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a b s t r a c t 

Ultrasonic-Assisted Liquid Phase Exfoliation (UALPE) is considered one of the most promising approaches 

for the scale-up of graphene production. The process is based on the isolation and stabilization of layers 

of 2D materials, such as graphene: the selection of a proper stabilizing/exfoliating agent is crucial to 

achieve a stable Few-Layers-Graphene (FLG) dispersion. In the present work we propose the use of alkali 

lignin (AL) as a polymeric stabilizing agent for the rapid ( ≤ 3 hours) synthesis of FLG. Sonication time 

and graphite-to-lignin (Gr/AL) ratios were investigated as the primary operational parameters to identify 

the optimal working conditions. Spectroscopical characterization of the samples were employed to assess 

the quality of the synthesized material: the analysis of the Raman and XPS spectra provided insight on 

the number of layers and the nature of the limited defects introduced with the exfoliation procedure. 

Low-defectivity FLG was obtained at Gr/AL = 8 and a sonication time of 3 hours. Furthermore, Scan- 

ning Electron Microscopy and Dynamic Light Scattering were performed to investigate the size of the 

exfoliated flakes ( ∼ 400 nm). The procedure proposed represents a rapid route for the synthesis of FLG, 

which will be further explored for composites in chemiresistive devices. 

© 2022 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

Since its discovery, graphene has generated significant inter- 

st in the scientific community due to its exceptional chemi- 

al, electronic and mechanical properties [1–3] . Despite its ap- 

eal, graphene production poses technical challenges related to 

he desired properties. The quality of graphene is tightly linked 

o the final application, and, as such, the required synthesis 

echniques may vary significantly. Typically, bottom-up synthesis 

outes involve the production of graphene from precursors, such 

s methane like in chemical vapor deposition (CVD) [4] . However, 

hese vacuum-based techniques are expensive, complex, and gen- 

rally suitable for more niche uses. Conversely, top-down graphene 

roduction, e.g., graphite to graphene, represents a potentially scal- 

ble alternative suitable for more widespread applications. The lat- 

er sparked much interest in investigating alternative production 

aths. One of the most promising techniques for the top-down 

ynthesis of graphene is thermal exfoliation. This method is based 

n exposing a precursor, such as graphite oxide (GO), to high 

nough temperatures ( > 550 °C) to guarantee the decomposition of 
∗ Corresponding author. 

E-mail address: luca.magagnin@polimi.it (L. Magagnin) . 
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he oxygen functional groups [5] . As per Botas et al. [6] , such de- 

omposition rate must exceed the diffusion of the gaseous byprod- 

cts to overcome graphite’s interplanar Van der Waals forces. De- 

pite the requirement for very high temperatures, the simplicity 

f this method, its scalability, and the absence of toxic chemi- 

als make it a viable top-down approach. Aiming to overcome 

he strict heating requirements of thermal exfoliation, Lv et al. 

7] developed a new production process called “vacuum exfolia- 

ion.” Briefly, to facilitate the release of oxygen from the starting 

raphite oxide, a high-vacuum chamber ( < 1 Pa) was utilized to 

xfoliate graphene. The added effect of an outward drawing force 

reated by the vacuum allows the thermal exfoliation of graphene 

t much lower temperatures, as low as 200 °C [7] . Due to the high-

nergy requirements of the abovementioned methods, alternative 

echniques, such as electrochemical exfoliation, have been devel- 

ped. Electrochemical exfoliation is based on the intercalation of a 

raphitic electrode by species dispersed or dissolved in a solution. 

lanyalio ̌glu et al. detail a surfactant-assisted method for synthe- 

izing graphene [8] . The process relies on the electrooxidation of 

odium dodecyl sulfate (SDS), leading to its intercalation within 

he graphite planes. Successively, by applying a negative potential 

or an extended time (-1V vs. Pt for 2 hours), graphite exfolia- 

ion takes place, leading to the synthesis of few-layers-graphene 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Figure 1. Raman spectra for prisitin graphite (top), commercial CVD graphene 

(middle), and exfoliated graphene (bottom). The LPE process can be analyzed 

through Raman data by observation of the main preaks. 
FLG) [8] . Finally, one of the most relevant and important routes 

ollowed is Liquid-Phase Exfoliation (LPE). This process is consid- 

rably cheaper and more straightforward than the more common 

ottom-up vacuum-based methods. LPE is a top-down approach 

apable of circumventing some of the higher-yielding processes’ 

entral issues, such as the chemical reduction of graphene oxide 

GO) to reduced graphene oxide (rGO). One critical aspect of GO 

eduction methods is introducing additional defects in the basal 

lane of graphene flakes. This occurrence is due to the disruption 

f the honeycomb-like structure characterized by sp 

2 bonds [9] . 

