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Abstract 

Rapid development of new ammonia (NH3) synthesis techniques that enable modular, intermittent 

production is essential to actualizing NH3’s potential as a clean energy carrier, since contemporary methods 

are configured to centralized, continuous production methods with high emissions and are incompatible 

with renewable sources. In this mission, microwave-driven catalysis is promising for its ability to enhance 

reaction kinetics and apply targeted heating for efficient energy use. However, owing to an incomplete 

understanding of the interaction between microwave fields and catalyst beds, the development of such 

microwave-catalysis systems remains underexplored and challenging. This paper investigates the 10x scale-

up of a microwave-based NH3 synthesis reactor using numerical and experimental approaches, achieving 

the largest reported microwave-driven NH3 reactor to date. Results elucidate phenomena unique to 

microwave processes that are only predictable through numerical modeling, including how a catalyst’s 

dielectric properties influence microwave field distribution by affecting penetration depth and how energy 

utilization can be poor even with sufficient attenuation. These dynamics change with scale, constrain reactor 

geometry, and potentially hamper performance. Nonetheless, we demonstrate a production rate of 56.6 

gNH3/day, the highest reported NH3 synthesis rate for laboratory-scale alternative techniques; 

correspondingly, the benchmark energy efficiency achieved in this paper (45.6 gNH3/kWh) is the highest 

reported for such reactors of sufficient scale. Even with this exemplary energy efficiency, energy losses 

were found in excess of 50%, an issue resolvable through scale and reactor design. The efficiencies imparted 

by microwaves were key in these achievements, warranting further investigation toward development of 

microwave-driven NH3 systems. 
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1 Introduction 

The energy crisis is one of the world’s greatest challenges, with harmful externalities ranging from 

geopolitics to climate change. To tackle this problem, ample focus has been placed on developing a diverse 

set of technologies that can generate clean energy, including optimizing the performance and durability of 

solar panels1, 2 or advancing the utility of wind turbines.3 While harvesting technology has advanced 

considerably, energy storage remains underdeveloped.4 One promising solution is the storage of energy in 

liquid ammonia (NH3). Specifically, NH3 has a fairly high volumetric energy density (7.1 MJ/L, higher than 

alternatives like batteries), exceptional hydrogen carrying density (more than liquid hydrogen itself), and 

respectable carbon-free combustion properties.5 Since it condenses at relatively modest conditions (about 

10 bar at room temperature or -33°C at ambient pressure), the cost of NH3 storage and transportation is 

significantly lower than alternatives like hydrogen, batteries, or others.6 Moreover, long distance NH3 

transport by pipeline is far more economically feasible than electrical transmission lines, which lose power 

in transit at least 5 times faster than NH3 pipelines due to transmission power losses.7 Developing NH3-for-

energy systems is critical to realizing this use. 

3𝐻2(𝑔) + 𝑁2(𝑔) ⇌ 2𝑁𝐻3(𝑔)   ΔΗ298 Κ = −165 kJ mol-1    Eq. 1 

Over 96% of NH3 produced today is generated by the well-developed Haber-Bosch (HB) process,8 

which uses an iron-based catalyst to facilitate the reduction of gaseous dinitrogen (N2) with gaseous 

dihydrogen (H2) to form NH3 (Equation 1). While greater equilibrium conversion to NH3 occurs at higher 

pressures and lower temperatures, immense thermal energy is still required to break the very stable N-N 

triple bond (N≡N) in N2.
9 High temperatures are, therefore, required kinetically for faster reaction rates. As 

such, traditional HB plants operate at high temperatures (about 400°C – 500°C) to enhance the NH3 

synthesis rate, compensating for the resulting low equilibrium with high operating pressures (about 200 bar 

– 400 bar).9 These intense conditions create substantial capital and operating expenses that necessitate 

maximal production for economic feasibility. This, unfortunately, has driven plants to large and centralized 

production with continuous, low turn-down operation and an insensitivity to changing conditions,10 

antithetical to common renewable energy harvesting techniques that are inherently geographically 

dispersed with variable operating loads. As a result, they still require hydrocarbon feedstock to generate H2 

precursor. Consequently, NH3 production consumes up to 2% of global energy and emits over 1% of global 

emissions (about 620 MtonneCO2/yr, or 3 tonneCO2/tonneNH3), both more than any other produced 

chemical.11, 12 Therefore, a production method that can viably operate with an intermittent power supply on 

a scale smaller than Haber-Bosch is necessary.  

To date, several innovative techniques have been explored, primarily including electrochemical 

and plasma-assisted synthesis.13, 14 Although promising, each has significant shortcomings. Electrochemical 
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methods suffer from low NH3 yields14 despite offering some of the mildest reported reaction conditions 

with high energy efficiencies. Conversely, plasma-assisted synthesis is far less energy efficient, limiting its 

potential for commercialization.13 As a result, little work on the scale-up and intensification of these 

processes has been reported. 

Non-plasma microwave field-assisted synthesis is a promising alternative. Microwave irradiation 

can instantaneously and selectively heat catalysts and support materials, where the electromagnetic energy 

translates directly into molecular kinetic energy in the absorber without heating the microwave-transparent 

reacting gas.15 Extended X-ray Absorption Fine Structure (EXAFS) measurements also suggest that 

microwaves can selectively heat metallic nanoparticle active sites in a catalyst, leaving the bulk support 

material at a much lower temperature.16 This selective heating can eliminate side reactions by allowing the 

inlet and outlet gas streams to remain cool while only reaction sites are heated. This is particularly important 

in NH3 synthesis, as N2 gas can react with certain metals (e.g., the process vessels) around 500°C and 

thermal NH3 decomposition starts around 500°C – 600°C.9, 17 Properly tuned microwave fields can also 

heat the entire volume of a sample uniformly to simultaneously deliver energy across a material’s entire 

body (known as “volumetric heating”), whereas traditional heating processes require thermal conduction 

or convection from hot surfaces. This significantly improves processing time to enable efficient, dynamic, 

and intermittent operation that can follow startup and shutdown patterns of renewable energy sources.18 

Additionally, through work done by this group, microwave irradiation has been shown to both facilitate 

electron transfer between catalysts and reaction intermediates19 and reduce activation energy by assisting 

in the rate-limiting cleavage of the N2 triple bond.20 These mechanistic enhancements have allowed high 

reaction rates at lower reaction temperatures (below 300°C) in the presence of a microwave field.21 

Operation at a lower temperature can enable work at lower pressure: reaction in the 260°C – 360°C and 20 

bar – 30 bar temperature and pressure ranges has an average equilibrium conversion of about 42%, similar 

to Haber-Bosch’s 39% equilibrium conversion but at far milder conditions.22 These factors can reduce 

expenses and enable small-scale, distributed, modular operation that can load-follow with intermittent 

renewable sources. 

