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Abstract

Nb-doped nickel oxides with Nb contents in the range from 1 to 20 % and, for comparison, pure
NiO, were characterized by in situ electrical conductivity measurements in correlation with their
catalytic performances for the oxidative dehydrogenation (ODH) of ethane into ethylene. Their
electrical conductivity was studied as a function of temperature and oxygen partial pressure and
was followed with time during sequential exposures to air, ethane — air mixture (reaction
mixture) and pure ethane in conditions similar to those of catalysis. All the oxides were p-type

semiconductors under air. Their electrical conductivity in the reaction temperature range

" Corresponding author. Tel.: +40 213051464; fax: +40 213159249. E-mail addresses:
ioancezar.marcu@chimie.unibuc.ro ; ioancezar marcu@yahoo.com



Physical Chemistry Chemical Physics

decreased following the order: NiO > Nb(1)NiO > Nb(5)NiO > Nb(10)NiO > Nb(15)NiO >
Nb(20)NiO. This correlates well with the catalytic activity expressed as the intrinsic rate of
ethane consumption. All the catalysts were partially reduced under the reaction mixture in the
reaction temperature range, an inverse correlation between their conductivity in these conditions
and the ODH selectivity being observed. The ODH reaction of ethane takes place via a

heterogeneous redox mechanism involving surface lattice O species.

Keywords: electrical conductivity; niobium-doped nickel oxide; oxidative dehydrogenation;

ethane

1. INTRODUCTION

Nb-doped NiO oxides constitute low temperature, highly active and selective catalysts for ethane
oxidative dehydrogenation (ODH), exhibiting one of the best catalytic performances [1-3]
compared to most catalysts reported in literature [4, 5]. Their structure, physico-chemical
characteristics, catalytic performance in ethane ODH including kinetics and mechanistic aspects
have been extensively studied [1-3, 6-10]. Nevertheless, establishing relationships between their
electronic and redox properties and their catalytic performances is essential for a better
understanding of the reaction mechanism and, consequently, for improving them on a scientific
basis or for a rational design of new efficient catalysts [11, 12]. A useful and highly sensitive
technique to characterize the electronic and redox properties of oxidation catalysts is the
electrical conductivity measurement [13], a high number of papers being dedicated in the last
decade to this subject [14-26]. Numerous previous studies have correlated the electrical
conductivity of the oxide materials with their catalytic performance in ODH reactions of ethane
into ethylene [19, 26-28], propane into propene [29-31], n-butane into butenes and butadiene [32,
33] and isobutane into isobutene [17, 20].

NiO is a p-type semiconducting oxide containing an excess of lattice oxygen anions associated to
the existence of positive holes as main charge carriers [13]. The electrical conductivity and, thus,
the concentration of positive holes can be lowered by doping NiO with controlled amount of
higher valence cationic species with compatible ion sizes, such as Nb [13]. As a result, the

induced change in the catalytic performances is expected to be a function of the niobium content.
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Previous studies have already confirmed this in terms of ethane ODH activity/selectivity, which
was found to be directly associated with the amount of electrophilic oxygen excess measured via
temperature programmed oxygen desorption experiments [1, 2]. In a recent study by Skoufa et
al. [10], a Mars-van Krevelen type mechanism was suggested for NiO-based catalysts, involving
NiO(1+x«>NiO transition as the active redox pair.

Additionally, the redox behavior of these oxides can be studied by following the evolution of
their electrical conductivity as a function of the nature of the gas phase in contact with the solid.
Thus, their exposure to oxygen leads to the increase of their electrical conductivity with respect

to that in inert atmosphere, according to the following equilibrium:

Oy 5 h"+05,4) 5 h*+20,,, S 2h° +2ofags) = O (1)

where h® represents positive holes and O lattice oxygen anions of the solid. The electrons

trapped by the adsorbed oxygen are provided by the valence band of the oxide where new
positive holes are created. On the contrary, exposure to a reducing gas such as ethane leads to the
consumption of lattice oxygen with the formation of oxygen vacancies. In this case electrons are
released in the valence band of the oxide resulting in the decrease of the positive holes
concentration and thus in the decrease of the electrical conductivity. We have already studied the
electrical and catalytic properties of M-doped NiO (M = Li, Mg, Al, Ga, Nb, Ti) in ethane ODH
[26] and were able to explain their catalytic behavior and to elucidate the differences in their
catalytic performance based on the differences in the conductivity of the materials when exposed
to air, ethane and ethane-air reaction mixture.

