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Abstract

A series of Ni supported over MgAl,04-CeO; catalysts have been prepared by the wet impregnation method as
catalysts for steam ethanol reforming. The synthesis was performed using nitrilotriacetic acid (NTA) or citric
acid (CA) as chelating agents (L) with different L/Ni ratios. The features of catalytic solids were determined
by DR-UV-Vis-NIR, FTIR, BET, TGA, XRD, H,-TPR, XPS, Raman, HRTEM and SEM. Changes in the
crystallite size of NiO and CeO; were evidencied with the use of NTA, while the addition of CA allowed to
reduce the crystallite size of NiO and Ni with a slight effect in CeO, size. The use of chelating agents induced
changes in the Ni-CeO, interactions and an increase in the Ce/Ni° surface ratio. Catalytic systems prepared
using a L/Ni ratio leading to the most stable complex formation (NTA/Ni=1 and CA/Ni=2) exhibited the best
performances in the reforming reaction under the operation conditions studied.

Keywords: Nano-Ni catalysts, Chelating agent, Nitrilotriacetic acid, Citric acid, Hydrogen, Ethanol steam
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1. Introduction

Ethanol steam reforming (ESR) is a potential sustainable hydrogen production process and it has been
extensively studied over non-noble transition metal catalysts because they are less expensive than the noble
metal ones. In particular, Ni catalysts are preferred because Ni dissociates C-C bonds more efficiently than Co
[1-3]. ESR is an endothermic process, which produces 6 mol of hydrogen and 2 mol of carbon dioxide if only
ocurrs reforming reaction (equation 1). However, other reactions usually ocurrs such as ethanol
dehydrogenation, acetaldehyde steam reforming, ethanol dehydratation, ethanol decomposition, acetaldehyde
decomposition, water gas shift reaction, ethylene decomposition, methane decomposition and Boudouard

reaction (equations 2-10) [1]:

C2HsOH (g) + 3 H20 (g) » 2 CO, (g) + 6 H2 (9) AH%ggx = +173.5 kJ/mol (1)
AH0923K= +206.4 kJ/mol

C,HsOH (g) — CoHO (g) + H, (g) AHozgsK: +68.9 kJ/mol (2)



C2H40 (g) + H20 (g) » 2 CO (g) + 3 H2(9) AHC3¢ = +186.8 kd/mol (3)

C2HsOH (g) — CzH: (g) + H20 () AH%gg = +45.5 kJ/mol 4)
C2HsOH (g) — CO (g) + CHa(g) + H2 (g) AH g5 = +49.6 kd/mol (5)
C2H40 (g) = CHa (g) + CO (0) AH g8 = -19.3 kJ/mol (6)
CO(g) +H20 (g) <> CO2(g) +H2(9) AH%ggk = - 41.4 kd/mol (7
CzHa (g) > 2C (s) + 2 H2 (9) AH%ggk = - 52.3 kd/mol (8)
CHa (g) = 2H2(g) +C(s) AH g6 = +74.9 kd/mol 9)
2 CO (g) <> CO2(g) +C(s) AH%g08x = - 172.6 kd/mol (10)

The occurrence of these reactions mainly depends on the properties of catalyst and operation conditions. One
of the disadvantages of the secondary reactions over Ni catalysts is the deactivation by carbon deposition,
sintering and active phase oxidation [4]. Ethylene decomposition, Boudouard reaction and methane
decomposition are the main routes to carbon deposition [1-3, 5]. However, there is no linear relationship
between the decrease in catalyst activity and the coke content [5]. These phenomena of deactivation are the
main technological obstacles in today's reformers. This goal could be achieved by Ni particles below a critical
size, which would be allowed to develop an active, selective and stable catalyst. As in the methane reforming
the control of metal assembly size in the ESR has the same objective: to increase dispersion and decrease carbon
deposition by inhibiting its formation reactions. Small particles decrease carbon deposition rate [6], however,
are more susceptible to sintering and oxidation. Variation of the method of incorporation of the active phase in
a catalyst could result in different physicochemical properties, allowing a low carbon amounts and increasing
the stability of Ni catalysts [7,8]. In addition, the characteristics of the precursor species of the active phase
often affect the catalyst surface properties and its catalytic behavior. The choice of a precursor is a very
important step in catalyst preparation. Aqueous solutions containig chelating agents in the wet impregnation
method has been reported as a strategy to promote smaller active phase particles [9]. Van Dillen et al. [9] have
pointed out that the use of agueous solutions of chelating agents in the conventional wet impregnation method
is very attractive, since it retains the simplicity of the technique and allows to obtain uniform distributions of
the active phase and, in general, greater dispersions. A characteristic of these solutions is that, during the solvent
remotion, the viscosity of metal complex solutions increases substantially due to a gelling process, affecting the

drying stage, inhibiting the redistribution of surface species and favoring the formation of poorly crystallized



compounds with high dispersion. In literature, the use of chelating agent has been reported mainly in the
synthesis of hydrodesulfurization catalysts [10-12], catalysts for Fischer-Tropsch synthesis [13,14] and recently,
for reforming catalysts [15-17].

The incorporation of chelating agents into a transition metal solution generates metal complexes that are
charged. In the catalysts preparation by using these impregnation solutions is necessary take into account factors
such as: chelating agent/metal ratio, pH of impregntation solution and the point of zero charge (PZC) of support
[18]. Some published works on ESR have reported important improvements in catalytic properties by using
citricacid (CA) [19,20]. Nitrilotriacetic acid, NTA, and CA are chelating agents with the same amount of carbon
atoms. NTA have carboxylates and nitrogen groups, while CA has carboxylate groups and a hydroxyl group.
The donor capacity of a chelating agent is given by the amount of binding sites presents in its structure, both
functional groups and coordination sites, as well as the pair of free electrons of the nitrogen atom in NTA or
oxygen atom in CA. The greater the electron-giving capacity of a chelating agent, the greater the bond strength
with the central ion [21] and consequently more stable will be the complex formed. NTA and CA acids have
the same amount of functional groups and coordination sites. However, NTA forms complexes more stable with
nickel and cerium than CA [22], then it is interesting to compare the behavior of both acids.

On the other hand, in the literature has been reported the modification of acid/base properties of supports by
addition of modifiers such as alkaline metals (Na, K), alkaline earth metals (Mg, Ca) or the addition of rare
earth oxides (Ce, La, Pr) [3,8,23]. CeO- has been used as a support or promoter because its particular properties
of oxygen storage and release that to allow carbon deposits to be gasified and to the presence of the Ce**/Ce**
couple [24-26]. EImhamdi et al. have also pointed out the importance of having CeO; at a nanometric level to
enhance its properties [27]. In previous work, the decrease of Ni and CeO; crystaline sizes on Ni/MgAl,O,-
CeO; catalysts due to the use of chelating agents has been reported [28]. The system prepared in the presence
of nitrilotriacetic acid (NTA), with a molar ratio of NTA/Ni=1 showed a good performance in ESR, obtaining
high selectivity to Hz and high resistance to carbon deposition [28]. In addition, the effect of EDTA/Ni molar
ratio was examined in the synthesis of Ni catalysts [29]. The capacity of EDTA to form stable complexes with
nickel and cerium promotes a better interaction between Ni and CeO; and decreses the size of NiO and CeO,.
A catalyst prepared using the stoichiometric ratio for the complete complexation of nickel (EDTA/Ni molar
ratio=1) showed the best performance in the ethanol steam reforming reaction under mild operation conditions
and presented small crystallite size, and higher Ce®*/Ce** and Ce/Ni° ratios.

In this article, the use of different amount of NTA or CA as chelating agent in the synthesis of supported-Ni

catalysts and their influence in ESR reaction are discussed.

