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ARTICLE INFO ABSTRACT
Keywords: A proteic sol-gel route was used in the production of NiMoOj4 catalysts, which used edible gelatin as a precursor.
Hydrogen production The triple helix structure of a protein in contact with identical structures acquires an unfolded form, which favors
Molybdates the interaction of the reactive groups of the gelatin (NH§ and COO~) with the metallic ions (MoO3~ and Ni%™).

Sol-gel chemistry

) . The synthesized catalysts were thoroughly characterized using techniques such as X-ray diffraction, thermog-
Catalytic properties

ravimetric and differential thermal analysis, Raman scattering, scanning and transmission electron microscopies,
UV-Vis spectroscopy, and colorimetry. The results showed that it is possible to prepare the phase-pure a-NiMoO4
polymorph only at temperatures above 700 °C, while a mixture of the polymorphs a and p were obtained at lower
temperatures. The synthesized materials calcined at 300, 500, and 700 °C have their catalytic potentials tested in
the ethanol steam reforming reaction aiming the production of hydrogen and presented a good performance. The
results indicated that among tested materials, the sample calcined at 700 °C exhibited the highest stability,
activity, and best selectivity relative to the product of interest.
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1. Introduction

The proteic sol-gel method has been used for the production of
ceramic materials by many authors [1-10]. The first study using the
protein methodology was made by Macedo et al. [6] using coconut
water. Furthermore, because of the high concentration of proteins and
sugar in the composition of edible gelatin, Oliveira et al. [7] proposed its
use as an organic precursor for obtaining nanometric materials by pro-
teic sol-gel method. This method exhibits some advantages such as high
homogeneity besides its ability to produce nanometric particles. Besides,
the proteic sol-gel methodology appears to be a relatively simple and
low-cost route and does not generate toxic waste; which makes it an
environmentally-friendly process [4]. Significant efforts have been
made to develop products and processes that are less toxic and aggres-
sive to the environment. Therefore, the proteic sol-gel methodology
using edible gelatin becomes a promising processing route for the syn-
thesis of ceramic materials. The gelatin is a favorable substance which is
composed basically of protein (84-90%), water (8-12%), and mineral
salts (2-4%), as indicated by the merchants of the product.

The proteic sol-gel method is characterized by a variation in the
conventional sol-gel method, in which alkoxides are replaced by gelatin
[4-8]. Thus, the sol-gel conventional method was adapted so that the
synthesis time and energy could be reduced [7,9]. Generally, the syn-
thesis process consists of four stages follows solubilization, the forma-
tion of metal chelates, drying, and calcination [4,5,7]. The main
difference and advantage of this method over conventional sol-gel is the
absence of the polymerization step. Thus, in this case, the polymeriza-
tion step is replaced by the chain itself formed from the amino acids
present in the gelatin structure, which elude the gelatinization process
[5-10]. Thereby, the method becomes a simpler proposal, economical,
and environmentally safe.

In this work, the edible gelatin was used in the production of NiMoO4
catalysts. Among the metallic molybdates, those of nickel and cobalt
have been investigated widely due to their catalytic, magnetic, lumi-
nescent, and electric properties [11-20]. Here, NiMoO4 was used as a
catalyst in the ethanol steam reforming (ESR) for hydrogen production.
Hydrogen is now considered as the future fuel given the abundance in
nature, its high energy content (120.7 kJ g~1), and the fact that its
combustion does not generate any environmental pollution [21]. Among
the sources of liquid hydrogen, ethanol is a more sustainable option due
to its renewable and biodegradable nature, low toxicity, and high
availability. Thus, ethanol can be converted into a rich mixture of
hydrogen through the catalytic steam reforming process (reaction 1)
[21]:

C,HsOH + 3H,0 — 2CO; + 6H,. (1)