he presence of defective sites in the graphene flakes gives rise 

o sp 

3 bonded carbon atoms and oxygen-bearing groups that al- 

er the physical properties of the synthesized material. Specifically, 

he presence of oxygen-bearing carbon atoms in GO and rGO dras- 

ically changes the affinity to solvents and overall reactivity of the 

aterial: GO, and rGO-based gas sensors show enhanced sensibil- 

ty due to a more efficient electron transfer thanks to the pres- 

nce of the defects mentioned above [ 10 , 11 ]. The LPE process con-

ists of overcoming the Van der Walls interlayer forces that bind 

ogether graphite layers. The exfoliation mechanism includes me- 

hanical and chemical stimuli that render the inter-planar expan- 

ion permanent and stable in suitable solvents. 

Specifically, probe (or tip) sonication exfoliation is based on ul- 

rasounds’ modulation to control the liquid medium’s shear forces 

nd cavitation phenomena. Baig et al. [12] detailed that the former 

henomenon affects the ability to separate and isolate graphene 

ayers. The latter is responsible for the creation and sudden col- 

apse of microbubbles, leading to the particles’ downsizing and 

ispersion [12] . Aqueous dispersions of exfoliated graphene are 

f particular interest due to their low toxicity and biocompati- 

ility. However, water itself is not a "good" solvent for the sta- 

ilization of graphene flakes [ 13 , 14 ]. A vast number of stabilizers 

ave been thoroughly evaluated in the literature, such as ionic sur- 

actants, polymeric or aromatic molecules [15] . Green exfoliation 

outes have quickly gained importance [16–18] and represent one 

f the more active research fields for graphene. Within the spec- 

rum of biocompatible stabilizers, alkali lignin (AL), traditionally an 

bundant by-product of the paper industry, is very interesting and 

ighly appealing [ 19 , 20 ]. Its aromatic chemical structure indicates 

otential π- π stabilization of the graphenic plane, hence a valid 

andidate for LPE [20] . AL-stabilized graphene’s literature is scarce 

nd involves extended production processes (up to 20h) [20–24] . 

he duration of the sonication process is a crucial aspect in devel- 

ping a scalable method suitable for the production of larger quan- 

ities of graphene. In the present work, we investigate the roles of 

L and sonication time in the rapid ultrasonic-assisted LPE (UALPE) 

f low-defectivity, water-dispersible few-layers-graphene flakes. 

. Materials and methods 

Acid-wash graphite flakes from Asbury Carbons were used as 

he graphite source. The powder was exposed to microwave (MW) 

rradiation in a standard kitchen microwave DAEWOO KOG-8A07 

or 5s cycles to expand the graphitic planes by releasing the in- 

ercalated sulfuric and nitric acid. After expansion, the obtained 

owder was collected and mixed with alkali lignin (low sulfonate 

ontent, Sigma-Aldrich) at different weight ratios: 1:1, 2:1, 4:1, 8:1. 

he dispersion vessel was placed inside an ice bath to avoid exces- 

ive heating. Ultra-sonic probe exfoliation was performed with a 

option Ultrasonic Homogenizer TU-900Y at 450W with a 6mm tip 

ith a 50% duty cycle (2 ′ ON/2 ′ OFF). The exfoliation time was var- 

ed from 1h to 3h in 30 minutes increments. After transfer to Fal- 

on tubes, the dispersions were centrifuged to isolate the graphene 

rom un-exfoliated graphite particles via step-centrifugation at 50 

nd 30 0 0 RCFs for 30 minutes using a TOB-TG16G Laboratory cen- 

rifuge. Thermal Gravimetric Analysis (TGA) was performed with a 
2 
ERKIN ELMER STA60 0 0 in air up with a 10 °C/min heating rate up 

o 900 °C. TGA was utilized to assess the weight percentage of alkali 

ignin in the material to calculate the exfoliation efficiency more 

ccurately. The graphene dispersions were centrifuged at 500rpm 

o remove the unexfoliated material. The precipitate was collected 

nd dried overnight at 70 °C on a heating plate before TGA was 

erformed. The weight losses attributed to lignin removal and 

raphene degradation were used to calculate the fraction of few- 

ayers-graphene (FLG) produced. Raman spectroscopy was used as 

he primary tool for evaluating the characteristics and quality of 

he exfoliated graphene. Across the literature, many interpretations 

ave been attributed to the different elements of graphene’s Ra- 

an spectrum. Nonetheless, its features can be roughly divided 

nto criteria for layers number evaluation and criteria for defectiv- 

ty analysis. These properties were probed employing graphite to 

lkali lignin (Gr/AL) ratio and sonication time. To facilitate the ob- 

ervation of the effect of both the exfoliation parameters on Raman 

pectra, spectroscopical data is presented in the form of heat maps. 

