger
than that of PCM (43.49 m2/g), owing to the PB nanoparticle addition. Average pore
diameter decreased from 0.35 to 0.27 µm after the PB addition. Even if the pore structure
was irregular and wide open, the decrease in the average pore size was meaningful for
adsorption capacity improvement. A significant change also occurred to other parame-
ters except the total pore area after the PB introduction, suggesting that the change was
attributed to the PB nanoparticle addition.

2.3. Adsorption/Decontamination Performances of the Functionalized Porous Carbon Monolith

To investigate the radioactive ion removal capacity of the PB@PCM, extensive adsorp-
tion tests were performed with the stable 133Cs isotope instead of the radioactive 137Cs.
The 133Cs ion uptake behavior by the PB@PCM was monitored at pH 7.0 and 20 ◦C with
varying 133Cs equilibrium concentration, as shown in Figure 5a.

μ

μ

 

𝑞 = (𝐶  −  𝐶)𝑉𝐴𝑊

Figure 5. (a) 133Cs ion uptake behavior as a function of equilibrium ion concentration and adsorption
isotherms for 133Cs ion uptake by the PB@PCM, linearly fitted to the (b) Langmuir and (c) Freundlich
isotherm equation. (d) 133Cs ion uptake behavior as a function of contact time and adsorption
isotherms for 133Cs ion uptake by the PB@PCM, linearly fitted to (e) pseudo-first-order and (f) pseudo-
second-order kinetics.

In these experiments, the adsorption equilibrium was gradually established for 24 h
after the addition of a designated amount of the PB@PCM to the test solutions. Accordingly,
the adsorption capacity of the PB@PCM for 133Cs ion was measured after 24 h contact time.
The 133Cs uptake by adsorption was calculated by the following equation:
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qe =
(Co − Ce)V

AW
(1)

where qe is the equilibrium adsorption capacity (mmol/g) of adsorbent, Co and Ce the
initial and equilibrium concentration (mg/L) of the 133Cs ion, V the total volume (L) of
solution, A the atomic weight (g/mol) of 133Cs, and W is the weight (g) of the PB@PCM.

To analyze the adsorption behavior quantitatively, the equilibrium adsorption data
was fitted linearly according to the Langmuir and Freundlich isotherms. Note that the
Langmuir isotherm is dependent on an assumption that all the surface adsorption sites
have identical affinity toward the adsorbate; hence, adsorption at one site does not affect
the adsorption at an adjacent site [47]. In addition, each adsorbate molecule tends to occupy
a single site; hence, monolayer formation is promoted on the adsorbent surface. The linear
and nonlinear form of the Langmuir equations are as follows:

Ce

qe
=

(

1
qmb

)

+

(

1
qm

)

Ce (linear form) or qe =
qmbCe

1 + bCe
(nonlinear form) (2)

where qm is the maximum 133Cs uptake (mmol/g) and b the constant (L/mg) that refers
to the bonding energy of adsorption related to free energy and net enthalpy. On the other
hand, the Freundlich model includes the reversible adsorption at a heterogeneous surface;
therefore, it is not restricted to monolayer formation [48]. The linear and nonlinear forms
of the Freundlich adsorption isotherms are as follows:

log qe = log K f +
1
n

log Ce (linear form) or qe = K f C1/n
e (linear form) (3)

where Kf is the constant (mmol/g) related to the adsorption capacity of the adsorbent, and
1/n the intensity of the adsorption constant. Compared with the Langmuir isotherm, Kf

stands for analogous physical meaning to qm, even if those parameters are fundamentally
different. Linear fitting was conducted according to the linear equation forms; consequently,
the fitting results are shown in Figure 5b,c. Additional regression analysis was carried
out by computer software (OriginPro 8.0, Originlab corporation, Northampton, MA, USA)
to obtain the accurate parameters, and values are summarized in Table 2. It is clear that
the fitting to the Langmuir isotherm showed a higher consistency with the adsorption
data from the experiments with a regression coefficient of R2 = 0.999 and reasonable errors
for parameters.

Table 2. The adsorption parameters obtained according to the Langmuir and Freundlich isotherms at
room temperature for the adsorption of 133Cs to the PB@PCM.

Langmuir [a] Freundlich [a]

qm

(µmol/g)
b

(L/mg)
R2 Kf

(µmol/g)
n R2

133Cs [b] 793.651 0.136 0.999 478.631 10.782 0.984
[a] R2 = regression coefficient. The qm, b, Kf, n, values and the nonlinear regression correlations for Langmuir and
Freundlich isotherms were measured by nonlinear regression analysis using OriginPro 8.0. [b] Three sets of valid
data were collected, and the Ce and qe values for 133Cs were calculated to be in the error range of ±5%.

A supplementary parameter was suggested to further characterize the 133Cs adsorp-
tion behavior by the PB@PCM, which was separation factor (RL), a dimensionless con-
stant [49]. RL value was calculated by the following equation:

RL =
1

1 + bC0
(4)
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where b and Co were the Langmuir constant and initial 133Cs concentration. The type of
adsorption isotherm can be classified as unfavorable (RL > 1), linear (RL = 1), and favorable
(RL = 0), depending on its value. The parameter obtained in this study was approximately
0.068, supporting the favorable adsorption of 133Cs on the PB@PCM. Therefore, it was
concluded that the PB@PCM possessed desirable structural and surface features for 133Cs
ion adsorption.

The adsorption behavior was also investigated as a function of contact time between
133Cs ions and PB@PCM. The curve in Figure 5d shows that the adsorption capacity
increased rapidly during the initial 4 h and reached a maximum value (saturation) after
24 h. For quantitative analysis of the adsorption mechanism, the experimental data were
fitted to the pseudo-first-order [50] and pseudo-second-order [51] kinetics and the results
are exhibited in Figure 5e,f. The kinetics equations are as follows:

log(qe − qt) = log qe –
K1

2.303
t (pseudo-first-order equation) (5)

t

qt
=

1
K2qe

2 +
t

qe
(pseudo-second-order equation) (6)

where qe and qt are the 133Cs uptake at equilibrium and time t, respectively, K1 the constant
(1/min) for first-order adsorption, and K2 the rate constant (g/mmol·min) for second-order
adsorption. The parameter values are summarized in Table 3 and it shows that the pseudo-
second-order model described the adsorption mechanism better than the pseudo-first-order
model with regression coefficients R2 = 0.999. The pseudo-second-order model is dependent
on the assumption that the adsorption occurs on the adsorbent without interactions between
adsorbates, and the desorption rate is negligible compared to the adsorption rate. It
was inferred that the interactions between PB nanoparticles in PB@PCM and incoming
radioactive ions could be facilitated due to the permanent/induced electrostatic forces
between partially negative cyano groups (–C≡N) of PB nanoparticles and positive 133Cs
ions. On the other hand, the interactions between the ions are supposed to be inconspicuous
due to electrostatic repulsion.

Table 3. The kinetic parameters obtained using pseudo 1st-order and 2nd-order models at room
temperature for the adsorption of 133Cs to the PB@PCM.

Pseudo-First-Order [a] Pseudo-Second-Order [a]

K1

(1/min)
qe1

(mmol/g)
R2 K2

(g/mmol·min)
qe2

(mmol/g)
R2

133Cs [b] 0.228 0.424 0.936 2.395 0.755 0.999
[a] R2 = regression coefficient. The K1, K2, qe1, qe2 values and the nonlinear regression correlations for pseudo-
first-order and pseudo-second-order models were measured by nonlinear regression analysis using OriginPro
8.0. [b] Three sets of valid data were collected, and the qe and qt values for 133Cs were calculated to be in the error
range of ±5%.

To reveal the effectiveness of synergistic interaction between PB nanoparticles and
PCM material, the 133Cs ion uptake test was performed using the PCM, bulk PB and
PB@PCM (Supplementary Information, S4). It was important that the PB@PCM provided
an improved uptake by adsorption compared with the PCM and bulk PB (A compilation
of investigations carried out by using various PB-based adsorbents is also presented in
Supplementary Information, S5 [52–57]). The maximum uptake value of PCM, bulk PB, and
PB@PCM were ca. 0.0018, 0.0069, and 0.7225 mmol/g, respectively. It is noteworthy that the
maximum 133Cs adsorption capacity of the PB@PCM is approximately 400 and 100 times
higher than that of pristine PCM and bulk PB, respectively. This striking difference could
be interpreted by the enhanced porosity and permeability of PCM and high surface area
and large amount of PB nanoparticles in the synthesized PB@PCM, providing abundant
active sites for 133Cs adsorption. Compared to the bulk PB, the PB@PCM containing both
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interconnected macroporous structure and nanometer-sized PB particles have enhanced ad-
sorption properties due to increased mass transport through the material and maintenance
of a specific surface area.

It was also expected that the PB@PCM can adsorb various radioactive species; hence,
uptake tests were performed at pH 7.0 and 20 ◦C with other radioactive ion species such
as 133Cs, 85Rb, 138Ba, 88Sr, 140Ce, and 205Tl (Figure 6a). The adsorption capacity value
varied from 0.72 to 0.13 mmol/g, with a decreasing order of 133Cs (0.72), 85Rb (0.63),
138Ba (0.32), 88Sr (0.26), 140Ce (0.18), and 205Tl (0.13). This trend might have originated
from the degree of interaction between PB nanoparticles in PB@PCM and individual
radioactive ion species. More positively charged ions could interact more favorably with
the PB nanoparticles. It can be inferred that 133Cs might have a highly positive nature,
because its electronegativity and ionization energy was lowest compared with other ion
species (Supplementary Information, S6). However, the underlying correlation needs to be
examined systematically in a separate research project.

−

≈

−

≥

≥

Figure 6. (a) Measurement of radioactive ion species uptake by the bulk PB and the PB@PCM to
6 radioactive ion species (133Cs, 87Rb, 88Sr, 137Ba, 140Ce, and 205Tl) at pH 7.0 and 20.0◦C for 24 h.
(b) The pH effect on the 133Cs removal efficiency of the PB@PCM at 20.0 ◦C for 24 h. Initial 133Cs ion
concentration is 100 ppm.

In addition, the effect of the pH on the 133Cs adsorption capacity was also investigated
(Figure 6b). Interestingly, the removal efficiency of the PB@PCM increased in acidic condi-
tions and decreased in basic media, and the PB@PCM exhibited the highest uptake capacity
at pH 7.0. This phenomenon can be ascribed to the competitive interaction between hy-
drogen (H+) and hydroxyl (OH−) ions during the adsorption process. In acidic condition
(<pH 7.0), the H+ ion competes with the 133Cs ions towards the active sites of PB@PCM,
which results in a relatively lower adsorption capacity. As the pH increased (≈pH 7.0), the
decrease of the hydrogen ion concentration made it possible to increase the concentration
of 133Cs ions to bind electrons, leading to a high adsorption uptake. However, when the
basification was in progress (>pH 7.0), the stabilization attributed to the reaction between
133Cs ions and increased OH− ions occurred, and then the adsorption capacity decreased.

3. Materials and Methods

3.1. Materials

Tetraethyl orthosilicate (TEOS, 98%), 3-aminopropyltrimethoxysilane (APS), iron(III)
chloride (FeCl3, 97%), potassium hexacyanoferrate(III) (K3Fe(CN)6,≥99%), cesium, barium,
strontium, and rubidium standard solution (1000 ppm) for inductively coupled plasma-
mass spectrometer (ICP-MS) analyses were purchased from Sigma Aldrich (Milwaukee, WI,
USA). Sodium chloride (NaCl), Ammonia solutions (NH4OH, 28.0~30.0%), hydrochloric
acid (HCl), Ethanol (C2H5OH, ≥99%), and N-Methyl-2-pyrrolidone (NMP) were supplied
from Samchun Chemical (Seoul, Korea). Hydrofluoric acid (HF, 40%) was purchased from
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J. T. Baker (Phillipsburg, NJ, USA). All chemicals were used as received without further
purification. Electrochemically exfoliated graphene (EG) was produced according to the
method reported previously [58].

3.2. Synthesis of Monodispersed Silica Microparticles

A certain amount of TEOS (36 g) was vigorously mixed with ethanol (200 mL) (So-
lution 1). An amount of ammonia solution (54 mL) and NaCl (0.1 g) was dissolved in a
mixture of water (40 mL) and ethanol (190 mL) (Solution 2). Subsequently, solution 1 was
slowly added to solution 2 at a speed of 1.2 µL/min using a micro syringe pump at 30 ◦C.
Then the mixture solution was stirred for 1 h at 800 rpm. The produced microparticles were
purified by centrifugation and washed with ethanol and distilled water 3 times. Finally, the
obtained homogeneous silica particles were stored at room temperature.

3.3. Surface Modification of the Silica Particles

The obtained silica particles (1 g) were dispersed in ethanol (10 mL) by ultra-sonication
for 10 min, resulting in a milky suspension. A small amount of glacial acetic acid (60 µL)
was added to a mixture of ethanol (95 mL) and water (5 mL) to make the solution acidic
(pH 5.0) and then APS (4.2 g, 19 mM) was added dropwise to the acidic solution. The
resulting clear colorless solution was stirred (400 rpm) at RT for 15 min in order to form
reactive silanol groups by hydrolysis.

3.4. Preparation of Porous Exfoliated Graphene Monolith

A certain amount of exfoliated graphene (EG, 240 mg) was dispersed in 20 mL of
NMP and sonicated for 90 min to achieve a homogeneous mixing, which was critical for
this experiment. Then, the silica particles were added to the EG solution, and the EG to
silica weight ratio was 10:90. The obtained solution was filtered with a nylon membrane
filter (47 mm in diameter, 0.2 µm pore size, Whatman) under vacuum suction to obtain an
EG/silica composite precursor. The film type EG/silica composite was retrieved by peeling
it off from the nylon membrane filter. A film type porous EG was obtained by removing the
silica particles with HF solution (10%) for a few minutes. The PCM was dried in a vacuum
oven at 120 ◦C overnight.

3.5. Fabrication of Prussian Blue Decorated Porous Carbon Monolith

The PB@PCM was manufactured by a redox reaction in an aqueous mixture solution
of FeCl3, K3[Fe(CN)6], and PCM. Typically, PCM was soaked in 10 M FeCl3 solution for
15 min and the solution in sample was completely eliminated with a filter paper. Then,
the PCM decorated with Fe3+ ions was dried in a convection oven at 80◦C for at least 3 h.
Then, the preprocessed PCM was immersed in a K3[Fe(CN)6] (0.64 g, 100 mL) solution
and stirred at 55 ◦C for 12 h. The final PB@PCM product was obtained and washed with
distilled water 3 times and dried under vacuum at 80◦C overnight to complete evaporation
of the solvent. The mass of the finally obtained PB@PCM sample was 2.4 g, which can be
scaled up by increasing the amount of the EG/silica composite precursor. The bulk PB
was fabricated by direct mixing of equimolar FeCl3 and K4[Fe(CN)6] solutions at room
temperature for 6 h. The final products were washed with ethanol several times to remove
residual reagent. Subsequently, the resulting bulk PB was dried under a vacuum oven and
pressed into pellets.

3.6. Radioactive Material Extraction Test

The adsorption behavior of the PB@PCM for 133Cs ion was monitored as follows: the
cesium standard solutions with varying concentration from 0.01 to 100 mg/L (ppm) were
produced in 100 mL of distilled water. To control the pH, ammonia or hydrochloric acid
solution was injected into the aqueous solutions. Then, 0.1 g of adsorbents (PB@PCM) was
introduced into the solution and stirred at 300 rpm, which would be suitable for 133Cs
ion adsorption. Adsorption experiments were carried out at 20 ◦C and pH 7.0, and the
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adsorption capacity for 133Cs ion was monitored from 0 min to 24 h. After adsorption,
3 mL of the solution was filtered through a syringe filter (PTFE, pore diameter 0.2 µm), and
then an ICP-MS test was performed to determine the 133Cs ion concentration as a function
of adsorption time. To obtain accurate results, the 133Cs ion concentration was measured
three times and the average values were collected. The adsorption capacity to the other
ions—rubidium, barium, strontium, cerium, and titanium—was also measured identically.

3.7. Characterization

The morphology was confirmed using a field emission scanning electron microscopy
at 10 kV (Tescan Mira-3 FEG, Brno, Czech Republic) and transmission electron microscopy
(FEI, Tecnai G2-20, Hillsboro, OR, USA). A particle size analyzer (Malvern, Zetasizer Nano-
ZS, Worcestershire, United Kingdom) was used to determine the silica particle size and
zeta potential. The FT-IR spectra were recorded on Alpha-P (Bruker, Ettlingen, Germany).
The XRD patterns were collected using an Ultima IV with Cu Kα radiation (Rigaku, Tokyo,
Japan). The BET analyses were performed with an ASAP 2020 (Micromeritics, Gwinnett
County, GA, USA) using the N2 adsorption–desorption isotherms. The pore size and distri-
bution in the porous carbon was analyzed with an AutoPore IV 9500 mercury porosimeter
at room temperature (Micromeritics, Gwinnett County, GA, USA). The XPS data were
obtained using an Axis Nova (KRATOS, Tokyo, Japan) with monochromatic Al-Kα X-ray
source under 10-8 Torr vacuum analysis chamber. The ICP-MS was used to analyze and
confirm the cesium concentration in solution (iCAP RQ, Thermo Fisher Scientific, Waltham,
MA, USA).

4. Conclusions

In this study, convenient manufacture of monolithic porous carbon material embedded
with Prussian blue particles was demonstrated and its radioactive substance removal
performance was also examined using various radioactive ion species. The functional
porous carbon was prepared by etching of silica template and subsequent Prussian blue
nanoparticle decoration. The obtained porous carbon possessed an increased surface area
compared with the precursor and the intermediate. In addition, its pore structure was open
and interconnected with small window pores, which was advantageous for ion transport
and movement. The radioactive substance removal was achieved by the incorporation
of Prussian blue nanoparticles, which can adsorb radioactive ion species effectively. The
133Cs adsorption behavior could be described by both Langmuir and Freundlich isotherms,
and fitting to the Langmuir isotherm provided a closer correlation with the experimental
data. The porous carbon showed a better adsorption capacity than the precursor and an
intermediate capacity for radioactive ion species such as 133Cs, 87Rb, 88Sr, 137Ba, 140Ce, and
205Tl. The maximum and minimum adsorption capacity values were obtained for 133Cs
and 205Tl, respectively. As a porous carbon material was obtained by a relatively simple,
cost-effective, and environmentally benign method, an interest in analogous functional
porous materials for nuclear waste control is expected to increase significantly. Therefore,
this research can offer important information for future relevant research and, moreover,
development of advanced materials and devices.
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Abstract: Using DFT simulations, we studied the interaction of a semifullerene C30 and a defected
graphene layer. We obtained the C30 chemisorbs on the surface. We also found the adsorbed C30

chemisorbs, Li, Ti, or Pt, on its concave part. Thus, the resulting system (C30-graphene) is a graphene
layer decorated with a metal-doped C30. The adsorption of the molecules depends on the shape of
the base of the semifullerene and the dopant metal. The CO molecule adsorbed without dissociation
in all cases. When the bottom is a pentagon, the adsorption occurs only with Ti as the dopant. It also
adsorbs for a hexagon as the bottom with Pt as the dopant. The carbon dioxide molecule adsorbs
in the two cases of base shape but only when lithium is the dopant. The adsorption occurs without
dissociation. The ozone molecule adsorbs on both surfaces. When Ti or Pt are dopants, we found
that the O3 molecule always dissociates into an oxygen molecule and an oxygen atom. When Li
is the dopant, the O3 molecule adsorbs without dissociation. Methane did not adsorb in any case.
Calculating the recovery time at 300 K, we found that the system may be a sensor in several instances.

Keywords: carbon nanostructures; semifullerene; pollutant molecules; adsorption; graphene; carbon
monoxide; carbon dioxide; methane; ozone

1. Introduction

Molecules, such as CO, CO2, CH4, and O3, are air and water pollutants that threaten
the environment and life, prompting the scientific community to develop technological
solutions to such challenges [1–3]. In this study, we are interested in exploring the use of
fullerenes for such aims.

Surfaces based on fullerenes and their variations have been widely studied since
the prediction and further synthesis of the C60 structure [4–6], a highly stable group of
molecules consisting of 60 carbon atoms, also named buckminsterfullerene, buckyball, or
simply fullerene. Although fullerenes, such as C60, C70, or larger, are the most commonly
studied [7,8], smaller fullerenes can also be experimentally produced and are of particular
interest due to their curvature [9–11].

Fullerene fragments such as a C30 hydrocarbon—i.e., half of the buckminsterfullerene
C60—can show some of the properties of their complete counterparts [9] while also offering
new possibilities due to their open basket-like shape. Similar nonplanar-related structures
are corannulene (C20H10) and coronene, known since the 1960s [12–14]. The latter is a
bowl carbon structure with 20 atoms or C20, the smallest possible fullerene, which has
been experimentally produced [11]. And the discovery of bidimensional, planar structures,
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such as graphene [15,16] and borophene [17], has also attracted attention because of their
attractive properties and potential applications.

Previous investigations from other authors considered fullerenes on a graphene sur-
face, focusing on studying weak interactions at a molecular level [18]. Graphene can
accept electrons from a C60 fullerene relatively quickly, which, combined with the high
transport capability of the former, turns this hybrid material into a good candidate for solar
cell technology [19]. The development of hybrid surfaces has also focused on fabricating
graphene-C60 films on silicon surfaces by a multistep self-assembly process [20]. The
potential applications of these systems are promising, especially as lubricating films in
electromechanics microsystems. Graphene-C60 vertical heterostructures composed of C60
thin films have also focused on their structural and electrical properties [21]. The absorption
of pollutants, such as COCl2 (phosgene), H2S, CO, or CO2, among others, by these hybrid
structures has also raised attention. Decorating such arrangements with transition metals
usually catalyzes absorption [22–25].

This work studies a mixed surface formed by a semifullerene C30 adsorbed on a
defective 5 × 5 graphene layer without a hexagonal ring, i.e., six carbon vacancies. The
roughness of the surface at several sites and the change in curvature make this an attractive
system to dope with different atoms. We considered Li, Ti, and Pt-decorations and then
studied the ability of the compound system to capture the pollutant molecules mentioned
above. We found that all the molecules reacted with the surface except methane.

