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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards
bodies (ISO member bodies). The work of preparing International Standards is normally carried out through
ISO technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the
International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types of
ISO deeumentsdocument should be noted. This document was drafted in accordance with the editorial rules
of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attentionis-drawnlISO draws attention to the possibility that seme-of-the elementsimplementation of this
document may beinvolve the subjeetuse of (a) patent(s). ISO takes no position concerning the evidence

validity or applicability of any claimed patent rights_in respect thereof. As of the date of publication of this

document, ISO had not received notice of (a) patent(s) which may be required to implement this document.
However, implementers are cautioned that this may not represent the latest information, which may be

obtained from the patent database available at www.iso.org/patents—ISO-sheuld. ISO shall not be held
respon51ble for 1dent1fy1ng any or all such patent rlghts—Dewls—ef—aﬂy—pa!eth—nglwée%kﬁeé—é-&Fmg—the

Any trade name used in this document is information given for the convenience of users and does not
constitute an endorsement.

For an explanation of the voluntary nature of standards, the meaning of ISO specific terms and expressions
related to conformity assessment, as well as information about ISO's adherence to the World Trade

Organization (WTO) principles in the Technical Barriers to Trade (TBT), see www.so.org/i - "[Field Code Changed

seiso/foreword.html.
This document was prepared by Technical Committee ISO/TC 229 Nanotechnologies.

Any feedback or questions on this document should be directed to the user’s national standards body. A
complete listing of these bodies can be found at www.iso.org/members.html.
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Introduction

This document aims to provide commercial graphene producers and users with a standardized approach to
classifying graphene-related 2D materials. It outlines a transparent methodology for categorizing these
materials in any form, regardless of production methods or source materials. This approach facilitates
accurate and straightforward comparisons between materials from different suppliers. Additionally, the
document serves as a foundation for material specification data sheets, proposing a minimum set of relevant
data that can be consistently used by producers, users, and regulators. Material characteristics deemed most
critical for commercial applications—such as layer count, thickness, lateral flake size, disorder level, and
specific surface area—can be identified using standard testing methods and documented in these data sheets.

The framework is primarily intended to support the creation and use of technical data sheets for specific forms
of graphene-related 2D materials. It is not designed to prescribe production procedures or quality control
testing processes, although some of the described test methods can serve as supporting techniques for those
purposes.

Establishing a systematic classification framework for graphene-related 2D materials is essential for several
key reasons. First, it ensures consistent and reliable regulation and registration processes, fostering
transparency and trust in the market for both producers and users. Second, it enables a thorough
understanding and quantification of material properties, forms, and contaminants. Finally, the adoption of
universal standardized testing methods is critical for enabling easy, quantitative comparisons of data
generated by different laboratories and users globally. This systematic approach will significantly advance the
responsible development and use of graphene-related 2D materials.

Itis also important to note that certain test methods are possibly not suitable for all forms of graphene-related
2D materials. When employing standardized testing methods, it is beneficial to provide multiple measurement
techniques for evaluating different properties. However, these methods saycan yield varying results for thb
same sample due to differences in how each technique assesses specific aspects of the material.

NoterNOTE This document is derived from Reference [25{24}-] use of which has been licensed to ISO by th|
Graphene Council (https://www.thegraphenecouncil.org).
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ISO/DTS-9651 -Nanotechnologies— — Classification framework fo
graphene--related 2D materials

1 Scope

This document specifies the characteristics and their respective measurement methods of graphene-related
2D materials in sheet and particle forms for commercial applications with the aim of classification of the
materials. The classification framework consists of the following elements:

a) relevant material characteristics for commercial use;

b) identification of applicable measurement methods;

c) arange of the characteristic measured values when applicable;

d) syntax to guide consistent naming and descriptions;

e) anapplicable technical data sheet template.

2 Normative references

There are no normative references in this document.

3 Terms and definitions
For the purposes of this document, the following terms and definitions apply:
ISO and IEC maintain terminology databases for use in standardization at the following addresses:

— SO Online browsing platform: available at https://www.iso.org/obp

— IEC Electropedia: available at https://www.electropedia.org/

31

graphene-related 2D material

GR2M

DEPRECATED: graphene-based material, graphene-material

carbon-based two-dimensional material {3-1-1-13}-consisting of one to 10 layers-{3-1-1.8},, including graphen
{3121}, graphene oxide{3-1:2:15};, reduced graphene oxide{3-1-2-16};, and functionalized variations thereqgf

Note 1 to entry: This includes bilayer graphene-{3-1-2.73};, trilayer graphene {3-1.2.16}-and few-layer graphene

Note 2 to entry: The terms graphene-based material and graphene-material are deprecated here. They have been used
to describe materials other than graphene, such as graphene oxide.

