
Simulation of Near Edge X-ray Absorption Fine Structure
(NEXAFS) Measurements of CO on Supported Pd Nanoparticles

Chi M. Yim1
• Chi L. Pang1 • Geoff Thornton1

Published online: 24 March 2016

� The Author(s) 2016. This article is published with open access at Springerlink.com

Abstract Near edge X-ray absorption fine structure

(NEXAFS) measurements of CO on Pd nanoparticles have

been simulated. This was achieved by calculating the CO

p* resonance signal of CO on a nanoparticle both as a

function of the angle of incidence (I vs h) and the direction

of the electric field vector E of the incident photon beam

(I vs b), with the nanoparticle defined as a 111ð Þ top facet

with 111f g and 100f g side facets. The dependence of the

p* resonance intensity signal of CO covered nanoparticles

on the particle geometry and orientation as well as the bond

orientation of CO is examined. In addition, we compare our

simulations to a set of C K-edge NEXAFS experimental

data obtained from a single Pd nanoparticle decorated with

CO. Our simulation predicts that the nanoparticle has a

high lateral aspect ratio of 37.7 ± 4.1.

Keywords Carbon monoxide � Nanoparticle �
Adsorption � NEXAFS � Simulation

1 Introduction

The study of metal nanoparticles supported on oxide sur-

faces has become a popular topic of research in recent

years. This is motivated in part by their applications in

heterogeneous catalysts. In the study of model systems

there are a variety of surface science techniques available

that can unravel different aspects of the nanoparticle

properties. For instance, one can employ scanning probes

(scanning tunneling microscopy (STM) [1], atomic force

microscopy [2]), electron microscopy (X-ray photoemis-

sion electron microscopy [3], transmission electron

microscopy [4], diffraction (photoelectron diffraction [1])

and scattering techniques (grazing-incidence small angle

X-ray scattering [5, 6]) to monitor the morphology of the

nanoparticles. To probe molecular adsorbates on nanopar-

ticles, one can use STM to monitor their adsorption sites

[7], infrared absorption spectroscopy to investigate their

vibrational modes at different sites [8], and micro-

calorimetry to measure their sticking coefficients as well as

adsorption energies on the nanoparticles [9]. To determine

molecular orientations on nanoparticles, near-edge X-ray

absorption fine structure (NEXAFS) is one of the few

experimental tools available.

Developed in conjunction with the rapid advancement of

synchrotron radiation techniques in 1980s, NEXAFS has

proven a valuable tool in the determination of molecular

orientations on surfaces [10]. The technique relies on

dipole selection rules, associated with a photoelectron

originating from an s initial state (K edge) being excited

into a final-state, p-like orbital. For a diatomic molecule,

the final-state (anti-bonding) orbital can be of either p* or

r* type. If d is the angle between the electric field vector

E and the direction of the final state orbital O, i.e., the

direction of maximum orbital amplitude, the transition

intensity I varies as cos2 d [11]. Also, as the direction of a

p* anti-bonding orbital relative to the corresponding intra-

molecular bond axis is different from that of a r* orbital,

the p* resonance exhibits a polarization dependence which

is opposite to that of the r* resonance. Such opposition in

polarization dependence has been illustrated in previous

& Geoff Thornton

g.thornton@ucl.ac.uk

1 Department of Chemistry and London Centre for

Nanotechnology, University College London, 20 Gordon

Street, London WC1H 0AJ, UK

123

Top Catal (2016) 59:708–724

DOI 10.1007/s11244-016-0545-7

http://crossmark.crossref.org/dialog/?doi=10.1007/s11244-016-0545-7&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11244-016-0545-7&amp;domain=pdf


NEXAFS studies, for instance from CO/Cu(110) [12] and

CO/NiO(100) [13].

NEXAFS has been used extensively to study the

bonding orientations of molecules that are physisorbed or

chemisorbed on many different surfaces, including those

of metals [14, 15], oxides [13, 16–18], and semicon-

ductors [19, 20]. However, it is rarely applied to the

study of adsorbates on supported nanoparticles. The

reasons are twofold. First, the nanoparticles usually have

a variety of geometries and orientations relative to the

incident photon beam. Hence, molecules on different

nanoparticles can provide varying contributions to the

total X-ray absorption signal integrated over the whole

sample. Secondly, even in an ideal system that consists

only of a single nanoparticle, the polarization dependence

of the X-ray absorption signal from different parts

(facets, edges and corners) of the nanoparticle can vary

significantly from one another. Both of the above factors

make it difficult to determine the molecular orientations

on nanoparticles by straightforward use of the equations

derived in Stöhr and Outka’s paper [11]. In order to

realize the capability of NEXAFS to probe molecular

orientations on nanoparticles, an understanding of how

adsorbates on different parts of a nanoparticle contribute

is required.

Here we have simulated NEXAFS measurements on a

hypothetical sample that consists of a single CO-covered

nanoparticle. For argument’s sake, we specify a Pd

nanoparticle supported on TiO2(110) simply so that we

can set the general particle shape as a truncated cuboc-

tahedron, in line with experimental observations [21].

Using these particles, we examine the influence of the

particle size and shape, as well as the CO orientation on

the CO p* NEXAFS polarization dependence. Two dif-

ferent experimental geometries were used. In the first

geometry, the incident photon beam was set to be p-

polarized, i.e., with its electric-field vector E lying in the

plane of incidence (POI), the p* resonance signal from

the (CO-covered) nanoparticle was then calculated as a

function of the incidence angle. This geometry is the

standard geometry as used in connection with a con-

ventional synchrotron radiation source. In the second

geometry, which represents a typical XPEEM experiment

with double undulator to rotate the electric field vector of

the X-rays, the angle of incidence was set at a grazing

angle of 16�. The p* resonance signal was calculated as

a function of the polarization angle, b, which governs the

direction of E relative to POI. In doing so, a systematic

study of the effects of the aforementioned factors upon

the angular dependence of the p* resonance intensity

from the nanoparticle can be achieved. There are

experimental data available for the second geometry.

These are compared with the simulations.

2 Methodology

2.1 Defining the Shape and Size of a Nanoparticle

Here we simulate the angular dependence of the CO p*
NEXAFS from CO on a hypothetical well-defined Pd

nanoparticle. The nanoparticle comprises a (111) top facet

with {111} and {100} side facets. The exact geometry of

the nanoparticle is defined by a set of parameters (M, m,

s) where M is the number of atoms along the edge between

the (111) top facet and one of the {111} side facets, m is

the number of atoms along the edge between the 111ð Þ top
facet and {100} one of the side facets, and s is the number

of (111) layers in the particle. Equation (1) can be used to

calculate the number of atoms, nj, on different parts of the

nanoparticle (where j = 0 corresponds to the 111ð Þ top

facet, j = 1–3 corresponds to each of the {111} side facets,

j = 4–6 each of the {100} side facets, j = 7–9 each of the

edges between the (111) top facet and one of the {100} side

facets, j = 10–12 each of the edges between the (111) top

facet and one of the {100} side facets, j = 13–18 each of

the edges between a {111} and {100} side facet, and

j = 19–24 each of the corner sites). In the case of the

facets, the associated edge and corner atoms are not

included so as not to double count.

nj ¼

M2þm2þ 4Mm� 9M� 9mþ 14ð Þ=2; j¼ 0

s2þ 2Ms� 2M� 5sþ 4ð Þ=2; 1� j�3

ms�m� 2sþ 2 4� j�6

M� 2 7� j�9

m� 2 10� j�12

s� 1 13� j�18

1 19� j�24

8
>>>>>>>><

>>>>>>>>:

ð1Þ

An example of such a nanoparticle is shown in Fig. 1a.

