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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
non-goverhmental, 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.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.
The main ftask of technical committees is to prepare International Standards. Draft International Standards
adopted the technical committees are circulated to the member bodies for voting. Publication as|an
International Standard requires approval by at least 75% of the member bodies casting‘a vote.

rcumstances, particularly when there is an urgent market requirement for such documents|, a
mmittee may decide to publish other types of normative document:

In other
technical

— an ISO Publicly Available Specification (ISO/PAS) represents an agreement between technical experts in
an ISQ working group and is accepted for publication if it is approved by more than 50% of the membkrs
of the |parent committee casting a vote;

— an ISO Technical Specification (ISO/TS) represents an agréement between the members of a technical
ttee and is accepted for publication if it is approved by 2/3 of the members of the committee casiing

An ISO/PAS or ISO/TS is reviewed after three years in order to decide whether it will be confirmed for a
e years, revised to become an International Standard, or withdrawn. If the ISO/PAS or ISO/T$ is
confirmed,| it is reviewed again after a further three years, at which time it must either be transformed into[an
International Standard or be withdrawn.

Attention i$ drawn to the possibility that some of the elements of this document may be the subject of patent
rights. ISO| shall not be held responsgible’for identifying any or all such patent rights.

ISO/TS 10798 was prepared byTechnical Committee ISO/TC 229, Nanotechnologies.

iv © 1SO 2011 — All rights reserved
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Introduction

Single-wall carbon nanotubes (SWCNTs) are made from a unique form of carbon that has desirable
mechanical, thermal and electronic properties. They are composed of carbon atoms arrayed in a hexagonal
network in the shape of a hollow tube. SWCNT diameters are in the order of 0,5 nm to 3 nm, while SWCNT
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aths can range from less than one um into the millimetre range
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5sible applications for SWCNTs range from composite reinforcing materials, drug delivery sy
ctronic devices, to mention a few. SWCNTs can be grown in situ as part of ‘an’ elg
ctromechanical device, or produced in bulk through electric arc, laser or chemical+apour
thods. Details on the structure and manufacturing methods for SWCNTs canbe found

raturel121018],

b production of SWCNTSs is driven by a catalyst-based growth mechanism;\with metallic nanog
catalyst material. These nanoparticles can be found in the raw, as praduced SWCNT materig
terial can also contain other impurities in the form of inorganic oxides) along with different n

ch

puftification process. Some of the purification methods include) oxidation by acid reflux(17],
oxidationl'4], microfiltration['], and column chromatographyt®l. However, depending on the
mgthod, the SWCNTs can be shortened in length, functionalized with acid groups, bundled (many
adhered together), or damaged (defects in the wall structure that can affect the properties of the ma

High resolution scanning electron microscopy is an extremely useful technique for characterizing bg
purified SWCNT materials. The high resolution¢scanning electron microscope (HRSEM) is usg
differentiate features that are consistent with high-aspect ratio carbon nanotubes from other non-f]
catbon impurities. SEM-based energy dispersive X-ray spectrometry (EDX) analysis is also used

the

ictures such as fullerenes, nanocrystalline carbon and amorphous carbon. Solvents, acids
mical agents are used to purify the raw SWCNT materials. Impurities are reduced or removed

elemental composition of catalysts andlother inorganic impurities in the material.
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TECHNICAL SPECIFICATION

ISO/TS 10798:2011(E)

Nanotechnologies — Characterization of single-wall carbon
nanotubes using scanning electron microscopy and energy
dispersive X-ray spectrometry analysis
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3.1

Scope

mental composition of, catalysts and other inorganic impurities in raw and purified single-w
notube (SWCNT) powders and films, using scanning electron microscopy ‘@nd energy disper

b methods described here for SWCNTs can also be applied to the analysis of multiwall carbon
VCNTSs).

Normative references

b following referenced documents are indispensablée; for the application of this document.
brences, only the edition cited applies. For undated references, the latest edition of the
cument (including any amendments) applies.

D 22493:2008, Microbeam analysis — Scanning electron microscopy — Vocabulary

D/TS 80004-3, Nanotechnologies — . Macabulary — Part 3: Carbon nano-objects

Terms and definitions

the purposes of thisdecument, the terms and definitions given in ISO 22493:2008 and ISO/T|
i the following applyt

Terms related to scanning electron microscope

341

2

scanning electron microscope

1

s Technical Specification establishes methods to characterize the morpholegy, and to igentify the

all carbon
sive X-ray

nanotubes

For dated
referenced

S 80004-3

bd electron

insfrument that produces magnified images of a specimen by scanning its surface with a well-focusg
beam
NOTE 1 See Reference [16] for details of the instrumentation, the SEM process and the different types of S

NO

EMs.

TE2 A conventional SEM utilizes an electron source filament either made from W or LaBg materials that are heated
to produce a source of electrons by thermionic emission. The electron beam probe sizes (d,) are between 3 nm and 4 nm,
which is not sufficient to resolve individual SWCNTs. The range of useful analysis is generally under x100 000
magpnification and can be considerably less in non-conducting materials. Conventional SEMs typically operate at high
accelerating voltages (5 kV to 30 kV) and often require the samples to be coated. These SEMs can be used for EDX
analysis.

