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ARTICLE INFO ABSTRACT

Keywords: Metal-Organic Frameworks (MOFs) have gained considerable attention due to their potential applications in gas
Band gap storage, separation, and catalysis. These porous materials exhibit properties of interest for semiconductor physics
MOF

and homogeneous photocatalysis, in which concepts from coordination chemistry and semiconductor physics are
often mixed. In the photocatalysis field, the optical band gap of the semiconductors is a crucial parameter that
determine their functionality. Despite all the interest of MOFs, there is still a considerable lack of information
about their band gap evaluation (especially if the gap is direct or indirect) using UV-Vis spectroscopy, and there
is a considerable scattering in these values. The Tauc plot method is frequently used to access band gaps, even
though it is not always accurate, especially for distinguishing direct and indirect band gaps. A more complete and
precise analysis can be reached by using additional experimental techniques (XPS, UPS, and IPES spectroscopies),
that are not always of easy access. This work examines several approaches for determining the band gap of MOF
materials and proposes methodologies for a correct data interpretation, which leads to a better agreement be-
tween experimental and theoretical gaps. Several methods were analyzed to access the band gap of different MOF
materials — UiO-66(Zr), UiO-66(Hf), UiO-66(Zr/Ti), UiO-66(Hf/Ti), UiO-67(Zr)_ NH,, UiO-67(Zr/Hf) NH,, UiO-
67(Hf)_NHj, MIL-125(Ti), and MIL-125(Ti)_NH; — purely from diffuse reflectance UV-vis (DR-UV-vis) data. The
Kubelka-Munk and log(1/R) approaches were considered for transforming the DR-UV-vis spectra and the results
demonstrate that the former method is more suitable, as it provides spectra with sharper absorption edges, which
facilitates the interpretation and characterization of the optical band gaps. This study also highlights the
importance of pre-data treatment and baseline correction in cases where a pre-absorption edge is present.
Finally, by applying the Kramers-Kronig transformation to the reflectance spectra, and the Boltzmann regression
to the Kubelka-Munk data, a solid base was created for determining if a material has a direct or an indirect gap.
In addition, for some materials, the need for acquiring both the indirect and direct band gap values was dis-
cussed, as in some of these hybrid materials, both of these transitions can occur simultaneously. This paper
guides the research community towards a most suitable methodology for assessing optical band gaps in hybrid
materials, as it assists researchers in selecting the best methodology for their needs while avoiding typical
mistakes in data interpretation.

Boltzmann regression
Kramers-Kronig
UV-vis

1. Introduction and chemical engineering [2,3]. After the demonstration of the water
photolysis in the presence of TiO; by Fujishima and Honda in 1972 [1],

Heterogeneous photocatalysis has become a field of great interest different types of semiconductors have been extensively evaluated ac-
since its early development back in the 70’'s [1]. Since then, it has cording to their photocatalytic properties in liquid and gaseous mix-
become a multidisciplinary area that incorporates semiconductor tures, worth mentioning TiO», ZnO, Fe;0s3, ZnS, and CdS [2,4]. Later on,
physics, surface sciences, physical chemistry, materials science, biology, many other materials and heterojunctions have been developed for
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photocatalytic applications, such as polymers [5], Metal-Organic
Frameworks (MOFs) [6], and MOFs-TiOy heterojunctions [7]. The
properties of those materials — e.g., porosity, Specific Surface Area
(SSA), particle size, and electronic structure — have been continuously
improved over the years due to the extensive research in this field
[8-10]. When considering the most common inorganic semiconductors,
their main properties (such as electronic structure, band gap energies
and types) are already thoroughly known, mainly due to the large
number of experimental and theoretical data that have already been
collected. On the other hand, due to the large number of MOFs that
already exist and that are discovered daily (there are more than 90,000
MOF-structures documented in the Cambridge Structural Database and
more than 500,000 have been predicted) [11,12], theoretical studies
that normally take several months to be conducted cannot keep up with
the speed in which new structures are discovered.

