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After a short introduction highlighting the potentialities of metal-organic frameworks (MOFs) and the
power of X-ray absorption spectroscopies (XAS), a list of selected examples follows. The first part of this
review provides the basic concepts that are behind the most used XAS techniques: Extended X-ray
Absorption Fine Structure (EXAFS) and X-ray Absorption Near Edge Structure (XANES) spectroscopies.
Moreover, it reports also the basis of an innovative approach to the EXAFS data analysis based on the

f\(/[eg\l/:vords: wavelet transform approach, that allows a more solid attribution to the different paths contributing to

XAS s the overall signal. The second part is devoted to provide a section of examples where EXAFS and
XANES techniques have been determinant in understanding the structural and electronic properties of

EXAFS

XANES metal centers in MOFs. The selected examples have been ordered in subsections related to the application

Operando foreseen for the investigated MOFs materials: MOFs functionalization for catalytic applications; MOFs as

single site catalyst; MOFs as photocatalysts; MOFs for gas sorption and storage; MOFs for energy appli-

cation. Conclusions and perspectives are provided at the end.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

The role of zeolites as leading class of crystalline porous mate-
rials has been challenged in the last twenty years by metal-organic
frameworks (MOFs), also known as coordination polymers [1-21].
Although the industrial application of MOFs is still limited to few
cases [22,23], this new class of materials is foreseen to play an
important role in the next future, in the fields of gas separation
and purification [24,25], liquid phase separation [26-28], gas stor-
age [29-44], sorption of toxic or radioactive metal ions [45-51],

Abbreviations: DOS, density of states; EXAFS, extended X-ray absorption fine
structure; FT, Fourier transform; MIL, materials of Institute Lavoisier; MOF, metal-
organic framework; RIXS, resonant Inelastic X-ray scattering; RMS, root mean
square; UiO, Universitetet i Oslo (University of Oslo); UPS, ultraviolet photoelectron
spectroscopy; WT, wavelet transform; XAFS, X-ray absorption fine structure;
XANES, X-ray absorption near edge structure; XAS, X-ray absorption spectroscopy;
XES, X-ray emission spectroscopy; XFEL, X-ray free electron lasers; XPS, X-ray
photoelectron spectroscopy; XRD, X-ray diffraction.
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drug delivery [52-62], chemical sensors [63-65], optical materials
[63,65-80], magnetic materials [81-88], solid state ion conductors
[89-92], electrochemical energy storage [93,94], semiconductors
[95-99], electronic and optoelectronic [65,100-102], supercapaci-
tor [103-106] or low-k dielectric materials [107,108], catalysis
[109-120], electrocatalysis [94,121-126], photocatalysis [127-137]
and biocatalysis [138-144]|. Moreover, some MOFs are able to
respond to external stimuli (such as pressure, temperature, and
adsorption of guest molecules) with interesting reversible frame-
work modifications [145].

MOFs diverge from zeolites in important ways [2,3]. The most
important one being their larger diversity and tunability in compo-
sition and less topological constraints in the formation of the por-
ous lattices. The enormous number of new MOF frameworks
reported every year reflects this flexibility and the large interest
for their potential applications [146]. Zeolites are restricted to
tetrahedral networks, the inorganic cornerstone in MOF topologies
may be a single metal atom or a more or less complex cluster of
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coordinated metal atoms or extended inorganic sub structures
extending in one, two or three dimensions.

Such an enormous framework flexibility and variation in struc-
tural motifs [12,14] represents also a challenge in the characteriza-
tion of MOF materials. Most structures have been solved from
single crystal data. In the few cases where this approach is practi-
cable, the structure can be retrieved ab initio, although care is
needed because the huge cell volume and the high number of
atoms in the unit cell (typical of MOFs) may induce some pitfalls
in the structure solving process [147]. In all other cases, when only
powder XRD (XRPD) data are available additional structural infor-
mation, particularly regarding local coordination within the inor-
ganic cluster, are often mandatory in order to solve the structure
[148-151]. There are also cases were the inorganic cluster does
not follow the symmetry of the overall structure [45,152-154]. In
such cases diffraction techniques will just “see” an average struc-
ture, missing the local structure: a lack that may be critical for
understanding the specific properties to the material. In both cases,
extended X-ray absorption fine structure (EXAFS) spectroscopy
[155-163], taking benefit from its atomic selectivity, is the tool
that will give us this complementary structural information on
the inorganic cluster and the way it binds to the ligand [164-166].
The fact that MOFs are mainly constituted by low Z elements
(C, O, N, H), that are almost transparent to X-rays, allows to collect,
at the metal K- or L-edges, high quality transmission X-ray absorp-
tion spectra characterized by an optimized edge jump Apx as high
as 1.0-1.5, resulting in accurate data, analyzable up to 15-18 A"
[148,149,167-169], vide infra Fig. 7a. The complementarity
between long range order, investigated by diffraction techniques,
and local range order, investigated by EXAFS, has already been rec-
ognized for complex systems, such as metalloproteins [170-183],
disordered mixed metal-oxides [184-186] ternary and quaternary
semiconductor solid solutions [187-194]| and MOFs [164-166]. On
the other hand, also the region near the edge of the X-ray absorp-
tion spectrum, X-ray absorption near edge structure (XANES)
[195-199], has made in the last decade remarkable improvements
in its ability to provide quantitative structural and electronic prop-
erties of the selected element [200-204].

Besides this brief introduction, this review is divided into two
main parts. The first one (Section 2) devoted to describe the XAFS
methods and the second (Section 3) devoted to provide relevant
examples of the use of XAFS spectroscopies in the characterization
of MOFs. Finally, Section 4 provides conclusions and new
perspectives.

2. Methods

In this section, we will provide the basic general concepts of
XANES and EXAFS spectroscopies (Section 2.1) and of a more
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advanced way to interpret EXAFS spectra looking in both k- and
R-spaces, that is the wavelet transform method (Section 2.2).

2.1. X-ray absorption spectroscopy: general aspects

X-ray absorption spectroscopy [155-161,163] is the ideal tech-
nique to investigate the structural and electronic configuration of
metal centers hosted inside nanostructured materials such as
MOFs [164,166]. Such methods investigates the fine structure of
X-ray absorption (the international term is X-ray Absorption Fine
Structure - XAFS spectroscopy or XAS - X-ray Absorption Spec-
troscopy) that is present across a specific edge (K, L, M) of a
selected element [205,206]. Unlike X-ray scattering techniques,
XAS is consequently an element selective technique. XAS experi-
ments are mainly performed at large scale research facilities (syn-
chrotron radiation sources) able to provide a brilliant X-ray source
in a very large energy interval from soft to hard X-rays (although
also IR, visible and UV regions are covered) [207]. The high flux
and the high brilliance of the X-ray beams generated at syn-
chrotron sources makes time [208-210] and space [211,212]
resolved experiments possible. The high flux allows also highly
diluted samples to be measured, while focused beams [211,212]
allows the measurements on samples where only a small amount
of a substance is available, such as in the fields of high pressure
physics [213], cultural heritage [214] and radioactive materials
[215]. Measurements of the X-ray absorption spectrum can be car-
ried out in several ways [194]. The “true” X-ray absorption is mea-
sured by determining the ratio in the X-ray intensity before and
after the sample (Fig. 1a). However, such a direct method of mea-
surement is not always possible to realize, since it makes high
demands on the homogeneity and thickness of the sample being
studied. Moreover, it cannot be applied if the selected element is
too diluted in the sample matrix. In such cases, alternative meth-
ods, based on the measurement of secondary processes, can be
applied. Indeed, the primary process (that is the creation of the
core hole in the K, L or M edge of the selected element due to
the photoelectric effect) is followed by deexcitation process where
the core hole is filled by a higher shell electron with the emission
of either an X-ray fluorescence photon or and Auger electron. As a
consequence, the measure of the X-ray fluorescence yield (Fig. 1b),
or of the total or partial electron yields emitted by the sample
(Fig. 1c), provides a response that is proportional to the primary
process.

