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Abstract: The present work concerns the characterization of trimetallic nickel catalysts, NiMoRe
(Nickel/Molybdenum/Rhenium), NiMoCu (Nickel/Molybdenum/Copper) and NiMoCo
(Nickel/Molybdenum/Cobalt), supported on gadolinia-doped ceria and the evaluation of their
catalytic performance in the auto-thermal reforming of ethanol to hydrogen. Catalysts have been
prepared by wet impregnation and characterized by XRD, SEM-EDX, TG-DSC, TEM, CHNS, H:-
TPR and micro-Raman spectroscopy. The resistance of Ni-alloy catalysts to the carbon deposition
and sulfur poisoning has been studied. All catalysts show a similar behavior in the auto-thermal
reforming reaction: 100% of ethanol conversion and high selectivity to syngas products, up to 77
vol.%. At 800 °C the coke deposition is very low (less than 0.34 wt%). Sulfur content affects the
selectivity and the activity of the catalysts, especially towards the coke formation: high sulfur
content promotes the ethylene formation, therefore the amount of coke deposited on spent catalyst
increases. NiMoCu seems to be the trimetallic catalyst less sensitive to this aspect.

Keywords: auto-thermal reforming; ethanol; tri-metallic catalyst; nickel; gadolinia-doped ceria;
sulfur poisoning

1. Introduction

The world’s increasing energy demands makes today biomass an attractive energy source, based
on the minimizing of CO2 emissions and the global warming reduction purposes. Recently, COP-21
(Conference of the Parties), the international meeting on global climate change, defined the roadmap
for sustainable worldwide development, based on low-carbon containing fuels. Hydrogen is an
energy vector able to substitute the conventional fuels derived from petroleum. Ethanol for hydrogen
production represents a valid alternative to the fossil sources due to its low toxicity, low production
costs, high biodegradability, high H> content, and renewability. Hydrogen derived by bioethanol (or
bioethanol directly) can be used in high temperature fuel cells for sustainable and clean power
generation. Since 2006, Jamsak et al. [1] have demonstrated the high efficiency of solid-oxide fuel cells
(SOFCs) fueled by ethanol. They showed the theoretical performance of SOFCs as a function of
electrolyte, mode operation, and water/ethanol ratio [1].
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Ethanol conversion to generate hydrogen by a combination of partial oxidation (1) and steam
reforming (2) reactions is generally called auto-thermal reforming (ATR).

CHsCH:OH+150:<3H2+2C0O2  AH*=-551.8 KJ/mol 1)

CHsCH:OH +3 H:0 & 6 H2+2CO:  AH'r=173.7 KJ/mol 2)
The entire and representative reaction of ATR process can be written as follows:
CHsCH:OH+O02+2 H: O 5H2+2C0O:2  AH=-50 KJ/mol 3)

With respect to the single (1) and (2) reactions, the ATR process is advantageous due to the low
energy required and to the reduced carbonaceous deposits formation [2].

This process is characterized by a series of reactions involving organic intermediates or by-
products, such as ethylene, methane, and acetaldehyde. In particular, dehydrogenation of ethanol
produces acetaldehyde as an intermediate (4) that can be further converted into CHs and CO (5).
Steam reforming of acetaldehyde (6) and methane could also occur (7) during the process (2).

CH>CH>0H < CH;CHO + Hz (4)
CHsCHO & CH: + CO 5)
CH;CHO + H:0 & 3 H2+2 CO (6)
CHs+ H20 3 Hz + CO 7)

Moreover, the reaction pathways of ATR of ethanol also involve the decomposition of methane
(8) and the CO disproportionation (Boudouard reaction—(9)) reactions that are the causes of the coke
formation. Due to the different reaction pathways, the amount of hydrogen varies significantly with
the operating temperature. At temperatures ranging between 300 and 500 °C the water gas shift
(WGS) reaction (10) could occur, thus increasing the hydrogen production.

CHie C+2H: 8)
2CO e C+CO» )
CO+H0 & CO»+ H> (10)

In order to favor the WGS reaction and to maximize the hydrogen production, the amount of
steam supply is a crucial reaction parameter.

Moreover, the catalyst plays a pivotal role in the ATR process, especially towards the process
selectivity and the carbonaceous deposits formation. Several catalytic conversion processes to
produce low carbon-containing fuels, such as syngas, synthetic natural gas, and hydrogen, are based
on the optimization of the catalyst to maximize the selectivity and the productivity of the final fuel
[3-13]. Active species and support have to be selected, synthesized, and combined in order to prepare
an active, stable, and economic catalyst.

