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ARTICLE INFO ABSTRACT

Keywords: NyO-assisted Oxidative Dehydrogenation (ODH) of ethane is an interesting way of simultaneously obtaining a
N20 highly valuable raw material (ethylene) and the functionalization of a greenhouse gas (N20). Unfortunately, over
Oxidative dehydrogenation of ethane most of the catalytic systems, this reaction presents two main drawbacks: i) high yields to ethylene have hardly
;?;ili}:;? vs electrochemistry been reported; and ii) the catalytic activity highly decreases when replacing molecular oxygen by N»O. In the
NiO present article, it will be shown that with promoted NiO catalysts, and using N2O, high activity, comparable with
Temperature programmed reaction of ethane/ that of conventional O,-assisted ODH of ethane, is achieved. Furthermore, the use of the appropriate dopant,
N»O such as niobium, allows high ethylene yields (40 %), with a selectivity to ethylene of 72 % at 55 % ethane
conversion. Overall, the catalytic results obtained indicate that the presence/absence and the nature of the
promoter determines the catalytic performance of NiO based catalysts and the selectivity to ethylene can be
explained on the basis of the electrochemical properties of the catalysts, correlating with parameters such as the
density of acceptor defects (cationic vacancies) and the charge-transfer resistance at the interfacial active sites of
the catalysts. Interestingly, the most selective catalyst (i.e., Nb-doped NiO) is highly robust as it presents stable
catalytic performance after 24 h online and Ni*" species are not reduced to Ni° even working at high temper-
atures in N,O-free conditions.

1. Introduction

N-O is a greenhouse gas present in the atmosphere with a relatively
high concentration (~330 ppb), although behind CO3 (~440 ppm) and
methane (~1850 ppb). In particular, according to the latest data from
the United States Environmental Protection Agency (EPA)[1], the
contribution of N2O to global warming has increased, and its emissions
in 2021 represents 7 % of the global contribution of gases to the
greenhouse effect. The long lifetime of nitrogen oxide in the atmosphere
(over 114 years) has caused its global warming potential to be ca. 300
times greater than that of CO,. In addition, in recent years both natural
(agriculture) and, especially, anthropogenic emissions (production of
nitric acid, adipic acid, burning of fossil fuels and biomass) have
increased, so that the concentration in the atmosphere has increased
since ~270 ppb in the pre-industrial era to 330 ppb today, 40 % of the
emissions having a human origin [1-3]. 10 % of the overall emissions of
N2O proceeds from industry and wastewater treatment, the processes for
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nitric and adipic acid production being especially important. In the
production of these acids, the emissions of N2O can be decreased
upgrading the technology to minimize NO formation, through the use
of abatement equipment or by using N,O as a reactant in useful re-
actions. In the present article, we have studied the last two approaches,
especially the use of N2O as an oxidant agent for the oxidative dehy-
drogenation of ethane.

Industrial processes which caused nitrous oxide emissions are
directly related to petrochemical industry. In particular, almost 80 % of
industrial N2O emissions are generated as a by-product in adipic acid
production [4]. N3O is concentrated and released at the top of the nitric
acid absorption tower in the adipic acid unit, while the tail gas generally
contains significant amounts of N3O, Ny, Oo, and CO,, along with trace
levels of NO and NOs. To achieve high purity of N2O from this tail gas,
researchers have developed various processes, which typically involve
absorption, adsorption, and distillation. The widespread use of these
techniques in the separation and purification of gases, due to its
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simplicity and low energy requirements, will made possible the poten-
tial use of N,O for industrial applications, such as the ethane ODH.

The use of N3O as an oxidizing agent has gained renewed attention in
the last years due, as mentioned before, to its negative impact on the
global warming and its mild oxidizing character. The use of N3O for the
oxidative dehydrogenation of ethane has been reported previously
[5-12]. Unfortunately, apart from ethylene, other undesired reaction
products, mainly CO and CO», are usually obtained. The most studied
catalysts are those based on vanadium oxides [6-8]. Vanadium sup-
ported on siliceous MCM41 material reached a selectivity to ethylene of
55-60 % at 8 % conversion (at 500 °C) using N2O as an oxidant agent
[6]. Although these results are not outstanding, a massive improvement
was observed compared to the analogous experiments using O», that, at
that conversion, the selectivity to ethylene hardly exceeded 10 %. The
best performance using nitrous oxide was reported to be due to the
absence of unselective non-lattice oxygen species which can be formed
from O but not from N,O [8].

Other materials have been also tested in the Ny,O-ODH of ethane.
Supported molybdenum catalysts can selectively activate ethane in the
presence of N,O but it requires high reaction temperatures (ca. 600 °C)
and the conversions attained are low [9,10]. In addition, the activation
energy of re-oxidation when using N2O is 98 kJ mol ™!, whereas that of
0Oy is 41 kJ mol ! leading to a re-oxidation rate at least 1700 times faster
when O is the oxidant [9]. In that article, temperature-programmed
oxidation of the pre-reduced (after TPR) catalysts was undertaken
with O3 or N3O. The oxidant consumption presented a maximum, which
was different depending on the oxidizing agent. Then, in the case of Oo,
the maximum consumption took place at 265 °C whereas in the case of
N0 the maximum was at 481 °C. This experiment confirms that oxygen
is a stronger oxidizing agent than nitrous oxide [9].

On the other hand, iron sites if properly distributed can also activate
both N2O and ethane at lower temperatures than molybdenum (ca.
400 °C). As iron on ZSM-5 catalysts have been reported to be able to
activate N,O for the selective oxidation of benzene into phenol [11] it
was proposed that these materials could be also efficient for the NyO
mediated ODH of ethane. Positively, iron modified on several zeolites
(ZSM-5, mordenite, faujasite) selectively activate ethane in the N3O-
ODH in contrast with Fe impregnated on silica or amorphous silica-
—alumina [12]. It was highlighted the importance of the net charge of
the matrix in the formation of selective iron species. Interestingly, iron
complexes accommodated in ZSM-5 channels showed the highest ac-
tivity, in which N»O oxidant was partly utilized for ethane oxidation
(towards ethylene or carbon oxides), while some part of the oxidant was
decomposed to nitrogen and oxygen.

When comparing the exchange of oxygen in the surface of NiO single
crystals with N'80, 180, and N80 [13], it was observed that N,O ex-
changes its oxygen even more slowly than molecular oxygen and tends
to decompose before the oxygen exchanges.

Currently, apart from multicomponent Mo-V-Te-Nb-O mixed oxide
catalysts [14-18], the most efficient materials for the ODH of ethane
using Oy as an oxidant agent are based on nickel oxide [19-32].
Although pure NiO presents very low selectivity to ethylene during the
ODH of ethane [33], and can be slightly improved by optimizing the
synthesis method [34], the best catalytic results are observed when NiO
is supported [19-23] or modified by promoters [24-32]. In this way, it
has been observed that when the cation added has a higher valence
(AI%F, Ga®*, Ti**, sn*t, Nb°*, Ta®" or W®™) the positive p+ hole con-
centration decreases and a removal of unselective high oxidation state
nickel oxide take place [24-32]. In this way, a correlation between the
valence of the dopant cation and the selectivity to ethylene has been
established [24,29]. In addition, the presence of electrophilic O species
seems to be necessary for the activation of ethane [30], although its
concentration must be low in order to prevent oxidation to carbon ox-
ides (CO and CO») [35].

On the other hand, materials based on NiO have been also reported
to be capable to decompose N,O at relatively low reaction temperatures
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[36-41]. Overall, NiO is among pure metal oxides one of the materials
that gets the highest NoO decomposition rate [36] and this performance
was associated to the low heat of formation of the nickel oxide. Then,
unstable oxides seem to enhance the reactivity of the active sites. The
performance of NiO can be further improved using bismuth doped NiO
catalysts, this enhanced activity being related to the presence of high
concentrations of both Ni>* and surface oxygen vacancies on NiO [37].
The addition of other dopants such as Ba and Ce to NiO (Ce; oBaj 5sNigOx
catalyst) led to an important synergistic effect, Ce facilitating the N,O
dissociation and Ba improving the O, desorption [38].

