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Self-assembled hybrid precursors towards more
efficient propane ODH NiMoO, catalystsy

B. Farin,? P. Eloy,” C. Poleunis,” M. Devillers*® and E. M. Gaigneaux*?

This work shows a novel method to synthesize bulk NiMoO,4 from hybrid materials made of guest ions (Ni
and Mo precursors) and a polyampholytic comb-like copolymer displaying a supramolecular organization.
This supramolecular organization is crucial because the copolymer serves as a nanostructuring template.
While non-porous a-NiMoOy is obtained with classical methods, mesoporous B-NiMoOy is prepared here.
The B-phase is more efficient in the oxidative dehydrogenation of propane (ODHP). Our strategy assumed
that the properties of a catalyst strongly depend on the features of the precursor from which it comes. This
is why the precursors were meticulously characterized. Homogeneous hybrids were successfully synthe-
sized where MoO,42” anions establish electrostatic interactions with the copolymer's positive charges. The
nickel cations are stabilized inside the matrix thanks to their coordination by the copolymer COO™ func-
tions. By bridging two copolymers, such coordination bonds reinforce the copolymer organization and en-
able to generate the organized hybrids. Some hybrids were then calcined, characterized and tested in the
ODHP reaction. Preparing the B-phase generally requires temperatures beyond 600 °C which favours
sintering and makes NiMoO,4 poorly active. The use of supramolecularly organized precursors and the pos-
sibility it offers to form oxides under “soft conditions” lead to mesoporous -NiMoO,4. The most propene
selective B-NiMoQ, is generated here without sacrificing its specific surface area, maintaining its remark-
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Introduction

Answering the growing demand for sustainable and
environmentally-friendly chemical processes has become a
major concern. Less resource waste and more efficiency are
key factors that should characterize future processes includ-
ing those based on heterogeneous catalysis."™ This challenge
notably requires new reactor configurations but also moti-
vates the never-ending necessity to improve the catalyst per-
formance."*” Therefore, various strategies can be envisaged.
One widespread possibility consists of looking for new cata-
lyst formulations.”™® The alternative developed here aims at
the improvement of physico-chemical properties that are
likely to improve the behaviour of a catalyst. More precisely,
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ably high activity level. This enables reaching higher propene yields than usual.

unconventional bulk NiMo-based materials are prepared and
tested in the oxidative dehydrogenation of propane into
propene (ODHP). This reaction has been chosen because of
the interesting ability of nickel molybdates to activate pro-
pane.”'® Furthermore, this reaction is also in line with the ef-
forts trying to efficiently valorise the light alkanes (C,-C,)
coming from the huge stocks of natural gas.'* While non-
porous a-NiMoO, is produced with the usual methods, meso-
porous B-NiMoO, was targeted here. This B-phase is particu-
larly desired because of its high selectivity to propene. While
quite readily obtained as a supported phase, the B-NiMoO,
phase is difficult to prepare in bulk phase in a pure form."”
Its synthesis often requires high calcination temperatures
(>650 °C). This leads to poorly active catalysts due to
sintering effects that diminish the specific surface area.”**'*
Here, the preparation of bulk B-NiMoO, is made without
sacrificing the texture. Therefore, we generate NiMo-based
oxides from hybrid precursors that associate inorganic ions
(Ni and Mo precursors) and a polyampholytic comb-like co-
polymer. This matrix displays a lamellar organization thanks
to hydrophobic interactions between its side chains
(Scheme 1).">'® Taking advantage of this organization allows
improving the NiMoO, textural properties. During the calcina-
tion, the matrix degradation should indeed liberate volume
for pore formation.'”'®

This journal is © The Royal Society of Chemistry 2016
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Scheme 1 (a) Model envisaged for the C12 matrix supramolecular
organization. (b) Scheme redrawn from Rullens et al.*®

This strategy is intended to synthesize hybrid materials
without disturbing the copolymer lamellar organization.
Moreover, no benefit linked to the use of a carbonaceous
template can be expected without a close contact between the
copolymers and the guest ions. These guest ions have to be
homogeneously dispersed within the matrix. This can be
warranted by ion-matrix interactions. The polyampholytic na-
ture of the used copolymer then appears advantageous. In-
deed, polyampholytes can simultaneously link cations and
anions through negative and positive charges spatially sepa-
rated on the same repeating unit.'"® This work is then dedi-
cated to the preparation of homogeneous organized hybrids
by taking advantage of the copolymer charges. It is aligned
with preliminary investigations that were carried out by
Rullens et al. on similar systems.>*>* Besides, the potential-
ity of this original method to prepare unconventional cata-
lysts is also evaluated here. Therefore, some hybrids are cal-
cined and the recovered materials are characterized and
tested in the ODHP reaction. The performance of these mate-
rials is finally compared to that of a reference material pre-
pared via the classical co-precipitation method. Our work
further illustrates the interest in using a carbonaceous
template to prepare NiMoO, having properties more interest-
ing in catalysis. In fact, our strategy assumes that the proper-
ties of a catalyst strongly depend on the features of the pre-
cursor from which it comes. As a result, having a fine
knowledge about the structuration of the hybrid precursor is
the key aspect of this paper.