The present study is complementary to the characterization and catalytic performance study of
the Nb-doped NiO catalysts reported earlier [1] and has been undertaken to investigate their
semiconductive and redox properties and to further elucidate the origin of differences in their
catalytic behavior in the ODH reaction of ethane into ethylene by means of in situ electrical
conductivity measurements. Thus, DC-electrical conductivity of Nb(x)NiO catalysts was studied
as a function of temperature and oxygen partial pressure and temporal responses during
sequential exposures to air, ethane — air mixture (reaction mixture) and pure ethane in conditions
similar to those of catalysis were analyzed. Comparisons between the different Nb(x)NiO
catalysts and correlations between their redox and semiconductive properties and their catalytic

performance in the oxidative dehydrogenation of ethane into ethylene have been established.
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2. EXPERIMENTAL

2.1. Catalysts preparation and characterization

A series of Nb-doped nickel oxides with Nb/(Ni+Nb) atomic ratios of 0.01, 0.05, 0.10, 0.15 and
0.20 was prepared by the evaporation method, as described elsewhere [1, 2]. Aqueous solutions
of ammonium niobium oxalate (Aldrich) and nickel nitrate hexahydrate (Merck) containing Nb
and Ni cations, respectively, in appropriate amounts were mixed and heated at 70 °C under
continuous stirring for 1 h. The solvent was then removed by evaporation under reduced
pressure, and the resulting solids were dried overnight at 120 °C and calcined in synthetic air at
450 °C for 5 h. Pure NiO was obtained from the decomposition of nickel nitrate hexahydrate at
450 °C for 5 h in synthetic air. The samples were noted Nb(x)NiO with x =1, 5, 10, 15 and 20
representing the Nb atomic percent with respect to cations.

The crystal structure of the prepared samples was controlled by X-ray diffraction. All the solids
showed a well crystallized NiO-like phase. An amorphous niobium-rich phase was evidenced for
the Nb(10)NiO and Nb(15)NiO samples, while for the Nb(20)NiO sample the crystalline
NiNb,O¢ phase was identified [1, 2, 7]. Introduction of Nb led to a gradual increase in surface
area accompanied by a decrease in NiO crystal size calculated by Scherrer formula. Moreover,
NiO lattice parameter was found to decrease for Nb-NiO samples compared to pure NiO,
indicating the formation of a solid solution that leads to lattice contraction due to lower ionic
radius of Nb>" compared to Ni*" [1]. The oxygen desorption properties of all catalysts were
studied by O,-TPD measurements, via on-line monitoring of the reactor outlet composition by a
quadrupole mass analyzer (Omnistar, Balzers) during temperature increase (15 °C min™ to 850
°C) under He flow. A detailed physico-chemical characterization of these materials has been
published elsewhere [1], while the main physicochemical characteristics discussed in the present

study are tabulated in Table 1.

2.2. Catalytic test

The catalytic oxidative dehydrogenation of ethane was performed in a fixed bed quartz reactor
operating at atmospheric pressure, in the temperature range from 300 to 425 °C, as described
elsewhere [1]. Detailed catalytic data are provided in Table S1, including conversion, ethane
surface consumption rate and ethylene selectivity at 350 and 400 °C. The composition of the

reaction mixture used was 10 % CoHg / 5 % O, / 85 % He and the W/F ratio was varied from
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0.03 to 1.35 g's cm™. At the conditions employed, the reaction is kinetically controlled and the
absence of external or internal mass transfer limitations was confirmed theoretically and
experimentally. The reaction products were analyzed by gas chromatography, the major products

observed being ethylene and CO,.