These hybrid, crystalline, porous materials have characteristics that
are, in certain aspects, gathered between semiconductor physics and
homogeneous photocatalysis. Consequently, they can be thought as
solids with well-defined boundaries with the solution, but also as infinite
quasi-molecules [13]. It is rather unusual how concepts of coordination
chemistry are often mixed with those of semiconductor physics in MOFs
literature [14]. This dual nature poses a challenge when addressing
classical semiconductor characteristics, such as electrical conductivity —
a crucial parameter for categorizing conductors, semiconductors, or
insulator materials, which is not extensively explored in the context of
MOF photocatalysis [14]. Classical inorganic semiconductors have
conductivity in the range of 107°to 10* S.em™! [15-17]. In contrast,
MOFs like UiO-66 (107 - 107> S.cm™) and MIL-100(Fe) (8.09 x 107>
S.cm™) display significant lower values [18,19]. This discrepancy raises
the question of whether some MOFs should be classified as insulators or
semiconductors. It is crucial to recognize that, unlike classical semi-
conductors with densely packed crystal lattices and continuous path-
ways, MOFs electrical conductivity relies on charge transfer complexes
between their organic and inorganic components [13]. Consequently,
the charge carrier mobility is contingent upon the density and dynamics
of these hopping states [14]. It should also be considered that the porous
structure of MOFs establishes proximity between the photoactive sites
and the target species, eliminating the need for charge carriers to
migrate toward the material’s external surface (as in most inorganic
semiconductors). For this reason, MOF materials can often exhibit
higher photoactivities than classical semiconductors even though their
conductivity values are significantly smaller [20].

One of the most important characteristics of a semiconductor is
whether its optical band gap exhibits a direct or an indirect transition, as
this will have direct consequences over the electron-hole dynamics and
reactivity upon photoexcitation [21]. Indeed, if a semiconductor has a
direct band gap and the electric dipole transition from the valence band
maximum (VBM) to the conduction band minimum (CBM) is allowed,
the electron-hole pairs will recombine radiatively with a high proba-
bility [21]. On the other hand, the recombination is hampered in indi-
rect band gap materials due to the momentum difference in the Brillouin
zone between the VBM and the CBM [21]. Therefore, semiconductors
with indirect band gap are expected to exhibit higher photoactivities
when compared to those with direct gaps.

For inorganic semiconductors, this band gap is frequently obtained
using the Tauc plot applied to the UV-vis data, and the nature of the
transition greatly changes the obtained values [22]. However, ap-
proaches based purely on this method are not accurate in a general
sense, especially for distinguishing direct and indirect band gaps. For
dealing with this limitation, researchers often combine other experi-
mental techniques to obtain this information, such as X-ray photoelec-
tron spectroscopy (XPS), ultraviolet photoelectron spectroscopy (UPS),
and inverse photoelectron spectroscopy (IPES) [23]. Nevertheless, these
techniques are not always of easy access, which hinders a more complete
and accurate analysis. For such reason, this paper draws attention to the
several studies that have been conducted in the last few decades for
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Fig. 1. Scheme showing the different types of optical transitions between the
valence band and the conduction band in a semiconductor. In black: allowed
transitions. In red: forbidden transitions. Solid arrows represent direct transi-
tions and dotted arrows represent indirect ones. The coefficient n depends on
the electron transition exhibited by the material — e.g., indirect allowed tran-
sition (n = 1/2), direct allowed transition (n = 2), indirect forbidden transition
(n = 1/3), and direct forbidden transition (n = 2/3).

assessing the electronic structure of Metal-Organic Frameworks. It also
discusses the reliability of the obtained results and their respective
methodologies, proposing a combination of methodologies for deter-
mining band gap energies and types purely from diffuse-reflectance
UV-vis data, which should reduce the gap between experiment and
theory in the MOF realm.

1.1. The band gap theory in UV-vis spectroscopy

Different classes of materials such as metals, semiconductors, and
insulators can be distinguished by the energy distribution of their elec-
tronic states near the Fermi level Er [24,25]. In metals and other
conductive materials, the Fermi level lies inside at least one band;
whereas in semiconductors and insulators it is situated in an energy
range where no electronic state can exist [26]. This region, commonly
known as band gap (E,), refers to the energy difference (usually in eV)
between the VBM and the CBM. In other words, it represents the mini-
mum energy necessary (E > E,) to promote an electron bounded to an
atom to a conduction electron, which is free to move through the crystal
lattice, serving as charge carrier.

For instance, semiconductors have the capacity to absorb photons
with a certain amount of energy hv > E; and use it to excite electrons
from the valence band (VB) to the conduction band (CB) [27]. Several
studies were conducted aiming to obtain compounds with narrower
band gaps, which allows the excitation of electrons within the visible
light and near-IR region [28-31]. This feature is greatly desired for the
environmental remediation of different pollutants since those materials
can be photoactive under solar light, which guarantees a better reaction
yield for compounds with reduced E, [32]. However, wider band gaps
are also envisaged in other applications, such as optoelectronic and
energy harvesting [33]. For this reason, the assessment of the band gap
energy of semiconductors is crucial to the study of such materials,
especially in the photocatalysis field.