Then, the catalysts to efficiently carry out the NoO-assisted ethane
ODH require presence of catalytic sites that both decompose N,O and
activate ethane selectively. In both cases, the promotion with other el-
ements of NiO have meant an enhanced catalytic performance. In this
way, Ni-Al mixed oxides derived from layered double hydroxides [42],
sulfate-modified NiAl mixed oxides [43] and NiO—CeOy—ZrO, [44]
catalysts have been tested in the NoO-ODH of ethane, demonstrating an
excellent performance, better than that of a simple supported NiO/Al,03
catalyst [42]. The best performance of the Ni-Al mixed oxide was
attributed to the presence of isolated O™ species and a weak adsorption
of the olefin that avoids its overoxidation. On the other hand, meso-
porous Ni—Fe—Al,0j3 catalysts have been also studied for this reaction,
[45] those samples with highly dispersed Ni2*-species and iron oxide
species with close proximity, showing the best catalytic performance. In
any case, the yields to ethylene obtained did not exceed 20 %. Table S1
shows a summary of representative results reported in the literature.

In addition, it has been suggested that an increase in the proportion
of isolated electrophilic oxygen species may also favour greater ethylene
selectivity [43,46]. In this case, the isolated oxygen species would
favour an effective rupture of the C—H bonds (with easy desorption of
the olefinic intermediate), while the presence of adjacent oxygen species
hinders the desorption of the olefinic intermediate, favouring the for-
mation of the combustion product.

Surprisingly, a systematic study for the NoO-assisted ethane ODH
over promoted NiO catalysts, including the representative Nb-promoted
NiO catalyst, has not been undertaken at present, being this the goal of
this study.

In the present article, a comprehensive electrochemical character-
ization of the catalysts has been conducted to explore the electron
transfer processes driving the redox reactions involved in ethane ODH
assisted by N2O. Therefore, a deep study of NiO catalysts doped with
different promoters has been done using the Electrochemical Impedance
Spectroscopy (EIS) technique in order to determine the resistance values
of the active layers of the catalysts, the capacitance analysis of the space
charge layer (Mott-Schottky) to check the type and extent of the semi-
conductor behaviour and the cyclic voltammetry to measure the elec-
trochemical activity. Additionally, the aim is to further elucidate the role
of nucleophilic oxygen species and their correlation with ethylene
selectivity.

This work will cover two important aspects; on one hand, the study
of different doped NiO catalysts for the N5O assisted ODH of ethane; and,
on the other hand, a deep electrochemical study of doped NiO samples.
Thus, it has been established a correlation between the selectivity to
ethylene in the N3O assisted ODH of ethane and the electrochemical
properties of the catalysts.

2. Experimental
2.1. Catalyst preparation

Promoted NiO catalysts (with a promoter/Ni at. ratio of 1/9) were
synthesized through the evaporation at 80-90 °C of aqueous solutions of
nickel nitrate (Ni(NO3)2 6H20, Sigma-Aldrich) and the corresponding
metal salt of the promoter. Moreover, oxalic acid (CaH204, Sigma-
Aldrich) was added with a Ni/oxalic acid molar ratio of 1. The synthe-
sis was undertaken in a 250 mL beaker using 50 mL of deionised water
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and the corresponding salts. These mixtures were continuously stirred
and evaporated in ca. 5 h. The paste obtained was dried overnight at
120 °C in a furnace and then calcined at 500 °C in static air for 2 h
(10 °C/min temperature ramp). The promoter/Ni and the oxalic acid/Ni
ratios have been selected as they are in the range of the optimal values as
reported in the O-ODH of ethane [29].

Several cations have been considered as promoters in this study (i.e.,
Bi®T, Fe3*, In®*, ce3*, Ti** and Nb®") and the corresponding catalysts
were named as (Bi)NiO, (Fe)NiO, (In)NiO, (Ce)NiO, (Ti)NiO and (Nb)
NiO, respectively. In this way, several salts have been employed: bis-
muth(II) nitrate pentahydrate (Bi(NO3)3-5H20, Sigma-Aldrich); iron
(II1) nitrate nonahydrate (Fe(NO3)3-9H20, Sigma-Aldrich), indium(III)
nitrate hydrate (In(NO3)3-xH20, Sigma-Aldrich), cerium(IIl) nitrate
hexahydrate (Ce(NOs)3-6H20, Sigma-Aldrich), titanium butoxide
(C16H3604Ti, Sigma-Aldrich) and ammonium niobate(V) oxalate hy-
drate (C4H4NNbOg-xH20, Sigma-Aldrich).

Two different unpromoted nickel oxide catalysts have been pre-
pared. In one case, using the same procedure than in the promoted
catalyst but without the addition of the promoter salt, including the
oxalic acid addition. This catalyst has been named as NiO-I. The second
catalyst, named as NiOyef, has been synthesized just evaporating a nickel
nitrate aqueous solution, drying in furnace and a further calcination in
static air at 500 °C for 2 h.

2.2. Characterization techniques

The specific surface areas were estimated by the Brunauer- Emmet-
Teller (BET) method from N; adsorption isotherms at 77 K (— 196 °C)
measured in a Micromeritics TriStar 3000 instrument. 200 mg
(0.25-0.40 mm) of catalyst, was initially degassed under vacuum at
250 °C/2 h.

X-ray diffraction patterns were recorded with a PANalytical CUBIX
instrument equipped with a graphite monochromator, by using Cu Ka
radiation (k = 0.1542 mm) and operating at 45 kV and 4 mA. Data were
acquired over a 20 range of 10 — 90° with the scan rate of 1° min ! and a
step size of 0.02°.

Temperature-programmed reduction experiments (TPR-Hy) were
carried out in an Autochem 2910 (Micromeritics) equipped with a TCD
detector. The reducing gas composition was 10 % Hp in Ar (total flow
rate of 50 mL min_l), and using a heating rate of 10 °C min~! until
800 °C. In all cases, 50 mg of catalyst, in pellets (0.25-0.40 mm), was
used.

X-ray photoelectron spectra were collected using a SPECS spec-
trometer with an MCD-9 detector and a non-monochromatic AlKa
(1486.6 eV) X-Ray source. Spectra were recorded using a pass energy of
the analyser at 50 eV, an X-ray power of 100 W and under an operating
pressure of 10° mbar. During data processing of the XPS spectra,
binding energy (BE) values were referenced to Cls peak (284.5 eV), and
the spectra treatment has been performed using the CasaXPS software.

IR-CO were done at —170 °C using a Nexus 8700 FTIR spectrometer
equipped with a DTGS detector and acquiring at 4 cm™! resolution.
Experiments were done employing a home-made IR cell connected to a
vacuum system with gas dosing facility for in situ treatments in
controlled atmospheres and temperatures. For IR studies, the samples
(~13 mg) were pressed into self-supported wafers and treated at 200 °C
in oxygen flow (20 ml min !, using a heating rate of 10 °Cmin~!) for 2h
followed by evacuation at 150 °C, 104 mbar, for 1.5 h. After activation,
the samples were cooled down under dynamic vacuum conditions to
—176 °C followed by CO dosing at increasing pressure (0.05-2 mbar).
The cooling time from 150 °C to —176 °C was ~45 min. IR spectra were
recorded after each dosage. Spectra devolution has been done using the
ORIGIN software.

TPR-N20 experiments were conducted using a quartz micro reactor
coupled to a quadrupole mass spectrometer (MS, Omnistar, Balzers). 80
mg (0.25-0.40 mm) catalyst diluted in 320 mg CSi was pre-activated in
20 vol% O flow (18 mL min~1) at 400 °C, 1 h with a heating rate of

Journal of Catalysis 450 (2025) 116277

10 °Cmin . After pre-activation the sample was cooled down in O, flow
(18 mL min™!) to 25 °C. The cooling time from 400 °C to 25 °C was
~45-60 min. Once stabilized the temperature; the reactant feed was
switched to 1 vol% N,O/He flow 25 mL min~!. Reaction temperature
was increased up to 500 °C with a heating ramp of 10 °C min~! and the
reaction products analyzed by on line MS.