Noble and nickel-based metals are the active species for ATR reactions. Among noble metals,
Rh, Pt, Ru, Ir, and Pd are the most studied, while Al20s, MgO, La20s, CeO2 and ZnO: are widely used
both as supports for noble metals and nickel [4,14]. Chen et al. deeply investigated the role of noble
metals (Ir, Ru, Rh, and Pd) supported on various oxides in the ATR of ethanol, pointing out the
attention on the hydrogen selectivity and by-products formation [15]. They found that, even if all
noble metals supported on lanthanum showed similar activities, the Ir/La20s is the most promising
catalyst due to its highest hydrogen selectivity. The same authors, one year later, compared the
performance of perovskite-derived catalysts, LaNiOs, LaCoOs, LaMnOs, and LaFeOs, with the
impregnated Ni/La:20sz in the ATR of ethanol [16]. They found that the LaNiOs reduced catalyst is
more active with respect to the impregnated Ni/La20s due to the better dispersion of Ni particles on
the perovskite-derived surface. This improves also the resistance to coke formation and prevents
nickel particles sintering.
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Nickel is a cost effective alternative solution to the more expensive noble metals, but its activity,
in all the dehydrogenation/hydrogenation reactions, must be protected from coke deactivation and
sintering phenomena [7,11,12]. In this context, the correct selection of the support, as well as the
presence of promoter elements, are fundamental aspects to be considered [17,18]. Very recently,
Ghani et al. studied the ATR of crude glycerol over modified ceria-zirconia-supported nickel catalyst
with the presence of promoters (Ca, Mg and Gd) [19]. They demonstrated that the Ni/CeZr catalyst
promoted with calcium exhibited the highest activity with hydrogen selectivity of c.a. 80%. As
confirmed by previous studies [20-22], they observed that the catalyst activity is mostly influenced
by the reducibility and Ni dispersion properties. The addition of Na improved also the activity of
bimetallic PtRu/ZrO2 catalyst in the ethanol ATR [22]. Moreover, binary and ternary systems have
been tested in different dehydrogenation reactions [23], for capturing simultaneously the positive
effects of different metals [24-27].

In Ni-Rh bimetallic catalysts supported on CeO, the presence of nickel improves the Rh particles
dispersion, leading to higher catalytic activity [24]. Higher stability of RhPt/ZrO: with respect to the
monometallic catalysts, Pt/ZrO2 and Rh/ZrOz, has been observed by Gutierrez et al. at 700 °C for 24
h [25]. Lin et al. studied the ATR of bio-ethanol in a Ni-Pd-Ag alloy membrane reactor [26]. More
recently, Wu et al. demonstrated the improvement of catalytic activity and stability of trimetallic
NiAuPt/ALOs catalysts [27]. Particularly, they found that the Ni, Au and Pt form nanoparticles
synergistically interacting. This kind of interaction leads to enhance the NiO species reduction,
reducing the coke formation and improving the overall catalytic performance. Moreover, by doping
the alumina support with MgO or CeO: significantly improvement of catalytic performance of
monometallic Ni catalyst occurs, while no influence has been detected on the trimetallic catalysts [27].
Bimetallic or trimetallic catalysts, as well as catalysts with doped-promoters supports, may exhibit
higher activity, selectivity and stability with respect to the corresponding monometallic ones.

However, the preparation method also affects the final catalysts performance. Among the
preparation methods of supported catalysts, i.e., wetness impregnation, dry impregnation, sol-gel,
ammonia evaporation, deposition/precipitation, and co-precipitation, the most used is wetness
impregnation. Impregnation is a simple and economic method by which is possible to obtain a
reproducible metal loading on the support surface. The catalyst preparation method strongly
influences the metal particles size and dispersion, as well as the interaction between metal and
support and, consequently, the reducibility and thermal stability of the final catalyst [28-32].

In addition, the tolerance of catalysts to the various impurities present in the bioethanol should
be improved in order to preserve their stability. Among the impurities present in the crude bio-
ethanol, hydrogen sulfide is the main poisonous for the catalyst. Direct use of bio-ethanol or
hydrogen derived by bioethanol in technologies for energy conversion, such as SOFCs, could cause
problems related to sulfur poisoning [32]. Purification processes can be applied to the fuel before
passing into the SOFC but the costs of the system surely increase. Reduction of system costs is always
desired. For this reason, the worldwide ongoing researches focus on the development of catalytic
material simultaneously able to preventing the formation of coke and resisting sulfur poisoning [33].

Toward this route, the present work reports on the development of efficient and tolerant
materials, to sulfur poisoning and coke deposition, made by gadolinium-doped ceria (GDC), as
support, and ternary Ni-alloys, as active phases. Synthesized material can be considered an
alternative material for efficient SOFCs anode. The GDC is able to combine the effects of ceria with
those of rare earths, resulting in a material with “self de-coking” capability [5]. In particular, in our
previous study we have demonstrated the ability of ceria to generate oxygen vacancies, able to
weaken the carbon-oxygen bond of CO: adsorbed on metal sites and to increase the dissociation of
COe.. Simultaneously, the presence of rare heart, like gadolinia, improves the basicity of the support,
improving the CO2 adsorption and reducing the coke deposition [5].

