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An explanation is put forward for the beneficial effect of thermal decomposition of supported
Ni3(NO3)2(OH)4 in NO/He flow (0.1–1 vol%) that enables preparation of well-dispersed (3–5 nm particles)
24 wt% Ni-catalysts via impregnation and drying using aqueous [Ni(OH2)6](NO3)2 precursor solution.
Moreover, combining electron tomography, XRD and N2-physisorption with SBA-15 support yielded a
clear picture of the impact of air, He and NO/He gas atmospheres on NiO shape and distribution. TGA/MS
indicated that NO2, N2O, H2O products evolved more gradually in NO/He. In situ XRD and DSC revealed
that NO lowers the nitrate decomposition rate and appears less endothermic than in air supposedly
due to exothermic scavenging of oxygen by NO, which is supported by MS results. The Ni/SiO2 catalyst
prepared via the NO-method displayed a higher activity in the hydrogenation of soybean oil as the
required hydrogenation time decreased by 30% compared to the traditionally air calcined catalyst.

© 2008 Elsevier Inc. All rights reserved.
1. Introduction

Supported metal (oxide) catalysts are indispensable for the
preparation of bulk and fine chemicals [1–3]. Nickel-based cata-
lysts are amongst the most widely used because of their activ-
ity in many important (de)hydrogenation reactions [4–7]. Since
catalytic processes take place only at the metal (oxide) surface,
preparation techniques often aim at obtaining catalysts that com-
bine a high dispersion with a high loading. Although supported
metal (oxide) particles can be obtained by deposition from the va-
por phase [8], catalyst preparation techniques are mainly based
on liquid phase processes and comprise of ion-adsorption [9,10],
deposition–precipitation [11–13] and, impregnation and drying
[14–18]. In particular the latter is often used as it enables high
metal (oxide) loadings and its technical simplicity allows execution
on an industrial scale. This technique involves impregnation of a
support with a precursor-containing solution, followed by evapo-
ration of the solvent. The dried impregnate is heat treated in air,
called calcination, to convert the precursor into the desired metal
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oxide, optionally followed by a high temperature reduction treat-
ment to obtain the metal in question. State-of-the-art studies at
low Ni loadings and strong precursor–support interactions have
revealed much insight into the interplay between metal, ligands,
counterions and supports, and their impact on the activity, se-
lectivity and stability of the final catalyst [13,16,17,19]. Moreover,
these studies have yielded fundamental insight into the impor-
tance of liquid–solid interactions between precursor solution and
support on the formation of poorly reducible mixed Ni phases
like aluminates or phyllosilicates. However, at Ni loadings well-
above the ion-adsorption capacity of the support and with a weak
precursor–support interaction, phenomena like redistribution and
sintering during the successive (thermal) steps in the preparation
can prevail. In this contribution we present a systematic study that
focussed on the preparation of Ni-based catalysts that display high
loadings using the impregnation and drying method.

The type of precursor salt used largely affects the properties
of the final metal (oxide). In particular highly soluble nitrate salts
are attractive as pure metal oxides can be obtained via facile and
complete thermal decomposition in air. Regrettably, catalysts pre-
pared as such often display poor metal dispersions, which has been
ascribed to either redistribution during drying [15,20–23] or to sin-
tering during the air calcination [24–28] step. Using ordered meso-
porous silica SBA-15 as model support, we recently reported for Ni
and Co ex nitrate catalysts that this finds origin in severe sintering
and redistribution during the air calcination treatment [29]. More-
over, we identified that sintering could be reduced using an He
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atmosphere, but that treatment in NO/He fully prevented sintering
resulting in small NiO particles of 4 nm on average at a metal load-
ing of 24 wt% [30,31]. Although the ordered structure of SBA-15 al-
lowed clear differentiation between NiO and support with standard
Transmission electron microscopy (TEM), the technique cannot give
full insight into the NiO distribution throughout individual pores,
as it yields a two-dimensional projection of the three-dimensional
SBA-15 structure. This problem can be overcome using electron
tomography (ET), sometimes referred to as 3D-TEM, as this tech-
nique allows three-dimensional imaging of the interior of porous
structures such as SBA-15 [32–34]. Hence, ET could yield valuable
insight into the impact of the air, He and NO/He atmospheres on
the local distribution of NiO inside the mesopores and type of NiO
particles formed. When combined with bulk-characterization tech-
niques such as N2-physisorption and XRD, a representative picture
can be obtained.

In addition, it remained an open question why NO has such a
large impact on the final NiO dispersion. Thus, we focused on the
nitrate decomposition reaction under different atmospheres using
TGA/MS, in situ XRD and DSC characterization techniques. More-
over, we varied the concentration of NO, and the gas flow rate.
Based on these results we propose an explanation for the impact
of NO on the nitrate decomposition to form uniform and small NiO
nanoparticles. Finally, the large impact of the NO-method on the
activity is illustrated with catalytic results of the hydrogenation of
Soybean oil over silica gel supported 24 wt% Ni catalysts.

