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Abstract. Graphene oxide quantum dots (GOQDs) can be synthesized through a large variety of
synthesis methods starting from different carbon allotropes such as nanotubes, graphite, Cg and
exploiting various synthesis and reactions. These different approaches have great influence on
the properties of the obtained materials, and, consequently, on the potential applications. In this
work, Buckminster Cgo fullerene has been used to prepare unfolded fullerene nanoparticles
(UFENPs) via two distinct synthesis methods namely: Hummer and H,SO,4 + HNO3 solution. The
different characteristics of the final materials and the different response in the presence of heavy
metal ions have been investigated in view of sensing applications of water contamination.

Introduction

Graphene oxide quantum dots present unique properties [1] of photoluminescence (PL),
biocompatibility, low cytotoxicity and photostability. For all these reasons they have been
proposed as candidate material for many applications such as bioimaging and electrochemical
biosensor, catalysis, organic light-emitting diodes, and heavy metal detection [2-5]. GOQDs are
single or few-layer graphene oxide (GO) sheets with lateral dimensions less than 100 nm [6]
exhibiting exciton confinement and quantum-size effect. In a typical structure the presence of
oxygen-containing functional groups (-OH, —COOH and epoxy groups) located on the carbon
basal plane and at the edges of the sheets are quite common. The consequent large number of
sp® carbon atoms in the GO lattice opens the optical bandgap of graphene and results in photo-
excited fluorescence with a typical, stable blue/green emission which can be exploited for many
possible applications [7]. The main role of these groups on the surface, which either form during
the synthesis procedures or are intentionally added by specific treatments, consists in improving
the hydrophilicity and thus the dispersibility in water. More importantly, they can undergo partial
deprotonation in water environment, and this can promote binding of heavy metal cations as
substitutes for the lost protons [8,9]. For this reason, GOQDs have been used as sensor of heavy
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metals (HMSs) ions in water. In fact, chelation of heavy metals has recently been considered as
the origin of the fluorescence quenching observed in (GOQDs) [4,10-16]

Although GO is obtained starting from smaller molecules [17] with the so called bottom-up
approach, they are usually produced starting from macroscopic materials like graphite,
nanotubes, or Cgo trough a top-down method. The most common synthesis of this type are: acid
oxidation [18], electrochemical oxidation [19], hydrothermal [20], microwave radiation [21],
chemical exfoliation [22]. In the case of acid oxidation, there are different ways to obtain
graphene oxide. In the Staudenmaier method [23], for example, a combination of sulfuric acid
and fuming nitric acid and KCIO; are used. In the Hofmann method [24], a combination of
sulfuric acid (H2SO,), concentrated nitric acid (HNOg3), and potassium chlorate (KCIOj3) are
exploited.

The Hummer method [25], based on a combination of sulfuric acid and NaNO3; and KMnO,
or a mixture between sulfuric acid and nitric acid, represents the most common strategy to obtain
GOQPDs. This strategy is preferred with respect to other methods due to its higher degree of
oxidation [26].

Recently, several groups have applied GOQDs produced in the above mentioned synthesis to
the study of the interaction with heavy metal ions.

Different responses were obtained depending on the starting materials, the dimension of
GOQDs, the number of functional groups on the edge and on the surface and so on. For example,
responses to a number of heavy metal ions have been analyzed starting by exfoliated graphite
using modified Hummer method [4,11], or by using pyrolysis of citric acid [12] or chemical
oxidation of carbon fibers [16], or Hummer method starting from Cg fullerene [27,28]. The
results were sometime not comparable and a dependence on synthetic method of production of
GOQDs was observed that suggest the need of further studies.

In this work we reported on two different synthesis methods starting from Cg, fullerene to
obtain unfolded fullerene nanoparticles (UFNPs) that are a specific type of GOQDs. The first
approach is based on a slight modification of Hummer method, while the second one exploited
an acid oxidation synthesis with sulphuric and nitric acid. In both cases, the chemical oxidation
of Cgo caused the opening of the Buckminster structure and the formation of oxygen-containing
functional groups, such as —OH and —COOH on the edge and the surface of the structure. Both
obtained photoluminescent materials were tested to detect the presence in water of heavy metal
ions through the change of its PL intensity. We reported how the optical response depends on the
two synthesis methods implemented. Moreover, exploiting X-ray photoemission spectroscopy
(XPS) and Fourier Transform Infrared Spectroscopy (FTIR), we analyzed how the observed
differences can be related to the morphology and chemical properties of the materials.