There are several processes for hydrogen production, such as elec-
trolysis, photolysis, and thermolysis of water, hydrolysis of hydrides,
biological reactions, gasification and pyrolysis of biomass, steam
reforming and dehydrogenation of alcohols, and partial oxidation of
hydrocarbons [22-26]. The photocatalytic production of hydrogen from
ethanol has gained prominence in recent years. However, the process is
expensive due to the high electricity demand and electrode values [27].
The use of ethanol in the steam reforming process has advantages when
compared to derivatives of fossil fuels, due to some of its features, as
previously mentioned. Moreover, under steam reforming process con-
ditions, its reaction with water is thermodynamically feasible generating
a hydrogen-rich mixture. However, as a disadvantage, non-desired re-
actions can occur, such as decomposition and dehydration of ethanol,
resulting in some products (CH4 and CyHy4) that can lead to coke for-
mation causing the catalyst deactivation and consequently hindering
hydrogen production [28]. In the ESR, noble metal catalysts (Au, Ru, Pt,
Pd, and Rh) have high selectivity for the production of hydrogen [21],
being, however, not economically viable [29]. Thus, non-noble metals,
such as Cu, Ni, and Co are the most active metals for catalytic ESR [30].
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2. Experimental
2.1. Synthesis of catalysts

NiMoO, catalysts were synthesized by the proteic sol-gel method.
For this, 50% w/w of tasteless and colorless edible gelatin (Dr. Oetker)
was weighed and dissolved in distilled water at 40 °C under constant
stirring for sufficient time to ensure a homogeneous, dispersed mixture.
Then, stoichiometric amounts of (NH4)gM07024.4H-0 (6.5 mmol) and
Ni(NO3)2.6H50 (45.8 mmol) were added separately into the solution
containing the gelatin. NaOH (1.3 mmol) was then added to the solution
containing the mixture of gelatin and ammonium molybdate to favor the
hydrolysis of the polyoxometalate anions to the orthomolybdate
(MoO3%") anions. Finally, the solution containing nickel nitrate and
gelatin was poured into this solution dropwise, maintaining the same
temperature and stirring conditions. The resulting mixture was taken to
the oven and dried at 100 °C, obtaining the so-called “puff’ precursor.
The precursor was calcined in a furnace at temperatures ranging from
300 °C to 1000 °C. The obtained materials were then named according
to their calcination temperatures.

2.2. Characterization techniques

X-ray diffraction (XRD) was used for the structural characterization
of the synthesized materials using a PANalytical diffractometer, model
X’Pert3 Powder. The measurements were collected in the range from 5
to 90 °26, using Cu Ka radiation (A = 1.5406 A). In order to calculate the
lattice parameters, the MDI Jade 9.0 was employed. Morphological
analyses of the NiMoO4 catalysts were evaluated by using a TESCAN
scanning electron microscope model VEGA3. X-ray microchemical an-
alyses and elemental mapping of the samples were carried out using an
Oxford Instruments X-act PentaFET microscope. For the transmission
electron microscopy (TEM), energy dispersive spectroscopy (EDS), and
electron energy-loss spectroscopy (EELS) measurements it was used a
Tecnai G2-20 instrument (FEI).

The thermal behavior of the precursor and the edible gelatin was
investigated using two thermal analyzers: (i) TGA Q50 TA Instruments,
and (ii) 2960 SDT V3.0F TA Instruments. The samples were analyzed
under a nitrogen gas flow of 20 mL min~!, with heating at 20 °C min~!
from room temperature to 1000 °C. Raman spectra of the as-synthesized
catalyst were acquired in backscattering configuration, using a Horiba/
Jobin-Yvon LABRAM-HR spectrometer with an Olympus confocal mi-
croscope attached to the equipment. The 632.8 nm line of a He-Ne laser
was used for excitation and an edge filter was employed for the rejection
of stray light. UV-vis spectra were recorded at room temperature using a
Shimadzu UV-2600 spectrophotometer equipped with an integrating
sphere and operated in a diffuse reflection mode. The medium scan
speed was applied in the range from 200 to 800 nm, and the BaSO4 was
used as reference material. The colorimetric parameters were deter-
mined according to the CIE L*a*b* method [31], using a Pantone® Color
Cue®?2 handheld color analysis device.

