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Short Description 
The specific aim of this project is to develop a comprehensive understanding of cheaper 
and more stable methane and carbon dioxide reforming catalysts with an optimal 
introduction of steam to reduce catalyst deactivation due to carbon deposits that 
typically prevent the catalytic systems from transferring to commercial implementation. 
The work was proposed as a two-year project with the end goal of showing a reliable 
catalyst system run for at least 400 hours at temperatures less than 800 °C with less 
than 5% loss of activity of the catalyst and a carbon monoxide to hydrogen product ratio 
of at least 1:1. The project went for one-year and met the end of year milestone by 
developing two strategies (use of a cerium co-catalyst and introducing 5% water) that 
reduced the carbon deposition rates by at least 20% relative to the baseline 10% Ni 
MgAlO methane reforming of CO2 at < 800 °C in order to show technical feasibility of 
the concept. 
 
Mission Relevance 
All of the Department of Energy (DOE) is interested in science and innovation to reduce 
the carbon-intensity of the industry and transportation sectors; scientific breakthroughs 
need to be understood at the molecular level to drive optimization (Basic Energy 
Sciences); Fossil Energy and Carbon Management, and Energy Efficiency and 
Renewable Energy are interested in reliable catalytic systems that are efficient with their 
use of carbon dioxide and methane from various sources. A successful outcome from 
this project will contribute to catalyzing the timely, material, and efficient transformation 
of the nation’s energy systems. While DOE is currently not funding the area of 
advanced gasification1 coupled to CO2 utilization, it will clearly benefit from a 
fundamental understanding of this research area as well as the many sources of 
distributed methane and CO2. 

 

Specific Aims 
In the energy future, there will be a need to use both methane and carbon dioxide 
emissions in a more environmentally positive manner. One such example of both 
emissions is biogas which is typically 50-60% methane and 50-40% carbon dioxide, 
which is produced from anaerobic digestion of waste carbon. Steam Reforming of 
Methane (SRM) is used commercially today to produce carbon monoxide and hydrogen 
(synthesis gas) in a ratio of typically 1:3, respectively. However, it does not use carbon 
dioxide as a reactant. There has been extensive research on Dry Methane and carbon 
dioxide Reforming (DMR), which apparently uses both methane and carbon dioxide as 
reactants and produce synthesis gas with a carbon monoxide to hydrogen ratio of 1:1. 
This ratio is capable of readily being converted to methanol or acetic acid. However, key 
challenges preventing the technology from going to market have been the use of 
platinum group metals at higher reaction temperatures (> 800 °C) and the rapid 
deactivation of catalysts due to carbon depositions via the Boudouard reaction, 
methane decomposition, and the reverse carbon gasification reaction—all together with 
the formation of metal carbides. 
 
There is an opportunity to utilize potentially cheaper nickel catalysts at lower reaction 
temperatures (500-775 °C) with significant challenges currently around carbon deposits 
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and aggregation of small nanoparticles. The design of the catalyst may be enhanced for 
better dispersion of nickel, which are advantageous to reducing coke formation, by 
including lower levels of co-catalysts (such as tin, iron, lanthanum) to maximize 
interaction with the support, and by tuning the basicity of the catalyst system (introduce 
magnesia into the alumina support) to enable activity and resilience. Furthermore, 
steam will be deliberately introduced into the system to convert the carbon deposits 
back to carbon monoxide while maintaining the stability of the catalysts and target the 
approximately 1:1 – 1:2 ratio of carbon monoxide to hydrogen for subsequent 
conversion to oxygenated molecules.  
 
In terms of perturbing the system equilibria by steam in the complex molecular system 
of forward and reverse reactions, thermodynamic and kinetic simulations based on 
experimental parameterizations show that while excess H2O mitigates coke formation, it 
comes at the cost of CO2 conversion as DMR is circumvented in favor of Steam 
Reforming of Methane. Molecularly speaking, carbon deposition is suggested to be 
most sensitive to the formation and ability of hydroxyls to oxidize carbon deposits, 
making a careful control over the chemical equilibria responsible for hydroxyl formation 
necessary. It is hypothesized that catalyst deactivation can be mitigated by choosing a 
catalyst and steam co-feed ratio that maximizes the decoupling of oxidant formation 
equilibria from those equilibria responsible for DRM, allowing us to disrupt/enhance 
oxidant formation without sacrificing DRM activity. The proposed work will be both 
experimental and theoretical to model and scientifically understand the numerous 
complex and competing reactions proceeding on catalyst surfaces and build kinetic 
models coupled to reactor models to predict performance.  
 
Background and Significance 
Understanding the kinetics and interaction of the reactions of carbon dioxide, carbon 
monoxide, water, methane, and the forms of carbon deposits on the surface of the 
catalyst are vital to combating deactivation reactions and obtaining maximal efficiency 
for the production of synthesis gas from waste carbon dioxide and methane. Along with 
the understanding of the kinetics and molecular modeling of the system, there will be 
opportunity to apply the understanding to arrive at optimal solutions for molecular- and 
energy-efficiency. Additionally, understanding the molecular structure and dispersion of 
the metal catalyst on the support through tuning of the basicity of the support,2,3 and co-
catalysts to stabilize the dispersed metal active sites,4-6 and prevent occlusion with 
different forms of carbon deposits8-10 or reaction with additional amounts of water11-13; is 
the best way to have science inform the development of a stable catalyst. 