2. Experimental

2.1. Catalyst preparation

SBA-15 (total pore volume of 0.78 cm3 g−1 and average pore
diameter of 9 nm) was synthesized by following a procedure
of Zhao and co-workers [35]. 8 g of PEO20PPO70PEO20 (PEO =
poly(ethylene oxide) and PO = poly(propylene oxide)) tri-block
copolymer obtained from Aldrich was dissolved in 250 ml dem-
ineralized water of 40 ◦C. After the solution had become clear, 48 g
of concentrated HCl (Merck) was added, followed by the addition
of 21.5 ml of tetraethyl orthosilicate (Acros). Next, the mixture was
stirred for 20 h at 40 ◦C after which it was transferred to an oven
for further reaction at 80 ◦C for 48 h. The solid product was col-
lected from the suspension by filtration, washing, drying in air for
12 h at 80 ◦C, and finally air calcination for 6 h at 550 ◦C. Davi-
cat 1404SI silica gel (30–70 μm particles, total pore volume of
0.90 cm3 g−1 and average pore diameter of 7 nm) was used as
received from Grace–Davison.

The precursor solution was prepared by dissolving Ni(NO3)2·
6H2O (Acros) in demineralized water. Prior to impregnation, the
supports were dried for 2 h in dynamic vacuum at 80 ◦C to re-
move physisorbed water. SBA-15 and silica gel quantities of 0.25 g
and 1.00 g were impregnated in static vacuum using 1.00 ml g−1

and 1.25 ml g−1 of precursor solution to provide 24 wt% and
28 wt% NiO/SiO2, respectively. The fresh impregnates were dried
in static air by increasing the temperature at a rate of 1 ◦C min−1

to 120 ◦C. The samples were kept at the final temperature for 12 h.
Small quantities of 40 mg (SBA-15) and 100 mg (silica gel) of the
dried impregnates were heat treated in an air, He or NO/He flow
(90 ml min−1) using a plug-flow reactor (length 17 cm and diame-
ter 1 cm). The samples were heated with 1 ◦C min−1 to 450 ◦C kept
at 450 ◦C for 4 h. The gas-hourly-space-velocities (GHSV) and NO
concentrations were varied between 1700–24,500 h−1 and 0.01–
1 vol%, respectively. Apparent bulk densities of 0.46 and 0.09 g
cm−3 for silica gel and SBA-15, respectively, were used to calculate
the GHSV. All samples were labeled using sample codes. An exam-
ple of a sample code is S/D-CHe. The first part denotes the support:
S = SBA-15 and G = silica gel support, whereas the second part
indicates the thermal treatments that were applied: D = drying in
static air, CHe= heat treatment in He flow.

2.2. Characterization

Powder X-ray diffraction (XRD) patterns were obtained at room
temperature from 5 to 90◦ 2θ with a Bruker-AXS D8 Advance
X-ray Diffractometer setup using CoKα12 radiation. The patterns
were baseline-corrected for the amorphous SiO2 background. The
average Ni3(NO3)2(OH)4 and NiO crystal sizes were calculated ac-
cording to the Scherrer equation (k = 1) using the most intense
(001) and (200) diffraction lines at 2θ = 14.9◦ and 50.8◦ , respec-
tively. For in situ XRD experiments the diffractometer was equipped
with an Anton-Paar XRK reaction chamber and dried impregnate
S/D (20 mg) was heated in air flow or in 1 vol% NO/He flow
(90 ml min−1) to 248 ◦C with 1 ◦C min−1 and kept isothermal until
decomposition of Ni3(NO3)2(OH)4 and formation of NiO had com-
pleted.

TEM tomography grids were prepared by applying 10 nm sized
colloidal gold particles from suspension to a Quantifoil R2/1 car-
bon film supported on a parallel bar Cu TEM grid. After drying
in air, a small amount of sample was deposited directly onto the
grid. Excess catalyst was shaken-off before inserting the TEM grid
into a Fischione, Model 2020, advanced tomography holder. ET
was performed in bright-field TEM mode, and series of TEM im-
ages (tilt-series) were acquired by rotating the specimen over a tilt
range of at least ±70◦ at increments of 1◦ . Images were recorded
at each tilt step on a 2048 pixel × 2048 pixel TVIPS CCD cam-
era using Xplore3D software (FEI). The defocus was set between
−130 nm and −200 nm depending on the size of the examined
SBA-15 particle to keep the entire object in underfocus. The nom-
inal magnification was 29000× which corresponds to a pixel size
of 0.27 nm. Images of the tilt-series were aligned with respect to
a common origin and rotation axis using the 10 nm gold particles
as fiducial markers. Finally the aligned tilt-series were binned to
0.54 nm pixel size prior to reconstruction of the three-dimensional
volume. Alignment and reconstruction by filtered backprojection
was performed in IMOD [36].

