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A B S T R A C T   

Highly stable and selective bulk NiO catalysts have been synthesized for the oxidative dehydrogenation (ODH) of 
ethane to ethylene. Interestingly, by optimizing synthesis parameters such as the amount of oxalic acid in the 
synthesis gel and the calcination temperature, undoped NiO catalysts have shown a consistent selectivity to 
ethylene of ca. 75%. The optimal catalyst requires the presence of a certain amount of oxalic acid in the synthesis 
gel and a final calcination at low temperatures (i.e. 350 ◦C). These catalysts have been deeply characterized by 
means of XRD, TPR, HRTEM, Raman and UV–vis diffuse reflectance spectroscopies, XPS and Electrochemical 
Impedance Spectroscopy measurements and tested in the ethane ODH. A novel electrochemical study has been 
undertaken, showing the p-character of all the NiO catalysts synthesized but differing in their capacitance values 
and density of cationic vacancies. The catalytic performance of NiO catalysts has been explained in terms of the 
different physicochemical properties (including changes in the number of vacancies) of the samples and the 
isolation of electrophilic oxygen species.   

1. Introduction 

Currently, the industry of ethylene derivatives presents two opposing 
trends. On the negative side, the storage and disposal of plastics (among 
which those derived from ethylene are highlighted) is environmentally 
complicated. On the other hand, the future limitation of oil derivatives 
and natural gas for their use in the automotive industry and as fuels 
suggests a great availability of oil and natural gas for conversion into 
light olefins in the mid-term. Unlike other chemicals, ethylene produc
tion has continuously increased even in the economic recession of 2008. 
In fact, before the corona outbreak, the expected ethylene consumption 
worldwide for 2021 was higher than 190 million metric tons [1,2], 
which is ca. 25% more than the consumption in 2011. 

Currently, most ethylene is produced via steam cracking of ethane, 
LPG and naphtha. This process presents several problems [2–5] among 
which the high energy consumption stands out. To save these drawbacks 
related to the energy consumption, the oxidative dehydrogenation 
(ODH) of ethane is a clean alternative worthy to be studied. Moreover, 
the ODH of ethane requires fewer separation units than steam cracking, 

uses catalysts which hardly deactivate (due to the in-situ regeneration 
by the oxygen consumed), and shows negligible coke formation (which 
reduces the number of by-products) [1,5,6]. 

The two most promising catalytic systems for the ODH of ethane are 
multicomponent Mo-V-Te-Nb-O catalysts [7–9] and promoted or sup
ported NiO catalysts [10–16]. 

Bulk NiO is a p-type semiconductor [17–19] which, when working as 
a catalyst in the presence of ethane or olefins and oxygen, tends pre
dominantly to the formation of carbon oxides [18,19]. However, by 
incorporating an appropriate promoter to the NiO (such as Nb5+

[11,20–22]) or supporting it with a suitable material such as Al2O3 
[10,23–26], the ethylene formation can be drastically enhanced. The 
nature of the support and/or the promoter must be carefully selected, 
otherwise the amount of ethylene formed can be even lower than that 
using unpromoted NiO, as this is the case of potassium as promoter [21]. 
Then, it has been widely reported that the excess of the electrophilic 
oxygens in undoped NiO can be decreased by using different cations 
with high valences (such as W6+, Nb5+, Sn4+, Zr4+, Ti4+) and this 
positively affects the formation of ethylene [17–21,27–32]. Promoters 
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with acidic characteristics [17–21,27–32] or supports like TiO2 [23], 
Al2O3 [10,34,35] or siliceous porous clay heterostructure [36] favour 
the ethylene formation. However, the presence of strong Lewis acid sites 
provokes the decomposition of ethylene resulting in a low selectivity to 
olefin [1,6,34,37,38]. Therefore, an excess of promoter usually leads to a 
decrease in the olefin formation. In this way, it has been demonstrated 
that in promoted NiO catalysts a loss in the conductivity takes place in 
the catalysts with an enhanced ethylene formation [18,19,39], which 
could be related to a decrease in the non-stoichiometric oxygen. 

On the other hand, the crystallite size of NiO is also a factor that has 
been shown as crucial in promoted NiO catalysts, those with lower size 
presenting the highest ethylene formation [11,28,30–32]. This is espe
cially notable in the case of supported NiO catalysts, in which the 
desired Ni-support interaction involves a decrease in the mean NiO 
crystallite size [34–36], whereas low Ni-support interaction leads to 
large NiO crystallites [40,41]. 

In most of these studies dealing with promoted NiO catalysts, the 
catalytic results have been explained in terms of the characteristics of 
NiO and the way the cation employed influences the physicochemical 
properties of the nickel oxide (NiO crystallite size, amount of non- 
stoichiometric oxygen, morphology, lattice parameters, conductiv
ity…). However, it seems that most times the possible direct role of the 
promoter has been underestimated. Then, in order to properly assign the 
catalytic properties to the nickel species it would be desirable to study 
pure NiO catalysts instead of supported or promoted NiO catalysts. For 
example, in Nb-promoted NiO catalysts the formation of a Ni–Nb-O solid 
solution was identified as the selective sites in the ethane ODH, and 
maybe the amount of non-stoichiometric oxygen is not so tightly related 
to the selectivity to ethylene [19]. However, this behaviour can change 
if promoters, especially Nb5+, are absent (if niobium is not present in the 
catalyst formulation). 

Recently, Zhao et al. [41] studied undoped NiO showing that it is 
possible to tune the concentration of non-stoichiometric oxygen with 
low changes in morphology. In that work, using NiO samples calcined at 
different temperatures the amount of non-stoichiometric oxygen could 
be modified and, unlike that proposed in promoted NiO catalysts, it was 
observed that the selectivity to ethylene increased as the amount of that 
excess of oxygen increased. On the other hand, the particle size has also 
been proposed as an important parameter in the performance in the 
ODH of ethane. In this way, mesostructured NiO catalysts seem to pre
sent higher selectivity to ethylene (at isoconversion conditions) than the 
corresponding nanostructured NiO [42]. 

