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Abstract

Flexible electronic textiles hold potential applications across various fields, yet current
functionalization methods frequently suffer from poor coating uniformity and severe aes-
thetic alteration. This study addresses these challenges by establishing a multi-analytical
approach, based on Raman spectroscopy together with DLS, Zeta potential and XPS mea-
surements, to optimize graphene oxide (GO) precursor selection prior to electrostatic
deposition onto cotton fabrics using a polyethyleneimine linker. This coating strategy was
inspired by layer-by-layer deposition technique and centrifugation was used to partition a
heterogeneous commercial GO precursor into three distinct homogeneous fractions. Ra-
man spectroscopy revealed that centrifugation acts not merely separating GO based on
its size but effectively sorts GO sheets based on their chemical functionalization degree.
Consequently, this approach allows for the identification of the optimal precursor fraction,
balancing sheet dimensions with defect density, to ensure strong functionalization. Overall,
this work established a foundational spectroscopic methodology for precursor selection,
deposition monitoring and process optimization, which can also be extended to the char-
acterizing and comparison of different commercial GO batches from different industrial
suppliers. Finally, micro-Raman mapping and XPS were preliminary applied to verify the
textile fiber functionalization.

Keywords: Raman spectroscopy; micro-Raman spectrometer; XPS; DLS; graphene;
graphene oxide; functionalized textiles; e-textiles

1. Introduction
Flexible and fibrous textile fabrics enriched with conductive materials are attracting

growing interest for their use in a wide range of applications, particularly in electronic
textiles (e-textiles) [1–4]. E-textiles are fabrics that enable the incorporation of digital,
electronic, and computing components. To impart conductive capabilities to textiles,
various conductive or semiconductive materials are typically used. Conductive fabrics
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can be manufactured using metallic wires or metallic fibers blended with textile fibers.
However, since both metals and traditional semiconductors are rigid materials, they are
not particularly suitable for applications on textile fibers, as these are subjected to a high
degree of stretching and bending during use. Consequently, there is a growing interest in
flexible semiconductive e-textiles made by impregnating textile materials with conductive
polymers, such as carbon black, carbon nanotubes, or metal-based powders [1].

Among conductive materials, graphene is one of the most used thanks to its outstand-
ing electrical, photothermal and mechanical properties [5]. Graphene is a two-dimensional,
non-polar material consisting of a monolayer of sp2-hybridized carbon atoms organized in
a hexagonal structure with conjugated covalent bonds between adjacent carbon atoms [5–9].
The delocalization of π electrons within the hexagonal lattice makes graphene a strong, thin,
and flexible material with excellent thermal and conductive properties [10–12]. For exam-
ple, graphene-treated textiles can be used to produce waterproof and ultraviolet radiation
shielding textiles due to both its strong hydrophobicity and effective absorption of solar
radiation [13–18]. However, the interaction between graphene and cotton is challenging
and, therefore, it is preferred to use derivatives of graphene [19,20]. Among those, an
important derivative is graphene oxide (GO), graphene’s oxidized form, which maintains
the graphene hexagonal structure but introduces oxygenated functional groups (Figure 1).
GO is applied onto fabrics to increase their mechanical strength and thermal comfort
while simultaneously imparting antibacterial and antistatic properties (Figure 1) [13,21,22].
Furthermore, the presence of hydroxyl, carboxyl, and epoxide groups makes GO highly
dispersible in water and, therefore, readily applicable on textiles. Altogether, GO and
related graphene-based nanomaterials have demonstrated widespread potential across
different fields, ranging from flexible fabrics to electrochemical energy storage devices,
electrocatalysts and biomedical applications [13,23–29]. However, the structural defects in
GO and the presence of oxygen groups disrupt the conjugated network, turning GO into
an inherently insulating material [24,30].

Figure 1. Summary of the characteristics of graphene oxide (GO) with its structure, functional group,
advantages and disadvantages and useful properties for application in fabric production. Adapted
from Refs. [24,25].

Another key derivative of graphene is reduced graphene oxide (rGO). Chemical re-
duction of GO is commonly used for its preparation, allowing for the density of functional
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groups to be tuned according to the specific needs of the application [24,25]. While GO
acts as an electrical insulator due to the breaking of the sp2 network by oxygen-containing
groups, its subsequent reduction to rGO can restore electrical conductivity. The straight-
forward processability of GO and the conductivity of rGO make these materials perfect
candidates for the development of smart and conductive textiles. Therefore, optimizing the
preliminary deposition of GO is a mandatory step before any reduction process aimed at
developing e-textiles.

To date, various techniques exist for functionalizing fabrics with graphene and its
derivatives [1]. However, these processes often rely on multi-step protocols and expensive
reagents, and result in coatings that are not uniform. Moreover, all these techniques
deposit large amounts of materials onto the textile fibers, which results in a dark coloration
(e.g., black with graphene or brown with GO) [13–15]. To overcome these limitations and
minimize the aesthetic alteration of the textiles, we are working to explore the deposition
of an ultra-thin layer of GO that should be nearly transparent but sufficiently stable and
well-anchored to the cotton. Cotton was chosen as the target textile substrate due to its
widespread relevance, eco-compatibility and distribution.

The surface of GO presents electron-rich hydroxyl groups that provide an ideal func-
tionalization point. Specific and strong interactions can be obtained through an electrostatic
approach by exploiting the negative surface charge of cotton to anchor graphene via
electrostatic interactions. Since both cotton and GO expose negative charges at neutral
pH [18,31,32], it is necessary to introduce a third element to act as a mediator to establish
an attractive interaction. For this purpose, polyethyleneimine (PEI), a cationic polyelec-
trolyte, was used. PEI is particularly suitable because (i) it exposes positive charges at
neutral pH, promoting interaction with both cotton and graphene; (ii) it is transparent,
thus not altering the appearance of the fabric; (iii) it is water-soluble, allowing for easy
application by immersing the fabric in an aqueous PEI solution; (iv) it improves the homo-
geneity of the cotton surface by reducing its roughness, a key factor for uniform deposition.
This electrostatic deposition strategy is inspired by the principles of the layer-by-layer
(LbL) deposition technique, where alternating layers of oppositely charged species can be
sequentially deposited [33–36]. Moreover, this approach opens the possibility of future
optimization through the controlled deposition of multiple PEI/GO bilayers, enabling the
fine-tuning of the material properties according to the specific requirements of different
applications [29,37–39].