The choice of specific detection method among those described
in Fig. 1 is determined by the characteristics of the samples being
studied and the specific tasks of the study [205,216]. Samples can
be in any aggregate state [216,217]. Although experimentally
acquired in the same data collection, the XAFS spectrum is tradi-
tionally divided into two main parts: the region of the near
(XANES) and far away (EXAFS) from the adsorption edge (Fig. 2).
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Fig. 1. The scheme of the experiment for detection by several methods: true absorption - “transmission” (a), fluorescence yield (b), total electron yield (c).
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Fig. 2. Full Fe K-edge X-ray absorption spectrum of MOF MIL-88a including both
XANES and EXAFS regions.

Although XANES and EXAFS are of close origin, they are treated in
different ways, since the information that can be obtained
from these two parts of the XAFS signal differs significantly
[158,159,218,219]. Analysis of XAFS spectra allows to obtain the
information on the position of atoms in the vicinity of several coor-
dination spheres near the X-ray exciting atom, including bond
lengths and bond angles.

EXAFS is successfully used to analyze such a parameter of local
atomic structure like radial distribution of atoms around the
selected element in materials without long range order
[162,220,221] and liquids [222]. The objects of choice are ultra
small nanoclusters [223-227], quantum wells [188-191,193,228],
quantum dots [229-233], thin films (down to few monolayers)
[192,228,234-237], active metal sites in metalloproteins [170-183]
and crystals with impurity defects [238]. The way of analysis of
the X-ray absorption coefficient in the EXAFS spectral region
extending from about 30eV above the edge is more direct
compared to the XANES spectral region that extends from the
absorption edge up to about 100 eV above the edge [198,199].

The change in the symmetry of local environment of the atom
(the angles of the chemical bond) [239-242], even without chang-
ing the distance between the absorbing atom and its neighbors and
the number of neighbors, leads to visible changes of the XANES
shape, while the EXAFS shape remains unchanged [182] (this holds
when multiple scattering paths can be neglected in the EXAFS
analysis). This is explained by the shorter mean free path of the
photoelectron at energies corresponding to the region of EXAFS,
which limits the EXAFS signal origin mostly to single scattering
processes of the photoelectron wave by the surrounding
atoms (see Fig. 3) [218]. This makes the EXAFS spectra a rather
direct tool to obtain information on such important structural
parameters as bond lengths and coordination numbers [155].
EXAFS spectroscopy can be sensitive to local geometry and bond
angles, in case multiple scattering paths are relevant in the overall
signal [156,157,243-247]|. Multiple scattering paths are particu-
larly strong in case of collinearity among there or more atoms such
as in solids with rock salt [234,237,248] or fcc [249-251] structures
or in metal-carbonyl [200,252-257] or metal-nitrate [258]| complexes.

Besides these peculiar exceptions (and few similar ones) XANES
spectroscopy, which includes a near-edge region up to about
100 eV behind the edge, is much more sensitive than EXAFS one

Fig. 3. Multiple scattering responsible for XANES and single scattering path for
EXAFS.

to bond angles and local geometry around the X-ray absorbing
atom [202], in addition to the sensitivity on oxidation states
[184,204,259-265] and bond lengths [266-270]. Thus, with XANES
analysis one could study not only local atomic structure parame-
ters, but electronic structure as well. By the analysis of main
X-ray absorption edge energy shift it is possible to determine the
oxidation state of the ion (atom) under study. Moreover, as the
XANES is proportional to the corresponding projected density of
unoccupied density of electron states (DOS) [271], one could
estimate this important function, which determines many physical
and chemical properties of the material [272].

However, the determination of a complete three-dimensional
local atomic structure of a material without long-range order in
the arrangement of atoms requires advanced theoretical analysis
of XANES data [273] and includes time-consuming ab-initio theo-
retical simulations of XANES spectra using based on different
approaches. There is a number of codes based on DFT/TDDFT and
many-body approximations. The most popular Green function
method is available in the programs FEFF [198,274,275], CONTI-
NUUM [276,277], FDMNES [199,202,278,279], SPRKKR [280,281],
MXAN [195,196,282], and XKDQ [283,284]. Most of it is based on
multiple scattering theory that uses muffin tin approximation.
However, the finite difference approximation offers an efficient
and accurate way of modeling metal-organic frameworks active
centers using full potential that is most accurate for systems with
string covalent bonds and large voids [202,278]. There are also
codes based on basis set approach such as ADF [285], ORCA
[286,287], Gaussian, Wien2k [288-290], Quantum Espresso [291-
293] and PARATECH [294]. Many-body approximation is usually
used for 3d transitional metals L, ;3 edge and the pre-edge area of
K-edge spectra and includes such approaches as atomic multiplets
implemented in QUANTY [295], XTLS [296], and CTM4XAS [297];
Bethe-Salpeter equation used in OCEAN [298,299], EXCITING
[300,301]; post Hartree-Fock approach used in MOLCAS [302].
Usually powerful supercomputers or cloud computing [303,304]
are needed to determination of a complete three-dimensional local
atomic structure. It should also be stressed that there is no direct
route for determination of the 3D local atomic structure parame-
ters from XANES. Possible approaches proposed are based on the
fitting of theoretical XANES simulated for “probe” models of local
atomic structure for the materials under study to the experimen-
tally obtained XANES [197,305,306].

MXAN code is based on the comparison between the experi-
mental spectrum and several theoretical calculations performed
by changing selected structural parameters from a starting puta-
tive structure, i.e. from an initial configuration of the atoms around
the absorber [195-197]. The MXAN package makes use of the CON-
TINUUM code [305] to calculate the absorbing cross section in the
framework of the full MS approach, i.e. the scattering path operator
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is calculated exactly, without any series expansion. The calculated
spectra are then convoluted with a Lorentzian function of constant
width to mimic the spectral broadening due to the core-hole life-
time and the experimental resolution. The basic idea implemented
in Fitlt code [273,307], which is the variation of structural param-
eters and minimization of the discrepancy between theory and
experiment, is the same as in MXAN. The difference between them
is that MXAN is linked to only one implementation of the full mul-
tiple scattering approach, it does not use the multidimensional
interpolation and therefore does not provide the same possibilities
for visualization and combination with more precise, but computa-
tionally time-consuming methods. Within Fitlt approach [273,307]
the XANES fitting includes two steps: interpolation of XANES
spectra and minimization of discrepancy between theory and
experiment. First, one should construct the interpolation of the
spectrum as a function of structural parameters. It allows the pre-
diction of XANES for any values of parameters within the selected
limits of variation. A second step is a minimization of the discrep-
ancy between interpolated and experimental XANES spectra by
varying the structural parameters. Thus, one obtains the “best-fit”
set of the local atomic structure parameters (i.e. the most probable
3D local atomic structure of the material under the study) spend-
ing reasonable computer resources. At a later stage, to deal with
the growing number of XANES spectra measured in the processes
having simultaneously several phases, the principal component
analysis (PCA) option is also included [306].

Finally, one should mention that if possible it is better to use
both XANES and EXAFS methods to study thoroughly the local
atomic and electronic structures of the nanostructured materials
in a self-consistent way [308,309].

2.2. Wavelet transform applied in the analysis of EXAFS spectra

The EXAFS signal, usually defined as the y(k) function, is
characterized by weak oscillatory wiggles of the X-ray absorption
coefficient that arise from the interference between the parts of
the photoelectron wavefunction diffused from the absorber atom
and backscattered by its neighbours [155,157-161,163].
described by Sayers, Lytle and Stern in their milestone works
[220,310,311], background subtracted EXAFS oscillations can be
related via Fourier Transform (FT) to a specific spatial arrangement
(in R-space) of atoms groups located around of the absorber.

In the single scattering approximation, the theoretical relation
between the modulation of the EXAFS signal y(k) (where k is the
photoelectron wave-vector) and the structural parameters can be
expressed by the following equation [155,158]:

NFkR,

OZI R2

where the summation is performed over each shell of neighbouring
atoms i. In this formula, the parameter R; indicates the interatomic
distances of the i* shell from the absorber. S; is the overall ampli-
tude reduction factor [312], Fi(k,R) is the electron backscattering
amplitude, N; is the coordination number (number of equivalent
scatterers), g; is the Debye-Waller factor which accounts for the
thermal and static disorder while A(k) represents the energy-depen-
dent electron mean free path. The terms ¢(k,R) = 5(k) + 0;(k,R)
describes the total phase shift due to the presence of central (J)
and backscattering atoms of the i-th shell (0; as reported in
Fig. 4b) and plays a fundamental role in the FT-peaks positioning.