An activity-structure relationship will be developed both experimentally and theoretically 
to develop nickel catalysts that are molecularly controlled to be of the optimal dispersion 
and stability in the presence of carbon and metal oxide forming conditions. To address 
the need for a robust, accurate modeling tool, a microkinetics-based simulation program 
that describes the reactions taking place on the surface of a catalyst will be 
developed.14 Microkinetic modeling was advocated as a suitable approach, which 
covers different scales and dynamically evolving extents of reaction, to optimize both 
the processes for the catalytic oxidation and reforming of methane.11 It has been shown 
that dry methane reforming can have carbon deposits being inhibited by both hydrogen 
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and water. However, water provided a better inhibition effect than does hydrogen on a 
Ni/Al2O3 catalyst.11 There is very little published on long term stability (200 hours) of 
carbon dioxide methane reforming nickel catalysts8 and this is vital to enable transition 
to market. Understanding how the introduction of minimal additional water into the 
system and optimization for maximum performance and stability is yet to be attained.  
We thus hypothesize that catalyst deactivation can be mitigated by choosing a catalyst 
and steam co-feed ratio that maximizes the decoupling of oxidant formation equilibria 
from those equilibria responsible for carbon dioxide reforming of methane, allowing us 
to disrupt/enhance oxidant formation without sacrificing carbon dioxide reforming of 
methane activity. 
 
Research Design and Methodology 
Research developed during this project will advance the understanding of carbon 
dioxide utilization through reforming with methane and the minimum amount of 
additional water needed to ensure a stable catalyst. A detailed understanding of the 
control of catalyst and co-catalyst on support as well as how carbon deposits are 
formed will be developed. Control of the molecular dispersion of the catalysts and their 
interaction with the co-catalyst and support will be vital to enabling the oxidation of 
carbon while maintaining reduced and dispersed nickel sites. The project will culminate 
with an extended run of 400 hours with less than 5% loss of activity for the methane 
reforming of CO2. With the large number of molecular interactions occurring between 
the catalytic system, reactants, and products, modeling will be essential in guiding 
experiments and helping to explain unexpected results. Models will be developed and 
verified with carefully designed experiments such that models may ultimately simulate 
reaction systems and enhance the probability of experimental success with theory 
driving scientific understanding. 
 
FY 2021 Plan 
In the first year of this project, research will advance the understanding of nickel 
catalytic systems that are resilient to carbon deposition and changes to the nickel 
species in the presence of additional water. 
 
Task 1: Developing a structure-property relationship of the nickel catalyst system for 
methane reforming of carbon dioxide  
 
1.1 The introduction of magnesia into the alumina to alter the acid-base properties of the 

support to reduce carbon deposit formation, increase stability of the Ni site, control 
the molecular size of the Ni site. 
 

The baseline system will be 10% nickel on alumina. With the first system to investigate 
being 10% Ni in a Ni/MgAl2O4 spinel,15 and/or a Ni/MgAl(O) derived from a hydrotalcite-
like derivative.17). Materials will be calcined at 900 °C to ensure when testing at 650, 
700, 750 and 800 °C that the structure is unaltered due to heating, with the lower 
temperatures utilized to ensure some coke formation. The CH4: CO2 ratio will be 
maintained at 1:1 and the highest space velocity used to ensure maximum conversion, 
use all the active sites, and see carbon deposition. 
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1.2 The use of co-catalysts to stabilize the Ni and control the Nickel dispersion. 
Co-Catalysts will be added to the Nickel catalyst system to stabilize and enhance the 
dispersion to increase the prevalence of smaller sized nickel particles and to enhance 
the uptake of CO2, such as: La ,6,17 Sn,5 and Fe.4 
 
The controlled reaction of dilute gaseous reactants to gather the kinetics of the system 
in order that the process can be understood and scale-up enabled. Such information 
can be used to effectively benchmark the kinetic models to be developed in Task 3, 
increasing the model’s tangency to reality and ensuring it provides both efficacious 
kinetic predictions as well as molecular-level insights. 
 
Task 2: Understand the mechanism of formation of carbon deposits on the nickel 
catalysts and the Deactivation mechanisms of Nickel 
Temperature Programmed Oxidation, Raman Spectroscopy, X-ray Photoelectron 
Spectroscopy, Scanning Electron Microscopy, and Tunnelling Electron Microscopy will 
be used after reaction to examine the form and relative amounts of carbon nanotubes 
and graphite fibers deposited on the catalyst.6,8 Leveraging task 1.2 it will be important 
to understand the effects of co-catalysts on carbon deposition reactions.   
 
Task 3: Simulation of the complex catalytic system 
In this task, thermodynamic properties from nickel systems on alumina and nickel with 
MgAl(O) will be leveraged to build preliminary models using the thermodynamics of the 
reactions occurring on nickel and alumina, how the carbon grows, the effects of 
increased steam on carbon deposition, the CO:CO2:CH4 ratio, the stability of the Nickel 
catalyst, and the resultant the CO:H2 ratio.7, 11-13 
 
FY 2022 Projected Scope 
Systematic introduction of additional water into the best Ni catalyst systems. It has been 
shown that water can inhibit the carbon formation more than hydrogen.7,11-13  
Additional work will be done to ensure the nickel-based catalysts is also stable to the 
presence of additional water and does not oxidize or change particle size.  

 
Technical Milestones 

• Develop an initial thermodynamics-based model of the carbon deposition 
reactions on the Nickel on alumina and Magnesium Aluminate (August 2021) 

• Distribute, characterize, and control the nickel particle size on MgAl(O) (July 
2021)  

• Develop a detailed understanding of the carbon deposition on MgAl(O) and have 
at least two strategies to help abate the issue, such as but not limited to, 
catalysts preparation, introduction of a co-catalyst etc. (September 2021) 

• Show technical feasibility of a nickel catalyst system with additional minimal 
amounts of water (March 2022) 

• Develop kinetic model of nickel catalyst system for the methane reforming of CO2 
with minimal amounts of water (June 2022) 
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• By end of year show two strategies (cocatalysts, with and without water) that 
reduce the carbon deposition rates by 20% relative to the baseline Ni MgAlO at < 
800 °C. This means at 650-750 °C that the technical feasibility of concept is 
shown. (September 2022). 