2.3. Catalytic tests

The catalytic tests were performed at atmospheric pressure in a fixed
bed quartz tubular reactor with a 5 mm internal diameter at 400, 500,
and 600 °C. Approximately 100 mg of sample was used which was
inserted into a vertical furnace equipped with a thermocouple for tem-
perature control. Before the catalytic reactions, the samples were ther-
mally treated with nitrogen (flowing 30 mL min~!) at 450 °C, for 1 h.
The reactor was fed with a mixture of water/ethanol in the ratio 3:1. The
flow rate of the nitrogen used as transport gas was adjusted to 20 mL
min~!. The reactants and products obtained after the reaction were
analyzed in a gas chromatograph model Agilent 7890 A.
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Fig. 1. XRD patterns for all NiMoO4 catalysts synthesized. (a) Calcined samples
from 300 °C to 550 °C, and (b) samples prepared in the temperature range
600-1000 °C. In red lines, the reference ICDD card #012-0348 (f), whose

characteristic planes are indicated by green squares ( ). In blue lines, the
reference card #031-0902 with the main crystallographic planes is indicated by
red circles (.). (For interpretation of the references to color in this figure

legend, the reader is referred to the Web version of this article.)

3. Results and discussion

NiMoOy4 catalysts were synthesized by the proteic sol-gel method
using edible gelatin. According to Rivero et al. [32], gelatin is a mixture
of several amino acids that interact through peptide bonds with other
amino acid chains through hydrogen bonds to give a structure called
“triple helix”. Thus, the triple helix structure in contact with identical
structures acquires an unfolded form, which favors the interaction of the
gelatin with the metallic ions during synthesis. Under heating, the
a-helix of the gelatin with the coiled structure disintegrates forming the
primary structures. Regions rich in proline and hydroxyproline proteins
elicit the “sol” to “gel” the transition in the gelatin [32]. Then, the
reactive groups of the gelatin, i.e. NHf and COO™ interacting with the
molybdate (MoO%’) and nickel (Ni%1) ions, respectively, in order to
form the “puff”. The diversity of side chains present in the edible gelatin
structure makes it an essential gelling agent for the proteic sol-gel
reactions.

Before testing the catalytic applications in the steam reforming re-
actions of ethanol for hydrogen production, the materials were struc-
turally and morphologically characterized. Fig. 1 shows the XRD data
obtained for samples treated at different calcining temperatures from
300 °C to 1000 °C. It was not possible to obtain the diffractogram for the
precursor (called “puff’) because of its gel form, thus making it impos-
sible to carry out the measurement. We can observe that the samples are
amorphous at 300 °C and 350 °C with a tendency to form the $-NiMoO4
polymorph, as indicated by ICDD (The International Centre for
Diffraction Data) card #012-0348 (see red lines in Fig. la). It is
important to emphasize that by this methodology the hydrated precur-
sor (NiMo0O4.xH,0) was not obtained, as previously reported when the
hydrothermal process or coprecipitation was employed [16,33,34]. The
samples calcined in the temperature range 400-600 °C exhibited mix-
tures of - and a-NiMoO4 phases. The a-phase is indicated by the ICDD
card #031-0902 (see the blue lines in Fig. 1a). The characteristic planes
of - and a-phases (Miller indexes) were identified by green squares and
red circles, respectively. Concerning the samples calcined in the range
700-1000 °C, all materials have crystallized as the o polymorph without
impurities or secondary phases.

In Fig. 1b, the main crystallographic planes of the a-phase were
indicated, according to the ICDD card #031-0902. Although the sample
calcined at 600 °C crystallized preferentially as the a-phase, it is possible
to observe some characteristic planes of the p-phase, as indicated by the
green squares. Therefore, our results suggest that only phase-pure o
polymorphs occurred below 700 °C, being the p-phase not produced in
its crystalline form under the experimental conditions employed. As it is
well known, all the NiMoO4 polymorphs (« and p) exhibited monoclinic
structures with space group C2/m (#12) with eight formula-units per
unit cell. In the a-form, Ni* and Mo®" ions occupy octahedral sites,
while in the p-form, Ni?* still in octahedral sites, and Mo®" ions are in
tetrahedral sites [17,20,34].

The lattice parameters were calculated only for phase-pure, homo-
geneous samples (600-1000 °C) by using the MDI Jade 9.0 software, and
the values are presented in Table 1. The Jade 9.0 software allows the
calculation of the lattice parameters from the experimental data (XRD)
and the initial parameters provided by the standards used in indexing, in
this case, ICDD card #031-0902. The calculated values are in good
agreement with ICDD card and exhibited minor changes as the



M.V. da Silva et al.

