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ABSTRACT
Graphene is a two-dimensional carbon material with unique properties, such 
as high thermal and electrical conductivity, mechanical strength, elasticity, and 
biocompatibility. The methods used to synthesize graphene affect its structural 
properties, including flaws, layer count, crystalline domain size, and impurities, 
ultimately affecting the properties and performance of graphene-based materials. 
This review aims to analyze the methods used to characterize graphene, using 
both ISO/IEC standards and current literature as references. The discussed tech-
niques are diverse, yet complementary, and include ultraviolet–visible spectros-
copy, Raman spectroscopy, X-ray photoelectron spectroscopy, Fourier transform 
infrared spectroscopy, X-ray diffraction, X-ray absorption near edge structure, 
atomic force microscopy, scanning electron microscopy, transmission electron 
microscopy, the Brunauer–Emmett–Teller method, thermogravimetric analysis, 
in-line four-point probe, resonant cavity and terahertz time-domain spectroscopy, 
besides an alternative method to determine the graphene domain. By employ-
ing rigorous characterization techniques, researchers and industry professionals 
can ensure the reliability, effectiveness, and trustworthiness of graphene-based 
materials for various applications.
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Introduction

In the late 2000s, techniques for characterizing gra-
phene gained significant prominence. However, in the 
fifteen years that followed, only about 300 narrative 
reviews on graphene characterization techniques were 
published in journals with a reasonable impact factor. 
Over the last five years, there has been a significant 
increase in publications addressing graphene phys-
icochemical characterization, due to diverse applica-
tions of this material in different fields of knowledge. 
However, the use of different techniques for the same 
purpose results in distinct outcomes for graphene, gra-
phene oxide and graphene reduced, which may have 
led to a biased interpretation of the results.

Graphene can be described as a two-dimensional 
(2D) allotrope of carbon, composed of a single layer 
of densely packed sp2-bonded atoms of carbon 
arranged in a honeycomb-shaped crystal lattice [1]. 
Graphene, graphene oxide (GO), and reduced GO 

(rGO) are receiving great attention from research-
ers in different areas of science as novel nanomate-
rials with superior physical properties [2–5]. These 
properties include their (i) biocompatibility; (ii) 
thermal conductivity, (iii) electrical conductivity, 
(iv) mechanical strength, and (v) surface-to-volume 
ratio [6–8].

For graphene synthesis, two main methods, 
namely top-down and bottom-up—are proposed. 
In top-down synthesis methods, graphite is broken 
down into graphene; by contrast, in bottom-up syn-
thesis methods, graphene is obtained from decom-
posing carbon-containing precursors, both liquid 
and gaseous, producing graphene layers with a hex-
agonal structure [9, 10]. Each of the methods used 
in graphene synthesis prints its fingerprint on the 
structure, namely, flaws in the crystalline lattice, the 
size of the crystalline domains, the number of layers, 
and the substituting impurities [9]. Table 1 lists the 
advantages and limitations of various bottom-up and 

Table 1   Advantages and limitations of the methods commonly used for the synthesis of graphene

Synthesis route Number of layers Advantages Limitations

Top-down methods
Mechanical exfoliation Mono/Multiple layers High quality

Simple process
Uniform size
Large size area
Low cost

Low yield
Non-scalable

Liquid phase exfoliation (LPE) Mono/Multiple layers High quality
Scalable
Low cost
Short time

Nonuniform flakes Low yield of monolayer
Small size
Long time

Electrochemical exfoliation Multiple layers High quality
Scalable
Low cost
Short time

Slight oxidation
Requires ionic liquids
High cost

Arc discharge Mono/Multiple layers Low cost
High quality
Environmentally friendly

Low yield
Presence of carbonaceous impurities

Bottom-up methods
Chemical vapor deposition (CVD) Mono/Multiple layers Large size area

Scalable
Choice of carbon precursors
Excellent conductivity
High quality

High cost
Complex process

Epitaxial growth (SiC) Multiple layers Low defects
No substrate transfers
Perfect integration
High quality

High cost
Uncontrolled size
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top-down methods used in the synthesis of graphene 
[7, 11].

The properties of graphene and its potential appli-
cations depend on the following three key parameters: 
(i) the number of layers; (ii) the distance between lay-
ers; and (iii) impurities (mainly oxygen compounds 
and oxides) [7]. Thus, characterization techniques play 
a significant role in understanding and evaluating gra-
phene properties. By employing these characterization 
techniques, researchers and industry professionals can 
ensure quality control, optimize performance, vali-
date synthesis methods, and detect fraud, ultimately 
contributing to the advancement and utilization of 
graphene in various applications. The International 
Organization for Standardization (ISO) published sev-
eral technical specifications (TS) and technical reports 
(TR) about graphene nomenclatures, properties, and 
characterizations. Moreover, the International Electro-
technical Commission (IEC) publishes standard tech-
niques for graphene characterization (IEC/TS 62607) 
[12].

The informative ISO/TS 80004-13:2017 [13] reports 
the definitions and terms for graphene and its related 
2D materials, besides properties, characterization 
and methods for production. In 2020, ISO/TS 80004-
3:2020 was published [14], in which the terms related 
to carbon nano-structures were defined. The ISO/
TR 19733:2019 [15] covers the critical properties of 

graphene and its related 2D materials, as well as the 
commercially available techniques for the assessment 
and measurement of their physical, chemical, electri-
cal, thermal, mechanical and optical properties. In 
2021, the ISO/TS 21356-1:2021 was published, cover-
ing the structural characterization of graphene in form 
of powders and liquid dispersions [16]. This standard 
guideline describes the measurement techniques and 
provides a decision-making process for the under-
standing of the structural properties of graphene par-
ticles, in powder form or as liquid dispersions (Fig. 1).

In this review, a study of graphene has been con-
ducted, aiming at providing a guidance regarding the 
relevant characterization techniques, according to ISO/
IEC standards, to mitigate the risk of biased interpreta-
tion of results. These techniques can be employed to 
investigate the morphology, properties, flaws, num-
ber of layers, and conductivity of graphene. Various 
methods are examined, including ultraviolet–visible 
spectroscopy (UV–vis), Raman spectroscopy, Fourier 
transform infrared spectroscopy (FT-IR), X-ray photo-
electron spectroscopy (XPS), X-ray diffraction (XRD), 
X-ray absorption near edge structure (XANES), AFM, 
SEM, TEM, the BET method, thermogravimetric anal-
ysis (TGA), in-line four-point probe (4PP), resonant 
cavity and terahertz time-domain spectroscopy (THz-
TDS), and also describing an alternative method to 

Figure 1   Decision-making 
process to determine the 
structural properties of 
graphene from a powder or a 
liquid dispersion, according 
to ISO/TS 21356-1:2021.
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determine the graphene domain according to the ISO/
IEC standards.

Methodology

In this study, the protocol for reviewing the literature 
consisted of (i) a search process, (ii) study selection 
followed by analysis, and (iii) reporting. The search 
process was conducted using Boolean operators and 
descriptors, such as graphene, graphene oxide, and 
reduced graphene oxide characterization; graphene 
synthesis route; graphene AND “analysis name” 
(ultraviolet–visible spectroscopy, Raman spectros-
copy, Fourier transform infrared spectroscopy, etc.); 
graphene ISO standard; and graphene IEC. The infor-
mation about the characterization and application of 
graphene was collected from articles published over 
the last 5 years. The libraries used to search were 
Google Scholar, Science Direct, PubMed, Scopus, 
Springer, Web of Science, American Chemical Society 
(ACS), Taylor and Francis, Wiley Online Library, ISO, 
and IEC standards.

The literature research was screened and filtered 
based on the title, abstracts, and contents, to respond 
to the aim of our review. The information and data 
underwent a thorough analysis and were presented 
in various forms, such as discussions, figures, tables, 
and graphics.

Characterization of graphene

The characterization of graphene is a crucial aspect of 
its research. It involves the analysis of the material’s 
morphology, properties, defects, and layers. Table 2 
summarizes the essential techniques for characterizing 
graphene, their applications, and their limitations, as 
outlined in ISO/IEC standard documents and current 
literature. The subsequent sections explore how to 
apply and interpret the results of each technique used 
to characterize graphene.

Ultraviolet–visible spectroscopy

UV–vis spectroscopy is a useful technique for char-
acterizing various types of graphene, such as pristine 
graphene, GO, and few-layer graphene. The absorp-
tion observed in the UV–vis spectra arises from elec-
tron transitions that occur at the carbon π bonds. The 

π − π* electronic transition (~ 230  nm), an electron 
transitions from the π bonding molecular orbital to 
the corresponding π * anti-bonding molecular orbital. 
This phenomenon is observed in graphene oxide (GO) 
samples, which pertains to the dispersion of electrons 
within the π bonding network across the graphene 
plane [29]. On the other hand, the n − π* electronic 
transition (~ 300 nm) involves the excitation of an 
electron from a non-bonding orbital (n) to the anti-
bonding π* orbital. In GO samples, this transition is 
associated with oxygen-containing functional groups 
on the graphene surface. Such transitions can induce 
alterations in the electronic structure of the graphene 
lattice, thereby affecting the material’s electronic and 
optical properties [1, 17–19]. In general, the literature 
does not address the method for preparing an aque-
ous dispersion of graphene, GO, or rGO for UV–vis 
analysis. However, ISO/TS 21356-1:2021 [16] proposes 
the use of the sonication method, where the graphene 
sample is prepared by its dispersion in deionized 
water and shaken for 10 min with an ultrasonic device 
at a power of 120 W and a frequency of 40 Hz.

