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Abstract: Catalytic properties of the cluster compound (TBA);[Moglis(O,CCHjz)%]
(TBA = tetrabutylammonium) and a new hybrid material (TBA),MogI's@GO (GO = graphene
oxide) in water photoreduction into molecular hydrogen were investigated. New hybrid material
(TBA);Moglis@GO was prepared by coordinative immobilization of the (TBA);[Mogl's(O,CCH3)%]
onto GO sheets and characterized by spectroscopic, analytical, and morphological techniques.
Liquid and, for the first time, gas phase conditions were chosen for catalytic experiments under
UV-Vis irradiation. In liquid water, optimal H, production yields were obtained after using
(TBA),[Moglig(0,CCH3)%] and (TBA),Mogl's@GO) catalysts after 5 h of irradiation of liquid
water. Despite these remarkable catalytic performances, “liquid-phase” catalytic systems have
serious drawbacks: the cluster anion evolves to less active cluster species with partial hydrolytic
decomposition, and the nanocomposite completely decays in the process. Vapor water photoreduction
showed lower catalytic performance but offers more advantages in terms of cluster stability, even after
longer radiation exposure times and recyclability of both catalysts. The turnover frequency (TOF) of
(TBA),Moglig@GO is three times higher than that of the microcrystalline (TBA),[Moglig(O,CCH3)%],
in agreement with the better accessibility of catalytic cluster sites for water molecules in the gas phase.
This bodes well for the possibility of creating {Moglg}**-based materials as catalysts in hydrogen
production technology from water vapor.

Keywords: metal cluster; molybdenum; graphene oxide; nanocomposite; photocatalysis; hydrogen
generation

1. Introduction

Dihydrogen production from water by sunlight (hydrogen evolution reaction, HER) is one of
the most satisfactory ways of sustaining worldwide energy production and solving the looming
environmental crisis [1-3]. The key challenge in pursuing this goal is to develop low-cost, stable,
and efficient photocatalysts [4,5]. As molybdenum (and tungsten) is sufficiently cheap and abundant,
their compounds constitute viable alternatives to costly noble metal-based luminophores, not to
mention the environmentally hazardous lead-based hybrid perovskites and cadmium containing
quantum dots [6-8]. Octahedral halide-bridged cluster compounds of Mo(II) and W(II), of the general
type [MgXigL3s] (M = Mo, W; X! = Cl, Br, I (bridging or “inner”); L* = organic/inorganic ligand
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(terminal or “apical”, see Figure 1) show remarkable photoluminescence properties and emit red
light in high quantum yields, which makes them particularly attractive in the design of functional
hybrid nanomaterials [9] with potential applications in optoelectronic [10-18], lighting [19], hydrogen
storage [20], biomedicine [21-29], catalysis [30,31], and photocatalysis [32-39].

La

Figure 1. General representation of a [M6XigLa6] M =Mo, W; X! =Cl, Br, ; L2 = apical ligand)
cluster unit.

Among the [MgXigL3] clusters, the photoluminescence properties of the Mg iodide X =1)
clusters are superior to their bromide and especially chloride analogues in terms of quantum yield
and phosphorescence time [40-48]. The combination of the MgI'g}** cluster core with strongly
electronegative O-donor ligands such as carboxylates, sulfonates, nitrates, or phosphonates in apical
positions seems crucial to obtain from good to excellent emitters. One paradigmatic example is the
(TBA),[Mogl's(0,CC3F7)%] cluster, which emits red phosphorescence with record quantum yield
(X =Cl, ®em < 0.01; X = Br, Qe = 0.36; X = I, Oy = 0.59), unrivalled by almost any other known
{Moglig}** cluster [41]. These compounds bearing O-donor ligands have been developed during the last
decade [49], and despite their outstanding photophysical properties, their applications in photocatalytic
transformations remains scarce [35,37]. In a recent paper, the highly emissive [MogIig(O,CCyFs5)36 1%~
anion, combined with a bifunctional pyrene-imidazolium counterion, is supported via supramolecular
anchoring onto graphene surfaces, and the resulting hybrid material (Py,Mo@Gene) combines the
emission abilities of pyrene and cluster moieties to the electronic conduction efficiency of graphene [37].
HER studies show that this association induces a synergetic effect between graphene and the hybrid
cluster complex, enhancing the photocatalytic conversion compared to that produced separately by
clusters or graphene.

Other kinds of graphenic supports such as GO have been used to anchor octahedral molybdenum
clusters on their surfaces. GO is a promising support material for metal catalysis due to its high surface
area, good dispersion and distribution of metal active centers, excellent stability, high mechanical
strength, electrical conductivity, and photocatalytic properties [50-55]. GO is formed by decorated
graphene sheets with oxygen functional groups, and is an ideal processable form of graphene that can
yield stable dispersions in various solvents [56,57]. The high number of oxygen-donor anchoring groups
facilitates the immobilization and enhances the adsorption performance of metal catalysts [58-60].
Use of graphene oxide as a support has been reported in catalytic processes such as water or oxygen
reduction reactions, coupling reactions, hydrodeoxygenation reactions, and, among other biomass
conversion reactions [61-63]. Previous works have shown that the covalent grafting of {MogBrig)*+
cluster core complexes on the surface of GO sheets enhances the stability of the cluster active sites for
catalytic reactions to afford good catalysts for hydrogen generation from water [36], carbon dioxide
transformations into valuable chemicals [34,64], and degradation of organic pollutants [33]. Our interest
in the stabilization of the cluster active species in the photocatalytic hydrogen generation from water
came from the formation of cluster decomposition species in solution, which was attributed to the effect
of light and to the basicity of the media [36]. Actually, hexanuclear molybdenum clusters coordinated
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to halogens have been reported to decompose into Mol hydroxide in hot alkaline solutions [65].
The non-innocent behavior of the solvent in the preservation of the integrity of the {MogXg}** cluster
core compounds has encouraged us to explore their catalytic reactivity with gas phase reactants.

Gas phase photocatalytic reactions have been poorly explored in comparison to those performed
in aqueous phase, and they constitute a promising alternative to the latter [66]. In some cases, the major
economical drawback is the high temperature required for hydrogen production [67]. In the last
decade, some authors have proven the photochemical water splitting in soft conditions (below 55
°C) [68]. The main advantage of this vapor phase photochemical water activation is that the stability of
the catalyst is generally secured, and the recovery of the catalyst is assured. In addition, most of the
liquid sacrificial compounds vaporize, and they can be made easily recoverable by condensation.

