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A B S T R A C T   

Reduced graphene oxide (rGO) is a representative commercialized graphene-related material that can be mass- 
produced. However, the conventional thermal and chemical reduction methods require high temperatures and 
toxic reducing agents and consume energy and cause environmental pollution. Therefore, alternative eco- 
friendly methods that are less energy-intensive are required for their mass production. Herein, we propose a 
facile and eco-friendly reduction method that enables the mass production of rGO. Specifically, a custom-built 
focused ultrasound circulation system was used to reduce graphene oxide in a suspension without using toxic 
reagents. The sonicated rGO was reduced to a significant extent, and its carbon-to-oxygen atomic ratio (87.79%) 
and electrical conductance (9.15 μS) were comparable to those of commercially available rGO. Raman spec-
troscopic analysis revealed that sonicated rGO gave a lower D-to-G band intensity ratio than commercial rGO 
reduced by heat treatment. This method can contribute to the active utilization of rGO in next-generation in-
dustrial products with lower environmental and energy impacts.   

1. Introduction 

Graphene is a carbon material that comprises single atomic layers of 
graphite with a honeycomb carbon structure. Graphene offers a large 
specific surface area [1], exceptional electrical and thermal transport 
properties [2,3], and high mechanical strength [4], and therefore has 
drawn considerable attention for various applications, such as in elec-
tronic devices, biosensors, flexible devices, and electrocatalysts [5–12]. 
Novoselov et al. developed a mechanical exfoliation method for 
obtaining defect-free monolayer graphene [13], and the advent of this 
effective peel-off method has led to extensive studies on the intriguing 
intrinsic properties of graphene [14,15]. However, the mass-production 
of graphene sheets using this approach is challenging, which has 
restricted the industrial use of graphene. Many groups have attempted to 
produce graphene on a large scale via chemical vapor deposition and 
epitaxial growth [16–18]. However, these bottom-up methods rely on 
high temperatures and ultra-high vacuum conditions, which further 
hinders the commercial application of graphene. The production of 
reduced graphene oxide (rGO) has been proposed for the 

commercialization of graphene. The current methods for manufacturing 
rGO involve the intentional oxidization of graphite to obtain carbon 
layers with oxygen-containing functional groups on the basal plane 
[19,20]; then, the hydrophilic graphite oxide is exfoliated to graphene 
oxide (GO) in water under sonication. The oxygen groups are subse-
quently removed from GO to obtain conductive GO because the absence 
of percolating pathways in sp2 carbon clusters results in insulating 
properties [21]. 

The degree of reduction of exfoliated GO determines its physico-
chemical properties [22,23], and thus many studies have focused on the 
development of effective reduction methods [24,25] and have evaluated 
the degree of reduction [26,27]. Thermal reduction, one of the most 
commonly used methods for GO reduction, consumes considerable en-
ergy because it requires temperatures above 1000 ◦C and can cause 
thermal damage to rGO and mass loss [28–30]. Another popular 
approach is to employ chemical reducing agents such as hydrazine hy-
drate [31], dimethylhydrazine [32], and sodium borohydride,[24] 
which are toxic and harmful to workers and the environment. In recent 
years, the demand for reduction methods that are safe, controllable, and 
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environmentally friendly for the economical production of high-quality 
rGO has increased. Photocatalytically active semiconductor-based ma-
terials are promising candidates for the eco-friendly production of rGO, 
because high-volume production capacity in the aqueous state can be 
realized without the use of large amounts of energy or chemical re-
actions with toxic reagents. TiO2 nanoparticles are one of the most 
widely used photocatalytic semiconductors, as they are relatively inex-
pensive, innocuous, and chemically inert. Furthermore, TiO2-rGO 
nanocomposites have excellent properties, such as improved photo-
electrochemical activity [33] and thermal conductivity compared to 
those of TiO2 [34]. 