At the present work, we have synthesized, characterized and tested 
in the oxidative dehydrogenation of ethane a set of pure NiO catalysts 
modifying both the concentration of oxalic acid in the synthesis gel and 
the final calcination temperature. Moreover, we have studied the in
fluence of different parameters such as the nature of Ni-species, the 
amount of non-stoichiometric oxygen, the NiO crystallite size or the 
charge carrierś density of the catalysts on the catalytic performance. 

2. Experimental 

2.1. Catalyst preparation 

Nickel oxides catalysts were prepared through the evaporation at 
90 ◦C of aqueous solutions of nickel nitrate (> 99.99% Sigma-Aldrich) 
with different amount of oxalic acid (> 99.5% Acros Organics) in the 
synthesis gel. The solids were dried overnight in a furnace at 120 ◦C and, 
finally, they were calcined in static air for 2 h at 350 or 500 ◦C with a 
heating ramp of 5 ◦C/min from room temperature to the desired final 
calcination temperature. The catalysts will be named as Ni-x-Y, where x 
is the oxalic acid/nickel ratio in the synthesis gel (i.e. Oxalic acid/Ni 
molar ratio of 0, 0.8, 1.0, 1.5 or 3), and Y is the calcination temperature 
(350 or 500 ◦C). Nomenclature and physicochemical properties of these 
catalysts are shown in Table 1. 

2.2. Catalysts characterization 

X-ray diffraction patterns were collected in an Enraf Nonius FR590 
diffractometer with a monochromatic CuKα1 source operated at 40 keV 
and 30 mA. The size of the NiO domains has been calculated through 
XRD technique by the Scherrer’ equation, D = k⋅λ/w⋅cosθ, where D is the 
crystallite size, k is a shape factor (0.9), λ is the X-ray wavelength 
(0.15406 nm), w is the full width at half maximum intensity (FWHM, in 
radians) and ϴ is the Bragg angle [43]. 

The surface area of catalysts were determined by multi-point N2 
adsorption at − 196 ◦C. Estimations of surface areas were made in 
accordance with the BET method. 

Raman spectra were obtained in an inVia Renishaw spectrometer, 
equipped with an Olympus microscope, using a wavelength of 514 nm 
(visible Raman) or 325 nm (UV-Raman), generated with a Renishaw 
HPNIR laser with a power of approximately 15 mW. 

UV–vis diffuse reflectance spectroscopy (DRS) measurements of the 
solids were carried out within the 200–800 nm range using a Varian 
spectrometer model Cary 5000. 

Temperature-programmed reduction experiments (H2-TPR) were 
carried out in an Autochem 2910 (Micromeritics) equipped with a TCD 
detector, using 0.10 g of catalyst and a reducing gas of 10% H2 in Ar 
(total flow rate of 50 mL min− 1). The samples were heated from room 
temperature to 800 ◦C, with a heating rate of 10 ◦C/min. 

X-ray photoelectron spectroscopy (XPS) measurements were per
formed on a SPECS spectrometer equipped with a Phoibos 150 MCD-9 
detector using a monochromatic Al Kα (1486.6 eV) X-ray source. 
Spectra were recorded using an analyzer pass energy of 50 eV, an X-ray 
power of 100 W, and an operating pressure of 10− 9 mbar. Spectra 
treatment was performed using CASA software. Binding energies (BE) 
were referenced to C 1s at 284.5 eV. 

TEM (transmission electron microscopy), HRTEM (high resolution 
transmission electron microscopy) and SAED (Selected area electron 
diffraction) were conducted using a FEI Field Emission gun Tecnai G2 
F20 S-TWIN microscope working at 200 kV. Structural and morpho
logical characterizations were obtained from the TEM and HRTEM im
ages. The lattice parameters were determined via Fourier transformation 
from HRTEM images. The preparation of the samples for the microscopy 
analyses involves the sonication in ethanol of the sample and a further 

Table 1 
Physicochemical properties of NiO catalysts.  

Catalyst Oxalate/ 
Ni ratio a 

Lattice 
parameter by 
TEM 

Mean 
particle size 
by XRD 
(nm)b 

Surface 
area 
(m2 g− 1) 

NA 

(cm− 3)c 

Ni-0- 
350 

0 0.419 11.9 70.7 1.39⋅1022 

Ni-0.8- 
350 

0.8 n.d.d 8.5 110.3 n.d.d 

Ni-1- 
350 

1.0 0.416 7.0 70.8 2.50⋅1020 

Ni-1.5- 
350 

1.5 n.d.d 7.9 76.1 n.d.d 

Ni-3- 
350 

3.0 0.416 5.0 74.0 2.15⋅1020 

Ni-0- 
500 

0 0.417 21.5 11.8 1.04⋅1021 

Ni-0.8- 
500 

0.8 n.d.d 17.5 24.3 n.d.d 

Ni-1- 
500 

1.0 0.416 17.0 23.3 2.55⋅1020 

Ni-1.5- 
500 

1.5 n.d.d 17.8 19.9 n.d.d 

Ni-3- 
500 

3.0 0.416 17.4 24.4 2.02⋅1020 

a) Oxalic acid/Ni molar ratio in the synthesis gel; b) Determined by Scherrer 
equation from Fig. 3; c) Acceptor density, NA, calculated from the slope of the 
linear region of the Mott-Schottky plot (see Fig. 9); d) n.d. means not determined. 
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deposition of the solution over a holey‑carbon film supported on a Cu 
grid where it is finally dried. 

Electrochemical Impedance Spectroscopy measurements (EIS) were 
performed at a frequency of 5000 Hz in a 0.1 M Na2SO4 electrolyte. The 
potential was scanned from 1 VAg/AgCl in the negative direction using an 
amplitude signal of 0.01 V at 0.05 V/s. For this purpose, a three- 
electrode electrochemical cell was used. The catalyst was the working 
electrode (deposited on fluorine tin oxide (FTO)), a platinum tip the 
counter electrode and an Ag/AgCl (3 M KCl) the reference electrode. An 
area of 0.5 cm2 of the catalysts was exposed to the electrolyte. From EIS 
results, Mott-Schottky plots were carried out to evaluate the semi
conductor behaviour of the catalysts and to determine their density of 
dopants. 

