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Surface-phosphated NiO catalysts with different phosphorus contents were prepared and used for ethane
oxidative dehydrogenation (ODH) in the temperature range from 300 to 425 °C. The catalysts were char-
acterized by nitrogen adsorption at -196 °C, XRD, ICP-OES, XPS, TEM, and Raman spectroscopy. They
were also characterized by in situ electrical conductivity measurements at various temperatures and oxy-
gen partial pressures, and the temporal response of the electrical conductivity to sequential exposure to
air, an ethane-air mixture (reaction mixture) and pure ethane was recorded under conditions similar to
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those employed in the catalytic experiments. Adding increasing amounts of phosphorus to NiO changes its
physicochemical characteristics; specifically, both the concentration and mobility of the surface lattice O~
species in the NiO material decrease considerably, affecting its catalytic performance in ethane ODH. Thus,
increasing the P content in NiO leads to a decrease in its catalytic activity with an increase in its ODH se-
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1. Introduction

Ethane oxidative dehydrogenation (ODH) is an attractive alter-
native to conventional ethylene production via steam crack-
ing."? NiO-based catalysts are among the most active and se-
lective catalysts for low-temperature ethane ODH to ethylene.
The good catalytic performance of NiO in the low-
temperature ethane ODH was first reported by Ducarme and
Martin.®> Schuurman et al.* showed that the ethylene oxida-
tion activity of NiO is lower than its ethane oxidation activity,
thus explaining its interesting catalytic behavior in ethane
ODH and demonstrating the potential of NiO-based systems
in this reaction. Heracleous et al.’ studied unpromoted and
M-promoted (M = Mo, V, Nb, Ta, Co) alumina-supported NiO
catalysts in ethane ODH. Increasing the Ni loading from 8 to
24 wt% increased the ethane conversion without significantly
affecting the ethylene selectivity. The structures and ethane
ODH catalytic properties of the promoted catalysts were con-
siderably different from those of the unpromoted ones. The
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lectivity at the expense of total oxidation selectivity in the temperature range studied.

Nb-promoted catalyst was found to be the best catalyst; its re-
activity toward ethane was more than 50% higher than that of
the unpromoted catalyst, and it exhibited high ethylene selec-
tivity. The effect of doping NiO with a series of altervalent cat-
ions, such as Li, Mg, Al, Ga, Ti and Nb, on its ethane ODH
catalytic properties was also investigated.*” It was shown that
the catalytic behavior can be controlled by the nature of the
dopant. Specifically, increasing the dopant valence state leads
to a decrease of the amount of non-selective electrophilic O~
species on the NiO surface; a decrease in the number of these
species leads to an increase in the ODH selectivity.®” Accord-
ingly, the Nb-doped NiO catalyst exhibited the highest cata-
Iytic performance with a conversion of ca. 66% and selectivity
of 68% at 400 °C. Due to its outstanding ethane ODH perfor-
mance, several studies have been focused on the Nb-Ni-O
catalyst.*"” The optimal Nb-Ni-O catalyst composition for
obtaining the highest ethylene yield was found to be
Nby.15Nig50.>'° However, this catalytic system deactivates
over time on stream due to the formation of the inactive
NiNb,O, phase.’® To find a new highly active, selective and
stable NiO-based catalyst, many recent studies were focused
on modifying bulk'®*?* or supported®*>* NiO with various
promoters, including higher valence transition metals, rare
earth elements and even main group elements. None of these
NiO-based systems exhibited higher catalytic performances in
low-temperature ethane ODH than the Nb, 15Nij gsO catalyst.
On the other hand, it has been shown that modifying oxide
catalysts with phosphorus improves their ODH catalytic
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performances, although the specific effect of phosphorus on
the catalysis depends on the nature of the oxide catalyst sys-
tem. For example, Maiti et al. used DFT calculations to show
that the presence of phosphorus in surface-phosphated silica
and alumina decreases the activation barrier of the ethane
ODH rate-limiting step by ca. 10 kcal mol™.** When phospho-
rus was added to Cr/TiO, catalysts, the cr’! ions were isolated
in octahedral sites, leading to improved ethane ODH catalytic
performances.®® For chromium oxide supported on
phosphorus-modified alumina, the interaction between phos-
phorus and the surface-dispersed chromate species weakened
the Cr—O0 bond and hindered Cr,O; formation, thus leading
to a decrease in the propane conversion and concomitant in-
crease in the propylene selectivity in propane ODH.**> For
TiO,-supported V,0s, the interaction between phosphorus
and the vanadium species affected the reducibility of vana-
dium and resulted in higher propene selectivity in propane
ODH.® Both the catalytic activity and ethylene selectivity in
ethane ODH were improved by modifying alumina-supported
and unsupported MoO, catalysts with vanadium and phos-
phorus.®”*® For the supported catalyst, the exact role of phos-
phorus was unclear, but it was proposed that isolated groups
of Mo and V oxo species formed on the catalyst.>” For the
unsupported MoO, catalyst, the presence of phosphorus
might have led to the formation of a [PMo,;V] hetero-
polyanion in which V and P interact more closely, thus lead-
ing to a higher catalytic performance.*® Higher propane con-
version and enhanced propene selectivity were also observed
for P-modified cobalt oxide catalysts compared to pure cobalt
oxide in propane ODH.*® The increased catalytic performance
of P-modified cobalt oxide catalysts was attributed to their
smaller crystallite size and to the presence of highly dispersed
phosphate acting as an agent for the isolation of active sites.
Adding phosphorus to ceria resulted in a decrease in the al-
kane conversion and concomitant increase in the selectivity
in both isobutane®® and propane*' ODH reactions. The ODH-
selective sites were Ce(v) cations interacting with phosphorus
and, therefore, having a lowered redox ability.*"** Finally, it
should be noted that adding phosphorus to a high surface
area zirconia-supported NiO catalyst increased both its cata-
Iytic activity and ethylene selectivity in ethane ODH.*° The
presence of phosphorus enabled the Ni species to remain in
an oxidized state during the ODH reaction, i.e. it was not re-
duced to metallic Ni, as observed for the unpromoted
catalyst.