Focused ultrasound circulation is an eco-friendly reduction method 
that relies on ultrasonic effects to eliminate oxygen. This approach can 
also be applied to the mass-production of GO via the exfoliation of GO in 
the solution state [35]. Specifically, ultrasonic waves dissociate water 
into OH⋅ and H⋅ radicals under the high pressure and high temperature 
generated as water droplets collapse. These free radicals interact with 
and remove the oxygen functional groups on the GO carbon planes. 
According to a previous report, a sonic bath and sonic probe can be used 
to achieve reduction ratios of 68.9% and 70.8%, respectively [36]. 
However, conventional bath systems and horn-type sonic systems only 
expand and contract water molecules near the ultrasound source, 
thereby leading to partial reduction of the substrate. Instead, the cir-
culation of the liquid medium in a focused ultrasound system can 
facilitate energy transfer throughout the liquid to achieve uniform 
exfoliation and reduction. Considering the merits of photocatalytic 
reduction and focused ultrasound, a combined approach based on free 
radicals and the photocatalytic effect of TiO2 nanoparticles can be 

promising for the simple and eco-friendly production of high-quality 
rGO on an industrial scale. 

In this study, we developed a simple and eco-friendly reduction 
approach for the mass-production of high-quality rGO based on a syn-
ergistic process involving free radicals produced using ultrasound and 
photocatalytic TiO2 nanoparticles. A custom-built focused ultrasound 
circulation system was used, which generated strong acoustic fields for 
producing intense ultraviolet light via sonoluminescence [37], to acti-
vate the TiO2 photocatalyst without using a pulsed laser [38,39]. A high 
degree of GO reduction was achieved, and the resulting rGO had a 
carbon-to-oxygen (C/O) atomic ratio of 7.83 (i.e., relative content of 
carbon to oxygen of 87.79%). In addition, the rGO contained few defects 
and exhibited an excellent electrical conductance of 9.15 µs. 

2. Experimental 

2.1. Preparation and characterization of TiO2 nanoparticles 

A TiO2 nanoparticle suspension was purchased from Sigma-Aldrich 
(P25, Evonik). The size and shape of the nanoparticles were deter-
mined by transmission electron microscopy (TEM; JEM-ARM200F, 
JEOL) at an accelerating voltage of 150 kV. TEM samples were pre-
pared by diluting the suspension with deionized water, and then drop- 
casting it onto a TEM grid covered with a carbon film. The particle 
size was measured using a centrifugal particle sizer (CPS) disc centrifuge 
(CPS Disc Centrifuge UHR, CPS Instruments Europe). The ultra-
violet–visible (UV–vis) absorption spectrum of the TiO2 nanoparticles 
was obtained in the spectral range of 200 nm to 800 nm to confirm that 

Fig. 1. (a) Schematic illustration of GO reduction based on the synergistic effect between photocatalytic TiO2 nanoparticles and free radicals generated via sonication 
in the focused ultrasound dispersion system. SEM images of (b) commercial GO sample and (c) sonicated rGO with aggregated TiO2 nanoparticles (yellow arrows). 
Scale bar represents 1 µm. (d) UV–vis absorption spectra of GO (gray) and sonicated rGO (blue). 
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the UV light-induced excitation of electrons from the valence band to the 
conduction band of the semiconductor (UV-1800, Shimadzu Scientific 
Instruments Inc.) [40]. 

2.2. Preparation of sonicated rGO 

GO (GO-V50) and rGO (rGO-V50) were purchased from Standard 
Graphene Inc. Sonicated rGO was prepared by adding 30 mL of a TiO2 
suspension (0.01 wt%) to 100 mL (0.2 wt%) of the GO suspension under 
400 kHz, 150 W conditions of a focused ultrasound system[41]. 

2.3. Characterization of GO, rGO, and sonicated rGO 

The surface morphologies of GO, rGO, and sonicated rGO were 
compared by field-emission scanning electron microscopy (FESEM, S- 
4800 Hitachi, Japan). The elemental compositions of GO, rGO, and 
sonicated rGO were analyzed by X-ray photoelectron spectroscopy (XPS) 
using Cu-Kα radiation at an acceleration voltage of 5 keV (K-alpha +
MXP10, Thermo Fisher Scientific). The C/O atomic ratio was deter-
mined based on XPS measurements; the oxygen signal due to SiO2 on the 
silicon substrate surface was excluded from the measurements by 
coating the silicon substrate with an Au film (thickness = 100 nm). 