Existing work in this effort has been limited to a laboratory-benchtop scale with, at most, 1 g of 

active catalyst.23, 24 However, an often-overlooked challenge involves the scale-up of novel technologies 

that have yet to achieve significant scale. Indeed, methodologies for scaling-up known techniques are 

already well-developed.25 With novel technologies, such frameworks are often unexplored or nonexistent, 

and factors deemed negligible on a small scale can grow to dominate and hamper larger systems. 

Specifically, there are several unique aspects of microwave systems that dictate operation, including 

attenuation and penetration depth, resonance and field distribution, and heating efficiency, to name a few.26 

Page 3 of 26 Catalysis Science & Technology



 

4 

Additionally, while heating through electromagnetic fields has a high potential for uniform temperature 

distribution, achieving such uniformity in practice requires a large amount of engineering to properly tune 

the fields, absorbing materials, and reactor geometry. Reaction conditions, like gas flow or heat 

contributions from exothermic or endothermic reactions, add further layers of complication, especially 

during dynamic operation. These factors all can vary with scale in a poorly understood way and rely on 

material and process parameters that are either difficult or impossible to measure, making the set of relevant 

process parameters difficult to predict or observe with modeling or experimentation alone.27 In this scenario, 

it is essential to pair experimentation with numerical modeling to overcome the limitations of one another 

and guide further development. 

In this work, we demonstrate the initial 10x scale-up of a non-plasma microwave reactor module and 

evaluate how this effort can provide insight into further scaling. We do this by combining both numerical 

and experimental approaches to describe how variables like microwave field distribution and attenuation 

can contradict prediction and influence reactor performance. Additionally, we optimize these parameters to 

achieve higher NH3 production and energy efficiencies, thereby gauging both its amenability to further 

scale-up to a full-scale process and what analytic principles such development should follow.  

2 Results & Discussion 

To begin scale-up, a modular H-Field microwave reactor system was designed and fabricated by 

Malachite Technologies, Inc (Figure S1, ESI). This allowed heating larger amounts of catalyst than 

previously investigated23, 24 using TE10 and TM010 microwave heating modes, which impart enhanced 

heating uniformity through various catalyst loads. The reactor suspends the catalyst bed in the cavity using 

a quartz tube (necessary as a microwave-transparent material) and subjects it to microwave heating. 

Correspondingly, a model of the H-Field reactor was constructed using COMSOL Multiphysics (Figure 

S1, ESI). The most direct way to quantify a microwave field’s distribution in a catalytic reactor is to measure 

the resulting temperature distribution in its catalyst bed. However, this can be prohibitively difficult with 

conventional tools. For example, metallic thermocouples can interact with microwave fields, falsely 

skewing the measurement or even altering the field distribution itself.28 Additionally, thermal imaging 

devices can fail to accurately capture temperature profiles for these system due to visual distortions that can 

become prevalent during operation. For example, thermal reflections are known to skew measurement when 

imaging low emissivity materials,29 and such reflections are likely with quartz under harsh conditions as its 

emissivity drops as its temperature increases30 (Section S2, ESI). As such, numerical modeling is required 

to enhance the understanding of the microwave field’s variation with scale and establish a framework to 

guide experimentation.  

2.1 Catalyst Characterization 

Page 4 of 26Catalysis Science & Technology



 

5 

Evaluation of certain catalyst properties is necessary to begin modeling and experimentation. Ru-

based catalysts are common in the field of NH3 synthesis for various experimental and industrial 

applications, primarily for its ability to promote N2 activation and incite reduction to NH3.
20 This group has 

developed a Ru catalyst that has been enhanced by support- and promoter-effects.23 Particularly, Cs was 

incorporated as a promoter for its electron-donating ability,31 and microkinetic modelling found that Cs was 

the optimal promoter in maximally reducing the free energy of N2 cleavage (the rate-limiting step of the 

reaction).20 CeO2 was used as a support material for both its reversible Ce3+/Ce4+ transformation and its 

abundance of oxygen vacancies, both of which enhance Ru surface electron density and promote conversion 

to NH3.
32 A composition of 2 wt.% Cs and 4 wt.% Ru supported on CeO2 experimentally exhibits optimal 

activity in a microwave field, and full characterization of this catalyst composition has been reported in 

previous work by this group.23 This CsRu2-4%/CeO2 catalyst will be the catalyst used for the entirety of 

this paper. Scanning electron microscope (SEM) imaging of this catalyst (Figure 1a) reveals a significantly 

rough and porous surface, which is ideal for heterogeneous solid-gas phase catalyst. 

Dielectric properties of this catalyst were measured using a perturbation technique to evaluate the 

interaction between this catalyst and the microwave field (relevant equations33 can be found in Section S3, 

ESI). The complex permittivity of a material governs its interaction with microwave fields and has two 

components: the real portion (the dielectric constant, ε′) and the imaginary portion (the loss index, ε′′). The 

former is a measure of a material’s ability to store energy, while the latter measures a material’s ability to 

convert electrical energy into heat.33 Both ε′ and ε′′ were measured for the catalyst under microwave 

irradiation. Samples first underwent a 1 hr reduction at 260°C in a reducing atmosphere (4% H2 in Ar), 

followed by a progressive linear sweep in temperature (°C) from 25°C to 600°C (Figure 1b in red circles 

and blue squares, respectively). The relatively constant value of ε′ throughout the temperature range 

indicates the catalyst’s stability and an unchanged energy storage capacity, while the rapid increase in ε′′ 

with temperature indicates the conversion of microwave energy to heat becomes easier with temperature. 

The loss tangent, tanδ, is the ratio of the loss index to the dielectric constant and represents how well 

microwave energy is absorbed by a material.33 In this case, the loss tangent increases significantly with 

temperature. Since dielectric constant is relatively stable throughout the temperature range, this increase 

can be ascribed to an enhanced ability to convert the field energy into thermal energy at higher temperatures. 