2. Results

2.1. Optimization of the Semifullerene C30

We took two different parts when splitting a fullerene C60 into two halves (“bucky-
balls”) [10] to obtain a semifullerene C30. One has a pentagon in the base (section P), and
the other has a hexagonal base (section H). Figure 1 shows the optimization for each case.
Figure 1a,b show the C30 with a pentagon at the bottom, and Figure 1c,d show the C30
with a hexagonal base. After optimization, we discovered that in the C60 molecule, the
separation between the carbon atoms is 1.425 Å. For section P, the distance is 1.444 Å at the
bottom, and for the rest of the particles, the average separation is 1.375 Å. For section H,
the space is 1.485 Å at the base, and the average spacing is 1.436 Å for the other particles.
The results from other authors [10] agree with our results.

Figure 1. Molecules after optimization of C30. In (a,b), we have C30 with a pentagonal base, in a front
and a side view, respectively. In (c,d), we show a front and side view for C30 with a hexagonal base.
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2.2. Optimization of Graphene with a Six-Vacancy Cluster

The vacancies in the graphene layer are necessary for the adsorption of the C30
molecule. We considered a graphene unit cell with 50 atoms and made a six vacancy cluster.
Then, we optimized the system. Figure 2 shows the final configuration. We note that there
is some distortion in the graphene lattice. The carbon atoms around the vacancies have
different separations concerning pristine graphene. The bond lengths marked with A are
1.403 Å, and those marked with X are 1.452 Å. The other bonds are 1.420 Å, which is the
same size as pristine graphene.

−

Figure 2. Unit cell after optimization of graphene with a six-vacancy cluster. The bond lengths
marked with A are 1.403 Å, and those marked with X are 1.452 Å. The other bonds are the same size
as in pristine graphene, 1.420 Å.

2.3. Adsorption of the C30 Molecule with a Pentagonal Base

The left column (P) in Figure 3 shows the adsorption of the C30 molecule with a
pentagonal base in row 1. The initial location of the C30 molecule is above the cluster
vacancies. Besides, the molecule is, with the closest carbon atom to the surface, at a distance
of 3 Å. In the same column, row 2, we can see the system’s final configuration. The
adsorption energy is −15.29 eV, indicating a powerful graphene reaction. We perceive a
view from above, the graphene surface in row 3 of the same column after adsorption using
four-unit cells.

2.4. Adsorption of the C30 Molecule with a Hexagonal Base

Column H in row 1 shows the initial location of the C30 molecule with a hexagonal
bottom concerning the graphene layer with the closest carbon atom to the surface at a
distance of 3 Å. In the same column, row 2, we can see the system’s final configuration.
The adsorption energy is −16.410 eV, which is a stronger adsorption than in the pentagonal
case. We perceive the graphene surface in row 3 of the same column after adsorption using
four-unit cells.
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−

Figure 3. Adsorption of C30 on graphene with a six-vacancy cluster. In column P, we show the
adsorption of the C30 molecule with a pentagonal base. In the same column P, in row 1, we have the
initial location of the semifullerene. We have the final configuration after adsorption in the second
row of the same column. We view the surface with four-unit cells from above in the last row of this
column, P. The corresponding sequence for a C30 with a hexagonal base is in column H.

2.5. Adsorption of Metals on the Graphene-C30 (P) Surface

2.5.1. Doping with Li

Figure 4a presents the initial and final configuration for the adsorption of a lithium
atom on the surface. The initial distance between the metal atom and the plane defined
by the opening of C30 was 3.27 Å and 5.27 Å from the graphene layer. The lithium atom
ends up bound to a carbon atom of the C30. The adsorption energy of Li is –3.686 eV, which
indicates a strong reaction with the surface. The Li atom yields 0.0561 electrons.

Figure 5 shows the interaction’s projected density of states (PDOS). Note the hybridiza-
tion of orbitals s and p from carbon with the orbital p from lithium around the Fermi energy
at around 4 eV above the Fermi energy and about 2 eV below the Fermi energy.
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Figure 4. Adsorption of Li, Pt, and Ti on the graphene-C30 system for the pentagonal base. The three
metals adsorbed with a strong reaction on the surface. (a) presents the initial and final configuration
for the adsorption of a lithium atom on the surface. (b) shows the initial and final configuration for
the adsorption of a titanium atom on the surface. (c) shows the initial and final configuration for the
adsorption of a platinum atom on the surface.

 

−

−

−

Figure 5. The PDOS for the adsorption of Li on the graphene-C30 system for the pentagonal base.
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2.5.2. Doping with Ti

Figure 4b shows the initial and final configuration for the adsorption of a titanium
atom on the surface. The initial distance between the metal atom and the plane defined by
the opening of C30 was 3.34Å and 5.25 Å from the graphene layer. The titanium atom ends
up bound to four carbon atoms of the C30. The adsorption energy is = −8.082 eV, implying
an intense reaction. The Ti atom yields 0.6129 electrons to the surface.

We can see in Figure 6 the interaction’s PDOS. We note the hybridization of orbitals s
and d from titanium with the orbitals p from the neighboring carbon atoms between −4 eV,
a bit below the Fermi energy, and between 1 eV and 5 eV.

−

−

−

Figure 6. The PDOS for the adsorption of Ti on the graphene-C30 system for the pentagonal base.

2.5.3. Doping with Pt

Figure 4c shows the initial and final configuration for the adsorption of a platinum
atom on the surface. The initial distance between the metal atom and the plane defined
by the opening of C30 was 3.36Å and 5.24 Å from the graphene layer. The platinum atom
ends up bound to two carbon atoms of the C30, with an adsorption energy of −5.982 eV,
showing a strong reaction with the surface again. The Pt atom yields 0.3910 electrons to
the surface.

Figure 7 shows the corresponding PDOS. We note the hybridization of orbital p from
carbon with the orbitals s and p from platinum, around the Fermi energy, at around 2 eV
above the Fermi energy, at about 2 eV below the Fermi energy, and below −4 eV.−

 

−

Figure 7. The PDOS for the adsorption of Pt on the graphene-C30 system for the pentagonal base.
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2.6. Adsorption of Metals on the Graphene-C30 (H) Surface

2.6.1. Doping with Li

Figure 8a shows the initial and final configuration for the adsorption of a lithium atom
on the surface. The initial distance between the metal atom and the plane defined by the
opening of C30 was 3.37 Å and 4.57 Å from the graphene layer. The lithium atom ends
up bound to a carbon atom of C30 with an adsorption energy of −1.551 eV. It is a strong
reaction but not as intense as the pentagonal case. The Li atom transfers 0.0364 electrons to
the surface.

−

−

 
Figure 8. Adsorption of Li, Pt, and Ti on the graphene-C30 system for the hexagonal base. The three
metals adsorbed strongly. (a) shows the initial and final configuration for the adsorption of a lithium
atom on the surface. (b) shows the initial and final configuration for the adsorption of a titanium
atom on the surface. (c) presents the initial and final configuration for the adsorption of a platinum
atom on the surface.

Figure 9 shows the interaction’s PDOS. Note the hybridization of orbitals s and p from
carbon with the orbital p from lithium, between 1eV and 3 eV, around 4 eV, and a weaker
hybridization between −2 eV and −1 eV.− −

 

−

−

Figure 9. The PDOS for the adsorption of Li on the graphene-C30 system for the hexagonal base.
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2.6.2. Doping with Ti

Figure 8b shows the initial and final configuration for the adsorption of a titanium
atom on the surface. The initial distance between the metal atom and the plane defined
by the opening of C30 was 3.34 Å and 4.57 Å from the graphene layer. The titanium atom
ends up bound to two carbon atoms of C30. The adsorption energy of the titanium atom is
−5.435 eV. The Ti atom transfers 0.6179 electrons to the system. The interaction is intense
but not as much as in the pentagonal case.

We can see in Figure 10 the interaction’s PDOS. We note the hybridization of orbitals s
and d from titanium with the orbitals p from the neighboring carbon atoms around −2 eV
and between the Fermi energy and 5 eV.

 

−

− −

Figure 10. The PDOS for the adsorption of Ti on the graphene-C30 system for the hexagonal base.

2.6.3. Doping with Pt

Figure 8c presents the initial and final configuration for the adsorption of a platinum
atom on the surface. The initial distance between the metal atom and the plane defined
by the opening of C30 was 3.34 Å and 4.57 Å from the graphene layer. The platinum atom
ends up bound to two carbon atoms of C30. The adsorption energy of the platinum atom
is −4.706 eV, which is a strong interaction with the surface but not as intense as in the
pentagonal case.

The Pt atom transfers 0.5141 electrons to the surface. Figure 11 shows the correspond-
ing PDOS. We Note the hybridization of orbital p from carbon atoms with the orbitals s
and d from platinum, at around −2 eV, about 1.5 eV, and below −4 eV.
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−

Figure 11. The PDOS for the adsorption of Pt on the graphene-C30 system for the hexagonal base.

2.7. Adsorption of Pollutant Molecules on the Li-doped Graphene-C30 (P) Surface

2.7.1. Adsorption of CO

There is no adsorption in this case.

2.7.2. Adsorption of CO2

Figure 12a shows the initial and final configuration of the system for the adsorption of
a carbon dioxide molecule. The molecule ends up bound to the lithium atom via the oxygen
atom with an adsorption energy of −0.373 eV. The molecule transfers 0.04688 electrons to
the surface.

−

 

 

Figure 12. (a) The adsorption of CO2 on the Li-doped graphene-C30 system for the pentagonal base.
The initial distance between the carbon atom of the CO2 molecule and the Li atom was 3.17 Å, and
the distance from the graphene layer was 7.12 Å. The molecule was parallel to the graphene layer.
The adsorption is without dissociation. (b) The PDOS for the adsorption of CO2 on the Li-doped
graphene-C30 system for the pentagonal base.

Figure 12b shows the corresponding PDOS. We note the hybridization of orbital p
from the oxygen atom with the orbital s from lithium at around 3 eV.

2.7.3. Adsorption of O3

Figure 13a shows the initial and final configuration of the system for the adsorption of
an ozone molecule. The molecule ends up bound to the lithium atom without dissociation.
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The adsorption energy is −1.777 eV, and using MD at 300 K, we found that the particle
Li-O3 remains close to the surface at that temperature.

−

 

 

−

−

Figure 13. (a) The adsorption of O3 on the Li-doped graphene-C30 system for the pentagonal base.
The initial distance between the central oxygen atom of the O3 molecule and the Li atom was 3.015
Å, and the distance from the graphene layer was 7.15 Å. The molecule was perpendicular to the
graphene layer. The adsorption is without dissociation. (b) The PDOS for the adsorption of O3 on the
Li-doped graphene-C30 system for the pentagonal base.

Figure 13b shows the corresponding PDOS. Notice the weak hybridization of orbitals p
from the oxygen and carbon atoms with the orbitals s from the lithium between 0 and 2 eV.

2.8. Adsorption of Pollutant Molecules on the Ti-Doped Graphene-C30 (P) Surface

2.8.1. Adsorption of CO

Figure 14a shows the initial and final configuration of the system for the adsorption of
a carbon monoxide molecule. The molecule ends up bound to the titanium atom without
dissociation via the carbon atom. The adsorption energy is −1.21 eV, and the molecule
gains 0.0322 electrons from the surface.

−

−

  

−

Figure 14. (a) Adsorption of CO on the Ti-doped graphene-C30 system for the pentagonal base.
The initial distance between the carbon atom of the CO molecule and the Ti atom was 4.18 Å, and
the distance from the graphene layer was 7.34 Å. The molecule was parallel to the graphene layer.
The adsorption is without dissociation. (b) The PDOS for the adsorption of CO on the Ti-doped
graphene-C30 system for the pentagonal base.

Figure 14b shows the corresponding PDOS. Notice the hybridization of orbital p from
the carbon atom with the orbitals s and d from the titanium atom at around −2 eV and
between 1 eV and 4 eV.

2.8.2. Adsorption of CO2

There is no adsorption in this case.

2.8.3. Adsorption of CH4

There is no adsorption in this case.
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2.8.4. Adsorption of O3

Figure 15a shows the initial and final configuration of the system for the adsorption of
an ozone molecule. The molecule dissociates into an oxygen atom and an oxygen molecule.
The oxygen atom is bound to the titanium, and the oxygen molecule is attached to the
titanium atom. The adsorption energy of the ozone molecule is −6.3953 eV. The oxygen
atom loses 0.2702 electrons. Besides, the oxygen molecule gains 0.4085 electrons. Using MD
at 300 K, we obtained that the particle Ti-O3 remains close to the surface at that temperature.

−

 

− −

Figure 15. (a) Adsorption of O3 on the Ti-doped graphene-C30 system for the pentagonal base. The
initial distance between the central oxygen atom and the Ti atom was 3.0 Å, and the distance from the
graphene layer was 7.14 Å. The plane of the ozone molecule was parallel to the graphene layer. The
adsorption is with dissociation. (b) The PDOS for the adsorption of O3 on the Ti-doped graphene-C30

system for the pentagonal base.

Figure 15b shows the corresponding PDOS. Notice a weak hybridization of orbitals
s from the carbon atom with the orbitals s and d from the titanium atom and p orbitals
from the oxygen atoms at around 4 eV and between −6 eV and −4 eV with p orbitals from
oxygen atoms and orbitals s from the titanium atom.

2.9. Adsorption of Pollutant Molecules on the Pt-Doped Graphene-C30 (P) Surface

2.9.1. Adsorption of CO

There is no adsorption in this case.

2.9.2. Adsorption of CO2

There is no adsorption in this case.

2.9.3. Adsorption of CH4

There is no adsorption in this case.

2.9.4. Adsorption of O3

Figure 16a shows the initial and final configuration of the system for the adsorption of
an ozone molecule. The adsorption energy is −0.8521 eV, and the molecule dissociates into
an oxygen atom and an oxygen molecule. The oxygen atom ends up bound to a carbon
atom. Besides, the oxygen molecule ends up bound to the platinum atom. The oxygen
atom, which ends bound to a carbon atom, transfers 0.1207 electrons. The remaining part
of the ozone molecule, the oxygen molecule bound to the Pt atom, gains 0.5665 electrons.
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−

 

 

−

−

Figure 16. (a) Adsorption of O3 on the Pt-doped graphene-C30 system for the pentagonal base.
The initial distance between the central oxygen atom and the Pt atom was 3.60 Å, and the distance
from the graphene layer was 7.25 Å. The plane of the ozone molecule was parallel to the graphene
layer. The adsorption is with dissociation. (b) The PDOS for the adsorption of O3 on the Pt-doped
graphene-C30 system for the pentagonal base.

Figure 16b shows the corresponding PDOS. Notice a weak hybridization of orbitals p
from the carbon atom with the orbitals p from the platinum and oxygen atoms at around
4.2 eV. The same hybridization is stronger below −4 eV.

2.10. Adsorption of Pollutant Molecules on the Li-Doped Graphene-C30 (H) Surface

2.10.1. Adsorption of CO

There is no adsorption in this case.

2.10.2. Adsorption of CO2

Figure 17a shows the initial and final configuration of the system for the adsorption of
a carbon dioxide molecule. The molecule adsorbs without dissociation, and one oxygen
atom ends up bound to the lithium atom. The adsorption energy is −0.6491 eV, and the
molecule transfers to the system 0.0803 electrons. The calculated recovery time at 300 K is
0.13 s, a good value for a sensor.

−

−

−

 

Figure 17. (a) Adsorption of CO2 on the Li-doped graphene-C30 system for the hexagonal base.
The initial distance between the carbon atom of the CO2 molecule and the Li atom was 3.11 Å, and
the distance from the graphene layer was 7.15 Å. The molecule was parallel to the graphene layer.
The adsorption is without dissociation. (b) The PDOS for the adsorption of CO2 on the Li-doped
graphene-C30 system for the hexagonal base.

Figure 17b shows the corresponding PDOS. Notice the hybridization of orbitals p from
the oxygen atom with the orbitals s from the lithium atom at around 2 eV.

2.10.3. Adsorption of CH4

There is no adsorption in this case.

2.10.4. Adsorption of O3

Figure 18a shows the initial and final configuration of the system for the adsorption of
an ozone molecule. The molecule ends up bound to the lithium atom without dissociation.
The adsorption energy of the ozone molecule is −2.119 eV, and the surface transfers
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0.2883 electrons to the ozone molecule. Using MD at 300 K, we found that the particle
Li-O3 remains close to the surface at that temperature; it does not go away from the surface.

−

 

−

Figure 18. (a) Adsorption of O3 on the Li-doped graphene-C30 system for the hexagonal base. The
initial distance between the central oxygen atom and the Li atom was 3.26 Å, and the distance from
the graphene layer was 7.35 Å. The plane of the ozone molecule was parallel to the graphene layer.
The adsorption is without dissociation. (b) The PDOS for the adsorption of O3 on the Li-doped
graphene-C30 system for the hexagonal base.

Figure 18b shows the corresponding PDOS. Notice the hybridization of orbitals p from
the oxygen with the orbitals s from the lithium atom between 3 eV and 4 eV. There is a
weaker hybridization below the Fermi energy.

2.11. Adsorption of Pollutant Molecules on the Ti-Doped Graphene-C30 (H) Surface

2.11.1. Adsorption of CO

There is no adsorption in this case.

2.11.2. Adsorption of CO2

There is no adsorption in this case.

2.11.3. Adsorption of CH4

There is no adsorption in this case.

2.11.4. Adsorption of O3

Figure 19a shows the initial and final configuration of the system for the adsorption
of an ozone molecule. The adsorption energy is −0.8214 eV, and the molecule dissociates
into two fractions during adsorption, an oxygen atom and an oxygen molecule. Besides,
the first fraction is bound to a carbon atom, and the second remains close to the surface.
Using MD at 300 K, we found that the molecule O2 remains close to the surface at that
temperature; it does not go away from the surface.

 

 

−

−

Figure 19. (a) Adsorption of O3 on the Ti-doped graphene-C30 system for the hexagonal base. The
initial distance between the central oxygen atom and the Ti atom was 3.97 Å, and the distance from
the graphene layer was 6.90 Å. The plane of the ozone molecule was parallel to the graphene layer.
The adsorption is with dissociation into an oxygen atom and an oxygen molecule. (b) The PDOS for
the adsorption of O3 on the Ti-doped graphene-C30 system for the hexagonal base.
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Figure 19b shows the corresponding PDOS. Notice the hybridization of orbitals p from
the carbon and oxygen atoms and the orbitals d from the titanium atom between 2 and 4 eV
and below the Fermi energy.

2.12. Adsorption of Pollutant Molecules on the Pt-Doped Graphene-C30 (H) Surface

2.12.1. Adsorption of CO

Figure 20a shows the initial and final configuration of the system for the adsorption of
a carbon monoxide molecule. The adsorption energy is −1.756 eV without dissociation.
The carbon atom ends up bound to the platinum atom.

−

−

Figure 20. (a) Adsorption of CO on the Pt-doped graphene-C30 system for the hexagonal base. The
initial distance between the center of the CO molecule and the Pt atom was 3.0 Å, and the distance
from the graphene layer was 7.32 Å. The molecule was parallel to the graphene layer. The adsorption
is without dissociation; (b) The PDOS for the adsorption of CO on the Pt-doped graphene-C30 system
for the hexagonal base.

The surface transfers 0.0322 electrons to the carbon monoxide molecule. Figure 20b
shows the corresponding PDOS. We can see the hybridization of orbitals p from the carbon
atom and the orbitals s from the platinum atom at around 3 eV and about 1.2 eV, respectively.
We can also notice a weak hybridization of orbitals p from the carbon atom with orbitals d
and s from the platinum atom below −1 eV.

2.12.2. Adsorption of CO2

There is no adsorption in this case.

2.12.3. Adsorption of CH4

There is no adsorption in this case.

2.12.4. Adsorption of O3

Figure 21a shows the initial and final configuration of the system for the adsorption of
an ozone molecule that occurs with dissociation and with an adsorption energy of−1.43 eV.
The molecule splits into two parts, an oxygen atom and an oxygen molecule. Using MD
at 300 K, we found that the particle O2 remains close to the surface at that temperature; it
does not go away from the surface.
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Figure 21. (a) Adsorption of O3 on the Pt-doped graphene-C30 system for the hexagonal base. The
initial distance between the central oxygen atom and the Pt atom was 3.18 Å, and the distance
from the graphene layer was 7.21 Å. The plane of the ozone molecule was parallel to the graphene
layer. The adsorption is with dissociation. (b) The PDOS for the adsorption of O3 on the Pt-doped
graphene-C30 system for the hexagonal base.

The oxygen atom, which ends bound to the platinum atom, transfers 0.1207 electrons.
The surface transfers 0.5665 electrons to the remaining fraction of the ozone molecule and
the oxygen molecule, which remains close to the surface.

Figure 21b shows the corresponding PDOS. We can see the hybridization of orbitals p
from the oxygen atom and the orbitals s and d from the platinum atom at around 2 eV and
about −1.75 eV, respectively. We can also notice a weak hybridization of orbitals p from the
oxygen atom with orbitals d and s from the platinum atom below −2 eV.

3. Materials and Methods

We used the GGA approximation for the exchange and correlation energies in the
Perdew–Burke–Ernzerhohof (PBE) expression [26], using a Martins–Troullier norm-conserving
pseudopotential [27]. We performed structural relaxations using the Quantum ESPRESSO
code package [28], which uses periodical boundary conditions. We took threshold energy
of 1.0 × 10−6 eV for convergence, a cut-off energy point of 1100 eV, and a threshold force of
1.0 × 10−5 eV/Å. We considered 40 k points within the Monkhorst–Pack particular k point
scheme for Brillouin-zone integrations [29] with a separation of 0.083 Å−1.

To check the pseudopotentials, we minimized the energy of the different systems.
Thus, we obtained the Li lattice parameter 3.495 Å (the experimental value is 3.510 Å) [30];
for titanium, we obtained: a = 2.863 Å, and c = 4.544 Å (the observed values are 2.950 and
4.683 Å, respectively [30]; in the case of Pt, we calculated a lattice parameter of 2.898 Å (the
experimental value is 2.924 Å). We obtained the bond lengths and angles of the different
pollutant molecules we are considering with the same approach. Figure 22 shows our
results, which agree with the experimental values.