Experimental
Preparation of materials

The used comb-like copolymer (C12 matrix) results from the
alternating copolymerisation of maleic acid with a diallyl am-
monium salt substituted by dodecyl side chains (Scheme 1).
More details about the copolymer synthesis are available in
the work of Rullens et al.'® To synthesize the hybrid mate-
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rials, the C12 matrix (3.36 x 10™* mol of repeating units) was
first dispersed in ethanol (10 ml). The solution was then
stirred overnight before the addition of distilled water
(20 ml) and the adjustment of the pH (between 6.3-6.5) by
using diluted NH;. Ni(NOj3),-6H,O0 and (NH,;)sM0,0,,-4H,0
were separately dissolved in distilled water (20 ml) and suc-
cessively added to the copolymer solution. The pH was kept
constant during the addition of the metal ions by using di-
luted NH;. The final solution was stirred for 2 h and freeze-
dried in order to recover the hybrid material. Various ion
amounts were added to the matrix and are expressed as mo-
lar ratios of inorganic ions per copolymer repeating unit (I/R
ratio) namely I/R ratio = 0, 0.25, 0.5, 1, 1.5, 2, 3 and 4. Ni and
Mo were always introduced in a 1:1 stoichiometric ratio.
Thereby, for an I/R ratio = 1, 1 mol of copolymer repeating
units was mixed with 0.5 mol of nickel ions (Ni) and 0.5 mol
of molybdenum ions (Mo). Hybrid precursors containing only
one of the two metals were also synthesized. In such a case,
an I/R ratio = 1 consisted of adding 0.5 mol of Ni or Mo ions
to 1 mol of copolymer repeating units. The hybrid precursors
having an I/R ratio = 1 and 4 were finally calcined for 4 h at
475 °C in air and in a muffle oven. A reference catalyst
(NiMo-Cop) was also prepared via the co-precipitation
method detailed by Del Rosso et al. and calcined for 4 h at
550 °C in air.>® The reason why the NiMo-Cop catalyst was
calcined at a higher calcination temperature than the catalyst
obtained from the hybrid precursors is explained later.

Characterization

X-ray diffraction (XRD) was performed on a Siemens D5000
diffractometer using Cu Ko radiation (4 = 0.15418 nm). On
the one hand, the C12 matrix and the hybrid materials were
characterized by recording 26 diffractograms between 0.5-10°
and 10-60° at a rate of 0.12 and 0.6° min™", respectively. On
the other hand, the mixed oxides were characterized by re-
cording 26 diffractograms between 5 and 75° at a rate of 1.2°
min~". Polished Si monocrystals not diffracting in the ex-
plored angle window were used as sample holders on which
the analysed powders were gently spread. The crystalline
phases were identified via the ICDD-JCPDS database.

Fourier transform infrared spectroscopy (FTIR) was
performed on an IFS55 Equinox spectrometer (Bruker)
equipped with a DTGS detector and exploited in transmission
mode. The spectra were recorded between 400 and 4000 cm™
with a 4 em™" resolution. Transparent discs were prepared by
diluting 100 times each sample with KBr (>99%, Janssens
Chimica).

Thermogravimetric analyses (TGA) were performed on a
Mettler Toledo TGA/SDTA 851 apparatus. The samples (about
10 mg) were heated in an air stream (30 mL min™") from
30 °C to 600 °C using a 10 °C min™" rate.

X-ray photoelectron spectroscopy (XPS) was performed on
a Kratos Axis Ultra spectrometer (Kratos Analytical) equipped
with a monochromatized aluminum X-ray source powered at
10 mA and 15 kV. The pressure in the analysis chamber was
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about 10™® Pa. The analyzed area was 700 um x 300 um. The
angle between the normal to the sample surface and the di-
rection of the photoelectron collection was 0°. The charge
stabilization was achieved by means of an electron source co-
axially mounted to an electrostatic lens column. The follow-
ing sequence of spectra was recorded: survey spectrum, Cys,
Oy, Nyg, Niyp,, Cly, and Cy¢ again. The latter was made to
check the charge stability as a function of time and the ab-
sence of sample degradation during the analyses. The C-(C,
H) component of the carbon C; peak was fixed at 284.8 eV
to set the binding energy (BE) scale. Further details about the
experimental setup can be found in the ESLf

Static negative time-of-flight-secondary ion mass spectro-
scopy (ToF-SIMS) was carried out on an IONTOF V spectro-
meter (IONTOF GmbH, Miinster, Germany). The samples
were bombarded with a pulsed Bi*" ion beam (30 keV). The
analyzed area was a square of 500 pum?> and the data acquisi-
tion time was 60 s. Charge effects were compensated by
means of an interlaced pulsed electron flood gun (Ex = 20
eV). Thereby, the primary ion dose density was lower than
10" Bi** per cm®. The powders were supported by pressing
them with a spatula onto the adhesive side of “Post-it®”
pieces.

Nitrogen physisorption was performed at —196.15 °C on a
Micromeritics TriStar 3000 instrument. The specific surface
area of the catalysts was calculated by using the BET method
between 0.05 and 0.30 P/P°. The BJH method was applied to
extract the pore size and volume from the desorption iso-
therm. The samples were outgassed overnight at 150 °C un-
der vacuum before the measurement.

Scanning electron microscopy (SEM) was performed on a
LEO 983 GEMINI microscope equipped with a field emission
gun. Pictures were acquired on uncoated samples with an ac-
celeration voltage of 1 kV.

Catalytic test

The NiMo-based catalysts (0.150 g) were tested in the ODHP
reaction in a U-shaped quartz reactor, at 475 °C and in a 40
mL min " total flow (C3Hg/O,/N, = 10/12.5/77.5 vol%). The
propane stability was checked and no conversion in the pres-
ence of O, and without catalyst was observed. The reaction
mixture was analysed using an online Varian GC. The separa-
tion, detection and quantification of the compounds (O,, N,
CO, CO,, C,H,, C3Hg, C3He and oxygenated products) were
managed by means of 3 columns (one HayeSep column, one
Molecular sieve and one EC-Waw column), one FID and one
TCD. Traces of ethyl propionate, acrylic acid and acetic acid
were sometimes detected but not quantified. Satisfactory car-
bon balances were calculated from the catalytic results. The
catalytic performance is expressed in terms of propane con-
version, product selectivity and propene yield. The selectivity
to the products composed of less than three carbon atoms
was calculated by using a stoichiometric correction coeffi-
cient (CO,, CO, etc.). The product selectivities were normal-
ized in order to get rid of the experimental variability.
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Results
Characterization of hybrid materials