N2-physisorption measurements were performed at −196 ◦C,
using a Micromeritics Tristar 3000 apparatus. Prior to analysis the
samples were dried in He flow for 14 h at 120 ◦C. The pore size dis-
tribution was derived from the adsorption branch of the isotherm
using a non-local density functional theory (NL-DFT) model devel-
oped by Jaroniec et al. [37] for ordered mesoporous supports. The
pore diameter of the mesoporous channels of SBA-15 was defined
by the value at which the maximum in differential pore volume
was observed. The micro- and meso-porosity were defined as the
volume present in pores smaller than 2 nm, and between 2 and
50 nm, respectively. There is no standard method yet for the de-
termination of blocked mesopore volume (V meso,bl). We used BJH
theory [38] with the Harkins and Jura [39] thickness equation and
the Kruk–Jaroniec–Sayari [40] correction for ordered mesoporous
siliceous materials to calculate from the desorption branch the cu-
mulative pore volume as a function of the pore size. From this we
determined V meso,bl considering that the pores with a diameter
of 2 to 5 nm are due to volume in (partially) blocked pores. The
mesopore surface areas were calculated with the t-method using
thickness ranges of 0.35–0.55 [41].

Thermogravimetric analysis (TGA) was carried out using a
Perkin-Elmer Pyris 1 apparatus, a typical S/D sample quantity of
5 mg and air, He or 1 vol% NO/He flows of 90 ml min−1. A heat-
ing rate of 5 ◦C min−1 and final temperature of 500 ◦C was used.
The off-gas was simultaneously analyzed with a quadrupole Pfeif-
fer Omnistar mass spectrometer, and ion currents were recorded
for m/z values (m = molar mass of Xz+ ion, z = charge of the ion)
of 14, 15, 16, 17, 18, 28, 30, 32, 44, 46, 62 and 63.



J.R.A. Sietsma et al. / Journal of Catalysis 260 (2008) 227–235 229
Fig. 1. XRD patterns of SBA-15 supported impregnate S/D after drying at 120 ◦C,
and NiO/SBA-15 samples obtained thereof after thermal treatment at 450 ◦C using
different gas atmospheres. The resulting average crystal sizes and gas atmospheres
have been indicated.

Differential scanning calorimetry (DSC) experiments were done
using a Q200 Thermal Analysis Instruments apparatus. Small
quantities (∼5 mg) of sample S/D were heated to 300 ◦C with
1 ◦C min−1 under a 90 ml min−1 flow of either air, Ar or 1 vol%
NO/He.

2.3. Catalysis

Hydrogenation reactions of soybean oil with an iodine value
(IV) of 133 were carried out using 28 wt% NiO on silica gel cat-
alysts obtained after air calcination (G/D-Cair) or NO/He treatment
(G/D-CNO/He). A portion of 70 mg of NiO/SiO2 sample was weighed
into a glass vessel and reduced for 1 h at 400 to 450 ◦C under at-
mospheric H2 pressure. The reduced catalyst was transferred into
200 g of soybean oil and loaded to a closed and stirred hydro-
genation reactor (Medimex). The mixture was heated to 140 ◦C
and H2 sparged through the slurry at a pressure of 3 bar abs. The
temperature was raised by 2 ◦C min−1 to 200 ◦C and kept at that
temperature. The amount of H2 absorbed into the oil was mon-
itored with a Büchi gas dosage unit and the test was terminated
once the IV had dropped to 79. The hydrogenation time to reach an
IV of 79 was used as a measure of the activity of the catalyst. The
melting point and percentage of trans-isomers were determined
using standard methods [42,43].

3. Results and discussion

Fig. 1 shows the XRD pattern of the dried impregnate S/D
obtained after impregnation of SBA-15 with aqueous [Ni(OH2)6]-
(NO3)2 solution and subsequent drying at 120 ◦C. The results of
XRD line-broadening analysis obtained for all the samples have
been summarized in Table 1 together with TEM particle size es-
timations. The diffractogram of sample S/D showed that nickel
nitrate hydroxide, also referred to as basic nickel nitrate, with
composition Ni3(NO3)2(OH)4 had formed [44,45]. Line-broadening
analysis of the (001) diffraction line indicated that the crystallites
were 9 nm on average, which agreed well with the average meso-
pore diameter of 9 nm as determined from N2-physisorption, and
suggested confinement by the pore walls.

The second step in the preparation involved heat treatment of
the dried impregnate at 450 ◦C to convert Ni3(NO3)2(OH)4 into
NiO:

Ni3(NO3)2(OH)4(s) → 3NiO(s) + 2NO2(g) + 1

2
O2(g) + 2H2O(g).

(1)
Table 1
Overview sample treatments, compositions and XRD and STEM results.