The particle has (M, m, s) = (4, 3, 3). Hence, it has 12

atoms in the (111) top facet, 21 atoms in the {111} side

facets, 6 atoms in the {100} side facets, and a total of 27

atoms on the edge (orange) and corner sites (red). To

simulate the NEXAFS angular dependence, we have

assumed that all parts of the nanoparticle are covered with

0.5 monolayer (ML) of CO [22, 23]. With this assumption,

the number of CO molecules on each part of the particle

depends only on the particle geometry, i.e. the number of

atoms in each facet, edge or corner.

2.2 Normal Vectors of Different Facets, Edges

and Corners

To understand how CO molecules on different parts of the

nanoparticle contribute to the X-ray absorption signal, we

first need to know how the CO molecules are oriented
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(relative to the incident photon beam). Even in the simplest

case where CO is assumed to bond with its molecular axis

parallel to the normal of the facet, edge or corner, there are

many normal vectors.

The normal vectors of facets are straightforward to find:

for cubic crystals, facets defined as (hkl) have their normal

vectors pointing in the [hkl] direction [24] so that the (111)

top facet will have a normal vector pointing [111] in the

direction, while that of the 1�11ð Þ side facet will point in the

1�11½ � direction. Once the magnitude of the vectors are

made equal, the normal vector for edges and corner sites

can be determined by vector addition of the normal vectors

from the two facets that make the edge, and the three facets

that make the corner, respectively. Thus, the normal vec-

tors for edges between the 111ð Þ top facet and the

{111} side facets are in the 110h i directions, those for

edges between the 111ð Þ top facet and the {100} side facets
are in the 1þ

ffiffiffi
3

p
1 1

� �
directions, those for edges

between the {111} side facets and {100} side facets are in

the 1þ
ffiffiffi
3

p
�1 1

� �
directions, and those for corner sites

are in the 2þ
ffiffiffi
3

p
0 2

� �
directions.

In this way, the normal vectors of all facets, edges and

corner sites of the particle (Nj, for all j) can be determined.

In cases where CO is modeled with a bond orientation

away from the facet (edge or corner) normal, the CO bond

vector, BCO,j, is referenced to the normal vector of the

facet (edge or corner) that it is adsorbed on.

2.3 Orientation of the Nanoparticle and the Incident

Photon Beam

Figure 1b displays the coordinate system employed in the

simulation. The vector Nparticle = (1, hparticle, /particle) (in

spherical form) denotes the orientation of the nanoparticle.

Note that Nparticle points in the same direction as the nor-

mal vector of the (111) top facet so that when Nparticle

= (1, 0�, 0�), the particle is oriented with the normal vector

of its (111) top facet pointing in the z-direction and with the

normal vector of its 11�1ð Þ side facet (Fig. 1a) lying in the

xz-plane. If the particle is rotated (counterclockwise) by an

angle / about the z-direction, then Nparticle = (1, 0�, /)
and all the facet (edge and corner) normal vectors, Nj (for

all j) and hence all the corresponding CO bond-vectors,

BCO, j, rotate correspondingly.

P = (1, hP, /P) defines the direction of the incident

photon beam. When the nanoparticle is oriented with its top

facet facing towards the positive z-direction, P = (1, 180�,
180�) represents normal incidence while P = (1, 90�, 180�)
represents in-plane incidence so that P = (1, 106�, 180�)
corresponds to grazing incidence 16� away from the surface.

Here we assume that the incident photon beam is linearly

polarized and an angle, b (known as the polarization angle),

measured from POI defines the orientation of the electric

field vector E of the incident photon beam relative to POI.

Thus, when b = 90� (0�), the light is s- (p-) polarized.

2.4 Photon Dose and CO p* Transition Yield

The photon dose on part j of the nanoparticle, Dj, is equal

to the absolute value of the scalar product of the corre-

sponding normal vector, Nj, and the incident photon beam,

P:

Dj ¼ Nj � P
�
�

�
� ð2Þ

We take the absolute value Dj here because at photon

energies between 280 and 320 eV, the incident photon beam

can penetrate through nanoparticles with average diameters

Fig. 1 a Ball model of a hypothetical Pd nanoparticle supported on

TiO2(110). The particle is defined as a 111ð Þ top facet with 111f g and
100f g side facets. The particle was constructed using parameters (M,

m, s) = (4, 3, 3), where M and m are the number of atoms along the

edge between the 111ð Þ top facet and one of the 111f g side facets,

and one of the 100f g side facets, respectively, and s is the number of

111ð Þ layers in the particle. b The coordinate system employed in the

simulation. The vectors Nparticle = (1, hparticle, /particle) and P = (1,

hP, /P) denote the orientation of the nanoparticle and the direction of

the incident photon beam, respectively. The polarization angle, b,
governs the orientation of the electric field vector E relative to the

plane of incidence. When b = 90� (0�), the incidence photon beam is

s- (p-) polarized
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less than 20 nmand photo-excite adsorbates (in this case, CO)

that are not in line-of-sight. Using the tabulated results in

Henke et al. [25], the X-ray attenuation length in Pd at

hm = 300 eV is calculated to be 151.4 nm. Hence, the per-

centage of X-rays that can transmit through a Pd nanoparticle

with an average diameter of 20 nm is equal to

e�
x
L ¼ e�

20
151:4 ¼ 87:6%. Given that Eq. (2) does not include

this X-ray attenuation, the signal contribution of CO not in

line-of-sight to the photon beam must be over-estimated.

However, as long as the nanoparticle does not exceed 20 nm

in diameter, our method should nevertheless provide a rea-

sonable, qualitative prediction of the experimental results.

We also need to understand how a single CO molecule

interacts with the incoming photon beam. Since CO is a

multiply-bonded diatomic molecule, its p* orbital is a

plane-orbital whose normal vector (OCO) is parallel to the

intra-molecular bond vector of CO (BCO). According to the

dipole approximation [11], the experimental cross section

of the 1 s ? p* transition of a CO molecule at a facet

(edge or corner) j, ICO, j, is proportional to one minus the

square of the dot product between the electric field vector E

and the intra-molecular bond vector of the CO molecule,

and has the following form:

ICO;j ¼ A 1� E � BCO;j

�
�

�
�2

� �
ð3Þ

where A is a constant, BCO, j the intra-molecular bond

vector of the CO at facet (edge or corner) j.