Previous results [40] demonstrated how homogeneous monolayers of graphene ox-
ide on silicon oxide and copper surfaces could be achieved by isolating optimally sized
populations. Here, we adopted the same protocol to separate fractions of graphene oxide
with varying sizes and low polydispersity, in line with recent efforts demonstrating the
critical role of controlled GO size fraction [41]. Recently, this approach was also successfully
employed to develop an anticorrosion coating for heritage metals and coins [42].

In this paper, we will focus on the application of Raman spectroscopy to guide the
optimization of the precursor selection to obtain uniform GO-functionalized fabrics without
altering their color or structural integrity, and then to investigate the intermediate steps
and final products. Raman spectroscopy represents a non-destructive fundamental tool
for evaluating the quality and the number of layers of graphene materials by means of
characteristic peaks whose intensity, shape, and position are sensitive to structural and
physicochemical parameters [9,43]. In particular, Raman spectroscopy allows for the
monitoring of doping, defects, strain and edges [44–50]. Defects (i.e., anything that breaks
the symmetry of the lattice, like edges, grain boundaries, change in carbon hybridization,
vacancies, implanted atoms) have an effect on the properties of the material and, therefore,
it is essential to investigate them [51–53]. The strongest band in the Raman spectrum of
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graphene satisfies the Raman selection rules [54]; however, other Raman-forbidden bands
are activated when the periodic lattice of graphene is broken, as in GO, by the presence
of defects [55]. The activation of these defect-activated bands and their position, relative
intensities and shape provide useful information related to graphene quality [56].

To provide a comprehensive characterization of the system, Raman spectroscopy
was combined with other techniques, such as dynamic light scattering (DLS), Zeta po-
tential measurements and X-ray photoemission spectroscopy (XPS). By combining these
spectroscopic techniques, this study establishes a quantitative, predictive methodology
that connects microscopic with macroscopic interfacial assembly behavior. Moreover, this
work will critically discuss the importance of Raman spectroscopy and detailed multi-peak
deconvolution models in optimizing precursor selection and assembly strategies for func-
tionalized textile fabrics, decoupling the interfacial assembly challenges from downstream
chemical treatments.

2. Materials and Methods
2.1. Graphene Preparation and Textiles Functionalization

Raw organic cotton fabrics were pre-treated in a 4% water NaOH solution for 60 min
at 80 ◦C. This process is similar to industrial mercerization and aims to remove potentially
fluorescing contaminants present on the fibers (like stains or optical whiteners). Generally,
mercerization requires the use of concentrated NaOH solutions (30% w/v) [57]; however,
in this work, it was decided to follow the protocol described in Ref. [13] to have a lower
impact on the fibers.

After mercerization, the fabrics were functionalized using PEI (polyethylenimine,
average molecular weight 25,000 g/mol, branched, Merck KGaA, Darmstadt, Germany)
and a dispersion of graphene oxide (GO) (Merck KGaA, Darmstadt, Germany) in water
(0.5–4 mg/mL). In particular, the cotton was functionalized with PEI by immersing it in a
0.2 g/L aqueous solution (25 mL–pH 9) and heating at 90 ◦C for 30 min. The cotton was
then washed with 25 mL of an aqueous solution containing 2 g/L Triton X-100 and 0.2 g/L
Na2CO3 at 90 ◦C for 15 min, as described in Ref. [58]. Finally, it was rinsed with a 0.2 g/L
Na2CO3 solution, and the fabric was dried in an oven at 60 ◦C. After drying, the cotton
was stored in a vacuum desiccator. Before application, the water dispersion of GO was
sonicated for 30 min to obtain a homogeneous and stable dispersion. Then, the fiber was
immersed for 30 min at room temperature in the GO dispersion. Finally, the fiber was
washed in water and let dry in an oven at 90 ◦C.

The GO dispersions were centrifuged using a benchtop centrifuge (NEYA 16R, Neya
Centrifuges, Carpi, MO, Italy) equipped with an S4-175 swing-out rotor fitted with B 2-50R
buckets for 50 mL round-bottom tubes. The centrifugation was repeated twice to achieve
the best possible separation of the three different GO fractions. In particular (Figure S1):
(i) the precipitate collected from the first centrifugation step contains the largest fraction
of GO particles and was named Ultra-Large Graphene Oxide (ULGO); (ii) the precipitate
collected from the second centrifugation step contains the intermediate-sized fraction,
named Large Graphene Oxide (LGO); (iii) the remaining supernatant contains the smallest
fraction, called Small Graphene Oxide (SGO).

2.2. Preliminary Characterization of GO Dispersions and Fractions

The aqueous dispersions of GO were investigated by using a Zetasizer PRO (Malvern
Panalytical Ltd., Worcestershire, England, UK) to determine the dimensions of the graphene
sheets via dynamic light scattering (DLS) and the stability of the dispersion by measuring
the Zeta potential. Moreover, the morphology of the GO sheets was investigated by optical
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microscopy (Nikon Diaphot 300, Tokyo, Japan) by depositing the aliquots onto a glass
microscope slide.