Each copolymer repeating unit possesses three acido-basic
functions namely two COOH moieties and one tertiary amine
group (Scheme 1). An acido-basic titration enabled to esti-
mate their pK, between 2.9-3.3, 5.5-5.9 and 8.4-8.8, respec-
tively. These values match the data reported in the literature
for similar systems.>**> The hybrid materials were thus pre-
pared at pH 6.3-6.5 in order to maximize the amount of neg-
ative COO™~ functions without decreasing the number of posi-
tive amine groups. Thereby, the copolymer charge number
and thus its ability to link ions were both maximized.>*
Under such conditions, in the presence of ammonia, the
Mo and Ni ions exist as soluble MoO,> anions and
[Ni(H,0)s_(NH3),]*" positive complexes, respectively.>*>”

The diffractogram of the C12 matrix displays a low-angle
Bragg peak which reveals its supramolecular organization
(Fig. 1). By using Bragg's law, the position of this peak is re-
lated to an interreticular distance of 27.8 A (dprage) repeated
along the copolymer organization (Scheme 1). The addition
of Ni ions to the C12 matrix progressively shifts this peak to
lower angles until reaching an I/R ratio = 1 (Fig. S1t). This
shift of 2.9 A corresponds to an increase of the C12 matrix
dpragg from 27.8 A to 30.7 A (Fig. 2a, blue triangles) and sug-
gests an expansion of the copolymer organization due to the
insertion of Ni ions.”® This dpg, decreases around 29.3 A
when larger nickel amounts are mixed to the matrix (I/R
ratios > 1). Simultaneously, the crystallization of
Ni,(NO3),(OH),-2H,0 and Ni(NO3),-6H,0 is detected on the
diffractogram of these materials (Fig. S1T). A similar increase
of the copolymer dy;.q, is observed when Mo ions are added,
in addition to the Ni ions, to the C12 matrix (Fig. 2). How-
ever, this dprag, then remains stable around 30.8 A even if ion
amounts larger than the I/R ratio = 1 are added to the matrix.
In parallel, NH,NO; and (NH,),[NiMo04sO,5(OH)]-5H,O start to
crystallize (Fig. 1). The latter phase corresponds to a previ-
ously reported Anderson-Evans-type heteropolycompound
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Fig. 1 Diffractograms of hybrid materials containing Ni and Mo ions.
The crystalline phases identified were NH4NOz (*) and
(NH4)4[NiMogO15(OH)el-5H,0 (7).
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Fig. 2 Evolution of the copolymer dgragg as a function of the amount
and the nature of the ions added to the C12 matrix (a). Evolution of the
normalized area of the copolymer low-angle peak as a function of the
amount and the nature of the ions added to the C12 matrix (b).

composed of one Ni** ion coordinated by six MoOg octahe-
dral units.>*°

No homogeneous hybrid can be obtained by mixing only
Mo ions to the C12 matrix. (NH,)¢Mo0,0,,-4H,0 is indeed sys-
tematically detected and likely gathers the ion fraction that
cannot interact with the C12 matrix (Fig. S11). The addition
of Mo ions also induces a slight increase (1.2 A) of the C12
matrix dp,g, (Fig. 2a, black squares).

The normalized area of the low-angle peak of several hy-
brid materials was also evaluated (Fig. 2b). It fluctuates but
does not decrease significantly when Ni or both Ni and Mo
ions are mixed to the C12 matrix. It even increases for hy-
brids having an I/R ratio = 1-2. The copolymer organization
is thus not troubled within such hybrids. In contrast, this
area progressively decreases when only Mo ions are added to
the C12 matrix. This suggests that Mo ions rather disorganize
the matrix instead of being regularly inserted inside it.

The MoO,> anions are expected to establish electrostatic
interactions with the copolymer positive ammonium groups.
Such interactions stay difficult to be evidenced by spectro-
scopy. However, they can also be highlighted through a com-
petition test involving two anions.?" This is why diluted nitric
acid was previously added to some copolymer solutions be-
fore raising the pH till 6.3 and the addition of Ni and Mo
ions (see series of data noted by red diamonds for NiMo-C12
(HNO3) on Fig. 2a). We observed that the presence of NO;~
ions induces the crystallization of (NH,)sM0,0,,-4H,0 within
hybrids having an I/R ratio < 1 (Fig. 3). Yet, heptamolybdate
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Fig. 3 Diffractograms of hybrid materials containing Ni and Mo ions.
Nitric acid was systematically added to the copolymer solutions before
raising the pH to 6.3-6.5 and the addition of the Ni and Mo ions.
(NH4)4INiM0gO15(0OH)6]-5H,0 (*), NH4NO3 (*) and (NH4)eM0;0,4-4H,0
(°) were identified.

species are never detected within the hybrids prepared with-
out nitric acid. This shows that the competition between
NO;~ and MoO,>” species troubles the MoO,> ~copolymer in-
teractions. Consequently, the MoO,>” fraction that cannot be
stabilized inside the matrix crystallizes independently of the
matrix. In parallel, the nickel ions are believed to be inserted
inside the matrix organization. When ion amounts larger
than the I/R ratio = 1 are added to the matrix,
(NH,)4[NiMo04O;4(OH)¢]-5H,0 and NH,NO; are again detected
on the diffractogram of the hybrids.

The addition of HNO; also increases the C12 matrix dpragy
from 27.8 to 32.1 A (Fig. 2a, see red diamond at I/R = 0). This
effect reveals the insertion of nitrate ions (NO; ) inside the
organized matrix. Then, the dpn.e, progressively decreases
and is finally confined around 30.8 A when the Ni and Mo
ions are mixed with the C12 matrix. For the hybrid materials
having an I/R ratio > 0.5, no more dg,g, difference is ob-
served independently of the presence of nitrate ions (Fig. 2a,
red diamonds) or absence of nitrate ions (Fig. 2a, grey dots).