2.5 Effect of the Rotational Symmetry of the Facet

In the case where a CO molecule is considered to bond with

an angle away from the normal vector of facet j, the angular

dependence of the p* transition yield as depicted in Eq. (3)

depends on the azimuthal orientation of the molecule rela-

tive to the facet. In many systems of adsorbates on semi-

infinite surfaces, this azimuthal dependence is eliminated by

the substrate symmetry [11]. Here, we take the effect of

facet-symmetry into account by considering the equivalent

bonding orientations of CO on different facets, arising from

facet-symmetry. For instance, on each of the {111} facets,

each CO can bond in three equivalent directions, separated

by 120� from each other about the azimuthal axis, due to the

threefold rotation symmetry of the {111} facet. Similarly,

on each of the {100} side facets each CO can bond in four

equivalent directions, separated by 90� from each other

about the azimuthal axis, arising from the fourfold rotation

symmetry of the {100} side facet. Equation (3) can there-

fore be modified as follows:

ICO;j ¼
A

Rj

X

1� k�Rj

1� E � BCO;j;k

�
�

�
�2

� �
ð4Þ

where Rj denotes the number of equivalent bond orienta-

tions of CO (and hence the R-fold rotation symmetry) on

facet (edge or corner) j. Then, the p* resonance intensity

arising from all CO on facet (edge or corner) j, Ij, is equal

to the product of the number of CO molecules (nj 9 hCO),
the photon dose, Dj, and the (effective) p* resonance

intensity per CO, ICO,j, on facet j, and has the following

form:

Ij ¼ nj � hCO � Dj � ICO;j ð5Þ

Then, by summing the p* resonance intensities from all

parts of the nanoparticle, we have the total p* resonance

intensity as follows:

Itotal ¼
X

j

Ij ð6Þ

As the total CO p* resonance intensity from a particle

depends greatly on the particle dimension, to facilitate a

qualitative comparison of the angular dependence between

the p* resonance curves of different particles, we nor-

malize the total p* resonance intensity to the total number

of surface atoms of a particle as follow

Inormalized ¼
Itotal

ntotal
or

P

j

Ij

P

j

nj
ð7Þ

3 Results and Discussions

In carbon K-edge NEXAFS measurements, the bonding

orientation of CO on a surface can be probed by measuring

the integrated intensity of the CO p* resonance peak (lo-

cated at hm = 287 eV) as a function of either the angle of

incidence, h (with the incident light oriented to be p-po-

larised) [11], or as a function of the direction of the electric

field vector (E) of the incident photon beam, hence the

polarization angle, b [26]. The former method gives I ver-

sus h curves while the latter method leads to I versus b
curves. We will treat these separately. In part one, we will

present simulated I versus h curves of nanoparticles and

factors that can influence its angular dependence. In part

two, we will discuss simulated I versus b curves.

As mentioned previously, all the hypothetical particle

consists of a (111) top facet as well as {111} and {100}

side facets, edges and corner sites. In order to study the

influence of the particle geometry on the overall I versus h
curve, we first define three terms: RTS, RSS, and Rd, where

RTS corresponds to the ratio between the number of surface

atoms in the (111) top facet and those on the side facets,

RSS is the ratio between the number of atoms in the {111}
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side facets and those on the {100} side facets, and Rd is the

number percentage of surface atoms on the particle that are

at the edge and corner sites. By varying one term at a time,

the effect of particle geometry can be investigated

systematically.

3.1 I Versus h Curve

3.1.1 Individual I Versus h Curves from Different Parts

of the Hypothetical Nanoparticle

Figure 2 shows the simulated CO p* resonance peak

intensity versus angle of incidence (I vs h) curves obtained
from different parts of a CO-covered nanoparticle. The

particle was constructed using parameters (M, m, s) = (12,

8, 4) and has an average diameter of 5.1 nm and a height of

0.81 nm. In the simulation, the incident photon beam (P) is

linearly, p-polarized (hence b = 0�) with its direction

always fixed at P = (1, hP, /P) = (1, 180�, 180�). To

simplify the picture, we assume that CO bonds with its

molecular axis parallel to the corresponding facet (edge or

corner) normal, hence Bj = Nj for all j. Also, in order to

better illustrate the contributions from different parts of the

particle, we rotate the azimuth of the particle by 5�, i.e.
Nparticle = (1, 0, 5�). This removes the equivalence of the

side facets, edges and corners relative to the incident light

that arises from the mirror symmetry of the system, as

shown in Fig. 1b. All the facet (edge and corner) normal

vectors as well as the corresponding CO bond vectors will

rotate correspondingly. As shown in Fig. 2, due to the

different orientations of CO relative to the incident photon

beam at different parts of the particle, the I versus h curves

are clearly different from each other. The individual I ver-

sus h curves can vary depending upon the bond orientation

of CO (Bj) on the corresponding facet, edge or corner, the

orientation of the particle relative to the incident photon

beam (P), and the direction of the electric field vector E of

the incident photon beam (hence the polarization angle b).

Fig. 2 Simulated p* resonance intensity versus angle of incidence

(I versus h) curves obtained from different parts of a CO-covered

nanoparticle constructed using parameters (M, m, s) = (12, 8, 4).

a The total curve that is a summation over curves from different parts

of the particle (illustrated in the inset) including: b (111) top facet,

c {111} side facets, d {100} side facets, e edges between the

(111) top and {111} side facets, f edges between the (111) top and

{100} side facets, g edges between {111} and {100} side facets, and

h corners sites. After summation, the total curve in (a) is then

normalized to the number of surface atoms of the particle. The

direction of the incident photon beam is fixed at P = (1, 180�, 180�).
The incident light is set to be completely p-polarized, hence b = 0�.
CO on different parts of the particle is set to bond with their

molecular axes parallel to the corresponding facet (edge or corner)

normal, hence Bj = Nj for all j. In order to show the contributions

from all facets, edges and corner sites more effectively, the particle is

deliberately rotated about its azimuth by 5�, hence Nparticle (1, 0�, 5�).
This breaks the mirror symmetry of the nanoparticle about the plane

of incidence, removing the equivalence of different pairs of facets,

edges and corners relative to the incident light

712 Top Catal (2016) 59:708–724
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The overall I versus h curve displayed in Fig. 2a is a

sum over all I versus h curves from different parts of the

particle, which is then divided by the total number of

surface atoms on the particle. As we assume that the CO

coverage is uniform across the particle, the angular

dependence of the overall I versus h curve depends directly

on the particle geometry.

3.1.2 Particle Size Effect

To investigate the effect of the particle size, we fixed RTS at

0.8 and RSS at 0.2. With these values fixed, the only effect

of reducing the particle size is an increase in the proportion

of edge and corner sites relative to the top and side facets

of the particle, i.e. only Rd varies. Figure 3 displays the

simulated I versus h curves for a series of such particles.

For a particle (particle A, average diameter (d) = 16.7 nm,

height (h) = 3.7 nm) with an Rd value of 4.6 %, the cor-

responding I versus h curve (open circles) starts with an

intensity of 0.58 at h = 90� (normal incidence), then

decreases monotonically (with decreasing h) and reaches

an intensity of 0.27 at h = 0�. Reducing the particle size

only leads to a small change to the overall I versus h curve.

For a particle (particle D, d = 1.5 nm, h = 0.36 nm) with

an Rd value of 53 %, the corresponding I versus h curve

(crosses) starts with an intensity of 0.57 at normal inci-

dence, then drops at a slower rate at h[ 60�, below which

it decreases faster and reaches a lower intensity of 0.24 at

h = 0�. On this basis, we summarize that if Rd\ 20 %,

CO molecules on edge and corner sites of the particle have

only a small effect on the overall I versus h curve.

