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ABSTRACT 

A study was conducted on the speciation and reducibility of Ni in catalysts derived from 

hydrotalcite-type (HT) precursors intercalated by silicates. Silicate and nickel contents in 

Ni/Mg/Al HT precursors varied and the products obtained by thermal decomposition in the 

773-1373 K range were characterized. Sample properties were related to the amount of 

silicates and nickel. The former altered the formation of the spinel-type phase and decreased 

the ratio between MgO and MgAl2O4 phases in which the active species were stabilized. On 

the other hand, the Ni distribution depended on the Ni-loading. Ni-containing species in the 

spinel phase were more abundant for high Ni-loaded catalysts, and were readily reduced by 

H2 treatment at 1023 K, whereas those in the Ni1-xMgxO solid solution remained almost 

unreduced. 
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1. Introduction 

Ever since the late 1990s, Ni-containing hydrotalcite-type (HT) precursors have been widely 

used to prepare highly active and stable catalysts for the production of H2 and syngas (CO + 

H2) from fossil fuels by reforming (steam,1,2 autothermal,3 dry4-9) or partial oxidation.10-13 The 

main advantages of HT-derived catalysts stem from the dispersion of Ni2+ in an oxide matrix, 

with a basic character and a relatively high surface area. Metallic particles responsible for the 

reagent activation, formed by reduction, are highly dispersed and stable toward sintering even 

for high nickel loadings,14 due to the confinement of the nickel in mixed-oxide nanoribbons.15 

Thus HT-derived catalysts outperformed conventional and commercial catalysts in terms of 

activity, stability toward sintering, and reduced carbon formation.2,5,15 Thanks to their 

features, in recent years they have also found application in the reforming of ethanol,16,17 

which is more prone to carbon formation, and complex renewable feedstocks, such as 

biogas18,19 or tars,20,21 which are present in biomass gasification streams. 

The versatility of HT-derived catalysts is related to the structure and chemical composition of 

HT precursors. They are lamellar materials with the general chemical formula [M2+
1-

xM
3+

x(OH)2] · (An-)x/n · H2O,22 showing a brucite-type structure. In the CdI2-type layered 

structure of Mg(OH)2 a partial replacement of Mg2+ by trivalent cations (for example Al3+) 

occurs, whereas the charge excess is balanced by the anions (An-), which for catalytic 

purposes are usually CO3
2-, located in the interlayer region together with water molecules. 

The topotactical thermal decomposition of HT phases is responsible for the relationship 

between precursor nature and catalyst properties. Since the first Ni/Al-CO3 HT formulation 

used as precursor of a steam reforming catalyst in the early 1975,23 many chemical 

compositions have been suggested to improve catalyst performances. The most common 

approach involved the replacement of Ni2+ by Mg2+, obtaining Ni/Mg/Al-CO3 precursors, as 

suggested by some of us.10,24 Noble metals,25 Fe,20,26 or Co27 were also introduced into 
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brucite-type layers to obtain bimetallic particles. Moreover, La, Ce, Pr, and Ca can be added 

to the formulation.8,28-30 

HT decomposition temperature determines the crystalline phases in the catalyst, Ni 

speciation,7,24,31-33 Ni dispersion, reduction-oxidation behavior, surface area, and acid-base 

properties. At 723-1023 K, a rock salt-type phase with high surface area was identified by 

XRD, containing Mg2+, Ni2+, and Al3+.31 The metal-support interaction is high and a complete 

Ni2+→Ni0 reduction can be achieved by H2 treatment; however, the catalyst may be modified 

with time-on-stream in the reactor if the calcination temperature is exceeded. Therefore, for 

high-temperature catalytic processes, HT precursors should be treated at a temperature 

suitable for preparing stable materials. For example, at 1173 K, rock salt-type and spinel-type 

phases segregated and the catalyst did not suffer from the thermal sintering during the 

catalytic partial oxidation (CPO) of CH4.
13 Ni2+ species were reported to be present as NiO, 

Mg1-xNixAl2O4, and Mg1-xNixO crystalline phases, depending on the Ni content.4 In high-

temperature calcined samples, the metal-support interaction was strong, mainly for low Ni- 

loaded catalysts, but the reducibility decreased. XANES/EXAFS studies revealed that only 

part of the Ni2+ species was reduced in Ni/Mg/Al compounds, however without any Ni 

speciation.34 The change in the reduction temperature or activation with time-on-stream 

minimized the amount of unreduced species.12 

Last but not least, regardless of the calcination temperature, the Mg2+/Al3+ ratio and Ni 

content are important parameters to be tuned, since they determine not only the nature of the 

crystalline phases in which Ni is solved and its reducibility, but also the basic character of the 

support.1,12,32,35-38 

In previous works, some of us reported on an alternative way to modify HT-derived CPO 

catalyst properties, consisting of the incorporation of silicate anions in the interlayer region 