One limit of the EXAFS spectral analysis, based on FT, can be
found in the impossibility to identify group of different atoms
located at close distances. In this case, their contributions in
R-space overlap, making their discrimination difficult to realize.
However, Teo and Lee [155,313] calculations demonstrated the
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Fig. 4. Backscattering amplitude (a) and phase shift (b) as a function of k for
different elements: F (Z=9), Ag (Z=47), Tb (Z=65) and Pb (Z=82). Open and full
circles refer to the work of Teo et al. [313] and McKale et al. [314] respectively.
Adopted with permission from Ref. [313] and [314]. Copyright 1979, 1988 American
Chemical Society.

dependence of F;(k,R) and ¢(k,R) with the atomic number Z in
the EXAFS range. In particular, for low Z atoms F;(k,R) becomes
larger at low k values and decreases almost monotonically with k
(Fig. 4a). As Z increase a maximum appears at larger k values. For
highest Z atoms two maxima become evident [155,315]. The
characteristic behavior of both ¢(k,R) and F;(k,R) as a function of
Z can be used to distinguish type of scattering atoms if their atomic
numbers are sufficiently different [165]. In fact, their contributions
are localized at different k-ranges.

In this context Wavelet Transform (WT) analysis can be
employed with great advantages in the analysis of the EXAFS spec-
tra [316-321]. In the field of XAS spectroscopy, wavelet analysis
was initially used for EXAFS background subtraction [316] and to
reconstruct the radial distribution function from noisy EXAFS
spectra [317]. However, the power of this technique principally
stands in the possibility to obtain a 2D correlation plot of the
EXAFS signal with its simultaneous localization in R and k space
[318-321]. In this way, it is possible to reduce the ambiguities
related to the identification of backscattering atoms which come
from the FT-analysis.

Formally, the WT of a given k"-weighted EXAFS spectrum is
expressed as:

w(a,b) = / dk'k™ y (k' (?) (2)

This equation can be seen as the inner product between the
analysed spectrum (k) and a defined window function y, called
“mother wavelet” or simply wavelet (where the apex * denotes
the complex conjugate of ), that must satisfy following the
zero-mean condition:

/ T dky (i) = 0 3)

Differently from the FT, where a signal is decomposed into a lin-
ear combination of sine and cosine waves at different frequencies,
in the WT approach the signal y(k) is analysed through a set of
train-waves (wavelets) that are shifted by b units in the k-space
and distorted by a factor a in order to keep account of the local
frequencies of the signal. The variables a and b are connected to
the k and R-space by the following relations [318,320]:
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where 7 is a parameter related to the typology of the wavelet used.
Its meaning will be discussed below. From Eq. (4) the expression of
the WT finally becomes:

W(R, k) = ﬁ / :o Rk (k) g g (K - k)]

The local resolution in the reciprocal Ak and direct space AR are
stated in terms of Root Mean Square (RMS) values [322], generat-
ing k-R windows (or uncertainty cells) of constant area where the
signal information is distributed:

()

[+ AK) x [R-+ AR] = [k + ziAkw} X {R + 23&@] (6)
R n

where Ak, and AR, are the RMS of the chosen wavelet in k and R

space respectively [323]. This means that if two signal contributes

differ in k space of a quantity lower than 2Ak or have a frequency

(i.e. mw = R) smaller than 2AR, they cannot be resolved [321].

For the EXAFS data analysis, two kind mother wavelets are used.
The first one is the Morlet wavelet [319-321] that is composed by a
fast oscillatory part confined by a Gaussian envelope making its
real and imaginary part similar to an EXAFS spectrum:

eir]l((;’,—kz/Z(r2
210
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where 7, introduced in Eq. (4), represents the frequency of sine and
cosine waves while ¢ corresponds to the Gaussian standard devia-
tion. These two parameters must be chosen accurately because they
play a critical role in the optimization of the WT resolution. In fact,
n and o appear together in the analytical expressions of Ak, and
AR,, which are constrained by the Heisenberg inequality:
Ak,AR, > 1/2 [322]. Considering expression (7), its related uncer-
tainly cell is given by:
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Hence the k-R window is narrowed in the k space for large val-
ues of R while it becomes wider for small R. Reciprocally, the res-
olution in R space decrease by increasing R [320].

The second mother function commonly used in the EXAFS sig-
nal analysis is the Cauchy wavelet. It has been introduced by
Muiioz et al. [318] and it is defined as:
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where i is the imaginary unit while 7 is the so-called “Cauchy
parameter”. Its related uncertainly cell is:

42 (57
Jr TN e (2] o

Analysing expression (10) it is evident that the window shape in
the R-space is asymmetric and the resolution is controlled by just
one parameter: 1. However, same observations discussed for the
Morlet k-R window remain valid. The choice of the Cauchy wavelet
must be found in the possibility to simplify the integral of Eq. (2),
moreover the use of a complex-valued function is well suitable for
analyzing frequency-modulated signals [318].

Fig. 5 reports two examples where WT is applied in the analysis
of two model signals y,(k) and y,(k) (Fig. 5a,d) and related FT
(Fig. 5b,e):

2

11(k) = 25iﬂ(4k)e’(k’3)2 + sin(8k)e~ k7

7, (k) = 2sin(4k)e- 5" 1 sin[6k(1 + 0.1k))e3¢k-10" 1)

Both signals y, (k) and yx,(k) are composed by the sum of two
periodic functions localised in a range of k values by two Gaussians
with different centers. As it is possible to see from both Fig. 5b the
discrimination of the two contributes from the FT-moduli analysis
is not straightforward. However, as described before, WT keeps
also account of the signal “localization” in k-space making the
distinction of the two contributions easier to realize in the 2D plot,
as reported in Fig. 5c. Note that signal y, differs from signal y,
principally for the presence of a non-linear (quadratic) phase term
that is responsible of the lobe inclination in the corresponding
WT-magnitude plot Fig. 5f. In this case FT provides directly a
scenario where the shell peaks are well resolved in the R-space.
However, the wavelet-tilting phenomenon, that in the time-
frequency language is called “chirp” [319], can be used to point
out the presence of heavier elements in a chemical compound,
which are characterized by sharp (non-linear) changes in ¢(k,R).

3. Local atomic structure and chemical bonding of metal-
organic frameworks investigated by XAFS techniques.

3.1. Designing new efficient catalysts by MOFs functionalization

The exceptional porosity and high specific surface area of MOFs
make them attractive candidates for catalytic applications
[23,112,114,115]. However, only few of MOF types exhibit catalytic
activity themselves, as the metals in the inorganic cornerstones
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Fig. 5. (a) Model signal y;, (b) modulus of its Fourier transform, (c) modulus of its Cauchy WT. (d) Model signal y,, (e) modulus of its Fourier transform, (f) modulus of its

Cauchy WT. For both signals it has been used a Cauchy parameter # fixed to 200.
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normally do not possess coordination vacancies, except some that
have only one coordination vacancy (e.g. CPO-27-M [167-
169,33,324,325]). To provide additional functionalities to MOFs,
various functionalization methods have been proposed [326-
332]. Particularly, interesting for catalytic activities are the MOFs
of the UiO-66, -67 and -68 family, because of their exceptional
thermal stability and their resistance in acidic media [152-154].
For UiO-67 framework [154], functionalization can be made via
incorporation of metal ions into the structure of the linker (see
Fig. 6). The further activation of such material may result either
in removal of ligands and formation of isolated active metal ions,
or in reduction of metals and formation of metal nanoparticles
inside the pores of MOF. Such approach have been successfully
applied for incorporation of iron [333], nickel [334], copper [335-
337], ruthenium [127], rhodium [338,339], iridium [127,339], rhe-
nium [127], platinum [337,340-343], and palladium [344-346].
Investigation of the local structure around the active metal sites
in functionalized MOFs is a typical problem where element-selec-
tive X-ray absorption spectroscopic methods can provide the most
detailed information.

