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Use of this document
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0 Introduction

0.1 General

Graphene, the two-dimensional (2D) form of carbon, 
was first isolated at the University of Manchester 
and reported in 2004 by Professor Andre Geim and 
Professor Kostantin Novoselov [1]. The importance 
of this discovery was acknowledged by the award of 
the 2010 Nobel Prize for Physics, and initiated intense 
global activity in research and commercialization of 
variants of 2D carbon materials [2], [3].

Carbon is an extremely versatile element, being 
found as different forms, or allotropes, in synthetic 
or naturally-occurring minerals such as graphite and 
diamond, which exhibit markedly different properties. 
Graphite is a layered material, and comprises a stack of 
single layers of carbon atoms which are weakly bonded 
between the layers. 

Graphene was originally isolated by Geim and Novoselov 
from mined graphite, the material used in pencil lead, 
and was extracted by repeatedly peeling off layers 
using adhesive tape – a process known as mechanical 
exfoliation. This exfoliation process successively reduced 
the carbon layers down to a single layer, denoted 
as graphene. The term graphene strictly refers to a 
single layer of carbon atoms arranged in a crystalline 
hexagonal arrangement, as illustrated in Figure 1. 

Subsequently, a diversity of new manufacturing methods 
have been developed for producing 2D planar carbon 
materials, each process producing different variants of 
particles, liquid dispersions or sheets. 

The term “graphene” has entered the vocabulary as a 
label to refer to batches of 2D carbon particles which 
can contain flakes of differing layer thicknesses, not just 
a single layer. 

This PAS uses the term “graphene flakes” to refer to 
powders or liquids containing graphene.

NOTE Graphene is defined in PD ISO/TS 80004-13.

Figure 1 – Illustration of the hexagonal arrangement of carbon atoms in a single layer  
of graphene
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0.2 Manufacturing routes

A wide diversity of manufacturing processes have been, 
and are being, developed to produce powders containing 
graphene flakes and 2D carbon particles. In very general 
terms, they can be divided into two approaches:  
top-down (subtractive) and bottom-up (additive).

Top-down processes include exfoliation of a solid 
precursor such as highly ordered natural (mined), 
or synthetic, graphite. Bottom-up processes include 
thermal or chemical conversion of gases or liquids.

A schematic of the two generic manufacturing 
approaches is shown in Figure 2.

Figure 2 – Illustration of the stages in typical top-down and bottom-up approaches for 
manufacturing graphene flakes
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Manufacture by the exfoliation route is typically in a 
liquid (liquid phase exfoliation) and can be enhanced 
by mechanical means, or through intercalation of a 
chemical element or species between the carbon layers 
to separate them. Some variants utilize both methods, 
including sonication, as a means of inducing mechanical 
stress. 

Solid precursor materials can also be converted into 
graphene flakes by thermal or chemical processing 
techniques. 

Bottom-up manufacturing processes include:

• thermal cracking of hydrocarbon gas;

• chemical vapour deposition (CVD); and

• production from a hydrocarbon liquid phase.

The primary manufacturing stage might be followed 
by secondary processing, such as a compatibilization/
surface functionalization treatment. 

The manufacturing route has a significant effect on 
the graphene flakes produced (see Characterisation 
of the Structure of Graphene [4]). Factors such as the 
type and purity of the precursor, the manufacturing 
route, and any secondary processing, could influence 
the characteristics of the graphene flakes produced 
and introduce additional chemical species and defects. 
Graphene flakes are generally supplied as dried 
powder, or dispersed as a liquid-based suspension.   

0.3 Graphene in which form?  

Graphene flakes are a candidate additive or modifier 
for various intermediates, including material systems 
such as inks, polymers, composites and paints. In 
addition, graphene flakes can be used as a functional 
additive, special layer or coating in a range of 
engineering applications, including energy storage and 
sensor devices [5].  