2. Experimental

2.1. Catalyst Preparation



Nickel catalyst were synthetized following the procedure reported in [28]. Briefly, MgAl,O4 was prepared
using citrate method and it was modified with CeO; (5 wt.%, nominal loading) by wet impregnation with an
aqueous solution of Ce(NO3)3.6H.0 (Aldrich, 99%). Nickel (8wt.%, nominal loading) was incorporated over
the modified support, MgAl,0.-CeO; (in its dried form), using aqueous solution of Ni(NO3).-6H.0 (Merck,
99%) in presence of chelating agent (L), NTA (Sigma-Aldrich, 99%) or CA (Sigma-Aldrich, 99.5%), in
different molar ratio L/Ni (L/Ni =0, 0.5, 1 and 2). First, the chelating agent was dissolved using a NH3 solution
and then Ni(NOs),-6H20 solution was added. The pH of these impregnation solutions were adjusted at a pH
between 6-7 (lower than the PZC of MgAl.0s-CeO2). These solutions were aged under stirring at room
temperature for 2 h. Then, 1 g of the MgAI.O4-CeO. was added and stirred for 1 h. The resulting suspensions
were carried to an ultrasound bath at room temperature for 10 min and then the solvent was slowly removed
under vacuum at 80 °C for 1 h. The dried samples were calcined in static air from room temperature to 650 °C
at 10 °C min. The catalysts were labeled as NiL(x), where x correspond to the molar ratio L/Ni, being L=
NTA or CA. NiL(0) corresponds to the nickel catalyst free of chelating agent.

2.2. Characterization of catalysts

Chemical composition. The solid samples were brought into solution by an alkali fusion with KHSO, and
subsequent dissolution with aqueous HCI. Ni chemical composition was measured by atomic absorption
spectroscopy using Varian AA 50 equipment. Cerium chemical composition was determined by inductively
coupled plasma-atomic emission spectroscopy (ICP). A sequential ICP spectrometer Baird ICP 2070
(BEDFORD) with a Czerny Turner monochromator (1m optical path) was employed.

Adsortion-desorption N isotherms. The specific surface area was determined by the BET method from the
adsorption-desorption isotherms of N, at the boiling temperature of liquid nitrogen (-195.8 °C), using a
Micromeritics Gemini 5 equipment. Previously, samples were degassed at 250 °C for 16 h in N2 flow. From the
desorption branch, pore volume and pore distribution values were obtained using the BJH model (Barreto,
Joyner and Halenda) suitable for mesoporosity determination.

Temperature programmed reduction (TPR). The redox properties of the samples were examined using
conventional equipment. Before to the TPR experiments, the samples were treated in O, flow (17%)/He (36 mL
min~t) at 300 °C by 1 h and then in He flow (30 mL min™*) by 30 min. After cooling in He samples were reduced
in flow of Ha(5 vol.%)/N, (50 mL min*) from ambient temperature up to 950 °C at 10 °C min™?, keeping this
temperature for 1 h.

Fourier Transformed Infrared spectroscopy (FTIR). The samples were analyzed by infrared spectroscopy
using an FTIR Nicolet Protégé-460 spectrophotometer, in a range of 4000-250 cm™ with a resolution of 4 cm™
and 64 scans. The samples were mixed with KBr at approximately 1 wt.%, crushing the mixture into an agate
mortar. Then, the mixture was compressed at a pressure of 300 Kg m2 and room temperature.

UV-Vis and UV-Vis-NIR spectroscopy. The UV-Vis spectra of the different impregnation solutions were
obtained using an Agilent 8454 spectrophotometer with diode network detector using the 8453 UV Visible



ChemStation Rev.A.10.01 software, associated with the instrument. Catalytic samples were packed using
BaSQ, as blank and placed on the integrative sphere, ISR-3100. The Shimadzu UV-3600 was operated in diffuse
reflectance mode in the UV-Vis-NIR (DR UV-Vis-NIR) range. The spectra for all samples were taken between
2500-200 cm™ with a slit of 5 nm.

X-ray diffraction (XRD).The diffraction patterns of the samples were obtained in a RIGAKU (ULTIMA V)
diffractometer operated at 30 kV and 20 mA using CuKa radiation (A=1.5418 A) with Ni filter and horizontal
goniometric. The data were acquired at 3° min%, for values of 20 between 10 and 70°. The powder samples
were placed without any prior treatment in a flat glass sample holder. The identification of the crystalline phases
was performed using reference patterns (JCPDS files of the ICDD). To study the crystallite size, the patterns
were recorded in a step mode (26=10-90°; step = 0.02° and counting time: 5 s) and refined by the Rietveld
method using the Fullprof program [30,31]. For this purpose, the identified phases were considered with the
following structural models: MgAl.O4 (cubic, Fd3m), CeO, (cubic, Fm3m), NiO (cubic, Fm3m) and Ni (cubic,
Fm3m). The shape of the peaks was modeled using the Thompson-Cox-Hastings pseudo-Voigt function [32].
In some samples the crystallite size was obtained by applying the Scherrer equation [33]:

KA
d cost

B =

B is the width of the peak corresponds to a given value of 28, A corresponds to the wavelength of the X-rays, K
is a constant that is a function of the crystalline shape, but is generally taken equal to 0.9 for spherical particles
and d corresponds to the crystallite size. The width of the peak in XRD gives an average value of the crystallite
size.

X-ray photoelectron spectroscopy (XPS). XPS analysis was performed on a SPECS Multitechnical
equipment equipped with an Mg/Al dual X-ray source and a PHOIBOS 150 hemiespheric analyzer in Fixed
Analyzer Transmission (FAT) mode. The spectra were obtained with a pass-through energy of 30 eV and Al
anode operated at 200 W. The pressure in the analysis chamber during the measurement was less than 2.10°®
mbar. To reduce the load effect on the samples, a "flood gun" electron cannon was used. Before acquisition of
the spectra, samples were subjected to an in-situ reduction in Hy/Ar flow for 10 min at 400 °C, and then
evacuated to a pressure less than 2.8 x 10”7 mbar for at least two hours before readings.

High resolution transmision electron microscopy (HRTEM). A TECNAI F20 FEI equipment with field
emission source at 200 kV and a resolution of 0.19 nm was used for transmission electron microscopy. The
samples were deposited in lacey-carbon Cu grids.

Thermal gravimetric analyses (TGA). The decomposition of the precursors of dried catalytic systems was
performed in oxidizing atmosphere in a TGA 51 Shimadzu unit, with an air flow of 50 mL min~* from ambient
temperature up to 800 °C at 5 ° min™*. The amount of carbon deposited on catalysts after the ESR reaction was
studied in oxidizing atmosphere under an air flow of 50 mL min*, from ambient temperature to 900 °C with a
heating rate of 10 °C min*. The samples were placed in a platinum capsule. The percentage of carbon deposited

during the reaction for catalysts was calculated using the following equation:



(Winitial - Wfinal) * 100

%C =
Wfinal

(Winitial - Wiinat) is the amount of carbon on the catalyst and Wiina is the final weight of sample after TGA analysis.
Raman spectroscopy. Renishaw's inVia Qontor Raman microscope equipment was used. The spectra were
taken with the visible laser of 532 nm with 15 accumulations (3 s), in the range between 600-1800 cm™.
Scanning electron microscopy and energy dispersive X-ray spectroscopy (SEM-EDAX). For qualitative
determination of the local composition and texture of catalyst surfaces, a scanning electron microscope, LEO
1450 VP equipped with an EDAX Genesis 2000 microchannelizer with Si (Li) detector, was used. The samples

were metalized with gold to prevent them from loading.