Experimental

Materials

Ceo (Solaris Chem Inc.), sulfuric acid (H,SO,, Sigma Aldrich 99.9%), sodium nitrate (NaNO3,
Sigma Aldrich), sodium hydroxide (NaOH, Sigma Aldrich), potassium permanganate (KMnQOy,,
Sigma Aldrich), hydrogen peroxide (H,O,, Sigma Aldrich), Nitric acid (HNO3; Sigma Aldrich
99.9%) were used as received without further purification. Deionized water obtained from a
Milli-Q water purification system (Millipore) was used for all the synthesis and the sensing test
measurements.

Hummer Synthesis (Synthesis A)

In the case of Hummer synthesis, hereafter referred to as synthesis A, UFNPs were prepared
starting by fullerene Cgo with a modification of Hummer’s synthesis using sodium nitrate,
sulphuric acid and potassium permanganate as strong oxidant agents following the recipe of
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reference [18]. The solution with Cg, sodium nitrate and sulphuric acid was stirred in an ice bath
for 2 hours, while potassium permanganate was added gradually. Then the solution was further
stirred for 4 hours at room temperature. After this time, the temperature was raised to 70°C and
then lowered to 35°C and addition of water was made. The reaction was stopped with H,0,3%
and the pH was brought to 7 with NaOH 1 M. The product was dialyzed in a dialysis bag of 2000
Da to remove the residual salts

Synthesis H,SO4 + HNO3 (Synthesis B)

In the case of the synthesis with sulphuric and nitric acid, hereafter referred to as synthesis B,
UFNPs were prepared starting by fullerene Cgo and using concentrated acids H,SO4and HNOj3 in
a ratio 3:1. The precursors were mixed together and sonicated for 2 hours. After this time, the
solution was put in an oil bath at 150°C for 24 hours. At the end, the solution was cooled down
and basified to pH 7 using NaOH 15 M. The product was filtered with 0.22 um and then
dialyzed in a dialysis bag of 2000 Da to remove the residual salts.

Apparatus and data processing

Both solutions were characterized by UV-Vis absorption measurements (ABS) and
photoluminescence (PL) by using quartz cuvettes with 1 cm optical path. The absorption spectra
were taken with a Cary 50 spectrophotometer in the range 200 — 500 nm. The photoluminescence
spectra were taken in the range 350 — 700 nm by exciting the solution with a 200-W continuous
Hg(Xe) discharge lamp by a conventional 90-degree geometry. To take the spectra, apposite
optical filters were used both for the excitation light and the PL signal. Fourier transform infrared
spectroscopy (FT-IR) data were obtained on sample powders by a Perkin EImer Spectrum One
spectrometer (Waltham, MA, USA). In the case of XPS the surface analyses were carried in an
electronic spectrometer EscalabMklIl (VG Scientific Ltd., East Grinstead, UK) equipped with
XPS and AES techniques. The Al Ka source was used for the photoemission and X-ray induced
Auger spectroscopy, where as a LEG200 electron gun was used for the AES. The photoemission
spectra were collected at 50 eV pass energy in selected area mode A3x10 with a diameter of 3
mm, whereas the Auger spectra were registered at the pass energy of 100 eV, in order to increase
the signal-to-noise ratio. All experimental data were processed by using the software Avantage
v.5 (Thermo Fisher Scientific, EastGrinstead, UK). Experimental C KVV spectra were smoothed
at least for 11 times by moving average routine with a width of 1.2 eV. Afterwards, these spectra
were differentiated by using a width of 7 data points for the determination of D parameter

Results

Characterizations of UENPs

The PL and the absorption spectra of the two systems present some differences as reported in
figure 1a. When excited at 300 nm, the PL spectrum of sample obtained from synthesis A has a
maximum at 450 nm while sample obtained from synthesis B presents a red shifted peak with
maximum at 500 nm and a wider shape with respect to the previous one. The absorption spectra
of both solutions are reported in figure 1b. They present the typical peaks of the n-n* transitions
around 200 nm and n-zt* transition at 300 nm.
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Figure 1 a) PL Intensity spectra of Synthesis A (blue line) and Synthesis B (red line);b)
Absorption spectra of Synthesis A (blue line) and Synthesis B (red line)

The n-7* transitions, is due to the presence of the aromatic sp® domains (C=C), and the n-z* is
generally attributed to the presence of C=0 bonds of oxygen-containing functional groups [29].
These groups are typical of graphene oxide quantum dots (GOQDs).

