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Abstract

:

The presented study investigated the effects of temperature (350–650 °C) and gas environment (pure Ar versus a H2O/H2 partial pressure ratio (PH2O/PH2) of 5) on the extent of sintering and oxidation of Al2O3-supported Ni0 nanoparticles (≈4 nm). We note that a PH2O/PH2 of 5 corresponds to a simulated CO conversion of 94% during methanation. Sintering and oxidation were studied using in situ magnetometry, while ex situ TEM analyses confirmed the particle sizes before and after the magnetometry-based experiments. It was found that increasing the temperature from 350 to 650 °C in Ar at atmospheric pressure causes a negligible change to the average size and degree of reduction (DOR) of the starting Ni0 nanoparticles. However, studying the same temperature window under hydrothermal conditions at 10 bar causes significant particle growth (≈9 nm) and the development of a bimodal distribution. Furthermore, the presence of steam decreases the DOR of Ni0 from 86.2% after initial activation to 22.2% due to oxidation. In summary, this study reports on the expected sintering and oxidation of Ni-based catalysts under high CO conversion conditions at elevated temperatures during methanation. Importantly, we were able to demonstrate how magnetometry-based analyses can provide similar size information (and changes thereof) as those observed with TEM but with the added advantage that this information can be obtained in situ.
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1. Introduction


Oil is currently the main source of fuels and chemicals worldwide; however, due to the depleting oil reserves, there is great research effort focused on the development of new, sustainable, and environmentally friendly fuel sources and/or processes. Natural gas (mainly methane) is a possible fuel source due to its combustion efficiency, clean nature, and high calorific value [1]. Synthetic/substitute natural gas (SNG) can be produced from biomass [2], coal gasification to syngas (i.e., a mixture of carbon monoxide (CO) and hydrogen (H2)) [3], coke oven gas [4], as well as carbon dioxide (CO2) and carbon monoxide (CO) methanation [1,5]. The latter process is a key step in the production of natural gas, and it can be carried out over noble metals (e.g., palladium (Pd), iridium (Ir), platinum (Pt), and ruthenium (Ru)) [6,7,8] and base metals (e.g., nickel (Ni), iron (Fe), cobalt (Co), and molybdenum (Mo)) [6,7,9,10]. Due to the economic infeasibility of an industrial application of noble metal-based catalysts in the CO methanation process, extensive research is focused on the use of Ni-based catalysts due to their high activity, selectivity, and affordability [1,11,12]. However, since CO methanation is a highly exothermic reaction (see Equation (1))—resulting in the formation of hotspots along the catalyst bed—the formation of carbonaceous material (i.e., coke), particle growth (i.e., sintering) and oxidation of the Ni particles becomes more facile [1].


  CO  ( g )  + 3  H 2   ( g )  →   CH  4   ( g )  +  H 2  O  ( g )    Δ  H  298.15    K   o  = − 206.2    kJ  / mol  



(1)







Sintering is a structural modification of the active surface leading to the loss of active sites [13]. Two main sintering mechanisms are proposed in the literature: (i) atomic migration, where atoms detach from one crystallite, and thereafter, migrate and attach to another crystallite, and (ii) crystallite migration, where whole crystallites migrate over the support and coalesce [14,15]. These two mechanisms are temperature dependent, where sintering via atomic migration can be expected to take place when the process temperature reaches the so-called Hüttig temperature (THüttig (K) = 0.3·(Tmetal melting (K)), while sintering via crystallite migration can be expected at the so-called Tamman temperature (TTamman (K) = 0.5·Tmetal melting (K)). It is important to note that the calculation of THüttig and TTamman is normally based on the melting point of the bulk metal; however, a decrease in the melting point is expected when the crystallite size of the metal decreases, which is predicted by the Gibbs–Thomson correlation [16]. Therefore, the sintering of relatively small crystallites can be expected to take place below the THüttig and TTamman calculated for bulk metals. This catalyst deactivation mechanism is thought to be the main route for the loss of activity over Ni-based catalysts during CO methanation [17,18,19]. The reaction is typically carried out in the temperature range of 250–700 °C [20], and due to this wide operating range, which covers both the THüttig and TTamman for Ni, it is important to determine the effect of temperature on the sintering of the catalyst nanoparticles. CO methanation over Ni-based catalysts is operated above 250 °C, since below 230 °C, Ni-carbonyl species are formed and can be transferred from one particle to another, which also contributes to the sintering process [21]. Therefore, different approaches are taken to prevent or limit the sintering of Ni crystallites during this catalytic process. These approaches include strengthening the nanoparticle–support interaction via the use of suitable supports and promoters [10,12], and the confinement of the Ni crystallites in the pores of a mesoporous support, which consequently limits the migration of the crystallites on the support [1,11,22].



