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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 wo
ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters
electrotechnical standardization.
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The procg¢dures used to develop this document and those intended for its further maintenance.:
described|in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed-for {
different fypes of ISO documents should be noted. This document was drafted in accordance with {
editorial fules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention|is drawn to the possibility that some of the elements of this document may)be the subject
patent rights. ISO shall not be held responsible for identifying any or all such patént rights. Details
any patenf rights identified during the development of the document will be in the.Introduction and
on the IS{ list of patent declarations received (see www.iso.org/patents).

Any tradg name used in this document is information given for the conveniéence of users and does 1
constitutg an endorsement.

For an ejplanation of the voluntary nature of standards, the €eaning of ISO specific terms 4
expressiohs related to conformity assessment, as well as information about ISO's adherence to f{
World Tralde Organization (WTO) principles in the Technical Barriers to Trade (TBT), see www.iso0.04
iso/forewprd.html.

This dociiment was prepared by Technical Committee ISO/TC 201, Surface chemical analy
Subcommifittee SC 7, Electron spectroscopies.

Any feedback or questions on this document should be directed to the user’s national standards body.

complete |isting of these bodies can be found @twww.iso.org/members.html.
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Introduction

:2021(E)

Recently, there has been increasing development and use of nanoparticles in a wide range of application
areas, including catalysis, medicine, energy, optoelectronics and cosmeticslI-[Zl. In particular,
nanoparticles having some form of coating layer, which is present either by design or due to incidental
processes such as contamination or oxidation, are among the most commonly studied and utilised[&]-
111, An essential part of the characterisation of nanoparticles is the measurement of the surface
properties because a large proportion of the material is at a surface or interface. In the case of coated
nanoparticles, the thickness and composition of the coating has a significant role determining its

fu
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uire nanoparticles to have coatings that are specifically designed in order to achieve

plications
a desired

el of performance. Measurement of surface composition and coating thickness of nanﬁparticles

h challenge to which electron spectroscopies are well suited, due to high surfage sénsiti

ity, well-

derstood physical principles and accessibility. Such measurements can have a sighificant d¢gpendence
sample format and condition; sample handling and provenance of nanoparticle samples fpr surface

pmical analysis are addressed in ISO 20579121, A general introduction to the challenges
pmical analysis of nanostructured materials is provided in ISO/TR 14187431,

pf surface
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Surface chemical analysis — Electron spectroscopies
— Measurement of the thickness and composition of

nanoparticle coatings

1
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Thie following documents are referred to in the textiin such a way that some or all of the
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IS¢
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ir:[ortance for measurements of coating thicknesses.

is document provides a description of methods by which the coating thickness-‘and
mposition of "core-shell" nanoparticles (including some variant and non-ideal morphol
determined using electron spectroscopy techniques. It identifies the assuniptions, ¢

hlysis of nanoparticle samples using electron spectroscopies, specifically in relatior

is document focuses on the use of electron spectroscopy techniques,specifically X-ray phot
ectroscopy, Auger electron spectroscopy, and synchrotron-based.mmethods. These cannot
the information necessary for accurate analysis and therefore ‘some additional analytica
e outlined in the context of their ability to aid in the interpretation of electron spectroscopj

Normative references
nstitutes requirements of this document. For dated references, only the edition cited aj

dated references, the latest edition of the referénced document (including any amendment

18115-1, Surface chemical analysis —, Vocabulary — Part 1: General terms and tern
ctroscopy

18115-2, Surface chemical analysis*— Vocabulary — Part 2: Terms used in scanning-probe n

Terms and definitions

" the purposes of this)document, the terms and definitions given in ISO 18115-1 and IS
bly.

ISO Onliné browsing platform: available at https://www.iso.org/obp

IECElectropedia: available at https://www.electropedia.org/

chemical
gies) can
hallenges,

l uncertainties associated with each method. It also describes protocols and lissues for the general

to their

oelectron
rovide all

methods
y data.

ir content
plies. For

5) applies.

s used in

icroscopy

D 18115-2

and [EC maintain terminological databases for use in standardization at the following addiresses:

4

Xs

Ys

Symbols and abbreviated terms

ubscripts denote the material of the overlayer

ubscripts denote the material of the core

x subscripts  denote a specific photoelectron peak from material X

y subscripts  denote a specific photoelectron peak from material Y

I

1

©lI

intensity of electrons arising from a peak, i

S0 2021 - All rights reserved


https://www.iso.org/obp
https://www.electropedia.org/
https://standardsiso.com/api/?name=75727abe4de551b29c594c5abec985bd

ISO/TR 23173:2021(E)

L intensity of electrons from peak i arising from pure material /

a vertical thickness of the overlayer material at a given position

b vertical thickness of the core material at a given position

L ; effective attenuation length of electrons from peak i travelling through material J

R nanoparticle core radius

T thickness of the overlayer

d horizontal displacement of a specific line of material

0 angle between the central vertical axis of the particle and the point of the particle’s surface
which is at displacement x

Ay normalised intensity ratio of the intensities of peaks x and y

Y dimensionless scaling factor

T, estimated overlayer thickness for a large sphere

T, estimated overlayer thickness for infinitesimally smallfparticles

Typ estimated overlayer thickness for a nanoparticle

AES Auger electron spectroscopy

AFM atomic force microscopy

CSNP core-shell nanoparticle

EAL effective attenuation length

EDX energy dispersive X-ray analysis

ICP-AES inductively coupled plasma atomic emission spectroscopy

IMFP inelastic mean freepath

KE kinetic energy.

MPA mercaptoptropanoic acid

NAP-XPS nearsambient-pressure x-ray photoelectron spectroscopy

NP nanoparticle

SAM scanning Auger microscopy

SANS small angle neutron scattering

SAXS small-angle X-ray scattering

SEM scanning electron microscopy

TEM transmission electron microscopy
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TOP trioctylphosphine

UHV ultra-high vacuum

XP

5

S X-ray photoelectron spectroscopy

Overview

2021(E)

The methods described in this document are listed by clause and outlined in Table 1. The primary use

de

Eailad d1c tha datarainating Af +ha thiclennce Af 4 o awbinly coating Fv-n aloctraon ¢

da
co
for
nu
de
eld
ba
ba
XP
wi
is

. n.
o O O St e O e e e T T T T T O T O Tt O U T e o o~ O ot o paT crerc—coatTiTg 1T O CreCer oo P

Fa, for which three main methods are described, with a specific example given for each,'M
nting thickness determination that are described in detail include the use of descriptive
calculation of coating thicknesses from X-ray photoelectron spectroscopy (XPS) peak i
merical modelling of XPS intensities from nanoparticles, and general structureand layer
fermination by the use of in-depth simulation software. Interpretation of sample compos
ctron spectroscopy data for layered samples is discussed. Rudimentary*aialysis of thg
kground in XPS data is described, alongside the relevant consideratiohs-for interpretin
rkgrounds from nanoparticle samples. Discussions of the use and potential benefits of syn
S, near-ambient-pressure XPS (NAP-XPS), and Auger electron spectroscopy (AES) are inclu
th any related issues and considerations. For all methods of analysis, additional charad
required before confident estimates of coating thickness or,composition can be made. TH

range of measurement techniques which are complementary o electron spectroscopy an

be
md
thd
int]

nefits they provide, and any relevant concerns or disadvantages are outlined. A number of
rphologies and deviations from a uniform concentric €ore-shell structure are described. T
bse structural variations have on data from such‘saimples are identified, and methods
erpretation and analysis are discussed.

Table 1 — Summary of methods and analyses'outlined in this document for the measui

the thickness and composition of nanoparticle coatings

troscopy
pthods for
formulae
ntensities;
thickness
tion from
b inelastic
b inelastic
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he effects
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ement of

Clause Details

6.4

The use of simple numerical modelling to generate estil
peak intensities from nanoparticles of a defined mor
Il Numerical methods method by which such modelling can be performed is
alongside a simple MathWorks® MATLAB script for p|
such calculations.

mated XPS
bhology. A
provided,
erforming

N

The use of methods for calculation of overlayer thickne
empirical or semi-empirical formulae derived from theo

6.5 Descriptive fornwlae elling. Typically, these are methods whereby measure

be input directly into a set of equations in order to deri
calculated coating thickness value.

sses using
ry or mod-
1 data can
ve a single

N

it and the other methods herein are summarised, with

The use of electron spectroscopy modelling and simulatiox software.
6.6 Modelling and simulation software SESSAis described in detail as an example, and compariso

sbetween
examples.

Overview of the analvsis of the inelastic backeroun

signal in

6.8 Inelastic background analysis

XPS for planar overlayers, and the potential application of this for
coated nanoparticles.

6.9 Elemental composition

Overview of the extraction of elemental compositions from electron
spectroscopy data for coated nanoparticles And the challenges
posed by systems with internal structure.

6.10 Variable excitation energy XPS

The use of variable-photon-energy XPS (e.g. utilising a synchrotron
light source) for depth profiling of nanoparticles. The capabilities
and applications of such methods are described, with examples.

.11 Near-ambient-pressure XPS (NAPXPS)

An outline of the use of NAPXPS to coated nanoparticle systems,
specifically regarding the potential differences between samples
analysed in ultra-high vacuum conditions compared to those in an
environment relevant to their application.
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Table 1 (continued)

Clause Details

A summary of Auger electron spectroscopy for the analysis of
nanoparticles, including destructive and non-destructive depth
profiling, imaging, and line-scans of individual particles. Several
examples of use are summarised.

Clause 7 Auger Electron Spectroscopy (AES)

Alist of supporting measurement techniques which provide infor-
mation that can be useful when analysing electron spectroscopy
data from nanoparticles. The benefits and disadvantages of each

Clause 8 Complementary techniques

A summary of how nanoparticle systems might deviate from the ide-
Clause 9 Deviations from ideality alised model of a uniform, concentric, spherical coated nanopartidle,
and the effects of such deviations on electron spectrpscopy data.

6 X-ray photoelectron spectroscopy

6.1 General

XPS provldes quantitative information of the surface composition of a.sample by the collection| of
photoelecfrons emitted under exposure to an x-ray beam. The information depth of XPS is limited|by
the attenyation of the electrons through the sample, which itself is determined by both the propertjies
of the saple material, and the kinetic energy of the emitted)electrons. Lab-based instruments
typically yise either aluminium or magnesium K, x-rays at a phaten energy of 1 486,6 eV or 1 253,6 eV,
respectively, this corresponds to a maximum information depth’for the elastic photoelectron peaky of
approximptely 10 nm. More recently, lab-based instrumentsWith higher energy X-ray sources have a|so
been devdloped, with correspondingly larger information*depths due to the higher kinetic energieq of
the photoglectrons.