Raman scattering was performed using a laser with a wavelength of 
532 nm at a power of 0.1 mW. A 100 × objective lens (0.9NA) and a 
grating with 1800 grooves/mm for an exposure time of 120 s (Alpha300, 
WItec) were used in the analysis. Raman spectra were acquired in the 
spectral range of 1000 to 1900 cm− 1, and all spectra were fitted with 
combinations of Lorentzian curves with R-squared values higher than 
0.9. UV–vis absorption spectra were acquired in the spectral range from 
200 to 600 nm. 

The electrical properties were evaluated based on electrical 
conductance measurements using conductive atomic force microscopy 
(c-AFM; XE7, Park Systems Inc.) (Figure S1). Indium tin oxide glass was 
introduced as a conductive substrate to carry the current between the 
metal-coated section of the cantilever and the sample holder. The cur-
rent distribution was measured at a sample bias of 10 V using an internal 
current amplifier at a gain value of 109 V/A, where the recommended 
current range is 10 pA to 10nA. The heterogeneity of the local electrical 
properties was visualized within a scan area of 10 µm × 10 µm (256 
pixels × 256 lines) at a point distance of 39 nm. All conductance values 

were based on an average of nine measurements performed at different 
arbitrary positions. 

3. Results and discussion 

3.1. Proposed GO reduction method 

The proposed reduction process of GO relies on the photocatalytic 
effect of TiO2 nanoparticles activated by sonoluminescence on the car-
bon plane and the removal of oxygen functional groups by the free 
radicals (e.g., H⋅ and OH⋅) generated via the dissociation of water under 
ultrasonication (Fig. 1(a)) [41]. The free radicals were produced due to 
the high temperature and high pressure generated by the friction of 
collapsing cavitation bubbles. The free radicals attacked the oxygen 
functional groups to produce CO2, resulting in the reduction of GO [36]. 

3.2. Morphological analysis 

The TiO2 nanoparticles had a particle size of ~60 nm (mode value) 
(Figure S2), and the UV–vis absorption spectrum indicated that UV light 
excited an electron from the valence band to the conduction band of the 
semiconductor [40]. 

The FE-SEM images of commercial GO and sonicated rGO nano-
particles were compared (Fig. 1(b) and (c)). The sonication method 
successfully yielded a graphene/ TiO2 nanocomposite, and fewer wrin-
kles were observed in the carbon layer. This indicated that the heat 
generated by sonication had a negligible effect on the GO/rGO structure. 
Comparison of the SEM images of commercial rGO, which was prepared 
by the heat-treatment method, with the sonicated rGO obtained by the 
proposed method (Figure S3) confirms a less wrinkled structure for rGO 
(Figure S3(b, c)). That is, high temperature used in the thermal 
reduction process causes thermal shock, which disrupts the sp2 carbon 
hybridization [42]. The aggregation of TiO2 nanoparticles on the carbon 
layer of the sonicated rGO was observed, but this aggregated state did 
not significantly affect the photocatalytic activity [43]. 

The UV–vis absorption spectra of pristine GO and sonicated rGO 
exhibited distinctive differences in peak position (Fig. 1(d)). The spec-
trum of GO included a peak at 230 nm, which was attributed to π–π* 
transition of the C=C bond. This peak was red-shifted during reduction 
due to the recovery of the conjugated bonds in the graphene sheets 

Fig. 2. C1s XPS profiles of (a) GO combined with TiO2 nanoparticles before sonication, and after sonication for (b) 72, (c) 216, and (d) 300 min. (e) Change in the 
atomic ratios of carbon (black triangles) and oxygen (blue squares), and the C/O atomic ratio (red circles) during exposure to sonoluminescence. 
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under sonication [44]. Further, the intensity of the broad peak at 300 
nm, attributed to the carbonyl group (C=O), decreased after sonication 
as the oxygen functional groups were removed [45]. 

