Ultrasonics Sonochemistry 90 (2022) 106212

Contents lists available at ScienceDirect

Ultrasonics Sonochemistry

Ultrasonics
Sonochemistry

FI. SEVIER

journal homepage: www.elsevier.com/locate/ultson

L)

Check for

Influence of the ultrasound cavitation intensity on reduced graphene e
oxide functionalization

Ales Rugigaj®, Justin G. Connell °, Matevz Dular ¢, Bostjan Genorio®"

2 University of Ljubljana, Faculty of Chemistry and Chemical Technology, Vecna pot 113, SI-1000 Ljubljana, Slovenia
Y Materials Science Division, Argonne National Laboratory, 9700 South Cass Avenue, Lemont, IL 60439, United States
¢ University of Ljubljana, Faculty of Mechanical Engineering, Askerceva 6, SI-1000 Ljubljana, Slovenia

ARTICLE INFO ABSTRACT

Keywords:

Graphene oxide
Poly(vinyl alcohol)
Ultrasonication

Surface functionalization

Graphene is a valuable and useful nanomaterial due to its exceptionally high tensile strength, electrical con-
ductivity and transparency, as well as the ability to tune its materials properties via functionalization. One of the
most important features needed to integrate functionalized graphene into products via scalable processing is the
effectiveness of graphene dispersion in aqueous and organic solvents. In this study, we aimed to achieve the
functionalization of reduced graphene oxide (rGO) by sonication in a one-step process using polyvinyl alcohol
(PVA) as a model molecule to be bound to the rGO surface. We investigated the influence of the sonication
energy on the efficacy of rGO functionalization. The correlation between the performance of the high-intensity
ultrasonic horn and the synthesis of the PVA functionalized rGO was thoroughly investigated by TGA coupled
with MS, and IR, Raman, XPS, Laser diffraction, and SEM analysis. The results show that the most soluble PVA-
functionalized rGO is achieved at 50% of the ultrasonic horn amplitude. Analysis of cavitation dynamics revealed
that in the near vicinity of the horn it is most aggressive at the highest amplitude (60%). This causes rGO flakes to
break into smaller domains, which negatively affects the functionalization process. On the other hand, the
maximum of the pressure pulsations far away from the horn is reached at 40% amplitude, as the pressure os-
cillations are attenuated significantly in the 2-phase flow region at higher amplitudes. These observations cor-
elate well with the measured degree of functionalization, where the optimum functionalized rGO dispersion is
reached at 50% horn amplitude, and generally imply that cavitation intensity must be carefully adjusted to
achieve optimal rGO functionalization.

1. Introduction

Graphene exhibits a number of unique properties, such as excep-
tional electrical and thermal conductivity, mechanical flexibility and
optical transparency [1]. Unique structural features and outstanding
performance characteristics make graphene a suitable material for the
rapidly developing fields of nanoelectronics, nanocomposites, super-
capacitors, and sensors. Due to its outstanding potential, the research
community is exploring various aspects of graphene chemistry [2-4]. To
modify and/or improve the desired properties of graphene, significant
efforts have been made to modify the surface and increase the degree of
graphene functionalization [5]. One of the most important features
needed to integrate functionalized graphene into products via scalable
processing methods is the effectiveness of graphene dispersion in
aqueous and organic solvents, which can be achieved by changing the
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nature of the functional groups [6-8]. To achieve functionalization of
graphene with good processability and high dispersity, graphene oxide
(GO) or its reduced form (rGO) has been widely used as a starting ma-
terial for the formation of functionalized graphene derivatives [9-11].
GO can be effectively prepared by oxidation of natural graphite using
various methods such as the improved Hummers’ method, the Brodie’s
method, and the Staudenmaier’s method [12]. The relevance of GO is
reflected in the oxygen-rich functional groups with a significant hy-
drophilic character, which yields high dispersity in aqueous media and
some organic solvents, as well as affects its chemical reactivity. Post-
reduction of GO leads to the preparation of a reduced GO (rGO) sur-
face also suitable for further functionalization [13]. rGO has an intrin-
sically hydrophobic nature and, like other carbon allotropes, it is poorly
dispersible in water and most organic solvents. However, good dis-
persibility in various solvents is crucial for subsequent materials
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processing [14,15], making effective functionalization of rGO of para-
mount importance to device integration. The functionalization of rGO
can be achieved by either a covalent or a non-covalent functionalization
strategy [6,16]. Due to the rigorous and time-consuming organic syn-
thesis, one of the major challenges in covalent graphene functionaliza-
tion is to improve beyond milligram-scale chemical approaches in a
facile and economical way [17-20].