A new approach for obtaining few-layer graphene 
from graphite flakes was developed. The method uses 
ethanol in the exfoliation technique, without the need 
for high boiling point solvents, surfactants, or poly-
mers. A notable peak at approximately 269 nm was 
observed, which corresponds to π–π* transitions of 
graphene and graphite (Fig. 2a) [50]. Moreover, the 
concentration of dispersed graphene was determined 
using the Beer–Lambert equation (Eq. 1), where the 
absorbance (A) is the concentration (c) of the dissolved 
substance and the optical path length (l) of the sample. 
The (α) absorption coefficient is a constant and can be 
considered a measure of the electronic transition of 
substance [51].

When GO is reduced to produce rGO, the absorp-
tion peak of GO observed at approximately 230 nm 
shifts to approximately 260 nm, suggesting a repair 
in π-conjugated assemblies (aromatic structure) [19, 
51, 52].

In a green approach to synthesizing GO, citric acid 
was employed to reduce GO instead of using toxic 
sodium nitrate (NaNO3), furthermore, the washing 
steps were simplified, and the overall time required 
for the synthesis of GO and rGO was reduced [53]. 
The authors used UV–vis spectroscopy to validate the 

(1)A = �. c. l
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proposed method to investigate the profile transition 
of graphene, GO, and rGO (Fig. 2b). In Fig. 2b, the 
black line in the spectrum of GO exhibits two absorp-
tion peaks, one at 233 nm and a shoulder peak at 
304 nm. The presence of these peaks was attributed 
to the transitions in C–C bonds (π–π*) and the C = O 
(n–π*) of GO sample, respectively. Moreover, when 
comparing the absorption peaks of GO and rGO (red 
line), the peak at 233 nm in GO sample was changed 
to 263 nm in rGO sample, indicating a repairing in 
π-conjugated assemblies (aromatic structure) [53].

Raman spectroscopy

Raman spectroscopy is a highly effective, nondestruc-
tive technique that characterizes various types of car-
bon materials, including crystalline, nanocrystalline, 
and amorphous carbons [8, 20].

The Raman effect results from molecules or sol-
ids inelastic scattering of photons. When a photon 
interacts with a molecule or a solid, this may cause 
a change in the energy state of the molecule or solid, 
resulting in the emission of a scattered photon with a 
different wavelength. The high resolution and sensi-
tivity to C–C bond vibration allow Raman spectros-
copy to provide information about the optical, elec-
tronic, and phonon properties of carbon materials [20].

IEC/TS 62607-6-14:2020 establishes a standardized 
method to determine the defect level for powders of 
graphene-based material by Raman spectroscopy [54]. 
The sample should be prepared by putting the gra-
phene powder on a flat substrate and then pressing 
it with a glass slide to obtain a tablet (thick enough 
so that Raman signals from the substrate can be 
neglected). The measurements should be carried out 
at room temperature under dark ambient conditions.

In Raman Spectroscopy, graphene can be character-
ized using various excitation wavelengths from vis-
ible lasers, such as 633 nm, 532 nm, or 785 nm [55]. 
However, IEC/TS 62607-6-14:2020 establishes that the 
wavelength of the laser can be 514 nm, 532 nm, and 
633 nm [54], and the incident power density of the 
laser should be 0.4 mW/µm2 to 1.2 mW/µm2 (to avoid 
burning the sample). The square scan area should be 
10 × 10 µm, with a minimum of five points for each 
sample. The spectral range is chosen such that the rel-
evant Raman bands appear in a single spectrum to 
reduce the measurement time.

The Raman spectra of the graphene samples show 
three main distinctive peaks: (i) G-band, (ii) D-band, Ta
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and (iii) 2D-band. The G-band is a vibrational mode 
associated with sp2-bonded carbon atoms in a crys-
talline lattice, i.e., it represents the level of structural 
order. The D-band is associated with disorders and 
defects, or the mode is close to an edge in the gra-
phene structure. The 2D-band is an overtone of the 
D-band, and its peak shape can indicate the layer 
thickness. Thus, it is possible to obtain semi-quanti-
tative parameters of the quality of graphene samples 
through of ratio between D- and G-band intensities 
(ID/IG), where a higher value of ID/IG indicates a 
higher degree of disorder or defects in the material, 
while a lower value indicates a more ordered or crys-
talline material [8, 21, 22, 56].

To interpret the results according to IEC/TS 62607-
6-14:2020 [54], it is necessary to obtain a background 
baseline by fitting the spectrum without bands, and 
the data should be processed by peak fitting tech-
niques. Moreover, before the analysis of the defect 
level, the sample should be analyzed by the 2D-band 
signal to determine its layer structure. In case the 
ratio between the main band and shoulder band is 
larger than 1.25, the data will not be appropriate for 
analysis of defect level, due to the possible presence 
of graphite structure.

A representative Raman spectrum of the pro-
duced graphene, along with bulk graphite for com-
parison, is displayed in Fig. 3a, where the D-band 
(~ 1350  cm−1), G-band (~ 1580  cm−1), and 2D-band 
(~ 2700  cm−1) are indicated [57]. Zhang et al. [57] 
observed an intensity ratio of D/G (ID/IG) of 0.1 for 
the prepared graphene, thereby confirming the high 
quality of the obtained graphene.

In a study by Childres et al. [58], Raman spectros-
copy was used to analyze graphene samples produced 

with predetermined levels of defects, caused by expo-
sure to electron-beam irradiation and oxygen plasma 
etching. The technique was conducted using a 532-
nm excitation laser. Figure 3b depicts the disorder 
induced in graphene by the electron-beam exposure. 
The D-band intensity increased with the increasing 
irradiation dosage, which indicates the enhanced dis-
order of the graphene. Furthermore, the ID/IG ratio 
increased from 0.3 at 50 e−/nm2 to 4 at 10000 e−/nm2, 
before decreasing to 3.7 at 30000 e−/nm2, indicating a 
transition into the high-disorder level [58].

Raman spectroscopy has also been used to deter-
mine the number of graphene layers in flakes, as illus-
trated in Fig. 4a and b. The most widely used finger-
print for monolayer graphene is probably an I2D/IG 
ratio of more than 3. Thus, with the increased number 
of layers of a monolayer to seven layers, the 2D-band’s 
shape changes, and the intensity ratio of I2D/IG bands 
decreases. For instance, with an increasing number 
of layers, the peak position of the 2D-band shifts to 
higher numbers. Figure 4c and d illustrate that the 
D-band’s intensity increases with the number of lay-
ers, while the intensity ratio of I2D/IG bands decreases 
[23, 59].

The effectiveness of Raman Spectroscopy has been 
demonstrated in the study of the mechanical proper-
ties and deformation behavior of graphene materi-
als with high resolution at the micro-scale. Deforma-
tions change both the bond length and energy, which 
can be characterized by measuring the down-/up-
shift rate of the Raman band position per % strain. 
Graphene materials typically exhibit linearly elastic 
band shift rates, expressed in terms of stress rather 
than strain. Usually, D, G, and 2D bands exhibit 

Figure 2   a UV–visible spec-
tra of graphene (Reproduced 
with permission from refer-
ence [50]. Copyright 2021, 
Elsevier). b UV–visible 
spectra recorded in aqueous 
solutions of GO (black line) 
and rGO (red line) (Repro-
duced with permission from 
reference [53]. Copyright 
2020, The Authors).
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similar trends, but their different vibrational modes 
result in distinct shifts and broadening rates [23, 60].

IEC/TS 62607-6-6:2021 establishes a standardized 
approach to determine, by Raman spectroscopy, the 
strain uniformity for single-layer graphene [61]. Some 
requirements are necessary to obtain these data, such 
as: (i) There is no need for any specific preparation 
of the sample; (ii) the sample should be placed on 
insulating surfaces and certain metals (e.g., copper), 
(iii) the sample should be significantly larger than the 
size of the Raman laser spot, (iv) the substrate mate-
rial should not obscure the D-, G-, and 2D peaks of 
the graphene sample, (v) tt is advisable to use a laser 
power below 1 mW to prevent any thermal effects, (vi) 
the achieved spot size (FWHM) in confocal mode must 
be less than 1 µm, and (vii) it is advised to have a spec-
tral resolution of at least 1.5 cm−1. Raman spectroscopy 
can be used to directly determine the stacking order of 
graphene samples. Specifically, the 2D peak exhibits 
a symmetric line shape only in single-layer graphene.