© 1SO 2011 — All rights reserved
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NOTE 3 A field emission scanning electron microscope (FESEM) has an extremely fine cathode tip that generates a
smaller diameter probe size compared to a conventional SEM, even at very low accelerating voltages (0,5 kV to 5 kV). In
FESEMs, electron beam probe sizes can be 1 nm or less, expanding the useful magnification range an order of magnitude
higher. Non-conducting materials can be imaged without applying a conductive coating through the use of low accelerating
voltages. An FESEM is sometimes referred to as a high resolution SEM (HRSEM). This can also be used for EDX analysis
and offers better spatial resolution when low accelerating voltages are used.

NOTE 4  Variable pressure SEM (VPSEM) is another type of SEM where the pressure around the specimen can be
controlled from a few Pa to hundreds of Pa, to eliminate surface charging and to minimize surface damage to the
specimen. Although currently outside the scope of this specification, this method is included here to provide the basis for
possible future VPSEM characterlzatlon of SWCNTs that mlght be present in biological tissue or in a fluid enwronment In
this case, EDX ana ! 1a alysis
are contamipated by spurious contrlbutlons from all over the spemmen stub.

3.2 Terims related to electron probe microanalysis

3.21
acceleratipg voltage
potential djfference applied between the filament and the anode to accelerate the electtons emitted from the
source

[1ISO 23838:2006, definition 4.1]

3.2.2
analysis depth
maximum |depth from which a defined fraction (e.g. 95% of the total) of the X-rays are emitted from the
interaction|volume after absorption

[ISO 23838:2006, definition 4.7.1.2]

3.23
analysis volume
volume frdm which a defined fraction (e.g. 95% ofxthe total) of the X-rays are emitted after generation and
absorption

[1ISO 23838:2006, definition 4.7.1.3]

3.24
BE
backscattered electron

electron ejected through the entrance surface of a sample by a backscattering process

NOTE 1 By convention,an_electron ejected with an energy greater than 50 eV may be considered as a backscattered
electron.

NOTE 2  |Adapted.from ISO 23833:2006.

3.25
BEI
backscattered electron image

scanning electron beam image in which a signal is derived from a dedicated backscattered electron detector
(e.g. passive scintillator, solid-state diode, channel plate or negatively-biased Everhart-Thornley detector)

[1ISO 23833:2006, definition 3.4.2]

3.2.6

coating artefact

undesirable modification of the sample structure and/or X-ray spectrum arising from the characteristics of the
coating material and which may interfere with the interpretation of the true sample details

NOTE Adapted from 1ISO 23833:2006.

2 © 1S0O 2011 — All rights reserved
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3.2.7

EDS

energy dispersive X-ray spectrometer

device for determining X-ray intensity as a function of the energy of the radiation

[ISO 23833:2006, definition 3.6.4]

3.2.8
EDX

build up a

teghnique of spatially-resolved elemental analysis based upon electron-excited” X-ray spectrometry with a
foqused electron probe and an electron interaction volume with micrometer to sub-micrometer dimensions

[ISP 23833:2006, definition 2.1]

pojnt analysis
analysis obtained when the electron probe is placed at a single location and held there for the duration of the
spectrometric measurement

[ISP 23833:2006, definition 3.4.10]

electron of a sample emitted as a resultof inelastic scattering of the primary beam electron by loogsely bound
valence-level electrons of the sample

NQTE 1 Secondary electrons have conventionally energies less than 50 eV.

NQTE 2  Adapted from 1S©,23833:2006.

scanning elecifon beam image in which the signal is derived from a detector that selectively| measures
se¢ondary-electrons (electrons having less than 50 eV) and is not directly sensitive to backscattered electrons

[1SP023833:2006, definition 3.4.11]

3.3 Terms related to sampling

3.3.1

field sample

sample taken from the production lot or from the material that needs to be characterized

NOTE Adapted from CEN/TS 15443:2006.

© 1SO 2011 — All rights reserved 3
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3.3.2
laboratory sample

sub-sample of a field sample having undergone certain sample preparation steps (e.g. drying, etc.) in a

laboratory
NOTE Adapted from CEN/TS 15443:2006.

3.3.3
analysis sample

sub-sample of a laboratory sample having a nominal size of a few millimetres, or a mass of tens of milligrams,

used for a pumber of chemical and physical analyses

NOTE Adapted from CEN/TS 15443:2006.

3.34
test portign
sub-samplge of an analysis sample consisting of the quantity of material required for a single execution g
test methop

NOTE Adapted from CEN/TS 15443:2006.
3.3.5
test area
specific x-y area location on the test portion defined by the SEM magnification setting
NOTE Adapted from CEN/TS 15443:2006.

3.3.6
sub-sample

portion of & sample

NOTE Adapted from CEN/TS 15443:2006.

4 General principles

analysis

the range ¢f less than 1 nm.t0’about 3 nm. Lengths are extremely variable and sometimes can be greater tf
10 um. Digmeters in the’nm range result in very high attractive forces between the particles, while extrem
long nanofubes can_‘easily become entangled. As a result, carbon nanotubes are typically observed
“bundles” ¢r “ropes™ where large numbers of individual nanotubes are clustered together. The dimensions
the bundlep are considerably larger than individual tubes.

f a

the
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an
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42 ED

EDX analysis is used here to determine the elemental composition of non-carbonaceous impurities in C

NT

samples. All state-of-the-art SEM/EDX systems can detect carbon and have good sensitivities to other
impurities in the material, such as residual catalysts, surfactants, and acid functionalized products. Advanced
software routines are available from suppliers to calculate semi-quantitative data from acquired X-ray spectra

without the use of standard materials.

