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SYNOPSIS
In-situ investigations on growth and structural changes in nanostructures by
time-resolved EXAFS measurement
X-ray absorption spectroscopy (XAS), which comprises of

both X-ray absorption near edge

structure (XANES) and extended X-ray absorption fine structure (EXAFS) techniques is a
powerful tool to determine the local structure of atoms in a material [1,2]. XANES gives
information regarding valence state of an atom in a material, when measured alongwith some
standard samples with unambiguous oxidation state of that particular element alongwith the test
sample under the same experimental set-up, apart from some signature regarding the long range
order in crystalline solids and coupling of valence levels in molecules. EXAFS, on the other
hand gives quantitative information regarding bond distances, coordination number and disorder
of the neighbouring shells of the absorbing atomic species which interact with the X-ray photons.
It is an element specific technique which can be applied not only to crystals, but also to materials
that possess little or no long-range translational order like amorphous systems, glasses,
disordered films, membranes, solutions, liquids, metalloproteins and also for nanostructured
materials and thin films. However, X-ray absorption measurements require an intense and
energy-tuneable X-ray source like a synchrotron accelerator and

also, by implementing

specialised optical and mechanical design in the synchrotron beamline, it is possible to record an
entire XAS spectrum with millisecond resolution. This establishes XAS or time–resolved XAS
(TR-XAS) as a fast technique and one of the most suitable candidates to see the structural
changes during a reaction as well as changes in the oxidation states of the metal cations in-situ.

i

“In-situ” is a Latin phrase which translates to the English meaning “On-Site”. Therefore, these
measurements focus on characterizing the system when some process is going on. Understanding
the structural changes in materials during chemical processes remained a challenge for a long
time. This is mainly because of the scarcity of suitable technique that can probe the system
during evolution and provide necessary information to understand the evolution process. In-situ
XAS studies are presently being carried out in various fields including nucleation and growth of
nanoparticles [3], formation of thin films [4], catalytic reactions [5], photochemical processes
[6], charging-discharging of batteries [7], etc. However, no technique is self sufficient and every
technique helps us to understand only a part of the system. In case of complicated studies where
many species are involved, the analysis and conclusion become very challenging. Therefore, it is
always better to rely on more than one technique to have a broad and better understanding of the
processes. With this point of view often several other techniques have been complemented with
TR-XAS for simultaneous measurements to get a better insight into the reaction procedure. UVVis spectroscopy is often complemented with XAS measurement while studying the growth of
nanoparticles [8]. This combination of techniques gives information not only about the local
structure of different species in the solution but also about their optical properties. Similarly,
Grunwaldt et. al. [9] have combined XRD and EXAFS with on line gas analysis and studied Cu
based catalysts for methanol synthesis. The combination of XRD and EXAFS provided
information regarding both long range and short range orders in the catalyst samples during the
reaction. The online monitoring of the gaseous species during the in-situ XAS measurement of a
catalytic process provides the exact information regarding the reaction which in turn decides the
activity of the catalysts. Since TR-XAS gives information regarding structural changes in the
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catalyst, therefore, such a combined measurement can give insight into the structure-activity
correlation of the catalyst system.
The present thesis work focuses on two areas of in-situ studies namely growth of nanoparticles
and catalysis using synchrotron based XAS techniques along with the complementary
experimental techniques. Nanoparticles have fascinated the scientific community over decades
due to their interesting properties that is much different from their bulk counterpart. With the
essence that shape and size of nanoparticles determines their properties comes the need to
understand the mechanism of nucleation and growth of these particles. This envisages a new era
of “in-situ” studies in the field of nanoscience. Recently several in-situ time-resolved XAS
measurements have been carried out on nanoparticles synthesized by various routes [10,11].
Through these experiments the understanding of these processes have been improved which has
ultimately helped to obtain a better yield and size distribution of the nanoparticles for various
technological applications. Similarly, the structure-activity correlation has become an essence to
understand the performance of catalysts. In recent years, lots of attempts have been made to use
several experimental techniques or combination of techniques which would help to get an insight
into this [5]. In-situ measurements have become inevitable in the field of catalysis as they
provide the exact information during the catalysis process which gives a better outlook regarding
the activity and selectivity of catalysts, and also addresses the problem of deactivation of the
catalyst. Recently, several in-situ EXAFS measurements have been done on various catalyst
system to understand their structure-activity correlation [12,13].
Chapter 1 of the thesis gives a brief introduction and motivation behind the work carried out
under this PhD programme. This chapter begins with an introduction of X-ray absorption
spectroscopy and time resolved X ray absorption spectroscopy. Subsequently works reported in
iii

the litertautes on the two areas of research where TR-XAS has been emploiyed in this thesis
work viz., in-situ studies on growth of nanoparticles and in-situ studies on catalytic processes
have been discussed in details. . Reports where other in-situ techniques have also been employed
alongwith TR-XAS have also been covered in the above discussion. In summary the contents of
this chapter provides the basis for the works presented in subsequent chapters.
Chapter 2 describes the details of different experimental techniques used in this thesis work. The
conventional XAS measurement takes almost an hour to measure one complete spectrum with an
acceptable signal to noise ratio and a reasonable energy range. Therefore, the conventional stepwise scanning measurement is not at all suitable for time resolved studies which needs second or
millisecond resolution for data acquisition. With improvements in machine performance and fast data
acquisition systems, the XAFS spectra could be measured in seconds [5].The two modes of measuring

fast EXAFS spectra are: Quick EXAFS (QEXAFS) and Dispersive EXAFS (DEXAFS), which
have been discussed briefly. The in-situ XAS experiments on growth of nanoparticles have been
done in this thesis work at the energy dispersive EXAFS beamline (BL-08) at Indus 2, RRCAT,
Indore [14], while the in-situ XAS experiment on catalytic processes have been carried out
using the quick EXAFS facility at energy scanning EXAFS beamline (BL-09) at Indus 2,
RRCAT, Indore [15]. The optical and mechanical layouts of both the beamlines have been
discussed in this chapter. Other in-situ and ex-situ experimental techniques used in this thesis
work viz., UV visible spectroscopy, Gas chromatography, X-ray photoelectron spectroscopy,
Transmission electron microscopy, High Resolution Transmission electron microscopy are also
briefly discussed. Finally the data reduction and data analysis procedure of EXAFS signal is
described elaborately which involves extensive use of the IFEFFIT software package including
ATHENA and ARTEMIS subroutines [16].
iv

Chapter 3 discusses the in -situ study of growth of Au and Pt monometallic nanoparticles. A setup has been developed at the energy dispersive EXAFS beamline (BL-08), mentioned above, for
in-situ XAS measurements on chemical processes using a specially designed teflon cell with one
optical path for X-ray in the direction of synchrotron beam and another in the perpendicular
direction for visible radiation. Using the above set-up the growth of Au and Pt nanoparticles
from their respective chloride precursors using block copolymer based reduce-cum-stabilizer
have been studied by simultaneous in-situ measurement of XAS and UV-Vis spectroscopy. The
growth kinetics of both types of nanoparticles are found to follow the three stages viz., (i)
reduction of metal ions by block copolymer and formation of small cluster of typical 5
coordinations, (ii) absorption of block copolymer and reduction of metal ions on the surface of
the cluster and increase in cluster size and (iii) growth of gold nanoparticles stabilized by block
copolymer. The stages of the growth of Au and Pt nanoparticles as obtained by in-situ XAS
measurements are also corroborated by simultaneous in-situ measurement of UV-Vis
spectroscopy.
Chapter 4 focusses on the growth of Au@Pt core shell nanoparticles. Au-Pt bimetallic
nanoparticles have been synthesized through a one-pot synthesis route from their respective
chloride precursors using block copolymer as a stabilizer. Growth of the nanoparticles has been
studied by simultaneous in-situ measurement of X-ray Absorption Spectroscopy (XAS) and UVVis spectroscopy at the energy dispersive EXAFS beamline (BL-08) mentioned above. In-situ
XAS spectra have been measured simultaneously at Au and Pt L3 edges. While the XANES
spectra of the precursors give real time information on the reduction process, the EXAFS spectra
reveal the structure of the clusters formed at the intermediate stages of growth. The insight into
the formation process throws light on how the difference in the reduction potential of the two
v

precursors could be used to get the core-shell type configuration of bimetallic alloy in an one–pot
synthesis method. The core-shell type structure of the nanoparticles have also been confirmed by
ex-situ Energy Dispersive Spectroscopy (EDS) line scan and X-ray photo-electron spectroscopy
(XPS) measurements with in-situ ion etching on fully formed nanoparticles.
The growth of noble metal nanoparticles has been discussed in chapters 3 and 4 as mentioned
above. However, studying the growth of transition metal nanoparticles are more challenging as
the synthesis may require special environment. Chapter 5 discusses the growth of Cu
nanoparticles using a flow setup. Cu nanoparticles have been synthesized from copper acetate
using NaBH4 as a reducing agent and PVP as a stabilizing agent under an inert ambience. In-situ
time-resolved X-ray absorption spectroscopy measurements have been carried out in a specially
designed measurement cell during the formation of Cu nanoparticles using a specialized
computer controlled flow setup. Principal Component Analysis (PCA) and Multivariate Curve
Resolution with Alternating Least Squares (MCR-ALS) analysis have been successfully applied
to the time-resolved Cu K-edge XANES data recorded during the growth of Cu nanoparticles.
PCA of the XANES spectra predicted three chemical species present in the reaction solution
including an intermediate species apart from the initial and the product species. From MCR-ALS
analysis of the Cu K-edge XANES spectra, the oxidation state of the reaction intermediate
species and the concentration profile of the constituents during the reactions have been
determined. Finally the EXAFS spectra of the intermediate species has been extracted and
analyzed to predict the local structure of Cu cations in this species.
As has been mentioned above, one of the major applications of TR-EXAFS is in in-situ studies
of catalytic processes. Chapter 6 deals with the in-situ EXAFS study of Fischer Tropsch (FT)
reaction of methane (CH4) generation from CO and H2 using Co based catalyst. Simultaneous
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gas chromatograph (GC) measurements during the FT reaction facilitate the monitoring of the
product gases, which in turn gives information regarding the activity of the catalyst. The
combination of XAS and GC experimental techniques has been used to correlate the structural
changes with activity of the catalyst at different reaction temperatures. Intially the reduction
process of the catalyst at 400°C under H2 ambient has been studied by in-situ XANES and
EXAFS measurements. Subsequently, the deactivation of the Co catalyst has also been studied
for 10 hours at 320 ºC and an attempt has been made to understand the process of deactivation.
From the XANES and EXAFS analysis, it has been obvious that there is no formation of CoO
phase in the catalyst which may be responsible for the deactivation of the catalyst. Therefore,
there is a strong possibility that the deactivation of the catalyst is caused due to coke formation
on the surface of the catalyst, which has subsequently been confirmed from ex-situ Raman
spectroscopy measurement.
Similarly, Chapter 7 discusses the structural changes of Cu doped TiO2 catalysts during the
photocatalytic reduction of CO2 and splitting of water and subsequent generation of methane
(CH4). The 5% and 10 % Cu doped TiO2 catalyst samples are irradiated with UV-Vis source in a
specially designed reaction cum measurement cell which consists of quartz and glass windows
for UV-Visible radiation in addition to the Kapton windows for X ray transmission. CO2 and
water vapour have been inserted into the cell and the photocatalysis reaction has been monitored
for 10-12 hours. From the XANES analysis, it has been seen that the effective charge of Cu
cations decreases in both the catalyst samples during the photocatalysis reaction. In-situ EXAFS
spectra also suggest structural changes in the catalyst samples during the photocatalysis reaction.
Finally in Chapter-8 the conclusions obtained from each study performed under this thesis work
are summarized and future directions of the works have been mentioned.
vii
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Chapter 1
1 Introduction
In recent years X-ray absorption spectroscopy (XAS) or X-ray absorption fine structure
(XAFS) has emerged as a popular structure determining technique for a wide range of materials.
Though the fine structures in the X-ray absorption spectrum of an element residing within a
material, above its X-ray absorption edge was first observed by Hugo Fricke in 1920, it was
established as a practical tool in 1970 by Stern, Sayers, and Lytle who formulated the theory of
X-ray absorption fine structure (XAFS)1, 2.
However, this technique has become popular only with the advent and easy availability of
modern Synchrotron sources. One of the pre requisite of EXAFS measurement is the availability
of an intense and energy-tunable X-ray source. The background radiation from a laboratory
based X-ray tube source offers a very weak tunable X-ray continuum and this had been a serious
limitation in obtaining XAFS spectrum of reasonable quality till a long time. The availability of
modern bright Synchrotron radiation sources since 1970’s, has removed this experimental
difficulty and since then XAFS has emerged out to be one of the most powerful tools for local
structure determination. Presently many Synchrotron sources around the world are operational
round the clock. Some examples are Spring 8 (8 GeV) in Japan, ESRF (6 Gev) in France, APS
(7GeV) in USA, etc. Most of the Synchrotron facilities have several beamlines for XAFS
measurements which are being used extensively by researchers from various fields.Another
important advantage of XAS over other structure determining experimental techniques like XRay Diffraction, isthat it is an element specific technique which can be applied not only to
crystals, but also to materials that possess little or no long-range translational order like
1

amorphous systems, glasses, disordered films, membranes, solutions, liquids, metalloproteins
and also for nanostructured materials and thin films.The XAS spectra comprises of both X-ray
absorption near edge structure (XANES) and extended X-ray absorption fine structure
(EXAFS)3, 4. XANES gives information regarding valence state of an atom in a material, when
measured alongwith some standard samples with unambiguous oxidation state of that particular
element alongwith the test sample under the same experimental set-up, apart from some
signature regarding the long range order in crystalline solids and coupling of valence levels in
molecules. EXAFS, on the other hand is the extended region of the absorption edge (above 50
eV) and gives quantitative information regarding bond distances, coordination number and
disorder of the neighboring shells of the absorbing atomic species which interact with the X-ray
photons.
Conventional X-ray absorption measurements require step-wise scanning of an energy
range of 1000 eV using a monochromator and this takes approximate time of 20 minutesfor a
single scan. Therefore, it is known as a slow technique, however, by implementing specialised
optical and mechanical design in the synchrotron beamlines and with fast data acquisition
systems, it is possible to record an entire XAS spectrum with millisecond resolution. This
establishes XAS or time–resolved XAS (TR-XAS) as a fast technique and one of the most
suitable candidates to see the structural changes during a reaction as well as changes in the
oxidation states of the metal cations in-situ. “In-situ” is a Latin phrase which translates to the
English meaning “On-Site”. Therefore, these measurements focus on characterizing the system
when some process is going on.
Understanding the structural changes in materials during chemical processes remained a
challenge for a long time. This is mainly because of the scarcity of suitable technique that can
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probe the system during evolution and provide necessary information to understand the evolution
process. UV-Vis spectroscopy is one of the most popular and oldest techniques to study the
kinetics of growth. Many studies have been done where depending on the intensity of the Surface
Plasma Resonance (SPR) peak of nanoparticles, the growth kinetics has been predicted. For
example, Mizutani et. al. investigated the growth of gold nanoparticles synthesized by solution
plasma sputtering method by in-situ UV-Vis measurement5. However, this technique is limited to
systems which give absorption in this particular wavelength range. Also, this can only throw
light on the kinetics of reaction and is insufficient to reveal the structural changes during the
reaction. Transmission Electron Microscopy (TEM)is also another popular technique that can be
used in-situto study the changes in particle size during nucleation and growth6, 7. However, insitu TEM has the limitation that the electron beam can interfere with the reacting species thus
changing the whole redox reaction process to be studied. Similarly, Infrared and Raman
spectroscopies have been widely used for in situ studies during homogenous and heterogenous
catalysis8, 9. However, these techniques can only be used to probe systems which are IR or
Raman active.
X-ray based techniques, on the other hand, generally are not system specific and in most
of the cases, they do not alter the processes to be studied. With the advent of synchrotron based
techniques, many X-ray based experiments are being carried out in-situ to investigate the growth
of nanoparticles. Tay et. al.10 observed the growth and nucleation of electrodeposited ZnO
nanostructures using a Transmission X-ray Microscope (TXM). TXM has the same advantages
and requirements as TEM. The only relaxation is the dimension of the liquid cell in TXM can be
of the order of millimeters, while for TEM it is of the order of hundred nanometers. Small angle
X-ray scattering (SAXS) is another important X-ray based technique which can act as a
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substitute of TEM measurements revealing the changes in particle size during growth and
nucleation

11, 12

. The above techniques mostly yield information on real time changes in particle

sizes only and cannot throw light on the structural evolution during a process. Also these
techniques cannot find out the coordination of atoms in clusters which are formed in the initial
phase of the growth and act as seeds for further growth of the nanoparticles. In this regard X-ray
absorption spectroscopy (XAS) has played a crucial role in giving structural insight into reaction
process from a very different aspect as compared to the other popular in-situ techniques since it
can simultaneously give insight into the structural changes in the species during growth of
nanoparticles as well as in the oxidation states of the metal cations. X ray Diffraction (XRD) is
another popular structure determining technique for in-situ studies13, however this can be used
only for samples with long range order. On the other hand, XAS provides the local structure
information and can be used for samples without any long range order. However, in some cases
the high intensity of the synchrotron radiation, which is often used as a X ray source for different
X-ray based experimental techniques, induces changes in the samples to be studied14-16 and this
aspect should be taken care of while using synchrotron based X-ray sources as a probe for in
situ studies.
In-situ XAS studies are presently being carried out in various fields including nucleation
and growth of nanoparticles17, formation of thin films18 , catalytic reactions19 , photochemical
processes20, charging-discharging of batteries21, etc. Despite the several advantages that has
popularized in-situ XAS, some challenges are still there that need to be dealt with. One of the
major disadvantages of all X-ray based techniques is that they give an ensemble average
information. Therefore, if many species are present in the sample which is the case for most
reactions to be studied in-situ, it is very difficult to identify them. Though analysis tools like
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Principal Component Analysis (PCA) and Multivariate Curve Resolution- Alternate Least
Square (MCR-ALS) help to identify reaction intermediates but they also have limitations.
Therefore, several other techniques have also been complemented with time resolved XAS for
simultaneous measurements to get a better insight into the reaction procedure. For example, UVVis spectroscopy is often complemented with XAS measurement while studying the growth of
nanoparticles22. This combination of techniques gives information not only about the local
structure of different species in the solution but also about their optical properties. Shannon et.
al.23 complemented XAS with XRD to study solid-liquid catalytic reactions to get information on
short range and long range structural changes. Tromp et. al.24 have carried out XAS and UV-Vis
spectroscopy simultaneously. Raman, UV-Vis and XANES have been used simultaneously by
Briois et. al.25 while in-situ XAFS, IR and mass spectroscopy have been combined for
heterogeneous catalysis studies by Newton et. al.26. Complementary techniques give a broader
view of the system and focus on different aspects of it which in turn results in more consolidated
conclusions.
The present thesis work focuses on two applications of in-situ studies namely growth of
nanoparticles and catalysis using synchrotron based XAS techniques along with the
complementary experimental techniques. Nanoparticles have fascinated the scientific community
over decades due to their interesting properties that is much different from their bulk counterpart.
With the essence that shape and size of nanoparticles determines their properties comes the need
to understand the mechanism of nucleation and growth of these particles. This envisages a new
era of “in-situ” studies in the field of nanoscience. Recently several in-situ time-resolved XAS
measurements have been carried out on nanoparticles synthesized by various routes27,

28

.

Through these experiments the understanding of these processes have been improved which has
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ultimately helped to obtain a better yield and size distribution of the nanoparticles for various
technological applications. Similarly, the structure-activity correlation has become an essence to
understand the performance of catalysts. In recent years, lots of attempts have been made to use
several experimental techniques or combination of techniques which would help to get an insight
into this19. In-situ measurements have become inevitable in the field of catalysis as they provide
the exact information during the catalysis process which gives a better outlook regarding the
activity and selectivity of catalysts, and also addresses the problem of deactivation of the
catalyst. Recently, several in-situ EXAFS measurements have been done on various catalyst
system to understand their structure-activity correlation29, 30. A survey of recent literatures on this
has been presented later in this chapter and also in Chapter-6 of this thesis.
1.1

X-ray Absorption Spectroscopy
X-ray can interact with material either by scattering or absorption phenomena. Interaction

of X-ray with matter (Fig. 1.1) is primarily divided in three processes depending on energy of Xray and the elemental composition: Thomson scattering, Compton scattering and Photoelectric
effect.
Thomson scattering is an elastic scattering of photons by the free or bound charged
particles (electrons) in the medium. For most of the materials Thomson scattering is dominant
when the energy of the photon is less. According to classical theory, in the low-energy limit, the
electric field of the incident wave (photon) accelerates the charged particle, causing it, in turn, to
emit radiation at the same frequency as the incident wave. Thus, the particle is behaving like
small radiating dipole, consequently emitting radiation. Compton scattering is the result of a
high-energy photon colliding with a free electron or with an atom having loosely bound
electrons. The scattered radiation experiences a wavelength or energy shift due to transfer of
6

momentum to the electron. Compton scatter
scattering
ing is purely quantum mechanical phenomena, which
can be explained by assuming particle nature of light.

Figure 1.1:: Photo absorption cross section for different phenomenon of interaction of X-ray
X
with
matter31.
In photoelectric process an X-ray
X ray is absorbed by an atom ejecting a core level
lev electron
(K, L or M shell) out of the atom and into the continuum. This phenomenon occurs when energy
of the incident photon matches with the binding energy of one of the core level electron. The
atom is then left in an excited state with an empty electronic
electronic level (a core hole). The electron
ejected from the atom is called the photo electron and this phenomenon is known as photo
electric effect. Following the photoelectric effect, secondary processes such as emission of
fluorescence or Auger electrons ca
cann also occur. The excited core hole will relax back to a ground
state by another core level electron jumping into the ground level. This can be accompanied by
either emission of X-ray
ray in which excess energy of electron is emitted as X
X-ray called
fluorescence
ce or ejection of electron in which excess energy is transferred to another core level
electron and prompting that electron to emit out of the material is called Auger emission. In the
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hard X-ray regime (> 2 keV), X-ray fluorescence is more likely to occur than Auger emission,
but for lower energy X-ray absorption, Auger processes dominate32.
In different energy regime of X-ray, the probabilities of occurrence of the above
processes are different and it is defined by absorption cross section which represents the
probability of a specific type of X-ray interaction with matter. Fig. 1.1 depicts the cross section
of different processes while interaction of X-ray with matter. In general, the absorption cross
section smoothly decreases as the energy increases as ~E-3, however at specific energies there are
sharp increase in absorption cross section, defined as X-ray absorption edge. These absorption
edges occur due to photoelectric effect i.e. when energy of incident X-ray photon matches with
binding energy of one of the core level electron and it knocks out this electron by photoelectric
process. These absorption edges are characteristics of element present in the material. A closer
look near the absorption edge reveals fine oscillations near and above the absorption edge is
called X-ray Absorption Fine Structure (XAFS) and it contains information related to the
physical and chemical state of absorbing element. X-ray Absorption spectroscopy (XAS) thus
deals with the study of these oscillations to obtain various information like formal oxidation
state, coordination chemistry, near neighbour distances, coordination number and species of the
atoms immediately surrounding the selected element.
For the energy range involved in XAS measurements, the pair production phenomenon is
negligible and X-ray absorption, elastic scattering and inelastic scattering are the main
interactions of X-rays with matter. In XAS, the X-ray absorption coefficient, μ of a sample is
measured as a function of photon energy over a range of 1000 eV around the absorption edge of
an element.
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A typical XAS spectrum can be divided into two regimes: X-ray Absorption Near Edge
Spectroscopy (XANES) and Extended X-ray Absorption Fine Structure Spectroscopy (EXAFS)
as shown in Figure 1.2. These two regimes involve the same physical process i.e. photoelectric
effect, but they differ in the energy range of the emitted photoelectron and hence provide
different information regarding the system.

Figure 1.2: A typical XAS spectrum
1.1.1 X-ray Absorption Near Edge Spectroscopy (XANES)
XANES region extends upto 50 eV above the absorption edge and gives information
about the external perturbations in the valence states to which electrons make transitions from
core levels upon absorption of X-ray photons. Hence XANES can yield information regarding
hybridization of orbitals in case of molecule or long range order existing in a crystalline sample
apart from the oxidation states of the absorbing atom in the material. Moreover, the shape of the
absorption edge is related to the density of states available for the excitation of the
photoelectrons. The absorption edges often show features like isolated peaks, shoulders and
strong peaks just above the absorption edge, popularly known as white line. These features are
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characteristic of the density of the unoccupied states to which excited photo electrons may make
transitions. Since, the density of unoccupied states depends on the formal valence state, ligand
type and coordination geometry, therefore, XANES spectroscopy can be used as a fingerprint to
identify phases.
An important and common application of XANES spectroscopy is to use the shift of the
absorption edge position to determine the oxidation state of the particular atomic species.
Figure1.3 shows the XANES spectra of Cr metal foil, Cr2O3 and CrO3 standards which contain
Cr cations in 0, +3 and +6 oxidation states respectively. With increase in the oxidation state of
the cation, the absorption edge shifts towards higher energy. Therefore, for an unknown sample,
a comparison of the absorption edge position with that of standards gives the information about
the oxidation state of the cation in the sample. In case of mixed oxidation state, a linear
combination fitting of the absorption edge is used to predict the ratio of valence states present in
the sample. In many cases, isolated peaks appear just before the absorption edge in the XANES
spectra which are known as pre-edge peaks. Appearance of the pre-edge peaks depends on the
centrosymmetry of the coordination environment and hybridization of orbitals of the cations. For
example, in Figure 1.3, CrO3 which contains Cr(VI) cation shows a strong pre-edge peak. This
peak corresponds to electron transition from 1s to 3d orbital, which is not an allowed transition.
However, the tetrahedral coordination of Cr(VI) facilitates the hybridization of the 3d and 4p
orbitals, which makes the transition allowed. The octahedral Cr(III) cation in Cr2O3 having
centrosymmetry does not allow the hybridization of the 3d orbitals, hence do not have the preedge peak. In case of Cr, the pre-edge peak can be used to determine the presence of Cr (VI) and
Cr(III) species.
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Figure 1.3: Cr K edge XANES spectra of standard Cr metal and oxides.

1.1.2 Extended X-ray Absorption Fine Structure Spectroscopy (EXAFS)
The EXAFS region which spans from 50 eV to 800 eV above the absorption edge,
consists of fine structure oscillations arising due to back scattering of outgoing photo-electron by
the electron cloud of neighboring atoms, and can give precise information regarding the short
range order and local structure around the particular atomic species in the material. A quantum
mechanical approach is needed to understand the origin of EXAFS oscillations, which has been
discussed elaborately in sub-section 1.1.3. In photoelectric effect, an X-ray photon with
sufficient energy is absorbed in the sample and an electron is emitted from the core shells of the
atoms. The emitted electron, known as photoelectron, can be represented as an outgoing wave
for an isolated atom. When the absorbing atom is surrounded by other atoms, the outgoing
photoelectron wave is scattered by the electron cloud of the surrounding atoms. The interference
11

between the outgoing and scattered photoelectron wave causes an energy dependent variation in
the X-ray absorption co-efficient in accordance with the Fermi’s Golden Rule which are
generally referred to as EXAFS oscillations. Since the EXAFS oscillations arise due to the
presence of neighboring atoms, they can be analyzed to extract information like bond distances,
coordination numbers and disorder factor of neighboring atoms with respect to the absorbing
atom3, 4. EXAFS is a local structure technique and element specific, therefore can be applied not
only to crystals, but also to materials that possess little or no long-range translational order:
amorphous systems, glasses, quasicrystals, disordered films, membranes, solutions, liquids,
metalloproteins. This versatility allows it to be used in a wide variety of disciplines: physics,
chemistry, biology, biophysics, medicine, engineering, environmental science, materials science,
and geology33-36.
1.1.3 Theoretical formulation of EXAFS
EXAFS is a quantum mechanical phenomenon that is based on X-ray photoelectric
effect, in which X-ray photon incident on an atom within a sample is absorbed and liberates a
photoelectron from an inner atomic orbital. The photoelectron wave scatters from the atoms
around the X-ray absorbing atom, creating interferences between the outgoing and scattered parts
of the photoelectron wave function. These quantum interference effects cause an energydependent variation in the X-ray absorption probability, which is proportional to the X-ray
absorption coefficient, a measurable quantity. Since the EXAFS oscillations arise due to the
presence of neighboring atoms, these oscillations can be analyzed to extract information like
bond distances, coordination numbers and disorder factor of neighboring atoms with respect to
the absorbing atom.

