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In this article, an efficient and innovative coupled system that involves hydrogen generation from water and
hydrogenation of a biomass derived compound is shown for the first time. We have demonstrated that it is
possible to use hydrogen produced from photoelectrochemical water splitting for the hydrogenation of a widely
available biomass-derived compound (levulinic acid) into a versatile fuel component and/or precursor

Hyd
W};t:r)gsi:llitting (y-valerolactone). This compound, conversely to hydrogen, can be easily stored and handled. The photo-
Biofuel electrocatalyst selected was a TiO, nanostructure synthesized by electrochemical anodization. The hydrogen

produced was simultaneously used to carry out a hydrogenation reaction to transform levulinic acid into
y-valerolactone. The generated hydrogen was transferred to a catalytic reactor containing an aqueous solution of
levulinic acid (LA) in the presence of a Ru based catalyst. Remarkable formation of y-valerolactone (GVL) was
obtained at temperatures as low as 30-60 °C. Yields to GVL of ca. 95 % have been obtained with this novel
coupled system at only 60 °C. These results confirm the potential utilization in the biomass valorization of in-situ
hydrogen production by photoelectrochemical water splitting.

1. Introduction

Increasing population is one of the causes of massive consumption of
fossil sources to produce energy, which has triggered a rise in green-
house gases emission [1,2]. The use of biomass to produce energy has
been used as an alternative in order to obtain energy and also added
value chemicals, such as different solvents, important precursors and
biofuels [3]. One of these compounds is y-valerolactone (GVL), which is
a versatile chemical platform that can be produced from different
biomass feedstocks and has a wide range of applications from produc-
tion of solvents [4-7], fine chemicals [6-10] and especially fuels [6-9,
11,121.

The production of GVL from levulinic acid (LA), a common inter-
mediate derived from biomass, involves a hydrogenation step. There-
fore, GVL can be produced from LA if a catalyst and a proper hydrogen
source are used [13]. Several hydrogen sources have been used to carry
out the reaction, such as formic acid, pressurized hydrogen or alcohols
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[14-17]. Clean H; generation via water splitting could be deployed as a
sustainable technology to achieve a decarbonize economy. However,
water splitting requires high amount of energy. Photoelectrochemical
(PEC) water splitting is one of the most promising green hydrogen
production methods [18-20]. It directly uses solar light arriving on a
semiconductor to split the water molecule and generate hydrogen and
oxygen in separate electrodes, thus avoiding safety concerns and
allowing facile separation of both gases. In this process, no large energy
inputs are needed, which is one of the main disadvantages of simple
water electrolysis. Besides, PEC, unlike other techniques regarded as
environmentally friendly, such as solar thermolysis, can be carried out at
room temperature. Moreover, PEC cells are very simple to build and to
scale-up, requiring minimal auxiliary components. Therefore, although
PEC water splitting is still a technology under development and more
research is needed, its clear advantages over other hydrogen production
methods and the minimum environmental impacts associated, make this
technique a very promising one.
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For the hydrogenation reaction (LA to GVL) to take place efficiently,
typical metal catalysts contain noble metals such as Ru, Pd or Pt [21,22].
Currently, Ru sites are considered as the active site of choice for this
reaction. Then, although Ru does not present optimal hydrogenating
properties in the gas-phase if compared to Pd or Pt, DFT calculations
have demonstrated that this metal is extremely reactive and selective for
the hydrogenation of levulinic acid to yield y-valerolactone if hydrogen
is fed using an aqueous media. The oxophilic character of ruthenium has
been proposed to be the main responsible for this enhanced performance
[22].

TiOy has been widely investigated as a photocatalyst, due to its
chemical and morphological properties, and low production cost [23,
24]. An interesting method to synthesize TiO, nanostructures is the
electrochemical anodization due to its operational simplicity. When
employing this technique, the anodization potential, time, temperature,
hydrodynamic conditions and type of electrolyte influence the size,
shape and crystallinity of the nanostructure [25,26]. Therefore, by
controlling these parameters, compact, porous or sponge-like structures
can be produced. For photoelectrocatalytic applications, it has been
demonstrated that nanotubular structures, with their perfectly defined
and ordered geometry, are very attractive because they allow obtaining
a high specific surface area and an improved photocatalytic activity due
to the enhanced separation of photogenerated electron-hole pairs, hence
reducing recombination losses and increasing the overall process effi-
ciency [27-29].

