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ABSTRACT

We introduce a flame-based aerosol process for producing supported non-noble metal
nanocatalysts from inexpensive aqueous metal salt solutions, using catalysts for dry
reforming of methane (DRM) as a prototype. Flame-synthesized nickel-doped magnesia
(MgO) nanocatalyst (NiMgO-F) was fully physico-chemically characterized, and tested in
a flow reactor system, where it showed stable DRM activity from 500°C to 800°C. A kinetic
study was conducted and apparent activation energies were extracted for the temperature
range of 500-650°C. It was then compared with Ni-decorated MgO nanopowder prepared
by wet impregnation of 1) flame-synthesized MgO (NiMgO-Fl); and 2) commercial MgO
nanopowder (NiMgO-Cl), and with 3) NiMgO catalyst prepared by co-precipitation
(NiMgO-CP). NiMgO-F showed the highest catalytic activity per mass and per metallic
surface area and was stable for continuous H2 production at 700°C for 50 h. Incorporation
of potential promoters and co-catalysts was also demonstrated, but none showed
significant performance improvement. More broadly, nanomaterials produced by this
approach could be used as binary or multicomponent catalysts for numerous catalytic

processes.
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INTRODUCTION

Dry reforming of methane (DRM) converts methane and carbon dioxide, two major
greenhouse gases, to an equimolar mixture of hydrogen and carbon monoxide, ie.,
syngas, Equation (1). Compared to the other reforming reactions such as steam
reforming or partial oxidation, DRM produces a lower Hz to CO ratio that is suitable for
the production of liquid fuels via the Fischer-Tropsch process.! Although this process has
great potential for simultaneous COz2 utilization and syngas production, it is not considered
an industrially viable or mature technology. Challenges include undesirable side reactions
such as the reverse water gas shift reaction, Equation (2), which consumes part of the
produced H2 and produces unwanted water, and the Boudouard reaction, Equation (3),
and methane cracking, which deactivate the catalyst by carbon deposition, i.e., coking.?
While methane cracking is formally the sum of Equation (1) and Equation (2), and not
independent from a thermodynamic perspective, kinetically it is a distinct pathway to
carbon deposition. Hence, the synthesis of highly active and stable DRM catalysts
remains an important topic of investigation that continues to attract the attention of

researchers.3

CHs+CO252CO+2H:> (1)
CO2+H2 5CO + H0 (2)
2CO—- C+CO2 (3)

Supported catalysts using noble metals such as rhodium (Rh),* ruthenium (Ru),® and

platinum (Pt),® exhibit high activity and are relatively resistant to coking. However, the



high cost and limited availability of such metals constrain their use in the DRM process.’
Thus, lower cost catalysts based on non-noble metals such as nickel (Ni) could improve
the economics and practicality of this process.® Performance of supported Ni catalysts
can be comparable to that of noble metal-based catalysts due to their ability to activate
C-H bonds of methane, which is generally believed to be the rate-determining step in the

DRM reaction.®

One approach to address the drawbacks of Ni-based catalysts (mostly deactivation via
coke formation), is selection of an appropriate support. The mechanism of the DRM
process is strongly dependent on metal-support interactions.' For instance, silica (SiO2)-
based catalysts follow a mono-functional pathway (activation of both reactants by the
metal),’ while non-inert supports follow a bi-functional mechanism (activation of CH4 on
the metal and activation of CO2 by the support).'? Lewis base metal oxides promote the
adsorption of acidic CO2 and hinder coke formation through the reaction between CO:2

and the carbon produced by CH4 decomposition.'3

Another approach to limit the disadvantages of Ni-based catalysts involves using Ni
particles with a small diameter. Ni nanoparticles with dimensions below a critical diameter
(< 9 nm) and narrow size distribution have been shown to exhibit higher resistance to
deactivation in the DRM process than larger, more polydisperse particles.' In another
study, Ni nanoparticles with a diameter of 2.6 nm showed 4.1 times higher CH4 turnover
frequency than those with a diameter of 17.3 nm."® The two approaches, incorporation of
an appropriate support and small Ni particle size, are linked and depend strongly upon

the preparation method and the catalyst synthesis parameters.'®



Among the potential supports, MgO has been widely reported as being effective because
of its high thermal stability, low cost, and unique ability to form a solid solution with NiO.""-
8 MgO has the same crystal structure as NiO, and Mg?* has almost the same ionic radius
as Ni?* (~3 pm difference), allowing them to form an ideal MgO-NiO solid solution.9-20
Upon reduction, the strong interaction between the Ni atoms and MgO support favors the

formation of small, highly dispersed Ni particles, enhancing the catalytic activity.?"