3.1.3 Relative Size of Side Facets

We can investigate the effect of different proportions of

side facets by varying RSS with RTS fixed. Due to the dif-

fering orientation of CO on different facets, CO on each

facet interacts differently with the incident light. In all the

particles simulated in this section, Rd\ 15 % so that the

signal contribution from CO on the edge and corner sites is

negligible (Fig. 3). In addition, the particles have average

diameters less than 20 nm so we assume that there is total

X-ray transmission through the nanoparticles. In this way,

any differences in the simulated I versus h curves can be

attributed to a change in the ratio of the side facets of the

nanoparticle. The simulation results, together with the

shapes of the simulated particles are displayed in Fig. 4.

We start with I versus h curves obtained from particles with

the same RTS value of 3.2 (Fig. 4a). At this high RTS value,

CO on the (111) top facet always contributes most to the

total X-ray absorption signal and hence changing the rel-

ative portions of the {111} and {100} side facets from one

extreme (RSS = 35.5) to another (RSS = 0.07) only leads to

a minute change in the I versus h curve.

With particles with an equal proportion of atoms in the

top and side facets, changing the ratio of the side facets

should have a much more noticeable effect on the I versus

h curves. As shown in Fig. 4b, with RTS = 1, varying RSS

from one extreme (37.5) to another (0.13) causes the

I versus h curve to drop at an increasing rate with

decreasing h and reach a lower intensity value at h = 0�.
The change in the I versus h curve with RSS becomes even

more prominent at a low value of RTS = 0.22. As shown in

Fig. 4c, while the I versus h curve obtained from a crystal

having RSS = 0.38 still exhibits a monotonic decrease with

decreasing h, those from the particles having higher RSS

values are markedly different in shape: with RSS = 1, the

p* resonance intensity does not vary with h at h\ 55�, and
at RSS = 46, the I versus h value first drops in intensity

with decreasing h at h[ 55�, below which it increases to

reach an intensity value at h = 0� that is higher than the

intensity at normal incidence.

3.1.4 Relative Size of the Top Facet

We have run simulations for particles that have a fixed RSS

value but different RTS values. The simulation results along

with the shapes of some of the simulated particles are

illustrated in Fig. 5. We first discuss the I versus h curves

obtained from particles that have a large RSS value of 35

and almost all (97 %) their side facet atoms in the {111}

orientation. As a result, reducing the RTS value will only

increase the signal contribution from the {111} side facets

relative to that from the (111) top facet. As shown in

Fig. 5a, for a particle having a RTS value of 6.48, CO on the

Fig. 3 Simulated I versus h curves obtained from CO-covered Pd

nanoparticles that are constructed using different sets of parameters.

(M, m, s) = (37, 24, 17) for particle A (circles), (19, 13, 9) for particle

B (squares), (8, 6, 4) for particle C (triangles), and (3, 3, 2) for

particle D (pluses). All particles have the same RTS = 0.8 and

RSS = 2.0 but varying Rd. On this basis, any difference between the

simulated I versus h curves can be attributed to the particle size effect.
The particle is oriented as in Fig. 1b. CO is set to bond with its

molecular axis parallel to the facet normal, hence Bj = Nj for all

j. The direction of the incident photon beam is fixed at P = (1, 180�,
180�). The incident light is set to be p-polarized, hence b = 0�

Top Catal (2016) 59:708–724 713
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(111) top facet contributes most to the total X-ray

absorption signal and hence the corresponding I versus h
curve (open circles) exhibits a strong dependence on h and

reaches an intensity offset of 0.082 at h = 0�. Apart from
the non-zero intensity offset at h = 0�, this curve resem-

bles that from CO on a Pd(111) single crystal where CO

bonds upright on the surface [27]. As RTS decreases, the

I versus h curve has a descending intensity at normal

incidence and drops at a slower rate with decreasing h.
However, when RTS\ 0.29, the I versus h curve (open

rhombus) starts to develop a different character: rather than

decreasing monotonically, the curve now has a breakpoint

at h = 55�, below which it increases to reach a higher

intensity value at h = 0�. This character becomes more

prominent as RTS decreases further. In the extreme case of

RTS = 0.001 (at which the particle has almost all of its

surface atoms in the {111} side facets), the I versus h curve

(crosses) has a very low intensity of 0.20 at normal inci-

dence, then decreases slightly at h[ 75�, after which it

increases to reach an intensity of 0.54 at h = 0�.
Since it is not possible to construct nanoparticles that

consist of only {100} side facets, when varying RTS, we

could only construct particles with fixed RSS down to 0.5.

At RSS = 0.5, two-thirds of the side facets atoms are in

{100} facets so any observable change in the simulated

I versus h curve originates mainly from the varying con-

tribution of the {100} side facets. The results are shown in

Fig. 5b. For a particle with a large RTS value of 7.9, CO on

the (111) top facet contributes most to the total X-ray

absorption signal and hence the corresponding I versus h
curve (open-circles) resembles that from CO on a Pd(111)

single crystal surface [27]. As RTS decreases, while still

retaining the same essential character, the I versus h curve

exhibits a diminishing dependence on h so that for a par-

ticle with RTS = 0.14 (at which the particle has 84 % of its

surface atoms in the side facets), the corresponding I versus

h curve (crosses) is almost invariant with h.
By comparing the simulation results in Fig. 5a, b, CO on

{111} side facets seems to have larger impact on the

I versus h than those on {100} side facets. This can be

explained by the larger angular separation between the

(111) top facet and each of the {111} side facets than that

between the (111) top facet and each of the {100} side

facets. In addition, both Fig. 5a, b reveal that with fixed

RSS, there exists an incidence angle (h) (namely critical h,
or hcritical) at which the signal contributions of CO on the

Fig. 4 Simulated I versus h curves obtained from CO covered

nanoparticles having the same RTS value but different RSS values:

a RTS = 3.2 with RSS varying between 35.5 and 0.07; b RTS = 1 with

RSS varying between 37.5 and 0.13; c RTS = 0.22 with RSS varying

between 46 and 0.38. All the simulated particles have average

diameters of\18 nm and height of\8 nm, and have\15 % of their

surface atoms located at the edge and corner sites. As a result, the

contributions of CO on those sites become negligible. The particles

are oriented as in Fig. 1b. CO is set to bond with its molecular axis

parallel to the corresponding facet (edge or corner) normal vector,

hence Bj = Nj for all j. The direction of the incident photon beam is

set at P = (1, 180�, 180�). The incident light was set to be p-

polarized, hence b = 0�. Each particle is illustrated under its

respective curve
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(111) top facet and the side facets are equal to each other,

and therefore the overall p* resonance intensity at hcritical is
invariant with RTS.

Figure 5c displays the simulated I versus h curves from

particles having a unity RSS value but different RTS values.

That RSS = 1 means that the particles have equal numbers

of their surface atoms in the {111} and {100} side facets.

As expected, as RTS decreases, the I versus h curve varies in
shape to an extent that is between those found in Fig. 5a, b.