Significant efforts have been made to utilize sonochemistry for gra-
phene functionalization, as it has been shown to be beneficial in a wide
range of other materials and chemical syntheses. Ultrasound can be used
in various stages of the preparation of graphene (or its derivatives) [21],
in particular for the preparation of graphene layers by exfoliation from
graphite [22,23], in the preparation of various geometries of graphene
[24], its dispersion, as well as in functionalization of graphene and its
derivatives [25]. Sonication is particularly advantageous as it helps to
avoid multi-step processing with strong oxidizing and reducing agents.
Several research papers report the production of high quality graphene
and its derivatives in a simple one-step process [21].

The key component of ultrasonic efficiency results from acoustic
cavitation. Cavitation forms in a liquid medium when pressure locally
drops below the vaporization pressure and cavitation bubbles appear. As
the pressure recuperates the bubbles collapse, producing localized spots
with extremely high temperatures exceeding 5000 K and pressures of
hundreds of bars. This results in mechanical loads such as shock waves,
liquid microjets, microstreaming and high shear forces [26]. In addition,
localized hot spots generate highly reactive radicals that allow favorable
reaction conditions that are not present under normal conditions
[27,28]. Although ultrasound itself already has enormous potential and
has therefore been used in plethora of applications, the efficiency of the
process and the energy transfer still pose an inherent problem and are
therefore being actively researched [29].

Surface functionalization of graphene with polymers to improve its
properties has been actively explored in recent years [30-32] with most
methods based on a chemical synthesis approach. In these, ultrasound
has been used only in part of the segment, mainly in mechanical exfo-
liation [21,33]. The chemical approach of graphene functionalization by
polymers includes traditional free radical polymerization [30], atom
transfer radical polymerization, and reversible addition chain transfer
[34,35]. On the other hand, works focusing on the direct application of
ultrasound to provide functionalized graphene by macromolecules are
less common. Nevertheless, some work has been done on the function-
alization of graphene with polymer components using ultrasound.
Yongshen Li et al. [36] took advantage of ultrasound to synthesize gra-
phene oxide-carboxylic acid-polyvinyl alcohol polymers (GO-COOPVA)
and achieved an improvement in the thermal stability. In one of their
previous studies, ultrasound-assisted functionalization starting from
phosphorous GO (PGO) was performed to prepare PGO/PVA polymers
[37]. Functionalization of graphene sheets with polystyrene chains
promoted by ultrasound was described by Xu H. et al. [38]. An inter-
esting study was performed by Shen B. et al. where the functionalization
was achieved solely by ultrasonication on the aqueous mixture of pris-
tine graphene and PVA with the estimated content of PVA on graphene
to be approximately 35 % [39]. In addition, ultrasound-assisted direct
functionalization of GO with nitrogen [40], 5-aminoindazole [41], and
amino-alcohol [42] were recently presented. However, most of the
studies lack of systematic approach on how to control the degree of
functionalization by controlling ultrasound parameters.

In this study, we aimed to achieve the functionalization of rGO by
sonication in a one-step process using polyvinyl alcohol (PVA) as a
model molecule to be bound to the rGO surface. We investigated the
influence of the energy (power) input of the ultrasonic horn on the ef-
ficacy of rGO functionalization. The correlation between the perfor-
mance of the high-intensity ultrasonic horn and the synthesis of the rGO-
PVA polymer was thoroughly explained by TGA coupled with MS, and
IR, Raman, XPS, Laser diffraction, and SEM analysis. The most stable
dispersion of functionalized rGO was obtained at 50 % horn amplitude.
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Fig. 1. Set-up of the experiment.

These results indicate that an optimal combination of both particle size
distribution and relative degree of functionalization is necessary in order
to realize a stable dispersion of functionalized rGO. The approach
described points to a new pathway toward scalable production of
functionalized graphene-based materials that can be used in several
applications and new technologies.

2. Experimental
2.1. Materials

Graphene oxide (GO) precursor was prepared via Hummers’ method
from Graphite (Imerys, Timrex PP44). Poly(vinyl alcohol) (PVA) was
purchased from Sigma-Aldrich (Mowiol 4-98, Mw ~ 27,000 g/mol, 98
% hydrolyzed), H3PO4 (Merck, ACS reagent, > 85 wt% in Hy0), HoSO4
(Merck, ACS reagent, 95.0-98.0 wt%), HCl (Merck, ACS reagent, 37 %
wt.), KMnO4 (Merck, ACS reagent, > 99.0 wt%), HyO, (Merck, ACS
reagent, 30 wt% in H,0), Hydrazine monohydrate (Sigma-Aldrich, re-
agent grade, NoHy 64-65 wt%, 98 %). All aqueous solutions and sus-
pensions were prepared with ultrapure water obtained from a Milli-Q
system (Millipore) with resistivity 18.2 MQ cm.

