Guidance for targeted development of ammonia synthesis catalysts from a holistic process approach
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Summary
After a century of status quo in the Haber-Bosch process for synthesizing ammonia, the prospect for green ammonia derived from renewable energy has reinvigorated the development of novel catalysts, but a holistic approach considering both reaction and separation is required. Lower operating pressures – the principal target for process innovations – are constrained by the thermodynamic and practical limitations imposed by the reaction equilibrium and separation characteristics. Both conventional condensation separation and emerging technologies such as absorption display lower-limits on the operating pressure of the catalyst. As such, the separation techniques should guide the targeting of catalyst design for moderate pressures (10-30 bar) as opposed to atmospheric pressures prevalent in literature. Under such conditions, the removing hydrogen and ammonia inhibition becomes crucial. In describing the constraints imposed by process design, this work provides direction for the development of catalysts for green ammonia production as both a fertilizer and renewable energy vector.

Introduction
Ever since the multi-promoted iron catalyst for ammonia synthesis was discovered by Carl Bosch and Alwin Mittash in 1910,1 the chemical industry has successfully produced ammonia through the Haber-Bosch (HB) process. Currently, ammonia is mainly used as fertilizer which sustains the food demands of modern society, but also in less extent as refrigerant, cleaning agent and pharmaceutical feedstock. Since the discovery of the HB process, the chemical industry has greatly optimized and integrated the process with a number of technological developments such as centrifugal compressors and steam integration, with little modifications to the catalysts despite significant efforts. Over the last century, research has pursued improvements to the industrial catalyst and the understanding of the reaction mechanism. While industrial ammonia producers have developed individual iron-based catalyst formulas for intellectual property, substantial advancements have been lacking. Despite the proclaimed second generation of ruthenium-based catalysts with an activity an order of magnitude higher than their iron-based counterparts, less than 5% of the industrial production utilizes the ruthenium-based catalyst developed by BP and the Kellogg Company in 1990, and in these cases, it is deployed in a secondary reactor to the primary iron-based reactor.2 Ruthenium-based catalysts have been too expensive and fragile due to their nanoparticle composition to justify a transition from iron catalysts, which has led to dissonance between academic ammonia research and the conservative industrial ammonia synthesis. 
Recently, the potential role of ammonia for long-term storage of renewable energy, to buffer the misalignment between its production and demand, has revived the industrial and academic interest in this important process. While the conventional HB process overcame the low activity of the iron-based catalysts by increasing the reaction temperature (> 400°C) and pressure (> 100 bar), the electrified production of green ammonia using exclusively intermittent and isolated renewable energy compels the need for an agile and low-capital process,3 which is primarily associated with lower operating pressures. We have recently demonstrated that a way of achieving this is by replacing the separation of ammonia by condensation in the conventional HB process by absorption, opening the door to a low pressure (~ 20 bar) process.3, 4 
However, the equilibrium conversion for ammonia synthesis decreases as the pressure decreases, affecting the feasibility of separating ammonia if the resulting partial pressure of ammonia is too low. While ammonia catalysis is a well-established field that has been previously extensively reviewed,2, 5, 6 in this paper, we provide guidance for the future development of ammonia synthesis catalysis using a holistic view of the process, considering not only the ammonia synthesis but also the limitations imposed by the available separation techniques. In this way, we provide directions for the research community about how to include the separation constraints in catalyst design to enable and accelerate the commercial industrial adoption of innovative catalysts in ammonia synthesis. While we acknowledge the several distinct routes to ammonia synthesis, such as electrochemical or non-thermal plasma assisted, we choose to focus on thermocatalytic synthesis because it is the most mature and at the highest TRL levels. Still, the framework of separation constraints herein described is briefly applied to all synthesis methods.  