3.1.5 Rotating the Particles

Rotating the particle about the surface normal can influence

the angular dependence of the I versus h curve because

ultimately this changes the orientation of the CO bond

vectors. Here, we maintain the assumption of CO bonding

upright on all parts of the particle, hence Bj = Nj for all j.

We first examine I versus h curves obtained from par-

ticles with an RTS value of 3.2. As pointed out previously,

at this high RTS value, CO on the (111) top facet will

contribute most to the total X-ray absorption signal. As

shown in Fig. 6a, b, rotating such particles about their

normal vectors (Nparticle) does not cause any noticeable

change to the corresponding I versus h curves. This is in

line with expectation because rotating the particle about its

normal causes no change to the bond orientation of CO

relative to the incident photon beam, and hence will have

no influence upon the X-ray absorption signals.

The next particle we examine has an RTS value of *0.5

(0.51) and unity RSS. This particle has its (111) top facet as

well as {111} and {100} side facets nearly all of equal size

to each other. As displayed in Fig. 6c, due to the increased

contributions from the side facets, the I versus h curve has

a greater dependence on the azimuthal orientation: at

/particle = 30� the I versus h curve drops at a lower rate at

h[ 45� but reaches a smaller intensity at h = 0�. At

/particle = 60�, although the curve also drops at a lower

rate at h[ 45�, it reaches the same intensity value at

h = 0� as the curve obtained at /particle = 0�. At /parti-

cle = 90� the curve is identical to that obtained at /parti-

cle = 30�. This is because of the mirror symmetry of the

system, with the reflection plane being parallel to the

incoming photon beam. It is important to note that this

mirror symmetry vanishes when the incident photon beam

is not completely p- or s- polarized, i.e. when the electric

field vector E deviates in orientation from the plane of

incidence (0�\b\ 90�), in which case CO on different

parts of the particle will interact with the incident photon

Fig. 5 Simulated I versus h curves obtained from CO-covered

nanoparticles having the same RSS value but different RTS values:

a RSS = 35 with RTS varying between 6.5 and 0.001; b RSS = 0.5 with

RTS varying between 7.9 and 0.14; c RSS = 1 with RTS varying

between 7.0 and 0.06. All the simulated particles have average

diameter of\19 nm and height of\15 nm, and have\15 % of their

surface atoms located at the edge and corner sites. As a result, the

contributions of CO on those sites become negligible. The particles

are oriented in the same manner as shown in Fig. 1b. CO is taken to

bond with its molecular axis parallel to the facet normal, hence

Bj = Nj for all j. The direction of the incident photon beam is fixed at

P = (1, 180�, 180�). The incident light is set to be p-polarized, hence

b = 0�. Some of the particles are illustrated under their respective

curves. They can be identified in the graphs by their RTS value
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beam differently. At /particle = 120�, the curve is identical
to that obtained at /particle = 0� as a result of the threefold
rotation symmetry of the nanoparticle.

We have already shown that rotating the particle about

its normal has no effect on the (111) top facet. However,

rotating the particle also changes the orientation of all other

parts of the particle (and hence the corresponding CO bond

vectors) relative to the incident photon beam. This influ-

ences both the photon doses (Dj) as well as the interaction

between the electric field vector E of the incident photon

beam and CO on different parts (excluding the (111) top

facet) of the particle, and as a result, varies the angular

dependence of the overall I versus h curve.

As the proportion of side facets increases, the I versus h
curves become more affected by the azimuthal rotation.

I versus h curves obtained from a particle with 80 % of its

surface atoms located in the {111} side facets are shown in

Fig. 6d. At /particle = 0�, the intensity (solid lines)

decreases with h to h = 55�, below which it increases to

reach an intensity of 0.47 at h = 0�; at /particle = 30�

Fig. 6 Simulated I versus h curves obtained from CO-covered

nanoparticles that are rotated by different angles about their

corresponding particle normal vectors. a-b Curves obtained from

particles with RTS = 3.2 and RSS = 35 (a) and 0.07 (b). c Curves

obtained from a particle with RTS = 0.51 and RSS = 1. d-f Curves

obtained from the particles with RTS = 0.14 and RSS ranging between

35 and 0.5. Before azimuthal rotation, the particles are oriented as in

Fig. 1b. CO is assumed to bond with its molecular axis parallel to the

corresponding facet (edge or corner) normal vector, hence Bj = Nj

for all j. The direction of the incident photon beam is fixed at P = (1,

180�, 180�). The incident light is set to be p-polarized, hence b = 0�.
Each particle is illustrated with its respective curves, with its

orientation before azimuthal rotation marked with red dashed lines
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(dotted lines) the intensity increases steadily with

decreasing h to h = 10�, below which it drops slightly and

reaches an intensity of 0.41 at h = 0�; at /particle = 60�
(dashed lines) the intensity increases monotonically and

reaches an intensity value of 0.47 at h = 0�. As before, the
identical behavior at /particle = 30� and /particle = 90� is

due to the system’s mirror symmetry, while the identical

behavior at /particle = 0� and /particle = 120� is due to the

threefold rotation symmetry of the particle.

Figure 6e shows I versus h curves obtained from a

particle having 56 % of its surface atoms located in the

{100} side facets. This particle has the remaining 28 and

11 % of its surface atoms in the {111} side facets and the

(111) top facet respectively. Since the p* intensity contri-

butions arising from the latter two areas are known, as well

by careful inspection it is possible to elucidate how the

signal contribution of CO on the {100} side facets is

affected by azimuthal rotation.

The variation of the I versus h curves with azimuthal

rotation is markedly different from that of the particle

discussed in Fig. 6d. This is a consequence of the different

orientations of the {111} and {100} side facets; apart from

the difference in the angular separation between the 111ð Þ
top facet and each of the 111f g side facets (70.5�) and that

between the 111ð Þ top facet and each of the 100f g side

facets (54.7�), the azimuthal orientation of each of the

111f g side facets is always separated by 60� from the

adjoining 100f g side facets.

For a particle having an equal number of its surface

atoms in the {111} and {100} side facets, as the particle

rotates, the corresponding I versus h curve alters in a way

that seems to be a convolution between the changes found

in Fig. 6d, e. As before, that the behavior at /particle = 30�
and 90� and 0� and 120� are identical due to the mirror

symmetry of the system and the rotational symmetry of the

crystal, respectively.

3.1.6 Changing C–O Bond Angle

We have also calculated how varying the bond orientation

of CO with respect to each of the facet (edge or corner)

normal modifies the I versus h characteristics. We per-

formed the simulations using two particles with different

shapes: the first particle has parameters (M, m, s) = (106, 3,

3) and has almost all its surface atoms in the (111) top

facet, and resembles a Pd(111) single crystal surface. The

second particle has parameters (M, m, s) = (12, 18, 12) and

has almost equal numbers of atoms (*30 %) located on

the (111) top facet, {111} side facets, and {100} side

facets.