The recent study by Bugaev et al. [346] demonstrates an exam-
ple of a combined operando XANES/EXAFS/XRD investigation to
reveal the evolution of Pd species in Pd-functionalized UiO-67
MOF (Fig. 7). As only 5-10% of the standard bpdc linkers can be
functionalized with (PdCl,)bpydc, the incorporated metal ions are
normally below the detection limit of XRD methods. In this case,
EXAFS spectroscopy measured on a sample of optimal thickness
allows observation of two distinguished coordination shells at
2.03 and 2.29 A, corresponding to Pd-N and Pd-Cl contributions.
Activation of the material in hydrogen leads to reduction of Pd"
to Pd® with formation of palladium nanoparticles mainly hosted
inside the pores of the UiO-67 MOF. The reduction process is best
observed in the XANES region, while observation of Pd-Pd peak in
the Fourier-transformed EXAFS data confirms the nanoparticle
formation. Also in the latter case, XRD data fail to detect the Pd
particles, due to their small concentration and nanometric size.

The resulting material has been tested for the model reaction of
ethylene hydrogenation and demonstrated high catalytic activity.
The interaction of ethylene molecules with palladium nanoparti-
cles was evidenced by the characteristic XANES features of
palladium carbide [308,309,347], which proved the accessibility
of the palladium nanoparticles by the molecules of the reagent.

AN
/Ny

Fig. 6. Carton showing the functionalization of UiO-67 via the use of modified
linkers hosting the metal M with ligand X. Left: standard bpdc linker; middle:
modified bpydc linker; right: functionalized (MX,,)bpydc linker (M = Fe, Ni, Cu, Ru,
Rh, Re, Pd, Pt; X =Cl, Br, n=2,3,4).

Interestingly, the Pt-functionalized UiO-67 MOF was investi-
gated by combining EXAFS and XANES analysis, revealing the for-
mation of isolated Pt-ions and Pd nanoparticles, depending on
the activation conditions [336,337,340,343].

Summarizing, together with a number of other examples, these
studies clearly demonstrate the fundamental role of X-ray absorp-
tion spectroscopy in characterization of active metal species and
investigation of the structure-reactivity relationships in the func-
tionalized MOFs.

3.2. MOFs as single site catalysts for energy applications

Energy generation shifts to a renewable sources and a research
focus moves to new electrochemical materials for energy conver-
sion. The most important reactions such as oxygen reduction reac-
tion (ORR), oxygen evolution reaction (OER), and hydrogen
evolution reaction (HER) are catalyzed by such materials. That is
why single atom catalyst on amorphous carbon-based materials
derived from MOFs recently attract amount of attention for their
applications in energy and catalytic field, such as ORR [348,349],
HER [350,351], OER [352], etc [353]. One of the most promising
applications for WT-EXAFS analysis (see Section 2.2) are single site
catalysts, as its catalytically active sites consists in isolated ions or
a very small group of metallic atoms which are usually incorpo-
rated into framework materials or deposed on the substrate
[354-360]. In some cases, conventional XAS-analysis usually
encounters the problem of segregation of the signal originated by
the framework and extra-framework species. The next few para-
graphs are aimed to emphasize possible application of WT-EXAFS
analysis on MOFs.

As described in detail in Section 2.2, in contrast to the com-
monly used FT approach, the WT provides information regarding
the localization of different EXAFS signal components in both
k- and R-spaces simultaneously [361]. This approach affords supe-
rior discrimination of EXAFS contributions from different species,
as the phase and backscattering amplitude from different elements
are emphasized in different regions of k-space [319,321,362].
Thereby multiple scattering paths from light elements, which pos-
sess the same half-path length as direct scattering paths from
heavier elements, can be readily deconvoluted through simple
inspection of the WT [321]. This makes wavelet analysis a powerful
tool for all cases in which it is important to discriminate contribu-
tions from the different elements, located about the same distance
to the absorbing atom.

Automatically dispersed catalysts comprising mononuclear
metal complexes or single metal atoms on supports offer maxi-
mum atom efficiency and provide the most ideal strategy to create
highly efficient catalysts [363,364]. Moreover, catalysts with
atomically dispersed active sites are model systems that allow
understanding of heterogeneous catalysis at the molecular level,
bridging the gap between heterogeneous and homogeneous catal-
ysis [365].

An efficient way for carbon dioxide reduction by using of single
atom implemented MOF described by Zhang et al. [365]. The newly
developed MOF-525-Co is able to selective capture and photo
reduce CO, with high efficiency under visible-light irradiation (so
called “visible-light-driven carbon dioxide photoreduction”). Low
charge separation and energy transfer efficiency, as well as
inconsistencies between catalytic and adsorption sites, are main
drawbacks to visible-light-driven CO, reduction [366,367]. Mecha-
nistic investigation reveals that the presence of single Co atoms in
the MOF can greatly boost the electron-hole separation efficiency
in porphyrin units [365]. Directional migration of photogenerated
excitons from porphyrin to catalytic Co centers was revealed,
thereby achieving supply of long-lived electrons for the reduction
of CO, molecules adsorbed on Co centers [365].
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Fig. 7. k*>-Weighted y(k) function (a), and the amplitudes (b) and imaginary parts (c) of their FT for experimental EXAFS data of Ui0-67-Pd (solid black), PdCl,bpy linker
(dotted grey) and the best fit (dashed red) by Pd-N (solid blue) and Pd-Cl (solid green) contributions, calculated using the model shown in panel (d). Reproduced from Ref.

[346] by permission of The Royal Society of Chemistry.

MOF-525, formulated as ZrgO4(OH)4(TCPP-H, ) [TCPP = 4,4/ 4" 4"~
(porphyrin-5,10,15,20-tetrayl) tetrabenzoate], which integrates
Zrg clusters (the same as in Ui0-66) and porphyrin-based molecu-
lar units into a 3D network, was selected as a MOF matrix for its
excellent performance in CO, capture and visible-light utilization
[365]. Coordinatively unsaturated Co sites were incorporated into
the porphyrin units to generate a new composite, MOF-525-Co
(See Fig. 8). Due to the highly porous structure of framework
each active site is guaranteed simultaneous exposure to molecular
CO, and can avoid aggregation of active sites due to the quite

distant location of different active site inside the framework struc-
ture [365].

To probe the local coordination environment of the Co atom
upon insertion within the framework, the Co K-edge XANES and
EXAFS spectroscopies were implemented to the investigation of
the system [365]. To answer the issue about formation of
Co-Co bonding and revealed that most of the Co atoms exist
as a mononuclear catalytic active centers Zhang et al. used
WT EXAFS analysis of the Co K-edge [365]. The authors assign
the signals from 1.0 to 50A to either Co-N(C) or Co-Co

N
P =N 3D
Active sites,

\ incorporation '

)

Fig. 8. 3D network of MOF-525-Co featuring a highly porous framework and incorporated active sites. Adopted from Ref. [365] by permission of John Wiley and Sons.



M.A. Soldatov et al./Polyhedron 155 (2018) 232-253 239

interactions is based on the detailed WT-EXAFS wavelet trans-
form analysis.

For MOF-525-Co, a WT intensity maximum near 6.0 A~ associ-
ated with a shoulder around 9.0 A" is well-resolved at 1.0-5.0 A,
this can be unambiguously assigned to the Co-N bond (see
Fig. 9b). While the WT intensity maximum at 7.5A"! clearly
observed for the Co foil (see Fig. 9a) and assigned with a Co-Co
bonds is not detected in MOF-525-Co. EXAFS fitting support the
conclusions of WT analysis and reveals that the coordination num-
ber of the nearest-neighbor N atoms surrounding the isolated Co
atoms is 3.9 at 1.95 A [365]. It could be also considered as an addi-
tional confirmation of square-planar configuration of Co in the
newly developed MOF and the presence of unsaturated active sites
for catalytic reaction [365]. In such way, WT-EXAFS analysis for
MOF-525-Co reveals that Co atoms exist as a truly isolated atoms
incorporated in the framework in the square-planar configuration.