The Raman spectroscopy maps should be recorded 
in confocal mode, where the system scans. The maps 
are taken over a square scan area of 10 µm × 10 µm. 
The guidelines suggest utilizing a configuration that 
allows for the measurement of all Raman peaks in a 
single image capture, thereby minimizing the time 
required for the measurement After scanning the gra-
phene sample and recording a full Raman spectrum 
for each spot, the acquired data is further processed by 
standard peak fitting techniques using Lorentzians fits. 
From the fits, the peak position, integrated intensity, 
and FWHM are extracted for every spectrum. The next 
step is to plot FWHM (2D) as a 2D map.

Graphene micro-ribbons were produced by the 
bottom-up method (chemical vapor deposition) using 
UV photolithography and dry-etching oxygen plasma 
treatments [62]. These graphene micro-ribbons were 
incorporated into a polymeric matrix poly (methyl 
methacrylate) and subjected to tension and compres-
sion. The analysis used an Argon ion laser (514.5 nm), 
a diode laser (785 nm), and laser power below 0.25 

Figure 3   a Raman spectroscopy of bulk graphite and graphene 
(Reproduced with permission from reference [57]. Copyright 
2018, The Authors). b Raman spectra (excitation wavelength 

532  nm) of graphene (Adapted with permission from reference 
[58]. Copyright 2022, The Authors).
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mW. Moreover, uniaxial tensile (steps of 0.1%) and 
compressive (steps of 0.5%) loadings were applied to 
graphene micro-ribbons embedded into the PMMA, 
by a cantilever beam technique [62]. Figure 5a and b 
display the representative Raman spectra of graphene 
at various strain levels in the G-bands and 2D-bands. 
Meanwhile, Fig. 5c and d exhibit the G and 2D band 
fitted versus of strain, respectively.

Under tension, the authors observed that both the 
2D-bands and G-bands exhibited a linear behavior for 
strain (indicated by the red lines), with − 14.8 cm−1/% 
for the 2D-band, and − 5.7 cm−1/% for the G-band. On 
the other hand, under compression, both bands exhib-
ited a nonlinear tendency for strain, with + 12.3 cm−1/% 
for the 2D-band and + 5.1 cm−1/% for the G-band (val-
ues based on the linear portion of the graph—indi-
cated by the red lines) [62].

Fourier transform infrared spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a 
commonly used as an effective technique for charac-
terizing materials based on GO by identifying resid-
ual functional groups. However, it is not suitable for 
detecting metallic species on the surface of GO mate-
rials, nor pure graphene because it does not produce 

signals. The IEC/TS 62607-6-18:2022 establishes that 
a FTIR spectrum can be obtained by ATR measure-
ment for graphene samples [63]. The graphene powder 
should be deposited on the ATR base and be gently 
pressed with a glass slide.

The intense vibrational peak at 3425 cm−1 is attrib-
uted to the O–H stretching of water molecules. 
The absorption peaks at 1718 and 1632 cm−1 can be 
attributed to stretching modes of –C = O of –COOH 
and –C = C, respectively. Other strong and intense 
vibrational bands can be observed at 1373, 1222, and 
1054 cm−1, referring to the stretching modes of C–O–C 
(epoxy), tertiary C–OH, and C–O (alkoxy) groups, 
respectively [10, 64]. Whijaya et al. [64] studied the 
ecofriendly reduction of GO using the aqueous extract 
of Kaffir lime peels as a reduction agent of graphene. 
Figure 6a shows the functional groups of graphite, 
GO, and rGO.

FTIR analysis of graphite revealed the presence 
of C = C groups in graphite at 1512.08  cm−1. The 
oxidation of graphite was confirmed by the spec-
trum of GO, which showed peaks at 3656.54  cm−1 
(O–H); 1704.73 cm−1 (C = O); 1090.23 cm−1 (= CH); and 
1382 cm−1 (C-O).

The reduction of GO was confirmed by the restoring 
of the aromatic group (C = C), peaks at 1,456 cm−1 and 

Figure 4   Raman spectra 
of one- to seven-layered 
graphene: a and b spectral 
evolution; c intensities of 
G-bands; and d intensity 
ratios I2D/IG graphene 
(Reproduced with permission 
from reference [59]. Copy-
right 2014, Elsevier).
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1735.22 cm−1, as seen in the rGO spectrum. The remain-
ing C = O group (1706.85 cm−1) in the rGO spectrum 
indicates a partial reduction of GO [64]. Additionally, 

various other functional groups can be easily detected 
in GO-based materials by FTIR. For instance, the 
presence of alcoholic and phenolic groups can be 

Figure  5   a Evolution of the G-bands and b 2D-bands versus 
strain for micro-ribbons incorporated in polymeric matrix. The 
blue points indicate under tension test and red points indicate 
under compression test. c Position of G-band and d 2D-band 

versus strain, which solid lines represent tendency to the experi-
mental results (Reproduced with permission from reference [62]. 
Copyright 2019, The Authors).

Figure  6   a FT-IR spectra of graphite, GO, and rGO (Repro-
duced with permission from reference [53]. Copyright 2020, The 
Authors). b FT-IR spectra of GO (a), GO-FA (b), and GO-FA/

SF nanobiocomposite scaffold (c) (Reproduced with permission 
from reference [65]. Copyright 2022, The Authors).
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identified through their O–H stretching absorption at 
3590–3650 cm−1, while amines can be detected through 
N–H stretching vibrations at 3300–3500 cm−1. Bands at 
1700–1750 cm−1 indicate the presence of amides, which 
have C = O bonds adjacent to N. Thio compounds, on 
the other hand, can be detected through C–S or C = S 
vibrations at 616 cm−1, 1070 cm−1, and 1423 cm−1 [10].

Nanocomposite scaffolds based on silk fibroin 
incorporating GO (produced by the Hummers’ 
method), covalently functionalized with folic acid, 
were produced and evaluated by FTIR in the region 
400–4000 cm−1, using KBr pellets [65]. The synthetic 
GO spectrum (Fig.  6B-a) exhibited a broad band 
between 3400 and 3350 cm−1 assigned to the hydroxyl 
groups (–OH). The bands at 1728 and 1622 cm−1 were 
assigned to the stretching vibration of the carboxyl 
group (C = O) and unoxidized graphitic domain 
(C = C), respectively. Additionally, small stretching of 
alcohol groups (C–OH) and epoxy or alkoxy groups 
(C–O) were observed at 1222 and 1051 cm−1 [65].

In the GO–FA spectrum (Fig.  6B-b), character-
istic peaks of GO were observed at 1630, 1238, and 
1045 cm−1, corresponding to C = C, C–OH, and C–OR 
groups. In addition, the authors also reported peaks 
referring to amide bond formation during folic acid 
conjugation at 3470–3320 cm−1 (N–H); in the range 
3470–3320  cm−1 (N–H); at 1570  cm-1 (C–N); and 
1218 cm−1 (aliphatic amine group) [65].

A quantitative approach to evaluate the degree of 
oxidation of different GO samples can be made by cal-
culating the relative percentage of oxygen-containing 
functional groups (RP). It is calculated by the ratio 
between the sum of the area of all peaks area of C = C 
peak, and the sum of the area of all peaks multiplied 
by 100 (Eq. 2) [66]:

An alternative method to FTIR analysis is its cou-
pling with TGA analysis. It is used to identify and 
quantify functional groups (e.g., hydroxyl, amino, 
carboxyl, alkyl, carbonyl, sulfonic acid group) in gra-
phene powder. The volatilization and pyrolysis cause 
the sample weight loss, which is quantitatively moni-
tored by TGA. The evolved gas from the TGA is trans-
ferred by purge gas flow in line and reaches the gas 
cell of FTIR in the sample compartment, where the 
spectrum is measured. This method is described in the 
IEC/TS 62607-6-18:2022 [63].

(2)

RP =

(

Sum of area of all peaks area of C = C peak

Sum of area of all peaks

)

∗ 100

To perform the analysis, the IEC/TS 62607-6-18:2022 
suggests using the tableting sample of graphene with 
a mass of at least 5 mg [63]; TGA temperature from 
25 °C to 1200 °C; heating rate of 5 °C min−1; and puri-
fying with nitrogen or helium at a 50 mL.min−1 flow 
rate. The temperature of the gas cell and transfer line 
should be held at 300 °C and 280 °C, respectively. For 
FTIR, the spectrum scope is 400 cm−1 to 4000 cm−1 with 
a resolution factor of 8 cm−1. After analysis, it is pos-
sible to obtain the TGA curve (weight loss tempera-
tures), as well as the 3D FTIR spectrum (intensity ver-
sus wavenumber versus time or temperature).