In our simulations, the adsorption energy is:

Eads = E(Sur f + Mol)− [E(Sur f ) + E(Mol)], (1)

where E(Surf + Mol) is the energy corresponding to the final system; [E(Surf ) + E(Mol)] cor-
responds to the initial configuration, which is the energy of the surface, without interaction
with the molecule plus the isolated molecule’s energy.

We calculated the recovery time (τ) from the Eyring transition state theory using the
expression [31,32]:

τ = [h/(kB T)]e−Eads/(kBT) (2)

In Equation (2), h is the Plank’s constant, kB is the Boltzmann’s constant, Eads is the
adsorption energy, and T is the absolute temperature.

The desirable set of values for the recovery time is between 10−2 and ten seconds,
implying at 300 K, adsorption energies in the range (−0.6428, −0.8215) eV.
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Figure 22. We compare our results, obtained by minimizing the molecule energy, and the experimental
values are given in parenthesis.

4. Discussion

We performed computational simulations to investigate the adsorption of pollut-
ing molecules on graphene-semifullerene (C30) surfaces, considering two C30 geometries:
hexagonal and pentagonal base. We found it possible to dope all surfaces with the metals Li,
Ti, and Pt, which we used as catalysts in the adsorption of the different polluting molecules.
We consider as pollutant molecules CO, CO2, CH4, and O3.

We obtained the semifullerene adsorbs on the graphene surface with adsorption
energies of −14.97 eV and −16.41 eV, respectively, for pentagonal and hexagonal bases.
The adsorption occurs on a six-vacancy cluster in a graphene layer. Besides, the catalysts
adsorb on the graphene-C30 surface with a pentagonal base with adsorption energies of
−4.02 eV, −6.3 eV, and −8.4 eV for Li, Pt, and Ti, respectively. For the hexagonal base, the
adsorption energies are −1.87 eV, −4.7 eV, and −5.43 eV, in the same order. Notice that in
each case (P or H), Li shows the adsorption energy with the minor magnitude and Ti with
the largest.

The carbon monoxide molecule adsorbs on the pentagonal-base (P) surface only
when Ti is the dopant, with an adsorption energy of −3.6 eV, and this adsorption is
without dissociation. Furthermore, CO adsorbs on the hexagonal-base (H) surface only
with Pt as the dopant with an adsorption energy of −0.89 eV. Again, the adsorption is
without dissociation.

The carbon dioxide molecule adsorbs on both surfaces but only with Li as the dopant,
with adsorption energies of: −0.67 eV for the P surface and −0.54 eV for the H surface. The
adsorption of the CO2 molecule is without dissociation.
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The methane molecule did not adsorb on any surface.
Finally, we found that both surfaces always adsorb the ozone molecule. When Ti or Pt

are dopants, we found that the O3 molecule always dissociates into an oxygen molecule
and an oxygen atom. For the P surface, the adsorption energies are−6.3953 and−0.8521 eV
for the Ti and Pt doped surfaces, respectively. Furthermore, the adsorption energies for the
Ti and Pt doped H surface are −0.82 eV and −1.43 eV, respectively. In the case of Li, the
O3 molecule adsorbs without dissociation. The adsorption energy is −1.777 eV for the P
surface, and the adsorption energy is −2.119 eV for the H surface.

At 300 K, the P surface would not act as a suitable sensor in any case. The H surface
would be a sensor for O3 with Ti as the dopant (τ = 9.97 s) and for CO2 with Li as a dopant
(τ = 0.13 s).
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2 Department of Atomic Physics, “VINČA” Institute of Nuclear Sciences—National Institute of the Republic of

Serbia, University of Belgrade, P.O. Box 522, 11001 Belgrade, Serbia; ana.kalinic@vin.bg.ac.rs (A.K.);
iradovic@vin.bg.ac.rs (I.R.)
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Abstract: Graphene doped by alkali atoms (ACx) supports two heavily populated bands (π and σ)
crossing the Fermi level, which enables the formation of two intense two-dimensional plasmons: the
Dirac plasmon (DP) and the acoustic plasmon (AP). Although the mechanism of the formation of
these plasmons in electrostatically biased graphene or at noble metal surfaces is well known, the
mechanism of their formation in alkali-doped graphenes is still not completely understood. We
shall demonstrate that two isoelectronic systems, KC8 and CsC8, support substantially different
plasmonic spectra: the KC8 supports a sharp DP and a well-defined AP, while the CsC8 supports
a broad DP and does not support an AP at all. We shall demonstrate that the AP in an ACx is not,
as previously believed, just a consequence of the interplay of the π and σ intraband transitions,
but a very subtle interplay between these transitions and the background screening, caused by the
out-of-plane interband C(π)→ A(σ) transitions.

Keywords: plasmon; acoustic plasmon; graphene; graphene intercalation compounds; EELS

1. Introduction

Studying acoustic plasmons (APs) in single-layer [1–5], double-layer [3,6–9] and multi-
layer [10–13] graphene or in metal/dielectric/graphene superstructures [14] is a very active
field of research. Recently, an AP was detected in a graphene–dielectric–metal structure
using near-field scattering microscopy [2]. That experiment demonstrated a very robust
character of the AP with small propagation loss, which enables its efficient coupling to
the electromagnetic field at infra-red frequencies. The graphene/graphene-nanoribbon
superstructure also supports a strong AP which can be excited by light and provide strong
field enhancement inside the nano-gap, allowing efficient biosensing [6]. In this work, we
focus on the AP in graphene doped by alkali metals.

As alkali atoms are added to graphene deposited on various substrates, they intercalate
between the graphene layer and the substrate and metalize, i.e., they arrange in a two-
dimensional (2D) crystal lattice, which supports a partially filled parabolic band [15–21].
The alkali atoms then usually donate electrons to the graphene π band, lifting the Fermi
level above the Dirac point and transforming the graphene from a gapless semiconductor
into a metal. Therefore, the alkali adlayer results in the formation of two thin, i.e., quasi
two-dimensional (q2D), plasmas able to support a variety of different plasmonic modes,
which do not exist in pristine or electrostatically doped graphene. Our previous theoretical
research of electronic excitations in graphene doped by alkali atoms (ACx) showed that this
system supports two kinds of intraband or 2D plasmons: the Dirac plasmon (DP) and the
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acoustic plasmon (AP). The intensity of these modes depends on the type of the dielectric
substrate, as well as on electrostatic or natural doping [22–25]. Moreover, these theoretical
studies suggest the possibility of simple manipulation of the DP and AP intensities (they
can be switched ‘on’ and ‘off’ in a controlled way) [25], thereby opening new possibilities
for their application in various fields, such as plasmonics, photonics, transformation optics,
optoelectronics, light emitters, detectors and photovoltaic devices [26–36]. Additionally,
these ‘tunable’ 2D plasmons could be very useful in the area of chemical or biological
sensing [27,37–40].

In this paper, we focus on the AP, firstly because of its linear dispersion, but also
because of the still rather unclear mechanism of its occurrence in the ACx. The mechanism
of formation of the AP on a metal surface was resolved a long time ago [41–43]. In that case,
a partially filled surface state supports a 2D plasmon, which hybridizes with the ordinary
surface plasmon, resulting in the transformation of the usual 2D plasmon with square-root
2D dispersion into a linear AP [41]. However, our previous studies of plasmons in ACx

systems show that the AP is very sensitive and strongly dependent on several parameters:
the type of the alkali metal atom (A), the coverage (x) and the electrostatic doping. In other
words, it is substantially unstable, and the aim of this research is to explore the mechanism
of the (in)stability of the AP in the ACx.

In order to do that, we investigate two model systems of doped graphene, KC8 and
CsC8, which are isostructural, but the first system does support the AP, while the second
one does not. Moreover, the DP in the KC8 is very sharp, while in the CsC8 it is quite broad,
even though the occupancies of the graphene π band and the alkali atom σ band in these
two systems are almost identical. We shall show that the AP in the ACx is not, as previously
believed, just a consequence of the hybridization between the intraband 2D plasmons in
the π and σ bands, but rather a very subtle interplay between these plasmons and the
background screening caused by the interlayer interband C(π) → A(σ) transitions. We
shall also demonstrate that the electronic screening coming from the high-energy interband
transitions significantly reduces the intensity of the AP in both systems.

We study electronic excitations in the ACx using two complementary methods: the
ab initio random phase approximation (RPA) approach [24] and a reduced model. In the
reduced model, the electrons in the alkali atom layer are approximated by a parabolic
band with parameters (the effective mass mσ and the Fermi energy EFσ) taken from the
ab initio calculations. We refer to this approximation as the “massive” 2D electron gas
(m2DEG). The graphene band structure is approximated by the conical π bands with
the occupation corresponding to the occupation of the π band (Fermi energy EFπ) in
the ab initio AC8 sample. This approximation is also known as the ’massless’ Dirac
fermion (MDF) approximation [44,45]. The polarization effects coming from the high-
energy interband transitions are included through the polarizability parameters αm and αg

deduced from the ab initio calculations.
The paper is organized as follows. In Section 2, we present the geometry of the system,

a derivation of the ab initio ground state and the RPA spectra of the electronic excitations
S(Q, ω) in the ACx deposited on a dielectric substrate. We also present a theoretical
formulation of the reduced model. In Section 3, we show the band structures of the KC8
and CsC8, as well as the intensities of the electronic excitations in these systems. After that,
using a detailed analysis, which combines the ab initio RPA method and the reduced model,
we resolve the mechanism of the AP instability. The conclusions are presented in Section 4.

2. Theoretical Formulation

In this section, we derive the spectral function of the electronic excitations in the
self-standing KC8 and CsC8. However, to demonstrate the robustness of these electronic
excitations, we show how a dielectric substrate can be included in our expressions for the
spectral function, to enable the calculation of the electronic excitation spectra for systems
consisting of crystals (CsC8 and KC8) deposited on Al2O3 substrate described by a local
dielectric function ǫS(ω). Additionally, we make use of the plausible assumption [25] that
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the Al2O3 substrate does not affect the ground state electronic structure (Kohn–Sham (KS)
wave functions and energies) of the AC8 crystal, but it can influence its dielectric properties.

Figure 1 shows the geometry of the studied system. The coordinates are oriented so
that the AC8 crystal is positioned in the x− y plane, the z direction is perpendicular to the
crystal plane, the graphene layer occupies the z = 0 plane, the alkali atom layer occupies
the z = −d plane and the dielectric substrate occupies the z < −h half-space.

  

Figure 1. Schematic representation of the AC8 crystal deposited on a dielectric substrate described by
a local dielectric function ǫS(ω). The substrate (blue) occupies the region z < −h, the graphene layer
(yellow) is in the z = 0 plane and the alkali atom (turquoise) layer is in the z = −d plane.

2.1. Calculation of the Surface Electronic Excitations Spectra

We shall briefly describe the method of calculation of the surface electronic excitation
spectra at the arbitrary position z > 0, previously used in several studies of electronic
excitations in 2D crystals [22,23,46–50].

We start from the 3D Fourier transform of the noninteracting (free) electron response
function

χ0
GG′(Q, ω) =

2
Ω

∑
K∈SBZ

∑
n,m

fn(K)− fm(K + Q)

ω + iη + En(K)− Em(K + Q)

(1)

×ρnK,mK+Q(G) ρ∗nK,mK+Q(G′),

where Ω = S × L is the normalization volume and fnK = [e(EnK−EF)/kT + 1]−1 is the
Fermi–Dirac distribution at temperature T. The matrix elements (or the charge vertices) are

ρnK,mK+Q(G) =
〈

ΦnK

∣

∣

∣
e−i(Q+G)·r

∣

∣

∣
ΦnK+Q

〉

V
, (2)

where K = (Kx, Ky) is the 2D wave vector, Q is the momentum transfer vector parallel to
the x− y plane, G = (G‖, Gz) are the 3D reciprocal lattice vectors and r = (ρ, z) is the 3D
position vector. The integration is performed over the normalization volume Ω. The plane
wave expansion of the wave function has the form

ΦnK(ρ, z) =
1√
Ω

eiK·ρ ∑
G

CnK(G)eiG·r,

where the coefficients CnK are obtained by solving the KS equations within the local density
approximation (LDA) self-consistently.
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The Fourier expansion of the free electron response function in the z and z′ coordi-
nates is:

χ0
G‖G

′
‖
(Q, ω, z, z′) =

1
L ∑

GzG′z

χ0
GG′(Q, ω)eiGzz−iG′zz′ , (3)

where we assume that our system is periodical in the z and z′ direction as well, i.e., that
it repeats periodically from supercell to supercell, and the supercells are q2D crystals
separated by the distance L. We now need to determine the screened response function
χ0

G‖G
′
‖
(Q, ω, z, z′) of one supercell without including the polarization of the surrounding

supercells. This spurious interaction with the replicas of the q2D crystal can be eliminated
easily, by using the RPA Dyson equation

χG‖G
′
‖
(Q, ω, z, z′) = χ0

G‖G
′
‖
(Q, ω, z, z′) + ∑

G‖1G‖2

∫ L/2

−L/2
dz1dz2 (4)

×χ0
G‖G‖1

(Q, ω, z, z1) v2D
G‖1G‖2

(Q, z1, z2)χG‖2,G′‖
(Q, ω, z2, z′),

where the matrix of the bare Coulomb interaction is

v2D
G‖1G‖2

(Q, z, z′) = v2D
G‖1

(Q, z, z′)δG‖1G‖2 , (5)

and the 2D Fourier transform of the bare Coulomb interaction is

v2D
G‖1

(Q, z, z′) =
2π

|Q + G‖1|
e−|Q+G‖1||z−z′ |. (6)

Since the integrations in (4) are performed from −L/2 to L/2, the interaction between
the density fluctuations, via the Coulomb propagator v2D

G‖1G‖2
(Q, z, z′), is limited to one

supercell located at −L/2 < z < L/2. After inserting the Fourier expansion (3), and a
similar one for χ, in RPA Dyson Equation (4), it again becomes a matrix equation

χGG′(Q, ω) = χ0
GG′(Q, ω) + ∑

G1G2

χ0
GG1

(Q, ω) v2D
G1G2

(Q)χG2G′(Q, ω), (7)

where the matrix of the bare Coulomb interaction is

v2D
G1G2

(Q) = v3D
G1G2

(Q)− pGz1 pGz2
4π(1−e

−|Q+G‖1|L)
|Q+G‖1|L

× |Q+G‖1|2−Gz1Gz2

(|Q+G‖1|2+G2
z1)(|Q+G‖1|2+G2

z2)
δG‖1G‖2 ,

(8)

with v3D
G1G2

(Q) = 4π

|Q+G1|2
δG1G2 , Gz =

2πk
L , pGz

= (−1)k, and k ∈ Z.

The solution of Equation (7) has the form

χGG′(Q, ω) = ∑
G1

E−1
GG1

(Q, ω)χ0
G1G′(Q, ω), (9)

where the dielectric matrix is

EGG′(Q, ω) = δGG′ −∑
G1

V2D
GG1

(Q)χ0
G1G′(Q, ω). (10)

After solving Equation (7), the nonlocal screened response function in the z and z′

direction becomes:

χG‖G
′
‖
(Q, ω, z, z′) =

1
L ∑

GzG′z

χGG′(Q, ω)eiGzz−iG′zz′ . (11)
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The propagator of the induced dynamically screened Coulomb interaction can be
calculated from the response function (9) as [50]

Wind
G‖

(Q, ω, z, z′) =
∫ L/2

−L/2
dz1dz2v2D

G‖
(Q, z, z1)χG‖0(Q, ω, z1, z2) v2D

0 (Q, z2, z′), (12)

where the index zero means that G′‖ = 0. After using the expansion (11) and Equation (6),
the integrations over z1 and z2 can be performed analytically, and the induced dynamically
screened interaction at z, z′ > 0 can be written as

Wind
G‖

(Q, ω, z, z′) = e−|Q+G‖ |z−Qz′DG‖(Q, ω) (13)

where the propagator of the surface excitations is

DG‖(Q, ω) = ∑
Gz1Gz2

χG‖ ,0,Gz1,Gz2(Q, ω)FGz1(Q + G‖)F∗Gz2
(Q), (14)

and the form factors F are

FGz
(Q) =

4πpGz

Q
√

L

sinh(QL
2 )

Q + iGz
. (15)

The spectral function, which defines the intensity of the energy loss by an external
perturbation to the excitation of the (Q, ω) modes, can now be calculated as

S(Q, ω) = −ImDG‖=0(Q, ω). (16)

Up to this point, we derived the expressions for the self-standing q2D systems, but in-
cluding a dielectric substrate polarization is now straightforward. It is obtained simply by
replacing the bare Coulomb interaction (6) with the Coulomb interaction screened by the
substrate

v2D
G‖

(Q, z, z′) → ṽ2D
G‖

(Q, ω, z, z′) = v2D
G‖

(Q, z, z′) +
2π

|Q + G‖|
DS(ω)e−|Q+G‖ |(2h+z+z′), (17)

where the dielectric surface response function is

DS(ω) =
1− ǫS(ω)

1 + ǫS(ω)
.

This also means that the matrix (8) used in matrix Dyson Equation (7) should be
modified as

v2D
G1G2

(Q) → ṽ2D
G1G2

(Q, ω) =

v2D
G1G2

(Q) +
|Q+G‖1|

2π e−2|Q+G‖1|hDS(ω) FGz1(|Q + G‖1|)F∗Gz2
(|Q + G‖1|)δG‖1G‖2 .

(18)

2.2. Calculation of the 2D Dynamical Polarizability Function α(ω)

In the long-wavelength or optical limit (Q→ 0), the in-plane dielectric function of a
2D crystal can be approximated as

ǫ(Q, ω) = 1 + 2πQα(ω). (19)

The 2D polarizability α can be divided into intraband and interband contributions

α(ω) = αintra(ω) + αinter(ω), (20)

where
αintra/inter(ω) = iσintra/inter

µ (ω)/ω, (21)
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and µ = x or y. The intraband optical conductivity is [51]

σintra
µ (ω) = i

e2

m

nµ

ω + iηintra
, (22)

where the effective number of charge carriers is

nµ = − m

Se2 ∑
n

∑
K∈1.SBZ

∂ fnK

∂EnK

∣

∣

∣
j
µ
nK,nK

∣

∣

∣

2
. (23)

The interband optical conductivity is determined from the optical limit of the nonlocal
interband conductivity

σinter
µ (ω) = Lσinter

µ (ω, Q→ 0).

The nonlocal interband conductivity is [51]

σinter
µ (Q, ω) = − ih̄

Ω
∑

n 6=m
∑

K∈1.SBZ

∣

∣

∣
j
µ
nK,mK+Q

∣

∣

∣

2

EnK − EmK+Q

fnK − fmK+Q

h̄ω + iηinter + EnK − EmK+Q
, (24)

where the current vertices are

j
µ
nK,mK+Q =

∫

Ω
dre−iQ·r j

µ
nK,mK+Q(r), (25)

and the current produced by the transitions between the Bloch states φ∗nK → φmK+Q is
defined as

j
µ
nK,mK+Q(r) =

eh̄

2im

{

φ∗nK(r)∂µφmK+Q(r)− [∂µφ∗nK(r)]φmK+Q(r)
}

.

Figure 2 shows the interband contribution to the dynamical polarizability αinter(ω) in
the KC8 (black), CsC8 (orange) and doped graphene (red dashed). The graphene is doped
so that the Fermi level is 1eV above the Dirac point, which corresponds to the doping of
the π bands in the KC8 and CsC8. All three systems show qualitatively equal behavior; the
peak at about ω = 2 eV, indicating the onset for the π → π∗ interband transitions, and the
dip at ω ≈ 4 eV is a consequence of the high density of the π → π∗ interband transitions
at the M point of the Brillouin zone. Even though the π bands in all three systems are
almost equally doped, we can see a substantial difference in the KC8 and CsC8 statical
polarizabilities which are αinter(ω = 0) = 2.2 Å and αinter(ω = 0) = 3.05 Å, respectively.
This difference probably comes from the difference in the intensities of the C(π)→ A(σ)
interlayer (interband) excitations in the two systems. These excitations are manifested as
the peak at ω ≈ 0.25 eV for the CsC8, which does not exist for the KC8. Finally, we can see
that the agreement between the dynamical polarizabilities in the KC8 and the equivalently
doped graphene is almost perfect. As we shall demonstrate later, this small deviation in
the low-energy part of the dynamical polarizability is responsible for the disappearance
of the AP in the CsC8, but only if we take into account that these transitions represent a
perpendicular polarization.
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Figure 2. The interband contribution to the dynamical polarizability αinter(ω) for the KC8 (black),
CsC8 (orange) and doped graphene (red dashed). The graphene is doped so that the Fermi energy is
1eV above Dirac point, which corresponds to the doping of the π bands in the KC8 and CsC8.

2.3. Calculation of the Substrate Dielectric Function

We assume that the dielectric media is vacuum (i.e., ǫ0 = 1), and that the substrate is
aluminium oxide Al2O3 described by the macroscopic dielectric function ǫs(ω). To calculate
the ǫs(ω), we start from the 3D Fourier transform of the independent electron response
function

χ0
GG′(q, ω) =

2
Ω

∑
k∈1.BZ

∑
n,m

fn(k)− fm(k + q)

ω + iη + En(k)− Em(k + q)
ρnk,mk+q(G) ρ∗nk,mk+q(G

′), (26)

where k ∈ 1.BZ indicates that the summation is performed within the first Brillouin zone.
The charge vertices are defined as

ρnk,mk+q(G) =
∫

Ω
dr φ∗nk(r)e

−i(q+G)·rφmk+q(r), (27)

where k = (kx, ky, kz), q = (qx, qy, qz) and G = (Gx, Gy, Gz) are the 3D wave vector,
the transfer wave vector and the reciprocal lattice vector, respectively. The integration is
performed over the normalization volume Ω. We use the response matrix (26) to determine
the dielectric matrix as

EGG′(q, ω) = δGG′ −∑
G1

vGG1(q)χ
0
G1G′(q, ω), (28)

where the bare Coulomb interaction is vGG′(q) = 4π
|q+G|2 δGG′ . Finally, the macroscopic

dielectric function is determined by inverting the dielectric matrix

ǫs(ω) = ǫ1(ω) + iǫ2(ω) = 1/E−1
G=0G′=0(q ≈ 0, ω). (29)

2.4. Reduced Model

Analytical modeling of the energy loss spectra is achieved by representing each of
the systems, CsC8 and KC8, by a two-layer structure consisting of a single sheet of doped
graphene and an m2DEG, placed in vacuum at a distance d apart, as shown in Figure 3.
In the reduced model, the substrate is neglected, i.e., we assume ǫS(ω) = 1, and the energy
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loss function −ℑ{1/ǫ(Q, ω)} is then obtained from the effective 2D dielectric permittivity
for this two-layer structure, in the RPA given by [44,52]

ǫ(Q, ω) =
1
2

[

1 + coth(Qd)− 2vQχ0
g

]

− 1
2

cosech2(Qd)

1 + coth(Qd)− 2vQχ0
m

, (30)

where vQ = 2π/Q is the Coulomb interaction, while χ0
g(Q, ω) and χ0

m(Q, ω) are the
response functions of the noninteracting electrons in the graphene and the m2DEG layers,
respectively.