12

The observed oscillations can be described by EXAFS equation. The derivation of EXAFS
equation is given in many books and reviews32-34, 37-39. X-ray absorption is a transition between
two quantum states, absorption coefficient in this process is proportion to transition probability
and can be written using Fermi Golden's rule as:µ ∝

Where

i |

2

i H

(1.1)

f

represents the initial state with an X-ray, a core electron, and no photo-

electron to a final state and | f

represents the final state with no X-ray, a core hole, and a

photo-electron.
The photoelectron emitted from absorbing atom will travel in material and backscattered
by electron cloud of nearby atoms (Fig. 1.4). This backscattered photoelectron wave will
interfere with the outgoing wave and change the final state, however the initial state will be same
since the core level electron is very tightly bound to the absorbing atom. The final state now can
be written using two terms, "bare atom" portion | f 0
atoms | ∆ f , i.e. | f

∝

2

i H f0

. Thus,
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Figure 1.4:: Schematic of scattering.
Neglecting the small contribution due to
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(1.2)

By rearranging above equation,

µ ( E) = µ0 ( E)[1 + χ ( E)]

(1.3)

Comparing
ing equation (1.3) with equation (1.2)
(1 we can write,

χ (E) =

µ ( E ) − µ0 ( E )
∆µ0 ( E )

(1.4)

So, EXAFS oscillation can be written as,
χ (E ) ∝

(1.5)

i H ∆f

As per quantum radiation theory, the interaction term H is proportional to e

ikr

.The

initial state is a tightly
ightly bound core level which can be approximated as a delta function. The
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change in final state is same as the wave function of scattered photo electron Ψ scatt

(r )

.Putting all

these terms, one can write the expression for EXAFS as

∫

χ ( E ) ∝ δr e ikr ψ scatt ( r ) dr = ψ scatt (0)

(1.6)

To say it in words, the EXAFS function is proportional to the scatted photoelectron at the
absorbing atom. Now if we consider the outgoing photo electron wave function ψ (k , r ) as
spherical wave, we can writee ikr
kr

ψ (k , r ) =

(1.7)

wherek is the photoelectron wave vector, defined as

=

ℏ

, where E is the incident

photon energy and E0 is the binding energy of the core shell electron. This photoelectron travels
a distance R to the neighbouring atom, gets scattered from neighbouring atoms and then
traverses back to the absorbing atom. The amplitude of scattered photo electron at the position of
absorbing atom then becomes

ψ

scatt

(k , r = 0) =

e ikR
e ikR
2 kf ( k ) e i δ ( k )
+ C .C .
kR
kR

[

]

where, f (k ) and δ (k ) are back scattering amplitude and scattering phase shift

(1.8)
due to the

scattering atom. The scattering factors f (k ) and δ (k ) depends upon the atomic number, Z of
the neighbouring atom. These scattering factors make EXAFS sensitive to the presence of
neighbouring atoms. Combining equation 1.6 and 1.8 we get, after few more simplification

χ (k ) =

f (k )
sin [2 kR + δ ( k ) ]
kR 2

(1.9)

This represents EXAFS equation considering one pair of absorbing atom and scattering
atoms. However, in real scenario, often there is large number of scattering atoms are present at
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approximately same distance, called coordination shells. However, the distance of each atom in
coordination shell is not same due to the effect of thermal or static disorder in the bond distances
and we need to average over their contribution. As a first approximation i.e. assuming one type
of neighbouring atoms and Gaussian distributions of neighbouring atom’s disorder, the EXAFS
equation becomes:

χ (k ) =

Ne

− 2 k 2σ

kR

2

f (k )

2

sin [2 kR + δ ( k ) ]

(1.10)

where, N is the coordination number in one coordination shell at a distance of R and σ 2 is the
mean-square-displacement in the bond distance R .Summing over the contribution due to
different coordination shells, EXAFS equation becomes

χ (k ) =

∑
j

N j f j (k )
kR

2

[

]

sin 2 kR j + δ j ( k ) e

− 2 k 2σ

2
j

(1.11)

j

where, j stands for the individual coordination shell of identical atoms at approximately the same
distance from the central atom. In principle there could be many such shells, but as shells of
similar Z become close enough (i.e., within a 0.05Å of each other), they become difficult to
distinguish from one another and they are often represented by a single shell having equivalent
multiple degeneracy.
Before applying the EXAFS equation (1.11) to any practical case, it needs an important
correction. At the start of the derivation, we assumed that photoelectron wave traverses the
distance between absorbing and neighbouring atom as spherical wave. In reality, these
photoelectrons can undergo inelastic scattering with the conduction electrons; phonons etc. and
its energy may get changed. The criteria for a photo electron to participate in the XAFS is that
the photo-electron has to elastically scatter from the neighbouring atom and return to the
absorbing atom and also, the photoelectron has to return back before the excited state decays. To
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take inelastic scattering and the core-hole lifetime into account one should rather use a damped
spherical wave like:

ψ (k , r ) =

eikr e −2r / λ ( k )
kr

(1.12)

where, λ is the mean free path that represents the distance that a photoelectron can traverse
without undergoing inelastic scattering and before the core hole is filled. The mean free path
typically falls in the range of 5-30 Å and has a fairly universal functional relationship with photo
electron wave number, k as shown in Fig. 1.5.
One more correction is added to the final equation is called passive electron effect. As a
consequence of absorption of the incident photon, a core electron is knocked out from the excited
atom. The atomic electrons of this excited atom perceive a modified potential, which can be
approximated by that of an atom with its Z increased by 1. Thus the many body relaxation effect
reduces the value of µby the factor

.This usually has a value between 0.7 and 1.0 and does not

depend on k.

Figure 1.5: Typical characteristic of photoelectron mean free path vs. wave number.
Taking the mean free path correction into account, the EXAFS equation becomes17

χ (k ) =

∑
j

N j S 02 f j ( k )
kR j

2

[

]

sin 2 kR j + δ j ( k ) e

− 2 k 2σ

2
j

e

−2 R j / λ (k )

(1.13)

This is the EXAFS equation which widely used for simulating theoretical EXAFS spectra
of any species in order to carry out the analysis of experimental EXAFS data. Certainly, this
requires apriori knowledge about scattering factors f (k ) and δ (k ) . These scattering factors are
function of atomic number Z and are usually calculated theoretically with very high accuracy.
One important corollary that can be drawn from EXAFS equation follows that because of λ (k )
term and

term in the equation, EXAFS is inherently a local probe i.e. EXAFS cannot see

much further than ~8 Å. The contribution of different terms in EXAFS oscillation is as follows:
(1) Nj : Coordination number Nj contributes in amplitude of EXAFS signal and does not have k
dependence.
(2)

: This term basically contributes in amplitude of EXAFS oscillation. It is different for

different elements, but the value is generally transferable between different species from the
same element and the same edge.
(3) Rj: The term Rj is the half path length of the photoelectron (i.e., the distance between the
absorber and a coordinating atom for a single-scattering event). The term sin(2kRj+δj(k)) defines
the oscillation frequency of each coordination shell. The EXAFS oscillations are convolution
from all the coordination shells. It is this sine term in the EXAFS equation that makes the Fourier
transform (FT) of the XAFS signal such a powerful tool, because a FT results in peaks at
distances related to Rj.
(4) σ2: This term has contributions from dynamic (thermal) disorder as well as static disorder
(structural heterogeneity) as stated above. A distribution of distances within a single shell
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decreases the amplitude of the EXAFS signal because the phase differences between outgoing
and scattered photoelectrons are shifted slightly for each atom in the coordination shell.
1.2

Time Resolved X-ray Absorption Spectroscopy (TR-XAS)
Conventional EXAFS measurement takes almost an hour to measure one complete

spectrum with an acceptable S/N ratio of 103 or better and upto a reasonable k range of 12Å-1.
This is done by step-wise scanning of the whole energy range of 1000 eV around the absorption
edge. Therefore, the conventional step-wise scanning measurement is not at all suitable for time
resolved studies of fast processes which needs second or millisecond resolution for data
acquisition and two alternative modes of measuring fast and time-resolved EXAFS spectra are:
Quick EXAFS (QEXAFS) and Dispersive EXAFS (DEXAFS). Both of these modes have their
own advantages and disadvantages19.
1.2.1 Quick XAFS (QXAFS)
QEXAFS40,

41

is a modified version of the conventional EXAFS measurement mode

which is optimized to reduce the measurement time of an EXAFS spectrum. In QEXAFS, XAFS
spectrum is recorded during quick scanning of the monochromator. Therefore, this is limited by
the speed of the monochromator movement achievable, the integration time required per point to
achieve acceptable statistics and the reproducibility of the monochromator movements in both
forward and reverse direction. QEXAFS uses a specialized monochromator that allows fast and
repetitive energy scans by oscillating the monochromator crystal. In this monochromator,
channel cut crystals are mounted on a stage which in turn is connected to a goniometer with fast
movements that moves the crystal to the desired Bragg angle42. Fig. 1.6 shows the schematics of
the QEXAFS monochromator. The smooth oscillation of the monochromator crystal results in a
continuous change of the Bragg angle and the reflected energy which reduces the time of
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measurement to seconds. Recently, this technique has been improved to give millisecond time
resolution43, 44. However, improved time resolution has led to new disadvantages such as loss of
the fixed exit and a limited choice of energy range. One of the main advantages of QEXAFS
technique is that it can measure very dilute sample or thin film samples using fluorescence mode
of EXAFS measurement. Therefore it can be extensively used for quick surface EXAFS
measurements to study the in-situ growth of thin films. Some examples of the QEXAFS
measurement facilities are Super XAS beamline at Swiss Light Source42, BM29 at ESRF44,
ROCK beamline at Soleil Synchrotron source43 etc.
1.2.2 Dispersive XAFS (DXAFS)
In Dispersive EXAFS, on the other hand, a band of X-ray energies is dispersed as well as
focused on the sample using a long bent crystal (polychromator) and the transmitted and spatially
dispersed defocused beam is detected on a position sensitive detector (PSD) as shown in Figure
1.745. This mode of measurement demands high temporal and spatial beam stability. Since, the
focused band of energies will always be associated with some defocussing aberrations, therefore
the uniformity of the sample is very crucial in this mode. The measurements are possible only in
transmission mode, therefore very dilute samples or surface studies using fluorescence mode is
not possible in this technique. Since the whole spectrum is recorded in a single shot using a PSD,
therefore the time resolution of this mode is only limited by the integration time of the detector.
Hence using this mode it is possible to reach microseconds resolution. One of the major
advantages of the DEXAFS technique is that the data is not affected by the noise generated from
mechanical movements since there is no moving mechanism during the course of data
acquisition. Another tempting advantage of this technique is since it focuses and measures a
band simultaneously, therefore for multi element system, different edges can be measured
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simultaneously at one shot. However, since the incident flux and the transmitted flux cannot be
measured at the same instant of time and have to be measured with and without the sample
separately, it is affected by the fluctuations in the synchrotron beam. Another major disadvantage
of this technique is that for energies less than 5 KeV, the energy band available is not wide
enough to record the full EXAFS spectrum and therefore only XANES information can be
achieved for elements having edges at lower X-ray energies. Though DEXAFS gives a high time
resolution, the measurable range energy and k range are intrinsically limited by the optics of the
beamline, which ultimately affects resolution of the radial distribution function of the Fourier
Transformed-EXAFS spectrum. Therefore data upto only two coordination shells can generally
be extracted by DEXAFS whereas upto three coordination shells can be extracted using
QEXAFS technique and due to the short analyzable range the error in the reported values
increases. The resolution of EXAFS radial distribution function depends on the k range used for
Fourier Transform. Higher the k range of the data, higher is the resolution in r space. The spatial
resolution is given by Δr=π/2Δk. A higher energy band results in lager k range which in turn
gives better spatial resolution. However, at high k the contribution from noise also becomes
significant, therefore k range should be selected by optimization between spatial resolution and
high k noise contribution. Thus to summarize, though DEXAFS has lesser spatial resolution and
more errors in the reported value, it offers much lower acquisition time scales to study fast
processes19. Some examples of the DEXAFS measurement facilities are NW2A at Photon
Factory, ID24 at ESRF, BL-08 at Indus-246. With micro-focussed X-ray beam DEXAFS
technique is also used for spatially resolved chemical characterization of complex micro and
nano structured materials.47

21

Figure 1.6: Schematic of QEXAFS monochromator (Taken from Ref. 37)

Figure 1.7: Schematic optical lay-out of a typical Dispersive EXAFS set-up.
1.3

Applications of TR-XAS
Time Resolved X-ray Absorption Spectroscopy (TR- XAS) has emerged as an important

technique in the field of in-situ measurements due to the ability to see the structural changes in
the material during a process with millisecond time resolution. Also, this technique can be
applied to study the structural changes in materials that do not have long range order. This opens
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up the scope for a wide range of in-situ studies using TR-XAS. Two major applications of TRXAS is to study the structural changes during growth of nanoparticles from solution phase and to
see structural changes in catalyst samples during a chemical reaction. Recently a large number of
TR-XAS studies have been reported in both of these fields, which has given insight into these
processes and helped to design better materials for their applications.
1.3.1 Growth of nanoparticles
Since its invention, nanoparticles find a wide variety of applications in the field of
medicine, catalysis, biotechnology, fuel cells, solar cells, sensors and environmental science48, 49.
Nanoparticles have fascinated the scientific community due to their interesting properties that is
much different from their bulk counterpart. Also, the scope of tunability of properties with size
of nanoparticles attracts material physicists to study these materials. With the essence that shape
and size of nanoparticles determines their properties comes the need to understand the
mechanism of nucleation and growth of these particles. The ex-situ studies on nanoparticles gave
us information about the properties once the particles are formed. However, to fabricate tailor
made particles, a complete control of the formation process is inevitable. This envisages a new
era of “in-situ” studies. Recently several in-situ time-resolved XAS measurements have been
carried out on nanoparticles synthesized by various routes viz., Turkevich method by Polte et.
al.50 and Lin et. al.51, Shiffrin-Brust method by Ohyama et. al.27, X-ray irradiation of ionic liquid
by Ma et. al.52, photoreduction by Harada et. al.20, 28, 53, 54, polyol synthesis by Boita et. al.55,etc.
Through these experiments the understanding of these processes have been improved which has
ultimately helped to obtain a better yield and size distribution of the nanoparticles.
In 2010, Polte et. al.50 did in-situ XANES measurements along with SAXS on levitated
sample droplets to investigate the growth of gold nanoparticles by citrate synthesis. Though
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citrate synthesis was proposed by Turkevich in the year 1951, the mechanism of formation of
nanoparticles through this route was not clear for a long time. From this study a four step
mechanism of gold nanoparticles formation could be proposed, comprising of fast initial
formation of small nuclei, coalescence of the nuclei into bigger particles, slow growth of
particles sustained by ongoing reduction of gold precursor, and subsequent fast reduction ending
with the complete consumption of the precursor species. In 2011, Ohyama et. al.27 have carried
out another experiment to understand the reduction of gold by sodium borohydride (NaBH4). Au
L3 edge QEXAFS measurements were carried out in transmission mode with millisecond time
resolution. The XANES spectral changes revealed that Au nanoparticles are formed by the
reduction of the solution containing an equal quantity of Au3+ and Au+ ions. The signature for
formation of Au was observed at 4.6 s. This is one of the first reports of observation of nuclei in
formation process. From the EXAFS analysis, the structure of the Au nuclei is estimated to be an
Au4 cluster with an fcc crystal system. In 2013, Ma et. al.52 reported the evolution of gold
nanoparticles in ionic liquid by hard X-ray irradiation. Synchrotron hard X-ray not only acts as
the radiation source, which causes the reduction of Au3+ ions, but also acts as a probe to study the
whole process in real-time by QEXAFS.They have observed a decrease in the white line
intensity of the Au L3 XANES spectra recorded during the growth of nanoparticles and the
features of the spectra gradually became close to that of Au foil.From EXAFS analysis, a new
hypothesis and reaction mechanism has been proposed to explain the generation progress of gold
nanoparticles. The initial breaking of the Au–Cl bond differentiates this irradiation method from
traditional chemical methods. Intermediates like AuCl3, AuCl2 and Cl2Au-AuCl2 clusters have
also been predicted.
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The growth of Pt nanoparticles by polyol synthesis was studied by Boita et. al.55. In-situ
DEXAFS measurements of the reaction solution were performed at the specially designed cell. A
linear combination fitting of the XANES spectra using the initial (Pt+4) and final (Pt0) spectra
were done to obtain the detailed time evolution of the zerovalent Pt fraction. The XAFS analysis
could distinguish three different stages in the synthesis process: a fast nucleation event, followed
by diffusion-limited Ostwald ripening growth (R∝

/

), where R is the radius of the particles

and t is the reaction time, and subsequent slow growth and stabilization of nanoparticles. The
experiment also gave an evidence of Lamer Nucleation Burst scenario.
Harada et. al., on the other hand, studied the growth of metal nanoparticles by
photoreduction. The precursor solution in PVP is irradiated with a 500 W super-high-pressure
mercury lamp. The growth of Au, Pt, Ag, Rh and Pd nanoparticles are studied by in-situ EXAFS.
For Au nanoparticles53, it has been found that the photochemical reduction results in the
formation of Au2+ intermediates and Cl radicals. Formation mechanism comprising of three main
steps has been proposed: (1) The bond of Au-Cl rapidly dissociates due to the reduction from
AuCl4 - to AuCl2-. (2) This is followed by reduction of AuCl2- to Au0 with the formation and
growth of Au metal particles, the reduction from AuCl2- to Au0being much slower than that from
AuCl4- toAuCl2-. (3) On the prolonged photo-irradiation, AuCl2- is completely consumed, and the
growth process of Au metal particles is observed. From the Pt nanoparticles formation studies54,
it has been found that the formation in the photoreduction process is constituted of three
elementary stages, reduction-nucleation, autocatalytic surface growth on nucleates and Ostwald
ripening based growth. The initial nucleation stage for the formation of Pt4 nuclei is evidenced
from the CN (around 3−4) of Pt−Pt bond pair, and the aggregative particle growth including the
autocatalytic reduction of Pt ionic species on the surface of Pt4 nuclei proceeds with irradiation
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time to produce particles with diameter of 1−2 nm (i.e., Pt13 or Pt55nanoparticles expected from
CN around 6−7).The growth of Ag nanoparticles synthesized by photoirradiation is also studied
by in-situ DEXAFS28. The study shows that the reduction rate of Ag+ ions couldbe quantitatively
evaluated from the change of X-ray absorbance µ ( E ) assigned to the Ag–O contribution in the
XANES region whereas the temporal change of intermediate small Ag particles could be
estimated by the Ag–Ag contribution. During the induction period the first-order reaction of Ag+
ions occurred to produce Ag0 atoms,while the subsequent nucleation and growth process
concurrently proceeded after the induction period. In the nucleation and growth process after the
induction period, the intermediate small Ag particles (C.N. smaller than ca. 4) were generated
and they were grown up to larger particles (C.N.s equal to 4.5 ± 1.5) in the longer photoreduction
process. Apart from the noble metal nanoparticles of Au, Pt and Ag, reports are available in the
literature on the growth of other metal nanoparticles also. For example, formation mechanism of
Rh and Pd nanoparticles by photoreduction were studied byHarada and Inada using QEXAFS20.
The reduction rate of Rh3+aqua chlorocomplexes in PVP solutions was found to be slower than
that of Pd2+. This is probably because Rh3+ chlorocomplexes were more stable thanPd2+
chlorocomplexes at higher concentration of chlorine ions in the aqueous solutions. In addition,
the reduction process of Rh3+ chlorocomplexes possessed an induction period before the onset of
nucleation and growth of Rh particles, although Pd2+ chlorocomplexes displayed no induction
period, since the reduction of Pd2+ complexes occurred immediately after the mixing of an
ethanol solution of Pd2+ complexes with aqueous PVP solutions.
Karim et. al.56 have investigated the growth of Pd colloidal nanoparticles in a novel
microfluidic reactor using in situ SAXS and XAFS with a time resolution from milliseconds to
several minutes. From the results, it can be concluded that nucleation proceeds continuously and
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is accompanied by autocatalytic growth. Combination of SAXS and EXAFS also suggest that the
capping ligands used in the synthesis plays an important role affecting the nucleation and growth
of the nanoparticles.
1.3.2 Catalysis
The structure-activity correlation has become an essence to understand the performance
of catalysts. In recent years, lots of attempts have been made to use more than one experimental
techniques or combination of techniques which would help to get an insight into this57-60. This
provides an in-depth understanding of the catalysis process, which in turn helps to synthesize
catalysts with better performance. X-ray absorption spectroscopy (XAS) has emerged as an
important technique which can give structural information about the catalysts24, 26, 61. The main
advantage of this technique is that it can measure samples in any form i.e. crystalline,
amorphous, glass, polymer, liquid, etc. and therefore can be used as a structure determining tool
for a wide range of homogenous and heterogenous catalysts. In-situ measurements have become
inevitable in the field of catalysis as they provide the exact information during the catalysis
process. This has definitely given a better outlook regarding the activity and selectivity of
catalysts, and also addresses the problem of deactivation of the catalyst. For example, Tibiletti et.
al.62 have performed in-situ EXAFS of oxide supported gold catalyst during water gas shift
reaction. The experimental studies along with computational investigations predict that metallic
gold particles rather than isolated ions are present during the reaction. Metallic gold in close
contact with the oxide support has been identified as the active species in the catalyst responsible
for the reaction. Newton et. al.30 have investigated Pd catalyst systems during CO/NO cycling
using Dispersive EXAFS and DRIFT measurements. They have developed the setup for
synchronous and time resolved infra-red, XAFS, and mass spectroscopy measurements in-situ
27

during reactions. The specialized reaction cum measurement cell has hotpressed BN windows for
X-ray transmission and IR windows as 2 mm thick CaF2 or ZnSe.Through these measurements,
they were able to see rapid, reversible sintering and re-dispersion of the Pd catalyst during the
CO/NO cycling. They were able to clearly differentiate these processes from the more simple
oxidation and reduction of the Pd nanoparticles and showthat this structural change forms an
integral part of the CO/NO cycle over Pd. Tromp et. al.24 have investigated the deactivation of
homogenous Pd catalysts in the allylic substitution reaction using combined dispersive EXAFS
and UV-Visible spectroscopy. They have developed the setup for simultaneous acquisition of
both Dispersive-XAFS and UV-Vis spectra during the reaction. Both time resolved techniques
indicate the formation of dimers, trimers and possibly larger clusters directly from the start of the
catalytic reaction leading to precipitation as palladium black. Voronov et. al.29 have investigated
Fischer-Tropsch reaction in-situ with Re promoted Co/Al2O3 catalysts using EXAFS at both Re
L3 and K edges. They have found local distortion of the Co environment near Re ions which may
be a reason for the increased catalytic activity. Sadeqzadeh et. al.63 have performed in-situ
XRD/EXAFS measurements on Pt promoted alumina supported Co catalyst during FischerTropsch reaction. They have found in the reduced Pt promoted alumina supported cobalt
catalysts the presence of bimetallic Co–Pt particles. They have inferred that the hcp phase of Co
is more active than the fcc phase. Also, they have reported Co sintering as the main mechanism
for catalyst deactivation.
1.4

Outline of the thesis
The subsequent chapters of the thesis are arranged as follows. Chapter-2 deals with

various experimental techniques used in this thesis work with brief descriptions of different
equipments used and also describes the XAS data analysis technique in detail. In the beginning
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of this chapter, the EXAFS beamlines of Indus 2 SRS used for TR-XAS studies in the present
thesis work have been described. Also, the EXAFS data analysis procedure used in the present
thesis work has been extensively discussed. Other experimental techniques which are used as
complementary techniques along with TR-XAS for in-situ studies have also been described
shortly. Finally this chapter also discusses ex-situ techniques that are used for characterizing the
materials synthesized or used in the present thesis work.
In the next three chapters (Chapters 3-5) of the thesis work, we have presented the results
of the in-situ XAS studies during growth of nanoparticles. Chapter 3 is devoted to the in-situ
XAS studies during growth of Au and Pt monometallic nanoparticles. Chapter 4 discusses the
growth of Au-Pt bimetallic nanoparticles and Chapter 5 mentions the growth of Cu
nanoparticles. These chapters elaborate the growth mechanism of nanoparticles as understood
from the in-situ XAS measurements and also identifies the clusters formed during the growth of
nanoparticles.
Chapter 6 and 7 present the applications of TR-XAS to study structural changes in
catalysts during chemical reactions. Chapter 6 describes the in-situ XAS studies on Co based
catalysts during Fischer Tropsch reactions while Chapter 7 describes the in-situ XAS studies on
Cu doped TiO2 catalysts during photocatalytic reduction reaction of CO2.
Finally in Chapter-8 the conclusions drawn in all the previous chapters for the application
of TR-XAS in growth of nanoparticles and catalysis have been summarized and future direction
of the work has been mentioned.
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Chapter 2
2 Experimentation and Data Analysis
In this chapter we describe the different experimental techniques used in the present
thesis work. This includes the two EXAFS beamlines used for the time resolved EXAFS studies,
complementary techniques which are done simultaneously with TR-XAS and different ex-situ
techniques used for characterization of the nanoparticle samples have also been discussed. The
procedure of handling and analysis of XAS and TR-XAS data have also been discussed in this
chapter. The design and fabrication of various cells used for the in-situ TR-XAS experiments
have been discussed later in subsequent chapters.
2.1

TR-XAS Experiment
As has been mentioned in Chapter-1, the pre requisite for a XAS measurement is a

synchrotron source. In the present thesis work, all XAS measurements have been carried out at
the energy dispersive beamline (BL-08)46 and the energy scanning beamline (BL-09)64,

65

at

Indus-2 synchrotron source. BL-08 being a dispersive beamline offers fast data acquisition, while
BL-09 has been modified from its conventional step-by-step scanning mode to a novel
continuous scanning mode for achieving fast data acquisition required for TR-XAS
measurements.
Indus-2 Synchrotron source
It is evident that X-ray absorption spectroscopy measurements needs a bright and tunable
X-ray source and presently only synchrotron radiation sources are used to carry out XAS
measurements world-wide. When a charged particle enters a magnetic field whose direction is
not parallel to its initial direction of motion, it is forced to change its direction of motion, thereby
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emitting electromagnetic radiation. In a synchrotron, electrons of relativistic speed are forced to
circulate in a storage ring by a series of bending magnets66. The radiation thus created is known
as synchrotron radiation and is characterized by a continuous energy spectrum over a wide range
of wavelengths (from infrared to hard X-rays), high intensity, strong polarization and a pulsed
nature. Apart from the above bending magnet source, modern synchrotron facilities also have
additional elements, so-called insertion devices, placed in the straight sections between the
bending magnets. These devices constitute a series of alternating magnetic fields that force the
electron beam to perform either strong (wiggler) or gentle (undulator) oscillations. The wiggler
emits a broad beam of incoherent radiation characterized by increased intensity and a continuous
energy spectrum extending to much higher X-ray energies compared to a bending magnet. The
undulator emits a narrow beam of coherent radiation the intensity of which is amplified up to
10,000 times but only at certain energies. Based on these characteristics, the source (bending
magnet, wiggler or undulator) best suited for a particular experimental technique is chosen. For
the present thesis work, all XAS measurements have been carried out at Indus-2 Synchrotron
facility at RRCAT, Indore, India.67 The schematic of Indus-2 synchrotron source is shown in
figure 2.1. The electron produced in a source are first accelerated using a microtron upto 40 MeV
before their energy is further increased in a booster ring to 550 MeV. From here they are
transferred to the Indus-2 storage ring where they are energized upto 2.5 GeV and are then
stored. The synchrotron source Indus-2 was commissioned in 2005 and is presently being
operated with 2.5 GeV electron energy at 200 mA beam current and a critical wavelength of
about 2Å, providing a spectrum from infra-red to hard X-ray regime. The storage ring of Indus-2
is 172.4 meter (circumference) consisting of 8 unit cells each providing a 4.5 m long straight
section. Each of the eight super periods has two dipole bending magnets (1.502 T), four focusing
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and five defocusing quadrupoles and six sextupoles. Four RF cavities are used for RF voltage of
1.5 MV to achieve 2.5 GeV energy with beam emittance of X=5.81x10-8m.rad and
Y=5.81x109m.rad.Indus-2 presently delivers synchrotron radiation from bending magnet source
to over 15 beamlines . The insertion devices which are being installed on Indus-2 in near future
include two planar undulators, one APPLE type undulator and one super conducting wavelength
shifter.

Figure 2.1: Indus-2 Synchrotron Source (2.5 GeV, 100 mA) at Raja Ramanna Centre for
Advanced Technology (RRCAT), Indore, India
2.1.1 Energy Dispersive EXAFS Beamline (BL-08)
An energy dispersive EXAFS beamline had been developed and installed at a bending
magnet port no. 8 of Indus-2 for X-ray absorption studies in the energy dispersive geometry68.
The beamline works in the dispersive mode using a 460-mm-long Si (111) crystal mounted on an
elliptical bender and a position-sensitive detector. The beamline covers photon energy range of 5
– 20 keV providing energy bandwidths of 0.3, 1.0 and 2.0 keV and with resolution of ~ 0.5, 1
and 2eV per pixels at photon energies of 5, 10 and 20 keV respectively. The working principal
and the optical layout of the beamline is shown in Fig. 2.2 and Fig. 2.3 respectively. Here, a bent
single crystal (C,C) forms part of an ellipse such that the source (S0) and the sample positions
(S3) are situated at two focii of the ellipse. The elliptical optics ensures all radiation emerging
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from
m one focus (S0) reach the other focus (S3) after reflection from the crystal and offers
minimum aberration.