The most common techniques for the synthesis of DRM catalysts include co-
precipitation,?? and incipient wetness-impregnation methods.?® Although these methods
are very well established due to their simplicity and use of low-cost precursors, they are
limited in their ability to controllably produce highly dispersed supported Ni-based
catalysts that are coke-resistant.?* In addition, they require several time-consuming steps
including mixing and/or aging, drying, and calcining. Thus, novel synthesis methods have
been developed for more rapid and efficient synthesis of coke-resistant, nano-sized
catalysts. Methods include modified wet impregnation with non-thermal plasma
treatment,?® atomic layer deposition (ALD),?® ultrasonic-assisted impregnation,?” and
flame spray pyrolysis.?® Flame-based aerosol processes are widely used to manufacture
nanomaterials such as fumed silica and titania at large scale. In addition, many types of
supported noble-metal catalysts have been prepared by these methods.?*3° Recently,
supported non-noble metal catalysts have been synthesized using this technique for the
DRM process. Lovell et al. prepared mixed silica-ceria-zirconia supports using flame
spray pyrolysis and then impregnated Ni onto them.?® Double flame spray pyrolysis was

used to synthesize Ni and Co-based catalysts.3'-3? In all of these prior studies, either the



precursors were relatively expensive organometallic compounds or the metal was

decorated onto the support in a separate impregnation process.

Here, we introduce a new flame-based process for one-step, continuous synthesis of
supported non-noble metal nanocatalysts from inexpensive aqueous metal salt precursor
solutions. We demonstrate the synthesis of Ni-doped MgO (NiMgO-F) nanopowder using
a flame-driven high temperature reducing jet (HTRJ) reactor. NiMgO-F particles were
formed via a gas-to-particle pathway that generates primary particles below 20 nm in
diameter. We employed multiple characterization techniques to study morphology, crystal
structure, and catalytic properties of the resulting materials. The NiMgO-F was tested in
the DRM process at high space velocities and varying temperatures (from 500°C to 800°C
for 4 h each). The catalytic performance was compared with MgO-Ni catalysts prepared
by other conventional methods (wet-impregnation and co-precipitation). The stability of
the MgO-supported Ni catalyst was tested for 50 h at 700°C, showing minimal
deactivation. We also have tested the addition of various possible co-catalysts and
promoters, but have found that none improved performance relative to that of the simple
MgO-supported Ni catalyst. Overall, this study not only demonstrates a very promising
new DRM catalyst, but more broadly demonstrates the potential of this one-step
continuous flame-based synthesis approach to produce a wide range of unique multi-

component supported non-noble metal catalysts.



RESULTS AND DISCUSSIONS

Synthesis, catalytic activity, and characterization of NiMgO-F

Figure 1 shows a schematic of catalyst production via the HTRJ process. Liquid-fed
aerosol production processes can produce solid particles by both gas-to-particle and
droplet-to-particle conversion mechanisms, depending on the process parameters.?° In a
gas-to-particle conversion process, droplets containing both the support and metal
precursors evaporate quickly upon mixing with the hot combustion gases to generate a
precursor vapor. Particles then nucleate and grow from gas-phase precursors, which may
be converted to the product composition in the gas phase, or after particle nucleation and
growth. In droplet-to-particle conversion, reaction primarily takes place in the liquid droplet
phase, and each droplet is converted to a single solid particle. Whether gas-to-particle,
droplet-to-particle, or a combination of the two occurs depends upon the relative rates of
reaction and evaporation. We have previously reported the synthesis of unsupported Ni
nanoparticles using this process, and shown that it proceeds by a gas-to-particle
conversion process.3® MgO is not reducible by H2 in the presence of water but some
degree of reduction for Ni is likely based on our previous observations. Moreover, the
same thermal nozzle technology used in this process is employed by Praxair (now Linde),
with more than 2000 times larger gas flow rates, suggesting the scalability of this

production technique.34-36
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Figure 1. Schematic of the HTRJ process: oxygen as oxidant (center), hydrogen as
fuel, and nitrogen as inert diluent enter the combustion zone, where they form an
inverted diffusion flame above the oxygen inlet orifice; aqueous precursor is injected at
the throat section of the converging-diverging nozzle. It is atomized, evaporated, and
decomposed upon rapid mixing with the high velocity combustion products. Particles
nucleate and grow in the reaction chamber, and catalysts are formed in a reducing
environment; synthesized nanoparticles exit the quench zone for downstream

collection by filtration or inline sampling for TEM imaging.