Moreover, several experimental studies demonstrated the beneficial effects of the alloying
elements on the fuel cell performance [34,35]. In particular, Cu/Ni and Co/Ni anode catalysts were
found to be the most active while Mo/Ni alloy was predicted to be the most resistant to the C and S
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deposition [30]. On the other hand, it is well known that Mo and Co are the most used metals in the
catalysts for the Claus process for the conversion of hydrogen sulfide to sulfur [36,37].

In this work, NiMoRe/GDC, NiMoCu/GDC, and NiMoCo/GDC catalysts have been prepared by
impregnation method, characterized by different analytical techniques (XRD, TEM, TG-DSC, SEM-
EDX, CHNS, Hz-TPR, and micro-Raman spectroscopy) and tested in the ATR of ethanol, in the
temperature range 500-800 °C, with or without HzS in the fuel feed. The analytical investigation has
been focused on preventing the coke deposition, the metals sintering effect and the sulfur poisoning.
Hydrogen productivity, ethanol conversion and products distribution have been measured and
analyzed.

2. Results and Discussion

2.1. Catalysts Characterization Results

The XRD patterns of calcined and reduced catalysts, NiMoRe/GDC, NiMoCu/GDC, and
NiMoCo/GDC, are shown in Figures 1-3. The support pattern presents the characteristic features of
cerium oxide doped with gadolinia having a fluorite-like structure [38]. In the NiMoCu/GDC (Figure
1) the support remains unaltered after calcination (Figure 1, spectrum b) and reduction (Figure 1,
spectrum c); nonetheless, the sharpening of the peaks related to the support indicates the growing of
crystallite grains of support.

In the pattern of calcined NiMoCu/GDC (Figure 1, spectrum b) different peaks attributable to
different metal oxide phases are present. The little peak at 26.4° 20 is attributable to the $-phase of
nickel molybdate (JCPDS powder diffraction file card no. 33-948); despite this is a metastable phase,
its was detected in the diffractogram of the catalysts calcined at 800 °C (characteristic peak at 26.88°
20), which suggests that the support plays a role in the stabilization of this phase [39]. The peaks
(spectrum b, Figure 1) at 37.28°, 43.37°, 62.90° 20 correspond to NiO (JCPDF File 78-0643); after
reduction, they disappear in the relative pattern (spectrum c, Figure 1). The peak of metallic nickel is
present (spectrum c) at 44.5° 20 (JCPDF File 45-1027). In the calcined sample, no peaks attributable to
copper phases are detected; however, in the pattern c a little peak at 50.89° 20 could be ascribed to
metallic copper (JCPDF File 04-0836).
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Figure 1. X-ray patterns of: gadolinium-doped ceria (GDC) support (spectrum a)—NiMoCu/GDC
sample after calcination (spectrum b), and after reduction (spectrum c). Features arising from the GDC
support are yellow-highlighted.
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Figure 2. X-ray patterns of: GDC support (spectrum a)—NiMoCo/GDC sample after calcination

(spectrum b), and after reduction (spectrum c). Features arising from the GDC support are yellow-

highlighted.
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Figure 3. X-ray patterns of: GDC support (spectrum a)—NiMoRe/GDC sample after calcination

(spectrum b), and after reduction (spectrum c). Features arising from the GDC support are yellow-

highlighted.

Regarding the NiMoCo/GDC catalyst, the comparison of pattern of the support with the patterns
of calcined and reduced catalysts (Figure 2, spectra b and c) suggests the occurrence of segregation
of the support into individual oxide phases (CeO: and Gd:0s) highlighted by the presence of
shoulders on the peaks related to the support. The signals for CeO2 and Gd20:s arise at 20 values of
28.6°, 33.5°,48.0°, 57.0° and 19.8°, 29.2°, 32.82°, 52.8°, respectively (JCPDS File 43-1014).

This destabilizing effect (segregation in the two oxide phases) has been previously observed for
ceria-zirconia supported catalysts loaded with nickel and cobalt salt, and however the detrimental
effect on support did not affect the catalytic performance of the catalyst [40]. The presence of other
numerous peaks is attributable to the contemporary presence of cobalt oxide (PDF 00-043-1003),
molybdenum oxide (PDF 00-012-0517) and to a mixed oxide (nickel molybdenum oxide, PDF 00-033-
0948). The reduction step performed at T = 650 °C does not fully achieve the goal of reducing metal
oxide and obtaining active metallic particles, as confirmed by TPR analyses (see below).
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In the NiMoRe/GDC catalysts, the support maintains the original structure after both thermal
treatments (Figure 3, spectra b, c); however, a loss of intensity is observed.

No relevant shrinkages in the peaks of the support were observed, then no agglomeration of
particles support is envisaged.

Despite the high loading of metals, with the exception of nickel species, in the calcined and
reduced form no other metals species related to molybdenum or rhenium have been detected in the
samples, suggesting that both metals are highly dispersed with very small particle size [41].