2.3. Catalytic experiments

Catalytic tests of the ESR reaction were carried out at 650 °C, at atmospheric pressure, in a quartz tubular
reactor (4 mm internal diameter), for 7 h. A previous in-situ reduction procedure was performed with a flow of
H2(5%) in N2 for 45 min at 650 °C. The catalyst weight was 0.05 g with a particle size range between 0.3-0.4
mm (35-50 mesh) without dilution. The reactor feed consisted of liquid mixture of ethanol and water (0.15 mL
min™), which was evaporated at 130 °C in a He flow free of O,. The water/ethanol molar ratio was equal to
4.85, with a composition of 9.4 % ethanol (ycarsor) in the feed at an ethanol flow of 1.0210- mol min™. The
space-time was 0.018 geat h/gcamson (49 gea Min/molcanson). This reduced space-time allows early detection of
any deactivation effect [5].

Reagents and reaction products were analyzed online by two gas chromatographs. H,, CH4 and CO; were
determined with TCD using N2 as internal standard; while CO (previous passage by a methanator), C2H.0, C;H,
and C,HsOH without reacting and other compounds containing carbon, with the FID.

Ethanol conversion was calculated as:

* 100

XcoHson = i
C2H50H

Fconson is the molar ethanol flow; in and out corresponds to inlet and outlet flow of the reactor.

Selectivity to carbon products was calculated as:

ni Fiout

Si = D
in __ pout
2(FCZHSOH FCZHSOH )

* 100




Fi®" is the outlet flow of each hydrocarbon and ni is the number of carbon atoms in each product i.

Hydrogen yield was calculated as:

out
FHZ

Yo = Fin
C2H50H

Frz""is the outlet flow of hydrogen of the reactor.

3. Results and discussion
3.1. Impregnation solutions

Thermodynamic speciation diagrams of nickel were obtained using Medusa Software [34]. Table 1 shows
the predominant nickel species in impregnation solutions used in the synthesis of catalysts. The synthesis of
catalysts was made by impregnation of support using a solution with a pH below to the PZC of the support
(PZC=9.6 [28]) to ensure a strong interaction between complex with negative charge and the surface of support
with a positive charge. At pH of impregnation solution, the thermodynamic diagrams predict the formation of
different nickel species at 25 °C. Only one complex species in solution, [Ni(NTA)(H20).] and [Ni(CA),]*, was
predicted by employing a L/Ni ratio leading to the most stable complex formation (NTA/Ni=1 and CA/Ni=2).
Different nickel species in solution were predicted for the other L/Ni ratios and they could promote different

interactions with the support affecting its catalytic properties.

Table 1. Nickel species at pH of impregnation solutions.

System pH I* Complex in solution

Solution L-Ni(0) 59 04  [Ni(H0)6*

Solution NTA-Ni(0.5) 6.6 1.3  [Ni(NTA)(H:20)] ; [Ni(H20)s]**; [Ni(NH3)(H20)s]**
Solution NTA-Ni(1) 6.7 1.9  [Ni(NTA)(H20).]

Solution NTA-Ni(2) 6.6 23  [Ni(NTA)(H20)]; [Ni(NTA),]*

Solution CA-Ni(0.5) 6.5 1.6 [Ni(CA)(H20)2] ; [Ni(CA)]* ; [Ni(NH3)(H20)s]**
Solution CA-Ni(1) 6.5 1.6 [Ni(CA)]*; [Ni(CA)(H20)2]"; [Ni(NH3)(H20)s]**
Solution CA-Ni(2) 6.6 2.4 [Ni(CA)]*

*|=lonic strength

UV-vis spectra of the impregnation solutions allow to identify the nickel coordination in the solution, Figure

1A. The figure shows the UV-Vis spectra of the impregnation solution containing NTA and CA with different



L/Ni molar ratio. In the UV zone is observed at 300 nm the n-n* transition of the NOs". The visible zone of the
spectra shows the d-d transition of Ni®* in an octahedral environment (Table 2 [35, 36]), allowed transitions: A4:
3Agq (F) — *T1g (P); A2: 2Asg (F) — 3Tug (F); As: *Agg (F) — *Toq (F); and forbidden spin transition: As: *Asg (F)
— 1E4 (D). The blue shift of the nickel bands using NTA or CA with different L/Ni ratios reveals the complex
formation under the experimental synthesis conditions. The chelating agent, NTA or CA, produces a slight blue

shift, indicating the complex formation by water substitution in [Ni(H20)s]** [37].
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Figure 1. UV-Vis spectra of impregnation solutions (A) and DR UV-Vis-NIR spectra of dried catalysts (B).
3.2. Dried systems

The nickel coordination on the surface of dried catalysts was studied by DR UV-Vis-NIR spectroscopy.
From a comparation between impregnation solution spectra and dried catalysts spectra is possible to identify if
the complex in solution is maintained in the dried system. Figure 1B shows the DR UV-Vis-NIR spectra of
dried systems. Between 200-300 nm is observed a band associated with O*— Ce** transition and/or 4f— 5d of
Ce** transition [38] or associated with charge transference between O* — Ni®* [39]. In all spectra a band at 300
nm associated with the n-n* transition of NOs™ without coordination is observed, interacting only by physical
adsorption with he support [35,40]. Table 2 shows the transitions in dried systems compared to impregnation
solutions. For all dried systems, in the Vis-NIR zone, is observed two bands, A, and As, between 500 and 1500
nm, while the A, transition could be overlap with band at 300 nm. In the NiL(0) dried sample is noted a slight
blue shift respect to the bands in its impregnation solution. This indicates that the nickel aquo complex,
[Ni(H20)s]?", is interacting as such with the support. The positions of the bands in the NiNTA(x>0) dried
samples have experimented a slight red shift respect to bands of impregnation solutions. The same occurs in the
NiCA(0.5) and NiCA(1) dried samples. Unexpectedly, the Ni** bands are low intensity in the NiCA(2) system.
The red shift or towards higher wavelength values indicate that the nickel complex on the surface is a lower
strength field. This red shift is related to a bonding weakening among the chelating and Ni?* by formation of
hydrogen bonding between OH groups of the support and the oxygen atoms of chelating agent. During drying

step the chelated metal precursor forms a gel-like phase and this gel would sufficiently interact with the support



[9]. Ortega-Dominguez et al. [41] have informed similar results using a Ni-EDTA impregnation solution over
SBA-15. Koizumi et al. [42] have reported the same interaction between NTA and Co?" in the solution and
claimed that it was maintained on the dried surface of Co catalysts synthesized with NTA. NIR zone, between
800-2500 nm, shows a band around to 1570 nm corresponds to first overtone of v(NH) vibration [43]. Between
1500 and 2500 nm vibrations related to chelating structures are observed (they are not present in the NiL(0)
dried spectrum). NiL(0) dried sample only shows a band at 1425 nm that corresponds to first overtone of OH
neutral specie. In the NiINTA(x>0) or NiCA(x>0) are not observed major differences with the increase of
chelating agent, indicating that the nickel complex on the surface of the dried systems could have the same

nature.

Table 2. Electronic transitions of Ni** in the NiNTA(x) and NiCA(x) systems.