These optical transitions can present changes in the electron wave-

vector (?) or not. Here, it is worth mentioning that direct and indi-
rect transitions are characterized by the momentum difference in the
Brillouin zone between the minimal-energy state in the CB and the
maximal-energy state in the VB [34,35], as schematized in Fig. 1. If
those states occur in different k-vectors, the material has an indirect
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Fig. 2. Scheme representing the optical absorption spectra at 0 K for a crystalline material with direct (left) and indirect gaps (right). The energy for the onset of the
direct transition is displayed in blue and for the indirect transition, in orange. Copyright © 2005 John Wiley & Sons, Inc. Used with permission from Ref. [38].

band gap and the transition is labeled as “phonon assisted”, since almost
all the change in the momentum of the system is transferred from a
phonon [35]. On the other hand, if the momentum of the charge carriers
is preserved, a direct band gap is ascribed to the compound and only
photons are involved in the transition [35]. According to the selection
rules for optical transitions [36,37], the transitions are allowed (higher
probability) or forbidden (lower probability), which affects the mea-
surements for quantifying Eg.

In an ideal scenario, at absolute zero temperature (with no phonons
available), the optical absorption plotted versus the photon energy has a
different behavior for crystals with direct and indirect gaps, as demon-
strated in Fig. 2. At first, in materials with direct gaps, the band edge

determines the gap energy as there is no significant change of * and
therefore, E; = hv [38]. However, in indirect band gap materials, the

band edges of the VB and CB are widely separated in the * space. For

this reason, a phonon with energy #Q and wavevector ¥ has to be
emitted for the transition to take place. As a consequence, the optical
absorption is weaker near the band edge [38]. In such systems, the en-
ergy necessary for the indirect process to occur is greater than the true
band gap - as it needs to be partially used to emit a phonon — and the
absorption threshold for the indirect transition between the VB and the
CBisat hv = E, + hQ (Fig. 2) [38]. Finally, at higher temperatures, if a
phonon is absorbed along with a photon, the transition takes place at hv
— E,—hQ [38].

In both the direct and indirect band gaps, the absorption coefficient
a(E) is expected to be zero for energy values smaller than the band gap
of the material, as indicated in Eq. (1). For direct and indirect band gaps,
there are significant differences in the relation between a(E) and Ej, as
highlighted in Egs. (2) and (3), respectively,

a(E<E,) =0 1)
Qireet (E > Ep)x(E — E,)'" @)
Xindirect (E Z Eg)“(E + hQ - Eg)z (3)

where 7Q represents the energy of a phonon. Due to these relationships,
the band gaps can be determined by measuring the absorption coeffi-
cient. If the gap is direct, E; can be assessed through the extrapolation of
the linear least squares fit of o in a “o? versus hv” plot that intercept the
x-axis [34]. Similarly, if the band gap is indirect, E; can be obtained by
the extrapolation of the linear least squares fit of o'/ to zero, in a “a!/?
versus hy” plot [34]. However, this semi-classical approach presents
some failures at low temperatures (since no Coulomb attraction is taken
into account), in materials presenting defects and impurities (due to
extrinsic absorption), and for energies E > E; [34]. Also, some other

effects such as local temperature [39], external strong electric or mag-
netic fields [40,41], and doping-alloying effects should be considered as
they can influence the a(E) profiles [34].

When structural-electronic disorder is present (for amorphous
semiconductors, for example), the determination of the band gap from
optical absorption requires other methodology, especially due to the
presence of tail states nearby the VB and the CB [34]. Such approach was
first proposed by Tauc [42] by imposing some restrictions to the optical
absorption processes, such as considering an absence of k-vector con-
servation, a constant momentum transition matrix element, and a den-
sity of electron states close to the VB and CB that is proportional to the
square root of the photon energy. During the study, Tauc [42] evaluated
the optical properties and the electronic structures of amorphous
germanium, and showed that there are regions in which 7w,/e; is lin-
early dependent on the photon energy (fw), where # is the reduced
Plank constant (6.582 x 107 ° eV-s), w is the photon angular frequency
(rad.s™1), and ¢, is the imaginary part of the relative permittivity. e, is
defined according to the Eq. (4),

&, = 2nk @

in which n is the refractive index and « is the extinction coefficient. In
this context, Tauc et al. [42] verified an absorption band represented by
a straight line where w?e; ~ (ho 7Eg)2. They demonstrated that the
band gap of the material can be obtained through the intercept between
the extrapolation of this line and the photon-energy axis. The authors
also verified that in this case only the energy is conserved (electron and
photon) but not the momentum (k-vector), which is indicative of an
indirect transition [42].