Note 3 to entry: "Graphene-related 2D material" is defined in contrast with graphene-based {3-11.-20}-and GRZM—basejL

[SOURCE: ISO/TS 80004-13, 3.1.1.2]
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3.2
sheet
2D material typically situated upon a substrate, with extended lateral dimensions at the micro to macroscale

[SOURCE: ISO/TS 80004-13, 3.1.1.4]

3.3

flake

distinct particle of planar morphology, consisting of 1 or more layers, with a nanoscale thickness that is
significantly less than its lateral dimensions.

[SOURCE: ISO/TS 80004-13, 3.1.1.3]

3.4
particle
minute piece of matter with defined physical boundaries

Note 1 to entry: A physical boundary can also be described as an interface.
Note 2 to entry: This general particle definition applies to nano-objects.
[SOURCE: ISO 80004-1, 3.1.1]

3.5
coating
adherent surface layer

Note 1 to entry: A coating can consist of multiple layers.

Note 2 to entry: A coating is always attached to a substrate

[SOURCE: ISO 4618:2023, 2.244]

3.6

film

supported or unsupported thin material that is laterally continuously connected

Note 1 to entry: The attribute “thin” is used to emphasize that the thickness of the film is much smaller than the other
two dimensions.

Note 2 to entry: A film can be freestanding.

Note 3 to entry: A film can be made of solids or liquids (e.g. liquid film).

Note 4 to entry: A film can be composed of a monomolecular layer (e.g. Langmuir-Blodgett film).
[SOURCE: ISO/TS 80004-1, 3.1.1]

3.7
functionalization
process that intentionally alters the surface chemical properties through a distinct chemical

Note 1 to entry: functionalized material should then be referred to as "functionalized X", where X refers to the material
such as graphene, graphene nanoplatelet, etc.

[SOURCE: ISO/TS 80004-13, 3.1.1.17]

© IS0 2025 - All rights reserved
2


https://standards.iteh.ai/catalog/standards/iso/3454f509-c68f-4623-82d2-681af1b6d61d/iso-dts-9651

I1SO/DTS 9651:(en)

3.8
lateral size
<2D material> lateral dimensions of a 2D material flake

Note 1 to entry: If the flake is approximately circular, then this is typically measured using an equivalent circulalr
diameter or if not via x, y measurements along and perpendicular to the longest side.

[SOURCE: ISO/TS 80004--13:2024, 3.4.1.15] ‘

3.9

orientation
direction of crystal which is represented by crystal index

Note 1 to entry: During TEM imaging, it is often useful to have a crystalline specimen aligned such that a specific (low
index) zone axis is parallel, or nearly parallel, to the beam direction optical axis{3-223}-.

[SOURCE: ISO 29301:2023, 3.52023en,3.51]

3.10

3-10-level of disorder |
<GR2M, Raman spectroscopy> quantification of the disorder present in a GR2M given by the ratio of the
Raman D peak and G peak intensities as measured by Raman spectroscopy, representing a combination of the
amount, size and type of defects

Note 1 to entry: This can be method dependent where different instrument configurations can give different results.
Note 2 to entry: The peak intensities can be measured using area or height depending on which is most relevant.

[SOURCE: ISO 80004-13, 3.4.1.10]

4 Sheet-form graphene-related 2D materials
4.1 General
4.1.1 Production method

The GR2M producer should report the production method in general terms without disclosing confidential
information. This is a "self-reported and labelled” item for which there is no independent testing. Examples
include chemical vapor deposition (CVD), spin coating, spin on layer, etc.

4.1.2 Source material

The GR2M producer should report the source material used in production, without disclosing confidential
information. Examples include, from methane, acetylene, etc. Therefore, the test method is "self-reported and
labelled”.

4.1.3 Material form and substrate

The form of GR2M should be assessed by visual observation. The form of material defined in this section is
categorized as sheets. The producer may specify whether the material provided is on a substrate.

The transfer process used, if any, from the production substrate to the substrate delivered to the customer
should be categorized. Examples include chemical etching, oxidative decoupling, electrochemical
delamination, direct growth, etc.

© IS0 2025 - All rights reserved
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This is a self-reported value from the producer.

This section should also describe the substrate material (copper, silicon, nickel, PET, etc.) Example: monolayer
graphene film on a silicon wafer.

