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Modulated excitation extended X-ray absorption
fine structure spectroscopy†

Gian Luca Chiarello*ab and Davide Ferric

The sensitivity of extended X-ray absorption fine structure spectroscopy (EXAFS) for minute structural

changes can be enhanced by combination with the modulated excitation approach and making use of

phase sensitive analysis. A modulated EXAFS experiment of a reversible periodic Pd to PdO partial oxidation

has been simulated in order to understand the effect of the phase sensitive analysis on the shape and

meaning of the resulting phase-resolved EXAFS spectra. In particular, the simulation comprises either a

synchronous or a delayed sinusoidal variation of the EXAFS parameters, i.e. coordination number (N),

interatomic distance (R) and Debye–Waller factor (s2), of first Pd–Pd, first Pd–O, and second Pd–(O)–Pd

coordination shells. The effect of these variations on the resulting phase-resolved Fourier transform EXAFS

spectra is discussed. The results of the simulation are validated by an in situ EXAFS experiment at the

Pd K-edge over 1.6 wt% Pd/Al2O3 undergoing reversible partial oxidation in a H2 vs. O2 modulation at 573 K.

It is shown that phase sensitive detection (PSD) is able to separate the minor contribution at ca. 2.8 Å

corresponding to the growth of the Pd–(O)–Pd shell that is otherwise hidden under the static signal of the

Pd–Pd shell of reduced Pd particles. The fitting of the phase-resolved EXAFS spectra suggests that the fast

H2 to O2 switch leads the partial oxidation of the Pd surface with the formation of a PdO shell covering a

metallic Pd core. Therefore, the dynamics of the full system can be described with greater detail than in

conventional EXAFS. The intention of this work is to provide the tools and therefore a solid guidance to

qualitatively and quantitatively understand the nature of the shape of phase-resolved FT-EXAFS spectra that

may prove helpful in the analysis of a wide range of functional materials.

1. Introduction

The structure of the active surface species, e.g. the nature and
geometry of adsorbates and of coordination sites on metal
atoms, is a central issue to heterogeneous catalysis. X-ray
Absorption Spectroscopy (XAS) has been largely employed in
this context in an attempt to solve the oxidation state and the
element specific local structure of the active sites, for example,
on supported metal nano-particles while the catalytic event
takes place.1 A vast improvement of knowledge on the structure
of catalysts under working conditions has been achieved with
both temporal and spatial resolution. However, XAS is intrinsically
limited to bulk information due to the high penetration depth of
the X-rays. Moreover, structural conclusions are usually derived
from experiments performed under steady state conditions.

Therefore, it may be difficult to ultimately discern the under-
lying red-ox dynamics of the catalyst in the catalytic cycle.
Perturbation of the catalyst via modification of an external
parameter can be used to enhance the catalyst performance2

and even more central to the spectroscopic investigations, it
serves as an analytical expedient to obtain a deeper insight into
reaction mechanisms. In this respect, Modulated Excitation
Spectroscopy (MES),3–5 achieved through the periodic variation
of the gas composition of feedstock, has been recently combined
with time-resolved XAS.6–10 The combination revealed a powerful
tool to convey enhanced sensitivity to XAS. MES exploits Phase
Sensitive Detection (PSD) to increase the signal to noise ratio and
to remove those parts of the spectra that are not affected by the
external stimulation (e.g. the periodic change of the feedstock
composition), significantly improving the active species response.
This approach becomes particularly important for unveiling
structural information of working nano-particles. Depending on
the particle size, only a small fraction of atoms is usually involved
in adsorption/reaction processes while their spectroscopic
signature is often characterized by weak signals and hidden
by the dominant static signals, e.g. of the nano-particle bulk.
In the case of small particles of relevant (low) metal loadings of
complex catalysts the noise will largely dominate the EXAFS signal.
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For metal oxide based catalysts, similar sensitivity improvements
are anticipated.

PSD is a function that transforms a set of time-resolved data
I(t), with 0 o t o T (T being the stimulation period), into a new
set of phase-resolved data I(jPSD), with 01ojPSD o 3601 (jPSD is the
demodulation phase angle), according to the following equation:

I jPSD
� �

¼ 2

T

ðT
0

IðtÞsin Kotþ jPSD
� �

dt (1)

where o(2p/T) is the stimulation frequency and K is the demo-
dulation index (K = 1 is the fundamental harmonics). The use of
MES in combination with XAS has been inspired by and borrowed
from the combination of MES and IR spectroscopy.4,5,11 In this case,
the periodic switch of gas composition affects the concentration of
the surface active species with the consequent periodic changes of
their characteristic absorption in the IR spectrum.

In previous reports considering supported Pd and Rh nano-
particles,6–8,12,13 PSD was applied directly to the time-resolved
XAS spectra. Though the method was demonstrated to be
powerful for massively enhancing the EXAFS oscillations
against the static response, a qualitative interpretation only of
the region around the edge, the whiteline and ca. 150–200 eV
above it was carried out.7,8,12 The result is that the ME-XAS is a
valid alternative to the differential Dm-XANES technique14,15

with the advantage of the higher signal to noise ratio and its
intrinsic in situ nature (and no need for reference spectra in a
vacuum). Contrary to the case of Rh where the catalyst structure
oscillates between two boundary states, i.e. oxidized and
reduced Rh, apparently without additional species, the phase-
resolved spectra of Pd/Al2O3 exhibited a deviation from this
behaviour. This was associated with the formation of Pd
carbide species according to conventional EXAFS data fit.8

König et al.9 provided the first quantitative evaluation of
phase-resolved EXAFS data after following the same procedure,
thus demonstrating the great potential of this combination for
elucidation of structural variations during reaction. Changes of
coordination number and bond distances as low as 1% and
0.001 Å could be detected, respectively. The procedure for the
isolation of transient structures additional to the two boundary
states (oxidized and reduced metal) from phase-resolved EXAFS
data was recently described by the same group.16 The massive
enhancement of sensitivity provided by the method was further
verified with the detection of sulfur containing species on Ru
nano-particles while Ru changed from being partially oxidized
to reduced.