Potential users of graphene flakes are faced with a 
wide variety of commercially available products, which 
differ in terms of the graphene particle type and 
composition. To match the application or need with the 
optimal material, and to compare different suppliers 
and batches, a potential user requires sufficient, 
and comparative, information on the basic material 
characteristics. 

Some key parameters that a potential end-user might 
wish to exploit in an intermediate material include: 

a)  mechanical properties (e.g tensile strength, 
stiffness);

b)  electrical conductivity;

c)  barrier properties;

d)  thermal conductivity;

e)  bio-compatibility; and

f)  morphology (e.g. surface area, porosity).

For any one application, it is possible that only one 
or two of these properties are relevant to a user. This 
poses a challenge to intermediate materials producers 
– which properties are required to sufficiently 
characterize the graphene flakes for the materials 
selection process?

The materials selection process is illustrated for a range 
of possible applications and intermediates in Figure 
3. This PAS relates only to the characterization of 
graphene flakes as powders or dispersions (stage A).   
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Figure 3 – Stages impacting graphene material selection – Stage A production;  
Stage B application

NOTE This PAS refers only to stage A.
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1 Scope

This PAS provides guidance on information to be 
provided by manufacturers and suppliers of graphene 
flakes in order to provide comparative information 
to prospective users. It includes characterization of 
particle morphology and other physical and chemical 
properties.  

This PAS is relevant to users who wish to compare 
the basic properties of graphene flake materials from 
different manufacturers who might use different 
precursors, manufacturing routes and post-treatments. 

This PAS is of interest to materials processing and test 
equipment manufacturers, procurement managers, 
researchers and policy makers. 

This PAS does not cover materials related to graphene 
forms such as graphene oxide (GO), graphene sheets, 
and graphene hybrids. Nor does it cover the properties 
or performance of formulations and intermediates 
containing graphene flakes. 

This PAS is for use by buyers, manufacturers and 
suppliers of graphene flakes.
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2 Terms, definitions and abbreviations

2.1 Terms and definitions

For the purposes of this PAS, the terms and definitions 
given in PD ISO/TS 80004-13 apply.

NOTE 1 A description of different forms of graphene 
based on the number of atomic layers is given in the 
ISO 80004 nanotechnologies terminology series and 
particularly, PD ISO/TS 80004-13.

NOTE 2 The terminology used for graphene has been 
based upon PD ISO/TS 80004-13:2017, 3.1.2.1: graphene; 
graphene layer; single-layer graphene; monolayer 
graphene. In PD ISO/TS 80004-13:2017, 3.1.1.1, in  
the case of graphene layers, it is a two-dimensional 
material up to 10 layers thick for electrical 
measurements.

2.2 Abbreviations

For the purposes of this PAS, the following 
abbreviations apply:

2D Two-dimensional

AFM  Atomic force microscopy 

BET Brunauer Emmett and Teller

CVD Chemical vapour deposition

DSC Differential scanning calorimetry

GO Graphene oxide

MSDS Materials safety data sheet

SEM Scanning electron microscopy

SERS Surface-enhanced Raman spectroscopy 

TERS Tip-enhanced Raman spectroscopy

TEM Transmission electron microscopy

TGA Thermogravimetric analysis 

XPS X-ray photoelectron spectroscopy
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3 Graphene characterization – defining properties

Manufacturers and suppliers of graphene flakes should 
provide a minimum level of property measurements 
and characterization data, to be termed “properties”. 

This PAS provides guidance but does not specify which 
measurement techniques are to be used to characterize 
each property. Manufacturers and suppliers should 
state which techniques or test methods have been used. 

Information on graphene properties and additional 
supporting information should be provided in 
accordance with Table 1. 

Certain graphene properties and supporting 
information are deemed important and hence denoted 
as recommended (R) in Table 1, whereas others can 
be provided at the discretion of the manufacturer, 
indicated by the notification (o) for optional.