Regarding Ni oxidation as a deactivation mechanism, the equivalent oxidation potential has to be reached in the presence of a mixture of an oxidising (e.g., H2O) and reducing agent (e.g., H2) in order for the oxidation of Ni particles to occur. This effect is dependent on the crystallite size and the nature of the nanoparticle–support interaction [14,23,24,25]. van Steen et al. [26] determined the thermodynamic threshold for the oxidation of Co nanoparticles as a function of the Co crystallite domain size, morphology, starting crystal phase, and importantly, the H2O/H2 partial pressure ratio (PH2O/PH2), which represents conversion. The results from their calculations clearly demonstrated the ease at which the oxidation of small Co crystallites occurs, while the larger Co crystallites only oxidise at high PH2O/PH2. Sehested et al. [27] studied the influence of different steam reforming reaction parameters (i.e., time, atmosphere, and temperature), as well as catalyst composition (i.e., Ni–support interaction and dopants) on the sintering of Ni particles. Their results showed that high PH2O/PH2 result in a faster Ni sintering rate, which is attributed to the formation of a Ni-(OH)x species. The authors also reported the formation of nickel aluminate (NiAl2O4) and nickel oxide (NiO) at high temperatures and PH2O/PH2. Champon et al. [28] showed that an increase in the H2O/H2 ratio results in increased sintering of Ni, which was successfully modelled by a generalised power-law expression.



Claeys et al. [15,29,30] studied the sintering of Co-based Fischer–Tropsch (FT) catalysts under industrially relevant conditions using an in-house developed in situ magnetometer. One of the studies [15] demonstrated that the sintering of Co particles takes place when the reaction environment consists of high CO and H2O partial pressures, and that the particle growth occurs due to the migration of Co sub-carbonyl species over the hydroxylated support. Another study from the group [30] showed irreversible deactivation of a Co-based catalyst under high H2O partial pressures due to oxidation and sintering of the oxidised Co particles via migration and coalescence. Since the use of the in situ magnetometer allows for studying catalysts under industrially relevant reaction conditions, we opted to investigate the effect of a simulated CO methanation reaction environment (i.e., PH2O/PH2) on the sintering and oxidation of Al2O3-supported Ni nanoparticles. The experiments were conducted under (i) different temperatures (350, 450, 550, and 650 °C) and (ii) different gas environments (pure Ar, and a PH2O/PH2 of 5). The chosen PH2O/PH2 of 5 corresponds to a CO conversion level of 94% during methanation. It should be noted that these conversion levels in CO hydrogenation are only attainable at the two lower temperatures (350 and 450 °C) applied in this study as the reaction is thermodynamically limited. Nonetheless, the same hydrothermal conditions were applied at the two high reaction temperatures where maximum theoretical conversions are 90% (550 °C) and 75% (650 °C), respectively. The Ni crystallite size distribution (and changes thereof) is determined via the Langevin method for superparamagnetic materials, as well as transmission electron microscopy (TEM) analysis.




2. Results and Discussion


2.1. Ex Situ PXRD and TEM


The Ni-loaded Al2O3 support obtained after drying at 100 °C was analysed using PXRD; however, the obtained diffraction pattern (in Figure S1) shows no reflexes from NiO or NiAl2O4. The only reflexes observed are those from the Al2O3 support. This could be a result of the low-targeted Ni loading of 4 wt% and/or the amorphous nature of the Ni-based phases caused by the low-temperature drying. As described in Section 3.1, the dried impregnated support was reduced in hydrogen at 500 °C, and thereafter, it was exposed to different temperatures (350, 450, 550, and 650 °C) and different gas environments (pure Ar at atmospheric pressure, and a PH2O/PH2 of 5 at 10 bar). Then, ex situ TEM analysis was performed on the (passivated) reduced and spent samples obtained after the tests conducted in the in situ magnetometer at 650 °C in an Ar and a H2O/H2 atmosphere, respectively.



Figure 1 shows the TEM images acquired, Figure 2 shows the derived number-based size distributions, and Table 1 summarises the number-based average particle sizes (and associated standard deviations). Figure 1a indicates that the reduced sample has relatively small Ni particles, which is also confirmed by the average size of 2.7 ± 1.1 nm (Table 1). After exposing the reduced catalyst to different temperatures in an Ar atmosphere, it can be observed that the particles show no significant growth (Figure 2b) and as a result, they exhibit an average size of 4.0 ± 1.1 nm, which is similar to the size obtained for the reduced catalyst. The sintering resistance of the Ni particles during this experiment may be a result of the stabilising effect from the Al2O3 support through the existence of strong nanoparticle–support interactions [31]. However, after exposing the freshly reduced catalyst to a steam/hydrogen atmosphere, significant particle growth is observed (Figure 2c), up to an average crystallite size of 18.9 ± 15.3 nm. Furthermore, the wide size distribution of this spent sample shows the presence of a few particles that are in the range of 20–70 nm. This particle growth can be attributed to the combination of the high H2O concentration and the high reaction temperatures reached, which has also been reported for other metal-based catalysts [32].