Recently, Stötzel et al. have raised some doubts about the
advantage of coupling ME with EXAFS followed by PSD data
treatment.17 Thus, a more careful description of the possibilities
at hand for application of PSD to XAS datasets is required even on
a qualitative base. This has also been stimulated by the theoretical
accounts of ME-XRD.18–20 As in the case of XRD, the interpretation
of an EXAFS spectrum in the phase domain might turn into a
more complex task than in the case of vibrational spectroscopy.
During a modulation experiment, the periodic switch of e.g. gas
composition affects the local structure around the absorber
atom. Given the nature of the X-ray absorption process and

thus of the EXAFS spectrum a greater number of variables are
involved. The EXAFS spectrum in the k domain w(k) is described
by the well known equation,21

wðkÞ ¼
X
i

NiS0
2

� �
FiðkÞ

kRi
2

sin 2kRi þ diðkÞ½ �e�2si2k2 e�
2Ri
lðkÞ (2)

where the summation is extended to all of the possible i
photoelectron scattering paths. The terms Fi(k), di(k), and l(k)
are the scattering amplitude, the phase shift, and the mean free
path of the photoelectron, respectively. Because these terms are
scattering properties that depend only on the nature of the
neighboring atoms of the excited atom, they are not affected by
the modulation experiment. This applies also to S0

2, the passive
electron reduction factor. In contrast, the terms Ni (degeneracy
of identical paths), Ri (half path length) and si

2 (Debye–Waller
factor) of eqn (2) are structural parameters and can vary as a
consequence of the modulation. Thus, a phase domain EXAFS
spectrum can depend on up to a maximum of 3n variables, n
being the number of paths affected by the stimulation.

As a complement to the previous reports where the XANES
region was specifically treated,7,8,12,22 we proceed here to per-
form the phase sensitive analysis of time-resolved EXAFS data
in the k space and discuss the effects of the variation of the
structural parameters (N, R and s2) on the shape and intensity
of observable changes in the corresponding Fourier transform
data set. In order to facilitate the interpretation of phase
domain FT-EXAFS data, we will first analyze simulated EXAFS
spectra at the Pd K-edge of an ideal Pd surface that undergoes
reversible partial re-oxidation. This approach is not intended to
simulate the real red-ox dynamics of catalytic Pd nano-particles.
More sophisticated DFT calculations are necessary for this
purpose. The aim of this simulation is rather the systematic
evaluation of the effect of a periodic variation of the structural
parameters on the shape of phase-resolved spectra. The effect
of the variation of the three structural parameters on a single
coordination shell or on different shells will be treated sepa-
rately. Finally, the results of the simulation will be verified on a
relatively simple experimental system for catalysis consisting of
Pd nano-particles supported on Al2O3 subjected to reduction
and re-oxidation cycles.

2. Experimental
2.1. Simulation of EXAFS spectra

In order to explore the reliability of the application of the PSD
algorithm to EXAFS spectra a set of simulated time-resolved
spectra at the Pd K-edge has been considered first. These
spectra have been generated considering a metallic Pd surface
subjected to a modulation experiment where the gas atmo-
sphere is periodically switched from reducing (e.g. H2-rich) to
oxidizing (e.g. O2-rich) with a full modulation period (T) of
100 s. Under these conditions, we can suppose that Pd is
periodically partially oxidized in the presence of O2 and then
reduced in the following H2-rich pulse. In a first approximation,
the metal state can be described by considering only the first
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Pd–Pd scattering shell, whereas the oxidized state is well
represented by both the first Pd–O and the second Pd–(O)–Pd
scattering shells. Considering that the same number of atoms
takes part to the periodic oxidation–reduction process (absence
of disaggregation and re-construction),23 the oxidation proceeds
reasonably from the surface to the bulk, thus provoking the
decrease of the average coordination number of the Pd–Pd shell
(this is particularly true in the case of Pd nanoparticles) and the
simultaneous appearance of the Pd–O and Pd–(O)–Pd shells.

The simulated EXAFS spectra at the Pd K-edge have been
obtained using the scattering paths generated with the FEFF6
code.24 The structural parameters (N, R and s2) of the three
considered scattering paths (Pd–Pd, Pd–O and Pd–(O)–Pd) were
varied as a sinusoidal function of the frequency o, equal to the
simulated modulation frequency (o = 2p/T). All simulated and
experimental spectra have been analyzed and processed using
the IFFEFIT software package,25 including Athena for data
normalization, background subtraction, k-weighting and Fourier
transformation and Artemis for data fitting. All reported FT-EXAFS
spectra are not phase corrected.

2.2. Modulated excitation quick-EXAFS experiment

Time-resolved quick-EXAFS spectra were collected at the Pd
K-edge (24.35 keV) at the beamline BM23 of ESRF (Grenoble,
France). The 1.6 wt% Pd/Al2O3 sample (141 m2 g�1; 13% Pd
dispersion; Pd particles size of ca. 6 nm), kindly provided by
Umicore, was tested using an in situ reactor cell designed for
simultaneous XAS/DRIFTS measurements,26 though no DRIFT
spectra have been considered for this work. The outlet gas
composition was constantly monitored using mass spectro-
metry (MS).26,27 The sample was heated to 573 K under flowing
1 vol% O2/He (80 ml min�1). After 30 min at 573 K, the flow was
changed to He until the MS signals were stable. At this point,
the modulation experiment was started. A full modulation
period (T = 155 s) consisted of a pulse of 1 vol% H2/He followed
by an equal pulse of 1 vol% O2/He while recording 28 quick-EXAFS
spectra (ca. 5.3 s per spectrum). The full ME-EXAFS experiment
consisted of thirty consecutive periods. The first two periods were
discarded in the data analysis in order to ensure that steady state
conditions have been achieved. The PSD data are obtained using a
homemade Matlab based routine including also the averaging of
the time-resolved spectra over the modulation periods.

3. Results and discussion
3.1. Interpretation of the phase resolved EXAFS spectra

The fundamental requirement in order to apply the PSD function
(eqn (1)) is that the system undergoes a reversible transformation in
response to the external stimulation. This is the case for many
phenomena occurring at the surface or at the bulk of solid
materials, such as adsorption/desorption of probe molecules or
redox dynamics, which are often involved in catalytic or gas sensing
mechanisms. Under this condition, a sinusoidal stimulation of
frequency o provokes a likewise sinusoidal system variation
characterized by the same frequency o, but with an amplitude

and eventually a phase delay f, both depending on the system
response kinetics. Considering that an ideal Pd surface during
the redox modulation experiment consisting of H2/O2 pulses Pd
oscillates between two boundary structures, i.e. fully reduced
and partially oxidized, with frequency o. These two structures
generate EXAFS spectra wt(k)i and wt(k)f, whose difference spectrum
can be expressed as Dwt(k) = wt(k)f � wt(k)i. These two spectra are
not necessarily the first and last spectra of a stimulation period.
Moreover, at each k value, the temporal variation of the EXAFS
signal intensity wk(t) oscillates between a maximum (wk,max) and
a minimum (wk,min) value, hence with an amplitude equal to
Dwk/2(Dwk = wk,max � wk,min).

It must be noticed that the PSD function (eqn (1)) is applied
to the signal variation recorded along the time at each k value
wk(t), by varying the demodulation phase angle in the range 01o
jPSD o 3601 with a step size of 101. This operation transforms
wk(t), recorded in the time domain, into a new set of 36 wk(jPSD),
representing the phase domain. The new phase-resolved EXAFS
spectrum at a given jPSD angle, wj(k) is obtained by extending
this procedure to all of the 0 o k o 14 values. The strength of
PSD is to filter those contributions of the spectrum that are
unaltered by the external stimulation, together with a considerable
increase of the signal to noise ratio.8,9 As a result, a phase-resolved
spectrum contains only those features of the active (responsive)
species to the stimulation.