TPR-N,O/Ethane experiments were conducted using the same set up
as before and similar reaction conditions but, instead of ramping up the
temperature in a flow of 1 vol% N»O/He, a mixture of 5 vol% Ethane and
10 vol% N3O was used. The mass fragments used in the MS files are: m/z
= 28 (Ny); m/z = 44 (N2O); m/z = 18 (H20); m/z = 32 (05).

Electrochemical interfacial properties of the catalysts were studied in
a three-electrode electrochemical cell with an Ag/AgCl 3 M KCl refer-
ence electrode and a platinum wire as counter electrode. The catalysts
were connected to the potentiostat as working electrodes with 0.5 cm? of
exposed area to the electrolyte.

Electrochemical Impedance Spectroscopy (EIS) tests, Mott-Schottky
(MS) measurements and cyclic voltammetries were carried out to
characterize the catalysts, specifically their electrochemical properties
at the interface between the catalysts (electrodes) and the electrolyte.
Electrochemical Impedance Spectroscopy (EIS) is based on perturbing
an electrochemical system at equilibrium or in a steady state by applying
a sinusoidal signal (AC voltage or AC current) over a wide frequency
range and monitoring the corresponding sinusoidal response (current or
voltage, respectively). Mott-Schottky analysis involves measuring the
space charge capacitance at the semiconductor interface as a function of
potential, according to Eq. (1):

1 1 1 1 2 kT
N2 2T e N \E-Em——> @
€ Cy® Csc® Cy® eereoNa e

where Cgc is the space charge layer capacitance, Cy is the Helmholtz
layer capacitance, e the electron charge (1.60-10'"° C), go the vacuum
permittivity (8.85-1014 F/cm), ¢ the relative dielectric constant of the
semiconductor, N acceptor defects corresponding to the cationic va-
cancies, E the applied potential, k the Boltzmann constant (1.38-10"2 J/
K) and T the absolute temperature. Cyclic voltammetry measurements
were recorded to investigate the electrochemical activity of the different
catalysts.

Before EIS measurements, catalysts were immersed in the solution
for 1800 s at 0.5 VAg/AgCl. After this pre-treatment, EIS tests were
carried out applying a potential of 0.5 VAg/AgCl using an amplitude of
0.01 V and scanning frequencies from 100 kHz to 0.01 Hz. Mott-
Schottky plots were performed at a frequency of 5000 Hz, scanning
the potential from 1 to —0.5 VAg/AgCl at 0.05 V/s using an amplitude
signal of 0.01 V. Cyclic voltammetries were performed in the potential
range of —0.1 to 0.6 VAg/AgCl at 0.01 V/s. The electrolyte used for MS
and EIS tests was 0.1 M of Nay(SO)4, while for the cyclic voltammetries,
a solution of 10 mM of Fe(CN)g K4 with 0.1 M NaySO4 was employed.

2.3. Catalytic tests

N0 assisted Oxidative Dehydrogenation (ODH) of ethane tests were
conducted in a fixed-bed quartz reactor, at atmospheric pressure, in the
range of 300-425 °C, mainly at 400 °C. The reactor was heated in a
conventional tubular metallic oven. For the control of the temperature, a
thermocouple was employed. The thermocouple was located in a sheath
at mid height of the catalytic bed. The gradient of the temperature
observed along the catalytic bed was never higher than 1 °C. Silicon
carbide was used in the catalytic bed together with the catalyst to
minimize hot spots. The feed consisted of an ethane/N,O/He mixture
with a 5/10/85 M ratio. Although the ratio of the reactants was kept
constant, different experiments were carried out changing the total flow
and/or the catalyst mass (total flow between 25 and 100 mL min~! and
amount of catalyst between 0.05 and 0.5 g of catalyst) in order to ach-
ieve several contact times and consequently, different conversions. Two
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analyses in each conditions were conducted using a stabilization period
of 45 min. Reactants and reaction products were analysed by gas chro-
matography using two packed columns: (i) molecular sieve 5A (MS, 2.5
m); and (ii) Porapak Q (PQ, 3 m). About the cromatographic method, the
following cycle (with a valve to change the columns working) was used:
0-1.5 min PQ + MS (after that period hydrogen, oxygen, nitrogen and
CO entered the MS column). 1.5-10 min PQ (in this period CO, N5O,
ethane, ethylene and water exit). 10-20 min PQ + MS (in this period Hj,
Ng, O3 and CO exit). 20-45 min PQ (just in case other hydrocarbons or
acids, such as acetic acid, are formed). We must also mention that water
was not condensed as the lines are heated after the reactor until the loop
of the GC.

For comparison, some experiments were also undertaken using mo-
lecular oxygen as an oxidizing agent. In that case, for a proper com-
parison, the number of O-atoms was maintained the same as in the N3O
experiments. Then, the feed consisted of an ethane/O,/He mixture with
a 5/5/90 M ratio.

3. Results
3.1. Physico-chemical characterization of catalysts

Some representative physicochemical characteristics of the synthe-
sized catalysts are shown in Table 1. The nature of the promoters has
been selected considering that alkali or earth alkali promoters have a
deleterious effect in the ODH of ethane using O, as an oxidizing agent
[29]. Therefore, the oxidation state of the promoters in the oxide formed
when calcined in static air has been established in 3+ or higher.

The surface area of the unpromoted catalysts is the lowest (for both
cases lower than 20 m? g™1), especially in the case of the sample pre-
pared in the absence of oxalic acid (10.7 vs 18.5 m? g™ ! for samples
prepared without or with oxalic acid, respectively). This means that the
addition of oxalic acid has some positive effect for enhancing the surface
area, since an increase of ca. 75 % takes place compared to the NiOyef
catalyst. On the other hand, neither pure NiO catalysts nor doped cat-
alysts present microporosity in agreement with other authors [19-26].

The inclusion of a promoter led to an increase of the surface area
until 40-70 m? g™, depending on the metal. It means that the addition
of a heteroatom has led to the formation of smaller nanoparticles. Those
samples with Bi>" and Fe3* present the lowest surface area (40-45 m?>
g~ 1) whereas those with Ce**, Ti** and Nb>* have the highest values
(64-68 m? g™1).

The XRD patterns of unpromoted and promoted NiO catalysts are
shown in Fig. 1A. In all cases, the main phase corresponds to the face-
centred cubic NiO phase (JCPDS 47-1049). The mean crystallite size
of cubic NiO phase was the highest for the undoped reference sample
(ca. 25 nm). The simple addition of oxalic acid during the preparation

Table 1
Physicochemical characteristics of the nickel oxide-based catalysts synthesized.

Catalyst” Sger (m?2 Ho-TPR Tpax Hy-TPR Tonset NiO Crystal size
g o’ co)” (nm)*
NiO-1 18.5 305 (329, 241 17.8
358)
(Bi)NiO 41.3 313 242 11.8
(Fe)NiO 44.6 (313) 359 265 121
(Ce)NiO 66.7 337 260 9.7
(Nb)NiO 64.6 373 260 10.5
(In)NiO 55.5 397 250 9.8
(Ti)NiO 67.5 424 201 9.8
NiOyef 10.7 (290) 386 261 24.8

# Promoted NiO catalysts (with a promoter/Ni at. ratio of 1/9).

b Temperature of the maximum reduction (T,x) and temperature of onset
(Tonser) during the TPR-H, experiments; in parenthesis, reduction temperatures
for other shoulders.

¢ Mean crystallite size determined by XRD using the Scherrer equation
considering the peaks at 20 = 37 and 43° of NiO (JCPDS: 47-1049).
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procedure led to a decrease in the crystallite size until ca. 18 nm, in
agreement with the increase observed in the surface area. The doping
with different elements meant a further decrease in the crystallite size,
until 9.7-12.1 nm, depending on the nature of the promoter. For the
undoped catalysts or those doped with Fe or Nb, NiO has been the only
crystalline phase detected. However, in the case of the catalysts doped
with bismuth, indium, cerium or titanium, low intensity peaks of Bi;Og
(JCPDS: 78-1793), Iny03 (JCPDS: 06-0416), CeO (JCPDS: 34-0394)
and anatase TiOy (JCPDS: 21-1272) have been detected, respectively.

