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Abstract

In this paper we report an all-aqueous fluid-dynamic exfoliation route to low-defect few-layer graphene (FLG) using the non-ionic 

surfactant Triton X-100. Systematic variation of surfactant concentration (1–5  wt%) and processing time (0.5–1.5  h) revealed a 

quantitative interplay among stability, defect, and layer. Raman spectroscopy and 2D band Lorentzian modeling revealed that the 

few-layer graphene (FLG) predominantly consists of four layers, with very low defect ratios (ID/IG  =  0.02–0.11; I2D/IG  =  0.18–0.30). 

Raman imaging confirmed spatially uniform G band intensity, while the edge-activated D band signals indicated residual edge defects 

characteristic of shear-cleaved flakes. Transmission electron microscopy and particle size analysis yielded lateral sizes of ~1.29–

1.43 µm with a narrow distribution. Fourier transform infrared spectroscopy verified that the defects were not oxidation-derived, 

while UV–Vis showed graphene π–π absorption at 270–276 nm. This work establishes a short-duration, low-cost, and solvent-free 

approach for producing stable FLG suitable for liquid-phase applications and provides process–structure metrics for benchmarking 

across exfoliation studies.
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1 Introduction
Graphene exhibits significant potential for diverse appli-
cations due to its outstanding physical, chemical, and 
mechanical attributes. Its notable specifications include 
a tensile strength of 130 GPa, a Young's modulus of 1 TPa, 
a specific surface area of 2630 m2 g−1, thermal conductiv-
ity of approximately 5000 W m−1 K−1, and electronic mobil-
ity of up to 200,000 cm2 V−1 s−1 [1–3]. Graphene has been 
utilized in various fields, including advanced composites, 
battery additives, supercapacitors, solar cells, membranes, 
photocatalysts, flexible sensors, and more [4, 5]. The main 

obstacle in fabricating this material lies in producing 
high-quality defect-free and few-layer graphene (FLG) on 
a large scale [6]. Researchers encounter significant obsta-
cles due to restricted production capacity and elevated 
manufacturing expenses [7].

Various techniques have been established to generate 
superior, defect-free graphene, such as chemical vapor 
deposition, epitaxial growth, and organic production  [1]. 
However, these bottom-up approaches have notable draw-
backs, including high production costs, energy-intensive 
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processes, the use of toxic materials and volatile solvents, 
and relatively low yields compared to top-down meth-
ods  [8–10]. Several top-down methods have been devel-
oped, including liquid-phase exfoliation  [11,  12], shear 
exfoliation  [13], microfluidization, Taylor-Couette, and 
thin-film reactors  [14,  15], most of which can produce 
defect-free graphene without oxidation. Liquid-phase 
exfoliation, a top-down technique, is considered effec-
tive for large-scale graphene fabrication due to its sim-
plicity and relatively low production costs. In practical 
applications, liquid-phase graphene is particularly use-
ful, as it can be homogeneously dispersed in materials to 
enhance performance compared with solid-phase (pow-
der) graphene [16].

According to Guardia et al. [17], producing graphene via 
liquid-phase exfoliation using ionic surfactants can yield 
monolayer or few-layer graphene with basal planes largely 
free of structural flaws and at low cost  [17]. However, 
excessively high concentrations of ionic surfactants are 
reported to reduce the graphene yield. Increasing the ionic 
surfactant concentration reduces the potential barrier and 
enhances van der Waals forces, resulting in graphene insta-
bility [18]. Yi and Shen [19] reported that graphene could 
be synthesized from graphite via exfoliation in a rotating 
blade mixer for 8 h using N,N-dimethylformamide (DMF) 
as the working fluid. Although the resulting graphene 
exhibited an average thickness of less than five layers and 
defect-free basal planes, the solvent is highly volatile and 
expensive. Furthermore, the produced graphene exhibits 
irregular configurations [19]. 

Varrla et  al.  [12] successfully synthesized graphene 
nanosheets from graphite powder using turbulence-as-
sisted shear exfoliation (TASE) in a rotating blade mixer, 
utilizing water as the solvent and a blend of anionic and 
non-ionic surfactants. The resultant graphene was defects-
free, averaging approximately 6  layers with an average 
lateral dimension of 630 nm. The method utilized in this 
study is notably simple and cost-effective, making it ben-
eficial for extensive production. Nonetheless, the synthe-
sized graphene exhibited a comparatively elevated number 
of layers [12]. Further innovation was introduced by Amri 
et al. [20], who combined two exfoliation processes: an ini-
tial stage in a rotating blade mixer followed by a high-shear 
mixing. This approach produced defect-free graphene pre-
dominantly consisting of 1–3 layers, with a lateral size of 
approximately 375.4 nm [20]. However, using the anionic 
surfactant sodium lauryl sulfate (SLS) in this study exhib-
ited lower stability than non-ionic surfactants [21]. 