In this work, hydrogen produced by photoelectrochemical water
splitting using TiO; is used to transform levulinic acid derived from
biomass to produce y-valerolactone in a catalytic reactor using a
ruthenium-based catalyst. This coupled process offers numerous ad-
vantages, including the use of renewable energy sources, green pro-
duction of hydrogen, mild reaction conditions, and an environmentally
friendly hydrogen production.

2. Chemicals and reagents

The precursor of ruthenium used was ruthenium acetylacetonate (97
%) was purchased from Sigma-Aldrich and the commercial alumina
(y-AlxOs, Spgr = 187 ng’l) from Sued Chemie. Absolute ethanol (99.9
%) was acquired from Sigma-Aldrich. For the TiOy nanostructure syn-
thesis a titanium foil (0.125 mm, 99.6 % purity) was purchased from
Research Materials Ltd. The agents used for the anodization were:
ethylene glycol (99 %) purchased from VWR, ammonium fluoride (98
%) from Sigma-Aldrich, acetic acid (99 %) from Sigma-Aldrich and 2-
hydroxyethylamine (99 %) from Sigma-Aldrich. For the water splitting
reaction the agent used was KOH (99.9 %) from Sigma-Aldrich.

3. Experimental section
3.1. Synthesis and characterization of ruthenium catalyst

The catalyst was synthesized by the impregnation method with
ethanol and consists of Ru supported on alumina. The appropriate
amount of ruthenium acetylacetonate to obtain a Ru loading of 2 wt %
was mixed with ethanol until dissolved. Later, alumina was added to the
solution (100 mL of ethanol per gram of support added). The mixture
was placed on a hot plate stirrer at 60 °C under mild stirring in order to
completely evaporate the solvent. Then, the solid was recovered and
dried at 60 °C for 8 h and then calcined in static air at 500 °C for 3.5 h in
a muffle furnace. The catalyst was heat-treated in a flow of Hy at 250 °C
for 1 h. The catalyst was labelled as Ru/Alum.

Ru/Alum was thoroughly characterized using different techniques.
N, adsorption isotherms were carried out at —196 °C in a Micromeritics
ASAP 2460 apparatus (Norcross, GA, USA). Prior to the analysis, the
catalyst (Ru/Alum) and the support (alumina) were degassed at 150 °C.
The specific surface area (Sggr) was determined in the relative pressure
range of 0.05-0.25. X-ray diffraction (XRD) analysis was performed in
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order to determine the nature of the crystalline phases. The equipment
used was an Enraf Nonius FR590 sealed tube diffractometer (Bruker,
Delft, The Netherlands) equipped with a monochromatic Cu Kal source
(30 mA and 40 kV). High resolution transmission electron microscopy
(HRTEM) was carried out to observe the catalyst structure and
morphology. A field emission gun TECNAI G2 F20 microscope (FEI
Company, Hillsboro, OR, USA) at 200 kV and a JEM 3000 F microscope
(JEOL, Tokyo, Japan, 300 kV) were employed. TEM images were used
also to determine the ruthenium particle-size average. XPS experiments
were undertaken in order to determine the characteristics of the near
surface especially the oxidation state of Ru. XPS analysis was undertaken
with a Kratos Axis ultra DLD photoelectron spectrometer with a non-
monochromatized Mg Ko X-ray source (hv = 1253.6 eV). An analyser
pass energy of 50 eV was used for survey scans and 20 eV for detailed
scans. Binding energies were referenced to the Cls peak from adventi-
tious carbonaceous considering a binding energy of 284.8 eV. A CasaXPS
software for the analysis of the results. Iterations were done with the
Marquardt method and following the restrictions optimized by Morgan
[30].