Due to thfis high surface sensitivity, XPS is an inherently nanoscale technique in terms of depth| of
analysis dnd is thus suited to the analysis and_characterisation of nano-objects. It is commonly uged
to provid¢ quantitative information on the.relative concentrations of elements within the surface df a
sample urjder the assumption of homogeneity, however with a proper understanding of the underlylng
theory and appropriate methodology, greater information on the surface structure of samples can|be
extracted

In most Igb-based XPS instruments, the analysis area under standard operating conditions is on the
order of (,01 mm?2 to 1 mm2-with some instruments possessing lens-based area-limiting or micfo-
focussed k-ray beams thatallow analysis areas down to 10-4 mm?; thus for samples of nanomaterials
XPS typicplly serves as@ population measurement technique, where the measured intensities are|an
average of the materiakwithin the analysis area.

Given the|high surxface sensitivity of XPS, it is also of crucial importance that samples be prepargd,
handled, and.cleaned with appropriate procedures. The presence of contaminants within a sample
can drasfically influence the results of any measurements made. This is of especial importa
fornanop. SanPreSs; e rayofterregutre—more—earefd prepatra G‘G‘i' ‘-“'ii-
additional sources of contamination. ISO 20579-4 discusses the issues relating to the handling of nano-
objects prior to surface analysis[12l,

6.2 Coating thickness measurement

For flat, uniform surfaces measurement of overlayer thickness using XPS has been understood for some
time. A formula for the calculation of oxide overlayer thicknesses was developed in the 1970s[14]. More
recently, ISO 147011131 dealing with the measurement of silicon oxide thickness using XPS, has been
published. For reporting on measurements of overlayer thicknesses using XPS, ISO 13424[16] describes
the information to be included. For cases where the overlayer and substrate peaks to be quantified are
not of similar kinetic energy, a graphical method known as the "Thickogram"[1Z] was developed. In any

4 © IS0 2021 - All rights reserved
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calculation of an overlayer thickness, it is necessary that the peak areas corresponding to the overlayer
and substrate materials are identifiable and measurable.

For samples which are not flat, such methods will be in error due to the effects of sample geometry
on the path-length of electrons through the overlayer. Under the assumption of a uniform overlayer
thickness, a sample with a flat surface oriented for normal emission to the detector presents the
shortest possible direct path for electrons through the overlayer. For a conformal, uniform overlayer
any topography therefore increases this path length, in a manner equivalent to tilting the sample.
Analytical methods to determine the "effective average tilt" of the sample which results from the
topographyl18] have been developed if the topography is either known or can be measured, for example
by a simpler
me alculation
is ct for the
kn

d‘LUllliL fUl (915 lllil,l UbLUlJ_y (AFTVI) FUI BCIICI iL II101 p}lUlUgiCb bul,}l dad> bl.)llCl [Sh) dllL‘l Lylillb‘lt’l NY
thod using the concept of "topofactors" has been shown[19l, In methods of this type,a‘c
made treating the sample as if flat, and then the relevant "topofactor" is applied to'cofrg
pbwn topography[192]-[21],

where the
rale of the
ting to the
es invalid.
particles,
ht result.

Suth methods for measurement of overlayers on topographic samples apply only in the case

topography is on the macroscopic scale - that is, they cannot account for topography on the s
eldctron IMFP’s within the material. At this length scale the volumetric conttibution of the coa
XPfS data becomes significant and the assumption of a continuous underlying substrate becom
For nanoparticle samples, the presence of overlayer material on the sidesand underside of the
anfl potentially even particles beneath the outermost layer, can contribute to the measureme

6.3 Nanoparticle coating thickness

data are
mpirically
f XPS data
1lly made.
cles.

Sel
av
de
fra
Hej

beral methods for the determination of nanopartiele coating thicknesses from XPS
hilable. These can broadly be categorised into threetypes: simple numerical modelling, e
fermined formulae and the use of more rigorous.simmulation software. When any analysis o
m nanoparticles is considered however, there are several assumptions which are typic3
reafter, particles conforming to these assumptions are described as "ideal" core-shell part

The analysis area is assumed to be repyesentative of the whole sample, exhibiting no m3
variation. In situations where this.is tot the case, multiple non-overlapping analysis are
used to assess the effect of any vafiation.

Unless specifically accounted for, the nanoparticles are assumed to be randomly depog

capable of modelling, particles in a specific distribution.

All of the measured XPS peak intensities are assumed to arise from the nanoparticle
significant contribution from the substrate or contaminants[19l,

The core niaterial and coating are each assumed to be uniform in density, i.e. posses
density gtadients, or similar. It follows from this assumption that the boundary betwee

J)croscopic
as can be

ited, with

no large-scale orderingl22lThis assumption is not necessary if the analysis method requires, or is

5, with no

b no gaps,
n the core

and coating materials is abrupt, with no mixing layer.

The'core and coating are assumed to form a pair of concentric spheres.

Allthe particles1n the analySed population are identical In both chemical and pnysical Structure.

There is no significant contribution to the signal from particles below the outermost layer, i.e. the
electron path lengths do not exceed the particle size.

Depending on the analysis method selected, some of these assumptions might not be necessary, or
deviations can be accounted for. This is particularly true for more advanced simulation methods,
as these can be capable of accounting for many possible structural variations. Because there are a
large number of possible structural variations which are indistinguishable directly from XPS data, it
is important that deviations from the typical assumed case are understood and characterised using
relevant analytical techniques. In some cases, variation in the XPS measurements taken can be used
to corroborate or disprove these assumptions; for example the use of multiple separate analysis areas
to judge sample homogeneity. Sample rotation (with respect to the analyser) may be used to identify

© IS0 2021 - All rights reserved
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the presence, or lack, of signal arising from the substrate, or to indicate structural discrepancies; for
spherical, randomly deposited particles, angle-dependant XPS should not observe differences in the
relative signal observed from the core and shell. Any discrepancy would therefore be due either to
signal from the substrate, or structural deviations.

In most realistic scenarios, many of these assumptions are invalid to some degree. The effects of
deviations from the assumed morphology are discussed in Clause 9.

6.4 Numerical methods

In genera
relative X
such calc
experime
attenuatig
for any gi
are relatiy
attenuatig
informati
understar
morpholo

Numerica
environm
majority

spreadshe
particulaj
still posse

Typically,

,a numerical modelling approach INvolves WrIting a SiMple script or program to calcul
PS intensities for the core and overlayer materials arising from a nanoparticle. By perform
hlations programmatically, for a large array of core/shell sizes, and then comparing
htal data, an estimate of overlayer thickness can be made. Numerical modelling of {
n of electrons through material can be used in order to generate expected XPS péakintensit]
yen material and can be applied to a broad range of sample morphologies. Déspite this, thg
bely few examples of numerical modelling in the literaturel231-[22], An yndérstanding of {
n of electrons through material is required in order to correctly apply this method; t
bn can be readily found throughout the literaturel14].1171.[119].[22]-[25] kikewise, a rudiment3
ding of the relevant geometrical calculations is necessary,Cparticularly if non-id
bies are being considered.

| modelling of this type can be performed using a broad rangé of software. Scientific script
ents such as MATLAB are ideally suited, however the¢preocedure can be translated to {
f common programming languages and is simple enough to be implemented within comm
et manipulation software. It is suited for use with moe5st types of nanoparticle system ang
ly beneficial for systems which cannot be resolvedusing any descriptive formula, but wh
ss a well-understood geometry.

the first step in using numerical modelling\iivolves calculating the relative XPS intensities

the core and overlayer materials arising from a vertical line through the particle. The signal from t

line canb
corrected
through t
single line

e considered equivalent to a stack of.planar overlayers. The effects of elastic scattering can
for by the use of effective attenuation lengths (EALSs) in calculations of electron attenuat
he material. In this case, the intensities for the core and overlayer materials arising fron
of material within an ideal particle are given by Formulae (1) and (2):

—-a —b —-a
x|1-e Lex )] 1—e\®¥ )| 1 —el Lxx

hte
ng
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=

1y

2)

I, =1

Iy=1
where

XY

A
N

are the materials of the overlayer and core, respectively;

xandy are the specific photoelectron peaks from materials X and Y;

is the intensity of electrons arising from a peak, i;

is the intensity of electrons from peak i arising from pure material I;
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a is the vertical thickness of the overlayer material at a given position;
b is the vertical thickness of the core material at a given position;
L, is the effective attenuation length of electrons from pealk, i, travelling through material J.

For lines which do not pass through the core, where b=0, Formulae (1) and (2) are still valid. For
situations in which one of the elements within a sample is present within both the core and overlayer,
simply summing the outputs of both equations will provide the total intensity for that element.

o
Figure 1 — Schematic ill -ation of the equivalence of the XPS intensity observed ffom an
infinitesimal line at a fixe@f*izontal displacement to that of the hollow cylinder descfibing all
C) ines at identical horizontal displacement
O .
Thiis calculation is ated for an array of parallel lines through the particle and the intepsities for
eath line summ ross the entire geometry of the particle with appropriate weighting for the area
represented ch line. For spherically symmetrical particles, the relative intensities arising from a
vertical li material are equivalent to those originating from the hollow cylinder described by the
rotfation is line around the central vertical axis of the particle, as shown in Figure 1. Therefore,
th¢ calcylation reduces to a one-dimensional summation of displacements from the central gxis of the
pa ti:cje, with correction factors applied to account for the differing circumferences of the cylinders.

© IS0 2021 - All rights reserved 7
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Figure 2| — Schematic of the geometry relevant to calculation of intensities from a specific line
of material at a horizontal displacement x from the central vertical axis of the particle

Figure 2 depicts the relevant geometry for calculating the dimensions of an individual line of materjal,
It is most|efficient to perform the intensity calculations given in Formulae (1) and (2) in a loop frpm

6=0radfo 0 =% rad. Using this method, the parameters in Figure 2 are related by Formulae (3) to (6).

d=(R+T)sin6 3)
2a+bj=2(R+T)cos0O (4)
2 32
b 2NR° —d“ ,d<R '5)
0,d>R
a=(RpT)cos6 — b2 (6)
where
R idthe nanoparticle core radius;

T is the thickness of the overlayer;

d isthe horizontal displacement of a specific line of material;
a isthe vertical thickness of the overlayer at displacement d;
b isthe vertical thickness of the core at displacement d;

6 istheangle between the central vertical axis of the particle and the point of the particle's surface
which is at displacement d.