Thermal
treatments

Crystalline
phase

Loading
(wt%)

Size (nm)

dXRD dSTEM

SBA-15 supported samples
S/D Drying Ni3(NO3)2(OH)4 34 9 –
S/D-Cair Drying/calcination in air NiO 24 10 10–35
S/D-CHe Drying/heating in He NiO 24 7 10–25
S/D-CNO/He Drying/heating in

1 vol% NO/He
NiO 24 4 3–5

Silica gel supported samples
G/D drying Ni3(NO3)2(OH)4 39 12 –
G/D-Cair Drying/calcination in air NiO 28 15 7–70
G/D-CNO/He Drying/heating in

1 vol% NO/He
NiO 28 4 3–5

Fig. 2. ET slices of NiO/SBA-15 samples obtained after calcination in air flow (a),
thermal treatment in He flow (b), and heat treatment in 1 vol% NO/He flow (c). The
arrows indicate regions containing small NiO particles.

In Fig. 1, the XRD patterns are shown of the NiO/SBA-15 prod-
ucts obtained using different gas atmospheres during this step. It
should be noted that the same flow rates were used in all the
plug–flow experiments unless otherwise stated. Line-broadening
analysis showed that thermal decomposition in stagnant air re-
sulted in relatively large NiO crystals of 25 nm on average, use
of an air flow led to crystals of 10 nm and with a pure He flow
an average crystallite size of 7 nm was obtained. Adding 1 vol% of
NO to the He flow resulted in the formation of NiO crystallites of
4 nm on average. The observed differences showed the impact of
the gas atmosphere on the degree of sintering and redistribution
during thermal decomposition of Ni3(NO3)2(OH)4.

In Fig. 2, three representative 0.54 nm thick cross-sections
through the ET reconstructions are given of the NiO/SBA-15 sam-
ples that were treated in air (sample S/D-Cair), pure He (S/D-CHe)
or 1 vol% NO/He (S/D-CNO/He). A non-uniform distribution of NiO
over the mesopores was found in all three samples. The pres-
ence of unfilled pores with ordered mesoporous silica supported
metal (oxide) catalysts has been observed by others too [46,47]
and is presumably related to non-uniform wetting during impreg-
nation [48]. The NiO/SBA-15 sample obtained through air calcina-
tion contained both large NiO particles outside the mesopores and
particles retained inside the pores. The ET reconstruction showed
that all the NiO particles inside the mesopores were rod-like with
a diameter of 9 nm due to confinement by the pore walls, and
their length varied between 10 to 70 nm with an average value
of 35 nm. No special location of the NiO particles, for instance
at the pore mouths of the mesopores, was observed. After ther-
mal treatment in He (Fig. 2b) three types of NiO particles could
be identified; large particles outside the mesopores and, rodlike
and more spherical particles inside the mesopores. Again, the rod-
like NiO particles were confined by the pore walls, but their length
had decreased to 10–40 nm and 20 nm on average. Areas contain-
ing smaller and more spherical NiO particles were found too, as
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Fig. 3. ET slices, N2-physisorption isotherms and schematic representations of the NiO particle distribution inside the mesopores and of NiO/SBA-15 samples obtained after
heating to 450 ◦C of dried impregnate S/D in air flow (a), in pure He flow (b) or in 1 vol% NO/He flow (c). Also included is the isotherm of pristine SBA-15 (grey).
Table 2
N2-physisorption results of SBA-15 supported samples.

Sample Surface areaa

(m2 g−1
SiO2

)

Porosity (cm3 g−1
SiO2

) V meso,bl
f

(%)V tot,calc
b V tot,exp

c V micro
d V meso

e

SBA-15 516 0.78 0.78 0.05 0.68 0
S/D 293 0.63 0.47 0.01 0.42 19
S/D-Cair 409 0.73 0.66 0.06 0.56 74
S/D-CHe 442 0.73 0.59 0.03 0.51 57
S/D-CNO/He 493 0.73 0.59 0.05 0.49 0

a Mesopore surface area.
b Expected total pore volume based on contribution of Ni precursor to volume

decrease.
c Total pore volume based on amount N2 adsorbed at p/p0 = 0.995.
d Micropore volume.
e Mesopore volume.
f Partially blocked mesopore volume.

indicated by the arrows in Fig. 2b. XRD (Fig. 1) supported the ET
findings as the onset of the diffraction lines had broadened indi-
cating a bimodal particle size distribution. Finally, Fig. 2c depicts a
slice taken from a three-dimensional reconstruction of a NiO/SBA-
15 particle prepared with NO/He. Exclusively small NiO particles
were found in this sample and although particles between 2 to
7 nm were found, detailed particle-size analysis published else-
where [49] showed that 80% of the particles were 3 to 5 nm.
Moreover, a volume weighted NiO size maximum of 4 nm was
found, which was in good agreement with the average crystal size
of 4 nm derived from the XRD pattern shown in Fig. 1.