2.3. Catalytic tests for ethane ODH 

The catalytic tests in the oxidative dehydrogenation of ethane were 
carried out at atmospheric pressure in a tubular isothermal flow quartz 
reactor (15 mm inner diameter) at 300–340 ◦C, with a mixture con
sisting of C2H6/O2/He with a molar ratio of 3/1/29. Ethane (99.95% 
purity, Carburos Metálicos) and O2 (99.995% purity, Carburos 
metálicos) were used in these experiments. Typical reaction conditions 
used were 0.1-0.5 g of catalyst and 100 mL min− 1, although both the 
total flow and/or the catalyst amounts were changed in order to achieve 
different ethane conversions. Catalysts were introduced in the reactor 
diluted with silicon carbide in order to keep a constant volume in the 
catalytic bed. Reactants and products were analyzed by gas chroma
tography using two packed columns: (i) molecular sieve 5 Å (2.5 m); and 
(ii) Porapak Q (3 m). Blank runs were undertaken without catalyst until 
450 ◦C and no conversion was observed in all cases [28]. 

3. Results 

NiO catalysts heat-treated in air at different temperatures (350 or 
500 ◦C) with or without the addition of oxalic acid in the synthesis gel 
have been prepared, tested in the oxidative dehydrogenation of ethane 
and characterized through several physicochemical techniques. Selected 
physicochemical characteristics of the prepared samples are included in 
Table 1. 

Representative catalytic results of the differently synthesized NiO 
catalysts in the oxidative dehydrogenation of ethane are shown in 
Table 2. The reaction temperature used in this study has been fixed at 
300 and 340 ◦C in order to have a better comparison of the catalytic 
performance of the catalysts, minimizing the effect of the reaction 
temperature in the selectivity to ethylene vs ethane conversion plot. 

Moreover, by not exceeding 350 ◦C in the reaction temperature, the 
modification of the catalysts heat-treated at the lowest calcination 
temperature is minimized. 

In all cases, the only reaction products detected have been ethylene 
and CO2. No carbon monoxide, acetic acid nor another O-containing 
product have been identified. An accurate carbon balance in the 
98–102% range has been obtained in all the experiments. 

Overall, the most active catalysts were those calcined at 350 ◦C with 
a catalytic activity ca. 3–4 times higher than that of the catalysts 
calcined at 500 ◦C. Moreover, a clear positive effect of the addition of 
oxalic acid has been observed regardless of the calcination temperature. 
Then, the addition of oxalic acid increases the reaction rate for ethane 
conversion by a factor of 2 (Fig. 1a). This increase is observed regardless 
of the amount of oxalic acid employed, so that the key factor of the 
catalytic activity is the presence or the absence of oxalic acid rather than 
its amount. As it can be seen in Table 2, the specific activity (activity 
normalized per surface area) is very similar for all catalysts regardless of 
the presence of oxalic acid or the calcination temperature used. There
fore, the surface area (i.e. the available active sites) seems to be the 
governing factor determining the catalytic activity. 

Whenever there is not a drastic difference in reactivity, the key factor 
to be optimized in the catalytic performance for the oxidative dehy
drogenation of ethane is the selectivity to ethylene. Then, Fig. 1b shows 
the values of the selectivity to ethylene at isoconversion conditions 
(10%). As it can be seen, the presence of oxalic acid in the synthesis gel 
leads to a remarkable increase in the selectivity to ethylene regardless of 
the calcination temperature. Then, the catalysts prepared in absence of 
oxalic acid present a selectivity of ca. 45–48% whereas that achieved on 
catalysts prepared in the presence of oxalic acid ranges between 63 and 
75%. According to these results, the optimal catalysts were the ones 
prepared with an oxalic acid/nickel molar ratio of 1.0. Additionally, for 
a fixed oxalic acid/nickel molar ratio, the lower the calcination tem
perature the higher the selectivity to ethylene is. 

Since the reactivity of the catalysts is different, we employed 
different contact times in order to obtain a comparative selectivity to 
ethylene vs. ethane conversion curve. Fig. 2 shows the variation of the 
selectivity to ethylene with the ethane conversion for selected catalysts. 
Noteworthy, in the range of conversions studied (until 20%) the fall in 
the selectivity to ethylene is not drastic. Therefore, it can be seen that the 
Ni-1-350 catalyst presents the highest selectivity to ethylene, whereas 
Ni-0-500 is the least selective. 

Although there are many factors that define the catalytic perfor
mance of NiO based catalysts, the crystallite size has shown to have 
certain effect on both the catalytic activity and the selectivity 
[11,21,27–32,41]. Fig. 3 shows the XRD patterns of nickel oxide 

Table 2 
Oxidative dehydrogenation of ethane on undoped NiO catalysts.  

Catalyst C2 

conversion 
(%) 

O2 

conversion 
(%) 

Selectivity to ethylene 
(%)a 

Catalytic 
Activitya, 

b 

STY rate of ethylene formation a, 

d 
Selectivity to ethylene (%) 
e 

Specific activity a, 

c 

Ni-0-350 7.0 42.3 49.5 513 239 49 7.3 
Ni-0.8- 

350 
13.2 59.4 66.6 967 606 68 8.8 

Ni-1-350 12.6 49.7 72.8 922 633 73 13.2 
Ni-1.5- 

350 
11.8 53.2 66.6 865 542 69 11.4 

Ni-3-350 13.7 61.3 66.9 1003 632 69 13.6 
Ni-0-500 2.0 12.6 46.6 146 65 45 13.3 
Ni-0.8- 

500 
4.1 21.1 59.6 278 169 58 11.4 

Ni-1-500 4.2 19.0 66.4 307 192 65 13.3 
Ni-1.5- 

500 
4.1 20.7 60.6 278 170 60 14.0 

Ni-3-500 3.2 16.6 59.1 235 147 58 10.0 

a)C2/O2/He: 10/3.3/86.7 M ratio, reaction temperature = 340 ◦C, W/F = 4 gcat h (molC2)− 1; b) in gC2H6 kgcat
− 1 h− 1;c) in 103 gC2H6 m− 2 h− 1; d) in gC2H4 h− 1 kgcat

− 1; e) 

Selectivity to ethylene at ethane conversion of 10%, 340 ◦C and variable contact times. 
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catalysts calcined at 350 (Fig. 3a) or 500 ◦C (Fig. 3b). In all cases, the 
main peaks appear at 2θ: ~37.2, 43.2, 62.8, 75.3 and 79.3º which 
correspond to the (111), (200), (220), (311) and (222) planes of cubic 
NiO crystalline phase (JCPDS: 78–0643), respectively. The presence of 
partly (Ni2O3) or totally reduced (Ni0) phases have not been detected. As 
it can be observed, all the samples present five intense peaks, regardless 
of the addition of oxalic acid and the calcination temperature, which 
have been considered to apply the Scherrer’ Eq. [43]. 