As the ethane oxydehydrogenation mainly takes place on the nickel
oxide-based catalysts through a redox mechanism [19-30], the study of
the reducibility of these samples could provide us useful information.
Temperature Programmed Reduction (TPR) profiles of the nickel oxide-
based catalysts (Fig. 1B) shows maxima that vary from 305 to 424 °C
depending on the sample. The reference NiO catalyst presents a
maximum at 386 °C with a low intensity shoulder at ca. 300 °C. The use
of oxalic acid led to an increase in the reducibility, shifting the
maximum until 305 °C, with two more shoulders at 329 and 358 °C.
These bands have been assigned to the reduction of bulk NiO. It has been
proposed that NiO of different nature, including non-stoichiometric
nickel oxide or NiO with distinct crystallite size, present different
reducibility and consequently different shoulders are visible [34,36]. In
this case, the lower reducibility of the NiO,¢f catalyst must be due to the
higher crystallite size, that makes difficult the Ni?* to Ni® transition.

The addition of the different promoters meant an important change
in the TPR profiles compared to the NiO-I catalysts [47]. Thus, the
addition of bismuth or cerium slightly changed the reduction profile,
whereas the addition of iron, niobium and, especially, titanium dis-
placed the reduction bands towards higher temperatures. The shift of the
bands can be linked to the interaction between NiO particles and the
promoters, either incorporated to the lattice or the promoter oxide
crystallites. Unfortunately, it has not been possible to relate the different
shifts with the valence of the promoter, the cation radius, the formation
of the crystallites of the oxide of the promoter or the surface Ni species
(qv. post by XPS).

The surface properties of nickel sites in unpromoted and promoted
catalysts are studied by X-ray photoelectron spectroscopy (XPS). The Ni
2p3/2 core line of the different catalysts is shown in Fig. 2 and their
values summarised in Table S2, whereas the Ni 2p core level spectra of
catalysts are shown in Fig. S1. As shown in Fig. 2, in all samples, three
components at around 853.5, 855.7 and 860.5 + 0.3 eV are observed at
the Ni 2pg/» core line, which according to the literature has been
referred as the main peak (853.3 + 0.3 eV) and satellite peaks at 855.4
+ 0.3 eV (Satellite I) and 859.9 + 0.3 eV (Satellite II) [48].

The signal at 855.4 eV has been associated to Ni>*—OH species [49],
Ni%* vacancies [50], or as a result of non-local screening mechanism
[51]. Interestingly, the intensity of the former peak at 855.4 eV versus
the main peak is similar in all samples, except in the (Nb)NiO, where it is
slightly higher (see Table S2). This may be related to different local
environment of nickel sites and is in line with the different electro-
chemical properties of the sample compared to the others, as will be
shown later.

In this way, the different environment of Ni sites is confirmed by IR —
CO employing CO as a probe molecule to determine the chemical state of
metal sites [52]. According to the IR spectra displayed in Fig. 3, Lewis
sites of higher acid character are observed in the case of the (Nb)NiO and
(Ce)NiO samples, characterised by IR bands at 2191 and 2179 cm ™ for
the (Nb)NiO sample and at 2161 cm ! for the(Ce)NiO one, compared to
that of the un-doped ones located at 2156-2153 cm™". In order to avoid
the involvement of dipole-dipole effects which shift the IR bands,
undermining accurate discussion of Lewis acid sites, the herein IR
spectra corresponds to low CO dosing (in Fig. S2 the IR at increasing CO
coverage). Thus, assuming that a higher positive CO frequency shift, v
(C=0)), corresponds to a higher Me-CO binding energy which can be
related to a higher Lewis acidity [52,53], the following trend in the acid
nature of Ni Lewis sites can be given: (Nb)NiO > (Ce)NiO > NiO-I =
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Fig. 1. XRD patterns (A) and Temperature Programmed Reduction, H,-TPR, profiles (B) of unpromoted and promoted nickel oxide catalysts. In the H,-TPR profiles,
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Fig. 2. Ni 2p3,, core line of undoped and doped NiO catalysts.

NiOyef, underlying a key role of the promoter on the nature of Ni species.
This is in good agreement to previous results for ethane ODH using
oxygen as an oxidant [29], in which the nature of surface sites seems to
be strongly influenced by the valence and the acid/base characteristics
of the metal oxide promoters, which have a great impact on the selec-
tivity to ethylene [29].

3.2. Catalytic results

The main carbon containing reaction products identified in the NoO
assisted ethane ODH have been ethylene and CO,. Interestingly, no CO
was detected. This absence of CO must be related to the high reactivity
of these catalysts for the CO oxidation to CO5 [35]. In this way, Table S3
shows the catalytic results for CO oxidation to CO; for two representa-
tive catalysts; i.e., NiO-I and (Nb)NiO catalysts. Interestingly, for both
cases, the CO conversion exceeds 99 % at only 250 °C.

Pure NiO as well as Me-promoted NiO (Me= Nb, Bi, Fe, In, Ce, Ti and
Bi) catalysts have been tested in the N2O assisted ethane ODH. As shown
in Table 2 the NiOyes catalyst presents the worse catalytic performance
since, in the reaction conditions tested, the alkane conversion achieved
is the lowest as well as the selectivity to ethylene.

This negative performance is more notorious considering that the
selectivity to ethylene decreases with the conversion of ethane. Just by
preparing the NiO-I catalyst, in the presence of an adequate amount of
oxalic acid, the selectivity to ethylene highly increases. An improvement
compared to the NiOyef catalyst is also obtained by all the promoted
catalysts. We must note that promoted catalysts have been also syn-
thesized with the same oxalic acid amount than that of NiO-I catalyst. If
working at isoconversion conditions (i.e., at 30 % ethane conversion),
the difference in selectivity to ethylene is even more notorious between
the NiOyf catalyst and the other catalysts.

According to the results obtained, the gravimetric rate (per mass of
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Fig. 3. IR spectra of CO adsorption at 0.3 mbar and —176 °C on (Nb)NiO (red),
(Ce) NiO (Green), NiO-I (blue) and NiOy.s (black) samples. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

catalyst) of the NiOy,¢ catalyst increases when either oxalic acid is used
in the preparation of catalysts or when promoters are added. The
addition of oxalic acid in the preparation of pure NiO catalysts during
the preparation method means a drastic increase in the activity of ca.
185 %. Similarly, when nickel oxide is doped the increase in the gravi-
metric rate is lower, as it varies between 50 (in the case of Fe>") and 180
% (in the case of Nb°* and Ce*"), depending on the nature of the pro-
moter. Therefore, it seems that the addition of promoters diminishes the
activity compared to NiO-I and this decrease depends on the nature of
the dopant.

The enhanced activity of the active sites of the oxalic acid treated
NiO-I catalyst is more evident if the surface area of the catalysts is
considered. Then, the specific activity per m? of the NiO-I catalyst is 3-5
times that of the promoted catalysts (Table 2), the NiOyef catalyst pre-
senting an intermediate specific activity.

For unpromoted NiO catalysts, the use of oxalic acid during synthesis
resulted in a moderate increase in surface area but a significant increase
in gravimetric rate. Consequently, the activity per surface area is still
much higher for the NiO-I catalyst. Therefore, the dramatic increase in
catalytic activity is due to the increased surface area and, especially, to
the greater intrinsic reactivity of the active sites. On the other hand, the
use of promoters tends to considerably increase the surface area but
entails a decrease in gravimetric rate. This means that the activity per
surface area decreases considerably compared to the unpromoted NiO
catalyst synthesized with oxalic acid. It is therefore plausible that the

Table 2
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addition of promoters eliminates some of the active sites. Fig. 4A pre-
sents the variation of the selectivity to ethylene with the ethane con-
version at 400 °C for some representative catalysts. In all cases, a
moderate decrease in the selectivity to ethylene has been observed when
increasing the ethane conversion. Most (Ti- and Nb-doped) and least
(pure and Bi-doped) selective catalysts behave like this at both low and
high ethane conversions. Using these non-optimized reaction condi-
tions, a yield to ethylene of ca. 40 % has been achieved with the Nb-
doped NiO catalyst.