The hydration of the C12 matrix, of the ions alone and
their corresponding hybrids was measured by TGA at 150 °C.
The ion addition increases the water fraction trapped inside
the C12 matrix. It also progressively dilutes the matrix within
the hybrid materials. The use of diluting factors enables to
deduce the water fraction of hybrids that originates from the
natural copolymer hydration. Consequently, the water frac-
tion increase linked to the addition of ions can be calculated
(Table S1f). It corresponds to the difference between the
measured water fraction and the original C12 matrix hydra-
tion. This reasoning reveals that mixing little ion amounts
with the matrix (I/R ratio = 0.25) induces a pronounced in-
crease of the water content of the hybrids. Then, from an I/R
ratio > 0.5-1, the hydration evolves linearly with the ion
quantity added to the copolymers (Fig. 4).

FTIR experiments were carried out to study the Ni-COO™
interactions (Fig. 5). The §(CH,) scissoring band, the antisym-
metric stretching band of the COO™ moieties (v, °° ) and the
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Fig. 4 Evolution of the increase of the water fraction trapped inside
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Fig. 5 FTIR spectra presenting the evolution of the position of the

vas"9% band as a function of the amount of Ni and Mo ions added to
the C12 matrix.

v“=° band (1726 cm ™) linked to the COOH functions are sys-
tematically observed at 1466, 1578 and 1726 cm ', respec-
tively.*> The symmetric stretching band of the COO™ moieties
(vas"°?) is not visible here. Indeed, it is hidden by the broad
and intense band at 1385 cm ™' attributed to the NO, ions
coming from Ni(NOj;),-6H,0.>* The addition of Ni and Mo
ions to the C12 matrix progressively shifts the v,,°°° band
from 1578 ecm™ to 1568 cm™. This band displacement re-
veals the coordination of the nickel ions by the COO™ func-
tions. Its extent is proportional to the number of COO™ which
interacts with the nickel ions.>* The position of this band
then remains stable from an I/R ratio = 1 even if larger ion
amounts (I/R ratios > 1) are added to the matrix.

XPS experiments were carried out on hybrids containing
nickel ions only. During the analyses, a partial decomposi-
tion of the C12 matrix and the nitrate ions is suspected due
to the combined effects of X-rays and ultra-high vacuum.
This is why the spectra acquisition time was optimized to ob-
tain enough signal resolution as quickly as possible. More-
over, the analysis of the hybrid having an I/R ratio = 2 was re-
peated to evaluate the measurement variability.
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The envelope of the Ni 2p doublet is complex because of
the existence of satellite structures (Fig. 6). According to
Grosvenor et al., the position and the shape of the main Ni
2p peak (Ni 2ps,) are affected by the electronegativity and
the nature of the ligands linked to nickel.>* The Ni 2p;/, peak
of nickel nitrate is observed at a binding energy (BE) of 856.5
eVv.’ This compound was used as a reference (Ni-inorganic
contribution) where each nickel atom is coordinated by 6 wa-
ter molecules. Hybrid materials having low Ni loadings (I/R
ratio = 0.25-0.5) display this peak at lower BE (855.4-855.7
eV) which reflects the coordination of nickel by the copoly-
mer COO™ functions.

A model was established in order to differentiate the
nickel contribution stabilized inside the matrix (Ni-matrix)
from the “Ni-inorganic contribution”. The envelope of the Ni-
matrix contribution was computed by combining the Ni 2p;,
peak of the hybrids. The envelope of the Ni-matrix contribu-
tion was computed by combining the Ni 2p;/, peak of the hy-
brids having low Ni loadings (I/R = 0.25-0.5).

This strategy supposed that the majority of the nickel
present in these materials is indeed linked to the matrix. The
calculated “Ni-matrix contribution” was then injected in the
Ni 2p;,, envelope of hybrid materials containing a larger Ni
amount (I/R ratios > 0.5). The position of the injected Ni-
matrix contribution was fixed between 855.4 and 855.7 eV as
found for the materials having lower Ni loadings. Moreover,
the width of this contribution was kept constant. A “Ni-
inorganic contribution” was finally defined on the basis of
the surface that remained uncovered by the Ni-matrix contri-
bution. Interestingly, its shape and position on the BE axis
looked like those of the Ni 2p;, peak of the nickel nitrate
reference. Owing to the fact that both the Ni-matrix and
Ni-inorganic contributions appear above 854 €V, one can
state that the corresponding state of nickel cannot be

“Ni — inorganic” model
T

“Ni — matrix” model

T T T

IIR=4

Intensity (a.u.)
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Fig. 6 Decomposition of the envelope of the Ni 2pz,, XPS peak into a
combination of two contributions namely the “Ni-matrix” contribution
and the “Ni-inorganic” contribution.

This journal is © The Royal Society of Chemistry 2016



Catalysis Science & Technology

metallic. Due to the complex structure of the Ni 2p contribu-
tion, it is difficult to further discriminate the oxidation state
of Ni as either +2 or +3. However, as Ni is introduced as a Ni**
nitrate salt in the hybrid, and as the hybridization does not in-
volve any oxidation step, it sounds most likely that Ni remains
in the hybrids in the +2 state. Besides, all the recorded spectra
were decomposed as a sum of the two Ni-matrix and Ni-
inorganic contributions (Fig. 6). For I/R ratios < 1, most of the
nickel ions interact with the C12 matrix as no or only a little
Ni-inorganic contribution is detected (Fig. 7). The nickel con-
tribution linked to the matrix reaches a plateau around I/R
ratios = 1-1.5 which reveals the C12 matrix saturation in
nickel. In parallel, the contribution of inorganic nickel ap-
pears from an I/R ratio = 1 and dominates from an I/R
ratio = 3.