Another case of implementation WT-EXAFS analysis on MOFs
for photocatalysis reported by Yang An et al. [368]. So far, no MOFs
has been reported to be a photocatalyst for overall water splitting.
It is well known that compounds of Ni** ions are efficient cocata-
lysts for hydrogen production, and the amino groups of Al-ATA
MOF present in the pores can act as ligand for the Ni?* cations
[369-371]. Yang An et al., employed Ni K-edge XANES and EXAFS
spectroscopies for the investigation of Ni doped Al-ATA MOF which
is considered to be promising photocatalyst for oxygen evolution
from water, with the benzene ring of ATA%~ as the site for O, evo-
lution [372].

The overall XANES profile of AI-ATA-Ni MOF is similar to that of
Ni(NOs3),, with a much weaker pre-edge feature, which indicates
that Ni atoms incorporated into framework are in oxidation state
around +2 and octahedrally coordinated. Authors assign the signals
from 1.0 to 4.0 A to either Ni-N(O) or Ni-Al interaction based on
the detailed WT-EXAFS analysis [368]. The WT intensity maximum
around 4.5A7! is well resolved at a distance 1.6 A has been
assigned to the Ni-N and Ni-O bonding. There are no obvious
signals detected that could be assigned to Ni-Ni bonding, which
would have a WT maximum near 75A°' in k space and
2.14-2.58 A in R space (See Fig. 10b). While the WT feature near
6.3 A1 has been assigned to the Ni-Al bonding. It can be another
example where WT analysis address the issue of formation single
ion catalytically active sites, showing that Ni atoms incorporated
into Al-ATA-Ni MOF are isolated atoms rather than forming Ni
nanocrystals. The results of EXAFS fitting procedure confirms the

R+« (A)

R+« (A)

octahedral coordination for Ni?* ions the pores of Al-ATA-Ni MOF
[368].

Shufang Ji et al., have applied WT-EXAFS analysis to clarified
Rus cluster formation in the ZIF-8 framework performing efficient
oxidation of alcohols [373]. The active sites of the catalyst are
represented by Rus(CO);, molecules within the cages of ZIF-8
framework. Uniform Rus/CN clusters stabilized by nitrogen species
are formed during the further pyrolysis at 800 °C [373]. The Ru
K-edge XANES show that the energy absorption threshold value
of Rus/CN is higher than that of Ru foil and lower than of RuO,,
indicating that the Rus clusters carry a positive charge. At the con-
ventional EXAFS-FT curves there are two higher-shell peaks at dis-
tances of 2.3 and 3.0 A that were observed for Rus/CN and were
preliminary ascribed to Ru-Ru and Ru-C scattering, respectively.
The further implementation of WT-EXAFS analysis allows to
discriminate contribution from the heavy Ru and light C atoms
(See Fig. 11a). WT contour plot of Rus/CN in the first shell shows
one intensity maximum at ~4.2 A1, associated with Ru-N scatter-
ing path. However for the higher coordination shell, WT counter
plot shows two additional maxima at ~2.3 A~'and 7.0 A~!, besides
the intensity maxima at ~4.2 A~!, owing to Ru-C contributions. A
complementary comparison of the g-space magnitudes for FEFF-
calculated Kk?-wieghted EXAFS paths was constructed (See
Fig. 11b). The Ru-N(C) path shows the only one maximum near
4.2 A, while the Ru-Ru path shows one maxima near 8.7 A~!
associated with a shoulder around 3.8 A~!. However, with the
Debye-Waller factors (¢2) increased from 0.005 to 0.015 A2, an
obvious shift of the Ru-Ru path maximum to 7.0 A~' is clearly
exhibited, suggesting that the WT maximum at 7.0 A~! at the 2D
plot can be ascribed to Ru-Ru scattering.

Thus, the Ru-N coordination and Ru-Ru metallic bonds of the
Rus triangular structures were detected, indicating that uniform
Rujs clusters were atomically dispersed and stabilized by nitrogen
species, as further confirmed by time-of-flight secondary ion mass
spectrometry (TOF-SIMS) analysis [373].

However, the applications of WT-EXAFS analysis for porous
materials are not limited by the dispersed single-site catalysts.
One of the most specific issue which was addressed and partially
solved by WT-EXAFS analysis is radionuclide sequestration in
amorphous porous organic polymers (POPs) [374,375] and cova-
lent organic frameworks (COFs) [376-378]. The investigation was
performed by Qi Sun et al. [361], analyzing the U Ls-edge EXAFS
signal obtained for POP-TpDb-AO and COF-TpDb-AO.

8 10 12 14

6
k(A")

Fig. 9. (a) Wavelet transforms for the k*-weighted Co K-edge EXAFS signals of Co foil and (b) of MOF-525-Co based on Morlet wavelets with optimum resolutions at the first
(lower panel) and higher (upper panel) coordination shells. Vertical dashed lines denoting the k-space positions of the Co-N and Co-Co contributions. Adopted from Ref. [365]

by permission of John Wiley and Sons.
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The wavelet transforms analysis demonstrate the extreme sim-
ilarity between POP and COF systems (see Fig. 12), despite the
increased information afforded through simultaneous inspection
of both k- and R-signal components, suggests identical uranium-
binding environment. Nevertheless, the observed improved perfor-
mance of the COF-based adsorbents suggests that the well-ori-
ented chelating groups on the COFs are more ready to bind with

Distance, R (A)

uranium species in comparison with the randomly populated form
in the POPs [361].

3.3. MOFs as photocatalysts: time-resolved studies

MOFs are increasingly used in the field of photocatalysis
addressing environmental and energy issues [128,379-387]. These
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Fig. 12. U L;-edge EXAFS k?-weighted wavelet transforms analysis of (a) COF-TpDb-AO and (b) POP-TpDb-AO. Adopted from Ref. [361] by permission of John Wiley and Sons.
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materials are believed capable to overcome the systematic restric-
tions immanent to traditional photocatalysts by exploiting their
highly porous nanostructure and tunable semiconducting proper-
ties. There is a good number of review papers summarizing some
recent achievements in employment of MOFs for solar energy con-
version by photoredox catalysis [131,388], in the photo-driven
removal of pollutants from wastewater [389], and as functional
luminescent and photonic materials for sensing applications [390].

Han et al. [391] encapsulated polyoxometalate [Co4(H,0),
(PWg034),]1%" (CoPOM) in MIL-101(Cr) MOF for both photocat-
alytic and electrochemical catalytic water oxidation. To confirm
that the structure of CoPOM after being encapsulated in MIL-101
is retained, authors measured the Co K-edge XANES of CoPOM/
MIL-101 and CoPOM in comparison to several standards (Cos0,,
Co(OH); and Co(NOs3),). From the comparative analysis of curves,
they attributed the observed shift of the absorption edge of
CoPOM/MIL-101 to a higher energy by 0.9eV to a guest-host
interaction in the hybrid material. Different MOFs (like MIL-125,
Ui0-66, ZIF-8) functionalized with amine (-NH,) group or semi-
conductor/metal nanoparticles were successfully tested to conduct
the Cr(VI) reduction into Cr(IIl) [392].

There is a growing interest to combine Cu-BTC and TiO; in a
pure form or as derivatives. In particular, a composite material
combining HKUST-1 and SBA-15 grown solvothermally was pro-
posed by Mosleh et al. [393] for photocatalytic degradation of toxic
dyes under a blue LED light. Hollow Cu-TiO,/C nanospheres from
pyrolyzed core-shell SiO,-HKUST-1-TiO, structures were found
efficient in photocatalytic hydrogen production during the electro-
chemistry tests [394]. Although, authors of cited works link the
questions of interfacial electron transfer with the structural
peculiarities of the proposed systems, the information about local
environment is still missing since the list of characterization meth-
ods rarely extends beyond XRD, TEM/SEM and optical spectro-
scopies (PL, UV-Vis and FTIR).