Combination of the ET results with characterization results from
N2-physisorption and XRD (Table 2) allowed us to put together
representative pictures of the NiO particle distributions inside the
mesopores of the air, He and NO/He treated samples. In Fig. 3,
ET slices and N2-physisorption results of the samples are shown
together with schematic illustrations that represent the NiO distri-
bution inside the pores as a function of the gas atmosphere. With
ET (Fig. 3a) we found in the air treated sample many voids be-
tween the rodlike NiO particles situated in the same pore. A movie
that images such a void has been included in the supporting in-
formation (void.mpg). Compared to the pristine SBA-15 that con-
tained all features typical for SBA-15 [35], the air calcined sample
displayed a forced closure of the hysteresis loop. This feature is re-
ferred to as cavitation and associated with ink-bottle type pores
[50]. The appearance of cavitation upon introduction of a guest
phase [33,51] or plugs [52] to SBA-15 has been previously reported.
Quantification (Table 2) showed that 74% of the mesopore volume
(V meso,bl) was blocked by the rodlike NiO particles. In He atmo-
sphere (Fig. 3b), similar ink-bottles were found with ET, hence
cavitation was also observed in the isotherm. However, quantifica-
tion showed that the total blocked mesopore volume had lowered
to 57%. As schematically illustrated in Fig. 3, this was in line with
the observation that pores with smaller NiO particles, that allowed
normal hysteresis, were present too. Finally, in NO/He (Fig. 3c) the
well-dispersed NiO particles were small enough (3 to 5 nm), had
not agglomerated and hence the sample displayed hysteresis simi-
lar to that of pristine SBA-15. The observed trend in the mesopore
volumes supported the abovementioned findings as the porosity
decreased going from air to He, and to NO/He due to the more ex-
tensive retention of the NiO guest phase inside the mesopores for
the latter cases. Thus, with ET analysis we could directly image
the NiO distribution inside individual mesopores, and combined
with N2-physisorption and XRD bulk characterization this led to a
consistent insight into the influence of the gas atmosphere on the
obtained NiO particle distribution inside the mesopores of SBA-15.

The experiments with stagnant air and with air flow (see
Fig. 1) demonstrated that the concentration of gaseous decompo-
sition products had a profound impact on the final NiO dispersion.
Hence, insight into the interplay between NO and these products,
and its effect on the NiO dispersion was important to better un-
derstand the role of NO. Therefore, we conducted a series of ex-
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Fig. 4. Impact of the NO concentration on the final average NiO crystal size obtained
after heat treatment of silica gel supported Ni3(NO3)2(OH)4 sample G/D. A constant
GHSV of 24,500 h−1 was used.

Fig. 5. Relation between the GHSV and the average NiO crystal size obtained during
thermal treatment of Ni3(NO3)2(OH)4/SiO2 sample G/D in He (grey) or in NO/He
(black).

periments in which on the one hand the NO concentration was
varied while maintaining a constant flow rate (i.e. constant GHSV),
and on the other hand the GHSV was varied at constant NO/He
concentration (1 vol%). To ensure plug–flow conditions we used a
conventional silica gel powder sieve fraction instead of the low-
density SBA-15. Silica gel powder with a porosity (0.90 cm3 g−1)
and an average pore size (7 nm) comparable to that of the SBA-15
was selected. Prior to the plug–flow experiments, it was checked
whether the impact on the NiO dispersion found with silica gel
was similar as with SBA-15. From the results collected in Table 1
it can be concluded that indeed the same trends were found. In
Fig. 4, the relation has been plotted between the NO/He concen-
tration and the average NiO crystal size obtained as determined
with XRD. Without addition of NO to the He flow an average NiO
crystal size of almost 11 nm was obtained. Adding a small amount
of 0.05 vol% NO only had a small impact, but doubling to 0.1 vol%
led to a decrease by more than a factor of two of the average crys-
tal size. Further increase of the concentration had little effect as
the average NiO crystal size of 4 nm remained constant. Thus, at
the present loading of 28 wt% NiO and high GHSV of 24,500 h−1,
a concentration of 0.1 vol% NO/He was sufficient to obtain small
NiO crystallites of 4 nm on average.

The results obtained when varying the GHSV between 1700 to
24,500 h−1 with pure He flow or NO/He flow (1 vol%) are shown
in Fig. 5. The results demonstrated that the obtained average NiO
crystal sizes with NO/He were always smaller than with pure He.
Fig. 6. TGA curves recorded during thermal treatment of sample S/D in air flow
(dashed line), Ar flow (grey line) or in 1 vol% NO/He flow (black line).

With the latter gas atmosphere, the average NiO crystal size started
to increase at a GHSV lower than ∼14,000 h−1. Although decreas-
ing the GHSV with a factor of 2 had little effect, further lowering
led to more sintering and finally an average crystal size of almost
14 nm was found. Although at all times smaller NiO crystals were
obtained with NO/He, the crystal sizes followed a similar trend as
with pure He. Lowering of the GHSV by more than a factor of 7
from 24,500 to 3400 h−1 led to a rise of the crystal size of around
4 nm to that of 6 nm. Further decrease of the GHSV resulted in
substantial rise of the average NiO crystal size to 9 nm, but still
being smaller than with pure He. These results suggest the rela-
tion between the NiO crystal size and the concentration of gaseous
decomposition products, and the necessity of a minimum local NO
concentration to moderate the Ni3(NO3)2(OH)4 decomposition in
such as way that small NiO particles are formed.