4.3 Applicability to MWCNT analysis

MWCNTs are composed of nested, concentric or near concentric graphene sheets with interlayer distances
similar to those of graphite. They have considerably larger outer diameters due to the increased number of

4 © 1S0O 2011 — All rights reserved
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graphene layers in the wall structure. The number of walls range from two or three (double-wall and triple-wall,
respectively) to n walls. These structures can easily have outer diameters in the 10 nm to 15 nm range, which
is considerably larger than the minimum probe size of HRSEMs (typically about 1 nm). The dispersion and
sample preparation methods are also similar to those used for SWCNTSs. Therefore, all the methods described
for the SEM/EDX characterization of SWCNTSs also apply to the analysis of MWCNTSs.

NOTE 1 The interlayer distance in MWCNTSs is = 0,335 nm, which is close to the distance between graphene layers in
graphite. Therefore, the outer diameter (D, expressed in nanometres) of a MWCNT is:

Dy=D;+2(n-1)x

where:

D.

i is the inner diameter, expressed in nanometres;

n is the number of walls;

x is the interlayer distance, expressed in nanometres.

NQTE 2  Additional information on MWCNT characterization can be found in Reference [3].

4.4 Other supportive analytical methods

There are a number of other analytical techniques that are requireéd to determine the precise wall structure,
delect level, carbon type, diameter distribution, and quantity of impurity levels in carbon nanotubg materials.
Examples of some of these other analytical techniques that\are commonly used to support the| SEM/EDX
analysis of SWCNTSs are presented in C.3.

5 | Sample preparation methods

5.1 Precautions and safety concerns

It is recommended that only trained scjentific personnel handle carbon nanotube materials. Samples should
be[prepared using appropriate safety procedures for the handling of carbon nanotubes and othgr forms of
nanoparticles. Personal protective. equipment (PPE) should be used, including disposable gloyes, safety
glasses, laboratory coats, filter respirators, etc. Sample preparations should be carried out in a vented fume
hopd equipped with suitable\air filters to avoid inhalation of any CNT dust.

Evaporative or sputter.coating of the samples should be avoided when performing high resolution [imaging of
SWCNTSs.

NQTE Sputter coating can create artefacts which obscure details of the images at high magnifications and are likely
to be confuséd with undesirable amorphous carbon coatings produced during the production process. An ekample of a
HRISEM coating artefact is shown in D.3.

5.2 “Preparing samples for SEM/EDX analysis

5.2.1 Sample preparation protocols
Reliability of the SEM/EDX measurements is supported by uniform sample handling and preparation methods.

Details of the sample preparation protocols for the realization of reproducible characterization of SWCNTs can
be found in Reference [13].

5.2.2 Sample selection

The sampling flow diagram in Figure A.1 shows a hierarchy of samples starting at the very large field sample
followed by the laboratory sub-sample. The analysis sample is much smaller with just enough material to

© 1SO 2011 — All rights reserved 5
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complete a number of chemical and physical laboratory tests. The procedures described here for sample

selection are limited to the test portion size which is typical for SEM/EDX analysis.

The schematic diagram shown in Figure A.2 represents a typical SEM sample stub, the size of which could
in the order of 10 mm to 25 mm in diameter. Three separate test portions of the same sample should
mounted on the same sample stub for analysis as shown. Alternatively, three separate sample stubs may
prepared. The selection of the test portion from the analysis sample shall be done in such a way as

be
be
be
to

completely randomize the sampling. This can be done by shaking the bottle to obtain a homogeneous mixture

prior to sampling, or by dispersing the sample in a solvent (see 5.3.3).

5.2.3 TypesofENTsamptes

The SEM gample preparation and attachment technique will depend upon the physical form of the material:
a) as-prdduced dry mats of carbon nanotubes sometimes referred to as “bucky paper”,

b) beads or soft agglomerated powder,

c) loose powder, or

d) wet powder, where the nanotubes are dispersed in a liquid.
5.3 SEN sample preparation/attachment techniques

5.3.1 Dopble-sided carbon tape method (dry method)
The follow|ng procedure may be used for SEM analysis of bucky-paper, beads, or agglomerated CNT powd
1) Altach a piece of double-sided carbon tape to ancSEM sample stub.

2) With a clean stainless steel micro spatulay tweezers, or similar tool, carefully place a small amo|
(g to ug quantity) of CNT powder sample; paper or film on the tape.

3) Ekcess material should be removed-by gently tapping the sample holder against a hard surface
by gently blowing with an air gunj.nitrogen jet, or aerosol duster in a vented fume hood.

4) Check to see that there is Visually enough material present on the stub for SEM analysis. If not, ap
nore.

NOTE 1 Care should be taken 'to obtain good adhesion of the sample to the tape in order to prevent the remova
CNTs into the SEM vacuum,system during evacuation.

