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Abstract

The influence of redox dynamics of a Ni/MgAIl oxide catalyst for dry reforming of methane (DRM) at high
temperature was studied to correlate structural stability with catalytic activity and coking propensity.
Structural aging of the catalyst was simulated by repeated temperature-programmed reduction / oxidation
(TPR/TPO) cycles. Despite a very high Ni loading of 55.4 wt.-%, small Ni nanoparticles of 11 nm were
obtained from a hydrotalcite-like precursor with a homogeneous distribution. Redox cycling gradually
changed the interaction of the active Ni phase with the oxide support resulting in a crystalline Ni/fMgAl,O,-
type catalyst. After cycling the average particle size increased from 11 to 21 nm - while still a large fraction
of small particles was present - bringing about a decrease in Ni surface area of 72%. Interestingly, the
redox dynamics and its strong structural and chemical consequences were found to have only a moderate
influence on the activity in DRM at 900 °C, but lead to a stable attenuation of carbon formation due to a
lower fraction of graphitic carbon after DRM in a fixed-bed reactor. Supplementary DRM experiments in a
thermobalance revealed that coke formation as a continuous process until a carbon limit is reached and

confirmed a higher coking rate for the cycled catalyst.

1 Introduction

Fossil power generations emit large amounts of the greenhouse gas CO, [1,2]. For the energetic
utilization of anthropogenic CO,, dry reforming of methane (DRM, eq. 1) is an interesting option to convert
these two greenhouse gases into syngas (CO/H, mixtures) [3]. DRM can be integrated in the well-
established downstream syngas chemistry leading to synthetic fuels like alcohols or hydrocarbons [4].
Reforming with CO,, rather than steam reforming with H,O yields syngas with lower H,/CO ratios, which is
especially attractive for attractive for oxo synthesis (Hydroformylation) of aldehydes from alkenes and
possibly also for Fischer—Tropsch synthesis of long-chain hydrocarbons [5,6].

Apart from expensive noble metals, abundant nickel based catalysts are known to be highly active in the
dry reforming reaction, but suffer from fast deactivation by coking [7,8] that can even lead to reactor
blocking. Carbon deposition originates mainly from the exothermic Boudouard reaction (eq. 2) or from
methane decomposition (eq. 3). Additionally, a deviation from the expected CO:H, ratio of 1:1 composition
is usually observed due to the reverse water gas shift reaction (eq. 4). We have recently reported that

mitigation of coking over a Ni-based catalyst is possible by operating the reaction at elevated
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temperatures of 900 °C [9]. This effect is likely due to the thermodynamic suppression of the Boudouard
reaction at such high reaction temperature. Thus, operation at high temperature might be an attractive

option for the application of cheap Ni-based catalysts for the DRM reaction.

CO,+CH,; > 2CO+2H, AHyes = 247 kJ mol™ (1)
2CO —CO,+C AHyeg = -172kJ mol™ 2)
CH, > C+2H, AHyes = 75 kJ mol™ ©)
CO, + H, — CO + H,0 AHys = 41 k mol™ (4)

While Ni-based catalysts are extensively studied in this reaction [10,11], most reports have looked at
reaction temperatures up to around 800 °C. It is thus desirable to learn more about the coking behavior,
the structural and catalytic stability at such high temperature where only limited information is available in
the literature.

Several attempts have been made to suppress coke formation on Ni catalysts using different supports.
The addition of basic promoters such as CaO or MgO to Ni/Al,O3 catalysts can increase the activity and
reduce carbon formation [12,13]. The Lewis basicity of these promoters enhances the chemisorption of
CO, [14], a characteristic that is proposed to reduce the Boudouard reaction by shifting the equilibrium
towards CO. The relation of carbon deposition and the catalyst structure was studied by Chen and Ren
[15] for a Ni/Al,O3 catalyst. They reported on the influence of strong Ni-Al,O; interactions on the catalytic
properties during DRM. The formation of a NiAl,O,4 spinel was found to have a suppressing effect on the
carbon formation. Furthermore, the reduction of NiAl,O, compared to NiO results in smaller Ni crystallites
[16].

In this work we present an attempt to relate structural stability and redox dynamics of a Ni catalyst with its
coking propensity. The catalyst under study contains 55 wt.-% Ni supported on a mixed Mg,Al oxide that
was obtained from a co-precipitated Hydrotalcite-like precursor as described in a previous report [9]. The
structural and redox stability of the catalyst was tested by subjecting the precursor either to only one
calcination and reduction treatment or to multiple TPR/TPO cycles. It has been recently shown that the
calcination conditions can have substantial effects on the catalytic performance of Ni/La,03-ZrO, catalysts
in the low-temperature DRM reaction [17]. On Ni/Al,O3 catalysts, Guilhaume et al. [18] have observed
significant structural and chemical changes of Ni/Al,O5 catalysts as a consequence of such redox cycling.

