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1 Definition of the Topic

X-ray absorption spectroscopy (XAS) is a powerful technique to study the
unoccupied states and the local structure around an excited species of atoms from
an element present in a material. Recently, in situ XAS is being used to study
catalytic transformations, synthesis of nanoparticles and thin films, kinetics of
potential battery materials, etc. Such studies can explain the mechanisms
associated with the formation of chemical species during various types of reactions.
In this chapter, we shall describe how XAS has proved to be a powerful character-
ization tool for nanomaterials with potential applications by determining the
variation in interatomic distances, coordination numbers, and the type of neighbor-
ing atoms within the first few coordination shells of the atom of interest in
nanoparticles.

2 Overview

Nanomaterials defined as materials with at least one dimension in the nanometer
(1 nm = 10�9 m) range have been found to possess structure and properties that are
significantly different from those of the corresponding bulk material. The large
surface-to-volume ratio of nanoparticles (NP) makes their surface play a key role
in tailoring their physical and chemical properties. Hence, they have been found to
possess unique characteristics making them suitable for many novel applications
related to energy storage, catalysis, electronic devices, drug delivery, etc. Studying
such unique materials, so as to harness their properties for suitable applications,
would need powerful characterization techniques.

Synchrotron-based X-ray absorption spectroscopy comprising of EXAFS
(extended X-ray absorption fine structure) and XANES (X-ray absorption near
edge structure) are exquisite characterization tools since they can study local struc-
ture around atoms in crystalline as well as amorphous and disordered materials and
also in all states of matter. Hence, XAS is applicable and useful for nanomaterials
related to condensed matter physics, engineering sciences, chemistry, biology, and
environmental and geological sciences. Quick-XAS, i.e., Quick-EXAFS (QEXAFS)
and Quick-XANES (QXANES) combined together, enables time-resolved spectro-
scopic studies down to millisecond regime and can provide information related to
chemical changes and phase transitions taking place during the formation of NPs,
cycling of batteries, catalytic reactions, physical transformations, and biological
changes.

In this chapter, we shall describe how QEXAFS and QXANES have been
successfully used to study mechanisms of chemical reactions and kinetics related
to different types of NPs.
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3 Introduction

The present century has seen a tremendous growth in the field of Nanotechnology.
The ability to drastically change the physical and chemical properties of nano-
materials by changing their size and shape has increased their potential for many
unique and useful applications relevant to modern times: high energy density
batteries, catalysts for cars with high fuel efficiency, medical implants and drug
delivery systems, computer chips related to miniaturization, materials for low-cost
flat panel displays, elimination of environmental pollutants, etc. The growth of this
emerging field has been possible due to novel synthesis routes that have been
developed by scientists and engineers in the past decades. This coupled with the
development of novel characterization tools and techniques that were initiated by the
invention of the scanning tunneling microscope (STM) in the 1980s have further
enriched the studies of nanomaterials of different types. Especially important for
these nanomaterials have been the techniques based on synchrotron sources with a
strong X-ray beam of high luminosity, which has made time-dependent studies
possible in the fields of spectroscopy, scattering, diffraction, and imaging.

Standard X-ray absorption spectroscopy (XAS) scans at synchrotron sources
were developed in the 1970s to study the detailed local structure around individual
atoms from an element present in a compound [1]. These scans consist of step scans
where the monochromator used to select the energy range is moved by a small
amount in energy. Data are collected from the beginning to the end of the energy
range till the entire spectrum for a particular element has been generated. Each of
these scans generally takes 15–20 min. Quick-XAS measurements were developed
in the mid-1990s at several synchrotron sources where data are collected on the fly,
i.e., the monochromator motors are encoded and the crystals selecting the beam
energy are moved with constant velocity from the beginning to the end of the energy
range as the data are collected [2–7]. These scans have reduced the overhead time
associated with moving the monochromator motor during step scans. Hence, a
QEXAFS scan can be completed in 1–3 min and in some cases in several seconds.
QXANES scans be collected in few seconds and sometimes in milli- and microsec-
onds. Hence, time-resolved XAS studies have become possible and are becoming
popular due to the unique combination of high penetration depth of hard X-ray beam
and element sensitivity with time resolution. Apart from this, a new type of XAS
called energy dispersive EXAFS (EDE) has been developed where a bent poly-
chromator and a position-sensitive detector are used to collect data. The beam
position is related to energy and the entire spectrum is collected in parallel. Here,
the XAS spectrum can be collected in milliseconds, thereby making it extremely
useful for studying catalytic reactions. Presently, research is being conducted to
introduce ultrafast EXAFS and XANES also using pump probe methods [5].

Such developments related to QXAS have been extremely useful for in situ
studies of various systems from different branches of science and engineering,

5 In Situ X-Ray Absorption Spectroscopy Studies of Functional Nanomaterials 161



especially those related to the evolving field of nanotechnology. Nanomaterials have
broad X-ray diffraction (XRD) peaks, and hence only limited structural information
is available from XRD. In situ spectroscopy by itself as well as coupled with in situ
scattering, imaging, and XRD can throw light on the pathways associated with
synthesis of NPs and thereby help to produce tailor-made nano-systems in future
for novel applications. In this chapter, we shall focus on how QXAS has already
been used to study the local structural changes associated with (a) colloidal synthesis
of NPs, (b) chemical reactions associated with homogeneous and heterogeneous
catalysis, (c) synthesis of metallic NPs in nano-reactors, and (d) chemical changes
occurring during cycling of battery materials.