3.2. Synthesis and characterization of TiO2 nanostructure

The TiO, nanostructure was synthesized by electrochemical anod-
ization, using a 1 x 1 cm titanium foil. Before anodization, the titanium
sample was ultrasonically cleaned in acetone, ethanol and water for 2
min in each solvent and dried with nitrogen.

Anodization was performed at room temperature in an electrolyte
composed of ethylene glycol, containing 1 M water, 0.05 M ammonium
fluoride and 1 vol% of a mixture of acetic acid and 2-hydroxyethyl-
amine. The sample was anodized for 30 min at 55 V, using Ti foil as
the anode and platinum sheet as the cathode. Anodized Ti was rinsed
with deionized water, dried in nitrogen, and then annealed at 450 °C for
1h.

The crystalline structure of the sample was also studied by X-ray
diffraction (XRD), using a Philips X’Pert diffractometer equipped with
an Enraf Nonius FR590 type generator whose CuKa radiation is filtered
with nickel (A = 0.1542 nm). The nanostructure morphology was
observed with a Field Emission Scanning Electron Microscope (FESEM)
at an acceleration potential of 5 kV and a Transmission electron mi-
croscopy (TEM) at 200 kV.

3.3. Reaction system and analytical method

Hydrogen was produced in a three-electrode system: the TiO,
nanostructure as the working electrode (0.5 cm? exposed to the elec-
trolyte), a platinum foil as counter electrode and an Ag/AgCl (3 M KCI)
electrode as the reference electrode, all of them immersed in a 1 M KOH
electrolyte. A Nafion membrane was placed between anode and cathode
to avoid gas crossover.

The output of the platinum cell was connected to the reactor through
a metallic pipeline (1/16 inch) in order to transport the hydrogen
generated and use it in the hydrogenation reaction.

A potentiostat (PalmSens4) was used to apply a constant potential of
1 Vag/agcl for 4 or 8 h depending on the reaction time, and a UV lamp
(Opsytec) with a wavelength of 365 nm was used to generate the light
incident on the nanostructure through a quartz window. Before starting
the test, the entire system was purged with nitrogen, and leak tested. The
production of pure hydrogen was checked by gas chromatography using
a HP equipped with a Porapak Q column.

The hydrogenation reaction was carried out in a 25 mL two-neck
flask used as a reactor. The reactor was fed with 3.5 mL of an aqueous
solution of LA (0.05 M) and 0.1 g of Ru/Alum. A conduction from the
three-electrode hydrogen production system, was introduced into liquid
media of the reactor (Fig. 1). This reactor was placed in a silicone bath at
the desired temperature for the required time. The reactor had an
opening to prevent overpressure.
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Fig. 1. Schematic diagram to produce hydrogen by photoelectrochemical water splitting with a nanostructured TiO, photocatalyst and its use to produce

y-valerolactone from biomass derivatives using a Ru based catalyst.

The liquid reaction products were collected by filtration in order to
carry out a quantitative analysis. The reaction products and the re-
actants were analyzed by gas chromatography using GC equipped with a
FID detector. The GC instrument employed was Hewlett Packard 5890
(Palo Alto, California, USA), equipped with an Agilent HP-1 column (30
m x 0.32 mm x 0.25 mm). The FID detector worked at 240 °C, the in-
jection port standing at 220 °C. In a typical run, the temperature pro-
gram was: (i) 35 °C isothermal for 30 min, (ii) from 35 to 230 °C with a
heating rate of 1.5°C min_l, and (iii) isothermal at 230 °C for 15 min. In
order to identify the reaction byproducts a gas chromatograph mass
spectrometer (GC-MS) (Hewlett Packard 5890 (Palo Alto, California,
USA)) was used. It was equipped with a ZB-Wax plus, Zebron column
(phenomenex): 30 m x 0.25 mm x 0.25 pm. The temperature program
employed for the analysis in GC-MS was the same as that used by GC-
FID. For these experiments, dodecane was used as an internal pattern
for quantification of the reaction products. C-balance was done
comparing the decrease of the LA area with the conversion determined
using dodecane as an internal pattern.