The amount of metals on the catalysts has been measured by SEM-EDX technique. The results
confirm that the metals amount on the final catalyst is very close to the nominal value for all prepared
samples. Elements mapping also shows that the metals are uniformly dispersed onto the support (see
Figures S1 and S2 in the Supplementary Information).

The TEM images of reduced catalysts are reported in Figure 4. It is possible to observe well-
dispersed metals particles, with dimension ranging between 6 and 10 nm, without formation of
metals agglomerates, agreeing well the SEM results. The GDC support has an average dimension of
ca. 90 nm (measure showed in Figure 4c, as representative sample).

The reductive ability of the catalysts precursors was studied by H>-TPR; the results are presented
in Figure 5.

NiMoCu/GDC and NiMoRe/GDC are the catalysts with higher reducibility, in agreement with
XRD patterns of the reduced samples (Figure 1 spectrum c and Figure 3 spectrum c), where no
diffraction peaks of oxide species are present. Instead, for NiMoCo/GDC it is possible to observe that
the activation temperature (T = 650 °C) is not suitable to obtain a complete reduction of the catalyst.
This is also confirmed by XRD pattern (Figure 2 spectrum c), in which oxides species were detected.

For all TPR profiles, three major peaks are present. In the spectrum of NiMoCu/GDC the first
peak (T = 284 °C) can be attributed to copper ions and to the metallic species that weakly interacts
with the support [42].

The second peak (T = 449 °C) is a shoulder of the larger one that can be attributed to metallic
nickel; the third peak (T'=506 °C) is ascribed to metallic molybdenum. The broadening of these peaks
envelopes all types of the metallic species, both those strongly linked to the support and those that
interact weakly [43,44].

The TPR profile of NiMoRe/GDC exhibits well defined peaks; the first peak (T= 423 °C) is
attributable to rhenium [45], the other two peaks can be ascribed to nickel (T= 459 °C) and to
molybdenum species (T = 514 °C).

The presence of cobalt in the NiMoCo/GDC catalyst promotes the shift of the peaks attributable
to nickel (T = 638 °C) and to the molybdenum metallic species (T = 821 °C) towards higher
temperatures, in agreement with E. Rodriguez- Castellon et al., which reported the addition of cobalt
to molybdenum retarded the reducibility of this latter [46].
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Figure 4. TEM images of reduced catalysts: (a) NiMoRe/GDC, (b) NiMoCu/GDC, (c¢) NiMoCo/GDC.
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Figure 5. H>-TPR profiles of trimetallic catalysts.

2.2. Auto-Thermal Reforming of Ethanol: Catalytic Tests

Figure 6 shows the average products distribution, for each catalyst, obtained after 10 h at 600
and 800 °C, without hydrogen sulfide. For all catalysts the ethanol conversion was complete (100%).
At both temperatures tested, the main products are hydrogen and carbon monoxide; significant
amounts of unconverted methane, CO2, and ethylene, as by-products, were also present.
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Figure 6. Products distribution of auto-thermal reforming (ATR) reaction catalyzed by: (a)
NiMoRe/GDC, (b) NiMoCu/GDC, (c¢) NiMoCo/GDC catalysts, after 10 h and 120,000 h™' space
velocity.

The main product in the reaction catalyzed by NiMoRe/GDC is carbon monoxide, both at 600°
and 800 °C (Figures 6a, 7 and 8), while for NiMoCu/GDC and NiMoCo/GDC catalysts Hz is the main
product at 600 °C (Figures 6b,c, and 7). At 800 °C NiMoCu/GDC allows to obtain the 37% of Hz2and
the 38% of CO (Figures 6b and 8). For NiMoCo/GDC, CO is the main product at 800 °C (Figures 6¢
and 8). The higher selectivity to CO at 800 °C observed for NiMoRe/GDC and NiMoCo/GDC is
ascribable to the occurrence of reverse water gas shift reaction (RWGS, CO2 + H2 & CO + H20), which
is favored at temperatures higher than 700 °C. This suggests that NiMoCu/GDC is able to reduce the
consumption of Hz by the RWGS reaction. Therefore, the NiMoCu/GDC catalyst shows the best
selectivity to hydrogen.
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Figure 7. Comparison of products distribution of ATR reaction catalyzed by different catalysts, after
10 h, 120,000 h" space velocity, and 600 °C.
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Figure 8. Comparison of products distribution of ATR reaction catalyzed by different catalysts, after
10 h, 120,000 h~' space velocity, and 800 °C.

In any case, the selectivity of catalysts towards syngas (H2 + CO) is not affected by the
temperature reaction (see Figure S3 in the Supplementary Information): for all catalysts the total
amount of syngas ranged between 72 and 77 vol%.