2.2. Synthesis of reduced graphene oxide (rGO)

rGO was synthesized by a previously published method [43]. Gra-
phene oxide (17.0 g) was dissolved in Milli-Q water (1.5 L) and placed in
a 2 Lround bottom flask with a PTFE magnetic stirrer. The round bottom
flask was then connected to a reflux condenser and placed on an oil bath.
The reaction mixture was slowly heated to 100 °C on a magnetic stirrer
with a hot plate (MSH-20D, Witeg) and stirred at 550 rpm. Then, hy-
drazine hydrate (170.0 mL) was slowly added via the condenser and the
reaction mixture was kept at 105 °C for 24 h under reflux. During
reduction, the reaction mixture changed colour from brown to black,
indicating chemical reduction. After reduction, the hot reaction mixture
was filtered with a 0.2 pm PTFE membrane filter (Omnipore, Merck), the
resulting rGO washed with hot Milli-Q water (1.5 L) and 96 vol%
ethanol (400 mL) and air dried for 24 h. rGO (4.2 g) was further dried in
vacuo at 80 °C overnight.

2.3. rGO functionalization by sonication

The PVA (0.50 g) was dissolved in Milli-Q water (100 mL) in three-
neck round-bottom flask at 90 °C and then cooled to room temperature
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(Fig. 1). rGO (50 mg) was added to the PVA solution and a suspension
was formed by vigorous stirring. The suspension was deoxygenated with
Ar while the high-intensity ultrasonic horn was used to treat the sus-
pension at 20 %, 30 %, 40 %, 50 %, and 60 % amplitude setting for 2 h.
The suspension was immersed in an ice bath to eliminate the calori-
metric effect of sonication (the temperature did not increase above 25 °C
during sonication). After sonication, a stable dispersion of functional-
ized graphene was obtained, while the black sediment could be attrib-
uted to the non-functionalized graphene. The supernatant was resolved
by centrifugation at 10000 rpm for 10 min and then filtered through a
0.2 pm polycarbonate membrane (Omnipore, Merck). The collected
black precipitate was washed with boiling Milli-Q water (100 mL), then
the precipitate was re-suspended on the membrane in hot Milli-Q water
(90 °C) and filtered again. The process of washing, resuspending, and
filtering was repeated three times. In this way, the residual non-bound
PVA was removed. The removal of PVA was confirmed by adding THF
to the solution until the turbidity disappeared. The collected product
was dried overnight in a vacuum oven at 50 °C. Significant losses in yield
were observed with this time-consuming procedure, which varied
depending on the ultrasound strength. The yield of functionalized gra-
phene was less than 5 %, based on the rGO used.

The sediment after centrifugation was repeatedly suspended in 20
mL of hot distilled water (90 °C) and centrifuged until complete removal
of PVA. Removal of PVA was confirmed in the same manner as described
previously. Approximately 10 wash and centrifugation cycles were
required. Thereafter, the collected sediment was dried overnight in a
vacuum oven at 50 °C.

Sonication, treatment by cavitation phenomena was introduced by a
12 mm titanium (Ti) tip of a 20 kHz ultrasonic horn transducer Cole-
Parmer with nominal power of 750 W and with a nominal output fre-
quency of 20 kHz. Temperature inside the flask was monitored by a
Pt100 probe.

A set of measurement points were recorded at various transducer
amplitudes (20 %, 30 %, 40 %, 50 and 60 % amplitude setting, 100 %
corresponding to 206 pm peak to peak amplitude). The electrical power
consumption was measured by Fluke Norma 4000 power analyzer and
gave at 20 % - 52 W, at 30 % - 63 W, at 40 % - 76 W, at 50 % — 89 W and
at 60 % — 102 W. To further characterize cavitation, various methods
were used:

e Cavitation was observed by high-speed camera Photron Fastcam SA-
Z at 100,000 fps at a relatively high resolution of 256 x 256 pixels.
Shutter time was set to 5 ps. Backlight illumination by high power
LED was used. The setup is schematically shown in Fig. 1.

o We performed calorimetry measurements to evaluate the energy
input from the horn to the sample. This was done by using a thermo-
insulated vessel instead of three neck flask and tracking the tem-
perature increase during the cavitation treatment.
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e To determine the aggressiveness in the near vicinity of the horn, the
probe tip was replaced by an aluminum sample and direct mass loss
measurements were performed. These were performed according to
the ASTM G32-16 standard [44], but on a smaller, 12 mm, sample.
The mass of the specimen was measured after 1, 5, 10 and 15 min.
The measurements were repeated 5 times.

Cavitation aggressiveness further away from the horn was deter-
mined by measurements of pressure pulsations by a high frequency
pressure transducer PCB 112A05 with Briiel&Kjaer 2635 charge
amplifier. The sampling frequency for pressure measurement was
0.5 MHz. Pressure transducer was mounted in the same level as the
horn tip and shifted from the center of the horn for 50 mm.

2.4. Characterization

Evolved gas analysis (EGA): Thermogravimetric measurements
were performed on a Netzsch 449 F3 Jupiter instrument under a dy-
namic Ar (5.0) flow with a flow rate of 50 mL/min in a temperature
range from 30 °C to 900 °C. A heating rate of 10 K/min was used. About
15 mg of sample was placed in 0.3 mL alumina (AlyO3) crucible.
Simultaneously, mass spectrometry was performed on MS 403C Aéolos
with detector SEM Chenneltron and system pressure of 2 x 10”> mbar.
Gasses evolved under TG heat treatment were transferred to mass
spectrometer through transfer capillary: quartz ID 75 pm which was
heated up to 220 °C. The upper limit of the mass spectrometer detector
was 100 AMU.

