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Advanced atomically resolved characterization methods unveil the
mechanism of a promising photocatalytic Co@MOF(Ti) system for H,
production. The combination of X-ray absorption spectroscopy (XAS)
and electron paramagnetic resonance (EPR) experiments allows for
the characterization of atomic and electronic rearrangements in the
photoinduced species. This information provides the basis for the
optimization of photocatalyst design.

The nanoporous nature of metal-organic frameworks (MOFs)
does not only endow these materials with a large surface area
but also with the possibility of confining active functionalities
within their pores. This approach has proved successful for the
design of photocatalytic composites where the MOF acts both as
a photosensitizer and support.*™

The first example of a ship-in-a-bottle protocol by Nasal-
evich et al. aimed at combining the advantages of homoge-
neous and heterogeneous catalysts by encapsulating
a molecular cobalt-based hydrogen evolution catalyst in
a titanium-based MOF (NH,-MIL-125(Ti)).® This so-called
Co@MOF system exhibited a 20-fold enhanced activity
compared to the pristine NH,-MIL-125(Ti). This protocol was
later imitated with different cobalt complexes by Li et al.,*
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yielding an even larger increase in activity compared to the
unloaded MOF.

It is generally assumed that the MOF scaffold absorbs the
incident photons and then transfers electrons to the catalytic
guests." Outside the field of MOFs, the few examples of photo-
catalysts for the hydrogen evolution reaction (HER) based on
TiO, materials doped with Co species assign to Co the role of
a co-catalyst that receives electrons from the photoexcited TiO,,
thus slowing down charge recombination.”® However, it is still
challenging to experimentally probe the molecular and the
valence electronic structures of these complex systems due to
the low loadings and the heterogeneity of the active sites.

Understanding the interaction between the two metallic
components in Co@MOF(Ti) materials (this is: the Ti-octamer
cluster in the MOF and the Co-site hosted inside the MOF)
during the catalytic cycle is thus of major importance to unravel
the mechanism of photon-induced hydrogen production and,
ultimately, to optimize their photocatalytic performance. These
investigations are particularly important for the development of
sustainable solar light-driven energy sources, given the green
character of a photocatalyst that uses visible light and is based
on inexpensive earth-abundant and non-toxic elements such as
Ti and Co.

X-ray absorption spectroscopy (XAS) is a powerful technique
for probing the local atomic structure around the absorbing
atom, as well as the chemical state (oxidation and often spin
state) of the catalytic center thanks to its element selectivity and
sensitivity to the electronic structure. By using time-resolved XAS,
the direct determination of the chemical state of the active site
during catalytic conditions is made possible, allowing clarifica-
tion of the mechanisms of catalyzed reactions.*** Here, an in situ
XAS study sheds light on the structure of the encapsulated cobalt
species and on mechanistic aspects of the Co@MOF(Ti) multi-
functional composite, providing an interpretation of the coop-
erative action between the photoactive MOF matrix and the
catalytically active guest. The changes in the active sites were
monitored during a pre-catalysis incubation period and during
photocatalytic H, production, thus yielding a detailed time-

This journal is © The Royal Society of Chemistry 2018
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resolved characterization of the electronic and structural
behavior of the system. This is the first example of XAS
measurements performed on a MOF-based system to study the
photocatalytic sites under operando conditions.

X-ray absorption near edge spectroscopy (XANES) spectra
were recorded for the freshly suspended Co@MOF sample and
during its in situ incubation in acetonitrile/triethylamine/water
(AN/TEA/H,0 5 : 1 : 0.1). The initial and final Co K-edge XANES
spectra, displayed in Fig. 1, indicate the presence of Co(u)
species in both cases, as inferred from the edge position anal-
ysis.**'* A comparison with appropriate references (see Fig. S2)
shows analogous surrounding local symmetries, likely an
octahedral first coordination environment. The spectra clearly
differ from those obtained for the isolated Co(u)-cobaloxime
complex (Fig. S37). This complex was expected to be formed in
the pores through the diffusion of the linear oxime ligand into
the MOF before the addition of the Co(u) cations as dissolved
CoBr,. The diffusion of Co(u) ions was followed by their oxida-
tion into Co(m) under O, flux.®* The weak intensity of Co(u)
Electron Paramagnetic Resonance (EPR) signals found for the
fresh catalyst in the dark® seemed to support the assumption
that most Co atoms resided in an EPR-silent Co(m) state.
However, the new XANES data reveal that the existing species is
Co(u), thus requiring re-investigation of the catalyst structure.