4 EXAFS and XANES: Theory and Instrumentation

XAS is a powerful technique to study the local structure around an excited species of
atoms. XAS in general consists of two regimes: (a) X-ray absorption near edge
structure (XANES) and (b) extended X-ray absorption fine structure (EXAFS) [1,
8–12]. In general, EXAFS refers to the sinusoidal oscillations observed over a wide
energy range extending to 1000 eV above the edge, while XANES refers to fine
structure around an absorption edge extending typically 50 eV. XANES is strongly
sensitive to the electronic levels around the Fermi level and hence provides information
about the oxidation states and coordination geometries. EXAFS is used to determine
the interatomic distances, variation in interatomic distances, coordination number, and
the type of neighboring atomswithin the first few coordination shells of the atom that is
being studied by tuning the incident X-ray energy to the absorption edge of the atom.

A typical EXAFS spectrum is shown in Fig. 5.1a. X-ray photons of the specific
energy chosen to interact with the atoms under study produce photoelectrons that are
scattered by the neighboring atoms. The interference between the outgoing photo-
electron wave and the scattered photoelectron wave at the probe atom causes
oscillations in the absorption coefficient. EXAFS is defined as the normalized
oscillatory part of the absorption coefficient above the absorption edge of the excited
atoms in a material. Figure 5.1b shows the background subtracted data χ(k) in k-
space. The Fourier transform of the normal oscillatory signal has peaks whose
intensity depends on the type and number of atoms at a particular distance, and
whose width depends on the structural disorder of the same atoms (Fig. 5.1c). The
peak position represents the distance between the excited atom and the neighboring
atom but occurs at slightly shorter distances than the corresponding theoretical bond
length due to a phase shift, φj, between the incident and scattered waves. EXAFS
spectra are modeled to obtain the average number, type, and distance of atoms
around the probe atom, as well as mean square displacement of the average distance
(σ2). Figure 5.1d shows the pre-edge region of the EXAFS spectrum: the energy
change is referred to as the edge jump. This region between �50 eV and +50 eV
around the edge region is called XANES.

When the energy of incident X-rays photons (E) is scanned across the binding
energy of a core shell electron, there is a sharp increase in the probability for X-ray to

162 S. Chattopadhyay et al.



1.
8

4 0

K2 x(k) –4 –8

B
ac

kg
ro

u
n

d
 r

em
o

va
l

1.
6

1.
4

1.
2 1

0.
8

0.
6

0.
4

0.
2 0 88

00
90

00
92

00
94

00

89
60

89
80

90
00

90
20

E
 (

eV
)

1.
2

8.
0

6.
0

Transform Magnitude 4.
0

2.
0

0.
0 0

2
4

R
 (

Å
)

6

1.
0

0.
8

0.
6

0.
4

0.
2

0.
0

Absorption Normalized absorption

96
00

E
 (

eV
)

98
00

10
00

0

a
b

c
d

2
6

F
o

u
ri

er
 T

ra
n

sf
o

rm

10
K

 (
Å

–1
)

14

Fi
g
.
5.
1

(a
)
A

ty
pi
ca
l
E
X
A
F
S
sp
ec
tr
um

.
(b
)
T
he

ba
ck
gr
ou

nd
su
bt
ra
ct
ed

da
ta

in
re
ci
pr
oc
al

sp
ac
e.

(c
)
X
A
N
E
S
re
gi
on

of
th
e
sp
ec
tr
um

an
d
(d
)
F
ou

ri
er

tr
an
sf
or
m
ed

E
X
A
F
S
sp
ec
tr
um

5 In Situ X-Ray Absorption Spectroscopy Studies of Functional Nanomaterials 163



be absorbed (μ), resulting in an absorption edge. The absorbed X-ray results in an
excited atomic state consisting of a core hole and photoelectron. The photoelectron
propagates as a wave with the wave number k,

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2m E� E0ð Þ=ℏ2

q

(5:1)

where ℏ = h/2π with h being the Planck constant, E0 is at the absorption edge, and
m is the electron mass. If the absorbing atoms are isolated (such as in an inert gas), μ
has a relatively smooth atomic background (μ0). On the other hand, if surrounding
atoms exist as in solids, the photoelectron wave is scattered by them, and the
outgoing and backscattered electron waves interfere, resulting a modulation of the
absorption coefficient μ written as

μ ¼ μ0 1þ χ kð Þ½ � (5:2)

These modulations in χ(k) are called EXAFS and expressed as a sum of the
sinusoidal functions from the scattering paths from all the neighboring atoms as

χ kð Þ ¼
X

j¼1

Aj kð Þ sin 2kRj þ φj

� �

(5:3)

Aj kð Þ ¼ Nj

kRj
2
S0

2Fj kð Þe�2Rj=λe�2k2σj2 (5:4)

and φj being the phase shift from the potentials of the absorber and backscattering
atoms. These phase shifts are approximately linear and thus, the individual contri-
butions maintain their sinusoidal character.

EXAFS analysis gives structural information around the absorbing atoms includ-
ing number of neighbors (Nj), bond length (Rj), and the bond length distribution
characterized by a Debye-Waller factor (σj

2). Since the mean free paths (λ) of the
electrons are usually short, information is limited to a few Å around absorbing
atoms; therefore, EXAFS is a local structural probe. Particularly important are the
backscattering functions Fj(k) and phase shift φj, which are characteristic of the
atomic species of the scattering atoms; thus, EXAFS analysis can distinguish
between several types of atoms which may be present in a compound. The Fourier
transform of k-weighted χ(k) separates the signal in terms of the radial distances (Rj)
between the absorbing atom and its neighbors. The peak height depends on the type
and number of atoms at a particular distance and the peak width depends on the
structural disorder (σj

2) of the atoms at that distance. EXAFS data can be modeled to
obtain Nj, Rj, and σj

2 for the first few coordination shells.
A typical setup for performing QXAS measurements is shown in Fig. 5.2. The