 
Boundary operational conditions as a function of separation technology
The boundary of reaction conditions for feasible ammonia separation is derived directly from the reaction and separation thermodynamic equilibria. A typical HB industrial reactor operates at >400°C and >100 bar to enhance the reaction kinetics and equilibrium, respectively. Decreasing temperature increases equilibrium due to the exothermicity of the reaction, while decreasing pressure decreases equilibrium according to Le Chatelier's principle. The conventional HB ammonia synthesis loop uses condensation to separate ammonia before recycling unreacted nitrogen and hydrogen (Figure 1b). The equilibrium vapor pressure of ammonia at the condenser temperature, which varies from 1.5 bar at -25°C to 5.1 bar at 5°C,7 dictates the degree of ammonia removal relative to the ammonia produced by the reactor. On the other hand, separation of ammonia by absorption in metal ammine salts (i.e. MgCl2, CaCl2, MnCl2) through a complexation reaction is capable of removing ammonia to very low partial pressures (<0.01 bar) and more moderate temperatures (~100°C, Figure S.1).8 Even though some absorbents have a detrimental proclivity to decompose at high temperatures after exposure to water,9 others are resistant to decomposition and indicate a method for achieving stability by targeting low-temperature water release.4 The technique of absorption separation, already demonstrated at the lab scale (Figure 1c),10 enables the possibility of operating the reactor at lower total pressures compared to condensation separation. As mentioned before, the pressure of ammonia at reaction equilibrium decreases with the total reaction pressure and consequently, both separation processes become more energetically expensive per unit of ammonia produced. The feasible operational boundary conditions for both separation methods are presented herein by varying the temperature (25 to 450°C) and pressure (1 to 100 bar) in the reactor, assuming condenser and absorber operate at approximately the same pressure as the reactor. 
The thermodynamic limit for the ammonia condensation separation (Figure 1.a, blue solid line) is defined by the reaction pressure and temperature where the equilibrium ammonia partial pressure is equal to the vapor pressure of ammonia at -25°C (1.5 bar). The practical limit for feasible separation is assessed through an analysis of the energetic costs related to the cooling power required for condensation. While the majority of cooling from the reactor temperature to -25°C can be achieved through heat exchange with the condenser effluent, it was assumed the final 10°C of cooling requires refrigeration. As a common refrigerant, ammonia is also employed to provide cooling power through a refrigeration cycle driven by compression, as calculated using a pressure-enthalpy curve (Figure S.2). With this framework, the energetic separation costs for a series of reactor temperatures and pressures were determined using 90% of the equilibrium conversion and compared to a reference condition of 400°C and 100 bar as baseline (Figure S.3a). The pressure and temperature at which separation energy cost rapidly increases beyond 5% of the reference depicts the boundary of practical reactor conditions with condensation separation (Figure 1a, blue dots and dashed blue line) and delineates a more restricted operating range than the thermodynamic limit. If the conversion is instead assumed to be 50% of reaction equilibrium, the operating range becomes even more restricted (Figure S.4). While this analysis determines the operational boundary, it does not determine the optimum operating conditions, which would necessarily include other factors such as feed compression and heat exchange. 
Unlike condensation, absorption can remove ammonia to very low pressures (<0.01 bar at <100°C), and therefore does not present a thermodynamic limit on reactor operating conditions (Figure 1a, red solid line). However, the energetic cost for practically implementing the process prompts limitations to the reactor conditions. In assessing energetic costs, it is important to note that absorption is a dynamic process where the absorbent is saturated during operation and requires regeneration. For the calculation of the energetic costs, it is assumed the absorber operates for 20 minutes before regeneration, the absorber length is 5X the diameter and the particle size is approximately 0.2 mm (further information in SI). By applying the Ergun equation,11 the pressure drop in the absorber for a constant ammonia production rate is calculated as a function of reaction conditions assuming, as before, 90% of equilibrium is achieved (50% of equilibrium shown Figure S.4). Since gases exiting the absorber at lower pressures need to be recompressed before recycling to the reactor, the energetic cost for compression is the primary differentiating factor when assessing this separation feasibility. 
Similar to condensation separation, as the total pressure is decreased with absorption separation the energetic cost increases rapidly after a particular pressure (Figure S.3b) because the low equilibrium conversion in the reactor causes a large recirculation of unreacted nitrogen/hydrogen per unit of ammonia separated and therefore a large pressure drop across the absorber. When the pressure and temperature limits for energetic practicability (<5% increase from a reference at 400°C and 100 bar) are compared with condensation separation (Figure 1a), it is clear the boundary curve shifts to lower pressures because absorption can remove ammonia more completely (<0.01 bar) than condensation (1.5 bar). Nevertheless, the shift to lower pressures is small relative to the change in thermodynamic limits between condensation and absorption, and does not indicate a unique role for potential low temperature (<300°C) catalysts in an absorption process because a low temperature reactor has similar pressure limitations for both condensation and absorption separation. Furthermore, this analysis indicates that the practical limitation of using a separation method (absorption or adsorption) with complete ammonia removal will depend on the pressure drop through the separation medium as recirculation rate increases with rapidly decreasing reaction equilibrium at lower pressures.  