Girish and Tambe  [22] effectively produced graphene 
using liquid-phase mechanical exfoliation technique with 
a rotating blade mixer. Graphite flakes were exfoliated in 
distilled water with Tween 80 as a surfactant. The result-
ing graphene consisted of 3–8  layers with high purity 
and defect-free basal planes. However, the graphene syn-
thesis process required a prolonged duration of approxi-
mately 10 h, rendering the method less efficient [22]. Wang 
et  al.  [21] evaluated the contribution of surfactant type 
and concentration on graphene fabrication through liq-
uid-phase exfoliation utilizing an ultrasonic system  [21]. 
The graphene concentration rose with surfactant addition, 
but later diminished due to sheet aggregation caused by 
excessive surfactant. The non-ionic surfactant Triton X-100 
exhibited outstanding stability performance. However, the 
ultrasonic system in this study was less efficient due to its 
high energy cost and long processing time (8 h) [21]. 

In light of these limitations, this study established an 
all-aqueous fluid-dynamic exfoliation (FDE) approach 
that systematically correlates surfactant concentration and 
processing time with graphene quality metrics. Unlike 
previous reports requiring organic solvents, mixed sur-
factant systems, or prolonged durations of ≥8–10  h, our 
method demonstrated that a simple rotating-blade hydro-
dynamic field operating in water with Triton X-100 deliv-
ered low-defect, FLG (~4  layers) in only 1.5  h. Beyond 
achieving short-duration and solvent-free exfoliation, we 
provided quantitative correlations between surfactant 
concentration, Raman defect ratios (ID/IG), layer num-
bers (from 2D band deconvolution), lateral size distribu-
tions, and suspension stability. Furthermore, we reported 
hydrodynamic descriptors to enhance reproducibility and 
benchmarking across studies. This combination of rapid 
processing, environmentally benign medium, and quan-
titative process–structure–property mapping established 
a distinct advancement over previous exfoliation works 
and offers a scalable, cost-effective, and replicable path-
way for producing liquid-dispersible graphene suitable for 
next-generation nanomaterial applications.

2 Materials and methods
2.1 Preparation of graphene
Graphene was synthesized from pure graphite (Tianjin 
Dingshenxin Chemical Industry Co. Ltd) using the FDE pro-
cess in a rotating blade mixer (kitchen blender) with water 
containing the non-ionic surfactant Triton X-100 (Merck) 
as the working fluid. The surfactant concentration was at 
1 wt%, 3 wt%, and 5 wt%, and the FDE durations were 0.5, 
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1, and 1.5 h. The resulting black liquid was allowed to set-
tle for 24 s, after which the graphene solution was separated 
from the sediment [12]. The solution was then dried in an 
oven at 60 °C for 24 h to obtain graphene powder.

2.2 Characterizations
The raw graphite and manufactured graphene were ana-
lyzed using Raman spectroscopy (RS), Raman imaging 
(RI), transmission electron microscopy (TEM), Fourier 
transform infrared spectroscopy (FTIR) with attenu-
ated total reflectance (ATR) technique, UV-Vis spectros-
copy, and particle size analysis (PSA). RS and RI analy-
ses were conducted using the WITec Alpha 300R Raman 
spectrometer (WITec GmbH, Ulm, Germany) with molec-
ular vibrations stimulated by a 532 nm wavelength laser. 
The 2D peak was analyzed via Lorentzian peak fitting using 
OriginPro software [23]. The morphology and dimensions 
of graphene were identified using a TEM HT7700 (Hitachi 
High Technologies America, Inc., Schaumburg, IL, USA) 
instrument, and TEM images were processed using ImageJ 
software [24]. PSA was conducted using the dynamic light 
scattering technique with a Malvern Zetasizer Nano ZS 
(Malvern Panalytical Ltd., UK) to ascertain the particle 
size distribution of graphene. FTIR analysis was performed 
to ascertain the functional groups present in graphene uti-
lizing a Nicolet iS10 instrument (Thermo, USA). UV-Vis 
spectroscopy was performed with a PerkinElmer Lambda 
35 UV/VIS Spectrometer (PerkinElmer, USA), with 
graphene powder suspended in deionized water to identify 
the absorption peaks of the synthesized graphene samples.

3 Result and discussion
3.1 Raman spectroscopy
Fig.  1 presents the Raman spectra of the pristine graphite 
(particle size 5  µm) and the graphene synthesized via the 
FDE process using a rotating blade mixer. The working fluid 
comprises water containing the surfactant Triton-X at varying 
concentrations (1–5 wt%). Different FDE processing times 
Fig. 1 (a) 0.5 h, Fig. 1 (b) 1 h and Fig. 1 (c) 1.5 h were applied. 
The Raman spectrum of graphite exhibits three characteristic 
peaks: the D band (1363.8 cm−1), G band (1584.2 cm−1), and 
2D band (2718.2 cm−1). Peaks within these regions identify 
graphite [25]. The low intensity of the D band peak indicates 
that the graphite precursor has few defects.