X-ray beam from the synchrotron source goes through a double a crystal monochro-
mator which selects the energy range needed for the element of interest. The beam
then passes through filters and a harmonic rejection (HR) mirror. The latter is used to
eliminate higher energy X-rays. Most HR mirrors consist of Rhodium, Platinum, and
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glass stripes for use in different energy ranges. The beam is then defined with the
help of mechanical slits and passes through the incident ion chamber (I0) that counts
the number of photons falling on the sample. Size of incident beam is always kept
smaller than the size of the sample. Concentrated samples are placed perpendicular
to the beam, whereas dilute samples are placed at 45� to the path of the beam to allow
for fluorescence detection. For homogenous, highly concentrated samples, μ is
measured with transmission geometry and obtained from Beer’s law as

μx ¼ ln I0=Itð Þ (5:5)

where x is thickness of the sample, and I0 and It are incident and transmitted X-ray
intensity, respectively. For diluted samples, the fluorescence signal is used to obtain
μ since the fluorescence intensity is proportional to the number of core-holes created
by X-ray absorption and thus proportional to the absorption coefficient. It is more
sensitive than transmission mode because fluorescence comes only from the element
of interest. The transmission ion chamber (It) counts the number of photons in the
beam after passing through the sample. Fluorescence X-ray from dilute samples is
detected with an ion chamber (If) placed at 90� to the incident beam. These ion
chambers are equipped with filters and Soller slits to minimize the background. Iref is
the reference ion chamber placed after the transmission ion chamber.

A metal foil of the element which is being probed is placed on this ion chamber so
as to verify the calibration of the edge energies before merging the scans. The foil
scans are important since the amplitude S20

� �

needed to fit the data for a particular
element is obtained by fitting the EXAFS data from the respective foil. S20

� �

can
depend on chemical environment and is energy dependent. However, it mainly
comes from the atomic nature of the central atom, and these dependencies are
small. The gases in the ionization chamber were optimized on the basis of the
X-ray energy so that 1–5% of the X-ray gets absorbed in I0, 70% in It, and the rest
in Iref. Energy calibration is done before data are taken at each edge energy. Solid
samples are ground to fine powder with the particle size much less than one
absorption length (1/μ ~ 40 μm) to avoid the pinhole effect. The powder can be

Fig. 5.2 A typical XAS setup in a beamline
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rubbed on Kapton® tapes and stacked with the number of layers optimized so that the
edge step (Δμx) at a particular edge energy becomes 0.5 ~ 1, the total absorption by
the entire sample (μtotalx) is less than 2.5, and absorption by the respective atom
(μelementx) is about unity. Powder can also be mixed with the correct amount of fine
powder of boron nitride and pressed into pellets so as to have the right edge step and
absorption. Over 10 scans are recorded for each edge energy measured for a sample
to ensure repeatability and averaged to improve statistics.

The data are processed using Athena [13]. Conventional EXAFS analysis consists
of extracting the oscillations, χ(k), as a function of the photoelectron wave number
(k) from the background-subtracted absorption spectrum, μ(E), and Fourier-
transforming χ(k) into real space, χ(R). The measured absorption spectrum below
the pre-edge region is fitted to a straight line. The background contribution above the
postedge region is fitted to a cubic spline (a segmented third order polynomial). The
fitted polynomials are extrapolated through the total energy region and subtracted
from the total absorption spectra. The theoretical paths are generated using FEFF6
[14], and the models are constructed in the conventional way using the fitting
program Artemis [13] to refine the fitting parameters. The background subtracted
χ(R) data are fitted to models based on the FEFF-based calculations of the scattering
paths using the relevant coordination numbers, Debye-Waller factor (σ2), and bond
lengths as parameters. Various scattering models and different fit ranges are tried
using the Artemis fitting program, before arriving at the best fit.

5 Key Research Findings

Nanometer-sized particles in the form of loose aggregates, wires, spheres, and
various other shapes and sizes have been found to possess superior structural,
optical, electronic, and magnetic properties in many cases making them suitable
candidates for versatile applications in new technological devices. Progress in
instrumentation and detectors at the synchrotron sources in the last two decades
has led to new and powerful characterization tools to probe the structure of materials.
Especially novel and useful has been the invention of the time-resolved techniques in
the field of high-resolution X-ray diffraction (HRXRD), small-angle X-ray scattering
(SAXS), pair distribution function (PDF), imaging, and quick X-ray absorption
spectroscopy (QXAS). These techniques have become critical to the research efforts
in the field of nanomaterials. They have the ability to generate real-time structural
data and can help to identify how structure influences the functional properties and
performance of devices made from these nanomaterials. Hence, these advanced
characterization methods have led to the development of new synthesis techniques
for NPs and thin films. They have also helped in studying chemical and physical
processes occurring in catalysis, energy storage in batteries, protein formations,
mechanically stressed nano-alloys, etc. We shall describe how QXAS, either alone
or in combination with HRXRD, SAXS, PDF, and other techniques, can help to
enhance the study of advanced materials in various fields and their performance.
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5.1 Using In Situ XAS to Study Synthesis of Nanoclusters
and Nanoparticles in the Beam

5.1.1 Metal Nanoclusters Using Milli�/Micro-Fluidic Chip Reactors
Recently, millifluid and microfluid reactors are being used for the preparation of NPs
[15–21]. These lab-on-a-chip reactors consisting of small channels with micrometer
diameter have liquid precursors flowing through them. They are allowed to react and
produce NPs or nanoclusters. The use of time-resolved QXAS in conjunction with
microfluidic lab-on-a-chip reactor has helped in studying the reaction dynamics of a
chemical reaction at every stage during the formation of NPs.

A typical QXAS setup for chip-based microfluidic experiment on the beamline to
produce copper nanoclusters [18] is shown in Fig. 5.3a, where the beam is scanned in
a raster fashion over themicrofluidic reactor while data are being collected at different
points of the reactor with serpentine channels shown in Fig. 5.3b from the time of
introducing the precursors to the end of the reaction where Cu nanoclusters come out

Outlet
Cu2 cluster

NaBH4 +
NaOH

Cu(NO3)2 +
MPEG

N2 In

N2 In

N2 In

I0

I & II Outlet

Monochromator

Millifluidic reactor

Synchrotron
X-ray source

Pump Inlet

I

X-Y motorized
stage

a

b

Fig. 5.3 (a) QXAS setup for microfluidic chip reactor in the beam with the beam coming from the
right and the Stern-Heald detector placed at 90� to the beam. (b) The microfluidic chip reactor with
the inlet tubes to introduce the precursors and the outlet tube for the clusters to come out and get
collected for further characterization
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of the reactor. The nanoclusters are further characterized by transmission electron
microscopy (TEM) and UV-vis absorption spectroscopy.