To identify the type of gaseous decomposition products formed,
we conducted TGA/MS experiments using SBA-15 supported im-
pregnate S/D. The results obtained with 1 vol% NO/He flow were
compared with those obtained in air flow and in pure Ar flow. The
TGA and MS results are shown in Figs. 6 and 7, respectively. For
all samples up to ∼200 ◦C removal of physisorbed H2O and par-
tial dehydroxylation of the SiO2 surface took place. Evolved gas
analysis results supported this as only mass fractions were de-
tected that belonged to H2O. Surprisingly, at 210 ◦C weight loss
due to dehydration of the NO/He flow treated sample was almost
1.5% larger than those treated in air or in Ar flow. At higher tem-
peratures, irrespective of the atmosphere used, the weight losses
rapidly increased till a temperature of ∼320 ◦C was reached. The
observed weight losses for air (13%), Ar (13%), and NO/He (12.5%)
atmosphere matched or were close to the expected value of 13%
upon complete decomposition of Ni3(NO3)2(OH)4 into NiO. MS re-
sults showed that H2O, NO2 and O2 gaseous products were formed
as expected based on Eq. (1). The MS signal with m/z = 18 origi-
nated from H2O and was found in all atmospheres. Mass fraction
17 (OH+) was found to support the assignment to H2O. Mass frac-
tion 46 confirmed that significant amounts of NO2 formed during
decomposition, irrespective of the atmosphere. In Ar flow we de-
tected, albeit in relatively small amounts, m/z = 32 indicative for
O2. Next to these expected products also mass fraction 44 was
found to evolve during each treatment, and this indicated that
either N2O, CO2 or a mixture of these compounds was formed.
With GC analysis we could confirm that this mass fraction orig-
inated exclusively from N2O, which is in line with observations
of Małecki et al. [53] that 5 to 8 wt% of the nitrogen from ni-
trates evolves as N2O. A remarkable difference was that O2 was not
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Fig. 7. MS results obtained from the off-gas during thermal treatment of Ni3(NO3)2(OH)4/SiO2 sample S/D in air flow (dashed lines), in pure Ar flow (grey lines) or in 1 vol%
NO/He (black lines).
found during decomposition in NO/He. Furthermore, in NO/He the
bulk of the gasses evolved over a broader temperature range and,
apart from N2O, the peaks also shifted to higher temperatures. This
indicated that NO influenced the kinetics of the Ni3(NO3)2(OH)4
decomposition, and the absence of O2 during decomposition in
NO/He suggested that NO might scavenge atomic oxygen that is
expected to play a role in the mechanism of the decomposition of
Ni3(NO3)2(OH)4.

As the TGA/MS results indicated that NO affected the rate of
decomposition of Ni3(NO3)2(OH)4 into NiO, and both phases were
crystalline, we carried out in situ XRD experiments to study the
possible moderation of the reaction rate by NO in more detail. The
most intense (001) and (002) diffraction lines of Ni3(NO3)2(OH)4
and NiO at 14.9◦ and 50.8◦ 2θ (see Fig. 1) were used for this, re-
spectively. The experiments were carried out with sample S/D and
consisted of heating to 248 ◦C and maintaining isothermal condi-
tions during decomposition as this could give more insight into
the kinetics. The observed Ni3(NO3)2(OH)4 decomposition and NiO
formation at 248 ◦C in air flow or in 1 vol% NO/He flow have
been plotted in Fig. 8. The left frame graph showed that after
an incubation time of almost 25 min, decomposition proceeded
relatively fast in air at a rate of ∼13% min−1, and about 85% of
the Ni3(NO3)2(OH)4 decomposed within 6.5 minutes. In NO/He at-
mosphere, decomposition started almost immediately and though
the initial rate was somewhat higher (3.6% min−1), a relatively low
constant rate of 2.7% min−1 throughout the entire process was
observed. As a result decomposition of the Ni3(NO3)2(OH)4 pro-
ceeded gradually over 34 min and took longer than in air. More-
over, a remarkable difference between the decomposition pro-
files in air and NO/He was observed. The former displayed an
‘autocatalytic’ type of trend, whereas the latter suggested zero-
order kinetics. Finally, the plot on the right-hand side of Fig. 8
demonstrated for both gas atmospheres that decomposition of
Ni3(NO3)2(OH)4 was accompanied by formation of NiO without
delay. In other words, the NiO formation followed an inverse pro-
file, suggesting that no intermediate phases were formed. Similar
in situ experiments that consisted of heating to 450 ◦C at a rate of
1 ◦C min−1 qualitatively supported the findings obtained at isother-
mal heating at 248 ◦C, but the decomposition rates had increased
to 15.8% min−1 for air and to 6.6% min−1 for NO/He. Moreover,
these in situ results showed that the average NiO crystal size ob-
served after thermal decomposition had completed was not af-
Fig. 8. In situ XRD results obtained during thermal decomposition of Ni3(NO3)2-
(OH)4/SBA-15 sample S/D into NiO at a constant temperature of 248 ◦C either under
air flow (grey lines) or under 1 vol% NO/He flow (black lines).