As a result of the capacity of some metal chlorides to absorb ammonia at high temperatures (> 300°C), it is possible to synthesize and separate ammonia in a single isothermal vessel (Figure 1d) if the right absorbent material is designed.4 In this case, the primary feasibility criteria is the coupling between the thermodynamic limit of ammonia partial pressure required for absorption at high temperatures and the ammonia partial pressure achieved at the reaction equilibrium. Metal halides are characterized by an equilibrium pressure as a function of temperature above which absorption occurs to completion.12 The absorption equilibrium pressure increases exponentially with temperature. At a certain temperature, it surpasses the partial pressure of ammonia at reaction equilibrium, making the separation physically impossible. This crossover point (Figure 1a, solid yellow line) for the investigated absorbent (MnCl2) indicates moderate reactor temperatures at atmospheric pressure, but higher pressures are required for high temperatures because the absorption equilibrium pressure increases exponentially. As a result, the in-situ absorption system exhibits a unique behavior compared to the condensation and absorption systems, which suggests a potential role for low temperature (<300°C) catalysis in facilitating a low to moderate pressure process.

Overview of Previous Catalyst Studies
It is widely accepted that catalytic ammonia synthesis occurs through the dissociative mechanism, in which molecular nitrogen is split on the catalyst surface before hydrogen adatoms are added to nitrogen adatoms where the rate-limiting step is typically nitrogen dissociation. The activation energy for dissociation is inversely related to the binding energy of nitrogen adatoms such that a volcano relationship of catalytic activity with nitrogen binding energy describes the trade-off between effectively dissociating nitrogen and keeping N species from blocking the catalyst surface.13, 14 Conventional catalysts employed for over 100 years use iron as the active metal, which lies on the left side of the volcano relationship (stronger nitrogen binding). By consequence, it tends to be inhibited by ammonia because NHx species overpopulate the surface and can ultimately lead to the formation of inactive surface nitrides. 
Ruthenium – proclaimed the second generation of catalysts since intensive research started in the 1970s – lies very close to the optimum of the volcano relationship. Its intrinsic activity is higher than iron because it can effectively catalyze the rate-determining step of nitrogen dissociation – particularly at the well-known B5 step sites.15, 16 This high activity has been amplified by i) supporting ruthenium on MgO,17 Al2O3,18 or carbon19, 20 to increase the number of active sites and ii) electronically promoting it with alkali and alkali earth metals to further facilitate nitrogen dissociation through back-electron donation into the triple bond,21-23 and to remove ammonia inhibition by electronic repulsion of NHx.24 Unlike iron, however, ruthenium can be inhibited by hydrogen due to its higher affinity relative to nitrogen, and this can be exacerbated through electronic promotion.6, 25, 26 In response, lanthanide series oxides or electride supports have been found to achieve a mitigating effect on hydrogen inhibition.27-29 Recent years have also seen the expansion of studies to include cobalt catalysts,30 nitride-based catalysts,31, 32  amide supported ruthenium,34 and lithium hydride – transition metal co-catalysts.35
Despite there being no shortage of ammonia catalysis studies in the past 50 years particularly focused on ruthenium, there has been only minimal industrial adoption of the ruthenium catalyst developed by BP and Kellogg Company in 1990.36 Catalysis studies have been erroneously targeted due to the misconception that the HB process would operate at low pressures – and thereby reduce compression costs – if only the catalyst were more active at low pressures. As shown in Figure 2, a large number of previous studies have clustered near atmospheric pressure, but are below the practical limits for all the three separations options described above. The focus on atmospheric pressures has been compounded by the vastly superior activity of ruthenium relative to iron at atmospheric pressure. However, as the pressure increases the activity becomes only marginally better due to hydrogen inhibition on ruthenium.20 At high pressures (100 bar cluster in Figure 2), activity improvements can only be attained close to equilibrium because iron is inhibited by ammonia whereas ruthenium (and other catalysts) are not.37, 38 Therefore, while market entry against an iron catalyst at high pressures is likely to be insurmountable with only marginal rate improvements, atmospheric pressure is beyond practical separation. For these reasons, the industrial ammonia synthesis catalysts has remained almost unchanged for almost a century. 