The effect of sulfur on the selectivity of catalysts to syngas is reported in Figure 9. The addition
of sulfur has a similar impact on the performance of all the catalysts tested. In particular, the addition
of 100 ppm H-2S reduces effectively the production of syngas, even if no catalysts deactivation is
apparent: ethanol conversion is still complete after 10 h of reaction at 800 °C. Increasing the hydrogen
sulfide content in the feed, up to 200 ppm, the ethanol conversion does not change, while the
selectivity to syngas slowly increases. The NiMoCu/GDC catalyst showed the best resistance to sulfur
poisoning: with the addition of 200 ppm H-S the syngas production decreases of about 12%, while
for NiMoRe/GDC the decrease is of about 15%; for NiMoRe/GDC is of ca. 17%.

100

90 4 (] oppm

] [ | 100ppm

80 (] 200ppm
70—-
S 60+
% 4
S 50
(@] 4
L+>N 40 -
T 30
20 —-
10 :

0 -— -
NiMoCu/GDC NiMoRe/GDC NiMoCo/GDC

Catalyst

Figure 9. Sulfur impact on the syngas selectivity of catalysts (800 °C, 10 h, 120,000 h' space velocity).

Figure 10 provides information on the composition of the outlet stream. It is evident that the
presence of sulfur in the inlet stream causes the decrease in the yield of syngas.

However, the sulfur impact on the products distribution should be explained together with the
analysis of coke deposition results [47]. For this reason, a more deepened discussion on the sulfur
impact on catalysts performance is postponed to the following section.

2.3. Characterization of Spent Catalysts

2.3.1. Coke Deposition and Sulfur Impact

Table 1 reports the amount of coke deposited on the catalyst after reaction, measured by TG-
DSC. The TG-DSC profiles of the spent catalysts exhibit a similar behavior, with the presence of an
exothermic peak in the DSC curve at about 600 °C, corresponding to the combustion of deposited
coke (see Figure 54 in the Supplementary Information). The presence of coke has been also detected
in the XRD spectra of all spent catalysts in which the amount of coke deposited was higher than 5
wt% (see Figure S5 in the Supplementary Information).
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Figure 10. Sulfur impact on products distribution of auto-thermal reforming catalyzed by: (a)
NiMoCu/GDC, (b) NiMoRe/GDC, (c) NiMoCo/GDC, (800 °C, 10 h, 120,000 h™' space velocity).

Table 1. Coke amount over catalysts after reaction in presence of H:S, measured by TG-DSC analysis.

Coke Amount (wt%)

Catalysts 600 °C 800 °C
Without Hz2S Without HzS 100 ppm of H:S 200 ppm of H2S
NiMoCu/GDC 23.7 0.10 5.46 5.48
NiMoRe/GDC 29.8 0.25 0.62 2.94
NiMoCo/GDC 26.3 0.34 7.63 9.69
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The amount of coke produced at 600 °C was higher than that deposited after reaction at 800 °C.
This is ascribable to the exothermic reverse-Boudouard reaction (2CO = C + CO2 , AHaosx = -172.4
kJ/mol), which is favored at temperatures lower than 700 °C [48]. In the presence of H2S at T'= 800 °C,
the amount of coke produced increases for all catalysts; NiMoCu/GDC is less affected by the increase
of H2S amount from 100 to 200 ppm, with respect to the other two catalysts (Table 1).

The lower catalyst deactivation by coke deposition could be explained by the effect of sulfur
content on the products distribution (Table 2 and Figure 11). Hydrogen and ethylene contents as
reaction products are strongly affected by the sulfur content in the inlet stream; in particular, the
hydrogen amount decreases with sulfur content increasing, while ethylene initially increases (in
presence of 100 ppm of H2S) and subsequently decreases (in presence of 200 ppm of H2S).

Table 2. Coke amount over catalysts after reaction in presence of H2S, measured by TG-DSC analysis

at 800 °C.
Coke Amount (wt%) C2Hs (vol.%) H: (vol.%)
Catalysts Without 100 200 Without 100 200 Without 100 200
LS ppmof ppm of LS ppmof  ppm of LS ppmof  ppm of
H:S H:S H2S H2S H:S H:S

NiMoCu/GDC 0.10 5.46 5.48 0.74 8.51 4.12 37.36 16.10 12.81
NiMoRe/GDC 0.25 0.62 2.94 3.24 11.83 4.19 28.59 20.26 12.80
NiMoCo/GDC 0.34 7.63 9.69 3.34 12.41 10.46 31.70 19.50 15.20

(a)

(b)

Figure 11. TEM image of spent NiMoRe/GDC catalyst (a) without H2S and (b) with HzS after 10 h of
reaction at 800 °C without H2S.
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It is well known that ethylene can be produced from ethanol by dehydration reaction (C2HsOH
= C2H4 + H20) and is one of the hydrocarbons more prompt to form coke [49]. According to this aspect,
at 800 °C, in the presence of 100 ppm of HsS, we observed that the ethylene in the reaction products
increases (Table 2 and Figure 11) and, consequently, the coke formation increases too. Production of
ethylene by dehydrogenation, is known promoted by the presence of acid sites [47,50], therefore it is
plausible that the increase in HzS favors the formation of ethylene. Consequently, the coke formation
is correlated to the lower selectivity of the catalysts to hydrogen.