during the HT precursor synthesis.13,39 This approach has also been extended to the 
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preparation of catalysts for the synthesis of 1-phenoxy-2-propanol feeding phenol and 

propylene oxide40 and to the oxidation of alcohols to aldehydes.41 By using silicate-

intercalated HT compounds for the preparation of Ni-containing CPO catalysts, the forsterite 

phase (Mg2SiO4) formed by calcination at 1173 K not only enhanced the catalyst’s 

mechanical stability, but also altered its crystalline components and their activity in the partial 

oxidation of CH4.
13 After an activation with time-on-stream a 8 wt.% Ni catalyst showed good 

performances, which slightly depended on the silicate amount; while a 2 wt.% Ni catalyst 

deactivated with time-on-stream by increasing the silicate content. XPS13 and CO-DRIFT42 

analyses revealed that some Ni2+ or Niδ+ species were present in the reduced catalyst before 

CPO tests, decreasing the amount of available Ni0 active species (also confirmed by H2 

chemisorption). These species were reduced with time-on-stream for the 8 wt.% Ni catalyst, 

but metallic particle sizes remained almost constant (from 12.1 to 10.5 nm) after CPO tests.42 

In silicate-containing HT-derived catalysts, the distribution of Ni2+ species may vary in 

comparison to conventional carbonate-intercalated catalysts. Some Mg2+ ions were used in the 

forsterite phase, thus altering the rock salt/spinel ratio. XPS suggested that Ni species in 

calcined samples could be inserted in both crystalline phases;13 however, an accurate Ni 

speciation in calcined and reduced catalysts is still lacking. 

The aim of this work was to elucidate the role of silicates and Ni loading on both the 

formation of crystalline phases and the reducibility of Ni species, in order to tailor the 

properties of HT-derived Ni-silicate-containing catalysts. Firstly, the thermal decomposition 

of Ni-HT phases intercalated with different amounts of silicate was investigated, focusing on 

the effect of silicates on the formation of crystalline phases, the reducibility of Ni species and 

the specific surface area of the samples. Secondly, the reducibility and speciation of Ni were 

studied in the actual catalysts, previously used in the CPO of CH4,
13 namely in samples 
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obtained from HT precursors intercalated with 20% excess of silicates and calcined at 1173 

K, to complete the characterization and explain their catalytic performances. 

2. Experimental 

2.1. Synthesis of the catalysts 

Silicate-containing samples were prepared by coprecipitation at constant pH;13 a 2 M solution 

containing Ni(NO3)2 · 6H2O, Mg(NO3)2 · 6H2O and Al(NO3)3 · 9H2O in the appropriate ratios 

was slowly added to a 1 M solution containing silicates [sodium silicate solution, NaOH 

(≥10%), SiO2 (≥ 27%), Aldrich]. The atomic ratios (a.r.%) used in this work were: Ni/Mg/Al 

= 0/68/32, 2/66/32, 8/60/32, 15/53/32 and 68/0/32. The amount of silicates corresponded to 

20 or 62% excess, to balance the charge excess in the layers. The pH was kept constant by 

dropwise NaOH addition (10.5 ± 0.2). The obtained precipitate was kept in suspension under 

stirring at 323 K for 45 min, then filtered and washed with distilled water until a Na2O content 

lower than 0.02 wt.% was obtained. Then the precipitate was dried overnight at 323 K. 

To shed light on the thermal evolution of HT precursors, the precipitated samples were 

calcined at 10 K min-1 up to selected temperatures (773, 1023, 1073, 1123, 1173, 1223, 1273, 

1323, and 1373 K), keeping these values for 12 h. Another, more detailed structural 

characterization was performed to determine the Ni speciation by focusing on samples 

obtained by calcination, at 1173 K for 12 h, of the HT precursors containing 20% excess of 

silicates. 

Ni catalysts were labelled: Nix, where x referred to the a.r.%, i.e. Ni0, Ni2, Ni8, Ni15 and 

Ni68 for Ni/Mg/Al = 0/68/32, 2/66/32, 8/60/32, 15/53/32, 68/0/32 a.r.% respectively. 

For comparison purposes, a Ni/Al-HT precursor containing carbonates was prepared (Ni/Al = 

68/32 a.r.%) and calcined at 1173 K (Ni68-CO3). 

2.2. Characterization 
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X-Ray Diffraction (XRD) powder analyses of the samples calcined at different temperatures 

were carried out using a Philips PW1050/81 diffractometer equipped with a graphite 

monochromator in the diffracted beam and controlled by a PW1710 unit (λ = 0.15418 nm). A 

2θ range from 10º to 80º was investigated (step size 0.1 º; time per step 2.00 s). XRD patterns 

of the samples with different Ni loading calcined at 1173 K were obtained by using a Philips 

PW 1729 diffractometer, interfaced to a computer for data acquisition and analysis (software 

APD-Philips), using a Ni-filtered Cu Kα radiation. Diffraction patterns were recorded in the 

2θ range from 3° to 80° for phase analysis (step size 0.02 °; time per step 1.25 s) and in the 

90-148° 2θ range for lattice parameter determinations (step size 0.02°; time per step 5.00 s). 