2.3. Electrical conductivity measurements

The oxide samples mixed with an aqueous solution 5 wt. % of polyvinyl alcohol were
compressed at ca. 2.76 x 107 Pa using a Carver 4350.L pellet press to ensure good electrical
contacts between the catalyst grains. The obtained pellet was calcined for 30 min under air at 430
°C for removing the polyvinyl alcohol binder and then placed in a horizontal quartz tube between
two platinum electrodes. Flow rates of gases flowing over the sample were controlled by fine
needle valves and were measured by capillary flow meters. The temperature was controlled using
Pt-Rh thermocouples soldered to the electrodes and, when short-circuited, they were used to
determine the electrical conductivity ¢ of the samples, which can be expressed by the formula:

It
O=—X— 2
. ()

where R is the electrical resistance and t/S is the geometrical factor of the pellet including the
thickness t (ca. 3 mm) and the cross sectional area S of the pellet whose diameter was equal to 13
mm. The electrical resistance was measured with a megaohmmeter (FLUKE 177 Digital
Multimeter).

To compare the electrical conductivities of the samples, it is required that the solids have similar
textures and surface states. Indeed, the electrical conductivity of semiconducting oxide powders
can be written as:

c=An 3)

where n is the concentration of the main charge carriers and A is a coefficient of proportionality
which includes the mobility of the main charge carriers and the elementary charge of the electron
and depends on the compression of the powder and on the number and quality of contact points
between particles [13]. Since the samples were compressed at the same pressure and the
electrical conductivity measurements were standardized, A can be considered similar for all the

samples under identical conditions.
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The common reference states for o determination have been chosen under air at atmospheric
pressure at 320 °C and at 400 °C. At these temperatures, which are in the range used in the
catalytic reactions, most of the ionically adsorbed species such as H;O', HO~ which would
produce an additional surface conductivity are eliminated. The solid was initially heated from

room temperature to the desired temperature at a heating rate of 5 °C/min.

3. RESULTS AND DISCUSSION

3.1. Catalytic performance

Although the present work is devoted to the electrical and redox properties of Nb-doped NiO
catalysts, it is important to mention their catalytic performance in the oxidative dehydrogenation
of ethane into ethylene which was discussed in detail in Ref. [1]. Thus, Table 2 summarizes the
main catalytic results from the testing of the samples in the oxidative dehydrogenation of ethane
into ethylene that are used in the discussion in the following sections. Moreover, detailed
catalytic data are provided as supporting information (Table S1). It can be observed that, in terms
of ethane conversion, the catalytic activity was higher for all Nb-containing catalysts compared
to pure NiO and increased with increasing the Nb content up to 15 %, than it decreased for
Nb(20)NiO sample. However, in terms of intrinsic activity, expressed as surface rate of ethane
consumption (umol m? s™), pure NiO exhibits the highest catalytic activity which decreased
with increasing the Nb content up to 15 %, than it slightly increased for Nb(20)NiO sample. For
all catalysts, ethylene selectivity remains almost constant with increasing temperature and ethane
conversion, indicating low affinity towards ethylene sequential oxidation to CO,. Experiments at
a constant temperature (350 °C) with varying W/F ratios in order to obtain different conversion
levels verified the above, and selectivity values at 10 % isoconversion are shown in Table 2.
Ethylene selectivity at isoconversion increased with increasing the Nb content up to 15 %, than it
decreased for Nb(20)NiO sample. It appears that Nb(15)NiO catalyst gave the lowest intrinsic
activity but the highest ethylene selectivity suggesting that this material contains the lowest

surface density of unselective (but also active) catalytic sites in the series studied.