When the amount of H:S increases again, from 100 ppm to 200 ppm, the ethylene concentration
in the products decreases but the coke amount continues to increase.

The TEM images of spent NiMoRe/GDC catalyst (as a representative sample) after 10 h of
reaction at 800 °C without sulfur and with 200 ppm H-S in the inlet gas, are reported in the Figure 11.
After reaction without sulfur, the catalyst surface is very clean and the coke quantity is negligible, as
confirmed by thermal analysis (0.25 wt%). On the contrary, after reaction with 200 ppm H-S, a great
amount of deposited carbon, in amorphous form, is clearly visible on the surface of the spent catalyst.

This behavior could be due to the fact that the increase of H2S to 200 ppm in the feed does not
mean that the acidity of catalysts increases simultaneously. Moreover, no sulfur evidence on the
catalyst surface after reaction is apparent by CHNS analysis.

Therefore, the amount of ethylene does not increase, but the activity of catalysts decreases due
to the poisoning effect of the high sulfur content, then hydrogen production decreases as coke
increases. This phenomenon is less evident for NiMoCu/GDC catalyst and suggests that this latter is
less sensitive to the presence of sulfur.

2.3.2. Coke Speciation by Micro-Raman Spectroscopy

Raman spectroscopy is a non-destructive characterization technique, widely utilized to study
structural and bonding properties of all the carbon species [51-53]. Figure 12 displays micro-Raman
spectra typically measured on GDC-supported catalysts after ATR of ethanol at 800 °C with different
H:S concentrations in the feed. The Raman fingerprint of disordered Csp?-based materials is present
in all the spectra. The detection of the D- and G-bands (centered at 1321-1326 cm™ and 1582-1593 cm-~
1, respectively) proves that disordered carbonaceous deposits always form on the catalyst surface,
regardless of H2S concentration (100 or 200 ppm) and type of the metal-catalyst (NiMoRe/GDC,
NiMoCu/GDC or NiMoCo/GDC). Indeed, a fair correlation is found between the average intensity of
the Csp? related bands and the relative amount of deposited carbon, as assessed by thermo-
gravimetric analysis (Figure S6).

In order to investigate the spatial homogeneity of carbon deposits, spectra were recorded at
different locations in each of the investigated catalysts. . Different spectral profiles are indicative of
the lack of spatial homogeneity, with carbonaceous deposits being locally thicker where the relative
intensity of the Csp? bands is stronger. In the case of NiMoCo/GDC catalysts, for fixed H2S
concentration, the spectral profile does not significantly change point by point, indicating that coke
deposits uniformly all over the catalyst surface. However, at the lower H2S concentration, a thicker
coke layer coats the catalyst surface hindering the detection of the Raman modes arising from the
catalyst. In the case of NiMoRe/GDC and NiMoCu/GDC catalysts, spatial uniformity of the
carbonaceous deposits depends on the HzS concentration. In the former catalyst the thickness of the
coke layer results to be spatially non-uniform at the lower H2S concentration, in the latter the opposite
situation occurs.
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Figure 12. Micro-Raman spectra of the exhaust catalysts after ATR of ethanol at 800 °C with different

H:S concentrations, as-measured in two different locations of each specimen. Features arising from

the Csp? related bands of deposited carbon are yellow-highlighted.

Aiming at clarifying the nature of the carbonaceous deposits, the spectra were quantitatively
analyzed by a fitting procedure. The main parameters obtained are shown in Figure 13a—e.
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Figure 13. (a,b) Center frequencies (wp and wc) and (c,d) widths (yp and yc) of the D- and G-bands
and (e) D/G intensity ratio (Ip/Ic) in the investigated catalysts for different H2S concentrations.

The D-band is usually assigned to K-point phonons of Aig symmetry, whereas the G-band is
attributed to the zone-center phonons of Ez; symmetry. The former originates from the breathing
modes of ring-organized C-atoms. The latter is associated to the in-plane bond stretching of all the
pairs of (both ring- and chain-organized) C-atoms [54,55].

The D-mode is forbidden in perfect graphite. It becomes Raman-active in the presence of finite
size effects, dangling-bonds, vacancies, grain boundaries, distorted hexagons, pentagon-heptagon
pairs or other in-plane topological defects, which breaking the basic translational graphene-layer
symmetry, relax the selection rules [54,55]. For fixed excitation energy, D-band intensifies with
decreasing in-plane correlation length [51,53-55] (i.e., mean inter-defect distance [55,56]). Thus, the
D/G intensity ratio (Ip/Ic) commonly monitors the amount of structural defects, or the extent of
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deviation of the crystalline arrangement from a perfect hexagonally organized planar C network.
Any increase of the crystalline order in the Csp? lattice (graphitization) is accompanied by a decrease
in Ip/Ic [53].