In Fig. 1, each sample demonstrates a G band peak posi-
tion displaced toward lower Raman shift regions relative to 
that of pristine graphite (~1584.2 cm−1). This shift initially 
indicates the exfoliation of graphite into mono- or multilayer 

graphene  [20,  26]. The G  band arises from first-order 
Raman scattering of doubly degenerate in-plane vibrational 
modes (transverse and longitudinal optical phonons) at the 
Brillouin zone center [20, 26, 27]. In addition to the G band, 
the 2D band appears, which is sensitive to the number of 
graphene layers. The 2D  band results from second-order 

Fig. 1 Raman spectra of pristine graphite and FDE graphene at varying 
FDE processing times: (a) 0.5 h, (b) 1 h and (c) 1.5 h
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Raman scattering of in-plane transverse optical phonons 
near the Brillouin zone boundary and is closely associated 
with the electronic band structure [27]. 

Fig. 1 (a)–(c) shows that each sample exhibits a broad-
ened and asymmetric 2D band peak. The 2D band is also 
associated with double-resonance transitions that pro-
duce two phonons with opposite momentum [28]. A dis-
tinct, acute, and robust 2D  peak is characteristic of sin-
gle-layer graphene (SLG), while bilayer graphene (BLG) 
and FLG exhibit asymmetric and broadened peaks as the 
number of layers increases. This broadening occurs due 
to additional electronic branches resulting from interlayer 
electronic interactions, contributing to the Raman spec-
trum [26, 29]. As the layer number increases, the electri-
cal band structure undergoes splitting, further widening 
the 2D band [26–28, 30]. Fig. 1 (a)–(c) also shows that the 
2D band peaks exhibit asymmetric broadening, attributed 
to additional electronic branches caused by electron-pho-
non scattering, which generates multiple Raman peaks in 
the 2D band spectrum for four-layer graphene (4LG) and 
multilayer graphene (>4LG) [20, 26, 29].

In Fig. 1, the Raman spectra of graphite and prepared 
graphene show no distinct D' and D + G disturbance peaks, 
signifying that the FDE exfoliation process did not induce 
substantial flaws in the graphene. However, the presence 
of a D band peak in the Raman spectrum indicates that the 
produced graphene is not entirely defect-free. The D band 
arises from transverse optical phonons near the Brillouin 
zone corner and results from the six-membered carbon 
ring vibrations in graphene, requiring defects for activa-
tion  [20, 27,  31]. The observed defects (indicated by the 
D band peak) in Fig. 1 are not due to oxidation (such as 
hydroxyl, carboxyl, or epoxy groups) because the inert 
nature of mono- or multilayer graphene and the high sur-
factant concentration prevent oxidation during exfolia-
tion [21]. The defects are attributed to edge imperfections 
generated during the shear exfoliation process using the 
rotating blade mixer, reducing graphene lateral size [19]. 

In Fig. 1 (a)–(c), the D band peak intensity decreases with 
advancing concentrations of the Triton X-100 surfactant, 
indicating a reduction in graphene defects. This result aligns 
with studies by Guardia et al. [17] and Wang et al. [21], who 
reported that elevated concentrations of the non-ionic sur-
factant Triton X-100 enhance graphene concentration until 
reaching saturation (at the highest level). The increased 
graphene concentration indicates high dispersion stability 
of exfoliated graphene in aqueous solutions. During exfolia-
tion, vacancy defects may form in graphene layers due to car-
bon atom loss caused by particle collisions and shear forces. 

These processes can break carbon bonds in regions under 
pressure, collisions, or friction [32]. These vacancy defects 
are believed to contribute to the splitting of graphene into 
smaller lateral sizes [33], leading to smaller graphene lateral 
sizes and reduction or elimination of vacancy defects  [17, 
21, 34]. However, the increase in D band intensity at a 3 wt% 
surfactant concentration relative to graphite (0.6 mg mL−1) 
is attributed to decreased graphene stability. Wang et al. [21] 
reported a  decline in graphene concentration at surfactant 
concentrations above 0.5  mg  mL−1. Exfoliated graphene 
requires binding with surfactant molecules that generate ste-
ric repulsion forces to prevent re-aggregation. Insufficient 
surfactant molecules result in weaker steric repulsion than 
the van der Waals forces between exfoliated graphene layers, 
causing graphene aggregation and reduced stability. Lower 
stability also indicates more reactive sites in graphene due 
to edge and vacancy defects [21, 35]. Further analysis of the 
2D band Raman peaks using Lorentzian peak fitting was per-
formed with OriginPro software [23], as presented in Fig. 2.