3.2. Variations of the electrical conductivity as a function of temperature
The semilog plots of ¢ variation as a function of the temperature under air at atmospheric

pressure during temperature-programmed heating of the catalysts are presented in Fig. 1. It can
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be observed that the electrical conductivity of the samples increased regularly with the
temperature, with an inflection point at ~ 300 °C obviously corresponding to the transition at the
Neéel temperature attributed to a change in elastic properties of the crystal [34, 35]. Fig. 2 shows
the variations of 1go versus reciprocal temperature under air at atmospheric pressure below (Fig.
2.a) and beyond (Fig. 2.b) the Néel transition. The linear variations observed show that all the
materials behave as semiconductors with the electrical conductivities varying exponentially with

temperature according to the typical activation law:

6=0," exp(— I]i"cfj “4)

where oy is the preexponential factor and E. is the dynamic activation energy of conduction.

The data in Fig. 2.b also show that the electrical conductivity beyond the Néel transition, i.e. in
the reaction temperature range, decreased following the order: NiO > Nb(1)NiO > Nb(5)NiO >
Nb(10)NiO > Nb(15)NiO > Nb(20)NiO. As oy values should depend on the density of charge
carriers, they were estimated from the intercept of the straight lines in Fig. 2.b and are presented
in Table 3. It can be observed that 6, markedly decreases for Nb(5)NiO sample compared to pure
NiO, and gradually decreases with increasing Nb content up to 15 at. % (Nb(15)NiO). A marked
difference between the electrical conductivities of NiO and Nb(5)NiO above the Néel transition
temperature can also be observed in Fig. 3 where the electrical conductivities at 350 and 400 °C
were plotted as a function of Nb content. A similar effect is also recorded for oxygen
overstoichiometry of the catalysts, as measured by O,-TPD (Table 1). Extensive characterization
reported in a previous study [1] suggested that for Nb loadings up to 5 at. %, the NiO crystal
structure is retained and the introduction of niobium leads to the formation of a nickel-niobium
solid solution. The presence of Nb>* cations in NiO parent lattice leads to partial elimination of
O species (non-stoichiometric oxygen species). For NiO loadings higher than 5 at. %, the above
effect is less pronounced, as the main physicochemical transformation, the formation of Ni-Nb
solid solution has been achieved to a certain extent [1]. The electrical conductivity studies
reported in the present study confirm the above results.

The slopes of the semi-log plots in Fig. 2 enabled the calculation of the E; values presented in
Table 2. It can be observed that the activation energy of conduction is significantly lower for all
the oxides beyond the Néel temperature. At the same time, for both temperature ranges

considered, the E. values were higher for all Nb(x)NiO samples compared to NiO reference, as
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already observed for NiO doped with higher valence cations [26, 36] and presents only small

differences among the Nb(x)NiO systems.

3.3. Variations of the electrical conductivity under air as a function of oxygen partial
pressure

Fig. 4 shows the variations of ¢ as a function of oxygen pressure at 320 °C in a log—log plot. It
appears that all the Nb-doped NiO samples are of the p-type under oxygen since dc/0Po, > 0,
while no dependence of ¢ on the oxygen pressure was observed for pure NiO at this temperature.

It is generally assumed that the electrical conductivity ¢ of p-type oxides varies as a function of

partial pressure of oxygen Po, and temperature T, according to the equation:

o(p,,, T)=C-P -exp(— ARHTCJ (5)

where AH, represents the enthalpy of conduction and C is a constant which only depends on
various characteristics of the sample (charge and mobility of the charge carriers, number of
contact points between grains etc.) [13]. The value of the exponent p can be indicative of the
nature of the defects in the solid, which generate charge carriers. The values of the exponent p
calculated for the different solids from the slopes of the log—log plots in Fig. 4, are presented in
Table 3. It can be observed that for all the samples, the value of p was significantly higher than 4
or 6 that respectively correspond to the existence of singly and doubly ionized cationic
vacancies. Such a phenomenon could be explained by a complex model involving two different
types of conduction, one of them being independent of the partial pressure of oxygen:

6=0,+0, (6)

with o, o P;!" or 6, oc P} and o, independent of the partial pressure of oxygen P, .