To gain more insight into the nature of the Co species in
Co@MOF, the local structure around the Co atoms was studied
by extended X-ray absorption spectroscopy (EXAFS). The Fourier
transforms of the Co k*weighted spectra and the structural
parameters determined from the curve-fitting are shown in
Fig. 2 (complementary information in Fig. S4 and Table S17).
The EXAFS data of the Co@MOF catalyst clearly differ from
those of both CoBr, and Co-oxime references (Fig. S51).**"*¢ The
fitting suggests that the Co(u) species initially present an octa-
hedral first coordination sphere formed by O and/or N atoms
around 2 A and also a small contribution of Br neighbors. O
and N light scatterers are difficult to distinguish in the EXAFS
fitting (as can be derived from the evolution of scattering
amplitude and phase shift functions with Z number)."”*®
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Fig. 1 XANES spectra of the freshly suspended Co@MOF (black) and
after in situ AN/TEA/H,O incubation (red).
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Fig. 2 Left: k*-Weighted modulus and real part of the Fourier trans-
form of Co K-edge EXAFS spectra corresponding to Co@MOF before
(black) and after incubation periods (red): inc; = 12 h and inc, = 24 h.
Right: Structural parameters derived from EXAFS analysis (numbers
between parenthesis are the errors in the last digit shown).

However, participation of N atoms in the coordination of Co is
supported by previously reported IR spectroscopy results, where
the emergence of red-shifted N-H stretching bands was detec-
ted for CoO@MOF in comparison with the empty MOF.® A Co-Co
atomic distance of a second coordination shell is detected at
3.4 A, suggesting the initial presence of Co dimers.">?°

The results of the EXAFS fitting show that the Co local
environment evolves during the incubation period in AN/TEA/
H,0. Specifically, after 12 h of incubation, an increase of the
Co-N distance seems to occur together with a decrease in Co-Co
coordination number and the appearance of more scatterers in
second-third coordination spheres. After 24 h, these differences
are more obvious in the normalized Fourier transforms (Fig. 2).
On the one hand, near absence of the second coordination shell
Co-Co (coordination number < 0.3) is observed; on the other
hand, it can be seen that the shape of the modulus and real part
of the 24 h incubated sample is significantly different from both
the fresh system and from the 12 h incubation, in the
region between 2.0 and 3.2 A. The comparison between
normalized Fourier transforms could indicate the presence of
metal-MOF wall interface contributions. Thus, it is required to
introduce another coordination shell, Co-Ti, at longer distances
(R = 3.1 A) to obtain a good fitting of the data (Fig. 2 right). All
these changes point out a reorganization of the Co-species in
the pores when treated with the AN/TEA/H,0O mixture.

EXAFS fitting results on Co@MOF upon incubation with AN/
TEA/H,O therefore suggest the presence of Co-monomers
bonded to the Ti-cluster through oxygen atoms and to either
-NH, residue in the MOF organic linker or N atoms of the oxime
ligand. The presence of the linear oxime ligands inside the
pores could prevent oligomerization processes, due to steric
impediment. This could mediate the stabilization of a Co
complex connected to the Ti oxo-cluster of the MOF through its
coordination with N atoms from the ligand. In view of the
XANES and EXAFS results, a structural model of the Co centers
in the Co@MOF system is proposed (Fig. 3).

The presence of Co(u) species in the form of O-bridged dimers
that dissociate upon incubation can explain previous EPR results.®

J. Mater. Chem. A, 2018, 6, 17318-17322 | 17319
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Fig. 3 Proposed model, extracted from EXAFS fitting data, for the
active Co centers in the Co@MOF system.