X‑ray photoelectron spectroscopy

XPS provides valuable information about the elemen-
tal composition (detection sensitivity of 0.1–1 at % for 
all elements except H and He), chemical state (oxida-
tion state, functional groups, and bonding configura-
tions), electronic structure (Fermi-level position, dop-
ing level, and band structure modifications), surface 
properties (surface roughness and the presence of 
defects or surface contaminants), and the amount of 
oxygen in graphene samples [25–27]. The number of 
defects can be analyzed by the O/C ratio, quantifying 
different carbon functionalities, identifying chemi-
cal bond formations, and evaluating the physisorp-
tion (i.e., physical adsorption) of molecules. IEC/TS 
62607-6-21:2022 establishes a standardized method to 
determine the elemental composition, and C/O ratio 
by XPS for graphene powders samples, namely, gra-
phene, bi- and tri-layer graphene, few-layer graphene, 
graphene nanoplate, GO, rGO, and functionalized gra-
phene powders [67].

The guideline suggests that the sample is in pel-
let form, but if a pellet cannot be produced, a similar 
continuous sample should be prepared to avoid any 
signal from the mounting substrate. The sample is 
transferred to the XPS, and a vacuum pumping is car-
ried with a pressure lower than 5 × 10–8 mbar. The scan 
is performed over an energy range of 0 to 1000 eV, the 
counts per second (CPS) value at C 1 s peak should be 
no less 1 × 105.

The high-resolution scan is performed at the range 
of C 1 s, O 1 s, N 1 s, Cl 2p, and S 2p peaks, with a 
pass energy of 40 eV and the scanning step should 
be set from 0.05 eV to 0.1 eV. To obtain a high-qual-
ity signal, the sample should be scanned so that the 
peak intensity is greater than 2 × 104 counts for the C 
1 s peak. At the same time, the other peaks should be 
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scanned for the same scanning number as the C 1 s. 
The measurement should be conducted with two or 
three parallel samples and in five different positions 
for each.

There are two methods for calculating the O/C 
ratio, namely, (i) the area method, and (ii) the fitting 
method [68].

The area method is a direct and accurate approach 
for calculating the O/C ratio; however, it has limita-
tions when external sources of oxygen signals are 
present. To ensure the accuracy of the O 1 s peak, 
measurements must be conducted on graphene 
samples deposited on oxygen-free substrates, such 
as clean Au, or on relatively thick GRM samples 
(> 15 nm). Using SiO2, a common substrate in elec-
tronics applications, can introduce artefacts and hin-
der the direct calculation of O/Carea. Moreover, inter-
preting O 1 s spectra can be challenging due to their 
broad nature and multiple overlapping components, 
as well as the difficulty in distinguishing between 
the substrate and deposited graphene sample con-
tributions. Therefore, the focus is on the quantitative 
analysis of C 1 s surveys conducted to address these 
challenges [68].

The fitting method is applicable to all substrates 
and sample thicknesses; however, it often introduces 
systematic and intrinsic errors due to the employed 
fitting procedure. The fitting method involves decon-
voluting the C 1 s signal into its several components, 
such as defects (sp3), graphitic carbon (sp2), carbons 
bonded to carbonyl and carboxyl groups, or hydroxyl 
and epoxy groups. Thus, using these deconvoluted C 
1 s signals, it is possible to calculate the O/C ratio (O/
Cfit), without using the oxygen peak [68].

IEC/TS 62607-6-21:2022 was established for gra-
phene powder samples; however, the literature 
describes the technique for graphene aqueous dis-
persion. Foschi et al. (2021) [69] tested pristine GO 
and rGO (thermally reduced) for the removal of tria-
zines from water. The GO/rGO samples were fabri-
cated through drop-casting an aqueous dispersion 
(1.0 mg/mL, 50 μL in volume) onto a gold substrate. 
XPS spectra were gathered under ultra-high vacuum 
settings using a pass energy of 11.75 eV, resulting in 
an experimental resolution of 0.25 eV. The obtained 
XPS spectra were fitted employing Voigt line shapes 
and Shirley backgrounds.

Through XPS analysis (Fig.  7a), the researchers 
determined the percentage of C 1 s and O 1 s peaks, 
which allowed them to estimate the C/O ratio. For 

GO, the calculated C/O ratio was found to be 1.99, 
indicating a high degree of oxidation in the material. 
The calculated C/O ratio for rGO at 110 °C was 2.51. 
This value was slightly higher than that of the oxi-
dized sample since some of the oxygenated groups 
were cleaved, resulting in a higher carbon-to-oxygen 
ratio [69].

The initial GO sample shows the presence of a high 
number of oxygenated groups, confirmed by the rela-
tive area percentages of 53.7%, 35.1%, and 11.3% for 
C–C, C–O, and C = O, respectively. However, upon 
analysis of the deconvoluted peaks, the authors 
observed that, in the reduced sample treated at 110 °C, 
the contribution of C–C increased from 53.7% to 57.8%. 
Simultaneously, the C–O signal became wider, and its 
intensity was reduced, thus decreasing the ratio of O/
Cfit from 35.1% to 30.9%. This information corrobo-
rated the partial reduction of GO [69].

X‑ray diffraction

XRD is a technique that creates a diffraction pat-
tern from the atoms within a crystal lattice with the 
application of X-rays. In addition, the generation of 
three-dimensional images that demonstrate the elec-
tron densities within the crystals is allowed by the 
pattern established from the intensities and angles 
of the diffracted X-rays [29]. This technique is widely 
used to provide relevant information about the type 
of graphene material and its structural characteristics, 
including defects, crystal orientation, lattice param-
eters, and stacking order [8, 22].

IEC/TS 62607-6-17:2023 establishes a standardized 
method to determine the typical order parameter for 
graphene-based material and layered carbon material 
(graphite, expanded graphite, amorphous carbon, vit-
reous carbon, glassy carbon, and reduced graphene 
oxide) by XRD and TEM [70]. However, the gra-
phene oxide is not within the scope of this guideline. 
This technical specification suggests the preparation 
method for graphene samples, where an amount of 
powder sample should be deposited in the groove of 
the sample loader and then pressed with a glass slide 
so that the sample surface is as flat as possible, follow-
ing the cover of the center of the groove.

In addition to the standardized method, the lit-
erature describes the use of XRD to characterize GO 
powder and films. The X-ray diffractogram of graph-
ite depicts two characteristic peaks, one at 2θ = 26° 
(d002 = 0.34 nm) and other at 2θ = 55° (d004 = 0.17 nm), 
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while the GO sample has a diffraction peak at 2θ = 10°, 
corresponding to a layer-to-layer distance of 0.88 nm. 
The increase in interlayer spacing of GO is attrib-
uted to the functionalization with oxygen-containing 
groups [28, 71]. Furthermore, studies also describe 
that the reduction of GO to rGO can be confirmed by 
shift of the diffraction peak. The diffraction peak of 
GO at 2θ = 10° shifts to 2θ = 23.8°, corresponding to a 
layer-to-layer distance of 0.37 nm. The lower values 
of interlayer spacing of rGO, than of GO, occur due to 
the removal of oxygen-containing functional groups, 
resulting in the restacking of rGO sheets [8, 72].

Reduced graphene oxide produced by Gascho 
et  al. [28] was evaluated to determine the most 
effective technique for obtaining high-quality rGO 
(chemical or thermal), and later film production. 
For XRD analysis, the samples were mounted on an 
amorphous silicon sample holder for analysis using 
parameters, such as a 2θ angle spanning from 5 to 

70° and a wavelength of 1.5406 Å, operating at 40 kV 
and 30 mA.

In the X-ray diffractogram of GO presented in 
Fig. 7c, only a single peak is observed at 2θ = 10° 
(d002 = 0.84  nm), confirming the effectiveness of 
the oxidation reaction of graphite. However, after 
the formation of the films (GOF), new peaks at 
2θ = 14° (d002 = 0.63 nm), 2θ = 17° (d002 = 0.52 nm), 
2θ = 19° (d002 = 0.48  nm) were identified, and in 
lower intensity at 2θ = 26° (d002 = 0 34 nm), referring 
to the remaining graphite. After the reduction of GO 
(chemical-CGOF, or thermal -TGOF), the same peaks 
were observed, indicating a partial reduction of the 
GO. The authors highlighted that the peaks seen in 
the analysed GO materials have not yet been refer-
enced by others [28].

Figure 7   a XPS spectrum of GO (black line) and rGO (red line) 
at 110 °C, b C 1 s region of GO (black line) and rGO (red line) 
(Reproduced with permission from reference [69]. Copyright 
2021, The Authors). c X-ray diffractograms of powder GO, GO 

film (GOF), chemically rGO film (CGOF), and thermally rGO 
film (TGOF) (Reproduced with permission from reference [28]. 
Copyright 2019, The Authors).
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X‑ray absorption spectroscopy

XAS is a technique that provides detailed information 
about the transitions from the core electronic states of 
the material to its excited electronic states [30]. It is 
a comprehensive technique that comprises the X-ray 
fluorescence (XRF) and X-ray absorption fine spectros-
copy (XAFS) which, in turn, includes X-ray absorp-
tion near-edge structure (XANES or NEXAFS) and 
extended X-ray absorption fine structure (EXAFS) [73].