Fig.  2 illustrates the Lorentzian peak fitting results 
for the 2D band of RS from graphene and graphite sam-
ples obtained using OriginPro software  [23]. In Fig.  2, 
the raw graphite material reveals two Lorentzian compo-
nents [20, 26]. The Lorentzian peak fitting results for the 
2D  band peaks of each sample during the FDE process 
(0.5–1.5 h) and at varying Triton X-100 surfactant concen-
tration (1 wt%, 3 wt%, and 5 wt%) demonstrate three and 
two Lorentzian components, respectively. These findings 
align with those of Malard et al. [26] and Amri et al. [20], 
indicating that the presence of three Lorentzian compo-
nents in the 2D band peak corresponds to graphene dom-
inated by four layers, while two Lorentzian components 
indicate multilayer graphene (>4 layers) [20, 26, 30].

Table 1 summarizes the intensity ratios of the D band to 
the G band (ID/IG) and the 2D band to the G band (I2D/IG).  
The  synthesized graphene exhibits ID/IG ratios extend-
ing from 0.02 to 0.11 and I2D/IG ratios from 0.18 to 0.30. 
Comparisons of the I2D/IG and ID/IG peaks in Table 1 clas-
sify the synthesized graphene as FLG. Zhang et al. [25] and 
Nguyen et  al.  [36] indicated that an I2D/IG intensity ratio 
below 1 is characteristic of FLG. Huang et al. [37] and Phiri 
et al. [38] reported that an ID/IG intensity ratio below 0.3 cor-
responds to FLG dominated by approximately 3–5 layers. 
The defect level in graphene can be quantified by examin-
ing the ID/IG ratio [20, 39]. An increased ID/IG ratio indicates 
the exfoliation of graphite into graphene, attributed to the 
formation of new edges (edge defects) during exfoliation, 
which produces smaller graphene flakes. Consequently, 
smaller flakes have a higher edge-to-volume ratio [17, 34].
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Fig. 2 Lorentzian peak fitting of 2D Raman spectrum bands using 532 nm laser excitation: (a) Graphite, (b) FDE (0.5 h, 1 wt% Triton X-100), 
(c) FDE (0.5 h, 3 wt% Triton X-100), (d) FDE (0.5 h, 5 wt% Triton X-100), (e) FDE (1 h, 1 wt% Triton X-100), (f) FDE (1 h, 3 wt% Triton X-100), 
(g) FDE (1 h, 5 wt% Triton X-100), (h) FDE (1.5 h, 1 wt% Triton X-100), (i) FDE (1.5 h, 3 wt% Triton X-100), (j) FDE (1.5 h, 5 wt% Triton X-100)
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Table 1 reveals that at a Triton X-100 concentration of 
1 wt%, the ID/IG ratio increases with longer FDE processing 
times. Conversely, at Triton X-100 concentrations of 3 wt% 
and 5  wt%, the ID/IG ratio decreases with extended FDE 
durations. This behavior is attributed to higher concentra-
tions of non-ionic surfactants, where prolonged exfoliation 
enhances graphene dispersion in aqueous solutions. As the 
FDE duration increases, the quantity of exfoliated graphene 
rises due to turbulence and shear forces. With sufficient 
surfactant, the dispersed graphene remains stable [17, 34]. 
The best results were obtained for the sample processed for 
1.5 h with 5 wt% Triton X-100 surfactant, characterized by 
four-layer graphene consistent with Lorentzian peak analy-
sis (3 peaks) and low defect levels, showing the lowest ID/IG 
ratio at the same layer number (ID/IG ratio of 0.02).

3.2 Solution stability analysis
Fig. 3 illustrates the visual stability tests of graphene suspen-
sions synthesized using the FDE method for 0.5–1.5 h with 
Triton X-100 surfactant concentrations ranging from 1 wt% 
to 5 wt%. In the figure, black and opaque suspensions indi-
cate good graphene stability, while non-black or transparent 
suspensions signify poor stability due to graphene agglomer-
ation and sedimentation [17, 40]. Fig. 3 illustrates that using 
1 wt% Triton X-100 and an FDE processing time of 1.5 h 
produces a more transparent suspension than samples pro-
cessed for 0.5–1 h, indicating reduced stability. The decreased 
stability arises because prolonged FDE processing (1.5  h) 
increases collisions between graphene particles, generating 
more exfoliated fragments. The low concentration of Triton 
X-100 (1 wt%) is inadequate to inhibit aggregation due to the 
weak steric repulsion offered by the surfactant [40].

Fig. 3 demonstrates that increasing the surfactant con-
centration to 3–5  wt% produces darker suspensions as 
the FDE processing time increases, indicating improved 
graphene stability. This observation aligns with the ID/IG 

ratio comparison in Table 1, where the ID/IG ratio decreases 
with longer FDE processing times. A lower ID/IG ratio sug-
gests a decline in defects within the graphene structure, 
reducing reactive edges and enhancing graphene stabil-
ity in aqueous solutions  [34]. Prolonged FDE processing 
with adequate surfactant concentrations results in better 
graphene dispersion and stability. The black and opaque 
appearance of the suspension signifies minimal defects in 
the graphene, reducing the likelihood of aggregation due 
to fewer reactive edges [17, 40].