They found, that Ni is initially incorporated in a spinel phase formed with the support and that redox
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cycling at low temperatures progressively extracts metallic Ni from the spinel-type structure. While their
catalysts were tested in sequential cracking of acetic acid, we have tested our materials for their DRM
activity and coke formation rates in a tubular plug-flow reactor and in a magnetic suspension

thermobalance.

2 Results and Discussion

2.1 Catalyst preparation and characterization

We have shown recently [9] that Ni nanoparticles supported on a matrix of Mg and Al oxide can be
obtained by the preparation of hydrotalcite-like compounds (htl) as well-defined precursor materials. The
resulting catalysts are characterized by a homogeneous metal distribution and very small Ni particles that
are embedded and therefore stabilized at high temperatures in a Mg,Al mixed oxide matrix. The catalyst
used here was prepared via a hydrotalcite-like (htl) precursor of the nominal composition
Nig5sMgo.17Alo.33(OH)2(CO3)o 17 - MH,O. The precursor compound can easily be prepared from metal
nitrates in a phase-pure form by pH-controlled co-precipitation [9]. The Ni content of 50 mol% (metal
based) corresponds to a 55.4 wt.-% Ni loading in the final catalyst. The 1:2 ratio of Mg to Al in the oxidic
matrix was chosen to enable MgAl,O, spinel formation, a sintering-stable ceramic compound. The
platelet-like precursor particles provides a specific BET area of 131 m® ge". The calcination was
performed at 600 °C. We showed already that this temperature is sufficient for the complete
decomposition of the hydrotalcite-like precursor. The calcination in air leads to an increase to 213 m? gca{l
due to shrinkage of the platelets. The characterization details of the phase pure precursor and the
calcined product are described in our previous study [9].

The reduction behavior of the calcined material has been investigated using TPR. A single broad peak
was observed in the temperature range between 450 and 850 °C. The TPR profile reflects a one-stage
process with a maximum at 685 °C (Ni50-TPR1, Figure 1la). On the basis of the TPR profile a reduction
temperature of 800 °C was chosen for the following experiments. At this temperature the reduction will be
terminated when adding a subsequent holding period of 1 hour. The catalyst obtained after reduction at
800 °C is labeled Ni50-TPR1 in this study. It is characterized by small Ni particles of 11 nm, which are

partially embedded in an oxide matrix with a high specific Ni surface area of 25 m” g~ (Table 1, Figure



3) [9]. The elemental distribution (Figure 6a), determined by TEM-EDX at different locations is rather
homogeneous and the average molar composition is close to the nominal values (Ni/Mg/Al: 57/14/30 (£5);
nominal 50/17/33). A comparison of the TPR profile with the reduction profile of a NiAl,O, reference
material, suggests on a first sight the presence of Ni** in a NiALO, phase formed during the first
calcination (TPOO0). However, the corresponding XRD pattern revealed the presence of a rock salt-type
oxide MO (M = Ni, Mg) and a small fraction of Al,O3 (Figure 2a). The reflexes in general are relatively
broad indicating a low crystallinity. An unambiguous discrimination of NiO and MgO is difficult due to very
similar lattice constants and the low crystallinity of the obtained material. Though, the presence of NiO
seems more likely looking at higher angles > 100 °26, where the differences are more distinct due to the
widening of the d-space (see inset Figure 2a). Thus, although the formation of NiAl,O, in nickel/alumina
catalysts during oxidation is reported in many publications [16,19,20,21,22], our catalyst might be better
described as a NiO phase that is strongly interacting with the oxide matrix. Based on XRD, a spinel phase
seems to be absent or X-ray amorphous, as no peaks corresponding to MgAl,O, or NiAlL,O, are
detectable (Figure 2a). However, the interpretation of the XRD results is usually difficult. Zielinski [16]
suggested that the nickel oxide particles are covered by a tight nickel aluminate layer, which determines
the reduction behavior while large particles of pure NiO covered by the nickel aluminate layer can be seen
in XRD as NiO. This would explain the spinel-like character of the TPR1 profile with simultaneous
absence of NiAlLO, in the XRD. It has been shown, that higher calcination temperature and longer
calcination time increases the metal-support interaction and the fraction of nickel aluminates, resulting in a

higher reduction temperature compared to free nickel oxide and increased crystallinity [9,16].