Lattice parameters for the MgO unit cell were calculated by using the UNITCELL software43 

using the following reflections: (400), 2θ = 94 °; (420), 2θ = 110 °; (422), 2θ = 127 °. 

Specific surface area assessment was carried out using a Micromeritics ASAP 2020 

instrument; calcined solids were heated up to 423 K and evacuated at a pressure better than 

0.02 Torr, kept for 30 min at this temperature, and lastly heated up to 523 K and kept there for 

30 min. 

Temperature Programmed Reduction and Oxidation analyses were carried out by feeding a 

H2/He = 5/95 v/v or a O2/N2 = 5/95 v/v gas mixture (flow rate 20 mL/min) in the 333-1223 K 

temperature range, with a heating ramp of 10 K/min in a ThermoQuest CE instruments 

TPDRO 1100. 

XPS spectra were collected using a Leybold-Heraeus LHS10 spectrometer operating in FAT 

mode (50 eV pass energy), using a twin AlKα (12 kV/20 mA) and MgKα (10 kV/20 mA) 

anode at a pressure below than 10
-9

 Torr. The samples, reduced to fine powders, were 

manually pressed onto a double-sided adhesive tape attached to the sample rod. Samples were 

reduced under the same conditions as for catalytic tests,13 namely with a H2/N2 = 50/50 v/v 
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gas mixture at 750 °C for 12 h. Reduction treatments in situ in a flowing H2/N2 = 10/90 v/v 

gas mixture (flow rate 6mL/min) at 723 K for 4 h were carried out in a side apparatus which 

was directly connected to the preparation chamber. The actual sample temperature was 

monitored by a thermocouple touching its surface. After being cooled down gradually to room 

temperature in the H2/N2 stream, the sample was transferred in vacuo to the preparation 

chamber and then sent into the analysis chamber for spectra collection. Ni2p, C1s, O1s, Si2s, 

Al2s, Si2p, Mg2s, Al2p and Mg2p regions were sequentially acquired. Binding energies (BE) 

were referenced to C1s at 285.0 eV and measured with an accuracy of ± 0.2 eV. Data analysis 

involved smoothing, non-linear Shirley-type background subtraction and curve-fitting and 

peak areas by the integration of the appropriate peak by Esca Tools 4.2 software (Surface 

Interface Inc.). Because Al2p peak overlaps with the Ni3p signal, and Al2s with Ni3s, their 

contributions were determined by curve-fitting procedures. Changes in Ni2p signal shape on 

reduced samples were analyzed by curve-fitting procedures with Ni2p doublets endowed with 

fixed spectroscopic parameters (Ni2p3/2-2p1/2), spin-orbit separation 17.2 eV, and intensity 

ratio R = 0.50, but using variable position, full width at half maximum (FWHM), and 

intensities. Surface composition was obtained from peak area ratios by using the elemental 

sensitivity factors method.44 

XAS spectra were recorded on the Ni K-edge, in the 8130-9600 eV range, at the beamline 

ELETTRA XAFS, (Trieste, Italy) in the transmission mode. The beamline monochromator 

was equipped with a Si (111) crystal. Measurements were performed at the liquid N2 

temperature on powder samples mixed with an appropriate amount of boron nitride and 

pressed into pellets. Measurements were taken on both calcined and reduced samples. XAS 

spectra of the reference compounds NiO, NiAl2O4, and Ni metal were also recorded. XAS 

data were processed using the “IFEFFIT” code package.45 The XANES part of the 

experimental signal was obtained by subtracting a linear pre-edge and normalizing it to one in 
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correspondence with the first EXAFS oscillation. Fourier transforms (FTs) of EXAFS data 

were carried out in the 2.5-16.0 Å-1 k-range, by using a Kaiser-Bessel window, after 

weighting data by k3. Structural information on the first coordination shell was obtained by 

back-transforming and fitting the FT function in the 1.0-2.0 Å range for oxidized samples and 

in the 1.5-2.5 Å range for reduced samples. Fits were performed using the theoretical phase 

and amplitude functions generated by the FEFF6 code. These functions were calibrated by the 

EXAFS spectra of reference compounds. For all the fits, the calculated statistical errors 

related to the bond distances were smaller than the uncertainty (0.02 Å) attributed to the 

EXAFS technique; for coordination numbers the inaccuracy was typically evaluated at around 

10%. 