The optical and electronic properties of amorphous semiconductors
were further investigated by Davis and Mott in more general systems
[43]. They proposed a relationship that offered the best fit to the optical
absorption edge by considering the conductivity ¢ at a certain angular
frequency w, according to the Eq. (5). Then, from the plot of (ahw)?
against the photon energy sw, where a is the absorption coefficient
(cm_l), a linear region was obtained and extrapolated to the abscissa
axis to assess the E, value.

oo(ho — E,)*
o) = ==

)

A relation was further stablished between the measured absorbance
and the energy, showing that the optical absorption strength depends on
the difference between the photon and the band gap energy as repre-
sented in Eq. (6) [44]. In this case, h is the Plank constant (4.1357 x
1071% eV.s), v is the photon frequency (Hz), A is the slope of the Tauc
plot in the linear region, and n depends on the electron transition
exhibited by the material (Fig. 1) - e.g., indirect allowed transition (n =
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Table 1

Available methods for obtaining the absorption coefficient (@) using UV-vis
data. d is the thickness of the sample, T is the transmittance, R is the reflectance,
R, is the diffuse reflectivity of a non-absorbing material, K and S are the
Kubelka-Munk absorption and scattering coefficients, respectively.

Method Formula Considerations
Bouger-Lambert- E) = 1 In 1 Does not consider the
Beer [52-54] apBE) =GN\ T reflectance
Pankove [55] 1 a- R)Z Considers that the product
ap(E) = Sln T ad is large
Pankove- 2 Includes internal reflections
) 1, |{1-R)
Vahalova [55, apy(E) = aln T for small values of ad
56] 3
(1-R) 2
R
arz
Kubelka-Munk Considers a two-flux
[57] axm(E) = F(R) = radiation model
(1-R,)*> K
2R, S

1/2), direct allowed transition (n = 2), indirect forbidden transition
(1/3), and direct forbidden transition (2/3).

(ahw)" = A(hv — E,) (6)

Although the Tauc method was originally developed for the evalu-
ation of absorption in amorphous semiconductors, it is extensively
applied for assessing the band gap of crystalline thin films [44] and
nowadays, it is commonly used for other types of crystalline materials as
well — such as powdered TiO, and ZnO [45-47]. Dolgonos, Mason, and
Poeppelmeier [48] emphasized that the Tauc plot is only applicable to
materials in which a localization of energy states can be assumed (which
is the case of amorphous materials and nanoparticles), indicating that
the method is inappropriate to deal with crystalline and/or
highly-doped semiconductors. However, a recent study demonstrated
that the linearity of the Tauc plot obtained for nanocrystals is not as
significant when compared to that of bulk materials [45]. This last
feature was ascribed to the discretization and blueshift of the energy
spectrum from the electronic states, but also to the relaxation of the
momentum selection rule which cannot be considered for crystals with
considerably small size [45].

The usual procedure for a Tauc analysis consists in acquiring optical
absorbance data and plotting (ahv)" versus hv, while testing the n-values
(n = 2 or %) until the best fit is obtained for the absorption edge,
allowing to assign the correct type of the optical transition to the ma-
terial [44]. This analysis is not always obvious. The assignment is often
difficult for materials with flat bands and, even sometimes for materials
with dispersing bands [49]. In addition, some compounds present a
pre-edge absorption in their UV-vis spectra, which can influence the
interpretation and the accuracy of the band gap estimation [50]. Also,
Coulter and Birnie [44] highlighted that materials that exhibit indirect
band gaps may also present direct transitions at higher energies, which
would justify the acquisition of both E; values (for n = 2 and }2). This
means that both direct and indirect transitions can happen in all semi-
conductor materials if the energetic conditions are favorable [47].