The signal intensity variation in the phase domain, wk(jPSD),
can be calculated from eqn (1):3

wk jPSD
� �

¼ Dwk

2
cos f� jPSD
� �

(3)

where f is the phase delay with respect to the stimulation
(phase lag). It follows from eqn (3) that while the variation of wk

follows a sine function in the time domain, it exhibits a cosine
function in the phase domain. Hence, the amplitude of
the phase-resolved EXAFS spectra wj(k) has a maximum when
cos(f � jPSD) = 1, i.e. for jPSD = f, the so called ‘‘in-phase’’
spectrum; it is zero when cos(f � jPSD) = 0, i.e. for jPSD = f +
901; and it has a minimum when cos(f � jPSD) = �1, i.e. for
jPSD = f +1801. This trend generates the typical envelop of the
phase-resolved spectra. The amplitude of the in-phase spectrum
corresponds to half of the overall signal variation within one
modulation period, Dwk/2. In other words, a difference spectrum
Dw(k) will exhibit twofold amplitude compared to that of the
phase-resolved spectrum. In practice the amplitude of the
phase-resolved spectrum also depends on the method adopted
to calculate the integral of eqn (1). The Simpson series has been
used here and in the previous studies, which slightly under-
estimates the integral.6–8,12 Thus, an amplitude correction factor,
a, can be introduced. In this work, we have graphically evaluated
the correction factor by dividing a simulated difference spectrum
by the in-phase spectrum (Fig. 1A), and we found a = 1.05. Hence,
the following relation can be derived from eqn (3) extended to the
whole w(k) spectrum:

2a
cos f� jPSDð ÞwjPSDðkÞ ¼ DwðkÞ � wtðkÞf � wtðkÞi (4)

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
01

5.
 D

ow
nl

oa
de

d 
on

 4
/1

0/
20

26
 3

:0
8:

01
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5cp00609k


10582 | Phys. Chem. Chem. Phys., 2015, 17, 10579--10591 This journal is© the Owner Societies 2015

Eqn (4) represents the fundamental mathematical relation
between the time- and the phase-resolved spectra. In particular,
once the experimental spectrum of the initial state wt(k)i is
known it is possible to ‘‘extrapolate’’ from the phase-resolved
wj(k) spectrum that of a final or even of intermediate state
wt(k)f.

16 This will be further shown in Section 3.2. The E symbol

in eqn (4) highlights the essential advantage of the phase-
resolved spectrum with respect to the experimental difference
spectrum, i.e. the increase of the signal-to-noise ratio.8,9 This
advantage is demonstrated in Fig. 1. Indeed, in the case of
simulated noise-free EXAFS spectra at the Pd K-edge the in-phase
spectrum (Fig. 1A, solid line) scaled by 2.1, i.e. by 2a according to
eqn (4), perfectly matches the difference spectrum (empty circles),
therefore confirming the validity of eqn (4). A similar result was
obtained with the experimental spectra recorded during a H2 vs. O2

redox modulation at 573 K over 1.6 wt% Pd/Al2O3 (Fig. 1B). In this
case, the scaled in-phase spectrum (solid line), exhibits less noise
compared to the difference spectrum obtained from the spectra of
the most oxidized and the most reduced states of the supported Pd
nano-particles (empty circles).

Because wt(k) are oscillating functions, there are points along
the k-axis where wt(k)i and wt(k)f cross each other (Fig. 2A). In
these points, Dwk = 0 and consequently wk(jPSD) = 0 for any jPSD

(eqn (3)). These points are nodes of the phase resolved EXAFS
spectra. The plots of all of the phase-resolved EXAFS spectra
obtained in the phase domain 01 o jPSD o 3601 result in a
linear front (amplitude at each k value given by eqn (3)) of waves
propagating along the k-axis, all crossing the k-axis at the
nodes, giving rise to a typical envelope as the one displayed
in the bottom panel of Fig. 2A. As shown in Fig. 3, the envelop
can exhibit two characteristic shapes, ‘‘in phase’’ (Fig. 3A) or
‘‘out of phase’’ (Fig. 3B) (not to be confused with the ‘‘in-phase’’
spectrum), depending on the variation of the possible 3n EXAFS
variables. Contrary to the ‘‘in phase’’, the ‘‘out of phase’’ shape
is generated when at least one of the possible 3n variables
exhibits a different phase lag fi with respect to the others. A
different phase delay can occur either between the structural
parameters of a single shell (Ni, Ri and si

2) or of different shells.
These two scenarios can be distinguished by means of the

Fig. 1 Comparison of (A) simulated and (B) experimental (1.6 wt%
Pd/Al2O3) k2-weighted EXAFS spectra at the Pd K-edge during a modulation
experiment. Open symbols: difference time-resolved spectrum between
the two extreme states, w(k)f� w(k)i. Solid line: ‘‘in-phase’’ spectrum (intensity
multiplied by 2.1). The deviation of the solid line from the difference
spectrum in (B) is due to the noise attenuation property of PSD. Experi-
mental data were obtained at 573 K with 1 vol% H2/Ar and 1 vol% O2/Ar on
1.6 wt% Pd/Al2O3.

Fig. 2 Effect of variation of coordination number N (according to Fig. S2, ESI†) of a single Pd–Pd first coordination shell on (A) the simulated k2-weighted
w(k) EXAFS spectra, (B) the FT-magnitude |w(R)| and (C) the FT-real part Re[w(R)]. Top panels: simulated time-resolved spectra where N varies from 12
(red curve) to 6 (blue curve) with a phase lag f = 01 (R = 2.758 Å, s2 = 0.003 Å2, DE1 = 0 eV). Bottom panels: corresponding phase-resolved spectra,
where the red curve is the ‘‘in-phase angle’’ (jPSD = f = 01).
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analysis of the Fourier transform of the phase-resolved EXAFS
spectra, wj(R). The FT-EXAFS spectra are calculated according
to the equation:

wðRÞ ¼
ðkf
ki

WðkÞknwðkÞ cosð2pkRÞ þ i sinð2pkRÞ½ �dk (5)

where W(k) is a window function which dampens the extremes
of w(k) (the Hanning window function with dk = 1 was used) and
kn is the k-weighting. Eqn (5) shows that w(R) contains both real
(Re[w(R)]) and imaginary (Im[w(R)]) parts, which are combined
to calculate the magnitude of w(R) affording an envelope of the
real and imaginary parts:

wðRÞj j ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Re wðRÞ½ �ð Þ2 þ Im wðRÞ½ �ð Þ2

q
(6)

It is important to note that |w(R)| always exhibits positive values,
whereas its real and imaginary parts oscillate between positive and
negative values. Moreover, Re[wj=f(R)] = �Re[wj=f+1801(R)], because
the amplitude of the real and imaginary parts of the phase-resolved
FT spectra as a function of jPSD are proportional to cos(f – jPSD)
(eqn (3)), whereas |wj=f(R)| = |wj=f+1801(R)|. In other words, the
magnitude of the FT-EXAFS spectra in the range f o jPSD o
f + 901 overlaps with those in the range f + 901o jPSD o 1801 + f
(Fig. 2B), whereas the real and the imaginary parts of the latter set
of spectra are the reciprocals of the former set (Fig. 2C). This
observation is crucial to solve the dynamics of one coordination
shell relative to another one, e.g. one shell appears while the other
one disappears during a structural transformation, as will be
described in the following sections.