4. Results
4.1. Characterization results

Fig. 2a shows a TEM image and Fig. 2b and ¢ shows HR-TEM images,
where it can be observed that Ru nanoparticles are properly dispersed
onto the alumina support. Moreover, a histogram was accomplished
with the HR-TEM images (Fig. 2d) in order to estimate the average size
of Ru nanoparticles, which was around 9 nm. The BET surface area was
analyzed by Ny adsorption. The surface area of the Ru/Alum catalyst
was 159 m?/g, which is slightly lower than that of the support (187 m?/
g). Fig. 2e displays the XPS characterization, which was used to know
the oxidation state of the Ru species on the near surface of the catalyst.
The analysis showed asymmetric peaks related to metallic Ru for both
Ru 3d and Ru 3p orbitals. Binding energy values fit with the ones re-
ported for metallic Ru (279.90 and 284.07 eV) [30], whereas no
oxidized Ru species were detected. Fig. 2f presents the XRD pattern of
the sample of ruthenium before and after the reduction treatment with
H,. Peaks related to ruthenium oxide at 20 = 28.1°, 35.2°, 54.3° cor-
responding to (110), (101), (211) planes were observed in the catalyst
before the reducing treatment, and they confirm the crystalline nature of
the material (JCPDS 21-1172) [31]. In the sample after the treatment

(Ru/Alum), the peaks related to RuO, were not observed. However, new
peaks of low intensity related to metallic hexagonal ruthenium (JCPDS
06-0663) were detected at 20 = 38.1°, 42.6°, 44.7°, 58.4° corresponding
to (100), (002), (101) and (102) planes [32].

As mentioned above, the TiO2 nanostructure used as a photocatalyst
was synthesized by electrochemical anodization, using an organic
electrolyte in the presence of fluorides. Fig. 3a shows the variation of
current density as a function of time during anodization. The obtained
curve is characteristic of the nanotubular structure formation [26,33].
Consequently, the three typical zones of titanium dioxide growth can be
distinguished. The first stage (I) shows an abrupt drop in current density,
due to the formation of a compact TiO5 layer that opposes the passage of
electric current. The second stage (II) presents a slight increase in cur-
rent density, due to crack appearance or pitting because of the presence
of fluoride ions in the electrolyte, which cause localized dissolution of
the compact oxide [33,34]. Lastly, the third stage (III) shows a slight
decline in current density and its stabilization in quasi-steady state, this
is caused by the formation and dissolution rates of the oxide being
approximately equal to each other [34]. Fig. 3b displays the X-ray
diffraction results for the TiO, nanostructure, where main diffraction
peaks characteristic of anatase TiO, phase can be seen at 20 = 25.2;
38.2; 40.9; 48.1; 53.9; 62.2, 70.9 and 76.2° [35-37]. The anatase phase
has been selected as a photoelectrocatalyst since it has been reported to
present a good performance in the hydrogen production, due to the
order of its crystalline structure [38,39]. On the other hand, Fig. 3c and
d shows the morphological characterization of the nanostructure, using
FE-SEM and TEM, respectively. Fig. 3c depicts the synthesis of
smooth-walled tubular structures, with an average pore diameter and
length of 43 + 4 nm and 5.6 + 0.6 um, respectively. Additionally,
Fig. 3d displays a representative TEM image of the TiO nanostructure
employed in this experiment. In order to undertake this analysis, the
sample was obtained by subtly scratching the external part of the layer,
which is the active oxidized material. This sample consists of tubes of
variable width (from 10 to 100 nm) and length. In most cases these tubes
are packed together forming non-regular compact structures. The
nanotube surface is not flat but it is covered of rough entities, similar to
nanoparticles adhered on the surface of the tubes. A closer look to the
images reveals the clear presence of microporosity. This morphology
with the joint feature of non-regular surface plus microporosity ensures
the achievement of an elevated surface area. On the other hand, the
measurement of the interplanar distances (see inset) of 1.70, 1.89, 2.33
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Fig. 2. Characterization of Ru/Alum by transmission electron microscopy (TEM) (a), HR-TEM (b, c), histogram of the Ru particle size (d), XPS analysis (e) and

XRD (f).