ε  (ω)s

z

xz=0

m2DEG

graphene

ε = 1

z=  h

z=  d

Figure 3. Schematic representation of the reduced model. The alkali atom layer is approximated by
‘massive’ 2D electron gas (parabolic σ band), and the graphene layer is described by the ‘massless’
Dirac fermion (MDF) approximation (conical π band).

For the doped graphene, we follow the method proposed by Gjerding et al. [53],
and write the response function as χ0

g(Q, ω) = χDirac(Q, ω)− αgQ2, where χDirac is the
response function given in Refs. [54,55], which describes both intraband and low-energy
interband electron transitions within the π electron bands approximated by the Dirac cones
with the Fermi energy EFπ , while αg is the phenomenological parameter providing the
correction due to the high-energy interband transitions. For the m2DEG, we similarly
write χ0

m(Q, ω) = χ2DEG(Q, ω)− αmQ2, where χ2DEG is the polarization function given
in Ref. [56], describing the intraband transitions in the 2DEG which occupies a single
parabolic energy band with the effective mass mσ and the Fermi energy EFσ, while αm is
a phenomenological parameter taking into account interband transitions in the m2DEG.
The expressions used for both response functions, χ0

g(Q, ω) and χ0
m(Q, ω), are formulated

for zero temperature, but they are corrected by the Mermin procedure to take into account a
finite damping parameter η in both graphene and m2DEG layers [53]. We use η = 40 meV
as in the ab initio calculations, as well as η = 65 meV to take into account the additional
smearing at room temperature.

We note that the relevant parameters for the KC8 (d = 2.92 Å, EFπ = 1.01 eV,
EFσ = 0.9 eV, mσ = 0.92) and CsC8 (d = 3.13 Å, EFπ = 1.03 eV, EFσ = 1.03 eV, mσ = 0.72)
are obtained from the electronic band structure calculation for these two systems, shown
in Figure 4a,b, respectively. The parameters α are obtained from the static limit (ω → 0)
of the ab initio results for the corresponding dynamic polarizability functions αinter(ω) in
the optical limit. In particular, the value αg ≈ 1.3 Å for high-energy interband transitions
is deduced from the data for the intrinsic graphene [53], and by adding the value for the
low-energy π → π∗ interband transitions, estimated from the Dirac model in the optical
limit at zero temperature [57] as

(

4πEFg

)−1 ≈ 1.15 Å, we obtain that the total contribution
of the interband transitions in the doped graphene is around 2.45 Å. This is close to the
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result αinter(ω = 0) = 2.2 Å shown in Figure 2 for the KC8, which indicates that αm ≈ 0
for that system. On the other hand, the result αinter(ω = 0) = 3.05 Å shown in Figure 2 for
CsC8 indicates that αm ≈ 0.6 Å for that system.
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Figure 4. The electronic band structure in (a) KC8 and in (b) CsC8. The magenta line denotes the
lowest unoccupied band (LUCB). The blue circles represent the parabolic fit E(K) = EFσ + h̄2K2

2mσ
of

the alkali atom σ band.

2.5. Computational Details

The KC8, CsC8 and graphene KS wave functions φnK and energies EnK are determined
using the plane-wave self-consistent field DFT code (PWSCF) within the QUANTUM
ESPRESSO (QE) package [58]. The core–electron interaction is approximated by the norm-
conserving pseudopotentials [59,60]. For the KC8 and CsC8, the exchange correlation (XC)
potential is approximated by the Perdew–Burke–Ernzerhof (PBE) generalized gradient
approximation (GGA) functional [61]. The ground state electronic densities are calculated
using the 8× 8× 1 Monkhorst–Pack K-mesh [62] and the plane-wave cut-off energy is 60Ry.
For both AC8 crystals, we used the hexagonal Bravais lattice, where a = 4.922 Å and the
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separation between the AC8 layers is L = 2.5a. The atomic and the unit cell relaxations
were performed until maximum force below 0.001 Ry/a.u. was obtained. After performing
the structural optimization, the obtained separations between the K and Cs layers and the
graphene layer are d = 2.92 Å and d = 3.13 Å respectively. The graphene XC potential is
approximated by the Perdew–Zunger (PZ) LDA [63]. The ground state electronic density
is determined using 21 × 21 × 1 K-point mesh, and for the plane-wave cut-off energy
we choose 50 Ry. For the graphene unit-cell constant we use the experimental value
ag = 2.45 Å [64], while for the superlattice unit-cell constant we take L = 5ag.

The AC8 response functions (1) and conductivities (22)–(25) are evaluated from the
wave functions ΦnK(r) and energies En(K) calculated for the 201× 201× 1 Monkhorst–
Pack K-point mesh. The band summation (n, m) is performed over 60 bands, the damping
parameters are η = ηintra = ηinter = 10 meV and the temperature is T = 25 meV. Due to
the large spatial dispersivity of the dielectric response in the perpendicular (z) direction,
the crystal local field effects are taken into account only in the z direction and neglected in
the x− y plane, i.e., we set the G‖ to zero. To calculate the matrix χGz ,G′z we set the energy
cut-off to 10Ry, which corresponds to a 23× 23 matrix. Graphene conductivity (22)–(25) is
calculated by performing the summation over 601× 601× 1 K-point mesh, the band sum-
mations (n, m) are performed over 20 bands, the damping parameters are ηintra = 10 meV
and ηinter = 25 meV and the temperature is T = 25 meV. The conductivity of the doped
graphene is calculated using the rigid band approximation, i.e., the occupation parameter
(the Fermi energy relative to the Dirac point) is adjusted a posteriori.

The ground state electronic density of the bulk Al2O3 is calculated using 9× 9× 3
K-mesh, the plane-wave cut-off energy is 50Ry and the Bravais lattice is hexagonal (12 Al
and 18 O atoms in the unit cell) with the lattice constants a = 4.76 Å and c = 12.99 Å.
The response function (26) of the Al2O3 is calculated using the 21× 21× 7 k-point mesh
and the band summations (n, m) are performed over 120 bands. The damping parameter
is η = 100 meV and the temperature is T = 10 meV. For the optically small wave vectors
q ≈ 0, the crystal local field effects are negligible, so the crystal local field effect cut-off
energy is set to zero. Using this approach, the Al2O3 dielectric function is estimated to be
ǫS(ω) ≈ ǫS(ω = 0) = 2.9 for ω < 2 eV, which is in good agreement with the experimental
value 3.4 [65]. However, in the calculations we used the full dynamical ǫS(ω).

3. Results and Discussion

Figure 4 shows (a) KC8 and (b) CsC8 band structures, respectively, along the high
symmetry Γ → K → M → Γ directions. The blue circles represent the parabolic fit
E(K) = EFσ + h̄2K2

2mσ
for the alkali atom σ bands. In both figures, we can see that the

graphene π band and the alkali atom σ band are significantly doped by the electrons, so
the Fermi level is around 1eV above the Dirac point and the σ band bottom. It is also
evident that the σ bands behave almost as an ideal 2D free electron gas. They are parabolic
(described by effective masses mσ = 0.916 and mσ = 0.72, respectively) up to the Fermi
energy, especially in Figure 4a where the σ band is parabolic almost through the entire
Brillouin zone. Finally, the most important feature is the obvious similarity between the
two band structures, which both fulfill conditions for the occurrence of the AP (two bands
of different effective masses crossing the Fermi energy) [22,41]. However, as we shall see,
the spectra of the low-energy electronic excitations in these two systems are quite different.
In both systems, we can identify the lowest band that remains above the Fermi lever for all
wave-vectors, and we call it the lowest unoccupied band (LUCB), even though for some
wave-vectors there is another unoccupied band below that one, since this one turns out to
be of particular importance, as explained below.

Figure 5 shows the intensities of the electronic excitations in the (a) KC8 and (b) CsC8
deposited on the dielectric Al2O3 surface. Since the graphene π bands are abundantly
doped by the electrons, both systems support a strong DP. However, although the occu-
pancies of both π bands are almost identical (EFπ = 1.01 eV for the KC8 and 1.03 eV for
the CsC8), the intensities of the DP are quite different. We can see that the DP in the CsC8
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is broader and much more efficiently damped by the interband π → π∗ electron hole
excitations than the DP in the KC8. Moreover, we can see that the DP in the KC8 is very
sharp and it extends deep into the interband π → π∗ continuum while the DP in the CsC8
decays immediately upon entering the interband π → π∗ continuum. The most interesting
difference between the two systems is that, even though the occupancies of their σ bands
are very similar (EFσ = 0.9 eV in the KC8 and 1.03 eV in the CsC8), the KC8 does support
the AP while the CsC8 does not. Moreover, we can see that the π plasmon (denoted by the
blue symbol π) in the KC8 is well defined, and it appears to be a very intensive optically
active plasmon (its intensity does not vanish for Q→ 0), while the π plasmon in the CsC8
is less intensive, more diffuse and not in optically active mode. It is very interesting that
these two very similar band structures lead to very different excitation spectra.

To demonstrate that these effects are not driven by the dielectric substrate, in Figure 5
we also show the intensities of the electronic excitations in the self-standing (c) KC8 and
(d) CsC8. The magenta dots in Figure 5a,b denote the DP and AP dispersion relations in
the self-standing samples, for comparison. It is worth noting that the insulator surface
does not change the qualitative behavior of the electronic modes. The only quantitative
differences are: the dielectric screening slightly reduces the DP energy and slightly reduces
the intensities of the AP and π plasmons. However, the AP in the KC8 is still clearly visible.
Since the substrate does not affect the qualitative behavior of the excitation spectra, it will
be omitted from further consideration. Therefore, the fact that one system does and the
other does not support the AP, even though the bands crossing the Fermi energy in the
two systems are almost identical, suggests that the mechanism responsible for this AP
instability is probably in the screening coming from the interband excitations beyond the
Fermi energy.

Figure 5. The ab initio spectra of the electronic excitations S(Q, ω) in the (a) KC8 and (b) CsC8

deposited on dielectric Al2O3 surface with h = 5.92 Å and h = 6.13 Å respectively (i.e., the separation
between the dielectric surface and the alkali atom layer is chosen to be 3 Å ). The ab initio spectra
of the electronic excitations in the self-standing (c) KC8 and (d) CsC8. The magenta dots in (a,b)
denote the DP and AP dispersion relations in the self-standing samples, i.e., the DP and AP in (c,d).
The energy loss function −ℑ{1/ǫ(Q, ω)} in the self-standing (e) KC8 and (f) CsC8 was obtained
using the reduced model.
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To investigate this mechanism, we take advantage of the reduced model which clearly
distinguishes between the different interband contributions to the dynamical response in
the two systems. As discussed in Section 2.4, the statical polarizabilities due to the high-
energy interband excitations in the metallic subsystem (characterized by the parameter αm)
are αm ≈ 0 in the KC8 and 0.6 in the CsC8. This difference suggests that this polarization
mechanism may be responsible for suppressing the AP. Figure 5e,f show the energy loss
function −ℑ{1/ǫ(Q, ω)} in the self-standing KC8 and CsC8, respectively, obtained using
the reduced model. We can see that the agreement between the ab initio and the reduced
model intensities for the KC8 for ω < 3 eV and Q < 0.14 a.u. is almost perfect. Beyond these
values, the plasmons in the reduced model appear at higher energies, which is reasonable
since the reduced model neglects the dynamical effects of the high-energy interband
transitions. For example, one can notice the absence of the π plasmon in the reduced
model. In the case of the CsC8, the agreement is no longer so good, and the most important
difference is that the reduced model (at this level of approximation) is obviously not able
to reproduce the disappearance of the AP. The stronger metallic interband screening in
the CsC8 is still not sufficient to suppress the AP. Moreover, even the implementation of
the ab initio dynamic polarizability αinter(ω) in the reduced model (taking into account
that the low-energy interband excitations in the χDirac and χ2DEG need to be extracted)
fails to cause the disappearance of the AP. This means that the mechanism of the AP
disappearance is more complex and obviously the explanation requires more accurate
treatment of the spatial dispersivity of the interband dynamical response, beyond the 2D
model. Therefore, we shall again exploit the ab initio method, which incorporates the
effects of the local crystal field (the spatial dispersivity of the dynamical response in the
z direction), where the interband screening will be modified by changing the number of
valence bands participating in the interband screening.

Resolving the Mechanism of the AP Instability

To explore how the screening coming from the interband excitations beyond the Fermi
energy influences the AP, we omit one or more unoccupied bands from the calculation,
to determine exactly how each band influences the excitation spectra. As we can see
from the band structures shown in Figure 4a,b, in both systems, CsC8 and KC8, there is
one band crossing the Fermi level, i.e., for some wave-vectors that band is the highest
occupied valence band (HOVB), while for other wave-vectors that same band is the lowest
unoccupied band. Therefore, to avoid confusion, we use the expression lowest unoccupied
band for the next one, i.e., the first band above the Fermi level at the Γ point (magenta line
in Figure 4a,b), since that one remains above the Fermi level for all wave-vectors. That
particular band is the one that has to be omitted from the calculation to achieve a qualitative
difference with respect to the complete calculation (the one taking into account all bands).
However, the difference becomes much more significant if we omit more bands. To keep
track of the bands omitted from the calculation, we introduce the integer n which denotes
the number of omitted bands. For example, n = 0 denotes that no bands are omitted, n = 1
denotes that only the lowest unoccupied band is omitted, n = 2 denotes that the first two
unoccupied bands are omitted, etc.

Figure 6a,b show how the AP peak changes as we omit the unoccupied bands from the
calculation, for Q = 0.1 a.u. and for the CsC8 and KC8, respectively. The thick black lines
show the actual spectra, i.e., the ones obtained without omitting any bands (n = 0), and we
can see that for the selected wave-vector the AP in the KC8 is clearly present (though not
very strong), while in the CsC8 it does not exist. On the other hand, the red line shows that
the AP peak exists in both systems if we omit the LUCB from the calculation (n = 1). In the
CsC8, that peak is very weak but it exists, while in the KC8 it is, surprisingly, lower than
the actual (n = 0) peak. The other lines show that the intensity of the peak increases as we
omit more and more bands, in both systems, and it is the strongest when all the unoccupied
bands are omitted (n = ∞). The same can be seen in Figure 6c, which shows how the
intensity of the peak changes with n. It is important to point out that we also attempted
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to keep the lowest unoccupied band in the calculation while omitting any number of
the other unoccupied bands, above that one, and that did not lead to the occurrence of
the AP in the CsC8. This means that omitting the lowest unoccupied band (n = 1) is
crucial for the occurrence of the AP, while omitting the higher bands as well (n > 1) only
enhances its intensity. This leads to the conclusion that the mechanism responsible for the
disappearance of the AP in the CsC8 is the small difference in the ‘out-of-plane’ polarization
coming from the interband (interlayer) transitions between the graphene π band and the
lowest unoccupied alkali atom σ band (denoted by red arrows in Figure 4). This difference
is also manifested as the small peak at ω ≈ 0.25 eV in the CsC8 dynamical polarizability
αinter(ω) shown in Figure 2, which is missing for the KC8. However, even if we include this
difference in the dynamical polarizability in the reduced model, that still fails to reproduce
the disappearance of the AP. This is because the reduced model is inherently a 2D model,
i.e., it allows only the ‘in-plane’ polarization, while the π → σ transitions induce the
‘out-of-plane’ polarization.
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Figure 6. AP peak for Q = 0.1a.u. when various numbers of the unoccupied bands are omitted from
the calculation (n) for the (a) CsC8 and (b) KC8. (c) Intensity of the AP peak as a function of n for the
CsC8 (black line) and KC8 (red line).

Another interesting point is that the difference in the intensities of the π → σ transi-
tions is obviously correlated with the strength of the hybridization of the π and σ bands
at the crossing point. We can see that the π and σ bands in the KC8 intersect without any
distortion while in the CsC8 we notice a significant avoided crossing. In other words, the π
and σ in the CsC8 hybridize significantly while this is not the case in the KC8. This leads to
one very unusual conclusion; the intensity of the AP, which was to date believed to be a
consequence of various long-range screening mechanisms, can be significantly affected by
the short-range electronic correlations occurring between the atomic orbitals (i.e., by the
chemical bonding between the alkaline atoms and graphene).
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4. Conclusions

We analyzed the origin of AP instability in graphene doped by alkali metals on two
prototype systems, KC8 and CsC8. Even though the band structures of these systems
are almost identical, we proved that the hybridization between the C(π) and the K(σ)
or Cs(σ) bands at the crossing point causes a significant modification of the dynamic
polarizability in the perpendicular direction, which has a substantial influence on the low-
energy excitation spectra in these systems. We demonstrated that the net perpendicular
screening in the CsC8 causes the disappearance of the AP and significant weakening of
the DP. We also demonstrated that the electronic screening coming from the high-energy
interband transitions (beyond the HOVB–LUCB interval) significantly reduces the intensity
of the AP in both systems, KC8 and CsC8. This illustrates the importance of the nature of
the chemical bonding between the alkaline atoms and graphene, as well as the importance
of perpendicular dispersivity of the dynamical response in theoretical simulations of
technologically interesting low-energy plasmons in chemically doped graphenes.
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Abstract: Nitrogen doping and amino group functionalization through chemical modification lead
to strong electron donation. Applying these processes to a large π-conjugated system of graphene
quantum dot (GQD)-based materials as electron donors increases the charge transfer efficiency
of nitrogen-doped amino acid-functionalized GQDs (amino-N-GQDs), resulting in enhanced two-
photon absorption, post-two-photon excitation (TPE) stability, TPE cross-sections, and two-photon
luminescence through the radiative pathway when the lifetime decreases and the quantum yield
increases. Additionally, it leads to the generation of reactive oxygen species through two-photon
photodynamic therapy (PDT). The sorted amino-N-GQDs prepared in this study exhibited excitation-
wavelength-independent two-photon luminescence in the near-infrared region through TPE in
the near-infrared-II region. The increase in size resulted in size-dependent photochemical and
electrochemical efficacy, increased photoluminescence quantum yield, and efficient two-photon PDT.
Therefore, the sorted amino-N-GQDs can be applicable as two-photon contrast probes to track and
localize analytes in in-depth two-photon imaging executed in a biological environment along with
two-photon PDT to eliminate infectious or multidrug-resistant microbes.

Keywords: sorted-graphene quantum dot; excitation-wavelength-independent photoluminescence;
two-photon photoinactivation; near-infrared-II two-photon bioimaging; multi-drug resistant microbe

1. Introduction

Graphene quantum dot (GQD)-based materials with π–π configurations and surface
groups have a high surface area, large diameter, and excellent surface grafting. These
materials may cause intrinsic–state and defect-state emission to achieve photoluminescence
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(PL). Intrinsic–state emission is induced by the quantum size effect, zigzag edge sites, or the
recombination of localized electron–hole pairs; by contrast, defect-state emission originates
from defect effects (energy traps) [1,2]. The PL emission of a material determines its
suitability for imaging and photochemistry [3]. GQDs can be bonded with nitrogen atoms
(N-GQDs) to alter their chemical composition and modulate their band gap, enhancing
their photochemical properties and facilitating the fabrication of tunable luminescence
in bioimaging and photodynamic (or photoinactivation) applications [4,5]. In addition,
primary amine molecules (also known as amino group–functionalized molecules) can be
chemically modified to cause strong electron donation and significantly alter the electronic
properties of nitrogen–doped amino acid–functionalized GQD (amino-N-GQD) materials,
increasing electrochemical and photochemical activities [6].

Combining multiphoton and near-infrared (NIR) excitation is an effective approach
for investigating photoexcitation. This approach involves less absorption and a shorter
photoexcitation period than other types of excitation. Moreover, this approach involves
ultra-low energy consumption. These attributes enable the deep penetration of biological
specimens and effective observation [7]. This study used a novel inverted optical mi-
croscopy system with a femtosecond Ti-sapphire laser with a repetition rate of 80 MHz and
optical parametric oscillators (Mai Tai Spectra-Physics, Santa Clara, CA, USA; Scheme S1).
The derived amino-N-GQDs with quantum confinement in the sp2 domain and intrinsic–
state and defect–state emissions can cause an excitation wavelength–dependent PL phe-
nomenon. Therefore, the amino-N-GQDs were sieved through membranes with pores
of various sizes to ensure that they exhibited homogeneous atom doping functionalities,
which enabled the investigation of electronic and intrinsic properties related to optical
behavior under quantum confinement effects [8,9]. This phenomenon results in excitation
wavelength-independent two-photon luminescence (EWI-TPL) emission at a two-photon
excitation (TPE) wavelength of 960 nm in the NIR-II region [7,10]. X-ray photoelectron spec-
troscopy (XPS) revealed the enlargement of the sorted amino-N-GQDs, which increased
the number of C–N groups and pyridinic-, amino-, and pyrrolic-N functionalities. This
increase could induce a radiative recombination of localized electron-hole pairs, resulting
in significant two-photon properties, including favorable two-photon absorption (TPA),
high TPL emission, excellent absolute TPE cross-sections, a short lifetime, a high ratio of
radiative to nonradiative decay rates, and high post-TPE stability. In addition, the mean
lateral size increased, which resulted in a high PL quantum yield (QY) and high efficiency
in photodynamic therapy (PDT, or photoinactivation) under TPE [excitation wavelength
(Ex): 960 nm; ultralow energy: 222.7 nJ pixel−1; photoexcitation period: 100–170 scans; total
effective exposure time: 0.65–1.11 s]. The results indicated that the sorted amino-N-GQDs
are promising as two-photon contrast probes for tracking and localizing analytes in detail
in two-photon imaging (TPI) of a biological environment in two-photon PDT; they can be
used to eliminate infectious microbes effectively.