3.2 Simulated EXAFS spectra at the Pd K-edge

The simple ME-EXAFS experiment considered here consists of
alternate and repeated switches from H2 (i.e. reducing atmo-
sphere) to O2 (i.e. oxidizing atmosphere) over an extended
metallic Pd surface. This surface simulates for simplicity a
metal nano-particle exposing extended facets as it is in the
case of the nano-structured Pd supported catalyst (1.6 wt%
Pd/Al2O3). Under such conditions, Pd periodically (either partially
or fully) reduces and re-oxidizes. Depending on its extent, the
oxidation process may cause a decrease of the average coordination
number of the first Pd–Pd shell. The metal Pd nano-particle
becomes increasingly smaller because the oxidation starts from
the surface. Simultaneously, the oxidation leads to the formation of
the two main PdO coordination shells, i.e. the first Pd–O and the
second Pd–Pd (hereafter labeled as Pd–(O)–Pd) coordination shells.
The decrease of the particle size can eventually produce a small
decrease of the interatomic distance R because of lattice contrac-
tion and also an increase of the disorder (s2). In a first approxi-
mation, the variation of these parameters (Ni, Ri and si

2) within the
time I(t), resulting from a sinusoidal stimulation of frequency o,
can be represented using a sine function oscillating between a
maximum (Imax) and a minimum (Imin) value with an amplitude
equal to DI/2 (DI = Imax � Imin):

IðtÞ ¼ Imin þ
DI
2

� �
� DI

2
sin otþ fið Þ (7)

where fi is the relative phase lag of each parameter response
with respect to the external stimulation and the + or � sign
depends on whether the considered parameter increases or
decreases along a stimulation period, respectively. Because �sin
a = sin(a + 1801), the two parameters propagating as two anti-
phase sine functions possess the same relative phase lag fi, but
one of them has an absolute phase lag of fi + 1801. Moreover, the
parameters can either possess the same or a different relative
phase lag, fi. Both possibilities have been considered for the
simulation. It should be pointed out that in the ME approach it
is not crucial that the system response follows a perfect sine
function. However, it is necessary that it is stationary along the
time (i.e. it must be fully reversible) and a given event has to
occur at the same frequency as that of the stimulation.

3.2.1 Effect of the variation of N, r2, and R of a single shell.
The effect of the variation of N, R and s2 on the k space EXAFS
spectrum w(k) can be easily understood from eqn (1).

(1) N is directly proportional to the amplitude of w(k). Fig. 2
shows the comparison of the simulated noise-free time-
resolved w(k), |w(R)| and Re[w(R)] of a single Pd–Pd shell (upper
panels) with the corresponding phase-resolved spectra (lower
panels), for a sinusoidal variation of only N (Fig. S1, ESI†)
between 12 (red line in Fig. 2A) and 6 (blue line in Fig. 2A). In
this case, the in-phase phase-resolved spectrum (red line in
Fig. 2A) is simply equal to the time-resolved spectrum obtained
with Nmax = 12 (same frequency and disorder, because R and s2

have been kept constant) but with an amplitude reduced by a
factor of 4.2 (i.e. 2.1Nmax/DN, with DN = 6). Thus, the fitting of the
in-phase FT spectrum |wj=f(R)| gives R and s2 of the time-resolved

Fig. 3 Effect of phase lag f on the phase-resolved k2w(k) EXAFS spectra of
simulated Pd–Pd first coordination shell with variation of both coordina-
tion number (6 o N o 12) and interatomic distance (2.7577 Å o R o
2.8577 Å). s2 = 0.003 Å2; DE1 = 0 eV. (A) N and R have same phase lag (fN =
fR = 01) and generate an ‘‘in phase’’ envelop; (B) N and R have different
phase lag (fN = 01 and fR = �401 = 3201) and generate an ‘‘out of phase’’
envelop (red curve jPSD = fR = �401; gray curves: �401o jPSD o �401 +
1801; green curves �401 + 1801 o jPSD o �401 + 3601).

PCCP Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
01

5.
 D

ow
nl

oa
de

d 
on

 4
/1

0/
20

26
 3

:0
8:

01
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5cp00609k


10584 | Phys. Chem. Chem. Phys., 2015, 17, 10579--10591 This journal is© the Owner Societies 2015

spectra and N = DN/2.1. Moreover, as shown in Fig. 4, the
normalized (i.e. divided by the maximum value) time-resolved
real part Re[w(R)] is equal to the normalized phase-resolved
Re[wj(R)].

(2) s2 affects the amplitude as well (Fig. S2 and S3, ESI†).
However, the variation is k-dependent because s2 appears in
the exponential term exp(�2s2k2) of eqn (1). As a consequence
the amplitude of w(k) decreases along the k-axis with increasing
s2. In particular, s2 affects the shape of the FT-EXAFS spectrum.
The variation of s2 can be easily distinguished by the variation
of N because it leads to a distortion of the real part with respect
to that of the initial state. This effect can be better observed by
comparing the normalized in-phase Re[w(k)] (e.g. divided by the
maximum value) with that of the initial state (Fig. S4, ESI†).

(3) In marked contrast, the change of interatomic distance R
reflects upon both the amplitude and the frequency of the FT
functions (Fig. S5 and S6, ESI†). As a consequence, the phase-
resolved EXAFS spectrum is a difference of two waves (eqn (4))
having frequency R and R + DR. However, DR is usually lower
than the achieved spatial resolution in EXAFS spectroscopy,
because of the |w(R)| peak broadening due to the limited k
range (in this case 2 o k o 14 Å�1). Hence, the two peaks
overlap in the phase-resolved FT spectra and the signals with
frequency R and R + DR are additive in the real and imaginary
parts of the FT. This latter property makes the normalized real
part of the phase-resolved spectra slightly shifted along R and
with lower (higher) amplitude at lower (higher) R compared to
the normalized part of the initial state (Fig. 4).