Figure 2.2:: Working principle of the Energy Dispersive EXAFS beamline (BL-08)
(BL
at Indus-2
SRS

Figure 2.3:: Optical layout of BL-08.
BL
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The synchrotron radiation

is first passed through a Be window (B,B) of suitable

thickness which isolates the ring vacuum from the beamline apart from cutting off the low
energy part of the beam which in turn reduces the heat load at the optical elements of the
beamline and then through the beam aperture system consisting of two copper blocks (K,K)
positioned at an angle of 15° to the beam path for collimation. The collimated beam with
horizontal divergence of 1.5 mrad is then made to fall on the slit system (S,S) which defines the
final horizontal and vertical divergence of the synchrotron beam using two sets of water-cooled
tantalum jaws. The beam emerging from the slit system with required vertical and horizontal
divergences falls on a vertically focusing mirror (M, M) at a grazing angle of incidence ~ 0.2°,
which cuts off the higher energy part of the synchrotron beam. After reflection from the mirror,
the beam falls on a 460 mm long Si (111) crystal (C, C) mounted on a bender. Since a
horizontally diverging beam falls on the long crystal, where angle of incidence of the beam
varies continuously from one end of the crystal to the other, the crystal reflect a band of energy (

∆E ) around a particular central energy ( E0 ) which depends on the angle of incidence of the
beam at the centre of the crystal. The crystal being also elliptically bent, this spatially dispersed
polychromatic radiation is also focused at the sample position (S3). The transmitted radiation
from a sample diverges further and is detected by a position- sensitive detector (D,D). Thus, the
energy dispersed absorption spectra of the sample over the whole bandwidth ( ∆E ) around the
central energy ( E0 ) can be simultaneously recorded by the detector in a very short time scale of
~ 300 ms. As has been mentioned above, the elliptical shape of the ellipse is achieved by a
mechanical bender, where two ends of crystal are pushed by two stepper motor driven warm
shafts, while it is pivoted at two other lines using two cylindrical rods. It should be mentioned
that a profiled crystal with varying height is used instead of a rectangular crystal uniform height
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so that perfect elliptical shape can be achieved by the bender instead of cylindrical shape. The
details of the optical design of the beamline is presented elsewhere46.
Generally, a CCD (Make: ANDOR, U.K., Model no. DW 436-F0) with 2048 × 2048
pixels each having a width of 13.5 µm is used as a position sensitive detector at BL-08. It has a
theoretical resolution of 1eV/pixel, though this can be increased or decreased depending on the
experimental requirements. Each element interacts with light to build up a charge – the brighter
the light, and/or the longer the interaction, the more charge is registered. At the end of the
measurement read out electronics pull the charge from the elements, at which point each
individual charge reading is measured. CCDs require some degree of cooling to make them
suitable for high grade spectroscopy. Typically this is done using either water cooling, peltier
cooling (suitable for temperatures down to -90oC), and liquid nitrogen cryogenic cooling. At BL08, a water cooling system is used that maintains the detector temperature at –35oC. The
minimum time required by the CCD detector for data acquisition is 300 ms, however often
several scans are accumulated to have better statistics in the data. In this thesis work, another
position sensitive detector known as Mythen detector (Make: M/s., Dectris, Switzerland) has also
been used. Mythen detector is aone dimensional X ray detector containing 1280 silicon
microstrips. It operates on single photon counting mode thus leading to no readout noise. The
minimum time required by the Mythen detector for data acquisition is 1 ms. A photograph of the
beamline is shown in Fig. 2.4. All the works of this thesis on in-situ XAS studies on the growth
of nanocrystals from solution phase have been carried out in this beamline.
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Figure 2.4: Photograph of the Energy Dispersive EXAFS beamline (BL-08).
2.1.2 Energy Scanning EXAFS beamline (BL-09)
The Energy-Scanning EXAFS beamline (BL-9) of Indus-2 SRS64, 65, which works in the
principle of conventional step-by-step scanning of a double crystal monochromator instead of a
dispersive geometry used in BL-08, operates in the energy range of 4 keV-25 keV. The beamline
optics consist of a Rh/Pt coated collimating meridional cylindrical mirror and the collimated
beam reflected by the mirror is monochromatized by a Si(111) (2d = 6.2709 Å) based double
crystal monochromator (DCM). The second crystal of DCM is a sagittal cylinder used for
horizontal focussing while a Rh/Pt coated bendable post mirror facing down is used for vertical
focusing of the beam at the sample position. Rejection of the higher harmonic content in the Xray beam is performed by detuning the second crystal of the DCM to an extent so that the
intensities of the higher harmonics are reduced by 99% with the loss of about half intensity of the
incident flux. The role of the collimating mirror is to deliver parallel beam on the 1st crystal of the DCM.
And depending on its angle w.r.t. the incident beam, it also cuts-off the higher energies. However, since
the beamline is supposed to work upto 25 keV, the angle of the collimating mirror has been chosen
accordingly. However, if a measurement is done at lower energy (5-8 keV), the 3rd harmonic of the
energy will be present in the beam which will affect the EXAFS spectrum. This is removed by further
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detuning of the two crystals of the DCM from their perfect parallel configuration. Changing the angle of
the collimating mirror depending on the energy range of interest to remove higher harmonics involves realigning of the rest of the baemline which is trouble-some and time consuming. The energy resolution

(

E
) of the beamline at 10 KeV is∼104. Fig. 2.5 shows the schematics of the beamline and Fig.
∆E

2.6 shows the actual photograph of the beamline.
This beamline operates in two modes, namely transmission mode and fluorescence mode.
For recording the X-ray absorption spectra in transmission mode, the sample is placed between
two 30 cm long ionization chamber detectors as shown in fig. 2.7. The first ionization chamber
measures the incident flux ( I 0 ) and the second ionization chamber measures the transmitted
I
It

intensity ( I t ). Absorption ( µ ) is calculated using formula, µ = log( 0 ) . A third ionization
chamber is also used after the second ionization chamber where reference metal foils are
measured for energy calibration. Appropriate gas pressure and gas mixture have been chosen to
achieve 10-20% absorption in first ionization chamber and 70-90% absorption in second
ionization chamber to obtain better signal to noise ratio.

Figure 2.5: Schematic layout of Scanning EXAFS Beamline BL-09.

37

Figure 2.6: Photograph of (a) optics hutch and (b) experimental station of Scanning EXAFS
Beamline BL-09.

Figure 2.7: Experimental set-up for transmission mode of EXAFS measurement.
For recording the X-ray absorption spectra in fluorescence mode, the sample is placed at
45o to the incident X-ray beam. For measuring the florescence spectrum from the sample, a
single channel Si drift detector is placed infront of the sample at 450. The detector is placed at
right angle to the incident beam as shown in fig. 2.8so that the scattered X-ray is largely
suppressed as the incident X-ray is polarized in the plane of synchrotron. An ionization chamber
filled with a pre-defined gas mixture to absorb 10-20% of the incident beam was placed prior the
sample stage to measure the incident beam (I0). A proper region of interest (ROI) is selected in
the detector output to selectively measure the fluorescence intensity of the absorbing atomic
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species ( I f ). Thus the absorption co-efficient of the sample was determined by the relation (

µ = I f / I 0 ) and the spectrum was obtained as a function of the energy by scanning the DCM of
the beam line over the specified energy range.

Figure 2.8: Experimental set-up for fluorescence mode of XAFS measurement.
Generally by using the step-by-step scanning of the DCM, a typical XAS data in this
beamline takes 30 min. in case of transmission mode measurement and 1 hr. for fluorescence
mode measurement. However, this beamline has recently been modified to carry out continuous
scan XAS measurements69 by which the data acquisition time could be reduced substantially
retaining the advantage of high resolution offered by the step-by-step scan of a double crystal
monochromator and therefore, it can now be used for in situ studies. In a DCM, energy selection
is made by setting both the crystals simultaneously at a particular Bragg angle corresponding to
the required energy and maintaining their parallelism, with the top surface of the first-crystal
always coinciding with the centre of the goniometer. To achieve a fixed exit height between the
incoming and outgoing beam in a DCM over the whole scanned energy range, the distance
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between the first and second crystal is adjusted using translation of the second crystal
perpendicular to the crystal surfaces. As the goniometer angle is changed to change the energy,
the beam reflected from the first crystal also changes the area of illumination on the second
crystal. To make the beam always fall at the centre of the second crystal, the second crystal is
also translated laterally using the linear stage. It was observed that this lateral movement of the
2nd crystal and the time taken to settle down the vibrations of the motors after the motion is
carried out constitutes a large fraction of time for a full XAS scan. In the continuous scan mode
of measurement on the other hand, this lateral motion of the 2nd crystal is restricted taking the
advantage of its large length and thus the energy selection is done mainly by changing the Bragg
angle by simultaneous rotational motion of the two crystals. The details of this measurement
scheme have been reported elsewhere69. In this mode, a full EXAFS scan can be taken in 5
minutes while XANES data can be acquired in less than a 1 minute and hence this beamline has
been used for in-situ studies on catalytic reactions in this thesis.
2.2

Analytical tools for TR-XANES
The popularity of in-situ and operando XAS techniques increases with increase in

instrumental performance which often results in sub-second time resolution measurements. In
these experiments XAS data were collected as a function of time while chemical or physical
changes occur in the samples. Such an experiment generally results in accumulation of large
number of XAS data sets and handling and analysing such a large number of data sets became a
challenge for TR-XAS measurements. Different approaches are followed not only to analyze
such a data set effectively, but also to differentiate different species formed during the time
evolution of the sample. One of the methods is examination of isosbestic points70. Isosbestic
points are the points where all spectra intersect. If the reaction solution contains only two species
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i.e. the reactant and the product, then isobestic points are the energy points where the value of the
absorption coefficient is same for both the species. Therefore, even the concentration of the
reactant and product varies in the reaction solution with time, the value of the absorption
coefficient remains the same at these points. Presence of one or more isosbestic points thus
implies the direct transformation of reactants to products without the formation of any
intermediate species. However, their absence indicates the presence of intermediates in the
reaction. This can give us an idea about the presence of intermediate species, but do not give any
quantitative information regarding the number or structure of intermediates. For quantitative
analysis, methods like Linear Combination Fitting (LCF) are used to reproduce the data set as a
linear combination of known standard spectra. This can be used to identify known species
formed during the reaction. More sophisticated analytical tools based on Linear Algebra like
Principal Component Analysis (PCA) were used to determine the number of species formed
during chemical reaction without using any standard. Chemometric method like Multivariate
Curve Resolution-Alternating Least Squares (MCR-ALS) is also applied to XAS data set to
identify different species formed during a reaction. These analytical tools have made the analysis
and handling of TR-EXAFS data very easy and efficient.
2.2.1 Linear Combination Fitting (LCF)
Linear Combination Fitting (LCF) is used to reproduce a set of data as a linear
combination of some standard data. The pre-requisite for this fitting is the linear structure of the
data which is obeyed for the X-ray absorption coefficient. Therefore, the total absorption
coefficient can be written as a sum of coefficients for all the species in the sample.
=∑

(2.1)
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where, xi are the fractions of the species present in the sample and μi are the standard
XANES spectra.LCF involves modelling the spectrum for a sample of unknown chemical
speciation using spectra from representative standards. LCF subroutine available in XAS data
analysis programs like Athena71 and Sixpack have been extensively used in XAS analysis. The
main limitation of LCF is the need of reference spectra of all the species measured with similar
energy resolution and consistent normalization. Therefore, it can be used only for systems where
the species that can be present in the sample are well known. Though LCF with the just the first
and last scan data may give idea about the kinetics of the reaction, however this procedure will
not help to get the correct oxidation state of a species present in the reaction at any instant of
time. In many situations, we are interested to know the species formed, identified by the
oxidation state of an element present in it and if there are intermediates in the reaction, this is
possible to determine only if we can use standards which are involved in the reaction.
2.2.2 Principal Component Analysis (PCA)
Principal Component analysis72 (PCA) is a linear algebra based method to analyse a
series of related data. Each data is represented as a vector in n dimensional space where n is the
number of data point in a spectrum. If the measured data set contains m number of data, then it
can be expressed in terms of m orthogonal basis vectors, referred as components. The basis
vectors are the eigenvectors of the data matrix, D(m,n). Ignoring the eigenvectors with small
eigenvalues, minimum number of eigenvectors (mc) is chosen to represent the measured data set
as a linear combination. These eigenvectors are known as principal components of the measured
data set. To determine the least number of principal components a graphical method referred as
“screen test” is generally used, where the eigenvalues are plotted in decreasing order and the
number of principal components is chosen where the curve levels off to linear decline. The mc
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number of principal components which are required to reconstruct the data set within
experimental noise corresponds to the number of distinct species which contribute to the dataset.
Thus, it gives us a way to determine the number of different species without any a priori
knowledge about the identity of the species. However, the number of principal components is not
necessarily equal to the number of different chemical species contained within the set of samples
because the chemical species are not necessarily unique. The necessary condition for the success
of PCA is the presence of distinctly different features in the spectra of each individual species.
The next step in PCA is target transformation to relate the principle components to physical
standards. Target transformations test the likelihood of a given standard spectrum to explain the
variance in the set of spectra, and thereby identify the standards that most likely represent the
data set. Because PCA relies on standard spectra, the same precautions used to interpret LCF
apply here also.
Recently, PCA is used extensively for analyzing TR-XAS data73, 74. For example, Wang
et. al.74has applied PCA analysis to in-situ TR-XAFS data of reduction and re-oxidation reaction
of Cu doped Ceria. They have used theoretical modelling to identify the intermediate phases. In
their study, it is evident that when fitted with two components there is a misfit in the XANES
spectra which is most prominent between t=660-990 s. However, the fit quality greatly improves
when three principal components are used to reproduce the spectra and the fit residuals are
within noise limit. Therefore, this establishes the presence of intermediate and the time t* when
the intermediate dominates is the maxima of the residual plot when fitting is done with two
components. The EXAFS spectra, μint recorded at t* corresponds to the intermediate species.
The EXAFS spectrum of the intermediate species is analyzed to identify the species.
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2.2.3 Multivariate Curve Resolution with Alternating Least Squares (MCR-ALS)
MCR-ALS is a chemometric method for the resolution of spectroscopic data of timeevolving system with multi-constituents75, 76. The basic assumption of this method is the linear
structure of the data set. The experimental data are first represented in a matrix form, called D(m,
n), in which the m is the number of XAS spectra recorded and n is the number of data points of
XAS data in terms of energy. Matrix D can be expressed in terms of matrix containing the
concentration profiles C(m, k) and the matrix containing XAS spectra ST(k, n) of the k species in
the unknown mixture.
= !"# + %

(2.2)

The matrix E(m,n) is the residual variation of the data. The matrices C and ST follow
physically and chemically meaningful constraints. As a first step for applying MCR-ALS, we
need apriori information about the number of species which is the rank k of the matrices C and
ST. The PCA algorithm discussed in the earlier section helps us to find the rank k which is the
minimum number of orthogonal components required to reproduce the data set. Once the rank is
determined using PCA, the MCR-ALS algorithm can be applied with initial estimates of C and
ST matrices. The Alternating Least Square (ALS) optimization of the matrices C and ST is done
iteratively applying the following constraint.
min║D-CST║2

(2.3)

Iterations are done alternatively on matrix C and ST, while fixing the remaining
parameters according to the following steps.
(a) Given D and the initial estimate of ST, a minimization of C is carried out by the least
square calculation considering relation (10) and the constraints for matrix C.
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(b) Given D and the so-calculated C matrix, a minimization of ST is carried out by the least
square calculation considering relation (10) and the constraints for ST.
(c) Then the reproduction of D using matrices C and ST determined in steps (a) and (b) is
done. If the convergence criterion is fulfilled, the process is finished. If not, the program
goes back to step (a).
This iterative process gives the constituent species of the mixture and their concentration
profiles with time. Recently, MCR-ALS has also emerged out to be as a popular analytical
method which is effectively applied to the analysis of in-situ XAS data77, 78.
2.3

EXAFS Data Analysis
As has been discussed in Chapter-1, the EXAFS spectra is theoretically represented by a

χ(k) vs.k function described by equation 1.13. Thus to determine meaningful parameters from a
EXAFS data set one has to convert the experimentally determined µ(E) vs. E spectra to a χ(k)
vs.k data or more often χ(r) vs. r data by applying Fourier transformation. The experimentally
generated χ(r) vs. r data is then fitted with a theoretical plot generated using eqn. 1.13 and
assuming a guess structure of the sample. The steps in this data reduction and fitting process
which have been followed in this thesis work are described below.
The first step of EXAFS data analysis is EXAFS data processing which includes
deglitching the spectra, defining Eo, normalization of the spectra to unit edge step, background
subtraction, conversion from energy to k-space, fourier transformation to r -space and generation
of experimental χ(r) vs. r plots using proper window function and inverse transformation.
After data processing, the EXAFS data fitting is done which includes generation of theoretical

χ(r) vs. r plots using a crystallographic/amorphous model and fitting of the experimental data
with the theoretical plots by nonlinear least squares fitting. The data processing has been
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performed using Athena software of the Demeter programme and data fitting is done using
Artemis software of the Demeter programme. Demeter is a freely available programme
developed by Dr. Bruce Ravel and co-workers71. This package is based on the IFEFFIT library79
of numerical and XAS algorithms and it is written in the Perl programming language. This
package consists of softwares like ATHENA, a program for XAS data processing, ARTEMIS, a
program for analysis of extended X-ray absorption fine structure (EXAFS) data using theoretical
standards computed by the FEFF program80,

81

and HEPHAESTUS, a collection of beamline

utilities based on tables of atomic absorption data.
2.3.1 Data Processing using Athena
The Athena software is used for EXAFS data processing. As such ATHENA is useful for
data visualization at the beamline as well as for processing of data such as conversion of raw
data to µ(E) spectra, plotting, energy calibration, alignment of data, use of reference spectra,
deglitching and merging of data etc. Fig. 2.9 gives a view of the Athena software window. The X
ray absorption spectra µ(E) versus E, is normalized by dividing by the size of the edge step
which compensates for the uncertainties in the concentration, sample thickness and any other
factor that can affect the spectrum. Edge-step of the data is determined by a linear pre-edge
subtraction and regression of a quadratic polynomial beyond the edge.
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Figure 2.9: The main window of ATHENA program.
After normalization of the data, background subtraction has been performed to isolate the
EXAFS oscillations from the atomic contribution of the absorption µ 0(E), and the background
absorption or scatter from other elements in the beam path. AUTOBK algorithm82 is used for
background subtraction, which determines an empirical background spline based on a distinction
between data and background in terms of Fourier components. Background subtraction is
accomplished by ordinary linear least squares fitting, typically using cubic spline functions as
shown in Fig 2.10. The EXAFS oscillations are extracted by subtracting the isolated atom
absorption µ 0(E) (which is generally unknown) from the absorption of the atom in condensed
matter µ(E), and then dividing by Δµ 0(E0) as given in Equation 2.4. Δµ 0(E0) is the difference
between pre-edge and post-edge polynomials extrapolated to the edge energy E0 which is used as
the normalization constant.

&' =

( '

( ')

*() ')

47

(2.4)

Figure 2.10: Pre-edge, post-edge polynomial and background subtraction.
Subsequently, the data in the energy scale is converted to the photoelectron wave number
scale ( k ) as defined by,

+=

,- ' ')

(2.5)

ℏ,

The converted k space spectrum is generally weighted by an increasing function of k
(such as k, k2or k3) to amplify the data at high k which is of small amplitude as shown in Fig.
2.11.The functions χ ( k ) kn are Fourier transformed in r space to generate the χ (r ) versus r (or
FT-EXAFS) spectra in terms of the distances from the center of the absorbing atom as shown in
Fig. 2.12.The functions χ ( k ) kn are multiplied by a window function and choosing a usable range
in the k space. The region below k=2Å-1 is excluded because of possible complications from
multiple scattering etc. The transformed data (χ(r) vs. r) actually consist of a complex function,
which has real and imaginary parts, or alternatively a modulus and phase. The modulus is the
most frequently used quantity, but the real and imaginary parts are also useful. They exhibit
significantly more structure than the modulus does, and they don't suffer from nonlinear
interference and hence during the fitting, modulus as well as real and imaginary parts should be
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monitored. After the raw data has been processed appropriately in ATHENA, it is used in
ARTEMIS for theoretical modeling and fitting.

Figure 2.11: k space EXAFS spectrum with hanning window.

Figure 2.12: Fourier transformed EXAFS spectra alongwith real and imaginary contribution.
The ATHENA software also provides other utilities like linear combination fitting,
principal component analysis, peak fitting using different line shapes (arctangent, Gaussian,
Lorentzian), log ratio/phase difference analysis and generating the difference spectra. ATHENA
can also import and display the results of FEFF8 calculations81 for comparison with measured
data. Additional features like self-absorption corrections for fluorescence data are also available
in this software.
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2.3.2 Data fitting using Artemis
ARTEMIS is a graphical interface for EXAFS data fitting in the DEMETER
programme. It has access to the functionalities of the ATOMS program, which generates input
file format suitable for FEFF. Fig. 2.13 shows the ARTEMIS window in its data view.
In EXAFS analysis, a theoretical EXAFS spectrum has been simulated for the system to
be analyzed from an assumed model of the system containing unknown parameters whose values
are determined by fitting. ARTEMIS can read crystallographic data either in the form of an
ATOMS input file or a crystallographic information file (.cif) or can be supplied structure
information interactively. These data are then converted into a FEFF input file. ARTEMIS
includes access to the functionality of the ATOMS program, which converts crystallographic
data into a format suitable for FEFF. FEFF is an ab initio multiple scattering code used to
generate theoretical fitting standards for EXAFS analysis and simulation of XANES spectra83.
FEFF performs its calculation in real-space on a specified cluster of atoms provided by ATOMS
subroutine. f(k) and δ(k) (the scattering amplitude and phase shift due to the neighbouring
backscattering atom respectively) and the photoelectron mean free path λ(k) are calculated
theoretically. After the FEFF run, scattering paths are generated and information including the
path distances, degeneracy, atomic species in the path, whether the path is single or multiplescattering have been displayed. The theoretical EXAFS data is the summation of EXAFS data
simulated for different scattering paths. Each scattering path has a degeneracy N (the number of
equivalent atoms in single scattering paths), an effective distance r (half path-length), and a mean
square variation parameter σ2, as mentioned in the EXAFS equation (Equation 1.13). Once
calculated, each of these paths can be easily modified during fitting of the experimental data to
give different values of the parameters N, r, σ2, and even E0. The parameters that are often
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determined from a fit to the EXAFS spectrum affect either the amplitude of the EXAFS
, σ2) or the phase of the oscillations (ΔE0 and Δr, the energy shift and the

oscillations (N,

change in half path length respectively). Since EXAFS data is limited by a finite k and r ranges,
therefore there is a limit to the number of parameters that can be extracted from the analysis of
EXAFS data. Information theory is used to correlate the amount of information in the original
EXAFS spectrum to the information in Fourier transform spectrum as determined from the
Nyquist theorem39:

. /0 =

∆2∆3

(2.6)

4

where Nind is the number of independent points, Δk is the Fourier transformed data
rangeand Δris the region used in EXAFS data analysis. Therefore, the number of fitting
parameters of the EXAFS data should always be less than the number of independent points. The
goodness of the fitting of EXAFS data is generally expressed by the Rfactorwhich is defined as:

R factor = ∑

[Im( χ dat ( ri ) − χ th ( ri )]2 + [Re( χ dat ( ri ) − χ th ( ri )]2
[Im( χ dat ( ri )]2 + [Re( χ dat ( ri )]2

(2.7)

where, χdat and χth refer to the experimental and theoretical χ(r) values respectively and Im and
Re refer to the imaginary and real parts of the respective quantities. In general, the value of

R factor factor less than 0.03 are considered as a reasonable fit.
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Figure 2.13: Main window of ARTEMIS program.
2.4

Complementary Techniques
It has been mentioned in Chapter-1, that TR-XAS has emerged out to a very effective

technique for understanding the structural changes in a sample during a chemical reaction.
However, no technique is self sufficient and every technique helps us to understand only a part
of the system. In case of complicated studies where many species are involved, the analysis and
conclusion become very challenging. Therefore, it is always better to rely on more than one
technique to have a broad and better understanding of the processes. With this point of view
often several other techniques have been complemented with TR-XAS for simultaneous
measurements to get a better insight into the reaction procedure. UV-Vis spectroscopy is often
complemented with XAS measurement while studying the growth of nanoparticles. Growth of
gold and platinum nanoparticle formation has been studied simultaneously by these techniques
by several researchers. Stotzel et. al. have used QEXAFS and UV-Vis techniques simultaneously
to monitor the growth of TiO2 nanoparticles22. This combination of techniques gives information
not only about the local structure of different species in the solution but also about their optical
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properties. Polte et. al.50 have combined XANES and SAXS to study the growth of gold
nanoparticles, which has helped to determine the changes in oxidation states of gold cations
concurrently with shape, size and polydispersity of the nanoparticles formed. In-situ XRD and
XAS are combined to observe the ZnO nanoparticle encapsulation into Zeolite-Y with heating
upto 550oC84. This combination gave insight into short range and long range structural changes
in the samples. Many other techniques were also complemented to TR-XAS like IR
spectroscopy26, Raman spectroscopy25, Mass spectrometry26, etc. Briois et. al.25 studied
oxidation of ethanol by Cerium based catalysts using combined Quick-XANES, UV-Vis and
Raman spectroscopies. Newton et. al.26 complemented FT-IR, Dispersive EXAFS and Mass
spectrometry techniques to investigate the structural changes in Rh-based catalysts during NO
reduction of CO. These three techniques helped to correlate the surface speciation, local structure
and catalyst activity of the catalysts. Complementary techniques give a broader view of the
system and focus on different aspects of it which in turn results in more consolidated
conclusions. In the present work we have complemented UV-Vis spectroscopy with TR-XAS for
studying growth of nanoparticles, while for in-situ catalysis studies we have complemented
online gas chromatography measurements with TR-XAS.
2.4.1 UV-Visible Spectroscopy
UV-Visible spectroscopy deals with the absorption or reflectance spectroscopy in the UV
and visible spectral region85.Absorption of visible and UV radiation in both atoms and molecules
is associated with excitation of electrons from lower to higher energy levels. Since the energy
levels are quantized, only lightwith the precise amount of energy can cause transitions from one
level to another will be absorbed. The absorption follows Beer-Lambert Law. This law states that
whenever a beam of monochromatic light is passed through a sample with an absorbing
53

substance, the decreasing rate of the radiation intensity along with the thickness of the absorbing
solution is actually proportional to the concentration of the sample and the incident radiation.
UV-Vis
Vis spectroscopy has applications in several fields. For example, this technique can be used
to identify functional groups, known compounds
compounds,, configurations of geometrical isomers, purity
of substances, etc. Also, this technique finds application in nanoparticle characterisation. Some
nanoparticles, e.g. gold nanoparticles show the surface plasmon resonance (SPR) peak in the UV
or visible region
on of the spectrum. The surface plasmon resonance originates due to collective
resonant oscillations of the free electrons at the metal surface in presence of incident light. The
position of the SPR peaks in wavelength scale and their intensities are related
relat to the size, shape
and surface chemistry of the nanoparticles. Therefore, studying the SPR peaks using UV-Vis
spectroscopy can provide information regarding the size, shape and surface of nanoparticles.
UV-Vis
Vis spectroscopy measurement can be done in two modes: Scanning and Dispersive. In
scanning mode, the instrument has a monochromator which is a grating or a prism and it
monochromatise the light from the UV Visible source. This monochromatic light falls on the
sample and the transmitted intensity is me
measured
asured using a photodetector. By adjusting the
monochromator different wavelengths are selected and the absorption spectrum of the sample is
generated.

Figure 2.14:: Schematics of UV Visible spectrophotometer.
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However, for fast measurement of the UV-Visible spectra dispersive mode of
measurements are used, where the whole range of wavelengths are focused on the sample and the
transmitted intensity is collected and measured using a position sensitive detector as shown in
fig. 2.15. In the present work we have used Deuterium and Halogen light source covering
wavelength range of 200-2500 nm and a Fiber Optic spectrometer (Make: Avantes, Netherlands).
The photograph of the source and spectrometer are shown in fig. 2.16. It should be noted here
that the optics of XAS measurement set-up and UV-Vis spectroscopy are similar, both the
techniques deal with measurement of absorption coefficient in X-ray and optical wavelength
regime respectively . using Beer-Lambert law. . Similar types of optical components (collimator,
monochromator, slits etc.) are used in both the cases and both the techniques can be used in
scanning and dispersive modes.

Figure 2.15: Schematics of Fiber optics based UV Visible spectrometer
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(a)

(b)

Figure 2.16: (a) Photograph of Avalight DHc light source (b) Photograph of AvaSpecULS2048L-USB2 Fiber optics based UV Visible spectrometer
2.4.2 Gas chromatography
Gas chromatography is an analytical technique that helps in identifying various gaseous
components in a sample and gives a quantitative estimate about the concentration of various
components86. In gas chromatography there is a mobile phase which is an inert gas and a
stationary phase which is a layer of liquid or polymer on a solid support inside a metal tube
known as column. The injected sample interacts with the stationary phase and different
components in the sample elutes at different times through the stationary phase, called the
retention time. The separated components get detected by the detector. Different detectors used
in GC are thermal conductivity detector (TCD) , flame ionization detector(FID), electron capture
detector (ECD) and mass spectrometer (MS) which responds to the physicochemical property of
the analyte.
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Figure 2.17: Photograph of Gas Chromatograph (Make: Netel India Ltd.).
Photograph of the GC system (Make: Netel India Ltd.) used in the in-situ probing of
heterogenous catalysts included in this thesis work is shown in Fig. 2.17. The GC has one TCD
detector and two FID detectors. The oven and injector temperatures are kept at 50ºC for all
measurements. Packed columns Molecular Sieve 5A has been used for detection of H2, N2, CO
and CH4 gases, while Porapak N column has been used for detection of CO2 and CH4 gases. An
autosampling valve has been used before the GC to enable online detection of gases. The
schematic of the working principal of the autosampling valve has been shown in Fig. 2.18. When
the valve is in position A, the sample flows through the external loop to the vent and the carrier
gas flows through the GC columns. When the valve is switched to position B, the sample in the
external loop along with the carrier gas is injected into the column for analysis.
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Position A

Position B

Figure 2.18: Schematics of autosampling valve working principal.
2.5

Ex-situ techniques

2.5.1 X-ray Diffraction
X-ray diffraction87 (XRD)is an analytical technique used for the identification of
crystalline phases of various materials and the quantitative phase analysis subsequent to the
identification. The diffraction of X-rays from a crystalline solid is governed by Bragg’s law, nλ
= 2dsinθ where n is an integer, λ is the characteristic wavelength of the X-rays impinging on the

crystallize sample, d is the inter-planar spacing between rows of atoms, and θ is the angle of the
X-ray beam with respect to these planes. An X-ray diffraction spectrum consists of a set of
diffracted intensities and the angles at which they are observed. This diffraction pattern can be
thought of as a chemical fingerprint, and chemical identification can be performed by comparing
this diffraction pattern to a database of known patterns. In this thesis work, theX-ray
diffractometer (Bruker D8 Advance diffractometer) with Cu Kα radiation (λ = 1.54 Å) and a
LYNXEYE detector have been used.
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Figure 2.19: Photograph of X-ray diffractometer (Bruker D8 Advance diffractometer).
2.5.2 X-ray Photoelectron Spectroscopy
X-ray Photoelectron Spectroscopy88 (XPS) is based on photoelectric effect. It is a surface
sensitive technique and provides information about elemental composition, chemical state and
electronic state. When X-rays of energy hν falls on a sample, photoelectons are emitted from the
sample surface. The kinetic energy and number of photoelectrons emitted is measured by an
electron energy analyzer.
The kinetic energy of the emitted photoelectron is given by,
K.E.= hν – B.E. - Фs

(2.8)

where, B.E. is the binding energy of the electron in atomic orbital from which the electron
originates and Фs is the work function dependent on both the spectrometer and the material. The
schematic representation of the working principle of an XPS instrument is shown in fig. 2.20.
The XPS spectrum is obtained as a plot of the number of detected photoelectrons per energy
interval versus their kinetic energy. Since the mean free path of the electrons in solids is less than
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10 nm, a majority of the detected electrons originate from the top few atomic layers makes this
technique surface sensitive. Since the core levels of each element have unique binding energies,
XPS can be used to identify and determine the concentration of the elements at the surface.
Variation in the elemental binding energies (chemical shifts), arising from differences in the
chemical potential (Madelung potential) and polarizability of compounds can be used to identify
chemical states of the elements in materials being analyzed. In this thesis work, ex-situ X-ray
Photoelectron spectroscopy measurements were carried out using a SPECS X-Ray
Phototelectron Spectroscopy (XPS) set up with a PHOBIOS 100/150 Delay Line Detector (DLD)
and Al Kα (1486.6eV) dual anode as the source. As an internal reference for the absolute binding
energy, the C-1s peak (284.5 eV) was used. The Au-Pt bimetallic particles were etched in the
preparation chamber using an IQE-IIA Specs model ion source unit having ion energy of 2 keV,
operating at a filament current of 6 mA. The XPS spectra were recorded on the as-prepared
sample as well as on the etched sample after different periods of etching.

