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Abstract

Bulk Ni-Sn-O catalysts have been synthesized, tested in the oxidative dehydrogenation
of ethane and characterized by several physicochemical techniques. The catalysts have
been prepared by evaporation of the corresponding salts using several additives, i.e.
ammonium hydroxide, nitric acid, glyoxylic acid or oxalic acid, in the synthesis gel. The
catalysts were finally calcined at 500°C in air. Important changes in the catalytic
behaviour have been observed depending on the additive. In fact, an important
improvement in the catalytic performance is observed especially when some additives,
such as glyoxylic or oxalic acid, are used. Thus the productivity to ethylene multiplies by
6 compared to the reference Ni-Sn-O catalyst if appropriate templates are used, and this
is the result of an improvement in both the catalytic activity and the selectivity to ethylene.
This improved performance has been explained in terms of the decrease of the crystallite
size (and the increase in the surface area of catalyst) as well as the modification of the

lattice parameter of nickel oxide.
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1. INTRODUCTION

In the last ten years, metal-promoted nickel oxides have been intensively studied as
catalysts for the oxidative dehydrogenation (ODH) of ethane [1-18] especially those
related to Ni-Nb-O metal oxides [2-4, 6-10, 12]. In fact, nickel oxide presents a low
selectivity to ethylene (from 10 to 30% at conversion lower than 30%), depending on
catalyst preparation procedure [1-18]. Moreover, promoted [1-13] or supported [14-18]
nickel oxide changes the catalytic behavior in terms of activity and selectivity. A clear
example is observed in the case of Ni-W-O in which the reaction network for ethane ODH
strongly changes depending on Ni/W atomic ratio [5]: 1) parallel and consecutive
reactions takes place (with the formation of ethylene, CO and CO,, and with
overoxidation of ethylene) are observed over Ni-poor catalysts (in which Ni-tungstate is
mainly observed); and ii) parallel reaction (with the formation of ethylene and CO., and
without overoxidation of ethylene) are observed over Ni-rich catalysts (in which NiO is
mainly observed).

A similar trend has been also proposed in the case of the promoted- or supported-NiO
catalysts [1-18], with NiO as the main crystalline phase, in which low variations in the
selectivity to ethylene with the ethane conversion is observed (at least at ethane
conversions lower than 30%). Moreover, a strong influence of the addition of various
promoters on the nature of active sites has been observed where only few metal oxides
have shown a positive promoter effect. Thus, correlations between the valence of the
promoter and the selectivity to ethylene [4] or between the acid-base character of the
dopant cation and the selectivity to ethylene [10] have been also proposed, niobium [2-4,
6-10, 12] and tin [11, 12] being the most effective promoters of NiO.

In both cases, the crystal size of the NiO particles has been shown to decrease.

Accordingly, crystal size of NiO have been ascribed to have an important influence on



selectivity to ethylene (catalysts presenting small crystals sizes of NiO particles show a
better selectivity to ethylene than those presenting bigger crystal sizes [12]). In addition
to these, the nature of Ni species have been shown to change also depending on the metal
oxide promoter [2, 5, 8, 10], being non-stoichiometric Ni species involved in ethane
oxidation to carbon oxides, whereas stoichiometric Ni?* species seems to be involved in
the selective oxidative transformation of ethane to ethylene. Additionally, CO [11, 12]
and methanol sorption studies [10], electrical conductivity [13] and 60,/*®0; isotopic
exchange experiments [2, 8, 10-12] suggest that the presence of dopants could modify the
amount of electrophilic oxygen species which are generated on surface defects.

In view of these data, the aim of our study is to improve the catalyst performance of Ni-
Sn-0 catalysts by modifying the catalyst preparation procedure. In this sense, the catalysts
have been prepared using different additives. The influence of the preparation method on
their physicochemical properties has been analyzed using several characterization

techniques, and their catalytic properties tested in the ethane ODH.