2.2 TPR/TPO cycling

To investigate the influence of redox cycling on the structural properties and on the catalytic performance
of the catalyst in detail, consecutive TPR/TPO experiments were conducted. The TPRs were performed
up to 800 °C, the TPOs up to 600 °C, analogous to the calcination process. This procedure was repeated
several times and the results are presented in Figure 1. The TPR experiments of the calcined or
reoxidized Ni50 catalyst are labeled TPRn, where n is the number of cycles, and the corresponding
samples are named Ni50-TPRn. Accordingly, the reoxidation profiles are labeled TPOn, with n as the

number of cycles, and the corresponding sample are denoted Ni50-TPOnN.



During the redox cycles the TPR profile markedly changed (Figure 1a), whereas the total amount of H,
consumed remained constant and corresponds to a reduction degree of 98% of the NiO. The temperature
of maximum hydrogen consumption shifted from 685 °C to 392 °C. Although slight changes might still be
present, we consider the system as stable after 16 cycles. Comparison of the profile of TPR16 with the
profile of an unsupported NiO reference shows a clear agreement, except for the slowly vanishing
shoulder at higher temperatures. We conclude that the (final) Ni phase after 16 reduction-reoxidation
cycles consists primarily of NiO. Thus, redox cycling under the applied conditions causes the gradually
transition from a strongly interacting “NiAl,O4,—like” into a NiO-like phase with considerably lower
interaction to the support. Changes are also observed in the corresponding TPO profiles during
reoxidation (Figure 1b). Starting from a single broad peak at 220 °C, the peak maximum is shifted
upwards to 313 °C with an arising shoulder at higher temperatures. The still slightly “bimodal” profiles after
the cycling (TPR16 and TPO16) suggest the presence of more than one Ni phases, with the above-
mentioned NiO being the dominant one. We note that the difference between calcination and TPO is the
nature of the catalytic material. A well dispersed hydrotalcite on the one hand and metallic Ni° dispersed
on the oxide on the other hand. The activity of Ni° towards the support oxide is not the same in the two
cases. In the second case, the kinetics of the "NiAl,O,-like" formation is slower. It cannot be excluded that
an extended calcination time in the TPO measurements could lead to a spinel-like structure.

After the 20" TPO run, the corresponding XRD pattern revealed an increase in crystallinity of the material
in comparison to the primary calcined sample, as suggested by more narrow reflections (TPOZ20), Figure
2b). The sample can be identified as mainly NiO, which is in agreement with the TPR experiments. The
major difference to Ni50-TPOL1 is the presence of a spinel phase, which is presumably MgAIl,O,. It is
noted that an unambiguous assignment of the spinel phase is not possible by XRD, due to similar lattice
constants of NiAl,O, and MgAl,O, and the still relatively low crystallinity.

The average molar composition of Ni50-TPR21, as determined by TEM-EDX, is still close to the nominal
values (Ni/Mg/Al: 52/16/31 (x5); nominal 50/17/33). However, the elemental distribution determined at
different locations is not homogeneous anymore. The Ni content is strongly fluctuating (Figure 6b), while
the local Mg:Al ratios stays constant at approximately 1:2 in agreement with the formation of MgAIL,O,.
This observation indicates that the NiO and the MgAl,O, phase segregated as a result of redox cycling as

is also suggested by XRD.



TEM and H, pulse chemisorption measurements were performed to estimate the dispersion and size of
the metallic Ni particles after redox cycling. The structural changes and the thermal stress during cycling
result in a significant decrease in Ni surface area and Ni dispersion. The metallic Ni surface area shrinks
from 25 for Ni50-TPR1 to 7 m? gca{l for Ni50-TPR18 (Table 1). This loss of surface area is also reflected
in the TEM images where some sintered Ni particles were observed (Figure 4a). However, a statistical
evaluation of the particle sizes revealed that the average particle size (arithmetic mean) increased only
slightly to 13.4 nm (Table 1) compared to Ni50-TPR1, while the median particle size dso (the diameter
where 50% of the measured particles are below/above) even remained constant. However, the size
distribution is substantially skewed to larger sizes because of sintering, which is described by the log-
normal distribution (Figure 5b). Accordingly, the volume-weighted mean Ni particle size, which is more
sensitive to the presence of larger particles, increased to 21.0 nm (Table 1). Ni50-TPR1 on the other hand
is characterized by a quite narrow size distribution, as described by the Gauss function (Figure 5a).
Hence, the volume-weighted mean Ni particle size is only slightly larger than the arithmetic one in this
sample. The presence of crystalline MgAl,O, is proven from power spectra evaluation of selected areas of
the matrix in TEM images (Figure 4b).In summary, the structural ageing of the Ni50 catalyst upon redox
cycling leads to lower dispersion and sintering of the Ni particles produced by reduction. This effect is
accompanied by crystallization of the oxide matrix into MgAl,O,4. In the resulting stable Ni/MgAI,O,
catalyst the interaction of the redox-active Ni phase to the crystalline support is lower than in the starting
material as indicated by the lower temperature of the TPR signal. This lower interaction with the crystalline

support is likely the origin of a higher particle mobility leading to sintering at high temperature.