2.2. In Situ Magnetometry


2.2.1. Degree of Reduction


The stability of the Al2O3-supported Ni catalyst prepared was studied by exposing it to a range of reactor temperatures and two different gas environments: (i) pure Ar, and (ii) a mixture of H2O/H2. A magnetisation versus applied field measurement (M-H measurement) was carried out at 150 °C (below the Curie temperature of Ni0 of 358 °C [33]) after exposure of the catalyst to each temperature for 1 h. This M-H measurement was used to determine the degree of reduction (DOR, Equation (2)), particle size distribution, and the average particle size of the catalyst. Figure 3a shows the change in the sample magnetisation as a function of the applied magnetic field in an Ar environment after exposure to reactor temperatures ranging from 350 to 650 °C. These results show that the sample magnetisation did not change after exposure to 350, 450, and 550 °C. There is a slight decrease in the magnetisation observed after exposure to 650 °C, which is due to a misalignment of the reactor during this measurement and not due to any phase changes occurring in the sample, since Ar would not oxidise the catalyst. The results presented in Figure 3b, which were obtained after the tests in the H2O/H2 environment, show a decrease in the magnetisation with an increase in the treatment temperature. As detailed in Section 3.3, a loss in magnetisation corresponds to a phase change of the ferromagnetic metallic Ni to a non-ferromagnetic phase, such as NiO and/or NiAl2O4. Therefore, the results in Figure 3b show the detection of oxidation using the magnetometer, which can further be quantified and expressed as a (change in the) degree of reduction (DOR), based on a calibration of the magnetometer with a known mass of metallic Ni (see calibration in curve in Figure S2). Table 2 shows the DOR of the sample after exposure to the different temperatures under both gas environments.



The DOR decreases from 80.8 to 22.2% after the tests at 350 and 650 °C, respectively, in the H2O/H2 environment, while the DOR remained relatively constant between 350 °C (86.2%) and 550 °C (82.8%) during the tests conducted in Ar. The lower DOR at 650 °C in Ar (70.7%) was due to the misalignment of the sample as previously mentioned. Oxidation in the Ar environment was not expected; however, the addition of steam can lead to the oxidation of Ni0 to NiO, or to NiAl2O4 by reacting with the Al2O3 support. The oxidation to NiAl2O4 is thermodynamically more feasible than the oxidation to NiO at lower PH2O/PH2 for bulk materials (Figure S3); however, the oxidation of metals is a size-dependent phenomenon due to the decreased coordination of surface atoms [26,34]. This results in a lower PH2O/PH2 threshold for the oxidation of smaller nanoparticles when compared with the corresponding bulk material. Metallic Ni is the only ferromagnetic material in this study that is detectable with the magnetometer, and there is a possibility of both oxidation mechanisms occurring under the H2O/H2 environment. Therefore, the loss in magnetisation of the sample with increasing temperature can be attributed to either of the two oxidation mechanisms. However, the nature of the oxide phase(s) formed cannot be confirmed with the current in situ technique.



The oxidation of Ni under simulated reaction conditions has been observed in other studies, particularly at very high PH2O/PH2 (i.e., at ratios greater than 20) [27]. In the current study, significant oxidation is identified using a magnetometry-based technique at a relatively low PH2O/PH2 of 5. The observation of oxidation at low PH2O/PH2 is possible due to the small starting metallic Ni particles (2.7 ± 1.1 nm) [23,26], while oxidation at higher PH2O/PH2 in a previous study was detected for larger starting particles (14.2 nm) using XRD [27]. We note that the particles used in the present work are very small for detection using XRD, and this is in addition to the low Ni loading on the Al2O3 support. However, the ability to still study the oxidation and sintering of such small Ni particles demonstrates the higher sensitivity of the in situ magnetometer when compared with XRD [35].




2.2.2. Magnetometry-Based Size Analysis


To obtain size information from the results in Figure 3, the normalised magnetisation (M/Ms) can be calculated and analysed (see Figure 4). The remnant magnetisation at an applied field of 0 T (i.e., in the absence of an external magnetic field) is shown in Figure 5. This has been used to calculate γ (see Equation (3) [36]), which is the weight fraction of non-superparamagnetic particles (that are ferromagnetic and thermally blocked) with a size greater than the critical size (Dc) of 20 nm at room temperature for the superparamagnetic behaviour of metallic Ni [37]. However, since the M-H measurements were recorded at 150 °C, the critical size is estimated as ≈23 nm according to the dependence of    D c  ∝  T   1 3       [38]. These results can be found in Table 3. The  γ  value varies between 1.8 and 3.4 wt% after exposure of the reduced catalyst to different temperatures under Ar, indicating no significant nanoparticle growth above the critical size of metallic Ni. However, the sample tested in the presence of steam does show a significant increase in  γ  from 2.2 wt% after 550 °C to 8.4 wt% after exposure to 650 °C, which is indicative of sintering and substantial particle growth above the critical size. The low  γ  values calculated for all tests (which are less than 10 wt%) make these results suitable for analysis using the Langevin equation (see Equation (4) [36]), as the sample after each tested condition predominantly consisted of superparamagnetic material [36,39].



The application of the Langevin method for obtaining size information through a linear combination of Langevin curves as a function of size is described in Section 3.3. The M-H curves for the tests carried out in Ar (Figure 4a) show little (or no) change in shape, which qualitatively indicates no significant changes to the size of the metallic Ni particles. However, the change in the shape of the M-H curves in Figure 4b after exposure to elevated temperatures provides an indication of the size changes occurring during the hydrothermal tests (PH2O/PH2 of 5). A depiction of the effect of size on the Langevin curve can be found in Figure S4. The linear combination of these Langevin curves for different crystallite sizes was used to derive full volume-based size distributions after each tested temperature under the two gas environments.