2. Results

Amino-N-GQDs were synthesized from graphene oxide sheets through ultrasonic shear-
ing according to the modified Hummers’ method (Figure S1, Table S1, and Scheme S2a) [11].
XPS indicated that the as-prepared amino-N-GQDs with homogeneous O and N distrib-
utors exhibiting high crystallinity and uniformity were sieved through membranes with
pores of various sizes (Figures S2a–d, S3 and S4). Low-magnification and high-resolution
transmission electron microscopy (HR-TEM; inset images in Figure S2a–d) were used to
characterize the amino-N-GQDs. The mean lateral sizes of the sorted dots were set to
9.1 ± 0.2 nm (amino-N-GQD 9.1), 9.9 ± 0.2 nm (amino-N-GQD 9.9), 11.1 ± 0.3 nm (amino-
N-GQD 11.1), and 12.0 ± 0.3 nm (amino-N-GQD 12.0). Further characterization results
indicated that the sorted amino-N-GQDs were successfully prepared (Figures S3–S5).

Zigzag edge sites, localized electron–hole pairs, and quantum effects have been used
to induce intrinsic-state emission in GQD-based materials; however, defect effects (en-
ergy traps) have been used to trigger defect-state emission [2,6,7]. To demonstrate such
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effects, Figure 1a displays the sorted amino-N-GQD dispersions, various levels of PL emis-
sion (gray-level images), dots with slight variations in size, and wavelengths at 630 nm
encompassing the NIR-I window. The x–y focal point and z-axis resolution (full width
at half maximum, FWHM) of the laser system were set to approximately 0.45 and 0.90
µm, respectively (Figure 1b). Satisfactory TPA in the NIR-II window was measured in
subsequent experiments using the custom femtosecond Ti-sapphire laser optical system
displayed in Scheme S1 (for details on the system, please refer to the Materials and Meth-
ods section), with an extension of approximately 960 nm (Figure 1c). Applying the most
effective excitation wavelength can significantly enhance the two-photon properties of
the materials used for bioimaging with TPEs [12]. Figure 2a shows the TPL spectra of
the increase in the size of the sorted amino-N-GQDs, indicating red-shifted peaks of
amino-N-GQD 9.1, amino-N-GQD 9.9, amino-N-GQD 11.1, and amino-N-GQD 12.0 at
approximately 719, 772, 810, and 862 nm, respectively, in the NIR region under TPE (power:
222.7 nJ pixel−1; scans: 20 or 170; total effective exposure time: approximately 0.13 or 1.11 s;
Ex: 960 nm). The emission peaks determined via PL spectrophotometry for amino-N-GQD
9.1, amino-N-GQD 9.9, amino-N-GQD 11.1, and amino-N-GQD 12.0 were observed at
approximately 719, 772, 810, and 862 nm, respectively, and they exhibited EWI-PL features
(Figure S6). XPS revealed that the electron redistribution increased as the number of car-
bonyl groups increased (Figure S3), which decreased the energy gaps, resulting in TPL red
shifts [13]. The quadratic dependence of the TPL increases with TPE power during this pro-
cess [14]. Figure 2b demonstrates the existence of a two-photon process with an exponent of
2.00± 0.02 for sorted dots and conventional fluorophore (e.g., rhodamine B and fluorescein;
Figure 2b).

μ

−

Figure 1. (a) Photographs of materials without and with 630 nm (gray-level) light excitation.
(b) z-axis scan of thin gold film for measuring the second harmonic generation signal at various
positions. The laser system’s z-axis resolution (full width at half maximum, FWHM) was 0.90 µm (fit
using the Gaussian function). (c) Relative TPA spectra of the sorted amino-N-GQDs. TPE signals
were obtained at 900–1000 nm and at 127.3 nJ pixel−1. Delivered dose: 0.75 µg mL−1 material.
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Figure 2. (a) Relative TPL spectra of materials at a TPE power of 222.7 nJ pixel−1 [20 and 170 scans
(total effective exposure times: ~0.13 and 1.11 s), respectively; cut off = 900 nm, determined using
cascading filters]. (b) TPL intensity dependence on the excitation power (logarithm) of materials
and fluorophores; the slope is approximately 2.00 ± 0.02. TPE power = 1272.8–5091.2 nJ pixel−1;
R2 > 0.999. (c) Two-photon stability of the amino-N-GQDs, rhodamine B, and fluorescein at a TPE
power of 222.7 nJ pixel−1 with 20, 100, and 170 scans. The normalized integrated area was calculated
by dividing the emission intensities of the integrated area after photoexcitation by those of the
newly prepared material without photoexcitation. Delivered dose: 0.75 µg mL−1 material. Data are
presented as means ± standard deviations (n = 6).

The sorted amino-N-GQDs with homogeneous O and N functionalities can be used to
investigate the intrinsic electronic properties related to optical behavior with quantum con-
finement, leading to EWI-TPL under TPE. The sorted amino-N-GQDs exhibited two-photon
stability, which could be attributed to the limited photobleaching due to the post-TPE TPL
intensity of the dots (Figure 2c). Rhodamine B and fluorescein’s fluorescence demonstrated
low robustness against photobleaching upon TPE exposure (power: 222.7 nJ pixel−1; scans:
20, 100, or 170; total effective exposure time: approximately 0.13, 0.65, or 1.11 s). Ultraviolet
photoelectron spectroscopy revealed n–state levels that were maintained at approximately
the same energetic positions (6.6–6.8 eV; Figure S7), regardless of the size determined
through TEM and Raman spectroscopy (Figures S2 and S5), confirming the highest occu-
pied orbital level of the sorted dots. The quantum confinement resulting from the particle
size regulates the wavelengths of radiative transitions. The EWI-TPL emissions from the
sorted amino-N-GQDs indicate the absence of trap states between the n-state and π* energy
levels. A change in particle size did not cause any disturbance at the n-state level. The
EWI-TPL of the sorted dots could be attributed to π*→n recombination, which triggers
electron transition and phonon scattering. Measurements revealed that the absolute flu-
orescence QY [15] of the materials ranged from 0.39 (for amino-N-GQD 9.1) to 0.48 (for
amino-N-GQD 12.0); these values are higher compared to those documented in other
studies [16,17]. Desirable yields were achieved because of the electron-donating species
in the sorted amino-N-GQD structure. XPS revealed that many C–N configurations func-
tioned as electron-donating species and increased the material QY through the inhibition of
nonradiative transitions (Figure S3). However, the low QY was because of the large number
of electron-withdrawing carbonyl functional groups acting as non-radiative trap centers
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(Figure S3). Characterization of the sorted amino-N-GQDs revealed that the successfully
prepared GQDs exhibit EWI-TPL characteristics. However, a large cross-section is typically
preferred for monitoring molecular actions. The sorted amino-N-GQDs exhibited a large
absolute TPE cross-section, ranging from 55,946 to 60,728 Goeppert-Mayer (GM) units
(1 GM = 10−50 cm4 s photon−1), which was more than 2900 times the magnitude of flu-
orescein (~19.2 GM; Table 1). The absolute TPE cross-sections of the amino-N-GQD 9.1,
amino-N-GQD 9.9, amino-N-GQD11.1, and amino-N-GQD12.0 were approximately 55,946,
57,332, 59,051, and 60,728 GM, respectively (Table 2; for detailed calculations, please refer
to the Materials and Methods section). This difference indicates a high ratio of energy
absorption to energy input in the biospecimens. This phenomenon is highly favorable for
TPI [18]. Moreover, the TPI emissions of the sorted dots (Figure 3a–d) occurred on a surface
through the two-photon process, as shown in Figure 2b (power: 222.7 nJ pixel−1; scans:
20; total effective illumination: ~0.13 s; Ex: 960 nm; scan rate: 6.53 ms scan−1; scan area:
200 × 200 µm2; for details regarding the calculation, see the Materials and Methods).

Table 1. TPE cross-section of materials at an excitation wavelength of 960 nm. Delivered dose:
0.75 µg mL−1 material.

Reference Integrated Emission Intensity (Counts) Action Cross-Section (ησ)

Rhodamine B a 53.9 13.4

Analyte Integrated Emission Intensity (Counts) Absolute Quantum Yield (η) Absolute Cross-Section (σ)

amino-N-GQD 9.1 87,754 0.39 55,946
amino-N-GQD 9.9 94,550 0.41 57,332

amino-N-GQD 11.1 106,887 0.45 59,051
amino-N-GQD 12.0 117,250 0.48 60,728

Fluorescein 61.1 0.79 b 19.2
a Rhodamine B was selected as a reference to determine the TPE cross-section. The relevant calculations are
shown in the Materials and Methods section; b Forster, L.S.; Livingston, R. The absolute quantum yields of the
fluorescence of chlorophyll solutions. J. Chem. Phys. 1952, 20, 1315–1320.

Table 2. Two-photon properties of the sorted amino-N-GQDs. Delivered dose: 0.75 µg mL−1 material.

Absolute QY
Absolute Cross

Section of TPE (GM)
Lifetime (ns)

Radiative Decay
Rate (×108 s−1)

Nonradiative
Decay Rate
(×108 s−1)

Ratio of
Radiative to

Nonradiative
Decay Rates

amino-N-GQD 9.1 0.39 55,946 1.13 3.45 5.40 0.64
amino-N-GQD 9.9 0.41 57,332 1.09 5.41 5.30 0.69

amino-N-GQD 11.1 0.45 59,051 1.04 4.33 5.29 0.82
amino-N-GQD 12.0 0.48 60,728 0.93 5.16 5.59 0.92

Because the inverted optical microscopy system was not suitable for investigating
in vivo assay processes, the biological environment was mimicked by embedding an
Escherichia coli (E. coli; 3.98± 1.37 µm in length and 0.98± 0.34 µm in width, calculated from
400 counts of bacteria) strain in a collagen matrix [19]. The TPI action occurred at a specimen
depth of 180 µm under TPE (power: 222.7 nJ pixel−1; scans: 20; total effective illumination:
~0.13 s; Ex: 960 nm; Figure 3e,f). Bacteria were observed under TEM (Figure 4a), but
they were undetectable in the TPL images (Figure 3(e-1)), similar to the collagen matrix
(Figure 3(e-2)). Lipopolysaccharides (LPSs) are major components of the outer membrane
of E. coli. The physiologically stable and biocompatible sorted-amino-N-GQDs (Table S2
and Figure S8; a selected concentration of 0.75 µg mL−1 material was used in sequential
experiments conducted in the dark) were coated with anti-LPS antibody (AbLPS) through
electrostatic interaction to increase efficiency and specificity (Scheme S2b). This resulted in
the absorption of a substantial amount of sorted dot–AbLPS on the surface of the bacteria.
No exceptional morphology (Figure 4b) was observed on the surface of the bacteria. In
contrast, when the GQD size was increased using amino-N-GQD 9.1, amino-N-GQD
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9.9, amino-N-GQD11.1, and amino-N-GQD12.0, a high fluorescence QY and large cross-
section was detected in the TPL images (Figure 3f). However, the bacteria treated with the
photoexcited material–AbLPS hybrid were severely damaged when the power was increased
to 222.7 nJ pixel−1 with 100 or 170 scans (with a total effective illumination of ~0.65 or
1.11 s), which resulted in abnormal morphology, as observed through TEM (Figure 4c,d).
TPL decreased after 100 scans (Figure 3g) and was undetectable after 170 scans (Figure 3h)
at a depth of 180 µm. For unlabeled bacteria, two-photon autofluorescence (TPAF) was
not observed for the intrinsic fluorophores under TPE at the same power (Figure 3i). By
contrast, TEM images revealed limited attachment and nonspecific binding for the surface
of the E. coli strain (without antibody coating) treated with the sorted dots (power: 222.7
nJ pixel−1; scans: 20; Ex: 960 nm; Figure 4e). Subsequently, TPI revealed almost no TPL
emission at 180 µm (Figure 3j). Therefore, the E. coli strain treated with the photoexcited
sorted dots exhibited a normal morphology even after photoexcitation (power: 222.7 nJ
pixel−1; scans: 170; Ex: 960 nm; Figure 4f). Under the same conditions, a clear TPI without
TPL emission was observed for bacteria without the antibody-coated materials (Figure 3k).
However, the images captured at a depth of >180 µm contained spherical aberrations,
which severely degraded the image quality. Such aberrations were caused by the mismatch
between the refractive indices of the aqueous sample and the maximum z-depth of the
optical laser system, as well as the influence of the set objective, detection efficiency, and
maximum z-depth of the optical laser system [20]. Therefore, TPI was not detected at a
depth of 200 µm for all the sorted dots (Figure S9). In this study, the maximum z-depth
for the detection of TPL emission with the laser optical system was 180 µm. This can be
attributed to the detection efficiency and set objective, which was set to the depth to obtain
the optimal resolution for examining the amino-N-GQDs used as two-photon contrast
probes, particularly the sorted amino-N-GQDs with a large lateral size.

The changes in bacterial cell walls and oxidation were examined. The deterioration
of the surrounding biological surface substrates was attributed to the reactive oxygen
species (ROS) observed through PDT under TPE. These changes could cause bacterial
atrophy, morphological damage, and distortion (Figure 4c,d) because of amino-N-GQD
desorption from the bacterial surface (Figure 3g,h). The LIVE/DEAD kit was used to
investigate the green fluorescence of the living bacteria and an additional incubation time
of 3 h was necessary to induce PDT action effectively, leading to the elimination of bacteria
(amino-N-GQD 12.0 was used to conduct this experiment; viability > 99%; Figure S10a).
The results indicated that the bacteria were almost completely undamaged by exposure to
laser treatment (power: 222.7 nJ pixel−1; scans: 170; total effective illumination: ~1.11 s;
Ex: 960 nm). The bacteria treated with the photoexcited amino-N-GQD 12.0–AbLPS hybrid
without incubation were also nearly undamaged (viability > 99%; Figure S10b). After 3 h of
additional incubation, the same panel was observed, and the results indicated that the dead
bacteria were somewhat distinguishable (represented by red fluorescence in Figure S10c).
Bacterial viability was then quantified for further antimicrobial testing, which revealed
nearly complete elimination of the bacteria treated with the amino-N-GQD 12.0–AbLPS
hybrid (elimination > 99%; Figure S10d, corresponding to Figures 3h and 4d) and the strong
antibacterial effect of the amino-N-GQDs in PDT. Thus, no other photochemical activity
(e.g., photothermal effect) was observed after photoexcitation. In addition, the bacteria not
treated with the antibody–coated materials exhibited almost no antimicrobial effect under
similar conditions (Figure S10e–h, corresponding to Figures 3k and 4f).
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Figure 3. TPL images (gray-level) of the (a) amino-N-GQD 9.1, (b) amino-N-GQD 9.9, (c) amino-N-
GQD 11.1, and (d) amino-N-GQD 12.0 at a TPE power of 222.7 nJ pixel−1 with 20 scans. (e-1) E. coli

alone, (e-2) collagen matrix alone and bacteria subjected to sorted amino-N-GQD–AbLPS treatment at
a 180 µm depth (222.7 nJ pixel−1) with (f) 20 scans and (g) 100 scans through TPE. (h) Images acquired
after an additional 170 scans. (i) TPAF image of the unlabeled bacteria. TPL images of bacteria treated
without the antibody-coated materials with (j) 20 scans and (k) 170 scans through photoexcitation
under the same conditions. All images were acquired after 3 h of additional incubation to make the
PDT action effectively. TPE wavelength: 960 nm. Delivered dose (OD600): approximately 0.05 of
E. coli or 0.75 µg mL−1 material–AbLPS.
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Figure 4. TEM images of the (a) bare E. coli (with 20 scans), (b–d) sorted amino-N-GQD–AbLPS-
treated E. coli (with 20, 100, and 170 scans), and (e,f) sorted amino-N-GQD-treated E. coli (with 20 and
170 scans) under TPE (222.7 nJ pixel−1). All images were acquired after 3 h of additional incubation.
TPE wavelength: 960 nm. Delivered dose (OD600): approximately 0.05 of E. coli or 0.75 µg mL−1

material–AbLPS.

ROS plays a crucial role in PDT by enabling the detection of superoxide anion radicals
(O2
−), hydrogen peroxide (H2O2), and singlet oxygen (1O2). In PDT, ROS are formed when

molecular oxygen reacts with a photoexcited photosensitizer (PS) exposed to a suitable
wavelength of light and energy. Photosensitized reactions involving oxygen are categorized
as type I or II. A light-sensitized (excited) PS can directly react with a suitable substrate
(unsaturated lipids, proteins, or nucleic acids) to produce unstable radicals through proton
or electron transfer (type I reaction), leading to oxygenated products in the presence of
oxygen, such as O2

−, hydrogen peroxide (H2O2), or hydroxyl radicals (OH). Subsequently,
it reacts with molecular oxygen to form 1O2 through energy transfer (type II reaction). ROS
can induce DNA damage, inactivate enzymes, and oxidize amino acids, causing bacterial
injury. However, a considerable amount of 1O2, O2

−, and H2O2 was generated, and false-
positive ROS signals were observed, which could be due to interactions among the sorted
amino-N-GQDs, singlet oxygen sensor green (SOSG), trans-1-(2′-methoxyvinyl)pyrene
(t-MVP), 2,3-bis (2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide (XTT),
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glutathione (GSH), and 2,7-dichlorodihydrofluorescein diacetate (H2DCFDA), which might
compromise the results (Tables S3 and S4). The ROS generated by the bacteria treated
with the sorted amino-N-GQD–Ab were monitored (Tables S5 and S6), and their signals
were consistent with the 1O2 phosphorescence signals emitted at 1270 nm from the sorted
amino-N-GQDs (Figure 5a). The material without antibody coating (Tables S7 and S8)
generated less ROS than the AbLPS–coated material. Furthermore, 1O2 QY (Φ∆) values for
amino-N-GQD 9.1, amino-N-GQD 9.9, amino-N-GQD 11.1, and amino-N-GQD 12.0 [21]
were approximately 0.26, 0.28, 0.31, and 0.34, respectively. This study demonstrates the
antimicrobial potential of the developed materials against E. coli in PDT. The bactericidal
capability of the dots was investigated at a low dose of 0.75 µg mL−1 in the dark (TPE
energy: 222.7 nJ pixel−1; scans: 20; Ex: 960 nm). No significant difference in viability was
observed between the panels (Figure S11a,b, corresponding to Figures 3f and 4b, respec-
tively). After 100 scans, TPE still exhibited no bactericidal effect on the bacteria alone, and
without TPE, the material in the panel exhibited considerable biocompatibility with the
bacteria treated with the sorted dot–Ab hybrid (Figure S11c,d). However, under TPE, the
sorted amino-N-GQDs exhibited excellent bactericidal capability (~89%, 93%, 98%, and
100% elimination for amino-N-GQD 9.1–AbLPS, amino-N-GQD 9.9–AbLPS, amino-N-GQD
11.1–AbLPS, and amino-N-GQD 12.0–AbLPS, respectively, amounting to an approximate
0.90–7.82 log10 reduction; Figure S10c,d, corresponding to Figures 3g and 4c). In contrast,
the observed bacterial viability was higher for the materials without antibody coating
(>98% viability) compared to the materials with the coating (Figure S11c,d). Although
antimicrobial capabilities were still not apparent (~6%, 8%, 9%, and 11% elimination for
amino-N-GQD 9.1, amino-N-GQD 9.9, amino-N-GQD 11.1, and amino-N-GQD 12.0 with-
out the coating antibody, respectively), the sorted dots exhibited 100% antimicrobial efficacy
against all E. coli strains treated with the sorted dot–AbLPS hybrid under TPE at 170 scans
(Figure S11e,f, corresponding to Figures 3h and 4d). The surface protein, protein A, on the
cell wall of a multidrug-resistant (MDR) strain of gram-positive methicillin-resistant Staphy-
lococcus aureus (MRSA) was considered. Thus, the material was coated with Abprotein A to
form a material–Abprotein A hybrid that eliminated MRSA (Figures S12 and S13), demon-
strating a trend similar to that shown in Figure S11. These results were attributed to the
sorted amino-N-GQDs functioning as a two-photon PS to generate ROS involved in PDT.
These results also demonstrated the effectiveness of the antibody coating in enhancing the
functions of the materials. Additionally, the trend of ROS generation in MRSA treated with
the sorted dot–Abprotein A hybrid (Tables S9–S12) under TPE was similar to that of ROS
generation in E. coli treated with the material–AbLPS hybrid (Tables S3–S8).

 

μ −

π

π

Figure 5. (a) Phosphorescence spectra of the sorted amino-N-GQDs (obtained at 1270 nm). (b) Decay
profiles of the time-resolved room-temperature TPL material. Delivered dose: 0.75 µg mL−1 material.
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Amino-N-GQDs exhibited remarkable quantum confinement, and their edge effects
could be altered to increase their electrochemical, electrocatalytic, and photochemical
activities [6,9]. Strong electron donation and large π-conjugated systems increased the
charge transfer efficiency of the amino-N-GQDs [22], which resulted in favorable TPA,
post-TPE stability, TPE cross-sections, and TPL. Additionally, they increased the ratio of
radiative to non-radiative decay rates (amino-N-GQD 9.1: 0.64; amino-N-GQD 9.9: 0.69;
amino-N-GQD 11.1: 0.82; and amino-N-GQD 12.0: 0.92; please refer to the Materials and
Methods section for the calculation; Table 2). The results indicated that the material passed
mainly through the radiative pathway as the fluorescence QY increased (amino-N-GQD
9.1: 0.39; amino-N-GQD 9.9: 0.41; amino-N-GQD 11.1: 0.45; and amino-N-GQD 12.0: 0.48)
and the lifetime decreased (from 1.13 to 0.93 ns; Figure 5b, Tables 2 and 3). Radiative
electron–hole pair recombination was observed and it was induced by N dopants and
amino groups on the surface of the GQD-based material, which increased the intrinsic-state
emission. However, for N dopants and amino groups, the presence of edge amine groups
can increase the maximum occupied molecular orbital energy of the graphene flakes [23].
Thus, the narrowing of the orbital band gap, which increased the PL QY, could be attributed
to the resonance between the delocalized π orbitals and the molecular orbital of the primary
amine. XPS revealed that the C–O, C=O, and amide groups, which induced the nonradiative
recombination of localized electron–hole pairs and prevented intrinsic–state emission [24],
were favorable for small materials (Figures S3 and S4). The PL QY increased with increasing
particle size. In addition, chemical modifications strongly affect the electronic properties of
the amino-N-GQDs, enabling strong electron donation in primary amine molecules, which
is also known as amino group functionalization. Singlet-triplet splitting of the amino-
N-GQDs resulted in intersystem crossing and a high triplet-state yield. This splitting
process was efficient, and it could compete with the process of internal conversion between
multiple identical states, resulting in the creation of ROS for involvement in PDT [9,22]. As
the number of edge sites increased, the number of C–N, pyridinic-, amino-, and pyrrolic-
N groups increased (Figures S3 and S4). Similarly, as the size of the amino-N-GQDs
(Figures S3 and S4) increased (Figures S2 and S5), their antibacterial ability and the number
of ROS generated increased (Figure 5a and Tables S3–S8), leading to a highly efficient
PDT process.