2. EXPERIMENTAL

Ni-Sn-O mixed metal oxides catalysts were prepared through the evaporation at 60 °C of
a stirred ethanolic solution of nickel nitrate, Ni(NO3)..6H->O (Sigma—Aldrich), and tin (I1)
oxalate, SnC,04 (Sigma— Aldrich). A theoretical Ni/Sn atomic ratio of 12 was used in all
cases. In a first part, an additive (i.e., ammonium hydroxide, nitric acid, oxalic acid or
glyoxylic acid) was also added to the ethanolic solution, with an additive/Ni molar ratio
of 1.3.

In a second part, and using oxalic acid as additive, the oxalic acid/Ni molar ratio was also

varied (i.e. Oxalic acid/Ni molar ratio of 0, 0.13, 0.39, 0.65, 1.3 or 2.65). The solids were
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dried overnight at 120 °C and finally calcined in static air for 2 h at 500 °C. Nomenclature

and physicochemical properties of these catalysts are shown in Table 1.

Characterization of the catalysts

Catalyst surface areas were determined by multi-point N2 adsorption at —196 °C. The data
were treated in accordance with the BET method.

Powder X-ray diffraction (XRD) was used to identify the crystalline phases present in the
catalysts. An Enraf Nonius FR590 sealed tube diffractometer, with a monochromatic
CuKal source operating at 40 kV and 30 mA was used.

Temperature-programmed reduction (TPR) was carried out in a Micromeritics Autochem
2910 equipped with a TCD detector, in which the reducing gas was 10% H> in Ar (total
flow rate of 50 ml min™"). The temperature range explored was from room temperature to
800 °C. The heating rate was maintained at 10 °C min™".

Morphological, compositional and structural analysis of mixed oxides samples were
performed by high resolution transmission electron microscopy (HRTEM) with a field
emission gun TECNAI G2 F20 microscope operated at 200 kV, having the capabilities
of selected area electron diffraction (SAED) and energy dispersive X-ray spectroscopy
(EDX). The elemental composition and distribution of nickel have been determined by
using EDX-mapping. In order to prepare the TEM samples, the powdered samples were
treated by sonicating in absolute ethanol for several minutes, and a drop of the resulting
suspension was deposited onto a holey carbon film supported on a copper grid, which
was subsequently dried.

X-ray photoelectron spectroscopy (XPS) measurements were performed on a SPECS
spectrometer equipped with a Phoibos 150 MCD-9 detector using monochromatic AlKo

(1486.6 eV) X-Ray source. Spectra were recorded using analyzer pass energy of 30 V, an



X-ray power of 100 W and an operating pressure of 10 mbar. Spectra treatment has been
performed using the CASA software. Binding energies (BE) were referenced to C1s at

284.5eV.

Catalytic test for ethane oxydehydrogenation

The catalytic tests in ethane oxidation were carried out in a tubular isothermal flow reactor
in the 250-400 °C temperature range. The feed corresponds to a mixture consisting of
C2/O2/He with a molar ratio of 3/1/29. Typical reaction conditions used were 0.5 g of
catalyst and 25 ml mini, although both the catalyst amounts loaded and the total flows
used were largely varied to achieve different ethane conversions at a given reaction
temperature. Samples were introduced in the reactor diluted with silicon carbide in order
to keep a constant volume in the catalytic bed. Reactant and products were analyzed by
gas chromatography using two packed columns: (i) molecular sieve 5A (2.5 m); and (ii)
Porapak Q (3 m). Ethylene and carbon dioxide were the main reaction products detected
regardless of the catalysts tested. CO was also identified but generally with low
selectivity. The catalytic data shown in the present article are the average of the results
obtained in two analyses with a stabilization time of 30 min each one. Blank runs showed

no conversion in the range of reaction temperatures employed [12].