However, interesting differences in terms of crystallinity are 
observed (Fig. S1, supporting information). Samples heat treated at 
500 ◦C present narrow Bragg peaks which means that relatively large 
crystallites have been formed. Then, according to the Scherrer equation, 
a mean NiO crystallite size that varies from ca. 22 nm in the catalyst 
prepared without oxalic acid in the synthesis gel to ca. 17 nm in the 
catalysts prepared with oxalic acid in the synthesis gel has been deter
mined (Table 1 and Fig. S1). As expected, the calcination at 350 ◦C leads 
to a widening of the Bragg peaks, which is related to material with lower 
crystallinity with tinier NiO crystallites. Then, average NiO crystallite 
size of ca. 12 nm in the catalyst prepared without oxalic acid decreased 
to 7–8 nm for those catalysts with moderated use of oxalic acid (oxalic 
acid/Ni ratio of 0.8 to 1.5). Finally, the use of higher oxalic acid loadings 
resulted in a further decrease of the average size since Ni-3-350 presents 
an average size for NiO crystallites of ca. 5 nm. The determined crys
tallite sizes of the catalysts follow the trend expected considering their 
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surface areas. 
We must inform that the as-synthesized samples (before calcination) 

have been also characterized by XRD and Thermogravimetric analysis 
(Figs. S2 and S3, respectively, in the Supporting Information), in order to 
understand better the changes achieved in calcined samples, depending 
on the amount of oxalic acid in the synthesis gel. Thus, the XRD pattern 
of the as-synthesized samples indicates de presence of Nickel(II) nitrate 
hexahydrate (Ni(NO3)2 ⋅ 6 H2O, in the sample prepared without oxalic 
acid in the synthesis gel), whereas Nickel(II) oxalate dihydrate (NiC2O4⋅2 

H2O) is mainly observed in samples prepared with oxalic acid in the 
synthesis gel (Fig. S2; Supporting information). This is also confirmed by 
Thermogravimetric analysis (Fig. S3; Supporting Information), in which 
the decomposition of Ni-nitrate (broad peak, not very intense) and Ni- 
oxalate (narrow peak, very intense) occurs at ca. 350 ◦C in TG. 

The samples have been characterized by Visible Raman (using an 
excitation wavelength of 514 nm, Fig. S4) and UV Raman (using an 
excitation wavelength of 325 nm, Fig. 4), in order to differentiate the 
crystallinity and crystal sizes of catalysts. 

Raman spectra of catalysts, using a 514 nm laser (Fig. S4), present 
main bands at 462 and 497 cm− 1, in addition to small broad bands at 
710, 930 and 1081 cm− 1. Bands at 462 and 497 cm− 1 have been 
assigned to the Ni–O stretching mode related to a rhombohedral 
deformation of the structure or to non-stoichiometric Ni–O [19,20,44]. 
The other bands have been related to overtones of the first ones or their 
combinations [20]. A small band at 1060 cm− 1 is also observed in some 
cases, which can be related to the ν1 vibration mode of carbonate groups 
[20,45,46]. These results agree with previous ones on samples calcined 
at temperatures higher than 400 ◦C [19,20,44–46]. 

In addition to these, it can be also seen a shoulder at 410 cm− 1 

(especially in samples prepared with an oxalate/Ni ratio of 3.0), which 
could be related to the non-stoichiometry of catalysts and/or a higher 

nickel vacancy concentration [19,20]. On the other hand, the appear
ance of 2-magnon band (at ca. 1402 cm− 1) in samples calcined at 500 ◦C 
(Fig. 4a), which is absent in samples calcined at 350 ◦C, can be attributed 
to the transition from ferromagnetic to antiferromagnetic characteris
tics, in NiO materials calcined at temperatures higher than 400 ◦C 
[47,48]. 

Fig. 4 shows the UV Raman spectra of nickel oxide catalysts calcined 
at 350 or 500 ◦C, which can help to follow the spin-phonon interaction 
in these catalysts [48–50]. In general, it can be distinguished the pres
ence of two main bands at ca. 571 and 1128 cm− 1 (1145 cm− 1 in samples 
calcined at 500 ◦C), which can be related to the one-phonon (1P) lon
gitudinal optical (LO) mode and two-phonon (2P) longitudinal optical 
(2LO) mode, respectively, in NiO crystals [48,49]. In addition, two small 
bands are also observed at ca. 724 and 901 cm− 1 related to two-phonon 
(2TO-transverse optical) and (TO) modes. 

As it can be seen, the intensities of bands at ca. 571 and 1128 cm− 1 

change depending on the catalyst preparation procedure and/or calci
nation temperature. In this way, it has been proposed that the intensity 
of these most characteristic bands (1P LO band at ~571 cm− 1 and 2P 
2LO band at ~1120 cm− 1) could be related to the specific structural and 
chemical features of the catalyst. Thus, an increase of the intensity of 2P 
2LO band (I1120) higher than that of 1P LO band (I571) is observed for 
catalysts calcined at 500 ◦C and for samples prepared without oxalic 
acid in the synthesis gel, suggesting that they present the higher NiO 
crystal size and/or the lower concentration of defects [51]. In an 
opposite trend, samples prepared in the presence of oxalic acid in the 
synthesis gel and calcined at 350 ◦C present the highest values of I571 
and the lowest I1120/I571 ratios. Accordingly, low I1120/I571 ratios in the 
UV Raman spectra should correspond to samples presenting NiO parti
cles with the lowest crystal size and/or the highest concentration of 
defects [50], being these aspects mainly related to the catalyst 
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preparation (presence of oxalic acid in the synthesis gel) and/or lower 
calcination temperature. In the present work, a clear correlation be
tween the relative intensity of the bands at 571 and 1120 cm− 1 (ILO/I2LO) 
and the NiO crystallite size determined by XRD has been observed 
(Fig. S5). Therefore, an estimation of the concentration of over- 
stoichiometric oxygen in these catalysts is not straightforward to reach 
according to UV Raman spectroscopy. 