Various Ni-based catalysts were synthesized by the HTRJ process and screened for
apparent performance in the DRM process (Figure S1, S2). Based on the results of this
prescreening of possible supports, MgO-supported Ni was selected as the prototypical
catalyst for further evaluation here, though other combinations also merit further
consideration. Transmission electron microscopy (TEM) images of the as-prepared
NiMgO-F nanopowders, sampled directly from the reactor outlet stream, are shown in
Figure 2a,b. Nanocatalysts with uniform particle sizes are formed by the HTRJ process.
The observed modest degree of agglomeration is due to the nature of flame-based
methods and the residence time required for catalysts to reach the electrostatic
precipitator for TEM sampling. Figure 2c-e display a scanning electron microscopy (SEM)
image and the corresponding elemental maps for Mg and Ni, respectively. Ni atoms are
uniformly dispersed throughout the sample at the resolution of these measurements. The
uniform distribution of the active metal at this scale is retained even after heat treatment
and reduction (Figure S3), suggesting a strong interaction between Ni and the support.
X-ray diffraction (XRD) patterns for the support as well as the as-prepared, reduced, and
spent catalyst are presented in Figure 2f. For the support, all of the peaks can be
attributed to cubic periclase MgO (PDF card No. 01-071-1176). As mentioned above, NiO
and MgO form an ideal solid solution. Thus, the XRD pattern of NiO (PDF card No. 00-
004-0835) is nearly identical to that of MgO, and they cannot readily be distinguished by
XRD. However, the higher peak intensities for the Ni-containing catalyst compared with
those of the support are consistent with the incorporation of Ni into the MgO, because Ni
is expected to scatter x-rays more strongly than Mg. The absence of peaks assignable to

metallic Ni, under conditions where NiO would be reduced to Ni, further suggests the



formation of a solid solution.?”3 For each catalytic experiment, the as-prepared
nanocatalyst in the packed bed reactor was first reduced with Hz followed by purging by
an inert gas before introducing reactant gases. To observe the differences between the
as-prepared nanopowder and the one used in the reaction, the reduced nanocatalyst was
also characterized. After reduction, the peaks became sharper than those of the as-
prepared catalyst, reflecting some growth of crystallites during heat treatment of the
catalyst. The increase in particle size is also evident in TEM images (Figure S4). Unlike
catalysts prepared by conventional methods, nanoparticles formed in flame-based
processes do not undergo long calcination processes. In the HTRJ process, they are only
exposed to the high-temperature environment for tens to hundreds of milliseconds. After
reduction, the MgO (200) peak was slightly shifted to a lower 26 position than that of the
as-prepared catalyst (42.8° vs. 42.9°). This is consistent with the removal of some Ni
atoms from the solid solution.?® However, no clear diffraction peaks of metallic Ni are
visible after the reduction treatment, indicating the high dispersion of Ni nanoparticles in
the reduced catalyst.*? The crystalline size of the spent catalyst after the DRM reaction at
four temperatures, is slightly higher than that of the reduced catalyst (~5%), reflecting a
small amount of additional sintering during reaction.*' The Ni peak at around 44° has also
become sharper, suggesting additional removal of Ni from the MgO lattice during reaction.
Moreover, we observe a broad peak around 25° that was previously absent and that can
be attributed to carbon deposited during the DRM reaction. To evaluate the material
basicity, CO2-temperature programmed desorption (CO2-TPD) analysis was conducted
(Figure S5). Both the MgO support and NiMgO-F catalyst have distinct primary peaks

attributed to different types of basic sites within the samples. Generally, higher COz2
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desorption temperature reflects stronger surface basicity, and therefore stronger ability to
adsorb acidic CO2.42 Here, the peaks below 100°C are related to weak adsorption and
the peaks near or above 200°C are attributed to strong adsorption.*®> The BET surface

area of the catalyst is 60 m? g! (Figure S6).
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Figure 2. a,b) TEM images, and ¢) SEM image of the as-prepared NiMgO-F
nanopowders; d,e) elemental maps for Mg and Ni, respectively; f) XRD patterns of the
as-prepared MgO and as prepared, reduced, and spent NiMgO-F nanocatalyst. (C.S:

calculated crystalline size).
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The activity of NiMgO-F nanocatalyst was evaluated at four different temperatures for 4
h each, as shown in Figure 3a. Based on preliminary experiments, Mg:Ni 90:10 wt% was
chosen as the optimized composition for the catalyst based on higher overall activity and
stability compared with Mg:Ni ratios of 85:15 and 95:5 wt%. For all the temperatures
studied, CO2 conversion was higher than CH4 conversion, suggesting the occurrence of
reverse water gas shift (RWGS) reaction.** At lower temperatures, the conversions are
much lower than the equilibrium conversions, consistent with most prior reports for the
DRM reaction. However, the numbers are comparable to the CH4 and CO2 conversions
reported at low temperatures in other studies.*® For all temperatures, the H2/CO ratio is
less than 1, presumably due to the occurrence of RWGS which consumes H2 while
producing CO. The H2/CO ratio varies initially, then becomes stable after about 1 h
(Figure S7). We note that for all of the temperatures, the catalyst is tested under
demanding conditions (flow rate per catalyst mass of 60000 mL gcat! h™') using a
stoichiometric feed without any diluent gases. Results of a recovery test of the catalyst,
in which it was cooled back to 500°C while maintaining reactant flows, are shown in
Figure S8. The low temperature activity recovered to approximately its initial value over
a period of about 1 h. In initial screening experiments, the addition of other elements as
promoters or co-catalysts did not improve the catalytic activity of the NiMgO-F (Figure
S9, 10). However, the primary goal of those screening experiments was to demonstrate
the flexibility of this single-step process to produce catalysts of diverse compositions, and
further study might lead to identification of effective promoters. An apparent activation
energy (Ea) for conversion or production of each gas was calculated based on kinetic

