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Abstract: Hydrotalcite-derived mixed metal oxides containing Co and Ni and containing these met-
als supported on MgO and Al2Os were prepared and tested as catalysts for the decomposition of
ammonia to hydrogen and nitrogen. The obtained samples were characterised in terms of chemical
composition (ICP-OES), structure (XRD), textural parameters (low-temperature N2 adsorption—de-
sorption, SEM), form and aggregation of transition-metal species (UV-Vis DRS), reducibility (He-
TPR) and surface acidity (NHs-TPD). The catalytic efficiency of the tested systems strongly depends
on the support used. Generally, the alumina-based catalyst operated at lower temperatures com-
pared to transition metals deposited on MgO. For both series of catalysts, a synergistic effect of the
co-existence of cobalt and nickel on the catalytic efficiency was observed. The best catalytic results
were obtained for hydrotalcite-derived catalysts; however, in the case of these catalysts, an increase
in the Al/Mg ratio resulted in a further increase in catalytic activity in the decomposition of ammo-
nia.
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1. Introduction

Today, renewable energy and sustainability are the most important issues in strate-
gies for the development of new technologies. Depletion of fossil-fuel resources, as well
as the emission of carbon dioxide and other pollutants due to their use, have led to a
growing interest in hydrogen as a clean energy source in zero-emission vehicles, energy
production, and various industrial applications [1]. The problem of hydrogen sustainabil-
ity is dependent on the method used for its production, especially on the energy source
used for its generation. When energy from fossil fuels is used, the product is called grey
hydrogen. On the other hand, production of so-called green hydrogen is based on, e.g.,
splitting water into hydrogen and oxygen by using electricity obtained from renewable
sources and other methods that do not use fossil fuels. For the moment, green hydrogen
is very costly to produce in large quantities, an important issue that limits its production
and usage. Another important problem is related to hydrogen storage and transportation
to end users [2]. The low volumetric density of hydrogen hinders its transport on a global
scale, as well as its large-scale storage [3]. Two methods of hydrogen storage are used:
physical hydrogen storage (high-pressure and liquid hydrogen storage, as well as cryo-
compressed hydrogen storage) [4] and chemical hydrogen storage (e.g., metal hydrides,
liquid organic hydrogen carriers and metal-organic frameworks) [5]. Ammonia, due to its
properties, is a very promising chemical hydrogen carrier. Ammonia is characterized by
a high hydrogen content (17.8%) and can be liquefied relatively easily at low pressure (8.6
bar) and temperature (20 °C) [6,7]. Hydrogen can be recovered from ammonia by its ther-
mal decomposition, which requires a high operation temperature and therefore
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additional costs. The temperature at which ammonia decomposes to hydrogen and nitro-
gen can be significantly decreased by using catalysts. Ruthenium-containing systems were
identified as active catalysts for ammonia decomposition, operating effectively at temper-
atures below 450 °C [8]; however, commercial-scale application is difficult due to the high
cost of ruthenium [9]. Many efforts have been made to decrease the cost of Ru-based cat-
alysts, including dispersing metal nanoparticles on various supports and limiting the ru-
thenium loading in catalytic systems. However, such catalysts cannot meet the demands
needed to scale up the process, mainly due to incomplete ammonia conversion at lower
temperatures, insufficient stability, and still-high costs [10,11]. Therefore, the search for
non-ruthenium catalysts with high activity, high stability, and low cost has attracted sig-
nificant attention from scientists and engineers. Co- and Ni-based catalysts have been re-
ported to be the most promising alternatives to Ru-based ones [12-15]. The very important
role of supports used for cobalt and nickel deposition in determining the efficiency of am-
monia decomposition has been reported [12-15]. The supports may increase the density
of active centres, influence the dispersion of metal nanoparticles and their stability and
may modify surface chemistry to facilitate the diffusion of intermediate species under re-
action conditions [16]. The mechanism of catalytic decomposition of ammonia includes
dissociative adsorption of ammonia, relatively fast recombination and desorption of H
and much slower recombination and desorption of N2 molecules, which is considered the
rate-determining step [17]. It is postulated that the binding energy between metal and
nitrogen (M-N) determines the catalytic activity of ammonia decomposition [15]. In the
case of an M-N binding energy that is too weak, ammonia desorption is more likely than
its dehydrogenation and the efficiency of ammonia decomposition is therefore low. On
the other hand, a too-strong M-N binding energy is suitable for dissociative adsorption of
ammonia but it is unfavorable for recombination of N atoms and desorption of N2 mole-
cules. Recombination of N atoms has also been attributed to the size of metal species dis-
persed on the support surface, especially at the metal-support interfaces where the re-
combination process is postulated to occur [14]. Thus, the selection of catalytically active
metal components, as well as the appropriate support, is a crucial issue in designing cat-
alysts for ammonia decomposition.

In the presented studies, the catalytic performance of monometallic cobalt and nickel
catalysts, as well as those of bimetallic Co-Ni catalysts supported on MgO and Al:Os and
hydrotalcite-derived mixed metal oxides of the types Co-Mg-Al-O, Ni-Mg-Al-O and Co-
Ni-Mg-Al-O, was verified. The roles of the catalytic support and catalyst compositions are
presented and discussed in relation to their catalytic activity.

2. Materials and Methods
2.1. Catalysts Preparation

Two series of hydrotalcite-like materials with metal cation molar ratios (M2/M?) of
1.5 and 4.0 and intended total content of Co and Ni of 5.4% were prepared. In both series,
the assumed molar ratios of Co/Ni/Mg/Al were as follows: 4.0/0/76/20 (Co-HT?20),
2.0/2.0/76/20 (CoNi-HT20), 0/4.0/76/20 (Ni-HT20), 4.2/0/55.8/40 (Co-HT40), 2,1/2.1/55.8/40
(CoNi-HT40) and 0/4.2/55.8/40 (Ni-HT40). Hydrotalcite-like materials were prepared by
the co-precipitation method. A typical synthesis proceeded as follows: aqueous solutions
of the mixed metal nitrates Mg(NOs)26H20 (Honeywell, Germany), Al(NOs)3-9H20
(ChemPur, Piekary Slaskie, Poland), Co(NOs)»6H20 (Honeywell, Germany) and
Ni(NOs)2:6H20 (Honeywell, Germany) were prepared in an appropriate molar ratio of
components and a total metal ion concentration of 0.5 mol/L. As a precipitating agent, a
1.0 mol/L solution of NaOH (Honeywell, Germany) was used. The solution of nitrates was
dropwise added to an intensively stirred solution of Na2CO:s (0.1 mol/L, POCH/Avantor,
Gliwice, Poland). A constant pH of 10.0 + 0.2 was maintained by the addition of NaOH
solution. The obtained suspension was aged at 60 °C for the next 2 h with vigorous stir-
ring, separated by filtration, washed with warm distilled water and dried overnight in air
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at 60 °C. The obtained solid samples were calcined in an air atmosphere at 600 °C for 12
h.