Sample Ar(nm)  Ax(nm) A (nm) Az (nm)
NiL(0) n.d. 645 n.d. 1080
Solution L-Ni(0) 394 655 728 > 1100
NiNTA(0.5) n.d. 635 n.d. 1074
Solution NTA-Ni(0.5) 390 628 748 1040
NiNTA(1) n.d. 635 n.d. 1139
Solution NTA-Ni(1) 387 620 748 1030
NiNTA(2) n.d 637 n.d. 1040
Solution NTA-Ni(2) 378 600 - 985
NiCA(0.5) n.d. 667 n.d. 1092
Solution CA-Ni(0.5) 390 650 733 > 1100
NiCA(1) n.d. 659 n.d. ~1100
Solution CA-Ni(1) 387 645 735 > 1100
NiCA(2) n.d. n.d. n.d. n.d.
Solution CA-Ni(2) 385 630 735 > 1100
Reference [Ni(H.0)e]** 395 650 741 1175

n.d= not detected

In order to identify the species on the surface in the dried systems, the samples were examined by FT-IR
analyses (Figure 2). All the systems prepared with NTA or CA shows, between 2600 and 3700 cm', a band
associated with OH group vibrations (3470 cm™) and bands corresponded to symmetric and asymmetric
stretching of CH; (3140-2800 cm™') [44]. In 1630 cm™ appears the band of H,O deformation (8H.0) [45]. The
characteristic sharp bands of nitrate are observed in agreement with the NO3s™ n-rt* transition assigned in UV-
Vis spectroscopy . In particular, the transitions of nitrate ion at 826 and 1765 cm™ are observed in all the dried

samples and the transitions at 1393 and 1630 cm™ are less notorious in the systems prepared with chelating



agents. The bands detected between 1700-1200 cm™ correspond to contribution of carboxylates group bonded
to a metal and the presence of nitrate ion without coordination [46]. Furthermore, it is not observed an additional
band to values up than 1630 cm™ indicating the absence of carboxylates without coordination [47,48]. This
indicated that the major contribution for all the dried systems prepared with NTA or CA corresponds to the
symmetric stretching of COO™ (vs) and asymmetric stretching of COO™ (vas) [49] and it indicates that the metal
is coordinated by carboxylate groups belonging to chelating agents regardless of the molar L/Ni ratio used.

Infrared spectra of calcined systems (Figure S1) show symmetric and asymmetric bands of COO™ groups.
This carbonaceous species corresponds to wastes of the synthesis of the support. They remains after the
combustion of citric acid used in MgAl,O4 preparation at 650 °C for 3 h [29]. It is not observed differences in
the spectra of calcined samples when NTA or CA is used in the impregnation solutions. This indicate that the
vibrational nature of oxide species is similar in all catalysts independently of chelating agent and its used
quantity.
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Figure 2. Infrared spectra of dried catalysts.

Thermal decomposition of precursor was studied under an oxidant atmosphere. Figure S2 shows the
thermograms and dweight/dt vs. temperature of dried catalysts where different weight loss events are observed.
The theoretical weight losses considering that precursor decomposition leads to NiO are shown in Table S1.
The experimental values are lower than the theorical ones, except for the NiCA(0.5) sample. Similar results
were observed with catalysts prepared with EDTA [29], suggesting that the decomposition began in the dried
step. In the sample free of chelating agent, NiL (0), the weight loss up to 100 ° C could be assigned to the

elimination of physisorbed water, and that at 300 ° C corresponds to the combustion of the precursor to produce



NiO [50]. For the NiNTA(x>0) systems are observed differences in the number of weight loss events associated
to decomposition of different precursor species. NiNTA(0.5) shows significant weight loss from 230 °C to
constant weight at 400 °C. The maximum decomposition temperature at 245 °C is associated to the
decomposition of the nickel aguocomplex and the complex with NTA. The maximum decomposition
temperatures are detected at 231, 294 and 360 °C for NiNTA(1), while two weight loss events are observed at
245 °C and around 375 °C for NINTA(2). The latter event is related with to decomposition of free NTA. In the
NiINTA(x>0) systems are not possible dismiss the Ce-NTA complex formation. NiCA(0.5) only shows a weight
loss at 245 °C, while in NiCA(1) are observed three weight loss events at 233, 278 and 358 °C. The main weight
loss is showed at 243 °C and a smaller one at 393 °C for NiCA(2). The presence of a weak peak between 300
and 500 °C is only observed in NiCA(1) sample. Probably the interaction between CA and Ce is negligible, its
stability constant is lower in comparison with NTA. Wang et al. [44] have studied the decomposition in air of
Naz[Ni(CA)]. These authors have identified two combustion events: a weight loss between 30-340 °C attributed
to coordinated water removal and CO; release, and the latter in the range of 340-520 °C to the combustion of
the organic component. They did not observe mass changes at temperatures below 300 °C, and considered that

some of the H,O had been incorporated into the structure of the complex like [Ni(CA)(H20)3].

3.3. Fresh and reduced catalysts

Table 3 shows the values of chemical composition obtained for the catalysts. Nickel and cerium content were
lower than the nominal values probably due to the precursor salts are easy to hydrate. For NiNTA(2) and
NiCA(2) the Ni values are higher and this fact will contribute to its performance catalytic. N
adsorption-desorption isotherms are shown in Figure S3. The isotherms are 1V type with H2 hysteresis for all
the catalysts in this work, this is typic for mesoporous solids with cylindric porous or aggregates or agglomerates
of spherical particles with non-uniform size and shape [51]. The Sger values are presented in Table 3. A decrease
in all the catalysts respect to the support, MgAl,04-CeO;, Sger = 102 g/m? is observed. This decrease could be
related with the thermal treatment after the impregnation step or the porous blockage by NiO phase impregnated
[52]. The Sger for the catalysts is not affect for the nature of the chelating agent and for the molar ratio L/Ni.
Porous volume distribution (Figure S3) is similar for all the catalysts independently of precursor used in the
synthesis. The catalysts have larger porous respect to MgAIl,04s-CeO,, with a high contribution of porous
between 2 and 8 nm and an increase in the porous size associated with decomposition of precursor during the

calcination step [53].

Table 3. Some properties of catalysts synthesized with NTA and CA.
Sample Niwt.% CeO,wt.% Sger (M%g) dpore (NM)  Vpore (cmM?/g)
NiL(0) 5.7 4.4 88 4.9 0.14
NiNTA(0.5) 6.5 4.7 95 4.7 0.14




NINTA(1) 6.3 5.4 92 5.8 0.17

NINTA(2) 8.2 5.6 99 5.0 0.15
NiCA(0.5) 6.8 5.2 91 5.0 0.13
NiCA(1) 5.0 4.5 80 54 0.14
NiCA(2) 9.0 4.5 94 4.9 0.15
MgAIl,0,-CeO,  -- n.d. 102 4.4 0.08

n.d.= not determined

X-ray patterns of fresh catalysts are shown in Figure 3. MgAl,O4, CeO, and NiO phases are observed in all
the catalysts. Table 4 shows the crystallite size of NiO and CeO; phases determined by Scherrer equation
(between brackets) using the peaks in 20 = 43° and 28°, respectively. The broadening of the peaks in 26 = 43°
of the NiO phase shows that the use of NTA promotes the formation of smaller NiO crystallites regardless of
the amount of used NTA respect to the NiL(0). In addition, NINTA(1) and NiNTA(2) samples show a
broadening of peak in 26 = 28° corresponding to CeOy, this effect is less notorious in NiNTA(0.5) system.
MgAIl,04-CeO; support is used without calcination and it has verified that a CeO; dissolution occurs during
impregnation step [29]. Similar results were reported by Santolalla-Vargas et al. [54] in the preparation of W
catalysts. The authors indicated a redispersion of W on the surface when the impregnation solution containing
CyDTA as a chelating agent is mixed with dried y-Al,O3 support promoting the formation of different W species.
0.5 NTA mol per Ni mol would promote the complexation only of Ni?* ion while a higher amount of NTA (
NTA:Ni = 1 or 2) could also afford an interaction with Ce®*" in the solution. The redispersion of ceria on the
NiNTA(L1) and NiNTA(2) samples allows its redeposition as amorphous particles or smaller crystallites. CeO;
crystallite size reduction induces changes in its properties allowing an effective interaction with nickel phases
on the surface. Moreover, this interaction between Ni and Ce promoted by the use of chelating agent has started
in the impregnation solution [27,55]. The use of the CA also promotes the NiO crystallite size decrease and a
slight effect in those of CeO,, Table 4. This allows to infer that the CA rather interacts with Ni?* and not with
Ce*, in agreement with that observed by TG analysis (Figure S2).
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Figure 3. XRD patterns of fresh catalysts.