Xie et al. [395] reports on the ADA-Cd = [Cd,L,(DMF),]-3H,0
where H,L is (2E,2’E)-3,3'-(anthracene-9,10-diyl)diacrylic acid
MOF as an effective sensitizer for anatase TiO, to achieve enhanced
visible light photocatalytic performance. ADA-Cd acts as the
antenna to harvest photons and inject generated electrons to CB
of T102

Adjustable topological properties of MOFs offer unique oppor-
tunity for the photoswitchable applications of these materials.
Optical control can be achieved either by light induced transforma-
tions in the metal centers (e.g. spin-crossover in MOF Fe(pyrazine)
Pt(CN), [396]) or by isomerization in the functional organic linkers
(e.g. spiropyran-functionalized MOF-808 [397]). Practical applica-
tions of photoswitchable MOF include optically triggered release
of molecular species from container [398,399]; selective gas
adsorption [400]; tunable membrane separation [401] and
photostimulated catalysis [402]. Large pores inside MOF can act
as solid solvents for photoswitchable spiropyrans, as was observed
for 1,3,3-Trimethylindolino-6'-nitrobenzopyrylospiran in MOF-5,
MIL-68(In), and MIL-68(Ga) [403].

Appropriate methods should be used to follow time evolution of
the atomic and electronic structure of the material after short and
intense laser pump pulse. Optical pump-probe experiments are
often used to characterize photodynamic properties of MOFs. In
the work [404] authors unravel the photodynamic of Nile Red
(NR) interacting with AI-ITQ-HB nanostructure. Time-resolved
experiments provided emission lifetimes of the interacting mono-
mers, H- and J-type aggregates. This study showed that the struc-
tural transformations of Nile Red molecule in AlI-ITQ-HB MOF upon
light irradiation depend on its location within the material. Infra-
red spectroscopy is also sensitive to the atomic structure and local
coordination of molecules inside MOF. Time-resolved transient
infrared spectroscopy in the picosecond time domain following

400 nm irradiation of M(CO)s(diimine)X (M =Re, Mn) MOF was
used to characterize metal to ligand charge transfer and photoejec-
tion of carbon monoxide [405]. Subsecond infrared and Raman
spectroscopy were used to follow the mer-isomer product formation
during the photolysis of ReMn in a KBr disk (ReMn = [Mn(DMF),
[LRe(CO)5Cl]]Joo, L =2,2'-bipyridine-5,5'-dicarboxylate, DMF = N,N
dimethylformamide).

There are few examples of time-resolved structural analysis of
MOF under irradiation. A four-dimension electron microscopy
diffraction was applied for spin crossover transitions in single crys-
tal of MOF Fe(pyrazine)Pt(CN), [396]. X-ray studies using scatter-
ing methods up to date cover only sub-second time domain
[19,406,407] and focus mainly on the formation process of the
MOF crystals during synthesis. Modern X-ray absorption and RIXS
techniques developed nowadays at X-ray free electron lasers
[408,409] are still challenging for the in situ applications to delicate
and degradable MOF structures. However numerous optical pump
X-ray probe studies of the metallorganic molecules [210,410-412],
which are building blocks of MOFs, foresee a development of
appropriate environmental conditions for MOF at existing syn-
chrotron and XFEL beamlines.

3.4. MOFs as materials for gas sorption and storage

Due to structural properties of MOFs one the most obvious
applications of them are sorption [34,38,413-416] and separation
[31,417]. Nowadays highly efficient sorption and removal of pollu-
tants and toxic ions is serious task from the environmental point of
view.

In order to investigate physical and chemical transformations
and structural dynamics of three commercial MOFs (Cu-BTC,
Fe-BTC and ZIF-8) during the CO, adsorption experiments, XAFS
measurements were performed on different reaction steps (as-syn-
thesized sample, activated, after CO, adsorption/desorption) [418].
The activation and CO, gas adsorption process in the rht-type MOF
were investigated on the molecular level using several spectro-
scopic characterization methods [419].

Although elemental halogens play key roles in a range of indus-
trial process, most of reports on gas sorption and storage in MOFs
are mentioned oxidizing or corrosive gases (O, NO, SO,, NH3).
Tulchinsky et al. [203] represent the first example of reversible
halogen uptake and release with a MOF. Using a combination of
XANES, EXAFS techniques and theoretical calculations were shown
that Bry and Cl; reversible oxidize Co(II) centers in Co,CI,BTDD (1)
(BTDD = bis(1H-1,2,3-triazolo[4,5-b],[4,5-i])dibenzo[1,4]dioxin) to
form terminal cobalt(Ill) halides in Co,CI,X,BTDD (X = Cl, Br).

MOFs could be used as solid-phase sorbents to remove heavy
metals by the introduction of suitable functionals groups, for
example many effective sorbents for Hg(Il) based on MOFs or COFs
(covalent organic frameworks) have been developed based on
strong Hg-S interactions. The possibility of reversible uptake of
Cd (I1) by MOF FJI-H9 was shown in [420].

Considering the mobility, radioactivity, and high toxicity of ura-
nium, together with its indispensable role in nuclear energy, ura-
nium sequestration was thus chosen as a proof-of-concept study
to demonstrate the potential applications of COFs in waste man-
agement and nuclear source enrichment to safeguard energy
development. To gain more insight into the coordination environ-
ment of uranium in both COF-TpDb-AO and POP-TpDb-AO Bai et al.
[361] employed XAFS spectroscopy collected at the U Ls-absorp-
tion edge (17.166 keV). Inspection of the data suggests the U(VI)
coordination environment is similar between the two porous
frameworks, and reasonable fits are obtained from applying the
same uranyl-benzamidoxime m? binding motif model to both
COF-TpDb-AO and POP-TpDb- AO. Two distinct U-O distances
are required within the equatorial coordination plane, consistent
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with n? binding; however, the spectral resolution of the data
(~0.2 A) precludes definitive assignment of the uranium coordina-
tion environment. Nevertheless, the successful simultaneous fit-
ting of the EXAFS data sets with the same structure model, in
conjunction with affording refined parameters within experimen-
tal uncertainty of each other, demonstrates a common uranium-
binding mode.

Zhang et al. [421,422] used XAFS techniques to investigate the
local coordination around the U(VI) in MIL-101(Cr) with different
ethylenediamine (ED) functionalities before and after U(VI) sorp-
tion. As shown in Fig. 13, similar XANES patterns consisting of a
strong main peak (I) and a shoulder Il can be seen in all U(VI)-
loaded MIL-101(Cr) samples, disclosing the bipyramid skeletal
structure of uranyl. The increase of the ED ratio led to changes in
the areas of peaks II/IIl. The energy positions of the peaks II and
Il depend on the U-Oax and U-Oeq bond distances. Peaks in
Fig. 3b correspond to the single scattering paths of oxygen (axial)
and the ligand (equatorial). The numbers of axial and equatorial
coordinated atoms were two and six, respectively. The authors
found that U(VI) was mainly coordinated to the amine groups in
ED-MIL-101(Cr), while physical adsorption was dominant in
pristine MIL-101(Cr). The key advantage of XAFS is that it is ele-
ment specific and always detectable. The application of XAFS tools
will be largely carried out for understanding the speciation and
microstructures of toxic/radioactive metal ions adsorbed onto the
surfaces of MOF-based materials with the increasing demand for
molecular-scale metal ion-speciation information and the increas-
ing sophistication of the XAFS tools.

EXAFS data were recorded in order to determine the coordina-
tion environment of U(VI)-loaded MIL-101-NH,, MIL-101-ED and
MIL-101-DETA [422]. It is observed that, on the one hand, spectra
MIL-101-ED and MIL-101-DETA have almost the same oscillation
mode and the same intense FT peaks in the range of 1-6, whereas
spectrum for MIL-101-NH; shows a clear difference in intensity of
the FT peak at ~2 A. This indicated that U(VI) sorption on MIL-101-
ED and MIL-101-DETA occurs in the same way but is slightly differ-
ent from that on MIL-101-NH,. On the other hand, all these spectra
are distinct from for the reference of U(VI) hydroxide precipitate,
revealing the absence of such an incidental species under the
experimental conditions.