2.3. Raman Spectroscopy

Raman analysis was conducted at room temperature on few drops of the water–
GO dispersion (for GO fraction) or on single fibers (for fabrics) using a micro-Raman
spectrometer RM2000 (Renishaw, Wotton-under-Edge, UK) equipped with 20×/0.40 N.A.
Olympus microscope objective and a 514 nm argon ion laser (Spectra Physics, Milpitas,
CA, USA). The samples were put on a computer-controlled motorized stage (accuracy
1 µm) and investigated using a laser power on the sample of 50 µW, to avoid structural
damage. The Raman spectra wavenumber scale was routinely calibrated on the 520 cm−1

first-order Raman band of bulk silicon: wavenumber accuracy along the full spectrum
is 2 cm−1 and the spectral resolution is 5 cm−1. For each sample, at least 50 individual
points were characterized by Raman spectroscopy (acquisition time 20 s at each spot),
taking care to explore different regions in a randomized way, and spectra were averaged,
to increase the signal to noise ratio. To better evaluate all the bands, a fitting analysis was
performed by using a free software package (Fityk 1.3.1) including a cubic baseline function
and a set of four bands in the spectral region of fundamental transitions (1100–1900 cm−1)
and three bands in the region of combination and overtone transitions (2350–3450 cm−1),
respectively [59].

It has to be noted that different functions (Lorentzian, Gaussian, pseudo-Voight) are
used to fit graphene Raman spectra [56,60–64]. The functions used were determined, during
analysis, to be the better fit. Two other bands are expected in the GO Raman spectrum
(assigned as D* at 1100 cm−1 and G* at 2500 cm−1, according to Ref. [56]) but were too
small to be detected in our Raman spectra, also upon spectral deconvolution.

In the case of GO the presence of D′′ and D* bands (~1180 cm−1) affects the ID/IG

ratio [56]. For this reason, in accordance with Ref. [56], the ratio between the D and G bands
was evaluated on the fitted bands.

2.4. X-Ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) investigation was performed on fabric cut
and fixed using a graphitic double-sided adhesive tape and then, installed in an ultra-high
vacuum (UHV) XPS analysis chamber. The instrument used an X-ray source nonmonochro-
matic (VSW Scientific Instrument Limited, Manchester, England, UK, model TA10, Mg Kα

radiation, 1253.6 eV) with a power of 120 W (12 kV and 10 mA). The analyzing chamber
is equipped with a hemispherical analyzer (VSW Scientific Instrument Limited, model
HA100, Manchester, England, UK) mounting a 16-channel detector and operating in fixed
pass energy mode (44 eV). A differential pumping stage allows for operating down to a
pressure of 5 × 10−8 mbar in the main chamber.

Spectra were analyzed using a dedicated software package (CasaXPS, Version
2.3.25PR1.0, CasaSoftware Limited, Teignmouth, UK) to remove the inelastic background
according to the Shirley’s method [65]. A deconvolution of the XPS spectra was carried out
using a combination of Gaussian and Lorentzian components. The binding energy scale
was calibrated using adventitious carbon as an internal reference, with the C 1s peak set at
284.8 eV [66].

2.5. Water Contact Angle (WCA) Measurement

Water wettability was assessed using an Automated Contact Angle Goniometer (Ramé-
Hart, Inc., Mountain Lake, NJ, USA) equipped with a fiber-optic light source, to minimize
evaporation effects, and a CCD camera, for capturing high-resolution images. A computer-
controlled dispenser (Auto Pipetting System, Ramé-Hart Inc., Mountain Lake, NJ, USA)
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delivered 5 µL droplets. Both left and right contact angles were determined via software-
assisted image analysis every 5 s until reaching spreading equilibrium. The fabric samples
were attached with masking tape at the ends and fixed onto a glass microscope slide so that
the fabric was taut, providing a completely flat and horizontal surface on which to deposit
the droplet.

2.6. Generative Artificial Intelligence (GenAI)

In this paper, generative artificial intelligence was used only to assist in the technical
refinement of data interpretation. Specifically, GenAI assisted in ensuring precise analysis of
data for the analytical discussion. No data generation, text generation, analysis generation,
graphics manufacturing or study designs were performed by the AI. The final intellectual
evaluation and analysis remain entirely with the authors.

3. Results
3.1. Optimization of the GO Fractions
3.1.1. Preparation of GO Fractions

To improve the reproducibility and uniformity of the coating process, the bulk GO
dispersion was preliminarily fractionated by centrifugation, allowing for the separation of
GO sheets according to their lateral dimensions. This approach was built on a previous
study on GO based protective coatings [42], which demonstrated that the coating process
benefits from the size selection of graphene oxide sheets, promoting a more homogeneous
and controlled deposition onto a given substrate. The commercial GO precursor was
divided into three fractions (Figure S1—see Section 2): ultra-large graphene oxide (ULGO);
large graphene oxide (LGO); small graphene oxide (SGO).

3.1.2. DLS Characterization of GO Fractions

For effective assembly onto textile fibers, maintaining a well-dispersed state within the
aqueous medium is fundamental; otherwise, rapid colloidal aggregation would compro-
mise the coating uniformity. Therefore, the separated GO fractions were first investigated
by light scattering techniques to (i) obtain information regarding the apparent size of the
GO sheets in the various fractions via DLS measurements, (ii) evaluate the stability of the
dispersion via Zeta potential measurements. Number-weighted size distributions were
considered to better describe the particle populations in each sample, while the average
hydrodynamic diameters were obtained from the intensity-weighted distributions.

The LGO and SGO fractions exhibited well-defined populations with average hydro-
dynamic diameters of 875 and 594 nm, respectively (Figure 2 and Table 1). These values
should be considered as approximate estimates, since DLS analysis assumes spherical
particles and provides the hydrodynamic diameter, which also includes the contribution of
the hydration layer surrounding the GO sheets. Therefore, the measured sizes do not corre-
spond directly to the actual lateral dimensions of the GO sheets. However, in a previous
study based on a similar centrifugation procedure [42], SEM analysis of the different GO
fractions revealed sheet dimensions consistent with the DLS size ranges observed in the
present work.

Table 1. Z-average dimensions (nm) and polydispersity index (PDI) of the LGO and SGO fractions.

Fraction PDI Average Dimensions (nm)

LGO 0.35 ± 0.02 875 ± 37
SGO 0.42 ± 0.05 594 ± 24
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Figure 2. Number-weighted size distribution for the different fractions of the GO dispersions and the
commercial GO.