Raman Spectroscopy: The Raman spectra were acquired using a
Renishaw inVia confocal Raman microscope; 532 nm wavelength laser
was used for excitation. Peak fitting of spectra was done with the Lor-
entzian peak shape, baseline constrain at 0 intensity and peak at center
constrains as previously shown [45].

X-ray Photoelectron Spectroscopy (XPS): XPS measurements were
performed using a SPECS PHOIBOS 150 Hemispherical Energy Analyzer
with a monochromated Al Ka X-ray source. Indium foil was used as
substrate for the sample preparation, and spectra were charge refer-
enced to the metallic In 3d5/2 peak at 444.8 eV. Spectra were acquired to
maintain a similar In 3ds,, peak intensity in order to ensure analysis of a
similar amount of rGO material. Survey spectra were measured using a
pass energy of 40 eV at a resolution of 0.2 eV step ! and a total inte-
gration time of 0.1 s point™!. Data analysis was performed using
CasaXPS software (http://www.casaxps.com/) with a Shirley-type
background and 70-30 Gaussian-Lorentzian peak shapes for all peaks
except spz carbon, which used an asymmetric lineshape derived
empirically from a highly ordered pyrolytic graphite sample in a sepa-
rate experiment.

Scanning electron microscopy (SEM): Morphology characteriza-
tion and visualization of graphene particles was performed by using a
scanning field emission electron microscope Zeiss ULTRA plus. Samples
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Scheme 1. Graphical representation of rGO functionalization by PVA using different ultrasound cavitation intensities.
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Fig. 2. Solubility tests of as prepared dispersions (0 h), after 1 h storage, and
after 7 days storage.

were dispersed in deionized water (resistivity 18.2 MQ-cm) using ul-
trasound. Suspension was then drop cast onto Si wafer adhered on the
aluminum SEM holder with the conductive carbon tape. SEM images
were taken at 2 kV or 3 kV using a SE2 detector at WD 5.5 mm.

Laser Diffraction, Particle Size Analysis: Particle size distribution
analysis was performed in wet conditions (aqueous dispersion) using a
Microtrac S3500 Bluewave laser particle size analyzer equipped with
tri-laser technology.

Fourier-transform infrared spectroscopy (FTIR): FTIR spectra
were obtained on a Bruker IFS 66/S spectrometer. Samples were
analyzed in KBr disks that were prepared with a 6 x 107 Pa load.

3. Results and discussion

As-prepared reduced graphene oxide (rGO) material is a highly
porous, aggregated, morphologically crumpled material with relatively
large area graphene domains (Figure S1). This morphology is the result
of chemical reduction at high temperatures, which removes the majority
of the oxygen functionalities from graphene oxide layers (GO) in
aqueous solutions. When such a material is subjected to ultrasonic
cavitation, several processes can occur in parallel. First, the as prepared
rGO can exfoliate by breaking weak van der Waals forces, and second,
strong in-plane covalent C—=C bonds can be cleaved if the energy of the
cavitation bubbles is high enough. Moreover, C=C bond breaking
locally leads to active sites on the graphene lattice that are susceptible to
functionalization. Similar results were previously shown in longitudinal
splitting of multi-walled carbon nanotubes (MWCNTs), when potassium
metal incorporation triggered the splitting and created carboanionic
centers at the edges of graphene nanoribbons (GNRs), which are active
functionalization sites [8]. In the present case, when rGO and polyvinyl
alcohol (PVA) are sonicated in aqueous suspension together (Scheme 1),
the possibilities of bond cleavage and consequently new bond formation
(functionalization) increase even further, as PVA molecules have several
single bonds that can be cleaved (C—C, C—H, C—O0, and O—H), as well
as all bonds in water molecules. Since multiple bonds (C—=C) require the
highest energies, followed by single bonds and finally the breaking of
van der Waals forces, we believe that tuning the energy input from the
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Fig. 3. Frequency histograms showing particle size distribution by number of
PVA functionalized rGO prepared with 20% amplitude (red), 30% (green), 40%
(blue), 50% (turquoise), 60% (magenta), and as prepared non-functionalized
rGO (black).

ultrasonic horn into the sample could result in varying degrees of
functionalization. Put simply, this means that low energies initially
exfoliate graphene materials, medium energies functionalize graphene
materials, and very high energies break graphene domains into smaller
particles. To test this hypothesis, we designed the functionalization
experiment so that all reaction parameters were held constant, and the
only variable was the amplitude of the ultrasonic horn, which was set at
20 %, 30 %, 40 %, 50 %, and 60 % amplitude.