In view of all the previously mentioned situation that led to de-
viations from the Tauc theory, other methodologies have been proposed
for assessing the band gap energies from UV-vis data. For instance, Cody
et al. [51] adopted a methodology that assumes a constant dipole
transition matrix element, where E; is obtained from the extrapolation of
the linear least squares fit of (a/h)"? to zero in a “(a/h)/? versus hv”
plot (normally, Erqu > Ecody). Another approach was proposed by
Zanatta [34], which reported a method to obtain E; by fitting a sigmoid
(Boltzmann) function to the optical absorption spectra of crystalline
(plate-like and powdered samples) and amorphous Ge, Si, and GaAs
compounds. In that study it was concluded that, regardless of the
method, the absorption coefficient () or absorbance is one of the most
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Fig. 3. Scheme of the Kubelka-Munk model for the reflectance and trans-
mittance of a finite thick plane-parallel light-scattering specimen (thickness =
X) placed in contact with a background substrate with known reflectance (Ry),
transmittance (Tg) and absorbance (A, = 1 — Tg — R). I is the intensity of the
incident radiation, i(x) is the light flux that flows through the illuminated
surface, j(x) is the light flux flowing back to the illuminated surface, T is the
fraction of the incident light transmitted by the substrate, and R is the total
reflectance of the system.

important physical parameters for evaluating the band gap. Table 1
shows precisely that the band gap values are independent of the model.

Other techniques can be also combined for evaluating the band gap
of semiconductors [14]. For instance, the VBM can be obtained by
combining X-ray photoelectron spectroscopy (XPS), ultraviolet photo-
electron spectroscopy (UPS), and photoelectron spectroscopy in air
(PESA); while the CBM can be assessed through inverse photoelectron
spectroscopy (IPES) [23,58-61].

1.2. The link between absorption and diffuse reflectance

The Kubelka-Munk theory is the most applied method for obtaining
“absorbance” spectra from diffuse reflectance data [57]. The model is
based on a radiation field inside a light-scattering sample, where two
fluxes cross an arbitrary section (dx) in opposite directions (Fig. 3) [62].
In fact, the well-known K-M function — F(R,, ) — was obtained by applying
some boundary conditions to this system (such as considering samples as
infinity thick), resulting in Eq. (7) [63].

(1-R.) K
F (RDG) - 2 R, - § (7)

The Kubelka-Munk transform is regularly used in solid-state spec-
troscopy measurements as, in this case, the samples are often opaque
and can be considered as an infinitely thick coating [47,64]. However,
for diffuse reflectance UV-vis spectroscopy the samples are regularly
measured in their natural particulate state. Thus, this previous
assumption becomes incorrect and higher deviations from linearity are
observed [65]. In fact, the K-M theory exhibits high deviations from
experimental data when the reflectance values are below 60 % (K/S >
0.13) [66]. For instance, Landi et al. [67] demonstrated that a thickness
of about 0.5 mm is not sufficient for applying the K-M function in diffuse
reflectance UV-vis data acquired for TiO, nanoparticles. However, even
though the Kubelka-Munk theory is considered as a pseudo-absorption
function [34], it is widely accepted nowadays for evaluating the band
gap energies of most semiconductor materials through diffuse reflec-
tance UV-vis measurements [47]. On the other hand, in several cases,
researchers use the log(1/R) function as an empirical pretreatment to
the data in order to normalize it [65].
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1.3. Assessment of the band gap energy in MOF materials

MOFs are a relatively new class of materials, composed by inorganic
clusters connected to each other by organic linkers thus, forming a
hybrid crystalline structure with high porosity and high Specific Surface
Areas (SSAs) [68]. One of the most interesting features of MOFs is the
possibility of chemically modifying them, either by decorating their
pores with nanoparticles, by functionalizing their linkers with different
organic groups, by replacing their metal sites, or even by creating de-
fects on their structures [68]. These characteristics, coupled with the
enormous possibilities of combining different organic linkers and metal
sites, allow the formation of several structures with distinct charge
transfer complexes (CTC) upon UV-vis excitation — considering the
inorganic cluster, the organic linker, and other guest species. For
instance, Linker-Based Transition (LBT) [69,70], Metal-Based Transition
(MBT) [71], Linker-to-Linker Charge Transfer (LLCT) [72],
Metal-to-Metal Charge Transfer (MMCT) [73], Metal-to-Linker Charge
Transfer (MLCT) [74], and Linker-to-Metal Charge Transfer (LMCT)
[69] are some of these CTC that were already observed in different MOF
systems.