If performing the geometry summation in this way (i.e. summing for a range of values of 6) two
correction factors need to be applied. Firstly, the intensities from each individual line will be equivalent

8 © IS0 2021 - All rights reserved
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to those from a hollow cylinder of variable radius. The intensity sum therefore needs to be corrected
for the increasing circumference with increasing d. The circumference is linearly proportional to d’, and
thus from Formula (3), to sinf. Secondly, a correction is applied to account for the variation in thickness
of each hollow cylinder, which is equivalent to the differential change in d, d’. As d is proportional to sin6,
d varies as cos6. Thus, with both corrections applied, the intensities for each line need to be multiplied

by

a factor of sinfcoso.

An example MATLAB script with commentary explaining the steps is given in Annex A.

This method can be used to generate accurate estlmates of overlayer thlckness by performlng the

b

hracterisation of the particles. For example, in the case of a non-central core, the diamete
t core and the complete particle are required to estimate the displacement of the core.
quantification of the amount of overlayer material for such a~system was needed, core
[l displacement would be required. In all such cases of particle asymmetry, the distr
hoparticle orientations within the sample deposit is also-required and any ordering with
b asymmetry will need to be accounted for. In all cases except fully aligned particles, the fu
Fticle orientations will need to be calculated with apprepriate geometric weightings.

Descriptive formulae

T

is
en]
or
md
mg
sin
its
thi

most accessible method to enable theNgeneral XPS analyst to efficiently estimate

t}IEknesses is through the use of descriptive formulael23l.[24L.[27], for which the only expertis¢

oderate mathematical literacy. Typigally, such methods are either developed by empiricall

in some more constrained conditions, approximate analytical formulae have been derivg
st well-known method in cugrent use is the "Typ" method[24]. This method can be applied
thodical application of the-required formulae, which, for efficiency, can be readily encapsu
ple spreadsheet. The ease-of use and repeatability of this method have been demonstrate
application by many-ef the participants of an interlaboratory study into measurement

cknesses[10],

Thie Typ method{orthe determination of shell thicknesses of core-shell nanoparticles is an

me
Fo
to

ex

thod developed by comparison to numerical modelling, similar to that described previou
'mulae for\a distinct set of size regimes or limits were determined, and in combination
produeesa general formula for estimation of overlayer thicknesses on nanoparticles. The

bression is encapsulated in Formulae (7) to (11), which are mathematically identical to th

original work[24], but are slightly simplified.

complete
rs of both
Likewise,
diameter
bution of
respect to
l1 range of

overlayer
b required
y or semi-

pirically fitting data obtained fremia more complex modelling or a simulation-based approachl24],

d[28], The
simply by
lated by a
d through
of coating

empirical
sly in 6.4.
are used
resulting
ose in the

_Ldyy (7)
X,
Y I x1,
0,74435 (4, , )15, LY +4,24, LR 195
T, = ' (8)
A% +8,9
A, I s
x,yx,X
Ty=R|| =22 +1| -1 9)
Ly,XLX,Y
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0,5 ;0,4 ,0,1
L, L L
XPxY P x X
y:% (10)
AYLR

. T..Ly x +(7*° +0,5657>° ) RT, )
NP =
(1+1,87) Ly x +(7>® +0,5657*% )R

where

X d AV4 £l i il £l Lall | 3 1
an 1 dl U LIIT I11IdilTl IdlS Ul LT SIITIT AdlIIU CUIL'C, 1 CDPCLLIVCI_)’;

xandly  are specific photoelectron peaks from materials X andY;

Ay y is the normalised intensity ratio of the intensities of peaks x and y;

I; is the intensity of electrons from peak i;

L is the intensity of electrons from peak i arising from pure material/;

L, is the effective attenuation length of electrons from peak i travelling through material J;
R is the nanoparticle core radius;

Y is a dimensionless scaling factor;

T, is the estimated overlayer thickness for a largetsphere;

Ty is the estimated overlayer thickness for infinitesimally small particles;

Tnp is the estimated overlayer thickness fef’a nanoparticle.

The information required is the particle core size, R, and the measured XPS peak intensities for the
core, 1, ahd overlayer, I,. The measured relative intensity from pure reference materials of the cqre
and the shell, I, :I, x is also recommended;however in cases where this is difficult to obtain, estimated
values can suf%/ice. A step by step procedure’for applying this method is given below.

a) Deterjmine or retrieve values for-the effective attenuation lengths L; ; [26]129]-[31],
b) Measyre I, and I, from XPS.data.

¢) Meastire, or estimate,pure material intensities I, y and I, y .

d) Calcujate A, , frem-Formula (8).

e) Calcu]ate T,~F/, and y using Formulae (8) to (10).

f) Determine Typ using Formula (11).

The Typ method encapsulates the straight-line-approximation for most ideal core-snelt particies and
compensates for the effects of elastic scattering by the use of EALs. Thus, the uncertainty in estimated
overlayer thickness will be greatest for nanoparticle systems in which the coating is formed of high-Z
elements or for which photoelectron peaks with relatively low energies are measured. The magnitude
of elastic scattering effects can be usefully described using the albedo parameter detailed by Powell
and Jablonskil32],

For the vast majority of practical cases, the uncertainty due to the use of this method will be less than
the ~10 % uncertainty in the estimation of EALs[241[26], Figure 3 shows the distribution of thicknesses
calculated by Typ, for 10 000 randomly generated nanoparticles modelled using numerical methods as
described previously within this document. Parameters for these particles were varied uniformly over
the following ranges: core radii from 1 nm to 100 nm; overlayer thickness from 1 nm to 10 nm; electron
kinetic energies (core or overlayer) from 200 eV to 1 400 eV; and Z; values (core or overlayer) from
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3-83. Within this regime, more than 80 % of the calculated overlayer thicknesses lie within #10 % of
the modelled value, and the standard deviation in the ratio of calculated to modelled thickness is ~8 %.
It is worth noting that this dataset will contain a significant number of cases at the extremes of the
physically plausible parameters which are unrepresentative of real particles.

2

Y
1,8 1

1,6 -

.
: -
144
.
y o o £
L e, o ° o
0o o © ©° °
. :

0,6 1

Key
X | modelled overlayer thickness (nm)
Y | ratio of calculated to modelled overlayer thickness

NOTE Dashed lines indicate 10 % deviationftom the modelled value. More than 80 % of the|points fall
within these lines.

Flgure 3 — Plot of the ratio of the. Tp calculated overlayer thickness vs the thickness from the
model, for 10°000 randomly generated nanoparticles

6.6 Modelling and simulation software

In|some scenarios, descriptive formulae, or simple numerical modelling using the straight-line
approximation canprove unsuitable. In situations where complex, varied morphologies are[known to
ex]st within a sarfipté, numerical modelling can still be utilised, but will be quite arduous. In situations
where elastic seattering can play a significant role, use of the straight-line approximation, and formulae
baked uponiit,can become less accurate. To adequately interpret data from such systems, morg in-depth
simhulations.'of electron transport and material properties are required. Software packaged designed
to pllow\the general analyst ready access to such simulations are available; the NIST databgse for the
Sirhulation of Electron Spectra for Surface Analysis (SESSA) is currently one of the most we¢ll-known,

1 1 1 FUD | £L o ot £ 4] £ PR | 1 ral331-036]
antirasoeeIrsiTowirto e errective Tor tire purposcorIranopar trere arrary Stst=—+ 1,

SESSA itself contains databases for the majority of the parameters required for modelling electron
spectroscopy data, (for example various interaction cross-sections, inelastic mean free paths, lineshapes)
often from multiple sources including theoretical and empirical data. Many values can be adjusted by
the user to fit their particular case, and all values are traceable to their literature source, with many
including a statement concerning their reliability. This allows the user to determine for themselves
their confidence in any given simulation result. The simulation itself is performed using Monte Carlo
calculations based on the ‘trajectory reversal’ model in which electron trajectories are calculated
backwards, originating in the detector; using this method improves the efficiency of simulation, as
electron trajectories which do not contribute to the measured signal are not simulated[3Z].[38],
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SESSA is capable of modelling a range of sample morphologies, ranging from simple planar structures,
to more complex systems such as spheres, layered spheres, and islands. This allows the user whose

samples are known not to meet the assumptions described previously for an ideal system,

to

reasonably estimate their structure. With any modelling process such as this, care needs to be taken
that appropriate constraints based on prior knowledge of the system are implemented; it is entirely

possible that multiple morphologies and compositions can give rise to very similar spectra. As su

ch,

a model using an incorrect description of the particle structure can still result in a good match to the

observed experimental result.

6.7 Method comparisons

For coated nanoparticle systems, several comparisons between SESSA simulations, empirical data, 4
other overlayer quantification methods have been reported[221.[33].[34].[391.[40], Comparisons to b
numerical modelling and the Typ method discussed in this document have shown good’agreem
between all three methods. Powell et al. published a direct comparison of the Typ formulae agai
simulated| XPS spectra produced using SESSA, for a range of nanoparticle systems selected to evalu
the Typ method for practically relevant examples. Material systems were chosen So that ratios
effective gttenuation lengths of electrons within each material are near to the extremes of what mi
be observgd in reality. Specifically, this covered Au/C, C/Au, Al/Cu and Cu/Al caré/coating systems, w|
ters in a range from 1 nm to 200 nm, and coating thicknesses from0,25 nm to 3 nm. Figur
and Figure 5 show the ratio of the thickness calculated using the Typ method to those used for {
simulatiop for the Al/Cu and Cu/Al nanoparticle systems, i.e. those infwhich elastic scattering is lik

nd
th
bnt
st
hte
of
rht
ith
e 4
he

ely

to be signjficant factor. It can be observed from these that, as long a§ EAL’s are used in the calculatiopns,

the deviation between these two methods is typically less than ~10.%.
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b) For 20 nm to 200 nm core diameters

Figure 4 — Ratio of T\yp to SESSA simulated shell thickness (T) plotted as a function of shell
thickness (T) calculated from simulated spectra for Cu-core, Al-coated nanoparticles for 1 nm
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b) For 20 nm to 200 nm core diameters

Figure 5 — Ratio of Typ to SESSA simulated shell thickness (T) plotted as a function of shell
thickness (T) calculated from simulated spectra for Al-core, Cu- coated nanoparticles for 1 nm
to 200 nm core diameters (D)

Comparisons between different descriptive formulae have also been reported. Figure 6 shows a
comparison between results from the Typ method and the method of Gillet and Meunier(28], performed
for synchrotron XPS data at a range of photon energies from nanoparticles with a noble metal core,
and an Fe,03 shell. Good agreement between these two methods is observed in most cases except for a
single datapoint obtained at 200 eV kinetic energy for the Rh-core Fe,05-shell particles[41l.
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X
Key
X | kinetic energy (eV)
Y | shell thickness (nm)
1 | Gilletand Meunier
NOTE The same core radius and the experimental integrated intensity ratios were used in each njodell41].