Moreover, two series of supported catalysts containing Co and Ni with the same in-
tended content as in hydrotalcite-like materials were prepared. Cobalt and nickel were
deposited on the MgO (M) and Al2Os (A) supports by incipient wetness impregnation re-
sulting in Co-M, CoNi-M, Ni-M and Co-A, CoNi-A, Ni-A samples, respectively. The sup-
ported catalysts were obtained as follows: aqueous solutions of Co(NOs)2:6H20 (Honey-
well) or Ni(NOs)2:6H20 (Honeywell) were prepared. Their concentrations depended on
the desired metal or metals loading in the samples and the sorption volume of the sup-
ports (determined for water, which was used as a solvent). Then, MgO (Sigma-Aldrich)
and ALOs (Merck KGaA, Germany) were impregnated with the appropriate volume of
solution. In the next step, the samples were dried at 60 °C for 12 h and finally calcined in
an air atmosphere at 600 °C for 12 h.

2.2. Catalyst Characterization

The chemical compositions of the catalysts were analysed using the inductively cou-
pled plasma optical emission spectroscopy method (ICP-OES) with an iCAP 7400 instru-
ment (Thermo Fisher Scientific, Waltham, MA, USA). Before analysis, catalyst samples
were digested in a solution composed of 6 mL of HNO:s (67-69%, Honeywell, Charlotte,
NC, USA) and 2 mL of H202 (30%, Avantor/POCH, Gliwice, Poland). The digestion pro-
cess was carried out at 190 °C using an Ethos Easy microwave digestion system (Mile-
stone, Sorisole, Italy).

The structure of the samples was analysed using the X-ray method. Powder diffrac-
tograms were recorded by a Bruker D2 Phaser diffractometer using Cu Ka radiation (A =
0.154 nm) (Bruker, Billerica, MA, USA). The diffractograms were recorded in the 20 angle
range of 5-70° with a step of 0.02°. Counting times of 1 s per step were used, and all sam-
ples were rotated at 15 rpm during the XRD measurements.

The specific surface area and pore volume of the catalysts were determined by low-
temperature (-196 °C) nitrogen adsorption and desorption measurements using a 3Flex
(Micromeritics, Norcross, GA, USA) adsorption analyser. The samples, prior to the analy-
sis, were degassed under vacuum (0.2 mbar) at 350 °C for 24 h. The specific surface area
(Sser) of the catalysts was calculated using the Brunauer-Emmett-Teller (BET) model.

The form and aggregation of transition-metal species in the catalysts were verified
by UV-Vis DR spectroscopy using an Evolution 220 (Thermo Scientific, Waltham, MA,
USA) spectrophotometer equipped with the integrating sphere ISA-220 operating in re-
flectance mode. Spectra were recorded in the range 190-800 nm with a resolution of 1 nm.

Temperature-programmed reduction of catalysts with hydrogen (H>-TPR) was done
in a fixed-bed quartz flow microreactor system connected directly to a thermal conductiv-
ity detector—TCD (TCD3, Valco, Houston, TX, USA) via a heated line. Before the H>-TPR
experiment, 100 mg of the catalyst sample was placed in the microreactor and degassed
in a high purity Ar (99.999%) flow at 550 °C for 30 min. In the next step, the microreactor
was cooled to 50 °C, then the sample was reduced in a flow (10 mL/min) of gas mixture
containing 5.0 mol% H- diluted in Ar (purity of both 99.999%), in a temperature range of
50-950 °C with a heating rate of 10 °C/min. The water generated during the reduction was
removed from the gases by a cold trap located downstream of the microreactor.

The dispersion of metals was determined by pulse H2 chemisorption using a micro-
reactor system. The 100 mg sample was placed in a microreactor and reduced in a flow of
5 mol% H: diluted in Ar (10 mL/min). In the next step, the microreactor was cooled to 50
°C and then flushed with pure argon flow in a linear temperature programme of 50-400 °C
to remove residual hydrogen from the sample surface. After the sample was cooled to 100
°C in a flow of argon, the pulses of hydrogen (0.5 mL loop, 5.0 mol% H: diluted in Ar)
were injected into microreactor. Hydrogen consumption was monitored by the TCD de-
tector (TCD3, Valco, Houston, TX, USA). Surface acidity (relative strength and concentra-
tion of acid sites) of the catalysts was analysed by temperature-programmed ammonia
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desorption (NHs-TPD). Experiments were performed in a flow quartz microreactor system
that was connected, via heated line, directly to a quadrupole mass spectrometer (UMS
TDS; PREVAC, Rogow, Poland) —that was used as a detection system. Mass flow control-
lers (Brooks Instrument, Hatfield, PA, USA) were used to adjust and control a flow rates
of the gases used. The catalyst (100 mg) placed in the microreactor was outgassed in a flow
of pure helium at 550 °C for 30 min. Then, after the microreactor was cooled to 70 °C, the
sample was saturated in a flow of a certified commercial gas mixture of 1.0 mol% NHs
diluted in helium with a flow rate of 20 mL/min for approximately 2 h. Next, to remove
ammonia physiosorbed on the samples, the microreactor was purged in a pure helium
flow until a constant baseline level (m/z = 16) was attained. NHs>-TPD runs were carried
out with a linear heating rate of 10 °C/min in a flow (20 mL/min) of pure helium. Calibra-
tion of the QMS detector with the certified commercial gas mixture allowed recalculation
of the detector signal to determine the ammonia-desorption rate.

SEM images were taken with a Helios 5 Hydra CX PFIB microscope (Thermo Fisher
Scientific, Waltham, MA, USA). Images were obtained with ETD detector working in SE
mode. The accelerating voltage was set to 2 kV. Samples were placed on a carbon tape to
achieve proper fixation and electric contact.