Differently, the DLS profiles of the raw GO dispersion and the freshly resuspended
ULGO fraction were very similar (Figure 2), both showing a broad population of very large
GO sheets whose characteristic size exceeded the upper detection limit of the instrument
and therefore could not be determined exactly. The apparent sharp feature for both ULGO
and the raw commercial GO in Figure 2 is an artifact caused by the instrument’s upper size
detection limit, which truncates the broad, polydisperse distribution of ultra-large sheets
present in the unseparated bulk precursor. Therefore, we report in Table 1 only the data for
LGO and SGO. When the ULGO dispersion was allowed to stand for approximately 10 min
after resuspension, the largest sheets sedimented and the remaining supernatant showed a
population with average dimensions (514 nm) comparable to those of the LGO and SGO
fractions (Figure S2). This result indicates that the centrifugation process does not produce a
complete separation of the GO sheets according to their size, and that the different fractions
partially overlap. Moreover, the rapid sedimentation of the largest sheets demonstrates the
poor colloidal stability of the ULGO fraction. As a result, the composition of the dispersion
changes over time, making this fraction unsuitable for achieving a homogeneous and
reproducible coating of the cotton substrate.

Moreover, Zeta potential analyses of the three fractions at various concentrations
(Figure 3), compared to that of the commercial GO, allow for the determination of the
exposed surface charge, which provides crucial information on the stability of the aqueous
dispersions. The obtained Zeta potential values range from −30 to −50 mV. Generally, if
the Zeta potential exhibits value higher than +30 mV or lower than −30 mV the dispersion
can be classified as highly stable [67]. In fact, under these conditions, the electrostatic
repulsion forces between adjacent particles are strong enough to overcome attractions and
they will prevent the nano- or micro-particles from aggregating. This analysis, therefore,
confirms the outstanding stability of the aqueous GO dispersions. The negative potential
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values indicate that the particles expose a negative surface charge, primarily due to the
deprotonation of the carboxylic and hydroxyl groups present on the edges and planes of
the GO sheets, which occurs at neutral pH values.

Figure 3. Zeta potential of the various ULGO, LGO, and SGO fractions compared to that of the
commercial GO.

3.1.3. Raman Characterization of GO Fractions

The interpretation and assignment of the Raman bands of graphene are well-
known [9,44,46,54,60,68,69], whereas the situation for GO is more complicated due to
the presence effects of defects and the presence of heteroatoms/different functional
groups [56,70]. In this study, each GO fraction was characterized by micro-Raman spec-
troscopy, combined with curve-fitting analysis, mainly according to Refs. [56,70].

In the Raman spectra of GO, we expected an intense band around 1582 cm−1 (G band)
resulting from in-plane C-C stretching vibrations [54]. This band is present in all graphitic
materials containing a network of sp2 carbon atoms [54] but its position (ωG), which is
generally unaffected by the excitation wavelength used, varies with the number of layers
(n) [71]. As the thickness (associated with the number of layers n) increases, the G band
tends to shift to lower wavenumbers. It should be emphasized, however, that other factors
also influence the position and shape of this band, such as temperature, doping (both
electron and hole), and strain. At 1350 cm−1 the D band is observed [47,54]. This band,
resulting from the ring breathing mode of sp2 carbon atoms, is directly linked to the
presence of defects in the crystal lattice of the sample. In fact, this band is Raman-forbidden,
and it is not observed in pristine graphene samples: it is only activated by the presence of
defects. Its intensity increases when the number of defects in the sample increases, making
it an extremely sensitive indicator of the sample’s structural quality [56]. The position (ωD)
is dependent on the excitation wavelength used. The ratio between the intensities of the
D and G bands (ID/IG) is commonly used to estimate the degree of disorder in graphene
materials [47,56,71]. In the specific case of GO, the oxidation introduces oxygen groups that
represent defects. Therefore, this ratio gives information related to its reduction degree [72].
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According to the Ferrari classification, for low-defect systems (stage 1), the ID/IG ratio
is less than 3.5, while for highly disordered systems (stage 2), the ratio is greater than
3.5 [56,60]. This value was obtained at an excitation energy of 2.41 eV for a mean distance
within defects of 3–5 nm [60]. When the number of defects increases significantly, the D
band broadens and weakens because of the Csp2 ring break, causing a decrease in the ID/IG

ratio. For this reason, it is always important to also evaluate other parameters, such as the
full width at half maximum (FWHM) of the G and D bands. In fact, samples at different
stages can exhibit the same ID/IG ratio but a very different FWHM(D), with the latter being
larger in stage 2.

Another band activated in the presence of defects is the D′ band (1620 cm−1). The
intensity ratio ID/ID′ allows for distinguishing point defects (vacancies, sp3-hybridized
carbon atoms) from extended structural defects (edges, grain boundaries, line defects) [53].
In particular, higher values of this ratio are associated with defects related to sp3 hybridiza-
tion of carbon atoms, whereas the ratio decreases for vacancies and reaches its minimum
for boundary-like defects. These experimental relationships reflect the sensibility of D′

band intensities (1620 cm−1) to different types of defects [53].
Another important aspect to evaluate for samples within stage 1 of amorphization is

the linearity between the relative areas of D′, D and G bands, specifically the AD′/AG versus
the AD/AG ratios. The slope of this correlation line (i.e., the ratio AD′/AD) depends on the
primary type of defect dominant in the sample (vacancies, sp3-hybridized carbon atoms,
grain boundaries) [68]. More specifically, this ratio is approximately 0.14 for vacancies, 0.08
for sp3-defects, and 0.29 for grain boundaries [53,73,74].

At 2685 cm−1, the second harmonic of the D band (2D or G’ band) is reported [54,56].
Unlike the G band, this peak always satisfies the Raman selection rules via a double-
resonance process and, therefore, it is always observed for graphene and its derivatives [56].
The line shape of the 2D band is related to the number of graphene layers: for graphene
monolayers it is a single Lorentzian with FWHM of ~24 cm−1; for graphene with more
than one layer, this band can be decomposed into several Lorentzian components; for
turbostratic graphene (i.e., monolayer of graphene stacked in a completely random way),
the 2D band is a single peak but with a high FWHM. Moreover, the position of this band
depends on the excitation wavelength used. The intensity ratio between the intensities of
the 2D and G peaks (I2D/IG), the Raman shift of the peaks (ω2D and ωG), and their shape
are used as qualitative parameters to estimate the number of layers [60,69]. In particular,
the I2D/IG ratio for graphene is generally (i) greater than 2 for monolayers (1-LG), (ii) equal
to 1 in bilayers (2-LG), and (iii) drops below unity in samples with a higher number of
layers [56].