2.2.3. Methods Used with the Langevin Equation


Volume-based size distributions were determined using three different methods based on the Langevin equation, viz., the lognormal, bimodal, and least squares method. A summary of the residual sum of squares obtained from this analysis for all three methods has been presented in Figure 6a, and an example of the determined size distributions using each method for the test performed at 550 °C in the H2O/H2 environment can be found in Figure 6b. The results for the other temperatures tested under the H2O/H2 environment can be found in Figure S5. The results for the lognormal and bimodal fits show the probability distribution shapes as expected, since the method used generates lognormal size distributions with a known mean and standard deviation. The best lognormal and bimodal fits that describe the experimental data with the lowest residuals were identified. The least squares method differs from the lognormal and bimodal methods in that any size distribution (i.e., a distribution not generated by a lognormal function) is possible. The least squares fit shows similar results to the bimodal method, with two peaks occurring in similar size regions (see Figure 6b). The residuals that were calculated for these three methods show that the best fits to the experiments were obtained using the least squares method at all temperatures (see Figure 6a). Therefore, the least squares method was used in further comparisons of the size distributions for the other tested temperatures under the different gas environments.




2.2.4. Derivation of Size Distributions from Magnetometry Data


Figure 7 shows the volume-based size distributions that were determined from the magnetometry data in Figure 4 by applying the Langevin method (the fits from this method can be found in Figures S6 and S7). These distributions show the stability of the nanoparticles under the Ar gas environment in the temperature range studied. More specifically, the volume-based average size varied between 4.1 and 4.2 nm (see Table 4), with only a slight broadening of the distributions observed at 550 and 650 °C (Figure 7a). In the H2O/H2 environment, the results show an increase in the average size with increasing temperature, from 4.2 to 9.3 nm (Table 4), as well as a broadening and development of a bimodal distribution (Figure 7b). The increased sintering in the presence of steam can be attributed to the possible formation of Ni(OH)x surface species, which facilitate the mobility of Ni nanoparticles [19,40,41]. In previous studies, it has been reported that the operating conditions, such as temperature, may cause the catalyst to sinter, with an increase in the sintering rate at elevated temperatures (650–800 °C) [41,42,43,44]. It is believed that atom migration is dominant at higher temperatures, while particle migration dominates at lower temperatures. In situ TEM studies have provided insights into the sintering of supported nickel catalysts through the observation of both mechanisms occurring at various temperatures. These studies have shown that catalyst properties such as interparticle separation, initial particle size, pore structure, and support heterogeneity affect the mechanism by which sintering occurs [40,45,46,47]. The size distributions presented in Figure 7b may suggest that particle migration and coalescence is dominant, especially since the position of the lower size bimodal peak at 550 and 650 °C shows a minimal change. This indicates that the smaller metallic Ni nanoparticles present in the sample do not decrease significantly in size, which would be characteristic of atom migration [48,49]. As previously mentioned, the in situ magnetometer can only study the physicochemical changes of the metallic Ni present in the sample, which is the active phase in the application of interest. According to thermodynamics, smaller nanoparticles in the system may be more susceptible to oxidation [26]. Therefore, due to the occurrence of oxidation in the reactor, a large percentage of smaller nanoparticles may be unaccounted for in the size distributions in Figure 7b, particularly after the test at 650 °C under the hydrothermal condition (see DOR data in Table 2).




2.2.5. Comparison of the Size Analysis from the TEM and Magnetometry Studies


The volume-based size distributions derived from the magnetometry data (via the Langevin method) can be compared with those derived from ex situ TEM analysis, as shown in Figure 8. It should be highlighted that the size distributions emanating from the Langevin method are volume-based, whereas the particle counts (in Figure 2) from the TEM analysis are number-based. However, the TEM-derived number-based size distributions have been converted to volume-based distributions to allow for a comparison with the magnetometry-derived ones (see Figure 8). The size distributions from the magnetometry studies have been scaled according to the calculated DOR (see Table 2) to account for the volume of metallic Ni in the sample measured using the magnetometer relative to the volume of sample detectable using TEM (i.e., metallic and oxidised Ni). Table 5 gives a summary of the volume-based average sizes from the two characterisation techniques.



The comparison in Figure 8 and Table 5 shows a strong agreement between the volume-based size distributions and the corresponding average sizes for the samples obtained after the tests conducted in Ar. The size distributions derived for the tests performed in the H2O/H2 environment differ between the two characterisation techniques, with a much larger average size of 49.7 nm calculated from TEM, compared with the size of 9.3 nm obtained from the magnetometry-based analysis (see Table 5). These differences can be explained by the fact that the Langevin method only includes superparamagnetic particles, which exist up to a certain critical size, and it excludes metallic Ni particles larger than this size and those that have oxidised (due to the presence of steam). The critical size of Ni at 150 °C, which is the temperature where the M-H measurements were conducted, is estimated to be 37.9 nm, as mentioned previously. The existence of a critical size provides an upper limit for any size measurements determined using the Langevin method. This is not the case for the TEM analysis; hence, it is expected that the volume-based average size from magnetometry would be lower than the TEM-derived average size since metallic Ni, NiO, and NiAl2O4 particles are potentially detectable using TEM independent of size. However, we were unable to distinguish the three mentioned Ni-based phases using TEM, and therefore, the size distributions in Figure 2 and Figure 8 may include particles from all three phases.