Ratio of tetrahedral- to trigonal-bonds, clustering of the sp? phase, bond disorder and
organization of Csp? atoms (rings or chains) cooperate in determining the shape of the Raman spectra
of disordered/amorphous carbons. The G-band band-width (yc) is commonly regarded as a measure
of the homogeneous disorder related with the statistical distribution of bond angles; its center
position (wc) may increase as an effect of sp®/sp?> bonding fraction diminishing, clustering
enhancement, bond-angle disorder reduction and presence of Csp? atom chains [56-58]. Thus, in the
NiMoCu/GDC catalyst nature and microstructure of the carbonaceous deposits seems to be relatively
insensitive to the changes in H2S concentration. In fact, the shape of Csp?-related spectral features, as
described by the parameters displayed in Figure 13, does not largely change with varying HoS
concentration.

On the contrary, in NiMoRe/GDC and NiMoCo/GDC catalysts the G-band up-shifts and shrinks
with increasing H:S concentration (Figure 13b,d, respectively), hinting at a reduction of the
homogeneous disorder. In the NiMoCo/GDC catalyst these spectral changes are accompanied by the
decrease of Ip/Ic (Figure 13e), which indicates that more structurally ordered C nanostructures form
on its surface with 200 ppm H:S.

This consideration is confirmed by TEM image of spent NiMoCo/GDC catalysts where carbon
nanotubes are clearly visible (Figure 14).

Figure 14 TEM images of spent NiMoCo/GDC catalyst at different magnification.

The formation of disordered carbons (“coke”) on the surface of exhaust (“coked”) catalysts
causes the catalyst to deactivate [52,59]. The G-band center frequency strongly depends on the nature
of coke [58]. For mainly olefinic coke wc lies above 1600 cm-!, whereas if the coke is mainly aromatic,
as in the present case, wc is located below 1600 cm-'. Therefore, it is concluded that the decomposition
of ethanol in presence of sulfur produces aromatic coke on the surface of all the catalysts, observed
also by other authors [60]. Varying H2S concentration (100 or 200 ppm) and type of the metal-catalyst
(NiMoRe/GDC, NiMoCu/GDC or NiMoCo/GDC) gives rise only to changes in spatial uniformity and
thickness (i.e., amount) of the carbonaceous deposits.

3. Experimental Section

3.1. Catalyst Preparation

Trimetallic catalysts were prepared by wet co-impregnation procedure. The metal sources
(nickel nitrate hexahydrate Ni(NOs)2:6H20, Ammonium molybdate tetrahydrat (NH4)sMo07024-4H20,
Copper(ll) nitrate hemi(pentahydrate) Cu(NOs)2:2.5H20, Ammonium perrhenate NHsReOs, Cobalt
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nitrate hexahydrate Co(NOs)2:6H20 were supplied by Sigma-Aldrich (Saint Louis, Missouri, MO,
USA) and used with no further purification. The support was Gadolinia 0.2 wt%-Doped Ceria 0.8
wt% (GDC), also supplied by Sigma-Aldrich (Saint Louis, Missouri, MO, USA).

In all ternary catalysts the total metal loading was 50 wt/wt% deposited onto 50 wt/wt% GDC;
then, the Nickel loading was 60 wt/wt %, the Molybdenum loading was 30 wt/wt % and the third
metal loading (Copper, Rhenium or Cobalt) is 10 wt/wt %.

After impregnation onto the support the catalysts were dried at 120 °C and then calcined at 600
°C for 4 h with a heating rate of 2 °C min™ and cooling rate of 2 °C min'. Afterwards, they were
reduced at 650 °C with Ha (10 vol.% in He) for 2 h using the same heating and cooling rate as above.

For brevity the catalysts in the text were coded as follows: NiMoRe/GDC, NiMoCu/GDC and
NiMoCo/GDC.

3.2. Catalysts Characterization

The phase composition of the fresh and spent catalysts were analyzed by powder X-ray
diffraction (XRD) using a Bruker D2 Phaser using Cu Ka radiation at 30 kV and 20 mA (Bruker,
Karlsruhe, Germany). Peaks attribution was made according with well known databases. The
diffraction angles 20 were varied between 10° and 80° in steps of 0.02° and a count time of 5 s per
step.

Temperature programmed reduction (TPR) was carried out with a Chemisorb Micromeritics
2750 instrument (Micrometrics, Norcross, Georgia, GA, USA), to monitor reduction of the metal
oxides, under a flux of 50 cm?® min™ of Hz/Ar (10 vol.%) in the temperature range 25-1000 °C at
atmospheric pressure.

A Phenom Pro-X scanning electron microscope equipped with an energy-dispersive X-ray (EDX)
spectrometer was utilized for SEM analysis (Deben, Suffolk, UK). The EDX analysis was used to
evaluate the content and dispersion of metal, acquiring for all sample at least 20 points of
investigation for three different magnifications.