measurements, as shown in Figure 3b. The apparent activation energy for CO:2
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consumption (21.9 kJ mol-") was lower than that of CH4 consumption (24.9 kJ mol')). This
is consistent with other reports of methane activation being the rate-determining step in
the dry reforming of methane, under conditions where RWGS is minimized.*¢-*8 Moreover,
H2 production had the largest apparent activation energy (33.0 kJ mol'). Recently, the
apparent activation energies of nickel-based catalysts reported in the literature have been
compared.*® In all cases, the apparent activation energy for Hz production was the largest.
In addition, the numbers were in the range of ~20-150 kJ mol-!. Although each catalyst,
with a different support, was tested for specific conditions, which limits the ability to draw
conclusions from direct comparisons, NiMgO-F falls among the lower values of apparent
activation energy, consistent with its high activity for the DRM reaction. The experiments
were replicated at other gas flowrate to catalyst mass ratios (Figure S$11), and the

calculated numbers were within £10% of the apparent activation energies presented here.
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Figure 3. a) The activity of NiMgO-F catalyst at 4 temperatures. (gas flow to catalyst
mass ratio: 60000 mL gecat! h', no diluent gas). Methane equilibrium conversions
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considering C deposition, ethane and ethylene formation (negligible, but included for
completeness), and RWGS: 500°C: 70.9%, 600°C: 82.3%, 700°C: 91.5%, 800°C:
96.3%.%° All values are mean * standard deviation; b) Arrhenius plot for extracting
apparent activation energy for each gas by calculating the reaction rates at each
temperature (500, 550, 600, 650°C). (gas flow to catalyst mass ratio: 240,000 mL gcat™
h-1, 1:1:2 CH4, CO2, Ar).

Comparison of catalytic activity of NiMgO catalysts prepared by different

methods

The catalytic activities of four NiMgO catalysts are compared: NiMgO-F, NiMgO-FlI,
NiMgO-Cl, and NiMgO-CP (Figure S12-14). Figure 4a,b shows CH4 conversion and
H2/CO ratio produced using the four catalysts at different temperatures. Prior studies have
shown that catalysts prepared by different techniques exhibit different activities as
observed here.’™ Among all the catalysts, NiMgO-Cl was the least active material on a
catalyst mass basis. Comparing the activity of NiMgO-FI and NiMgO-CI suggests that the
size and morphology of the support are essential, as well as the means of depositing the
active metal. The low activity of NiMgO-Cl can be due to the larger particle size of the
commercial MgO compared to the MgO produced by the HTRJ process (Figure $15) and
the relatively low dispersion of Ni on the NiMgO-CI compared to the NiMgO-FI (Table 1).
Thus, both the support surface area and Ni surface area are relatively low for NiMgO-Cl.
NiMgO-F and NiMgO-FI catalysts show comparable performance, with higher activity of
NiMgO-F at low temperatures and slightly higher activity of NiMgO-FI at high
temperatures, but these differences are small. Moreover, the NiMgO-FI produces higher

H2/CO ratio at high temperatures. On the other hand, TGA results show the highest weight
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loss for NiMgO-FI spent catalyst, which mainly originates from carbon deposition due to
CHa4 decomposition and CO disproportionation (Figure 4c).#' Although NiMgO-F has the
second most weight loss, more of this weight loss occurs at lower temperature (compared
with the sharp weight loss of NiMgO-FI at high temperature). This suggests that much of
the deposited carbon is relatively reactive amorphous and whisker rather than more
graphitic, unreactive carbons that are responsible for deactivation. The lower weight loss
of spent NiMgO-Cl and NiMgO-CP may simply reflect their lower activity than the other
two samples. That is, they are less active for carbon deposition, but also less active for
the desired reaction, and these activities are correlated, particularly given that activity
measured in terms of CH4 conversion includes a contribution from carbon deposition. As
mentioned earlier, the reaction occurs at a relatively high space velocity, and the
residence time is insufficient for gasification of all carbon deposits.** For each of the spent
catalysts, except for NiMgO-F, the formation of carbon nanotubes or fibers was observed
in TEM imaging (Figure 4d-g). Such one-dimensional carbon deposits were not found in
the spent NiMgO-F catalyst. The Ni in NiMgO-F may be more deeply embedded in the
MgO structure than in the other samples, preventing the formation of tubes and fibers that

grow from discrete nickel nanoparticles on the support surface.
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Figure 4. a) CH4 conversion; and b) H2/CO ratio for the four catalysts at four
temperatures (feed flow to catalyst mass ratio: 60000 mL gecat™! h™', no diluent gas); c)
weight losses, and d-g) TEM images of the spent catalysts (d: NiMgO-F, e: NiMgO-Fl,
f: NiMgO-Cl, g: NiMgO-CP). All values are mean + standard deviation.