Figure 5.4a shows a TEM image of ultra-small Cu nanoclusters (UCNCs).
Figure 5.4b compares the QXANES spectrum taken for Cu(NO3)2.xH2O precursor
at the inlet to the spectrum for UCNCs at the outlet. EXAFS spectrum was taken
every 30 s and at several positions along the path of the chip reactor to track the
nanocluster formation process. Analysis of QXAS data helped in the determination
of size, oxidation state, coordination number, and bond length of the UCNCs at
various stages of their formation in the reactor and confirmed that oxidative impu-
rities were not present in the sample collected from the outlet. These clusters,
smallest ever produced using a lab-on-a-chip reactor, have been found to efficiently
catalyze C-H oxidation reactions when supported on silica. In situ QXAS, proved to
be an useful tool to study the controlled synthesis of Cu nanoclusters that were found
to catalyze C-H oxidation for the first time, later was used successfully to study the
formation of Au and Pt nanocluster also [19, 21]. Such studies will provide funda-
mental insights into formation of novel nanoclusters and NPs which will help to
develop the next generation of high-performance advanced materials.

5.1.2 Synthesis of Colloidal Metal, Metal-Oxide, and Doped Metal-
Oxide Nanoparticles

The exponential growth in the field of nanotechnology in the past two decades has
led to the development of novel synthesis techniques in this field. One of them is the
colloidal route which has helped to produce stable nanocrystals of metals, semi-
conductors, and insulators with uniform size distribution and of different shapes and
sizes for a variety of applications [22–26]. Colloidal NPs generally possess an
inorganic core surrounded by surfactants or ligands which are used in stabilizing
them. Each individual colloidal nanocrystal is a freestanding nanoparticle in solu-
tion. Though the process of doping has been known for a long time, doping the
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Fig. 5.4 (a) TEM image of ultra-small copper nanometer-sized clusters collected at the outlet of a
millifluidic reactor. (b) QXANES spectra of Cu precursor (peak with higher absorption) versus Cu
nanoclusters (peak with lower absorption) [18]
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colloidal nanocrystals has been challenging. The synthesis process of pure and
doped nanocrystals involves several steps [24] and heating the solution to higher
temperatures. Controlling each of these steps is crucial for obtaining the right size
and shape for the desired NPs. Though there has been substantial progress in the
synthesis of doped NPs, the doping mechanisms have been mainly studied by ex situ
techniques, including TEM, Fourier transform infrared spectroscopy (FTIR), UV-vis
absorption spectroscopy, Raman, etc., that do not provide detailed information on
the kinetics of the doping mechanism. Successful synthesis of doped NPs requires
studying the correlation of various kinetic parameters. Therefore, time-resolved
studies of the doping processes are critical to resolve the doping mechanism in
colloidal NPs.

Recently, the entire process of Mo-doped and un-doped iron oxide NPs synthesis
was studied in real time by synchrotron in situ X-ray absorption spectroscopy done
in QXAS mode [27]. The actual and schematic setup for this experiment is shown in
Fig. 5.5. Mo-doped iron oxide NPs have been chosen since it is a promising
electrode material to improve Li+ ion capacity of rechargeable battery. XAS being
a unique characterization technique, the QXAS measurements done at Fe edge as
well as at Mo edge during the synthesis allowed simultaneous monitoring of reaction
kinetics of the precursors, compositional changes of the NPs during the synthesis,
the chemical state (valency and coordination geometry) and position (whether it is in
the solution or in the host lattice) of the dopant. TEM images of the colloidal metallic
iron NPs before oxidation to hollow iron oxide NPs and the Mo-doped iron oxide
NPs produced in the beamline at the end of the synthesis are shown in Fig. 5.6.

The QXANES data along with the linear combination fit results are shown in
Fig. 5.7. The analysis of the time-resolved XAS studies coupled with TEM mea-
surements revealed for the first time an oxidation induced doping mechanism which
is illustrated in Fig. 5.8b corresponding to the chemical reaction shown in Fig. 5.8a.
The reaction mechanism from QXAS results predicts that the mass transport of the

Fig. 5.5 QXAS setup for in situ X-ray absorption spectroscopy measurement of the synthesis of
pure and Mo-doped hollow iron oxide NPs. The picture on the left shows the actual Schlenk-line
setup installed at the beamline located at Advanced Photon Source, USA. The schematic diagram
on the right shows the path of the X-ray beam and the arrangement of the detectors: Io, It, and If for
measuring intensities of incident, transmitted, and fluorescent X-rays, respectively [27]
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host (iron and oxygen) atoms induces the incorporation and internalization of the
dopant atoms (molybdenum) into the lattice of oxidized hollow NPs of γ-Fe2O3.
Time-resolved QXANES/QEXAFS study revealed that the reaction kinetics of the
nucleation, growth, and oxidation of the host NPs are significantly affected by the
dopant precursor, and the latter can substantially change the reaction kinetics of
formation of iron and iron oxide NPs. Thus, in the presence of dopant precursor, we
observed significantly faster decomposition rate of iron precursors and substantial
resistance and higher stability of iron NPs against oxidation. The same doping
mechanism and higher stability of host metal NPs against oxidation was observed
for cobalt-based systems also. Since the internalization of the adsorbed dopant at the
surface of the host NPs is driven by the mass transport of the host, this mechanism
can be potentially applied to introduce dopants into different oxidized forms of metal
and metal alloy NPs providing the extra degree of compositional control in material
design. This is the first time that an entire synthetic colloidal chemistry was done
successfully at a beamline demonstrating and proving that NPs can be synthesized in
organic solutions with only inorganic capping ligands. We believe that oxidation-
induced doping mechanism can be applied to a number of other NP systems where
the mass transport can be induced chemically (e.g., oxidation) or electrochemically.
This in situ measurement technique is generally applicable for time-resolved mech-
anism study of various doped NPs synthesis using the conventional reaction setups
that are generally used in the laboratory, and it proves the strength of QXAS in being
able to provide insight into chemical reactions. It should be possible to use QXAS to
monitor synthesis of NPs by sol-gel, microemulsion, and other wet chemical tech-
niques also.