The formation of carbonaceous deposits on the surface of the spent catalysts was investigated
by measuring Raman scattering. For this purpose, a NT-MDT spectrometer was used. Excitation was
provided by a He-Ne laser operating at 1.96 eV (633.8 nm). In order to obtain a sufficient signal to
noise ratio, an acquisition time of 15 s was used to record the spectra, which were fit to Gaussian and
Lorentzian bands, superimposed to a linear background. A commercially available spectroscopic
analysis software package was utilized to choose the center frequency, width (FWHM) and intensity
of the bands by a least-square best-fit method.

The amount of carbon deposition on the catalysts was evaluated by isothermal and temperature—
programmed TGA/DSC experiments with a Netzsch instrument (Netzsch, Selb, Germany). The
temperature—programmed experiments were carried out in air with a total flow rate of 100 cm? min-,
while the loading of the measured samples was approximately 20 mg, with a heating rate of 2 °C
minT.

The transmission electron microscopy (TEM) analysis was carried out using a JEOL 1400 Plus
instrument (JEOL USA, Peabody, Massachusetts, MA, USA) operated at 120 kV, able to achieve a 0.19
nm point-to-point resolution and a 0.14 nm line resolution.

Carbon content and sulfur on the spent catalysts surface have been detected by CHNS elemental
analysis using a Perkin Elmer 2400 instrument (Perkin Elmer, Waltham, Massachusetts, MA, USA).

3.3. Catalytic Test Measurement

Catalytic activity experiments were performed at atmospheric pressure in a quartz microreactor
(internal diameter = 4 mm) placed in a ceramic tube furnace, at a gas hourly space velocity (GHSV)
of 120,000 h-'. The catalyst (~50 mg) was placed between quartz wool in the middle of the reactor.
The reaction temperature was monitored by a thermocouple inserted into the reactor bed through a
quartz tube. The temperature of the reactor bed was kept constant by an electronic controller. The
maximum deviation measured in the reactor bed from the nominal temperature was ~10 °C. An
isocratic pump (Varian ProStar 210, Varian Inc., Palo Alto, California, CA, USA) connected to an
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evaporator that was heated at 220 °C, was used to feed water in the gas stream and to control the
steam to carbon ratio (5/C) in the reaction gas mixture; N2 was used as internal standard. The gas
lines were heated at 120 °C to prevent condensation. The microreactor was operated in down-flow
mode with the gas inlet placed at the top of the reactor.

The catalytic tests were carried out in the range 600-800 °C with steam/carbon and
oxygen/carbon ratios equal to 2.5 and 0.5, respectively. All experiments have been carried out with a
total inlet flow of 150 cm® min?, using nitrogen as balance.

The catalytic tests with sulfur were conducted by introducing different amounts of H2S (100 or
200 ppm), each one in a different experiment.

Reaction products were analyzed by on-line gas chromatograph (GC Agilent 6590, Agilent,
Santa Clara, CA, USA) equipped with FID, FPD and TCD detectors and four columns (Alumina,
Porapak Q, Haysep, Molecular Sieves (MS 5A)), for their separation and detection. The catalytic
activity results were generally taken 20 min after the reaction conditioning and reproducible data
were obtained for registration periods of at least 600 min repeated three times.

Overall carbon and hydrogen balances were close to 100% in each experiment with moderate
standard deviation (o) lower than 3.

4. Conclusions

This study investigated the catalytic performance of trimetallic catalysts, NiMoRe, NiMoCu, and
NiMoCo, supported on gadolinia-doped ceria material, in the auto-thermal reforming of ethanol, at
two different temperatures, 600 °C and 800 °C. The selectivity of catalysts towards syngas is not
affected by the temperature reaction and the total amount of syngas produced ranged between 72
and 77 vol%.

The presence of HzS in the feed (100 ppm and 200 ppm) increases the selectivity to ethylene and
favors aromatic coke deposition. Despite the sulfur presence affecting the products distribution, no
severe catalysts deactivation occurred: the hydrogen selectivity decreased, but total ethanol
conversion was, however, observed.

Among the catalysts tested, NiMoCu/GDC appears to be less sensitive to the sulfur presence
and shows the best selectivity to hydrogen.

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1. SEM-EDX
images of NiMoCo/GDC catalyst surface (representative sample) —(a) after impregnation; (b) after calcination,
Figure S2. Elements mapping of NiMoCo/GDC catalyst surface after activation (representative sample), Figure
S3. Selectivity to syngas (H2 + CO) of different catalysts, at 600°C and 800°C, after 10 hours, 120,000 h-1 space
velocity, Figure S4. Thermal profiles, TG (black line) DSC (dotted line), of NiMoCu/GDC catalyst after ATR of
ethanol at T=600 °C, as representative sample, Figure S5. XRD spectrum of NiMoRe/GDC spent catalyst after 10
hours of ATR at T=600 °C, without H2S in the feed (representative sample), Figure S6. Correlation between the
average intensity of the Csp2 related Raman bands and the relative amount of deposited carbon, as assessed by
thermo-gravimetric analysis.
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