Table 1 presents results of detailed characterization of NiMgO catalysts prepared by

different methods. Mg/Ni wt. ratios for all the samples are within the expected ranges.
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The Mg/Ni wt. ratio for NiMgO-Fl is slightly lower than expected, which may simply be
due to instrument error and/or the specific locations taken for the analysis. The HTRJ
process is generally capable of producing multicomponent nanomaterials with controlled
compositions as reported before.>' NiMgO-Cl has the largest crystallite and calculated
particle size, consistent with the larger size of the commercial MgO used for the synthesis,
as observed by TEM. Hz consumption and reduction degree are calculated based on the
H2-TPR curves presented in Figure $16. NiMgO-F consumes the least amount of H2
among all the samples, with no sharp peaks. MgO-supported Ni catalysts are reported to
form complete solid solutions at low Ni compositions after calcining at high
temperatures.®? High calcination temperature has a strong influence on the diffusion of
NiO into the NiO-MgO solid solution.*! In addition, as mentioned earlier, some degree of
reduction takes place in the reaction chamber due to the presence of excess Hz2 and
therefore, pre-reduced catalysts are formed. In all the other samples, the H2 consumption
at lower temperature (peaks or shoulders) is due to the reduction of Ni?* located at the
surface of the catalyst and/or to the reduction of NiO uninfluenced by the MgO support;
at higher temperatures, NiO species with strong interactions with MgO are reduced.** 44
Upon formation of NiO-MgO solid solution, the peak corresponding to bulk NiO usually
shifts to higher temperature, and the reduction of Ni>* becomes more difficult. Thus, the
broad consumption of hydrogen at ~800°C for NiMgO-FI and NiMgO-Cl might be
attributed to the reduction of Ni?* cations inserted into the lattice of MgO.3° For NiMgO-
Fl, the reduction degree is more than 100%, suggesting that either the actual Ni content
used in the catalyst was more than the theoretical value (6.3 wt%) or there was a reducible

impurity in the sample for H2-TPR analysis. The high turnover frequency and low Ni
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apparent dispersion of the NiMgO-F catalyst can also be caused by the formation of NiO-
MgO solid solution and resulting inaccessible Ni atoms within the bulk of the MgO. That
is, here we are using the term dispersion in the way it is usually applied in heterogeneous
catalysis, as the fraction of the active metal that is available for reaction. However, in the
usual case, this is simply related to the specific surface area of the metal deposited on
the support. Here, because an unknown amount of nickel may remain incorporate within
the MgO phase, the dispersion is not simply dependent upon the size of nickel clusters
or particles on the surface. The turnover frequencies computed based upon the nickel
surface area measured by CO chemisorption are given in Table 1. The high activity, per
catalyst mass, of NiMgO-F combined with low Ni surface area leads to a computed
turnover frequency that is much higher than for the other catalysts. This may imply that
the active sites on NiMgO-F, though fewer in number, are much more active than those
of the other catalysts. However, we cannot rule out the possibility that additional active
sites are generated under reaction conditions that are not observed by CO uptake at

35°C.

Table 1. Detailed characterization of NiMgO catalysts prepared by different methods

NiMgO-F  NiMgO-FI NiMgO-ClI  NiMgO-CP
Elemental composition! (Mg/Ni wt. ratio) 9.2+0.5 7.2+£0.7 8.8+1.6 8.8+0.5

Crystalline size? (nm) 13 11 17 8

Calculated particle size® (nm) 3.7 8.6 17.5 5.7
H, consumption* (cc g™') 2.56 30.14 20.07 15.5
Reduction degree® (%) 10.7 125.6 83.6 64.6
Turnover frequency at 500°C° (s™) 25.9 1.65 4.06 3.27
Ni Dispersion® (%) 0.23 1.97 0.44 1.17
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Ni surface area® (m? g) 0.095 0.83 0.19 0.49

' Elemental composition is determined based on EDS analysis. All values are mean *
standard deviation.

2 Crystalllite size is calculated based on broadening of the MgO (200) peak in the XRD
patterns.

3 Particle size (geometric mean diameter) is calculated based on the processing of TEM
images provided in Figure S17.

4 H, consumption and reduction percentage are calculated based on the H.-TPR analysis.

°> Reduction degree is calculated based on the 6.3 wt% theoretical Ni content of the catalyst.

¢ Turnover frequency, Ni dispersion, and Ni surface area are calculated based on the results
of CO chemisorption analysis.