Page 5 of 26 Catalysis Science & Technology



 

6 

 

Figure 1. (A) SEM image of the porous CsRu2-4%/CeO2 catalyst structure. (B) Dielectric properties of CsRu2-

4%/CeO2 through a linear temperature sweep between 25°C and 600°C, including dielectric constant (ε′), loss index 

(ε″), and loss tangent (tanδ) at a 2450 MHz frequency. (C) Attenuation factor (α, measured in mm-1) of various 

isotherms under varying frequency. Simple curve fits are displayed (dashed lines) for illustrative purposes. (D) 

Penetration depth (mm) of various frequencies (400 MHz, 915 MHz, 1500 MHz, 2000 MHz, 2450 MHz, 3000 MHz) 

at various temperatures. Note that penetration depth reported here is represented by half-power penetration depth 

(Section S3, ESI).  

 

The attenuation factor, α, measures the rate of absorption into a material and varies as a function of 

the dielectric constant and loss tangent. Attenuation was computed for varying frequencies and evaluated 

for several different temperatures (Figure 1c). Consistent with findings in Figure 1b, absorption is 
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facilitated by higher temperatures at all frequencies. Importantly, at all temperatures, an increase in 

frequency consistently increased attenuation. However, significantly high attenuation can be limiting to 

scale-up and reactor development. Indeed, while microwave heating can be thought of as “volumetric,” this 

is a simplification: microwave absorption in a sample starts with initial irradiation around the perimeter of 

the absorbing sample and progresses inward (Figure S3, ESI).34 Extremely high attenuation at exceedingly 

high frequency can lead to surface heating alone, resulting in a very poor distribution. This is evident with 

each frequency’s penetration depth (Figure 1d), which is proportional to the inverse of a material’s 

attenuation.33 Since the present reactor system operates with a cylindrical catalyst bed (Figure S1, ESI), 

this microwave penetration (with the TM010 heating mode) will progress uniformly from the perimeter of 

the cylinder to the core. Penetration depth decreases monotonically with temperature as a result of increased 

attenuation. Higher frequencies experience less penetration for the same reason. 

This has critical implications to scale-up. Penetration depth can suffer if operating temperature gets 

too high, resulting in incomplete activity in the catalyst bed. Moreover, the primary benefit of lower 

frequency is the increased penetration, offering the ability to penetrate further into wider catalyst beds. 

However, with smaller catalyst beds at laboratory scale, it is important to ensure all energy is attenuated 

into a sample to ensure optimal energy utilization. Foregoing this for increased penetration could result in 

wasted energy. As such, higher frequency is most appropriate for this scale even though it constrains tube 

diameter. It is also important to note that specific electromagnetic frequencies are restricted for specific 

applications. In the United States, for example, frequency for industrial, scientific, or medical applications 

is limited to two ranges in the tested set (915 MHz ± 13 MHz and 2450 MHz ± 50 MHz), limiting what is 

applicable to a scaled system.35 These two ranges represent a step change in frequency, with significantly 

different field properties. As such, a frequency of 2450 MHz was used for the entirety of this work. The 

average penetration depth at this frequency for this work’s operating temperature regime (260°C – 360°C) 

is about 16 mm. 

2.2 Numerical Modeling 

Since average penetration depth through the CeO2-based catalyst at 2450 MHz frequency in the 

reactor’s operating regime is about 16 mm and microwave penetration occurs around the perimeter of the 

tube, tube diameter is limited to 32 mm. Informed by measured dielectric properties, we developed a 

COMSOL model and studied the electric field intensity and temperature profiles in two reactor tube 

diameters (13 mm and 26 mm), well within the ideal penetration limit to account for the variation of 

penetration with temperature (Figure 2). These models do not account for exothermic contributions from 

the NH3 synthesis reaction. Two bed heights (76.2 mm and 279.4 mm) were considered for each diameter. 

Each case was modeled under a gas-hourly space velocity (GHSV, a measure of space velocity depicting 
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the ratio of volumetric gas flow at STP to catalyst bed volume) of around 1,400 hr-1 for the 76.2 mm tall 

cases and about 8,000 hr-1 for the 279.4 mm cases. These GHSVs ensure a constant linear velocity (125 

mm/s) among all tests. Since thermal mass changes and each point in the bed has the same attenuation 

capacity, the reactor tube diameter has a significant influence on where absorption is most dominant. At a 

13 mm diameter with 76.2 mm height (Figure 2a), field penetration occurs through the bed with progressive 

inward attenuation, resulting in a relatively uniform distribution with slight concentration at the core of the 

column. As the bed diameter is increased to 26 mm (Figure 2c), attenuation is less uniform and regions 

with close to no attenuation exist. As bed height gets larger (Figure 2b and Figure 2d for the 13 mm and 

26 mm tubes, respectively), the field becomes increasingly concentrated in the vertical center of the bed 

and significant portions of the catalyst bed experience no microwave field penetration (more so for the 26 

mm tube than the 13 mm tube). Additionally, for the 13-by-279.4 mm, 26-by-76.2 mm, and 26-by-279.4 

mm test cases (which all have significantly more thermal mass than the 13-by-76.2 mm case), there is 

significant field attenuation left-of-center in each bed, closest to the microwave power source (Figure S1). 

This is a result of the field distribution inherent to this reactor’s geometry with large thermal masses, and it 

indicates that field distribution can deviate from ideal predicted behavior under these circumstances. These 

findings indicate there are significant geometric constraints, beyond what can be predicted with penetration 

depth, that can only be revealed through numerical modeling. 
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Figure 2. Cross-sections of electric field (V/m) profiles in reactor tube containing (A) a 13 mm diameter by 76.2 mm 

tall bed, (B) a 13-by-279.4 mm bed, (C) a 26-by-76.2 mm bed, and (D) a 26-by-279.4 mm bed. Cross-sections of 

temperature (°C) profiles in (E) a 13-by-76.2 mm tall bed, (F) a 13-by-279.4 mm tall bed, (G) a 26-by-76.2 mm tall 

bed, and (H) a 26-by-279.4 mm tall bed. Bed locations within each tube are denoted at the inlet and outlet, with span 

signified by an arrow along the wall. Corresponding inlet radial temperature profiles (top plane) in the (I) 13 mm-by-

76.2 mm bed height and (J) 26-by-76.2 mm bed height reactor models, location denoted by an asterisk (*). Microwave 

field were modeled at 2450 MHz frequency. Note that each image was mapped to a common discrete color scale for 

clarity, corresponding to both electric field (left of the scale) and temperature profiles (right). Original COMSOL 

images can be found in Figure S4 (Section S5, ESI).  

 

In the absence of other factors, these attenuation profiles could result in matching temperature 

profiles, where the larger-mass cases experience hotspot formation with a radial bias toward the power 

source. However, since the catalyst material is highly conductive, the temperature profile is dominated by 

the high gas velocities. In the 13-by-76.2 mm and 26-by-76.2 mm tubes (Figure 2e and Figure 2g, 

respectively), this results in sufficiently uniform radial temperature profiles (Figure 2i and Figure 2j) that 

are in good agreement with the experimental thermal data in the absence of reaction (Figure S2, ESI). 