NOTE 2 [Carbon tape ‘has the disadvantage of potentially drifting for as long as several hours after mounting, an
especially nptable at-high magnifications.

unt

or

ply

| of

il is

pon

NOTE 3 |Double-sided tape can produce C and O signals which could interfere with the EDX analysis of the car
nanotube s i i i
EDX data is required (for instance to identify the catalyst), then the carbon tape method might be sufficient.

NOTE 4  This method is also useful when the SWCNT sample has been grown on and is still attached to a substrate
material (such as a CNT “forest”).

5.3.2 Pressing powder into indium foil (dry method)

tive

The following procedure may be used for SEM analysis of beads, agglomerated, or dry CNT powder samples.

1) Attach a piece of indium foil to an SEM sample stub using double-sided carbon tape.

6 © 1SO 2011 — All rights reserved
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2) With a clean stainless steel micro spatula or similar tool, carefully place a small amount
quantity) of CNT powder on the indium foil.

3) With the flat side of the micro spatula, press the CNT material firmly into the indium foil

(mg to pg

to form an

adhered mat of pressed powder. Repeat the process in different areas of the foil until three or more

test portions are formed (see Figure A.2).

4) Remove any excess material by gently tapping the stub against a hard surface, or by gen
with an air gun, nitrogen jet, or aerosol duster in a vented fume hood.

more.

bquate pressure should be applied by the spatula to the mass of CNT powder to cause the powd

intg and stick to the indium foil. At the same time, a coherent mat of CNT powder should,form, whi

ad
left

NO

5.3

Th
liqu
m3

If B
in
Als

on the foil to minimize EDX signals from the indium substrate.

TE This method is preferred if the sample size is limited, or if the analysis for carbon is critical.

.3 Solvent dispersion on suitable substrates (wet method)

b following procedure should be used for wet CNT powder, or‘where nanotube powder is disf
id. A small piece of a polished silicon wafer is recommended\for the substrate. Other polished
v be used, such as clean copper or aluminium SEM stubs,

1) If the SWCNT material has not already been dispersed in the liquid, add a small amg
0,5 mg) of dry powder to 10 ml of isopropy! alcohol in a small vial.

2) Place the vial in a sonication bath for 5.min to 30 min or until a uniform appearance is ac
ice water bath may be used to minimize*thermal damage to the SWCNTSs.
clean silicon wafer or SEM stub.> Additional drops may be applied if a thicker coating is req

4) Allow the sample to air.dry. Place the dried sample in a clean vacuum oven set at abouy
15 min to remove all fesidual liquid.

5) Remove any excess material by gently tapping the substrate against a hard surface, o
blowing with @n.air gun, nitrogen jet, or aerosol duster in a vented fume hood.

6) Attach thesilicon wafer to the SEM stub with double-sided conducting carbon tape.

DX analysis is to be performed, the composition of the cleaned substrate should be determined
prder o ensure that it does not contain possible catalyst or contaminant elements in the SWCN

tly blowing

is— not, apply

er to press
Ch strongly

neres to the foil. After any excess material is removed, there should be enough carbon nanotulpe material

ersed in a
substrates

unt (about

hieved. An

3) Using a micro-pipette, place a.very small drop (about 0,5 ml) of the carbon nanotube dispgrsion on a

lired.

t 75 °C for

" by gently

n advance
T material.

du

ingthe EDX analysis.

0, more than one type of substrate or sampling method might be required to prevent elemental irrterference

The final thickness of the test portion of carbon nanotube material present on the sample stub should be
greater than 10 ym to avoid picking up signals from the substrate (see Annex B for additional information).

6

Measurement procedures

6.1 SEM analysis

A minimum of three test area locations shall be analyzed (e.g. test areas A1, A4 and A7 in Figure A.2), with
additional locations added as necessary (e.g. test areas A2, A5, A8, and if needed, A3, A6, A9 and A9; see
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Figure A.2). If possible, the analysis should be performed in an HRSEM using low accelerating voltages (1 kV
to 2 kV), low working distances (about 3 mm or less) and low beam currents (about 4 pA).

A minimum of six magnifications for the SEM analysis shall be acquired as shown in Table 1. Additional
images at other magnifications may be obtained as necessary to give the clearest indication of the CNT
structure. For each magnification, images shall be acquired in secondary electron image (SEI) and
backscattered electron image (BEI) acquisition modes (a total of 36 SEM images). The obtained images from
the three test areas shall be compared at the same magnification setting to address any potential uniformity
issues. If there is variation in the images, then additional test areas shall be recorded. The original
magnification, the accelerating voltage, and a calibrated scale marker shall be present on the recorded
images.

If the SWECNTs are partially or completely obscured by impurities such as a solid shell that encases the
carbon nanotubes, then cracks in the surface should be used to confirm the presence of SWCNTs.

The SEM Image magnification should be calibrated using a certified reference material (CRM); in accordance
with ISO 16700.

Table 1 — Recommended magnification settings for SEM and EDX\analysis

Recommended magnifications for SEM analysis Recommended magnification ranges for EDX analysjs
x 1000 x 200 to x 500
x 5000 x 1000 to x 5 000
x 10 000 x 30 000 to x 50 000
x 25 000
x 50 000
x 100 000

NOTE 1 | Very high resolutions and magnifications (> *500 000) are required for imaging very pure, dilute SWCNT [or
MWCNT spmples, SWCNT devices, or individual SWCNTSs.