In order to confirm the formation of GOQDs FT-IR spectra were acquired and shown in
Figure 2.
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Figure 2 FT-IR spectra of Synthesis A (blue line) and Synthesis B (red line)

In both FT-IR spectra the typical peaks of graphene oxide that are related to the carboxyl,
hydroxyl, and epoxy groups of GOQDs are present. In particular, the peaks at approximately
1,000 cm™, 1,150 cm™, 1,650 cm™, 1,750 cm™, and 3,350 cm™ corresponding to C-O, C-OH,
C=C, C=0 and O-H, respectively [30].

As a general remark of the characterizations illustrated in Figl and Fig 2, we pointed out that,
the PL of the two solutions indicates different dimension of the nanoparticles and different
number of carboxylic groups. Both these factors are strongly related to the methods of synthesis
and to the starting compounds [31].

It is therefore probable that a change in the number of carboxyl groups in the structure leads
to a difference response in the presence of heavy metals ions.

A greater number of functional groups allows a greater interaction between GOQDs and ions.
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The XPS spectra of C 1s region reported in Figs. 3(a) and 3(b) testified the prevalence of C-C
bonds (main peak named as A in the Fig 3 (a) and (b)) with binding energy BE = 284.6 eV.
Other two minor components of C 1s peak, attributed to C-O bonds with BE = 286.4 eV and
carboxylic bonds with BE = 288.6 eV, are higher in the sample of synthesis B (Fig. 3 (b)).
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Figure 3 XPS spectra of carbon related to the samples of synthesis A (a) and synthesis B (b).

From the comparison of Auger spectra of C KVV region (Figure 4) acquired by using X-rays
and electron beam (see Figure 4 (a)), were determined the values of D parameter equal to 12.7
and 20.9 eV, respectively. This change of the D parameter from the diamond-like value obtained
with X-rays to graphitic one (electron beam) indicates that the main configuration of C—-C bonds
in the sample of synthesis A corresponds to graphene [32]. In the sample of synthesis B, the D
parameter obtained from X-rays excited C KVV spectrum (Fig. 4(b)) is higher (15.1 eV) due to
the higher amount of C-O and carboxylic bonds.
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Figure 4 Auger spectra of C KVV region of the samples of synthesis A (a) and synthesis B (b).

Excitation spectra of UENPs
GOQDs have localized sp2 carbon subdomains having specific absorption energy levels with
similar DOS (density of states) as reported by many works [33,34]. These energy states were
studied by different authors [33,34] and recently their presence was confirmed by a red-blue-red
(RBR) shift of the PL spectra using different excitation wavelengths [35,36].

In figure 5 the emission spectra at various excitation wavelengths of the two systems are
reported. For synthesis A (Figure 5(a)), the emission spectra are reported in the excitation range
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270 — 360 nm, while, for synthesis B are reported in the range 280 — 400 nm (Figure 5(b)). As it
is possible to see from the graph, in the synthesis B case, the maximum of photoluminescence
spectrum has an RBR shift [35,36]. Specifically, a redshift is present in the excitation
wavelength range 280-290 nm, subsequently a blueshift in 300-340 nm, and a redshift in the
range 340-500 nm. In the case of synthesis A, this shift is no present.
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Figure 5 a) Emission spectra of synthesis A in the excitation range 270 — 360 nm; b) Emission
spectra of synthesis B in the excitation range 280 — 400 nm

Called intrinsic state the state formed by localized sp2 carbon subdomains, and extrinsic states
the state due to the presence of the oxygen-containing groups [35,36], the difference in the
emission spectra at various excitation can be related to the number variation of intrinsic and
extrinsic states. The RBR shift is present when the intrinsic and extrinsic states are in greater
numbers, in fact, for synthesis B the number of oxygen-containing groups is greater than the
synthesis A, and this is due to the synthesis method. In fact, a different synthesis method causes a
variation of defective groups, thus a variation in the number of intrinsic and extrinsic groups. For
this reason, the RBR shift is present for the synthesis B.

Heavy metal sensitivity

We measured the optical response of the both synthesized systems to test the presence of heavy
metal ions in water. The ratio of the fluorescence intensity of the two UFNPs syntheses, with and
without of metal ions in the solution is reported in figure 6 for several metal ions.