Nonetheless, it is important to note that both characterisation techniques confirm the occurrence of sintering in the H2O/H2 environment at elevated temperatures. In the case of the magnetometer, the size changes occurring in the sample were studied in situ under industrially relevant temperatures, pressures, and gas environments (e.g., a H2O-H2 mixture), and they revealed the development of a bimodal distribution for metallic Ni.






3. Materials and Methods


3.1. Catalyst Preparation


An alumina-supported nickel catalyst was prepared via incipient wetness impregnation [50]. The bare support (γ-Al2O3, PURALOX SCCa 5–150, SBET = 162 m2/g, VBJH pore = 0.47 cm3/g, dBJH pore = 11.5 nm, SASOL Germany) was pre-treated via calcination at 600 °C in a Nabertherm furnace for 2 h (heating rate: 10 °C/min) prior to the impregnation. Nickel(II) nitrate hexahydrate (Ni(NO3)2.6H2O, >97% purity, Sigma-Aldrich South Africa) was used to prepare the impregnation solution (0.2 g Ni(NO3)2.6H2O per mL of deionised water). A single impregnation was performed, and an Ni loading of 4 wt% was targeted. After the impregnation, the Ni-loaded support was dried at 120 °C for 24 h in a Memmert oven.




3.2. Ex Situ Catalyst Characterisation


Powder X-ray diffraction (PXRD) was performed in a Bruker D8 Advance Laboratory X-ray diffractometer operated at 35 kV and 40 mA, which was equipped with a cobalt source (λKα1 = 1.78897 Å) and a position-sensitive detector (VANTEC, Bruker AXS). The optics of the diffractometer were set to parallel beam geometry. A 2θ range of 20–130° was chosen as the measurement window. A step size of 0.01° and a time per step of 0.4 s was used, giving a total scan time of 1 h 14 min.



Transmission electron microscopy (TEM) was performed using a JEOL JEM-2100 (LaB6) microscope operated at an accelerating voltage of 200 kV in TEM mode. Hollow cone diffractive (HCD) imaging was done using a hardware implemented beam deflector system. The images were generated with a beam tilt of approximately 5.9 mrad using an objective aperture centred around the midpoint of the Ni(111) and NiO(012) diffraction peaks. This enabled a hollow cone dark field image to be created by preferentially using diffracted electrons originating from Ni and NiO phases. The regions with Ni and/or NiO that strongly diffract in this direction will appear brighter in the generated image. The observed particles in the acquired images were measured using the freeware ImageJ 1.15a [51]. Based on counting between 120 and 200 particles, the number- and volume-based size distributions, average sizes, and standard deviations were determined using the approach and equations in the book chapter by Bergeret and Gallezot (also see Equations (S1)–(S4)) [52].




3.3. Magnetism and Magnetometry


Magnetometry-based measurements were carried out using an in situ magnetometer [32,53,54] developed by the University of Cape Town and SASOL, South Africa. The magnetometer is capable of operating at temperatures up to 900 °C and pressures of 50 bar. A ½ inch stainless steel fixed bed reactor is placed at an air gap of 48 mm between two pole caps of the electromagnet (Bruker Analytik GmbH), which reaches a maximum field strength of 2 T under current-control mode. Magnetisation measurements can be taken under reaction conditions allowing for the determination of particle size and chemical phase changes occurring in samples with ferromagnetic material. In this study, only metallic Ni is detectable using the magnetometer since it is ferromagnetic, having a high mass-specific magnetisation (55.1 emu/g at 27 °C [55]) and a relatively high Curie temperature (358 °C [33]). The low mass-specific magnetisation of NiO (0.097 emu/g at 27 °C [56]) makes it undetectable in the magnetometer. This implies that the degree of reduction (DOR) can only be based on the magnetisation of the metallic Ni in the sample. The DOR can be calculated (Equation (2)) using the sample magnetisation, the loaded mass of unreduced Ni, and the instrument calibration based on a known mass of Ni (see Figure S2).


  D O R    ( % )  =    M  s a m p l e   ×  m  k n o w n      M  c a l i b r a t i o n   ×  X  l o a d i n g   ×  m  u n r e d u c e d   s a m p l e      



(2)







   M  s a m p l e     is the measured sample magnetisation of the sample (in emu) at a given temperature,    M  c a l i b r a t i o n     is the expected magnetisation of metallic Ni determined from the calibration curve at the same temperature,    X  l o a d i n g     is the targeted loading of Ni in the sample (4 wt%),    m  u n r e d u c e d   s a m p l e     is the mass of unreduced sample (1.5 g) loaded in the reactor, and    m  k n o w n     is the known mass of calibration sample (0.1 g).