X-ray diffractograms of reduced catalysts are shown in Figure 4. MgAl,O4, CeO,, Ni and NiO phases are
identified in all diffraction patterns. The crystallite sizes of the phases are shown in Table 4. The presence of
NiO phase reveals that reduction during 45 min at 650 °C under H2/N> flow was incomplete. The intensity of
this peak in 26 = 43° is high in the NiL(0), NiNTA(2) and NiCA(1) samples related to the presence of major
amount of Ni®* species hard to be reduced. Between 50 and 53° is observed a Ni°® peak. Ni° crystallite size of
catalysts prepared with NTA follows the order: NiINTA(2) ~ NiNTA(0.5) < NiL(0) ~ NiNTA(1). The CeO;
crystallite size follows the order: NINTA(2) ~ NiINTA(1) < NiL(0) ~ NiNTA(0.5). The use of the molar ratio
NTA/Ni=2 generates smaller Ni® and CeO, crystallites. XRD of NiNTA(2) also shows a high intensity of NiO
peak, probably by an excess of nickel content in this sample. The use of CA leads to smaller Ni° crystallite size
respect to NiL(0), Table 4. In NiCA(x) systems, the Ni° crystallite size follows the order: NiCA(2) < NiCA(0.5)
< NiCA(1) < NiL(0). The CeO, crystallite size follows the order: NiCA(2) < NiCA(0.5) ~ NiCA(1) < NiL(0).
Li et al. [56] have reported a decrease in the size of NiO crystallite and Ni° in reduced Ni/SiO, catalysts
calcinated at 500 °C and prepared in the presence of citric acid. These authors reported that the smallest

crystallite size was obtained using a molar CA/Ni ratio of 1.5.
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Figure 4. XRD patterns of reduced catalysts.

Table 4. Crystallite size of reduced catalysts from Rietveld refinement.

dXRD dXRD dXRD dXRD

Sample Ni NiO Ce0, MgAl,0,4
(nm)  (nm)* (nm)* (nm)
NiL(0) 40 13.0(13.1) 6.0(46) 5.3

NiNTAQ.5) 22 59(71) 61(89) 52
NiNTA(1) 40 6.6(93) 27(~4) 50
NiNTA(2) 20 6.6(95 19(5) 50
NiCA(05) 26 43(88) 4.4(60) 4.9
NiCA(l) 33 74(124) 44(63) 49
NiCA2) 21 65(93) 32(75) 49

* Values between brackets correspond to crystallite size of fresh catalysts

obtained with Scherrer equation

The DR UV-Vis-NIR spectra of fresh catalysts, Figure 5, shows that the phase NiO is the predominant one
on the catalysts and there has not been influenced by the chelating agent or the employed amount in the
synthesis. This behavior is related to the stability of the support not allowing the nickel spinel formation. The

most intense band at 263 nm would be associated to process of charge transference between O — Ni** [39].



Bands around 720 and 1190 nm would correspond to Ni?* transitions with an octahedral environment. The bands

at 583 and 624 nm associated to the presence of NiAl.O. phase were not detected [57,58].
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Figure 5. DR UV-Vis-NIR spectra of fresh samples.

This indicates that all the catalytic systems exhibit Ni?* species with a similar coordination environment
regardless the addition of NTA or CA.

From TPR profiles is possible to identify the influence of amount of chelating agent used in the synthesis on
the reducibility of different species, Figure 6. All the TPR profiles are broader indicating the presence of
different species. From a comparison with some results reported in literature on reducing systems containing
Ni, Ce, Mg and/or Al, Table 5, the peaks in the TPR profiles could be assigned to the following species:

a species (between 200-400 °C): CeO; surface reduction and/or NiO amorphous species reduction;

S species (between 400-600 °C): reduction of Ni?* species interacting with CeO, and/or Ni?* species slightly
interacting with MgAlI,Oyq;

y species (between 600-800°C): reduction of Ni?* with a high interaction with MgAl,Oy;

o species: reduction of CeO; bulk above 750 °C.

The yspecies were only assigned to Ni*>-MgAl,O, interactions due to the absence of DR UV-Vis-NIR bands
associated to NiAl>Oa, Figure 5.

The reduction profile of NiINTA(2) is similar to NiL(0), although the y species reduce to higher temperatures.
The same is observed in NINTA(0.5) sample. The sharp peak on the TPR profiles of systems prepared with
NTA is associated with [ species indicating that this chelating agent promotes an intimate contact between Ni**

and CeO.. NiNTA(1) profile suggests a major contribution of B species in comparation with the other



NTA-systems. This redox behavior was verified by performing a complementary TPR experiment up to a final
temperature of 700 °C on an automatic Micromeritics AutoChem Il equipment. The profile showed the same
behavior, Figure S4. Also, NiCA(0.5) and NiCA(1) have a notorious presence of species with intermediate
reduction temperatures between 400 and 600 °C. TPR profile of NiCA(2) is similar to NiL(0), but it is evidenced
a major contribution of [ species. The use of NTA or CA produces the reduction of y species at higher
temperature and promotes a major contribution of 3 species that reduce at a lower temperature respect to NiL(0)

regardless of amount of chelating agent used.



Table 5. Reduction of Ni?* and/or Ce** species in the literature.

Catalytic system TPR conditions Reduction events Ref.
The incorporation of;
Hydrotalcites 10 °C/min —Ce produces a reduction of nickel spinel at lower temperatures. [45]
Ni-Mg-Al-Ce 80 mL/min Hx(5 %)/N; ~Ni?* into the CeO; network forms a solid solution allowing reduction to lower temperatures that overlap with the
less interacted Ni?* reduction peaks.
The reduction starts in the Ni-Ce/MgAl,0, system at 200 °C.
Ni (10 Wt.%)-Ce (2.5 10 °C/min The surface.reduction appears at temperatures above 350 °C with the increase of Ce.
Wt.9%))/MgAL,O, Ha(10 %)/Ar The peak at: e [55]
' -550 °C is attributed to Ni?* species in interaction with CeO,
—780 °C is attributed to reduction of complex NiO species that interact strongly with MgAI,O4.
. o . The peak at:
Ni (7 wt.%) 10 °C/ min —-450 °C is attributed to superficial reduction of CeO, [59]
/CeO-MgO 50 mL/min Ha(5 9%6)/Ar —315 °C is attributed to reduction of bulk NiO.
Ni/MgO (2.5, 6.25,y a species assigned to the reduction of bulk NiO or free NiO without direct interaction with support or species
12.5 wt.%)-A1,03 10 °C/min with a very weak interaction. [60]
Ni from Ni(II)- 40 mL/min Ha(5 %)/Ar 1 species are NiO species in a Ni-riched mixed with greater interaction than a species.
ethylenediamine 2 2 species attributed to NiO in a Al-riched mixed phase.
(en/Ni=2) v species assigned to the Ni spinel strongly associated with the spinel structure.
Ni (L5, 4.5,y 10 10 °C/min The broad peak betweer_1 300 and 400 °C is attributed to reduction_of NiO. _ _
Wi %)/l'\/IgAZIzOz; 40 mL/min Ha(10 %)/N; The small shoulder at high temperatures_corresponds to the rt_EdUCtIOF_] of th_e aluminate phase of Ni [61]
' The peak at low temperatures of large NiO particles without interaction with the support.
Hydrotalcites 10 *C/min The peak around 800 °C is attributed to the reduction of NiO with strong interaction with MgO and/or Al,O [62]
Ni (> 9Wt.%) /Mg/Al 30 mL/min Ha(5 %)/N; P g g 203
Ni/xMg-ATP Peaks between:
x=0, 10 °C/min —-300-500 °C attributed to NiO with a slight interaction with y-Al,Os. [63]
5, 10, 20 wt.% 40 mL/min Hz(10 %)/Ar —500 and 700 °C attributed to a solid nickel-aluminate solution.
ATP: attapulgite —700 and 900 °C attributed to NiO species with strong interaction with y-Al,Os3.
Ni (8 wt.%)/ . The broad peak at 265 °C is attributed to the reduction of NiO that interact weakly with the spinel.
MgAl,04 30 mL/min Hz(10 %)/N; The peak at 710 °C to small NiO particles with strong interaction with the support. [64]
Mixed oxides 10 °C/min : : : : : : :
CeNi,Oy 33 mL/min Ha(5 %)/Ar The low temperature peak is attributed to a solid solution between Ni and Ce or small NiO particles. [65]
Peaks between:
. o~ —350-500 °C attributed to amorphous NiO.
Ni(> 9.1 wt.%)fy- 10 *C/min ~500-520 °C atributed to crystal NiO. [66]