In this work, we studied the photocatalytic activity and stability of the octahedral molybdenum
(II) iodide cluster compound (TBA);[MogI's(0,CCH3)%6] and of the hybrid (TBA);Moglis@GO
nanocomposite in the production of hydrogen as one of the most representative reactions in the
field of renewable energy. The cluster compound (TBA),[Mogl's(O,CCH3)?6] was chosen for two main
reasons: (i) its good photophysical properties (Pem = 0.48), as reported by Sokolov et al. [46], and (ii) its
composition makes it a good candidate for immobilization onto GO sheets by simple substitution of
the carboxylate ligands by the oxygen functionalities of the graphene surface. In fact, it was recently
reported that the apical acetate ligands can be replaced by other carboxylates such as isonicotinate
ligands [69] where the coordinative anchoring of the highly luminescent {Mogl'g}** cluster cores through
the GO functionalities would closely imitate the molybdenum-acetate bonds in [MogI's(O,CCHj3)?]%.
Hence, we prepared (TBA);MogI's@GO by anchoring the {MogIig}** cluster cores onto the surface of
GO. Ligand exchange between the carboxylate apical groups and the oxygen functionalities of the GO
nanosheets takes place in the immobilization process. This hybrid nanomaterial was characterized
by means of Fourier transform infrared spectroscopy (FTIR), Raman, UV-Vis, photoluminescence,
x-ray diffraction (XRD), high-resolution transmission electron microscopy (HR-TEM), inductively
coupled plasma atomic emission spectrometry (ICP-AES), and combustion analysis. The resulting
molecular and hybrid materials were studied in liquid phase photocatalytic water reduction into Hp
under UV-Vis irradiation and, for the first time, they were proven to work for hydrogen generation
employing only gas phase water. Catalytic vapor water photoreduction is presented as the optimal
methodology to enhance the activity and stability of the {Mogl's}** cluster active sites.

2. Materials and Methods

2.1. Chemicals

Triethylamine (TEA), acetone, dimethylformamide (DMF), methanol, and anhydrous ethanol
were obtained from commercial resources (Sigma-Aldrich, Darmstadt, Germany). Tetrahydrofuran
(THF) and acetonitrile was dried and deoxygenated by passing these solvents through commercial
columns of CuQ, followed by alumina under a nitrogen atmosphere. Acetonitrile (HPLC grade) was
used as the solvent for mass spectrometry analyses. For the photocatalytic reactions in solution, Milli-Q
water, TEA, DME, acetone, and methanol were deoxygenated by bubbling dry nitrogen for at least half
an hour. GO was prepared from natural graphite by following an optimized procedure of the improved
Hummer’s synthetic method [70,71]. The (TBA),[Mogl'g(O,CCH3)3] compound was synthesized by
the reported procedure [46].

2.2. Instrumentation

Combustion chemical analysis of the samples were carried out using a Fisons EA 1108-CHNS-O
analyzer (ThermoFisher Scientific, Waltham, MA, USA). ICP-AES analyses for the determination of
atomic molybdenum of the solid materials were performed after aqua regia digestion and the resulting
solutions were measured in a Varian 715 spectrometer (Palo Alto, CA, USA). FTIR spectra were measured
on KBr pellets with a Nicolet 8700 Thermo spectrometer (ThermoFisher Scientific, Waltham, MA, USA).
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The Raman spectra were acquired from solid samples previously deposited onto aluminum or quartz
wafers, indistinctively, using a “Reflex” Renishaw spectrometer (Wotton-under-Edge, UK) equipped
with an Olympus microscope. The exciting wavelength was 514 nm of an Ar* ion laser. The laser
power on the sample was ~10-25 mW and a total of 20 acquisitions were taken for each spectra.
UV-vis spectra were recorded at 20 °C with a Varian Cary 50 Conc spectrophotometer (Palo Alto, CA,
USA) equipped with 10 x 10 mm quartz cuvettes. The UV-Vis spectra of (TBA),[MogI'g(O,CCH;z)?¢]
were recorded in CH3CN and the samples taken before and after heterogeneous catalytic reaction
were registered in CH,Cly; the spectra of (TBA);MogI's@GO and GO were recorded from a stable
suspension of the material dispersed in Milli-Q water. Steady-state photoluminescence measurements
of (TBA),[Mogl's(O,CCH3)?6] were conducted at 20 °C throughout the study. The powdered samples
of the molecular compound were placed between two nonfluorescent glass plates. A solution of
(TBA);[MogI'g(O,CCH3)%¢] in CH3CN in 10 X 10 mm quartz cuvettes was deaerated by purging with an
Ar gas stream for 30 min, and then the cuvettes were sealed. The sample was excited with 355 nm laser
pulses (6 ns duration, LOTIS TII, LS-2137/3). Corrected emission spectra were recorded on a red-sensitive
multichannel photodetector (Hamamatsu Photonics, PMA-11, Naka-ku, Hamamatsu City, Japan).
Photoluminescence measurements of (TBA);Mogl's@GO and of the experiment based on the addition
of GO suspensions to a (TBA),[Mogl's(O,CCH3)%] solution in DMF were recorded in 10 x 10 mm
quartz cuvettes at 20 °C and by continuous purging with an Ny gas stream. The samples were excited
with 345 nm in a Photon Technology International (PTI) 220B spectrofluorimeter (Horiba, Minami-ku,
Kyoto, Japan) with Xe arc lamp light excitation and a Czerny-Turner monochromator, coupled to a
photomultiplier. Electrospray ionization mass spectrometry (ESI-MS) was recorded with a Xevo Q
ToF (quadrupole Time-of-Flight) spectrometer and with a QTof Premier (quadrupole-hexapole-ToF)
equipped with an orthogonal Z-spray electrospray interface (Waters, Manchester, UK), and liquid
samples were solved in acetonitrile before direct infusion. A capillary voltage of 2.4 kV was used in
the positive and negative scan modes, respectively, and the cone voltage was set to 20 V. Nitrogen was
employed as drying and nebulizing gas. The powder XRD data of (TBA),[MogI'g(O,CCHj3)%¢] (thickness
of a thin even layer of the sample of 100 um) were collected on a Shimadzu XRD-7000 diffractometer
(Nakagyo-ku, Kyoto, Japan) with CuK« radiation, OneSight linear detector, 20 range 5-70° with steps
0.0143° 26 and 2 s accumulation at room temperature. Powder XRD patterns of (TBA);Mogl's@GO and
GO were obtained by using a Philips X'Pert diffractometer (Philips, Amsterdam, The Netherlands) and
copper radiation (CuK« = 1.541178 A). Samples for HR-TEM were ultrasonically dispersed in Milli-Q
water and transferred into carbon coated copper grids. HR-TEM images were recorded by using a
JEOL JEM2100F microscope (Akishima, Tokyo, Japan) operating at 200 kV. The molybdenum and
iodine contents of the (TBA),Mogl's@GO sample were determined by using an energy-dispersive x-ray
analysis (EDXA) system (Oxford Instruments) attached to a JEOL JEM2100F electronic microscope.
An analysis of the porous structure of (TBA),[MoglI's(O,CCH3)?4] was performed by a nitrogen
adsorption technique using Quantochrome’s Autosorb iQQ (Boynton Beach, FL, USA) at 77 K. Initially,
the compound was first activated in dynamic vacuum using the standard “outgas” option of the
equipment at 40 °C during 6 h. Nj adsorption—desorption isotherms were measured within the range
of relative pressures of 1073 to 0.997. The specific surface area was calculated from the data obtained
on the basis of the conventional Brunauer—-Emmett-Teller (BET) model.