3. Results and Discussion 

3.1. Role of silicates during the calcination of HT precursors 

The calcination of Ni8 HT precursors with 20% and 62% excess of silicates in the 773-1373 

K range was studied. Diffraction patterns were collected in 50 K steps to identify phase 

changes; however, only the patterns of samples calcined at 773, 1023, 1073, 1173, and 1373 

K appear in Figures 1a and 1b as representative for the study of the evolution of crystalline 

phases. 

The dehydration, dehydroxylation , and collapse of the layered structure at 773 K gave rise to 

a scarcely crystallized rock-salt mixed oxide, in which Ni2+ and Al3+ were included.31 The 

bump in the 20-30° 2θ range was related to amorphous silica. After treatment at 1023 K, no 

significant modifications took place, whereas at 1073 K forsterite (Mg2SiO4) crystallized and 

at 1123 K (pattern not shown) a MgAl2O4-type phase was also present. Calcinations at 1173 

K yielded no phases other than MgO-type, spinel-type, and forsterite. In the spinel pattern, the 

two reflections at 2θ = 19º and 32º ascribed to (111) and (220) planes were not observed, thus 
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suggesting the formation of a defective and/or disordered phase.46 With a further increase in 

the calcination temperature to 1373 K, the complete diffraction pattern of the spinel was 

recorded, with narrow and intense reflections due to a better crystallization.  

Comparing the patterns of samples with different silicate contents, the higher the silicate 

loading, the more intense the forsterite phase diffraction lines were, while the temperatures 

required to form phases did not change. Previously,39 we reported that the formation of the 

forsterite phase inhibited the formation of the rock-salt phase. This was clearly confirmed in 

the pattern of the sample with 62% silicates calcined at 1373 K, where only low rock-salt 

diffraction lines were observed, although this behavior may also be observed in the sample 

treated at 1173 K, namely the temperature used to prepare CPO catalysts. 

These results showed that the presence of silicates in Ni/Mg/Al HTs did not change the 

decomposition pathway of the HT precursor very much, although it affected the amount of 

rock salt-type phase and, therefore, the rock-salt/spinel ratio (a key parameter for controlling 

the metallic particle properties), as well as the order of the spinel structure. 

To gain insight into the effect of silicates in the formation of the spinel-type phase, a HT 

precursor without Mg2+ and containing 20% excess of silicates, i.e. a Ni/Al HT (Ni68), was 

studied. In this sample, Mg2+ ions were not available for forsterite formation, but the NiAl2O4 

spinel could be formed. For comparison purposes, a Ni/Al HT with the same a.r.% but 

intercalated with carbonates was prepared (Ni68-CO3). The diffraction patterns of the samples 

calcined at 1173 and 1373 K are shown in Figure 2. The spinel formation and the sintering of 

NiO phases were delayed by silicates; indeed even at 1373 K some spinel reflections were 

missing in the diffraction pattern, thus confirming the formation of a defective and/or 

disordered phase. It may be hypothesized that an amorphous silico-aluminate formed during 

calcination, entrapped Al3+, and hindered the spinel formation. On the other hand, when Mg2+ 
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ions were present, the effect of the silicates on the spinel formation was reduced – since silica 

reacted preferentially by forming the forsterite phase – although it was not fully avoided. 

Silicates had an effect not only on crystalline phases, but also on textural properties.39 The 

trend in both the specific surface area and the pore volume measured at different calcination 

steps (Table 1) was in agreement with those previously reported for carbonate-intercalated 

decomposition products.47 Samples calcined at 773 K showed the highest surface areas; the 

higher the silicate content, the lower the surface area. 

Lastly, the changes in Ni2+ reducibility during calcination treatment for the Ni8 sample 

containing 20% silicates were studied by H2 TPR. The reduction profiles of the samples 

calcined at 773, 1023, and 1173 K are shown in Figure 3. First of all, it should be pointed out 

that regardless of the calcination temperature, H2 consumption took place above 900 K, 

making it possible to rule out the presence of free NiO. Two overlapping H2 consumption 

peaks were registered at approximately 1060 and 1150 K for the sample calcined at 773 K; 

the intensity of the former peak decreased, while the latter seemed to increase by raising the 

calcination temperature to 1023 K. A single H2 consumption peak at approximately 1223 K 

was recorded for the actual catalyst, i.e. the sample calcined at 1173 K.13 Thus, in silicate-

containing catalysts, even at moderate calcination temperatures (i.e. 773 K), Ni species were 

quite well stabilized in the Mg/Ni/Al oxide matrix, although an increase in calcination 

temperature caused a more difficult reduction of Ni2+ species. 