To understand the electronic structure around the 
C and O atoms and their local hybridization in the GO 
and rGO sheets, Sharma et al. [74] and [75] performed 
XANES spectra at O K-edge and C K-edge. The C 
K-edge XANES spectra presented in Fig. 8a indicate 
that the graphite, GO, and rGO samples exhibit three 
main spectral features at 285.3–288.5 (1 s → π* tran-
sitions) and 291–293 eV (1 s → σ* transitions). The 
higher intensity of these features for graphite sam-
ple was observed because of the larger number of sp2 
hybridized carbon atoms. By contrast, the GO and rGO 
samples show a reduced intensity of these three spec-
tral features, which suggests a decrease in the number 
of sp2 hybridized carbon atoms [74, 75]. Similar results 

were obtained by Ganya et al. [31] in their study about 
the variations in electronic and magnetic properties 
of the polyacrylate-grafted GO/r-GO nanocomposites.

The O K-edge XANES spectra of graphite, GO, and 
rGO samples are presented in Fig. 8b. They exhibit two 
spectral features in the range between 530 and 550 eV. 
In the graphite samples, it is possible to see the first 
feature next to 532.2 eV, and the second between 535 
and 545 eV. The low energy feature is associated with 
the transition of the O 1 s → C = O π* from the car-
bonyl groups bonded with the edge sides of the aro-
matic ring, while the high energy feature (535–545 eV) 
is associated with the transition of the O 1 s → O–H σ*, 
C–O σ* and C = O σ*, from groups hydroxyl, carbonyl, 
and carboxylic acid bonded in the aromatic ring. On 
the opposite, the GO and rGO samples exhibit a lower 
intensity in the first spectral feature and have a shoul-
der feature at 533 eV. Moreover, a higher intensity 
in the second spectral feature for GO and rGO was 
observed, highlighting the attachment of additional 
oxygen groups in the aromatic ring [74, 75].

Scanning electron microscopy

SEM uses a focused beam of electrons to scan sample 
surfaces and, through the interaction of these electrons 
with atoms, it generates high-resolution, high-magni-
fication images [8, 22].

ISO/TS 21356-1:2021 recommends preparing the 
graphene sample by dispersing it in deionized water 
(or isopropanol) and submitting it to stirring for 
10 min using an ultrasonic machine set at a power of 
120 W and a frequency of 40 Hz [16]. Subsequently, 
10–1000 µl of the dispersed mixture should be placed 
onto a support grid (silicon dioxide substrate) and sub-
jected to vacuum for 2 h or longer at 40 °C to reduce 
solvent residue. The gold powder can be used to cover 
the sample. The equipment must be configured for an 
acceleration voltage less than or equal to 5 kV, and 
images with low magnification (~ 10000× magnifica-
tion) should also be obtained for the areas containing 
the graphene flakes. Furthermore, it is suggested to 
collect and analyze the image of more than 200 flakes, 
selected randomly to measure the lateral size of the 
flake. The result of flake lateral size can be plotted in 
a 20-bar histogram.

Figure 9 presents SEM images of graphite, GO, and 
rGO. In Fig. 9b, changes in morphology are noted, 
where a reduction in the bulk density of GO occurs 
compared to graphite (agglomerate powder—many 

Figure  8   a CK-edge and b OK-edge spectra of graphite, GO, 
and rGO (Reproduced with permission from reference [75]. Cop-
yright 2019, The Authors).
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graphene layers; Fig. 9a). GO exhibits a smooth sur-
face with wrinkles and folded regions, due to the 
presence of oxygen-containing functional groups 
and structural defects (Fig. 9b) [76]. During the oxi-
dation–reduction process in the production of rGO, 
the layers of graphite were exfoliated, resulting in a 
coarse-grained agglomerate powder (Fig. 9c and d). 
The thermal reduction process caused micro-explo-
sions, leading to the formation of a porous structure 
in rGO, with gases released and pores formed between 
graphene layers. Different oxidation and reduction 
conditions did not significantly affect the morphol-
ogy of individual rGO samples, but all resulted in the 
formation of a porous product [76]. Ding et al. [77] 
introduced a straightforward method for synthesiz-
ing sulfonic acid functionalized graphene (ESfG) 
with edge selectivity. They employed a combination 
of SO3 gas-assisted mechano-chemical exfoliation and 
high-yield synthesis techniques using graphite as the 

starting material. The SEM images presented in Fig. 9e 
depict the pristine graphite powder, which is stacked 
with each other, showing smooth edges and a lateral 
size exceeding 20 µm. On the contrary, the exfoliated 
ESfG showed surface feathery, lamellar morphologies, 
and a lateral size smaller than graphite (Fig. 9f).

The monolayer graphene can be produced using Cu 
substrate by the CVD method; however, its efficiency 
is limited to the production of bi- or multilayer gra-
phene. The Cu is a catalyst for graphene synthesis, 
and when the surface is covered by graphene, new 
layers are stopped to grow. Cho et al. [78] studied 
the graphene growth in bi and multilayers using the 
CVD method associated with Cu substrate and hydro-
gen partial pressure controlled. Figure 9l–q display 
a sequence of SEM images that illustrate the gra-
phene growth on copper foil at different pressures: 
0.47, 10, 40, 50, 80, and 120 Torr. The graphene grown 
at 0.47 Torr (Fig. 9l) exhibits a smooth monolayer 

Figure  9   SEM images of (a, e) graphite; (b) graphene oxide; 
and (c, d) reduced graphene oxide (Reproduced with permission 
from reference [76]. Copyright 2021, The Authors). SEM images 
ESfG (f); Low- (g) and high-resolution (h, i) TEM images, the 
selected area’s electron diffraction patterns (j, k) of h, I (Repro-
duced with permission from reference [77]. Copyright 2021, 

Elsevier). SEM images of graphene grown on copper foil at (l) 
0.47, (m) 10, (n) 40, (o) 50, (p) 80, and (q) 120 Torr, where ML 
is an abbreviation for multilayer. The scale bar indicates 5  μm 
(Reproduced with permission from reference [78]. Copyright 
2019, The Authors).
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without wrinkles, with only copper steps visible on 
the graphene surface [78].

Under higher-pressure conditions (Fig. 9m–q), the 
authors described the presence of bright white wrin-
kles in the graphene samples, suggesting the forma-
tion of a graphene multilayer. While the wrinkles in 
monolayer graphene appeared in a darker contrast 
[78].

Transmission electron microscopy

TEM uses the transmission of an electron beam 
through a fragile specimen, typically with a thickness 
of less than 100 nm. Thus, TEM enables the acquisition 
of high-resolution images that can reveal atomic-level 
details. It finds extensive applications in determining 
the number of graphene layers within a flake. Further-
more, it is possible to use high-resolution transmission 
electron microscopy (HRTEM) and high-resolution 
scanning transmission electron microscopy (HRSTEM) 
to provide the highest structural information available, 
allowing for a fundamental characterization of gra-
phene samples at the atomic level [21, 22].

IEC/TS 62607-6-17:2023 establishes a standardized 
method to determine the typical order parameter for 
graphene-based material and layered carbon material 
[70]. The recommended procedure for preparing the 
graphene sample involves dispersing it in absolute 
ethanol and submitting it to stirring for 15 min using 
an ultrasonic machine set at a power of 120 W and a 
frequency of 40 Hz. Then 2 µl of dispersed mixture 
should be dropped onto a support grid and left to dry 
naturally for one hour before TEM measurement.

In addition, ISO/TS 21356-1:2021 focuses on struc-
tural characterization employing TEM, encompass-
ing measurements of lateral size, number of layers, 
and alignment between layers of graphene flakes 
[16]. In cases where the lateral sizes of the flakes 
exceed 3 µm, it becomes impractical to measure the 
lateral size of 200 representative flakes. Therefore, 
only the number of layers and alignment between 
layers of graphene flakes should be analyzed. Sam-
ples must be prepared by dispersing graphene flakes 
in solvent and shaking until complete dispersion, 
then a volume of 100–200 µL must be deposited 
on the TEM grid. Then, the sample must be dried 
at ~ 150 °C under vacuum for 8 h. The TEM must be 
set to a resolution of at least 0.2 nm, with an acceler-
ating voltage less than or equal to 80 kV.

Reduced graphene oxide was produced using an 
Eclipta prostrata phytoextract by the infusion method 
and, to evaluate the variation in the stacking charac-
teristics, graphite, GO, and rGO were analyzed using 
TEM. A small quantity of sample in aqueous disper-
sion form was deposited on a copper grid and covered 
with thin amorphous carbon film, then the sample 
was dried using a vacuum desiccator. TEM images of 
graphite displayed increased folding and wrinkling. 
At the same time, the GO sample showed a relatively 
flat structure with low contrast, indicating a thickness 
of only a few graphene layers and sharp edges. After 
reduction by E. prostrata aqueous extract, TEM images 
revealed that the rGO sheets developed lattice fringes 
with smooth edges and transparent sheets [79].

Navik et al. [80] examined the morphology of few-
to-multi-layer graphene using TEM, where the aque-
ous dispersion samples were deposited on a standard 
carbon/Cu grid, and dried in a vacuum oven at 40 °C 
for 24 h. Their study revealed that, within the analyzed 
graphene flakes, approximately 70% consisted of few-
layer graphene, while the remaining 30% consisted of 
multi-layer graphene. The authors provided HRTEM 
images that showcased exfoliated graphene sheets that 
resulted from the exfoliation process. These images 
exhibited large, transparent graphene flakes, primarily 
composed of few-layer graphene [80].