Table 1 – Properties and supporting information

Property Graphene flakes Dispersion of graphene flakes

A1. Particle thickness R R

A2. Lateral size R R

A3. Specific surface area R R

A4. Chemical analysis R R

A5. Moisture content R N/A

A6. Bulk density R N/A

A7. Level of disorder (defect concentration) O O

A8. Sheet resistance O O

Supporting information Graphene flakes Dispersion of graphene flakes

S1. Dispersions N/A R

S2. Manufacturing route R R

S3. Secondary processing R R

S4. Packaging, storage and handling R R

S5. Traceability R R

S6. Sampling strategy R R

NOTE Recommended (R), optional (O), and not applicable (N/A).
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4 Definition and measurement of properties

4.1 General guidance

Manufacturers and suppliers of graphene flakes should 
indicate whether the data provided with the batch of 
material are representative, or measured directly on 
the batch supplied, or a combination of the two. For 
example, properties measured on the graphene batch 
for quality control purposes could be marked with an 
asterisk accompanied by an explanatory note. Sampling 
strategy is further covered in 5.6. 

A minimum level of supporting information on 
graphene properties should be provided for dry 
graphene flakes, ensuring that process consistency is 
maintained.

General guidance on test procedures are described in 
the following documents:

a)  requirements for testing laboratories (BS EN ISO/IEC 
17025);

b)  procedures for sampling (BS ISO 11648-2);

c)  guidance on physico-chemical characterization of 
nanoscale materials (PD ISO/TR 13014); and

d)  characterization of the structure of graphene [4].

4.2 Particle thickness (A1)

Information on specified particle thickness ranges, 
represented as a particle thickness distribution, should 
be provided. 

The thickness of graphene flakes should be measured 
and expressed in terms of the number of atomic carbon 
layers or the dimensional thickness [6]. Measurement 
techniques available are as follows:

a)  dimensional thickness: atomic force microscopy 
(AFM); and

b)  number of atomic carbon layers: Raman 
spectroscopy; transmission electron microscopy 
(TEM).

For samples comprising a mixture of different particle 
thicknesses, the thickness range and approximate 
fraction percentage (i.e. particle size distribution) 
should be stated. A supplier might, for example, 
present three graphene flake thickness ranges such as: 

1)  <10 layers; 

2)  10–100 layers; and 

3)  >100 layers, 

and present the percentage content of each thickness 
range. 

Alternative examples of data ranges for two 
hypothetical batches are shown in Table 2.

Table 2 – Example of presentation format for 
thickness data for two hypothetical batches 
of graphene flakes

Particle 
thickness 
(layers)

BATCH A 
Approx. %

BATCH B 
Approx.%

1–3 95 —

4–10 2 15

10–100 3 55

> 100 — 30

NOTE See also, Rapid Measurement of Nanoparticle 
Thickness Profiles [6]; Accurate thickness measurement 
of graphene [7]; BS ISO 18115-2:2013, 5.15.4; ISO 10934-
2:2007, 2.36; and PD ISO/TR 80004-13.

4.3 Lateral size (A2) 

The lateral dimensions (x-y) of graphene flakes 
can be measured directly using techniques such as 
TEM, scanning electron microscopy (SEM) and AFM. 
Information can also be obtained or inferred from 
techniques such as laser diffraction and Raman 
spectroscopy.
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It is assumed that the orthogonal lateral dimensions, 
x and y, are, on average, similar. If the graphene 
flakes have a distinctive shape, such as elongated in 
one axis, the manufacturer might wish to provide 
specific information to inform the purchaser of this 
morphological feature. 

An example presentation format for flake size data is 
shown in Table 3.

Table 3 – Example of presentation format for 
flake size data for two hypothetical batches 
of graphene flakes 

Average lateral 
dimension 

range (microns)

BATCH A 
Approx. %

BATCH B 
Approx. %

<0.1 2 —

0.1–1.0 8 —

2–100 50 15

100–1 000 40 55

>1 000 — 30

The lateral (x-y) dimensions of graphene flakes should 
be measured in micrometres, more commonly known 
as microns (μm). Possible measurement techniques are 
listed in Table 4. 