and 3.52 A confirms that tetragonal TiO, anatase (JCPDS: 021-1272) is
the only Ti-containing phase detected. This data is in agreement with the
results observed by XRD about the nature of the titanium dioxide. Fig. 3e
shows the photoelectrocatalytic response of the nanostructure at 1
Vag/agcl during 8 h illuminated at A = 365 nm. It is key to highlight that
when UV light is incident on the surface of the nanostructure, the cur-
rent density immediately increases to a maximum, a behavior that can
be associated with internal electron-hole pairs generation and fast
charge separation [40]. According to the registered results, a current
density of 12.5 mA cm ™2 was obtained, this remained constant

throughout the test, which allowed determining that the synthesized
nanostructure presents great stability. Additionally, it was possible to
determine the number of moles and the hydrogen flow generated during
the test by using Faraday’s law, being in this case 0.23 mmol h™! cm ™2
and 5.70 mL h™! em ™2, respectively.

Table S1 displays some general parameters associated with the
photoelectrochemical characterization of TiO5. Raman spectra (Fig. 4a)
show four peaks at 141.7, 396.2, 515.1 and 639.3 cm ™! typical of the
titanium oxide in the anatase phase [37], confirming that observed by
XRD. In addition, Fig. 4b shows the photoelectrochemical behavior of
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the TiO, nanostructure by a water splitting test. From the results
attained, it is observed that high current densities are reached within the
whole range of applied potential. Therefore, the analyzed TiO; nano-
structure obtained a good photoelectrochemical behavior applying low
polarization. These results agree with the electrochemical impedance
spectroscopy test and the Mott-Schottky analysis (Fig. 4c and d,
respectively). In the first case, with the electrochemical impedance
spectroscopy test and the fitting of the system to the equivalent electrical
circuit (inset of Fig. 4c), the resistance of the sample to charge transfer

can be studied [41]. With the selected circuit, the sample is adjusted to a
bilayer system, formed by a compact inner layer and a porous outer
layer. The results obtained correspond with those reported in the liter-
ature, since the internal layer was found to be highly resistive compared
to the external (Ry > Rj) [42]. Additionally, the resistance of the
external layer (R; = 16.06 Q cm?) is related to the high porosity and
surface area of the sample, parameters that favor the photo-
electrochemical performance of the nanostructure. Besides, in the
Mott-Schottky diagram, a linear zone with positive slope was obtained;
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therefore, the nanostructure behaves as an n-type semiconductor [43].
Through this test it was possible to determine that the charge donor
density (Np) and flat band potential (Egg) are 4.95.10'° cm 2 and —0.70
Vag/agcl, respectively; these values correspond with what is reported in
the literature and are associated with the number of defects present in
the nanostructure, which facilitate charge separation and prevent
recombination of the electron-hole pairs [37]. To complement the
characterization of the TiO» nanostructure, the UV-Visible spectroscopy
test and the adjustment of the data to the Tauc equation were carried out
(Fig. 4e), so it was possible to determine that the band gap of the sample
is 3.18 eV. Comparing this result with the literature for TiO; in anatase
phase (3.2 eV [44]), it is possible to state that the synthesized nano-
structure presents slightly better photoelectroactivity, due to the
wavelengths range of the solar spectrum in which electron-hole pairs
can be generated is expanded [45].

4.2. Catalytic results

As mentioned in the introduction part, ruthenium based materials
are the most efficient catalysts for the LA to GVL reaction, especially if
the reaction takes place in an aqueous media. For this reason, we used a
ruthenium catalyst supported on y-alumina. The catalyst synthesized,
Ru/Alum, was previously tested in order to check its catalytic perfor-
mance using as a hydrogenating source either pressurized hydrogen or a
flow of Hj. These experiments were carried out using two different re-
action temperatures (30 and 60 °C). In all cases, high yields to GVL were
achieved. Using the same conditions of Table 1 but using lower LA
concentration (0.05 M) conversions higher than 98 % were obtained in
all the experiments. Increasing the LA concentration to 0.12 M the GVL
yields were also very high (Table 1) although lower than with 0.05 M.
The highest LA conversions were obtained with pressurized hydrogen
(30 bar). We must indicate that, with this ruthenium catalyst, the
selectivity to GVL was always higher than 90 % in all the experiments
conducted (Table 1).