Table 1

Lattice parameters and crystallite sizes for the NiMoO, catalysts obtained at
different calcining temperatures. Reference data is shown for comparison.

Temperature a b cA O V(A%  Crystallite Size
o) VRN (nm)
600 9.59 8.75 7.66 114.19 578.21 33
700 9.59 8.75 7.66 114.24 587.04 49
800 9.59 8.75 7.66 114.25 586.87 51
900 9.59 8.75 7.66 114.23 586.85 58
1000 9.58 8.75 7.66 114.14 587.08 61
ICDD #031- 9.59 8.75 7.65 114.24 586.20 -
0902

Fig. 2. TEM images showing the nanosized particles and SEM images (insets)
for catalysts calcined at (a) 300 °C, (c) 500 °C, and (e) 700 °C. HRTEM images
in high magnification for samples obtained at (b) 300 °C, (d) 500 °C, and
(f) 700 °C.

temperature increased. The average crystallite sizes of the catalysts were
calculated using the Debye-Scherrer formula:

0902
" pcos @

@

For this calculation, it was used the average of the two most intense
planes. The crystallite sizes grew from 33 to 61 nm, as the calcining
temperature increased, as expected.

In order to investigate the morphological characteristics of the cat-
alysts obtained by the proteic sol-gel method, electron microscopy
measurements (SEM and HRTEM) were performed. Fig. 2 shows the
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Fig. 3. (a) EDS spectrum of the sample calcined at 500 °C showing the
chemical composition of the sample. Inset: region of the sample selected for the
chemical analysis. (b) EELS spectrum evidencing the characteristic bands of the
chemical elements molybdenum, oxygen, and nickel.

results for the samples calcined at 300, 500, and 700 °C. Fig. 2a, ¢, and
2e show representative TEM images, in which nanosized particles can be
visualized for samples treated at 300, 500, and 700 °C, respectively. The
insets exhibit typical SEM images of the same samples. As can be seen,
similar morphologies were obtained; however, the agglomerates
exhibited different sizes. It was observed that the sample produced at
300 °C presented smaller agglomerates resulting in smaller particle
sizes. Fig. 2b, d, and 2f present the HRTEM images of the samples
calcined at 300, 500, and 700 °C, respectively. It was not possible to
observe the crystallographic planes for the sample obtained at 300 °C.
However, the presence of two-dimensional lattice fringes illustrates that
the particles in the range of 500-700 °C are polycrystalline. Interplanar
spacings were computed to be about 0.56 nm for the sample prepared at
500 °C, which corresponds to the (110) planes, and about 0.34 nm for
the sample prepared at 700 °C, corresponding to the (—112) planes.
The chemical purity of the as-synthesized catalysts was investigated
by EDS and EELS measurements. Considering that all materials were
prepared starting from the same precursor (“puff”), a typical sample
(500 °C) was chosen for this investigation, and the results were extended
to the other catalysts calcined at different temperatures. Fig. 3a shows
the EDS spectrum obtained for samples at 500 °C and the selected region
is displayed as an inset. We can observe the presence of the oxygen (0),
molybdenum (Mo), and nickel (Ni) ions, as expected. It is important to
emphasize that the presence of the peaks referring to the copper (Cu)
element can be attributed to the grids used during the preparation of the
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samples. Furthermore, Fig. 3b shows the electron energy-loss spectrum
of the sample calcined at 500 °C, in order to complement the chemical
analysis of these catalysts. It is known that this technique allows
detecting elements present even in small concentrations [35]. In the
EELS spectrum, the characteristic energies of molybdenum (M4 5 = 227
eV and M3 = 392 eV), nickel (L3 = 855 eV), and oxygen (K = 532 eV)
were clearly identified [36]. Thus, from both techniques (EDS and EELS)
it was possible to attest to the chemical purity of the samples.