Figure 2.20: Block diagram of XPS instrument.
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Figure 2.21: Photograph of XPS instrument.
2.5.3 Transmission Electron Microscopy
Optical microscopy has limited ability to resolve objects because of the wavelength of
light used. Transmission Electron Microscopy (TEM) uses electron beam of much shorter
wavelength as a probe and hence details of a specimen can be observed to a much higher
magnification level than the conventional optical microscopes89. In TEM a beam of high energy
electrons is transmitted through a thin sample to form an image. TEM consists of an electron gun
which produces the electron beam, magnetic lenses for focusing of the beam and fluorescent
screen or CCD detector for recording the image. When the high energy electron beam falls on
the sample, part of the beam gets transmitted through the sample and part of it is scattered. The
transmitted beam is focused by the objective lens into an image screen or CCD camera to
generate the image. Incident electrons that are scattered by atoms elastically in the specimen
which is crystalline forms a pattern of spots, each spot corresponds to a specific atomic spacing.
This pattern can then yield information about the orientation, atomic arrangements and phases
present in the area being examined. The conventional diffraction mode used in TEM is called
selected area diffraction (SAED). The spherical aberrations of the objective lens limit the area of
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the selected object to few hundred nanometers. SAED patterns of a crystal permit to obtain the
symmetry of its lattice and calculate its inter-planar distances using Bragg’s law. This is useful to
confirm the identification of a phase, after assumptions generally based on the literature of the
studied system and on chemical analyses.
In the present thesis work, ex-situ TEM images of the nanoparticles were collected using
a CM200 machine with Tungsten filament operated at an acceleration voltage of 200 kV with a
resolution of 2.4 Å. Metal nanoparticles, after the completion of reaction have been collected,
washed, centrifuged and then re-dispersed in water by ultrasonicating for 20 minutes. A drop of
this solution was placed on a copper grid, dried at room temperature and then imaged by TEM.

Figure 2.22: Photograph of the Transmission Electron Microscope (CM200) used in this thesis
work.
2.5.4 High Resolution Transmission Electron Microscopy
High resolution Transmission Electron Microscopy is similar to Transmission Electron
Microscopy except that it gives an atomic scale resolution. It uses both the transmitted and the
scattered electron beams to create an interference image which is a phase contrast image and can
be as small as the unit cell of crystal. In the present thesis work, the High Resolution Scanning
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Transmission Electron Microscope (HR-STEM) images on the above samples have been
acquired with a probe-corrected 80-300 Titan TEM at 300 KV using HAADF detector. Metal
nanoparticles, after completion of the reaction have been collected, washed, centrifuged and then
re-dispersed in water by ultrasonicating for 20 minutes. A drop of this solution was placed on a
copper grid, dried at room temperature and then imaged by TEM.EDS (Energy Dispersive
Spectroscopy) line scan for elemental mapping has been done on a nanocrystal in the same setup using EDAX 30mm Si-Li detector by tilting the sample by 20º to maximize the collection of
X-rays. In EDS line scan, the electron beam moves along a line on the sample surface and
measures the count of the characteristics fluorescent X-rays coming out of the elements present
in the sample as a function of the beam position. The count rate is measured in the selected
windows of the spectrum corresponding to the characteristic X-ray energies of the particular
element expected in the sample. The variation of the X-ray count rate in the selected window
corresponding to a particular element gives the changes in concentration of that element over the
line of scanning.

63

Chapter 3
3 In-situ XAS studies on growth of Au and Pt monometallic nanoparticle
Noble metal nanoparticles are important due to their uniqueness in properties and wide
variety of applications in different fields among which gold and platinum seek special attention.
They have applications in biotechnology, catalysis and optoelectronics90-94. Properties of these
nanoparticles are highly dependent on their size and shape, thus accentuating the importance of
their synthesis process. Though Gold and Platinum nanoparticles are one of the widely studied
nano-systems which have been subjected to various studies, initial stages of nucleation and
growth of these nanoparticles remain unexplored for a long time mainly due to scarcity of
suitable experimental techniques which can explore the initial stages of growth. As has been
elaborately discussed in the Introduction (Chapter-1), Time Resolved X-ray absorption
spectroscopy (TR-XAS), which include both XANES and EXAFS, can simultaneously give
insight into the structural changes in the species during the growth of nanoparticles from solution
phase, as well as in the oxidation states of the metal cations. In the present study, we have
combined XAS and UV-Vis spectroscopy to study the growth of Gold and Platinum
nanoparticles stabilized by block copolymer. Block copolymers consist of two or more
chemically distinct polymeric units connected by covalent or non-covalent bonds. Block
copolymer forms a crown ether structure which engulfs metal ions and acts as both reducing and
stabilizing agents. The present in-situ studies have given direct insight into the growth
mechanism of these nanoparticles from their respective precursors. However, there is no effect of
X ray beam on the nanoparticle synthesis. This has been verified by keeping the precursor
solution in the beam for 2 hours and observing any change in the EXAFS spectra recorded.
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3.1

Synthesis of Block copolymer stabilized Au and Pt na
nanoparticles
noparticles
Gold nanoparticles have been synthesized by mixing 2.5 ml of 60mM Chloroauric acid

(HAuCl4.3H2O) with 1.5 ml of 100mM trisodium citrate (Na3Ct) and 1 ml of 10 mM P85 block
copolymer. The solution is kept undisturbed at room temperature. After ~ 10 minutes the colour
of the solution starts changing to red and after ~ 15 min the colour becomes dark violet as shown
in Fig. 3.1(a)
1(a) manifesting formation of Au nanoparticles. The concentration of gold in the final
solution is 30 mM.
Similarly, Platinum nanoparticles were synthesized by mixing 2.5 ml of 60mM
Chloroplatinic acid (H2PtCl6.6H2O) with 2.5 ml of 500mM Ascorbic Acid (AA) and 1 ml of 10
mM P85 block copolymer
mer and by heating the mixture to 50°C.
C. The solution first becomes
colourless and in 12 minutes it changes to brown and then black as shown in Fig. 3.1(b)
depicting formation of Pt nanoparticles.

Figure 3.1:: Changes in colour of (a) Au nanoparticle precursor solution and (b) Pt nanoparticle
precursor solution with time after mixing the reducers.
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TEM micrograph of gold nanoparticles formed by completely reducing HAuCl4 by
sodium citrate and P85 block copolymer is shown in Fig.3.2(a). The figure shows that the Au
nanoparticles formed are faceted (almost spherical) in shape and the size of most of the particles
lies between 20 to 30 nm. Fig. 3.2 (b) shows the TEM image of Pt nanoparticles obtained from
the solutions after completion of the reaction which shows that the fully formed nanoparticles are
mostly spherical in size with average size of ∼20 nm. The size of both gold and platinum
nanoparticles agrees well with the final particle size obtained from EXAFS measurements
discussed later in this chapter (Fig.3.8 and Fig. 3.14).

(a)

(b)

Figure 3.2: (a) TEM micrograph of fully formed Au nanoparticles (b) TEM micrograph of fully
formed Pt nanoparticles
3.2

In-situ EXAFS measurement cell for one pot synthesis

For in-situ EXAFS measurement the synthesis process has been carried out in a specially
designed teflon reaction cell having paths for both X-rays and UV-Vis radiation in mutually
perpendicular directions. UV-Vis absorption measurement has been carried out simultaneously
with the XAS measurements using an optical fiber based spectrometer (Make: M/s., Avantes,
Netherlands). X-ray is transmitted through Kapton windows while the optical light is passed
using optical fibres which are capped with teflon ferrules and are directly immersed into the
solution. The cell has been designed and fabricated in such a way that the optical paths can vary
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from 5 mm to 20 mm for X-rays and from 2 mm to 20 mm for UV-Vis radiation. The volume of
the cell varies according to the adjustment of the kapton windows and optical fibers. However,
for the present experiment where Kapton windows are adjusted 10 mm apart and the teflon
ferrules are adjusted such that optical fibers are positioned 5 mm apart, the volume of the cell is
approximately 8 ml. The sample mount of the beamline has been modified so that the in-situ
reaction cell can be placed on a magnetic stirrer-cum-heater for mixing and heating the reaction
solution. The precursor is taken in the teflon reaction cell and the respective reducer is injected
into it through teflon tube using a computer-controlled motor-driven syringe pump (Make: KD
Scientific, USA). The syringe pump works in the “infuse only” operation mode with flow rates
from 5pl/min to 220 ml/min. The reducer is injected at a speed of 5ml. min-1 and the reaction
solution is stirred with a speed of about 60 rpm to have a homogenous solution. Time t=0 is the
time when the reducing agent is put in the reaction solution using the syringe pump. This is the
time when the reaction starts and the EXAFS measurement is also recorded w.r.t. this time. As
has been mentioned in the previous section, for synthesis of Au nanoparticles the reaction
solution remains at room temperature while in case of formation of Pt nanoparticles the solution
is heated to 50°C. The schematic diagram of the experimental set up for simultaneous time
resolved EXAFS measurement and UV-Visible absorption measurement has been shown in Fig
3.3 and the actual photograph has been shown in Fig 3.4.
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Figure 3.3: Schematic diagram of the experimental ssetup for simultaneous time resolved EXAFS
measurement and UV-Visible
Visible absorption measurement of one-pot
pot synthesis processes.

Figure 3.4: Photograph of the experimental setup for simultaneous time resolved EXAFS
measurement and UV-Visible
Visible absorption measurement of one-pot
pot synthesis processes.
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3.3

Growth of Block Copolymer stabilized Au nanoparticles

3.3.1 In-situ XANES studies

Fig 3.5 shows in-situ time-resolved XANES spectra of the gold precursor reaction
solution measured at Au L3 edge. It can be seen that the near edge spectrum of HAuCl4 shows a
white line at 11923 eV which is due to electronic transition from the 2p3/2 to 5d state. This white
line is a characteristic of Au+3 and disappears for metallic Au due to fully filled 5d states. The
decrease in the intensity of the white line and finally its disappearance with time suggests
reduction of HAuCl4 and formation of metallic gold nanoparticles. After 90 min from the start of
the reaction the spectrum fully resembles that of metallic gold spectrum.
As has been mentioned by Helmbrecht et. al.95, the Au L3 edge data does not show a
linear shift with change in oxidation state of Au due to the overlapping of the 2p-5d transition
peak with the edge. Thus a linear combination fit of the time resolved XANES spectra were
performed considering HAuCl4 and Au foil spectra as standards of the +3 and +0 states to obtain
a quantitative measure of the presence of the two species in the reaction solution at a particular
reaction time as shown in Fig. 3.6. From the linear combination fit of the time resolved XANES
spectra, it has been observed that after 10 minutes ~ 50 % of the Au cations are in the metallic
(+0) state and after 90 minutes ~ 87 % of the Au cations get reduced to +0 state. Similar
approach has been followed by other workers27, 50, 55 also for in-situ observation of nucleation
and growth of Au and Pt nanoparticles from solution phases using XANES measurement.
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Figure 3.5: In-situ XANES spectra measured at Au L3 edge at different time intervals during
growth of Au nanoparticles

Figure 3.6: Linear combination fit results of in-situ XANES spectra at Au L3 edge recorded
during growth of Au nanoparticles. Inset: linear combination fitting of selected data.
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3.3.2 In-situ EXAFS studies

Fig. 3.7 shows the k2χ(k)versus k plots taken at different intervals of time during the
growth of gold nanoparticles. The k range used for Fourier Transform is 3-9.5 Å-1 and the |χ(r)|
versus r plots and the Re[χ(r)] versus r plots are shown in Fig. 3.8 and Fig. 3.9 respectively. The
first peak (~1.8 Å) corresponds to Au-Cl bond and the second peak (~2.6 Å) corresponds to AuAu bond. Theχ(r)versus r plots have been fitted assuming an Au-Cl path and an Au-Au path.
The R factor values of all fits are less than 0.01 which ensures good fit. The value of Debye Waller
factors (σ2) have been kept fixed at 0.002 and 0.001 for Au-Cl and Au-Au bonds respectively
which have been found by fitting the data of the Au precursor (having only Au-Cl bonds) and Au
nanoparticles formed after 90 min. of reaction (having only Au-Au bonds) respectively. The
values of Debye-Waller factors are kept constant to reduce the number of parameters during
fitting and to obtain a more reliable fit. Similarly,ΔE0 values obtained from the fitting of the
EXAFS data of the precursor and the end products (0 min. and 90 min. data respectively) are
used for the two paths and kept constant during fitting.
In case of EXAFS fitting, the maximum number of independent points is generally given
by the Nyquist criteria N ind =

2∆k∆r

π

. In this case, ∆k = 9.5 − 3 = 6.5 and ∆r = 3 − 1 = 2. ,

yielding N ind = 8.3. Since the Debye Waller factors andΔE0values of the various paths are kept
constant, only four parameters are varied (bond distance and coordination number for two paths)
during the fitting which is much less than the maximum no. of independent points. Similar
approach has also been taken by other researchers also while analysing EXAFS data of
nanoparticles. For example, Ma et. al.52 in their study of X-ray induced formation of gold
nanoparticles have varied only coordination number and bond lengths and kept the Debye-Waller
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factor constant while fitting the EXAFS data. Similarly, Yao et. al.96 while studying formation
mechanism of Rh nanocubes by in-situ dispersive EXAFS measurements have also kept the
Debye-Waller factor fixed. Harada and Kamigaito54 have also found that the Debye-Waller
factor for Pt-Pt bond, in case of growth of Pt nanoparticles, do not show any time dependence
and is close to that of bulk Pt.

Figure 3.7: In-situ EXAFS χ(k)versus k spectra measured at Au L3 edge at different time
intervals during growth of Au nanoparticles

It can be observed from Fig. 3.8 that within two minutes a small peak appears
corresponding to Au-Au bond. The bond lengths of both Au-Cl and Au-Au bonds do not change
significantly during the reaction. Fig 3.10 shows the variation of coordination number of both the
bonds which shows that Au-Au coordination remains near 5 till 10 minutes and subsequently it
increases and reaches the coordination of ∼11 at about 70 minutes. The Au-Cl bond coordination,
on the other hand, decreases till 20 minutes, after which it starts increasing again.
72

Figure 3.8: In-situ EXAFS |χ(r)| versus r spectra measured at Au L3 edge at different time
intervals during growth of Au nanoparticles

Figure 3.9: In-situ EXAFS Re[χ(r)] versus r spectra measured at Au L3 edge at different time
intervals during growth of Au nanoparticles
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It should also be mentioned here that EXAFS cannot directly yield information on
particle sizes and one way to overcome this problem is to carry out EXAFS and SAXS
measurements simultaneously, as had been done by Polte et.al.50. However, in that case SAXS
measurement has to be carried out in transmission mode and EXAFS in fluorescence mode and
there might be a possibility that the two techniques probe different sample volumes.

Figure 3.10: Variation of Au and Cl co-ordinations around Au sites and particle size obtained
from EXAFS measurements during growth of Au nanoparticles.

In the present case we have carried out EXAFS and XANES both in transmission mode and
obtained particle sizes from the coordination numbers determined from EXAFS analysis as
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described below97. Assuming the nanoparticles to be spherical, Calvin et. al.98 devised a formula
to correlate the coordination number and the particle size as:

1 r 
 3 r
nnano = 1 − ( ) + ( ) 3  nbulk
 4 R 16 R 

(3.1)

where,r is the distance between the nearest neighbor atoms, R is the particle radius, nnano
is the coordination number for the nanoparticles and nbulk is the bulk coordination number. Using
the values of Au-Au coordination numbers given in Fig.3.10 as a function of time, particle sizes
have been obtained for Au nanoparticles using eqn. (3.1) and are plotted as a function of time in
Fig. 3.10. However, it should be noted here that the particle size determined by this method is
based on the assumption that particles are spherical and hence gives good proximity to the final
particle size as determined by TEM, but it fails to predict the cluster sizes formed during the
initial stages of growth due to their non-spherical shapes.
3.3.3 In-situ UV-Visible spectroscopy studies

Fig. 3.11 shows the visible absorbance spectra during the growth of gold nanoparticles.
The absorbance increases with time and a peak appears between 520 nm to 540 nm which
corresponds to the surface plasmon resonance (SPR) peak of the gold nanoparticles. The
intensity or height of the SPR peak has been plotted in fig. 3.12 as a function of time. The peak
maxima also shifts from 527 nm to 540 nm during the initial phase of the reaction indicating
the increase in particle size. The variation of peak position has also been plotted in fig. 3.12 as a
function of time.
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Figure 3.11: UV-Vis spectra recorded in the wavelength range of 400-800 nm at different time
intervals during growth of Au nanoparticles.

Figure 3.12: Variation of intensity and position of the Au surface plasmon peak in the UV-Vis
spectra measured during growth of Au nanoparticles.
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3.3.4 Growth Mechanism

As suggested by Sakai and Alexandridis99, the growth mechanism of block copolymer
stabilized gold nanoparticle is governed by three main stages: (1) reduction of metal ions by
block copolymer, (2) absorption of block copolymer on gold cluster and reduction of metal ions
on the surface and (3) growth of gold nanoparticles stabilized by block copolymer. In our case,
as can be seen from fig. 3.10, within 2 minutes of the start of the reaction Au clusters are formed.
This gives evidence of fast reduction of gold precursor and formation of large number of nuclei
which further grows into particles. The fast reduction of the precursor is also evident from the
XANES spectra given in fig.3.5 and this phenomenon is similar to Lamers Nucleation
Mechanism 100 which suggests very fast nucleation and slow growth. In the next 10 minutes AuAu coordination remains same at 4.9 while Au-Cl bond breaks, which corresponds to the 1st
stage of nucleation and growth discussed above. Au-Au coordination of 4.9 is close to the
average coordination number of three dimensional Au clusters of 12 atoms with C2v symmetry101,
102

. These Au12 clusters act as seeds for further growth and after 10 minutes, with the onset of the

2nd stage, when the block copolymer gets adsorbed on the surface of Au12 clusters, there is an
increase of Au-Au coordination to 6.8 in next 15 minutes which corresponds to Au13 magic
number icosahedron clusters. Au13 clusters are highly stable as they fulfill the first geometrical
shell closing. They exist in three preferred geometries planar, cuboctahedral and icosahedral with
average coordination numbers of 4, 5.5 and 6.5 respectively. Theoretically the most stable Au13
structure is the planar, however it has been found experimentally that the ligated Au13
icosahedron clusters are most stable due to ligand induced charge transfer101. After 25 minutes
the coordination number again shows a jump from 7 to 9 which may correspond to the
cuboctahedral Au147 clusters. Au147 clusters are also magic number clusters which show very
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high stability due to the closing of third geometrical structure103. After 30 minutes the Au
nanoparticle growth starts and in 70 minutes, it reaches the size of 31 nm with coordination
approaching bulk value of 12. Hence the 3rd stage of the growth process is found to begin after
30 min. from the start of the reaction and the stabilization of these nanoparticles occurs along
with the growth process. Therefore, growth of gold nanoparticle occurs through the formation of
Au12 clusters which grows into Au13 icosahedron clusters and subsequently to cuboctahedral
Au147 clusters which finally grows into spherical gold nanoparticles. It can also be seen from fig.
3.10 that the first shell coordination around Au site does not decrease below 2 even though the
XANES spectra show the presence of mostly metallic Au state and after 20 minutes, Au-Cl bond
coordination increases. Such high value of coordination of the Au-Cl shell has also been
observed by Ma et. al.52 and Yao et.al.96 during formation of Au nanoparticls by reduction of
HAuCl4, even after sufficiently long time of the reduction reaction and this phenomenon has
been attributed to chloride capping of Au nanoparticles after formation.
The first two stages of the growth process as described above can also be corroborated by
the time resolved UV-Vis spectroscopy studies. As can be seen from fig. 3.12, the nature of
variation of the intensity of the surface plasmon peak upto 20 minutes of growth process exactly
follows the pattern of variation of Au coordination number as shown in fig. 3.10. The growth
process cannot be probed further by UV-Vis spectroscopy since the absorption becomes too high
for detection of the transmitted beam.
3.4

Growth of Block Copolymer stabilized Pt nanoparticles

3.4.1 In-situ XANES studies

Fig. 3.13 shows the in-situ time resolved XANES spectra of the platinum nanoparticle
precursor solution measured at Pt L3 edge. The near edge spectrum of H2PtCl6 shows a white
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line at 11571 eV which is due to electronic transition from the 2p3/2 to 5d state. This white line is
a characteristic of Pt+4 ions and disappears for metallic Pt due to fully filled 5d states. The
decrease in the intensity of the white line and finally its disappearance with time suggests
reduction of H2PtCl6 and formation of metallic platinum nanoparticles. After 90 min. from the
start of the reaction, the XANES spectrum completely resembles that of metallic platinum. A
linear combination fit of the time resolved XANES spectra were performed considering the
spectra of H2PtCl6 and Pt foil as standards of the +4 and +0 states as shown in Fig. 3.14, from
which it has been observed that in 6 min 50% of the Pt cations are found to be in the metallic
(+0) state and after 90 minutes ~ 82% of the Pt cations get reduced to +0 state.

Figure 3.13: In-situ XANES spectra measured at Pt L3 edge at different time intervals during
growth of Pt nanoparticles
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Figure 3.14: Linear combination fit results of in-situ XANES spectra at Pt L3 edge recorded
during growth of Pt nanoparticles. Inset: linear combination fitting of selected data.
3.4.2 In-situ EXAFS studies

The χ(k) vs. k plots shown in Fig. 3.15, have been derived from the μ(E) vs. Espectra
following the steps described in the section 2.3. Theχ(k) spectra is weighted by k2 and the
functionsχ(k)k2 are Fourier transformed in the k range 2-10 Å-1 to generate theχ(r) versus r (or
FT-EXAFS) plots in terms of the real distances from the center of the absorbing atom.
Fig. 3.16 shows the |χ(r)| versus r plots at different time intervals during the growth of
platinum nanoparticles. The first peak (~1.8 Å) corresponds to Pt-Cl bond and the second peak
(~2.4Å) corresponds to Pt-Pt bond. Theχ(r) versus r plots have been fitted assuming a Pt-Cl path
and a Pt-Pt path. The value of Debye Waller factors (σ2) have been kept fixed to 0.005 and 0.004
for Pt-Cl and Pt-Pt bond respectively. The Rfactor values for all the fittings are less than 0.01
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which ensures good fit of the data. The EXAFS fittings of the |χ(r)| versus r data at few selected
time intervals have been shown in Fig. 3.17. The bond length of both Pt-Cl and Pt-Pt bonds do
not change significantly during the reaction however, the coordination numbers change with time
and the variations of coordination number of both the bonds are shown in Fig. 3.18. Using
Calvin’s approach98 the size of the Pt nanoparticles have been obtained from Pt-Pt coordination
numbers through eqn. (3.1) the and have also been plotted as a function of time in Fig.3.18.

Figure 3.15: In-situ EXAFS χ(k)versus k spectra measured at Pt L3 edge at different time
intervals during growth of Pt nanoparticles
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Figure 3.16: In-situ EXAFS |χ(r)| versus r spectra measured at Pt L3 edge at different time
intervals during growth of Pt nanoparticles
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Figure 3.17: EXAFS fitting of the experimental |χ(r)| versus r data at few selected time intervals
during the growth of Pt nanoparticles.

Figure 3.18: Variation of Pt and Cl co-ordinations around Pt sites and particle size obtained
from EXAFS measurements during growth of Pt nanoparticles.
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3.4.3 In-situ UV-Visible spectroscopy studies

Fig. 3.19 shows the evolution of the UV-visible absorbance spectra during the growth of
platinum nanoparticles. The spectrum at 1 min. shows two peaks at 328 nm and 394 nm due to
PtCl62- whose intensity decreases with time in the first 5 minutes and while the reaction proceeds
further, the total absorbance increases. Fig.3.20 shows the variation of the intensity of
absorbance at 324nm, 394nm and 450nm with time. The increase in intensity at 450 nm
wavelength manifests the growth of Pt nanoparticles.