 
Plan Executed in FY 2021 
 
Task 1 Developing a structure-property relationship of the nickel catalyst system 
for methane reforming of carbon dioxide  
and  
 
Task 2: Understand the mechanism of formation of carbon deposits on the nickel 
catalysts and Deactivation mechanisms of Nickel 
 
Catalyst synthesis and characterization  
Robert Dagle and Vanessa Dagle had previously worked on methane steam reforming 
over MgAl2O4 – supported rhodium and iridium catalysts and used Puralox 30/140 from 
Sasol16 (which is 30% MgO and 70% Al2O3 with a nominal surface area of 140 m2/g 
after a treatment at 550 °C in air; denoted at MG30) and very kindly provided some to 
the project. The Puralox 30/40 was calcined at 550 °C in air and then wet impregnated 
with 10 wt% Ni and calcined with at heating ramp rate of 10 °C/min up to 900 °C and 
held for at least 4 hours in air.  
 
Table 1. The Brunauer-Emmett-Teller (BET) surface area analysis of support and the first 
catalyst 

 
 
 
 
 
The samples were degassed at 150 °C for 4 hours before measurement. 
 
The surface area of the support is seen to be reduced significantly upon increasing 
calcination from 550 to 900 °C (Table 1). The support alone and the support with 10 
wt% Ni when both calcined at 900 °C have similar surface areas and total pore volume 
with the sample with 10wt% Ni has a slightly smaller value. 
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Figure 1. The powder X-ray diffraction patterns of the 10 wt% Ni MgAlOx catalyst and controls: 

 
The powder X-ray diffraction of the sample of the reduced 10% Ni on Mg2Al2O4 was 
obtained by passivating the surface of the Ni metal with 0.5% in N2 to form a thin oxide 
layer. In Figure 1 the MG30 hydrotalcite precursor goes to an amorphous Mg-Al-Ox at a 
lower calcination temperature and ultimately forms a MgAl2O4 spinel at a calcination 
temperature of 900 °C with a little excess MgO. When the 10% Ni Mg2Al2O4 sample is 
reduced under hydrogen no crystalline NixMg(1-x)Al2O4 or NiO is seen and only a well 
dispersed Ni metal phase is observed. 
 
In addition to the baseline 10%Ni/MgAlOx catalyst, three more catalysts, 5%Ni/MgAlOx,  
5%Ni5%Ce/MgAlOx, and 5%Ni5%Co/MgAlOx, have been synthesized and their BET 
surface area and XRD patterns are reported in Table 2 and Figure 2, respectively. All 
these materials were made by wet impregnation of the same support. All the catalysts 
were calcined to 900 °C. The hypothesis was the surface areas would be very similar, at 
this time it is especially perturbing as to why the 5% Ni/ MgAlOx has a smaller surface 
area than the 10%Ni/MgAlOx. The XRD results did not much difference, suggesting 
these samples contains MgAl2O4 spinel support and well dispersion Ni, NiCe, or NiCo 
metallic phases. CO Chemisorption of the Ni catalysts used in this study were 
conducted after the pretreatment of the catalysts with H2 at 280 °C for 30 minutes. The  
results in Table 3 showed that CO chemisorption depends on Ni loading.  
 
Table 2. The Brunauer-Emmett-Teller (BET) surface area analysis of the Ni catalysts was used 
in this study. 

Samples 5%Ni/ 
MG30 

10%Ni/ 
MG30 

5%Ni5%Ce/ 
MG30 

5%Ni5%Co/ 
MG30 

Surface area 
(m2/g) 

56.1 75.7 88.4 69.6 
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Figure 2 The powder X-ray diffraction patterns of the 10 wt% Ni/MgAlOx, 5 wt% Ni/MgAlOx, 5 
wt% Ni-5wt% Co/MgAlOx, 5 wt% Ni-5wt% Ce/MgAlOx catalysts. 

 
Table 3. CO Chemisorption of the Ni catalysts used in this study. 

Samples 5% 
Ni/MgAlOx 

10% 
Ni/MgAlOx 

5%Ni5%Co 
/MgAlOx 

5%Ni5%Ce 
/MgAlOx 

Cumulative 
Quantity 

(mol/g) 

5.36 24.94 12.55 10.75 

 
Catalyst testing for methane reforming of carbon dioxide 
 
Testing the base-line catalyst  
The catalysts were diluted with α-Al2O3 calcined to 1000 °C for 4 hours, diluent:catalyst 
5:1, to help with gas mixing and reduction of localized exotherms. Reduction of the 10% 
Ni/MgAlOx 150-500 micron particle size catalyst was carried out at 850 °C for 30 
minutes under 10% H2 in He with a ramp rate of 10 °C/min and a flow rate of 1 mL/s. 
After 30 minutes at 850 °C the catalyst was switched to He. As shown in Figure 3, H2 
consumption peaks were observed at around 650 -850 °C, suggesting most of the Ni 
interacts strongly with the support after calcination. 
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Figure 3. Reduction of 10% Ni Mg2Al2O4 under 10% H2 at up to 850 °C 

 
Reaction conditions were with 30 mg of catalyst, space velocity 80 L g-1 h-1, CO2:CH4 of 
1:1 with helium as the diluent, at 750, 700, 650, 800, and 750 °C. The second test at 
750 °C was to examine any permanent changes to the catalyst during the experiment.  
 