In order to characterize the system response in the presence of these ions at the concentration
of 100 uM, a drop of 30 pl of concentrated salt solution was added to 3 ml of UFNPs solution.
The pH of the solution was measured immediately before and after each measurement and it was
7. The investigated ions were: Co(Il), Cu(l1), Cd(lI), Pb(Il), Ni(I1), Na(l), As(l11), and As(V).
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Figure 6 Response in the presence of different heavy metal ions at 100 uM concentration for
Synthesis A (blue bar) and Synthesis B (red bar)
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As stated in our previous works [27,28,37] we reported different studies about the interaction
between UFNPs and heavy metal ions. Due to an aggregation process, the interaction of heavy
metal ions and UFNPs can cause the formation of a stable complex [37,38]. In fact, metal ions
can bind more quantum dots together thanks to the presence of the oxygen-containing groups at
the edge and at the surface of the UFNPs structure [38-40]. This aggregation is responsible for a
change of the PL intensity.

The binding with a specific ion depends by the affinity between the ion and the UFNPs. This
mechanism plays an important role in the Photoinduced Electron Transfer (PET) in the UFNPs
and therefore, the presence of some ions causes a quenching or an enhancement of the PL signal.
The UFNPs synthesized with Hummer method shows a fluorescence quenching and an increase
of absorption in the short wavelength range of absorbance spectrum (not shown here, see
reference [27]) in the presence of Cu(ll) and Pb(Il) ions, as we reported recently [27]. This has
been explained with the interaction of metal ions with the carboxyl groups located at the edges of
UFNPs, possibly promoting an edge-to-edge aggregation. In the case of the arsenic ions, the
aggregation could be face-to-face [40]. Both types of aggregation allow the chelation of metal
ions, with a consequence of PL quenching effect. In the case of cadmium ions, the PL enhanced
could be due to the Chelation-Enhanced Fluorescence (CHEF) mechanism [40,41], Cd(Il) ions
might coordinate with the basal surface of the carbon layers trough cation-n interaction [41-43]
using the oxygen lone pair electrons of the carbonyl and epoxy groups by immobilizing the lone
pair electrons, Cd(Il) cation increases the recombination rate and the fluorescence intensity of
UFNPs.

In the figure 5 both syntheses have a similar behaviour in the presence of the different ions,
but in the case of synthesis B, the system is more sensitive. This is probably due to a greater
oxidation degree of the system, in fact, FT-IR spectra (Figure 2), XPS (Figure 3) and Auger
spectroscopy (Figure 4) confirm the greater presence of carboxylic groups. Or probably, it is due
the different synthesis method, without potassium permanganate. In fact, the use of potassium
permanganate can limit the response of the system, due to possible interaction between Mn(ll)
ions and quantum dots. Not using the permanganate in the synthesis could allow to obtain a more
sensitive system.

An important aspect about the response of the two systems in presence of the arsenic ions is
reported: As(lll) and As(V) not affect the optical signal in the synthesis B, while the both As

22



Photonics and Photoactive Materials Materials Research Forum LLC

Materials Research Proceedings 16 (2020) 16-26 https://doi.org/10.21741/9781644900710-3

ions increase the PL emission of the synthesis A. Such a behaviour is probably related to the
oxidative groups that are mainly at the edge of the GOQDs, while the arsenic is known to bind
preferentially with the surface of the carbon nanosheets, rather than the edge [40,41]. Thanks to
the different response in the case of arsenic ions by using both UFNPs solutions it could be
possible to detect selectively these ions in water.

Conclusions

A new synthesis of UFNPs starting from Cg fullerene was studied by using only two strong acid
as oxidant agents. The obtained material was studied and tested to detect different heavy metal
ions in water, and the results were compared with our previous synthesis of UFNPs by a
modification of Hummer method. A different oxidation degree of carbon is confirmed by FT-IR
analysis and XPS. The different structure obtained have different number of extrinsic and
intrinsic states and for this reason there is a different response in the emission spectra at various
excitation wavelength. The second system is more sensitive to the presence of heavy metal ions,
but very interesting in the different response in the presence of As(l11) and As(V). In fact, in the
case of the second synthesis, the system doesn't respond to the presence of these ions on the
contrary of synthesis A. Further studies are necessary to understand this behavior, but these two
systems can be used to detect the presence of arsenic in water.
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