3.3 Raman imaging
Fig. 4 presents the optical and Raman images of the FLG 
sample (1.5 h, 5 wt% surfactant). In Fig. 4 (a), the arrange-
ment of luminous yellow specks against a darker backdrop 
signifies variations in the material's intensity or optical char-
acteristics. The findings indicate that the luminous areas 
in Fig. 4 (b) correlate with the emergence of the G band, 
exhibiting a uniform distribution of G  band intensity 
across the graphene sheet, implying the superior quality of 
the synthesized graphene [31]. This finding is further sup-
ported by the Raman spectra obtained at point 1 (Fig. 4 (c)) 
and point  2 (Fig.  4  (d)), demonstrating that brighter col-
ors in the Raman image correspond to higher charge-cou-
pled device (CCD) counts. Fig. 4 (c), (d) displays three dis-
tinctive peaks of graphene: the D band (~1367 cm−1), the 
G band (~1572 cm−1), and the 2D band (~2714 cm−1). The 
brighter colors indicate regions with higher G band peak 
intensity, where greater G  band intensity correlates with 
thicker graphene layers  [41–43]. As  graphene thickness 
increases (indicating more layers), the Raman signal inten-
sity also rises, directly enhancing the number of photons 
captured by the CCD. This results in higher CCD counts, 
as observed in the Raman spectrum peaks [43]. RI is essen-
tial for determining graphene chirality and significantly 
determining its intrinsic properties, especially for various 
implementations [20]. The properties of graphene, includ-
ing its magnetic, electrical, optical, electronic, mechanical, 
and chemical characteristics, are significantly influenced 
by edge chirality (zigzag or armchair) [31, 44].

Fig. 5 demonstrates the Raman image analysis of the FLG 
sample (1.5 h, 5 wt% surfactant) derived from the D band 
intensity. The arrangement exhibits a hexagonal blue- 
patterned illustration, forming angles of 30°, 120°, and 
150°, with two adjacent edges identified as either armchair 
or zigzag  [31]. The D  band observed at armchair edges 
is significantly stronger than at zigzag edges  [20,  31]. 
This finding aligns with Malard et al. [26], who reported 

Table 1 ID/IG and I2D/IG intensity ratios

FDE process duration (h) Triton X-100 (wt%) ID/IG I2D/IG

0.5

1 0.03 0.22

3 0.08 0.24

5 0.06 0.20

1

1 0.03 0.18

3 0.05 0.28

5 0.03 0.19

1.5

1 0.11 0.30

3 0.03 0.23

5 0.02 0.21
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Fig. 3 Stability of graphene suspensions after 72 h with varying concentrations of Triton X-100 and FDE times: (a) 1 wt%, 0.5 h; (b) 1 wt%, 1 h; 
(c) 1 wt%, 1.5 h; (d) 3 wt%, 0.5 h; (e) 3 wt%, 1 h; (f) 3 wt%, 1.5 h; (g) 5 wt%, 0.5 h; (h) 5 wt%, 1 h; (i) 5 wt%, 1.5 h

that only armchair edges, rather than zigzag edges, are 
expected to display the D band in Raman spectra. In Fig. 5, 
angles of 60° and 120° are visible, corresponding to identi-
cal edge chirality (carbon atom arrangements at the edges), 
either armchair or zigzag. This aligns with You et al. [31], 

who stated that when the angle formed between two adja-
cent sides is 60° or 120°, both sides exhibit the same chi-
rality, whether zigzag or armchair  [31]. A 150° angle is 
also observed, consisting of one armchair and one zigzag 
side. This also aligns with the findings of You et al. [31], 
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which demonstrate that when the angles formed are 30°, 
90°, or 150°, the chirality of the two adjacent sides dif-
fer, with one being a zigzag edge and the other an arm-
chair edge  [31]. According to You et al.  [31] and Malard 
et  al.  [26], an  increasing proportion of zigzag struc-
tures indicates higher-quality, defect-free graphene with 
fewer reactive edges. Conversely, a higher proportion of 

armchair structures suggests more defects (edge imperfec-
tions) in graphene [26, 31]. Fig. 5 clearly shows that arm-
chair edges dominate over zigzag edges, explaining the 
existence of the D band in the Raman spectrum of FLG 
(1.5 h, 5 wt% surfactant). Thus, it can be concluded that 
FLG synthesized using the FDE process for 1.5  h with 
5 wt% Triton-X surfactant still contains edge defects.