For confirming this conduction model, the total conductivity ¢ was plotted as a function of both
szm (Fig. 5.a) and sz”é (Fig. 5.b) for all the Nb-doped samples. It can be observed that linear
relationships were obtained in both situations, with comparable R* coefficients. This confirmed
the existence of a conduction mechanism whose nature was independent of oxygen pressure in
the case of all Nb-doped samples. For obtaining information about the nature of the cationic

vacancies present in these solids, the conductivities o, at the temperature concerned were

calculated from the y-intercepts of the plots in Fig. 5. They are presented in Table 3 for both o,
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model dependencies on oxygen pressure. Then, with o, known, o, was calculated by
subtracting o, from ¢ according to Eq. (6) and was represented as a function of the oxygen

pressure in a log—log plot (Fig. 6). The obtained plots exhibit the expected +1/4 and +1/6 slopes,
respectively, for all the solids considered (Table 3). As the R? coefficients of the plots are
comparable for both cases and the actual values of the slopes are very close to the expected
values, this means that in all the solids studied both singly and doubly ionized cationic vacancies
are present. They are responsible for the conduction mechanism dependent on the partial
pressure of oxygen. For NiO at 320 °C, as total ¢ was independent on the oxygen pressure, the
contribution of o, is negligible and ¢ =0, .

It is noteworthy that the p value for NiO takes an infinite value then it decreases continuously by
adding Nb to NiO and by increasing its content. This accounts for the decrease of the

contribution of o, to total o at the temperature concerned by adding Nb to NiO and by
increasing its content, in line with the observed decrease of o, for both 6, model dependencies

on oxygen pressure (Table 3).
It is well known [13] that the introduction of higher valence cations, such as Nb, in NiO creates
substitution defects and decreases the charge carriers concentration compared with NiO

according to the following equations written in Kroger-Vink notation [37]:

Nb,O, +6h° —Y2 5 2Nb}" +20; + %0, (7)

or, if Nb>* changes its valence to Nb*"

NbO, +2h" —22 5 NbY +0O; + %0, (8)

where NbZ"and Nb denote substitutional defects of Nb’* and Nb*', respectively, sitting on
Ni*" lattice sites, O; oxygen anions of the solid in regular lattice points and h® positive holes.

The doping reactions may also involve the consumption of cationic vacancies from the host NiO,

as follows:
Nb,O; + 2V, +10h" —22 5 2NbY" + %0, )
Nb,O, +2V,, +8h" —¥2 5 2Nb}" + %0, (10)

or, if Nb>* changes its valence to Nb*"

NbO, + V,, +4h* —22 5 Nb3 +0, (11)
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NbO, + Vy, +3h" —*2— Nby; +0, (12)
where V; and V,; denote doubly and singly ionized nickel vacancies, respectively.

It is interesting to note here that Metiu and coll. [38] recently showed by using the density
functional theory that in Nb-doped NiO the surface dopant is the NbO, group.

According to Eqgs. (7) — (12), the concentration of positive holes as well as the electrical
conductivity is expected to be lower in the Nb-doped NiO samples compared to pure NiO and to
decrease with increasing the Nb content following the order: NiO > Nb(1)NiO > Nb(5)NiO >
Nb(10)NiO > Nb(15)NiO > Nb(20)NiO. Indeed, this was the case, confirming the doping
equations above. The catalytic activity expressed as the intrinsic rate of ethane conversion (Table
2) roughly follows the same order suggesting that the positive holes are involved in the ethane
activation step, in agreement with the proposed ethane ODH reaction mechanism for NiO-based
catalysts pointing to O™ species - the chemical equivalent of positive holes - catalyzing ethane

activation [10].