On the other hand, for a proper comparison of the selectivity to
ethylene we have to consider the same ethane conversion and the same
reaction temperature. Then, Fig. 4B shows that comparison at 30 %
ethane conversion and 400 °C. It can be seen that all the other catalysts
are far better than the reference NiOyef catalyst. Between pure NiO and
the best catalyst (Nb-doped NiO) there is ca. 40 points difference in
ethylene selectivity.

The order of selectivity to ethylene observed is: NiOpef < (Bi)NiO <
NiO-I, (Fe)NiO, (In)NiO < (Ce)NiO < (Ti)NiO < (Nb)NiO. Thus, the
improvement in the selectivity is not observed in all cases when
compared to the optimized promoter free NiO catalyst. The addition of
bismuth means a decrease of the olefin formation whereas the inclusion
of Ce*" and, especially, Ti** and Nb®", leads to an increase in the
ethylene formation. Promoters such as Fe®* and In®* do not seem to
exert any important effect.

All the former experiments have been undertaken using an ethane to
N0 molar ratio of 0.5 (ethane 5 %, N3O 10 %). Table S4 (supplementary
information) shows experiments undertaken with the same concentra-
tion of alkane and the same amount of catalyst and total flow but
modifying the N2O concentration (increasing or decreasing the amount
of inert gas). Then, it can be seen that the ethane conversion increases
and the selectivity to ethylene decreases when the N2O concentration
increases. In these conditions, the maximum yield to the olefin was
obtained using a 10 % N2O in the fed (Table S3). Low concentrations of
N-O diminished the activity whereas high concentrations decreased the
selectivity to the olefin. A comparative study between ODH of ethane
with O or with N0 was also conducted on (Nb)NiO catalyst (Table S5).
Meanwhile the catalytic activity hardly changes using N>O as an
oxidizing agent compared to molecular oxygen, at isoconversion con-
ditions the selectivity to ethylene significantly increases 8-10 %
(Fig. S3A).

Another parameter that should be studied to check the robustness of
these catalysts is their stability with the time on line. Thus, the NyO
assisted ODH of ethane requires the catalysts to be able to activate both
N-O and ethane. Thus, activating the N,O molecule, we should observe
both carbon oxides (during ethane deep oxidation) and water (during
both ODH and deep oxidation of ethane). The amount of N»O required
for the oxidative transformation of ethane to ethylene is determined

Oxidative dehydrogenation of ethane using N,O as an oxidant agent on NiO based catalysts.*

Catalyst  Ethane Selectivity CoHy Selectivity CO, Ethylene yield Gravimetric Rate (X < Specific Activity (X Selectivity to Ethylene (at
Conversion (%)°  (%)" %)° (%)° 15 %) <15 %) X = 30 %)’
NiO-1 51.1 £ 0.2 51.8 48.2 26.5 24.4 13.2 60
(Ce)NiO 51.0 £ 0.5 57.0 43.0 29.1 27.8 4.16 64
(Bi)NiO 37.7+0.1 50.9 49.8 19.2 14.6 3.88 52
(Fe)NiO 27.0+0.1 61.7 38.3 16.7 11.0 2.46 59
(In)NiO 34.9+0.3 58.3 41.7 20.3 14.3 2.57 60
(Ti)NiO 49.2 + 0.2 67.8 32.2 33.4 24.4 3.62 71
(Nb)NiO 50.2+0.1 72.6 27.4 36.5 24.5 3.79 80
NiOyef 18.1 £ 0.1 44.0 56.0 10.1 5.49 5.13 37

2 Co/N50/He: 5/10/85 M ratio, Reaction temperature = 400 °C.
b Meae = 0.2 g; Total flow = 50 mL min L.

¢ determined at 400 °C for ethane conversions lower than 15 %.
4 activity per mass of catalyst in 10”3 molcope gene h ™2

€ in 10 molcoye m2 h 1.

f Selectivity to CoHy (%) at ethane isoconversion of 30 % determined at 400 °C (variable contact time).
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Fig. 4. A) Variation of the selectivity to ethylene with the ethane conversion for representative NiO based catalysts at 400 °C: B) Selectivity to ethylene in the NO-
assisted ODH of ethane at 400 °C, and at isoconversion conditions (30 % ethane conversion), for undoped and doped NiO catalysts. Symbols: NiOyer (ll); NiO-I (();
(Bi)NiO (@); (Ce)NiO (0); (Ti)NiO (A); and (Nb)NiO (@). Remaining reaction conditions in text. For comparative purposes, a dashed line in Fig. 4B corresponding to
the value of the selectivity of the unpromoted NiO catalyst prepared similarly to the promoted samples, is included.

according to the following equation:
CoHg + N2O —CyH4 + HyO + No

This means that for the formation of 1 molecule of ethylene, 1
molecule of NoO is required. In these experiments, we have observed
only two C-containing reaction products, ethylene and COs. In the case
of the formation of carbon dioxide, the consumption of N2O per mole-
cule of ethane reacted is much higher:

CoHg + 7 N2O -2 CO5 + 3 HoO + 7 Ny

Then, for the transformation of 1 molecule of ethane to CO,, 7
molecules of NyO are required. Considering this stoichiometry, we can
estimate the NyO conversion required by knowing the ethane conversion
and the selectivity to the reaction products. For almost all cases, the N,O
conversion measured fits very well with the theoretical one, according to
the formation of ethylene and CO;. An example of this is shown in
Supporting Information.

Fig. 5 shows a stability study undertaken for three representative
catalysts (i.e., NiOref, (Ce)NiO and (Nb)NiO catalysts) at 400 °C. In the
case of pure NiOyf catalyst (Fig. 5A), we studied the catalytic stability of
this catalyst maintaining the same conditions for 7 h and monitoring the
activity and selectivity. Interestingly, a stable performance was
observed without apparent variations in the ethane conversion or
selectivity to ethylene and the NO conversion measured fitted very well
with the theoretical one. Accordingly, no appreciable differences were
observed in the XRD pattern after and before the use. For both cases, the
only crystalline phase observed was cubic NiO (JCPDS: 47-1049) with
the main peaks at 260 of ca. 37, 43 and 63°, maintaining a similar mean
crystallite size (24.8 nm for the fresh catalyst and 24.5 nm for the used
one).

In the case of the most selective catalyst (i.e., (Nb)NiO sample)
(Fig. 5B) a further catalytic test in the NoO-ODH reaction was under-
taken at 400 °C for 7 h confirming a very stable performance. Accord-
ingly, the XRD patterns did not show appreciable differences for both
fresh and used catalysts, just with a subtle increase of the average size of
the NiO phase nanodomains (10.5 nm for the fresh and 11.0 nm for the
used sample). The surface area of the used catalyst was also very similar
to that of the fresh catalyst (64.6 vs 62.7 m2/g). For comparison, the
study of the (Ti)NiO catalyst is also presented in Fig. S3B.

Conversely, the catalyst with cerium, (Ce)NiO, presented a
completely different behaviour (Fig. 5C). In the first analysis, the ethane
conversion was ca. 50 % and the selectivity to ethylene was 55-60 %,

ethylene and CO; being the only C-containing products detected.
Interestingly, in this case, the N,O conversion measured (ca. 84 %) was
lower than that required for the formation of the reaction products (ca.
92 %). This means that the oxygen atoms from the reaction products
have proceeded not only from the N,O fed but also from the lattice of the
catalyst. However, in accordance with this observation, after 2.5 h on
line the catalytic performance drastically varied. Thus, the ethane con-
version raised from ca. 50 % to ca. 90 % whereas the selectivity to
ethylene decreased from ca. 55 % to 0 %. In these conditions, the C-
containing reaction products identified were CO, CO, and CHg.
Hydrogen was also detected as a result of the ethane reforming reaction
that also produces COx. A XRD analysis of the fresh catalyst showed the
presence of cubic NiO as a majority and CeO2 (JCPDS: 43-1002) as a
minority. However, the pattern of the catalyst after use had changed in a
way that the predominant phase was metallic Ni phase (JCPDS: 4-0850)
with main diffraction peaks at ca. 44 and ca. 52°. NiO and CeO, were
also detected as minorities. This reduction of the nickel oxide to metallic
nickel confirmed the exhaustion of the lattice oxygen, which was
necessary to carry out the reaction.