Figure 6 — Comparison of shell thickness obtained by Gillet and Meunier’s method (fdashed
lines) and the Typ (square points) equation fer'particles with noble metal cores and Fe 05 shells

6.8 Inelastic background analysis

Anjalysis of the background signal in XPS, formed predominantly of photoelectrons that have yndergone
inglastic scattering before detection, is not commonly applied in the current literature. In many practical
anplyses, the inelastic background is considered only with respect to how it can most acclirately be
refqnoved in order to facilitate-quantification of a photoemission peak. Despite this, much efforft has been
puf into describing theform of the inelastic background, and how additional information rg¢garding a
sample might be extraeted from it[42]-[47],

Sirpple visual inspection of the inelastic background shape can provide useful qualitative information
regarding the_structure of a given sample, particularly with regards to the presence of an |overlayer.
Typically, the,background immediately below a peak in kinetic energy will show a sharp ris¢ followed
by|a steadyapproximately-exponential decay; for a material that is located beneath an overlayer of
maximum
the sharp
e decay in

Careful quantitative analysis of the inelastic background can provide information from a much greater
depth within a sample than is typically expected from XPS, approximately 3 times the depth of that
available by peak analysis[4Z]. Where available, background analysis is best performed using software
which is capable of providing an accurate simulation of the XPS spectrum, such as QUASESI48]-[51] or
SESSAI331[52L.[33], If such software packages are not available, reasonably practical models have been
demonstrated for direct application by the userl4Z].[54],

Modelling of the inelastic background has not yet been optimised for application to nanomaterials,
however such methods can reasonably be applied with some care and forethought. As with several of
the peak-based overlayer thickness methods discussed earlier in 6.4, and 6.5, most background analysis
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does not directly model elastic scattering and is therefore best used where elastic scattering is not
significant (e.g. for organic overlayers) - tools such as SESSA, which attempt to comprehensively model
electron trajectories, including elastic scattering, are the exception to this. Another issue can arise from
the distinction between the core of a nanoparticle and the effectively semi-infinite substrate considered
for planar samples; contributions to the background will arise from beneath the outermost layer of
nanoparticles. This is particularly likely to be an issue for nanoparticles with a core radius on the order
of 20 nm or smaller. Another issue arises from the ‘side’ portions of the nanoparticle coating - unlike
with planar systems, as the coating thickness is increased, so is the ratio of the cross-sectional areas of
the coating to the core, as viewed from the detector. This method is therefore most valid for particles in
which the ratio of core radius to coating thickness is large. SESSA simulation of the Cu 2p spectra for Au/
Cu, Cu/Auf and Au/Cu/Au nanoparticle systems performed by Powell ef al. demonstrated the differeice
in the ineJastic background for nanoparticle core and overlayer materials across a range of different
dimensions. These spectra demonstrate how qualitative inspection of the inelastic background abgve
a peak cah be used to infer nanoparticle morphologyl22], an example of this for the Cu/Awparticleg is
shown in [Figure 7; the intensities shown are normalised to the peak height, thus illustrating only the
change in|the relative intensity of the background and the peak with changing overlayer thickness. An
increase in the overlayer thickness results in a corresponding increase in the background relative| to
the peak |tself. When comparing the models with elastic scattering to those without, it can be s¢en
that the effect of elastic scattering is to slightly reduce the intensity of the background relative to the
peak, as e]astically scattered electrons will contribute to the peak signal. In ¥eality, this correspondq to
the differgnces observed between overlayers of low-Z elements (weak elastic scattering) compared to
high-Z (stfrong elastic scattering).

25— ————————— ————— 2,5 [t R e —————
[ —— 0,775 nm Au/10 nm Cu ] [ —= 1,005 nm Au/10 nm Cu ]
Y [} 0,70 nm Au/5 nm Cu | ] Y [ 3087 nmAu/5nm Cu |
2 FF—- 0,475 nm Au/2 nm Cu | - A 0,515 nm Au/2 nm Cu |
[ F--- 0,255 nm Au/1 nm Cu | i [Ct---0,25nm Au/1 nm Cu gp
L | ] S
15F } ; 15F
[ r ] [
{
1 ] 1
0,5 . 0,5F h
[ 7 oA |
0 0
45 450
a) With elastic scattering b) Without elastic scattering

Key
X  electrpn energy (eV)
Y relatiye intensity

Figure ¥ — Spectra simulated for the Cu 2p peak region from Cu-core, Au-shell nanoparticle
with a rahge-efeore-diameters,-and-shell-thicknesses-setsuch-thatthe-peakintensitiesmateh/to
within 2 %!55]

1]

6.9 Elemental composition

For standard XPS measurements of composition, it is assumed that within the observed sampling depth
of the technique, the sample material is of a uniform, homogeneous composition. Atomic concentrations
calculated from peak intensities are typically given based on this assumption. In the case of a substrate/
overlayer system, potentially determined by observation of the inelastic background as described above,
this assumption is invalid. Differential attenuation of electrons with differing kinetic energy through an
overlayer will result in measured peak intensities that are not in proportion to the composition of the
substrate; likewise, the finite thickness of the overlayer will skew the measured composition, although
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this effect is less significant, and reduces as the overlayer thickness tends towards the maximum
information depth of a given x-ray source. Figure 8 shows a schematic illustration of this concept.

Y 4 ‘
a)

Key
Y arrows represent sensitivity adjusted XPS signal %
1 sample depth beyond base of schematic signiﬂ&nly greater than effective attenuation length}

higher kinetic energy electrons .
M hig gy ©

lower kinetic energy electrons \O
NOTE Each arrow represents the si \jﬂntensity, corrected for the appropriate pure-material inftensity, i.e.
I, /] x- Substrate materials are considéred to extend to a depth much greater than the relevant EAL. Darker shaded
arfows represent signal from higher kinetic-energy electrons. For a substrate material (a), the concentration of
elements from higher kinetic-e peaks will be overestimated relative to the pure composition, whereas for
anoverlayer (b), the concent&bén from higher kinetic energy peaks will be underestimated.

Figure 8 — Schématic illustration of the effects of a layered structure on the measpred
Q centration of elements within the substrate and overlayer

Fol most ?e”ms, this discrepancy can be corrected for in the process of determining|overlayer
thicknes do this, all initial assumptions required for the estimation of the overlayer thicklness need
to hol &Cre, particularly that the substrate/core and overlayer materials are uniform and homjogeneous.

A %) ally, it is necessary to assume that if estimating effective attenuation lengths, that a mean
va i fch i i = i i id. In this
case, the analyst can calculate an overlayer thickness using their preferred method for each substrate/
overlayer element pair. Effective attenuation lengths can be estimated from formulael26l.[291.[30] ysing
stoichiometrically weighted values (or obtained from a database such as the NIST EAL databasel31]),
and likewise pure material reference intensities can be adjusted to match the estimated stoichiometry.
The array of overlayer thicknesses thus calculated will likely vary between element pairs if the
estimated composition is incorrect. By varying the composition in order to obtain a minimum deviation
between estimated overlayer thicknesses from different element pairs, a more accurate estimate for
the compositions can then be obtained. This iterative method was shown using the T\p equation for a
well-characterised system consisting of a known organic coating on gold nanoparticles[2Zl.

This has further been demonstrated for gold nanoparticles coated with a self-assembled monolayer
possessing a significant compositional difference between the two ends of the molecule coating the
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gold core as illustrated by Figure 9[23], Both modelling as a single layer, or as a two-layer system using
an extension of the Typ method resulted in composition estimates that were reasonably close to that
expected for the molecule based on stoichiometry, with slightly greater accuracy when modelled as
a two-layered system. This method is equally applicable to inorganic coatings and samples of any
morphology, but does not account for any concentration gradients that can be present.

3
Key
1 core
2 shell 1
3 shell 3

Figur¢ 9 — Schematic of the system from!23], indicating the two distinct layers within the
coating molecule

6.10 Varjiable excitation energy XPS

6.10.1 General

The intripsic properties of synchrotron radiation provide exciting and important possibilities|to
investigatle the internal heterostructure of NPs with XPS. Since the first synchrotron was built
exclusivelly for exteynal user operation in 1981 in Daresbury (England, United Kingdom), technical
advances |have_increased the brilliance of the available synchrotron radiation produced by modé¢rn
light sources{by several orders of magnitudel>¢l. At the time of writing this document, there gre
approximptely 50 synchrotron facilities in operation all over the globe and each of them exhibitg at
least one beamline equipped with an XPS endstationt=~1,

X-rays from a storage ring differ from X-rays produced by radiation sources installed in standard lab-
based XPS spectrometers. While lab-based X-ray sources provide only one or two characteristic energies
(typically Al K, at 1 486,6 eV and Mg K, at 1 253,6 eV), the radiation from a storage ring consists of a
continuous spectrum from 1 eV up to several GeV. It depends on the specific beamline design which
section of this spectrum is extracted and, thus, available at the endstation. Within this section the energy
is tuneable using a suitable monochromator system. The tuneability of the X-ray excitation energy leads
to a tunability of the XPS information depth and, thereby, enables non-destructive depth-profiling of the
chemical composition[28], Furthermore, higher available X-ray energies not only facilitate the excitation
of electrons with higher binding energies, but also corresponds to a greater maximum information
depth. Opposed to that, smaller available X-ray energies provide higher surface sensitivity than lab-
based X-ray sources. However, the variability and often unique nature of individual synchrotron
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stations also renders the analysis of data from such sources increasingly complex compared to that of
lab-based sources. The effects of polarization of the x-ray beam; nonstandard geometries of the beam,
sample, and detector; and typically un-calibrated analysers require careful consideration - ideally
during the planning stage of any given experiment - in order to be able to correctly interpret the data
obtained.