Figure 4 showed the 10%Ni Mg2Al2O4 catalyst activity and stability at 650, 700, and 750 
°C, and 1:1 CO2:CH4. There is less than equilibrium conversion in all three 
temperatures. Carbon balances are all between 98 and 105% for all time on stream. 
 

  
Figure 4. 10%Ni Mg2Al2O4 catalyst conversion of CO2 and CH4 and production of H2 and CO at 
650, 700, and 750 °C. 

 
Figure 5 shows the normalized CH4 conversion at the different reaction temperature to 
indicate the catalyst deactivation rate. There is some deactivation, and we can obtain 
approximate deactivation rates, 650 > 700 > 750 °C, however, 800 °C seems to 
deactivate faster than 750 °C which could be a faster sintering rate of the Ni because 

10%Ni-Mg2Al2O4 



PNNL-32738 

 9 
 

the carbon deposits are so small at 800 °C. At the lower temperatures, we expect more 
carbon deposition. 

  
Figure 5. 10%Ni Mg2Al2O4 normalized CH4 conversion as an indicator of catalyst deactivation at 
750, 700, 650, 800, and 750 °C. 

 
After the reaction at each temperature was complete the reaction system would be 
cooled to room temperature and submitted to Temperature Programmed Oxidation 
(TPO) with 10% O2 in He with a ramp rate of 10 °C/min up to 850 °C with a flow rate of 
1 mL/s to determine the coke content and combustion profile. As shown in Figure 6, 
there is significant carbon deposited at 650 °C and very little at 800 °C. This agrees with 
the observed deactivation rate, suggesting a lower reaction temperature leads to 
greater carbon deposition and therefore faster catalyst deactivation. 
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Figure 6. Temperature Programmed Oxidation of 10%Ni Mg2Al2O4 and coke after 200 minutes 
on stream at 750, 700, 650, and 800 °C. 

 
After the TPO the system would be reduced under hydrogen carried out at 850 °C for 30 
minutes under 10% H2 in He with a ramp rate of 10 °C/min and a flow rate of 1 mL/s. 
After 30 minutes at 850 °C the catalyst was switched to He and the next reaction 
temperature could be selected. As shown in Figure 7, the temperature-programmed 
reduction result shows with 10%Ni Mg2Al2O4 that most of the Ni is interacting with the 
surface, a small amount of bulk Ni is seen on repeated runs which suggests Ni 
dispersion is slowly decreasing.  
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Figure 7. Temperature Programmed Reduction of 10%Ni Mg2Al2O4 at up to 850 °C after 
oxidation of the catalyst prior to dry reforming at 750, 700, 650 and 800 °C. 

 
Impact of water 
There are significant changes in 10%Ni/Mg2Al2O4 catalyst activity and stability at 700 °C 
when water is introduced, the middle panel with CO2:CH4:H2O 1:1:0.5, as shown in 
Figure 8. As expected, the CO2 conversion went down because the catalyst is now 
binding H2O to the surface. The system returns to dry methane reforming and within 
error similar performance of the catalyst is seen after 2 hours without water. 
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Figure 8. Reaction 10%Ni Mg2Al2O4 with CH4:CO2 1:1 with and without water (0, 0.5, 0) dry 
reforming at 750 °C. 

 
As shown in Figure 9 and 10, water increases the deactivation rate relative to dry 
conditions with 10%Ni/Mg2Al2O4 catalyst except with the first time the test is run at 750 
°C, by the time we run 750 °C a second time we see the deactivation. Once water is 
introduced, we see hydrogen yields increase and both CO yields and CO2 conversion 
reduced. 
 

  
Figure 9. Reaction 10%Ni Mg2Al2O4 with CH4:CO2 1:1 with and without water (0, 0.5) dry 
reforming at 750, 700, 650, 800, and 750 °C. 
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Figure 10. Normalized CH4 conversion over 200 minutes to show deactivation of 10%Ni 
Mg2Al2O4 with CH4:CO2 1:1 with and without water (0, 0.5) at 750, 700, 650, 800, and 750 °C. 

 
 
 



PNNL-32738 

 14 
 

   
Figure 11. Temperature Programmed Oxidation of carbon deposits on 10%Ni Mg2Al2O4 with 
CH4:CO2 1:1 with and without water (0, 0.5) 750, 700, and 650 °C. 
 

Carbon deposition in the CO2:CH4:H2O 1:1:0.5 runs with 10%Ni Mg2Al2O4 catalyst is 
dramatically reduced as shown by the TPO runs, Figure 11.  Together with the faster 
deactivation of the catalyst with water at CO2:CH4:H2O of 1:1:0.5, we proposed the 
hypothesis that water may induce catalyst deactivation by oxidation of Ni or formation of 
hydroxide form. Therefore, CO2:CH4:H2O 1:1:0.5 was perhaps too much water and we 
looked at the lower ratio of CO2:CH4:H2O 1:1:0.1. 
 

 
Figure 12. Normalized CH4 conversion over 200 minutes to show deactivation of 10%Ni 
Mg2Al2O4 with CH4:CO2 1:1 with and without water (0, 0.1) at 750, 700, and 650 °C. 

 
In Figure 12, we observe that 10%Ni/Mg2Al2O4 with CH4:CO2 1:1 with and without water 
(0, 0.1) at 750, 700, and 650 °C that the deactivation rates are reduced at all tested 
temperatures. Figure 11 is in contrast to Figure 9 where with larger amounts of water 
(CO2:CH4:H2O 1:1:0.5) we saw increased deactivation with water at 650, 700, and 750 
°C. It is hypothesized that higher water partial pressure (20%) suppresses carbon 
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deposits but promotes deactivation at all temperatures via additional deactivation 
mechanism. While the lower water partial pressure (5%) promotes increased catalyst 
stability and this is more noticeable at higher temperatures. 
 