The thermal stability of the precursor sample (“puff”) and the edible
gelatin were investigated through thermogravimetric (TG) and differ-
ential thermal analysis (DTA). Fig. 4 presents the thermogravimetric
curves for these samples under heating, showing their weight loss as a
function of temperature. This behavior is represented by the TG curves
(in black) and DTA curves (in red). Thus, in Fig. 4a we can observe the
results of precursor (“puff”), where the greatest mass loss occurred in
the range of 25 °C-300 °C. In this temperature range, about 60% of the
initial amount was lost. It is believed that this lost portion is mainly due
to water evaporation, nitrate decomposition, and molybdate that did not
react. As well as the beginning of sample crystallization and fusion of
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Fig. 5. Micro-Raman spectra for the catalysts treated at different temperatures:
(a) 300-550 °C; (b) 600-1000 °C. The inset in (a) shows the amplification of the
wavenumber region 100-500 cm™! to facilitate the observation of these low-
intensity modes.

organic matter present in gelatin, i.e., amino acids and proteins. Other
mass loss characterized by an irreversible process occurred around
424 °C and it is suggested the structural conversion of the precursor
sample into the compound formed by the mixture of f+a phases. Finally,
a lower mass loss is observed above 500 °C. This loss is associated with
the loss of remaining organic matter, such as CO, and CO gases as it can
be best elucidated from the results obtained for pure gelatin. It is
noteworthy that the synthesis via proteic sol-gel methodology finishes
after calcination at temperatures high enough to evaporate the organic
matter [1-7].

In order to elucidate the weight losses, which are characteristic of the
edible gelatin used in the synthesis of the catalysts, the TG/DTA curves
for the gelatin are presented in Fig. 4b. We can observe endothermic
peaks centered at 50.34 °C, 220.62 °C, 282.42 °C, and 949.66 °C. We can
divide the weight losses in the gelatin into three different regions: (i) the
first weight loss corresponds to 21.5% of the initial mass and occurs up
to approximately 200 °C, which are related to the evaporation of
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Materials Chemistry and Physics 262 (2021) 124301

physical water by evaporation process; (ii) the second weight loss occurs
in the range 200-550 °C (corresponds to a 58% of the initial amount)
and is related to the fusion of organic matter (amino acids and proteins);
(iii) finally, the last (and the lowest) weight loss is observed above
550 °C (14% of the initial mass) and is associated with the remaining
organic matter.

Micro-Raman spectroscopy data were collected in order to investi-
gate the catalysts based on their optical-vibration properties as a func-
tion of the chemical elements present in its structure. Fig. 5a exhibits the
spectra obtained from the calcined samples in the range 300-550 °C,
while the samples treated at higher temperatures (600-1000 °C) are
shown in Fig. 5b. The results indicate that all samples exhibit short-
range structural ordering, even samples calcined at lower tempera-
tures (300 and 350 °C). The spectra showed a very strong band at around
950 cm Y, strong bands at 918 and 711 cm ™}, and many bands in the
range 60-600 cm '. These results are in agreement with previous
studies [37-41].

The absorbance spectra for all the catalysts obtained through the
proteic sol-gel methodology is shown in Fig. 6. The spectra patterns are a
consequence of the absorption band d-d from Ni?*, and the band of
charge transfer 0% Mo+ [18]. We can observe a high percentage of
absorption throughout the visible region due to a high degree of light-
ness in the molybdates. Furthermore, the catalysts exhibited different
colors, according to the heat treatment and the crystal structure [34].

The Kubelka-Munk transformations for samples are presented in
Fig. 6b and c. The optical bandgap energies (Eg) were estimated using
the method proposed by Wood and Tauc [42]. The gap values obtained
for direct allowed transitions ranged from 1.46 to 2.74 eV, which are in
agreement with the literature [34,38,43,44] and are presented in the
inset of Fig. 6b and c as a function of temperature. The Eg values tended
to decrease for increasing temperatures, because the a-phase has the
lowest E; value among the other polymorphs [20] and, in our case, the
a-phases were produced at higher temperatures (>600 °C). The
calcining temperature increase in NiMoO4 enabled increased coordina-
tion of oxygen around the metal, hence influencing the bandgap energy.
The charge transfer energy, decreased with the greater ordering of the
crystal structure, in agreement with the XRD results (see Fig. 1). Ac-
cording to the literature, the values found for the gap energy make the
samples potential catalysts [45]. These results led us to apply our ma-
terials in the ethanol steam reforming for hydrogen production, as will
be discussed later. The optical bandgap values and colorimetric pa-
rameters (L*, a*, b*, Cap, h°) are shown in Supporting Information, as
well as, the photograph of the catalysts illustrating the actual color of the
powders (see Table S1) [46,47].