The catalysts were also characterized by Diffuse Reflectance UV–vis 
spectroscopy (DRS). The DRS spectra of catalysts calcined at 350 or 
500 ◦C are shown in Fig. 5. No distinguishable differences were observed 
in the UV area of the spectra, but some features can be observed in the 
visible area. 

Several absorption bands have been observed (at 380, 416, 450, 650 
and 722 nm) which are typical of bulk NiO [10,35,52,53] with Ni2+ in 
its octahedral coordination. In fact, it is well known that bulk NiO shows 
bands at 715, 420 and 377 nm, which can be related to the presence of 
octahedrally coordinated Ni2+ species in the cubic (rock-salt) NiO lattice 
[10,51,52]. In addition, a band at ca. 510 nm could be also related to 
charge transfer in NiO crystals [53,54]. On the other hand, and although 
there is not a clear trend in these spectra, it can be observed a higher 
intensity of the absorption in the 400–600 nm range for the catalysts 
calcined at 350 ◦C (Fig. 5A) than those at 500 ◦C (Fig. 5B). This is 
especially notorious in the sample prepared in the absence of oxalic acid 
in the synthesis gel (i.e. Ni-0-350). A high background absorbance for 
this area has been linked with a high concentration of non- 
stoichiometric oxygen. Therefore, it seems that those samples calcined 
at 350 ◦C, and especially Ni-0-350, present the highest amount of non- 
stoichiometric oxygen. 

A detailed study of these catalysts was also undertaken through TEM 
and High Resolution TEM (Fig. 6). Catalysts calcined at 350 ◦C show 

drastic differences when adding oxalic acid in the synthesis. The basic 
Ni-0-350 catalyst presents large agglomerations of several micrometres 
consisting of highly porous poorly defined particles of variable size, 
ranging from large (50 nm) to small (5 nm) particles. The Ni-1-350 
sample presents well defined particles with sizes between 5 and 50 nm. 
Interestingly, small cavities in the range of 1–2 nm are located within 
these particles. In the inset of Fig. 6b, it is observed by HR-TEM some ca. 
10–15 nm particles with tiny cavities. Finally, the sample prepared with 
the highest concentration of oxalic acid (sample Ni-3-350) is formed by 
tiny particles with a rather uniform size (ca. 4 nm) and aspect. In the 
inset of Fig. 6c, small 3 to 6 nm particles are clearly observed in close 
contact with each other. 

Fig. 6 shows also selected TEM/HRTEM images of NiO catalysts 
calcined at 500 ◦C. Overall, the effect of the oxalic acid is similar to that 
observed for catalysts calcined at 350 ◦C but at 500 ◦C the porosity and 
the presence of cavities is much lower. This fits with the decreased 
surface area observed in the latter. Ni-0-500 catalyst has large ag
glomerations of rather big particles without apparent porosity and a few 
small nanoparticles of 10 nm and less (Fig. 6d). Ni-1-500 presents well 
defined particles most of them between 10 and 30 nm of diameter 
without apparent internal cavities (Fig. 6e). Finally, Ni-3-500 shows 
well defined particles and a similar morphology but with slightly smaller 
particles than that sample with lower oxalic acid content (Fig. 6f). 

SAED patterns (Fig. S6) demonstrate that all NiO catalysts are formed 
by crystalline Ni-containing nanoparticles, which can be indexed 
unambiguously to cubic NiO. No metallic Ni nor Ni2O3 were identified. 
A further analysis indicates that the lattice parameter ranges from 0.419 
nm to 0.416 nm (see Table 1) and a clear effect of the preparation 
procedure on this value has not been observed. However, by taking 
separately both calcination temperatures, a decrease of the lattice 
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parameter has been observed in the samples treated with oxalic acid. In 
this way, the decreased particle size could partially explain the decrease 
lattice parameter observed. 

The reducibility of the NiO catalysts has been also studied by tem
perature programmed reduction (Fig. 7) as it can influence the catalytic 
performance of this type of catalysts [11,19–21,27–33,54–57]. Thus, the 
oxidative dehydrogenation of ethane takes place by a redox mechanism 
[57], being the reduction part considered as the limiting step at mod
erate and high temperatures. Then, the catalytic activity in this reaction 
could be related to the reducibility of the sample. Moreover, it has been 
proposed for many NiO based catalysts [11,19–21,27–33,54–57] that 
the most selective sites are the ones that present the lowest reducibility. 

Overall, the reduction profile of these catalysts is rather similar with 
a broad reduction peak centred between 254 and 351 ◦C. This broad 
peak, which can contain a shoulder, has been related to the reduction of 
bulk NiO (lattice oxygen) [55– 57]. Interestingly, the onset temperature 
for this band takes place at similar temperatures regardless of the 
catalyst, but the maximum shifts towards lower temperatures when the 
amount of oxalic acid used increases. It is noteworthy the presence of a 
low intensity reduction band at ca. 200 ◦C. 

This band at 200 ◦C has been reported to be related to the reduction 
of over-stoichiometric oxygen, i.e. Ni3+ species or even Ni2O3 [29,56]. 
An enlargement of the area around 200 ◦C (see Fig. 7) shows that the low 
temperature band is especially intense in the samples calcined at 350 ◦C 
and, above all, in the reference catalyst (sample Ni-0-350). However, 
the use of oxalic acid in the synthesis gel leads to a decrease in its height. 
This reduction peak, with low intensity, can be also observed in the 
reference sample calcined at 500 ◦C (sample Ni-0-500) but not in the 
other catalysts. 

The hydrogen consumption observed during the TPR experiments 
slightly exceeds the hydrogen necessary to completely reduce Ni2+O 
into metallic Ni (102–105% of the theoretical NiO + H2 ➔ Ni + H2O 
reaction). However, a defined trend regarding calcination temperature 
or presence of oxalic acid has not been detected. Nevertheless, this 

higher hydrogen consumption could indicate that these catalysts present 
an excess of oxygen over the stoichiometric NiO. 