Although the solubility of non-functionalized rGO is generally
known to be poor, especially in aqueous environments, a high degree of
rGO functionalization with a water-soluble polymer, such as PVA,
should result in stable suspensions. We compared the stability of sus-
pensions of rGO, a physical mixture of rGO and PVA (rGO + PVA)
without ultrasound, and ultrasound-treated rGO and PVA at 20 %, 30 %,
40 %, 50 %, and 60 % ultrasonic horn amplitude setting, respectively
(Fig. 2), to understand whether the ultrasonic treatment leads to
improved rGO solubility. From Fig. 2, it is clear that rGO and rGO + PVA
are not soluble, while the solubility of ultrasonically treated rGO in-
creases from 20 % to 50 %, where the solubility is highest, and then
decreases after increasing power to 60 %. The stability during the
different time intervals also shows the same trend as the originally
prepared suspensions. 50 % show high stability of the suspension even
after one week of storage. These results indicate the suspension stability
is most likely related to the degree of functionalization and particle size
distribution.

To further investigate the origin of the solubility trend, we performed
a particle size distribution (PSD) analysis using laser diffraction. As
mentioned at the beginning of the discussion section, ultrasound can
also break strong C—=C double bonds if the energy is high enough. A
comparison of the PSD of materials prepared at 20 %, 30 %, 40 %, 50 %,
and 60 % amplitude and non-functionalized rGO was performed. For
simplicity and to make the trends clear, only the mean diameter in mi-
crometers of the frequency distribution is given. The frequency histo-
grams in Fig. 3 clearly show the difference between the non-
ultrasonicated and ultrasonicated rGO particles. The mean diameter of
the as-prepared non-functionalized rGO particles is 179.5 pm, which is
at least an order of magnitude higher than the value of the rGO materials
functionalized with PVA. This clearly shows that ultrasonic treatment
with different cavitation energies exfoliates and brakes down the rGO
particles. Average particle diameters are observed to be 3.85 pm, 5.16
pm, 4.43 pm, 2.22 pm, and 0.28 pm for 20 %, 30 %, 40 %, 50 % and 60 %
amplitude, respectively, indicating that similar results are obtained
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Fig. 4. SEM images of PVA functionalized rGO using 30%, 40%, 50%, and 60% ultrasonic horn amplitude.

e W W

Fig. 5. Appearance of cavitation in water as a function of amplitude (averaged over 2000 images).

below 50 % amplitude. However, when the amplitude reaches 60 %, the
mean value decreases by another order of magnitude, indicating that the
ultrasonic energy is high enough to efficiently cleave C=C bonds in the
graphene sheets. We hypothesize that energies equal to or lower than 50
% amplitude only exfoliate graphene, i.e., break weak van der Waals
forces, while energies higher than 60 % amplitude also break the strong
C=—C bonds.

Interestingly, frequency histograms showing particle size distribu-
tion by volume (Figure S2) show a bimodal distribution for all 5
different amplitudes (20 %, 30 %, 40 %, 50 %, and 60 %), whereas
nonfunctionalized rGO has a monomodal particle size distribution. This
bimodal distribution could represent a combination of exfoliated and
not fully exfoliated rGO particles. This distribution is partially confirmed
with SEM images (Fig. 4), which were taken at the same magnification.
Materials treated with 30 %, 40 % and 50 % ultrasonic amplitude show
similar particle size distribution as well as similar exfoliation. However,
materials treated at 60 % amplitude exhibit significantly smaller parti-
cles, confirming that high energies substantially break and exfoliate
graphene particles.

Cavitation phenomena were thoroughly investigated to gain under-
standing of the influence of the sonication intensity on functionalization
of graphene. Fig. 5 shows the averaged appearance of cavitation at the
tip of ultrasonic horn.

As expected, the extent of the vapor cloud grows with the increase in
amplitude. An important observation is that in case of lower amplitude

(20 % and 30 %) the structure does not cover the whole tip of the horn —
an outer perimeter of its frontal area remains completely wetted over the
whole oscillation cycle. On the contrary, in cases at 40 %, 50 % and
especially in the case of 60 % amplitude, the horn tip is covered by
bubbles which, as it will be shown, influences the dynamics of the cavity
and the progression of pressure waves through domain.

The diagrams in Fig. 6 show further measurements which charac-
terize the flow conditions during the sonication. As a function of the
horn amplitude setting in A) the energy input into the vessel, B) the size
of the cavitation cloud, C) the eigen frequency of cavitation structure, D)
the aggressiveness of cavitation (manifested as erosion) in close vicinity
of the horn and E) the amplitude of pressure oscillations “far” from the
horn tip.

Measurements of calorimetry (Fig. 6 A) show that the energy input
into the sample increases linearly. This result is expected, but important,
as one can observe that only part of the electrical energy that is put into
the ultrasonic horn is actually delivered to the liquid (25 to 40 %). This
points to the issue that calorimetric measurements should be performed
every time when characterizing ultrasonic cavitation as in the opposite
case, no comparison between processes by different equipment can be
made.