aman analysis was performed on five different spots per sample 

ith LABRAM HR 800 UV HORIBA JOBIN YVON on graphene flakes 

rop casted on a Si/SiO 2 (200nm of oxide) 1 × 1cm 

2 wafer. Due to 

L fluorescence, the analyzed graphene flakes underwent two ad- 

itional washing steps at 70 0 0 RCF to sediment the material and 

emove the excess polymer with Millipore water. Laser wavelength 

as selected at 532nm, with a 50x long focal lens. 

X-ray photoelectron spectroscopy (XPS, 25.7 W, 15 kV, 

onochromated Al K α X-rays (1488.6 eV) was performed using a 

HI 5700 system with an Omni Focus V lens, 100 μm spot size, 45 °
akeoff angle). XPS analysis was utilized to investigate the chemical 

ature of the bonds within the samples by performing survey and 

igh-resolution scans for both C1s and O1s spectra. The evolution 

f carbon and oxygen bonds was probed as a function of the alkali 

ignin content. 

Scanning Electron Microscopy (SEM) for the morphological 

haracterization of graphene flakes was performed on a ZEISS EVO 

0 EP. Graphene flakes sedimented after the 70 0 0 RCF centrifu- 

ation step were redispersed in H 2 O/Ethanol solution and drop 

asted on Si/SiO 2 1 × 1cm 

2 wafer substrates. Ethanol was added to 

ower the contact angle on the substrates and contrast the coffee 

ing effect upon evaporating the liquid. ImageJ software was used 
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Figure 2. Mapping of Raman data a) I(2D)/I(G) and b) 2D peak position as a function of both sonication time and graphite-to-lignin (Gr/AL) ratio. Increase of the 2D peak 

intensity (a) and blueshift (b) of the 2D peak position can be observed for higher values of both process parameters. 
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or the size distribution analysis on the images taken at 10, 20, and 

0K magnification. Sixty measurements were performed for every 

mage, providing values for LogNormal distribution fit analysis. 

The synthesized graphene flakes were centrifuged at high speed 

70 0 0 RCF) and washed twice with 30mL of DIW to remove the al- 

ali lignin excess. The material was redispersed in ethanol and de- 

osited on 300 mesh copper grids coupled with Lacey C films. TEM 

nalysis was performed on a Philips CM200 FEG TEM at 200kV to 

valuate the morphology of the exfoliated material. Atomic Force 

icroscopy (AFM) was performed using an NT-MDT AFM SOLVER 

RO in contact mode, mounting a TIPSNANO CSG10 Au coated sil- 

con probe with a force constant of 0.01-0.5 N/m, using a 0.6Hz 

can speed. The graphene flakes were drop casted on monocrys- 

alline Si substrates after centrifugation at 70 0 0RCF. Washed and 

edispersed graphene flakes suspensions in ethanol were utilized 
p

igure 3. a) Line shape evolution of the 2D peak as a function of sonication time. The 

owards the formation of few-layers-graphene. b) Raman data mapping of R 2 value for th

3 
or Dynamic Light Scattering (DLS) analysis. The analysis was per- 

ormed with a Malvern Panalytical Zetasizer Nano after opportune 

ilution of the graphene dispersions. To cope with the agglomera- 

ion and non-spherical nature of the exfoliated material, the mon- 

tored variable in the analysis was the position of the primary in- 

ensity peak in the DLS spectrum ( αPSD). 