2.3. Single-Crystal Isolation and X-ray Data Collection

Suitable red polyhedral (truncated tetrahedron) crystals for x-ray studies of
[MogI'g(OH)?4(H,0)?,]-2H,O were grown by slow crystallization in a water/acetone/TEA
mixture. Namely, once the (TBA);[MogI'g(0,CCH3)%] precursor was solubilized in water/acetone/TEA
(50/45/5% v/v), it was subjected to vacuum during 2 h at room temperature and a mixture of red
polyhedral and laminar crystals were formed in a transparent solution after overnight. The crystals
obtained were washed twice with acetone and once with Milli-Q water, and the laminar crystals
disappeared. The colored liquid phases were identified by UV-Vis, indicating the presence of the
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unreacted precursor complex. The isolated polyhedral crystals remained stable under air for at least
four months and further assays confirmed that they were not soluble in water, acetone, methanol,
DMSO, or DMFE.

Diffraction data for [Mogl'g(OH)?4(H,0)?,]-2H,0O were collected on an Agilent Supernova
diffractometer (Yarnton, UK) equipped with an Atlas CCD detector using CuK« radiation
(A =1.54184 A). Numerical absorption correction was based on Gaussian integration over a
multifaceted crystal model [72]. Empirical absorption correction was conducted using spherical
harmonics, implemented in the SCALE3 ABSPACK scaling algorithm.

2.4. Synthesis and Characterization of ( TBA),Mogzl's@GO

A GO suspension was prepared by exfoliation of the GO (100 mg) by sonication with an ultrasound
source (400 W, Branson ultrasonic bath, Brookfield, CT, USA) in THF (150 mL) for 1 h under N,. The GO
suspension was added to a solution of (TBA),[Mogl's(O,CCH3)%6] (74 mg, 0.031 mmol) in ethanol
(50 mL) and the resulting mixture was heated to 60 °C during 16 h and magnetically stirred under Np
using standard Schlenk techniques. The solid product was separated from the solution by filtration,
washed several times with ethanol, and dried under vacuum to provide 127 mg of dark brown-colored
product identified as (TBA),MogI'g@GO. The amount of molybdenum present in the sample (1.55 wt%)
was determined by ICP-AES analysis. This material was characterized by FTIR, Raman, UV-Vis,
XRD, HR-TEM, and combustion analysis (C 47.06%, H 1.77%, N 0.11%) techniques. This material was
stored in a desiccator [73]. Our attempts to determine the surface area of the (TBA);MogI'g@GO and
GO materials by using the BET isotherm by N, adsorption were unsuccessful because of the high
dispersibility and low values obtained. The surface area of GO was previously determined (736.6 m?/g)
by the adsorption of methylene blue (MB) [74]; nevertheless, this methodology was not considered
suitable for the measurement of the surface area of (TBA);MogIis@GO, since the MB cation could be
involved in the counterion exchange of the cluster-supported species and no optimal adsorption to the
graphenic surface would be achieved.

2.5. Photocatalytic Hy Evolution Procedure

UV-Vis irradiations were carried out with a spot light Hamamatzu Xe lamp (Lightnincure LC8
model, 800-200 nm, 1000 W/m?, fiber optic light guide with a spot size of 0.5 cm). For the photocatalytic
reactions performed in the presence of an aqueous solution, the chosen photoreactor was a cylindrical
Pyrex vessel with a total volume of 55 mL and was 140 mm in diameter, with an inlet and outlet
with independent valves equipped with a manometer to determine the pressure. Figure 2a illustrates
the experimental setup for liquid water photoreduction. In a typical reaction, the photoreactor was
initially charged with 15 mL solvent mixture of Milli-Q water (with or without an organic co-solvent)
and TEA (5% v/v) or methanol (30% v/v) as electron donors. The whole system was purged with a
nitrogen flow for 30 min. The amount of photocatalyst (30 and 0.54 mg of (TBA),[MogIig(O,CCH;3)%]
for standard and comparative studies, respectively; 30 and 11 mg of (TBA),Mogl's@GO for standard
and comparative studies, respectively) was added to the solution under a N, atmosphere, and the
photoreactor was re-purged (10 min) under vigorous magnetic stirring to ensure the absence of oxygen
in the system. The reaction vessel was sealed and pressurized with Ny up to 0.5 bar. This was kept 1.5
cm away from the light source and was immersed into a thermostatic bath at 25 °C during irradiation
(5 h of standard time). The gas phase samples (100 nL) were collected with a Samplelock Hamilton
syringe. The amount of hydrogen evolved in the photoreactor during irradiation was determined by
gas chromatography (GC) with an Agilent 6850 GC system (Santa Clara, CA, USA) equipped with a
bonded polystyrene-divinylbenzene HP-PLOT Q column (30 m length, 0.53 mm inner diameter, 40 pm
film thickness; Agilent J&W) and a thermal conductivity detector (TCD). Helium was the carrier gas,
and the flow rate was set to 5 mL/min. The temperatures of the injector and detector in GC analysis
were 53 and 220 °C, respectively, and the isothermal oven temperature profile was set to 50 °C.
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For the photocatalytic reactions carried out in the presence of aqueous mixtures in vapor phase,
the photoreactor was a double cylindrical quartz reactor (110 mL of total volume) in which the two
vessels were connected with a quartz bridge (2 cm length, see Figure S1). Figure 2b illustrates the
experimental layout for vapor water photoreduction. Water (30 mL Milli-Q water) and the sacrificial
electron donor (methanol, 30% v/v) were loaded into the reactor vessel (a) and purged with Ar (30 min).
The photocatalyst (10 and 5 mg of (TBA),[Mogl's(0,CCH3)%6]; 10 and 30 mg of (TBA);Mogl's@GO)
was loaded into the reactor vessel (b). The reactor was sealed and pressurized with argon up to 0.5
bar and connected to an electrical heating ribbon that allowed the reactor vessel (a) to be heated to 70
°C in order to achieve the evaporation of the water/sacrificial mixture. The vessel (a) was irradiated
for 24 h (standard irradiation time). The H, generation was determined by an Agilent 490 Micro
GC equipped with a molecular-sieve-coated CP-Molsieve 5A column, Agilent J&W) and a thermal
conductivity detector (TCD). Ar was taken as the carrier gas, and the flow rate was set to 5 mL-min~".
The temperatures of the injector and detector in GC analysis were 110 and 220 °C, respectively, and the
isothermal oven temperature profile was set to 62 °C with an initial column pressure of 15 psi.