3.4. Study of the redox behavior of the catalysts by in situ electrical conductivity
measurements under catalytic conditions

For studying the redox behavior of the catalysts under conditions as close as possible to those of
catalysis, electrical conductivity measurements were performed at a temperature within the
reaction temperature range, i.e. 400 °C, during sequential periods under air, ethane-air mixture
(reaction mixture) and pure ethane. The results obtained are displayed in Fig. 7. The solids were
heated from room temperature to 400 °C, at a heating rate of 5 °C min" in air flow at
atmospheric pressure. After reaching the steady state under the air flow, an ethane-air mixture
was passed over the samples. For all the catalysts the electrical conductivity decreased compared
to that in air, to a different extent depending on the Nb content. This behavior corresponds to the
p-type semiconductive character according to the p-type criterion for oxide semiconductors

0c/0Po, > 0 or, considering ethane as a reductant, d6/0Pc,n, < 0. When air was introduced again

over the samples, the electrical conductivity increased immediately and reached a plateau
corresponding to a ¢ value identical to the initial value suggesting that the reoxidation of the
reduced solid was totally reversible. After reaching again the steady state under air flow, a

sequence of pure ethane was introduced over the samples. The electrical conductivity strongly
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decreased reaching a plateau corresponding to the steady state of the reduced solid under pure
ethane. This confirms the p-type character of all the samples in the presence of ethane. It is
noteworthy that the electrical conductivity ¢ decreases under ethane more abruptly the plateau
being reached more rapidly on Nb(15)NiO than for the other systems (Fig. 7) suggesting a higher
rate of reduction of this catalyst. Finally, the air sequence was repeated for confirming the
reversibility of the phenomena. Indeed, the electrical conductivity increases and reaches a
plateau corresponding to a ¢ value identical to the initial value under air suggesting that the
reoxidation of the solids reduced under pure ethane is totally reversible. Note that during
reoxidation the absolute value of the slope do/ds was higher for Nb(15)NiO than for the other
systems (Fig. 7) suggesting a higher rate of reoxidation of this catalyst.

The observed decrease of the electrical conductivity of the Nb(x)NiO catalysts in the presence of
ethane suggests that ethane is transformed by consuming the positive holes existing in the p-type
oxide catalyst. Consequently, the initial activation step of ethane is a C-H bond cleavage via the
attack by a positive hole as already suggested for doped NiO catalysts [26]. If one considers that

from the chemical point of view, a positive hole corresponds to an electron vacancy in the
valence band of lattice OF anions, i. e. the "chemical site" of a positive hole corresponds in fact
to a lattice O, anion [39, 40], according to the reaction:

o5 +h" 5 O (13)

the activation of ethane over the Nb(x)NiO catalysts is similar to that proposed for other M-NiO
catalysts (M = Li, Mg, Al, Ga, Nb, Ti) [26] and can be written:

CoHg + Oy — C,Hs* +(HO) (14)

Water elimination generates oxygen vacancies, according to the reaction:

2(HO) S H,0p + O5 + V5 (15)

These vacancies must be filled in by gaseous oxygen in order to reoxidize the reduced solid:

1/2 Oy + V5" = Og +2h° (16)

This is in line with the observed “breathing” redox behavior of the solids under different gaseous

atmospheres and confirms that the overall reaction mechanism on Nb(x)NiO catalysts can be

assimilated to a Mars — van Krevelen type mechanism [41] involving surface lattice O™ species

(i.e. OF) [5, 10]. It is very interesting to note that indications of a redox mechanism involving
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cosumption and re-forming of O species were also observed by performing O,-TPD
measurments in used NiO catalysts obtained from experiments with different ethane conversion
levels; oxygen excess decreased with increasing ethane conversion. Inversely, when NiO-based
catalysts were tested in ethane ODH after O,-TPD experiments, that is after removal of active
oxygen species, the intrinsic catalytic activity was almost fully restored [10], suggesting
reformation of these species by interaction with gas phase oxygen as verified by the present in
situ electrical conductivity measurements.

Taking into consideration that Nb(15)NiO is characterized by higher rates of reduction and
reoxidation than the other systems (Fig. 7) then a higher activity would be expected for this
catalyst. This was indeed the case if the catalytic activity is expressed in terms of conversion.
Nevertheless, in terms of surface activity it was the less active obviously due to the lowest
number of surface sites that activate ethane, i.e. the O™ species.