TEM and HRTEM were used to characterize the 
crystal morphology and to determine the layer num-
ber of sulfonic acid functionalized graphene (ESfG) 
nanosheets obtained through exfoliation. Figure 9g–k 
present both low- and high-resolution TEM images as 
well as a selected area electron diffraction pattern. The 
TEM images reveal that the ultrathin ESfG nanosheets 
exhibited a nearly transparent appearance with crum-
pled morphologies, as depicted in Fig. 9g. Through 
HRTEM, Ding et al. [77] were able to clearly identify 
single- and bi-layer ESfG based on their edge struc-
tures, as depicted in Fig. 9H–I. Moreover, the inten-
sity of electron diffraction spots provided a defini-
tive means of identifying the layer number of ESfG 
(Fig. 9j–k). Typically, the diffraction intensity of the 
(0–110) plane was stronger for single-layer ESfG, while 
the (1–210) plane exhibited a stronger intensity for bi- 
or tri-layer ESfG [77].
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Atomic force microscopy

AFM is a highly valuable technique for studying gra-
phene at the nanoscale, providing a three-dimensional 
representation of data whereas images captured by 
SEM and TEM are typically bidimensional [81]. Its 
high resolution, reaching sub-angstrom levels, enables 
the distinction of single atomic layers on a substrate. 
This makes it ideal for characterizing film quality, 
including morphology, roughness, and uniformity 
[34, 82].

Furthermore, the AFM technique involves physical 
contact between a probe and the surface, allowing for 
the simultaneous determination of electrical (surface 
potential, electrostatic charge, and magnetic fields) 
and mechanical properties (stiffness, viscoelasticity, 
adhesion, deformation, Young’s modulus, and fric-
tion) alongside the topography with nanoscale lateral 
precision. The probe’s contact occurs in the film center, 
where a load is applied and generates a flexural defor-
mation, and information on elasticity is measured to 
obtain the force–displacement curve. The provided 
elasticity measurements can reach values of hundreds 
of GPa when a diamond scanning probe is used. To 
determine Young’s modulus, two Hertzian mechani-
cal models, namely the Johnson–Kendall–Roberts and 
Derjaguin–Muller–Toporov models, can be employed 
[33, 35, 83, 84].

ISO/TS 21356-1:2021 focuses on measuring the 
lateral size and thickness by AFM analysis for gra-
phene flakes [16]. The sample should be prepared as 
described in Item 3.7. This guide suggests that AFM 
measurements should be performed on materials 
where the lateral flake size distribution has previously 
been determined using SEM analysis.

A suitable AFM probe compatible with intermittent 
contact mode should be chosen, and the oscillation 
frequency should be shifted from the center of the 
resonance peak by 5% of the full width at half maxi-
mum (FWHM) value. Typical parameters for the probe 
are spring constant ~ 40 N/m, resonance frequency 
240 kHz, and apex size between 5 and 15 nm. Initially, 
it is advisable to scan an area of 20 µm × 20 µm, with 
a scan speed of 10 µm/s and a resolution of 256 pix-
els × 256 pixels. Next, a smaller area scan of 2 µm × 2 
µm is suggested, with a resolution of 512 pixels × 512 
pixels. Analysis must be carried out for at least 20 gra-
phene flakes.

Nanosized carbon materials are attractive for tis-
sue engineering, due to their mechanical and electrical 

properties. GO is a “hydrophilic derivative” of gra-
phene with low electrical conductivity, but it can 
support cell attachment, growth, and differentiation 
without cytotoxic effects [85, 86]. Pilato et al. [87] 
developed a 3D scaffold using GO flakes for cardiac 
repair applications. They reported to be the first time 
that a 3D structure of GO was produced using layer-
by-layer interfaces employing the covalent growth 
of multilayer architectures of GO sheets alternated 
with linear macromolecules (polyethyleneimine), in 
a controlled way. Morphological features of the GO 
scaffold were obtained by AFM and SEM analyses, 
and Young’s modulus was measured using the peak 
force quantitative nanomechanical mapping (PFQNM) 
mode of AFM. To analyze topography properties, a 
scan size area of 10 µm × 10 µm was performed using 
a frequency 300 kHz, and nominal elastic constant of 
40 N/m. In PQNM analysis, probes with a nominal 
spring constant of 200 N/m and a resonance frequency 
of 525 kHz were applied [87].

The results revealed distinct characteristics for dif-
ferent samples. In the case of GO1 and GO1–PEI sam-
ples, isolated GO sheets were clearly observed on the 
surface (Fig. 10A and B). The height cross-sectional 
profiles of monolayer GO (GO1) showed the exist-
ence of GO sheet with a thickness between 1.68 and 
1.76 nm, whereas the roughness of the flakes caused 
brighter ripples.

The GO1–PEI network displayed a slightly larger 
thickness compared to GO1 (1.54–1.68 nm), which was 
attributed to the presence of the amine PEI crosslinker. 
Furthermore, the GO2 (two layers GO) and GO5 (five 
layers GO) samples exhibited uniformly covered sur-
faces with GO–PEI networks, resulting in 3D architec-
tures with maximum thicknesses of 70 nm and 130 nm, 
respectively (Fig. 10C and D), showing a proportional 
increase with the number of incubations [87].

The PFQNM mode analysis provided a detailed 
map of the samples’ nanomechanical properties, 
allowing for the measurement of indicators, such as 
deformation and Young’s elastic modulus. For the 
GO2 sample, Young’s modulus was 20.9 ± 4.4 GPa and 
deformation of 1.30 ± 0.38 nm (Fig. 10F), while for the 
GO5 sample, Young’s modulus was 12.9 ± 3.1 GPa and 
deformation of 1.99 ± 0.57 nm (Fig. 10E). The requested 
deformation could not be achieved for both GO1-PEI 
and GO1 samples, due to their high stiffness [87].

Among the information obtained through AFM, the 
determination of the sheet size of graphene is critical 
for the production and application of graphene-based 
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materials. Graphene samples have been obtained from 
graphite by a microwave-assisted solvothermal tech-
nique using different low-cost solvents. The thickness 
layer was measured using AFM, and the number of 
graphene layers was assessed through AFM and XRD 
analysis. The thickness of the graphene layer varied 
between 9.87 and 587 nm, and the commercial gra-
phene showed 2056 nm. Comparing the layer numbers 
obtained using the AFM technique, with those calcu-
lated using the XRD technique, it was revealed that the 
AFM values were higher than the XRD values. With 
the AFM technique, the number of layers was between 
1250.298 and 6137.313, while with the XRD technique, 
the values varied between 2 and 25 [89].

The study of the electrical properties of gra-
phene sheets is performed using the conductive 
AFM (C-AFM) method, where a probe conductive 
is in contact with the sample, and a bias voltage is 

applied generating a current flow [88, 90, 91]. Lim 
et al. [88] synthesized monolayer graphene flakes 
through CVD on copper. Figure 11A and B show 
AFM images of topography and the current map of 
a CVD-grown graphene flake. The force–distance 
curve obtained during their experiment exhibited a 
pull-off force of 57.6 ± 13 nN with a force of/under 
3 nN (Fig. 11C). In Fig. 11D, the resistance profile 
of the CVD-grown graphene flake, plotted versus 
the distance from the AFM tip to the electrode, can 
be observed. Analyzing the fitting of the resist-
ance curve (excluding the low-conductive spots), 
the authors estimated the electrical conductivity 
of the CVD-grown monolayer graphene flakes as 
1.46 ± 0.82 × 106 S/m [88].

Figure 10   SEM, AFM images, and corresponding height cross-
sectional profiles of A GO1, B GO1–PEI, C GO2, and D GO5 
networks; PFQNM mode DMT modulus (E1) and deformation 
channels of the GO5 sample (E2); and PFQNM mode DMT 

modulus (F1) and deformation channels (F2) of the GO2 sam-
ple (Reproduced with permission from reference [87]. Copyright 
2023, The Authors).
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Brunauer–Emmett–Teller method

The BET specific surface area and pore distribution 
techniques are extensively used to estimate the maxi-
mum adsorption capacity of graphene materials. In 
this way, the surface area and pore size distribution 
play significant roles in determining the materials’ 
efficiency, capacity, and yield [7, 10].

ISO/TS 21356-1:2021 provides a method for meas-
uring the specific surface area for dry particulates 
of mono-, bi- or few-layer graphene and graphitic 
materials, not including materials with GO or graph-
ite oxide [16]. Before gas sorption analysis, samples 
must undergo degassing to eliminate any contami-
nants adsorbed on their surfaces. Two methods are 
available (i) degassing under vacuum at elevated 
temperatures, and (ii) degassing under inert gas 
flow at high temperatures. The amount of sample to 
be measured is contingent upon the material’s sur-
face area, typically ranging from 5 m2 to 10 m2 of the 

total surface area, with a minimum of 0.1 g of sample 
required.