_ A
% > Sampling

Manometer Manometer
and valve and valve
Qua;tz Cooling bath with W — Solid
reactor ater/Me oli uartz
temperature Temperature S /t - g t
Magnetic bar Photocatalyst and controller controller mixture  photocatalyst  reactor
water/co-solvent/sacrificial
mixture
(a) (b)

Figure 2. Experimental setups for liquid water (a) and vapor water (b) catalytic photoreductions.

The hydrogen peak area was converted to the corresponding concentrations, based on the
standard calibration curve. The moles of hydrogen generated were calculated by using the ideal
gas law (n = PV/RT). Control experiments were performed, one under UV-Vis irradiation without
a photocatalyst, and another under dark conditions using the cluster materials at the standard
experimental conditions. In the reactions performed with water in the vapor phase, the use of TEA
as a sacrificial electron donor was discarded because the control reactions, in the absence of the
molybdenum photocatalyst, afforded methane as a subproduct due to the decomposition of TEA
in the reaction conditions. In contrast, during the photocatalytic experiments executed with the
halogenated hexanuclear molybdenum complexes described in this work, only hydrogen, atmospheric
nitrogen, and oxygen were detected by GC-TCD analyses, independently of the sacrificial donor used.
Measurements from the control experiments showed the detection of the atmospheric gases exclusively,
which confirmed the selective water to hydrogen photoreduction.

Reuse experiments of the (TBA),[MogI's(0,CCH3)%6] complex and (TBA),Mogl's@GO
nanocomposite were done under standard catalytic conditions after recovering the solid material by
evaporation (cluster complex) or filtration (hybrid material) under vacuum.
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3. Results and Discussion

3.1. Photocatalytic Activity of the (TBA),[MogI'g(O,CCHj)*s] Compound in the Photoreduction of Water in
Liquid Phase

A comparative study of the photocatalytic activity of the (TBA),[Mogl's(O,CCH3)36] cluster
compound in molecular hydrogen generation from liquid water was accomplished in the
presence of an electron donor under UV-Vis irradiation and different reaction conditions.
The performance of the catalyst was evaluated in terms of Hj yield after irradiation time. Initially,
the (TBA)>[MoglI's(O,CCHj3)?4] cluster compound was tested in the HER process using a sacrificial
agent (methanol or TEA) under UV-Vis irradiation. We obtained 217 umol/gc.t of Hj in the presence
of TEA, but none with methanol. These results were unexpected, since better results (3205 pmol/gcat)
were reported for the (TBA);[MogBrigF%] cluster analogue under identical catalytic conditions [36].
With the purpose of optimizing and enhancing the catalytic process, we planned to use suitable
water/organic solvent mixtures to ensure the rising of the concentration of the cluster catalyst in
solution to achieve homogeneous conditions, and to stabilize the anionic [Mogl'g(O,CCH3)?¢]* cluster
from the (TBA),[MogI's(O,CCHj3)%] ionic pair. The effects on the hydrogen evolution were studied
following systematic changes in: (i) the nature of the organic solvent, and (ii) the fractional amount of
water, always in the presence of TEA.

Acetonitrile, DMF, and acetone were chosen as suitable polar co-solvents due to their different
dielectric constants, diffusion coefficients, and for the optimal solubility performance for the cluster
catalyst, and were used in 65% v/v to ensure the homogeneous conditions. The hydrogen production
yields obtained in the presence of acetonitrile or DMF were quite low (63 and 95 pmol/gcat, respectively),
however, the catalytic system containing acetone was found to give the best results in terms of both
slope (rate of hydrogen production) and maximum chemical yield (172 pmol/gcat of Hy, see Figure S2).

We found that the addition of a 45% v/v of acetone was enough to ensure strict homogeneous
catalytic conditions. Therefore, we increased the content of water to 40% and 50% v/v and the
hydrogen-evolving performance improved to 396 and 1326 pmol/gcat, respectively (Figure 3). Under
these optimized conditions, the photocatalytic H, evolution rate increased up to 265 pmol/h-gcat in
the first 5 h of irradiation. This evolution rate is higher than the value reported for the analogous
Py,[Moglig(0,CC,F5)%6] (Py,Mo, Py = (1-methyl-3-(4-(pyren-1-yl)butyl)-1H-imidazol-3-ium)) catalyst
(17 umol/h-gcat), for the same reaction time and under similar conditions [37], than the rates reported
for other molybdenum cluster and nanoparticles (see Table S1).

1500

—~~

1000 4

cat

500 4

H, (umol/g

0,0 25 5,0
Time (h)

Figure 3. UV-Vis light driven hydrogen generation of (TBA)s[MogIig(O,CCH3)%4] in aqueous solution
containing TEA, water in 50% (black line), 40% (red line), and 30% (blue line) v/v and acetone.