3.2. Ni speciation in catalysts 

The effect of Ni loading (Ni0, Ni2, Ni8, and Ni15) on the distribution of Ni species in actual 

catalysts (containing 20% excess silicates and obtained after calcination at 1173 K and 

reduction) was studied through a combination of XRD, TPR/TPO/TPR, XPS and XAS 

analyses. 
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Diffraction patterns in the 3-80° 2θ range showed an increased peak broadening, particularly 

for MgO- and spinel-type phases, with the Ni loading. To investigate whether Ni was 

dissolved into MgO- or spinel-type phases, high-resolution XRD patterns were collected in 

the 90-148° 2θ range. By increasing the Ni content, MgO reflections shifted progressively to 

higher 2θ values, thus indicating a shrinkage of the MgO cubic cell48 due to the replacement 

of Mg2+ by Ni2+ (ionic radii for octahedral Mg2+ and Ni2+ equal to 0.72 and 0.69 Å, 

respectively).49 MgO cell parameters were, respectively: MgO, a= 4.214±0.003 Å; Ni0, a = 

4.209±0.003 Å; Ni2, a = 4.209±0.003 Å; Ni8, a = 4.201±0.006 Å; Ni15, a = 4.201±0.006 Å. 

Conversely, no shifts in the reflections due to the spinel phase were detected. A shrinkage of 

the MgAl2O4 unit cell was not apparent because NiAl2O4 is a partially inverse spinel whereas 

MgAl2O4 is a normal one; thus the substitution of Mg2+ by the smaller Ni2+ ion in octahedral 

(Oh) sites was compensated by the partial insertion of Ni2+, replacing the smaller Al3+ ion, in 

tetrahedral (Td) sites (ionic radii for tetrahedral Ni2+ and Al3+ equal to 0.55 and 0.39 Å, 

respectively).49 

The reduction and oxidation of Ni species was studied by H2-TPR and O2-TPO, namely by 

performing cycling TPR/TPO/TPR tests. During the first reduction cycle, the Ni loading 

slightly modified TPR profiles (Figure 4a). The onset and maximum temperature of H2-

consumption curves shifted to lower temperatures by increasing the Ni content from 2 to 15 

a.r.%. These results are consistent with the presence of Ni in a highly stabilized structure, 

MgO or MgAl2O4, with higher metal/support interactions by lowering the Ni content. TPO 

curves (Figure 4b) were characterized by a complex, broad oxygen consumption in the 423-

973 K range. It would appear that both low and high Ni-loaded catalysts, Ni2 and Ni15 

respectively, oxidized more easily than the Ni8 catalyst. 

The second TPR cycle confirmed the stability of Ni active phase; the main reduction peak 

was recorded at the same temperatures observed in the first TPR (in the inset of Figure 4a the 
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profile of the Ni8 sample was shown as an example). A similar behavior was previously 

observed by Li and coworkers50 and by Guil-López and coworkers,51 who observed that 

catalysts with low Ni content maintained a constant reduction profile during 10 reduction-

reoxidation cycles. It may be hypothesized that when Ni0 was oxidized to Ni2+, it did not 

segregate as NiO on the catalyst surface, but restored the species present in the starting 

sample, namely Mg1-xNixO or Nix+yMg1-xAl2-yO4 solid solutions. The confinement of Ni0 

particles into mixed oxide nanoribbons15 and/or small sizes of NiO would be conducive to this 

process, since there are more atoms at the interface promoting the solid-solid reaction.52 

To study the role of the amount of Ni and the oxide matrix on the reduction/oxidation 

behavior, TPR/TPO/TPR profiles of high-loaded Ni/Al catalysts obtained from silicates and 

carbonates (Ni68 and Ni68-CO3), previously characterized by XRD, were investigated 

(Figure 5). The first reduction profile of the silicate-containing catalyst showed a single H2 

consumption at 1123 K, while for the carbonate-derived catalyst two overlapping peaks were 

recorded due to the reduction of NiO and NiAl2O4, respectively.4 Slight changes occurred 

during the Ni68-CO3 sample reduction/oxidation cycle and the peaks were better defined in 

the second TPR profile. Conversely for the silicate-containing Ni68 sample, a peak at low 

temperature appeared due to the formation of NiO particles, which interacted slightly with the 

support. Thus nickel loading and the nature of the oxide matrix played a key role in the 

stability of the Ni particles. 

The XPS spectra of all the samples calcined at 1173 K contained Mg 2p peaks at 50.4 ± 0.2 

eV and Al2p at 74.4 ± 0.2 eV, in agreement with literature data for spinel-type structures53 

and Si2p at 102.3 ± 0.2 eV as for forsterite (Mg2SiO4).
54 Ni2p3/2 at 856.6 ± 0.2 eV (FWHM 

about 2.8 – 3.2 eV) with a shake-up at about 6.2 eV higher BE, was consistent with the 

presence of Ni2+ species.55,56 When comparing Ni2p3/2 BE values for NiO (854.5 eV),56 

NiAl2O4 (856.0- 857.3 eV),55 and NiO-MgO solid solution (855.7 eV)57 with those of 
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samples, the broad Ni2p3/2 feature at 856.6 eV suggested the presence of surface Ni-

containing species with different environments. It may be inferred that Ni2+ species were very 

likely present in surface NiAl2O4 or MgO solid solution or both. 