With a typical brilliance of 1020 photons/s/mrad2/mmZ2/0,1 % bandwidth synchrotron light is many
orders of magnitude brighter than X-rays produced by radiation sources in standard lab-based XPS
spectrometers with a typical photon flux of 109 photons/mm?2/s[561.[59], The larger number of photons
results in higher photoelectron counting rates, better signal to noise ratio, the possibility to choose
be i i cquisition
s become
especially important when measuring at elevated excitation energies where electron-photojonization
ss-sections become small and electron analyser transmission is reduced[®ll. Howeyer; this|increased
phpton flux also significantly increases the risk of damaging samples, particularly’those dontaining
organic materials.

6.10.2 Qualitative depth-profiling

Energy resolved and non-destructive depth-profiling by synchrotronzXPS works by varying the photon
engrgy and, thus, the kinetic energy of the photoelectrons. The principle is illustrated in Figutre 10. This
principle is of special importance when it comes to the analysis 6f nanoparticles, since angl¢ resolved
depth-profiling is not applicable to nanoscale objects with spherical shape.

Y2

0 20 40 60 80 100
X

Key
X | XPS intensity ratio I(core)/I(shell)
Y1| increasing kinetic energy

Y2| information depth

shell material

core material

NOTE The increase of the core contribution with increasing kinetic energy is expected when the NP radius
is larger than the largest investigated XPS information depth.

Figure 10 — Schematic representation of the XPS intensity ratio of core and shell material in a
core-shell NP from the Kinetic energy of the photoelectrons or the XPS information depth

If the NP radius is larger than the maximum XPS information depth, it is possible to gain information
on the distribution of the different components within the NP core and coating by collecting spectra at
two or more photon energies. Here, the superior surface sensitivity of synchrotron radiation is decisive,
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since it facilitates information depths small enough to exclusively analyse the surface region of a NP.
The photon energy dependence of the XPS intensity ratio of two constituents need to be examined. An
independence of the ratio from the photon energy indicates a homogeneous distribution. An increase or
decrease of the intensity ratio with photon energy signifies a surface enrichment of one component and
an enrichment of the other component in the core, respectively. This is a rather qualitative approach of

analysing

the internal structure of NPs.

Itis advisable to select different photon energies for different components, such that their kinetic energy
is similar within the range of a few €Vs, in order to enhance the accuracy of the measurementslé2l, In
this case, the XPS intensities are normalized only by the respective photoionization cross-sections to

become c

be additidnally normalized for the effective attenuation lengthl63] of the photoelectrons as well-as
electron gnalyser transmission functionl[38l. These corrections are of course not required if-differ

species w
photoelec

Feng Tao
catalysts
IMFPs fro

ithin the same core-level spectrum are compared (e.g. Si2p photoelectrons from Si¥ @nd Si
trons from Si%*).

et all64] demonstrated such a qualitative approach for unsupported Pt pPd, 5 model
with an average radius of 7,5 nm, measured at selected photon energies-corresponding
m 0,7 nm to 2 nm. The XPS intensity ratios of Pt4f and Pd3d yielded arelative atomic fract

ranging fijom 84 % * 3 % Pd for the lowest IMFP, to 52 % * 3 % Pd for the highest (see Figure 11). Bag

on this de

pth profile the authors concluded a core-shell particle structure with a Pd enriched shell a

a Pt enridhed core. A very similar system of Pt,,Pd, ; was analysed, via'synchrotron-XPS in a m
quantitative manner by Bernardi, et al.[02]
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Schematics showing the core-shel structures of the Pt sPd, s NP is included (this schematic does not
regresent the shape of the NP). The y-axis.data points have an associated error of +0,03[64],

Figure 11 — Dependence of Pd and Pt atomic fractions of the as-synthesized Pt, ;Pd, 5
measured in ultra-high'vacuum (UHV) at 25 °C as a function of the kinetic energy (KE) and
inelastic mean free path of the excited photoelectrons

quantitative ~-inferpretation of the dependence of the relative XPS intensities on thle photon

engrgy can alse)be applied to characterize the interface between NPs and the shell compoged of the

organic stabilizer or capping agent. Information about this interaction is hard to obtain with

any other

anglytical fechnique and particularly crucial in the field of semiconductor quantum dots, i order to
explain the photoluminescence properties[41l.[66L[67], These methods of qualitative depth prqfiling and
chemical analysis using variable-photon-energy XPS have been demonstrated for a number OF different

systems, several examples of this type of analysis are summarized in Table 2
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Table 2 — Examples of the application of synchrotron XPS to a range of different nanoparticle

systems.
Photon
Core Shell Diameter | energy Notes Reference
(nm) range
(eV)
oEQ . Analysis confirmed the likely core-shell nature
NaYF, NaGdF, 2T 1050 |01 (N particles Trom the observed changes in [63]
Y:Gd ratio with changing photon energy
) 546 - |Structural differences arising from synthesis
[nP ZnS 3,6:51 986 |routes were identified 169]
Sb,0;- ) 100 - |Two possible morphologies were identified that
Sn0, Ir0z-Ru0, 29 1400 |could give the observed results 1]
The nanoparticles were shown to have@Xcore-
) 900 - |shell-shell' morphology with La concentrated
LaFs GdF3/Lal; 3-10 1200 [inthe core and outer shell, with a Gdlayer [70]
between.
[MPA (mercapto- The chemical species presentat the core-shell
fdropanoic acid, an 203 - |interface were identified€er the S 2p signal, and
Cds . : 2,7-7 T . . : [71]
organic capping 500 |variation in interfacial’chemistry with
agent) nanoparticle size wasddentified
: Separate surface.and core species were
TOF.) (trloctylpho_s- identified for hoth In and As peaks - this
InAs | phine, an organic 37-6 |89-578 I dch S f relati face: [72]
capping agent) allowed characterisation of relative surface:
volume ratios for the different sizes of particle

6.10.3 Q

nantitative depth-profiling

By simuldtions of theoretical XPS intensitiescdssuming a suitable model morphology, it is possible]
model thg dimensions of the NP (shell thickness, core and total diameter). The possibility to extr
the thickrless of NP coatings from XPS intensities is of interest when investigation with TEM comes

its limits.

This is the case as soon asithie core and shell materials exhibit insufficient image contrg

if the cor¢ and shell material have 'similar lattice constants; if the shell is very thin; and in situatic

with defe
thickness
materials

'ts and disorders connected with the core-shell interface regionlZ31.[74], Note that the coat
can be calculated bylab-based XPS from only a single pair of XPS intensities of core and sh
as described previously. However, the advantage of synchrotron-XPS is that by the record

of several pairs of XPS{nténsities at varying information depths more information can potentidg
be obtainled, thus préviding greater insight or a more accurate resultlZ2]l, Several examples of {

applicatio

22

In of quantitative depth-profiling by means of synchrotron-XPS are summarised in Table 3.
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Table 3 — Examples of the application of quantitative synchrotron XPS analysis to a range of
different nanoparticle systems.

Photon
Core Shell Diameter |  energy Notes Reference
(nm) range
(eV)
ZnS/TOP Simulated data based on a core-shell-shell
P (OTganic 8 540 - 1300 |SHUCtUTE WitlTaconstramed core radius was 11t to the 76], [74]-
capping experimental data, providing estimates for both the [79]
agent) ZnS and organic capping thicknesses.
Increasing core:shell intensity ratios with photon
energy confirmed the noble-metal-baséd, core. A
simple ideal core-shell model was used:to'estimate
shell thickness, however for the Rh-core particles
this could only be fit to the experinrental data at all
Ay; Pt; Rh| Fe,04 5 250- 1500 |photon energies with the inclusioh of Rh in the shell. [41]
This demonstrates a circumstdance where analysis
at multiple photon energies-¢an provide additional
information. Comparjsoens between descriptive
formulael241.[28] were also performed, and showed
good agreement at all photon energies.
TOP Used simulation te quantify the PbSe species present
(Organic atthe interface'between the particle and the organic
PbSe capnin 3;9; 11 200 - 800 |capping ligand. The obtained results were used to [80]
a pé)nt)g explainthe different photoluminescence properties
& of the various particle sizes.
The/interfacial regions of ZnS-CdSe-ZnS nanoparticles
were investigated using synchrotron XPS. Simulations,
constrained by information from complementary
techniques such as TEM and inductively coupled
plasma atomic emission spectroscopy (ICP-AES),

ZnS CdSe-ZnS 3,7 615+ 1486 |were used to establish the structure of the parti- [73]
cles. The structure found to be consistent with all
experimental data was that of a gradient interface
between the ZnS core and CdSe first shell, and a
sharp interface between the CdSe first shell, and
the ZnS outer shell.

6.11 Near-ambient-pressure XPS (NAP-XPS)

6.11.1 General

Due £o.the strong scattering of electrons by matter, XPS experiments are usually conducted in
U}l!! Jiti H ] liti lead ionifi limitati ] g es to the

characterization of NP coatings. Many NPs are synthesized in liquid suspension and need to be
transferred to a dry state for experiments in UHV. The influence of the drying and evacuation processes
on the particles’ chemical and physical properties is hard to estimate. Therefore, it is of high interest
to acquire spectra in the same gaseous or liquid environment which is used for the synthesis or the
application of a given nanoparticle system, to ensure the relevance of the information provided by
XPS. Modern NAP-XPS instruments are usually composed of a sample chamber at elevated pressure
which is connected to the electron analyser and detector via a differentially pumped electrostatic
lens systeml[81], NAP-XPS in combination with synchrotron radiation is an frequently used approach
where the high brilliance and small beam size are exploited[82], So far, the investigation of nanoparticle
coatings has almost exclusively been performed at synchrotrons, however there is a growing number of
studies performed on lab-based instruments.
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6.11.2 Internal structure of bimetallic NP catalysts