There are also weaker bands that are activated in the presence of defects, such as the D′′

band (1500–1550 cm−1), 2D′ band (3500 cm−1), or the D + G band (2940 cm−1) [44,45,54,56,68].
The position of the D′′ band reflects the oxygen content of GO [56] and the crystallinity
of GO [70]. Moreover, the ID′′/IG ratio decreases as the crystallinity of the GO sheets
increases [56].

Following the above discussion, we started to model the Raman spectrum of commer-
cial GO spectrum using four bands in the spectral region of the fundamental transitions
(1100–1900 cm−1) and three bands in the spectral region of combination and overtones
(2350–3450 cm−1) as reported in Figure 4 and Table 2. We have identified the different
spectral components as follows: D band (1352 cm−1), D′′ (1543 cm−1), G band (1592 cm−1),
D′ (1616 cm−1), 2D band (2710 cm−1), D + G band (2930 cm−1), and 2D′ band (3170 cm−1).
It has to be noted that the assignment of the D + G band was reported as uncertain in
the literature. However, in our case, the wavenumber fits very well with the sum of the
frequencies of the D and G bands, supporting the given assignment. It should be also
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noted that, even if the band centers are clearly determined, the shape of the experimental
spectrum is not perfectly reproduced using this model. We repeated the fitting process
to the Raman spectra of the separated GO fractions (Figure 4 and Table 2). The position
of the D′′ and D + G bands remains identical to that observed in commercial GO. On the
other hand, we have a slight shift in the D (1343–1352 cm−1), G (1588–1594 cm−1), D′

(1620 cm−1), 2D (2680–2700 cm−1) and 2D′ (3185 cm−1) bands, which points to a difference
in the structural configuration of the GO sheets for the different fractions. It is worth noting
that the 4 + 3 bands model we applied leads to a very good fit to the experimental data for
the different fractions we prepared. Therefore, we conclude that this model is appropriate
for the isolated fractions, while it is not fully able to account for the highly heterogeneous
size and defect distribution of the bulk commercial precursor.

Figure 4. Raman spectrum of the commercial graphene oxide and its fraction (SGO, LGO and
ULGO) obtained with the 514.5 nm excitation wavelength. Fitting parameters are reported in Table 2.
Deconvolution bands are shown in orange (D), pink (D′′), blue (G), green (D′), light blue (2D), purple
(D+G), light brown (2D′). The result fitted curve is shown in red.

To gain deeper insight into the structural parameters, the ID/IG and ID/ID′ ratios were
evaluated (Table 3). SGO exhibits a high ID/IG ratio (2.83), indicating a significant overall
number of defects and/or reduction degree, although the commercial GO (2.91) presents a
slightly higher value. However, the FWHM of the D band for SGO is the lowest among the
analyzed compounds (75 cm−1) suggesting less disorder within the remaining sp2 domains.
Furthermore, the ID/ID′ value is high (17.7), implying that the principal kind of defects are
connected to sp3 hybridization of carbon atoms. This agrees with the hypothesis that the
oxygen functionalization component is dominant compared to total defects contributing to
the D band.

Conversely, LGO and ULGO exhibit a lower ID/IG ratio than SGO (2.29 and 2.05,
respectively), but this value can be misleading if considered alone. In fact, the FWHM of
the D band is much larger than that observed for SGO (127 cm−1 for LGO and 116 cm−1

for ULGO), suggesting extremely high disorder characterized by the distortion/breaking
of aromatic rings and the loss of long-range order. Then, the increase in the ID/ID′ value
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(20.2 for LGO and 20.5 for ULGO) shows that the oxygen-bonded component is relatively
more significant compared to the amorphous component in the D band. Interestingly,
commercial GO presents an ID/IG ratio (2.91) very similar to that of SGO, while its ID/ID′

value is the highest among all samples (21.1) suggesting an important contribution of the
reduction and oxygen functionalization component.

Table 2. Fitting parameters calculated for commercial GO and the different GO fractions in the first
and second order Raman spectra (Figure 4). The second-order bands of commercial GO were not
satisfactorily fitted with the model applied (see Figure 4) and the corresponding set of parameters is
not reported.

Fraction
D (Voight) D′′ (Voight) G (Voight) D′ (Voight)

xc
(cm−1)

w
(cm−1)

A
(%)

xc
(cm−1)

w
(cm−1)

A
(%)

xc
(cm−1)

w
(cm−1)

A
(%)

xc
(cm−1)

w
(cm−1)

A
(%)

ULGO 1352 116.5 52.1 1543 187.2 20.0 1588 67.9 25.4 1620 24.7 2.5
LGO 1352 127.1 52.5 1543 178.8 22.1 1588 49.3 22.9 1620 26.5 2.6
SGO 1343 75.2 62.6 1543 120.1 11.7 1594 52.0 22.1 1620 23.6 3.6
GO

commercial 1352 123.3 42.1 1543 256.2 41.5 1592 64.2 14.4 1616 29.3 2.0

Fraction
2D (Lorentz) D + G (Lorentz) 2D′ (Lorentz)

xc
(cm−1)

w
(cm−1)

A
(%)

xc
(cm−1)

w
(cm−1)

A
(%)

xc
(cm−1)

w
(cm−1)

A
(%)

ULGO 2700 141.0 16.8 2930 238.2 73.1 3185 101.6 10.1
LGO 2680 196.6 25.4 2930 270.9 70.6 3185 81.8 14.6
SGO 2680 180.9 76.2 2930 143.6 9.2 3185 81.8 14.6

Table 3. Relevant spectroscopic parameters ratio for the SGO, LGO, ULGO, and commercial GO
fractions obtained from the Raman spectra (Figure 4).