The [Cus(BTC)y(H0)3], (where BTC is benzene-1,3,5-tricar-
boxylate) or simply HKUST-1 was introduced to scientific commu-
nity in 1999 by Chui et al. [423]. Describing the attractive features
of obtained face-centered cubic crystals with a 3D system of pores,
authors stressed out the control of dimensionality as a key factor to
successful synthesis of MOF. Under a room-temperature synthesis
conditions the copper trimesate system usually turned into the
polymeric ensembles of low dimensionality due to ligation of aqua
groups to square-pyramidal Cu?" ion. Only synthesis at a higher
temperature (180 °C in the reported case) ensured a loss of termi-
nal ancillary ligands (with just one aqua molecule left per a metal
center) and establishing of a 3D polymeric network. The same
report provided a brief description of dimeric cupric tetracarboxy-
late units based on a single-crystal analysis; the Cu-Cu internu-
clear separation was 2.628(2) A and the Cu-OH, bonds were
2.165(8) A.

The water molecules in the first coordination sphere of Cu ions,
if removed, form coordinative vacancy on Cu(ll) species, allowing
usage of the material for the capture and storage of guest mole-
cules, such as hydrogen [424-426]. Substantial potential of such
application stimulated the XAS studies of the copper species in
HKUST-1. Both XANES and EXFAS were collected for the MOF and
three standards (metallic Cu, Cu,0, and CuO) in fluorescence or
transmission mode in the regions of the Cu K edge (8979 eV) at
room temperature on a synchrotron source. Although, the edge
positions were confirming the Cu(Il) oxidation state, the offset of
0.4 eV for the as-synthesized HKUST-1 (solvothermal process at
110 °C for 18 h) revealed that Cu ions were not entirely surrounded
by four oxygens from BTC linkers and formed covalent bonds with
hydroxyls. The EXAFS studies were focused on analysis of Cu-O
distances in HKUST-1 between the metal atom and the oxygen of
the axial aqua ligands. The Cu-O length of 1.94 A for the fresh
MOF was found slightly changing to 1.96 upon heating at 200 °C.

The reaction of the framework to the dehydration process
occurring under outgassing at 180 °C was investigated with a set
of different techniques (including a synchrotron-quality XAS) by
Prestipino et al. [424]. Considering the evolution of the XANES fea-
tures when passing from hydrated to dehydrated state of HKUST-1,
a change in the coordination of Cu(Il) was justified by a decrease of
the white line, by promotion of the 1s — 4p dipolar shakedown
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transition, and by perturbation of the 1s — 3d quadrupolar transi-
tion. The observed changes in both intensity and position of char-
acteristic bands, because of the removal of axial water molecules,
led to a higher covalency of ligand-copper bond over its ionicity.
For the theoretical fitting of the experimental EXAFS signals
(k-weighted Fourier back-transformed) the scattering environment
of so-called paddle-wheel units formed by four carboxylate groups
coordinating two Cu(ll) ions was described as the hydrated
[Cu,C405](H,0), or the dehydrated [Cu,C40g] cage (cornerstone).
The analysis demonstrated that dehydration results in shortening
of all the scattering paths in the [Cu,C405] cage. The bond lengths
were calculated (with accuracy of #0.02A) as 2.19A for the
Cu-OH, bond in the hydrated state (as-synthesized HKUST-1)
and 2.64 A for the Cu-Cu separation, the last reducing to 2.50 A
upon removal of coordinated water molecules.

Removal of water molecules axially bonded to the Cu(Il) dimers
forms the Lewis acid copper sites accessible for chemisorption of
molecules having basic character. A careful study of NH3 adsorp-
tion on coordinatively unsaturated copper sites was performed
with several characterization techniques by Borfecchia et al.
[201]. Similar to other reports, the XANES spectra (Fig. 14) are typ-
ical of Cu(Il) species, exhibiting the edge jump at 8990 eV and two
pre-edge peaks at ca. 8976 eV and ca. 8986 eV due to the 1s — 3d
and 1s — 4p transitions, respectively. For the starting hydrated
HKUST-1, the best agreement between the experimental (mea-
sured at the Cu K edge at the ESRF) and simulated (using FEFF8.4
code on the optimized XRPD structure) curve was reached with
some shortening of the Cu-OH, bond and slight general contrac-
tion of all other distances. Upon water removal, the changes in
XANES profile resembles those observed in previous studies of
dehydration. After the interaction of the activated MOF with NHs,
a new pre-edge peak appears at ca. 8983 eV accompanied by slight
changes in the whole spectral profile. The simulation (by substitut-
ing the water molecules with two NH3 molecules) demonstrated
that the intensity of pre-edge peak at ca. 8986 eV is proportional
to the Cu-NHj; distance (2.3 A) and splitting of the white line is
caused by distortion of carbonyl groups. These structural changes
are similar to what has been observed in the case of water but
quantitatively bigger.

The unsaturated Cu(Il) ions in the dehydrated HKUST-1 may
serve as charge-dense binding sites even for nonpolar molecules.
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Investigating the CO, adsorption/desorption of Cu-BTC, Fe-BTC
and ZIF-8, Du et al. [418] concluded that the CO, capture is mainly
governed by the physical driving force. Surprisingly, the dehy-
drated Cu-BTC showed 5-7 times higher absorption amount of
CO, compared to other two MOFs (all possess similar BET surface
areas). Based on the differences on the fitted coordination number
and distance for Cu-0 shell between activation and sorption steps
(processed from a synchrotron XAS data), the adsorption of CO,
molecule to Cu?" center by forming a chemical Cu-O bond was
assumed.

Following a Modular Chemistry concept [30], many carboxylate
MOFs, isoreticular to HKUST-1, have been designed so far by select-
ing a secondary building unit with another metal [427] or substi-
tuting a linker [428]. There is a growing number of hybrid MOFs
under study with partial substitution.

Mixed-linker MOFs based on the Cu-BTC structure were synthe-
sized by Marx et al. [429] with full or partial replacement of BTC by
pyridine-3,5-dicarboxylate (PyDC) XAS measurements on the Cu-
BTC samples observed the known trends in modification of spectral
profiles upon the loss of a coordinated water molecule resulting in
a strengthening and shortening of the Cu-0 carboxylate bonds. For
the Cu-BTC-PyDC samples, the intensities of the white line in
XANES and the amplitude in the Fourier-transformed EXAFS spec-
tra were found decreasing with increasing amount of PyDC (up to
50%). These tendencies evidenced a decrease in the coordination
number of the copper atoms and an increase in the electron den-
sity at them. The Cu-Cu separation (2.61 A) becomes smaller by
0.3 A, while amount of axially bonded water does not change for
up to 30% PyDC. The presence of nitrate or hydroxide ions in the
unit was supposed to compensate a positive charge due to missed
carboxylate group, although, it was not possible to prove with
EXAFs.

3.5. MOFs for energy storage

Ability to store guest molecules and ions in the pores make
MOFs useful for energy applications, in particular for the hydrogen
storage, cathode materials for Li-ion and sodium batteries,
supercapacitors. Dennis Sheberla et al. [430], studied the conduc-
tive MOF electrodes for stable electrochemical double layer
supercapacitors (EDLC) with high areal capacitance. Due to their
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Fig. 14. (a) Experimental (top panel) and simulated (bottom panel) XANES spectra of HKUST-1 as-prepared (blue line), activated (pink line), and activated + NH; (green line).
The insets report magnifications of the 1s — 3d quadrupolar transition (1) and of the shakedown 1s — 4p transition (2). (b) Qualitative comparison between experimental
EXAFS data for as-prepared and activated HKUST-1, and for the activated sample upon contact with 50 mbar of ammonia. Modulus (top panel) and imaginary part (bottom
panel) of the FT of the k>-weighted y(k) functions reported in the inset for the as-prepared (blue line), activated (pink line), and activated + NHs (green line) sample. The inset
in the top part reports the corresponding k> y(k) functions. Reprinted with permission from Ref. [201] Copyright (2012) American Chemical Society.
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high-power density and cyclic stability, EDLCs together with
lithium ion batteries will favor development of the green energy
sources, electric transport and smart power grids. The MOFs have
high porosity, which is attractive for the storage of electrochemi-
cally active species, however practical application is still limited
due to poor electrical conductivity. So far this prevented the use
of these materials as active electrodes in EDLCs. However, it was
found that recently synthesized Ni3(2,3,6,7,10,11-hexaiminotriph-
enylene), (Ni3(HITP),) MOF [430] shown in Fig. 15, has appropriate
value of electrical conductivity to be used solely as electrode mate-
rial in an EDLC without conductive additives of other binders.