Al,O3

40 mL/min Hz(5%)/Ar

—520-700 °C atributed to NiAl,Oy (a deficient-Ni-state compound).
—650-800 °C atributed to NiAl,Oa.
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Figure 6. TPR profiles of fresh catalysts.

The influence of the amount of NTA or CA on redox properties is also studied by X-ray photoelectron
spectroscopy. XPS spectra are shown in Figure 7. Fresh catalysts were reduced ex situ at 650 °C for 45 min in
H2(5%)/N, flow. Before recording XPS spectra,the samples were in situ reduced at 400 °C for 10 min in the
pre-chamber of the equipment, in order that the contribution by Ni° oxidation in contact with the atmosphere
can be considered negligible. The presence of Ni?* in the reduced samples is related to the used reduction
conditions, in line with what was observed in the XRD patterns, Figure 4. Binding energy (BE) values of the
different peaks belonging to Ce 3d and Ni 2p are presented in Table 6. A slight decrease in BE values of Ni 2p
is observed with the use of NTA and CA. This decrease is an indication that the addition of chelating agents
increases the electronic density of Ni species. A "memory effect" of Ni species seems to be present generating
distinct environments in the catalysts prepared from chelating agents [67]. It has been reported that the decrease
in BE of Ni 2psy is related to higher interaction between Ni and CeO, [58,68], which it has been also identified
with the increase in the atomic ratio Ce/Ni° for catalysts prepared with chelating agents. In the Ce 3d region,
peaks belonging to Ce** and Ce** are also observed. The presence of the Ce®*/Ce** redox couple participates in
carbon removal reactions and its presence increases tolerance to carbon deposition, Table 7. The values of the
Ce**/Ce* ratio are higher in the NiNTA(1) and NiNTA(2) systems, being equal to 1.5, while for the sample
prepared without chelating agent or with 0.5 mol of NTA, the Ce®*/Ce** ratio is 0.7. This increase in the degree
of surface reduction of ceria is associated with an improvement oxygen mobility [69], due to the nanometric
size of the ceria and its better interaction with nickel. The higher Ce3*/Ce* ratio values correspond to systems
with smaller crystallite sizes of CeO,, NiNTA(1) and NiNTA(2), Table 4. For the NiCA(1) sample, the



Ce*/Ce* ratio is 1.0. As it was already mentioned, the presence of the Ce**/Ce*" redox couple participates in
carbon removal reactions and its presence is key for increasing carbon deposition tolerance. The Ni%Ni surface
ratio, considered as a measure of Ni° dispersion, increases with the increase of NTA in NiNTA(X) systems,
Table 7. However, it do not show a clear dependence with the amount of CA. The obtained values for NiCA(x)
are very similar to each other, in line with the smaller differences in crystallite sizes determined by XRD. It can
be inferred that the addition of CA in the preparation produces slight changes in Ni® dispersion. The Ce/Ni°
surface ratio, considered as a measure of the Ni-CeO; interaction, changes with the NTA/Ni molar ratio and
follows the order of NiL(0) (1.26) < NINTA(0.5) (1.70) < NiNTA(2) (1.82) < NiNTA(1) (2.80). The highest
value is obtained for the NiNTA(1), catalyst what presented a TPR sharp peak related to the reduction of Ni%*
species interacting with CeO, (B species). In the same way, the Ce/Ni° surface ratio clearly increases by using
CA in preparation, following the order of NiL(0) (1.26) < NiCA(0.5) (2.21) <NiCA(1) (2.27) <NiCA(2) (2.30).
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Figure 7. XPS spectra of reduced catalysts.
Table 6. Binding energy from XPS of Ni 2p and Ce 3d.
Ni 2p3/2 (eV) Ce 3d5/2 (eV)
Sample . . . .
Ni° NiO  Ni%;:  NiOgat Vo v v v’ v
NiL(0) 852.2 855.2 857.7 861.8 880.9 8849 8817 886.4 898.8
NiNTA(0.5) 851.7 8548 857.7 8613 880.0 884.8 8819 886.9 897.7
NiNTA(1) 8519 8547 8574 861.3 880.6 884.8 8820 886.3 898.0

NiNTA(2) 851.9 854.8 856.9 860.8 880.6 884.7 8824 886.8 8978



NiCA(0.5) 8514 8549 8572 861.2 880.3 8850 8820 8873 897.8
NiCA(1) 851.8 854.7 856.8 861.0 880.7 885.0 8819 886.0 8978
NiCA(2) 8519 8549 8579 8614 8809 8850 8823 887.1 897.8

Table 7. Surface atomic ratio from XPS of reduced catalysts.

Sample Ce®'Ce* NiYNi?* Ce/Ni® Ni%Ni Ni/Z* Ce/Z*
NiL(0) 0.7 0.5 1.26 0.33 0.09 0.04
NiNTA(0.5) 0.7 03 170 025 012  0.05
NIiNTA(L) 15 0.5 2.80 0.34 0.07 0.06
NiNTAQ2) 15 0.4 182 042 013  0.09
NiCA(0.5) 0.6 0.4 2.21 0.29 0.09 0.06
NiCA(l) 1.0 05 227 032 006 0.04
NiCA(2) 0.4 0.3 2.30 0.24 0.11 0.06

* ¥= Ni+Ce+Al+Mg

Representative HRTEM images of NiL(0), NINTA(1) and NiCA(2) samples are shown in Figure 8. From
these images is possible to identify different phases. These systems revealed the presence of Ni° NiO, CeO
and MgAl.Oq crystalline phases. The Fourier Transform images in different zones of the reduced catalysts show
spots at 0.25-0.26 nm and 0.21 nm corresponding to (1 1 1) and to (2 0 0) crystallographic planes of NiO,
respectively; spots at 0.25-0.26 nm and 0.20-0.21 nm corresponding to (3 1 1) and to (4 0 0) planes of MgAl,Oyq;
spots at 0.26 nm and 0.30-0.33 nm corresponding to (2 0 0) and (1 1 1) planes of CeO, and spots at 0.19-0.21
nm of (1 1 1) plane of Ni°. In the images CeO; particles with sizes less than 10 nm are observed in concordance

with the crystallite size obtained from XRD, Table 4.
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Figure 8. HRTEM images of reduced catalysts.