3. RESULTS AND DISCUSSION

3.1. Catalytic results for ethane oxidative dehydrogenation

The catalytic studies for ethane ODH of these samples led to different catalytic results
although in all cases high selectivity to ethylene was observed (Table 2). Figure 1
compares the catalytic performance of the reference catalyst (i.e. NS sample) with those

achieved over catalysts prepared in the presence of additives. In all cases, an enhanced



performance was observed in terms of both catalytic activity and selectivity to ethylene.
Thus, the catalysts prepared with additives showed a reaction rate at least twice that
achieved by the reference. It is noteworthy the catalyst treated with glyoxylic acid, led to
the highest activity, 6 fold than that of the reference. If considered the specific activity
(activity per surface area of the catalyst, in 10 gco m™ h'%) it can be seen that the reference
catalyst shows a similar value than that of the catalyst treated with nitric acid (NS-NA)
or those prepared with high oxalic acid/Ni molar ratios. However, catalysts prepared with
oxalic acid/Ni molar ratio of 0.13 to 0.65 present a specific activity at least 2 times that
of the reference catalyst and those prepared with ammonium hydroxide or glyoxylic acid
present a specific activity 3 times that of the reference catalyst.

Regarding the selectivity it must be mentioned that in the conversion range studied (until
25%) the drop of the selectivity to ethylene with the ethane conversions was very low for
all the catalysts tested. The lowest selectivity to ethylene was obtained with the reference
catalysts (ca. 75%) whereas the highest value corresponded to that prepared with oxalic
acid (ca. 85%).

Due to the highest selectivity observed with NS-OA-4 (and also to the remarkable higher
activity compared to the reference catalyst) we decided to undertake a more detailed study
about the influence of the amount of oxalic acid used in the preparation method of Ni-Sn-
O catalysts and their catalytic performance. Figure 2 shows comparatively the catalytic
performance of samples prepared in the presence of oxalic acid. Figure 2a shows the
variation of catalytic activity per gram of catalyst or per surface area with the oxalic
acid/Ni molar ratio in the synthesis gel. For the optimal catalyst NS-OA-3 (oxalic acid/Ni
molar ratio 0.65) the activity reported is ca. 5 times higher than that of the reference
catalyst. However, no important changes are observed at higher oxalic acid/Ni molar

ratio. On the other hand, Figure 2b presents the variation of the selectivity to ethylene



with the ethane conversion at isothermal conditions (through modifying the contact time).
A flat trend is observed for all the catalysts suggesting the low potential of these catalysts
for ethylene decomposition. It can be observed that adding small loadings of oxalic acid,
the selectivity to ethylene has been continuously growing until an oxalic/Ni mol ratio of
0.65, reaching selectivity to ethylene as high as 89%. Higher oxalic acid contents leads
to slightly lower selectivity (ca. 85%) but still higher than that of the sample without
oxalic (ca. 75%). Accordingly, the addition of oxalic acid has facilitated, in all cases, an
improvement in the catalytic performance in the oxidation of ethane (Figure 2).

The catalytic stability of two representative catalysts, NS and NS-OA-3, was studied with
the time-on-stream for 12 h. A slight decrease of the catalytic activity (ca. 10%) was
observed in both cases. It must be noted that most of the deactivation was observed for

the first two hours on line.

3.2. Characterization of catalysts

Figure 3 shows the XRD patterns of Ni-Sn-O catalysts. As it can be seen in all cases the
same peaks were detected. The most intense peaks correspond to (111), (200) and (220)
family plane of NiO (JCPDS: 78-0643) and other less intense of SnO, (JCPDS: 41-1445)
were also detected. Both the intensity and the width of the peaks vary depending on the
catalyst. Thus, the reference Ni-Sn-O catalyst and that prepared with ammonium
hydroxide presented the lowest widths and consequently the largest crystallites.