3.3. XPS analysis 

The C1s XPS profiles of the sonicated rGO exhibited a peak corre-
sponding to C–C bonds at ~284 eV, a peak of C–O bonds such as ep-
oxides at ~286 eV, and a peak of carbonyl groups (C=O) at ~288 eV 
(Fig. 2(a), (b), (c), and (d)) [46,47]. Considering the correlation be-
tween the exposure time of sonoluminescence and the C/O ratio deter-
mined by the XPS peak analysis (Fig. 2 (e)), the oxygen-containing 
functional groups were gradually removed as the duration of exposure 
increased. As sonoluminescence determined the quantity of oxygen- 
containing groups, the photocatalytic performance of TiO2 was a key 

factor in controlling the degree of reduction of GO. In the absence of 
sonoluminescence, the GO + TiO2 sample (0 min) did not undergo 
reduction, and thus the C/O ratio was similar to that of pristine GO. This 
was further confirmed by the absorption peak positions in the UV–vis 
spectra of pristine GO, GO + TiO2 (not sonicated), and sonicated GO +
TiO2 (72 min) (Figure S4). 

The C/O atomic ratio increased during sonication (Table 1). In the 
case of GO + TiO2 (300 min), which was subjected to the longest soni-
cation process among the sonicated rGO samples in this study, the 
reduction degree approached 87.79% with a C/O ratio of 7.83, which is 
comparable to that of commercial rGO. 

Table 1 also shows the data obtained for PS120 (reduction of gra-
phene oxide by performing probe sonication) from a study conducted by 
Le et al. [36] for comparison. Compared to the previous results of probe 
sonic, the GO reduction using the focused ultrasound circulation system 
presented here results in a three-fold increase in the C/O ratio. These 
findings demonstrate that a high degree of reduction can be achieved via 
the photocatalytic effect of TiO2 and the ultrasonic effect at high power. 

3.4. Raman spectroscopy 

The fitted Raman spectra of pristine GO, sonicated rGO, and ther-
mally reduced rGO in the spectral range of 1000 to 1900 cm− 1 were 
compared (Fig. 3(a), (b), and (c)). Five Lorentzian profiles were used to 
fit the Raman peaks and obtain the intensities and wavenumbers of the 
components, viz., the D, G, D’, D“, and D* bands. A G band located at 

Table 1 
Atomic percentages of carbon and oxygen, and the C/O ratio of GO before and 
after sonication with TiO2 nanoparticles.  

Sample %C %O C/O ratio 

Pristine GO  65.84  34.16  1.93 
GO + TiO2 (0 min)  67.48  32.52  2.08 
GO + TiO2 (72 min)  82.02  17.98  4.56 
GO + TiO2 (216 min)  87.42  12.58  6.95 
GO + TiO2 (300 min)  87.79  11.21  7.83 
Commercial rGO  90.87  8.65  10.51 
PS120 [36]  70.8  29.2  2.4  

Fig. 3. Fitted Raman spectra of (a) pristine GO, (b) sonicated rGO (300 min), and (c) commercial rGO, and the corresponding (d) Raman shift of the G band, (e) I(D)/ 
I(G) ratio, and (f) Raman area ratio of the G band and other bands (D, D’, D’’, and D* bands). 
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~1583 cm− 1 was observed for all types of carbon materials owing to the 
E2g-symmetrical vibration mode in the sp2 phase of carbon [48]. The 
red-shift of the G band for the sonicated rGO relative to that of pristine 
GO can be attributed to its higher degree of reduction (Fig. 3(d)) [23]. 
XPS analysis (Fig. 2) confirmed the relatively lower degree of reduction 
of the sonicated rGO compared to that of commercial rGO, and thus the 
sonicated rGO exhibited a smaller Raman shift of the G band. 

Another intense peak in the Rama spectra is the D band related to the 
disordered structure of the carbon plane. Based on the origins of the D 
band and G band, the intensity ratio of the D to G band is inversely 
related to the crystallite size of carbon materials[49], which is one of the 
factors that determine the electrical property. The I(D)/I(G) of the 
sonicated rGO was lower than that of commercial rGO, indicating that 
the proposed ultrasonic treatment method facilitated the synthesis of 
higher-quality rGO compared to conventional reduction processing 
(Fig. 3(e)). This comparative spectral analysis provided an indication of 
the quality of the rGO and suggested that the sonicated rGO could afford 
better electric conductance at a lower degree of reduction. 