. Results and discussion 

LPE of graphite into graphene was performed with sonica- 

ion times within the 3 hours range to accurately evaluate the 

ffectiveness of a promising π- π stabilizer such as alkali lignin in 

 rapid process ( Fig. 1 ). Liu et al. [20] described the stabilization 

rocess in detail by comparing the behavior of both AL-treated and 

ntreated samples. FTIR analysis of the AL-stabilized graphene dis- 

ersions shows a shift of the aromatic band vibration, confirming 
increased simmetry of the 2D peak is utilized to evaluate the exfoliation process 

e single Voigt curve fit for the 2D peak data. 
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Figure 4. Raman data mapping of a) I(D)/I(G) and b) I(D)/I(D’) ratios. Fig. 4 c shows the influence of both process parameters on the angular coefficient for the linear fit of 

I(D)/I(G) vs. FWHM(G). 
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oth the adsorption and the π- π interaction. These findings, cou- 

led with DLS and Z-potential measurements, highlight the abil- 

ty of lignin to effectively stabilize graphene via electrostatic repul- 

ion (Z-potential value ∼ -43mV). Exfoliation efficiency of the LPE 

rocess was calculated by weighing the unexfoliated byproduct, 

.e., graphite particles removed by 500rpm centrifugation, and ana- 

yzed via Thermal Gravimetric Analysis (TGA) to assess the amount 

f alkali lignin in the material (Fig.S9-12 in Supplementary In- 

ormation). Efficiency calculations were carried out only for sam- 

les graphite-to-lignin Gr/AL = 4 and Gr/AL = 8 since these condi- 

ions were the only ones that resulted in the synthesis of few- 

ayers-graphene (FLG). Specifically, the sample Gr/AL = 4 showed a 

ignin mass loss of 6.74%, resulting in an FLG percentage of 49.88%. 

n the other hand, the Gr/AL = 8 sample shows an FLG fraction of 

8.73%, equating to a final concentration of ∼1.1 mg/mL for both 

amples. The assessment of the exfoliation efficiency confirmed the 

bility of water/alkali lignin to produce FLG dispersions with a fi- 

al concentration on par with NMP-based systems [15] . Spectro- 

copical data confirmed how low-defectivity graphene is synthe- 

izable with the proposed rapid process, reaching the 3-5 layers 

ark, i.e., few-layers- graphene (FLG). Fig. 1 shows the different 
4 
pectra of graphitic material, the final graphene product, and com- 

ercial CVD graphene. Analysis of Fig. 1 spectra shows the evolu- 

ion of the pristine material via LPE through the insurgence of the 

 and D’ peaks and the evolution of the 2D one. 

Analysis of the 2D peak spectrum is widely considered the pri- 

ary tool for assessing the number of graphene layers via spectro- 

copical analysis [25–29] . Fig. 2 a shows the dependence of the po- 

ition and intensity of the 2D peak on the UALPE parameters. The 

nalysis highlights a correlation between a blueshift of the 2D peak 

nd increasing Gr/AL and sonication time values. 2700 cm 

−1 was 

et as the reference point, per literature data showing 2D peaks at 

ower wavenumbers with decreasing layers [25–29] . The I(2D)/I(G) 

istribution map ( Fig. 2 b) shows a similar trend, with more intense 

D peaks associated with higher values of both UALPE parameters. 

bservation of both maps ( Fig. 2 a,b) confirms that Gr/AL = 8 and 

 = 3h are optimal working conditions. Dependence of the Raman 

ata on Gr/AL ratios for each sonication time interval is highlighted 

n Fig.S1 in the Supplementary Information (SI). In addition, line 

hape evaluation and fitting were conducted. 

Observation of the shape of the 2D peaks and comparison to 

elated works [25–29] unveils the evolution of the material from a 
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Figure 5. a) XPS high-resolution scan of C1s orbital highlighting the nature of functional groups on the FLG surface. Fig. 5 b shows the area fraction of C-C sp2 (continuous 

line), C-O and O = C(OH) (dotted line), and C-C sp3 (dashed line) as a function of the graphite-to-lignin ratios. 

Figure 6. a) TEM image of few-layers-graphene synthesized through the proposed LPE process. Fig. 6 b shows the evolution of the modal values (blue) from the LogNormal 

size distribution analysis performed on SEM images of the synthesized flakes. Data of the primary peak position from DLS analysis on suspended graphene flakes is reported 

in red. 
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urely graphitic stage ( Fig. 3 a) to graphene in the range of 3-5 lay-

rs. Further investigation on the 2D peak shape is commonly based 

n fitting with Lorentzian functions, tuning both the FWHM of 

aid function and the number of curves [27–29] . However, the in- 

reasing complexity of the process with a higher number of layers 

akes an unambiguous interpretation challenging. Roscher et al. 