Figure 3.19: UV-Vis spectra recorded in the wavelength range of 300-600 nm at different time
intervals during growth of Pt nanoparticles.
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Figure 3.20:Variation of intensity of absorption at 328, 394 and 450 nm in the UV-Vis spectra
measured during growth of Pt nanoparticles.
3.4.4 Growth Mechanism

The formation process of Pt nanoparticles can also be divided in three stages similar to
that of gold nanoparticles. As can be seen from Fig. 3.18, the Pt-Cl bond breaks from the start of
the reaction signifying the reduction of the precursor H2PtCl6. The Pt-Cl bond coordination
suddenly drops from 6 to 4 after which it gradually decreases. This may indicate the reduction of
PtIVCl62- ions to PtIICl42- ions. It has already been found that the PtIVCl62- ions inhibit the
formation of Pt nanoparticles54. Therefore in the reduction process Pt+4 is first reduced to Pt+2
and then to Pt+0. After 7 minutes, a small peak appears in Fig.3.16 along with an increase in Pt-Pt
coordination in Fig. 3.18 showing formation of Pt-Pt bond. This sudden jump in Pt-Pt
coordination corresponds to the phenomenon of Lamer’s nucleation burst24. This is similar to the
growth of gold nanoparticles discussed in the earlier section. However in case of gold the Lamer
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Nucleation occurs within 2 minutes from the start of the reaction, while platinum shows the
nucleation burst at 7 minutes from the start. This difference may be due to the difference in the
reduction potential of the two noble metal precursors i.e. AuIIICl4- having a higher reduction
potential than PtIVCl62-. From 7 to 9 minutes Pt-Pt coordination remains around 4.5 indicating the
formation of Pt12 clusters104 which manifest the 1st stage of the reaction. The 2nd stage starts at 10
minutes with a drastic increase in the Pt-Pt coordination to 7.9 which possibly corresponds to
formation of cubo-octahedral Pt55 clusters. Pt55 is a magic cluster with the closing of second
geometrical shell. A cubooctahedron structure of 55 atoms has average coordination number 7.8,
while the icosahedrons structure with 55 atoms have 8.5 as average coordination105. In the third
stage, Pt-Pt coordination increases to its bulk value of 11 till 60 minutes through a slower
process similar to the Au case. Therefore, during the growth of Pt nanoparticles, initially Pt12
clusters are formed which grows into cuboctahedral Pt55 clusters which further grows into
spherical Pt nanoparticles. The formation of Pt55 clusters during the growth of Pt nanoparticles
has also been reported by Harada and Kamigaito.54 The first two stages of growth of the Pt
nanoparticles can also be corroborated by UV-Vis spectroscopy, where as can be seen from Fig.
3.20, the intensity at 450 nm grows almost similarly as the coordination number (Fig.3.18) upto
10 minutes of reaction.
3.5

Comparison of growth of Au and Pt nanoparticles

The growth kinetics of both types of nanoparticles are found to be similar and are found
to follow the three stages viz., (i) reduction of metal ions by block copolymer and formation of
small cluster of typical 5 coordinations, (ii) absorption of block copolymer and reduction of
metal ions on the surface of the cluster and increase in cluster size and (iii) growth of
nanoparticles stabilized by block copolymer. This can be observed that the time scale involved in
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the 2nd and 3rd stages of the nanoparticle formation are similar for both gold and platinum
nanoparticles. This may be due to the fact that these stages are mainly governed by the block
copolymer which is same in both the cases. This also consolidates the role of the block
copolymer in the formation of these nanoparticles. However, the 1st stage of nucleation takes
place earlier in case of Au than in case of Pt due to the difference in the reduction potential of the
respective precursors. In both the cases, 12 atoms clusters are formed which act as seeds for
further growth. However, for gold, these 12 atoms cluster first grows into the magic number 13
atoms cluster and then 147 atoms clusters which further grows into gold nanoparticles. For
platinum the 12 atoms cluster grows into the magic number 55 atoms cluster which further grows
into platinum nanoparticles. The first two stages of the growth of Au and Pt nanoparticles as
obtained by in-situ XAS measurements are also corroborated by simultaneous in-situ
measurement of UV-Vis spectroscopy.
3.6

Conclusion

A set-up has been developed at the energy dispersive EXAFS beamline (BL-08) at Indus2 SRS at RRCAT, Indore, India for in-situ XAS measurements on chemical processes using a
specially designed teflon cell with one optical path for X-ray in the direction of synchrotron
beam and another in the perpendicular direction for visible radiation. Using the above set-up the
growth of Au and Pt nanoparticles from their respective chloride precursors using block
copolymer based reducer-cum-stabilizer have been studied by simultaneous in-situ measurement
of XAS and UV-Vis spectroscopy. The growth kinetics of both types of nanoparticles are found
to be almost similar and are found to follow the three stages viz., (i) reduction of metal ions by
block copolymer and formation of small cluster of typical 5 coordinations, (ii) absorption of
block copolymer and reduction of metal ions on the surface of the cluster and increase in cluster
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size and (iii) growth of gold nanoparticles stabilized by block copolymer. This can be observed
that the time scale involved in the 2nd and 3rd stages of the nanoparticle formation are similar for
both gold and platinum nanoparticles. This may be due to the fact that these stages are mainly
governed by the block copolymer which is same in both the cases. This also consolidates the role
of the block copolymer in the formation of these nanoparticles. However, the 1st stage of
nucleation takes place earlier in case of Au than in case of Pt due to the difference in the
reduction potential of the respective precursors. In both the cases, 12 atoms clusters are formed
which act as seeds for further growth. However, for gold, these 12 atoms cluster first grows into
the magic number 13 atoms cluster and then 147 atoms clusters which further grows into gold
nanoparticles. For platinum the 12 atoms cluster grows into the magic number 55 atoms cluster
which further grows into platinum nanoparticles. The first two stages of the growth of Au and Pt
nanoparticles as obtained by in-situ XAS measurements are also corroborated by simultaneous
in-situ measurement of UV-Vis spectroscopy.
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Chapter 4
4 In-situ XAS studies on growth of Au-Pt bimetallic nanoparticle
In recent years, bimetallic nanoparticles have attracted considerable attention in the scientific
community due to their unique properties and multiple functionalities in the field of catalysis,
electrochemistry and environmental science106-110. In catalysis, bimetallic nanoparticles show
improved activity and selectivity compared to their monometallic constituents111-115. For
example, Au-Pt bimetallic nanoparticles show higher CO oxidation activity relative to Au and Pt
monometallic nanoparticles
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. Hamed et. al.117 have shown that Au-Pt nanoparticles with

dendritic Pt shells and Au cores show high activity as an electrocatalyst for methanol oxidation
reaction also. Zhang et. al.118 have showed higher activity of Au/Pt bimetallic alloys for aerobic
glucose oxidation. These studies inculcate the idea that alloying Au with Pt improves the activity
and selectivity of the catalyst. However, the performance of the catalyst also depends on the
shape, size and configuration of the bimetallic nanoparticles. The bimetallic nanoparticles can
exist in a wide range of sizes (1-100nm), can adopt different shapes (spherical, polyhedral,
nanorods, dendritic and tripods) and can exist in different configurations (random, intermetallic,
core-shell, etc.)119-121. Existence of these particles in a wide spectrum of size, shape and
configuration opens up the scope of material engineering to tailor material properties based on
various applications. Since the size, shape and configuration in which the bimetallic
nanoparticles exist solely depend on the synthesis route which in turn affect the properties of the
nanoparticles, therefore a rigorous in-situ study of the synthesis process is extremely important to
synthesize tailor-made bimetallic nanoparticles. In-situ XAS can provide information on how the
bimetallic nanoparticles are formed which in turn will be helpful to design and synthesize
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nanoparticles of desired properties. For example, Chen et. al.122 have performed in-situ EXAFS
on Pd-Au nanoparticles which revealed the formation of Pd–Au bimetallic clusters with various
Pd–Au atomic stackings by properly performing hydrazine reduction and redox trans-metalation
reactions. In most cases bimetallic nanoparticles are synthesized by a two step process where the
seeds are first formed and then coated with the shell. However recently, Hamed et. al.123 have
developed a one-pot synthesis technique of Au-Pt bimetallic alloys using block copolymers as
surfactants. This surfactant assisted synthesis is not only convenient and environment friendly,
but can also give rise to nanostructures in the shell. Therefore, in-situ study of this synthesis
route can provide some more insight which can help to make this more application oriented.As
has been discussed in the Introduction (Chapter-1), XAS is an excellent technique with local
structure sensitivity, element specificity and high spatial resolution and hence is very suitable to
study the bimetallic nanoparticle system . The local structure information of different elements of
the bimetallic nanoparticles can be obtained through XAS analysis which can throw light on the
structure and configuration of these nanoparticle systems. In-situ XAS can provide information
on how these bimetallic nanoparticles are formed which in turn will be helpful to design and
synthesize nanoparticles of desired properties.
In the previous chapter (Chapter-3), we have presented the results of our investigations
on the growth of block copolymer stabilized gold and platinum monometallic nanoparticles. We
were able to identify the different stages of growth and stabilization, including the various
clusters formed during the growth of nanoparticles. In the present chapter, we are taking one step
ahead to throw light on the growth of Au-Pt bimetallic nanoparticles stabilized by block
copolymer. In the present study, the Au-Pt bimetallic nanoparticles are synthesized following the
one-pot synthesis route using ascorbic acid as the reducing agent and P85 block copolymer as the
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stabilizing agent. The synthesis process has been investigated by in-situ
situ XAS (XANES and
EXAFS) and UV-Vis
Vis measurements simultaneously. Ex-situ High Resolution
esolution Transmission
Electron Microscopy (HRTEM) along with Energy Dispersive Spectroscopy (EDS) line scan
and X-ray photo-electron
electron spectroscopy (XPS) measurements with in-situ etching have also been
carried out on the samples to complement the results.
4.1

Synthesiss of Block copolymer stabilized Au
Au-Pt
Pt bimetallic nanoparticle
Gold-platinum core-shell
shell nanoparticles have been synthesized by mixing 2 ml of 60mM

Chloroauric acid (HAuCl4.3H2O), and 2 ml of 60mM Chloroplatinic acid (H2PtCl6.6H2O) with 1
ml of 1 M Ascorbic Acid (AA) and 1 ml of 10 mM P85 block copolymer. The solution is stirred
continuously at room temperature. As soon as the reducing agent AA was added to the solution,
the colour of the solution immediately turned into dark violet manifesting growth of Au
nanoparticles.
anoparticles. After ~ 20 sec. the colour of the solution starts changing to brown and after ~50
sec. the colour becomes black as shown in Fig. 4.11 manifesting formation the Pt shells on Au
cores.

Figure 4.1:: Photographs showing colour of the solution at different stages during formation of
Au@Pt core shell nanoparticles.
4.2

In-situ studies during growth of Au
Au-Pt bimetallic nanoparticles
For the present in-situ
situ studies, the synthesis process has been carried out in a specially

designed teflon reaction cell having paths for both X-rays
X
and UV-Vis
Vis radiation in mutually
perpendicular directions. The detailed description of the in-situ cell has been provided in section
secti
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3.2 of the previous Chapter and the schematics and photograph of the setup have been given in
Fig. 3.3 and Fig. 3.4 respectively. The precursors (Chloroauric, Chloroplatinic acid and P85
block copolymer) are taken in the teflon reaction cell and the reducer (ascorbic acid) is injected
into it through teflon tube using a computer-controlled motor-driven syringe pump. The reducer
is injected at a speed of 5ml. min.-1 and the reaction solution is stirred at a speed of about 60 rpm
to have a homogenous solution. For in-situ XAS measurements, the teflon reaction cell has been
placed at the sample position of the beamline and the kapton windows of the cell were adjusted
to obtain an optical path length of 10 mm for X-rays through the solution. For XAS measurement
at Au and Pt L3 edges, the radiation transmitted through the sample is detected by a position
sensitive Mythen detector (Make: M/s., Dectris, Switzerland) described in Chapter-2.For each
spectrum the exposure time has been fixed to 1 second to improve the signal to noise ratio and
XAS spectra have been recorded at every second foran hour.
4.2.1 In-situ XANES studies

Fig. 4.2a shows the in-situ time-resolved XANES spectra of the reaction solution
measured at Au L3 edge. It can be seen that the near edge spectrum of 0 sec data shows a white
line at 11923 eV which is due to electronic transition from the 2p3/2 to 5d state. This white line is
a characteristic of Au+3state and disappears for metallic Au due to fully filled 5d states. The
decrease in the intensity of the white line and finally its disappearance with time suggests
reduction of HAuCl4 and formation of metallic gold nanoparticles. It should be noted here that
though Au and Pt XAS spectra were taken in every 1 sec. in the present experiment, in Fig. 4.2
the XANES spectra for the instants where significant changes were observed in XANES white
line features at Au and Pt edges are only shown for clarity of the figures.
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A linear combination fit of the time resolved XANES spectra were performed using the
ATHENA code of IFEFFIT software package79 in the energy range of -20 to 30 eV around the
Au L3 absorption edge considering XANES spectra of HAuCl4 and Au foil as standards of the
+3 and +0 states. This has been done to obtain a relative quantitative measure of the presence of
the two species in the reaction solution at a particular reaction time. The values of the weights of
the two species were constrained between 0 and 1 and their sum was forced to 1.The goodness of
fit has been determined by the parameter Rfactor39, defined in Chapter-1and Rfactor of all the linear
combination fitting at Au L3 edge is less than 0.01. The linear combination fitting of selected
time intervals have been shown in Fig. 4.4(a). Fig. 4.3a shows the percentage of the two phases
present in the reaction solution as a function of time obtained from the linear combination fitting
of the time resolved XANES spectra. From Fig.4.3a, it has been observed that within 6 sec. ~
99% of the Au cations are in the metallic (+0) state and after 10 sec. ~ 100% of the Au cations
get reduced to +0 state.
Fig. 4.2b shows the in-situ time resolved XANES spectra of the reaction solution
measured at Pt L3 edge. The near edge spectrum of the 0 sec. data shows a white line at 11571
eV which is due to electronic transition from the 2p3/2 to 5d state. This white line is a
characteristic of Pt+4 ions and disappears for metallic Pt due to fully filled 5d states. The decrease
in the intensity of the white line with time suggests reduction of H2PtCl6 and formation of
metallic Pt. A linear combination fit of the time-resolved XANES spectra were performed
considering H2PtCl6 and Pt foil spectra as standards of the +4 and +0 states. The linear
combination fitting of selected time intervals have been shown in Fig. 4.4(b).The Rfactor of all the
linear combination fitting at Pt L3 edge is less than 0.01. Figure 4.3b shows the percentage of the
two phases present in the reaction solution at different times obtained from the linear
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combination fitting of the time-resolved XANES spectra. It can be seen that that within 10 sec. ~
6 % of the Pt cations are in the metallic (+0) state and after 200 sec. ~ 78 % of the Pt cations get
reduced to +0 state.

Figure 4.2: In-situ XANES spectra at (a) Au and (b) Pt L3 edge recorded at different time
intervals during the growth of Au@Pt nanoparticles.
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Figure 4.3: Linear combination fit results of in-situ XANES spectra at (a) Au and (b) Pt L3 edge
recorded during growth of Au@Pt nanoparticles.
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(a)
(b)
Figure 4.4: Linear combination fitting of in-situ XANES spectra at selected time interval at (a)
Au and (b) Pt L3 edge recorded during growth of Au@Pt nanoparticles.
4.2.2 In-situ EXAFS studies
Figure 4.5 shows the experimental in-situ X-ray absorption (μ(E) versus E) spectra
recorded during the growth of Au-Pt bimetallic nanoparticles simultaneously at Au and Pt L3
edges. EXAFS oscillations have been extracted from the EXAFS spectra following the standard
procedure described in the experimental section. The EXAFS oscillations, χ(k) is weighted by k2
to amplify the oscillation at high k and the functions χ(k)k2are Fourier transformed using k range
of 2-10 Å-1 for Au edge and 2-8.5 Å-1 for Pt edge to generate theχ(r) versus r (or FT-EXAFS)
spectra.
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Figure 4.5: In-situ X ray absorption spectra at Pt and Au L3 edges recorded at different time
intervals during growth of Au@Pt nanoparticles.
Fig. 4.6(a) shows the χ(r) versus r plots at Au L3 edge at different time during the growth
of gold platinum bimetallic nanoparticles. The first peak (~1.8 Å) corresponds to Au-Cl bond
and the peaks between 2-3 Å correspond to Au-Au and Au-Pt bond. The χ(r) versus r plots have
been fitted assuming an Au-Cl path, Au-Pt path and Au-Au path. While fitting the data bond
lengths and coordination numbers of the above three shells have been varied, however, the value
of Debye Waller factors (σ2) have been kept fixed at 0.002 for Au-Cl path and at 0.004 for AuAu and Au-Pt paths which have been found by fitting the data of the Au precursor (having only
Au-Cl bonds) and Au nanoparticles formed after 90 min. of reaction (having only Au-Au and
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Au-Pt bonds) respectively. The value of So2 has been kept fixed at 1 for all the paths of all the
data at both Au and Pt L3 edges as obtained from the fitting of the EXAFS data of the respective
precursors. The parameter ΔE0, on the other hand is kept same for all the paths of a data,
however it is varied during the fitting of each data. For Au L3edge, the value of ΔE0 is found to
vary in the range of 4.5-7 eV over the data of different time instants, while for Pt L3edge data,
the value of ΔE0 is found to vary in the range of 3-5 eV. The best fit results have been presented
in Tables 4.1 for Au L3 edge data.
Table 4.1: Au L3 edge EXAFS Fitting Results
Time(s)
0
1
2
3
4
5
6
10
15
20
30
40
50
60
70
80
90
95
100
110
120
140
150
180
200
230
280

Au-Cl (σ =0.002 Å2)
N
r (Å)
2.35±0.02
4.0±0.1
2.34±0.01
3.7±0.3
2.36±0.02
3.7±0.5
2.36±0.02
3.6±0.4
2.34±0.01
3.3±0.6
2.33±0.01
2.0±0.4
2.31±0.02
1.8±0.1
2.33±0.02
1.8±0.3
2.31±0.03
2.0±0.3
2.31±0.01
1.6±0.2
2.31±0.03
1.6±0.2
2.35±0.01
1.7±0.2
2.34±0.05
1.6±0.4
2.36±0.03
1.3±0.4
2.35±0.05
1.0±0.6
2.34±0.05
0.6±0.5
2

Au-Au (σ =0.004 Å2)
N
r (Å)
2.95±0.02
2.6±0.6
3.01±0.03
2.8±0.4
3.03±0.05
3.5±0.4
2.97±0.03
4.4±0.2
2.99±0.04
5.4±0.3
2.93±0.03
6.4±0.3
2.90±0.02
6.4±0.5
2.90±0.05
7.3±0.3
2.89±0.01
7.4±0.4
2.88±0.05
7.4±0.6
2.90±0.01
7.2±0.7
2.91±0.03
7.3±0.5
2.88±0.05
9.2±0.2
2.88±0.05
9.6±0.6
2.88±0.01
9.7±0.7
2.86±0.02
9.6±0.6
2
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Au-Pt (σ =0.004 Å2)
N
r (Å)
2.67±0.04
2.4±0.5
2.67±0.02
2.4±0.2
2.65±0.02
2.3±0.4
2.63±0.05
2.3±0.5
2.66±0.04
2.3±0.7
2.63±0.05
2.2±0.4
2.66±0.06
3.2±0.2
2.63±0.05
4.8±0.2
2.65±0.03
4.9±0.7
2.67±0.04
4.7±0.7
2

Figure 4.6: χ(r) versus r plot (FT-EXAFS spectra) measured at (a) Au and (b) Pt L3 edge
recorded at different time intervals during growth of Au@Pt nanoparticles.
It should be noted here that the Pt L3 edge oscillations at high k range will have an effect
on the Au L3 edge data since the difference in the two edges are less than 500 eV. However, as
has been shown by Chen et. al.124, interference of Pt L3 edge oscillations in the Au L3 edge data
results in the appearance of peaks at low r<2Å, whereas peaks due to Au and Pt shells generally
appear at r>2Å. We have also found that Au L3 edge FT-EXAFS data of the gold precursor
without any Pt precursor in the solution and the 0 sec. data of the reaction solution containing
both Au and Pt precursors resemble each other at lower r range without any extra peak in the
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mixed precursor case. Therefore we can say that Pt L3 edge oscillations have not significantly
affected the Au L3 edge data in this case.

Figure 4.7:Variation of co-ordination numbers of (a) Au-Cl, Au-Au, Au-Pt bonds and (b) Pt-Cl
bonds as a function of reaction time during growth of Au@Pt nanoparticles.
Fig. 4.7a shows the variation of coordination numbers of the three shells (Au-Cl, Au-Pt
and Au-Au) with time. It can be seen from Table 4.1 that the bond lengths corresponding to the
Au-Cl and Au-Pt shells do not change significantly during the reaction, however the Au-Au bond
length decreases from ~3 Å to 2.88 Å with time. Similar phenomenon has also been observed by
Yao et. al.125 during the growth of gold nanocrystals from HAuCl4 precursor. The above authors
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have shown by linear combination fit of theoretically simulated XANES spectra of HAuCl4
precursor and Au2Cl6 dimers that this initial observation of higher values of the Au-Au bond
length is possibly due to the partial reduction of HAuCl4, presence of Cl-1 ions surrounding the
Au atoms and formation of Au-Cl dimmers. However, as reaction proceeds the specific surface
area per Au atom decreases, which in turn reduces the capping efficiency of Cl-1 ions and Au-Au
bond lengths thus approaches its nominal value of 2.88 Å. It can also be noted that the Au-Pt
bond distance obtained is ∼2.65 Å which is less than nominal Pt-Pt bond distance of 2.76 Å.
However, in solution while studying formation of Pt nanoparticles reduced by methanol in
presence of citrate, Lin et. al. have also reported Pt-Pt bond length value of 2.68 Å51.
Fig. 4.6b shows the χ(r) versus r plots at Pt L3 edge at different time during the growth of
Au-Pt bimetallic nanoparticles. The first peak (~1.8 Å) corresponds to Pt-Cl bond and the peaks
between 2-3Å corresponds to Pt-Au and Pt-Pt bonds. It should be noted that Au L3 edge appears
only 355 eV above the Pt L3 edge, therefore the energy range measured above Pt L3 edge is
limited and we can get a k range only upto 8.5 Å-1 for Pt L3 edge EXAFS data. Since the k
range is short, we could get the information regarding first shell (Pt-Cl) only around the Pt sites.
Thus in this case, the χ(r) versus r plots have been fitted in the range of 1-2.3 Å assuming a Pt-Cl
path only. The Rfactor of all fits are less than 0.01 which ensures good fit. Fig. 4.7b shows the
variation of coordination number of the Pt-Cl bond. The best fit results have also been presented
in Tables 4.2. for Pt L3 edge data.
Table 4.2: Pt L3 edge EXAFS Fitting Results
Time(s)
0
10
30
50
80

Pt-Cl (σ2 =0.002 Å2)
r(Å)
N
2.23±0.02
6±0.4
2.22±0.04
5.6±0.5
2.25±0.05
4.9±0.3
2.25±0.04
4.5±0.5
2.23±0.06
4.3±0.6
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90
100
200
300
500

2.24±0.02
2.23±0.06
2.23±0.04
2.23±0.02
2.22±0.02

3.6±0.5
3.1±0.7
3.2±0.5
3.2±0.6
3.2±0.6

Recently, Frenkel et. al.126 have suggested a method to determine the homogeneity of
bimetallic systems from EXAFS analysis by correlating Cowley’s short range order parameter
with the homogeneity of bimetallic systems. Cowley short range order parameter is given by:
5 =1−

89:
<8
9;
=:

(4.1)

where, xB is the molar concentration of B-type atoms in A-B bimetallic alloy. NAB is the average
coordination number of B type atoms around A type atoms and NAM is the average coordination
number of metal neighbors around A type atoms. Cowley parameter (α) can vary from -1 to 1
and can be used to determine the positive and negative degree of clustering in bimetallic alloys.
Positive value of α indicates that the bimetallic system is heterogeneous in nature. For
homogenous alloy, the value of α lies between αmin and 0, where -1<αmin<0. In our case, we have
NAuPt=4.8, NAuM= 4.8+9.6=14.4, xB/xA= 0.78 (From XANES), therefore α= 0.24. The above
values of coordination numbers for different bonds have been taken after 200 sec. from the start
of the reaction since it has been found that the coordination numbers do not change after that.
The positive value of α obtained in this case indicates that Au and Pt are not homogenously
mixed, instead they form heterogeneous configuration consistent with a core-shell structure.
4.2.3 In-situ UV-Visible spectroscopy studies
Fig. 4.8 shows the UV-Vis spectra of the reaction solution recorded at a time interval of 1
second during the growth of bimetallic nanoparticles. It has been observed that at 25 sec. a hump
appears near 540 nm which corresponds to the Surface Plasmon Resonance (SPR) peak of gold
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nanoparticles. The intensity of the Au SPR peak increases till 50 sec. which indicates the fact
that gold nanoparticles are formed in the solution. However at 100 sec. it can be seen that the Au
SPR peak intensity decreases and it splits into a double hump. As time proceeds further the
intensity of this peak decreases and finally after 160 sec. the SPR signal almost vanishes. This
decrease in the intensity of the Au SPR peak and finally its disappearance indicates the formation
of Pt shells on Au cores123,

127-129

. Thus, from the in-situ UV-Vis measurements we get the

evidence of formation of core-shell type structure for bimetallic Au-Pt system. It should be noted
here that Pt nanoparticles do not show any characteristic SPR peak. Further explanation of the
appearance of two peaks or hump in the SPR spectra has been given later in section 4.4.
4.3

Ex-situ studies

4.3.1 Transmission Electron Microscopy
The low resolution TEM image of fully formed Au-Pt bimetallic particles extracted from
the solution after 60 min. of reaction has been shown in Fig. 4.9 while Fig. 4.10 shows the
particle size distribution histogram which reveals that most of the particles are ~ 3-5 nm in size
though few particles of larger sizes are also seen. Fig 4.11(a) shows the ex-situ HR-STEM
image of a Au-Pt nanoparticle which reveals a lattice spacing of ∼0.23 nm corresponding to
{111} planes. The d spacings of Au and Pt {111} planes are 2.35 Å and 2.26 Å respectively
which are very close and it is not possible to distinguish between them by seeing the lattice
spacing in HRTEM micrograph. Hence to distinguish between Au and Pt regions in the particle,
EDS line scan has been done, which is explained later in this section. It should be noted that the
HRTEM/EDS measurements have been taken on few nanoparticles, however in the following the
result has been given for a representative nanoparticle, chosen from the higher side of the size
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distribution curve because of the clarity of the result. It does not anyway hamper the
generalisation of the result. .

Figure 4.8: In-situ UV-Vis spectra recorded at different time intervals during growth of Au@Pt
nanoparticles.
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Figure 4.9: TEM image of Au-Pt bimetallic particle

Figure 4.10: Particle size histogram of Au-Pt bimetallic particles
It should be noted that the particle sizes obtained in case of these bi-metallic
nanoparticles are significantly less than that of the monometallic Au and Pt nanoparticles
reported in Chapter 3. Such small sizes for Au-Pt core shell nanoparticles have been reported by
many researchers also118,

124, 130

. Zhang et. al.118 for example, have reported that the smaller

particle size of the Au-Pt bimetallic nanoparticles results in higher catalytic activity for aerobic
glucose oxidation. The activity increases gradually with decrease in Au-Pt particle size from 10
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nm to 3 nm and increases drastically for particle
particle size less than 3 nm since in this regime, the
proportion of the surface atoms, that play the main role in catalysis, increases significantly.

Figure 4.11: (a) HR-STEM
STEM micrograph and (b) EDS line scan on fully formed Au-Pt
Au bi-metallic
nanocrystal.
The EDS line scan on a representative nanoparticle is shown in Fig. 4.11(b),
4.1
which
indicates higher concentration of Au at the central portion than Pt manifesting a nearly core
core-shell
type structure. Our EDS line
ine scan spectrum resembles the spectra reported by several other
researchers on Au-Pt core-shell
shell structure118, 131-133, however, it should be mentioned here that in
the EDS line scan we have not observed any region where Pt concentration is higher than that of
Au. This suggests that the core may be of Au, but the shell is not entirely of Pt, instead it may be
a bimetallic shell of both Au and Pt or a thick Au core and a thin Pt shell. It should be noted here
that the core-shell
shell image contrast could not be seen in the HRTEM micrograph due to nearly
same
ame atomic numbers of Au and Pt.
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4.3.2 X-ray Photoelectron Spectroscopy
To get further insight into the structure of the particles, ex-situ X-ray photoelectron
spectroscopy (XPS) measurements were carried out. Au-Pt bimetallic particles were etched with
Ar+ ions for different time intervals and the XPS spectra were recorded to see if the surface
composition changes with etching. Fig.4.12a represents the XPS spectra for the Au-4f orbital for
different etching times. The as-prepared sample with no etching shows two Au 4f peaks (4f5/2
and 4f7/2) with a difference in binding energy of 3.6 eV which is a characteristic of Au134.
However in this as-prepared sample Au is more electronegative as compared to elemental Au
and there is an increment in the binding energy of Au with an increase in etching time. It has
been observed that after an etching of 105 min, the binding energy of Au -4f7/2 is ~84.0 eV
which is a characteristic of Au0.
Fig. 4.12b is the representative XPS spectra for the Pt 4f orbitals. It has been observed
that binding energy corresponding to Pt 4f7/2 in the as-prepared sample (71.33 eV) and the
difference in binding energies of Pt4f7/2 and Pt4f7/2 peaks is very close to that of Pt 0 state134and
there is again an increment in the binding energies of Pt 4f peaks as etching time is increased.
In the as-prepared sample Au is more electronegative due to fact that in this case the XPS
signal of Au mostly comes from the Au/Pt interface of the Au core and Pt shell structure, and
there is a definite electronic interaction at the Au-Pt interface. With the increase in etching time,
as more and more Pt shell is removed by etching we obtain enhanced signature of metallic Auof
the core and the binding energy of Au 4f peaks increases. It is also corroborated with the nature
of variation of binding energy of Pt 4f peaks, where we find that Pt was initially present as Pt
metal and its binding energy increases as we approach the Au/Pt interface by etching.
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Figure 4.12:: a) XPS Spectra of Au-4f
Au 4f with different sputtering time 0 min, 1 min, 15 min, 45
min and 105 min. (b)XPS Spectra of Pt-4f
Pt 4f with different sputtering time 0 min, 1 min, 15 min,
45 min and 105 min. (c) Variation of intensity as a function of sputtering time of the Au-4f
Au 7/2
XPS peak after background correction using a Shirley Background and normalisation w.r.t. the
intensity after 105 min. etching and (d) Variation of intensity as a function of sputtering time of
the Pt-4f 7/2 XPS peak after background correction using a Shirley Background and
normalisation w.r.t. the intensity after 105 min. etching.
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Fig. 4.12 (c) and (d) show the variation of intensities of Au 4f7/2 and Pt 4f7/2 peaks, with
increase in etching time. The intensities are obtained after background correction and are
normalized with respect to the intensity value at the maximum etching time. Intensities of both
Au and Pt peaks increase with etching due to removal of the surfactants, however, it has been
found that with etching the relative increase in intensity of the Au 4f7/2 peak is much higher as
compared to that of the Pt 4f7/2 peak. This implies that Au is mostly present at the core and Pt at
the shell of the nanoparticles. Thus XPS results also corroborate with the EDS line scan results
as discussed in the previous section that the nanoparticles formed here are having a thick Au core
and thin Pt shell.
4.4

Growth of Au-Pt bimetallic nanoparticles
From the XANES analysis at the Au and Pt L3 edge (Fig. 4.3), it can be observed that the

Au cations get reduced to metallic state within 10 sec., however the reduction of Pt cations in
this duration is only 5%. The reduction of H2PtCl6 is much slower and even after a sufficiently
long time of 1000 sec., only 78% of Pt is reduced to metallic state. This gives an indication that
the Au seeds are formed immediately after adding the reducing agent and the Pt reduction occurs
slowly on the surface of the Au seeds.
From the time resolved EXAFS analysis at Au L3 edge (Fig. 4.7a), it can be seen that the
Au-Cl co-ordination number shows a sudden drop from 4 to 2 at 5 sec. This may correspond to
the reduction of Au+3 to Au+1 in the early stages of the reaction which has been mentioned by
many researchers during the growth of Au nanoparticles.27,