2.3. Catalytic Studies

The obtained samples were studied as catalysts for the decomposition of ammonia
(DeNHs) in a temperature range of 250-800 °C with a space velocity of 300 mL/(h-gcat). The
procedure for the catalytic test was as follows: 100 mg of the calcined sample (catalyst
fraction size 100-160 pm) was placed in a fixed-bed flow quartz microreactor. Next, the
catalyst was reduced in a flow of gas mixture containing 5.0 mol% H: diluted in Ar (purity
of both 99.999%) at 800 °C for 12 h. Then, the reduced sample was cooled to 200 °C in a
pure helium flow. The catalytic test was carried out with a linear heating rate of 10 °C/min
under atmospheric pressure. The gas mixture, which contained 1.0 mol% NHs diluted in
helium (purity of both 99.999%), was supplied to the microreactor with a flow rate of 50
mL/min. The progress of the catalytic reaction was monitored by a quadrupole mass spec-
trometer (UMS TDS; PREVAC, Rogoéw, Poland).

For the selected catalyst, an isothermal stability test was performed at 500 °C for 12
h. In an approach similar to that used in the polythermal tests, prior to the catalytic run,
the catalyst was reduced (Hz/Ar, 800 °C, 12 h). The reaction was carried out in a flow of
1.0 mol% NHs diluted in helium (50 mL/min). The reaction’s progress was monitored by
a quadrupole mass spectrometer (UMS TDS; PREVAC, Rogéw, Poland).

3. Results

The chemical composition, determined by the ICP-OES method, and the specific sur-
face area of the samples, determined by low-temperature nitrogen adsorption, are com-
pared in Table 1.

Table 1. The chemical composition, specific surface area and crystallite size.

Chemical Composition, %  TM Cryst. Size

Sample Name Sser, m?/g Mg Al Co Ni > nm
MgO 41 (33)1
Co-M 94 54.85 - 5.41 - 17.3
CoNi-M 87 54.85 - 269 274 20.6
Ni-M 74 54.88 - - 5.68 14.8
v-ALOs 132 (120) 1
Co-A 122 - 4749  5.50 - 10.6
CoNi-A 124 - 48.08 276 279 10.4

Ni-A 121 - 47.18 - 5.68 13.3
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HT20 174 (167) 1
Co-HT20 269 4187 1232 541 - 6.7
CoNi-HT20 251 4188 1227 269 274 7.1
Ni-HT20 272 4206 1229 - 5.44 47
HT40 205 (162) 1

Co-HT40 284 3035 2221 547 - n.d.
CoNi-HT40 287 3030 2225 270 274 6.5
Ni-HT40 290 3008 2272 - 5.45 8.8

! The Sser values determined for materials calcined at 800 °C are presented in parenthesis.? The crys-
tallite size was calculated on the basis of characteristic diffraction lines with the use of the Debye-
Scherrer equation.

The content of the transition metals—cobalt and nickel separately and both cobalt
and nickel in the bimetallic samples—is in the range of 5.41-5.68 wt.% (Table 1), indicating
their very similar loadings in the studied catalysts. The specific surface area (Sser) values,
determined for the samples calcined at 600 °C and shown in Table 1, are significantly
higher for the hydrotalcite-derived materials compared to MgO and y-AlQO:s. Interest-
ingly, the calcined hydrotalcite-like samples containing transition metals presented a
higher specific surface area compared to the calcined Mg-Al hydrotalcites without transi-
tion metals. The deposition of cobalt or nickel on y-Al:Os decreased its specific surface
area by approximately 10%, while in the case of MgO, a significant increase in Sser was
observed after transition-metal deposition. This interesting effect could be explained by
the formation of transition-metal-oxide aggregates on the MgO surface, which possibly
contribute to the increased surface area of the catalysts. The specific surface area was also
determined for the MgO and y-Al:Os supports, as well as for the calcined Mg-Al hy-
drotalcites at 800 °C (Table 1, values in parentheses). The Sser values of the samples cal-
cined at 800 °C are lower than those determined for materials thermally treated at 600 °C.
In the case of MgO and HT40, the specific surface area decreased by about 20%, while for
Y-Al0s and HT20, it decreased by 9 and 4%, respectively.

The structure of the catalytic materials was analysed by the X-ray diffraction method.
Figure 1 presents diffractograms recorded for the catalytic supports y-Al20s and MgO, as
well as for these supports after modification with cobalt and nickel deposited by the im-
pregnation method. Apart from the characteristic diffraction peaks of alumina [18] and
magnesium oxides [19], no other reflections were found. The deposition of cobalt on y-
AlLO:s followed by calcination at 600 °C resulted in the appearance of new reflections char-
acteristic of CoO [20] and spinel phases, possibly Co3sOs or CoAl:O4 [21]. Neither the for-
mation of NiO, nor that of any spinel phases, was detected for nickel-modified alumina
support [22]. Simultaneous deposition of cobalt and nickel into y-Al:Os, in a process sim-
ilar to that seen for the sample modified with cobalt, resulted in new diffraction peaks at
positions characteristic of the CoO and spinel phases. Significant changes were observed
in the diffractograms of the samples reduced in hydrogen flow at 800 °C (Figure 1A). In
the case of the Ni-A and Co-A samples, the characteristic reflections of metallic nickel [23]
and cobalt [24] were identified. The intensity of the characteristic reflections of nickel is
significantly higher compared to that of the reflections representing metallic cobalt. The
positions of these reflections in diffractograms of the sample containing both nickel and
cobalt, CoNi-A, are between the characteristic diffraction peaks of metallic nickel and co-
balt in the diffractograms of Ni-A and Co-A, respectively (Figure 1 A), indicating the for-
mation of bimetallic Ni-Co crystallites. The structure of y-Al2Os was not destroyed by
thermal treatment in a hydrogen flow at 800 °C.
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Figure 1. XRD diffraction patterns of catalysts supported on y-Al03 (A) and MgO (B). Samples re-
duced in hydrogen at 800 °C are marked ‘R’.

The diffractogram recorded for the MgO support is characterised by peaks typical of
magnesium oxide diffraction [19]. Any new reflections were observed after deposition of
nickel, cobalt or both these metals on MgO, followed by calcination at 600 °C (Figure 1B).
However, the reduction of these samples in a hydrogen flow at 800 °C resulted in the
appearance of new diffraction peaks characteristic of metallic nickel (Ni-M) [23] and cobalt
(Co-M) [24]. The appropriate diffraction peaks recorded for the CoNi-M sample are lo-
cated between the positions characteristic of metallic nickel and cobalt. Thus, the for-
mation of bimetallic Ni-Co crystallites is supposed in the case of the CoNi-M sample (Fig-
ure 1B).