fected by further heating to 450 ◦C, and we concluded that in air
precursor migration took place only during the decomposition of
Ni3(NO3)2(OH)4 into NiO. Use of an NO/He flow clearly moderated
the kinetics of the Ni3(NO3)2(OH)4 decomposition and with the
average decomposition rate we could roughly estimate the rate at
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which NO2, H2O and oxygen evolved. Since reaction of NO with
NO2 or H2O was unlikely, we compared the amount of oxygen
evolved with that of the 1 vol% of NO added during the reaction.
Using the decomposition rate of 6.6% min−1 a NO:O2 ratio of 32
was calculated, which indicated that the amount of NO sufficed to
react with all the oxygen formed during decomposition.

Thus far, the results showed on the one hand that NO moder-
ated the decomposition rate of Ni3(NO3)2(OH)4, and indicated on
the other hand that NO suppressed the formation of O2. As both
these processes would induce heat flow differences we recorded
DSC traces during heat treatment of sample S/D in air flow or in
1 vol% NO/He flow. The results are given in Fig. 9. Firstly, both
heat flow curves showed to be endothermic, as expected, and sim-
ilar to the decomposition of Ni(NO3)2·6H2O [54,55]. Secondly, the
trace recorded during decomposition in air had a very sharp peak
with a maximum at 268 ◦C, whereas the NO/He trace consisted of
a broad peak from 250 to 277 ◦C. Hence, the DSC results confirmed
that NO moderated the decomposition rate of Ni3(NO3)2(OH)4. In
air flow a heat of reaction of +241 J g−1 Ni3(NO3)2(OH)4 was found
while during NO/He treatment a heat of reaction of +202 J g−1

Ni3(NO3)2(OH)4 was observed. These differences suggested that NO
played a role in lowering the heat of reaction of Ni3(NO3)2(OH)4
into NiO.

Although the enthalpy of formation of Ni3(NO3)2(OH)4 is not
exactly known, an indication for the reaction enthalpies could be
obtained using the heat of formation of Ni(NO3)2 [56]. The en-
dothermic decomposition of Ni(NO3)2 is usually accompanied by
the formation of molecular oxygen:

Ni(NO3)2(s) → NiO(s) + 2NO2(g) + 1

2
O2(g),

�H0
r = +241 kJ mol−1. (2)

Although the exact mechanism of this reaction (2) is not known
to us, we propose that the formation of O2 is the rate determin-
ing step. In fact O2 has to be formed from two oxygen radicals
emerging from two nitrate groups. The combination of two radi-
cals to form O2 is most likely a surface catalyzed process and NiO
amongst other transition metal oxides such as MnO2, Fe2O3 and
CuO have been reported [57–60] to display relatively high activi-
ties in this reaction:

2O → O2(g). (3)

If NiO indeed catalyzed reaction (3) it would explain the autocat-
alytic behavior of the decomposition in air (Fig. 8). The role of NO
can now be understood as follows. First, the overall reaction in the
presence of NO excludes formation of O2 (cf. Fig. 7) and reads as
follows:

Ni(NO3)2(s) + NO → NiO(s) + 3NO2(g),

�H0
r = +184 kJ mol−1. (4)

The lowering of the �H0
r from 241 to 184 kJ mol−1 is in line

with the DSC results. Second, NO affects the equilibria of reac-
tions (2) and (4). In Fig. 10, the temperature dependency of the
thermodynamic equilibria of Eqs. (2) (top-frame) and (4) (bottom-
frame) have been plotted. The plots add to the proposed expla-
nation of the impact that NO might have on the decomposition
of Ni3(NO3)2(OH)4. With NO present, decomposition of Ni(NO3)2
becomes thermodynamically feasible at lower temperatures than
without NO. Hence, this might explain the DSC findings (Fig. 9)
that the decomposition in NO started earlier than in air. More-
over, the graphs show that formation of O2 during decomposition
is only thermodynamically favorable if NO is not present, which
is in line with the MS results obtained for thermal decomposi-
tion of Ni3(NO3)2(OH)4 in NO/He and Ar (Fig. 7). It has already
Fig. 9. DSC heat flow traces obtained during heating at 1 ◦C min−1 ramp of SBA-15
supported Ni3(NO3)2(OH)4 sample S/D under air flow (grey line) or under 1 vol%
NO/He flow (black line).

Fig. 10. Calculated plots [56] of the temperature dependency of the thermodynamic
equilibria (1 bar) of Ni(NO3)2 with NiO and gaseous NO2 and O2 without (top-
frame) or with NO (bottom-frame). Input: 1 kmol Ni(NO3)2, 10 kmol He, 2 kmol NO
(NO/He).