The reduction treatment yielded changes in the Ni2p feature, whereas no changes either in BE 

or peak shape of all the other elements were observed. The shape and position of the Ni2p 

region detected in two sets of samples (Ni2 and Ni8) revealed the presence of Ni0 as a major 

component, with a small amount of the oxidized phase. The Ni2p region could be resolved by 

a curve-fitting procedure into two doublets with Ni(2p3/2) components at 852.8 eV (FWHM, 

3.0 eV) and at 856.7 eV (FWHM, 4.5 eV; shake-up contribution 6.0 eV higher BE), attributed 

to Ni(0) and Ni2+, respectively. The amount of surface species was in the range of 70-80% for 

Ni0 and from 30-20 % for Ni2+, thus suggesting an incomplete reduction of the Ni species. 

The surface composition, measured by the XPS-derived Ni2p/Mg2p (nNi/nMg), Ni2p/Al2p 

(nNi/nMg), and Mg2p/Al2p (nMg/nAl) atomic ratios, did not follow the trend of the bulk 

composition. On all the samples, the surface concentrations of Ni and Al were higher than 

those expected on the basis of the bulk composition, revealing a high mobility of Ni- and Al-

containing species toward the surface (Table 2), and supporting the presence of surface 

NiAl2O4. The strong decrease in the Ni2p peak intensity (about 50%) after reduction at 1023 

K, resulted in a surface concentration close to that of the bulk (Table 2), indicating that 

heating caused an agglomeration of the surface species. Ni0 metal particle size was around 

12.1 nm, as revealed by TEM.42 

The relevant structural data on the NiO, NiAl2O4, and Ni metal reference compounds are 

listed in Table 3. In order to reproduce the first shell of the EXAFS spectrum of the NiAl2O4 

spinel, a partially inverse spinel with ¼ of octahedral sites occupied by Ni2+ ions and ¾ by 

Al3+ ions was considered,58 fixing the ratio between octahedral and tetrahedral Ni2+ species to 

1:3. 
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A comparison between FTs of the NiO and NiAl2O4 reference compounds (Figure 6a) 

showed, for NiO, a first shell peak in the 1.2-2.1 Å range (due to the Ni-O contributions) 

much less intense than the second shell peak in the 2.1-3.0 Å range (due to the Ni-Ni 

contributions); for NiAl2O4, a first shell peak in the 1.0-2.1 Å range was much more intense 

than the second shell peak (mainly containing Ni-Al contributions). This was due to the fact 

that Al was lighter than Ni as a backscattering atom. 

The FTs of the Nix with x = 2, 8, 15 (Figure 6b) were very similar, showing a first shell peak 

in the 1.1-2.1 Å range and second shell peaks in the 2.1-2.9 Å range, which were comparable 

in intensity. In agreement with XPS findings, this evidence suggested the presence of both 

NiO and NiAl2O4 in the samples. Structural information on the first coordination shell 

surrounding Ni atoms in terms of coordination numbers (N) and interatomic distances (Ni-O) 

obtained by fitting procedure are reported in Table 4. For the NiAl2O4 spinel phase, the Ni-O 

fitted distances indicate Ni sites in tetrahedral (Td) and octahedral (Oh) coordination; for the 

NiO phase, “Ni-O Oh” are the interatomic distances of the octahedral Ni sites. For the 

reduced samples, Ni-Ni are the fitted distances relative to the first coordination shell of the Ni 

metal phase. 

Moreover, in order to obtain an indication of the relative amounts of NiO and NiAl2O4 oxides 

in the samples, the EXAFS signal [χ(K)] was divided into two contributions by using the 

additive EXAFS relation:59 

χtotal(k) =  xNiOχNiO(k) + xNiAl2O4χNiAl2O4(k) 

where x is the fraction of the absorbing element in the NiO/NiAl2O4 phase. The x values (%), 

reported in Table 4, confirmed the presence of both NiO and NiAl2O4 in our samples, and it 

would appear that the amount of the latter increased with the Ni loading. 
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Figure 7 shows the FTs of the Ni metal reference compound and of the reduced Ni2 sample as 

an example. An intense first shell peak in the 1.5-2.5 Å range, due to the Ni-Ni contributions, 

appeared with a shoulder in the lower region, due to Ni-O components still present, in 

agreement with XPS evidences. The results of the fitting procedure, Table 4, revealed that the 