The third series of catalysts was obtained by synthesis of hydrotalcite-like samples
containing, apart from magnesium and aluminium, various contents of nickel, cobalt, or
both of these metals. The diffractograms recorded for these samples prove that their struc-
ture is characteristic of hydrotalcite-like materials (Figure 2A,B). Beyond the characteristic
reflections of the hydrotalcite structure [25], no other diffraction peaks were found, indi-
cating the high phase purity of the obtained samples. Calcination of hydrotalcite-like sam-
ples at 600 °C resulted in their thermal decomposition into mixed metal-oxide systems
(Figure 2C,D). In diffractograms of samples with the lower Al/Mg ratio (HT20 series), only
reflections characteristic of periclase [26] could be identified. For samples with the higher
Al/Mg ratio (HT40 series), additional broad reflections characteristic of NiO [27] and CoO
[28] were detected. Thus, it seems that segregation of the transition-metal oxides under
calcination conditions is more privileged in the Mg-Al oxide matrix with higher alumina
content. Reduction of hydrotalcite-derived samples in a hydrogen flow at 800 °C resulted
in the appearance of diffraction peaks characteristic of metallic nickel [23]. Any reflections
indicating metallic cobalt were found in the diffractogram of the reduced Co-HT20 sam-
ple, while in the case of Co-HT40, only a shoulder at 44°, possibly assigned to the plane
(111) of metallic cobalt, was identified [24] (Figure 2C,D). Thus, the formation of metallic
nickel crystallites is more privileged than the formation of metallic cobalt crystallites. The
position of the metallic nickel reflections in diffractograms of CoNi-HT20 and CoNi-HT40
is slightly shifted to lower values of 2 theta angles compared to Ni-HT20 and Ni-HT40.
Thus, the formation of bimetallic Ni-Co crystallites also cannot be excluded in this series
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of samples. Interestingly, for the reduced samples of this series, reflections characteristic
of NiO and CoO, as well as those characteristic of spinel phases, were found. This finding
could be related to the presence of nickel and cobalt species that are only slightly reduced
and that are stabilised in the magnesium-aluminium oxide matrix.
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Figure 2. XRD diffraction patterns of the non-calcined samples of the HT40 (A) and HT20 series (B).
Diffractograms recorded for calcined samples of the HT40 (C) and HT20 (D) series. Samples reduced
in hydrogen at 800 °C are marked ‘R’.

The average sizes of transition-metal (TM) crystallites in the reduced samples are
compared in Table 1. The average size of the metallic nickel and cobalt deposited on AL2Os
and MgO was in the range of 10.6-17.3 nm. The most significant difference in the average
crystallite size was observed for bimetallic samples: 10.4 nm for CoNi-A and 20.6 nm for
CoNi-M. In the case of the hydrotalcite-derived samples, the estimated average sizes of
Ni particles in the reduced catalysts were about 12 and 13 nm for Ni-HT20 and Ni-HT40,
respectively. In diffractograms recorded for Co-HT20 and Co-HT40, either the reflection
characteristics of metallic cobalt were not found, or the intensity of these diffraction peaks
was too low to determine the size of the cobalt crystallites. The obtained results show that
cobalt has a lower mobility and tendency to aggregation in the Mg-Al oxide matrix com-
pared to nickel. In the case of bimetallic samples (CoNi-HT20 and CoNi-HT40) the esti-
mated size of Ni-Co metallic crystallites was about 10 nm.

The surface area and content of the reduced metals were determined by pulse Hz
chemisorption for the bimetallic samples: CoNi-M, CoNi-A and CoNi-HT40 (Table 2). The
average size of metal particles, determined assuming a spherical model of such species, is
about 2700 nm for CoNi-M, 700 nm for CoNi-A and 255 nm for CoNi-HT40. In general,
the size of such metal particles is significantly larger than the average size of metal crys-
tallites determined by the XRD method. Thus, it could be concluded that metal particles
are composed of stuck-together metal crystallites. The smallest metal aggregates are
formed in the case of hydrotalcite-derived samples and those containing only cobalt or
nickel (345 nm for Co-HT40 and 175 nm for Ni-HT40). SEM micrographs of the studied
samples are presented in Figure 3. In the case of the CoNi-M sample, relatively large par-
ticles of aggregated crystallites of metal oxides, with the dominant size in the range 1800-
3800 nm, can be distinguished (exemplary particles are indicated by white arrows). In
general, the size of these aggregates correlates with their average size, as determined by
He-pulse measurements (Table 2). Much smaller metal-oxide aggregates were found in the
CoNi-A sample. The dominant size of these aggregates is in the range 450-850 nm, which
agrees with the results of the H>-pulse measurements (Table 2). The micrographs of hy-
drotalcite-derived materials show their cauliflower-like morphology composed of stuck-
together crystallites and amorphous aggregates. In this case, it is difficult to distinguish
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metal-oxide aggregates. Possibly, they are much better dispersed and are partially oc-
cluded in the MgO-ALOs matrix.
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_
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i 2.00kV 8000 x 4.0mm ETD . d-Free UJ Helios Hydra PFIB X X 0.3 nm _ Field-Free UJ H

Figure 3. SEM images of the samples supported on MgO (CoNi-M) and y-Al:Os (CoNi-A) (white
arrows indicate metal oxide aggregates on the support surface) as well as hydrotalcite-derived cat-
alysts of HT20 (CoNi-HT20) and HT40 (Co-HT40, CoNi-HT40 and Ni-HT40) series.

Table 2. Hydrogen consumption during sample reduction, degree of metal reduction, surface con-
tent of metals and their dispersion on the sample surface, metal-particle diameter and TOF.

H: Consum. 1, Reduction Moles of Metal on ) Meta?l Metal Particle TOF
Sample Name U D 2 o the Sample Dispersion 3, Diameter 4 at 500 °C,
Hmols B Surfaces, umol/g % tameter’, nm 1/s
Co-M 193.0 21.0 - - -
CoNi-M 2125 23.0 6.26 0.66 2730 0.83