NPs are of interest in the field of heterogeneous catalysis, because their enhanced surface-to-volume
ratio can substantially increase the efficiency of a catalytic process[83l. Quite often NPs comprising two
metal components exhibit higher catalytical activity, selectivity and stability than their monometallic
counterparts[841-[86], The catalytic reaction takes place at the NP/atmosphere interface. To understand
the mechanism behind and, thus, to optimize the catalyst performance, it is crucial to know how the
surface chemical composition changes with the surrounding conditions. NAP-XPS facilitates monitoring
of this surface composition as a function of nature and pressure of the surrounding gas atmosphere as
well as of temperature. Table 4 summarises several examples of the application of NAP-XPS for such

systems, gisoinciuding some obtaimed using tab-based SystenTs:
Table 4 — Examples of the application of NAP-XPS for characterising the nature of catalytig
nanoparticle surfaces
Core Shell Dla(‘rl:s)ter NAP conditions Notes Reference
) RhPd and RhPt systems exhibited
Rh, Pd Pd, Pt, 8-16 0’13 mgg_r’sygkoz’ different surface chemistry dependent on [[%]]’_[[%;]]
2 the gas present, while PdPt was-umichanged R
) Particles were investigated unsupported
0,05 mbar; Oy, Hy, and on CeO, supports, andshowed reduced| [90], [41]
Rh Pd 4 C,HsOH; 573 K, 2 SO
activity on supports, indicating the [91]
823K . o TEAN ) L
importance of ‘realisti¢’ test conditions
Demonstrated, that a desired behaviour
Pt Co 3 0,2 mbar; 0,, H,; |(reduction of oxides) under specific conditions| [92], [84]
520K was presentifYa nanoparticle sample butnot| [91], [93]
in the bulk
1,3 mbar O,; Dem@nstrated morphological and
Cu Co 22 6,7 mbar Hy; compositional changes occurring underredox| [94], [95]
523 K,603K cycling
Lab-based system;
Various pressures |Identified formation of undercoordinated Pt
Pt; Pd Pt 3;12 of CO between |atoms on the surface at pressures above 0,2 [96]
2,7x10:1%and |mbar for both pure Pt and Pd/Pt particles
6,7 mbar, 293 K
Lab-based system;|Identified Ni oxide formation on all shells
Au Ni 15-28 /0 at 101 and 10-3 |except the thinnest, consistent with enhanced [85]
mbar, 323/373 K |catalytic activity of the thinnest-shell particles.
Lab-based system;
oxygen-plas- Core-shell structure presumed to form during
Cu Ni 15 ma-treated before |oxidation and is preserved during reduction. [97]
analysis, then 1 |Improved catalytic activity and selectivity =
mbar H, at 523 K |noted after treatment
in NAP system

6.11.3 Measurement of NP's in liquid suspension

One significant advantage of NAP-XPS is the possibility of investigating nanoparticles in liquid
suspension, and thereby directly measuring the liquid/nanoparticle interface. Currently the most
popular technical solution for this is the liquid microjet method. The basic principle of such an
experiment is explained here using the set-up at the Swiss Light Source as an example (see Figure 12,
right). The nanoparticle suspension enters the analysis chamber through a nozzle of diameter 28 to
50 pm with a flow rate of approximately 75 ml/min, travels a distance of 1,5 cm through the chamber and
then exits through a 600 pm hole in an aluminium catcher (see Figure 12, left). X-rays hit the liquid jet
and photoelectrons are collected and guided toward the energy analyser through a differential pumped
electron optical system. Measurements can be performed at pressures in the analysis chamber between
10-3 and 20 mbar, while for a detailed XPS experiment where several survey and high-resolution spectra
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are acquired 100-200 mL of suspension is necessaryl[281.129], The quantitative evaluation of XPS depth-
profiles for shell thickness determination of NPs in liquid suspension is currently still difficult; this is
mainly due to a lack of data regarding the IMFP of the photoelectrons in the solvent and the complex
spatial distribution of NPs at the liquid/atmosphere interfacel190l, Table 5 summarises examples for the
application of NAP-XPS for NPs in liquids.

Key

1| jet

2 | photons
3 | catcher
4 | electrons
5 | detector

to one another

a) Schematic showing positions of jet, photons, b) Schematic showing that the incident pho-
catcher and electrons tons;and the axis of the electron optical system
(leading towards the detector) are all normal

NOTE1 The direction of liquid flow is from top to bottom. The liquid is expanded at a velocity of ~$0 m/s into

thg measurement chamber through a micron sized quartz nozzle. Measurements can be performed a

in

NOTE 2  See Reference [99].

©lI

Figure.12 — Schematics of a 50 pm liquid microjet in operation at the Swiss Light S

pressures

the analysis chamber. between 10-3 and 20 mbar. The liquid filament is then irradiated with X-jays before
being "caught” by the cateher and removed from the measurement chamber.

purce
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Table 5 — Examples of the application of NAP-XPS for analysis of nanoparticles in liquid

Core Shell Dl?:lr:)ter NAP conditions Notes Reference
Delonls'ed' . Observed a change in chemical species
water liquid jet; . S
: . : observed for Si between UHV and in liquid
Sio, Organic 70 nanoparticle S . : [101]
: - proof of principle that such information
concentration of :
PO can be obtained
7 X 1U IT11
Multiple photon energies were used, and
20 w% aqueous |an estimate for the thickness of the shell
Si0 Si-0- 7 suspension of formed by interaction with the water was [102]
2 nanoparticles in |obtained, after careful consideration of the e
liquid jet attenuation of the electrons throughythe
water itself
No quantitative estimate of shell thickness
10 w% aqueous idered bl but th
. suspension of was considered possible as yet;but the core- [100]
Sio, Al,O 12 : . |shell structure of the particleswas confirmed ’
X7y nanoparticles in b . . o [103]
o y observing core/shelkpeak intensities as
liquid jet :
a function of photon energy
Demonstration gf\lab-based analysis of
nanoparticles 40 sispension without the
Agin aqueous use of the liquid jet method or any solution
Ao Ao solution; CaF,/ |replenishment - direct introduction of
CaF /gérF SIF /gC’aF 20; 5-10 |SrF,and SrF,/ |solutiongto the instrument. Identified a| [104]
z P 2 2 CaF, in ethylene |chemical difference between wet and dry
glycol Ag particles, while no change between dry
ahd suspended CaF,/SrF, or SrF,/CaF, was
observed.

7 Augeér electron spectroscopy

7.1 General

AES is based on the Auger effect/ in which incident radiation leads to the ejection of a core leyel

electron,
in the em

between fhese three energy’levels[105],

Like XPS,

hnd the generated eore hole is filled by an electron from a higher energy level. This resylts
ssion of an Augerelectron with a defined kinetic energy dependent on the energy differerce

the information depth in AES is not determined by the penetration of the material by the

incident rpdiation,"but by the IMFP of the Auger electrons leaving the sample. Consequently, AES is a

surface-s¢nsitive'technique with an analysis depth usually between 0,4 nm and 5,0 nm[32].[106],

AES instrpiments can be operated in spectroscopy or imaging mode. In the following, the advantages

and also difficulties of the different operation modes for NP characterization will be discussed.
This document is focused on electron excited Auger experiments, as opposed to X-ray excited Auger
experiments. Modern electron guns facilitate measurements with small incident beam diameters and,
thus, high lateral resolution below 10 nm, which is useful for the investigation of nanoscale objects.

7.2 Coating thickness measurement

7.2.1 General

There are several ways to determine nanoparticle coating thickness by AES. Which one is applied
depends on the dimensions of the nanoparticle and its coating relative to the AES information depth.
As soon as the coating thickness exceeds the AES information depth, destructive depth-profiling
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techniques can be applied. However, if the coating thickness is lower than the AES information depth
non-destructive depth-profiling is possible by exploiting the dependence of the IMFP of the Auger
electrons in a material on their kinetic energy. Several examples of the methods described here are
summarised in Table 6 at the end of this clause.

7.2.2 Destructive depth-profiling

Destructive depth-profiling can be performed by gradually removing material through sputtering
with, for example, an Ar* ion beam. Quantitative spectral analysis at different points throughout the
sputtering yields a depth-profile of the chemical composition of the sample. Another form of destructive-
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pfiling which can be applied to coated nanoparticle samples is cross-sectioning (for
eze fracturing, microtomy, focused ion beam or ion milling) and subsequent AES elemént
line scan analysis of the cross-cut nanoparticles. Destructive techniques are only, prefd
h-destructive ones when chemical information is required from a depth that exceeds th
rmation depth of the AES measurement. As it is often hard to estimate the effects that spu
s-section sample preparation have on the NP chemical composition and merphology. Sput]
filing in particular is a complex process and various factors need to be-takén into accou
luding preferential sputtering as well as sputter-induced roughness/mixing effects and
ictions[ 1021, A further problem specifically related to NP characterization is a higher spu
NPs compared to the corresponding bulk materials which is relatéd)to the larger surface 4
rticles and the smaller volume for dissipation of the primary ioh.ehergy. The same reason

.3 Non-destructive depth-profiling

n-destructive depth-profiling by AES can be achieyed by exploiting the dependence of the

imation of a NP shell thickness is to calculatg the information depth of the lowest kine
hk of the core material that is visible in.the spectrum. This yields an upper limit for
ckness, certainly based on the assumption that encapsulation of the core by the shell n
mplete. Likewise, a lower limit for the shell thickness is given by the information depth p
e core material that are not observed-in the spectrum. Furthermore, it is possible to esti}
1l thickness by comparison of thepeak intensities of two Auger transitions from the sam
b. KLL and LMM) of different kinetic energy and, thus, different IMFPs. Well established fof

tead suitable simulation'software such as SESSAI[221.[108] with corresponding model mop
1 be used. The Typ formwula or numerical models described for XPS can also be applied to
ivever under the additional required assumption that excitation is uniform across the
hth.

4 Elemental composition

well as-Allger peaks, after electron impact AES spectra additionally contain a background
inelastically scattered electrons and further secondary electrons. As Auger signals are ver
mparison to this background, normally the differential representation of the spectrum is

tance by

mapping
rred over
b intrinsic
ttering or
ter depth-
ht, mainly
chemical
tter yield
rea of the
s can also

IMFP, and
b simplest
fic energy
the shell
haterial is
baks from
mate a NP
e element
mulae for

erlayer thickness estimation\on planar samples cannot be applied to NPs due to their topography.

phologies
AES data,
analysed

cenerated
y small in
used[105],

Th

OPETator Of a MOUET T AUEET EIeCtT O SPECITOIMELET TaS tWO OptioNs foT Spectral ciraracte

ization of

nanoparticles. Either a spectrum with the high spatial resolution is recorded to identify the chemical
composition of a single nanoparticle or a small nanoparticle aggregate (spectral point analysis mode),
or a spectrum at low spatial resolution is recorded to identify the average chemical composition of a
large NP ensemble (spectral ensemble analysis mode). While both methods are useful, spectral point
analysis can be considered the most important, as ensemble analysis can be performed with most
electron spectroscopies, whereas analysis of a single nanoparticle is a capability limited to the use of
electron-gun-based AES.
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X 280000 X 280000

RGB synthesis
Au/ Ag

Yoo

L 4

X 280000 X 280000

X 280000 X 280000
a) SEM image of cross-cut AgAu-core, b) Element's¢canning Auger microscopy
Si0,-shell NPs (SAM) overlays

NOTE1 [Thered dotted line indicates the specific CSNP that is investigated by AES elemental mapping.
NOTE 2 |Red [Au(MNN)]; green [Ag(MNN)]; blue [Si(KLL)]

NOTE 3  [See Reference [109].