As we could confirm that this Ru-catalyst is efficient for the hydro-
genation of levulinic acid into y-valerolactone, then we proceeded to use
our coupled system employing the TiO, nanostructure to get hydrogen
from water and then, the ruthenium catalyst to hydrogenate the levu-
linic acid. Before this, two preliminary experiments were carried out
using the coupled system (Fig. 1). In a first assay, the TiO nanostructure
was used to produce hydrogen from water but no Ru-catalyst was pre-
sent. In this case, no LA conversion was observed since hydrogen was
produced but the catalytic sites that allows the LA to GVL reaction were
absent. In a second test, the Ru/Alum catalyst was used but the TiO,
nanostructure was not added to the cell. In this case, very low LA con-
versions were observed (<0.2 %) and only traces of GVL could be
appreciated. This negligible LA transformation is due to the lack of
hydrogen in the media as the TiO, nanostructure was absent in the cell.

Interestingly, the joint use of the TiOy nanostructure and the Ru
catalyst led to a drastic positive variation, with a substantial GVL for-
mation. Fig. 5 (and Table 2) shows the results of the transformation of
LA into GVL using the hydrogen produced in the photoelectrochemical
cell from water splitting with the TiO, photocatalyst and the Ru-based

Table 1

Transformation of LA into GVL using 2Ru/Alum using pressurized hydrogen or
flowing hydrogen. Reaction conditions: LA (0.12 M), H, (30 bar or 100 mL/min)
and reaction time of 2 h.

Temperature H, LA conversion Yield to GVL  Selectivity to GVL
(9] (%) (%) (%)
30 30 90.0 83.0 92.2
bar
flow 33.2 30.3 91.2
60 30 95.9 88.1 91.9
bar
flow 95.4 90.2 94.6
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(biomass hydrogenation) and nanotubes of TiO, (hydrogen production) have
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Table 2
Transformation of LA into GVL using hydrogen from photoelectrochemical
water splitting.

Temperature Reaction LA Yield Selectivity C-
(O] time (h) conversion to GVL  to GVL (%) balance
(%) (%) (%)
60 8 98.0 94.6 96.5 100
7 70.2 66.3 94.4 97
4 17.0 10.2 60.0 91
30 8 25.7 16.8 65.4 95
4 10.2 6.9 67.6 90

Reaction conditions: 3.5 mL of an aqueous solution of LA (0.05 M) and 0.1 g of
Ru/Alum. Using hydrogen gas, which was produced by photoelectrochemical
water splitting using a TiO, nanostructure.

catalyst.

It can be observed that at 30 °C the conversion of LA was ca. 10 %
after 4 h of reaction and the yield to GVL was close to 7 %. The con-
version of LA increased until ca. 26 % after 8 h of reaction and the yield
to GVL achieved ca. 17 %. In these tests, the selectivity to GVL was ca. 66
%. As expected, when the reaction was carried out at 60 °C, the LA
conversion and the yield to GVL increased. Then, after a reaction time of
7 h, LA conversion of 70 % and a yield to GVL of ca. 66 % were achieved.
If the reaction time increases until 8 h of reaction the LA conversion was
almost total and the yield to GVL achieved was 94.6 %. When the re-
action temperature was increased from 30 to 60 °C, the selectivity to
GVL significantly improved. We must indicate that other byproducts
(identified by GC-MS) were detected in low quantities (Fig. S1).

The theoretical production of hydrogen was calculated to be 0.116
mmol h™. Considering that there were 0.175 mmol of LA in each cat-
alytic reaction to achieve a theoretical conversion of 100 % of LA, it
would be necessary at least 1.5 h of reaction. After 7 h of reaction a yield
to GVL of 66.3 % was achieved, which means 14.3 % of efficiency in the
use of the produced hydrogen by water splitting and after 8 h of reaction
a 17.7 % of the Hy produced was consumed to produce GVL from LA.