Figure 7a illustrates the overall I versus h curves

obtained from the first particle where CO is set to bond at

different polar angles (hB) away from the corresponding

facet (edge or corner) normal (the azimuthal component of

the CO bond vector is fixed at /B = 0�). As hB increases,

the I versus h curve also deviates in shape: apart from

starting with a descending intensity at normal incidence, at

hB[ 30� the curve also decreases at a rate that increases

with decreasing h. Note that all the curves in Fig. 7a attain

a zero intensity at h = 0�. This is because at h = 0�, the
incident photon beam is parallel to the surface, resulting in

a negligible photon dose.

With the polar component (hB) of the CO bond vector

fixed at 30�, we tested whether the I versus h curve of the

first particle is modified by varying the azimuthal compo-

nent (/B) of the CO bond vector. As shown in Fig. 7b, the

I versus h curve is barely affected while varying /B. This is

in good agreement with the case of CO on the (111) sur-

faces of fcc crystals [11]: on these systems, any depen-

dence of the CO p* resonance peak intensity on the

azimuthal direction of the CO is eliminated by the three-

fold rotation symmetry of the substrate.

Varying the bond orientation of CO modifies the I ver-

sus h curve of the second particle in a different way. First,

as shown in Fig. 7c, not only does increasing the polar

component (hB) of the CO bond vector (with respect to the

corresponding facet (edge or corner) normal) lower the p*
resonance intensity at normal incidence, it also alters the

shape of the I versus h curve: at hB C 30�, the curve

develops a double-hump shape that becomes more promi-

nent with increasing hB. Unlike those in Fig. 7a, the I ver-

sus h curves here do not reduce to zero intensity at h = 0�.
This is because at h = 0�, CO on the side facets on this

particle still contributes appreciably to the total X-ray

absorption signals.

With the polar component (hB) of the CO bond vector

fixed at 30�, we also tested whether the I versus h curve of

the second particle is modified by varying the azimuthal

component (/B) of the CO bond vector. As shown in

Fig. 7d, varying /B only causes a small change to the

I versus h curve. By examining the individual I versus h
curves obtained from different parts of the particle, we

found that those of the top and side facets are unaffected by

varying /B, presumably due to the three/four-fold rotation

symmetry inherent in {111}/{100} facets. On this basis, we

attribute the /B-dependence of the I versus h curve to CO

on the edge and corner sites of the particle where rotation

symmetry does not exist.

3.2 I Versus b Curve

3.2.1 Individual I Versus b Curves from Different Parts

of the Hypothetical Nanoparticle

The bond orientation of CO on a nanoparticle can also be

determined by measuring the C–O p* resonance peak
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intensity as a function of the direction of the electric field

vector E (hence the polarization angle, b) of the incident

photon beam. In these measurements, the sample position

and the direction of the incident photon beam are fixed so

that the photon doses on different parts of a particle are

unchanged as b varies.

Figure 8 displays the individual I versus b curves sim-

ulated from different parts of a particle that has parameters

(M, m, s) = (12, 8, 4). In the simulation, the particle was

orientated in the same way shown in Fig. 1b, i.e. Nparticle

= (1, 0�, 0�). The incident photon beam has a direction of

P = (1, 106� 180�), corresponding to an incidence angle of

h = 16�, with the direction of its electric field vector

E governed by the polarization angle b. Note that b = 90�
(0�) corresponds to s- (p-) polarized light. To simplify the

simulation, we first assumed that CO bonds with its

molecular axis parallel to the corresponding facet (edge or

corner) normal, therefore Bj = Nj for all j. Due to the

different orientations of CO relative to the incident photon

beam at different parts of the particle, the individual

I versus b curves are markedly different from each other.

Summing all the individual curves in Fig. 8b–h gives the

total I versus b curve of the particle, which, as mentioned

in Part II, is then normalized to the number of surface

atoms on the particle. The normalized I versus b curve is

shown in Fig. 8a. We will discuss how the overall I versus

b curve of a particle is modified by factors such as the

particle geometry and orientation as well as the CO bond

vector.

3.2.2 Nanoparticle Aspect Ratio and Orientation

Figure 9a displays the I versus b curves obtained from

particles having the same m and s value (m = s = 3) but

different M values. For a particle having M = 106 hence

RTS = 8.3 9 104, the corresponding I versus b curve

Fig. 7 Simulated I versus h curves obtained from two different

particles on which CO is assumed to bond with its molecular axis

away from the corresponding facet (edge or corner) normal vector,

hence Bj = Nj for all j. In a, b, the particle is defined by (M, m,

s) = (106, 3, 3) and RTS = 8.3 9 104, hence mimicking a native

(111) surface. In c, d the particle is defined as (M, m, s) = (12, 18, 12)

and has RTS = 0.51 and RSS = 1 and its (111) top facet as well as the

{111} side facets and {100} side facets of equal size. In a, c, CO is set

to bond at varying polar angle (hB,j) away from the corresponding

facet (edge or corner) normal vector, while in (b,d), with the polar

angle fixed at hB,j = 30�, CO is set to bond at varying azimuthal angle

(/B,j) with respect to the corresponding facet (edge or corner) normal

vector. The particles are oriented as in Fig. 1b. The direction of the

incident photon beam is fixed at P = (1, 180�, 180�). The incident

light is set to be p-polarized, hence b = 0�. e Schematic depiction of

angles hB and /B that define the direction of the CO bond vector

(BCO, j) relative to the normal vector of the correspond facet j (Nj)
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decreases monotonically with decreasing b. This curve

resembles that of CO on a Pd(111) single crystal surface.

As M decreases to small values, the I versus b curve varies

in several ways: in addition to an upward shift in intensity

at b = 90� (s-polarized), the curve also drops at a

descending rate, resulting in a higher intensity at b = 0�
(p-polarized). This overall upward shift is due to the

increasing signal contributions of CO on the side facets,

edges and corner sites of the particle, which due to their

different orientations relative to the incident photon beam,

interacts with the incident photon beam differently com-

pared with CO on the (111) top facet.

We also examined how the I versus b curve of a

nanoparticle is affected by the crystal rotation. Two parti-

cles were used: one defined as (M, m, s) = (106, 3, 3)

resembling a Pd(111) single crystal surface while the other

has parameters (M, m, s) = (12, 18, 12) and has almost

equal numbers of atoms (*30 %) located on the (111) top

facet, {111} side facets, and {100} side facets. As shown in

Fig. 9b, the I versus b curve of the first particle does not

change with crystal orientation. This is expected because

when CO is bonded upright on a semi-infinite surface,

rotating the surface about its normal causes no change to

the bond orientation of CO and hence the p* resonance

intensity signal is not affected.

For the second particle, the I versus b curve in Fig. 9c is

obviously affected by the azimuthal rotation. This is

because when the particle rotates, the orientations of dif-

ferent parts of the particle as well as the corresponding CO

vectors rotate correspondingly. This affects both the photon

doses and the interactions between the incident photon

beam and CO on different facets (edges and corners) of the

particle, and hence the overall I versus b curve. The I ver-

sus b curves obtained at hparticle = 0� and hparticle = 120�
are identical due to the threefold rotation symmetry of the

particle.