The 10%Ni/Mg2Al2O4 with CO2:CH4:H2O 1:1:0.5 at 750 °C has a variance equal to the 
value and was re-run over 12 hours. 
 

 
Figure 13. Normalized CH4 conversion over 720 minutes to show deactivation of 10%Ni 
Mg2Al2O4 with CH4:CO2 1:1 with water (0.1) at 750 °C. 

 
The deactivation of 10%Ni Mg2Al2O4 with CH4:CO2 1:1 with water (0.1) at 750 °C shown 
in Figure 13 has a deactivation rate that is significantly less than without water and the 
value is above the noise. 
 
The Temperature Programmed Oxidation of the carbon deposits built up during 200 
minutes of reacting 10%Ni/Mg2Al2O4 with CH4:CO2 1:1 with water (0.1) shows essential 
no CO2 or CO oxidation similar to Figure 11. 
 
All these results strongly suggest that low partial pressure of water co-feeding, such as 
CO2:CH4:H2O 1:1:0.1, suppressed carbon deposition and did not introduce new 
deactivation modes of the catalyst, and eventually led to a much improved catalyst 
stability. 
 

Impact of Ni loading and the secondary metal 
We also prepared a 5 wt% Ni/Mg2Al2O4 catalyst and controls and tested it at 650 and 
750 °C, CO2:CH4:1:1 with no water and approximately normalized for the amount of Ni 
by doubling the amount of 5 wt% Ni Mg2Al2O4 relative to 10%Ni Mg2Al2O4 catalyst, see 
Figure 14. 
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Figure 14. Normalized CH4 conversion to indicate deactivation over 200 minutes with 5% Ni 
Mg2Al2O4 and 10%Ni Mg2Al2O4 with CH4:CO2 1:1 without water at 750, and 650 °C. 

 
Interestingly while Ni loading was reduced twofold in 5% Ni/Mg2Al2O4 with the working 
hypothesis that the Ni dispersion might increase or the Ni particle size would be 
reduced to provide a more active catalyst, the 5% Ni/Mg2Al2O4 results show in dry 
reforming the 5% Ni/Mg2Al2O4 deactivates faster than the 10% Ni Mg2Al2O4. 
 

 
Figure 15. Temperature Programmed Oxidation of 5% Ni Mg2Al2O4 and 10%Ni Mg2Al2O4 of 
carbon deposits after dry reforming for 200 minutes with CH4:CO2 1:1 without water at 750, and 
650 °C. 
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Figure 15 shows that the 5% Ni Mg2Al2O4 appears to generate more carbon deposits at 
750 °C during dry methane reforming than 10%Ni Mg2Al2O4 which is consistent with a 
faster deactivation rate. 

 
Figure 16. Temperature Programmed Reduction of 5% Ni Mg2Al2O4 and 10%Ni Mg2Al2O4 with 
H2 prior to dry methane reforming at 750, and 650 °C. 
 

From the TPR in Figure 16, the Ni dispersion look similar for 5% Ni Mg2Al2O4 and 
10%Ni Mg2Al2O4. 
 
We also prepared a 5 wt% Ni + 5% Co Mg2Al2O4 catalyst and controls and tested it at 
750 °C, CO2:CH4:1:1 with no water. The hypothesis was the Co would bind the 
oxygenated species and the nickel would bind the methyl groups to facilitate a spillover 
reaction and a stable catalyst. 
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Figure 17. Normalized CH4 conversion to indicate deactivation over 200 minutes with 5% Ni 5% 
Co Mg2Al2O4 and 10%Ni Mg2Al2O4 with CH4:CO2 1:1 without water at 750 °C. 

 
Figure 17 shows that 5% Ni 5%-Co/Mg2Al2O4 appears to deactivate at 750 °C during 
dry reforming faster than 10%Ni/Mg2Al2O4. 
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Figure 18. Temperature Programmed Oxidation of 5% Ni 5% Co Mg2Al2O4 and 10%Ni 
Mg2Al2O4 of carbon deposits after dry reforming for 200 minutes with CH4:CO2 1:1 without water 
at 750 °C. 

 
In Figure 18 comparing the 5% Ni 5%-Co/Mg2Al2O4 TPO with the on 10%Ni Mg2Al2O4 

TPO at 750 °C there is significantly more carbon deposits. Additionally, from the TPO of 
carbon deposits in Figure 17 it is shown that the 5% Ni 5% Co Mg2Al2O4 has distinct 
carbon deposits, that is have a significant population that is more easily oxidized than 
the carbon deposits on 10%Ni Mg2Al2O4. 
 
We also prepared a 5% Ni-5%Ce/Mg2Al2O4 catalyst and controls and tested it at 650 
and 750 °C, CO2:CH4:1:1 with no water. The loading of the catalysts was on a nickel 
basis and there was 60 mg of 5% Ni 5% Ce Mg2Al2O4 in the reactor and 30 mg of 
10%Ni Mg2Al2O4 in the reactor. The hypothesis was that Ce would improve the CO2 
absorption and the amount of surface-active Ni sites. 
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Figure 19. Normalized CH4 conversion to indicate deactivation over 200 minutes with 5% Ni 5% 
Ce Mg2Al2O4 and 10%Ni Mg2Al2O4 with CH4:CO2 1:1 without water at 650 and 750 °C. 