NiAl2O4 phase was not present after reduction treatment, contrary to NiO. For the reduced 

samples the ratio (NiO:Ni°) is about 30:70, quite similar to that obtained by XPS. A possible 

explanation for the presence of NiO after reduction may be the presence of a Mg1-xNixO solid 

solution, in which Ni2+ was slightly reduced (TredNi2+ ≥ 1073 K), particularly if the solid 

solution was obtained at high temperature.48 

The relative amount of Ni metal and NiO in the reduced samples (Table 4) was evaluated 

using the additive EXAFS relation:59 

χtotal(k) =  xNiOχNiO(k) + xNi°χNi°(k) 

where x is the fraction of the absorbing element in the NiO/Ni° phase. This evaluation was 

possible assuming no reduction in the Ni-Ni coordination of the reduced phase due to particle 

size effects.42 

The data obtained by the EXAFS analysis found support in the fitting of the XANES 

experimental spectra of the reduced samples. The XANES experimental spectra collected for 

Ni° and NiO reference compounds were used as fingerprint models to perform a linear 

combination fit in the 8300-8390 eV range in order to reproduce the spectra of the reduced 

materials. XANES fit for the reduced Ni8 sample as an example is shown in Figure 8. The 

relative amounts (%) of Ni° and NiO, reported in parentheses in Table 5, were in good 

agreement with those obtained by the EXAFS analysis, indicating that Ni8 sample was more 

reducible than Ni2 one (as also revealed by CO-DRIFTS analysis42). 

3.3. Concluding remarks 
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A fully and detailed picture of the Ni catalysts derived from HT compounds intercalated by 

silicates may be given by combining the data previously obtained by TPR, XPS, H2 

chemisorption, CO-DRIFTS, HRTEM and catalytic activity,13,42 with TPR/TPO/TPR, XPS 

and XAS data reported in this work. 

The Ni-containing species were distributed in MgO and MgAl2O4 phases in the calcined 

samples. The reduction treatment generated Ni0 particles inside the oxide matrix (12.1 nm for 

Ni8).42 However, in these freshly reduced catalysts, the presence of Ni2+ species in a Ni1-

xMgxO solid solution, together with the embedment of some metallic particles inside the oxide 

matrix, decreased the amount of active sites available for the reaction, as confirmed by both 

CO and H2 chemisorption;42 for instance the dispersion values obtained by H2 chemisorption 

were only 5.1 and 3.6 % for Ni8 and Ni2 catalysts, respectively. During catalytic tests at high 

temperatures (i.e. Toven= 1023 K and CH4/O2/He = 2/1/4 and 2/1/1 v/v), and whenever the Ni 

loading was high enough, namely in the Ni8 sample, CH4 conversion and syngas selectivities 

above 90% were reached. Moreover, Ni2+ species into the Ni1-xMgxO phase could be further 

reduced and metallic particles segregated from the oxide matrix to the catalyst surface, 

without any sintering phenomena; consequently, the catalyst further activated. On the other 

hand, for the Ni2 sample, the lower Ni loading in the catalyst and the larger amount of 

unreduced Ni2+ species in the Ni1-xMgxO phase, in comparison to Ni8, gave rise to a lower 

amount of available Ni0 species and the deactivation of the catalyst by oxidation during harsh 

reaction conditions (i.e. Toven= 1023 K and CH4/O2/He = 2/1/4 and 2/1/1 v/v). 

Although the characterization was performed on silicate-containing HT-derived catalysts, the 

results obtained may be also extended to other more conventional HT-derived Ni catalysts. In 

particular, it has been found that a careful control of the MgO/Al2O3 ratio and Ni content are 

the key parameters for controlling the Ni2+ reducibility and stability under reducing/oxidizing 

conditions. 
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A low Ni content must be preferred for an improvement of the reduction/oxidation cycle. It 

may play an important role in the catalytic partial oxidation of CH4 in which, as a function of 

feed composition, the catalyst may be cyclically oxidized and reduced. Moreover, it may be 

important during the catalyst regeneration when, to remove contaminants such as carbon or 

sulfur, oxidation of the catalyst is used to recover the original activity. Thus, if the sample is 

stable the further reduction may restore the properties of the fresh sample. 

On the other hand, increasing the Mg/Al ratio may aid the formation of the Mg1-xNixO solid 

solution and, owing to its lower reducibility, the amount of available Ni0 species and the 

catalytic performances may decrease. This problem may be overcome by an in situ activation 

of the catalyst with time-on-stream, as previously reported in the catalytic partial oxidation of 

CH4.
13 

4. Conclusions 

The introduction of silicates into the structure of Ni catalysts obtained from Ni/Mg/Al 

hydrotalcite-type precursors did not alter the decomposition temperatures, but modified the 

amount and properties of MgO and MgAl2O4 phases in the calcined samples because of the 

formation of Mg2SiO4 and the embedding of Al3+ cations in an amorphous silico-aluminate. 