General guidance on measurement by image analysis is 
given in BS ISO 13322-1.

Table 4 – Techniques available for  
measurement of graphene flake size 

Parameter Measurement options

Particle lateral 
dimension

TEM, AFM, SEM

NOTE See also BS ISO 13322-1.

4.4 Specific surface area (A3)

The specific surface area (m²/g) of dry graphene flakes 
can be determined using the Brunauer, Emmett and 
Teller (BET) method. 

The BET technique measures the physical adsorption of 
a gas on the powder surfaces by calculating the amount 
of adsorbed gas corresponding to a monomolecular 
layer on the surface. 

Physical adsorption results from relatively weak 
forces (van der Waals forces) between the adsorbate 
gas molecules and the adsorbent surface area of 
the test powder. The specific surface area (m²/g) 
measurement is usually carried out at the temperature 
of liquid nitrogen, and the amount of gas adsorbed 
can be measured by a volumetric or continuous flow 
procedure. 

NOTE The BET experimental procedure is detailed 
in BS ISO 9277, BS EN ISO 18757 and European 
Pharmacopoeia 9.0 [8].

4.5 Chemical analysis (A4)

The purity of a sample of graphene flakes depends 
upon a number of factors including, for example, the 
source of graphite or precursor, the processing route, 
and any post-processing treatment. Commonly used 
measurement techniques are given in Table 5. However, 
other techniques might be available.

The measurement of oxygen content can be 
determined using X-ray photoelectron spectroscopy 
(XPS) as defined in PD ISO/TR 14187. The technique 
of thermogravimetric analysis (TGA) can be used to 
analyse oxygen content in combination with other 
techniques such as XPS, and is referred to in DD ISO/TS 
11308. 

A measurement of either or both ash content (after 
thermal degradation) and/or carbon content should be 
provided as an indication of sample purity. 

Measurement of trace elements can be determined 
using XPS, as defined in BS ISO 16531, or using other 
elemental analysis techniques.

Data on the chemical composition comprising oxygen, 
ash, carbon and trace elements should be provided 
either as grams/kilogram (g/kg) or as a weight 
percentage (wt. %). 
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Table 5 – Techniques available for  
measurement of oxygen/ash/carbon  
content and trace elements

Parameter Measurement options

Oxygen content XPS

Ash content TGA

Carbon content TGA

Trace elements XPS

NOTE See also, PD ISO/TR 14187; BS ISO 16531; DD ISO/
TS 11308.

4.6 Moisture content (A5)

Moisture content should be measured and expressed as 
g/kg or as a percentage by weight (wt.%).

Methods for determining moisture content include TGA 
and differential scanning calorimetry (DSC).

NOTE See DD ISO/TS 11308. 

4.7 Bulk density (A6)

The free-standing bulk density (i.e. not tapped)  
should be measured and expressed as grams per 
millilitre (g/mL). 

NOTE See BS EN ISO 23145-2. 

4.8 Level of disorder (defect 
concentration) (A7)

The defect concentration of graphene flakes could 
be of importance in certain applications (e.g. if the 
material is to be used for additional processing such 
as for production of functional or hybrid materials). 
As this information is highly specific, it is optional for 
manufacturers to provide. Possible information which 
might be provided includes: 

a)  crystal defect density (e.g. vacancies); 

b)  density of broken bonds and bonding sites; and 

c)  platelet topology and/or folding.

Measurement of defect types and density requires 
specialist techniques such as tip-enhanced Raman 
spectroscopy (TERS), surface enhanced Raman 
spectroscopy (SERS), AFM and TEM. Further guidance 
can be found in BS ISO 15932 and PD ISO TR 80004-13.