Stability study of NiMgO-F nanocatalyst

In this section, the NiMgO-F catalyst was selected for further study. The stability of the
catalyst was tested at 700°C for 50 h. Figure 5 displays the CH4 and CO2 conversion,
H2/CO ratio, and Hz yield of the catalyst over time in the DRM reaction. Initially, the H2/CO
ratio and Hz yield for the NiMgO-F catalyst dropped, while the CH4 and CO2 conversions
remained relatively stable. Decreased H: yield at fixed CH4 and CO2 conversions should
be accompanied by increased C deposition by a combination of RWGS and the Bouduard
reaction, which together convert CO and H2 to C and H20. Eventually, carbon deposition
may deactivate sites that are active for RWGS, and the H2 yield recovers. NiMgO-F shows
quite stable activity over time with a Hz yield close to 70% (equilibrium Hz yield: 75.9%)

throughout.
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Figure 5. The stability of NiMgO-F catalyst for 50 h: a) CH4 and CO2 conversions; b)
H2/CO ratio and H2 yield. (feed flow to catalyst mass ratio: 18000 mL gcat™ h™', no diluent
gas). Equilibrium H2 yield is 75.9%.5°

Spent NiMgO-F catalyst was further characterized after the 50 h stability test. Figure 6a,b
display TEM images of the spent catalyst. As mentioned earlier, no carbon nanotubes or
nanofibers are observed for the NiMgO-F spent samples, even after 50 h on stream. We
attribute this resistance to carbon filament growth to the formation of NiO-MgO solid
solution and strong interaction between the active metal and support. To investigate the
type of carbon formed during the DRM reaction, O2-TPO analysis was conducted (Figure
6¢). In addition to CO2 formation, CO formation was recorded as a function of temperature
(Figure S18). Peaks at low temperatures in both CO2 and CO formation graphs are
attributed to the oxidation of active carbon species, which is mainly attributed to the
presence of amorphous carbon. However, the peak at 629°C corresponds to the oxidation
of less active (graphitic) carbon species, which are generally associated with deactivation
of the catalyst.5® The weight loss of the spent catalyst after heating to 900°C was ~20%

according to the TGA analysis (Figure S19). The Raman spectrum of the sample shown
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in Figure 6d displays three distinct peaks corresponding to D, G, and 2D bands. The G-
band is attributed to sp2-hybridized C atoms, and the D-band is assigned to defects in
carbon materials.5* The band intensity ratio of G and D bands, Ic/lb, which reflects the
graphitic degree of carbon on the catalyst surface, is below 1, indicating the presence of
both amorphous and graphitized carbons. Moreover, the presence of a sharp 2D peak

indicates that the carbon layer is quite thin.
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Figure 6.a,b) TEM images; ¢) CO2 formation during O2-TPO; and d) Raman
spectrum of the spent NiMgO-F after 50 h stability test.
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CONCLUSION

We presented the production of MgO-supported Ni-based catalysts using the flame-
based HTRJ aerosol reactor. The NiMgO-F nanocatalyst was synthesized using a one-
step, continuous process from an aqueous solution of inexpensive aqueous metal nitrate
precursors. According to TEM images, nanopowders were <20 nm in average size.
Elemental maps showed the uniform distribution of active metal in the support. XRD
patterns confirmed the formation of MgO-NiO solid solutions with sharper peaks for the
catalyst compared to the peaks of the support material alone. The NiMgO-F nanocatalyst
showed high activity and stable performance in the DRM reaction from 500 to 800°C. The
calculated apparent activation energies for reactants and products were in the range of
~20-40 kJ mol' with a smaller value for CO2 consumption compared with CH4
consumption, indicating a higher barrier to CH4 activation than CO2 activation. Compared
with catalysts prepared by other methods (NiMgO-FI, NiMgO-ClI, NiMgO-CP), the NiMgO-
F catalyst showed particularly high activity at temperatures below 700°C. Comparing the
two catalysts prepared with the same recipe but using different support sources (MgO
from HTRJ and commercial MgO nanopowder) revealed that the size and morphology of
the support play an important role in the catalytic activity, and that the HTRJ process can
produce unique and advantageous support morphologies. NiMgO-FI performed better
than the NiMgO-CI probably due to the smaller particle size of MgO produced by the
HTRJ process. The NiMgO-F was tested in a stability test. The nanocatalyst was stable
with almost constant H2 production over time. The detailed characterization of NiMgO-F
spent catalyst after the stability test confirmed the presence of both amorphous and
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graphitic carbon without the formation of carbon nanotubes or nanofibers. This study
demonstrated the potential of a one-step continuous flame-based aerosol synthesis
approach to produce a wide range of unique supported non-noble metal nanocatalysts,

including a particular example with competitive performance in the DRM reaction.
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EXPERIMENTAL SECTION

Materials

Nickel nitrate hexahydrate (ACROS Organics, 99%) and magnesium nitrate (Sigma
Aldrich, 99%) were used as catalyst precursors. For the synthesis, hydrogen (Industrial
grade), oxygen (Industrial grade), and liquid nitrogen were obtained from Airgas, an Air
Liquide company. For the catalyst activity tests, argon (ultra-high purity grade, 99.999%),
hydrogen (industrial grade), methane (chemically pure grade, 99.5%), and carbon dioxide
(bone dry grade, 99.9%) from Airgas were used. A 293 mm polyvinylidene fluoride
(PVDF) filter membrane of 220 nm nominal pore size (Millipore-Sigma) was used for

nanocatalyst collection.