Plotting the hydrogen generation against time shows the absence of an induction period
and a production of 29 umol/g.t after 5 min reaction (Figure 3). The evolution rate at 5 min of
irradiation (350 pmol/h-gcat), however, decreased linearly to 23% from 20 min to 5 h reaction time
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(Figure S3), revealing unfavorable evolution of the active starting [MogI'g(O,CCH3)24 1>~ complex
in solution. We performed an ESI-MS analysis of three liquid samples taken at ¢ = 0, 60, and 105
min of irradiation. The results indicate that the complex evolves to [MogI's(O,CH3)35(0OH) 1>~
and [Moglig(O,CHj3)?4(OH),]?>~ species (Figure S4) after 105 min reaction time, and these species
are generated in situ under photocatalytic conditions. A red microcrystalline precipitate was
identified as [Mogl'g(OH)?4(H,0)?,]-2H,0, whose structure was also determined by single-crystal
x-ray characterization (see Supplementary Materials and Figures S5-57). Likewise behavior was
reported by Feliz, Cordier et al. for the evolution of [MogBrigF?;]>~ to [MogBrigFa,(OH)?_,]*~ (x =
6-0) species in water/TEA mixtures and under identical photochemical conditions [36]. In this work,
the species generated in solution contributed to an enormous increase of the evolution rate. In contrast,
the above-mentioned hydroxo {Moglg}** cluster core species produced under reaction conditions did
not seem to participate in raising the efficiency of the starting complex at the same level. In addition,
we observed a progressive solution color change from orange to brownish along with irradiation time,
which suggests photodecomposition of the cluster catalyst. At the end of the reaction, the reaction
mixture was evaporated, and the resulting solid was tested in a reuse experiment. The decrease of the
catalytic activity confirmed the partial degradation of the cluster catalyst. The complete decomposition
of the cluster species in solution was set by ESI-MS characterization (Figure S8) of a reaction sample
after long radiation exposure (24 h).

All the above indicates that these catalytic reaction conditions promote the generation of the other
active cluster species and accelerate the hydrolytic transformation of the cluster complex. Previous
works have demonstrated that the covalent grafting of active octahedral molybdenum clusters onto the
surface of GO sheets enhances the stability of the cluster core under catalytic conditions and converts
the hybrid composite into a reusable catalyst [34,36,64]. Therefore, with the purpose to ensure the
integrity of the octahedral cluster cores, we decided to develop a new hybrid material based on the
{Mogl'g}** cluster cores anchored onto GO surfaces and to apply it in the HER process.

3.2. Synthesis and Characterization of the (TBA),MogI's@GO Nanocomposite

The (TBA);[MogI'g(O,CCH3)%] compound contains exchangeable unidentate acetate ligands in
apical positions, which can be selectively substituted by the carboxylate and/or alkoxy groups attached
onto the graphene oxide surface. In previous works, the {MogBrig}** cluster cores were successfully
immobilized onto GO nanosheets via coordinative anchoring [34,36,64]. The A, [MogBrigX?s] (A = Cs or
TBA; X?* = F or Br) compounds were used as precursors for the preparation of hybrid GO-based materials.
With the purpose of immobilizing the (TBA);[Mogl's(O,CCH3)%] cluster onto GO nanosheets in mind,
a THF dispersion of GO and an ethanolic solution of (TBA);[MogI'g(O,CCHj3)?¢] were mixed in a 3:1
volume ratio and kept for 16 h at 60 °C. The resulting composite material (TBA),MogI's@GO was
isolated by filtration. The content of molybdenum (1.55 wt%) was confirmed by ICP-AES analysis.
This material was thoroughly washed from the cluster precursor and characterized by Raman and
FTIR spectroscopies, UV-Vis, x-ray diffraction, HR-TEM, EDX, and elemental analyses.

The carbon content lies in the 44-50% range characteristic of the GO-based materials, and the
nitrogen percentage agrees with the presence of two TBA counterions per cluster unit in the
(TBA);Mogl's@GO hybrid material. The x-ray diffraction pattern shows a single diffraction peak
at 20 = 11.5°, associated with the characteristic (001) plane of the GO composites (Figure S9). No
additional diffraction peaks associated to the molecular cluster compound were detected due to the
low amount of supported cluster and the laminar structure of the composite. The UV-Vis spectrum of
a (TBA);MogI's@GO suspension showed two characteristic absorption maxima at 300 (sh) and 236 (b)
nm. These bands correspond to the n-7* and 71—7t* electronic transition modes in the GO, respectively,
and the slight bathochromic shift of the second band with respect to the GO precursor (229 nm) is due to
the contribution of the most intense absorption of the (TBA),[MogI'g(O,CCH3)%6] compound at 258 nm.
The photoluminescence study of the (TBA),Mogl's@GO nanocomposite did not show the characteristic
emission of the cluster compound at ca. 700 nm [46]. This silence can be due to a phosphorescence



Nanomaterials 2020, 10, 1259 9 of 19

quenching of the cluster by means of the GO. In order to demonstrate this, we performed successive
additions of a GO suspension (2.5 mg/L in DMF) to a solution of (TBA),[Mogl's(O,CCH3)%] (107> M
in DMF). The cluster emission diminished after two successive additions of the GO suspension (Figure
S10). This behavior is attributed to the quenching of the photoluminescence of the cluster compound
by the GO material associated with the non-radioactive energy transfer from the cluster compound to
the graphenic surface [75-77]. We have previously reported a similar quenching behavior by loading
successive additions of a volume of a graphene suspension to a solution of [Mogl'g(O,C,F5)?]*~
complex [37].