The chemical environment of the nickel ions inside the
C12 matrix was also characterized by ToF-SIMS. Two couples
of peaks can be distinguished on the spectra of the hybrid
materials, presented in Fig. 8: the couple m/z = 175.85, m/z =
177.85 and the couple m/z = 175.97, m/z = 177.97. They are re-
lated to anionic fragments containing at least one Ni atom as
the gap between the peaks of each couple is equal to 2 m/z.
Such a gap is indeed typical of the mass difference between a
nickel atom (m/z = 58, abundance =~ 68.1%) and its most
abundant natural isotope (m/z = 60, abundance ~ 26.2%).*
It must be noted that ToF-SIMS experiments are managed un-
der high vacuum which induces the removal of the nickel hy-
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Fig. 7 Evolution of the “Ni-matrix” (red squares) and “Ni-inorganic”
(black dots) contributions as a function of the nickel amount added to
the C12 matrix (a). Evolution of the “Ni matrix”/COO™ molar ratio as a
function of the nickel amount added to the C12 matrix (b). The COO™
functions were quantified from the contribution at BE ~ 288.5 eV of
the C 1s XPS peak.
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nickel diacetate tetrahydrate (used as a reference), the C12 matrix and
hybrid materials containing Ni ions only.

dration sphere. The doublet m/z = 175.85 and m/z = 177.85
can then be assigned to the [Ni,CO;] anion. The second peak
doublet (m/z = 175.97 and m/z = 177.97) is attributed to the
[NiC,0,H¢] anion and was successfully identified by using a
reference component: nickel(n) acetate tetrahydrate (>98%,
Alfa Aesar). In fact, this anion corresponds to a dehydrated
nickel atom coordinated by two acetate groups. It is responsi-
ble for the two main contributions on the spectrum of the
reference component. Interestingly, this peak couple is also
visible on the spectrum of the hybrid having an I/R ratio =
0.5. Corresponding shoulders can still be observed on the
spectrum of the hybrid having an I/R ratio = 1. These results
suggest that some nickel ions are coordinated by two COO~
moieties inside the C12 matrix.

Properties and catalytic behaviour of NiMoO,

In agreement with the literature, the co-precipitated oxide
(NiMo-Cop) displays o-NiMoO, as the main -crystalline
phase.>*® One minor signal also reveals the presence of a
few B-crystals in NiMo-Cop (Fig. 9). The calcination at 475 °C
of a hybrid having an I/R ratio = 4 leads to the coexistence of
both a and B phases with a-NiMoO, being dominant. In con-
trast, a major B-phase is obtained after the calcination of hy-
brids having an I/R ratio = 1. Fig. S27 shows the progressive
decrease of the 3 to o content ratio in the calcined materials
as a function of the I/R ratio in the hybrids.

According to the IUPAC nomenclature, the NiMo-Cop sam-
ple displays a type II isotherm which indicates its non-porous
nature (Fig. 10).>”*® This solid is likely finely divided as it
possesses a not so small specific surface area (38.4 m> g ™).
Calcined hybrids present similar specific surface areas but
exhibit type IV isotherms (Fig. 10). Additionally, their adsorp-
tion and desorption isotherms reveal at high relative pres-
sures (0.46-0.98) a hysteresis loop being a mix between the
H;- and the H,types.’””® These features are typical of
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Fig. 9 Diffractograms of materials made via co-precipitation and from
hybrid precursors. B-NiMoO,4 (*) and a-NiMoOy, (A) were identified.

—=— NiMo-Cop 550°C-4h
—+— NiMo-C12-I/R ratio = 4 475°C-4h ;
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Fig. 10 Adsorption (solid line) and desorption (dashed line) N, physisorption
isotherms of materials made via co-precipitation and from hybrid precursors.

mesoporous materials having mesopores that result from the
liberation of volume due to the degradation of carbon mat-
ter.>”?? The total pore volume of 0.13 cm g™' was evaluated
for the solid obtained by calcination of the hybrid NiMo-C12
I/R = 1. Next to a small population of mesopores of about 2
to 4 nm in diameter, the main fraction of this volume is
brought by mesopores having a diameter of 9 nm.

SEM confirmed the finely divided nature of the coprecipi-
tated NiMoO, which consists of the aggregation of nano-
metric hair-like particles entangled together and forming cau-
liflower bunches of undefined shapes (Fig. 11; left). The
material obtained by calcination of the NiMo-C12 I/R = 1 hy-
brid consists of granular particles smaller than 100 nm, as-
sembled together in platelets giving them a layered morphol-
ogy at the micrometric level (Fig. 11, right).

XPS results available in the ESIT (Table S2) show that the
oxidation states of the Ni and Mo atoms in our NiMoO, are
2+ and 6+, respectively. Such a result is consistent with the
facts that the hybrids (i) were made from salts where the
metals were present at the 2+ and 6+ states, too, and (ii) were
converted to the catalysts for 4 h under air.

After an equilibration period of about one hour, the per-
formance of the catalysts was stable along the three addi-
tional hours during which the test was performed. As a repre-
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Fig. 11 SEM pictures of NiMoO, obtained by calcination of the
coprecipitated precursor (left) and the NiMo-C12 I/R = 1 hybrid (right).