The variation of R plays a dominant role in deciding the
shape of the phase-resolved spectra. The differentiation of the
synchronous variation of N is difficult if the two parameters
possess the same relative phase lag, fN = fR (Fig. S7 and S8,
ESI†). In contrast, if the two parameters have different phase
lag (Fig. S9, ESI†), the phase-resolved w(k) spectra generate
an out of phase envelop (Fig. 3 and 5) and the final state
with bond distance R + DR can be isolated in the FT spectra at
jPSD = fN + 901 (green curves in Fig. 5). The out of phase

envelop can be observed again in the real part of the phase-
resolved FT spectra.

3.2.2 Effect of the variation of different coordination
shells. In the course of an oxidation process the Pd–Pd shell
gradually loses intensity while the Pd–O and the Pd–(O)–Pd
shells intensify with a consequent increase or decrease of the
corresponding coordination numbers. As a result, the time-
resolved signals of these two shells are in anti-phase with
respect to that of the Pd–Pd shell. Furthermore, if the oxidation
starts at the surface and proceeds towards the bulk, the
formation of the Pd–(O)–Pd shell might occur with a different
phase lag compared to that of the Pd–O shell. On the other
hand, if the reduction process is faster than the re-oxidation,
the variation of the Pd–O and Pd–(O)–Pd shells might occur
with a larger phase lag than the one of the Pd–Pd shell. As
demonstrated in Section 3.1.1, a parameter with a different
phase lag with respect to the others generates a set of out of
phase phase-resolved EXAFS spectra. Fig. 6B and C show the
situation in which all shells vary synchronously, whereas
Fig. 6D the situation in which one shell presents a phase lag
with respect to the others. If one considers the isolated shells in
the reference spectra of Pd metal foil and bulk PdO (Fig. 6A), in
principle the three different shells can be solved by means of
the Fourier transformation of the phase-resolved spectra
(Fig. 6B–D). In particular, the Pd–O shell appears at ca. 1.5 Å
and is far enough from the Pd–Pd shell (ca. 2.5 Å) to allow for
their separation in the FT spectra. In contrast, the Pd–(O)–Pd
shell partially overlaps with the Pd–Pd shell (Fig. 6A). Hence, in
a real system, where reduced and oxidized states coexist, the
separation of the contribution of one of the two shells may be
difficult if it represents only a minute fraction of the whole
system. With the assumption that the exposure time to the
O2-rich atmosphere is short enough, our simulation considers
only partial oxidation of the Pd surface, i.e. the formation of
a single layer of PdO. Therefore, the average coordination
number N of the Pd–(O)–Pd shell has to be rather small (this
is confirmed by our fitting in Table 1; vide infra). As a result, in
the case that all three shells possess the same phase lag
(Fig. 6C), the Pd–(O)–Pd shell appears in the phase-resolved
FT spectra as a shoulder on the right side of the Pd–Pd shell.
The difference in the case where no Pd–(O)–Pd shell is taken
into consideration is rather obvious (Fig. 6B). A more realistic
situation occurs when reduction is faster than the re-oxidation,8

and the Pd–(O)–Pd shell varies with a different phase lag
compared to that of Pd–Pd (Fig. 6D). In this case, PSD has the
advantage to clearly isolate the contribution of this shell at a
specific phase-angle (thick black curve in the middle panel of
Fig. 6D; ca. 2.75 Å). This situation is similar to that described
above when the interatomic distance R of a single shell varies
with a different phase lag. These two similar situations can be
distinguished from each other upon inspection of the real part of
the phase-resolved FT spectra. The variation of R affects the
whole real part of the phase-resolved FT spectra of that specific
shell as shown in Fig. 7A for the Pd–Pd shell. In contrast, the
variation of a second shell with a given phase lag perturbs
only a specific section of the phase-resolved spectra, where the

Fig. 4 Comparison of simulated normalized k2-weighted Re[w(R)] of a
Pd–Pd first coordination shell (N = 12, R = 2.7577 Å, s2 = 0.003 Å2, DE1 =
0 eV; empty circles) with those of the ‘‘in-phase angle’’ Re[wj=f(R)] upon
variation of only N (6 o N o 12; black curve), only R (2.7577 Å o R o
2.8577 Å; grey curve) and both N and R with the same phase lag (dash
curve).
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contributions of the real parts of the two shells overlap as has
been demonstrated for the Pd–Pd and Pd–(O)–Pd shells (the
2.6–2.9 Å region, Fig. 7B). This feature of PSD is crucial for the
structural analysis of phase-resolved data and has been
exploited to isolate the spectral features of a third component
beside the two boundary states between which the system has
been oscillating during the modulation experiment.16,22

One more piece of information can be obtained from the
analysis of the magnitude and the real part of the phase-resolved
FT spectra. PSD provides access to the relative dynamics of the
different shells, i.e. whether they appear simultaneously or
delayed with respect to each other, or one appears while another
one disappears. In case the evolution of shells is delayed, the
considered shells are in ‘anti-phase’ and this is reflected in the
variation of the real part as a function of the phase angle. This
concept is clarified in Fig. 8A, where the phase angular variation
of the characteristic interatomic distance R (obtained from the
FT-spectra) for the three Pd–O, Pd–Pd and Pd–(O)–Pd shells is
plotted. As mentioned above, because the magnitude of FT
possesses only positive values the negative values can be
obtained by considering the real (or alternatively the imaginary)
part (Fig. 8B). In the case of the real part of FT, it is important to
plot the intensity of a characteristic R, where that specific shell
exhibits the maximum amplitude. For example, for the Pd–Pd
shell R is chosen at 2.512 Å. However, if two shells are close to
each other and they partially overlap, as it is in the case of Pd–Pd
and Pd–(O)–Pd, it is important to select a characteristic R, where
the two shells do not overlap. Following our example, R is 2.393 Å
and 2.976 Å for Pd–Pd and Pd–(O)–Pd, respectively in Fig. 8B
rather than 2.512 and 2.792 Å, respectively. For this purpose, it
might also be useful to compare the imaginary part of the phase-
resolved FT spectra. Fig. 8B shows that the Pd–O and Pd–Pd

shells are in anti-phase, whereas the Pd–(O)–Pd shell is out-of-
phase relative to the Pd–O shell and fr = �401. The minus sign
indicates that this shell appears with a time delay of td with
respect to the Pd–O shell, in this case td = frT/3601 = �401 � 100
s/3601 = �11.1 s. Therefore, the Pd–(O)–Pd shell starts to appear
11.1 s after the Pd–O shell, in agreement with the simulation.

3.3. Experimental ME-EXAFS spectra at the Pd K-edge

In order to demonstrate our approach, 1.6 wt% Pd/Al2O3 was
subjected to 30 consecutive 1 vol% O2/He to 1 vol% H2/He
switches at 573 K with a modulation period of 155 s.