Figyre 13 — Example of ion-milling and elemental mapping for nanoparticle analysis

7.2.5 Imaging and line scans

The high ppatial resolution of AES facilitates the generation of elemental maps and lines scans on the
nanoscald. It is even possible to)investigate single NPs. It is worth noting that the spatial resolutjon
of AES is|always worse tharnthe beam diameter of the incident electrons. The cause of this is the
backscattpred electrons tliat excite Auger electrons within a certain volume outside the primary beam
irradiated area. Additionally, in the case of NPs distributed on a substrate, the so-called edge effpct
can lead tp a decrease-in spatial resolution. The edge effect corresponds to primary electrons that gre
scattered|within the’ NP and, thus, hit the surrounding substrate which leads to Auger excitation[1{2],
A combingtionof:both phenomena leads to the substrate signal being detected even if the NP diamefer
exceeds the-primary beam diameter and the beam is focused on the NP centre. This is illustrated in
Figure 14lwhere two Au-Ag core-shell NPs of 20 nm and 60 nm diameter are investigated hy AES line
scan analysis. In both cases, the Si(KLL) signal from the substrate decreases when scanning across the
NPs to about 50 % compared with the intensity outside the NP.
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TE Auger electron spectrascopic linescans (lower panel) of the elements silver and silicon d
bs indicates the position of-each corresponding linescan (upper panel).

igure 14 — Auger-€lectron spectroscopic linescans and electron micrographs of Au-/
shell nanoparticles

e extentof the edge effect depends on the kinetic energy of the incident electron beam ¥
monstrated by Ito, et al.[110] who performed AES line scan analyses of 300 nm Al,0; parti
showr that for a line scan performed at 20 kV the number of forward scattered electrons

afactor of two compared with a line scan at 5 kV. Consequently, the edge effect is reduce

f an Au-Ag

e-shell NP with 20 nm total.diameter (left) and 60 nm total diameter (right). Electron micrograplys with red

\g core-

vhich was
les. It can
s reduced
d and the

Sp

ttat resotution enhanced for NP characterization withr igh primary etectron Rinetic energ

(110], The

issue of artefacts related to edge and backscattering effects has been further addressed using Monte
Carlo simulations by Li, et al.[111] It is concluded that the quantitative evaluation of AES images and line
scans is only valid after careful consideration of the possible influence that contrast artefacts could
have had on the measurements.
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Table 6 — Examples of the application of AES depth-profiling, compositional analysis, and

imaging
Core Shell Diameter Anal¥51s Notes Reference
(nm) applied
Investigated silica microspheres coated
with multilayered structure formed of
. . 1250 (Si0,); 10| Destructive: Fe;0, nanoparticles and a
510, Fe30,/Organic (Fe30,) Ion sputtering |polyelectrolyte. Destructive depth [112]
profiling was used to characterize the
lavered structure
] Hollow-core-shell structure of the
Destructive: nanoparticles was visualized using a
lon milling combination of ion-milling and SAM
AuAg |S|0, 280 cross-section | elemental mapping (see Figure 13). [109]
Elemental Line-scan analysis revealed a
mapping heterogeneous distribution of Au and
Ag within the core.
Coated and uncoated particles'were
Non-destruc- |compared; by using a comparison
. - tive: Auger between high KE (IMFP\<12 nm) and
S0, ¢ 20 peak low KE (IMFP ~2,2 npi).auger [113]
comparison transitions, coating thickness was
estimated
Elemental SpecFral poin.t an'aly§is of QuO nano-
composition particlesduring in-situ Li-ion cycling
CuO Ljo, <50 b revealed the formation of LiO, at the [114]
y spectral il f d that thi
oint analysis nangparticle surface, and that this
p couldbe partially reversed.
lmaging of Zr(LMM) and Al(KLL) used
B Elemental to demonstrate that Al,0; formed a
Zr0;  |A1205 62 (5 -200) mapping coating across the entire surface of the [115]
nanoparticles
Attachment of Ag nanoparticles to a
ntibod Aggregates |Elemental U937 leukaemia cell were
Ag ?\Ilnction};lised <f§0 ngm Nopin demonstrated by the use of elemental [116]
pping mapping of C(KLL), O(KLL), and
Ag(MNN) Auger peaks.
Elemental mapping of SiO, nanowires
Cu; Elemental was able to identify the Cu seed particle
Si0,; - - mapoin at the base of the wire. Line-scans of [117]
SiC pping SiC nanodots demonstrate agreement
with electron microscopy.
AES mapping and line scans of single
Si0, nanoparticles were performed,
Elemental showing the effects of a carbon
Sio, C|(¢ontaminant) |30 nm mapping; contamination laver and various [118], [11B]
PR SR artefacts that occur at the edge of
nanoparticles for AES line scans.

8 Complementary analysis

When interpreting electron spectroscopy data from coated nanoparticles, and particularly when
attempting quantification of coating thickness, many of the methods discussed require a significant
number of assumptions regarding the nanoparticle system itself. Likewise, certain pieces of
information, such as size, are likely required for some methods before an estimate of coating thickness
can be made. Many assumptions can be ratified using complementary analytical techniques; likewise,
any information required for a calculation of coating thickness that cannot be obtained using electron
spectroscopy, can be obtained using another technique. Care shall be taken, however, to ensure the
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relevance and correct interpretation of data from other techniques when utilised for analysis of electron
spectroscopy data. A common example is the difference between measurements of size made using
many solution-based techniques, compared to those made in dry or vacuum conditions; the relevant
‘size’ of a particle for techniques which rely on motion within solution is the Stoke’s diameter, which is
distinct from the actual physical diameter of the particle. Related to this is the potential for changes to
occur in terms of size and morphology of particles in solution as compared to when dry, due to potential
hydration of the surface, or changes in surface energy in different environments.

Table 7, below, lists many commonly used techniques for the analysis of nanoparticles, alongside the
benefit they provide in complement to electron spectroscopy measurements, and any associated
digadvarmtages:

Table 7 — Complementary analysis techniques, with their benefits and disadvantages for
assisting in electron spectroscopy measurements of coating thickness

Technique Benefits Disadvantages

Size determination

Size is required for any overlayer thickness calculation from electrdmspectroscopy data

SHM and TEM Can provide information on size and |Statistically representative
shape of particles to support/refute |medsurements can be
assumed morphology and improve ~{time-consuming or impractical to

simulation/modelling. For some obtain.
samples TEM can provide core'size/ |Electron-induced damage of particles
shape. is a possibility.
Atpmic force microscopy Can provide topography, size As with SEM/TEM, statistically
measurement. significant measurements cfin be
time-consuming
Dynamic light scattering Can provide sizeof particles. As a solution-based techniqpye,
(Splution based) measurements are not necegsarily
representative of samples upder
vacuum.

Size measured is
Stokes/hydrodynamic diamter.

Differential centrifugal sedimen- t{Can provide high-resolution size As a solution-based techniqye,

tation distribution of particles, measurements are not necegsarily

(Splution based) i.e. information on polydispersity.  |representative of samples upder
vacuum.

Can prove difficult for samples with
density close to that of watej.

Size measured is Stokes/
hydrodynamic diameter.

Ngnoparticle tracking analysis Can provide size of particles. As a solution-based techniqte,
(Splution,based) measurements are not necegsarily
representative of samples
under vacuum.

Size measured is Stokes/
hydrodynamic diameter.

Single-particle inductively-cou- |Can provide size distribution and Elemental information limited,
pled-plasma mass-spectrometry |elemental information. minimum particle size detectable
controlled by analyte sensitivity
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Table 7 (continued)

Technique Benefits | Disadvantages

Coating thickness measurement

Other techniques can be used to corroborate measurements of coating thickness performed using electron

spectroscopies
Low-energy ion scattering Can be used to provide Typically requires a high-Z core, low-Z
measurements of overlayer shell.

thickness, and can identify the
presences of uncoated core,

1.e. pinholes, Incomplete shell
coveragel10],[120],[121],

Transmisdion electron Can be used to determine size and |Statistically representative

microscogdy (TEM) coating thickness for nanoparticles |measurements are time-gonsuming
with distinct contrast between the |to obtain. Electron-induced damage
coating and the core. of particles is a possibility.

Any size determination technique | As simple to perform as the Requires accessto bdre ‘cores’

performed separately on cores technique chosen, many possible without coating. Error can be

and complete particles techniques are options (see ‘size influenced byydiffering behaviour
determination’ section above). of the cores,compared to the coated

particles with respect to certain
technigues (e.g. in solution, some
materials may have different
hydrodynamic radii for the same
‘dry’ size; in electron microscopy,
some materials may degrade under
the electron beam). Core needs to b
unchanged by coating process.

7

Structure and/or composition

Structdre and composition can aid in identifying sources of error and justifying assumptions made when
estimating coating thicknesses

Small angle X-ray/Neutron Can identify sjze-and structure ofa |Requires complex modelling,
Scattering (SAXS/SANS) population.efimanoparticles. particularly for non-ideal systems.
(Solution Based) Interpretation can be difficult

without a reasonable initial
understanding of the sample

)

Thermogravimetric analysis Can provide material composition of | Dependent on thermal breakdown ¢
a'nanoparticle system. materials - unsuitable for materials
with complex breakdown processesd,.
Provides a ‘bulk’ view of compositid
- insensitive to location or structur¢

=

of materials.
Scanning fransmisgion X-Ray Can provide information on size and |Statistically representative
microscogdy shape of individual particles, image |measurements are time-consuming
contrast based on chemical X-ray-induced damage of particles i a
composition, less beam-induced possibility.
darnTage tirar
electron-beam-based methods.
X-ray diffraction Can provide info on crystal Sensitive to ordered structures -
structure and potentially particles need to be randomly
crystallite size for dry samples. oriented to obtain useful information

on crystal structure of the popula-
tion. Only applicable to crystalline

samples.
Energy dispersive X-ray analysis |Can provide information on total Statistically representative
(EDX) elemental composition of the measurements are not practical.
particle. Line scans can be used to  |Electron-induced damage of particles
determine coating thickness. is a possibility.
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Technique Benefits Disadvantages

Medium-energy ion scattering

Can provide a range of useful
information including size and
elemental distribution of
nanoparticles.

careful modelling for data

particles is preferable)

Complex structures can require

interpretation; can require careful
sample preparation (monolayer of

9 Deviations from ideality
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9.

Th
gri
sy
an
ing
of
ele
us
Sy
oV
pr
bo
us
Ty
me

In
tw
co

General

majority of nanoparticle systems do not conform to the idealised model\of a monjodisperse
population of particles with a uniform, homogeneous core and a similarly uniferm concentr
Depending on the particular deviation, the coating thickness estimation methods described previously
colild potentially still provide useful information, either with some additienal calculations,
with some qualification. In practical application, often such non-ideal.systems can in fact

ture of several deviations from the idealised model. In such caseg; the analysis may prov
H there may be no single, unique solution. Any analysis provided by'modelling or calculati
cenario needs to take this into consideration, and ideally includé)corroboration from comp
hniques.