However, the temperature gradient in the axial direction becomes significant and potentially hampering to 
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operation. This is especially true at larger bed heights. In Figure 2f, for example, the temperature range in 

the 13-by-279.4 mm bed is 40°C – 185°C, which is significantly higher than the corresponding range in the 

76.2 mm bed, where the range is 190°C – 280°C (Figure 2e). Doubling the tube diameter can effectively 

pack more catalyst closer to the center, alleviating some of the impact of increased height. Specifically, the 

26-by-76.2 mm bed (Figure 2g) holds about the same volume as the 13-by-279.4 mm bed (40.5 mL vs 37.1 

mL, respectively) and the length of its temperature range is comparable (200°C – 350°C), but total 

attenuation is superior (seen in the higher temperature of the range). There is, however, a limit to this 

increased packing efficiency, as the temperature range in the 26-by-279.4 mm tube (Figure 2h) increases 

to 100°C – 329°C.  

This investigation of bed height was extended under gas flow. Increasing gas flow has a significant 

cooling effect on the temperature profile in the reactor (Figure S5, ESI), where higher flow rates carry heat 

away from the catalyst and shift the hotspots toward the bottom of the bed. In this way, the flowing reactant 

gas also acts as a cooling gas and necessitates higher microwave powers to reach the same temperatures, in 

agreement with experimental results discussed later (Table S1, ESI). As such, volumetric gas flow rate was 

kept constant at 1 slm (GHSV decreased due to the increasing volume), and field intensity was maximized 

(Figure 3). Catalyst bed heights of 19 mm, 38.1 mm, 76.2 mm, 101.6 mm, and 279.4 mm were tested in 

the 13 mm tube. The temperature profiles follow a similar pattern in all catalyst bed heights, where gas 

cooling at the inlet lowers the temperature at the top end of the bed and the progressive heat exchange 

between the flowing gas and hot catalyst causes a carry-through that raises the temperature at the bottom. 

The model results were in good agreement with experimental measurements of the surface temperature for 

13-by-19 mm bed height at 260°C (the model recorded 263°C). The temperature gradient inside the catalyst 

bed increases as the bed height increases since longer bends offer a longer path for conductive and 

convective heat transfer, compounding any non-uniformity imparted by more thermal mass, with the 

smallest temperature gradient in the 19 mm catalyst bed and the largest gradient in the 279.4 mm bed. This 

is most notable in the tallest (279.4 mm) case, where the entirety of the bed was below 200°C (Figure S6). 
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Figure 3. Cross-sections of temperature profiles inside the 13 mm reactor tube for varying catalyst bed heights (19 

mm, 38.1 mm, 76.2 mm, 101.6 mm, and 279.4 mm), under equivalent microwave fields (2450 MHz frequency). Gas 

flow was maintained at 1 slm for each. Bed locations within each tube are denoted at the inlet and outlet, with span 

signified by an arrow along the wall. Note that each image was set on a common, discrete color scale for clarity. 

Original COMSOL images can be found in Figure S4 (Section S5, ESI). 

 

Table 1 shows maximum, minimum, and average volume temperature in each modeled case, as 

well as associated absorbed power and heat loss. The absorbed power increased as the bed height increased 

for both 13 mm and 26 mm tube diameters. Radiative heat losses contributed significantly to the overall 

heat losses, which was around 50% – 60% for all bed height combinations at 13 mm tube diameter. 

Increasing tube diameter increased the heat losses significantly: over 90% of the heat was lost to radiation 

and convection in both 26 mm tubes, nearly 70% higher than their equal-height 13 mm counterparts. This 

finding also holds volumetrically: the 13-by-279.4 mm bed and 26-by-76.2 mm bed hold similar volumes 

(37.1 mL and 40.5 mL, respectively), while the latter’s energy losses (91%) exceed the former’s (55%) by 

65.5%. In comparison with the 13 mm tubes, more of the heat losses experienced in the 26 mm tubes were 

radiative. Indeed, in the 13 mm diameter beds, the 76.2 mm and 279.4 mm tall beds see radiative-to-

convective heat loss ratios of 2.58 and 1.97, respectively, while the corresponding-height beds in the 26 

mm diameter tube experience ratios of 2.84 and 2.99, respectively. The ratio is 44.2% higher in the 26 mm 

Page 11 of 26 Catalysis Science & Technology



 

12 

tube for the corresponding-volume cases (the 13-by-279.4 mm and 26-by-76.2 mm beds) and total radiative 

losses as a proportion of the total is 81.1% higher in the wider tube, indicating radiative heat loss is more 

dominant. While wider diameters alter field distribution and necessitate different power requirements, 

different absorbed power levels were not associated with higher proportions of radiation. The increase in 

radiation is, therefore, solely attributable to the temperature gradients that arise from the difference in 

geometry. This is contrary to expectation, as radiative heat loss is a surface phenomenon and the surface-

area-to-volume ratio of the 26 mm tube (1.80 cm-1) is significantly lower than the 13 mm tube (3.15 cm-1) 

for corresponding-volume beds.36 However, in accordance with the Stefan-Boltzmann law of radiation 

(Section S8, ESI),37 there is a greater contribution from temperature gradients (within a thermal mass and 

between the mass and its surroundings) to radiative heat transfer than from surface area. 26 mm test cases 

have both wider temperature ranges and average temperatures, resulting in far greater heat losses. 

 

Table 1. Maximum, minimum and average volume temperatures for varying catalyst bed height. 

 

Overall, the modeling work has shown that increasing thermal mass or altering reactor geometry 

can influence attenuation profiles in a manner that is beyond what is predictable from dielectric catalyst 

properties alone since (1) field intensity must be spread over more catalyst, (2) larger beds experience non-

uniform attenuation with a concentration in the vertical center, and (3) taller beds see a longer flow path 

where more conductive and convective heat transfer can occur. This results in temperature gradients that 

can affect performance. Namely, taller catalyst beds experienced increasingly severe thermal gradients with 

nonuniform electric field profiles. Moreover, although the 26 mm diameter catalyst bed should be within 

ideal penetration depth limits, it sees an altered temperature profile that can result in significant heat losses. 