Authors revealed a working potential window of ~1.0V for
Ni3(HITP), and after 0.5V a quasi-reversible oxidation process
was observed. The microscopic origin of the oxidation processes
was studied by means of X-ray absorption spectroscopy at the Ni
K-edge. Corresponding spectra are shown in Fig. 16 and Fig. 17.
Material subjected to anodic polarization at 1V (Fig. 16) revealed
no changes in the Ni K-edge position and shape of near edge fine
structure, thus local coordination around Ni remained unchanged.
This observation suggests that the quasi-reversible oxidation at
~0.7 V is related rather to HITP linker than to Ni.

Degradation processes in the local atomic structure around Ni
was observed upon cycling above 1.5V. Clear changes were
observed both for negative and positive electrodes as follows from
Fig. 17.

JaeWook Shin, et al, [431] studied the electrochemical perfor-
mance of a MIL 101(Fe) MOF as a material for a lithium ion battery
electrode. Upon cycling iron changed its oxidation state between
Fe?* and Fe>* however this process was not reversible over many
cycles. Authors use ex situ and operando X-ray absorption spec-
troscopy above Fe K-edge. Ex situ measurements were performed
since a different behavior was observed for the material subjected
to the intense synchrotron radiation due to irreversible oxidation
of Fe?* into Fe*". Fig. 18b shows chemical shift of the Fe K-edge
to lower energy during lithiation and then reversibly shift back
upon de-lithiation. Such chemical shift during lithiation is consis-
tent with the reduction of Fe3* to a superposition of phases with
divalent and trivalent ions of Fe** and Fe?*. Upon de-lithiation,
the mixed valence state is oxidized back to Fe>*.

The Fourier transform of the EXAFS region in Fig. 18c shows the
radial distribution of nearest neighbor atoms around iron. Intensity
of the maximum around 1.5A correlates with the number of

Fig. 15. Schematic representation if Nis(HITP), MOF a, Molecular structure of Nis(HITP), with 1.5 nm pore size Panel b compares size of pores, electrolyte Et,N* and BF; ions,
and acetonitrile solvent molecules Green, lime, blue, grey, brown, and white spheres represent Ni, F, N, C, B, and H atoms, respectively. Reprinted from Ref. [430] with

permission from Nature Publishing Group, copyright 2016.
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neighbors in the first coordination shell. The intensity of the corre- Pores of MOFs can be used to encapsulate polysulfides for the
sponding peak decreases upon Li insertion and then increases cyclic stability of lithium sulfur batteries. X-ray absorption spec-
again upon Li extraction. Such behavior can be attributed to a troscopy can be a useful tool to study chemical bonds between
reversible replacement of chlorine atom by one oxygen atom from sulfur and organic linkers of MOF. There are no applications of soft
an electrolyte solvent molecule upon full lithiation. x-rays to such composite materials however existing studies cover
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interaction of sulfur with carbon atoms in graphene sheets. Quan
Pang, et al, [432] using C K-edge X-ray absorption spectroscopy
revealed a strong chemical interaction between sulfur host materi-
als and lithium polysulfides along with formation of C-S bond
(Fig. 19).

Chao Li. et al. [433] fabricated Mn- and Ni-based ultrathin MOF
nanosheets (‘Mn-UMOFNs’ and ‘Ni-UMOFNs’) using ultrasonic
approach. Synthesized materials were studied upon Li cycling with
O K-edge XANES using total electron yield (TEY) mode. The
obtained Mn-UMOFNs exhibit capacity up to 1187 mAhg™! at
100 mA g~ ! charge/discharge current for 100 cycles. Fig. 20 shows
ex situ XAS for different potential at galvanostatic electrochemical

profile. The most sensitive to the Li insertion were the pre-edge
region between 530 and 537 eV which corresponds to the excita-
tions of O 1 s electrons to the hybridized state of O-2p and Mn-
3d orbitals and two peaks at 539.82 and 543.03 eV which originate
from hybridized O-2p and Mn-4sp orbitals.

Another wide application of MOF is the synthesis of amorphous
carbon shell with embedded metallic nanoparticles which result
from the decomposition of the MOF. XianHe Meng, et al. [434] syn-
thesized porous Ni@C derived from bimetallic MOFs and used this
material to improve LiBH4 dehydrogenation properties. First, the Ni
K-edge XAS was used to prove that Ni?* ions substitute Zn?* ions in
the bimetallic MOF-5 (see Fig. 21a). Secondly formation of metal
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nanoparticles was evidenced from the comparison of the spectrum
from Ni@C composite with the spectrum of metallic foil and corre-
sponding radial distribution functions (Fig. 21b). In the Fourier
transformed data the first oxygen coordination shell in Ni1-MOF-
5 and Ni2-MOF-5 is located at 1.6 A whereas the Ni-O distance
equals 1.7 A for NiO. Detailed analysis of the EXAFS data can
provide additional information about Ni-Ni and Ni-Zn pairs in
[ZnsO]%* clusters after Ni/Zn substitution. The FT-EXAFS of
Ni@C-1(after 1000 °C treatment in Ar of MOF structures) shows
fine structure in spectra similar to those in the spectrum for Ni
metal foil with Ni-Ni distance equal to 2.0 A.

4. Conclusions and perspectives

High brilliance of modern synchrotron radiation sources makes
it possible to shift a paradigm of X-ray nanocharacterization in
materials science from the ex situ studies of materials to the studies
of the processes involving materials transformations (in situ
studies) [158-160,164,435-437]. The necessity of bridging the
gap between the real industrial applications and laboratory studies
push even more sophisticated modification of the process studies
developing operando experimental set-ups [255,258-260,262,
264,438-457], eventually able to couple XAFS with additional
spectroscopic or scattering technique [263,458-463]. In such cases
the process under the study follows real technological conditions
and, thus, the researchers could reach the important information
on the fine details of local atomic and electronic structures of
advanced materials in real technological applications [464].

High energy-resolved fluorescence detected (HERFD) XAS
increases the spectral resolution well below the core-hole width
limit and gives additional site selectivity, but at the serious
expense of the count rate [465-479]. The experimental set-up used
for HERFD XANES data collection also allows high resolution X-ray
emission spectroscopy (XES) spectra to be performed. XES, like
X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelec-
tron spectroscopy (UPS), probes the occupied density of states
(DOS) and it this complementary to XANES, that probes the unoc-
cupied DOS with the advantage that vacuum conditions needed by
XPS and UPS are not required and that XES can probe the whole
volume of the investigated material [262,449,471,474,480-498].
Moreover, valence-to core XES probing the molecular orbital that
contributes to the chemical bond, it is able to distinguish neighbors
atoms of similar Z, like (C, O and N [262,474]), (Al and P [491])
etc... succeeding where other techniques like EXAFS, XANES and
XRD fails.

The modern vector in the XAFS techniques development is the
need for significant enhancement of time, spatial and spectroscopic
resolution. With the X-ray free electron lasers (XFEL) it is possible
to reach the time-resolution well below 100 fs [499,500], but the
X-ray spectral bandwidth of these machines is less than 1%. XANES
measurements with XFEL have been successfully demonstrated
[501], however for EXAFS they seem like an unreachable goal so
far. Synchrotron radiation diffraction limited storage rings are
expected to provide unique possibilities for focusing and imaging
[212], including XAS mapping [502].

All these cutting-edge characterization techniques are available
for understanding the structural and electronic properties of MOFs
materials as well as for understanding their working mechanisms
when they are used for any of the applications discussed in this
review.
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