Figure 3b shows the XRD patterns of samples prepared with the presence of oxalic acid
in the synthesis gel. It can be seen widening of the NiO peaks with the presence of oxalic
acid which means a decrease in both the crystallite size (Fig. 4a) and the lattice parameter
“a” (Fig. 4b) in NiO. However for oxalic acid/Ni mol/atom ratios higher than 1.3 further

increments in the concentration of oxalic acid did not further decrease the crystallite size



(nor lattice parameter “a”). Accordingly, a similar trend in both the particle size and the
lattice parameter of NiO crystallites with the oxalic acid content in the synthesis gel can
be proposed.

In addition to changes in the crystal size of NiO, changes in the surface area of catalysts
depending on the additive used have been also observed. Thus the presence of an additive
as ammonium hydroxide hardly affect both the surface area (ca. 42 m? g!) and the NiO
crystallite size (ca. 23 nm) compared to the reference NS catalyst (Table 1). However, the
addition of nitric acid increases 2-fold of the surface area with the subsequent decrease in
the NiO crystallite size (ca. 8 nm). In a similar way, the use of oxalic and glyoxylic acids
led to an enhanced surface area (97 and 83 m?/g, respectively) and crystallite sizes of ca.
8 and ca. 11 nm, respectively. It must be indicated that in the case of samples prepared
in the presence of oxalic acid, the surface area of the catalysts strongly depends on the
oxalic acid/Ni ratios showing a maximum value of 96.6 m?g™* at an oxalic acid/Ni ratio
of 1.3. Further increases in the oxalic acid loading decrease slightly the surface area (see
Table 1). Probably an excess of oxalic acid does not participate in the mechanism for a
further decrease of the NiO crystallite size.

Figure 5 shows the temperature programmed reduction profiles for these catalysts. In the
reference catalyst, i.e. NS sample, a broad band centered at ca. 378°C related to the
reduction of NiO (and Ni**) was observed [19, 20]. If the synthesis is carried out in the
presence of nitric acid or oxalic acid similar profiles were observed but slightly shifted
towards lower temperatures (ca. 370 and 360°C, respectively). The shift of the peak must
be likely related to the lower NiO crystallite size of the treated catalysts. Differences in
the interactions between NiO particles and tin oxide particles can also be accounted for

the shift observed [11].



Different profiles are observed in the case of the samples prepared in the presence of
ammonium hydroxide (with two bands apparent at 320/375°C) or glyoxylic acid (with
two bands apparent at 320/375°C). These bands can be related to the reduction of Ni?* or
Ni3* to metallic nickel in different environments [19, 20].

In the case of catalysts prepared in the presence of oxalic acid, the TPR profiles show a
band with two shoulders which relative intensity depends on the catalyst. The first
shoulder is less intense and appears at ca. 300°C whereas the second one is most intense
and centered at ca. 345-358°C. Thus, the presence of oxalic acid in the synthesis gel leads
to an enhanced reducibility of the corresponding Ni-species.

Table 1 shows the H> consumptions in the TPR experiments undertaken until 800°C.
Similar Ho-uptake was observed in all cases suggesting non important changes in the
oxidation state of Ni-species [11].

The results of XPS analyses of SnO2-promoted NiO catalysts are summarized in Table 3,
while Figure 6 shows the evolution of the Ni2p3/2 core level spectra of the NS-OA-
series. Clear differences in the Ni2p3/2 XPS peak symmetry were observed according to
the oxalic acid amount in the synthesis gel. In general, the Ni2p3/2 XPS peak shows three
components, at ca. 854.3, 856.4 and 861.4 eV, which can be referred as the main peak
(854.3 eV) and the satellite peaks (856.4 and 861.4 eV) [5,11]. The satellite peak at 861.4
eV has been associated to the charge transfer ligand—metal [21], whereas the satellite peak
at ca. 856.4 eV has been related as a consequence of a non-local screening mechanism
[21] due to the presence of Ni%* vacancies [22], or to Ni?*-OH species [23] or Ni** ions
[24].