In this work, the effect of adding phosphorus to bulk NiO
surfaces on the catalytic performance of NiO in ethane ODH
was investigated and the role of surface phosphorus was un-
ambiguously explained.

2. Experimental part
2.1 Catalyst preparation

Pure NiO was prepared by precipitating a Ni(NOs), aqueous
solution with NaOH. The obtained hydroxide was separated
by centrifugation, washed, dried at 80 °C overnight and then
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calcined for 5 h in air at 450 °C. Surface-phosphated NiO
samples were prepared by adding 3 cm® of finely ground NiO
to 6 cm® of a NH,H,PO, solution with a concentration of
0.05, 0.5 or 1.0 M. The resulting suspension was stirred for 1
h and then separated by decantation. The remaining wet
solid was dried at 80 °C overnight and finally calcined for 5 h
in air at 450 °C. The phosphated samples were labeled
0.05P@NiO, 0.5P@NiO and 1.0P@NiO, respectively. Pure
Ni,P,0, was prepared by precipitating a Ni(NO3), aqueous so-
lution with Na,P,0,. The obtained precipitate was separated
by centrifugation, washed, dried at 80 °C overnight and then
calcined for 5 h in air at 600 °C.

2.2. Catalyst characterization

The chemical compositions of the prepared samples were de-
termined by ICP-OES using an Optima 8300 Perkin Elmer
spectrometer. Nitrogen adsorption isotherms were recorded
at liquid nitrogen temperature on a Micromeritics ASAP 2020
surface area and porosity analyzer. Before analysis, the sam-
ples were outgassed under vacuum at 200 °C overnight. Pow-
der X-ray diffraction (XRD) patterns were recorded on a
Shimadzu XRD-7000 diffractometer using Cu Ka radiation
(% = 1.5418 A, 40 kV, 40 mA) at a scanning speed of 2° min™"
over the 26 range of 10-85°. Raman spectra were recorded at
room temperature on a Horiba Jobin Yvon LabRAM HR UV-
visible-NIR Raman microscope spectrometer equipped with a
DL 785-100 laser. The samples were excited at 633 nm and
scanned 5 times in the 100-1200 cm™" range. The power of
the laser used was 17 mW. Transmission electron microscopy
(TEM) images were obtained on a TopCon 2100 FCs micro-
scope operated at 200 kV. The samples were dispersed in eth-
anol in an ultrasonic bath for several minutes, and then de-
posited on a Cu grid and dried at room temperature. X-ray
photoelectron  spectroscopy (XPS) measurements were
performed on a KRATOS Axis Ultra DLD spectrometer
equipped with Al Ko X ray source (1486.6 €V) in a static sys-
tem at a base pressure of 10”7 Pa. Binding energies were
corrected for charge effects by referencing to the C 1s peak at
284.6 eV.

2.3. Electrical conductivity measurements

The electrical conductivity measurements were performed on
oxide samples compressed at ca. 2.76 x 10’ Pa using a Carver
4350.L pellet press to ensure good electrical contacts between
the catalyst grains. The obtained pellet was placed in a hori-
zontal quartz tube between two platinum electrodes. The gas
flow rates over the sample were controlled by fine needle
valves and measured by capillary flow meters. The tempera-
ture was controlled using Pt-Rh thermocouples soldered to
the electrodes. When short-circuited, they were used to deter-
mine the electrical conductivity o of the samples, which can
be calculated using the following formula:

0'=E><— (1)

This journal is © The Royal Society of Chemistry 2016
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where R is the electrical resistance and ¢S is the geometrical
factor of the pellet that accounts for its thickness ¢ (ca. 3
mm) and cross-sectional area S (the pellet diameter was 13
mm). The electrical resistance was measured with a
megohmmeter (Fluke 177 digital multimeter).

To compare the electrical conductivities of the samples,
the solids must have similar textures and surface states. In-
deed, the electrical conductivity of a semiconducting oxide
powder can be expressed by the following equation:

o=An (2)

where n is the main charge carrier concentration and A is a
proportionality coefficient that includes the main charge car-
rier mobility and elementary electron charge and depends on
the powder compression and on the number and quality of
particle contact points.*> Because the samples were com-
pressed at the same pressure and the electrical conductivity
measurements were standardized, A was assumed to be simi-
lar for all the samples under identical conditions.