When dealing with these hybrid materials in photocatalysis, the
concepts between semiconductor physics and homogeneous photo-
catalysis are often mixed [14]. Kolobov, Goesten, and Gascon [14]
highlighted how unusual it is to mix coordination chemistry notions
(such as LMCT) to others from semiconductors physics (such as con-
duction band) as it happens in MOFs literature. However, this happens
because of the dual character of these hybrid materials. For instance, the
alignment of the electronic bands in MOFs (semiconductor physics) can
be manipulated by functionalizing their linkers (coordination chemis-
try), similarly to what occurs in solution [75]. The proximity of the
MOFs from the solution state lies specially on the fact that these mate-
rials have a great volume of pores which are, routinely, filled with sol-
vent molecules [14]. However, in some cases, they can also behave like
nonmolecular semiconductors in photovoltaics, especially when
considering their curvature maxima (VBM and CBM) and also their
conductivity, even though this last feature is not much explored in the
field of MOFs photocatalysis [14]. For these reasons, some concepts
were adapted for dealing with such systems, worth mentioning the use
of HOCO (Highest Occupied Crystalline Orbital) and LUCO (Lowest
Unoccupied Crystalline Orbital) instead of the well-known nomencla-
tures used for molecules (HOMO - Highest Occupied Molecular Orbital —
and LUMO - Lowest Unoccupied Molecular Orbital) [69].

Due to the wealth of topologies and electronic structures in MOFs,
they are particularly well-adapted compounds to study the procedures
for determining band gaps. Several MOFs were synthesized during this
work — UiO-66(Zr), UiO-66(Hf), UiO-66(Zr/Ti), UiO-66(Hf/Ti), UiO-67
(Zr)_NH,, UiO-67(Hf)_NHa, UiO-67(Zr/Hf)_NHy, MIL-125(Ti), and MIL-
125(Ti)_NH; - and characterized by XRD and diffuse reflectance UV-vis
spectroscopy. Other structural characterizations were conducted in
previous works, worth mentioning Ny sorption isotherms, Raman, FTIR,
and EPR spectroscopies [70,76,77]. The band gap energies were
assessed by different methods and the obtained results were further
compared with other reports found in the literature.

2. Materials and methods

Syntheses: The synthesis procedures for all the MOFs presented here
are described in the Supporting Information file.

X-ray diffraction: Powder X-ray Diffraction (PXRD) experiments
were done using a SmartLab Rigaku diffractometer equipped with a 9
KW rotating anode X-ray generator (Cu Ko; = 1.5418 A), endowed with
a HyPix-3000 hybrid multi-dimensional pixel detector, using capillaries
in parallel transmission geometry. The 26 scans were performed in the
range 5°—50°, with a step size of 0.01°, and a speed of 3°/min. Single
crystal X-Ray Diffraction experiments were done using a Bruker Kappa
Apex Duo diffractometer equipped with a two-dimensional CCD 4 K
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Table 2

Textural and physical chemical properties of the compounds synthesized in this
work displaying the atomic ratio, the crystallite size, the SSAggr), and the
microporous volume.

MOF Metal Crystal SSA®ET) Microporous
content size volume
ICP-OES pm (m%g™1) (em®.g™1)
Ui0-66(Zr) 100 %, Zr 0.10 - 1262 + 0.60(3)
0.25 33
UiO-66(Hf) 100 %, Hf 0.18 - 828 + 24 0.41(3)
3.33
Ui0-66(Zr/Ti) 95.0 %g,¢ Zr 0.10 - 1342 + 0.47(5)
5.0 %, Ti 0.25 28
UiO-66(Hf/Ti) 91.0 %, Hf 0.20 — 818 + 20 0.30(9)
9.0 %g, Ti 0.34
Ui0-67(Zr) NH, 100 %, Zr 32-51 1329 + 0.68(4)
36
Ui0-67(Zr/Hf) 40.0 %g,¢ Zr 105 - 140 1234 + 0.65(7)
_NH, 60.0 %, Hf 34
UiO-67(Hf)_NH, 100 %, Hf 24 - 44 914 + 25 0.48(4)
MIL-125(Ti) 100 %, Ti 0.76 — 1207 + 0.60(4)
1.32 34
MIL-125(Ti) 100 %, Ti 3.2-53 1099 + 0.51(4)
_NH, 26

detector and 2 m-sources (Mo and Cu).