Magnetisation measurements (M) taken as a function of the applied magnetic field (H), i.e., an M-H measurement, allows for the hysteresis behaviour of ferromagnetic materials to be studied. In these measurements, the saturation magnetisation can be measured at high field strengths, where the magnetic dipole moments within the magnetic domains of the material are in the direction of the applied field. Upon removal of the magnetic field, these ferromagnetic materials retain a portion of their magnetisation (i.e., remnant magnetisation (   M r   )), thus displaying hysteresis behaviour in the field loop. Below a certain critical size (which is ≈20 nm for metallic Ni at room temperature [37]), these materials no longer display remnant magnetisation in the absence of a magnetic field, thus displaying superparamagnetic behaviour. It should be noted that the critical size for superparamagnetism is temperature dependent, and while the critical size of Ni is not known at higher temperatures, it is thought that its dependence on temperature can be described according to    D c  ∝  T   1 3      [38]. The weight fraction of non-superparamagnetic particles (that are ferromagnetic and thermally blocked) having a size larger than the critical size—represented by the symbol γ—can be calculated from the saturation magnetisation (   M s   ) and the remnant magnetisation (Mr), as seen in Equation (3). The superparamagnetic behaviour of Ni nanoparticles can be described by the Langevin equation (Equation (4)) [36], from which size distributions can be determined by performing a linear combination of Langevin curves that approximate the experimental M-H results [34]. This technique allows for full volume-based size distributions below the critical size of metallic Ni to be obtained under reaction conditions. Samples with a γ value less than 10% are deemed to have a suitably high percentage of superparamagnetic material for analysis using the Langevin method.


  γ    (  w t . − %  )  =   2 ×  M r     M s     



(3)






   M   M s    = c o t h  (    ρ ×  σ s  × π × H ×  d 3    6 × k × T    )  −  (    6 × k × T   ρ ×  σ s  × π × H ×  d 3     )   



(4)







In Equation (4),  M  is the magnetisation of the sample,    M s    is the saturation magnetisation of the sample at high field strength,  ρ  is the material density,    σ s    is the mass-specific saturation magnetisation,  k  is the Boltzmann constant,  H  is the external magnetic field strength,  T  is the absolute temperature, and  d  is the volume-based particle size.



The experimental results required for this size analysis were obtained by recording the magnetisation as a function of the field strength from −2 T to +2 T and back to −2 T, with 65 measurements being taken over this range in 38 min. This measurement is referred to as an M-H measurement, as also mentioned above. Three approaches were taken in determining the size distribution that best fit the experimental M-H measurements. The first method involved calculating experimental Langevin curves from a range of lognormal size distributions with varying mean and standard deviation values. The fit with the lowest residual sum of squares to the experimental data was identified as the best fit. The second method involved a similar approach; however, the generated distributions comprised of two lognormal distributions and the best fit was identified as before. The third method was by performing least squares minimisation of the problem in Equation (5) subject to the constraints that all frequencies in the distribution are positive (Equation (6)). This minimisation problem was solved using a sequential quadratic programming (SQP) [57] algorithm implemented in SciPy [58]. In Equations (5) and (6),   v  (   d i   )    is the volume fraction of the nanoparticles of size    d i    and   L  (   d i   )    is the Langevin equation evaluated at a size of    d i   .


   M   M s    =   ∑   i = 1  n  v  (   d i   )  × L  (   d i   )   



(5)






  v  (   d i   )  > 0  



(6)







3.3.1. In Situ Reduction Studies in a Hydrogen Atmosphere


First, 1.5 g of the Ni-loaded support was activated in situ before performing the thermally induced sintering and oxidation studies at different temperatures (350, 450, 550 and 650 °C) and gas environments (i.e., in a flow of Ar, and a flow of PH2O/PH2 = 5, respectively). The sample was reduced at atmospheric pressure by flowing 50 mL(NTP)/min/gcat of H2 while heating the reactor from room temperature to 500 °C (heating rate: 5 °C/min), and then keeping this final temperature for 12 h. The Curie temperature of metallic Ni is 358 °C [33], and above this temperature, Ni will not display any magnetisation; i.e., it will become paramagnetic. To obtain a meaningful M-H measurement, this had to be taken at a temperature well below the Curie temperature. Therefore, the sample was cooled to 150 °C (cooling rate: 10 °C/min) under an Ar flow (100 mL(NTP)/min), which served as the reference temperature for taking M-H measurements in all subsequent tests (see Section 3.3.2 and Section 3.3.3). Upon reaching 150 °C, a full M-H measurement (38 min) was performed by taking 65 magnetisation readings from −2 to +2 T and then back to −2 T.



For the purpose of characterising the reduced catalyst ex situ, the reactor was cooled to room temperature, and then, carbon dioxide was flowed over the sample for 1 h to passivate the metallic Ni nanoparticles.




3.3.2. In Situ Sintering Studies in an Inert Atmosphere


The effects of elevated temperature on crystallite growth were investigated by exposing the reduced catalyst to different temperatures, i.e., 350, 450, 550, and 650 °C. These tests were conducted at atmospheric pressure in an inert environment (Ar flow: 100 mL(NTP)/min). After reduction, the reactor was cooled to 350 °C (cooling rate: 10 °C/min), which was held for 1 h. Thereafter, the reactor was cooled down from 350 to 150 °C (cooling rate: 10 °C/min) before taking an M-H measurement. The reactor was heated again from 150 to 400 °C (heating rate: 5 °C/min) and then to 450 °C (heating rate: 1 °C/min), which was kept constant for 1 h before decreasing the temperature back to 150 °C in order to record an M-H measurement. The remaining tests at 550 and 650 °C were also conducted in a similar manner as described above.