The first time-resolved spectra recorded at the beginning of
the modulation experiment reveals that the Pd is oxidized (no
contribution of the metallic Pd–Pd shell can be distinguished
in the FT-EXAFS spectrum), as expected after the thermal pre-
treatment at 573 K in 1 vol% O2/He (Fig. S11, ESI†). However,
Pd readily reduces already after the first exposure to 1 vol%
H2/He and steady state conditions were reached after the first two
cycles. Thus, the time-resolved spectra recorded during the first two
cycles were removed from the subsequent data processing.

The averaged time-resolved XANES spectra are shown in
Fig. 9. A variation of the whiteline region upon oxidation is
clearly visible. The linear combination analysis of the experi-
mental spectra using those of bulk PdO and Pd foil as the
reference spectra (inset of Fig. 9) shows that Pd undergoes a
fast reduction in hydrogen, whereas the re-oxidation is slower
and only 40% of the Pd(0) is oxidized to Pd(II) at the end of
the oxygen pulse. The corresponding time-resolved FT-EXAFS
spectra (Fig. 10A) recorded in hydrogen are dominated by a
single contribution centered at 2.485 Å corresponding to the
first Pd–Pd coordination shell of metallic Pd. The amplitude of
the shell decreases, but does not disappear, after switching to O2.

Fig. 5 Effect of simultaneous variation of the coordination number N and interatomic distance R of a single Pd–Pd first coordination shell with different
phase lag on (A) the simulated k2-weighted EXAFS spectra; (B) the FT-magnitude, |w(R)|; and (C) the FT-real part, Re[w(R)]. Top panels: simulated time-
resolved spectra where N and R vary from 12 and 2.7577 Å (red) to 6 and 2.8577 Å (blue) with a phase lag fN = 01 and fR = 3201 (s2 = 0.003 Å2, DE1 =
0 eV). Bottom panels: corresponding phase-resolved spectra, where the red curve corresponds to jPSD = fN = 01, the blue curve to the ‘‘in-phase angle’’
(jPSD = fR = 3201) and the green curves to fR + 1801 o jPSD o fR.
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Simultaneously, a second contribution appears at 1.564 Å due
to the formation of the first Pd–O shell, thus confirming the
partial re-oxidation of Pd. The FT-EXAFS spectrum of bulk PdO
(Fig. 10A) is characterized by the presence of a second broad
signal due to the second Pd–(O)–Pd shell, which is composed of

four Pd atoms located at 3.03 Å (Pd–(O)–Pd1 shell) and eight Pd
atoms located at 3.42 Å (Pd–(O)–Pd2 shell). These two shells are
so close to each other that they partially overlap, generating the
broad peak of the FT-EXAFS spectrum centered at 3.1 Å with a
shoulder at lower R. However, the contribution of this latter

Fig. 6 Effect on the simulated phase-resolved EXAFS spectra at the Pd K-edge (01 o jPSD o 3601) of the simultaneous variation of (B) both Pd–O and
Pd–Pd shells with the same phase lag, (C) Pd–O, Pd–Pd and Pd–(O)–Pd shells with the same phase lag and (D) Pd–O and Pd–Pd shells with the same
phase lag and Pd–(O)–Pd with different phase lag. (A) Theoretical k2-weighted w(k) spectra of the Pd–Pd, Pd–O and Pd–(O)–Pd shells. Left panels:
k2-weighted w(k). Middle panels: FT-magnitude, |w(R)|. Right panels: FT real part, Re[w(R)].

Table 1 Fit results of the k3w(k) spectra at the Pd K-edge of 1.6 wt% Pd/Al2O3 obtained in the 1 vol% H2/He and 1 vol% O2/He modulation experiment at
573 K

Gas atmosphere Shell S0
2 a Nb Rc (Å) s2 d (Å2) DE0

e (eV)

1 vol% H2/He Pd–Pdf 0.74 11.4 � 0.5 2.794 � 0.003 0.012 � 0.001 1.2 � 0.3
1 vol% O2/He Pd–Pdg 0.74 7.7 � 0.8 2.790 � 0.008 0.013 � 0.001 1.72 � 0.7

Pd–Oh 0.70 2.0 � 0.2 2.032 � 0.007 0.003 � 0.001 6.3 � 0.9
Pd–(O)–Pd1h 0.86 1.8 � 0.6 3.049 � 0.013 0.010 � 0.003 6.3 � 0.9
Pd–(O)–Pd2h 0.60 3.4 � 1.3 3.408 � 0.011 0.009 � 0.003 6.3 � 0.9

a Amplitude reduction factor (calculated by fitting of standard Pd foil and PdO). b Coordination number. c Interatomic distance. d Debye–Waller
factor (mean square disorder). e Energy shift. f Fit of last time-resolved spectrum recorded in H2 and representing the initial state w(k)i.

g Fit of last
time-resolved spectrum in H2 subtracted by the scaled phase-resolved spectrum at jPSD = 2301. h Fit of scaled phase-resolved spectrum at jPSD =
2501. g and h Represent the structure of the final state in O2.
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shell can be hardly solved in our experimental time-resolved
FT-EXAFS spectra of Fig. 10A because of the superimposition
with the residual but dominant Pd–Pd shell. The ME approach
coupled with PSD is a powerful tool to solve this issue thus

Fig. 7 Effect of phase lag on the real part Re[w(R)] of simulated phase-
resolved FT-EXAFS spectra at the Pd K-edge (01 o jPSD o 3601). (A) Effect
of a phase lag within a single Pd–Pd shell, where N and R varies from
12 and 2.7577 Å to 6 and 2.8577 Å with a phase lag fN = 01 and fR = 401.
(B) Effect of a phase lag within two different and partially overlapping shells
(Pd–Pd and Pd–(O)–Pd), where only N varies (12 o NPd–Pd o 6 and
0 o NPd–(O)–Pd o 4) with a phase lag fN,Pd–Pd = 01 and fN,Pd–(O)–Pd = 401.

Fig. 8 (A) Variation of the amplitude of |w(R)| and (B) of the real part
Re[w(R)] of the simulated phase-resolved FT-EXAFS spectra as a function of
the phase angle jPSD at the characteristic interatomic distances R corre-
sponding to the Pd–O (’), Pd–Pd (K), and Pd–(O)–Pd (E) shells.
In (A) R corresponds to 1.565 Å, 2.512 Å and 2.792 Å, respectively, whereas
in (B) R corresponds to 1.473 Å, 2.393 Å and 2.976 Å, respectively.

Fig. 9 Averaged time-resolved XANES spectra at the Pd K-edge of 1.6 wt%
Pd/Al2O3 recorded during a 1 vol% O2/He (blue) to 1 vol% H2/He (red)
modulation experiment. The XANES spectrum of reference PdO is shown for
comparison (green). Inset: temporal evolution of Pd(II) obtained from the linear
combination analysis of the XANES spectra of PdO and Pd foil.