4.2 Characteristics and measurement methods
4.21 Sheet size
4.2.1.1 Definition

The dimensions of the sheet are measured from edge to edge along the Xx and ¥y axes to determine the length
and width. {Nete:—materialsMaterials are typically reported as a quadrangle but maycan be circular or
irregular in shape:}. The applicable standard is ISO/TS 21356-2.1108¢%]

4.2.1.2 Measurement methods

Measurement methods include optical microscopy, scanning electron microscopy (SEM), atomic force
microscopy (AFM) and Raman spectroscopy; however optical microscopy is the recommended method, when
measuring GRZM.

4.2.1.3 Measurement results

The measurement results shall be expressed as the average or distribution of sheet sizes, as required. The
units of the results shall be cm, mm, um, or nm. If the flake is approximately circular then this is typically
measured using an equivalent circular diameter or if not via X, y measurements along and perpendicular to
the longest side. The oxide thickness is crucial for optical contrast.

4.2.2 Covered area
4.2.2.1 Definition

The substrate's coverage in lateral dimensions is expressed as the percent of the area covered by a single layer,
the percent of the area covered by a multi-layer (including the number of layers), and the percent of the area
comprised of defect.

4.2.2.2 Measurement methods

The determination of the sample containing graphene or graphitic material, that is bilayer graphene, FLG,
GNPs or graphite, is done using Raman spectroscopy. Other measurement methods include optical
microscopy, seanning-electron-micrescopy{SEMY, and atemieforee-mierescopytAFMy}. For powder samples,
disperse them in a solvent concentration of approximately 0-,1 mg/ml. If the sample is already in dispersion,
dilute it to approximately 0-,1 mg/ml using the same solvent or mixture. To decide which methods to use, refer
to the applicable standards ISO/TS 21356-1191%1 and ISO/TS 21356-2L100%],

4.2.2.3 Measurement results

The measurements results shall be expressed as the required average or distribution of sheet sizes, and the
size of the sample used for testing must also be reported. The measurement results shall be expressed as a
percentage. To confirm the presence of graphene or graphite, a sharp {<[< 30 cm-1 full width at half maximum
(FWHM3})] G-peak at ~1 580 cm-1 and a 2D-peak at ~2 700 cm-1 should be consistently observed in the
Raman spectra.

NOTE +Expected values for commercial-grade material are usually more than 95 % monolayer coverage (i.e., 5 % or
less defective or multilayer material). Similar values are usually expected for materials intentionally produced as bilayer
or trilayer films.

© IS0 2025 - All rights reserved
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4.2.3 Surface residue
4.2.3.1 Definition

Surface residue is defined as any particles or substances that are observed on the surface of the graphene that
are not intentionally placed or desired and are possibly the result of a transfer or other processing step. It can
also be considered as a contaminant. The amount of surface residue present on the material should be
expressed as a percent of the total area that is covered by residue.

4.2.3.2 Measurement methods

Measurement methods are optical microscopy and Raman spectroscopy. For powder samples, disperse them
in a solvent concentration of approximately 0-,1 mg/ml. If the sample is already in dispersion, dilute it t
approximately 0,1 mg/ml using the same solvent or mixture. A thin layer of powder is required for this rapi
Raman spectroscopy analysis step. If a powder has been provided, this should be analyzed with a significant
amount of the sample secured on adhesive tape such that only the flakes rather than the substrate are
analyzed. The applicable standards are ISO/TS 21356-1191% and ISO/TS 21356-2L1001],

4.2.3.3 Measurement results

The values expected are <5 % of the area covered with residue. The percentage of the area covered by residue
should be reported.

4.2.4  Flake grain size

4.2.4.1 Definition

The flake grain size refers to the size of domains with the same crystallographic orientation. This
measurement is typically determined through microscopic analysis.

4.2.4.2 Measurement methods

Measurement methods are atemicforee-mieroseopy{AFM3, scanning tunnelling microscopy (STM), opticdl
microscopy, seanning—eleetron—mierescopy—{SEM};, and transmission electron microscopy (TEM). Th
applicable standard is ISO/TS 21356-1[991,

4.2.4.3 Measurement results

Values should be reported with values at the nm or pm scale.

NOTE +Expected values range widely (from 100 nm to 100 um) and are highly dependent on the intendeh
application. Values of >50 micron are expected.

4.2.5 Ap/Ac peakratio

4.2.5.1 Definition

The ratio of the integrated area of the D peak to the integrated area of the G peak in Raman spectroscopy can
be a metric to assess the degree of disorder or defects in carbon-based materials. A larger Ap/A¢ peak ratio
can indicate a higher degree of disorder. In comparison, a lower ratio suggests a more ordered structure.

4.2.5.2 Measurement methods

The measurement method is Raman spectroscopy.
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