The common reference states for determining ¢ were cho-
sen to be at temperatures of 350 and 400 °C under air at at-
mospheric pressure. At these temperatures, which are in the
range used in the catalytic reactions, most of the ionically
adsorbed species, such as H;0", HO", etc., that contribute to
the surface conductivity were removed from the surface. The
solid was initially heated from room temperature to the de-
sired temperature at a heating rate of 5 °C min™".

2.4. Catalytic tests

Catalytic ethane oxidative dehydrogenation was performed in
a fixed bed quartz tube down-flow reactor operated at atmo-
spheric pressure in the temperature range from 300 to 425
°C. The internal diameter of the reactor tube was 18 mm.
The catalyst (0.7 g) was supported on quartz wool. The axial
temperature profile was measured using an electronic ther-
mometer placed in a thermowell centered in the catalyst bed.
The reactor temperature was controlled using a chromel-
alumel thermocouple attached to the reactor exterior. The
dead volumes on both ends of the catalyst bed were filled
with quartz chips to minimize potential gas-phase reactions
at higher reaction temperatures. The gas mixture consisted of
ethane and air. To determine the catalytic activity as a func-
tion of temperature, the W/F ratio and oxygen-to-ethane mo-
lar ratio were kept constant at 0.54 g s cm ™ and 1, respec-

Table 1 Physico-chemical characteristics of the prepared catalysts

View Article Online

Paper

tively. To obtain different ethane conversions at 400 °C, the
WIF ratio was varied from 0.18 to 1.09 g s cm >, while the
oxygen-to-ethane molar ratio was maintained at 1. Finally, to
study the effect of the oxygen-to-ethane molar ratio on the
catalytic performance, it was varied from 0.5 to 3 at a
constant W/F ratio of 0.54 ¢ s cm . Before each activity test,
the reactor was heated to the desired temperature while the
reactants flowed through it. The system was allowed to equili-
brate for approximately 1 h at the reaction temperature be-
fore the first product analysis was performed. Each run was
conducted over a period of 2-3 hours until two successive
product analyses were identical. The reaction products were
analyzed using a Clarus 500 gas chromatograph equipped
with a thermal conductivity detector (TCD) and two packed
columns in series (6 ft Hayesep and 10 ft molecular sieve 5
A). Ethylene and CO, were the only products detected under
these reaction conditions. For quantitative analysis calibra-
tion curves were obtained. The ethane conversion and prod-
ucts selectivities were expressed in mol% on a carbon atom
basis. The carbon balances of all the runs were satisfactory;
the error margin was within +2%.

3. Results and discussion
3.1. Catalyst characterization

The P contents of the phosphated NiO catalysts determined
by ICP-OES are listed in Table 1. As expected, the P content
increases as the NH,H,PO, solution concentration in the sur-
face phosphatation step increases.

The textural properties of the pure NiO and phosphated
NiO samples are also presented in Table 1. The surface area
increases from 35 to 67 m”> g ' when P is added to pure NiO
to produce 0.05P@NiO. Further increases in the P content
lead to a decrease in the surface area, which is consistent
with previously reported results;*>*' however, the surface
areas of all the phosphated NiO catalysts are higher than that
of the pure NiO sample. All the materials exhibit type IV ni-
trogen adsorption/desorption isotherms, according to the
BDDT classification,** with a type H3 hysteresis loop, which
is characteristic of materials with interparticle mesoporosity
(Fig. S1t). These results are consistent with the average meso-
porous pore sizes obtained from desorption branches of the
isotherms by the BJH method (Table 1). Additionally, the av-
erage pore size decreases with increasing phosphorus content
in the NiO catalyst. Ni,P,0, has a surface area of 2 m?> g‘l.

Surface
P content BET surface P/Ni coverage (%) Pore volume Average pore Particle
Sample (% wt) area (m” g ') ICP XPS ICP XPS (em® g™ size (nm) size (nm)
NiO 0 351 0 0 0 0 0.49 354 21.1
0.05P@NiO 0.5 67.3 0.011 n.d.” 4 n.d. 0.57 27.6 18.9
0.5P@NiO 3.0 45.1 0.073 0.153 35 61 0.33 23.1 18.5
1.0P@NiO 5.7 43.0 0.146 0.227 70 89 0.29 20.4 19.2

“ n.d.: not determined.

This journal is © The Royal Society of Chemistry 2016
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The surface coverage (Table 1) was calculated as the ratio
between the area occupied by all the phosphate groups on
the surface of 1 g of the sample and its BET surface area. By
virtue of the method of preparation used for adding P to
NiO, i.e. impregnation, it was assumed that all the phospho-
rus is on the catalyst surface as phosphate groups. The area
occupied by the phosphate groups was calculated based on
the P content determined by ICP-OES analysis (Table 1) and
assuming that they have a regular tetrahedral geometry with
P-O bond length of 1.536 A.** The surface coverage increases
from 4% for 0.05P@NiO sample to 70% for 1.0P@NiO and
the bulk P/Ni atomic ratios are 0.011, 0.073 and 0.146 for
0.05P@NiO, 0.5P@NiO and 1.0P@NiO, respectively. The sur-
face coverage and the P/Ni atomic ratios calculated from XPS
results are larger than those calculated based on the bulk P
content determined by ICP-OES, clearly showing that P is
concentrated at the catalyst surface.