Fig. 10 ME-EXAFS results at the Pd K-edge obtained on 1.6 wt% Pd/Al2O3

during a 1 vol% O2/He to 1 vol% H2/He modulation experiment.
(A) k3-weighted FT-EXAFS spectra of bulk PdO (grey), Pd foil (black) and
averaged time-resolved spectra recorded in 1 vol% O2/He (blue) and in
1 vol% H2/He (red); (B) phase-resolved FT-EXAFS spectra (01 o jPSD o
3601); (C) real part of the phase-resolved FT-EXAFS spectra in (B). In (B) and
(C) the spectra at jPSD = 1601 (black line), jPSD = 2301 (red line) and jPSD =
2501 (blue line) are highlighted.
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considerably improving the sensitivity of EXAFS spectroscopy
as is described below.

The phase-resolved k3-weighted w(k) spectra (Fig. S12, ESI†)
exhibit a similar out of phase envelop to that of the simulated
spectra of Fig. 3B, suggesting that some parameter possesses a
different phase lag with respect to the others. Indeed, the Fourier
transformation of the phase-resolved spectra (Fig. 10B) clearly shows
the appearance of a peak at 2.82 Å. This signal is assigned to the
Pd–(O)–Pd1 shell and varies as a function of the phase angle
similarly to the simulated spectra in the middle panel of Fig. 6D,
the case of the Pd–(O)–Pd shell having different phase lag compared
to the Pd–Pd shell. This signal cannot be clearly distinguished in the
time-resolved data of Fig. 10A, thus demonstrating the increased
sensitivity of EXAFS by the use of PSD. The phase angular depen-
dence of the three signals detected in the phase-resolved FT spectra
at 1.56 Å (Pd–O), 2.48 Å (Pd–Pd) and 2.82 Å (Pd–(O)–Pd1) with
assignment of the negative values on the basis of the FT real part
(Fig. 10C), according to the procedure previously illustrated in Fig. 8,
demonstrates (Fig. 11) that the signal generated by the Pd–Pd shell
varies in opposition and with a different phase lag fr with respect to
the other two shells. This behaviour reflects the red-ox dynamics of
the Pd nano-particles, i.e. the periodic and alternate faster reduction
than the re-oxidation, where the Pd–Pd shell decreases while the
Pd–O shell is forming. The different phase lag of the Pd–Pd shell
represents a key finding because it allows us to isolate the contribu-
tion of the Pd–(O)–Pd shell from that of the residual metallic Pd in
the EXAFS spectrum at jPSD = 2501 (Fig. 11 and the blue curve in
Fig. 10B). Similarly, the spectrum at jPSD = 2301 contains the
contribution of the variation of the Pd–Pd shell only, filtered from
that of PdO (Fig. 11 and the red curve in Fig. 10B).

3.3.1 Quantitative analysis of experimental phase-resolved
EXAFS spectra. An important consideration in the fitting
procedure of phase-resolved spectra has to be mentioned at

this point. We shall recall here that the demodulated spectrum
is a difference spectrum between the potentially reversible
oscillating states induced by the external stimulation. If a
particular state appears and disappears during the stimulation,
as it is in the case of PdO because the system oscillates between
a reduced and a partially oxidized Pd, then the isolated phase-
resolved spectrum at a particular jPSD (in this case, 2501)
already contains the local structural information of that spe-
cific state, i.e. PdO. In this case, wt(k)i = 0 and it follows from
eqn (4) that wt(k)f = AwPSD

j (k), where A is the scaling factor. Thus,
this spectrum can be fitted by the conventional procedure to
obtain the structural parameters N, R and s2 after scaling the
amplitude to the original value (Dwk) by applying eqn (4), i.e.
multiplying wj(k) by 2.1/cos(f � jPSD) where jPSD = 2501 for
PdO in this case. The phase lag f can be obtained by fitting the
curve of Fig. 11 with eqn (3) (jPSD

Pd–O = 3211, jPSD
Pd–(O)–Pd1 = 3241 and

jPSD
Pd–Pd = 1601). On the other hand, if a scattering shell varies

along a modulation period but does not fully disappear, as it is
in the case of the Pd–Pd shell, the phase-resolved spectrum
contains information on the structural variation but does not
represent the full structure, not even only one specific struc-
ture. In this case, the phase-resolved spectrum can be fitted as a
difference spectrum as proposed by König et al.9 Alternately, it
can be subtracted from the time-resolved w(k)i spectrum accord-
ing to eqn (4) in order to obtain the w(k)f spectrum, which can
then be fitted using the conventional EXAFS approach. This
procedure is particularly effective in this example, where w(k)i

can be chosen as the last time-resolved spectrum recorded in
H2 from which the scaled phase-resolved spectrum at jPSD =
2301 containing only the information about the Pd–Pd shell can
be subtracted. The obtained w(k)f spectrum has the advantage
of containing a single coordination shell, thus filtered from the
contribution of PdO. It can also be more easily fitted using
fewer variables, thus increasing the consistency of the fit.

3.3.2 Fit results. As mentioned above, the structure of the
initial state of the Pd nano-particle can be determined from the
fitting of the last time-resolved spectrum recorded in H2.
Because Pd at this stage is reduced, the k3-weighted Fourier
transformed EXAFS spectrum (2 o k o 14 Å�1) has been fitted
in the R = 0–3 Å range considering a single Pd–Pd coordination
shell (Fig. 12A). On the other hand, the structure of Pd in the
final state, i.e. in O2, has been solved by fitting two extrapolated
EXAFS spectra obtained from the phase-resolved ones containing
the contribution of residual metallic Pd and of the newly formed
PdO, respectively. In particular, the structural parameters of PdO
(i.e. N, R and s2 of the Pd–O, Pd–(O)–Pd1 and Pd–(O)–Pd2 shells)
have been obtained by the fitting of the phase-resolved EXAFS
spectra at jPSD = 2501 after properly scaling the amplitude as
above. The structural parameters of the residual metallic Pd (i.e.
N, R and s2 of the Pd–Pd shell) were calculated by fitting the
EXAFS spectrum obtained by subtracting the amplitude-scaled
phase-resolved spectrum at jPSD = 2301 from the last time-
resolved EXAFS spectrum recorded under reducing conditions.
The results of the fitting are presented in Table 1 and Fig. 12. The
reduced Pd (Fig. 12A) possesses an average Pd–Pd coordination
number N of 11.4 that is typical of large nano-particles.28

Fig. 11 Variation of the amplitude of the phase-resolved FT-EXAFS
spectra as a function of the demodulation angle jPSD at bond distance
(R) of 1.565 Å (&), 2.823 Å (n) and 2.485 Å (J) corresponding to the Pd–O,
Pd–(O)–Pd1 and Pd–Pd shells, respectively. The negative values of the
amplitude have been assigned on the base of the variation of the corres-
ponding FT real part.
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The interatomic distance of 2.794 Å is slightly larger than the
theoretical one (2.758 Å). This can be tentatively attributed
the interstitial absorption of H atoms despite the relatively high
temperature (573 K) and low hydrogen partial pressure
(10 mbar).29,30 Wang et al.30 have recently studied the stability

of Pd hydride up to 483 K and they have calculated a residual H/
Pd ratio of 0.1 at this temperature for 2.1 nm Pd nanoparticle.
s2 is relatively high (0.012 Å2) due to the thermal disorder and
probably the inhomogeneously dissolved H distribution. Under
an O2 atmosphere both R (2.790 Å) and N (7.7) of the Pd–Pd
shell decrease (Fig. 12B), indicating a possible decrease of the
particle size consequent to surface oxidation.