After synthesis and characterization, the NiMoO4 materials calcined
at 300, 500 and 700 °C were then evaluated as catalysts towards the
ethanol steam reforming aiming the hydrogen production. These three
samples were chosen based on the literature reports indicating that the
B-phase performs better in catalysis when compared to the a-phase [48].
Although phase-pure -NiMoO,4 materials were not obtained by the
sol-gel methodology using edible gelatin, our results indicated that in
low-temperature calcined samples, the amorphous “puff” tended to
form the p-phase, which justifies the choice for the calcined samples at
300 and 500 °C. Besides, a phase pure a-NiMoO4 sample was chosen for
comparison purposes. Thus, the sample calcined at 700 °C was chosen
because it presented the smallest particle size amongst the samples that
crystallized in the a-phase (see Table 1). Herein, a series of experiments
studying the ethanol conversion and product distribution as a function
of the reaction temperature were performed to compare the samples,
and the results are presented in Fig. 7 to ESR reactions at 400 °C
(Figs. 7a), 500 °C (Figs. 7b) and 600 °C (Fig. 7c). Fig. 7 emphasizes the
percentage selectivity of main products, i.e., hydrogen, methane, carbon
monoxide, and carbon dioxide, as well as the ethanol conversion.
Table S2 in the Supporting Information shows all results, including other
secondary products as ethylene, acetone, and acetaldehyde at 8 h, 16 h,
and 24 h reaction times.
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Fig. 7. Conversion/selectivity plots (%) due to time (h) showing the efficiency of NiMoO, calcined at 300 °C, 500 °C and 700 °C as catalysts for ESR. Products
detected are presented by circles: CH3CH;OH (black), Hy (red), CO (green), CH,4 (magenta) and CO, (blue), (a) Reaction temperature of 400 °C; (b) Reaction
temperature of 500 °C; (c) Reaction temperature of 600 °C. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version

of this article.)

Interestingly, all obtained catalysts were active in the process,
achieving the complete conversion of ethanol under all tested temper-
atures. However, some differences in the product distribution were
detected when the reaction temperature and the type of catalyst varied.
The main products detected were hydrogen, methane, acetaldehyde,
and carbon oxides (CO and COy). In some cases, there were low quan-
tities of ethylene. The amount of acetaldehyde present indicates that the
main route of ethanol steam reforming goes through its dehydrogena-
tion (reaction 2). However, the presence of ethylene in a small amount,
detected in some tests, points to some contribution of ethanol dehy-
dration (reaction 3), as verified by Arapova et al. [49]:

C,Hs0H — CH3CHO + Hp, 2)
C,Hs0H — C,Hy + H,O. 3

Fig. 7a shows the results for the reactions conducted at 400 °C. We
can observe that in this condition the catalyst calcined at 300 °C, pre-
sented Hy, CO, and CH4 as major products indicating that the acetal-
dehyde is decomposed into CO and CH4 (reaction 4). The highest
selectivity to CO and the small amount of CO5 indicate that the reverse
water-gas shift reaction (reaction 5) would be taking place:

CH3CHO — CH4 + CO, 4)
CO,; + Hy - CO + H,O. (5)

For the reaction at 400 °C, the conversion of ethanol reached 100%

in the tests with catalysts calcined at 300 °C. However, the ethanol
conversion dropped to 60% and 20%, when were used the catalysts
calcined at 500 °C and 700 °C, respectively. This dropping was accom-
panied by a significant increase in acetaldehyde formation as well as a
decrease in the selectivity toward CH4. This indicates that at this stage
the ethanol dehydrogenation (reaction 2) is favored. The decrease in
CHy4 selectivity may be due to the methane steam reforming (reaction 6)
and decomposition reactions (reaction 7) [50]:

CH4 + H,0 — CO + 3H,, (6)
CH4 - 2H, + C. )

Similar behavior was exhibited by catalysts when the reaction was
conducted at 500 °C and the results are presented in Fig. 7b. We can
observe an increase in acetaldehyde formation, with time on stream, and
a deactivation only when calcined catalysts at 300 and 500 °C were
used. Thus, high performance was maintained by catalysts at 700 °C
without catalytic deactivation. It is interesting to note that the reaction
temperature increasing to 500 °C also produced an increase in Hy and
CO4, selectivities, indicating that the ethanol steam reforming (reaction
1) is involved. Finally, the results for ERS with reaction temperature at
600 °C are presented in Fig. 7c. Over the entire period of 24 h of reac-
tion, the complete conversion of ethanol was achieved with practically
no catalytic activity loss, for all catalysts used. Selectivity toward Hy was
still higher and reached a maximum, close to 60%, for catalyst calcined
at 700 °C.
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Fig. 7. (continued).