Ni-M 220.9 22.8 - - -
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Co-A 532.9 57.1 - - -
CoNi-A 520.7 55.2 24.28 2.57 700 1.05
Ni-A 480.8 49.7 - - -
Co-HT20 275.2 30.0 - - -
CoNi-HT20 287.1 31.1 - - -
Ni-HT20 253.7 26.2 - - -
Co-HT40 361.4 38.9 48.84 5.26 345 0.64
CoNi-HT40 544.5 58.9 66.39 7.18 255 0.50
Ni-HT40 515.0 55.5 95.68 10.30 175 0.32
! Determined by TPR profiles from 100 °C to 950 °C. Reference gas mixture 5.0 mol%H2/Ar was used
to calibrate the TCD signal. 2 In relation to the total metal content. 3 Determined by pulse Hz chemi-
sorption at 100 °C. 4 Calculation of the average particle size of assuming their spherical shape.
The form and aggregation of transition metals in catalysts was analysed by UV-VIS
DRS studies (Figure 4). The spectrum recorded for Al2Os not modified with transition met-
als was characterised by a broad band centred at approximately 255 nm (Figure 4A) asso-
ciated with electronic-charge transfer and with the accumulation of defects in the struc-
ture of this material [29]. In a spectrum of Ni-A, the absorption band at around 380 nm is
assigned to octahedrally coordinated Ni?* cations. The band at about 600 nm corresponds
to the tetrahedral Ni?* cations in the NiAl:O4 spinel, whereas that around 635 nm is due to
the d-d transition of octahedral Ni?* in Ni-oxides [30-34]. Thus, besides the nickel in NiQO,
there is also a significant contribution of nickel in the spinel phase formed by the interac-
tion of deposited metal with the alumina support.
1.0 25
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Figure 4. UV-VIS-DR spectra of the samples supported on y-Al20s (A), and MgO (B) as well as
hydrotalcite-derived catalysts of HT20 (C) and HT40 (D) series.

The absorption band located at about 210 nm in a pure MgO spectrum (Figure 4B) is
assigned to the excitation of five coordinated oxygen anions from the periclase structure
[35]. The absorption peak around 295 nm and the shoulder at approximately 235 nm are
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usually assigned to the excitation of defect states, which belong to O surface anions at
the edges and corners of the MgO nanocrystals [36]. In a spectrum of Ni-M, the absorption
band around 390 nm and the shoulder around 635 nm are assigned to octahedrally coor-
dinated Ni2* cations in Ni-oxides [32].

The spectra recorded for the calcined Mg-Al hydrotalcites (HT20 and HT40 in Figure
4C,D) are characterised by a small peak at about 200 nm related to the excitation of five
coordinated oxygen anions from the periclase structure [35]. Periclase was identified as
the dominant phase formed from the thermal decomposition of hydrotalcite (Figure 2B).
The spectra obtained for the calcined Ni-Mg-Al hydrotalcites, Ni-HT20 and Ni-HT40,
show intense bands at 205-210 nm with a shoulder at about 235-250 nm, which possibly
indicates the presence of defects related to O surface anions at the edges and corners of
the MgO nanocrystals [36]. Thus, thermal decomposition of Ni-Mg-Al hydrotalcite results
in a more defected periclase in comparison to the decomposition of Mg-Al hydrotalcite.
The broad bands at around 400 nm and a shoulder around 650 nm are assigned to octahe-
drally coordinated Ni?* cations in Ni-oxides [32].

The Co-A spectrum consists of three not-fully-resolved maxima centred at about 275,
405 and 675 nm (Figure 4A). The first band is related to the alumina support; however, in
this range, the band assigned to the O>—Co?" charge transition could also be expected
[37]. The bands at around 405 and 675 nm are related to coordination-metal charge trans-
fer between O>—Co? and O>—Co%in Co3Os, respectively [20]. The presence of a CoALl:Os
spinel phase also cannot be excluded in this case. Similar bands were identified for the
Co-M sample; however, peaks at about 405 and 670 nm, assigned to the presence of C03Ox4
spinel, are significantly less intense (Figure 4B). On the other hand, the broad band at
about 225 nm is a superposition of the bands assigned to MgO and to the O>—Co? charge
transition [37]. Thus, in the Co-M sample, the contribution of the Co3Os spinel is lower
compared to that of the Co-A catalyst.

The spectra recorded for Co-Mg-Al hydrotalcite-derived samples are characterised
by a broad maximum centred at about 275-285 nm with a shoulder around 400 nm and a
band centred at about 675 nm (Figure 4C,D). The first peak is a superposition of the bands
characteristic of the periclase and the O>*—Co? charge transition [35,37], while the bands
around 400 and 675 nm are assigned to the coordination-metal charge transfer between
0r—Co? and O*—Co%in Cos0y, respectively [20].

The spectrum of the bimetallic CoNi-A sample is very complex (Figure 4A). The band
around 260-280 nm is related to the alumina support, but in this range, the band indicat-
ing the O>—Co? charge transition could also be present [37]. At higher wavelength val-
ues, spectrum analysis is difficult and very speculative; however, it seems that the broad
band centred at about 450-490 nm is related to coordination-metal charge transfer be-
tween O>—Co? in Co304, while an increase in the light absorption above 550 nm is related
to the O>—Co? charge transfer in CosOs [20]. The bands related to charge transitions in
Co304 probably overlap with the band corresponding to the tetrahedral Ni* cations in the
NiAlOs and NiCo204 spinels, which are expected to be located at about 600 nm, as well
as with the d-d transition in octahedral coordinated Ni* (expected at about 630-650 nm)
[30-32].

The spectrum recorded for CoNi-M is very similar to the spectrum of Co-M (Figure
4B). The broad maximum below 350 nm is a superposition of bands related to the excita-
tion of the defect states of O* surface anions on the edges and corners of the MgO nano-
crystals and of the band indicating the O*—Co? charge transition in cobalt oxide species
[37]. The shoulder at about 380-560 nm is possibly a superposition of the band related to
charge transfer between O>—Co? in Co30Os and that related to the octahedrally coordi-
nated Ni* cations in Ni-oxide species, while the shoulder above 600 nm is assigned to the
0r—Co? charge transfer in CosOs overlapping with the band associated with the pres-
ence of octahedrally coordinated Ni* cations [20,30-34,]. The spectra recorded for CoNi-
HT20 (Figure 4C) and CoNi-HT40 (Figure 4D) are very similar to the CoNi-M spectrum
(Figure 4B), and the bands present in these spectra are assigned in the same way.
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Figure 5 presents the results of the temperature-programmed reduction of the sam-
ples, with hydrogen used as a reducing agent (H2-TPR). The reduction profile of the Ni-
M sample consists of complex low-temperature maxima with a main peak at about 520 °C
and a high temperature maximum above 900 °C (Figure 5A). The low-temperature peaks
are attributed to NiO species dispersed on MgO but weakly interacting with the support
surface [38]. On the other hand, interaction of nickel with MgO may result in the formation
of a Nii-MgxO solid solution in which the reduction of Ni* is possible above 700 °C
[38,39].
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Figure 5. TPR profiles of the samples supported on y-Al20s3 (A), and MgO (B) as well as for HT20
(C) and HT40 (D) series of the samples.