Fig. 12C demonstrates the most important finding of this
work in agreement with the simulations shown above. The
Fourier transform of the phase-resolved EXAFS spectrum at
jPSD = 2501 clearly displays the Pd–(O)–Pd1 and Pd–(O)–Pd2
shells which are otherwise hardly detectable in the time-
resolved spectra. The contribution of the residual Pd–Pd shell
has been removed by PSD. The fit of this spectrum provides
the coordination number of the three Pd–O, Pd–(O)–Pd1 and
Pd–(O)–Pd2 shells of 2.0, 1.8 and 3.4, respectively (Table 1).
These values are evidently much lower than those of the bulk
PdO (4, 4 and 8, respectively), indicating that oxidation has not
been extensive in agreement with our simulation. However,
they are consistent with a PdO surface with two Pd atomic
layers. For example, if the (001) surface of PdO is considered
(Fig. 13) the average coordination number of the shells is 2, 4
and 4, respectively, whereas for the (100) or the (010) surface it
is 3, 2 and 4, respectively. These values are lower for smaller
particles because the atoms at the edge and corners exhibit
lower coordination. It is important to note that the main
difference between the (001) and the (100) surface of PdO is
that the ratio between the coordination number of the Pd–(O)–
Pd2 and Pd–(O)–Pd1 is 1 : 1 in the former, whereas it is 2 : 1 in
the latter. The fitting results suggest that, being the experi-
mental Pd–(O)–Pd2 : Pd–(O)–Pd1 ratio of 1.9, the (100) or the
(010) surface are preferentially formed.31

4. Conclusions

This work demonstrates that the modulated excitation approach
combined with phase sensitive analysis can be successfully
applied to extended X-ray absorption fine structure spectroscopy
despite the high number of variables involved. Several additional
qualitative and quantitative information can be extrapolated

Fig. 12 Best fit of (A) the last time-resolved spectrum recorded in H2,
(B) the spectrum in (A) subtracted by the amplitude-scaled phase-resolved
w(k) spectrum at jPSD = 2301 and (C) the amplitude-scaled phase-resolved
w(R) spectrum at jPSD = 2501. Experimental data (open symbol) and best fit
results (solid line). The contribution of the three fitted paths (dashed lines)
Pd–O (red), Pd–(O)–Pd1 (green) and Pd–(O)–Pd2 (blue) is shown in (C).

Fig. 13 (A) Tetragonal unit cell of PdO; (B) (001) 9.03 Å � 9.03 Å PdO surface; (C) (100) or (010) 9.03 Å � 10.67 Å PdO surface.
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from the phase-resolved FT-EXAFS spectra with respect to the
original time-resolved set of data, thus significantly improving
the sensitivity of EXAFS spectroscopy. A first inspection of the
phase-resolved w(k) spectra reveals whether one or more variables
(N, R or s2), either within one shell or of a different shell, vary with a
phase lag f with respect to the other ones. The presence of a phase
lag generates the typical out of phase envelop. The analysis of the
real (or imaginary) part of the phase resolved FT-EXAFS spectra is
crucial to recognize both (i) whether the phase lag occurs within
one shell or in a different shell and (ii) to access the relative
dynamics occurring during the modulation experiment, such as the
formation/disappearance of a specific shell. The presence of one or
more shells varying with a phase lag is a crucial point that allows
extrapolation of the spectra of that specific shell/structure. One of
the most important finding of this work is the possibility of
isolating the contribution of the second Pd–(O)–Pd shell of PdO
otherwise hidden from the residual first Pd–Pd shell of the metal
Pd. This result could be in principle extended to any other
minute structural change or intermediate species formed during
a modulation experiment.

Because the phase resolved EXAFS spectra are scaled difference
spectra with reduced noise two different approaches have been
here proposed for the quantitative analysis of the corresponding FT
spectra. In particular, the FT-phase-resolved spectrum can be
directly fitted only if a shell fully appears and disappears during
the modulation (e.g. the Pd–O and Pd–(O)–Pd shells of the experi-
mental example). By contrast, if a shell does not fully disappear (e.g.
the Pd–Pd shell) the spectrum of the final state (e.g. in O2 atmo-
sphere) can be obtained by subtracting the selected demodulated
wj(k) from the time-resolved wt(k)i spectrum of the initial state (e.g.
in a H2 atmosphere) with the possible advantage of being isolated
from the contribution of other structures.

Finally, the FT-EXAFS spectrum of PdO has been success-
fully isolated from that of the residual metallic Pd of partially
oxidized Pd nanoparticles thanks to the application of PSD,
thus allowing the fitting of the second Pd–(O)–Pd shell with
enhanced accuracy. This result has shown that an oxide layer
covering a metallic core is formed under a fast switch from
reducing to oxidizing atmosphere at 573 K on 1.6 wt% Pd/Al2O3.

Therefore, we have demonstrated the potential of the modulated
excitation approach applied to quantitative EXAFS. The approach
becomes powerful when minute structural changes of functional
materials under relevant conditions need to be analyzed.

List of symbols

a Amplitude correction factor
di(k) Photoelectron phase shift
l(k) Photoelectron mean free path
si

2 Debye–Waller factor
f Phase lag between the stimulation and the system

response
jPSD Demodulation phase angle
wt(k) Time-resolved EXAFS spectrum

wt(R) Fourier transform of the time-resolved EXAFS
spectrum

wj(k) Phase-resolved EXAFS spectrum
wj(R) Fourier transform of the phase-resolved EXAFS

spectrum
|w(R)| Magnitude of the Fourier transform EXAFS spectrum
Fi(k) Photoelectron scattering amplitude
Im[w(R)] Imaginary part of the Fourier transform EXAFS

spectrum
K Demodulation index
k Photoelectron wavenumber
Ni Coordination number
Re[w(R)] Real part of the Fourier transform EXAFS spectrum
Ri Interatomic distance
S0

2 Passive electron reduction factor
T Stimulation period
W(k) Window function
o Stimulation frequency
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