The surface of the nickel oxide catalysts has been characterized by 
XPS of samples calcined at 350 or 500 ◦C. Fig. 8 shows the Ni 2p3/2 core 
level spectra for the catalysts calcined at 350 ◦C (Fig. 8a) and 500 ◦C 
(Fig. 8b), respectively. In all cases, the spectra show a wide band 
centered at ca. 854.5 eV. This band presents two maxima. The first one 
(usually referred as Main Peak) at binding energy ca. 853 eV is attrib
uted to structural Ni2+ species. The second maximum corresponds to a 
satellite (usually referred as Sat I) that appears at 855 eV and it is related 
to the presence of multiple defects in the structure (i.e. Ni2+ vacancies, 
Ni3+ and/or Ni2+-OH species) but also to nickel atoms not coming from 
lattice oxygen‑nickel bound but from octahedral NiO6 neighbour cluster 
units [57,58]. A second wide satellite (Sat II) with its maximum at 860.2 
eV is associated to ligand-metal charge transfer [28,36,57,58]. 

The relative intensity of the Sat I compared to the Main peak (Sat I/ 
Main peak ratio) has been determined by the deconvolution of the wide 
band into two bands (centered at 853 and 855 eV). This ratio has been 
roughly related to the presence of nickel defects [27]. As it can be seen, 
and in accordance with the XRD results, lower calcination temperatures 
lead to worst crystallization of the NiO regardless of the oxalic acid 
amount, and therefore, higher presence of nickel defects, as it can be 
stated for the higher Sat I / Main Peak relationship of their relative in
tensity values (see Table 3). However, the Sat I / Main Peak relationship 
for the catalysts treated at 500 ◦C leads to fairly lower values, suggesting 
that a severe thermal treatment favors better crystallization of the cat
alysts. Regrettably, due to the uncertainty of the assignment of Ni bands 
accurate conclusions cannot be drawn. 

On the other hand, Fig. 8 shows also the O 1s core level XPS spectra 
of the NiO catalysts calcined at 350 ◦C (Fig. 8c) and 500 ◦C (Fig. 8d). In 
our case, it can be differentiated three types of signals [41,59,60]: the 
first one (OI) at binding energy of ca. 528.6 eV is the majority and it is 
related to structural nucleophilic lattice oxygen species; the second one 
(OII) appears at 530.5 eV, and it is attributed to OH− species; and finally, 
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Fig. 6. TEM and HR-TEM micrographs of NiO catalysts: a) Ni-0-350; b) Ni-1-350; c) Ni-3-350; d) Ni-0-500; e) Ni-1-500; f) Ni-3-500.  
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the third signal (OIII) at 532.5 eV is ascribed to electrophilic (O2
− and/or 

O-) species on the surface of the catalysts. Table 3 shows the relative 
proportion of these oxygen species. 

According to these results, those catalysts calcined at 350 ◦C present 
a similar concentration of nucleophilic species (51–60%), those catalysts 
with an oxalic acid/Ni ratio of 1 presenting the highest concentration. In 
addition, it is clear that the signal corresponding to OH− /defects (OII) is 
more intense in the catalysts calcined at 350 ◦C to the detriment of the 
electrophilic oxygen (OIII) signal (Table 3), which are shown to be 
responsible for the deep oxidation of the paraffin [62]. 

These results are in good agreement with all the characterization 
reported above and suggests that a lower presence of electrophilic spe
cies enhance the selectivity to the partial oxidation product. 

In order to get more information about the number of vacancies we 
have decided to evaluate the semiconductor behaviour of the catalysts 
through Mott-Schottky plots (see conditions in Experimental section). 
Mott-Schottky plots represent the reciprocal of the square capacitance vs 
the applied potential. In particular, the Mott-Schottky equation for a p- 
type semiconductor (such as NiO [63]) is the following: 

1
C2 =

1
CH

−
2

εr⋅ε0⋅e⋅NA

(

E − EFB −
kT
e

)

(1)  

where C is the value of total interfacial capacitance calculated from EIS, 
CH is the capacitance of the Helmholtz layer, εr is the dielectric constant 
of the semiconductor used as a catalyst (~12 for nickel oxide) [64], ε0 is 
vacuum permittivity (8.85⋅10− 14 F cm− 1) and e is the electron charge 
(1.60⋅10− 19C), NA is the density of acceptors in the semiconductor, E is 
the applied potential, EEF is the flat-band potential, k is the Boltzmann 

constant (1.38⋅10− 23 J/K) and T is the absolute temperature. From the 
slope of the linear region of the Mott-Schottky plots, NA values for the 
different catalysts can be calculated. 

Mott-Schottky plots for the catalysts with and without oxalic acid in 
the synthesis gel are presented in Fig. 9. It is observed that, for all the 
catalysts, a linear region with a negative slope is displayed in the Mott- 
Schottky plots, which is characteristic of p-type semiconductors with an 
excess of cationic vacancies [64–67], the predominant defect type in 
NiO [41]. 

Fig. 9 also shows the value of the acceptor densities calculated for 
catalysts calcined at 350 or 500 ◦C, synthesized with or without oxalic 
acid in the synthesis gel. Independently of the oxalic acid content in the 
synthesis gel, NA values are in general higher for catalysts calcined at 
350 ◦C but the presence of oxalic acid clearly diminished the number of 
NA with respect to the base NiO catalyst (i.e. Ni-0-350), regardless of the 
calcination temperature (Table 1). This confirms that catalysts prepared 
with oxalic acid in the synthesis gel present less cationic vacancies, 
which are related with the excess of non-stoichiometric oxygen, i.e. 
mainly electrophilic oxygens [11,41,57]. 

These electrochemical results are in good agreement with the DRS 
and H2-TPR measurements, where the highest amount of non- 
stoichiometric oxygen species correspond to the catalysts synthesized 
without oxalic acid in the gel solution and calcined at 350 ◦C. Addi
tionally, acceptor densities are consistent with XRD and XPS results, 
since catalysts obtained at low calcination temperatures presented the 
highest concentration of nickel defects. 