Multilayered coatings

e specific case of multi-layered coatings, partietdarly 2-layer or "core-shell-shell” part
pat interest to industry, with many such particles now commercially used(122]-[125] |
tems in which an additional overlayer is present on top of a ‘core-shell’ particle cannot

reases significantly. Where other analybical techniques can be used to establish some p
the system, such as the concentricity-of the coatings and particle diameter, reasonable 3
ctron spectroscopy data can be:gbtained. Such systems can then be reasonably easily
ng numerical methods, and simulation software such as SESSA will typically be able to mn
tems with ease. In cases where the coating layers are of similar materials, such multip
erlayers, the total combinédythickness can be reasonably estimated using the Typ formula 1
pviously. For systems inlwhich this is not the case, or in cases where estimates for the thic
th coating layers are(desired, an extension of the Typ method has been demonstrated wh
pd to estimate thethickness of both overlayers. As with the Typ method, the ‘core-shell-she
b method was deveéloped by comparison and fitting to numerical modelling data generated
thod described-previously.

prder todetermine the thicknesses of two coating layers on a particle, this method initially
0 separdte approximations (see Figure 15) and requires iteration between the two,
wefging within 2-3 cycles. For the purposes of calculating the outer-layer thickness, the

c coating.

or simply
contain a
b difficult,
bn in such
ementary

icles is of
h general,
be easily

hlysed, as the range of potential morphologies that can give rise to a given ratio of peak intensities

hrameters
nalysis of
modelled
odel such
e organic
nentioned
knesses of
ch can be
II', or CSS-
using the

considers

typically
core and

infgershell are considered as a unified ‘core’, with their intensities weighted to account for th

b differing

attenuation of signal between them. For the purposes of calculating the inner layer thickness the core
and inner-layer are considered as a standard ‘core-shell’ system, with an adjustment applied to account
for the attenuation of signal due to the outer shell. As with the original Typ method, the CSS-Typ method
utilises the ratios of effective attenuation lengths to minimise the complexity of the resulting equation.
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NOTE I; indicates the intensity from a material; here, i= 0 denotes the‘outer coating layer, /=1 denotes the
inner coating layer, and i=2 denotes the core.

Figure 15 — Schematic describing the two approximations utilised in the CSS-Ty, method

Once thesg ratios have been determined and starting withian estimate of either the inner or outer coating
thickness|] correction factors can be applied to the measured intensity ratios indicated in Figure 15 (4 ,
and A.g). [[hese corrected intensity ratios can then be used as inputs within the standard T\yp formpila
to obtain fhickness estimates for each layer. Iterating between calculating the inner and outer coatjng
thicknessgs results in convergence typically within 2 or 3 cycles, even with an initial estimate that is
incorrect py an order of magnitude.

As this mpthod is based upon the Typ.inethod, the primary sources of uncertainty are similar. Dug| to
the use of|the straight-line approximation in the modelling, cases with significant elastic scattering dan
introduce|greater error. Figure 16-shows plots of the distribution of calculated overlayer thicknesses
to modelled thicknesses for,-5.000 randomly generated particles. It can be seen that there is m¢re
significanfvariability in the'estimation of the inner shell thickness (T;) than in the outer shell thickngss
(T,), however for both threse distributions the standard deviation is less than the 10 % uncertainty| in
estimatioh of the effectivé attenuation lengths[23],
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igure 16 — Plots of the ratio of calculated to modelled,thicknesses for both the inner coating
layer and the outer ceating layer

9.3 Other non-ideal cases

Fol nanoparticles possessing only a single coating layer, there remain a variety of possible :ﬂeviations
frqm the idealised model often assumed, These can relate to surface morphology, striicture, or
composition. In reality, no nanoparticle;system is a perfect match to the ideal assumed case| so it is of
value to understand how such variations from this case can manifest in a typical calculation of a coating
thickness. As a general rule, most_structural or morphological deviations that are unaccdunted for
when performing a coating thiekness calculation will skew the calculation towards a lower thickness.
Thiis is due to the exponentialinature of the attenuation of electrons; when averaging over 4 region in
which there is variation inthe observed overlayer thickness, the measured signal from the|substrate
(i.g. the core in the case-of manoparticles) will be greater than that that would arise from an ¢quivalent
average overlayer of uniform thickness (Figure 17).
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Key

1  pure thaterial intensity
2 obseryed XPS intensity
3 average overlayer

4

sample depth beyond base of schematic significantly greate(é@n effective attenuation lengths

NOTE Substrate material is considered to extend to a de&\h much greater than the relevant EAL.
K\

Figure 17 — Schematic illustrating the diffen@ce between average overlayer thickness and t

equivalent observed XPS intensity as a rg:%kl-t of the exponential nature of electron attenuati¢on

o
For comp@sitional variations, the ism@é more complex and, in some cases, the concept of an overlaj

thickness|can no longer be the mo eful measurand, or even a reasonable quantity to define. T
is particullarly true of cases wh e boundary between core and coating is not abrupt. For so

structuref, where the deviation.from the ideal case is well understood, simulation software ias

been demlonstrated to acc1\ y model the resulting XPS spectrum[34l. Where such software is

available, |any interpretation needs to be performed with care, and an understanding of the effects
any given| structure o @e measured intensities. Table 8, below, lists and illustrates some commi
potential deviations{rom the ideal case, with comments regarding how these can be considered. ]
concisenefs, a n article system which meets all of the assumptions described previously (¢
uniform omo%ﬁéous materials, concentric spherical core and coating, etc.) is referred to as an "id

system". &
S

he

er
his
me

ot
of
on
‘or
.8,
pal
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Table 8 — Illustrated list of common deviations from an ideal concentric coated nanoparticle
structure, alongside comments regarding their analysis

Deviation

Illustration

Comments

Samaa ooz olos

The observed spectrum for a system of this type will

with an

Non-uniform coating
@r core morphology;
andom roughening

diatbot of o s o] oot
app ot tqgtuvareheeottat oraatar Sy Sty

overlayer thinner than the real mean thickn
with roughening or non-uniformity i cd
which has a directional bias can be ider]
asymmetric or non-concentric ¢ 'gs.

N
Vv

<L

o)

pss. Cases
ating
ed as

v

blydispersity in core
or coating size

\}quivalent to that of a monodisperse system

The effect of mﬁ\dxrate polydispersity inan
distribution will not be significant for most

In particé‘, polydispersity in core size, wit
mono se coating thickness will have v¢
effeet\for all but very small nanoparticles. W

theréis significant polydispersity in coating
ss, estimated coating thicknesses will app

overlayer thinner than the real mean thickn

rmal
bystems.
h a

ery little
here
thick-
ear
with an
bSS.

[ncomplete coating (]

The observed peak intensity for a system w
incomplete coating, where particles are ran
oriented with respect to the coating, will ap
equivalent to an ideal system with a thinner
coating. In some cases, this scenario can be i
by visual inspection of the inelastic backgro

In cases where the orientation with respect
coating is fixed, this can result in an even th
estimate for the coating (if the coating gap i
universally ‘face-up’), or can appear similar

‘face-down’)

equivalent ideal case (if the coating gap is universally

th an
omly
pear

dentified
und.

to the
nner

to the
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Table 8 (continued)

Deviation Illustration Comments

The observed spectrum for a system with a
non-concentric coating in which particles are

randomly oriented will appear equivalent to an ideal
system with athinner r‘nafihg laypr Ifthe

] ] nanoparticles are ordered with respect to the core,
Non-concgntric coating position, the effect will depend strongly on this'drieh-
tation - a bias towards the point of minimurﬁ'@‘tic ]

coating thickness (i.e. the line from the coreyto the
detector which passes through the lea aterial) will
be present in calculations of overla hickness if

this effect is not compensated foQ~
&
o)
rd
Asymmetry of the co@r coating on a nanoparticle
will have a simila t more pronounced effect to that
of a non-conce coating. As with a non-concentric
coating, the ill always be an orientation in which

the coati kness observed is at a maximum. As
such, foréa domly oriented particles, a bias toward

Asymmefry of core or
cdating

UT

the minimum observed coating thickness will be

observed when calculating overlayer thicknesses if
\this'effect is not accounted for. For ordered particleg,
Jthe thickness estimated will instead be dominated Ry
+ O |the side facing the detector.

The concept of coating thickness becomes ill-definedl
for systems in which the boundary between core anfd
coating materials cannot be reasonably approximated
as an abrupt interface. Calculations of coating
thickness which assume an ideal system will be
skewed towards a value that is thinner than the
median point for a linear mixing gradient; for more
complex scenarios the effect will not be so clearly
definable. Calculated coating thicknesses could rea-
sonably provide useful comparative information with
4 respect to similar systems, but a more explicit inter
/\?' pretation is not justifiable without detailed modelling.
%
R
S

In systems with a variation in coating density, such as

Non-homogeneous with organic molecules bound to the core, it is more

density of coating or reasonable to consider the coating thickness estimate
core to correspond to an amount of material present rather

than an actual thickness (which will typically vary
depending on environment for such systems). In this
case, such estimates remain useful, but care needs to
be taken to ensure the interpretation is conveyed as a

Non-abrupt boundaries
- core/copting mixing
at irfterface

In systems where there is minor variation in core
density, the effect will rarely be significant, and is npt
dissimilar to an equivalent reduction or increase in
core size, excluding the effect on curvature.

comparative quantity rather than a literal thickness.
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