The intensity ratio of both satellites peaks versus the main-peak gives very useful
information about the nature of sites [5,11]. Accordingly, differences in the local

environment of the Ni atoms can be inferred, in which the different unsaturation degree
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depends on the use or not of additives in the synthesis gel and on the amount of oxalic
acid used.

For a better understanding of these catalysts a detailed microscopy study was undertaken.
Figure 7 presents transmission electron images of Ni-Sn samples with different oxalic
acid loadings. As we can observe in high magnification TEM, it is clear that the samples
present two types of nanoparticles with two different grain size, one present small
nanoparticles with size in the order of 2 nm and others with size ranging from 5 to 20 nm.
Both of them consist of homogeneous and nearly spherical grains. An aggregation of
smaller particles is also observed. TEM micrographs show a decrease in the grain size of
Ni particles when increasing the oxalic acid loading of the catalyst. Thus in the case of
the oxalic acid free NS sample particles in the 10-50 nm range are mainly observed
whereas for NS-OA-4 sample most particles are in the 5-20 nm range. Figure 8 shows a
detailed study for the NS-OA-3 sample. EDX-maps indicate the coexistence of both
metals (Sn and Ni) in the analyzed area. Also we can observe that the Ni-containing
crystal is well dispersed while Sn-containing crystals present some agglomerations. This
same trend was observed for all the samples analyzed. SAED patterns show that the
samples consist of crystalline nanoparticles of Ni that could be indexed to the NiO and a
few to SnO». As previously reported, some shift in the XRD measured lattice parameter
was observed when increasing the oxalic acid loading until NS-OA-3 while higher oxalic
acid loadings did not further affect the lattice parameter value (see Figure 4b). These
decreases in the lattice parameter could be attributed to low grain size of nanoparticles
and or to the incorporation of a small quantity of Sn in the NiO matrix. In fact, as the
control of the beam position and spot size is possible in our TEM microscope operating
in nanoprobe mode, the chemical composition in selected NiO nanoparticles of the

samples was achieved and results in the existence of a small quantity of Sn-atoms in the
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measured nanoparticles. All samples were analyzed by EDX in nanoprobe mode
revealing that the composition of smaller nanoparticles is rich in tin (about 50 % at. of Ni
and 50 % at. of Sn) while the biggest ones are rich in nickel (98-99% at. of Ni and 1-2 %
of Sn). This agrees with quantitative XPS results (see table 3), where a higher Ni/Sn ratio
is observed on the NS-OA-1 sample showing the biggest crystal size, while a decrease in

the Ni/Sn ratio is detected at decreasing NiO crystal size.

Comparing catalytic results with characterization data, the catalysts prepared with
additives showed a reaction rate higher than that observed over the reference catalyst (i.e.
NS sample). This enhanced activity could be partially related to the higher surface area
of the catalysts with additives. In addition, if the specific activity (per surface area) is
considered the values are also higher. Accordingly, this enhanced specific activity can be
also related to the higher reducibility of catalysts prepared in the presence of additives.
Thus, the catalyst with the highest activity presents the reduction profile at the lowest
temperatures. However the trend for the other catalysts is not so clear.

In the case of the selectivity to ethylene we have observed a trend between the variation
of the selectivity to ethylene with both the lattice parameter (Fig. 9a) and the crystallite
size (Fig.9b) of NiO particles; in a way that lowers lattice parameters and NiO crystallite
size, the higher is the selectivity (Fig. 9c). We must indicate that the presence of relatively
low surface acidity has a strong influence on the catalytic performance of Sn-promoted
NiO catalysts [11], since the presence of acid sites can be related to the decomposition of
the ethylene formed. Accordingly, the results presented suggest that both lattice
parameter and the crystallite size of NiO particles could have a strong influence on the
selectivity to ethylene as proposed previously for other promoted NiO catalysts [11, 12].