Therefore, while microwave heating has the potential to create uniform electric fields and resulting 

temperature gradients, there are significant geometric restrictions to which a microwave reactor must 

Reactor 

Tube 

Diameter 

(mm) 

Bed 

Height 

(mm) 

Temperature 

Range  

(°C) 

Average 

Temperature 

(°C) 

Total 

Absorbed 

Power  

(W) 

Radiative 

Heat Loss 

Convective 

Heat Loss 

Total Heat 

Loss 

(W) 
% of 

total 
(W) 

% of 

total 
(W) 

% of 

total 

13 19.0 251.2 - 310.5 289.3 23.0 9.9 43% 4.1 18% 14.0 61% 

13 38.1 202.3 - 296.3 255.4 32.0 11.8 37% 4.8 15% 16.6 52% 

13 76.2 175.1 - 280.5 239.4 43.8 17.0 39% 6.6 15% 23.6 54% 

13 279.4 53.9 - 184.9 136.9 53.0 19.5 37% 9.9 19% 29.4 55% 

26 76.2 19.5 - 314.3 296.6 70.0 46.9 67% 16.5 24% 63.4 91% 

26 279.4 27.2 - 311.6 218.7 156.5 109.3 70% 36.6 23% 145.9 93% 
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adhere. These findings are in the absence of reaction conditions, where elements like heat generated from 

the exothermic NH3 synthesis reaction add an additional layer of complication that can worsen these 

nonuniformities. Experimentation is essential as the most direct way to evaluate these elements and how 

they change with scale. 

2.3 Experimental Reactor Development 

We began experimental work using the computational findings as a guide. A 13 mm tube was used 

for experimentation, along with a 2450 MHz frequency microwave source, to minimize heat losses at this 

scale while also maximizing attenuation and radial uniformity. A stoichiometric (3:1) gas mixture of H2:N2 

was used for the entirety of the experimental work. General scale-up trends were first evaluated by 

incrementing catalyst mass under reacting gas flow while maintaining a constant GHSV (Figure 4). This 

method of analysis is common practice when comparing reactor systems of different scales, primarily 

because it is simple, intuitive, and on some levels necessary for characterization or performance 

prediction.38 However, since parameters such as mass transfer rate, reactor volume, kinetic activity, or flow 

dynamics do not scale proportionally with each other,39 reactors at different scales can be in different 

reactive states and conditions even if the space velocity is the same. As a result, performance can vary and 

deviate from prediction. Caution should, therefore, be used when relying solely on space velocity (or other 

dimensionless or partially dimensionless parameters) during scale-up procedures. Indeed, as catalyst mass 

(and, by extension, bed volume) increased in Figure 4 with a constant space velocity, linear gas velocity 

increased, too (shown in the top panel). As a result, H2 conversion increased steadily with catalyst mass up 

until about 2% conversion with 10 g of catalyst; this fairly linear increase in conversion with catalyst mass 

at a constant GHSV is indicative of an externally transport limited system.40 Above 10 g of catalyst, the 

conversion plateaued at 2% (representing a transition to a kinetically limited regime at the same GHSV), 

owing to an increase in linear flow velocity that is necessary to maintain space velocity with larger catalyst 

volumes (supported by Figure S7, ESI). However, since gas velocity increases, gas particles flow through 

the reactive bed fast enough to keep up with the rate of reaction, resulting in increased NH3 production even 

with the same normalized flow rate. This difference in flow regimes at different scales, and the resulting 

impact on total production, is key to scale-up and reactor development.  
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Figure 4. Performance of varying amounts of microwave-heated CsRu2-4%/CeO2 (using a 2450 MHz frequency) at 

around 23 bar, 260°C, and subjected to a 3:1 H2:N2 flow at about 43,000 hr-1. Gas velocity (cm/min, in the top panel), 

H2 conversion (%, in the center panel), and total production rate (gNH3/day, in the bottom panel) are reported with 

varying catalyst mass (g). 

  

This was further evaluated through parametric optimization, where temperature and pressure were 

varied in 5 g and 10 g catalyst beds (5x and 10x increases from previous work, respectively23), with the 

goal of providing guiding trends for future scaling (Figure 5). The heights of the 5 g (red circles) and 10 g 

(blue diamonds) catalyst beds were about 19 mm and 38 mm, respectively. Additionally, equilibrium 

conversion of H2 to NH3 was calculated using Shacham and Brauner’s methodology (black solid line).22 

Figure 5a shows the influence of operating pressure on catalyst bed activity, where the catalyst beds were 

heated with microwave heating at 260°C in a 13 mm diameter tube under reacting gas flow (GHSV of 

around 70,000 hr-1 and 40,000 hr-1 for the 5 g and 10 g beds, respectively). Different space velocities were 

used to ensure both beds were under a kinetically limited regime with the highest conversion at optimum 

activity (which is proportional to conversion for a given catalyst mass41) at STP conditions to allow accurate 

analysis, in accordance with the findings in Figure 4 and Figure S7 (ESI). Both beds experienced a 

monotonic increase in activity with pressure: microwave-induced H2 conversion in the 5 g catalyst bed 

began around 0.03% at atmospheric pressure and gradually increased to about 0.51% at 22 bar, while the 

10 g bed experienced an increase from 0.24% to 2.44%. This occurs because higher pressures increase 

equilibrium conversion by making NH3 production more favorable (following Le Châtelier’s Principle9), 

kinetically driving faster reactions, and lengthening residence times due to higher molecular gas densities, 
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enhancing conversion.41 Increasing catalyst mass (here, from 5 g to 10 g) also leads to higher conversion 

by increasing the number of gas-catalyst interactions even when both beds are in a kinetically limited 

regime. Still, the calculated equilibrium is roughly one-to-two orders of magnitude larger than the 

corresponding microwave-induced conversion, indicating the potential for further improvement with scale. 

Nonetheless, microwave-induced conversion changes with pressure in a similar pattern to the equilibrium 

model, serving as evidence that the catalyst bed is reaching the potential dictated by its kinetic limit with 

no indication of any limitations at higher pressure. 

 

 

Figure 5. H2 conversion (%), in log scale, for reacting gas (3:1 H2:N2 gas mix) flowing through CsRu2-4%/CeO2 beds 

with loadings of 5.5 g (red circles, bed height: 19 mm, temperature: 260°C, GHSV: 70,000 hr-1) and 10.1 g (blue 

diamonds, bed height: 38 mm, pressure: 22 bar, GHSV: 40,000 hr-1), subjected to microwave heating (2450 MHz 

frequency) in a 13 mm quartz reaction tube. Different GHSVs ensured each bed was in a kinetically limited state with 

maximal activity at STP conditions. A reference black line is plotted for the modelled thermodynamic equilibrium 

conversion at each state. (A) Absolute pressure is varied while operating temperature is maintained at 260°C. (B) 

Operating temperature is varied while absolute pressure is maintained at 22 bar. Simple polynomial-fit curves (dashed 

lines) are displayed for each dataset for illustrative purposes. 