4. Discussion 

In the present article we have demonstrated that by controlling the 
calcination temperature and adding oxalic acid in the synthesis gel, a 
rather unselective material as unsupported and unpromoted NiO can 
turn into a selective catalyst for the oxidative dehydrogenation of 
ethane. A 73% selectivity to ethylene at 10% of ethane conversion as 
well as a highly stable behaviour has been reached with the optimal 
catalyst. 

Several factors have been shown to influence the catalytic perfor
mance (and more importantly, the selectivity to ethylene) of NiO-based 
catalysts. Tiny NiO crystallites seem to be desirable to obtain high 
selectivity to ethylene in promoted NiO catalysts [19–21,27–32] 
although in supported catalysts this trend is not clear [33–36]. In those 
cases, the nature of the support and the NiO-support interaction play an 
important role. 

Fig. 10 shows the influence of the average NiO crystallite size over 
the selectivity to ethylene. It can be observed that, among those samples 
calcined at a given temperature, the catalysts with the lowest size are the 
most selective ones. However, it is not a general trend. 

For example, the catalyst prepared in the absence of oxalic acid 
calcined at 350 ◦C presents a selectivity lower than 50% with a mean 
crystallite size of ca. 12 nm and those prepared with oxalic acid at 500 ◦C 
can reach 66% selectivity with a size of ca. 18 nm. Therefore, other 
factors are involved in the enhanced performance of the catalysts syn
thesized in the presence of oxalic acid. 

Recently, Zhao et al. [41] studied pure NiO catalysts heat-treated at 
different temperatures between 400 and 1000 ◦C and observed a direct 
correlation between the amount of non-stoichiometric oxygen and the 
selectivity to the olefin. This observation contrasts with that reported 
previously in different articles. Relationships between nucleophilic ox
ygen and the formation of partial oxidation and dehydrogenation 
products, as well as electrophilic oxygen and formation of total oxida
tion products, have been often proposed [11,21,61,68,69]. In the case of 
electrophilic oxidation, it proceeds through the activation of the mo
lecular oxygen fed favouring the formation of cracking products and 
carbon oxides (total oxidation is highly favoured). Conversely, nucleo
philic oxygen tends to attack C–H bonds in a previously activated 
organic molecule, maintaining the same size of the hydrocarbon. In this 
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sense, non-stoichiometric oxygen is more electrophilic than lattice ox
ygen, so that one could think that catalysts with high concentration of 
oxygen in excess tends preferentially to transform ethane into carbon 
oxides. In fact, several authors have found in promoted NiO catalysts 
that the decrease in the amount of non-stoichiometric oxygen leads to an 

enhanced selectivity to ethylene [19–21,27–31,70]. Similarly, it was 
demonstrated an inverse relationship between the selectivity to the 
olefin in promoted NiO catalysts with the p-conductivity [19,39,70]. 
Accordingly, NiO doped with high valence promoters (+4 and above) 
have been reported to be the most selective catalysts for the olefin 
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formation, but they also provoke a decrease of the mean oxidation state 
of Ni, consequently decreasing the amount of non-stoichiometric oxygen 
[11,19–21,27–32]. In the same way, it has been shown for supported 
NiO catalysts that the selectivity to ethylene increases concomitantly 
when the number of Ni neighbours in the first (Ni–O) and the second 
coordination shell (Ni–Ni) decreases [33]. The elimination of surface 

electrophilic species (which is somewhat related to the density of over 
stoichiometric oxygen) has been also linked to a higher ethylene for
mation in supported or promoted Nb- and Ti- doped NiO catalysts [41]. 

Most of these studies have been focused in promoted or supported 
NiO since undoped bulk NiO usually presents a poor performance with a 
massive formation of carbon dioxide. Maybe, in those cases, the role of 
the promoter and/or the support has been underestimated. In the pre
sent article several pure NiO catalysts have been tested, being the cat
alysts calcined at 350 ◦C the ones that present the highest concentration 
of non-stoichiometric oxygen. As expected, the amount of non- 
stoichiometric oxygen decreased when the calcination temperature in
creases [71]. However, the most selective catalysts are those prepared 
with oxalic acid and, although the calcination temperature plays a role, 
it is upset by the effect of the use of oxalic acid. The presence of oxalic 
acid in the synthesis gel also leads to a decrease in the concentration of 
overstoichiometric oxygen species. This is due to the reductant behav
iour of the oxalic acid, which favors the Ni3+ to Ni2+ transition. How
ever, this elimination of non-stoichiometric oxygen when using oxalic 
acid takes place to a lesser extent than by increasing the calcination 
temperature. Therefore, no relationship has been observed between the 
amount of non-stoichiometric oxygen and the selectivity to ethylene. 

Fig. 11 shows the evolution of the ethane conversion and the selec
tivity to ethylene with the time on line for Ni-1-350 and Ni-1-500 cat
alysts together with the DR-UV–Vis. spectra of these catalysts before and 
after use. It can be seen that, after 9 h of use the catalytic performance 
kept invariable, maintaining both the same conversion and selectivity. 

Interestingly, the UV–Vis. spectra of the used catalysts changed with 
respect to the fresh catalysts since the absorbance in the 450–600 nm 
range, which is qualitatively related to non-stoichiometric oxygen, is 
remarkably lower. Then, after a moderate use in an atmosphere with 
ethane and oxygen (9 h with an ethane/O2 ratio = 3 M), the catalysts 
seem to lose part of the over-stoichiometric oxygen. This is in agreement 
with the decrease in the oxygen excess observed in Nb-doped NiO cat
alysts after their use in the oxidative dehydrogenation of ethane [29,72]. 
In our case, the loss of oxygen in excess has not meant a drop of either 
catalytic activity or selectivity to ethylene. 

The apparent contradiction observed in different works about the 
need for the presence or absence of non-stoichiometric oxygen can be 
due to the fact that electrophilic oxygen species have been reported to be 
the ones that activate the ethane molecule [73]. Thus, these electro
philic species would be necessary for the activation of the ethane, but 
they should be isolated (and, therefore, be present in low concentration) 
to avoid the transformation of ethane into carbon dioxide. Accordingly, 
surface area should also play a role as higher surface areas would allow a 
higher dispersion of electrophilic species. Perhaps, due to the need for 
electrophilic species to activate the ethane molecule, NiO based cata
lysts have not been described in the literature to present consistent 
selectivity to ethylene above 95%. Hence, a general correlation between 
the concentration of electrophilic oxygen and the selectivity to ethylene 
is not direct and will depend on other factors such as the surface area, 
the presence of promoters or supports or even to the different mor
phologies and exposed planes. 