Inductively coupled plasma - optical emission spectrometry:
Inductively coupled plasma - optical emission spectrometry (ICP-OES)
experiments were conducted using an Agilent 5110 ICP-OES spectrom-
eter in radial sighting mode. The mineralization of the samples was
performed using 100 mg of the activated UiO-66 compounds. First, the
powdered samples were digested using a solution containing 10 mL of
HF and 5 mL of HNOj3 and then they were heated to 140 °C for 48 h,
followed by a dry evaporation step. Next, they were etched with aqua
regia (HNO3:HCl 3:6 mL), heated to 120 °C for 24 h and dried to a
residue of 0.5 mL Finally, 9.5 mL of water was added and, after filtra-
tion, the solution was diluted at 1/100 before being analyzed.

Surface area measurement: Ny sorption was performed at liquid
nitrogen temperature (77 K) using a Micromeritics ASAP2020 appa-
ratus. UiO-66, UiO-67_NH;, MIL-125, and MIL-125_ NH; samples were
previously degassed under vacuum at 150, 60, 200, and 100 °C,
respectively. The specific surface area and pore size distribution of the
examined samples were evaluated by the multipoint BET (Bru-
nauer-Emmett-Teller) model in the 0.02-0.3 p/po range.

Scanning Electron Microscopy: SEM was conducted on a FEG mi-
croscope (Hitachi SU 5000) at an accelerating voltage of 5 kV, using
samples previously sputter-coated with carbon.

Infrared spectroscopy: FTIR was performed on a Perkin Elmer
Spectrum 2 spectrometer using an attenuated total reflectance (ATR)
accessory and a diamond crystal as the reflective element. The spectra
were taken at a resolution of 4 cm~! and 128 scans.

Nuclear magnetic resonance spectroscopy: Liquid 'H NMR spec-
troscopy was performed in a Bruker AVANCE III HD 300 MHz spec-
trometer via a 60-position Sample Xpress autosampler. The chemical
shifts were referenced by the external resonance of the tetramethylsi-
lane. The sample digestion was performed using 10 mg of the UiO-66
compounds. The material was soaked into 1 mL of a 4 M NaOD/D,0
solution and sonicated for 15 min. Then, 0.6 mL of the liquid was
recovered by filtration and placed into a 5 mm NMR tube before being
analysed at 8 scans.

Diffuse reflectance UV-vis spectroscopy: The UV-vis experiments
were carried out on a Varian Cary 5000 spectrometer using Praying
Mantis™ Diffuse Reflection Accessory adapted for the characterization
of powder samples. The spectra were recorded in the 200-800 nm
spectral range with a resolution of 1 nm. The diffuse reflectance spectra
were plotted as well as the log(1/R) and the Kubelka-Munk function.

Band gap evaluation: The band gap energies were first evaluated by
diffuse reflectance UV-vis spectroscopy. E; was estimated by different
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methods, worth mentioning the extrapolation of the diffuse reflectance
curve R [34], the extrapolation of the K-M curve F(R), the extrapolation
of the log(1/R) curve, the Cody’s band gap [51] [(a/hv)"/? versus hul,
the indirect band gap [a'’? versus hv] [34], the direct band gap [o?
versus hv] [34], the Tauc’s indirect band gap [(ahr)/? versus hv] [42],
the direct version of Tauc’s band gap [(ahy)z versus hv] [35], and the
sigmoid-Boltzmann function [34]. The E, values were also determined
using the Kramers-Kronig transformation from the UV-vis raw data.