As shown in Fig. 8, an inverse correlation between the absolute conductivity level, i.e. the
concentration of the positive holes, of the Nb(x)NiO oxides under the reaction mixture and the
ODH selectivity was observed. This can be explained if we consider that the “chemical site” of a
positive hole is an O™ species according to Eq. (13), and that these species, quite active for alkane
oxidation, at high concentration promote ethane combustion rather than oxidative
dehydrogenation [1, 39]. As already pointed out, these results are in good agreement with
findings from TPD-O, experiments over the same catalysts reported in Ref. [1]. It was shown
that the amount of desorbed oxygen reduces with increasing Nb content up to 15 %, then it
slightly increases for higher Nb content (Nb(20)NiO sample). The amount of this oxygen
determined by TPD-O, was inversely correlated with the ODH selectivity, highlighting and
confirming again the importance of these species in the ethane ODH reaction.

Finally, in line with the proposed mechanism involving O™ species as the active sites [10], a
linear correlation was found between the catalytic activity expressed as the intrinsic rate of
ethane consumption and the electrical conductivity of the solid under air (Fig. 9). This means
that the higher the concentration of charge carriers, i.e. positive holes, the higher the catalytic
affinity towards ethane. In other words, as expected, the higher the concentration of available O~

species, the higher the rate of ethane transformation.

Conclusion
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The electrical conductivity measurements showed that pure NiO as well as all the Nb-doped NiO
catalysts behaved as p-type semiconductors. Their electrical conductivity regularly increased as a
function of temperature with an inflection point at ca. 300 °C due to the transition at the Néel
temperature. The activation energy of conduction was significantly lower for all the oxides
beyond the Néel temperature. Two different types of conduction, one of them being independent
of the partial pressure of oxygen, were evidenced for all the oxides The electrical conductivity in
air at atmospheric pressure in the reaction temperature range decreased continuously with
increasing the niobium content, as follows: NiO > Nb(1)NiO > Nb(5)NiO > Nb(10)NiO >
Nb(15)NiO > Nb(20)NiO. This correlates well with the catalytic activity expressed as the
intrinsic rate of ethane consumption. All the catalysts were partially reduced under the reaction
mixture in the reaction temperature range, an inverse correlation between their conductivity in
these conditions and the ODH selectivity being observed. Overall, the in situ electrical
conductivity studies performed in the present work and the important correlations of both
activity and selectivity with electrical conductivity that were obtained highlight the role of non-
stoichiometric oxygen species for ethane ODH over Nb-doped NiO based catalysts and provide a
clear and direct evidence for a heterogeneous redox mechanism involving surface lattice O~

species.
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FIGURES CAPTION

Figure 1: Semilog plots of ¢ variation as a function of the temperature during temperature-
programmed heating of NiO and Nb(x)NiO catalysts under air (heating rate 5 °C min'; o in

ohm™ cm™).

Figure 2: Arrhenius plots for the electrical conductivity ¢ of NiO and Nb(x)NiO catalysts under
air (a) from room temperature to 300 °C and (b) between 300 and 440 °C (the error bars

represent the standard error; o in ohm™ cm™).

Figure 3: Variation of ¢ as a function of the Nb content at 350 and 400 °C for the Nb-doped NiO

catalysts.

Figure 4: Variation of ¢ as a function of the oxygen pressure for NiO and Nb(x)NiO catalysts at

320 °C in a log-log plot (Po, in atm; ¢ in ohm™ cm™).

Figure 5: Total conductivity ¢ versus Py (a) and Py (b) for the Nb-doped NiO catalysts at

320 °C.

Figure 6: Variation of 6, as a function of the oxygen pressure for the Nb-doped NiO catalysts at

320 °C in a log—log plot for both 6, model dependencies on oxygen pressure: (a) o, o P&m and

(b) 6, « P;* (Po, in atm; o1 in ohm™ cm™).