3.2.3 Varying CO Bond-Vector

As we saw in the previous section, varying the particle

orientation affects the I versus b curve partly because the

CO orientation changes. Therefore, directly varying the CO

Fig. 8 Simulated p* resonance intensity versus polarization angle

(I versus b) curves obtained from different parts of a CO-covered

nanoparticle constructed using parameters (M, m, s) = (12, 8, 4).

a The total curve that is a summation over curves from different

parts of the particle (illustrated in the inset) including: b (111) top

facet, c {111} side facets, d {100} side facets, e edges between the

(111) top and {111} side facets, f edges between the (111) top and

{100} side facets, g edges between {111} and {100} side facets,

and h corner sites. After summation, the total curve is normalized

to the number of surface atoms of the particle. In the simulation,

the particle is oriented in the same manner as shown in Fig. 1b,

hence Nparticle equals (1, 0�, 0�). CO is set to bond with its

molecular axis parallel to the facet normal, hence Bj = Nj for all

j. The polar (hP) and azimuthal angles (/P) of the incident photon

beam are fixed at 106� and 180� respectively. This corresponds to

a grazing incident angle of h = 16�. Note that b = 90� (0�) means

that the incident photon beam is completely s- (p-) polarized
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bond orientation should also affect the I versus b curve of

the particle and we shall see how the curve changes here.

The same two nanoparticles are used as in Sect. 3.2.2.

The first particle resembles a single crystal Pd(111)

sample. As shown in Fig. 10a, varying the polar angle (hB)
of the CO bond vector (BCO, j for all j) with respect to the

normal vector of each of the facets, edges and corners (Nj

for all j) with the azimuthal component fixed at /B = 0�
alters the I versus b curve in several ways. Apart from

having a decreasing intensity at b = 90� (s-polarized), the
curve drops monotonically with a decreasing rate and

hence reaches an increased intensity value at b = 0� (p-

polarized). This character holds up to hB = 54.74�, after
which the I versus b curve inverts its dependence on b.
Note that at hB = 54.74�, the CO p* resonance intensity is

almost independent of the polarization angle b of the

incident photon beam. This corresponds to the ‘magic’

polar bond angle of CO on the native (111) surface [11]; at

this angle, the CO molecules bonding at three equivalent

azimuthal directions, relative to the surface normal, interact

with the incident photon beam to give an overall p* reso-

nance intensity whose dependence on the direction of the

electric field vector E is cancelled out.

With the polar component of the CO bond vector fixed

at hB = 30�, we also tested how the I versus b curve of the

first particle is affected by varying the azimuthal compo-

nent (/B) of the CO bond vector. As evidenced in Fig. 10b,

the I versus b curve of this crystal does not change with /B.

This is in good agreement with CO on a surface of a single

crystal, where the dependence of the p* resonance signal

on the azimuthal dependence is removed by the threefold

rotation symmetry of the surface.

The second particle has almost equal amount of atoms in

the (111) top facet, {111} side facets and {100} side facets.

The hB-dependence of its I versus b curve are shown in

Fig. 10c. Before normalization, the intensity ranges for

Fig. 10a, c are 0.267 and 0.062, respectively. This indicates

that the p* resonance of the second crystal is, in general,

less dependent upon b. In addition, its dependence on the

polar component of the CO bond-vector (hB) is also dif-

ferent: while the I versus b curve of the second particle

changes in shape with increasing hB in a similar fashion to

that of the first particle, it shifts upward with increasing hB
much more slowly. Moreover, although on this particle

there also exists a hB value (=50.8�) at which the p* res-

onance intensity does not vary with b, we found no b value

at which the p* resonance intensity is invariant with hB. On
the other hand, Fig. 10a shows that for the first particle at

b = 53� the p* resonance intensity is the same for all

values of hB. These differences originate from the different

shapes of the particles. While on the first particle only CO

on the (111) top facet contributes to the X-ray absorption

signal, on the second particle CO on the side facets also

contributes. Also, due to their different orientations relative

to the incident photon beam, the p* resonance signals

arising from various parts of the particle are also different.

All these factors explain why the I versus b curves of the

two particles, as well as their dependence on hB, are so

distinct from each other.

With the polar component fixed at hB = 30�, we also

tested how the I versus b curve of the second particle varies

with the azimuthal orientation of CO (/B). As shown in

Fig. 10d, its I versus b curve alters in shape with /B. By

examining the individual I versus b curves, we find that

Fig. 9 a Simulated I versus b curves obtained from the CO-covered

particles that are constructed with the same values of m = 3 and

s = 3 but different M values: 106 (circle), 103 (square), 100

(triangle), 50 (diamond), 20 (plus) and 10 (cross). All particles are

oriented in the same manner as shown in Fig. 1b, hence Nparticle

= (1, 0�, 0�). b Simulated I versus b curves obtained from the CO-

covered particle that is constructed using parameters (M, m,

s) = (106, 3, 3) and is rotated by different angles about the particle

normal vector. This particle has a large value of RTS = 8.3 9 104 and

therefore mimics a native (111) surface. c Simulated I versus b curves

obtained from a particle that is constructed using parameters (M, m,

s) = (12, 18, 12) and is rotated by different angles about the particle

normal vector. The particle has RTS = 0.51 and RSS = 1. Before

rotation (i.e. at /particle = 0�), the particles are oriented as in Fig. 1b.

CO is taken to bond with its molecular axis parallel to the

corresponding facet (edge or corner) normal, hence Bj = Nj for all

j. The polar (hP) and azimuthal angles (/P) of the incident photon

beam are fixed at 106� and 180� respectively. This corresponds to a

grazing incident angle of h = 16�. Note that b = 90� (0�) means that

the incident photon beam is completely s- (p-) polarized. Each

particle is illustrated in the inset, with its orientation before azimuthal

rotation marked with red dashed lines
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those of the top and side facets are unaffected by changing

/B. Thus, we attribute this /B-dependence to CO on the

edge and corner sites.

3.3 Comparison Between Simulation and

Experiment

In this section, we apply our model to a set of carbon

K-edge NEXAFS data that were obtained on a Pd

nanoparticle covered with CO [28]. The experiments were

performed using the SPELEEM end-station of Beamline

I06, Diamond Light Source (UK). We measured the p*
resonance intensity (I) originating from CO adsorbed on

the nanoparticle, as a function of the polarization angle (b)
of the incident light with the angle of incidence fixed at

16�. When fitted with appropriate equations adapted from

Ref. [11] with the assumption that only CO on the top facet

contributes to the absorption signal, the data reveal a CO

bond angle 21.4� ± 7.0� away from the surface normal.

This is in poor agreement with a previous NEXAFS study

by Knight et al. [27] which shows that CO bonds vertically

on a Pd(111) surface. This therefore suggests that there are

significant contributions from CO on other parts of the

nanoparticle, which we will evaluate using the methods

described in the previous sections.

The experimental data and the accompanying numerical

fit sourced from Fig. 3b of Ref. [28] are re-plotted in

Fig. 11a. The experimental data (squares) and numerical fit

(solid line) together serve as the ‘fitting curve’ for the

simulations which follow. In order to take the experimental

Fig. 10 Simulated I versus b curves obtained from two different

particles on which CO is assumed to bond with its molecular axis

away from the corresponding facet (edge or corner) normal vector,

hence Bj = Nj for all j. In (a-b), the particle that is defined as (M, m,

s) = (106, 3, 3) with RTS = 8.3 9 104, hence mimicking a native

(111) surface, while in c, d the particle is defined by (M, m, s) = (12,

18, 12) with RTS = 0.51 and RSS = 1, so that its (111) top facet as

well as the {111} side facets and {100} side facets are of equal size.