Apart from these, there have been reports of QXANES being used successfully to
study the in situ growth of ZnO nanowires from zinc nitrate and HMTA (hexameth-
ylenetetramine) precursors during chemical bath deposition (CBD) for a fundamental

Fig. 5.6 (a) TEM image of the iron NPs before oxidation, (b) TEM image of Mo-doped iron oxide
NPs after oxidation [27]
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understanding of the reaction mechanisms and kinetics associated with the underly-
ing chemical processes [28]. In situ QXAS has been used to study the 2-stage growth
mechanism associated with the aqueous synthesis of glutathione (GSH) capped ZnSe
quantum dots [29]. It has also been used to monitor the adsorption of Co2+ on the
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Fig. 5.7 Time-dependent changes of Fe and Mo XANES spectra and the ratio of iron and
molybdenum species during the synthesis of Mo-doped and un-doped hollow iron oxide NPs.
(a, b): Fe-QXANES and Mo-QXANES spectra, respectively, taken during the synthesis of Mo-doped
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showing the changes in the ratio of iron and molybdenum species, in the reaction mixture as a
function of time during the synthesis of Mo-doped hollow iron oxide NPs. The reaction temperature
reached 180 �C at 37 min. (f) Time-dependent change of iron species obtained from linear
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surface of Fe3O4 NPs in high temperature aqueous fluids [30]. The results have
indicated that QXAS with its capability to determine the coordination environment
around individual atoms, will enable discovery of novel synthesis routes for new
materials in future.

5.2 In Situ QXAS Studies of Nanomaterials for Battery
Applications

The enormous energy need of our civilization is the driving force behind the
intensive research of materials related to energy-storage. There has been huge
progress in the field of battery materials in the last two decades due to the growing
demand of modern technology. Since their discovery in the early1990s, Lithium ion
batteries have become popular since they possess the highest energy density of all
rechargeable batteries available in the market and hence have become standard
power source for many electronic devices like cell phones, laptops, etc. Further
research to improve the properties of these batteries has been ongoing since they may
be the source of power for a future generation electric vehicles and large-scale
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b

Fig. 5.8 (a) Synthesis of Mo-doped iron oxide hollow shell NPs. (b) Modeling of the chemistry
associated with oxidation-induced doping mechanism as predicted from QXAS results. A metallic
iron NP with dopant ions adsorbed on the surface (left); early stage of the oxidation of metallic Fe
NP and capturing of Mo-dopant ions inside of the oxidized layer (middle); doped hollow shell NP
after full oxidation (right)
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electrical grid storage also. XAS especially QEXAFS and QXANES have proved to
be powerful and ideal tools to study batteries. Together, they have the capability to
correlate the changes in the electronic state of an atom to the structural changes
occurring in the neighborhood of an atom during electrochemical changes, i.e.,
charging and discharging of batteries. QXAS can provide valuable insight about
the mechanisms in electrochemical reactions when one of the transition metal con-
stituents is removed or changed in the electrode materials, which is needed to achieve
high specific capacity and long-term stability in Li-ion batteries. Hence, they have
been used for past 20 years to probe the structure and composition of various types of
electrode materials used in batteries [31–50]. These studies have thrown light on the
charge compensation process during cycling of batteries and the response of cathodes
to Li ion insertion and extraction. It has been observed that for transition metal doped
LiCoO2 (a) capacity fading is closely related to the J-T distortion of the NiO6
octahedron when Ni is doped at Co sites in LiCoO2 and (b) during electrochemical
delithiation process, all the charge compensation occurs at the Ni site which changes
oxidation state from 3+ to 4+ during charging, thereby causing reduction of J-T
effects. Co atoms oxidize towards the end of charging process [37–40]. Studies of
LiMn2O4 layered compounds have shown that Li de-intercalation leads to oxidation
of Mn3+ to Mn4+ to MnO2, and there are local structural changes around Mn atoms
which can cause cyclic instability of the battery material [32, 34, 36]. The active role
of oxygen atoms during cycling of batteries is confirmed. This research has proved
that with proper design of electrodes and choice of active materials, lithium-ion
batteries can function at high rates and with higher utilization of the active material.
These studies have opened the path for development of lithium-iron phosphate [46]
and other high capacity cathode materials [47, 48] and also intermetallic-phase-based
anode materials with the zinc blende structure [35].