30] suggest using an R 

2 value higher than 0.985 for a single Voigt 

urve fitting as a guideline. Said value consistently correlates to 

FM measurements in the original study, confirming the synthesis 

f few-layers-graphene (FLG). Fig. 3 b shows the data map for the 

 

2 value as a function of both Gr/AL and sonication time, high- 

ighting the beneficial role of lower amounts of lignin and more 

rotracted exfoliation for FLG production. Variations of the R 

2 val- 

es for the fitting of each time interval are provided in Fig.S2 (SI). 
i

5 
Within graphene’s Raman spectrum, the D and D’ peaks are 

ommonly correlated to the presence of defects [31–33] . The in- 

ensity ratio I(D)/I(G) is proportional to the mean distance between 

efects [ 34 , 35 ], thus being a good indicator of graphene quality. 

owever, I(D)/I(G) does not provide any information on the nature 

f those defects. The distinction between bulk and edge defectiv- 

ty is more easily made by observing the I(D’)/I(D) evolution. Eck- 

ann et al. [32] present a guideline to evaluate the type of de- 

ects present in graphene. Specifically, when the ratio I(D’)/I(D) is 

oughly 3.5, the contribution to the overall defectivity can be as- 

ribed to the presence of edges. Fig. 4 a and 4 b show the evolu- 

ion of both I(D)/I(G) and I(D’)/I(D) as functions of UALPE param- 

ters: the significant increase in the I(D)/I(G) value observed for 

r/AL = 8 and t = 3h corresponds to I(D)/I(D’) values ( ∼3.5) indicat- 

ng the creation of new edges as the dominant phenomenon dur- 
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Figure 7. a) Morphology of the wrinkled/folded FLG flake on monocrystalline Si. c) thickness profile of the sample along the measurement line highlighted in b). 
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ng exfoliation. The dependence of both I(D)/I(G) and I(D)/I(D’) on 

raphite-to-lignin ratios for each sonication time interval is shown 

n Fig.S3 (SI). The onset of bulk defectivity can also be linked to 

igher values of FWHM for the G peak [ 35 , 36 ]. In order to fur-

her investigate the potential onset of bulk defects caused by the 

ALPE process, we employed the metric proposed by Bracamonte 

t al. [37] . Linear fitting of the FWHM(G) vs. I(D)/I(G) values is con- 

ucted to extrapolate the degree of correlation between the two 

ariables. The angular coefficient of said fit provides an additional 

riterion to probe the characteristics of the produced graphene: 

alues closer to 1, i.e., y = x, are representative of a stronger link 

etween sonication time and the presence of basal plane defects. 

ig. 4 c shows a data map of the evolution of the angular coefficient 

f the linear fit as a function of Gr/AL and sonication time. The 

ighest value reached within the sample range is 0.042 for Gr/AL 

atio equal to 4 and 180 minutes of sonication, corresponding to an 

ngle of 2.4 ° and highlighting the non-disruptive nature of the ex- 

oliation process, even for the "most damaging" working point. Lin- 

ar fits for each time window and Gr/AL ratio are shown in SI by 

ig.S4-S7. 

XPS analysis provided a more in-depth understanding of the 

nfluence of AL on the quality of graphene. The testing was con- 
6 
ucted on equally sonicated samples for 3hrs, with different Gr/AL 