Table 1. Composition and particle sizes of the reduced samples determined by TEM and H, chemisorption.

Sample label Particle size distribution® / nm Ni SA® / m? gca{l Ni Dispersiond | %
PS dn” Median dso PS dv°
Ni50-TPR1 10.4 £3.2 (St.D.) 10.4 11.4 25.0 6.8
Ni50-TPR2 - - - 20.5 5.6
Ni50-TPR3 - - - 14.3 3.9
Ni50-TPR18 - - - 7.0 1.9
Ni50-TPR21 13.4 +£10.1 (St.D.) 10.3 21.0 - -

& determined by TEM
b number-weighted mean patrticle size
¢ volume-weighted mean particle size
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Figure 4. TEM micrographs of 21 times redox cycled sample, Ni50-TPR21; a) catalyst agglomerate with sintered
Ni particles, b) Ni nanoparticle in crystalline matrix. Insets are showing the power spectra of selected

marked areas of the MgAI>O4 matrix.
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Figure 6. TEM-EDX elemental Ni,Mg,Al distributions of Ni50-TPR1 (a) and Ni50-TPR21 (b).

2.3 Catalytic properties and coking behavior

The effect of the microstructural changes upon redox cycling on the catalytic performance of the fresh
catalyst Ni50-TPOO and of the catalyst Ni50-TPQO18 after 18 TPRO cycles was investigated in the dry
reforming of methane (DRM) in a tubular reactor. After a reduction up to 800 °C in 4% H, in Ar, DRM was
performed at an oven temperature of 900 °C for 10 h time on stream with a CO,/CH, feed ratio of 1.25 at
atmospheric pressure. The excess of CO, is chosen to reduce coke formation. According to Gadalla et al.
[5] the temperature limit for carbon deposition increases as the CO,/CH, feed ratio decreases. The degree
of methane conversion is given after 1 and after 10 hours. The “fresh” catalyst (equivalent to Ni50-TPR1)

performs stably over 10 hours with a high degree of methane conversion of 76 % (Table 2, Figure 7Figure
10



‘ #a). Even in long-term experiments the catalyst showed a remarkable stable activity at 900 °C, still
achieving 94 % of the initial CH4 conversion after 100 h [9]. This is attributed to the stabilizing effect of the
oxide matrix. Even though the number of surface metal sites is reduced drastically, the catalytic test of the
19 times TPR/TPO cycled catalyst (equivalent to Ni50-TPR19) resulted in a slightly higher degree of

‘ conversion of 79 % with a likewise stable performance over 10 hours (Table 2, Figure 7Figure-7a). A non-
linear relationship of dispersion and catalytic performance has also been reported for other supported Ni
catalysts in the DRM reaction [17]. It is noted however that the temperature of the catalyst bed was 735
°C for Ni50-TPR1 and 760 °C for Ni50-TPR19 indicating stronger heat consumption due to the
endothermic reaction over the former material. Thus, the observed conversions should not be used for a
direct comparison of rates. It is noted that the bed temperatures however were stable during the 10 h
experiment indicating stability of the activity for both catalysts.

In summary, the effect of redox cycling leads to a higher effective bed temperature for the sintered
catalyst at otherwise similar conversion. Thus, the significant difference in accessible metal sites between
the two catalysts is likely reflected in a lower DRM rate leading to a less efficient self-cooling of the

catalyst. Both catalysts performed equally stable over 10 hours.