The FTIR identification of (TBA),MogI's@GO (Figure 4) shows two strong characteristic C=O
vibration bands at 1723 and 1627 cm™!, which correspond to the carbonyl and carboxylic/adsorbed
water vibration bands, respectively, characteristic of the GO material. The representative C=0O band
of the molecular (TBA);[MogIis(O,CCHj)e] starting compound at 1616 cm™! disappears after the
cluster immobilization [46], and a new band appears instead at 1603 cm™!. This band is attributed
to the interaction of the hexametallic clusters with the carboxylate functionalities of the graphene
support. In addition, the epoxy/hydroxyl vibration region of the GO appears distorted in comparison
to pure GO vibrations: the band characteristic of the C~-OH graphene vibrations of GO at 1210 cm™! is
hypsochromic to a band at 1272 cm™~!. The epoxy region is altered, because the intense band (1060
cm™!) assigned to the C-O-C vibration of GO disappears, and new bands at 1068 and 1028 cm™!
appear. These bands are to be assigned to new Mo(O-C) vibrations, which fit into the vibration
window of the carboxylate and alkoxy apical groups attached to the {MogXig}** (X! = Cl, Br or I) cluster
cores [46,78,79]. It is worth noting that our previously reported (TBA),MogBrigF3c@GO nanocomposite
shows changes uniquely in the epoxy/hydroxyl IR window, thus confirming that the hydroxyl groups
of the GO support are involved selectively in the cluster immobilization of (TBA);[MogBrigF?¢] onto
GO nanosheets [36]. Additional bands at 1369 and 1556 cm ™! were detected and assigned to the C-N
and C-C vibrations, respectively, which confirms the presence of the TBA counterions. These results
unequivocally indicate that the ligand exchange between the carboxylate groups of the molecular
(TBA),[Moglig(0,CCH3)34] cluster by the carboxylic and hydroxylic groups of the GO surface and,
as a consequence, the coordinative immobilization of the {MogI'g}** cluster cores takes place in the
reaction conditions.

1
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Figure 4. Fourier transform infrared (FTIR) spectra of (TBA);MogI's@GO (back line), GO (blue line)
and (TBA),[MogIig(O,CCH3)?6] (red line).

The Raman spectroscopy confirms the retention of the {Moglig}*™ cluster core in the
(TBA),MogI's@GO nanohybrid. The Raman spectrum of (TBA);Mogl's@GO (Figure 5) shows intense
bands with Raman shifts at 130, 159, 224, and 284 cm™!, which are reasonably close to the majority of
most of the molecular cluster Raman shifts (153 (m), 166 (m), 170 (m), 220 (int), and 285 (m) cm™!).
These bands are assigned to the Mo—-Mo, Mo-I, and Mo-O vibrations of the cluster [80]. At higher
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Raman frequencies, two bands appear at 1350 and 1600 cm™!, which correspond to the respective D
and G bands characteristic of the GO.

The HR-TEM images of (TBA),Mogl's@GO (Figure 6) show similar lamellar morphologies to
those observed for the GO precursor [70], which provides an estimate of the high surface area of
this nanocomposite, and an homogeneous dispersion of crystalline nanoparticles (3-5 nm), which
are associated with aggregated {Mogl'g}** cluster cores on the surfaces and mostly on the borders of
GO. These results suggest that the anchoring of the cluster takes place through the hydroxylic and
the carboxylic groups of GO located on the edges of the sheets, according to the Lerf-Klinowski and
Ajayan models [56,81]. The supported nanoparticles show a linear distribution of molybdenum atoms
with a distance of 1.3 A between the planes crystallographically defined according to the single-crystal
x-ray results. Dark field quantification of the sample by EDXA of (TBA);Moyl's@GO (Figure S11)
yields the atomic content of molybdenum and iodine of 1.12 and 1.59%, respectively. The experimental
atomic ratio of I/Mo = 1.4 is in agreement with the calculated value of (1.3) for the {MogIig}** cluster
core. This confirms, again, that intact {Mogl'} clusters are supported onto the GO nanosheets and that
the cluster core remains intact after the immobilization.

G band

- Mo, cluster bands D band

Intensity (a.u.)

500 1000 1500 2000
Raman shift (cm™)

Figure 5. Raman spectrum of (TBA);Mogl's@GO under 514 nm excitation.

(a) (b)
Figure 6. HR-TEM images of (TBA);Mogl'g@GO at 100 (a) and 5 nm (b) scale, registered at 200 kV.

3.3. Catalytic Properties of (TBA),MogI's@GO in the Photoreduction of Liquid Phase Water

The hybrid (TBA);Mogl's@GO material was studied in the photocatalytic water reduction in the
presence of TEA in a water/acetone (50/45% v/v) mixture. In this case, the yield achieved was 291
umol/gcat of Hy and, actually, the hybrid material showed 78% lesser catalytic activity than the molecular
compound under identical photochemical conditions. Additional catalytic tests were done using
(TBA);Moglis@GO, GO and the equimolar amount of the molecular complex as catalysts (Figure S12).
These showed an enhancement of the catalytic activity of (TBA),MogI's@GO compared to the GO.
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The catalytic activity of (TBA),MogIis@GO can be mainly attributed to the immobilized molybdenum
cluster active sites, since no other synergetic effect between Mo centers and GO was observed.

The (TBA),Mogl'g@GO catalyst was recovered and reused, and the catalytic yield dropped by 93%
(Figure S13). The activity loss is ascribed to the decomposition of the hybrid catalyst under reaction
conditions. To ascertain the leaching of the metal, we analyzed the recovered catalyst by ICP-AES.
The value of Mo in the recovered catalyst was found to be only one-third (0.50 wt%) of that in the fresh
catalyst (1.55 wt%). These results indicate that leaching indeed occurred during the reaction and the
catalyst was not actually heterogeneous under reaction conditions. We attributed the poor stability of
the (TBA);MogIis@GO material, dispersed in aqueous solutions, to one or two of the following points:
(i) the use of TEA as sacrificial, since TEA could affect the nature of the hybrid Mos@GO material
under photochemical conditions and, as a consequence, promote the decomposition of the catalyst [82];
and (ii) a loss of the stability of the coordinative bond between the {MogIig}** cluster cores and the GO
under catalytic conditions. The catalytic activity decrease in the cluster units in the presence of GO
(vide supra) could be due, in part, to the low accessibility/activity of the Mogl's cluster units covalently
anchored onto GO surfaces [36], but mainly to the photodecomposition of the leached transient Moglig
clusters without stabilizing carboxylate and alkoxo ligands.

In light of the above-mentioned results, and in order to prevent the decomposition of the cluster
active sites, we decided to study the catalytic performance of the cluster compounds in the solid
state, both as microcrystalline (TBA);[MogI'g(O,CCHj3)%] and cluster-supported GO material, in the
presence of water steam instead of liquid water. To the best of our knowledge, this is the first report of
reactivity studies done with {MogXig}** cluster core compounds in the presence of gas phase reactants.