In contrast with the (Nb)NiO catalyst, the (Ce)NiO catalyst drasti-
cally changed its structure after the use in Fig. 5, forming metallic nickel.
This reduced catalyst was re-calcined at 500 °C/2 h and the surface area
measured. Unfortunately, an important decrease of the surface area was
observed in the (Ce)NiO catalyst (from 66.7 to 36.1 mZ/g).

Therefore, the nature of the promoter has an influence on the relative
ethane and N,O activation. Thus, Nb>" is a better promoter than ce*t,
since leads to higher formation of ethylene, which is less O-consumer
than CO,. Then, at similar ethane conversion (50 %) the Nb-doped
catalyst does not consume all the NoO whereas that with Ce consumes
more O-atoms than those of the N3O fed. Thus, the Nb-doped catalyst
has a balanced capacity for activating ethane and N,O to achieve sta-
bility, whereas the Ce-doped catalyst seems to have preference when
increasing the reaction temperature for the NyO activation and the
consequent CO, formation, this way creating an oxygen poor atmo-
sphere not capable to develop a stable behaviour. To the best of our
knowledge, the catalytic results presented in this article are among the
best reported up to date in the NoO-assisted ODH of ethane (Table S1),
with stable yields to ethylene of ca. 40 %. Only, sulphated NiAlO cata-
lysts [43] present similar yields but at reaction temperatures much
higher than those of the present article (600 °C vs 400 °C).
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3.3. Electrochemical properties of doped NiO catalysts semiconducting properties using Mott-Schottky plots, has been also
conducted on these catalysts in order to try to establish a relationship

Additionally, a deep electrochemical study, including electro- with their catalytic properties. Interestingly, clear correlations between
chemical impedance spectroscopy and the evaluation of the electrochemical and catalytic parameters have been detected. EIS is a
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(Left graphs). XRD pattern of catalysts both fresh and used after 7 h (Right graphs). Catalysts: A) NiO,.s; B) (Nb)NiO; C) (Ce)NiO. Reaction conditions in Experi-
mental section.



G. Sanchez-Garcia et al.

powerful technique for analysing interfacial properties at electrode
surfaces, for instance those on catalysts, i.e., it measures redox processes
occurring at the electrode interface, including charge transfer resistance
and the capacitance of the space charge layer [54-56]. It enables the
investigation of mass transfer, charge transfer, and diffusion processes at
the catalyst interface. Additionally, electrochemical processes related to
redox reactions can be modelled using an equivalent circuit comprising
electrical components such as resistances and constant phase elements.
This equivalent circuit is designed to interpret and evaluate the indi-
vidual components of the EIS system. From this model, the charge
transfer resistance (linked to the active part of the catalyst that governs
the kinetics of the redox-electrochemical reaction) can be calculated.

Journal of Catalysis 450 (2025) 116277

Nyquist (Fig. S4-A) and Bode-module (Fig. 6A and Fig. S4-B) plots
have been undertaken for the different studied catalysts. The Nyquist
plot displays the negative imaginary impedance (—Z’’) against the real
part of the impedance (Z’), while the Bode module plot presents the
logarithm of the impedance modulus (|Z|) as a function of the loga-
rithmic scale of the frequency. Through a careful study, which is
explained in detail in Supporting Information, an evident correlation
between the charge transfer resistance of the catalytic active parts of the
samples (R; values) with the selectivity to ethylene has been observed.
That is, the Nb-doped NiO catalyst, which presents the greatest selec-
tivity to ethylene conversion in the ODH of ethane reaction activated
with N0, shows the highest R; value, as opposed to the lowest charge
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Fig. 6. Bode-module plots (A) and the corresponding relationship between the selectivity to ethylene during the ethane ODH assisted with NyO and the charge
transfer resistance of the active parts of the catalysts (R;, charge-transfer resistance at the interfacial active sites of the catalysts) (B). Mott-Schottky plots (C) and the
relationship between the selectivity to ethylene during the ethane ODH assisted with N,O and density of acceptor defects, Ny (D). Cyclic voltammetries for the
different NiO based catalysts (E), and the relationship between the selectivity to ethylene during the ethane ODH assisted with N>O with the anodic current densities
(F). Notes: Reaction conditions as in the text, 400 °C and 30 % ethane isoconversion.
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transfer resistance values obtained for the NiO reference catalyst. Ac-
cording to this, the highest resistance values (related to the active sur-
face of the catalysts), are more interesting from a catalytic point of view,
since the selectivity to ethylene increases (Fig. 6B). We hypothesize that
the total oxidation reactions should be somehow hindered or limited.

Through the representation of Mott-Schottky plots (Fig. 6C, and
Fig. S5), specifically from the slope of the 1/C2 vs E plot (Eq. (1)), the
type of conductivity as well as the density of acceptor defects, Ny,
(corresponding to cationic vacancies in the space charge region or
electrophilic non-selective oxygens in p-type semiconductors) can be
estimated (see detailed info in Supporting Information). Thus, it was
observed that all the samples present p-type semiconductivity with the
exception of (Nb)NiO catalyst for which a positive slope can be eluci-
dated. Moreover, regarding the catalysts with the p-type semi-
conductivity, the higher slopes are obtained for the samples with the
greatest impedance resistances. Np values were plotted vs selectivity to
ethylene in the ODHE assisted with N,O reaction (Fig. 6D), showing that
the catalysts with higher N values (corresponding to a high number of
electrophilic oxygen species) are the lower selective to ethylene towards
ODHE with N5O. More interesting to mention is the change in the
semiconductive nature for the (Nb)NiO catalyst. For this sample, the
compatible ion size of Nb>* cations [30,32] might completely fill Ni2*
vacancies, thus hindering the p-type nature of the catalyst.

To complete the electrochemical characterization of the catalysts,
cyclic voltammetries were carried out for 10 cycles (Fig. 6E, and Fig. S6)
showing no significant differences between the first and the last cycle.
For the studied catalysts an inverse correlation between anodic current
densities and the selectivity to ethylene can be elucidated (Fig. 6F). We
hypothesize that high electrochemical activity may favour total oxida-
tion reactions, therefore decreasing the selectivity to the desired prod-
uct. According to this, the best catalysts are the (Nb)NiO and (Ti)NiO
which are also those presenting the highest impedance external
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resistances and the lowest N values.

In line with electrochemical results, the XPS data at the O 1s core line
(Fig. 7 and Table S6) shows a higher contribution of non-stoichiometric
low coordinated surface oxygen species (0%~, 027, or O7) with BE at
531.1 eV on both NiOyef and NiO-I samples [57,58]. Both samples show
the lowest selectivity to ethylene.

Furthermore, the contribution of these low coordinated oxygen
species seem to be lower in the (Nb)NiO and (Ce)NiO samples, both of
them with the highest selectivity to ethylene. However, and although
these results underlie the critical role of surface oxygen species on the
selectivity to ethylene, this is not the only variable that influences
ethylene selectivity.

3.4. Temperature programmed reaction of N2O and ethane/N20

Temperature programmed reaction experiments on representative
catalysts for both the N3O decomposition and the ethane ODH reaction
assisted with NO are shown in Fig. 8 and Fig. 9, respectively.

In the case of N3O decomposition (Fig. 8), small differences are
observed among these catalysts, the activation of the N,O taking place at
low temperatures, i.e., below 300 °C, which indicates that the activation
of N2O occurs at lower temperatures than those required for ethane-
ODH (Fig. 4).