54

After 80 sec. there is no peak

corresponding to the Au-Cl bond. At 40 sec. we see the appearance of Au-Au peak with a sudden
jump in the Au-Au coordination. The Au-Au coordination monotonically increases upto 7 till
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100 sec. At 100 sec., there is the appearance of Au-Pt coordination shell. The Au-Au and Au-Pt
coordinations remain same till 150 sec., after which there is a sudden jump in the Au-Au
coordination from 7 to 9 and the Au-Pt coordination increases monotonically to 4.7.
As suggested by Sakai and Alexandridis99, and discussed in Chapter-3 also, the growth
mechanism of block copolymer stabilized nanoparticles is governed by three main stages: (1)
reduction of metal ions by block copolymer or additional reducing agent, (2) absorption of block
copolymer on cluster and reduction of metal ions on the surface and (3) growth of nanoparticles
stabilized by block copolymer. As in case of the monometallic nanoparticles described in
Chapter-3, these three stages can also be identified for Au-Pt bimetallic nanoparticles. Till 40
sec. from the start of the reaction, the reduction of gold precursor occurs which corresponds to
the first stage described above. After 40 sec. there is a sudden jump of Au-Au coordination to 2.6
which may indicate the formation of Au4 cluster27. This situation is similar to Lamer Nucleation
Burst24 where the monomer concentration increases in the solution and as it crosses the critical
value suddenly the nuclei are formed with a jump in the nearest neighbour coordination.
Subsequently, the Au-Au coordination number increases signifying the growth of these Au4
clusters accompanied by the reduction of Au-Cl coordination till 100 sec. This corresponds to the
second stage of the process. After 100 sec. the appearance of Au-Pt coordination signifies the
formation of the shell. However the co-ordination number of Au-Au and Au-Pt remains constant
till 150 sec. which may indicate the formation of a layer containing both Au and Pt between Au
core and Pt shell. At this stage, the Au-Au coordination of 7.3 is close to the coordination
number of Au55cubo-octahedral cluster which is a stable cluster due to the second geometrical
shell closing105. After 150 sec., there is again a sudden jump in Au-Au coordination to 9.6 which
is close to the icosahedral Au147 cluster which is a stable cluster with third geometrical shell
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closing103. The Au-Pt coordination number also monotonically increases till 200 sec. signifying
the growth of the Pt shell. This corresponds to the third stage of the reaction as per the above
model. From the Pt L3 edge EXAFS data (Fig.4.7b), it can also be seen that the after 100 sec.
there is no further reduction of Pt precursor and subsequently there is a slight increase in the PtCl coordination which may correspond to the stabilization of the nanoparticles.
It should be noted here that as per the above proposition, Au precursor is first reduced
and Au4 clusters are formed as has been confirmed by in-situ XANES and EXAFS studies and
further growth of Au and Pt takes place on these clusters which act as seeds. However, as has
been observed by Esfahani et. al.117, 123, deposition rate of Au is much higher than that of Pt.
Therefore block copolymers preferentially attaches to AuCl4- and reduces it on the surface of the
clusters resulting in growth of Au clusters. As the concentration of AuCl4- ions decreases in the
solution PtCl6- ions are available for attachment to the polymer and this results in the formation
of Pt shell. Thus Au55 clusters are formed prior to Pt shell formation. However, there is also an
intermediate stage when both Au and Pt are simultaneously reduced by the block copolymer.
This results in a layer of Au-Pt alloy between Au core and Pt shell. This signature of an Au-Pt
alloy interface has also been found by ex-situ XPS measurements described in subsection 4.3.2.
It should also be noted that, though the size of the nanoparticles as shown by HR-STEM
is∼<10 nm, the SPR peak in the in-situ UV-Vis spectra shown in fig.4.8, initially appears at 540
nm which corresponds to much larger particles. However, as the reaction proceeds the SPR peak
shows a blue shift and at 50 sec. it appears at 520nm corresponding to <10 nm particle size.
Similar phenomenon of appearance of SPR peak at higher wavelength and its blue shift during
the reaction has been found by other workers also135. This can be attributed to the effect of the
block copolymers engulfing the gold particles resulting in formation of branched intermediates
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during the reaction. It should be noted that from in-situ EXAFS measurements also discussed
above, we have seen that Au-Au peaks starts increasing from 50 sec. onwards. The gold
particles formed before 50 sec. corresponds to the initial stage of growth corresponding to the
“reduction of metal ions by block copolymer” stage as mentioned above and at this stage gold
particles or clusters must be covered with the block copolymer. As the reaction proceeds we start
obtaining spherical like nanoparticles with fewer branches and from 50 sec. onwards the SPR
peak start appearing at 520 nm corresponding to particles of 10 nm size. However, it can be seen
from fig.4.7 that from 50 sec. onwards another peak also starts appearing at 560 nm along with
the peak at 520 nm. It has been observed from in-situ EXAFS studies that in this time interval a
layer containing both Au and Pt between Au core and Pt shell also appears. Ex-situ XPS studies
also suggest that there is a Au-Pt mixed phase at the interface of the core and shell which has
different electronic configuration than that of Au and the peak at 560 nm may correspond to this
phase. Subsequently, the SPR peaks vanish from 150 sec. onwards as the Pt shell starts covering
the Au nanoparticles. In-situ EXAFS measurements also show that the Au-Pt coordination starts
increasing from 150 sec. onwards.
4.5

Comparison of growth of Au-Pt bimetallic nanoparticles with growth of Au and Pt
monometallic nanoparticles
In this section, we try to compare the formation of Au and Pt monometallic nanoparticles

discussed in Chapter 3 with that of Au-Pt bimetallic nanoparticles discussed above. In all the
cases we have identified the three stages of growth as suggested by Sakai and Alexandridis99.
However, for monometallic nanoparticles the process is much slower than that of the bimetallic
nanoparticles. This may be due to the use of ascorbic acid as reducing agent in the later case,
which is comparatively stronger than sodium citrate used for the synthesis of gold nanoparticles.
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The use of stronger reducing agent results in faster reduction of the precursor and formation of
smaller nuclei. In case of growth of Pt monometallic nanoparticles, the Pt precursor couldn’t be
reduced at room temperature with ascorbic acid as reducing agent and the reaction solution had
to be heated to start the reduction of the precursor. However, in the bi-metallic case, Pt precursor
is reduced at room temperature only. Though the reduction is much slower than that of gold
precursor, the reduction is facilitated by the formation of small Au clusters which act as seeds for
the surface reduction of the Pt precursor. For the case of Au and Pt monometallic nanoparticles,
13-atom clusters are formed which acts as nuclei for further growth, however for Au-Pt
bimetallic nanoparticles 4-atom clusters act as nuclei for growth. This results in smaller
bimetallic nanoparticle as compared to the monometallic case. Au147 cluster has been identified
in the growth of Au monometallic nanoparticles, which further grow into Au nanoparticles. In
case of Au-Pt bimetallic nanoparticles, Au147 clusters are also formed which get covered with the
Pt shells.
4.6

Conclusion

Au-Pt bimetallic nanoparticles have been synthesized through a one-pot synthesis route from
their respective chloride precursors using block copolymer as a stabilizer. Using the set-up for
simultaneous in-situ time-resolved XAS and UV-Vis measurements at the Energy Dispersive
EXAFS beamline (BL-08) at Indus-2 SRS at RRCAT, Indore, India, the growth of Au-Pt
bimetallic nanoparticles from their respective chloride precursors using block copolymer
stabilizer have been studied. The measurements have been carried out in a specially designed
teflon cell with one optical path for X-ray in the direction of synchrotron beam and another in the
perpendicular direction for visible radiation. From the in-situ measurement of UV-Vis
spectroscopy, it has been observed that Au seeds are formed with the appearance of Au SPR
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peak and vanishes when the Pt shell starts forming on the Au core. This confirms the formation
of core shell like structure in Au-Pt bimetallic alloy. Ex-situ studies by HRTEM with EDS line
scan and XPS measurements with in-situ etching on the fully formed nanoparticles also ascertain
their core-shell type nature. However, simultaneous in-situ XAS measurement gives a detail
microscopic account of the phenomenon which shows that Au precursor get reduced within 10
sec. and Au4 clusters are formed which act like nuclei for the further growth and the Pt reduction
occurs slowly on the surface of the Au nuclei. The study of the formation process shows how the
difference in the reduction potential of the two precursors could be used successfully to get the
core shell configuration of bimetallic alloy in a controlled fashion using a one–pot synthesis
method.
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Chapter 5
5 In-situ XAS studies on growth of Cu nanoparticles
Transition metal nanoparticles are important due to their uniqueness in properties and
wide variety of applications in different fields as optical, electronic, catalytic and magnetic
materials136-139. Properties of these nanoparticles are highly dependent on their size and shape,
and often are very different from their corresponding bulk materials. Copper is important
because of its high natural abundance, low handling cost and application in diverse fields140. In
many applications, efforts have been made to replace noble metal based systems with Cu based
systems to make the technology cost effective141,

142

. However, the main challenge faced in

metallic Cu based systems is their high affinity towards oxidation. Therefore, several efforts
have been made to increase the stability of metallic Cu nanoparticles and reducing their
reactivity towards oxygen, water and other chemicals143,

144

. Due to the availability of Cu in

multiple oxidation states (Cu0, Cu+1, Cu+2,Cu+3), it can participate in many reactions enabling
reactivity in both one and two electron pathways. Therefore, Cu based nanoparticles are widely
used as catalysts for Photocatalysis, Electrocatalysis, Gas phase reactions and OxidationReduction reactions140. With such a wide application of this system, the importance of synthesis
routes comes into picture, through which not only the properties of the system can be controlled
but also efforts can be made to reduce the susceptibility of the system towards oxidation.In
thischapter, we present the study of growth of Cu nanoparticles synthesized by chemical
reduction method using PVP as a stabilizing agent under constant N2 bubbling using a
specialized flow set-up.

The flow setup facilitates online monitoring of Cu nanoparticles
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formation using in-situ X ray Absorption Spectroscopy measurement while creating the required
reaction conditions for their growth.
5.1

Synthesis of Cu nanoparticles
Cu nanoparticles have been synthesized by mixing aqueous solution of copper acetate

[Cu(OAc)2] (0.5M) with Poly(N-vinyl-2-pyrrolidone) (PVP). NaOH is first added to this solution
which makes its colour bright blue and cloudy manifesting formation of Cu(OH)2 species.
Subsequently NaBH4 is added which makes the colour of the solution immediately changed to
dark green and within next 3-4 minutes the colour further changes to brown and finally to black
manifesting formation of Cu nanoparticles. The synthesis was carried out under continuous
nitrogen flow with stirring and mixing of the reactants.
5.2

Flow setup for in-situ XAS studies
An in-situ EXAFS measurement cell has been reported in section 3.2 of Chapter-3, where

the growth reactions were carried out in the specially designed cell and in-situ XAS spectra were
recorded in the same cell as the reaction proceeds. However, such an experimental setup is
generally useful only for one-pot synthesis and has very less flexibility in terms of creating
different environmental conditions. In reference to this problem, a new setup has been designed
where the reaction chamber and measurement chamber are separated enabling in-situ XAS
measurements on variety of species grown or synthesized under various reaction
conditions.Fig.5.1 shows the schematics of the flow setup for in-situ XAS measurement. In this
setup, a reaction vessel, which is a three neck flask with two side nozzles, is used for adding,
stirring and mixing the reactants. Two necks of the flask are used for continuous N2 flow through
the reaction vessel. The third neck is used for adding reactants using a computer controlled
syringe pump. The two side nozzles are connected to the inlet and outlet of a peristaltic pump.
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The reaction product is pumped to the in-situ XAS measurement cell from the reaction vessel
through viton tubes using the peristaltic pump.
The in-situ XAS measurement cell is ma
made
de of teflon and permits a continuous flow of the
reaction solution. The cell comprises of a spacer which is mounted between two discs with
Kapton windows fixed by four screws. A set of spacers of different thickness varying from 5mm
to 20 mm, enables the adjustment of the X
X-ray
ray path length in the solution. Depending on the
absorption edge and the concentration of the cations in the reaction solution, the thickness of the
spacer is decided to get the appropriate XAS edge jump. The spacer contains an inlet and
a outlet
of outer diameter of 6 mm for connecting the viton tube. Photograph of the in-situ XAS
measurement cell is shown in Figure 5.2. The peristaltic pump is chemically resistant and the
pump rate is adjustable over a wide range. The peristaltic pump aand
nd the syringe pump, both are
operated and controlled through the computer.

Figure 5.1: Schematics of Flow setup for in-situ XAS studies
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Figure 5.2:: Photograph of the Reaction Vessel and in-situ XAS measurement cell
Time-resolved
resolved XAS measurement has been carried out at the energy dispersive EXAFS
beamline (BL-8)
8) at the Indus
Indus-2 synchrotron source46 which has been discussed in details in
Chapter-2. For in-situ XAS study of Cu nanoparticle formation, the teflon measurement cell has
been placed at the sample position and the 5 mm spacer thickness was used to obtain an optical
path length of 5 mm for X-ray
ray through the solution. The copper acetate solution and PVP have
been taken in the reaction vessel, subsequently NaOH was added to the solution and the NaBH4
reducer was injected using the computer-controlled
computer controlled motor driven syringe pump. The solution in
thee reaction vessel was continuously stirred using a magnetic stirrer and N2 gas is bubbled
through the reaction vessel. The reaction solution was pumped to the measurement cell with a
flow rate of 200 ml/min using the peristaltic pump which ensures turbulence–less
turbulen
steady flow of
the liquid. In-situ XAS measurements have been carried out for an hour at regular time intervals
of 1 s starting from the instant of adding the NaBH4 reducer to the precursor mixture.
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5.3

In-situ XANES study

Figures 5.3 shows the in-situ XANES and derivative spectra (inset a) at Cu K-edge
recorded during the synthesis of Cu nanoparticles. As the reaction proceeds the absorption edge
shifts from 8986 eV to 8979 eV, accompanied by a decrease in intensity of the white line peak at
8998 eV, which indicates the reduction of Cu2+ to metallic Cu. At 750 s a significant hump
appears at 8982 eV, this may correspond to the formation of Cu+1 species. The derivative
XANES spectra (inset(a) of fig.5.3) also show that as the reaction proceeds, the intensities of the
peaks at 8985 eV and 8992 eV decrease and a new peak appears at 8979 eV, indicating
formation of Cu metal nanoparticles, whose intensity increases with time and becomes very
prominent after 1hr. This is also evident from inset (b) of Fig. 5.3 which clearly shows a
significant shift in the absorption edge of the 1 hr. spectrum towards lower energy. However, the
hump at the rising portion of the absorption edge and the oscillations above the absorption edge
of the 1 hr. XANES spectrum (Fig. 5.3) are less prominent than that of a Cu foil which indicates
that the reduction to Cu (0) may not be complete. This has also been found in the XRD data,
which gives evidence for the presence of Cu2O phase along with metallic Cu.
5.3.1 Linear Combination Fitting
Though the above observation gives us an idea of the reduction sequence of the synthesis
process, to have a better insight we have carried out quantitative analysis of the time evolution of
the XANES data. Linear Combination Fitting (LCF) is generally used to reproduce the data set
as a linear combination of known standard spectra and thus can be used to identify known
species formed during the reaction. Fig 5.4 shows the XANES and derivative spectra (inset) of
Cu metal, Cu2O and CuO references at Cu K-edge.
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Figure 5.3: In-situ XANES spectra of the reaction solution measured at Cu K edge at different
time intervals after mixing reducer in the precursor solution. Inset (a): Derivative of XANES
spectra recorded during synthesis of Cu nanoparticles Inset (b): 1 sec., 750 sec. and 1 hr. spectra
shown separately.

Figure 5.4: XANES spectra of Cu Metal, Cu2O and CuO standards.
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The LCF fitting of the in-situ XANES data have been carried out from -20 to 30 eV
around the edge using CuO and metallic Cu as standards. It has been observed that the fitting of
the data using these two standards are very poor and after 550 s the data could not be fitted using
two standards, therefore there is a strong probability of presence of an intermediate species.
Since, there are reports suggesting the reduction of Cu+2 to Cu through the formation of Cu+1,
which has been indicated by our XRD measurements also as discussed later in this chapter, we
have attempted to fit the data using Cu2O as an intermediate phase76, 145. It has been observed
that the Linear Combination fitting of the XANES data using Cu metal, Cu2O and CuO as
references has improved the fitting quality significantly compared to the LCF fitting using Cu
metal and CuO. Fig.5.5 shows the experimental XANES spectra at 550s and its LCF fit using the
different combinations of the standards. However, the LCF method depends on the use of
standard spectra and since we are not able to reproduce the experimental spectra perfectly,
therefore may not be able to give the correct information regarding the intermediate species
formed during the reduction process. This is evident from fig. 5.5 which shows poor fit of the
experimental data with the LCF generated theoretical spectra.
5.3.2 Principal Component Analysis
To gain further insight into the intermediates formed during the reduction of Cu2+ to
metallic Cu, the XANES spectra have been analyzed by Principal Component Analysis which
has been discussed in details in sub-section 2.2.2 of Chapter 2. Following the work of Wang et.
al.74 PCA has been applied to the in-situ XANES spectra recorded during the formation of the
PVP stabilized Cu nanoparticles. In case of the present data set, PCA analysis range of the
XANES data was chosen from 8954 eV to 9025 eV. PCA was performed using Athena
programme of the “Demeter” software package71. Fig. 5.6 shows the first five components sorted
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in descending order of their respective eigenvalues among which the first two components have
been found to have most significant contributions to reproduce the spectra. However, the
contribution of the third component also appears to be above the noise level. To determine the
number of significant components, the data were fitted with 2, 3 and 4 principal components and
the fit residuals were plotted in Fig. 5.7.

Figure 5.5:Linear Combination Fitting of the 550 s experimental data using different
combination of Cu Metal, Cu2O and CuO standards.
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Figure 5.6:First five components of PCA analysis of the TR-XANES spectra recorded during
growth of Cu nanoparticles.

Figure 5.7: Fit residuals of the two, three and four Principal Component fitting of the TRXANES spectra recorded during growth of Cu nanoparticles.
From Fig. 5.7 it is evident that the value of the residual for 2-component fitting is
maximum around t= 700-800 s which indicates the presence of an intermediate species during
this period. The fit quality improves significantly with the 3-component fitting and the value of
the residual is within statistical noise level. Therefore, the analysis of the residuals from PCA
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not only predicts the presence of intermediate phase but also quantitatively estimates the time
duration when the intermediate phase exists during the growth of Cu nanoparticles i.e. 700-800 s
from the start of the reaction.
5.3.3 Multivariate Curve Resolution with Alternating Least Squares (MCR-ALS)
To further determine the structure and concentration profile of the intermediates during
the reaction, MCR-ALS analysis which has been discussed in details in sub-section 2.2.3 of
Chapter 2, has been done on the XANES data. Recently, MCR-ALS has emerged out to be a
popular analytical method which is effectively applied to the analysis of in-situ XAS data.
Cassinelli et al. have employed MCR-ALS to TR-XAS data for monitoring the activation of
copper-alumina catalyst76 and ethanol dehydrogenation reaction146, 147. They were successful in
determining copper speciation during reduction of the catalyst and also obtained an in-depth
information about the reduction process. Staniuk et. al.78 have also used MCR-ALS to study the
growth of Cu based nanoparticles in organic solvents and predicted the nucleation of Cu2O and
its consecutive reduction to Cu. Martini et al.77 have studied Cu speciation and reducibility in
Cu-CHA zeolite catalyst using MCR-ALS.
In the present work, MCR-ALS analysis of the in-situ XANES data has been performed
using the commercial software The Unscrambler X (CAMO, Norway). The number of
components as determined by PCA analysis in the previous subsection is 3 in the reaction
mixture during the formation of Cu nanoparticles. This value has been used for the k rank of the
C and ST matrices in the MCR-ALS analysis. MCR-ALS analysis has been started using three
guess spectra which are (i) the spectrum of the reaction solution recorded at 1s from the start of
the reaction, (ii) spectrum recorded at 750 s where the intermediate dominated as predicted by
PCA, and (iii) spectrum recorded at 3600 s when the reaction ends. Using these three guessed
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spectra the MCR-ALS applied on a large number of XANES data set evenly distributed over the
whole time scale, gives three best fit absorption spectra of the pure constituents of the reaction
solution which are shown in fig. 5.8 (along with their derivatives shown in the inset) while the
concentration profiles of these pure constituents are shown in Fig. 5.9. The XANES features of
the constituent 1 is found to be similar to Cu(OH)2 with a shoulder peak at 8987 eV145, which is
formed at the start of the reaction. The constituent 3 is similar to metallic Cu with edge energy at
8979 eV which is the end product of the reaction. The constituent 2 is the intermediate species
formed during 600 to 850 s after the start of the reaction. As evident from the absorption and
their derivative spectra shown in fig.5.8, the absorption edge of constituent 2 lies in-between that
of constituent 1 and 3, which are Cu+2 and Cu0 species respectively suggesting that constituent 2
can be a Cu+1 species. The absorption edge of constituent 2 is 8980 eV which is same as that of
Cu2O. The formation of Cu+1 during the reduction of Cu+2 to Cu0 has also been reported by
Nishimura et. al.145, Cassinelli et. al.76 and Staniuk et al.78 From the concentration profile plot
(Fig. 5.9) it can be concluded that the reaction occurs in two steps: (i) formation of Cu+1 species
from Cu+2 reduction after 500 s and (ii) reduction of Cu+1 to Cu0 after 750 s from the start of the
reaction. The Linear Combination Fitting using the pure constituent spectra determined from
MCR-ALS gives very good fit of the experimental data (Rfactor<0.005) as seen in Fig. 5.10.

125

Figure 5.8: Constituent spectra predicted by MCR-ALS analysis of the TR-XANES spectra
recorded during growth of Cu nanoparticles.

Figure 5.9: Concentration profiles of the constituents as determined by MCR-ALS analysis of
the TR-XANES spectra recorded during growth of Cu nanoparticles.
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Figure 5.10: LCF fitting of the experimental XANES spectra using the MCR-ALS predicted
constituent spectra as standards.
5.4

In-situ EXAFS study

EXAFS analysis of the constituents of the reaction solution as determined from the
XANES analysis has been done for local structure information of the constituents. The XAS
spectra of constituent 1 and 3 are same as the XAS spectra recorded at 1s and 3600 s. Finally, the
EXAFS spectrum recorded at 750 s has been used to extract the exact structure of the
intermediate i.e. constituent 2. Using the LC fitting parameters of the XANES spectra (Fig.
5.10), the XAS spectrum of the intermediate was extracted from the XAS spectrum of the
solution measured at 750 s using the following relationship:

XAS int ermediate =

( Expt .data ) 750 s − c1 ( XAS ) const 1 − c 3 ( XAS ) const 3
c2

(5.1)

where, c’s are the weights of the respective constituents in the XANES LC fitting of the
experimental data.
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From the XAS spectrum of the intermediate thus obtained, the EXAFS oscillations have
been extracted following the standard procedure3, 4, 39. The EXAFS oscillations, χ(k) is weighted
by k2to amplify the oscillations at high kand the functions χ(k)k2are Fourier transformed using k
range of 2-9 Å-1 to generate theχ(r) versus rplots (or FT-EXAFS spectra). The χ(r) versus r plots
of the intermediate species extracted using MCR-ALS analysis along with the data recorded at 1s
and 3600 s have been shown in Fig.5.11. The 1 s and the intermediate plots show peaks between
1-2 Å and fitted with a Cu-O path. The plot at 3600 s shows a peak between 2-3 Å and fitted
with a Cu-Cu path. The best fit theoretical plots of the experimental data obtained as above have
also been shown in Fig.5.11.

Figure 5.11: The FT-EXAFS spectra of the three constituent species of the reaction solution as
predicted by MCR-ALS analysis of the TR-XANES data.
The above EXAFS analysis shows that the initial spectrum recorded at 1s corresponds to
a Cu-O bond at 1.94 Å with coordination number of 4. This is in agreement with Cu(OH)2
structure of the precursor148. The final spectrum recorded at 3600 s corresponds to a Cu-Cu bond
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distance of 2.51Å with coordination number of 9 which also agrees with crystallographic
parameters of fcc Cu. It should be noted that the coordination number is less than its bulk value
of 12 due to nanoparticle nature of the samples149, 150. The intermediate species as predicted by
MCR-ALS analysis gives a Cu-O bond at 1.98 Å with coordination number of 2.4. The oxygen
coordination around 2 is consistent with Cu2O environment, however the Cu-O bond distance is
higher than that of Cu2O structure which should ideally be 1.85Å151. This higher bond distance
may be due to the ligands attached to the Cu+1 species in the reaction solution.
It should be noted that in the above EXAFS analysis the information has been extracted
by only 1st shell fitting due to limited k range of the data available from the solution phase
measurements. However, that has not affected the identification of the species in any way.
Similar approach has been followed by other workers also in analysis of EXAFS data extracted
for intermediate reaction species by MCR-ALS analysis of time-resolved XAS data of Cu
nanoparticles derived from solution phase76, 152.
5.5

Ex-situ XRD and TEM Measurements

Figure 5.12 shows the XRD pattern of Cu nanoparticles synthesized using NaBH4 and
PVP. Most of the XRD peaks are identified to metallic Cu and Cu2O phases. The peak at 29.8º
corresponds to Cu2O (110) peaks while the peak at 24º corresponds to Cu(OH)2 phase. The other
sharp peaks could not be identified which might be due to reflections from some large particles.
Nishimura et.al.145 have also observed strong peaks at 2θ< 40° region in the XRD pattern of the
Cu nanoparticles prepared by similar route, which they have attributed to reflections from large
particles. There is no signature of CuO phase in case of the present samples.
The average crystallite sizes (D) of the Cu nanoparticles are calculated from the most
prominent peakat 2θ = 43.39º using the Debye-Scherrer formula153.
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where, λ is the X ray wavelength, β is the FWHM of the diffraction peak in radian and θ is the
diffraction angle. The average crystallite size from XRD is 19.1 nm. Fig. 5.13 shows the TEM
image of Cu nanoparticles.

Figure 5.12: Ex-situ XRD spectra of the Cu nanoparticles.

Figure 5.13: Ex-situ TEM micrograph of the Cu nanoparticles.
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5.6

Reduction Mechanism
The Linear Combination Fitting of the XANES spectra recorded during the growth of Cu

nanoparticles using standards gives a poor fitting. This gives an indication of formation of
intermediate species during the reduction of Cu precursor to Cu metal. From PCA, it has been
confirmed that the reduction reaction involves three species and the intermediate species exist
between 700-800 s. MCR-ALS analysis gives the XANES spectra of the three species and their
concentration profiles during the reaction. Therefore, it has been concluded that the copper
acetate precursor changes to copper hydroxide [Cu(OH)2] on addition of NaOH. On further
addition of NaBH4, Cu(OH)2 reduces to metallic Cu in two steps: (i) formation of Cu+1 species
from Cu+2 reduction after 500 s and (ii) reduction of Cu+1 to Cu0 after 750 s from the start of the
reaction. The EXAFS analysis of the intermediateCu+1species confirms the presence of 2 oxygen
atoms around the first coordination shell of Cu cation which nearly matches with the local
environment of Cu2O and hence supports the above conjecture.
5.7

Conclusion
Cu nanoparticles have been synthesized from copper acetate using NaBH4 as a reducing

agent and PVP as a stabilizing agent. XRD and TEM measurements confirm the presence of
metallic Cu nanoparticles of size between 19 nm. In-situ XAS measurement has been done
during the formation of Cu nanoparticles using a specialized flow setup. Principal Component
Analysis (PCA) and Multivariate Curve Resolution with Alternating Least Squares (MCR-ALS)
analysis techniques have been successfully applied to Cu K-edge XANES data recorded during
the growth of Cu nanoparticles. From PCA, it has been confirmed that the reduction reaction
involves three species. MCR-ALS analysis gives the XANES spectra of the three species and
their concentration profiles during the reaction. It has been concluded that the reduction reaction
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occurs in two steps: (i) formation of Cu+1 species from Cu+2reduction after 500 s and (ii)
reduction of Cu+1 to Cu0 after 750 s from the start of the reaction. The EXAFS spectra of the
intermediate species have been extracted and the analysis confirms the presence of 2 oxygen
atoms around the first coordination shell of Cu cation in the intermediate species which nearly
matches with the local environment of Cu2O. Thus the present chapter describes preparation of
Cu nanoparticles under controlled environment, in-situ XAS measurement of the reaction species
in a flow set-up arrangement and successful application of statistical procedures in analyzing the
time-resolved XAS data to identify the intermediate species formed in the reaction. This
methodology described here will be helpful in controlling the reaction parameters and hence the
reduction process for synthesis of nanoparticles with tailored properties.
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Chapter 6
6 In-situ XAS studies on Fischer Tropsch reaction with Co catalysts
Studies on structure-activity correlation is essential today to understand the performance
of catalysts57-60 and in this context, X-ray absorption spectroscopy (XAS), including EXAFS and
XANES has emerged out as an important technique which can give structural information about
the catalysts19,

24, 61

. Since this technique does not need a crystalline sample and can probe

samples in any form i.e. crystalline, amorphous, glass, polymer, liquid, etc., therefore it can be
used as a structure determining tool for a wide range of homogenous and heterogenous catalysts.
Several ex-situ EXAFS experiments have been performed to obtain information about the
structure of catalysts, which is then correlated with their catalytic performance. For example,
Majeed et. al.154 have studied the correlation of Mo dopant and photocatalytic activity of TiO2
through EXAFS and photocatalysis studies. Cizmer et. al.155 have also studied the correlation
between structure and activity of Cu modified TiO2-SiO2 nanoparticles using EXAFS.
Haandelet. al.156 investigated the effect of organic additives on the activity of (Co)Mo/Al2O3
catalyst using EXAFS studies. Many such experiments have been done where EXAFS studies
gave insight into the role of dopant or additives in the catalyst material to improve the activity
which in turn helped in designing and fabricating tailor made catalysts.
However, as has been discussed in the earlier chapters, with the improvements in the
performance of synchrotron beam lines and fast data acquisition systems, an EXAFS spectrum of
1000 eV energy range can now be measured in much faster time scale42, 157 enabling in-situ or
operando measurements on catalytic reactions where time-resolved XAS spectra of catalyst
samples are recorded during the reaction. Presently, in-situ measurements have become
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inevitable in the field of catalysis as they provide the exact information during the catalysis
process. This has definitely given a better outlook regarding the activity and selectivity of
catalysts and also addresses the problem of deactivation of the catalyst accurately.
In-situ EXAFS measurements have been successfully used in many important catalytic
systems in the past. For example, Tibilettiet. al.62 have performed in-situ EXAFS of oxide
supported gold catalyst during water gas shift reaction to identify the active species in the
catalyst responsible for the reaction. Voronov et. al.29 have investigated Fischer-Tropsch reaction
with Co-Re/Al2O3 catalysts. Newton et. al.30 have investigated Pd catalyst systems during
CO/NO cycling. Grunwaldt and Clausen158 have combined XRD and EXAFS with on line gas
analysis and studied Cu based catalysts for methanol synthesis. Quick EXAFS and Raman
measurements were simultaneously performed for Fischer-Tropsch reaction with Co/alumina
catalysts159. Newton et. al.26 have investigated the behaviour of Rh catalysts in-situ during NO
reduction by CO with FT-IR, dispersive EXAFS and mass spectrometry.
One of the techniques which is often complemented with Time resolved XAS (TR-XAS)
for studying heterogenous catalysis is Gas chromatography (GC). The online monitoring of the
gaseous species using GC during an in-situ XAS measurement of the catalyst provides the exact
information regarding the reaction which in turn decides the activity of the catalysts, while TRXAS gives information regarding structural changes in the catalyst. Therefore, a combination of
TR-XAS and GC can give insight into the structure-activity correlation of the catalyst system.
Unlike the previous in-situ studies on growth of nanoparticles discussed in earlier
chapters, which have been carried out in the Energy Dispersive EXAFS beamline (BL-08) at
Indus-2 synchrotron source, this study on in-situ study on catalytic reaction process, has been
carried out in the Energy Scanning EXAFS beamline (BL-09) at Indus-264, 65.This beamline, as
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has been discussed in detail in Chapter-2, uses a double crystal monochromator (DCM) which
normally works in conventional step-by-step scanning mode. However, recently a continuous
mode EXAFS facility has been successfully commissioned in this beamline for fast data
acquisition69. In the present chapter, we describe the development of an in-situ or operando XAS
measurement setup for studying heterogenous catalysis processes with online gas monitoring
using GC at the above beamline where EXAFS measurements have been carried out in the
continuous mode. This setup has been used for in-situ study of Fischer Tropsch reaction using
Co3O4 nanoparticles supported on SBA-15 as catalyst. The reaction has been performed in a
specially designed cell with facility for heating and reaction under various gaseous
environments. The structure and activity of the catalyst have been studied at different reaction
temperatures. Deactivation of the catalyst has also been investigated in an attempt to find out the
factors responsible for this.
6.1

Synthesis of the catalyst
Synthesis of Co3O4 nanoparticles has been carried out following the hydrothermal

method reported by Dong et. al.160. In a typical synthesis 1g of Co(CH3COO)2.4H2O is dissolved
in 50ml of deionized water under stirring to get a transparent solution. Subsequently 5ml of 25%
NH3 is added to it under vigorous stirring and the stirring is continued for 10min to form a
homogeneous slurry. The resulting solution is then transferred into a teflon lined autoclave which
is heated to 150ºC for 3h. Afterwards, the autoclave is allowed to be cooled down to room
temperature naturally and the black precipitate is collected by centrifuge, washed with water and
absolute ethanol and dried at 60ºC. A colloidal solution of Co3O4 nanoparticles obtained by
dispersing the above precipitate in minimum amount of water and a desired amount of SBA-15
was added to the colloidal solution of Co3O4 nanoparticles to achieve 20wt.% of Co metal
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loading. The slurry formed was stirred for 2h, centrifuged, and washed with water and ethanol
and dried at 60ºC for 12h. Fig. 6.1 shows the XRD data of the as prepared Co3O4/SBA-15
catalyst. All the peaks in the XRD data matches with that of Co3O4 phase. The average crystallite
sizes (D) of the Co3O4 nanoparticles are calculated from the most prominent peak at 2θ =37º
using the Debye-Scherrer formula153.
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where, λ is the X ray wavelength, β is the FWHM of the diffraction peak in radian and θ
is the diffraction angle. The average crystallite size from XRD is 11 nm.