It is obvious that the cavitation cloud size increases as the amplitude
approaches 60 % (Fig. 6 B). The reason for this is likely related to self-
amplification. The two-phase region near the horn tip builds up as a
result of significant movement of the horn. The fluid mixture becomes
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more compressible; hence less energy can be radiated from the region in
form of shock waves [46,47]. This further concentrates the energy
deposited in the close vicinity of the horn and the average structure
volume grows. Eventually, the horn begins to press against a highly
compressible liquid—vapor mixture and the cloud seizes to grow further
- a constant maximum size is reached.

Cavitation dynamics can be further discussed on the basis of the
typical eigen frequency of the structure (Fig. 6 C). It was determined by
the FFT analysis of the time series of cavitation size, which was obtained
from the average gray level of images of cavitation (as previously in
[48]). As the cavity grows its dynamics slows down (from 10 kHz to
about 5 kHz). This is particularly evident for the transition from the
partially to completely cavitation covered ultrasonic tip. Above 40 %
amplitude, more or less constraint and well known ~ 1/5 driving fre-
quency is reached [48] and one cannot claim that this parameter might
influence either the functionalization efficiency or the breakup of the
graphene particles.

We hypothesized above that low sonication energies initially exfo-
liate graphene materials, medium energies functionalize graphene ma-
terials, and very high energies break graphene domains into smaller
particles. The size distribution of the particles can be correlated to the
maximal cavitation aggressiveness, which lies near the tip of the horn.
This can be estimated by performing direct erosion measurements. We
replaced a highly resistant Ti horn tip by a soft Al one, exposed it to
cavitation and measured mass loss from it — Fig. 6 D. We see that it in-
creases exponentially with increasing amplitude of the horn. At 60 %

amplitude the energy delivered to the graphene particles in close vi-
cinity of the horn is high enough to tear them apart, resulting in their
much finer size (Figs. 3 and 4). Also, the sonication time of 2 h is long
enough to establish a homogeneous distribution of the particles in the
reactor.

The energy level changes as we move further away from the horn.
This can be determined by measurements of pressure pulsations far
away (50 mm) from the horn. In Fig. 6 E we see that the maximum of the
pressure pulsations is reached at 40 % amplitude — the amplitude of the
pressure oscillation at the origin (at the tip) increases with increasing
amplitude, yet it is attenuated as it traverses the highly compressible 2-
phase flow region [46,47]. This can also be nicely related to the
appearance of cavitation (Fig. 5) — the transition occurs approximately
at the amplitude when the cavitation covers the entire tip of the horn
(Fig. 5). This means that the energy delivered to most of the sonicated
reaction volume reaches maximum at 40 % amplitude and is lower at
smaller and higher amplitudes.

To find out whether the results of the solubility tests correlate with
the degree of functionalization, or if it is rather simply an effect of the
PSD, we performed several characterization experiments. One of the
characterization techniques that indirectly provides information about
the degree of functionalization is evolved gas analysis (EGA) [8]. We
primarily analyzed functionalized rGO that was part of the stable sus-
pension (i.e., separated from non-suspended particles) and compared it
with non-functionalized rGO, rGO + PVA and PVA (Fig. 7a). All TGA
curves clearly show that there are at least 3 distinct regions of weight
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Fig. 7. Evolved gas analysis. Different colors represent rGO functionalized with
different horn amplitudes; red 20 %, green 30 %, blue 40 %, turquoise 50 % and
magenta 60 %. a) TGA profile of functionalized rGO (20 %, 30 %, 40 %, 50 %
and 60 %), non-functionalized rGO (black), physical mixture of rGO + PVA
(grey), and PVA (orange). Light blue, dark blue, and grey rectangles represent
region I, region II, and region III. b) MS fragment m/z 15 correspond to -CHg, c)
MS fragment m/z 18 correspond to HyO, d) MS fragment m/z 29 correspond to
-CH,-CHj3, e) MS fragment m/z 44 corresponds to CO».

loss. Region I - light blue rectangle is between 30 °C and 200 °C and
corresponds to the evaporation of water adsorbed on the surface. The
region II - dark blue rectangle - is between 200 °C and 400 °C and cor-
responds to the depolymerization or fragmentation of the PVA chains
bound to the rGO. The last region III - grey rectangle — is between 400 °C
and 700 °C and corresponds to the depolymerization and defunction-
alization of the rGO functionalized with PVA. These regions were
defined based on the m/z fragments of the resulting evolved gases. Four
different m/z fragments were observed, namely m/z 18 corresponding to
the evolution of water (Fig. 7b), m/z 15 corresponding to the methyl
(-CHj3) functional groups (Fig. 7c), m/z 29 corresponding to the ethyl
(-CH,CH3s) functional groups (Fig. 7d), and m/z 44 corresponding to the
evolution of CO5 (Fig. 7e). Water is evolved in region I and region II
(Fig. 7c) for all materials. In region I, water adsorbed on the surface of
the rGO materials evaporates, and in region II, water is formed as a
decomposition product mainly from the depolymerization process. The
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Fig. 8. Fourier transform infrared spectroscopy (FTIR) spectra: a) PVA func-
tionalized rGO 20 % amplitude, b) PVA functionalized rGO 30 % amplitude, c)
PVA functionalized rGO 40 % amplitude, d) PVA functionalized rGO 50 %
amplitude, e) PVA functionalized rGO 60 % amplitude, f) non-functionalized
rGO, g) PVA, g) rGO + PVA physical mixture no ultrasound used.