Fig. 9 shows the TPR experiments for NoO/ethane transformation
over representative catalysts. In all cases, the onset of ethane con-
sumption goes in parallel with NoO consumption and N5 formation, the
activation temperature being similar to that found previously for N,O
decomposition in absence of alkane. In parallel to ethane consumption,
ethene is clearly observed in all the cases, especially in (Nb)NiO catalyst
(Fig. S7), this sample being the one that shows the highest ethylene yield
in the catalytic studies. In addition, these experiments show a total
consumption of NO on all the catalysts at temperatures lower than

O1s
z Nb(NiO)
2
(]
£
[
2
K
[]
14
540 536 532 528 524 520
B.E. (eV)
O1s 528.8
Ce(NiO)
o
'
c
Q
£
(]
=
k]
[4]
4

532 528
B.E. (eV)

Fig. 7. The O1ls XPS spectra of NiO based-catalysts. (*) Contribution of the sample holder.
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Fig. 9. TPR experiments for N,O/ethane transformation over representative catalysts: NiO-I; (Ti)NiO; (Ce)NiO; (Nb)NiO.
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500 °C. For the Ce**-containing NiO catalyst, hydrogen is formed when
all the N,O has been consumed, due to the reduction of the NiO into
metallic Ni, which is in agreement with that observed in Fig. 4. Simi-
larly, hydrogen production is also observed in the Ti-doped catalyst.
Interestingly, hydrogen is not produced in the case of (Nb)NiO catalyst
when all the nitrous oxide is consumed due to the non-reduction of the
NiO phase. Thus, the use of Ce*" as a promoter facilitates the reduction
of NiO, unlike what happens with the Nb-promoted catalyst. This
behaviour demonstrates the stability of the (Nb)NiO catalyst even at
high temperatures (500 °C) and in the absence of oxidizing agent.

Accordingly, the TPR-N3O and TPR-N,O/ethane suggests that the
activation of N,O does not seem to be relevant in the different catalytic
performance obtained by the distinct NiO-based catalysts during the
NyO-assisted ethane ODH, since the former reaction takes place at re-
action temperatures (typically 400 °C) (Table 2) much higher than those
of the N3O decomposition (lower than 300 °C) (Figs. 8 and 9).

4. Discussion

In the present article, we have shown that promoted NiO catalysts
are highly efficient for the NyO-assisted ODH of ethane whenever the
appropriate promoter is selected. It has been demonstrated that not all
the promoters lead to an improved performance compared to an
unpromoted NiO. Positively, the addition of Ce**, Ti** and, especially,
Nb>* enhances the selectivity to ethylene. With the optimal catalyst,
(Nb)NiO, yields to ethylene of 40 % can be obtained in spite of the fact
that the reaction conditions have not been optimized. Interestingly, this
catalyst is highly stable, with the olefin formation being unchanged for
at least 24 h. Moreover, this catalyst is very stable since the nickel oxide
phase of (Nb)NiO is not reduced into metallic nickel even when the
oxidizing agent (N2O) has been exhausted during the reaction and then
it can be re-used further with a negligible loss of performance. This
excellent behaviour of (Nb)NiO catalyst contrasts with that of the other
catalysts, (Ce)NiO and (Ti)NiO, which are also more selective than
undoped NiO-I, but they develop into metallic nickel once they are in a
N,O-free atmosphere.

There exists in the oxygen assisted ODH of ethane a relationship
between the valence of the promoter and the catalytic performance
[24,29]. Thus, basic dopants (typically low valence elements) when
incorporated into an oxide push the valence of the Ni to its highest
accessible valence. However, acidic dopants (high valence state ele-
ments, such as Nb>*) push the valence state of the host metal towards its
lowest available valence. Then, non-stoichiometric nickel sites stabilize
unselective electrophilic oxygen species and then lower ethylene for-
mation is observed. Consequently, a correlation between the valence of
the promoter and the selectivity to ethylene has been reported [24,29],
in a way that the higher the valence of the cation promoter, the higher is
the selectivity to the olefin. Accordingly, in the present article, the same
general trend has been observed (Fig. S8). In the present article, a cor-
relation between the XPS results and the catalytic results has not been
observed, probably due to the difficult assignment of the nickel surface
species.

As mentioned above (Fig. 7), the incorporation of high valence state
cations into NiO decreases the number of electrophilic oxygens (O), i.e.,
the non-stoichiometric oxygen species associated with non-desired deep
oxidation reactions [24,29,30,59-62]. These oxygen species are directly
related to cationic vacancies, the main charge carriers in p-type catalysts
[24,29,30,59-62]. Therefore, it has been demonstrated that using
electrochemical techniques we can estimate the selectivity to ethylene of
NiO based catalysts. This is in agreement to previous studies confirming
that the most selective catalysts for ethane ODH are those with low
concentration of electrophilic oxygen which can be properly assessed by
electrochemical techniques [32], so that few cationic vacancies and low
charge-transfer resistance at the interfacial active sites of the catalysts
are positive properties for achieving high olefin selectivity.

In the Og-assisted ODH of ethane on a Nb-NiO catalyst [60], by
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undertaking experiments with labelled oxygen, it was demonstrated that
lattice oxygen participates in the selective oxidative dehydrogenation of
ethane and also, to a lesser extent, in the total oxidation to CO,. On the
other hand, we have observed that the activation of N3O on promoted
and unpromoted NiO catalysts takes place at low reaction temperature
(transforming into O, and N3). Therefore, we propose a mechanism for
the N3O-assisted ODH of ethane similar that that for O, assisted ODH of
ethane but with a previous step for the N,O activation, which according
to our results (high activity for all catalysts for NyO decomposition at
relatively low temperature) is not the rate-limiting step. In any case, we
want to remark that this is not a mechanistic study and a more detailed
study could provide more insights into the real mechanism of this
reaction.

Additional experiments have been performed with low ethane con-
versions and changing the ethane to N,O ratio in order to estimate the
reaction orders. According to our new experiments, the formation of
ethylene presents a reaction order with respect to ethane of 0.52 and
0.25 with respect to N2O. The formation of CO, presents a reaction order
with respect to ethane of 0.61 and 0.72 with respect to N2O. These
values are similar to those reported in ref. [60] with a Nb-doped NiO
catalyst in the Oq-assisted ODH of ethane in which the reaction orders
with respect to ethane and O; for the formation of ethylene were 0.55
and 0.83, respectively. In the same way, the formation of CO, for N,O-
assisted ethane ODH presented reaction orders similar to those proposed
for the formation of COy during the O,-assisted ethane ODH to ethane
(0.55 and 0.83 with respect to ethane and O3 respectively). Accordingly,
a similar reaction mechanism than that proposed for O,-assisted ethane
ODH [30,60-62] can be suggested for NoO-assisted ethane ODH, with an
initial step for the N2O decomposition, which is very fast and cannot be
considered as the rate limiting step, and in which lattice oxygen is
directly involved in the ethane ODH, while the incorporation of Og
[60,62] or N3O can be mainly related with the reoxidation of the
catalysts.

Due to the redox mechanism of the overall N,O-assisted ODH of
ethane, the study of the reducibility of nickel oxide-based catalysts could
help to explain the catalytic behaviour observed, especially considering
that the reduction is usually the limiting step in the O»-ODH [30,32] at
high and moderate reaction temperatures.

Unfortunately, no relationship can be established between the cat-
alytic activity (either per mass or per area of catalyst) and the reduc-
ibility of the catalyst, considering either the temperature for maximum
hydrogen consumption (TPRpay) or the onset temperature in the TPR
experiments (Topser) (Fig. S9).

We must indicate that, in some cases during the O,-ODH of ethane,
the highly reducible sites are often related to unselective electrophilic
oxygen sites and then, the most selective active sites are those that
present the lowest reducibility [28,63]. Nevertheless, in the present
study no relationship has been observed between the selectivity to the
olefin and the reducibility of the catalysts (Fig. S9, supplementary in-
formation). Maybe the different nature of the dopants employed can be
one of the reasons for that lack of trend as well as the fact that the
reduction in the TPR experiments has been conducted using hydrogen,
which is not present in the reaction mixture in the ODH reaction. Thus,
additional temperature programmed reactions with N»O or with ethane/
N30 have been undertaken.