3.4. Ethanol steam reforming

All catalysts were tested in ethanol steam reforming reaction, Figure 9. Under the operation conditions
(without bed dilution and ycarson = 9.2 %) used in this study, an early deactivation on the catalysts could be
observed. As already mentioned, all catalysts were in situ reduced before an experimental run. For catalysts
prepared with NTA, the ethanol conversions were higher than 80 %. In particular, the NiL(0) and NiNTA(1)
catalysts were the most active, presenting average conversions of 98 and 97 %, respectively, with a slight loss
of activity with operating time. The NiNTA(0.5) and NiNTA(2) samples were less active with average
conversions of 86 and 91 % and a loss of activity in the order of 11 % after 7 hours in operation. The main
products were H, CO and CO- and less amount of CH., CH4O and C;Ha. Selectivity to H, exceeded 60 %. Its
average yield, expressed as H, mol per ethanol-fed mol, follows the order: NiNTA(0.5) (4.3) < NiINTA(2) (4.6)
< NiL(0) (5) < NiNTA(2) (5.3 mol Ha/mol C;HsOH). The NiL(0) system had the lowest selectivity to COx,



around 43 %, while those systems prepared with NTA reached values of 50 %. CO selectivity was higher for
the chelating-free system, being lower for NINTA(0.5) and NiNTA(2) systems. For NiNTA(0) and NiNTA(1),
the selectivity to minority products: CH4, C2H4O and C;Ha., were below to 6 %; while in NiNTA(0.5) and
NiNTA(2), the formation of these products was higher with significant selectivities to CHsand to C;H4O. In all
systems, selectivity to CoHs was lower than 1.5 %. The higher selectivity of methane, of course, affects
selectivity to H, [70]. CH4 can be formed by the decomposition of ethanol (C.HsOH — CH4 + CO + Hy), and/or
by the methanation of CO and CO;[71,72]. The catalytic results of the NiNTA(2) system are unexpected, taking
into account its smaller size of the Ni°and CeO; and the high Ce**/Ce** ratio. The presence of a higher amount
of Ni in its oxidized form, at the beginning of the reaction and after reduction (XRD of the reduced system,
Figure 4), possibly affects the different stages in the reaction mechanism, promoting secondary reactions of
formation of CH., C2H40O and C;H4. The best catalytic behavior was observed for the NiNTA(1) catalyst, which
corresponds to the stoichiometric ratio of the most stable complex between nickel and nitrilotriacetic acid.
Although, in NINTA(1) was evidencied a slight deactivation that could be related to the type of carbon on the
surface.

For all catalysts prepared with CA, the ethanol conversions were higher than 90 %. The products distribution
showed slight variations. The major products were Hz, CO2 and CO, being the selectivity to H, higher than 80
% in all cases. The NiCA(2) system exhibited a complete ethanol conversion during 7 h, while the other three
CA-systems showed a slight decrease in activity. Its H, average yield follows the order: NiL(0) (5.0) <
NiCA(0.5) (5.2) < NiCA(1) (5.5) < NiCA(2) (5.6 mol Hz/mol C,HsOH). The great differences were on the
guantity of secondary products, such as CH4, C2H4O and C;Hs. The use of CA in the synthesis leads to an
increase in the amount of CHa. Thus, the NiCA(2) catalyst produced significant amounts of CH,4 as secondary
product. C,H40O and C;H4 were also observed in small quantities on NiCA(0.5) and NiCA(1). For NiCA(1) a
slight decay in CH,4 production with an increase in C2H4O was detected with time on stream, perhaps by a loss
of activity in the C;H4O decomposition reaction [8]. From an analysis of these results, the NiCA(2) catalyst
showed the best catalytic behavior. This sample presented the smallest Ni° crystallite size and a high Ce/Ni°
ratio. Besides, the CA:Ni molar ratio corresponded to the stoichiometric ratio to form the most stable complex
between nickel and citric acid.

A direct comparison of catalytic behavior between Ni catalysts tested in ESR is difficult due to not only
catalyst features (metal percentage, support, modifiers, etc.) and synthesis conditions (different precursor salts
and preparation methods) but also to significant changes in the reforming conditions (water/ethanol molar ratio,
temperature, catalyst weight, degree of bed dilution, percentage of ethanol in the feed and activation conditions).
Bepari et al. [45] studied a series of cerium-promoted Ni-Mg-Al hydrotalcite catalysts in the ESR. The best
performance was obtained at 540 °C (operation conditions: 3.0 gca, Water/ethanol molar ratio = 9 and space-
time of 22.04 kgcah/kmol of ethanol fed) for the 5.5 % Ni and 10.5% Ce catalyst. Under this condition, about
97 % of ethanol conversion was obtained with a H; yield of 4.3 mol Ha/mol C;HsOH, also were detected COy,
CO and CHg as products. Stowik et al. [19] prepared a Ni/CeO; catalyst using an aqueous solution of nickel
nitrate with citric acid CA (Ni/CA =1), calcined at 420 °C and reduced with hydrogen at 420 °C for 1 h. This



catalyst was 100 % active in the ESR (operation conditions: 0.1 gca With dilution and water/ethanol molar ratio

=12) at 420 °C for 30 h, the main products were H (68 to 75%), CO, (58 to 60%) and CH4 (41 to 35%) with
traces of CO and C,H4O.
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Figure 9. Ethanol conversion and product distribution in ethanol steam reforming during 7 h.
T =650 °C, Ru20/comson = 4.85, Ycomson = 9.2 %.

3.5. Spent catalysts

The diffraction patterns of used catalysts are shown in Figure 10. MgAl,O4, CeO2, NiO and Ni° phases are
detected. The spinel and ceria are stable under the reaction conditions. The characteristic peak at 26 = 51.8°
belonging to Ni° is clearly detected, showing that the systems remained active during the reaction time. This
peak remains broad indicating that the nickel crystallites are nano-sized even under reaction conditions.
However, it is not possible to dismiss a slight sintering of the active phase. The presence of residual NiO is also
observed in 20 = 43.1° mainly in NiINTA(0.5), NiNTA(2) and NiCA(1) systems as a consequence of incomplete
reduction, although no reoxidation of the active phase is ruled out. The intensity of this peak is lower than that
observed in fresh samples (Figure 3), suggesting that the reduction has continued under the reactive atmosphere.
NiNTA(1), NiCA(0.5) and NiCA(2) reveal less residual amount of NiO, which would indicate that these

systems would have Ni?* species easier to be reduced. The intensity of the characteristic graphitic carbon peak



at 26 = 26° is higher for the NiL(0), NiNTA(0.5), NiINTA(2) and for NiCA(x>0) systems and is almost
undetectable to the NINTA(L) system.
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Figure 10. XRD patterns of spent catalysts after 7 h of ethanol steam reforming.

The thermograms of the catalysts used are shown in Figure S5. The weight loss of the samples under an
oxidizing atmosphere mostly corresponds to the combustion of carbon deposits formed during the reforming
reaction. It can be observed that the NiNTA(1) system has a small weight loss of about 2%, in accordance with
those observed by XRD, Table 8. The other NTA catalysts show 32 and 35 carbon % for the NTA/Ni ratios of
0.5 and 2, respectively. The NiNTA(1) system showed larger Ni crystallite sizes than the other ones but small
CeO; crystallite size, which enhances its oxygen release and storage properties [27] and would allow a
cooperative work with Ni°. In addition, it has a high Ce**/Ce** surface ratio and the highest Ce/Ni° ratio, Table
7. In the NiNTA(0.5) system, the amount of carbon can be attributed to differences in the degree of interaction
between phases Ni and CeO,, and partially related to the metal particle size. Reduced NiNTA(0.5) system
presented the largest crystallite size of CeO, (Table 4) and low Ce**/Ce** and Ce/Ni°. In addition, the XRD for
the NiINTA(0.5) and NIiNTA(2) systems reveal the presence of residual NiO, which would affect their
performance in the reaction under the operation conditions used in this work. Maximum combustion
temperatures of carbon deposits are lower in NTA-prepared catalysts, Table 8. Lower combustion temperatures
are advantageous when considering catalyst regeneration procedures. For the NIiNTA(1) system, the
temperature decrease is greater than 100 °C.