Synthesis of NiMgO-F nanocatalyst

MgO-supported Ni nanopowders (NiMgO-F) were synthesized at a production rate of
~250 mg h-' using the HTRJ process, as described in detail previously 5%, A schematic
of the process is shown in Figure S20. In this continuous process, combustion products
of a hydrogen-rich flame (Hz2: 17 Standard Liters per Minute-SLM, O2: 4 SLM, N2: 8 SLM)
passed through a converging-diverging nozzle. An aqueous solution (25 mm) of
precursors containing Ni and Mg nitrates was injected (250 mL h-') by a peristaltic pump
(Tris, ISCO) at the throat section of the nozzle. The mass ratio of Mg to Ni in the precursor
was fixed at 9. The precursor solution was atomized by the hot high-velocity gas stream
and the resulting droplets evaporated in the reducing environment of the reaction
chamber containing excess H2 at high temperature (=600°C to 650°C). Downstream from
the reaction zone, the products were cooled immediately by a nitrogen quench flow (100
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SLM) and collected on a filter membrane. The synthesis of MgO-supported Ni catalysts

prepared by other methods is described in the supporting information.

Materials characterizations

The size and morphology of MgO-supported Ni nanopowders were characterized using
a JEOL JEM 2010 Transmission Electron Microscope (TEM) at 200 kV working voltage.
200-mesh copper TEM grids with a carbon support film (Ted Pella) were used for the
analysis. To observe the morphology of the as-prepared NiMgO-F nanoparticles, a
custom-built electrostatic sampler connected to the HTRJ process was used to collect
samples directly from the aerosol product stream onto TEM grids for offline analysis. For
the rest of the nanopowders, including the reduced NiMgO-F, spent NiMgO-F, and
catalysts prepared by other methods, dry samples were taken by sliding the carbon-
coated TEM grid on the dry powder. ImagedJ software was used to estimate the particle
size distribution of nanoparticles. The morphology and elemental composition of catalysts
were characterized using a Cross-Beam® Focused lon Beam-Scanning Electron
Microscopy (FIB-SEM) Workstation (Carl Zeiss AURIGA) with an Energy Dispersive X-
ray Spectroscopy (EDS) detector (Oxford Instruments, X-Max® 20 mm?). The crystal
structure of samples was determined by X-ray Diffraction (XRD) analysis (Rigaku Ultima
IV with Cu Ka X-ray source). The crystalline size of the samples was estimated by the
Debye-Scherrer equation based on the Mg (200) peak of the XRD patterns. Raman
spectroscopy, using a Renishaw system with 514 nm excitation laser focused through a
20x microscope objective, was employed at room temperature to determine the
graphitization degree of carbon present in the spent catalysts. To determine the carbon

amount in the spent catalysts, thermogravimetric analysis (TA instruments DSC SDT
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Q600) was conducted in air from room temperature to 900°C at a heating rate of 10°C
min'. The Brunauer-Emmett-Teller (BET) surface area of NiMgO-F nanocatalyst was
measured by N2 adsorption-desorption at 77 K (Micromeritics Tri-Star Il). Before the test,
the sample was degassed at 150°C under vacuum for 3 h. H2 temperature-programmed
reduction (H2-TPR) and CO pulse chemisorption were conducted on a Micromeritics
AutoChem I 2920 instrument.®” In each of these tests, each catalyst (~50 mg) was loaded
in a U-shaped quartz tube reactor. For H2-TPR, the catalyst was first pretreated in 50
sccm Ar (Airgas, ultra-high purity grade) for 1 h at 500°C. The catalyst was then cooled
to room temperature before introducing 50 sccm of 10% Hz/Ar (Airgas, ultra-high purity
grade). Afterward, the catalyst temperature was increased from room temperature to
1000°C at a heating rate of 10°C min-'. For CO pulse chemisorption, each catalyst was
first reduced under 10% Hz/Ar (50 sccm) at 700°C for 1h, followed by cooling to 35°C
under Ar (50 sccm). Finally, several pulses of 10% CO/He (Airgas, ultra-high purity grade)
were injected into the sample until no further CO uptake was observed. The amount of
available surface Ni sites was calculated based on the cumulative CO uptake assuming
a 1:1 stoichiometric ratio of CO:Ni surface sites. CO2 TPD was conducted in a custom-
built microreactor to determine the basicity of NiMgO-F. 50 mg of catalyst was first
reduced by 10% H2/Ar (50 sccm) at 700°C for 1 h, followed by cooling to room
temperature under pure Ar (50 sccm). Then the catalyst surface was saturated with 100%
CO2 (50 sccm) for 1 h. After that, 50 sccm Ar was introduced to remove physisorbed COx.
Finally, the catalyst was heated from room temperature to 1000°C at a heating rate of
10°C min-! under Ar (50 sccm). The CO2 (m/z = 44) desorption profile was recorded with