atios: 1,2,4, and 8. Data fitting of the high-resolution scans for 

1s and O1s gave insight into the role of the polymeric stabi- 

izer. The prominent peak in the C1s ( Fig. 5 a) data was attributed 

o graphene as C-C sp 

2 bonds at 284.6 eV, while C-C sp 

3 bonds 

ere identified at 285.2 ± 0.1 eV. C-OH and C = O bonds were as- 

igned, respectively, to binding energies (BE) of 285.8 ± 0.1 eV 

nd 286.2 ± 0.1 eV. A broad π- π ∗ peak linked to HOMO-LUMO 

ransitions can be observed at 290.6 ± 0.5 eV [38–55] . Addition- 

lly, a C = O peak at 286.9 ± 0.1 eV and a O = C-OH peak at 289

0.1 eV were present, sporadically, through samples with Gr/AL 

atios of 1 to 4. The contribution of sp 

2 , sp 

3 C-C bonds was calcu- 

ated to investigate AL’s role in creating bulk defectivity within the 

raphene flakes. Fig. 5 b highlights the influence of AL concentra- 

ion on graphene’s quality: moving from Gr/AL = 1 to Gr/AL = 8 leads 

o a 20% increase in sp 

2 C-C, i.e., non-defective graphene. More- 

ver, Fig. 5 b shows the evolution of the oxygen-bearing carbon 

roups and sp 

3 C-C as a function of lignin content: both datasets 

how a similar decreasing trend, reinforcing the Gr/AL = 8 as the 

ptimal working point. XPS data can be correlated to Raman spec- 

roscopy data, thus confirming the non-disruptive nature of AL- 

tabilized graphene UALPE. The lignin content dependence of sp 

3 
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[

[  
nd sp 

2 C-C groups is in agreement with both the FWHM(G) vs. 

(D)/(G) fit and I(D)/I(D’) Raman data: the higher intensity for the 

efects-related D peak in the Raman spectra can be attributed 

o the size reduction of the graphene flakes induced by the ul- 

rasounds, with minimal alteration of the graphenic basal plane 

tructure. 

SEM and DLS measurements of the graphene dispersions were 

tilized to characterize the exfoliated material. However, due to the 

uasi-2D nature of the graphene flakes, the orientation and state- 

f-agglomeration of the particles can significantly affect the mor- 

hological characterization of FLG. Fig. 6 a provides a direct TEM 

bservation of a small packet of folded FLG flakes. Thus, multi- 

le SEM images (Fig.S8 in SI) were taken for each sample and an- 

lyzed through a LogNormal distribution fit to account for data 

ariability in the size evaluation process. Dynamic Light Scatter- 

ng (DLS) of the graphene dispersions was performed to corrob- 

rate the interpretation of the SEM data. One critical aspect of 

LS analysis for graphene is the non-spherical nature of the ma- 

erial. The estimated hydrodynamic radius is obtained from the 

tokes-Einstein equation assuming a spherical particle [56] . Hence, 

ccording to Lotya et al. analysis on exfoliated 2D materials size 

valuation [57] , instead of considering the Z-average value, a bet- 

er metric for non-polarized DLS analysis is the αPSD value, i.e. , 

he primary intensity peak position in the DLS spectrum. Modal 

alues were considered more relevant than mean values for the 

nalysis, given the influence of agglomerates on calculating the av- 

rage size. Fig. 6 b shows the calculated sizes for both SEM and 

LS analysis, highlighting a size range of 40 0-60 0 nm without 

 clear dependence on the alkali lignin concentration. The Gr/AL 

atio 8 provides the smallest flakes, 380 nm (SEM) and 460 nm 

DLS), substantiating the interpretation of new edges formation 

s the primary source of the detected defectivity in the Raman 

pectra. 

Spectroscopical data analysis and interpretation lead to iden- 

ifying the optimal exfoliation conditions, i.e., graphite-to-lignin 

ass ratio (Gr/AL) equal to 8 and sonication time of 3 hours. In 

rder to further confirm the ability of the proposed method to 

ynthesize Few-Layers-Graphene (FLG), Atomic Force Microscopy 

AFM) was employed. AFM imaging was used to analyze the syn- 

hesized material’s morphology and size. Fig. 7 a shows a partially 

olded graphene flake made of three distinct strata. The thick- 

ess evolution associated with the stacked layers is shown in 

ig. 7 b and Fig. 7 c: along the measurement line, it is possible 

o distinguish individual strata’s thicknesses ≤1.6nm, thus iden- 

ifying the overall particle’s size at < 5nm. AFM data was found 

o be in agreement with the spectroscopical analysis of the exfo- 

iated material, confirming the synthesis of Few-Layers-Graphene 

FLG). 

. Conclusions 

The combination of alkali lignin and sonication time in the 

apid liquid-phase exfoliation can be used to produce graphene 

rom graphite, exploiting the π- π interaction capability of AL 

n producing and stabilizing aqueous dispersions of few-layers- 

raphene. Spectroscopical data highlight the influence of both AL, 

s biocompatible stabilizer, and sonication time on the final prod- 

ct. Higher graphite-to-lignin ratios (4 and 8) showed the best re- 

ults in terms of exfoliation effectiveness (3-5 layers of graphene), 

s confirmed by AFM analysis, and low-defectivity (I(D)/I(D’) ∼3.5). 

hese results confirm the hypothesis that a limited sonication 

ime ( ≤ 3hrs) represents a valid route to achieve the synthesis 

f few-layers-graphene. Further developments of the process will 

ocus on the functionalization of the produced FLG as the ac- 

ive material for electrochemical and chemiresistive gas sensing 

pplications. 
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