After the final test at 650 °C, the reactor was cooled to room temperature in Ar (100 mL(NTP)/min). Then, carbon dioxide was flowed through the reactor for 1 h to passivate the metallic Ni for further ex situ characterisation.




3.3.3. In Situ Sintering and Oxidation Studies in a Steam/Hydrogen Atmosphere


The effect of water vapour on crystallite growth and oxidation of the reduced catalyst was investigated by co-feeding steam and hydrogen into the reactor at 350, 450, 550, and 650 °C. The reactor was pressurised to 10 bar by flowing 100 mL(NTP)/min of Ar. Thereafter, the reactor was bypassed by allowing Ar to flow through a stainless steel SiC-filled 150 mL vaporising vessel (heated to 180 °C). The gas was switched from Ar to H2 (25 mL(NTP)/min); then, an HPLC pump was used to flow 0.10 mL/min of deionised liquid water to the vaporising vessel, to allow for a steam/hydrogen partial pressure ratio (PH2O/PH2) of 5. Then, the gas flow was reverted to the reactor to begin the experimental condition. A PH2O/PH2 of 5 corresponds to a CO conversion to CH4 of 94% (see Equation (7)); therefore, this experimental condition simulates the effects of water vapour at the high conversions associated with the methanation process, despite the thermodynamic infeasibility at high temperatures (550 and 650 °C).


     p   H 2  O      p   H 2      =  x  3 − 3 x    



(7)







     p   H 2  O      p   H 2        is the steam/hydrogen partial pressure ratio and  x  is the fractional conversion of CO to CH4 (i.e., 0 ≤  x  < 1), assuming the chemical reaction in Equation (7).



The reactor was cooled from 500 to 350 °C after reduction (cooling rate: 10 °C/min). At 350 °C, the gaseous H2O/H2 mixture flowed through the reactor for 1 h. Thereafter, the flowing gas was changed to Ar (100 mL(NTP)/min), the vaporising vessel was bypassed, and then the reactor was cooled to 150 °C (cooling rate: 10 °C/min). The liquid water from the HPLC pump was diverted away from the vaporising vessel to the purge. The system was depressurised to atmospheric pressure and the Ar was flowed for an additional 30 min at 150 °C to ensure that all H2O and H2 have been purged before taking M-H measurements. This process was repeated for the subsequent tests at 450, 550, and 650 °C.



The spent catalyst sample was passivated by flowing CO2 through the reactor for 1 h at room temperature and atmospheric pressure, prior to unloading, in preparation for further ex situ characterisation.






4. Summary and Conclusions


Nickel-based catalysts are widely used for the hydrogenation of CO to CH4 due to their relatively low cost as well as high activity and selectivity towards CH4. However, these catalysts can experience different deactivation mechanisms during methanation, with sintering and oxidation being among the well-known ones. Therefore, our current work has investigated the extent of sintering and oxidation of reduced Al2O3-supported Ni nanoparticles using in situ magnetometry under simulated CO methanation conditions, involving different temperatures and gas environments. Since metallic Ni is ferromagnetic, changes to its chemical and/or physical characteristics under reaction conditions could be monitored using magnetometry.



We have shown that increasing the temperature from 350 to 650 °C (every 100 °C) under an Ar flow at atmospheric pressure does not cause significant changes to the average size and DOR of the starting metallic Ni particles. The minimal (or absence of) sintering may be due to the presence of the Al2O3 support and consequently, the existence of strong nanoparticle–support interactions. The chemical phase stability of the metallic Ni can be attributed to the inertness of Ar. When the gas environment is changed from Ar to hydrothermal conditions (PH2O/PH2 of 5) at 10 bar, and the temperature is increased from 350 to 650 °C, the metallic Ni particles gradually oxidise (i.e., lose their relative magnetisation), which causes a decrease in the DOR from 86.2 to 22.2%. The oxidation of the metallic phase (to possibly NiO and/or NiAl2O4) is attributed to the presence of H2O, which is a relatively strong oxidising agent. Furthermore, co-feeding steam and hydrogen caused a significant growth in the average size of the un-oxidised metallic particles from 4.2 to 9.3 nm (based on magnetometry) as well as the development of a bimodal distribution. This sintering behaviour can be attributed to the possible formation of Ni(OH)x surface species, resulting in particle migration. Sintering in the presence of steam has also been observed for other metallic particles (e.g., Co [15,38]). Ex situ TEM analysis of the spent catalysts also confirmed the sintering of the Ni-based particles after the hydrothermal treatment showing an increase in the volume-based average size of 3.8 to 49.7 nm.