The low conversion of LA at short reaction times (i.e. 4 h) is due to
the period of time required for the displacement of nitrogen through the
electrochemical cell and the time which takes to increase the concen-
tration of hydrogen in the head space and is able to reach the catalytic
reactor through the line joining both systems. Hence, a certain time is
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necessary for hydrogen to fully reach the catalytic reactor. Therefore,
lower conversions of LA were obtained at short reaction times while
increased significantly after a certain time.

In addition, it is important to note that the nanostructure used as a
photocatalyst allows obtaining hydrogen in a reproducible and stable
way. In fact, it was confirmed that TiO3 nanotubes can be reused for at
least 20 tests without affecting its photoelectrocatalytic properties. This
stable performance of the TiO» nanostructure was further confirmed
using this nanostructure to produce hydrogen for 5 catalytic cycles,
employing new levulinic acid with Ru-catalyst to produce the hydro-
genation (Fig. 6), this way, confirming its extremely good stability.

At this point, we have checked the stability of the nanostructure that
generates hydrogen. However, we do not know the stability of the
catalyst. Accordingly, new experiments have been undertaken using the
same catalyst after filtering it from the aqueous media and drying. Un-
fortunately, the catalytic activity drastically fell from ca. 70 % until12 %
(Fig. S2). In order to see if this fall was related to the undesired oxidation
of the catalyst, a reduction in Hy flow at 250 °C for 1 h was carried out.
Then, this regenerated catalyst was tested again in the LA hydrogena-
tion. Interestingly, the LA conversion and the yield to GVL were main-
tained at the same level. A third run was also undertaken, leading also to
similar values (even a slight increase in activity was observed).

As a summary, in the present work, it has been shown for the first
time that a coupled system (photoelectrocatalytic water splitting and
transformation of LA) can obtain a yield to GVL of 94 % at a temperature
of 60 °C and at ambient pressure. Through this article we have
demonstrated that it is possible to store the hydrogen produced from
water transforming a biomass derivative compound into a versatile fuel
precursor which, conversely to hydrogen, can be easily stored and

handled.
5. Conclusions

For the first time a coupled system involving Hy production from
water by photoelectrocatalysis and a catalytic biomass valorization
reactor has been successfully developed, achieving outstanding yields to
y-valerolactone at ambient pressure and low temperatures. As this re-
action can take place at low temperature, the energy necessary is very
low, which makes more economical and sustainable a possible applied
process.

In this sense, the synthesized TiO, nanostructure was possible to
produce, by photoelectrochemical process, the necessary amount of
hydrogen to transform levulinic acid into y-valerolactone using a
ruthenium-based catalyst. The water splitting process for hydrogen
production was carried out in a stable and reproducible way, since the
nanostructure used presented high stability even after several 20 reuses.
The catalyst was also shown to be highly stable whenever a reductive
regeneration was undertaken. Without that reductive regeneration, the
catalyst showed a poor performance.

This innovative system was able to achieve more than 94 % of yield
to y-valerolactone with an efficiency of hydrogen higher than 17 % after
8 h of reaction under mild conditions. The results prove that hydrogen
produced by photoelectrochemical water splitting can be a suitable
hydrogen source to directly carry out hydrogenation reactions.

Moreover, it has been demonstrated that it is possible to store the
hydrogen in the form of y-valerolactone, which, in contrast with
hydrogen, can be transported and stored in a relatively easy way. These
results are truly promising; however, it should be noted that further
improvements could be done. For example, the water splitting could be
undertaken using solar light instead of UV light. Moreover, the Ru-

catalyst could be also optimized in order to obtain higher yields to
GVL at temperatures lower than 60 °C optimizing the catalysts. These
two improvements could help to facilitate and economize the process.
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Fig. 6. Stability of the TiO, nanostructure used for hydrogen production and
further LA to GVL transformation using the coupled system. Symbols: LA con-
version (M) and Yield to GVL (@). Note: Ru/Alum (biomass hydrogenation)
and nanotubes of TiO, (hydrogen production) have been used. Reaction tem-
perature of 60 °C. Remaining reaction conditions in text.
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