a mass spectrometer (Pfeiffer Omnistar GSD 320). Oxygen temperature-programmed
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oxidation (O2-TPO) was performed in a custom-built microreactor equipped with an MKS
FTIR gas analyzer (Multigas 2030), as reported previously.>® 25 mg of spent catalyst was
first pretreated under pure Ar (100 sccm) at 150°C for 30 min and then the catalyst was
cooled to room temperature. Next, the catalyst was heated to 800°C at a ramping rate of
10°C min-' under 20% O2/Ar (100 sccm). CO and COz2 formation during the TPO process
was recorded by the MKS FTIR gas analyzer with appropriate measurement ranges for

CO (0-500 ppm) and CO2 (0-20%).

Catalytic activity tests

The catalytic activity of the catalysts was evaluated at atmospheric pressure using a
continuous fixed-bed flow reactor (inner diameter of 4 mm) (Figure S21). For all the
experiments except the stability test, the catalyst (50 mg) was loaded in the quartz tube
between plugs of quartz wool. CHs4 and CO2 at an equal molar ratio (25 cc per minute
(ccm) each, based on nominal ambient conditions of 293 K and 1 bar, corresponding to
~23.3 sccm) and without any dilution were introduced to the reactor. This relatively high
feed flow rate per total catalyst mass of 60,000 mL gecat' h™' was employed to observe
differences in catalyst activities even for highly active catalysts. This ensures that, at least
for the lower temperatures, the reaction does not closely approach equilibrium, which
would obscure differences in performance between catalysts. In all cases, the catalyst
was used as a bed of nonporous moderately-aggregated nanopowder, which rules out
transport limitations that might be a concern for a pelletized catalyst or larger particles of
nanoporous material. The catalyst was reduced in the reactor under a H2:Ar 1:1 50 ccm
total flow at 700°C for 1 h prior to testing. The catalytic tests were carried out from 500°C
to 800°C in 100°C increments with a ramp rate of 10°C min-'. At each step, the system
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was held for 0.5 h as 12 samples were taken for GC analysis. For stability tests, the gas
flowrate to catalyst mass ratio was reduced to 18000 mL gcat! h™' by supplying 15 ccm of
each reactant and using 100 mg catalyst, and the reactor was held at 700°C for 50 h. For
all the experiments, the products and unreacted gases were analyzed on-line by a gas
chromatograph (SRI 8610) with a Restek Natural Gas ShinCarbon ST (micropacked)
column followed by an oxidizer and a TCD. The oxidizer converts Hz2 to H20 and CO to
COg, after they have been separated in the column, allowing quantification of CO from
COz2 calibrations. A known flow of H2 was used for calibration, but detection as H20
provided more sensitive and reliable detection by the TCD. Independent measurements
with a second TCD channel showed that methane did not react in the oxidizer. The
conversion of reactants, H2/CO ratio, and H2 yield were calculated by the following

Equations 4-7:

Fe,, in— FcH,, out

XCH4 = FCH4, i x100 (4)
_Fco,, in— Fco,, out
Xoo, =~ 20— x100 (5)
Hy _ Fti,, out 6)
CO  Fco, out
. 0/ — FH2, out
H, yield (%)= ﬁ x100 (7)
4, 1IN

where X is conversion, and F is the flow rate. A mass flow meter at the reactor outlet
allows measurement of total gas outflow and thereby conversion of the composition
measurement from the GC to total flows of each component, even under conditions where

carbon deposition occurs in the reactor.
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Kinetic measurements were conducted in the temperature range of 500-650°C (50°C
intervals) at reaction conditions far from equilibrium (conversions <15%). The gas flowrate
to catalyst mass ratio was increased to 240,000 mL gcat' h™' by supplying 25 ccm of each
reactant, 50 ccm of argon and using 25 mg NiMgO-F catalyst. The catalyst mass-basis

reaction rates were calculated by the following Equations 8,9:

rew,.co, (mol g's™)= Fiin* X x100 (8)
4,CO, 1000 % 22.4 x 60 x W4
Iy, co (mol g's)= o X100 ©)
2 1000 x 22.4 x 60 x W

Where F; and X; are the flow rate and conversion of component i, respectively and Weat
is the mass of catalyst (25 mg). The apparent activation energy for each gas was
calculated as the slope of an Arrhenius plot of the logarithm of rate vs. inverse

temperature times the negative of ideal gas constant (R).
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