 

Operating pressure only impacts activity by altering thermodynamic equilibrium. Conversely, 

operating temperature has an impact both on equilibrium and on activation energy, each of which have 

different impacts on catalytic activity. As such, operating temperature carries a more complex balance 

between kinetic performance and thermodynamic potential than operating pressure.9 Calculated equilibrium 

H2 conversion decreases steadily as temperature increases because it is only a model of thermodynamic 

equilibrium is not influenced by these kinetic principles (Figure 5b). In the 5 g bed at 22 bar, measured 
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conversion increases with temperature up to about 340°C, from 0.50% to 0.83%, and subsequently 

decreases to 0.65% as temperature further increases to 380°C. This is due to the kinetic requirements of the 

reaction, where lower temperatures are insufficient in providing activation energy for catalysis; once the 

requirement is sufficiently met (here, at 380°C), equilibrium becomes too limiting (seen in the decrease in 

the calculated value) and conversion begins to decrease. Importantly, the 10 g bed exhibits a similar 

behavior but shows a different optimal temperature: conversion increases from 2.32% to 2.60% at around 

300°C (higher than the 5 g bed) and quickly decreases to about 1.47% at 380°C, decreasing at a faster rate 

to approach the conversion of the 5 g bed at that temperature. Since conversion is still significantly far from 

equilibrium (around 6% of the equilibrium value between 300°C and 380°C), a closer approach to 

equilibrium in the 10 g bed is not the likely cause of this early decrease in activity.40 This drop in 

performance can be attributed to the variance of microwave field distribution and attenuation with bed 

height, modeled in Figure 3. Specifically, while the 19 mm tall reactor model (equivalent to the 5 g bed 

experimentally analyzed in Figure 5) showed relatively lower temperature deviation (temperature ranged 

from inlet to outlet was about 251.2°C to 310.5°C, a difference of 59.3°C, with a setpoint of 260°C at the 

center), deviation in the 38 mm case (equivalent to the 10 g bed) was more severe since the longer bed 

altered the attenuation profile and allowed more internal conductive heat exchange to occur. The 

temperature range increased to 94°C (202.2°C to 296.2°C) in the 10 g, 38 mm bed with the same gas flow 

rate (1 slm, equivalent to a GHSV of 12,000 hr-1) and center temperature setpoint (260°C), a 58.5% increase. 

For this reason, the optimal temperature in the 10 g bed (300°C) is lower than the optimum in the 5 g bed 

(340°C), ensuring its wider temperature range optimally balances between the high and low temperature 

requirements of kinetics and thermodynamics, respectively (Figure 5). This signifies that a temperature 

gradient is already starting to impact reactor performance at this scale and must be addressed to advance 

further reactor development. 

Nonetheless, this 10 g bed displayed promising performance upon further evaluation (Figure 6). 

Total NH3 output and energy efficiency (Section S2, ESI) were analyzed as they are two essential 

performance statistics that dictate real-world viability. Figure 6a shows how total production rate and 

energy efficiency vary with GHSV at an operating pressure and temperature of 23 bar and 260°C, 

respectively. Production rate (red circles on the primary axis) increases rapidly and linearly with GHSV at 

lower flow rates (from 1∗104 to 4∗104 hr-1), indicating the bed is externally transport limited. The slope 

begins to change around 4∗104 hr-1, signifying the beginning of a transition to a kinetically limited regime 

at a production rate of around 53 gNH3/day.41 There is virtually no change in the production rate at flow rates 

higher than this (plateauing around 55 gNH3/day), meaning that there is little to no benefit to increasing the 

GHSV past the initially kinetically limited point. This notion is furthered by the change in energy efficiency, 

which increases in the transport limited region in the same manner as production rate. However, energy 
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efficiency peaks (at around 45 gNH3 produced per kWh of microwave energy) at the initially kinetically 

limited flow rate and quickly drops at higher flows as production remains constant while more microwave 

energy is required to counteract the cooling effects faster flowing reacting gas (first explored through 

modeling in Figure S5 and confirmed experimentally in Table S1). The change in production rate and 

energy efficiency with temperature is shown in Figure 6b (operating pressure is 23 bar and GHSV is 40,000 

hr-1). Production rate increases to a peak (of about 42 gNH3/day in the 280°C – 300°C temperature region) 

and decreases gradually at higher temperatures, in a way similar to Figure 5b. Energy efficiency also 

increases with temperatures to a peak of around 40 gNH3/kWh at 280°C, but quickly decreases since there 

is no change in production while higher microwave power is required to maintain higher temperatures 

(Figure S5 and Table S1). Figure 6c shows the influence of operating pressure, where production rate 

increases nearly monotonically with pressure. Since higher pressures require almost no additional 

microwave power (Table S1), energy efficiency increases in the same manner. 

 

 

Figure 6. Influence of (A) GHSV (hr-1), (B) Temperature (°C), and (C) Pressure (bar) on total production rate 

(gNH3/day, red circles on primary axis) and energy efficiency (gNH3/kWh, blue squares on secondary axis) of a 10 g 

bed of CsRu2-4%/CeO2 (bed height: 38 mm) subjected to a continuous 3:1 H2:N2 reacting gas flow under microwave 

irradiation (2450 MHz frequency). Relevant conditions are: (A) pressure = 23 bar and temperature = 260°C, (B) 

pressure = 23 bar and GHSV = 40,000 hr-1, and (C) temperature = 260°C and GHSV = 33,000 hr-1. 

 

The key achievements in this paper are the considerably high production rates that are matched by 

comparably high energy efficiencies. The highest NH3 production rate observed in this paper is 56.6 gNH3-

/day (at a GHSV, temperature, and pressure of 80,000 hr-1, 260°C, and 23 bar, respectively) with a 

corresponding energy efficiency of 26.6 gNH3/kWh. At a slightly lower gas flow rate, closer to the onset of 

kinetic limitation (at 40,000 hr-1, 260°C, and 23 bar), the reactor operated with a production rate of 52.6 

gNH3/day and an energy efficiency of 45.7 gNH3/kWh. Both of these production rates are the highest reported 

in literature for lab-scale alternative NH3 synthesis processes (whether they use novel techniques and the 
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typical H2:N2 feedstock or unique synthesis routes altogether), to the best of our knowledge (Figure 7).42-77 

Moreover, this 52.6 gNH3/day, 45.7 gNH3/kWh datapoint operated with 3.19% H2 conversion. While further 

scale-up is expected to increase this conversion, performance at this scale has already passed the 2% H2 

conversion threshold; below this figure, required energy input for NH3 separations becomes significant.13 

Importantly, the use of microwave heating was essential in providing targeted heating with little wasted 

energy and more favorable operating conditions: the energy efficiency of 45.7 gNH3/day is among the highest 

reported in literature. The only techniques reported to operate more efficiently are electrochemically driven 

reactors with production rates lower than 100 µgNH3/day.70, 76 While promising, these techniques are likely 

to suffer from the scaling limitations inherent to electrochemical NH3 synthesis (due to limits in current 

density, reaction selectivity, and mass transport).78 This represents a significant step forward in this field. 