Table 3. Lifetime data and parameter generated using a time-correlated single-photon counting
technique involving a triple-exponential fitting function while monitoring the emission under TPE.
Delivered dose: 0.75 µg mL−1 material.

3 Exp Fitting Model: (a0 × exp(a1x) + a2 × exp(a3x) + a4 × exp(a5x) + a6)
Lifetime 1 Lifetime 2 Lifetime 3

Average
Lifetime (ns)a0 a1 a2 a3 a4 a5 a6

amino-N-GQD 9.1 564.38 5.77 701.92 −0.97 187.90 −0.23 −0.53 0.17 1.03 4.39 1.13

amino-N-GQD 9.9 583.76 5.76 770.12 1.08 256.81 0.27 4.23 0.17 0.92 3.69 1.09

amino-N-GQD 11.1 668.75 6.00 821.54 1.07 255.08 0.27 3.85 0.17 0.94 3.64 1.04

amino-N-GQD 12.0 1747.39 6.20 1948.88 1.12 512.34 0.27 4.73 0.16 0.89 3.71 0.93

3. Materials and Methods

3.1. TEM Observation of the Negatively Stained Bacteria

Bacteria were picked from colonies and suspended in a 1% aqueous sodium phos-
photungstate solution (Sigma Aldrich Co., St Louis, MO, USA) at pH 7.0. Droplets of the
suspensions were allowed to dry on grids coated with the Formvar. Thereafter, the samples
were subjected to TEM.

3.2. Molecular Weight of the Sorted-Amino-N-GQDs

The theoretical diameter of benzene is 0.243 nm with a molecular weight of 72 (ignoring
the H atoms). According to Figure S2, the mean lateral sizes of the sorted-amino-N-
GQDs were approximately 9.1 ± 0.2 nm (amino-N-GQD 9.1), 9.9 ± 0.2 nm (amino-N-
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GQD 9.9), 11.1 ± 0.3 nm (amino-N-GQD 11.1), and 12.0 ± 0.3 nm (amino-N-GQD 12.0).
For the sorted-amino-N-GQDs, assuming there was no leakage from a layer of material
and ignoring the exposed functional groups, the benzene number and molecular weight
could be approximately 1027 and 26,217 g mol−1, 1261 and 32,027 g mol−1, 1519 and
38,418 g mol−1, 1801 and 45,390 g mol−1 (Table S14). The following measurement for the
cross-section of TPE was performed using the estimated molecular weights.

3.3. Femtosecond Laser Optical System for the Measurements of TPA and TPL

A novel inverted optical microscopy system with a femtosecond Ti-sapphire laser
[repetition rate: 80 MHz; Mai Tai with optical parametric oscillators, Spectra-Physics,
Santa Clara, CA, USA] optical system: an inverted optical microscope (Zeiss, Oberkochen,
Germany); an x–y galvanometer scanner (Cambridge, MA, USA); a triple-axis sample-
positioning stage (Prior Scientific Instruments Ltd., London, UK); a z–axis piezoelectric
nano-positioning stage (Mad City Labs, Madison, WI, USA); photomultiplier tubes (Hama-
matsu, Shizuoka, Japan); a data acquisition card with a field-programmable gate array
module (National Instruments, Austin, TX, USA) (Scheme S1).

All the Materials and Methods used in this study can be found in the Supplemen-
tary Materials.

4. Conclusions

Nitrogen doping and amino group functionalization, which result in strong electron
donation, can be achieved through chemical modifications. Large π-conjugated systems
of GQD-based materials acting as electron donors can be chemically manipulated with a
low TPE energy in a short photoexcitation period to increase the charge transfer efficiency
of the sorted amino-N-GQDs. This study used a novel femtosecond Ti-sapphire laser
optical system (power: 222.7 nJ pixel−1; scans: 100–170; total effective exposure time:
~0.65–1.11 s; excitation wavelength: 960 nm in the NIR-II region) for chemical modification.
The sorted amino-N-GQDs exhibited increased TPA, post-TPE stability, TPE cross-sections,
and TPL through the radiative pathway. The lifetime and quantum yield of the sorted
amino-N-GQDs decreased and increased, respectively. Additionally, the sorted amino-N-
GQDs exhibited EWI-PL in the NIR region and generated ROS after the TPE. Increasing
the mean lateral size increased the number of C–N, pyridinic–N, amino–N, and pyrrolic–
N functionalities, which induced the radiative recombination of localized electron–hole
pairs and provided greater PL QY and efficient PDT action through TPE, enabling the
sorted amino-N-GQDs to be applied in contrast probes to track and localize analytes in
two-photon PDT.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms23063230/s1.
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Abstract: Graphene is a versatile compound with several outstanding properties, providing a com-
bination of impressive surface area, high strength, thermal and electrical properties, with a wide
array of functionalization possibilities. This review aims to present an introduction of graphene and
presents a comprehensive up-to-date review of graphene as an antimicrobial and coating application
in medicine and dentistry. Available articles on graphene for biomedical applications were reviewed
from January 1957 to August 2020) using MEDLINE/PubMed, Web of Science, and ScienceDirect.
The selected articles were included in this study. Extensive research on graphene in several fields
exists. However, the available literature on graphene-based coatings in dentistry and medical implant
technology is limited. Graphene exhibits high biocompatibility, corrosion prevention, antimicrobial
properties to prevent the colonization of bacteria. Graphene coatings enhance adhesion of cells,
osteogenic differentiation, and promote antibacterial activity to parts of titanium unaffected by the
thermal treatment. Furthermore, the graphene layer can improve the surface properties of implants
which can be used for biomedical applications. Hence, graphene and its derivatives may hold the
key for the next revolution in dental and medical technology.

Keywords: graphene; coatings; bioactivity; tissue engineering; bone regeneration

1. Introduction

Graphene, having a sp2 configuration, is made from a thin sheet of carbon atoms
(Figure 1) [1–3]. The various forms of graphene include pure/pristine graphene, graphene
oxide (GO) containing –COC–, –COOH, or –COH, reduced GO (rGO), and animated
graphene oxide (AGO). Graphene materials have outstanding various properties with
good mechanical strength, high surface area, elasticity, stiffness, excellent biocompatibility,
superior electrical and thermal conductivity, and ease of functionalization [4–8]. There-
fore, graphene is attractive in different fields including medicine and dentistry [3,9–11].
The review aims to present an introduction of graphene and presents a comprehensive
up-to-date review of graphene as an antimicrobial and coating application in medicine
and dentistry.
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Figure 1. Structure of graphene [12].

2. Production of Graphene

Different grades of graphene can be prepared by various methods of production
depending on the type of application. Such methods of production include mechanical ex-
foliation of graphite, epitaxial growth of graphene, liquid-phase exfoliation (LPE), chemical
vapor deposition, and molecular assembly [3,4,13]. The most common methods are shown
in Figure 2.
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Figure 2. Various methods of production of graphene.
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The simplest method of production of graphene is by mechanical exfoliation in which
the graphite is subjected to tape exfoliation followed by transfer of graphene to a sub-
strate [14,15]. Through this method, the greatest quality of graphene is produced, however,
to scale-up the process is not possible [16]. The characteristics of graphene produced from
various methods differ, as shown in Table 1. Graphene can grow epitaxially on SiC (silicon
carbide) at high-temperature (1300–1800 ◦C) [17]. This method produces atomically smooth
graphene nanostructures but may contain certain manufacturing defects. Furthermore,
molecular assembly induces modulation of graphene using metal phthalocyanines [18]
which is effective to improve the electronic properties [19,20] and the molecular ordering
is critical to achieving potential shapes [19]. Liquid phase extraction (LPE) is important
for the mass manufacture of graphene [21,22]. Common reported techniques of LPE in-
clude sonication [23], jet cavitation [24], micro-fluidization [25], and high-shear mixing [22].
Sonication can produce high concentrations of monolayer to few-layer graphene [23,26].
The factors responsible for the graphene exfoliation include the sonication process, shear
forces, the dispersion medium, and the centrifugation process [27–29]. Graphene is also
grown on non-metallic substrates such as SiO2, h-BN, or quartz, using chemical vapor
deposition, which allows direct deposition of high-quality graphene [30,31]. Chemical
vapor deposition of graphene can result in 3D structures having low density, high surface
area, and fast electron transport [32–34]. These properties are suitable for engineering,
nanotechnology, and biomedical applications.

Table 1. Various methods of production of graphene and their properties [4].

Method Crystallite Size (µm) Sample Size (mm)
Charge Mobility

(cm2 V−1 s−1)

CVD processed graphene >1000 ~1000 10,000
Mechanical exfoliation of graphene >1000 >1 >2 × 105 and 106

Solution-processed graphene ~100 Infinite as a layer of graphene flakes 100
Epitaxial growth of graphene 50 100 10,000

Molecular assembly of graphene <50 >1 NA

3. Structure and Properties of Graphene

A flat, 2D, sheet of graphene is single to multi-layered while graphene 3D struc-
tures can be produced to take various forms (flakes, foams, shells, and hierarchical struc-
tures) [32,35]. A graphene film may be comprised of a monolayer, bilayer, or multi-layer.
Monolayer graphene is very thin (0.35 ± 0.01 nm) [36] and multilayer graphene has
<10 layers [6], as reported by Raman scattering, scanning probe microscopy, and optical
contrast [37]. The 2D graphene layers can have a pore size of less than a millimeter which
can subsequently be incorporated into porous 3D graphene forms [38]. The 3D foam
structures have a larger surface area, strength, are stiff, lightweight, and provide excellent
electronic and thermal conductivity, and pathways for ionic transport.

The structure of GO and rGO and their process of production is shown in Figure 3 [39].
Generally, GO is manufactured by the oxidation of graphite from Hummers’ method [40,41].
By thermal-, chemical-, and electrochemical reduction, GO yields rGO. GO and rGO have
functional capabilities and wider applications beyond that of pristine graphene [3,42,43].

The AGO can be produced from the reduction and amination of graphene oxide via
two-step liquid phase treatment with hydrobromic acid and ammonia solution in mild
conditions [44]. The AGO is biocompatible, has electrical conductivity, and has the tendency
to form wrinkled and corrugated graphene layers are observed in the AGO derivative
compared to the pristine rGO. AGO can be used for biosensing, photovoltaic, catalysis
application, and is used as a starting material for further chemical modifications.
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Figure 3. Production of graphene oxide (GO) reduced graphene oxide (rGO), and animated graphene
oxide (AGO) from graphene [39].

Table 2 shows the essential properties of graphene, GO, and rGO [3,43]. Graphene has
good electron mobility [45], increased surface area [46], good electrical conductivity [15],
good thermal conductivity [47], high elastic modulus [48], strength and stiffness [48], and
good wear and friction properties [4,7]. Large surface area and the ability to form nanocom-
posites, graphene-based materials have wide applications in regenerative medicine and
drug delivery. High strength, wear-resistant, and low friction are useful in coatings and
nanocomposites. Good electrical property is suitable for biosensors, semiconductors,
and supercapacitors.

Table 2. Physical and mechanical properties of graphene [3,43].

Properties Graphene GO rGO

Thermal conductivity 5000 W/m-K 2000 W/m-K 0.14–0.87 W/mK
Electrical conductivity 104 S/cm 10−1 S/cm 200–35,000 S/cm

Electrical resistance 10−6 Ω-cm NA NA
Tensile strength 130 GPa 120 GPa NA
Elastic modulus 1 TPa 0.22 TPa NA
Poisson’s ratio 0.18 - -
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4. Characterization and Properties of Graphene

Several methods to study graphene’s surface structure are of use, these include trans-
mission electron microscopy, scanning electron microscope, energy dispersive spectroscopy,
Raman spectroscopy, X-ray diffraction, and atomic force microscopy, [49–53]. A notable
characteristic of GO includes a somewhat rough surface morphology, as observed using
a scanning electron microscope [52,53]. Raman spectra of graphene-based materials ex-
hibit a D- and G band at about 1320/cm and 1570/cm, respectively [54]. D bands signify
the breathing mode of κ-point phonons with A1g symmetry and the G band signifies the
tangential stretching mode of the E2g phonon of the carbon sp2 atoms. The ID/IG ratio of
around 0.84–0.97 has been reported [49].

The crystallinity and spacing of the interplane of graphene can be studied from XRD.
The deflection, height, and 3D images are obtained at micron and nanoscale, by the XRD.
AFM can reveal the surface structure and allow for the observation of features at the
molecular and atomic levels. Ra (roughness average) can be also calculated from the AFM.
XPS makes it possible to study the binding between C−O−C and C−C, and elemental
composition [55].

5. Functionalization of Graphene

The development of nanocomposites has a long history. Although graphene has po-
tential applications in engineering and biomedicine, its properties can be further improved
via functionalization and doping due to its sp2 carbon atoms [56–58]. Graphene-based
materials can be strengthened by various biopolymers (e.g., epoxy and polyketone) and
metals (e.g., Zr, Ag, Cu, Zn, Au, Al, Ni, and Mg) [9,59–62], and nonmetals. As graphene
is atomically thin, flat, and conducting material, it is suitable to produce energy storage
devices [63]. At, present, the biomedical application of graphene nanocomposites is increas-
ing [9,61,64,65]. The graphene nanocomposites have improved biocompatibility [66–68],
surface properties [3,60], and mechanical properties [60] compared to pristine graphene.
Graphene oxide, which is more amenable to chemical modification than pristine graphene.
These properties permit applications involving protective and anticorrosion coatings [67,68],
friction reduction [60], and antibacterial utilizations [69].

In graphene, n- or p-type doping Fermi level production is generally seen by physical
or chemical bonds [70,71]. In graphene, chemical functionalization offers an obvious
solution to the problems associated with graphene [72]. Electron-donating or -withdrawing
groups can be bonded to the graphene network by synthetic chemistry methods, which
could contribute to the bandgap widening and good dispersibility in common organic
solvents.

The functionalization of graphene can be through covalent or non-covalent. Covalent
bonds with graphene can occur using radical species, including nitrene, carbene, and
aryl intermediates [72]. Conversely, modification of graphene occurs through noncovalent
interactions, such as π–π interactions, van der Waals forces, ionic interactions, and hydrogen
bonding, and result in major alteration of its structure and electronic properties [72]. The
noncovalent interaction of graphene occurs with aromatic species, organic molecules, other
carbon nanostructures, and inorganic species.

An aryl group can be grafted on the sp2 carbon network of graphene using a diazo-
nium salt and this has been widely applied to form covalently functionalized conducting
or semiconducting materials [73,74]. A dinitrogen molecule is eliminated, and then, an
electron is transferred from graphene to the diazonium salt to form an aryl radical. Thio-
nine (Th) diazonium cation—covalently attached to the glassy carbon (GC) electrode via
graphene nanosheets (GNs) (GC–GNs–Th)—has potential for application in sensors for
detecting glucose and nitrite [74]. In addition, perfluorophenyl azides (PFPAs) can be
covalently functionalized with graphene [75,76]. The functionalized graphene exhibits new
chemical functionalities because the PFPAs groups impart solubility in both water and
organic solvents [76].
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Similarly, adsorption of aromatic molecules onto graphene, e.g., borazine (B3N3H6),
triazine (C3N3H3), and benzene (C6H6) occurs through non-covalent bonds [77]. Park
et al. [78] studied the influence of pyridine adsorption and the applied electric field on the
band structure and metallicity of zigzag graphene nanoribbons (ZGNRs) using density
functional theory. They found that adsorption of an electron-accepting organic molecule,
such as pyridine, on ZGNRs should provide a simple and useful way to widen the band
gap and can be used to turn the band structure of nanoscale electronic devices based on
graphene applications.

Zhang et al. [79] developed a biosensor for the detection of microRNAs (miRNAs)
based on graphene quantum dots (GQDs) and pyrene-functionalized molecular beacon
probes (py-MBs). The pyrene unit served to shorten the distance between py-MBs and
GQDs and to generate an increased fluorescence signal from dyes appended on the probes.
When hybridized with the target miRNAs, the hairpin structure of py-MBs opened and
formed more precise duplex structures.

Another important application of functionalized graphene is antimicrobial applica-
tions. Silver nanoparticles (AgNPs) be able to be decorated on the GO to make GO/Ag
nanocomposite (Figure 4) [49,66]. This nanocomposite can be applied for coating and
antimicrobial applications [49]. The ratio of D and G bands (ID/IG) of the GO/Ag nanocom-
posite may be elevated as a result of the disorder of the GO/Ag matrix [49,80].

                   
 

 

                ‐      
                               
                               

   
                         

              ‐      
  ‐                     ‐    
                         
                      ‐  
             

               
                           

                       
                             

                             
                     

                   
      ‐ ‐      

                         
       

 
                       

                         
    ‐        

                   
                   

                       
                     

                         
                           

                         
                     

                             
                   

Figure 4. Characterization of graphene oxide (GO) nanocomposite formed from GO sheets decorated
with Ag (GO/Ag). (a) Transmission electron microscopy (TEM) image, (b) Raman spectra, and (c)
X-ray diffraction (XRD) [49].

Furthermore, Jeyaseelan et al. [81] developed the AGO for fluoride removal applica-
tion, which was studied in terms of adsorption isotherms, kinetics (particle/intraparticle
diffusion and pseudo-first/second-order models), and thermodynamic studies of AGO.
The fluoride removal mechanism of AGO was found to be an electrostatic attraction.

Tissue engineering has emerged as an important approach to bone regeneration/
substitution [82]. Functionalized graphene and its derivates have been also used in bone
regeneration and tissue engineering. Graphene can be combined with natural and syn-
thetic biomaterials to enhance the osteogenic potential and mechanical properties of tissue
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engineering scaffolds [83–85]. Scaffolds play a central role in tissue engineering as struc-
tural support for specific cells and provide the templates to guide new tissue growth and
construction [84]. Nishida et al. [86] coated collagen scaffolds with various concentrations
of GO and evaluated the bioactivity, cell proliferation, and differentiation both in vivo and
in vitro. The results showed that GO affected both cell proliferation and differentiation
and improves the properties of collagen scaffolds. Subcutaneous implant tests showed that
low concentrations of GO scaffold enhance cell in-growth and are highly biodegradable,
whereas high concentrations of GO coating resulted in adverse biological effects. Conse-
quently, scaffolds modified with a suitable concentration of GO are useful as a bioactive
material for tissue engineering.

Similarly, Kang et al. [87] studied the covalent conjugation of GO flakes to 3D collagen
scaffolds improves the mechanical properties of the scaffolds and promotes the osteogenic
differentiation of human MSCs (hMSCs) cultured on the scaffolds. The covalent conjugation
of GO flakes to collagen scaffolds increased the scaffold stiffness by 3-fold and did not
cause cytotoxicity. hMSCs cultured on the GO/collagen scaffolds showed significantly
enhanced osteogenic differentiation compared to cells cultured on non-modified collagen
scaffolds. The enhanced osteogenic differentiation observed on the stiffer scaffolds was
mediated by MSC mechanosensing because molecules that are involved in cell adhesion to
stiff substrates were either up-regulated or activated. The 3D GO/collagen scaffolds could
offer a powerful platform for stem cell research and orthopedic regenerative medicine.

Recently, graphene-based bioactive glass is studied as a potential drug/growth fac-
tor carrier, which includes the composition–structure–drug delivery relationship and the
functional effect on the tissue-stimulation properties [82,88,89]. Wang et al. [88] designed
a scaffold composed of mesoporous bioactive glasses (MBG) and GO and studied the
composite porous scaffold that promotes local angiogenesis and bone healing. This in vitro
study found that the MBG/GO scaffolds have better cytocompatibility and higher osteo-
genesis differentiation ability with rat bone marrow mesenchymal stem cells (rBMSCs)
than the purely MBG scaffold. Moreover, MBG/GO scaffolds promote vascular ingrowth
and, importantly, enhance bone repair at the defect site in a rat cranial defect model. The
new bone was fully integrated not only with the periphery but also with the center of the
scaffold. Hence, the MBG/GO scaffolds possess excellent osteogenic-angiogenic properties
which will make them appealing candidates for repairing bone defects.

Finally, biodegradable composites have been used in various regeneration processes
applications such as the regeneration of bones, cartilage, and soft tissues. Stepanova
et al. [90] synthesized aminated graphene with oligomers of glutamic acid and their use for
the preparation of composite materials based on poly(ε-caprolactone) for tissue regenera-
tion applications. The poly(ε-caprolactone) films filled with modified aminated graphene
were produced and characterized for their mechanical and biological properties. They
found that grafting of glutamic acid oligomers from the surface of aminated graphene
improved the distribution of the filler in the polymer matrix that, in turn, improved the
mechanical properties of composite materials. In addition, the modification improved the
biocompatibility of human MG-63 osteoblast-like cells.

6. Graphene Coating Applications

The potential application of graphene for various biomedical applications is promis-
ing [3,9], such as anticorrosion, antibacterial coatings, and friction reduction [67], as shown
in Figure 5. Graphene is chemically inert, atomically smoothness and high durability make
it an alternative candidate for implant coatings [91].
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Figure 5. Biomedical applications of graphene-based coatings.