As mentioned above, it has been proposed in several articles that in 
supported or promoted NiO based catalysts [11,19–21,27–33,54–57] 
the most selective sites are those with the lowest reducibility. However, 
in the present work, the study of unpromoted bulk NiO does not show a 
clear correlation although the least selective catalysts (the ones without 
oxalic acid in the synthesis gel) are those that show the highest reduction 
maxima temperature, according to our H2-TPR assays. 

On the other hand, considering that the reduction band at 200 ◦C of 
the TPR experiments is related to non-stoichiometric oxygen (Ni3+-like 
species), the extent of isolation of electrophilic species could be roughly 
estimated by dividing that area by the specific surface area of each 
catalyst. Then, for a given calcination temperature the most selective 
catalysts are those in which non-stoichiometric oxygen concentration 
(normalized per surface area) is lower, i.e., non-stoichiometric oxygens 

Table 3 
XPS results of nickel oxide catalysts.  

Catalyst Ni 2p3/2 O 1 s   Ni/O surface  

Sat-I/M.P. OI (%) OII (%) OIII (%) atomic ratio, % 

Ni-0-350 1.06 53 36 11 0.62 
Ni-0.8-350 0.60 44 36 20 0.49 
Ni-1-350 1.13 58 37 5 0.81 
Ni-3-350 1.00 53 42 5 0.67 
Ni-0-500 0.64 51 31 18 0.46 
Ni-0.8-500 0.72 63 26 11 0.35 
Ni-1-500 0.75 60 27 13 0.47 
Ni-3-500 0.68 54 32 14 0.53  
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are more isolated (Fig. 12a). In any case, samples calcined at 350 ◦C 
present higher selectivity than samples calcined at 500 ◦C. 

As mentioned in the Results section, cationic vacancies have been 
estimated through an electrochemical assay determining the NA value 
(acceptor density). This NA value turned out to be higher for catalysts 
calcined at 350 ◦C; although the presence of oxalic acid in the synthesis 
gel also leads to a decrease of the NA value. Thus, Fig. 12b shows the 
relationship between the selectivity to ethylene with the acceptor den
sity values for the three set of catalysts, i.e. catalysts prepared with an 
oxalic acid/Ni molar ratio of 0, 1.0 or 3.0, and calcined at 350 or 500 ◦C. 
It can be clearly observed that the highest selectivity to ethylene is 
related to lower acceptor densities (in Fig. 12b). In particular, the 

catalysts synthesized with oxalic acid show lower NA values, that is, the 
lowest concentration of cationic vacancies. Hence, catalysts prepared 
with oxalic acid have less concentration of non-stochiometric oxygen 
which, in turn, could overoxidize ethane to non-desired carbon com
pounds, such as CO2. 

The main achievement of the present article is that the simultaneous 
use of low calcination temperatures and a certain amount of oxalic acid 
leads to the formation of highly selective undoped NiO catalysts which 
additionally are very stable. 

The characterization of as-synthesized samples (before calcination) 
suggests important changes depending on the absence or presence of 
oxalic acid in the synthesis gel. Thus, Ni-nitrate was observed in the 
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sample prepared without oxalic acid in the synthesis gel, whereas Ni- 
oxalate is observed in the precursors of catalysts prepared with oxalic 
acid in the synthesis (Fig. S2, in the Supporting information). These 
differences, which determine also a different behaviour during the 
thermal decomposition of precursors (Fig. S2, in the Supporting infor
mation) should have an important influence on the physicochemical 
characteristics, and then, on the catalytic properties of the calcined 
catalysts [74,75], especially in samples calcined at 350 ◦C. 

In addition, these catalysts also present high catalytic reactivity, 
making it possible for them to operate at low reaction temperatures (ca. 
300 ◦C) with a negligible loss of activity. This high stability contrasts 
with that reported in several articles in which a certain deactivation is 
observed in the ODH of ethane using NiO based catalysts. Deactivation 
has been related in former articles to formation of mixed inactive phases 
such as NiWO4 [72] or NiNb2O6 [20], the reduction of NiO over
stoichiometric oxygen [20] and the decrease in the surface area [73]. In 
our catalysts, no mixed phases can be formed since the only chemical 
element present in these catalysts, apart from oxygen, is nickel. Inter
estingly, we have observed an apparent decrease in the amount of non- 
stoichiometric oxygen after using the optimal NiO catalyst, which, on 
the contrary, has had no effect on catalytic activity and ethylene 
selectivity. 

5. Conclusions 

A non-promoted and non-supported NiO catalyst active and with a 
reasonably high selectivity to ethylene in the oxidative dehydrogenation 
of ethane has been prepared. The joint use of low calcination tempera
ture (350 ◦C) and the inclusion of an appropriate oxalic acid loading in 
the synthesis gel during the preparation procedure has led to notable 
selectivity to ethylene (ca. 73%). Interestingly, a stable catalytic per
formance with the time on line has been observed in the optimal cata
lysts. This high stability can be related to the low reaction temperature 
required to undertake the reaction. The use of oxalic acid in the syn
thesis gel has been shown to highly improve the catalytic performance as 
an increase in the selectivity to ethylene by ca. 25 points and the reac
tivity by a factor of 1.5–2.0 compared to the reference sample have been 
obtained. Moreover, the calcination temperature has been shown as a 
determining factor in a way that catalysts calcined at 350 ◦C are more 
active and more selective to ethylene than analogous catalysts calcined 
at 500 ◦C. The enhanced catalytic performance of catalysts prepared in 
the presence of oxalic acid has not been only related to the NiO crys
tallite size and, more interestingly, the amount of electrophilic oxygen 
does not seem to play alone a determining role in the selectivity to 
ethylene. However, although a precise correlation has not been ob
tained, the most selective catalysts present high extent of isolation of 
non-stoichiometric oxygen and low p-type semiconductor character. 
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