In the CA-prepared systems the percentage of carbon deposited is similar in all samples. The NiCA(x>0)

samples have similar properties, the main differences are related to the XPS surface ratios (Ce**/Ce** and Ce/Ni°



ratio), Table 7. However, differences in combustion temperature are observed, associated with graphitization
degree of carbon deposits. This would allow the use of a lower temperature (in the order of 50°C less) when

implementing a regeneration strategy.

Table 8. Carbon amount and maximum combustion temperature from TGA-TPO of catalysts after 7 h in

reaction.
Sample Tmax (°C)  %C  mgC/gcach
NiL(0) 702 22 30.6
NiNTA(0.5) 633 32 45.6
NiNTA(1) 537 ~2 ~14
NiNTA(2) 630 35 47.3
NiCA(0.5) 644 20 28.6
NiCA(1) 639 29 374
NiCA(2) 653 28 377

The Raman spectra of NiNTA(X) and NiCA(X) systems are shown in Figure 11. The Raman spectra of the
first-order region correspond to carbonaceous zone on the catalysts [73]. These spectra were deconvolutioned
in five contributions according to reported by Sadezky et al. [74]. The deconvolution of the spectra was
performed using Lorentzian curves for G, D1, D2 and D4 contributions and using Gaussian curve for D3
contribution. The G band around 1580 cm™ is associated with the E,q optical mode of graphite or sp® carbon
materials [75]. The D bands are characteristic for disordered graphite and its intensity relative to the G band
increase with increasing degree of disorder in the graphitic structure [74]. The D1 band around 1340 cm™
corresponds to a graphitic lattice vibration mode with Ay symmetry [74]. The Ipi/lg ratio increases with the
amount of disorder [76]. The band positions and Raman ratios are shown in Table 9. The Ipi/l¢ intensity ratio
were higher for the NiNTA(X) and NiCA(x) systems. Then, it could be inferred that the use of chelating agents
(NTA or CA) increases the amount of disorder on the carbonaceous deposits and it is also related to decrease
of temperature of combustion, Table 8, indicating that the carbon with a major disorder burns at less
temperature. A shift in G band positions is observed when NTA or CA were used in the catalyst preparation,

suggesting smaller crystallite sizes of the formed graphite-like carbon [77].
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Figure 11. Raman spectra of used catalysts after 7 h in ethanol steam reforming.

Table 9. Raman band positions and Ipi/l¢ ratio for used catalysts.

Raman shift (cm™)
Sample Ipi/lc  lpslle
G D1 D2 D3 D4
NiL(0) 1576 1340 1603 1508 1200 1.63 0.53
NiNTA(0.5) 1580 1339 1604 1522 1191 1.70 0.80
NiNTA(1) 1581 1338 1604 1528 1194 196 1.29
NiNTA(2) 1590 1347 1614 1530 1217 176 0.84
NiCA(0.5) 1582 1338 1604 1529 1209 190 1.25
NiCA(1) 1587 1346 1613 1530 1218 190 0.34

NiCA(2) 1585 1339 1606 1529 1212 1.85 0.58

The carbon deposition was also examined by SEM. All SEM images of the catalysts show two zones, Figure
12: (i) one with almost negligible amount of carbon deposits and (ii) other with an abundant deposition od
carbon, [78-80]. This clearly reveals that carbon deposition is not homogeneous regardless of the precursor used

in the synthesis of catalysts. SEM images of NiNTA(0.5) and NiNTA(2) show zones with a abundant amount



of filaments of different sizes and carbon free regions. For NiNTA(1), the carbon deposits appears to be
amorphous carbon type, in agreement with the high Ips/lg ratio, Table 9 [74]. The Ips/l¢ ratios for NiCA(x>0)
systems are also high, however only filamentous-type carbon deposits were observed by SEM. For NiCA(1)
catalyst, the carbon filaments seem to be longer. The carbon type is also related to the presence of secundary
products.

Nickel signal is clearly detected by EDX in the carbon regions for all catalysts, which allows to infer that
the metal particle could be at the end of the filaments, which is very common in nickel catalysts. The presence
of areas with and without carbon makes it possible to assume that their deposition is associated with the presence
of metal particles and that the bare support does not mostly contribute to the deposition mechanism or the

occurrence of secondary reactions.
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Figure 12. SEM images and EDX spectra of spent catalysts after 7 h of ethanol steam reforming.

4. Conclusions

The catalytic performance of a series of Ni/MgAl.04-CeO: catalysts were tested in ethanol steam reforming
reaction. The catalysts were prepared by the wet impregnation method using L: NTA or CA as chelating agents.
The influence of different L/Ni molar ratios was studied.

In all dried samples the presence of some complex species L-Ni on the support surface was verified.
However, in the calcined samples, Ni** species were in an octahedral environment similar to NiO without a
significant amount of carbon residues from the chelanting agent. The changes in surface properties of catalysts
were be associated to a memory effect.

Improved interactions among NiO-CeO; and Ni-CeO, were obtained by the use of chelating agents. These
interactions were revealed by HRTEM images, the behavior under reduction condictions and the increase in the
Ce/Ni° surface ratio.

The NTA addition in the preparation of catalytic systems allowed to decrease the NiO crystallite sizes. After

reduction, the Ni° crystallite sizes were smaller for NINTA(0.5) and NiNTA(2) systems. Due to the redissolution



of the ceria during impregnation with solutions containing Ni?* and NTA, the crystallite size of CeO, was also
affected, mainly with a molar ratio NTA/Ni =1 and 2.

The CA addition in the preparation of Ni catalysts promoted the formation of smaller NiO and Ni° crystallite
sizes, with a slight effect on the size of CeO- particles.

The catalysts prepared with a molar ratio NTA/Ni=1 and CA/Ni=2 exhibited better catalytic performances
in the ethanol reforming reaction under the operation conditions used. The NINTA(1) and NiCA(2) system
presented high Ce/Ni° surface ratios. The NiNTA(L) showed a high tolerance to carbon deposition while no
improvement in tolerance to carbon deposition was observed for NiCA(2). The use of chelantig agents in
catalysts preparation induced changes in the type of carbon. The carbon removal through oxidation in catalysts
prepared using NTA or CA requires lower temperatures, which is beneficial for implementing a regeneration
strategy. Although all the NiL(x) systems showed a good catalytic performance in ethanol steam reforming,
under the experimental conditions used, the best performance in term of hydrogen production were obtained
with NiNTA(1) and NiCA(2) systems. These systems were prepared using the stoichiometric molar ratios to

form the most stable complex in solution between nickel and chelating agent.
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Figure S3. N2 adsorption-desorption isotherms (A) and porous size distribution (B) of fresh catalysts.

Table S1. TGA results of precursor decomposition.

Theorical weight loss

Experimental weight

Sample Teoric reaction of decomposition %) loss (96)
NiL(0) Ni(NOs); — NiO + gas 59.1 37.8
NiNTA(0.5) 0.5 Ni(NO3), + 0.5 [NiNTA]" - NiO + gas  65.2 69.7
NiNTA(1)  [NiNTA] — NiO + gas 69.7 56.6
NiNTA@2)  [Ni(NTA)2]*— NiO + gas 82.8 76.7
NiCA(0.5) 0.5 Ni(NOs), + 0.5 [NiCA] - NiO +gas  65.3 75.4
NiCA(L) [NiCA] — NiO + gas 69.8 63.7
NiCA(2) [Ni(CA)2]*— NiO + gas 83.9 76.3
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Figure S4. TPR profile of NINTA(1) (automatic Micromeritics AutoChem Il equipment).
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Figure S5. Thermograms and dweight/dt vs. temperature of used catalysts after 7 h of reaction.