The reduction of nickel species in the Ni-A sample started at about 550 °C and is
represented by a double reduction peak with maximums at 750 and 810 °C (Figure 5B),
indicating stable nickel-oxide species. Such a stabilisation effect of nickel-oxide species
deposited on alumina has been reported by many authors, including He et al. [40] and
Wu et al. [41], who reported the formation of stable surface NiAl:O4 spinels under calci-
nation conditions. Tillmann et al. [42] demonstrated that nickel in NiAl2O4 spinels depos-
ited on alumina was reduced at about 800 °C. It should be noted that the spinel phase was
identified in the Ni-A sample by XRD measurement (Figure 1A).

In the case of the Ni-HT20 and Ni-HT40 samples, only small amounts of Ni* cations,
possibly in the form of NiO aggregates that interact relatively easily with a magnesia-
alumina matrix, were reduced below 650 °C (Figure 5C,D). Most nickel-oxide species are
reduced at temperatures above 700 °C. It indicates that nickel cations were incorporated
into the Mg-Al-O matrix with the formation of mixed phases, such as MgNii<O and
Mg-y) NiyAl2Os. Reduction of Ni?>* cations in such mixed phases occurs at relatively high
temperatures. Villa et al. [43] reported two reduction peaks centred at 720 and 1000 °C
indicating the reduction of nickel cations in MgxNii~O and Mg-yNiyAl2O4, respectively.
Similarly, Apuzzo et al. [38] demonstrated that the reduction of Ni?* cations in mixed
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phases with MgO and Al2Os occurred in the higher temperature range and was not com-
pleted at 900 °C.

The reduction of cobalt species in the Co-M sample occurred in several steps (Figure
5A). The peak at about 380 °C is related to the reduction of Co** to Co?* in the Co3Ox spinel,
which weakly interacts with MgO, while the maximum at about 480 °C is possibly related
to the reduction of Co* to Co? in the Co3:O0s+ and MgCo20s spinels interacting with the
support surface [44]. Reduction of Co? to Co? in CoO and CoxMgi-+O occurred above 700
°C [44]. It should be noted that both CoO and spinel phases were identified by XRD anal-
ysis of the Co-M sample (Figure 1B).

In the case of the Co-A sample, the reduction of Co* to Co? in CosOs is possibly
represented by a peak at approximately 515 °C (Figure 5B). It should be noted that the
reduction of cobalt in CosO4 deposited on Al:Os occurred at a significantly higher temper-
ature than in the case of Cos0s on MgO (Figure 5A). Thus, it seems that the interaction of
cobalt spinel species with alumina is stronger than that with magnesium oxide. The re-
duction of Co? to Co® in CoO, as well as in cobalt aluminates, takes place above 600 °C
[45].

The low-temperature reduction maxima in TPR profiles of Co-HT20 (Figure 5C) and
Co-HT40 (Figure 5D), which are located below 600 °C, are assigned to the reduction of
Co3 to Co?* in cobalt aluminates, while the reduction of Co?* to Co? in CoO and cobalt
aluminates takes place above 700 °C [45,46].

The reduction profiles of the hydrotalcite-derived bimetallic samples containing both
nickel and cobalt, CoNi-HT20 and CoNi-HT40, are very similar to the superpositions of
the monometallic samples, Co-HT20 + Ni-HT20 and Co-HT40 + Ni-HT40, respectively
(Figure 5C,D). The profiles representing the superposition of the monometallic samples
(dashed lines) were generated by adding suitable profiles of the Co- and Ni-containing
samples with a 50% contribution from each of them. The reduction profile of the CoNi-M
sample is shifted to lower temperatures of about 30-60 °C compared to the superposition
of the Co-M + Ni-M profiles (Figure 5A). Furthermore, the decrease in the intensity of the
peak located at about 450 °C in the case of the bimetallic sample indicates a lower contri-
bution of cobalt in the Co3Os and MgCo204 spinels interacting with the surface of MgO.
The most significant differences were observed for the CoNi-A reduction profile and the
superposition of the Co-A and Ni-A profiles (Figure 5B). In this case, the low-temperature
reduction process of bimetallic samples took place at a temperature almost 200 ° C lower
than the first reduction peak from the sum of the reduction profiles of monometallic cata-
lysts.. The reduction profiles for bimetallic and monometallic samples above 550 °C are
very similar. Therefore, the main differences are observed in the region characteristic of
the Co?*-to-Co? reduction in Co-containing spinel phases. The explanation of these effects
could be the possible formation of multicomponent spinels, such as Mg?"1-x-zNi*xCo?"
AP+-yCoy Os, with increased reducibility of Co®* cations.

It should be noted that the reduction of the samples was not completed below 950 °C,
indicating the presence of stable nickel and cobalt oxide species (Figure 5). The percentage
contributions of the nickel and cobalt species reduced to the temperature 950 °C are pre-
sented in Table 2. Transition metal species deposited on alumina are significantly more
effectively reduced by hydrogen than those deposited on magnesia. It is in line with the
results obtained for hydrotalcite-derived materials. In samples with a higher aluminium
content (HT40 series), the contribution of the transition metal in the reduced form is sig-
nificantly higher compared to that in the samples with a lower aluminium content (HT20
series, Table 2). Thus, the support used significantly influenced the reducibility of the de-
posited transition-metal species.

Ammonia-desorption profiles obtained for the MgO, Al:Os and hydrotalcite-derived
Mg-Al oxide systems are compared in Figure 6. It was assumed that one ammonia mole-
cule is chemisorbed at one acid site. Thus, the number of chemisorbed ammonia molecules
is equal to the number of acid sites. All desorption profiles are spread in a relatively broad
temperature range of 70-600 °C, indicating the presence of acid sites with the high



ChemEngineering 2024, 8, 55

13 of 19

heterogeneity of their acidic strength. The profile obtained for MgO consists of a small
number of low-intensity unresolved maxima, indicating a relatively low concentration of
various types of surface acid sites (30 umol/g). Ammonia desorption profiles obtained for
other studied samples are significantly more intense, indicating a higher surface concen-
tration of acid sites. The main maximum in the ammonia desorption profile of Al2O:s is
located at about 170 °C. Furthermore, for this sample, the shoulder at about 240-250 °C
indicates the presence of stronger acid sites. The total number of acid sites determined for
alumina is approximately 96 umol/g. Desorption profiles of both hydrotalcite-derived
Mg-Al oxides, HT20 and HT40, are characterized by a similar shape but significantly differ
with respect to their intensity (Figure 6). The main maxima are located at 170 and 185 °C
for HT20 and HTA40, respectively, indicating slightly stronger acid sites in the sample with
higher alumina content (HT40). Moreover, the shoulders at about 220-230 and 310-320 °C
indicate the presence of acid sites with stronger acidity. The number of acid sites for the
samples with the higher aluminium content, HT40, is about 103 umol/g, while that in the
sample with the lower aluminium content was estimated to be 67 umol/g. These differ-
ences are not surprising considering that alumina is responsible for the creation of acid
sites.