The D* band is related to the sp3-rich phase [50], while the D’’ band 
(~1500 cm− 1) is attributed to the amorphous carbon fraction and the D’ 
band (~1620 cm− 1) is attributed to intra-valley resonance with G band 
splitting due to impurities [51]. The sonicated GO was quantitatively 
evaluated by comparing the sum of phonon vibration scattering due to 

the sp3 phase, impurities, and defects other than the G band (i.e., the 
vibration of sp2 carbons) (Fig. 3(f)). The comparative analysis of the 
area ratios of the G band and the other bands (D band, D* band, D’ band, 
and D“ band) revealed that the sonicated rGO had fewer defects than 
commercialized rGO prepared via conventional thermal treatment. 

3.5. Electrical properties 

All the samples evaluated in this study were wrinkled, even within a 
single flake, and different areas had different thicknesses. Therefore, 
their electrical characteristics varied depending on the location. 
Therefore, the electrical evaluation of sonicated rGO was conducted by 
determining the current distribution according to sample height. The 
height distribution was analyzed (Fig. 4 (a)) by AFM topographic 
analysis, and the current characteristics were imaged within the same 
area via c-AFM (Fig. 4(b)). The height distribution and current charac-
teristic data obtained using c-AFM were combined to produce a mapping 
image of the electrical features according to the height of the sonicated 
rGO (Fig. 4(c)). 

To compare the electrical properties of GO, sonicated rGO, and 
commercial rGO (thermally reduced), the averaged electric conductance 
values were obtained based on measurements at nine random positions 
(Fig. 4(d)). Sonicated rGO exhibited a gradual increase in conductance 

Fig. 4. c-AFM measurements of sonicated rGO given as (a) height distribution, (b) current distribution, and (c) volumetric representation of current distribution 
according to height. (d) Electric conductances of pristine GO, sonicated GO with TiO2 according to the sonication time, and commercial rGO (thermally reduced), (e) 
I–V curve of sonicated rGO (300 min). 
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from pico siemens (pS) to micro siemens (μS) with increasing sonication 
time. A comparison of the conductance of the sonicated rGO (300 min) 
and commercial rGO samples revealed that the sonicated rGO affords 
higher conductance (9.15 μS) than commercial rGO (6.58 μS), despite its 
lower C/O ratio. This indicated that the electrical conductance is related 
to both the degree of reduction and the quality of the carbon structure 
[24]. 

The current–voltage (I–V) curves of sonicated rGO (300 min) 
exhibited strong linearity between the current and voltage, indicative of 
Ohmic characteristics (Fig. 4(e)). The average current and conductance 
values are given in Table S1. The I–V curves obtained before and after 
scraping the surface of the sonicated rGO are shown in Figure S5, 
because the electrical measurements are sensitive to surface contami-
nants. The effect of contaminants on the inherent properties of the 
sample was minimized by conducting surface cleaning via scraping with 
a diamond-coated cantilever (hardness = ~8700 nM). 

4. Conclusions 

The high-power sonication of a GO suspension in water using a 
focused ultrasound system effectively induced the sonochemical 
reduction of GO by free radicals and photocatalytic reduction of GO 
under the activation of TiO2 nanoparticles by sonoluminescence, 
resulting in high-quality rGO. A less wrinkled structure of the sonicated 
rGO was observed in SEM images, which revealed that the thermal en-
ergy from sonication is not the primary cause of the removal of the 
oxygen functional groups. The C/O ratio determined from XPS profiles 
increased with increasing sonication time, indicating that the photo-
catalytic effect of TiO2 plays a primary role in determining the degree of 
reduction in the absence of a pulsed laser. The changes in the Raman 
shifts and the ratio of the D and G band intensities suggested that the 
sonicated rGO has a lower defect density, resulting in superior 
conductance to that of the commercial rGO. The synergistic effect of the 
TiO2 photocatalyst under sonoluminescence provided an efficient and 
eco-friendly preparation method for high-quality rGO, which can be 
applied in various industries, such as in electronic and environmental 
devices. 
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