The temperature for degassing can be selected based 
on the thermogravimetric analysis, opting for the high-
est temperature that does not induce structural or 
chemical changes in the sample. The duration of degas-
sing can be established experimentally. In the end of 
the assay, the sample must be cooled under vacuum or 
inert gas until it reaches room temperature, and then 
must be weighed again. The typical partial pressure 
range used for determining BET-specific surface area 
is 0.05 P/P0 to 0.3 P/P0 but, for graphitic carbons, this 
range may be smaller, for example, 0.01 P/P0 to 0.25 P/
P0. The BET specific surface area of the samples should 
be calculated by applying the BET method to the sorp-
tion isotherms (Eq. 3):
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Figure 11   A Topography 
and B current distribution; C 
force-distance curve; and D 
resistance profile of the gra-
phene flake (growth in SiO2) 
(Reproduced with permission 
from reference [88]. Copy-
right 2021, The Authors).
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where V is the volume of gas adsorbed at a relative 
pressure P/P0 (extracted from the isotherm), Vmis the 
volume of gas corresponding to a monolayer covering, 
P is the equilibrium pressure of the gas (extracted from 
the isotherm), P0 is the saturation pressure (extracted 
from the isotherm), and C is the BET constant.

Graphene aerogel (GA) is ideal for various envi-
ronmental applications, such as adsorbents, photo-
catalysts, and electrochemical sensors [92]. These 
applications are possible due to their large surface 
area, porous structure, low density, and thermal sta-
bility. Trinh et al. [93] synthesized GA from GO by 
chemical reduction using ethylenediamine (EDA) as 
the reducing agent with low toxicity. Briefly, after the 
synthesis of GO from graphite, EDA was added to the 
sampler and heated (90 °C), at different times, to form 
graphene hydrogel. Then, the graphene hydrogel was 
sublimated by immersion in ethanol and water (1:3) 
for 48 h. The best time for the reduction process of GO 
was selected to be 6 h. The GA produced shows a den-
sity of 4.57 mg/cm3, a BET-specific surface area of 845 
m2/g, and a pore size of 50 μm. These results provided 
a maximum adsorption capacity (Langmuir model) of 
149.25 mg/g of Cd2+ ions from water [93].

In a recent publication, an environmentally friendly 
method for obtaining GO using waste rice was pro-
posed. AFM and TEM investigations unveiled that the 
thickness of the GO nanosheets was approximately 
4 nm, with porous sizes ranging from 3 to 10 nm. The 
BET-specific surface area was measured at 1505 m2/g, 
followed by a specific capacitance of 158.6 F/g. Based 
on these findings, the authors estimate the promising 
utility of waste rice for GO production [94].

Thermogravimetric analysis

TGA is used to study the behavior of weight loss of 
materials to the heat treatment. The results of TGA are 
shown through thermograms displaying the change 
in mass (mg or %) of the sample as a function of tem-
perature or time. Another form of presentation is the 
first derivative thermogravimetry (DTG), which is 
performed by mathematical analysis, and commonly 
displayed as mass per minute (w/min) or percentual 
weight per minute (w%/min) [36].

TGA/DTG technique is a robust analytical tool 
to obtain qualitative and quantitative informa-
tion about quality of graphene materials. It offers 
dependable quality control measures, enabling the 

classification of produced few-layer graphene mate-
rials available in the market while effectively dis-
criminating against counterfeit or “fake graphene” 
samples [38]. To perform the analysis, the IEC/TS 
62607-6-18:2022 is suggested (Item 3.3) [63].

Figure 12 presents TGA and DTG plots of these 
control materials. The graphs in Fig. 12 illustrate 
the characteristic parameters associated with the 
materials, including thermal stability (the tempera-
ture at which decomposition initiates), the position 
and shape of the DTG peak range, and Tmax. These 
parameters are closely connected to the intrinsic 
chemistry and physics of the materials’ structures. 
The TGA/DTG graphs reveal the presence of three 
primary temperature regions, each accompanied by 
characteristic mass loss steps. In the first region (RI), 
the thermic event occurs at ~ 100 °C and is attributed 
to water evaporation. The thermic event correspond-
ing to the second region (RII) occurs in the range of 
100–360 °C and is attributed to the decomposition of 
oxygen-containing groups. The third region (RIII), in 

Figure 12   a TGA and b DTG graphs of graphite (Gft), graphene 
(Gr), rGO, and GO. b Representation of structures of Gft, Gr, 
rGO, and GO. c Graph presenting Tmax ranges used for the quali-
tative identification of Gft, Gr, rGO, and GO (Reproduced with 
permission from reference [38]. Copyright 2021, Elsevier).
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the range of 360–1000 °C, is associated with carbon 
combustion [38].

Farivar et al. (2021) [38] described that graphite, 
characterized by a high number of stacked layers, 
exhibits very high DTG peaks and Tmax values. The 
GO, which underwent intensive oxidation, displayed 
a high density of defects and nongraphitic sp3 hybrid-
ized carbon, leading to delayed decomposition tem-
peratures and higher Tmax values compared with 
graphite. By contrast, rGO exhibited a similar DTG 
pattern in the RIII region compared with GO, indi-
cating that the reduction process did not occur com-
pletely, with defective sp3 carbon structures. However, 
the absence of a DTG peak in the RII region suggests 
that most of the oxygen functional groups were 
removed during the reduction process, distinguish-
ing it from GO [38].

The incorporation of H2O2 into an aqueous medium 
during the production of graphene via the electro-
chemical exfoliation technique has been explored [95]. 
Without H2O2, graphene showed TGA/DTG graphs 
with the presence of three temperature regions fol-
lowed by weight-loss stages: (I) water evaporation 
at ~ 100  °C, (II) the removal of oxygen functional 
groups above 200 °C, and the decomposition of gra-
phene between (III) 470 and 700 °C. However, when 
H2O2 was added, graphene only exhibited a negligible 
mass loss of 40–60 °C, indicating the loss of adsorbed 
solvent molecules. Furthermore, heating the graphene 
above 58 °C led to significant mass loss, indicating its 
disintegration. The Tmax values for graphene produced 
with H2O2 were lower than those obtained by gra-
phene produced with the absence of H2O2, indicating 
an improved performance [95].

In‑line four‑point probe

The electrical conductivity is one of the most impor-
tant factors in determining the application and con-
trol of graphene, depends directly on factors, such as 
structural quality, defects, contamination, and stiff-
ness. The sheet resistance (RS) provides a global meas-
ure of the local conductivity in graphene samples with 
infinite and finite dimensions. ISO/TR 19733: 2019 and 
IEC/TS 62607-6-8:2023 have standardized a method to 
determine RS (Ω/sq) of graphene samples through the 
4PP method [42].

The measurement range for Rs of the graphene 
samples, with the method described in this document, 
goes from 10–2 Ω/sq to 104 Ω/sq. No special sample 
preparation is required, but the substrate supporting 
the graphene layer should be planar and insulating. 
The instrumentation required for measuring mon-
olayer CVD graphene should have a current source 
range of 1 µA to 1 mA and a voltmeter range of 1 mV 
to 1 V. However, the current applied measurement 
shall not damage the sample but be large enough to 
get accurate readings from the voltmeter. The required 
ambient conditions are T = 23 ± 1 °C and RH = 50 ± 4%, 
and the measurement should be performed with two 
currents equal in nominal magnitude and opposite in 
sign.

In 4PP method, a device equipped with four co-
linear probes, evenly spaced, is employed to establish 
electrical contact with the material. To determine the 
RS, an electric current is applied, and the resistance is 
measured by the milli-ohmmeter. Using the informa-
tion collected, the sheet resistance can be calculated 
using Eq. 4:

where RS is the sheet resistance (expressed in Ω/sq.), 
ΔV is the voltage drop measured across the inner 
probes, and I is the current applied at the outer probes 
[40, 42].

However, Eq. 3 is only valid in the ideal case of a 
plan surface with homogeneous resistance behavior, 
small thickness and the distance between the probes 
should be known, as well as the distance between the 
current probes and the edge. If this is not the case, a 
correction factor is required, considering the sample 
size, shape, thickness, and position of the probes [40, 
42]. Thus, the sheet resistance can be used to calculate 
its resistivity (Eq. 5) and electrical conductivity (EC; 
Siemens—S) of the material, as in Eq. 6:

where ρ is resistivity and tf is film thickness [40].
Reduced graphene oxide thin films prepared 

using ultrasonic spray coating method followed by 
thermally annealed were evaluated for conducted 
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sheet-resistance measurements. For the 3× spray 
passes, the sheet resistance values ranged from 2 to 
3.6 kΩ/sq, while for the 4× spray passes, they ranged 
from 1 to 3 kΩ/sq across the wafer. However, the four-
point probe was able to measure only two wafers for 
2 × spray passes. This limitation arose because the 2× 
spray passes resulted in very thin films, causing some 
of the GO droplets not to overlap with each other. 
Consequently, the wafer did not achieve full con-
ductivity, leading to higher sheet resistance values 
compared to the other two spray passes. Most of the 
wafers subjected to 3× and 4× spray passes exhibited 
less than 20% sheet resistance nonuniformity [96].