6.1. Anticorrosion Coating

There are various applications of metallic materials in medicine and dentistry, such as
dental implants, orthopedic fixations, orthodontic, joint replacements, stents, endodontic
files, and reamers [92]. However, the disadvantage of such biomaterials is the metal
ions release, such as Ni, Ti, Ag, hence, coating of metallic materials plays an important
role in such problems [92,93]. Although various coatings are being tried on metallic
biomaterials, especially nitinol (NiTi), producing a successful coating has been always
a challenge [94–107]. Notable disadvantages of polymer coating include toxicity of the
component’s roughness, porosity, and detachment of the coatings [108].

Even though graphene is an atom thick, it is inert and it is water-resistant and oxy-
gen [4]. Hence, these properties combined with their durability and atomically stability
has proven graphene to be useful as a corrosion barrier film [68,109–112]. Graphene can
be directly grown on metallic surfaces (Mg, Zn, Ni, Al, etc.) to produce a protective coat-
ing [109,111,113]. Singh et al. [114] successfully developed an anti-corrosion graphene
composite coating on Cu. In dentistry, graphene coatings can prevent corrosion of various
metallic biomaterials such as archwires, files and reamers, and various metallic prosthe-
ses [65,68,109]. Furthermore, Hikku et al. [115] studied the anti-corrosion property of
graphene and polyvinyl nanocomposite (GPVA) coating on the aluminum-2219 alloy (Al-
2219). The corrosion rate for the coated Al-2219 alloys was better (polyvinyl alcohol coated
alloy: 2.57 mm/year and GPVA coated alloy: 3.85× 10−4 mm/year), whereas for untreated
alloy: 45.25 mm/year in 3.5% NaCl solution (Figure 6). Hence, the GPVA coated Al-2219
alloy showed the best corrosion resistance than the uncoated alloy.
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Figure 6. Anti-corrosion graphene blended with polyvinyl alcohol (GPVA) coatings: (a) Nyquist plot
of bare Al-2219 and PVA coated Al-2219, (b) Nyquist plot of GPVA coated Al-2219, (c) Bode plot from
the impedance analysis, and (d) Tafel plot of bare Al, PVA coated Al, and GPVA coated Al [115].

Graphene coatings can improve implant surface properties and reduce corrosion [91,116,117].
Podila et al. [91] produced graphene on Cu using chemical vapor deposition technique and trans-
ported it onto NiTi implant samples and studied the effects of the coatings on cell morphology
and adhesion and they noted that the biological responses (cell adhesion and protein adsorption)
were increased on the graphene-coated NiTi substrates, in comparison to the uncoated NiTi
substrates. Thus, graphene-coated NiTi can be applied to the stent. Additionally, graphene could
improve the osseointegration of Ti implants. In addition, Suo et al. [116] produced a homoge-
neous GO/chitosan/hydroxyapatite (GO/CS/HA) coating using electrophoretic deposition
(EPD) on Ti. The GO/CS/HA coating’s wettability and bonding strength were greater than the
HA, GO/HA, and CS/HA coatings. Moreover, the GO/CS/HA coating significantly enhanced
the cell–material interactions in vitro and osseointegration in vivo. Hence, the GO/CS/HA
coatings on Ti can be a potential coating in implant dentistry.

Magnesium (Mg) can be used to make biodegradable implants; however, its major
drawbacks of difficult-to-control corrosion. Catt et al. [110] produced a conducting polymer
3,4-ethylene dioxythiophene (PEDOT) and a GO coating for Mg implants to prevent corro-
sion. It was found that the significant reduction of Mg ions concentrations and pH of the
media from the PEDOT/GO coating suggests a significant corrosion resistance. A positive
finding was that of decreased hydrogen amounts. Three important factors were due to the
passive layer preventing the ingress of a solution, film’s negative charges, and develop-
ment of a corrosion-resistant Mg-phosphate coat. Additionally, promising biocompatibility,
in vitro, was observed as the coating did not show signs of toxicity to cultured neurons.
Hence, the PEDOT/GO coating is successful in preventing Mg-based implants corrosion.

GO coating is also useful in tissue engineering and regenerative applications. Root
fracture treatment, cementation of prostheses, pulp therapy, filling, repair, and regeneration
of bone defects, may all indicate the use of bioactive cement. A bioactive cement typically
releases calcium-ions (Ca2+), increases the alkalinity in its surrounding environment, and
induces cell differentiation and formation of mineralized tissue. However, the cement
tends to possess poor mechanical properties, at risk of fracture due to poor strength
and fracture toughness [118]. The mechanical properties are improved by the addition

185



Int. J. Mol. Sci. 2022, 23, 499

of graphene. A doubling of the strength of 58S bioactive glass was observed by the
addition of 0.5 wt.% [119]. The addition of GO [119] and rGO [120] have also shown
significant improvements in mechanical parameters, the latter (rGO 1 wt.%) resulted in a
200% increase in the fracture toughness of hydroxyapatite [119]. Additionally, the bone
cement’s bioactive properties are enhanced due to the addition of graphene. Several cell
types, including bone marrow stem cells, periodontal ligament stem cells (PDLSCs), and
dental pulp stem cells have shown spontaneous osteogenic differentiation as promoted by
chemical vapor deposition-produced pristine graphene scaffolds and substrates [121,122].
Indeed, in vivo bone formation was exhibited by implanting GO-coated collagen scaffolds
into tooth extraction sockets of beagle dogs. The GO-coated scaffolds showed increased
bone formation and calcium absorption after 14 days, whereas the control scaffold was
mostly filled with connective tissue [123]. Similarly, Zhou et al. [112] evaluated the bioactive
effects of GO coated Ti substrate on PDLSCs and compared them to sodium titanate
substrate. It was seen that the GO coated Ti substrate-induced PDLSCs exhibit suggestively
higher alkaline phosphatase (ALP) activity, proliferation rate, and higher gene expression
of osteogenesis markers, ALP, runt-related transcription factor 2 (Runx2), bone sialoprotein,
and osteocalcin (OCN) compared to the sodium titanate substrate. Protein expressions
of Runx2, bone sialoprotein, and OCN were additionally promoted by GO. Together, the
findings suggest that GO and PDLSCs represent a favorable combination for regenerative
medicine and dentistry.

6.2. Antibacterial Application

Bacteria and fungiform biofilms on the teeth surface, prostheses, or implant-anchored
restorations [124]. If left untreated, the biofilm on dental implants may result in loss of the
implant. It is challenging to produce implants with a high degree of osseointegration at the
same time as inhibiting bacterial colonization [125–127]. The peri-implant diseases around
implant result in implants failure due to supporting bone loss around the implant [128–132].

Various antimicrobial nanomaterials include polymers, nanoparticles such as gold
nanoparticles (AuNPs), AgNPs, nanodiamond, and graphene-based materials [133–135].
Even though AgNPs show promising antibacterial properties, clinical applications of
AgNPs are frequently impeded by their tendency to aggregate and consequent loss of
antibacterial activity [133,136]. Additionally, the cytotoxicity of AgNPs towards human
cells has been observed [137]. The amount of AgNPs should be minimal to avoid complica-
tions. However, AgNPs can be decorated onto GO to produce GO/Ag nanocomposite for
increased antimicrobial activity [49,55]. AuNPs are used more for microbial identification
rather than antimicrobial applications [138,139].

The graphene-based materials have powerful antimicrobial properties and inhibit
bacterial colonization [69,125,140,141]. Agarwalla et al. [140] studied the graphene coating
on Ti and their interaction with a biofilm of Pseudomonas aeruginosa, Enterococcus faecalis,
Streptococcus mutants, and Candida albicans. They observed that when repeated twice, it
reduces the formation of biofilm due to the hydrophobicity of graphene. These all findings
show that coating Ti with graphene is useful for biofilm prevention on implants.

Graphene coatings enhance the adhesion of cells and osteogenic differentiation. Gu
et al. [142] studied the osteoinductive and antibacterial effects of graphene sheets modified
Ti implants. Chemical vapor deposition growth of graphene sheets by thermal treatment
at 160 ◦C for 2 h and transferring to Ti discs. It was found that the graphene coatings
on Ti enhanced adhesion of cells, osteogenic differentiation, and exhibited antibacterial
properties. Similarly, another study also found similar results, i.e., osteogenic differentiation
of mesenchymal stem cells using graphene [143]. Hence, graphene is capable to enhance
the surface properties of NiTi-based implants.

Similarly, functionalized GO can improve the antimicrobial property, as demonstrated
by the GO/Ag nanocomposite (Figure 4) [49,55]. Graphene nanocomposite has excellent
antibacterial action against Escherichia coli and Staphylococcus aureus [55]. Zhao et al. [43]
fabricated gelatin-functionalized GO (Gogel) surface coatings on NiTi substrates. The
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Gogel’s biocompatibility and antimicrobial properties were investigated, and it exhibited
the highest rate of mouse osteoblastic adhesion, proliferation, as well as differentiation of
cells compared to GO coated NiTi. Moreover, they reported that E. coli was suppressed
on the surfaces of Gogel and GO. Following incubation on Gogel and GO, the integrity of
the E. coli cell membrane was compromised and showed a low live/dead ratio. Therefore,
GO-based coatings have both a high degree of biocompatibility and antimicrobial activity.

Chen et al. [144] studied the interaction of GO with four phytopathogens (two bacteria
and two fungi). The studied bacteria were Xanthomonas campestris pv. undulosa and pseu-
domonas and studied fungus were Fusarium oxysporum and Fusarium graminearum (Figure 7).
It was found that GO killed nearly 90% of the bacteria and repressed 80% macroconidia
germination along with partial cell swelling and lysis at 500 µg mL−1. They mentioned that
GO sheets intertwined the bacterial and fungal spores resulting in the local perturbation
of their cell membrane, decreasing the bacterial membrane potential, and resulting in the
leakage of electrolytes of fungal spores causing cell lysis (Figure 8).
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Figure 7. Fluorescence microscopy images of cells following exposure to graphene oxide
(500 µg mL−1): (a) X. campestris pv. undulosa, (c) P. syringae, (e) F. oxysporum, and (g) F. graminearum

and images following staining of cells with propidium iodide and fluorescence stain (b,d,f,h) [144].
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Figure 8. Antibacterial mechanism of graphene oxide against pathogens and fungal spores [144].
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7. Conclusions

The available literature shows that graphene-based coatings can improve the bioactiv-
ity of biomaterials, provide microbial- and corrosion-protection of implants, both in vitro
and in vivo. Peri-implant infections causing peri-implantitis are among the most common
reasons for implant loss and may be prevented by the coating of antimicrobial graphene.
These additive properties of graphene can be modified by methods of functionalization.
Graphene exhibits high biocompatibility, corrosion prevention, and antimicrobial prop-
erties to prevent the colonization of bacteria. Graphene coatings enhance adhesion of
cells, osteogenic differentiation, and exhibit antibacterial activity to parts of Ti unaffected
by the thermal treatment. Graphene-based materials are promising and may hold the
key for the next material-based revolution for antimicrobial and coatings applications in
dental and medical technology. More research is urged before clinical utilization will be a
widespread reality.
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Abstract: Nitrogen oxides (NOx) are among the main atmospheric pollutants; therefore, it is impor-
tant to monitor and detect their presence in the atmosphere. To this end, low-dimensional carbon
structures have been widely used as NOx sensors for their outstanding properties. In particular,
carbon nanotubes (CNTs) have been widely used as toxic-gas sensors owing to their high specific
surface area and excellent mechanical properties. Although pristine CNTs have shown promising
performance for NOx detection, several strategies have been developed such as surface functionaliza-
tion and defect engineering to improve the NOx sensing of pristine CNT-based sensors. Through
these strategies, the sensing properties of modified CNTs toward NOx gases have been substantially
improved. Therefore, in this review, we have analyzed the defect engineering and surface function-
alization strategies used in the last decade to modify the sensitivity and the selectivity of CNTs to
NOx. First, the different types of surface functionalization and defect engineering were reviewed.
Thereafter, we analyzed experimental, theoretical, and coupled experimental–theoretical studies on
CNTs modified through surface functionalization and defect engineering to improve the sensitivity
and selectivity to NOx. Finally, we presented the conclusions and the future directions of modified
CNTs as NOx sensors.
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1. Introduction

Novel technologies have undoubtedly allowed human civilization to reach a rapid
development stage, which is mainly associated with the rapid industrialization of many
countries. Approximately 75% of the global energy consumption used to achieve this
was nonrenewable; that is, the energy requirements were supplied mainly from fossil
fuels [1]. It is no overstatement to say that toxic emission constituents depend upon the
incomplete combustion of hydrocarbons, which results in several by-products, such as Ox,
COx, HOx, SOx, POx, ROx, MOx, and NOx [2]. For this reason, although fossil fuels are
limited in quantity, they have harmed the environment irreparably, despite governments
implementing tax policies to discourage their use [3–5]. Accordingly, NOx, among many
other pollutants, is a component of our atmosphere that has considerably decreased the air
quality around us. In this context, air pollution has direct and indirect effects on the human
health, ecosystems, and climate, with consequent economic and social costs. For example,
in the last two decades, health expenditures have increased due to air pollution [3].
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Lamentably, air pollution constitutes a major problem in urban areas. In this sense,
nitrogen oxides (NOx) are among the primary air pollutants. Anthropogenic NOx is formed
during combustion processes at high temperatures during the operation of motor vehicles
and various industrial activities [3,6]. Automotive exhaust is the main source for NOx in
urban areas. Several statistical epidemiological studies have associated air pollution with
human health and mortality. For instance, air containing large amounts of NOx can cause
respiratory problems in the elderly, children, and patients with asthma [3]. Furthermore,
NOx has been recognized as an important factor in the deterioration of materials.

Air quality still affects the health of the population and perpetuates environmental
degradation, e.g., the disruption of ecological balance and climate change. According
to emissions projections from the World Health Organization, a massive increase in air
pollution will lead to increased premature mortality caused by environmental degradation
by 2050 [3]. Therefore, it is important to monitor air pollution by NOx, in addition to other
pollutants. Undoubtedly, accurate measurement of NOx exposure in any given area, which
is a demanding task, is required. From a theoretical and experimental perspective, this
demonstrates the necessity of developing new sensors for NOx detection. Therefore, the
detection of toxic gases has become an important field of research.

It is not surprising that many nanomaterials have been proposed to detect such pollu-
tants [7,8]. Even though toxic-gas sensors are conventionally designed and manufactured
using semiconducting oxides (e.g., ZnO [9], SnO2 [10], and Fe2O3 [11]), their use has
been limited owing to poor sensibility and selectivity, as well as high operating temper-
atures [9–11]. In addition, it is worth highlighting that toxic-gas sensors, to be used in
practice, should fulfil many requirements in terms of purposes and conditions of sensor
operation. These are all connected with the aim to save energy, which is of key importance
to have a remarkable increment in the toxic-gas sensors’ life [12]. Along with this, the
decrease in the power consumption—for gas detection technologies—should allow their
fast integration into a wide range of common electronic devices associated to further im-
provements of modern life services, but it is still a challenging task [12]. To overcome these
limitations, carbon nanostructures are currently the most promising materials to achieve
such purposes. It is well known that carbon can form several different synthetic allotropes
(e.g., fullerene, graphene, and nanotubes) [13], but it also exists as natural structures (e.g.,
diamond and graphite) that can be interconverted under specific conditions [14,15]. Among
these materials, carbon nanotubes (CNTs) have attracted great attention in the design of
NOx sensors. In fact, the properties of CNTs have become active fields in modern research
on new materials for toxic-gas sensors.

CNTs were first reported in the seminal work of Iijima in 1991 [16]. These nanomateri-
als are attractive for their interesting properties and possible applications as sensors for
toxic gases. For instance, these exhibit fascinating properties, such as superior electrical
conductivity [17,18], large surface area [19], excellent mechanical flexibility [20], high ther-
mal/chemical stability [21,22], and high electron mobility [23]. Although pristine CNTs
have shown promising performance for NOx detection [24–26], several strategies have
been developed such as surface functionalization and defect engineering to improve the
NOx sensing of pristine CNT-based sensors [27–37]. Through these strategies, the sensing
properties of modified CNTs toward NOx gases have been substantially improved [38–40].
Therefore, the modification of CNTs via surface functionalization and defect engineering
is a relevant research field at both the theoretical and experimental levels for designing
novel CNT-based NOx sensors. Since CNTs are an interesting subject to be studied, a recent
progress in gas sensors based on modified CNTs to detect NOx has been revised in the
literature [41,42], but those review articles are mainly focused on experimental findings. To
date, there has not been a review article that analyzes the current approaches employing
theoretical calculations and combining theoretical–experimental investigations. Therefore,
the goal of this review is focused on recent advances (in the last decade) about modified
CNTs as a promising material for sensing NOx from both a theoretical and an experimental
viewpoint, which allows a progress in the state-of-the-art. First, the types of surface func-
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tionalization and defect engineering are explained. After, the different modifications made
to the CNTs from the experimental, theoretical, and combined theoretical–experimental
studies are reviewed. Finally, we present the conclusions and the current challenges.

2. Surface Functionalization and Defect Engineering on CNTs

The CNTs have been widely studied and used due to their excellent mechanical,
thermal, electromechanical, and chemical properties, as well as their high specific surface
area [43,44]. They have been used in different fields such as catalysis, sensors, water treat-
ment, electronics, and crop protection [45–50]. CNTs are cylindrical molecules that consist
of rolled-up sheets of carbon hexagons that can be single (SWCNTs) or multiwall (MWC-
NTs); normally, the diameter varies from 0.8 to 2 nm and 5 to 20 nm, respectively, and their
length reaches a few microns [51,52], which is generally synthesized by chemical vapor
deposition (CVD), laser ablation, or electric arc [53,54]. CNTs are composed of strong sp2

bonds that provide excellent strength [55], although these strong sp2 bonds do not permit
good chemical reactivity. Therefore, their application in some fields is limited (e.g., sensor
and catalysis fields) [56], and several strategies have been developed to improve their chem-
ical reactivity, such as surface functionalization and defect engineering (Figure 1). These
strategies have substantially improved the reactivity of nanotubes to various gases [57,58].
Consequently, CNTs have become promising candidates for applications in the sensor field.

 

π

π π π

Figure 1. Surface functionalization and defect engineering in CNTs.

The surface functionalization of CNTs is classified as noncovalent or covalent, where
noncovalent functionalization is based on supramolecular complexation via wrapping
and adsorptive forces (e.g., π-stacking interactions and van der Waals forces). This type
of functionalization does not damage the structure of the sidewall of CNTs. Noncovalent
functionalization is commonly used by surfactants and polymers due to the interactions of
the hydrophobic part of the adsorbed molecules with nanotubes sidewalls through van
der Waals, π–π, CH–π, and other interactions, and aqueous solubility is provided by the
hydrophilic part of the molecule [59,60]. This can provide an increase in the solubility
and the hydrophilicity of CNTs and help reduce the tendency of CNTs to aggregate.
Nevertheless, as a result of the surface functionalization of CNTs by surfactants, their
interfacial adhesion is weak [59]. In covalent functionalization, the organic molecules,
polymers, or metal nanoparticles are covalently bonded on the surface of CNTs, as shown
in Figure 2 [61]. Covalent functionalization of the surface of CNTs can be achieved by
adding covalently linked oxygen-containing groups, such as hydroxyl (OH), carbonyl
(C = O), and carboxyl groups (COOH) [62]. These groups can be added at the ends, defects,
and the sidewall. This chemical modification is achieved by chemical treatment with
oxidizing agents such as nitric acid (HNO3), sulfuric acid (H2SO4), hydrochloric acid (HCl),
and potassium permanganate (KMNO4) [63].
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Figure 2. Functionalization modes of CNTs surface. (a) noncovalent functionalization and (b) cova-
lent functionalization on the CNTs surface [61].

More recently, defect engineering has become an important method to modify the
properties of CNTs [64,65]. Different types of defects have been explored to modify the
reactivity of CNTs, including vacancies, substitutional defects (i.e., doping), combined
vacancies and substitutional defects, and edge defects. Figure 3a shows the types of
vacancies most commonly used to modify the properties of CNTs. Another type of defect
widely used is the substitutional defect, which is also known as doping. Doping with a
single type of atom or combining two types of atoms in doping have been employed, as
shown in Figure 3b, and another strategy is the combination of vacancy and doping. A well-
known case of this type of structure is pyridine-type nitrogen doping. It has been reported
that defect engineering substantially modifies the electronic and structural properties of
pristine CNTs, which causes a substantial improvement in the reactivity of CNT [66–69].

 

Figure 3. Defect engineering in CNTs. Types of (a) vacancies and (b) doping.

3. Experimental Studies

CNTs have been widely used for NOx sensing [70,71]. In this context, the first studies
showed the good performance of pristine CNTs for NOx detection. For instance, Kong
et al. demonstrated that the CNTs can be used as chemical gas sensor [25]. In their study,
CNTs thin films were deposited onto SiO2/Si substrates via chemical vapor deposition
technique. The measurements were performed under argon or under an air atmosphere at
room temperature (RT); the gas sensors showed fast response and high sensitivity when
they were exposed to NO2. In another study, Li et al. fabricated a NO2 sensor using
SWCNTs on gold electrodes [72]. The response of the sensor was up to 0.044 ppm with a
recovery time of 10 h. Afterwards, the sensing properties of pristine CNTs on Si3N4/Si
were reported by Valentini et al. [73]. CNTs were synthetized using plasma-enhanced CVD
process. The CNTs/Si3N4 sensors were tested at different temperatures and exhibited a
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higher sensitivity to NO2 at RT. Piloto et al. sensed NO2 gas using pristine CNTs films
with different thicknesses. They reported a detection limit of 1 ppm and a high sensitivity
using a thickness of ≈5 nm, which was tested at RT. This response is attributed to the
high density of CNTs [74]. Although these studies have demonstrated the potential of
pristine CNTs for NOx detection, several approaches have been used to improve the
pristine CNTs sensing properties (e.g., high sensitivity and low operating temperature,
fast response, shorter recovery time, high selectivity, easily scalable for mass production
and low cost) toward NOx gas such as surface functionalization and defect engineering.
Through these approaches, the modified CNTs sensing properties toward NOx gases have
been substantially improved. Accordingly, to date, many experimental investigations
have been performed using different synthesis methods to improve the NOx detection
by CNTs modified through defect engineering and surface functionalization. Therefore,
in this section, in last decade, experimental studies on CNTs modified through surface
functionalization and defect engineering to improve the sensitivity and selectivity toward
NOx are analyzed. These studies are mainly focused on chemiresistive gas sensors.