3.4. Photocatalytic Activity of Microcrystalline ( TBA);[Mogl's(O,CCH3)%] and (TBA),Mogl's@GO in the
Presence of Aqueous Mixtures in Vapor Phase

Pure microcrystalline (TBA);[MogIig(0,CCH3)%] compound was studied in the photocatalytic
water reduction with methanol as the sacrificial reductant in the vapor phase. The amount of hydrogen
generated relative to the molybdenum cluster content vs. time is plotted in Figure 7a. After long
irradiation time, (TBA),[Mogl's(O,CCH3)?4] provides 174 pmol/gcat of Hy. The turnover number
(TON) calculated with respect to the cluster is 0.42, which is comparable to the value (0.34) reported
for the Py,Mo compound [37]. Half the amount of the photocatalyst used gave similar yields (151
umol/geat). The yield obtained after 5 h of irradiation (Figure 7a) was about twenty times lower than
the yield obtained in homogeneous conditions by using approximately the same amount of catalyst.
This fact can be explained by considering the low specific surface area of the microcrystalline molecular
material (3.6 m?/g) and, as a consequence, it has less cluster sites accessible to vapor water molecules if
we compare it with the catalyst under homogeneous conditions.
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Figure 7. Amount of H; evolved during the photocatalytic experiment in water/methanol in the
vapor phase. (a) represents the reaction yields (umol/gcat) of (TBA);Mogl's@GO (black line) and
(TBA),[MogIig(0,CCH3)24] (red line) catalysts (10 mg); (b) represents the reaction yields (1mol/gys,) of
(TBA);MogI's@GO (in black) and (TBA);[Moglig(O,CCH3)%4] (in red) in different weights after 24 h
of radiation.
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The integrity of the catalyst was checked under the same reaction conditions. After it was
recovered with dichloromethane, UV-Vis and ESI-MS analyses were performed. The absorption bands
were the same after and before the reaction (Figure S14), and the mass analyses confirmed the integrity
of the cluster complex after irradiation (Figure S15). These results indicate that the catalyst remained
unaltered under photocatalytic water reduction conditions and for a long irradiation time.

In order to enhance and prolong the catalytic activity of the molybdenum cluster sites in the
same gas phase conditions with respect to those available on the surface of the microcrystalline
material, we switched to the highly dispersed cluster units grafted onto the graphenic surface of the
(TBA);Mogl's@GO nanomaterial, with the expectation that the catalytic performance of the cluster
sites would improve. For these reasons, we were encouraged to study the catalytic performance of this
nanomaterial in vapor phase.

Methanol was used as the sacrificial reductant under the same heterogeneous catalytic conditions
as for the molecular precursor. The H, production of (TBA),MogIis@GO was 30 umol/geat (Figure 7a),
and increased to 68 pmol/gct with threefold the catalyst amount. The hydrogen generation per
atomic molybdenum was higher than the production achieved with the microcrystalline molecular
compound (Figure 7b). We were thus able to demonstrate that the activity of the molybdenum cluster
was enhanced in the hybrid catalyst. The TOF vs. atomic molybdenum was 2 x 107 s~!, which was
threefold higher than the value obtained for the microcrystalline molecular precursor using the same
amount of catalyst under gas phase conditions. This TOF was in the same order of magnitude as
exhibited by the Py,Mo@Gene and (TBA),MogBrig@GO composites [36,37], and the H, production
rates were low, like those reported for other molybdenum/GO photocatalysts (Table S1). In addition,
the recycling ability of the (TBA);Mogl'g@GO catalyst was examined after three consecutive reaction
batches with 16 h of irradiation each, and the results are summarized in Figure 8. We observed that the
recovered catalyst exhibited almost a similar yield up to three runs, demonstrating that the hybrid
catalyst is highly recyclable without significant loss in activity.

80

60

40

H, (umol/g.,)

[
=]
L

R1 R2 R3
Run

Figure 8. Recycling of the (TBA),Moglig@GO catalyst in the photochemical H, production from water
in vapor phase after 16 h of radiation.

A possible mechanistic pathway of the catalytic HER is illustrated in Figure 9 on the basis
of the low band gap values, good UV and visible light absorbance, and redox properties of the
Mogl's clusters. After the absorption of light, the {MogI'g}** cluster core was promoted to the excited
state ([{MogIig}**]*) by HOMO to LUMO transition (Equation (1)). The singlet excited state (S;) of
the {MogXg}*™ (X = Cl, Br, I) cluster core undergoes very efficient intersystem crossing to the triplet
transition states (T1). We calculated the excited S; energy from the absorption and electrochemical
measurements and T energies from the emission spectrum for (TBA);[Mogl's(O,CCH3)%] (calculations
and measurements are detailed in the last section of the Supplementary Materials and Figures S16-517)
to demonstrate that the {MogI'g}** cluster core is capable to transfer electrons to protons. Hence,
the excited state transfers one electron per cluster unit to the water molecule and the two-electron
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transfer process would accomplish the generation of molecular hydrogen (Equations (2) and (3)). In the
last step of the photocatalytic reaction, the positively charged cluster gets an electron from the sacrificial
donor (TEA or MeOH) and the original cluster state is recovered (Equation (4)). This oxidative
quenching mechanism is based in a two component system, in which the cluster acts simultaneously
as a photosensitizer and as a catalyst for H, production.

2[{MogI's}**] + hv — 2[{MogL's}*** €]

2[{Mogl'g}** ¥ — 2[{Mogl'g}>* ]+ 2e~ @)

2H,0 + 2¢~ — H,; + 20H™ 3)

2[{Moglig}®* ]+ 2D — 2D" -+ 2[{Mog'g}**] (4)
hv

PR

[Moglig]* [Mogl's]

H,O Donor*’

[Mogl'g]*
Ha Donor

Figure 9. Plausible mechanism of photoreduction of vapor phase water to H; catalyzed by the
molybdenum cluster units of (TBA),[Mogl'g(0,CCH;3)?] and (TBA);MogIis@GO catalysts.

4. Conclusions

The catalytic activity and stability of the cluster complex (TBA),[Mogl's(O,CCH3)%] and the
hybrid composite (TBA),MogIig@GO were investigated in the photoreduction of liquid and gas phase
water under UV-Vis irradiation, and the best results were obtained in gas phase conditions. Novel
(TBA),Mogl's@GO material was prepared by coordinative anchoring of the cluster units, which implies
the exchange reaction of the cluster-coordinated terminal acetate ligands with oxygen-containing
functional groups on the GO surfaces, namely -OH and -COOH. The composition and morphological
properties of this composite were determined by FTIR, Raman, UV-Vis, photoluminescence, XRD,
HR-TEM, ICP-AES, and combustion elemental analysis.