Figure 2 also indicates a trend for catalyst developments at lower temperatures than the current industrial conditions (>400°C). As reaction kinetics are improved with novel catalysts, high temperatures are unnecessary to achieve an acceptable production rate. Faster kinetics at lower temperatures is often ascribed to nitrogen activation, but release of hydrogen is also a determining factor as it facilitates the availability of active sites, particularly for ruthenium.25 While lower temperatures in itself would only have a minimal effect on process costs through reduced heat exchange, it also increases the partial pressure of ammonia at equilibrium. A higher ammonia pressure allows a decreased total pressure for feasible separation, as shown by the curves in Figure 2, and therefore targeting lower temperatures is consistently beneficial, independently of the separation technology considered – as opposed to lower pressures. 

Outlook: H2 and NH3 Inhibition
Replacing the catalyst in the conventional HB ammonia synthesis process with condensation has been targeted for decades, and therefore the requirements for market shift are well established: orders of magnitude activity increase, catalysis cost comparable to iron and less ammonia inhibition than iron to achieve higher single-pass conversions. As such, it is unlikely that replacing the conventional catalyst on similar operational terms will be successfully implemented in industry. Even though decreasing the operating pressure is impracticable with condensation separation, absorption and in-situ absorption separation present the possibility of a moderate pressure process, which creates the need for targeted catalyst design at these conditions. (Note as mentioned before that atmospheric ammonia synthesis is not practical). As shown in Figure 2, a minority of studies have been conducted at moderate pressures, however, we forecast an increased research effort of catalysis development as these conditions for agile and low capital cost green ammonia production processes using absorption or in-situ absorption separation.3 In particular, the catalyst characteristics for moderate pressures should target removing hydrogen and ammonia inhibition rather than primarily enhancing nitrogen activation. Often, the catalyst interactions with reaction species are interrelated (i.e. hydrogen and ammonia inhibition inversely related),6, 33 but they are examined here independently for the purpose of illustration because it is both possible and beneficial to decouple the interactions for successful catalyst design.4
Lowering the activation energy for the rate-determining step of nitrogen splitting is often reported as the principle characteristic of an innovative catalyst.6, 39 While the prevention of hydrogen inhibition is also frequently addressed, it is sometimes presented as of secondary importance. Indeed, at atmospheric pressure, a 10 kJ/mol decrease in activation energy is vastly more beneficial than increasing the hydrogen order from -1 to 0, as shown in Figure 3a. However, when the pressure is increased beyond 10 bar, the rate for an increased hydrogen order exceeds that of a decreased activation energy. Removing hydrogen is also responsible for allowing lower temperature catalysis – which will facilitate a move to lower pressures (Figure 2). Thus, we demonstrate that hydrogen inhibition should be considered just as important (if not more important) as nitrogen activation for the development of catalysts active at moderate pressures suitable for green ammonia synthesis. Even if catalyst composition expands beyond second generation ruthenium to other metals such as cobalt and nickel, it is expected that hydrogen inhibition will remain a significant barrier.40 The simplest mitigation for hydrogen inhibition – increasing the N2/H2 ratio – only has a limited benefit because it simultaneously decreases the equilibrium conversion,25 and therefore continued materials development is required to improve catalysts and decrease hydrogen inhibition. 