3.1. Functionalized CNTs

A strategy to improve the sensing of NO2 gases is the use of CNTs functionalized by
molecules anchored on their surface. Polyaniline (PANI) is a polymer widely used for the
functionalization of CNTs owing to its extraordinary electrical properties, chemical stability,
the ease of property modification via inorganic acids, low cost, and the ease of synthesis;
when interacting with CNTs, it increases the transportation rate of charge carriers [75–78].
As a result of these properties, PANI is widely used to modify the surface of CNTs. Yun et al.
functionalized CNTs using PANI polymerization for NO gas sensing. The samples were
tested using TiO2 as a catalyst in a vacuum chamber at a pressure of 1 × 10−6 mbar, where
the sensors were exposed to NO gas at 25 ppm [79]. In another investigation, the PANI and
poly(3,4-ethylenedioxythiophene)–polystyrene sulfonic acid (PEDOT:PSS) were used to
modify the reactivity of CNTs for NO2 gas detection; multiwalled CNTs were synthetized
on silicon substrates by the CVD method. PANI and PEDOT:PSS were dissolved using
different organic solvents to modify their properties and then spin-coated onto CNTs grown
on silicon substrates; a high sensitivity (29.8%) to NO2 at 100 ppm was observed for the
PANI–MWCNT composite using dimethyl sulfoxide at RT [80]. Using the same approach,
PANI modified with sulfonic acid has been used to functionalize CNTs for the detection of
NO2 [81]. Sensors based on the PANI/MWCNT composite showed very good sensitivity
and fast response time of 50 s when were exposed at different concentrations of NO2
gas and a detection limit of 0.05 ppm. In addition, the PANI/CNT composites changed
their electronic properties from a p-type to an n-type semiconductor when the samples
underwent heat treatment at 80 ◦C for 24 h; sensors improved the response time to 5.2 s with
a detection limit of 0.0167 ppm [82]. This improvement is due to the high permeability of
the PANI/CNT compound, which causes a rapid diffusion of the gas through the polymer
passageways, the high mobility of the charge carriers of the composite, and the interaction
between amino groups and NO2 molecules, as shown in Figure 4.
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Figure 4. Possible sensing mechanism: (a) sketch diagram of conductive network of hierarchical p-
PANI/CNT fibers, (b) percolation path through conjugate interfaces of PANI and MWCNTs, (c) cross-
section of PANI/CNT fibers, and (d) p-n heterojunction structure of hierarchical n-PANI/CNT
fibers [82].

Another research group functionalized CNTs using a carboxylic group to improve the
detection of NO2 gas. The sensing properties were obtained at different temperatures and
NO2 concentrations, which obtained the highest sensitivity of 26.88% at a concentration
of 100 ppm tested at RT [83]. Jeon et al. fabricated a NO gas sensor based on CNTs
functionalized with an amine group, where the response was 50% at RT [84]. Sensing
properties based on sulfuric acid-functionalized CNTs have been reported by Ionete et al.
The sensors exhibited good response at RT with high sensitivity when exposed to NO and
NO2 gas at a concentration of 0.04–0.8 ppm [85]. For NO sensing, the sensor showed a
response and a recovery time of 255 and 50 s, respectively; whereas, for NO2, it exhibited
a response and a recovery time of 540 and 420 s, respectively. Finally, carbon nanotubes
functionalized with manganese porphyrin have been used for the fabrication of NO2
sensors. The sensors were operated at different temperatures with a high sensitivity at
temperature of 100 ◦C [86].

3.2. Decorated CNTs

Another strategy to improve gas sensing is using metallic nanoparticles deposited or
supported on the structure of CNTs [87,88]. This strategy has attracted much interest in
sensing applications because the catalytic properties of metallic nanoparticles can modify
the electronic properties of CNTs using transition metals supported on their surface. The
metallic nanoparticles act as catalysts, promoting more reactive sites on their surface for
the adsorption of gas molecules. Furthermore, the metal nanoparticles have demonstrated
that can bonds strongly with small gas molecules due to their electronic structure and
empty orbitals [89]. For example, gold nanoparticles supported on vertically aligned CNTs
(VA-CNTs) have been used as gas sensors to detect NO2 molecules; CNTs were synthesized
using the CVD technique. The tests were carried out at RT using CNTs with lengths of
150, 300, and 500 µm, as shown in Figure 5, to find the best response for 300 µm when
the sensors were exposed to NO2 gas at different concentrations [90]. This high response
to NO2 detection was related with the transport unidirectional of the electrical charges
and the high effective surface-area-to-volume ratio for CNTs of 300 µm compared with
CNTs of 500 µm and 150 µm. However, longer lengths (e.g., 500 µm) of the VA-CNTs could
produce a lofty packaging, and this can make the gas detection difficult. In addition, they
evaluated the gas sensors at different humidity and found that gas sensors measured at
50% humidity increased the detection of NO2 gas. It has reported that relative humidity
plays an important role in the electrical conductivity and sensitivity of CNTs [91,92].
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Figure 5. Room temperature detection of NO2 for sensors with different CNT lengths. White pulses
indicate the exposure to 0.5 ppm, 1 ppm, and 1 ppm of NO2 (duration: 15 min). Gray bars indicate
the periods of heating at 150 ◦C that help clean the surface of CNT after being exposed to NO2. Heat
was not applied after the last exposure cycle, and the baseline was not regained [90].

Ada Fort et al. developed sensors based on CNTs decorated with gold nanoparticles
and TiO2, which were operated at temperatures below 250 ◦C. CNTs decorated with
nanoparticles showed more activity at low temperatures than pristine CNTs, thus enabling
high sensitivity for CNTs decorated with gold nanoparticles with a value of 10% at 12 ppm
NO2 operating at 240 ◦C [93]. Dilonardo et al. developed sensors based on CNTs with
metallic nanoparticles of Au and Pd deposited on its surface. Sensing tests were carried
out at different concentrations of NO2 operating at different temperatures (45–200 ◦C) [38].
Metallic nanoparticles were deposited into CNTs using the electrophoresis technique; these
sensors obtained high gas sensitivity, fast response, and low limit of detection, as shown in
Figure 6. Using the same strategy, the Pt nanoparticles were supported into CNTs; these
sensors were manufactured using the sputtering technique and annealed at a temperature
of 500 ◦C for 1 h under argon atmosphere. Measurements were performed at different
concentrations and at various temperatures (25–150 ◦C), obtaining the best sensing response
at a concentration of 2 ppm operating at 100 ◦C (at least five times higher than pristine
CNTs) [94]; in that investigation, it was shown that the performance of sensors based on
CNTs were degraded when the sensors were preserved in humid environments. In addition,
Mahmood and Naje reported sensors based on Pt nanoparticles deposited into CNTs to
detect NO2 molecules, which exhibited high sensitivity tested at different temperatures.
Their study showed an increase of 4.1 times compared to that of pristine CNTs with a value
of 150% at RT [95]. Furthermore, TiO2 and Au nanoparticles on CNTs were used for NO2
gas sensing. The sensitivity of the sensor was enhanced using pulsed temperature mode,
which consisted of variable working temperature using a pulse train [96]. CNTs were
decorated with WO3 nanoparticles to form WO3/MWCNT composite by metal organic
decomposition method for NO2 gas sensing [97]. The sensors were exposed to NO2 gas at
different concentrations and measured at RT; the highest sensitivity obtained was in the
range of 0.1–0.2 ppm.

 

Figure 6. Mean sensitivity of pristine and (a) Au- and (b) Pd-modified MWCNTs-based sensors
toward NO2 gas at different sensor operating temperatures in the range 45–200 ◦C [38].

Table 1 summarizes the different nanoparticles supported on CNTs that have been
used for the sensing of NO2 gases. An analysis of sensing properties presented in this
table indicates that the lower detection limit is 0.003 ppm detected by the Pt-SWCNTs
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system operating at 200 ◦C [87], while at RT, the detection limit is 0.088 ppm using ZnO-
SWCNTs [98]. Table 1 also indicates that the Ag-SWCNTs sensor has the lowest time
response of 8 s compared with other systems [95]. All these results demonstrate that
decorated CNTs with metal nanoparticles can enhance the response sensor due the metal
nanoparticles. Thus, the role of metal nanoparticles on CNTs is to accelerate the surface
reaction, increase active sites for the adsorption of gas molecules, and improve the electrical
properties, which in turn increase the sensitivity to small gas molecules.

Table 1. Summary of NO2 gas sensors based on CNTs decorated with nanoparticles.

Sensor Type
Operating

Temperature
◦C

Limit of
Detection

(ppm)

Response
Time

Recovery
Time

Reference

Pt-SWCNTs 200 0.003 <600 s - [87]
Pt-MWCNTs 25 1.7 - - [99]
Pt-SWCNTs 25–150 2 >180 s 849–1411 s [94]
Pd-SWCNTs 200 0.009 <600 s - [87]
Pd-MWCNTs 25 1.7 - - [99]
Pd-SWCNTs 45–200 0.2 <300 s >1300 s [38]

Au-MWCNTs RT 0.1 >600 s - [100]
Au-MWCNTs 45–200 0.2 <300 s >1300 s [38]
Au-MWCNTs 100–250 5 >30 s 7–4 min [93]

SnO2-MWCNTs 30–200 0.1 <420 s >8 min [40]
SnO2-SWCNTs 180–380 0.3 <100 s - [101]
TiO2-SWCNTs 100–250 5 >60 s 6–3 min [93]
ZnTe-SWCNTs RT 0.5 - - [102]
Rh-MWCNTs RT 0.05 20 min - [88]

Cdots-SWCNTs RT 0.1 381 s 294 s [103]
ZnO-SWCNTs RT 0.088 <220 s - [98]
ZnO-SWCNTs 25–300 1 300 s 5–8 min [104]
Ag-SWCNTs RT - 8 s 15 s [95]

WO3-SWCNTs 250–300 0.05 25 min - [105]
WO3-SWCNTs RT 0.1 10 min 27 min [106]

3.3. Doped CNTs

The doping of materials is one of the most used strategies to modify the electrical
and electronic properties of CNTs by replacing carbon atoms with heteroatoms. Several
elements have been used for the doping of CNTs, which have improved the electrical
properties of the CNTs. For example, the detection of NO2 on pristine double-walled CNTs
and doped with N was studied by Muangrat et al. CNTs were synthesized at different
temperatures and doped at different concentrations, where the pristine CNTs diameter
was slightly larger than nitrogen-doped CNTs. In addition, they showed that a higher
concentration of nitrogen (1.6 at %) decreases the crystallinity of the material. For sensor
fabrication, the CNTs powders were dispersed in ethanol using ultrasonication and then
deposited by drop casting on a hot ceramic substrate with a temperature of 100 ◦C. Their
results showed that the N-doped nanotube synthesized at 900 ◦C with 1.6 at % of nitrogen
exhibited the best response to NO2 gas with a value of 60% more than the pristine CNTs
tested at RT [39] (Figure 7). Thus, the previous study demonstrated that the CNTs doped
with heteroatoms of N increased the NO2 detection, which is related to the high transfer of
charge between the CNTs defects and gas molecules.
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− −

Figure 7. (a) sensor responses (%) of all sensors toward 500 ppm of NO2 as a function of time.
(b) sensor response saturation limit (left axis) and the ratio of different types of nitrogen as a function
of synthesized temperature [39].

4. Theoretical Studies

In recent years, the theoretical design of nanomaterials has gained great importance.
Among the different levels of theory that have been used to study novel materials, ap-
proaches based on quantum mechanics can be discarded, e.g., density functional theory
(DFT), which has been widely used as a predictive tool for novel materials because its
agreement with the experiment is very good [107,108]. It has been widely used to study
novel materials in different fields, such as catalysis, electronics, and sensors [109–112].
In this section, we analyze the theoretical studies developed on CNTs modified through
surface functionalization and defect engineering to improve the sensitivity and selectivity
to NOx.

4.1. Decorated CNTs

As previously mentioned, a strategy used to modify the reactivity of CNTs is through
surface modification by depositing different atoms or nanoparticles on their surface. In this
sense, there are several DFT-based theoretical studies on the reactivity of transition metals-
decorated CNTs to NOx gases. For example, the NO adsorption on Pd- and Pt-decorated
CNTs was investigated using the PW91 functional [113]. The NO adsorption energy on
Pd-decorated CNTs and Pt-decorated CNTs was −1.81 and −2.29 eV, respectively. Very
recently, the NO2 interaction on Rh3M alloys (M = Rh, Ag, Ir, Pd, Pt, and Au) deposited on
CNTs was computed employing the BLYP functional [114]. The NO2 adsorption energy
on RhM-decorated CNTs was between −1.67 and −2.28 eV. These results suggest that the
deposition of atoms or nanoparticles on the surfaces of CNTs is a good strategy to increase
their surface reactivity. In addition, it can be deduced that transition metals-decorated
CNTs can be better candidates for the detection of NOx molecules.

4.2. Doped CNTs

Doping has been widely used to modify the structural, electronic, and reactive proper-
ties of pristine carbon nanomaterials to NOx gases [115–117]. In this same direction, there
are numerous studies on the use of doping as a strategy to improve the properties of CNTs
with respect to NOx gases. At the theoretical level, various strategies have been used to
dope the CNTs. One of the most used routes to dope the CNTs is by substituting a C atom
for a heteroatom. For NO molecules, the NO interaction on Al-doped SWNT was recently
investigated using the Perdew–Burke–Ernzerhof (PBE) generalized gradient approxima-
tion (GGA) [118]. The NO adsorption energy on Al-doped SWCNTs (−1.57 eV) was high
compared to pristine SWCNT (−0.09 eV). In another study, the NO molecule interaction on
Ni-, Pd-, and Pt-doped SWCNTs, employing the WB97XD functional, was analyzed [119].
The calculated adsorption energy values were −2.47, −3.58, and −3.56 eV for Ni-, Pd-,
and Pt-doped SWCNTs, respectively. For the NO2 molecule, Table 2 lists the different
doping elements used to dope the CNTs by substituting the doping atom for a C atom. All
the interaction energies of NO2 on doped CNTs were higher than those on pristine CNTs,
because for the pristine CNTs, NO2 adsorption energies of less than 0.25 eV have been
reported. These results clearly show that the doped CNTs are better candidates for NO2
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detection than pristine CNTs [120–122]. This increase in the NO2 adsorption energies can
be associated to the modification of the electronic and structural properties of doped CNTs
with respect to pristine CNTs. In addition, it is clearly demonstrated that when doping
occurs in CNTs, the concentration of the doping element substantially determines the
properties of the doped CNTs. In this direction, NO and NO2 adsorption on CNTs doped
with different numbers of Al atoms was investigated using the PBE approximation [118]. It
was shown that the NO and NO2 adsorption energies tend to increase as the content of Al
in the doped CNTs increased, which can be associated to the enlarged active sites on CNTs
provided by Al atoms.

Table 2. NO2 adsorption on doped CNTs.

Doping Atom Eads (in eV) Methodology Reference

Al −2.20 B3LYP [120]
Al −4.24 BPE [118]
P −1.60 B3LYP [120]
Cr −2.34 B3LYP [121]
Mn −1.82 B3LYP [121]
Co −2.36 B3LYP [122]
Zn −2.02 B3LYP [123]
Mo −3.17 B3LYP [121]
Tc −2.06 B3LYP [121]
Rh −2.08 B3LYP [122]
Pd −2.09 B3LYP [123]
W −3.90 B3LYP [121]
Re −2.83 B3LYP [121]
Os −2.50 B3LYP [123]
Ir −2.62 B3LYP [122]

More complex doping has recently been investigated such as N4 porphyrin-like CNTs
with transition metals. The presence of this structure in CNTs provides an increase in
their reactivity compared with pristine CNTs. In this direction, the NO adsorption on
CoN4-CNTs was investigated using the PBE functional. The NO adsorption energy on
CoN4-CNTs (−1.21 eV) was high compared to those reported for pristine CNT [124]. In
another more recent study, the NO and NO2 interaction with MnN4-CNT was computed
employing the PBE approximation [125]. The NO and NO2 adsorption energies on MnN4-
CNT were −2.41 and −1.74 eV, respectively. As in the previous case, the interaction
energies of NO and NO2 on MnN4-CNT were higher than those on pristine CNTs, which
shows that N4-CNTs with transition metals are better candidates for the detection of these
toxic gases than pristine CNTs.

4.3. Vacancies

Another strategy used to modify the reactivity of pristine CNTs is through vacancies
(Figure 1). As previously documented, vacancy defects substantially modify the electronic,
mechanical, and chemical properties of CNTs [126,127]. In this direction, there are some
theoretical studies on the reactivity of CNTs with vacancies. For example, Vasylenko et al.
investigated the NO interaction on metallic SWCNTs (8,0) with vacancy using generalized
gradient approximation [128]. The adsorption energy of NO on metallic SWCNTs (8,0) with
vacancy was −2.49 eV, which was higher than reported on pristine CNTs. These results
show that SWCNTs with vacancy are better candidates for the detection of NOx gases than
pristine CNTs.

5. Combined Theoretical and Experimental Studies

A very interesting route for designing novel materials is combining theory and experi-
ment [129,130]. It has been demonstrated that combining experimental results and DFT
calculations is very efficient for designing novel toxic-gas sensors [131–133]. Therefore, in
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this section, we analyze the coupled theoretical and experimental studies on developed
on CNTs modified through surface functionalization and defect engineering to improve
the sensitivity and selectivity to NOx. The sensing properties of CNTs decorated with gold
nanoparticles to NO2 were investigated through coupled theoretical and experimental
methods [100]. First, three type of active layers (O2-MWNTs, Au (5 Å)-decorated MWNTs,
and Au (10 Å)-decorated MWNTs) were exposed to various concentrations of NO2. The
Au–O2-decorated MWNTs sensors detect NO2 down to 0.1 ppm. In addition, Au-decorated
MWCNTs improve the detection of NO2 compared with that of O2-functionalized MWC-
NTs sensors. Finally, the best response to NO2 is achieved for Au (5 Å)-decorated MWCNTs
sensors. To explain the sensing properties obtained experimentally, DFT calculations were
carried out on SWCNTs (5,5) decorated with an Au13 nanoparticles in the presence of NO2
gas. The Au13 deposited on SWCNTs slightly modified the electronic properties of pristine
SWCNTs. In addition, a strong interaction (−3.26 eV) between NO2 and Au13-decorated
SWCNTs was observed, which can be associated with a good sensitivity of Au13-decorated
SWCNTs to NO2 gas. In another study, the adsorption of NO2 molecules on B- and N-
doped CNTs was studied by Adjizian et al. [134]. First, the CNTs doped with B and N were
obtained using the CVD technique. The presence of B and N atoms in the structure of CNTs
increased the value of the intensity ratio between the D-band and G-band in the Raman
spectrum, which increase the density of structural defects modifying the chemical reactivity.
The tests were performed using an airtight chamber at concentrations of 0.05, 0.1, 0.2, 0.5,
and 1.0 ppm of NO2 operating at RT and 150 ◦C (Table 3). The sensors showed a good
response to NO2 for both N- and B-doped CNTs operating at both temperatures compared
with pristine CNTs. The sensors showed a response at low concentrations with a detection
limit of 0.05 ppm increasing with gas concentration. Furthermore, the experimental results
demonstrated that the N-doped CNTs are more stable than B-CNTs, which showed the
best sensitivity when exposed to NO2 gas. Then, they used graphene as a model for the
density functional calculations, which demonstrated that the reactivity of pristine graphene
is enhanced by doping with B and N.

Table 3. Experimental gas sensing responsiveness, S, for nitrogen- and boron-doped nanotubes at an
ambient temperature and 150 ◦C for different gas concentrations. Republished with permission of
Elsevier from [134].

Sensor Type
Operating

Temperature

NO2

0.05 ppm 0.2 ppm 0.5 ppm 1.0 ppm

N-CNT
Ambient −0.75 −2.01 −3.27 −5.5
150 ◦C −0.54 −1.21 −1.87 −2.76

B-CNT
Ambient 0.00 −0.91 −1.39 −1.63
150 ◦C −1.33 −1.98 −3.56 −3.98

6. Conclusions and Future Directions

This review analyzes the progress of modified CNTs as NOx sensors in the last decade.
The different modifications made to the CNTs from the experimental, theoretical, and
combined theoretical–experimental perspectives are reviewed. Based on this review, the
following conclusions and future directions are proposed.

At the experimental level, CNTs functionalized with conductive polymers, such as
PANI and PEDOT, improved the sensor’s response to NO2. In addition, the use of metallic
nanoparticles supported on CNTs has achieved great progress in the development of NO2
gas sensors, which is related to the catalytic spillover effect of the nanoparticles increasing
the electron transfer between metal nanoparticles and CNTs. Therefore, sensors based on
polymer-modified or metallic nanoparticle-modified CNTs have shown good responses to
NO2 compared with pristine CNTs because these materials have more reactive sites for the
adsorption of the gas molecule. Unfortunately, there is little research on the use of CNTs
doped with heteroatoms for gas sensing, which may be due to the difficulty of controlling
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doping concentration experimentally. Although there has been significant advancement in
NO2 sensing with these materials, there are challenges to be overcome, such as improving
the sensitivity at low concentrations and RT, selectivity, and industrial manufacturing
scalable sensors.

Many theoretical DFT-based studies have been developed on modified CNTs as NOx
sensors. At the DFT level, different modifications have been investigated on CNTs, such as
decorated, doping, and vacancy, in which doping is the most explored. These modified
CNTs have shown higher reactivity than pristine CNTs; therefore, they are a good strategy
to modify the sensitivity of the CNTs to NOx. However, to date, DFT studies have been
mainly focused on the sensitivity of modified CNTs to NOx. Therefore, it is necessary to
investigate the selectivity of the modified CNTs to NOx gases at the DFT level. In addition,
feasible approaches (e.g., applying an electronic field) to facilitate the desorption of NOx
gases on the modified CNTs should be theoretically investigated in detail.

Coupled theoretical–experimental investigations are a good strategy for designing
more sensitive and selective NOx sensors based on modified CNTs. However, in the last
decade, these types of investigations have remained scarce. Therefore, investigations
combining theory and experiment should be performed to design novel NOx sensors
employing modified CNTs.
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