Table 2. Catalytic test results for the Ni/MgAl oxide catalysts for the dry reforming of methane at a furnace

temperature of 900 °C and characteristics of spent catalysts.

f a - b s . C
Sample label Metal S|tes_l / Xch, (1h) / % Xch, (10h) / % CO2 formathln / C formatlor_ll /
MmMol geat mMmol gcat mmol geat
Ni50-TPR1 639 76 76 54 51
Ni50-TPR19 179 79 79 45 98"

measured with H, pulse chemisorption
measured by TPO after 10 h DRM at Toven = 900 °C in a fixed-bed reactor
measured in a thermobalance after 10h DRM at 900 °C

a
b
Cc
d investigated sample: Ni50-TPR21
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Figure 7. DRM at Towen = 900°C: CH4 conversion after first reduction and after 18 TPR/TPO cycles (a); TPO
profiles of catalysts after 10 h TOS. Effluent mole fractions of CO, were detected while heating with 5 K
min™ in 4.5% OJ/Ar (b).
The formation of carbon species on the catalysts during DRM was quantitatively and qualitatively detected
by different in situ characterization methods, such as TPO and thermogravimetry as well as ex situ by
TEM. In TPO experiments performed subsequent to DRM, the carbon deposits are oxidized to CO, in an
O,-containing feed. Partial oxidation to CO was not observed. Therefore, the amount of CO, formed is a
measure of deposited carbon on the catalyst. The formation of carbonates on the support cannot be
excluded. The decomposition of carbonates can interfere with the carbon oxidation. Because the reaction
was followed by a holding period of 10 min and cooling in Ar for 2.5 h, carbonates are likely to decompose
under these conditions. Therefore the contribution of carbonates is neglected in the following analysis.
Despite the similar conversion, the amount of carbon is 54 mmol gca{l on Ni50-TPR1 and only 45 mmol
gca{l on Ni50-TPR19 (Table 2). This difference might also be affected by the divergent effective bed
temperatures. Caused by thermodynamics this can result in a lower amount of carbon at a higher
temperature. The corresponding TPO profiles are shown in Figure 7Figure—7b. On Ni50-TPR1, three
distinct peaks are distinguishable at 574, 688 and 781 °C, referring to different carbon species. On Ni50-
TPR19, the TPO profile displays the presence of only two distinct carbon species at 591 and 776 °C, the
latter showing a pronounced shoulder to lower temperatures.
Dudder et al. [23] performed TPO experiments of carbonaceous reference materials. Referring to their

results, we assign the low temperature peak to carbon filaments, whereas the high temperature peak fits
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well with the oxidation of high surface area graphite (HSAG). The origin of the small peak in the middle
might be assigned to the oxidation of less ordered carbon. Hence, a similar amount of carbon fibers are
formed after DRM on both catalysts, but the amount of graphitic carbon, that is thought to originate from
methane pyrolysis [9], was significantly reduced by the redox cycling treatment.

The presence of different amounts and types of carbon obtained was also seen in the TEM analysis of the
spent catalysts. After DRM of Ni50-TPR1 the initial catalyst morphology is partially still preserved, but the
Ni particles are sintered to some extent under working conditions (Figure 8a). In agreement with the TPO
results, at least two different carbon species can be found in the TEM micrographs in Figure 8: graphitic
carbon layers with and without inclusions of Ni particles (b) and tubular carbon nanofibers (c). Similar
results were obtained for the redox cycled catalyst Ni50-TPR19 (Figure 9a), which is also characterized
by graphitic as well as filamentous carbon after DRM (Figure 9b,d). In addition to these species, carbon
onions with isolated Ni particles were found (Figure 9c). All images indicate significant mobility of a
fraction of the Ni particles resulting in detachment from the supporting oxide matrix during formation of
carbon fibers (“tip growth”). It is noted that carbon exhibits a significant solubility in Ni at high
temperatures [24,25]. Thus, the graphitic onion-like carbon species might have formed by segregation
during cooling of a solid Ni-C solution that can form under steady state conditions [26]. The growth mode
of carbon on Ni also depends on the particle size. Only small enough particles, which are present in both
catalysts, will favor fiber or tube growth, while highly ordered graphene growth and graphite crystallization
was observed predominantly on Nilll terraces [27] that can be expected to a greater extent on larger
particles. According to these considerations, a design goal for high-temperature Ni DRM catalysts is the
formation of particles that are too large to trigger fiber growth, but at the same time exhibit a low fraction of
Nilll terraces and/or a blocking of carbon dissolution into the bulk by modifications of the surface, e.g.
through steps edge blocking [28] or SMSI-layers, or of the bulk, e.g. by the modified sub-surface

chemistry of an intermetallic compound [29,30] or alloy [31].
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Figure 8. TEM micrographs of the spent Ni50-TPR1, run in DRM for 10 h at a reaction temperature of 900°C: a)

catalyst agglomerate, b) Ni particle in graphitic carbon, c) isolated Ni particles in filamentous carbon.
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Figure 9. TEM micrographs of the spent Ni50-TPR19, run in DRM for 10 h at a reaction temperature of 900°C: a)
catalyst agglomerate, b) Ni particles in graphitic carbon, c) Ni particles in carbon onions, d) Ni particles in

filamentous carbon.