 
Figure 19 indicates that the Ce in 5% Ni 5% Ce Mg2Al2O4 improves the catalyst stability 
at 650 and 750 °C relative to 10%Ni/Mg2Al2O4 by approximately 29% and 51% 
respectively, under dry reforming conditions. 

 
Figure 20. Temperature Programmed Oxidation of 5% Ni 5% Ce Mg2Al2O4 and 10%Ni Mg2Al2O4 
of carbon deposits after dry reforming for 200 minutes with CH4:CO2 1:1 without water at 650, and 
750 °C. 

 
Figure 20 shows that 5% Ni 5% Ce Mg2Al2O4 decreases carbon deposits relative to 
10%Ni Mg2Al2O4 at 650 and 750 °C by approximately 27% and 66%, respectively under 
dry reforming conditions. 
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Figure 21. Temperature Programmed Reduction of 5% Ni 5% Ce Mg2Al2O4 and 10%Ni 
Mg2Al2O4 with H2 prior to dry methane reforming at 750, and 650 °C. 

 
The TPR in Figure 21, appears to illustrate the 5% Ni 5% Ce/Mg2Al2O4 has increased 
dispersion of the Ni relative to 10%Ni Mg2Al2O4 however, at this stage we can not say 
whether this is due to the particle size of the Ni effect or the interaction of the Ni with the 
ceria. 
 

Task 3: Simulation of the complex catalytic system 
 

Baseline Multisite Mean Field Thermodynamic Model of Combined Dry and Steam 
Reforming over Ni/MgAl2O3-Based Catalysts 
To guide and rationalize the design of combined dry and steam reforming catalysts based 
on a magnesium aluminate (MgAl2O3) supported Ni formulation, a baseline 
thermodynamic model was constructed. The underlying thermodynamics of this model 
are represented explicitly by a mean field treatment of the free energy of the surface 
system, 𝐹𝑠𝑢𝑟𝑓 , which is a summation of free energy contributions from key reforming 

intermediates that occupy the multiple types of sites available on this catalyst. As a 
baseline approximation, we neglect lateral interactions between adspecies, which can be 
added later as needed. However, site blocking due to co-adsorption of multiple 
intermediates is fully represented. With these considerations, the free energy of the 
surface system is given by equation 1: 

𝐹𝑠𝑢𝑟𝑓({𝜃𝑖𝑋}) = ∑ ∑ (𝜎𝑖𝑋 [𝑉𝑖𝑋 − 𝑇𝑆𝑖𝑋
(𝑎𝑝𝑝𝑟𝑜𝑥)

]  − 𝑘𝐵𝑇𝑙𝑛[𝛺𝑖𝑋])

(𝑠𝑖𝑡𝑒 𝑡𝑦𝑝𝑒𝑠)

𝑋

(𝑠𝑝𝑒𝑐𝑖𝑒𝑠)

𝑖

 

 

(1) 

where 𝜎𝑖𝑋 and 𝑉𝑖𝑋 are the areal coverage (number of species per unit surface area) and 
formation energy of intermediate species 𝑖 when occupying a site of type 𝑋, respectively; 
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𝑇  is the absolute temperature; 𝑆𝑖𝑋
(𝑎𝑝𝑝𝑟𝑜𝑥)

 is the local entropy of this species (which is 

currently being approximated in this baseline model, but can be computed from quantum 
mechanical first principles in future refinements of the model); and 𝛺𝑖𝑋  is the global 
entropy provided by each species. This global entropy term accounts for the 
increased/decreased space available due to co-adsorption of the other adspecies, i.e., 
site blocking. A full derivation will be provided in future publications, but the final functional 
form of this term is given as 

𝛺𝑖𝑋 = [
(𝑓𝑋 − ∑ 𝑏𝑖𝑋,𝑗𝑌𝜃𝑗𝑌𝑗𝑌≠𝑖𝑋 )

(𝑓𝑋−∑ 𝑏𝑖𝑋,𝑗𝑌𝜃𝑗𝑌𝑗𝑌≠𝑖𝑋 )

(𝜃𝑖𝑋)(𝑏𝑖𝑋,𝑖𝑋𝜃𝑖𝑋) (𝑓𝑋 − ∑ 𝑏𝑖𝑋,𝑗𝑌𝜃𝑗𝑌𝑗𝑌 )
(𝑓𝑋−∑ 𝑏𝑖𝑋,𝑗𝑌𝜃𝑗𝑌𝑗𝑌 )

]

𝑛𝑆𝑁𝑢.𝑐. 
𝑏𝑖𝑋,𝑖𝑋

 

 

(2) 

where 𝑛𝑆 is the total number sites per surface unit cell;  𝑓𝑋 is the fraction (0 ≤ 𝑓𝑋 ≤ 1) of 

the surface covered in sites of type 𝑋; 𝜃𝑖𝑋 is site coverage, i.e., the fraction of 𝑋 sites 

occupied by species 𝑖 (number of species 𝑖 per total number of 𝑋 sites, equivalent to 

𝜃𝑖𝑋 =
𝜎𝑖𝑋

𝑛𝑆
); 𝑏𝑖𝑋,𝑗𝑌 is the number sites of type 𝑋 (that could be occupied by species 𝑖) that 

are blocked when a species 𝑗 occupies a site of type 𝑌; and 𝑁𝑢.𝑐. is the number of nominal 
unit cells making up the material’s surface. Equation 1 is always taken to the 
thermodynamic limit where 𝑁𝑢.𝑐.  and 𝑛𝑆𝑁𝑢.𝑐. approach infinity.  
 