Significant improvement is still needed in this field to produce electrode materials
which are cheap, safe-to-use, and possess higher capacity and higher rate perfor-
mance. Use of nanomaterials as electrodes for batteries is being probed since NPs
have more surface area which will give them higher charge and discharge rates, short
path length for electron and Li ion transport, and higher strain accommodation
capacity. In situ XAS on nanometer-sized materials were reported as early as 2010
when the Cu K-edge of 20 nm sized 85 wt% CuF2–15 wt% MoO3 nanocomposite
was investigated [51] to study the electrochemical conversion reaction in metal
fluorides which have demonstrated high energy density. The nanocomposite, pre-
pared by high energy milling, resulted in the formation of highly dispersed metallic
Cu NPs with size 2–3 nm as a result of the lithiation reaction, i.e., conversion of
CuF2 into Cu and LiF during discharge of the battery. In situ XAS studies of batteries
with NPs of metallic Sn, SnO2, and hybrid Sn3O2(OH)2/graphite as anode material
show segregation of tin and formation of SnLi and Li2O phases within the elec-
trodes. Though SnO2 has been found to be a more promising candidate than metallic
tin, QXAS studies of the tin atoms during the battery cycling process helped to
explain the poor electrochemical performance and rapid capacity decline of the
batteries using both Sn and SnO2 [52, 53]. In situ QXAS measurements to track
structural changes during Li intercalation/de-intercalation of nanometer-sized
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LiCoO2 demonstrated enhanced capacity fading and irreversible losses due to high
surface area of the NPs [54]. In situ XANES studies of Ni edge andMo edge ofMoO2

NPs doped with 2 atomic percent of Ni showed the nucleation of the ternary Ni:
MoO2 compound formed by substitution of Mo atoms by divalent Ni atoms. Dou-
bling of the initial discharge capacity has been observed in these Ni-doped nanome-
ter-sized MoO2 due to relaxation of local structure. An increase of capacity for both
pure and Ni doped MoO2 anodes also occurred upon cycling with increasing cycling
rate [47]. Nanocomposites of LiF/V2O5 (0–20 wt% of V2O5) prepared by high energy
ball-milling showed stable capacity over a period of 20 cycles for the sample with
15 wt% of V2O5. In situ Fe and V edge XAS data helped to diagnose the oxidation
states of V and Fe atoms and identify the new phases and the mechanism of their
formation during the battery cycling [48]. In situ XAS demonstrated that Cu2+ copper
ions in 2D–layered copper birnessite NP electrodes get reduced to amorphous
nanosized copper metal which can get oxidized to Cu2+ ions during lithium insertion
and de-insertion cycle leading to enhanced discharge capacity of these layered Mn
oxide compounds when compared with the compounds without copper [55].

Research using in situ XAS has been extended to hollow iron-oxide NPs whose
electrochemical properties have been investigated to probe their usefulness as an
anode and a cathode material in Li ion batteries [56, 57]. The aim was to study if
changing the morphology of NPs to something other than solid NPs can lead to
enhanced properties of the batteries constructed from them. Better performance was
observed for the smaller sized hollow iron oxide NPs compared to the bigger sized
NPs with the same high stability when cycled in high voltage ranges [56]. Cation
vacancies in octahedral sites of hollow γ-Fe2O3 NPs can serve as hosts for Li ions at
high voltage range and possess high capacity, excellent Coulombic efficiency, good
capacity retention, and superior rate performance demonstrating that this material
can be successfully used as a cathode material for Li ion batteries. The studies of
Koo et al. showed that hollow core-shell NPs can be used efficiently for reversible Li
ion intercalation without causing structural changes in the material and provided a
clear understanding of the lithium intercalation processes during electrochemical
cycling. Cation vacancies in hollow γ-Fe2O3 NPs can be utilized for fast transport of
sodium ions also and produce low-cost rechargeable cathodes with excellent charge
transport properties [58]. Figure 5.9a shows a TEM image of hollow γ-Fe2O3 NPs
after annealing of Fe/Fe3O4 core-shell NPs for 12 h at 200 �C. Figure 5.9b depicts
the fabrication of light-weight, binder-free, flexible, and stable electrodes with
carbon nanotubes (CNTs). Figure 5.10 shows the in situ QEXAFS measurements
done at Fe k-edge during charging and discharging of the battery several times and
over a period of few hours in the beam. Figure 5.10a shows the voltage profile of the
first electrode discharge versus metallic sodium counter electrode. The points
marked in Fig. 5.10a correspond to the in situ QXANES data collected at Fe edge
during charging and discharging of the battery. Figure 5.10c shows the Fourier
transformed QEXAFS data and depicts the changes in Fe-O and Fe-Fe bond
distances during intercalation of Na ions into the hollow iron oxide NPs. Linear
combination of the QXANES data was used to generate the plot of Fig. 5.10d
showing the Fe-oxidation state during the cycling of the battery. This study proved

174 S. Chattopadhyay et al.



that CNTs are successful as a conductive matrix for NPs, which can be used as high
performance cathodes with Na + ions. Thus, we see that QXAS with its unique
ability to probe local structure around individual atoms and the oxidation state of the
element has proved to be extremely useful in understanding structure-property
correlations in energy related materials. It has helped to discover new materials
with enhanced electrical properties, thereby expanding the ongoing research of NPs
as potential materials for next generation batteries.

5.3 In Situ QXAS Studies of Reactions in Catalytic Nanomaterials

Catalysts are compounds that affect the pathway and mechanism of a chemical
reaction but do not enter the overall stoichiometry of the reaction. From the time
of its discovery by Berzelius in 1835, catalysis has been known to play an important
role in chemistry as many chemical processes involve catalysts at some step. The
exponential growth in the field of nanotechnology has led to the discovery of novel
synthesis techniques in the last two decades. This has not only initiated the research
for advanced characterization techniques but has also revolutionized the field of
catalysis since catalytic properties depend strongly on the number of surface atoms,
which are enhanced in nanometer-sized particles. Nanocatalysts in the form of
metals, metal oxides, metal complexes, biocatalysts, as well as other types of
compounds have played a major role in water gas shift reactions, CO oxidation,
hydrogenation, etc., as well as in fuel cells, energy conversion, and storage technol-
ogies. The catalytic properties of materials are determined not only by their size and
shape but also by their composition and structure, the type of organic capping agent,
the properties of inorganic support, etc. When a catalyst is active, there are changes
in its physical and electronic properties. In order to be able to control the functions of
engineered NP catalysts, detailed understanding of the relationships between the
physical and electronic structure and the catalytic activity is essential. XAS has
proved to be an ideal tool for catalysts since the powerful X-ray beam can penetrate
matter in all three states as well as both amorphous and crystalline materials. It can

a b Layer of CNTs

Layer of CNTs20 nm

Carbon
nonotubes

(CNTs)