Fig. 4 Illustrates the FLG sample (1.5 h, 5 wt% surfactant), where (a) is the optical image, (b) is the Raman image constructed based on the G band 
intensity, (c) shows the Raman spectrum taken at point 1, and (d) presents the Raman spectrum taken at point 2

Fig. 5 Raman image of FLG (1.5 h, 5 wt% surfactant) constructed based on the D band intensity, with the expected arrangement in blue  
(angles ~60°, 120°, 150°)
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3.4 Transmission electron microscopy
Fig.  6 displays TEM images of FLG obtained from the 
FDE process conducted for 1.5  h with 5  wt% Triton-X 
100 surfactant (Fig.  6  (b)) and graphite as a reference 
sample (Fig.  6  (a)). In Fig.  6  (a), graphite consists of 
many stacked graphene layers with large lateral size [20]. 
Conversely, Fig.  6  (b) demonstrates that the exfoliated 
graphene sheets are significantly thinner, exhibiting 
nanometer-scale thickness and reduced lateral dimen-
sions  [12,  20]. The  graphene sample comprises several 
overlapping layers, confirming the RS results. The bright 
and dark regions in Fig. 6 (b) represent the layered struc-
ture of FLG [13, 20, 45]. Additionally, Fig. 6  (b) reveals 
smooth edges, highlighted by four black lines, indicat-
ing that the graphene structure predominantly comprises 
4-layer graphene (4LG) [13, 20]. The magnified red box in 
Fig. 6 (b) reveals aggregates, likely formed due to the sta-
bilizing agent Triton-X 100 surfactant [20]. The hydropho-
bic tails of the surfactant molecules are adsorbed onto the 
graphene flakes, whilst the hydrophilic segments extend 
into the aqueous medium, creating steric hindrance [46]. 
An insufficient number of surfactant molecules reduces 
the steric repulsive forces around the graphene surface, 
lowering the energy barrier compared with the van der 
Waals forces between graphene layers, thus leading to 
particle aggregation [20, 21, 35].

Fig. 7 presents the histogram of flake length distribu-
tion for FLG (1.5 h, 5 wt% surfactant). The flake lengths 
of FLG were estimated through image processing via the 
ImageJ software [12, 20, 24, 47]. The average flake length 
of the prepared FLG sample was 1288.98 ± 1048.80 nm. 
A  total of 40  probes were measured. This result closely 
aligns with the average lateral size of FLG synthesized 
by Lotya et al. [48], approximately 1.2 μm [48]. Similarly, 
Khan et  al.  [49] stated that liquid-phase exfoliation can 
produce FLG with a mean lateral size of 1.1  μm  [49]. 
The reduction in average flake length compared with the 
raw graphite material (5 μm) indicates that graphite was 
effectively exfoliated into smaller graphene sheets  [50]. 
The 1.5-hour exfoliation process generates sufficient pres-
sure to expand defect vacancies, ultimately splitting the 
graphene sheets into smaller lateral sizes [34].

3.5 Particle size analysis
Fig.  8 shows the PSA curve patterns of the graphite 
raw material and FLG processed via FDE for 1.5 h with 
5  wt% Triton X-100 surfactant. The red bars represent 
the intensity distribution (percentage) based on parti-
cle size, while  the green line indicates the FDE under-
size percentage, representing the cumulative proportion 
of particles below a specific size [51]. The figure demon-
strates that the average lateral size of FLG decreases com-
pared with the raw graphite, confirming the previous 
TEM analysis results  [50]. Fig.  8  (a) indicates the aver-
age lateral size of the raw graphite to be approximately 
~5.9  µm, with cumulative diameters of 10%  =  3.2  µm 
and 90%  =  9.1  µm. Fig.  8  (b) shows the average lateral 
size of FLG processed via FDE (1.5 h, 5 wt% surfactant) 
to be 1429.50 ± 299.6 nm, with cumulative diameters of 
23% = 1106.43 nm and 90% = 1718.46 nm. These findings 

Fig. 6 TEM analysis results: (a) Graphite and (b) FLG (1.5 h, 
5 wt% surfactant) Fig. 7 Flake length histogram for FLG (1.5 h, 5 wt% surfactant)
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align with the average lateral particle size of FLG from the 
TEM analysis (1288.98 ± 1048.80 nm). The average lateral 
size obtained in this study is also comparable to the lateral 
size of FLG (<5 layers) synthesized by Zhang et al. [25], 
reported as 1.9 µm.

Fig. 8 (a) illustrates a broader particle size distribution 
for graphite with a lower peak, indicating a significant 
number of particles with non-uniform sizes. Meanwhile, 
Fig. 8 (b) demonstrates that FLG exhibits a narrower parti-
cle size distribution and smaller size range compared with 
the graphite raw material, suggesting that the particle size 

of FLG is relatively uniform [52, 53]. A narrow particle size 
distribution is crucial for maintaining the stability, con-
sistency, and efficiency of nanomaterials in several uses. 
The  performance of nano-based devices enhances with 
a more uniform nanoparticles size distribution [52–54].