NOTE 2 | The presence of impurities, charging.on drifting of the sample will reduce the usual magnifications.

NOTE 3 | When comparing images between different samples, it is good practice to select a series of magnificatipn
settings that demonstrate the features being identified. As the magnification is increased, the field of view becomes
smaller, which provides a more detailed examination of the SWCNT fine structure.

6.2 EDX analysis

For qualitative EDX@nalysis, the recommended accelerating voltage is either 15 kV or 20 kV (20 kV preferrgd).
The minimum sampl€ thickness should be in the order of 10 um. If possible, larger sample volumes should|be
used. Adjust beam currents and counting times to achieve EDX spectra with good signal-to-noise ratios ($ee
Annex B fgr@dditional information on EDX analysis).

The EDX analysis shall be performed over a suitable scanned area so that average compositions are obtained.
Point analysis may be used in order to determine if catalyst particles or elemental impurities are present. A
scan control unit with drift correction software is recommended to correct for sample drift during spectrum
acquisition.

One EDX scan shall be recorded for each of the three different magnification ranges specified in Table 1. The
exact magnification depends upon the dimensions of the test portions (length, width and thickness). The
number of EDX recordings will depend on the results of the initial three analyses (test areas A1, A4 and A7 in
Figure A.2).

If the preliminary EDX analysis shows significant differences in the relative intensities of the peaks in different
regions of the sample, each region should be examined in more detail, as described in 6.1.
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For semi-quantitative analysis, the results from the first three areas should be averaged. Calculate the
average (avg) and standard deviation (stdev). Report the data if the relative standard deviation (stdev/avg
in%) is less than 20%. If the variation is larger, analyze three more areas (A2, A5, A8); and if needed, three
additional areas (A3, A6, A9) to achieve the desired statistics. If the precision is still not sufficient, then the
magnifications, beam currents, and counting times should be adjusted until uniform values are achieved. If
uniform values still cannot be achieved, then only report qualitative results (elements detected).

EDX systems should be calibrated routinely using CRMs, with an uncertainty that is sufficiently small for
calibrating purposes.

NOIE 1 Guides to calibration include 1ISO 14595 ISO Guide 35 and ASTM E1508-98

NOTE 2  Because of the experimental parameters required for the SEM/EDX analysis, the spatial reselution|is generally
insyfficient to identify individual catalyst particles in CNT materials. Dedicated TEM/STEM instrumentatiop with EDX
capjability should be used for that purpose.

NQTE 3  The precise settings for the EDX analysis depends on the specific SEM/EDX microscope system used, the
elements to be analyzed and the expected accuracy of the elemental determination (see Annex B fof details on

recommended instrumental parameters).

7 | Data analysis and results interpretation

7.1 SEM results

Fof each of the six SEM magnifications acquired, insert into\the report three secondary electron images, and
three backscattered electron images using landscape orientation. Include any additional images gcquired as

ind

icated in 6.1. Examination of the SEM images should allow the direct observation of featurq

comsistent with the presence of high-aspect ratio carboh nanotube materials (within the resolution |

pa

ticular SEM being employed). Brighter contrasting particles in the backscattered images i

s that are
mits of the
Hentify the

prgsence of catalyst particles or other impurities-in the CNT material.

7.2 EDX results
Re
elg
reg
an
sta

List all the
ubstrate. If
s fractions
nd relative

port representative EDX scans from 0 keV to 10 keV from the three areas examined (see 6.2).
ments detected in addition toscarbon. Identify any signals present that might originate from the s
uired, include a summary.table of the semi-quantitative EDX analysis data identifying the mas
| atom percentage of the’/elements detected, along with the average, standard deviation, a
ndard deviation.

NO
syn

TE A case study on the use of SEM/EDX analysis in the characterization of SWCNTSs is given in Annex C on as-
thesized and purified SWCNT materials. Additional SEM images of SWCNT materials are given in Annex D|

8 | Measurement uncertainty

8.+—SEM-analysis
HRSEM images are used mainly to make qualitative comparisons of the morphology between different CNT
samples. This method cannot evaluate diameters of SWCNTs that are less than the minimum probe size of
the SEM being used for the analysis. Other characterization methods are required in order to study the
precise carbon nanotube wall structure. Also, HRSEM imaging cannot easily differentiate between carbon
nanofibres (i.e. filled tubes), SWCNTs, MWCNTSs, or very thin layers of amorphous carbon that may coat
individual tubes or bundles.

“Live” on-screen measurements should not be used to determine feature sizes in CNT samples. A scale
marker should be used to determine the dimension of features in the sample on recorded images. When
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available, image processing software that has been calibrated with features of similar dimensions should be
used. Uncertainties in magnification measurements are addressed in ISO 16700:2004.

8.2 EDX analysis

There are a number of factors that influence the uncertainty in EDX analysis. More detailed information on
EDX test conditions, counting statistics and statistical evaluation of data can be found elsewhere (see
Reference [16]. The following parameters are especially important for obtaining accurate and reproducible
EDX results:

Counfing statistics. ThiS IS a major uncertainty in EDX analysis. Vhile all modern software measy]
total cpunts per spectrum, the counts per peak in the region of interest is also critical (see Annex B).