The XRD patterns of the pure NiO and surface-phosphated
NiO samples are presented in Fig. 1. For all the samples, only
reflections corresponding to the well-crystallized NiO phase
(PDF 47-1049) are observed (peaks corresponding to
P-containing phases are not detected), indicating a high de-
gree of phosphorous dispersion on the NiO surface. The Ni
metal reflection peaks at 44.6° and 51.9° are not observed.
The particle size was estimated by applying the Scherrer for-
mula to all the diffraction lines in the 26 range of 10-85°
(Table 1). The pure NiO particle size is larger than the
phosphated NiO particle sizes, which is consistent with the
measured surface areas. Nevertheless, the phosphated NiO
particle size does not exhibit a clear dependence on the sur-
face area, suggesting that the NiO particles agglomerate to
different degrees in the presence of phosphorous. Ni,P,0 is
a highly crystalline pure phase (PDF 72-8424) (Fig. S27).

The Raman spectra of both pure NiO and phosphated
NiO samples were recorded to identify the surface phospho-
rus species. The results are presented in Fig. 2. A broad,
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Fig. 1 XRD patterns of bare NiO and phosphated NiO catalysts.
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Fig. 2 Raman spectra of bare NiO and phosphated NiO catalysts.

intense band near 500 cm™' and a weak band near 1000
cm ™ are observed in the pure NiO Raman spectrum and are
attributed to the Ni-O stretching mode.’®"” Notably, the
shoulder of the 500 em™ band clearly indicates the non-
stoichiometry of nickel oxide.*” These peaks are also ob-
served in all the phosphated NiO samples, but the intensity
of the 500 cm™ peak, which is assigned to the NiOg octahe-
dra stretching mode, decreases with increasing P content in
the NiO catalyst. This result clearly indicates that P interacts
with NiO. The 1000 em™ band intensity increases with in-
creasing P content in the phosphated samples, suggesting
the presence of PO,*” groups on the NiO surface. Indeed,
the symmetric and asymmetric P-O stretching modes of the
free PO,  oxoanion are located at 938 and 1027 cm’, re-
spectively, and the stretching modes of the surface PO,*
groups are expected to have similar frequencies.*® The weak
peaks at 435 and 585 cm ' observed in the 1.0P@NiO spec-
trum can be assigned to O-P-O symmetric and antisymmet-
ric bending modes, respectively, with a small P vibrational
contribution.”® A new band near 770 cm' is observed in
the 0.5P@NiO and 1.0P@NiO spectra and is more intense
in the latter spectrum. This band is attributed to the sym-
metric stretching mode of P-O-P bridges, which is the fin-
gerprint of P,0,"” oxoanions formed from connected PO,*"
groups.’®® This result clearly suggests that pyrophosphate
groups are present on the NiO surface at higher P contents.

HRTEM images of the catalysts are presented in Fig. 3. NiO
lattice fringes are visible on all the grains of bare NiO sample.
The TEM images of the P@NiO samples are similar, no phos-
phate clusters being evidenced even at high P content. This
clearly suggests that P is well dispersed on the NiO surface, in
line with Raman and XRD data. The NiO lattice fringes are not
visible on all the particles in phosphated samples, probably
due to the surface coverage with phosphate groups which de-
termine the delimitation of surface NiO domains.

The bare NiO, 0.5P@NiO and 1P@NiO catalysts were ana-
lyzed by photoelectron spectroscopy. For each sample, the C
1s, O 1s, Ni 2p and P 2p internal electronic levels were

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 TEM images of calcined NiO (a); 0.5P@NiO (b) and 1P@NiO (c)
samples.

measured. The characteristic Ni 2p;/, spectra of the catalysts
are presented in Fig. 4. Due to the presence of several crystal-
line domains with different surface charge effects, the XPS
peaks of all the samples exhibit complex behavior. The corre-
sponding Ni 2p;, binding energies (BEs) are compiled in
Table 2. For all the catalysts, two Ni 2p3,, core-level binding
energies are observed, and these energies are very similar, re-
gardless of the P loading. The Ni 2p;,, binding energies of

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 Ni 2p XP spectra of the bare NiO (a), 0.5P@NiO (b) and
1.0P@NiO (c) samples.

the 0.5P@NiO and 1.0P@NiO samples are higher than those
of the NiO sample. The first BE is approximately 853.2 eV for
NiO and 853.6 eV for 0.5P@NiO and 1.0P@NiO, and the sec-
ond BE is 854.9 eV for NiO and 855.6 eV for 0.5P@NiO and
1.0P@NiO. The observed binding energies can be attributed
to Ni** (NiO)***™** and Ni**/Ni*" (Ni,0;) ions.>*">® These

Catal Sci. Technol., 2016, 6, 6953-6964 | 6957
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Table 2 Binding energies of Ni 2pz/;, P 2Pz, O 1s, C 1s levels for cal-
cined catalysts

NiO
B.E. (eV)

0.5P@NiO
B. E. (eV)

1.0P@NiO
B. E. (eV)