sentative example, Fig. S31 presents the evolution with time-
on-stream of the propane conversion on NiMo-C12 I/R = 1
obtained by calcination of the hybrid at 475 °C. Table 1 com-
piles the performance of the catalysts averaged on the whole
test. The oxides characterized above present a similar pro-
pane conversion in the range of 10%. Such a quasi-
isoconversion situation was required to directly compare the
selectivities of the different catalysts. Actually, the necessity
to work as close as possible to isoconversion explained why
the NiMo-Cop catalyst was obtained by calcination of the
coprecipitated precursor at a higher temperature (550 °C)
than the hybrid ones (475 °C). Such a high calcination tem-
perature enables to reach a surface area close to that of the
NiMo-C12 samples (in the range of 35 m> g*). A similar con-
version level could thereby be reached using 150 mg of cata-
lyst whatever the catalyst. Thus comparing the selectivities of
the different catalysts, NiMo-Cop deeply oxidizes propane
into CO, as its CO (20.1%) and CO, (64.6%) selectivities are
both superior to its propene selectivity (14.4%) (Table 1). Cal-
cined hybrids produce propene more selectively (72% the cat-
alyst prepared from the I/R = 1 hybrid and 56.3% for the one
prepared from the I/R = 4) to the detriment of CO, and CO.
Traces of ethene, acrolein, acetone, propanal and acetalde-
hyde were also detected but the sum of their selectivities
never exceeds 5% (not shown). Thanks to their high propene
selectivity, the calcined hybrids display a superior propene
yield to NiMo-Cop. It could be argued that the comparison of
the selectivities was not done at perfect isoconversion, and
that this comparison is thus not relevant. However, as usually
the selectivity to CO, increases when the conversion at which
the catalyst is operated is higher, and as our most selective
catalyst, namely NiMo-C12 I/R = 1, exhibited a slightly higher
conversion than the others, this reinforces the conclusion
that the catalysts prepared from the hybrid precursors are in-
deed really more selective to propene than the reference
NiMoO, material prepared via the classical coprecipitation
route.

Discussion
Establishment of a model

The self-assembled C12 matrix presents a supramolecular or-
ganization thanks to the hydrophobic interactions between

This journal is © The Royal Society of Chemistry 2016



Catalysis Science & Technology

Paper

Table 1 Specific surface area (Ss), propane conversion (Cpropane). Product selectivities (Sproauct) and propene yield (Ypropene) Of catalysts made via co-
precipitation and from hybrid precursors. The catalytic performance was measured at 475 °C

CatalySt Ss (mz g_l) Cpropzmc (0/0] Spropcnc (0/0) SCOZ (0/0) SCO (0/0) Ypropcnc (0/0)
NiMo-Cop 38.4 12.0 14.4 64.6 20.1 1.7
NiMo-C12 I/R =1 33.3 14.1 72.0 17.9 4.7 10.2
NiMo-C12 I/R = 4 37.5 8.7 56.3 40.6 2.3 4.9

its dodecyl side chains. For such a comb-like copolymer,
Rullens et al. envisaged a lamellar model based on the alter-
nation of crystallized hydrophobic microdomains and amor-
phous hydrophilic microdomains (Scheme 1).">'® The FTIR
results reveal the coordination of the nickel ions by the co-
polymer COO™ functions whereas XRD highlight an increase
of the C12 matrix dpg; when the nickel ions are added to it
(Fig. 2 and 5). By correlating these results, the Ni-COO™ inter-
actions appear responsible for the expansion of the matrix or-
ganization due to the insertion of the nickel ions (Fig. 12).>®
These ions are likely inserted inside the copolymer hydro-
philic region because of their polar nature. Besides, the over-
sized nature of the MoO,> anions (ionic diameter: 5.4 A)
makes their insertion between the copolymer backbones not
plausible.*® In fact, these ions are rather expected to establish
electrostatic interactions with the positive ammonium groups
in the inter-sheet space located in between two copolymer
layers (Scheme 2).

The increase of the C12 matrix dg,g, and the shift of the
V209 band are both maximized and stabilized at the I/R ra-
tio = 1 (Fig. 12). This indicates the matrix saturation in the
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Fig. 12 Evolution of the copolymer dgaqq (blue circles) and the v,<°°

band position (red diamonds) as a function of the amount of Ni and
Mo ions added to the C12 matrix (a). Correlation between the
copolymer dgragg and the increase of the water fraction trapped inside
the hybrids (I/R ratio < 1: black diamonds, and I/R ratio > 1: blue
circles) (b).
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nickel ions when the I/R ratio = 1 is reached. One nickel ion
and one molybdenum ion can then at best be hybridized per
two copolymer repeating units. An additional larger ion
amount (I/R ratio > 1) cannot be inserted inside the C12
matrix anymore and induces the crystallization of
(NH,)4[NiM0gO,4(OH)c]-5H,0 (Fig. 1). These materials are
considered to be heterogeneous whereas those having an I/R
ratio < 1 are homogeneous.

The C12 matrix contains 4.9 wt% of water (Table S17).
This represents 1.1 water molecules per copolymer repeating
unit. This structural water is probably trapped inside the hy-
drophilic regions of the matrix organization. The addition of
ions raises the water fraction measured within the hybrid ma-
terials (Fig. 4). The correlation between the XRD and TGA re-
sults reveals that this water fraction increases proportionally
with the matrix dp,g, until reaching an I/R ratio = 1 (Fig. 12).
The C12 matrix expansion promoted by the nickel insertion
thus induces an additional water encapsulation inside the co-
polymer hydrophilic regions (1.4 supplementary water mole-
cules per repeating unit for an I/R ratio = 1). Beyond the satu-
ration, the further addition of ions (I/R ratios > 1) induces a
less marked increase of the hybrid hydration and no further
dpragg Variation is noticed anymore (Fig. 12). This tendency is
related to the crystallization out of the C12 matrix of
(NH,)4[NiMo04O;4(OH)e]-5H,0 and NH,NO; and to their natu-
ral predisposition to be hydrated: 9.6 wt% of water
(Table S17). In fact, the hydration of the saturated hybrids (I/R
ratio > 1) proportionally increases with the ion excess that is
not inserted within the C12 matrix (Fig. 4).