Accerrating voltage. The accelerating voltage used for the analysis affects the analysis volume (de
of X-ray generation), the over voltage ratio (accelerating voltage/X-ray line voltage), and the-specific X-
line bging used (see Annex B).

Quantification issues. All modern EDX software manufacturers have advancedoutines to quantify
compgsition from acquired spectra. Critical issues that affect the quantification results are sam
geometry, uniformity of composition within the sampling depth, and the avgidance of substrate sign
(see Annex B).

Peak |resolution. The peak resolutions (FWHM) provided by most-EDS detectors are not sufficien
resolve certain overlapping of peaks that can contribute to ambiguities’in the results.

NOTE 1 Common peak overlaps that might be observed in EDX analysis’of CNT materials are: Na Ka /Zn La ; Al K
BrLa; SiKix/TaMa; PKa/Zr La /Pt Ma; S Ka /Mo La /Pb M« ; K Ka/in La . Additional factors affecting peak resolu
are addressed in 1ISO 22309:2006.

Contgmination. There will be carbon contamination“build-up on the sample under the electron bea
This can significantly affect the carbon results if carbon is included in the analysis.

Limit [of detection (LOD). The LOD for EDXanalysis depends upon the atomic number of the detec
elemeht, but is generally in the order of aymass fraction of 1 mg/gl’ll'é]. Other more sensitive analyt
technigues (e.g. ICP-AES) might be necessary to provide greater accuracy and full quantification
elemental compositions (mass fractions of 1 ug/g).

Peak [artefacts. These include background effects (Bremstrahlung radiation), escape, sum and sate
peaks|which might obscure detection and quantification of other elements in the sample.

NOTE 2 |[The above parametérs provide guidelines to the factors that affect measurement uncertainties for B
analysis of garbon nanomaterials. The software routines usually provide compositions and standard deviations. The e
contribution| of each factor-discussed above, including sample geometry, operating conditions, and system depend
factors, sholjld be evaluated, assessed and verified by each user reporting semi-quantitative EDX results.

NOTE 3  [If accurate quantification of the impurity elements is required, then the EDX results should be verified
quantitative|inductively coupled plasma-atomic emission spectroscopy (ICP-AES) analysis, or a similar technique.
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Annex A
(normative)

SEM sampling methods

SEM sampling shall be carried out as shown in Figures A.1 and A.2.

ISO/TS 10798:2011(E)

Field Sample

sub-sample
Y

Laboratory Sample

sub-sample

Y

Analysis Sample

sub-sample

\

Test Portion

SEM magnification

Y

Test Area

Figure A.1 — SEM/EDX sampling flow diagram
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SEM Sample Stub

Test Portion #1

Test Portion #2

Test Portion #3

Test

Figure A.2 — Schematic diagram showing SEM sampling method
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Annex B
(informative)

Supportive information on EDX characterization of CNT materials

SWCNTSs present a unique challenge as to the carbon nature (light element) of the CNTs, and the dispersion
of much smaller metal/metal-like particles (heavier elements) in this light element matrix, both contained in a

sample with dimensions often smaller than the typical analysis volume associated with EDX an
idefal accelerating voltage used for EDX analysis is selected such that the energy is sufficient to_ex
rays of the elements under investigation. Software packages are available that perform M
sinulations to help predict the electron range and depth of X-ray generation to assist thejuseér in d
oplimum operating conditions. For example, at 20 kV, the electrons in bulk carbon have‘a)penetrati
about 3 um. Operating at 25 kV increases the depth to about 4 ym. However, at ¢°kV energy th
depth is reduced to about 0,025 um. At these very low accelerating voltages few X-ray lines are
Opeerating at 5 kV will reduce the beam penetration to less than 1 um and still provide X-ray lines fq
hoywever, overlaps in the low energy lines of the spectrum make element identification more difficult
higher accelerating voltages are used.

The SEM/EDX technique draws its signal from an approximately “tear drop” shaped region below f{
of {he sample. This analysis volume depends on two primary factors; assuming zero tilt of the samp

1)
2)

the energy of the electron beam (accelerating voltage);

the stopping power of the specimen, which is_related to the average atomic number and
the material.

ce carbon has a low atomic number, the analysis depth of X-ray generation is large (compared
ments). The combination of high voltage-and low atomic number material results in maximu
netration into the sample. As a result, if the sample is very thin, the substrate material will p
ected in addition to the SWCNT material. Furthermore, if the CNT samples are well dispers
sufface of the substrate, the substrate signal might overwhelm the sample signal. Therefore, care
taken both in preparing the sample for analysis, and in selecting locations for the analysis. This is i
order to maximize the signal from.the SWCNT sample, and minimize the contribution from the subs

ntification of EDX spectra obtained from CNT powder samples might be difficult or impossibl
number of critical issues. Normally, it is required that the specimens are polished flat, and hon
within the sampling volume. CNT powder samples generally lack a precise geometry and might be
av id picking up substrate S|gnals Variation of composmon with depth and X-rays generated in the

If fo_standards are used, and results have been normalized to 100 %, then absolute concentrations

fa

blysis. The
cite the X-
bnte Carlo
etermining
bn depth of
e analysis
generated.
r analysis;
than when

he surface
e:

density of

to heavier
m electron
robably be
ed on the
should be
portant in
te.

e due to a
nogeneous
too thin to
b substrate
should be
hcentration

should be

compared with caution from specimen to specimen. If any one element concentration is missed o

I incorrect,

then all element estimates will be incorrect. Concentration ratios for elements within each specimen may be
compared, provided that the possible effects of specimen thickness, substrate geometry and sample
uniformity are taken into consideration. If quantification is required, then the EDX results should be verified by
quantitative inductively coupled plasma-atomic emission spectroscopy (ICP-AES) analysis, or a similar
technique.