Ni 2ps, Ni** 853.2 (80%) 853.6 (54%) 853.6 (23%)

Ni** 854.8 (20%) 855.5 (46%) 855.6 (77%)
P2pspn  (POL); /(P07),  — 133.2 133.2
0 1s NiO 528.8 (74%) 529.0 (41%) 529.0 (33%)
Ni, O3 530.6 (26%) 530.8 (52%) 531.0 (59%)
H,0 — 532.7 (7%)  532.7 (8%)
C1s C-C/C-H 284.6 (70%) 284.6 (47%) 284.6 (59%)
C-0 — 286.1 (37%) 286.8 (24%)
COOH/carbonate  288.1 (30%) 289.0 (16%) 289.5 (17%)

results indicate that two nickel species coexist on the sur-
faces of the three samples. The Ni** peaks of NiO and
0.5P@NiO are more intense than that of 1.0P@NiO. It is
interesting to note that the origin of the signal corresponding
to Ni** can be associated with the Ni atoms with pyramidal
Ni symmetries.”>”°>® In same time this peak can be attrib-
uted to the Ni** species® or to lattice distortions induced by
the presence of Ni*" vacancies,®”®" or due to Ni**-OH spe-
cies.>® However, the controversies remain about the attribu-
tion of this peak.®*®* For all the samples, a shake-up satellite
peak that is ca. 9-10 eV higher in energy than the main peak
is observed at around 863.0 eV. This peak due of multielectron
excitation is characteristic of Ni** ions in a network of
Ni(OH),,*>*® and its shape (distribution of final molecular
states) depends on the P loading, indicating different types
of surface interactions. It is interesting to note that the Ni**
content is higher in the phosphate samples, compared to
bare NiO, and increases with P content.

The characteristic O 1s XPS spectra of the catalysts are
shown in Fig. 5.

For all the samples, the NiO O 1s spectrum exhibits two
peaks, an intense peak at around 529 eV and a weak peak at
around 530 eV (Table 2). The lower binding energy, is attrib-
uted to the O®” lattice oxygen bounded to Ni** in NiO parti-
cles.®>”%® The higher binding energy is assigned to O* lat-
tice oxygen bounded to Ni** but can be ascribed to oxygen
from hydroxyl group bounded to nickel or phosphorous®>®’
or oxygen from carbonates as observed in the C 1s XPS spec-
tra at around 288 eV. The intensity of the oxygen bounded to
Ni** peak decreases, and the intensity of the oxygen bounded
to Ni** peak increases with increasing P content. For the
samples containing P, a small peak corresponding to
adsorbed water molecules appears at ca. 532.7 eV.

The P 2p XPS spectra are presented in Fig. 6. A P 2p peak
is observed for the two phosphated catalysts, providing evi-
dence that they contain surface P. The P 2p peak intensity in-
creases with the P loading. For the two phosphated catalysts,
the main P 2p binding energy is 133.2 eV. This peak is attrib-
uted to phosphate/pyrophosphate groups, revealing the phos-
phorus binding state.”’

The XPS analysis of the catalysts also provides deeper in-
sight into the type of carbon deposited on the surface. The C

6958 | Catal Sci. Technol., 2016, 6, 6953-6964
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Fig. 5 O 1s XP spectra of the bare NiO (a), 0.5P@NiO (b) and
1.0P@NIiO (c) samples.

1s core-level spectra of the calcined catalysts are shown in
Fig. 7. The main C 1s peaks were deconvoluted into two
subpeaks for the NiO catalyst (284.6 and 288.1 eV) and three
subpeaks for the 0.5P@NiO (284.6, 286.1, 289.0 eV) and
1P@NIiO (284.6, 286.8, 289.5 eV) catalysts to reveal the carbon
chemical states on the catalyst surfaces. For all the catalysts,
the main C 1s peak is centered at 284.6 eV and can be attrib-
uted to graphitized sp> carbon or adventitious carbon.”® The
C 1s peak at 284.6 eV can also be attributed to aliphatic C-H
species. The 286.1 and 286.8 eV BEs are assigned to carbon
atoms bound to phosphate groups,”’ although these peaks
can also be attributed to the C 1s BEs of organic species.””
The C 1s peaks at 288.1, 289 and 289.5 eV can be assigned to
C-O bonds,” ie., these peaks are associated with the

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 P 2p XP spectra of the 0.5P@NiO (a) and 1.0P@NiO (b) samples.

presence of carbonate groups on the catalyst surfaces. How-
ever, the concentration of these species is lower than those of
other species.

Moreover, taking into consideration that before each activ-
ity test the reactor was heated to the desired temperature in
the reaction mixture flow and the system was allowed to
equilibrate for ca. 1 h before the first product analysis was
performed, these C-containing surface contaminants are ob-
viously removed from the catalyst surface and, therefore, they
have no influence on the catalytic performances.

3.2. Catalytic tests

The NiO and phosphated NiO catalytic performances in eth-
ane oxidative dehydrogenation are presented in Fig. 8.