Figure 6.1: XRD data of the as prepared Co3O4/SBA-15 catalyst.
6.2

Fischer Tropsch Reaction
Fischer Tropsch reaction produces long chain hydrocarbons from syngas which is a

mixture of carbon monoxide and hydrogen. This reaction is important in fuel industries as a
source of synthetic fuel. Chemical production of liquid fuel is one of the alternatives to
circumvent the problem of dwindling crude oil reserve. Fischer Tropsch synthesis is good
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alternate for the production of fuel from syngas, which can be made available from coal, natural
gas, biomass etc.161. Co supported catalysts are generally used for Fischer Tropsch reaction29, 162.
However, catalyst deactivation and deselectivation are major problems related to the Fischer
Tropsch reaction. Many factors are reported as a reason for catalyst deactivation and
deselectivation. Some of them are poisioning, sintering, surface carbon formation, carbidization,
cobalt reoxidation, cobalt support mixed compound formation, etc159. Most of these studies
suggest that deactivation and deselectivation are not governed by a single process and are
dependent on the reaction condition.
Fischer Tropsch reaction involves hydrogenation of CO to produce hydrocarbons such as
alkanes, alkenes, oxygenates etc. as described in the following:
Parrafins : (2n + 1)H2 + nCO
Olefines : 2nH2 + nCO
Alcohols : 2nH2 + nCO

CnH2n+2 + nH2O
CnH2n + nH2O
CnH2n-1OH + (n-1)H2O

(6.1)
(6.2)
(6.3)

Supported cobalt catalyst in metallic state is mostly favourable for Fischer Tropsch synthesis at
low temperature. In this work SBA-15 supported Co3O4 nanoparticle synthesized as mentioned
in section 6.1 has been used for Fischer Tropsch reaction under flow condition at atmospheric
pressure. 50 mg of the SBA-15 supported as-prepared oxide catalyst was palletized into a 12 mm
thin pellet which is used as a sample in a S.S. cell described later for the Fischer Tropsch
reaction. The oxide catalyst was first reduced by heating it to 400ºC with a ramp rate of 10º/min
under 20ml/min H2 flow. The temperature of the sample was maintained at 400ºC for 5 hours for
reduction of the oxide catalyst into metallic Co catalyst. After reduction of the as-prepared
catalyst into metallic cobalt, the temperature of the cell is reduced to the reaction temperature in
presence of H2 and on attaining the desired temperature, H2 gas flow is reduced. The catalytic
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reaction is subsequently monitored at few different temperatures viz. 240ºC, 260ºC, 280ºC and
320ºC with the syngas in H2:CO ratio of 3:1 and N2 as internal standard. The flow of CO, H2 and
N2 gases were maintained at 2 ml/min, 6 ml/min and 1ml/min respectively during the catalytic
reaction. The structural changes of the catalyst sample during the reaction have been studied at
the above mentioned temperatures with in-situ X-ray absorption spectroscopy.
6.3

In-situ XAS-GC Setup for heterogenous catalysis
For in-situ XAS measurements, a stainless steel reaction chamber is used with Be

windows for X-ray transmission. The sample is mounted on a SS block which can be heated with
two cartridge heaters, each having power of 200 W. The window flanges and the top flange of
the chamber are water cooled. The temperature of the sample can go upto 400ºC. A
thermocouple has been introduced in the cell from the top flange and is fixed at the sample
holder touching the sample. The temperature at the sample position was controlled within ±1° of
the set value using temperature controller coupled with the power supply of the cartridge heaters.
The chamber is provided with two 1/4″ S.S. tubes for the inlet and outlet of reaction gases. The
inlet of the reaction chamber is connected to a gas manifold where the gas flow can be controlled
using three separate mass flow controllers (MFC’s) and shut-off valves. The outlet of the
reaction chamber is connected to a computer-controlled Gas Chromatograph (GC) (Netel, India
make) through a 6 port auto-sampling valve, for the detection of the product gases. The 6 port
auto-sampling valve has a sample loop of 1 ml and the gas in the sample loop goes to the GC for
analysis, while the rest of the outgas goes to the vent. The product gases (H2, N2, CO and CH4)
are detected using a molecular sieve 5A column and using Ar as a carrier gas for GC. CO
conversion percentage is calculated from the GC data using the following formula163:
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where,CO(in), CO(out), N2(in) and N2(out)are concentrations of CO and N2 gases at the inlet and outlet of
the reaction chamber respectively as measured by the gas chromatograph. A schematic of the
experimental setup along with the photograph of the reaction cell has been shown in Fig 6.2.
Time Resolved X ray absorption spectroscopy measurements of the catalyst sample at Co
K edge were carried out in transmission mode at the Scanning EXAFS Beamline (BL-9) at the
Indus-2 Synchrotron Source, discussed in details in Chapter-2. For in-situ XAS measurements in
the transmission mode, the reaction chamber with the sample is placed between two ionization
chamber detectors. The first ionization chamber measures the incident flux (I0) and the second
ionization chamber measures the transmitted intensity (It) and the absorbance of the sample is
obtained as ( µ = exp(−

It
) ). As has been mentioned earlier, for the above measurement the
I0

beamline has been operated in the recently developed continuous scan mode which enables timeresolved study in minute scale retaining the advantage of high resolution offered by the step-bystep scan of a double crystal monochromator. This measurement mode is based on restricted
movement of the 2nd crystal of the double crystal monochromator and energy selection is done
by only changing the Bragg angle by simultaneous rotational motion of the two crystals. The
measurement scheme has been briefly discussed in Chapter-2 and the details have been reported
elsewhere69. In this mode, a full EXAFS scan is taken in 5 minutes while XANES data can be
acquired in less than a 1 minute. EXAFS oscillations have been extracted from the X ray
absorption spectra μ(E) versus E, following the standard procedure3,

4, 39

. The EXAFS

oscillations, χ(k) is weighted by k2 and the functions χ(k) k2are Fourier transformed using k range
of 2-10 Å-1 to generate the χ(r) versus r(or FT-EXAFS) plots.
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Figure 6.2: Schematic of the experimental setup for in-situ XAS-GC
GC measurement during
heterogenous catalysis along with the photograph of the reaction cum measurement cell
cell.

6.4

In-situ XAS studies during activation of the catalyst
Fig. 6.3 (a) and (b) show the in-situ XANES spectra measured during the reduction of th
the

as-prepared
prepared oxide catalyst sample and the inset in Fig. 6.3(a) shows the XANES spectra of Co
standards i.e., Co3O4, CoO and Co metal. From the figure, it is evident that the XANES features
of the as-prepared
prepared sample resemble that of Co3O4. During reduction at 350ºC the spectrum shifts
to lower energy with XANES features resembling that of CoO spectra. As the temperature is
increased to 400ºC, intensity of the white line decreases and after 5 hours of heating at 400ºC the
absorption edge matches
atches with that of metallic Co foil with reduced intensity of the white line.
Therefore, the in-situ XANES measurement during the reduction of the as-prepared
as
sample
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indicates that as the temperature is increased, the as-prepared Co3O4 catalyst first reduces to CoO
and then to metallic Co.
The in-situ EXAFS spectra recorded during the reduction of the as-prepared oxide
catalyst sample have been shown in Fig 6.4 (a) and (b). The EXAFS spectrum of the as-prepared
sample resembles that of Co3O4 (shown in the inset of Fig. 6.4(a)) with a Co-O peak at 1.4 Å and
a Co-Co peak at 2.3 Å. As the temperature is increased during reduction of the catalyst, the
intensities of both the peaks decrease and the peaks shift towards higher r values. This may be
due to the formation of CoO during the reduction process as also can be seen from the XANES
spectra analysis. As the temperature attains 400ºC, after 1 hour a new peak starts appearing near
2 Å which represents the Co-Co bond of metallic Co. At 400ºC with time, the intensity of the
Co-Co peak at 2 Å increases and the intensity of the other peaks decreases. After 5 hours at
400ºC, the EXAFS spectrum has only one prominent peak near 2 Å which resembles the features
of metallic Co as seen from the inset. Therefore, it can be concluded that the sample at kept at
400ºC for 5 hours is completely reduced to metallic Co with no signature of CoO or Co3O4
phases in the EXAFS and XANES spectra. The formation of CoO during the hydrogen activation
of Co3O4 catalyst has also been reported by other researchers159, 162, 164.
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Figure 6.3: (a) In-situ XANES spectra recorded at different temperatures during the reduction of
the as-prepared oxide catalyst sample. Inset: XANES spectra of Co standards i.e., Co3O4, CoO
and Co metal. (b) In-situ XANES spectra recorded at 400 ºC at different time intervals during the
reduction of the as-prepared oxide catalyst sample.
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Figure 6.4: (a) In-situ EXAFS spectra recorded at different temperatures during the reduction of
the as-prepared oxide catalyst sample. Inset: EXAFS spectra of Co standards i.e., Co3O4, CoO
and Co metal.(b) In-situ EXAFS spectra recorded at 400 ºC at different time intervals during the
reduction of the as-prepared oxide catalyst sample.
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6.5

In-situ XAS studies during Fischer Tropsch reaction
The reduced sample is then exposed to the reactant gases and the structural changes

during reaction have been studied. Fig. 6.5 and fig. 6.6 show the changes in the radial
distribution function and χ(k) versus k spectra of the catalyst sample undergoing reaction at
different temperatures respectively.From figure 6.5, it is evident that at 240ºC and 260ºC the
structure of the catalyst does not change. The variation in the peak intensity is due to the
temperature effect of the disorder factor (σ2). At 280ºC the Co-Co peak near 2 Å shows some
variation with time as the reaction proceeds. However, there is no signature of appearance of CoO peak even at this temperature, which manifests that CoO is not formed. The variation in the
Co-Co peak intensity may be due to disorder in the catalyst system which originates as the
activity of the sample increases significantly with temperature.

Figure 6.5: Variation in the EXAFS radial distribution function of the catalyst sample
undergoing FT reaction at different temperatures.
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Figure 6.6: Variation in the χ(k)versus k spectra of the catalyst sample undergoing FT reaction at
different temperatures.
6.6

In-situ XAS studies during deactivation of the catalyst
Fig. 6.7 shows the percentage of CO conversion at 280ºC for 7 hours and at 320ºC for 10

hours. It has been found from the figure that, when the temperature is increased from 280° C to
320ºC, there is a drastic increase in the CO conversion from 20% to 54%. The CO conversion
percentage remains almost constant for 7 hours at 280ºC, however it monotonically decreases
with time from 54% to 41% at 320ºC. The intensities of the methane peak and CO peak in the
gas chromatograph data decrease and increase respectively, with time at 320ºC as shown in Fig.
6.8. This suggests that there is a decline in the performance of the catalyst at 320ºC or in other
words the catalyst is deactivating.
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Figure 6.7: CO conversion percentage at 280ºC and at 320ºC with time.

Figure 6.8: Gas chromatograph data showing the variation in methane peak intensity. Inset: Gas
chromatograph data showing the variation of CO peak intensity.
Fig. 6.9 shows the XANES spectra recorded during the deactivation of the catalyst at
320ºC which shows decrease of the white line intensity at 7726 eV with time. This suggests
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further reduction of the catalyst due to the reaction gases. Linear combination fitting (LCF) of
the XANES spectra with metallic Co and CoO as standards has been performed in the energy
range of -20 eV to 30 eV around the absorption edge of the normalized μ spectra. The values of
the LCF weights are restricted between 0 and 1, and sum of all the weights is also constrained to
1. The Rfactor of the LCF fittings are less than 0.004. From the results of the LCF fitting (Fig.
6.10), it can be observed that the metallic Co percentage increases and the CoO percentage
decreases with time as the reaction proceeds at 320ºC. This observation rules out the possibility
of formation of CoO during the reaction which might act as a contributing factor for
deactivation. The EXAFS spectra (Fig. 6.11) resemble that of metallic Co and the intensity of the
Co-Co peak near 2 Å increases with time. There is no signature of Co-O bonds in the EXAFS
spectra. Therefore, the EXAFS results corroborate with the XANES analysis results confirming
that no CoO phase is formed during the deactivation of the catalyst.

Figure 6.9: In-situ XANES spectra recorded during the deactivation of the catalyst at 320ºC.
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Figure 6.10: Results of Linear combination fitting of the in-situXANES spectra recorded during
the deactivation of the catalyst at 320ºC with metallic Co and CoO as standards.

Figure 6.11: In-situ EXAFS spectra recorded during the deactivation of the catalyst at 320ºC.
Inset: Enlarged view of the peak at 2 Å in the in-situ EXAFS spectra recorded during the
deactivation of the catalyst at 320ºC
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Many researchers have tried to find out the reason for deactivation of Co based catalyst in
Fischer Tropsch reaction. Rochet et. al.159.have found that the Co catalyst deactivates due to reoxidation of the catalyst in the presence of water produced in the Fischer Tropsch reaction which
is however ruled out in the present case from the above observation. Another common cause of
deactivation of catalysts is sintering, i.e., increase in particle size during reaction165 leading to
loss in surface area and hence deactivation. Sadeqzadeh et. al.63 have also found through in-situ
XRD/EXAFS measurements that hcp phase of Co is more active than the fcc phase and Co
sintering is the main mechanism for catalyst deactivation. However, sintering generally leads to
an increase in the intensity in the metal-metal peak in the FT-EXAFS spectra and hence in
coordination number158. The experimental EXAFS spectra of the present catalyst sample during
the deactivation of the catalyst at 320ºC have been fitted from 1.5-3 Å assuming a Co-Co shell at
2.50(12×) Å (not shown here) and the fitting results have been tabulated in Table 6.1. From the
EXAFS fitting results it can be inferred that the Co-Co bond length does not change with time
during the deactivation of the catalyst at 320ºC. There is an increase in the Co-Co coordination
number with time during the deactivation of the catalyst at 320ºC, however the change is not
significant and comparable to the error limits of ±10%. Hence it may not imply any sintering of
the catalyst during the reaction. Also, the increase in coordination number may be due to an
increase in the metallic Co phase in the catalyst as determined from the LCF fitting of the
XANES spectra (Fig.6.10).
Table 6.1: Co K edge EXAFS fitting results during the deactivation of the catalyst at 320ºC.
Time
(h)
0
1

Co-Co Path
r(Å)
2.46
±0.01
2.46
±0.01

N
9.1
±1.4
9.6
±1.2

σ2(Å2)
0.0113
±0.0017
0.0115
±0.0015
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2
3
4
5
6
7
8
9
10

2.46
±0.01
2.46
±0.01
2.46
±0.01
2.46
±0.01
2.46
±0.01
2.46
±0.01
2.46
±0.01
2.46
±0.01
2.46
±0.01

9.9
±1.4
10.0
±1.2
9.9
±1.0
10.0
±1.0
10.1
±0.9
10.1
±1.0
10.2
±1.0
9.7
±0.8
10.1
±0.9

0.0116
±0.0016
0.0117
±0.0014
0.0113
±0.0012
0.0116
±0.0012
0.0114
±0.0013
0.0113
±0.0011
0.0122
±0.0012
0.0108
±0.0011
0.0116
±0.0011

Passos et. al.164, 166have studied Co based catalysts for ethanol steam reforming reactions.
They have however observed that CoO enables the catalyst surface cleaning by oxidation of the
deposited carbon and a very low Co+2/Co ratio in the catalyst sample leads to deactivation of the
catalyst due to surface carbon deposition. Under the Fischer Tropsch reaction conditions, many
reactions occur. One of these is Boudouard reaction which is as follows:
CO+CO

C +CO2

which may lead to formation of carbon.
In our case, the percentage of Co2+ in the activated catalyst is also low (around 11%) and
there is no further increase in the percentage of Co2+ due to re-oxidation during deactivation.
Therefore, the process of deactivation may be attributed to carbon formation on the surface of the
catalyst during the reaction which does not get removed due to low concentration of CoO species
in the sample. This has also been confirmed through Raman spectroscopic measurement on the
deactivated catalyst. The Raman spectrum of the deactivated catalyst is shown in Fig. 6.12 which
gives two broad peaks typical of coke deposits. Similar spectra have been observed by Passos et.
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al.164 on spent catalysts of ethanol steam reforming reaction after deactivation due to surface
carbon deposits.
It should be mentioned here that Moodley et.al.167 have also identified carbon deposition
as one of the deactivation mechanism of cobalt-basedFischer–Tropsch synthesis catalysts by
characterizing the spent catalyst using both surfacecharacterization technique like X-ray
photoelectron

spectroscopy

and

bulk

characterization

tools

like

temperature

programmed(TPO/TPH) techniques and transmission electron microscopy.

Figure 6.12: Ex-situ Raman spectrum of the deactivated catalyst
6.7

Conclusion
A facility has been set up at the Energy Scanning EXAFS beamline (BL-09) at RRCAT,

Indore, India for in-situ studies of structure-activity correlation during catalytic reaction using
simultaneous measurements of X-ray absorption spectroscopy (XAS) and gas chromatography.
XAS provides information regarding structural changes in the catalyst during the reaction, while
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gas chromatography monitors the product gases of the reaction, which in turn gives information
regarding the activity of the catalyst. Using the above facility SBA-15 supported Co3O4
nanoparticle catalysts has been studied in-situ during Fischer Tropsch reaction for methane
generation by the reaction of CO and H2. The catalyst is first reduced by heating it at 400ºC for 5
hours under H2 ambient and it has been found from XANES measurements that the as-prepared
catalyst first reduces to CoO and then to metallic Co during reduction. The activity of the
reduced catalyst is subsequently been observed at few different temperatures viz., 240ºC, 260ºC,
280ºC and 320ºC and it has been found by XANES and EXAFS measurements that the structure
of the catalyst does not show any significant change during the Fischer Tropsch reaction at these
temperatures and remains in the metallic Co phase. It has further been observed that as the
reaction temperature increases from 280ºC-320ºC the activity of the catalyst increases
significantly. However, at 320ºC the Co catalyst shows deactivation with time. The catalyst has
been studied for 10 hours at 320ºC and an attempt has been made to understand the process of
deactivation using XANES and EXAFS analysis. From the structural analysis results it has been
observed that there is no signature of formation of CoO phase during the reaction which might be
responsible for the deactivation of the catalyst. Therefore, there is a strong possibility that the
deactivation of the catalyst is caused due to carbon formation on the surface of the catalyst which
does not get removed due to very low concentration of CoO in the reduced sample. This has been
confirmed from ex-situ Raman spectroscopy measurement of the deactivated catalyst.
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Chapter 7
7 In-situ XAS studies during photocatalytic reduction of CO2 using Cu

doped TiO2 catalyst
In the present world where the depletion of fossil fuels has become a major concern, the
search of alternating methods to produce fuels has attracted considerable attention.
Photocatalytic reduction of CO2 has emerged as an important technique in this regard as it
produces renewable and sustainable fuel from green house gas like CO2. The consumption of
fossil fuels leads to emission of CO2, which with water and sunlight driven photocatalyst can
again be converted to fuel. This therefore, not only ensures production of fuel but also effective
utilisation of combustion gas like CO2, which is a responsible factor for global warming.
Recently a lot of studies have been reported on the photocatalytic reduction of CO2168-170.
TiO2 has emerged out as a popular photocatalyst for this process171, 172. However, the lack of
photoresponse in the visible region due to its wide band gap (3.2 eV for anatase TiO2) and the
high rate of recombination of the photogenerated electron-hole pair reduces the efficiency of
TiO2as a catalyst. To cope with these problems, often different metals have been doped into TiO2
which have increased the CO2 photoconversion rate. The dopants apart from creation of
additional energy levels inside the forbidden gap and thus reducing its band gap also create
charge carrier traps in the TiO2 lattice which reduces the recombination of charge carriers.
Among others, Cu doped TiO2 has shown high activity for the photocatalytic reduction of
CO2173,
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. However, the reaction mechanism involved in this process is not very well

understood. In order to commercialize this fuel production technology, a detail understanding
and control over the catalytic process is required. In this regard in-situ XAS can be a useful

153

technique to give information about the structural changes in the catalyst during the
photocatalytic reduction of CO2.
7.1

Synthesis of Cu doped TiO2 photocatalyst
Cu doped TiO2 catalysts have been synthesized by a modified sol-gel process in which

the required stoichiometric amount of Cu (NO3)2.3H2O (Aldrich, 97%) was initially dissolved in
nano pure water at room temperature and neutral pH. The copper nitrate solution was maintained
at 0°C by external application of ice-salt mixture. Ti(IV) iso-propoxide solution in iso-propanol
(IPA) was added to the copper nitrate solution, drop wise in a controlled manner over a period of
1h, with vigorous stirring until the formation of a uniform gel. This gel was stirred further for 1h
to ensure the incorporation of copper precursor in the titanium gel phase. The gel was kept for
nucleation for 12h in the dark, and then IPA is removed by keeping the gel in a Petri dish for
12h. The mass was then dried in an oven at 100°C for 4h. The resulting solid mass was crushed
and calcined at 500°C for 3h. The required amount of Cu (5.0 and 10 atom %) doping was
achieved by adding stoichiometric amount of copper nitrate solution and Ti (IV) iso-propoxide.
Subsequently in this chapter, the 5% and 10% Cu doped TiO2samples would be referred to as
Cu5 andCu10 respectively.
7.2

In-situ XAS-GC measurement setup for photocatalytic reactions
The experimental setup for in-situ XAS measurements during photocatalytic reactions

consists of a specially designed reaction-cum-measurement cell which consists of quartz and
glass windows for shining UV and visible radiation on the sample in addition to the Kapton
windows for X-ray transmission. Two valves are provided at the inlet and outlet of the chamber
so that it can be converted to a closed reactor for studying the photocatalytic reactions discussed
in this study. Measured proportions of CO2 and water vapor, have been taken in syringes and
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inserted in the chamber through an inlet port blanked with a septum while measured
m
amount of
the product gases is periodically collected in a syringe from the chamber through an outlet port
blanked with a septum and is fed to a computer-controlled
controlled Gas Chromatograph (GC) (Netel,
India make). The product gases (CO2 and CH4) are detected using a Porapak N column and using
He as a carrier gas for GC. For the photocatalytic reaction a 250 W white light lamp with
wavelength range 350-700nm
700nm and luminous flux of 35000 Lm, has been used to shine light on
the catalyst sample placed inside the chamber through a glass window. The schematic of the
experimental setup along with the photograph of the reaction cell has been shown in Fig 7.1 and
the actual photograph of the experimental setup
setup has been shown in Fig 7.2.
7.2.This setup has been
used to study photocatalytic reduction of CO2 using 5% and 10% Cu doped TiO2 as catalyst.

Figure 7.1: Schematic Diagram of the experimental setup for in-situ XAS measurement during
photocatalytic reactions along with the photograph of the reaction cell.
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Figure 7.2: Actual photograph of the experimental setup for in-situ XAS measurement during
photocatalytic reactions.
7.3

In-situ XAS studies during adsorption of CO2 and water vapour

For in-situ XAS measurements in the transmission mode, the in situ reaction cell with the
sample is placed between two ionization chamber detectors in the beamline. For Cu K edge
measurements, 50 mg of the catalyst samples are pelletized and for Ti K edge measurements 20
mg of the samples are uniformly spread over a kapton tape. The sample is loaded into the in-situ
cell and 300 ml of CO2 and 16 ml of water vapour have been inserted into the cell as discussed
above. To get an insight into the adsorption of CO2 and water vapour on the catalyst sample, in
situ XAS measurement at both Ti and Cu K edges have been recorded during the exposure of the
catalyst sample to CO2 and water vapour without illuminating the visible light.
7.3.1 In-situ XAS studies at Ti K edge
Fig. 7.3 (a) and (b) show the in-situ XANES spectra measured at Ti K edge during the
adsorption of CO2 and water vapour on the Cu5 and Cu10 catalyst samples respectively. From
the figure, it is evident that there is no significant changes in the Ti K edge XANES spectra
during the adsorption of CO2 and water vapour on Cu doped TiO2 catalyst samples. The XANES
features of both the samples match with that of anatase TiO2 (shown in inset of Fig. 7.3 (a)).
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The EXAFS spectra have been extracted using the standard procedure described in
section 2.3. The χ ( k ) spectra is weighted by k2 and the functions χ ( k ) k 2 are fourier transformed
in the k range 2-9 Å-1 to generate the χ (r ) versus r (or FT-EXAFS) plots. The experimental
χ (r ) versus r plots of the Cu doped TiO2 samples at Ti K edge have been fitted with theoretically

simulated χ (r ) versus r plots generated assuming anatase TiO2 structure. The structural
parameters for the anatase TiO2 structure are obtained from the reported values in the
literature175. Following this structure, the experimental data have been fitted from 1-3.7
Åassuming one Ti-O shell at 1.97(6×) Å and two Ti-Ti shells at 3.04(4×) Å and 3.79(4×) Å.The
experimental χ (r ) versus r plots of the Cu5 and Cu10 samples at Ti K edge along with best fit
theoretical plots carried out as above have been shown in Fig. 7.4 (a) and (b) respectively and the
fitting results have been tabulated in Table 7.1.
From the EXAFS analysis results at Ti K edge (Table 7.1), it is evident that the variation
of the Ti-Ti bond lengths and coordination numbers are within the error bars. However, the Ti-O
bond length decreases with the adsorption of CO2 and water vapour for both the samples. For
both the as prepared samples, the Ti-O coordination number values are less than the theoretical
values of anatase TiO2 structure (i.e. 6). This suggests the presence of oxygen vacancies in the
TiO2 lattice near the Ti cations. The Ti-O coordination increases on adsorption of CO2 and it
decreases on adsorption of water vapour. Therefore, from the XANES and EXAFS analysis at Ti
K edge it can be inferred that the effective charge of Ti cations do not change during the
adsorption of CO2 and water vapour. However, the Ti-O bond lengths and coordination numbers
change which suggests that the oxygen vacancies near the Ti sites participate in the adsorption
process. The oxygen vacancies decrease on adsorption of CO2 and it again increase on
adsorption of water vapour.
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Figure 7.3: (a) In-situ XANES spectra measured at Ti K edge during the adsorption of CO2 and
water vapour on Cu5 catalyst sample. Inset: Ti K edge XANES spectrum of anatase TiO2 (b) Insitu XANES spectra measured at Ti K edge during the adsorption of CO2 and water vapour on
Cu10 catalyst sample.