Removal of ammonia from active sites is frequently overlooked as a crucial characteristic for catalysts, but it plays an integral role in effectuating practical separations. The previous analysis in Figure 2 assumes 90% of equilibrium conversion is achieved and does not consider the amount of catalyst necessary to reach that conversion. If severely ammonia inhibited, the catalytic rate will drop precipitously prior to equilibrium – as is the case with iron catalysts20- and a very large reactor will be required to achieve high conversions. Removing ammonia inhibition causes the reaction rate to drop less at high conversions, as shown in Figure 3b for the case of 50% equilibrium conversion, and therefore a smaller reactor is required to achieve the ammonia pressures required for practical separation. While traditional ruthenium-based catalysts effectively removed ammonia from active sites through electronic promotion, the issue of ammonia inhibition has re-emerged through innovations in recent years involving hydrides and nitrides and has not properly been addressed in the context of drawbacks for the whole production process.35, 41, 42 Not only would a large reactor add capital expenses for all separation processes, in the case of in-situ absorption it would critically impede development because compact size and near equilibrium conversions are crucial for effective process design. Thus, future ammonia synthesis catalysts should present ammonia inhibition resistance. 
While this analysis has focused on the separation methods utilized with thermocatalytic ammonia synthesis, the constraints described herein apply similarly to other methods for ammonia synthesis – such as photocatalytic, electrochemical, and non-thermal plasma assisted.43-45 Regardless of the synthesis route, low pressures of ammonia due to either thermodynamic or kinetic limitations will cause constraints on the system if the gas mixture contains hydrogen that needs to be recycled. Further, if the reaction takes place in aqueous medium, an additional separation is required to remove ammonia from water, while mitigating the corrosive properties of ammonia-water mixtures. Therefore, thorough assessment of routes for green ammonia synthesis requires a systems-level approach that includes constraints induced by the separation processes. 

Conclusions and Outlook
As green ammonia gains attention for the utilization and storage of renewable energy, new lower pressure processes that are agile and low-capital require targeted catalyst design. The different processes for ammonia separation prompt limitations on the reactor pressure as a function of reactor temperature due to the attainable pressure of ammonia required for its separation. Limitations for each separation process can be divided into thermodynamic and practical (cost-based) limitations, which indicate only a modest lower pressure operating range for absorption as compared to condensation separation. The absorption-separation constraints stem from the low pressures of ammonia exiting the reactor requiring high recycle through the separation medium, and is therefore generalizable to any separation technique. In-situ absorption presents the opportunity to more drastically transform the operational conditions and achieve a moderate pressure process through removing the need for recycle. Having a holistic approach to the process, we demonstrate that atmospheric reaction pressure (targeted by numerous previous studies) makes the process unfeasible. Instead, catalytic development should focus on moderate pressure (10 – 30 bar) ammonia synthesis to make the process agile and low-cost, low temperature activity by removing hydrogen inhibition to enhance equilibrium conversions and ammonia inhibition resistance to achieve high reaction rates close to equilibrium without the need of increasing the capital cost.
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Figures
Figure 1 | Boundary of reaction conditions for thermodynamically feasible and practical ammonia separation: a-c. Schematics of ammonia synthesis processes using condensation, absorption, and in-situ absorption separation respectively. d. Plot of reaction pressures and temperatures at which the corresponding separation technique becomes impractical. Arrows indicate the area in which the separation is economically feasible. Condensation was simulated at -25°C and absorption was simulated using MnCl2 as absorbent at 100°C unless in-situ where reaction conditions are used. Pressure was approximated to drop only across the packed bed of the absorber. 
Figure 2 | Summary of catalysis conditions in previous studies relative to separation limitations. Dashed lines represent the practical reaction conditions for condensation and absorption separation and the solid line the thermodynamic limit for the in-situ absorption process as shown in Figure 1 (note that the x-axis is not logarithmic in this figure). The size of the circle indicates the number of studies at a particular system pressure and temperature. A list of the studies included is in Table S.1.
Figure 3 | Effect of H2 and NH3 inhibition at 50% equilibrium conversion. a. Rate as a function of pressure when Ea is decreased from 60 kJ mol-1 to 50 kJ mol-1 and when increasing the H2 order from -1 to 0. b. Change in rate as a function of pressure when Ea is decreased from 60kJ mol-1 to 50kJ mol-1 and when increasing the NH3 order from -0.5 to 0. The change in rate is calculated with respect to the percent of equilibrium. Both a & b are normalized with respect to the baseline value at 1 bar. The baseline is defined as an arbitrary rate equation with an Ea of 60 kJ mol-1, H2 order of -1, and NH3 order of -0.5.  
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