For all the catalysts, the ethane conversion increases with
increasing reaction temperature. At the same time, the ethyl-
ene selectivities of the 1.0P@NiO and 0.5P@NiO catalysts de-
crease to the benefit of carbon oxide selectivities. In contrast,
the opposite trends in the selectivities are observed with in-
creasing reaction temperature for the NiO and 0.05P@NiO
catalysts. The increase in the ethylene selectivity with increas-
ing reaction temperature was previously observed for bulk
NiO (ref. 3, 4, 28) and high surface area MgO-supported NiO
catalysts®> and might be due to the higher ethylene formation
rate compared to its oxidation rate*> on these catalysts. The
similar behavior of bare NiO and 0.05P@NiO catalysts is ob-
viously due to the low surface coverage with phosphate

This journal is © The Royal Society of Chemistry 2016
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Fig. 7 C 1s XP spectra of the bare NiO (a), 0.5P@NiO (b) and
1.0P@NIO (c) samples.

groups of the latter (Table 1), 96% of its surface being that of
NiO. On the other hand, increasing the phosphorus content
in the NiO catalyst leads to a decrease in its catalytic activity
both in terms of conversion and intrinsic ethane transforma-
tion rate (Table 2). Moreover, the bare NiO and 0.05P@NiO
catalysts are active from 300 °C, but the temperature at which
the reaction proceeds over the phosphated NiO catalysts in-
creases with increasing P content. At the same time, the eth-
ylene selectivity increases, whereas the total oxidation selec-
tivity decreases when the phosphorus content in the NiO
catalyst is increased up to 3.0 wt%. Above this P content, the
selectivities reach a plateau. Thus, for the 0.5P@NiO and
1.0P@NIiO catalysts, the ethylene selectivity is nearly identical
over the entire reaction temperature range studied and is
much higher than that of pure NiO. These results clearly
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Fig. 8 Ethane conversion and ethylene selectivity vs. reaction
temperature in ethane ODH over bare NiO and phosphated NiO catalysts.

suggest that phosphorus lowers the surface density of non-
selective active sites on the NiO catalysts.

Notably, over pure Ni,P,0; the reaction proceeds at temper-
atures higher than 550 °C (Table S1t) with only very low con-
version levels. This clearly suggests that surface phosphate and
pyrophosphate species in the phosphated NiO catalysts are in-
active in the low-temperature ethane ODH, their role being in-
deed to diminish the density of non-selective active sites.

According to these catalytic data, most of non-selective ac-
tive sites are eliminated from the catalyst surface at a cover-
age with phosphate groups of ca. 35% corresponding to
0.5P@NiO catalyst. Further increasing of surface coverage to
70% for 1.0P@NIiO catalyst leads to the formation of pyro-
phosphate groups, in line with Raman data, and probably de-
creases the area of surface NiO domains evidenced by TEM,
with, therefore, a decrease of the catalytic activity. It is worth
noting that the formation of these surface NiO domains by
adding P to NiO and by increasing its content is similar to
the catalytic site isolation responsible for lower catalytic activ-
ity with concomitant increased selectivity.”*

The apparent activation energies for ethane transforma-
tion over the phosphated NiO catalysts were calculated based
on the Arrhenius equation using conversions lower than ca.
10%. For NiO, the linear part of the Arrhenius plot in Fig.
S31 was considered to avoid diffusion limitations. The calcu-
lated activation energies are listed in Table 3. The apparent

Table 3 The intrinsic rates and the apparent activation energies of eth-
ane transformation over NiO and phosphated NiO catalysts

Reaction Intrinsic rate Activation energy

Catalyst temperature (°C) (10 mol m™2s™") (k] mol™)
NiO 350 9.1 72
400 14.6
0.05P@NiIO 350 2.2 100
400 6.5
0.5P@NiO 350 0.9 110
400 3.2
1.0P@NiO 350 0.4 122
400 2.5
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activation energy for ethane conversion over the NiO catalysts
increases with increasing phosphorus content, indicating
that the catalytic sites are less reactive in the presence of
phosphorus.

The effects of the conversion on the ODH selectivities of
the 0.5P@NiO and 1.0P@NiO catalysts, the most selective in
the series, were investigated by varying the W/F ratio from
0.18 to 1.09 g s cm™>. The reactions were performed at 400 °C
using an oxygen-to-ethane molar ratio of 1, and the results
are shown in Fig. 9. For both catalysts, the ODH selectivity
decreases with increasing conversion. This effect is more pro-
nounced for the 0.5P@NiO catalyst; thus, at conversions be-
low ca. 20%, it is slightly more selective than the 1.0P@NiO
catalyst, whereas at higher conversions, it becomes less selec-
tive than 1.0P@NiO. Extrapolation to zero conversion gives
ODH selectivities of ca. 78 and 72% for the 0.5P@NiO and
1.0P@NIO catalysts, respectively, indicating that the carbon
dioxide selectivities are non-zero. This result suggests that in
addition to ethylene, carbon dioxide is a primary product that
forms via parallel ethane combustion reactions over both
phosphated NiO catalysts. This means that the non-selective
active sites still exist in the surface NiO domains responsible
for the catalytic activity of phosphated catalysts.