Layer of NPs&CNTs composite

Fig. 5.9 (a) TEM image of showing formation of hollow γ-Fe2O3 NPs, (b) fabrication of low- cost,
stable electrodes with NPs and CNTs [58]
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provide information about physical and electronic property changes occurring dur-
ing reactions under changing conditions of pressure, temperature, and the flow of a
multitude of gases needed for catalytic reactions. With fluorescence measurements, it
can also detect species present at very low concentrations. Hereby, we shall present
how results generated from in situ XAS research has helped to study homogeneous
and heterogeneous catalysts of nanometer-sized metals, metal-oxides, etc., and
paved the road for designing nanocatalysts with novel properties.
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Though XAS has been used since the 1980s for studying catalysts [59], in
operando studies were started during the late 1990s. Mukerjee et al. reported one
of the earliest in operando XAS studies done on Pt and Sn edges to study the effects
of Sn substitution during voltage cycling of carbon-supported Pt electro-catalysts
[60]. Since then, there have been several review articles [61–82] on in situ XAS
experiments that were conducted successfully at different synchrotron sources to
study electro-catalysts, homogeneous, and heterogeneous catalysts that include
metallic, bi–metallic NPs and nanoclusters, zeolites, oxides, and supported catalysts.
These experiments have helped in identifying reaction intermediates and catalysis
active sites. In situ XAS studies have worked successfully for fuel cells, water-gas
experiments, and in operando cells. Researchers have developed theories (DFT) to
explain the behavior of the catalysts and have designed catalysis setups [67, 68,
83–88] for re-enacting conditions that exist in industries. In order to do in situ
measurements of catalysts similar to industrial atmosphere, Bare et al. [84] devel-
oped and implemented a four-channel ionization chamber with two different in situ
cells. This setup shown in Fig. 5.11 helps in collecting QXAS data from 4 samples
simultaneously in transmission geometry, thereby eliminating scan-to-scan uncer-
tainties. In addition to increased productivity and time-saving, this setup has enabled
in situ XAS data collection axially at four different positions in a catalyst bed and
decipher small differences in the behavior of similarly prepared catalysts. Apart from
that, catalysts can be subjected to same conditions of temperature and gas pressure
and reference spectra can be collected in four channels simultaneously. This setup is
easy-to-use and can be used in bending magnet and wiggler beamlines with a
horizontal fan of radiation.

Rochet et al. have developed a cell to conduct in situ and operando experiments to
improve cycle length, catalytic activity, and selectivity towards heavy paraffin of
Fischer-Tropsch supported cobalt nanometer-sized catalysts [86]. They have been
successful in doing QXAS under realistic working conditions at high pressure
(18 bar of syngas) and reaction temperature (250 �C) under pure hydrogen at
400 �C, thereby proving that it is possible to mimic harsh conditions in a real
catalytic fixed bed reactor. An operando QXAS cell has been developed by O’Neill
et al. to measure simultaneous changes in catalyst structure and catalytic activity
during liquid phase hydrogenation of furfural over supported copper catalysts [87].
This setup allowed continuous monitoring of the size of the copper NPs whose
sintering has been proved to be predominant mode of catalyst deactivation for a
Cu/γ-Al2O3 catalyst. Detailed description of several catalysis cells has been given by
Bare and Ressler in their chapter on catalysis [67]. The developments in instrumen-
tation related to in situ QAS at various beamlines all over the world have immensely
helped the catalysis community. Kumar et al. have studied multicomponent NiFeCu
catalyst using in situ XAS coupled with scanning electron microscopy (SEM), FTIR,
and X-ray photoelectron spectroscopy (XPS) [89]. The results demonstrate that
though the NiFeCu catalyst appears homogeneous at the mesoscale, it is highly
heterogeneous at the nanoscale. There are changes in the oxidation states of Ni, Fe,
and Cu during reaction. Cu was fully reduced before reaction and later became partly
oxidized upon exposure to ethanol and oxygen. Ni is mostly (75%) reduced and does
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not change its oxidation state during the reaction. Fe is not present in its metallic
form after reduction and during the reaction, but changes in the oxidation state from
Fe(II) to Fe(III) occurred during the reaction. QXAS studies were performed to study
the real-time transformation of silver species over alumina [90] with a spectrum
being collected every second for 30 s. The data taken at Ag K-edge demonstrated the
sensitivity of silver to gaseous ethanol. While the reduction of silver occurs at room
temperature under air/ethanol flow, it gets accelerated when it is heated to a temper-
ature of 78 �C, the boiling point of ethanol, making Ag-Al2O3 catalysts useful for
selective catalytic reduction of NOx in the presence of ethanol. A combination of
TPR (temperature programmed reduction) QEXAFS and QXANES along with high
resolution TEM, XRD, and diffuse reflectance Fourier transform infrared spectros-
copy was used to study water gas shift. It involved detailed characterization and
testing of nanoscale ZrO2 and YSZ supported Pt catalysts [91]. EXAFS results
demonstrated that Pt clusters were highly dispersed and similar in size and that Y
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addition enhanced surface reduction especially in samples with more Zr. Y doped Pt
catalysts displayed higher water gas-gas-shift activity relative to the 0.5%Pt/ZrO2

catalyst when the Y content was below 50%.
In situ Pd K-edge and Pd-L3 edge XAS was used successfully to study the

formation of gold core – Pd shell bimetallic NPs from Pd(II) salts in situ in the
beam in the presence of crotyl alcohol [92]. Figure 5.12a, b gives time-resolved Pd
speciation information which was used to predict the reaction mechanism and
kinetics of Pd reducing on the Au NPs and forming Au Core- Pd shell bimetallic
nanoparticle catalysts in the presence of crotyl alcohol. These studies also explained
the role of Au atoms, which prevented the re-oxidation of the catalytically active Pd
atoms present on the surface of the Pd shell around Au core. Thus, we observe that in
situ QXAS studies have enriched the field of catalysis immensely. Different types of
new cells have been designed in different beamlines around the world, which has in
the course of time helped researchers from academics and industry investigate
different types of oxidation and reduction mechanisms and the kinetics of the growth
of catalysts, thereby accelerating the evolution of novel catalytic materials with tailor
made properties.
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5.4 In Situ XAS Studies in Nanomaterials with In Situ SAXS
and Other Techniques