Additional to the results obtained in the tubular fixed-bed reactor, the coking kinetics during DRM at
Thaance = 900 °C of the fresh and of the cycled catalyst have been further explored in situ in a
thermobalance with a vertical geometry (Figure 10Figure-10). As in the tubular reactor, the catalysts have
been pre-reduced at 800 °C (Figure 10Figure-10a). The derived mass profiles are in good agreement with
the profiles shown during cycling (Figure 1a).

The fresh Ni50-TPR1 was compared to a 21 times cycled Ni50-TPR21 catalyst. In both cases a
continuous weight gain was observed during DRM at 900 °C due to carbon formation (Figure 10Figure
10b). Such an immediate carbon growth without an induction period indicates a rapid saturation of the

nickel surface and a prompt nucleation. After 17.5 h a saturation of the carbon formation was found for the
15



fresh catalyst and after 8 h for the redox cycled one. After leveling carbon is formed with only 0.4 to 0.5
wt.-% h™ and a total amount of about 123 wt.-% carbon was detected for both catalysts. The initial linear
formation rate of the carbon deposition was determined to be 7 wt.-% h™ for Ni50-TPR1 and 15 wt.-% h™
for Ni50-TPR21. Thus, the redox cycling resulted in an increased carbon formation rate and an increased
total amount of carbon from 51 to 98 mmol gca{l after 10 h, which is contrary to the observations made in
the fixed-bed reactor (Table 2). The decrease in coking rate might be caused by a blocked Ni surface due
to carbon depositions and sintering. However, CH, conversion (Eigure 10Figure-10c) and the yield of
syngas (Figure 10Figure-10d) were continuously detected in the exhaust gas of the balance by MS. It is
noted that a quantitative kinetic evaluation of the MS data is not possible. The large amount of undiluted
catalyst, the non-ideal flow conditions and the uncertainties of bed temperature and approach to
equilibrium in this experiment do not allow for a reliable catalytic evaluation of activity and stability. Thus,
a direct comparability with the experiments in the tubular reactor under much better kinetic control [23]
cannot be expected. However, it is noteworthy that the Ni50-TPR21 catalyst seems to be the more active
catalyst in the experiment in the thermobalance and shows a higher methane consumption rate. The
stability of the catalyst appears to be different in the thermobalance experiment. While both catalysts
showed a stable performance over 10 hours in the fixed-bed reactor, in the thermobalance the CH,
consumption rate increases with time as long as carbon is formed (Figure 10Figure-10c). Therefore it can
be assumed that carbon is mainly formed by methane pyrolysis. This effect is more pronounced for the
Ni50-TPR21 catalyst. Carbon saturation is followed by a slow deactivation. However, in the last about 3
hours TOS the conversion seems almost stable (see insets Figure 10Figure-10c).The H, to CO formation
ratio (Figure 10Figure-10d) slowly reaches a value of 1.1 after 20 hours for both catalysts in the expected
regime for DRM.

The DRM test was followed by a TPO for regeneration of the catalysts. The corresponding profiles as well
as the detected MS signal of CO, are displayed in Figure 10Figure-10e. For both samples, the first weight
increase in the TG-TPO profile corresponds to the reoxidation of metallic Ni starting from 250 °C. The
subsequent weight decline starting from 450 °C might overlap with the Ni reoxidation and is a result of
carbon combustion accompanied by the formation of CO,. As soon as all CO, is evolved the weight
increases abruptly around 650 °C. One possible explanation is that next to CO,, CO is formed during the