4.9 Sheet resistance (A8)

Measurement of the sheet resistance of a sample of 
graphene flakes produced as a thin film is a useful 
guide for end-users interested in exploiting the high  
in-plane electrical conductivity properties of graphene. 

Sheet resistance can be measured using the four-point 
probe method, which is described in ASTM F390-11. 
The sheet resistance should be expressed in units of 
Ohm per square (Ω/sq.), and information on the sample 
preparation and test method should be provided.
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5 Supporting information

5.1 Dispersions (S1)

Graphene flakes can be supplied as a dispersion in a liquid.

Guidelines on the characterization of dispersion 
stability are available in PD ISO/TR 13097.

The following information should be provided: 

a)  type of dispersion (medium/solvent); 

b)  concentration of graphene flakes (in g/L); 

c)  an indication of whether a surfactant is used; and

d)  dispersion stability.

5.2 Manufacturing route (S2)

Generic information on the precursor material and the 
manufacturing route should be provided.

Examples of generic precursor material types are given 
in Figure 2. 

Two commonly used manufacturing routes are 
exfoliation and chemical conversion. 

a)  A variety of graphite exfoliation procedures exist, 
which might comprise a chemical and/or mechanical 
process (e.g. sonication), including:

1)  mechanical exfoliation in air or liquid;

2)  chemical exfoliation; 

3)  electrochemical exfoliation; 

4)  thermal methods; and

5)  some combination of the above.

NOTE Graphite is a naturally occurring mineral, 
mined from natural deposits around the world. 
Mined graphite has variations dependent on the 
source, such as morphological variations and trace 
elements. The three main types of mined graphite 
are lump, crystalline and amorphous. The source 
graphite crystallinity and purity might influence the 
graphene flakes produced.

b)  Chemical conversion processes include reduction of 
solid precursors and conversion of hydrocarbon gas 
or liquid precursor. 

5.3 Secondary processing (S3)

Information on any secondary processing should be 
provided by the manufacturer or supplier. Where  
post-processing treatments are applied with the 
objective of attaching chemical species to the  
graphene flakes, these species or functional groups 
should be stated.

Information on basic processing steps, such as washing, 
filtering and drying, need not be stated.

5.4 Packaging, storage and handling (S4)

Manufacturers and suppliers should utilize packaging 
which ensures no degradation of the properties of 
graphene flakes over the duration of the indicated 
shelf-life. For example, it might be necessary to 
employ inert gas for dry particles, and light-excluding 
packaging for dispersions, in order to ensure an 
adequate shelf-life. Accelerated testing techniques can 
be used to characterize shelf-life.

Storage parameters should be supplied as follows:

a)  storage conditions – temperature and humidity 
range (before and after opening);

b)  shelf-life (unopened); and

c)  shelf-life (opened).

For dispersions, where dispersion stability might alter 
with time, the manufacturer or supplier should provide 
information on recommended storage conditions (i.e. 
temperature range, light exposure and shelf-life). 

NOTE 1 For further information, see PD ISO/TR 13097.

Recommendations for good practice in handling 
and disposing of dry graphene flakes and liquid 
dispersions should be provided by the manufacturer or 
supplier (see PD ISO/TS 12901-1). For guidance on the 
preparation of a materials safety data sheet (MSDS), see 
PD ISO/TR 13329.

NOTE 2 The shelf-life is the storage time under 
the recommended storage conditions before any 
degradation or alteration in properties occurs. It is 
influenced by the packaging materials and packaging 
environment, and the stability of the product. See also PD 
ISO/TR 13097, PD ISO/TS 12901-1 and PD ISO/TR 13329.

5.5 Traceability (S5)

Each batch of material should be labelled with a unique 
identifier, including the date of manufacture, in order 
to facilitate traceability within the supply chain.

NOTE See also BS EN ISO 9001.  

5.6 Sampling strategy (S6)

General information on the sampling strategy should 
be provided.

NOTE For further information, see BS ISO 11648-2.
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