The effect of the oxygen-to-ethane molar ratio on ethane
oxidative dehydrogenation over the 0.5P@NiO catalyst was in-
vestigated at 400 °C and a W/F ratio of 0.54 ¢ s em >, and the
results are presented in Fig. 10. The ethane conversion in-
creases from 8.6 to 17.2% when the oxygen-to-ethane molar
ratio is increased from 0.5 to 3. At the same time, the ethyl-
ene selectivity decreases from 77.8 to 63.3% as the carbon di-
oxide selectivity increases, which is typical for ODH reactions.
These results can be explained by an increase in the available
oxygen when the oxygen-to-ethane molar ratio is increased.

To evaluate the stability of the phosphated catalysts, the
0.5P@NiO system was monitored during ethane ODH at 400
°C with an oxygen-to-ethane molar ratio of 1 and W/F ratio of
0.54 g s ecm™ for ca. 42 h on stream. As shown by the evolu-
tion of the conversion and ODH selectivity in Fig. 11, the

100
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2 50
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Fig. 9 Effect of ethane conversion on the ODH selectivity in the
oxidative dehydrogenation of ethane over 0.5P@NiO and 1.0P@NiO
catalysts at 400 °C (oxygen-to-ethane molar ratio = 1).
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Fig. 11 Catalytic performance of 0.5P@NiO system within ca. 42 h of
on-stream reaction at 400 °C, oxygen-to-ethane molar ratio = 1 and
W/F of 0.54 g s cm™.

0.5P@NiO catalytic performance is maintained under the re-
action conditions studied for 42 h on stream.

3.3. Electrical conductivity measurements

The semi-log plots of ¢ as a function of the reciprocal tempera-
ture during temperature-programmed heating of the catalysts
from 290 to 440 °C (reaction temperature range) in air at atmo-
spheric pressure are presented in Fig. 12. The observed linear
dependence shows that all the materials behave like semicon-
ductors with electrical conductivities that vary exponentially
with the temperature according to the Arrhenius law:

E,
O =0,exp| ——= 3
venp| 2= | o)
where o is the pre-exponential factor and E. is the dynamic ac-
tivation energy of conduction.

The data in Fig. 12 also show that in the reaction tempera-
ture range studied, the electrical conductivity decreases with
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Fig. 12 Arrhenius plots for the electrical conductivity ¢ of NiO and
phosphated NiO catalysts under air in the temperature range from 290
to 440 °C (o in ohm™ cm™).

increasing phosphorus content as follows: NiO > 0.05P@NiO
> 0.5P@NiO > 1.0P@NiO. Therefore, according to eqn (2),
the charge carrier concentration and/or mobility decrease
with increasing phosphorus content. As shown by the plot of
the electrical conductivity at 400 °C as a function of the P
content in Fig. 13, the electrical conductivities of NiO and
0.05P@NiO differ markedly. Notably, the intrinsic ethane
conversion rate at 400 °C as a function of the P content fol-
lows the same trend (Fig. 13), clearly suggesting that the
charge carriers are involved in the ethane conversion.

The E. values listed in Table 4 were calculated from the
slopes of the semi-log plots in Fig. 12. The activation energy
of conduction increases with increasing phosphorus content
as follows: NiO < 0.05P@NiO < 0.5P@NiO < 1.0P@NiO.

The log-log plots of ¢ as a function of the oxygen pressure
at 350 °C are shown in Fig. S4.f All the samples are p-type ox-
ides under oxygen because 00/0Po, > 0. It is generally as-
sumed that the electrical conductivity ¢ of p-type oxides
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=
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3
T 0.01 | 6 &
3
£
4 £
0.005 =
2
0 : 0
0 1 2 3 4 5 6

P content in catalyst (wt %)

Fig. 13 Plots of the electrical conductivity and the intrinsic rate of ethane
conversion measured at 400 °C as a function of the P content in the solid.
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Table 4 Electrical characteristics of the NiO and phosphated NiO
samples

Catalyst E. (k] mol ™) Exponent p® Allg(0)]
NiO 23.3 43.5 3.58
0.05P@NiO 30.6 67.0 3.22
0.5P@NiO 42.2 133.3 1.18
1.0P@NiO 53.0 273.0 1.17

“ Activation energy of conduction. ? From eqn (4).

varies as a function of the oxygen partial pressure P, and
temperature 7 according to the equation:

T EYA B

where AH. is the change in the enthalpy of conduction and C
is a constant that depends on the sample characteristics,
such as the charge and mobility of the charge carriers, num-
ber of contact points between grains, etc.*’> The value of the
exponent p can be indicative of the nature of the defects in
the solid, which generate charge carriers. The p values of the
different solids calculated from the slopes of the log-log
plots in Fig. S41 are presented in Table 4. For all the samples,
the p values are significantly higher than 4 or 6. These two
values indicate the existence of singly and doubly ionized cat-
ionic vacancies, respectively; therefore, these results suggest
that the NiO systems involve two different types of electrical
conductivity, one of them being independent of the oxygen
partial pressure as previously observed for doped NiO.”'® Ad-
ditionally, the p value increases with increasing phosphorus
content, indicating that the response of ¢ to the oxygen pres-
sure and, consequently, the ability of the solid to exchange
oxygen with the gas phase decrease as follows: NiO >
0.05P@NiO > 0.5P@NiO > 1.0P@NiO. Notably, the catalytic
activity expressed in terms of the intrinsic ethane conversion
rate (Table 3) follows the same trend, suggesting that positive
holes are involved in the ethane activation step. This result is
consistent with the proposed ethane ODH reaction mecha-
nism for NiO-based catalysts in which O™ species, the chemi-
cal equivalent of positive holes, catalyze the ethane
activation.”'>'®