Modeling the free energy as in Equation 1 means that instead of taking the surface to be 
made up of a homogenous distribution of a single site type (often denoted with an asterisk, 
“*”, in the literature), the Ni0 sites, Ni-support interface sites, perimeter-adjacent Mg sites, 
and perimeter-adjacent (Al)O sites are represented within the model as separate entities. 
To determine the relative abundance of each site type in any given model, we compute 
the number of each type of site that would exist given a hemispherical Ni nanoparticle 
(with the area of surface unit cells equivalent to that of Ni(111)) supported on a nominally 
flat terrace of the support, see Figure 22 for the conceptual topology of this system 
 

 

 
Figure 22. Top-down view of the conceptual topology of the Ni/MgAl2O3 catalyst system used 
to determine the relative preponderance of the four site types represented in the multisite 
thermodynamic model developed for this project. Particle diameter (Dp), interface depth (RI), and 
support perimeter depth (RS) are treated as parameters. 

Ni Sites

DP = 5, 10, or 20 nm

MgAl2O3

Support

Ni Interface 
Sites

Mg Sites AlO Sites

RI = 0.86 nm 
(4 u.c.)

RS = RI
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By varying the nanoparticle size/diameter, a realistic variety of site ratios can be modeled 
to determine the effect of particle size and relative abundance and distribution of 
intermediates. 
The formation energy of each intermediate occupying each site type, 𝑉𝑖𝑋, is found from 
first principles DFT calculations of bound intermediates and is given by Equation 3: 
 

where  𝐸𝑖𝑋
𝐷𝐹𝑇, 𝐸𝑠𝑙𝑎𝑏

𝐷𝐹𝑇, 𝐸𝐶
𝐷𝐹𝑇, 𝐸𝑂

𝐷𝐹𝑇, and 𝐸𝐻
𝐷𝐹𝑇 are the DFT-computed electronic energies of 

the system, pristine surface, a carbon atom, oxygen atom, and hydrogen atom, 
respectively; and 𝑁𝐶, 𝑁𝑂, 𝑁𝐻, are the number of carbon, oxygen, and hydrogen atoms, 
respectively, making up the bound intermediate, 𝑖, whose formation energy at a site of 
type 𝑋 is being computed. Currently, this value is taken at the limit of infinite dilution (the 
so called “zero-coverage” limit), but terms for finite-concentration effects can be added to 
this energy in future refinements of the models. Two molecular models, shown in Figure 
23, were constructed to compute the formation energies, 𝑉𝑖𝑋 , of each intermediate 
occupying the four site types present within this model using ab initio density functional 
theory (DFT) calculations. 
 

 
 
Figure 24 shows these values for each of the primary intermediates involved in dry and 
steam reforming of methane that we represent in the model. The intermediates’ formation 
energies at each site type are shown as separate-colored bars, with more negative values 

indicating greater stability at that type of site. However, it should be noted that one cannot 
compare stability between non-isomeric intermediates in this chart.  

 
Figure 23. Top-down views of the two molecular models used in computation, via density 
functional theory, of the formation energies of intermediates. (a) An amorphous Ni50 nanoparticle 
supported on a MgAl2O3 surface, which was used to compute formation energies at Ni-support 
interface, Mg, and (Al)O sites. (b) The Ni(111) surface used to compute the formation energies 
at Ni0 sites. Spheres in grey, orange, blue, and red, represent Ni, Mg, Al, and O atoms, 
respectively. 

𝑉𝑖𝑋 = 𝐸𝑖𝑋
𝐷𝐹𝑇 − 𝐸𝑠𝑙𝑎𝑏

𝐷𝐹𝑇 − 𝑁𝐶𝐸𝐶
𝐷𝐹𝑇 − 𝑁𝑂𝐸𝑂

𝐷𝐹𝑇 − 𝑁𝐻𝐸𝐻
𝐷𝐹𝑇 (3) 

(a) (b)
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Ni50/MgAl2O3

Ni
Ni
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Finally, we expose the model to a reservoir with constant partial pressures of CH4, CO2, 
CO, H2, and H2O. In our baseline model, the CO2:CH4 ratio is maintained at 1:1 and 
H2O:CO2 ratios of 0:1 and 0.5:1 were tested. CO2 and H2O conversions were used to 
compute these partial pressures, and standard state chemical potentials were computed 
from NIST database. 
 
The high dimensionality of Equation 1 means that minimization of the total free energy of 
the surface/reservoir system is a non-trivial task. We are actively working on applying an 
artificial bee colony (“swarm intelligence”) global minimization scheme to ensure that we 
are finding the global minimum instead of merely a local minimum in the free energy. 
Here, we have employed a simple generalized gradient algorithm to minimize the free 
energy which provides reasonable equilibrium solutions that are well suited as a proof of 
concept despite not guaranteeing a global minimum solution. The resulting site coverage 
distributions are shown in Figure 25 for three nanoparticle diameters (5, 10, and 20 nm) 
and two sets of reservoir conditions (no H2O and low CO2 conversion; and a 0.5:1 H2O to 
CO2 ratio with near-equilibrium CO2 conversion). The most obvious feature of these 
results is the near-to-complete hydroxylation of the exposed O atoms at the Ni-support 
perimeter (AlO sites, light blue bars in Figure 25) regardless of the nanoparticle size or 
reservoir conditions. This implies that the support acts a hydrogen sink in the zero-
coverage limit. Even if complete hydroxylation is kinetically limited (which a future kinetic 
model will reveal, this would represent a major thermodynamic driving force during the 
reforming reaction. Hydroxylation of the exposed Mg sites (orange bars) is also a major 
feature that qualitatively appears to decrease as particle size increases with CO or H2O 
replacing the OH groups. CO is less concentrated on the Ni0 sites as the particle size 
increases as well. This should be considered undesirable since CO is bound more tightly 
to Mg sites than to Ni0 or Ni interface sites (see Figure 24) and would thus be much 
slower to desorb as product. This highlights the importance of ensuring a small and 
monodisperse distribution of Ni nanoparticle sizes. Qualitatively, we also see that the total 

 
Figure 24. Computed formation energies of dry and steam reforming 
of methane intermediates bound at the four site types represented in 
this model. 
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distribution of intermediates is smaller on smaller nanoparticles, suggesting that smaller 
nanoparticles allow more control over the species formed.  
 