It is clear that, in these cases, a higher interaction between NiO and SnO; particles could
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also be favored. The decrease in both the catalytic activity and selectivity to ethylene
observed when the oxalic acid loading is high is not easy to explain. However we think it
is related to the lower amount of nickel on the surface as detected by XPS. Nickel sites
are the main active sites in the ethane activation and a decrease of the surface Ni
concentration can lead to a lower catalytic activity. At low oxalic acid contents the amount
of surface nickel decreases when the amount of oxalic acid increases but, at the same
time, a decrease in the crystallite size takes place. However after oxal/Ni ratios of 0.65-
1.3 the crystallite size does not decrease any more, and then the lower amount of surface
nickel sites involves a lower activity. Moreover, at high oxalic acid loadings the amount
of exposed tin sites increases and this can be related to the lower selectivity to ethylene

as it is known [11] that Sn oxide is hardly selective to ethylene.

4. Conclusions

Ni-Sn-O catalyst with a Ni/Sn atomic ratio of 12 is active and selective in the oxidative
dehydrogenation (ODH) of ethane. However, both activity and selectivity can be
modified by incorporating additives in the synthesis gel. In this case, oxalic acid seems
to have an interesting effect on both activity and selectivity, but this effect change with
the oxalic acid/Ni ratio in the synthesis gel. This improved performance can be explained
in terms of both an increase in the surface area of catalyst and a decrease of the crystallite
size (as well as the modification of the lattice) parameter of nickel oxide.

The optimized catalysts show higher surface area and higher reducibility and lower a-
lattice parameter and crystal size of NiO. In addition the optimized catalysts present also
changes in the nature of Ni species on the catalyst surface as proposed from the XPS

results. As a consequence for the optimized catalyst with oxalic acid presents an ethylene
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production rate ca. 6 times higher than the catalyst without oxalic acid and this is the

consequence of both a higher catalytic activity and a higher selectivity to ethylene.
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Table 1. Physico-chemical characteristics of Ni-Sn-O catalysts (Ni/Sn ratio= 12), prepared in the presence or absence of additives.

Catalyst 2 Additive Additive/Ni SeeT TPR results
Mol. ratio (m?g™Y) H, uptake® TMC ¢

NS - - 42.3 17.14 378
NS-NH Ammonia 13 42.2 17.32 375
NS-NA Nitric acid 13 87.8 17.25 359
NS-GA Glyoxylic acid 1.3 83.3 16.80 295
NS-OA-1 Oxalic acid 0.13 o57.1 17.11 358
NS-OA-2 Oxalic acid 0.39 72.3 16.90 348
NS-OA-3 Oxalic acid 0.65 87.9 16.70 350
NS-OA-4 Oxalic acid 1.3 96.6 17.24 357
NS-OA-5 Oxalic acid 2.65 82.3 16.92 355

a) Calcined at 500°C; b) in mmol/g; ¢)
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Table 2. Catalytic performance in the oxidative dehydrogenation of ethane of Ni-Sn-O catalysts (Ni/Sn ratio= 12), prepared in the presence or

absence of additives. &

Catalyst WI/F b Ethane Conversion Selectivity to  Selectivity to STY© Catalytic Specific

(%) ethylene (%) CO2 (%) Activity 9 activity ©
NS 82 12.3 75.6 24.4 31.8 42.1 1.07
NS-NH 33 11.8 77.4 22.6 78.0 108 2.56
NS-NA 33 11.8 82.1 15.9 82.8 108 1.23
NS-GA 12,5 12.2 79.6 20.4 218 294 3.53
NS-OA-1 41 15.8 81.2 18.8 87.7 116 2.03
NS-OA-2 21 10.2 84.1 15.9 117 149 2.07
NS-OA-3 16 12.2 88.5 115 185 223 2.50
NS-OA-4 41 11.9 84.3 15.7 68.6 87.2 0.90
NS-OA-5 41 143 85.0 15.0 83.1 105 1.27

a) Reaction conditions in text: reaction temperature = 350 °C; b) Contact time, W/F, in gcath (molc2)™?; ¢) STY, space-time yield in gcama

kgeart h't; d) Catalytic Activity for ethane conversion in gcors Kgear* h'%; €) in 10 gco m? ht
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Table 3. XPS analysis of Ni-Sn-O catalysts.