second interesting decomposition gas is COy, which evolves mainly in
region II and corresponds to depolymerization of the PVA chains. There
is also a small peak in the m/z 44 signal in region III, which is attributed
to thermal decomposition of the basal level oxygen functionalities of
rGO. Similarly, m/z 29 appears, which is indicative of the depolymer-
ization process in region II. The most interesting feature in the EGA
analysis is the appearance of the methyl groups in regions II and III
Again, the sharp peak in the region II corresponds to the main decom-
position of the polymer chain, but the broad, strong peak present
throughout region III could be an indicator of covalent bonding between
rGO and PVA. A similar observation was made in the case of alkyl
functionalization of GNR in our previous publication [8]. To evaluate
the degree of covalent functionalization, we compared the TGA weight
loss in region III. At an amplitude of 20 %, 30 %, 40 %, 50 % and 60 %
the weight loss was 0.65 wt%, 0.79 wt%, 0.59 wt%, 0.73 wt%, 0.64 wt
%, respectively. These numbers are very close and within accuracy of the
TGA. Similar results are also observed in region II, where the weight loss
was 1.64 wt%, 2.51 wt%, 1.93 wt%, 2.05 wt% 2.15 wt% at 20 %, 30 %,
40 %, 50 % and 60 % amplitude, respectively. Thus, we conclude that
relative concentration of the PVA on rGO does not correlate to the
observed trend of the solubility test.

Residual precipitate of the functionalization process was also
analyzed thermogravimetrically to show that functionalization did not
occur on the precipitated material. Figure S3 clearly shows that the total
weight loss for precipitated materials is lower, at least for 20 wt%
compared to the functionalized materials from Fig. 7a. This indicates
less PVA on the rGO. Most importantly, there are no evolved methyl
groups in region III, indicating there was no covalent bonding between
the rGO and PVA. The presence of m/z fragments 15, 18, 29, and 44 in
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Fig. 9. C 1s XPS core level spectra with spectral deconvolution for a) PVA functionalized rGO 30 % amplitude, b) PVA functionalized rGO 40 % amplitude, c) PVA
functionalized rGO 50 % amplitude, and d) PVA functionalized rGO 60 % amplitude.

region II show that region II can also represent the decomposition of
adsorbed PVA molecules. From the EGA results, we conclude that region
III in TGA is the indicator of covalent functionalization. The main
conclusion from EGA was that PVA for functionalized samples is most
likely covalently bound to the rGO scaffold.

In order to understand the chemical differences in the functionalized
materials and their impact on the solubility trend, all materials were also
analyzed by FTIR, XPS, and Raman spectroscopy. The FTIR results in
Fig. 8 show typical adsorption values of PVA and rGO. The characteristic
peaks at 3030 em™! (O—H stretching), 2967 cm’l, 2922 cmfl, 2849
cm ! (C—H stretching), 1778 cm’l, 1725 cm~! (C=0 stretching), 1634
em ! and 1558 em ! (C=C stretching), 1080 em™! (C—O stretching)
are present for functionalized materials (Fig. 8a-e). Representative peaks
for PVA are 3030 cm ™!, 2967 cm ™!, 2922 cm™?, 2849 cm ™, 1725 cm ™,
and 1080 cm™! (Fig. 8g). On the other hand, rGO absorbs IR at 1558
em™! (Fig. 8f). The physical mixture rGO + PVA shows a combination of
PVA and rGO adsorption peaks (Fig. 8h). However, a closer look at each
functionalized material reveals some differences at the 50 % amplitude
(Fig. 8d) and the 60 % amplitude (Fig. 8e). The use of the 50 % ampli-
tude in the functionalization process results in extremely strong
adsorption at 1725 cm ™, which is the only difference between the other
amplitudes used and corresponds to the best solubility results. 1725
cm ! corresponds to C=0 stretching, which could be due to carbonyl
groups on the rGO or residual impurities from the precursor in PVA
synthesis, poly(vinyl acetate). Another difference is also seen at the 60 %
amplitude at 1778 cm™!, which was not present in any of the other
amplitudes used. The reason for this is not clear but could be due to the
differences in particle size distribution (Fig. 3), which was discussed
above.