234 J.R.A. Sietsma et al. / Journal of Catalysis 260 (2008) 227–235
Table 3
Soybean hydrogenation results of silica gel supported Ni catalysts.

Catalyst Hydrogenation
time (min)

End IV
(gl2/100 g)

Trans
(%)

Melting
point (◦C)

G/D-Cair 148 79.0 34.8 45.4
G/D-CNO/He 101 79.2 37.7 45.0

been demonstrated that H2 has a beneficial impact on the dis-
persion of supported metal (oxide) particles too [48,61]. Moreover,
we recently discovered that N2O also has an advantageous effect
[62]. Therefore, we propose that the presence of oxygen scavenging
compounds such as NO, N2O, CO and H2 is crucial for prevent-
ing sintering and redistribution during thermal decomposition of
supported transition metal (Fe, Co, Ni, and Cu) nitrates into their
respective oxides.

Finally, the relevance of the NO-method for catalysis was stud-
ied by comparing the activities in the hydrogenation of soybean
oil of reduced silica gel supported NiO catalysts with a Ni metal
loading of 24 wt% prepared either through calcination in air flow
(G/D-Cair) or heat treatment in 1 vol% NO/He flow (G/D-CNO/He).
The iodine value (IV) is a measure for the number of unsaturated
double bonds present in oil and hence we used the time needed
by the catalyst to decrease the IV from 133 to 79 gI2·100 g−1 as a
measure of its activity.

The hydrogenation results are given in Table 3 and the per-
centage of trans-isomers and melting points of the fats turned out
to be almost identical and had not been affected by the prepa-
ration method. The hydrogenation times showed that preparation
of Ni/SiO2 catalysts via the NO treatment instead of using tra-
ditional air calcination led to a reduction of ∼30% in required
hydrogenation time, which was relatively modest given the large
nickel dispersion differences. Based on literature we conclude that
the monomodal pore system of our catalyst with pores around
7 nm will lead to severe diffusion limitation for the soybean hydro-
genation. This limitation likely masked the intrinsic differences in
catalytic activity between the air calcined and NO treated catalysts
G/D-Cair and G/D-CNO/He [63,64]. This explains that the improve-
ment of catalytic activity going form air to NO calcination appeared
more modest than previously observed for CO hydrogenation [31].

We conclude that the NO-method demonstrated to be a facile
and effective way to improve the performance of catalysts pre-
pared using nitrate precursors.

4. Conclusions

The impact of air, He and NO/He gas atmospheres on the ther-
mal decomposition of supported Ni3(NO3)2(OH)4 was studied. By
combining ET, N2-physisorption and XRD a consistent picture of
the distribution and sizes of NiO particles inside the mesopores
of SBA-15 as a function of the gas atmosphere was obtained. ET
results confirmed that after treatment in air exclusively rodlike
NiO particles (9 × 35 nm) confined by the pore walls were present
inside the mesopores. During heat treatment in pure He predom-
inantly rodlike NiO particles (9 × 20 nm) were formed inside the
mesopores as well, but also pores were identified that contained
smaller more spherical particles.

Experiments with conventional silica gel showed that at all
GHSV values smaller crystals could be obtained with NO, and with
a GHSV of 24,500 h−1, 0.1 vol% NO/He was already sufficient to
obtain small 4 nm particles at a loading of 28 wt% NiO.

TGA/MS results showed that the NO2, N2O, H2O gaseous de-
composition products evolved more gradually in NO/He than in air
or in pure He, and in situ XRD and DSC experiments confirmed
that NO moderated the decomposition rate of Ni3(NO3)2(OH)4 into
NiO, and proceeded much slower than in air. The heat of reactions
as determined with DSC suggested that decomposition in NO/He
was less endothermic than in air, which might be explained by the
exothermic scavenging of oxygen radicals by NO. MS results are in
line this hypothesis as no O2 was detected amongst the gaseous
decomposition products in NO/He flow contrary to treatment in
pure Ar flow. Based on these results and prior findings we con-
clude that the presence of oxygen scavenging radicals such as NO,
H2, N2O and CO is a prerequisite to prevent sintering and redistri-
bution during nitrate decomposition.

The NO-treatment yielded, after high-temperature reduction,
a Ni/SiO2 catalyst that displayed a 30% higher activity compared
to the catalyst treated through standard air calcination. The NO-
treatment yielded, after high-temperature reduction, a Ni/SiO2 cat-
alyst that displayed a 30% higher activity compared to the catalyst
treated through standard air calcination. This modest activity im-
provement was most likely related to diffusion limitation of our
catalysts for the soybean hydrogenation.

The thermal decomposition of supported metal nitrates in a
NO/He flow showed to be a versatile and robust method to ob-
tain highly dispersed metal oxide particles and more active metal
catalysts when followed by high-temperature reduction, and is a
promising technique for the preparation of a wide range of well-
dispersed metal (oxide) catalysts through impregnation and drying
of nitrate precursor solutions.
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