——MgO (30 pumoly;5/g)

7 / — Al,05 (96 umoly;5/g)
2 4504 / —— HT20 (67 InHa/!
/ umoly5/g)
400 4 —— HT40 (103 umoly,/9)
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Figure 6. NHs-TPD profiles of the catalyst supports. Values of chemisorbed ammonia concentrations
are shown in parentheses.

The results of the catalytic studies are shown in Figure 7. The reproducibility of the
catalytic tests was verified in three subsequent runs. Differences in the obtained results
are in the range of the error bars determined by the propagation-error method. In the case
of ammonia decomposition to hydrogen and nitrogen over cobalt (Co-M) and nickel (Ni-
M) deposited on MgO, the reaction started above 500 °C and sharply increased reaching
90% of ammonia conversion at about 680-690 °C (Figure 7A). At temperatures below 600
°C, Co-M showed higher ammonia conversion, while at higher temperatures, Ni-M was
slightly more catalytically active. The bimetallic catalysts containing both cobalt and
nickel (CoNi-M), with a total content of transition metals very similar to that of the mon-
ometallic samples, presented significantly improved catalytic activity. In this case, ammo-
nia conversion started at about 455 °C and 90% conversion was obtained at about 645 °C.
A similar effect was found for cobalt and nickel deposited on alumina (Figure 7B). Also,
in this case, ammonia conversion measured in the presence of a monometallic catalyst was
lower compared to that in the bimetallic sample. Ammonia decomposition started at
about 425 and 445 °C for the Co-A and Ni-A catalysts, respectively. Additionally, 90%
ammonia conversion was obtained at 560 °C for Co-A and 580 °C for Ni-A. In the case of
the bimetallic catalyst, CoNi-A, the reaction started at about 400 °C; however, at temper-
atures above 500 °C, the conversion profiles of CoNi-A and Co-A are very similar (Figure
7B). Therefore, very significant differences in the activity of the catalysts were observed
between the MgO and Al:Os supports. Alumina is characterised by a significantly more
acidic surface and therefore can more effectively adsorb ammonia molecules compared to
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the more basic MgO (Figure 6). Pure alumina is not catalytically active in ammonia de-
composition but may play the role of an ammonia reservoir for conversion over transition
metals. Thus, one of the possible explanations for the better catalytic activity of the cata-
lysts base on the alumina support could be its higher surface acidity in comparison to
MgO-based catalysts. Of course, such differences in the ammonia-adsorption capacity can
mainly be reflected in ammonia conversion at lower temperatures (ammonia was com-
pletely removed from the support surface at about 600 °C; Figure 6), an explanation that
agrees with the results presented in Figures 6A,B.
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Figure 7. Results of catalytic NHs decomposition with error bars determined by the propagation
error method over catalysts supported on MgO (A) and y-ALOs (B), catalysts of HT20 (C) and HT40
(D) series. Dotted lines represent ammonia conversion of 90%.

Apart from significant differences in the ammonia-sorption capacities of Al2Os and
MgO, another important factor influencing the activities of various bimetallic catalysts
could be the size of deposited transition crystallites and particles (Tables 1 and 2). In the
case of the CoNi-A catalyst, the average size of transition-metal crystallites was about 10.4
nm, while for CoNi-M the average size was determined to be 20.6 nm. On the other hand,
it is suggested that these crystallites aggregated, leading to the formation of significantly
larger particles (Table 2). Assuming that active sites for ammonia decomposition are lo-
cated on the surface of deposited and reduced transition-metal species, significantly more
active sites are expected in the CoNi-A catalyst, which was found to be more catalytically
active than CoNi-M. The ammonia decomposition over monometallic hydrotalcite-de-
rived catalysts containing cobalt, Co-HT20 and Co-HT40, started at about 350 °C, and over
these catalysts, 90% ammonia conversion was obtained at 540 and 520 °C, respectively
(Figure 7C,D). In the case of the catalysts containing monometallic nickel, Ni-HT20 and
Ni-HT40, as well as in the case of the bimetallic samples, CoNi-HT20 and CoNi-HT40, the
reaction started at about 300-320 °C; 90% ammonia conversion was reached at 515 °C for
Ni-HT20 and CoNi-HT20, at 525 °C for Ni-HT40 and at 505 °C for CoNi-HT40. Thus, hy-
drotalcite-derived catalysts presented significantly improved catalytic activity in
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ammonia decomposition compared to supported catalysts based on cobalt and nickel de-
posited on magnesia or alumina (Figures 6A,B). The hydrotalcite-derived catalysts are
characterised by a significantly higher specific surface area than either MgO or Al2Os have
(Table 1). The aluminium present in hydrotalcite-derived samples represents acid sites
that can accumulate ammonia on the catalyst surface. As already postulated, such chemi-
sorbed ammonia species could be a surface reservoir of this reactant. The comparison of
the concentrations of chemisorbed ammonia, presented in Figure 6, shows the highest
value for HT40 (103 pmol/g), while for HT20 and Al20s, the surface ammonia concentra-
tions were 67 and 96 umol/g, respectively.

It seems that the reducibility of catalysts could play an important role in catalyst ac-
tivation. The reduction process in the case of CoNi-A was initiated at a slightly lower tem-
perature and proceeded with significantly higher intensity than did the process for CoNi-
M (Figure 5A). Moreover, it started at significantly lower temperatures than the process
for Co-A and Ni-A (Figure 5B). Moreover, it was shown that the contribution of reduced
cobalt and nickel species in the samples based on an alumina support is significantly
higher than those of samples based on an MgO support (Table 2). Similarly, in the case of
the hydrotalcite-derived samples with higher aluminium content, the reduction of transi-
tion metals species was more effective compared to those with catalysts based on hy-
drotalcite-like samples with a lower aluminium content. Thus, assuming that reduced
metal species play a role as catalytically active sites, the high reducibility of the catalysts
is very important for catalyst activation.