Construction of next generation synchrotron sources producing beams with
enhanced photon flux and the development of faster detectors has led to the growth
of many synchrotron-based measurement techniques. Novel experiments have been
designed and executed producing unique results in different fields. We have seen so
far how in situ XAS characterization techniques have contributed to the fields of
catalysis, battery, and in situ chemistry-on-the-beamline for nanomaterials. There
have been large-scale developments in the fields of in situ scattering (SAXS) [93,
94], in situ imaging [95], in situ high resolution XRD (HRXRD) [96], and in situ pair
distribution function (PDF) measurements also [97, 98]. This initially led to the
coupling of ex situ XAS measurements with some of these techniques [99–104]. In
the last decade, the efforts to couple in situ XAS measurements with other in situ
synchrotron-based techniques have been successful, and this has opened the doors to
novel discoveries in various fields, which we shall highlight in this section.

Sasaki et al. have used in situ XRD and in situ XAS to study the synthesis and
catalytic activities of carbon supported Ir-Ni core-shell NPs [105]. The NPs, syn-
thesized using chemical reduction followed by thermal annealing, are composed of
IrNi alloy cores covered by 2 shells of Ir that protect the Ni core from getting
oxidized or modified by the acid electrolyte under elevated potentials. The Ni cores
have been found to lead to contraction of the Ir shell, thereby suppressing formation
of IrOH on the surface and resulting in a NP system possessing higher H2 reduction
capacity than commercial Pt/C catalysts. The combination of in situ XRD and in situ
XAS studies have proved that IrNi core-shell NPs can be a potential candidate for
hydrogen anode fuel cell electro-catalysts.

A combination of in situ PDF (pair distribution function) along with XAS was
applied to study the structure and nature of PdO-Pd transformation in a 4 wt%
Pd/Al2O3 catalyst by Keating et al. [106]. Pd phases within the catalyst could be
established at various temperatures till 850 �C, above which most of the PdO
converted to metallic Pd. Complete re-oxidation of Pd to PdO occurred between
650 �C and 580 �C.

Structural evolution during solid-state formation of Li2MnO3, a primary material
for Li ion batteries, was investigated by in situ high-energy X-ray diffraction and in
situ X-ray absorption spectroscopy [107]. In situ XAS helped to capture formation of
an intermediate MnO2 phase, whereas anisotropic crystallization of Li2MnO3 during
sintering above 600 �C was observed for in situ diffraction. Without these state-of-
the-art techniques, it would not have been possible to study materials for future
devices.

In situ XRD and in situ XAS were also used to study the synthesis and oxidation
of Co cores of Co-SiO2 core-shell NPs prepared by sol-gel method [108]. The
oxidation was carried out till 800 �C in the presence of air as well as nitrogen.
Metallic cobalt as well as a small amount Co in the 2+ state was observed till 200 �C.
With an increase in temperature to 300 �C, oxygen from air diffused through SiO2

and the interface between Co and SiO2 oxidized to CoO. With further increase in
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temperature to 800 �C, Co3O4 or a mixture of CoO and Co3O4 was formed. Similar
phenomenon was observed in the presence of N2 gas also where the oxygen was
procured by Co atoms from the SiO2 shell. This experiment helped to study the
behavior of core-shell NPs at high temperature.

A very unique experiment was done by Cormary et al. [109] to study the detailed
growth mechanism and kinetics of cobalt nanorods using in situ SAXS (small angle
X-ray scattering) and in situ QXAS measurements. Figure 5.13a, c shows the in situ
QXANES and SAXS data taken when the Co (II) precursor reduced to metallic Co
nanorods in the presence of a long chain amine and a long chain carboxylic acid. The
reaction took place at 130 �C and 50 psi of H2. Figure 5.13b shows the reduction of
Co (+2) to Co(0) with progress in time. Figure 5.13d shows the TEM image of the
nanorods produced by the reaction. The growth mechanism starts with a fast
nucleation followed by a fast growth brought about by monomer addition. The latter
happens during reduction of Co(2+) precursor to Co(0). The last step consists of a
slower ripening that occurs after the reduction is complete and the nanorods orga-
nized into 3D smectic-like superlattices. An in-depth understanding of the dynamic
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processes associated with the nanorod formation could be obtained by these exper-
iments. This will open the gate to synthesize different types of nanomaterial super-
lattices with tailor made properties.

6 Conclusions and Future Perspective

We have observed that in situ XAS solo and in conjunction with other techniques has
developed into a unique tool and has been applied to study local structural changes
and mechanisms associated with different types of reactions involving NPs for
various applications. In the last couple of years, lots of advancements have occurred
in the field of XFEL (X-ray free electron laser) to do XAS measurements in the scale
of nano- and picoseconds to study ultrafast reactions happening in nature [110,
111]. Such studies will be extremely beneficial to scientists and engineers to develop
novel materials for future generation devices. It has been found that biological
samples often get degraded with hard x-rays from an undulator beamline where
QXAS is generally done. Efforts should be made so that biological samples can be
studied with in situ QXAS to observe reactions occurring in biological organs,
organisms and cells [112]. Progress in detector science and enhancement in the design
of sample cells will enable in situ QXAS studies along with other in situ techniques to
contribute further in the development of nanoscience and nanotechnology.
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