combustion process. Since CO is a strong reducing agent and can re-reduce the just formed nickel oxide.
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After all evolved CO is consumed Ni is oxidized again leading to the abrupt weight increase. An
alternative explanation is that two different Ni species are present. One readily accessible Ni species that
is not covered with carbon and therefore is oxidized first and another isolated Ni species that is enclosed
in graphitic carbon onions, as shown in Figure 9c. To reoxidize this Ni species, the carbon layers have to
be removed first. Due to the higher temperatures this 2" reoxidation happens faster resulting in the abrupt
weight increase. Because the mass loss during the reduction is slightly higher than the overall mass gain
during the oxidation, the second explanation is more likely. The distinction between different CO, peaks is
not possible from these measurements in contrast to the TPO experiments subsequent to activity tests in
the fixed-bed reactor. This indicates a diffusion limitation due to the high amount of carbon and a lack of
oxygen. Carbon on Ni50-TPRL1 is oxidized up to higher temperatures. This is in line with the observation
of more thermally stable graphitic carbon in the TPO profiles after DRM in the tubular reactor (Eigure
7Figure-7b).In summary, it was shown that the redox dynamics of the hydrotalcite-derived Ni catalyst have
a minor effect on the coking behavior in DRM at high temperatures. While the activity may be increased
by the redox cycles, the stability is not affected and a lower amount of graphitic carbon deposits was
observed after DRM in a fixed-bed reactor. Whereas, complementary performed thermogravimetric DRM
measurements identified a carbon limit, independent of the pretreatment. However, the redox cycled
catalyst reached this limit more rapidly. Carbon deposits are likely to be formed by methane pyrolysis,
which is an undesired side reaction that is promoted by high reaction temperatures, while the exothermic
Boudouard reaction shall be thermodynamically hindered. These results show that even at conditions
where pyrolysis is favored, there are kinetic factors due to the catalyst's microstructure that can mitigate
this side reaction. In the present case, these microstructural effects can be related to the sintering of the
Ni particles, their lower interaction to the support and/or the crystalline nature of the MgAIl,O, spinel. As
the change in the TPR profiles and the XRD patterns was much stronger than that in the Ni particle size
distribution, we suspect that this effect might rather be related to changes of the oxide component of the

DRM catalyst.
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Figure 10. DRM in a thermobalance of Ni50-TPR1 and Ni50-TPR21; pre-reduction in 5% Hy/Ar up to 800 °C (a),
DRM at 900 °C (b), CH4 conversion rate during DRM (c), H2/CO ratios during DRM (d) and subsequent
TPO in 21% O2/Ar (e).

3 Conclusion

A methodic approach was presented to address the structural stability and the catalytic properties, in
particular the coking behavior of Ni-based DRM catalysts at high reaction temperatures. The structural
aging of the catalyst was simulated by repeated redox cycles of a hydrotalcite-derived Ni,Mg,Al catalyst.
TPR/TPO cycles were found to gradually change the interaction of the redox-active Ni phase with the
oxide support resulting in a crystalline Ni/MgAl,O4-type catalyst. Despite a very high Ni loading of 55.4 wt.-
% and high reduction temperature of 800 °C, Ni nanoparticles of a size of only 11 nm were present in the
initially prepared catalyst. After cycling the particle size was increased to 21 nm with an increased
contribution of larger particles, bringing about a decrease in Ni surface area, while the majority of the
particles was still relatively small.

These redox dynamics (TPR/TPO) and the related structural changes were found to have only a
moderate influence on the activity in the DRM reaction at 900 °C. However, a decrease in coke deposition
was observed after DRM in a fixed-bed reactor, mainly due to a lower fraction of graphitic carbon.
Complementary DRM experiments performed in a thermobalance revealed that coke formation is a
continuous process until a carbon limit of 123 wt.-% is reached and that the redox cycling leads to faster

carbon formation.
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Further studies for a deeper understanding of the microstructural changes during redox cycling and their
positive effect on coking are needed and planned. The presented analytical methods will be used in the
future to study, which structural features of Ni catalysts determine the coking rate in DRM at high
temperatures and how they can be tuned by catalyst pre-treatment with the goal to identify an operational
window where coking on Ni catalysts can be suppressed to make them functional alternatives to noble-

metal based DRM catalysts.
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4 Material and methods

4.1 Synthesis conditions

The catalyst was prepared from a hydrotalcite-like (htl) precursor with the general formula NiMgge7-
xAlg 33(OH),(CO3)0.17 - MH,0O (x= 0.5) by constant pH co-precipitation. The amount of nickel was 50 mol%,
and equates to a Ni-loading of 55.4 wt% in the final catalyst. The precipitation took place in an automated
laboratory reactor (Mettler-Toledo Labmax) at T=50 °C from aqueous 0.6 M NaOH, 0.09 M Na,CO;
solution and 0.4 M aqueous metal nitrate solution at pH 8.5. The precipitate was aged for 0.5 h in the
mother liquor at 50 °C, filtrated, thoroughly washed with water until the conductivity of the filtrate was <

0.5mS cm™ and dried at 100 °C over night. The obtained precursor was calcined in air at 600 °C for 3 h.

4.2 Characterization

Powder X-ray diffraction (XRD) measurements were performed using a Bruker D8 Advance reflection
diffractometer equipped with a Lynx-Eye energy discriminating position sensitive detector (1D-PSD) using
CuK radiation. K@ radiation was suppressed with a Ni-filter. Step scans were performed from 5 to 140° 26
and a step size of 0.02° with a count time of 1 s/step.

Specific surface areas of the calcined material and the precursors were carried out by N, physisorption
(Quantachrome Autosorb-6) and evaluated using the BET method. The samples were outgassed for 4 h
at 80°C.