To determine the catalytic activity of the individual active sites, the turnover fre-
quency (TOF) values were determined for the selected most-active catalysts (Table 2). It
was assumed that each reduced surface contained exposed metal atoms, as determined
by pulse Hz chemisorption (Table 2), which act as catalytically active sites. The highest
TOF value was determined for the CoNi-A catalyst, with a value higher than that for the
CoNi-M sample. The TOF values obtained for the hydrotalcite-derived catalysts were sig-
nificantly lower than those for CoNi-A and CoNi-M. On the other side, the overall activity
of the hydrotalcite-derived catalysts was better compared to that of other samples. How-
ever, it should be noted that the overall catalytic activity depends not only on the catalytic
operation of the individual active site, but also on their surface concentration, which in
the case of hydrotalcite-derived catalysts is significantly greater compared to those of
other studied catalysts (Table 2).

A very important observation is the increased activity of bimetallic Co-Ni compared
to those of monometallic catalysts containing nickel or cobalt. This problem was analysed
by Tabassum et al. [12], who used Bader charge analysis to explain the synergistic coop-
eration of cobalt and nickel in ammonia decomposition. It was postulated that on the Co—
Ni alloy surface, cobalt atoms are positively charged, whereas nickel atoms are negatively
charged, resulting in the creation of localised charge polarisation. Such locally polarised
sites are postulated to be more active in ammonia adsorption and dissociation. The sug-
gested mechanisms of ammonia decomposition include its adsorption on the catalyst sur-
face, N-H bond cleavage, retaliative fast recombination of hydrogen atoms and desorption
of H2 molecules, as well as re-combinative desorption of surface nitrogen atoms, which is
the rate-determining step [12]. The recombination of surface-bonded nitrogen atoms to
form an N2 molecule requires the diffusion of such surface N atoms at the metal or alloy
surface. This step requires that the atoms overcome a significantly high activation-energy
barrier. Tabassum at al. [12] postulated that the more energetically favourable is the dif-
fusion of N atoms toward the metal —oxide (support) interface followed by the recombi-
nation and desorption of the N2 molecule. Such a positive effect of the catalytic support
was shown for the Co-Ni alloy deposited on CeO2 and MgO [12]. The nitrogen recombi-
nation rate is also related to the size of the metal or alloy species dispersed on the support
surface. In the case of small metal or alloy aggregates deposited on the support surface,
the contribution of the metal —support interface is greater compared to those of bulkier
aggregates, and therefore, the recombination rate of N atoms should be faster. Thus, the
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role of the support, as well as that of the dispersion of the catalytically active metals, is
very important, as was shown also in the presented studies.

Fu et al. [13] and Li et al. [14] analysed the influence of the strength of the metal-
ammonia bond (M-NH:) on the efficiency of the ammonia decomposition to hydrogen
and nitrogen. In the case of a too-weak M-NHs bond, desorption of ammonia is more
likely than its dehydrogenation. On the other hand, if the M-N bond energy is too high,
the desorption of N-species from the catalyst surface becomes difficult. Therefore, metals
that are able to create a moderately strong M-N bond are favourable for catalytic ammo-
nia decomposition. Hansgen at al. [47] calculated that the binding energy of M-N neces-
sary for the effective dissociative adsorption of NHs and the recombination and desorp-
tion of N2molecules should be approximately 134 kcal/mol, while for nickel and cobalt,
these binding energies are 125 and 122 kcal/mol, respectively. Thus, in the case of these
metals, the M-N binding energies are too weak for effective decomposition of ammonia.
On the other hand, Fu et al. [13] showed that the Co-Ni metal system is characterised by
a moderately strong M-N interaction, which is suitable for effective ammonia decompo-
sition. Similarly, Wu et al. [15] compared the ammonia and nitrogen desorption profiles
for nickel, cobalt and bimetallic Co-Ni systems deposited on silica. It was shown that both
Ni and Co have M-N binding energies that are too weak to be suitable for the effective
dissociative adsorption of ammonia. However, bimetallic Ni-Co/SiO2 catalysts were char-
acterised by moderate M—-N binding energy, which is suitable for dissociative adsorption
of ammonia, recombination of N atoms and desorption of Na.

For the selected catalyst, CoNi-HT20, an additional isothermal stability test was con-
ducted at 500 °C (Figure 8). The test showed a decrease in ammonia conversion of less
than 1% during the 12-h stability test, which seems to be a very good and promising result.

CoNi-HT20

NH, conversion, %

1% L e S B B L B B B B L N B
01 2 3 4 5 6 7 8 9 10 11 12 13

Time, h

Figure 8. Isothermal catalytic stability test at 500 °C, with error bars determined by the propagation-
error method.

4. Conclusions

Cobalt and nickel deposited on MgO and Al2Os, as well as cobalt and nickel incorpo-
rated into the hydrotalcite-derived Mg-Al oxide matrix, were studied as catalysts for am-
monia’s decomposition to hydrogen and nitrogen. Cobalt and nickel deposited on a more
acidic support, Al2Os, showed much better catalytic activity compared to cobalt and nickel
deposited on more basic MgO. It was suggested that alumina, in contrast to MgO, could
be a more effective surface reservoir for the conversion of ammonia on transition-metal
species. Moreover, transition metals deposited on alumina were more effectively reduced,
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and therefore, more catalytically active sites were formed on alumina than on magnesia.
Another suggested explanation for the higher activity of cobalt and nickel deposited on
AlO:s is the significantly smaller size of the transition-metal aggregates deposited on alu-
mina in comparison to MgO, which led to the higher dispersion of catalytically active
components. In the case of Al2Os-based catalysts, the larger number of active sites for the
effective dissociative adsorption of ammonia molecules, as well as the availability of more
metal-support interfaces responsible for effective and fast nitrogen-atom recombination
to N2, are expected. In both series of the supported catalysts, the best results were obtained
using bimetallic Co-Ni catalysts. This effect was attributed to the more appropriate bind-
ing energy between the metal and the nitrogen atom of ammonia molecule, M-NHs, in
the bimetallic Co-Ni system than in the monometallic Co or Ni catalysts, in which this
binding energy is postulated to be too low, making cleavage of the M-N bound less effec-
tive.

The hydrotalcite-derived catalysts containing cobalt and nickel presented signifi-
cantly better activity compared to the supported catalysts. In this case, the catalytic activ-
ity of individual active sites is lower, but the dispersion of transition metals in the Mg-Al
oxide matrix is significantly higher than in Al:Os- and MgO-based catalysts. The effect of
the synergistic cooperation of Co and Ni was less evident in this series of catalysts. How-
ever, the positive effect of the increased surface acidity of the Mg-Al oxide matrix was
identified. The catalysts with the higher Al/Mg ratio presented improved activity in com-
parison to the catalysts with the lower alumina content. The bimetallic hydrotalcite-de-
rived catalyst presented high stability under reaction conditions.
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