3.6 Fourier transform infrared spectroscopy
Fig.  9 displays the FTIR spectrum of FLG samples 
(5  wt% surfactant, 1.5  h). A prominent peak at about 
3380.11  cm−1 is attributed to the stretching and bend-
ing vibrations of hydroxyl groups (O–H), signifying the 

Fig. 8 PSA patterns of (a) Graphite; (b) FLG (1.5 h, 5% surfactant

Fig. 9 FTIR spectrum of FLG (1.5 h, 5 wt% surfactant)
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existence of physically adsorbed water molecules in the 
FLG sample [20, 55, 56]. The peak at ~2871.61 cm−1 cor-
responds to the asymmetric and symmetric stretching 
of aliphatic C–H bonds  [20,  55]. Additionally, absorp-
tion peaks at about ~1639.93  cm−1 and 1511.35  cm−1 cor-
respond to the stretching vibrations of C=C groups and 
bending of C–H bonds in graphene [20, 55, 57, 58]. The 
band around ~1452.33  cm−1 is associated with aromatic 
groups [59]. Low-intensity wavenumbers at ~1294.14 cm−1, 
~1248.63  cm−1, ~1364.33  cm−1, and ~1100.25  cm−1 are 
ascribed to the stretching and bending vibrations of C–O 
bonds and the asymmetric stretching and bending of C–
OH bonds in ether groups (–O–) present in the polyeth-
ylene glycol (PEG) chain of the Triton-X surfactant  [55, 
57,  59–63]. Furthermore, the absorption at ~953.14  cm−1 
indicates aromatic C–H bond bending in graphene  [61]. 
Peaks at ~869.79  cm−1 and 835.12  cm−1 represent out-of-
plane hydrogen wagging, characteristic of phenyl groups 
derived from the Triton-X surfactant  [62,  63]. Peaks 
between 850–400  cm−1 correspond to heavy-atom bend-
ing and rotational motion bands [64]. The FTIR spectrum 
of the FLG sample (5 wt% surfactant, 1.5 h) confirms that 
oxidation does not occur during synthesized graphene 
via the FDE method. This is evidenced by the absence of 
stretching vibrations of carbonyl groups (C=O) at the zig-
zag edges, specifically carboxyl groups (–COOH), which 
typically appear at wavenumbers around ~1720 cm−1 [58].

3.7 UV-Vis spectroscopy analysis
Fig.  10 illustrates the UV-Vis absorption spectrum, with 
the y-axis representing absorbance and the x-axis denoting 
the wavelength (nm) of the aqueous FLG solution (5 wt% 

surfactant, 1.5 h) at different concentrations. Absorbance 
reflects the amount of light absorbed by the sample at a 
specific wavelength  [65]. The absorption peaks of FLG 
samples range from 270 to 276 nm, corresponding to the 
characteristic absorption peaks of graphene nanosheets, 
typically observed between 270 and 280 nm [66, 67]. These 
distinct absorption peaks with significant intensity across 
all concentrations indicate successful graphene exfolia-
tion [67]. The peaks are attributed to π–π* transitions in the 
π-conjugated graphene system [67, 68]. The absorption in 
the 200–230 nm range of the UV-Vis spectrum indicates 
the presence of Triton X-100 in the sample, consistent with 
previous studies [69, 70]. This further supports the FTIR 
analysis, which suggests the presence of Triton surfactant 
residues on the synthesized FLG, albeit in trace amounts. 

Fig. 10 also illustrates that the UV-Vis spectrum inten-
sity increases with increasing concentration, attributable 
to the enhanced energy absorption by graphene parti-
cles  [67]. This result aligns with Wang et  al.  [71], who 
documented a linear correlation between graphene con-
tent and UV-Vis absorbance. This signifies that Lambert-
Beer's law is applicable under certain conditions. The law 
establishes a direct proportional relationship between 
absorbance and concentration, indicating that an increase 
in FLG concentration results in a corresponding rise in 
absorbance, while a reduction in concentration leads to 
a decrease in absorbance  [68, 71, 72]. However, the law 
becomes less accurate for absorbance values above  1, 
as the assumption of independent absorbing objects no 
longer holds. Lambert-Beer's law is mathematically 
expressed in Eq. (1).

A lc� � 	 (1)

Where A denotes the UV-Vis absorbance, ε represents 
the molar absorption coefficient associated by the mate-
rial properties and the wavelength (λ) of the incident light, 
l  (cm) is the path length, and c  (mol L−1) is the material 
concentration [68, 71].

3.8 Mechanism of interaction between Triton X-100 
surfactant and graphene
Fig.  11  (a) illustrates the chemical formula of the Triton 
X-100 surfactant, consisting of a hydrophilic head, the 
polyethylene oxide chain ([C2H4O]n–OH) with n  ≈  9–10 
ethylene oxide units, and a hydrophobic tail, an alkyl chain 
attached to a benzene ring (C8H17–C6H4) [73]. This surfac-
tant coats nanoscale objects and prevents re-agglomeration 
by providing steric hindrance between surfactant-coated 
nanoparticles  [74]. In the graphite exfoliation process in 

Fig. 10 UV-Vis absorption spectra of FLG (1.5 h, 5 wt% surfactant) 
in aqueous suspension
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water, the surfactant diminishes the elevated surface energy 
of water, enhancing its compatibility with the hydropho-
bic characteristics of graphite [75]. The surfactant attaches 
to the graphite surface, creating a stable layer that reduces 
interfacial energy and enhances its dispersion in water [76].