Sample Ni/Sn Ni2p3/2 Sn3d5/2
surface ratio Main peak  Satellite S(1)  Satellite S(11) S(H/MP 2 S(IN/MP @ Main peak
(eVv) (eV) (eV) (eV)
NS 10.0 853.9 855.8 861.1 1.46 1.22 486.6
NS-OA-1 18.7 853.7 855.7 860.9 151 1.72 486.6
NS-OA-3 6.7 854.0 856.0 861.2 1.45 1.52 486.6
NS-OA-5 4.6 854.3 856.1 861.1 1.52 1.63 486.6

a) Satellite/main-peak intensity ratio, considering S(I) or S(1) as satellite peak.
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Caption to figures

Fig. 1. Catalytic activity for ethane conversion and selectivity to ethylene for Ni-Sn-O
catalyst prepared in the presence of additives in the synthesis gel. Notes: Reaction
conditions detailed in text. T = 350°C. Selectivity at a conversion of ethane of 10%.

Catalytic activity per g of catalyst (in gc2 Kgea® h?) as in Table 1.

Fig. 2. Catalytic performance in ethane oxidation of Ni-Sn-O catalysts prepared in the
presence of oxalic acid as additive in the synthesis gel. a) Variation of the Catalytic
Activity, in gc2 kgeat* h™* (open symbols), and Specific Activity, in 107 gc2 m2 h (filled
symbols), with the oxalic acid used in the preparation procedure; b) Variation of the
selectivity to ethylene with ethane conversion at a reaction temperature of 350 °C. Notes:

Reaction conditions detailed in text; reaction temperature.

Fig.3. XRD patterns of Ni-Sn-O catalysts: a) Samples prepared in the absence (NS) and
in the presence of ammonium hydroxide (NS-NH); nitric acid (NS-NA); glyoxylic acid
(NS-GA); or oxalic acid (NS-OA-4); b) Samples prepared in the presence of oxalic acid

with different Oxalic acid/Ni molar ratio (see table 1).

Fig. 4. Variation of the crystal size of NiO particles (a) and variation of the lattice

parameter “a” of NiO crystals (b) with the Oxalic acid/Ni molar ratio in the synthesis gel.

Fig. 5. Temperature-programmed reduction patterns of: a) Samples prepared in the
absence (NS) and in the presence of ammonium hydroxide (NS-NH); nitric acid (NS-
NA); glyoxylic acid (NS-GA); or oxalic acid (NS-OA-4); b) Samples prepared in the

presence of oxalic acid with different Oxalic acid/Ni molar ratio (see table 1).
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Fig. 6. X-ray photoelectron spectra of Ni2p3/2 of Ni-Sn-O catalysts prepared with a
oxalic acid/Ni ratio in the synthesis gel of: 0 (NS), 0.13 (NS-OA-1); 0.65 (NS-OA-3);

2.45 (NS-OA-5).

Fig. 7. TEM images for Ni-Sn-O catalysts prepared with oxalic acid/Ni molar ratio in the

synthesis gel of: a) 0 (NS), b) 0.13 (NS-OA-1), ¢) 0.65 (NS-OA-3), d) 2.45 (NS-OA-4).

Fig. 8. Low magnification TEM micrographs, its corresponding selected area electron
diffraction (SAED) pattern and Ni (in green) and Sn (red) EDX-mapping of NS-OA-3

catalyst.

Fig. 9. Variation of the selectivity with the crystallite size (a) and the a-lattice parameter
(b) of NiO and variation of a-lattice parameter of NiO with the corresponding crystallite
size. Notes: Reaction conditions detailed in text. T = 350°C. Selectivity at a conversion

of ethane of 10%.
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