Fraction ID/IG ID/ID′ ID′′ /IG ID′ /IG I2D/IG

ULGO 2.05 20.5 0.78 0.09 0.58
LGO 2.29 20.2 0.96 0.11 0.93
SGO 2.83 17.7 0.53 0.16 1.22
GO

commercial 2.91 21.1 2.88 0.14

For all the samples, we observe a single 2D peak with a high FWHM (141.0–196.6 cm−1)
suggesting that in all cases the GO was composed of different planes randomly oriented
closely resembling the electronic and structural behavior of turbostratic graphene, con-
sisting of carbon planes stacked with complete rotational randomness. Consequently, the
standard I2D/IG ratio (Table 3) used to evaluate the number of layers cannot be strictly
applied. The higher value observed for SGO (1.22) do not indicate a monolayer or bilayer
thickness, but rather represent a spectral artifact caused by the severe amorphization of
the fractions.

Finally, the ID′′/IG ratio reaches its maximum for the raw commercial GO (2.88)
confirming a heavily disordered structure with a small crystallinity. On the other hand, the
isolated fractions show a significant drop in this parameter (0.96–0.53), suggesting a higher
local structural crystallinity with lower incidence of the amorphous carbon phase.

Since all fractions possess an ID/IG ratio lower than 3.5, a linear dependence between
the AD′/AG and AD/AG ratios is expected according to Ferrari’s classification. This
behavior was confirmed for SGO, LGO, and ULGO by plotting the relative intensity of
the D′ band (AD′/AG) against the relative intensity of the D band (AD/AG) (Figure 5).
Furthermore, a linear fit revealed an AD′/AD ratio of 0.067. This value agrees with the
expected defects originating from sp3-hybridized carbon atoms. This confirms that covalent
sp3 functionalization is largely predominant over lattice vacancies, matching the expected
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chemical evolution of highly oxidized sheets. On the other hand, the values for the starting
commercial GO do not fall on the line identified by the other points; it is hypothesized that
this occurs because the raw sample is a complex mixture of defects that are subsequently
separated into various fractions.

Figure 5. Variations in the relative intensities of the D′ band compared to the D band for the GO
fractions (SGO, LGO, and ULGO). Red solid line was obtained by linear fitting the experimental
data, in agreement with Ref. [56]. Also, the R2 value is reported. In gray, the point representative of
commercial GO, which does not align with the other data, is also reported.

Moreover, the exact position of the 2D band can be used to estimate the Csp2 content
(%) [56]. Specifically, using the correlation line (Figure 6), it was possible to estimate a Csp2

content of 47% for SGO and LGO, and 71% for ULGO.
Altogether, the Raman investigation is consistent with the process used to obtain

individual GO fractions. Indeed, SGO recovered from the supernatant contains the smallest
and/or least aggregated GO sheets. Obviously, this implies a greater number of edges per
unit volume. Since edges act as defects that activate the D band, this aligns well with a
high ID/IG ratio and a narrower FWHM(D) due to less amorphization compared to the
other fractions. Conversely, since LGO and ULGO are precipitates from centrifugation,
they contain larger and/or agglomerated sheets characterized by extreme amorphization,
as indicated by the FWHM values. More specifically, LGO exhibits the highest incidence
of oxygenated phases, while ULGO is structurally the most complex but also the most
restored in terms of graphitic domains. In the case of commercial GO (i.e., the starting
material from which the other fractions are separated), it appears to be a heterogeneous
and complex mixture of defects that are subsequently partitioned into the various fractions.
Furthermore, it can be evaluated that all these fractions are composed of multi-layer GO
sheets with a planar organization like that of turbostratic graphite, as indicated by the
observation of a single, extremely broad 2D band.

Therefore, centrifugation does not appear to alter or damage the sample; rather, it
seems to divide the commercial GO into fractions wherein the thickness of the individual
sheets does not vary, but rather the aggregation of the GO sheets and their degree of
oxygenation/amorphization do.
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Figure 6. Variations in the position of the 2D band in relation to the Csp2 content (%). The red solid
correlation line was obtained from Ref. [56].

3.2. Characterization of GO Deposition on Fabrics
3.2.1. Deposition of PEI

In a preliminary way, the functionalization of the textile substrate was investigated.
Cotton fabrics, after mercerization, were immersed in a PEI solution (see Materials and
Methods). The water contact angle (WCA) of the cotton sample coated with PEI was
measured alongside a piece of cotton used as a reference (treated just with NaOH). In both
cases, the water droplet was immediately absorbed by the fabric confirming that the PEI
functionalization does not significantly alter the wettability of the fabric.

The PEI-coated cotton fabric was studied with Raman spectroscopy, but no Raman
signal from PEI was observed. Reference Raman data on PEI [75–77] show Raman peaks
for pristine PEI connected with the C=N and C=O stretching and the in-plane bending
vibration of CH2. However, in this case no bands were observed, maybe due to the
unfortunate overlap of signals with those of cotton. However, the successful deposition
of PEI on the cotton fibers was confirmed by XPS spectroscopy. The N 1s XPS spectra
(Figure 7) for the untreated and treated with PEI cotton show that for the cotton sample,
not immersed in the PEI solution, the nitrogen signal is weak and corresponds to a tiny
atomic fraction (about 0.5%, see Table 4). Such a low percentage can be attributed to
impurities present in the cotton or to accidental contamination. On the other hand, in
the samples immersed in the PEI solutions, the intensity of the nitrogen signal increases
noticeably, and the nitrogen atomic fraction (Table 4) grows to 2.5%. Furthermore, peak
fitting allowed for the identification of two distinct components, corresponding to two
different nitrogen species. These were identified as N1 and N2 with binding energies of
approximately 401.7 eV and 400 eV, respectively. The N2 component, at a lower binding
energy, is attributable to nitrogen in a more reduced form, whereas the N1 component is
associated with nitrogen in a more oxidized environment. The N2 component is prevalent
and can be traced back to tertiary amine groups, which represent the main fraction of
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the nitrogen units present in the structure of PEI. Conversely, the N1 component can be
attributed to the less abundant primary or secondary amine groups.