 

 

Figure 7. Performance from the scaled reactor in this work compared to recent literature on alternative NH3 synthesis 

techniques.42-77 

 

This energy efficiency is promising in comparison to Haber-Bosch’s capabilities. Since the aim of this 

work is to enable small-scale, distributed NH3 production, it is necessary to compare the present reactor to 

small-scale Haber-Bosch processes that are similar to this work’s target in production capacity. Large-scale 

Haber-Bosch plants present an optimized case where large thermal masses and continuous production 

minimize energy losses; in this scenario, the heat generated by the reaction effectively catalyzes further 

reaction. This self-sustaining effect allows these reactors to overcome the theoretical maximum energy 

efficiency of 160 gNH3/kWh and achieve efficiencies up to 781.3 gNH3/kWh.79 Conductive, convective, and 

radiative energy losses become more prevalent and problematic at smaller scales that are more appropriate 

for load-following with renewables: conventional small-scale Haber-Bosch synthesis loops (i.e., excluding 
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ancillary unit operations) operate at a total energy efficiency of about 75.8 gNH3/kWh,13 only about 65% 

higher than the benchmark achieved in this study. Importantly, these small-scale conventional synthesis 

loops still operate at production levels on the order of 10 kgNH3/day compared to the present operation on 

the order of 10 gNH3/day, roughly 3 orders of magnitude higher. Moreover, significant convective and 

radiative heat loss was found for this paper’s reactor system, greater than 50% loss in all tested cases (Table 

1). If just half of these heat losses can be eliminated at this scale, the energy efficiency of this reactor would 

grow from 48.7 to 65.6 gNH3/kWh. This would only be about 15% lower than the 75.8 gNH3/kWh efficiency 

achieved by small-scale Haber-Bosch synthesis unit operations without the additional conductive and 

convective insulation that comes with larger scales.  

Microwave heating, therefore, provides a unique level of energy efficiency, along with highest-

reported laboratory-scale production levels, that can be expected to improve with further reactor 

development and scale-up. It is, however, important to maintain performance through this effort, with chief 

focus placed on ensuring an optimal field attenuation profile and minimizing energy losses to enable 

efficient production. As reactor scales increase, penetration depth becomes more important than point-

specific attenuation in ensuring a uniform field distribution. Therefore, a 915 MHz frequency may become 

more able to reduce gradients in temperature with less wasted energy. However, since microwave fields are 

hypothesized to have non-thermal (kinetic) contributions to a reaction, varying electromagnetic frequency 

may influence reaction kinetics. The incorporation of additional chemical components to the catalyst beds 

has also been found to tune penetration depth.33 Moreover, heat loss can be minimized using established 

techniques, like equipment design or material choice and structuring.80 For example, different reactor 

geometries can alter field profiles and influence uniformity and the flexibility of targeted microwave 

heating further expands possible design choices. These adjustments can halt development as much as they 

can provide avenues for improvement. As such, they must be a focus of further scale-up and development 

work, and can only be proven and optimized through a combination of numerical and experimental 

approaches. 

3 Conclusion 

Although this work has demonstrated a benchmark production rate with an energy efficiency 

unmatched by novel reactors of sufficient scale, it has already showcased the scientific and engineering 

challenges involved in scaling up microwave systems. While non-plasma microwave-heating offers several 

distinct benefits, including targeted heating, fast system response, and favorable operating conditions, 

scaling such systems comes with several unique challenges. Specifically, even with a kinetically optimized 

catalyst, dielectric catalyst properties govern interaction with microwave fields and dictate reactor 

geometry. This is compounded by the choice of microwave field properties, and the fact that the importance 
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of relevant variables (like field attenuation or penetration depth) change with scale. For example, a 2450 

MHz was used this work for its superior attenuation, which limited the reactor to using narrow-diameter 

tubes. This has significant implications on microwave field distribution. Even at the mid-phase laboratory 

scale investigated in this paper, electric fields must spread more over the increased volume, reducing the 

specific field intensity at any point. Compounded by internal heat conduction throughout the length of the 

catalyst bed, severe temperature gradient formation can already impact performance. Variations of tube 

diameter and gas flow rate experience similar results, where wider diameters distribute equivalent electric 

fields over more space in the same manner as taller catalyst beds and higher gas flow rates increase 

convective heat loss regardless of field strength; both necessitate stronger electric fields. Variation of tube 

diameter can even impart heat losses that create a limitation more stringent than what was predicted from 

microwave penetration depth. Thus, further microwave field modeling in the presence of temperature-

buildup abatement techniques is needed for further scale-up work. 

Lastly, it is important to note that the conclusions drawn from this work are highly dependent on scale 

and reaction conditions. For instance, pressure drop was found to be negligible for the conditions in this 

study (Section S13, ESI), yet it can become more significant with higher gas flow rates or longer flow 

paths. Moreover, as observed experimentally and confirmed numerically, temperature gradients and 

microwave field distributions are highly dependent on reactor geometry. Different catalysts may also 

possess different dielectric properties, which may alter the applicability of these conclusions. While this 

work can guide scale-up activities, particularly in regards to microwave-driven processes, caution should 

be used to ensure these principles and conclusions remain applicable with every significant change in scale 

or operation. 