It was observed that ethanol conversion decreased with time on
stream in some experiments. The analysis of spent catalysts revealed
carbon materials deposited. Commonly, as observed in deactivated
catalysts, two types of carbonaceous deposits, which depend on the
operational conditions, have been reported, amorphous carbon and
filamentous carbon, leading to different levels of deactivation [51].
From the part of the experiments where the catalyst deactivation
occurred, it was observed an increase in acetaldehyde formation most
probably due to carbon deposition on its surface. Thus, we can speculate
that coke mainly comes from CH3CHO (reaction 8):

CH3;CHO — coke. (8)

However, the decomposition of methane (reaction 7), which can also
contribute to carbon deposition, cannot be ruled out [50]. In this case,
coke formation can be verified by Raman spectroscopy. Fig. 8 presents
the Raman spectra for the catalysts spent in experimental assays at
500 °C (reaction temperature). In Fig. 8a, it is possible to observe that
even after the test the catalyst presents the vibrational modes charac-
teristic of nickel molybdate and, in this case, the deactivation of the
catalyst was not observed, as shown in Fig. 7b when was used the cat-
alysts calcined at 700 °C. On the other hand, Fig. 8b shows two bands
centered at 1337 cm™! and 1590 cm™!, which are characteristic of
graphite materials (D and G bands, respectively) [52]. In this case, it is
observed that the bands D and G are very intense and hidden the pres-
ence of the vibrational modes of NiMoOy, suggesting the presence of
deposited coke in a big amount. This result corroborates the data dis-
cussed in Fig. 7b (for catalyst calcined at 300 °C), where the catalyst
deactivation was observed.

4. Conclusions

In this work, catalysts based on nickel molybdates were synthesized
via the proteic sol-gel process and were used in the production of
hydrogen from ethanol steam reforming. The proteic sol-gel synthesis is
within the current context of so-called “Green Chemistry” and stands out
for not generating toxic residues and due to its low cost. The catalysts
were thoroughly characterized and the results indicated that different
products were produced according to the calcination temperature. At
lower temperatures, a mixture of a and § polymorphs was produced and
only above 700 °C the homogeneous o product was obtained. The
methodology did not allow the production of §§ polymorph and neither
the hydrated phase of nickel molybdate. The o phase crystallized in the
monoclinic arrangement C2/m (#12) and presented distinct colors. A
colorimetric study was carried out on the samples using the CIE L*a*b*
system to qualify the colors resulting from the powders. The powder
colors ranged from brown shades to yellowish-green as the temperature
increased. The gap energy of the materials was determined using the
method proposed by Wood and Tauc and values range from 1.40 to 2.74
ev.

For catalysis tests, were used the samples calcined at 300 °C, 500 °C
and 700 °C and three distinct reaction temperatures were investigated, i.
e., 400 °C, 500 °C and 600 °C. The results showed that the reaction
temperature influences quantitatively on the formed products. In gen-
eral, the catalysts exhibited good performance, but the samples calcined
at 700 °C exhibited the best catalytic activity that could be expressed
according to the selectivity content of the hydrogen. Besides, in some
cases, the catalyst deactivation was observed, which was justified by the
presence of coke deposited on the sample surface, and was evaluated by
Raman vibrational spectroscopy. This technique proved the presence of
bands D and G, characteristics of graphite materials, supporting our
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Fig. 8. Raman spectra for the NiMoO, catalysts spent after the ESR from the
reaction temperature of 500 °C. (a) Catalyst calcined at 700 °C; (b) catalyst
calcined at 300 °C

proposal. Thus, the work reports the unprecedented use of nickel mo-
lybdates for hydrogen production via ethanol steam reforming and the
use of edible gelatin in the production of catalysts, bringing important
contributions to sustainability in the field of chemistry.
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