To study the redox behavior of the catalysts under condi-
tions closely resembling the catalytic reaction conditions,
electrical conductivity measurements were performed sequen-
tially under air, an ethane-air mixture (reaction mixture) and
pure ethane at 400 °C, which is within the reaction tempera-
ture range. The results are presented in Fig. 14. The solids
were heated from room temperature to 400 °C at a rate of 5
°C min™* in air at atmospheric pressure. After steady state
was achieved under air flow, an ethane-air mixture was
passed over the samples.

For all the catalysts, the electrical conductivity under the
ethane-air flow is lower than that in air, and the difference
between these electrical conductivities depends on the P con-
tent. Thus, based on the p-type criterion for oxide semicon-
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Fig. 14 Variation of the electrical conductivity during sequential
exposures to air, ethane-air mixture (reaction mixture) and pure ethane
for NiO and phosphated NiO catalysts at 400 °C (s in ohm™ cm™).

ductors, ie. 0o/OP5, > 0 or, assuming that ethane is a
reductant, do/0Pcy, < 0, p-type semiconductor behavior is
observed in all these systems. When air is subsequently
flowed over the samples, the electrical conductivity immedi-
ately increases and reaches a plateau at the initial ¢ value,
showing that the reduced solid can be completely reoxidized.
After steady state was again reached under air flow, pure eth-
ane was flowed over the samples. Under a pure ethane flow,
the electrical conductivity decreases considerably and reaches
a plateau when steady state is achieved. This result confirms
the p-type character of all the samples in the presence of eth-
ane. Finally, air was again flowed over the samples to verify
the reversibility of the observed phenomena. Indeed, the elec-
trical conductivity increases and reaches a plateau at the ini-
tial o value under air, showing that the solids reduced under
pure ethane can be completely reoxidized. The observed de-
crease in the electrical conductivity of the catalysts in the
presence of the ethane-air mixture clearly suggests that eth-
ane is transformed by consuming the positive holes in the
p-type oxide catalyst. From a chemical viewpoint, a positive
hole corresponds to an electron vacancy in the lattice O an-
ion valence band, i.e. the “chemical site” of a positive hole is
a lattice Op anion”®’® according to the reaction:

05+ h=0, (5)

In the initial ethane activation step over the pure NiO and
phosphated NiO catalysts, a surface lattice O~ species (i.e., Op)
attacks a C-H bond and cleaves it. This mechanism was previ-
ously proposed for other NiO-based catalysts.”'® The reversible
redox processes observed for all the solids under different gas
flows are consistent with a Mars-van Krevelen-type mecha-
nism.”” Notably, during reduction under the ethane-air mix-
ture, the absolute value of the slope do/dt decreases in the fol-
lowing order: NiO > 0.05P@NiO > 0.5P@NiO > 1.0P@NiO
(Fig. 14), indicating that the catalyst reduction rate decreases
with increasing phosphorus content. This result is consistent

This journal is © The Royal Society of Chemistry 2016
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Fig. 15 Ethylene selectivity at 400 °C and the number of available
oxygen species in the catalyst expressed as Allg(s)] as a function of the
P content in the solid.

with the observed decrease in the ethane ODH catalytic
activity.

The difference between the steady-state electrical conduc-
tivities in air (for the fully oxidized solid) and under the reac-
tion mixture (ethane-air mixture) was considered in terms of
lg(o) (denoted A[lg(o)]). The electrical conductivity decreases
when the reaction mixture is flowed over the sample, show-
ing that the solid is reduced, and therefore, A[lg(c)] can be
considered a measure of the number of lattice oxygen species
removed from the solid under the reaction mixture flow rela-
tive to that under air flow. As shown in Table 4, A[lg(c)] de-
creases, and consequently, the number of available oxygen
species decreases with increasing phosphorus content. Be-
cause the surface lattice O species are involved in the ethane
transformation and are quite active in alkane oxidation, eth-
ane combustion is promoted over oxidative dehydrogenation
when a high number of these species is available.”>”® There-
fore, the ethylene selectivity increases, and the CO, selectivity
decreases when the phosphorus content in the NiO catalyst is
increased. Indeed, at 400 °C, the A[lg(o)] value clearly corre-
lates with the ethylene selectivity as shown in Fig. 15, in
which these parameters are plotted as a function of the cata-
lyst phosphorus content.

4. Conclusions

Phosphorus is highly dispersed on the NiO surface as phos-
phate and, at higher P contents, as pyrophosphate species
where they determined the formation of isolated NiO do-
mains. Surface phosphorus leads to decreases in both the
concentration and mobility of the surface lattice O™ species
in NiO, which affects its catalytic performance in the low-
temperature ethane ODH. Thus, adding P to NiO and increas-
ing its content decreases the surface density of non-selective
active sites on the NiO catalysts and results in a decrease of
ethane conversion with an increase in ODH selectivity at the
expense of total oxidation selectivity.
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