Figure 7: Variation of the electrical conductivity during sequential exposures to air, ethane-air
mixture (reaction mixture) and pure ethane for NiO and Nb-doped NiO catalysts at 400°C (o in

ohm™ cm™).

Figure 8: Variation of the ethylene selectivity at isoconversion at 350 °C as a function of the
electrical conductivity under the reaction mixture for NiO and Nb-doped NiO catalysts (o in

ohm™ cm™).
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Figure 9: Variation of the intrinsic rate of ethane consumption as a function of the electrical

conductivity under air for NiO and Nb-doped NiO catalysts (o in ohm™ cm™).
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Table 1. Important physicochemical characteristics of Nb-doped catalysts [1].

Catalyst Surface area  NiO crystal size  NiO lattice constant ~ Non-stoichiometric
(m® g (nm) (A) oxygen excess
(mg 0, m™)
NiO 7 32 4.1762 0.87
Nb(D)NiO 17 28 4.1760 0.34
Nb(5NiO 29 29 4.1757 0.15
Nb(10)NiO 56 21 4.1751 0.07
Nb(I5)NiO 85 17 4.1725 0.01
Nb(20)NiO 59 14 4.1722 0.07

* Calculated from O,-TPD experiments [1].

Table 2. Catalytic reaction data of the Nb-doped NiO catalysts in the oxidative dehydrogenation

of ethane [1].

Catalyst Ethane conversion *  Reaction rate *  Selectivity at 10 %
(%) (umol m?s™) isoconversion ° (%)

NiO 18.4 0.35 19.7

Nb(1)NiO 26.5 0.28 52.2

Nb(5)NiO 30.2 0.19 72.9

Nb(10)NiO  25.6 0.11 82.8

Nb(15)NiO  36.0 0.08 89.0

Nb(20)NiO  33.0 0.09 83.0

* reaction conditions: T =400 °C, W/F=0.24 g s em™, CoHg/Op = 2/1.
® reaction conditions: T = 350 °C, C,H¢/O, =2/1.
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Table 3. Electrical characteristics of the NiO and Nb-doped NiO samples.

Catalyst E.* E.° oo Exponentp ¢ o, (ohm™ cm™) for Actual slope for
(kI mol™) (kI mol™) o, P50 P} o P c, o P

NiO 348+0.5 21.8+04 1.084 oo 13x10% 13x10% 1/4.010+0.005° 1/6.030+0.004 °
Nb(1)NiO 345+0.6 245+04 1243 80.6 89x10° 87x10° 1/3.978 +0.004 1/5.997 £ 0.002
Nb(5)NiO 422+02 247+09 0.204 36.0 12x10%  1.1x10° 1/4.003 +0.005 1/6.021 £+ 0.004
Nb(10)NiO 39.7+0.3 27.0+03 0.198 193 6.5x10* 5.6x10" 1/4.006 +0.005 1/6.024 + 0.004
Nb(I5)NiIO 444+1.0 23.6+£1.2 0.069 169 56x10%  4.8x10" 1/4.007 +0.004 1/6.025 £+ 0.004
Nb(20)NiO 423+0.5 26.1+£04 0.061 13.0 20x10*%  1.6x10" 1/4.041+0.007 1/6.058 £ 0.006

* Activation energy of conduction below the Néel temperature.
® Activation energy of conduction beyond the Néel temperature.
¢ o0 value estimated from the intercept of the Arrhenius plots beyond the Néel temperature.
4 From Eq. (5).

¢ Estimated from measurements at 100 °C.
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Figure 3.
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Figure 5.
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Figure 6.
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Figure 7.

Physical Chemistry Chemical Physics

ilgo

air

SO
PEOFOTOTOTO:
SAYAA AN

ol

ethane-air air

AN
Y FOZOTOTNT
\VAVAVaW,

ethane

NN

—%— NiO
—>< Nb(1)NiO

—+— Nb(5)NiO

50 100

150

Time (min)

200

250 300




Physical Chemistry Chemical Physics

Figure 7 (continued).
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Figure 8.
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Figure 9.
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