Figure 7. Detail of the XPS spectra characteristic of the 1s nitrogen transition obtained on bare cotton
(bottom), and after functionalization by immersion in PEI solutions (top).

Table 4. Relative atomic percentages of carbon, oxygen, and nitrogen elements. The percentages
indicated for the N1 and N2 components refer to total nitrogen (Figure 7).

Pure Cotton Cotton Treated with PEI

C total (%) 66.6 64.0
O total (%) 32.9 33.4
N total (%) 0.5 2.5

N1 (%) 100 27.0
N2 (%) - 73.0

3.2.2. Deposition of GO on PEI-Functionalized Cotton

The cotton treated with PEI was immersed for 30 min in a water dispersion containing
LGO at room temperature (see Section 2). The LGO fraction was used for the textile coating
as it represents an optimal compromise among all the fractions. In particular, the sheets are
large enough to ensure stable and continuous planar coverage over the textile fiber, while
retaining a high density of oxygenated functional groups suitable for creating a strong
electrostatic interaction with the PEI-functionalized cotton.

After drying, the color of the fabric onto which LGO was deposited showed a slight
darkening (Figure 8) confirming that the LGO was adsorbed onto the fabric. Also in this
case, the water droplet was immediately absorbed by the fabric, proving that the fabric
maintains hydrophilic behavior. Under the microscope, the coating appears homogeneous
with no darker and lighter regions across the textile. Raman and XPS analyses (Figure 9)
were used in combination to confirm the successful adsorption of GO onto the PEI-coated
cotton substrate. The Raman spectra (Figure 9A) exhibited the characteristic bands of both
GO and cotton, confirming the presence of the graphene oxide coating. The XPS results
(Figure 9B) further demonstrated the successful adsorption of PEI, as evidenced by the
characteristic signals associated with secondary and tertiary amine groups.
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Figure 8. (A) Image of the cotton fabric treated with PEI and GO. It was also reported the image of
the same sample under the microscope, objective 5× (B) and 20× (C).

 

Figure 9. Spectroscopic evidence for the GO functionalization of PEI-coated cotton: (A) Raman
spectrum of the LGO functionalized cotton fiber (black) compared to the reference clean cotton
(green), and pure LGO (red) Raman spectra (all data obtained with 514.5 nm excitation). (B) N 1s XPS
spectrum of PEI-coated cotton functionalized with LGO (open dots) and the characteristic nitrogen
signals associated with nitrogen species in PEI (green and blue traces).

For comparison, the cotton functionalized only with GO was characterized both
by visual inspection and Raman spectroscopy. Visually, the resulting deposition was
significantly poorer, displaying macroscopic non-homogeneous dark and light spots across
the fabric (Figure S3). This expected poor coverage results from mutual electrostatic
repulsion between negatively charged cotton fibers and un-primed GO sheets at neutral
pH and demonstrated the importance of using PEI as linker. Furthermore, in GO covered
areas the Raman spectrum was obtained and resulted similar to those of the PEI-coated
functionalized fabrics.

A randomized point micro-Raman mapping across the PEI-LGO functionalized fiber
surface demonstrates the homogeneity of the GO deposition on the cotton (Figure S4). Across
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all randomly selected spots, the spectra remain consistent, confirming that electrostatic LbL
anchoring yields continuous fiber coverage rather than localized aggregate clusters.

Finally, the usage of a higher PEI concentration for the functionalization of cotton
was also investigated, but it was found that this yields no benefit. On the contrary, a clear
worsening of GO adsorption occurs, as it is adsorbed onto the cotton heterogeneously.
A small increase in the ID/IG ratio of LGO was observed after deposition with respect to the
original material, also potentially related to the absorption only of the more functionalized
GO, if damage during the coating process or drying methods cannot be excluded.

4. Discussion
Flexible and fibrous electronic textiles are attracting growing interest in a wide range

of applications. Graphene and its derivatives, most notably graphene oxide (GO), its
oxidized form, stand out among the most widely used materials. However, conventional
techniques used to functionalize fabrics frequently rely on complex multi-step protocols
and expensive reagents and frequently result in coatings that are not uniform and have
aesthetic alterations.

To overcome these limitations and minimize the aesthetic alteration of the material, we
applied a LbL electrostatic deposition method aiming to produce an ultra-thin and stable
layer of GO on cotton fibers. Cotton was selected as initial target textile substrate due to
its widespread relevance, eco-compatibility and distribution. To achieve robust coating,
an electrostatic approach based on the LbL assembly was used by exploiting the negative
surface charge of cotton, the cationic polyelectrolyte linker PEI and the negative charge of
GO at neutral pH.

The main focus of this work was to demonstrate the utility of Raman spectroscopy in
the preparation and characterization of functionalized textile fibers. While Raman spec-
troscopy represents an essential, non-destructive fundamental and extremely used tool for
evaluating the quality and the number of layers of graphene materials, the understanding
of Raman spectra for highly disordered GO material is still uncomplete and confused in
the literature [56,70]. Therefore, we have made an effort to investigate the usefulness of
the different spectroscopic parameters for the characterization of these graphene-based
materials. Furthermore, in this paper, Raman spectroscopy was combined with comple-
mentary techniques (DLS, Zeta potential measurements and XPS) to provide an in-depth
multi-analytical characterization of the systems.

To improve coating reproducibility and uniformity, the commercial GO dispersion
was preliminarily fractionated by centrifugation [42]. While centrifugation is traditionally
viewed merely as a physical size selection process, our combined DLS and Raman inves-
tigation proves that a far more complex role is played by this process. DLS experiment
confirmed a dimensional differentiation among the isolated homogenous fraction, with
the LGO (875 ± 37 nm) containing larger particles compared to those of the SGO fraction
(594 ± 24 nm). Conversely, the standard DLS analysis of ULGO fraction yields a low
apparent particle size; this is a direct consequence of the rapid sedimentation process that
deposits the larger particle populations prior to measurement. Regarding the thickness
of each GO sheet, Raman spectroscopy was not able to provide a definitive resolution as
in each fraction we prepared GO appears to have a high number of layers with a planar
organization similar to that of turbostratic graphite. This is due to the limited sensitivity
of Raman spectroscopy with respect to this parameter, with this method, in the case of
graphene, only being able to classify materials containing up to 5–10 layers [46,60].