To quantify the concentration of functional groups attached to

carbon, deconvolution of C 1s XPS was performed (Fig. 9). In addition,
XPS survey spectra for 30 %, 40 %, 50 %, and 60 % amplitude were
recorded (Figure S4, Table S1). Survey spectra showed the presence of
the expected elements, namely C, O, N, and In (substrate). Deconvolu-
tion of the C 1s core level spectra (Fig. 9) provides information about the
functional groups on the C atoms. The C 1s peak was fitted to determine
the relative contributions of sp?-hyridized C (and its associated satellite
feature), sp3—hyridized carbon, epoxy and hydroxy groups (C—O),
carbonyl (C=0), and carboxyl (O-C=O0) species. An additional peak
corresponding to metal carbonates from the In foil support was also
needed to fit the data, but is excluded from quantification. Quantifica-
tion of the fitted peaks (Fig. 9, Table S2) reveals that rGO samples
functionalized at or below 50 % amplitude achieve similar speciation,
with the 50 % sample exhibiting the highest fraction of C=0 functional
groups, consistent with the FTIR analysis above. The presence of C—O
and hydroxyl groups were also confirmed by FTIR in all functionalized
materials. Furthermore, the samples functionalized at 60 % amplitude
contain significantly fewer C—O species relative to the other samples,
which is consistent with the fact that a lower concentration of hydroxyl
groups deceases the solubility of materials in aqueous solutions. From
the XPS results, it can be concluded that a decrease in functionalization —
in particular OH groups — contributes to the sudden drop-off in disper-
sion quality above 50 % amplitude.

Raman spectra were acquired to assess the degree of defects in the
rGO structure and the degree of exfoliation. For this purpose, peak
fitting was performed to determine the intensities of the D, G, and 2D
peaks and calculate Ip/Ig and Iop/Ig [45]. Fig. 10 shows that there are
some notable differences between the functionalized materials. Based on
the Ip/Ig ratios, all functionalized rGO derivatives are strongly struc-
turally defective, which is characteristic of all rGO materials based on
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their synthesis. In addition, all I,p/I; ratios show that the materials are
multilayered, which is expected since the Raman spectra were recorded
in dried rGO form. During drying, the rGO materials restack due to van
der Waals forces. However, comparing the Ip/I ratios of functionalized
materials prepared at different amplitudes (Fig. 10), a trend can be seen
where the 50 % amplitude has the least structural defects as the ratio is
the smallest (1.25) and only slightly larger than the non-functionalized
rGO material (1.22). The Ip/Ig ratios for all other amplitudes are 1.38 for
30 %, 1.4 for 40 %, and 1.37 for 60 %. The observed structural features
of the functionalized materials in combination with the functional
groups determined by FTIR and XPS could be jointly responsible for the
better solubility of the 50 % amplitude compared to others.

4. Conclusions

The solubility test showed that 50 % of the ultrasonic horn amplitude
gave the most soluble PVA-functionalized rGO. The reason for this
behavior was investigated using physical measurements of the cavita-
tion processes, PSD, SEM imaging, EGA, and spectroscopic methods
(FTIR, XPS, and Raman). Physical measurements of the ultrasound,
especially the pressure oscillations and erosion measurements, along
with PSD and SEM images indicate that amplitudes greater than 50 %
cause rGO flakes to break into smaller domains, which negatively affect
the functionalization process. Functionalization occurs in a wide sur-
rounding region of the tip (not just in its eminent vicinity), yet the
pressure waves become significantly attenuated in the case of 60 %
amplitude, lowering the efficiency of functionalization and resulting in
particle sizes that are also too small for effective functionalization. EGA

Ultrasonics Sonochemistry 90 (2022) 106212

shows that methyl functional groups evolved in Region III (temperature
between 400 °C and 700 °C) are related to covalent functionalization of
PVA at rGO. FTIR identified functional groups on all functionalized
materials and showed some specific peaks for 50 % and 60 % amplitudes
in the C=O0 stretching region. Deconvolution of the XPS C Is core level
revealed that 50 % amplitude provided the highest concentration of
C=O0 functional groups, consistent with the FTIR analysis, and that
material functionalized at 60 % amplitude contained significantly lower
C—O functionalization, consistent with a drop in dispersion quality due
to a lower population of solubilizing —OH groups. Raman spectra
showed that all functionalized materials are structurally highly defec-
tive, but the 50 % amplitude damages the rGO structure the least based
on the Ip/I; ratio. In summary, for optimal functionalization and
consequently solubility in aqueous solvent, the amplitude of the ultra-
sound must be carefully controlled. By optimizing both the particle size
distribution and the extent of surface functionalization, effective
dispersion of functionalized rGO materials can be achieved, suggesting a
new route to functionalization protocols with low- cost sonochemistry.
Such protocols could be used in a variety of different applications, with a
focus on those where processability is required, namely spray coating,
inkjet printing, ultrasonic deposition and additive manufacturing,
among many others.
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