Temperature-programmed reductions (TPR) of the sample (41 mg) were performed in a fixed-bed reactor
(TPDRO-1100, CE Instruments). Prior to the TPR measurements, the sample was pretreated at 300 °C
for 30 min in 5 % O,/He to remove moisture and other adsorbed impurities. The TPR measurements were
performed up to 800 ° in 5 % Hy/Ar (80 Nml min'l), with a heating rate of 6 K min™, in a quartz tube. The
final temperature was hold for 1 h. The H, consumption was monitored with a thermal conductivity
detector (TCD). The TCD detector was calibrated by reducing a known amount of CuO. Likewise, the
temperature-programmed oxidations (TPO) were performed up to 600 °C in 5 % O,/He (80 Nml min'l),
with a heating rate of 6 K min™, in a quartz tube. The final temperature was hold for 1 h.

To determine the nickel metal surface area, a H, pulse chemisorption method was applied. Therefore the
samples were reduced in 5% H,/Ar (80 Nml min™), with a heating rate of 6 K min™ in a fixed-bed reactor.

After cooling down to 50 °C in Ar, a defined volume of H, gas (100 %) is introduced by pulse-dosing with a
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volume of 250 pl. The pulses were continued until no further uptake was detected. The Ni metal surface
area was determined assuming a dissociative chemisorption mechanism of hydrogen (Sf= 2; 2Ni/H,) [32].
The microstructure of the samples was examined by using Philips CM200 transmission electron
microscopes (TEM) equipped with a LaBg cathode or a field electron gun. High-resolution images were
taken with a CCD camera. For good statistics 40 to 80 images were taken for each sample on different
agglomerates and regions of the catalysts. For the investigation of the microstructure of the activated
catalysts the samples were reduced and subsequent passivated by slow increase of oxygen partial
pressure at room temperature. For the investigation of catalysts after DRM the samples were reactivated
by reduction and exposed to a second DRM run with the conditions described above to obtain the spent
samples for microstructural characterization. After cooling down, the catalysts were separated from the
dilutant by sieving. All samples were dispersed in chloroform and deposited on a holey carbon film
supported on a copper grid.

Thermogravimetric experiments for the investigation of coking behavior have been performed in a
Rubotherm thermobalance. Prior the experiment 120 mg (Ni50-TPR1) or 80 mg (Ni50-TPR21) of the
catalyst was reduced with 5 K min at 800 °C in 5% H,/Ar. Upon reaching the desired reaction
temperature the system was purged in Ar for 1 h. Afterwards the DRM was performed at 900 °C in 120
Nml min 40% CO, / 32% CH, / Ar for 10h. Subsequent to the reaction the carbonaceous deposits were
oxidized in 21% O,/Ar (214 Nml min™) and a linear heating rate of 5 °C min™. The final temperature of 800

°C was held for 1 h.

4.3 Catalytic performance

The catalytic experiments were performed in a continuous flow system at atmospheric pressure using a
fixed-bed tubular quartz reactor of 8 mm inner diameter. For steady state measurements a calibrated on-
line GC (Shimadzu 14-B) was used to analyze the product gas composition. For transient studies a
coupled IR-detector (CO, CO, & CH,) and a TCD for H, (Emerson MLT4 multi channel analyzer) and a
paramagnetic O, detector (Magnos 16) were used.

For the catalytic test, 10 mg of the calcined catalyst (sieve fraction of 250-355 um) was diluted with 490
mg of high purity SiC (sieve fraction of 125-180 ym). Initially, the catalyst was activated by reduction in 4%
Hy/Ar (99,9 %/99,999 %) and a total flow of 20 Nml min™ with a linear heating rate of 5 °C min™. The final

temperature was held constant for 30 min. Afterwards the catalyst was heated to the reaction temperature
22



of 900 °C in Ar (99,999 %). The dry reforming reaction was carried out with a gas mixture consisting of
CH4 (99,9995 %), CO, (99,9995 %) and Ar in a ratio of 32:40:28. The total flow was set to 240 Nml min’™,
The reaction was performed at constant furnace temperature with a reaction time of 10 h. The reaction
was followed by a holding period of 10 min and cooling in Ar for 2.5 h. In case the sample was not ex-situ
characterized by TEM directly after DRM, a subsequent TPO experiment was performed with a flow rate
of 40 Nml min™ of 4.5% O,/Ar (99,995 %/99,999 %) and a linear heating rate of 5 °C min™. The final

temperature of 800 °C was held constant until no more O, consumption was observed.
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