More about the Ni-COO™ interactions

As stated before, the nickel ions are coordinated by the copol-
ymer COO™ functions within the hybrids (Fig. 5). However,
several coordination modes are distinguished in the litera-
ture (Scheme S1).>* The bridging and chelating bonds usually
shift the v,,°°° band to higher wavenumbers. Furthermore,
splitting of this band is often observed. These coordination
modes can be discarded as the addition of nickel here shifts
the v,.°°° band to lower wavenumbers. Such a weak band
downward shift (10 cm™) is rather consistent with mono-
dentate Ni-COO™ complexes. It reflects the formation of weak
complexes which do not strongly affect the force constant of
the two C—=0 bonds of a carboxylate moiety. The equivalence
between these bonds is thus preserved. The monodentate co-
ordination mode can be seen as a flexible bond where the
nickel is not kept at a fixed position with respect to the COO~
moiety.>* However, a small v,,°°° band shift may also sug-
gest that only a fraction of the copolymer COO™ functions
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Scheme 2 Model designed for a homogeneous hybrid (I/R ratio = 1). MoO,2-NHRz* bonds go out of the matrix organization plane (dotted lines).

really interacts with the nickel ions.>* At the matrix satura-
tion (I/R ratio = 1), the Ni/COO™ ratio equals 0.25 (0.5 mol of
Ni ions per 1 mol of copolymer repeating unit) which con-
firms the idea that all the COO™ are not coordinated to a
nickel ion. In fact, both hypotheses appear plausible here. It
can therefore be concluded that the C12 matrix saturation is
reached when only a fraction of the COO™ is coordinated to
nickel through weak monodentate coordination bonds.

A model approach based on the XPS results enables us to
distinguish and quantify the 2 different nickel states within
the hybrid materials containing only nickel ions: the inor-
ganic nickel and the nickel linked to the C12 matrix (Fig. 6).
The latter reaches a plateau around an I/R ratio = 1-1.5 which
reflects the matrix saturation in nickel already evoked by the
XRD results (Fig. 2). This quantification also reveals the coex-
istence of both nickel states inside hybrids having an I/R
ratio > 0.5. This suggests that all the nickel ions of hybrids
having an I/R ratio = 1 are not necessarily coordinated by the
COO™ moieties. However, the Ni-matrix contribution is likely
underestimated due to the combined effects of X-rays and
ultra-high vacuum. Indeed, the degradation of the COO™ moi-
eties linked to nickel should artificially increase the Ni-
inorganic fraction. Normalizing the Ni-matrix fraction with
the detected (and thus not degraded) amount of COO™ func-
tions helps to get rid of that unwanted side effect. A Ni-ma-
trix/COO™ molar ratio of 0.29 is calculated at the C12 matrix
saturation (I/R ratio = 1, Fig. 7). This estimation is consistent
with the one calculated from the XRD-FTIR results: Ni/COO~
= 0.25 (Fig. 10). Thereby, we conclude that the majority of the
nickel ions of the hybrid materials having an I/R ratio = 1
does effectively interact with the COO™ functions of the
matrix.

At excessive nickel amounts (I/R ratio > 1), the nickel pre-
cipitation and its crystallization into Niy(NO;),(OH),-2H,0
cannot be avoided because of the relatively low solubility of
nickel in aqueous solution from pH 6 (Fig. 1). In fact, the for-
mation of a precipitate pumps the nickel ions out of the ma-
trix and thus partially prevents their insertion inside the co-
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polymers. This is why hybrids having an I/R ratio > 1 and
containing nickel ions only present a lower dg,; with re-
spect to those having an I/R ratio = 1 (Fig. 2). At the matrix
saturation (I/R ratio = 1), the copolymer expansion is maxi-
mal (dprage = 30.7 A) as most of the nickel ions can interact
with the matrix without constraint (Fig. 2). However, the
weakness and the reversibility of the Ni-COO™ coordination
bonds should always be kept in mind. The complexation of
Ni by the COO™ functions is then never completely achieved.
But, this does not mean that the engaged ions are not well-
dispersed inside the hydrophilic regions of the homogeneous
hybrids (I/R ratio < 1). In fact, an equilibrium between the
coordination mode and an electrostatic mode can be imag-
ined where both contribute to disperse the Ni ions along the
copolymers. The matrix expansion due to the Ni insertion
and the absence of Ni,(NOj3),(OH),-2H,O crystals argue in fa-
vor of this hypothesis for these hybrids (Fig. 2).

Nickel as a stabilizer of the C12 matrix organization

The addition of Mo ions instead of Ni ions induces a smaller
expansion of the C12 matrix organization (Fig. 2). However,
its main effect is the matrix disorganization. This phenome-
non is linked to the electrostatic bonds that the copolymers
establish with the MoO,>” anions. (Fig. 1 and 2). These inter-
actions are believed to be stronger than the hydrophobic in-
teractions behind the matrix organization. As a result, the
electrostatic interactions promote a copolymer reorganisation
around the MoO,>” anions. In contrast, the original copoly-
mer organization is not affected by the addition of the nickel
ions. Actually, it is improved within hybrids having an I/R ra-
tio = 1-2 (Fig. 2). This tendency remains valid in the presence
of both Ni and Mo ions. Thereby, it is understood that the Ni
ions preserve the C12 matrix from the disorganization effects
induced by the MoO,”” anions. Several authors demonstrated
that the coordination of a Ni ion by a COO™ group is not
discordant with the capacity of this ion to link simulta-
neously several COO~ functions.>**"** Consequently, two co-
polymers delimiting a hydrophilic microdomain could be

This journal is © The Royal Society of Chemistry 2016
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bridged through the formation of a complex involving one
nickel ion and one COO™ group of each macromolecule
(Scheme 2). Such bonds would contribute to stabilize and
even strengthen the C12 matrix organization. XRD and ToF-
SIMS experiments provided some clues in favor of this
hypothesis.