EDX analysis is basically the same for all types of SEMs, although there may be limitations in electron beam
currents in HRSEMs, and X-ray counts in some conventional EDX analysis systems. Lower beam currents
require longer X-ray acquisition times in order to achieve high quality spectra with similar peak-to-background
ratios.
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The two primary factors that control counting statistics in an SEM/EDX system are electron beam current and
collection time. The EDS count rate is a function of beam current. At very low beam currents (< 1 nA), the
count rates are low in the order of a few hundred counts per second (cps). At high beam currents (10 nA),
count rates could be > 30 000 cps. If the collection time is 100 s, then the total counts for the low beam
current condition is 30 000 counts, compared to 3 000 000 counts using higher currents. Therefore, if
3 000 000 counts are required for good signal to noise statistics, then longer counting times are required. It
should be noted that increasing the current and/or acquisition time can result in damage to the material,
especially at high magnifications.

For each element analyzed by EDX analysis there is a recommended overvoltage for optimum X-ray
excitation[{—Often—there—wi i i
example, if only Na and S were present d
then 15 k\f should be used. On the other hand, if Fe and Ni are present (6,4 keV, and 7,5 keV, respective
then 20 kY would be more appropriate. For this specification on EDX analysis of CNT materials, the
recommended SEM accelerating voltages are 15 kV or 20 kV, which limits the maximum X-ray peak'energy to
about 6 kel to 8 keV.

The choicg of X-ray line being used for the analysis is also important. Ka are the strongest lines for each
element. VJhen used in quantification, they will have the smallest contribution to the total uncertainty (typically
less than T 1% g/g). As it is not always possible to use the Ke lines, La and Ma.lines are often used. The
uncertainty contribution then increases. For example, for M lines, the measurement'uncertainty is typically p%
when optimized experimental conditions are used.
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Annex C
(informative)

Case study for the analysis of as-synthesized and purified
SWCNT samples

8:2011(E)

C.l SEM/EDX analysis of graphite

Depending upon the method of synthesis and/or manufacturing of SWCNTSs, there can_ be varying levels of
reqidual catalyst and other trace impurities in the material. For high purity carbon materials such as graphite,

digmond, or carbon nanotubes, the only element that is normally observed by EDX apalysis is carbagn.

Fidure C.1 shows an EDX spectrum acquired at 15 kV at x500 magnificationy ‘@f a pure graphitg reference

sample. The main spectrum is normalized to the height of the C signal. The insert in the upper
cofner is a x4 expansion of the main spectrum showing the absence (of-any additional trace
expected, the only signal present is from carbon.

11264 JC
2816
4 x expansion
£
2 o
O
1 0 = T Ll Ll L} T
- 0.000 keV 10.230
15KV 39 Degree
0
= 1 T L 1 I 1 1 1 1
0.000 keV 10.230
15KV 39 Degree

right hand
ignals. As

Figure C.1 — EDX spectrum of pure graphite
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C.2 SEM/EDX identification of SWCNT catalyst

SWCNT materials will generally have residual catalyst present in the sample at mass fractions that are greater
than the EDX limit of detection (LOD) which is generally a mass fraction of 1 mg/g. When the catalyst
concentration is greater than the LOD, signals will be observed in the EDX spectrum identifying the elemental
make up of the catalyst or other impurities in the sample. One objective of this study was to determine the
effectiveness of the purification method used to remove the catalyst. Also included in the case study are
supplemental analytical testing results which support the SEM/EDX analysis.

A test portlon of as-manufactured SWCNT sample was carefully pressed into a small plece of indium foil

L\ L

attached tg
Figure C.2
easily disti

An EDX
manufactu

are associated with a high atomic number material, believed to be catalyst particles. T
hguished from the lower atomic number carbon matrix.

Catalyst
Particle

f‘ 2 . . ! . .
M%lg?)@ép.’ KV:15 WD, TOmmT

Figur — BE image of an as-manufactured SWCNT sample

O
&

gcan t at 15 kV, x4 000 magnification, and at TV scan rates in another area of
red NT sample is shown in Figure C.3. Aside from the carbon signal, the only other elements

detected ar and Co [along with a small signal from the indium (In) mounting foil.] The EDX spectrum of
one of thMWJWM&MMMMMJ.M

4. Tl
d OI:IVI Ddlll})lc DluU rlyuu‘; U L DI IUWo d IJI: IIIIGHU Ldr\UII dl )\L UUU dal IU T RNV. TTIT UI Iulll PIACI |n

r@\are

the ps-

Co signals are relatively larger than the C signal, since the beam is placed directly on the particle for analysis
(spot mode). The carbon signal is assumed to come from the CNT walls. Confirmation for the presence of Mo
can be achieved by repeating the analysis of the particle at 35 kV and recording the higher energy Mo K« line
at about 17,4 keV (spectrum not shown).