3. Results and discussion
3.1. Characterization of the pristine materials

For facilitating the discussion of this paper, the main properties of
the materials obtained here are displayed in Table 2. The quality of the
synthesized MOFs was characterized by their PXRD patterns (Fig. S2),
crystallographic parameters (Tables S2-S4), ICP-OES (Table 2), Ny
sorption (Fig. S3), SEM images (Fig. S4), FTIR spectroscopy (Fig. S5),
and liquid ' NMR (Fig. S6). These characterizations were all in accord
with other works from the literature, showing that the compounds were
successfully synthesized. Most compounds exhibited type-I isotherms
according to IUPAC classification, which is characteristic of micropo-
rous materials. UiO-66(Hf/Ti) exhibited a mixture of type-I and type-IV
isotherms, indicating the presence of mesoporosity within the com-
pound. This effect can be related to the agglomeration of the nano-
particles and to defect formation. The SSA values are all in accord with
previous reports from literature [78-82]: UiO-66(Zr) = 1262 mz.g’l,
Ui0-66(Hf) = 828 m2g~!, Ui0-66(Zr/Ti) = 1342 m%g~!, Ui0-66
(Hf/Ti) = 818 m2.g™!, Ui0-67(Zr) NH, = 1329 m2.g™}, UiO-67(Zr/Hf)
NH, = 1234 m2.g~}, Ui0-67(Hf) NH; = 914 m2.g~!, MIL-125(Ti) =
1207 m2.g~!, and MIL-125(Ti) NH, = 1099 m2g~!. SEM images of
UiO-66 and UiO-67 materials show crystal morphology of typical ag-
gregates with octahedral shapes that are characteristic of these com-
pounds [79,83]. MIL-125(Ti) exhibited crystallites that are analogous to
truncated square pyramidal morphology and MIL-125(Ti)_NH; formed
tetragonal plate shapes, which are also characteristic of these materials
[80,84]. FTIR spectroscopy was able to identify different vibrational
modes for the nine compounds. Their spectra can be divided into three
regions: from 400 to 700 cm ™!, where the absorption bands are mostly
related to inorganic cluster vibrations; from 700 to 900 cm ™, where the
interaction between the organic linker and inorganic node is observed;
and from 900 to 1800 cm ™, where only organic linker vibrations are
active. Because UiO-66 solids are characterized by the presence of
structural defects that may affect the UV-vis absorption features, the
missing BDC linker content was evaluated using liquid 'H NMR spec-
troscopy (Fig. S6). Actually, the formate (coming from the deprotona-
tion of formic acid used as modulator in the syntheses process and also
from the degradation of DMF) is able to partially substitute the BDC
linker by generating defects of organic ditopic linkers. When a dicar-
boxylate linker is removed from the UiO-66 structure, it leaves the
coordinating site with metallic centers available for two monotopic
formate molecules instead. Considering these two types of coordination
modes (monotopic versus ditopic), if the molecular formula for the
pristine UiO-66 compound is represented by [MgO4(OH)4Ls] (L = BDC),
the absence of x ditopic linkers creates 2x carboxylate defects. There-
fore, considering the presence of formate (F), the experimental molec-
ular formula must be written as [MgO4(OH)4(L)6.x(F)2x]. With that in
mind, the integration of the NMR signal related to the formic acid was
compared to that of the BDC linker for the four UiO-66 compounds. The
Ui0-66(Zr), UiO-66(Hf), UiO-66(Zr/Ti), and UiO-66(Hf/Ti) samples
were found to exhibit 9.5, 7.0, 11.2, and 11.2 % of missing BDC linkers,
respectively (Fig. S6). These results show that the number of defects in
the samples increase in the presence of titanium. Similar characteriza-
tions were performed in a previous work using the UiO-67_NH; samples,
for which no correlation between the structural defects and the metal
content was observed [76].
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Fig. 4. (a) diffuse reflectance UV-vis, (b) log(1/R), and (c) Kubelka-Munk data
obtained for UiO-66(Zr), UiO-66(Hf), MIL-125(Ti), and MIL-125(Ti)_ NH,. The
log(1/R) and the F(R) spectra were normalized between 0 and 100 for
comparative purposes.

3.2. Diffuse reflectance UV-vis spectroscopy

The diffuse reflectance UV-vis spectra obtained for the pristine MOFs
synthesized in this work are displayed in Figs. 4 and S7, alongside the
log(1/R) and the Kubelka-Munk representation. All the spectra were
normalized from O to 100 for comparative purposes. The differences
when evaluating the diffuse reflectance spectra using the K-M approach
and the log(1/R) are clearly visible (Figs. 4, and S7). For instance,
regarding the UiO-66 family, the K-M values present a thinner absorp-
tion band (between 200 and 320 nm) and a greater slope near its ab-
sorption tail when compared to the log(1/R) data. A similar feature is
also present in the spectra of the UiO-67_NHj,, and MIL-125 compounds.
This simple difference can, by itself, be a source of misevaluation of the
materials’ band gaps, as the extrapolation of these curves to zero (R, F
(R), and log(1/R) versus hv) intercepts the abscissa axis in different hv
values. Moreover, it seems that the K-M method led to spectra that are
more consistent when considering their absorption band edges, which
are better delimited than those obtained by using the log(1/R) data.
Nevertheless, because it is not possible to acquire absorption and
transmission UV-vis data for powdered samples without pr