In such dimers, metal ions are typically coupled by a strong
antiferromagnetic exchange in the order of 100-200 K ***
and therefore at T' < 50 K they become EPR silent. Indeed, the
freshly suspended sample, before illumination, shows only a weak
signal at g ~ 4, which is assigned to residual Co(1) in the high spin
state. The photogeneration of a new signal at the g ~ 2 region on
the timescale of 10-20 hours is compatible with incubation and
electron transfer reactions occurring in parallel. The photoin-
duced EPR signal shows several remarkable features. It has
a closely Gaussian line shape at X/Q-bands with peak-to-peak
width ~300 mT, but the apparent g-values differ at the X- and
Q-band, being ~2.65 and ~2.23, respectively (Fig. 4 and S87). The
intensity of this signal drastically grows with temperature,
whereas the shape remains closely the same (Fig. 4 and S87).
These observations can be assigned to an exchange-
narrowed cluster/network of magnetically coupled ions with
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Fig. 4 Variable-temperature X/Q-band EPR spectra of Co@MOF in
CHsCN/TEA/H,0, which was exposed to 380 nm light irradiation for
19 h prior to measurements. Asterisk marks the reference signal used
for normalization of X-band spectra. Inset: signal intensity vs.
temperature and the fit.
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noticeable distribution of structural parameters. The exchange
coupling is clearly antiferromagnetic, and we can estimate its
effective value J. by fitting the temperature dependence of
signal intensity with a Boltzmann function exp(—/es/kT), giving
Jett = 250 + 50 K (Fig. 4). Such large values of exchange coupling
assume rather short distances between paramagnetic centers in
the cluster, allowing us to assume oxo-bridging.**> The
clusters/networks can include both Co(u) ions and photoin-
duced Ti(m) ions. Upon prolonged illumination, the number of
Ti(m) ions might exceed the number of Co(u) ions, therefore the
properties of exchange clusters should be dominated by those
of Ti(m). Indeed, we were able to detect the photoinduced EPR
signal of Co@MOF up to nearly room temperatures, which is
not common for fast-relaxing cobalt species, but is more plau-
sible for slower-relaxing 3d" Ti(m) species. Thus, the X/Q-band
variable-temperature EPR study supports the formation of
antiferromagnetically coupled exchange clusters/networks of
Co(u) and Ti(m) ions upon illumination of Co@MOF in the
reaction mixture, where the dominant exchange coupling
occurs between closely located pairs of ions, possibly connected
via the oxo-bridge.

It should be noted that such participation of Ti in the het-
erometallic active site is crucial for the boosting of the catalytic
activity. When the same protocol to diffuse Co(u) was applied
onto a Zr-based and an Al-based MOF featuring the same ami-
noterephthalate ligands and similar absorption range, the so-
called NH,-UiO-66(Zr) and NH,-MIL-53(Al),* respectively, the
resulting Co-loaded MOFs did not yield any catalytic activity
(ESI Fig. S107). The lack of activity in these systems further
supports that the sole encapsulation of Co(u) in a network that
can absorb visible light cannot yield the suitable photocatalytic
sites and that the Ti nodes in the MOF contribute to them.

Operando XANES experiments were performed to further
investigate how light induced the catalytic activity in Co@MOF.
Differential mode analysis of Co K-edge (see the ESIt for more
details) provides information about the metal properties
together with the charge localization process upon photoexci-
tation (Fig. 5). The illumination of the suspension with visible
light in the reaction media induced a shift of the XANES edge
toward lower energies (green features). The shift was accom-
panied by a concomitant decrease in the white line intensity
and the shoulder around 7737 eV, attributed to an electron
density increase of the p and d states, respectively, involved in
the 1s-4sp and 1s-3d resonance transitions (orange features).

Therefore, the results point to a partial reduction of the Co(u)
centers™ by charge transfer directly into p and d(eg) states.

These changes became more evident after 5 h, in line with
the activation period induced by illumination previously re-
ported for this system® and proved to be reversible after the light
was switched off, as well as reproducible upon a second light
exposure cycle (Fig. 5). Therefore, photoinduced charge transfer
reaches a photostationary state and reverts to the original
situation in the absence of light, which indicates that the elec-
trons accumulated in the Co-sites electronically coupled to the
Ti atoms of the MOF platform are used for photocatalytic water
reduction in a reversible manner. Many studies in the literature
investigated if Co-based hydrogen evolution catalysts require

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Intensity contour map of normalized differential XANES spectra during cycles of light switching for Co@MOF in AN/TEA/H,O solution.

the formation of Co(r) intermediates for water reduction.?>®
This work shows that a partial reduction of Co centres takes
place by charge transfer and these reduced species are the active
centres for H, formation, but a total reduction to Co(1) does not
occur.

Conclusions

In summary, XANES and EXAFS analyses unveil the structure
and properties of the promising photocatalytic system
Co@NH,-MIL-125(Ti) together with the charge localization
process after photo-excitation. The results indicate that during
the incubation period Co-dimers in this composite partially
dissociate and bring Co(u) species closer to the Ti-clusters. In
this configuration, visible light promotes the partial reduction
of the Co(u)-sites, which are the active catalytic centers
responsible for hydrogen evolution. This configuration is in line
with the observed evolution of the EPR spectra upon illumina-
tion of Co@MOF, where the registered broad signal in the
photostationary state is indicative of the electronic coupling
between Co and Ti. Thus, while the linear oxime ligand does not
seem to promote the formation of the previously proposed
cobaloxime in the pores, its function might favor the dispersion
of the Co(u) cations and enable the formation of Co-sites with
monomeric configuration that can connect to the Ti-oxoclusters
of the MOF in the active state.
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