Regardless of the calcination temperature (773, 1023, or 1173 K) and the Ni loading (2, 8, or 

15 a.r.%), Ni2+ species were well stabilized in the oxide matrix. In the actual catalysts they 

were distributed in both spinel and rock salt structures, although the latter were more 

abundant. The Ni loading and the oxide matrix determined the Ni2+ reducibility and the redox 

behavior. Low Ni-loaded catalysts contained a higher amount of difficult-to-reduce Mg1-

xNixO, and therefore fewer metallic active sites in the reduced catalyst, albeit showing a better 

stability under reducing/oxidizing cycles. 
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Figure Captions 

Figure 1. XRD patterns of Ni/Mg/Al = 8/60/32 a.r.% samples containing 20% (a) and 62% 

(b) excess of silicates and calcined in the 773-1373 K range. 

Figure 2. XRD patterns of Ni/Al = 68/32 a.r.% samples intercalated with carbonates and 

silicates after calcination at 1173 K and 1373 K. 

Figure 3. H2 TPR profiles of the Ni8 sample intercalated with 20% silicates after calcination 

at 773, 1023 and 1173 K. 

Figure 4. H2 TPR (a) and O2 TPO (b) profiles of the catalysts with different Ni content (Ni 

15, Ni8, Ni2). Inset in (a) second TPR after the oxidation analysis. 

Figure 5. Evolution of the TPR profiles during the TPR/O/R cycle for Ni/Al= 68/32 a.r.% 

samples containing carbonates and silicates calcined at 1173 K. 

Figure 6. Ni K-edge: Fourier transforms of the NiO and NiAl2O4 reference compounds (a) 

and Nix with x = 2, 8, 15 samples (b). 

Figure 7. Ni K-edge: Fourier transforms of the Ni metal reference compound and of the 

reduced Ni2 sample. 

Figure 8. Ni K-edge: XANES spectrum of the reduced Ni8 sample. 
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Tables 

Table 1. Specific surface area values (SBET) of Ni8 samples containing 20 and 62% excess of 

silicates calcined at selected temperatures for 12 h. 

SBET / m2g-1 773 K 1023 K 1173 K 1373 K 

Ni8-20 314 270 96 21 

Ni8-62 293 233 87 18 
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Table 2. Bulk and XPS-derived surface atomic composition for catalysts heated at 1073 K 

and after in situ treatment in flowing H2/N2 mixture. 

 

Samples  nNi/nMg nNi/nAl nMg/nAl 
Ni0 bulk - - 2.125 
 surface   1.870 
Ni2 bulk 0.030 0.062 2.062 
 surface 0.066 0.102 1.540 
 H2 surface 0.031 0.064 2.040 
Ni8 bulk 0.133 0.250 1.875 
 surface 0.258 0.349 1.347 
 H2 surface 0.091 0.128 1.820 
Ni15 bulk 0.283 0.468 1.656 
 surface 0.458 0.648 1.515 
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Table 3. Structural parameters of the reference materials.  
 

Reference material Atom pair Interatomic 
distance R(Å) 

Coordination 
number 

Ni metal Ni-Ni 2.49 12 
NiO Ni-O 2.09 6 
NiAl2O4 Ni-O 1.96 6 
NiAl2O4 Ni-O 1.83 4 
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 27 

 

Table 4. First-shell EXAFS analysis of Nix (x = 2, 8, 15) samples: coordination number 

(N±10%), interatomic distance (R±0.02 Å), Debye-Waller factor (∆σ2±0.0005 Å2). 

 

Sample Ni-O Td (NiAl2O4) Ni-O Oh (NiAl2O4) Ni-O Oh (NiO) 

 N R ∆σ2 N R ∆σ2 N R ∆σ2 
Ni2 0.7 1.82 0.0020 1.1 1.96 0.0005 5.1 2.09 0.003

2 
Ni8 0.9 1.84 0.0054 1.3 1.97 0.0011 4.5 2.09 0.002

3 
Ni15 1.5 1.84 0.0071 2.2 1.97 0.0027 3.9 2.09 0.002

4 
Reduced Sample Ni-O Oh (NiO) Ni-Ni (Ni metal) 

 N R ∆σ2 N R ∆σ2 
Ni2 2.4 2.06 0.0065 8.5 2.49 0.0038 
Ni8 2.0 2.06 0.0069 8.7 2.49 0.0038 
* RT spectrum 
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Table 5. Percentage of NiO and NiAl2O4 derived from EXAFS analysis of Nix samples and 

percentage of NiO and Ni metal from EXAFS analysis of reduced samples; in parentheses, 

the data derived from XANES simulations. Inaccuracy was evaluated at around 10%. 

 

Sample NiO (%) NiAl2O4 (%) 

Ni2 80 20 
Ni8 75 25 
Ni15 65 35 
Reduced Sample NiO (%) Ni° (%) 

Ni2 35 (30) 65 (70) 
Ni8 30 (20) 70 (80) 
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A study was conducted on the speciation and reducibility of Ni in catalysts derived from 

hydrotalcite-type precursors intercalated by silicates. 
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190x165mm (72 x 72 DPI)  
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Figure 8  

190x190mm (72 x 72 DPI)  
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