The catalytic water photoreduction studies showed that: (i) liquid water reduction
achieved the best hydrogen production yield (1326 umol/ge.: of Hy) by using cluster complex
(TBA);[Mogl's(0,CCH3)%] dissolved in a water-organic mixture (50/45/5% v/v of HyO/acetone/TEA)
after 5 h of irradiation, whereas the yield was significantly lower (291 umol/gc.t) when the hybrid
composite (TBA);MogI's@GO was used under the same conditions. In both catalytic experiments,
the catalysts degraded during the process: ESI-MS and single-crystal x-ray analyses revealed in situ
generation of less active species (namely [MogI'lg(OCOCH3)35(OH)]?~, [MogI'g(OCOCH3)?4(OH), 1%~
(in solution), and [Mogl's(OH)?4(H,0)?,]-2H,0 (as crystalline solid phase)) derived from the
hydrolytic transformation of cluster complex (TBA),[Mogl's(O,CCH3)%6]. The hybrid composite
(TBA);Mogl's@GO decomposed completely, and no synergetic effect between Mog units and GO
was observed; (ii) water vapor reduction demonstrated for the first time a successful water vapor
photocatalytic reduction using cluster complex (TBA)»[MogIig(0,CCHj3)%] and the hybrid composite
(TBA);Moglig@GO as catalysts. They remained intact and retained their catalytic activity for at least
24 h. The highest yield, obtained by using the microcrystalline (TBA),[Mogl's(O,CCH3)?6], was
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174 umol/gcat, and this limited value is attributed to the smaller number of the cluster sites accessible
to gas phase water molecules than in the catalyst used under homogeneous conditions, where each
cluster unit can be accessed. The catalytic performance of the cluster sites was improved by using the
(TBA);Mogl's@GO composite as the catalyst under identical conditions. The TOF value with respect to
the atomic content of molybdenum for (TBA);Mogl's@GO (2 x 1070 s71) increased threefold over that for
the microcrystalline (TBA),[MogI'g(0,CCH3)%6]. The hybrid photocatalyst permits efficient recycling
after at least three runs, and provided similar yields of H, under identical experimental conditions.

This study demonstrates for the first time the possibility of using {Moglig}*" clusters
(and hybrid materials based on the {MogIg}** clusters) in the catalytic process of water vapor reduction.
The easy recovery, efficient recycling, and the robustness of both of the microcrystalline and the
cluster-supported catalysts under vapor phase conditions make the developed methodology superior
and more advantageous for photocatalytic production of molecular hydrogen from water.
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in the presence or water/TEA (30/5% v/v) mixtures with an organic co-solvent, namely: acetone (black line),
DMF (red line), and acetonitrile (blue line), Figure S3: Representation of the reaction rates (pmol of Hy/h-gcat)
at 5 min (blue line) and 5 h (red line) by using the (TBA),[MogIig(0,CCH3)34] catalyst in the presence of
water/acetone/TEA mixture (50/45/5% v/v), Figure S4: Experimental (bottom) ESI mass generated molecular
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phase. Simulated (top) molecular peak for the [MogIig(O,CH3)?5(OH)? >~ species, Figure S5: Representation
of [MogIig(OH)?4(H,0)?5] according to single crystal x-ray structure determination. Displacement ellipsoids
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along the a, b, and c axis, Figure S7: Pairs of the solvate water molecules trapped between the clusters in the
crystal packing of [MogI's(OH)?4(H,0)?,]-2H,0. H bonding interactions between oxygen atoms are represented
in dashed lines. Iodine atoms are omitted for clarity, Figure S8: ESI mass spectrum of a reaction sample
taken after 24 h of illumination in the catalytic photoreduction of water in liquid phase, single-crystal structure
determination, and refinement of [MogI'g(OH)?4(H,0)?,]-2H,0O structural analysis, Figure S9: XRD patterns
(from top to bottom) of (TBA),[Mogl'g(O,CCH3)%], (TBA);Mogl's@GO, and GO, Figure S10: Steady state
photoluminescence spectra (Aexc = 345 nm), which depicts the quenching of the (TBA),[Moglig(0,CCH3)?4]
luminescence (initial concentration 10> M in DMF) upon the addition of increasing volumes of a stock dispersion
of GO (2.5 mg/L) in DMEF, Figure S11: Scanning transmission electron microscopy (STEM) image (a) and EDXA
(b) of (TBA),MoglI's@GO, Figure S12: HER (umol of Hy/g,t) vs. time plot by using the (TBA);MogI's@GO (11
mg, black line), GO (11 mg, blue line), and (TBA),[Mogl'g(0,CCH3)%6] (0.54 mg, red line) catalysts in aqueous
solution containing water/acetone/TEA mixture (50/45/5% v/v), Figure S13: HER (umol of Hp/gcat) vs. time plot by
using the (TBA),Moglls@GO (11 mg, black line) and the recycled solid (11 mg, orange line) in aqueous solution
containing water/acetone/TEA mixture (50/45/5% v/v), Figure S14: UV-Vis spectra of the most characteristic
bands of (TBA),[MogI'g(O,CCHj3)?4] before (black line) and after (orange line) catalytic reaction under vapor
phase conditions, Figure S15: ESI mass generated molecular peaks (from right to left): [Moglig(O,CH3)26 1%,
[MogI'7(0,CH;3)?5Cl1]1%~, and [Mogl'g(O,CH3)?5Br]?>~ detected in a reaction sample after 24 h reaction time of the
catalytic reaction in gas phase. The detection of two less intense peaks is ascribed to the presence of interferences in
the electrospray source, calculation of the singlet and triplet excited states of the [MogI'g(0,CCH;3)?6 1%~ complex,
Figure S16: Tauc plot of (TBA),[Moglig(O,CCH3)%¢] from UV-Vis spectrum registered in acetonitrile, Figure S17:
Emission spectrum of (TBA),[MogIig(0,CCH3)?4] acquired in acetonitrile, References, Table S1: Optimal catalytic
activities of selected molybdenum and molybdenum-GO-based photocatalysts for H, production from water.
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