Compared to the nickel ions, the insertion of NO; in-
duces a larger expansion of the copolymer organization
(dBragg = 32.1 A vs. 30.7 A) (Fig. 2). However, the subsequent
addition of Ni and Mo ions contracts the copolymer dgags
and finally confines it around 30.8 A. For hybrids having an
I/R ratio > 0.5, no more dg,g, difference is observed indepen-
dently of the presence or absence of NO; . The nickel ions
are thus able to constrain the C12 matrix dpr,e, in a fixed
interval regardless of the initial value. The establishment of
RCOO -Ni-RCOO™ complexes could be a reliable hypothesis
to explain this observation. The results of the ToF-SIMS ex-
periments are in agreement with this hypothesis. Signals at-
tributed to the [NiC,0,H¢] anion are visible on the SIMS
spectrum of hybrids having an I/R ratio = 0.5 and 1 and
containing Ni ions only (Fig. 8). Their presence confirms the
capacity of the nickel ions to be linked to two COO™ moieties.
The concentration of the [NiC,0,H¢] fragment should be
maximized at the copolymer saturation in nickel (I/R ratio =
1). The addition of an excessive nickel amount (I/R ratio = 4)
complicates the detection of these fragments due to a dilu-
tion effect. Experimental limitations inherent to the ToF-
SIMS technique prevent quantitative estimations. Moreover,
the [NiC,0,H¢]| ion also possesses a weak ionization proba-
bility because of the numerous chemical bonds that need to
be broken to extract it from the hybrid structure. Conse-
quently, the small signals assigned to the [NiC,0,H,| frag-
ment do not necessarily reflect its concentration within the
hybrids. In the end, this complex can be quite concentrated
and strongly contributes to stabilize the C12 matrix
organization.

Toward better efficiency of NiMoO, in the ODHP reaction

The calcination of the hybrids induces the crystallization of
B-NiMoO,. This phase is normally metastable at RT, and
makes NiMo-based materials far more selective to propene in
the ODHP reaction.’ The exothermic degradation of carbon
matter seems to be the key point. This degradation induces a
rapid crystallization that cannot involve all the nickel ions
available within the precursor.

The remaining nickel fraction is then expected to be dis-
persed across the B-NiMoO, network and prevents the  —
a-NiMoO, relaxation.”*® Furthermore, defects linked to a
rapid and imperfect crystallization may contribute to stabiliz-
ing this B-phase. The exothermic combustion of the matrix
also supplies the heat for the B-NiMoO, crystallization at
moderate temperatures (475 °C) whereas strong temperatures
(>650 °C) are usually required. The pore volume liberated by
the matrix degradation can then be preserved from
sintering."® It is likely that the micrometric layered morphol-
ogy of the NiMoO, material obtained from the homogenous

This journal is © The Royal Society of Chemistry 2016

Paper

NiMo-C12 I/R = 1 hybrid (Fig. 11) is reminiscent of the supra-
molecular organization of the C12 matrix which was
maintained after the incorporation of the Ni and Mo ions
(Scheme 2). In the end, NiMoO, having an acceptable specific
surface area is prepared which maintains its activity level
quite high as well. Compared to the NiMo-Cop sample under
the same reaction conditions, a higher propene selectivity
coupled with a similar propane conversion makes the cal-
cined hybrids six times more efficient to produce propene.
Note that the NiMo-Cop catalyst was obtained by calcination
at a higher temperature than the hybrid precursors (the rea-
son why is explained in the last paragraph of the Results sec-
tion), which could be criticized. One has to realize that
subjecting the coprecipitated precursor to a lower calcination
temperature would have led to an even higher fraction of
o-NiMoO, in the final catalyst. This would have finally led to
a worse propene selectivity, which reinforces the superiority
of the catalysts prepared from the hybrids. However, the use
of heterogeneous hybrids (I/R ratio = 4) is not recommended.
In fact, their ion excess cannot benefit from the heat released
by the combustion of carbon matter being not in its close en-
vironment. This leads to a substantial o-NiMoO, crystal-
lization and makes the calcined hybrids less selective to
propene. This statement is in agreement with the preliminary
results.>” It also underlines the necessity to effectively dis-
perse all ions inside the matrix thanks to the interactions
with the copolymer's charged moieties.

Conclusions

Homogeneous hybrid materials (I/R ratio < 1) associating Ni
and Mo ions and a self-assembled copolymer were success-
fully synthesized at pH 6.3-6.5. In such a condition, each co-
polymer repeating unit possesses one positive charge and
two negative charges. Thereby, the number of copolymer
charges and its capacity to fix ions are both maximized. The
addition of excessive ion amounts (I/R ratio > 1) induces the
crystallization of (NH,),[NiMo¢O;5(OH)s]-5H,0 independently
of the matrix which makes the hybrids heterogeneous.
Electrostatic interactions enable to disperse the MoO,>" an-
ions within the hybrids but also disorganize the C12 matrix.
The coordination of the nickel ions with the copolymer COO™
functions prevents this effect. By bridging two macromole-
cules, the nickel ions indeed reinforce the C12 matrix organi-
zation and allow the preparation of organized and nanostruc-
tured hybrid materials.

Our use of supramolecularly organized precursors and the
possibility it offers to form NiMoO, under “soft conditions”
lead to mesoporous -NiMoO, stable at RT. The phase was
targeted as it is the most selective to propene in the ODHP
reaction. However, B-NiMoO, is usually metastable in con-
trast to a-NiMoO, which is stable at RT. Its preparation gen-
erally also requires high temperatures which favours
sintering and makes it poorly active in the ODHP reaction.
Here, we have succeeded in generating the most propene se-
lective B-phase without sacrificing its specific surface area,
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and thus maintaining its activity remarkably high as well.
The use of heterogeneous hybrids should be avoided as it
promotes substantial a-NiMoO, crystallisation that is detri-
mental for the propene selectivity and the propene yield of
NiMo-based materials.

Abbreviations

XRD X-ray diffraction

XPS X-ray photoelectron spectroscopy

FTIR Fourier transform infrared spectroscopy

TGA Thermogravimetric analysis

ToF-SIMS Time-of-flight-secondary ion mass spectroscopy
ODHP Oxidative dehydrogenation of propane

Ni Nickel ion

Mo Molybdenum ion

I/Rratio Inorganic ion per copolymer repeating unit molar
ratio
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