158

Figure 7.4:(a)In-situ EXAFS spectra measured at Ti K edge during the adsorption of CO2 and
water vapour on Cu5 catalyst sample. (b) In-situ EXAFS spectra measured at Ti K edge during
the adsorption of CO2 and water vapour on Cu10 catalyst sample. Open circles: experimental
data and solid lines: best theoretical fit.
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Table 7.1: Ti K edge EXAFS fitting of Cu doped TiO2samples during adsorption of CO2 and
water vapour

Cu5
Cu5 with CO2
Cu5 with
CO2& water
vapour
Cu10
Cu10 with
CO2
Cu10 with
CO2& water
vapour

r(Å)
1.94
±0.01
1.92
±0.01
1.90
±0.01

Ti-O1
N
5.5
±0.2
5.9
±0.2
5.6
±0.1

σ2(Å2)
0.0061
±0.0011
0.0049
±0.0010
0.0043
±0.0007

r(Å)
2.94
±0.02
2.93
±0.01
2.92
±0.01

Ti-Ti1
N
4.1
±0.4
4.4
±0.5
4.2
±0.3

σ2(Å2)
0.0109
±0.0020
0.0086
±0.0018
0.0076
±0.0012

r(Å)
3.69
±0.02
3.71
±0.02
3.71
±0.01

Ti-Ti2
N
3.4
±0.5
3.4
±0.5
3.4
±0.3

σ2(Å2)
0.0026
±0.0023
0.0022
±0.0021
0.0012
±0.0011

1.97
±0.04
1.94
±0.01
1.94
±0.01

5.4
±0.2
5.8
±0.1
5.6
±0.1

0.0052
±0.0015
0.0043
±0.0010
0.0041
±0.0012

2.96
±0.02
2.96
±0.01
2.97
±0.02

4.2
±0.5
4.1
±0.4
4.2
±0.4

0.0050
±0.0027
0.0075
±0.0019
0.0085
±0.0024

3.74
±0.02
3.75
±0.02
3.76
±0.02

4.1
±0.6
4.3
±0.5
3.8
±0.7

0.0036
±0.0030
0.0034
±0.0021
0.0019
±0.0014

7.3.2 In-situ XAS studies at Cu K edge
Fig. 7.5 (a) and (b) show the in-situ XANES spectra measured at Cu K edge during the
adsorption of CO2 and water vapour on Cu5 and Cu10 catalyst samples respectively. The inset in
both Fig. 7.5 (a) and (b) gives an enlarged view of the absorption edge. It has been found from
the spectra that the effective charge of Cu in the samples increases during CO2 adsorption and
decreases during H2O adsorption. This suggests that Cu cations play an important role in both
CO2 and H2O adsorption.
The EXAFS spectra have been extracted using the standard procedure described in
section 2.3. The χ(k) spectra is weighted by k2 and the functionsχ(k)k 2 are fourier transformed in
the k range 2-10 Å-1 to generate theχ(r) versus r plots shown in Fig 7.6. It can be observed from
Fig 7.6 that the peak at 1.4 Å corresponds to the Cu-O path, however the features between 2-3
Åare due to contributions from higher coordination shells. These features vary significantly for
both Cu5 and Cu10 samples on adsorption of CO2 and water vapour, but could not be fitted with
any model due to the broadness of the peaks. The significant variations of the EXAFS features in
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Fig 7.6 suggest that the local environment around the Cu cations change during the adsorption of
CO2 and water vapour. The experimentalχ(r) versus r plots of the Cu doped TiO2 samples at Cu
K edge have been fitted from 1-2 Åwith an Cu-O shell at 1.97(6×) Å assuming Cu replacing Ti
in the anatase TiO2 structure175.The experimental χ(r) versus r plots of the Cu5 and Cu10
samples at Cu K edge along with best fit theoretical plots carried out as above have been shown
in Fig. 7.6 (a) and (b) respectively and the fitting results have been tabulated in Table 7.2. From
the EXAFS analysis results, it can be inferred that the Cu-O coordination number decreases on
adsorption of CO2 and water vapour for both the samples. This implies the creation of oxygen
vacancies near Cu cations due to both adsorption of CO2 and water vapour. It should also be
noted that the Cu-O bond length does not vary significantly for the Cu5 sample during
adsorption of CO2 and water vapour, though for the Cu10 sample the Cu-O bond length increases
on adsorption of CO2 and water vapour. From the XANES and EXAFS analysis, it is evident that
the effective charge and local environment of Cu cations change significantly upon adsorption of
CO2 and water vapour, which indicates the participation of Cu cations in the adsorption process.
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Figure 7.5:(a) In-situ XANES spectra measured at Cu K edge during the adsorption of CO2 and
water vapour on Cu5 catalyst sample. Inset: enlarged view of the absorption edge (b) In-situ
XANES spectra measured at Cu K edge during the adsorption of CO2 and water vapour on Cu10
catalyst sample. Inset: enlarged view of the absorption edge.
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Figure 7.6: In-situEXAFS spectra measured at Cu K edge during the adsorption of CO2 and
water vapour on Cu5 catalyst sample. (b) In-situ EXAFS spectra measured at Cu K edge during
the adsorption of CO2 and water vapour on Cu10 catalyst sample. Open circles : experimental
data and solid lines: best theoretical fit.
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Table 7.2: Cu K edge EXAFS fitting of Cu doped TiO2 samples during adsorption of CO2 and
water vapour

Cu5
Cu5 with CO2
Cu5 with
CO2& water
vapour
Cu10
Cu10 with
CO2
Cu10 with
CO2& water
vapour

7.4

r(Å)
1.92
±0.03
1.91
±0.03
1.92
±0.02

Cu-O
N
5.2
±0.2
4.8
±0.1
4.7
±0.2

σ2(Å2)
0.0044
±0.0023
0.0036
±0.0015
0.0057
±0.0008

1.91
±0.01
1.93
±0.01
1.94
±0.02

5.0
±0.3
4.6
±0.2
4.7
±0.2

0.0036
±0.0008
0.0039
±0.0021
0.0042
±0.0026

In-situ XAS studies during photocatalytic reduction of CO2

After inserting CO2 and water vapour in the cell, the catalyst sample is illuminated with
visible radiation and the photocatalysis reaction has been monitored for 8-12 hours by in-situ
XAS measurements at both Ti and Cu K edges. The product gases have been monitored every
hour during the reaction using the Gas Chromatograph.
7.4.1 In-situ XAS studies at Ti K edge
Fig. 7.7 (a) and (b) show the in-situ XANES spectra measured at Ti K edge during the
photocatalytic reduction of CO2 with Cu5 and Cu10 catalyst samples respectively. The inset in
both the figures give an enlarged view of the pre-edge region which shows three small peaks
termed as A1, A2 and A3. The peaks A1 and A2 correspond to 3d-4p hybridized state transition
and peak A3 corresponds to 4p-4s transition. In anatase TiO2, the A1 peak corresponds to the
four Ti neighbors of the first Ti-Ti shell and the peak A2 is related to the Ti neighbors of the
second Ti-Ti shell. Peak A3 arises due to Ti 4p hybridization with Ti 4s and/or O 2p orbitals176,
177

. From the figure, it is evident that the Cu10 sample does not show any significant changes.
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However, for the Cu 5 sample, the pre edge peaks A1, A2 and A3 increase in intensity and
moves towards higher energy as the reaction proceeds. The increase in the pre edge peak
intensities is often associated with distortion in the TiO6 octahedra of anatase TiO2 which results
in higher orbital mixing between Ti and O178.

Figure 7.7:(a) In-situ XANES spectra measured at Ti K edge of Cu5 catalyst sample during the
photocatalytic reduction of CO2. Inset: enlarged view of pre-edge peaks (b) In-situ XANES
spectra measured at Ti K edge of Cu10 catalyst sample during the photocatalytic reduction of
CO2. Inset: enlarged view of pre-edge peaks.
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Figure 7.8: (a)In-situEXAFS spectra measured at Ti K edge of Cu5 catalyst sample during the
photocatalytic reduction of CO2. (b) In-situEXAFS spectra measured at Ti K edge of Cu5
catalyst sample during the photocatalytic reduction of CO2. Rounds: experimental data and solid
lines: best theoretical fit.
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Table 7.3: Ti K edge EXAFS fitting of Cu5 sample during the photocatalytic reduction of CO2.
Reaction
Time(h)
1
2
5
6
7
8

Ti-O1
r(Å)
1.90
±0.01
1.91
±0.01
1.91
±0.01
1.89
±0.01
1.90
±0.01
1.91
±0.01

N
5.3
±0.2
5.6
±0.3
5.8
±0.2
6.0
±0.4
6.1
±0.2
6.2
±0.2

Ti-Ti1
σ2(Å2)
0.0028
±0.0007
0.0106
±0.0015
0.0067
±0.0008
0.0063
±0.0012
0.0052
±0.0011
0.0073
±0.0008

r(Å)
2.94
±0.01
2.91
±0.01
2.91
±0.01
2.93
±0.01
2.93
±0.01
2.93
±0.01

N
3.6
±0.3
3.5
±0.3
3.9
±0.3
3.9
±0.3
3.9
±0.3
3.9
±0.3

Ti-Ti2
σ2(Å2)
0.0055
±0.0013
0.0045
±0.0015
0.0087
±0.0013
0.0088
±0.0015
0.0082
±0.0013
0.0075
±0.0013

r(Å)
3.72
±0.01
3.69
±0.02
3.69
±0.01
3.72
±0.01
3.71
±0.01
3.71
±0.02

N
3.2
±0.3
3.6
±0.5
3.9
±0.5
3.9
±0.5
3.5
±0.5
3.6
±0.5

σ2(Å2)
0.0015
±0.0005
0.0048
±0.0023
0.0070
±0.0020
0.0069
±0.0021
0.0059
±0.0019
0.0056
±0.0019

Table 7.4: Ti K edge EXAFS fitting of Cu10 sample during the photocatalytic reduction of CO2.
Reaction
Time(h)
1
2
3
5
6
8

Ti-O1
r(Å)
1.95
±0.01
1.96
±0.01
1.96
±0.01
1.96
±0.01
1.95
±0.01
1.95
±0.01

N
5.4
±0.1
5.6
±0.3
5.5
±0.3
5.6
±0.3
5.7
±0.2
5.8
±0.2

Ti-Ti1
σ2(Å2)
0.0038
±0.0009
0.0045
±0.0011
0.0041
±0.0010
0.0043
±0.0012
0.0042
±0.0009
0.0038
±0.0009

r(Å)
2.97
±0.01
2.97
±0.01
2.97
±0.01
2.95
±0.02
2.96
±0.01
2.96
±0.01

N
4.1
±0.4
4.1
±0.5
3.9
±0.4
4.1
±0.5
4.3
±0.5
4.1
±0.5

Ti-Ti2
σ2(Å2)
0.0068
±0.0018
0.0069
±0.0020
0.0067
±0.0019
0.0069
±0.0023
0.0079
±0.0018
0.0075
±0.0020

r(Å)
3.75
±0.02
3.75
±0.02
3.76
±0.02
3.73
±0.02
3.74
±0.01
3.74
±0.02

N
4.0
±0.5
3.4
±0.6
4.2
±0.6
3.9
±0.6
3.9
±0.5
3.7
±0.5

σ2(Å2)
0.0033
±0.0021
0.0029
±0.0018
0.0029
±0.0020
0.0028
±0.0015
0.0024
±0.0019
0.0022
±0.0016

The experimental χ(r) versus r plots of the Cu doped TiO2 samples at Ti K edge have
been fitted using the same procedure described in sub-section 7.3.1. The experimental χ (r )
versus r plots of the Cu5 and Cu10 samples at Cu K edge along with best fit theoretical ones have
been shown in Fig. 7.8 (a) and (b) respectively and the fitting results have been tabulated in
Table 7.3 and Table 7.4.From the EXAFS analysis results, it is evident that the coordination
numbers of the Ti-O bond increases as the reaction proceeds. However, the Ti-O and Ti-Ti bond
length do not change significantly during the reaction. The increase in the Ti-O coordination
167

number implies the decrease in oxygen vacancies near Ti cations, which suggests that the oxygen
vacancies play a role in the photocatalytic reduction of CO2.
7.4.2 In-situ XAS studies at Cu K edge
Fig. 7.9 (a) and (b) show the in-situ XANES spectra measured at Cu K edge during the
photocatalytic reduction of CO2 with Cu5 and Cu10 catalyst samples respectively. From the
above figures, it can be observed that the absorption edge in general shifts towards lower energy
with time during the photocatalytic reduction of CO2 for both the catalyst samples. This implies
that the effective charge of Cu decreases during the photocatalytic reduction of CO2. However, at
certain time intervals there is a slight increase in the Cu effective charge as evident from the shift
of absorption edge to higher energy shown in Fig. 7.10.
The experimental χ(r) versus r plots of the Cu doped TiO2 samples at Cu K edge have
been fitted using the same procedure described in sub-section 7.3.2. The experimental χ(r)
versus r plots of the Cu5 and Cu10 samples at Cu K edge along with best fit theoretical plots
have been shown in Fig. 7.11 (a) and (b) respectively and the fitting results have been tabulated
in Tables7.5 and 7.6. From the EXAFS analysis results it can be seen that the Cu-O bond
lengths and coordination numbers do not vary significantly during the photocatalytic reduction of
CO2 for both Cu5 and Cu10 samples. Therefore, it can be concluded from the XANES and
EXAFS analysis that the effective charge of Cu decreases during the photocatalytic reduction of
CO2, but there is no change in the local environment of Cu cations.
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Figure 7.9:(a) In-situ XANES spectra measured at Cu K edge of Cu5 catalyst sample during the
photocatalytic reduction of CO2. (b) In-situ XANES spectra measured at Cu K edge of Cu10
catalyst sample during the photocatalytic reduction of CO2.
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Figure 7.10:In-situ XANES spectra measured at Cu K edge of Cu5 and Cu 10 catalyst sample at
some selected time intervals during the photocatalytic reduction of CO2.
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Figure 7.11:(a)In-situEXAFS spectra measured at Cu K edge of Cu5 catalyst sample during the
photocatalytic reduction of CO2. (b) In-situEXAFS spectra measured at Cu K edge of Cu5
catalyst sample during the photocatalytic reduction of CO2. Open circles : experimental data and
solid lines: best theoretical fit.
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Table 7.5: Cu K edge EXAFS fitting of Cu5 sample during the photocatalytic reduction of CO2.
Reaction
Time (h)
1
2
3
4
6
8
10

Cu-O

r(Å)
1.92
±0.02
1.93
±0.02
1.92
±0.01
1.93
±0.01
1.92
±0.02
1.92
±0.01
1.91
±0.03

N
4.8
±0.3
4.7
±0.3
4.9
±0.4
4.9
±0.4
4.9
±0.6
5.0
±0.3
4.7
±0.5

σ2(Å2)
0.0033
±0.0006
0.0059
±0.0011
0.0054
±0.0015
0.0055
±0.0015
0.0056
±0.0023
0.0031
±0.0014
0.0034
±0.0025

Table 7.6: Cu K edge EXAFS fitting of Cu10 sample during the photocatalytic reduction of CO2.
Reaction
Time (h)
1
2
3
4
5
6
7
8
9
10
11
12

Cu-O

r(Å)
1.93
±0.01
1.92
±0.03
1.92
±0.03
1.92
±0.03
1.92
±0.02
1.93
±0.01
1.92
±0.02
1.92
±0.02
1.93
±0.02
1.93
±0.01
1.93
±0.02
1.93
±0.01

N
5.1
±0.7
5.3
±0.4
5.2
±0.4
5.4
±0.7
5.2
±0.4
5.2
±0.7
5.4
±0.3
5.2
±0.4
5.1
±0.8
5.2
±0.6
5.1
±0.5
5.0
±0.7

σ2(Å2)
0.0048
±0.0022
0.0053
±0.0014
0.0051
±0.0010
0.0054
±0.0005
0.0050
±0.0004
0.0054
±0.0021
0.0048
±0.0008
0.0037
±0.0013
0.0050
±0.0023
0.0054
±0.0015
0.0037
±0.0006
0.0051
±0.0017
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7.5

Gas Chromatograph Measurements
From the Gas Chromatograph (GC) measurements, it has been confirmed that CH4 is

produced during the photocatalytic reduction of CO2. Fig. 7.12 shows the variation of CH4
concentration with time during the photocatalytic reduction of CO2 as determined from the GC
measurements. The methane peak appears after 2 hrs and 3 hrs from the start of the reaction for
50 mg of the Cu5 and Cu10 samples respectively.

Figure 7.12: Concentration of CH4produced during the photocatalytic reduction of CO2.
7.6

Reaction Mechanism
Many studies have been carried out in order to understand the reaction mechanism

involved during the photocatalytic reduction of CO2172. Karamian et. al.170 have proposed some
reaction mechanism of the photocatalytic reduction of CO2 and tried to explain the effect of
different reducing agents on the photocatalytic reduction process. Tan et. al.171 studied the
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photocatalytic reduction of CO2 with TiO2 pellets and proposed that the photogenerated electron
and holes are created on the surface of TiO2. These charge carriers react with adsorbed water and
CO2, thus generating OH and carbon radicals. Carbon radicals are formed by the dissociation of
CO2 with CO as an intermediate and H+ ions are formed when the OH radicals further oxidize the
water. The carbon radicals react with H+ and electrons from the photocatalyst to form CH4.
Similarly, many studies have been done to understand the enhanced photocatalytic activity of Cu
doped TiO2179-181.For example, Liu et. al.179 have performed in situ DRIFT measurements to
investigate the activation and dissociation of CO2 on Cu doped TiO2 catalysts. This study has
helped to identify the different reaction intermediates formed during the reduction of CO2.
In the present study it has been found that during the adsorption of CO2 and H2O, the
oxygen vacancies decrease near the Ti sites, which suggest that the oxygen vacancy defect sites
adsorb the CO2 and H2O molecules. The electron in the oxygen vacancy defect sites can be
transferred to the CO2 molecules and CO2- species may be formed. The CO2- species may
decompose to CO giving the extra oxygen to the vacancy site. This results in decrease in the
oxygen vacancies as found from EXAFS results. The formation of CO from CO2- on
decomposition has been confirmed by many other researchers also174,

180, 182

. In case of H2O

adsorption on the other hand, more oxygen from the lattice diffuse to the surface forming OH
radicals and results in the increase in oxygen vacancies. Many literatures suggest that the Ti+3
cations present in the TiO2 lattice also acts as a site for adsorption173, 182. However, in our case,
we didn’t find any change of effective charge of Ti cations during adsorption. Therefore, we
assume that the oxygen vacancies near Ti+4 cations and not the Ti+3 cations participate in the
adsorption process. The effective charge of the Cu cations increases during the adsorption of
CO2. This may be due to transfer of electrons from surface Cu cations to the adsorbed CO2
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species forming CO2- radicals. The effective charge on Cu however decreases during adsorption
of water vapour which suggests that electrons are transferred to Cu cations during the process of
generation of OH- radicals.
On photo-illumination, the Ti-O coordination number decreases from 5.6 to 5.3 for Cu5
sample and 5.6 to 5.4 for Cu10 sample. This suggests the generation of oxygen vacancies near
the Ti cations on photo-illumination. The partial regeneration of surface oxygen vacancies on
Cu/TiO2 catalyst has also been observed by Liu et. al.180 The holes created in the TiO2 lattice
oxidise the surface oxygen atoms to O2, thus forming oxygen vacancies. These defect sites are
however further used for the activation and dissociation of CO2 as discussed above, which results
in decrease in the oxygen vacancies as time proceeds during the photoreduction of CO2. The
effective charge of Cu also decreases during photo-illumination of the catalyst which suggests
the photo generated electrons get transferred to the Cu cations. Thus Cu acts as electron trapping
agent in the TiO2 lattice. The trapped electrons are transferred to the adsorbed CO2 and results in
the dissociation of CO2. However, the trapped electrons can also be transferred to H+ or O2. The
transfer of electrons from Cu sites to the adsorbed species results in re-oxidation of Cu cations183.
This has been observed at certain time intervals when the effective charge of Cu increases as
shown in Fig. 7.10. Liu et. al.180 have also found the formation of Cu+-CO species during
photoirradiation which suggests the activation and dissociation of CO2 at the Cu sites. Neatu et.
al.182 have also found that Cu bonding to CO leads to the selective formation of CH4.
7.7

Conclusion
A facility has been set up at the Energy Scanning EXAFS beamline (BL-09) at RRCAT,

Indore, India for in-situ structure-activity correlation studies on catalysts during photocatalytic
reaction using simultaneous measurements of X-ray absorption spectroscopy (XAS) and gas
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chromatography (GC). Using this setup, the photocatalytic reduction reaction of CO2 and water
vapour to form methane (CH4) in the presence of Cu doped TiO2 catalysts has been studied. It
has been inferred from the Cu and Ti K edge XANES and EXAFS measurement that the oxygen
vacancies present in the samples near Ti and Cu cations are the sites for CO2 and water vapour
adsorption in the catalysts. The photo generated electrons get transferred to the Cu cations which
act as electron traps in the TiO2 lattice. The trapped electrons are transferred to the adsorbed CO2
and results in the formation of CO2- which further dissociates to form carbon radicals. These
carbon radicals react with H obtained from reduction of water vapour and form CH4On photoillumination, oxygen vacancies are also created in the lattice, which are further used for the
activation and dissociation of CO2 or H2O. Therefore, in-situ XAS measurement gives an
understanding of the CO2 and H2O adsorption process on the Cu doped TiO2 catalyst and
photoreduction of CO2 to CH4. Both Cu cations and oxygen vacancies present near Ti cations
play important roles in the photo-reduction of CO2 to CH4. The production of CH4 during
photocatalytic reduction of CO2 has been confirmed simultaneously by Gas Chromatography
(GC) measurements.
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Chapter 8
8 Conclusions and Future Work
This thesis work focuses on the application of Time Resolved X-ray Absorption
spectroscopy (TR-XAS) for in-situ studies during growth of nanoparticles and catalysis. Various
in-situ cells have been designed and different experiments have been carried out to understand
the growth mechanism or reaction mechanism involved in these processes. This chapter
discusses the final conclusions of all the experiments and the future perspective of the work.
8.1

In-situ XAS studies during growth of nanoparticles
For in-situ XAS measurements on one-pot nanoparticle synthesis processes, a set-up has

been developed at the energy dispersive EXAFS beamline (BL-08) at Indus-2 SRS at RRCAT,
Indore, India using a specially designed teflon cell with one optical path for X-ray in the
direction of synchrotron beam and another in the perpendicular direction for visible radiation.
Using the above set-up the growth of Au, Pt and Au@Pt nanoparticles from their respective
chloride precursors using block copolymer based reducer-cum-stabilizer have been studied by
simultaneous in-situ measurement of XAS and UV-Vis spectroscopy. The growth process of
these nanoparticles are found to follow the three stages viz., (i) reduction of metal ions by block
copolymer and formation of small cluster (ii) absorption of block copolymer and reduction of
metal ions on the surface of the cluster and increase in cluster size and (iii) growth of
nanoparticles stabilized by block copolymer. This can be observed that the time scale involved in
the 2nd and 3rdstages of the Au and Pt monometallic nanoparticle formation are similar which
suggest that these stages are mainly governed by the block copolymer which is same in both the
cases. This also consolidates the role of the block copolymer in the formation of these
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nanoparticles. However, the 1st stage of nucleation takes place earlier in case of Au than in case
of Pt due to the difference in the reduction potential of the respective precursors. In both the
cases, 12 atoms clusters are formed which act as seeds for further growth. However, for gold,
these 12 atoms cluster first grows into the magic number 13 atoms cluster and then 147 atoms
clusters which further grows into gold nanoparticles. For platinum the 12 atoms cluster grows
into the magic number 55 atoms cluster which further grows into platinum nanoparticles. The
first two stages of the growth of Au and Pt nanoparticles as obtained by in-situ XAS
measurements are also corroborated by simultaneous in-situ measurement of UV-Vis
spectroscopy.
The Au-Pt bimetallic nanoparticles have been synthesized through a one-pot synthesis
route from their respective chloride precursors using block copolymer as a stabilizer. From the
in-situ measurement of UV-Vis spectroscopy, it has been observed that Au seeds are formed
with the appearance of Au SPR peak and vanishes when the Pt shell starts forming on the Au
core. This confirms the formation of core shell like structure in Au-Pt bimetallic alloy. Ex-situ
studies by HRTEM with EDS line scan and XPS measurements with in-situ etching on the fully
formed nanoparticles also ascertain their core-shell type nature. However, simultaneous in-situ
XAS measurement gives a detail microscopic account of the phenomenon which shows that Au
precursor get reduced within 10 sec. and Au4 clusters are formed which act like nuclei for the
further growth and the Pt reduction occurs slowly on the surface of the Au nuclei. The study of
the formation process shows how the difference in the reduction potential of the two precursors
could be used successfully to get the core shell configuration of bimetallic alloy in a controlled
fashion using a one–pot synthesis method.
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A flow set-up has been developed at the energy dispersive EXAFS beamline (BL-08) at
Indus-2 SRS at RRCAT, Indore, India for studying growth of nanoparticles under different
reaction conditions. In-situ XAS measurement has been done during the formation of Cu
nanoparticles under inert atmosphere using this specialized flow setup. Cu nanoparticles have
been synthesized from copper acetate using NaBH4 as a reducing agent and PVP as a stabilizing
agent. XRD and TEM measurements confirm the presence of metallic Cu nanoparticles of size
between 19 nm. Principal Component Analysis (PCA) and Multivariate Curve Resolution with
Alternating Least Squares (MCR-ALS) analysis techniques have been successfully applied to Cu
K-edge XANES data recorded during the growth of Cu nanoparticles. From PCA, it has been
confirmed that the reduction reaction involves three species. MCR-ALS analysis gives the
XANES spectra of the three species and their concentration profiles during the reaction. It has
been concluded that the reduction reaction occurs in two steps: (i) formation of Cu+1 species
from Cu+2 reduction after 500 s and (ii) reduction of Cu+1 to Cu0 after 750 s from the start of the
reaction. The EXAFS spectra of the intermediate species have been extracted and the analysis
confirms the presence of 2 oxygen atoms around the first coordination shell of Cu cation in the
intermediate species which nearly matches with the local environment of Cu2O. Therefore, using
PCA and MCR-ALS analysis of in-situ XAS spectra recorded during the synthesis of Cu
nanoparticles, the intermediates formed have been identified and their concentration profile has
been estimated. This methodology will be helpful in controlling the reaction parameters and
hence the reduction process for synthesis of nanoparticles with tailored properties.
8.2

In-situ XAS studies during catalysis
A facility has been set up at the Energy Scanning EXAFS beamline (BL-09) at Indus-2

SRS, RRCAT, Indore, India for in-situ studies of structure-activity correlation during catalytic
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reaction using simultaneous measurements of X-ray absorption spectroscopy (XAS) and gas
chromatography. XAS provides information regarding structural changes in the catalyst during
the reaction, while gas chromatography monitors the product gases of the reaction, which in turn
gives information regarding the activity of the catalyst. Using the above facility SBA-15
supported Co3O4 nanoparticle catalysts has been studied in-situ during Fischer Tropsch reaction
for methane generation by the reaction of CO and H2. The catalyst is first reduced by heating it at
400ºC for 5 hours under H2 ambient and it has been found from XANES measurements that the
as-prepared catalyst first reduces to CoO and then to metallic Co during reduction. The activity
of the reduced catalyst is subsequently been observed at few different temperatures viz., 240ºC,
260ºC, 280ºC and 320ºC and it has been found by XANES and EXAFS measurements that the
structure of the catalyst does not show any significant change during the Fischer Tropsch
reaction at these temperatures and remains in the metallic Co phase. It has further been observed
that as the reaction temperature increases from 280ºC-320ºC the activity of the catalyst increases
significantly. However, at 320ºC the Co catalyst shows deactivation with time. The catalyst has
been studied for 10 hours at 320ºC and an attempt has been made to understand the process of
deactivation using XANES and EXAFS analysis. From the structural analysis results it has been
observed that there is no signature of formation of CoO phase during the reaction which might be
responsible for the deactivation of the catalyst. Therefore, there is a strong possibility that the
deactivation of the catalyst is caused due to carbon formation on the surface of the catalyst which
does not get removed due to very low concentration of CoO in the reduced sample. This has been
confirmed from ex-situ Raman spectroscopy measurement of the deactivated catalyst.
Similarly, another facility has been set up at the Energy Scanning EXAFS beamline (BL09) at Indus-2 SRS, RRCAT, Indore, India for in-situ studies during photocatalytic reaction
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using simultaneous measurements of X-ray absorption spectroscopy (XAS) and gas
chromatography. Using this setup, the photocatalytic reduction reaction of CO2 has been studied
using Cu doped TiO2 catalysts. It has been inferred from the XANES and EXAFS analysis that
the oxygen vacancies near Ti cations and Cu cations are the sites for CO2 and water vapour
adsorption. The photo generated electrons get transferred to the Cu cations which acts as a
electron trap in the TiO2 lattice. The trapped electrons are transferred to the adsorbed CO2 and
results in the dissociation of CO2. On photoillumination, oxygen vacancies are also created in the
lattice, which are further used for the activation and dissociation of CO2 or H2O. Therefore, in
situ XAS measurement gives an understanding of the CO2 and H2O adsorption on the Cu doped
TiO2 catalyst and photoreduction of CO2 to CH4. Both Cu cations and oxygen vacancies near Ti
cations play important role in the photoreduction of CO2 to CH4. The production of CH4 during
photocatalytic reduction of CO2 has been confirmed from the GC measurements.
8.3

Future work
The present thesis work can be extended in future for the application of time resolved

XAS in other fields like in-situ studies during growth of thin films and in-situ studies during
charging-discharging of rechargeable batteries. The in-situ studies during growth of thin films
will give an insight into the thin film formation process which in turn will help to fabricate better
thin film devices. Similarly, in-situ studies during charging-discharging of rechargeable batteries
will provide information regarding the structural changes in the anode or cathode materials
during the charging-discharging process. This information will facilitate to fabricate efficient
batteries with higher charge holding capacity and compatibility with higher number of charging discharging cycles before break-down.
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