On the other hand, the comparison between the ODH of ethane using
nitrous oxide and molecular oxygen with the Nb>'-promoted NiO
catalyst indicates that the selectivity to ethylene (fixing the reaction
temperature and the alkane conversion) using N»O is ca. 8 points higher
than when Oy is used (Table S4). Moreover, unlike the other catalytic
systems reported in the literature such as VOy/MCM41 [6] or MoOy/
SiO9-TiOy [9], the reaction rates are pretty similar regardless of the
oxidizing agent used (O3 or N2O). For example, in the case of the VOy/
MCM41 catalysts the reaction rate was 5-6 times larger using O, than
with N3O [6]. This different behaviour observed in Ni-containing cata-
lysts respect to that observed in V-containing catalysts is related to the
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relatively high activity of NiO-based catalysts for NoO decomposition, in
which small differences for undoped and doped catalyst can be proposed
from TPR-N3O (Fig. 8) and TPR-N,O/Ethane (Fig. 9) experiments. In
other words, a high reoxidation rate of catalysts can be proposed for
undoped and doped NiO-containing catalysts, with active oxygen spe-
cies on the catalysts surface, which can take place at temperatures much
lower than those that the NoO-ODH of ethane have been carried out in
the present study. This is likely the reason for the similar reactivity
observed with N,O and Os.

Otto and Shelef [13] studied the exchange of oxygen on the surface of
NiO with N3%0. It was observed that at 400 °C the oxygen exchange
between NiO and N2O takes place suggesting the generation of a surface
complex although this exchange is very slow. Conversely, most of NoO
was readily decomposed into N3 and O,. These results are in agreement
with the high reactivity observed in the present article in the NyO
decomposition even at low temperatures. On the other hand, the
mechanism of the ODH of ethane using molecular oxygen on NiO and
Nb-promoted NiO catalysts has been proposed [30]. According to that
article, the cleavage of the C—H bond is the determining step whereas
the rate determining step for the ethylene oxidation is the C—=C bond
cleavage. Interestingly, the activation of ethane over the catalytic sur-
face involves the substraction of a hydrogen atom by O species, with the
formation of an alkyl radical. The “site isolation” principle proposes that
active oxygen (or, in general, active sites) must be isolated to prevent
decomposition or overoxidation of the desired dehydrogenated or
partially oxidized product [64,65]. Thus, by the isolated sites principle,
low electrophilic oxygen concentration leads to the olefin formation
with high selectivity whereas high concentrations lead to the oxidation
to COy of the ethyl radicals previously formed. Therefore, it is para-
mount the control of the relative coverage of surface O species and their
redox state on the surface.

According to the results obtained in the present work, probably NoO
decomposes into N3 and Oj, and then the same sequence reported takes
place (firstly the alkyl radical is formed and then the dehydrogenation or
the total oxidation occurs on the catalyst surface with low or high
concentration of O sites). Accordingly, a redox parallel-consecutive
reaction network with the participation of two types of active sites, as
suggested for Og-assisted ethane ODH [30,60-62], can be proposed in
the case of Nb-doped NiO catalyst: Nb—O—Ni—O pairs responsible for
the ethane ODH and ethene overoxidation reaction; and Ni—O—Ni—O
pairs, active for the direct oxidation of ethane to COs. In the case of other
promoters, the selectivity to ethylene can be explained as considering
the [Me—O—Ni—O pairs]/[Ni—O—Ni—O pairs] ratio, although in
some cases a direct participation of the Me-O promoter cannot be
completely ruled out.

Among the different promoted NiO catalysts, the catalytic perfor-
mance for ethane NoO-assisted ODH is related to the nature of surface
sites (electrophilic O sites) and its concentration, as previously sug-
gested for Op-assisted ethane ODH [29,30,60-62], which is strongly
influenced by the valence and the acid/base characteristics of the metal
oxide promoters, with a great impact on the selectivity to ethylene. On
the other hand, the redox cycle should be concluded after the catalyst
reoxidation. In the case of Oz-assisted reaction via the interaction of gas
phase oxygen with formed anionic vacancies [30]. In the case of N5O-
assisted reaction for NiO-based catalyst, the N2,O decomposition is very
fast (Fig. 8). Accordingly, the reoxidation of catalysts with N,O should
be similar to that proposed for O,.

Another aspect that could have an influence on the catalytic behavior
of these catalysts is the porosity. For the NiO based catalysts the
microporosity is nearly absent so that its role in the catalytic perfor-
mance of porosity is negligible. This contrasts with the behavior of
multicomponent M1 catalysts in which their heptagonal channel mi-
cropores seems to host highly selective sites for ethane activation
[66,67].

We have also studied the effect of co-feeding water or CO; on the
most selective catalyst (Nb)NiO (Fig. S10). Interestingly, the presence of
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water has meant a slight decrease of the conversion (from ca. 31 to 27 %)
and a slight increase of the selectivity to the olefin (from ca. 77 to 81 %).
The addition of very low concentrations of COy has not modified the
results compared to the standard reaction conditions. In all cases, the
catalytic performance was stable with the reaction time.

The enhanced selectivity observed using Nb-doped NiO with N3O
compared to Oy is significant and is not straightforward to explain. We
propose the following:

i) at isoconversion conditions, the selectivity to ethylene decreases
when the concentration of O increases (Fig. S11).

ii) on the other hand, if N,O is used as an oxidant, two reactions will
take place rather simultaneously, the transformation of N»O into
oxygen plus the ODH of ethane.

iii) in the upper part of the catalyst bed the concentration of active O-
atoms will be lower when feeding N>O, since only a portion of
N,O will have been transformed into O, and therefore, the
selectivity to ethylene will be higher.

Other factors such as a possible lower oxidation state of nickel sites
on the surface during reaction with nitrous oxide than with molecular
oxygen or changes in the nature of oxygen species cannot be ruled out
(Fig. 7) [6,9].

Overall, we have observed that the N,O assisted ODH of ethane is
technically better than that with oxygen, increasing the selectivity to
ethylene while maintaining the catalytic activity. It is true that from an
environmental viewpoint it is not so clear that the NyO emissions would
decrease, although the use of this process in facilities where N3O is
produced in high concentrations would be very useful. Aside from that,
this technology presents several challenges, as it requires the co-location
of point sources of N2O emissions with hydrocarbon feedstocks and the
recovery of ethylene from these streams.

5. Conclusions

Unpromoted and promoted NiO catalysts can be very efficient in the
N,O-assisted oxidative dehydrogenation of ethane, whenever the syn-
thesis conditions and the nature of the promoter are controlled.

The catalytic results for NyO-assisted ethane ODH over NiO-based
catalysts show higher selectivity to ethylene than when the reaction is
carried out in the presence of oxygen. All catalysts show a high effec-
tiveness in the decomposition of N2O, which guarantees a fast reox-
idation rate of the catalyst during the catalytic tests. The differences in
the catalytic results for NyO-assisted ODH are related to the changes
produced in the catalyst as a consequence of the presence of different
promoters. This behaviour is completely different from that observed in
vanadium-containing catalysts, in which the catalytic properties are
related to a low reoxidation rate in the presence of N2O.

In our case, the best option is to use Nb°* asa promoter. In fact, Nb-
doped NiO catalyst probably presents the best catalytic performance
reported in the literature in terms of catalytic activity, selectivity to the
olefin and robustness. Ethylene yields of 40 % have been achieved.

On the other hand, no correlation has been found between the
ethylene formation and the results obtained by TPR-H; (reducibility) or
by XPS (characteristics of nickel species on the near surface). However,
the selectivity to ethylene observed presents a close link with the elec-
trochemical properties of the catalysts. Thus, the most selective catalysts
are those with lower density of acceptor defects (cationic vacancies) and
higher charge-transfer resistance at the interfacial active sites of the
catalysts. As a general trend, those catalysts with less oxidized surface
tend to be more selective towards the formation of ethylene as it has
been also proposed for Os-asisted ethane ODH.
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