Fig.  11  (b) illustrates a schematic representation of 
graphene dispersion and stabilization in an aqueous 
surfactant solution (Triton X-100). As shown, the non-
ionic surfactant Triton X-100 has a hydrophobic tail 
(C8H17–C6H4) that adsorbs onto graphene flakes through 
Van der Waals forces and hydrophobic bindings [77–79]. 
The surface energy of graphene is significantly dimin-
ished [46, 74]. Both the hydrophobic tail of Triton X-100 
and the graphene surface are non-polar; in an aqueous 
solution, non-polar molecules tend to interact to minimize 
contact with polar water molecules  [80]. The interaction 
between the Triton X-100 surfactant and the graphene 
surface is governed by hydrophobic interactions, align-
ing the surfactant's tail toward the hydrophobic graphene 
surface [80, 81]. Furthermore, the hydrophobic tail of the 
surfactant, consisting of an aromatic alkyl chain (C8H17–
C6H4) can engaging in van der Waals association with the 
graphene surface  [80,  81]. Meanwhile, the hydrophilic 
head ([C2H4O]n–OH), which is long and polar, extends into 

the aqueous medium  [46,  74]. The surfactant head con-
tains polyethylene oxide and hydroxyl groups (–OH) with 
polar characteristics. These groups possess partial posi-
tive and negative charges, enabling interactions with polar 
water molecules. Robust hydrogen bonds may develop 
between the hydroxyl groups of the surfactant head and 
water molecules, allowing the head to remain hydrated 
and dispersed in the aqueous medium [74, 82, 83]. As two 
graphene flakes covered with Triton X-100 surfactant 
approach each other, the protruding hydrophilic groups 
interact, generating osmotic repulsion forces between 
the graphene layers [74]. The steric hindrance created by 
the long hydrophilic segment of Triton X-100 prevents 
graphene aggregation during shear mixing [74]. The non-
ionic surfactant Triton X-100 has low electrical potential, 
and its stabilization mechanism relies on steric hindrance. 
This hindrance establishes an energy barrier that prevents 
graphene aggregation, thereby enhancing its stability in 
aqueous solutions  [40]. Consequently, graphene layers 
remain stably dispersed in water due to steric hindrance 
between surrounding graphene sheets, which overcomes 
van der Waals attraction forces [84]. 

Fig. 12 illustrates the synthesis mechanism of graphene 
using the FDE method. The inclusion of surfactants to 

Fig. 11 (a) The chemical structure of the Triton X-100 surfactant with n ≈ 9–10; (b) Interaction of Triton X-100 surfactant with FLG in an aqueous solution
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graphite diminishes the potential energy between adjacent 
layers. Turbulence produced in the blender (Reblade = 106 and 
γt ≈ 2.8 × 104 s−1, where Re is the Reynolds number (dimen-
sionless) and γt is the turbulance shear rate) [12, 20], along 
with viscous shear stress, Reynolds shear stress, and par-
ticle collisions facilitates the exfoliation of graphite into 
graphene [19, 20]. Consequently, graphite with up to 4 lay-
ers is dispersed uniformly in the aqueous solution.

4 Conclusion
Low-defect FLG, predominantly consisting of ~4  layers, 
was effectively synthesized using a simple, economical, and 
eco-friendly FDE method. The FDE process was conducted 
in a rotating blade mixer (kitchen blender) with water as 
the working fluid and Triton-X surfactant at varying con-
centrations (1 wt% to 5 wt%) and processing durations (0.5 

to 1.5  h). Higher surfactant concentrations enhanced the 
graphene stability, resulting in uniformly dispersed exfoli-
ated graphene in the aqueous solution. Longer FDE process 
times reduced defects in the graphene, as extended exfolia-
tion allowed defect vacancies to grow, promoting more com-
plete exfoliation of graphene layers. RS analysis revealed 
that the optimal FLG sample was obtained with a 5 wt% 
surfactant concentration and a processing time of 1.5  h, 
yielding low-defect FLG dominated by ~4-layer graphene 
(4LG), as indicated by three Lorentzian components in the 
2D peak curve fitting. The resulting FLG samples exhibited 
D band to G band intensity ratios (ID/IG) ranging from 0.02 to 
0.11 and 2D band to G band intensity ratios (I2D/IG) between 
0.18 and 0.30. Raman imaging confirmed that the produced 
FLG predominantly exhibited armchair edge chirality over 
zigzag edges, signifying the existence of edge defects. TEM 

Fig. 12 The mechanism for producing FLG using the FDE method
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