4 Materials and Methods 

4.1 Catalyst Preparation 

Cerium (IV) oxide (99.95%, CeO2, Sigma-Aldrich), Ruthenium (III) nitrosylnitrate (≥31.3% 

Ru, Ru(NO)(NO3)3, Alfa Aesar), Cesium nitrate (99.8%, CsNO₃, Alfa Aesar), were used to synthesize the 

catalysts. All chemicals used in this work were purchased from the commercial suppliers and used as 

received without any further purification. All catalysts were prepared by a wet-impregnation method, where 

the CeO2 support was wet impregnated with a solution of Ru(NO)(NO3)3 and CsNO₃. After drying in air 

(80°C, 12 h), the sample was calcined at 550°C for 4 h. The catalyst thus obtained had a nominal 4 wt.% 

content of Ru and 2 wt.% Cs. More details on the synthesis method and the composition, including 

characterization, can be found in previous work from this group.23 Catalyst particles were sized using a 

Fieldmaster Metal Sieve Set to particulate sizes no greater than 500 µm. This size was chosen based on best 

practices to avoid channeling or back-mixing.38, 40 
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4.2 Characterization 

SEM imaging was performed on fresh catalyst using a Hitachi SU-1500 Scanning Electron 

Microscope, operating at 15 kV with a vacuum pressure of about 10-6 Torr. Powered sample was adhered 

to a standard Hitachi stage using PELCO® Colloidal Graphite in isopropanol base (20 wt.%, Ted Pella, 

Inc.), cured in atmosphere at ambient conditions. 

 Dielectric property measurements were carried out using a cavity perturbation technique in a TM010 

cavity system, developed and carried out by Microwave Properties North in Ontario, Canada. The system 

is described in great detail by Hutcheon, et al.81 Samples are heated resistively to specified setpoint 

temperatures and rapidly moved into a microwave cavity, where they are perturbed by mild electromagnetic 

fields at varying frequencies to allow dielectric property measurements. About 0.5 g of catalyst was packed 

into an amorphous silica holder using a uniaxial press with a pressure of about 1,240 bar. Measurements 

were carried out in a reducing atmosphere (4% H2 in Ar), flowing at 10 sccm. Temperature stepped up from 

room temperature to 260°C and dwelled for 1 hr to promote reduction. Temperature then returned to room 

temperature, stepped up to 600°C (the linear sweep reported in this study), and finally returned to room 

temperature again. Following measurement, the empty sample holder was run to measure background. No 

contamination was found during this step. 

4.3 Numerical Modeling 

A Multiphysics numerical model was developed using COMSOL Multiphysics software to predict 

the heating profile and temperature range inside the catalyst bed with change in catalyst bed height and 

reactor tube diameter. The model was experimentally validated. Further details of the model’s governing 

equations34 and boundary conditions, including the use of the Nyquist Critereon,34 can be found in Section 

S12 (ESI). 

A 3-D geometry of the microwave cavity used in this paper (the H-Field cavity) was created in 

COMSOL 5.6 (Figure S1). The geometry consisted of a coaxial input port, an aluminum WR340 standard 

waveguide (0.086 m height, 0.043 m wide) shorted at the far end and fitted with an aluminum sliding short 

as shown in Figure S1. The H-Field circular cavity was made of aluminum and 104 mm in diameter. The 

quartz reactor tubes of varying diameters could fit through the cavity vertically. The powdered catalyst bed 

was modeled as a porous material inside the reactor tube. The waveguide and sliding short material were 

assumed to be bulk aluminum while the reactor tube was defined as a quartz glass material. Waveguide 

void was assumed to be filled with air at standard temperature and pressure. Default COMSOL values for 

air, aluminum and quartz glass were used for the model. The dielectric properties of catalyst material were 

measured as a function of temperature at 2450 MHz frequency. Since the dielectric constant did not change 
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significantly from room temperature, constant values were used (Figure 1b). The thermal properties of the 

catalyst were obtained from literature. The CsRu2-4%/CeO2 catalyst material has an electrical conductivity 

of 0.32 S/m, an average relative permittivity of 11.57, a thermal conductivity of 6 W/mK, a density of 7,000 

kg/m3, and a constant pressure heat capacity of 710 J/kgK. Correspondingly, the quartz glass that houses 

the catalyst has an electrical conductivity of 1 ∗ 10−14 S/m, an average relative permittivity of 4.2, a thermal 

conductivity of 1.4 W/mK, a density of 2,210 kg/m3, and a constant pressure heat capacity of 730 J/kgK.82  

4.4 Reactor Design & Operation 

Microwave experiments were performed using a 2.45 GHz (200 W) solid-state mono-mode 2450 

MHz microwave generator from Sairem (model GMS200). A reactor (the H-Field cavity) was designed and 

provided by Malachite Technologies, Inc. (Figure S1). The reactor was pressurized using a downstream 

back pressure regulator (not pictured), and ProSense DPG1-600 pressure gauges were placed at the inlet 

and outlet of the chamber to determine relevant pressure values. Pressure drop was found to be minimal 

(Section S12, ESI) for gas flow through the reactor’s catalyst bed for the operating scope of this study, 

thereby ensuring a consistently accurate determination of pressure. 

The reactions were carried out using a temperature-control loop with maximum power set at 200 

W. Stub tuners, a sliding short circuit, and variable frequency (between 2.4 GHz and 2.5 GHz) were used 

to minimize reflected power. The forward and reflective powers during the reaction was recorded 

continuously. All reported data in this paper occurred with 0 W reflected power. A quartz tube with a 13 

mm internal diameter was placed inside the microwave cavity to house the catalyst. The temperature was 

primarily measured using an IR pyrometer from Micro-Epsilon (model CTLM3), with a temperature range 

from 100°C to 625°C. This pyrometer setup allowed for the temperature reading from the side of the sample 

surface. A Teledyne FLIR Systems IR Camera (Model SC 6000, Type 640x512-pixel InSb mid-wave IR) 

was used for thermal imaging (in Section S2, ESI), and corresponding analysis was conducted using the 

associated FLIR ResearchIR 4 software. Both the pyrometer and FLIR camera were calibrated against an 

external reference to ensure accurate temperature reading. A sapphire window was fitted to the top of the 

reactor (at point “F” on Figure S1) so that the FLIR camera could observe the catalyst during operation. 

The standard CsRu2-4%/CeO2 catalyst was used for each reaction while flowing a 3:1 

stoichiometric mixture of H2 and N2 with a fixed flow rate through the quartz tube. Reduction of catalyst 

samples was carried out in the microwave reactor at 260°C for 1 hr using the necessary microwave power 

for the Ru based catalyst with the synthesis gas flowing at 1 slm. All reported reaction data in this paper is 

post-reduction. The exit gas stream (H2, N2, H2O, and NH3) was analyzed using a Honeywell Manning 

AirScan IR-F9-0/2%-N1 NH3 Sensor, which can measure NH3 composition in a gas stream using an IR 
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sensor at a parts per million (ppm) level. The NH3 production was represented as grams of NH3 produced 

per gram of catalyst per hour and was calculated using the average ppm recorded by the IR sensor.  
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