Thus, we have confirmed the sintering and oxidation of Ni catalysts under hydrothermal conditions using magnetometry-based in situ characterisation. We have also shown that magnetometry-based analyses can be used to obtain size information (i.e., volume-based size distributions and average sizes of superparamagnetic particles) that is analogous to the size information from TEM analyses, in that they both confirm the occurrence of sintering. More importantly, the magnetometry-based studies could be conducted in situ, i.e., without removal of the catalyst from the reactor.
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Figure 1. Hollow cone dark field TEM images of the Ni/Al2O3 catalyst acquired after (a) reduction at 500 °C, as well as after exposure to (b) Ar at atmospheric pressure, and to the (c) hydrothermal condition (PH2O/PH2 of 5) at 10 bar at 650 °C. 
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Figure 2. Number-based size distributions derived from the acquired TEM images of the Ni/Al2O3 catalyst after (a) reduction at 500 °C, as well as after exposure to (b) Ar at atmospheric pressure, and to the (c) hydrothermal condition (PH2O/PH2 of 5) at 10 bar at 650 °C. 
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Figure 3. Full M-H measurement results measured at 150 °C after exposure to different temperatures under (a) Ar at atmospheric pressure, and the (b) hydrothermal condition (PH2O/PH2 of 5) at 10 bar. 
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Figure 4. Normalised magnetisation (M/Ms) as a function of the applied magnetic field measured at 150 °C after exposure to different temperatures under (a) Ar at atmospheric pressure, and the (b) hydrothermal condition (PH2O/PH2 of 5) at 10 bar. 
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Figure 5. Magnified region of the normalised magnetisation plots in Figure 4 to display the remnant magnetisation around 0 T measured at 150 °C after exposure to different temperatures under (a) Ar at atmospheric pressure, and the (b) hydrothermal condition (PH2O/PH2 of 5) at 10 bar. 
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Figure 6. (a) Comparison of the residual sum of squares for the three Langevin-based methods applied for each temperature tested under the hydrothermal condition (PH2O/PH2 of 5) at 10 bar. (b) Example of volume-based size distributions derived from the linear combination fitting of Langevin curves to the experimental data obtained under the hydrothermal condition at 550 °C. 
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Figure 7. Volume-based size distributions derived from the magnetometry data in Figure 4 (via the Langevin method) as a function of temperature under (a) Ar at atmospheric pressure, and the (b) hydrothermal condition (PH2O/PH2 of 5) at 10 bar. 
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Figure 8. Comparison of the volume-based size distributions derived using the data from ex situ TEM and in situ magnetometry. The size distributions from the TEM analysis are normalised to the modal size for each spent sample. The results for these same distributions, but normalised to the total volume, can be found in Figure S8. The distributions from the magnetometry-based measurements have been scaled using the DOR to allow for an accurate comparison with the TEM distributions. 
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Table 1. Summary of the number-based average particle sizes and standard deviations derived from TEM analysis.
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	Condition
	dn, TEM

(nm)





	Post-reduction at 500 °C, atmospheric pressure
	2.7 ± 1.1



	Post-exposure to Ar at 650 °C, atmospheric pressure
	4.0 ± 1.1



	Post-exposure to PH2O/PH2 = 5 at 650 °C, 10 bar
	18.9 ± 15.3
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Table 2. Degree of reduction after each tested temperature under different gas environments.






Table 2. Degree of reduction after each tested temperature under different gas environments.





	
Temperature (°C)

	
Degree of Reduction (%)




	
Ar

	
H2O/H2 = 5






	
350

	
86.2

	
80.8




	
450

	
85.6

	
67.4




	
550

	
82.8

	
54.0




	
650

	
- *

	
22.2








* The DOR (70.7%) is lower due to the misalignment of the reactor during this measurement. Further results for this measurement remain unaffected by the misalignment.
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Table 3. Calculated  γ  values after each tested temperature under the different gas environments.






Table 3. Calculated  γ  values after each tested temperature under the different gas environments.





	
Temperature (°C)

	
     γ     (   w t    %  )     




	
Ar

	
H2O/H2 = 5






	
350

	
2.8

	
0.9




	
450

	
1.8

	
1.5




	
550

	
3.4

	
2.2




	
650

	
1.8

	
8.4
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Table 4. Volume-based average sizes calculated from the magnetometry data (via the Langevin method) for each temperature tested under the different gas environments.






Table 4. Volume-based average sizes calculated from the magnetometry data (via the Langevin method) for each temperature tested under the different gas environments.





	
Temperature (°C)

	
dv, mag




	
Ar

	
H2O/H2 = 5






	
350

	
4.1 ± 0.8

	
4.2 ± 0.7




	
450

	
4.1 ± 0.9

	
4.6 ± 1.6




	
550

	
4.1 ± 1.2

	
7.4 ± 2.2




	
650

	
4.2 ± 3.1

	
9.3 ± 2.9
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Table 5. Summary of the volume-based average particle sizes and standard deviations from the TEM and magnetometry studies.






Table 5. Summary of the volume-based average particle sizes and standard deviations from the TEM and magnetometry studies.





	Condition
	dv, TEM

(nm)
	dv, mag

(nm)





	Post-reduction at 500 °C, atmospheric pressure
	3.8 ± 1.0
	4.0 ± 0.8



	Post-exposure to Ar at 650 °C, atmospheric pressure
	4.9 ± 1.1
	4.2 ± 3.1



	Post-exposure to PH2O/PH2 = 5 at 650 °C, 10 bar
	49.7 ± 14.8
	9.3 ± 2.9
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