The shape of the second particle is shown in the inset of d. In a, c, CO
is set to bond at varying polar angle (hB,j) away from the

corresponding facet (edge or corner) normal vector, while in b, d,

with the polar angle fixed at hB,j = 30�, CO is set to bond at varying

azimuthal angle (/B,j) with respect to the corresponding facet (edge or

corner) normal vector. In the simulation, the particles are oriented as

in Fig. 1b. The polar (hP) and azimuthal angles (/P) of the incident

photon beam are fixed at 106� and 180� respectively. This

corresponds to a grazing incident angle of h = 16�. b = 90� (0�),
indicating that the incident photon beam is s- (p-) polarized. A

schematic depiction of angles hB and /B of the CO bond vector (BCO)

relative to the normal vector of the corresponding facet j (Nj) can be

found in Fig. 7e
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limitations into account, we normalize all the I versus b
curves presented here so that they all start at a unity

intensity value at b = 90� (s-polarised). Regarding the

nanoparticle shape used in the simulation, previous STM

experiments have shown that Pd nanoparticles that are

grown on TiO2(110) using a method similar to that

employed in the NEXAFS measurements in Ref. [28] are

pseudo-triangular in shape. They are therefore character-

ized by a 111f g top facet with 111f g and 100f g side facets

[29]. We assume that all the nanoparticles used for the

simulations here are characterized by the same shape and

are oriented in the same manner as shown in Fig. 1b.

Assuming that CO bonds vertically on each of the different

parts of the nanoparticle (hence Bj = Nj for all j), we

searched for nanoparticles with different (M, m, s) values

that have an average diameter of *1.5 lm and whose

I versus b curves match the ‘fitting’ curve. We found

several nanoparticles whose I versus b curves overlap

perfectly with the ‘fitting’ curve (solid line), three of which

are plotted as (circles, squares and crosses). These

nanoparticles are defined by (M, m, s) = (7050, 3, 100), (3,

7100, 145) and (2850, 2950, 145) and have an average RTS

value of 10.0 ± 1.8, an average height (h) of

2.91 ± 5.8 nm and hence an average aspect ratio (d/h) of

51.8 ± 11.2. Although these nanoparticles have rather

different shapes, they share one common feature: all of

them are very thin particles. This means that CO on the top

(111) facet provides the major contribution to the X-ray

absorption signal.

Fig. 11 a A comparison between the experimental data and the

simulated I versus b curves obtained from nanoparticles of different

shapes. Black solid squares are the experimental data that were

obtained from C K-edge NEXAFS measurements

(hm = 285–295 eV) on an isolated Pd nanoparticle (average diame-

ter = 1.5 lm) supported on TiO2(110), recorded following a CO

exposure of 100 Langmuirs (1 L = 1.33 9 10-6 mbar s) at 300 K;

the black solid line is the numerical fit to the experimental data using

appropriate equations from Ref. [11]. With the assumption of CO

bonding to only the top facet, this reveals a polar bond angle (hB) of
21.4� ± 7.0� [28]. Other experimental details regarding the acquisi-

tion and analysis of the NEXAFS data can be found in Ref. [28]. Red

markers are the simulated I versus b curves that are obtained from

nanoparticles constructed using different sets of (M, m, s) parameters

that give an average particle diameter of *1.5 lm (d). The shapes of

the nanoparticles used in the simulations are shown at the bottom part

of the figure. These curves match perfectly with the numerical fit

(black solid line). On the nanoparticles, CO is taken to bond with its

molecular axis parallel to the facet normal, hence Nj = Bj for all

j. The nanoparticles whose I versus b curves match perfectly with the

numerical fit have an average RTS value of 10.0 ± 1.8, an average

height (h) of 29.1 ± 5.8 nm, giving an average aspect ratio (d/h) of

51.8 ± 11.2. b As a, with signal contribution of CO on the facets

(edges or corners) not in line-of-sight set to zero to simulate full

attenuation of X-ray within the particle. As a result, the nanoparticles

whose I versus b curves (blue markers) match perfectly with the

numerical fit (black solid line) have different (M, m, s) values. An

average RTS value of 7.2 ± 0.02 and an average height (h) of

39.6 ± 4.6 nm are found with this adjustment, giving a lower average

aspect ratio of 37.7 ± 4.1. In the simulation, the particles are oriented

as in Fig. 1b. The polar (hP) and azimuthal angles (/P) of the incident

photon beam are fixed at 106� and 180�, respectively. This

corresponds to a grazing incident angle of h = 16�

722 Top Catal (2016) 59:708–724
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The average diameter of the (CO-covered) nanoparticle

employed for the CO p* NEXAFS measurements is

*1.5 lm [28], ten times larger than the attenuation length

of the X-rays (0.151 lm). As such, the incident photon

beam cannot transmit through the nanoparticle, and as a

result, CO molecules bound on the side facets not in line-

of-sight to the photon beam do not contribute to the X-ray

absorption signal at all. To account for this, we excluded

contributions from CO on the side facets (edges and cor-

ners) that are not in line-of-sight to the photon beam, and

searched again for nanoparticles whose I versus b curves

match perfectly with the fitting curve. As displayed in

Fig. 11b, three particles (amongst others) whose I versus b
curves (circles, squares and crosses respectively) overlap

perfectly with the fitting curve are plotted. The nanoparti-

cles are defined as (M, m, s) = (7125, 3, 165), (3, 7150,

165) and (2850, 2960, 200) and have a reduced averaged

RTS value of 7.2 ± 0.02. We therefore deduce that the

nanoparticle observed in PEEM should have a height of

39.6 ± 4.6 nm, giving an aspect ratio (d/h) of 37.7 ± 4.1.

This suggests that the Pd nanoparticle is a thin island.

4 Summary

We have developed an analytical method to simulate the

carbon K-edge NEXAFS measurements on a TiO2(110)-

supported Pd nanoparticle covered with CO. The method

can be adapted to simulate other adsorbate-nanoparticle

systems. In the case of Pd, the nanoparticle is defined with

a 111ð Þ top facet as well as three equally sized 111f g and

100f g side facets. Two experimental geometries have been

considered. In the first geometry, by fixing the polarization

angle b, a curve of the CO p* resonance intensity (I) as a

function of the incident angle h was generated. This

geometry corresponds to the standard geometry as used in

connection with a conventional synchrotron radiation

source. In the second geometry that models a typical

XPEEM experiment with a double-undulator, to rotate the

electric field vector E of the X-rays we fixed the angle of

incidence h and calculated I versus b curves. In both

geometries, we examined the dependence of these curves

on the particle size and shape, the azimuthal orientation of

the particle with respect to the incident photon beam, and

the bonding orientation of CO. Finally, we applied our

model to analyze a set of carbon K-edge NEXAFS data

obtained from a single, CO-covered Pd nanoparticle that

was supported on TiO2(110). Our simulation predicts the

nanoparticle is thin, with a high aspect ratio of 37.7 ± 4.1.
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