L-ascorbic acid (vitamin C) has been investigated 
as an environmentally friendly reduction agent, of 
graphene oxide films. Tas et al. [97] examined the 
impact of L-ascorbic acid solutions, in different con-
centration, on the conductivity of the rGO. Based on 
the obtained results, the most effective reduction of 
GO occurred with a combination of 800 mM L-ascor-
bic acid and progressive thermal treatment (70, 120, 
and 300 °C), in which the surface resistivity was 13.2 
kΩ/sq [97].

Another IEC (62607-6-1:2020, [98]) established the 
volume resistivity (or volume conductivity) method 
to determine the electrical properties of commer-
cial graphene powders. In this method, the powder 
sample is pelletized using a pelletizer composed of 
a 4PP head, a piston, and a cylinder. To generate 
a uniform thickness of a sample pellet, the powder 
sample should be dried under vacuum, at 80 °C for 
24 h, to remove any remnant of water content in the 
sample. The minimum thickness of the pellet is its 
thickness at the maximum pressure, calculated using 
the graphene density (assumed that the density of 
the graphene pellet is the same as the theoretical 
density of graphite, 2.3 g/cm3), the inner diameter of 
the cylinder, and the sample amount. The thickness 
(t) can be calculated using Eq. 7.

where t is the specimen (pellet) thickness measures 
by thickness gauge equipped in the apparatus, dgr is 
the theoretical density of graphite (2.3 g/cm3), m is the 
amount of the sample, and Ais the cross-sectional area 
of the piston.

After determining the amount of the powder 
graphene, the sample is accommodated inside the 

(7)t =
m

d
gr
A

cylinder and pressured at pressure from 2.6 MPa to 
52 MPa, with a 2.5 MPA interval. The resistance val-
ues are recorded via the 4PP system, and the volume 
resistivity is calculated considering the pellet thick-
ness, measured simultaneously with sheet resistance, 
and geometric dimensions. The volume resistivity 
(ρv) of a pellet is calculated using Eq. 8 and volume 
conductivity using Eq. 9.

where ρv is the volume resistivity, R is the resistance 
measured by 4PP measurement system (R = V/I), t is 
the specimen (pellet) thickness measured by thickness 
gauge equipped in the apparatus, and F is the geo-
metrical correction factor.

where σV is the volume conductivity; and ρv is the 
volume resistivity.

Resonant cavity

The microwave resonant cavity method is appealing 
for measuring surface conductance (σG), because it is 
non-destructive and experimentally simple, making it 
suitable for research and development, and for quality 
control in the manufacturing of graphene materials, 
including nano-size structures [43].

IEC TS 62607-6-4:2024 established the surface con-
ductance measurement by the resonant cavity of gra-
phene materials synthesized by CVD on metal sub-
strates, epitaxial growth on silicon carbide, obtained 
from rGO, or mechanically exfoliated from graphite 
[44]. The typical surface conductance value of gra-
phene materials can be between 1 S (for few-layer gra-
phene and/or doped graphene) and 10–5 S (for single 
graphene layer). The thickness of the sample does not 
need to be known, but a lateral dimension should be 
considered, and the substrate may be non-conducting 
substrate (fused silica wafer or silicon carbide without 
Si- or C- terminated face).

Recently, IEC TS 62607-6-4:2024 was published as 
a technical revision of IEC TS 62607-6-4:2016 [45]. The 
new edition includes technical changes concerning the 
previous edition such as: (i) changing the document 
title and (ii) replacing figures, to better illustrate the 
fundamentals of the method and its implementation 
for a non-technical reader.

(8)�v = R.F.t

(9)�V =
1

�v
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For a better understanding, a guide with the good 
practice on the electrical characterization of graphene 
using resonant cavity method was created by Grace 
Consortium group [46]. In this guide, the researcher 
can find the details of the resonant cavity method, 
according to IEC TS 62607-6-4:2016 [45]. Moreover, 
the study developed by Obrzut et al. [43] described in 
detail the microwave resonant cavity method on the 
surface conductance of graphene of epitaxial mono-
layer graphene on SiC and CVD graphene.

Terahertz time‑domain spectroscopy

THz-TDS is a measurement technique that enables a 
noncontact and nondestructive assessment of the elec-
trical properties of graphene. This versatile method 
allows for the spatial mapping of key parameters, such 
as DC conductivity (σDC), scattering time (τ), carrier 
density (n), and mobility (μ) on different substrates 
commonly used with graphene (Si, quartz, SiC, sap-
phire, and polymers). Briefly, an electromagnetic short 
pulse is directed at the material composed of graphene 
(reflected or transmitted), where the resulting THz sig-
nal is in an electric field form, and when subjected to 

Fourier transformation gives rise to both amplitude 
and phase information in a wide THz spectral range 
[47–49]. IEC/TS 62607-6-10:2021 established a stand-
ardized method for determining the sheet resistance 
(RS) for films of graphene-based materials through 
THz-TDS [49]. It allows for two measurement config-
urations, i.e., transmission and reflection. Although 
either setup is sufficient for obtaining resistance val-
ues, the employment of both may reduce measure-
ment errors. The measurements should be performed 

Figure 13   Representative sheet resistance maps (Reproduced with permission from reference [99]. Copyright 2020, The Authors).

Table 3   Values conductance/resistance measured (M ± SD) from 
THz maps rGO (Reproduced with permission from reference 
[99]. Copyright 2020, The Authors)

Sample Average (mS)/
(kΩ/sq)

Standard deviation 
(mS)/(kΩ/sq)

Variation 
coefficient 
(%)

S3 2.16/0.46 0.52/0.110 24
S15 2.64/0.38 0.13/0.019 5
S22 2.65/0.37 0.30/0.041 11
S34 2.43/0.41 0.37/0.062 15
S39 2.82/0.35 0.23/0.028 8
S45 2.69/0.37 0.33/0.052 14
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to the prescribed parameters for THz spectroscopy 
equipment or conducted within a temperature range 
of 10 °C < T < 37 °C, with relative humidity below 70%, 
and within an atmosphere of air, nitrogen, or argon at 
atmospheric pressure or under vacuum [49]. Figure 13 
shows an example of sheet resistance maps obtained 
from the THz-TDS system, indicating areas of inho-
mogeneous sheet resistance.

Table 3 summarizes the conductance and resist-
ance values (M ± SD) obtained from the THz maps. 
The sheet resistance maps show features as spots or 
islands with higher sheet resistance, in special for 
15, 22, 34, and 45 samples., while samples 3 and 39 
showed two distinct sheet resistance areas. These 
features can be related to the presence of microscopic 
defects, such as cracks, and the presence of growth 
domains [99].

Alternative method to determine the graphene 
domain

The electrical, thermal, and mechanical properties 
of graphene with 2D structure are related to the size 
and distribution of graphene domains and defects 
(pinholes, domain boundaries, and cracks). As gra-
phene domain size is increased and graphene defects 
are reduced, the graphene electrical and thermal 
properties are improved [100, 101].

Determination of the domain size is addressed in 
IEC/TS 62607-6-3:2020 [102]. This guideline estab-
lished a fast, easy and reliable standardized method 
to evaluate CVD graphene domains formed on cop-
per by oxidation. To apply this method, described 
in this guideline, the test sample should be removed 
from the production process and put in an oxida-
tion chamber with humidity control (25–80%) and 
a Hg lamp (20 mW/cm2–70 mW/cm2) for 5 min and 
no more than 60 min. If a hot plate is used to accel-
erate oxidation, the temperature of the hot plate is 
between 100 °C and 200 °C. The oxidation procedure 
does not change the domain size. A conventional 
optical microscope (or a scanning electron micro-
scope) is used to measure. An image analysis pro-
gram, such as Image J, can be used for measuring the 
size of the graphene domains where the number of 
pixels in the domain will be counted first and con-
verted into the size of the domain in the area (cm2 
or µm2) by multiplying the number of pixels in the 
domain by the size of pixels [102].Ta
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Conclusions

An overview of the essential techniques for character-
izing graphene, following the ISO/IEC standards, has 
been provided in this review and are summarized in 
Table 4. The guidelines have some limitations, such as 
the types of samples covered in the different methods. 
Scientists have used various techniques to study the 
structure, mechanical properties, number of layers, 
conductivity, and morphology of nanomaterials based 
on graphene. These studies described in the literature 
by independent authors do not always follow stand-
ardized techniques (ISO/IEC), allowing to characterize 
different graphene samples using different methods. 
In this way, comparing results from other research 
groups is a laborious task. Most scientific articles 
only report successful cases of characterization tech-
niques and fail to present and discuss the observed 
phenomena during synthesis and characterization. 
Researchers and industry professionals would use 
these standard techniques to ensure quality, improve 
of performance, validate synthesis methods, and iden-
tify "fake graphene."
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