16
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Figure C.3 — EDX spectrum of an as-manufactured SWCNT sample
7505
i 0

€ ]

-

o

O

h' Co
A Co
0 = 1 +_I 1 T
0.000 keV 10.230

15KV 40 Degree

Figure C.4 — EDX spectrum of catalyst particle identified in Figure C.2.
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The Mo and Co concentrations can be estimated if necessary by semi-quantitative analysis of the EDX
spectrum. If obtained, these results should be verified by quantitative inductively coupled plasma-atomic
emission spectroscopy (ICP-AES) analysis, which is a metrologically superior technique. The ICP-AES results
for these samples are presented in C.3 below.

An EDX scan of the purified SWCNT material is shown in Figure C.5. Bright catalyst particles are still
observed in the BE image (not shown). However, the EDX scan taken at 15 kV and x1 000 magnification
shows that the Mo and Co signals are considerably smaller (relative to C) compared to a similar scan of the
as-manufactured material (compare to Figure C.3). The EDX semi-quantitative analysis reflected a possible
change in the Mo/Co ratio compared to that observed in the as-manufactured sample. This was verified by

ICP-AES gnalysis(see Table C. 1 below he purification-treatment apparen preferentia emoves Cofrom
the material.
22848 ] v
‘E ~
= 4
O e
O =t
] Mo
7 Co
0 : A 1 1 1 T T T
0.000 keV 10.210
15K 40 Degree
Figure C.5 - EDX spectrum of purified SWCNT sample
C.3 Other supportive.characterization
In order tp confirm_and enhance the SEM/EDX analysis, the SWCNT samples were also analyzed |by
thermograyimetric «analysis (TGA), X-ray photoelectron spectroscopy (XPS), inductively coupled plasma-
atomic emission-spectroscopy (ICP-AES), and high resolution transmission electron microscope (HRTEM)
analysis. Tlhese, results are briefly discussed here.

XPS survey scans of the purified SWCNT material detected small O, Mo and trace N signals. The N 1s
binding energy at about 403 eV is typical of oxidized nitrogen (NOy) species, which is probably a residue of
the purification treatment. Two Mo peaks were observed; one at about 232,3 eV and the second at about
228,5 eV. The lower binding energy peak is consistent with a reduced Mo oxidation state associated with the
catalyst alloy, and/ or molybdenum carbide. The second peak is characteristic of oxidized Mo (MoO3).

Thermogravimetric analysis from room temperature to 850 °C in air was performed on both samples. The
primary oxidative weight loss peak from the SWCNT material is around 420 °C to 425 °C. The final ash
residues from the TGA are 8,9 %, and 3,1 %, from the as-manufactured and purified samples, respectively.

NOTE 1  Additional information on thermogravimetric analysis of SWCNTSs is given in ISO/TS 11308.
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ICP-AES analysis provides quantification of the elements detected. A “normal” scan consists of the analysis of
22 common elements of interest. A list of the major elements detected in the analysis is provided in Table C.1.

To support the EDX results, additional TGA and ICP-AES characterization of the CNT sample is highly

advisable.

Table C.1 — ICP-AES quantitative analysis of SWCNT samples (mass fraction in pg/g)

Element As-manufactured Purified
M 56 900 28 160
Cp 14 310 4700
Na 1300 300

Fe 530 570

CF 220 460

Mh 5 10
T?tal (%) 7,4 3,5
Ml)ICo mass ratio 4,0 6,0

A high resolution TEM micrograph of the purified SWCNT .sample is shown in Figure C.6. HRTEM methods
arg beneficial to use as supportive evidence to the SEM/EDX analysis of SWCNTs. As shown in Figure C.6,
HRTEM analysis can directly observe and measure(individual SWCNTs, having diameters ag small as

NQTE 2  Additional information on HRTEM analysis.of SWCNTs is given in ISO/TS 10797.

Figure C.7 shows an HRSEM image originally taken at x325 000 magnification of the purified SWCNT
mdterial which has been dispersed-with surfactants, and applied onto an insulating substrat¢. HRSEM

andlysis clearly shows the presence of-carbon nanotube bundles. However, on a non-ideal substra
anglysis cannot easily measure. diameters or wall thickness, differentiate SWCNTs from

amorphous, and other filamentous forms of nanocarbon materials. In the micrograph, there a
individual CNTs, but it is difficult or impossible to accurately measure their diameter and wall strd

, HRSEM
MWCNTs,
e hints of
cture. The

bright spots in the micrograph are insulating, and therefore charging under the electron beam (the spmple was
no{ metal coated). Thé-charging areas are possibly due to incomplete coverage, residual catalyst, and/or

dispersants in the caating.

This case studyshows that the primary value of SEM/EDX analysis is to rapidly analyze a sample of CNT

mdterial, in_order to:

1)¢ ‘assess the relative purity levels (catalyst content) with EDX analysis;

presence of high-aspect ratlo carbon nanotube materials (within the resolutlon limits of the particular

SEM method being employed).
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Figure C.6 — HRTEM analysis of purified SWCNT sample
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EHT = 2.00 kV Signal A = InLens

WD= 6mm Pixel Size = 0.7 nm
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