Crucially, micro-Raman spectroscopy investigation coupled with spectral deconvo-
lution revealed that centrifugation effectively separates the sheets based on their distinct
chemical functionalization and oxidation degrees. In fact, the fraction isolated from the
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supernatant (i.e., SGO) presents the highest ID/IG ratio (2.83) coupled with the narrowest
FWHM(D) (75.2 cm−1) and the lowest ID/ID′ value (17.7) among all the isolated frac-
tions. This result confirms a population of smaller flakes with a higher density of edge
and sp3 hybridization defects (Csp2 content of 47%) yet maintaining a highly preserved
crystalline structure.

Conversely, LGO and ULGO display an extreme amorphization of the carbon aromatic
rings, as indicated by the smaller ID/IG ratio (2.29 and 2.05, respectively) but a significantly
broader FWHM(D) values (127.1 and 116.5 cm−1, respectively). Crucially, the increase in
the ID/ID′ value (20.2 for LGO and 20.5 for ULGO) compared to SGO demonstrated that
the oxygen-bonded component is more significant compared to the amorphous component.
In particular, LGO shows the highest incidence of oxygenated functional groups (ID/ID′

20.2) offering an important contribution of the reduction and oxygen-functionalization
component. This multi-analytical approach establishes a powerful predictive tool, allowing
for researchers to select specific GO fraction based on both spatial dimensions and specific
chemical functionalization.

The analysis of the Raman spectra measured on commercial GO and on the differ-
ent fractions clearly evidences the heterogeneity of the commercial material through the
effectiveness of a simple 4 + 3-band model to reproduce the experimental data in the
1100–1900 cm−1 and 2350–3450 cm−1 spectral regions. Attempting to deconvolve the first-
and second-order Raman spectra of the raw commercial GO using the same number of
parameters and peak functions optimized for the fractions (a single band for each know
transition) results in a poor mathematical fit of the spectra. This discrepancy arises because
bulk commercial GO is a polydisperse, chemically heterogeneous mixture of flakes with
varying dimensions and defect types. Consequently, the commercial GO does not fall on
the correlation line identified for the other fractions in the AD′/AG vs. AD/AG plot. This
mismatch demonstrated that simple models are sometimes insufficient for commercial
mixtures that are an ensemble of multidimensional particles with different degrees of
structural defects. Therefore, a careful data analysis and/or a multi-analytical approach are
always necessary.

For textile functionalization, LGO possibly represents an optimal compromise among
all isolated fractions. It balances an appropriate lateral dimension (large enough to bridge
the rough textile topography) with the high density of oxygenated groups required for
robust electrostatic anchoring onto the PEI-primed cellulose fibers.

Spectroscopic preliminary investigation of the functionalized textile confirms success-
ful interfacial assembly. The deposition of PEI linker was verified via XPS spectroscopy,
while Raman analysis clearly confirmed the effective deposition of GO on the fabrics.
Moreover, the deposition does not seem to significantly alter the structural integrity of
the GO sheets, except for a minor increase in the ID/IG ratio. This can be attributed to
the selective adsorption of more hydrophilic sheets although minor local restructuring
during the drying phase cannot be neglected. Lastly, the micro-Raman mapping definitively
proved the uniform distribution of LGO coating across the cotton fabric.

5. Conclusions
This work, by combining Raman spectroscopy with dynamic light scattering (DLS),

Zeta potential, and X-ray photoelectron spectroscopy (XPS) techniques, establishes a
methodology for precursor selection, deposition monitoring, and process optimization use-
ful for the preparation of functionalized textile fibers. This multi-technique approach has
demonstrated that centrifugation does not merely divide commercial GO by lateral sheet
dimensions, but effectively sorts sheets based on their oxidation degree and local defect
density. Looking at the fraction investigated, we identified LGO as the optimal precursor
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for textile functionalization, achieving a balance between sufficient sheet dimensions to
cover the irregular fiber surface and a high density of oxygenated binding sites required for
strong electrostatic anchoring. Finally, LGO was successfully deposited onto cotton fibers:
both optical microscopy and micro-Raman spectra confirmed the formation of a uniform
coating across the fabrics.

Furthermore, this multi-analytical framework can be applied for industrial quality
control, enabling the differentiation of commercial GO batches from different suppliers.
Future research will target post-deposition reduction strategies (either chemical or thermal)
to convert the immobilized GO layers into conductive reduced graphene oxide (rGO) for e-
textile applications, alongside evaluating coating resilience during standardized mechanical
stress and washing procedures.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/spectroscj4030016/s1, Figure S1: Graphical summary of the
centrifugation protocol used for the separation of GO fraction; Figure S2: Number-weighted size
distribution for ULGO fraction freshly made and after stand for approximately 10 min after separation;
Figure S3: Microscope image (objective 5×) of the cotton fabric directly treated with GO (no use of
PEI); Figure S4: Micro-Raman spectra of cotton treated with PEI and LGO measured in randomly
selected points of the fibers.
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Abbreviations
The following abbreviations are used in this manuscript:

DLS Dynamic light scattering
e-textiles Electronic textiles
G-COOH Graphene functionalized with carboxylic group
G-NH2 Graphene functionalized with aminic group
GO Graphene oxide
LbL Layer-by-Layer
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LGO Large graphene oxide
PDI Polydispersity index
PEI Polyethyleneimine
rGO Reduced graphene oxide
SGO Small graphene oxide
UHV Ultra-high vacuum
ULGO Ultra-large graphene oxide
XPS X-ray photoelectron spectroscopy
WCA Water contact angle
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