Another very interesting feature in Figure 25 is the absence of C or CH species. Due to 
the large thermodynamic driving force provided by carbide formation and coking, these 
processes have been neglected here (the model would simply predict that the equilibrium 
state of the Ni nanoparticle is completely deactivated). It is surprising then that the 
intermediates species to deactivation (C and CH) are not thermodynamically favored. 
This implies that the active Ni catalyst is metastable with respect to coking and carbide 
formation with deactivation a kinetically controlled process. In other words, there is a 
kinetic gap between the active metastable state and inactive state occupying the bottom 
of the thermodynamic well. This is in fact very good news from the perspective of 
designing stable dry reforming catalysts since reaction kinetics can in principle be tuned 
to maintain this gap. If this feature holds in future refinement of the thermodynamic model, 
it implies that deactivation may be largely avoidable. 
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The results of this baseline model strongly motivate the need for thorough and careful 
modeling of dry and steam reforming microkinetics. A high-fidelity microkinetic model 
incorporating the details made accessible by our thermodynamic model can be used to 
guide experimental design to hasten the development of a stable dry reforming catalyst. 
It is worth noting that one of the strengths of our approach to modeling the 
thermodynamics of this process here is its direct transferability to the kinetic system. 
Since chemical potentials of the reaction intermediates are needed to define the extents 
of reaction and rate expressions, we need only differentiate the free energy defined in 
Equation 1 with respect to differential changes in each species’ coverages at each site 

 
Figure 25. Thermodynamic equilibrium site coverages (y-axes) for each dry and steam 
reforming intermediate (x-axes) at each of the four site types (colored bars) represented in the 
thermodynamic model developed here. Each graph represents a model based on a Ni 
nanoparticle diameter of those shown to the right, while the corresponding reservoir 
conditions—CO2 conversion, H2O conversion, and H2O:CO2 ratios— are shown above. 
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type to provide the ingredients needed for its corresponding microkinetic model. This will 
be the approach used to design and deliver our kinetic model milestone in future work. 
 
Conclusions 
It would appear that the partial pressure of water and the temperature of the reaction 
are very important for CO2 reforming of CH4. Figure 26 shows lower temperatures of 
reaction increase the rate of deactivation with the formation of more deposited carbon. 
As to the water partial pressure, a small amount of water (0.1) decreases the 
deactivation with decreasing carbon deposition. However, higher partial pressure of 
water (0.5) increases the deactivation rate of the 10%Ni Mg2Al2O4 catalyst, likely 
because of the deactivation of Ni sites due to the formation of NiO on either surface or 
bulk.  
 

 
Figure 26 Preliminary thoughts on observations of reactions with and without water 

 

The most stable conditions for 10 %Ni Mg2Al2O4 catalyst were obtained with smaller 
amounts of water (0.1) and higher temperatures (750 °C). 
 
The addition of the 5wt% Ce co-catalyst with 5% Ni Mg2Al2O4 has shown a> 20% 
reduction in the deactivation rate at 650 and 750 °C for methane reforming of CO2 
relative to the baseline 10%Ni Mg2Al2O4. 
 
The end of year milestone was: 
By end of the year show two strategies (cocatalysts, with and without water) that reduce 
the carbon deposition rates by 20% relative to the baseline Ni MgAlO at < 800 C. This 
means at 650-750 °C that the technical feasibility of the concept is shown. (September 
2021). 
 
We have demonstrated that, with the inclusion of 5% H2O, the 10%Ni Mg2Al2O4 catalyst 
at 650, 700, and 750 °C showed a > 20% reduction in carbon deposits. The addition of 
the 5 wt% Ce co-catalyst with 5% Ni/Mg2Al2O4 has shown a > 20% reduction in the 
deactivation rate at 650 and 750 °C for methane reforming of CO2 relative to the 
baseline 10%Ni/Mg2Al2O4. 
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Table 4. Performance of catalyst systems relative to the 10%Ni Mg2Al2O4 catalyst baseline and 
the end of year milestone: 

Stabilizing 
Strategy  

Temperature 
(°C) 

Percent 
decrease in 
carbon 
formation 
rate 

Percent decrease in 
deactivation rate 

Ceria 
Addition 

750 66% 51% 

Ceria 
Addition 

650 27% 29% 

Water 
Addition (5%) 

750 100% 70% 

Water 
Addition (5%) 

700 100% 33% 

Water 
Addition (5%) 

650 100% 6.8% 

 
The modeling highlights the importance of ensuring a small and monodisperse 
distribution of Ni nanoparticle sizes. Experimentally the hypothesis that smaller Ni 
particles are more reactive for methane reforming of CO2 and stable with regard to both 
carbon deposits deactivation and deactivation due to sintering of the Ni particles has yet 
to be determined. 
 
The results of this baseline model strongly motivate the need for thorough and careful 
modeling of dry and steam reforming microkinetics and experimentally the next phase 
would be to start determining the kinetics of a dilute reaction system with small amounts 
of water and cerium as a cocatalyst. 
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